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ABSTRACT

The practical applications of organic solar cells (OSCs) are hindered by their insufficient
lifetimes. Zinc oxide (ZnO) and tin (V) oxide (SnO;), which are widely used electron transport
layer (ETL) materials in OSCs, suffer from photocatalytic effects and surface defects. These
problems limit the power conversion efficiency (PCE) and stability of OSCs and must be solved
to realise the practical application of OSCs. This study focuses on solving these problems by
modifying ZnO and SnO, ETL materials with commercial ultraviolet resins based on
polyurethane diacrylate and urethane acrylate, whose given names by the manufacturing

company were SAR and OCS, respectively.

In this study, the OSCs ETL, modification interlayer, and photoactive layer were fabricated by
spin coating technique on indium tin oxide (ITO) patterned substrates. The hole transport layer
(HTL) and top silver (Ag) electrode were deposited using the thermal evaporation method. The
interfacial modification properties, such as hydrophobicity, work function (WF), and surface
defects, were studied using contact angle measurement, ultraviolet photoelectron spectroscopy
(UPS), X-ray photoelectron spectroscopy (XPS), and photoluminescence (PL) spectroscopy.
Modifying ZnO and SnO, with SAR and OCS resins improved the contact angles and reduced
the surface free energy, thus enhancing the interfacial contact between ETLs and the
photoactive layer. UPS analysis showed that SAR and OCS modification reduced the WF of
ETLs, resulting in energy-level alignment with the photoactive layer. A significant decrease in
the surface defects of ETLs upon SAR and OCS resin modification was observed in XPS and
PL analyses. The improved interfacial contact at the ETLs/photoactive layer, reduced work
functions, and surface defects contributed to the PCE improvement of the OSCs based on ZnO
ETL from 13.6% to 14.6% and those based on SnO, ETL from 13.8% to 14.4%.

The photocatalytic activity of ZnO and SnO., which decomposes the organic photoactive layer
material upon light illumination, was found to be suppressed through SAR and OCS
modification. The suppressed photocatalytic effect contributed to the improvement in the
photostability of OSCs. In addition, the SAR and OCS resins formed a cross-linked network
on ETLs which was resistant to thermal stress, contributing to improved OSC thermal stability.
Thus, this study presents a good approach to enhance the performance and stability of OSCs

utilising ultraviolet resins.
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CHAPTER ONE: INTRODUCTION

1.1 Background to the Study

The demand for clean energy is currently increasing, a trend that has been attributed to the
continuous growth of the global world population, urbanisation, improvement in quality of life,
and changing lifestyle, among other factors. This has had an immense impact on the
socioeconomic activities, thus expanding urbanisation and industrialisation (Ebrahimi and
Rahmani, 2019). However, energy sustainability remains a major challenge for both developed
and underdeveloped countries (Kabeyi and Olanrewaju, 2022). Fossil fuels dominate the global
energy consumption, accounting for around 80% of consumed energy in total (Ahmad and
Zhang, 2020). The most dominant fossil fuels, including coal, natural gas, and oil, are estimated
to be exhausted in the near future (Holechek et al., 2022). When fossil fuels are burnt,
greenhouse gases (GHG) such as nitrous oxide, sulfur dioxide, carbon dioxide, methane, and
fluoro-based gases are emitted (Li et al., 2021a). Greenhouse gas emissions are harmful to
humans and the existence of the ecosystem, and cause global warming and climate change.
This has attracted significant attention for venturing into other clean sources of energy that are
low-cost, renewable, and have lower greenhouse gas emissions, such as hydro, wind, biomass,

and solar energy (Gul et al., 2023).

Among the mentioned sources of renewable energy, solar energy has been widely accepted as
the most reliable owing to its exceptional benefits, such as global availability and low cost
(Dambhare et al., 2021). Electricity is generated from solar energy using solar cells through
the photovoltaic (PV) effect (Dambhare et al., 2021; Vodapally and Ali, 2022). Various solar
photovoltaic technologies have been employed to generate electricity from solar energy. These
solar photovoltaic technologies are grouped into four diverse generations, namely; first, second,
third, and fourth (Pastuszak and Wegierek, 2022). These generations are further classified

depending on the materials employed for solar cell manufacturing (see Figure 1.1).
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Figure 1.1: Four classifications of solar photovoltaic technology, which fall under first, second,
third, and fourth generations (Adapted from: Dambhare et al., 2021; Pastuszak and Wegierek,
2022).

The most prevalent solar photovoltaic technology is the first-generation, which comprises
monocrystalline/single and polycrystalline silicon solar devices (Rathore et al., 2021). The
popularity of first-generation solar cells is ascribed to their high power conversion efficiencies
(Figure 1.2), small bandgaps, and long lifetimes of over 25 years (Pastuszak and Wegierek,
2022).
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Figure 1.2: Top solar cell efficiencies of various solar photovoltaic technologies per the
National Renewable Energy Laboratory (NREL) reports (NREL, 2024).

First-generation solar cells face the limitations of high manufacturing costs, high operational
energy requirements, prolonged energy return periods, and the requirement to use pure silicon
with a decent crystal structure (Sampaio and Gonzéalez, 2017). Second-generation technologies
have been applied to overcome the limitations of first-generation technologies. Unlike first-
generation materials, second-generation materials have been reported to have an inexpensive
installation process, increased flexibility, high efficiency of ~12%, and long lifetime of ~25
years (Mundo-Hernandez et al., 2014). The second-generation materials have limitations of
light and moisture degradation, toxicity, scarcity, and larger bandgaps that restrict photon
utilisation in solar cells (Avrutin et al., 2011; Dhere, 2006; El Chaar et al., 2011; Hosenuzzaman
etal., 2015).

Third-generation technologies, specifically organic solar cells (OSCs), have the potential to
replace first-generation solar cell technologies. This is due to their excellent characteristics,
which include low production costs, flexibility, large-scale production, semitransparency, and
lightweight (Chen et al., 2023; Duan and Uddin, 2020). Generally, OSCs are defined as those

whose photoactive or absorbing layer is composed solely of organic semiconductors that form



an electron donor (D) and an electron acceptor (A) (D-A) configuration. The donor materials
are either polymers or small molecules (Solak and Irmak, 2023), while the acceptors can
constitute small molecules, fullerenes, polymers, and non-fullerenes (NFAs) (Ganesamoorthy
et al., 2017). These OSCs fall into four major groups, depending on the arrangement of the
photoactive layer material (Solak and Irmak, 2023), as shown in Figure 1.3. The single-layered
OSC type consists of a blend of D and A materials in one layer placed between top and bottom
electrodes. In the bilayer type, the photoactive layer has two layers, one with the D material
and the other with the A material. The third type is the bulk heterojunction (BHJ), formed by
an interpenetrating network of D- and A-blended materials. The last type is called tandem OSC,
which consists of two or more subcells separated by a junction within one OSC structure. These
types of OSCs are further classified as conventional or inverted (Li et al., 2020), subject to the
positioning of the top or bottom electrodes as well as the buffer layers (see Figure
1.3).
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Figure 1.3: Types of OSCs based on the arrangement of the active layer materials and
positioning of various OSC layers (Adapted from: Li et al., 2020; Solak and Irmak, 2023).

Among the OSCs developed to date, those with non-fullerenes as the acceptors have shown a
substantial improvement in power conversion efficiency (PCE) (Figure 1.4), with a record PCE
of >19% for single-junction-based devices and >20% for tandem-junction-based devices,
respectively (Jin et al., 2023).
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Figure 1.4: Record power conversion efficiencies of NFA-based OSCs attained recently in

single junction and tandem devices (Jin et al., 2023).

This top performance of NFA-based OSCs has been reached by implementing various

strategies, as shown in Figure 1.5.

Figure 1.5: Different strategies adopted to realise high performance in NFA-based OSCs (Zhao
et al., 2018).



Despite this good achievement in the performance efficiencies of OSCs, their practical and
commercial applications are yet to be realised owing to instability issues (Xu et al., 2021).
Usually, the instability of OSCs is caused by a number of factors (Figure 1.6) which include
metastable morphology, light, heat, oxygen, moisture, mechanical stress, diffusion of

electrodes to the photoactive layer, and unstable buffer interlayers (Xu et al., 2021).

Electrode
Buffer layer

Mechanical
Stress

Buffer layer
Electrode

Figure 1.6: A schematic demonstration of the factors that hinder the stability of OSCs (Cheng
and Zhan, 2016; Duan and Uddin, 2020).

Efforts have been made to address these instability causes, with major investigations based on
morphology optimisation (An et al., 2023a; An et al., 2023b; Chang et al., 2020) as well as
encapsulation strategies (Planes et al., 2020), which have led to significant contributions to
OSCs’ stability. Less effort has been devoted to the interfacial or buffer layers, which also
constitute the causes of the OSCs’ instability. In this regard, this study sought to improve the

stability of OSCs by modifying the buffer layer, specifically the electron transport layer (ETL).



1.2 Statement of the Problem

In inverted OSCs, zinc oxide (ZnO) as well as tin (IV) oxide (SnO;) are commonly employed
as electron transport layers. This is because of their promising features such as high electron
mobility, high optical transparency, easy solution processability, low cost, and flexible energy
levels (Di Mario et al., 2023a; Kong et al., 2021; Liang et al., 2015; Liu et al., 2021).
Nonetheless, the photocatalytic nature, surface defects, and inorganic and brittle nature of metal
oxides result in interfacial instability when used in OSCs. Therefore, it is essential to solve the
interfacial instability issue arising from the use of metal oxides so as to realise stable OSCs.
This study sought to address the interfacial instability problem by modifying zinc oxide and tin
(V) oxide surfaces with ultraviolet (UV)-curable organic resins.

1.3 Objectives of the Study
1.3.1 General Objective
The general objective of this work was to enhance the performance and the stability of OSCs

by modifying the ETL (zinc oxide and tin (I\V) oxide) with ultraviolet-curable resins.

1.3.2 Specific Objectives
The specific objectives of this work were as follows:

1. To optimise zinc oxide/ultraviolet-curable resins and tin (1) oxide ETLs.

2. Todetermine the properties of zinc oxide, tin (IV) oxide, and ultraviolet-curable resins.

3. To investigate the effect of modifying zinc oxide and tin (IVV) oxide with ultraviolet-
curable resins on the interfacial characteristics.

4. To characterise PM6:Y6-BO-based OSCs with zinc oxide and tin (IV) oxide electron
transport layers modified with ultraviolet-curable resins.

5. To study the stability of PM6:Y6-BO-based OSCs with zinc oxide and tin (IV) oxide

electron transport layers modified with ultraviolet-curable resins.



1.4 Justification and Significance of the Study

Substantial effort have been put on various approaches to make OSCs more stable. Although
progress has been made in bridging the gap between the performance and stability of OSCs, a
threshold for commercial viability has yet to be realised. Therefore, a stability gap exists in
attaining the commercial applicability of solar cells. Metal oxides, which are commonly
employed as ETL materials in OSCs, have surface defects and suffer from a photocatalytic
effect that decomposes the photoactive layer upon ultraviolet light illumination. Owing to their
inorganic nature, they form a poor ETL/organic photoactive layer interfacial contact. All of
these factors cumulatively limit the performance along with the stability of OSCs. Therefore,
there is a need to develop possible solutions to the problems that arise when metal oxides are
used as electron transport materials. This study addresses these problems by modifying zinc
oxide and tin (IV) oxide electron transport materials with cheap and commercially available

ultraviolet resins.

The coating industry commonly uses ultraviolet curable resins to enhance the properties of
furniture, such as increasing durability and resistance to scratches and chemicals. Ultraviolet
resins have the advantage of containing chemical groups that can be quickly cross-linked under
a low ultraviolet lamp power, making their processing affordable and straightforward. This
chemical resistivity of ultraviolet resins can help reduce the chemical reactivity of zinc oxide
and tin (IV) oxide. The rapid cross-linking technology of ultraviolet resins is expected to anchor
them onto the metal oxide surface, creating a robust and durable interfacial layer. Moreover,
the organic form of ultraviolet resins can prevent the mismatched inorganic/organic contact
(ETL/photoactive layer) in OSCs, acting as a barrier. Considering these properties, ultraviolet
resins are a suitable choice and have the potential to be used as surface modification materials
of zinc oxide and tin (I\V) oxide in this study. Therefore, this study provides a practical approach
to applying ultraviolet resins as electron transport interlayer materials, which can increase the

performance and stability of OSCs.



CHAPTER TWO: LITERATURE REVIEW

2.1 Historical Evolution of OSCs

Organic photovoltaics were first discovered in the 1950s, with various organic materials, such
as dyes and similar compounds, being applied as photoactive layer materials (Spanggaard and
Krebs, 2004). In the 1980s, the application of polymers materials as absorbers in photovoltaic
cells was realised (Spanggaard and Krebs, 2004). Unfortunately, photovoltaic cells based on
polymers and dyes yielded very low PCE of < 0.1%. A breakthrough in organic photovoltaics
was realised after PCE ~1% was achieved using a dye molecule (Tang, 1986) and the D-A
concept with polymer-polymer, polymer-dye, polymer-fullerene, and dye-dye organic

materials (Spanggaard and Krebs, 2004).

Polymer-fullerenes have been extensively investigated owing to the discovery of fullerenes
with excellent electron affinities (He and Li, 2011). Fullerenes have been studied for many
decades, leading to their highest efficiency of 12.1% in 2017 (Kumari et al., 2017). Although
fullerenes have gained considerable attention as electron acceptors in OSCs, their limited
flexibility, high synthesis costs, limited stability, and weak photoabsorption (Li et al., 2022a)
limit their further applications and discoveries toward realising the theoretically predicted PCE
limit (Shockley and Queisser, 1961).

These limitations of fullerene-based electron acceptors have transpired into non-fullerene
electron acceptor NFAs. Unlike fullerene electron acceptors, NFAs exhibit superior optical
absorption, flexible energy levels, and bandgaps, low cost of material synthesis, and improved
stability (Gertsen et al., 2020; Luo et al., 2022; Zhang et al., 2023). The development of high-
efficiency NFA-based OSCs began in 2015 (Armin et al., 2021). However, the first-ever NFA-
based OSC outperformed fullerene-based OSCs in 2017 (Zhao et al., 2017). Since this
discovery, NFA-based OSCs have been progressively developed, achieving over 20%
efficiency (Zheng et al., 2022).
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2.2 Commercialisation of Organic Solar Cells

Currently, OSC devices have demonstrated PCEs over 20%, reaching the commercialisation
threshold. However, problems associated with these high-performance OSCs hinder their
commercial viability. First, the majority of high-performance OSCs realised so far are
fabricated by using solvents like chlorobenzene and chloroform, which are halogenated and
hazardous, thus posing an environmental threat (Xue et al., 2018). Secondly, high PCEs in
OSCs have been realised in small-area devices. For commercial viability, OSC photoactive
materials must exhibit significant thickness-tolerant photovoltaic characteristics (Xue et al.,
2018). Additionally, the high manufacturing costs of photoactive materials resulting from
detailed and expensive synthetic procedures limit the cost-effectiveness of OSCs (Xue et al.,
2018). Finally, insufficient OSC lifetime remains a critical factor that limits the industrial
realisation of high-performance OSCs (Mateker and McGehee, 2017; Zhang et al., 2019a;
Zhang et al., 2018).

