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Abstract
Meeting the ever-increasing global demand for energy is society’s principal challenge for
attaining economic growth and dynamic technological progress. Novel materials and
technologies to extend photoabsorption and harness the solar emission spectrum are
critical for producing solar-based electricity on a large scale. Current techniques and
nanostructure-based approaches can revolutionise the production of solar electricity.

In this work, experimental light management strategies through plasmonic nanos-
tructures in silicon-based thin film solar cells were explored to augment power conversion
efficiency (PCE). These devices incorporated plasmonic, magnetoplasmonic, and core-
shell nanostructures coated with SiO2. It was demonstrated that magnetoplasmonic
nanoparticles enhance interactions with both the charge of electrons and the unpaired
spin with the B-field component of the electromagnetic spectrum. Furthermore, core-shell
structures passivate the surface of the nanoparticles, significantly enhancing PCE. The
highest PCE (10.7%) was observed for Au@SiO2 nanoparticles, attributed to a bond-
ing plasmon mode at the interface between the nanoparticles and the surrounding bulk
material. Additionally, Fe3O4@SiO2 nanoparticles primarily enhanced the short-circuit
current (Jsc), due to magnetic interactions with superparamagnetic nanoparticles.

A detailed investigation into the Curie temperature (Tc) of various magnetic nanopar-
ticles revealed that 4 nm Fe3O4 nanoparticles possess the highest Tc of 906.1 K, indicating
strong magnetic stability under operational conditions. For Ni@Fe core-shell nanoparti-
cles, a decrease in Tc with increasing Ni content was observed, highlighting the critical
role of composition in tuning magnetic properties.

Morphological analysis through TEM imaging revealed uniform dispersion and spher-
ical morphology for Au nanoparticles, crucial for consistent plasmonic properties. The
addition of SiO2 shells to both Au and Ag nanoparticles significantly improved their op-
tical absorption characteristics due to the modification of the local dielectric environment.

Furthermore, a study on the bulk heterojunction of organic solar cells demonstrated
that processing solvents play a pivotal role in optimising active layer performance. It was
found that solvent mixtures, particularly 2-MEA and toluene in a 7:3 ratio, significantly
enhance device efficiency by promoting better phase separation and charge transport,
achieving a PCE of 5.77%.

These findings showcase the significant potential of nanostructures and solvent pro-
cessing in improving the efficiency of photovoltaic devices. The enhanced PCE and stabil-
ity of devices incorporating plasmonic and magnetoplasmonic nanoparticles, along with
optimised solvent processing techniques, provide valuable insights for future research and
development in solar energy technologies.
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Chapter 1

1 Introduction: Innovative Approaches to Enhance

Solar Cell Performance

1.1 The Energy Challenge

The world is changing, new regions are developing and they require enormous amounts
of energy. Traditional energy sources cannot attain this substantial demand for energy.
Fossil fuels are limited and they leave a large carbon footprint. The world needs solar
energy to replace the conventional, fossil-fuel generated electricity in the future years
to mitigate and thus reduce climate change related adverse effects. Additionally, the
energy supply recipe must continue to meet energy demands by the ever increasing energy
dependent society [1]. This transition is already ongoing and it can be ameliorated by
enhancing the efficiency of the solar cells with cost effective techniques [2]. It is appalling
to know that in a technological dependent society about 1.45 billion people have minimal
access to electricity as depicted in Figure 1.1, while 82% of them reside in rural areas.
As a consequence of this, the number of people living in rural communities depending on
traditional energy sources such as biomass is predicted to rise from 2.85 billion today to
2.93 billion in 2030 [3, 4]. All these needs exist in conflict with their harmful effects to
the environment and climate.

Figure 1.1: An image showing the number of people without access to electricity by
region [5].

The impact of climate change is considerable, and its potential outcomes may include
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a rise in sea levels due to both ocean expansion and the melting of onshore ice barri-
ers. Additionally, global warming may lead to widespread desertification, unpredictable
weather patterns, and a rise in ocean levels. The scarcity of water and the modification
of ocean currents are increasingly evident as we are already experiencing some of the
adverse effects, and these may result in the collapse of entire ecosystems that are critical
for sustaining life on Earth as illustrated in Figure 1.2. In recent years, both science and
politics have concurred that the increase in temperature is caused by human activity, and
that it is linked to the escalating levels of CO2 emissions in the atmosphere, which have
surged dramatically since pre-industrial times [6].

Figure 1.2: An image illustrating the consequences of global warming [7].

To address the issue of climate change, potential energy sources must fulfill a dual
requirement: they should generate energy without emitting additional greenhouse gases.
It is projected that to stabilise atmospheric CO2 levels at twice their pre-human levels,
a significant amount of carbon-neutral energy will be required by the mid-21st century.
The necessary amount exceeds 10 terawatts (TW) and will continue to rise beyond 2050
to sustain economic progress for a growing population.

At present, the worldwide energy consumption is 6.1 ×1020 J per year, which corre-
sponds to an average consumption rate of 14.1 ×1012 W per year [8, 9]. According to
the projection shown in Figure 1.3, the global energy consumption rate will more than
double by the mid-21st century and expected to triple by 2100 due to the anticipated
growth in population and economy, even with strong efforts towards energy conservation.
Therefore, for a potential energy source to make a substantial contribution to the global
primary energy supply, it must be able to produce a sustained power output of at least
1-10 TW [10].

Utilising renewable energy sources, particularly solar energy, is the leading solution
to fulfill the need for carbon-neutral energy usage. It is widely considered as the most
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significant alternative. This is bound to change with climate change since the wind
directions/speed are on the decline. The available geothermal energy on all continents is
12 TW , with only a small portion being practically extractable [11–13]. The potential
wind power that can be harnessed worldwide is estimated to be between 2-4 terawatts of
electrical power (TWe), as per the Intergovernmental Panel on Climate Change (IPCC)
and other experts [14]. To put this in perspective, the solar constant at the top of the
Earth’s atmosphere is 1.7 × 105 TW , with about 1.2 × 105 TW reaching the planet’s
surface after being scattered by the atmosphere and clouds [15]. It is evident that solar
energy can be utilised at the necessary scale to meet global energy demands without
significantly impacting the solar resource and in a carbon-neutral manner.

Figure 1.3: An image showing projections of global energy demand by region and regional
shares from 1990-2025 [16].

The process of converting solar energy into electricity, known as photovoltaics, pro-
vides a promising solution for generating clean electricity without the environmental
pollution caused by gas or coal power plants or the safety issues associated with nuclear
energy. The high cost of traditional solar cells made of inorganic semiconductors has pre-
vented this technology from making a significant impact on global energy production [17].
Although some types of solar cells, such as crystalline silicon and multi-junction GaAs,
have demonstrated high efficiencies of up to 25% and 32% respectively [18], commercially
available silicon solar cells only have efficiencies ranging from 12% to 15% [19–21]. The
manufacturing process for these devices is expensive, and it can take up to a decade to
recover the initial investment [22]. Therefore, there is a need for research to develop
new materials for solar cells that are less expensive to manufacture and require less en-
ergy to produce than silicon solar cells. Significant research is being conducted to lower
the production expenses of solar cells by introducing novel materials or technologies for
photovoltaics. This led to the emergence of a new class of solar cells that use organic
materials. Although organic solar cells typically have lower power conversion efficiency,
their lower cost and simplified processing make them a promising option to replace the
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prevailing inorganic semiconductor industry, which primarily relies on crystalline silicon.

1.1.1 Photon Flux Dispersion with Energy

Photon flux dispersion, which denotes the distribution of wavelength dependent photons
in the electromagnetic spectrum, is a critical factor that impacts the efficiency and overall
performance of solar cells. The complexities of photon behaviour and their energy-level
distribution have a significant influence on the effectiveness of capturing solar energy for
electricity generation in photovoltaic devices [23,24].

The absorption spectrum of a solar cell is inherently connected to the dispersion of
photon energy. Solar cells are engineered to absorb photons within specific energy ranges,
primarily in the visible light spectrum. However, the photon flux from the sun encom-
passes a broad range of energies, spanning from the ultraviolet to the infrared [25]. By
managing the dispersion of photon energy, it becomes feasible to direct a wider spectrum
of photons into the absorption range of the solar cell [26].

The incorporation of plasmonic nanoparticles into solar cell designs presents a novel
approach to manipulate photon flux dispersion. These nanoparticles exhibit unique op-
tical properties, capable of scattering and absorbing light at specific wavelengths. By
tuning the size, shape, and material of these nanoparticles, it’s possible to engineer their
plasmonic resonance. This resonance can be aligned with the solar spectrum to enhance
the absorption of photons in the photovoltaic material, thereby increasing the efficiency
of the solar cell [27, 28].

1.1.2 Hot Carrier and Low-Energy Photon Losses

The integration of plasmonic nanoparticles into solar cell designs offers a new approach
to address the inefficiency caused by the rapid thermalisation of hot carriers. When pho-
tons with energy greater than the band gap of the solar cell material are absorbed, hot
carriers, which are high-energy charge carriers, are generated. Typically, these excess
energies are rapidly lost as heat through a process known as thermalisation, leading to a
major inefficiency in conventional solar cells. However, the use of plasmonic nanoparticles
provides a novel way to tackle this issue. By creating strong localised electromagnetic
fields, these nanoparticles can increase the probability of extracting hot carriers before
they lose their energy, thereby enhancing the energy conversion efficiency [29–31]. Con-
versely, low-energy photon losses occur when photons with energies below the material’s
band gap are not absorbed, thereby passing through the solar cell without contributing
to electricity generation. This is a fundamental limitation in the solar spectrum utilisa-
tion [32,33].

Plasmonic nanoparticles are a promising solution for addressing both hot carrier and
low-energy photon losses in thin-film solar cells. These nanoparticles have the unique
ability to manipulate light at the nanoscale, enabling the enhancement of light absorption
across a broader spectrum. Additionally, they provide pathways for the extraction of hot
carriers, thus serving a dual function that can significantly improve the overall efficiency
of solar cells [34, 35]. The integration of plasmonic nanoparticles, particularly core-shell
nanoparticles, in the design of thin-film solar cells has shown potential in addressing the
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weak absorption of silicon solar cells in the near-infrared region [36]. This integration
can lead to a substantial reduction in wafer thickness, representing a significant material
saving with only a relative efficiency loss. Furthermore, plasmonic nanoparticles, such
as silver and gold, are being explored for their ability to interact more strongly with
the peak solar intensity, thereby enhancing light absorption [37]. Additionally, the use
of plasmonic structures has been reported as a desirable method for improving localised
light absorption and the performance of thin solar cells. These advancements demonstrate
the potential of plasmonic nanoparticles in significantly enhancing the efficiency and
absorbance of solar cells across a broader spectrum [38].

1.1.3 Materials Energy Band Gaps vs. Solar Emission Spectrum

Understanding the relationship between the energy band gaps of materials used in solar
cells and the solar emission spectrum is fundamental to enhancing solar cell efficiency.
The energy band gap of a material is a critical factor in determining its ability to absorb
photons and convert them into electricity. A solar cell’s efficiency is largely dependent
on how well the energy band gap of its photoactive layer aligns with the solar emission
spectrum. Materials with a band gap that matches the maximum of the solar emission
spectrum can absorb photons more effectively, leading to higher photocurrent and sub-
sequently enhancing the power conversion efficiency. For instance, the power conversion
efficiency at a band gap of 1.1 eV is two times higher than at 1.8 eV, emphasising the
impact of band gap on efficiency as depicted in Figure 1.4 (a) [39].

(a) (b)

Figure 1.4: Images showing (a) the superpositioning of the band edge of materials with
the Shockley-Queisser Limit (b) spectral-splitting of the solar spectrum [40,41].

The solar emission spectrum encompasses a range of photon energies, from ultraviolet
(UV) to visible light, and into the infrared (IR). Most traditional photovoltaic materials
are optimised to absorb photons in the visible range, but this leaves a significant portion
of the solar spectrum unutilised, particularly in the UV and IR regions. This mismatch,

5



demonstrated in Figure 1.4 (b), is a key factor in the inherent inefficiency of many solar
cells [42, 43].

The integration of plasmonic NPs in solar cells presents an innovative solution to
this challenge. These nanoparticles can be engineered to absorb and scatter light across
a wider range of the solar emission spectrum incident on the earth’s surface, including
the UV and IR regions. By doing so, they can effectively bridge the mismatch between
the material’s band gap and the broader solar spectrum, facilitating the absorption of
photons that would otherwise be lost [44, 45]. Achieving an optimal match between a
material’s energy band gap and the solar emission spectrum is crucial for maximising the
efficiency of solar cells. By strategically using plasmonic NPs, it is possible to customise
the absorption characteristics of solar cells, allowing them to capture a larger portion of
the solar spectrum [46, 47]. This approach not only enhances the efficiency of solar cells
but also contributes to the advancement of solar energy technologies as sustainable and
potent energy sources.

1.1.4 Organic Solar Cells Road Map: Binary to Ternary Photoactive Layers
(PALs)

The evolution of organic solar cells (OSCs) from binary to ternary photoactive layers
represents a significant advancement in the field of photovoltaics. Traditional OSCs are
commonly based on binary systems, consisting of an electron-donor and-acceptor mate-
rial. The electron donor is characterised by higher ionization energy while the electron
acceptor has a higher electron affinity. As such these materials are electronically dissim-
ilar. While these systems have been fundamental in the development of organic photo-
voltaics due to their simple design and fabrication, they possess inherent limitations in
light absorption and energy conversion efficiency. This is primarily due to their restricted
spectral response and short exciton diffusion lengths [48–50]. The increased PCE exceed-
ing 19% and device stability have made them suitable not only for consumer electronics
but also for real power applications [51–53]. Despite these notable achievements in en-
hancing efficiency, the commercialisation of large-scale OSC, their lifetime needs further
improvement [54–59].

The transition to ternary photoactive layers in OSCs represents a significant change.
Ternary systems integrate a third component, which can be another donor or acceptor,
into the binary blend. This addition broadens the absorption spectrum of the solar cell,
enabling more efficient harvesting of solar energy across a wider range of wavelengths
as illustrated in Figure1.5. Ternary layers also facilitate improved charge transfer and
separation, leading to enhanced photocurrent and overall cell efficiency. Additionally,
compatible dual-acceptor strategies have been employed to enhance the efficiency and
stability of ternary OSCs. These advancements underscore the promising role of ternary
systems in advancing the performance of OSCs [59–63].

The optimisation of the morphology of the BHJ in binary and ternary OPVs, is
deemed to improve the performance of the OPV devices [65, 66]. One approach to tune
morphology is by vacuum deposition of organic molecules to form layered devices or a
bulk heterojunction that exhibits lateral combinatorial effects in mass ratios due to thick-
ness gradients. Alternatively, co-deposition of organic molecules to form BHJ has been
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Figure 1.5: An image visually representing the evolution from (a) conventional binary,
(b) tandem to (c) ternary photoactive layers of OSCs, highlighting the advancements in
morphology to improve efficiency in solar cell technology. [64].

explored as an alternative route for morphology optimisation at the nanoscale [67, 68].
Additionally, the selective combination of solvents with suitable solubility, miscibility
and boiling points presents a potential approach to optimising morphology for new OPV
materials. The achievement of high PCEs in organic solar cells is heavily reliant on the
morphology of the BHJ. Thus, by tuning the nature of the interconnected network can
enhance exciton diffusion and dissociation processes. This may entail thermal annealing,
solvent vapour annealing, or the use of co-solvents [69,70].

Co-solvents in OSCs play a crucial role in optimising the morphology and phase sepa-
ration of the photoactive blend. The right choice of co-solvents can lead to a more uniform
and efficient distribution of the three components, thereby maximising the interface for
exciton generation and dissociation. This results in improved quantum efficiency and a
reduction in energy losses.

1.2 Long-Term Viability of Solar Energy

Solar energy is a long-term alternative to traditional fossil fuel-based energy sources for
several reasons. Solar energy is a renewable energy source that is constantly replenished
by the sun, making it a reliable source of energy for the foreseable future. According to a
study by the International Energy Agency (IEA), solar energy is expected to become the
largest source of electricity by 2030, surpassing both coal and natural gas. This trend is
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depicted in Figure 1.6 and predicts that solar PV global capacity is expected to exceed
2500 GW up from the current 800 GW by 2030, also solar energy has the potential to
provide a significant portion of the world’s energy needs in the future [71–73].

Figure 1.6: An image showing projected global capacity by 2030 [73].

Advances in technology have made solar energy more efficient and cost-effective over
time. The National Renewable Energy Laboratory (NREL) reported that the cost of so-
lar PV systems has decreased by over 80% since 2010 [74]. This cost reduction has made
solar energy increasingly competitive with traditional fossil fuel-based energy sources in
terms of cost, further supporting its long-term viability, which shows that solar energy
can be an economically viable option for electricity generation [75].

Solar energy is commonly measured in watts peak (Wp), which serves as the primary
unit for determining its cost. The size of a solar module is a determining factor in its
price, with larger panels costing more. The installation process accounts for 60% of the
higher cost of silicon solar cells, while the remaining 40% is attributed to the cost of
materials and manufacturing. The global weighted average cost of solar PV modules was
around $0.16 per Wp in 2020, representing a significant decline in cost from previous
years. The price varies with increase or decrease in market growth [76,77].

In addition to its cost competitiveness, solar energy has minimal environmental im-
pact, making it a sustainable alternative to traditional energy sources. Solar energy
systems can help reduce global carbon emissions by up to 6.3 billion tonnes per year by
2050 [78].
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1.3 Status of Photovoltaic Materials and Light Management
Schemes

In the realm of photovoltaic technology, significant milestones mark the evolution of solar
energy utilization. In 1839, Edmund Becquerel’s experimentation with metal electrodes
and an electrolytic material unveiled the photovoltaic effect, demonstrating the genera-
tion of voltage and electric current in materials exposed to light [79, 80]. This pivotal
discovery laid the foundation for solar energy harnessing [81]. Following this, in 1877,
Willoughby Smith crafted the first selenium-based solar cells [82, 83]. Albert Einstein’s
1905 paper on the photoelectric effect, introducing the concept of photons, further ad-
vanced understanding. The observation of the photovoltaic effect in cadmium-selenide
in 1932 underscored the expanding knowledge in this field [84,85]. A significant leap oc-
curred in 1954 when Pearson, Chapin, and Fuller at Bell Laboratories introduced the first
practical solar cell made of silicon, boasting a power conversion efficiency of 6% [86, 87].
This achievement marked a crucial step towards the practical application of solar energy
and the continued development of photovoltaic technology.

The efficiency and cost-effectiveness of a PV cell are intricately linked to the materials
from which it is fabricated. Extensive research in the field has focused on identifying
materials that strike the best balance between efficiency and cost-effectiveness for PV cell
production. The ideal specifications for materials used in PV solar cells include [88–92]:

1. Band Gap Between 1.1 eV and 1.7 eV: This range is optimal for efficiently ab-
sorbing a broad spectrum of sunlight. Materials within this band gap can effectively
convert solar energy without significant thermal losses.

2. Direct Band Gap Structure: A direct band gap structure is preferred for PV
materials as it allows for more efficient absorption and conversion of photons into
electrical energy. Direct band gap materials are characterised by high absorption
coefficient as the electronic transition does not require a phonon.

3. Accessibility and Non-toxicity: The material should be abundant, environmen-
tally friendly, and safe to handle, making it sustainable for widespread use in solar
cell production.

4. High PV Conversion Efficiency: The ultimate goal is to achieve high efficiency
in converting sunlight into electricity.

Research has shown that PV materials become more efficient as the light becomes
more concentrated, with the highest overall efficiencies obtained with concentrated PV
cells and modules. Additionally, layering multiple semiconductors to create multi-junction
solar cells has been a successful strategy for improving PV cell efficiency. These cells are
essentially stacks of different semiconductor materials, with each layer having a different
band-gap, allowing for greater use of sunlight than single-junction cells [93].

A significant challenge is to maximise efficiency while minimising production costs.
This involves addressing three primary types of internal cell losses: optical, quantum,
and electrical, each stemming from distinct origins. Mitigating these losses requires di-
verse and often sophisticated manufacturing techniques for both cells and photovoltaic
modules. The maximal efficiency potential for currently available photoactive materials
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is governed by the well-established Shockley-Queisser (SQ) limit, which considers the
equilibrium between photo-generation and radiative recombination [94,95].

Optimising solar cell efficiency is largely dependent on reducing quantum losses, which
are directly influenced by the material properties and the internal structure of the cell.
Central to this discussion is the concept of the band gap, which determines the minimum
photon energy necessary for participation in the photovoltaic conversion process. The ef-
ficiency of a solar cell correlates with its band gap value, which is intrinsically dependent
on the material composition of the cell. Silicon is the standard material used in solar
cells, possessing an indirect band gap of approximately 1.12 eV. However, alterations in
its crystal structure can influence its physical attributes, particularly the width of the
band gap [96,97].

