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Abstract

The world is facing immense challenges such as climate change and the depletion of non-
renewable resources, making renewable sources of energy essential for a sustainable future.
Organic solar cells are emerging as a promising technology; however, their stability requires
significant improvement. The nanostructure of the active layer evolves over time, especially
during heating, leading to a degradation in device performance. The focus of this thesis is to

improve the thermal stability of the active layer.

Firstly, the thesis studies the impact of mixing on glass formation by introducing the concept
of kinetic fragility to organic semiconductors. Model systems of up to eight perylene
derivatives are investigated that demonstrate an unprecedented ability to form a stable
molecular glass due to aggregate formation. Next, the thesis discusses the impact of isomers
on glass formation, which is illustrated with an anthradithiophene-based compound. Binary
mixtures of isomers were also found to form aggregates that stabilize the liquid state. In
addition, the thesis describes fragility studies of doped systems and establishes that chemical
doping can affect the glass formation of a semiconducting polymer. The doped polymer
shows a strong tendency for glass formation which is assigned to restricted motion of
oxidized polymer chains. Furthermore, the thesis analyzes mixtures of organic photovoltaic
acceptors. Binary mixtures of two indacenodithienothiophene-based acceptors are found to
co-crystallize, while mixtures of three to five fused-ring non-fullerene acceptors exhibited a
reduced tendency to crystallize. Finally, the thesis discusses the use of acceptor mixtures for
improving the thermal stability of organic photovoltaic devices. Ternary solar cell devices
with two acceptors are discussed that show a stable nanostructure and improved thermal
stability compared to binary devices. The thesis also explores hexanary devices that consist of
five acceptor molecules, which exhibit excellent thermal stability. Therefore, the use of
multicomponent acceptor mixtures is found to be a powerful tool for creating thermally stable

organic solar cells.

Keywords: organic electronics, conjugated polymers, organic solar cells, bulk heterojunction

blend, glass formation, kinetic fragility, thermal stability, nanostructure.
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1 Introduction

The importance of global energy demand cannot be understated as it is necessary to sustain
modern society. The world consumes around 28000 TWh (2022) of energy and this value is
expected to increase by 50% by 2050.[""2) Today, more than 75% of the energy that we use
comes from fossil fuels.¥) Fossil fuels meet the world’s current energy needs, but contribute
to issues like global warming, polluted air, and acid rain due to the produced gases of CO-,
SO; and NO,.* In 2015, a historic agreement was concluded in Paris, the Paris agreement,
where countries agreed to work together to fight the climate crisis. The agreement aims e.g.,
to limit the increase in global average temperature to below 2 °C and preferably keep it at 1.5
°C. To achieve this, global emissions must be halved by 2030 and reach close to zero by
2050.51 Therefore, it is necessary to stop using fossil fuels and find alternative renewable

energy sources.

The current global energy and climate crisis as well as the shortfalls in fossil fuels from
certain parts of the world further enhance the need for renewable sources of energy. ¢!
Currently, renewable energy only covers 22% of the global energy supply and the goal is an
increase to 40% by 2030.[" Therefore, it is necessary that a bigger proportion of the energy is
supplied via clean renewable resources. Solar energy is an excellent alternative because the
sun provides one year of the world’s energy consumption, in just one hour.®! It is also clean,
free, and reliable. To harness the energy from the sun one can, use solar panels that utilize

solar energy to heat water or solar cells that provide electricity by harvesting sunlight.

In 1839, Alexander Becquerel demonstrated that electricity can be generated directly from
solar energy via the photovoltaic effect, which involves the conversion of photons into an
electrical current.l”’ However, it was not until 1954 that Daryl Chapin, Calvin Fuller and
Gerald Pearson developed the first functional solar cell made from monocrystalline silicon
with an efficiency of 6%.!'% Since then, solar cells technologies have continued to evolve and

expanded into four generations of solar cells:



o First-generation solar cells, also called conventional or traditional solar cells,
primarily consist of crystalline silicon and currently dominate the market due to their
high efficiency of up to around 27% and their lifespan of approximately 25 years.
While these solar cells possess advantages such as stability and efficiency, they suffer
from inflexibility, high production cost, and significant weight.[!!-13]

e Second-generation solar cells are based on thin layers of amorphous silicon, copper
indium gallium selenide or cadmium telluride with an efficiency of up to 23%.
Compared to first-generation solar cells the advantage of this type is that these are
more cost-effective as they require less material, have lower weight, and have some
degree of flexibility. However, they still consume significant energy during production
since they are, like first generation solar cells, made with vacuum processes, which
require a significant amount of energy.[!!- 3]

o Third-generation solar cells offer cost-effective high efficiency solutions. This
category includes various types of solar cells such as organic, perovskite, copper zinc
tin sulfide, quantum dots, and dye sensitized solar cells.!'*

e Fourth-generation solar cells, also called multijunction cells, have an efficiency of up
to 45%. These are hybrid solar cells that combine the flexibility of third generation

solar cells with the stability of first- and second-generation solar cells.!!>-16]

Organic solar cells (OSCs) are composed of organic materials such as small organic
molecules or polymers. OSCs are now approaching 20 % in lab-scale efficiency, which
does not reach the efficiencies of several other third generation solar cells, yet they have
other advantages which makes the development of these solar cells important.!!”-?") Unlike
traditional solar cells, OSCs can be processed directly from solution by printing or coating
techniques facilitating scalability and thus reducing costs. In addition, they are made from
materials that are readily available, and the devices are both flexible and lightweight.
Furthermore, an increase in the growth of the Internet of Things (IoT), the exchange of
data between devices, will require energy for the sensors that measure e.g., moisture,
temperature, or other parameters. Instead of replacing expensive batteries, it may be
possible to integrate OSCs with these sensors. One example can be found in the work of
the Swedish company Epishine, which is optimizing OSCs to harness energy from indoor

lighting for use with indoor IoT sensors.!!



One drawback with OSCs is the stability that must be improved to achieve longer lifetime
and higher durability. Typically, OSC printing is performed at temperatures up to 140 °C
to ensure fast evaporation of solvents.?>>3] Printing of the hole transport layer also
requires similar temperatures; however, this high temperature causes the nanostructure of
the BHJ to undergo phase separation or crystallization.!?*>>] Even if the efficiency and
stability of the OSC are not yet comparable to other generation solar cells, there is a lot of
potential and large-scale production has already been achieved. To improve the stability of
OSCs it is important to understand and control the evolution of the nanostructure of the
active layer. In this thesis, the use of multicomponent mixtures is explored to improve the
thermal stability of BHJs. The first chapter provides an overview of basic device design,
whereas chapter 3 and 4 discuss glass formation, kinetic fragility, and nanostructure

stability. Finally, chapter 5 focuses on OSC thermal stability.






2 Organic solar cells

This chapter describes some general concepts of organic solar cells, OSCs.

2.1 Conjugated polymers and organic semiconductors

In OSCs, the photoactive layer that absorbs the sunlight is mainly comprised of donor and
acceptor materials. The donor material absorbs sunlight to excite electrons that are donated
to the acceptor material. The donor material is usually a polymer, but it can also be a small
molecule and it needs a broad absorption range in the solar spectrum. They consist of a
carbon backbone with alternating double and single bonds. The most commonly known
polymer donor is poly(3-hexylthiophene-2,5-diyl) (P3HT) but due to the high bandgap and low
absorption range, other alternative donor polymers were investigated.?->”] Researchers began
using low-bandgap polymer donors. Low-bandgap polymers consist of an electron-rich part
and an electron-poor part that broadens the absorption.!?®32] For example, the low-bandgap
polymer donors PTB7-Th and PM6 used in this thesis exhibit a much broader absorption

than P3HT (see molecular structures in Figure 2.1).

The acceptor material accepts the electrons from the donor material, and it is usually a
small molecule. Acceptor molecules are classified into fullerene and non-fullerene
acceptors (NFAs). Previously, fullerene and its derivatives such as PC71BM and PCs1BM
were the dominant acceptors but because of their low absorption, poor thermal and
photochemical stabilities, NFAs were explored instead. NFAs are made up of A-D-A type
backbones with derivatives from perylene and pentacene, for instance, ITIC-4Cl, ITIC-4F

and Y6 and its derivatives used in this thesis (Figure 2.1).133-3]



PTB7-Th

CoHs

Figure 2.1. Chemical structure of the donor polymers PTB7-Th and PM6 and the
acceptor molecules ITIC-4F, ITIC-4Cl, and Y6.

Organic small molecules and polymers are carbon-based materials. Carbon has four valence
electrons. Take ethene as an example: its carbons have three electrons in sp? orbitals that form
single bonds (c-bonds) and the remaining electron of each carbon resides in a p-orbital, forming
a double bond (7-bond) (Figure 2.2). Conjugated systems with alternating single and double
bonds enable electron delocalization along the z-bonds. The two bonding orbitals ¢ and 7 are
lower in energy and antibonding ¢° and 7~ orbitals are formed at higher energy levels. For
ethene, the z-orbital is the highest occupied molecular orbital (HOMO) and the antibonding =

“-orbital is the lowest unoccupied molecular orbital (LUMO).[4"]
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Figure 2.2. Orbital picture of ethene.

Conductors can be classified according to their bandgap size i.e. the difference in HOMO
(conduction band) and LUMO (valence band), which decides the minimum energy needed to
excite an electron.®”l Metals do not have a bandgap while insulators have a large bandgap.
Larger conjugation lowers the bandgap and improves semiconducting properties. Semi-
conductors in the neutral state behave as isolators but upon doping they become conductive.*!!
Alan J. Heeger, Alan Mac Diarmid and Hiedeki Shirakawa won the Nobel Prize in 2000 for the

discovery of conducting polymers.*?!

