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“The important thing is to not stop questioning. Curiosity has its own

reason for existing.” -Albert Einstein

“Nature is our kindest friend and best critic in experimental science
if we only allow her intimations to fall unbiased in our minds.” -Michael

Faraday



ABSTRACT

Toward Efficient Organic Photovoltaics: From Formulation
and Novel Materials to Device Architectures

David A. Palacios-Gomez

Organic photovoltaic (OPV) offer unique advantages such as molecular engineering,
flexibility and roll-to-roll manufacturing that can significantly reduce production costs. However, their
efficiencies still lag behind inorganic PVs. It has been demonstrated that morphology control and
recombination mechanisms play a key role in the efficiency. In this way, methods to enhance the
performance by enabling morphology tuneability to further optimise OPVs are needed. To this end,

this thesis introduces three novel approaches that can be utilised to improve the efficiency in OPVs.

In the first part of this work, a formulation approach is investigated by examining OPVs in
which the morphology is optimised by ternary blends. Particularly, donor polymers P3HT, PTB7 and
fullerene acceptors PC71BM and ICBA were systematically characterised. It is shown that different
combinations of ternary blends outperformed binary controls. Results demonstrated that depending on
the donor material used, the molecular intermixing of the constituents was different, yielding varied

impacts on the performance and thus determining whether ternary blends offer a benefit or not.

The second approach reviewed consisted in the study of charge transport in novel materials,
specifically non-fullerenes (NFA), hybrid fullerenes and fullerenes. For the first time, electron
mobility was probed, which can be a limiting factor of the efficiency. It was demonstrated that NFA
realised higher electron mobilities (closer to benchmark PCBM) in contrast to hybrid fullerenes, which
yielded low mobilities. It was shown that the synthetic approach utilised to fabricate these compounds

and its resulting morphology had a profound impact in their capability to mediate electron transport.

For the third method, device architectures were simulated in the form of multi junction OPVs
termed as tandems. In such devices, a current matching between photoactive layers is generally
required to maximise the performance. Through advanced modelling, it was shown that devices with
unbalanced current matching are dominated by recombination losses of charges in the layer doing
most of the absorption. It was demonstrated that changing the transport properties of the layer
performing least of the absorption could assist alleviating these losses. It is also shown that different
illumination conditions can further reduce the performance in tandem OPVs and that one can mitigate

these reductions by suitable materials selection.
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CHAPTER 1

INTRODUCTION, OBJECTIVE AND THESIS
STRUCTURE

1.1 Introduction

At present, one of the most vital challenges faced by humanity is the energy
consumption, which is expected to grow from 17 Terawatts (TW) in 2010 to 27 TW by
the year 2040, with a great participation from developing countries [1]. Today, fossil fuels
such as coal, oil and gas still play a major role as the main source of energy for the world’s
population. Besides the issue of large CO2 emissions derived from these non-renewable
sources, as they become scarcer, their production costs are bound to be increased resulting
in more expensive energy [2]. These reasons represent a pressing problem entering the
21% century, due to the fast growth of the world’s population in the last decades, which
has led to a significant consumption of resources and it is expected to continue to grow at
a fast rate in years to come [3]. Even though improvements in current technologies and
energy conservation are constantly made, investment in new energies is paramount in
order to meet future energy demands [1, 3]. In addition, as observed in recent times,
higher pollution levels have led to important changes in the ecosystem, such as raise in
temperature with adverse effects in different locations of the earth [4]. Table 1.1 presents
a rough approximation on non-renewable fossil fuels and estimated time until they are

consumed.
Consumption Annual consumption Energy reserve Time left
Fuel 1 2
(TW) (ZJ) year™) VAR (years)
Coal (solid) 3.8 0.12 290 2400
Oil (liquid) 5.6 0.18 57 316
Natural gas (gaseous) 3.5 0.11 30 272

Table 1.1. Fossil fuels compared to their reserves. The time estimated is considering no annual
consumption increase. For reference, 1 TW = terawatt =10'> W and 1 ZJ = zettajoule = 10 J.
Adapted from [5].



How can we best plan for the future and mitigate some of these problems? A way
to do so is to utilise energy from renewable sources. Hydropower is currently one of the
most widely used renewable source, followed by wind, biomass, geothermal, biofuel,
tidal and solar power [2]. However, yet another important question arises, that is how can
renewable energies compete with the already established technologies? If delivered with
a competitive price, these new emerging technologies could be more attractive [2].
Among the green energies aforementioned, solar energy is especially attractive since the
sun delivers a constant energy of 1360 Wm~ on the atmosphere [6]. When related to the
human energy consumption, all energy needs could theoretically be covered with the
incoming energy from the sun as portrayed in Figure 1.1. Although in real life is not
possible to capture much of this energy, it helps to put in perspective the potential of solar

energy.

2% collection
on land

Average
conversion
efficiency of 12%

Land area = ~29%
=28,000 TW

Total energy
striking land
and ocean =
96,000 TW

Projected global
energy demand
2040-2050

Figure 1.1. Approximation of feasible PV solar energy supply (worldwide) considering a land
usage of 2% and a power conversion efficiency of 12%. Adapted from [6].

Solar energy can also be used by photocatalysis and thermal energy. For instance,
plants already make use of the sun’s energy during the photosynthesis process [6, 7]. In
addition, the sun irradiance can be directly converted into electricity with photovoltaics

(PV). Therefore, PVs have become more common in the past decades with yearly growths
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of around 35% [2]. However, most of this market is dominated by inorganic crystalline
silicon solar cells. Although the price for inorganic PV has decreased dramatically, it uses
a large amount of energy during its fabrication in addition to the rigidness of silicon
wafers [8]. In contrast, organic photovoltaics (OPV) are strong candidates that can
potentially improve aspects not found on mature PV technologies, for instance: cheap
fabrication, solution processing at room temperature, low thermal budget and the capacity
of roll-to-roll printing with flexible substrates [5].
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Figure 1.2. Best confirmed cell efficiency chart as reported by the National Renewable Energy
Laboratory (NREL) for a range of PV technologies. From [9].

Enormous improvements have been achieved in OPV technologies in the last two
decades and efficiencies of ~17-18% have been obtained very recently in controlled
environments [10, 11]. Still, one of the main issues with OPV are routinely reduced
performances compared to existing technologies (i.e. silicon solar cells) as observed in
Figure 1.2, which hinders commercialisation. It has been proposed that efficiencies of
between 10-15% with lifetimes of 5-10 years are necessary for OPVs to finally realise

commercialisation [12].

What drives the efficiency enhancement in novel OPVs? How can we best
optimise an OPV system? These questions and more are addressed in this study in order

to provide design criteria that can be helpful to fabricate future OPVs. Lastly, the




elementary mechanisms related to performance enhancement in OPVs are varied,
involving morphology control, processing conditions, suitability of materials and device
engineering [6, 13].

1.2 Thesis objective

The underlying mechanisms responsible for the increase or reduction in OPV’s
efficiency, although reported in literature, have not been fully understood. Thus, the
inspiration of this thesis stems from this pivotal issue, so that one may investigate how to
best design OPVs to increase the performance. In order to elucidate what influences the
efficiency increase, three different approaches were utilised in this study: formulation,
novel materials and device engineering. As such, OPVs based on novel polymers and
fullerenes, in addition to electron-only diodes comprised of non-fullerenes, hybrid
fullerenes and fullerenes, were fabricated in the Durham Engineering cleanroom in an
attempt to increase performance. The results from this work provide design insights for
future OPV optimisation, whether you are a student, scientist or researcher in the field of
OPVs.

1.3 Thesis structure

This thesis is organised in the following way:

Chapter 2

This Chapter contains relevant literature review regarding the current status for
photovoltaics and why is it that research on OPVs is important. It also discusses the
history of OPVs, important milestones, the current generation of PV technologies and a
brief introduction to organic semiconductors. A detailed explanation with illustrations on
the main operating principle of OPVs, types of architectures, and key elements that make
up a bulk heterojunction (BHJ) is offered. In addition, the electrical parameters of OPVs
and loss mechanisms in the form of charge carrier recombination are also reviewed. At

the end, the different approaches utilised in this work to enhance the performance of



OPVs are introduced: 1) formulation, 2) novel materials and 3) device engineering, which

serve as a predecessor to all the results Chapters.
Chapter 3

This Chapter covers the experimental methods and characterisation techniques
used throughout this thesis. It begins with a description of the materials used, the
fabrication process to make OPVs and provides pictures to further assist in the discussion
of each section. Testing techniques with detailed illustrations are also included in this
Chapter. Towards the end, numerical parameters used to run drift diffusion simulations

with OPVs are also explained.
Chapter 4

Chapter 4 is the first results Chapter comprising preparatory work to maximise
the performance of binary blends, to enable us to better understand the performance when
a third component is added into a binary blend, resulting in a ternary OPV. In here,
experimental data of two OPV blend systems based on P3HT:PCBM were investigated
in which the morphology is optimised by thermal annealing or solvent vapour annealing.
This Chapter presents relevant work which was a necessary base to investigate the

formulation approach in Chapter 5.
Chapter 5

In this Chapter the formulation method is presented in which a third component
is added into binary OPVs to make ternary blends, with the objective of better discerning
the impact that these have on the efficiency. Like so, binary systems based on
P3HT:PC7:.BM, PTB7:PC7:.BM and ternary systems based on P3HT:ICBA:PC71:BM,
PTB7:ICBA:PC7:BM were fabricated with and without DIO additive, in an attempt to
increase the performance. The utility of ICBA:PC71.BM with either P3HT and PTB7
polymers is examined by comparing electrical parameters of these blends and relating

them to the morphology.
Chapter 6

New PV devices may benefit from materials with higher mobilities, as such, in
this Chapter the electron transport properties are probed for the first time in a family of
novel acceptors, specifically: NDI2, NDI12Ce0, Alk12Co0, bis-NDI, and benchmark PCBM

fullerene. First, relevant information regarding the choice of materials is presented
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followed by electron mobility measurements based on the Space Charge Limited Current
formulism. Electron-only diodes are fabricated, compared and discussed to understand

the differences in mobilities which can assist when developing novel materials.
Chapter 7

In this Chapter, a tandem structure (multi junction) was investigated with
advanced modelling to simulate how tandem OPVs can maximise efficiency for a range
of device thicknesses, mobility and absorption spectra. It is demonstrated that unbalanced
current between cells can be mitigated by changing the transport properties of the
photoactive layer performing the least of the absorption. In addition, the data is also
investigated under different illumination conditions (i.e. dust, pollution) to demonstrate
the impact that material selection can have in alleviating the reduction in performance.
Device insights are offered which can be helpful to design tandems beyond current

matching.
Chapter 8

This Chapter contains the summary findings of this thesis work and provides

possible directions for future work.
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CHAPTER 2

OPV BACKGROUND, DEVICE PHYSICS AND
FUNDAMENTAL CONCEPTS

2.1 Introduction

In the last decades, the increasing depletion of fossil fuels and the rise in global
energy demand have sparked interest in academia and industry alike in the pursuit for
renewable or alternative energy sources [1]. Solar energy represents a promising
substitute to fossil fuels since the energy of the sun is vast compared to other renewable
types of energy [2]. A way in which sunlight can be harvested and converted into
electricity is through photovoltaic devices (PV) [2]. These devices can convert light
directly into electricity via semiconductor materials, and the electricity can be consumed
on site or stored in batteries [3]. At present, the most commonly used PV technologies
are made from inorganic semiconductors [4]. For example, commercial silicon solar cells
have achieved efficiencies >20% with lifetimes over 20 years and thus occupy
approximately 95% of the global PV market, followed by roughly ~ 5% for thin film
technologies and less than 1% for emergent PVs [4-6]. Although solar cells have
decreased their price significantly over the last two decades, they are still offset by higher
production costs [4]. Further, silicon solar panels are bulky, heavy and need more material
during its fabrication [7]. Hence, much effort has been focused into developing alternative
PV technologies in past years, which can provide flexibility, lower costs, use less material
and that can be easily incorporated into existing infrastructure, minimising impact on land

usage [5, 7].

Along these lines, organic semiconductors have risen as promising candidates that
can offer low-cost electricity due to advantages such as solution-processing, molecular
tuneability, and compatibility with large area fabrication [2, 8]. In order for organic
photovoltaics (OPVs) to compete with established PV technologies, a deep understanding
of the underlying processes is needed [2, 7, 9]. In this thesis, we work towards improving
the efficiency of OPV by utilising three different methods. First, Chapter 4 presents
preparatory work to maximise the performance of binary blends, to better understand the

performance when a third component is added. The formulation approach is introduced



in Chapter 5 by adding a third component into binary OPVs, to discern the impact these
ternary OPVs have on the efficiency. Since new PV materials may benefit from higher
mobilities, on Chapter 6 the electron transport of novel materials is probed for the first
time. The third approach corresponding to new architectures is investigated with
advanced modelling in Chapter 7 by device engineering multi junction OPVs. Relevant
background to this is included in section 2.11. But first, this Chapter offers a general
overview of the fundamental concepts that pertain to OPVs and scrutinizes through the
importance of solar energy, followed by a brief review of OPV history and key
milestones. Then, the three generations of PV devices are introduced as well as the main
operating principle in an OPV device. Concepts related to type of architectures, electrical

parameters and loss mechanisms are also reviewed.

2.2 Brief history of OPVs

Back in 1839 while experimenting with two metal electrodes and an electrolytic
material (electrically conducting solution), Edmund Becquerel observed that when
exposed to sunlight, a small electrical current could be generated and this phenomenon
was named as the “photovoltaic” effect [10]. This discovery paved the path for the
photovoltaic field and the generation of electricity from sunlight [10]. Shortly afterwards,
Willoughby Smith fabricated the first selenium solar cell in 1877 [11]. In 1905, Albert
Einstein published a paper on the photoelectric effect describing that light consisted of
“packets” of energy called photons and some years after his theory was published, the PV
effect was observed for the first time in cadmium-selenide (1932) [11]. Pearson, Chapin
and Fuller working at Bell laboratories reported the first practical solar cell made of
silicon in 1954 [12].

Fast forward to more recent times, we now turn the attention to organic materials.
Figure 2.1 presents a number of valuable milestones achieved throughout the last decades
in the field of OPVs. One of the most important breakthroughs realised with organic
semiconductors was the detection of conductivity in conjugated polymers in the late 70’s
[13]. For this pivotal discovery, Heeger, MacDiarmid and Shirakawa were awarded the
chemistry Nobel prize in the year 2000. Later, in 1986 Tang and colleagues introduced
the first modern donor:acceptor (D:A) bilayer solar cells by using copper phthalocyanine

with perylene derivative materials, realising an efficiency of nearly 1% [14].
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Figure 2.1. Brief history timeline of OPVs and important discoveries of recent years.
References from figure: [13-23]. Adapted from: [24].

Moving on to the 1990’s decade, two different groups concurrently reported the
first polymer and fullerene bulk heterojunction (BHJ) blend, which still represents to this
date the fundamental system of D:A organic solar cells [16, 17]. In the early 2000’s,
Padinger et al [18] observed that in P3HT:PCBM BHJ OPVs, the utilisation of
postproduction treatment such as thermal annealing (TA) could increase the short-circuit
current (Jsc) due to more favourable charge carrier mobilities, yielding higher efficiencies
in their devices. Subsequent advances with new materials and polymers have continued
to raise the bar in efficiency, establishing new records. For example, the introduction of
novel polymers like PCDTBT and PTB7, which show strong absorption in the near-
infrared region, allowed for higher efficiencies [19, 20]. In addition, these novel materials
also permitted device engineers to reach higher efficiencies by fabricating solution-
processed tandem solar cells [23, 25]. By stacking two or more active layers with
complementary absorption, the sun’s spectrum is more efficiently covered, since the light

that is not absorbed in one layer can be absorbed in the other [26].

As briefly summarised in this section, the OPV research field is interesting and

vibrant with new developments being reported very often by different groups worldwide.

2.3 Current generation of PV technologies

Besides common inorganic solar cells, other types of PV technologies are
constantly being developed and improved with the objective of enhancing efficiency
whilst reducing fabrication costs [5, 27]. Presently, PV technologies are generally
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classified into three main categories, depending on properties, efficiency and electricity
output cost. Figure 2.2 presents the different generations of PV solar cells plotted with
the efficiency vs the cost per square-meter.
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Figure 2.2. Three generations of PV technologies. Adapted from [11, 27]. Efficiency limits will
be discussed in section 2.11.

2.3.1 First generation

The first generation encompasses PV solar cells made of crystalline silicon wafers
(c-Si), namely monocrystalline (single continuous crystal) and polycrystalline (many
small crystalline grains) [4, 28]. Commercial modules of these type of solar cells have
efficiencies in the range of 15%-20% [29] and can reach efficiencies over 25% in standard
test conditions [11, 30]. Presently, c-Si solar cells occupy approximately 95% of the total
PV market and they can last for >20 years with a higher performance when compared to
other generations [4]. This type of solar cell is made of wafers which are rigid, brittle and
are fabricated with deposition methods that consume a lot of energy, for example the
Siemens process for polysilicon [28]. Although recent advances have shown that thinning
the back wafer can reduce some of the cell cost [31], generally the thickness of the first
generation PVs is in the order of 50 um - 500 um which means they still use more material
compared to the next generations [28]. In addition, c-Si has an indirect bandgap thus it
requires a thicker active layer to absorb light [32]. This in turn, has encouraged
researchers to look at cheaper materials for PV applications.
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2.3.2 Second generation

The next alternative family of PV technologies consist of thin-film cells and is
referred to as the second generation [33]. Unlike c-Si solar cells, in the second generation
materials have a direct bandgap, which allows for a higher absorption coefficient [32]. As
a result, these type of PV devices are much thinner than the c-Si wafers from the first
generation, with thicknesses in the order of a few microns [34]. Semiconductors like
cadmium telluride (CdTe), amorphous silicon (a-Si), copper indium selenide (CIS),
cooper zinc tin sulphide (CZTS) and copper indium gallium diselenide (CIGs) are part of
this generation [33]. Unlike the first generation of solar cells based on wafers, the thin-
film cells are solution deposited (e.g. hydrazine method, nanoparticle inks) which makes
them dependent on deposition parameters [33, 35, 36]. Although they were originally
envisioned to be cheaper than the first generation, due to the price decline in wafer solar
cells, these thin-film PVs have not become economically favourable as it was originally
intended [33]. At present, commercial performances range around 10-18% and they
occupy ~5% of the current PV cells installed in the market [4]. More specifically, PCEs
of ~13% have been realised with CdTe and CZTS, whilst below 18% for CIS and CIGS
thin films [4, 35]. On the downside, a matter that can be of concern is the long-term

stability and that they are less efficient per unit area [11].

2.3.3 Third generation

The third generation is comprised of emergent and novel PV technologies, made
from organic materials, dyes, nanotubes, quantum dots and organic-inorganic devices
(e.g. perovskites) [11, 37]. Generally, the third generation of PV technologies includes
two categories: Illa and Illb. To start the discussion with the Illa generation, the main
goal is to achieve a lower cost/watt balance with much moderate efficiencies (10% — 15%)
[4, 11]. In order to realise this, organic semiconductors are used which are flexible,
require low temperature fabrication processes, fewer materials (thicknesses of 100 nm —
500nm range) and generally a lower investment in terms of equipment [11, 37]. For
instance, dye sensitized solar cells made up from organic dye molecules belong to this
category, however, this type of devices is limited by low efficiencies and poor stability
[38]. More recently, Perovskites have proved to be a promising type of PV device,

achieving efficiencies of ~20% in laboratory settings [39, 40]. Yet, a main hurdle is the
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stability, and much research is still undergoing before this technology becomes fully

commercial [39].

Another promising approach is that of OPVs which are manufactured from earth
abundant materials and processed as polymers or plastic [41]. Although efficiency has
been improved lately as observed section 2.2, it still lags compared to first generations
solar cells in addition to a limited lifetime [42]. Altogether, mainly due to its low cost and
potential for continuous printing processes, it has become an important contender to
compete with established PV technologies, which are generally offset by a higher price
and complex manufacture [41]. For OPVs to successfully become commercial, a balance
between lifetime, costs and efficiency must be met otherwise they will be limited to niche
markets [43].

To finish this section, the I1lb encompasses approaches with higher theoretical
efficiencies affording higher costs but still with a satisfactory cost/wattage balance [11].
For example, multijunction PV cells — or multilayer- which increase the amount of
sunlight and materials that can harvest more energy from a single photon (i.e. quantum
dots, organic dyes) are candidates for this generation [26, 44]. Multijunction cells
represent the most efficient devices at present, and have been successfully used in
satellites and in concentrator PV systems, reaching efficiencies of 46% in the latter [45].
At present, most of the work on the Illa generation is still carried out at universities and
research facilities, meaning that devices based on this type of technology are not fully
commercially available [4]. In the next sections the focus will be on OPVs as these types

of devices have shown to be promising to compete with mature inorganic PVs.

2.4 Why OPVs are considered important

OPVs are made from semiconducting materials such as organic polymers and
organic molecules based on carbon, which will be discussed fuller in the following section
[33]. Inspiration for OPVs initially came from plants and photosynthesis, in which
incident solar energy is separated into electronic charges and converted to chemical
energy by a series of energy transfer steps [46]. As previously stated, OPVs have attracted
considerable attention due to solution-cast processing at low-temperatures, molecular
tuneability and roll-to-roll printing which holds promise for low cost manufacturing,
easing the constraints for large area fabrication [43]. Indeed, efficiency in OPVs has come
a long way since its early development, with PCEs from 1% to ~17% in recent times [14,
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47]. Although this raise in performance is promising, OPVs are still behind inorganic
solar cells not only in efficiency but also in device lifetime [48]. In order to realise
commercialisation, OPVs need consistent performances around 10% — 15% for at least
10 years of operating life to compete with mature technologies [49]. Table 2.1 provides a

brief review of the state-of-the-art OPVs and their PV values.

Voc Jsc FF PCE

Donor material  Acceptor material ) (mAVe mz) %) %) Ref.
P3HT PCBM 0.63 9.5 68% 5% 50
P3HT ICBA 0.84 9.7 67% 5.4% 51

PCDTBT PC71BM 0.62 16 55% 5.5% 19
PTB7 PC71IBM 0.74 15 69% 7.4% 20
PBDT-TFQ PC71IBM 0.76 18 58% 7.8% 52
PTB7-Th PC71BM 0.75 15 71% 8.2% 21
PTB7-Th COI8DFIC 0.69 24 64% 11% 22
PBDB-T-2F IT-4CI 0.79 23 75% 14% 53
PM6 YM6 0.86 24 73% 15% 54
PRNDR-T-F RTP-4C1 0.86 25 75% 17% 47

Table 2.1. Survey with the PV performance of state-of-the-art OPVs. References from
table: [19-22, 47, 50-54].

Thusly, because OPVs have demonstrated potential to surpass current efficiency
results, novel methods and scenarios are currently being developed. Now, the materials
which are used as photoactive layers in OPVs will be reviewed.

2.5 Brief introduction to organic semiconductors

Up to now, common solar cells discussed earlier are made from inorganic
semiconductors like c-Si, CIGS and CdTe. In this section, we take a closer look at the
materials that conform OPVs. Organic polymers and organic molecules are the
semiconducting materials used as active layers in OPVs [33]. The term “organic” in these
semiconductors stems from the carbon atoms from which these components are made of,
meaning that “C” atoms and their bonds (i.e. C-C) are the backbone [55]. Typically, they
are grouped into small systems and large systems. The former is normally referred to as
oligomers, containing a few mers or repeat units per molecule, whereas the latter is known
as a polymer, comprising numerous mers i.e. hundreds or thousands mers per molecule
(Figure 2.3) [56].
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10 n

Figure 2.3. Representation of orbitals in an oligomer (left) and polymer (right). The solid line in

the middle represents the o bond between the carbon atoms and the dashed lines the end repeat

units (i.e. the same structure repeating) which are different between the two, whereby a polymer
has a large number of repeat units, as explained in the text. Adapted from: [25].

To fully understand how organic semiconductors conduct electricity, basic
concepts are first reviewed to elucidate the origin of the energy levels and charge
transport. In typical polymers, the valence electrons of the carbon atoms are fully used
for bonding in a carbon chain, otherwise known as saturated polymers [56]. Polyethylene
(Figure 2.4), consists of a carbon atom with 6 electrons occupying energy states of 1s?
2s? 2p?, and is a characteristic example for a saturated polymer. Now, considering the
carbon atom in polyethylene, the four electrons in the 2s? 2p? shell achieve a low energy
state (hybridised sp®) that combines s-orbital and p-orbitals, known as ¢ bonds which are
strongly bound because of the orbital end to end overlapping and are located in orbitals

at lower energies [55, 56]. In Figure 2.4, the ¢ bonds are represented with the solid lines.

H H H H
\/\/\/\/

\/\/\/\/\

AN \ \
H  H H HH/HH/H

Figure 2.4. Polyethylene polymer molecular structure. In this schematic, the solid lines
represent ¢ bonds with a total of 25 bonds. Redrawn from [56].

On the other hand, polyacetylene is a typical example of a conductive polymer
(Figure 2.5). It is made of a carbon chain with one hydrogen per atom, with alternating
single and double bonds between them. In polyacetylene there are three nearest

neighbours leading to a hybridization of spp;, where only three of the four valence
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electrons are utilised for bonding, and one & electron (i.e. electron in a w bond) is left and
available for electrical conduction [56]. Polymers with this configuration are termed
conjugated, where delocalized © electrons are less bound (due to lateral overlapping of
orbitals) and occupy higher energy states in a molecule [55, 56]. Taking into account a
chain of closely spaced carbons, many =« electrons will interact with other close & electrons
to form energy bands (w sub-bands). In Figure 2.5, o bonds are represented by a solid

line and the double bonds depict a ¢ plus a w bond.

O
\/ \(/ \(/ \/ AN
H H H H

Figure 2.5. Polyacetylene polymer molecular structure. In here, the double bonds represent a ¢
plus a 7w bond. There is a total of 17 ¢ bonds and 4 7 bonds. Redrawn from [56].

Thus, electrical conductivity arises from these m electron in sub-bands since they
become delocalized [56]. Further, because of this delocalization, they can move freely
(relatively) through a molecule and be excited to higher energy states by low-energy
optical transitions like visible or near infra-red photons [55]. We now look at ethylene
(Figure 2.6a, b) to further explain the location of bonds. In here, there is a double bond
between the carbons, formed by o bond (i.e. the overlapping of sp? orbitals) and © bond
(i.e. overlapping of p-orbitals). Also, there are ¢ bonds between hydrogen and carbon
atoms formed by s-sp? orbitals. In total there are 5 ¢ bonds and one © bond. In addition,
the energy difference between the highest occupied  sub-band and the lowest unoccupied
7 sub-band determines the energy bandgap in semiconducting polymers; the former
referred to as the highest molecular orbital (HOMO) whereas the latter to lowest
unoccupied molecular orbital (LUMO) [55]. Alternatively, the unoccupied © bands are
generally denoted as n* bands [56]. Figure 2.6¢ shows the HOMO and LUMO orbitals of
ethylene. This bandgap determines the necessary energy to excite an electron from the
HOMO to the LUMO and the maximum absorption of the polymer [57]. Depending on
the polymers, typically bandgaps are found between 1.4 eV to >2 eV [57].

16



7 bond

b)
H H
\ / o® sp’ ¢ bond sp c

C—=C

Y
VAN @ O 7 (®)
8. 8,

Figure 2.6. a) chemical structure of ethylene (CH> = CH>). b) carbon atoms with orbitals
depicting 5 6 bonds (formed from s-sp? and sp?-sp? orbitals) and 1 © bond (from n-x overlap). ¢)
HOMO-LUMO orbitals showing 7 electrons with black arrows. Redrawn from: [58].

l HOMO

Having defined what organic semiconductors are made of, we focus the attention
on the basics of charge transport. Compared to the highly crystalline structures found on
inorganic materials, in disordered materials like organic semiconductors charge transport
is dominated by “hopping” which is the process of electron transfer between molecules
when electronic coupling is weak [55, 59, 60]. Although there are different models to
describe charge transport in organic semiconductors such as: the Hamiltonian model,
Marcus theory, Miller-Abrahams and Bassler model, the focus will be on Miller-
Abrahams (Figure 2.7) since it uses a Gaussian distribution to approximate the
distribution of energy in disordered materials, which yields good predictions for charge
transport [55]. As seen elsewhere, this formulism is suitable for molecular crystals,
polymer materials and different types of solids [55]. In here, a compact description on the
theory is covered, and interested readers are referred elsewhere for a broader discussion
[61, 62]. Following photon absorption in a photoactive material, a carrier is set in a high-
energy state in the Gaussian density with a standard deviation. Then, hopping takes place
into lower states of energies until the charge arrives at an average energy referred to as

transport energy that is temperature dependent [55].
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Figure 2.7. Representation of the energetic picture in a disordered organic semiconductor
considering the Miller-Abrahams hopping mechanism. Once charges are separated after
photoexcitation, they hop in a Gaussian density of states with standard deviation to lower sites
that are energetically favourable whilst diffusing through the material. At temperature of 0K
carriers are relaxed to the deepest states. Hand drawn from [55].

The first hops occur more rapidly whereas later hops are slower attributed to the
temperature dependence leading to a reduced mobility. As such, the film thickness plays
an important role in a device since carriers can be completely “relaxed” prior to being
collected by the contacts [55]. This leads us to the difference in charge carrier mobilities
between organic and inorganic semiconductors, whereby the former mobilities range
from 107 cm? V1 st to 1 cm? V! st in contrast to the higher mobilities in the latter,
typically in the order of 102 cm? V! st (e.g. for c-Si) [56]. Nevertheless, as we shall see
later, OPVs made from organic semiconductors offer interesting chemical, electronic and

optical opportunities that make them attractive for PV applications.

2.6 Electricity production in a P-N junction photovoltaic cell

Because PV cells can be fabricated from organic and inorganic semiconductors, a
good understanding of diode based devices requires basic knowledge of P-N junctions.
To start the discussion, fundamentally, a P-N junction represents a diode that can provide
current flow in one direction and block current in the other direction [63]. The area of
interest for photovoltaics is in the middle where the transition from one material to the
other occurs. A common P-N junction diode is illustrated in Figure 2.8. In general, the

PV process with organic semiconductors differs from the inorganic counterparts.
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Figure 2.8. Representation of a diode device and its symbol. Adapted from [63].

On the one hand, with inorganics, following photon absorption in the
semiconductor leads to the formation of highly delocalized electron-hole pairs (Wannier
excitons) due to the low binding energies ~0.01 eV, and high dielectric constant of € = 12
(i.e. silicon), which can separate at the P-N junction or depletion zone (Figure 2.9) [55,
64, 65]. In here, the built-in electric field drives them to the opposite directions and finally
to their corresponding electrodes [64]. Further, depending on the material free charges
can be realised by thermal energy (KT = ~0.025 eV) at room temperature, since its lower
than the binding energy of these excitons [55]. Also, adding impurities (doping) allow
one to control the concentration of electrons and holes. For the sake of explanation, by
doping with group V elements from the periodic table (i.e. adding phosphorous to silicon)
results in a N-type semiconductor because of the extra electron in phosphorous, referred
to as donor doping [32]. Now, replacing with group Il elements (i.e. adding aluminium
to silicon) results in a P-type semiconductor, since aluminium has one less electron
inducing an excess of holes [32].

P-type N-type

@ — Electrons

Conduction band \CD @ @ @ @

e

h hv
Photon band gap
absorption
90000
Holes +— . Valence band

Depletion
zone

—>

Figure 2.9. Representation of energy level diagram in a P-N junction photodiode. From [68].

On the other hand, organic semiconductors have a low dielectric constant of & =2-
4 resulting in a strong Coulomb barrier between electron and holes with binding energies

of 0.5 — 1.0 eV and binding radius of ~1 nm [55, 65, 66]. So, once a photon is absorbed
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in an organic semiconductor, it leads to generation of strongly bound electron-hole pairs
(Frenkel exciton) instead of free charge carriers [66, 67]. Now, for these excitons to be
useful in generating electricity, they need to be dissociated into free carriers first. If an
exciton fails to dissociate within its lifetime the absorbed energy is lost (more on the loss
mechanisms in section 2.10) [67]. Thus, OPV requires different strategies to separate
electron-hole pairs, for example a large applied electric field and the presence of two
semiconducting materials one of which has a high affinity to accept electrons and the
other a high ionization potential to donate them [66, 67]. In these organic semiconductors,
the hole transport material is known as P-type whereas the electron transport material is
termed as N-type [69]. Considering the latter, dissociation can occur if the offset in the
HOMO or the LUMO is sufficient to overcome the binding energy of the exciton [66].
The result is that the junction of these two organic semiconducting materials is similar to
a P-N junction in a common PV device [67]. In the next section, more discussion on the

operating principle of OPVs will be covered.

2.7 Operating principles of OPVs

As previously explained, the dissociation process in OPVs it requires an interface
between two semiconductor materials. Figure 2.10 presents a basic energy band diagram
showing the energetic offsets between the D:A HOMO and LUMO to further understand
charge transport in OPVs [67]. In here, the Ip denotes ionization potential which is the
energy required for the material to move an electron from the HOMO to vacuum [67].
The definition of the vacuum level (vacuo) is the energy of a free stationary electron that
is outside of any material, and is used as the level of alignment for energy levels between

two different materials like shown in the figure [33].

Vacuum

>

LUMO

Energy (eV)

—>
>
m

>

Acceptor
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Figure 2.10. Energy band diagram and heterojunction of a D:A material. Adapted from [67].
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The Ea stands for electron affinity, and it represents the ability of the materials to
act as an electron acceptor and is normally represented by the LUMO relative to the
vacuum. The HOMO-LUMO gap shown in the figure denotes the energy required as

minimum to excite an electron from the HOMO to the LUMO as previously stated [67].