Third-generation solar cells are designed to achieve high power-conversion efficiency
while being low-cost to produce, with the potential to surpass the SQ limit. They utilise
various technologies and materials, such as dye-sensitized solar cells, up-conversion de-
vices, down-conversion and down-shifting devices, hot carrier solar cells, intermediate
band photovoltaics, multiple exciton generation, and flexible thin-film solar cells, to en-
hance efficiency and address specific loss mechanisms [98,99]

Currently, there are various research approaches being investigated to incorporate
intermediate bands into semiconductors. One notable technique among these is ion im-
plantation, which is characterised by two distinct strategies. The first strategy involves
doping the semiconductor substrate with extremely high concentrations of impurities,
while the second strategy entails embedding a layer of silicon with a high dose of metal
ions [100].

In the quest to improve solar cell efficiency, the current state of photovoltaic materials
and light management strategies plays a crucial role. The field of photovoltaic materials
has undergone significant evolution, transitioning from traditional silicon-based cells to
newer thin-film and organic photovoltaics, each offering unique advantages and challenges.
There is a recent emphasis on developing materials with higher absorption coefficients,
broader spectral sensitivity, and improved charge carrier mobility. Organic photovoltaics,
in particular, have attracted attention due to their potential for low-cost, flexible, and
lightweight solar cells, despite facing challenges such as lower efficiency and stability com-
pared to inorganic counterparts [101–103].

Various materials have been explored to enhance power conversion efficiency. These
materials have been fabricated as thin films and they include hydrogenated amorphous
silicon (a-Si:H), cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and
halide or hybrid perovskite. Perovskite solar cells, for instance, are being developed as a
low-cost, high-efficiency, thin, lightweight, and are poised to be the potential alternative
to traditional silicon cells. Recent advancements in design have led to a near-record
efficiency of 26.1% and 19.2% for halide perovskite and organic solar cells, respectively
as indicated in Figure 1.7, rivalling many existing solar panels, although they still lag in
longevity compared to silicon cells [105–109].
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Figure 1.7: An image showing the National Renewable Energy Laboratory (NREL) chart
for best research-cell efficiencies [104].

1.4 Innovative Solutions for Advancing Solar Cell Performance

In the rapidly evolving field of photovoltaic, innovative solutions are key to advancing so-
lar cell performance. These solutions not only aim to increase the efficiency of solar cells
but also strive to make them more cost-effective, durable, and environmentally friendly.
There are cutting-edge technologies and strategies that are shaping the future of device
performance.

In the realm of thin-film solar cells, where the physical thickness of the active material
poses a challenge for light absorption, plasmonic nanoparticles play a crucial role. These
cells, due to their reduced material thickness, often struggle with sufficient light absorp-
tion, impacting their overall efficiency. However, by integrating plasmonic nanoparticles
into the thin-film solar cells, it becomes possible to compensate for this reduced absorp-
tion capacity [34, 110]. The nanoparticles enhance the interaction of light with the solar
cell material, enabling a more efficient utilisation of the incident solar spectrum. This en-
hancement is particularly significant in thin-film technologies, where even a small increase
in light absorption can lead to a substantial improvement in device performance [111].

The integration of plasmonic core-shell nanoparticles in the front of thin film solar cells
has been shown to enhance the weak absorption of Si solar cells in the near-infrared region,
with the maximum optical path length enhancement reaching high levels as demonstrated
in Figure 1.8. The choice of plasmonic metal NPs, particularly Ag and Au, is crucial for
achieving maximum light absorption in the front surface located nanoparticles, as they
interact more strongly with the peak solar intensity. These advancements have paved
the way for the development of plasmonic-enhanced solar cells, also known as plasmonic
solar cells, which are designed to convert light into electricity using plasmons as the pho-
tovoltaic material [36,112,113].

Recent research has focused on the use of plasmonic nanoparticles to enhance the
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Figure 1.8: A schematic diagram of a PV device featuring a top-layer of Au-Si core-shell
NPs [114].

efficiency of solar cells, particularly in the context of carbon-based perovskite solar
cells [115–117]. The incorporation of plasmonic nanoparticles has been shown to signifi-
cantly improve the absorption cross-section and the plasmon resonance of the nanopar-
ticles, leading to enhanced device efficiency in the 5 - 10% range [118–120].

Tandem solar cells offer a multitude of advantages, with their standout feature being
significantly higher efficiency that surpass the values imposed by the SQ limit. This trans-
lates to a remarkable increase in electricity production from the same amount of sunlight.
One of the primary advantages of tandem solar cells is their ability to utilise a broader
spectrum of solar radiation. In conventional solar cells, a significant portion of the solar
spectrum is redudant because the photovoltaic material can only absorb photons with
energies at least equal to its band gap [41, 121]. Tandem cells address this limitation by
sequentially combining materials with different band gaps. This allows them to capture
photons across a wider range of energies, from the high-energy end of the spectrum to
the low-energy end. As a result, more of the solar spectrum is converted into electrical
energy, leading to higher overall efficiency [122,123].

Tandem solar cells have demonstrated the potential to exceed the efficiency limits of
traditional single-junction cells [124, 125]. Unlike single-junction solar cells, which are
constrained by the SQ limit, tandem cells can achieve higher efficiencies by effectively
splitting the solar spectrum and using multiple junctions to absorb different parts of
it [126, 127]. This enables them to capture a broader range of solar energies, from the
high-energy end to the low-energy end, resulting in a higher conversion efficiency than
their single-junction counterparts. This capability to generate a higher conversion effi-
ciency than single-junction cells, given the same solar spectrum, positions tandem solar
cells as a promising technology for significantly enhancing solar energy to electricity con-
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version [128,129].

Tandem solar cells, while offering significant advantages, also present unique chal-
lenges. The complexity of their design and the requirement for materials with differ-
ent band gaps that are compatible with each other in a single device contribute to the
manufacturing complexity [130, 131]. Additionally, ensuring that each layer optimally
contributes to the overall efficiency of the cell is a critical aspect of their design. Ongo-
ing research is focused on addressing these challenges, exploring new material combina-
tions, and improving the integration of layers to realise the full potential of tandem solar
cells [132–134].

There is a growing emphasis on sustainability in the field of photovoltaics, reflecting
a broader societal shift towards environmentally compatible or friendly practices. This
focus is driving significant research and development efforts aimed at creating eco-friendly
materials for solar cells and implementing green manufacturing processes [91, 135, 136].
The objective is not only to produce energy in a sustainable manner but also to ensure
that the entire lifecycle of solar cells, from production to disposal, aligns with environ-
mental conservation principles.

Solar technology is often considered to be a sustainable technology, as it generates
zero emissions and zero toxic waste during operation. However, the sustainability of solar
panels is not black and white. Several factors need to be considered, including the raw
material sourcing, manufacturing, energy use during mining, transportation, hazardous
chemicals used in production, and the amount of e-waste generated [137–139]. While solar
panels offer numerous benefits, such as reducing greenhouse gas emissions and contribut-
ing to environmental conservation, there are also challenges related to the environmental
impact of their production and disposal.

The transition to green manufacturing in solar cell production involves a multifaceted
approach. One key facet is the use of non-toxic materials. Traditional solar cells, par-
ticularly those based on thin-film technologies, often incorporate heavy metals such as
cadmium, lead, as a critical material component of the photoactive layer. These elements
pose environmental and health risks on exposure [140,141]. Research efforts are increas-
ingly directed towards finding safer alternatives that do not compromise the efficiency of
the solar cells [142–144]. The environmental impact of solar manufacturing due to the
fabrication and manufacture of photovoltaic devices is proposed to be offset through the
use of renewable energy through solution processing methods. Solar energy capacity has
increased sixfold in the past five years, and as the world seeks cleaner power, efforts are
being made to ensure that the manufacturing process aligns with sustainability goals [145].

The move towards green manufacturing in solar cell production encompasses various
elements. One critical aspect involves enhancing energy efficiency in the manufacturing
process itself. Solar cell production can be energy-intensive, and as a result, there is a
growing emphasis on reducing the energy footprint of these processes. Techniques such as
low-temperature processing, the use of renewable energy sources in manufacturing, and
minimising waste contribute significantly to making solar cell production more sustain-
able [146,147].
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1.4.1 Efficiency Limitations of Thin Film Solar Cell Technology

Thin film solar cells offer several advantages, such as flexibility and potential cost-
effectiveness; however, they also present efficiency limitations that are important to ad-
dress in the pursuit of enhanced solar cell performance. Some of the key factors con-
tributing to these limitations include [148–151]:

a Photoabsorption Limitations: The optical absorption is heavily dependent on
the absorption coefficient and the thickness of the photactive layer (PAL). The
absorption coefficient is a material property and hence wavelength or band structure
dependent. Materials with indirect band gap are characterised by low absorption
coefficient which imposes a required for thick film thickness to enhance optional
absorption.

b Intrinsic Material Limits: The materials used in thin-film solar cells, such as
polymers, may have intrinsic limits, such as a small value of the high frequency
dielectric constant which leads to the formation of the Frenkel exciton. These
electron-hole pairs large binding energy values in the range of 0.1 eV. Large binding
energies of excitons favour recombination over charge generation if their lifetime
is large. Hence the process of exciton generation, diffusion and dissociation can
impact the overall device efficiency for these classes of solar cell devices.

c Operational Lifetimes and Deployment: While thin-film technologies have
made significant advancements, they have been found to have shorter operational
lifetimes which has contributed to their somewhat limited deployment.

Efforts to address these limitations are crucial for the development of innovative solu-
tions to enhance the performance of thin film solar cells. This includes the exploration of
new materials, such as plasmonic nanoparticles and novel methods to tune the metastable
morphology of the bulk heterojunction using co-solvent additives.

1.5 Aims and Objectives

The overarching aim of this thesis is to explore and develop innovative strategies to
enhance the efficiency of solar cells through the incorporation of light management tech-
niques involving plasmonic NPs and using various combinations of co-solvents on the
morphology of blend mixture using the solubility criterion (Hansen solubility parameters)
essential for device performance. The use of a solvent and co-solvent mixture system, to
selectively dissolve one component is based on the calculations for solvents which can
be varied depending on their interaction with donor and acceptor materials [152]. The
variability of solubility and boiling points of solvents presents an effective route for tuning
the morphology of the BHJ [153].

To achieve these aims, the thesis will focus on several key objectives:

1. Examine the Role of Plasmonic NPs in Enhancing Light Absorption:

• Assess the impact of plasmonic NPs on local electromagnetic fields and light
trapping in silicon (Si) solar cells.
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• Evaluate different materials, sizes, and shapes of plasmonic NPs for their ef-
fectiveness in boosting power conversion efficiency in Si solar cells.

2. Investigate the Effects of Magnetic NPs on Si Solar Cells:

• Explore how magnetic NPs influence light absorption and charge separation
in Si solar cells.

• Determine the optimal size, concentration, and placement of magnetic NPs to
maximise efficiency.

3. Develop and Test Core-Shell Structures of Magnetic and Plasmonic NPs:

• Design and fabricate core-shell nanoparticles combining magnetic and plas-
monic properties.

• Test the performance of Si solar cells integrated with core-shell nanoparticles,
and compare with cells using either magnetic or plasmonic NPs alone.

4. Explore the Influence of Co-Solvents on Organic Photovoltaic Materials:

• Optimise the morphology of bulk heterojunction (BHJ) using Hansen solubility
parameters.

• Fine-tune domain size formation in binary and ternary BHJ.

• Assess the impact of co-solvents on the efficiency, stability, and lifespan of
organic solar cells.

5. Address Sustainability in the Fabrication of Organic Solar Cells:

• Consider the environmental impact and economic viability of using eco-friendly
co-solvents in solar cell production.

1.6 Thesis Structure

This thesis is structured to provide a comprehensive exploration of advanced techniques
for improving solar cell performance. The thesis is divided into six chapters, each focusing
on a specific aspect of this research project. The structure is as follows:

Chapter 1: Introduction: Innovative Approaches to Enhance Solar Cell
Performance

The opening chapter of this thesis lays the groundwork for the exploration of innova-
tive solutions to enhance solar cell performance. It outlines the current challenges in solar
cell technology and emphasises the potential of innovative approaches to overcome these
challenges. Furthermore, it provides a comprehensive background on the importance of
enhancing solar cell efficiency and introduces the concepts of plasmonic nanoparticles.
These introductions are essential for contextualising the subsequent research and experi-
mental work conducted in the thesis.

Chapter 2: Literature Review
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Chapter 2 provides a comprehensive overview of the research relevant to the thesis
topic. It encompasses previous studies on plasmonic nanoparticles, their application in
solar cells, and the use of eco-friendly co-solvents in OSCs. The primary objective of this
chapter is to establish a theoretical and contextual foundation for the research, laying
the groundwork for the exploration of strategies to enhance solar cell performance. The
review delves into the potential of plasmonic thin film solar cells, the methods for light
trapping, and the effects of plasmonic metal core-dielectric shell nanoparticles on light
absorption enhancement in thin film solar cells. Additionally, it sheds light on recent
advances that employ plasmonics and nano-sized structures and thin-film technologies
intended to increase solar cell efficiency.

Chapter 3: Theoretical Foundation of Surface Plasmonic and Magneto-
plasmonic Resonance Effects:

This chapter provides an in-depth exploration of the theoretical aspects of surface
plasmonics and magnetoplasmonics, elucidating the principles behind these phenomena
and their relevance to enhancing solar cell performance. Additionally, it delves into the
potential applications of these effects in improving light absorption and efficiency in so-
lar cells. Furthermore, it discusses the effects of plasmonic metal core-dielectric shell
nanoparticles on the broadband light absorption enhancement in thin film solar cells,
offering valuable insights into the design and optimisation of plasmonic solar cells.

Chapter 4: Plasmonics and Magnetoplasmonics Effects for Photovoltaic
Applications: Silicon Solar Cell

Chapter 4 is dedicated to the experimental research conducted as part of this thesis. It
details the methodologies used to study the impact of plasmonic and magnetoplasmonic
nanoparticles on silicon solar cell performance. This chapter presents the experimental
results, data analysis, and findings, providing insights into how these nanoparticles can
be effectively utilised in solar cells.

Chapter 5: Morphology Tuning of OSCs with Co-Solvent Additives

In this chapter, the focus shifts to the use of eco-friendly co-solvents in organic solar
cells. It discusses the role of solvent additives in tuning the morphology of OSCs, their
impact on the efficiency and stability of the cells, and the potential environmental bene-
fits of using eco-friendly solvents.

Chapter 6: Conclusion and Future Work

The final chapter of the thesis encapsulates the key findings and contributions of
the research, providing a comprehensive summary of the study. Additionally, it delves
into the broader implications of the research for the field of solar energy, considering
the evolving landscape of solar cell technology. Furthermore, the chapter proposes areas
for future research, aiming to address the current limitations and leverage the potential
opportunities identified in the study.
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Chapter 2

2 Literature Review

As the world gravitates towards renewable energy sources, the efficiency of solar cells
has become a focal point of scientific research. The increasing demand for energy, fluc-
tuating fossil fuel prices, and growing concerns over global warming and environmental
impact have led to substantial research and efforts directed towards harnessing solar en-
ergy through PV devices and systems [154]. Solar cells, among various renewable energy
sources, offer distinct advantages such as silent operation, high power-to-weight ratio, and
portability. Photovoltaic arrays are also notable for their quick design, installation, and
commissioning timelines, coupled with an extended lifespan and minimal maintenance
requirements [155]. A notable attribute of PV cells is their modularity, which allows
for economic viability independent of the plant’s size, making them adaptable across a
broad spectrum of power capacities. Additionally, solar cells are sustainable, environmen-
tally friendly, and offer the potential to eliminate monthly electric bills, making them an
economical and easy solution for clean energy production [156, 157]. However, ongoing
research and development efforts are focused on addressing these limitations and improv-
ing the efficiency and sustainability of solar cell technologies [158–160].

2.1 Solar Cell Technologies

The classification of PV cell technologies can be broadly categorised into organic and in-
organic types, each with distinct characteristics and materials as exhibited in Figure 2.1.
This classification is significant in understanding the different approaches to photovoltaic
technology and their respective applications and efficiencies. The review of this classifica-
tion encompasses the unique properties, applications, and current research trends within
each category.
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Figure 2.1: An image showing the fundamental categories of PV cells [161].

2.1.1 Inorganic Solar Cells

Inorganic solar cells, primarily composed of inorganic materials, are fundamental for pho-
tovoltaic applications. These cells are typically fabricated using semiconductor materials
such as silicon, or compounds like cadmium telluride (CdTe) and copper indium gallium
selenide (CIGS). The defining characteristic of these materials is their robust and stable
crystalline structure, which contributes to the remarkable durability and high efficiency
of inorganic solar cells [162]. Overview of the photoactive layers that have been used in
solar cells:

2.1.1.1 Silicon-Based Solar Cells

The crystal structure of PV materials, particularly silicon-based solar cells, plays a crucial
role in determining their electronic and optical properties. In the context of crystalline
silicon solar cells, the crystal lattice formed by silicon atoms is essential for efficient con-
version of light into electricity. This organised structure enhances the absorption and
conversion of light energy, making crystalline silicon cells highly efficient, cost-effective,
and long-lasting [163].

In silicon-based solar cells, the crystal structure consists of front contacts, an anti-
reflection coating, an emitter layer (n-type), an absorber layer (p-type), and a back
electrode as shown in Figure 2.2. This structure allows for the absorption of light energy
and there is also current due to holes, which is then transferred to negatively charged
particles called electrons, generating an electrical current. The bandgap of the semicon-
ductor material determines the wavelengths of light that can be efficiently absorbed and
converted into electricity. When the bandgap matches the light wavelengths, the cell can
effectively utilise the available energy [164].
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Figure 2.2: Basic structure of a Si PV cell.

Silicon-based solar cells are the foundation of the photovoltaic industry, owing to
their established efficiency and reliability. These solar cells are typically classified into
two main types: monocrystalline and polycrystalline silicon PV cells, each with distinct
characteristics and manufacturing processes. Silicon solar panels, often referred to as first
generation panels, have been a dominant technology since the 1950s, with over 90% of
the current solar cell market being based on silicon [165,166]. The use of pure crystalline
silicon, while initially expensive, has become more affordable over time, especially with
the support of government subsidies [167–170].

1. Monocrystalline Silicon Solar Cells

Monocrystalline PV cells are manufactured from single-crystal silicon using the
Czochralski method, where a single crystal silicon is grown from molten silicon and
then sliced into thin wafers. This process results in a characteristic uniform dark
appearance and high purity level of the silicon, which contributes to the cell’s ef-
ficiency. Monocrystalline solar cells have a band gap of 1.1 eV and an absorption
coefficient ranging from 1.694 to 6.863 cm−1. The high electron and hole mobili-
ties contribute to their high power conversion efficiency of approximately 26.7% in
commercial products [124, 171, 172]. Their single-crystal structure allows for opti-
mal electron-hole movement, reducing the likelihood of electron-hole recombination
and thus enhancing efficiency. They also perform better in low-light conditions
compared to other types of solar cells. The high-purity silicon and intricate man-
ufacturing process make monocrystalline solar cells more expensive [173]. How-
ever, their higher efficiency can offset the initial cost in the long term. They are
commonly used in applications where space is limited but a high power output
is required [174, 175]. Monocrystalline solar cells have the highest confirmed con-
version efficiency out of all commercial PV technologies, ahead of polycrystalline
and established thin-film technologies [129]. Despite being more expensive than
polycrystalline cells, monocrystalline PV cells are widely used due to their high
efficiency and space-efficient nature [176].
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2. Polycrystalline Silicon Solar Cells

Polycrystalline silicon PV cells are manufactured by melting multiple silicon frag-
ments together, which are then cooled and cut into wafers. This method is less
wasteful and more cost-effective than the Czochralski process [177]. The cells are
identifiable by their blue, speckled appearance, which is a result of the multiple crys-
tals within each cell. Although less efficient than monocrystalline cells, typically
around 15-18%, polycrystalline cells offer a more affordable alternative [178, 179].
The presence of many crystals or grain boundaries in these cells can impede elec-
tron transport, slightly reducing their efficiency. They are relatively more efficient in
higher temperatures compared to monocrystalline cells [180]. The lower production
costs make polycrystalline solar cells a popular choice for large-scale installations
and residential applications where space is not a critical constraint [181].