2.3 Organic Solar Cell Instability Mechanisms

Under normal working conditions, photoactive materials of OSCs suffer degradation caused
by internal and external factors. Internally, the metastable morphology, diffusion of the
electrodes, and charge transfer layer materials towards the photoactive layers result in OSC
degradation (Duan and Uddin, 2020). One reported cause of the unstable morphology in OSCs
is the incompatibility between the D and A molecules (Zhang et al., 2019a), which results in
poor phase separation. Franke et al. (2008) reported the possibility of hole transport layer
materials diffusing to the photoactive layer in tandem OSC devices, resulting in photocurrent
and voltage drop. Additionally, evidence of photocurrent loss in OSCs due to diffusion of the
electrode (aluminum (Al)) into the charge transport layer was reported by Voroshazi et al.
(2015).

In outdoor applications, exposing OSCs to heat, light, oxygen, moisture, and mechanical stress
is unavoidable. Light illumination and oxygen and moisture permeation can oxidise
photoactive layer materials, electrodes, and charge transport layers (Duan and Uddin, 2020).
The light/photooxidation of photoactive layer materials can lead to variations in the molecular
structures of the D and A materials, thus misaligning the energy levels, which results in PCE
loss (Aygiil et al., 2013). Ambient air can oxidise low work-function electrodes (calcium (Ca)
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and Al) into metal oxides (Glatthaar et al., 2007). The formed metal oxides provide electrical
insulation, thus hindering the process of charge transport and extraction in OSCs. Heating is a
thermodynamic process that can trigger the evolution of OSC morphology. A change of the
active layer morphology can result in a polarity mismatch with the charge transport layers,
thereby creating a charge extraction barrier (Duan et al., 2019). Finally, mechanical stress is
unavoidable during the transportation and installation of the OSC devices. This stress may
result in cracks and punctures within the OSC device layers, making them prone to moisture

and water ingress, causing degradation (Juillard et al., 2018).

2.4 Cumulative Approaches to OSCs Stability Enhancement

In recent times, improving the stability of OSCs has become a top priority for commercial
applications (Li et al., 2023a). Generally, stability enhancement strategies are classified into
four major categories, as shown in Figure 2.1. Significant effort has been put to enhancing the
stability by optimising the photoactive layer. However, apart from the photoactive layer, charge
transport layers, especially the electron transport layer, which forms an interface with the
photoactive layer, play a critical role in the interfacial stability of inverted OSCs (i0SCs) (Li et
al., 2023a).

Stability Enhancement Strategies
v
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Figure 2.1: Schematic illustration of the approaches which have been employed to enhance

the stability of OSCs (Adapted from: Cheng and Zhan, 2016; Duan and Uddin, 2020).
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2.5 ETL/Photoactive Layer Interfacial Instability in Inverted Organic Solar Cells (iOSCs)

In iIOSCs, the widely used ETL materials are tin (1) oxide (SnO.) and zinc oxide (ZnO) (Di
Mario et al., 2023a; Swami et al., 2023). This is because ZnO possesses good features, such as
high charge mobility, transparency, tunable energy level, and a simple solution processing
procedure (Liu et al., 2021). Similarly, SnO, exhibits outstanding features such as, tunable
energy level, high charge mobility, high optical transparency, good chemical stability, and
higher resistance to ultraviolet (UV) light (Di Mario et al., 2023a). However, various stability

problems arise when ZnO and SnO, ETLs are used in iOSCs.

First, ZnO obtained from solution processing has surface defects, such as hydroxyl groups and
oxygen vacancies (Yang and Yu, 2023), which act as charge recombination centres. The
recombination centres are sensitive to atmospheric conditions, such as moisture and oxygen,
which are detrimental to the stability of OSC devices (Yang and Yu, 2023). Another limitation
of using ZnO in OSCs is that it is brittle and inorganic in nature. Thus, it forms poor physical
interface with the organic absorber, which results in OSC device instability (Cai et al., 2021).
Notably, ZnO is better known for its photocatalytic activity subject to UV light irradiation, and
it decomposes the non-fullerene acceptors in iOSCs, resulting in a photostability problem
(Jiang et al., 2019; Soultati et al., 2020).

On the other hand, SnO, has a broader bandgap and lower UV light sensitivity, making it less
photocatalytic (Jiang et al., 2019) than ZnO. SnO; is also inorganic, when used as ETL in OSCs,
it forms a mismatched physical interface with the organic photoactive layer (Kong etal., 2021).
In addition, SnO, processed by solution methods has mass surface defects, which are
disadvantageous to the iOSCs’ stability (Kong et al., 2021).

2.6 Review of Interfacial Stability Enhancement Studies

Surface passivation or the modification of ZnO or SnO, ETLs is beneficial for augmenting the
I0SCs’ stability (Xu et al., 2021). In recent times, Li et al. (2022b) modified ZnO ETL with a
naphthalene diimide derivative organic molecule in NFA iOSCs based on a D18:N3
photoactive layer blend processed in chloroform solvent by using 1, 8 diiodooctane (DIO) as
solvent additive. The modified ETL layer was thermally treated at 120 °C after deposition. This
modification suppressed the photocatalytic effect and reduced the mass defects on the surface

of ZnO, resulting in a performance improvement from 16.64% to 18.20%. Notably, a high
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photostability of Tg (time required for the efficiency to drop to 80% of its original value) for
more than five years was obtained for the D18:N3 based iOSC with the ZnO-modified ETL
under I-sun (100 mW cm™2) irradiation simulated by a white light-emitting diode (LED). Su et
al. (2022) used functionalised graphene oxide-based nanosheets to modify the ZnO ETL in a
PMG6:Y6 blend system processed from chloroform (CF) solvent with a chloronaphthalene (CN)
additive. This modification resulted in a PCE improvement from 14.5% to 16.5%. In addition,
the thermal stability of iOSCs based on the modified ZnO ETL at 65 °C inside a glovebox was
Te=2712 hours (h) compared to Ts=240 h of iOSCs based on the pristine ZnO ETL. Similarly,
it was found that graphene oxide-based nanosheets scavenged reactive radicals on ZnO,
mitigating its photocatalytic activity. This improved the photostability under one sun irradiation
simulated by an LED from 220 h to 2000 h.

Macromolecular organic compounds called calixarenes were utilised to modify the ZnO ETL
in PM6:L8-BO based iOSCs processed in chloroform solvent with a DIO additive (Li et al.,
2020). The modification layer of calixarenes was deposited on ZnO through spin-coating and
thermally treated at 180 °C for 20 min. This organic passivation interlayer improved the PCE
from 17.14% to 18.25%, with improved thermal and photostability. The iOSCs based on plain
ZnO attained Tg=200 h, while iOSCs based on modified ZnO attained Ts=200 h after thermal
stress inside a glovebox at 85 °C. Similarly, the iOSCs based on pristine ZnO decayed to 80%
of their original PCE after 160 h of continuous 1-sun irradiation provided by the LED.
Conversely, iOSCs based on the modified ZnO ETL exhibited T=480 h. Modification of the
ZnO ETL to enhance air stability was also investigated. For instance, Yang and Yu (2023)
modified ZnO ETL with caffeic acid in iOSCs based on PM6:L8-BO BHJ which was processed
using chlorobenzene (Cb) solvent and DIO solvent additive, and improved the PCE from 16.41%
to 18.2%. Notably, this modification reduced the polarity of ZnO and mitigated its surface
defects. As a result, iOSCs based on pristine ZnO lost 50% of their PCE after 840 h of exposure
to ambient atmosphere. In contrast, iIOSCs based on modified ZnO lost 25% of their PCE after

the same exposure time and conditions.

In addition to the use of organic compounds to modify ZnO, inorganic materials have also been

used to stabilise iIOSCs. Lan et al. (2023) used atomic layer deposited (ALD) aluminum oxide

(Al,O3) to modify the ZnO ETL in iOSCs based on a PM6:Y6-BO blend in chloroform solvent

with a DIO additive. This Al,O; was deposited at 200 °C substrate and chamber temperature.
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After modification, the performance of the 1I0SCs increased from 15.63% to 16.61%. The air
stability of iOSCs based on modified ZnO at 40% relative humidity was improved after 500 h

of exposure compared to that with unmodified ZnO.

The surface modification approach has also been utilised to stabilise iOSCs based on the SnO,
ETL as well as improve their performance. An anthraquinone derivative was used to passivate
the SnO, surface in iIOSCs based on a PM6: BTP-eC9 blend processed from chloroform with a
DIO additive (Yu et al., 2022). The PCE of i0OSCs increased from 15.6% to 17.7% after
anthraquinone modification. Light stability was also investigated under continuous
illumination for 370 h. The iOSCs based on modified SnO, retained 59.3% of their PCE,
whereas iOSCs based on unmodified SnO, retained 13.7% of their PCE. Zhang et al. (2021)
blended SnO, with cobalt metal ions (Co?*) and used it asan ETL in iOSCs based on a PM6:Y6
blend processed from chloroform solvent with chloronaphthalene additive. The iOSCs with the
SnO,:Co* ETL presented a higher PCE of 15.3%, compared to the 15.1% PCE of iOSCs based
on the plain SnO, ETL. Notably, the photostability of iOSCs based on the SnO,:Co? ETL was
improved as opposed to the iOSCs based on the SnO,-only ETL under both LED and UV light

illumination.

A stability study reported by Peng et al. (2020) utilised quantum dots (InP/ZnP) to mitigate the
SnO, ETL surface defects in iOSCs based on a PM6:Y6 blend processed from chloroform
solvent with a chloronaphthalene additive. This passivation strategy resulted in a performance
enhancement from 13.86% to 15.22%. Interestingly, this bilayer ETL comprising
SnO,/INP/ZnP resulted in a Tg=500 h, which was even higher than the Tg=100 h of the normal
OSCs processed using PEDOT: PSS. The performance and storage stability of iOSCs based on
a PMG6:Y6 blend processed from chloroform with chloronaphthalene as the additive were
investigated by employing SnO, modified with dimethylaminoethyl methacrylate (Fu et al.,
2021). The performance of the iOSCs was improved from 13.08% to 15.45% by the SnO, ETL
modification. The OSC devices with modified SnO, ETL lost 5% PCE after 960 h, while
devices based on the pristine SnO, ETL lost 15% PCE after the same time.

From the above-reviewed literature reports, it is evident that a research gap exists between the
employed stability enhancement strategies and the required fulfilment criteria for the

commercialisation of OSCs. First, halogenated CF and Cb solvents, which threaten the

15



environment, were utilised to process the photoactive layers. Second, in some literature reports,
the modification materials were processed using high temperatures (>150 °C), which can
reduce the ITO substrate conductivity. The thermal stability tests in the literature were mainly
undertaken in nitrogen environment with negligible moisture and oxygen. It is anticipated that
in a nitrogen environment, solar cell devices will exhibit minimal decay in PCE. In addition,
the photostability tests reported in the literature mostly use LED as the light source. LEDs have
a lower solar irradiance in the ultraviolet region than metal halide lamps, resulting in spectral
irradiance equivalence problems. The limitations of these approaches in the literature
motivated our research study, which focused on the thermal and photo stabilisation of green
solvent-processed iOSCs by electron transport layer modification. Specifically, ZnO and SnO;
ETLs were modified using room-temperature-processed cross-linkable ultraviolet-curable
resins in PM6:Y6-BO-based OSCs. It is noteworthy that the use of ultraviolet-curable resins

as modification materials for ETL in OSCs has been applied for the first time.

16



CHAPTER THREE: THEORETICAL FRAMEWORK

3.1 Photovoltaic Effect in OSCs

The mechanism of operation of OSCs can be scaled down into four significant steps, as
illustrated in Figure 3.1 (Sun et al., 2023). The first step involves absorption of light by the
organic absorber (D-A) materials to generate excitons (Mohamed EI Amine et al., 2023). These
excitons diffuse through the D and A phases to the D/A interface, dissociating into free charges
(holes and electrons). The electrons are transferred through the A phase, lowest unoccupied
molecular orbital (LUMO) level, ETL/A interface to the cathode. On the other hand, free holes
are transported via the D phase, highest occupied molecular orbital (HOMO) level, HTL/D
interface to the anode completing the circuit (Mohamed ElI Amine et al., 2023). This results in

the generation of a photocurrent.
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Figure 3.1: Representation diagram of the four-step working operation of OSCs (Sun et al.,
2023).
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3.2 Photovoltaic Performance Measurement in OSCs

Three photovoltaic parameters, namely Voltage (V..), current density (Js.), and fill factor (FF),
are used in analysing the OSCs (Sun et al., 2023). The subscripts sc and oc refer to short and
open circuits, respectively. Js. refers to the operating current in the OSCs when the output
voltage is zero, whereas V.. refers to the output voltage in the OSCs when the output current is

zero. The loss due to resistance during OSCs’ operation is referred to as FF and is given by
Equation (3.1).

FF = J0Ym _ _ Pm (3.1)
VocXJsc  VocXJsc

Here, Ju refer to the current while Vy refer to the voltage obtained at the maximum power (Pw)
(see Figure 3.2).
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Figure 3.2: A depiction outlining the output J-V parameters of OSCs (Sun et al., 2023).

Equation (3.2) determines the efficiency of OSC devices.

_ VocXJscXFF
Pin

(3.2)
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Where Pi,refers to the light power incident on the OSC device. The external quantum efficiency
(EQE) also characterises OSCs. EQE typically refers to the ratio of extracted electrons (N.) as
a result of a photocurrent to the injected photons (N,) (Sun et al., 2023), as expressed in
Equation (3.3).

EQE = ;'— x 100% (3.3)
p

EQE is an essential technique for characterising photovoltaic devices, as it estimates the OSC
device bandgap and theoretical integration of J.. under illumination (Almora et al., 2021).
Additionally, experimental EQE measurements assess the accuracy of the J-V measurement
conditions by comparing the integrated Js. to the Js. obtained during J-V characterisation
(Almora et al., 2021).