Moving on, a simplified overview on the PV process in an OPV device is depicted
in Figure 2.11. Generally, the operation of a PV device may be visualised as taking place
in four fundamental steps that happen consecutively. After light is absorbed (step 1), an
electron can be excited from the donor HOMO to its LUMO resulting in an exciton which
is an electron-hole pair strongly bound as formerly discussed [70]. Therefore, in order to
split the exciton into free carriers, it diffuses into D:A interfaces (step 2) during its lifetime
where the electron can transfer to the LUMO of the acceptor material [70]. The lifetime
of the excitons is estimated to be around ~100 ps — 1 ns [46] with a diffusion length of
~10 nm [71, 72]. Further, because diffusion has no direction (more on section 3.7.4 of
Chapter 3) the D:A nanostructure plays an important role, since the mixture of these
components tends to form a phase segregated morphology, thus increasing the interface
area between these constituents to assist in the exciton splitting [73]. In addition, when
the energy difference between the donor and acceptor’s LUMO (AEa from Figure 2.10)
is greater than the binding energy, this charge transfer is more favourable to occur. This
process can take place in two ways: 1) The first is for an exciton on the donor material,
which splits up resulting in the injection of electron to the LUMO of the acceptor and the
hole remaining in the HOMO of the donor. 2) The second, if the acceptor material is
excited, a hole is injected in the HOMO of the donor while the electron remains in the
LUMO of the acceptor [64].

Cathode

Figure 2.11. Working principle (basic schematic) in an OPV device. The orange (left) depicts
the donor material and the yellow (right) depicts the acceptor material. The light is represented
by the hv symbol and carriers are collected in the anode (holes) and cathode (electrons)
respectively. The Vy; shows the difference of work function between contacts. From [67].
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Once the exciton is located across the D:A interface, it becomes a charge transfer
exciton (CT) which means that the electron is in the acceptor, the hole on the donor, but
that they are still Coulombically bound, with a typical capture radius (rc) of ~20 nm in
organic semiconductors with dielectric constant of € =2 — 4 [74]. This rc is also termed
thermal capture radius, and describes the distances opposite charges would have to be
apart for their attraction to decay to kT [74]. Once the distance between the electron and
hole is greater than rc, they separate to become free carriers (step 3) [67]. Nevertheless,
in contrast to inorganic PV materials, charge transport in organic materials is more
limited. For instance, in inorganics, crystals allow electrons to move almost freely but in
view of the inherent disordered materials like organics, the lack of long-range order and
weak intermolecular forces leads electrons to hop from molecule to molecule, as specified
previously [75]. And lastly, once the carriers are free they can transport through the donor
or acceptor channels into their respective electrodes to be used in an external circuit (step
4) [67]. In addition, due to the difference in the work function of the electrodes, an internal
potential is generated (Vi) as indicated in Figure 2.11. Under illumination, this potential
assist free carriers to move into the contacts: electrons to the lower function metal and
holes to the opposed contact thus working as a solar cell [70]. Again, there are loss
mechanisms that directly compete with these four steps, which will be discussed in
section 2.10. For a thorough explanation on charge generation in OPVSs, interested

readers are referred elsewhere [46].

2.8 Evolution of common organic photovoltaic architectures

Owing it to the energy offset that is necessary to dissociate electron-hole pairs in

OPVs, different types of architectures have been used in the past to lessen this constraint.

b) c)
!Cathode | !Cathode

Anode
Anode

a)

Cathode

$550tn

Anode

Figure 2.12. lllustration of different device architectures used for the fabrication of OPVs; a)
single layer, b) bilayer and ¢) BHJ of a donor and acceptor. Orange lines represent the donor
material and the yellow circles represent the acceptor material.
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Figure 2.12 shows the typical architectures used on OPV devices, which include
single layer OPV, bilayer and the BHJ. Enhancements to the BHJ cell concepts are
discussed later.

2.8.1 Single layer

Originally, the first OPVs were fabricated with an active layer of a single material
evaporated and sandwiched between electrodes of differing work functions [70]. These
first OPVs were based in bioorganic materials such as Chlorophyll, which can absorb
light (i.e. like in plants) [76]. In order for these devices to generate current, the binding
energy needed to be overcome by thermal energy or by the separation of excitons at the
electrodes [75]. However, under normal operating conditions, the temperature is not high
enough and because of the sample thickness, most excitons could not dissociate into free
carriers, thus limiting the operation of these OPVs [75]. Further, considering the small
exciton diffusion length (~10 nm), only a small area within 10 nm — 20 nm from the
contacts could contribute to generate current [70]. Therefore, due to the inefficient
electron-hole pair separation, the efficiencies in single layer OPVs were lower to 0.1%
[76].

2.8.2 Bilayer

An important innovation in OPV research was realised when a second organic
semiconductor layer was added to a device. As discussed in section 2.2, the bilayer OPV
was first introduced by Tang and colleagues and unlike the single layer, efficiencies of
up to 1% could be attained [14]. In this device architecture, the light is normally absorbed
in the donor species, a hole conducting material (i.e. copper phthalocyanine) [14, 75].
Then, the photo generated excitons move within the donor layer until they reach the
interface with the second material, the acceptor, which is strongly electronegative (i.e. a
buckminsterfullerene Ceo) and thus provides enough energy to separate the excitons [75].
Therefore, the breakthrough with this device architecture compared to the previous one,
was the improvement in the exciton dissociation provided by the planar interface of the
donor and acceptor constituents [14]. However, a key issue with this type of devices is
that the thicknesses need to be of approximately 100 nm — 200 nm to more effectively
absorb light, contrasting to the small diffusion length of the excitons as discussed

previously. Hence, only a small fraction of absorbed photons make it to the D:A junction
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before recombining, resulting in an OPV design hard to exploit due to the limited

performances attainable [75].

2.8.3 Bulk heterojunction (BHJ)

Another novel concept was introduced in the mid 1990’s simultaneously by two
research groups, with the aim of overcoming the limitations of bilayer OPVs, briefly
discussed in the history of OPV section [16, 17]. The aim of this concept, termed the BHJ,
was to address the small exciton diffusion lengths of organic semiconductors as well as
the active layer thicknesses [75]. This BHJ strategy features a mixture of the donor and
acceptor components in such way that they become interpenetrated one another, meaning
that the interface between them is no longer planar, but spatially distributed and
consequently leading to D:A interfaces within the distance of the exciton diffusion length
[70, 75]. By mixing the donor and acceptor materials in a blend, efficiencies of 1 — 3%
could be attained in early devices [16, 17]. One of the main advantages of this approach
is the increased interfacial area where exciton dissociation into free carriers can take place
over the whole device [70]. However, an important downside is that continuous
percolation pathways are not always guaranteed in disorder materials which allow free
carriers to transport into their respective electrodes [70, 75]. This means that the BHJ
concept is more sensitive to the nanoscale microstructure, in contrast to the bilayer
whereby the donor and acceptor phase contact the electrodes selectively [70]. Even so,
the benefits of this approach compensate its negative sides, since most high performing
OPVs of recent past have been achieved with this method [54, 77].

For an optimal device performance with this approach, a control of morphology is
required [78]. In the past, some methods to enhance the morphology have been
successfully implemented, which may lead to a more favourable inner structure in terms
of exciton dissociation, transport and collection at the contacts. These device engineering
topics that relate to morphology optimisation and efficiency enhancement will be
discussed in section 2.11 and the results Chapters that come next.

2.9 About the solar spectrum and electrical parameters of OPVs

To better understand the ways in which OPVs have been developed since the BHJ
concept, we review now some of the basic terminology related to PV performance in this

section, and efficiency loss mechanisms in OPVs in section 2.10. Because research on
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PV devices is carried out in different places (i.e. universities, companies) it is important
to set a common ground that allows these devices to be tested and compared in a
reproducible way. A communal convention is characterised by a solar irradiance of 1000
W/m?, a device temperature of 25° C, and an air mass (AM) of 1.5 [79]. For the purpose
of explanation, when light passes through the atmosphere, the spectrum is attenuated
because of absorption of ozone (O3), water molecules (H20) and carbon dioxide (CO),

which also depends on the angle, position and earth season [64, 79].
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Figure 2.13. a) Schematic showing sunlight (dark arrow) passing through the atmosphere. AM
0 represents the solar spectrum outside the atmosphere. AM1 denotes sunlight traveling through
1 atmosphere and AML1.5 through 1.5 of atmosphere thickness. From [64]. b) Different solar
spectrum showing the impact of AM 0 and AM 1.5G.

Therefore, to classify the amount of atmosphere the light has gone through, the
concept of AM was created. Further, D and G notations can be added to this classification
which represents if the spectrum is direct or global where global means the direct sunlight
plus the light scattering accounted for [64]. Thusly, for solar cell testing, AM 1.5G is
typically used as this denotes the amount of sunlight passing through 1.5 atmospheres
(zenith angle of 48.2°) with an illumination intensity of 1000 W/m? representing one sun
[64]. A sketch is provided in Figure 2.13 showing the different classifications of AM and

a comparison of spectrums.

2.9.1 Power conversion efficiency (PCE)

We now move on onto the basic parameters of PVs. As observed previously, the

power conversion efficiency (PCE) also represented by the symbol “n” is one of the most

important figures to describe the performance of a PV device. The PCE is given by the
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maximum power (Pw) to the total incident power from sunlight (P.), and it is determined

by the next expression [67, 75, 80]:

P, FF |4
n= fm _ * Jsc * Voc (2.1)
Py Py

In short, the PCE indicates how efficiently a PV device can convert sunlight into
electricity. Further, the PCE is based on the open circuit voltage (Voc), Jsc and fill factor
(FF) all of which can be extracted from a J-V curve [81]. The J-V curve revealing these
parameters is generated when the electrical response of a PV device is conducted under
illumination with a solar simulator and an irradiance of AM 1.5G, typically by applying
a voltage sweep, i.e. -1 V to 1 V, that depends on the open circuit voltage [81]. Figure
2.14 depicts these PV characteristics which are discussed below. During dark
measurements, the J-V passes through the origin (almost no current generation) and under
illumination, the J-V curve shifts downwards in an equal amount to the photocurrent (J)
in the forward bias region, as demonstrated in the figure.
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Figure 2.14. J-V light (blue) and dark (black) curves with points of interest.

The maximum power point (Mpp) denotes the location in the J-V curve where the
current density and voltage are at its maximum [67]. The Jupee and Vpp stand for the
current density at the maximum power point and the voltage at maximum power point

respectively [67].
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2.9.2 Short-circuit current density (Jsc)

The Jsc is defined as the current that flows through an illuminated device when
there is no applied voltage and is used as a measure of the photo-generated current in PV
devices [64]. The Jsc is directly correlated to the amount of light absorbed by the active
layer and factors related to the efficiency of each step of the PV process as previously
introduced: light absorption, exciton diffusion, exciton dissociation and charge
transport/collection [80, 82]. For example, the interplay between mobility of charges and
percolation pathways have a direct impact in Jsc [80]. A way in which Jsc can be
improved is to absorb more light in the device. One approach is to increase the thickness
of the active layer although this is limited until certain extent due to the low mobility of
charges which can lead to recombination [80, 82]. Another approach is to absorb more
light in the 600 nm — 800 nm region where there is a maximum of solar photon flux [80,
82]. For instance, a polymer MDMO-PPV used in OPVs in the past has its absorption
peak at 500 nm, which is offset from the maximum photon flux region [80]. This
represents a clear example of why new materials are needed, because in this case the
absorption profile of the donor polymer is strongly mismatched with the solar spectrum.
Thus, there is ongoing research to develop novel polymers and small molecules with

lower bandgaps that can strongly absorb in these regions [83].

2.9.3 Open circuit voltage (Voc)

In PVs, the Voc is the applied voltage for which there is no current flow and
defines the maximum voltage that a device can deliver to an external load [84]. Although
the changes in Voc can be attributed to a number of factors, to name a few: illumination
intensity, temperature and carrier lifetime [84], it is generally agreed with supports in
literature that Voc is mainly related to the energy difference between the LUMO of the
acceptor and the HOMO of the donor materials [80, 84]. Voc can be calculated using the
next equation [84, 85]:

Voc = €™ (IEhomo®™"| — |ELumo P — 0.3 eV) (2.2)

Where “e” is the elementary charge, “E” the energy levels of the HOMO or
LUMO components and “0.3 eV is an empirical value used to represent charge

separation in polymer:fullerene systems [85]. For example, Figure 2.15 presents a
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schematic of a P3HT:PCBM OPV with energy levels and Voc of ~0.6 V, and can be used

as reference for the design of other polymers [85].
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Figure 2.15. Energy band diagram of P3HT:PCBM OPV showing the bandgap (Ec) and Voc.
Energy levels from [86].

2.9.4 Fill Factor (FF)

In PVs, the FF is an important parameter that indicates how easily charges can be
extracted from the device and is typically expressed by the squareness of the J-V curve,
i.e. by the quotient of the maximum power and the product of the Voc and Jsc (yellow
and white rectangles correspondingly in Figure 2.14) [85, 87]. The FF is determined by
the formulism [87]:

_ Jupp * Vupp (2.3)

FF
Isc * Voc

Where Jmpr and Vvpp are the current density and voltage at maximum power point
as indicated before. The FF reveals the quality of the diode properties in PV cells under
illumination and an “ideal” value would be represented by unity e.g. 100%, when the J-
V curve depicts a rectangle, however, in real life is not possible to achieve this value [87].
A number of factors can adversely affect FF including series and shunt resistances, carrier
mobility and morphology [80, 85]. Recent advances in device engineering have
demonstrated that adding a small amount of lithium fluoride (LiF) at the interface between
the active layer and the metal contact can be beneficial to increase FF [88]. For instance,

an LiF evaporated layer of ~1 nm can increase FF (and Voc), resulting in higher PCEs
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[80]. This can be attributed to: lowering the work function of the cathode and protection
of the photoactive layer from hot atoms resulting during the evaporation of the contact
[80]. To finish this section, there are different ways in which PCE can be enhanced in
OPV devices. At present, the study of novel materials, formulation (processing methods)

and new architectures is a major force driving the performance in OPVs [65, 89, 90].

2.10 Efficiency loss mechanisms in OPVs: Recombination

Having discussed the main 4 consecutive steps occurring in an OPV to generate
electricity, we now take a closer look at the processes that compete against them. The
recombination of charge carriers is an important loss mechanism in semiconductors
where the energy is lost for power conversion, thus limiting the performance by
decreasing FF, Jsc, Voc and PCE [75, 91]. Due to the low dielectric constant in organic
semiconductors as previously specified, the separation of electron-hole pairs into free
carriers and collection at the contacts can be inefficient in many cases [92]. This loss
mechanism takes place when electron-hole pairs recombine back to the ground state
before fully dissociating or when opposing free carriers encounter each other on their way
to the electrodes [92, 93].

fs Time after photon absorption us

\

Exciton generation Charge transfer state Freee-h Collection

®

hv

Exciton Geminate Non-geminate
recombination recombination recombination

Figure 2.16. Schematic with general overview of the processes involved following photon
absorption, showing geminate and non-geminate recombination mechanisms and the time
scales. Redrawn from [94].

When this happens, a part of the photon energy is lost and hence fewer carriers

collected which reduces the device’s performance. OPVs are largely dominated by two
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types of charge recombination, namely, geminate recombination and non-geminate
recombination which will be discussed next. In addition, the exciton recombination,
where the exciton decays before reaching a D:A interface, is usually not a problem in
BHJ systems since both materials are blended as declared before, so it won’t be further
discussed. Figure 2.16 presents a sketch of the main processes involved in recombination

mechanisms and charge carriers.

2.10.1 Geminate recombination

The mechanism of geminate recombination takes place before an electron-hole
pair is dissociated into free carriers, as illustrated in Figure 2.17 A, B. To briefly recap,
after a photon is absorbed, an electron-hole pair is formed called an exciton, which is
bound by strong Coulomb forces making it complicated for these constituents to separate
into free carriers, an issue unique to OPV devices [95]. Once it reaches a D:A interface,
the exciton forms a CT state as formerly described, where the electron and hole are still
bound by a lessened Coulomb binding energy, which in most cases is larger than kT
(~0.025 eV) at room temperature [86]. In order for the electron-hole to separate, they
must overcome this binding force, otherwise they recombine geminately [95]. Although
there has been ample discussion in literature regarding what determines if electron-holes
will separate or recombine at the D:A interface, is generally agreed upon that energy level
offsets close to the heterojunction are the main cause of free charge generation [96].
Factors that can assist in overcoming geminate recombination are the electric field and
energetic disorder [92]. In addition, there is compelling evidence showing that the
delocalization of CT states can also assist in reducing geminate recombination [92].
Alternatively, geminate recombination of a photo generated electron-hole pair at the
interface is known to be monomolecular, because these two constituents originate from

the same photon [93].
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Figure 2.17. Geminate and non-geminate recombination mechanism, adapted from [92].
Following light absorption, an exciton is formed (green arrow), which is bound as indicated by
the dashed line with the electron and hole figures. Then, the exciton starts to diffuse into a D:A
interface (black arrow). The geminate recombination mechanisms are: ‘A’ exciton decay before
reaching a D:A interface and ‘B’ recombination through the CT state before fully dissociating
into free carriers. The CT is represented by the dashed lines to the left and right of ‘B’. Typical
non-geminate recombination mechanisms include: *C’ bimolecular (opposing free carriers) and
‘D’ trap assisted, which is represented by the arrows to the left and right of ‘D’ showing distinct

energetic traps.

Reports in literature have demonstrated that in some OPV blend systems, the
absorbed photons are converted to free electron-hole pairs with values over <95% or near
unity [77]. However, geminate recombination can adversely impact Jsc in blend systems
that do not reach such values [97, 98]. Thus, the need to engineer ways to overcome
geminate recombination when the above-mentioned factors are absent is significant and

an important area of research in the OPV field.

2.10.2 Non-geminate recombination

When electron-hole pairs are dissociated into free carriers, they drift towards their
respective electrodes (hole to the anode, electrons to the cathode) assisted by the device
internal electric field [92]. However, pathways to the electrodes are not always certain in
blended systems as established before, and since charge transport takes place by hopping
from one molecule to another, recombination of oppositely charged carriers may still
occur [59]. This is termed as non-geminate recombination, whereby opposing free
carriers do not originate from the same photoexcitation event [93] (Figure 2.17 C, D).
Because non-geminate recombination competes with carrier extraction, once all charges
are collected a higher photocurrent can be attained in the device [93]. Thus, non-geminate
recombination is an important loss channel that has a profound impact in Jsc, Voc, FF
and consequently the PCE. Therefore, a comprehensive understanding on this type of
recombination is necessary to realise higher performances in OPVs [99, 100].
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Factors that have been shown to suppress non-geminate recombination include
the spatial separation of charges via a “cascade” energy structure at a D: A interface, which
can be formed by adding a third component into a BHJ blend [74]. This method can
increase carrier lifetime and thus yields a higher opportunity for carriers to reach the
contacts [101]. Also, adding additives into a BHJ blend can assist in optimising the
morphology and reduce charge carrier recombination [102]. Lastly, there are three main
physical processes in OPVs that arise from non-geminate recombination: bimolecular,
trap-assisted and surface recombination (contacts) which are individually discussed in

what comes next.
a) Bimolecular recombination

This type of non-geminate recombination is the most common and describes the
recombination of a free hole with a free electron as demonstrated in Figure 2.16,
evidencing the competing process against carrier extraction [99, 103]. Therefore, slower
carriers are more likely to find each other, thusly the rate of bimolecular recombination
in OPVs depends on the mobility of charge carriers [92, 99, 104]. This type of
recombination is described by the Langevin formulism as:

q
Ry =~ (n+ ) (np = 1) (2.4)
Where q is the elementary charge, ¢ the dielectric constant, un the mobility of
electrons through the acceptor LUMO, pp the mobility of holes through donor HOMO, n
and p the electron and hole charge density respectively and n; is the intrinsic carrier
concentration [92]. To simplify, this equation describes the recombination of two

opposite charge carriers that are attracted to each other by their Coulomb radius [92].
b) Trap assisted recombination

This type of recombination occurs when an electron and hole recombine through
a localised energetic trap; for instance, one carrier is trapped then a second (oppositely
charged carrier) finds the trapped carrier [92]. In disordered materials such as BHJs, traps
arise from chemical impurities, defects and unoptimised morphology, enhancing this type
of recombination [105]. Additionally, defects can lead to the formation of shallow and
deep traps, both of which can limit the mobility of carriers [106]. In this loss mechanisms,
the recombination rate is determined by the number of trap sites that act as charge trapping
and detrapping, and how quickly a free carrier can find a trapped one [99]. This type of
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non-geminate recombination is also known as Shockley-Read-Hall (SRH) model and is
defined by the next equation, which has been used to describe inorganic semiconductors
in the past as well as OPVs [99]:

R _ CnCpNtr(np - nlz)
SEE [Ch(n + 1) Cy(p — po)]

(2.5)

Here, Cn means the probability per unit time that an electron in the conduction
band will be captured when a trap is empty and able to capture an electron. Consistently,
Cp means that probability per unit time that a hole will be captured when a trap is filled
with an electron and able to capture the hole. Ny denotes the density of electron traps, n
and p are the electron and hole density in the conduction and valence band accordingly.
Also, n;i stands for the intrinsic carrier concentration in the device [92]. It has been
discussed in literature that in most polymer:fullerene based blends, trap recombination
originates in the donor material whilst the acceptor is trap free mostly attributed to defects
from the donor and because fullerenes are known to be limited by space charge [92, 107,
108]. Regardless, it has also been discussed in literature that most of high efficient OPVs

are not limited by this type of non-geminate recombination [105].
c) Surface recombination

Although this type of non-geminate recombination has remained somewhat
obscure in literature in contrast to recombination mechanisms occurring in the bulk, it
may also affect the efficiency in OPVs [92, 100]. Surface recombination refers to the
metal-semiconductor interface at the contacts, where the presence of minority carriers
will dominate the recombination [100]. For example, this type of behaviour is observed
when electrons diffuse to the anode and recombine with injected holes, and when holes
diffuse to the cathode and recombine with injected electrons [92]. Further, low charge
transfer rates and energy barriers from the active layer can lead to space charge
accumulation in the contacts [100]. Not surprisingly, minority carriers near the electrodes
can reduce the cell performance since those carriers will recombine and the energy is lost
[92]. In any case, Street et al [109] investigated different recombination mechanisms in a
polymer:fullerene based blend and it was found that surface recombination is not a
dominant loss that determines the shape of the OPV characteristics which was further

corroborated with modelling studies.
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2.11 Efficiency enhancement

At present, the possibility of commercialisation and large area fabrication of
OPVs is still limited by low efficiencies [43, 110]. As stated before, efficiencies over 10%
— 15% are desired which can be accompanied by larger lifetimes, as this is another major
constraint in OPVs [111]. Nevertheless, many questions remained unanswered or highly
debated in literature such as the nature and morphology evolution in OPVs [112, 113],
which is closely related to all the PV processes (charge generation, separation, transport
and collection) [85].
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Figure 2.18. Methods to improve efficiency utilised in this thesis.

To this end, in this thesis we address perhaps one of the most important aspects
related to OPV research, that is how to improve the performance (Figure 2.18). Three key
points are investigated here: New formulation in blends (1), comprising ternary blends
with solvent additives. Novel materials (2) that include non-fullerene (NFA), hybrid
fullerenes and fullerenes probed for the first time. Lastly, new architectures (3) made up
of a tandem structure with and without an intermediate layer. In the following sections,

each type of methodology used in this thesis will be briefly introduced, as an antecedent
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to the results Chapters from 5 to 7. But first, the preparatory work included in Chapter 4
will be discussed.

2.11.1 Preparatory work to optimise binary blends

In this section we first discuss the precursor work carried out to optimise binary
blends, which was a necessary to better discern the impact of the formulation method by

adding a third component to the blends.

To start, the control of the active layer morphology remains one of the key aspects
to address in OPV fabrication [113, 114]. Considering the many options for materials,
device design and processing conditions, it is often that the outcomes may lead to mixed
results. However, as with other types of PV technology, there has been a continuous effort
to overcome these limitations in order to understand how to manipulate the morphology
and yield higher efficiencies in a predictive way [73, 115]. Among different methods that
have been investigated, thermal annealing (TA) and solvent vapour annealing (SVA) are
examined in Chapter 4, since these have demonstrated to influence the morphology and
thus to realise higher performances. As the name implies, TA is when substrates are
heated to temperatures below the melting point of the materials, which allows changes in

the orientation of the components [116].

e ?

Glass petri dish

Hotplate

Figure 2.19. Sketch showing TA on a hotplate (left) and SVA by saturating a petri dish with
solvent vapours (right). The light red rectangle represents the sample.

On the other hand, SVA introduces solvent vapour into the active layer by adding
small amounts of solvent into a container (i.e. petri dish or desiccator) to make it
saturated, in this way promoting reorientation in the morphology [117]. Both types of
annealing have resulted in increased crystallinity of the donor (i.e. P3HT) which extends

the optical absorption and improves charge transport mobilities [116, 117]. Figure 2.19
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depicts a sketch of these two methods. In Chapter 4 we investigate this further,
specifically to determine optimal TA and SVA conditions for devices fabricated in the
Durham engineering cleanroom. The objective of this Chapter is to determine the optimal

binary blend to use it as a base going forward into the formulation approach.

2.11.2 Formulation approach by ternary blends

A promising formulation method is through the addition of a third component into
the active layer -the ternary blend- which can be another donor or acceptor component
[118]. Ternary blends retain the fabrication conditions used in binary blends plus
broadening the absorption bandwidth of the active layer, similar to a multi-junction
device approach [118]. In addition, strategies that have been used to optimise binary
blends can also be applied to ternary blends, like TA, SVA and co-solvents
aforementioned [118]. Further, the third component can assist with the nanoscale

organisation to improve charge generation, transport and collection [119, 120].

a) b)

Figure 2.20. Sketch depicting a binary blend a) and ternary blend morphology b). The yellow
and brown figures denote the acceptor materials (i.e. different fullerenes) whilst the orange
polymer chains.

A general schematic of a ternary blend OPV compared to a regular binary BHJ is
presented in Figure 2.20a, b. In ternary blends, the third component may be a
supplementary: polymer, fullerene and derivatives, NFAs, dyes, and quantum dots [119].
By using a myriad of different materials, numerous authors have demonstrated that
ternary blends can effectively be used to increase Jsc, Voc and FF, providing a new
strategy to boost PCE [121, 122].
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Further, the utilisation of co-solvents (additives) have been demonstrated to
drastically change the nanostructure of the active layer in BHJ [123]. Typically, additives
are added to the mixture of D:A and have a higher boiling point than the base solvent, so
that it can effectively dissolve one of the main components [124]. Not long ago, reports
in literature have shown that 1,8-Diiodooctane (DIO) can assist in yielding higher results
compared to other additives [125]. One of the reasons being that the co-solvent dissolves
fullerene molecules and therefore promotes better domain sizes and D:A interfaces, which

can increase the exciton dissociation efficiency [124].

Notwithstanding, the role of the third component is still a matter of debate, and
different papers have been published to try and underpin the underlying mechanisms at
work [119]. Why do some ternary blend systems work and others do not? This pressing
question is addressed in Chapter 5 by systematically investigating and comparing two
different ternary systems with the objective of understanding how is it that ternary blends
operate and how can one best optimise them. Lastly, insights and design rules are also
provided in Chapter 5 that should be taking into consideration when fabricating future

ternary blends.

2.11.3 Novel materials

Since the PV outcomes on a device are highly dependent on the optical and
electronic characteristics, much effort has also been focused on developing and
synthesising new materials for active layers [8]. Indeed, much of this attention has been
leveraged by donor polymers due to their optical properties, m-n stacking and
processability, however, the development of new acceptor materials with tuneable energy
levels that can improve Jsc, Voc and carrier mobilities also represents a promising way
to further drive OPV performance [69]. Typically, PCBM is a common used acceptor
because of its high electron mobility and solubility with organic solvents [126]. However,
it also suffers from low absorption (visible region) and deep LUMO which can limit the
Jsc and Voc [126]. Thusly, new approaches to alleviate these drawbacks involve the
development of NFAs and hybrid fullerenes which present tuneable electronic properties,
stability and synthetic flexibility [127]. In Chapter 6, 4 different components made of
NFAs and hybrid fullerene materials were prepared by Dr. Avestro and fellow PhD Phil

Hope in a collaborative work. Figure 2.21 presents an example of common PCBM and a
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novel acceptor. More details on the materials used are included in Chapter 3 and a full

discussion on Chapter 6.

Figure 2.21. Example of benchmark PCBM (left) and NFA NDI; (right). The full molecular
structure of the other materials is included in Chapter 6.

The main objective of Chapter 6 is to utilise these new materials and probe the
electron transport characteristics for the first time. Such mobility studies are extremely
vital to properly design the next generation of acceptor materials and to ensure their

functionality before they are blended with donors to fabricate binary or ternary OPVs.

2.11.4 Device engineering, tandem and double BHJ

In typical BHJ OPVs there are two main issues that can limit the performance.
First, because of the inherent low mobility carriers, thicknesses range between 100 nm-
250 nm which can limit the amount of photon harvesting [26]. The second is related to
the limits of P-N junctions and energy conversion published by Shockley and Queisser
[128], where photons with lower bandgap than the active layer are not absorbed and
transmitted through the device and thus lost. Further, the thermodynamic limit in PVs
predicts and ideal efficiency of 68% for an infinite number of cells with unconcentrated
light and 86% with concentrated light [129]. A useful strategy in which this problem can
be alleviated is through multijunction or multi-absorbing layers, typically termed as
tandem structures [26]. Tandem OPV devices are made of two or more active layers
which are stacked on top of each other (Figure 2.22). Therefore, the absorbing layers
consist of different materials with different bandgaps, so that one layer absorbs high

energy photons whilst lower energy photons are transmitted to the other layer [130].
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Figure 2.22. Basic schematic of an OPV tandem structure, adapted from [26].

Further, these active layers are separated by an intermediate (or recombination)
layer, allowing holes of one layer to recombine with electrons from the other layer [130].
Consequently, due to the complementary light harvesting, tandem structures offer more
flexibility to tune the absorption characteristics. In addition, to attain high performances
is desirable that the individual active layers contribute with similar currents for series
connected tandems [130]. Although in practice, achieving a current balance model can
prove to be difficult considering all the different types of materials and processing
conditions one can use to fabricate devices [131]. Theoretically, considering a detail
balanced limit, a tandem cell of two junctions can attain a 42% efficiency whilst a triple
junction tandem cell a 49% mostly due to enhancement in the extraction of charge carriers
[129]. At present, however, a PCE of ~17% has been achieved experimentally with a
double junction tandem and ~15% with triple junction fabricated of organic
semiconductors [23, 132]. Though impressive, these results are still not high enough to
compete with established PV technologies, yet, they demonstrate promising potential in
the development of novel OPVs. So, a combination of techniques and new materials
which can aid to cover more efficiently the solar spectrum is normally sought by the OPV

community.

In Chapter 7, a novel tandem architecture is investigated with advanced modelling
to understand how it works, consisting of two separate BHJ layers and a recombination
layer. The objective is to show that a high efficiency can be achieved even if there is a
current mismatch between sub-cells, which can be an important efficiency limiting factor

as stated above.
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In addition, this model is also examined under varied illumination conditions to
better understand how tandems perform in the real world. Another relevant approach is
also considered in this Chapter, consisting of the tandem structure but with no
intermediate layer, resulting in overall the same outcome, thus showing the robustness of
the method proposed. To wrap up this section, the development of new architectures and
device engineering is of paramount relevance, because in that way, OPVs will continue

to reach higher efficiencies and certainly commercialisation.

Finally, with the contextual background covered, the structure of the rest of the
thesis is as follows: in Chapter 3, the experimental, modelling and characterisation
methods used throughout the thesis will be covered. The results derived from this thesis
are included in Chapters 4 through 7 and are based on the methods to improve efficiency
as stated in section 2.11. Specifically, Chapter 4 comprises preparatory work necessary
to optimise binary blends and further understand the performance when a third component
is added. Thus, the formulation approach is introduced in Chapter 5 by fabricating ternary
blends based on novel polymers and fullerenes. Novel electron acceptors materials made
of NFA, hybrid fullerenes and fullerenes are investigated in Chapter 6 to elucidate
electron transport properties. In Chapter 7, new architectures are explored by engineering
tandem and double BHJ OPVs with advance modelling. At last, Chapter 8 summarises

the findings from this study and provides suggestions for future work.
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CHAPTER 3

EXPERIMENTAL AND MODELLING METHODS

3.1 Introduction

The materials and fabrication processes used in this thesis are described in this
Chapter. First, information about the architecture of OPVs, donor and acceptor materials
are discussed followed by the fabrication processes of binary and ternary blend OPVs.
Next, the characterisation of OPV devices is explained, including measurements
techniques, and instrumentation with corresponding schematics. At the end of the
Chapter, modelling and numerical procedures used in the optical and electrical

simulations of Chapter 5, 6 and 7 are also provided.

3.2 Materials and device architecture

In this study, a standard device superstrate configuration was used for binary and
ternary OPVs of Chapter 4, 5 and for electron-only devices of Chapter 6 respectively. In
these type of architectures, the active layer is “sandwiched” between the cathode and
anode, as it is depicted in Figure 3.1a for the binary devices. As stated in Chapter 2 of
OPV fundamentals, one of the key requirements in the development of OPVs is that
excitons fully dissociate into free holes and electrons which can be extracted through the
external circuit [1]. Once these charges are separated, they can transport from molecule
to molecule through a “hopping” process [2]. However, exciton dissociation and carrier
extraction compete with recombination processes, so it is fundamental to identify these
loss mechanisms [3, 4]. As such, materials and device engineering designed to reduce
recombination and facilitate exciton dissociation and collection are essential to successful
OPVs. How does one best optimise devices? in Chapter 4, we address this vital question
by using two different processing methods that enable control over the morphology, a
necessary foundation before adding a third component into the blend, which is
investigated in Chapter 5. The use of a ternary blend system in Chapter 5, was proposed
as a mean to reduce recombination and boost performance, whilst providing design
insights/rules that are useful for the fabrication of efficient OPV. The third component

that makes up a ternary blend was added to the binary solutions as exhibited in Figure
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3.1b. In Chapter 6, the main objective was to investigate the electron transport properties
in novel acceptor materials for the first time, since higher mobilities are fundamental to
increase the efficiency. In Chapter 7 a tandem structure is examined with different
thicknesses and illumination conditions in order to maximise the efficiency. At the end

of this Chapter, modelling details are provided.

a)

~150 nm Donor
polymer
Acceptor
P {V PC,,BM
Acceptor @
ICBA
~30 nm I PEDOT PSS PEDOT:PSS
100 nm Glass/ITO Glass/ITO

Figure 3.1. Device architecture of a) binary OPVs and b) ternary OPVs from this work. P3HT

and PTB7 were used as polymer donors whereas PC7:BM and ICBA were used as the acceptor

materials in binary and ternary OPVs. In this device geometry, light enters from the glass/ITO
side.

