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Abstract

Throughout the last decades various new solar cell technologies have emerged with potential
to improve energy output and/or reduce fabrication costs compared to existing technologies.
Among them, perovskite solar cells and organic solar cells are the most dominant technologies in

terms of power conversion efficiency and variability.

Perovskite solar cells have astonished the scientific community reaching already power
conversion efficiencies in the range of silicon solar cells. However, the most efficient perovskite
solar cells contain toxic lead, which makes the future of this technology uncertain. Thus, lead-free

perovskites are currently heavily investigated as alternatives.

The first part of the thesis focusses on the investigation of antimony and tin perovskite solar cells.
One approach to optimize the properties of lead-free perovskites is halide substitution. As shown
within this thesis, the substitution of iodide with bromide reduces the unit cell and in turn increases

the optical band gap as shown by Vegard’s law.

Antimony perovskites were synthesized by using a rubidium antimony halide perovskite
composition. The crystal system remained monoclinic and did not change upon substitution of
iodide with bromide. Solar cells with a rubidium antimony bromide perovskite absorber provided
only low current densities and open circuit voltages thus displayed only low device performances.
Increasing the iodide content enhanced the current density and open circuit voltage to reach a

power conversion efficiency of 1.37%.

Triple cation tin perovskites, composed of a methylammonium, formamidinium and
phenethylammonium tin halide perovskite, were also investigated in the same matter. The iodide
content was hereby substituted by bromide in the range of x = 0 — 0.33 and solar cells were
fabricated using a normal device set-up. Results showed that already a small amount of bromine
in the perovskite (x = 0.25) can increase the open circuit voltage and short circuit current to get a
maximum device efficiency of 4.63%, in comparison to its iodide-based perovskite solar cells
with a maximum device efficiency of 2.97%.

In the second part of this thesis, new non-fullerene acceptors for organic solar cells were
investigated. Organic solar cells stand out due to their low weight and high flexibility in
applications and processability, and new materials, so called non-fullerene acceptors started a new

era of high efficient organic photovoltaics.
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Herein, acceptor-donor-acceptor materials with perylene monoimides as acceptor unit and
different fluorene derivatives as donor unit were linked by Suzuki coupling. The fluorene
derivatives, namely, fluorene, silafluorene, carbazole and indenofluorene, exhibited similar
optoelectronic properties such as HOMO/LUMO levels, band gaps or electron mobilities. Solar
cells were fabricated with different donor/acceptor ratios and annealing conditions. Therein, the
use of an indenofluorene-based acceptor reached the highest device performance of 6.21% with a

donor/acceptor ratio of 1/0.66 and annealing of the absorber layer at 135 °C.
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Kurzfassung

In den letzten Jahrzehnten hat sich die Zahl neuer Solarzellentechnologien vervielfacht, womit
auch das Potential die Energiegewinnung zu steigern und eine Kostenreduktion im Vergleich zu
bereits bestehenden Technologien zu erzielen, anstieg. Unter diese Kategorie fallen auch
Perowskitsolarzellen und organische Solarzellen welche aufgrund ihrer hohen Effizienz als

vielversprechend angesehen werden.

Durch intensive Forschung an bleibasierten Perowskitsolarzellen wurden in den letzten Jahren
grofe Fortschritte erzielt und Wirkungsgrade im Bereich der Siliziumsolarzellen erreicht. Jedoch
ist die hohe Toxizitdt von Blei ein groBes Hindernis und macht eine Vermarktung schwierig.

Deshalb wird bereits an bleifreien Alternativen geforscht.

Der erste Teil dieser Arbeit untersucht antimon- und zinnbasierte Perowskitsolarzellen. Durch
Substitution des Halogens kann man die Eigenschaften der Perowskite verindern. Dabei zeigt
sich, dass ein Austausch von lodid mit Bromid die Bandliicke vergréBert und die Einheitszelle
verkleinert. Die Anderungen durch Einfiihrung des Halogens in den Perowskit folgen dabei

Vegard’s Gesetz.

In Antimonperowskiten wurde ein Rubidium-Antimon-Halogenid Perowskit als Grundmaterial
eingesetzt. Dabei konnte allen Perowskiten ein monoklines Kristallsystem zugeordnet werden.
Solarzellen mit Rubidium-Antimon-Bromid als Absorberschicht fithren zu geringer
Leerlaufspannung und zu niedrigen Kurschlussstromen woraus sich nur geringe Effizienzen
ergeben. Mit steigendem Ilodidgehalt verbessern sich diese Parameter. Fiir einen reinen

Rubidium-Antimon-Iodid Perowskit wurde dabei die hochste Effizienz von 1.37% gemessen.

Fiir zinnbasierte Perowskite konnte man unter denselben Substitutionsbedingungen eine
Erhohung der Effizienz beobachten. Hierbei wurde fiir das A-Kation eine Mischung aus
Methylammonium, Formamidinium, wund Phenethylammonium verwendet um den
Zinn-Halogenid Perowskit zu formen. Der iodidbasierte Perowskit wurde dann stufenweise mit
Bromid substituiert (x = 0 — 0.33). Schon ein kleiner Anteil von Bromid (x = 0.25) im Perowskit
fihrt zu einer hoheren Leerlaufspannung und zusétzlich zu einer Erhohung des
Kurzschlussstromes und somit zu einer Steigerung des Wirkungsgrades auf 4.63% im Vergleich

zu 2.97% fiir den rein iodierten Perowskit (x = 0).



Im zweiten Teil dieser Arbeit wurden neue Non-Fulleren-Akzeptoren flir organische Solarzellen
untersucht. Organische Solarzellen zeichnen sich durch ihr geringes Gewicht, zahlreiche

Applikationen sowie unterschiedliche Prozessierungsmdglichkeiten aus.

In dieser Arbeit wurden Non-Fulleren-Akzeptoren mit einer Akzeptor-Donor-Akzeptor Struktur
hergestellt. Dabei bildet Perlyen monoimid den Akzeptorteil wéhrend verschiedene
Fluoreneinheiten als Donoren eingebaut wurden. Die Fluorenderivate (Fluoren, Silafluoren,
Carbazol und Indenofluoren) weisen alle &hnliche optoelektronische Eigenschaften wie
HOMO/LUMO Lagen, Bandliicken und Elektronenmobilititen auf. In organischen Solarzellen
wurden diese Verbindungen in unterschiedlichen Donor/Akzeptor Verhidltnissen und mit
unterschiedlicher thermischer Behandlung hergestellt. Dabei erreichte der Akzeptor, der mit
Indenofluoren gelinkt wurde, die hochste Effizienz von 6.21% mit einem Donor/Akzeptor

Verhiltnis 1/0.66 und getempert bei 135 °C.
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Chapter I

Introduction

Electricity is one of the main energy sources of mankind. The electricity generation can be
achieved by several sources such as nuclear power or fossil resources but also by renewable
resources like wind, water, the sun and others.! Because of an increasing population and higher
global energy demand CO; emissions are constantly rising. To reduce the consequential higher
air pollution and greenhouse gas effect the development of renewable energy sources is highly
desired. Moreover, the reserves on fossil resources are constantly decreasing. One of the most
promising renewable technologies is solar energy. It can be generated on a wide operation range
throughout the earth only limited in polar regions. Moreover, the availability of solar energy is
endless and there is enough unoccupied area for installation, e.g. rooftops, unused land,

agriculture or floating photovoltaic (PV).

Although solar cells were discovered in 1883, the starting point of modern solar cells was the
invention of the first silicon solar cell in 1954 by Bell Labs.? In the following years silicon solar
cells became the primary technology and are classified as first-generation solar cells. Other
technologies such as Cadmium telluride (CdTe), Copper Indium Gallium selenide (CIGS) or
Gallium arsenide (GaAs) also started to emerge which were later summarized as the
second generation solar cells.®> As the development progressed new materials and material classes
emerged which are now summarized in the third-generation solar cells also known as emerging
photovoltaics.** So far, they are mainly produced in lab scale but first technologies are already
commercially available and more companies are striving for commercialization of these
technologies. Within the group of emerging photovoltaics two technologies particularly stand out

— perovskite solar cells and organic solar cells.

The first perovskite solar cell was developed by Kojima et al. in 2009 with a power conversion
efficiency (PCE) of 3.8% using methylammonium lead iodide (MAPbI3) as absorber.’ In the
following years research on different lead-based perovskites with various compositions led to a
steady improve in device efficiency up to a maximum of 25.2%.%6.7-8%10.1LI213 Therewith they
can already compete with other commercialized thin film technologies. However, a major
drawback is the highly toxic lead which may hinder commercialization in the long-term.'*
Therefore, scientists search for less toxic lead alternatives close to lead in the periodic table. As

perovskites can be formed in the composition ABX3 but also in the perovskite-like AzB2Xo
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(A —monovalent cation, B — di — or trivalent cation and C — monovalent anion), elements like tin,

germanium, bismuth and antimony are suitable candidates.

Tin is considered as the most promising alternative to possibly replace lead due to its similar
optical and electronical properties.'> First solar cells consisting of tin perovskites were published
in 2014 by Noel et al. and Hao et al. with device efficiencies of 5 to 6%.!%!718 In recent years the
main issue was to tackle the stability problems. This instability is ascribed to (i) the easy oxidation
of Sn™ to Sn™ in presence of oxygen leading to self p-doping and (ii) a higher Lewis acidity
leading to fast crystallization of the perovskite which leads to bad film morphology.!*** Yao et al.
discussed different strategies to improve the stability of tin perovskites.?! Herein he mentioned
four possible ways that may result in higher stability, namely (i) additive engineering, (ii)
deoxidizer, (iii) partial substitution and (iv) reduced dimensions.?! Considering these effects

maximum power conversion efficiencies of >9% have been reached so far,?223-24.25.26

Besides tin and germanium with an ABX3 crystal structure, antimony and bismuth form A3;B2Xo
perovskites due to their different valence number. Many efforts have been devoted to bismuth as
lead alternative due to its high stability. However, they still lack in device efficiency reaching
maximum PCE values of around 3%.?” Contrary, antimony is far less investigated and shows
similar stability as bismuth. First antimony-based perovskite solar cells were published in 2016
by Hebig et al. with an efficiency of 0.49%.%% Increasing the efficiency depends on the
perovskite’s dimensionality and composition and is an ongoing process.??%3132:3334 Jp to date,

a maximum efficiency of 3.08% with an MASbSI, perovskite was recorded.>’

After perovskite solar cells, organic solar cells (OSCs) are the next most promising photovoltaic
technology out of all emerging photovoltaics. They offer various advantages like light weight,
flexibility and a possible energy efficient production via roll-to-roll processes.***” The absorber
layer of OSCs consists of a donor and acceptor material, deposited either separately
(bilayer-heterojunction) or mixed (bulk-heterojunction).’®3° From the beginning, fullerenes like
[6,6]-phenyl-Cei-butyric acid methyl ester (PCBMgo) or [6,6]-Phenyl-C7i-butyric acid methyl
ester (PCBM7¢) were mainly used as acceptor materials in OSCs. In order to maximize the device
performance many new donor materials were developed to fit the optoelectronic properties of
4,434

fullerenes.***1*> As a result solar cells with >10% device efficiency could be fabricate

However, the possibilities with fullerenes are limited since their absorption range is narrow and
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the formation of large aggregates can hardly be suppressed. Moreover, the production costs

remain high and tunability of fullerenes is challenging, 43464748

To tackle the drawbacks from fullerenes, so called non-fullerene-acceptors (NFAs) came into
focus.*® They benefit among other things from tunable absorption and higher stability due to easy
substitution of additional side groups.**-° This led to an increase in power conversion efficiency
up to 17.4%.> Among the huge variety of used compounds, NFAs based on perylenes are one
alternative to fullerenes. Their optoelectronic properties can be adjusted easily by the introduction
of side groups at ortho, bay or imide position as well as by ring modulation.>!>33% So far mainly
perylene diimides (PDI) substituted at the bay-position are reported and high power conversion
efficiencies of up to 10.58% were reached and can rival fullerene-based OSCs.>>**% Contrary to
that, perylene monoimides (PMI) are another possibility in the class of perylenes with an open
side at the imide position for further substitution. Only a hand full of research groups worked with
PMIs up to date introducing core molecules between two PMI units such as fluorene, thiophene
or benzene.>®>"->® Thereby, the highest device efficiency of 6% was reached with two PMI units

linked by a fluorene core.>?
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Aim of this Thesis

Within this thesis two promising emerging photovoltaic technologies (perovskite and organic
solar cells) are studied. The thesis is comprised of two sections; first, the development of new
lead-free perovskites solar cells and secondly the synthesis of new non-fullerene-acceptors for

organic solar cells.
Perovskite Solar Cells

In this part, tin and antimony perovskite were investigated as less toxic alternatives to their lead
counterparts. The investigation focuses on the question, how the iodide/bromide ratio influences
the optical and electrical, and thus the photovoltaic properties of the material. In order to do this,
a stable antimony and tin iodide perovskite, known from literature, has to be selected and stepwise
substituted with bromide. The implementation of bromide into the perovskite should be verified
by single crystal analysis, optical spectroscopy and X-Ray diffraction measurements. Following,
the influence of the iodide/bromide ratio on the photovoltaic performance will be studied by
assembling solar cells. Their performance is recorded by current-voltage (J-V) measurements. To
verify the accuracy of the J-V measurements maximum power point tracking (mp, tracking) and
external quantum efficiency (EQE) measurements should be recorded in addition. The hysteresis
behavior of all perovskites has to be researched as well by comparing J-V measurements in normal
and reverse scan direction. Exemplarily, on the best solar cells, the stability of the best solar cells

should be analyzed.
Organic Solar Cells

The second part comprises of an easily accessible and innovative synthesis route for new NFAs.
A material backbone should be selected which offers the possibility to be easily substituted at
various positions. The resulting new NFAs should then be investigated in terms of their optical
and electronic properties. Theoretical calculations using density functional theory (DFT) will be
used as a first insight. Prior to the solar cell fabrication, the optoelectronic properties will be
determined by e.g. UV-Vis spectroscopy, fluorescence spectroscopy or cyclic voltammetry (CV).
Consequently, a suitable donor material will be selected to assemble organic solar cells. The
optimization of such will be achieved by changing the donor/acceptor (D/A) ratio, concentration
and annealing conditions. The performance will be recorded by J-V, EQE and my, tracking

measurements.
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1 Photovoltaic Technology Classifications

Solar cell technologies are often assigned to a certain photovoltaic generation depending on their
time of discovery. Crystalline silicon solar cells form the first-generation solar cells, whereas thin
film technologies such as amorphous silicon (a-Si:H), GaAs, CdTe or CIGS form the second-
generation photovoltaics. The main difference between these two technologies is the thickness of
the absorber layer. Silicon solar cells require a thick absorber layer of >100um while the other
absorbers can be deposited within a few microns or less. Out of all technologies within the second
generation only GaAs can surpass silicon solar cells in terms of efficiency, however, GaAs solar
cells are more expensive and therefore mainly used in space applications. The third solar cell
generation, called emerging photovoltaics, contains other thin film technologies like
dye-sensitized solar cells, perovskite solar cells (PSCs), organic solar cells, quantum dot solar
cells and copper zinc tin sulfide (CZTS) solar cells. Compared to first and second generation, they
are still under research and only a few are commercialized to certain extent. The power output of
PSCs can already rival the ones from CdTe or CIGS which makes PSCs the most promising

technology to be commercialized soon.!>**

2 General Background about Solar Cells

Within this chapter the different working principles of PSCs and OSCs are described and also the

possible device configurations (normal and inverse) are explained.

2.1 Working Principle

Perovskites are intrinsic semiconductors, meaning their Fermi level is located at the center of
valence band and conduction band. Charge extraction occurs only if an additional p-type and
n-type semiconductor were deposited to sandwich the perovskite. Upon illumination, photons
with an energy equal to the band gap or higher can excite electrons (i), leaving a hole behind. The
electrons are then transferred by a so-called electron transport layer (ETL) to the respective
electrode (i1) and the holes are transferred via hole-transport layers (HTL) to their respective

electrode (iii). However, this only applies in theory as the holes are fictional.>®
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Regarding the respective holes, one has to mention that a solar cell is connected to an external

power source that constantly passes current through the cell. Constant recombination takes place

at the interface between HTL and perovskite.
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Figure 1: Working principle of perovskite solar cells (left) and organic solar cells (right).””

In organic solar cells charge generation requires an absorber consisting of two components —

donor (p-type material) and acceptor (n-type material). For charge separation, the donor requires

a higher lying LUMO level and a higher lying HOMO level than the acceptor. The whole process

consists of four steps. Illumination generates an exciton (electron-hole pair) in the donor phase

(1). This process can also occur in the acceptor phase. The exciton diffuses within the donor phase

(or acceptor phase) to the donor-acceptor interface (i1) where the charges are separated (iii) and

further transported to their respective electrodes (iv).>’
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2.2 Device Configurations

Organic and perovskite solar cells are often assembled on glass substrates with a precoated
transparent conductive oxide (TCO). Thereafter, either a HTL or ETL is deposited to enhance
effective charge extraction followed by deposition of the absorber material. On top of the absorber
layer the respective counterpart to HTL/ETL is deposited and the cell is completed by a metal

electrode.>®

In general, there exist two basic assembling models, usually called normal or inverse. In a normal
device set-up, the ETL is directly deposited on the TCO and the HTL on top of the active material

and opposite for the inverse set-up (Figure 2).°

Absorber Absorber

Glass | TCO Glass | TCO

Figure 2: Normal device architecture (left) and inverse architecture (right).

In case of PSCs, the set-ups are also called n-i-p (normal) or p-i-n (inverse) architecture.
Moreover, in PSCs mesoporous scaffolds can be introduced instead of a regular HTL or ETL.
This increases the surface area of the layer as a certain part of the absorber is able to diffuse into
the mesoporous film.>® Organic solar cells can be assembled in a bilayer or bulk heterojunction.
In a bilayer heterojunction acceptor and donor are deposited separately while in a bulk
heterojunction donor and acceptor are mixed together in order to increase the surface area
(Figure 3) and enhance the charge separation. One drawback is the possible formation of islands

within the bulk material leading to recombination and no charge extraction.’

Glass | TCO | ETL/HTL Glass | TCO | ETL/HTL

Figure 3: Organic solar cell set-up — bilayer heterojunction (left) and bulk heterojunction (vight).
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3 Perovskite Solar Cells

3.1 General Aspects about Perovskites

Perovskites are generally formed in an ABX3 structure. The backbone is formed by BXe
octahedrons with the A-cation located at the voids between them (see Figure 4). Herein the
A-cation is either mono- or divalent, the B-cation can be found in oxidation state (+2) or (+4) and
the X-anion is usually present in oxidation state (-1) or (-2) to maintain charge neutrality.” In solar

cells, the perovskite mainly consists of an A"'B*'X5 composition.

Figure 4: General ABX; perovskite structure, reprinted from Hoefler et al.’

The ion selection for perovskites in solar cells evolved throughout the last decade from simple
MAPDBI; or formamidinium lead iodide (FAPbI3) perovskites to more complex mixed ion

perovskites. '

Generally, the introduction of larger X-anions (Cl < Br < I) into the perovskite results in an
extension of the unit cell thus reducing the band gap. Substitution of the A-cation has the same
effect although it is not as pronounced as by anion substitution. They can be organic like

methylammonium (MA) or formamidinium (FA) or inorganic (e.g. Cs, Rb).!%!11213

The mixing of several cations and anions showed a positive effect in the optoelectronic properties
and stability of the perovskite.!""!> In terms of stability, the formation of a cubic crystal structure
is desired. It can be calculated via the Goldschmidt tolerance factor and is require to be between

0.8 and 1. Moreover, mixing of the cations was described to provide efficient stabilization as
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shown for the perovskite formamidinium lead iodide (FAPbI3). Herein certain amounts of MA

were added to obtain the desired black phase.'!

The toxicity of lead motivated researchers to also investigate lead-free alternatives such as tin,
germanium, antimony or bismuth for photovoltaic applications.”!! For perovskites where the
B-cation has a different oxidation state to (+2), like antimony or bismuth, the composition changes

towards a quasi-perovskite with formulas of e.g. A3B2Xo or A3sBXG crystals.'*

3.2 Perovskites Types and State of the Art

In this section lead perovskite solar cells and their lead-free alternatives are discussed and their

progress (state of the art) is summarized.

3.2.1 Lead Perovskites

Since the first published perovskite solar cell in 2009 the knowledge in lead-based perovskite
solar cells increased drastically.!® Important key parameters like a homogenous layer formation,
hysteresis free J-V curves and stability of the cells were tackled.! This was achieved by
modifying the design of the perovskite composition. From simple ABX3 perovskites like MAPbI3
mixed perovskites were synthesized.!! The substitution of the A-cation and X-anion with other
organic (MA, FA, PEA) or inorganic (Cs, Rb) species as well as halides (Cl, Br, I) led to an
improvement through idealized crystal structures, tunable band gaps and higher stability.!>!3!7:18
Up to date a maximum device efficiency of 25.2% was certified.? This technology is closest to be
commercialized however, many issues like the production in large scale, long-term stability and
16,19

the toxicity of lead in connection with their environmental effects still remain a major concern.

That in return also led to the investigation of lead-free perovskite alternatives for solar cells.

3.2.2 Tin Perovskites

The material closest to substitute lead is tin because of its similar properties.?’ The purpose of
using tin is its low toxicity compared to lead, which has been under discussion for years. Hao et
al. and Noel et al. were the first to start researching on tin perovskites for solar cells. Both working

groups published first tin-based perovskite solar cells in 2014 with approximately 6% using
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MASnI; (Noel et al.) and MASnIBr> (Hao et al.) as absorber.?!*> Other working groups also
started to investigate tin as lead alternative, however, the lack in stability prevented a rapid
increase in efficiency. This is mainly ascribed to two reasons, (i) tin is more prone to oxidation
and easily oxidizes to its (+4) state leading to self p-doping, (ii) tin crystallizes readily fast due to
its high Lewis-acidity.?*>** This is supported by the lower thermodynamic stability of tin (+2),

compared to lead (+2), due to its lower standard redox potential.*

Yao et al. has reviewed the stability concerns and discussed possible candidates to solve these
issues.?> As most promising additive, SnF» has been successfully used to suppress oxidation and
increase the device efficiency. Herein 10 mol% SnF> were reported to be the optimal additive
concentration.?®?” Other tin halide species (SnCla, SnBr,, Snly) were also investigated with
positive effects but to a lesser extent.*#* Another route to further increase stability and efficiency
is ion substitution. Various research groups already fabricated mixed perovskites by substitution
of either the A-cation, X-anion or both.2%3%3! Lee et al. investigated the influence of the iodide to
bromide ratio in FASnX3 perovskites and found that already 25% of bromide within the perovskite
can increase the efficiency and the stability of the solar cell.*?> By the introduction of large cations
such as phenethylammonium (PEA) also the dimensionality of the perovskite can be changed

from a 3D to a 2D/3D mixture increasing the stability.?!-?

Another alternative to improve the stability is the use of other, not tin based, additives. Liu et al.
has successfully ~ implemented  poly[tetraphenylethene-3,3'-(((2,2-diphenylethene-1,1-
diyl)bis(4,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-amine)tetraphenylethene] (PTN-Br)
to improve the hole transport. PTN-Br is working as bridge between perovskite and hole transport
material (HTM) (PEDOT:PSS) also offering better film coverage and higher stability.>* Jokar et
al. added 1% ethylenediammonium iodide (EDAI) as additive into a mixed perovskite
(guanidinium:formamidinium — 20:80) and reached an efficiency of 9.6%.*° Also, Kamarudin
etal. investigated different concentrations of EDAI as additive and post-treatement of
ethylenediamine (EDA), to suppress recombination reactions and reached an astounding device

efficiency of 10.18%.3°

Recently, the main focus of tin perovskites is devoted to improve the crystallinity while also
obtain high stability of the Sn (+2) species. Last reports mainly focused on FASnlz perovskites
and some research groups also work on MASnI3 perovskites for solar cells. When working with

MASnNI; as absorber, solvent effects, the role of grain boundaries, a displacement approach or
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vapor assisted nucleation techniques were investigated and a maximum efficiency of 7.78% was
reached.?%373%3 For FASnlI; perovskites different approaches were tested. Shao et al. was able to
increase the crystallinity by adding ethylammonium to a 2D/3D perovskite hence reaching a
higher efficiency of 8.4% compared to 4.7% (FASnls) or 7.7% (PEA¢.0sFA¢.92Snl3).*° Another
approach is to retard the crystallization by e.g adding poly (vinyl alcohol) (PVA) to the perovskite

precursor reaching efficiencies of 8.82%.4!

To counter the high Lewis-acidity of tin, Wu et al. used n-conjugated Lewis-bases in FASnl3
perovskites to control the perovskite crystallization. Furthermore, they also help to stabilize the
perovskite film to reach 10.1% power conversion efficiency.** Alternatively, one can also use an
antioxidant capping layer to prevent oxygen permeation for higher stability. He et al. deposited
4-fluororbenzohydrazine (FBH) on top of an FASnl; perovskite film using a solution-based
process. Resulting solar cells can also be fabricated under high oxygen fabrication conditions of

100 ppm oxygen (PCE = 9.03%) compared to low-oxygen conditions (9.47%).%

Up to date a maximum device efficiency of 12.4% (certified) was reported by Jiang et al. using a
2D/3D mixed perovskite (PEA.0sFA0.92Snl3) with an ammoniumthiocyanat (NH4SCN) additive
and indene-Ceo bis adduct (IBCA) as new ETL.**

3.2.3 Germanium Perovskites

Another lead-free alternative to tin is germanium (Ge) which also forms perovskites in its (+2)
oxidation state. There exist several publications on theoretical calculations of different germanium

d.45’46’47’48’49’50 HOWCVCI‘,

perovskites providing promising data to substitute germanium with lea
there exist only a hand full of reports on fabricated germanium perovskite solar cells. This is
ascribed to the low stability of (Ge™™) which is even lower than the stability of tin.?® The highest
efficiencies reported up to date were realized with CsGels and MAGel.7Bro3 as absorber and
exhibit efficiencies of 0.58% and 0.57%, respectively.’>* A more investigated field are mixed
perovskites with germanium and either tin or lead to enhance the stability of PSCs. Researchers
also predicted high efficiencies and favorable properties through theoretical calculations and
experiments when using a B-side mixed perovskite.”»3*> Fabricated solar cells with SnGe

perovskites show first solar cell results with efficiencies of >7%.%%%7 On the other side, solar cells

with mixed PbGe cells reached even higher efficiencies.’®
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3.2.4 Antimony Perovskites

In comparison to lead, tin or germanium perovskites, formed in an ABXj3 crystal structure,
antimony can form perovskites in an A3B>Xo crystal structure due to its different valence number.
Moreover, it is considered to be less-toxic than lead. However, as possible lead alternative,
antimony perovskite solar cells are less investigated so far. In 2016, the first report on antimony
perovskites in solar cells was published by Hebig et al. using a MA3Sbzly absorber to reach an
efficiency of 0.49%.>° Later studies focused on mainly three different perovskites — MA3Sbalo,
Rb3Sbalg and Cs3Sbyly,60-61:62:63.64.65.66.67 The crystallization of these perovskites occur either in a

0D dimer or 2D layered phase.

Rubidium antimony iodide perovskites were fabricated via different deposition procedures and
always feature a 2D layered phase.®®1:%2 This is ascribed to the smaller ionic radius of Rb
compared to e.g. Cs.®%! So far, device efficiencies of maximum 1.35% with RbsSbaly were
reached.®? The dimensionality of cesium-based antimony iodide perovskites is reported to be
either 0D or 2D and can be tuned depending on their deposition method.®>%%®® Moreover,
Chonamada et al. already studied the degradation properties of Cs3Sbalo perovskites in both
dimensionalities in terms of light, heat and water. He found, that the OD dimer phase is less stable

than its 2D layered perovskite.®®

The preferred crystallization of MA3Sbaly is 0D as already reported by Hebig et al. in 2016.%°
Although the size of MA is too small to form 2D layered perovskites, the device performance can
still be enhanced by using additives like iodic acid (HI) and/or applying additional interlayers, as
reported by Boopathi et al. and Karuppuswamy et al.®*%* Another approach was reported by
Ahmad et al. using a two-step solution processed deposition technique increasing its efficiency
fivefold compared to a one-step solution process.®” Another possibility to improve the efficiency
of MA3Sbzlo perovskites is anion substitution. Paul et al. substituted iodide with the much smaller
chloride to form 2D layered perovskites when the chloride content is higher than 30%.% This led
to an improved band gap and higher device performance of 1.55% (MA3Sbx(Clo310.7)9 compared
to MA3Sbalo (0.5%).%°

In general, a higher dimensionality is desired since it improves their optoelectronic properties and
stability.®%636% So far, the highest Sb-based perovskite solar cell reported up to date reached a
maximum device efficiency of 3.08% and consisted of an MASbSI, perovskite deposited by

chemical bath deposition.”®
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3.2.5 Bismuth Perovskites

Unlike antimony, bismuth perovskites were already studied in multiple compositions. Bismuth
itself offers similar properties to lead but cannot be replaced directly which is ascribed to its
varying valence state. Consequently, bismuth can form perovskites with different dimensionalities
from 0D to 3D. A3B2Xy perovskites mainly form 0D dimer or 2D layered structures whereas e.g.
ABX4 or ABX;s crystal structures form preferably 1D perovskites and double cation perovskites
(A.B"'B™"X¢) form 3D perovskite crystals.”’!

As one of the first research groups, Lehner et al. investigated Bils as absorber in solar cells and
compared its properties to Pbl, and MAPbI3.”? Later Lehner et al. performed a detailed study on
the experimental and computational properties of A3B2Xo (A = Cs, K, Rb). Thereby, the crystal
structures including their dimensionality (0D, 2D) as well as thin film processing strategies were
described.” There exist several other studies on the material properties (experimental and
theoretical) of MA3Bizlo, Cs2AgBiBrs and Cs2AgBiCls which are among the most studied bismuth
perovskites.”*7>7677 Especially MA3Sbaly is intensively studied due to its non-toxic character,
high stability and thin film processability. It crystallizes in a hexagonal structure and forms 0D
dimer perovskites.”” PSCs with efficiencies from 0.1% to 3.17% were reported up to
date.”8798081.82.83.84 Apother 0D perovskite — Cs3Bizlo — so far less investigated, shows promising
device efficiencies in Bi-based PSCs. Herein the device performance reaches a maximum of 3.6%
when mixed with Ag3Bixlo to form a bulk heterojunction (Cs3i2lo/Ag3Bizlg — in a ratio 0.5/1/1 of
Csl/Agl/Bil3).*> Using an optimized dissolution/recrystallization process for perovskite
deposition of bare Cs3Bizly perovskites and careful selection of the HTL, a maximum device

efficiency of 3.20% could be reached.3®

Mixed bismuth-perovskites were found to crystallize in a 3D network. Herein, the perovskite
composition CsAgBiBrs was mostly researched. Greul et al. published an efficiency of 2.43% in
2017 using hot temperature annealing to optimize the perovskite film formation. However, a big
hysteresis effect of 1.66% (FWD) to 2.43% (BWD) was observed.?” Later, Zhang et al. tested
rubidium doping in Cs2AgBiBrs perovskites. He found, that 10% doping of Rb can increase the
efficiency from 1.21% (Rb = 0%) to 1.39% (Rb = 10%).3® Another approach was investigated by
Pai et al. who added sulphide to Cs2AgBiBrs perovskites forming Cs2AgBiBre.2xSx perovskites.
By the addition of sulphide he was able to increase the efficiency from 1.4% (Cs2AgBiBre) to
1.9% (Cs2AgBiBrs $S0.1).%
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4 Non-Fullerene-Acceptors (NFAs)

Non-fullerene acceptors, also known as post-fullerene acceptors, are a collective term for all fused
ring systems excluding fullerene derivatives. In this section the history of fullerenes and the rise
of NFAs in OSCs is thoroughly discussed. Their advantages and disadvantages compared to

fullerenes are discussed and the state of the art is reviewed.