3.3 Optical Characterisation/Properties of Semiconductor Materials

3.3.1 Ultraviolet-visible (UV-Vis) Spectroscopy

This technique is commonly employed for measuring the transmittance and absorbance of
materials. The essential components of the UV-Vis spectrophotometer are depicted in Figure
3.3. The UV-Vis spectrophotometer consists of tungsten and deuterium (D2) lamps, which
provide light in the visible and ultraviolet regions, respectively (Rocha et al., 2018). A
monochromator filters the broad wavelengths of the light sources into specific wavelengths
corresponding to the material type. This filtered light is focused onto the sample, which absorbs,
reflects, or transmits light. The photodetector detects the transmitted light beam coupled with
several amplifiers to amplify the transmitted light beam signal (Rocha et al., 2018). The
photodetector is connected to a computer that processes the amplified transmitted light beam
signal and compares it with the incident light beam to output a spectrum (Rocha et al., 2018).
The working mechanism of a UV-Vis spectrophotometer relies on the Beer-Lambert law

(Rocha et al., 2018), which is mathematically expressed as Equation (3.4).

A=exbxC (3.4)

Where A, e, b, and C represent absorbance, molar absorptivity, optical path length, and
concentration respectively. The fraction of electromagnetic radiation or incident light at

particular wavelengths passing through a material can be expressed as the transmittance, which
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is given by Equation (3.5) (Ramadhani et al., 2019).

T=L1 (3.5)

Io

Where | and I, are the transmitted and incident lights, respectively. The transmittance of a
material is inversely proportional to its absorbance, and this relationship is expressed in

Equation (3.6).

A =log= (3.6)
Mirror
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(..ﬁ») ) . Photodetector
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Figure 3.3: An illustration of the working principle of the UV-Vis spectrophotometer (Rocha
et al., 2018).

The Tauc model is usually adopted to estimate the optical bandgaps of materials (Tauc et
al., 1966). According to the model, the absorption coefficient (a) is related to the photon
energy (hv) and bandgap (E,), as shown in Equation (3.7).

(ahv)s = A(hv — E,) (3.7)

Here, h describes Planck’s constant, A refers to the proportionality constant, and n refers to the

electronic transition nature, which can be defined in four forms, as illustrated in Table 3.1.
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Table 3. 1: Various types of electronic transitions exhibited by different materials (Viezbicke
etal., 2015).

Direct allowed 1/2
Direct forbidden 32
Indirect allowed 2

Indirect forbidden 3

In most cases, the dominant contributors to the absorption process are the allowed transitions.
Simply put, Tauc estimation requires the absorbance of a material to be obtained in the energy
value range below and above the bandgap transition. Equation (3.7) can be represented in a
graph form, as shown in Figure 3.4. The exact bandgap can therefore be estimated by extending
the linear portion of the curve in Figure 3.4 to zero absorption coefficient (Viezbicke et al.,
2015).

1

(ahv)? (arb.units)

3.0 3.1 3.2 3.3 3.4 3.5
hv (eV)

Figure 3.4: Illustration of a Tauc plot showing an extrapolation of the linear part to the x-axis

intercept to obtain bandgap (Viezbicke et al., 2015).
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3.3.2 Photoluminescence (PL) Spectroscopy

PL spectroscopy is an optical characterisation technique that addresses material interactions
with electromagnetic radiation (Alshehawy et al., 2021). This technique can be applied to study
the crystal quality, energy band, and structural defects of materials (Divya et al., 2021) by
measuring how the fluorescence of molecules varies depending on the wavelength (Alshehawy
etal., 2021). A PL spectrometer operates based on the mechanism illustrated in Figure 3.5. The
excitation laser beam from the laser source is directed toward the sample through optical lenses.
This laser beam excites the electrons in the sample to higher-energy states. The electrons at
higher energy excited states then fall to the ground state emitting photons, which the
spectrometer detects at particular wavelengths. The spectrometer then separates the emitted
photon into its constituent wavelengths, which are then recorded as the spectra of emission

intensity versus wavelength (Alshehawy et al., 2021).

Optical lens

Optical mirror

Monochromator

Sample cell

Computer

Figure 3.5: Schematic illustration of photoluminescence spectroscopy measurement system
(Alshehawy et al., 2021).

3.4 Surface and Structural Characterisation

3.4.1 Contact Angle (<) Measurement

The (6c) measurements are used to investigate the surface wettability, adhesion properties,
surface energy, and polarity (hydrophobic or hydrophilic) of a surface (Palencia, 2017). There
exist three interfacial tensions when a liquid drop is cast on the surface of a solid, namely,
liquid-gas (y.e), solid-gas (yss), and solid-liquid (ys) (Palencia, 2017). A contact angle is

formed at the intersection of the ys. and y.c interfaces, as presented in Figure 3.6.
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Figure 3.6: An illustration of the liquid drop casted on a surface of the solid with interfacial

tensions and contact angle (Palencia, 2017).

When 6. < 90°, spreading (wettability) of the liquid drop over a large area is favoured, whereas
when 6c > 90°, spreading of the liquid drop is unfavourable (Palencia, 2017). The surface free
energy (y) of a material is a critical factor for studying the interaction of a surface of the solid
with other materials. The determination of the y of a surface of the solid requires that contact
angles be obtained using at least two test solvents with dissimilar and known polar components
(yP) and dispersive (nonpolar) (y.%) components. Examples of some commonly used test

solvents and their corresponding polar and dispersive y parts are presented in Table 3.2.

Table 3. 2: Parts of surface energy (yi) for different test solvents (Kozbial et al., 2014).

Water (W) 72.8 51.0 21.8
Diiodomethane (DIM) 50.8 0.0 50.8
Ethylene glycol (EG) 48.0 19.0 29.0

Glycerol (G) 64.0 30.0 34.0

Several models, including the Youngs, Neumann, Owens—\Wendt, and Fowkes (Kozbial et al.,
2014; Palencia, 2017) are employed to determine the y from the experimentally obtained
contact angles.
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(@) Young’s Model

In this model, a mechanical equilibrium of a drop of the liquid on a material surface under
interfacial tensions is described by Young’s Equation (3.8) (Liber-Kne¢ and Lagan, 2021).

cos § = YseVst (3.8)
YLG

However, Equation (3.8) is mechanical and does not consider the chemical aspect of the solid-
liquid interaction (Zhang et al., 2019b). The wetting of a surface is designated as a chemo-
mechanical occurrence. Therefore, models that consider chemical interactions tend to be more

effective and predictive than Young’s theory (Zhang et al., 2019b).
(b) Neumann Model

In this model, the 6c of liquid drop on the surface of a solid is described by Equation (3.9)
(Kozbial et al., 2014).

cos® =—1+ Z\E e~Blrs—vL)? (3.9)

Here, ys and y. denote the solids’ and liquids’ surface energy, whereas [ refers to a parameter
correlated to the surface of a solid. Rewriting Equation (3.9) results in Equation (3.10) (Kozbial
etal., 2014).

In [YL (”CZOSB)Z] = —2B(vs — y)* + In(ys) (3.10)

Because y.of the solvents used is always known, the left side of Equation (3.10) versus y. can
be plotted. Therefore, polynomial regression fitting can determine 3 and ys® from plotted data
(Kozbial et al., 2014).

(c) Fowkes Model

This model splits y.and ys into polar and nonpolar components, as shown below (Kozbial et
al., 2014).
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Here, ysand ys® refer to the polar and dispersive parts of the solid, respectively. The summation
of ys? and ys¢ obtained from Equation (3.11) is assumed to be the total ys, which is expressed as
Equation (3.12) (Kozbial et al., 2014).

Ys=Ys +V§ (3.12)
(d) Owens-Wendt Model
This model expands the Fowkes Equation (3.12) to construct a geometric mean correlation
for ys. (Zhang et al., 2019b), as illustrated in Equation (3.13).
1 1
Ysu = v +vs — 2(viv8)? — 2(vDve)? (3.13)

Replacing Equation (3.13) into Equation (3.8) outputs the Owens-Wendt Equation (3.14)
(Kozbial et al., 2014);

y1.(cos8+1) a\1/2 p\1/2 (Yp)l/z
_ L
Sop 0 ) o

The left part of the Owens-Wendt Equation (3.14) can be plotted against (yf)l/ 2 (y‘ﬂ)l/ ’to
obtain a linear curve. The y$ and y% are then obtained by squaring the y-intercept and the

slope of the plot, respectively, after a linear regression (Kozbial et al., 2014; Zhang et al.,
2019b).

3.4.2 Atomic Force Microscopy (AFM)

AFM images the surface topography of materials. The AFM operation relies on the attractive
and repulsive forces between the material surface and the scanning probe (Muller et al., 2021).
The working mechanism of AFM encompasses a raster scan of the cantilever tip, as shown in
Figure 3.7. When this tip is scanned over a material surface, it senses its interactive forces with
the sample surface, resulting in bending of the cantilever (Pletikapia and Ivosevi Denardis,
2017). The laser light measures the bending reflected by the cantilever to the photodetector. If
a cantilever deflection changes, the sample and the tip distance also change, establishing a
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constant distance with the feedback loop sandwiched between the tip-sample position unit and
a piezoelectric scanner controlled by a computer. Consequently, the cantilever deflection values

registered electronically are transformed into a three-dimensional image.

Position-sensitive Mirror

photodiode detector,
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Controller
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Y
Computer Piezoeletric
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Figure 3.7: An illustration of the operation mode of AFM (Deng et al., 2018).

AFM operation can be grouped into three distinct modes: semi-contact (tapping), contact, and
non-contact, as illustrated in Figure 3.8 (Deng et al., 2018).
(1) Semi-contact Mode

In the tapping mode, the cantilever tip oscillates and touches the sample surface. This mode
eradicates the effect of lateral forces and minimises the force produced by the adsorbent layer,

outputting a high-resolution image.
(2) Contact Mode

This mode maintains a slight contact and constant force at the interface of the probe tip and the

surface of the sample.
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(3) Non-contact Mode

The cantilever tip is vibrated continuously on the sample surface without contact. The detector
then senses distant forces, for instance, electrostatic/van der Waals, which do not destroy the

scanned sample.
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Figure 3.8: The various types of operation modes of atomic force microscope. (a) Tapping (b)
Contact and (c) Non-contact (Deng et al., 2018).

3.4.3 Raman Spectroscopy

In this spectroscopy, scientists study the molecules’ vibrational modes by analysing the light
that is scattered inelastically (Taghizadeh et al., 2020). Raman spectroscopy is usually
employed to pinpoint materials via their distinctive vibrational fingerprints. Two classifications
of light scattering exist based on the scattering sample size: Rayleigh and Mie (Cho and Ahn,
2020). In the Mie type, even light scattering of entire colours occurs irrespective of the
wavelength because of the larger size of the sample molecules compared to the incident light
wavelength (Cho and Ahn, 2020). Nonetheless, the Rayleigh type is responsible for the sky
blue colour. Rayleigh scattering of most of the light incident on a sample occurs at a wavelength
similar to that of the incident light. Nonetheless, some photons undergo scattering inelastically,
whereby the wavelength of the scattered light changes. Once Raman scattering (RS) take place,
the scattered light wavelength either reduces (Stokes RS) or increases (anti-Stokes RS) (see
Figure 3.9).
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Figure 3.9: An Illustration of different modes of Raman scattering (Cho and Ahn, 2020).

The measurement of Raman spectra follows the steps illustrated in Figure 3.10 (Downes and
Elfick, 2010). A laser beam illuminates the sample, emitting the light back. The dichroic mirror
filters the emitted light from the wavelength of the laser light. This light is then dispersed and
focused by the spectroscope to a 2-dimensional detector, which outputs the Raman spectrum.
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Figure 3.10: An illustration of the operation mode of a Raman spectrophotometer (Lin et al.,
2021).

Raman Spectra

3.4.4 Ultraviolet Photoelectron Spectroscopy (UPS)

The UPS technique is utilised to study the electronic structure of materials (Maheu et al., 2018)
and the work function (®) on material surfaces (Whitten, 2023). It analyses the kinetic energy
of photoelectrons emanated by material surfaces upon illumination with ultraviolet (UV) light
(Maheu et al., 2018). When the sample get illuminated with UV light, electrons in the sample
become excited and transition to the conduction band (CB) from the valence band (VB). The
CB is beyond the vacuum level (Ev). During this electronic transition, some electrons lose
energy (termed secondary electrons), whereas others transition elastically. The transitioning
electrons together output the UPS spectra (observed spectrum), as illustrated in Figure 3.11
(Whitten, 2023).
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Figure 3.11: Schematic illustration of UPS measurement process (Whitten, 2023). The fermi
level of the measurement equipment, the light source’s energy, and the output spectrum’s width

are herein abbreviated as E¢, hv, and w, respectively.

To obtain the (@), the cutoff of the secondary electrons (E.uwr) is subtracted from the photon

energy of the light source used (Yang and Yu, 2023) as shown in Equation (3.15).
® = hv — Ecytofr (3.15)
3.4.5 X-ray Photoelectron Spectroscopy (XPS)

This surface characterisation method determines the chemical state and elemental composition
(Axnanda et al., 2015). The operation of XPS is centered on the photoelectron effect (Korin et
al., 2017), as explained by Anwar et al. (2022). A beam of X-rays with energy (hv) is irradiated

on the surface of the material under investigation. The penetration of photoelectrons into the
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material results in photon absorption, causing core electron (e) ionisation/emission in various
directions (Anwar et al., 2022). Free electrons with a particular kinetic energy (Exe) are
generated through the photoelectric effect and recorded by an electron detector. The energy
analyser analyses the recorded e to output the XPS spectra, as illustrated in Figure 3.12 (Korin
et al., 2017). Every element yields a particular peak in the XPS spectra at a specified binding
energy (Eee) value, which helps in determining the electronic structure according to Equation
(3.16).

EBE = hv — EKE - (316)

Here, @ refer to the work function of the investigated material.
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Figure 3.12: The schematic illustration of XPS’s essential parts and operation mechanism
(Anwar et al., 2022).

3.4.6 Electrochemical Impedance Spectroscopy (EIS)
The degree of opposition to current flow under the voltage applied in electrical circuits is
referred to as impedance (Laschuk et al., 2021). Typically, in EIS measurements, a sinusoidal

voltage is superimposed on the direct current signal to form an electrochemical scheme,
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resulting in an output current density over a wide frequency range (Lazanas and Prodromidis,
2023). Both the applied voltage and output current density share the same frequency, while
their amplitudes and phases differ, as shown in Figure 3.13. The fraction of the applied voltage

to the output current density estimates the impedance according to Equation (3.17).

E(t
Z(t) = % (3.17)

E (t) and j (t) denote the applied voltage and the output current density, respectively.

/o 27/o

J(%) or E(1)

At

Figure 3.13: Schematic illustration of the correlation between applied voltage (red curve) and
the current density (blue curve) (Vadhva et al., 2021). The phase difference between E (t) and
j (t) is denoted as At.

