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Abstract

This dissertation presents innovative techniques for fabricating solution-processed bulk
heterojunction solar cells, utilising eco-friendly green solvents by replacing conventional
halogenated equivalent.

A key aspect of this study involves leveraging advanced Atomic Force Microscopy (AFM)
phase analysis, and Raman mapping techniques. These approaches enabled a detailed
examination of the constituent materials, resulting in a comprehensive three-dimensional
profile of the electron donor and acceptor materials within the blend. Detailed analysis
indicate that the acceptor material, PC71.BM?, predominantly accumulates at the blended
film's surface. Further investigations concerning donor/acceptor distribution throughout the
bulk revealed a systematic reduction of PC7:BM, with an equilibrium of electron donor and
acceptor presence approximately 50 nm below the film surface. These observations suggest
a consistent relationship between PC7:BM content and its distribution at various depths,

exhibiting a funnel-like distribution pattern.

In further investigation, depth-specific electrical analyses offered valuable insights into
fullerene migration's effects on device performance. While surface migration enhances
charge collection at the cathode, could potentially impede exciton dissociation and disrupt
charge carrier pathways due to reduced PC7:BM concentration in the bulk. A higher PC7:BM
concentration at the film surface could potentially improve parameters like series resistance

(Rs), parallel resistance (Rsn) and fill factor but could hinder charge carrier pathways.

Among the evaluated green solvents, 2-Methyl Anisole (2MA) demonstrated the most
promising results, achieving higher power conversion efficiency (PCE) and closely
matching the performance of the samples mixed with halogenated solvents (dissolved in

ODCB:CB?) at a blend ratio of [1:2] for polymer/small organic molecule systems. Grazing

1 [6,6]-Phenyl-C71-butyric acid methyl ester
21, 2-dichlorobenzene /chlorobenzene



Incidence X-ray Diffraction (GIXRD) studies on pristine EFT2 (electron donor material) and
EFT:PC7:BM donor/acceptor systems further indicated that 2MA affects the intensity of the

peak associated with the dioo plane of EFT molecules at lower 26 values.

Beyond solvent optimisation, the current work reports on green solvent applications in
passivation patterns for large-scale devices. Prototype samples utilising the EFT:PC7:.BM
donor/acceptor system dissolved in 2MA were fabricated and analysed for their electrical
parameters. The prototype cells' parallel configuration demonstrated the highest efficiency,

achieving a PCE of 8.7-8.9% when utilising the selected green solvent, 2MA.

3 Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-h;4,5-b"]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]
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CHAPTER 1

Introduction

“Keep your face to the sun and you will never see the shadows ...~

— Helen Keler, American author, activist and lecturer

1.1 Introduction

Global concerns regarding the carbon footprint, escalating energy consumption, and
increasing fossil fuel costs have become prominent topics in international market discussions
(Electricity Production Data | World Electricity Statistics | Enerdata, 2021). At the heart of
these discussions lies the urgent need to reduce carbon dioxide (CO2) emissions, prompting
a worldwide shift from environmentally harmful fossil fuels to cleaner, renewable energy
alternatives. In this evolving landscape, solar photovoltaic (PV) power generation has
emerged as a pivotal player, significantly influencing the global energy transition (Irena,
2019).

By 2100, scientific projections suggest that the global population could reach an estimated
9.5 billion people. This rapid population growth poses significant challenges to the
environment, impacting food security, water availability, rapid urbanisation, and most
critically, energy demand (Fox, 2013). In light of increasing concerns related to CO>
emissions, global warming, and diminishing fossil fuel reserves, the need for secure and
sustainable energy sources has become more urgent than ever. This has led to a growing
consensus to transition from conventional energy production methods to cleaner and more

sustainable alternatives, such as wind, geothermal, and solar energy.



In 2016, a landmark global initiative took place in Paris, where nations came together to
address the climate crisis collaboratively. The Paris agreement is crucial accord aimed at
reducing carbon emissions and accelerating the adoption of renewable energy sources to
meet global energy demands. A seminal report by Sandia labs in 2006 provides valuable
insights into the technical potential of renewable energy sources available globally, as
summarized in Table 1.1 (Tsao, Lewis, and Crabtree Argonne, 2006). This report
meticulously estimates the power generation capacities of various renewable energy sources,

with a particular emphasis on solar electricity, based on 1.5 hours of sunshine.

Table 1.1- Global renewable energies available with technical powers calculated for Solar electricity, the

theoretical value is at 1.5 hrs of sunshine (Electricity Production Data | World Electricity Statistics | Enerdata,

2021)

Energy Resources Theoretical Technical Extractable

Power (TW) Power (TW) Power (TW)
Ocean Surface current 8.1 2 0.012
Ocean Tidal 2.4 0.6 0.037
Ocean Wave 34 8.5 0.62
Hydropower 12 35 1.2
Geothermal 44 2.8 1.9
Wind Power 1,000 250 14
Solar Electricity 89,000 25,091 5,018

According to this report, solar energy exhibits an impressive theoretical potential of
approximately 89,000 Terawatts within a 1.5-hour timeframe (Tsao, Lewis, and Crabtree
Argonne, 2006). However, factors such as geographical location, atmospheric conditions,
and conversion efficiencies inevitably reduce this potential to an estimated 25,091 Terawatts
of technical solar power. Considering an average solar cell conversion efficiency of around
20%, the actual extractable power from the sun is approximately 5,018 Terawatts. To
provide context, global electricity production and consumption in 2019 were approximately
27,000 and 23,000 Terawatts, respectively (Electricity Production Data | World Electricity
Statistics | Enerdata, 2021).

Further supporting these findings, Figure 1.1 illustrates the annual growth in electricity

production up to the end of 2019, highlighting the increasing contribution of renewable
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energy sources. Notably, over 200 Gigawatts of new renewable power capacity was installed
in 2019, maintaining an impressive average growth rate of over 8% in renewable power
capacity over the preceding five years. This growth trajectory propelled solar PV power
generation by 22%, reaching 720 Terawatt hours (TWh). As a result, solar PV's share in
global electricity generation has risen to nearly 3%, surpassing bioenergy and establishing
itself as the third-largest renewable electricity technology after hydropower and onshore
wind (Solar PV — Analysis - IEA, 2021).

In many countries, both commercial and residential sectors are already benefiting from
electricity generation costs that are lower than the variable portion of retail electricity prices.
The increasing economic viability of distributed PV systems is poised to catalyse rapid
expansion in the renewable energy sector in the coming decades, attracting substantial
private investment (Solar PV — Analysis - IEA, 2021).
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Figure 1.1 — Annual addition of Renewable Power capacity, by Technology and Total, 2013-2019 (Adopted
from REN21 Renewable 2020 global status report (Hales, 2020))

Based on a report generated in 2019, as depicted in Figure 1.2, renewable energy sources
accounted for an estimated 27.3% of global electricity generation by the end of the year.
Hydropower remained the dominant renewable energy source, contributing 58% to this
estimated generation share, followed by wind power (22%), solar PV (10%), and bio-power
(8%).
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Figure 1.2 — Estimated Renewable Energy share of Global Electricity Production, End 2019 (Adopted from
REN21 Renewable 2020 global status report (Hales, 2020))

Photovoltaic technology (PV) emerges as the most viable industry capable of converting
sunlight into electrical energy, as evidenced by significant energy-related development
initiatives. However, predicting the evolution of this rapidly expanding renewable energy
sector, especially concerning changes in energy consumption patterns, presents considerable

challenges (Deutsche Gesellschaft fiir Sonnenenergie., 2008).

1.2 Organic Solar Cells (OSCs)

Solar cells are typically classified into three main categories: Crystalline Silicon Solar Cells
(Type 1), Thin Film Technology Solar Cells (Type I1), and Advanced Solar Cells (Type IlI).

Each type has distinct characteristics, materials, manufacturing processes, and applications.

Type | solar cells are primarily composed of a single P-N junction diode, either fabricated
from a single silicon crystal structure or from silicon fragments fused together to form a
wafer (Schoder, 2018; Sendy, 2021). The power conversion efficiency (PCE) is a critical
parameter for evaluating these cells. According to Shockley and H. Queissier, the maximum

theoretical PCE for a single junction solar cell is approximately 33% (Shockley and
4



Queisser, 1961). In today's global market, these silicon-based solar cells typically achieve
an average PCE ranging from 18% to 20% (Park, Lee, and Choi, 2015; Sendy, 2021). Solar
cells utilising poly-crystalline silicon, a common material in Type | cells, often exhibit PCEs
between 15% and 20% (Jay et al., 2014; Park, Lee, and Choi, 2015). While Type I solar cells
offer high efficiency and a long lifespan, their production and manufacturing costs can be

relatively high due to the complex manufacturing processes involved.

In contrast, type Il solar cells were developed as a cost-effective alternative to Type I cells.
These cells are primarily fabricated using materials like amorphous silicon, cadmium
telluride (CdTe), and Copper indium gallium selenide (Cu [In, Ga] Se2). Manufacturing
techniques for Type Il cells include thin-film technologies such as sputtering, plasma-
enhanced chemical vapor deposition, and physical vapor deposition. Due to their non-
crystalline structure and the presence of certain impurities, these cells generally exhibit lower
PCEs compared to Type I cells. The highest recorded PCE for Thin Film Technology solar
cells is between 21.1% and 23.3%, as certified by the National Renewable Energy
Laboratory (NREL) in the USA (Records, 2015; NREL, 2021). Despite their lower
efficiency in general, Type Il solar cells offer several advantages, including easier
manufacturing processes, faster production rates, and reduced material and manufacturing
costs. These factors make them a competitive alternative to Type I cells, especially for large-

scale solar installations where cost-effectiveness is crucial.

Type 111 solar cells represent the cutting-edge of solar cell technology and encompass a
variety of innovative designs, including thin multi-junction cells, Dye-Sensitized Cells
(DSCs), Organic Solar Cells (OSCs), and Perovskite cells. Multi-junction cells, such as those
made from GalnP/GaAs/GalnNAs*, have achieved the highest PCEs among all solar cell
types, with a record efficiency of 44% (GREEN et al., 2012). These multi-layered cells are
engineered to capture solar energy across a broad spectrum of wavelengths. Each
semiconductor layer in a multi-junction cell has a unique energy band gap, allowing for
optimal absorption of solar radiation. Theoretical calculations suggest that multi-junction
solar cells could potentially achieve efficiencies as high as 66%. However, despite their
impressive efficiency, the high production costs associated with these complex structures

have limited their commercial applicability, making them primarily suitable for specialised

4 Gallium indium phosphide/Gallium arsenide/Gallium Indium Nitride Arsenide



applications such as space missions where maximum efficiency is paramount (NREL

Developing Improved Tech to Lower Costs for Multi-Junction Solar Cells, 2018).

Organic solar cells, also known as organic photovoltaics (OPVs), are a subcategory of Type
Il solar cells that have garnered significant attention due to their potential for low-cost,
flexible, and lightweight solar energy solutions. OPVs are fabricated using organic materials,
such as polymers or small organic molecules, which can be processed using low-cost
printing techniques on flexible substrates. Although OPVs currently lag behind inorganic
solar cells in terms of efficiency, ongoing research and development efforts aim to improve

their performance and commercial viability (Spanggaard and Krebs, 2004).

1.3 The architecture of organic solar cells

Organic Solar Cells (OSCs) have evolved significantly over the years, with structure
improvements categorised into three main types: single layer, bilayer, and bulk

heterojunction (BHJ) as illustrated in Figure 1.3.

Figure 1.3- Main types of organic solar cells OSCs: a) single layer b) bilayer c) bulk heterojunction BHJ

Single layer organic solar cells are characterised by a simple architecture consisting of a
layer of organic semiconductor sandwiched between two metallic conductors. The organic
layer, also known as the active layer, plays a crucial role in light absorption and charge
generation. The electric field necessary for charge separation is typically generated at the
interface between the two metallic electrodes, which often consist of indium-tin-oxide (ITO)
with a high work function and Aluminium (Al) with a low work function. When photons
strike the solar cell, electrons are excited to the lowest unoccupied molecular orbital
(LUMO), leaving behind a hole in the highest occupied molecular orbital (HOMO), thereby



forming an exciton. The potential energy difference between the two electrodes facilitates
the separation of these excitonic electron-hole pairs. However, early single-layer OSCs faced
challenges due to insufficient electric fields, leading to recombination of electrons and holes
before reaching the electrodes. For instance, Tang et al. fabricated a sandwich configuration
comprising Cr/Chlorophyll-a/Hg, achieving a marginal power conversion efficiency (PCE)
of only 0.01% (Mao et al., 2017).

A significant breakthrough came in 1986 when Tang demonstrated that blending donor and
acceptor materials could enhance the PCE of OSCs to around 1%. This discovery laid the
groundwork for heterojunction OSCs, where the solar cells are structured based on a donor-
acceptor architecture, including configurations such as dye/dye, polymer/dye,

polymer/polymer, and polymer/fullerene blends (Spanggaard and Krebs, 2004).

Bilayer OSCs share similarities with single-layer devices but incorporate two distinct layers
between the anode and cathode with differing electron affinities, generating an electric field
potential at their interface. This enhanced electric field aids in exciton separation compared
to single-layer OSCs. However, optimising the layer thicknesses to align with the exciton
diffusion length, typically around 10 nm, remains challenging (Best Research-Cell
Efficiency Chart | Photovoltaic Research | NREL, 2021). For example, a bilayer
heterojunction solar cell consisting of copper phthalocyanine and perylene pigment achieved
a PCE of 0.95% (Mao et al., 2017).

Bulk heterojunction (BHJ) OSCs have emerged as a promising solution to these challenges
and are now widely adopted by researchers. BHJ OSCs feature a nanoscale blend of donor
and acceptor materials within a single absorbing layer, replacing the two separate layers
found in previous designs. The reduced thickness of this blended layer facilitates better
exciton dissociation due to a larger interfacial area. Electrons and holes generated upon light
absorption travel towards the respective acceptor and donor materials and are collected by
the conducting electrodes. A BHJ OSC composed of poly(3-hexylthiophene) and methano-
fullerene reported by Yang's group achieved a PCE of 4.2% (Mao et al., 2017).

Over the past two decades, BHJ OSCs have shown remarkable progress in achieving high
PCEs (Preis et al., 2014). As depicted in Figure 1.4, the efficiency of various types of OSCs,
represented in red, has significantly increased. Notably, OSCs based on conjugated polymers
blended with fullerenes have demonstrated substantial advancements (Chen et al., 2009;
Nelson, 2011; Zhao et al., 2015). Given this positive trajectory, the field of OSCs holds
7



considerable promise for further improvements through ongoing research (Scharber and
Sariciftci, 2013).
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Figure 1.4- NREL Photovoltaic Efficiencies (NREL, 2021).

As the quest for more efficient and cost-effective photovoltaic devices continues, researchers
are exploring innovative approaches to solar cell manufacturing by transitioning from
conventional inorganic materials to organic materials. Organic solar cells (OSCs) have
garnered significant attention due to their inherent advantages, including flexibility, ease of
low-cost fabrication, and lightweight properties, positioning them as potential competitors

to traditional inorganic solar cells (Wallace C. H. Choy, 2013).

However, the adoption of OSCs is not without challenges. One of the most significant
barriers to widespread commercialisation is the high manufacturing and fabrication relative
costs associated with these devices (Jay et al., 2014; Preis et al., 2014; Park, Lee, and Choi,
2015). While silicon-based p-n junction photovoltaic systems have been the focus of much
research, the power conversion efficiency (PCE) of most commercial silicon-based solar
cells remains in the range of 15-20% (Jay et al., 2014). Recent studies have highlighted the




potential of BDT>-based polymers, such as PBDTTT-C-T®, PBDTTT-CF’, PBDTTT-EFT®
(PTB7-th), PTB7°, and combined with acceptor materials like PC70BM*° using halogenated
solvents such as chlorobenzene (CB) and 1,2-dichlorobenzene (ODCB), to achieve the
highest applicable PCE for OSCs (7.73% to 8.44% - Wallace C. H. Choy, 2013; Komilian,
Oklobia and Sadat-Shafai, 2018a).

Despite the rapid advancements in the organic photovoltaic (OPV) field, the predominant
use of toxic chlorinated/halogenated solvents, including 1,2-dichlorobenzene (ODCB),
chlorobenzene (CB), and chloroform (CF), in the fabrication process remains a significant
concern (Zhao et al., 2015). These hazardous solvents pose risks to human health and the
environment and also complicate the device fabrication process, thereby hindering the
industrialisation of OPV technology. In contrast, halogen-free organic solvents offer a more
sustainable and environmentally friendly alternative for mass industrial manufacturing of
OPVs (Zang et al., 2014).

Eliminating this toxic effects of halogenated solvents from the large-scale manufacturing
process of OPVs remains a formidable challenge. The urgent task for the OPV field is to
replace these harmful solvents with eco-friendly alternatives, such as water or other low-

toxicity, non-halogenated, and non-aromatic solvents (Zhang et al., 2016).

Another significant challenge lies in translating laboratory-scale fabrication methods to
large-scale manufacturing of OSCs. Adapting these methods for mass production involves
various adjustments, including modifications to the hardware of the fabrication equipment,
consideration of the thermo-physical properties of the materials, and the design of robust
production lines capable of maintaining high standards of quality assurance. Key aspects to
address in this transition include managing the thickness of critical layers during fabrication
processes, improving the physical and viscoelastic properties of the materials used, and
implementing dynamic inspection protocols using high-speed manufacturing lines to ensure

the quality and consistency of the produced devices. These challenges underscore the
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complexity and multi-faceted nature of scaling up OSC manufacturing for broader

commercial adoption.

1.5 Research Aim and Objectives

The primary aim of this research project is to investigate the potential benefits and challenges
of substituting chlorinated solvents with environmentally friendly green solvents in current
organic photovoltaic (OPV) systems. The study will delve into various aspects such as
fabrication parameters, processing constraints, material aggregation, and distribution-related
issues both within the bulk and on the surface of the devices. To achieve this overarching

aim, the following specific objectives have been delineated:

Identify and analyse the existing challenges and potential limitations hindering the

industrialization of OPV technologies when utilising green solvents.

e Develop and implement experimental and analytical methodologies to gain a deeper
understanding of the influence of green solvents on the nanostructure and overall

performance of OPV devices.

e Employ selected successful techniques to investigate and elucidate the underlying

causes of performance impediments in OPV devices.
e Explore alternative fabrication processes to potentially overcome identified obstacles.

e Evaluate the feasibility and scalability of using selected successful green solvents in

large-scale OPV device fabrication.

1.6 Thesis Organisation

Chapter 2 provides a comprehensive review of the theoretical foundations of organic
semiconductors and delves into the fundamental concepts associated with the fabrication
techniques and operational principles of organic solar cells. This chapter offers an in-depth
exploration of the working mechanisms of organic solar cells, focusing on the internal

formation and interactions of active layer components in organic semiconductors.

10



In Chapter 3, the spotlight shifts to an overview of conjugated polymers commonly
employed in OSC devices. Special attention is given to the low band gap polymer PBDTTT-
EFT, recognised for its superior properties compared to other available polymers in the
market. Additionally, the chapter briefly discusses the properties of fullerene acceptor
materials, particularly PC7.BM, which is frequently used in combination with PBDTTT-
EFT and other key materials in this thesis. A comprehensive list of materials utilised in this
research is presented, accompanied by a brief discussion on solvent characteristics and their

compatibility with a range of polymers.

Chapter 4 focuses on the characterisation methods and corresponding instrumentation
employed in this research. This chapter elucidates the underlying principles and
methodologies of the experimental techniques utilised throughout the project. It also
introduces new analytical techniques developed during the course of this research to analyse

and better understand the impact of green solvents on nanostructures.

Chapter 5 presents the results derived from an extensive array of measurements conducted
throughout the study. This chapter offers a detailed discussion on the structural
characteristics of thin films both in pristine form and when blended with green solvents. The
newly developed analytical techniques are applied to analyse the corresponding electrical
photovoltaic (PV) properties and structural attributes of the thin films in the context of OSC
applications. Furthermore, this chapter explores the transition towards large-scale
fabrication techniques using green solvents, providing insights into the potential strategies

for developing large modules using these eco-friendly alternatives.

Finally, Chapter 6 encapsulates the thesis by offering a comprehensive conclusion that
synthesises the key findings and insights gained throughout the research. This chapter also
outlines potential avenues for future research, focusing on identifying suitable green solvents
for OPV fabrication and exploring their impact on the internal structure of bulk

heterojunctions.
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CHAPTER 2

Theory of Organic Solar Cells

“It doesn't matter how beautiful your theory is, it doesn't matter how smart you are. If it doesn't

agree with experiment, it's wrong.”

— Richard P. Feynman

2.1 Introduction

Solid materials are typically categorized into three main groups: conductors, insulators, and
semiconductors. Conductors facilitate electrical current, while insulators hinder its flow.
Semiconductors, however, lie in between, with electrical resistivity ranging from 10 to 10°
(Qcm)?, falling between conductors and insulators (Bar-Lev, 1993; Yacobi, 2002).
Semiconductors often possess unique traits like a negative temperature coefficient of
resistance and variable electrical conductivity due to their diverse resistivity range, making

them well-suited for various electronic applications.

Moreover, there's a notable subset known as organic semiconductors, which has gained
traction in organic electronics, contrasting with conventional inorganic semiconductors like
silicon. Nowadays, organic semiconductors play crucial roles in diverse electronic devices
such as organic light-emitting diodes (OLEDs), organic field-effect transistors (OFETS or
OTFTs), and organic solar cells (OSCs) (eds. Briitting & Adachi, 2012).

This chapter provides a detailed examination of the theoretical underpinnings of organic

solar cells, encompassing the fundamental principles of semiconductors, the unique
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properties of organic materials, and the mechanisms that drive their operation. The
discussion begins with an exploration of semiconductors, delving into their energy band
structures and the crucial concept of the Fermi level. It further distinguishes between
intrinsic and doped semiconductors, highlighting how doping modifies their electrical
properties. The chapter then transitions to organic semiconductors, examining their energy

band theory and how it differs from inorganic counterparts.

A key focus is on bulk heterojunctions (BHJ), which are central to the architecture of high-
efficiency organic solar cells. The working principles of these devices are elucidated,
covering the processes of charge photogeneration, exciton dissociation, and the various
characteristics that define photovoltaic performance. The equivalent circuit model of organic
solar cells is discussed, providing insights into their electrical behaviour and efficiency

metrics.

2.2 Semiconductors

In electronic devices, semiconductors are essential components, forming the basis for
transistors, diodes, integrated circuits, and more. Their ability to precisely control electrical
signals is fundamental to the functioning of advanced technologies like computers,
smartphones, and communication systems. A deep understanding of semiconductor physics

is crucial for designing, optimizing, and innovating these electronic devices.

2.2.1 Fermi level Energy and Band Structure

The electronic band structure of a solid, which consists of the valence band and the
conduction band, dictates the material's electrical conductivity. The valence band is the
highest range of electron energies that are occupied at absolute zero temperature, while the
conduction band represents the lowest range of unoccupied electronic states. In nonmetals,
the valence band lies below the conduction band, with an energy gap between them that
determines the material’s insulating or semiconducting properties. In metals, this distinction
is less pronounced as conduction occurs in partially filled bands that exhibit characteristics
of both valence and conduction bands (Nave, 1999).

The Fermi level, denoted as p or Es, is crucial for understanding this band structure. It

represents the thermodynamic energy required to add a single electron to the solid-state
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entity, but it doesn't account for the energy needed to remove the electron from its source.
The Fermi level's position relative to the valence and conduction bands influences the
electronic properties of the material, affecting voltage and charge flow in electronic circuits.
In semiconductors, the Fermi level typically lies within the band gap, closer to the valence
band in p-type materials and nearer the conduction band in n-type materials. Understanding
the relationship between the Fermi level and the band structure is essential for grasping the
electronic behaviour of different materials (Kittel, 2011; Oklobia, 2016).
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Figure 2.1: Energy band diagram illustrating different levels of valance and conduction band. Also showing

the difference between conductor, semiconductor and insulator on energy band diagram.

Figure 2.1 illustrates that in conductors, the valence and conduction bands overlap, facilitating
superior conductivity in materials of this type. A wider separation between the valence and
conduction bands results in lower conductivity for a given solid; therefore, insulators possess the
widest bandgap (Nave, C. R. ,1999).

2.2.2 Intrinsic and dopped semiconductors

In semiconductor manufacturing, doping refers to the intentional introduction of impurities
into an intrinsic (undoped) semiconductor, thereby altering its electrical, optical, and
structural properties. The doped material is then referred to as an extrinsic semiconductor.

Figure 2.2 illustrates the doping process, wherein the intrinsic semiconductor based on
Silicon becomes extrinsic through the introduction of impurities such as Boron and

Antimony.
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Figure 2.2- Doping of a pure silicon array. Silicon based intrinsic semiconductor becomes extrinsic when

impurities such as Boron and Antimony are introduced

N-type semiconductors are created by doping an intrinsic semiconductor with an electron
donor element during manufacture. The term n-type comes from the negative charge of the
electron. In n-type semiconductors, electrons are the majority carriers and holes are the
minority carriers. A common dopant for n-type silicon is phosphorus or arsenic. In an n-type
semiconductor, the Fermi lies closer to the conduction band than the valence band (Neamen,
Donald A. (2003).

P-type semiconductors are created by doping an intrinsic semiconductor with an electron
acceptor element during manufacturing. The term p-type refers to semiconductors with
excess positive charge or holes. In p-type semiconductors, holes are the majority carriers and
electrons are the minority carriers. A common p-type dopant for silicon is boron or gallium.
For p-type semiconductors the Fermi level is below the intrinsic semiconductor and lies
closer to the valence band than the conduction band (Neamen, Donald A. (2003).