2.2 Device architecture

There are two main types of organic solar cell architectures: the conventional and inverted
device architecture.!** The main difference is the direction of charge flow, where
conventional cells absorb light through the anode side and inverted cells through the cathode
side. The inverted architecture is used in this thesis (Figure 2.3). In this structure, the
transparent material indium tin oxide (ITO) is deposited on a transparent substrate (PET or
glass) and used as the cathode and on top of this a thin layer of ZnO nanoparticles is spin-
coated that function as the electron transport layer.[***3! The next layer is the active layer,
which is the light absorbing layer that separates photons into electrons and holes. Next is a
molybdenum oxide (MoOQ) layer as a hole transport layer. Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) is also a commonly used hole transport layer material. *¢-

8] The hole transport layer facilitates hole extraction from the active layer. Finally, a silver

electrode is evaporated and functions as the anode.
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Figure 2.3. Device architecture with ITO as the cathode, ZnO as the electron
transport layer, the active layer, MoOx as the hole transport layer and silver as the

anode. Adapted with permission from ref [*). Copyright 2020 Wiley.

2.3 Working principles

Organic solar cells, like all solar cells, convert sunlight into electricity by converting photons
into electrons and holes. A photon, with an energy bigger than the semiconductor bandgap,
enters the device through the transparent anode or cathode (cf. 2.2 Device architecture) and
into the semiconductive photoactive material. Absorption of the photon excites an electron
from HOMO to LUMO and an electron-hole pair is formed, an exciton. The exciton diffuses
until it recombines or until it reaches a donor-acceptor interface, where a charge transfer
complex (CT) is formed at the interface.[*”) The exciton must separate into electrons and holes
for the solar cell to generate electricity.5!! If the exciton is generated in the donor phase,
another semiconductive material with lower LUMO is used, causing the excited electron to be
transfer to the lower LUMO level. If the exciton is generated in the acceptor phase, the hole is
donated to the molecule with high HOMO. Electrons then diffuse to the anode and the holes
to the cathode by hopping from one energetic site to another, generating current (Figure
2.4).521 To ensure efficient electron diffusion, Fermi levels of the cathode and anode should
match the LUMO and HOMO of the acceptor and donor, respectively. Electron and hole
transport layers are incorporated to modify these work functions but also to reduce the contact

resistance and to promote or block one type of charge carrier.[’]
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Figure 2.4. Working principle of an organic solar cell. (1) Donor and acceptor
material absorbs light, and an exciton is formed. (2) The exciton diffuses towards
the donor-acceptor interface. (3) a charge transfer complex (CT) is formed at the
interface. (4) The exciton separates into free charges. (5) The charges diffuse to

their respective electrodes and current is generated.

In OSCs, recombination is the main mechanism of loss wherein two charge carriers of
opposite charges combine. There are two different recombination processes: geminate and
non-geminate recombination. Geminate recombination occurs when the electron and hole that
originate from the same photon recombine immediately after dissociation at the donor-
acceptor interface. Non-geminate recombination, on the other hand, arises from different
dissociated charges merging via e.g., trap states. Recombination via trap states occurs in two
steps. In the first step, a free charge carrier gets trapped and is unable to diffuse, then in the

second step an opposite charge carrier combines with the trapped charge carrier.[>4-6]

2.4  Bulk-heterojunctions

To maximize photon absorption, the thickness of the active layer should not be too thin since
thicker layers absorb more light. However, if it is too thick, the charge transport pathway
becomes too long, which may increase charge recombination. Furthermore, an exciton has a
limited lifetime and can only diffuse 1-10 nm before it recombines.>”! Therefore, the

acceptor-donor interface should be within 1-10 nm from the point where the exciton is

9



generated. As a result, it is very important to optimize the active layer thickness to achieve an
optimal performance. Solar cells made by bilayers are not a good alternative because parts of
the absorbing material are more than 1-10 nm away from the donor-acceptor interface, which

results in charge recombination.

The best way to increase the donor-acceptor interfacial area in the OSC active layer is through
bulk heterojunction, BHJ, blends. In a BHJ blend, the acceptor and donor material are mixed
in a common solvent and distributed during solidification as mixed and/ or pure phases
throughout the photoactive layer.5®3% The exciton can travel further in a crystalline phase
than in an amorphous phase and crystalline phases also improve the charge mobility./*" To
generate electricity, the electrons must be collected at the anode and holes at the cathode. In a
bilayer solar cell, the donor material and the acceptor material are separated, which makes it
easy for the electrons and the holes to travel to the respective electrode. In a BHJ blend, in the
ideal case, an interconnected network is formed with pathways to maintain percolation in the

mixture in order to ensure a continuous transport of electrons.

2.5 I-V characteristics

To evaluate the performance of a solar cell, a lamp using standard AM 1.5G illumination with
an intensity of 1 sun (1000 Wm™) is used. Solar cells are exposed to light and at the same
time the photocurrent output is measured. The photocurrent output is then normalized to the
solar device area and plotted against applied voltage, resulting in J-V curves. These curves

can be used to extract four distinct parameters (Figure 2.5):

The open circuit voltage (V) is the voltage achieved when the photocurrent is zero. The
maximum value is determined by the difference in HOMO of the donor material and LUMO
of the acceptor material plus a loss factor of 0.6 eV and is related to the energy of the charge

transfer state.[¢1-62]

The short circuit current (Jsc) is the photocurrent with zero voltage applied and is given by the
number of absorbed photons. Js provides information about charge separation and charge
transport in the solar cell and is affected by various factors including the nanostructure, the

thickness of the active layer, the extinction coefficient, charge carrier mobility and lifetime.
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The fill factor (FF) is given by the ratio between the maximum electric power (Ppax) and

power from the product of /. and V,.:[*%

FF = fmax (eq. 2.1)

Jsc'Vsc

The power conversion efficiency (PCE) is the overall efficiency of the solar cell, and it
corresponds to the ratio between the maximum generated electric power and the power of the
incident light (P;,):?!

PCE — Pmax — FF-JscVoc

- Py (eq. 2.2)
A typical J-V curve is shown in Figure 2.5. Another way to evaluate solar cell performance is
to measure Internal Quantum Efficiency (IQE) or External Quantum Efficiency (EQE). IQE is
the ratio between the number of charge carriers and the number of absorbed photons at a
given wavenumber. EQE is the ratio between the number of charge carriers collected by the

solar cell and the incident photons at a given wavenumber.

Current
%4 . V..
dark max. I Voc
- = ® 9—> Voltage
I
!
Pmax I
/
/
]77161)(. /
2 ”
illumination -

= ‘T'J;

Figure 2.5. Schematic of a JV-curve showing the photovoltaic characteristics

under illumination (red dashed curve) and in dark (black dashed curve).
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2.6 Coating techniques and sample preparation

Spin-coating is a coating technique utilized in the lab to dispense the BHJ active layer
evenly on a surface.[®3-%4] The substrate is mounted on a sample holder using vacuum. A
droplet of the solution containing the active materials is dropped onto the surface and the
sample spins with a high speed to distribute the liquid uniformly while the solution
evaporates (Figure 2.6). This technique provides the advantage of achieving a coating
layer of the desired thickness by altering the viscosity of the solution or coating speed.
Due to the small size, the spin coater can be placed in a glovebox or in a fume hood.
However, a major disadvantage is that it cannot be applied to large-scale manufacturing

processes that require continuous production.

Figure 2.6. Spin-coating. The liquid solution is dropped on the substrate and

the sample spins with a certain speed to distribute the liquid.

Since organic solar cells are processed from solution, they can easily be upscaled with printing
techniques such as blade coating or slot die coating. However, the coating speed is dependent
on the rate of solvent removal, which can be accelerated by heating. The choice of substrate
determines the highest possible processing temperature, e.g. 140 °C in the case of Polyethylene
terephthalate, PET, foil.[?*?*! Nonetheless, OSCs possess poor thermal stability and at high
temperature the nanostructure may undergo coarsening or crystallization. Addressing this issue

is crucial to achieve longer lifetime and higher durability of OSCs.
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3 Glass formation and nanostructure stability

Glass formation and the role of disordered solids are of fundamental importance not only in the
context of OPVs, but in many scientific disciplines. Efficient control over the stability of these
devices is essential for this evolving technology. The solidification of the OSCs active layer
takes place upon evaporation of the solvent, which is preferably fast to ensure high-throughput
manufacturing.!??->*) However, the solidified nanostructure is not in thermodynamic equilibrium
because the material is not given enough time to crystallize or adopt a relaxed confirmation and
thus form a stable disordered solid.[*! This results in the evolution of the nanostructure over
time, especially at elevated temperature. Typically, phase separation and crystallization are
detrimental to device performance, long-term stability, and reproducibility.[®-*8] Consequently,
glass formation is important in maintaining thermal stability by preventing the reorganization
of the nanostructure. This chapter provides an overview of phase separation and crystallization
as well as kinetic and thermodynamic aspects for glass formation. Finally, various techniques

to detect the glass transition temperature, 7, are presented.

3.1 Phase separation and crystallization in BHJ blends

Evolution of the nanostructure occurs through phase separation or crystallization of any of the
blend components. The process of phase separation results in purification creating domains that
are rich in one of the components. When BHJ blends are processed, phase separation occurs as
the solvent evaporates. Depending on the composition and rate of solvent removal the blend

undergoes binodal or spinodal decomposition.®)

Fast solidification, quenches the mixture into the spinodal regime where phase separation
occurs due to density driven fluctuations without an energy barrier, resulting in diffuse domain
boundaries.!®-7% The nanostructure of a blend that undergoes spinodal decomposition will
continue to coarsen, unless frozen in below the 7, of the blend. Binodal decomposition, instead,
occurs when a homogeneous donor/acceptor mixture during slow solidification has sufficient
time for a nucleation and growth type process, resulting in two phases with sharp boundaries
(Figure 3.1). Nucleation is associated with an energy barrier and work is needed to form a

nucleus of a critical size. Here, two contrasting elements come into play, the difference in
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volume free energy of the homogeneous and phase-separated state, AG;,, and the interfacial
energy associated with the nucleus surface, y. The work associated with the formation of a

spherical nucleus with radius 7 is given by:!"!!
W) = —4?”7”3AGlS + 4nr?y (eq. 3.1)

The maximum work required to create a nucleus of critical size »* is represented by the energy

barrier W*. By solving dW (r)/ d r = 0, the critical radius can be determined:

. 2
"e AG]Zs (eq. 3.2)
Therefore, the energy barrier is given by:l">7%]

. 16my3
W) = 3AHG};2 (eq.3.3)

Homogenous phase Binodal decomposition Spinodal decomposition

@ Donor
Acceptor

Figure 3.1. Nanostructure arising due to spinodal and

binodal decomposition.