4.1 The Rise of NFAs in OSCs

The history of organic solar cells goes far back in the 20" century. First OSCs were already
published in 1958.%° The first work using a perylene-based acceptor was published in 1986.°! In
1992, Sariciftci et al. used Ceo as acceptor for the first time.”? The first bulk heterojunction solar
cells were discovered in 1995 using polymer-based acceptors.”>** However, the dawn of a new
era of OSCs started with the use of soluble fullerenes derivatives as acceptors. Fullerenes offer
some unique properties such as high electron mobility and high electron affinity which are
ascribed to their 3D character in connection with their delocalized LUMO level.” Blended with
suitable donor materials the most prominent fullerenes are PCBMgo and PCBM7o (Figure 5). As
a result, bulk-heterojunction solar cells with power conversion efficiencies of >10% were
reported.”®?7:989%:190° Although fullerenes seemed promising for a long time period, they have
several disadvantages like their limited absorption range, photochemical and thermal instability
as well as degradation when exposed to oxygen. The HOMO and LUMO levels of fullerenes are

limited by the fullerene core and can only be slightly shifted by functionalization,®*!01:102:103.104,105

To tackle the above mentioned obstacles and to improve the device efficiency, the motif of
researchers switched towards non-fullerene-acceptors. Over the past few years an infinite number
of materials have been tested in OSCs (incl. polymer solar cells — PSCs). Efficiencies surpassing
fullerene-based OSCs >17% have been published highlighting the potential of NFAs.!% Thereby
two classes of NFAs emerged, namely (i) rylenes consisting of perylenes, naphtalenes and
terylenes and (i) fused ring electron acceptors (FREA) which can be summarized in a second

group, consisting e.g. azo, oxo or thio-heterocycles.
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Figure 5: Fullerene acceptors — PCsoBM (left) and PC70BM (right).

Beside the acceptor, careful selection of the donor is a prerequisite to high device performance.
In recent years, various new donor materials were synthesized and implemented in solar cells.
Upon the huge variety of compounds, a selection of the most prominent and important donor

materials is given in Figure 6.
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Figure 6: Chemical structures of selected donor materials implemented in OSCs and mentioned in this thesis.
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4.2 Rylenes as NFAs

Within the class of rylenes, perylenes are the superior material when it comes to material testing
and design in OSCs. As starting material, perylene-3,4,9,10-tetracarboxylic anhydride (PTCDA)
is converted to soluble perylene diimides (PDI) which are further processed at the ortho (2,5,8,11)
or bay-position (1,6,7,12) (Figure 7). The synthetic procedures to PDIs have be known for
decades as PDIs were used as dyes in industry prior to their discovery as acceptors in solar
cells. 107:108,109.110.111 pRy[g offer high electron mobilities, thermal, chemical and photochemical
stability which is advantageous for OSCs. They are also cost effective in terms of synthesis
(high yields) and their optical and electronic properties can be readily tuned by simple substitution
at ortho or bay-position.”!711%112 One drawback of PDIs is their tendency to form large
aggregates due to m-stacking.''*> However, promising solution methods have already been
developed and reported by introducing side-groups that twist the PDI-derivative limiting the
n-stacking significantly.!'* They can be further divided in two subsections, either being classified

as small molecule acceptor (SMA) or as monomeric unit in polymer-based acceptor.

1

3 4
ortho --——— 2 5 — ortho
! "N
bay bay
\ 12 7 /
ortho —--— 11 § — ortho
10 9

| e |

Figure 7: Perylene structure with given functional sites.'’

Perylene monoimides (PMI) are so far less investigated in solar cells albeit various synthesis
procedures have been reported. This may stem from the lower yields of PMIs compared to
PDIs. 15116117 Nevertheless, PMIs offer an alternative optimization route with additional
substitution options at the peri-position (9,10) (Figure 7) for solar cells and open up the possibility
to formulate A-D-A-type acceptors. Their optoelectronic properties can also be enhanced identical

to PDIs and, moreover they feature another open side for improvement compared to PDIs.!'®
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Regarding their n-stacking, reports showed that substitution of the peri-position can already twist

the molecule to counter that issue.!"’

Naphthalene diimides (NDI) are also within the group of rylenes and are mostly applied as
monomeric units in polymers with alternating donor-acceptor units. They can also be tuned by
substitution on their active sites to improve solubility, optoelectronic properties or better film
morphology. In solar cells, NDIs are mainly present as conjugated polymers, whereas the most
studied one is N2200 (NDI-bithiophene copolymer) and its derivatives.”'?® They can rival
fullerene-based OSCs as well as perylene-based OSCs with efficiencies >11%.!!

Terrylenes are another subgroup of rylenes, composed of a large conjugated m-system than
perylenes or naphthalenes. In solar cells only a few reports exist so far. Herein, the
functionalization at the bay-position of terrylene diimides was investigated.!?%!23:124 The highest
efficiency of 5.29% was reached by using two terrylene diimides linked with a fluorine derivated

bithiophene linker (0-F2T2-TDI).!?

4.3 State of the Art of Perylenes as NFAs

Within the last years several different types of perylene derivatives have been reported. Thereby
perylene diimides substituted or fused at the bay position were synthesized and implemented in
solar cells. This led to all kind of PDIs which were used a building block for monomeric, dimeric,

trimeric and tetrameric based acceptors.

Yin et al. investigated the influence of the number of perylene units fused to a porphyrin core. He
proved that higher numbers of PDI units attached to a core is favorable for the device performance.
This is supported by reducing the energetic disorder and reaching balanced electron/hole
mobilities with a higher amount of PDI units linked to the core to reach a maximum efficiency of
8.40% for 4PDI-ZnP compared to its lower linked PDI counterparts (5.33% — 2PDI-ZnP, 3.10%
— 1PDI-ZnP). Moreover, he also tested a plain PDI molecule with PTB7-Th to reach 1.95%

efficiency.!®
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4.3.1 Perylene Monomers

The generally low efficiencies for PDIs without the introduction of side groups is well explained
in literature and ascribed to m-stacking and thus the formation of agglomerates in thin films.!"
One approach to twist the PDI molecules is the introduction of bulky substituents. Kozma et al.
introduced a naphthyl and acenaphthenyl side group at the bay-position to twist the core around
19° leading to slightly higher efficiencies of 0.91% (PDI-3) (1¢) and 0.91% (PDI-2) (1b)
compared to a plain PDI molecule (0.13% — PDI-1) (1a).!2¢ Moreover, it was found that slightly

modified PDIs can also function as cathodic interfacial layers for polymer solar cells.'?’
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Figure 8: Chemical structures of selected PDI monomers implemented in OSCs.

4.3.2 Perylene Dimers

To avoid aggregation and at the same time retain the unique properties of PDIs, dimer strategies
with linked core molecules or linkage via ring fusion were reported. Herein, the n-system can be
increased by ring fusion of sulfur or selenide to form outer fused rings on PDIs as reported by
several groups.!!#128:129.130.131 1y 2016, Sun et al. and Meng et al. synthesized first dimer-based
fused acceptors with sulfur (SdiPBI-S) (2a) and selenide (SdiPBI-Se) (2b). Blended with an
optical complementary polymer (PDBT-T1) efficient solar cells with 7.16% (SdiPBI-S) and
8.42% (SdiPBI-Se) were fabricated.!**!*! Three years later sulfur annulated fused PDIs were
investigated again by Li et al. He optimized the HOMO/LUMO levels of the acceptor by changing
the number of sulfur atoms, linked via outer ring fusion, on fused PDIs to improve the open circuit
voltage. Herein, two fused sulfur atoms led to higher lying HOMO/LUMO levels and thus higher

efficiencies.'?® Only recently Qureshi et al. used an N-annulated core as linker and additionally

25



Chapter II

fused two sulfur/selenide atoms to the PDI dimer. Using this approach, the A-D-A based acceptors
can be effectively twisted and outer fusing increased the molar extinction coefficient, mobility
and in turn the efficiencies. This is clearly given as the N-annulated PDI-dimer acceptor showed
a maximum device efficiency of 4.73% (3a) whereas their sulfur and selenide annulated acceptors
reached 6.11% (3b) and 6.25% (3c), respectively.'?® Yang et al. formulated different vinylene
linked perylenes by inner and outer ring annulation based on the dimer (V-PDI;) (4a). Thereby
outer fused rings were synthesized with sulfur (V-PDIS:) (4b) or selenide (V-PDISez) (4¢) to
reach a device efficiency of 5.76% and 6.51%, respectively. On the other side, inner ring
annulation with thianaphthene (V-TDI;) (4d) and benzofuran (V-FDL) (4e) led to 3.84% and
3.76% device efficiency, respectively. The better performance for the former NFAs, with the
selected donor (PBDB-T), was in this case ascribed to a wider light absorption and better

morphology.!'!*
R
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Figure 9: Chemical structures of selected PDI dimers implemented in OSCs.

The linkage of perylene units over fused rings is another approach to twist the PDI skeleton and
improve the material properties. Li et al. fused benzodithiophene with two PDI units to form two
isomeric NFAs (BPDI-1 and BPDI-2) (5a and Sb). He showed that depending on the isomer-core,
the molecules are twisted differently which affects aggregation and thus the device

performance.'*? Zhong et al. investigated the fusion of furan, thiophene and selenophene with two
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PDI-units. Thereby the size of the heteroatom and the increased m-system play a key role in
fabricating efficient solar cells. The three NFAs FPDI-F (6a), FPDI-T (6b) and FPDI-Se (6¢) were
blended with PTB7-Th and displayed efficiencies of 3.29%, 6.72% and 5.77%, respectively.'*
When two-PDIs are fused with an indacenodithieno[3,2-b]thiophene (IDTT) core and
implemented in solar cells with PTB7-Th an even higher efficiency of 7.33% was reported.'** To
go on a step further, Yin et al. linked already fused PDI dimers with a 9,9'-spirobi[fluorene] core
to form the NFA — SF-FPDI (7) - and reached an efficiency of 6.24% when blended with
PTB7-Th.!3* The highest efficiency with PDI-dimer structures up to date was reported by Liu et
al. In his work he linked two-PDI units with an 9,9'-spirobi[fluorene] core (8) and blended it with
the donor P3TEA to a record efficiency of 9.5%.!%¢

R 7 CsHqq R 8 CeH1z

CsHyy CeH13

Figure 10: Chemical structures of selected PDI dimers implemented in OSCs.
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4.3.3 Perylene Trimers

Perylene trimers form propeller-like structures when three PDI units are linked to one core
molecule. In literature, benzene is one of the most investigated core molecules in this field. It can
be linked via single-bonds (9) or fused together which increases their m-system. Blended with
PTB7-Th efficiencies of 5.65% and 5.57% were reported by Li et al. (2016) and Duan et al.
(2017), respectively.!3”13¥ For comparison, Duan et al. also examined 1,3,5-triazine as core
molecule (10) and could increase the efficiency to 9.15% due to superior crystallinity, electronic
properties and greater n-stacking.!*® The photovoltaic performance of three PDI dimers, which
were fused to a benzene core, was reported to a maximum efficiency of 6.95% in non-halogenated
solvents."*® Three perylene units were also linked with a benzene core (TPH) by ring fusion (11a)
and additionally extended by outer ring fusion of selenide atoms (TPH-Se) (11b) to reach
efficiencies of 8.28% (TPH) and 9.28% (TPH-Se), blended with the donor PDBT-T1.!4® The
highest reported trimer-based PDI was published recently by Zhang et al. using
triphenylphosphine derivatives as cores molecules. The introduction of a monoxide or sulfide at
the phosphorus atom compared to its lone pair modifies the molecular conformation thus leading
to remarkable high device performances of 11.01% (TPO-PDI) (12a) and 9.67% (TPS-PDI) (12b)
compared to 6.19% (TPP-PDI) (12¢) when blended with PTTEA as donor.!*!
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Figure 11: Chemical structures of selected PDI trimers implemented in OSCs.
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4.3.4 Perylene Tetramers

Perylene diimides can be linked with different core molecules, e.g. pyrene, 4,8-di(thiophen-2-
yl)benzol[1,2-b:4,5-b'|dithiophene (BDT-Th), tetrathienylbenzene, 9,9'-spirobi[ fluorene], to form
tetrameric NFAs. 42143144195 Thereby the influence of linked vs. fused ring tetramers was
researched. Ding et al. fabricated four different tetramers, two non-fused (PDI4-DTC,
PDIF4-DTC) (13a & 13b) and two fused tetramers (FPDI4-DTC, FPDIF4-DTC) (14a & 14b).
He found, that fused ring acceptors increase the efficiency frome.g. 1.27% (PDI4-DTC) to 4.29%
(FPDI4-DTC) when blended with PTB7-Th. Additionally, fluorine atoms at the outer bay-
positions of the PDI units can enhance the optical properties and even higher efficiencies of 5.10%
(FPDIF4-DTC) compared to 1.78% (FDPI4-DTC) could be reached.'*® Zhang et al. observed the
same behavior in solar cells when the non-fused TTB-PDI4 (15) and fused FTTB-PDI4 (16) were
mixed with P3TEA to fabricate solar cells with 7.11% and 10.58%, respectively.'**

Introducing a BDT-Th core, the PDI tetramer (17) exhibited one of the highest efficiencies in
2016 with 8.47% (PTB7-Th:TBP).'* On the other side, Wu et al. enhanced the already mentioned
dimer fused 9,9'-spirobi[fluorene] to a dimer-fused PDI which is further linked to the
9,9'-spirobi[fluorene] core (SF-4PDI2) . By optimizing the deposition methods he reached a
device efficiency of 7.69%.'* Tang et al. used an acetylene-linked method to form the PDI
tetramer (B-4TPDI) (18) and tested it with the donor materials PBDB-T and PTB7-Th. Due to
better optoelectronic properties with the acceptor, PTB7-Th:B-4TPDI performed better (7.71%)
than PBDB-T:B-4TPDI (6.84%).'%*
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Figure 12: Chemical structures of selected PDI tetramers implemented in OSCs.
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4.3.5 Perylene Monoimides

The branch of PMIs in OSCs is up to date barely investigated. Reports focus on mainly A-D-A
structured NFAs based on two PMI units linked with different core molecules like fluorene (19),
benzene (20a) or thiophene (20b). In 2015, Zhang et al. published the first work on PMIs by
linking it with a fluorene core to create an A-D and A-D-A acceptor. The resulting solar cell
performance displayed that P3HT:PMI-F-based cells reached 1.35% and P3HT:PMI-F-PMI-
based cells reached 2.30%.'*” In 2017, he published a second work on PMI-F-PMI acceptors,
blended with the donor PTZ1 and the addition of additives to reach an efficiency of 6%.!"”
Hu et al. synthesized different A-D-A acceptors with various core molecules. The fabricated solar
cells were blended with PTB7-Th to reach an efficiency of 1.3% with PMI-bithiophene-PMI (20c¢)
as NFA.!'® In 2019, the last report on PMIs was published by Qin et al. who implemented alkyne
bridges between two PMI units. The size of the alkyne bridge was varied (n = 0-2) and the solar

cell performance was studied with PBDB-T.!48

CgH17CgH17

19 20a 20b 20c

Figure 13: Chemical structures of selected PMI-X-PMI acceptors implemented in OSCs.
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4.4 State of the Art of Acceptor Polymers in Polymer Solar Cells (PSCs)

Rylenes, especially NDIs and PDIs are reported as excellent polymer acceptor materials in PSCs.
Li et al. reviewed the progress of rylene acceptors. Herein he stated that the NDI-based polymer
N2200 (21a), featuring NDI-bithiophene alternating units, is the most studied and best performing
structure in this class.!* Solar cells with the acceptor N2200 and PTzBI-Si as donor reached
efficiencies of 11% in single junction cells and 11.2% in tandem cells.'?"!3% Other synthesized
NDI-based polymers varied in either their imide side groups or substituted bay-position, e.g.

thiophene (21b), selenophene (21¢), biselenophene (21d).!3!:15%153

21d 22 CeHis 23 CsHis

Figure 14: Chemical structures of selected NDI and PDI-based polymer acceptors for PSCs.

The first PDI-based polymer solar cell was published in 2007 by Zhan et al. with a rather low
device performance of over 1%.'3* Within the next years, several new polymer-based acceptors
were developed, however no breakthrough was accomplished and the device performance

remained low.!*’ In 2016, Guo et al. synthesized a vinylene-bridged PDI-based acceptor (PDI-V)
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(22) and blended it with PTB7-Th in order to fabricate PSCs with 7.57% efficiency. The improved
performance is ascribed to higher crystallinity and higher electron mobility compared to e.g.
PDI-thiophene.!*® Later, Guo et al. was able to improve the device efficiency even further by the
synthesis from PDI-V to NDP-V (23) blended with PTB7-Th to 8.59% which is among the highest

reported so far.!>®

4.5 Evolution of Fused Ring Electron Acceptors (FREAs)

Beside rylene-based NFAs, various other A-D-A structured SMAs were synthesized and
implemented in solar cells. In 2014, one of the first fluorene and carbazole-based A-D-A
structured acceptors were synthesized for OSCs. Their structure included thiophenes which were
included into the system between the accepting and donating unit owing to develop a compound
with improved LUMO level and solubility.!>” Fluorenes were further developed by replacing the
accepting unit and/or “spacer” and acceptor unit to enhance their material properties.!>%15%:160
Hereby the fluorene-based NFA DICTF (24) stands out as it is the predecessor of one of the most
well know indacenodithiophene (IDT) based NFAs called indaceno[1,2-b:5,6-b’]dithiophene and
2-(3-0x0-2,3- dihydroinden-1-ylidene)malononitrile (IEIC) (25). IDT-based acceptors were
developed to improve the morphology issues and optoelectronic properties (e.g. lower band gap)
that fluorene-based NFAs lacked when blending with available donors. Lin et al. reported the
synthesis of IEIC with a band gap of 1.57 eV.!®! The further developed modification of IEIC is
ITIC (26) which is composed of an IDTT donating core, also reported by Lin et al.'®> In
comparison to IEIC, ITIC derivatives exhibit a ring fused thiophene attached to its core thus

shifting the HOMO/LUMO levels around 0.1 eV and keeping the band gap in a similar range
(1.59 eV).16?

In order to arrange their HOMO/LUMO levels and inter- and intramolecular interactions with
available donor materials, e.g. PTB7-Th or PBDB-T, the above-mentioned IDT and IDTT
derivatives can be enhanced by (i) donating unit (core) modification, (i1) spacer modification, (iii),

accepting unit (terminal) modification and (iv) introduction of additional side chains at the core.

One example for core engineering was published by Dai et al. who extended IEIC into fused
6-ring, 8-ring and 10-ring cores.'®®> The spacer of IEIC molecules were also modified by the

introduction of an alkoxy group (IEICO) instead of an alkyl group or by using a selenophene
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derivative (IDSe-T-IC) instead of a thiophene derivative.!®*!%> Substitution on the terminal
section by methyl (IT-M) or dimethyl (IT-DM) led to an upshift in HOMO/LUMO levels to
achieve higher open circuit voltages in solar cells while fluorination (ITIC-4F) led to a downshift
of HOMO and LUMO levels.!%®!67 Moreover, fluorination results in a redshift and higher
absorption coefficient and slightly higher electron mobility.'®” The probably most known
compounds in literature concerning the introduction of side chains are O-IDTBR (28a) and
EH-IDTBR (28b) which are derived from the fluorene-based NFA FBR (27) in which the fluorene
donor was substituted by IDT with different side chains.!®
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Figure 15: Chemical structures of selected SMAs for OSCs.
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One of the most promising new SMA is Y6 (29), synthesized by Yuan et al. in 2019.'%° The
compound is composed of a fused ring dithienothiophen[3.2-b]- pyrrolobenzothiadiazole core and
two  (5,6-difluoro-3-0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (INCN  derivative)
terminal units. Y6 features a low band gap (1.34 eV), high absorption coefficient (9 - 10* cm™)
and suitable HOMO/LUMO levels for available donors.'”

4.6 State of the Art of FREAs in OSCs

As thoroughly discussed in the previous chapter, SMAs evolved over time and were developed
and optimized step by step which in turn also increased their PCEs. The early synthesized fluorene
(Flu-RH) and carbazole-based (Cz-RH) NFAs were blended with P3HT and displayed PCEs of
3.08 and 2.56%, respectively.!”’ By optimizing the material properties different terminal groups,
DICTF and FDICTF were synthesized. Blended with present donors like PTB7-Th and PBDB-T,
even higher efficiencies of 7.93% (PTB7-Th:DICTF) and 10.06% (PBDB-T:FDICTF) could be
reached.'®®!"! Later, Chen et al. investigated the influence of an extended conjugation and
different halogens on carbazole-based NFAs.!”? The increased m-system resulted in upshifted
HOMO/LUMO levels and a redshift in absorption leading to an increased efficiency of 13.89%
(DTTC-4F). Substitution of fluorine with chlorine boosted the performance up to 15.42%

(DTTC-4Cl) due to its enhanced n-m interaction and absorption window.

One of the first IDT-based NFAs reported was IEIC in 2014.!°! However, the bad mismatch of
donor (PTB7-Th) and acceptor led to only 6.31% efficiency, which was at the current time still
one of the highest reported. Later, Lin et al. used a different donor (PffT2-FTAZ-2DT) to improve
the device performance up to 7.3%.!”3 One approach to narrow the band gap is the substitution of
alkyl with alkoxy groups leading to the NFA IEICO. Yao et al. found, that compared to IEIC,
IEICO features a higher HOMO level and broader spectral absorption range which resulted in an
efficiency of 8.40%.!%* Later, Xie et al. studied different donors with three different IEICO
derivatives. Herein, he could reach 9.82% efficiency with PMOT39 as donor and i-IEICO-4F as
acceptor.!” Other IDT-core-based NFAs are O-IDTBR and EH-IDTBR with devices

performances of 7.80% and 11.70%, respectively.!”>176

In 2015, Lin et al. published ITIC for the first time with an efficiency of 6.80%.'%? The low

efficiency is ascribed to the bad donor/acceptor mismatch. Therefore, other research groups tested
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different donor materials and improved the efficiency up to 11.34%.'7!77 There have been several
attempts to change the ITIC structure slightly in order to improve their optoelectronic properties.
Substituting the phenyl groups with thienyl groups leads to ITIC-Th to lower the HOMO/LUMO
levels, however the efficiencies remained low at ~10%.'7%!”" A more promising route towards
higher Vocs and thus higher efficiencies is the introduction of methyl or dimethyl at the phenyl
group of the terminal sides. IT-M and IT-DM raised the LUMO level 0.04 eV and 0.09 eV,
respectively, which enhanced their Vocs of 0.94 V and 0.97 V compared to 0.90 V (ITIC). The
resulting efficiencies within this study were increased from 11.22% (PBDB-T:ITIC) to 12.05%
(PBDB-T:IT-M) and 11.29% (PBDB-T:IT-DM).!%® Contrary to that, introduction of fluorine or
chlorine atoms leads to a downshift of the HOMO/LUMO levels. In combination with a new
developed donor (PBDB-T-SF) IT-4F featured a certified efficiency of 13.1%.!¢7 Liao et al.
developed new donor materials and reached an even higher efficiency of 13.8% using a non-
halogenated solvent when blended with IT-4F. Furthermore, he could boost the efficiency up to
14.4% when an additional anti-reflective coating was applied.'®® When chlorine-based ITIC
derivatives (IT-2Cl, IT-4Cl) were derived by Zhang et al. also high efficiencies of 13.45%
(IT-4Cl) and 13.16% (IT-2Cl) blended with PBDB-T-2F were reported. Moreover, he fabricated
ternary solar cells in which a mixture of 80% IT-4Cl and 20% IT-2CI led to 14.18% device

efficiency.'®!

The up to date best performing SMAs were fabricated with the acceptor Y6. Herein, binary as
well as ternary blend systems were developed. Yuan et al. was the first one to report Y6 as NFA.
Blended with PBDB-T-2F (PM6) he reached a device efficiency of 15.7% using both inverted
and normal device set-ups.'® Other reports used different donor materials to form binary blends
to reach efficiencies between 10% and 17% efficiency.!’%18218318%4 Ternary blend systems with
Y6 were composed of either two donors or two acceptors, one of them being Y6, and one donor.
Xie et al. mixed the two donors PM6 and J71 with Y6 to an astounding efficiency of 16.5%
attributed to enlarged optical window, better morphology leading to better charge transport
capability and a lower Ejos.!® On the other side, Wang et al. mixed Y6 with the acceptor IT-M
and the donor PBDB-T and achieved a device performance of 12.5%.'%¢ The highest device
performance was reported by Zhan et al. by mixing Y6 with BTP-M (acceptor) and PBDB-T-2F
(donor) to an efficiency of 17.03%.!%
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Chapter III

Abstract

Rubidium antimony halides are a promising low toxic alternative to organo-lead halide
perovskites as photovoltaic material. In this contribution we systematically investigate the
influence of varying the bromide to iodide ratio on the structural, optical and photovoltaic
properties of Rb3Sb2BroxIx (x = 0 — 9). Single crystal data reveal that all compounds crystallize
in a 2D-layered monoclinic crystal structure. Sequential substitution of iodide with the smaller
bromide does not change the crystal system; however, increasing the bromide content results in a
shrinkage of the unit cell as well as in a blue shift of the absorption onset, increasing the band gap
from 2.02 eV to 2.46 eV. Whereas the photovoltaic properties of bromide rich compounds are
limited due to a preferential orientation of the layered structure parallel to the substrate, which is
detrimental to charge transport, solar cells with Rb3Sbzlo as absorber material display power
conversion efficiencies of 1.37%. Moreover, the devices exhibit low hysteresis properties and are

stable for more than 150 days stored under inert atmosphere.

Introduction

Metal halide perovskites are the latest development in photovoltaic materials. They have been
shown to provide impressive power conversion efficiencies (PCEs) up to 23.3%! > and are already
in a similar range as the PCEs of silicon, CdTe, or CIGS thin film solar cells;!? however, metal
halide perovskites can be prepared very energy-efficiently, either via solution-based routes or by
vapor deposition processes.

Because of toxicity issues with lead halide perovskites, which are the so far best performing
compounds in this material class, there is now growing endeavor to study lead-free perovskite
materials with regard to their photovoltaic and optoelectronic properties.* !> Among lead-free
perovskites, tin perovskites are the most thoroughly studied materials to date, and remarkable
PCE values up to 9% have been reported recently.'*!>

However, tin halide perovskites also suffer from limited stability in ambient conditions due to the
oxidation of Sn** to Sn*'. Perovskites containing elements like Bi and Sb with a stable 3+
oxidation state were found to be significantly more stable than lead or tin halide perovskites.

Bismuth halide perovskites have already been studied in detail in past years, and PCEs of up to
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1.09% with a pure bismuth perovskite (Cs3Bizlo)'® and 2.4% with the mixed silver—bismuth
perovskite Cs)AgBiBrs!” were obtained.

Compared to the research effort devoted to bismuth halide perovskites, antimony halide
perovskites are so far much less investigated and the first paper reporting on antimony perovskite-
based solar cells was published in 2016.!® Computational calculations for the optoelectronic
properties of antimony perovskites predict promising band gaps for Rb3Sbaly and Rb3;SbaBro.'?
Moreover, as shown by Baranwal et al.,2° both common device architectures (n—i—p and p—i— n)
can be applied for antimony-based perovskites. To date, encouraging efficiencies of up to 2.77%
have been reported recently for solar cells with a MA3Sbolo absorber layer (MA:
methylammonium).?!*> A mixed sulfur/iodide antimony perovskite even led to a PCE of
approximately 3%.%>?* In recent studies on antimony halide perovskites, materials with different
dimensionality (0D and 2D) have been synthesized and discussed. For example, for Cs3Sbalo, it
has been shown that the formed structure and dimensionality are strongly dependent on the
conditions during synthesis. Solution-based synthesis primarily leads to 0D structures, while
preferably 2D-layered structures were obtained by solid-state or gas phase syntheses.”> The
change in dimensionality also has a significant impact on the optical and electronic properties of
these materials. Typically, the absorption spectra are blue-shifted for 0D compared to 2D
perovskites, and charge carrier mobilities are lower in 0D antimony halide perovskites.
Furthermore, the dimensionality can be tuned by compositional engineering. Upon a change from
Cs to Rb in the Cs3Sbalo perovskites, the formation of 2D-layered perovskites is facilitated due to
the smaller ionic radius of Rb.?® In contrast to that, when organic cations like methylammonium
(MA) are introduced, the formation of a 0D dimer structure is very likely.?"-*8

However, the opinions in the literature regarding the influence of the dimensionality of the
antimony halide perovskites on the solar cell performances are not fully consistent, and this topic
is not yet entirely understood. While several reports claim that the dimer structure limits the
efficiency of the solar cells,?’ Boopathi et al.?! obtained PCEs of 2.04% with a zero-dimensional
MA;Sbzly absorber layer. Moreover, the absorption properties of the antimony halide perovskites
as well as partly the dimensionality can be tuned by varying the X-site anions, which was already
shown for MA;3Sby(I,Cl)y or (NHa4)3Sba(I,Br)e perovskite materials.?®3° Hereby, bromide
substitution resulted in a blue shift leading to higher band gaps and reduced photovoltaic
performance. Also, the energy difference between the 0D dimer and 2D-layered phase was

reported to be lower for bromide incorporation compared to chloride incorporation.?®3? Jiang et
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al. predicted the formation of a 2D-layered structure when introducing chloride to cesium
antimony perovskites by energy calculations and have successfully proven the formation of a 2D
film with MA3Sb,ly«Clx perovskites.?3

In this study, we systematically studied mixed rubidium antimony halide perovskites with the
nominal composition (Rb3Sb2Brolx) (x = 0 — 9) and investigated their crystallographic and
optoelectronic properties. Moreover, the morphological properties of thin films were determined

and their photovoltaic performance was thoroughly investigated.