Significant information is obtained from the measured EIS data through the frequency variation.
The data from the EIS measurements can be presented using two plots, Bode and Nyquist, as
shown in Figure 3.14. The information obtained from these two plots is complementary and
includes the impedance (Z (o)), imaginary part Im (Z (®)), and real part Re (Z (®)) of the
impedance (Vadhva et al., 2021). Generally, impedance is a complex term given by the Re (Z

(w)) and Im (Z (w)) parts, as shown in Equation (3.18).
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1Z(w)] = \/Im(Z(m))Z + Re(Z(w))” (3.18)

The angle (¢) corresponding to the different E (t) and j (t) phases is given in the Bode plot
(Figure 3.14 (c)) and can be related to the Re (Z (w)) and Im (Z (®»)) impedance parts in
accordance with Equation (3.19).

d(w) = tan~1 % (3.19)
a R, C
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log(|Z])
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log(f)
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Figure 3.14: A schematic representation of (a) Equivalent circuit model, (b) Nyquist, and (c)
Bode plots (Vadhva et al., 2021).

An illustration using the Bode and Nyquist plots can be accomplished by considering an
electrochemical system (equivalent circuit model). For example, a circuit comprising of a
resistor (R,) in series connection to a resistor-capacitor (R.C:) unit and another capacitor (C,)
is illustrated in Figure 3.14 (a). Furthermore, a Bode plot can provide an EIS data representation
on a time scale. Hence, unlike in the Nyquist plot, particular Z (®) contributions can be

correlated to the time constant.
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CHAPTER FOUR: MATERIALS AND METHODS

4.1 Materials

In this research, 2-methoxyethanol (2-ME) (CAS No: 109-86-4) and o-xylene (CAS No: 95-
47-6) were obtained from Sigma-Aldrich. Ultraviolet (UV) curable resins (SAR and OCS),
whose molecular structures are depicted in Figure 4.1, were purchased from the Special
Materials Source (SMS) in Korea. The epoxy resin was obtained from NAGASE & Co., Ltd.
The PM6 (CAS No: 1802013-83-7) polymer and Y6-BO (CAS No: 2389125-23-7) non-
fullerene acceptor, the molecular structures of which are presented in Figure 4.2, were acquired
from Brilliant Matters. Molybdenum oxide (MoQO;) (CAS No: 1313-27-5) powder and silver
(Ag) beads (CAS No: 7440-22-4) were supplied by ITASCO (Taewon Scientific Co., Ltd).
Zinc oxide (ZnO) nanoparticles in butanol and 15% SnO, (CAS No: 18282-10-5) in water
colloidal dispersion were purchased from Nano Clean Tech and Alfa Aesar, respectively. All

chemicals were acquired from their respective companies and used without further purification.
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(b) OCS resin

Figure 4.1: The molecular structures of the SAR and OCS resins utilised in this investigation
to modify ZnO and SnO, ETLs. The squared letters A, B, and C within the molecular structures

of ultraviolet resins refer to diols.
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Figure 4.2: Molecular structures of PM6 and Y6-BO photoactive layer materials utilised in

this investigation.

4.2 Methods

4.2.1 Substrates Cleansing Procedure

In this study, silicon, plain glass, quartz, and indium tin oxide (ITO) pre-patterned substrates
were used for film deposition and OSC device fabrication. All the substrates were cleaned
using a standard procedure involving three steps in an ultrasonication bath. First, the substrates
were cleaned in soapy deionised water for 25 minutes, then rinsed twice with plain deionised
water for 25 minutes each. Second, the substrates were washed in acetone three times for 25
minutes each. Finally, the substrates were cleaned using isopropyl alcohol (IPA) 3 times for 25
minutes each. After cleaning, the substrates were moved to a hot oven and left to dry overnight
at 130 °C before use.

4.2.2 Precursor Solution Preparation

Commercial SnO, (15% in water colloidal dispersion solution) was diluted six times with water
to obtain 1:6 (volume/volume) concentration. The SAR and OCS solutions were obtained by
mixing various weights in a 2-methoxyethanol solvent. The active layer solution was made by
mixing the PM6:Y6-BO (9.6:11.52 mg) blend in 1 mL of o-xylene solvent and stirring on a

magnetic stirrer at 80 °C for at least 3 h before deposition.

4.2.3 Deposition Steps of Electron Transport Layer Films
Before depositing the ETL films, the UV-ozone (UVO) treatment was done on the substrates
for at least 15 minutes to remove the organic impurities left during the cleaning steps with

organic acetone and IPA solvents to improve the hydrophilicity and enhance clearance.
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ZnO and SnO:; electron transport layers were deposited on the substrates from their precursor
solutions by one-step spin coating (5000 revolutions per minute (rpm) for 20 seconds and 5000
rpm/40 seconds, respectively) to form the desired thickness. The thermal annealing of the
deposited ZnO and SnO, ETLs was then done on a hot plate at 110 °C and 170 °C, respectively,
for 10 minutes each. Modification interlayers of SAR or OCS UV resins were coated on top of
ZnO and SnO, ETLs at 5000 rpm/20 seconds and cross-linked under 365 nm wavelength UV

lamp irradiation for 5 minutes and 10 minutes, respectively.

4.2.4 Fabrication of Organic Solar Cells

A 5-um polytetrafluoroethylene (PTFE) filter was utilised to filter the PM6:Y6-BO precursor
solution to eliminate its bulk residue before deposition. In the glovebox, the one-step spin
coating of the photoactive layer film (PM6:Y6-BO) on the ITO/ETL/UV resins was carried out
at 1800 rpm/17 seconds to achieve the desired thickness, subsequent to pre-annealing at 130°C
for 10 minutes. The photoactive layer film on the ETL was transferred to the thermal
evaporation chamber where the HTL (MoO;) (7 nm) and the top electrode (Ag (70 nm)) were
deposited by thermal evaporation in a vacuum. Inverted OSCs with the device architecture
ITO/ETLs/PM6:Y6-BO/M00Os/Ag were obtained, as presented in Figure 4.3. Glass-on-glass
encapsulation was applied to the fabricated OSCs using epoxy resin and cured under UVC
(100-280 nm) light before light soaking and thermal stability tests.

MoOy/ Ag

l’hotouctivc Layer

(I)M6:Y6'BO

Figure 4.3: A photograph of the device architecture of the OSC device fabricated in this study
with different layers.
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4.3 Characterisation
4.3.1 ETL Film Characterisation

(a) Ultraviolet-visible Spectroscopy
The absorbance of neat ZnO, SAR, SnO,, and OCS films were determined by use of a
Shimadzu UV-2550 UV-visible spectrophotometer (Figure 4.4) in 300 -800 nm wavelength
range and the corresponding bandgaps were acquired from the Tauc plot. The same wavelength
range applied to determine the absorbance as well as the transmittance of the ZnO and SnO,
ETLs modified with SAR and OCS resins. The absorbance of pristine PM6, Y6-BO, and the
mixture of PM6:Y6-BO on various ETL films was measured in the 300 -1100 nm wavelength

range.

T

Figure 4.4: Photographic illustration of the optical absorption spectra measurement using the

UV-visible spectrophotometer connected to a computer.

(b) Solvent Contact Angle (CA) Measurements
The surface wettability of the ETL films was investigated by determining the solvent 0 in water
as well as in DIM using a DSA100 drop shape analyser. The measured water and DIM 6c on
the ETL films were used to calculate the y according to the Owen-Wendt method (Rudawska
and Jacniacka, 2009).
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(c) Ultraviolet Photoelectron Spectroscopy
The ionisation potentials and work functions (WFs) of various ETL films were characterised
using an ultraviolet photoelectron spectroscopy system (Thermos Scientific K-alpha®) with a
helium lamp (Hel) 21.22 eV radiation source. The secondary electron cutoffs (Ecw) Of the
various ETL films obtained from the UPS equipment were used to calculate the work functions
according to the equation WF=21.22 eV-Ecywf.

(d) X-ray Photoelectron Spectroscopy
A K-ALPHA™ Thermo Scientific system based on the Al Ko source of X-ray was employed to
measure the XPS spectra corresponding to the O 1s, Sn 3d, and Zn 2p states in the SnO, and
ZnO ETLs deposited on silicon substrates before and after modification with the SAR and OCS

resins.

(e) Steady-state Photoluminescence Spectroscopy
The PL spectra corresponding to SnO,and ZnO ETL films before and after modification on
quartz substrates were measured using steady-state PL equipment at 340 nm laser excitation.

The PL spectra were obtained in the 300-700 nm wavelength range.

(F) Atomic Force Microscopy
The ETL film morphology was studied using an atomic force microscope in the tapping mode.
The ZnO/UV resins and SnO,/UV resins ETLs for AFM analysis were prepared through spin
coating on ITO patterned substrates cut to standard 0.5 x 0.5 cm sizes. The AFM images of the
ETL films obtained from the controlled computer of the AFM machine did not require any

further analysis.

(9) Profilometer Measurements
The photoactive layer thickness was determined using KLA-Tencor surface profilometer (see
Figure 4.5).

38



ey Yoocor

Alpha-Step IQ

Figure 4.5: Photographic demonstration of Alpha Step-1Q surface profiler measurement
system.

4.3.2 OSC Device Characterisation

(a) Photovoltaic Performance
The photovoltaic performance characteristics, comprising Js., Vo, and FF, were obtained using
a computer-controlled LAB50, McScience Solar Simulator under 1-sun (100 mW cm?)
illumination provided by Xenon (Xe) arc lamp at room temperature. The OSC device area was
0.12 cm?.

(b) EQE Measurements
The EQE and integrated J.. of OSCs with different ETL films were obtained using (K3100 IQX

(McScience Inc.) spectral incident photon-to-current efficiency (IPCE) equipment.

(c) Charge Transport
Electron-only devices (ITO/ETL/photoactive layer/SnO, or ZnO/Ag) were employed to study
the charge mobility (pe). The J-V curves of electron-only devices measured in the dark are
represented as three regions at high bias, intermediate and low bias that are termed child’s, trap-

filled and ohmic (Fu et al., 2021). The space charge limited current method (SCLC) that used

8Jd3

the Mott-Gurney expression p, = VZer

was utilised (Dahlstrom et al., 2020; Schauer, 2005).
Here, J/V/? refers to the current density vs. voltage slope in the child’s region and d refers to the
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PMG6:Y6-BO thickness (100 nm). € and &, refer to the dielectric constant of PM6:Y6-BO (e=3)
material and in vacuum (8.85x1012 Fm™), respectively.

(d) Trap Density

The trap density (Np) was also calculated from the electron-only devices according to the

£&o

equation Nipqp = 2VTFLq?. Here, V. and q refer to trap-filled voltage and elementary

charge, respectively. Ve is obtained from the juncture between ohmic and trap-filled regions
of the measured J-V curves (Fu et al., 2021).

(e) Charge Dissociation

To study the charge dissociation phenomenon in organic solar cells, the photocurrent (J,) and
effective voltage (V.x) (Cai et al., 2023) were computed. Here, Jyw=J.-Jo, where J. and Jp denote
current densities measured under sunlight and darkness, respectively. On the other hand, Ve is
obtained as (V.-V.), where V, and V, denote the voltage at J,x=0 (V,) and applied bias voltage
V., respectively. The exciton dissociation probabilities of the organic solar cells were
determined by Jo/Js., Where Jo denote the saturated current density (Li et al., 2021b), given by
Jon at Vo=0. Where V; is the voltage in the dark.

(F) Charge Recombination

Recombination of charges in OSCs was investigated using the J,c and V.. versus light intensity
(Pig) curves. Different light intensity filters ranging between (1-91.6 mW cm™2) were
employed to obtain specific Ji. and V.. values. The V., Js, and Pig: relate according to the
expressions Vo o n In (Pign) and Jsc o< o In Piigy (Cai et al., 2021). Wherein n and a refer to the
slopes of V. and J against Pigy, respectively. These slopes (n and a) were used to estimate

trap-assisted recombination and bimolecular recombination, respectively.

(9) Electrochemical Impedance Spectroscopy Measurement
The electrochemical impedance spectra of the OSCs were measured using IVIUM STAT Tech
equipment. The EIS spectra were obtained at a 500-500 000 Hz frequency with a bias voltage
equivalent to the V, of the investigated OSCs. Nyquist curves obtained from the EIS were
fitted using an equivalent circuit model (ECM) depicted in Figure 4.6 to obtain the series (Rseries)
and surface (Rsurce) resistance in the OSCs.
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Figure 4.6: The ECM utilised in this investigation for fitting the EIS curves of OSCs.

(h) Stability Measurements

1. UV Stability

The ultraviolet stability of the acceptor (Y6-BO) films coated on different ETL forms was
investigated. A UV lamp (365 nm, 8 W) was used to illuminate the Y6-BO/ETL films, as

displayed in Figure 4.7.

Figure 4.7: Pictorial representation of the UV lamp irradiation process of the samples during

cross-linking and UV stability study.
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First, the UV-Vis data of the illuminated samples was obtained from a UV-Vis
spectrophotometer. The UV stability was estimated as changes in the intensities of the NFA
(Y6-BO) absorption peaks with irradiation time. Secondly, the UV stability was investigated
using Renishaw inVia plus Raman spectroscopy at a 514 nm laser excitation wavelength within
the 1460-1600 cm™ Raman shift. The UV stability was obtained from the changes in the peak
intensities of the C=C donor (D)-acceptor (A) linker in Y6-BO at 1554 cm™ Raman shift with

irradiation time.

2. Light Soaking (LS) Stability

The LS stability of OSC devices with various ETLs was investigated by monitoring the PCE
change over time under constant 1-sun irradiation in an LS chamber with a halogen light source.
The temperature and the relative humidity (RH) in the LS chamber were fixed at 40 °C and
85%, respectively.

3. Thermal Stability

To determine the thermal stability, the evolution of PCE of OSCs subjected to thermal stress
(85 °C) and RH ranging between 58-68% with time was recorded. A hot plate was used for the
thermal stability study as depicted in Figure 4.8.

Sample

A
Hot Plate __

Figure 4.8: Schematic illustration of thermal stability test, whereby OSC device (sample) gets

heated on a hotplate in air.
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CHAPTER FIVE: RESULTS AND DISCUSSIONS

5.1 Introduction

This chapter is grouped into two parts: The first part focuses on the effect of using ultraviolet
resins on ZnO ETL and OSCs. Specifically, the interfacial modification properties of ultraviolet
resins, the photovoltaic performance of OSC devices with ZnO ETL modified with ultraviolet
resins, and the effect of ZnO ETL modification with ultraviolet resins on the stability of OSCs
were investigated. The second part demonstrates the effectiveness of ultraviolet resins using
SnO, ETL.