To achieve an optimal device performance, a blend system requires arrangement of donor and
acceptor molecules with a specific degree of order. However, prolonged crystallization of the
blend components could result in larger crystals that reduce the interface where CT can occur.
Crystallization can arise from a homogeneous blend of the components or from an already
phase-separated domain that is enriched with the component undergoing crystallization. The
latter process operates akin to a two-step crystallization mechanism in case phase separation
precedes crystallization.’¥ The process of crystallization, similar to binodal decomposition,

involves a nucleation and growth step:[7>-7¢!
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*

w
nucleation rate « D(T) - exp (— ﬁ) (eq.3.4)

AG

growth rate o D'(T) - [1 — exp (‘ T )] (eq.3.5)
Where AGys is the difference in volume free energy of the liquid and crystalline state (AGys =
G- Gs) and the energy barrier for nucleation is W* o AG;;? which decreases with
undercooling.l’”) Favorable conditions for crystallization (product of nucleation and growth
rate) occur at temperatures between 7, and 7, where both diffusion and AGis are finite. The
rate of nucleation and growth are influenced by both kinetic and thermodynamic factors. They
both require the diffusion of molecules to the nucleation site and growth front, respectively,
and therefore scale with the diffusion coefficient (D o« 1'!) of the system.[”®! In addition, there
is a thermodynamic driving force for crystallization, which is determined by the difference in
free energy between the disordered liquid and crystalline state. This opens the possibility to
hinder and control crystallization by both thermodynamic and kinetic means, which are

discussed further in section 3.3.

Factors such as the interaction between donor, acceptor and processing solvent, and with the
substrate as well as molecular weight and processing temperature all contribute to the degree
of phase separation during solvent removal.l®] A good solvent means that there are strong
interactions between the donor/acceptor and the solvent, e.g., through hydrogen bonds. A bad
solvent means that the donor and acceptor prefer interaction with itself and remain separate

from the solvent.

32 Interplay of 7; and nanostructure stability

The BHJ nanostructure that is obtained once the solvent has evaporated is usually not in
thermal equilibrium and can change over time, especially when exposed to heat, which can be
utilized as a tool to further improve the nanostructure but may also cause gradual device
degradation. Gradual coarsening of the BHJ nanostructure can occur through phase separation
or crystallization of either blend component. For many blend systems a certain amount of

order (crystallinity) and crystal size is required to optimize the device performance. However,
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continued crystallization of the blend components can result in larger crystals, which may
negatively impact charge generation. The Ty is a useful parameter to distinguish between

regimes where phase separation and crystallization occur slowly, or rapidly.

3.2.1 Evolution of the nanostructure below 7,

The T, is commonly defined as the temperature at which the conformational relaxation time
of molecules is around 100 seconds.””! When the temperature is far below the T, only
movement of short segments or side/pendant groups in the amorphous part of the polymer or
local relaxation in case of small molecules can occur. An example of this is observed in
blends of TQ1 and PCs1BM, which have a 7, of 110 °C, but still undergo local changes up to
70 °C below the T, leading to a slight improvement in photocurrent when annealing devices
below 7,.[%%! In contrast, PCBM crystallization is typically not observed below T since
diffusion of the acceptors is too slow. Therefore, the 7, has often been identified as a critical

parameter for thermal stability in the fullerene related OPV literature.

Ghasemi et al. reported the diffusion coefficients of various NFAs in different polymer
matrices across a wide range of temperatures, extending below the 7, of the acceptor or BHJ
blend.®!82] The diffusion coefficient of NFAs at 80 °C ranges from 102 to 10712 cm?s™!,
depending on the combination of NFA and donor polymer, resulting in slow mass transport in
NFA based BHIs below T,.[*?! Some NFA/polymer blends, such as di-PDI:PDBD-T, exhibit a
sufficiently low extrapolated diffusion coefficient of around 1072° cm?s™! at 80 °C, indicating
high thermal stability under device stability testing. Nevertheless, some BHJs based on NFAs
may undergo crystallization of the acceptor at temperatures below 7. For instance, ITIC and
PBDB-T blends have a high 7, of 180 °C but are susceptible to acceptor crystallization at
temperatures as low as 100 °C.1%3 The high propensity for ITIC molecules to crystallize likely
arises through n—m interactions by the planar structure (Figure 3.2). The resultant nanometer-
sized crystals are not necessarily detrimental to the BHJ nanostructure, they represent a
metastable state as further changes would require melting of NFA nanocrystals followed by

recrystallization.
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Figure 3.2. ITIC crystallization at 160 °C which is below the blend 7 of 180 °C.
Adapted with permission from ref [¥3. Copyright 2019 ACS Publications.

3.2.2 Evolution of the nanostructure above 7

When the temperature rises above T, long segments start to move in the amorphous part of
the polymer and small molecules diffuse in the polymer matrix, which enables long-range
mass transport that can lead to fast phase separation and crystallization. This process is often
observed with fullerenes, resulting in the formation of micrometer-sized crystals that harm
device performance.*”] NFAs experience a more intricate crystallization behavior as many
acceptors can develop multiple polymorphs.!®* Regardless, NFAs can also reach a high
degree of crystallinity. For example, ITIC-4F forms micrometer-sized crystalline domains in
PTB7-Th after annealing above the blend 7, at 220 °C that are visible as spherulites in films
examined with polarized optical microscope (Figure 3.3). The process of crystallization starts
from a nucleation point. In case of polymers, it initiates when the polymers aligned
themselves in plates called crystalline lamella. Without a thermal gradient, crystal growth
proceed in all directions as additional lamellas are incorporated resulting in spherulites where
the ordered lamellae plates are interrupted by amorphous regions.®> For small molecules,
instead, nucleation occurs when a small nucleus form (clusters of molecules) that then grow

into crystals.[®®!
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Figure 3.3. Cross-polarized optical microscope image of ITIC-4F crystals in a
thin film of PTB7-Th:ITIC-4F after annealing above the blend 7, at 220 °C for 10

min.

33 Vitrification of phases

Vitrification refers to the arresting of the evolution of phases in a material through cooling
below T,. Glass formation effects both phase separation and crystallization and is influenced

by both kinetic and thermodynamic factors.

3.3.1Kinetic strategies for glass formation

Kinetic strategies to arrest phase separation and/or crystallization aim at reducing the
diffusion of donor and acceptor molecules. This can be done in many ways, e.g., by using a
donor or an acceptor with a high 7. The effective T, of mixed domains lies between the 7, of
the donor and acceptor.®”! Separate domains, feature a T closer to the neat donor or acceptor
and consequently, a BHJ blend film can show several 7, transitions, one for each type of
domain.!®8# The diffusion of fullerene and NFA acceptor derivatives can drastically decrease
when mixed with a donor with a high 7,.[%81- %] There are some general design rules that
allow to create donors and acceptors with a high 7. Limiting the flexibility of the main chain
or small molecule through the incorporation of stiff units or bulky pendant groups. Also,

decreasing the free volume through a high M,, or short alkyl side chains as well as
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crosslinking increase the T,.[!?! Additionally, intramolecular forces such as hydrogen bonds
or polar interactions increase the 7. For example, Schaefer et al. increased the 7, of a
BODIPY based molecule by balancing the attractive n—m interactions of the BODIPY core by
attaching alkyl chains as steric hindrance creating BODIPY glasses at room temperature.**)
Crosslinking can be achieved by covalently linking donor and/or acceptor molecules aided by
specific additives that act as molecular locks or stimuli from e.g. temperature or light that
triggers a crosslinking reaction.[**¢! For example, fullerene acceptors can be linked by

97-100] I case of NFAs this dimerization approach has been

illuminating the fullerene blends.!
mimicked by covalently connecting several acceptor molecules already during synthesis, e.g.
di-PDI, which is unable to crystallize and therefore remains disordered even when annealed

above the blend T.!'!-1%%

3.32Thermodynamic strategies for glass formation

Mixtures of several different components have been explored as a strategy to reduce the phase
separation and crystallization and thereby increase the glass-forming ability. Mixing of

several compounds changes the Gibbs free energy according to:
AGnix= AHpix — TASmix (eq 36)

Mixing is thermodynamically favorable when AGyx < 0. In case of components with no net
interaction (ideal solution), the change in enthalpy of the mixture will be zero, AHuuix= 0. In
that case, the change in free energy upon mixing solely depends on the change in entropy

upon mixing:'"”}
ASmix = —Nkp X.; @;In®; (eq.3.7)

Where N represents the number of molecules, kg is the Boltzmann constant and @; is the
molar fraction of component i. The highest AS,,,;, is obtained with equal mol fractions of each
component in the mixture (Figure 3.4). However, in the case of a polymer, the term @;I{n®; is
divided by the degree of polymerization, which significantly reduces the term AS,,,;,. Figure
3.4 shows how the AS,,;, changes for different ratios of PTB7-Th:ITIC-4F:ITIC-4Cl. If a
polymer donor with a higher M,, was used, then the AS,,,;,, would solely depend on the
composition of the acceptors. Therefore, the miscibility of polymers is primarily determined

by AH,,;, which is calculated, in case of a nonideal solution, according to:
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AHyix = TNkg Z{ Xij9:9; (eq. 3.8)

Where T is the temperature, i and j represent the different molecules and y(T) is the Flory
Huggins interaction parameter. Information regarding the equilibrium composition and the
amorphous-amorphous interaction parameter yaa can be obtained from scanning transmission
X-ray microscopy (STXM) or secondary ion mass spectroscopy (SIMS) measurements, while

DSC can be utilized to estimate the crystalline-amorphous interactions yca.'>-1%¢!