Experimental Section

Materials

All chemicals and solvents were used as purchased without further purification unless otherwise
noted. The solvents dimethylformamide (DMF), toluene and chlorobenzene (CB) were dried
using molecular sieves (Carl Roth, 3A type 562 C). Antimony iodide, antimony bromide and
rubidium bromide were purchased from abcr and toluene from Carl Roth, TiO» nanoparticle paste
(30NR-D) was purchased from Greatcell Solar and gold (purity > 99.99%) from Ogussa. All the
other chemicals were purchased from Sigma Aldrich.

Caution! In the below described procedures, hazardous chemicals and solvents are used {(DMF,
chlorobenzene, toluene, Sbl;, SbBr; titanium (IV) isopropoxide, ethanolamine, 4-tert-
butylpyridine, 2-methoxyethanol, terpineol, lithium bis(trifluoromethanesulfonyl)imide
(LiTSF)), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfo
nimide] (FK 209 Co (III) TFSI salt)}. Precautions have to be taken. All reactions must be

undertaken under a fume hood or glove box, and protection clothing must be used.

Single Crystal Growth

Perovskite precursor solutions (0.2 M) were prepared by dissolving corresponding amounts of
Sbls, SbBr3, Rbl, and RbBr in DMF in a Sb:Rb molar ratio of 2:3 and a Br:I molar ratio necessary
to obtain the respective perovskites (Rb3Sb2Bro«lx, denoted as PX-(9-x):x from PX-0-9 to PX-9-
0 according to the Br:I ratio in the precursor solution, e.g., PX-2-7 corresponds to a Br:I ratio of
2:7). The precursor solutions were stirred for 2 h at 70 °C under a nitrogen atmosphere, followed
by filtration through a 0.45 um PTFE filter. Single crystals were grown by an antisolvent vapor

diffusion crystallization method by evaporation of the antisolvent (dichloromethane or
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chloroform) and condensation into the perovskite precursor solution, followed by slow

precipitation of single crystals after several days.

Thin Film and Solar Cell Fabrication

Patterned glass/ITO substrates (15 x 15 x 1.1 mm?) (15 ©/sq) from Luminescence Technology
Corp. were precleaned with acetone, put in an isopropyl alcohol bath, and placed into an ultrasonic
bath at 40 °C for 30 min. The substrates were then dried with N> and further plasma etched for 3
min. For the preparation of the crystalline TiO>-layer (c-TiO2, thickness approximately 30 nm), a
solution containing titanium (IV) isopropoxide (70 upL), ethanolamine (55 pL), and
2-methoxyethanol (1 mL) was spin coated on the precleaned glass/ITO substrates at 4000 rpm for
20 s followed by an annealing step at 500 °C for 30 min in a tube furnace. For the preparation of
the mesoporous TiOz-layer (mp-TiO», thickness approximately 250 nm), the TiO;-nanoparticle
paste was mixed with terpineol (1:2.5 wt %) and spin coated at 10 000 rpm for 20 s followed by
a first annealing step at 200 °C for 5 min and a second annealing at 500 °C for 30 min in a tube
furnace. Preparation of the antimony perovskite precursor solutions was performed as described
above in the Single Crystal Growth section. The precursor solutions were spin coated on the
glass/ITO/c-TiOz/ mp-TiO2 substrates at 4000 rpm for 60 s. A 50 puL portion of a Sbls/ SbBr3
(10 mg/mL) solution in toluene was dropped onto the spinning substrate 5 s after the start of the
spinning process followed by antisolvent dripping (toluene) after 30 s, analogous to the process

in the paper of Harikesh et al.*

The perovskite films were annealed at 120 °C for 10 min. All
steps were carried out inside a glovebox under nitrogen atmosphere.

The spiro-OMeTAD hole transport layer was prepared by dissolving 2,2',7,7'-tetrakis[ N,N-di(4-
methoxyphenyl)amino]-9,9’- spirobifluorene (86 mg) (spiro-OMeTAD), 4-tert-butylpyridine (6.7
pL), FK 209 Co(III) TFSI salt (3.0 mg), and LiTSFI (10 mg) in chlorobenzene (1 mL). The
solution was stirred overnight at room temperature under nitrogen atmosphere and spin coated
onto the perovskite film at 4000 rpm for 20 s. Afterwards, the top electrode (80 nm Au) was

deposited by thermal evaporation under high vacuum conditions (<1x10-5 mbar) using a shadow

mask (active area of 0.09 cm?).
Characterization

Suitable single crystals of compounds were immersed in silicone oil, mounted using a glass fiber,

and frozen in the cold nitrogen stream (100 K). X-ray diffraction data were collected at low
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temperature on a Bruker Kappa APEX II diffractometer using Mo Ka radiation (A = 0.71073 A)
generated by an INCOATEC microfocus source. The data reduction and absorption correction
were performed with the Bruker SMART?! and Bruker SADABS,?? respectively. The structures
were solved with SHELXT?* by Patterson methods and refined with SHELXL?* by least-squares
minimization against F? using first isotropic and later anisotropic thermal parameters for all
atoms. Mixed perovskites Rb3SbaBro4Ix were treated as occupational disorder;* for details, see
the description in the Supporting Information (SI). The space group assignments and structural
solutions were evaluated using PLATON.3*" For the graphical representation of the obtained
crystal structures, Vesta*® was employed.

The Rb3SbaBroxIx perovskite thin films were characterized by X-ray diffraction (XRD) with a
PANalytical Empyrean system, which uses Cu Ka radiation. UV-Vis measurements of the
perovskites were performed using a PerkinElmer Lambda 35 UV—vis spectrometer equipped with
an integrating sphere. The optical data were recorded in the wavelength range 350—1000 nm.
Photoluminescence spectra were measured in ambient atmosphere on a FluoroLog 3
spectrofluorometer from Horiba Scientific equipped with an NIR-sensitive R2658 photomultiplier
from Hamamatsu (300—1050 nm).

Top view SEM images of the Rb3Sb2BroxIx perovskites on glass/ITO/c-TiO2/mp-TiO> were
acquired on a Zeiss- Supra 40 scanning electron microscope with an in-lens detector and 5 kV
acceleration voltage.

J-V curves of all devices were recorded inside a glove box (nitrogen atmosphere) with a scan rate
of 100 mV/s using a Keithley 2400 source meter connected to a LabView-based software.
Illumination (100 mW/cm?) was provided by a Dedolight DLH400 lamp, calibrated using a
monocrystalline silicon WPVS reference solar cell Fraunhofer ISE. External quantum efficiency
(EQE) measurements were acquired in inert atmosphere using a MuLTImode 4-AT
monochromator (Amko) equipped with a 75 W xenon lamp (LPS 210-U, Amko), a lock-in
amplifier (Stanford Research Systems, Model SR830), and a Keithley 2400 source meter. The
monochromatic light was chopped at a frequency of 30 Hz and constant background illumination
was provided by white light LEDs. The EQE spectra were measured in the wavelength range of
380—1000 nm (increment: 10 nm). The measurement setup was spectrally calibrated with a silicon

photodiode (Newport Corporation, 818-UV/DB).
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Results and Discussion

Single Crystal Analysis

Rubidium antimony halide perovskite single crystals (Rb3SboBroxIx) with different
iodide/bromide ratios (denoted as PX-(9-x):x from PX-0-9 to PX-9-0 according to the Br:I ratio
in the precursor solution) were prepared by a vapor diffusion crystallization technique with either
dichloromethane or chloroform as antisolvent from perovskite precursor solutions as described in
the Experimental Section. Invariably with constitution, all samples crystallized in the monoclinic
space group P2i/n and cell parameters for Rb3Sbaly (PX-0-9) and Rb3Sb2Bry (PX-9-0) prepared
by the above stated protocol match literature data.’® The Br/I ratio of the mixed samples
Rb3SboBro.xIx was determined by refinement of the mixed occupancies against the diffraction
data; for details see Supporting Information. In agreement with Vegard’s law,**** the thus
obtained Br/I ratios show strictly linear correlation with the cell axes and hence unit cell volume.
Crystallographic parameters are summarized in Table 1. Plotting the lattice constants a, b and ¢
as a function of the iodide content shows a linear correlation. The BXs octahedra size decreases
constantly with increasing bromide content (Figure 1A). Also, the overall cell volume decreases
(Figure 1B). In this context, it should also be noted that for some compositions, the
bromide/iodide-ratio in the single crystals displays a deviation of up to 12% from its expected
composition based on the chemical composition of the precursor solution, as given in Table 1.
The highest deviations were observed for the samples PX-4-5, PX-3-6 and PX-2-7. In these
samples, in addition to the perovskite single crystals also colorless cubic RbBr crystals were found
in small amounts.

Generally, a 3D structure leads to high electronic dimensionality of the perovskite absorber
material, which is beneficial for good photovoltaic performance. However, in some perovskites
(e.g., tin perovskites)'* promising solar cell properties were found with 2D or mixed 2D/3D
structures. Also, for antimony perovskites, the dimensionality is an important factor regarding the
performance in solar cells and has already been discussed in the literature. Harikesh et al.
investigated Rb3Sbalo for the first time in solar cells and described the perovskite as a 2D-layered
structure using a solution processed deposition technique.?® Recently, CorreaBaena et al. also
described Rb3Sboly as a 2D material.** This is also in accordance with our data for Rb3Sbyly
(Figure 1C), and there is no visible change in dimensionality in all mixed halide compounds as

well as in Rb3Sb,Bry (Figure S1).
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Table 1: Crystallographic data of Rb3Sb>Bro..l; single crystals.

Sample PX-0-9 PX-1-8 PX-2-7 PX-3-6 PX-4-5 PX-5-4 PX-6-3 PX-7-2 PX-8-1 PX-9-0
Actual formula Rb;3Sbyly Rb;3Sb,Bro 751525 Rb3Sb,Bry 671733 Rb3Sb,Br; 251672 Rb;3SbyBr3 3515 65 Rb3SbyBrsslsoa  Rb3SboBrssslsas  RbzSbyBrynlizg Rb3Sb,Br7 71 3 Rb3Sb,Bry
Space group P2/n(14) P2i/n(14) P2/n(14) P2/n(14) P2i/n(14) P2i/n(14) P 2/n(14) P2i/n(14) P 2/n(14) P2i/n(14)
a [A] 14.4899 14.4345 14.3122 14.2430 14.1036 13.9281 13.8815 13.7382 13.6522 13.5645

b [A] 8.0589 8.0571 8.0326 8.0094 7.9652 7.8762 7.8442 7.7600 7.6948 7.6250

c [A] 20.5787 20.4408 20.2651 20.1205 19.9187 19.6307 19.5972 19.368 19.308 19.186
o[°] 90 90 90 90 90 90 90 90 90 90

B [°] 90.218 90.424 90.390 90.381 90.375 90.237 90.127 90.314 90.214 90.209

v [°] 90 90 90 90 90 90 90 90 90 90
Volume [A3] 2403.01 2377.2 2329.71 2295.25 2237.58 2153.48 2133.96 2064.76 2028.31 1984.38
Formula weight 1642.01 1606.85 1563.49 1534.98 1484.64 1402.97 1380.48 1302.92 1280.41 1219.10

z 4 4 4 4 4 4 4 4 4 4
Temperature 100 100 100 100 100 100 100 100 100 100

X)

R-Factor (%) 4.16 4.18 4.44 4.10 8.43 5.42 8.62 9.41 6.16 9.74
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Figure 1: (A, B) Lattice constants and cell volume of Rb3Sb;Bro..I, plotted as a function of the iodide content, (C)
crystal structure of Rb3Sbzly showing a 2D structure (red: Sb, green: Rb, yellow: I).

Thin film analysis

In a next step, thin films of the Rb3Sb2Br9—xIx perovskites were deposited on glass substrates
using spin coating. The perovskite deposition was enhanced by a two-step antisolvent treatment,
already reported in the literature.!®?® In a first step, a solution of antimony iodide/ bromide in
toluene (10 mg/mL) was dropped onto the substrate after 5 s of spinning time to reduce the number
of iodine and bromine vacancies.?® After 30 s of spinning, toluene was dripped on the spinning

substrate to expedite the perovskite precipitation.

X-ray diffraction measurements of the perovskite thin films revealed a clear influence of the
introduction of bromide in Rb3Sbaly (Figure 2). As already discussed above, the introduction of
bromide into the perovskite crystal structure causes the unit cell to compress. In the XRD
measurements of the thin films, this is observable by the shift of the diffraction peaks to higher

diffraction angles (compare the two reference diffraction patterns of Rb3Sb2ls to Rb3SbaBry).
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Additionally, the diffraction patterns reveal that the preferential orientation of the perovskite
crystallites is changing from Rb3Sbzly to Rb3SbaBrg. While the RbzSbalg thin film almost shows
no preferential orientation and the measured pattern matches well with the reference pattern,** the
Rb3Sb,Bry layer crystallizes in a preferred orientation of the (001) plane parallel to the substrate
surface indicated by the significantly increased intensity of the diffraction peaks at 18.5° and 27.0°
20 corresponding to the (004) and (006) plane, respectively. In Figure S2, the hkl-values for the
thin film patterns of Rb3Sbalo and Rb3SboBrg are given. No RbBr or Rbl secondary phases were
found in the XRD patterns of the thin film samples.

PP AA A PX-9-0
A N\ A PX-8-1

A A J\ ~ A PX-7-2

PX-6-3

PX-5-4
PX-4-5
’ PX-3-6

A .  PX-2-7
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a A MMM . A PX-0-9

A A A A L_,‘_A___ Ref: Rb,Sb_Br,
7Y M “Mm._—M_aﬂ_——_-_L-u Ref: Rb3Sb2|9
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2 theta (°)
Figure 2: X-ray diffraction patterns of Rb3Sb>Bro..I perovskite thin films prepared on glass. The reference patterns
were calculated based on the following data from the ICSD database: Rb3Sbxly: ICSD 2437274 Rb3;Sh,Bro: ISCD
431322.%° The patterns are shifted vertically for better visibility.

To investigate the optical properties of the Rb3SboBroxIx layers, UV-Vis absorption spectra were
recorded and are shown in Figure 3A. Rb3Sbzlo shows an absorption onset at approx. 600 nm. The
nature of the band gap is ambiguously described and both, an indirect and a direct band gap are
claimed in literature.?®* In these studies, it was shown by DFT-calculations that the conduction

band edge is rather flat and without any clear minimum, and consequently the energies of indirect
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and direct transitions are very similar. Using the Tauc-plot we determined an indirect band gap of
2.02 eV and a first direct transition of 2.24 eV (see Figure S3). By substitution of Rb3Sbzly towards
Rb3SboBro, a blue shift of the absorption onset can be recognized. The absorption onset of the
Rb3Sb,Bry film is approx. 460 nm and the Tauc plot reveals an indirect band gap of 2.46 eV and
a direct band transition of 2.76 eV. The results of the band gap determinations for all mixed
compounds can be found in the supporting information (see Figure S3). Similar to the lattice

constants and the cell volume, also for the optical band gaps, a linear correlation with respect to
the Br/I ratio is found (see Figure S4). The absorption coefficients for Rb3Sbaly (1.8 x 10° cm™)
and Rb3SbaBro (1.2 x 10° cm™) at 400 nm are comparable to the absorption coefficients of lead
perovskites, e.g. methylammonium lead iodide (5.7 x 10* cm™).* The observed blue shift with
increasing bromide content in Rb3SboBroxIx was also found for the analogue ammonium
compounds.®® In contrast to that, a redshift is observed during chloride substitution in
8

(Rb3Shalo«Clx) compounds caused by a change from a 0D dimer towards a 2D layered structure.?

However, in our case we observe a 2D structure for all compounds.

Moreover, an absorption spectrum of a Rb3Sbzlo perovskite thin film was measured after an ageing
time of 18 h in ambient atmosphere (see Figure S5). There is no visible change in absorption
behavior, indicating a good stability of Sb-perovskite materials in ambient conditions.
Furthermore, the photoluminescence (PL) spectra of the Rb3SbyBro.xIx perovskite thin films are
depicted in Figure 3B. The emission maximum is shifting from 639 nm for Rb3Sbzly to 525 nm
for Rb3SbaBrg, which matches well with the shift of the band gap to higher energies with
increasing Br-content. The peak maximum of the Rb3Sbzly film is in good agreement with the PL
data reported by Correa-Baena et al. (635 nm).** The intensity of the photoemission, which was
measured at room temperature, is relatively low for the investigated perovskite samples, which is
also in line with reported data in literature for Rb3Sbalo.** However, it is observed that the
photoemission is significantly more intense for the samples with high I-contents, especially the
pure iodide compound Rb3Sbzly and the PX-1-8 sample. It strongly decreases towards parity of I
and Br and increases again towards the pure bromide compound. However, the intensity of the
pure Rb3Sb,Bry9 is far lower than for the pure iodide analogue. It is also interesting to note that the
emission of the Rb3Sb,Bry is much narrower compared to the pure iodide analogue. We suspect

that this effect is related to the higher orientation in the Rb3Sb,Br9 thin films. Moreover, PL
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spectra of Rb3Sb,BroIx single crystals were recorded, which show a similar trend regarding

intensity and the shift of the emission peak as observed in the thin film spectra (see Figure S6).
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Figure 3: (A) UV-Vis absorption spectra and (B) photoluminescence spectra of Rb3Sb:Bro..I, perovskite thin films on
glass (the PL spectra of the three samples with the highest iodide contents are multiplied by the factor shown in the

figure). The excitation wavelengths are given in the SI — Table S1).

In a next step, the film quality of the Rb3Sb2BroxIx perovskites on glass/ITO/c-TiO2/mp-TiO2
substrates was investigated by scanning electron microscopy (SEM). Although an optimized
deposition procedure adopted from Harikesh et al.*® (including dripping with Sbl3/SbBr;
dissolved in toluene) was used, the perovskites do not form a continuous overlayer on the mp-
TiO> film and the homogeneity differs for every perovskite (Figure 4). Similar morphologies for
antimony halide perovskite thin films have also been reported by other groups.'®%¢ In this study,
the perovskite sample PX-5-4 (Figure 4F) shows highest coverage of the mp-TiO: film. However,
in this sample also larger voids are observed compared to the perovskite films of e.g. PX-0-9 to

PX-3-6 (Figure 4A-D) and PX-7-2 (Figure 4H), which show similar homogeneity and grain size.
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Figure 4: Top-view SEM images of Rb3Sb:Bro.. Iy films on mp-TiO; layers, PX-0-9 (A), PX-1-8 (B), PX-2-7 (C), PX-
3-6 (D), PX-4-5 (E), PX-5-4 (F), PX-6-3 (G), PX-7-2 (H), PX-8-1 (I), PX-9-0 (J).

Solar cell performance

Solar cells with a n-i-p device set up were fabricated having the structure: glass/ITO/c-TiO2/mp-
Ti02/Rb3Sb2BroxIx/spiro-OMeTAD/Au. The current-voltage curves (J-V curves) of the best
devices, measured after light soaking for 30 minutes, are shown in Figure 5A and the
corresponding parameters are summarized in Table 2. A maximum PCE of 1.37% was reached
for unmasked solar cells with Rb3Sboly (PX-0-9) as absorber showing a Voc of 0.55 V, a Jsc of
4.25 mA/cm? and a FF of 59.5%. Using a shadow mask, the PCE was slightly reduced to a value
of 1.11% caused by a slightly reduced Jsc (3.54 mA/cm? for the solar cell characteristics
measured with shadow mask, see Table S2). The obtained PCEs for the solar cells with Rb3Sbalo
absorber layer are significantly higher than these reported up to now (~ 0.7%),%6*3 which is mainly
based on a higher photocurrent. On the basis of the band gap of 2.03 eV of Rb3Sb:ly, a higher Voc
would also seem feasible. However, the Voc found here matches with the study by Harikesh et
al., in which the loss in Voc was ascribed to defect levels in the perovskite absorber layer.?® The
highest Voc obtained so far for Rb3Sbalo-based solar cells is 0.66 V and was reported by Correa-
Baena et al.** With increasing bromide content the PCE decreased to 0.01% for Rb3Sb,Bro (PX-
9-0). Herein, the current density decreased with increasing bromide content, most likely due to a
larger band gap for the bromide-based compounds. In general, this should in turn increase the
photovoltage; however, the photovoltage decreased. As discussed above, the increased intensity

of the (006) reflection in the XRD-patterns with increasing bromide content revealed a stronger
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orientation of the ab-planes, i.e., the connected Sbls-octaeder containing planes, parallel to the

substrate, which is detrimental to an efficient charge transport.

Table 2: Summarized J-V characteristics (best and average) for the Rb3Sb>Bro. I, perovskite solar cells. For Rb3Sb:ly
(PX-0-9)-based solar cells, the best 30 devices and for the other perovskite absorber layers the best 12 solar cells

were used for the calculation of the average values and standard deviations, respectively.

Voc (V) Jsc (mA/cm?)  FF (%) PCE (%)
Best 0.55 4.25 59.5 1.37 (1.11%)
PX-0-9
Average 0.51+£0.03 3.80+0.44 55.1+3.8 1.06 £0.12
Best 0.48 3.20 62.1 0.96 (0.81%)
PX-1-8
Average 0.45+0.03 3.34+0.32 59.0+£3.3 0.88 £ 0.05
Best 0.37 2.45 57.6 0.53 (0.44%*)
PX-2-7
Average 0.37+0.01 2.42+0.12 56.0+ 1.5 0.49 +0.03
Best 0.37 0.57 61.2 0.13 (0.10%)
PX-3-6
Average 0.34+0.02 0.50+0.06 56.8 £4.6 0.10 £ 0.02
Best 0.31 0.43 55.1 0.07
PX-4-5
Average 0.28+0.03 0.38+0.06 51.2+3.5 0.05+0.01
Best 0.29 0.42 51.2 0.06
PX-5-4
Average 0.28+0.02 0.36+0.04 46.2+3.9 0.05+0.01
Best 0.27 0.23 44.5 0.03
PX-6-3
Average 0.24+0.02 0.17+0.04 43.8+6.2 0.017 £ 0.004
Best 0.25 0.06 50.0 0.01
PX-7-2
Average 0.27=+0.03 0.05+0.01 494 +42 0.007 £ 0.001
Best 0.31 0.04 46.8 0.01
PX-8-1
Average 0.24=+0.05 0.03+£0.01 442 +6.0 0.003 £0.001
Best 0.29 0.05 51.7 0.01
PX-9-0
Average 0.25+0.05 0.05+0.01 499+5.9 0.006 = 0.002

*1llumination through a shadow mask (2.65 x 2.65 cm)
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An investigation of the hysteresis behavior of the Rb3Sb,BroxIx based solar cells by measuring
the devices in forward and reverse scan directions with a scan rate of 100 mV/s showed only slight
hysteresis for Rb3Sbalo (PX-0-9), whereas no hysteresis was observed for solar cells prepared with
bromide rich perovskite absorber layers (Figure S7). The corresponding J-V parameters are
summarized in Table S3. As it is known that in perovskite solar cells scan rates and bias conditions

can significantly influence the hysteresis properties,*¢ !

we investigated this in more detail for a
Rb3Sbylo- based solar cell. The J-V curves measured in forward and backward directions using
different scan rates (1000 to 10 mV/s) and bias conditions are shown in Figures S8 and S9 with
their characteristic solar cell parameters summarized in Tables S4 and S5. For all these

measurements, the solar cells were illuminated through a 2.65 x 2.65 mm? shadow mask.

Herein, changing the scan rate reveals no significant change in the overall power conversion
efficiency. The Voc decreases 30 mV from a scan rate of 1000 mV/s to 10 mV/s, whereas on the
other side the fill factor increases slightly from 54.9 % to 60.8 % (Table S4). However, this
change may arise from repeated scanning rather than changing the scan rate. The temporary Voc
change recovers after storage in the dark under inert conditions and most likely stem from light
soaking during the measurement. There is also no significant change in Voc and Jsc (backward
and forward scans) when changing the starting voltage closer towards the Voc (Table S5). Only
the FF increases slightly for the forward as well as the backward scan. However, this can be most
likely also ascribed to the multiple scans performed on the solar cell, as a repeated measurement
using the initial bias conditions also showed an increased FF. In addition, maximum power point
(MPP) tracking measurements confirm the PCE values extracted from the J—V curves (see Figure
5B). At the start of the MPP tracking, the PCE was at 1.02%, and after several minutes, it
stabilized at 0.94%.
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Figure 5: J-V curves of Rb3Sb>Bro.I-based solar cells measured in backward direction from 1000 mV to 0 mV with
a scan rate of 100 mV/s (4), maximum power point tracking measurement of a Rb3Sh:lo-based solar cell (B), and

EQF spectra of the solar cells prepared with rubidium antimony halide perovskite layers with compositions from

Rb3Sb:Iy (PX-0-9) to PX-3-6 (C).

The external quantum efficiency (EQE) spectra of the best performing Rbs3Sb,BroxIx based
devices (PX-0-9 to PX-3-6) were measured and the spectra are depicted in Figure 5C. The PX-0-9
based solar cells display highest EQE values of 26.7%, whereas the solar cells based on PX-1-8,
PX-2-7 and PX-3-6 absorber layers show maximum EQE values of 26.1%, 16.8% and 7.4%,
respectively. The shapes of the EQE spectra are very similar to the absorption spectra of the
corresponding perovskite films (cf. Figure 3A) and the increased band gap of the perovskites with

increasing Br-content is also reflected in the EQE spectra.

We further investigated the stability of the Rb3Sbzlo based devices under inert conditions (nitrogen
atmosphere). The cells were stored in the glovebox in the dark and measured periodically at an
illumination of 100 mW/cm?. After more than 150 days of storage, the devices still exhibit 84%
of their initial efficiency (Figure S10). It has to be noted that the Voc as well as FF stay relatively
constant over time, whereas the Jsc is steadily reduced and therefore responsible for the efficiency

loss.
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Conclusion

The crystal system of Rb3Sb2BroxIx was determined to be monoclinic, showing a P 21/n space
group. Increasing bromide content compresses the BX¢ octahedron, thus reducing the perovskite
volume from 2403.01 A* to 1984.38 A3 from Rb3Sbaly to Rb3SbaBro. The single crystals reveal a
layered structure for all perovskites. In thin films, Rb3Sb2lo shows no preferential orientation.
However, increasing the bromide content in the perovskite led to preferential growth alongside
the (001) plane. When they are implemented in a n-i-p solar cell structure using TiO; as electron
transport layer and spiro-OMeTAD as corresponding hole transport layer, a maximum PCE of
1.37% for devices using the perovskite Rb3Sboly was recorded. With increasing bromide content,
the device efficiency decreased significantly. The higher photovoltaic performance of the
antimony perovskite absorber layers with higher iodide/bromide ratio is supported by a red shift
of the absorption onset and in addition by less orientation of the layered structure parallel to the
substrate surface. Moreover, Rb3Sbzlo-based solar cells feature good stability; after more than 150

days, still approx. 85% of the initial PCE values are retained.
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Supporting Information

Single Crystal X-ray structure analysis:

Suitable single crystals of compounds were immersed in silicone oil, mounted using a glass fiber
and frozen in the cold nitrogen stream (100K). X-ray diffraction data were collected at low
temperature on a Bruker Kappa APEX II diffractometer using Mo K, radiation (A = 0.71073 A)
generated by an INCOATEC micro-focus source.

The data reduction and absorption correction was performed with the Bruker SMART! and Bruker
SADABS?, respectively. The structures were solved with SHELXT? by direct methods and refined
with SHELXL* by least-square minimization against /2 using first isotropic and later anisotropic
thermal parameters for all atoms. To assess the Br/I ratio in the mixed perovskites Rb3SbzBro.
xIx, the halide positions in the crystals were treated as substitutional disorder in SHELXL (Part 1
for bromide and Part 2 for iodide ions) for which a second free variable was refined to give the
Br /I ratio, while their sum accounts to 100% occupancy in total. Halide positions and anisotropic
displacements parameters were therefore constrained pairwise to be identical using EADP and

EXYZ commands as splitting over two positions remained unsuccessful.

The space group assignments and structural solutions were evaluated using PLATON.>®
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PX-7-2

Figure S1: Crystal structures of the prepared Rb3Sb;Bro..I; samples obtained from single crystal X-ray diffraction:
PX-1-8 (4), PX-2-7 (B), PX 3-6 (C), PX-4-5 (D), PX-5-4 (E), PX-6-3 (F), PX-7-2 (G), PX-8-1 (H), and PX-9-0 (I).
Green: Rb, red: Sb, yellow: I, blue: Br. The crystal structure of the Rb3Sb>ly sample is shown in the main part of the

manuscript.

75



Chapter III

1200 _ g 5
s 2 Rb,Sb, |,
1000 _
:'(2\ 8
< 800
[e] o
e <
2600 i ) g
B s 8 &2 5
S = 9 8 9 g
=~ g = —~
€400 - Sl s 3
200 ~
O M T T T T T T 1
10 15 20 25 30 35 40 45
2 theta (°)
2000 - I Rb3szBr9
01500
C
>
o
e
271000 R
S g &
2 = N = ) 3
= 2 8 = g
500 - g & 2l s
= S SRR &
O “ T T T T T T
10 15 20 25 30 35 40 45
2 theta (°)

Figure S2: XRD patterns of Rb3Sb:ly and RbsSb:Bro thin films with assigned (hkl) values. The hkl values have been
calculated via PowderCell 2.0 from the crystal structure data (Rb3Shzly: ICSD 243727,7 Rb3Sh:Bro: ISCD 431322%)

from the ICSD database.
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Figure S3: Tauc plots for indirect (left side) and direct (right side) allowed transitions and the corresponding band
gaps of the following Rb3SbBro..I, samples: PX-0-9 (4), PX-1-8 (B), PX-2--7 (C), PX-3-6 (D), PX-4-5 (E), PX-5-4
(F), PX-6-3 (G), PX-7-2 (H), PX-8-1 (1), PX-9-0 (J).
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Figure S4: Correlation of the band gap of the Rb3SbBro..I. samples with the atomic percentage of iodide. All samples
showed an indirect band gap.
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Figure S5: UV-Vis absorption spectra of a Rbs3Sb:ly thin film before and after ageing for 18 h under ambient

conditions.
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Figure S6: J-V curves of Rb3Sbly..Br —based solar cells measured in forward (hollow symbols) and backward (solid
symbols) scan direction (scan rate 100 mV/s). PX-0-9 (A), PX-1-8 (B), PX-2-7 (C), PX-3-6 (D), PX-4-5 (E), PX-5-4
(F), PX-6-3 (G), PX-7-2 (H), PX-8-1 (I), PX-9-0 (J).
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Figure S7: J-V curves — measured in backward direction — of a Rb3Sb>ly perovskite-based solar cell using a 2.65x2.65

mask, whereas the scan rate was varied from 1000 mV/s to 10 mV/s.
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Figure S8: Stability data of a Rb3Sb:l perovskite-based solar cell tested for more than 150 days (storage under inert

conditions). The values were normalized with Voc and Jsc shown in (A) and FF and PCE shown in (B).
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Table S1: Excitation wavelengths used for the photoluminescence measurements of the Rb3Sb>Bro. I perovskite films.