Even minute amounts of dopant atoms can exert significant influence on a semiconductor's
conductivity. When roughly one dopant atom is added per 100 million atoms, it is
categorized as low or light doping. Conversely, if a much larger number of dopant atoms are
introduced, around one per ten thousand atoms, it is termed high or heavy doping. This is

commonly indicated as n+ for n-type doping or p+ for p-type doping.

2.3 Organic semiconductors

Organic materials, often consisting of carbon-based compounds, play a significant role in
modern optoelectronic devices due to their unique properties. Unlike traditional inorganic
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materials like silicon, organic materials include synthetic molecules and polymers that
exhibit intrinsic semiconducting behaviour. These materials can be engineered to have
specific electronic properties, making them highly versatile for various applications.

The high cost of silicon crystals has been a major barrier to the widespread adoption of
cheap, large-area photovoltaics. Organic semiconductors offer an attractive alternative,
leveraging synthetic molecules with intrinsic semiconducting properties for optoelectronic
devices (Organic Semiconductors | Optoelectronics, 2024). In contrast to their inorganic
counterparts such as silicon (Si), organic semiconductors are typically characterized by
intrinsic wide band gaps, usually ranging from 2 to 3 eV, which are larger than the band gaps
of typical inorganic semiconductors like Si (1.12 eV) (Peter, 2009).

Despite this advantage, the application of organic semiconductors in electronic devices has
been limited due to their inherent carrier trapping and relatively low charge-carrier mobility
(Yacobi, 2002). However, they compensate for these limitations with relatively high
absorption coefficients (typically > 10° cm®), allowing even thin films (< 100 nm) of organic
materials to absorb photons effectively (Hoppe & Sariciftci, 2004).

Another key difference between organic and inorganic semiconductors is the relatively small
exciton diffusion length in the active layer of organic materials, typically around ~10 nm
(Halls et al., 1996; Haugeneder et al., 1999; Stlbinger et al., 2001). This characteristic
impacts the efficiency of devices like organic solar cells. A prominent example of an organic
semiconductor is conjugated polymers, which have garnered significant attention,
particularly following the award of the Nobel Prize in Chemistry in 2000 for the discovery

and development of electrically conductive polymers (Peter, 2009).

2.3.1 Energy Band Theory

Polymers are large molecules composed of repeating structural units called monomers,
which are covalently bonded to form long chains. These chains can vary in length and
complexity, resulting in a diverse range of materials with various physical and chemical
properties. Polymers are ubiquitous in everyday life, found in everything from plastics and
rubbers to natural substances like DNA and proteins.

Conjugated polymers, a specialized class of polymers, are characterized by alternating single
and double bonds between carbon atoms (-C=C-C=C-). This alternating bonding pattern is

fundamental to the unique properties of organic semiconductors. Conjugation induces two
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significant changes in the organic molecule: it splits discrete energy levels into nearly
continuous energy bands and facilitates the delocalization of charges within these levels
(Peter, 2009). This phenomenon is crucial for the semiconducting behaviour observed in
these materials.

This theory underlying organic semiconductors helps in understanding their electronic
structure, which is influenced by the unique bonding and molecular structures found in
organic molecules (Petty, 2008). Conjugated polymers, such as polyacetylene, exemplify
this principle. The alternating bonds in these polymers create a system where electrons can
move more freely, leading to semiconducting properties. Figure 2.3 illustrates the principle
of conjugation and the chemical structure of the simplest organic polymeric semiconductor,

polyacetylene.
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Figure 2.3- (a) Polyacetylene, the simplest organic polymeric semiconductor , (b) Principle of conjugation in

organic electronic materials (alternating single and double bonds), (Peter, 2009).

Carbon possesses four valence electrons available for bond formation: three occupy the sp?
hybridized orbitals, while the fourth occupies the pz orbital. In the bonding process of
organic materials like ethylene (C2Ha), the three sp? electrons form covalent bonds through
o molecular orbitals with neighbouring carbon atoms and hydrogen atoms. The remaining
pz electron participates in forming covalent bonds via a ® molecular orbital, as shown in

Figure 2.4.
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Figure 2.4 - Schematics illustration of ethylene molecule and its molecular orbital bonds = and o (Oklobia,
2016).
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In organic polymeric materials composed of extended chains of carbon atoms, conjugation
results in a sequence of alternating single (¢ only) and double (¢ and m) bonds. The
interaction between adjacent orbitals (pz atomic orbitals) leads to the splitting of = and =*
molecular orbitals. In longer carbon chains, this splitting manifests as a smaller gap between
the levels of discrete bonding m and antibonding 7* states. m electrons occupy the  band,
while the 7* band remains unoccupied at lower energy levels (Jaiswal & Menon, 2006).
These bands are identified as the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO).

Figure 2.5 illustrates the formation of the Highest Occupied Molecular Orbital (HOMO) and
the Lowest Unoccupied Molecular Orbital (LUMO) levels in a typical organic polymeric

semiconductor.
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Figure 2.5- Molecular orbital interaction in the formation of energy bands in polyacetylene (Schematic of
energy-level splitting and absorption in alkenes with increasing conjugation length, highlighting the lowest-
energy optical transitions from HOMO to LUMO. The bandgap of polyacetylene depends on both the number

of monomers n and the effective conjugation length in the polymer. Arrows represent spin-paired electrons)

In semiconductor physics, the HOMO and LUMO levels correspond to the valence and
conduction bands, respectively. The energy difference between the HOMO and LUMO

levels represents the energy band gap (Eg) (Jaiswal & Menon, 2006a). The figure also shows
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the m and ©* (pi and pi star) orbitals, highlighting their roles in the electronic structure of the
polymer.

In general, increasing the length of conjugation tends to reduce the energy gap between the
Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO). However, this effect diminishes as the number of monomer units reaches
a saturation point. Therefore, extending conjugation indefinitely isn't necessary due to the
limited impact on reducing the bandgap. According to the particle in a box theory, the &
electrons' delocalization along the conjugated carbon chain shifts the required energy for
electronic absorption towards the infrared region, and the transition wavelength increases
with the conjugated system's length. A more effective approach to reducing the bandgap and
adjusting the electronic energy levels of conjugated polymers involves introducing an
alternative structure comprising electron-rich donor (D) and electron-deficient acceptor (A)

units into a single polymer backbone (Peng, H., et al, 2017).

2.4 Bulk Heterojunctions (BHJ)

As discussed in Chapter 1, single-layer and bilayer architectures form the foundational
designs for organic semiconductor devices. In these configurations, the arrangement and
interaction of different semiconductor materials are crucial for device performance. When
two semiconductor materials with different energy gaps come into contact, the resulting

junction is known as a heterojunction (Yacobi, 2002).

Heterojunctions are pivotal in organic semiconductor applications, particularly in electronic
devices such as organic solar cells (OSCs). These semiconductor materials are typically
classified as donor (electron-donating) and acceptor (electron-accepting) materials. The
interaction between donor and acceptor materials at the heterojunction facilitates the
separation of photogenerated charge carriers, which is essential for the efficient operation of
OSCs. This mechanism enhances the overall efficiency and effectiveness of organic
electronic devices, making heterojunctions a critical component in the development of

advanced optoelectronic technologies.

Typically, bulk heterojunctions are achieved either by co-depositing donor and acceptor inks
(Geens et al., 2002; Peumans et al., 2003) or by casting donor-acceptor blend solutions (eds.

Krebs, 2008). Donor materials are p-type semiconductors (e.g., conjugated polymers acting
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as electron donors), while acceptor materials are n-type semiconductors (e.g., fullerenes

acting as acceptors) (Ma et al., 2005).

Both bilayer and bulk architectures, among the three types of OSC architectures discussed
in section 1.2, rely on heterojunctions. The significance of the bulk heterojunction (BHJ) lies
in its intimate mixing of donor and acceptor compositions distributed throughout a bulk
volume, ensuring that donor/acceptor (D/A) interfaces are within the exciton diffusion length
at each absorbing site (Hoppe & Sariciftci, 2004).

The schematic energy band diagram of the heterojunction (bilayer (a) and bulk (b)) in a

typical OSC application is shown in Figure 2.6.

a) b)
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Figure 2.6- Schematic of Energy band diagram for BHJ system illustrating donor and acceptor material
(Adapted from Yacobi, 2002).

Figure 2.7 presents a 3D schematic illustration of both a bilayer and bulk heterojunction (BHJ)

device structure, with detailed explanations to follow in chapter 4.
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Figure 2.7- 3D schematic design of (a) a bilayer heterojunction organic solar cell (OSC), and (b) a bulk
heterojunction (BHJ) OSC. In both designs, the photoactive layer is situated between a cathode and an anode

for hole extraction..
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Organic Solar Cell devices are generally fabricated with the BHJ architecture. The advantage
of easy fabrication techniques is one of the reasons for the growing attractiveness of the BHJ
organic solar cell with this order of layers. The active layer of these devices is mostly
fabricated from solution — processable materials which is elaborated in Chapter 3 and 4 of
the thesis.

2.5 Working Principles of Organic Solar Cells

The emission of solar radiation occurs in the form of electromagnetic waves or particles,
known as photons. The energy of a photon (E) is determined by the Planck-Einstein
relationship:

E(eV) = hv (2.1)

Where v is the photon’s frequency and h, is Plank’s constant. Since the photon’s frequency

can also be defined in terms of wavelength:

v (Hz) = }E\ (2.2)

and c is the speed of light in vacuum and 1 is the photon’s wavelength. Plank — Einstein

relationship can also be written as:

hc
E (eV) = 5 (2.3)

In photovoltaic technology, the absorption of solar radiation, known as photons, is essential
for effective generation of charge carriers. When a photon is absorbed by an organic
semiconductor (OS), it generates exciton pairs, and an electron is excited from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of
the molecule. This process resembles an electron transitioning from the valence band to the

conduction band in non-organic semiconductors.

It's noteworthy that non-organic semiconductors have a high dielectric constant, and excitons
have a low binding energy typically in the range of a few millielectronvolts (meV),
significantly lower than organic semiconductors, which typically range from 0.1 to 0.4
electronvolts (eV). Consequently, there's a weak Coulombic force between the electron-hole
pair (exciton) in non-organic semiconductor materials (Gregg and Hanna, 2003; Mayer et
al., 2007). Conversely, organic semiconductors have a low dielectric constant, resulting in a
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stronger Coulombic force within the electron-hole pair. These differences lead to the
conclusion that free charge carriers are more readily generated in non-organic semiconductor

materials following photon absorption.

To produce electricity within OSC devices, exciton pairs must be separated into free charges.
Tang et al. demonstrated this process in 1986 by utilizing two different organic materials
with aligned band levels to create a heterojunction exciton (Tang, 1986). The operational
mechanism of bulk heterojunction OSCs is described in four steps as follows (refer to Figure
2.8):
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Figure 2.8- Operation of BHJ OSCs under illumination, indicating the primary four stages

e Step 1: An electron residing within the highest occupied molecular orbital (HOMO)
of the organic material absorbs thermal energy from solar radiation, thereby
transitioning into the lowest unoccupied molecular orbital (LUMO), generating an

exciton, which is a hole-electron pair.

e Step 2: The exciton diffuses towards the interface of the two materials, forming a

heterojunction.
e Step 3: At the heterojunction interface, the exciton dissociates.

e Step 4: The newly dissociated free charge carriers disperse towards the electrodes

located at opposite ends of the cell, where they are collected.
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When an exciton pair is generated, if there isn't a significant difference in work function
between the donor and acceptor in the heterojunction, the exciton may fail to dissociate and
produce charge carriers. Instead, it may recombine, resulting in low efficiency of exciton
dissociation. This process is known as photoluminescence, which produces a brief flash of
light.

There exists a critical distance that a diffused exciton must traverse successfully before
recombination occurs. This distance is commonly referred to as the exciton diffusion length
and is notably short for organic semiconductors, typically around 10 nanometers (Nunzi,
2002; Kietzke, 2007; Chen et al., 2009). Maintaining the thickness of the active layer within
this range is crucial. However, it's essential to recognize that the thickness of the active layer

also directly influences photon absorption.

Solar cells generate current by absorbing light, and this current can be measured as a function
of voltage, typically depicted in a single plot to characterize OSCs. When a bias voltage is
applied to the cell, an ideal solar cell (under dark conditions) would operate similar to a
diode.

2.5.1 Charge Photogeneration and Exciton dissociation

Photons absorbed by the donor material initiate the generation of excitons. In contrast,
inorganic semiconductors generate free charges directly upon photon absorption due to their
low dielectric constants and enhanced electron-lattice interactions (Gregg. B. A., 2003;
Bredas. J. L., 2002). The diminished dielectric constant in inorganic semiconductors

necessitates less energy or electric field for free charge generation.

Exciton dissociation in organic semiconductors (OS) primarily follows a mechanism
associated with the electronic energy gap between the donor and acceptor materials (Clarke.
T. M., 2010). In bulk heterojunction (BHJ) systems, exciton dissociation occurs
predominantly at the heterojunction of the donor-acceptor interface. Instead of directly
dissociating into free charges, excitons initially undergo spatial electron-hole separation,
forming a Coulomb-bound electron-hole pair referred to as a charge transfer (CT) state
(Onsager. L., 1934).

The CT state represents an intermediate stage between bound electron-hole pairs and
dissociated free charges, and the successful dissociation of CT states into free charge carriers
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is crucial for generating photocurrent. However, not all electron-hole pairs in the CT state
undergo complete dissociation into free charge carriers, as two recombination mechanisms,
namely Geminate and Bimolecular recombination, impede this process (Clarke. T. M., 2010;
Onsager. L., 1934). For electron-hole pairs to dissociate, they must overcome the Coulomb
force binding them, which is influenced by the energy difference at the donor-acceptor

interface.

HOMO HOMO
Donor | Acceptor Donor I Acceptor

(@) (b)

Figure 2.9. (a) Energy diagram of the donor-acceptor (D-A) interface, illustrating the excited electron in the
lowest unoccupied molecular orbital (LUMO) level of the donor material following photon absorption. (b) The
formation of a charge transfer (CT) state between the electron and hole, with EZ*¢ representing the exciton
binding energy, which correlates with the difference between the LUMOs of the donor and acceptor materials

(ALUMO), and EST representing the binding energy of the charge transfer state.

Figure 2.9 presents a basic schematic diagram demonstrating the dissociation of excitons at
the interface between donor (D) and acceptor (A) materials in a typical bulk heterojunction
organic semiconductor (OSC). It indicates the initial dissociation process and the subsequent

formation of a charge transfer (CT) state.

For the initial dissociation stage to occur, there must be a minimum energy gap between the
donor and acceptor lowest unoccupied molecular orbital (LUMO) levels. This LUMO
difference should exceed the exciton binding energy (E*), which initiates the formation of
the charge transfer (CT) state (Bredas. J. L., 2002). Due to the close proximity of the donor-
acceptor (D-A) interfaces, this initial electron transfer stage progresses into a spatial
separation between the electron and hole, forming the CT state, typically within a distance
comparable to the size of a molecule (approximately 0.5 — 1 nm). Applying these separation
distances to the equation, Coulombic energies ranging from 0.1 to 0.5 eV are estimated,
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referred to as the CT binding energy (EBCT) (Figure 2.8b). Comparing the magnitude of
Coulombic energy to thermal energy (~ 0.025 eV), it becomes evident that thermal energy

alone is insufficient to dissociate excitons.

Heeger et al. (Heeger. A., 2017) have determined that the origin of the open-circuit voltage
(Voc) for bulk heterojunction organic semiconductor (BHJ OSC) systems is associated with
the difference between the highest occupied molecular orbital (HOMO) of the donor and the
LUMO of the acceptor material (Bredas. J. L., 2002). Their investigation empirically
deduced that a minimum LUMO difference of 0.3 eV between the acceptor and donor is
necessary for efficient exciton dissociation. They proposed an equation to calculate Voc

based on this finding.

1
Voo = a(HOMODonor — LUMOcceptor) — 0.3V (2.4)

2.5.2 Characteristics of Photovoltaic cells

From a semiconductor physics perspective, the PV cell has similar operation principle to the
p-n junction diode. Conceptually, the junction formed between two semiconductor materials
of the same type but with opposite doping types constitutes a p-n junction. As mentioned
earlier, the p-type semiconductor is characterized by an abundance of majority holes, while
the n-type semiconductor is enriched with negative charge carriers due to doping with donor
impurities (Sze, 1985; Tyagi, 1988; Singh, 1994). By employing the p-n junction diode as a
reference device and leveraging the theory of equivalent circuits, the underlying operational
principle of a typical PV cell can be elucidated.

2.5.2.1 Equivalent circuit model of organic solar cells

Under dark conditions, organic solar cells (OSCs) behave akin to a diode, and their current-
voltage (J-V) characteristics can be modelled similar to an ideal p-n junction diode. This is

mathematically expressed as (O. Kasap and Sze, 2002):
qVv
=] —) -1 2.5
1= oo (%) @
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Where, Js represents the saturation current density under reverse bias, q is the elementary
charge, V is the applied bias voltage, Ks is Boltzmann's constant, and T is the temperature
in Kelvin. From the above equation, it can be concluded that the device will pass a higher
current under forward bias voltage compared to reverse bias voltage. This is typical

behaviour of a solar cell under dark conditions.

However, when the same device is examined under illumination, the J-V characteristics will

be mathematically expressed as:
\
Ion = s exp (125) = 1] = e 26)

Where Jsc is the short circuit current density when the applied bias voltage is zero (V=0). Jsc
is directly related to illumination intensity. Solar cells yield their highest voltage at open
circuit condition when J=0, which is referred to as the open circuit voltage (Voc). Therefore,

Voc can be expressed mathematically as:

_ kBT ]sc
Voc = Tll’l (i + 1) (27)
It can be noted that Vo has a direct logarithmic relationship with Jsc from the above equation.
Figure 2.10 illustrates the J-V characteristic curve plots of an ideal solar cell under dark and

illumination conditions.
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Figure 2.10- (a) Equivalent circuit model of an ideal solar cell (b) J — V characteristics of an ideal solar cell in

the dark and under illumination.
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2.5.2.2 Efficiency

The power generated can be calculated using the equation:
P=1V (2.8)

By utilizing this equation and determining the maximum current (Imp) and maximum voltage
(Vmp) in the I-V curve of solar cells, the maximum power can be achieved with the following

equation:

Pmax = Immep (29)

Figure 2.11 illustrates a presentation of the I-V curve and the Power curve (P-V). Pmax
represents the shaded area 'A’, and the theoretical Pmax is the shaded area 'B'. Fill Factor (FF)
iIs defined as the ratio of the measured maximum power to the theoretical maximum power
and is one of the most important I-V characteristics in solar cells. This parameter defines the

quality of the device; an ideal solar cell device will have an FF of unity.

Voltage V, V.

mp

Current, Power

Imp X Vinp _ Area A

FF =
I XV, AreaB

Figure 2.11- 1.V and P.V curves which is also illustrating the FF parameter

By considering the FF and measuring the input solar power/radiation, the power conversion

efficiency (PCE) can be calculated with the following equation:

P xV,
PCE(%) = ;‘“ X100 or = FFx lscpi“ X 100 (2.10)

in in
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Where :

XV,
FF — ]max max (211)
JSC X VOC

Pout @ output power

Pin :input power (100 mW/cm?)

Jsc  : short circuit current density (mA/cm?)

Vo : Open circuit voltage (volts, V)

FF :fill factor

Jmax . Maximum point short circuit current density (mA/cm?)

Vmax : maximum point open circuit voltage (volts, V)

A solar cell can also be represented as a circuit, where it resembles a current source in parallel
with a diode. While the previous sections have described an ideal solar cell, in reality,
imperfections exist that impact the power conversion efficiency (PCE) of solar cells.
Parameters like contact resistance and current leakage affect the performance of the solar
cell and can be incorporated into the model to calculate PCE by using their equivalents. This

modelled circuit is shown in Figure 2.12.

ILC‘D Rsh vV

Figure 2.12- Modelled circuit representation of a solar cell, incorporating imperfections such as contact

resistance and current leakage, impacting the power conversion efficiency (PCE)

In Figure 2.13, the circuit features a series resistance Rs and a parallel resistance Rsh.
Typically, the value of series resistance Rs is much lower than the shunt resistance Rsh. In an

ideal solar cell, Rs would be zero, and Rs, would be infinite.

Since the effect of Rsh is insignificant near open circuit conditions, the inverse slope of the

I-V curve in that vicinity serves as an indicator of Rs. The calculated series resistances
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encompass both contact and bulk resistance, and they can be extracted from the slope of the

I-V curve at higher voltages (Chirvase et al., 2004).

Conversely, since the effect of Rs is negligible near short circuit conditions, the inverse slope
of the I-V curve in that region indicates Rsn. Figure 2.12 illustrates how Rs and Rsn can be

determined from the I-V graph.

Modelling the solar cell as a circuit demonstrates that the two primary factors influencing
the curve's shape are the series resistance Rs and the shunt or parallel resistance Rsh. Figure
2.14 illustrates this concept, with blue lines representing ideal 1-V curves and red lines
depicting the impact of resistance on the curve shape. Any changes in the 1-V slopes,
indicative of Rs or Rsh, would affect the Fill Factor (FF) parameters and power conversion
efficiency (PCE).
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Figure 2.13- The determination of series resistance (Rs) and shunt resistance (Rsy) from the 1-V graph of a

solar cell

Voltage Voo Voltage Voc

Current
Current

Decreasing Ry Increasing R

Figure 2.14 - The effect of Rs and Rsn on the J-V curve
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When Rs and Rsh are integrated into the J-V characteristic model, the new mathematical

representation for J as a function of applied bias voltage (V) will be:

V — JR, V - JR,
= Jse = s [exp (‘“TBIT))A]— = (212)
_nkBT ]sc
Voo = ln(f+1> (2.13)

Where n represents the ideality factor of the diode component.

2.6 Summary

In this chapter, an overview was provided of the fundamental theories of organic
semiconductors, and the current existing knowledge of how OS devices operate was

demonstrated. The following can be summarized:

e Profound descriptions were provided of the formation of energy bands in OS
materials with regards to the interaction of molecular orbitals. Definitions of the
Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO) were included, along with their equivalent properties concerning

valence and conduction bands in inorganic semiconductors.

e The operation mechanism of OSCs was discussed, including circuit modelling and
the distinction between ideal and conventional devices. Deep illustration was given
on how the series and shunt resistance would impact the Power Conversion
Efficiency (PCE) and Fill Factor (FF) of OSCs.

e The mechanisms of charge transport and exciton dissociation within OS materials

were explored.
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CHAPTER 3

Organic Solar Cells Materials

“The more clearly we can focus our attention on the wonders and realities of the universe about us,

the less taste we shall have for destruction. ”

— Rachel Carson

3.1 Introduction

Conjugated polymers are organic compounds characterized by alternating single and double
bonds. Known as “intrinsic wide band gap organic semiconductors,” they typically have
energy gaps exceeding 1.4 eV (Gilnes, Neugebauer, and Sariciftci, 2007). In 1977,
Shirakawa and colleagues found that doping polyacetylene (the simplest form of a
conjugated polymer) increased its conductivity significantly (Shirakawa and Macdiarmid,
1977). This discovery spurred rapid growth in organic electronics research. In the active
layer of BHJ organic solar cells, most conjugated polymers and fullerene derivatives are
blended together. Currently, electron-donating poly benzo di-thiophen ethyl-hexyl fluothane
thiophene (PBDTTT-EFT), and electron-accepting [6,6] phenyl-C61-butyric acid methyl
ester (PCBM) are among the most promising materials. This chapter reviews these materials
and their applications in organic solar cells, along with a brief overview of compatible

organic solvents.
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3.2 Donor material (Polymers based on Benzo[1,2-b;4,5-b ]dithiophene)

Previous research on PPV-based* BHJ solar cells, such as MEH-PPV!2 and MDMO-PPV!
with fullerenes, showed efficiencies ranging from 1.5 to0 3.3% (Yu et al., 1995; Brabec et al.,
2002). However, due to their large band gaps (>2 eV), devices based on PPV polymers had
significantly limited current (Brabec et al., 2002). In contrast, the PT derivative P3HT
offered potential for higher current densities because of its lower band gap (1.9 eV). P3HT
is a typical conjugated polymer with a repeating unit backbone forming the polymer chain
and side chains that impart solubility (Brabec et al., 2014). The side chains also significantly
influence the polymer's molecular weight and processability.

Research by Oklobia (2016) indicated that the best power conversion efficiency for P3HT:
PCBM organic solar cells was 3.84%, achieved with a 1:1 blend ratio and an optimum
thermal annealing temperature of 150°C. Further studies are needed to better understand and
develop novel concepts for organic solar cells, aiming to realize their potential for low-cost
energy conversion. This involves not only achieving favourable nanoscale morphology
control for improved efficiencies but also ensuring device stability over time and under
varying temperatures. Consequently, it is worth exploring another group of polymers based
on Benzo-dithiophene (BDT).

BDT-based polymers, initially developed for OFET applications in 2007 (Pan et al., 2007),
have shown promising chemical structures, as depicted in Figure 3.1.
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70 | —_— P
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HO ArR R,ﬂl’
R= Alkyl
Ar= aromatic groups like thienyl or phenyl
X = Alkyl, alkoxy, or substituted aromatic groups

Figure 3.1: Chemical structure illustrating the synthesis of three possible substitutes of BDTs (Hou and Guo,
2013a).