0.0 0.0
ASmix

00 02 04 06 08 10 00 02 04 06 08 10
¢ ITIC-4F ¢ ITIC-4F

Figure 3.4. lllustration of the change in AS,,;, with different mol fractions ¢ of
three small acceptor molecules with similar molecular weights ITIC:ITIC-
4CLITIC-4F and the blend of a donor polymer and the two acceptors PTB7-
Th:ITIC-4CLITIC-4F.

For an ideal solution, for which AH,,;, = 0, the Gibbs free energy is decreased by AGi=—
TASnix where ASyix increases with the number of components in the mixture. As a result, the
melting temperature decreases from 75, to 7, upon mixing and the driving force for
crystallization at temperature 7" decreases from AGys to AGis” (Figure 3.5). The depression of
the driving force reduces both the rate of crystal nucleation and growth below 7, , meaning

that the blend components will crystallize more slowly (equation 3.4 and 3.5).U’”]
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Figure 3.5. For an ideal solution, the Gibbs free energy decreases upon mixing
and the green arrows show the thermodynamically favorable phase. As a result,
the melting temperature decreases from 7, to 75’ and the driving force for

crystallization at temperature 7 decreases from AGis to AGys” upon mixing.

34  Predicting and measuring of thermal transitions

Melting of polymer crystals occurs over a wide temperature range. This is because they
contain different sizes with different lamellar thickness L.. The Gibbs-Thomson equation can

be used to estimate the 7,,:1!?7)

2
T, =T2 (1 - TZHO) (eq. 3.9)

Where & is the density of the crystal and o is the surface free energy. The Fox equation is a

useful tool for predicting the T of amorphous mixtures and random copolymers:!1%!

1/Tg,mix = Y wj /Tg,i (eq. 3.10)

Where T iy 1s the glass transition temperature of the mixture, Ty ; is the glass transition

temperature of each component and w; is the mass fraction of each component. However, for
the equation to be applicable, the components in the mixture need to have similar solubility

parameters. If 7, of a material is known, then the 7, can be crudely estimated according to
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T~ g Tw. Several different techniques can be utilized to measure the 7 such as variable

temperature ellipsometry, dilatometry, broadband dielectric spectroscopy (BDS), nano
plasmonic resonance, dynamic mechanical analysis (DMA), differential scanning calorimetry
(DSC) and fast scanning calorimetry (FSC). The last three methods will be explained in detail

below.

3.4.1 Dynamic mechanical analysis (DMA)

DMA involves evaluating a material’s elastic and viscous response when subjected to a small
periodic stress and strain. This is achieved by applying a sinusoidally changing force with
known amplitude to the material while monitoring the deformation as a function of frequency,
time, or temperature. For viscoelastic materials, an applied oscillating stress o(?) gives rise to

a strain, £(¢). The resulting £(¢) is shifted by a phase angle of &:[1%"]
£(t)= gosin (w t+9) (eq. 3.11)

where ¢ is the amplitude of the strain, ¢ is the time and w is the angular frequency. Figure

3.6 shows the oscillating o(¢) and () response.

a)t=

Figure 3.6. The applied oscillatory stress o(#) (blue) and the strain response £(¢)
(green).
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o(?) is composed of the storage modulus, E’, that is in phase with the strain and the loss

modulus E"' that is out of phase with the strain:

E’=? cos & (eq. 3.12)

0

E"Z? sin & (eq. 3.13)
0

E' is the real component and E”’ is the imaginary component of the complex modulus (E”). E’
is the modulus of elastic deformation and corresponds to the materials ability to store energy
per unit volume, indicating the materials stiffness.!!® 1% The E"’ is the modulus of plastic
deformation and represents the amount of dissipated energy per unit volume and is directly
related to the heat released during this process. Furthermore, the loss factor tan §, which is the
energy dissipation factor of a material, can be determined by dividing the loss modulus by the
storage modulus:

tan §=2; (eq. 3.14)

A sample preparation technique utilized to study conjugated polymers by Shima et al. was
employed in this thesis to detect the T, with DMA.[*® In this method, a glass fiber mesh is
coated with a solution of the material to be examined (Figure 3.7). The glass fiber mesh is cut
at a 45° angle to avoid continuous glass fibers along the length of the sample. The substrate is
then positioned in the DMA instrument and subjected to a certain heating rate and frequency,
o, to determine the 7. This method cannot measure the absolute values of E'" and E' since
the effective cross-sectional area of the investigated material cannot be defined. One key
advantage of this approach is that the 7} is measured directly for thin films rather than bulk

samples, requiring only a small amount of around 4 mg of material.
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Figure 3.7. Optical microscope image of a glass fiber mesh coated with PTB7-

Th:ITIC-4F:ITIC-4Cl.

Figure 3.8 illustrates the mechanical properties of the ternary blend PTB7-Th:ITIC-4F:ITIC-
4Cl as a function of temperature measured at a frequency of 1 Hz. The region below 7, with
the highest E’ is the glassy state. Around the T, E’ decreases significantly with increasing
temperature. E' increases above the T, possibly because of crystallization. The T, corresponds
to the peak in tan § which would shift to a higher temperature with a higher frequency. For
PTB7-Th:ITIC-4F:ITIC-4Cl a T, = 200 °C is obtained (Figure 3.8).
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Figure 3.8. DMA measurement of PTB7-Th:ITIC-4F:ITIC-4Cl reinforced with a
glass fiber mesh. Adapted with permission from ref *°1. Copyright 2020 Wiley.

3.4.2 Differential scanning calorimetry (DSC)

In this thesis, a heat flux DSC was employed which is a technique used to gather information
about thermal transitions of a material. In the DSC, a pan that contains the sample and an empty
reference pan are placed in a furnace on a sample holder connected by a thermoelectric disk.
As the furnace is heating at a constant rate, heat is transferred to the sample and the reference
pan. The difference in temperature of the sample and reference pan, AT, which is related to the

heat capacity, Cp, of the sample, is recorded. The change in heat flow is calculated by Ohm’s

law:[11]
dH AT
=== (eq. 3.15)

Where H is enthalpy in J mol! and R is the thermal resistance of the thermoelectric disk. The
change in heat flow is then plotted against the temperature to create a DSC thermogram that

reveals the phase transitions of the sample. The heat flow signal is related to Cp according to:

dH dr
< =Cr tf(T,0) (eq. 3.16)

Where Cp is the samples specific heat capacity in J K'mol! and f (T, t) is kinetic response of

HI-H21 7, can be seen as an endothermic step-wise change as there is an

the sample in J mol™..[
increase in Cp of the sample while heating through 7, (Figure 3.9). Below T} in the glassy state,

the material is hard and brittle and only short segmental motions or vibrations of atoms are
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possible. Between 7, and 7y, long segments (polymers) or small molecules in the amorphous
part of the material can move and the material is soft and/or rubbery in the case of a completely
amorphous material or hard in case of a semi-crystalline material. Above T, in the liquid state,
crystals have molten, and entire chains or small molecules move freely. The area under the

melting or crystallization peak corresponds to the enthalpy of melting, AH.

amorphous

.
T g endset,”

_____________

Tg, midpoint ) .
semi-crystalline

T, g,onset

l f
’I
f
’I
Heat flow (endo up) /
Q
2

Temperature

Figure 3.9. Example of a DSC thermogram for amorphous and semi-crystalline

material were Tgmidpoint, Tgonset, Tgendser and AC, are marked.
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3.43 Fast scanning calorimetry (FSC)

FSC is a method similar to DSC but it allows much faster heating and cooling rates of up to
40 000 K s and -1000 K s!, respectively, which can be used to avoid crystallization.!'!3] One
advantage with FSC is that only a very small amount of sample (in ng) is needed. FSC cannot
easily measure absolute values of heat flow since the weight of the material is unknown.
Material is placed next to a reference sample on a small chip sensor (Figure 3.10). There are
several different ways to place the sample on the sensor e.g. through casting a small droplet
directly on the sensor, by placing the material on the sensor or by spin coating the material on
the sensor. In the latter case, the reference is covered with glycose while the sample is spin
coated on top of the sensor and the glycose is then removed with water. It is possible to remove
the glucose without having water in contact with the sample, but if the sample is very water

sensitive it is better to use another of the above-mentioned sample preparation methods.

reference

sample

Figure 3.10. Chip sensor from Mettler Toledo with reference and sample.

3.5 Physical aging experiments with FSC

With FSC, physical aging experiments can be performed to detect the T;. The sample is first

heated to above 7, to delete the thermal history, and then annealed at different temperatures for
30 min. Another heating cycle after quenching the material directly from above 7, to below Ty

is also performed as a reference scan (Figure 3.11.a). Reorganization of molecules to an
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equilibrated thermodynamic state takes place below the 7 if given enough aging time, which
depends on the annealing temperature.[!'¥l This reorganization results in an endothermic
overshoot in an FSC heating scan. The enthalpy overshoot first grows and then decreases in
magnitude as the Ty is approached (the orange marked peaks in Figure 3.11.b). At the same
time the overshoot shifts to higher temperatures. This is because with a higher annealing
temperatures molecules adopt a relaxed confirmation and form a stable disordered solid,
therefore the molecules need a higher temperature to reach the liquid state upon heating. When
equilibrium is reached at the lower limit of the 7%, the enthalpy overshoot disappears. Instead,
a melting peak appears because crystals are now formed during aging. In case of the ternary
PTB7-Th:ITIC-4F:ITIC-4Cl, the enthalpy change AH goes to zero at Tammea = 205 °C, which is
the upper limit of the 7, (Figure 3.11.b).[1!5]
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30 min
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90

b Time/ s
FSC 125

125
= 1135
145
155

/1654

N 175§

K 185

S/ 195

% 205

T 215

1 1 L 228
200 240 280 320 0.0, 0.4
T/°C \H,vershoot! HJ

Heat flow/ arb. u.