Excitation wavelength (nm) Excitation wavelength (nm)

Sample
(Thin film) (Single crystal)

PX-0-9 475 425
PX-1-8 475 425
PX-2-7 475 425
PX-3-6 425 425
PX-4-5 400 425
PX-5-4 425 425
PX-6-3 425 425
PX-7-2 425 425
PX-8-1 425 425
PX-9-0 425 425

Table S2: Characteristic parameters of the solar cells used for the measurements of the EQFE spectra (measured with

a 2.65x2.65 mm? shadow mask).

Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
PX-0-9 0.52 3.54 61.2 1.11
PX-1-8 0.45 2.76 64.6 0.81
PX-2-7 0.41 1.88 57.2 0.44
PX-3-6 0.39 0.43 60.7 0.11
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Table S3: Characteristic parameters of Rb3SbBro..I.-based solar cells measured in backward (BWD) and forward

(FWD) scan direction. The corresponding J-V curves are shown in figure S6.

Voc (V) Jsc (mA/cm?) FF (%) PCE (%)

BWD 0.55 425 59.5 1.37
PX-0-9

FWD 0.56 433 53.1 1.27

BWD 0.48 3.20 62.1 0.96
PX-1-8

FWD 0.48 3.22 59.5 0.92

BWD 0.37 2.45 57.6 0.53
PX-2-7

FWD 0.38 2.46 54.9 0.52

BWD 0.37 0.57 61.8 0.13
PX-3-6

FWD 0.37 0.58 60.2 0.13

BWD 0.31 0.43 55.1 0.07
PX-4-5

FWD 0.31 0.44 51.2 0.07

BWD 0.29 0.42 51.2 0.06
PX-5-4

FWD 0.30 0.42 45.0 0.06

BWD 0.27 0.23 44.5 0.028
PX-6-3

FWD 0.27 0.23 40.5 0.025

BWD 0.25 0.06 50.0 0.008
PX-7-2

FWD 0.26 0.07 452 0.008

BWD 0.31 0.04 46.8 0.006
PX-8-1

FWD 0.30 0.04 37.0 0.005

BWD 0.29 0.05 51.7 0.007
PX-9-0

FWD 0.29 0.06 50.5 0.008
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Table S4: Characteristic parameters of a Rb3Sbils-based solar cell measured in backward (BWD) and forward
(FWD) scan direction whereas the scan rate was varied from 1000 mV/s to 10 mV/s. The corresponding (BWD) J-V

curves are shown in figure S7.

Scan rate Voc (V) Jsc (mA/cm?) FF (%) PCE (%)

BWD 0.57 3.20 54.9 0.99
1000 mV/s

FWD 0.56 3.19 53.6 0.95

BWD 0.57 3.22 55.0 1.00
100 mV/s

FWD 0.56 3.17 54.1 0.96

BWD 0.57 3.25 55.4 1.02
66.66 mV/s

FWD 0.56 3.21 54.4 0.97

BWD 0.56 3.27 56.7 1.02
50 mV/s

FWD 0.56 322 54.8 0.97

BWD 0.56 3.26 57.1 1.03
33.33 mV/s

FWD 0.55 3.22 55.9 0.98

BWD 0.55 3.24 58.6 1.03
25 mV/s

FWD 0.55 3.21 56.0 0.97

BWD 0.55 323 59.0 1.03
20 mV/s

FWD 0.55 321 55.9 0.97

BWD 0.54 3.16 60.2 1.01
13.33 mV/s

FWD 0.54 3.17 56.9 0.96

BWD 0.54 3.18 60.8 1.02
10 mV/s

FWD 0.53 3.16 57.7 0.96

86



Chapter III

Table S5: Characteristic parameters of a Rb3Sbils-based solar cell measured in backward (BWD) and forward
(FWD) scan direction whereas the starting voltage was varied from 1000 mV to 600 mV in 100 mV steps.

Starting voltage Voc (V) Jsc(mA/cm?) FF (%) PCE
(%)
BWD 0.57 3.46 53.8 1.06
0-1000 mV
FWD 0.56 3.44 54.6 1.05
BWD 0.55 3.52 57.3 1.11
0-900 mV
FWD 0.55 3.49 56.6 1.07
BWD 0.55 3.49 57.6 1.10
0—-800 mV
FWD 0.54 3.44 57.2 1.06
BWD 0.54 3.47 58.2 1.10
0—-700 mV
FWD 0.54 3.44 56.9 1.06
BWD 0.55 3.43 58.3 1.08
0-600 mV
FWD 0.54 3.42 57.3 1.05
BWD 0.54 3.47 59.7 1.10

0— 1000 mV (02)
FWD 0.54 3.45 58.1 1.06
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Chapter IV

Abstract

In this work, the influence of a partial introduction of bromide (x = 0 — 0.33) into the
MAo75FA0.1sPEA01Sn(Brili—)3  (MA: methylammonium, FA: formamidinium, PEA:
phenylethylammonium) triple cation tin perovskite on the material properties and photovoltaic
performance is investigated and characterized. The introduction of bromide shifts the optical band
gap of the perovskite films from 1.29 eV for the iodide-based perovskite to 1.50 eV for the
perovskite with a bromide content of x = 0.33. X-ray diffraction measurements reveal that also
the size of the unit cell is gradually reduced based on the incorporation of bromide. Regarding the
photovoltaic performance of the perovskite films, it is shown that already small amounts of
bromide (x = 0.08) in the perovskite system increase the open circuit voltage, short circuit current
density and fill factor. The maximum power conversion efficiency of 4.63% was obtained with a
bromide content of x = 0.25, which can be ascribed to the formation of homogeneous thin films
in combination with higher values of the open circuit voltage. Upon introduction of a higher
amount of bromide (x = 0.33), the perovskite absorber layers form pinholes, thus reducing the

overall device performance.

Introduction

Intensive studies on lead halide perovskites within the past years have shown their great potential
as absorber materials in photovoltaics. Lead halide perovskite solar cells are exhibiting high
power conversion efficiencies (PCEs) up to 24.2% and are already catching up with conventional
thin film solar cell technologies, such as CdTe or CIGS in terms of efficiency.!* Nevertheless, the
toxicity of lead itself, in particular, affiliated with the good solubility of lead halide species in
water is one of the biggest hindrances for a swift commercialization.® Therefore, there is growing
endeavor to substitute lead with alternative elements showing less toxicity but similar properties
to lead.* The most promising upon these elements is tin due to its similar electronic structure and
ionic radius to lead (Pb*": 119 pm; Sn?*": 110 pm).6

In 2014, first studies on tin perovskite solar cells in n-i-p device architecture with perovskites
based on methylammonium (MA™) as A-cation, have been reported, already showing PCEs of 5
to 6%." However, a major drawback for tin perovskite solar cells is the easy oxidation of Sn** to

Sn*" in the presence of oxygen which leads to a self p-doping. The standard redox potentials for
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tin (Eo of Sn**/Sn*" = + 0.15 V) and lead (E¢ of Pb**/Pb*" = +1.67 V) indicate that Sn** is
thermodynamically less favorable compared to Pb** which corroborates the sensitivity of Sn>*
towards oxidation.!® One common approach to reduce the oxidation of Sn? is the use of SnF> as
reducing agent. Several research groups investigated different SnF» concentrations and found that
approximately 10 mol% of the reducing agent is ideal to improve the perovskite film formation
and also the power conversion efficiency.!'"!* Gupta et al. recently highlighted several possible
effects of SnF» on the solar cell properties'’, however, the role of SnF> in these devices is still not
fully elucidated. Song et al. demonstrated that hydrazine vapor during the perovskite deposition
can further diminish the Sn*" concentration and also lowers the defect concentration. '

In the last years, tin perovskites with various compositions were investigated and efficiencies up
to 9.6% have been obtained.'*!>!6 Jokar et al. realized pinhole-free FASnIs (FA: formamidinium)
perovskite thin films by the addition of 1% ethylenediammonium diiodide (enlz), reaching a
maximum efficiency of 8.9% in the corresponding solar cells.!” In a further step, the incorporation
of 20% guanidinium (GA") into the (FASnI; + 1% enl») perovskite resulted in the current record
power conversion efficiency of 9.6% (8.3% certified) for tin perovskite solar cells.!® On the other
hand, Wang et al. fabricated 2D-quasi-2D-3D tin perovskite solar cells based on
PEAo.15FAo.ssSnls (PEA: phenylethylammonium) and the usage of NH4SCN to tailor the tin
perovskite structure and reached efficiencies of 9.41%.'®

This introduction of large A-cations in the perovskite lattice such as PEA" became attractive to
form 2D/3D perovskites.!""!> Bigger cations are able to break up the 3D structure to form mixed
2D/3D crystal structures. Thereby the perovskites gain higher stability, which is ascribed to the
hydrophobic character of these cations.'? In other reports, the authors claim that the PEA A-cation
is able to block oxygen diffusion paths making the perovskite less sensible against degradation
and, furthermore, a reduction of background carrier density was found, which improves the carrier
transport due to longer lifetime of the respective charge carriers.'"!> Promising solar cells with
FA and PEA ions have already been fabricated and efficiencies of 5.94%'! and 9.0%'> were
obtained. In our previous study, we have shown that solar cells with the triple cation perovskite
MAo.7sFA0.1sPEA(.1Snl; exhibit an excellent shelf life of more than 5000 hours and also
remarkable stability under operation.*

An alternative method for tailoring the perovskite absorber layer is the introduction of smaller X-
anions.”?!?> In an early study on lead-free tin perovskites, Hao et al. already investigated the

substitution of iodide with bromide in MASnlIs«Brx perovskite solar cells.’ The wider optical band
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gap due to the introduction of bromide led to an increase in open circuit voltage and overall better
device performance. When using CsSnlz.«Bry as perovskite material, in addition to the expected
changes in the optical characteristics, also a change in the crystal structure from orthorhombic to
cubic was observed.?? Later, Lee et al. reported that the introduction of bromide in FASnI;
perovskite solar cells increases the perovskite stability as well as the recombination lifetime and
by using an n-i-p device architecture, a maximum PCE of 5.5% with 25% bromide in the
perovskite absorber was reached.?!

In this study, MAo.75FA0.1sPEA.1Sn(Bri]i1-x)3 (x =0, 0.08, 0.17, 0.25, 0.33) perovskite films are
investigated and solar cells using a p-i-n planar device set up were fabricated and characterized.
The perovskite films were analyzed by optical spectroscopy and X-ray diffraction to substantiate
the introduction of bromide into the crystal structure. Moreover, the surface morphology and layer
thicknesses were investigated by scanning electron microscopy (SEM) and surface profilometry,
respectively. The tin perovskite films were applied in solar cells with the device structure
glass/ITO/PEDOT:PSS/perovskite/PCsoBM/Al, which were analyzed in terms of J-V
characteristics, power output at the maximum power point (MPP tracking), hysteresis properties

and external quantum efficiency (EQE).

Results and Discussion

Perovskite films with the composition MAo.75FAo.1sPEA0.1Sn(Br,li-+)3, whereby x was set
to 0, 0.08, 0.17,0.25 and 0.33, were fabricated by dissolving the respective amounts of iodide and
bromide salts in DMSO/DMF (4/1 vol%) followed by a one-step solution process using anti-
solvent treatment to initiate the perovskite crystallization. For simplicity, the perovskite
compositions are labelled  according  to their ~ bromide content  (e.g.
MAo.75FAo.1sPEA0.1Sn(Bro.2slo.75)3 is labelled as x = 0.25). The fast crystallization of tin
perovskites when using the anti-solvent dripping method is a major challenge in the fabrication
of efficient solar cells. Therefore, a solvent ratio of DMF/DMSO (4/1 vol%) was chosen to slow
down the crystallization process during spin-coating through the formation of a Snl>-:3DMSO
intermediate state.?® Wu et al. have shown that DMSO can also retard the crystallization in lead
perovskite solar cells.?” Liu et al. reported that bigger perovskite grains can be observed when
DMSO is present during the annealing procedure thus leading to more homogenous films and less

pinholes.?
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Optical Properties

Fig. 1A shows the UV/Vis absorption spectra of MAg.75FAo.1sPEA0o.1Sn(Brxli—)3 thin films with
layer thicknesses of 220, 200, 180, 175 and 170 nm for x = 0, 0.08, 0.17, 0.25 and 0.33,
respectively. The films were prepared by the same deposition parameters as used for the solar cell
fabrication. In the graph (Fig. 1A), a clear blueshift of the absorption onset with increasing
bromide content of the perovskite films can be observed. The absorption onset changes from
approximately 1000 nm (x = 0) to approximately 835 nm for the composition with the highest
bromide content (x = 0.33), correlating well with other reports.”?! The corresponding band gaps
were determined using Tauc plots (Fig. S1). Herein, direct transitions were found with band gap
values of 1.29 eV, 1.32 eV, 1.38 ¢V, 1.45 eV and 1.50 eV for the absorber layers with x = 0, 0.08,
0.17, 0.25 and 0.33, respectively. By plotting these values versus the bromide content, a linear

correlation (R?: 0.981) can be observed (Fig. 1B).
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Figure 1: (A) UV/Vis absorption spectra of MAg.7sFAo.1sPEAo.1Sn(Brd ) (x = 0 — 0.33) thin films deposited on
glass/PEDOT: PSS substrates; (B) band gap values plotted as a function of the bromide content.

Crystallographic Properties

To further investigate the introduction of bromide into the crystal lattice, X-ray diffraction
patterns were recorded (Fig. 2A). The diffractograms show two distinct peaks at approx. 14 ° and
28 © 20 which can be assigned to the 100 and 200 peaks of a typical diffraction pattern for a mixed
2D/3D tin perovskite with quasi-cubic/orthorhombic crystal structure.!*!>!° The very pronounced
100 and 200 peaks indicate a preferred orientation of the (h00) planes of the perovskite crystals

parallel to the substrate. Upon the introduction of bromide, no change in the crystal structure or
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the preferred orientation is noticed. However, all peaks gradually shift to higher diffraction angles
with increasing bromide content of the samples (x = 0 to x = 0.33), as can be clearly seen in Fig.
2B for the 100 reflex and in Fig. S2 for the 200 reflex. This indicates a decrease of the size of the
unit cell due to the incorporation of bromide instead of the larger iodide ions. The peak positions
and corresponding d values of all the samples are summarized in Table S1. As observed in the
case of the optical data, also the quasi-cubic lattice constant a exhibits a linear correlation (R?:
0.996) with the bromide content and decreases from a = 6.250 A for x =0 to a = 6.152 A for x =
0.33 (Fig. 2C). This is in accordance with Vegard’s law?’, and similar linear correlations have

been also observed e.g. for mixed halide lead or antimony perovskites.3%33
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Figure 2: X-ray diffraction patterns of MAg75FAo.1sPEAo1Sn(Brid <)z (x = 0 — 0.33) thin films prepared on glass
substrates showing (A) the whole patterns and (B) a zoom-in between 13.5 and 15.0 ° 28 to illustrate the shift of the
100 reflex with increasing bromide content. The diffraction patterns are shifted vertically for better visibility. (C) The

lattice constants plotted as a function of the bromide content.

Film Morphology and Solar Cells

In a next step, we investigated the morphology of the perovskite films by recording top-view SEM
images (Fig. 3, Fig. S3). The films with a bromide content of x = 0 to x = 0.25 display full coverage
without any pinholes. In particular, the films with a bromide content of x = 0.17 and x = 0.25
appear very flat and show a low roughness. However, by further increasing the bromide content

to x = 0.33, the perovskite film exhibits pinholes.
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Figure 3: Top view SEM images of MAy.75FApisPEAo.1Sn(Brd )3 (x = 0 — 0.33) perovskite thin films deposited on
glass/ITO/PEDOT:PSS; (A)x =0, (B)x=0.08, (C)x=0.17, (D) x =0.25, (E) x = 0.33.

Furthermore, solar cells with the device structure glass/ITO/PEDOT:PSS/perovskite/PCsoBM/Al
were fabricated (Fig. 4A). J-V curves of typical solar cells measured in backward scan direction
are presented in Fig. 4B and their characteristic parameters are shown in Table 1. All

measurements were recorded using a shadow mask (area of 0.07 cm?) for the illumination.

As expected, the Voc of the solar cells increases with the introduction of bromide into the
perovskite absorber layer from 0.37 to 0.49 V because of the widening of the band gap with higher
bromide content. However, a higher band gap typically leads to a lower current density due to the
narrower absorption range. In contrast to that, we observed that slight amounts of bromide
(x=0.08 — 0.25) have a positive effect on the current density of the solar cells. This can be
ascribed to the reduced roughness of the perovskite films and thereby an improved interface
between absorber and electron transport layer. Moreover, based on previous studies on related tin
perovskite materials an improved electron extraction due to a raised conduction band of the
perovskite absorber based on the incorporation of bromide is expected.”?! In addition, reduced
defect concentrations have been found by Lee et al. for mixed iodide/bromide formamidinium tin
halide perovskite films.?!

The solar cells based on perovskites with a bromide content of x = 0 showed an efficiency of
2.97%. The PCE is lower compared to previously published values for solar cells with a

MA75FA¢.1sPEAo1Snl; absorber layer.?’ This originates from an intended simplification of the
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solar cell fabrication process by omitting an additional purification of the Snl> precursor and
applying a single anti-solvent dripping instead of as two-step anti-solvent dripping procedure.
Already little amounts of bromide (x = 0.08 and x = 0.17) increase the efficiency, showing
maximum PCEs of 4.52% and 4.15%, respectively. The highest PCE of 4.63% was reached with
a solar cell comprising a tin perovskite absorber layer with a bromide content of x = 0.25. This
solar cell showed a Voc of 0.49 V, a Jsc of 16.45 mA/cm? and a FF of 63.3%. Further increasing
the bromide content to x = 0.33 decreases the efficiency of the solar cells and PCEs of up to 3.34%
were obtained. This reduced PCE originates most likely from the pinholes in the perovskite layer
leading to partial short circuiting of the device. Generally, all fabricated perovskite solar cells
display high reproducibility, indicated by the low standard deviations for an average of the best
10 devices (see Table 1 and Fig. S4).

To investigate the hysteresis behavior, also J-V curves in forward scan direction were recorded.
The corresponding light as well as dark measurements of the five perovskite compositions
(x=0-0.33) are given in Fig. S5 with their solar cell characteristics summarized in Table S2. A
slight hysteresis was observed for the pure iodide perovskite solar cell (x = 0), whereas the devices
fabricated with x = 0.08 — 0.25 are almost hysteresis-free. Upon further increasing the bromide
content, a large hysteresis is observed, indicated by a change in open circuit voltage, which can
be ascribed to the pin holes in the perovskite films with a bromide content of x = 0.33 as observed

in the SEM images (Fig. 3 and Fig. S3).

In addition, maximum power point (MPP) tracking measurements were performed (Fig. S6).
Hereby power outputs of approximately 4.0%, 4.3%, 4.4%, 5.0% and 3.0% were recorded for the
solar cells prepared with the different bromide contents x =0 —0.33. These PCE values are slightly
higher compared to the ones extracted from the J-V curves, which is due to a light soaking effect.
However, also in the MPP tracking measurements, the solar cell with a bromide content of x =
0.25 showed the highest PCE of slightly above 5%. Moreover, it is interesting to mention that the
device with the pure iodide compound MA.75FA¢.1sPEA0.1Snl3 as absorber layer showed the most
pronounced increase in PCE between initial J-V characterisation and MPP tracking.

The external quantum efficiency spectra (Fig. 4C) nicely show that the onset of photocurrent
generation shifts to lower wavelengths for the solar cells prepared with higher bromide content in

the absorber layers. While the onset of the EQE spectrum of the pure iodide compound is already
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at 1000 nm, the onset of photocurrent generation of the solar cells comprising an absorber layer
with a bromide content of x = 0.33 is at approx. 840 nm. This also matches well with the onsets
of the optical absorption spectra (Fig. 1 A). Furthermore, the enhanced light absorption of the thin
films with the compositions x = 0.08 to 0.25 compared to the pure iodide (x = 0) compound is also
reflected in the EQE spectra. While the maximum EQE values for the device with the pure iodide
tin perovskite absorber layer are at 55%, these values are increased to 62-65% for the solar cells

based on the perovskite absorbers with a bromide content of x = 0.08 to 0.25.
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Figure 4: (4) Schematic of the used solar cell architecture, (B) J-V curves of typical tin perovskite solar cells (x = 0

— 0.33) measured in backward scan direction using an illumination mask, (C) EQE spectra of the corresponding

solar cells (x = 0—0.33)
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Table 1: Solar cell characteristics of tin perovskite solar cells for x = 0 — 0.33 showing the best and average (best 10
solar cells) values including the standard deviations. The measurements have been performed one day after

fabrication.

Samples Voc/V Jsc / mA/cm? FF /% PCE / %

Average 0.37+£0.01 13.50 +0.77 553+1.0 2.70£0.18
x=0

Best 0.39 14.57 57.1 2.97

Average 0.43 +£0.01 17.12 £0.56 672+ 1.7 3.98+0.25
x=0.08

Best 0.44 18.10 69.6 4.52

Average 0.45+£0.01 15.65+2.05 64.1+£1.0 3.93+£0.16
x=0.17

Best 0.46 18.48 65.8 4.15

Average 0.48 £0.01 15.19 £0.94 61.5+1.0 3.88+0.31
x=0.25

Best 0.49 16.45 63.3 4.63

Average 0.49 £0.02 11.58+0.91 56.0+ 1.0 2.99+£0.23
x=0.33

Best 0.51 13.06 58.8 3.34

Conclusion

The substitution of iodide with bromide in the MA.75FA0.1sSPEA0.1Sn(Brili-x); perovskite
(x=0-0.33) leads to an increase of the optical band gap from 1.29 eV to 1.50 eV forx =0 to x
= (.33, respectively. X-ray diffraction patterns indicate the bromide introduction by a shift of the
diffraction peaks towards higher angles due to a compaction of the unit cell. Both, the optical
band gap and the lattice constants show a linear dependence on the bromide content. Thus, in this
regard, the herein presented Sn-analogues behave very similar to other perovskite systems e.g.
based on lead halides’*?* or antimony halides®'. The J-V characteristics of the fabricated
perovskite solar cells with x = 0 — 0.33 reveal an increase in Voc from 0.37 to 0.49 V as expected
due to the increase of the optical band gap. A maximum PCE of 4.63% was reached for the solar

cells with a bromide content of x = 0.25 in the perovskite absorber layer.
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The increased performance of the perovskite solar cells caused by the addition of bromide can be
related to a combination of higher open circuit voltages and the formation of more homogeneous
thin films as observed in the SEM images. A further increase of the bromide content leads to
obvious pinholes the perovskite films resulting in lower device performance and pronounced
hysteresis.

Thus, the introduction of bromide does not only influence the optical and structural parameters
but also the crystallization and film formation. In order to obtain high-performance perovskite
solar cells, a thorough understanding of the crystallization kinetics during the thin film formation

is of high importance and will be the topic of further research.

Experimental Section

All chemicals and solvents were used as purchased without further purification unless otherwise
noted. The solvents dimethylformamide (DMF), dimethylsulfoxide (DMSO) and chlorobenzene
(CB) were dried using molecular sieves (Carl Roth, 3A type 562 C). PEDOT:PSS was purchased
from Heraeus (CLEVIOS™ P VP A1 4083), [6,6]-Phenyl C¢; butyric acid methyl ester (PCsoBM)
from Solenne, phenylethylammonium iodide (PEAI) from Greatcell Solar and aluminum from

Kurt J. Lesker Company. All the other chemicals were purchased from Sigma Aldrich.

Thin Film and Solar Cell Fabrication

Patterned glass/ITO substrates (15 x 15 x 1.1 mm) with a sheet resistance of 15 Q/sq
(Luminescence Technology Corp.) were pre-cleaned with deionized water and acetone, put in an
1sopropyl alcohol bath and placed into an ultrasonic bath at 40 °C for 30 minutes. The substrates
were then dried with N; and further plasma etched for 3 minutes (FEMTO, Diener Electronic).
PEDOT:PSS (used as purchased) was filtered through a 0.45 um PVDF filter, then deposited by
spin-coating at 3000 rpm for 60 s followed by annealing at 120 °C for 20 minutes. For the
annealing step, the substrates were transferred into a N filled glove box.

The perovskite precursor solution (1M) was prepared by dissolving the corresponding amounts
of MAI, MABr, FAI, PEAI, Snl> and SnBr; in DMF/DMSO (4/1 vol%) to obtain the theoretical
composition MAo.75FA0.1sPEA01Sn(Brxlix): (x = 0, 0.08, 0.17, 0.25, 0.33). In Table S3 the
corresponding amounts used of each substance to obtain the respective compositions are given.

Additionally, 10 mol% SnF, were added to the solutions. It should be noted that the Snl (and all
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the other precursors) were used as purchased, which is in contrast to our previous study®’, where
the Snl, was additionally purified based on the different boiling points of Snl, and Snls to keep
Snls impurities as low as possible. The precursor solutions were stirred overnight at room
temperature under nitrogen atmosphere, followed by filtration through a 0.45 um PTFE filter. For
the preparation of the perovskite films, the respective precursor solution was spin-coated on the
glass/ITO/PEDOT:PSS substrates at 5000 rpm for 60 s. After 30 s, 100 mm?> of CB were dropped
on the spinning substrates (distance between tip and substrate: 1 cm) to crystallize the perovskite,
indicated by color change from yellow to black. The perovskite films were then annealed at 70 °C
for 20 minutes. The electron transport layer - PCsoBM (20 mg/cm® in CB) - was stirred overnight
at room temperature under inert conditions and filtered through a 0.45 um PTFE filter before use.
The solution was spin coated at 6000 rpm for 60 s. Afterwards, the top electrode (100 nm Al) was
deposited by thermal evaporation under high vacuum conditions (<1x10 mbar) using a shadow

mask (active area of 0.09 cm?).

Characterization

The MAo.75FAo.1sPEAo.1Sn(BrxIix)3 perovskite thin films were characterized by X-ray diffraction
(XRD) with a PANalytical Empyrean system, which uses Cu K, radiation. UV-Vis absorption
measurements of the perovskites were performed on a Perkin Elmer Lambda 35 UV/Vis
spectrometer equipped with an integrating sphere. The optical data were recorded in the
wavelength range of 300 to 1100 nm.

Top view SEM images of the perovskite layers prepared on glass/ITO/PEDOT:PSS substrates
were acquired on a Zeiss Supra 40 scanning electron microscope with an in-lens detector and 5 kV
acceleration voltage. Surface profilometry measurements were performed on a Bruker DektakXT
stylus surface profiling system equipped with a 12.5 pm-radius stylus tip. Line scans were
recorded over a length of 1000 um, with a stylus force of 3 mg, and a resolution of 0.33 um/pt.
The layer thicknesses were determined from two-dimensional surface profiles using Vision 64
software (Bruker).

J-V curves of all devices were recorded inside a glovebox (nitrogen atmosphere) with a scan rate
of 100 mV/s using a Keithley 2400 source meter connected to a LabView-based software.
Ilumination (100 mW/cm?) was provided by a Dedolight DLH400 lamp, calibrated using a
monocrystalline silicon WPVS reference solar cell Fraunhofer ISE. External quantum efficiency

(EQE) spectra were acquired in inert atmosphere using a MuLTImode 4-AT monochromator
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(Amko) equipped with a 75 W xenon lamp (LPS 210-U, Amko), a lock-in amplifier (Stanford
Research Systems, Model SR830), and a Keithley 2400 source meter. The monochromatic light
was chopped at a frequency of 30 Hz and constant background illumination was provided by white
light LEDs. The EQE spectra were measured in the wavelength range of 380—1000 nm
(increment: 10 nm). The measurement setup was spectrally calibrated with a silicon photodiode

(Newport Corporation, §18-UV/DB).
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Figure S1: Tauc plots for the band gap determination of the MAy.75F Ao 1sPEAo. 1Sn(Br1.x)s thin films with x = 0 —
0.33; (4)x=0, (B)x=10.08 (C)x=0.17, (D) x =0.25, (E) x = 0.33

Table S1: Peak positions and corresponding d values of the prepared MAo.75FA0.15PEAo.1Sn(Brl-)3 samples

100 200
=0 peak position / © 20 14.16 28.52
d/A 6.25 3.13
_ peak position / ° 20 14.2 28.62
x=0.08 d/ A 6.23 3.12
=017 peak position / ° 20 14.26 28.75
' d/A 6.21 3.1
_ peak position / © 20 14.33 28.86
x=0.25 d/A 6.18 3.09
_ peak position / © 20 14.4 29.00
x=0.33 d/A 6.15 3.08
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Figure S2: XRD patterns of MAo.7sFAo.1sPEAo.1Sn(Brd )3 (x = 0 — 0.33) thin films in the range between 27 and
31 ° 2@ illustrating the shift of the 200 peak with increasing bromide content. The diffraction patterns are shifted

vertically for better visibility

Figure §3: Top view SEM images of MAg.75FAo.15PEAo.1Sn(Br+l )3 perovskite thin films where x = 0— 0.33 in a lower
magnification. (4) x =0, (B) x = 0.08, (C)x =0.17, (D) x = 0.25, (E) x = 0.33
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Figure S5: Hysteresis behavior (backward and forward scans) of typical tin perovskite solar cells under light and
dark conditions (scan rate: 100 mV/s); (4) x =0, (B)x = 0.08, (C)x =0.17, (D) x = 0.25, (E) x = 0.33
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Table S2: Solar cell characteristics of typical tin perovskite solar cells measured in backward (bwd) and forward

(fwd) scan direction
Voc/V Jsc / mA/cm? FF/ % PCE / % scan direction
0.37 14.57 54.9 2.97 BWD
x=0
0.39 13.68 58.0 3.07 FWD
0.43 17.17 61.2 4.52 BWD
x=0.08
0.44 16.54 65.2 4.77 FWD
0.43 17.53 54.9 4.15 BWD
x=0.17
0.44 17.49 55.1 4.25 FWD
0.47 16.44 60.0 4.63 BWD
x =0.25
0.46 15.95 60.1 4.41 FWD
0.48 12.34 56.3 3.34 BWD
x=0.33
0.41 11.58 61.3 291 FWD
6 6 6
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Figure S6: Maximum power point tracking measurements of MAg.7sFAo.15PEA . 1Sn(Bryl;.«)3 based solar cells with x
= 0 - 0.33 measured with a shadow mask. (4) x =0, (B) x = 0.08, (C)x =0.17, (D) x = 0.25, (E) x = 0.33
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Table S3: Perovskite precursor compositions for x = 0 — 0.33 with their respective weight portions calculated for

500 mm? precursor solution

component x=0 x=008 x=0.17 x=025 x=033

MAI/ mg 59.6 39.8 19.9 - -

FAI/mg 12.9 12.9 12.9 12.9 12.9
PEAI/ mg 12.5 12.5 12.5 12.5 12.5
MABr/mg - 14.0 28.0 42.0 42.0

Snl> / mg 186.3 186.3 186.3 186.3 163.9
SnBr, /mg - - - - 16.7

SnF,/mg 7.9 7.9 7.9 7.9 7.9
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Chapter V

Abstract

Perylene monoimide (PMI) based non-fullerene acceptors are an interesting alternative to
perylene diimide acceptors in organic photovoltaics due to an open substitution side allowing
chemical modifications of the molecule. In addition, this offers the possibility to twist the
molecule to avoid pronounced n-n stacking. At the same time, the good solubility and the well-
suited optical properties are maintained. This work provides a new perspective of perylenes using
PMI-linker-PMI based acceptors in which the linker is composed of different fluorene derivatives
to investigate the influence of heteroatoms on the optical and electronic properties. The three
compounds PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI were synthesized using a fluorene
(F), silafluorene (FSi) and carbazole (FN) linker, respectively, characterized regarding optical,
structural and electronic properties and implemented in solar cells using PBDB-T as donor
material. The influence of the donor/acceptor ratio as well as thermal annealing on the solar cell
properties were studied and maximum device efficiencies of 5.16% and high photovoltages up to
1.14 V were obtained for all three acceptors. Moreover, the solar cells display reasonable stability
in inert conditions as it is exemplified by maximum power point tracking experiments under

continuous illumination.