2.1.1.2 Thin-Film Solar Cells

Silicon wafer technology, which primarily utilises highly pure crystalline silicon, is renowned
for its high costs, attributed to the complexity and expense involved in procuring pure
silicon. However, a promising avenue for reducing the cost of solar cells lies in the de-
ployment of thin films, approximately 1 µm thick [182]. This technique significantly
reduces the amount of silicon used compared to traditional wafer-based technology. The
inception of amorphous silicon thin films was pioneered by R. Chittick, followed by com-
prehensive studies by his colleagues on the plasma enhanced chemical vapour deposition
technique [183]. Thin-film solar cells are distinguished within the realm of photovoltaic
technologies by their distinctive manufacturing process. This process involves the deposi-
tion of one or more thin film, ranging from a few nm to a few (µm) layers of photovoltaic
material onto a supporting substrate, such as glass, plastic, or metal [184]. The use of
thin silicon films presents a promising opportunity to enhance the cost-effectiveness of
solar cells, thereby contributing to the wider adoption of solar energy technologies.

1. Amorphous Silicon Solar Cells

Hydrogenated amorphous silicon (a-Si:H) is reliant on the doping to modify its
electrical properties. In a standard pn junction solar cell, the minority carriers gen-
erated by photoabsorption diffuse across the p and n regions along the entire length
of the junction where optical absorption occurs, owing to their significantly large
diffusion lengths (approximately 200 µm). However, in the case of amorphous sili-
con solar cells, the diffusion lengths for minority charge carriers are markedly short,
about 0.1 µm [184,185]. This distance is limited by the device architecture and the
physics of the materials used. When this diffusion length is too short, relying solely
on diffusion for collecting these minority charge carriers becomes impractical. This
limitation is due to the fact that the carriers may recombine before reaching the
collection electrode, reducing the efficiency of the solar cell. Therefore, alternative
strategies such as optimising the device structure or incorporating additional charge
collection mechanisms are necessary to improve the overall performance of the solar
cell. The extremely low effective doping efficiency of trivalent boron in amorphous
tetravalent silicon further complicates the light harvesting of these cells [186].

The limitations mentioned have led to the predominant use of p-i-n device archi-
tecture for the a-Si:H solar cells. Additionally, thin-film technology enables the
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fabrication of various types of solar cells, including homojunction, hetero-junction,
and multi-junction solar cells. The advantages of thin film solar cell technology are
numerous, such as [182,187–191]:

• Reduced Material Usage

• Shorter Energy Payback Time

• Monolithic Integration

• Production of Large-Area Modules

• Adjustable Material Properties

• Low-Temperature Manufacturing Processes

• Creation of Transparent Modules

The mechanism of light absorption in a-Si:H solar cells leads to the generation
of electron-hole pairs, forming bound excitons due to Coulomb attraction. These
excitons are dissociated through the differences in the chemical potential of the p
and n-doped Si layers to facilitate charge separation and collection [192, 193]. The
band edge for a-Si:H, is approximately 1.7 eV. This value is crucial in understanding
the optical and electronic properties of a-Si:H, particularly in the context of its
applications in solar cells and other electronic devices. This technology has found
applications in a range of products from pocket calculators to residential homes,
commercial buildings, and remote facilities. With over 15 years in the market, thin
film solar cell technology is well-established and continues to evolve [194].

2. Cadmium Telluride Solar Cells

Cadmium Telluride (CdTe) thin film solar cells are widely regarded as one of the
most promising technologies in the photovoltaic sector. The material’s band gap
of 1.45 eV aligns well with the solar emission spectrum, making it exceptionally
efficient in solar energy absorption [195]. This suitability is further enhanced by
its direct band gap properties and high absorption coefficient (104 − 105 cm−1 ),
allowing for a remarkably thin layer to effectively absorb incident photons [196].

In terms of efficiency, CdTe solar cells have demonstrated considerable potential.
Theoretical efficiency levels are estimated to be around 29% [197], while practi-
cal laboratory efficiencies reported by NREL scientists have reached 16.5% [95].
Moreover, advancements by companies like First Solar have pushed the efficiency
of CdTe solar cell technology exceeding 22% [198], showcasing its practical viability.

However, the use of cadmium, a toxic heavy metal, in these solar cells has raised
environmental concerns [199–202]. Current research efforts are heavily focused on
enhancing the material’s safety and developing effective recycling processes to mit-
igate the environmental impact [203–205].

3. Copper Zinc Tin Sulfide Solar Cells

Copper Zinc Tin Sulfide (Cu2ZnSnSe4) solar cells are an alternative to CdTe solar
cells, in an effort to mitigate the concerns related to toxicity and material scarcity.
CZTS cells rely on abundant and environmentally friendly materials, featuring an
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optimal direct band gap (1.4 to 1.5 eV) and high optical absorption (104 cm−1)
[206–208]. However, their efficiency is currently lower than that of CdTe solar
cells, with laboratory efficiency for CZTS solar cells recorded at 12.6% [209]. This
indicates the potential for further development and improvement in this technology.

4. Copper Indium Gallium Selenide Solar Cells

Copper Indium Gallium Selenide (CuInSe2) is a type of thin film solar cell based
on the chalcopyrite family (CuInSe2). The CuIn1−xGaxSe2 thin layer typically
of thickness 1-2 µm is deposited on a glass substrate with molybdenum (Mo) and
cadmium sulfide (CdS) as the front and back electrodes respectively [182,210]. The
semiconductor compound utilised in CIGS cells possesses a high absorption coeffi-
cient of 105 cm−1 which is higher than that of Si. This gives it a reasonable tradeoff
between high photoabsorption in thin film format [211].

Research advancements have revealed that incorporating heavy alkali elements such
as rubidium and cesium, as substitutes for sodium and potassium, can significantly
enhance the efficiency of CIGS solar films. This alteration in the composition has
led to remarkable improvements in experimental efficiency [212–216].

CIGS solar cell technology, based on the ternary chalcopyrite structure of Cu(In, Ga)Se2,
has achieved noteworthy efficiency milestones. On flexible substrates, these cells
have demonstrated an efficiency of 20.8% [217], while rigid substrates have seen
efficiencies reaching 23.4% [218]. These figures underscore the potential of CIGS
technology in both flexibility and performance, marking it as a significant player in
the field of thin film photovoltaics.

2.1.2 Organic Solar Cells

Organic solar cells (OSCs) are distinguished by several key properties that make them
a promising option for future solar technologies. It is notably cost-effective to produce
organic polymers and relatively simple to fabricate the OSC devices. Additionally, their
reliance on earth-abundant materials adds to their appeal as a sustainable energy solu-
tion. They are based on two dissimilar electronic materials that are blended to form an
interconnected network of electron donor and electron acceptor materials. These materi-
als can be either polymers or small organic molecules [219,220].

The principle operation mechanisms are categorised into 4 components, namely [221–
226]:

i. Photoabsorption of the electron in the Highest Occupied Molecular Orbital (HOMO)
and its excitation to the Lowest Occupied Molecular Orbital (LUMO) of the donor
material. This leads to the formation of the electron-hole pair. This quasi particle is
known as the exciton. Since these polymers have a low value of the high frequency
dielectric constant (∼ 4.3) the exciton binding energy is very high typically in the
range of 0.1 eV (RT ∼ 25 meV) and are referred to as the Frenkel exciton.
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ii. Exciton diffusion to the donor and acceptor interface. This process seeks to prohibit
the recombination of the exciton and the short exciton diffusion length prescribes
on the proximity of the donor and acceptor interfaces to dissociate it.

iii. Exciton dissociation to the formation of unbound charge carriers.

iv. Charge transport to the cathode and anode of the device.

Increased research interest in organic solar cells has been driven by their high effi-
ciency (>19%) and enhanced device stability following the use of non-fullerene acceptor
materials [227]. This demonstrates their potential as an effective alternative in the solar
cell market, particularly as research continues to advance their efficiency and stability.
The combination of environmental sustainability, ease of manufacturing, and improving
efficiency rates positions OSCs as a viable and attractive option for renewable energy in
the coming years. However these values are still low for the OPV to compete or even
replace commercial Si photovoltaic technologies. We shall provide a review of the recent
progress on the binary and ternary organic solar cells that have been generated research
interest later on this chapter.

2.1.3 Hybrid Solar Cells

Hybrid solar cells are formed from the components of both organic and inorganic solar
cells. This blend aims to capitalise on the strengths of each type while mitigating their
respective weaknesses, resulting in improved efficiency, stability, and potential for cost
reduction [228]. As research progresses, these cells are expected to play a significant role
in the future of photovoltaics, potentially bridging the gap between current silicon-based
technologies and the next generation of solar energy devices. In the foregoing, a discussion
of the promising candidates of these type of PV devices will be presented in detail.

2.1.3.1 Dye-Sensitized Solar Cells

Dye-sensitized solar cells (DSSCs) are well-known for their ability to operate effectively
in low-light conditions, such as during dawn, dusk, or cloudy weather. This technology
is notable for its use of more affordable materials, including natural dyes, and a simpler
fabrication process compared to the more expensive silicon-based solar cells. The relative
ease and lower fabrication costs of DSSC have led to extensive research and experimen-
tation in this field, positioning it as a compelling alternative to costly crystalline silicon
technology.

A DSSC comprises five essential components: a conductive support, a semiconductor
film, a suitable sensitizer (dye), an electrolyte acting as a redox couple, and a counter
electrode [229]. Tailoring the optoelectronic properties of any of these components can
significantly enhance the efficiency of DSSCs. This includes factors like the absorption
coefficient of the sensitizer, energy band alignment matching the incident solar spectrum
for maximum photon absorption, and solid-state properties of the dye such as its aggre-
gation, morphology optimisation, and assembly mode on the TiO2 photo-anode [230].

The first efficient DSSC developed in 1991, utilising mesoscopic titanium oxide as a
photo-anode in the anatase phase. Since its inception, the efficiency of DSSCs has im-
proved significantly, from 7.9% in 1991 to 15.2% in 2021 [231, 232]. However, challenges
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such as long-term stability and potential electrolyte leakage after exposure to high tem-
peratures remain areas of concern.

Interestingly, DSSCs are often regarded as the precursors to halide perovskite solar
cells, marking an important milestone in the evolution of photovoltaic technology.

2.1.3.2 Perovskite Solar Cells

Perovskite, named after the mineral CaTiO3 and the Russian mineralogist L.A. Perovski,
refers to a class of compounds with a chemical formulae denoted as ABX3 and the crystal
structure illustrated in Figure 2.3 . In this structure, ’A’ and ’B’ represent cations, while
’X’ stands for an anion species [233]. The valency states of cations in metal halide per-
ovskites play a crucial role in their properties. In these compounds, the metal cations can
have different valency states, affecting the electronic structure and overall behavior of the
perovskites. For instance, in the context of metal halide perovskites like CH3NH3MX3,
the valency states of metal cations such as Cu, Zn, Ga, Ge, Sn, and Pb are significant.
These cations can have fully or partially filled valence 3s, 4s, 5s, and 6s orbitals, which
influence the band structure and the formation of valence band maxima. The presence
of lone-pair electrons from these metal cations directly impacts the electronic structure
of the perovskites, affecting properties like band gaps and carrier effective masses. Vari-
ations in the level of lone-pair states of these cations can lead to changes in band gaps,
with wider band gaps observed when the level of lone-pair states increases. Additionally,
the valency states of cations can influence the width of band gaps in perovskites, with
different cations exhibiting distinct effects on the electronic properties of these materi-
als [234].

Figure 2.3: Schematic representation of the crystal structure of an organic-inorganic
metal halide perovskite [235].
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In the context of hybrid organo-lead perovskites used in solar cells, ’A’ is typically a
monovalent organic cation such as CH3NH+

3 , ’B’ is either Pb(II) or Sn(II), and ’X’ is a
halogen anion like iodide (I−), bromide (Br−), or chloride (Cl−). Common semiconduc-
tor perovskite materials for solar cell applications are summarised in Table 2.1 [236–242]:

Table 2.1: Overview of common halide perovskite materials: bandgap energies, absorption
coefficients, and peak power conversion efficiencies.

Halide Perovskite Type Bandgap Absorption Coefficient PCE

(eV ) (cm−1) (%)

MAPbI3 1.6 105 25.7

FAPbI3 1.48 105 26.5

CsPbI3 1.73 105 22

MAPbBr3 2.3 105 19.1

FAPbBr3 2.23 105 9.4

In the context of hybrid organo-lead perovskites used in solar cells, ’A’ is typically a
monovalent organic cation such as CH3NH+

3 , ’B’ is either Pb(II) or Sn(II), and ’X’
is a halogen anion like iodide (I−), bromide (Br−), or chloride (Cl−). The ”MA” in
MAPbI3 stands for ”Methylammonium”, ”Formamidinium” in FAPbI3 and ”Cesium” in
CsPbI3. Common semiconductor perovskite materials for solar cell applications include
CH3NH3PbI3, CH3NH3PbBr3, and mixed halide structures like CH3NH3PbI3−xClx
or CH3NH3PbI3−xBrx [236,237].

These photoactive materials offer several advantages for solar cells, including low
recombination losses, reduced material costs, extended charge carrier diffusion lengths,
and the ability to tune the bandgap energy through cation and anion substitution [243].
Perovskite solar cells (PSCs) have seen a rapid increase in efficiency, surpassing other
photovoltaic technologies in a short span [244]. The use of methylammonium lead halide
(CH3NH3PbX3) perovskites has led to the development of more stable and efficient
solar cells, with high-quality perovskite films significantly impacting advanced solar cell
technologies [245–247].

Perovskite solar cells commonly adopt two architectural designs: mesoscopic (Figure
2.4 (a)) and planar (Figure 2.4 (b)). In the mesoscopic design, a thin compact layer
of TiO2 (10-30 nm) is deposited onto a conductive transparent oxide like FTO or ITO
material on glass, followed by a thicker porous layer of TiO2 nanoparticles. This layer
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is then sintered and infiltrated with a perovskite solution [248]. In contrast, the planar
configuration does not include a mesoporous layer. Instead, a perovskite absorber layer
is topped with a hole transport material (HTM) layer and a 60-80 nm thick layer of
gold, deposited using techniques like spin coating and evaporation. In this setup, light
passes through the photoanode (FTO), allowing the HTM and top contact layer to be
opaque [249].

Figure 2.4: Device architecture of (a) mesoscopic perovskite solar cell and (b) planar
perovskite solar cell [250].

Additives at the anion and cation sites, such as inorganic salts, organic halide salts,
inorganic acids, fullerenes, polymers, and even water, have been used to improve the
surface morphology of hybrid perovskite solar cells. These additives help in forming
highly crystalline, smooth perovskite layers, thus enhancing the efficiency and stability
of the cells [251–254]. Since 2015, researchers have been experimenting with replacing
the methylammonium cation with formamidinium (FA) and/or cesium, and partially
substituting iodide with bromide, to improve MAPbI3’s water sensitivity and thermal
stability [255, 256]. Recent advancements in perovskite materials, notably the introduc-
tion of formulations like CsPbI3, have significantly improved the stability and efficiency
of perovskite solar cells. These materials are particularly beneficial in the absorber layer,
offering enhanced light absorption and charge transport properties, which are crucial for
both mesoscopic and planar configurations [257,258].

Encapsulation techniques help mitigate the effects of moisture and oxygen on PSCs
[259–261].The main challenges with PSCs are the instability of the intrinsic bulk per-
ovskite material and the interface between the perovskite material and charge transport
layers. Instability factors include hygroscopicity, thermal instability, and ion migration.
Hygroscopicity, related to environmental exposure, can be addressed through encapsula-
tion [262–264].
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2.1.4 Significance of Solar Cell Efficiency

The efficiency of a solar cell is defined as the ratio of power output from the solar cell
to input power from the sun. It is the most commonly used parameter to compare the
performance of one solar cell to another [265,266]. Commercial manufacturers rate solar
panels by their efficiency, which ranges from around 15-20% of conversion of the sun’s
energy transformed into usable electricity. High-efficiency solar panels can reach as much
as nearly 23% [267]. Factors affecting photoconversion efficiency of the solar cell include
efficiency include the amount of light reflected away from the device surface, the intensity
of the sun, the amount of cloud cover, and heat build-up, which affects the conductivity
in the photoactive layers of the solar cell [268]. Proper thermal management improves
both efficiency and lifetime [269].

The efficiency of a solar cell is a critical factor that directly influences the amount of elec-
trical power that can be generated by the incident photons illuminated on the surface of
the device. Higher efficiency implies more power from smaller surfaces, which is essential
for space-constrained applications. Moreover, the cost-effectiveness of solar power sys-
tems is closely linked to the efficiency of the solar cells, as higher efficiency can offset the
initial investment in solar technology by providing more power output over the lifetime
of the solar panel, thereby reducing the cost per kilowatt-hour of electricity generated.
Efficient solar cells also contribute to a more sustainable energy solution by maximising
power output while minimising the environmental footprint, leading to a reduction
in the use of raw materials, energy, and land area required for solar installations [270,271].

The pursuit of higher efficiency drives innovations in research which include the
integration of light management strategies using plasmonic and magnetoplasmonic
nanostructures. Moreover, the tuning of the morphology with vertical phase segregation
of the bulk heterojunction using eco-friendly co-solvents contributions to the increase
in generation rate and thus the enhancement of the photocurrent through exciton
dissociation and charge transport. These advancements can lead to the development of
new materials and designs that offer improved performance and open up new applications
for solar technology [272–276].

The PCE of solar cells is a crucial parameter that quantifies the efficiency with which a
solar cell converts sunlight into electricity. The PCE is mathematically expressed as a
percentage and is calculated using the formula:

PCE =
Pout

Pin

× 100% (2.1)

where:

• Pin is the electrical power output from the solar cell (in watts).

• Pout is the power of the incident sunlight on the solar cell (in watts).

To further break down the components that determine Pout, the PCE can be related
to critical measurement observables of the solar cell, namely the short-circuit current
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density (Jsc), the open-circuit voltage (Voc), and the Fill Factor (FF). The formula
incorporating these variables is:

PCE =
Jsc × Voc × FF

Pin

× 100% (2.2)

The product of these three parameters, normalised by Pin, gives the efficiency of the
solar cell. Improvements in materials, cell structure, and fabrication techniques focus on
optimising these parameters to achieve higher efficiencies [277]. Specifically, increasing
Jsc involves improving light absorption and charge separation [278]. Enhancing Voc

requires minimising recombination and optimising the energy band structure [279]. Im-
proving FF involves reducing resistive losses and enhancing the electrical characteristics
of the solar cell. Each of these factors is a critical area of research in the development of
more efficient solar energy conversion technologies [280].

2.2 Efficiency Enhancement in Organic Solar Cells

Several challenges must be addressed before OPV devices become a viable commercial
product. Currently, organic solar cells are hamstrung by TWO primary bottlenecks: low
device efficiencies and device degradation in ambient air due to photo-oxidation or mois-
ture [281, 282]. Exposure to the atmosphere decreases its power conversion efficiency,
primarily due to water accumulation in the organic polymers and the breakdown of the
polymer-cathode interface. Additionally, the limited absorption spectrum of the active
layer material, stemming from the high bandgap energy of most organic semiconductors,
results in low charge carrier concentration and, consequently, low efficiency [283–285].
Efforts to mitigate this limitation have included the integration of new polymers with
lower bandgap energies into the photoactive layer, thereby extending the absorption spec-
trum [286]. Furthermore, the carrier lifetime of electron-hole pairs generated in the active
layer poses another constraint on the efficiency of organic solar cells. Addressing these
challenges is crucial for advancing the efficiency of organic solar cells and enhancing their
commercial viability [166,287,288].One key aspect to consider is the carrier mobility im-
balance, where discrepancies in the mobility of electrons and holes can limit overall device
performance. Strategies to enhance carrier mobility through material design and device
optimisation are essential for improving the efficiency and competitiveness of organic solar
cells in the market [289–291].

2.2.1 The Role of Morphology in Organic Solar Cell Performance

The optimisation of the morphology of the BHJ in binary and ternary OPVs, is
deemed to improve the performance of the OPV devices [65, 66]. One approach to
tune morphology is by vacuum deposition of organic molecules to form layered devices.
Alternatively, the co-deposition of organic molecules can be exploited to form BHJ
with varying composition fraction across the device lateral area. This combinatorial
material synthesis strategy has been explored as an alternative route for morphology
optimisation at the nanoscale. Additionally, the selective combination of solvents
with suitable solubility, miscibility and boiling points presents a potential approach to
optimising morphology for new OPV materials [292]. The achievement of high PCEs in
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organic solar cells is heavily reliant on the morphology of the BHJ. Thus, by tuning the
nature of the interconnected network one can enhance exciton diffusion and dissociation
processes. This may entail thermal annealing, solvent vapour annealing, or the use of
co-solvents [69,70].

2.2.1.1 Binary OPVs

The morphology of the active layer in binary OPVs plays a crucial role in determining
the performance and efficiency of these devices. The nature of the donors and acceptors,
including factors such as solubility, crystallinity, and miscibility, significantly influences
the morphology of the active layer [293]. The tuning of the vertical morphology as
illustrated in Figure 2.5 in binary organic solar cells has been identified as critical and
challenging, particularly in the context of achieving high open-circuit voltage [294].
Understanding the fundamental origin of morphological degradation in non-fullerene
acceptor-based organic solar cells is also recognised as a challenging yet essential aspect
of improving the stability of these devices [295].