Figure 3.11. a) FSC protocol with heating after annealing (blue) and a reference
heating after quenching (red) b) FSC heating scans of 1:0.5:0.5 PTB7-Th:ITIC-
4F:ITIC-4Cl after annealing (blue) and after quenching (red) with the enthalpy
overshoot indicated in orange. Adapted with permission from ref [*!. Copyright

2020 Wiley.
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3.6 Glass transition temperature of acceptors and donors

Many NFAs have a higher 7, compared to fullerene acceptors. For instance, ITIC, Y6 and many
of their derivatives have a 7, > 180 °C, which is higher than PCBMs and other NFAs (see Table
3.1 for a comparison). Since the 7, of many donor polymers is lower, for example 125 °C for

PTB7-Th (Figure 3.12), the effective T, of finely mixed BHJ blends lies between the 7, of the

donor and acceptor. [ 7]
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Figure 3.12. Different methods to measure the 7, of PTB7-Th. DMA heating
thermogram showing the storage modulus E’ (black) and loss modulus E’ (blue),
DSC heating thermogram (red) and plasmonic nano spectroscopy measurement

(orange). Adapted with permission from ref [*). Copyright 2020 Wiley.
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Table 3.1. Glass transition temperature, 7, of different donor and acceptor

materials measured with variable temperature ellipsometry, DMA, FSC or DSC.

Donor / acceptor Measurement T, (°C) Ref
technique

PCE10 (PTB7-Th) DMA, DSC, plasmonic 125 Unpublished
nanospectroscopy

PCE13 DMA 80 Unpublished

PBDBT-2Cl DMA 87 Unpublished

PIDTBT DMA 71 Unpublished

PC,,BM ellipsometry / DSC 110/131,139 U117

PC,,BM DSC 163 (18]

ITIC FSC 180 (83]

ITIC-4F FSC 185 [49]

ITIC-4Cl FSC 210 (491

ITIC-M DSC 180 Unpublished

Y6 FSC 206/ 205 Unpublished/

[119]
di-PDI FSC 160 Unpublished
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4 Kinetic fragility

The kinetic fragility index, m, is a measure of how rapidly the dynamics of a liquid slowdown
in the vicinity of the T, and it can be used to classify glass formers as strong or fragile.[!?"]
This chapter describes the concept of m, how to measure it with FSC and its importance for

the field of organic electronics, specifically OPVs.

4.1 How to measure kinetic fragility?

The kinetic fragility of a liquid refers to its ability to reorganize into a more energetically
favorable arrangement as the temperature decreases and approaches 7. It is determined by the
steepness of the normalized temperature dependence of a logarithmic dynamic property x, at

T,, where x can be viscosity or relaxation time:!120-12%!

__ dlogx
d(Tg/T) r=T,

(eq. 4.1)

According to Austen Angell liquids categorized as strong glass formers display minimal
changes around the 7, and exhibit nearly Arrhenius dynamics over a broad temperature
range.!'?%! These materials with m < 40, tend to form a molecular glass because the viscosity,
1, tends to be relatively large compared with the viscosity of a fragile material at a given 7>
T, (Figure 4.1). The viscosity of a fragile glass former can instead be described with the

Vogel-Fulcher-Tammann (VFT) equation:[123-12°]

n(T) =no exp ( %) (eq. 4.2)

Where 7, is the value of the viscosity at infinite temperature, T is the temperature at which
the viscosity becomes infinite, and B is a constant. Materials with a high m have a lower
viscosity at a given 7> T, compared with strong glass formers, which increases the likelihood

of crystallization (Figure 4.1).
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Figure 4.1. Angell plot with log() vs T¢/T showing the trend for strong (black

line) vs fragile (blue line) glass formers.

Traditional methods for creating glasses lead to an amorphous solid by cooling a material
from a liquid state to below the T. The properties of the resulting glass are influenced by the
cooling rate. Over time, glasses relax and release excess energy because of non-equilibrium of
glassy materials and the propensity of moving towards equilibrium.[%%! This process is known
as aging, and results in low-energy molecular packing that may involve an increase in density,

(126] Various methods, including DMA, rheology, and FSC, may

modules, and kinetic stability.
be utilized for determining m. For rheology, a minimum of 40 mg of the sample must be
provided for each measurement, unless a small plate can be used. DMA, on the other hand, is
solely appropriate for polymers as it necessitates the material to be in the form of a free-
standing film. Consequently, FSC was adopted in this thesis for fragility measurements, as

presented in Table 4.1.

To determine m with FSC, the cooling rates, ¢, are plotted versus the change in limiting

fictive temperature, Tf' , deduced from heating scans after cooling at different rates. Tf' is the
temperature at which the liquid freezes into a glass. It has been shown that log(q) against 1/Tf

has the same slope as log(#) against 1/7 with the assumption that the structural relaxation rate

is a function of the viscosity of the melt.'*”] T{ increases with increasing cooling rate and
strong glass formers have a wider range of T¢s compared to fragile glass formers (Figure

4.2.a). In case of FSC, the material is first heated to a temperature above 7, (much above Tg

in case of amorphous material) then cooled to below 7, with cooling rates ranging from -0.1
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to -1000 K s™!, followed by a fast heating scan (Figure 4.2.b). Moynihan’s area matching

method is used to calculate Ty if itis above Tgonser, (Figure 4.2.¢):125130]

T>T, T>T,
fT}g g(Cpl - Cpg)dT =J g 9(Cp — Cpg)dT (eq. 4.3)

T<Ty

where Cp, is the heat capacity of the liquid, C, 4 is the heat capacity of the glass and C,, is the

apparent heat capacity of the sample. If the Tf is below the T onser, a simplified extrapolation

method is used, (Figure 4.2.c):l!?% 131

T>T,
fo, 9(Cp1 — Cpg)dT =0 (eq. 4.4)

After determining T; from the different heating scans an Angell plot is constructed by plotting

—loglq| vs. Tf .o¢ /Tf where Tf . is obtained from DSC heating thermograms at 0.17 K s~

The fragility can then be extracted from the slope close to T:!12% 128-129]
—dlo
e gl/qu’) (eq. 4.5)
frefl1°f T:T;,ref
a b T, '
o heating cooling rate q
g =
= heating
) Tg
& Time/ arb.u.
g
8 Cc
=] NN y//////%
) N N Z
| WAreay = JAvea)
ré?ader Tf’ range—>lower m _; )
J L s Extra_,;_)olatlon 01Ks"
& Tl b~ L
1/°C ! ; f S——
®
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Figure 4.2. a) Plot of specific volume vs. temperature showing Tf' during fast
(dark blue) vs. slow (light blue) cooling. b) FSC protocol: The sample is first
heated to a high temperature and then cooled with different cooling rates followed
by fast heating. ¢) Heating scans after slow (dark blue) vs fast (light blue) cooling
and their respective Tf'. Adapted with permission from ref ['*2. Copyright 2021

Science Advances.
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Table 4.1. Different techniques to measure the 7, and m. In this thesis FSC was

used to measure m.

Technique

Glass transition

temperature, T, o

Fragility, m

Differential scanning

calorimetry

Fast scanning

calorimetry

Dynamic mechanical

analysis

Broadband dielectric

spectroscopy

Shear rheometry

Nanoplasmonic
resonance

spectroscopy

Variable temperature

ellipsometry

yes

yes

yes

yes

yes

yes

yes

no

yes, was used in this

thesis

yes

no

yes

no

no
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42  Kinetic fragility and the relevance for OSCs

Glass formation is often linked to fragility, making it of significant practical interest for the
thermal stability of OSCs. In most cases, good glass formers possess a higher viscosity #
between 7, and 7,, compared with fragile glass formers, which suppresses nucleation and
growth of crystals (eq. 3.4 and 3.5). Mass transport of acceptor molecules through the
polymer matrix is influenced by #, which is inversely proportional to the diffusion coefficient,
D, according to the Stokes-Einstein relation, i.e. D o 7. Therefore, a lower viscosity results
in a higher diffusion coefficient. For example, the VFT equation (eq. 4.2) can be used to
describe the temperature dependence of the diffusion coefficient of PCBMs when blended
with various donor polymers.['*3] Hence, PCBM-based blends likely are fragile materials,
consistent with crystallization above T,. The diffusion coefficient of PCBM at 80 °C is D =
1012107 cm?s™, on the other hand, NFAs such as IT-M and IEICO-4F exhibit a lower
diffusion coefficient of D ~ 1071°-10""* cm?s! (P3HT as donor)®% 195 1341 ‘indicating less rapid
long-range mass transport in case of NFA based BHJs. The reason for the lower diffusion of
NFs could be due to the planar structure of ITIC derivatives, which may require collective
motion of adjacent molecules for relaxation to take place. Kinetic fragility measurements
therefore may serve as an indicator for the OSC stability and may provide understanding

related to phase separation and crystallization in BHJ blends.

4.3 Kinetic fragility of semiconductor mixtures

Even though the fragility of various organic molecules has been reported, including o-
terphenyl and m-xylene with m values of 76 and 56, respectively, minimal emphasis has been
placed on assessing the impact of mixing on the fragility.!'*! A comprehensive understanding
of the evolution of the active layer nanostructure is imperative for enhancing the stability of
OSC:s. This section explores the utilization of multi-component semiconductor mixtures to
enhance the glass-forming ability and, consequently, heighten the thermal stability of OSCs,

which is covered in chapter 5.
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4.3.1Perylene mixtures

In this project mixing of perylene molecules with different pendant groups was studied (see

molecular structures in Figure 4.3).