11 pPV-based refers to solar cells that use polymers derived from poly(p-phenylene vinylene) (PPV) as their active layer
material. PPV is a conjugated polymer known for its semiconducting properties, making it suitable for use in organic
electronic devices, including bulk heterojunction (BHJ) organic solar cells.
12 poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
13 poly[2-methoxy-5-(3', 7'-dimethyloctyloxy)-1,4-phenylenevinylene]
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With various conjugated units/blocks possessing different electron withdrawing capacities,
these polymers' band gaps can be readily adjusted. Initially, Hou et al. designed and
synthesized eight distinct BDT-based polymers to investigate the relationship between
conjugated backbones and the molecular energy band gap (Hou et al., 2008). Figure 3.2
illustrates the chemical structure of these polymers.

It has been reported that three types of functional groups can serve as side chains for
Benzo[1,2-b;4,5-b"]dithiophene (BDT) units to render them into soluble polymers. These
functional groups include alkyl, alkoxy, and alkylthiophene (Hou et al., 2008; Hou and Guo,
2013a). BDT units possess a symmetrical planar conjugated structure, thus suggesting

compact stacking in BDT-based conjugated copolymers (Pan et al., 2006).

1-CraMas n-Crataseg, n-Ciabaseg, N Catas,
5 - L 4

PEDTPZ Q\Cqus'ﬂ PeoTeT O peoTrPz Oy PBDTBS-E O o
n-CiaHzse n-Cizaseg n-CazHag n-CizHis~ gy ﬂ
n
PBDT \C“Hﬁ-\n PBDTE c.auﬁ.n PBDTT ‘cuuz,n FBOTT-E O‘Cnstn

Figure 3.2: Chemical structure of eight BDT-based polymers with identical BDT units (Hou and Guo,
2013a).

Hou et al., extensively explored the relationship between the highest occupied molecular
orbital (HOMO) levels of these polymers and the Vo values obtained when bulk
heterojunction (BHJ) organic solar cells (OSCs) were fabricated using a blend of these
polymers and PCes:BM. Their investigations revealed that the achieved Vo is directly
correlated with the discrepancy between the donor's HOMO level (HD) and the acceptor's
lowest unoccupied molecular orbital (LUMO) level (LA) (Hou et al., 2008).

Table 3.1 presents a compilation of BDT-based polymers utilized as donor materials in BHJ

OSCs. These polymers were mixed with either PCs1BM or PC7:BM to form the active layer.
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Table 3.1- OSC device characteristics for BDT-based polymers blended with PCs:BM or PC7:BM.

Eq HOMO LUMO Jse Voc PCE

Polymer FF Refs

(eV) (eV) (eV) (mA cm?) V) (%)
PBDT 2.13 -5.16 -2.67 - - - - (Hou et al., 2013)
PBDTE 2.03 -5.07 -2.86 1.16 056  0.38 03 (Hou et al., 2013)
PBDTT 2.06 -5.05 -2.69 3.78 0.75 0.56 16 (Hou et al., 2013)
PBDTT-E 197 -4.56 -2.66 2.46 037 040 0.4 (Hou et al., 2013)
PBDTPZ 1.63 -4.78 -3.28 154 0.60 0.26 0.2 (Hou et al., 2013)
PBDTBT 1.70 -5.10 -3.19 2.97 068 044 0.9 (Hou et al., 2013)
PBDTTPZ 1.05 -4.65 -3.46 141 0.22 0.35 0.1 (Hou et al., 2013)
PBDTBSe 152 -4.88 -3.33 1.05 055 032 0.2 (Hou et al., 2013)
PBDTTT-C 161 -5.12 -3.35 14.70 0.70 0.64 6.6 (Hou et al., 2009)
PBDTTT-CT 158 -5.11 -3.25 17.48 074 059 76 (Huo et al., 2011)
PBDTTT-CF 1.60 -5.22 -3.45 15.20 0.76 0.67 7.7 (Chen et al., 2009)
PBDTTT-EF 1.63 -5.12 -3.13 14.50 074 069 74 (Liang and Yu, 2010)
PeDTTT- 158 524 -366 16.17 078 068 86 (Zhao et al., 2014)
PBDTTTPD 1.73 -5.40 - 11.50 0.85 0.70 6.8 (Peterson et al., 2010)
PBDTFTAZ 2.00 -5.36 -3.05 11.80 079 073 6.8 (Price et al., 2011)
PBDTDTHfBT  1.70 -5.54 -3.33 12.91 091 061 7.2 (H. Zhou et al., 2011)

As shown in Table 3.1, PBDTTPZ is an excellent example of a material with a strong and
broad absorption band of 1.05 eV. However, the Voc of the PBDTTPZ device is
approximately 0.2 V, primarily due to a high HOMO value. Therefore, developing effective
donor materials requires achieving the right balance between the energy band gap and the
HOMO level of the donor polymer. Over the past decade, many BDT-based polymers have
been designed and synthesized for application in BHJ OSCs, with some of the best-
performing ones to date presented in Figure 3.3.

Among the BDT-based polymers listed in Table 3.1, the highest performing polymer is
PBDTTT-EFT, which exhibits the highest PCE in this category. It has a Jsc of 16.17 mA cm-
2, a Voc 0f 0.78 V, and an FF of 0.68, resulting in a high PCE of 8.6% (Zhao et al., 2014).
The chemical structure of the PBDTTT-EFT molecule is illustrated in Figure 3.4.

To improve the band gap, the 2-ethylhexyl-thienyl group is incorporated into the BDT unit
of the PBDTTT-EFT low band gap polymer which enhances the co-planarity of the main
chain. This modification extends the absorption band and achieves a lower band gap.
Additionally, by advancing the fluorine-substituted TT unit (F-TT) with the 2-ethylhexyl
carboxylate group, a higher HOMO level can be achieved.
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Figure 3.3- The molecular structure of BDT-based copolymers (Hou and Guo, 2013a).

Side chain Back bone

Figure 3.4- The molecular structure of PBDTTT-EFT, indicating BDT and TT units attachment as the

building block of the molecule.
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The literature reports that PCEs exceeding 9% can be achieved using this widely
commercialized BDT-based polymer as the donor material for BHJ OSC devices (Zhang et
al., 2014; Komilian, Oklobia, and Sadat-Shafai, 2018a). A basic statistical survey was
conducted to examine the number of publications related to the PBDTTT-EFT polymer over
the years. This was done using Google Scholar. Figure 3.5 presents a simple bar chart
showing the number of journals/papers published with the phrase "PBDTTT-EFT" across

different years.
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Figure 3.5- Bar chart representation of publications on PBDTTT-EFT base OSCs (Data source: Google
Scholar, search terms; "PBDTTT-EFT", "PTB7-Th" and "PCE10").

As shown in Figure 3.5, PBDTTT-EFT was not introduced to the scientific community until
2013, with very few publications appearing initially. The PBDTTT-EFT molecule is also
known by other names, such as PTB7-Th and PCE10. The data for Figure 3.5 was compiled
by counting the number of articles using "Google Scholar." Over the past seven years, this
polymer has garnered significant interest and is considered a promising candidate for use as
a donor material in OSCs. Consequently, PBDTTT-EFT has been selected as the donor

material for this project.
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3.3 Acceptor material (PCBM! derivatives)

The first team to use Ceo as an electron acceptor and recognize the photo-induced ultrafast
electron transport between donor-acceptor (D-A) was Sariciftci et al. in 1992 (Sariciftci et
al., 1992). Fullerene Cgo has a well-symmetric molecular structure and exhibits excellent
electron mobility because a single Ceo molecule can accept four electrons. Consequently, Ceo
and its derivatives are regarded as suitable electron acceptor materials (Hou and Guo,
2013a). However, the solubility of Ceo is limited to selective solvents such as chlorobenzene
(CB) and 1,2-Dichlorobenzene (ODCB). To enhance the solubility of Ceo in a broader range
of organic solvents, its derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCs1BM) was
synthesized for application in OSCs. Over the past decade, PCs1BM and its derivative
PC7:.BM have been the primary acceptor materials in the field of OSCs. The molecular
structures of PCe1BM and PC7:.BM are illustrated in Figure 3.6.

Figure 3.6- The molecular structure of PCs:BM and PC71BM.

One of the most noticeable distinctions between PCs1BM and PC7:BM is their optical
absorption, as shown in Figure 3.7.

Both molecules are active in the ultraviolet (UV) region (200-400 nm). However, PC7:BM
exhibits stronger absorption in the visible region (400-700 nm) compared to PCs1BM. This
is why OSC devices fabricated from PC7:BM blends demonstrate higher performance levels
(Zhang et al., 2012). Although the PC7:BM molecule has garnered more interest as an
electron acceptor material, it is important to note that C7o (C+1) molecules are more expensive

to synthesize than Ceso (Cs1) due to complex purification processes (Hou and Guo, 2013b).

14 Phenyl-C61(C71)-butyric acid methyl ester
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Figure 3.7- Optical absorption of PC61BM and PC71BM, inset: absorption in the 400-800 nm wavelength
range (Hou and Guo, 2013b).

The energy levels of the acceptor materials play a crucial role in the performance of OSCs,
as the open-circuit voltage (Vo) is directly proportional to the difference between the highest
occupied molecular orbital (HOMO) of the donor and the lowest unoccupied molecular
orbital (LUMO) of the acceptor material in bulk heterojunction (BHJ) OSCs (Brabec,
Sariciftci, and Hummelen, 2001; Brabec et al., 2006). Therefore, the LUMO level of
fullerene and its derivatives is a critical parameter for determining the performance of OSCs.
The LUMO levels of PCe1.BM and PC7:BM are similar, measured to be approximately -3.91
to-4.0eV (He and Li, 2011). However, the Ce1 molecule has a deeper LUMO level of around
-4.2 eV (Sariciftci et al., 1993). By using substituents to form a PCe1:BM molecule, it is
possible to alter or enhance the LUMO level of the Ce1 molecule. Since the LUMO level of
the acceptor material is crucial in determining the Vo for OSCs, designing acceptor

molecules with higher LUMO levels could potentially enhance the Vo value.

3.4 Charge Blocking & Buffer layers

In the fabrication of OSCs, buffer layer materials are commonly employed to both extract
the desired charge from the associated electrode and block the undesirable charge. It is for
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these characteristics that they are also referred to as electrode interfacial layer (Yin, Wei and
Zheng, 2016). One of the most common materials used as a buffer layer for hole extraction
is poly (3, 4-ethylene dioxythiophene) polystyrene sulfonate. PEDOT: PSS is an aqua base
solution which is sandwiched between a clean ITO surface and the active layer (for
conventional architecture) (Sariciftci et al., 1993). Use of PEDOT: PSS as a buffer layer
became noticeable when it was used in the fabrication of OLEDs in 1997, which resulted in
enhancement performance and the stability of the OLED devices (Carter et al., 1997).
PEDOT: PSS was used as a buffer layer between the ITO and the active layer. The molecular
structure of PEDOT: PSS is illustrated in Figure 3.8.

0=5=0 0=5=0

o) OH

Figure 3.7- The molecular structure of PEDOT: PSS.

Using a spin coating process, a thin, transparent layer of PEDOT:PSS is typically fabricated
on an ITO-coated substrate. This material possesses several key characteristics, including a
smooth surface and strong electrical conductivity (Sariciftci et al., 1993).

As a hole-conducting layer, PEDOT:PSS has the ability to reduce the surface roughness of
the ITO-coated substrate and stabilize the electrical contact between the active layer and the
electrode (Krebs et al., 2008). This is attributed to the matching work function of
PEDOT:PSS with the ITO electrode. Consequently, the energy barrier between the anode
electrode and the active layer is minimized, leading to more efficient hole charge collection
(Sariciftci et al., 1993).

Similarly, at the cathode electrode where electrons are collected, buffer or interfacial layers
are employed. Examples of such materials include Calcium (Ca) and lithium fluoride (LiF)
in conventional architectures (Li, Vamvounis, and Holdcroft, 2002; Wang et al., 2013). Due
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to their low work function, these materials provide stable electrical contact between the
cathode and the active layer. Both Ca and LiF are typically deposited via thermal deposition
techniques on top of the active layer prior to electrode deposition.

For measuring charge carrier mobilities, it is crucial to fabricate single charge carrier devices
resembling a diode configuration (Coropceanu et al., 2007). These devices are constructed
with the active layer sandwiched between two buffer layer materials capable of blocking one
type of charge (i.e., holes or electrons). For instance, PEDOT:PSS can only be utilized to
fabricate a hole-only device since it is a hole-conducting material. Conversely, for an
electron-only device, Cesium carbonate (Cs2CO3) serves as an ideal material to increase the
energy barrier at the anode (ITO) electrode and block any injected holes (Shrotriya, Yao, et
al., 2006).

3.5 Organic solvents

One of the primary challenges in using non-chlorinated solvents in OPV systems is the
limited compatibility between polymers and these solvents. To address this issue, researchers
have employed various analyses to initially screen potential green solvents. Among OPV
systems, P3HT/PCBM stands out as one of the most extensively studied (Zang et al., 2014).
The successful implementation of non-halogenated processing in the P3HT/PCBM system

has spurred researchers to explore new combinations of capable OPV materials.

In an initial endeavour, researchers discovered that all-polymeric OPVs could be processed
using toluene or o-xylene (0-XY), resulting in a PCE of 1-2% (E. Zhou et al., 2011; Zhou
etal., 2014). More recently, a report showcased the first instance of non-halogenated solution
processed OPVs based on non-fullerene small molecule acceptors (Zang et al., 2014). These
fullerene-free OPV devices processed from o-xylene exhibited a relatively high PCE of
5.2%, albeit slightly lower than that obtained using traditional DCB, indicating favourable

green solvent processability in existing non-fullerene acceptors.

Subsequent research studies have demonstrated the processing of other high-performance
OPV materials using various halogen-free solvents, resulting in PCEs exceeding 7%
(References in Table 3.2). Sprau et al. (2015) found that XY/anisaldehyde (AA) performed
well in several systems. Particularly noteworthy is the green solvent system's ability to yield
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a PCE of up to 9.5% in PffBT4T-20D OPVs at a film thickness of 300 nm. These reported
results underscore the significant trend that PCEs achieved through green-solvent-
processing are comparable to those obtained using traditional toxic solvents.

Several green solvents, commonly mentioned in the literature as alternatives to chlorinated

and halogenated solvents, are illustrated in Figure 3.9.
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Figure 3.9 — The chemical structures of common non-halogenated solvents commonly reported in the

literature as alternatives to chlorinated and halogenated solvents.

For this research study, three top-performing green solvents have been selected from Table
3.2 based on their compatibility parameters with the narrow band gap polymer PBDTTT-
EFT (PTB7-th). These solvents are listed as follows:

- Dimethylnaphthalene (DMN)

- 0-Xylene:p-Anisaldehyde (0-XY)

- 2-methylanisole (2MA)
Table 3.2 presents the electrical characterization results of commonly reported green
solvents in the literature, serving as alternatives to chlorinated and halogenated solvents. The

top three green solvents—DMN, o-Xylene, and 2MA—have been identified as the best

options due to their compatibility with our chosen blend of polymer and acceptor.
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Table 3.2 - Electrical characteristics of OPVs fabricated with commonly used various green solvents

Light-harvesting layer Halogen-free solvent Voc (vy Jsc (marem2)  FF PCE (%) Ref.
P3HT/PC61BM MS/AP (20%) 0.58 8 0.66 34 (Park etal., 2011)
P3HT/PC71BM 0-XY/NMP (2%) 0.61 10.47 0.61 3.87 (Zhang et al., 2016)
P3HT/IC60BA Toluene/NMP (1%) 0.85 10.3 0.75 6.6 (Zhang et al., 2016)
PBDTTT-TEG/PC71BM NMP/DIO (5%) 0.66 13.53 0.59 5.23 (Chen et al,, 2014)
PBDTTT-S-TEG/PC71B-DEG  Anisole 0.75 12.41 0.49 45 (Chen etal., 2015)
PIDT-phanQ/PC71BM Toluene/MN (2%) 0.87 10.8 0.65 6.11 (Chenetal,, 2012)
PFDT2BT-8/PC71BM CS2/Acetone (20%) 0.94 10.68 0.68 6.81 (Griffin et al., 2015)
PBDT-DTNT/PC71BM 0-XY/1,2-DMN (2.5%) 0.79 11.82 0.65 6.1 (Kaduwal et al.,
PIDTT-DFBT/PC71BM 0-XY/1,2-DMN (2.5%) 0.97 12.89 0.57 7.15 (Chueh et al., 2013)
P(1FIID-BT)/PC61BM 0-XY 0.89 145 0.58 7.46 (Dong et al., 2015)
PTB7/PC71BM 0-XY/NMP (2%) 0.73 16.4 0.65 7.74 (Zhang et al., 2016)
PDTSTPD/PC71BM TMB/1,5-DMN 0.9 13.42 0.7 8.45 (Zang etal., 2014)
PBDT-TS1/PC71BM 2-Methyl Anisole 0.79 17.39 0.70 9.67 (Heetal., 2011)
PffBT4T-20D/PC71BM 0-XY/AA (1%) 0.74 18 0.69 95 (Sprau et al., 2015)

Radar analysis, also referred to as a spider chart or web chart, is used to display multivariate
data in a two-dimensional chart. This type of analysis is particularly useful when different

options need to be compared based on multiple criteria.

The critical parameters impacting the performance of OSC devices are power conversion
efficiency (PCE), short circuit current density (Jsc), open circuit voltage (\Voc), and fill factor
(FF). For the top three green solvents with the highest PCE in this table, data points were
plotted on the respective axes using this analysis, and the points for each solvent were then
connected to form a polygon. Each polygon represents the performance of one solvent across
all parameters. Better overall performance is indicated by larger polygons if higher values
are preferable. Figure 3.10 shows this radar analysis chart.

Based on the parameters presented in this table, and balancing each parameter on a four-axis
scale while aiming for the highest power conversion efficiency, it is concluded that the

polygons for 2MA and o-Xylene are larger and more balanced compared to DMN.
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Therefore, 2MA and o-Xylene are determined to be better optimal components and are
expected to exhibit better compatibility with the chosen polymer/acceptor system, thus

warranting further investigation.

——0-Xylene Open circuit Voltage
—2MA (2-Methylanisole)
= DMN (Dimethylnaphthalene)

Short circuit Current

Fill Factor (%) Density

Power conversion efficiency

Figure 3.10 — Radar analysis of critical parameters in OSC devices

3.6 Summary

The polymer selected for this project was PBDTTT-EFT (PTB7-th) from the narrow band
gap polymers category, used as the donor material in the active layer. This choice was made
because PBDTTT-EFT has been reported to have high potential as a donor material for OSC
applications. The fullerene derivative PC7:BM was chosen as the electron acceptor material
in the active layer, based on previous studies (Komilian, Oklobia, and Sadat-Shafai, 2018b)

that indicated the best compatibility and performance with this polymer.

The molecular structures of these materials are shown in Figure 3.11 below.
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PTB7-th

Figure 3.11- Molecular structure for commonly used highly efficient polymer and fullerene derivative

acceptor

Since 2019, the outcome of this project has been utilized in one of the significant funding
initiatives in the UK, the British Council's "Newton Fund." In this project, other NFA (Non-
Fullerene Acceptors) materials such as Y6, Y7, and D18 have been investigated as

alternative compatible donor pairs, though this exploration is beyond the scope of this thesis.

D18, also known as PCE18, is a narrow bandgap copolymer with a backbone alternating
between electron-donating benzodithiophene (BDT) and electron-accepting fused-ring
dithienobenzothiadiazole (DTBT) units. Due to its larger molecular plane structure and
higher degree of conjugation from the fused ring DTBT, D18 exhibits a high hole mobility
of 1.59 x 10 cm? V1 s (Liu et al., 2020).

Y6 (BTP-4F) is a highly conjugated organic semiconductor composed of a fused
thienothienopyrrolo-thienothienoindole (TTP-TTI) core base and 2-(5,6-difluoro-3-0xo-2,3-
dihydro-1H-inden-1-ylidene) malononitrile (2FIC) end units. These 2FIC end units are
believed to promote intermolecular interactions and enhance optical absorption. With an A-
DAD-A structure, this molecule is electron-deficient and is used in highly efficient OPV
devices as a non-fullerene electron acceptor (NFA). The absorption of Y6 peaks around 810
nm and extends to 1100 nm, corresponding to the near-infrared range, which can improve

the absorption range in OPV devices (Liu et al., 2020).

Figure 3.12 shows the molecular structures of these two molecules.
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D18 Y6

Figure 3.12— Molecular structure for polymer and Non-fullerene derivative acceptor which is used in

Newton Grant Project
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CHAPTER 4

Methodology & Experimental Approach

“An experiment is a question which science poses to Nature, and a measurement is the recording

of Nature’s answer.”

- Max Planck, Theoretical Physicist

4.1 Introduction

Most of the investigation in this research project was conducted through experimental
methods. These methods were chosen to facilitate a better understanding of new materials,
eco-friendly solvents, and the structural aspects of devices used in organic solar cell (OSC)
fabrication. Samples were prepared with an active layer thickness of approximately 100
nanometers. Throughout the fabrication process, other variables were kept constant to
highlight the impact of employing different eco-friendly solvents.

To deepen comprehension of fundamental issues related to OSC pre-fabrication processes,
such as the use of eco-friendly solvents and the exploration of novel approaches to enhance
OSC performance, a wide range of literature was reviewed. A selection of appropriate eco-
friendly solvents was made based on this review. Subsequently, further research and testing
were conducted on these materials and the developed analysis techniques.

All experimental work in this project was carried out at Staffordshire University using the
university's equipment. The location of this equipment on campus is indicated in the

accompanying figure captions.
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4.2 Experimental Procedures

In this section, the experimental procedures and techniques for sample and device fabrication
are described sequentially. Each step is meticulously outlined to provide a comprehensive
understanding of the fabrication process. From material selection to sample preparation and

device assembly, every aspect is carefully considered to ensure precision and accuracy.

4.2.1 Device Architecture

The architecture typically used for the fabrication of Organic Solar Cell (OSC) devices for
I-V characteristics, as depicted in Figure 4.1, follows a specific layering order. The
simplicity of the fabrication techniques involved is a key factor contributing to the increasing
appeal of this structure in BHJ organic solar cells. These devices predominantly feature an

active layer made from solution-processable materials.

Hole .
Anode II'; Active :> Electron transport ':D Cathode
electrode Iat;gpiﬂo'lq_) layer layer (ETL) electrode

Cathode electrode
Electron Transport Layer (ETL)
Active Layer

\
Hole Transport Layer (HTL) —_

/

Anode electrode

Glass

Figure 4.1 — Bulk heterojunction architecture of organic solar cells

The Electron Transporting Layer (ETL) and Hole Transporting Layer (HTL) serve as
optional buffer layers commonly utilized in Organic Solar Cells (OSCs) fabrication. They
play a crucial role in extracting the desired charge from the associated electrode and blocking
undesirable charge, as noted by Olivier et al. (2014).
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Below, Table 4.1 presents a comprehensive list of materials and chemicals utilized in

fabricating thin film samples and devices for this project.

Table 4.1- Summation of materials and chemicals used in this project.

Materials / Chemicals

Buffer layers

Hole transport layer: Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), Electron transport layer: Calcium
(Ca)

Electrode contacts

Cathode: Aluminium (Al), Silver (Ag), Anode: Indium Tin Oxide (ITO)

Active layers

Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-
b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothienol[3,4-
b]thiophene-)-2-carboxylate-2-6-diyl)] (PBDTTT-EFT / PTB7-Th),
[6,6]-Phenyl-C61-butyric acid methyl ester (PCs1BM), [6,6]-Phenyl-C71-
butyric acid methyl ester (PC7.BM), 1°,1°,4’,4”’-tetrahydro-
di[1,4]methanonaphthaleno[5,6]fullerene-C60 (ICBA)

Solvents

Chlorobenzene anhydrous, 99.8% (CB), 1,2-Dichlorobenzene anhydrous
99% (ODCB), Methanol, Ethanol, Acetone, 2-Propanol (Isopropanol)
(IPA), DMN (Dimethylnaphthalene), o-XY:AA (0-Xylene:p-
Anisaldehyde), 2MA (2-methylanisole)

4.2.2 Substrates

In this project, three types of substrates are employed for various purposes:

e Indium Tin Oxide (ITO) coated glass substrates (25 mm x 25 mm): These substrates

are utilized for the fabrication of OSC devices.

e Quartz substrates (25 mm x 25 mm): These substrates are chosen for optical and

material characteristics analysis.
e Indium Tin Oxide (ITO) coated Polyethylene terephthalate (PET) flexible substrates
(100 mm x 100 mm): These larger substrates are used for fabricating prototype OSC

devices.

Quartz substrates are preferred over glass due to their distinct optical absorption coefficient,

making them more suitable for collecting optical absorption data of thin films (Philipp, 1971,

Cody et al., 1980). Glass substrates are not ideal for this purpose.
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Since ITO is both electrically conducting and transparent, it needs to be patterned to identify
the cell size and prevent short-circuiting during device fabrication (Tang, 1986b; Wu, 2004).
ITO is coated only on one side of the glass substrate. To determine the conducting (ITO)
side of the substrate, a multimeter was used in ohmic mode.

Once the coated side is identified, the patterning of the ITO can be achieved through two
methods: the 'Etching’ process, as depicted in Figure 4.2, or Surface laser etching using a
laser cutter machine, described in the subsequent section.

4.2.3 Etching process / Laser surface patterning

As mentioned, the common technique for patterning the ITO layer involves using strong
etching materials like Hydrochloric acid (HCI) to dissolve unwanted ITO from the surface.
While this method is straightforward, one of its drawbacks is its limited accuracy in
achieving the desired pattern, which is crucial for ensuring the cell size matches the design
specifications.