Figure 2.5: Visualising an effective strategy for optimising the active layer through se-
quential morphology evolution and enhancing vertical distribution [296].

The investigation of the metastable morphology of the bulk heterojunction in organic
solar cells is crucial for understanding the performance and degradation mechanisms of
these devices. Through advanced techniques like GIWAXS and GISAXS, researchers
have delved into the temperature-induced morphology evolution in polymer/fullerene
blends, shedding light on the intricate processes that occur post-deposition. The
analysis has revealed fascinating phenomena such as spinodal decomposition leading
to the formation of a fine-scale bi-continuous structure and the subsequent growth
of large polycrystalline fullerene aggregates. Moreover, the co-existence of spinodal
decomposition and nucleation-growth mechanisms has been observed, highlighting the
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complexity of the transformation processes within the active layer. Additionally the
molecular packing or orientation based on the H and J aggregation provides an indication
of the nature of the interconnected network [297].

Furthermore, studies have shown that the morphology evolution in bulk heterojunctions
goes through distinct phases, starting with spinodal decomposition of the donor:acceptor
blend followed by the nucleation and growth of crystalline acceptor aggregates [298].
This unified thermodynamic and kinetic mechanism not only provides insights into the
structural changes within the active layer but also correlates these changes with the
degradation of organic solar cells during thermal annealing [299]. By understanding
these intricate processes, researchers aim to optimise the morphology of organic solar
cells, ultimately enhancing their efficiency and stability for practical applications.

Common methods used to control the morphology of the active layer in binary OPVs
include thermal annealing, solvent annealing, post-solvent treatment [300–302]. Thermal
annealing is a widely used method to optimise film morphology, leading to improved
photovoltaic performance [303, 304]. Solvent annealing and post-solvent treatment
are also common post-treatment methods to control the morphology of the active
layer [305–307]. The effect of thermal annealing on the morphology of the active layer
in binary organic solar cells is significant.

2.2.1.2 Ternary OPVs

Recent progress in the field of ternary blend OSCs has shed light on the critical role of
not only the extending of the photon harvesting window but also that of morphology
in determining device performance. Ternary blend organic solar cells, which consist of
three components in the active layer, have garnered significant attention due to their
potential for highly efficient solar energy conversion. A review of recent studies on
ternary blends has emphasised the importance of understanding the morphology of these
blends, particularly from the perspectives of molecular crystallinity, phase separation,
and intermolecular interactions [308,309].

The morphology of the active layer in ternary OPVs illustrated in Figure 2.6 (a) is a key
determinant of device performance. The third component in the active layer has been
shown to play a crucial role in controlling the crystallinity and phase separation of the
blend, thereby influencing the formation of an interpenetrating network of electron-donor
and acceptor domains. This network is essential for efficient exciton dissociation and
charge transport, which are critical for achieving high device performance [311–318].
Each of the four configurations shown in Figure 2.6 (b) is discussed below:

1. Donor1:Donor2:Acceptor1 (D1:D2:A1)

In this configuration, two donor materials are blended with one acceptor mate-
rial. The rationale behind using two donors is often to broaden the absorption
spectrum or to fine-tune the morphology of the active layer for improved charge
transport [319]. The addition of a second donor can lead to complex phase separa-
tion behaviours and thus varied morphologies, as the interaction between the two
donors and the acceptor can create multiple domains of different compositions and
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(a) (b)

Figure 2.6: (a) Structure of three-component bulk heterojunction OSCs, and (b) Four
distinct morphologies for the active layer, showcasing the integration of a third compo-
nent: embedded within either the donor or acceptor phase, positioned at the interfaces,
creating a structure parallel to the main donor or acceptor, and forming an amalgam
with either the donor or acceptor material [310].

crystallinities [308,320]. The exact morphology will depend on the miscibility of the
donors with each other and with the acceptor, as well as the processing conditions
used [293].

2. Donor1:Acceptor1:Acceptor2 (D1:A1:A2)

This configuration uses one donor material and two acceptor materials. Similar
to the previous configuration, the aim is to enhance the absorption range and/or
optimise the electronic levels for better energy level alignment. The two acceptors
can facilitate the formation of a more complex morphology with varied domains
that can potentially lead to improved charge separation and transport. The inter-
action between the different acceptor materials and the donor can result in diverse
morphologies, influenced by the relative concentrations, the compatibility of the
materials, and the processing techniques [321].

3. Donor/Nonvolatile Additive/Acceptor (D/NA/A)

Introducing a nonvolatile additive into the active layer of an OSC can significantly
affect its morphology and performance. Nonvolatile additives are used to influence
the phase separation, crystallinity, and domain purity of the blend, leading to varied
morphologies [322–325]. These additives can selectively solvate one component over
the others, promoting a particular morphology that is conducive to efficient charge
generation and transport. The specific effect on morphology depends on the nature
of the additive, its concentration, and its interaction with the donor and acceptor
materials [326].
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4. Parallel Linking or Alloying Structure

The parallel linking or alloying structure refers to a configuration where the donor
and acceptor materials are mixed at the molecular level, often leading to a highly
homogeneous interpenetrating network [327–329]. This configuration can result in
a unique morphology where the donor and acceptor phases are finely intermixed,
potentially reducing charge recombination and facilitating efficient charge trans-
port [330]. The extent of phase separation and the resulting morphology can vary
depending on the molecular design of the components and the processing condi-
tions [331].

Each of these ternary configurations can indeed lead to varied morphologies within
the active layer of organic solar cells. The specific morphology achieved is critical
for the device’s performance and is influenced by the choice of materials, their ratios,
compatibility, and the processing methods used [332,333].

In recent studies, a general strategy has been reported for better control of the morphol-
ogy of ternary blend films composed of a polymer donor and two acceptors [334].This
strategy involves incorporating a suitable third component into the blend, which is
known as the ternary strategy. By adding this third component to the polymer donor
and two acceptors, the performance of organic solar cells can be significantly improved
in terms of efficiency and stability [334].

Recent research has underscored the importance of morphology in determining the
performance of ternary blend organic solar cells. In ternary organic solar cells (TOSCs),
morphology plays a crucial role in determining device performance by influencing key
parameters like Jsc, Voc, and FF. Research indicates that optimising the morphology of
TOSCs can lead to significant efficiency improvements. For instance, a study reported
an increase in power conversion efficiency from 8.82% to 11.20% by enhancing the
morphology of ternary cells [335]. This enhancement is attributed to the improved
distribution of photogenerated excitons and the optimisation of the active layer’s
morphology [336]. Moreover, FF in TOSCs can vary with the active layer thickness,
showing an initial growth as the thickness increases from 50 to 200 nm, followed by
a decline above 200 nm [337]. This demonstrates the intricate relationship between
morphology, active layer characteristics, and device performance in TOSCs.

2.2.2 Morphology Control with Solvent Additives

Solvent additives are pivotal in determining the nanoscale organisation of the active
layer in OSCs as their properties influence the drying kinetics, phase separation, and the
solubility and miscibility of the photoactive components. This control over morphology
is crucial for effective exciton generation and charge transport, ultimately enhancing
power conversion efficiency [338]. The optimisation of domain sizes and purity within
the active layer through solvent additives has been shown to lead to efficient exciton
generation rate, exciton dissociation and charge collection [339–341]. A variety of
additives, with high boiling point solvents, have been explored, such as 1,8-diiodooctane
(DIO), 1-chloronaphthalene (1-CN), and Anisole, among others. Each additive has
unique effects on the film-forming properties and can be chosen based on the desired
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morphology and compatibility with the photoactive materials [342–345]. Achieving
consistent and scalable morphological control using solvent additives across large-area
production remains a challenge due to the variability in drying conditions and film
formation dynamics [346].

Research is increasingly focused on understanding the underlying physics of film formation
with solvent additives to enhance reproducibility [333]. Additionally, the environmental
impact of solvent additives, including toxicity and the potential for safer, greener alterna-
tives, is an important area of ongoing research [347–349]. The development of eco-friendly
solvent additives that do not compromise on morphological control or device performance
is gaining attention. Therefore, solvent additives play a critical role in enhancing OSC
performance through morphology control, and ongoing research is focused on addressing
challenges and developing sustainable solutions [350,351].

2.2.2.1 Binary OPVs

The use of solvent additives for morphology control in binary OSCs has been a subject
of extensive research and has shown promising results in enhancing device performance.
By affecting film formation during the solution processing, solvent additives can provide
fine control of the active layer morphology of organic photovoltaics, making them key
morphology-directing agents for solution-processed organic solar cells [339]. Controlling
the morphology of the active layer is essential for achieving high power conversion effi-
ciency in OSCs, and processing BHJ layers with solvent additives has proven to be an
effective strategy toward this goal [69]. Recent developments in morphology control and
characterisation have provided valuable insights for further research in this area, em-
phasising the significance of morphology control in the development of binary organic
solar cells [293]. Additionally, a general strategy for better control of the morphology of
ternary blend films composed of a polymer donor and two acceptors has been reported,
demonstrating the potential for enhanced device performance through morphology con-
trol [334]. When using additives in OSCs, the morphology controlled includes the phase
separation between the donor and additive, which is critical for achieving the desired
vertical phase-separation structure. This morphology control is verified in binary OPVs
by assessing the miscibility between the polymer donor and the additive [352]. Therefore,
the use of solvent additives for morphology control in binary organic solar cells has shown
great promise and is expected to continue driving advancements in the field.

2.2.2.2 Ternary OPVs

Recent research has focused on the impact of solvent additives on the morphology and
performance of ternary blend OSCs. A study by X. Weng et al. (2020) reported as a
general strategy for better control of the morphology of ternary blend films, composed of
a polymer donor and two acceptors, leading to improved device performance [353]. This
study emphasised the importance of understanding and controlling the morphology of
ternary blends for the development of highly efficient OSCs. The morphology control was
verified in ternary OPVs by assessing the miscibility between the polymer donor and the
additive. The Flory-Huggins interaction parameter χD is used to evaluate the miscibility,
where a small χD indicates fine miscibility, while a large value suggests phase separation
between the donor and additive. Additionally, contact angle measurements are em-
ployed to calculate the χD, providing insights into the miscibility of the components [354].
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2.3 Plasmonic and Magnetoplasmonic Nanostructures for Pho-
tovoltaic Applications

The development of plasmonic and magnetoplasmonic nanostructures for photovoltaic
applications has been a subject of research. These nanostructures have shown promise in
enhancing the performance of solar energy utilisation. Recent studies have highlighted the
potential of titanium nitride-based plasmonic NPs for photovoltaic applications, demon-
strating their impact on solar cell performance [355]. Additionally, the combination of
photonic and plasmonic nanostructures has been explored for developing high-efficiency
solar energy systems, with a focus on applications such as photovoltaics, photo-thermal
conversion, and photocatalysis [356–358]. Furthermore, the use of magnetoplasmonic
nano-antennas has been identified as a rapidly expanding research field, with potential
applications in solar energy utilisation [359]. The ongoing research in this area is expected
to lead to significant advancements in the development of plasmonic and magnetoplas-
monic nanostructures for enhanced photovoltaic performance.

2.3.1 Light-Matter Interaction

Plasmonics is the study that involves light-matter interactions at the sub-micron length
scale and it continues to attract significant research attention due to its versatile appli-
cations such as optical communication, energy conversion and photovoltaic. Moreover,
research has been extended to development of plasmonic and magnetoplasmonic nanos-
tructures for solar cell applications leading to tuning of the size, aspect ratio, shape for
multi-modal excitations [274]. In this section the collective oscillation of electrons also
known as the surface plasmonic resonance is presented and discussed.

2.3.1.1 Surface Plasmonic Resonance

Surface Plasmon Resonance (SPR) has garnered attention for its potential applications
in the field of photovoltaics. Plasmonic and magnetoplasmonic nanostructures have been
explored for enhancing the performance of photovoltaic devices. These nanostructures,
when integrated into solar cells, can facilitate light trapping, leading to improved light
absorption and enhanced energy conversion efficiency [35,360–364].

The review of properties and applications of plasmonic surface lattice resonances in or-
dered arrays of metal nanoparticles has highlighted their ability to scatter light and
produce diffracted waves, which is relevant to the development of advanced photonic
devices [365,366].

Size The impact of nanoparticle size on SPR is a critical factor in the development of
plasmonic and magnetoplasmonic nanostructures for enhancing PV performance. The
size of plasmonic nanoparticles is directly linked to their SPR frequency, with smaller
nanoparticles resonating at shorter wavelengths and larger particles at longer wavelengths.
This size-dependent resonance tuning is essential for aligning plasmonic absorption with
the solar spectrum to maximise light harvesting in solar cells [365]. Additionally, NP size
influences the intensity and distribution of enhanced electromagnetic fields, with smaller
nanoparticles producing more localised and intense field enhancements, beneficial for
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light absorption in solar cells. On the other hand, larger nanoparticles are more efficient
at scattering light [367]. Balancing absorption and scattering is crucial for optimising
light trapping in solar cells. Varying the NP size can enable broadband light absorption,
essential for capturing a wider range of the solar spectrum. However, it is important
to carefully optimise NP size to ensure effective light absorption without excessive light
scattering [368]. Incorporating a distribution of NP sizes can potentially create a more
uniform and broadband enhancement of light absorption within the solar cell. Neverthe-
less, precise control over NP size is challenging but essential for consistent SPR effects, as
variability in size can lead to inconsistent photovoltaic performance [369, 370]. Ongoing
research is focused on developing reproducible synthesis methods that allow tight control
over NP size. Furthermore, the size of NPs can affect the collective plasmonic behaviour
in densely packed arrays, which is important for designing solar cell surfaces. The choice
of material and fabrication techniques also imposes limitations on the achievable size
range of NPs and their stability within the solar cell environment [371,372].

Shape The effect of nanoparticle shape on SPR is a crucial aspect in the design of
plasmonic and magnetoplasmonic nanostructures for various applications, including
plasmonic sensors, nanolasers, biosensing, and energy harvesting [373, 374]. The shape
of metal nanoparticles, such as nanorods, nanocubes, or nanostars, plays a significant
role in determining their plasmonic properties and SPR characteristics. For instance,
the measured localised surface plasmon resonance (LSPR) has been shown to broaden
with the reduction of both the nanorod length and diameter, contrary to theoretical
predictions [375]. When metal NPs are arranged in an ordered array, they may scatter
light to produce diffracted waves, and the width of plasmon resonances depends on the
number of particles that interact coherently [376–380]. The size-dependence of SPRs in
metal nanostructures is critical for various applications, and SPRs are influenced by their
size, morphology, composition, surface chemistry, and surrounding environment [381].
Therefore, the shape of metal NPs are interconnected factors that significantly influence
the SPR properties and can be tailored to achieve specific plasmonic effects for diverse
PV applications.

It is crucial to understand how different shapes impact their optical properties. Spherical
NPs typically exhibit a single resonance mode due to their symmetry, while elliptically
shaped NPs can have two oscillatory modes: longitudinal and transverse modes as
depicted in Figure 2.7 [383].

In spherical NPs, the symmetry of the structure leads to a single resonance mode,
resulting in a characteristic plasmonic response as shown in Figure 2.7 (a). On the
other hand, elliptically shaped NPs lack this symmetry, allowing for the existence of
multiple oscillatory modes. Specifically, elliptical NPs can support both longitudinal
and transverse modes as depicted in Figure 2.7 (b), leading to a more complex optical
behaviour compared to spherical NPs [384–386].
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Figure 2.7: (a) Schematic diagram of (a) spherical shaped NPs illustrating a single res-
onance mode and (b) elliptically shaped NPs demonstrating multiple oscillatory modes
[382].

Number Density of Plasmonic Nanostructures The effect of density on SPR
is a fundamental aspect of plasmonics, influencing the behaviour of metal NPs and
their applications in various fields. SPR can be used to observe density fluctuations
and molecular absorption at the nanoscale [387, 388]. The density of metal NPs
can affect their plasmonic properties and collective behaviour in densely packed arrays
to enhance near field effects, which is important for designing plasmonic devices [389–391].

A higher density of NPs can enhance the SPR effects, leading to increased local elec-
tromagnetic field enhancement and improved light absorption in solar cells. However,
beyond a certain density, NPs may begin to obstruct each other, reducing effective light
absorption and scattering [392–394]. The spacing between NPs is crucial in defining their
collective SPR behaviour. An optimal NP density is required to balance light trapping
and minimise parasitic absorption, which can be beneficial for the overall efficiency of PV
cells [395,396]. Studies have shown that a properly tuned NP density can maximise light
trapping within the solar cell, leading to improved photocurrent generation [397–400].
Achieving and maintaining the optimal NP density during the fabrication process is chal-
lenging, as it influences the balance between light absorption and scattering and can
affect the electrical properties of the PV cell [401–403].

Dielectric Layer In the realm of SPR for enhancing PCE in PV systems, the dielectric
layer plays a pivotal role. It serves as a medium for the interaction between the plasmonic
material and the incident light, significantly influencing the efficiency and localisation of
the SPR [404]. The refractive index of the dielectric material determines the strength
and wavelength of the SPR. Properly designing the dielectric layer can indeed maximise
the electromagnetic field enhancement near the plasmonic NPs, leading to increased light
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absorption in the active layer of solar cells. However, the shift in the resonance edge
with the dielectric constant of the dielectric medium in which the NP is embedded is also
significant. The dielectric constant of the medium influences the plasmonic resonance
frequency and linewidth of the NPs, affecting their optical properties. A change in the
dielectric constant can lead to a reversible shift in the plasmon resonance frequency and
linewidth, impacting the overall performance of the plasmonic system [365,405]. This, in
turn, allows for the efficient conversion of a broader range of the solar spectrum [406,407].
The dielectric layer is particularly crucial for thin-film solar cells, where maximising light
absorption per unit thickness is essential. It also provides a physical and chemical inter-
face between the metallic NPs and the semiconductor material of the solar cell, vital for
maintaining the structural and operational integrity of the cell. Selecting the appropriate
dielectric material with the right optical and chemical properties is challenging but crucial
for effective SPR. Recent advancements focus on exploring various materials, including
silicon dioxide (SiO2), titanium dioxide (TiO2), and polymers, for their suitability as di-
electric layers [408]. The thickness of the dielectric layer needs to be precisely controlled
to optimise the SPR effect, with uniformity across the layer being essential for consistent
solar cell performance. Integrating dielectric layers with emerging solar cell technologies
like perovskite and organic solar cells is an area of active research, aiming to synergise
the benefits of SPR with the unique properties of these materials [409–411].

2.3.1.2 Mechanism of Light Trapping Using Core-Shell Structures

Core-shell nanostructures consist of a core material encapsulated by a shell layer,
typically comprising different materials with distinct optical properties. These structures
are particularly effective in light trapping due to their unique ability to manipulate
electromagnetic fields at the nanoscale [412, 413]. The core-shell configuration offers
several pathways for enhancing light absorption in photovoltaic devices:

1. Localised Surface Plasmon Resonance (LSPR): When light interacts with the
metallic core of the nanostructure, it induces collective oscillations of free electrons,
known as localised surface plasmons [414,415]. These oscillations create strong elec-
tromagnetic fields near the surface of the core, which can be tuned by adjusting the
size, shape, and material of the core-shell structure. The enhanced electromagnetic
field increases the local light intensity, leading to higher absorption in the active
layer of the photovoltaic device [416–418].

2. Scattering and Near-Field Enhancement: Core-shell structures can scatter
incident light in multiple directions, effectively increasing the optical path length
within the PV device. This scattering effect is particularly beneficial for thin-
film solar cells, where the optical thickness is limited [419, 420]. The near-field
enhancement around the core-shell structure also contributes to improved light
absorption, as the intensified electromagnetic field can penetrate deeper into the
active layer [421–424].

3. Resonant Coupling: Core-shell structures can support multiple resonant modes,
including dipolar and higher-order multipolar resonances. These resonant modes
can couple with the incident light, enhancing the absorption over a broad wave-
length range [425, 426]. By carefully designing the core and shell materials, it is
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possible to achieve resonant coupling at specific wavelengths that align with the
absorption spectrum of the photovoltaic material [427,428].

4. Magnetoplasmonic Effects: In magnetoplasmonic core-shell structures, the
incorporation of magnetic materials introduces additional functionalities. The
magneto-optical effects, such as the Kerr effect, can further enhance light trap-
ping by modulating the polarisation and intensity of light within the photovoltaic
device. This modulation can lead to improved absorption and charge carrier gen-
eration [429,430].