¢ Requals:

A Ay E A&
B Ay F X
C C AAAy G:){#r
D AR Ay Haﬁéﬁ

Figure 4.3. Molecular structures of bay-substituted perylene derivatives. Adapted

with permission from ref [1*2], Copyright 2021 Science Advances.

To gain an understanding of how the perylene blends affect the glass forming ability, the
impact of mixing on the reduced glass transition temperature, defined as 7¢=7¢/T, was
examined. The T, varies between 0.4 and 0.85 for any glass forming material. The glass-
forming tendency is improved with increasing T,.['**! Instead, a decrease in T is associated
with a fast nucleation rate. Perylene derivatives A, B and C, each with an individual 7,4 of
about 0.7, were mixed and analyzed. DSC heating scans from solution-cast material revealed
that 75, decreases upon mixing while 7, was unaffected. Consequently, mixtures with higher
concentrations of any of the three molecules had a measurable but increased 7,; of up to 0.78
(Figure 4.4). On the other hand, binary and ternary mixtures with the components present in
close to stoichiometric ratios did not experience crystallization (no measurable 7},) indicating

a greater tendency for glass formation.
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Figure 4.4. Reduced glass transition temperature T;.;, of A:B:C mixtures with
different stoichiometries determined using the T, and Ty, values extracted from

DSC first-heating scans. Adapted with permission from ref [!32]. Copyright 2021

Science Advances.

The effect of mixing on the fragility was then determined by examining perylene mixtures
that comprised an equal weight of each component. All perylenes A-H feature a high m
ranging from 71 to 97. The fragility decreased with the number of components in the mixture
and a value of m=13 = 2 was determined for the octonary mixture, which is lower than values
reported for the strongest known organic and inorganic glass formers such as o-xylene with m
=55, m-fluorotulene with m = 45, SiO; with m = 20 or low-density amorphous water with m
= 14 (Figure 4.5a).1137-138 The Angell plot of the octonary mixture revealed two regimes with
different slopes for fast and slow cooling suggesting a liquid-liquid transition when cooled at

low rates (Figure 4.5b).
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Figure 4.5. a) Kinetic fragility plotted as a function of the number of perylene
derivatives in the mixture. b) Fragility plot. Adapted with permission from ref

[132] Copyright 2021 Science Advances.

To confirm that a liquid-liquid transition takes place, photoluminescence spectroscopy (PL)
was employed. The PL spectra of the drop-cast octonary mixture revealed a peak at 590 nm,
typical for aggregates. At a temperature of 150 °C, the emission shifts to 470 nm typical for
monomers (Figure 4.6.a). Fast cooling maintains the monomeric state while slow cooling
results in a redshift to 590 nm indicating that the perylene mixture formed aggregates (Figure
4.6.b). We hypothesize that mixed stacks of perylenes form aggregates with a high AS,,,;, (eq
3.7), allowing for the stabilization of the liquid since collective motion of a significant
number of molecules is required for structural relaxation, which reduced the fragility to the
ultralow value of m = 13 = 2 observed for the octonary mixture. The stabilized glass has a
high energy barrier for crystallization since molecules need to separate before they can

crystallize.
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Figure 4.6. Emission spectra of the octonary mixture for a) drop-cast material, at
150 °C and b) after fast and slow cooling of the material from 150 °C to -40 °C.

Adapted with permission from ref [!32], Copyright 2021 Science Advances.

432TES-ADT

The effect of the simultaneous presence of at least two isomers on the kinetic fragility was
studied. Two different isomers; syn TES-ADT and anti TES-ADT, as well as the mixture of
these two, were investigated (see molecular structures in Figure 4.7a). Anti TES-ADT
crystallized when cooled at a rate of less than -10 K s, while syn TES-ADT crystallized at a
rate of less than -50 K s™!. Rapidly cooled material formed glassy films, suggesting a critical
cooling rate of qeriticar = -10 K s7! for anti TES-ADT and qriticar = -50 K s7! for syn TES-
ADT (Figure 4.7b). The measured fragility was high for both materials, m = 174 and m = 136
for anti and syn TES-ADT, respectively. Therefore, both blends are fragile and can be
classified as poor glass formers. Instead, the mixture displayed an excellent ability to form a
stable molecular glass, resulting in a low fragility of only m = 27 (Figure 4.7b). The low
kinetic fragility is likely due to the formation of mixed aggregates that stabilize the liquid
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state, as reorganization requires collective motion of many molecules. Interestingly, similar to
octonary perylene mixtures, two regimes with different slopes appear, in the plot of —log|q/|
vs. Tf s /Ty, for fast and slow cooling, respectively, suggesting a liquid-liquid transition

when cooling at low rates (Figure 4.7b, c.f. 4.3.1 Perylene mixtures).

Si Si 14 Lt {
TESADT o _@f"
‘ ’ | | m=27 @.-" &
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(\ WW /> \/ | ) o -
RN NN =11 °
2 ° ¢
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Figure 4.7. a) Molecular structures of syn TES-ADT and anti TES-ADT. b)
Fragility plot of anti TES-ADT, syn TES-ADT and the mixture of these two.
T rer = 27 °C measured with DSC.I""! The dotted lines are straight-line fits

intersecting T .o = Tf.

To verify the occurrence of a liquid-liquid transition, PL was utilized. The emission spectra
observed after fast cooling from 150 °C to 25 °C at a rate of around -80 K s™! revealed a peak
at 570 nm, indicating the presence of monomers, and the peaks at lower energies were
assigned to aggregates. Emission spectra after slow cooling at a rate of -0.1 K s™! displayed
only the aggregated state, in agreement with the occurrence of a liquid-liquid transition
inferred from FSC (Figure 4.8). It should be noted that, DSC first heating scans of the mixture
revealed a melting peak at around 140 °C and slow crystallization at 7, < T < T}, has been
described previously.['*”) This indicates that the TES-ADT mixture still tends to crystallize

despite its low fragility, and further investigation of the crystallization process is required.
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Figure 4.8 Emission spectra at 25 °C of the TES-ADT mixture after fast cooling at
-80 K s! (dark blue) and slow cooling at -0.1 K s™! (light blue).

433 P(g42T-T):H-TFSI

The impact of doping on m was determined by investigating the polythiophene p(g42T-T) co-
processed with H-TFSI (Figure 4.9a). It was found that m decreases with H-TFSI
concentration with the lowest values observed for the most strongly oxidized samples (Figure
4.9b). This suggests that oxidized p(g42T-T) is a stronger glass former than neat p(g42T-T).
The decrease in fragility was attributed to the positive interactions between H-TFSI anions
and the oligoether side chains and/or the positively charged backbone, which restricts the
movement of oxidized polymer chains. Consequently, the reduced ability to undergo
conformational changes may lead to a decreased ability to crystallize. This observation is
supported by the lower degree of crystalline order indicated by GIWAXS diffractograms of

highly doped films (Figure 2a, Paper II).[141]
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Figure 4.9. a) Molecular structures of p(g4+2T-T) and H-TFSI. b) Kinetic fragility vs mol% of
H-TFSI. Adapted with permission from ref ['4!]. Copyright 2022 Royal Society of Chemistry.

4.3.4Y-series acceptor mixtures

After learning that for some systems m decreases with mixing, the concept of mixing was
used to investigate the stability of BHJs comprising acceptor mixtures. DSC was used to
study the thermal behavior of the Y-series acceptors Y1, Y6, Y11, Y16, Y18 and the donor
polymer PM6 (Figure 2.1 and 4.10). For the polymer PM6, no transitions were observed in
DSC first heating scans (Figure 4.11). Instead, Y1 and Y6 display a crystallization exotherm
above 220 °C, followed by a melting endotherm above 290 °C. Since the crystallization
enthalpy is smaller than the melting enthalpy (AH, < AH,,), it was proposed that Y1 and Y6
have a certain degree of order when cast from chloroform followed by further crystallization
above 220 °C. Furthermore, Y11, Y16 and Y 18 have only one endothermic peak above 280 °C
indicating melting of an ordered phase that had formed during solidification. The acceptor
mixtures Y6:Y11:Y16 and Y1:Y6:Y11:Y16:Y 18 reveal melting peaks with a lower AH,,
compared with neat acceptors and at lower temperatures, with T,,, =282 °C and T,,, = 256 °C,
respectively. The absence of melting endotherms above 280 °C for the blends
Y1:Y6:Y11:Y16:Y18 and Y6:Y11:Y16 suggests that crystallization is strongly suppressed
(Figure 4.11). The remaining broad endotherm may arise because crystallites are still present,

which are however smaller in size or because co-crystals may have formed.
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FSC thermograms could not be recorded for any of the individual acceptors when cooled with
q =-1000 K s or slower, probably because the critical cooling rate, qeriticar, required to
reach a glassy state is greater than -1000 K s7'.!1 The Y6:Y11:Y16 blend cooled at low rates
of less than -5 K s™! crystallize. Instead, rapidly cooled material formed glassy films
suggesting a critical cooling rate of qgyitica; = -5 K s™. The pentanary acceptor mixture
Y1:Y6:Y11:Y16:Y18 formed a glassy film at any cooling rate (Figure 4.11). The fragility was
found tobe m =112 for Y1:Y6:Y11:Y16:Y18 and m = 195 for Y6:Y11:Y 16. Therefore, both
blends are fragile and can thus be classified as poor glass formers, which can be expected to
crystallize if given sufficient time, consistent with the melting endotherms observed with DSC

and the ordered phase indicated by GIWAXS (Figure 3, Paper I).[14%]

Y1 Y11 Y16 Y18
H F H F
H Undecyl Hexyl

Ethylhexyl

Figure 4.10. Chemical structures of Y1, Y11, Y16 and Y 18. Adapted with permission from
ref (1421, Copyright 2023 Springer Nature.
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Figure 4.11. a) DSC first heating thermograms of Y18, Y16, Y11, Y6, Y1, PM6,
Y1:Y6:Y11:Y16:Y18 and Y6:Y 11:Y16. b) Fragility plot with -loglq| vs T, /T with T,
from FSC at 5 K s™! for Y1:Y6:Y11:Y16:Y18 (purple) and Y6:Y11:Y16 (green). Adapted
with permission from ref [1*?!. Copyright 2023 Springer Nature.
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44  What does kinetic fragility mean for the field of OSCs?