3.2.1 Active layers

To recap from the previous Chapter, the active layer is referred as the heart of the
photovoltaic device. The advantage of being deposited by solution processing techniques
holds promise for low-cost manufacturing as discussed before [5-8]. In this thesis, regio-
regular poly (3-hexathiophine-2,5-diyl) (P3HT, from 1-material) and fullerene [6,6]-
phenyl-C60-butyric-acid-methyl-ester (PCBM) (M111 C60 PCBM 911 g/mol from
Ossila) were used to fabricate OPVs of Chapter 4. Further, P3HT, poly(4,8-bis[(2-
ethylhexyl)-oxy]benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-3-fluoro-2-[ (2-ethylhexyl)
carbonyl] thieno[3,4-b]thiophene-4,6-diyl)~ (PTB7), [6,6]-phenyl-C71-butyric-acid-
methyl-ester (PC7:BM) and 1',1",4',4"-tetrahydro-di[1,4] methanonaphthaleno
[1,2:2",3",56,60:2",3"][5,6] fullerene-C60 (ICBA) (all purchased from 1-material) were
used to produce the BHJ film of binary and ternary blends of Chapter 5. In Chapter 6,
PCBM, non-fullerenes (NFA) NDIy, bis-NDI, and hybrid fullerenes NDI12Cg0, Alk12Ce0
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(in-house synthesis) were used to produce the active layer of electron-only diodes. In the

following sections, each material will be briefly explained.

3.2.2 Donor P3HT and PTB7 polymers

P3HT has been a central conjugated polymer in the field of OPVs and much of
what is known about the fundamental working principles has been determined from
P3HT-based blend systems [9, 10]. It is soluble in common organic solvents which offers
the capability for low cost and solution processing of OPV devices [11-13]. P3HT has a
tendency to crystallize, which is beneficial for morphology formation [10, 12, 14]. After
thermal annealing, P3HT can reach hole and electron mobilities of 2 x 10® m? V! s and
3 x 107 m? V! st respectively [15]. Moreover, P3HT can harvest about ~22% of the
photon energy because of its bandgap of ~1.9-2 eV (up to 650 nm) [16]. The molecular

structure is presented on Figure 3.2a.

PTB7 is a promising novel low bandgap polymer which can absorb light with
wavelengths over 650 nm [17, 18]. It was one of the first polymers to show a PCE over
7% when blended with PC7:BM fullerene because it has a stronger absorption and suitable
HOMO level [17, 19]. By thermal annealing, it has been demonstrated that polymer
chains move into a more ordered arrangement which can have a favourable effect on the
device properties [20]. OPVs based on PTB7:PC7:BM can achieve a hole mobility of
approximately 1x10™* cm? V! st and electron mobility of 1x10° cm? V1 st respectively
[21]. Its bandgap is found around ~1.6 eV [19, 22], with an absorption ranging from 300-
800 nm reaching its maximum between 700-800 nm. The chemical structure is depicted

on Figure 3.2b.
a)

CH,

e

H,C

\

CH,

v

Figure 3.2. Chemical structure of a) P3HT and b) PTB7 semiconducting polymers.
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3.2.3 Fullerenes PCBM, PC7:BM, ICBA and novel acceptor materials

The introduction of soluble PCBM to improve photoinduced electron transfer in
photodiodes [23] represented a breakthrough in the progress of acceptor materials for
OPVs and is still extensively used to date. PCBM has a good solubility with organic
solvents, high electron mobility of 2 x 10 cm? V! s and high electron affinity [24, 25].
However, it has a weak absorption in the visible region due to its high degree of symmetry
and a low LUMO, that can result in a lower Voc [24]. PC7:BM on the other hand, has
demonstrated higher performances over regular PCBM, which is in part attributed to a
stronger visible absorption [24]. As such, PC7:.BM can contribute to increase the photon
harvesting and potentially increase photocurrent. This has led PC71BM to be one of the
most studied fullerenes in high efficiency blend systems [26]. PC71:BM is also soluble in
most organic solvents and possess an electron mobility of 1 x 102 cm? V1 s? [24, 27].
ICBA is another fullerene derivative with good solubility and is easier to synthesise than
PCBM and PC7:BM [28]. Because of its 0.17 eV higher LUMO level than PCBM, when
blended with P3HT it can increase Voc from .58 to .84 V, resulting in a PCE of 5.4%
[28]. Figure 3.3 illustrates the chemical structures of fullerenes used in this study. In
addition, an energy level diagram is included in Figure 3.4 depicting an OPV device from
Chapter 4 with architecture: glass ITO/PEDOT:PSS:P3HT:PCBM/AI. From the image,
P3HT is the donor (with higher energy levels) and PCBM the acceptor (with lower energy
levels) that if brought into contact, electronic interactions are possible.

Figure 3.3. Fullerenes acceptors a) PC1BM, b) ICBA and ¢) PCBM.
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Energy (eV)

PEDOT:PSS

Figure 3.4. Energy band diagram of an OPV used in Chapter 4. Energy levels from: [25, 29,
30].

Developing novel acceptor materials is also a promising strategy to further
optimise efficiency in OPVs. NFA and hybrid fullerene acceptors: NDI2, bis-NDI,
NDI12Cs0, and Alk12Ceso used in this thesis were synthesised by Dr. Avestro and her team
in the Chemistry Department. Figure 3.5 presents such components. Briefly, all reagents
and solvents to fabricate the molecules were purchased from commercial suppliers
(Merck, Acros Organics, Alfa Aesar, Fischer Scientific, Tokyo Chemical Industry or

Fluorochem) and used without further purification unless stated otherwise.

a) b) 7
O ) NN

o

C) N'N:N - NN
_ Orf I Fr f‘l
Ny N

'
)«

e,

Figure 3.5. Compact representation of NFA and hybrid fullerene acceptors used in Chapter 6. a)
NDI3, b) bis-NDI, ¢) Alki2Cg and d) NDI1,Ce. Full structure shown in Chapter 6.
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3.2.4 Hole-injection buffer layer (PEDOT:PSS)

Poly (3, 4-ethylene dioxythiophene): poly (4-styrene sulfonate) (PEDOT:PSS)
(CLEVIOS P VP Al 4083 from Heraeus) was used to coat the ITO anode surface on all
substrates in this thesis. PEDOT:PSS is highly transparent when spin coated into a film
and serves to planarise and improve hole injection between ITO and the active layer [31-
33]. Because of its high work function (~5.0-5.2 eV) it makes it compatible with ITO and
provides a better match to the HOMO orbitals of the donor materials used in this study
allowing efficient hole injection [31, 32]. Thusly, PEDOT:PSS represents a suitable
choice compared to just ITO or other p-doped organic layers [34-36]. PEDOT:PSS is
solution processed and offers mechanical flexibility and stability if used on flexible
substrates during OPV fabrication, which makes it attractive from a manufacture point of
view [31]. As such, PEDOT:PSS is a popular hole injecting layer in the field of OPVs.
The chemical structure of PEDOT:PSS is shown in Figure 3.6.

QQ@Q@

S()3 50311 SOzH ‘3()311 SO3

PEDOT

Figure 3.6. Chemical structure of PEDOT:PSS [31].

3.3 Electrodes

3.3.1 Indium Tin Oxide (ITO) anode

Two electrodes are used on OPV device fabrication irrespective of the
architecture, the hole collecting anode (high work function) and the electron collecting
cathode (low work function) to efficiently collect charges [16]. The electrode materials
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are chosen to match their work functions with the donor HOMO and acceptor LUMO for
hole and electron transfer respectively. In this study, a glass substrate coated with Indium
Tin Oxide (ITO) (VisionTek systems LTD with a resistance sheet film of 10 Q/sq) was
used as the anode material in the device fabrication from Chapter 4, 5 and 6. ITO is
normally used as the anode material with the buffer layer PEDOT:PSS because it is a
transparent and electrically conducting material that offers ease of patterning (i.e. by
etching) [33, 37]. It has a high work function of 4.7 eV, which allows holes to be injected
to most donor polymers [30, 33]. It holds a high optical transparency of ~90% [37, 38]
and electrical conductivity around ¢ =20 Q/sq [39].

3.3.2 Aluminium (Al) and Lithium/Fluoride aluminium (LiF/Al) cathode

Contrasting anode materials, the cathode contact is usually not transparent
providing a broader range of material choices. Some of the requirements for the cathode
contact are high conductivity, low work function and good adhesion to the active layer
[13]. Here, Aluminium (Al) and Lithium Fluoride with Aluminium (LiF/Al) (purchased
from Thermo Fisher Scientific and Sigma-Aldrich respectively) were used as the negative
contacts in Chapter 4, 5 (Al) and 6 (LiF/Al) correspondingly. Aluminium has a lower
work function of 4.3 eV [29] and is thermally evaporated on top of the active layer to
form the negative electrode. One of the challenges with cathode layers is that they can
chemically react with the adjacent organic layers [40]. A two-layer cathode such as
LiF/Al is an approach widely used, where the LiF preserves the low work function of the
cathode and protects the active layer from hot Al atoms during the evaporation [40]. Work
function of LiF/Al is found to be around 3.6 — 3.8 eV [13].

3.4. Deposition methods

Once solutions are prepared, PEDOT:PSS and active layers can be spin casted onto
the ITO/glass substrate. In this work, spin coating was used to deposit PEDOT:PSS and
the active layers whilst thermal evaporation was used for the deposition of the metal
contact onto the organic layer. In the following section both deposition methods will be

discussed.
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(a) Spin coating

Spin coating is a technique widely used in university and research laboratories which
can provide a highly uniform film to a planar substrate with a good control over film
thickness reproducibility [41]. This technique is particularly attractive for research on the
area of OPVs, since most layers are solution-processed and vacuum free. There are other
methods, for example, knife coating [16], slot die [16], dip coating [41], spray coating
etc., but the present study only focuses on spin coating. However, laboratory batch to
batch processing may lead to slight variations in thin film thicknesses, that represents a
downside when it comes to large-scale fabrication [16]. The steps involved with this
technique are as follows: 1) placing of a substrate horizontally on top of a rotating chuck,
2) spreading a solution onto the substrate 3) accelerating the chuck to spread solution, 4)
ejection and evaporation of the solvent leaving behind a thin-solid film. These steps
(Figure 3.7) are of paramount importance, since the solvent evaporates during the
spinning of the substrate which influences the morphology formation and thus the overall
performance of devices [41]. Here, two spin coaters were used, one for the PEDOT:PSS
layer (WS-650 B Laurell technologies corporation) at room temperature and the other one
for the active layers (homemade system), which is a spin coater placed inside a N2

ambient glovebox.

Pippete \.
Acceleration and
film formation
Clean substrates coated with — Organic layer Homogeneous

PEDOT:PSS solution thin film

o L
S

Figure 3.7. Schematic with the basic spin coating steps for the fabrication of devices.
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(b) Thermal evaporation

The cathode contacts of the OPV devices fabricated in this study were vapour-
deposited onto the solution processed active layers. Inside the evaporator and in high

vacuum conditions (<3x10® mbar) the source material to be evaporated (Al or LiF/Al) is
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placed over a tungsten filament melted by a current, which reaches the boiling point of
the metal. The vapour travels upwards and condenses on top of the active layer surfaces.
To decrease the possibility of collisions between particles and other molecules, the high
vacuum increases the free path distance of the evaporating material. To determine the size
of the active areas, a shadow mask was used. In this thesis, two Edwards 306 thermal
evaporators were used, both of them inside N2 glovebox: one for OPV devices of Chapter
4, 5 and the other for the electron-only devices of Chapter 6. Figure 3.8a presents an
illustration of a thermal evaporator and main components and Figure 3.8b shows the
shadow mask where samples are placed before putting them inside the evaporator. Section

3.6.5 and 3.6.6 include details about the thickness measurements.

a) b)

Vacuum
chamber

Substrates and
holder

Metal vapour

particles f  Evaporator
plate
Source e e o ® L
material\ Py
@ L] L]
® Tungsten filament or
Ly boat
Current ’ .
—_—
source l
Pump/

Figure 3.8. a) Basic thermal evaporator system. b) Shadow mask holder used for contact
evaporation.

3.5 Fabrication process of OPVs

The fabrication of devices used in Chapter 4, 5 and 6 consisted of different steps
which will be described in the following subsections. Each part exhibits pictures and
details of the procedures involved. The following processes were conducted in a clean

room laboratory at room temperature and ambient air unless otherwise specified.
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3.5.1 Substrate preparation

Substrates were cut to dimensions of 19.5 mm x 16.5 mm a piece from a glass/ITO
sheet (Figure 3.9a). The ITO conductive parts were patterned by masking a 6 mm strip
on the centre of each substrate with Lacomit Varnish (G371, Agar Scientific Ltd) as
shown in Figure 3.9b, allowing 30 min to dry. Alternatively, acid resistant tape can be

used instead of the varnish, omitting the waiting time.

a)

Figure 3.9. a) Cut of glass/ITO sheet to specified dimensions and b) substrate with patterned
centre.

Following, an aqueous paste made by mixing deionized water (D.l. water) and
Zinc powder (Sigma Aldrich) was prepared to paint with a brush the areas not covered by
the varnish/tape, as indicated in Figure 3.10a. Then, substrates were immersed in
Hydrochloric acid S.G. 1.18 (37%) (Fisher) for 3 seconds and subsequently in D.I water
to clean (Figure 3.10b).

Figure 3.10. a) Zinc paste added to the areas not patterned then immersed in hydrochloric acid
for 3 seconds. b) Removal of acid etching remnants.

60



Substrates were then sonicated in Propanol-2-ol, acetone, Decon 90 solution (2%
aqueous) and D.I water for 15 minutes each (Figure 3.11). Decon 90 and all solvents were

bought from Fisher.

Figure 3.11. Ultrasonic and sonication process used for all device fabrication in this study.

Finally, substrates were blown dry with N> gas. Cleaned substrates were treated
by UV-oxygen plasma (Yield engineering systems Inc., YESR3, with radio frequency of
100 W) for 10 minutes, as shown in Figure 3.12. UV-oxygen irradiation produces 0zone,
which is an effective oxidizing agent to remove organic remnants from the ITO/substrate
surface [42].

Figure 3.12. UV-oxygen plasma etcher used in this work.

3.5.2 Preparation and spin coating of the PEDOT:PSS layer

After substrate preparation, PEDOT:PSS was filtered through syringe filter (0.45
um pore size PFTE, Ossila) in a previously cleaned vial. Next, substrates were placed on
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a chuck of a spin coater with 30 Psi vacuum to hold in place. A total of 200 ul of
PEDOT:PSS solution was deposited on top of the conductive part of the substrate with a
transfer electronic pippete (BrandTech 705323) before spin coating at 2500 rpm for 45
seconds to produce a thin homogeneous film of approximately ~30 nm. Thereafter

substrates were thermally annealed at 140 °C for 10 min to remove any H>O remnants.

3.5.3 BHJ blend solutions

(a) Binary and ternary BHJ solution preparation

Inside a nitrogen ambient glovebox, 30 mg per ml of P3HT, PTB7, PCBM,
PC7:BM and ICBA respectively were dissolved in 1 ml each of Chlorobenzene (PTB?7,
PC71BM and ICBA) and 1,2-dichlorobenzene (P3HT, PC71:BM, PCBM and ICBA) all
chlorinated solvents from Sigma-Aldrich, and were left to stir for 30 min. To produce the
binary and ternary solutions of Chapter 5, ICBA in concentrations from 0 to 30 wt.% was
added into P3HT:PC7:BM and PTB7:PC7:BM blended solutions respectively, and were
left to stir overnight inside nitrogen glovebox. Solvent additive 1,8-diiodooctane (Sigma-
Aldrich) at 3% (1 ml, 97:3) was added to the solutions one hour prior to spin coating.
OPVs from Chapter 4 were prepared the same as stated above, omitting the ICBA and
DIO addition. Following, binary and ternary BHJ active layers were fabricated with a
1:1.5 donor and fullerenes acceptor ratios for PTB7-OPVs (Chapter 5) and 1:1 for P3HT-
OPVs (Chapter 4 and 5) since these have been observed to be optimised optimum ratios
for each type of blend, including the choice of solvents aforementioned [19, 43-45]. For
preliminary results of Chapter 4, thermal annealing was conducted in P3HT:PCBM
OPVs from 0 min to 20 min. For the solvent vapour annealing process, small amounts of
DCB were added into a petri dish which contained the substrate and thin films of
P3HT:PCBM to keep the active layer wet (inside N2 glovebox) from 0 min to 60 min.

(b) Novel electron acceptors solution preparation

Solutions of PCBM and NDI12Cso were prepared with a combination of
Chloroform (CHCI3) and 0-DCB (90:10 ratio, dissolved in 600 ul) containing 18 mg and
10 mg to produce thick (~200 nm) and thin (~100 nm) films respectively. bis-NDI and
Alk12Ceo Were prepared only with CHC13 containing 18 mg and 10 mg to produce thick
(~200 nm) and thin (~100 nm) films respectively. NDI> was prepared with CHC13 using
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18 mg dissolved in 1200 pl. NDI12Ceo, bis-NDI, Alk12Cso and NDI> solutions were heated
in a hot plate at 50 °C while stirring for 4 hours before film deposition.

3.5.4 Active layer deposition of all devices

Under N2 ambient inside the glovebox, a total of 150 pl of the active layer was
spin coated at 1000 rpm for 60 seconds onto the PEDOT:PSS layer to achieve a uniform
film for the binary and ternary OPVs described in Chapter 4 and 5. To accomplish desired
thicknesses in electron-only diodes of Chapter 6, a 100 pl of active layer was spin coated
at 1000 rpm for 60 seconds on top of the PEDOT:PSS buffer layer. For bis-NDI, 2000
rpm for 60 seconds were used (both for 18 mg and 10 mg) and for NDI,, 1000 rpm for

thin devices and 500 rpm for thick devices.

3.5.5 Al and LiF/Al cathode evaporation

Following film deposition, a ~150 nm layer of Al was thermally evaporated
through a shadow mask to form an active area of .78 mm? (in high vacuum <3x10® mbar)
for binary and ternary composites of Chapter 4 and 5. All completed devices (Figure 3.13)
received a thermal annealing of 120 °C for 10 minutes on a hot plate inside glovebox. A
total of 8 nominally same repeats were fabricated for each type of blend of Chapter 4, i.e.
48 for thermal annealing, 48 for solvent vapour annealing totalling 96 OPVs. More details
discussed in the next Chapter. Likewise, 8 nominally repeats were fabricated for ternary
blends reported on Chapter 5 yielding 96 devices; 48 for each ternary blend system.
Similar treatment was used for electron-only devices, however, a ~1 nm layer of LiF and
~100 nm of Al was thermally evaporated through a shadow mask to achieve an active
area of 3.53 mm? to produce the cathode. A total of 20 nominally repeats were fabricated

for each of the materials of Chapter 6, yielding 100 electron-only diodes.

Figure 3.13. Example of a completed OPV consisting of 4 devices (dashed line). The dark
circle represents the active area with light and the dashed line the active area under no light.
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3.6. Device characterisation

3.6.1 Current voltage characteristics (J-V)

A fundamental OPV characterisation technique for any solar cell device is the current
density-voltage (J-V) measurement. PCE, Jsc, FF and Voc can be determined under
illumination which shows how well a PV device achieves its purpose. Dark J-V
measurements are also common because they reveal information about the diode quality
and recombination losses of the device. Further, because an important part of OPV
characterisation is the reproducibility of data, throughout this thesis only the values of
typical devices are reported. The reason for this is to represent the ordinary or average
trends obtained from a set of experiments rather than the top devices, giving confidence

that our results are accurate and reproducible.
a) J-V under illumination

In this work, J-V measurements were carried out under 1000 W/m? illumination
conditions using an Oriel SollA 94021A solar simulator with a mask to restrict the
illumination area to .78 mm?2. A certified reference solar cell was used to calibrate at the
abovementioned intensity. Figure 3.14a exhibits the set up for J-V measurements used in
this study. An OPV device was appropriately placed inside a test chamber (Figure 3.14b)
which has spring pins in contact with the cathodes and the common ITO anode. The test
chamber has 4 holes of 1 mm diameter each that define the area that is subjected to light,
as observed in Figure 3.14c. The device was illuminated by a Xenon lamp with filters so
that the spectrum of light shining on the device simulate AM 1.5G sunlight. With these
standardised parameters, the PCE of a device can be calculated. The test camber was
connected to the test instruments (Keithley source meter 2400 and Lab View PC program)
by two wires, one to the spring pin in contact with ITO and the other to a spring pin in
contact with the metal cathode. The source meter applies a DC voltage sweep from -1.0
V to 1.0 V with step size of 200 mV between the front and back electrodes and measures
the current. At this point, photo generated current measurements were produced and

saved. An example of a J-V curve under illumination is presented in Figure 3.15.

Usually one is more interested in the current density voltage than just the current
voltage. In order to calculate the current density “J”, the absolute current “I” is divided

by the active area of the OPV “A” impinged by light as follows [46]:
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Figure 3.14. a) Solar simulator set up, b) test chamber and c) 4 holes of 1 mm of diameter
where light enters the test chamber.
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Figure 3.15. Example of a light J-V curve corresponding to a P3HT:PC7:BM based OPV.

b) J-V dark measurements

Keithley 2400 source was used to perform J-V dark measurements to assess the diode
quality of the OPV device. For these dark J-V measurements, the active area is given by
the overlap of the bottom and top electrodes [46]. Figure 3.16 depicts an example of a
dark J-V response in a semi-logarithmic scale. A number of insights regarding shunt
resistance (Rsn), series resistance (Rs) and recombination losses which arise from the
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BHJ in the device can be assessed in these types of measurements. Briefly, the Rs is
related to internal resistance of the device to current flow (from the active layer or
electrodes), whereas the Rsh is attributed to leakage current throughout the device by
pinholes that allow “parasitic” current to move directly between electrodes [47]. Three
distinct regions (Figure 3.16) are normally found in a dark J-V. In the first region (low
voltages), J-V characteristics are linear and mainly attributed to the Rsn, which limits the
current. The second region (intermediate voltages) current increases exponentially and is
controlled by the diode quality of the device. In the third region (higher voltages) J-V is
also linear and the current limited by series resistances [47, 48]. In addition, the dark J-V
reverse current (negative voltage) shows the amount of leakage current that may arise at
the organic-metallic interface and its impact on Voc [49].
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Figure 3.16. Semi-log dark J-V curve of P3HT:PCBM blend indicating the three regions
(positive voltages) and reverse current.

3.6.2 External Quantum Efficiency (EQE)

EQE measurements reveal the quantum efficiency conversion of incident photons
to electrons by a PV device, and which parts of the spectrum contribute to more
photocurrent which is an important aspect to analyse when optimising OPVs [46]. In this
work, the EQE spectra was measured on Oriel cornerstone 130 monochromator with a
Xenon arc lamp. An important step before executing any measurements is the calibration,
carried out with a silicon photodiode used as a reference cell. First, the photodiode is

loaded onto the test chamber, which is placed in the EQE set up (Figure 3.17a), followed
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by connecting two wires to the test chamber: one to the spring pin corresponding to the
desired device to be calibrated and the other to the common. Then, a shadow mask is
placed on the test chamber to allow illumination in just one of the four device’s ‘windows’
(shown in Figure 3.14c) corresponding to the device receiving the calibration. Following,
the program is run on “calibration mode” and the files are saved for reference. This last
step is repeated just changing the shadow mask position until all four devices are
calibrated. Now, to measure the EQE, the photodiode and shadow mask are removed from
the test chamber and an actual OPV sample is loaded. Then, device 1 is selected by
connecting the corresponding wires to the test chamber and the program is run under “test
mode”. After the first device is fully measured, a message on the test equipment will ask

to select device 2 and so on, until the 4 devices are fully tested.

When measuring under calibration or test mode, the current is measured with the
source meter for each wavelength position of the monochromator, and the device kept at
short circuit conditions [46]. A Keithley source meter 2400 and MATLAB PC program
were used to test the EQE spectra of binary and ternary composites of Chapter 4 and 5
(Figure 3.17b). To determine the EQE, the following equation is used [46]:

Number of photogenerated electrons (3.2)

EQE =
¢ Number incident photons

Normally, 10 nm steps were used ranging from 300 nm to 900 nm to test the OPVs
in this thesis. Measurements were performed in a cleanroom under normal ambient

temperature.
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Figure 3.17. a) Basic schematic of the whole EQE experimental set up; b) Picture showing the
test chamber, source meter and computer.
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3.6.3 Space Charge Limited Current for hole and electron mobility measurements

Space charge limited current (SCLC) method is a commonly used technique to
determine mobilities in OPVs [50, 51]. Unlike other methods such as Time of Flight
(TOF) that requires thick devices or Current Extraction during Linear Increasing VVoltage
(CELIV) that utilises laser pulses, the main motives to choose SCLC is that the testing
procedure is the same as a dark J-V, and the architecture of the devices that will be
measured is equal to an OPV (including thickness), except that contacts are chosen to
give injection of only one carrier type [51]. This means that only one type of carrier can
be present and the other is neglected by a large injection barrier [52]. In this thesis,
mobility measurements were carried out by measuring the dark J-V of devices with the
ohmic contacts designed to be for electron or holes. Hole-only devices were fabricated to
measure the hole mobility (un) in binary and ternary blends of Chapter 5. Because of its
high work function, gold (Au) was used to replace the aluminium metal contact. By
replacing Au as the metal electrode, electron injection into the LUMO of PC71BM is
essentially suppressed. Because P3HT HOMO is close to 5.1 eV [29], whilst for
PEDOT:PSS is ~5.2 eV [31] and Au ~5.1 eV [53] respectively, the current measured is
hole dominated. PEDOT:PSS forms an ohmic contact for hole injection and the mismatch
between the LUMOs of Au and PC7:BM strongly suppresses the injection of electrons
into the fullerene. By fitting the Mott-Gurney equation with the thickness of the device
(more details shown in Chapter 5 and 6), pn was calculated from the experimental dark J-

V. Figure 3.18 presents an example of the energy diagram and injection of holes in the

device.
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Figure 3.18. Example of an energy band diagram of hole-only devices based on binary and
ternary P3HT OPVs under flat band conditions.
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In addition, to probe the electron mobility (U1e) in novel and hybrid acceptors of
Chapter 6, electron-only devices were fabricated. From experimental dark J-V data, e
was calculated from the Mott-Gurney equation (shown in Chapter 6) and the results were
fitted to the space charge limited current form [51]. For the fabrication of electron only
devices, LiF was used with Al as the metal contact cathode. Because of the work
functions, LiF is expected to form an Ohmic contact for electron injection on PCBM.
PEDOT:PSS work function (5.2 eV) does not match the HOMO of PCBM (6.1 eV) so
hole injection from PEDOT to PCBM was neglected, thus only electrons flow to PCBM
in forward bias conditions [25] as observed in Figure 3.19. Complete details in Chapter
6.
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Figure 3.19. Energy band diagram of electron-only diodes under flat band conditions.

3.6.4 Ultraviolet-visible spectroscopy

The absorption of photons is one of the most important characteristics of PV
materials. From a device engineering perspective, it is paramount that OPV materials are
designed to absorb photons ideally in the UV, visible and near IR regions from the solar
spectrum in accordance with the AM 1.5 spectrum. An important analysis technique is
Ultraviolet-visible absorption spectroscopy (UV-vis), which probes the absorption of
light in a sample [46]. In this work, absorption data was obtained with UV-1800
Shimadzu UV spectrophotometer, ranging from 190 to 1100 nm. Two lamps were used
as the excitation source in this set up, an iodine (tungsten) lamp that emits mostly in the
visible and a deuterium lamp for UV excitation. Figure 3.20 provides a basic schematic

of the spectrophotometer and its components. When light passes through the OPV sample,
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the difference between the incident (lo) and transmitted light radiation (I) can be defined

as transmittance or absorbance [54]:
— 1 o — (1
= /10 or %T = ( /Io)x 100 (3.3)

Absorbance is measured by the UV-vis probe as the logarithmic ratio between

incident and transmitted light radiation, as expressed by the Beer’s law as follows [54]:
A= —logT (3.4)

Sufficient UV and visible light energy in regions of electronic transitions
(HOMO-LUMO) cause an electron to move from a lower state to an excited state and the
wavelength where this absorption occurs is recorded by the UV spectrophotometer [54].
Inside the measuring instrument, a diffraction grating splits light into different
wavelengths. The photons that are transmitted through the film are measured by a
detector. Before making the measurements, an important step is the calibration. To do
this, a baseline is run without samples, which means that the spectrophotometer scans all
the specified wavelengths (e.g. 190 nm — 1100 nm). This blank baseline is a necessary
step carried out with the objective to cancel out any noise effect. Following, a clean
substrate coated with PEDOT:PSS is placed on the first holder to use as the reference as
depicted in the figure below. Next, a baseline correction is run in order to properly
measure lo thus completing the calibration. To run the actual UV-vis test, a substrate
coated with PEDOT:PSS is placed on the first holder to use as the reference and an
additional substrate with PEDOT:PSS plus the active layer are placed in the second holder

and the program is run.

Substrate with
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Figure 3.20. Basic schematic of UV-Vis spectrophotometer used in this study.
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The resulting spectra is in arbitrary units since interference effects do not allow
complete quantitative measurements. However, the shape of absorption profiles and peak
positions can be investigated with this optical method, which provides important insights

into the suitability of materials for OPV and optoelectronic applications [46].

3.6.5 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a technique used to probe the topography of
materials with high resolution and accuracy [55, 56]. In this work, a VEECO digital
instruments AFM was used to examine the surface of OPVs and measurements were
conducted by Dr. Chris Pearson accompanied by the author inside a laboratory
cleanroom. Contrasting with other microscopy techniques, AFM does not form an image
by focusing light or electrons onto the surface, rather it “feels” it with a sharp probe
building a map of the height of the sample’s topography [55]. Figure 3.21a, b exhibits a
schematic with basic components and the AFM used in this study respectively. The basic
principle of AFM is to scan the sample with a tip mounted to a cantilever spring. The
force generated between the tip and the sample is measured by the deflection of the
cantilever during the scanning. As the tip is scanning the sample, the deflected laser beam
from the cantilever provides measurements of the difference in light intensities between

the photodetectors (deflection vs position) and the image is obtained [57].
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Figure 3.21. a) Basic components of a AFM microscopy, b) AFM used in this thesis.
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There is a range of different AFM modes available such as: contact mode, non-contact
mode, tapping mode, chemical force mode, conductive force mode, magnetic force mode,
among others [58]. However, three main modes are typically used because of their
capability for high resolution images, namely: non-contact mode, contact mode and
tapping mode. Briefly, in non-contact mode the tip is not in contact with the surface but
oscillating due to the interaction between probe and force field of the sample. As
suggested by the name, in contact mode the tip is in constant contact with the sample’s
surface and deflection of the cantilever directly yields the topographic image. In tapping
mode, because of the resonant frequency used with an amplitude of a few nm, the tip
touches the surface moderately for a minimum amount of time [57, 58]. For this thesis,
tapping mode was used to investigate the surface of OPVs.

a) Tapping mode

In this mode, the cantilever is oscillated by a piezoelectric element with a frequency
close to its resonance leading to an excitation amplitude of typically (1-100 nm) [58]. The
tip is moved towards the surface of the sample to lightly tap it to start scanning.
Interactions between the surface and the tip (bumps and depressions) cause the amplitude
of the cantilever oscillations to change, which are measured by the optical systems and
controllers [57]. The piezoelectric element adjusts the separation between the sample and
the tip to maintain a constant force on the surface. Finally, the surface’s irregularities are
expressed as a function of the tip’s lateral position to generate the image of the sample
[57]. Besides the topography scan, a phase-shift image can also be obtained with tapping
mode. By moving the tip across regions of different composition on the surface the phase
image is created. This is used to distinguish variations on the surface, such as adhesion,
friction and viscoelasticity [58]. For this work, a typical scan size of 10 um x 10 um was
used with a slow scan rate to obtain a high-quality topography image, root mean square
(RMS), roughness (Rq) and the thicknesses of layers. The AFM model was a VEECO
Microscope Dimension 3100 with Nano-scope 3A controller, VT103 acoustic enclosure
and a spring constant of 0.2 Nm-1 from Budget sensors. In addition, Gwyddion software

for scanning probe microscopy was used to visualise and analyse the data.
b) Active layer measurements

The surface topography of OPVs reported in Chapter 4 and Chapter 5 were measured
by imaging the edge of a scratch in the active layer of a completed device. This cut was
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done with a sharp tool (e.g. tweezers). Following this, the sample was placed on the
sample stage of the AFM (Figure 3.21a, b) which is held with vacuum. To collect data,
the sample was scanned at different locations, particularly where all the layers conforming
the device could be clearly distinguished. The image is then flattened using AFM
software. At this stage, the thickness of the PEDOT:PSS and active layer were acquired
(separately). Figure 3.22 shows an example of a measurement of PEDOT:PSS in an OPV
device, resulting in approximately a ~30 nm thick layer.
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Figure 3.22. PEDOT:PSS layer thickness indicated by the “peak to peak distance” of ~30 nm.