Introduction

Bulk heterojunction organic solar cells offer various advantages over conventional photovoltaic
technologies such as light weight, flexibility and easy continuous roll-to-roll processability.!*
This opens up a broad range of possible commercial applications in the future in the areas of
building integrated photovoltaics, mobility, consumer goods and more. Within the era of
polymer/fullerene solar cells, a large part of the research was focused on the design of various
donor materials to optimize the power output leading to maximum device efficiencies of around
10%.>* However, fullerene derivatives suffer from low absorption in the visible range,
aggregation in blend films and high production costs and thus ushered a new era of materials, the
so called non-fullerene acceptors (NFAs) or small molecule acceptors (SMAs).>*”7 This new
material class offers several advantages such as tunable HOMO/LUMO levels and spectral

adjustments by molecular design as well as
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higher stability in many cases.®'? Implemented in bulk heterojunction solar cells, device
efficiencies of 16% were already reached with various donor/acceptor material combinations
using the SMAs BTP-4X!3 and Y6.!4!® Recently, PCE values of 17.35% have been reported.'’

Among the broad variety of different structures, NFAs based on perylenes have been in the focus
since the beginning of organic solar cell research and were used in the first organic heterojunction
solar cell by C.W. Tang back in 1986.'% So far, mainly perylene diimides (PDI), substituted at the
bay position were investigated as NFAs in solar cells.'”? The major issue of PDIs is their
pronounced agglomeration, which leads to large crystallites within the blend and hence low device
performance.?%"-?® To tackle this issue, twisting the PDI is necessary by introducing side groups
or by ring fusion.?’° Following these strategies, recently maximum device efficiencies of 10%

were reached with PDI based acceptors.?-31:32

A very interesting approach is to link two perylene monoimides (PMI) by a conjugated linker, to
form a perylene-linker-perylene triad structure (compare Scheme 1, e.g. using alkinyl, thiophene
or fluorene linkers.>>*® In the case of electron rich linkers, this results in an acceptor-donor-
acceptor structure, a structure realized in most of the high efficient NFAs such as Y6 or BTP-4X.
Recently, Zhang et al. demonstrated that a simple fluorene linker, combined with perylene
monoimide electron withdrawing groups, reaches in combination with PTZ1 PCEs up to 6%.%"%
Although the efficiencies are moderate, extremely high open circuit voltages of 1.32 V were

reached due to the high lying LUMO level of PMI-F-PMI.>®

These high Voc values inspired us to investigate this type of NFAs in more detail. Therefore, this
study compares a PMI-fluorene-PMI-acceptor molecule with its carbazole and silafluorene
analogues in order to investigate the influence of the heteroatom in the fluorene-based core. Their
optical, structural and electronic properties were thoroughly characterized and additionally
supported by density functional theory (DFT) calculations. Moreover, all three compounds were
evaluated in bulk heterojunction solar cells using PBDB-T as donor polymer in an inverted device

setup.
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Results and discussion

The PMI-aryl-PMI NFAs were synthesized as outlined in Scheme 1. The key step for the
synthesis of these compounds was a Suzuki coupling reaction, using commercially available
diboronic acid esters of the corresponding linker molecules and perylene monoimide bromide to
give in the case of the fluorene linker the compound PMI-F-PMI (3a), of the silafluorene linker
PMI-FSi-PMI (3b) and of the carbazole linker PMI-FN-PMI (3¢). Pd(PPh3)4 and aqueous
K>COs3 in refluxing toluene were used as standard coupling conditions. A detailed synthesis

procedure is given in the ESI.

O 0O
Suzuki coupling
1
) (RO)ZB L|nker -B(OR),
2) Bry/l, -
Linker| =
a X=C- (C6H13

b X =Si- (CgH17)2
1 ¢ X =N-CH- (C8H17)2

Scheme 1 Synthesis of perylene-linker-perylene NFAs 3a-c.

The structures were verified by 'H- and '3C-NMR spectroscopy and MALDI-TOF mass
spectrometry and are shown in the ESI. Owing to the long alkyl side chains, all three synthesized
compounds exhibited good solubility in common organic solvents such as dichloromethane,
chloroform, chlorobenzene (CB) or dichlorobenzene. Furthermore, all compounds demonstrated
excellent thermal stability. The decomposition temperatures (TGA, see Figure S10) of PMI-F-
PMI, PMI-FSi-PMI and PMI-FN-PMI are 441 °C, 471 °C and 465 °C, respectively. The minor
mass loss of up to 3% in the PMI-FSi-PMI sample below 400 °C can be assigned to low amounts

of residual solvent in the sample.
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Computations

Density functional theory (DFT) computations were conducted in order to analyze the influence
of the heteroatom on the structure as well as on the optical and electrical properties. The ground
state geometries were optimized and the obtained minima were verified by frequencies
calculations (B3LYP/6-31G* / Gaussian 09).>° A representation of the results is shown for all
three compounds 3a-c in Figure S11. In all three cases a twist between the fluorene-type linker
and the PMI units is observed with a similar dihedral angle of approximately 55° between the
PMI and linker moieties. The frontier molecular orbitals of all three compounds are essentially
isolobal. In the HOMO, the electron density is distributed alongside the perylene backbone and
fluorene, whereas in the LUMO the electron density is shifted towards the perylene backbone
(Figure 1). The nodal plane passes through the imide in the HOMO and LUMO orbitals, thus the
imide substitution should not influence spectral and electrochemical properties of the molecule.
However, due to the bulky isopropyl groups, the phenyl substituent on the imide moiety is oriented
perpendicularly to the rest of the molecule. This as well as the aliphatic side chain on the central
linker moiety suppress the aggregation of the molecule and increases the solubility. The HOMO
and LUMO energy levels of PMI-F-PMI (3a) are predicted to be -5.42 and -2.88 eV, respectively
(bandgap 2.54 eV). The silafluorene (3b) and carbazol (3¢) based NFAs have values nearly
identical to PMI-F-PMI (see Table 1).

Table 1 DFT (B3LYP/6-31G*) characteristics of PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-FN-PMI (3c)

Material HOMOP'T (eV) LUMOP T (eV) EL T (eV)

PMI-F-PMI -5.42 -2.88 2.54
PMI-FSi-PMI -5.44 -2.88 2.56
PMI-FN-PMI -5.40 -2.86 2.54
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Fig. 1 DFT (B3LYP/6-31G*) — Molecular geometries and the frontier molecular orbitals of PMI-F-PMI (3a), PMI-
FSi-PMI (3b) and PMI-FN-PMI (3c).

Optical and electronic properties

UV-Vis absorption spectra of the synthesized NFAs (PMI-F-PMI, PMI-FSi-PMI and PMI-FN-
PMI) were compared to those of the monomeric PMI compounds PMI-Br (2) as well as PMI-H
(without bromide) in chloroform solution and are depicted in Figure 2A. In solution, PMI-H and
PMI-Br (2) exhibit two absorption peaks whereas all three acceptors 3a-c have less resolved
absorption peaks. Due to the increased n-system of the linked molecules, the absorption spectra
are 19 nm redshifted compared to PMI-Br (Table 2). This was also reported by Y. Zhang et al. for
PMI-F-PMI.%>” Absorption spectra of thin films on glass substrates of PMI-F-PMI, PMI-FSi-
PMI, PMI-FN-PMI (see Figure 2B) are broadened compared to their spectra in solution which

is due to m-m stacking.
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Fig. 2 (4) Optical absorption spectra of PMI (1), PMI-Br (2), PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-FN-
PMI (3c¢) in solution (chloroform); (B) thin film absorption spectra of PMI-F-PMI (3a), PMI-FSi-PMI (3b), PMI-
FN-PMI (3c) and PBDB-T.

The molar absorption coefficients (in solution) for all compounds were calculated. Herein, the
linked molecules, containing two PMI units, show an almost three times higher values of
absorption coefficient (8.9 — 9.0 - 10* M™! em™) compared to the starting materials (3.3 - 10* M-

lem™). This can be ascribed to the extended m-system within the molecules 3a-c.

All compounds show fluorescence in solution (chloroform) with a Stokes shift of 57 nm, 55 nm
and 65 nm and nearly identically fluorescence quantum yields to be 0.74, 0.74 and 0.72 for PMI-
F-PMI, PMI-FSI-PMI and PMI-FN-PMI, respectively (Figure S12, Table 2). These values are
only slightly lower than those of the PMI-H and PMI-Br (0.81 and 0.86 respectively), indicating
that the introduction of the linker with long alkyl side chains does not result in large increase of

(unfavorable) non-radiative relaxation pathways from the excited state.

Furthermore, fluorescence excitation and emission scans of the acceptor thin films were
performed under ambient conditions (Figure 3). The optical band gap energies were determined
from the intersection between the excitation and emission spectra, since this method is less
sensitive to scattering effects compared to the commonly used method of determining the optical
band gap from the onset of the absorption spectrum.*’ The small inset in Figure 3 depicts an

enlarged view of the intersection region around 600 nm and shows that the excitation and emission
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spectra intersect at 601, 602 and 601 nm for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI,

respectively. This translates to an optical band gap of 2.06 eV for all three materials (Table 2).

Excitation intensity (norm.)
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Fig. 3 Normalized fluorescence excitation (solid lines) and emission (dashed lines) spectra of the PMI-X-PMI in

CHClI; solution.

Table 2 Optical and electrical characteristics of PMI, PMI-Br (2), PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-

FN-PMI (3¢)
N L : : o o He FET He FET
Material max, sol. onset (sol.) max, (fluor. sol.) <I)FL) E’(eV) e(M om ) max, im  HOMO LUMO (saturation)  (linear)
(nm) (nm) (nm) ¢ (nm) (ev) (ev)
(cm*Vs)  (cm?/Vs)
4 - -
PMI 485 539 539 081 230! 3310 - - -
4 - -
PMI-Br 511 541 541 086 229! 33-10 - - -
4 4 4
PMIL-F-PMI 530 575 587 074 216206 g0 .10 516 -6.12 39 2410 19-10
PMI-FSi-PMI 530 573 585 074 216206  g9.10 523 6.12 397 y3.10 11-10
4 4 4
PMI-FN-PMI 530 576 595 072 216206  gg.10 536 -6.16 39 1610 12-10

!solution; 2 thin films, ¢ determined by CV
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In addition to the optical bandgap, the electrochemical bandgap was investigated performing
cyclic voltammetry (CV) measurements on drop-casted films of PMI-F-PMI, PMI-FSi-PMI and
PMI-FN-PMI, as well as of the donor polymer PBDB-T. The oxidation and reduction onsets
were determined from CV measurements as shown in Figure S13. HOMO and LUMO energy
levels of the investigated materials were calculated according to the equations described in the
experimental section and the results are depicted in Table 2. The electrochemical measurements
suggest only minor differences between the respective HOMO and LUMO levels of the newly
synthesized acceptor materials, which is supported by almost identical optical properties observed
in absorbance and fluorescence measurements. Electrochemical bandgaps of 2.19, 2.15 and 2.22
eV were obtained for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI respectively, which are in
good agreement with the reported electrochemical bandgap of PMI-F-PMI in literature.*8

For the investigation of the performance of PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI in
solar cells, PBDB-T was selected as donor material due to its optoelectronic properties, which fit
well to the three synthesized NFAs, as well as due to its good solubility and processability.* The
chemical structure of PBDB-T is shown in Scheme 2. A HOMO level of -5.89 eV and a LUMO
level of -3.45 eV were determined from CV measurements of PBDB-T. These values result in a
HOMO energy level offset of approximately 0.25 eV and a LUMO level offset of around 0.5 eV
compared to the energy levels of PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI.

Scheme 2 Structure of the conjugated polymer PBDB-T.
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In order to investigate the electronic properties of the newly synthesized acceptor materials,
organic field effect transistors were fabricated with PMI-F-PMI, PMI-FSi-PMI and PMI-FN-
PMI in a bottom-gate, top-contact geometry as shown in Figure S14. The electron mobilities in
the linear and saturation regime were extracted from OFET transfer characteristic measurements.
The measurements are shown in Figure S15 and the determined electron mobilities are presented
in Table 2. All three acceptors exhibit similar values of OFET electron mobility in the range of

low 10 cm?/Vs.

Crystallization properties and molecular packing

In a next step, we performed grazing incidence wide angle X-ray scattering (GIWAXS)
measurements to study the crystallinity and molecular packing of the synthesized compounds.
Figure 4 shows the 2D-GIWAXS patterns of pristine PMI-F-PMI, PMI-FSi-PMI and PMI-FN-
PMI thin films. In the GIWAXS images of the samples without annealing as well as in the
corresponding line cuts in in-plane and out-of-plane direction (Figure 4 A-D) only weak features
are visible. After annealing of the films at 150 °C, the crystallinity and order of the molecules is
enhanced and more distinct signals are revealed (see Figure 4 E-H), which are most pronounced
for PMI-FSi-PMI. This sample shows diffraction peaks at 2.6 and 4.1 nm™ in the in-plane
direction, which correlates to distances of 2.4 and 1.5 nm and suggests a two-dimensional order.
Moreover, these peaks in the in-plane direction are characteristic for a preferential face-on
orientation with respect to the substrate. The signal at 17.9 nm™ in out-of-plane direction
corresponds to a d-spacing of 0.35 nm, which indicates n—n stacking. Due to the fact that also for
the PMI-F-PMI and PMI-FN-PMI films a broad diffraction peak around 4 nm™ in in-plane
direction is observed, we also assume a preferential, disordered face-on orientation in these
samples. However, no pronounced crystallization of the investigated NFAs is suggested by the

GIWAXS data.
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Fig. 4 2D GIWAXS patterns of: A - PMI-F-PMI (3a), B - PMI-FSi-PMI (3b) and C - PMI-FN-PMI (3c) w/o
annealing and E - PMI-F-PMI (3a), F- PMI-FSi-PMI (3b) and G - PMI-FN-PMI (3c) w. annealing. D, H: The

corresponding 1D line cuts in in-plane (IP) and out-of-plane (OOP) direction. The scattering profiles are shifted
vertically for better visibility.

The GIWAXS images of pristine PBDB-T films without and with annealing are depicted in Figure
S16. According to previous reports in the literature,*'** the GIWAXS images reveal a typical
pattern for preferential face-on orientation. The most pronounced features are a diffraction peak
in the out-of-plane direction at 17.0 nm™, corresponding to a m—n stacking distance of 0.37 nm

and a lamellar diffraction peak at 2.85 nm™ in in-plane direction corresponding to a lamellar

d-spacing of 2.2 nm.

In the blend films of PBDB-T and the investigated NFAs (Figure 5), the signals stemming from
the individual components are combined in the GIWAXS patterns, which indicates that the
preferential face-on orientation found for the pristine materials is also present in the blend. The
features of the conjugated polymer are in in-plane direction overlapped by the lamellar diffraction
peaks of the NFAs which can be particularly recognized at q = 4.1 nm™'. The relative intensity of
this diffraction peak is the highest in the PBDB-T/PMI-FSi-PMI film, followed by the
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PMI-F-PMI containing blend film, which is in line with the results from the pristine NFA films
where the crystallinity also decreased from PMI-FSi-PMI to PMI-F-PMI to PMI-FN-PMLI. In
the out-of-plane direction, the diffraction peak at 17.5 nm™! is more pronounced in all three blend
films compared to the pattern of the pristine polymer and the maximum is slightly shifted towards

higher g-values due to an overlap of the peaks of both components of the blend.

PBDB-T/PMI-F-PMI PBDB-T/PMI-FSi-PMI PBDB-T/PMI-FN-PMI
A (annealed) B (annealed) C (annealed) D
PBDB-T/PMI-FN-PMI annealed —— OOP -----IP
PBDB-T/PMI-FSi-PMI annealed —— OOP ----- P
PBDB-T/PMI-F-PMI annealed —— OOP ----- P
_ N —
- S
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=
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Fig. 5 2D-GIWAXS patterns of donor/acceptor blends with a ratio of 1/1 for: A - PMI-F-PMI (3a), B - PMI-FSi-
PMI (3b) and C - PMI-FN-PMI (3c) w. annealing and D - 1D-line cuts in the in-plane (IP) and out-of-plane (OOP)
directions. The scattering profiles are shifted vertically for better visibility.
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Photovoltaic performance

Solar cells with the three synthesized NFAs — PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI —

were fabricated using an inverted device architecture — glass/ITO/ZnO/absorber/MoOs/Ag
(Figure 6A).

A B 304
-3.45
-3.5 -
[ -3.93 -3.97 -3.94
S -4.0 H
MoO, > 451 = z =
Absorber & 201 = 2 =
C | = = =
Zn0 W -5.5 = E E
Glass/ITO -6.04 -5.89
-6.12 -6.12 -6.16
-6.5 -

Fig. 6 (A) Device architecture of the fabricated solar cells and (B) energy diagram of PMI-F-PMI (3a), PMI-FSi-
PMI (3b), PMI-FN-PMI (3c) and PBDB-T. The HOMO/LUMO levels were determined by cyclic voltammetry.

The donor/acceptor (D/A) blends were mixed in CB and spin coated at 70 °C in a two-step spin
coating process to form a homogenous film. Solar cells with different D/A ratios of 1/0.66, 1/1
and 1/1.5 (w/w) were fabricated and their influence on solar cell performance was investigated.
Herein, solar cells with a D/A ratio of 1/0.66 showed the highest power conversion efficiencies
of 3.79%, 3.06% and 3.42% for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI,
respectively(Table 3). For all solar cells, high Vocs between 1.05 and 1.10 V were obtained.

In addition, the respective J-V curves and the characteristic parameters of solar cells with D/A
ratios of 1/1 and 1/1.5 are summarized in the ESI (Figure S17A and B, Table S2). It should be
noted that upon increasing the ratio of the acceptor, a decreased current density and fill factor are
the main cause for the decrease in device performance, which can be ascribed to an unbalanced
charge transport and the slightly thicker absorber layers in these solar cells.

To further increase the device performance, the absorber layers with a D/A ratio of 1/0.66 were

thermally annealed directly after spin coating. Two annealing temperatures (135 and 150 °C,
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annealing time: 5 min) were chosen, as the glass transition temperature of PBDB-T was found to
be in the range of 145 °C (the corresponding DSC data are plotted in Figure S18). Indeed, using
such an annealing step leads to an increase of the overall performance. While for PMI-F-PMI
based solar cells an annealing temperature of 135 °C led to the best PCEs, for the PMI-FSi-PMI
and PMI-FN-PMI based devices, the best performance was obtained upon annealing at 150 °C.
J-V curves of the best solar cells (non-annealed and annealed) measured under illumination and
in dark conditions are depicted in Figure 7A-C and their solar cell characteristics are given in
Table 3 and Table S3. Noticeable, the current density increased by 1-2 mA/cm? due to the
annealing step and the highest current density (10.18 mA/cm?) was obtained for the PBDB-
T/PMI-FN-PMI-based solar cell. Moreover, the fill factors of the solar cells with all three NFAs
could also be significantly enhanced due to an increased crystallinity in the absorber layer. This
results in maximum device efficiencies of 5.16% for the PMI-F-PMI-based solar cells annealed

at 135 °C and for the PMI-FSi-PMI and PMI-FN-PMI-based solar cells annealed at 150 °C.
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Fig. 7 J-V curves (under illumination - solid symbols and under dark conditions - hollow symbols, notice that the
hollow curves overlay) and EQE spectra of the best solar cells of PBDB-T: A,D — PMI-F-PMI (3a), B.E - PMI-
FSi-PMI (3b) and C,F - PMI-FN-PMI (3c) with a D/A ratio of 1/0.66 w. and w/o annealing of the absorber.
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Table 3 Best and average device characteristics of PBDB-T— PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI based

solar cells (D/A — 1 /0.66) with and without annealing of the absorber layer. The average values and standard

deviations were calculated from the best 15 cells.

Compound Annealing  Thickness (nm) Voc (V) Jsc (mA/em?)  FF (%) PCE (%)
temperature
PMI-F-PMI
best cell 93 1.10 7.04 4.54 348
) 3.09+

average 88 £ 3.7 1.06 £ 0.03 6.54 +£0.28 447+ 1.7 0.18

best cell 85 1.10 8.94 52.9 5.16
135°C 4.34 +

average 93+6.7 1.09 £ 0.04 8.13+0.47 48.8+2.9 0 37

PMI-FSi-

PMI

best cell 88 1.08 6.58 434 3.06

average 92 £ 13 1.05+0.05 6.08 £0.33 424+1.7 2(')619;

best cell 78 1.14 8.55 534 5.16
150°C 4.67 £

average 75+24 1.12+£0.02 7.88 £0.42 53.1+1.5 0 23

PMI-FN-PMI

best cell 80 1.08 8.17 39.6 3.46

average 90+ 7.6 1.08 +0.03 7.08+0.30 40.1+1.9 3(')017;

best cell 78 1.06 10.18 48.0 5.16
150°C 4.45 +

average 81+13 1.11 £0.04 9.10+£0.62 442+26 636

External quantum efficiency (EQE) spectra of PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI

based solar cells with a D/A ratio of 1/0.66 (non-annealed and annealed) are depicted in Figure

7D-F. The EQE spectra show an onset of photocurrent generation at 700 nm corresponding to the

absorption onset of PBDB-T. Moreover, the photoresponse of the EQE spectra matches well with
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the absorption spectra of the blend films revealing a contribution of donor and acceptor
component to charge carrier generation. The pronounced broad shoulder around 630 nm matches
with the absorption maximum of the conjugated polymer and the maxima of the EQE spectra are
in line with the maxima of the absorption spectra of the new acceptors. Moreover, in the EQE
spectra of the solar cells prepared with D/A ratios of 1/1 and 1/1.5 (see Figure S17C and D) the
increased acceptor content in the absorber layer leads to an increased photocurrent generation in
the spectral region in which the PMI-based acceptors show strong absorption, compared to the
wavelength region above 600 nm where the photocurrent generation is based on absorption in

PBDB-T - the donor component in the absorber layer (cf. absorption spectra in Figure S19).

The current densities calculated from the EQE data match well with current densities from the J-
V measurements performed either before or after the EQE measurements (Table S4). As these
measurements were performed in ambient atmosphere, slightly reduced Jsc values were observed
after the EQE measurements. As expected, for the devices annealed at 135 or 150 °C, respectively,
increased EQE values were obtained. Herein the annealed solar cells with the PMI-F-PMI, PMI-
FSi-PMI and PMI-FN-PMI acceptors (D/A ratio of 1/0.66) showed maximum EQE values of
53%, 53% and 57%, respectively.

Moreover, the stability of the solar cells (D/A ratio 1/0.66, annealing at 150 °C) was investigated.
Therefore, solar cells with device efficiencies close to the average values mentioned in Table 3
were selected for maximum power point (MPP) tracking under continuous illumination and active
load for 24 hours. As can be seen in Figure 8, the solar cells reveal a stable output over 24 h. The
device performance even increased slightly and for all three solar cells more than 100% of their
initial device efficiency were found after the testing period. The main part of the increase in PCE
occurred during the first 60 minutes, which most likely stems from an increased conductivity of

the ZnO layer due to light soaking.*’
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Fig. 8 Maximum power tracking of solar cells with the PBDB-T/acceptor absorber layers: A - PMI-F-PMI (3a), B-
PMI-FSi-PMI (3b) and C - PMI-FN-PMI (3¢c) (D/A — 1/0.66, annealed at 150 °C), measured for 24 h under inert

conditions.

Film morphology

Since annealing of the solar cells strongly improved the photovoltaic performance, AFM
measurements were performed on not annealed and annealed samples in order to investigate
possible morphological changes of the organic semiconductor surface. The AFM images of the
absorber layers of the solar cells with D/A ratios of 1/0.66 processed without annealing, as well

as post-annealed devices at 135/150 °C are presented in Figure 9.

The AFM topography images of the PBDB-T/PMI-F-PMI and PBDB-T/PMI-FSi-PMI samples
(Figure 9A and B) are characterized by a surface morphology consisting of a spheroidal structure
with small domains. In the non-annealed PBDB-T/PMI-FN-PMI absorber layer (Figure 9C), the
spheroidal structure is superimposed by a fiber-like surface morphology. Regarding the surface
roughness, Rq values of ~4-6 nm are found in the PBDB-T/PMI-F-PMI and PBDB-T/PMI-FN-
PMI samples and the PBDB-T/PMI-FSi-PMI sample, in which the crystallization of the acceptor

is more pronounced, exhibited higher Rq values of 7-8 nm.

The AFM images of the absorber layer of the devices, which have been heat treated at 135/150
°C, are shown in Figure 9D-F. Morphology-wise there are no significant differences between the
annealed and non-annealed absorber layers based on PMI-F-PMI and PMI-FSi-PMI, However,
in the PBDB-T/PMI-FN-PMI sample the fiber-like structure is distinctly more pronounced.

Regarding the surface roughness, the annealing process tends to reduce the Rq values for all three
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absorber layers. However, the change is quite subtle and influences of other effects like local

morphology variations cannot be excluded.

PBDB-T/PMI-F-PMI PBDB-T/PMI-FSi-PMI PBDB-T/PMI-FN-PMI
D/A-1/0.66 D/A-1/0.66 D/A-1/0.66

21.3nm 16.8nm

21.2nm -15.1nm
17.4nm 13.9nm
-15.7nm -12.5nm

Rq=49nm

Fig. 9 2x2um?2 AFM images of as cast and post-annealed solar cell devices. The images in the first row (4, B, C)
depict the surface of the absorber layers without thermal annealing, while in the second row (D, E, F) the images of

the annealed samples are presented.
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Conclusion

Three different perylene monoimide non-fullerene acceptors bridged via fluorene, silafluorene
and carbazole linkers — PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI — were synthesized via
Suzuki coupling. DFT calculations displayed suitable HOMO/LUMO levels for the application
as acceptors in organic solar cells and a 55° dihedral angle between the PMI units and the linkers.
This twisting together with the long alkyl chains on the central linker unit as well as the
diisopropylphenyl substituents on the PMI part helps to avoid pronounced n-n-stacking and leads

to an excellent solubility. The three A-D-A type acceptors exhibit an absorption maximum at

around 530 nm, absorption coefficients of 9 - 10* cm™ and good fluorescence quantum yields
(~70%). It was found that the introduction of the heteroatoms in the fluorene-derivative linker
does not significantly influence the electronic properties such as HOMO/LUMO levels or charge
carrier mobilities. A distinct difference was, however, observed regarding structural properties as
GIWAXS measurements revealed that the crystallinity of PMI-FSi-PMI is significantly more
pronounced compared to the other two investigated acceptors. Interestingly, these differences in
crystallinity and molecular packing do not substantially influence the performance of the organic
solar cells, which were fabricated in an inverted device setup using the conjugated polymer
PBDB-T as donor material. The solar cells based on all three acceptors show similar device
performances. The highest PCEs were obtained using a D/A ratio of 1/0.66 (w/w). Thermal
annealing of the absorber layers leads to increased crystallinity of the absorber layers, which is

also reflected in increased device efficiencies up to 5.16%.
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Experimental

Materials and methods

All reagents and solvents were purchased from commercially available sources (Sigma Aldrich,

Lumtec, abcr, VWR, Roth) and used as received.

Synthetic procedures

The synthesis of PMI and PMI-Br were performed and verified according to literature
procedures.***> PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI were synthesized under standard
Suzuki-coupling conditions in toluene with Pd(PPhs)4 catalyst. The detailed synthesis procedures

are given in the Supporting Information.

Fabrication of solar cells

Patterned glass/ITO substrates (15 x 15 x 1.1 mm?®) (15 Q/sq) from Luminescence Technology
Corp. were precleaned with acetone, put in an isopropyl alcohol bath, and placed into an ultrasonic
bath at 40 °C for 30 min. The substrates were then dried with N and plasma etched for 3 minutes.
The zinc oxide precursor solution was prepared by dissolving 500 mg zinc acetate dihydrate in 5
ml 2-methoxyethanol and 150 pl ethanolamine while stirring for 8 hours, followed by filtration
(0.45 um PVDF filter). The precursor solution was spin coated at 4000 rpm for 30 s and afterwards
annealed at 150 °C for 15 minutes in air. The donor/acceptor solutions were prepared in an N»
filled glove box with D/A weight ratios of 1/0.66, 1/1 and 1/1.5. The concentration of the donor
PBDB-T was kept constant at 10 mg/ml (solvent: chlorobenzene) and the amount of the acceptor
was adjusted according to the envisaged D/A weight ratio. The blend solutions were stirred at 50
°C over night. Before applying the blend, the solution was heated to 70 °C for 30 minutes and
then hot spin coated (70 °C) on the zinc oxide layer. A two-step spin coating process was used to
achieve layer thicknesses around 100 nm (first step) and to dry the substrate (5000 rpm / 5 s)
(second step). A part of the samples was annealed at 135 °C or 150 °C for 5 min. Therefore, the

heating plate was thoroughly calibrated using a PT100 temperature sensor mounted on a glass/ITO
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substrate prior to the annealing experiments. The solar cells were completed by thermal

evaporation of MoOs (10 nm) and Ag (100 nm) under high vacuum conditions (1:10~ mbar).

Characterization techniques

NMR spectroscopy (‘H, APT) was performed on a Bruker Avance 300 MHz and/or Varian Inova
500 MHz spectrometers. Chemical shifts were referenced to tetramethylsilane (TMS — 0.00 ppm)
or a solvent peak (CDCl; *C 77.16 ppm). Deuterated chloroform-d with 0.03% TMS was

obtained from Cambridge Isotope Laboratories Inc.

MALDI-TOF mass spectrometry was performed on a Micromass TofSpec 2E time-of flight mass
spectrometer. The instrument was equipped with a nitrogen laser (I = 337 nm, operated at a
frequency of 5 Hz) and a time lag focusing unit. lons were generated just above the threshold laser
power. Positive ion spectra were recorded in reflection mode with an accelerating voltage of
20 kV. The spectra were externally calibrated with a polyethylene glycol standard. Data analysis
was done with MassLynx-Software V3.5 (Micromass/Waters, Manchester, UK). Samples were
dissolved in dichloromethane (¢ = 1 mg/ml). The matrix was either trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) or Dithranol (¢ = 10 mg/ml).
Sample and matrix were mixed in a ratio of 2:7 and was spotted onto the target and allowed to

air-dry.