To determine whether a material is a strong glass former and can be used for the fabrication of
stable OSCs, three essential processes must be considered: 1) dissociation of aggregates, 2)
phase separation, and 3) crystallization, as shown in Figure 4.11. Each of these processes
contributes to the energy barrier necessary to prevent crystallization. There is an energy
barrier to separate different molecules in mixed aggregates so that they can assemble again
but with the same type of molecule. Phase separation has an energy barrier if it occurs via
binodal decomposition and crystallization has an energy barrier as work is required to form a
nucleus of critical size. Some multicomponent systems, for example the octonary perylene
mixture discussed in chapter 4.3.1, have a high energy barrier to crystallization because of
contributions from all three processes 1-3. The material therefore displays an unprecedented
ability to form a stable molecular glass with a very low kinetic fragility. Y-series derivative
mixtures, on the other hand, do not show a liquid-liquid transition in their Angell plot (c.f.
Figure 4.10b), and therefore do not form mixed aggregates. They have an energy barrier with
contributions from the phase separation and crystallization process and therefore the kinetic

fragility is high.

phase-separated
mixture

perylenes

disordered
mixture

mixed
aggregates

(co)crystals

Figure 4.11. Energy barrier to crystallization for perylenes (purple) and Y-series acceptors
(orange) with contributions from (1) dissociation of aggregates (2) phase separation, and (3)

crystallization.

45



46



5 Stability of photovoltaic devices

The efficiency of lab-scale devices is approaching 20 %.[!"2%) However, devices with a
projected stability of at least 20 years have not yet been achieved. Improving stability is a
prerequisite for making them commercially viable. Printing of OSCs is typically done at
temperatures up to 140 °C to enable fast solvent evaporation.?>23] Printing of the hole transport
layer requires similar temperatures and the solar cell also experience heat during operation,

e.2425 Usually,

causing many OSCs to coarsen, which often degrades the solar cell performanc
the optimal active layer nanostructure that results in the highest efficiency is not in thermal
equilibrium and thus evolves with time, especially at elevated temperatures. Therefore,
understanding the different degradation mechanisms of OSCs is essential for improving their
thermal stability. In the following chapters, different degradation mechanisms of OSCs will be
discussed, as well as the strategy of mixing several acceptors to improve the thermal stability

of OSCs.

5.1 Different degradation mechanisms of OSCs

Different degradation mechanisms can occur depending on different triggers such as heat, light,
oxygen, water, and mechanical stress, which can lead to a decrease in the solar cell performance
over time. For instance, oxygen and water can diffuse into the device and cause physical and
chemical degradation. Oxidation reactions on the metal electrodes can result in the formation
of metal oxides, creating an electrically insulating layer that hinders charge transport and
extraction.!!*3] Defects can also arise between the electrodes and the carrier transport layers,
which act as pinholes.!!*+14 The carrier transport layer, and the active layer can also experience
degradation. For example, PEDOT:PSS can exhibit acidity leading to corrosion of the electrode,

147-148] The presence of light and

and the active layer can undergo radical reduction reactions.!
oxygen can cause photochemical and photophysical degradation by oxidizing the active layer,
resulting in changes in the structures of the donor and acceptor molecules.['*”) Additionally,
radical-based reactions of the active layer can lead to photo-bleaching.!'>"! Heat can affect the
photovoltaic performance in different ways. At elevated temperatures, the active layer can
undergo phase separation and crystallization (see 3.1 Phase separation and crystallization in

BHIJ blends and 3.2 Interplay of 7, and nanostructure stability). This evolution of the active
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layer can reduce its adhesion to the carrier transport layer and impede electron extraction.!>!!

Elevated temperatures can also promote diffusion of metal atoms from the electrodes into the

152-154] Furthermore, mechanical stress can change the nanostructure or cause

active layer.!
delamination of the different layers in the device.["> Intrinsic degradation, which refers to
degradation without any external triggers, can occur due to changes in the nanostructure of the
active layer or the diffusion of molecules from the carrier transport layer or electrodes.!!*4 156
1591 The diffusion of atoms can modify the energy levels of the device layers or create traps in

the active layer, leading to charge recombination.!'*"!

Various strategies have been developed to mitigate degradation mechanisms. For instance,
encapsulation with a UV-filter to protect the device from oxygen, water, and high-energy
photons.['®) Additionally, the addition of antioxidants can suppress formation of radicals.!'!]
Another approach involves arresting the evolution of the BHJ nanostructure by using mixtures

and high T, materials (see 3.3 Vitrification of phases) which has been the focus of this thesis.

5.2 Thermal stability and photovoltaic performance

The evolution of the active layer nanostructure occurs over time, and heating accelerates this
development and provides information about what can happen over longer periods of time at
lower temperatures. To determine the suitability of OSCs for large-scale manufacturing, it is
necessary to study how the nanostructure of the active layer can withstand elevated
temperatures. In the following sections, mixing of acceptors as a tool to improve the stability
of the active layer nanostructure is discussed. OSCs of blends comprising ITIC-series or Y6-
series acceptors were subjected to thermal annealing at different temperatures and the
photovoltaic performance was measured to investigate the effect of mixing on the thermal

stability.
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52.1ITIC-series ternary devices

Two acceptors, ITIC-4F and ITIC-4Cl, were studied due to their structural similarities (see
Figure 2.1 for chemical structures). DSC was used to construct a phase diagram of the mixture
of these two acceptors. The DSC heating thermograms displayed a melting peak at 155 °C for
ITIC-4F and 180 °C for ITIC-4Cl, while the 1:1 mixture of ITIC-4F:ITIC-4Cl exhibited a
melting peak at 160 °C (Figure 5.1a,b). This suggests that ITIC-4F and ITIC-4Cl interact with
each other, potentially forming co-crystals. GIWAXS measurements confirmed the co-
crystallization of the 1:1 ITIC-4F:ITIC-4Cl mixture, as a shift in peak position was observed
compared to the pristine acceptor material (Figure 5.1c). The co-crystallization is likely
facilitated by halogen interactions between fluorine and chlorine, which aid in aligning the
two acceptors within the same crystal lattice. Acceptor molecules that have not joined a
crystal instead form an amorphous mixture driven by an increase in ASwix as well as a more

negative AHmix (assuming that F---Cl interactions persist in the disordered state).!*”!

The phase behavior of 1:1 ITIC 4F:ITIC-4Cl was investigated after the addition of the donor
polymer PTB7-Th. A blend ratio of 1:0.5:0.5 (wt%) PTB7-Th:ITIC-4F:ITIC-4Cl was studied,
which also gave the best solar cell performance. Diffraction patterns of the cast ternary
mixture, as well as films annealed at 160 °C have only a broad amorphous halo around q = 17
nm!, suggesting that the presence of the polymer effectively suppressed the co-crystallization

of the acceptor mixture.
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Figure 5.1. a) DSC first heating thermograms of ITIC-4F and ITIC-4Cl and

various mixtures of these two. b) Phase diagram showing the change in
endothermic peak position of ITIC-4F:ITIC-4Cl measured by DSC. ¢c) GIWAXS
diffractograms of ITIC-4F, ITIC-4Cl and 1:1 ITIC-4F:ITIC-4Cl after annealing at
20, 160 or 200 °C. Adapted with permission from ref *°). Copyright 2020 Wiley.
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In a further set of experiments, atomic force microscopy based infrared spectroscopy (AFM-
IR) was used. AFM-IR combines chemical analysis by infrared spectroscopy with structure
analysis by atomic force microscopy. In AFM-IR, pulses of laser radiation hit the AFM
cantilever, which is in contact with the material, causing thermal expansion. The fast and
short-lived expansion stimulates resonant oscillation of the AFM cantilever. The cantilever
oscillation amplitude is proportional to the absorption coefficient of the material. By varying
the IR frequency and keeping the cantilever at the same position, an absorption spectrum can
be measured, providing a unique fingerprint of the nanoscale region. A map with areas
enriched in a specific chemical compound can be obtained by keeping the same IR frequency

while moving the cantilever around the surface.!'%%

AFM-IR was used to compare the blend nanostructures of the binaries 1:1 PTB7-Th:ITIC-4F,
1:1 PTB7-Th:ITIC-4Cl with the ternary 1:0.5:0.5 PTB7-Th:ITIC-4F:ITIC-4ClI. The IR spectra
of pure ITIC-4F and ITIC-4Cl show peaks unique for each material i.e. 1345 cm™ for ITIC-4F
and 1572 cm™! for ITIC-4C1 while both acceptors absorb at 1280 cm™! (Figure 5.2a). When
imaging samples at 1280 cm™' after annealing at 160 °C, crystals protruding 50-60 nm from
the surface were observed in the two binaries while no crystals were observed in the ternary

(Figure 5.2¢,d).

51



—— ITIC-4F
———ITIC-4Cl
——PTB7-Th

IR absorbance/ arb. u.