Several studies have demonstrated the effectiveness of core-shell nanostructures in
enhancing photovoltaic performance. For example, Ag@SiO2 core-shell NPs have been
shown to increase the light absorption in silicon-based solar cells significantly. The SiO2

shell not only protects the metallic core from oxidation but also provides a dielectric
environment that enhances the LSPR effect [431,432].

Similarly, magnetoplasmonic core-shell structures, such as Fe3O4@Au, have been investi-
gated for their dual functionality in light trapping and magnetic field-induced effects [433].
These structures exhibit tunable plasmonic properties and enhanced light absorption,
leading to improved efficiency in photovoltaic devices.

2.3.2 Application of Magnetoplasmonic and Plasmonic Nanoparticles in So-
lar Cells

The application of magnetoplasmonic and plasmonic NPs in solar cells has garnered
significant attention due to their potential in enhancing light-harvesting efficiency and
improving overall performance. Metallic NPs exhibit LSPRs, which are associated
with near-field enhancements [434]. These NPs have been proposed as a strategy to
enhance the performance of dye-sensitized solar cells by designing omnidirectional
light-harvesting layers with different shapes, inspired by the epidermal structures
of various plants, resulting in enhanced capturing efficiency of obliquely incident
light [435, 436]. The unique scattering properties of large metallic NPs can increase
the optical path length, leading to effective light trapping within the semiconductor,
addressing one of the main issues of thin-film solar cells, which is low absorption [437,438].

One of the main challenges in using these NPs is their integration into existing solar cell
architectures without compromising the cell’s electrical and structural integrity. There
are considerations regarding the cost and scalability of incorporating these advanced ma-
terials into commercial solar cells. Research indicates that plasmonic and magnetoplas-
monic NPs can significantly enhance the efficiency of various types of PV cells, including
thin-film, organic, and perovskite solar cells [439,440]. Furthermore, these NPs offer po-
tential stability improvements, particularly in organic and perovskite solar cells, under
varying environmental conditions [441–446]. Research has demonstrated that magnetic
NPs can significantly enhance the performance of solar cells. One study showed that in-
corporating ferric oxide NPs into the active layers of solar cells, combined with a specific
light-sensitive dye, can improve light absorption and reduce light loss due to reflection.
This process boosts the PCE by generating an internal magnetic field that increases the
dissociation of charge carriers, thereby increasing the Voc [447].
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2.4 Nanoparticles Simulation Techniques

The simulation of NPs has become an integral part of nanotechnology research, including
in the field of photovoltaics and drug delivery systems. Advanced simulation techniques
allow researchers to predict the behaviour, interactions, and effects of NPs under various
conditions. The key simulation methods used in magnetoplasmonic and plasmonic NPs
research. A discussion on the theoretical principles and their applications for energy
conversion is provided in the subsequent subsections.

2.4.1 Simulations of Magnetoplasmonic NPs

The dynamic behaviour of magnetic moment in nanoparticles that exhibit exchange
correlation is governed by the Landau-Lifshitz-Gilbert equation, explained in more
detail in Chapter 3 [448–450]. For magnetoplasmonic NPs, simulations often need to
couple both optical and magnetic properties, involving the integration of methods like
finite-difference time-domain( FDTD) with micromagnetic simulations to study the
interplay between plasmonic and magnetic effects [451,452].

The study by Yuan et al. (2022) discusses the progress, opportunities, and challenges
of magnetoplasmonic NPs under remote magnetic and light stimulation, emphasising
the potential applications of these NPs in brain-tissue and cellular regeneration [453].
Furthermore, the work by Mikoliunaite et al. (2022) presents a novel method for
the synthesis of magneto-plasmonic NPs with enhanced functionality, particularly for
multi-wavelength surface-enhanced Raman spectroscopy (SERS) [454]. Additionally, the
research by Han et al. (2017) focuses on a magnetic polypyrrole/iron oxide core/gold
shell nanocomposite for multimodal imaging, demonstrating the multifaceted applica-
tions of these NPs [455].

2.4.2 Simulations of Plasmonic NPs

Finite-Difference Time-Domain (FDTD) is a widely used method for simulating the
interaction of light with plasmonic NPs. It calculates the time-dependent electromagnetic
fields, making it ideal for studying the dynamic optical response of various NP shapes
and arrangements. FDTD simulations are crucial for optimising NP design for enhanced
light absorption and scattering in photovoltaic cells [456–458]. This is explained in depth
in Chapter 3.

The Discrete Dipole Approximation (DDA) is particularly effective for irregular and
complex-shaped plasmonic NPs. It models the NPs as arrays of polarisable points,
allowing for the calculation of their optical properties, such as scattering and absorption
cross-sections [459].

The scattering cross-section (σscat) quantifies the area over which incident light is
scattered by a particle. It represents the effectiveness of a particle in scattering light
and is expressed in units of area. The absorption cross-section (σabs) measures the area
over which incident electromagnetic radiation is absorbed by a particle. This parameter
quantifies how effective a particle is at absorbing light, effectively removing it from the
incident beam and converting it into other forms of energy. Like σscat, it is also expressed
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in units of area.

The expressions for calculating σscat and σabs are derived from the electromagnetic
response of the array of polarisable points that model the NP. The basic expressions
involve the calculation of the electric and magnetic fields scattered by each dipole in
response to an incident field, taking into account interactions between dipoles [460].

The scattering cross-section can be calculated from the far-field scattering pattern,
typically involving the square of the amplitude of the scattered field, integrated over all
scattering directions. The formula is given by:

σscat =
1

Iinc

∫

|Escat|
2 dΩ (2.3)

where:

Iinc is the intensity of the incident wave.
Escat is the electric field of the scattered wave.
Ω is the integral is over the solid angle surrounding the particle.

The absorption cross-section is related to the total power absorbed by the particle and
can be expressed as:

σabs =
Pabs

Iinc

(2.4)

Pabs is the power absorbed by the nanoparticle, which can be calculated from the
imaginary part of the polarisability of the dipoles and the intensity of the incident field.

These expressions are simplified and conceptual. The actual computation of σabs and
σscat using DDA involves numerically solving the equations governing the interaction of
electromagnetic waves with the discrete dipoles, accounting for factors like the complex
refractive index of the material, the geometric arrangement of the dipoles, and the
polarisation and wavelength of the incident light [461–463].

The suitability and accuracy of DDA depend on several underlying conditions and
assumptions. Understanding these can help in determining when DDA is an appropriate
tool for a given problem. Here are the key underlying conditions [464–467]:

1. Volume Integral Method:DDA belongs to the class of volume integral meth-
ods, making it suitable for calculating electromagnetic diffraction by objects with
complex shapes and permittivity.

2. Numerical Solution Requirement:Due to the complexity of electromagnetic
scattering problems involving objects with intricate shapes, the DDA method is
essential for rigorously solving these scenarios numerically.

40



3. Flexibility and Versatility:DDA is known for its flexibility and versatility, allow-
ing for a wide range of applications and developments over time to handle various
electromagnetic diffraction scenarios effectively.

4. Applicability to Sub-wavelength Particles:DDA is particularly useful for
studying the interaction between light and particles that are sub-wavelength in
size, making it a valuable tool for analysing scenarios where traditional analytical
solutions are not feasible

Simulations of plasmonic NPs are integral in designing materials for light management in
PV cells. Studies focus on how NP size, shape, and material composition influence light
trapping and conversion efficiency [468]. Simulating the coupled optical and magnetic
responses of magnetoplasmonic NPs is computationally intensive, requiring advanced al-
gorithms and high computational power. Achieving accurate simulations at a scale that is
representative of practical applications remains challenging [469–471]. There is a contin-
uous need for developing more efficient and accurate computational models. Correlating
simulation results with experimental data is crucial for validating models and enhanc-
ing their predictive power [472–477]. This integration is key to advancing the practical
application of NP technologies.

2.5 Morphology Tuning and Nanoparticle Integration

The integration of NPs in solar cells, particularly in the context of morphology tuning, has
been a subject of significant research. OSCs with morphology control through the tuning
of NP sizes have shown promise in achieving efficient photovoltaic performance [478]. The
optimisation of the active layer morphology in OSCs remains a major challenge, and the
manipulation of thin film morphology from the nano to micron length scales has been
explored to enable strong light trapping and high carrier generation [479].

2.5.1 Morphology Control with Solvent Additives and Nanoparticle Integra-
tion

The morphology of the photoactive layer in OSCs, composed of donor and acceptor
materials, is a critical determinant of their efficiency. Optimal morphology is essential
for enhancing exciton dissociation, charge transport, and minimising recombination
losses [480–482]. Studies focus on the nano-scale organisation of these materials, aiming
to achieve a well-defined interpenetrating network for efficient charge separation. Key
methods used for morphology control include solvent additives, annealing processes, and
material selection, which significantly impact the crystallinity, domain size, and phase
separation of the active layer [483].

The crystallisation process is crucial for achieving efficient charge transport and pre-
venting recombination of charge carriers [484]. Faster crystallisation times promote
the formation of well-ordered and interconnected networks, allowing for efficient charge
transfer pathways. However, if the crystallisation occurs too quickly, it can hinder the
phase separation of donor and acceptor materials, resulting in smaller domain sizes of
low interfacial area and thus limiting the exciton dissociation as illustrated in Figure
2.8 [485–487]. On the other hand, larger domain sizes facilitate a higher donor-acceptor
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interfacial area, favourable for efficient exciton dissociation and charge generation. How-
ever, excessively large domains can hinder charge transport and increase the likelihood
of charge recombination [293]. Finding the right balance between crystallisation times
and domain size is essential for optimising the PCE of OSCs. By fine-tuning these
parameters, both efficient crystallisation for charge transport and optimal domain sizes
for effective exciton dissociation can be achieved, ultimately maximising the overall
device performance [488].

Figure 2.8: Capturing the film formation process of the P3HT/PCBM blend from CB
solution: (a,d) without additives, (b,e) with 2% ODT, and (c,f) with 2% CN. Panels
(a-c) illustrate the changes in the extinction coefficient (k) from 605 nm to 462 nm, while
(d-f) detail the evolution of film thickness. Panel (g) showcases the GIWAXS diffraction
patterns for various solid films [489,490].

Domain size control focuses on manipulating the morphology through processing
techniques. This involves invoking thermodynamic parameters such as the Hansen
solubility parameters which aid in the selection of solvents or co-solvents to optimise the
domain size and morphology. Both approaches are important for optimising OSCs and
maximising their power conversion efficiency [491,492].

The PCE of OSCs is largely determined by the nanoscale morphology of the photoactive
layer, which plays a critical role in achieving optimal charge generation, carrier transport,
and collection [293, 493, 494]. However, maintaining the thermally activated metastable
phase in morphology required for an optimised blend morphology is challenging due to its
sensitivity to high-temperature ageing, which can cause a shift toward a thermodynamic
equilibrium state, leading to significant phase separation and a decrease in device
efficiency [56, 495]. Thermal effects can induce drift from equilibrium to enhanced
separation between donor and acceptor domains [55,57,59,496–498].
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There are various approaches to overcome the thermal instability of the D/A
blends. Some methods include reducing the crystallinity of photovoltaic polymers
or fullerenes [496, 499–501], selecting suitable D/A pairs, incorporating a ”molecular
lock”, and cross-linking between D/A components in the active layers [59, 502–505].
However, one of the most effective and straightforward methods is blending host-active
layers with additives. Chapter 5 offers a detailed explanation of how using Hansen
solubility parameters as a criterion for adjusting morphology sheds light on the solubility,
miscibility, and phase separation tendencies of BHJ.

2.5.2 Limitations and Challenges in Fabricating Organic Solar Cells with
Fine-tuned Morphology

The optimisation of morphology in OSCs is essential for improving their efficiency, but
it comes with several challenges. The challenges in defining the nanoscale morphology
of the photoactive layer stem from significant factors such as the choice of spin casting
solvent, the polymer-donor composition ratio, the solution’s concentration, the materials’
chemical structure affecting solubility and miscibility with organic solvents, and the
control of crystallisation and phase segregation through the annealing process, which
involves specific temperatures and heating rates [70, 506,507]. Achieving the ideal phase
separation between donor and acceptor materials significantly impacts charge transport
and recombination processes. However, controlling the nanoscale morphology uniformly
across the entire active layer is crucial for consistent device performance, posing a
significant challenge [508–510]. The choice of materials also plays a vital role in the final
morphology of the active layer, but finding compatible material combinations that lead
to the optimal morphology while maintaining good electrical properties is difficult [511].
The morphological control of the photoactive layer using solvent/solid processing addi-
tives and post-deposition optimisation is a key focus for addressing these challenges [512].

The inherent variability in material properties adds to the complexity of achieving
a reproducible and efficient morphology. Techniques successful in lab-scale experi-
ments often face challenges when scaled up for industrial production, particularly in
maintaining uniform morphology across large areas [513–516]. The transition from
lab-scale techniques to large-scale production methods introduces additional challenges
in morphology control. The sensitivity of OSC performance to slight variations in
morphology necessitates stringent control over the fabrication process, which can be
difficult to maintain consistently [517,518].

Research is focused on developing new donor and acceptor materials that inherently
form the desired morphology and are more tolerant to variations in processing conditions
[330, 519]. Novel materials like non-fullerene acceptors have shown promise in forming
stable and efficient morphologies. Optimising processing conditions such as solvent choice,
drying temperature, and annealing processes is ongoing, as these parameters significantly
impact the kinetics of film formation and, consequently, the morphology [520–522]. The
use of solvent additives and processing aids to manipulate morphology is a common
strategy, but finding the right combination remains an experimental challenge.
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2.5.3 Potential Improvements and Advancements in Magnoplasmonic and
Plasmonic Nanoparticle Integration

The integration of magnetoplasmonic and plasmonic NPs into devices, especially within
the realms of morphology tuning and NP integration in solar cells holds transformative
potential [523].The incorporation of plasmonic NPs into materials has been shown to sig-
nificantly alter their photonic properties, enhancing light absorption and scattering [524].
Future improvements could focus on precise morphology control at the nanoscale,
enabling the design of materials with highly optimised optical properties for specific
applications, such as improved light management in solar cells [525]. Magnetoplasmonic
NPs offer a unique avenue for dynamic morphology tuning through external magnetic
fields. Advances in this area could lead to materials whose optical properties can be
modulated in real-time, opening up new possibilities in smart photonic devices and
adaptive solar energy harvesting systems [526,527].

The development of advanced fabrication techniques that allow for the precise placement
and orientation of nanoparticles within a host matrix is crucial. Techniques such as di-
rected self-assembly and nano-print lithography could be further refined to achieve more
complex and functional NP arrangements [528]. For both plasmonic and magnetoplas-
monic NPs, scalable methods of integration into devices remain a challenge. Innovations
in NP synthesis, such as greener synthesis methods and scalable chemical vapour
deposition (CVD) techniques, could facilitate broader application in industrial-scale
photovoltaics [529]. The efficient interfacing of NPs with silicon and other substrates
is pivotal for enhancing the performance of PV cells and other semiconductor devices.
Advances might include the development of novel linker molecules or surface treatments
that improve the electrical and mechanical stability of NP-substrate interfaces [530,531].
Future advancements could focus on creating hybrid systems that combine plas-
monic or magnetoplasmonic NPs with other nanomaterials, such as quantum dots or
2D materials. Such systems could leverage the unique properties of each component
to achieve synergistic effects, offering new pathways to ultra-high-efficiency PV cells [532].

Ensuring the long-term compatibility and stability of integrated nanoparticles within
devices is essential. Research into corrosion-resistant coatings and more robust NP
formulations could address these concerns [533, 534]. As the use of NPs expands, un-
derstanding their environmental impact and potential health risks becomes increasingly
important. Advances in non-toxic, environmentally benign NPs, and thorough lifecycle
assessments will be vital for sustainable deployment [535]. The future of NP integration
will benefit from cross-disciplinary research that bridges materials science, electrical
engineering, physics, and chemistry.
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Chapter 3

3 Theoretical Foundation of Surface Plasmonic and

Magnetoplasmonic Resonance Effects

The theoretical foundation of surface plasmonic and magnetoplasmonic resonance
effects serves as a fundamental framework for understanding and controlling the optical
properties of nanostructures through external mechanisms. This interdisciplinary field
explores the interplay between plasmonic and magneto-optical (MO) phenomena, aiming
to achieve a balance between SPRs and the MO response. The influence of SPRs on
the MO properties of a system, as well as the ability of the magnetic field to modulate
these properties, has been a subject of active research [373]. By exploiting the combined
properties of hybrid plasmonic and ferromagnetic nanostructures, magnetoplasmonics is
anticipated to play a significant technological role in various areas, including integrated
optics and PV systems [536–538]. This emerging field utilises nanomaterials to combine
the fields of magnetism and plasmonics, thereby creating completely new electromagnetic
functionalities.

Conducting computational experiments on magnetoplasmonic nanoparticles is essential
for several reasons. First, these simulations allow us to explore and predict the properties
of magnetoplasmonic nanoparticles before synthesising them, saving time and resources.
Computational models can provide detailed insights into how variations in nanoparticle
size, shape, and composition influence their magnetic and plasmonic behaviour. This
understanding is crucial for designing magnetoplasmonic nanoparticles with optimised
properties for specific applications, such as solar cells.

Magnetoplasmonic nanoparticles have significant potential in enhancing the performance
of solar cells. The ability to manipulate light absorption and scattering through the
unique combination of magnetic and plasmonic properties can lead to improved photo-
conversion efficiency. By tuning the size and shape of magnetoplasmonic nanoparticles,
it is possible to maximise their effectiveness in enhancing light absorption in solar cells,
thus increasing overall efficiency. This study aims to bridge the gap between theoretical
predictions and practical applications by demonstrating how computationally optimised
magnetoplasmonic nanoparticles can be used in photovoltaic systems.

3.1 Surface Plasmon Resonances

In order to grasp the characteristics of SPRs in various structures smaller than the wave-
length in the visible range, it’s essential to first understand how bulk or NPs react spec-
trally. The behaviour of metals across a broad frequency spectrum can typically be
accounted for by the plasma theory. This theory posits that metals consist of a free elec-
tron gas that oscillates against a backdrop of stationary positive ions, while neglecting
the interactions between electrons. The way this electron gas responds to an external
electric field is what defines the optical attributes of metals. When these electrons are
excited optically, their coherent oscillation is attenuated by collisions with the ion cores,
characterised by a collision frequency (γ):
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γ =
1

τ
(3.1)

which is roughly 100 THz and τ (10−14 s) describes the free time between collisions in
the electron gas at ambient temperature. Through the application of the Drude model
to metals, one can deduce their complex permittivity as a frequency-dependent function
[539]:

ε(ω) =



1 −
ω2

p

ω2 + iγω



 (3.2)

ωp is the plasma frequency of the corresponding bulk metal, which depends primarily on
the electron density and the effective mass of the electrons in the metal.

The plasma frequency, ωp, for a bulk metal can be determined by the following formula:

ωp =

√

nee2

ε0m∗
(3.3)

where:

ne is the electron density (number of free electrons per unit volume),
e is the elementary charge (1.602 × 10−19 C),
ε0 is the vacuum permittivity (8.854 × 10−12 F/m), m∗ is the effective mass of the
electron in the metal.

The effective mass m∗ accounts for the fact that the motion of electrons in a solid is
influenced by its interaction with the lattice ions and in other words: charge carriers are
quasiparticles, which modifies its inertia compared to a free electron in vacuum [540].

The Drude model for metals treats the valence electrons as if they are not bound to
atoms, essentially free. Upon the application of an electric field, these electrons acceler-
ate, subsequently experiencing collisions with a specific scattering time. Assuming the
medium to be without losses and disregarding the effects of collisions and scattering, the
model simplifies the interaction as follows:

ε(ω) = 1 −
ω2

p

ω2
(3.4)

As a result, when the frequency falls below ωp, the permittivity assumes a negative value
and ε(ω) is expressed in terms of real quantities only, and there’s no imaginary unit i
involved in the expression provided.

When a metal characterised by negative permittivity interfaces with another material
possessing positive permittivity, an electromagnetic (EM) wave is confined at their in-
terface shown in Figure 3.1 in accordance with the Maxwell’s equations in the frequency
domain shown below:
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Figure 3.1: Schematic diagrams depicting localised (a) and travelling (b) surface plasmons
arising from various noble metal NPs [541].

∇ × H = −iωD (3.5)

This corresponds to a modified form of Faraday’s law of induction, indicating that a
time-varying magnetic field (H) induces an electric displacement field (D). The term iω
indicates the operation’s dependence on the frequency of the time variation.

∇ × E = iωB (3.6)

This is a form of Maxwell’s addition to Ampère’s law, showing how a time-varying electric
field (E) generates a magnetic field (B). Again, iω signifies the effect’s dependence on
the frequency.