Decomposition temperatures were determined using a Netzsch Jupiter STA 449C
thermogravimetric analyzer in aluminium crucibles under helium atmosphere with a flow rate of
50 mL/min. The operated temperature range was between 20-550 °C with a heating rate of 10
°C/min. Differential scanning calorimetry (DSC) was performed on a DSC 8500 (Perkin Elmer
USA) using heating rates of 20 °C/min and 40 °C/min under nitrogen atmosphere, with flowrate
of 20 mL/min. Glass-transition temperatures (Tg) from the second heating run were interpreted
as the midpoint of change in heat capacity. The samples (3-10 mg) were measured in aluminium

pans.

Computations were done using Gaussian09 software.* Ground state minimal energy was
localized, followed by its verification with frequency calculation (B3LYP level of theory, 6-31G*
basis set). Excitation energy was calculated using TD-DFT (B3LYP, 6-31+G*).
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Absorption spectra were recorded on a Shimadzu spectrophotometer UV-1800 (300 to 1000 nm).
Spectra of solutions were recorded in chloroform and for the measurements of thin film spectra
samples on glass substrate were used. Fluorescence measurements were recorded in ambient
atmosphere on a FluoroLog 3 spectrofluorometer from Horiba Scientific equipped with an NIR-
sensitive R2658 photomultiplier from Hamamatsu (300—-1050 nm). Compounds were measured
in a solution of chloroform (¢ = 1 to 4 pmol/l) and on glass substrates. Relative luminescence
quantum yields were determined using Lumogen orange (Kremer Pigmente, Germany) as
reference compound (¢a = 1.0 in CHCI;).*¢ Excitation and emission scans of the acceptor thin

films were measured with a PTI QuantaMaster 40.

Cyclic voltammetry (CV) measurements of PBDB-T, PMI-F-PMI, PMI-FSi-PMI and PMI-FN-
PMI were performed to determine their respective HOMO-LUMO energy levels using a Jaissle
Potentiostat-Galvanostat IMP 88 PC-100. A standard three-electrode setup was used where an
Ag/AgCl wire served as quasi-reference electrode and two Pt-plates served as working and
counter electrodes. On a hotplate (50 °C) and in nitrogen atmosphere the investigated organic
materials were deposited onto the working electrode via drop-casting. All CV measurements were
performed in a nitrogen glovebox using 0.1M tetrabutylammoniumhexafluorophosphate
(TBAPFs) in acetonitrile (MeCN) as the electrolyte solution. The scan speed was 50 mV/s. Two
separate measurements on freshly drop-casted materials were carried out to determine the
oxidation and reduction onset, respectively. In order to avoid the effect of possible trapped
charges, measurements to determine the oxidation onset were cycled through starting from zero
to positive voltages, whereas measurements to determine the reduction onset were cycled through
starting from zero to negative voltages. Every measurement was externally calibrated by
measuring the half-wave potential of a F¢/Fc” redox couple. The HOMO and LUMO energy levels

were calculated using the following equations*’:

Eyomo = —(4.75 + Egisetvs. nug) €V

Erymo = —(4-75 + Epedsrvs nue) €V

The fermi energy level of NHE vs vacuum was taken as -4.75eV, whereas the redox potential of

Fc/Fc' vs. NHE was taken as 0.64 V.*8
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OFET fabrication and characterization: As a first step, the OFET glass substrates were sonicated
for 15 minutes in Hellmanex®, deionized water, acetone and isopropanol, followed by a 5-minute
O2 plasma treatment (50 W). OFET devices were fabricated in a bottom-gate, top-contact
geometry with aluminum top electrodes (source and drain) and an aluminum gate electrode
covered with a thin, insulating oxide layer. The aluminum bottom-gate electrode was thermally
evaporated through a shadow mask onto a pre-cleaned glass substrate under a base pressure of
2-10"%mbar until a thickness of 100 nm was reached. Subsequently, electrochemical
anodization was used to grow a 32 nm dielectric Al2O3 layer. The Al gate electrode is immersed
into a 0.01M electrolyte solution of citric acid/trisodium citrate in ultrapure 18 MQ water (0.265
g /2.57 g in 100 ml H>0) and serves as working electrode*®. A Pt-foil is placed parallel to the
substrate, which acts as a counter electrode. Applying a constant voltage of 20 V for several
minutes leads to the formation of a 32 nm thick oxide layer, due to an oxide formation factor of
1.6 nm/V for this electrolyte system>°.

As anext step, the substrates were rinsed thoroughly with 18 MQ water, dried and transferred into
a nitrogen filled glovebox, where a thin passivation layer of benzocyclobutene (BCB) (1:50
diluted in mesitylene) was spin-coated at 25 rps for 45 seconds. Typical film thicknesses of the
BCB layers were between 10-15 nm. Afterwards, the substrates were annealed at 280 °C for 1
hour on a hotplate in nitrogen atmosphere in order to cure the BCB layer.

The organic semiconductor materials (PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI) were spin-
coated on top of the BCB layer under nitrogen atmosphere with a two-step spin-coating recipe of
20 rps for 10 s followed by 67 rps for 20 s. As a final step, Al source and drain top electrodes
were thermally evaporated on top of the semiconductor using a shadow mask. Evaporation
conditions were the same as described for the gate electrode. The evaporation mask geometry of
source, drain and gate electrodes results in transistors with a channel width W of 2000 um and a
channel length L of 65 pm.

OFET devices were measured in a nitrogen filled glove box with an Agilent B1500A
semiconductor device parameter analyzer. Transistor transfer curves were measured by sweeping
the gate voltage from 0 to 10 V and back to 0 V in 50 mV steps. After each sweep the drain voltage

was increased by 2 V until a final drain voltage of 10 V was reached.
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The surface morphology of the active layer of the solar cell devices was characterized with a
Brucker Innova AFM. Measurements were carried out in tapping mode and under ambient

conditions.

2D grazing incidence wide angle X-ray scattering (GIWAXS) measurements were performed at
the Austrian SAXS Beamline 5.2L of the electron storage ring ELETTRA Trieste at a photon
energy of 8 keV.>! For the detection of the GIWAXS images, a Dectris Pilatus3 1M detector was
used set to a sample detector distance of 294 mm. The angular calibration of the detector was
carried out using silver behenate powder (d-spacing: 58.38 A). All measurements have been
performed with a grazing angle of 0.17°. The in-plane cuts taken at the Yoneda wing (qr) and out-
of-plane cuts (q.) along the Ewald sphere have been determined with the data evaluation software

SAXS Dog.

Surface profilometry measurements were performed on a Bruker DektakXT stylus surface
profiling system equipped with a 12.5 um-radius stylus tip. Line scans were recorded over a length
of 500 um, with a stylus force of 3 mg, and a resolution of 0.33 um/pt. The layer thicknesses were
determined from two-dimensional surface profiles using Vision 64 software (Bruker).

J=V curves of all devices were recorded inside a glovebox (nitrogen atmosphere) with a scan rate
of 200 mV/s using a Keithley 2400 source meter connected to a LabView-based software.
Illumination (100 mW/cm?) was provided by a Dedolight DLH400 lamp, calibrated using a
monocrystalline silicon WPVS reference solar cell from 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. External
quantum efficiency (EQE) measurements were acquired using a MuLTImode 4-AT
monochromator (Amko) equipped with a 75 W xenon lamp (LPS 210-U, Amko), a lock-in
amplifier (Stanford Research Systems, Model SR830), and a Keithley 2400 source meter. The
monochromatic light was chopped at a frequency of 30 Hz, and constant background illumination
was provided by white light LEDs. The EQE spectra were measured in the wavelength range of
380-900 nm (increment: 10 nm). The measurement setup was spectrally calibrated with a silicon
photodiode (818-UV/DB, Newport Corporation). The MPP tracking tests of the solar cells were
performed under continuous illumination with a white light (6500 K) 10 W chip-on-board high
power LED.
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Electronic Supplementary Information

Detailed synthesis description

Synthesis of PMI

In an autoclave, perylene-3,4,9,10-tetracarboxylic dianhydride (4.0 g, 10.2 mmol, 1 equiv.), zinc
acetate (1.51 g, 6.86 mmol, 0.67 equiv.) and imidazole (20.4 g) were dispersed in 4.8 ml water.
Then 2,6-diisopropylaniline (1.014 ml, 5.38 mmol, 0.53 equiv.) was added and the closed vessel
was placed in a muffle furnace at 190 °C for 24 h. After cooling down to room temperature, the
reaction mixture was rinsed with water (~ 30 ml) and acidified to a pH of 2 followed by filtration
(until completely dry). The filter cake was extracted in chloroform in a Soxhlet extractor for 48
h. The crude product was then purified on SiO (eluent CHCI3) to give the product 2 as a red solid.
Yield: 1.03 g (40%). R¢=0.30-0.36 (CHCI3)

'H NMR (300 MHz, CDCL3) 8.61 (d, J = 8.1 Hz, 2H), 8.40-8.35 (m, 4H), 7.87 (d, J = 8.1 Hz,
2H), 7.60 (t, J= 7.8 Hz, 2H), 7.48 (t, J= 7.6 Hz, 1H), 7.35 (d, J= 7.6 Hz, 2H), 2.78 (sept, J = 6.9
Hz, 2H), 1.20 (d, J= 6.9 Hz, 12H). '*C NMR (75 MHz, CDCL3) 164.1, 145.8, 137.6, 134.4, 132.1,
131.2, 131.1, 130.7, 129.6, 129.3, 128.1, 127.2, 124.2, 123.9, 121.1, 120.3, 29.3, 24.2.

Synthesis of PMI-Br (2)

In a two-necked flask 3.72 g (7.72 mmol, 1 equiv.) of N-(2,6-diisopropylphenyl)-perylene-3,4-
dicarboximide were dissolved in 150 ml acetic acid. The reaction mixture was stirred for 30
minutes at room temperature in the dark followed by the addition of iodine (78.4 mg, 0.309 mmol,
0.4 equiv.) and bromine (1.58 ml, 30.9 mmol, 4 equiv.). The mixture was stirred for another 22 h
at room temperature and afterwards flushed with N> to remove the remaining bromine. The
reaction mixture was then diluted with 100 ml MeOH and stirred for another 30 minutes.
Afterwards it was poured in deionized water followed by filtration to obtain the product in

quantitative yield. Yield: 4.30 g (>99%). R¢= 0.38- 0.54 (toluene/acetone — 39/1)
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'H NMR (500 MHz, CDCl3) 8.66 (t, ] = 8.03 Hz, 2H), 8.49 (d, ] = 3.82 Hz, 1H), 8.46 (d, J =4.00
Hz, 2H) 8.41 (d, J = 4.00 Hz, 1H), 8.31 (d, ] = 4.10 Hz, 1H), 8.24 (d, ] = 4.16 Hz, 1H), 7.91 (d, J
=4.10 Hz, 1H), 7.72 (t, ] = 8.00 Hz, 1H), 7.48 (t, ] = 7.87 Hz, 1H), 7.34 (d, J = 3.88 Hz, 2H),
2.81-2.72 (hept, 2H), 1.18 (d, J = 3.41 Hz, 12H). '3C NMR (75 MHz, CDCls) 164.0, 145.9, 137.1,
136.9, 133.14, 132.3, 132.2, 131.5, 131.1, 130.6, 130.2, 129.8, 129.7, 129.3, 129.2, 128.5, 126.8,
126.4, 124.6, 124.2, 124.0, 121.6, 120.9, 120.6, 29.3, 24.2.

Synthesis of PMI-F-PMI (3a)

In a Schlenk tube, operated under nitrogen, 250 mg (0.45 mmol, 2 equiv.) of 9-bromo-N-(2,6-
diisopropylphenyl)-perylene-3,4-dicarboximide and 112 mg (0.223 mmol, 1 equiv.) of 9,9-
dihexylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (CAS Number 250597-29-6) were
dissolved in 25 ml toluene followed by the addition of 1M K>CO3 (2.50 ml) and 1 drop of Aliquat
336. Afterwards, Pd(PPh3)s (0.022 mmol, 0.1 equiv.) were added and the reaction mixture was
heated at 100 °C for 24 h. Upon completion, the reaction mixture was extracted with H>O, dried
over NaxSO4 followed by evaporation of the solvent under reduced pressure. The residue was
purified by column chromatography (eluent: CHCL/CH — 10/1 — 20/1 gradient) and further
recrystallized using CHCly/hexane to yield the product as a violet solid. Yield: 211 mg (73%).
Rr=0.45-0.53 (CH2Cl2)

'H NMR (500 MHz, CDCls) 8.71-8.66 (m, 4H), 8.57 (d, J= 8.0 Hz, 2H), 8.53 (d, J= 7.6 Hz, 2H),
8.51-8.47 (m, 4H), 8.11 (d, J = 8.5 Hz, 2H), 7.98 (d, J = 7.7 Hz, 2H), 7.73 (d, J = 7.7 Hz, 2H),
7.65-7.57 (m, 6H), 7.49 (¢, J= 7.8 Hz, 2H), 7.36 (d, J = 7.8 Hz, 4H), 2.80 (hept, J = 6.8 Hz, 4H),
2.14-2.08 (m, 4H), 1.24-1.13 (m, 36H), 0.95-0.87 (m, 4H), 0.85-0.80 (m, 6H). '*C NMR (75 MHz,
CDCls) 164.2, 151.6, 145.9, 144.0, 140.7, 139.1, 137.9, 137.8, 133.0, 132.3, 132.2, 131.2, 130.77,
129.7, 129.6, 129.2, 128.7, 128.7, 128.5, 127.2, 127.1, 125.0, 124.17, 124.14, 124.12, 123.8,
121.2, 121.1, 120.5, 120.3, 120.2, 55.7, 40.5, 31.7, 29.9, 29.3, 24.2, 22.8, 14.2. MS (MALDI-
TOF) calc. for Co3HgsN2O4H 1293.650, found 1293.647.
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Synthesis of PMI-FSi-PMI (3b)

In a Schlenk tube, operated under nitrogen, 300 mg (0.535 mmol, 2 equiv.) of 9-bromo-N-(2,6-
diisopropylphenyl)-perylene-3,4-dicarboximide and 176.3 mg (0.27 mmol, lequiv.) of 9,9-
dioctyl-9H-9-silafluorene-2,7-bis(boronic acid pinacol ester) (CAS Number 958293-23-7) were
dissolved in 30 ml toluene followed by the addition of 1 M K>COs3 (3 ml) and 1 drop of Aliquat
336. Afterwards, Pd(PPhs)4 (0.027 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>xSOg4 followed by evaporation of the solvent under reduced pressure. The residue
was purified by column chromatography (eluent: CH>Clo/CH — 1/1 — 4/1 — 10/1 gradient) and
further recrystallized using CH>Cly/hexane to yield the product as a violet solid. Yield: 136 mg
(37%). Rr=0.47-0.55 (CH2Clp)

'H NMR (500 MHz, CDCls) 8.69 (dd, J = 8.0, 2.0 Hz, 4H), 8.57 (d, J = 8.0, 2H), 8.55 (d, J = 7.6
Hz, 2H), 8.53-8.49 (m, 4H), 8.15 (d, J = 8.4 Hz, 2H), 8.11 (d, J = 8.0 Hz, 2H), 7.88-7.84 (m, 2H),
7.73 (d, J="7.8 Hz, 2H), 7.71-7.69 (m, 2H), 7.65 (t, J = 8.9 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H), 7.35
(d, J=7.8 Hz, 4H), 2.79 (hept, J = 6.8 Hz, 4H), 1.54-1.46 (m, 4H), 1.37-1.30 (m, 4H), 1.29-1.17
(m, 40H), 1.11-1.05 (m, 4H), 0.85-0.80 (m, 6H). 1>*C NMR (75 MHz, CDCLs) 164.2, 147.8, 145.9,
143.7, 139.0, 138.9, 137.9, 137.7, 135.1, 133.0, 132.3, 132.4, 132.2, 131.2, 130.8, 129.67, 129.6,
128.7,128.4,127.2,127.2, 124.2, 123.8, 121.3, 121.2, 121.1, 120.5, 120.3, 33.5, 32.0, 29.4, 29.3,
24.3, 242, 22.8, 14.2, 12.5. MS (MALDI-TOF) calc. for CosHoN2O4SiH 1365.6904, found
1365.6947.

Synthesis of PMI-FN-PMI (3¢)

In a Schlenk tube, operated under nitrogen, 300 mg (0.535 mmol, 2 equiv.) of 9-bromo-N-(2,6-
diisopropylphenyl)-perylene-3,4-dicarboximide and 176 mg (0.27 mmol, 1 equiv.) of 9-
(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (CAS
Number 958261-51-3) were dissolved in 30 ml toluene followed by the addition of 1 M aqueous
K2COs3 (3 ml) and 1 drop of Aliquat 336. Afterwards, Pd(PPh3)4 (0.027 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,SO4 followed by evaporation of the solvent
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under reduced pressure. The residue was purified by column chromatography (eluent: CH>Cl,/CH
— 1/1 — 4/1 — 10/1 gradient) and further recrystallized using CH2Clz>/hexane to yield the product
as a violet solid. Yield: 205 mg (56%). Rr= 0.47-0.55 (CH>Cl»)

'H NMR (500 MHz, CDCls) 8.69 (t, J = 7.6 Hz, 4H), 8.62-8.55 (m, 2H), 8.56-8.49 (m, 6H), 8.39-
8.31 (m, 2H), 8.22-8.14 (m, 2H) 7.83-7.76 (m, 3H), 7.67-7.60 (m, 3H), 7.53-7.46 (m, 4H), 7.35
(d, J = 7.8 Hz, 4H), 4.68 (hept, J = 5.0 Hz, 1H), 2.80 (hept, J = 6.8 Hz, 4H ), 2.40-2.30 (m, 2H),
2.00-1.90 (m, 2H), 1.34-1.11 (m, 48H), 0.83-0.78 (m, 6H). '*C NMR (75 MHz, CDCls) 164.2,
145.9, 144.6, 142.8, 139.43, 139.39, 137.9, 137.8, 137.3, 133.2, 132.3, 132.2, 131.3, 130.8, 129.9,
129.7, 129.6, 128.9, 128.7, 128.6, 127.2, 127.1, 124.2, 124.1, 123.7, 123.5, 122.1, 121.5, 121.2,
121.0, 120.8, 120.5, 120.2, 113.5, 110.8, 56.9, 34.0, 31.9, 29.6, 29.5, 29.4, 29.3, 27.1, 24.2, 22.8,
14.2. MS (MALDI-TOF) calc. for Co7HosN304H 1364.7200, found 1364.7173.
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Figure S1: 'HNMR (500 MHz, CDCl;) spectrum of PMI-F-PMI (3a) with an inset of the aromatic region, referenced

to TMS.
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Figure S2: 3C APT NMR (75 MHz, CDCl3) spectrum of PMI-F-PMI (3a), referenced to CDCl;.
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Figure S3: TH NMR (500 MHz, CDCI;) of PMI-FSi-PMI (3b) with an inset of the aromatic region, referenced to
TMS.
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Figure §4: 3C APT NMR spectrum (75 MHz, CDCl;) of PMI-FSi-PMI (3b), referenced to CDCl;.
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Figure S5: '"H NMR (500 MHz, CDCl;) spectrum of PMI-FN-PMI (3c) with an inset of the aromatic region,
referenced to TMS.
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Figure S6: 3C APT NMR spectrum (75 MHz, CDCl;) of PMI-FN-PMI (3c), referenced to CDCl;.
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Figure S7: HRMS (MALDI-TOF, Dithranol matrix) of PMI-F-PMI (3a), upper — simulated, lower - found.
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Figure S9: HRMS (MALDI-TOF, DCTB matrix) of PMI-FN-PMI (3c), upper — simulated, lower - found.
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Figure S10: TGA measurements with the respective decomposition temperatures of: red - PMI-F-PMI (3a), blue -

PMI-FSi-PMI (3b) and green - PMI-FN-PMI (3c).
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Figure S11: Computed (B3LYP/6-31G*) optimal geometries and the dihedral angles of: A - PMI-F-PMI (3a); B -
PMI-FSi-PMI (3b); C - PMI-FN-PMI (3c).
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Table S1: Cartesian coordinates for the DFT (B3LYP/6-31G*) optimized structures of PMI-F-PMI (3a), PMI-FSi-
PMI (3b) and PMI-FN-PMI (3c).

PMI-F-PMI (3a) PMI-Si-PMI (3b) PMI-FN-PMI (3c)

18.39259 0.87382 -0.43067 -12.65472 -0.18179 1.12317 -12.48076 -1.32043 -0.23179

17.80821 -0.00341 -1.33929 -11.98346 -0.71083 2.21286 -12.09903 -2.65041 -0.16699

16.44534 -0.31448 | -1.26972 -10.60433 -0.5338 235414 -10.75132 -3.00919 -0.25847

15.68734 0.29078 -0.25229 -9.8494 0.17518 1.41652 -9.74051 -2.05654 -0.41239

16.25169 1.18024 0.67861 -10.51857 0.71326 0.27221 -10.11296 -0.67772 -0.49418

17.61905 1.45764 0.56796 -11.93206 0.53473 0.13886 -11.4941 -0.3183 -0.39446

15.43476 1.83275 1.78782 -9.80402 1.42483 -0.74282 -9.13361 0.35015 -0.67135

15.91772 1.37701 3.17817 -10.5221 1.9369 -1.82685 -9.56451 1.67905 -0.71387

15.42995 3.36771 1.65824 -11.90423 1.76648 -1.94492 -10.91434 2.02268 -0.60069

15.83712 -1.28174 | -2.27839 -12.61455 1.07145 -0.97976 -11.88149 1.0424 -0.44926

15.93044 -0.72969 -3.71351 -8.39909 0.38383 1.56661 -8.31627 -2.42273 -0.49206

16.46708 -2.68293 -2.16234 -7.67057 1.06035 0.53302 -7.33461 -1.40209 -0.71849

14.2703 -0.01204 | -0.16001 -8.34808 1.5866 -0.61403 -7.71833 -0.02511 -0.80662

13.88682 -1.09666 0.65283 -7.71331 -0.05129 2.69692 -7.89302 -3.74075 -0.34624

12.43656 -1.38086 0.73536 -6.33427 0.15609 2.84476 -6.53636 -4.08886 -0.41611

11.49486 -0.59508 0.02741 -5.61329 0.77983 1.85101 -5.58212 -3.12659 -0.66047

11.94315 0.48025 -0.77767 -6.24707 1.22749 0.66293 -5.94852 -1.76752 -0.84161

13.38317 0.80287 -0.89063 -5.50553 1.87702 -0.38117 -4.96237 -0.7567 -1.10243

10.09746 -0.88673 0.12461 -6.20478 2.38661 -1.46455 -5.37706 0.56453 -1.1656

9.16315 -0.08746 | -0.60728 -7.59352 2.24989 -1.57656 -6.72212 0.92318 -1.01603

9.65434 0.96261 -1.38779 -14.11664 -0.38189 1.00537 -13.91493 -0.97151 -0.12276

11.02037 1.24518 -1.47196 -14.07666 0.90328 -1.1367 -13.30353 1.43703 -0.34036

11.99566 -2.43499 1.51793 -14.73977 0.18122 -0.12513 -14.24619 0.39002 -0.26143

10.63199 -2.72361 1.62077 -14.76844 -1.00113 1.83603 -14.78408 -1.812 0.06871
9.66371 -1.97158 0.95026 -14.69639 1.35903 -2.08813 -13.66406 2.60569 -0.32871
8.22356 -2.25874 1.06424 -16.17487 0.0039 -0.2595 -15.64631 0.76274 -0.13814
7.28475 -1.48351 0.30634 -4.02591 2.01914 -0.35539 -3.52321 -1.06965 -1.31674

7.72894 -0.39996 | -0.51815 -17.0328 0.95534 0.31965 -16.4579 0.85131 -1.28722

5.88123 -1.78888 0.39212 -18.41132 0.76171 0.17612 -17.79311 1.23478 -1.09867

4.93651 -1.0342 -0.38294 -18.91479 -0.33503 -0.51755 -18.30693 1.51281 0.16346

5.40871 0.02137 -1.14752 -18.04257 -1.26127 -1.08114 -17.48346 1.41302 1.27839

6.77163 0.33445 -1.21081 -16.65569 -1.11234 -0.96442 -16.14104 1.03918 1.15093

7.74448 -3.26257 1.90112 -16.51481 2.16577 1.08669 -16.04447 0.51792 -2.72541

6.37271 -3.52833 2.01952 -16.93959 3.48381 0.41137 -14.70662 1.0996 -3.21827

5.45807 -2.81033 1.28203 -16.94079 2.11616 2.56624 -16.13077 -0.99831 -3.00091

3.48105 -1.3399 -0.40565 -15.72763 -2.14392 -1.59506 -15.27571 0.94337 2.4035

3.00797 -2.6262 -0.72818 -15.93514 -3.53942 -0.97666 -15.14243 2.3106 3.10111

1.64292 -2.89732 -0.79009 -15.87622 -2.16904 -3.12797 -15.79917 -0.14179 3.36391

alajlalajlalajlalajlalajlalalalalajlalajlalajlalajlalajlalajlalzjalajlajlalajlalajlalajlalala
ajlajlajajlajlalalalajlajlalalalajojo|z|lalalalalalajlajlalalalalajlajlajlalalalalajlajlala
ajlajlajajlajlalalalajlajlalalalajojo|z|lalalalalalajlajlalalalalajlajlajlalalalalajlajlala

0.73218 -1.8694 -0.53822 -3.43568 3.27806 -0.55911 -3.12031 -1.99181 -2.31269
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1.18287 -0.56692 | -0.24205 C| -2.05162 3.43383 -0.58951 -1.77693 -2.24376 -2.55709
2.54769 -0.31206 | -0.16242 C| -1.21464 2.32541 -0.41763 -0.80348 -1.57634 -1.80498
-0.72994 -1.87768 -0.50682 C| -1.78796 1.04241 -0.21877 -1.20249 -0.64577 -0.80899
-1.18174 -0.58142 | -0.18655 C| -3.17526 0.90803 -0.19188 -2.55539 -0.3901 -0.56478

-9E-5 0.37894 0.01132 C 0.26987 2.36057 -0.42428 0.63774 -1.59904 -1.79416
-1.63993 -2.90846 | -0.74966 C 0.9068 1.10574 -0.23451 1.05616 -0.67897 -0.7937
-3.00524 -2.64082 | -0.67795 Si -0.4086 -0.23449 -0.01811 -0.06946 -0.11032 -0.19665

-3.47909 -1.34908 -0.37931 1.05018 3.5095 -0.59647 1.5953 -2.30313 -2.53283

-2.5467 -0.31856 | -0.14519 2.44098 3.42131 -0.5839 2.94436 -2.08547 -2.28766

-4.93397 -1.03882 | -0.38681 3.09288 2.18978 -0.40682 3.36832 -1.16163 -1.30288

0.10748 0.92452 1.46961 2.2997 1.03926 -0.23005 2.41696 -0.46005 -0.54985

-0.10986 1.50969 -1.05943 4.57676 2.1311 -0.33279 4.81391 -0.96815 -1.00642

0.97994 2.59041 -1.08232 5.36056 1.23911 -1.14021 577778 -0.63347 -2.01718

0.70701 3.65933 -2.1509 6.78529 1.16913 -0.95417 7.17074 -0.52946 -1.67263

1.79002 4.74336 -2.22389 7.42004 2.02164 0.00571 7.58305 -0.70447 -0.31239

1.51926 5.8068 -3.29597 6.62518 2.90825 0.7257 6.60822 -0.98723 0.63906
2.60788 6.8823 -3.36908 5.23546 2.95748 0.5636 5.25698 -1.12184 0.29812
-0.98433 1.88689 1.95745 4.76408 0.44748 -2.15603 5.38266 -0.35845 -3.35232
-0.71605 2.3912 3.38346 5.5243 -0.40684 -2.92314 6.3159 -0.04236 -4.31432

-1.79366 3.35149 3.90287 6.90679 -0.51019 -2.71065 7.6796 0.00624 -3.99079

-1.53053 3.85455 5.32822 7.55677 0.25704 -1.74795 8.13071 -0.23281 -2.69584

-2.60951 4.81532 5.83812 9.01136 0.15951 -1.53545 9.56244 -0.17889 -2.35539

-5.89316 -1.7713 0.39115 9.63637 1.01384 -0.57272 9.96227 -0.33236 -0.99044

-7.29398 -1.46319 0.27636 8.87619 1.94792 0.20044 9.00395 -0.57591 0.04378

-7.72122 -0.40017 -0.583 11.05155 0.93135 -0.3765 11.34957 -0.24229 -0.65241

-6.75057 0.31344 -1.27887 11.68949 1.77421 0.56578 11.76262 -0.36908 0.69619

-5.38984 -0.00155 -1.18547 10.93467 2.67371 1.30009 10.81557 -0.58492 1.68385

-5.48727 -2.77336 1.31065 9.55124 2.75544 1.12008 9.4601 -0.68906 1.35992

-6.4158 -3.46983 2.05142 9.81208 -0.74271 -2.2408 10.55421 0.01777 -3.31993

-7.78454 -3.20056 1.90734 11.19312 -0.82083 -2.03999 11.90879 0.09221 -2.98355

-8.24712 -2.21504 1.03992 11.82039 0.00508 -1.12226 12.31584 -0.02763 -1.66507

-9.68413 -1.92375 0.89889 13.28512 -0.09978 -0.93535 13.75657 0.06579 -1.34022

-10.10106 -0.86091 0.03666 13.15237 1.7105 0.78194 13.19135 -0.27289 1.07059

-9.15277 -0.08639 | -0.70381 13.86255 0.76944 0.01063 14.10474 -0.06033 0.01914

-11.49559 -0.56644 | -0.08914 13.73419 2.42842 1.58401 13.58066 -0.37082 2.22647

-11.92743 0.48674 -0.93166 13.97662 -0.8922 -1.56163 14.61686 0.24506 -2.1915

-10.99145 1.22699 -1.63494 15.29903 0.69144 0.20545 15.51217 0.03657 0.36233

-9.62804 0.94176 -1.52242 16.13382 1.50731 -0.5772 16.28033 -1.13958 0.41309

-10.66532 -2.65106 1.57782 17.51509 1.41327 -0.37129 17.63341 -1.01954 0.75027

-12.02606 -2.35958 1.4473 18.04313 0.54184 0.57645 18.19914 0.22224 1.02315

-12.45095 -1.32725 0.6277 17.19289 -0.25394 1.33846 17.41599 1.37104 0.96334

-13.89859 -1.03952 0.51592 15.80454 -0.19613 1.17037 16.05756 1.3036 0.63318

z|laolajalajlalalajlalajlalajlalajlalajlalajlalajlalajlajlajlalalajalajlalajlalajlalajlalajlalajlajlalala
ajlalajlalajlalalojo|lzlalalalajlalajlalajlalajlalajlalalalalajlalajlalajlalajlalajlalz|lalalalalala

a|lajlalalajajlajo|o|Zjlajlajlajlalalalajlajlajlajlajlalalalajlajlajlajlalalajlajlajlajlala