The stages of the etching method are illustrated in Figure 4.2 and described as follows:

ITO
Glass

(1)

H Masking Tape

Glass

Masking Tape
"

Glass
Hydrochloric Acid

Masking Tape
ITO

(4) Glass

Figure 4.2- Schematic illustration of the ITO substrate Etching process.

1. The ITO-coated substrate is first covered with masking tape. It's important to use
PTFE (polytetrafluoroethylene) tape, commonly known as Teflon tape, as it is highly
resistant to a wide range of chemicals, including strong acids like HCI. This ensures

the masking tape remains intact during the etching process.
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2. The masking tape is then cut to the desired length, leaving a portion of the ITO
exposed.

3. The masked substrate is submerged into a weak solution of Hydrochloric acid (HCI)
for approximately 10 minutes. During this time, the HCI acid dissolves the exposed
ITO.

4. After the allotted time, the substrate is removed from the HCI solution. The exposed
ITO is now dissolved, leaving only the glass substrate behind. The substrate then
undergoes a cleaning process to prepare it for the subsequent fabrication steps (refer
to section 4.2.4).

The second method for identifying patterns on the ITO surface involves using a laser
engraver. During the laser engraving process, the sample is secured onto the base plate of

the laser machine, as illustrated in Figure 4.3.

Figure 4.3- Fixing sample on
laser cutter/engraver machine

base plate

As the laser beam interacts with the material, it generates intense heat. Depending on the
duration of exposure, the material either evaporates or burns, resulting in colour changes and
creating a visible contrast. The resulting laser etching is highly durable and resistant to
abrasion. This technique is akin to printing: the engraving layout is first created in a graphics
program such as Photoshop, AutoCAD, or lllustrator. The graphic is then sent to the laser
using the printer driver. With a simple push of a button, the selected material is engraved or
cut according to the predefined settings. Advanced settings can be adjusted using the
provided laser software. Depending on the laser beam and hardware specifications, this

method offers high accuracy and fast processing speeds.

In this project, the laser engraver used was the "Trotec Speedy 400', located in the Smart Hub
labs at Staffordshire University, as depicted in Figure 4.4.
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Figure 4.4- Trotec speedy 400 laser cutter/engraver machine — (Smart Hub, Staffordshire University)

The design for patterning is initially created in Creo Parametric, a software for 2D and 3D
computer-aided design (CAD) models. Once the pattern is verified to be fully compatible
and overlapping with other layers modelled in Creo, the finalized model is imported into
Adobe Illustrator.

Figure 4.5 showcases various ITO patterning designs prepared for the laser engraving
machine, indicating which sections of the ITO need to be removed and which should remain
intact. The white sections represent the ITO pattern, while the black sections show areas to
be removed, ensuring proper electrical connections between cells.

Researchers often use a 3-cell pattern on one substrate for OSC fabrication due to several
reasons. A major factor is the variation in uniformity across layers between the edges and
the centre of the substrate, which can result from fabrication techniques. Additionally,
etching techniques allow researchers to control the accuracy of the cell's surface area. These
factors highlight the importance of the 3-cell pattern in optimizing OSC fabrication
processes and ensuring consistent performance across substrates.

In this research, the 3-cell pattern shown in Figure 4.5 (a-c) was predominantly used in most
cases. However, another pattern involved fitting 12 cells onto one substrate, as shown in
Figure 4.5 (d-e). This arrangement aimed to investigate the passivation effect on cell
efficiency following the application of suitable green solvents, with varying combinations

of series and parallel connections.
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Figure 4.5 (f) displays the Trotec Speedy 400 head while engraving the sample for a specific
pattern. Figure 4.5 (f) shows the Trotec Speedy 400 head while engraving the sample for a

specific pattern.

a) b)
f)

e)

Ly

il |
(L

Figure 4.5- Various ITO patterning designs for organic solar cell (OSC) fabrication used in this research, a)
3-cells in series b) 3-cells in parallel ¢) 12-cells in series d) 12-cells in parallel e) 12-cells in combination of

series and parallel f) the trotec speedy 400 laser oblations while engraving the sample for specific pattern

Using the laser surface patterning technique, patterns featuring either 3-cells or 12-cells in
each substrate, arranged in series and parallel combinations, were designed and imported to
the laser engraver to create the pattern on the ITO layer. Figure 4.6 below illustrates an
example of an ITO patterned substrate after using this technique, which is now ready for the
next step in cell fabrication. To measure the cells' output power and calculate the efficiency
of the entire pattern, the same solar cell simulator was used, as described in section 4.2.6.
The cells' connections and active area were designed based on a substrate size of 25mm x
25mm, resulting in an active area of 0.02 cm? for each cell in the 12-cell pattern and 0.13
cm? in the 3-cell pattern, when the top cathode electrode layer overlaps in the final

fabrication step, defining this active area.
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Figure 4.6- Example of the laser patterned ITO-substrate after using the laser engraving technique

If all the solar cells in a module have identical electrical characteristics and experience the
same insolation and temperature, they will operate at the same current and voltage. In this
case, the 1-V output of the photovoltaic (PV) module mirrors that of the individual cells,
except that the voltage and current are increased. The overall Isc (short-circuit current) and
Voc (Open-circuit voltage) of a set of identically connected solar cells are shown in equations
4.1 and 4.2 below. The total current is the current of an individual cell multiplied by the
number of cells in parallel, and the total voltage is the voltage of an individual cell multiplied
by the number of cells in series:

Isc(Total) = Igc(Cell) X n (4.1)

Voc(Total) = V,.(Cell) X m (4.2)
Here, n represents the number of solar strings in parallel, and m represents the number of

solar cells in one series line.

The fill factor is typically lower when cells are combined due to mismatches, which may
arise from manufacturing errors or variations in the light each cell receives. Under certain
conditions, mismatch losses can significantly impact PV modules and arrays because the
output of the entire PV module is controlled by the solar cell with the lowest output. For
example, if one solar cell in a module is shaded while others are not, the power produced by
the better-performing cells may be dissipated by the lower-performing cell rather than used
to power the load. Therefore, having the proper pattern is crucial in designing large-scale
PV modules (Mismatch Effects | PVEducation, 2019).
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Chapter 5 will provide details on how these connection patterns significantly impact solar
cell modules, including the results of using these patterns for the fabrication of prototype

semi-large-scale modules.

4.2.4 Substrate cleaning procedure

Once the ITO-coated substrate is etched and patterned, it undergoes a cleaning process that
is identical for both types of substrates used in this project. The cleaning process ensures that
the substrates are free from any contaminants. This is achieved through three sequential
stages using an ultrasonic bath. Each stage employs a different solvent:
e Stage 1: Submerge the substrates in a beaker filled with deionized water (DI H2O)
and place the beaker in the ultrasonic bath. Sonicate for 10 minutes.
e Stage 2: Repeat the process using acetone as the solvent.
e Stage 3: Finally, use isopropyl alcohol (IPA) in the same manner. After each stage,
dry the substrates thoroughly. After the final IPA stage, place the dried substrates in
a Petri dish and transfer them into a nitrogen (N2)-filled glove box as shown in Figure
4.7, maintaining environmental conditions of less than 1 ppm (parts per million) of
O2 and H20.
All sample preparation and fabrications for this project are carried out inside the N2 glove

box.

N2 Box sensor monitors
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Figure 4.7- N2 Glovebox system at R117 Thin Film Laboratory.
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4.2.5 Samples fabrication procedure

With the samples now cleaned using the described cleaning process, the fabrication process

proceeds with the remaining three steps (Figure 4.8):

{ 1 N Weighting process k 2 "\ Spin Coating technique on the cleaned

emmoolzvzioo.___2ndpatternedsubstrates | ___________,

Figure 4.8- The OSC sample fabrication process after the cleaning step. (1) Weighing the materials for the
layer solutions. (2) Spin coating the prepared solutions onto the cleaned and patterned substrates. (3)

Depositing the top electrode pattern using the thermal vacuum deposition technique.

First, the materials used for the active layer of the OSCs need to be prepared into a solution
form for fabrication. This involves dissolving the Donor-Acceptor materials in a solvent

suitable for deposition onto the substrate. The process depends on the following parameters:
e The concentration of the solution
e The type of solvent (single or mixed)

e The D:A ratio

All active layer solutions are prepared according to the weights, concentrations, solvents,
and D:A ratios specified in Table 4.2.
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To prepare each sample or solution, the required weight of the materials is first measured in
a vial using a scale. The vial is then transferred into the N2 glove box. At this stage, the
appropriate amount of solvent(s) is added to the materials, along with a disposable
permanent magnet. The vial is then placed on a magnetic stirrer to ensure thorough

dissolution of the solution, as shown in Figure 4.9.

Table 4.2- Summary of solution preparation in this project

Material(s) D:A  weight(mg)  Solvent [mixing ratig] ~ Concentration

(mg mL™)
PBDTTT-EFT n/a 10 ODCB 10
PC71BM n/a 10 ODCB 10
PBDTTT-EFT n/a 10 DMN 10
PC71BM n/a 10 DMN 10
PBDTTT-EFT n/a 10 0-XY:AA [100:1] 10
PC71BM n/a 10 0-XY:AA [100:1] 10
PBDTTT-EFT n/a 10 2MA 10
PC71BM n/a 10 2MA 10
1:2 8.3:16.7 ODCB: CB [3:1] 25
PBDTTT-EFT: PC71BM 12 83167 DMN 2
1:2 8.3:16.7 0-XY:AA [100:1] 25
1:2 8.3:16.7 2MA 25

Each active solution was stirred for a recorded period before being used for device
fabrication. This period is referred to as the ageing process. For solutions with ODCB?*®:
CB?®® [3:1] solvents (Komilian, 2019), the ageing process is set to 48 hours. For green
solvents, the ageing process exceeds 72 hours, depending on the solvent's dissolvability

parameters.

nl o4

LITT ) 1 ( 0000 W
Step 1: Weighting the Step 2: Adjust the amount of Step 3: Mixing with appropriate
Polymer powder using an powder regarding the required solvent to prepare the solution
accurate analytical lab concentration of the processes material
scale dispersion

Figure 4.9- Pictures and diagram illustrating the stages of active solution preparation.

15 1,2-Dichlorobenzene
16 Chlorobenzene
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In the subsequent step, spin coating is employed to fabricate samples onto the cleaned and
patterned substrates (ITO/Quartz). This method has been widely preferred for fabricating
OSCs (Norrman, Ghanbari-Siahkali, & Larsen, 2005; Krebs, 2009; Krebs et al., 2009). The
process involves applying liquid to the surface of a substrate, which then spins at a
predetermined rotational speed, acceleration, and period. This can be achieved by either
initially applying the liquid to the substrate or during spinning. The angular velocity of the
substrate’s rotation causes any excess liquid to be expelled, leaving behind a thin film on the
substrate.

As depicted in Figure 4.10, the spin coater utilized in this project was sourced from "Laurell
Technologies," a renowned company in this field. It has the capacity to accommodate up to
2150mm wafers and 5" x 5" (127mm x 127mm) substrates, with a maximum rotational speed

of 12,000 rpm (based on a g100mm silicon wafer).

a)

Airflow
Radial Radial
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Liquid
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v
-

Figure 4.10- a)Schematic of Spin coating technique (Krebs, 2009) - b) Spin Coater system in R117 Thin film

laboratory

When employing the spin casting technique, it is noted that the thickness and morphology
of the film achieved for a specific concentration, material, and solvent can be replicated with
minimal variations (Krebs, 2009). By adjusting parameters such as spin rotation speed,
acceleration, and spin time, the desired film thickness can be attained. However, it is
important to recognize that certain solution properties, including viscosity, volatility, and

molecular weight of the materials, impose constraints on the achievable film thickness
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(Krebs, 2009). Generally, the experimentally obtained film thickness d can be

mathematically expressed by a power-law relationship:
d = ko® (4.3)

Where w represents the angular velocity, k and a are empirical constants. These constants
are determined by the physical properties of the solution, as previously mentioned (Krebs,
2009). This topic has been extensively reviewed and can be found in the literature (Norrman,
Ghanbari-Siahkali, & Larsen, 2005; Krebs et al., 2009). By adjusting the spin speed, the film
thickness will vary accordingly. An example of this phenomenon, following the equation
above, is illustrated in Figure 4.11.
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Figure 4.11- Plot of ® against d. Random Data generated using equation 4.3.

The final stage in fabricating OSC devices involves depositing the Electron Transporting
Layer (ETL) buffer material, such as Calcium (Ca), and metal electrodes like Aluminum
(Al) and Silver (Ag), using the thermal vacuum deposition technique. This process is
commonly carried out using a thermal vacuum deposition system. In this project, the AUTO-
500 vacuum deposition system from HHV Ltd was utilized. A schematic diagram of this

system is presented in Figure 4.12.
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Figure 4.12- (a) schematic diagram of AUTO-500 thermal evaporation system used for electrode deposition.

(b) Pictures of evaporation sources: Tungsten element and molybdenum dimple boat. (Oklobia, 2016).

During thermal deposition, the material(s) slated for deposition are evaporated within a high
vacuum environment, typically around 10-7 mbar. Once the source material reaches its
melting point, it evaporates. The resulting vapours then traverse through a
shadow/lithography mask before settling onto the substrate's surface. Constructed and
designed with holes, this mask serves as a barrier between the source and the substrate,
permitting the deposition of vapor only in specific areas of the film. The lithography mask
employed in this project was designed, developed, and manufactured by the author of this

thesis. An example of such a mask is depicted in Figure 4.13.

Figure 4.13- A Shadow mask example which is designed and developed for 12 cells in each substrate using

in thermal vacuum deposition technique
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The evaporated material condenses to create a layer on top of the active layer film. To
monitor the thickness of this layer, a quartz crystal growth rate monitor, IL-150
(Intellemetric), is utilized. The IL-150 monitor operates by tracking alterations in the
crystal's resonance frequency. The deposition rate of the source material(s) modifies the
crystal's resonance frequency, which diminishes linearly with thickness. This change enables
the determination of the thickness of the deposited material on the film (Buzea and Robbie,
2005). Figure 4.14 illustrates the Intellemetric system monitor.

intellemetrics
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Figure 4.14- Picture of Intellemetric 1L-150 Quartz crystal growth monitor.

The Intellemetric monitor computer displays both the rate (hnm/sec) and the total thickness
of the deposited material. The deposition rate is adjustable by varying the electrical current
supplied to the evaporation source. Depending on the material slated for thermal deposition,
the corresponding evaporation source depicted in Figure 4.12 is installed. For materials such
as Al and Ca, Tungsten elements are employed, while molybdenum dimple boats are utilized

as evaporation sources for Ag.

4.2.6 Solar Simulator

Fabricated devices undergo testing in both illuminated and dark environments to evaluate
OSC performance. The illumination power must be calibrated and standardized to match 1
sun power before OSC devices are tested under illuminated conditions. Solar simulators are
utilized to provide this illumination. In this project, the ORIEL LSH-7320 solar simulator,
featuring class ABA uniformity and matched with a 1.5 AMG (air mass global) sun

spectrum, is employed (Figure 4.15).
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Solar simulator

Reference Solar Cell

Figure 4.15- Pictures of ORIEL LSH-7320 ABA Solar simulator and Silicone solar cell reference

The light emitted by the solar simulator serves as the input power source for the fabricated
OSC devices. The illumination light is adjusted and calibrated to generate a power density
equivalent to 1 sun under 1.5 AMG conditions. This entails calibrating its input power

density to 100 mW cm and regulating its spectral irradiance to 1.5 AMG, as depicted in
Figure 4.16.

1.5 AMG - ASTM G173-03 Reference Spectra
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Figure 4.16- The plot of solar light against Spectral irradiance of 1.5 AMG with ASTM G173-03 standards.

To ensure that the input power density is accurately calibrated to 1 sun, a calibrated silicone
reference cell and a meter (Newport 91150V) are utilized to monitor and calibrate the output

power of the solar simulator (Figure 4.17). Light from the solar simulator, directed onto the
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reference cell, is measured and displayed in sun units on the meter. The power of the solar

simulator can be adjusted by modifying the electric current supplied to the system.

Reference cell Temperature Data Reference cell monitor

Figure 4.17- Pictures of left) Newport 91150V reference cell, right) reference cell monitor

In addition to adjusting the electric current supplied to the solar simulator, the power of the
light source can also be modified by varying the distance between the solar simulator and
the reference cell/OSC device. For this purpose, an XYZ stage mount compatible with the

solar simulator's main power system and stand is employed.

4.3 Characterisation and analysis procedures

In this section, various methods will be employed to determine all the I-V electrical
characteristics of the fabricated devices, including open-circuit voltage (Voc), short-circuit
current density (Jsc), fill factor (FF), and power conversion efficiency (PCE). These electrical
characteristics are collectively referred to as DC-Characteristics. Additionally, structural and

compositional techniques will be utilized for pre- and post-fabrication investigation analysis.

4.3.1 1-V measurement system

For measuring the I-V characteristics, the source meter unit (SMU) was utilized. Initially,
the completed substrate was placed into a testing fixture with a shadow mask. Subsequently,
the testing fixture cables were connected to the source meter unit (SMU), which is controlled

by integrated software. The software enables the plotting of current (1) in amperes and
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voltage (V) in volts for each set of three solar cells fabricated on one substrate. The number
of solar cells depends on the pattern of the mask used for the thermal evaporation technique.
Measurements are conducted both in dark conditions and under illumination at 100 m\W/cm2.
Prior to this step, the intensity of the light source was calibrated to 1 Sun (100 mW/cm2)
using a standard light cell, as described in Section 4.2.6 above.

The Keysight B2902A source-meter unit (SMU), as depicted in Figure 4.18, was employed
to determine the current-voltage (I-V) characteristics of the OSCs. This equipment was

consistently utilized throughout the project for collecting I-V data.

Main control & monitor Input & output channels

Figure 4.18- Keysight B2902A source-meter which is used in this project.

Integrated software from Keysight facilitated communication with and control of the SMU
for data collection purposes. Parameters for data collection were configured within the
software prior to initiating data collection. OSC devices were tested using a custom-built test
station, presented in Figure 4.19. This test station facilitated the collection of I-V
characteristics under both dark and illuminated conditions.

By importing the data of current (mA) and voltage (V) into spreadsheet software such as
Excel, the current density of the cell's active area (mA/cm?) and other important parameters
such as series resistance (Rs), shunt resistance (Rsh), fill factor (FF), short-circuit current (lsc),
and open-circuit voltage (Voc) can be readily extracted using methods outlined in Chapter

2.5.
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Top lid and Shadow mask
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spring contact points
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(Green, White and Red)
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Figure 4.19- Pictures of the OSC device test station, left) top lid and the shadow mask designed for the
substrates, OSC device test station fully mounted, identifying each connection wire: D1, D2, D3 (Green,
White, Red) respectively and ITO wires (Purple), right) the substrate holder identifying the spring contact

point.

4.3.2 Cyclic Voltammetry Measurement

Cyclic Voltammetry (CV) measurements were conducted in this work to determine the
energy levels corresponding to the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) levels of polymers and acceptors. This
technique has been previously utilized to provide direct information on the electrochemical
p-doping and n-doping potentials (@p and ¢n) Of organic materials (Li et al., 1999). These
potentials are also considered the reduction and oxidation potentials of the material. The CV
measurement is based on the electrochemical mechanism, which includes both charge-
transfer and charge-transport processes between an electrode and the material under study.
Consequently, it is an appropriate technique for researching electroactive compounds
(Kissinger and Heineman, 1983). Given that most organic materials are recognized as
electroactive, CV measurements have proven effective in evaluating their energy levels
(Dissanayake et al., 2008; Yoo et al., 2011).

64



In electrochemical terms, p-doping corresponds to the removal of electrons from the HOMO
energy level, while n-doping corresponds to the addition of electrons to the LUMO energy
level of the organic material (Misra et al., 2005). The HOMO and LUMO energy levels of
the organic materials were evaluated from the onset potential of the p-doping (pp°™) and the
onset potential of the n-doping (pn°™), respectively, according to the method reported by Li
et al. (1999). The potential difference, i.e., Ap = @p°™ - en°™, can be used to estimate the
electrochemical energy gap of the material.

According to Leeuw et al. (1997), the HOMO and LUMO energy levels (in electron volts,

eV), can be calculated using the formulae:

Enomo = —e(@p™ +4.4) (4.4)
Erumo = —e(pn™ + 4.4) (4.5)

All electrode potential values are referenced against the Saturated Calomel Electrode (SCE).
The SCE is widely used in electrochemical measurements due to its stable and reproducible
potential. It consists of mercury in contact with a saturated solution of potassium chloride
(KCI) and mercury(l) chloride (Hg2Cl2), commonly known as calomel. This setup provides
a stable reference potential necessary for accurate voltage regulation in cyclic voltammetry
(CV) measurements. The potential at the working electrode is controlled using forward and
reverse voltage scans. The value 4.4 in Equations (4.4) and (4.5) is a scale factor in volts
relating the SCE to the vacuum level (Albery et al., 1983). A typical electrochemistry setup
with three electrodes in an electrolytic medium is depicted in Figure 4.16a.

In this work, a silver (Ag) wire was employed as a quasi-reference electrode. Following a
method similar to that of Leeuw et al. (1999), the Ag wire was calibrated to be -0.01 V versus
SCE. Therefore, Equations (4.6) and (4.7) can be expressed as follows:

EHOMO = —e((pgns + 439) (4’6)
ELUMO = _e((pgns + 4.39) (4.7)

A platinum wire was used as the counter electrode, while a polymer or fullerene/ITO served

as the working electrode. The electrolyte used in this study consisted of lithium tri-
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fluoromethanesulfonate (Li triflate) and tetrabutylammonium tetrafluoroborate (TBA BF4)
salts dissolved in acetonitrile at a concentration of 0.01M.

All cyclic voltammetry (CV) measurements were conducted using an Agilent 5500 Atomic
Force Microscope (AFM) equipped with an electrochemistry workstation. The
measurements were performed at a scan rate of 50 mV/s. The Agilent 5500 AFM includes a
potentiostat!’ and a galvanostat'®, which are used for controlling the voltage and measuring
the corresponding current resulting from electron transfer processes. The setup of the Agilent

5500 AFM electrochemistry workstation is shown in Figure 4.20.
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Figure 4.20 - (a) Schematic of the electrochemistry (CV) experiment setup: (1) working electrode, (2)
reference electrode, (3) counter electrode, (4) electrolyte solution, (b) Picture of Agilent 5500 AFM
electrochemistry station.

To determine the structure of the materials and devices, structural characterization will be
employed. This helps in understanding the structure in depth, surface morphology, and
assessing the impact of nano-structure formation on the device's output parameters, such as
electrical characteristics. The methods used for this purpose will be explained in the

following sections.

17 A potentiostat is an instrument that measures. and controls the potential difference between a working electrode and a
reference electrode
18 A galvanostat (also known as amperostat) is a control and measuring device capable of keeping the current through an
electrolytic cell in coulometric titrations constant, disregarding changes in the load itself
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4.3.3 GIXRD - X-ray diffraction

The Grazing Incident X-ray Diffraction (GIXRD) method is utilized for characterizing the
molecular structuring of materials in thin films. This technique offers valuable insights into
the crystallography of the materials within the thin film, such as Donor and Acceptor

materials.

The GIXRD system operates by directing a collimated X-ray beam onto the surface of the
sample, with the beam'’s scattering pattern corresponding to the structure of the material(s)
within the film, particularly the active layer. The scattered beam(s) are then detected by a
detector. The incident beam is directed at an angle 0 relative to the plane of the sample, and
when interacting with the crystalline or micro-crystalline segments of the active layer, it

undergoes diffraction.

Figure 4.21- Brucker D8 Advance X-ray diffraction machine — (Science building, Staffordshire University)

The intensity of the measured X-rays is dependent on the diffraction angle 26 and the

crystalline orientation. Figure 4.21 illustrates the GIXRD machine used in this research.

The equipment is configured with an XYZ stage, enabling the measurement of diffraction

patterns of the thin film in ‘out-of-plane’ mode, as shown in Figure 4.22.
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X-Ray Source XYZ Stage and sample Detector
holder

Figure 4.22- Brucker D8 Advance X-ray diffraction machine in XYZ setup position (Science building,
Staffordshire University)
To enhance peak characteristics and optimize peak analysis on each sample, data from the
diffractogram profile of the thin film coated onto the substrate is subtracted from the profile

of a clean quartz substrate, isolating the profile of the films. This process is depicted in Figure
4.23.

Curve fit
700
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300
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]
T T T T T T |
10 1 20 % 0 4
Curve Name Centre Width Height % Gaussian Type Area
Poly_d100 433663 143724 617.635 96.313 Mixed 961.489
Accep_d100 8.75497 39159 343454 93.876 Mixed 147334
Accep_d200 183753 2.9546 405.588 65.7845 Mixed 148321
Poly_d010 20.1246 633177 301137 70.6159 Mixed 231334
Accep_d220 26.7673 5.79599 108.552 87.8661 Mixed 708.38

Figure 4.23. Out-of-Plane GIXRD diffractograms profile curve fit applied to PTB7-Th:PC71BM 1:2 [D:A]
blend ratio for 100 nm film thickness. The software employs Gaussian and Lorentzian models for its best fit.
Individual curve names are associated either to the donor or acceptor material. The miller indices planes of

each material (dhkl) has been previously reported in the literature (Collins et al., 2013a).