5.2 Effect of Ultraviolet Resins as ZnO Surface Modifier

5.2.1 Properties of Ultraviolet Resins

In this study, two ultraviolet resins, SAR and OCS, were used to modify ETLs in OSCs. SAR
and OCS resins were commercially acquired with 51,400 and 3,720 mPa.second (centipoise)
viscosities, respectively. Their chemical structures showed that both SAR and OCS possess
acrylate, a cross-linkable chemical group. The presence of acrylate groups in SAR and OCS
resins endowed them with cross-linking characteristics. Both SAR and OCS resins have amine
groups that can form interfacial dipoles, thus tuning the ETLs’ energy levels to match those of
the photoactive materials. Both resins (SAR and OCS) exhibited optical absorption in the UV
region and had wider bandgaps than ZnO, as shown in Figure 5.1. The wider bandgaps make
them less sensitive to UV light (Jiang et al., 2019). Thus, their application to ZnO ETL is

anticipated not to increase the photocatalytic effect.
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Figure 5.1: (a) UV-visible spectra of pristine ZnO ETL, neat SAR, and OCS films. (b) Tauc

plot showing the calculated optical bandgaps.
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5.2.2 Solvent Resistant Properties of SAR and OCS Resins

Before testing the solvent-resistant properties, the photocuring times of the SAR and OCS
resins were optimised. This optimisation was performed by monitoring the variation in the PCE
of the OSC devices based on SAR and OCS interlayers cured at various times, as shown in
Table 5.1 and Figure 5.2. The optimal curing times for the SAR and OCS resins were 5 and 10
minutes, respectively. Based on this optimal curing time, the ETL films (ZnO/SAR or
ZnO/OCS) were tested for solvent-resistance properties. The solvent-resistant properties of the
cross-linked SAR or OCS resins coated on the ZnO ETL were tested according to a previously
reported method (Cai et al., 2021). Generally, the absorption of cross-linked films is measured
before and after washing by spin coating the solvents, and a comparison is made. As depicted
in Figure 5.3, the absorption peak of the cross-linked films of SAR or OCS coated on the ZnO
ETL remained unchanged after washing with the 2-methoxylethanol solvent. In contrast, the
absorption peak of the uncross-linked SAR or OCS films coated on ZnO reduced after washing.
The retention of the absorption peaks of the cross-linked SAR or OCS films coated on ZnO
ETL revealed high solvent-resistant characteristics. This result benefits the deposition of

photoactive layers from different solution processing procedures (Cai et al., 2021).
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Table 5. 1: Optimisation of the photo-curing time of the SAR and OCS resins.

P"I[JI.I.'I' CUJ'iTlE 1.il'.|'|.vl! 1..r J FF PCE
ETLs (minutes) V] [mA cm] [%6] [%4]
0 080 2327 T2.57 13.54
1
FRO/SAR 0.50 24.20 72,73 14.24
3 0.80 24,67 72.93 14.45
: 0.80 25.01 72.95 14.62
10
0.80 24,14 72.81 14.12
15
&0 23 .49 7227 13.72
0
080 23.14 7232 13.44
1
Z00/0CS 0.80 23.34 72.63 13.63
3 0.80 23.70 72.02 1381
: 0.80 24,40 7297 14.44
10 .
0.81 24.62 73.12 14.57
15
0n&l1 24,09 72,71 14.16
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Figure 5.2: J-V curves of the OSC devices based on (a) SAR and (b) OCS interlayers photo-
cured (cross-linked) at different times.
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Figure 5.3: UV-Vis absorption spectra illustrating solvent-resistant properties of resins coated
on ZnO ETL (a) SAR resin (b) OCS resin.

5.2.3 Interfacial Modification Characteristics of UV Resins

The effects of the SAR and OCS resins on the absorbance and transmittance of ZnO are
presented in Figure 5.4. Coating SAR or OCS resins on ZnO ETL enhanced absorption
intensity in the UV-visible region due to increased zinc ion concentration. Notably, the optical
transmittance of ZnO remained high (above 80 %) and unaltered in the UV-visible region after
the SAR and OCS modification, implying that the SAR and OCS resins do not interfere with
the transparency of ZnO (Yan et al., 2023).
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Figure 5.4: (a) Absorption and (b) Optical transmittance curves of SAR and OCS resins coated
on ZnO film.

49



Water and diiodomethane (DIM) drops on the ZnO-modified surface were used to study the
surface wettability properties. The DIM and water 6c on the ZnO-based films were measured
as shown in Figure 5.5. The y values of the modified ETL films were computed from the
measured contact angles, as recorded in Table 5.2. The 6¢ and y of the ETLs and PM®6:Y6-BO
films were compared to establish the interface contact formed. ZnO’s water contact angle (6.)
was measured as 34.9° while the 6,,of SAR and OCS resins on ZnO were measured as 58.4°
and 71.2° respectively. After modification, the enhancement of 6, of ZnO demonstrates
increased hydrophobicity, which could make the ETL have higher resistance to moisture
ingress, preventing the decomposition of OSCs. The y value of the ZnO film was reduced from
64.48 to 51.95 and 47.93 mJ m after SAR resin and OCS resin modification, respectively.
Relative to the ZnO-only film, the 6,,and y of ZnO-modified films were more close to those of
active layer blend (PM6:Y6-BO) (104.3° and 29.74 mJ m?), implying that a better ETL/active
layer interfacial contact was formed by modifying ZnO ETL.
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Figure 5.5: B¢ of (a) water and (b) Diiodomethane drops on ZnO, ZnO/SAR, and ZnO/OCS

ETLs, and PM6:Y6-BO films.

Table 5. 2: Summary of the 6c and calculated y of bare ZnO, ZnO/SAR, and ZnO/OCS ETLs,
and PM6:Y6-BO films.

ETL Films Owater (°) Oiiodomethane (°) v (MIm?)
Zn0O 34.90 26.80 64.48
ZnO/SAR 58.40 29.00 51.95
Zn0O/0CS 71.20 26.00 47.93
PM6:Y6-BO 104.3 58.60 29.74
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The effect of the SAR and OCS resins on the WF of ZnO ETL was investigated using UPS, as
shown in Figure 5.6 (a). The work functions were calculated from the secondary electron
cutoffs (Figure 5.6 (b)), as discussed in the methods section. The WF of ZnO ETL was
calculated as 3.83 eV, whereas the work function of ZnO modified with SAR and OCS resins
was 3.8 and 3.71 eV, respectively. This decreased WF is believed to be due to the dipole
formation from the amine groups of the SAR and OCS resins (Zhu et al., 2019). A decrease in
the WF of the ZnO ETL is beneficial for charge extraction and the enhancement of the voltage
(Vo) in OSCs.

(@) wpsa Zno/oCs (b) Zno/ocs
E. . =17.51eV
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Figure 5.6: UPS plots of electron counts versus binding energy of ZnO-modified ETL films.

(a) Full UPS spectra, and (b) The secondary electron cutoffs with calculated work functions.
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To establish the effect of the SAR or OCS resins on the chemical state and surface of ZnO,
XPS spectra of O 1s and Zn 2p core-level electrons were measured, as shown in Figure 5.7.
The Zn 2p spectra have a peak at 1020.8 eV assigned to the Zn 2ps;, state, which defines the
Zn?* chemical state (Yang and Yu, 2023). The Zn 2ps. peak blue shifts by 0.2 eV towards low
BE, implying an increased concentration of zinc ions, suggesting a possible interaction between
SAR and OCS resins with ZnO. The O 1s XPS spectra have two prominent peaks at 530 eV
and 532 eV, assigned to the Zn-O bond and defective oxygen (V.,), respectively (Yang and Yu,
2023). With the modification of ZnO with SAR and OCS resins, a third peak appeared at 531
eV, which is speculated to result from the replacement of the hydrogen (H) of —OH adsorbed
on the ZnO surface by carbon from the carbonyl group (Fan et al., 2016; Yang and Yu, 2023)
at the terminals of the SAR or OCS resins. The ratio of the ZnO defective oxygen peak to the
Zn-0 bond peak was 0.81. Upon SAR and OCS modification, the ratio reduced to 0.64 and
0.53, respectively, symbolizing passivated surface defects on ZnO.
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Figure 5.7: XPS spectra of various ETL films. (a) Zn 2p and (b) O 1s.
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Further studies on the surface defect passivation were conducted using PL spectroscopy, as
presented in Figure 5.8. The PL spectra of ZnO have UV and visible region emission peaks
centred at 393 and 489 nm, respectively, corresponding to exciton recombination and surface
defects on ZnO (Huang et al., 2022). The UV and Visible peak intensities of the various ETL
films are listed in Table 5.3. It was discovered that the PL peak intensities were reduced by
modifying ZnO. To establish the variation in surface defects upon modifying ZnO, the ratio of
the Visible to UV region emission peak intensities was calculated, as shown in Table 5.3. For
the case of the ZnO-only films, a ratio of 0.92 was calculated, whereas for the ZnO/SAR and
ZnO/OCS films, lower ratios of 0.89 and 0.88 were obtained, respectively. The ratio of the
Visible to UV region emission peak intensities reduced upon ZnO modification, further

confirming the passivation of surface defects on ZnO (Huang et al., 2022).

-0=-2Zn0
-0—2ZNO/ISAR
-0=-2Zn0/OCS
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Figure 5.8: Photoluminescence spectra of ZnO, ZnO/SAR, and ZnO/OCS electron transport

layer films excited at 340 nm wavelength.
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Table 5. 3: PL and UV-visible emission peak intensities of ZnO, ZnO/SAR, and ZnO/OCS
films, and the corresponding Visible to UV emission peak ratios.

ETL Films UV emission Peak  Visible emission peak  Ratio (Peak2/Peak1)
(Peak 1) (Peak 2)

Zn0O 22.065 20.250 0.92

ZnO/SAR 20.367 18.139 0.89

ZnO/OCS 20.014 17.569 0.88

5.2.4 Photovoltaic Performance of OSCs based on ZnO ETLs

The effect of modifying ZnO with SAR or OCS resins on the performance of OSCs was
investigated using the ITO/ZnO/UV resins/PM6:Y6-BO/Mo0Os/Ag device structure. This study
used a blend of PM6 with Y6-BO materials in the active layer. This decision was based on the
materials' reported outstanding performance and the fact that Y6-BO has decent solubility in
green solvent o-xylene, as highlighted by Abbas et al. (2022). The study's findings are
presented in Table 5.4, which outlines the photovoltaic performance characteristics of OSCs
with ZnO-modified ETLs. The PCE of OSCs with bare ZnO ETL was obtained as 13.6%,
whereas the PCE of OSCs with modified ZnO ETLs was obtained as 14.6%.

Table 5. 4 Photovoltaic performance of OSCs with ZnO, ZnO/SAR, and ZnO/OCS ETLSs. In

parenthesis are the statistical data from 6 averaged devices.

ETL Ve [V]  Je[mA/em?] Ja[mA/em?]  FF[%]  PCE [%]

ZnO 0.800 24.24 23.0 70.0 13.6 (13.4120.15)
ZnO/SAR  0.801 25.01 24.2 73.0 14.6 (14.50£0.11)
ZnO/OCS  0.809 24.62 23.5 73.1 14.6 (14.41+0.18)
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The J-V and EQE curves of the OSCs are shown in Figure 5.9, where the J-V curve of ZnO-
based OSCs is lower relative to that of OSCs with the modified ZnO ETL. Also, the EQE
curves of the OSCs with modified ZnO were higher as compared to those of the ZnO-based
OSCs in the UV-Vis region, implying enhanced photon utilisation with SAR and OCS
modification. The calculated J. from the EQE curves were consistent with the J,. obtained from
the J-V measurements under light, confirming the precision of the measurements.
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Figure 5.9: (a) The J-V and (b) EQE curves of OSCs with ZnO-modified ETLSs.
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Further studies were conducted to determine the causes of the improved PCE after modifying
the ZnO ETL. First, the charge dissociation probability P (E, T), was obtained from
photocurrent measurements, as described in the methodology section. The photocurrent curves
of the OSCs with ZnO-modified ETLs are presented in Figure 5.10. The P (E, T) value of the
OSCs with the pristine ZnO ETL was 95.5%. In contrast, the P (E, T) of the OSC devices with
ZnO/SAR and ZnO/OCS were obtained as 97.4% and 97.2%, respectively. The larger P (E, T)
values of the OSCs obtained after modifying ZnO ETL imply that the charge extraction process

in the OSCs was improved, accounting for enhanced J,. and FF.
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Figure 5.10: J;-Ver curves of OSCs with ZnO, ZnO/SAR, and ZnO/OCS ETLs.

The exciton dissociation efficiency of the OSCs is directly related to the morphology of the
photoactive layer. Inspired by the observed phenomenon of enhanced P (E, T) of OSCs with
modified ZnO, the morphological evolution of the PM6:Y6-BO blend coated on ZnO-modified
ETLs was studied, as shown in Figure 5.11. It was observed that upon modification of the ZnO
ETL film with SAR and OCS resins, the root mean square (RMS) value of the PM6:Y6-BO
film decreased from 1.14 nm to 1.05 nm and 1.03 nm, respectively. This decrease in the RMS
values of the PM6:Y6-BO films coated on ZnO/SAR and ZnO/OCS demonstrated that a more
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homogeneous and uniform surface was formed, which is favourable for the dissociation of
excitons and transport of charges in the photoactive layer. This result supports the increased
exciton dissociation probability obtained for the OSCs with ZnO-modified ETLs.
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Figure 5.11: The topographic AFM height images of the PM6:Y6-BO films coated on (a) ZnO,
(b) ZnO/SAR, and (c) ZnO/OCS ETLs obtained using AFM.

Secondly, the charge recombination behaviour of OSC devices with ZnO-modified ETLs was
studied by measuring the Ji. and V.. versus Pig: curves and the electrochemical impedance
spectra, as described in the methodology section and presented in Figure 5.12. When the J-
Pign: CUrve slope (o)) approaches one, bimolecular recombination is termed weaker (Mai et al.,
2023), whereas when the slope of V. - Pig: (n) nears 2kT/q, trap-assisted recombination is

termed dominant (Song et al., 2023). Here, k g, and T refer to the Boltzmann constant,
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elementary charge, and absolute temperature, respectively. As shown in Figure 5.12 (a), the o
value of the OSCs with the ZnO ETL was 0.95, whereas that of the OSC devices with ZnO/SAR
and ZnO/OCS ETLs was 0.96. The higher a value obtained for the case of the modified ZnO
ETLs indicates weaker bimolecular recombination. Similarly, the lower value of n obtained in
Figure 5.12 (b) suggests that trap-assisted recombination in OSC devices with ZnO-modified
ETLs was suppressed. The electrochemical impedance spectra in Figure 5.12 (c) were used to
study the changes in the resistivity of OSCs as a result of ZnO ETL modification. The series
resistances of the OSCs with ZnO/SAR and ZnO/OCS ETLs were 11 and 10 Q, respectively,
while that of the control OSC devices with bare ZnO ETL was 24 Q. This reduced resistance
confirms the reduced charge recombination in the OSCs upon ZnO ETL modification. The
suppression of charge recombination facilitates charge extraction and transport, thus improving

photovoltaic performance.