3.6.6 Surface profilometer

For Chapter 6, electron-only diode thicknesses were measured with VEECO
Dektak 3S high resolution surface profilometer, by Dr. Chris Pearson and Dr. Mike
Cooke. The main objective of the profilometer is to measure the vertical profile of the
samples, thickness and other topographical features [59]. The profilometer has a stylus
which is used to measure the profile of the surface. First, the stylus is moved vertically
into contact with the sample and then across the sample (laterally) for a specified distance.
Usually the measurement ranges go from 100 A to 650,000 A for a 5” sample stage [59].
The complete diode was scratched to measure the corresponding layers. The electron-
only diode measurements were carried out to obtain the thicknesses and not the
topographical features, in order to characterise the electron transport properties with
SCLC.
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3.6.7 Transmission Electron Microscopy (TEM)

Understanding the relation between structural properties in OPV materials is
considered of top importance to design new devices or improve present ones. On this
note, Transmission Electron Microscopy (TEM) is a powerful technique that allows
imaging of the bulk morphology in OPVs. For this work, TEM imaging was conducted
in a collaborative work by Dr. Budhika Mendis and PhD fellow Faisal Alanazi. More
details of the scans are included in Chapter 5 and its Appendixes. With TEM, high spatial
resolution on crystallographic and chemical characterisation of materials can be obtained,
reaching resolutions of 0.5 nm (i.e. the electron beam diameter) [60, 61]. A brief
description of how TEM operates is that a beam of monochromatic electrons propagates
through a sample held ona TEM grid (Figure 3.23) where patterns resulting from electron
interactions are visualised on a screen [62, 63]. There are different TEM techniques such
as: diffraction mode, bright-field mode, analytical mode, electron energy loss
spectroscopy (EELS), energy filtered transmission electron microscopy (EFTEM) and
others which help provide insights pertaining morphology, crystallinity and the structure
of materials [62, 64, 65]. In this thesis, however, the main focus is on TEM bright field
and diffraction measurements, which were used to study the bulk morphology of binary
and ternary OPVs of Chapter 5. TEM measurements were carried out on a JEOL 2100F
FEG with accelerating voltage of 200 kV.
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Figure 3.23. a) TEM grid mesh to deposit thin sample. b) Floating of active layer in D.l water.

Thin films for TEM measurements were fabricated with a combination of CB and
0-DCB solutions of P3HT:PC71BM and PTB7:PC71:BM with different concentrations of
ICBA, with and without DIO. Films were prepared by first spin coating a thin layer of

74



PEDOT:PSS (~30 nm) onto a clean substrate followed by the active layer deposition.
Then, samples were placed in D.I. water and the floated PEDOT:PSS/Active layer films

(Figure 3.23b) were picked up with a mesh copper TEM grid. Figure 3.24 shows a picture
of the actual TEM used in this work.

Figure 3.24. TEM used for bulk imaging of binary and ternary composites of Chapter 5.

3.7 OPV device modelling: GPVDM introduction

In this first section, a brief introduction to the General Purpose Photovoltaic

Device Model (GPVDM) is given, followed by a more in-depth review in the subsequent
sections: overview and model inputs.
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Figure 3.25

. Main window and tabs available in GPVDM software.

75



GPVDM is a simulation tool for optoelectronic devices developed by Dr.
Roderick Mackenzie, professor of Nottingham University, and it was used throughout the
thesis, more specifically in results Chapters from 5 to 7 [66]. Thin films of OPVs, sensors,
OFET, OLED, perovskite solar cells and many others can be simulated. GPVDM is
available for use in both Windows and Linux operating systems. The main framework of
the software is designed to be user friendly, with device parameters easy to access in the
different tab windows and options offered (Figure 3.25).

3.7.1 Importance of PV modelling and GPVDM overview

This section contains a general outline on the importance of simulations, the
different types of models to describe OPVs and briefly scrutinizes how the software runs
before going into more technical detail regarding the electrical and optical inputs that
govern drift diffusion simulations. Those are presented in the subsequent sections.

To start, the simulation of PVs has been widely used to design devices, predict,
diagnose, and to interpret measurements by fitting experimental data [67, 68]. One of the
benefits of using simulations is that they can provide valuable insights when analysing
PVs that would otherwise be difficult to obtain. To name a few, simulations are useful to
estimate the maximum Jsc a blend can provide, estimation of losses because of parasitic
absorption (i.e. absorption from ITO, PEDOT:PSS), at what device thickness most of the
light is absorbed in a specific layer (i.e. in the treatise of tandems) and the calculation of
IQE [69-71]. In the case of inorganic PVs, mobilities can be measured with Hall effect
measurements and the recombination rate is mostly proportional to the minority carrier
concentration and light intensity. For instance, since devices are thicker, the generation
rate can be determined by the Lambert-Beer law formulism [72]. On the other hand, in
OPVs the mobilities are lower and a function of carrier density [72]. Since devices are
very thin, both carrier types need to be accounted for and the optical generation rates rely

on interference between the layers [72].

Thus, to describe solar cells, different approximations have been
developed/adapted to OPVs in order to solve the main equations that govern
semiconductors (Poisson’s equation, continuity equations which are shown later) such as:
Equivalent circuit models, Monte Carlo models, Mobility-lifetime models and drift
diffusion models [69, 73]. Like so, drift diffusion models can be used to calculate the

charge generation and transport mechanisms in a OPV device and have been thoroughly
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utilised in the past, as demonstrated by high impact publications [74-76]. Although there
are others drift diffusion programs such as TiberCAD [77], Setfos 4.6 FLUXIM AG [75,
78], the novelty with GPVDM is that it solves Shockley-Read-Hall (SRH) equations as a
function of energy and position, thus enabling one to model effects of mobility,
recombination rate as a function of carrier population [66, 76]. Further, GPVDM has been
developed over the past 12 years and has been extensively validated in over 20
publications against experimental data, some of which can be reviewed here [66, 79, 80].

As such, GPVDM is a robust and reliable software to accurately simulate OPVs.

Now, focusing the attention on GPVDM, this software can simulate: light/dark J-
Vs, EQE, PL, CELIV, fitting of experimental data, and more. An exhaustive list of
software’s features and full details can be reviewed elsewhere [81]. For the electrical part
of the model, it uses a finite difference approach to solve electron and hole drift diffusion
equations (shown later) in position space to describe the movement of charges in the OPV.
At each point in position space, carrier trapping and escape equations are solved in energy
space. Recombination by free to free (Langevin) or free to trap (Shockley-Read-Hall,
SRH) are considered in the model. With this approach, carrier population can be resolved
in position and energy space [76, 81]. For the optical part, there are three available
models: The flat model, exponential model and the transfer matrix approach, the latter
being the one used in this study unless otherwise specified [81]. Further details on the
optical model are given in section 3.7.8. The aim of GPVDM was to investigate the
influence of material parameters (mobility, recombination, absorption coefficients etc.)
and to examine data with this simulation framework, by fitting experimental results into
the model. Figure 3.26 presents a J-V curve for a P3HT:PCBM blend considering a AM
1.5G spectrum and device architecture of: ITO (100 nm)/PEDOT:PSS (30
nm)/P3HT:PCBM (150 nm)/Al (100 nm).
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Figure 3.26. Example of a typical J-V curve of a P3HT:PCBM with a standard architecture as
simulated with GPVDM.
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Additionally, in the program each photoactive layer is configured in the electrical
model tab, where recombination parameters and mobility are defined. Further,
information about the RsH, Rs, density of electrons and holes in the contacts can also be
modified from the device tabs on the main window. Figure 3.27 presents a flow chart with

the main characteristics and the inputs needed by users to run the simulations.

Number of layers.
Thicknesses.

Contacts fermi offset.
Electron, hole mobility.
Recombination inputs.
Bandgap.
HOMO-LUMO.

Start, stop voltage.
Sweep voltage.
Voltage step.
Shunt and series
resistances.

e Lightintensity.

Specify
conditions:

Electrical
modelling

Optical
modelling

I-V.

J-V dark and light.

EQE.

Charge extraction by CELIV.
PL, etc.

Transfer matrix.
Exponential profile.
Flat constant profile.
Wavelength range.
Solar spectrum.

Figure 3.27. Flow chart of the main electrical and optical inputs when running a simulation.

3.7.2 Model Inputs

The GPVDM model requires parameters that determine how the different layers
of an OPV model behave electrically and optically [82]. Each layer has a Density of States
(DoS) tab in which electrical parameters that define carrier transport, mobility, type of
recombination and trapping are set. If a device has two active layers, an additional DoS
window needs to be completed as well. The layers in the device also need a refractive
index spectrum, which includes the imaginary and real refractive index as a function of
wavelength [82]. Some blend materials can readily be used and other materials can be
manually added to the database. Table. 3.1 depicts main device parameters set in the
electrical tab for a common P3HT:PCBM device.
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DoS

Description Parameter
P3HT:PCBM
Electrical parameters:
Electron trap density m?ev? 3.80x10%
Hole trap density m’ev? 1.45x10%
Electron tail slope eV 4x10”
Hole tail slope eV 6x102
Electron mobility myts? 2.48x107
Hole mobility mv?ts? 2.48x107
Relative permittivity au 3.8
Number of traps bands 20
Free electron to trapped electron m? 2.50x10%°
Trapped electron to free hole m? 1.32x10%
Trapped hole to free electron m? 4.67x107°
Free hole to trapped hole m? 4.86x10%
Effective density of free electron states (@300k) m* 1.28x10%7
Effective density of free hole states (@300Kk) m® 2.86x10%
X, ev 3.8
E, ev 11
Recombination constant m?s? 0
Maxwell
Free carrier statistics boltzmann
SRH capture escape rates:
Electron capture rate, rec Vo, N (1= f)
Electron escape rate, ree enN,f
Hole capture rate, I PV N, f
Hole escape rate, I'he epNt(l -N

Table 3.1. Device electrical parameters that can be modified to run simulations.

3.7.3 Electrical model

a) Energy levels

Having reviewed in the overview section the main features on how is it that the
software runs, we take a closer look at the specifics. The model first calculates the built-
in potential of the device. To do this, the software first needs to know the majority carrier
concentrations on the negative (») and positive () contacts, LUMO / HOMO and the

effective band gap.

The energy of the LUMO and HOMO (i.e. conduction and valence band) of the

of the device are defined as:

Erumo = —X (3.5)

EHOMO = —X— Eg (36)
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Where, X is the difference between LUMO and vacuum level and E4 the bandgap
[66]. These parameters are already defined for standard materials (i.e. P3HT:PCBM,
shown in Table 3.1) stored in the database. If new materials are added, these parameters

need to be input before running a simulation [82].

Further, in the treatise of semiconductors, the Poisson’s equation establishes the
relationship between the density of electric charges and the electric potential [83]. Thusly,

the internal potential distribution is obtained within the device with Poisson’s equation:
V- €06, V=qns +n; —pr —pr — Naa) (3.7)

Where ns, nt are the carrier densities of free and trapped electrons; psand p: are the
carrier densities of free and trapped holes, Naq is the doping density, g the elementary
charge (1.60x10° Coulomb),  is the permittivity of free space and e the relative
permittivity of the blend (i.e. P3HT:PCBM) [66, 82].

b) Carrier trapping, de-trapping and recombination

In GPVVDM, interaction of free carrier in energy space with a distribution of trap
states is described with SRH theory. In Figure 3.28 which shows the energy space in the
model, free electron and holes carrier distribution are labelled as nf and ps respectively.
Niap and Puap denote trapped carrier populations, which are presented in the figure with
the filled red and blue boxes. SRH theory describes the rates at which electrons and holes
become captured and escape from the carrier traps. If a single electron trap is considered,
the change in population of this trap can be described by four carrier capture and escape
rates (Figure 3.28 and Table 3.1). The rate “rec” defines the rate at which electrons become
captured into the electron trap; “ree” 1s the rate which electrons escape from the trap to the
free electron population again; “rac” denotes the rate at which free holes get trapped and
finally, “rne” is the rate at which holes escape back to the free hole population. In short,
the recombination is described by holes becoming captured into electron space slice
through traps. Equivalent processes are also defined for the hole traps [81].
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Figure 3.28. Diagram of DoS used by GPVDM. This image depicts the electron and hole
capture and escape processes represented by the arrows going left and right for a single electron.
Equivalent processes happen for all electron and hole traps. From [66, 81].

c) Free to free carrier recombination

In the model, free carrier to free carrier recombination is also accounted for.
However, since most OPVs have many trap states and an ideality factor greater than 1,
this suggests that free to free recombination is not a dominant mechanism. Nonetheless,

this type of recombination is described by the equation:

Rfree = K, (nfpf — NyPo) (3.8)
The methods to solve the equations are outlined at the end of the next section.

3.7.4 Carrier transport

In semiconductors, electrical conductivity is controlled by the hole and electron
concentration and their ability to flow in a specific direction when influenced by an
electric field [84]. Thusly, we momentarily dwell on the concepts of drift and diffusion
which are the basic transport mechanisms in a semiconductor. To start, drift refers to the
movement of charged particles in response to an electric field (¢) [85]. In an electric field,
the force acts on charged particles where holes (p) are accelerated in the direction of the
electric field and electrons (») in the opposite direction, as shown in Figure 3.29. The
motion of electrons and holes can be described by average drift velocities for electron

(Van) and holes (vpn), as shown by [85]:
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Van = —HUné, (3.9)
Vap = Upé, (3.10)

Where the mobility factor is represented by Y, and is a key parameter to
investigate electron and hole transport because of drift. Further, the mobility represents

how easily charge particles can move through a semiconducting material [85].

a) b) A
@ Electron E @ Electron
ﬁ C é

Electric field, € Electric field, €

o -

Figure 3.29. Schematic showing the a) direction of carriers because of an electric field and b)
the complementary band diagram, where Ec and Ev are the conduction and valence band
respectively. Adapted from [85].

The current densities of electron and holes are given by:
]n,drift = —qNVgn = qNUnpé€ (3.11)
Jparise = qPVap = qPHpE (3.12)

Once these equations 3.11 and 3.12 are combined, they lead to the total drift
current expressed as [85]:

Larire = q(pup + npyp)e (3.13)

On the other hand, diffusion is related to the gradient in particle concentration,
which means that particles disperse from a region with high particle concentration into a
lower particle concentration region in a random way [84]. A basic sketch of the diffusion

mechanism is shown below (Figure 3.30).
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Figure 3.30. Schematic representing electron diffusion, redrawn from [85].
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In diffusion mechanisms, electrons and holes are represented by the following
equations:
Jn, aiff = qDn Vn (3.14)
Jo, airs = —qDp Vp (3.15)
Where Dn, Dp represent the constants of electron and hole diffusion respectively.

By combining equations 3.14 and 3.15 the total diffusion current is obtained:
Jairr = q(Dn V0 — Dy, Vp) (3.16)

And finally, combining equations 3.13 and 3.16 we obtain the drift + diffusion total

current:

] = ]drift + ]diff = q(p/'[p + n.un)g + q(DyV, — Dpvp) (3.17)

Having reviewed the basic concepts of drift and diffusion, we now focus on how
transport is calculated by the software. For transport of carriers in GPVDM, the same drift

diffusion equations are solved in position space for electrons and holes respectively:
Jn = quenfVE; + qD, Vg (3.18)
Jp = qunpfVEy — qDpVpy (3.19)

In the above equations, Jn, Jp denote the electron and hole current density
respectively. As such, these equations represent the carrier concentration across the
device, which can be calculated now that the potential is known (from preceding
sections). Now, in semiconductors, the continuity equations are used to take into account

all carriers in terms of drift, diffusion, recombination and generation processes [85]:
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Vi.=q(R—-G+

2 (3.20)
ap
Vp=—qR—G+=* (3.21)
t

Where R and G are the recombination and generation rates per unit volume, on/c
and On/C¢ represent the time rate change in electron and hole concentration respectively.
In addition, the spatial position of G comes from the optical model which is discussed
next. As such, in GPVDM charge carrier conservation is forced by solving charge carrier

continuity equations for both electrons and holes respectively.

To solve the equations, conditions are defined that fix the electrostatic potential
of the contacts and a set of equations that connect the electron and hole currents flowing
out of the device with the carrier concentrations [72]. Accordingly, such conditions
specify the electron (hole) potential and the current densities of the electron (hole) in both
contacts [72]. Thus, in order to solve equations simultaneously and consistently, GFVDM
uses a Newton solver method which has been shown to offer suitable convergence. In the
case of drift diffusion equations, these are solved with the Scharfetter-Gummel method
to ensure stability [72, 76].

3.7.5 Optical model

From the optical part of the software, there are three main models: 1) The flat
model, that considers the distribution of photons in the active layer(s) as uniform which
in real life is not very realistic, since the optical properties change depending on the
medium where light propagates (e.g. material properties and thickness). 2) The
exponential model, in which light intensity decays exponentially as it traverses the device,
as stated by the Beer-Lambert law that assumes constant absorption rate and no
reflections. 3) The transfer matrix model, which considers reflections at the interfaces and
where forward/backward propagating waves are solved [81, 82].

In OPV modelling, the absorption is normally modelled by the transfer matrix
formalism, which represents the gold standard, since the very thin thicknesses are
comparable to the wavelength of light and as such cannot be calculated by Beer-Lambert
methods [72, 77, 86, 87]. With the transfer matrix method, the model calculates the
absorption of each layer taking into account the interference, reflection and transmitted
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effects at each of the interfaces within an OPV stack [71, 87] as shown in Figure 3.31.
Hence, there have been many reports in literature describing optical models with the
transfer matrix [77, 87].

Now a brief outline on how the transfer matrix works is presented below. In OPVs,
light is incident on a glass (i.e. substrate) typically thicker than the light wavelength’s,
which is followed by other layers (i.e. photoactive layer, PEDOT:PSS) in which

thicknesses are comparable or smaller than incident wavelengths.

Air | Substrate | Layerl Layer m Layer m+1
+ + + +
€o €1 €m €m+1
€o €1 €m Eme

Figure 3.31. Electric fields (¢) in a stack that represents an OPV of m layers. The layers
are characterised for their complex refractive index and thicknesses. From: [72].

Thus, to determine the electric fields in the OPV layers (going left or right)
matrices are defined in the interfaces and for each layer. This formulism uses complex
refractive index and thicknesses for the calculation. Hence, by using interface and layer
matrices, the electric field on any point in the device can be determined as a function of
incoming or outgoing electric field at the interface between layers with the following

equation:

88- I ppLagl L gl 8;1+1 3.22
— | = M MEML, ... MEML L = (3.22)

80 m+1

Finally, once the electric field is known at any point in the device, it can be used
to calculate the generation rate, G. For a detailed description of this optical model

interested readers are referred here [71, 72, 87].
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CHAPTER 4

IMPACT ON MORPHOLOGY OF P3HT:PCBM
BLENDS; PRECURSOR WORK TO BOOST
EFFICIENCY ON OPVs

4.1 Introduction

This Chapter contains the first experimental results from this thesis. As noted from
Chapter 2, the bulk morphology formation plays a key role that has a direct impact upon
the performance of OPVs and a variety of methods have been elucidated in literature with
the aim of maximising PV outcomes. In here, experimental data are presented in which
the morphology of P3HT:PCBM blends are optimised. This work is necessary as a
foundation for the work presented in Chapter 5, in which these optimal binary blends are
further modified by the ternary components, thus enabling the effect of the ternary
component to be discerned. To this end, binary P3HT:PCBM blends are subjected to
thermal annealing (TA) and solvent vapour annealing (SVA), since these processing
methods have demonstrated to improve the efficiency in OPVs [1, 2]. Figure 4.1 presents
a sketch of the nanostructure in these blends when TA or SVA is utilised and their

concepts are briefly recapped below.

S%‘??:@

Figure 4.1. a) Representation of a fullerene aggregate (left), P3HT crystallite (middle) and
amorphous region (right). Schematic of the morphologies in the b) as cast blend, c) with TA and
d) SVA. Adapted from: [3, 4].
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In TA, the temperature of the hotplate reorients isolated PCBM molecules into
clusters and P3HT aggregates form crystallites [4]. The heat treatment is normally carried
out below the melting point of the polymer (~<178 °C) [5]. SVA is a milder post treatment
compared to TA, because is carried out in room temperature and in a closed container [1,
6]. During SVA, the solvent exposure creates a saturated ambient in which its molecules
diffuse into the thin film and alter the microstructure during the slow evaporation of the
solvent [1]. The reason behind the enhance performance and the similarity between these
two strategies is that they can improve the crystallinity of the donor and promote fullerene
aggregation, thereby enhancing absorption, transport properties and ultimately the

efficiency [1].

4.2 Why is morphology control important?

Solution processed thin films are a key method of fabricating organic electronic
devices such as OPVs [7, 8]. Generally, in solution processing, diluted electron and
acceptor constituents are dissolved in a volatile solvent [9]. This solution can be casted
into a substrate by a number of methods which include, spin coating, ink-jet printing and
knife coating [7]. Spin coating is a lab-scale technique commonly used in universities
because is vacuum free and can yield homogeneous thin films [10]. Following spin
coating onto a substrate, the solvent starts to evaporate resulting in acceptor and donor
rich regions [9]. Since the exciton diffusion length is around ~10 nm, the acceptor and
donor constituents should ideally form numerous interfaces to maximise exciton
dissociation, and suitable phase separation with continuous percolation channels to ensure
charge collection at the contacts [11]. However, depending on the type of materials
comprising the blend, D:A ratio and processing conditions in which the thin films are
fabricated (i.e. spin coating time, type of solvent, type of substrate, inert atmosphere, etc.)
distinct nanostructures are formed, thus rendering the control of the BHJ morphology a

complex process [12].

As discussed in Chapter 2, several techniques have been introduced to this date in
an effort to control the morphology to some extent in the pursuit of an “optimal design”
that can maximise efficiency [12-15]. Among these strategies, TA and SVA have proved
to be useful in the past to enhance polymer:fullerene blend systems, attributed to
improved P3HT crystallinity, PCBM aggregation and enhanced optical absorption,

resulting from a better organised morphology [2]. Thusly, this Chapter aims to reveal the
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different PV outcomes by utilising two processing methods on OPVs and highlight the
differences between the two. Firstly, TA was performed in P3HT:PCBM blends on a
hotplate at 120 °C for a variety of annealing times. This temperature was chosen as it has
been observed to be within an optimal range for P3HT:PCBM based blends [16-19].
Secondly, SVA was carried out by loading another set of PSHT:PCBM blends on a closed
container (petri dish) holding the sample, and adding small amounts of DCB solvent to
fill the space with a solvent vapour rich atmosphere [20]. A total of 8 nominal repeats for
each type of blend were fabricated, totalling 96 for the complete set of experiments (48
for TA and 48 for SVA). Further, all OPVs were kept inside a N2 atmosphere glovebox
for the duration of either TA or SVA annealing times. Images of both processes are
included in Appendix 4.1.

4.3 Morphology control by TA and SVA annealing in P3HT:PCBM
composites

4.3.1 Surface topography

To start this section, an optimal morphology for a BHJ which maximises
efficiency has been demonstrated to be largely dependent upon materials and processing
conditions [21]. As a result, understanding and characterising the morphology and how
is correlated to Voc, Jsc, FF and PCE for particular donor-acceptor blends becomes vital.
Hence, in here we fabricated P3HT:PCBM binary OPVs subjected to postprocessing TA
and SVA. To understand the impact on the morphology by these methods, different
annealing times were used for each blend system. The morphological effects of TA have
been demonstrated to start more rapidly on thin films (~3 min) [22] compared to SVA,
which generally requires more time for the thin film morphology to dry and reach
equilibrium [23, 24]. Thus, TA times from 0 to 20 min and SVA exposure from 0 to 60
min was considered for the samples examined here, were the control is the as-cast film.

Similar annealing times for both strategies have been used by other researchers [16, 24].

Figures 4.2 and 4.3 shows surface topography of P3HT:PCBM OPVs which
received TA and SVA for varied annealing times respectively. These AFM scans were
carried out in a controlled environment by Dr. Chris Pearson accompanied by the author
(more details on the measurements are provided in Chapter 3). Considering first the TA

samples, the control blend resulted in a surface with small phase separation, with a root
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mean surface (RMS) roughness of 3.58 nm as depicted in Figure 4.2a. As thermal
annealing time increases, the surface roughness of the annealed composites increased too,
from ~5 nm to ~8 nm as observed in Figure 4.2b — f. These variations in the morphology
are attributed to PCBM aggregation and P3HT molecule ordering, all of which occur
concurrently during TA as shown in related studies [25]. Further, the thermally annealed
samples show distinctive thin fibrillar structures which also increase with the annealing
time, with widths of <100 nm and lengths between 500 nm and 2 um that are observed
throughout the film. These thin nanostructures are attributed to enhanced P3HT
crystallinity with the heat treatment, which tends to form networks [11]. Because exciton
diffusion length is ~10 nm, the resulting morphology may provide more interfaces
between P3HT and PCBM for exciton dissociation and percolation paths for carrier

collection that may increase efficiency [11].

Figure 4.2. P3HT:PCBM with 120° C TA post processing at different annealing times: a) no
annealing, b) 2 minutes, c¢) 5 minutes, d) 10 minutes, e) 15 minutes and f) 20 minutes.

These results are consistent with previous reports on the bulk structure as
determined by X-ray diffraction [3, 11, 26, 27], where a P3HT crystallite in a film as cast
has been found to have lengths of ~9 nm that are further increased to ~21 nm with TA
[3], showing higher possibility of forming connections [20]. Going a step further, Yang
and co-workers [11] also demonstrated that TA could yield higher efficiencies owing it
to a more crystalline morphology as observed with TEM imaging, that could improve
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hole mobility up to ~0.1 cm? V! s, Nonetheless, TA has been also found to cause
degradation when higher temperatures (>130° C) are used [26, 28, 29]. Additionally,
extended periods of heat treatment time may result in a coarser morphology in
P3HT:PCBM blends with PCBM clusters up to 100 um in size, that are not beneficial for
exciton diffusion into D:A interfaces, increasing exciton recombination and lowering
PCE [17, 27, 29, 30].

On the other hand, AFM measurements on P3HT:PCBM with SVA evidenced
that the control blend (Figure 4.3a) realised a surface roughness of ~3 nm with a small
phase separation, comparable to the control blend of TA. However, AFM imaging also
reveals less coarse morphologies and seemingly smaller nanofibers (Figure 4.3b — 4.3f)
when compared to TA, yielding RMS between ~1 nm — 5 nm when blends were exposed
to increasing vapour annealing time, as seen elsewhere [31]. Although nano fibrillar
domains are also visible in SVA samples, widths are in the order of ~<50 nm with smaller
lengths of ~200 nm throughout the films, thus yielding less developed crystalline features

in contrast to TA samples.

Figure 4.3. P3HT:PCBM with SVA post processing at different exposure times: a) no
annealing, b) 3 minutes, c) 5 minutes, d) 15 minutes, e) 30 minutes and f) 60 minutes.

Since AFM focuses on the surface, several authors have shown with X-ray
scattering in P3HT:PCBM blends, that SVA promotes P3HT crystallites to increase in
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length from ~9 nmto ~11 nm [3, 20] in agreement with the results presented here. Further,
a detailed characterisation on the morphology of P3HT:PCBM was also carried out by
Verploegen et al [6] with the aim of understanding the structural changes undergoing with
TA and SVA processing methods. X-ray diffraction measurements on P3HT:PCBM with
vapour exposure yielded crystal domain sizes of <60 A in contrast to TA samples yielding

domain sizes of >130 A, in line with the topography imaging recollected here.

Therefore, larger crystal sizes would have more possibility to form crystallite
networks, thus reducing gaps between crystalline regions that can improve carrier
transport [20]. In addition, factors that ultimately play a key role for the effectiveness of
SVA are the solubility of the donor and acceptor constituents and the time solvent vapour
exposure [32]. Having established the morphology differences, we now take a closer look

at the performance of the devices.

4.3.2 Electrical characterisation: J-Vs and EQE

Figure 4.4a, ¢ depicts J-V characteristics under dark and illumination for TA
treatment of 120 °C with varied annealing times. For the parameters described here, the
dark rectification ratios of all samples are close to 10 at 0.5 V bias, depicting series
resistance (Rs) in the 0.5 V regime as well, which can be an indication of unfavourable
interface between the active layer and the contacts [33]. Padinger et al [30] reported
similar dark rectification trends for the control and TA devices, in which the poorer
performance of the control was attributed to be partly limited by shunt resistance whilst
the increase in Jsc observed in light J-Vs was presumed to be related to increased mobility.
In the results presented here, the optimum outcome for TA processing was realised with
a 10 min heat treatment, yielding a Jsc of ~6 mA/cm? accompanied by a 48% FF and 0.38
Voc. These results represented a considerable improvement compared to the control
blend, which achieved a Jsc of 2 mA/cm?. Overall the efficiency increased by ~3 times
upon TA of 10 min, in line with other publications [16, 17, 30, 34].

Turning now to the SVA composites (Figure 4.4b, d), the control device showed
a moderate Jsc of ~3 mA/cm?, Voc of 0.38 and FF of 46% yielding a PCE of 0.57%. A
reasonable explanation for the small difference in Jsc between both controls, could be

attributed to a more homogeneous morphology when no processing treatment was used,
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Figure 4.4. Dark (top) and light (bottom) characteristics for a-c) TA and b-d) SVA in
P3HT:PCBM blends.

which can have an impact in the percolation pathways for carrier collection,
contrary to the enhanced crystallinity and aggregation caused by the two annealing
methods (as seen in the previous section) [34]. Further, the shallow slope observed in the
dark J-V curves at the 0.5 V regime depicts Rs attributed also to the resistance of current
flow between the organic layer and the electrode [33]. In addition, shunt resistances (Rsh)
are evident in the <0.15 V region of the dark J-V (i.e. the control device with J value not
at V=0), which may be due to pinholes and cracks in the active layer, a plausible reason
since SVA method yielded thinner films compared to TA (see Appendix 4.2). The blend
with 15 min of SVA treatment achieved a higher Jsc, with 4.33 mA/cm? delivering a PCE
near ~1%, in agreement with similar results published by Onojima and colleagues for
comparable SVA times [35]. Further, the PCE starts to drop after increasing the SVA

exposure over 15 min, as evidenced by the poor PV values obtained for the 30 min and
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60 min devices. As observed elsewhere [31], these lower PV values can be attributed to
how the different vapour annealing times may result in distinct crystalline and disordered
regions, in line with the surface topography imaging. All PV data related to Jsc, FF, Voc
and PCE for P3HT:PCBM BHJs with either TA or SVA are included in the Appendix
4.3.

Now, to further investigate the Jsc gains observed in J-Vs, EQE measurements
were made on both sets of devices. Figure 4.5a shows the EQE spectra corresponding to
devices that received TA for 2 min, 5 min, 10 min and 20 min respectively, plus the

reference control.
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Figure 4.5. EQE measurements for P3HT:PCBM blends subjected to TA (a) and SVA (b) with
varied annealing times of both strategies, as indicated in the inset.

The sample with a heat treatment of 2min attained a EQE of ~27% ranging from
450 nm to 600 nm wavelength, whilst the EQE increased by almost two-fold for the 10
min sample. A maximum EQE of ~44% is realised for this 10 min sample between 450
nm — 500 nm wavelengths which is consistent with the EQE increments observed
elsewhere [11, 17, 30]. In these studies [16, 17], it was found that an enhanced
crystallinity and orientation of the polymer chains caused an improvement in hole
mobility, from 6x10** m? V' s to 2x10® m? V! s which is the main reason for the
efficiency enhancement in these types of blends. Further, Li et al [17] investigated
P3HT:PCBM blends under different TA times, from 0 min — 30 min, demonstrating that
10 min is the optimal choice and extending it may reduce the efficiency. Thus, the results

presented here are in agreement with has been reported in literature, whereby this thermal
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postproduction method can enable control over the morphology by tuning parameters like

the amount of time of heat treatment.

Turning the attention into the SVA samples, the enhancement of Jsc for SVA
treated P3HT:PCBM blends is also in agreement with EQE responses for varied vapour
annealing times as depicted in Figure 4.5b. Overall, 3 — 15 min treated samples showed
an enhancement in EQE after SVA for the entire spectrum range between 400 nm — 700
nm attaining a maximum EQE peak over 40% for the 15 min device. Indeed, extending
the solvent exposure times also appears to be detrimental to SVA samples [32]. Further,
the lower EQE attained by the 5 min sample compared to the 3 min and 15 min is
attributed to the different crystalline features and disordered regions that result from
varied vapour annealing times, and the optical spectra proves this conclusion as we shall
see in the next section. To wrap up this section, Miao et al [36] reported in their paper an
increase in absorption with SVA which can contribute to enhance EQE. Thus, to
understand the origin of the EQE improvement, optical absorption spectra are

investigated next.

4.3.3 Optical absorption spectra

Focusing on the optical profiles, Figure 4.6a exhibits a typical absorption profile
of a P3HT:PCBM blends that received TA from 0 (control) to 20 min with film
thicknesses of ~<150 nm as indicated in the Appendix 4.2. From the figure, the highest
absorption was achieved with the 10 min sample. Two distinctive peaks are shown in the
image; one between 330 nm — 340 nm corresponding to PCBM and other main peak at
500 nm — 550 nm with the P3HT contribution [16]. Additionally, two absorption
shoulders located at 550 nm and 600 nm are attributed to interchain interactions of the
P3HT molecules as observed here [37]. In agreement with reported data in literature, other
authors have demonstrated that 110 —120 °C is the optimum thermal annealing for
P3HT:PCBM blends, which red-shifts the optical absorption owing it to a more ordered
crystalline structure [16-19]. Further, the increase in crystallinity degree contributes to
enhance hole transport on P3HT, reaching hole carrier mobilities of 10® m? V-1 st which
Is consistent with an increment in the efficiency in the blend as previously stated [16].
Moreover, in the 10 min blend, the red-shifted curve improves the spectral overlap with
the solar emission and thus increasing the absorption in this blend, compared to the

control sample. Nonetheless, the enhancement in optical absorption is around ~10%

101



compared to the EQE enhancement, demonstrating that mobility plays an important role
[30].
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Figure 4.6. UV-vis absorption spectra of P3HT:PCBM composite with a) TA treatment and b)
SVA treatment considering different annealing times respectively. Film thicknesses are ~<150
nm.

UV-vis measurements were also carried out for the P3HT:PCBM SVA treated
samples (Figure 4.6b). Similar shape and vibronic features are observed for these
samples, displaying one shoulder between 600 nm — 607 nm, a second shoulder around
550 nm along with an ample peak at 508 nm. These results agree well with conclusions
deduced from previous studies, where the absorption coefficient of the blend increases
with increasing SVA time [24] but decreases with extended periods of annealing time,
attributed to fullerene molecules interrupting the ordering of the P3HT chains [35].
Comparable optical profile structures were also observed by Onojima et al [35, 38] on
P3HT:PCBM BHJ with SVA treatment across the entire spectrum. In agreement with
their study, increasing the SVA time slightly reduces the absorption spectra. In addition,
the optical spectra of the 5 min blend displays lessened vibronic features between 500 nm
— 600 nm, which may result from less crystalline fibrils as seen in section 4.3.1, that can

reduce EQE and thus efficiency.