The resulting diffractogram profile exclusively represents the fabricated thin film, as
demonstrated in Figure 4.23.
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All collected Out-of-Plane (OOP) GIXRD diffractogram profiles will be provided after the
subtraction of the clean quartz substrate profile, a step included in the integrated computer
software utilized for GIXRD data collection. Gaussian and Lorentzian curve fit techniques
were employed to develop a computer model for each diffractogram profile with the best
curve-fit match. All plots exhibit these computer-generated models as smoothed curves

alongside the raw scattered data, along with diffractogram data for pristine materials.

4.3.4 AFM — Atomic Force Microscopy

In contrast to GIXRD, Atomic Force Microscopy (AFM) is a surface probing technique that
is mechanically restricted to characterizing the surface of thin films. The surface morphology
of thin films plays a crucial role in influencing the electrical performance of Bulk
Heterojunction Organic Solar Cells (BHJ OSCs). AFM operates based on the interaction

between a cantilever tip and the film surface.

To conduct the analytical part of this project, which involves comparing the electrical and
physical properties of BHJ OSCs, surface morphology analysis of thin films was performed
using Atomic Force Microscopy (AFM) measurement techniques, provided by Agilent
Technologies, a prominent method in this field. Figure 4.24 illustrates the AFM machine

used in this project.

The use of Atomic Force Microscopy dates back to 1986 when researchers first utilized the
idea of AFM, employing ultra-small tips at the end of a cantilever beam to investigate the
properties of non-conductive materials. Prior to this technique, a similar method was used in
1929 to amplify the movement distance at the end of a cantilever beam, magnifying it by a

thousand times. This was known as a surface profile machine (Binnig and Quate, 1986).
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Figure 4.24- AFM Agilent 5500 Atomic Force Microscope (Thin film Lab R117, Science building,
Staffordshire University)

Figure 4.25 depicts the schematic of general components and their functions from a control
point of view. The principle of AFM is based on a laser diode, which is positioned at the
back side of the tip head at the end of the cantilever. The laser beam is then reflected and

detected by a position-sensitive photodetector.

The tip is divided into two parts: the cantilever and the head. The cantilever acts as a spring,
deflecting while the probe head scans the sample surface. The probe tip senses the surface

properties, causing the cantilever to deflect.

A PC control system is responsible for data acquisition, display, and analysis of the data
obtained from the machine. To control the tip's z position, a feedback loop is integrated
internally in the control system to make the output sensible.

These principles are illustrated in the figure, and the flowchart depicts the data transportation
flows in the system schematically.
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Figure 4.25- AFM machine components and their function inside control system (Li et al., 2012)

Different AFM imaging modes provide corresponding outputs. There are three types of

imaging collections based on tips (Figure 4.26):

e Contact mode: In this mode, the feedback control system aims to maintain a constant

cantilever deflection.

e Non-contact mode: The resonance frequency oscillates the tips, and the control

system in this mode tries to keep the oscillation constant.

e Tapping mode: This mode sits somewhere in the middle of the previous two modes

but is typically a subset of the non-contact mode.

The crucial aspect of these modes is that they rely on feedback control mechanisms to

maintain a steady oscillation amplitude. The system includes a piezoelectric scanner for all

modes imaging techniques, offering higher resolution with less damage to the film (Tessmer

etal., 2013).
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Figure 4.26- Various modes of imaging techniques with AFM tips: (a) Contact mode, where the tip maintains
constant contact with the sample surface, (b) Non-contact mode, where the tip oscillates close to the surface
without contact, and (c) Tapping mode, a combination of contact and non-contact modes. Each mode offers
unigue advantages in imaging samples with Atomic Force Microscopy (AFM), catering to different sample

properties and imaging requirements.

4.3.5 RAMAN Spectroscopy and mapping

Raman and Photoluminescence (PL) spectroscopy serve as crucial techniques for analysing
thin film samples. In this project, these spectroscopic methods were conducted using the

InVia Raman microscope by Renishaw, as illustrated in Figure 4.27.
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Figure 4.27 — a) Renishaw Raman and PL spectroscopy microscope which is used in this study (Science
building, Staffordshire University), b) Principle of a conventional micro Raman spectrometer - Adapted from
(Gouadec et al., 2007)

Raman spectroscopy functions by detecting the frequency shift of scattered light when it
interacts with the sample under scrutiny. This phenomenon, known as Raman scattering,
occurs when electromagnetic waves scatter light at both similar and different frequencies
compared to the incident light. The frequency shift, termed Raman shift, corresponds to the

energy of vibration of the scattering molecule.
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Raman spectra serve as distinctive spectral and molecular "fingerprints,” providing valuable
qualitative and quantitative insights. They facilitate the identification and characterization
of composite materials commonly utilized in organic electronics, such as blends of polymers
or polymers/fullerenes for LEDs or solar cells. Qualitative analysis of Raman spectra can
also map composite materials, while quantitative analysis correlates peak intensities with
concentrations of functional groups.

Moreover, Raman spectroscopy delves into the nature of nanodomain conformation within
composite materials, aiding in understanding their impact on OSC performance. Analysis of
Raman spectra can correlate the full width at half maximum (FWHM) of peaks with polymer
self-organization and crystallinity.

In this project, Raman mapping was employed as a technique to quickly observe changes in
Raman parameters across different positions within the sample. This method facilitated the
acquisition of spectrum information from various spots in the sample, enabling a
comprehensive analysis of the entire Raman spectrum. Raman mapping generated Raman
images, providing detailed insights into the spectral characteristics of the sample. Utilizing
mapping methods such as point-by-point mapping and line focus mapping allowed for
efficient data collection from multiple sample locations, enhancing the thoroughness of the
analysis.

In this project, Raman data were obtained using 514 nm laser excitation, as PC7:.BM does
not absorb light around 785 nm, the other available laser excitation. Therefore, identical
Raman spectra were not observed at this wavelength due to the absence of vibration

absorption in this range.

4.3.6 PL-Spectroscopy — To determine the (Photoluminescence)

PL spectroscopy is another technique employed in this project, working in conjunction with
UV-Vis'® and Raman spectroscopy to identify material characteristics. This method operates
based on the spontaneous emission of light following photon absorption by the substance.
When excitons, which are unable to be dissociated, recombine, it results in this light

emission.

19 Ultraviolet-visible spectroscopy
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During PL measurements, the sample is excited with a laser of a chosen excitation
wavelength. The photon emission from the material(s) is then condensed through an optical
lens and measured by a spectrometer connected to a photodetector. This data is transferred

to a computer to produce PL spectra.

PL spectra plots are constructed by plotting the emission counts (y-axis) against the emission
wavelength (x-axis). PL mode typically utilizes different laser power densities and longer
exposure times compared to Raman measurements. Figure 4.28 illustrates a typical

experimental set-up for PL spectrum measurements.

Laser beams

Photo-
detector

mmmmm S2Mple

Figure 4.28- A typical experimental set-up for PL spectrum measurements.

4.3.7 UV-Vis Absorption spectroscopy

The measurement of absorption spectra within the Ultraviolet-Visible (UV-Vis) wavelength
range is crucial for characterizing the energy absorption of thin films, particularly in solar
cell applications. The Varian Cary bio 60 UV-Vis spectrophotometer has been employed in
this project to acquire optical absorption spectra of all thin film samples. Figure 4.29
illustrates the operational schematic of the Varian Cary bio 60.
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UV-Vis spectra of thin films provide essential physical data about nanomaterials,
encompassing both optical and electrical properties. This spectroscopic technique relies on
electronic transitions within the material, which dictate its ability to absorb light across
specific wavelengths. Absorption spectroscopy, therefore, serves as a fundamental tool for

measuring absorbed light and understanding the material’s absorption behaviour.

Varian Carry bio 60 main control unit

b) Computer
j —— '
f A/D
' converter
I
| A
1
. T Lo
Light Source - Monochromator —| Detector
— I(A)

Thin film sample in
beam pathway

Figure 4.29- a) Cary bio 60 UV - Vis Spectrophotometer (Thin film Lab R117, Science building,
Staffordshire University) and integrates sample holder, b) Schematic illustration of the main instrumentation

components of a typical UV- Vis spectrophotometer - Adapted from (Gouadec et al., 2007)

The principle underlying the acquisition of absorption spectra is based on Beer’s law, where
absorption (A) is determined by the ratio of incident light intensity (10) to transmitted light

intensity (1), expressed as:
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A=log(ly/I) =-logiy T (4.8)

Here, T represents the transmittance (I//Io). The absorption spectrum is represented by

plotting A as a function of light wavelength.

The UV-Vis spectra of thin films provide crucial insights into optical absorption and energy
band gap. The energy band gap (E) can be extracted from the UV-Vis spectra using the onset

wavelength (1) and Planck’s equation:
E(ev) = D¢/, (4.9)

Where /4 is Planck’s constant, c is the speed of light in vacuum, and A is the onset wavelength

from the UV-Vis spectra.

The Varian Cary 60 UV-Vis spectrophotometer is utilized in this laboratory to measure the
UV-Vis absorption spectra of thin films. This instrument comprises a light source, detector,
and optics. The schematic illustration of the key components is depicted in Figure 4.27b.
The intensity of the light source is initially measured with a blank sample (i.e., clean quartz
glass without a thin film coating), and subsequently with the thin film sample. The resulting
reduction in transmitted light intensity following absorption at characteristic wavelengths of

the material allows for the computation of absorbance (A4) using Beer’s law.

UV-Vis absorption spectra studies offer valuable data that correlates with nanostructure
characteristics in thin films, such as polymer conjugation and interchain interaction.
Furthermore, this technique can be applied to a certain extent for structural characterization
of thin films. Analysis of the collected spectra provides insights into the structural
characteristics of the film and the optical band gap, facilitating a comprehensive

understanding of the material within the thin film.

4.3.8 Four-Probs technique for measuring sheet resistance

Sheet resistance or surface resistivity is a critical property of materials that reflects their
ability to conduct charge across uniform thin films. In photovoltaic applications, low sheet

resistance materials are crucial for efficient charge extraction. The determination of
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resistivity (and consequently conductivity) from sheet resistance measurements enables the
electrical characterization of a material.

The four-probe method is the most commonly used technique for measuring sheet resistance.
This method involves four equally spaced probes, known as a four-point probe, making
electrical contact with the material. In many commercial applications, sharp needle probes
used in this method may damage delicate materials often found in thin film electronic
devices. To address this issue, rounded head and spring-mounted tips are employed to
eliminate scratching or piercing. These rounded tips increase the contact surface area of the
probes, distributing the downward force uniformly applied to the sample. A schematic

representation of these probes is depicted in Figure 4.30.
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Figure 4.30- a) Schematic diagram of a four-point probe circuit and b) Ossila sheet resistivity four-point
probe (Thin film Lab R117, Science building, Staffordshire University)
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In the four-probe method, a DC current is applied between the outer two probes (1 and 4),
while a voltage drop is measured between the inner two probes (2 and 3). The sheet

resistance can then be calculated using the following equation (4.10):

R. = m AV
ST In(2) I

(4.10)

Here, Rs represents the sheet resistance, AV is the change in voltage measured between the
inner probes, | is the applied current between the outer probes, | is the distance between the
inner probes, and W is the width of the material. The sheet resistance is typically expressed
in units of ohms per square (€/sq). If the thickness of the material is known, the sheet

resistance can be used to calculate its resistivity.

p=Ro.t (411)

Here, p is the resistivity, and t is the thickness of the material.

4.3.9 Image Processing technique for quantitative material identification

Recent studies on AFM image analysis have highlighted a significant challenge: the absence
of universal image processing methods for extracting morphological parameters numerically
from AFM pictures, including both topography and phase images. Addressing this gap, a
novel method introduced in this project aims to derive comparable parameters from phase
images and convert them into relevant values for correlating phase image parameters in the

OSC characterization procedure.

This technique, developed using MATLAB software and integrated image processing
toolbox, combines various image analysis source code to create a comprehensive algorithm
tailored for processing AFM phase images. The initialization of this technique involves
several steps, as illustrated in Figure 4.31. This figure showcases the groups of filters and
activities initially applied to raw AFM pictures to prepare them as input for further

investigation in image analysis algorithms.
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Figure 4.31- preliminary image processing algorithm implemented on AFM images to ready them for
subsequent analysis.
The initial processing steps were performed using Pico Image Basic software, which is
integrated with the AFM machine and provided by Agilent Company. This software is
commonly used for basic image processing techniques to enhance image features for

comprehensive analysis.

These processing activities aimed to address various anomalies such as disturbance noises
(levelling), high-frequency contrast points, shapes fitted to polynomial curves (form
removal), and fading lines caused by improper initial data collection configuration (line-by-
line correction). As a result, the processed images exhibited higher contrast and improved
quality, suitable for further analysis. Figure 4.32 illustrates a sample AFM phase image
before and after applying these initial processing steps.

Figure 4.32- Initial image processing steps applied to AFM sample phase image to preparing them for further

steps

79



Subsequently, a suitable grey-level threshold was applied to the image to distinguish regions
with specific phase degrees. This generated a binary image where pixels with intensity colors
higher than the required phase degree were converted to white (1 value), while others were
changed to black (0 value). This process, similar to traditional threshold techniques, yielded
a threshold phase image.

Figure 4.33 depicts the algorithm flowchart used for applying the grey-level threshold
technique, while Figure 4.34 illustrates the outcome of this threshold initialization.
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Figure 4.33 - Algorithm flowchart which is used to generate the image data to be collected

Recent studies have indicated that the brightest-coloured regions in phase images, where
phase degrees change imperceptibly, can represent pristine materials used in donor-acceptor
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blends as pure domains. By utilizing the brightest-coloured regions to determine the initial
appropriate phase degree, the initial binary image was generated using threshold grey
levelling and Gaussian distribution threshold methods. A sub-loop for threshold

optimization was then employed to re-initiate the threshold parameter.

Figure 4.34- Using Bright colour region to find out phase degree distinguishing region

Using MATLAB® Algorithm with image processing libraries, various morphological
characteristics such as area, perimeter, centroid position of each bright region, and equivalent
diameter, along with the percentage of bright area to the whole image, were extracted from
the optimized phase images. These parameters are valuable and comparable in specific
datasets for further investigation. These AFM analysis techniques were later utilized in
Chapter 5.2 to identify important characteristics from phase images collected from fabricated
samples.

4.3.10 2D Raman mapping technique

Raman image mapping has previously been utilized to understand the correlation between
power conversion efficiency and the morphology of OPV devices (Oklobia and Shafai,
2013), as well as for identifying grain size and orientation in organic and inorganic materials
(llchenko et al., 2019). To deepen our understanding of surface morphological analysis, the
2D Raman mapping technique was selected to examine the distribution of blend components
on the film surface. This mapping technique is one of the output datasets derived from

Raman Spectroscopy, as discussed earlier in Chapter 4 section 3.5.
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While this technique has not been extensively explored by other researchers for identifying
materials such as EFT?° and PC71BM? in blends, further investigation is necessary to
optimize it for our specific purposes. Therefore, we decided to develop the Raman mapping
technique using samples dissolved in chlorinated solvents to confirm its feasibility.
Subsequently, we planned to apply this technique to identify materials in blends using green

solvents.

A recent study by Komilian, Oklobia, and Sadat-Shafai (2018b) investigated the impact of
PC7:BM loading on EFT blends dissolved in chlorinated solvents. Their results revealed
noticeable changes in bright-coloured regions on the surface images obtained from AFM
with increasing percentages of PC7:BM in the blend. Hence, the output dataset from this

study was utilized in our project as a pilot dataset for developing Raman mapping techniques.

Figure 4.36 and the main loop flowchart in Figure 4.35 illustrate how the mapping technique

utilizes spectra data for each pristine component profile.
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Figure 4.35 — The algorithm flowchart
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ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]
21[6,6]-Phenyl-C71-butyric acid methyl ester
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These visual aids depict the process of utilizing Raman mapping to analyse blend

components on the film surface, providing insights into material distribution and

morphology.
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Figure 4.36 - (a,b) Optical microscopic images for pristine PC71BM and PTB7-Th with associated mesh for

Raman mapping, (c,d) corresponding line profile spectrum under 514nm excitation laser, (e) line profile

spectrum for blended composition ratio of 1:1 and (f) corresponding colour coded 2D generated Raman map.

These techniques, developed in conjunction with the image processing algorithm outlined in Section 4.3.9,

provide insights into material distribution and morphology on the film surface.
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The colour identification in Raman mapping is determined by the variations in peak
intensities observed in the spectrum profiles of pristine EFT and pristine PC7:BM, as
depicted in Figures 4.36(a) and 4.36(b), respectively. Corresponding line profiles are shown
in Figures 4.36(c) and (d).

This methodology is extended to films casted from blended solutions with 1:1 composition
ratios, illustrated by the line profiles in Figure 4.36(e). These techniques, developed
alongside the image processing algorithm detailed in Section 4.3.9, enable the generation of
colour-coded Raman maps highlighting PC71.BM/PTB7-Th rich regions, as seen in Figure
4.36(f). In these maps, red indicates PC7:BM and green indicates PTB7-Th. The results for
the pristine donor and acceptor materials used in this project can be found in Chapter 5.4.
The resulting images from this technique provide valuable insights into the morphological
analysis of film surfaces.

4.3.11 Surface washing technique for reducing the film thickness after fabrication

Researchers have discovered that washing the top surface of the active layer with alcohol-
based solvents like methanol (CH3OH) or ethanol (C.HsOH) can enhance the performance
of OSC devices, especially for low bandgap BDT-based polymers (Khan et al., 2014; Sun et
al., 2015). Due to the solvency properties of alcohol-based solvents when used as surface
washing agents, slight changes in surface roughness compared to as-cast active layer
fabrication without washing have been observed. Building on this observation, it was
hypothesized that by employing this method with appropriate technique adjustments, the
thickness of the active layer could be slightly reduced during alcohol-based solvent drop
casting on the layer's surface (Mijovic and Koutsky, 2013).

For further molecular structural analysis, the active layer for each sample was fabricated
onto quartz substrates under the same conditions, and identical chemical etching was
incrementally applied to reach the internal reference surface by reducing the film thickness
of the layer for subsequent research and study. To achieve optimal layer reduction, each
etching process involved dispensing 60uL of ethanol while the sample was spinning at
5,000rpm for 60 seconds, and the Bruker DektakXT thickness profiler was used to measure
the thicknesses. Approximately 20nm of the active layer thickness was removed during each

process, with the possibility of continuing until the film thickness reached 40 nm.
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To elucidate the impact of blend composition ratios on constituents' self-organization within
the bulk, the above processes were repeated for different ratios of Donor: Acceptor loading.
A novel technique employed in Chapter 5 involved the 3D visualization of Raman maps for
different loadings and various thicknesses of the active layer material. The schematic of the

chemical etching technique is depicted in Figure 4.37 below.
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Figure 4.37 — Schematic illustration of the chemical etching technique used to incrementally reduce the

thickness of the active layer for molecular structural analysis.

4.4 Summary

This chapter delved into the various experimental techniques employed throughout the
research. It detailed the setup and operation of UV-Vis spectroscopy for analysing energy
absorption in thin films. The significance of cyclic voltammetry in determining polymer and
acceptor energy levels was outlined, along with the electrochemical setup involved. AFM's
role in studying surface characteristics affecting device performance was discussed, as was
the importance of Raman spectroscopy and PL in material characterization. The application
of Raman mapping in analysing surface morphologies and blend components distribution
was emphasized. Additionally, the development of an image processing algorithm for AFM

and the use of chemical etching to reduce active layer thickness were highlighted.

Overall, Chapter 4 provided a comprehensive overview of the experimental techniques used

in this research project for fabrication and characterisation of OPV devices. Furthermore,
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some of the techniques developed in the current work, has led to the understanding of the
self-organised nanostructuring of the electron donor and acceptor material in the active layer,
leading to higher power conversion efficiencies.
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CHAPTER 5

Results & Discussions

“To conquer frustration, one must remain intensely focused on the outcome, not the obstacles.”

— T.F. Hodge

5.1 Introduction

This chapter details the research progress and divided into two main areas: (a) developing a
novel experimental technique to study the morphology of the active layer based on self
nanostructuring of the electron donor and acceptor, and (b) study the impact of such
distribution on power conversion efficiency of the bulk heterojunction solar cell. To achieve
comprehensive internal structure analysis, a new technique was introduced in Chapter 4,
Sections 4.3.9 and 4.3.10, addressing the limitations of existing methods which only
characterize crystallographic and nano-structural details in thin films. Prior methods failed
to adequately identify clustered PC71:BM?? regions or any potential molecular conformities

on the surface, thus necessitating the employment of advanced techniques.
The chapter is organized as follows:

Sections 5.2 and 5.3 deploying this improved technique, for analysing the morphology of
thin film materials and blend devices under the influence of chlorinated solvents. These
sections describe the integration of AFM?3 image processing and Raman mapping techniques
for quantitative surface analysis. Additionally, 3D depth-profiling techniques are discussed

to investigate the bulk internal structure formation.

22 [6,6]-Phenyl-C71-butyric acid methyl ester
23 Atomic Force Microscopy
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Sections 5.4, 5.5, and 5.6 focus on device characterization using various methods to evaluate
the performance of OSCs based on PBDTTT-EFT?* polymer when chlorinated and selected
green solvents are introduced. Section 5.4 examines the pristine materials and blends,
comparing results with those obtained using green solvents. Section 5.5 continues this
analysis with a focus on thin film mixtures. Section 5.6 utilizes techniques such as film
thickness analysis, enhanced Raman mapping, and in-depth X-Ray analysis to study the

impact of green solvents on molecular structure and device performance.

Finally, Section 5.7 analyses the performance of large-scale prototype patterned devices to
confirm the effects of green solvents on the morphological, contact quality, and internal
structure formation of OSCs?°.

The preparation of all samples was discussed in Chapter 4, Section 4.2.5, and the results

from the experiments are categorized and presented in the subsequent sections.

5.2 Novel 2D Image Processing for quantitative material identification from blended
BHJ thin films

As mentioned in Sections 4.3.9 and 4.3.10, a 2D analysis technique was developed to
numerically extract morphological parameters from AFM phase images and apply the same
procedures to Raman mapping images. One key application of this 2D processing technique
was calculating the percentage of specific coloured areas in color-coded Raman mapping
images.

The sections below present the results from the analysis of 2D Raman mapping images using
this 2D image processing technique, which proved to be highly useful for material
identification in blended BHJ films. To optimize these two techniques, as discussed in
previous chapters, their algorithm adaptation was based on active layers films fabricated

employing chlorinated solvents.

24 poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b'[dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]
25 Organic Solar Cells
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5.2.1 AFM Phase image processing for quantitative material identification

Figure 5.1 displays AFM phase images for PBDTTT-EFT blends at ratios of 1:1, 1:1.5, 1:2,
and 1:3, dissolved in chlorinated solvent from left to right. Additionally, the figure includes
the algorithm outcome images after applying the grey threshold model developed in Section
4.3.9.
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Figure 5.1- AFM phase image for PBDTTT-EFT: PC71.BM corresponding to different blend ratios and

dissolved with chlorinated solvent, also the outcome pictures after using threshold algorithm

Table 5.1 presents the effective percentage area of bright regions extracted from the phase

images using the newly developed comprehensive image processing algorithm.
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Table 5.1 - Image processing data extracted from AFM phase images for PBDTTT-EFT: PC;:BM at different

blend ratios
D:A ratio (EFT:PC71BM)
11 1:15 1:2 1:3
AFM phase image % of white pixels 6.8 8.8 9.3 114

The data clearly indicate that the percentage of bright areas in the phase images increases
with the PC7:BM concentration in the blend. This suggests that the white areas in the AFM
phase images correspond to PC7:BM-rich domains on the film surface. These results support
the hypothesis that the bright regions in the phase images are indicative of PC7:BM-rich
domains, providing valuable insight into the morphological characteristics of the blends.

5.2.2 Raman mapping image processing

Using the 2D Raman mapping technique described in Chapter 4 section 4.3.10, and the
software provided by Raman inVia Renishaw, color-coded Raman mapped images were
generated and are shown in Figure 5.2. In these images, red regions correspond to PC71:BM-

rich areas and green regions correspond to EFT-rich areas.

a) b)

——) ——)
20 pm 20 pm

—— ———
20 pm 20 pm

Figure 5.2 - Raman spectrum mapping for PBDTTT-EFT: PC7:BM with different blend ratios under 514 nm

excitation laser; (a-d) represents Raman mapping images at 1:1, 1:1.5, 1:2 and 1:3 respectively.
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A similar MATLAB®-developed image processing algorithm, as illustrated in Chapter
4.3.9, was used to determine the percentage of red-coloured areas on the film surface. The

results are presented in Table 5.2(a) and compared with AFM phase image data in Table
5.2(b).

Table 5.2 - Image processing data extracted from Raman mapping images for PBDTTT-EFT: PC7:BM at

different blend ratios

D:Aratio (EFT:PC71.BM)

11 1:15 1:2 1:3
) % of Red pixels
RAMAN mapping 27.51 57.11 63.03 88.93
(@ . (PC711BM)
image .
% of Green pixels (EFT) 72.49 42.89 36.97 11.07
(b) AFM phase image % of white pixels 6.8 8.8 9.3 11.4
100 13

Pearson Correlation
99.82%

80
11

60

40

PC,,BM Rich domain - Raman map

20

o
PC,,BM Rich Domain — AFM Phase image

~——@— PC[71]BM Rich domain - Raman Mapping
~——— PC[71]BM Rich domain - AFM Phase image

11 1,15 1,2 1;3
Blend Ratio (EFT:PC,,BM)

Figure 5.3— Correlation between Image processing data extracted from Raman mapping and AFM phase
images for PBDTTT-EFT: PC7:BM at different blend ratios

The correlation between the percentage of red area in Raman mapping images and the
percentage of bright area in AFM phase images, shown in Figure 5.3, reveals a Pearson
coefficient of 99.82%. This high correlation indicates that as the PC7:BM loading in the

blend increases, both the percentage of red areas identified by the Raman mapping technique
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and the percentage of bright areas calculated by AFM phase image analysis increase in a

similar trend.