-14.26535 0.02328 -0.33274 14.90146 -1.08263 2.02008 15.22931 2.58169 0.57309

149



Chapter V

-13.36412 0.81244 -1.07414 15.15788 -2.57585 1.73998 15.18454 3.29 1.94033

-15.67944 0.33084 -0.45195 15.03472 -0.74903 3.51823 15.72926 3.52009 -0.54194

-16.25211 1.2435 0.45106 15.58886 2.46964 -1.62642 15.6921 -2.51545 0.12252

-17.6164 1.52474 0.31515 15.9326 3.93113 -1.281 16.38491 -3.18412 -1.07972

-18.37883 0.9224 -0.68106 16.06855 2.08746 -3.03975 15.72692 -3.41261 1.37475

-17.78634 0.02239 -1.5617 -0.42629 -1.00553 1.71952 -0.09522 0.89233 0.88236

-16.42621 -0.2937 -1.46603 0.87895 -1.6639 2.20863 0.5172 0.35071 2.19006
-15.80867 -1.28565 -2.44454 0.78387 -2.20353 3.64361 0.49845 2.2386 0.40892
-16.4527 -2.67903 -2.31325 2.08163 -2.85553 4.13816 0.16671 3.4276 1.32273
-15.87163 -0.76028 -3.8913 1.9906 -3.39545 5.57156 0.67406 4.76486 0.76541
-15.44715 1.91666 1.55658 3.2866 -4.05396 6.06175 0.34707 5.96393 1.6648
-15.43182 3.44823 1.39235 -0.42457 -1.51657 | -1.42113 0.8521 7.30159 1.1079
-15.95129 1.49487 2.95006 0.84054 -2.3792 -1.59661 0.52265 8.49688 2.01314

13.80291 1.72489 -1.57659 0.75477 -3.34389 -2.78854 0.95079 9.86392 1.45394

14.7252 -1.75626 1.25215 2.01143 -4.20545 -2.96813 2.46685 10.05118 1.31973

-13.76962 1.71594 -1.79258 1.92828 -5.17302 -4.15582 -0.17853 -0.90331 2.73642

-14.74855 -1.67803 1.12166 3.18179 -6.04046 -4.32861 0.44425 -1.40143 4.04895

19.45297 1.10254 -0.5007 3.10139 -7.00685 -5.51727 -0.27538 -2.60381 4.68264

18.41902 -0.45565 -2.11589 4.35509 -7.87264 -5.67885 -0.22093 -3.89748 3.85746

18.08316 2.14046 1.27439 3.19691 -4.59597 7.49427 -0.88326 -5.09046 4.55895

14.39695 1.50138 1.68513 4.49701 -5.2467 797774 -0.84437 -6.38458 3.73586

15.28693 1.81006 3.96403 -12.55142 -1.26368 2.9539 -1.50924 -7.57067 4.44177

15.87733 0.28614 3.26353 -10.12708 -0.97172 3.22263 -12.86802 -3.40584 -0.04386

16.95025 1.6935 3.36763 -10.01291 2.48561 -2.61021 -10.50616 -4.06341 -0.21026

14.78954 3.81392 2.42875 -12.44377 2.1724 -2.79437 -8.84781 2.48213 -0.83768

15.05345 3.67373 0.67654 -8.24333 -0.54604 3.50217 -11.22871 3.06058 -0.63428

16.43596 3.78616 1.78026 -5.83861 -0.17298 3.75368 -8.6124 -4.52855 -0.1561
14.77345 -1.3899 -2.04558 -4.55131 0.95199 1.98006 -6.24181 -5.12432 -0.27102
15.43535 -1.4092 -4.41789 -5.6581 2.87792 -2.26427 -4.53463 -3.40022 -0.70136

15.4497 0.25155 -3.78376 -8.06986 2.66403 -2.4576 -4.6447 1.33946 -1.37198

16.97306 -0.62016 | -4.03491 -19.09872 1.47975 0.61538 -6.97394 1.97464 -1.09214

15.97819 -3.38071 -2.85298 -19.9889 -0.46775 -0.61891 -18.44024 1.31393 -1.96898

16.36134 -3.0727 -1.14453 -18.44318 -2.11441 -1.62208 -19.34649 1.80985 0.27549

17.53536 -2.6652 -2.40862 -15.42111 2.13549 1.06778 -17.88447 1.63165 2.26414

8.97405 1.58758 -1.95397 -16.50592 434182 0.93934 -16.81762 0.98753 -3.34785

11.38176 2.06548 -2.08332 -16.60219 3.5129 -0.63003 -14.67942 1.06167 -4.31381

12.7313 -3.02996 2.04904 -18.02923 3.60675 0.41732 -14.58004 2.14132 -2.90881

10.34015 -3.56216 224157 -16.50825 2.96016 3.11734 -13.84652 0.52832 -2.85706

4.70743 0.59997 -1.74175 -16.60258 1.18664 3.03572 -15.91535 -1.20263 -4.05711

7.06809 1.16531 -1.8404 -18.03071 2.17266 2.67328 -17.13273 -1.38009 -2.77684

8.43088 -3.85136 2.49812 -14.6962 -1.84819 -1.3782 -15.42307 -1.56343 -2.38851

6.03503 -4.30159 2.70364 -15.22081 -4.25591 -1.40034 -14.26823 0.64096 2.10407

T |m ||| E || R Rl || R R R R E R E|H|O|Q|O|Oo|la|lalajalalalalajlalalalalo
T |m|E D | E R || E Rl E | R R m RO ElQ|O|lajaolalajlaolajlajlalajaolalalalajlalalalala
T | m|E || E R || E ||| R R m RO Qlajlolajlalalajlaolalajlalajaolalalalajlalalalala

4.39884 -3.01004 1.3914 -15.792 -3.50859 0.10861 -14.46863 2.23504 3.96322
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3.72173 -3.41495 -0.94687 -16.9441 -3.92052 -1.17386 -14.73974 3.05892 2.41099

1.29932 -3.89893 -1.03546 -15.15872 -2.87053 -3.5708 -16.11054 2.67218 3.46748

291714 0.67101 0.11223 -15.69559 -1.17565 -3.55162 -15.13312 -0.23834 4.23002

-1.29581 -3.90635 | -1.00899 -16.88152 -2.48744 | -3.42877 -15.85332 -1.11204 2.85951

-3.71843 -3.43205 -0.88957 -4.07533 4.14847 -0.67819 -16.79988 0.10116 3.74046

-2.91696 0.67825 0.07329 -1.63581 4.42626 -0.7409 -3.87818 -2.48725 -2.91126

1.07999 1.42474 1.56796 -3.62414 -0.07421 -0.06195 -1.48642 -2.94631 -3.33379

0.14781 0.0605 2.14587 0.58462 4.47996 -0.74557 -2.87605 0.30584 0.20319

-0.15171 1.0287 -2.04561 3.03606 431897 -0.72942 1.28726 -3.0212 -3.2883

-1.08269 2.00115 -0.92705 2.79787 0.08665 -0.06723 3.68978 -2.64741 -2.84147

1.05814 3.07788 -0.10096 7.06989 3.57546 1.45464 2.75412 0.25631 0.18907

1.957 2.13301 -1.28165 4.65642 3.63661 1.18272 6.88233 -1.13398 1.67739
0.61366 3.173 -3.13314 3.69984 0.53742 -2.33813 4.54214 -1.386 1.0719
-0.26676 4.13152 -1.95307 5.05724 -1.00114 | -3.70344 4.32971 -0.38264 -3.60616

1.88363 5.2331 -1.24304 7.46803 -1.19561 -3.3346 5.99914 0.17654 -5.33006

2.76444 427142 -2.42069 11.44037 3.31068 2.01836 8.38201 0.25702 -4.77701

1.42257 5.3162 -4.27498 9.00576 3.47209 1.7223 11.15034 -0.6753 2.71196

0.54778 6.28143 -3.09738 9.37018 -1.41417 -2.96718 8.75938 -0.86197 2.16805

2.38509 7.62518 -4.14328 11.7966 -1.5284 -2.59896 10.28792 0.11231 -4.3659

2.70471 7.41472 -2.41484 18.18512 2.03125 -0.96259 12.66351 0.2467 -3.7476

3.58532 6.44187 -3.60177 19.11883 0.48303 0.72164 18.25106 -1.91215 0.79969

-1.96082 1.38774 1.93787 17.6123 -0.93153 2.0772 19.25216 0.29479 1.28296

-1.06141 2.75113 1.28347 13.86382 -0.87876 1.73809 17.86492 2.33718 1.17728

0.26282 2.89242 3.41455 14.46023 -3.19808 231367 14.19997 2.3073 0.32297

-0.63756 1.53038 4.06365 15.02534 -2.79861 0.67621 14.53446 4.17205 1.89301

-2.77318 2.85147 3.87067 16.17572 -2.86941 2.02289 14.79862 2.61769 2.71382

-1.87121 421359 3.22348 14.3397 -1.3578 4.10937 16.1798 3.62791 2.25241

-0.55115 4.35283 536112 14.81138 0.30713 3.70198 15.08742 4.40675 -0.61287

-1.45571 2.99341 6.00739 16.04772 -0.94952 3.8865 15.72194 3.00915 -1.51026

-2.39295 5.15609 6.85694 14.4974 2.39006 -1.62668 16.75212 3.86462 -0.34836

-3.59532 4.33429 5.85031 15.48297 4.61287 -2.01314 14.64003 -2.3845 -0.14884

-2.6836 5.70354 5.1986 15.55565 4.19375 -0.28707 15.90522 -4.14264 -1.31217

-7.03406 1.12883 -1.93412 17.01541 4.10278 -1.28889 16.32658 -2.54503 -1.96704

-4.67697 0.55983 -1.78235 15.61878 2.7499 -3.78926 17.44347 -3.38415 -0.87591

-4.43052 -2.9752 1.43924 15.79015 1.05577 -3.27845 15.24881 -4.37789 1.16814

-6.09178 -4.22868 2.75793 17.15784 2.17345 -3.13122 15.19946 -2.93566 2.20726

-8.48203 -3.77238 2.50799 -1.24834 -1.7369 1.76258 16.75617 -3.61276 1.69578

-11.34036 2.03033 -2.27537 -0.70946 -0.20465 24177 -1.15816 1.06671 1.07775

-8.93697 1.54681 -2.09709 1.69752 -0.93246 2.15623 1.58488 0.14397 2.04599

-10.38637 -3.47191 222754 1.16202 -2.48809 1.53925 0.46127 1.14864 2.94107

-12.77184 -2.93539 1.98535 -0.03785 -2.93295 3.70183 1.58696 2.15664 0.29955

-18.08693 2.22527 0.99966 0.50765 -1.38097 4.31991 0.10393 2.43914 -0.59563

Il |m|m|||EElElElR| ||| |ElElE|E| RNl E|IR|R|D| || EEIEIEIEEE SRS
Tl | ElElElElR| R || E|ElElE RN DNl R DR ||| EElElEIElEE RS
Tl |m|n || E|EElElE| ||| E|EElE|E| ||| RS E|I R R ||| R E|I SRR E|E|E

-19.43697 1.1545 -0.77102 2.90162 -2.12472 4.07673 -0.9231 3.48501 1.46485
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2.93134 -6.43305 -6.43952 0.16876 -2.79589 5.66955

4.26697 -8.54916 -6.53658 -1.32615 -2.33754 4.87111

5.24752 -7.25356 -5.83352 -0.70659 -3.74228 2.88421

4.53061 -8.48695 -4.78704 0.82937 -4.14253 3.63802

2.37669 -5.32577 7.55424 -0.39177 -5.26249 5.52828

2.9238 -3.77632 8.17433 -1.92961 -4.84071 4.79063
4.39859 -5.62571 9.00141 -1.33601 -6.21188 2.76779
5.32745 -4.5298 7.96676 0.20072 -6.63514 3.50444

4.781 -6.09007 7.33608 -1.46585 -8.47783 3.82823

-1.01621 -7.791 5.39665

H| -18.3886 -0.44388 -2.3367 H 2.3561 -3.67674 3.4592 H 0.59698 3.27198 232117
H| -14.75041 -1.39815 -2.19021 H 1.16706 -4.12258 5.63339 H 1.7626 4.70676 0.6184
H| -15.95743 -3.394 -2.98137 H 1.72122 -2.57435 6.25253 H 0.24172 4.92934 -0.23248
H| -16.36875 -3.0502 -1.28647 H 4.11013 -3.32664 6.00098 H| -0.74156 6.02 1.81398
H| -17.51615 -2.65745 -2.57925 H 3.55707 -4.87482 5.38062 H 0.78126 5.79891 2.66213
H| -15.36948 -1.45678 -4.57377 H| -1.29758 -2.17122 -1.2754 H 1.93788 7.2367 0.95339
H| -15.3819 0.21572 -3.97113 H| -0.62189 -0.96679 -2.35268 H 0.41218 7.46973 0.11322
H| -16.90752 -0.6489 -4.23329 H 1.71719 -1.72857 -1.72741 H| -0.56177 8.5139 2.19361
H| -14.40991 1.57759 1.47553 H 1.02849 -2.96063 -0.68343 H 0.99146 8.34625 2.99738
H| -14.8005 3.90849 2.1621 H| -0.12068 -3.99761 -2.66016 H 0.55273 10.64978 2.10986
H| -15.03885 3.72982 0.40978 H 0.57121 -2.76742 -3.7073 H 0.47565 10.01766 0.47425
H| -16.43708 3.87492 1.48937 H 2.88693 -3.55049 -3.09364 H 2.70823 11.0607 0.9679
H| -15.32795 1.94124 3.73443 H 2.19334 -4.77774 -2.04618 H 2.90628 9.34294 0.60831
H| -1591914 0.40595 3.05986 H 1.05063 -5.82457 -4.0314 H 2.96929 9.907 2.28463
H| -16.98409 1.82199 3.11908 H 1.75214 -4.60099 -5.07902 H| -1.24417 -0.68472 2.90281
H 4.0611 -5.38995 -4.44993 H| -0.14179 -1.6963 1.98039
H 3.35623 -6.61459 -3.40627 H 1.4988 -1.66167 3.87271
H 222175 -7.6552 -5.39727 H 0.45301 -0.57501 4.77409
H H
H H
H H
H H
H H
H H
H H
H H
H H
H
H

-2.56504 -7.36353 4.65613
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A 104 PMI-F-PMI . B 104 PMI-FSi-PMI . C 104 PMI-EN-PMI
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Figure S12: Normalized absorption and fluorescence spectra (dashed lines) in CHCl3 solution of: A - PMI-F-PMI
(3a); B - PMI-FSi-PMI (3b); C - PMI-FN-PMI (3c).

A CV Reduction: B CV Oxidation:
= PBDB-T | = PBDB-T
= PMI-F-PMI = PMI-F-PMI
1 —— PMI-FSi-PM —— PMI-FSI-PMI
s PMI-FN-PMI T = PMI-EN-PMI /
< < .
£ E™ e = B0BMV E
re =-783mV
= onset m E E% oot = 1365mV
=] =
O o
] E®9 et = -819MV/|
) E% eet = 1134mV
Epset = -1301MV
1500 1000 500 0 500 1000 1500 2000
Potential vs NHE (mV) Potential vs NHE (mV)

Figure S13: Cyclic voltammetry measurements. Oxidation and reduction were measured separately and with a scan

speed of 50 mV/s. Each measurement was calibrated with a Fc/Fc* redox couple and the presented data is plotted

against NHE.
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Figure S14: OFET device structure in bottom-gate, top-contact geometry.
A PMI-F-PMI B PMI-FSi-PMI C PMI-FN-PMI
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Figure S15: OFET transfer characteristic of: A PMI-F-PMI (3a), B PMI-FSi-PMI (3b) and C PMI-FN-PMI (3c).
Veate is swept from 0 to 10 V with constant Viyin. After each sweep Viain is increased by 2 V. 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 (right y-axis). The straight black line indicates the linear fit of \/ lyrqin- The intersection of the black line with

the x-axis allows to read out the values of the threshold voltage V.
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Figure S16: 2D GIWAXS patterns of (4) the donor PBDB-T w/o annealing and (B) w. annealing and (C) the

corresponding 1D-line cuts in the out-of-plane (OOP) and in-plane (IP) direction. The scattering profiles are shifted

vertically for better visibility.
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Figure S17: J-V curves (under illumination - solid symbols and under dark conditions - hollow symbols; notice that

the hollow curves overlay) and EQE spectra of the best solar cells with a D/A ratio of 1/1 (A, C) and 1/1.5 (B, D)
for: red - PMI-F-PMI (3a); blue - PMI-FSi-PMI (3b); green - PMI-FN-PMI (3c¢).
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Table S2: Solar cell characteristics for the best solar cells based on PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-
FN-PMI (3c), fabricated with a D/A ratio of 1/1 (top) and 1/1.5 (bottom) w/o annealing the absorber layer.

D/A ratio - 1/1

Acceptor Thickness (nm) Voc (V) Jsc (mA/em?)  FF (%) PCE (%)
PMI-F-PMI 125 1.06 7.34 433 3.34
PMI-FSi-PMI 94 1.10 6.29 44.9 3.08
PMI-FN-PMI 124 1.10 6.56 42.2 3.02

D/A ratio - 1/1.5

Acceptor Thickness (nm) Voc (V) Jsc (mA/em?) FF (%) PCE (%)

PMI-F-PMI 121 1.10 6.55 42.2 3.02

PMI-FSi-PMI 110 0.99 5.06 41.1 2.06

PMI-FN-PMI 120 1.06 6.50 37.8 2.58

Tg: Half Cp Extrapolated = 144,64 °C 7 - Tg: Half Cp Extrapolated = 135,52 °C
Delta Cp = 0.034 Jig~C / /,.,--"/ . DetaCp=00334g“c|

K / T \ ==
. = e
2 S E —

- TSR S o =

Tg: Half Cp Extrapolated = 136.80 °C

Figure S18: DSC measurements of PBDB-T: heating runs (left), cooling run (right) (measured with a heating
(cooling) rate of 20 K/min (bottom curves) and with 40 K/min (top curves).
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Table S3: Characteristic solar cell parameters of the 15 best solar cells with PBDB-T — PMI-F-PMI (3a), PMI-FSi-
PMI (3b) and PMI-FN-PMI (3c) absorber layers (D/A — 1 /0.66) without and with annealing.

D/A —1/0.66
Acceptor Annealing | Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
PMI-F-PMI
- 1.10 7.04 45.4 3.48
- 1.08 7.08 45.4 3.44
- 1.04 6.81 46.0 3.23
- 1.10 6.40 45.5 3.17
- 1.08 6.57 44.6 3.14
- 1.10 6.41 44.8 3.13
- 1.04 6.43 46.6 3.09
- 1.04 6.45 46.1 3.07
- 1.08 6.79 42.0 3.06
- 1.04 6.15 47.1 2.99
- 1.04 6.60 43.3 2.95
- 1.08 6.46 42.2 2.93
- 1.04 6.17 45.8 2.92
- 1.04 6.32 44.5 2.90
- 1.06 6.50 419 2.88
PMI-F-PMI
135 °C 1.10 8.94 52.9 5.16
135 °C 1.10 8.35 52.6 4.8
135 °C 1.10 8.24 53.3 4.79
135 °C 1.12 7.96 52.4 4.64
135 °C 1.10 8.61 49.0 4.60
135 °C 1.10 8.09 49.2 4.35
135 °C 1.12 7.92 49.2 4.33
135 °C 1.12 7.98 48.6 431
135 °C 0.97 9.11 46.4 4.10
135 °C 1.14 7.95 45.2 4.07
135 °C 1.14 8.11 44.2 4.06
135 °C 1.08 8.06 46.9 4.05
135 °C 1.12 7.73 46.8 4.02
135 °C 1.12 7.50 47.6 3.97
135 °C 1.10 7.47 48.0 3.91
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D/A —1/0.66
Acceptor Annealing Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
PMI-FSi-PMI
- 1.08 6.58 43.4 3.06
- 1.04 6.28 44.8 2.90
- 0.97 6.56 43.6 2.78
- 1.10 6.02 41.9 2.75
- 1.10 6.51 38.6 2.75
- 1.02 6.22 43.0 2.72
- 1.06 6.13 41.6 2.68
- 1.12 5.95 40.6 2.67
- 0.99 5.97 44.8 2.66
- 1.10 5.74 42 .4 2.64
- 1.10 5.74 42.1 2.62
- 0.97 6.27 42.5 2.59
- 1.08 5.88 40.2 2.53
- 0.99 5.88 43.5 2.54
- 1.10 5.42 42 .4 2.49
PMI-FSi-PMI
150 °C 1.14 8.55 53.4 5.16
150 °C 1.10 8.41 54.9 5.05
150 °C 1.10 8.21 54.8 4.92
150 °C 1.10 8.05 54.7 4.82
150 °C 1.14 8.09 51.9 4.75
150 °C 1.14 7.87 53.3 4.74
150 °C 1.12 8.01 52.9 4.72
150 °C 1.10 7.90 54.1 4.67
150 °C 1.14 8.21 50.0 4.65
150 °C 1.12 7.88 53.0 4.62
150 °C 1.14 7.76 52.7 4.61
150 °C 1.10 7.46 55.4 4.52
150 °C 1.12 7.52 53.3 4.43
150 °C 1.14 7.33 50.7 4.19
150 °C 1.14 7.02 52.3 4.15
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D/A —1/0.66
Acceptor Annealing Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
PMI-FN-PMI
- 1.08 8.17 39.6 3.46
- 1.08 7.86 39.4 3.32
- 1.08 7.55 39.7 3.21
- 1.08 7.42 39.2 3.11
- 1.08 7.20 39.7 3.06
- 1.08 7.21 38.9 3.00
- 1.08 7.20 38.7 2.98
- 1.04 7.17 39.5 2.92
- 1.08 6.86 38.8 2.85
- 1.08 6.74 39.1 2.82
- 1.06 5.87 45.7 2.82
- 1.04 5.79 45.7 2.72
- 1.06 5.71 45.2 2.71
- 1.06 6.70 38.4 2.71
- 1.06 5.80 44.5 2.71
PMI-FN-PMI
150 °C 1.06 10.18 48.0 5.16
150 °C 1.14 10.07 45.2 5.14
150 °C 1.16 9.48 43.2 4.72
150 °C 1.12 9.56 43.9 4.66
150 °C 1.04 9.37 47.7 4.63
150 °C 1.14 9.37 42.9 4.55
150 °C 1.08 9.03 45.2 441
150 °C 1.04 8.69 48.3 4.34
150 °C 1.14 8.17 46.2 4.29
150 °C 1.16 8.92 41.9 4.29
150 °C 1.12 9.44 39.8 4.17
150 °C 1.12 9.01 41.3 4.13
150 °C 1.14 8.20 43.8 4.09
150 °C 1.10 8.53 43.6 4.08
150 °C 1.16 8.46 41.4 4.05
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Figure S19: Optical absorption spectra of blend films (PBDB-T/acceptor) in different D/A ratios of 1/0.66 (A) 1/1

(B) and 1/1.5 (C).

Table S4: Comparison between the current densities (mA/cm?) of solar cells based on PMI-F-PMI (3a), PMI-FSi-
PMI (3b) and PMI-FN-PMI (3c) in a D/A ratio of 1/0.66 (w/o and w. annealing), 1/1 and 1/1.5 (w/o annealing)
from prior EQE-, from EQE- and post EQE measurements.

D/A - 1/0.66
PMI-F-PMI PMI-FSi-PMI PMI-FN-PMI
(w/o annealing) (w/o annealing) (w/o annealing)

Jsc (integrated) 6.37 mA/cm? 6.46 mA/cm? 6.88 mA/cm?
Jsc (before EQE) 7.27 mA/cm? 6.79 mA/cm? 7.97 mA/cm?
Jsc (after EQE) 6.66 mA/cm? 6.94 mA/cm? 7.44 mA/cm?

PMI-F-PMI PMI-FSi-PMI PMI-FN-PMI

(annealed) (annealed) (annealed)
Jsc (integrated) 6.98 mA/cm? 7.40 mA/cm? 10.02 mA/cm?
Jsc (before EQE) 8.83 mA/cm? 8.13 mA/cm? 10.18 mA/cm?
Jsc (after EQE) 5.81 mA/cm? 7.64 mA/cm? 9.33 mA/cm?
D/A -1/1

PMI-F-PMI PMI-FSi-PMI PMI-FN-PMI
Jsc (integrated) 6.50 mA/cm? 5.19 mA/cm? 6.08 mA/cm?
Jsc (before EQE) 7.02 mA/cm? 6.05 mA/cm? 6.08 mA/cm?
Jsc (after EQE) 6.31 mA/cm? 5.85 mA/cm? 5.35 mA/cm?

D/A -1/1.5

PMI-F-PMI PMI-FSi-PMI PMI-FN-PMI
Jsc (integrated) 4.03 mA/cm? 3.27 mA/cm? 3.85 mA/cm?
Jsc (before EQE) 6.45 mA/cm? 4.99 mA/cm? 6.51 mA/cm?
Jsc (after EQE) 3.01 mA/cm? 3.02 mA/cm? 4.40 mA/cm?
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Another perylene-based acceptor, investigated within this thesis was comprised of two perylene
monoimide units linked via an indenofluorene core — PMI-FF-PMI (6). It is one alternative to
the NFAs PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-FN-PMI (3c¢), described in Chapter
V. It was synthesized via Suzuki coupling using a perylene pinacol ester and the linker
dihydroindeno[1,2-b]fluorene dibromide (Scheme 1; experimental see SI). The structure was
verified by 'H and '*C APT NMR spectroscopy as well as MALDI-TOF mass spectrometry
(SI—Figure S1 —S3). The linker exhibits a larger conjugated n-system in the donor subunit which
might improve the optoelectronic properties of the NFA. Additionally four octyl-side chains
should guarantee a good solubility in solvents like DCM, CB or CHCIls. Furthermore,
simultaneous thermal analysis displayed a melting point around 420 °C and decomposition

temperature at 434 °C which indicates high stability and their potential as acceptor in photovoltaic

applications.

O N O
K,CO;
OO Pd(PPh;),
‘ toluene
oe
aliquat

B.

O O

4 5

Scheme 1 Synthesis procedure for PMI-FF-PMI (6).
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Computations

Prior to experimental characterization, DFT computations with B3LYP/6-31G* / Gaussian 09
were conducted to compare the properties of 6 to the NFAs from Chapter V. The octyl-groups on
the linker were therefore substituted with methyl groups to reduce the overall calculation time.
Herein, slightly higher shifted HOMO and LUMO levels of -5.36 eV and -2.84 eV (compared to
e.g. -5.42 eV and -2.88 eV for PMI-F-PMI (3a) were calculated, respectively, which translates
to a band gap of 2.52 eV. The distribution of the energy density did not change by the introduction
of the larger linker molecule. In its ground state (HOMO) the energy density is distributed
alongside the perylene and the linker, whereas in the excited state it is shifted towards the perylene
only (Figure 1). Also, similar to the fluorene derivatives from Chapter V, PMI-FF-PMI shows

dihedral angles of around 55° and is isolobal.

Fig. 1 DFT (B3LYP/6-31G*) —Frontier molecular orbitals of PMI-FF-PMI (6) as well as optimal geometry and
dihedral angles of PMI-FF-PMI (6).
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Optical Spectroscopy

UV-Vis absorption spectra of PMI-FF-PMI (6) in CHCI; solution showed a similar absorption
behavior compared to e.g. PMI-F-PMI (3a) with a maximum of 529 nm. A second absorption
peak in the region from 300 to 400 nm was also observed indicating a second electron transfer
(SI - Figure S4). The molar absorption coefficient was calculated to 9.1 - 10* M™! cm™ and is
comparable with the NFAs described before, e.g. PMI-F-PMI (9.0 - 10*M™! cm™!). Moreover, a
Stokes shift of 78 nm was observed from excitation and emission spectra of PMI-FF-PMI (6) in
CHCIs solution (Figure 2A). This is significantly higher than the Stokes shift of e.g. PMI-F-PMI
of 57 nm.

60 PMI-FF-PMI 1 o0 B 10— PMI-FF-PMI DIA
' ' ~——PBDB-T

1/0.66

£ E
2 S £ o8 11.5
£ £ -84 —1/1.
> 0751 -0.75 > ‘g |
5 - - £ £
8 2 5 oe
£ 050 L050 E &
c [0y o
ie] o @ 041
= c O
£ g <
g 025 F0.25 @
LLi o 0.2
o
=
[T
0.00 T T T T T T 0.00 0.0 T T T T
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Fig. 2 Optical spectroscopy of PMI-FF-PMI (6); (4) excitation and emission spectra in CHCI; solution and (B)
PBBD-T, PMI-FF-PMI thin films as well as their corresponding blends in D/A ratios of 1/0.66, 1/1 and 1/1.5.

On thin films, the UV-Vis spectra of PMI-FF-PMI (6) is slightly broadened (compared to the
one from solution) which can be ascribed to n-n-stacking. Additionally, the absorption coefficient
was determined to 1.6 - 107 cm™'. When blended with PBDB-T as donor (Figure 2B) a broad

spectrum from 300 to 700 nm is covered and the influence of a varying D/A ratio is clearly visible.

Table 1 Optical properties of PMI-FF-PMI (6).

max, sol. onset., sol. max, (fluor., sol).

A
Eg (CV) & (M'1 Cm‘l) a (Cm’l) max, film
(nm) (nm) (nm) -

Compound

PMI-FF-PMI (6) 529 579 607 2.14'/2.00? 9.1-10* 1.6 - 107 528

! solution, 2 thin film
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Photovoltaic Performance

For a better comparison of the solar cells from Chapter V, the same device set-up and deposition
parameters for the interlayers and electrodes were wused. The blend solutions of
PBDB-T/PMI-FF-PMI were prepared in CB (mixing temperature of 70 °C) in three different
D/A ratios (D/A — 1/0.66, 1/1 and 1/1.5 w/w) and hot spin coated (70 °C) by a two-step spin

coating process.

The finished solar cells were then tested by recording J-V measurements and the best cells are
illustrated in Figure 3A, C, E. Herein, the same trend regarding the device performance with
varying D/A ratio as for e.g. PMI-F-PMI was observed. Solar cells with a D/A ratio of 1/0.66
resulted in the highest device efficiencies of 4.03% w/o annealing of the absorber layer and
remarkable 6.21% by annealing the absorber layer at 135 °C. Moreover, high open circuit voltages
of 1.16 V and 1.18 V were recorded for non-annealed and annealed cells, respectively. This is
also supported by slightly higher lying HOMO/LUMO levels of PMI-FF-PMI obtained from
DFT compared to e.g. PMI-F-PMI. Also, there is no significant change in absorption. Upon
annealing also the current density increased from mean 6.49 mA/cm? £ 0.32 to 7.71 mA/cm?
+ 0.41 as well as the fill factor from mean 49.0% + 4.3 to 62.2% + 1.4 which might be ascribed
to a better interface between the ZnO layer and absorber layer and an enhanced morphology of

the absorber layer.