(a)
'E 10 o
o
<
E
53 @ ZnO, «=0.95 @ ZnO n=1.39 kT/q
@ ZnO/SAR, a =0.96 0.72} @ ZnO/SAR n=0.96 kT/q
@ ZnO/OCS, «=0.96 @ ZnO/OCS n=0.98 kT/q
. 100 10 , 100
Light Intensity mW cm”) Light Intensity mw cm™)
(C) 1604~ —-Zn0
— —ZnO/SAR
——2Zn0/OCS 7
120 ST

- e \

o] { N

= § 2

-

- ‘l ¢

wl &

50 100 150 200 250 300
ReZ Q)

Figure 5.12: (@) J«c-Piign Curves, (b) Vo-Piigie curves, and (c) Nyquist curves of OSCs with ZnO,

ZnO/SAR, and ZnO/OCS ETLs.
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Finally, the electron mobility () and trap density (Nusp) Of the ITO/ZnO/UV resins/PM6:Y 6-
BO/ZnO/Ag devices were determined, as discussed in the methodology section and depicted
in Figure 5.13. The . of the unmodified ZnO based device was found to be 4.4 x 104 cm?V-
151 whereas the . of the devices with ZnO/SAR and ZnO/OCS ETLs was determined to be
4.7 x 10 cm?V1Stand 4.6 x 10* cm?V1S, respectively. The increased p. of devices based
on ZnO-modified ETLs demonstrates improved charge transport, which results in improved Js
of the OSCs. Moreover, the Ny, was calculated from the V+_ values shown in Figure 5.13 as
1.51 x 10%, 1.17 x 10%, and 1.06 x 10 cm™ for electron-only devices with ZnO, ZnO/SAR
and ZnO/OCS ETLs, respectively. Upon ZnO modification, N, decreased implying reduced
trap recombination, which facilitates faster electron transport, thus improving the J,. of OSCs.
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Figure 5.13: Three-segment J-V curves in the dark of electron-only devices. (a) ZnO, (b)

ZnO/SAR, and (c) ZnO/OCS ETLs.
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5.2.5 Stability of OSCs

First, an investigation was performed to establish the concentration at which SAR and OCS
resins provided optimal stability. OSCs with SAR or OCS resin interlayers with various
concentrations were tested for photostability using a light-soaking chamber as presented in
Figure 5.14 (a, b). For both SAR- and OCS-resin-based OSCs, the optimal concentration with
the highest photostability after 90 hours was 5.2 wt%. At this optimal concentration, the OSCs
based on both SAR and OCS interlayers showed the least dark current of 8.95 x 10° A cm™
and 3.51 x 10° A cm?, respectively, at -2V (Figure 5.14 (c, d)), demonstrating the most
suppressed charge recombination.
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Figure 5.14: (a and b) Photostability and (c and d) Leakage current of OSCs based on various
concentrations of the SAR and OCS resin interlayers.
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The photostability of the OSCs was further investigated for 1000 h based on the optimal
concentration of SAR and OCS resins. As depicted in Figure 5.15 (a), the PCE of OSCs based
on pristine ZnO decreased to 57%, while the PCE of OSCs based on modified ZnO ETLs
decreased to 79%. As illustrated in Figure 5.15 (b-d) and Table 5.5, the higher stability of OSCs
based on ZnO-modified ETLs was mainly due to the higher J.. and FF during the light soaking
period.
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Figure 5.15: PCE, V.., Js, and FF of OSCs versus light soaking time.
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Table 5. 5: Photovoltaic performance characteristics of photo-aged OSCs based on various
ETLs.

ETLs LS Ve Ve T L FF FF PCE PCE

hours (V) Drop (mA cm™)  Drop (%)  Drop (o) Drop
£n0 0 0.80 23.91 T0.81 13.52

1000 0.71 111% 20.42 J15% 5285 |25% 766 43%
Inl/SAR 0 0.80 2375 70,00 13.32

LG00 0.74 L8% 22.32 6% 6367 |9% 1049 [21%
Zn0/OCs 0 0.80 23.67 7145 13.58

1000 0.75 | 6% 2227 6% 6427  |10% 1072 [21%

Additionally, the leakage current increase during the 1000 h light soaking period was found to
be retarded for OSCs with ZnO-modified ETLs relative to the OSCs with ZnO-only ETL.
Figure 5.16 shows that the leakage current in ZnO-based OSCs increased by 2.5 order at -2V.
In contrast, the leakage current of the OSCs with the modified ZnO ETLs increased with the
lower order (1.3 and 1.4), further supporting the higher stability observed when SAR and OCS
resins were used to modify the ZnO ETL. This stability result is comparable to the best-reported
ones in the literature for NFA-based inverted OSCs based on ZnO ETLs (Table 5.6).
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Figure 5.16: Evolution of dark current of OSCs during 1000 hours of light soaking.
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Table 5. 6: Comparison of the photostability of OSCs achieved in this study with the previously
reported photostability reports of NFA-based inverted OSCs based on ZnO bilayer ETLs.

Active Laver ETLs Stabulity Light Test PCE Reference
Lest SOUTCE lime |lru]1
condition (hours) (%)
PRDBE-TITIC n/SAM | Sun Metal 150 ki (Law er al., 2019)
halide
lamp
PTBT-Th:IEICO-4F L Ca=-8AM 1 Sun LED 34000 20 (Xu er al., 2020)
PEDB-TITIC nlypoly-Lysine | Sun 400 20 (Huang ef al., 2020a)
PM6:IT-4F ZnO/Pyv-BDP I Sun 49 41 (Soultatt er al., 2020)
PCE-10:BT-CIC FnIC-5AM 1 Sun LED 1900 i (Lieral, 2021c)
PMG Y6 PCy BM Fn0ia-PEI I Sun 1000 25 (Hu eral., 2021)
PM6&:Y6 ZniGlu I Sun LED 1250 8 iLiu et al,, 2022)
DI18:MN3 £l NMA I Sun LED 7572 20 (Lieral, 2022b)
PMG:LE-BO InlVC4A | Sun LED 480 20 (La et al., 2023h)
InlVBuC4A 410
PMG: Y6 AnOiMNS-GNS 1 Sun LED 2000 20 (Su et al.. 2022)
PMG:Y6-BO InOiSAR I Sun Metal 1000 21 T'his Work
Zn0/0CS halide 21
lamp

To further elucidate the reason for the improved photostability, the effect of SAR and OCS
resins coated on ZnO ETLs on the degradation of NFA was studied. The ZnO/Y6-BO,
ZnO/SAR/Y6-BO, and ZnO/OCS/Y6-BO films were subjected to UV light illumination for 60
h and the changes in the absorption profile (Figure 5.17 (a-c)) and Raman peaks of NFA (Y6-
BO) C=C bond (Figure 5.18 (a-c)) were monitored. The ZnO/Y6-BO absorption peak at
approximately 830 nm was essentially reduced after 60 h of UV illumination. In contrast, the
ZnO/SAR/Y6-BO and ZnO/OCS/Y6-BO films exhibited minor reductions in the absorption
intensities. This indicates that the UV resins act as physical barriers to direct contact between
ZnO and Y6-BO, thus reducing the degradation of Y6-BO by photocatalytic ZnO. Similarly,
the Y6-BO’s C=C bond located at 1530 cm™ in the Raman spectra showed a more significant
decrease for the ZnO/Y6-BO films than for the Y6-BO films coated on ZnO/SAR and
ZnO/OCS based films corroborating the UV results.
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Figure 5.17: The decomposition of Y6-BO by ZnO. (a-c) Absorption spectra of Y6-BO films

coated on various ETL films under UV light illumination for 60 hours.
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Figure 5.18: The decomposition of Y6-BO by ZnO. (a-c) Raman spectra of Y6-BO films

coated on various ETL films under UV light illumination for 60 hours.

Moreover, thermal stability was investigated for a period of 200 h. Figure 5.19 (a) shows that
the PCE of OSCs with ZnO-only ETL dropped to 54%, while the PCE of OSCs with ZnO-
modified ETLs dropped to 77%. It can also be seen in Figure 5.19 (b-d) and Table 5.7 that the

FF mainly contributed to the stable PCE of OSCs based on ZnO-modified ETLs.
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Figure 5.19: Variation of photovoltaic performance characteristics of OSCs during 200 hours

of thermal ageing.
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Table 5. 7: The photovoltaic performance characteristics of thermal aged OSCs with ZnO,
ZnO/SAR, and ZnO/OCS ETLs.

ETLs Ageing V.. V., I, 1. FF FF PCE PCE

hours (V) Drop {mA em™) Drop (%a) Drop (%a) Drop
n0 0 079 2431 57.11 10.93

200 0.66 | 16% 2254 17T 3946 |31% 594 | 46%
InVEAR 0 0.79 2403 61.27 11.67

200 0.68 1 14% 23.09 4% 57.35 L% 9.04 123%
ZnOCs 0 079 2413 63.51 12 48

200 0.69 113%a 2294 e o055 L8% 9.64 23%

Furthermore, the higher thermal stability resulted from a slower increase in the leakage current
(0.7 and 0.8-order) of OSCs based on modified ZnO ETLs relative to that of OSCs with ZnO-
only ETL (2.3-order) during the 200 h of thermal stability test as depicted in Figure 5.20.
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Figure 5.20: Evolution of dark current of OSCs during 200 hours of thermal ageing.

A further study on the morphological changes of the ZnO-modified ETL films was conducted
by measuring the AFM images before and after 3 h of heating at 120 °C to establish the causes
of the improved thermal stability. As shown in Figure 5.21 and Table 5.8, the ZnO-modified
ETL films showed very small variations in surface roughness after heating at 120 °C/3 hours.
In contrast, the ZnO-only ETL film displayed a large change in the RMS value under the same
heating conditions. This result indicates that the cross-linked UV resins layers on ZnO formed
a robust layer that was resistant to heat changes, accounting for the higher thermal stability.
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Figure 5.21: AFM height images of ZnO-based ETL films. (a-c) fresh and (d-f) Thermal aged
at 120 °C for 3 hours.
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Table 5. 8: Variation of the RMS values of different freshly prepared and aged films.

ETL films Surface Roughness (RMS) (nm)
Fresh Aged ARMS
ZnO 3.57 3.21 0.36
ZnO/SAR 2.49 242 0.07
ZnO/OCS 2.28 2.25 0.03

5.3 General Applicability: The Effect of Modifying SnO. ETL with Ultraviolet Resins
5.3.1 Properties of SnO. Nanoparticles

SnO; is a metal oxide used as an ETL in OSCs as a replacement for ZnO because of its wider
bandgap, which makes it less sensitive to UV light, and thus, lower photocatalytic activity
(Jiang et al., 2019). In this work, this property of SnO, was demonstrated by calculating its
bandgap and investigating its effect on the photodegradation and photobleaching of Y6-BO, as
presented in Figure 5.22 (a-d).
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Figure 5.22: (a) Absorption spectra, (b) Tauc plot calculated from the absorption spectra, (c)
Absorption curves of the Y6-BO films coated on SnO, with various irradiation time, and (d)

The variations of the absorption intensities of Y6-BO films with UV light irradiation time.

The bandgap of SnO; film was found to be 3.83 eV, which is wider than 3.28 eV calculated for
ZnO. After illuminating the Y6-BO film coated on SnO; for 60 h, the film showed no signs of
photobleaching because the colour of the Y6-BO film was maintained (Figure 5.22 (c)). Also,
as shown in Figure 5.22 (c), the absorption intensities of Y6-BO slightly decreased within 60
hours of illumination, further proving that SnO, has less photocatalytic activity under UV light
illumination and could serve as a better alternative to photocatalytic ZnO as an ETL in inverted
OSCs.
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5.3.2 Interfacial Modification Properties of UV Resins on SnO-

To test the effectiveness of UV resins, the effects of SAR or OCS resins on the interfacial
properties of SnO, were investigated. As shown in Figure 5.23, the modification of SnO, with
SAR and OCS resins resulted in enhanced absorption intensity, which might have resulted from
the increased electron concentration from the UV resins. More importantly, the UV resins
increased the optical transmittance of SnO, in the wavelength region 450-800 nm. This
enhancement in optical transmittance is beneficial for charge transport materials to be able to
permit the passage of light to the photoactive layer, resulting in more photon utilisation and

improved photovoltaic performance of solar cells (Li et al., 2023c)
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Figure 5.23: Absorption and transmittance curves of SnO,-modified ETLs. (a) Absorption and
(b) Optical transmittance.
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The variations in the surface wettability of the SnO, ETL films modified with SAR and OCS
resins were investigated using contact angle measurements. The measured water and
diiodomethane contact angles are shown in Figure 5.24. The SnO, nanoparticles showed a
small 6,,0f 9.3° In contrast, the SnO./SAR and SnO,/OCS films exhibited 6,, of 40.8° and 31.8°,

respectively.

(a) (b)

SnO, | 1

PM6:Y6-BO

Figure 5.24: 6. of (a) Water and (b) Diiodomethane on various ETLs and active layer films.

The surface free energies were calculated for the corresponding films, and are presented in
Table 5.9. A decrease in the surface energy of SnO, upon modification with SAR and OCS
resins was observed from 72.5 mJ m? to 67.5 mJ m and 59.6 mJ m, respectively. Compared
with the surface free energy of the photoactive layer material (29.7 mJ m), the SnO.-modified
films showed more similarity than the pristine SnO, films. The closer similarity of the films’
Owand y based on SnO.-modified ETLs with that of the Y6-BO demonstrates enhanced contact
at the SnO,/PM6:Y6-BO interface compared to the case of unmodified SnO..
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Table 5. 9: Summarised 6w, 64im, and the corresponding y of SnO2, SNO2/SAR, and SnO,/OCS

films.
Films e ) O () 01118 10 e
Sn0O, 9.70 38.80 72.49
SnO,/SAR 40.80 38.60 67.53
Sn0O,/0CS 31.80 29.70 59.62
PM6:Y6-BO 104.3 58.60 29.74

The work function is an essential parameter when it comes to balancing the ETL and the active
layer energy levels to ensure efficient charge extraction. In this study, the effect of UV resins
on the work function of SnO, was studied as presented in Figure 5.25. The work function of
SnO, was computed as 4.0 eV, similar to the one previously reported (Huang et al., 2020b).
Upon modifying SnO, with SAR and OCS resins, the WF was reduced to 3.98 and 3.86 eV,
respectively. A decrease in the WF of SnO, can be attributed to the creation of surface dipoles,

by the UV resins’ amine groups (Zhu et al., 2019).
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Figure 5.25: (a) Full UPS scan and (b) Secondary electron cutoff spectra of various ETL films.

A decrease in WF balances the electron and hole potential barriers, resulting in reduced charge
recombination and improved charge transfer in OSCs (Wu et al., 2023). Additionally,
decreased WF results in upshifting of the SnO,’s LUMO level to bring forth a match with that
of Y6-BO, as shown in Figure 5.26. This matching of the energy levels results in effective
charge extraction from the photoactive layer by the ETL, improving photovoltaic performance
(Suo et al., 2023).
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Figure 5.26: Energy level alignment of various layers of iOSCs. The LUMO and HOMO
values of the other materials were obtained from the literature (Abbas et al., 2022; Suo et al.,
2023).