Thus, it can be noted that the red areas in the Raman mapping images correspond to PC71:BM-

rich domains on the film surface, validating the AFM phase image analysis.

5.3 Novel 3D Depth-profiling for Thin films via Surface Etching

Understanding how electron donors and acceptors facilitate rapid charge transfer states and
create favourable pathways for extracting charge carriers is crucial for developing efficient
bulk heterojunction solar cell devices (Ebenhoch et al., 2015; Coropceanu et al., 2019).
Consequently, there is significant interest in discerning how these components manifest to

form an optimal nanostructure within the bulk.

The important question is: can a 3D profile of the bulk heterojunction be developed through
the current morphology studies? To address this, a morphology study was proposed for
blended films of PTB7-Th? and PC71BM, involving a chemical etching process as detailed
in Chapter 4.3.11.

5.3.1 J-V characterisation of etched samples

A series of devices were fabricated using the process detailed in Chapter 4.2.5, which had
been optimized based on recent studies (Komilian, Oklobia, and Sadat-Shafai, 2018b). The
fabrication utilized the same facilities and configuration to ensure consistency and avoid any
influence on the study outcomes. Different blend solutions with ratios of donor-to-acceptor
(D:A) [1:1], [1:1.5], [1:2], and [1:3] were prepared.

In order to explore the impact of the films fabricated from these solutions on JV
characteristics, chemical etching was employed. In previous section we identified that
distribution of electron donor and acceptor on the film surface, and in the bulk is dependent
on the percentage loading of the electron donor and acceptor. This necessitates fabricating
devices using chemical etching to reduce the thickness by 20 nm each time, conducting J-V
characteristics to see the corelation between J-V results and the nanostructuring of the bulk

26 Another synonym for PBDTTT:EFT
92



at different depth. This sequential process led to a total thickness reduction of about 60 nm
for samples.

Each sample comprised three devices, and their averaged J-V characteristics—Voc, Jsc, Rs,

Rsh, FF, and PCE—were extracted and are presented in Table 5.3 and Figure 5.4.

Table 5.3- The averaged J-V characteristic parameters extracted from different blend ratio of EFT:PC71BM

as a function of different thickness while chemical etching applied

Thickness Jsc Voc FF PCE Rs Rsh
Sample
(nm) (mA/cm?2) V) (%) (%) (Q cm?) (Q cm?)
11 100 12.80 0.79 51.80 5.24 16.0 464
. 80 13.60 0.78 53.48 5.67 13.3 516
(10:10)
60 14.00 0.79 54.00 5.97 13.6 557
20mg/ml
40 14.30 0.78 54.04 6.06 12.2 552
115 100 18.85 0.79 59.00 8.79 8.3 858
- 80 16.13 0.79 57.00 7.26 105 725
(10:15)
25mg/ml 60 13.80 0.79 55.10 6.01 13.2 649
40 11.90 0.79 54.00 5.08 16.0 655
19 100 18.45 0.80 64.10 9.47 7.8 2407
. 80 16.54 0.79 60.00 7.84 9.2 1137
(10:20)
30mg/ml 60 14.30 0.79 58.20 6.57 11.3 986
40 12.10 0.80 55.07 5.33 16.3 752
1:3 100 11.85 0.78 48.80 451 18.5 353
. 80 11.10 0.80 65.20 5.79 12.5 3529
(10:30)
40mg/ml 60 9.10 0.80 58.90 4.29 18.9 1789
40 7.20 0.78 52.10 2.92 26.5 837

It can be observed from the above table and Figure 5.4 that, although all samples were
fabricated identically with an active layer thickness of around 100nm, the best solar cell
device performance was achieved with a ratio of [1:2], as previously reported by Komilian,
Oklobia, and Sadat-Shafai (2018b). The fill factor parameter reached its highest value at this
thickness. In terms of the Jsc current density, the ratio of [1:1.5] showed the highest value at

100nm thickness. There is a slight fluctuation in Vo values across all devices, and it has
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been noted that, as reported earlier, Voc could be strongly impacted by the internal work
function differences of the materials (Chen et al., 2009).

As the thickness of the active layer decreased, samples with ratios from [1:1.5] to [1:3]

exhibited a declining trend in Jsc current density as they were etched away. However, the

sample with a [1:1] ratio showed an increasing trend. This suggests that an internal molecular

restructuring may have occurred within the active layer of the [1:1] sample. This trend is
similarly reflected in the fill factor (FF) for the [1:1] samples.
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Figure 5.4— The averaged J-V plots extracted from different blend ratio of EFT:PC71BM as a function of

different thickness while chemical etching applied
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5.3.2 Optimising the 2D Raman mapping techniques for different blend ratio as
function of different film thicknesses while samples etched down

As detailed in earlier sections (see sections 5.2.1 and 5.2.2), the basic 2D Raman mapping
technique was employed to generate mapped images of the sample surfaces, focusing on
variations in peak intensities in the spectra of pristine EFT and pristine PC7:.BM.
Subsequently, MATLAB® algorithms incorporating image processing libraries were used
to quantify the percentage of red areas in these images through a threshold model. This

process resulted in the generation of outcome images and corresponding percentage data.

To further enhance this technique for analysing internal structural layers within bulk
materials, Raman mapping was employed with different blend ratios ([1:1], [1:1.5], [1:2],
[1:3]) and the active layer film thickness was systematically reduced using a chemical
etching technique. Subsequently, 2D Raman mapped images were generated for each blend

ratio as a function of varying film thicknesses, as shown in Figure 5.5.

1:1 1:1.5 1:2 1:3

~100nm

~80nm

~60nm

~40nm

Figure 5.5 — 2D Raman mapped images for different blend ratio as function of different film thicknesses after
etching processed.
According to the essential peaks identified from pristine PC7:BM and pristine EFT, red

colours signify PC7:BM-rich regions, while green colours denote EFT-rich regions. It is
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evident that in 100nm films, increasing the amount of PC7:BM in the blend ratio from [1:1]
to [1:3] visually increases the red area. To validate this observation, an optimized image
processing algorithm was used, adjusting internal parameters to measure the percentage of
red areas on the surface as the film thickness decreased to 40nm for each blend ratio via

chemical etching.

Table 5.4 below presents the percentage of PC7:BM-rich regions extracted from the film
surface at different PTB7-Th blend ratios as a function of varying film thicknesses. The
colour-coded images generated illustrate how the PC7:BM content changes on the surface

with variations in film thickness and blending ratios.

Interestingly, as the active layer thickness decreased due to etching, a decreasing trend in
exposed PC7:BM on the film surface was observed for the [1:3], [1:2], and [1:1.5] ratios. In
contrast, for the [1:1] ratio, the presence of PC7:.BM on the film surface increased as the
thickness reduced to approximately 40nm. As the thickness decreased across all samples,
the structural influence became evident, with the percentage of PC71BM converging to
around 50% on the surface layer at approximately 40nm depth within the bulk. This suggests

an equilibrium formation of PC7:BM molecules in the lower layers of the active layer film.

Table 5.4- Percentage of PC71BM rich regions extracted from the film surface of different PTB7-Th: PC71BM

blend ratios as a function of different film thicknesses via washing technique.

Blend ratio 1:3 1:2 1:1.5 1:1
PC71BM rich region (%
Thickness (nm) " gfon (%)

61.8 55.3
56.1 53.1 39.4
53.6 51.3 447
51.1 50.4 48.6
50.6 48.9

Figure 5.6 shows this trend for all samples across different blend ratios and thicknesses.
Notably, for all samples, as the active layer thickness decreased, a consistent formation of
molecules occurred around 40nm depth, with approximately 50% PC71:BM detected on the

surface.
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This funnel-like behaviour in the percentage of PC7:BM has significant implications for
understanding how the components of active layers form their molecular structures during

drying, and for determining optimal thresholds for blend ratios and thicknesses of the active

——1:1
80% 1 -8 —.— 1115
70% + \ k2

60% T

layer.

90%

50% T

PC;,BM rich region

40% T

30% T+

20%

120 100 80 60 40 20
Film Thickness (nm)

Figure 5.6 - PC7:BM rich regions from Raman analysis for different blend ratios as a function of film

thickness

Furthermore, the experimental evidence suggests that the quantity of PC7:BM in the blend
dictates its distribution profile. When films are cast from solution, PTB7-Th, which
predominantly exhibits face-on orientations (Komilian, Oklobia, and Sadat-Shafai, 2018b),
impedes PC7:BM migration to the film surface. Therefore, for a [1:1] blend, the percentage
of PC7:BM at the film surface is lower and gradually increases within the bulk. Conversely,
for blends with ratios greater than [1:1], PC7:BM induces PTB7-Th to transition from face-
on to edge-on orientations, facilitating PC7:BM migration towards the film surface, as

evident from Table 5.4 and Figure 5.6.
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Understanding the distribution and orientation of materials within the active layer is crucial
for optimizing photovoltaic (PV) device performance. The data presented here provided
valuable insights into how variations in blend ratios and film thicknesses affect the
distribution of PC7:BM and PTB7-Th within the active layer. This knowledge is essential
for engineering active layers that promote efficient charge generation, transport, and
collection, ultimately enhancing the overall efficiency and stability of PV devices. By
correlating molecular distribution with device performance metrics such as power
conversion efficiency and stability, researchers can tailor active layer compositions and

processing conditions to achieve higher-performing solar cells.

5.3.3 Depth-Profiling using optimised images

To gain deeper insights into the internal molecular structures and the formation of PC71:BM
molecules on the surface layers during chemical etching, a custom MATLAB® image
processing algorithm was developed. This algorithm utilized principles similar to the colour
coding used in 2D Raman mapping techniques for each 2D frame. Subsequently, a final
integration algorithm was applied to consolidate all layers of varying thicknesses into a
cohesive three-dimensional cube, representing the bulk material of the active layers used in

the samples.

Figure 5.7 illustrates the 3D Raman mapping results for PTB7-Th blends at [1:3] and [1:1]
ratios. In the [1:3] sample, as previously noted, a decreasing trend in PC7:BM content across
different surface depths in the bulk is evident. The density of red colours diminishes
significantly as the analysis penetrates deeper into the bulk, gradually transitioning to green

pixels. Conversely, a contrasting trend is observed in the [1:1] ratio sample.

This molecular arrangement, depicted for the first time through 3D Raman mapping,

highlights a novel finding not previously reported by other researchers.

At this stage, the algorithm was optimized to predict layer intercalation during the etching
process down to approximately 40nm. However, its capability could potentially be extended
to optimize for the entire bulk thickness if comprehensive data were available.
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Figure 5.7- 3D Raman mapping of PTB7-Th:PC71BM for (a)1:3 and (b)1:1 blend ratio

5.3.4 GIXRD depth diffractograms profile for different blend ratio of PBT7-Th:
PCz1BM

To elucidate the mechanisms underlying the distribution profile of donor/acceptor materials
within the bulk, the films from our earlier investigations underwent further analysis using
Grazing Incidence X-ray Diffraction (GIXRD). By removing the baseline from the raw
GIXRD data, the peaks corresponding to each molecular crystallography plane and material
structure became distinctly visible in the datasets. Figure 5.8 presents the depth
diffractogram profiles from GIXRD, illustrating the ratio of PTB7-Th at different film

thicknesses.

Renishaw WIRE™ 3.4 software was employed to perform curve fitting on each X-ray
diffractogram line profile. This software utilizes Gaussian and Lorentzian models for
optimal fitting, with an example shown in Figure 5.8 (e). These findings closely align with
prior studies on PTB7 (Collins et al., 2013b). Each curve is labelled either "Poly" for the
donor material or "Accep" for the acceptor material, with the miller indices (dhkl) planes of
each material being well-documented in the literature (Collins et al., 2013b).

99



D d, A Ad. Dd, Ad.
(@) 700 — oo il ik 0 (b) Do Adeo At Ddyy Ady,

700
m100nm
600 600 =100nm
m8onm
500 PTB7-Th 500 a80nm
= Beonm = o60nm
8 400 S 400
> o40nm < Q40nm
2 2
§ 300 § 300
£ £
200 200
100 100
0 o I —
3.0 2 23 3.0 7.0 110 150 190 230 270 310 350 390
© 26 ()
(c) (d) bdy  Ad Ad
100 D0 Aduo Adzo D At 1000 720 o Adyy Dby )
B100nm m100nm
600
B80nm 800 ogonm
500
. o060nm _ 060nm
3 a00 s %°
< o4onm > o40nm
3 2
5 300 £ 400
£ E
200
200
100
0 : - { 0 s |
3.0 70 110 150 190 230 270 310 350  39.0 3.0 70 110 150 190 230 270 310 350  39.0
26 (%) 26(°)
(e)
| Curve fit
700 a
600 h
500
a0 ; .
300
200 T s !
100 . ”*WW
T S SR TRV PP,
T T T T T T T 1
10 1 20 2 0 )
CurveName  Centre Width Height % Gaussian Type Ares
Poly_d100 433663 143724 617635 96313 Mixed 961489
Accep d100  B.75497 39159 343454 93876 Mixed 147334
Accep_d200 183753 29546 405588 65.7845 Mixed 148321
Poly_d010 20,126 633177 301137 06158 Mixed FEIEET]
Accep_d220 267673 5.795%9 108.552 87.8661 Mixed 708.38

Figure 5.8- Out-of-Plane GIXRD depth diffractograms profile for different blend ratio of PTB7-Th:
PC71BM. (a) 1:1, (b) 1:1.5, (c) 1:2 and (d) 1:3. Donor (PTB7-Th) and acceptor (PC71BM) geometrical
planes peak position have shown for each figure. (e) shows the curve fit applied to PTB7-Th:PC71BM, 1:2
[D:A] blend ratio for 200 nm film thickness
It is crucial to emphasize that most polymers used in Organic Photovoltaic (OPV)
applications typically exhibit either face-on or edge-on orientations (Olivier et al., 2014).
Based on this understanding, several key insights can be gleaned from the graphs, which
hold significant implications. According to X-ray crystallography analyses in the literature
(Huang et al., 2015; Komilian, Oklobia, and Sadat-Shafai, 2018; Song et al., 2019), the 20
range for the EFT do1o face-on orientation plane is typically between 20-23°, while the dioo

edge-on plane for EFT exists around 26 of 3-6°.

The crystallographic data extracted from computer-generated models, superimposing the
sub-curves corresponding to each planar condition of EFT and PC7:BM, reveal that as one

moves deeper into the bulk layers, the intensity of PC7:.BM molecules (particularly d2oo
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intensity, as noted by Supasai et al., 2017) and all peak intensities decrease with decreasing
film thickness. However, it is noteworthy that these curves converge within the bulk,
showing no significant difference in intensity between the 40nm and 60nm samples. This
observation aligns with the findings from Raman mapping, indicating a balanced threshold

of around 50% PC7:BM presence on the surface at a 40nm depth within the bulk.

Moreover, as the percentage of PC7:BM increases, all peaks gradually merge and become
sharper, as shown in Figure 5.8 (a—d). Additionally, the peak intensity attributed to PC7:BM's
d200 also increases with higher composition ratios, indicating a greater concentration of
PC7:BM at the unetched film surface. It can be inferred that PC7:.BM itself induces the
rotation of PTB7-Th from face-on to edge-on orientation, facilitating the migration of

PC7:BM towards the film surface.

Table 5.5 - OOP GIXRD parameter extracted from curve fits for PTB7-Th at different blend ratios and

different film thickness

Sample PC;:.BM PTB7-Th
D:A Thickness leO : d200 ' leD - dOlO : I;::(;%Z_-g?]/
o m oo MY weo Y mo Y w0 MY e
100 8.62 246 18.51 291 4.30 509 21.30 395 1.29
11 80 8.63 229 18.53 274 4.29 474 21.31 296 1.60
60 8.61 209 18.52 247 431 432 21.32 234 1.84
40 8.60 182 18.50 218 4.28 409 21.30 209 1.96
100 8.69 274 18.44 321 4.32 569 20.81 349 1.63
115 80 8.70 242 18.44 283 431 494 20.80 320 154
- 60 8.66 215 18.42 251 4.30 432 20.82 287 151
40 8.68 201 18.43 224 4.32 398 20.81 270 1.48
100 8.75 343 18.37 405 4.34 618 20.12 301 2.06
12 80 8.77 279 18.39 330 435 504 20.15 280 1.80
' 60 8.76 270 18.38 280 433 427 20.10 251 1.70
40 8.73 230 18.37 270 434 397 20.13 240 1.65
100 8.66 612 18.20 723 4.40 702 19.92 202 3.48
_ 80 8.67 407 18.19 503 4.41 489 19.91 193 254
13 60 8.65 296 18.21 384 439 387 19.93 181 2.14
40 8.66 224 18.25 306 4.40 316 19.92 169 1.87

Table 5.5 above presents the out-of-plane GIXRD parameters extracted from curve fits for
PTB7-Th at different blend ratios and film thicknesses.

The second approach revealed distinct trends among samples [1:1.5], [1:2], and [1:3], where

the relative slope between the d200 and doio 26 positions exhibited consistent patterns. In
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contrast, the curve's curvature in this region for the [1:1] sample showed a contradictory and
negative increase compared to the other samples. This discrepancy arose due to a significant
reduction in the intensity of EFT doio molecules as the analysis penetrated deeper into the
bulk of the [1:1] sample. In contrast, the reduction in PC71:BM d2o0 peak intensity was less
pronounced, leading to a negatively increased slope in this region compared to samples
[1:1.5], [1:2], and [1:3].

This unexpected decrease in EFT face-on molecules in the [1:1] sample suggests that the
presence of PC7:BM molecules would be more noticeable in surface Raman mapping
analyses, resulting in a higher observed percentage in the [1:1] sample than initially

expected.

5.3.5 Compare the GIXRD and Raman mapping results in Depth-profile analysis

One of the insights gleaned from the GIXRD results in previous sections was the emergence
of a 20 peak around 4°, indicating an increase in signal intensity at this peak. This peak
corresponds to the EFT dio0 edge-on molecules. To understand how the presence of PC7:BM
molecules on the surface impacts the formation of these internal molecules, further analysis

of the extracted in-depth GIXRD parameters was conducted.

A key observation aimed at providing evidence of PC7:BM's vertical distribution is the
relationship between the ratio of edge-on to face-on PTB7-Th molecules as a function of
film thickness across all composition ratios. In this study, an inverse of the conventional
face-on to edge-on ratio is used to signify the correlation between this parameter and the
percentage of PC7:BM on the film surfaces, as observed in Raman mapping.

Figure 5.9 illustrates these two graphs. It is evident that there exists a strong functional
relationship between the presence of PC7:.BM molecules (analysed via Raman mapping data)
and the proportion of PTB7-Th molecules transitioning from a face-on to an edge-on
orientation (analysed via GIXRD data).
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Figure 5.9- a) Ratio between PTB7-Th Edge-on and Face-on molecules at different blend ratios and different
film thickness in GIXRD analysis b) Plot of PC7:BM rich regions from Raman analysis for different blend

ratios as a function of film thickness.

For all composition ratios except [1:1], there is a decrease in the edge-on to face-on ratio
with decreasing film thickness, indicating a reduction in PC7:BM concentration at the film
surface as the film thickness decreases. However, for the [1:1] ratio, the concentration profile
of PC71BM exhibits a different vertical distribution. At lower PC7:BM concentrations,
PTB7-Th predominantly maintains a face-on orientation, which restricts the vertical
migration of PC7:.BM toward the film surface. This phenomenon is confirmed by the Raman
mapping results (Figure 5.5), where lower PC7:BM concentrations were observed at the
surface (100 nm depth) compared to 40 nm depth for the [1:1] composition ratio. Conversely,
as the composition ratio increases, PTB7-Th shifts from a face-on to an edge-on orientation,

facilitating the vertical migration of PC7:.BM toward the surface.

It is noteworthy that for all composition ratios of [1:1.5] and above, more PC7:BM is found
at the surface of thicker films. This aligns with the trends observed in the Raman mapping
data analysed in the previous section, underscoring the role of PC71BM in shaping the
distribution of the polymer/acceptor network, influencing photocurrent generation, and
establishing suitable pathways for charge extraction that impact the electrical parameters in
OPV?' devices.

27 Organic Photovoltaic
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5.3.6 Molecular orientation impact on Electrical Parameters of OPV

In previous sections, extensive investigation was conducted into the nanostructure
dependence on composition ratios and its influence on molecular orientations to elucidate
the self-organization mechanisms of donor/acceptor materials in bulk heterojunction
devices. Now, the focus shifts to exploring the implications of nanomorphology and nano-

structuring on electrical parameters in Organic Photovoltaic (OPV) devices.

Table 5.3 in section 5.3.1 provides electrical parameters for all etched devices at
corresponding thicknesses. Figure 5.10 (a) illustrates the relationship between current
density and the percentage of PC7:BM on the film surface. It is evident across all
composition ratios that current density increases with the percentage of PC7:BM present on
the device surface. However, notable differences emerge in the behaviour of the [1:1] ratio
device, where the percentage of PC7:BM on the surface increases through the chemical
etching process. This observation aligns well with the interpretation that at higher
concentrations (above [1:1] ratio), the shift in orientation from face-on to edge-on facilitates
the migration of PC7:BM toward the device surface.

Furthermore, the dependence of current density on PC7:BM content is not uniform and varies
across different composition ratios. Although a closer trend is observed for [1:1.5] and [1:2]
devices, indicating a potential linear relationship at lower PC71BM concentrations,
deviations from this trend are noted at higher loadings. This discrepancy is attributed to
fullerene distribution disparities within the bulk and on the film surface, impacting exciton

dissociation and charge carrier pathways to the respective electrodes.

To further investigate the impact of bulk nanostructure on current density, Figure 5.10 (b)
illustrates the dependence of current density on GIXRD data (specifically d2oo), as presented
in Table 5.5.

These findings underscore the intricate relationship between nanostructure, composition
ratios, and electrical performance in OPV devices, highlighting the importance of optimizing

material distributions and orientations to enhance device efficiency and stability.
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Figure 5.10 - a) Plot of short circuit current density versus PC71:BM percentage on film surface and b)
GIXRD d200 intensity; c) the relationship between percentages of acceptor and d) donor material on the

surface and in the bulk.

For the [1:1] composition ratio, the observed trend differs from Figure 5.10 (a) because the
current density is influenced by both PC7:BM content in the bulk and on the film surface.
As successive chemical etching reduces PC7:BM in the bulk, PC7:BM on the surface is
simultaneously increased. This aligns with previous findings that PC7:.BM is more

concentrated deeper within the film for the [1:1] ratio.

Conversely, despite higher PC7:BM concentrations on the film surface, lower current density
is observed in the [1:3] composition ratio compared to other ratios. This discrepancy stems
from an imbalance in PC7:BM distribution between bulk and surface, and the significantly
lower amount of PTB7-Th used in the [1:3] ratio relative to PC71:BM, impacting photocurrent

generation.

To validate this, the relationship between PC7:BM percentages on the film surface and in

the bulk was examined. An almost linear relationship across all ratios is shown in Figure
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5.10 (c), though this dependency weakens with higher ratios. Figure 5.10 (d) illustrates a
similar linear trend for PTB7-Th across all ratios, but notably, the [1:3] ratio exhibits a lower

doz1o peak intensity (around 200) with less than 20% surface concentration.

Despite these observations, higher PTB7-Th concentrations on the film surface are revealed
by repeated chemical etching for the [1:3] devices. However, reduced efficiency is still
exhibited by these devices due to lower current density from decreased PTB7-Th in the bulk,
increased series resistance (Rs) disrupting charge pathways, higher contact resistance at the

cathode, and reduced shunt resistance (Rsh) leading to leakage currents and lower fill factors.

5.4 Thin film materials characterisation

As mentioned previously in the introduction, from this section onward, device
characterization involves applying numerous methods and techniques to evaluate the
performance of OSCs based on PBDTTT-EFT polymer, using both chlorinated solvents and
selected green solvents.

To understand the behaviour of these materials as blends, it is essential to first characterize
them in their pristine form. Understanding the various properties of these thin films is crucial
for optimizing devices based on this information. One important aspect of thin film
characterization for devices is determining their optical spectroscopic properties. Most
organic semiconducting materials are often categorized as "intrinsic wide band gap"
semiconductors, meaning their absorption bands tend to be relatively narrow (Nicholson and
Castro, 2010).

5.4.1 Optical absorption

The UV-Vis optical absorption spectroscopy was conducted on each pristine donor and
acceptor material dissolved in CB?® solution, as shown in Figure 5.11 under a spectral
irradiance of 1.5 AMG (Air mass global). The 1.5 AMG spectra irradiance conforms to the
standard set by the ‘American Society for Testing and Materials’ (ASTM) G-173 (ASTM
G173 - 03(2020); Marzo et al., 2017), which is consistent with the solar simulator used in
this study. The ASTM-G173 spectrum shows a peak irradiance between 450 — 500 nm,

28 Chlorobenzene
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tapering off as wavelengths increase. Therefore, an ideal donor material should exhibit
absorbance in the range of 450 — 800 nm to efficiently harness solar energy.
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Figure 5.11 — Optical absorption for pristine EFT and pristine PC7:BM dissolved with CB:ODCB and 1.5
AMG spectral irradiance
The optical band gap of a material can be determined from its absorption spectrum. In the
case of EFT?®, the optical band gap is found to be 1.58 eV, derived from an absorption onset
wavelength of approximately 785 nm shown in Figure 5.12. A detailed explanation of how
band gap measurement is conducted from an optical absorption curve is provided in chapter
4.3.7.