To close this section, the experimental evidence presented here is congruent with
what has been reported in literature, that the morphology may be greatly influenced
depending on the post processing method used, choice of solvents, ratios, etc. which have

a direct impact in the PV results.
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4.4 Conclusion

As observed in this Chapter, the control of morphology remains one of the most
essential issues in the field of OPVs. As previously discussed, high efficient OPVs require
a systematic consideration and understanding of three key areas: formulation (device
design), material development (novel materials) and new device architectures. In here
two methods are shown to impact the morphology and the overall PV characteristics: TA
and SVA for P3HT:PCBM binary blends. It is demonstrated that these two techniques
can enable control over the morphology resulting in distinct topography and also in
increased PV values. Indeed, although TA and SVA displayed enhanced crystallinity
compared to as cast films, the evolution of the crystallization is found to be different, with
TA exhibiting larger fibrils. Therefore, as a route to increase efficiency, the 10 min sample
with TA at 120 °C showed a more profound impact in the performance of OPVs, in
agreement with what has been reported in literature for this type of blend systems. Thusly,
going forward, TA will continue to be used as it is a proved method to benefit the
formation of a more suitable morphology. In the next Chapter, the formulation aspect of
device design is investigated, in the form of adding a third component to the active layer
and the usage of other processing methods such as co-solvents, to discern the impact of

the additional component in the performance of OPVs.
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CHAPTER 5

DESIGN RULES FOR TERNARY BLEND OPVs
FABRICATED WITH FULLERENE ACCEPTOR
ALLOYS

5.1 Introduction

As discussed in Chapter 4, the performance of an OPV device is strongly related
to the BHJ morphology, which ultimately dictates the main PV figures of merit. In this
Chapter, the formulation method is introduced, in which a third component is added to

the active layer of binary OPVs in order to discern the impact on the performance.

In ternary blends, the third component offers the opportunity to optimise electrical
properties beyond which is possible in binary blends. Considering all the different choice
of materials and processing conditions that ternary blends can display, how can one best
design and optimise an OPV? In recent past different approaches have been explored to
fabricate ternary blends, for example: by blending two donors and one acceptor [1], three
donor (polymeric) materials [2] and more recently one donor and two acceptors [3].
Although valuable results have been derived from these studies, to date, a methodology
which compares insights across different blend systems is still lacking. Thus, in order to
use ternary blends as a methodology to improve the efficiency of OPVs, understanding
of material selection and device fabrication is of great interest to OPV researchers.

In this Chapter, this question is examined by fabricating two ternary systems,
specifically PTB7:PC7.BM and P3HT:PC71BM in which ICBA is added as a third
component, both with and without the processing additive 1,8-diiodooctane (DIO). To
begin, we first recapitulate on fundamental concepts of ternary blends, different types of
ternaries and novel advances from literature. Secondly, we describe the fullerene alloy
model consisting of one polymer donor and two fullerene derivatives. Following,
experimental results are outlined which include electrical characterisation, molecular

schematics, modelling and morphological studies on the bulk and surface of OPVs.
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Lastly, the results from this Chapter provide vital information about the
morphology and performance of these blends, which can assist OPV engineers to design
future ternary OPVs with fullerene alloys.

5.2 Ternary blends and fundamental principles

We begin this section by summarising what are ternary blends and why is it
relevant to study them. Over the past years, binary BHJ have become the gold standard
of OPV fabrication because of the high efficiencies that can be achieved [4]. In principle,
to further increase the PCE in binary OPVs the Voc, Jsc and FF should be enhanced [5].
Nonetheless, binary OPVs are limited by a narrow absorption since the photoactive layers
can only harvest photons from equal or greater energies than their bandgap [5]. Further,
as stated in previous Chapters, organic semiconductors normally yield low charge carrier
mobilities [6], which can also limit OPV devices to <200 nm thicknesses to ensure
efficient charge collection [7]. Unfortunately, this means that because of such thin films,
not all incoming light is absorbed. A promising strategy to tackle these binary OPV
bottlenecks, is through the addition of a third component into the active layer -the ternary

blend- which can be another donor or acceptor component [8].

Ternary BHJ PV materials Main characteristics
_______ AN s T EEEES \
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Third
component
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Figure 5.1. Representation of a conventional ternary blend (left) where the red lines denote
polymer chains, the yellow circles an acceptor (i.e. fullerene) and the brown circles the third
component. The PV materials used to fabricate ternary blends are shown in the centre and some
of the key characteristics that can be optimised with this strategy on the right. Schematic
adapted from: [9].
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In recent past, ternary blends have demonstrated to be an effective method to
increase efficiency compared to binary OPVs since they can display a number of
advantages which include: 1) It retains the fabrication conditions used in binary blends
plus broadening the absorption bandwidth of the active layer as in a multi-junction device
[10]. 2) Strategies that have been used to optimise binary blends can also be applied to
ternary blends (thermal annealing, solvent additives, different D:A ratios, and more) [11].
3) Appropriate material selection can provide efficient exciton dissociation, charge
transfer and assist in reducing recombination [12]. 4) The morphology can be improved
which may facilitate a suitable molecular organisation to improve charge generation,
transport and collection [13]. Figure 5.1 presents a general schematic of a ternary blend
OPV and some of the key characteristics that can be enhanced. Inspiringly, ternary OPVs
have almost exceeded 17% in efficiency thus showing great potential for this method to
fabricate high performing solar cells [14]. Ternary blends are generally made up of a
dominating D:A constituents, plus an additional component added to the active layer
which can be other: polymers [2], fullerenes [15], Non-fullerenes (NFA) [16], dyes [17],

small molecules [18], quantum dots [19] and nanoparticles [20].

Although many authors have demonstrated that ternary blend OPVs can
effectively be used to increase the main PV parameters and ultimately PCE [21-23],
however, many aspects remain to be understood, to name a few, the location of the third
component in the blend, recombination mechanisms, and the tuneability of Voc and Jsc.
To address these issues, several classifications and models have been developed which

are discussed next.

5.3 Operating methodologies of ternary blends

Due to the incorporation of an additional material in the active layer, the
governing PV mechanisms in ternary blends are different from that of their binary
counterparts, and is more than just the superposition of PV processes of the individual
OPV blends [11]. Based on the functionality or design approach, ternary blends are
generally classified into four different categories, namely: the charge transfer, energy
transfer, parallel-like model and the alloy model (Figures 5.2 and 5.3). Since the objective
of adding an additional component to make up the active layer is to enhance PCE of the
OPV device, it is normally reported in literature that it can be done through electronic

and/or structural changes [11]. Electronically, the additional component can assist in
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energy charge transfer, and structurally, it can contribute by facilitating an optimised
molecular assembly in the film, which can favour charge dissociation and charge transport
[13]. These mechanisms which are related to where the additional component is located
in the BHJ, are briefly explained below. For a full in-depth review on these mechanisms,

readers are referred elsewhere [5, 8, 11].

5.3.1 Charge and energy transfer mechanisms

In ternary OPVs where a charge transfer mechanism governs, the energy levels of
the third component should ideally be in between the LUMO and HOMO of the main
donor and acceptor to form an energy cascade alignment [10, 13]. To illustrate an
example, considering the third component as an acceptor in Figure 5.2a, excitons
generated in D1 or Az can dissociate into charge carriers at the D:Az or D:A: interfaces
and holes can travel through the channels formed of the donor and the electrons via the
acceptors domains [10, 11]. Since holes are collected by the channel made by the donor
(higher HOMO level) the Voc in these ternary blends is close to the smaller Voc of the

binary analogues [10].

b)

QQ\@_

R 90

Figure 5.2. Ternary OPV mechanisms: charge transfer a) and energy transfer b). Adapted from:
[13]. Note that these models can also be represented by D1:D,:A and D:A;1:A; systems.
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The second model is the energy transfer model, otherwise known as Forster or
Dexter Resonance Energy Transfer [11, 24]. In order to achieve an efficient energy
transfer with this model, ternary blends require a short distance (<10 nm) between the
third component and the D1 (or Ay), as well as overlap with the emission spectrum of Dy

(or A1) and the absorption spectrum of the third component [25]. Considering a system

110



of D1:D2:A as shown in the Figure 5.2b, exciton energy from D; can be transferred via
“energy transfer” to Do, and the excitons that are generated in D> can dissociate into
charge carriers at D2:A interface. Then, electrons are transported to the cathode via the
acceptor channels whilst holes in D2 can directly transport to the anode or transfer to D
and then to the anode via channels formed by Di:. As observed elsewhere, the charge

transfer and energy transfer mechanism can occur concurrently in ternary blends [10].

5.3.2 Parallel-like and alloy model mechanisms

To explain the parallel linkage mechanism in ternary OPVs, let us consider a
ternary structure of D1:D2:A as depicted in Figure 5.3a. In here, excitons generated in
donor domains can dissociate at the D1:A or D2:A interfaces into free carriers. Then, holes
would be transported to the anode by the two-donor parallel formed channels whilst
electrons are transported only via the acceptor channel to the cathode [11]. In this ternary
mechanism, the energy transfer or charge transfer is absent between two donors or two
acceptors, which is similar to a parallel connection of individual OPVs and hence the
name [11]. To describe this model in a few words, complementary donors absorb light,
split excitons and transport holes, meaning that each donor forms its own transport

pathways [13].

a) A A b)

Energy (eV)
Energy (eV)

Acceptor

e

Figure 5.3. Ternary OPV mechanisms: parallel-linkage a) and an acceptor alloy model b).
Adapted from: [13]. Note that these models can also be represented by D1:D2:A and D:A1:A2
systems.

In contrast, in the alloy model mechanism, instead of each component forming its
own transport channel as in a parallel linkage, two electronically similar materials (two

donors or two acceptors) form an electronic ‘alloy’ (Figure 5.3b) such that they become
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electronically coupled to form a new state [10, 11, 13]. However, these two acceptors or
donors still retain individual molecular properties and the HOMO and LUMO levels of
the alloy are dependent on the composition of the third component in the blend. Hence,
Voc depends on the composition of the acceptor or donors in the blend [13]. Additionally,
Jsc may be increased by complementary absorption via the third component [10]. In these
ternary blends, the main and host donors or acceptors are required to have good
miscibility and similar electronic properties for the alloy formation [10].

To wrap up this section, there is no strict limitation that says that one’s blend will
fall into a certain category, and in practice, it is commonplace to have these mechanisms
intertwined and having different models occur in a ternary blend, thus complicating the
prediction of governing PV mechanisms [25]. Further, some aspects of these models are
still debated in literature, specifically, the alloy model which has been unable to explain
the raise in Voc in fullerene based OPVs with increasing ratios of the third component
[13]. Thusly, in the upcoming sections, the main focus will be on ternary blends with

organic alloys.

5.4 P3HT and PTB7-based OPVs blended with fullerene alloys

As observed from the previous sections, the role of the third component in ternary
blends is still matter of debate and many studies have been published recently to underpin
the underlying physics [13, 25]. Why is there a raise in Voc in ternary blends with alloy?
How do the effects of a ternary component generalise to a specific morphology? In this
Chapter, we resolve these pressing questions by systematically examining two blend
systems with fullerene alloys in which the donor material is different. But before we move
onto the experimental data, first we present relevant literature comprising ternary blends

with fullerene alloys.

To start, among the different strategies to fabricate ternary blends, fullerene alloys
which include polymers mixed with a combination of fullerene acceptors (i.e.
PCBM:ICBA) have recently emerged as an effective route to further improve PV
properties in OPVs [26-28]. Thompson et al. [26, 27] first proposed the alloy model in
P3HT with PCBM:ICBA, where the Voc could be effectively tuned in ternary solar cells
by varying the composition of fullerenes. For instance, a ~40 wt% ICBA resulted in a

~64 mV increase in Voc compared to the P3HT:PCBM binary blend, however, Jsc
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decreased for all ICBA combinations [26]. Now, in ternary blends it was generally
predicted that Voc would be pinned down to the smaller Voc of the corresponding binary
blend components [29]. However, these results demonstrated experimentally that ternary

OPVs could maximise Voc and exceed binary BHJ efficiencies.

Further, Angmo et al. [30] verified that mixed fullerenes form an alloy in ternary
blends of P3HT:ICBA:PCBM with solid-state nuclear magnetic resonance (NMR).
Following device optimisation, a PCE of 2.37% was realised with the ternary blend alloy
exceeding its binary equivalents. Similarly, other authors have proved that ternary OPVs
with and acceptor alloy and low band gap polymers can indeed lead to higher performing
OPVs [28, 31]. For instance, the usability of the alloy comprised of ICBA:PC7:BM was
tested with 5 different polymers in which all of them showed increased in performance
of ~12% in contrast to devices fabricated with PC7:BM [32]. Cheng et al [33] fabricated
ternary blends with ICBA:PC71:BM and low bandgap PTB7 polymer. Contrarily to P3HT,
the enhancement of Voc was moderate with PTB7 as the donor, yet Jsc improved until a
certain threshold (~20% - 30% ICBA content) prior to reducing. Further, although hole
and electron mobilities remained relatively unchanged between the binary and ternary
blends, ICBA enhanced the external quantum efficiency (EQE) which was attributed due
to a cascade formation all of which resulted in an overall 12% PCE enhancement.
Similarly, Sharma et al [34] introduced ICBA as a third component in PTB7:PC7:BM
blend to elucidate critical information for OPV design. In their study, 10 wt% ICBA
increased EQE which was correlated to improved charge dissociation as revealed by
transient absorption studies, while higher concentrations of ICBA vyielded more

recombination.

More recently, blends of NFAs have also demonstrated encouraging results in
state-of-the art OPVs [16, 35, 36]. Lu et al. [37] presented a ternary blend of PPBDTBT
donor with ITIC:PC7:BM as the acceptor materials, in which ITIC extended the light
absorption whilst PC7:BM reduced the aggregation of ITIC as seen with TEM images.
Despite an increase in Jsc and PCE with the ternary blends, Voc progressively decreased
with the increasing weight ratio of the fullerene, thus evidencing no intimate acceptor
alloy. Although these papers have shed light on how specific ternary blend systems
operate, it remains unclear how the effects of a third component in OPVs generalise to
specific morphologies in new blend systems. The novelty of this Chapter is that we seek

to provide insights into this question by comparing two ternary blend systems based on
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different donor materials but with the same fullerene acceptor and concentrations of
ternary components. In the next section, we discuss the fabrication conditions of the OPVs
investigated in this Chapter.

5.5 Fabrication of binary and ternary OPVs

In order to investigate how can one best optimise ternary OPVs, blends of
PTB7:ICBA:PC7:BM and P3HT:ICBA:PC7:BM were fabricated, and as the control
references the binary blends of PTB7:PC7:BM and P3HT:PC71BM. Further, as discussed
in the previous section, ICBA:PC71BM have shown to form a fullerene alloy under certain
circumstances, and hence the selected ternary blend systems may display a wide range of

behaviours that may occur in ternary OPV blends in general.
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Figure 5.4. a) Molecular structure of materials used: PTB7, P3HT, PC71BM and ICBA (from
left to right), b) energy levels and ¢) OPV device configuration. Energy levels from [33, 38].

The molecular structure of materials and energy levels are depicted in Figure 5.4a,
b. The architecture of all OPVs discussed in this Chapter was
glass/ITO/PEDOT:PSS/Active layer/Al as shown in Figure 5.4c. The active layers were
fabricated with a 1:1.5 donor and fullerenes acceptor ratios for PTB7-OPVs and 1:1 for

P3HT-OPVs since these have been observed to be the optimum ratios for each type of
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blend [39-43]. A total of 8 nominally same repeats of each type of blend were fabricated
yielding 96 OPV devices; 48 for each ternary blend system in which the wt% of ICBA
was increased from 0% to 30%. All measurements were carried down on a cleanroom
environment and to ensure repeatability, typical devices rather than hero devices are
reported. The impact of morphology was examined by fabricating devices both with and
without the additive DIO, since previous investigations have demonstrated that 3 vol%
DIO when used as a co-solvent in PTB7 and P3HT blends can assist in achieving higher
performances [44-46]. We now turn to the full characterisation of binary and ternary
OPVs.

5.6 Photovoltaic trends: Open-circuit voltage (Voc)

To set all of the upcoming analysis into context, we will begin by discussing the
variation in PV parameters for P3HT and PTB7-based OPVs as a function of ICBA and
DIO. For reference, the J-V curves and PV statistics are included in the Appendix 5.1 and
5.2 respectively. We start by rationalising the increase in Voc of P3HT-blends (Figure
5.5a) which interestingly, stands out abruptly with the addition of ICBA. It can be seen
that at 25 wt% of ICBA, Voc is enhanced by 200 mV and 100 mV without and with DIO
respectively compared to its reference counterpart. On the other hand, Voc decreases 40
mV with no DIO and increases 20 mV when added into PTB7-blends for the same ICBA
concentrations. Indeed, our results also demonstrate that Voc appears to be determined
by the mixing ratio of the fullerene compounds, rather than being pinned down to the
lowest acceptor energy level [26, 27, 30]. Now, the difference in Voc shift for the same
change in fullerene composition between different blend systems has not been elucidated

in literature and our contribution is to explain this difference.

To rationalise why, we begin by hypothesising that the formation of an alloy
implies intimate mixing of the two fullerene components somewhere in the blend. Like
so, the differing morphology of the two blend systems may hold some proof as to why
the alloying behaviour is different. Although PCBM has been shown to be miscible in
PTB7 [47] and in amorphous P3HT [48], leading to an amorphous polymer:fullerene
phase in both blend systems, we note that the side-chain density of P3HT is high

compared to other donor:acceptor polymers [49].
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Figure 5.5. Variation of a) Voc and b) FF as a function of ICBA added to the P3HT:PC;1BM
(black square) and PTB7:PC7BM blends (black triangle) in 0%, 10%, 20%, 25% and 30%.
Open figures denote OPVs without DIO and solid figures with 3% of DIO respectively.

A result of this high side-chain density is that PCBM does not intercalate into
P3HT crystalline regions [43, 48]. Consequently, we propose that fullerene molecules do
not readily interpose between P3HT side-chains (Figure 5.6a) in either the crystalline or
amorphous phases, and that as a consequence, fullerenes are excluded to other regions in
the blend where they form an alloy.

a) b)

Figure 5.6. Molecular schematics on a planar conformation configuration of how
polymers may interpose PC-1.BM (brown) and ICBA (orange) between side-chains, showing a)
P3HT (red) and b) PTB7 (blue). As a reference, fullerene diameter ~10 A [50] and a PTB7
monomer length ~16 A [51].
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Conversely, we argue that the impact of alloying is less strong in the PTB7 blends
as fullerenes can more easily interpose between the side-chains, which we define as
molecular intermixing (Figure 5.6b). There is indirect evidence of molecular intermixing
in PTB7:fullerene blends as optimised blends require an excess of fullerene [43], side-
chains have weak orientational uniformity [52, 53], and that PCBM molecules disrupt -
7 stacking in PTB type polymers generally [54]. To investigate this claim, we conducted
a survey on literature regarding ternary blends utilising ICBA:PCBM alloy as acceptors
and similar processing conditions that is included in the Appendix 5.3. From this table,
we found that polymer donors that support molecular intermixing (i.e. PTB7 and PBTTT-
C14) had similar small increases in Voc when 30 —40wt% of ICBA was added, compared
to the binary control [28, 33, 34], which is in agreement with our hypothesis.
Conspicuously, we believe PBTTT-C14 is an interesting comparison to the current data
as it is both crystalline (as P3HT) and has a structure that permits PCBM molecules to
site between side-chains (as argued for PTB7) [55], and also describes modest increases
in Voc with the addition of ICBA (as observed for PTB7) [28]. On the other hand, P3HT
was the only example of a polymer that was not favourable to molecular intermixing
which has been used in ICBA:PCBM ternary blends, but what evidence has been reported

also agrees with our observation of a larger Voc with the addition of ICBA [26, 27].

In addition, we also investigated literature on more widely reported binary blends
and whether the donor polymer supported or not molecular intermixing (Table 5.1) by
numerous techniques. This analysis further corroborates that P3HT is unusual in its high
side-chain density, since numerous systems do support intercalation, to name a few: PTT,
PQT, PBTTT, PCDTBT, and PFBT-T20TT [43, 56, 57], whereas P3HT does not. Hence,
it appears that the degree of molecular mixing is a key element to a full benefit of Voc

provided by a fullerene alloy.

5.6.1 Fill Factor (FF)

Momentarily going back to Figure 5.5, we observe that the FF is not largely
affected by the addition of ICBA in all cases with the exception of the P3HT ternaries
without DIO. As noted, the devices with DIO maintained a similar FF to the binary
control. Since reduction in FF for P3HT-based ternaries with more than 20 wt% ICBA
may be due to poor charge transport, we take a closer look at the surface and bulk

morphologies to elucidate any crystalline structures or their absence.
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Intercalation or

Evidence of intercalation or molecular

Donor Acceptor ‘molec?l.ar Additive intermixing Ref.
intermixing
P3HT PCBM No - Schematics™ ¥ 43, 50, 55
ICBA No - 58
PATBT PCBM No - PL 59
BisOC,,-PPV PCBM No - Schematics 43
PTBI PCBM Yes - X-ray 60
PTB7 PCBM Yes 2% DIO X-ray 61
PTB7 PC;BM Yes 3% DIO Schematic™, X-ray,'” “PL" 45, 47, 62, 63
PTB7-Th PC,,BM Yes 3% DIO PL> %% Xray’” % Raman” 32, 64, 65
MDMO-PPV PCBM Yes - Schematics* “PL*, SEM* 43, 66
PC; BM Yes - SEM, PL 66
PTT PCBM Yes - Schematics, X-ray 43
PQT PCBM Yes - Schematics, X-ray 43
PBTTT PC, BM Yes - Schematics, X-ray 43
PCBM Yes - X-ray®, PL” 43,59
ICBA Yes - Schematics, X-ray 58
PBTCT PCBM Yes PL 59
PBTTT-C14 PCBM Yes 5.3% Mel2 Schematics, X-ray, PL 67
PC, BM Yes - Schematics 55
PCDTBT PC7;BM Yes - Schematics ™, PL* 43, 56
PFBT-T20TT PC; BM Yes - X-ray 57

Table 5.1. Materials with evidence of intercalation or intermixing reported by various methods.
Schematics stand for chemical drawings, PL for Photoluminescence, X-ray for X-ray studies
(i.e. GIXS), SEM for Scanning Electron Microscopy and Raman for Raman Spectroscopy.
PTB7-This also known as PBDTTT-EFT. Ref. from table: [32, 43, 45, 47, 50, 55-67].

In this study, we used a combination of AFM and TEM because of the
complementary data obtained: with AFM surface features can be observed whilst TEM
reveals a projection of the bulk structure [68, 69]. First, the P3HT:PC71:BM control blend
with no DIO presented a smooth surface roughness of ~1.1 nm which was further reduced
to ~0.68 nm considering a 30 wt% ICBA as observed in Figure 5.7a, b. In these blends,
adding the ICBA did not significantly modify the surface topography and a low phase
separation is clear between the components. Contrarily, binary and ternary P3HT blends
with DIO (Figure 5.7c, d) revealed a more crystalline and coarser surface with root mean
square (RMS) roughness in the order of 7 nm for all ICBA combinations. In agreement
with surface topography, TEM imaging reveals an extensive P3HT crystalline network in
high ICBA wt% OPVs with DIO (Figure 5.7h), whilst such structure is not found on
OPVs prepared with no additive (Figure 5.7¢, f).
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Figure 5.7. AFM topography and TEM morphology images of P3HT:PC7;BM binary blends
without (a, e,) and with (¢, g,) DIO, and ternary P3HT:ICBA:PC7BM (30 wt%) without (b, f)
and with (d, h) DIO. On TEM images, scale bar represents 200 nm.

Interestingly, this lack of crystalline structure on devices with no DIO provides
good evidence to the reduction in FF observed in the PV trends, attributed to poor charge
transport [70], further validated by the reduced dark diode current (Appendix 5.1a).
However, it is also possible that P3HT-based ternaries with more than 20wt% ICBA are
impacted by a poor interface between the film surface and cathode, as the J-V curves for
these devices have an S-shaped characteristic. Further, the morphologies depicted in here
are accurate since similar trends have been reported by previous authors [46, 71].
Additional scans of AFM, TEM with corresponding film thicknesses are provided in
Appendixes 5.4 —5.7.

5.7 Photovoltaic trends: Short-circuit current (Jsc)

Let us now turn the attention towards the variations of Jsc for each type of blend.
It can be observed from Figure 5.8a that increasing the content of ICBA reduces the Jsc
for all combination of devices, with the exception of PTB7-blends in which Jsc is largely
enhanced. For instance, in the PTB7:PC7:BM reference blend with no DIO, a Jsc of 4.3
mA/cm? was attained, which was drastically increased to 8.4 mA/cm? with DIO and even
further to 9.1 mA/cm? when a 25 wt% ICBA was added in the blend. This improvement
in Jsc was sufficient to yield a higher PCE (Figure 5.8b) compared to its binary
counterpart.
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Figure 5.8. Variation of a) Jsc and b) PCE as a function of the amount of ICBA added to the
P3HT:PC71BM (black square) and PTB7:PC71BM blends (black triangle) in 0%, 10%, 20%,
25% and 30%. Open figures denote OPVs without DIO and solid figures with 3% of DIO
respectively.

Again, experimental results showed a different behaviour for P3HT-blends,
whereby DIO improved the PV characteristics but Jsc decreased for all combinations with
ICBA compared to the corresponding control. Having compared the Jsc between both
blend systems, an important question arises which is why is it that Jsc increases in PTB7-

based OPVs with DIO, but decreases for all other combinations?

To further understand the difference in Jsc behaviour when ICBA and DIO are
added, we measured the EQE spectra. This is a relevant measurement because it tells us
about the ratio of collected photo generated charges to the number of incident photons
[72] and is the product of four efficiencies: n absorption (A) * M exciton diffusion (A) * M charge
separation (A) * M charge collection (A) [72, 73], thus revealing important insights about
recombination mechanisms competing with charge extraction. Figure 5.9 presents the
EQE profiles for both ternary systems, showing the spectral response ranging from 400
nm to 700 nm. In the case of PTB7-blends with ICBA and DIO, the EQE spectra
demonstrated efficient photo conversion from 400 nm extending to 700 nm, with a
maximum EQE of ~50% at 600 nm. The overall result was an EQE improvement in the
order of 20% compared to the binary equivalent. We also notice that the trends reported
here for both blend systems are in agreement with high cited papers from literature [33,
34, 45, 74-78].
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Figure 5.9. EQE spectra of a) P3HT:PC7:BM and b) PTB7:PC71BM prepared with 0% (black)
and an additional 10% (red), 20% (green), 25% (blue) and 30% (purple) concentration of ICBA
with and without 3% of DIO. Solid figures represent OPVs with DIO and open figures represent

OPVs without DIO.

Regarding the P3HT-blends contribution, the binary EQE was much higher than
that of its ternary counterparts, that is attributed to a more crystalline order of P3HT fibrils
because of the additive [46, 79], which is in agreement with TEM and AFM images shown
previously on Figure 5.7. On the other hand, we note that in PTB7-based OPVs (Figure
5.10), the surface and bulk morphologies reveal large agglomerates (>150 nm) which
increase in size as ICBA is added onto blends with no additive.
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Figure 5.10. AFM topography and TEM morphology images of PTB7:PC7BM binary blends
without (a, e,) and with (c, g,) DIO, and ternary PTB7:ICBA:PC7BM (30 wt%) without (b, f)
and with (d, h) DIO. On TEM images, scale bar represents 200 nm.
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Thus, PTB7 based blends are improved by adding DIO as it limits the size of
fullerene aggregates (<20 nm) that would otherwise reduce exciton dissociation [47, 63]
as observed with both AFM and TEM scans. Again, the morphology results described in
this section are in full agreement with what has been reported in literature [47, 63, 69],
though it is demonstrated here that DIO also supresses the size of ICBA. Since the EQE
data allowed us to examine Jsc trends and it is shown there must be a reduction in
recombination or possibly an increase in absorption, we now take a closer look at the

absorption characteristics between both blends systems.

5.7.1 Ultraviolet-visible (UV-vis) spectroscopy

To further understand the impact of increasing ICBA on EQE, we focus on the
optical properties of both blend systems analysed with UV-vis spectroscopy (Figure 5.11)
to determine how much light is absorbed by each blend system and at what wavelengths.
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Figure 5.11. Optical absorption spectra of a) P3HT:PC+:BM and b) PTB7:PC-1.BM blends with
0% (black), 10% (red), 20% (green), 25% (blue) and 30% (purple) ICBA loading, with and
without 3% of DIO. Solid lines denote OPVs with DIO and short-dot lines denote OPVs
without DIO.

Evidently, as the amount of ICBA increased in both blends, the absorption
reduced. This is attributed to a weaker absorption of ICBA (Appendix 5.8) compared to
the other active materials [26, 34, 80]. Further, DIO reduces absorption in PTB7-based
blends, and at short wavelengths (<~525 nm) in P3HT-based blends. DIO is also shown
to increase absorption at longer wavelengths (> ~525 nm) in P3HT-based blends due to

an increase in coherence length of P3HT crystallites, since DIO promotes more ordered
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crystalline packing compared to untreated devices as observed here [46, 79]. Because all
devices were fabricated with a similar thickness (Appendix 5.7), ICBA reduced the light
absorption which decreased EQE and ultimately Jsc. However, this was not the case for
PTB7 blends with DIO as EQE is enhanced up to a ~20% of ICBA content before
reducing, notwithstanding the decrease in absorption. Thus, these results indicate that
charge generation and transport must be more efficient in PTB7-blends. To quantify the

difference in recombination, the IQE is examined in the next section.

5.7.2 Internal Quantum Efficiency (IQE)

In contrast to EQE, the IQE tells us about the number of collected photo generated
carriers to the number of photons absorbed in the active layer [81]. To account for the
effect of changing absorption shown in Figure 5.11, the IQE is estimated by dividing EQE
by the simulated absorption of the active layer using the transfer matrix method [81].
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Figure 5.12. Estimated IQE curves of a) P3HT:PC7BM and b) PTB7:PC7BM prepared with
0% (black) and an additional 10% (red), 20% (green), 25% (blue) and 30% (purple)
concentration of ICBA with and without 3% of DIO. Solid figures represent OPVs with DIO
and open figures represent OPVs without DIO.

This transfer matrix formulism utilised, considers the reflection/transmission at
the air/glass interfaces and contemplates the IQE as: IQE=EQE/(1-R) in addition to
scattering, interference and parasitic absorption of all layers including the electrodes [81].
Briefly, the objective of probing IQE measurements was to reveal valuable information

regarding exciton generation, dissociation, recombination, transport and collection in
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competition with the incident photon energy [81]. In this Chapter, only relevant
wavelengths where the active layer significantly absorbs are considered and a device
structure of glass/ITO/PEDOT:PSS/Active layer/Al. Full details on the transfer matrix
method outlined by Burkhard and colleagues can be found here [81]. The estimated IQE
for P3HT and PTB7 based OPVs is shown in Figure 5.12a and b respectively.

Starting with the P3HT based devices, addition of DIO enhances the IQE
particularly in the region of 600 nm, which is associated with absorption from P3HT
fibrils as stated previously. In particular, DIO leads to a substantial increase in P3HT
fibrils for ICBA concentrations up to 30 wt%. However, notwithstanding the
improvement in the fibril density when DIO is used, addition of ICBA leads to a reduction
in IQE. Further, estimated IQE for P3HT:ICBA:PC71BM ternaries reduces with
increasing ICBA without DIO. In contrast to the EQE trends, IQE peaks observed at
higher wavelengths for P3HT based devices are due because of the differences in exciton
harvesting efficiency, whereby P3HT has a stronger absorption between 500 nm — 600
nm in contrast to PCBM [81]. In blend systems where exciton harvesting is equally
efficient, the IQE trends result flatter [81]. Now, focusing on the PTB7:ICBA:PC7:BM
ternaries it can be observed that IQE increases with the addition of ICBA up to 25 wt%
when DIO is used, and is largely constant up to 20 wt% without DIO prior to reducing.
Thus, although absorption changes with composition, the IQE data suggests that ICBA is

acting to reduce recombination in the PTB7-based blends.

5.7.3 Recombination loss mechanism

In this section, we examine the recombination mechanisms as a possible
explanation for Jsc and IQE trends observed with the addition of ICBA. First, let us
ponder on the possibility of changing exciton dissociation. TEM images (Figure 5.7, 5.10)
suggest fine intermixing of the donor and acceptor constituents (<20 nm) for P3HT OPVs
with and without D10, and in PTB7 OPVs with DIO even with 30 wt% ICBA. Contrarily,
PTB7 devices with no DIO depict large fullerene domains (>150 nm) which increase in
size when ICBA is added (Figure 5.10e, f) that would be expected to reduce IQE through
reduced exciton dissociation efficiency, which is observed in our data. As such, although
changing the exciton dissociation efficiency seems to explain reducing IQE as ICBA is
increased for PTB7 ternaries without DIO, we note that the reduction in IQE up to 25

wt% ICBA is minor (~4%) compared to the increase in fullerene-rich aggregates (~100
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nm) which is many times larger than the exciton diffusion length (~10 nm) [82-85]. Thus,
these results in total suggest that charge recombination reduces in PTB7-blends with no

D10 as well in PTB7-blends with DIO, and it is more noticeably in the latter.

5.7.4 Carrier transport with GPVDM and hole mobility measurements

In this section, we investigate whether changed mobility is the reason for the
improved Jsc and IQE trends observed with ICBA for PTB7 blends by utilising modelling
to fit experimental data whilst varying electron mobility and by fabricating hole-only
diodes. Previously, studies on ternary blends with changes in IQE have been attributed
to be due to improvements or otherwise in charge transport through the blend [2, 86]. In
here, by adding an acceptor as a third component into the binary blends, the overall
acceptor content is increased whilst the donor content is reduced. Indeed, from a charge
transport standpoint, the binary blends have an optimal D:A ratio for each type of blend
system, and thus it may be the case that adding ICBA pushes the blend away from the

optimum and reduces efficiency.
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Figure 5.13. a) Dark and b) light J-V fits of PTB7-based OPVs varying electron
mobility in a range of factors of 1-8 in an attempt to recreate J-V characteristics with modelling.