∇ · H = 0 (3.7)

This equation states that the magnetic field (H) has no divergence, meaning there are
no ”magnetic charges” or monopoles, consistent with Gauss’s law for magnetism in the
frequency domain.

∇ · E = 0 (3.8)

This suggests that the electric field (E) in the scenario described has no divergence.
This might be a simplification or a specific case where electric charges are not present or
are evenly distributed, leading to no net electric flux density (D) divergence in a region

47



of interest. However, in a more general context, this might not hold if electric charges
are present; instead, you would have the following equation:

∇ · D = ρ (3.9)

ρ is the charge density.

In these equations, (D) is the electric displacement field, which relates to the electric
field (E) as:

D = ǫE (3.10)

ǫ is is the permittivity of the medium. Similarly, B is the magnetic flux density, related
to H by:

B = µH (3.11)

µ is the permeability of the medium.

The relevant transverse magnetic (TM) equations are expressed as follows:

−
∂Hy

∂x
= −iωε0εEz (3.12)

Hy represents the transverse magnetic field component.
Ez represents the longitudinal electric field component.
ω is the angular frequency.
ε is the permittivity of the medium.

The boundary and continuity conditions that lead to equation (3.12) involve the tangen-
tial component of the electric field being equal to zero and the normal derivative of the
tangential component of the magnetic field being equal to zero at the interface between
different media. These conditions ensure the proper behaviour of electromagnetic fields
at boundaries and interfaces.

−
∂Hy

∂z
= −iωε0εEx (3.13)

Ez represents the electric field component in the x-direction.

∂Ex

∂z
−

∂Ez

∂x
= iωµ0Hy (3.14)
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Here, Ex and Ez are the components of the electric field in the x and z directions, respec-
tively, Hy is the component of the magnetic field in the y direction µ0 is the permeability
of free space. This form of the equation is part of Maxwell’s curl equations, which re-
late the curl of the electric field to the rate of change of the magnetic field, and vice versa.

The relative magnetic permeability is equal to 1 for non-magnetic materials at frequencies
relevant to optics and radio wave propagation.

The associated TM wave equation is given by:

∂2Hy

∂z2
+ (k2

0ε − k2
x)Hy = 0 (3.15)

k0 is the free space wave number, also known as the propagation constant in vacuum.
kx is the wave number associated with the propagation of the wave in the x-direction, or
it can be thought of as the component of the wave vector in the x-direction.

Hence, the expressions for the electric and magnetic components outside (z > 0) and
within (z < 0) the metal surface are as follows:

Ex = −
AC1

iωε0ε
e−C1zeikxx (3.16)

(z > 0) where; C1 =
√

k2
x − k2

0ε1

Ez = −
Akx

iωε0ε
e−C1zeikxx (3.17)

Hy = Ae−C1zeikxx (3.18)

together with;

Ex =
BC2

iωε0ε
e−C2zeikxx (3.19)

(z < 0) where; C2 =
√

k2
x − k2

0ε2

Ez = −
Bkx

iωε0ε
e−C2zeikxx (3.20)

Hy = Be−C2zeikxx (3.21)

A and B are constants that need to be determined by applying the boundary conditions
at the interface of the metal surface. Given the subsequent continuity condition at the
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interface for the electric field component parallel to the interface:

E1
‖ = E2

‖ (3.22)

D1
⊥ = D2

⊥ (3.23)

This leads to the following:

A = B

∴

AC1

ε1

+
AC2

ε2

= 0 (3.24)

Taking into account the formulas for C1 and C2 as stated previously, the equations for
the dispersion relation are as follows:

k2
xc2

ω2
p

=

ω2

ω2
p

(

ω2

ω2
p

− 1
)

2ω2

ω2
p

− 1
(3.25)

with,

ε2 = 1 −
ω2

p

ω2
(3.26)

and,

k2
x =

ω2

c2

(

ε1ε2

ε1 + ε2

)

(3.27)

As a result, the complex permittivity, which varies with frequency, is expressed as follows:

ε(ω) = 1 −
ω2

p

ω2
(3.28)

Furthermore, the complex wave vector:

kx = k′
x + ik′′

x (3.29)

which represents the direction of propagation can be derived from the preceding equations
as follows:
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k′
x =

ω

c

[

ε′
1ε2

ε′
1 + ε2

]
1

2

(3.30)

and,

k′′
x =

ω

c

(

ε′′
1

2(ε′
1)2

)[

ε′
1ε2

ε′
1 + ε2

]
1

2

(3.31)

The complex permittivity is expressed as follows:

ε1 = ε′
1 + iε′′

1 (3.32)

ε′
1 is the real part, representing the dielectric constant of the medium, which affects the

phase velocity of the wave.
ε′′

1 is the imaginary part, representing the loss factor, which accounts for the energy lost
due to the medium’s absorption and leads to the attenuation of the wave as it propagates.

The complex wave vector is succinctly expressed as follows:

kx =
ω

c

[

εmεd

εm + εd

]
1

2

(3.33)

where εm and εd are the permittivities of metal and dielectric media, respectively. The
direct generation of plasmon excitations from free space using a beam is not feasible due
to a discrepancy in momentum [542]. As depicted in Figure 3.2, the dispersion curve
comes close to the light line at smaller complex wave vector (kx), explaining why the
induced non-radiative plasmon resonances do not convert into light. At larger complex
wave vector (kx) and ε′

1 −→ −ε2, the situation is as follows:

ωSP R =

√

ωp

1 + ε2

(3.34)

Within this domain, both the group and phase velocities markedly diminish, nearing
zero. As a result, SPR appears as a localised oscillation of the electron plasma [543]. At
a wavelength of 500 nm, the dielectric constant for Ag was ε1 of -18 and an ε2 of 0.55.
For Au, it was ε1 of -9.03 and ε2 of 1.35.
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Figure 3.2: Layout of the dispersion relation diagram for non-radiative plasmons. The
dispersion relation is plotted against the real component and the imaginary component
of the wave vector [544].

3.2 Magnetoplasmonics

Magnetoplasmonics is a field of study that focuses on the interconnection of magnetic
and plasmonic properties, either within the same material or through a combination
of pure plasmonic and pure magnetic systems [545]. The use of nanostructured quasi
free-electron metals, such as Au and Ag, as plasmonic materials is well-established.
However, their weak magneto-optical response limits their efficiency in light manip-
ulation. On the other hand, pure ferromagnetic nanostructures are poor plasmonic
candidates. To overcome these limitations, the combined properties of hybrid plasmonic
and ferromagnetic nanostructures are being explored in the field of magnetoplasmonics,
which is expected to have significant technological applications [526,546]

3.2.1 Magneto-Optical Effects

The interaction between light and matter is influenced by the magnetic state of the
medium and depends on the electronic structure of the material. This interaction gives
rise to phenomena known as magneto-optic effects, which occur when electromagnetic
radiation interacts with magnetically polarised materials [547, 548]. The interaction
of a material with incoming electromagnetic fields is characterised by its optical and
magneto-optical traits, which are influenced by its composition, structure, and the sym-
metry of its components. Typically, these properties are quantified by examining how
reflectance, absorbance, and polarisation rotation depend on frequency. The dielectric
function stands out as a crucial characteristic that delineates the electronic and optical
behaviour of the material. Furthermore, it facilitates the comparison of how differ-
ent materials react upon encountering photons, electrons, and their associated fields [549].
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When light strikes a magnetic material, the way it’s polarised, meaning the direction and
phase of its waves changes. This alteration can be described mathematically using the
dielectric function. Specifically, the off-diagonal components of this function are what
changes. To understand how and why this happens, we turn to Maxwell’s equations,
which are a set of equations that govern how electromagnetic fields behave. When we
write these equations in Gaussian units, we can precisely describe how the polarisation of
light is modified upon interacting with a magnetic material. This mathematical frame-
work allows us to predict and understand the complex ways light and magnetic materials
interact. This can be expressed as [550–553]:

∇ · D = 4πρtotal (3.35)

∇ × E = −
1

c

∂B

∂t
(3.36)

∇ · B = 0 (3.37)

∇ × H =
4π

c
Jtotal +

1

c

∂D

∂t
(3.38)

In this context, E and B represent the electric and magnetic fields, respectively, while
ρtotal and Jtotal denote the total charge density and total current density, respectively.
These fields are considered on a macroscopic level. Moreover, the total charge density is
described as the sum of the contributions due to free and bound electrons in the form:

ρtotal = ρfree + ρbound = ρext + ρbound (3.39)

whereas the total current density is defined as the sum of free and bound current densities:

Jtotal = Jfree + Jbound = Jcond + Jext + Jbound (3.40)

By incorporating the characteristics of the medium, such as polarization (P) - the electric
dipole moment per unit volume, and magnetisation (M) - the magnetic dipole moment
per unit volume, we obtain:

ρbound = ρpol = −∇ · P (3.41)

and;

Jbound = Jpol + JMag =
∂P

∂t
+ c∇ × M (3.42)
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Figure 3.3: A traditional representation of the process by which a magnetic field induces
rotation in the polarisation and, consequently, alters the electric field within a material
[551].

The magnetisation affecting the polarisation by rotation is illustrated classically in Figure
3.3 and can be described in terms of the electric displacement D by Maxwell’s law:

D = εE (3.43)

where ε is the electric permittivity of the material and E is the applied electric field. The
parameter ε is frequency dependent and, in general, complex. In Figure 3.3 , the external
D-field prompts the electron density to shift in the reverse direction, influenced by the
B-field and the resulting Lorentz force:

F = q(v × B) (3.44)

Consequently, the electron density begins to migrate in a direction perpendicular to the
D-field. This movement is represented by vectors in the x-y plane, clearly illustrating
how the external D-field is transformed into the E-field by the material.
In a three-dimensional material that is neither magnetic nor optically active, the electric
permittivity is represented by the tensor with only the diagonal elements as shown below:

εω =































εxx 0 0

0 εyy 0

0 0 εzz































(3.45)

54



For isotropic materials, the permittivity components:

εxx = εyy = εzz

whereas, in anisotropic materials, the ε components vary along different symmetry axes.
When subjected to a magnetic field, the permittivity tensor of magnetic materials trans-
forms into a non-diagonal matrix:

εω =































εxx aΠz aΠy

−aΠz εyy −aΠx

−aΠy aΠx εzz































(3.46)

where:

aΠi = εMO

denotes the magneto-optical constant of the material, and Πi represents the components
of the applied magnetic field (for paramagnetic and diamagnetic materials) or the ma-
terial’s magnetisation (for ferromagnetic materials) [545]. It’s also noted that the effect
of the external magnetic field is contingent upon its orientation relative to the material.
Specifically, the non-diagonal elements come into play when the medium is magnetised
in a direction perpendicular to the plane in which these elements are defined [554,555].

3.2.2 The Oscillatory Electron According to the Lorentz Model

The combination of the refractive index and the attenuation coefficient creates what is
known as the complex refractive index, which can be obtained from various microscopic
models, usually employing a linear response theory. For the purpose of deriving the
optical response and demonstrating the application of a microscopic model to ascertain
the complex refractive index, a Lorentz oscillator model will be employed. This approach
includes incorporating a magnetic field oriented along the z-axis [556]. Additionally,
the derivation will highlight how the introduction of magnetism contributes off-diagonal
elements to the dielectric function.

In this basic model, the electron is considered a classical entity, tethered to the immobile
nuclei by a restoring force:

Fres = −mω2
0r (3.47)

The electron is subjected to a damping force:

Fdamp = −mγ
∂r

∂t
(3.48)
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which varies with velocity, as increased speeds result in a higher frequency of collisions.
Consequently, the equation of motion is expressed as:

m
∂2r

∂t2
+ mγ

∂r

∂t
+ mω2

0r + e

(

E(t) +
∂r

∂t
× B

)

= 0 (3.49)

In this context, γ represents the damping factor, ω0 the system’s resonance frequency,
m the effective mass of the electron, or electron rest mass and eE(t) the driving force
exerted by the electric field E(t). The final term accounts for the Lorentz force in the
presence of a steady magnetic field.

By assuming plane waves and doing a simple Ansatz for r:

E = E0e
−iωt (3.50)

r = r0e
−iωt (3.51)

B = (0, 0, B) (3.52)

provides:

m(ω2
0 − ω2 − iωγ)r0x + iqωBry = qE0x (3.53)

m(ω2
0 − ω2 − iωγ)r0y − iqωBry = qE0y (3.54)

m(ω2
0 − ω2 − iωγ)r0z = qE0z (3.55)

equations 3.53 - 3.55 can be resolved with:

r = α(ω)E (3.56)

For a system of charged particles of charge -e and displaced relative to their equilibrium
position by r is defined as:

p = −er (3.57)

Taking into account the atomic density N and combining equations (3.56) and (3.57)
leads to the macroscopic polarisation of the form:
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P = Np = −NeαE = ε0χE (3.58)

χ being the susceptibility of the medium due to the application of the E and B fields.
The tensor suggests an anisotropic medium with distinct susceptibilities in different
directions. The off-diagonal terms (χxy and −χxy ) imply that the polarisation in
the x-direction affects the y-direction and vice versa, which is characteristic of certain
anisotropic or non-linear materials.

χ =































χxx χxy 0

−χxy χxx 0

0 0 χzz































(3.59)

as well as:

χxx = −

(

Ne2

mε0

)(

ω2 + iγω − ω2
0

(ω2 + iγω − ω2
0)2 − ω2

c ω2

)

(3.60)

χzz = −

(

Ne2

mε0

)(

iωcωc

(ω2 + iγω − ω2
0)2 − ω2

c ω2

)

(3.61)

χxy = −

(

Ne2

mε0

)(

1

ω2 + iγω − ω2
0

)

(3.62)

In this instance,

ωc =
eB

m

signifies the cyclotron frequency. The off-diagonal components χxy are characteristic of
a magnetic medium and vanish in the absence of a magnetic field. When B is minimal
and only first-order terms in B are considered, it follows that:

χxx = χzz

making χxy proportional to B.

By applying equation (3.58) and referencing the definition of the D-field, the linear re-
sponse is thus determined as:
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D = ε0E + P = ε0(1 + χ)E = εE (3.63)

In Gaussian units, it is expressed as:

D = E + 4πP = (1 + 4πχε0)E = εP (3.64)

with the final expression for the dielectric function being:

εij = δij + 4πε0χij (3.65)

The relationship between the refractive index and the dielectric function is given by:

ε = n2

The assumption here is that resonance occurs at frequencies near the natural frequency,
leading to the refractive index’s dependency on frequency, which accounts for the phe-
nomenon of refraction.

3.3 Simulation Technique for Magnetoplasmonic NPs

Micromagnetic simulations involve working with significantly larger length scales by em-
ploying a continuum approximation. These simulations assume that the systems are suffi-
ciently large to disregard atomic ordering, yet small enough to resolve domains [557]. The
system is partitioned into micromagnetic cells or volume elements, with the assumption of
uniform magnetisation, thereby approximating it as a single moment. Subsequently, the
energies associated with exchange, anisotropy, magnetostatics, and Zeeman effects can be
computed based on the orientation of magnetisation within each volume element [558].
Simulations can be conducted to determine the static equilibrium of a system by solving
the spatial distribution of the magnetisation (M). Alternatively, the dynamic equilibrium
can be explored by applying the Landau-Lifshitz-Gilbert (LLG) equation:

∂Si

∂t
=

−υ

(1 + β2)

[

Si × Heff + βSi × (Si × Heff )
]

(3.66)

where:

Si is a unit vector representing the direction of the magnetic spin moment on site i.

υ is the gyromagnetic ratio.

β is the Gilbert damping constant.

Heff represents the effective field that influences the spin moment and its relaxation,
resulting from the direct transfer of angular momentum between the spin and a heat
bath, thereby aligning the spin along the field direction.
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Micromagnetic simulations are well-suited for investigating macroscopic systems charac-
terised by a low surface-to-volume ratio, where the intricate analysis of microstructure
or surface effects plays a lesser role in influencing the overall magnetic behaviour of the
system.

Atomistic spin simulations serve as a link between micromagnetic and ab initio methods.
In these simulations, atoms are considered to have a local magnetic moment, and
the electron theory is integrated with the equation of motion of atomistic spins. This
approach effectively integrates the behaviour of individual atoms into the larger magnetic
framework, providing a valuable middle ground between micromagnetic and ab initio
techniques [559,560].

As outlined in section 3.2.2, the origin of magnetism lies in the electrons possessing
discrete energy levels, highlighting the inherently quantum mechanical nature of mag-
netic systems. Moreover, the characteristics of these materials are significantly impacted
by thermal influences. To accurately simulate magnetic materials, it is imperative to
integrate quantum mechanical aspects with thermodynamic principles. The system’s
energetics are dictated by quantum mechanics, while its temporal progression and
thermal behaviours are approached through classical means. Given that atoms are
treated as dynamic entities, modelling complex magnetic phenomena like antiferromag-
netic coupling, which poses challenges for micromagnetic modelling, is seamless. The
parameters for atomistic simulations can either be derived from fundamental principles
or adapted from the macroscopic properties of materials [561].

The open-source atomistic spin simulation software package VAMPIRE, currently
undergoing active development, was employed to create particles with specific geometric
forms, including spheres, cubes, and various other polygonal shapes. Control over
the simulations is achieved via a straightforward text file system, necessitating only a
material file and an input file to execute numerous magnetic simulations. These test
simulations are instrumental in identifying the code’s limitations and determining the
optimal utilisation of computational resources.

In VAMPIRE, a crystalline network of sufficient size to accommodate the simulated
shape is established. The exchange interaction of the unit cell is pre-determined.
Subsequently, the unit cell is duplicated until its dimensions align with the initial step,
after which atoms are selectively extracted from the crystalline structure until the desired
geometric shape is achieved. The atoms within this modified crystalline framework are
then allocated to one or more materials. This process also facilitates the creation of
core-shell structures, although the feasibility of such structures depends on the specific
core, shell, and interfacial exchange interactions.

The VAMPIRE program was utilised for the computation, incorporating a diverse range
of simulation methods to facilitate the study of spin dynamics and equilibrium properties.
In this study, a Heisenberg-type spin Hamiltonian and Monte Carlo (MC) integrator were
employed. Within the MC simulations, involving 10,000 equilibrium steps. Following
this, the system underwent 10,000 averaging steps before being incrementally heated in
10 K intervals until the complete M(T) curve was derived. New states were generated
from old states by randomly selecting a single spin and updating it to a new trial position.
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Subsequently, a transition probability, contingent on the energy difference between the
initial and final state, was utilised to accept or reject the new state. The newly obtained
state then became the new initial state, and this process continued. The Hinzke-Nowak
combinational algorithm, known for its efficient sampling of all available phase space
while maintaining a reasonable trial move acceptance rate, was adopted as one of the
most effective Monte Carlo algorithms for classical spin models [562]. Consequently, M-T
plots were obtained for each system under investigation. To assess the finite-size effects
on curie temperature Tc, the equilibrium magnetisation for various sizes of spherical,
cubic and other polygons NPs was computed as a function of temperature, M(T). The
Heisenberg-type spin Hamiltonian employed in this study is represented by the following
form [563,564]:

H = −
∑

i6=j

JijSi · Sj −
∑

kuS2
i,z (3.67)

The first term in the expression represents the exchange interaction, while the second
term denotes the uniaxial anisotropy. The coefficient Jij denotes the exchange coupling
constant between the spins i and j. This constant is negative for antiferromagnetic
materials, causing the moments at sites i and j to align anti-parallel, and positive for
ferromagnetic materials, resulting in the alignment of moments at sites i and j in a
parallel manner. The symbols Si and Sj represent the local spin moment at site i and
j, respectively, aiming to minimise the energy in each scenario. Additionally, ku stands
for the uniaxial anisotropy constant, which induces spins to align along the easy axis,
representing the direction of minimum energy. The term Siz indicates that the easy axis
is directed parallel to the z direction. The magnetic material parameters for Fe, Ni and
Fe3O4 in Table 3.1 [561].

Table 3.1: Table of constants used in the material file

Atom µB ku Jij

J/atom J/link

Fe 2.22 5.65 × 10−25 7.050 × 10−21

Ni 0.606 5.47 × 10−26 2.757 × 10−21

O 1.0 −1.54 × 10−24 0

The exchange integral (J) is established according to mean field theory as:

J =
3kBTc

ξz
(3.68)
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In the given context, kB represents the Boltzmann constant, z denotes the number of
nearest neighbours, ξ is a correction factor derived from the mean-field expression and
Tc is the Curie temperture.