Figure 5.12 also illustrates two peaks attributed to EFT around 638 nm and 700 nm, and one
peak around 200-300 nm attributed to PC7:BM. These peaks provide critical information for
comparing the absorption characteristics of these materials and assessing their suitability for
photovoltaic applications.

2 PBDTTT:EFT
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Figure 5.12 — UV-Vis Spectrum of PBDTTT-EFT and PC7:BM with estimated optical absorption onset
wavelength and its primary peak identifications dissolved with CB:ODCB
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Figure 5.13 — UV-Vis Spectrum of PBDTTT-EFT and PC7:BM when Green solvents applied in pristine

materials

Figure 5.13 illustrates that the total absorption area of spectra using green solvents is greater
compared to those using non-organic solvents. Remarkably, the peaks corresponding to
PBDTTT-EFT at around 638 nm and 700 nm exhibit minimal wavelength shifts, but their
intensities vary depending on the solvent used. Thin film samples prepared with 2MA green
solvents show the least reduction in peak intensities at 638 nm and 700 nm, indicating

minimal impact on the molecular backbone and n-n structure.
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5.4.2 Photoluminescence Spectroscopy

In this section, Photoluminescence (PL) and Raman spectroscopy results are presented,

shown in Figure 5.14 and Figure 5.15 below.

Figure 5.14 illustrates that the PL intensity of the EFT polymer is notably higher than that
of PC7:BM. This difference arises because EFT acts as the donor material, absorbing a
significant portion of incident light and generating higher excitons. Photoluminescence
occurs when these excitons recombine without dissociating. The PL spectrum of pristine
PBDTTT-EFT exhibits a broad peak with a flat emission extending from 770 nm to 800 nm.
In contrast, the PL spectrum of PC7:BM, as a fullerene derivative acceptor material, shows

distinct peaks around 713 nm and 775 nm,
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Figure 5.14 - PL for pristine EFT and PC7:BM dissolved with CB:ODCB and compared with green solvents

When these materials are mixed with green solvents, the photoluminescence (PL) emission
levels show differences not only in the positions of peaks and humps for each acceptor

109



material but also in their overall intensity. Particularly, the sample treated with 2MA as the
green solvent exhibits the highest PL intensity among the three samples. This observation
aligns with the higher absorption capabilities demonstrated by the material when mixed with
2MA.

5.4.3 Raman Spectroscopy

In an ideal scenario, resonant Raman spectroscopy involves using an excitation laser whose
wavelength matches the maximum absorption of the material being studied (Liao et al.,
2013; Razzell-Hollis et al., 2014). For instance, PBDTTT-EFT exhibits its peak optical
absorption at 700 nm (see Figure 5.13). Therefore, to conduct resonant Raman spectroscopy

on PBDTTT-EFT, an excitation laser with a wavelength of 700 nm would be ideal.

However, the Raman microscope used in this project is limited to excitation lasers with
wavelengths of 514 nm and 785 nm. When using the 785 nm laser, which is closer to the
absorption peak of PBDTTT-EFT, only the PBDTTT-EFT molecules would be excited
(though requiring high laser power), and the profiles of acceptor materials would not be
observed. On the other hand, using the 514 nm laser allows both donor and acceptor

materials to produce Raman spectra.
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Figure 5.15 — Raman spectroscopy for pristine EFT and PC7:BM dissolved with CB:ODCB
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Figure 5.15 illustrates the Raman spectra obtained for pristine PBDTTT-EFT and PC7:.BM
materials mixed with CB, collected under a 514 nm laser excitation.

Based on previous studies (Komilian, 2019), each peak observed in Raman spectroscopy
corresponds to specific bonds within the molecule's structure. In the case of PTB7-th
(PBDTTT-EFT), peaks P1 to P3 in the Raman spectra are associated with stretching modes
of specific bonds within the molecule, while peak P4, occurring around 1576 cm?, is
predominantly attributed to PC71:BM.
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Figure 5.16 — Raman spectroscopy for pristine EFT and PC7:BM dissolved with green solvents
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Figure 5.16 illustrates the impact of green solvents when introduced into the mixture of
pristine PBDTTT-EFT and PC7:BM. The analysis shows that there are no significant shifts
in the positions of the peaks compared to mixtures using conventional solvents like CB. This
suggests that the use of green solvents did not induce any noticeable changes in the molecular

configuration or backbone length of the materials.

These identified Raman peaks can be valuable for future investigations aimed at determining
the surface composition of blended materials using Raman spectroscopy. Understanding
these peaks and their shifts in wavenumbers (cm™) provides insights into the molecular
structure and can aid in analysing the texture and composition of the material surfaces. (For
detailed information on each peak and their corresponding Raman shifts, refer to Komilian
(2019), where these peaks are extensively discussed and assigned to specific bonds within
the PBDTTT-EFT molecule)

5.4.4 GIXRD Analysis

Based on the GIXRD?¥ diffractograms collected, data were analysed for pristine PBDTTT-
EFT and pristine PC7:.BM dissolved in green solvents, comparing them with samples
prepared using chlorinated solvents. Each sample was fabricated as a thin film on a quartz
substrate to achieve a thickness of approximately 100 nm, a parameter optimized for the best
performance based on literature findings. The fabrication process maintained consistent

parameters to minimize induced defects.

To enhance peak characteristics and ensure optimal peak analysis for each sample, the
diffractogram profile of the thin film on the substrate was subtracted from that of a clean
quartz substrate, as detailed in Chapter 4.3.3. By subtracting the quartz substrate baseline,
the distinctive peaks corresponding to specific crystallographic planes and molecular
arrangements within the materials become more pronounced and discernible. This method
facilitates a detailed analysis of the structural properties and orientation of the materials

under investigation.

The extracted out-of-plane GIXRD parameters are presented in Table 5.6 and illustrated in
Figure 5.17 , providing detailed insights into the structural characteristics of the materials

analysed.

30 Gracing Incidence X-ray Diffraction
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Figure 5.17 — Out of plane GIXRD diffraction pattern for Pristine EFT and PC71BM dissolved with green
solvents and compared with CB:ODCB (quartz base removed).

Table 5.6 - OOP GIXRD parameter for Pristine EFT and PC71:BM dissolved with green solvents and
compared with CB:ODCB

Sample Pristine PC1BM Pristine PTB7-Th
Green Thickness di0o (Peak 1) da00 (Peak 2) digo (Peak 1) do1o (Peak 3)
solvent (nm) 20(°)  Intensity (u)  20(°)  Intensity (a.u) 20 (°)  Intensity (a.u.) 20 (°) Intensity (a.u.)
2MA 100 7.60 415 18.65 123 4.09 414 22.61 321
O-XY:AA 100 7.62 419 18.63 135 411 416 22.59 332
DMN 100 7.59 421 18.66 139 4.10 420 22.60 337
CB 100 8.41 594 18.37 241 0.11 171 22.67 1995

Based on the GIXRD results presented, two significant observations are noted when

comparing the use of green solvents versus chlorinated solvents:

1. Reduction in Peak Intensity and Shift in Position: There is a noticeable decrease in
peak intensity around 22° for PBDTTT-EFT (EFT) polymer and around 18° for
PC71.BM when green solvents are used compared to chlorinated solvents.

Additionally, there is a slight shift in the 20 position of these peaks.
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2. Appearance of New Peak at 4°: Upon using green solvents, there is an emergence of
a peak around 4° with increased signal intensity in the GIXRD spectra.

According to X-ray crystallography analyses reported in other studies, such as those from
the NREL (NREL Developing Improved Tech to Lower Costs for Multi-Junction Solar
Cells, 2018), the n-n stacking planes of PBDTTT-EFT (PTB7-Th) polymer are identified.
Specifically:

e The face-on plane (do1o) of EFT exists at 20 around 20-23°.
e The edge-on plane of EFT exists at 20 around 3-6°.

Therefore, the increased intensity observed in the GIXRD data around 4°, corresponding to
the dioo plane of EFT, suggests a possible rotation in the molecular structure. This rotation
could indicate changes in the m-m stacking arrangement of the polymer, potentially
influenced by the use of green solvents compared to chlorinated solvents. Such changes in
molecular orientation can significantly impact the structural properties and performance of

the material in optoelectronic devices like solar cells.

5.4.5 Cyclic Voltammetry

Based on the cyclic voltammograms presented in Figure 5.18 and the subsequent
calculations using Equations 4.4 and 4.5 (covered in section 4.3.2), the electrochemical
reduction-oxidation potentials and energy levels (HOMO and LUMO) for both PBDTTT
polymer and PC7:BM were determined under different solvent conditions.

The onset potentials (i.e., either n- or p-doping) were determined from the intersection of the
two tangents drawn at the rising current (oxidation or reduction) and background current in
the cyclic voltammograms (Li et al., 1999). The estimated HOMO and LUMO energy levels
for pristine PBDTTT and PC7:BM are taken from the onset potentials identified in Figure
5.18 and are presented in Table 5.7.

In this table, the estimated HOMO and LUMO energy levels for pristine PBDTTT and
PC7:BM when dissolved in chlorinated solvents indicate energy band gaps of approximately
1.57 eV and 2.26 eV, respectively. These values align closely with the optical band gap

values previously determined.
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Figure 5.18 — Cyclic voltammograms of pristine PBDTTT:EFT (a,b) and PC71BM (c,d); oxidation and

reduction potentials while mixed with CB and different green solvents

Table 5.7- Calculated HOMO and LUMO energy level for Pristine EFT and PC7:BM while mixed with CB

and compared with green solvents

HOMO (eV)  LUMO (eV)  Eg donoracceptor (€V)
EFT with CB:ODCB -5.23 -3.66 -1.57
EFT with 2MA -5.64 -4.07 -1.57
EFT with O-XY:AA -5.27 -3.78 -1.49
EFT with DMN -5.25 -3.99 -1.26
PC71BM with CB:0DCB -6.08 -3.82 -2.26
PC71BM with 2MA -6.07 -3.83 -2.24
PC71BM with O-XY:AA -5.81 -3.94 -1.87
PC71BM with DMN -5.71 -3.96 -1.75

When the green solvent 2MA was used:

o« PBDTTT:EFT - There was a significant change observed in the HOMO and LUMO

energy levels compared to when chlorinated solvents were used. However, the

energy band gap remained identical to that observed with chlorinated solvents.
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e PC7:BM - The energy levels and band gap did not show considerable changes when
compared between chlorinated and 2MA solvents.

These findings suggest that while the choice of solvent can influence the electrochemical
properties of the materials, particularly the HOMO and LUMO energy levels of PBDTTT,
it does not significantly alter the overall energy band gap determined by electrochemical
methods compared to optical measurements. This consistency between different
measurement techniques reinforces the reliability of the band gap values obtained for these

materials under various solvent conditions.

5.5 Devices Performance characteristics of OSCs blended in green solvents

In subsequent stages, the goal was to identify the most effective green solvents compatible
with the blend of PBDTTT-EFT and PC7:BM as donor and acceptor materials. Sample
devices were fabricated using an optimized process based on recent studies (Komilian,
Oklobia, and Sadat-Shafai, 2018b), ensuring consistency by utilizing the same fabrication
facilities and configuration. This approach aimed to minimize any potential influence on the
outcomes of the case study, thereby pinpointing the most suitable non-halogenated solvents

for enhancing device performance between the materials mixed with green solvents.

5.5.1 J-V characterisation

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

= CB:0DCB [1:2] - 25 mg/ml
—— O-XY:AA [1:2] - 25 mg/ml
a4 b s 2A [1:2] - 25 mg/ml

1-2DMN [1:2] - 25 mg/ml

-10

Current Density (mA/cm?)
co

-12 F

14 b

-16 |

18 |

-20
Bias Voltage (V)

Figure 5.19- J-V curve for blend of EFT:PC7:BM with different green solvent and compared with CB:ODCB
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Figure 5.19 presents averaged data from three cells per sample, showing the J-V
characteristics including Voc, Jsc, Rs, Rsh, FF, and PCE, as detailed in Table 5.8.

Table 5.8 — J-V characteristics for blend of EFT:PC7:BM with different green solvent

EFT:PCHBM dissolved with Ajjémz) Ve ) g FéfnZ) (QRCﬂg) PCE(%)  FF(%)
CB:ODCB 17.09 0.79 6.31 929.1 9.30 0.69
0-XY:AA [1:100] 15.13 0.75 6.61 426.2 6.64 0.59
2MA 17.39 0.78 738 37241 817 0.60
16.83 0.73 2022 37170 575 0.47

Analysis of each sample revealed that the highest performance was achieved using 2-Methyl
Anisole (2MA\) as the primary solvent. This sample exhibited Jsc of 17.39 mA cm2, Vi of
0.78 V, FF of 60%, and PCE of 8.17%. These results indicate that devices using 2MA as the
solvent perform best among the selected green solvents and closely match the performance
of the control sample dissolved in ODCB:CB3L.

5.5.2 Optical absorption

Figure 5.20 illustrates further investigations conducted on the samples, specifically focusing
on their optical absorption characteristics. Within the wavelength range corresponding to
EFT (approximately 500 — 800 nm), there were no significant changes in intensity observed.
However, a noticeable decrease in absorption within the UV range (200 to 350 nm),
associated with PC7:BM, can be observed when comparing samples using green solvents
versus chlorinated solvents (indicated by the red line).

31 1 2-Dichlorobenzene:Chlorobenzene
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Figure 5.20 — Optical absorption for EFT:PC7:BM dissolved with different green solvent and compared with
CB:ODCB

This intensity deterioration could possibly be associated with the formation of PC71BM
clusters. A similar trend has been reported previously by other researchers when they used
blends of P3HT (Oklobia and Shafai, 2013).

The next section will delve into the study of Raman spectroscopy and PL to investigate any

potential observations resulting from the application of different green solvents to the blends.

5.5.3 Raman Spectroscopy

In chapter 5.4.3, the specifics regarding the configuration and laser power used for Raman
spectroscopy were detailed. As shown in Figure 5.21, there were no discernible changes

observed in the Raman spectra when utilizing green solvents as compared to halogenated
solvents.
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Figure 5.21 — Raman spectroscopy for EFT:PC;1BM dissolved with different green solvent. (Red colour

belongs to the peak position for control sample dissolved with CB:ODCB)

It is expected, based on the results of J-V characteristics from Table 5.8, that any changes in
the J-V characteristics could be attributed to morphological and internal molecular structure
deformations or alterations in chemical bonds within the polymer blend. Therefore, shifts in
Raman spectra (cm™) should be observable. However, as indicated by the shift positions
shown in Figure 5.21, the Raman spectra peaks for the control sample (highlighted in red)
were nearly identical in position compared to the other samples.

Based on this observation, it can be suggested that green solvents did not induce any
significant impact on the internal molecular structure, and there were no observable chemical
changes to the EFT polymer due to the introduction of green solvents into the system. In the
study conducted by Komilian (2019), it was noted that the peaks corresponding to EFT
molecule structure are located at 1476 cm™, 1508 cm™, and 1542 cm™ respectively. The peak
for PC71BM excitation was also observed at 1578 cm™, which aligns with its presence in
both pristine materials and the blend spectra. Thus, PC71:BM appears to exert a notable
influence on the blend spectra within this excitation range.
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5.5.4 Photoluminescence Spectroscopy

To comprehend the influence of the donor-acceptor (D:A) blend and its significance in
charge dissociation, the photoluminescence (PL) spectra profiles for blends of PBDTTT-

EFT with PC7:BM were collected and are presented in Figure 5.22.

It is evident that the peak intensities for blends using green solvents are consistently higher
compared to those using chlorinated solvents. Additionally, blends with green solvents
exhibited less quenching compared to those with chlorinated solvents, indicating a

potentially reduced recombination process.
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Figure 5.22 — PL for EFT:PC7:BM blend dissolved with different green solvents

From the blended materials photoluminescence (PL) spectra, it is evident that the PL
intensity is lower compared to their respective pristine films, as previously discussed in
section 5.4.2. Specifically, the blend of PBDTTT-EFT dissolved with 2MA green solvent
exhibits the most quenched PL spectrum profile among the three samples, closely followed
by the sample mixed with CB, suggesting a favourable donor/acceptor interface. In contrast,
the blend with DMN Green solvent shows less quenching, indicating a potentially less

optimal donor/acceptor interface.

Analysing the PL emission profiles of each blended thin film reveals a visible hump on the
right side of the profile, more pronounced in the 700-850 nm range. This observation
suggests an uneven distribution or presence of one of the components more prominently on

the surface of the thin film. Since PL spectroscopy probes the surface, these findings imply
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that PBDTTT-EFT samples tend to have a higher concentration of one component's

molecules on the film surface.

Considering these observations and their potential impact on device performance when green
solvents are used, further investigation into the internal structure and deeper understanding
of the blends was conducted using GI-XRD (Grazing Incidence X-ray Diffraction), as

detailed in the next section.

5.5.5 GIXRD full Analysis in blend

Based on the J-V characteristics results presented in section 5.3.1 and the compositional
analysis up to this point, it appears that 2MA solvent demonstrates the best compatibility
with the chosen donor-acceptor (D:A) blend. Therefore, 2MA will be selected as the primary
green solvent for further investigation in this research, using an identical fabrication process.
The aim is to understand why there might be a slight decrease in performance observed when
2MA is introduced into the system.

Figure 5.23 illustrates the GIXRD diffraction pattern of the blend with 2MA compared to

chlorinated solvent, with detailed data extracted for GIXRD analysis provided in Table 5.9.

A notable observation is that using 2MA as the solvent enhances a peak associated with the
lower 20 region corresponding to the dioo plane of EFT molecules within the blend. This
plane is indicative of EFT molecules in an Edge-on orientation (Komilian, 2019), suggesting

a possible change in the planarity of EFT polymer when 2MA is introduced into the blend.

Furthermore, when comparing samples dissolved in 2MA versus chlorinated solvents, the
intensity of the PC7:.BM d2oo plane remains relatively unchanged, but the full-width-half-
maximum (FWHM) parameters notably increase. Additionally, there is a leftward shift in
the 20 position. A shift towards lower 20 values typically indicates an increase in the distance
between the polymer backbones (n-stacking), as suggested by Komilian, Oklobia, and Sadat-
Shafai (2018). These observations strongly suggest that PC71BM molecules likely form

clusters in the presence of 2MA solvent.
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Figure 5.23 - Out of plane GIXRD diffraction pattern for EFT:PC7:BM blend dissolved with 2MA and
compared with CB:ODCB (quartz base removed)

Table 5.9 - OOP GIXRD parameter for EFT:PC7:BM blend dissolved with 2MA and compared with

CB:0ODCB
PC#BM PTB7-Th
Green 000 (Peak 2) daoo (Peak 3) doo (Peak 1) doo (Peak 4)
solvent | 26y FwHM  inensity@u)  26()  FWHM '”(‘;Tfi)‘y 2009  FWHM '”(‘;Tfi)‘y 2009  FWHM '”(‘:Zsli)‘y
2MA 8.02 4.17 394 18.50 451 229 4.10 1.14 285 22.80 5.32 151
CB 7.70 4.12 356 18.70 3.92 227 491 1.55 192 22.60 5.85 128

When comparing samples dissolved in 2MA to those dissolved in chlorinated solvents,
notable changes are observed in the GIXRD analysis of the EFT doio and dioo planes.

Specifically:

1. FWHM (Full-Width-Half-Maximum): The FWHM has decreased for both the do1o

and dioo planes of EFT when using 2ZMA solvent compared to chlorinated solvents.
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This indicates a narrower peak width and potentially improved crystallinity or
reduced disorder in the molecular packing of EFT.

2. 20 Position Shifts: The 20 position has shifted to higher values for the do1o plane and
lower values for the dio plane when using 2MA solvent. These shifts suggest

changes in the intermolecular spacing or packing density within the polymer layers.

These changes in d-spacing in the EFT planes suggest a dynamic interaction where the
formation of PC7:BM clusters on the layer surfaces likely influences the conformation of
EFT molecules from their preferred orientation. This interaction could impact the

distribution and arrangement of the donor-acceptor pair within the active layer materials.

The observed effects, including internal intercalation and nano-structural development (such
as clustering), are likely significant factors contributing to the slightly poorer fill factor (FF)
observed in devices with 2MA solvent. These phenomena underscore the intricate interplay
between solvent choice, molecular packing, and device performance in organic

photovoltaics.

5.6 Applying Novel 3D Profiling techniques for most optimised green solvent

In previous sections, the goal was to identify the best-performing green (non-halogenated)
solvents for fabricating organic solar cells (OSCs). Sample devices were fabricated using an
optimized process, and their J-V characteristics were evaluated (Figure 5.19 and Table 5.8).
It was found that devices using 2-Methyl Anisole (2MA) as the main solvent exhibited the
best performance, with Jsc of 17.39 mA cm, V¢ of 0.78 V, FF of 60%, and PCE of 8.17%.
These characteristics were closest to those of the control sample using CB:ODCB solvent.

However, despite achieving similar Jsc and Voc values to the control sample, devices with
2MA showed higher series resistance (Rs) and lower shunt resistance (Rsh), which had a
significant impact on their overall performance. The lower fill factor (FF) observed in the

2MA samples was primarily attributed to these out-of-range Rs and Rsh values.

Fill factor is one of the crucial parameters determining the efficiency of OSCs, although it
is less understood compared to Vo and Jsc. Factors influencing FF include carrier extraction,
recombination processes, and carrier mobility imbalances. Poor interfacial morphology
between electrodes and the active layer can also adversely affect FF (Qi and Wang, 2013,

Jao, Liao, and Su, 2016).
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Given that 2MA showed the best device performance among the green solvents tested,
further investigation into the causes of FF deterioration when using 2MA is essential. This
deeper analysis aims to identify opportunities for improving OSC fabrication to mitigate or

eliminate the undesired FF decrease associated with 2MA as the solvent of choice.

5.6.1 J-V characteristics for the blend of EFT:PC7:BM dissolved with 2MA

At this point, to better understand the nanostructure formation in samples fabricated using
2-Methyl Anisole (2MA), optimized Raman mapping techniques were applied to analyse the
surface and in-depth structures of the devices. The internal nanostructure and potential
unexpected conformations were compared with in-depth GIXRD analysis to identify issues

arising from the introduction of green solvents.

For this approach, each sample's active layer thickness was reduced by approximately 20 nm
using a chemical etching technique, previously described in section 4.3.11. The cathode
layer was then deposited as the top layer of the device. This process was sequentially

employed, reducing each sample's thickness by up to 40 nm.

Figure 5.24 presents the average data sets from three cells per sample, extracted and shown

in Table 5.10 for samples where the green solvent 2MA was applied.

Based on these results, the best performance was observed in the sample with an optimum
active layer thickness of 100 nm. The J-V characteristics for this sample were Jsc of 17.75
mA cm?, Voc of 0.80 V, FF of 58.4%, and PCE of 8.26%. The data was gathered from cells
with thicknesses of 100, 80, 60, and 40 nanometres after applying the washing technique.

The PCE at 100 nm thickness was 13.9% higher than that at 80 nm thickness. The trends in
current density and power conversion efficiency were very similar, indicating that current
density played a significant role in controlling device performance. The reduction in current
density with surface washing, which removes part of the absorbing layers, was expected and
contributed to the observed trends.
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Figure 5.24— J-V curve for blend of EFT:PC7:BM with 2MA in different active layer thickness

Table 5.10 — J-V characteristics for blend of EFT:PC7:BM with 2MA green solvent in different thicknesses

EFTPCIBMwith2MA ;;gmz) Ve V) (g Fifnz) (QFfj;l » PCEO®)  FF(%)
1% wash (100 nm) 17.75 0.80 78 956 8.26 58.4
21 Wash (80 nm) 16.20 0.80 11.2 782 7.25 56.3
3¢ Wash (60 nm) 14.15 0.79 145 585 5.91 53.2
4% Wash (40 nm), 11.45 0.78 22.40 420 435 491

5.6.2 2D Raman mapped images for the blend of EFT:PC71BM dissolved with 2MA as

function of different film thicknesses washed down with etching technique

Recent research by Komilian et al. (2018) demonstrated that, based on J-V characteristic
curves and extracted electrical parameters, the performance of fabricated devices improves
with increasing PC7:BM content up to a donor-to-acceptor (D:A) blend ratio of [1:2].
Beyond this ratio, any further increase in PC7:BM results in reduced device performance
and power conversion efficiency (PCE). Consequently, all sample devices in this study were
fabricated using this optimized D:A ratio of [1:2], following the same fabrication facilities
and configurations as previous studies to ensure consistency and avoid impacting the case

study outcomes. This approach aimed to identify the most suitable non-halogenated solvents.
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The 2D Raman mapping data on the surface of a sample with approximately 100 nm
thickness indicated that, although using the green solvent in the active layer mixture
achieved appropriate performance characteristics, clustering formation occurred both on the

surface and within the bulk.

To investigate this phenomenon further, optimized 2D Raman mapping techniques were
employed on active layers of varying thicknesses using a chemical etching technique. The
results, shown in Figure 5.25, confirmed that clustering of one component of the active layer

material occurred when 2MA was used as an alternative green solvent.

~40nm

20 pm

Figure 5.25 — 2D Raman mapped images for blend of EFT:PC7:BM ([1:2] 25 mg/ml) dissolved with 2MA as

function of different film thicknesses while chemical etching was used.