To shed more light on this balance, charge transport simulations were carried out
with advance GPVDM modelling [87]. For this Chapter, a device structure of ITO (100
nm)/ PEDOT:PSS (30 nm) / Active layer (150 nm) / Al (100 nm) was considered. First,
fits of the dark J-V curves for PTB7-based bends were carried out for all ICBA

compositions by varying the electron mobility alone (Figure 5.13a). As observed, this
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approach enabled to recreate the increase in diode current, however, this approach did not
recreate the observed increase in photocurrent (Figure 5.13b). Like so, we view it unlikely
that the improvement in IQE observed on PTB7-blends with ICBA is due to changes in

mobility alone.

Moreover, charge carrier hole mobility (pun) was examined by fabricating single
carrier devices with the architecture ITO/PEDOT:PSS/Active layer/Au and using space
charge limited current (SCLC). This method was utilised as it has been shown to be the
dominant mechanism with this type of blends [33, 34] and it is typically used to examine
transport properties in low mobility, disordered organic semiconductors [6]. In here,
under diode conditions, the dark characteristics of OPVs and mobility were derived from
the Mott-Gurney equation [88, 89] and the results were fitted to the space charge limited
form [90].

9 V2

=5 €& 3

(5.1)

Where J is the current, o represents the permittivity of vacuum (8.85x10*2 F.m
1), & the organic dielectric constant (~3-4), n the estimated hole mobility, L the active
layer thickness (Appendix 5.7), and V the internal voltage. SCLC fits of binary and ternary
blends are included in the Appendixes 5.9 and 5.10 with simulation fits for the same
architecture. In short, our results are in agreement with what little data has been reported
in literature for fullerene alloys with these blends [33, 34] in which mobilities with the
addition of ICBA and DIO remain relatively alike when compared to the control devices.
Thus, we ruled out that the improvement in IQE for PTB7 OPVs with ICBA was due to

hole mobility changes.

5.7.5 Energy cascade heterojunctions on PTB7-based blends

In this last section, we investigate if the energy cascade heterojunctions are the
cause of reduced recombination which led to increases of IQE and Jsc in PTB7-blends.
In recent past, ternary blends have been shown to reduce recombination if the energy
levels of the constituent materials form a ‘staircase’ in which separation of the charge pair
is energetically favoured, similar to photosynthesis [91-94]. This ‘cascade’ effect, and a
consequent reduction in recombination has been observed directly in some evaporated

systems [95-97]. Figure 5.14 depicts a representation of the energy cascade landscape
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formed due to the energy levels of materials that can assist in facilitating charge transfer
at donor and acceptor interfaces by three different routes in ternary blends: D:A1, D:A»,

A1:Az compared to D:A; in binary blends.

However, we are still faced with the question as to why is there an enhancement
in IQE for PTB7 based blends with increasing ICBA, but not for P3HT based blends. It
is proposed that this difference can be attributed to the alloying effect discussed

previously on section 5.6.
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Figure 5.14. a) Cascade energy alignment in PTB7-blends a) where e represents the electrons
and h the holes. b) Morphology representation of fullerene alloying between two different
acceptors (yellow and brown circles) and a polymer donor (red lines) whereby the different
acceptors intimately mix to form an alloy. ¢) Morphology representation of molecular
intermixing between donor and the acceptors that leads to the possibility of cascade
heterojunctions.

On the one hand, in P3HT based blends, the fullerene alloying appears to occur
readily whereby we may expect that any possible advantage from a cascade
heterojunction to be lost. On the other hand, PTB7 based blends appear to show fullerene
alloying to a lesser degree, suggesting that electronically distinct fullerene domains may
be more prevalent, in turn leading to the possibility of cascade heterojunctions. As such,
these cascade structures in PTB7-blends were effective to reduce recombination losses,

resulting in a substantial enhancement of Jsc that ultimately increased the efficiency.
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5.8 Conclusion

In conclusion, in this Chapter the formulation method to increase efficiency was
introduced and for the first time, the utility of a ternary blend is investigated by comparing
Jsc and Voc and relating it to the morphology. Two blend systems made of
P3HT:ICBA:PC71.BM and PTB7:ICBA:PC7:BM were characterised and compared to
binary blends, with and without 3% of processing additive DIO with the aim of
understanding how a ternary system works and how to best optimise it. The third
component ICBA was found to have a substantial impact between the two different
polymers. In P3HT-based OPVs, ternaries showed a considerable increase in Voc of 200
mV and 100 mV without and with DIO, whilst a major increase in Jsc from 4.3 mA/cm?
to 9.1 mA/cm? was achieved on PTB7-based ternaries with DIO, regardless of the same
concentrations of ternary and acceptor components in each series. Quantum efficiency
measurements revealed in PTB7-based blends with DIO an increase of 20% when ICBA
was added to the blends whilst it was reduced in the P3HT-based system for all ICBA

combinations.

It was hypothesised that the differences stem from the molecular morphology on
both systems, whereby fullerene molecules are found to intermix between PTB7 side-
chains but they do not intercalate in between P3HT side-chains. It is argued that this leads
to larger gains in Voc for P3HT-based blends because the fullerene alloys occur readily.
On the other hand, a greater reduction in recombination due to cascade heterojunctions in
PTB7-based OPVs arises attributed to more electronically distinct fullerene domains
which yielded IQE improvements in the order of 25% that increased Jsc and ultimately

the efficiency.

Thusly, with the data provided in here we demonstrate that ternary blends can
indeed outperform binary blends with differing impacts upon the physical operation of
the OPV, which depends on the donor polymer. The findings reported in this Chapter
provide vital information to engineer ternary OPVs and for future experiments, in which
the molecular morphology is chosen to intercalate or not, with current or novel materials

and thus choosing the impact that a ternary component will have.
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CHAPTER 6

ELECTRON TRANSPORT IN EMERGENT NON-
FULLERENE AND HYBRID FULLERENES
ACCEPTORS

6.1 Introduction

Over the past decades, fullerene derivatives have been extensively studied for
OPV fabrication due to their high electron mobility, high electron affinity and good
solubility which allows them to be spin casted in thin films [1]. To date, efforts to improve
fullerenes have mostly focused on three main areas: changing the electron affinity,
increasing light harvesting and influencing the blend morphology [2]. However, because

of the lack in synthesis flexibility, researchers now seek other novel alternatives.

Non-fullerene acceptors (NFA) have risen as a promising route due to their higher
flexibility which ensues tuneable electronic properties [3]. Indeed, reports in literature
have shown that NFAs may yield a broad absorption, high electron mobility and good
device stability compared to fullerenes, which is a main driving force behind their study
[4, 5]. Among them, naphthalene diimide (NDI) has emerged as an encouraging
candidate, because of a low lying LUMO and is an electron deficient molecule, which
allows it to behave like a n-type acceptor [6]. As discussed in the OPV fundamentals
Chapter, the charge carrier mobility is a vital parameter in semiconductors, that ultimately
plays an important role to determine whether a PV device is efficient or not. From a design
standpoint, higher mobilities are desired since it means that carriers will be collected in

less time and hence, less energy lost to recombination.

This Chapter presents experimental results of a work in collaboration with Dr.
Alyssa Avestro and fellow PhD Phil Hope, who developed a family of novel electron
acceptors comprised of NFA and hybrid fullerenes. Since new PV materials may benefit
from high mobilities, this work is relevant because the electron transport properties were
probed for the first time. Our role was to fabricate electron-only diodes, characterise the
electron mobility, and to compare it with PCBM fullerene. But to put all of this into
context, first the importance of PCBM and the development of n-type semiconductors is

detailed, followed by approaches one can take to modify fullerenes to enhance electron
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transport and why there is need for new materials. Next, a discussion on NFAS is
described and finally, electron mobility measurements with Space Charge Limited
Current (SCLC) formulism are presented. This Chapter provides vital information about
electron charge transport in emergent materials, which can aid to further develop novel

n-type organic semiconductors for PV applications.

6.2 N-type semiconductors: Fullerene PCBM and development

In recent past, organic semiconductors have been thoroughly researched by
academia and industry due to their potential application for solar energy harvesting and
commercial devices have successfully begun to enter niche markets [2, 7, 8]. Nonetheless,
much of this progress has been focused on p-type semiconductors because usually most
of the light absorption is harvested in this component. Thus, although high efficiencies
have been attained with novel p-type semiconductors in OPVs [9-12], less effort has been
focused to n-type semiconductors. Due to their high electron affinity, fullerenes have been
an excellent choice for electron transport in organic materials [1]. Indeed, some of the
highest efficiency OPVs have been achieved by a solution processed BHJ made of a
donor:acceptor (D:A) blend, in which fullerenes form part of the acceptor component (i.e.
PCs0BM or PC7:BM) [13, 14].

In earlier literature, buckminsterfullerene C60 cage demonstrated potential for
solar cells and optoelectronics field after charge transfer from polymer MEH-PPV was
first identified by Sariciftci et al [15]. Following this milestone, a soluble PCBM
derivative in a BHJ OPV device was introduced by Yu and colleagues [16]. Their studies
demonstrated that the higher solubility of PCBM enhanced charge separation, carrier
mobility and PCE because of continuous D:A pathways compared to C60. Because
pristine C60 is more difficult to deposit (i.e. it needs to be vacuum deposited), soluble
PCBM presented an advantage towards optimisation of solution processed OPVs [2, 17].
As such, PCBM was one of the first soluble acceptor materials used with MEH-PPV [16],
which itself is one of the earliest conjugated polymers for organic semiconductor devices.
With MEH-PPV:fullerene blend systems, efficiencies of up to 3% — 4% were attained
following device optimisation [18, 19]. However, the narrow light absorption and
generally low hole mobilities hampered their further progress. Researchers then turned
into conjugated P3HT polymer as the donor material, due to its higher hole mobility and

broader coverage of the solar spectrum, making P3HT:PCBM better blend systems for
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OPVs applications [20-22]. Indeed, single junction BHJ devices made of P3HT and
fullerenes have attained higher efficiencies, ranging in 5% — 7% [23, 24] in recent times.
Even though PCBM resulted in increased PCE and electron mobility compared to C60,
only some approaches have been detailed in literature to further develop fullerene-based
acceptor materials. The fabrication of new fullerenes by increasing the LUMO energy
levels with multi-adducts, modifying the phenyl groups, changing the alkyl chain length
and varying the fullerene cage have been some of such efforts to boost performance and
electron mobility [25], which will be discussed in the following section. Figure 6.1
presents a basic schematic of a fullerene molecule and some of the main possible
modifications aforementioned that have been considered to fabricate novel and hybrid
acceptor materials. From the image, Ar denotes the aryl group, R the end group and n the

times the chain is repeated

Alkyl chain
Aryl Q
group o

Fullerene cage
PCBM

Figure 6.1. PCBM and some approaches one can take to make novel acceptors.

6.3 Modifications to PCBM acceptor molecule and hybrid fullerenes
6.3.1 Phenyl group modifications (aryl and ester)

The importance of phenyl group modification was investigated by Troshin et al
[26]. It was found that modifying the phenyl ring (Ar and R from Figure 6.1) of PCBM
could affect physical properties i.e. solubility, which has a direct impact in the
performance of devices. In a similar way, Zhang and colleagues [27] altered the phenyl
group of PCBM to make two derivatives: TPA-PCBM and MF-PCBM which resulted in
a more amorphous nature compared to PCBM. The TPA-PCBM derivative realised an

electron mobility of 1.2x102 cm? V! st which was similar to that of PCBM in the same
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study with 1.6x102 cm? V! s, Considering a comparable approach, Kim et al [28]
reported a series of fullerene derivatives with modified phenyl groups, namely: NCBM,
PyCBM, ACBM in addition to the PCBM control (Figure 6.2), which were blended with
conjugated P3HT donor. Out of the three new molecules, NCBM reported the highest
efficiency of 4.09% as compared to 3.80% of PCBM. Electron transport measurements
yielded comparable mobilities of 2.27x10* cm? V1 st and 2.39x10* cm? V! s for these
two respectively. The higher performance of NCBM was associated to improved LUMO
levels that achieved higher Voc and FF values compared to that of control PCBM, in
addition to a high Photoluminescence (PL) quenching. Briefly, PL measurements are a
convenient tool to investigate energy transfer processes (i.e. between fullerene and
polymers) and it takes place when excitons recombine emissively before splitting at a
D:A interface, as such, a high PL quenching evidences electron transfer from fullerene to
the polymer [29]. Thus, the aforesaid references demonstrated that modifying the phenyl
group in fullerene molecules can be a potential approach to develop hybrid and new
acceptor materials.

»
o 3

N

Figure 6.2. Schematic of phenyl group modifications (Ar) in a fullerene molecule
showing PCBM, NCBM, ACBM and PyCBM from left to right respectively (modification
marked with different colours). Redrawn from: [28].

6.3.2 Alkyl chain modifications

The alkyl chain modification (Figure 6.3) can also have an impact in the solubility
as detailed by Troshin [26] and Zheng et al [30]. In a study of the former, reducing the
chain length drastically decreased the PCE from 3.70% to 0.40% [26]. Based upon this
insight, Zhao and co-workers [31] varied the alkyl chain length from 3 to 7 carbon atoms

to study the optical, electron mobility and photovoltaic properties in new fullerene
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molecules. Their results demonstrated that absorption and LUMO remained almost
unchanged, thus indicating that the alkyl chain influenced the absorption and energy
levels very little. However, the alkyl chain had an impact in the morphology as revealed
by their AFM measurements, showing suitable aggregates and nanostructures for exciton
dissociation and transport channels [31]. As a consequence, the electron transport and
overall PV properties were slightly higher. For example, the electron mobility attained by
a chain length of 3 carbon atoms was 2.2x107 cm? V! s compared to reference PCBM
with 1.3x10° cm? V! s respectively. In addition, the fullerene with an alkyl chain of 3
carbon atoms achieved a PCE of 3.7% when blended with P3HT, in contrast to the 3.5%
of the PCBM control.

Figure 6.3. Schematic depicting different chain lengths used in a fullerene.
Modifications are marked with colours and PCBM remains unchanged (black). Top row shows
increase from 3 to 5 carbon atoms whilst the bottom row 6 and 7 respectively. Adapted from:
[31].

Thus, changes to the alkyl chain length have only shown improvements in the
morphology that achieve comparable or slightly better performances to fullerene PCBM,
and little changes to the absorption and energy levels. In the next section the focus will

be on modifications to the fullerene cage.
6.3.3 Multi-adduct and fullerene cage derivatives

As laid out above, one of the ways to further develop fullerene acceptors was to

attach more soluble electron donating groups (i.e. alkyl chain) or by modifying the phenyl
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groups. In here, the focus is now shifted towards modifications in the fullerene cage. Bis-
PCBM and Tris-PCBM (Figure 6.4a, b) are soluble in organic solvents as PCBM with a
LUMO level higher by 0.1 V and 0.2 V respectively [17]. Further, in recent past bis-
adducts have been more favoured because they could realise optimal Voc and electron
mobility. For instance, examination by Lenes and colleagues [32] on these blends
revealed that electron mobility of bis-PCBM, 7x10* cm? V1 s, was similar to the 2x10-
3 cm? v1 s PCBM mobility, but tris-PCBM suffered from a mobility of 5 orders of
magnitude lower. Benefitting from a higher Voc, P3HT:bis-PCBM devices enhanced the
PCE by 18% compared to regular PCBM [33]. Although Voc of P3HT:Tris-PCBM was
higher, Jsc and FF were lessened, resulting from a poor electron mobility [32].

Now, because PCBM does not absorb very well in the visible region of the
spectrum due to the symmetry of its C60 molecule that leads to lower energy transitions
[20], another choice is utilising [6,6]-Phenyl-C71-butyric acid methyl ester, known as
PC70BM or PC7:BM [2]. In this fullerene (Figure 6.4c), the molecular shape is slightly
different, with the symmetry broken compared to PCBM allowing a broader absorption
in the visible range [2, 20]. As a downside, it is more expensive due to its purifications
processes that may limit its application [20]. Another higher fullerene analogue is [6,6]-
Phenyl-C84-butyric acid methyl ester, termed PCgBM (Figure 6.4d), that was
synthesised for OPVs by Hummelen et al [34]. In their study, the Voc of MDMO-
PPV:PCgBM was ~0.5 V lower to that obtained with PCBM. It has a stronger absorption
in the visible (longer than PC71BM) and it extends towards the NIR, along with an
electron mobility of 103 cm? V! st comparable to PCBM devices. However, it was found
that the hole mobility is not strongly enhanced leading to space charge effects and
efficiencies less than 1%. In addition, because of the fullerene cage size increase, its

solubility becomes compromised, outweighing some of the benefits [34].

As such, although the previous sub-sections provided important guidelines to
further develop PCBM and other derivatives, because of the inherently restricted
flexibility for synthesis, researchers now look for new acceptor materials to address these

limitations that will be discussed in the following section.
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Figure 6.4. Example of multi adducts on PCBM (a-b) showing Bis-PCBM and Tris-PCBM.
Schematic of fullerene cage derivatives (c-d) showing PC71BM and PCgBM.

6.4 Emerging Non-fullerene acceptors and recent advances

As observed from the preceding sections, fullerene acceptors have continued to
be used until recently as electron acceptor materials in OPVs, because of their electron
affinity, good mobilities and tendency to form percolation pathways [25, 35, 36]. These
characteristics have allowed them to produce high efficient OPVs when blended with low
band gap donor counterparts [9, 37, 38]. Despite these valuable properties, as discussed
previously, PCBM possess some limitations like incomplete absorption in the visible
region, that chemical modifications are not straight forward (rendering low flexibility)
and some difficulty in tuning optical/electronic properties [3, 17]. In addition, when

fabricated in OPV devices, fullerenes have shown considerable degradation [39, 40].

Thus, demand for replacing fullerenes have acted as a strong leverage in the
research community to develop NFAs. Contrarily to fullerenes, NFA possess excellent
synthetic flexibility with readily available source materials, easy tuneable
electronic/optical properties and improved stability [3]. As such, NFAs can work paired
with donor materials in terms of electronic and optical complementarity and energetic
compatibility to attain broader solar spectrum [41]. Besides, easier synthesis and
simplified purification processes can substantially reduce the cost of NFAs manufacturing
[3, 42]. As expected, important progress has been made with NFA, as PCEs of over 14%-
16% have been achieved for single junction devices [43, 44] and over 20% have been
predicted for tandem structures with modelling [45, 46].
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However, despite these appealing results, many challenges remain to be addressed
in this field. For example, in NFAs molecular twisting is introduced to prevent over
aggregation but this can hamper charge transport [3, 47]. Moreover, NFAs do not have
three-dimensional charge transport capability (like spherical fullerenes), so a scrutinized
understanding of the interactions in pristine NFAs and blended NFAs is still needed [3].
Furthermore, morphological studies to underpin morphology process and device physics
are still lacking, which are considered vital issues to further advance in progress. More
recently, rylene imide dyes such as perylenediimide (PDI) and naphthalene diimide (NDI)
have emerged as promising alternatives to replace fullerene acceptors for OPV
application [6, 48]. Because they have low lying HOMOs and are electron deficient
molecules, it is believed they can behave as n-type semiconductors [6]. To verify this
claim, OFET devices have been examined with NDI which resulted in charge mobilities
of 4.7x10° cm? V1 s in vacuum [6] attributed to more ordered structures as observed
with XRD and AFM studies. In a recent work by Liu and co-workers [49], NDI with
PTB7 achieved a PCE of 2.41%, demonstrating high promise for this NFA in OPV

devices.

6.5 Novel materials synthesised for this work

In this Chapter, novel NFA and hybrid fullerenes are examined. These are NDI>,
bis-NDI plus NDI12Ceo and Alk12Ceo respectively, which were synthesised by Dr. Avestro
and fellow PhD Phil Hope in a collaborative work. Figure 6.5 depicts the full chemical
structure of the materials investigated in this Chapter. From the figure, the two NFAs
exhibit a planar and shortened conjugated backbone in contrast to the spherical structure
of fullerenes [3]. On the other hand, hybrid fullerenes exhibit a C60 core in which
NDI12Cs0 has 12 NDI “arms” and similarly Alki2Ceo but it bears no NDI units. As
observed with the success of fullerenes, implementing a strategy which incorporates a 3D

structure in both hybrid fullerenes may lead to interesting transport properties [3].
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Figure 6.5. Molecular structure of novel materials showing on the top row (a-b) bis-
NDI, NDI; and the bottom row (c-d) NDI12Cgs and Alki2Ceo respectively.

Figure 6.6 presents optical measurements in the form of absorption (solid lines)
and emission (dashed lines) that were carried out on the novel acceptors to examine
intermolecular w-aggregation and possibly the presence of charge transport pathways.
These studies were performed in thin films drop cast from DCB solutions by the
Chemistry colleagues.
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Figure 6.6. Absorption (solid lines) and emission (dashed lines) of novel acceptors used in this
work.
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We begin this part by first discussing the absorption and emission spectra of the
two NFAs. Bis-NDI and NDI> exhibit a red shifted absorption profile with a maximum
energy at ~400 nm, which suggests favourable NDI-NDI interactions may be more
predominant in smaller molecules, in agreement with previous absorption studies on NDI
derivatives [50, 51]. In addition, both NFA constituents depict a red shifted emission at
~550 nm — 600 nm which suggests molecular interaction and possibly self-assembly
ordering [50]. Focusing the attention on the hybrid fullerene materials, NDI12Ceso
describes a broader absorption than that of Alki2Ceo and a wider, featureless emission
profile (~635 nm) which indicates intramolecular p-aggregation [3]. Indeed, for Alk12Ceo
which has no NDI units in its structure, a weak absorption in the visible region is
observed, particularly between 300 nm — 400 nm which extends towards 600 nm due to
its fullerene core. Its emission profile is broad but centred towards the near infra-red
(NIR) region extending over ~ 670 nm, and red-shifted from NDI12Cso which may be in

part due to a higher solubility as seen with C60 core fullerenes [52].

To gain further insight regarding the molecular ordering hinted by absorption and
emission measurements, the morphology of novel acceptors was examined using
Scanning Electron Microscopy (SEM) and scans are presented in Figure 6.7. Starting with
the NFAs, bis-NDI (Figure 6.7a) revealed a large crystalline morphology with some
ordering present and features longer than 10 pum, whereas scans of NDI> revealed semi-
crystalline and fibrillar aggregates (Figure 6.7b). This is in agreement with the absorption
measurements presented before since red-shifted absorption points to crystallinity in the
materials [53]. In addition, crystalline systems have been found to enhance electronic
coupling and charge transport in other polymer:fullerenes [54], and polymer:NFAs [55]
systems, which suggests that these novel NFAs may promote electron transport.

In hybrid fullerenes -NDI112Cgo and Alki2Ceo- the morphology was very different.
NDI12Ceo (Figure 6.7c) resulted in no noticeable morphology in the resolution examined,
which may be expected due to its molecular shape that could hinder packing into
crystalline domains. Even though the absorption of NDI12Cso Was not much enhanced if
compared with the NFAs, due to the NDI ‘arms’ and adjacent NDI12Ceo molecules, it is
possible that it could provide a 3D network of favourable n-interactions once spin casted
into a thin film. Alk12Cso 0n the other hand, realised a similar morphology but with some

particles of varying sizes (Figure 6.7d).
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10 um 10 um

Figure 6.7. SEM scans of a, b) bis-NDI, NDI, and c, d) NDI12Ceo and Alki1,Ceo respectively.

However, the behaviour of Alk12Ceo might be expected to be different in terms of
the molecular interactions between neighbouring molecules, since its ‘arms’ are NDI
deficient in contrast to NDI12Cgso Which possibly exhibits a wider range of interactions
due to its NDI arms. Thus, from these absorptions and morphology studies, it was
determined that NDI12Ceso and Alk12Ceo could potentially extend charge transport
pathways in three-dimensional space due to their spherical molecular structure. NDI, and
bis-NDI on the other hand, share some of the physical properties but their structures are

much more compact.

In order to rationalise whether these materials could facilitate charge transport,
organic diodes were fabricated to probe electron transport in single-carrier devices.
Additionally, a blend of NDI12Ceo with NDI at 1:1 and 1:2 ratios were fabricated to
understand the relationship between these blended compounds; one with a fullerene core
and the other deficient of fullerene.
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6.6 Electron transport probed by Space Charge Limited Current
method

Before the mobility measurements are discussed, basic concepts on charge
transport are first reviewed. To further design and optimise new materials, the study of
charge transport properties is necessary to inform OPV device engineers [56-58]. There
are a number of techniques to study carrier mobility, notably time of flight (TOF), the use
of field effect transistors (FETS), current extraction during linear increasing voltage
(CELIV) and space charge limited current (SCLC), all which are well established
methods with advantages and drawbacks [54, 58, 59]. Amongst them, SCLC is suited to
determine mobilities of both types of carriers on OPV materials and in the context of an
OPV structure as briefly introduced in the experimental and modelling methods Chapter.
A major advantage of this technique is that the same process used to fabricate OPVs is
used for the single carrier measurements except for the contacts [58, 60-62]. By using
specific contacts with work functions near the HOMO or LUMO of the material under
study, the device is dominated by one type of carrier. For example, to probe electron
mobility, contacts are selected which have poor efficiencies for hole injection and do not
constitute barriers for electron extraction. This approach has been used to study a range
of single carrier OPVs, including polymers [54, 63], fullerenes [64, 65] and more recently
NFAs [48, 49].

In this work, single carrier devices with two suitable electron injecting contacts
were used to characterise electron transport properties. When a forward bias is applied,
the free carrier concentration increases because of the injected carriers. In such devices,
the J-V characteristics depend entirely on the majority carrier properties since only one
type of carrier is injected [66]. In this situation, when the current is dominated by the
injected charge, the J-V characteristics become quadratic and will depend only on the
mobility and dielectric constant. This is known as the SCLC, and in the absence of traps,
Is characterised by the Mott-Gurney law [62, 66]. In this regime, the SCLC current varies
as J a. V2, as per the following equation [62]:

9 V2

] = 3 €0 &r He 3 (61)
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Here, &o represents the permittivity of vacuum (8.85x10"*2 F.m%), & the novel
fullerene materials dielectric constant (~3.9 V), He the electron mobility, L the active layer
thickness (<250 nm), and V the internal voltage (1.5 V) [62, 64, 67]. In this thesis, because
the contacts have two different work functions there is a built-in voltage whilst still being
a single carrier device. This means that one contact injects electrons well and one contact
has a lightly larger barrier for electron injection and extraction, but still does not inject or

extract holes, as observed in Figure 6.8 [66].
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Figure 6.8. Device architecture of diodes used in this work (left) and energy levels (right).

For the fabrication of electron-only devices, the novel materials were sandwiched
between PEDOT:PSS and Lithium fluoride (LiF)/ Aluminium (Al) cathode (Figure 6.8).
A total of 20 nominally same repeats were fabricated for each of the compounds yielding
a total of 100 diodes. Also, the results reported herein depict the typical behaviour rather
than “champion” diodes. For comparisons, PCBM was also fabricated into an electron-
only diode and mobility measurements were carried out as a control sample.
Measurements were performed in cleanroom under room temperature conditions and
thicknesses were obtained with Dektak 3S high resolution profilometer. The materials
used here are soluble in common organic solvents (see experimental Chapter) and were
spin casted on a patterned bottom ITO electrode. Figure 6.8 presents the energy band
diagram (flat band) condition. It can be observed that because of the work functions, the
LiF/Al contact forms an ohmic contact for electron injection with PCBM. PEDOT:PSS
has a work function of 5.2 eV that does not match the HOMO of the materials used here,
hence, hole injection is supressed from the anode contact to the active layer [64]. As a
result, charge transport is dominated by electrons under forward bias [64]. This approach
is the same as that used elsewhere [64, 68, 69]. The built-in voltage stems from the work
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function difference (i.e. Vui = PEDOT:PSS — LiF/Al) resulting in ~1.5 V. To obtain the
internal voltage (Vint) the applied voltage is subtracted from the Vi as follows: Vint = Vapp
— Vyi. By fitting the Mott-Gurney equation to the experimental dark J-Vint curves, the
electron mobility is estimated. A challenge in obtaining reliable fits to mobility in such
devices can be the influence of injected charge into the disordered organic semiconductor.
Fabricating a range of SCLC diodes with a range of active layer thicknesses and

performing a global fit to these data can mitigate this concern.

6.7 Electron mobility in thick and thin fullerene and hybrid fullerene
acceptors

6.7.1 PCBM

First, measurements were performed with PCBM to use as control and to validate
the architecture selected to study all materials. The electron-only diode structure utilised
was glassITO/PEDOT:PSS/PCBM/LIiF/Al as depicted in Figure 6.8. Current-voltage
measurements were performed by applying positive bias from 0 V to 5 V between the
contacts. The reason for a higher bias (larger than V) is to provide enough confidence
that fits depict a quadratic behaviour, characteristic of SCLC [70]. Also, once the current
becomes limited by the uncompensated electron injection, it results in a space charge
limited current that can be described by Eq. 6.1 [70]. Experimental dark J-V
characteristics of PCBM with thicknesses of 120 nm and 240 nm are shown in Figure 6.9.
Because of the energy levels presented in Figure 6.8, a built-in voltage of ~1.5 V is
anticipated in these devices [64]. It is clear from Figure 6.9a, b that in thin PCBM diodes,
the J scales linearly with the voltage, a consequence of series resistance, whilst in thick
PCBM (Figure 6.9c, d) the slope of J versus V depends quadratically on the voltage, more
so at lower voltages (<1.5 V), which is indicative that the current depends only on the
mobility also known as the space charge region. This type of behaviour is common in low
mobility organic semiconductors, which allows for direct single-carrier measurements as
reported elsewhere [54]. To demonstrate the quadratic behaviour under the SCLC regime,
a fitwas included in Figure 6.9d (red curve) for the thick device. In addition, blue-dashed
lines are provided as guidelines to depict the J oc V and J oc \/? trends for the same device
[71].
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Figure 6.9. Experimental dark J-V curves of ITO/PEDOT:PSS/PCBM/LIiF/AI electron-only
devices with thicknesses of a, b) 120 nm and c, d) 240 nm.

Further, the current densities in the linear-linear plots of parts a, ¢ span to several
orders of magnitude which may hide some of the data and present Vi effects, whereas in
semi-log parts b, d is easier to observe the quadratic behaviour of the curve with the effect
of Vi corrected [32, 70]. Also, the difference in Vi between a and c is attributed to contact
effects in a thin device [67]. As such, Mott-Gurney’s equation was used to determine the
electron mobility in thick PCBM. Herein, PCBM dielectric’s constant was considered as
3.9, with a L =240 nm, and Vy; of 1.5 V. Because of the linear dependence of J with V of
the thin electron-only device, mobility could not be determined by SCLC fitting. The
experimental data of thick PCBM devices was fitted using equation 6.1 and the results
are observed in the Figure 6.10. In addition, because the thick PCBM fit looks somewhat
linear at higher voltages, the electron mobility was measured at 1.5 Vyi to ensure the

current depends only on the mobility as observed by the quadratic behaviour.
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An electron mobility of 2.90x10° m? V! s was obtained, comparable to the
results published in a study of Mihailetchi et al [64] and to those of Armin et al [72].
Furthermore, the mobility results obtained here are on par with neat PC7:BM mobilities
observed elsewhere [73]. From previous literature reports, differences in mobilities with
PCBM are generally attributed to energetic disorder in the bulk as compared to C60’s
single crystals, which can play an important role for electron transport [64]. Thus, there
are two important observations from these results: 1) Similar mobilities have been
realised by highly quoted papers and, 2) the results obtained confirm that the
measurements/device geometry used are valid. As such, we now turn the attention to the

novel electron acceptors.
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Figure 6.10. Electron transport in PCBM device with thickness of 240 nm and Vi of 1.5V, as
described by SCLC.

6.7.2. Hybrid fullerene acceptors NDI12Ces0 and Alk12Ceo

To begin the examination of novel materials, ND2Cego and Alk12Ceo are discussed
together as these hybrid acceptor components have a fullerene core in their molecular
structure as shown at the beginning of section 6.5. Unlike PCBM, the ND112Cgo acceptor
has 12 NDI derivatives distributed around the exterior. If the molecular packing is similar
to what has been observed for other NDI derivatives [3, 74], then there is potential to
facilitate electron transport. To test this theory, electron-only diodes were fabricated.
Figure 6.11 shows the thin and thick dark J-V-Vy; curves in semi-log scale for NDI12Ceo
respectively. Figure 6.11a, b confirms that in the J-V slope (semi-log), the current J
depends quadratically on the voltage V which is indication of SCLC regime. By using an
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acceptor dielectric constant of € = 3.9 and L = 139 nm and 189 nm, it is found that the J-
V characteristics are well described by the equation 6.1 considering 0.82x101! m? V11
and 2.47x10! m? V1 s as electron mobilities respectively (Figure 6.11c, d). In addition,
the obtained mobilities are similar for both thicknesses, which means that the transport

characteristics in the device are bulk limited and that contact effects are minor [75].
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Figure 6.11. a, b) Experimental dark J-Vs with semi-log scale for thin and thick diodes
respectively. ¢, d) Electron transport in thin and thick NDI12Ceo devices under SCLC regime.

Contrasting to PCBM, Alk12Cso has a deeper LUMO as depicted on Figure 6.8
and no NDI derivatives in its molecule as with NDI12Ceo. To verify the potential for
electron transport J-V dark curves of Alki2Ceo are presented in Figure 6.12a, b. A
quadratic relationship between J and V is also evident from both thin and thick devices
which was fitted into the SCLC model. Thicknesses were measured yielding L = 145 nm
and L = 200 nm and the electron mobility of diodes was 1.43x10* m? V1 s and 1.03x10"
1'm2 vt stas shown in Figure 6.12c, d. Again, similar mobilities for the thick and thin
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diodes considered here reflect that electron transport is limited by bulk effects and not

contact dominated [75].
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Figure 6.12. a, b) Experimental dark J-Vs with semi-log scale for thin and thick diodes
respectively. c, d) Electron transport in thin and thick Alki2Cso devices under SCLC regime.