When considering magnetic core-shell NPs, the Hamiltonian employed is expressed as:

Hex = HF M1 + HAF M + HF M2 (3.69)

Hex =
∑

i6=j

JF M1Si · Sj +
∑

i,ν

JAF MSi · Sν +
∑

ν,i

JAF MSν · Si

+
∑

i6=j

JF M2Si · Sj +
∑

i

kuS2
i,z (3.70)

S represents the spin unit vector, with the first term pertaining to the core material,
the last term to the shell material, and the second and third terms representing the
interfacial exchange energies, which are assumed to have the same value in the VAMPIRE
software [565, 566]. This implies that Equation 3.66 exclusively describes the exchange
coupling between the two ferromagnetic (FM) structures, with other interactions such as
dipole-dipole, anisotropy, and Zeeman energies being considered negligible in the total
magnetic energy. The dipolar interaction was disregarded under the assumption that
the nanoparticles (NPs) are non-interacting, while magnetic anisotropy was omitted
due to the temperature-dependent magnetic properties of the nano-hybrid core-shell
system being primarily linked to the strong relationship between Tc and J as defined
by Equation 3.64. The Zeeman contribution was neglected as it has not yet been
incorporated into the VAMPIRE software using the MC approach. The model also
takes into account interfacial exchange and direct exchange in the FM core and shell.
Furthermore, the model assumes that the NPs are monodisperse, and it is expected that
the impact of magnetic interactions will be insignificant [567].

To ascertain Tc, three approximations were utilised:

(i) Curie-Bloch Equation:

m(T ) =

(

1 −
T

Tc

)ι

(3.71)

(ii) Kuzmin relation Equation:

m(T ) =
[

1 − bτ
3

2 − (1 − b)(τ)c

]ι

(3.72)

(iii) Derivative criteria followed by polynomial fitting the temperature-dependent mag-
netisation data.
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In the context an ideal FM, it is proposed that ι, a universal exponent, typically around
0.34, while:

τ =
T

Tc

b is set to 1, and c is assigned a value of 3/2 for a pure Bloch FM [565].

3.4 Simulations Results for Magnetoplasmonic NPs

The Curie temperature is a crucial physical characteristic that indicates the temperature
at which magnetic materials lose their permanent magnetism. The manipulation and
comprehension of this temperature in NPs have the potential to drive significant progress
in solar energy conversion technologies. For magnetic NPs intended for use in solar
cells, understanding their Curie temperature is essential to ensure the preservation of
their magnetic functionality within the solar cell operational temperature range. This
understanding is instrumental in predicting and optimising the magnetic properties of
the nanoparticles under operating conditions. The integration of magnetic NPs with
silicon solar cells offers the opportunity to improve the efficiency of photovoltaic devices
[568–571]. Furthermore, the Curie temperature of NPs is influenced by their size and
shape, and this understanding is pivotal for customising the magnetic properties of the
NPs to meet the specific requirements of silicon solar cell applications [572].

3.4.1 Ni, Fe and Fe3O4 Bare NPs

Ni (4nm)

m(T)

Ni (8nm) Ni (10nm)

( )

(
)

!" = 303.2 K

!" = 276.3 K

!" = 281.1 K

Figure 3.4: Simulation of the mean temperature-dependent magnetisation for Ni NPs in
a size range of 4 nm to 10 nm.

Understanding the variation in magnetic properties across different materials such as Fe,
Ni and Fe3O4 within identical NP size ranges holds significant importance. Analysis of
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Figure 3.5: Simulation of the mean temperature-dependent magnetisation for Fe NPs in
a size range of 4 nm to 10 nm.

𝑇𝐶 = 906.1 K
𝑇𝐶 = 862.7 K

𝑇𝐶 = 862.3 K

Figure 3.6: Simulation of the mean temperature-dependent magnetisation for Fe3O4 NPs
in a size range of 4 nm to 10 nm.

Figures 3.4 through 3.6 demonstrates that Fe nanoparticles manifest the highest Tc in
comparison to Ni NPs. This finding suggests the intrinsic magnetic strengths of these
materials at nanoscale dimensions.

Notably, within these figures, it’s observed that the magnetisation for the smallest NP
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size examined (4nm) does not reduce to zero. This observation implies a sufficiently
strong exchange interaction, capable of maintaining short-range spin magnetic moment
correlations at temperatures surpassing the magnetic-ordering threshold [573, 574].
Moreover, a trend is discernible across these figures wherein a decrease in NP size leads
to a broadening of the magnetic behaviour at the transition point, diminishing the
criticality typically observed.

A further distinction can be seen in the behaviour of Ni NPs, where an increase in size
results in a noticeable decrease in the magnetic ordering temperature, as exemplified by
the 8 nm (446 K) and 10 nm (442 K) Ni NPs. This phenomenon can be attributed to
the increased surface area of larger nanoparticles, which diminishes exchange coupling
due to a higher proportion of atoms without adjacent neighbours, thereby lowering the
magnetic-ordering temperature [574,575].

In exploring the magnetic properties of NPs, a key focus is their Tc. Remarkably, the
4 nm Fe3O4 NP is identified to possess the highest Tc value of 906.1 K among the
NPs simulated. This observation underscores the importance of examining significant
properties like Tc to grasp the complex magnetic behaviours of NPs, particularly in
understanding how these properties are influenced by NP size and material composition.

!" = 282.3 K

Ni (10nm x 10nm)

m(T)

Ni (12nm) Ni (16nm x 16nm)

( )

(
)

!" = 290.3 K

!" = 277.9 K

Figure 3.7: Simulation of the mean temperature-dependent magnetisation for complex
shapes of bare Ni NPs in a size range of 10 nm to 16 nm.

3.4.2 Pure Magnetic Core-Shell NPs

Pure Magnetic core-shell NPs offer a unique platform for exploring magnetic phe-
nomena at the nanoscale due to their distinct core and shell materials, which can
be tailored to exhibit specific magnetic properties. The simulations of such NPs,
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Figure 3.8: Simulation of the mean temperature-dependent magnetisation for complex
shapes of bare Fe NPs in a size range of 10 nm to 16 nm.

particularly those consisting of purely magnetic materials (e.g., Ni@Fe and Fe@Ni),
are crucial for several reasons. Firstly, they allow for the investigation of magnetic
interactions and exchange coupling between the core and shell, which are essential
for understanding and enhancing the magnetic properties of the NPs. These proper-
ties include superparamagnetism, enhanced coercivity and magnetic anisotropy [576,577].

The simulations of pure magnetic core-shell NPs can provide insight into the optimisation
of synthesis processes and the tailoring of NP properties for specific applications by
predicting the outcomes of modifying various parameters. This predictive capability is
essential for reducing the need for extensive empirical testing, thereby accelerating the
development of new materials and technologies.

3.4.2.1 Ni@Fe Core-Shell NPs

The results presented in Figures 3.9, 3.10, 3.11 and 3.12 showcase the Ni@Fe NPs within
the size range of 4 nm to 16 nm exhibiting various shapes. Notably, these NPs exhibit
intriguing trends based on the Fe/Ni (fractional radius) ratios, particularly in relation to
the mean temperature-dependent magnetisation. For instance, the 4 nm core-shell NP
with Ni(0.25)@Fe(1) composition demonstrates a stable mean temperature-dependent
magnetisation despite transitioning from a 4 nm Fe NP to a 4 nm Ni(0.25)@Fe(1) NP.
This behaviour is expected due to the majority of Fe atoms in the structure and the
minority Ni atoms occupying inner atomic sites.

Furthermore, the 4 nm Ni(0.25)@Fe(1) NP displays a Tc of 754.0 K, with Tc decreasing
as the Ni radius ratio increases. The magnetic properties analysis reveals that minor
variations in core position have negligible impact on overall magnetic properties of core-
shell NPs. However, a significant shift occurs in Ni(0.5)@Fe(1) NPs where an increase in
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core atoms and decrease in shell atoms lead to a notable reduction in magnetic-ordering
temperature and temperature-dependent magnetisation. This reduction is attributed to
the substitution of high magnetic moment Fe atoms with low spin magnetic moment Ni
atoms, given their respective atomic spin moments.

4 nm
Fe Ni m(T)

( )

(
)

Ni(0.25)@Fe(1) Ni(0.5)@Fe(1) Ni(0.75)@Fe(1)

$% = 694.0 K$% = 754.0 K $% = 474.1 K

$% = 282.3 K $% = 764.6 K

Figure 3.9: Simulation of the mean temperature-dependent magnetisation for 4 nm Ni@Fe
core-shell NPs with varying core-shell ratios.
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Figure 3.10: Simulation of the mean temperature-dependent magnetisation for 8 nm
Ni@Fe core-shell NPs with varying core-shell ratios.
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Moreover, for Ni(0.5)@Fe(1) ratio in 4 nm NPs, Tc is measured at 694.0 K and decreases
to 474.1 K for Ni(0.75)@Fe(1). Despite varying Fe/Ni radii ratios, zero magnetisation
is not achieved for the 4 nm NPs. In the case of Ni(0.75)@Fe(1) 4 nm core-shell NP,
significant magnetic modulations are observed with reductions in mean temperature-
dependent magnetisation and magnetic ordering temperature compared to other Ni@Fe
radii ratios.

Ni Fe m(T)

( )

(
)

Ni(0.25)@Fe(1)

$% = 715.1 K

$% = 290.4 K

$% = 722.3 K

12 nm

$% = 702.2 K

Ni(0.5)@Fe(1)

$% = 623.5 K

Ni(0.75)@Fe(1)

Figure 3.11: Simulation of the mean temperature-dependent magnetisation for octahe-
dron 12 nm Ni@Fe core-shell NPs with varying core-shell ratios.

Additionally, oscillations in magnetisation within the temperature range of 0-300 K are
attributed to canted spin structures at specific temperatures, leading to reduced magneti-
sation levels. Interestingly, a smooth variation is noted in mean temperature-dependent
magnetisation for 4 nm Fe NPs. The trends observed in 8 nm Ni@Fe core-shell NPs
mirror those of 4 nm NPs with systematic decreases in magnetic-ordering temperature:
Ni(0.25)@Fe(1) (Tc= 721.5 K) → Ni(0.5)@Fe(1) (Tc= 692.5 K) → Ni(0.75)@Fe(1) (Tc=
602.1 K).

Overall, these findings highlight the intricate interplay between composition, size, and
magnetic properties in Ni@Fe NPs across different shapes and sizes, underscoring the im-
portance of understanding these relationships for tailored applications in nano-magnetism
and related fields.

3.4.2.2 Fe@Ni Core-Shell NPs

The investigation into chemically reversed structures involving Fe@Ni core-shell NPs is
anticipated to yield comparable insights to those observed in Ni@Fe NPs. Specifically,
the 4 nm Fe(0.25)@Ni(1) NP exhibits a mean temperature-dependent magnetisation
profile that closely resembles that of the 4 nm Ni NP. This similarity can be attributed
to the lower presence of Fe atoms within the system, leading to analogous trends as seen
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Figure 3.12: Simulation of the mean temperature-dependent magnetisation for cubic 16
nm x 16 nm Ni@Fe core-shell NPs with varying core-shell ratios.
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Figure 3.13: Simulation of the mean temperature-dependent magnetisation for 4 nm
Fe@Ni core-shell NPs with varying core-shell ratios.

in Ni@Fe NPs.

Noteworthy deviations begin to manifest with the Fe(0.5)@Ni(1) NPs, where significant
modulations emerge in temperature-dependent magnetisation below the magnetic-
ordering temperature (453 K), with Tc measured at 479.5 K. Figures 3.13 through
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3.16 illustrate substantial magnetisation oscillations within the temperature range of
0-380 K due to canted spins. Conversely, Fe(0.75)@Ni(1) NPs exhibit relatively smooth
magnetisation variations without pronounced oscillations.

Ni Fe m(T)

( )

(
)

8 nm

Fe(0.25)@Ni(1)

$% = 311.2 K $% = 501. 1 K

Fe(0.5)@Ni(1) Fe(0.75)@Ni(1)

$% = 737.8 K

$% = 741.1 K

$% = 276.3 K

Figure 3.14: Simulation of the mean temperature-dependent magnetisation for 8 nm
Fe@Ni core-shell NPs with varying core-shell ratios.
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Figure 3.15: Simulation of the mean temperature-dependent magnetisation for octahe-
dron 12 nm Fe@Ni core-shell NPs with varying core-shell ratios.
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Figure 3.16: Simulation of the mean temperature-dependent magnetisation for cubic 16
nm x 16 nm Fe@Ni core-shell NPs with varying core-shell ratios.

Similarly, larger Fe@Ni NPs demonstrate comparable magnetisation variations concern-
ing temperature, mirroring trends observed in smaller NPs. The Curie temperature
also aligns with this consistent trend across different sizes and compositions of Fe@Ni
core-shell NPs.

These findings underscore the importance of understanding the interplay between
composition, size, and magnetic properties in both Ni@Fe and Fe@Ni core-shell NPs,
emphasising the need for further exploration to elucidate the underlying mechanisms
governing their magnetic behaviour and potential applications in nano-magnetism and
related fields.
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Chapter 4

4 Plasmonics and Magnetoplasmonics Effects for

Photovoltaic Applications: Silicon Solar Cell

This chapter presents the results of a comprehensive study on the effects of plasmonics
and magnetoplasmonics on the efficiency of silicon solar cells. The chapter highlights the
potential of plasmonic and magnetoplasmonic nanostructures to enhance the optoelec-
tronic properties of silicon based photovoltaic devices and subsequently their performance.

The chapter presents the methods employed for the fabrication of the plasmonic and
magnetoplasmonic nanostructures with tunable physical properties. The nanostructures
were either synthesised as pristine single-component systems or embedded within a SiO2

shell structure. The physical properties of these nanostructures, such as their optical,
electrical, and magnetic characteristics, were thoroughly examined and correlated with
the J-V (current-voltage) characteristics of the PV devices.

The chapter concludes by showing that plasmonic effects lead to enhancement in
photo-absorption as well and increase in photocurrent for Plasmonic nanostructures
from 7.64% - 10.7%. On the other hand magnetoplasmonics nanostructures further
exhibit that light matter interaction effects enhance the fill factor of the silicon solar cells.

4.1 Methodology

4.1.1 Materials and Chemicals

All materials and chemicals used in this study were of analytical grade and purchased
from Sigma Aldrich. The commercial devices (a-Si) were purchased at MR WATT shop
based in Italy. The following materials were used:

• Gold(III) chloride trihydrate (HAuCl4 · 3H2O) (≥ 99.9%, Sigma-Aldrich)

• Silver nitrate (AgNO3) (≥ 99.9%, Sigma-Aldrich)

• Tri-sodium citrate dihydrate (C6H5Na3O7 · 2H2O) (≥ 99.0%, Sigma-Aldrich)

• Nickel(II) chloride hexahydrate (NiCl2 · 6H2O) (≥ 98.0%, Sigma-Aldrich)

• Ferric chloride hexahydrate (FeCl3 · 6H2O) (≥ 97.0%, Sigma-Aldrich)

• Sodium acetate (CH3COONa) (≥ 99.0%, Sigma-Aldrich)

• Tetraethyl orthosilicate (TEOS) (≥ 98.0%, Sigma-Aldrich)

• Ethanol (≥ 99.8%, Sigma-Aldrich)

• Ethylene glycol (C2H6O2) (≥ 99.8%, Sigma-Aldrich)
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• Hydrazine hydrate (N2H4 · H2O) (≥ 80.0%, Sigma-Aldrich)

• Sodium hydroxide (NaOH) (≥ 98.0%, Sigma-Aldrich)

• Deionized water

• Concentrated ammonia aqueous solution (28 wt%, Sigma-Aldrich)

4.1.2 Synthesis of Nanoparticles

4.1.2.1 Synthesis of Au and Au@SiO2 Nanoparticles

The synthesis of gold (Au) nanoparticles begins with dissolving 1 mM HAuCl4 · 3H2O in
a 1% C6H5Na3O7 · 2H2O aqueous solution. Sodium chloride (NaCl) is then added as a
stabilising agent. This mixture is heated to 80◦ C under vigorous stirring and is allowed to
reflux for 15 minutes before cooling down to room temperature, yielding Au nanoparticles.

To synthesise Au@SiO2 core-shell nanoparticles, 10 mL of the Au precursor solution is
mixed with 40 mL of ethanol. Subsequently, 2 mL of ammonia and TEOS are added
drop-wise while stirring continuously for approximately 3 hours. The resulting mixture
is then centrifuged at 6000 rpm for 6 minutes and washed with deionized water. The
purified NPs are dried in an oven at70◦ C for 24 hours, resulting in Au@SiO2 core-shell
nanoparticles.

4.1.2.2 Synthesis of Ag and Ag@SiO2 Nanoparticles

Silver (Ag) nanoparticles are synthesiSed by dissolving 0.001 M AgNO3 in deionized
water, followed by the addition of 0.5 g of sodium citrate under vigorous stirring at 60◦

C until a pale yellow colour forms. The mixture is centrifuged at 6000 rpm for 5 minutes,
and the NPs are washed four times with distilled water to remove excess reactants.

For the Ag@SiO2 core-shell nanoparticles, 5 mL of the Ag precursor solution is mixed
with 40 mL of ethanol. Then, 2 mL of ammonia and TEOS are added drop-wise while
stirring continuously for approximately 3 hours. The mixture is centrifuged at 6000 rpm
for 6 minutes and washed with deionized water. The purified nanoparticles are dried in
an oven at 70◦ C for 24 hours, resulting in Ag@SiO2 core-shell nanoparticles.

4.1.2.3 Synthesis of Fe3O4 and Fe3O4@SiO2 Nanoparticles

The synthesis of Fe3O4 NPs starts by dissolving 0.55 g of FeCl3 · 6H2O in 30 mL of
ethylene glycol at 100◦ C with magnetic stirring. To this solution, 0.45 g of sodium acetate
is added and stirred for 1 hour and 40 minutes. Following this, 0.1 g of tri-sodium citrate
is introduced and stirred for an additional 20 minutes. The mixture is then transferred to
a stainless steel autoclave and heated at 200◦ C for 11 hours. After heating, the mixture
is centrifuged at 8000 rpm for 10 minutes, washed with ethanol and deionized water, and
dried under vacuum at 70◦ for 12 hours to obtain Fe3O4 nanoparticles.
To create Fe3O4@SiO2 core-shell nanoparticles, 0.1 g of Fe3O4 nanoparticles is dispersed
in a mixture of 45 mL ethanol, 15 mL deionized water, and 1 mL ammonia solution. This
solution is ultrasonicated for 1.5 hours. Following this, 0.45 mL TEOS is added drop-
wise and stirred continuously for 2.5 hours. The nanoparticles are washed with deionized
water and dried under vacuum at 70◦ C to form Fe3O4@SiO2 core-shell nanoparticles.
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4.1.2.4 Synthesis of Ni and Ni@SiO2 Nanoparticles

Nickel (Ni) nanoparticles are synthesised by preparing a solution of 5 mL of 0.1 M
NiCl2 · 6H2O in ethylene glycol. To this solution, 3 mL of ethylene glycol is added
and mixed at 80◦ C with magnetic stirring. Subsequently, 0.5 mL of hydrazine hydrate
is added drop-wise, followed by 1.5 mL of NaOH. The solution is stirred until it turns
black, indicating the formation of Ni nanoparticles.

To produce Ni@SiO2 core-shell nanoparticles, 0.1 g of Ni nanoparticles is dispersed in
a mixture of 45 mL ethanol, 15 mL deionized water, and 1 mL ammonia solution. The
solution is ultrasonicated for 1.5 hours. Then, 0.45 mL TEOS is added drop-wise and
stirred continuously for 2.5 hours. The nanoparticles are washed with deionized water
and dried under vacuum at 70◦, resulting in Ni@SiO2 core-shell nanoparticles.

4.2 Characterisation of Nanoparticles

Characterisation of the synthesised nanoparticles was conducted using the following
techniques:

4.2.1 Transmission Electron Microscopy (TEM)

The TEM instrument used is a FEI Tecnai T12a, operating with an accelerating voltage
up to 120 kV. The microscope features a LaB6 electron source, known for its bright and
stable emission, which contributes to the high-quality imaging capabilities of the system.
With a point-point resolution of 0.34 nm and a line resolution of 0.2 nm. The Tecnai
T12 supports magnifications up to 110,000x, allowing for samples at the nanoscale to
be explored. It also boasts a specimen tilt range from −50◦ to +50◦, enabling different
viewing angles for comprehensive analysis. The TEM is equipped with various specimen
holders to accommodate single tilt, cryo, and room temperature samples, addressing a
broad spectrum of experimental setups. Furthermore, with a drift rate of less than 1 nm
per minute, it ensures stability and accuracy in imaging over extended periods.

4.2.2 Ultraviolet-Visible Spectroscopy (UV-Vis)

The UV-Vis- NIR - 500 Cary Spectrometer was used to characterise the optical properties
of the plasmonic and magnetoplasmonic nanoparticles. The instrument operates using
the dual beam method to allow for baseline calibration in the absorption, transmission
and reflection modes. This instrument provided detailed information on the optical ab-
sorption properties across the UV, visible, and NIR regions. For plasmonic nanoparticles,
we measured the surface plasmon resonance (SPR) to gain insights into their size, shape,
and dielectric environment. For magnetoplasmonic nanoparticles, we analysed shifts and
changes in the SPR peak under applied magnetic fields to understand the interplay be-
tween plasmonic and magnetic properties.