Raman mapping analysis revealed that in blends of the active layer with green solvent, extra
dissolving occurred, probably resulting in an unhomogenized structure. This created more
undissolved clotted areas, clearly observable in the mapped images. Red areas indicate
PC7:BM-rich domains, while cyan areas indicate EFT-rich domains. The distribution of
clotted cyan areas changed upon decreasing the thickness through chemical etching. Table
5.11 and Figure 5.26 show the percentage of PC7:BM-rich regions extracted from the film
surface of the blends dissolved with 2MA, as a function of different film thicknesses, using

the optimized MATLAB® image processing algorithm illustrated in previous sections.
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The declining trend in PC7:.BM percentage on the surface as a function of active layer
thickness decrease was the expected behaviour, observed similarly in samples with

chlorinated solvents.

Table 5.11 - Percentage of PC71BM rich regions extracted from the film surface of different PTB7-Th:
PC71BM blend dissolved with 2MA

EFT: PC,:BM with 2MA : [1:21 : :
Thickness PC,:BM rich domain  EFT rich domain
1% wash 100 66.15 33.85
2"d wash 80 60 40
3" wash 60 56.3 43.7
4" wash 40 53.9 46.1
90
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Figure 5.26 - Percentage of PC71BM rich regions extracted from the film surface of different PTB7-Th:
PC;1BM blend dissolved with 2MA while chemical etching used

The influence of structural formation was clearly observed in previous sections, where the
PC71.BM percentage converged to about 50% in the layer of roughly 40 nm in the bulk as the
film thickness in all samples decreased. This indicates that PC7:BM molecules tend to
accumulate in the bottom layers of the active layer film under equilibrium conditions. This
pattern, previously shown in Figure 5.5 and Figure 5.6 for various blend ratios and
thicknesses with chlorinated solvents, demonstrates a steady molecular formation that

shapes a funnel behaviour for these samples.
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Figure 5.26 further illustrates this funnel behaviour in the PC7:BM percentage trend, which
is crucial for a thorough understanding of molecular intercalation in depth when using green
solvents in the system. The optimized 2D Raman mapping and the chemical etching
techniques applied in this study provided insights into how the distribution and clustering of
PC7:.BM and EFT molecules affect the overall morphology and performance of the active

layer.

These observations underscore the importance of examining the internal structure and
distribution of materials within the active layer. The steady accumulation of PC7:BM at
lower thicknesses suggests that achieving an optimal blend distribution requires careful
control of the solvent and fabrication process. This understanding is vital for further
optimizing the performance of organic solar cells (OSCs) using non-halogenated, green

solvents.

5.6.3 OOP GIXRD parameter extracted from curve fits for the blend of EFT:PC7:.BM
while dissolved with 2MA and different film thickness

After the chemical etching technique was applied to samples with green solvents, the out-
of-plane Bruker D8 Advance X-ray diffraction technique was employed to extract the

GIXRD parameters. The results are shown in Table 5.12.

Table 5.12 — OOP GIXRD parameter extracted from curve fits for PTB7-Th and PC71BM films while
dissolved in blend with 2MA and different film thickness

EFT PCBM
_ d
Sample | Thickness 20 dmﬁqtensity - Intensity dZ(I)?nensity
Ratio | ~(nm) FWHM 20 (°) FWHM 20(°) FWHM
© (au.) ) (au.) ) (au)
100 402 112 289 2285 53 155 1850 4.5 225
1o 80 396 115 247 228 5.3 139 1851 453 192
' 60 399 111 212 2279 5.27 127 1849 451 167
40 398 114 185 2282 531 117 1853 457 153

According to crystallography theory, sharper peaks have lower full width half maximum
(FWHM) with higher intensity, and powder materials exhibit sharper peaks than materials
in solution form. Thus, samples in solution form with more clustering (as non-homogenized
particles) display sharper peaks in GIXRD analysis (Komilian, Oklobia, and Sadat-Shafali,

2018).
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In Table 5.12, it is evident that all three planar intensities for PC7:BM and EFT molecules
decreased with the reduction of thickness when chemical etching was applied. This is
because the total amount of diffracted X-ray beams penetrating the layer decreased as the

sample thickness was reduced.

A key comparison between GIXRD samples with 2MA (Table 5.12) and chlorinated solvents
(Table 5.9) further supports the hypothesis of molecular conformation changes when 2MA
is used. As previously discussed in sections 5.4.4 and 5.5.5, the intensity of the PC71BM d200
plane remained consistent between samples dissolved with 2MA and those with chlorinated
solvents. However, the FWHM parameters increased significantly, and the 20 position
shifted to the left. A shift toward lower 20 indicates an increase in d-spacing between the
polymer’s backbone (n-m stacking) (Komilian, Oklobia, and Sadat-Shafai, 2018). These

observations suggest that PC7:BM molecules likely formed clusters.

For the EFT do1o and di0o planes, it was observed that the FWHM decreased compared to
samples dissolved with chlorinated solvents. Additionally, the 26 position shifted to a higher
value for the doio plane and a lower value for the digo plane. This change in d-spacing in
these two planes caused a seesaw effect, confirming that PC71:BM cluster formation on the

layer surface likely impacted the preferred orientation of EFT molecules.

These findings indicate that the donor and acceptor pair distribution texture in active layer
materials is influenced by the internal intercalation between green solvents and the presence
of acceptors. This internal intercalation and nanostructure formation (the main reason for
clustering phenomena) are crucial factors contributing to the poorer fill factor (FF) in devices
using 2MA.

5.6.4 Summary

The nanostructure and nanomorphology of the active layer in OSC devices fabricated using
the green solvent 2MA have been better understood through the utilization of developed
Raman mapping and in-depth profiling techniques in this study. These investigations have
highlighted the significant role of fullerenes in self-organization, with results used to identify

the percentages of both donors and acceptors on the film surface.

Since halogen-free green solvents are not yet employed in manufacturing processes for
commercial or industrial solar systems, it is crucial for the field to successfully use the
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selected green solvent to create highly effective OSCs with available photovoltaic materials.
To this end, the next section will encompass a study aimed at large-area manufacturing,
utilizing the most optimized green solvent to establish specific patterns and characteristics

to overcome the issues outlined in previous sections.

5.7 Step towards Large fabrication of OSCs using green solvent

OPVs face challenges such as susceptibility to UV radiation, atmospheric moisture, and
oxygen, which shorten their lifespan (Girtan and Rusu, 2010; Omrane et al., 2010).
Developing OPVs that are stable in normal atmospheric conditions, cost-effective, and
achieve high power conversion efficiencies is crucial for commercial viability (Lo et al.,
2012).

Over the past decade, significant advancements have been made in developing thousands of
materials, including conjugated polymers and fullerene derivatives, and refining processing
methods for fabricating active layers in polymer solar cells (PSCs). These efforts have
notably improved the power conversion efficiencies (PCEs) of PSCs with bulk
heterojunction (BHJ) structures. However, the predominant use of halogenated solvents in
PSC fabrication remains a concern.

Addressing this issue is urgent for the PSC field, given the rapid progress in PCEs. This
research has focused on exploring alternatives to halogenated solvents, with promising
results demonstrating that OSCs with relatively high efficiencies can be fabricated using the
non-halogenated solvent 2-methyl anisole (2MA) in the active layer materials PTB7, as
detailed in Chapter 5.6.

While halogen-free solvents are not yet integrated into commercial or industrial photovoltaic
manufacturing lines, utilizing selected green solvents to replicate highly efficient OSCs
using current photovoltaic materials would be pivotal for advancing the field (Zhao et al.,
2015).
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5.7.1 Fabrication of Prototype OSCs by using green solvent and laser patterning
technique

To address the challenges discussed earlier, achieving specific patterns and characteristics
for large-area fabrication using optimized green solvents is imperative. One viable technique
for large-scale production is the roll-to-roll (R2R) method, which has demonstrated potential
but faces limitations in uniformity and device thickness, impacting efficiencies (Krebs,
Gevorgyan and Alstrup, 2009; Sgndergaard et al., 2012; Sgndergaard, Hosel and Krebs,
2013).

a)

Slot-die head
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Rotating
2=\ screen

o 1
Ink —\ )/ Squeegee

Backup roller \

=~ Printed pattern
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Figure 5.27- a,b) schematic illustration of knife coating and slot-die coating where excess ink is kept ahead of
the knife, ¢) continuous inkjet printing. d) Screen/Rotary printing technique, e,f) Flexography printing
((Krebs, 2009; Sgndergaard et al., 2012)

Various printing and coating techniques are also utilized for large-scale fabrication on
flexible substrates like PET (polyethylene terephthalate), with the choice critical for success
depending on electrode materials and surface processing (Figure 5.27). Coating methods
involve applying a continuous wet layer along a web's length without direct contact, ensuring
superior control over wet thickness. Techniques like knife coating and slot-die coating are
commonly employed for fabricating active multi-layers in continuous lines.

Printing methods, on the other hand, transfer ink to substrates through physical contact,
creating two-dimensional patterns. Flexography printing, suitable for low-viscosity inks,

offers high fabrication speeds but faces challenges in minimal ink transfer capability. Screen
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printing allows for very thick wet layers, beneficial for applications requiring high
conductivity, such as printed electrodes for polymer solar cells. Inkjet printing, with its
ability to print specific patterns by depositing ink droplets without contact, offers flexibility
but is limited by ink compatibility and setup complexity (Krebs, 2009; Nie, Wang and Zou,
2012; Sgndergaard, Hosel and Krebs, 2013; Ganesan, Mehta and Gupta, 2019).

In this project, the goal of prototype large-scale fabrication was to utilize the most optimized
green solvent while treating cells within the designed module as real large modules in series
or parallel configurations. To simplify fabrication and identify optimal patterns, the design
principles focused on minimizing the impact of fabrication techniques. The critical steps
included defining patterns in the bottom ITO-coated layer and top cathode layer, achievable
through methods like thermal deposition or inkjet printing with nanoparticle inks.
Designing the ITO layer pattern involved applying basic electrical principles of series and
parallel circuits. Laser engraving techniques, as detailed in Chapter 4.2.2, were employed to
pattern the ITO-coated layer in two main configurations: parallel and series connections,

investigating their impact on large-scale designs when using green solvents in devices.

6 parallel
connected

- <5 s & y

6 parallel S 4

connected : /

cells S T———) 2line
connected
in series

Figure 5.28- Fabricated 12 devices on patterned ITO layer using laser engraving and green solvent in active
layer materials PTB7:PC7:BM

Figure 5.28 illustrates the configuration of 12 fabricated cells connected in series and
parallel. Each line consists of 6 cells connected in parallel, and the two lines are connected
in series. During fabrication, stringent parameters were maintained across all devices to
minimize induced defects, ensuring consistency and reliability across the 12 devices in both

series and parallel configurations.
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5.7.2 J-V Results characterisation

In section 4.2.2, the active area of the devices was defined by overlapping two layers during
fabrication: the ITO-coated layer patterned using laser surface engraving and the top
conductive electrode layer patterned via thermal evaporation deposition with a mask. These
patterns collectively formed an active area of 2 mm2. Given the consistent substrate size of
25 x 25 mm?, a total of 12 cells were accommodated, each occupying an area of 24 mm?, for

current density calculations under illumination from a solar simulator.

To maintain consistency and minimize the impact of induced defects, the same solar
simulator employed in previous sections and the conclusions chapter was used throughout
this study. This approach ensured uniform testing conditions across all experimental phases,
facilitating accurate comparison and evaluation of the prototype module's performance under

simulated sunlight.

Output measurement
of one cell

Output measurement of one line
( 6 cells Connected in parallel)

Output measurement of the whole module
( 12 cells Connected in parallel and series)

Figure 5.29- Output measurement of prototype fabricated 12 devices on patterned ITO layer with active layer
materials PTB7:PC71BM and dissolved with green solvent 2MA

133



For measuring the output of individual cells, the neighbouring cells were covered with a
non-transparent black layer to prevent any potential reverse current flow. Figure 5.29 (a)
illustrates the placement of probes on the module to measure the output of a single cell.
Figures 5.29 (b) and 5.29 (c) depict the specific points on the module's surface where probes
were positioned to measure the output of 6 cells in parallel and the combined pattern of 12
cells in series and parallel, respectively.

The results of the J-V characteristics are presented in Figure 5.30 and Table 5.13 for the
different series and parallel connections. The voltage output from the PV module is
determined by the number of solar cells connected in series, while the current output depends
on the size of the solar cells and the number connected in parallel. Therefore, increasing the
number of cells in series increases the module's voltage output, whereas increasing the cells
in parallel boosts the current output. These fundamental principles guide the configuration
of cell connections within the module to achieve specific performance characteristics, within

the limitations imposed by the number of cells available in the module.

Table 5.13 — J-V characteristics for blend of EFT:PC7:BM with 2MA green solvent connected in different

pattern as one module

EFTPCBMwith2MA (o AJ;f:mz) (r::;) Vel¥) g Fé;nz) (QFij“nz) PCE(%) FF(%)
1 cell separately (Randomly 1812 0362 081 5.87 997 9.09 62.1
selected)
12 cells connected in parallel 18.05 4.332 0.81 6.12 985 8.87 60.9
12 cells connected in series 1.50 0.36 9.61 6.05 991 8.71 60.5

12 cells connected in two series
lines while connected in parallel 9.02 2.164 1.60 6.08 989 8.74 60.7

within each line

12 cells connected in two
parallel lines while connected in 3.01 0.722 4.80 6.07 990 8.76 60.8

series within each line
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EFT:PC;,BM with 2MA connected in different pattern
as one module
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Figure 5.30- I-V curves for blend of EFT:PC7:BM with 2MA green solvent connected in different pattern as

one module

Table 5.13 demonstrates that when solar cells are connected in series, the overall 1-V curve
shows an increase in voltage, reaching 9.61 V for the 12-cell series configuration. However,
the short-circuit current density (Jsc) decreases due to the larger active area of the cells. On
the other hand, connecting cells in parallel results in a significant increase in the overall
current output. Despite each cell maintaining a similar current density to that of a single cell,
the total output current scales up approximately twelvefold to 4.33 mA. The non-uniformity
among the 12 cells, including variations in active area, affects the fill factor when cells are
arranged in series or parallel, thereby influencing the total current extracted from the module.
While this disparity has minimal impact on series resistance (Rs) and shunt resistance (Rsh),

it is a critical consideration when designing combined series-parallel patterns.

Previous studies have documented a power conversion efficiency (PCE) of 5.2% for organic
photovoltaic (OPV) devices using O-xylene as a green solvent (Zhang et al., 2016). Other
research employing various halogen-free solvents has achieved PCEs around 7% (as
referenced in Table 3.1). Notably, Sprau et al. (2015) reported a PCE of 9.5% using the green
solvent XY/anisaldehyde (AA) in OPV systems based on the PffBT4T-20D
polymer/acceptor pair. As indicated in Table 5.13, prototype large-scale samples in this

project achieved PCEs ranging from 8.7% to 8.9%, which are significant and promising
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results when utilizing selected green solvents as alternatives to prevalent chlorinated solvents
in current market applications. These green solvents were found to be highly compatible
with the PBDTTT-EFT polymer donor material and PC7:BM fullerene derivative acceptor,
based on previous studies highlighting their potential for organic solar cell (OSC)
applications (Komilian, Oklobia, and Sadat-Shafai, 2018b).

5.8 Summary of Results and Discussions

Advanced Raman mapping techniques were employed to investigate the nanostructure and
nanomorphology of the active layer in organic solar cells (OSCs) in this study. The study
highlighted the pivotal role of fullerene in the self-organization process within these devices.
Through Raman mapping, precise estimates of the distribution percentages of both the donor

(PTB7-Th) and acceptor (PC7:BM) on the film surface were achieved.

The use of methanol in chemical etching processes facilitated controlled adjustments to the
thickness of the active layer, essential for optimizing device fabrication. Raman mapping of
chemically etched film surfaces provided detailed insights into the surface distribution of
PC71BM and PTB7-Th at different depths within the film. Notably, the study demonstrated
how PC71.BM influences the orientation of PTB7-Th, shifting it from a face-on to edge-on

configuration.

Moreover, X-ray diffraction (XRD) analysis of etched film surfaces with varying PC71:.BM
loadings validated the findings from Raman mapping, confirming vertical migration of
PC7:BM within the film structure. This migration directly impacted the electrical
characteristics of the devices, emphasizing the significance of PC71BM distribution between

the film surface and bulk in determining device performance.

The study also explored the effects of patterning the ITO coated layer using laser engraving
techniques, assessing parallel and series configurations at a large scale. The results
demonstrated that prototype OSCs achieved competitive power conversion efficiencies
(PCEs) ranging from 8.7% to 8.9%, positioning them favourably in the market for organic

photovoltaic applications.

In conclusion, this research integrates advanced characterization techniques with innovative
fabrication methodologies to advance the understanding and performance of OSCs. The

findings underscore the importance of precise control over nanostructure formation and
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material distribution in optimizing OSC device performance, paving the way for further
developments in green solvent-based OSC technologies.
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CHAPTER 6

Conclusion & Future Work

As previously mentioned, addressing the persistent challenge of mitigating the toxic effects
of halogenated solvents in large-scale manufacturing processes of OPVs remains critical and
urgent. This chapter consolidates the conclusions drawn from experimental results and their

analysis, aiming to guide future researchers in this field.

6.1 Conclusions

The primary objective of this study was to examine how green solvents influence existing
OPV systems and potentially offer solutions to replace chlorinated solvents. Extensive
literature was reviewed to address key challenges in OSCs' pre-fabrication processes. A
variety of suitable green solvents were selected, and further research and investigation were

conducted on these materials.

The selected donor and acceptor materials were utilized exactly as in previous recent reports,
known for their high performance potential. Therefore, this project focused on identifying
compatible green solvents for existing OPV systems. DMN (Dimethylnaphthalene), o-
Xylene:NMP (N-Methyl pyrrolidone), and 2MA (2-methylanisole) were identified as the
top-performing green solvents due to their suitable compatibility parameters with the
selected narrow band gap polymers. Radar analysis indicated that 2MA and o-Xylene

showed the best compatibility with the chosen polymer system (D:A).

For the first time in the Organic Solar Cells field, novel analytical techniques have been
developed and applied to investigate the internal structure formation of molecules both on
the surface and within the bulk. These advancements have enabled the detailed 3D profiling

of bulk heterojunctions in OPV systems, as outlined in Figure 6.1:
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e A new 2D morphological analysis method has been devised to extract numerical
morphological parameters from AFM?3? phase images. These parameters are then

applied to Raman mapping images using consistent procedures.

o Furthermore, a study was conducted on blended films containing PTB7-Th and
PC7:BM, which underwent a chemical etching process. By precisely adjusting the
technique configuration, the thickness of the active layer could be slightly reduced

through drop-casting alcohol-based solvents onto the layer's surface.

e To gain deeper insights into the internal molecular structures and the formation of
PC71.BM molecules at the surface layers during chemical etching, an advanced
MATLAB® image processing algorithm was employed. This algorithm facilitated
the generation of 3D representations depicting the internal composition of each

etched layer.

. . ) . ) developed MATLAB® image processing
2D analysing techniques Chemical Etching technique algorithm for 3D internal structure

- Data collection
Data collection

¢—=»| from Raman
from AFM Spectrometer

Figure 6.1- The Novel comprehensive analysing techniques flowchart showing the steps of using developed
techniques for 3D profiling of bulk heterojunctions of OPV systems

The analytical findings indicate that devices using 2-Methyl Anisole (2MA) as the solvent
exhibited superior performance among the selected green solvents, closely approaching the
counterpart sample dissolved in CB:ODCB at a blend ratio of [1:2]. This sample yielded J-
V characteristics of Jsc at 17.39 mA cm, V. at 0.78 V, FF at 60%, and PCE at 8.17%.

To explore the reasons behind the slightly diminished performance observed when
introducing 2MA to the system, further investigations focused on both the surface and

internal nano-structuring of the active layer components. AFM phase results revealed a

32 Atomic Force Microscopy
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phenomenon where blend components clustered and appeared prominently on the surface in
bright colours when 2MA was used as the green solvent. Another analysis demonstrated a
correlation between surface Raman mapping data and AFM phase images, highlighting red

areas in Raman mapping images as PC71.BM-rich domains on the film surface.

GIXRD analysis of pristine EFT and PC7:BM dissolved with 2MA revealed an intriguing
observation: the solvent intensified a peak associated with the dioo plane of EFT molecules
at lower 20, potentially indicating a change in the preferred orientation of EFT polymer

molecules towards an edge-on configuration.

By penetrating to the lower active layers in the film by detailed washing and using the
sophisticated techniques, it becomes apparent that a consistent molecular formation is
observed around 40nm into the lower active layers of the film. Approximately 50% of
PC7:BM molecules are detected on the surface of each sample. This gradual increase in
PC71.BM concentration plays a pivotal role in deepening our understanding of the internal

nano-structural formation of donor and acceptor components.

Further in-depth analysis using GIXRD with samples dissolved in chlorinated solvents has
revealed that the presence of PC7:BM molecules significantly affects the conformation of
EFT molecules, shifting their preferred orientation from face-on to edge-on. There exists a
strong functional relationship between the concentration of PC7:BM molecules and the
amount of EFT molecules oriented in the edge-on configuration. Subsequent steps
investigate the implications of nano-morphology and nano-structuring on OPV electrical
parameters using these samples. Results indicate a correlation between current density and
the percentage of PC7:BM on the film surface. This finding aligns well with the
understanding that higher concentrations (above 1:1) facilitate the migration of PC71BM to
the device surface, potentially enhancing charge collection at the cathode. However, this
migration could also implicate exciton dissociation and alter charge carrier pathways to the

respective electrodes due to reduced PC7:BM quantity in the bulk.

Furthermore, a higher concentration of PC7:BM at the film surface may enhance Rsh and fill
factor, but it can disrupt charge carrier pathways. Consequently, the lower efficiency
observed in these devices is attributed to i) reduced current density due to lower PTB7-Th
presence in the bulk, impacting photocurrent generation, ii) increased Rs from disrupted
charge carrier pathways and higher contact resistance due to concentrated PTB7-Th at the
cathode, and iii) reduced Rsh leading to leakage current and lower fill factor.
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Additionally, advanced analytical techniques, complemented by chemical etching and
washing procedures, have been employed to analyse samples of the blended ratio [1:2]
dissolved with 2MA. These methods were compared with chlorinated samples to explore the

rationale behind potential clustering formation in these systems.

Raman mapping analysis has revealed that in the blend of the active layer with a green
solvent, an additional dissolving phenomenon has occurred, resulting in an uneven structure
with more undissolved clustered areas. These clustered regions are clearly visible in mapped
images as regions where clusters have formed. There is a noticeable decrease in the
percentage of PC7:BM on the surface as the thickness of the active layer decreases. This
behaviour mirrors what is typically observed with acceptors in samples using chlorinated

solvents, with the threshold limit appearing to stabilize around 50%.

Analysing GIXRD results from samples with 2MA and comparing them with chlorinated
solvents has shown that PC7:BM molecules exhibit cluster formation, confirming earlier
indications. It is strongly suggested that the clustering of PC71:BM can indeed occur when
green solvents are used in the system. This phenomenon leads to unexpected disruptions in
charge carrier networks within the active layer, thereby potentially increasing the rate of

recombination.

In the final phase of the research, the focus shifted to the deliberate prototyping of large-
scale fabrication of the system using the most optimized green solvent, with cells in the
designed module intended to mimic real large-scale modules configured in series or parallel
patterns. Utilizing laser engraving techniques, the ITO-coated layer was patterned into two
primary configurations: parallel and series connections, aimed at studying their impact on

large-scale design. Prototype devices were fabricated in five different patterns.

The results indicate that in series connection, the overall J-V curve of a set of identically
connected solar cells exhibited increased voltage but decreased Jsc due to larger active cell
areas. Conversely, when cells were connected in parallel, the current density from 12 cells
connected in parallel remained comparable to that of a single cell, while the overall output
current increased approximately twelvefold compared to individual cells. The overall fill
factor may have been influenced by areas of mismatch, which in turn could affect the total
current achievable from the output channels. These configurations had a negligible impact
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on Rs and Rsh resistances but are important considerations when combining parallel or series

patterns in design.

Based on these findings, the achieved PCE of 8.7-8.9% with prototype large-scale samples
represents a significant and promising outcome, especially considering the use of green

solvents as an alternative to chlorinated solvents in the current market.

6.2 Future works

In future research endeavours, the impact of using green solvents on device performance,
aimed at eliminating the toxic effects of halogenated solvents in large-scale manufacturing
processes of organic photovoltaics (OPVs), will continue to be a pivotal focus. The
methodologies developed in this study can serve as a foundational framework for future
investigations, facilitating the transition from traditional lab-scale fabrication methods to
scalable manufacturing of organic solar cells, particularly emphasizing comprehensive

analytical techniques for detailed morphological analysis.

The prototype large-scale fabrication undertaken in this project utilized the most optimized
green solvent, treating cells within the module as authentic large modules configured in
series or parallel patterns. To minimize fabrication impacts and determine the optimal pattern
for large-scale production, the design principles were deliberately kept straightforward. For
future work, selecting the appropriate fabrication technique for the top cathode layer, such
as inkjet printing using nanoparticle inks or thermal deposition processes, is crucial. The
choice of technique will significantly influence manufacturing efficiency, ensuring accuracy

and speed necessary for viability in the OPV industry.

Additionally, future research could leverage the developed techniques introduced in this
study to explore alternative materials for various aspects of OSCs manufacturing. For
instance, investigating Carbon Nano Tubes (CNTSs) or graphene derivatives as non-metal
electrodes presents promising alternatives. Optimizing these materials for ideal inkjet-
printing techniques could overcome current challenges faced by researchers, potentially

enhancing efficiency and performance in OPV production processes.
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