Interestingly, the mobility of thick Alki2Ceo device was slightly lower compared
to thick NDI12Cso With electron mobility of 2.47x10 m? V! st whereas the thin Alki2Ceo
was barely higher (by a factor of 0.6) to thin NDI12Cso. However, in comparison to
PCBM, these two components have a lower mobility by ~5 orders of magnitude. These
results also suggest that the strategy of NDI ‘arms’ in NDI12Ceo did not facilitate the
formation of charge transport pathways, but that instead transport was via the fullerene
core as the results were similar to Alk12Cso. T0 shed light on the possible reasons why the
mobility was low, it is noted that a report by Volker et al [76] on hybrid solar cells, a

molecule with a fullerene core was used as an electron blocking contact whilst twelve
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triaryl units were added to improve hole transport properties. By taking a closer look at
their molecule design and comparing it to NDI112Cso molecule, the similarities are evident
between the two. Thus, it may be that increasing the length of the linker between the
fullerene core and NDI derivatives could impact carrier mobility in NDI12Csg as observed
in their study. Contrarily to PCBM, the Alk12Ceo modifications on the fullerene molecule
clearly impacted the electron transport properties and presumably the molecule packing
as observed with the SEM analysis, which ultimately affected the charge transport. These
results highlight the importance of studying electron mobility in novel electron acceptor
materials, suggesting that in OPV fabrication NDI12Cso and Alk12Cso Would suffer from
poor charge transport. In addition, it invites to further investigation of the fullerene-free

compounds.

6.7.3 Non-fullerene acceptors NDI2 and bis-NDI

Novel NF acceptors, NDI> and bis-NDI were also investigated by fabricating
electron-only diodes. To recap from previous sections, the presence of charge transport
pathways through crystals was hinted from absorption and emission measurements as
shown in Figure 6.6. Crystalline domains were observed in morphological images of bis-
NDI (Figure 6.7) which have been demonstrated to be beneficial for charge transport in
other systems [54, 77]. The electron-only architecture fabricated consisted in the same
geometry as explained previously. Dark J-V data for bis-NDI is shown in Figure 6.13 for
L= 100 nm and L= 248 nm devices. Indeed, the slope of the curves exhibited a quadratic
behaviour of J with V, which allowed the data to be fitted with the SCLC equation (Figure
6.13c, d).

Thin and thick devices yielded mobilities of 1.50x10® m? V-1 s and 0.73x108 m?
V1 s respectively, which are remarkably higher in contrast to Alk12Ce0 and NDI12Ceo.
Because these electron mobilities attained similar values for different thickness, it
demonstrates that the current is bulk limited and not by contact effects as seen elsewhere
[75]. Hence, these measurements further corroborated that bis-NDI is a better candidate
to facilitate electron transport in comparison with the fullerene core hybrid fullerenes.
Although in literature NDI and derivatives have attained similar or higher mobilities [3,
49], our results are promising since the device structure used here can be further optimised

(i.e. different interlayers, solvent additives, different thermal annealing times, etc).
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Figure 6.13. a, b) Experimental dark J-Vs with semi-log scale for thin and thick diodes
respectively. c, d) Electron transport in thin and thick bis-NDI devices under SCLC regime.

Now, turning to NDI, the morphological analysis outcome revealed a fibrillar and

semi-crystalline assembly in contrast to bis-NDI. To probe electron transport in this NFA,

single carrier diodes were fabricated. Experimental dark J-V-Vy; data for NDI> is shown

in Figure 6.14a, b for thin and thick devices. Unlike bis-NDI, only thick NDI. presented

a quadratic behaviour, as the thin device exhibited a linear current-voltage dependence

which did not allowed mobility to be measured by SCLC. A high electron mobility of
0.80x10° m? V1 st was obtained for the thick diode (Figure 6.14c).
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Figure 6.14. a, b) Experimental dark J-Vs with semi-log scale for thin and thick diodes
respectively. c) Electron transport of thick NDI diode with SCLC method.

The electron mobility achieved was amongst the highest for the novel acceptors
described in this thesis, remarkably close to benchmark PCBM control. After NDI>, bis-
NDI came the closest to PCBM by just over ~2 orders of magnitude lower. Even though
SEM characterisation revealed a more semi-crystalline nature in NDI. rather than
crystalline as in bis-NDI, it is likely that the suitable fibrillar networks provided sufficient
transport pathways to achieve a higher mobility [78]. Indeed, a recent paper by Kumari
et al [50], electron only diodes of NDI derivatives were fabricated with different mg/ml.
A 40 mg/ml solution achieved an electron mobility of 1.8x10° cm? V1 st comparable to
the results obtained here. Further, it was demonstrated that by increasing the annealing
time the conductivity improved. Similarly, Avinash et al [74] fabricated thicker NDI
derivatives devices (1 pm) to measure electron mobility which was in the order of 108
cm? V1 s, The mobility achieved was attributed to n-m stacking direction and ordering

as displayed by XRD studies. Likewise, in a recent communication by Liu and co-workers
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[51] NDI derivatives ‘NDI-NI and NDI-CI” were used as a cathode interlayers (from 8
nm to 37 nm) enhancing electron transport properties attributed to a reduction of Schottky
barriers at the contact. Notably, the net effect was an improvement in efficiency with a
maximum of 16.9% for a range of fullerene, NFA and ternary-based devices. Thus, these
encouraging results also demonstrate potential for these novel NFAs to be used as

interlayers in organic electronics.

In agreement with these data, the NDI> probed here obtained comparable electron
mobilities which can be further optimised. As proposed for bis-NDI, further device
optimisation could also be achieved with NDI by using different ratios, blending with
another material, the use of additives to tune morphology and by increasing the annealing
temperature as hinted in the previous references. Thus, these emergent NFA acceptors

demonstrate potential for OPV fabrication.

6.7.4 Electron transport in blends of NDI12Ce0:NDI>

Going a step further, the impact of blending two compounds in different ratios to
understand its effect on mobility was also investigated. As observed in their molecular
structures, NDI12Ceo has 12 NDI which are distributed in three-dimensional space. If
molecular packing is similar to NDI. (which resembles one of the NDI12Ceo ‘arms’), it is
likely that charge transport could be facilitated in these blended composites. In the
preceding sections, it was observed that NDI12Ceo attained a lower mobility as the NDI
units did not facilitate charge transport. On the other hand, NDI. realised a high mobility

in part attributed to a more ordered structure in the film.

To further determine whether if NDI to NDI pathways are the reason for low
mobility on  NDIw12Ceo, electron  only-diodes  with  architecture  of
ITO/PEDOT:PSS/NDI12Ceo:NDI2/LiF/Al were fabricated. Because of the presence of
NDIs in the mixture, it is expected that it will have an impact in the measured electron
mobility. Dark J-V curves are presented on Figure 6.15a, b for 1:1 and 1:2 blend ratios
of NDI12Cs0:NDI> respectively. Due to the quadratic slope of J with V, data was also fitted
to the SCLC method to probe electron mobility (Figure 6.15c, d). Typical electron
mobilities achieved were 3x10° m? V! st and 1.75x10® m? V- s for 1:1 and 1:2 ratios
respectively, considering nominally similar diode thicknesses of L =191 nm and L = 167
nm. From Figure 6.15d, the 1:2 ratio mobility came slight closer to fullerene PCBM.
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Figure 6.15. a, b) Experimental dark J-Vs with semi-log scale for 1:1 and 1:2 of NDI112Ceo:NDI>
diodes respectively. c, d) Electron transport in NDI12Ceo:NDI; for the same ratios under SCLC.

Indeed, as the doping of NDI. was added into the mixture (Figure 6.16a), the
electron transport was enhanced. The typical mobilities obtained with a 1:2 ratios are a
factor of ~2 less compared to neat films of high performing ITIC NFA, as reported by
Linetal [79] with SCLC measurements. Similarly, Holliday and colleagues [80] achieved
~3-6x10° cm? V! st electron mobilities on a blend of P3HT with novel IDTBR NFA,
which is close to the values obtained here. Interestingly, although the electron mobility
in single compound for thick NDI12Cgo was lower (Figure 6.16b) by more than two orders
of magnitude, when blended with NDI> electron mobility rose depicting a power law
trend. Therefore, the data suggests that NDI12Ceo Was insulating whereas NDI, was not.
From the percolation theory, the information presented suggests that by adding more
NDI. content the electron mobility would increase until certain critical concentration (or
percolation threshold) followed by a plateauing [81, 82]. In addition, the strong influence
of NDI2 on the mobility might also suggest that ND112Cso was acting as a ‘trap’ material
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(i.e. by the C60 core), whereby NDI> dilutes and eventually replaces the effect of these

traps. Although this last is just speculation, further morphology characterisation may shed

light into understanding the electron transport in this blend.
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Figure 6.16. a) Electron mobility in NDI12Ceo:NDI with increasing NDI, content and b)
summary of electron mobility in NDI12,Ceo:NDI> blend.

To wrap up this section, a summary table showing the electron mobility of all the

novel materials is shown in Table 6.1.

Experimental pe

Simulations pe

(mV's) (mV s )

PCBM 240 2.90x10° 4.00x10°
NDI,,Cgo 189 2.47x10™" 1.50x10™"°
NDI,,Cgo 139 0.82x10™" 3.85x10™"
Alk12Ce0 200 1.03x10™" 5.73x10™"
Alk;>C 145 1.43x10™" 7.05x10™"
bis-NDI 248 0.73x10" 1.52x10°
bis-NDI 100 1.50x10* 1.75x10"
NDI, 220 0.80x10™ 2.44x10"
NDI,,Ce:NDL (1:1) 191 3.00x10” 2.70x10”
NDI;,Cgo:NDI(1:2) 167 1.75x10* 9.05x10”

Table 6.1. Summary with novel materials and electron mobility measurements attained by
SCLC and GPVDM modelling. Modelling fits are included in the Appendix section.
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Furthermore, we used a drift diffusion model to fit the experimental J-V curves of
all compounds and obtained largely the same results which are included in the Appendix

section.

6.7 Conclusions

In this Chapter, electron-only diodes were fabricated using a family of novel
acceptors synthesised by Dr. Avestro and fellow PhD Phil Hope to probe electron
mobility, a critical factor to acquire higher efficiencies in new PV materials. NFA diodes
fabricated of NDI> and bis-NDI attained the highest mobilities, revealing the capability
of these components to mediate electron transport. Due to their semi-crystalline and
crystalline nature respectively, NDI achieved an electron mobility of 0.80x10° m? V1 s
Land thick bis-NDI of 0.73x10® m? V! st which were close to PCBM control with
2.90x10° m? V1 s, Further optimisation techniques sought by OPV engineers could be
utilised on these NFAs to potentially achieve higher mobilities. In terms of the hybrid
fullerenes, the electron transport was drastically reduced in NDI12Ceo and Alk12Ceo With
mobilities in the order of 10 m? V- s, From the experimental data of this Chapter, we
demonstrate that the synthetic strategy of adding NDI units and molecular moieties as
‘arms’ to C60 cores did not work to enhance electron mobility, ensuing further
investigation. To rationalise on the possible reasons for the low mobility, a blend of
NDI12Ce0:NDI> with the different ratios was also examined. A power law increase in
mobility with higher contents of NDI> suggested NDI12Ceo Was acting as insulator and
that increasing content of NDI. facilitated such raise in mobility. Further, experimental
results were fitted with drift diffusion modelling and the trends obtained were largely the

same, enabling accurate interpretation of our data.

Overall, the results presented here indicate that NDI> and bis-NDI could
potentially be used in the fabrication of OPVs. On the other hand, hybrid fullerenes
NDI12Cs0 and Alk12Ceo could possibly perform better in other types of experiments like
photoelectric water splitting, where fullerenes are highly compromised due to their low
water stability. Lastly, these results demonstrate that novel compounds which are more
flexible to manufacture have the potential to achieve electron mobilities comparable to
well-established fullerenes. Thus, this Chapter presented data that is valuable for
synthetic chemists and OPV design engineers, to further assist in the development of

novel materials.
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CHAPTER 7

DESIGN STRATEGIES FOR THE FABRICATION OF
TANDEM OPVs WITH IMPERFECT CURRENT
MATCHING

7.1 Introduction

Recent advances in efficiency and development have been derived from a
combination of fabrication processes, i.e. ternary blends as discussed in Chapter 5 and
novel materials in electron-only diodes examined in Chapter 6. Another relevant approach
to further advance the efficiency proposed in this work is through device engineering [1].
One way to do so is by multi stacking photoactive layers in a multijunction device,
otherwise known as tandem PV cells [2]. With this architecture, different absorber layers
are utilised with the aim of addressing the dominant losses that limit the efficiency in
single junction cells, as briefly explained in section 2.11 of Chapter 2. However, the
additional flexibility provided by a tandem structure to effectively harvest photons is
balanced by the challenge in matching photocurrent from the front and back cells to
provide the best performance [3]. Further, considering all the types of materials with
varied properties and many ways in which these can be combined, it is not trivial to design
OPVs that make best use of the tandem concept. In practice, arduous experimental
optimisation is often required to extract the best performance of a specific tandem OPV.
In addition, tandem cells with balanced current matching under AM1.5G spectra may not
remain balanced considering real-world illumination conditions which may be affected
by pollution, dust and diffuse light [4, 5].

In this Chapter, a tandem OPV structure is presented to understand how they work
so that we can provide device insights and achieve a higher flexibility in the development
of tandem OPVs. Since current matching is challenging to achieve in practice due to the
diverse properties of materials, in here we utilised modelling with GPVDM to investigate
how can one effectively design high performing tandem devices when there is a mismatch
in charge photogeneration between the two photoactive cells. Specifically, we aim to
provide simple design criteria which can be used by researchers and engineers to lessen
this issue and demonstrate that tandem OPVs can still deliver higher performances even
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with significant unbalance in current matching. Because the introduction to tandems was
described on Chapter 2, we begin this Chapter with a brief recap, followed by recent
advances in literature and why is it that research on tandem is important. Next, the tandem
models used in this thesis will be discussed alongside simulation results, comprised of
different electrical and optical characteristics. Finally, we take a step forward and present
the behaviour of such tandem OPVs under real life conditions including diffuse light.
This Chapter demonstrates the outcome of high performing tandems and offers a useful
methodology that can expand the design space and performance to fabricate tandems

beyond current matching.

7.2 Recent advances in Tandem OPVs

We begin this section by briefly dwelling on what tandems are and then we focus
the attention on the most recent literature about their development. In the BHJ blend
structures discussed so far, an important limitation is the incomplete light absorption and
low carrier mobility, which is inherent to disorder organic semiconductors [6]. A blend
comprising of a donor and acceptor in which both materials have all attributes required
for an “ideal” OPV (i.e. high absorption, good electron and hole mobilities) is still
lacking, considering that at present the donors usually do most of the absorption [7, 8]. A
way in which device engineers can address these constraints is through tandem OPVs. As
discussed at the end of Chapter 2, single junction devices are limited by the Schockley
and Queisser (SQ) limit, and tandem structures allows us to overcome this (note that
single junction devices have yet to reach that limit) [9]. Thus, tandem cells are devices in
which different photoactive layers harvest photons from different regions of the solar
spectrum, and represent an active area with current developments [6]. The geometry of
these structures is generally conceived of two absorber layers with distinct energy band

gaps, where each cell can complement each other and thus absorb more light [10].

Although series-connected tandems have been successful to attain high
efficiencies due to increased photon harvesting compared to single junction cells, it is
balanced by the challenge of matching the photocurrent between the front and back cells
[3, 11-13]. This is because in serially-connected tandems, the Jsc of the device is
controlled by the sub-cell having lower Jsc, as such, in practice judicious device
engineering and control of thicknesses is required to obtain balanced currents [2, 13]. In

previous studies, Janssen et al [14] used modelling combined with experiments to
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highlight the role of bandgap optimisation, in order to realise tandems that exceeded the
performance of single junctions. Likewise, the same group developed a tandem consisting
in three BHJs to boost PCE over 9%, whereby one sub-cell was separated into two as a
method to improve the performance due to unbalanced current [15]. In addition,
modelling data allowed them to determine optimum thicknesses for each photoactive
layer. More recently, Nam and colleagues [16] developed an optical and drift diffusion
model to optimise tandem solar cells by varying the sub-cell thicknesses. A front and
back cell of 150 nm and 120 nm yielded a PCE of 6.51% in agreement with previous
papers [17]. The drift diffusion methodology to optimise and characterise devices has also
been subject to comprehensive studies by other authors [18-20]. For example, Da Silva
et al [21] examined the role of interfaces in multijunction OPV, and revealed that with
careful device engineering combined with modelling, PCEs of 9% could be achieved

contrasting to 7% attained by a single junction device.

The development of NFA as introduced in the previous Chapter, has also paved
the way to further advance studies on tandem OPVs [12, 22-24]. Firdaus et al [25] in
particular, modelled a novel NFA tandem OPVs using optical simulations to develop
design rules which predicted that a high PCE of 25% could be achieved if balanced
mobilities (>10° cm? V! s1) and low bimolecular recombination rate were considered.
In agreement with these results, the same authors fabricated a multijunction OPV based
on low bandgap polymers and NFA vyielding efficiencies of almost 17%, which were in

good agreement with their simulation predictions [26].

Despite that numerous studies have demonstrated the reliability of modelling to
better fabricate and design tandem OPVs, a complete picture of the underlying processes
is still lacking. For instance, it is not clear the impact that balanced or imbalanced charge
generation between the cells will have on charge carrier extraction when mobilities are
balanced or imbalanced. Thus, it is important to fully understand these perquisites in order

to design and fabricate high efficiency tandem OPVs.

7.3 Tandem structure utilised on modelling

In this section, the tandem structure models are introduced. Then, the simulation
parameters discussed followed by the results. The reason to utilise device simulations is
to examine the design space for this tandem OPV by varying the electron-hole mobilities,

optical absorption properties and cell thicknesses. Fundamentally, this would represent
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the approach an OPV engineer can take when selecting materials for each cell layer and
their tuneability. As stated before, the objective is to closely examine the impact on
performance when the top and bottom cells charge generation is not matched. As such,
with this model, suitable design criterions may be derived which can be used to fabricate
high performing tandem OPVs so that they are more robust to non-ideal current matching
on the top and bottom cells. Hence, the device structure we are looking at (depicted in
Figure 7.1a) comprises an architecture of ITO (100 nm) / PEDOT:PSS (30 nm) / Front
cell (xr <500 nm) / ZnO (30 nm) / PEDOT:PSS (15 nm) / Back cell (xg <500 nm) / Al
(100 nm). To account for the absorption characteristics, representative blend systems
based on PCDTBT:PC70BM and PTB7-TH:PC7BM (Figure 7.1b, c) were considered for
the front and back cell respectively, which have also been utilised in other high
performing tandems [14, 27] and thus, are relevant for OPVs. It is worth mentioning that
important milestones in the field of OPVs have been achieved with such blend systems,

as observed in Chapter 2, further supporting our choice for these materials.
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Figure 7.1. a) Tandem device used in this thesis; b) absorption profile spectrum of the front and
back cells, from [28, 29]; ¢) molecular structure of the materials considered: PTB7-Th, PC7,BM
and PCDTBT from left to right.
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Moving on, the PEDOT:PSS / ZnO layer was used as recombination layer [11,
30, 31]. As our aim is to understand the physics which underpins tandem OPV devices in
general, rather than a specific set of materials (as for example in [19, 32-36]), thus we
selected electrical and optical properties of the front and back cells that are generally
representative of organic semiconductors. Therefore, we selected electron and hole
mobilities of 107" m? V! s for both cells and a free-carrier recombination rate of 108
m3 s which represent typical values observed in other simulation papers [25, 28]. Details

of the electrical parameters used are shown in Appendix 7.1.

7.4 Standard tandem model and PV predictions

In this section, the first model experiments are discussed, in which charge carrier
mobilities are balanced on both the top and back cells and thus considered as the base or
control. The prediction of main PV figures of merit is shown by a series of contour plots
(Figure 7.2) considering a tandem structure with a range of thicknesses between 50 nm —
500 nm. The purpose of these simulations is to understand the performance of OPVs as a

function of layer thickness, an aspect that designers can vary during manufacture.

For the parameters considered here, Voc did not change significantly and plots of
these are shown in Appendix 7.2. Now, as observed from the Jsc contour, three main
peaks occur with (xr, xg) values of (200 nm, 125 nm), (200 nm, 300 nm) and (50 nm, 300
nm), that are associated with the optical field overlapping favourably with the absorbing
material in the front and back cells as shown in Figure 7.2d for the optimal (200 nm, 125
nm) device. In this photon map the front cell exhibits a considerable absorption of photons
of A <600 nm that are balanced by the thinner back cell, with a narrower absorption range
between 600 nm < A < ~800 nm. The Appendix 7.3a, b further shows the photon
absorption maps of (200 nm, 300 nm) and (50 nm, 300 nm) devices correspondingly. We
then calculated the integrated absorption in the front (A:;) and back (A2) cells by
accounting the photon distribution in each layer of the device for the specified
thicknesses. This analysis revealed a ratio of A1/A; = 1.3, 1.0 and 0.32 in the (200 nm,
125 nm), (200 nm, 300 nm) and (50 nm, 300 nm) devices respectively, thus showing that

peaks in Jsc performance can be obtained in tandem cells without strict current matching.
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Figure 7.2. PV predictions of a) Jsc, b) FF and c) PCE for a tandem cell as a function of front
(xr) and back (xg) cell thickness. d) Shows distribution of photon absorption in the device
(photons/m?3) within a region of optimal Jsc Xr = 200 nm and back xg = 125 nm.

Further, the peak Jsc values for the xs = 300 nm devices do not carry through into
peak PCE due to the rapid decrease in FF as either front or back cell increase. Certainly,
we note that the (200 nm, 300 nm) device has matched absorption in the front and back
cells, but is not predicted to be optimal due to non-geminate recombination in the
(relatively) thick active layers in this case [37]. The thicknesses for which absorption of
charge is matched in tandem OPVs will be a function of the absorption in the relative
layers. However, in the case examined here at least, the broad absorption in the top cell
means that matching absorption in the back cell would need an unpractical large back cell

thicknesses.

The results presented here are also in agreement with modelling reports in
literature. For instance, Fallahpour et al [32] demonstrated with modelling the influence
of energetic disorder and cell thicknesses on the performance of OPVs. The FF contour
map in their study describes a similar trend as the control model shown here, in which
values were reduced as both cells thicknesses increased. With the same modelling

methodology, Li and co-workers [38] characterised a tandem OPV based on materials
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which had complementary absorption. Optical modelling was used to provide guidelines
for the optimal thicknesses in sub-cells. Although the predicted Jsc realised a similar
tendency to the one described here, their maximum Jsc of 12 mA/cm?was found at ~125

nm for both cells.

Returning to Figure 7.2, we note that from a practical standpoint the tolerance for
variations in layer thickness is predicted to be small, as is the overlap between regions of
high FF and Jsc. Hence, we ask ourselves what choices are available to an engineer if
one wishes to widen the tolerance for layer thickness and materials properties while
maintaining a high PCE. Since, one can choose from an ample variety of materials that
could result in a different range of mobilities, to fully represent this idea two

modifications were done to the base model shown in the next section.

7.5 PV predictions in mobility enhanced tandem OPVs

In this section, we examine methods to overcome the challenges in tandem OPVs
with unbalanced current matching. Hence, by changing the mobility (Figure 7.3), we
represent the selection of a different material. In the first intervention, the hole mobility
was enhanced in the top cell (termed as hole-enhanced) and in the second intervention,
the electron mobility was enhanced on the back cell (termed as electron-enhanced).
According to the PV predictions the electron enhanced model (Figure 7.3 left) is
remarkably different from the standard base model (Figure 7.2) and the hole enhanced
model (Figure 7.3 right). It is observed in the electron enhanced model that the region of
optimal Jsc is extended towards higher front cell thicknesses which in turn also extends
the PCE maximum. On the other hand, increasing the hole mobility in the front cell does
not substantially change Jsc nor PCE when compared to the base model of Figure 7.2.
Considering that the mobilities are the only parameters changed in the model, it seems
plausible that the differences must originate from the total of photons absorbed on each

cell and the charge carrier generation.

To further understand the reasons for this, we examined the recombination,
potential and charge carrier densities for the (300 nm, 350 nm) device presented in Figure
7.4.
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Figure 7.3. Predictions of Jsc, FF and PCE (top, middle and bottom respectively) for both the
electron- and hole-enhanced devices (left and right respectively) as a function of cell geometry.

This geometry was considered since it shows a significant increase in Jsc when
electron mobility is enhanced, whereas increasing the hole mobility was shown to have
minimal effect in Jsc. The photon map for this tandem structure is shown in Figure 7.4d.
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Figure 7.4. Electron and hole densities a), recombination rate b) and potential ¢) measured at
short-circuit. d) Photon map (photons/m?) with Ai/A; = 1.4 for the X = 300 nm xg = 350 nm
tandem device. On all figures, black circles represent the base model, red squares the electron-
enhanced model and blue triangles the hole-enhanced model. From a) the solid symbols denote
the electron density and the open symbols the hole density. The dashed lines on a-c represent
the different layers.

Starting with charge carrier densities, the base model in Figure 7.4a shows a build-
up of charge in the front cell with balanced mobilities, which is related to surplus of
absorption on the front cell (Ai/A2 = 1.4). In addition, because of this photocarrier
accumulation in the front cell, a clear increase in recombination for the same positions is
observed in Figure 7.4b. Now, when the electron mobility is enhanced in the back cell the
extraction of electrons is more efficient, as observed with the lessened recombination near
the cathode which contrasts to the hole enhanced model near the anode. Further, from
Figure 7.4c, enhancing the electron mobility redistributes the electric field so that the
potential is dropped in the front cell, where most charge is generated as observed in Figure
7.4a. Contrarily, for the hole enhanced model the electric field is concentrated in the back

cell, where little charge is being generated. As such, because the field is flattened in the
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front cell (where charge is generated) this reduces the photocurrent because of increased
recombination. An important point to emphasise derived from these data, is that balanced
absorption favours balanced mobilities but when the absorption is unbalanced, it requires
enhanced mobility in one of the cells, more specifically efficient extraction of carriers

which are passing through the cell doing less of the absorption.

Interestingly, investigation of varied mobilities has also been reviewed in other
high impact studies [34]. To illustrate this, Armin et al [28] used three model systems
with different mobility ratios (un / pe << 1, ph / pe >> 1, pn / pe = 1) considered in a
conventional and inverted structure. Their simulations and experiments evidenced that
in thick junction devices with balanced mobilities, the conventional and inverted
architectures should deliver equivalent efficiencies. In addition, when the electron is the
faster carrier, their modelling predicted that an inverted structure would compensate for
imbalanced mobilities that would otherwise cause more recombination. Similarly, Shieh
et al [35] utilised three different carrier mobilities in simulations, namely: 10t cm? /V s,
102 ¢cm? /V s and 10 cm? /V s, in order to establish a model which could describe
microscopic properties and electrical characteristics in OPVs. It was demonstrated that
the recombination rate increased due to accumulation in the bulk of the lower mobility
carriers (10 cm? /V s) in agreement with the trends discussed here.

Indeed, while such strategies of balanced and unbalanced mobilities with varied
thicknesses in modelling have been proved to be useful in the design of more appropriate
tandem devices, OPV engineers may also be inclined to change the absorption

characteristics, as shown in the next section.

7.6 Shifted absorption characteristics in a tandem OPV

In this section, to further understand the effects that impact the ratio of charges
being generated, the absorption of the front cell is shifted towards higher and lower
photon energies (-200 nm to 100 nm) compared to the base PCDTBT:PC7BM front cell,
as indicated on Figure 7.5a, as this may reflect the selection of different absorber
materials. Further, the measured absorption characteristic was padded with a value of
1.18x10” m™* below 350 nm, which was the extent of the measurement, so that no
unphysical gap in absorption at high photon energies is introduced when the absorption
profile was shifted to higher wavelengths. These profiles were used to simulate the

performance of a tandem cell with xr = 300 nm, xg = 350 nm, as in Figure 7.4. This
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Absorption coefficient a [m]*

geometry is selected as this position is in the region of several maxima, and therefore may
be expected to yield interesting outcomes. Note that a thin 200 nm structure for both cells
Is also discussed later. Figure 7.5b depicts the main PV figures compared to the fraction
of total photons distributed in the front (A1) and back cell (Az) respectively. The degree
of absorption in the PEDOT:PSS / ZnO recombination layer was less than 5% (and 2.6%
on average) of the total absorption in the tandem cell, and thus much smaller than A; and
A.. In addition, Appendix 7.4 shows the change in A1 / Az ratios when the absorption is
shifted, to illustrate more clearly where balanced absorption occurs, whereas Appendix

7.5 replots the same information as Figure 7.5b but considering the absorption shift.
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Figure 7.5. a) Range of top cell absorption characteristics simulated. b) PCE, Jsc and
FF as a function of relative absorption in the top (A1) and back (A.) cells. Black circles denote
the base model, red squares the electron-enhanced, and blue triangles the hole-enhanced.

Now, Figure 7.5b shows that an excess of charge in the front cell (i.e. A1/ A2 >>
1) favours enhanced electron mobility in the back cell. On the other hand, an excess of
charge in the back cell (i.e. A1/ A2 << 1) favours the hole mobility in the top cell. From
a design point of view, these demonstrates that high performing tandem OPVs can be
fabricated even when charge generation is unmatched on both cells, considering that the
mobility of photo generated charges transiting across the less absorbing cell is sufficiently
enhanced. Moreover, it is observed that the peak in performance of the tandem with equal
mobilities did not occur for balanced injection (A1/ A2 = 1), but the peak predicted
performance of devices with balanced mobilities when A1/ Az = ~0.85 e.g. when there is

a minor increase in absorption in the back cell. This is correlated to the relative position
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of charges injected in the top and back cells as observed on Figure 7.4d. For example, in
the top cell, charges are generated near the ITO anode which leads to efficient extraction
of holes. Contrastingly, in the back cell charges are generated near the junction between
both cells which results on longer transport paths for both holes and electrons to the

contacts.

Further, we also consider the sensitivity of the above results to assumed materials
parameters and device structure. We investigated the relative importance of charge
generation with respect to recombination on the trends observed above by predicting Jsc,
FF and PCE for differing xr and xg values for increased recombination rate (Appendix
7.7) and doubled absorption (Appendix 7.8) in both layers, whilst keeping all other
parameters the same. In both cases, the same trends are observed indicating that the
underlying device physics are not sensitive to variations in parameters over this range.
But first, we show the plots of the double absorption profiles in both absorbing layers as
a reference in the Appendix 7.6. Also, we highlight that the xr = 300 nm xg = 350 nm
device was considered as the focus of Figure 7.5 as it was expected that shifts in
absorption of the top cell would yield large changes in Jsc for this geometry. By contrast,
contour plots of the standard (Figure 7.2) and electron- and hole-enhanced devices (Figure
7.3) show that the PV parameters of thinner devices (e.g. X = 100 nm xg = 100 nm)
change relatively little when electron or hole mobility are enhanced. The effect of shifted

absorption on predicted Jsc and PCE for the xr = 100 nm xg = 100 nm device is shown
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Figure 7.6. Effect of shifted absorption on PCE, Jsc and FF for a tandem cell with xg = 100 nm

and xs = 100 nm. Black circles denote the base model, red squares the electron-enhanced and
blue triangles the hole-enhanced.
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Contrarily to the thicker device in Figure 7.4, and mobility enhanced models
shown in Figure 7.3, the thinner device is shown to have enhanced Jsc as absorption shifts
to higher wavelengths. This is attributed to the less complete absorption in the thinner
device, thus, changing the absorption in the front cell to higher wavelengths increases the

absorption of low-energy photons and consequently the efficiency.

To wrap up this section, we also investigated the role of the recombination layer
by repeating the simulations without it. This approach has been investigated
experimentally by Ghasemi et al [39] whereby two binary BHJs were deposited
sequentially, resulting in a similar tandem structure as presented here, but with no
recombination layer that could yield higher Jsc as revealed by their EQE. Based upon
these results, Wang [40] and Huang [27] also fabricated double BHJ OPVs that could
realise larger Jsc gains. Again, we find that the trends presented in this Chapter are
reproduced but with minor differences in the values obtained, as shown in Appendixes
7.9 and 7.10.

7.7 Tandem cells under varied illumination conditions
In the last section of this Chapter, we centre the discussion on the implications for

the tandem of Figure 7.4 (300 nm, 350 nm) operating on environments with different

illumination conditions.
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Figure 7.7. a) Distribution of photon absorption in tandem device (photons/m?) with
thickness of xr = 300 nm and xr = 350 nm considering fluorescent irradiance and A1/A; ratio of
2.0. b) Shows the fluorescent spectrum compared to the AM 1.5G (normalised) as a reference.
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Irradiance (W/m? m™)

If the spectrum of incident radiation changes, for example via dust accumulation,

pollution, cloud cover or reflection, we may expect that the relative degree of absorption

in the front and back cells would change. This effect is particularly abrupt if the source

of illumination changes. To present a clear example, a fluorescent light is predicted to
lead to a ratio of A1/A2 =2.0 (Figure 7.7a), as compared to A1/Az = 1.4 under AM1.5 that

was presented in Figure 7.4d. However, significant changes in Ai/Az can also be realised

through dust, smoke and pollutant accumulation in the atmosphere. A convenient way to

characterise the consequent changes in the spectra at ground level is via the aerosol optical
depth (AOD) [41]. Figure 7.8a plots three solar spectra generated with the SPECTRAL2
model [42] with different values of AOD, namely values which represent a city with clean
air like Freiburg in Germany (0.15 — 0.71 cm™) and Beijing in China (1.4-3.7 cm™).
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Figure 7.8. a) Solar irradiance spectrum of AM 1.5G and spectrums corresponding to the
effects of diffuse irradiance due to varied AOD. Distribution of photon absorption in tandem
devices (photons/m?®) with thicknesses of xr = 300 nm and xg = 350 nm. b) Shows photon map
of a device considering an irradiance corresponding to Freiburg with AOD (0.15 cm™) and
Au/A; ratio of 1.2. ¢) Shows photon map of a device considering an irradiance corresponding to
Beijing with AOD (1.4 cm™) and A1/A; ratio of 1.5.
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Spectra generated using this model from AOD values of ~0.15 to 5 were used to
calculate the ratio Ai/A> for the device shown in Figure 7.4, considering: latitude,
longitude, AOD, water vapor, air pressure and pollution like nitrogen dioxide (NO>).
Details are included in Appendix 7.11. Thus, Figure 7.8b, ¢ shows in greater detail the
photon absorption maps for the two cases of AOD relating to Freiburg (0.15 cm™) and
Beijing (1.4 cm™) respectively. For the parameters considered here, it can be seen from
Figure 7.8a, c that the tandem device related to Beijing has a higher absorption in the
front cell which is attributed to the latitude, longitude and time of the year.