By increasing the acceptor content in the blend (D/A — 1/1 and 1/1.5 w/w) the overall device
performance was reduced (see Table 2). While solar cells with a D/A ratio of 1/1 showed
maximum device efficiencies of 3.75% and 5.24% for non-annealed and annealed cells,
respectively, in solar cells with a D/A ratio of 1/1.5 the PCE was even further reduced to maximum
efficiencies of 3.01% and 4.15%, respectively. The lower device performances are on the one side
related to thicker absorber films which reduces the current density and fill factor. Especially, in
solar cells with D/A — 1/1.5 the fill factor was significantly lower. On the other side, experiments
showed that thinner films at around 110 nm with the same D/A ratio of 1/1.5 did not improve the
power output (SI — Table S3). Nevertheless, annealing of the absorber layer at high temperatures
seems to be a promising way to enhance the overall cell performance as observed with these

materials in all three D/A variations.
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Table 2 Best and average device characteristics of PBDB-T/PMI-FF-PMI based solar cells with D/A ratios of
1/0.66, 1/1 and 1/1.5 with and without annealing of the absorber layer. The average values and standard deviations

were calculated from the best 10 cells.

. Annealing . 2 o o
D/A ratio temperature Thickness (nm) Voc (V) Jsc (mA/ecm?)  FF (%) PCE (%)
D/A - 1/0.66
best cell 1.16 6.54 53.5 4.03
- 83 £3 nm
average 1.16 £ 0.01 6.49 +0.32 49.0+£43 3.68+0.39
best cell 1.18 8.49 62.4 6.21
135 °C 80 £ 6 nm
average 1.15+0.02 7.71 £0.41 622+14 548+0.39
D/A-1/1
best cell 1.12 6.32 53.6 3.75
- 98 £2 nm
average 1.14+£0.02 5.96 £ 0.33 49.8+3.5 337+0.36
best cell 1.14 7.39 62.3 5.24
135 °C 95+ 2 nm
average 1.14 £0.01 6.83 +£0.38 61.1+£1.0 4.73+£0.28
D/A-1/1.5
best cell 1.10 6.21 44.5 3.01
- 147 £ 2 nm
average 1.09 £ 0.01 5.98 +£0.29 432+£25 281+£0.15
best cell 1.10 7.36 51.6 4.15
135°C 132 £3 nm
average 1.11 £0.01 6.78 +£0.32 50.8+1.0 3.80+0.20

Furthermore, EQE spectra of solar cells in all tested D/A ratios w. and w/o annealing were

recorded (Figure 3B, D, F). The onset of photocurrent generation fits well to the recorded

absorption spectra (Figure 2B). Photocurrent generation starts at the onset of around 700 nm and

has its first shoulder at 630 nm which correspond to the absorption maximum of PBDB-T. The

overall maximum of photocurrent is found at 510 nm, which can be attributed to PMI-FF-PMI.

Moreover, the difference in D/A ratio is also visible as the maxima of shoulder 1 and shoulder 2

are shifted depending on the acceptor concentration (Figure 2B). The highest EQE values were
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obtained from solar cells with annealed absorber layers with maximum values of 46%, 44% and
44% for PBDB-T/PMI-FF-PMI cells with D/A 1/0.66, 1/1 and 1/1.5, respectively. The current
densities from EQE were calculated and compared to measured current densities from J-V
measurements before and after the EQE measurement. Herein, the cells also started to degrade
upon exposure to ambient atmosphere therefore reduced Jsc values were recorded and more likely

fit to the obtained current densities from repeating J-V measurements after the EQE measurement.
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Fig. 3 J-V curves (under illumination — solid symbols and under dark conditions — hollow symbols) and EQE spectra
of the best cells of PBDB-T/PMI-FF-PMI in the D/A ratios of: A,B — 1/0.66, C,D: 1/ and E,F — 1/1.5; w. and w/o
annealing at 135 °C.

Supporting Information

Synthesis of PMI-FF-PMI (6)

In a Schlenk tube, operated under nitrogen, 500 mg (0.823 mmol, 2.1 equiv.) of 8-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (4)
and 337 mg (0392 mmol, 1 equiv.) of 2,8-dibromo-6,6,12,12-tetraoctyl-6,12-
dihydroindeno[1,2-b]fluorene (5) (CAS Number 264281-45-0) were dissolved in 50 ml toluene
followed by the addition of 1 M aqueous K>COs3 (5 ml) and 1 drop of Aliquat 336. Afterwards,
Pd(PPhs3)4 (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 deion. H>O and dried over
Na»SOq4 followed by evaporation of the solvent under reduced pressure. The residue was purified
by column chromatography (eluent: CH>Clz/pentane — 10/1) and further recrystallized using
CH»Cly/hexane to yield 6 as a violet solid. Yield: 228 mg (35%). Rr=0.39 — 0.52 (CH2Cl»)

"H NMR (500 MHz, CDCl3): & =8.70 (dd, ] = 11.83 Hz, 4H), 8.59 (d, J = 8.05 Hz, 2H), 8.56-
8.52 (m, 6H), 8.11 (d, J = 8.50 Hz, 2H) 7.97 (d, ] = 7.81 Hz, 2H) 7.79 (s, 2H), 7.73 (d, ] = 7.76
Hz, 2H), 7.63 (t, ] = 8.03 Hz 2H), 7.58 (d, ] = 7.87 Hz, 2H), 7.56 (s, 2H), 7.49 (t, ] = 7.90 Hz, 2H)
7.35(d, J = 7.86 Hz, 4H), 2.84-2.75 (m, 4H), 2.14-2.10 (m, 8H), 1.12-1.10 (m, 64H), 0.88-0.83
(m, 8H), 0.82 (t, ] = 7.04 Hz, 12H). '3C NMR (75 MHz, CDCl3): § = 164.17, 151.72, 150.86,
145.89, 144.27, 141.52, 140.58, 138.45, 137.96, 137.84, 133.10, 132.32, 132.25, 131.26, 130.81,
129.67, 129.59, 128.98, 128.72, 128.57, 128.51, 127.17, 127.12, 124.90, 124.17, 124.12, 123.79,
121.20, 121.04, 120.52, 120.22, 119.82, 114.46, 55.20, 40.77, 32.00, 30.20, 29.48, 29.41, 29.31,
24.18,22.79, 14.25.

MS (MALDI-TOF) calc. for C120H12sN204H 1662.9987, found 1662.9929.
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Figure S1: 'H NMR (500 MHz, CDCI3) spectrum of PMI-FF-PMI (6) with an inset of the aromatic region, referenced

to TMS.
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Figure S2: 3C APT NMR (75 MHz, CDCl;) spectrum of PMI-FF-PMI (6), referenced to CDCI;.
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Figure S3: HRMS (MALDI-TOF, Dithranol matrix) of PMI-FF-PMI (6), upper — simulated, lower - found.
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Figure S4: Simultaneous thermal analysis of PMI-FF-PMI (6); (A) thermogravimetric analysis and (B) differential

scanning calorimetry.
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Table S1: Cartesian coordinates for the DFT (B3LYP/6-31G*) optimized structure of PMI-FF-PMI (6).

PMI-FF-PMI (6)

C 14.50213 -0.81582 -1.03839 H 14.66481 -2.05678 -2.76053
C 13.97870 -1.57256 -2.07347 H 12.23918 -2.31484 -3.05133
C 12.59635 -1.70860 -2.22756 H 11.28606 1.58550 241436
C 11.69062 -1.09411 -1.35866 H 13.72462 1.79622 2.63683
C 12.20928 -0.31228 -0.27845 H 10.31307 -2.42436 -3.30416
C 13.62575 -0.17828 -0.12693 H 7.88976 -2.60118 -3.58437
C 11.34105 0.33792 0.65485 H 6.35952 -1.53765 -1.97242
C 11.91462 1.08451 1.68780 H 6.94903 1.13123 1.95849
C 13.29919 1.21195 1.82756 H 9.35045 1.42913 2.18044
C 14.15859 0.59176 0.93556 H 20.44463 2.19993 -0.68634
C 10.23219 -1.22602 -1.51703 H 21.69884 0.59929 0.71764
C 9.35719 -0.59338 -0.57309 H 20.51269 -1.23716 1.86912
C 9.88585 0.19601 0.49856 H 16.71974 2.02445 -1.19872
C 9.67524 -1.94463 -2.57117 H 17.31011 4.41457 -1.25844
C 8.28677 -2.05427 -2.73393 H 17.53766 3.75934 0.37835
C 7.43111 -1.46535 -1.83005 H 18.93992 4.06679 -0.66137
C 7.93329 -0.74096 -0.71788 H 17.65738 2.89302 -3.30551
C 7.04984 -0.12299 0.23069 H 18.11782 1.19143 -3.07308
C 7.60419 0.65756 1.23322 H 19.29963 2.48169 -2.78741
C 8.98907 0.81563 1.36332 H 16.79912 -1.79041 1.60070
C 15.97053 -0.68967 -0.90406 H 17.81808 -4.01555 1.86493
C 15.62011 0.74501 1.11172 H 18.25707 -3.31413 0.29180
N 16.43973 0.08982 0.17160 H 19.43780 -3.34781 1.61329
(6] 16.75380 -1.22544 -1.67633 H 17.41704 -2.47263 3.88784
(6] 16.11195 1.40188 2.01943 H 17.57449 -0.71142 3.69792
C 17.87717 0.22906 0.32140 H 19.01917 -1.73913 3.71184
C 18.52834 1.28295 -0.34301 H -9.35049 -1.42915 2.18047
C 19.91430 1.39546 -0.18405 H -6.94906 -1.13129 1.95853
C 20.62260 0.49499 0.60593 H -6.35948 1.53739 -1.97251
C 19.95265 -0.53893 1.25307 H -7.88969 2.60088 -3.58451
C 18.56773 -0.69519 1.12459 H -10.31301 2.42415 -3.30430
C 17.78217 2.28614 -1.21474 H -13.72466 -1.79609 2.63688
C 17.90108 3.71597 -0.65373 H -11.28610 -1.58547 2.41439
C 18.24338 2.20649 -2.68236 H -12.23912 2.31469 -3.05145
C 17.86375 -1.83593 1.84984 H -14.66476 2.05671 -2.76064
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PMI-FF-PMI (6)

C 18.37667 -3.20867 1.37523 H -20.51261 1.23752 1.86912
C 17.97637 -1.67851 3.37836 H -21.69886 -0.59892 0.71773
C -7.04984 0.12285 0.23067 H -20.44474 -2.19968 -0.68619
C -7.93328 0.74079 -0.71793 H -16.71985 -2.02438 -1.19862
C -9.35718 0.59325 -0.57314 H -17.31029 -4.41448 -1.25819
C -9.88586 -0.19609 0.49853 H -17.53781 -3.75914 0.37856
C -8.98909 -0.81568 1.36333 H -18.94009 -4.06661 -0.66113
C -7.60420 -0.65765 1.23323 H -17.65754 -2.89304 -3.30534
C -7.43107 1.46512 -1.83014 H -18.11792 -1.19141 -3.07302
C -8.28672 2.05402 -2.73404 H -19.29977 -2.48161 -2.78725
C -9.67520 1.94442 -2.57128 H -16.79904 1.79064 1.60059
C -10.23216 1.22587 -1.51711 H -17.81793 4.01583 1.86473
C -11.69060 1.09401 -1.35874 H -18.25697 3.31433 0.29164
C -12.20927 0.31223 -0.27849 H -19.43767 3.34811 1.61316
C -11.34106 -0.33795 0.65484 H -17.41689 2.47301 3.88771
C -13.62575 0.17828 -0.12696 H -17.57439 0.71180 3.69790
C -14.15861 -0.59169 0.93556 H -19.01904 1.73954 3.71178
C -13.29923 -1.21187 1.82759 H 5.60597 -2.44137 0.20915
C -11.91465 -1.08449 1.68781 H 3.15049 -2.70520 0.21474
C -12.59630 1.70849 -2.22765 H 5.19956 1.84131 0.18356
C -13.97866 1.57250 -2.07356 H 0.55141 -2.44996 0.20440
C -14.50211 0.81581 -1.03844 H -0.55141 2.44980 0.20430
C -15.97052 0.68972 -0.90409 H -5.19957 -1.84146 0.18364
C -15.62014 -0.74488 1.11174 H -5.60597 2.44122 0.20906
N -16.43974 -0.08970 0.17159 H -3.15048 2.70504 0.21465
(6] -16.11199 -1.40170 2.01948 H 3.33026 3.23597 1.48201
(6] -16.75377 1.22548 -1.67639 H 1.56802 3.41636 1.48508
C -17.87718 -0.22887 0.32142 H 2.32221 2.07982 2.37575
C -18.56769 0.69545 1.12458 H 3.32708 3.23036 -1.08831
C -19.95262 0.53925 1.25310 H 2.31539 2.07192 -1.97397
C -20.62261 -0.49468 0.60601 H 1.56469 3.41204 -1.08557
C -19.91436 -1.39521 -0.18395 H -3.32709 -3.23058 -1.08816
C -18.52840 -1.28277 -0.34293 H -2.31539 -2.07219 -1.97387
C -17.78228 -2.28603 -1.21461 H -1.56470 -3.41227 -1.08540
C -17.90124 -3.71583 -0.65352 H -1.56802 -3.41645 1.48524
C -18.24351 -2.20646 -2.68223 H -2.32221 -2.07987 2.37585
C -17.86366 1.83620 1.84975 H -3.33025 -3.23607 1.48216
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PMI-FF-PMI (6)

C -18.37655 3.20893 1.37508
C -17.97624 1.67887 3.37829
C 5.57201 -0.28462 0.18316
C 4.97250 -1.55930 0.18907
C 3.58666 -1.70969 0.20005
C 277772 -0.57081 0.20237
C 3.36263 0.71141 0.20200
C 4.74271 0.85471 0.19653
C 1.32017 -0.42230 0.20480
C 0.30756 -1.38991 0.20497
C -1.01300 -0.95713 0.20445
C -1.32017 0.42214 0.20479
C -0.30756 1.38975 0.20492
C 1.01300 0.95697 0.20441
C -2.77772 0.57065 0.20236
C -3.36264 -0.71156 0.20204
C -4.74271 -0.85487 0.19656
C -5.57201 0.28447 0.18315
C -4.97250 1.55914 0.18902
C -3.58666 1.70954 0.19999
C 2.28912 1.79922 0.20142
C -2.28912 -1.79938 0.20150
C 2.38332 2.68406 1.46503
C 2.37978 2.67947 -1.06570
C -2.37979 -2.67969 -1.06558
C -2.38332 -2.68416 1.46516
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Figure S5: UV-Vis absorption spectra of PMI-FF-PMI (6) in CHCI; solution.

Table S2: Comparison between the current densities (mA/cm?) of solar cells based on PMI-FF-PMI (6) in a D/A
ratio of 1/0.66 1/1 and 1/1.5 (w. and w/o annealing) from EQE, prior EQE and post EQE measurements.

D/A - 1/0.66 D/A-1/1 D/A - 1/1.5

PMI-FF-PMI PMI-FF-PMI PMI-FF-PMI

(w/o annealing) (w/o annealing) (w/o annealing)

Jsc (integrated) 5.32 mA/cm? 4.67 mA/cm? 3.59 mA/cm?
Jsc (before EQE) 6.54 mA/cm? 6.25 mA/cm? 6.21 mA/cm?
Jsc (after EQE) 4.42 mA/cm? 4.09 mA/cm? 3.31 mA/cm?
PMI-FF-PMI PMI-FF-PMI PMI-FF-PMI

(annealed at 135 °C) (annealed at 135 °C (annealed at 135 °C)

Jsc (integrated) 6.22 mA/cm? 5.73 mA/cm? 5.71 mA/cm?
Jsc (before EQE) 7.85 mA/cm? 7.38 mA/cm? 7.36 mA/cm?
Jsc (after EQE) 6.62 mA/cm? 7.20 mA/cm? 6.37 mA/cm?

Table S3: Solar cell characteristics of PBDB-T/PMI-FF-PMI based solar cells with a D/A ratio of 1/1.5 and

concentration of 7.5 mg/ml; best and mean values (best 8 cells).

. Annealing . 2 o o
D/A ratio temperature Thickness (nm)  Voc (V) Jsc (mA/ecm*)  FF (%) PCE (%)
D/A-1/1.5
best cell 1.14 5.90 44.7 2.98
- 120+ 8
average 1.13+0.02 566+£0.27 41.8+45 2.63+0.28
best cell 1.10 7.36 51.6 4.15
135°C 107 +2
average 1.11+0.02 6.59+£0.21 57.8+1.1 4.20+0.10
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The characterization of PMI-FF-PMI (6) as well as the fabrication of respective solar cells with
their corresponding characterization methods was done according to the descriptions given in
Chapter V — “Comparison of Fluorene, Silafluorene and Carbazol as Linkers in Perylene

Monoimide Based Non-Fullerene Acceptors” if not otherwise stated.
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Summary

Within the last decades, emerging photovoltaic technologies such as perovskite solar cells and
organic solar cells were steadily improved. Power conversion efficiencies can nowadays rival
already established solar cell technologies like crystalline silicon or CdTe. The high toxicity of
lead for high performance PSCs motivated researchers to investigate lead-free alternatives such
as tin or antimony. In OSCs, fused ring electron acceptors are at the moment the dominating
acceptors species, however rylene derivatives are still an important acceptor group due to their
easy tunability and synthesis procedures. Consequently they can be easily adjusted to available

donor materials.

Antimony Perovskites

Antimony perovskites with the composition Rb3SboBroxIx (x = 0 — 9) were selected for solar cell
fabrication. Rb3Sbolo was stepwise substituted by bromide to obtain the respective perovskite
compositions. Single crystals were synthesized via vapor diffusion crystallization technique. The
crystal structure of all perovskite compositions was determined to be monoclinic showing a P21/n
space group. Upon substitution towards higher bromine-based perovskites, the unit cell volume
steadily decreased from 2403.01 A% (RbsSbalo) to 1984.38 A3 (Rb3Sb,Br9) according to Vegard’s

law. Moreover, all perovskite crystallized in a 2D-layered structure.

Thin films were prepared over a simple solution-based process and crystallized using an
antisolvent dropping agent during spin coating. X-Ray diffraction spectra also displayed the
introduction of bromide into the perovskite by a shift towards higher diffraction angles. While
Rb3Sbzly showed no preferential orientation, Rb3SbaBrg crystallized in a preferred orientation
alongside the (001) plane. Further, optical absorption spectra revealed a blueshift from ~600 nm
(Rb3Sboly) towards ~460 nm (Rb3SbaBrg). Nevertheless, the absorption coefficients remained in
the range of 1 - 10° cm™. Fluorescence measurements of thin films and single crystals showed a
similar optical shift. However, iodide rich compounds showed much higher intensities which may

be related to the lower orientation from their X-Ray diffraction spectra.

Solar cells were fabricated with all perovskite compositions in an n-i-p device set-up using TiO>
as ETL and spiro-OMeTAD as HTL. The highest device performance was measured with
Rb3Sbaly as absorber with an efficiency of 1.37%. Rb3zSbzlo-based solar cells displayed only slight
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hysteresis which was not influenced by the scan rate and bias conditions. Moreover, solar cells
with Rb3Sbzly displayed high stability of 84% from their initial efficiency for more than 150 days
of storage under inert conditions. External quantum efficiency measurements revealed current
generation over the whole spectral range of the perovskite absorption with a maximum value of
26.1% at 440 nm for Rb3Sb2ls. With decreasing iodide content, the solar cell performance
decreased to 0.01% for Rb3Sb2Br.

Tin Perovskites

For the fabrication of tin-based solar cells a triple cation tin perovskite with the composition
MAo.75sFA0.1sPEA0.1Sn(Brxli—)3; was selected. Partial substitution of iodide with bromide
(x =0-0.33) could improve the material properties which was reflected by higher solar cell
efficiencies. The perovskites were synthesized over a solution-based process by mixing the
respective metal salts in a DMSO/DMF mixture. Thin films were formed by spin coating and the
perovskite crystallization was induced by an antisolvent dropping agent. Optical absorption
spectra showed an increase in band gap from 1.29 eV (x =0) to 1.50 eV (x = 0.33) as well as a
shift towards higher diffraction angles in their corresponding X-Ray diffraction spectra which
proved the successful incorporation of bromine into the perovskite. Furthermore, this is again in

accordance with Vegard’s law.

As pinhole-free perovskite layers are desired, the morphology of the perovskite thin films was
investigated by SEM. Perovskites with a bromine content of x = 0 — 0.25 displayed fully covered

films, however, with increasing bromine content (x = 0.33) pinholes were observed.

Solar cells in an p-i-n device set-up using PEDOT:PSS as HTL and PCsBM as ETL were
fabricated for all perovskite compositions. Therein, with increasing bromine content, higher Voc
values were measured which can be related to the higher band gap. Moreover, the current density
could also be increased for perovskite compositions x = 0.08 — 0.25. This led to average device
efficiencies of ~3.9% for all three compositions, in comparison to an average of 2.7% for the pure
iodide perovskite (x = 0). Moreover, the PSCs showed almost no hysteresis. The highest device
efficiency was measured for MAo.7sFAo.1sPEA0.1Sn(Bro2slo.75)3 (x = 0.25) with a PCE value of
4.63%.
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Upon increasing the bromine content to x = 0.33, the power conversion efficiency decreased to a
maximum of 3.34% which can be ascribed to bad film formation (pinholes) and pronounced
hysteresis. At last, external quantum efficiency spectra were recorded. Again, charge carrier
generation over the whole spectral area of the perovskites was observed and is equal to the

absorption from UV-Vis spectroscopy.

Non-Fullerene-Acceptors

Perylenes were selected as acceptor units in A-D-A type NFAs due to their high stability and easy
synthesis routes. Over a two-step synthesis procedure, a reactive perylene monoimide bromide
(PMI-Br) with good solubility was synthesized. Further on, two PMI-units were linked by Suzuki
coupling with different fluorene derivatives, namely fluorene, silafluorene, carbazole and
indenofluorene, to obtain the compounds PMI-F-PMI, PMI-FSi-PMI, PMI-FN-PMI and
PMI-FF-PMI, respectively. The purity of the four compounds as well as intermediates was

verified by 'H- and *C-NMR spectroscopy and mass spectrometry.

In a first study the influence of the heteroatom in PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI
on the material properties, theoretical computations using DFT were performed. Thereby a first
insight in their HOMO/LUMO levels, electron distribution in ground and excited state displayed
similar behavior. Especially the twisting angle of 55° for all three compounds is important and
noticeable as it may hinder n-n stacking of the molecules. The spectral coverage of the three NFAs
showed a redshift compared to their PMI precursors due to the increased m-system. This is also
visible by their three-times higher molar absorption coefficients of 9 - 10*M™' cm™! compared to
their PMI-monomers (3.3 - 10* M"! cm™"). Moreover, in solution perylenes exhibited high quantum
yields 0f 0.74, 0.74 and 0.72 for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI, respectively. Their
optical band gaps were further determined to be 2.16 eV in solution and 2.06 eV in thin films. For
comparison, also the electrical band gap was measured by cyclic voltammetry. Herein, band gaps
of 2.19, 2.15 and 2.22 eV were obtained for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI,

respectively, which are similar to the band gaps from optical spectroscopy.

The suitability of PBDB-T as donor material was given by a complementary absorption spectrum
to the three NFAs and a HOMO offset of 0.25 eV and LUMO offset of 0.5 eV measured by cyclic

voltammetry.
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Before the fabrication of solar cells, GIWAXS measurements of the pristine acceptor films were
recorded. The acceptor films displayed almost no features when measured at room temperature.
However, at 150 °C small features concerning the crystallinity were visible, whereas
PMI-FSi-PMI was identified to be the most crystalline upon those three. When blended with
PBDB-T, the signals were dominated by the donor as strong features were already observed for

the pristine donor films.

Finally, solar cells were fabricated with the device set-up: glass/ITO/ZnO/absorber/MoOs/Ag.
Different D/A ratios — 1/0.66, 1/1 and 1/1.5 — were tested for blend mixtures of
PBDB-T/PMI-F-PMI, PBDB-T/PMI-FSi-PMI and PBDB-T/PMI-FN-PMI, respectively. With
decreasing amount of acceptor, the power conversion efficiency increased to a maximum
efficiency of 3.79%, 3.06% and 3.46% for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI,
respectively. Higher amounts of the acceptor within the blend led to lower current densities and
fill factors, reducing the overall device performance. However, independent on the D/A ratio, high

open circuit voltages of >1 V could be reached.

Solar cells with the best performing D/A ratio were further optimized by annealing of the absorber
layer. The efficiency could be boosted to a maximum of 5.16% with all three NFAs at 135 °C for
PMI-F-PMI and 150 °C for PMI-FSi-PMI and PMI-FN-PMI. An annealing temperature in this
range was selected due to the glass transition temperature of PBDB-T which is in the same range.
In further measurements, the absorber surface was scanned by AFM. Herein, annealing of the
absorber layer does not influence the miscibility of donor and acceptor and the roughness
remained low. External quantum efficiency measurements revealed contribution of donor and
acceptor to the charge carrier generation in their respective D/A ratios. The highest EQE values
were obtained for the solar cells with annealed absorber layers with 53%, 53% and 57% at 510 nm
for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI, respectively. Lastly, stability tests under
constant illumination for 24 h displayed high stability of over 100% efficiency from their initial

device performance.

One alternative material to PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI examined was
PMI-FF-PMI whose linker is composed of a larger conjugated n-system. The new NFA featured
a higher Stokes shift of 77 nm compared to the other NFAs, otherwise similar optical properties

were observed.
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For comparison, also PBDB-T as donor was selected and D/A ratios of 1/0.66, 1/1 and 1/1.5 were
tested. Thereby, reducing the acceptor concentration led to improved device efficiencies of 3.01%,
3.75% and 4.03% for a D/A of 1/1.5, 1/1 and 1/0.66, respectively. The solar cell performance
could be further boosted by annealing of the absorber layer at 135 °C to a maximum efficiency of
6.21% with a Voc of 1.18 V a Jsc of 8.49 mA/cm? and a FF of 62.4% with a D/A ratio of 1/0.66
and hereby shows its high potential in OSCs.

Outlook

Lead-free perovskite solar cells are still behind when it comes to power conversion efficiency
compared to lead halide perovskite solar cells. Antimony perovskites with their A3B2Xo
composition may be enhanced via careful examination of its voltage losses. However, their
efficiency is limited by their spectral absorption and it is highly unlikely that this class will be
commercialized soon. On the other side, tin halide perovskites have the potential to replace lead-
based perovskite in PSCs as they show the most promising efficiencies so far. However, a major
concern is still their instability when exposed to air which has to be solved prior to the

development of high performance cells.

The implementation of A-D-A based perylene monoimide species as NFAs in OSCs gave so far
only moderate efficiencies. One possibility to improve the overall performance is optimization of
the perylene by the addition of electron rich (e.g. chloride) or electron poor (e.g. silicon) side
groups, substituted at the bay-position. This would result in a shift of their respective
HOMO/LUMO levels hence give the opportunity to fit better to commercially available donors.
Alternatively, mixing of different perylene species as acceptors with a suitable donor to form
ternary blend systems is another approach worth testing. The highest chance for perylenes in

OSCs is most likely the application in tandem solar cells as they display high open circuit voltages.
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Abbreviation List

a:Si-H Amorphous silicon

AFM Atomic force microscopy

BWD Backward

BDT-Th 4,8-di(thiophen-2-yl)benzo[ 1,2-b:4,5-b']dithiophene

CB Chlorobenzene

Ccv Cyclic voltammetry

CZTS Copper Indium Tin sulfide

D/A Donor/Acceptor

DCTB trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile

DFT Density functional theory

DMF Dimethylformamid

DMSO Dimethylsulfoxide

DSC Differential Scanning Calorimetry

EDAL Ethylenediammonium iodide

EQE External quantum efficiency

ETL Electron transport layer

F Fluorene

FA Formamidinium

FAPDI3 Formamidinium Lead iodide

FK-209 Co (IIT) TFSI salt  tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)

tri[ bis(trifluoromethane)sulfonimide]

FN Carbazol

FREA Fused ring electron acceptor

FSi Silafluorene

FWD Forward

GA™ Guanidinium

GIWAXS Grazing incidence wide angle X-Ray scattering
HI Iodic acid

HTL Hole transport layer

187



Chapter VIII

HOMO
IBCA
IDT
IDTT
IEIC

INCN derivative

J-V

LiTFSI
LUMO

MA
MAPDI;
myp tracking
N2200

NDI
NH4SCN
NFA

OSC
PBDB-T / PCE12

PCsoBM
PC70BM
PCE
PDI
PEA
PEAI
PL

PMI
PSC

Highest occupied molecular orbital

Indene-C60 bis adduct

Indacenodithiophene

Indacenodithieno[3,2-b]thiophene

Indaceno[ 1,2-b:5,6-b0]dithiophene and 2-(3-0x0-2,3-
dihydroinden-1-ylidene)malononitrile
(5,6-difluoro-3-ox0-2,3-dihydro-1H-inden-1-
ylidene)malononitrile

Current-Voltage

Lithium bis(trifluoromethanesulfonyl)imide

Lowest unoccupied molecular orbital

Methylammonium

Methylammonium Lead iodide

Maximum power point tracking

NDI-bithiophene copolymer

Naphthalene diimide

Ammoniumthiocyanat

Non-fullerene acceptor

Organic solar cell
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[ 1,2-
b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5",7’-bis(2-
ethylhexyl)benzo[1°,2°-c:4°,5’-c’|dithiophene-4,8-dione)]
[6,6]-phenyl-Ce1-butyric acid methyl ester
[6,6]-phenyl-C71-butyric acid methyl ester

Power conversion efficiency

Perylene diimide

Phenethylammonium

Phenethylammonium iodide

Photoluminescence

Perylene monoimide

Perovskite solar cell / Polymer solar cell
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PTB7-Th/PCE10

PTCDA
PTN-Br

PVA

SEM

SI

SMA
Spiro-OMeTAD

TCO
T,
XRD

poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b;4,5-
b'ldithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno|3,4-
b]thiophene-)-2-carboxylate-2-6-diyl)]
Perylene-3,4,9,10-tetracarboxylic anhydride
poly[tetraphenylethene-3,3'-(((2,2-diphenylethene-1,1-
diyl)bis(4,1-phenylene))bis(oxy))bis(N,N-dimethylpropan-1-
amine)tetraphenylethene]

poly (vinyl alcohol)

Scanning electron microscopy

Supporting Information

Small molecule acceptor

2,2".7,7"-tetrakis| N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene

Transparent conductive oxide

Glass transition temperature

X-Ray diffraction
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