1800 1700 1600 1500 1400
Wavenumber/ cm™

1:1

PTB7-Th:ITIC-4F

S
-25  Height/

1:1
PTB7-Th:ITIC-4CI
Height/ nm 30

-30

1:0.5:0.5
PTB7-Th:ITIC-4F:ITIC-4Cl
-2.5 Height/ nm 2.5

Length/pm 0  Length/lum
Figure 5.2. a) FTIR spectra for the neat films of ITIC-4F, ITIC-4Cl and PTB7-
Th. b) SEM , ¢) AFM and d) AFM-IR images recorded at 1280 cm™ of 1:1 PTB7-
Th:ITIC-4F, 1:1 PTB7-Th:ITIC-4Cl and 1:0.5:0.5 PTB7-Th:ITIC-4F:ITIC-4Cl.
Adapted with permission from ref *°1. Copyright 2020 Wiley.
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AFM-IR was also used to map the acceptors. The film was imaged using 1345 cm™ to map
ITIC-4F (Figure 5.3b) and 1572 cm™! to map ITIC-4Cl (Figure 5.3c). The two AFM-IR
images reveal acceptor domains with the same shape, indicating that both acceptors absorb at

the same location within the ternary film, surrounded by polymer domains.

0 Length/um 0.1

a

(=2
(1]

Height/ nm 2.5
l457,/ arb.u.

2.5

Length/um 0.1 Length/um 0.1

Figure 5.3. The same area of 1:0.5:0.5 PTB7-Th:ITIC-4F:ITIC-4Cl recorded a) in
height mode b) at 1345 cm™! where only ITIC-4F absorbs or ¢) at 1572 cm™' where
only ITIC-4Cl absorbs. Adapted with permission from ref [*°!. Copyright 2020
Wiley.

The thermal stability of the ternary 1:0.5:0.5 PTB7-Th:ITIC-4F:ITIC-4Cl was compared to
the two binaries 1:1 PTB7-Th:ITIC-4F and 1:1 PTB7-Th:ITIC-4Cl. The active layers were
annealed at temperatures ranging from 25-200 °C for 10 minutes before evaporation of the
MoOx interlayer and Ag electrodes. At 150 °C, the ternary remains stable, while a 10%
decrease in PCE can be observed for PTB7-Th:ITIC-4F and a 20% decrease for PTB7-
Th:ITIC-4Cl (Figure 5.4a). This is due to the suppressed crystallization in case of the ternary

compared to the two binaries, which experience crystallization of the acceptors.

In another experiment, the active layers were annealed at 130 °C for up to 205 hours to
investigate the thermal stability during longer annealing times (Figure 5.4b). Binary devices
undergo burn-in during the first 50-70 hours, resulting in a reduction in efficiency by at least a
third. Impressively, due to a more stable nanostructure of the ternary, the burn-in was avoided
and the efficiency remained stable at least 205 hours. This indicates that the ternary offers

good thermal stability. Hence, device manufacturing and operation at high temperatures can

be considered.
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Figure 5.4. PCE of PTB7-Th:ITIC-4F, PTB7-Th:ITIC-4Cl and PTB7-Th:ITIC-
4F:1ITIC-4Cl a) for samples annealed at 25-200 °C for 10 minutes at each
temperature b) for samples annealed at 130 °C up to 205 hours. Adapted with
permission from ref . Copyright 2020 Wiley. Sri Harish Kumar Paleti collected
all the device data at KAUST.

5.2.2 Y-series hexanary devices

Y-series acceptor mixtures were investigated to explore the effect on the thermal stability of
OSCs. The Y-series acceptors Y1, Y6, Y11, Y16, Y18 with similar LUMO levels were
chosen for this study together with the donor polymer PM6 (see chemical structures in Figure

2.1 and Figure 1 in Paper I).

GIWAXS measurements of the binary PM6:Y 6 and the hexanary PM6:Y1:Y6:Y11:Y16:Y18
showed diffraction patterns of the donor PM6, indicating that the donor has phase separated
into polymer-rich domains. AFM-IR was used to validate the presence of polymer- and
acceptor- rich regions in the hexanary. IR spectra of neat films of the acceptor and donor
materials featured unique peak for PM6 at 1648 cm™! arising from alkene vibrations (Figure

5.5). This wavenumber was used to map areas enriched with PM6. A homogenous phase with
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small donor-rich regions of 10 to 100 nm protruding only about 5 nm from the surface was

observed, probably surrounded by acceptor-rich regions (Figure 5.5).
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Figure 5.5. FTIR spectra for neat films of PM6, Y1, Y6, Y11, Y16 and Y18. AFM-IR image
of PM6:Y1:Y6:Y11:Y16:Y18 recorded at 1648 cm™ and AFM in height mode. Adapted with
permission from ref [142], Copyright 2023 Springer Nature.

The thermal stability upon longer annealing times of hexanary blends was compared with
binary blends. The active layers were annealed at 130 °C for 23 days before spin-coating of
the electron transport layer and evaporation of the electrode. The efficiency of binary devices
decreased by about a third from the initial value, mainly due to a decrease in FF.

Impressively, due to a more stable nanostructure, the efficiency of the hexanary device was
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stable even after 23 days of ageing (Figure 5.6). This indicates that the photovoltaic
performance of hexanary blends are thermally stable and high-throughput device fabrication

at elevated temperatures up to 130 °C can be considered.
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Figure 5.6. PCE of PM6:Y1:Y6:Y11:Y16:Y18 and PM6:Y6 devices annealed at 130 °C as
compared to the initial PCE of as-cast devices. Adapted with permission from ref 4%/,

Copyright 2023 Springer Nature. Sri Harish Kumar Paleti collected all the device data at
KAUST.
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6 Conclusions

Organic solar cells are a promising renewable alternative energy source with numerous
advantages. They promise, for example, scalability through printing or coating techniques, a
short energy pay-back time, light weight, semi-transparency, and flexibility. However, high-
throughput printing techniques require at least one heating step, and the solar cells experience
heat during operation. The optimal nanostructure of the active layer typically deviates from
thermodynamic equilibrium and evolves over time, especially at elevated temperatures,
leading to device performance degradation. The focus of this thesis has been on improving the

thermal stability of the active layer nanostructure.

The initial part of the thesis investigated the impact of mixing on glass formation. To gain a
better understanding of how mixing influences glass formation, a model system consisting of
up to eight different perylene derivatives was developed. The results revealed that the
octonary perylene mixture exhibited an unprecedented ability to form a stable molecular
glass, assigned to a high energy barrier that prevents crystallization. The exceptional tendency
for vitrification could be attributed to the formation of aggregates that stabilize the liquid
state. Next, the thesis investigated the simultaneous presence of two isomers on glass
formation using the small molecule semiconductor TES-ADT. Binary mixtures of isomers
also formed mixed aggregates that stabilize the liquid state, as reorganization requires
collective motion of many molecules. Furthermore, the thesis examined the effect of doping
on glass formation by analyzing blends of polythiophene p(g42T-T) and the bistriflimidic acid
H-TFSI. The blends showed a strong tendency for glass formation, which was attributed to
the restricted motion of oxidized polymer chains caused by positive interactions between H-
TFSI anions and the oligoether side chains and/or the positively charged backbone.
Additionally, the thesis analyzed organic photovoltaic acceptor mixtures to investigate their
impact on crystallization and glass formation. It was found that binary mixtures of ITIC series
acceptors co-crystallized, while mixtures of three to five derivatives from the Y series
exhibited a significantly reduced tendency for crystallization compared to neat materials,

although small crystals or co-crystals were still present.
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The thesis then discussed the use of acceptor mixtures to improve the thermal stability of
organic photovoltaic devices. Ternary solar cell devices consisting of two ITIC series
acceptors and one donor were fabricated. The polymer suppressed co-crystallization of the
two acceptors, and hence the ternary blend demonstrated a highly stable nanostructure. This
resulted in a significantly improved thermal stability compared to the binary blends, which
suffered from acceptor crystallization. The device performance of the ternary blend remained
stable even when annealed at temperatures up to 170 °C. Finally, the thesis also discussed
hexanary blends composed of five different Y-series acceptor molecules and one donor
polymer. Remarkably, the efficiency of hexanary devices remained stable even after the
active layer was subjected to 23 days of ageing at 130 °C. This suggests that by mixing
several acceptors, it is possible to create thermally stable materials and devices so that

processing and operation at high temperatures can be considered.
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7 Outlook

The results of this thesis are expected to have relevance beyond the mixtures examined here.
Consequently, this thesis is likely to inspire further investigations into semiconductor
mixtures. The thesis provides some design guidelines for stable mixtures, with one example
being the requirement for molecules to possess a certain degree of differentiation to yield the
desired increase in entropy upon mixing. Mixtures of differently halogenated molecules or
blends of isomers appear to provide sufficient differentiation to achieve a higher entropy of
mixing. However, mixing perylene with deuterated perylene, for instance, did not produce
any discernible effect. This suggests that deuteration may not induce a significant enough
change in the molecular structure. The thesis also suggests that some molecules interact and
form mixed aggregates. Using modelling to identify molecules capable of forming aggregates

may be a promising approach to uncover stable mixtures that do not crystallize.

Additionally, accelerated ageing studies to evaluate the impact of vitrification after prolonged
periods is important to judge long term stability. Measuring the associated fragility of
physical vapor deposited samples could provide valuable insight into the effects of aging.
Investigating the kinetic fragility of films with different thicknesses could also yield
interesting results, as different thicknesses can affect the 7. Furthermore, it would be
interesting to combinate FSC with light soaking experiments because of the structural changes
that are likely induced by photoexcitation and their impact on glass formation. Investigating
how conjugated polymers adopt different conformations upon light absorption would be a

further avenue for investigation.

Moreover, utilizing SEM together with focused ion beam to cut out a cross-section of a solar
cell device and examine its cross-section using AFM-IR, SEM-EDX or Raman spectroscopy
could provide insights into the interplay between different layers and phase
separation/crystallization in the bulk of the active layer. Finally, rheometry could be used to
confirm fragility values. The viscosity profile of mixtures may provide information about
interactions between acceptors and donors. Some donor: acceptor systems form a gel in the
processing solvent, and the rheometer can monitor the viscosity of the gel during
heating/cooling to investigate when the gel dissociates. In conclusion, this thesis will

hopefully inspire new project ideas and provide new insights into semiconductor mixtures.
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