An XPS study was conducted to determine the effect of modifying SnO, with SAR and OCS
on surface defects. The full XPS spectra of various ETL films are depicted in Figure 5.27.
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Figure 5.27: Full XPS spectra corresponding to various ETL films.

The change in chemical bonding on the SnO, film upon SAR and OCS modification, was
studied from the Sn 3d core-level electrons. Figure 5.28 (a) shows that the Sn 3d spectra had
two peaks at 488 and 496 eV. These peaks correspond precisely to the Sn 3ds,and Sn 3ds, core
electrons and signify electron interactions or concentrations in SnO,. These peaks shift toward
the lower binding energy by 0.17 eV and 0.13 eV, respectively, upon SAR and OCS
modification. This shift towards the lower binding energy demonstrates an enhanced
concentration of tin ions, probably due to charge transfer from the SAR and OCS resins, thus
showing that electronic interactions occurred between SnO, and UV resins (Hu et al., 2020).
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Moreover, the O 1s XPS spectra were deconvoluted into individual peaks, as presented in
Figure 5.28 (b). The SnO, O 1s spectra had two peaks located at 530 and 532 eV binding energy.
These peaks correspond to Sn-O bonds and oxygen vacancies (V.,), respectively (Gao et al.,

2022). The oxygen vacancies form a part of the surface defects on SnO..
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Figure 5.28: Electron counts versus binding energy of SnO,, SnO./SAR, and SnO,/OCS films.
(@) Sn 3d XPS spectra, and (b) Deconvoluted O 1s XPS spectra.

To establish the changes in the surface defects when SnO, was modified with UV resins, the
V,/Sn-0 peak intensity ratios were determined, as shown in Table 5.10.
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Table 5. 10: The Sn-O and V, peak intensities, and the Vo/Sn-O ratios of various ETL films.

Films Sn-0 Vo V/Sn-O
SnO, 398443.69 221363.894 0.56
SnO,/SAR 1163709.68 456578.947 0.39
SnO,/OCS 1433262.59 388539.898 0.27

The calculated V,/Sn-O ratio corresponding to bare SnO, film was 0.56. In contrast, the V,/Sn-
O ratio corresponding to the SnO./SAR and SnO,/OCS ETLs was 0.39 and 0.27, respectively.
Areduced V./Sn-0O ratio for the SnO,-modified ETLs implies fewer surface defects (Gao et al.,
2022). A photoluminescence analysis was done to further establish the effect of SAR and OCS
as SnO. modification materials on surface defects, as depicted in Figure 5.29. The
photoluminescence emission of SnO; in the visible region was ascribed to surface defects
(Divya et al., 2021). Generally, four visible photoluminescence emission peaks are located at
wavelengths of 407, 447, 483, and 530 nm. The peak observed at 407 nm corresponds to
luminescent centres originating from dangling bonds and interstitial tin (Divya et al., 2021). At
483 nm, the emission peak was associated with V,, whereas the broad emission peak at 530 nm
was associated with surface traps (Divya et al., 2021). There was a drop in the peak intensity
of the photoluminescence emission when SnO, was modified with UV resins. The specific
values of the photoluminescence intensity of the various ETL films are presented in Table 5.11.
The decrease in the photoluminescence peak intensities of SnO, upon SAR and OCS
modification resulted in reduced surface defects. Minimising the surface defects on SnO, is

beneficial for forming a better interface with the photoactive layer.
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Figure 5.29: Photoluminescence spectra corresponding to various ETL films.

Table 5. 11: Summary of the photoluminescence peak intensities of various ETL films.

Films Peak 1 Peak 2 Peak 3 Peak 4
Sn0O, 82.85 37.83 26.74 30.33
SnO,/SAR 71.90 36.72 24.70 26.88
Sn0O,/OCS 69.72 36.28 23.46 26.43

82



5.3.3 Photovoltaic Performance of OSC Devices Based on SnO ETLs

The effect of modifying the SnO, ETL with UV resins on photovoltaic performance was
investigated. Before modifying the SnO, ETL, the annealing temperature, annealing time, and
concentration were optimised, as shown in Table 5.12 and Figure 5.30. The optimal PCE of the
OSCs was obtained at 1:6 v/v of SnO,:H,O and 170 °C thermal annealing for 10 minutes.

Table 5. 12: Optimisation of SnO, ETL based on thermal annealing temperatures, thermal

annealing time, and concentration.

ETL Temperature (°C) V., Je FF PCE
for 10 minutes [V] [mAcm?] D] (%]
110 0.80 23.10 67.81 12.60
SnOzH,0 (1:3) 130 0.81 23.39 67.60 12.84
150 0.82 23.80 66.93 12.99
170 0.82 23.99 69.29 13.56
200 0.81 23.73 63.44 12.15
Time (minutes)
10 0.82 23.99 62.29 13.56
SnO::H0 (1:3) 30 0.81 23.13 6712 12.60
40 0.81 22.62 65.10 11.92
50 0.81 22.45 64.28 11.70
Concentration (v/v)
1:3 0.82 23.99 62.29  13.56
1:6 0.81 24.46 69.38 13.76
SnO;:H0O 1:9 0.81 24.22 64.66 12.73
1:12 0.80 24.17 62.58 12.17
1:15 0.77 24.05 60.79 11.21
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Figure 5.30: The J-V characteristics of OSC devices with SnO, ETL optimised under (a)
thermal post-treatment, (b) thermal treatment time, and (c) Concentration (dilution ratio of

SnO; to water).

Based on these optimal conditions, OSCs with SnO, modified with SAR and OCS resins were

fabricated, and the corresponding photovoltaic performance characteristics are listed in Table

5.13.
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Table 5. 13: The photovoltaic performance characteristics of OSCs with SnO>-modified ETLS.

In brackets are the statistical values of 6 OSC devices.

ETLs Voc (V) Jse (mA Cm'2) FF (%) PCE (%)

SnOz 0.81 24.46 69.38 13.76 (13.50+0.20)
SnO2/SAR 0.81 24.57 72.61 14.41 (14.23+0.15)
Sn02/0CS 0.82 24.52 72.21 14.43 (14.19+0.18)

The PCE of SnO, ETL-based OSCs was 13.76%. This PCE was increased to 14.41% and 14.43%
by modifying SnO, with SAR and OCS resins, respectively, with simultaneously improved V.,
Jse, and FF. Table 5.14 compares the photovoltaic performance of OSCs manufactured in this
study to those of OSCs previously reported based on SnO, ETLSs. It is seen from this table that
our work presented the highest PCE of OSCs processed from a non-halogenated solvent.

Table 5. 14: PCE of NFA-based iOSCs with SnO2 nanoparticles as ETLs reported in the

literature.

Active layer Solvent ETLs PCE Year Reference
(%)
PBDB-T-2F:Y6 CF+0.5v0l% CN  SnO; 12.88 2019 (Bai et
al., 2019)
PBDB-T: ITIC Cb+0.5% DIO Sno; 10.77 2019 (Sunet
al., 2019)
J71:1TIC CF SnO, 9.04 2019 (Di Carlo
Rasi et
al., 2019)
PM6:1T-4F Cb+0.5% DIO SnO, 1410 2019 (Jiang et
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al., 2019)

PM6:Y6 CF+0.5v0l% CN  SnO, 16.10 2020 (Baiet
al., 2020)
PM6:Y6 CF+0.5v0l% CN  n-SnO,/InP/ZnS 1522 2020 (Peng et
QDs al., 2020)
PCE10:IEICO-4F  Cb+3vol% CN Sno; 10.53 2020 (Jiang et
al., 2020)
PM6:Y6: IDIC CF+0.5v0l% CN  SnO,-PEO 1590 2020 (Hu et
al., 2020)
PBDB-T-SF:IT-4F  Cb+0.5% DIO SnO,/PeNWs 10.72 2020 (Zhao et
al., 2020)
PBDB-TF:IT-4F Cb+0.5% DIO EA - Sn0O, 1245 2020 (Huang et
al.,
2020b)
PM6:Y6 CF+0.5v0l% CN  SnO,/PDINO 1490 2021 (Kong et
al., 2021)
PM6:Y6 CF+0.5v0l% CN  SnO,/DMAEMA 1545 2021 (Fuetal.,
2021)
PM6:Y6 CF+0.5v0l% CN  Co%*- SnO; 1530 2021 (Zbhanget
al., 2021)
PM6:PB2F:BTP- CF+0.5v0l%DIO  SnO,/1-DPAQ 18.10 2022 (Yuetal,
eC9 2022)
PM7:1T-4F Xylene Sn0./ZnO 1291 2022 (Linand
Dai,
2022)
PM6:BTP-4F-12 Xylene SnO./CNC-a 13.10 2022 (Niazi et
al., 2022)
PM6:BTP-eC9 CF+0.5v0l% CN  SnO,:PAS 17.12 2022 (Gao et
al., 2022)
PM6:Y6 CF+0.5v0l% CN  SnO,/PDIN-H 10.60 2022 (Munir et
al., 2022)
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TPD-3F:IT-4F Xylene:DIO:DPE  SnO, 11.70 2023 (Di Mario
etal.,
2023b)

PM6:L8-BO CF+0.25% DIO Sno; 16.03 2023 (Di Mario
etal.,
2023a)

PM6:PC71BM:Y6  CF+CN Sno; 16.70 2023  (Liuet
al., 2023)

TPD-3F:IT-4F Xylene Sno; 12.82 2023 (Romero
etal.,
2023)

PM6:L8-BO CF+0.25v0l%DIO  SnO, 16.26 2023 (Romero
etal.,
2023)

PM6:L8-BO CF+0.5v0l%DIO  SnO,/Phen- 1831 2023 (Wuet

NaDPO al., 2023)

PM6:L8-BO CF+DIO SnO./NMA 18.33 2023  (Suo et
al., 2023)

PM6:Y6-BO Xylene Sn0O,/OCS 14.43 2023 This work

The J-V and EQE curves of OSCs with SnO.-based ETLs are presented in Figure 5.31. As
observed in Figure 5.31, the OSC device with the SnO,-only ETL display a lower J-V curve

than those based on SnO.-modified ETLS. Moreover, the EQE response in the wavelength

range 380-830 nm was improved for OSC devices based on SnO,-modified ETLs,

demonstrating that enhanced photon-to-electron conversion resulted to the J. and FF

improvement. This EQE result corroborates with the enhanced transmittance observed.
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5.3.4 Charge Dissociation and Recombination

The Ju-Ver curves were studied to establish the effect of modifying SnO, with SAR and OCS
resins, as presented in Figure 5.32 (a). The P (E, T) of the OSCs with SnO, ETL was 96%,
while that of OSCs with modified SnO, ETLs was 97.1%. The higher exciton dissociation
probability obtained in the SnO.-modified OSCs implies improved charge extraction efficiency,
thus contributing to enhanced photovoltaic performance. The effect of modifying SnO; on the
charge carrier recombination dynamics was first investigated by measuring the V.. and Js
versus Pigy curves, as presented in Figure 5.32 (b, c). The slopes of the V.. and Js vs. light
intensity curves (n and o) provide estimates of trap-assisted and bimolecular recombination in
OSCs, respectively. The closer the n value is to 2kT/q, the more dominant the trap-assisted
recombination (Cai et al., 2021), whereas the higher the a value is, the lesser the bimolecular
recombination (Hwang et al., 2019). It can be seen that upon modifying SnO, with SAR and
OCS resins, both trap-assisted and bimolecular recombination were suppressed, which
accounts for improved PCE. Further study on the recombination dynamics was conducted using
electrochemical impedance spectroscopy, as shown in Figure 5.32 (d). The EIS curves were
fitted with the circuit model discussed in the methods section to obtain the OSCs resistances,
as detailed in Table 5.15. The series resistance of OSCs decreased from 29.3 Q to 17.5 Q and
16.9 Q upon modifying SnO, with SAR and OCS resins, respectively. Similarly, the surface
resistance reduced from 18.8 Q to 14.2 Q and 13.8 Q upon modifying SnO, with SAR and OCS
resins. The simultaneous decrease in the series and surface resistances of OSCs based on
modified SnO, ETLs demonstrates reduced interfacial charge recombination (Li et al., 2022b),

which results in improved photovoltaic performance.
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Figure 5.32: Plots of OSCs with various ETLs. (a) Photocurrent curves, (b) Voc-PiigieCurves, (c)

Js-Puignt Curves, and (d) Electrochemical impedance spectra.

Table 5. 15: The series and surface resistance of OSCs with various ETLs.

ETLs wries () R e ()

Sno; 29.316 18.811
SnO/SAR 17.548 14.250
Sn0O:/0OCS 16.881 13.822
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5.3.5 Charge Transport

Further study was conducted on the charge transport behaviour using the SCLC method. The
ITO/ETLs/PM6:Y6-BO/SnO./Ag devices were constructed to study the effect of modifying
SnO; with SAR and OCS resins on electron mobility and trap density. The dark J-V curves are
presented in Figure 5.33. The calculated electron mobility of SnO.-only based devices was 4.12
x 104 cm?V1s? whereas the electron mobilities of the SnO,/SAR and SnO,/OCS based devices
were 4.58 x 104 cm?V-1stand 4.59 x 104 cm?V-1s?, respectively. Improved electron mobility
through SnO, modification demonstrates improved charge transport in OSCs, thus improving
photovoltaic performance. Additionally, the trap-filled voltages (V+r.) were obtained as 0.285,
0.269, and 0.266 V for SnO,, SnO,/SAR, and SnO,/OCS based devices, respectively, as
depicted in Figure 5.33. The trap densities were obtained as 9.45 x 10%°cm=3, 8.92 x 10%° cm®,
and 8.82 x 10% cm™ for electron-only devices with SnO,, SnO./SAR and SnO./OCS,
respectively. It was observed that the trap density reduced after modifying SnO, ETL, which
demonstrates lower trap recombination in OSCs. The modification of SnO, with SAR or OCS
resins is speculated to have improved the crystallinity of the PM6:Y6-BO films thus reducing
the trap densities. This further accounts for the enhanced Js. of OSCs with SnO,-modified ETLS.
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Figure 5.33: The three-segment J-V curves of the devices measured under dark conditions.

ETLs used (a) SnO-, (b) SnO,/SAR, and (c) SnO,/OCS.
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5.3.6 Stability of OSCs

In addition to their photovoltaic performance, the stability is a critical factor for
commercialisation of OSCs. In this regard, photostability was investigated to access the effects
of SAR and OCS resin interlayers on the degradation of OSCs under light illumination for 450
h. The PCE evolution, J-V, and leakage current during 450 h of light irradiation is depicted in
Figure 5.34.
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Figure 5.34: OSC devices with SnO,, SnO, /SAR SnO, /OCS ETLs during 450 hours of light

illumination. The evolution of (a) PCE, (b) J-V curves, and (c) Dark current density.