Thus, as varying illumination conditions can lead to differing relative absorption
in the front and back cells thus they can influence the current matching in the tandem cell.
Figure 7.5 has useful input here as it shows that the slope of PCE with Ai/A, differs
depending on whether the device is balanced, electron-enhanced, or hole-enhanced. Like
so, if a tandem device with Ai/A> ~ 1 under AM1.5 condition operates under conditions
which push A1/A; higher, it is favourable to have an electron-enhanced tandem, whereas
if conditions are expected to reduce Ai/A;, it is favourable to have a hole-enhanced

tandem.

7.8 Conclusions

In this Chapter, a tandem approach was utilised with drift diffusion simulations to
expand our horizons beyond current matched devices, to see how they operate, and
demonstrate ways to mitigate challenges associated. First, three main situations were
examined: The base model with balanced mobilities in both cells followed by electron
enhanced mobility in the back cell and hole enhanced mobility in the front cell. It was
demonstrated that imbalanced absorption leads to enhanced recombination in the cell that
performs most of the absorption. This enhanced recombination was shown to be
alleviated by improving the transport properties of the cell performing least of the
absorption so that photo generated charges from the most absorbing cell can transit more
efficiently into the contact. Thereby, this approach results in an effective strategy to
fabrication, by showing that high performing tandems can be realised despite imbalanced
absorption, lessening the constraints for device engineers to be able to use a variety of

materials and layer structures.
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Further, the absorption of the front cell was shifted towards higher and lower
wavelengths compared to the standard absorption, as it may be the case when choosing
different absorber materials. It is shown that peak performance of the tandem OPVs for
equal mobilities does not occur when the absorption is balanced. Instead, modelling
presented here predicts a peak in performance for balanced mobilities when there is a
slight excess of absorption in the back cell, attributed to the position of photogeneration
in the tandem device, thus revealing the importance of optical modelling such as the one
utilised here to assist with device design. The implications of a tandem operating under
real world conditions were also shown. Our modelling results demonstrate the impact on
the spectrum characteristics depending on whether there is more or less illumination due
to dust, pollution and region (e.g. Germany or China). It is shown that any drop-off in

illumination performance could be alleviated by choosing different materials.

Lastly, it is apparent from this Chapter that modelling and simulations are helpful
as predictive instruments and not only to reproduce experimental data, which can aid to

effectively engineer new devices and cell architectures, as the tandems examined here.
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CHAPTER 8

CONCLUSIONS AND SUGGESTED FUTURE WORK

8.1 Conclusions

Since the development of the first practical solar cells in the 1950’s, the search for
cost effective PV technologies has been substantial. Amidst the different PV alternatives
to inorganic solar cells, OPVs represent a serious competition because they are flexible,
can be integrated into existing buildings, as well as potentially being cheap. For instance,
it is believed that solution-processing and roll-to-roll printing of flexible substrates will
allow for a cost effective OPV manufacturing, that can result on electrical energy
production for the grid or the development of products for niche markets. However, a
main restriction to realise commercialisation at present are the low efficiencies when
compared to inorganic counterparts. Particularly, morphology control and loss
mechanisms need to be fully understood in order to enhance the efficiency. In this thesis,
we investigate direct interventions that will improve PV values and efficiency, so that one
may develop methods and criterions on how to best optimise OPVs. To achieve the
objective, three main approaches to enhance the efficiency were considered: formulation,
novel materials and device engineering. Below, a summary is provided of the key results

achieved in this work.

Herein, in this thesis we began with a preparatory work based on P3HT:PCBM to
determine the optimal conditions of binary BHJs fabricated in the Durham Engineering
cleanroom, so that OPVs could be further investigated utilising the main approaches
proposed to enhance efficiency. Thus, P3HT:PCBM blends were optimised by TA and
SVA since these methods have been demonstrated in the past to influence the morphology
and yield higher efficiencies. Results presented in Chapter 4 showed that both methods
are promising in that the crystallinity is enhanced. However, TA treatment for 10 min at
120 °C resulted in a more profound impact in the performance. Suitable crystalline
structures were observed throughout the film’s surface resulting in a morphology that was
more appropriate for exciton dissociation as seen with larger EQE obtained. Further,

optical absorption for the 10 min sample was red-shifted as a consequence of enhanced
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crystallinity, which is also consistent with an increment in the hole mobility in this type

of blends. Hence, this optimised recipe was considered as a base going forward.

Following, having achieved an optimal binary blend, the formulation approach to
enhance efficiency was investigated in Chapter 5 which consisted in adding a third
component to a binary BHJ resulting in a ternary blend. In this study, ICBA was selected
as the third constituent to discern the impact on the efficiency. Two ternary blend systems
were examined: P3HT:ICBA:PC7:BM and PTB7:ICBA:PC7:BM and as the reference
binary systems fabricated of P3HT:PC7:BM and PTB7:PC7:BM. This is the first time that
the same approach has systematically been applied to two blend systems. It was
concluded that the impact of ICBA on the molecular morphology on either blend was
different, despite both blend systems being fabricated with the same concentrations of
fullerenes (PC71BM:ICBA). First, P3HT-blends gained large increase in Voc of 200 mV
and 100 mV considering a 25 wt% of ICBA without and with additive respectively. This
increase was attributed to an effective alloy, that was attributed to a greater molecular
mixing of fullerenes that were not able to interpose between P3HT side-chains. Secondly,
the evidence provided suggested that fullerenes can readily interpose between polymer
side-chains of PTB7-blends, resulting in a greater reduction in recombination losses due
to a cascade effect. This led to high improvements of IQE in the order of 25% for PTB7
ternary blends with additive when compared to the control reference. Valuable insights
derived from this Chapter demonstrate that ternary blends can certainly enhance
efficiency and that the observed behaviour depends upon the polymer donor, and whether
acceptor materials can or cannot interpose between polymer side-chains, thus dictating

the benefit that a ternary blend can offer.

Next, we focused the attention on charge carrier mobility which is an important
factor in semiconductors that plays a key role on PV characteristics. Specifically, in
Chapter 6 we examined the transport properties of electron-only diodes fabricated from a
family of novel materials comprised of NFA, hybrid fullerenes and fullerenes which were
probed for the first time. These materials were synthesised by Dr. Avestro and fellow
PhD Phil Hope in a collaborative work, and our role was to fabricate the electron-only
diodes. First, SEM analysis on NFA components revealed semi-crystalline and large
crystalline morphologies for NDI» and bis-NDI respectively. Then, electron-only diodes
based on NDI; and thick bis-NDI achieved mobilities 0.80x10° m? V! s and 0.73x1078

m? V1 s respectively, which were close to reference PCBM with 2.90x10° m? V1 s,
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On the other hand, hybrid fullerenes based on NDI12Cso and Alki2Cso, depicted no
noticeable morphology for the resolutions examined and yielded insulating mobilities in
the order of 10! m2 V1 s, thus showing that the synthetic strategy to fabricate these
hybrid fullerenes did not work to enhance electron mobility. In this way, the results from
this Chapter highlight a necessary step before commercialisation of novel materials,
which is that they need to ensure sufficient carrier mobility if they are to be incorporated
into a working OPV device.

Finally, further analysis on how one can increase the efficiency through the device
engineering was carried out by stacking two photoactive layers to a device, termed as
tandem OPVs. It is known that in this type of devices to attain a higher performance the
photo generated current between the front and back cells needs to be matched. However,
this is a difficult aspect in practice considering all the different combination of materials
and their controlling parameters. Thus, with advanced modelling we investigated how
can one increase the efficiency by device engineering tandem OPVs, utilising blends of
PCDTBT:PC7:BM (front cell) and PTB7-Th:PC7:BM (back cell) as the main base. By
changing the carrier mobilities and absorption properties, we demonstrated that the
performance on tandem devices with unbalanced current is dominated by the cell
performing most of the absorption. Also, it is shown that the recombination could be
lessened by changing the transport properties of the cell performing least of the
absorption, so that photo generated charges from the more absorbing cell can transit to
the contacts efficiently. Thus, the results from this Chapter showed that high performing
tandems can be achieved even with current mismatching, offering a methodology that can
reduce the constraints to design tandems under real-world illumination conditions that

may deviate from AM 1.5 because of pollution or dust.

To conclude, although OPVs have already surpassed the 17% efficiency mark
under standardised conditions, more is needed to finally realise commercialisation and
compete with well-established mature PV technologies. The approaches offered in this
study demonstrate that efficiency can be increased, and underline the importance to
continue to investigate this pressing subject. To date, various scenarios are being
developed that have the potential to further increase the performance in OPVs. Two

approaches are discussed in the next section.
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8.2 Suggested future work

In this section we focus on two alternative approaches that can potentially increase
efficiency in OPVs. Such suggestions are discussed below:

8.2.1 Ternary blends based on novel NFAs

As observed in Chapter 5, ternary blends have attracted large amounts of attention as
a way to increase efficiency in OPVs for instance, by optimising morphology and
reducing the recombination [1]. Up until now, most high performing OPVs are based on
polymer:fullerene BHJ blend systems. However, an important drawback with fullerenes
is that the absorption in the visible spectrum is weak (compared to donor materials) and
have poor molecular tuneability [2]. This in turn has paved the way for researchers to
look at alternative materials, such as novel acceptors. In recent times, NFAs have attracted
tremendous attention due their advantages such as synthetic flexibility and molecular
tuneability of the electronic and optical properties that can potentially lead to higher
performances [2]. As stated before, ternary blends have focused mostly on
polymer:fullerene systems based on a combination of two donor materials and a fullerene
acceptor, or more seldom reported, two fullerene acceptors and one donor [3]. In this
regard, ternary blends fabricated with emerging NFA have been scarcely investigated.
Thus, it is important to further expand the material choice if one wants to continue to

advance in OPV’s efficiency.

This leads us to the first suggestion of a NFA ternary blend which can be fabricated
of a polymer:NFA:fullerene system to study the cascade mechanisms to ameliorate
recombination losses. Such system could be fabricated based on PTB7-
Th:PC7:BM:COI8DFIC. A blend like this presents suitable energy alignment between
components in addition to a good miscibility between the main polymer and fullerene. In
addition, by utilising a fullerene (good electron mobility) and a NFA (strong absorption)
higher efficiencies can potentially be reached. Relevant experiments suggested are first
UV-vis to reveal the absorption differences between the control and ternary composites.
Following, J-Vs and EQE may further reveal enhancement in the absorption by increases
in Jsc and FF which may indicate improved generation and transport of charges. To
validate this, charge carrier mobilities can be examined with the SCLC formulism by

fabricating single-carrier devices. Also, modelling can be used to fit experimental J-Vs
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by changing transport parameters and reveal more detail about transport and
recombination mechanisms. Lastly, morphological analysis based on AFM and TEM can
also provide interesting and complementary information regarding nanostructures and

phase separation.

Another suggestion would be ternary blends based on a polymer:NFA:NFA system,
such as PTB7-Th:TPE-4PDLITIC. In here, an interesting approach would be to see the
experimental impact of the two novel acceptors on the Voc. Relevant experiments
suggested (besides J-Vs and EQE) include UV-vis, to elucidate the absorption profile that
the NFA offer compared to the known properties of fullerenes. To reveal insights on the
possibility of an alloy between the acceptor constituents, different weight ratios of the
third component (i.e. TPE-4PDI) ranging from 0% to 50% can be investigated and PV
values characterised. In addition, X-ray measurements (i.e. Grazing Incidence X-ray
Diffraction, GIXD) and TEM can be used to shed light on the morphology; for instance,
crystallinity features and insight regarding if n-m stacking is perturbed or not with the
ternary blends. Moreover, experiments can be repeated considering other donor materials
such as PBDB-T or PCDTBT which present larger polymer backbones compared to
PTB7-Th and thus potentially more possibility for the acceptors to interpose between
polymer side-chains.

8.2.2 Tandem OPVs with indoor illumination or diffuse irradiance

Indeed, as observed in Chapter 7, tandem OPVs certainly have the potential to keep
increasing the efficiency beyond current marks [4, 5]. Although there have been some
studies showing the potential of PVs for indoor applications, a specific study concerning
tandem OPVs is still missing. The results offered in Chapter 7 are promising because it
shows that tandem OPVs can be used under different illumination conditions and how is

it that by material selection, loss mechanisms can be mitigated.

Thusly, as a first suggestion to fill this gap, it would be interesting to consider tandem
OPVs operating with other light sources in addition to fluorescent such as: sodium lamps,
LED tubes, incandescent lamps and metal halide lamps that can normally be found in
many buildings and households. More specifically, the normalised AM 1.5 spectrum
could be compared against these other light sources. Then, optical and electrical
modelling could be used to characterise and determine main PV values. These results
could offer valuable information, for instance, what is the distribution of photons on each
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layer at different thicknesses and how can one best engineer them to yield higher Jsc and
PCE. Also, efficiencies obtained could be compared to single junction OPVs to emphasise
on the benefit of using tandems. Further, energy bandgaps, mobilities and absorption of
different layers could be modified in the simulations revealing spectral mismatch and
electrical parameters that can assist to design a suitable tandem to operate in these

conditions.

A last suggestion would be to come up with a complete methodology on how to
simulate and test tandem OPVs under indoor applications or diffused light since they are

seldom reported and are still lacking.
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APPENDIXES CHAPTER 4

Appendix 4.1. Example of thermal annealing, TA (left) and solvent vapour annealing, SVA
(right).

Film thickness

Solvent vapour

Film thickness

Binary blend Thermal annealing (nm) annealing (nm)
P3HT:PCBM Control 110 Control 109
P3HT-PCBM 120° C and 2 min 108 1.5 ml DCB, 3 min 105
P3HT-PCBM 120° C and 5 min 152 1.5 ml DCB, 5 min 106
P3HT:PCBM 120° C and 10 min 168 1.5 ml DCB, 15 min 104
P3HT:PCBM 120° C and 15 min 155 1.5 ml DCB, 30 min 112
P3HT-PCBM 120° C and 20 min 120 1.5 ml DCB, 60 min 106

Appendix 4.2. Thin film thicknesses of P3HT:PCBM blends with TA and SVA processing.
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J
Binary blend Thermal annealing Voc s¢ FF PCE

\%) (mA/cm?) (%) (%)

P3HT-PCBM Control 0.34 2.1 56% 0.4%
P3HT-PCBM 120° C and 2 min 0.34 2.9 49% 0.5%
P3HT-PCBM 120° C and 5 min 0.36 43 49% 0.8%
P3HT-PCBM 120° C and 10 min 0.36 6 51% 1.1%
P3HT-PCBM 120° C and 15 min 0.36 5.1 49% 0.9%
PIHT-PCBM 120° C and 20 min 032 4.0 47% 0.6%
Binary blend Solvent vz.ipour Voc Jsc ) FF PCE
annealing \%) (mA/cm?) (%) (%)

P3HT-PCBM Control 0.38 32 46% 0.6%
P3HT-PCBM 1.5 ml DCB, 3 min 0.44 43 43% 0.8%
P3HT-PCBM 1.5 ml DCB, 5 min 0.4 4.0 47% 0.8%
P3HT-PCBM 1.5 ml DCB, 15 min 0.4 5 47% 0.9%
P3HT-PCBM 1.5 ml DCB, 30 min 0.38 3.1 49% 0.6%
PAHT-PCBM 1.5 ml DCB, 60 min 0.38 2.6 35% 0.3%

Appendix 4.3. PV statistical data of P3HT:PCBM with TA and SVA treatment.
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APPENDIXES CHAPTER 5
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Appendix 5.1. Dark (a, ¢) and Light (b, d) J-V characteristics for control and ternary a, b)
P3HT:PC7BM and ¢, d) PTB7:PC71BM blends with 0% (black), 10% (red), 20% (green), 25%
(blue) and 30% (purple) ICBA loading, with and without 3% of DIO. Solid lines denote OPVs
with DIO and short-dash lines denote OPVs without DIO.
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PTB7:PC,;BM . .. Voc Jsc FF PCE
Processing conditions

ICBA [Wt%] \%) (mA/cm?) (%) (%)
0 Without DIO 0.58 £ 0.01 43+0.1 35%+ 2.5 0.9% + 0.2
0 DIO 3% 0.62+0.01 8.4+1 41% + 0.4 2.1%+ 04
10 Without DIO 0.60 £+ 0.00 43+0.1 39% + 1 1%+ 0.0
10 DIO 3% 0.64+0.03 8.2+1 44% + 1.3 2.3%+0.3
20 Without DIO 0.56 +0.03 42+0.1 43% + 0.6 1% £ 0.1
20 DIO 3% 0.66+0.03 8.9+1 43% + 3 2.5%+0.3
25 Without DIO 0.54+0.02 3.0+0.1 41% + 1.5 0.7% + 0.2
25 DIO 3% 0.64 £ 0.00 9.1+1 46% £+ 0.7 2.7% + 0.2
30 Without DIO 0.54+0.03 2.7+0.1 41% + 1.3 0.6% £+ 0.1
30 DIO 3% 0.64 + 0.02 811 45% + 1.4 2.3%+0.3
P3HT:PC,,BM Processing conditions Voc Jsc 2 FF PCE
ICBA [wt%] \% (mA/cm”) (%) (%)
0 Without DIO 0.44 +0.02 2.8+03 50% + 1.3 0.6% + 0.1
0 DIO 3% 0.40+ 0.01 6.8+ 0.6 50% + 1.5 1.4% + 0.1
10 Without DIO 0.46 + 0.01 25+0.2 50% £+ 0.2 0.6% + 0.1
10 DIO 3% 0.42 + 0.00 56+04 54% + 1.4 1.3%+ 0.2
20 Without DIO 0.54+0.01 1.7+£0.1 46% + 0.3 0.4% + 0.0
20 DIO 3% 0.47 £+ 0.01 6.1+0.4 57% + 1.2 1.6% £+ 0.1
25 Without DIO 0.64 +0.02 1.3+0.1 34% + 0.2 0.3% + 0.0
25 DIO 3% 05+000 5101 56% + 0.6 1.5% + 0.0
30 Without DIO 0.62 +0.01 1.1 £0.1 32% £+ 0.1 0.2% + 0.1
30 DIO 3% 0.5+ 0.01 44+04 56% + .1 1.2% £ 0.1

Appendix 5.2. Statistical PV data for binary and ternary OPVs with different ICBA content,
with and without 3% of DIO tested at room temperature.
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Binary blend Ternary blend Additive ICBA in alloy Type of Voc Jsc FF PCE Vgcincrement Ref. from
[Donor:Fullerene] [Donor:Fullerene alloy] (%) morphology W) (mA/cmz) (%) (%) (mV) Chapter
P3HT:PCBM - 0% Noi i 0.61 9.9 60 3.6 0 my iy
o mtercalation m
P3HT:ICBA:PCBM - 40% 0.67 8.3 58 3.1
PIRTPCOM 0.3% CN 0% No intercalati v T 40 mv 30
3% o intercalation m
P3HT:ICBA:PCBM 33% 0.58 6.5 59 22
P3HT:PC; BM - 0% 0.44 2.8 50 0.6
100 mV
P3HT:ICBA:PC;BM - 40% 0.54 1.7 46 0.4
No intercalation This work
P3HT:PC;BM 3% DIO 0% 0.4 6.8 50 1.4 omy
P3HT:ICBA:PC; BM ’ 40% 047 6.1 5716 "
PTB7:PC;BM - 0% 0.58 43 35 0.9
-20 mV
PTB7ICBA:PC;BM - 33% Moleeular i o 0.56 a%) 43 1 T 5
PTB7:PC,BM - olecular intermixing 0.62 8.4 A1 21 is wor
3% DIO 40 mV
PTB7ICBA:PC;BM 33% 0.66 8.9 43 2.5
PTB7:PC;BM 0% ) o 0.70 15 69 7.2
3% DIO Molecular intermixing 30 mV 33
PTB7:ICBA:PC;BM 30% 0.73 14 67 6.8
PTB7:PC; BM 0% 0.76 14 70 7.5
3% DIO Molecular intermixing 0mV 34
PTB7ICBA:PC;BM 30% 0.76 13 35 5.5
-C14: - 0%
PBTTT-C14:PCBM ’ Molecular intermixing 048 6.4 >3 16 30 mv 28
PBTTT-C14:PCBM:ICBA - 40% 0.51 3.9 50 1

Appendix 5.3. Survey on ternary blends specifically with ICBA:PCBM and ICBA:PC7.BM fullerene alloys comparing the increment of Voc in the alloy
versus binary controls. The table describes a range of ICBA in different alloy content between 30-40% due to the differences in fabrication procedures. As
such, similar OPV fabrication conditions were considered. The clear area denotes blend systems with no intercalation and the shaded area blend systems with
molecular intermixing. Two significant digits on all PV parameters.
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Appendix 5.4. Tapping mode AFM images of reference and ternary P3HT:PC7;:BM blends with
different weight loadings of ICBA without and with 3% DIO (top and bottom respectively).
Scan area of 10 x 10 um.
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Appendix 5.5. Tapping mode AFM images of reference and ternary PTB7:PC7;BM blends with
different weight loadings of ICBA without and with 3% DIO (top and bottom respectively).
Scan area of 10 x 10 pum.
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Appendix 5.6. TEM image for a, b) P3HT:PC7BM and c, d) PTB7:PC7BM ternary film with
a 20% content of ICBA. Figures a) and c) represent films with no DIO, b) and d) with 3% of
DIO. Scale bar denotes 200 nm.
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P3HT:PC,,BM

Processing conditions  Film thickness (nm) RMS (nm)
ICBA [wt%)]

0 Without DIO 170 1.1
DIO 3% 155 7.2
10 Without DIO 160 1.2
10 DIO 3% 150 7.2
20 Without DIO 132 0.8

20 DIO 3% 135 7.1
25 Without DIO 117 0.6

25 DIO 3% 137 7.3
30 Without DIO 124 0.7

30 DIO 3% 123 7

PTB7:PC:BM Processing conditions  Film thickness (nm) RMS (nm)
ICBA [wt%)]

0 Without DIO 123 3.1

0 DIO 3% 118 1.8

10 Without DIO 122 3.5

10 DIO 3% 109 2.2

20 Without DIO 114 43

20 DIO 3% 102 2.3

25 Without DIO 128 9.3

25 DIO 3% 108 3.6

30 Without DIO 120 8.8

30 DIO 3% 114 3.7

Appendix 5.7. Summary of AFM parameters for binary and ternary P3HT:PC7BM (top) and
PTB7:PC7:BM (bottom) with different ICBA loadings, with and without 3% DIO.
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o o o o Iy

N B [e)] o] o
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Appendix 5.8. Normalised absorption spectra of PTB7 (blue), P3HT (brown), PC71BM (yellow)
and ICBA (orange) neat films.
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Appendix 5.9. Dark current densities and SCLC model fitting hole-only devices for P3HT-
based OPVs. a) Hole mobility (pn) of binary blend, b) binary blend with 3% DIO, c)
P3HT:PC7:BM with 10% ICBA d) P3HT:PC7:BM with 10% ICBA and 3% DIO e)
P3HT:PC7:BM with 20% ICBA f) P3HT:PC71BM with 20% of ICBA and DIO 3%. Open black
squares represent the experimental data and the blue open squares denote the simulation fitting.

The red solid line represents the SCLC fit.
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Appendix 5.10. Dark current densities and SCLC model fitting hole-only devices for PTB7-
based OPVs. a) Hole mobility (p) of binary blend, b) binary blend with 3% DIO, c)
PTB7:PC71BM with 10% ICBA d) PTB7:PC7:BM with 10% ICBA and 3% DIO e)
PTB7:PC7BM with 20% ICBA f) PTB7:PC7:BM with 20% of ICBA and DIO 3%. Open black
squares represent the experimental data and the blue open squares denote the simulation fitting.
The red solid line represents the SCLC fit.
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APPENDIXES CHAPTER 6

Modelling of electron transport in novel acceptors

Fitting simulations to experimental curves can be an effective tool to study carrier
transport and recombination mechanisms. In here, drift diffusion simulations with
GPVDM  were SCLC analysis. As a
glassITO/PEDOT:PSS/PCBM/LIiF/Al structure was utilised for the device simulations. A

realistic absorption profile and refractive index were used for all models, considering a

used alongside reference a

standard PCBM. Modelling was utilised to recreate the experimental J-V characteristics
by changing the carrier mobilities, parasitic resistances and trap parameters. This
approach enables to determine to what extent the mobility of single carrier devices and
recombination parameters should be varied, in order to recreate the experimental values.

The electrical parameters chosen to compare experimental and simulated J-V curves are

shown below followed by the fitting results.

Description Parameter PCBM Alk;Cqp Alk;2Cs9 NDI;;Cqp NDI2Cgo bis -NDI bis -NDI NDI, ]\?1)1;2)(:601\“()1122)
Electrical parameters:
Electron trap density moev’! 3.80x10°°  3.80x107  3.80x10”  3.80x107  3.80x107  3.80x10”° 3.80x10°° 3.80x10”  3.80x10”  3.80x10”
Hole trap density moev’! 145x10°  1.45x10°  1.45x10°  1.45x10°  1.45x10%°  1.45x10” 1.45x10° 1.45x10°  1.45x10°  1.45x10”
Electron mobility mV'sT 400x10° 573x10™ 7.05x10™ 1.50x10™  3.85x10™  1.52x10°  1.75x10°  2.44x10°  2.70x10°  9.05x10°
Hole mobility m*V's! 4.00x10°  5.73x10™  7.05x10™  1.50x10%°  3.85x10  1.52x10°  1.75x10°  2.44x10°  2.70x10°  9.05x10°
Number of traps Bands 20 20 20 20 20 20 20 20 20 20
Series resistance Ohms 0.7 0.15 19 0.15 0.15 0.1 17 1 0.15 0.15
Shunt resistance Ohms 1.90x10°  5.00x10°  5.00x10°  5.00x10°  5.00x10°  1.90x10° 1.90x10° 1.90x10°  4.00x10° 4.00x10°
Start voltage v 0 0 0 0 0 0 0 0 0 0
End voltage v 5 5 5 5 5 5 5 5 5 5
Light intensity (number of suns) W/m® 1 1 1 1 1 1 1 1 1 1
Active layer thickness nm 240 200 145 189 139 248 100 220 191 167

Appendix 6.1. Summary with modelling inputs for each type of component.
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Appendix 6.3. Thin and thick electron-only (ue) experimental data (hollow black square)
showing SCLC fittings (red solid line) of a, b) Alk12Ceo and c, d) NDI12Ce0. In plots, GPVDM
SIM (hollow blue square) represents the simulation fit.
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Appendix 6.4. Thin and thick electron-only (ue) experimental data (hollow black square)
showing SCLC fittings (red solid line) of a, b) bis-NDI and ¢) NDlI.. In plots, GPVDM SIM
(hollow blue square) represents the simulation fit.
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Appendix 6.5. SCLC fittings represented by a red solid line with electron-only ()
experimental data (hollow black square) of NDI112Cg:NDI, with a 1:1 ratio (left) and 1:2 (right).
In plots, GPVDM SIM (hollow blue square) represents the simulation fit.
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APPENDIXES CHAPTER 7

Description Units Balanced mobilities Electron enhanced Hole enhanced
Front cell Back cell Front cell Back cell Front cell Back cell

Electron mobility m? V-1sl 1.00x107 1.00x107 1.00x107 1.00x10° 1.00x107 1.00x107

Hole mobility m2 Vv-1st 1.00x10°7 1.00x107 1.00x107 1.00x107 1.00x10° 1.00x107

Relative permittivity Au 3.8 3.8 3.8 3.8 3.8 3.8

Effective density of m-3 5.00x10%®  5.00x10%5  5.00x102® 5.00x10%  5.00x102%5  5.00x10%°

free electron states

(@300K)

Effective density of m-3 5.00x10%*  5.00x1025  5.00x10%  5.00x10%®  5.00x102%5  5.00x10%

free hole states

(@300K)

ZnO (recombination m2? V-1sgt 1.00x108 1.00x108 1.00x108 1.00x108 1.00x108 1.00x108

layer)

PEDOT:.PSS m2 Vv1sl 1.00x10® 1.00x108 1.00x10°8 1.00x10°8 1.00x108 1.00x10®

(recombination layer)

Xi eV 3.8 3.8 3.8 3.8 3.8 3.8

Eq eV 1.1 1.1 1.1 1.1 1.1 1.1

Recombination m3 st 1.00x101®  1.00x10®  1.00x10'®  1.00x10®  1.00x10'8  1.00x10-8

constant

Appendix 7.1. List of electrical parameters used in the three different models.
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Appendix 7.2. Predictions of Voc for a tandem cell as a function of front (xg) and back (xg) cell
thickness. a) corresponds to the electron-enhanced model, b) base model, and c) hole-enhanced
model.
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Appendix 7.3. Distribution of photon absorption in tandem devices (photons/m?). a) shows 200
nm and 300 nm b) shows 50 nm and 300 nm as a function of front (xg) and back (xzg) cell
thickness.
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Appendix 7.4. Photon absorption ratio between the front cell and back cell for a tandem cell
with x¢ = 300 nm and xg = 350 nm showing that balanced absorption occurs at a shift of ~ -34
nm.
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Appendix 7.5. Effect of shifted absorption on PCE, Jsc and FF for a tandem cell with xr = 300
nm and xg = 350 nm. Black circles denote the base model, red squares the electron-enhanced
and blue triangles the hole-enhanced.
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Appendix 7.6. Normal absorption spectrum of the front (PCDTBT:PC7BM) and back cell
(PTB7-Th:PC+BM) in solid lines and doubled absorption profiles in short dots.
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Appendix 7.7. Contour maps with PCE, Jsc and FF for tandem OPV devices considering
regular absorption and increased recombination rate (by factor of 3) on both cells. a) - g)
correspond to the electron-enhanced model, b) - h) to the balanced mobility model and c) - i) to

the hole-enhanced model.

210



PCE (%)

7.4

- 6.9

= 400

(=

= 6.4
<

2 300 60
[}
=

X 55
L
<

= 5.0

= 200

o

E 45
S
i

100 4.0

A o o n ] EB

100 200 300 400
Back cell thickness, Xg (nm)

Front cell thickness, X; (nm)

100 200 300 400
Back cell thickness, Xg (nm)

Front cell thickness, X (nm)

100 200 300 400
Back cell thickness, Xg (nm)

Front cell thickness, X¢ (nm) Front cell thickness, X¢ (nm)

Front cell thickness, X¢ (nm)

b)

I
S
=}

w
S
S

n
o
s}

100

100

200 300 400
Back cell thickness, Xg (nm)

h)

400
300

200

100 I

100

200 300 400
Back cell thickness, Xg (nm)

200 300 400
Back cell thickness, Xg (nm)

PCE (%)
7.4

FF

0.48

0.45

0.42

Front cell thickness, Xg (nm) Front cell thickness, X¢ (nm)

Front cell thickness, X; (nm)

I
I}
S

w
=}
S

200

=
15}
S

I
S
o

w
S
S

n
=}
s}

=
o
S

PCE (%)
7.4

h 3.5

100 200 300 400
Back cell thickness, Xg (nm)

100 200 300 400
Back cell thickness, Xg (nm)

0.61

0,64
100 200 300 400
Back cell thickness, Xg (nm)

Appendix 7.8. Contour maps with PCE, Jsc and FF for tandem OPV devices considering
doubled absorption on both cells. a) - g) correspond to the electron-enhanced model, b) - h) to
the balanced mobility model and c) - i) to the hole-enhanced model.

211



a) b)
15
E 400 E 400
£ £
'S 'S
X X
& 300 2 300
g g
k] 16 i:]
ES =
= 200 15 g 200
o o
€ 1<
<] o
[ T
100 100
100 200 300 400 100 200 300 400
Back cell thickness, Xg (nm) Back cell thickness, Xg (nm)
c) d)
PCE (%) Photon distribution
8.5 800 F 3.1x10%
- %
400 8.1 700 2.7x10%
(=
= 76 600 2.3x10%
>< —~
3 34
% a00 72 Esoo 1.9x10°
[ c
S 68 S 400 1.5x10%
g &
T 200 63 £ 300 \ 1.2x10%
o
IS 59 200 Front cell 7.7x10%
L 00 5.4 100 I 3.9x10%
ITO
5.0 0 N N L n N 0.0
100 200 300 400 300 400 500 600 700 800
Back cell thickness, Xg (nm) Wavelength (nm)

Appendix 7.9. Predictions of a) Jsc, b) FF and ¢) PCE for a double BHJ cell as a function of
front (xr) and back (xg) cell thickness. d) Shows distribution of photon absorption in the cell
(photons/m®) within a region of optimal Jsc xe = 150 nm and xg = 300 nm.
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Appendix 7.10. Predictions of Jsc, FF and PCE (top, middle and bottom respectively) for both
the electron- and hole-enhanced devices (left and right respectively) as a function of cell
geometry in a double BHJ device.
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Description Units Freiburg Beijing

AOD cmt 0.15 1.4

Water vapour cm 1.6 1.8

NO2 ng/ms 23 54
Latitude Degree ° 48.01 39.54
Longitude Degree ° 7.84 116.38
Pressure Bar 1.013 1.013

Appendix 7.11. Parameters used to generate spectra for Freiburg and Beijing. Data from 8
months considered and these were the chosen to build the spectra to emphasise on the difference
between AOD.
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