As depicted in Figure 5.34 (a), the PCE of OSCs with SnO-only ETL dropped to 20% within
450 h of light irradiation. Conversely, the PCE of OSC devices with SnO./SAR and SnO,/OCS
ETLs decreased to 73% after the same time. This shows that the SAR and OCS interlayers

contribute to reducing the decomposition of OSCs under light. The J-V curves presented in
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Figure 5.34 (b) demonstrate that during light illumination, the photovoltaic performance
characteristics of OSCs with SnO,/SAR or SnO,/OCS ETLs were much retained compared to
the case of OSCs with SnO.-only ETLs. Figure 5.34 (c) shows that during the light ageing time,
the leakage current at -2V of OSCs with SnO, ETL increased with a higher order of 2 relative
to the OSCs with SnO./SAR and SnO,/OCS ETLs whose leakage current increased by 0.71
and 0.63 order, respectively. A smaller order of increased leakage current of OSCs based on
modified SnO, ETLs during light illumination demonstrates lower charge recombination and,
hence, higher stability. The evolution of V., Js, and FF during 450 h of light irradiation is

presented in Figure 5.35, and the contribution of each photovoltaic performance parameter to
the stable PCE is given in Table 5.16.
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Figure 5.35: OSC devices with SnO,, SnO./SAR, and SnO,/OCS during the 450 hours of light
illumination. The evolution of (a) V., (b) J«, and (c) FF.
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Table 5. 16: The detailed Vo, Jsc, FF, and PCE drops of photo-aged OSC devices with SnO»,
SnO2/SAR, and SnO,/OCS ETLs.

ETLs LS Wioe Voo I Jee FF FF PCE PCE
howurs (V) Drop (mAcm=) Drop (%) Drop (%a) Drop

Sn0, 0 0.81 24.13 66.63 13.52

450 048 [41% 19.12  |21% 2852 |57% 261  |80%
S$n0,/SAR 0 0.81 23.96 67.90 13.18

450 076 6% 2087  [13% 6069 [11% 956  [27%
S$n0,/0CS 0 0.81 24.71 67.23 13.40

450 076 6% 2174 [12% 5974 [11% 984  [27%

As shown in Figure 5.35 and Table 5.16, the key contribution to the high PCE of OSC devices
with SnO.-modified ETLs came from the high V.. and FF retained during the light illumination
time. The variations in the optical absorption of the photoactive material coated on SnO.-
modified ETLs upon light illumination for 3 h was investigated to establish the cause of the
observed high photostability of OSC devices with SnO./SAR and SnO,/OCS ETLs (see Figure
5.36). This investigation established whether the SAR and OCS interlayers contributed to

mitigating the photodecomposition of individual PM6 and Y6-BO photoactive materials.
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Figure 5.36: Absorption of fresh and photo-aged PM6:Y6-BO blends casted on (a) SnO., (b)
SnO,/SAR, and (c) SnO,/OCS films.

As depicted in Figure 5.36, the PM6:Y6-BO film coated on SnO, showed a significant drop in
the absorption intensities of PM6 and Y6-BO at 626 nm and 813 nm wavelengths, respectively,
after 3 h of light illumination. In contrast, the absorption intensities of PM6:Y6-BO films casted
on SAR and OCS resins showed a lesser decrease. Notably, the absorption peaks of Y6-BO at
813 nm remained nearly unchanged during 3 h of light illumination for the films casted on
SnO,/SAR and SnO,/OCS. This proves that the photocatalytic activity of SnO,, which might
have resulted in the degradation of Y6-BO upon light illumination, was mitigated by inserting
SAR or OCS resin interlayers at SnO./photoactive layer interface. This accounts for the
observed improved light stability of the OSCs with the SnO./SAR and SnO./OCS ETLs.
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Apart from the degradation of OSCs due to the light effect, degradation due to heat cannot be
ignored. This is because, under practical operation in an outdoor environment, OSCs are
subjected to direct sunlight, which generates heat. In this regard, a thermal stability test of
OSCs based on modified SnO, was performed for a period of 200 h. The variations in the PCE,

J-V curves, and dark current density during 200 h of thermal ageing are shown in Figure 5.37.
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Figure 5.37: OSCs based on SnO,, SnO,/SAR, and SnO,/OCS ETLs during 200 hours of
thermal ageing. The variation of (a) PCE, (b) J-V, and (c) The dark current density.

As shown in Figure 5.37 (a), the PCE of the OSCs with the SnO, ETL dropped to 42% of the

original value after 200 h of thermal ageing. Conversely, the PCE of the OSCs with SnO,/SAR
and SnO,/OCS decreased to 72% and 73% of the initial value, respectively. This demonstrates

that the modification of SnO, with SAR and OCS resins improves thermal stability. The J-V
curves in Figure 5.37 (b) during 200 h of thermal ageing demonstrate that higher J.. and V.

96



values were retained for the OSCs based on modified SnO,, consistent with the higher thermal
stability observed. The leakage currents of various thermally aged OSCs are shown in Figure
5.37 (c). After 200 hours of thermal ageing, the leakage current of SnO,-based OSCs increased
by one order, whereas the leakage current of OSCs with SnO,/SAR and SnO,/OCS increased
by 0.8 and 0.6 orders, respectively. The lesser order of increase in the leakage current of the
OSCs with SnO,/SAR and SnO,/OCS ETLs during the thermal ageing process demonstrates a
lower charge recombination process, which leads to higher PCE. The evolution of V,, Js, and
FF during the thermal ageing process is depicted in Figure 5.38, whereas the individual

photovoltaic characteristics of the various thermally aged OSC devices are given in Table 5.17.
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Figure 5.38: OSCs with SnO,, SnO,/SAR, and SnO,/OCS ETLs during the 200 hours of
thermal ageing. The evolution of (a) V., (b) Js, and (c) FF.
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Table 5. 17: The detailed Vo, Jsc, FF, and PCE drops of thermal aged OSC devices with SnO3,
SnO2/SAR, and SnO,/OCS ETLs.

ETLs s V. . T, l. FF___FF__PCE PCE

hours (V) Drop (mAcm?) Drop (%) Drop (%) Drop
Snl), 0 0.79 2380 G006 11.32

200 063 [20% 2098  [27% 3544 [41% 471 |58%
Sn0O,/SAR 0 0.79 2448 62.88 12.24

200 0.68 | 14% 2223 9% 5848 7% 878  |28%
Sn0,/OCS 0 0,79 24.52 63,92 12.39

200 0.68 114% 22.33 9% 5971 |7 9.10 127%

Figure 5.38 and Table 5.17 demonstrate that the significant contribution to the higher thermal
stability of OSCs with SnO,/SAR and SnO,/OCS ETLs was FF, which was higher during the
thermal ageing period as compared to that of OSCs based on SnO, ETLs. To reveal the cause
of the improved thermal stability of OSCs with modified SnO, ETLs, the morphological
evolution of the ETL films after 3 h of thermal ageing was studied. AFM was utilised to

measure the surface roughness of the films, as depicted in Figure 5.39.
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Figure 5.39: The topographic height images (from AFM) of (a-c) fresh films and (d-e) thermal
aged ETL films.

The surface roughness of SnO. film was observed to reduce from 2.98 nm to 1.09 nm and 1.01

nm upon modification by SAR and OCS resins, respectively. Asmoother ETL film is beneficial

for the formation of a decent physical contact with the photoactive layer. Notably, the thermally
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aged SnO; film showed a noticeable change in RMS, whereas the thermally aged SnO,-
modified films showed negligible changes in the RMS values. These changes in the RMS

values of the films before and after thermal ageing are outlined in Table 5.18.

Table 5. 18: The changes in RMS values of various ETL films before and after thermal ageing

for 3 hours.
ETL films Surface Roughness (RMS) (nm)
Fresh Aged ARMS
Sno; 2.98 2.54 0.44
SnO./SAR 1.09 1.07 0.02
Sn0O,/OCS 1.01 1.00 0.01

The negligible change in the RMS of SnO, modified films upon thermal ageing demonstrates
that a robust heat-resistant film was formed by UV resins modification. The formation of a
robust ETL film is believed to account for the higher thermal stability observed in OSCs with
the SnO./SAR and SnO,/OCS ETLs. The stability results for OSCs with SnO, ETLs obtained
in this work were compared to those obtained in other reports for OSCs based on non-fullerene
acceptors with SnO, ETLs, as depicted in Table 5.19.

Table 5. 19: An overview of photo and thermal stability studies on non-fullerene acceptor-
based inverted OSCs with SnO2 ETLs reported up to date.

Active layer ETLs Stability Light Test PCE Ref.
test source time (h) drop
condition (%)
PM6:IT-4F Sno;, 1 SUN Solar 24 11.0 (Jiang et
simulator al.,
2019)
PM6:Y6: IDIC SnO,-PEO 1 SUN Solar 50 73.7  (Huet
simulator al.,
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2020)

PM6:Y6 Co*-SnO, 1SUN LED 73 20 (Zhang
etal.,
2021)
PM6:PB2F:BTP- SnO,/1- 1 SUN - 370 40.7 (Yu et
eC9 DPAQ al.,
2022)
PM6:BTP-eC9 SnO:PAS 1 SUN - 1000 63.5 (Gaoet
al.,
2022)
TPD-3F:IT-4F Sno; 1 SUN - 150 27 (Di
120°Cin - 5 20  Mario et
N, al.,
2023b)
PM6:L8-BO Sno, 1 SUN - 100 15  (Romero
etal.,
2023)
TPD-3F:IT-4F SnoO; 1 SUN - 100 13 (Romero
etal.,
2023)
PM6:Y6-BO Sn0O,/OCS 1SUN Metal 450 27 This
halide work
lamp
85°Cin - 200 27
the air

As shown in Table 5.19, this study presents one of the best photo- and thermal-stability results

reported so far for NFA-based inverted OSCs with SnO, nanoparticle ETLSs.
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This study intended to enhance the performance and stability of NFA-based OSCs by
modifying the electron transport layer. ZnO was used as the ETL in the OSCs studied.
Modification of ZnO electron transport layer with commercially obtained ultraviolet resins,
SAR and OCS, was successfully carried out to enhance the performance and the stability of
OSCs. The optimal cross-linking times of SAR and OCS resins coated on ZnO were found to
be 5 and 10 minutes, respectively whereas the optimal concentrations of SAR and OCS resins
were found to be 5.2 wt%. The optical bandgaps of SAR and OCS resins were found to be 3.95
and 3.88 eV, respectively while a narrower optical bandgap of 3.28 eV was obtained for ZnO
film. It was found that SAR and OCS resins could effectively reduce the WF of ZnO to bring
forth an energy level match with the photoactive layer. The UV resins enhanced the
hydrophobicity and minimised The y of ZnO, thus improving the ZnO/PM6:Y6-BO interfacial
contact. Using XPS and PL analyses, the effectiveness of SAR or OCS resins in reducing
surface defects such as oxygen vacancies on ZnO was demonstrated. Altogether, the reduced
work function, improved interfacial contact, and reduced surface defects on ZnO resulted in an
improvement in the performance of OSCs from 13.6% to 14.6%. This improved PCE was
supported by the increased exciton dissociation efficiency, charge transfer process, and reduced
charge recombination in OSCs.

Using UV-Vis spectroscopy and Raman spectroscopy, it was demonstrated that the
photocatalytic nature of ZnO, which degrades the photoactive layer upon light illumination,
was mitigated by coating it with thin SAR and OCS resins. This resulted to photostability
enhancement of the studied OSCs. Wherein, the OSCs with ZnO-modified ETLs retained 79%
of their original PCE after 1000 h of light soaking. Conversely, OSCs with unmodified ZnO
showed poor light stability, retaining only 57% of their initial efficiency after the same time.
Moreover, it was demonstrated that the SAR and OCS resins formed a cross-linked network on
Zn0O, which was resistant to solvent washing and heat changes. The robustness of the cross-
linked SAR and OCS resins improved the thermal stability of the OSCs. Specifically, OSCs
with modified ZnO electron transport layers reserved 77% of their original PCE after 200 h of
thermal ageing. In contrast, OSCs with ZnO ETL showed poorer stability, by retaining 54% of
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their original PCE after the same time.

To prove the effectiveness of SAR and OCS resins in modifying the ETL and enhancing the
PCE and the stability of organic solar cells, ZnO was replaced with SnO, in further
investigation. The optimal concentration, post-treatment temperature, and post-treatment time
of SnO, nanoparticles were found to be 1:6 v/v (SnO,: water), 170 °C, and 10 minutes,
respectively. The bandgap of SnO; film was determined to be 3.83 eV. Similar to the ZnO case,
applying ultraviolet resins on SnO, reduced its WF from 4.0 eV to 3.86 eV, aligning its energy
level with the photoactive material for effective charge extraction. Neat SnO, was found to be
very hydrophilic based on water contact angle measurements, and it became hydrophobic upon
SAR or OCS resin modification. The y of SnO, was reduced upon SAR or OCS modification,
resulting in improved SnO./photoactive layer interfacial contact. Furthermore, XPS and PL
studies demonstrated that the surface defects on SnO,, including oxygen vacancies, dangling
bonds, and tin interstitials, were passivated by SAR and OCS modification. These interfacial
modification results of SAR and OCS on SnO; resulted in a performance improvement of 13.8%
to 14.4%.

Additionally, it has been demonstrated that SAR and OCS resins contribute in reducing the
photodegradation of the photoactive layer materials under light illumination by the catalytic
effect of SnO,, using UV-Vis analysis. The photodegradation mitigation of the photoactive
layer by SnO, using ultraviolet resins improved the light stability of the OSCs. The OSCs with
SnO.-modified ETLs reserved 73% of their original efficiency after 450 h of light illumination.
In contrast, those based on SnO;’s neat electron transport layer retained only 20% of their initial
efficiency. Moreover, it was demonstrated that both the SAR and OCS interlayers improved
the thermal stability of the OSCs. Organic solar cells with SnO,-only electron transport layer
showed poor thermal stability, retaining only 42% of their original efficiency after 200 h of
thermal ageing. Conversely, OSCs with SnO, modified with SAR and OCS resins demonstrated
better thermal stability, retaining 72% and 73% of their original PCE after the same thermal
ageing time. Overall, our study paves the way for commercially available ultraviolet resins to

be applied as electron transport interlayers to improve the performance and stabilise OSCs.
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6.2 Recommendations

This study demonstrated that organic forms of UV-curable resins based on acrylate chemical
groups can increase the stability of OSCs. Therefore, further studies are recommended on the
inorganic and organic-inorganic forms of ultraviolet resins. Moreover, the potential of
ultraviolet resins based on other chemical groups such as azide, vinyl, epoxide, oxetane, and
alkyl bromide, among others, requires investigation for application in OSCs. Further
characterisation of the effect of ultraviolet resins used in this study on OSCs should be

performed to realise their full potential.
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