4.2.3 X-ray Diffraction (XRD)

The Bruker D2 PHASER XRD was used to determine the structural phases of magne-
toplasmonic nanoparticles due to its superior alignment at an accuracy of ±0.02◦ in 2θ
over the entire angular range, ensuring precise and accurate data. The detector offers
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an energy resolution better than 380 eV, which is four times the efficiency of traditional
detectors. This high-resolution detector allows for fast data acquisition and superior
filtering of unwanted radiation, leading to outstanding peak-to-background ratios and
improved detection limits.

The D2 PHASER supports a 2θ range from −5◦ to 150◦ and φ rotation of 360◦. The
detector has 192 channels, making it ideal for a variety of applications, including particle
sizing for nano-powders and phase identification.

4.2.4 Raman Spectroscopy

Raman spectroscopy was used for studying NPs and due to its ability to provide
detailed information about molecular vibrations, crystal structures, and chemical
compositions. It can assess the crystalline quality of the nanoparticles, revealing changes
in crystallinity through peak shifts and widths, and detect strain and stress induced
by nanoparticles. Raman spectroscopy also aids in studying plasmonic effects, with
surface-enhanced Raman scattering (SERS) providing insights into light-nanoparticle
interactions. Electron-phonon interactions at nanoparticle interfaces, crucial for charge
carrier dynamics, can also be investigated.

The Raman spectra were measured using the 514.5 nm line from a Lexel Model 95-SHG
argon ion laser, paired with a Horiba LabRAM HR Raman spectrometer and an Olympus
BX41 microscope attachment. The incident laser beam was focused onto the sample
with a 100x objective (N.A. = 0.90), and the backscattered light was dispersed through
a 600 lines/mm grating onto a liquid nitrogen-cooled CCD detector. Data capture and
processing were performed using LabSpec v5 software. To prevent a heat-induced phase
transition to haematite, the laser power at the sample was maintained at a very low level
(0.04 mW) for the magnetite samples. The spectrum acquisition time for these low-power
measurements was set to 120 seconds and averaged over three measurements.

4.2.5 Vibrating Sample Magnetometry (VSM)

The magnetic properties of Fe3O4 NPs and Fe3O4@SiO2 core-shell nanostructures were
characterised using the vibrating sample magnetometer of the DynaCool 12T Physical
Property Measurement System (PPMS). Hysteresis loops were obtained over a temper-
ature range from 0 K to 300 K to examine the magnetisation mechanisms within the
NPs. Furthermore, zero-field-cooled (ZFC) magnetisation was analysed as a function of
increasing temperature at an external magnetic field strength of 100 Oe.

4.3 Results and Discussion

4.3.1 Morphology of Plasmonic and Magnetoplasmonic Nanostructures for
Shape and Size Dependence (TEM)

The morphology of these nanostructures is related to the aspect of quantum confinement
in which the size, shape and monodispersity determines the optoelectronic properties
of these materials in the embedded media. Hence in this subsection, the size, shape
and dimensions of the core and shell will be discussed to establish the physical and
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geometrical characteristics of these nanostructures.

4.3.1.1 Plasmonic NPs

Figure 4.1: Image (a) shows image of Au NPs with 20 nm diameter, (b) shows how the
Au NPs are distributed on the surface, (c) shows the image of Au@SiO2 spheres having
an average diameter of 69.8 nm and (d) shows the size distribution of the core-shell
Au@SiO2 NPs.

The TEM images provide detailed insights into the morphology of the plasmonic
nanostructures under investigation. The Au NPs depicted in Figure 4.1 (a) exhibit a
uniform dispersion across the substrate, with a predominantly spherical morphology.
This uniformity in shape is crucial for plasmonic applications, as it ensures consistent
shallow absorption profiles with reduced broadening optical properties across the sample.
The size distribution of these Au NPs have been determined using ImageJ software from
a chosen distribution of nanoparticles. The average size of the core in the NP is in the
range 26 ± 3.56 nm. The dispersion in the size of the Au NPs enables the investigation of
size dependent plasmonic resonances. The dependence of size on the optical absorption
in an ensemble of NP is to increase the number of localised surface plasmonic resonance
leader to broader peaks. In the case where the spherical symmetry is broken then more
than one mode is observed. For an elliptical shaped Au NPs, this can be imagined
as two spherical nanoparticles that are in close proximity (a tight fit), there will be a
longitudinal and a transverse plasmonic mode coexisting in the excitation.

Magnetic nanoparticles have been found to be sensitive to their surrounding and their sur-
face requires passivation, which is usually carried using a shell, predominant of an oxide
such as SiO2. This prevents further reactivity of the surface and changes in the properties
of the NP. The same can also be considered for Au NPs which are stabilised using shell
structures around their core. Figure 4.1 (c) reveals a variety of sizes for these complex
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structures. The corresponding size distribution is shown in Figure 4.1 (d), emphasising
the diversity in dimensions that can be achieved through careful synthesis. The TEM
images of these core-shell NPs highlight their composite nature, where the core (dark)
is encapsulated by a silica shell (brighter material). A notable observation from these
images is that the NPs predominantly consist of single core structures, with only a minor
fraction forming aggregates containing more than one core. This observation suggests a
high degree of control in the synthesis process, minimising the formation of aggregates
that could adversely affect the uniformity and reproducibility of the plasmonic properties.

The morphology analysis of these Au plasmonic nanostructures via TEM images
show that these nanoparticles have near spherical shape with an average diameter of
20 ± 3.56 nm. Their size distribution is homogeneous for both Au and Au@SiO2

nanoparticles. The ability to achieve a uniform dispersion of spherical Au NPs and to
control the size distribution of both Au NPs and Au@SiO2 core-shell NPs underlines
the sophistication of the synthesis techniques employed, paving the way for the devel-
opment of advanced regular plasmonic nanomaterials with tailored optical functionalities.

Figure 4.2: Image (a) shows image of Ag NPs with 20 nm diameter, (b) shows how the
Ag NPs are distributed on the surface, (c) shows the image of Ag@SiO2 spheres having a
diameter of ≈ 24 nm and (d) shows the size distribution of the core-shell Ag@SiO2 NPs.

The morphology studies presented in Figure 4.2 underscore the synthesis of well-defined,
regular-shaped nanoparticles of pure Ag. A notable feature of these NPs is their low
degree of agglomeration, which is critical for applications requiring uniform dispersion
and consistent inter-particle distances for reproducible plasmonic responses.

The comparison of the bare Ag NPs to Au NPs reveals that both types of NPs possess
an identical diameter of around 20 ± 3.56 nm. This uniformity in size between different
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metallic NPs allows for a direct comparison of their plasmonic properties. Here the
electron density and the effective mass of the electrons in these nanostructures should
provide the distinct optical property contrast.

On the other hand, the Ag@SiO2 core-shell NPs exhibit an average diameter of approx-
imately 24 nm. This size is significantly smaller than that of the Au@SiO2 core-shell
NPs, indicating a distinct difference in the size increase due to the silica coating process.
This discrepancy suggests that the silica shell thickness might be controlled differently
or that the core material influences the efficiency of silica deposition. The phenomenon
of the core Ag NPs appearing smaller after adding a shell of SiO2 using the Stöber
method can be attributed to the process of adding the shell. When a shell of SiO2 is
deposited onto the Ag NPs, it can lead to changes in the overall size perception due
to the addition of the SiO2 layer around the core [578, 579]. This process is commonly
observed in core-shell SiO2 synthesis methods like Stöber’s method [580,581].

The size comparison between the bare and core-shell nanoparticles of Ag and Au high-
lights the influence of both the core material and the shell thickness on the final size of
the nanostructures, which in turn affects their plasmonic properties.

4.3.1.2 Magnetoplasmonic NPs

Magnetoplasmonic Properties of Fe3O4 and Fe3O4@SiO2

Figure 4.3: (a) Bright Field TEM (BFTEM) showing the distribution of Fe3O4 NPs on a
carbon film, (b) the Selected Area Electron Diffraction Pattern (SAEDP), (c) Dark Field
TEM (DFTEM) showing the distribution of Fe3O4 NPs on a carbon film, (d) BFTEM
showing the distribution of Fe3O4@SiO2 core-shell NPs on a carbon film, (e) SAEDP of
Fe3O4@SiO2 core-shell NPs and (f) DFTEM showing the distribution of Fe3O4@SiO2

core-shell NPs on a carbon film.

Figure 4.3 (a) presents the bare Fe3O4 NPs, showcasing their well-defined spherical
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morphology with an average diameter of approximately 150 nm. This observation is
crucial for evaluating the size-dependent magnetic properties of the NPs, which are
influenced by their diameter.

The Selected Area Electron Diffraction Pattern (SAEDP) depicted in Figure 4.3 (b)
reveals distinct diffraction rings. These rings correspond to the various reflections
characteristic of polycrystalline Fe3O4, thus confirming the crystalline phase of spinel
structure attributed to the Fe3O4 NPs. Notably, the red circles in both Figures 4.3
(b) and (e) highlight the reflection spot used for acquiring Dark-Field TEM (DFTEM)
images, underscoring the methodological approach taken for detailed structural analysis.

Figure 4.4: High-resolution BFTEM images showing the distribution of the SiO2 NPs on
the surface of the magnetite NPs. These NPs have an average particle size of about 20
nm in diameter.

In Figure 4.3 (c), the Dark Field Transmission Electron Microscope image showcases
a diffraction spot that aligns with the prominently featured NPs, corroborating their
composition as Fe3O4. This alignment between the diffraction spot and the NPs sub-
stantiates the polycrystalline nature of the Fe3O4 NPs. Conversely, the spots observed
in Figure 4.3 (e) do not correspond to any Fe3O4 reflections but rather emanate from
smaller NPs adjacent to the Fe3O4 NPs. This discrepancy in DFTEM analysis suggests
the presence of a new phase within the sample, potentially indicating the formation of
composite or hybrid structures.

The BFTEM in Figure 4.4 shows the particle size distribution and structural pattern
of the nanoparticles. The SiO2 NPs exhibit a spheroidal morphology with an average
particle size of approximately 20 nm in diameter where they coalesce to form the
shell structure. The intimate contact between the SiO2 and magnetite NPs observed
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Figure 4.5: (a) High Angle Annular Dark Field (HAADF) image and the corresponding
energy dispersive x-ray spectroscopy (EDXS) maps for Fe3O4 NPs and (b) High Angle
Annular Dark Field image and the corresponding EDXS maps for Fe3O4@SiO2 core-shell
NPs.

indicates the possibility of a synergistic interaction between the magnetic and plasmonic
components, which is hypothesised to result in enhanced performance for applications
that exploit their combined properties.

The elemental composition analysis, illustrated in Figure 4.5 (a), demonstrates a uniform
distribution of iron (Fe) and oxygen (O) within the NPs. This uniformity is critical for
ensuring consistent magnetic and optical properties across the sample. Importantly,
there is no detectable silicon (Si) elemental map in this sample, indicating the absence
of silica in the bare NPs.

Furthermore, Figure 4.5 (b) showcases the (STEM-EDS) maps for the Fe3O4@SiO2

samples. These maps confirm the uniform distribution of Fe and O within the core of
the NPs, while also detecting the presence of Si on the surface/shell of the NPs.

Magnetoplasmonic Properties of Ni and Ni@SiO2

For sample preparation for TEM, the bare Ni NPs were first dispersed in ethanol. To
ensure a uniform distribution, the solution was sonicated for 30 minutes. This sonication
step is critical as it prevents agglomeration, allowing for more accurate morphology
characterisation. After sonication, the Ni NPs were deposited onto a TEM copper grid
that was coated with a carbon (C) film. This C film provides a stable background for
TEM imaging. The grid was left to air dry for 15 minutes to evaporate the ethanol
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Figure 4.6: BFTEM showing the distribution of aggregated Ni NPs on a carbon film, (b)
HAADF image of Ni NPs, (c) BFTEM showing the distribution of Ni@SiO2 core-shell
NPs on a carbon film (d) HAADF image of Ni@SiO2 core-shell NPs.

solvent, which ensures that only the NPs remain on the grid. Subsequently, the grid was
placed in the TEM for imaging.

BFTEM and HAADF imaging techniques were employed to study the Ni NPs. These
imaging modes provide different contrast mechanisms, thereby giving complementary
information about the NPs. The BFTEM images in Figure 4.6 (a) displayed the size
and morphology of the NPs, while HAADF imaging in Figure 4.6 (b) offered additional
detail due to its sensitivity to variations in atomic number.

Following a similar preparation procedure as the bare Ni NPs, the Ni@SiO2 core-shell
NPs were dispersed in ethanol and sonicated for 30 minutes. The sonication process not
only aids in dispersion but also helps in the detachment of any loosely bound aggregates.
The Ni@SiO2 NPs were then applied onto a TEM copper grid with a C film and left
to air dry for 15 minutes. The reduction in the melting point of Ni and the presence of
eddy currents could contribute to the agglomeration of the NPs due to the competition
between surface and bulk energies/effects [582].

The lack of contrast in the shell layer surrounding the Ni-NPs could be attributed to
the similarity in electron density between Ni and SiO2. This similarity is evident when
considering the atomic numbers, where ZNi = 28 and ZSiO2

= 24 [583]. The comparable
electron densities of these elements, influenced by their atomic numbers, may lead to a
lack of noticeable contrast in the shell layer surrounding the Ni NPs.
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It is not possible to see the SiO2 shell with HAADF imaging technique because SiO2

is a low atomic number material that does not provide sufficient contrast in HAADF
imaging. HAADF imaging relies on the atomic number of elements to generate contrast,
and since SiO2 has a low atomic number, it appears transparent or does not produce a
strong signal in HAADF images [584].

Imaging of the core-shell NPs was conducted using BFTEM and HAADF and the
resulting images are presented in Figures 4.6 (c) and (d), respectively. The images
reveal a core-shell structure of Ni@SiO2 in which Ni forms the core of the structure of
diameter 350 nm while the SiO2.

The uniform size and shape of these NPs are indicative of the controlled synthesis
process, which is needed for the correlation of morphology and physical properties
requisite for magnetoplasmonic applications.

Figure 4.7: (a) HAADF imaging alongside EDXS mappings, (b) for Ni, (c) Si, (d) O, (e)
C, and (f) the aggregate weight percentages within Ni NPs.

The HAADF image of Figure 4.7 (a) provides a clear representation of the morphology
of the NPs, by decoupling the elemental distribution within the NP. This is crucial
for the verification of the shell coverage and homogeneous distribution of the electron
density in the NPs. Concurrently, the STEM-EDS maps furnish a detailed picture of
the elemental distribution within these structures. The maps indicate that the NPs
have a predominant composition of Ni in Figures 4.7 (b) and (f), which is consistent
with the designed synthesis parameters aimed at creating Ni-based magnetoplasmonic
characteristics.
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However, the presence of Si and O in Figures 4.7 (c) and (d) signals in the EDXS
maps could suggest either contamination or oxidation events that may have transpired
during sample preparation. Such occurrences are not uncommon in sample handling and
may arise from various sources, including environmental exposure or interaction with
preparation materials [585, 586]. On a related note, the C map clearly in Figure 4.7 (e)
delineates the carbonaceous film utilised to support the NPs during their transfer onto
the copper grid. This carbon layer is instrumental in stabilising the sample and is a
routine inclusion in TEM sample preparation.

These findings are pivotal in understanding the nuances of nanostructure formation
and the potential implications of sample handling and environment on the integrity
and purity of the nanostructures. Further investigations could elucidate the specific
origins of the Si and O signals and confirm whether they are indeed artefacts of sample
preparation or integral components of the NPs. Such insights would be beneficial in
refining the synthesis and handling processes to enhance the purity and performance of
these magnetoplasmonic structures in their respective applications.

Figure 4.8: (a) HAADF imaging alongside EDXS mappings, (b) for Ni, (c) Si, (d) O, (e)
C, and (f) the aggregate weight percentages within Ni@SiO2 core-shell NPs.

The HAADF image in Figure 4.8 (a) reveals the structural outline of the NPs,
while the corresponding EDXS maps in Figures 4.8 (b) to (f) delineate the elemen-
tal distribution within these entities. From these mappings, it is evident that the
core of the NPs is predominantly Ni, as shown by the intensity of the signals in
the Ni map in Figure 4.8 (b). Surrounding the nickel core is a shell composed of Si
and O, constituents of SiO2, which manifests as a concentric layer enveloping the Ni core.
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In comparison to the observations made in Figure 4.7, there is a notable increase in
the elemental percentages of Si and O, suggesting a more substantial presence of the
SiO2 shell in these particular NPs. The uniformity of the Si-O shell is remarkable,
and the EDXS maps indicate a homogeneous distribution of these elements across the
entire shell region. The thickness of the SiO2 shell is measured to be approximately 40
nm, contributing to the overall stability and morphological integrity of the NPs. Fur-
thermore, the C map highlights the carbonaceous film utilised during sample preparation.

Further analysis was carried out for the Ni@SiO2 core-shell NPs. The acquired TEM
images provided insight into the elemental distribution within the samples. EDXS
mapping was used to elucidate the spatial presence of Ni and Si elements within the
NPs.

Figure 4.9 (a) presents the EDXS map overlaid on the TEM image, highlighting the
regions rich in Ni (green) and Si (turquiose). As seen from the colour coded image, Ni is
distributed homogeneously from the core extending radially outward up to the thin shell
of Si(SiO2). To further determine the elemental distribution with the nanoparticle, a
line scan was measured across the NP. This is depicted by the white broken line which
quantifies by weight percent of the constituent elements in the NP. The data extracted
from this analysis, shown in Figure 4.9 (b), reveals a pronounced increment in the
weight percentage of Si, reaching approximately 35% at the surface of the NP in con-
trast to the core. This gradient confirms the formation of a SiO2 shell around the Ni core.

Figure 4.10 (a) showcases a HAADF image with a red point indicating where the
electron beam was centered during the EDXS measurement. The corresponding EDXS
spectrum, detailed in Figure4.9 (b), qualitatively illustrates the elemental composition
of the sample from their respective X-ray lines, substantiating the presence of Ni and Si.
It is notable that the spectrum includes a Cu-K line associated with the Cu TEM grid
on which the NPs are supported.
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Figure 4.9: The images labeled (a) illustrate the STEM-EDS mapping of samples con-
taining Ni and Si elements, as well as the associated line scan denoted by a white line.
Image (b) depicts the plot of the atomic weight percentages of these elements.
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Figure 4.10: In image (c), we observe the electron beam targeted at the red mark seen
in the HAADF image. Lastly, image (d) presents the EDS spectrum that reveals the
elemental makeup of theNi@SiO2 core-shell NPs.
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4.3.2 Optical Spectroscopy

4.3.2.1 Plasmonic NPs

(a) (b)

Figure 4.11: Optical absorption spectra of (a) SiO2 , Au and Au@SiO2 NPs, and (b) Ag
and Ag@SiO2 NPs.

The absorption spectra depicted in Figure 4.11 (a) for the Au NPs exhibit a broad LSPR
peak at 550 nm. To determine the formation and the optical properties of the NP@SiO2

co-shell structures, SiO2 NP were also investigated. In contrast, the characteristic LSPR
of SiO2 NPs was observed around 510 nm, but with a higher peak intensity compared to
that of the Au NPs. The Au@SiO2 core-shell NPs show a LSPR peak at approximately
510 nm, yet with a significantly enhanced peak intensity relative to the bare Au and
SiO2 NPs. This phenomenon indicates that the LSPR peak position is blue-shifted by
the SiO2 coating. This effect can be attributed to the alteration of the dielectric constant
of the surrounding medium upon encapsulation, as supported by references [587,588].

This trend is further corroborated in Figure 4.11 (b), where the absorbance of Ag NPs
is observed to increase upon the addition of a SiO2 shell, even when the shell’s size is
augmented by 15 nm, from 53 nm to 68 nm. This increase in size enhances the spectrum’s
peak of the core-shell nanostructures, suggesting that the presence of the SiO2 shell not
only affects the peak intensity but also potentially modifies the optical properties of the
NPs through changes in the local dielectric environment. These observations underscore
the critical role of the dielectric coating in modulating the optical properties of plasmonic
NPs, pointing towards a tunable approach for optimising their plasmonic responses for
various applications.

4.3.2.2 Magnetoplasmonic NPs

Figure 4.12 (a) presents the optical absorption characteristics of Fe3O4 and Fe3O4@SiO2

NPs, as determined through Diffuse Reflectance Spectroscopy. Notably, the plasmonic
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Figure 4.12: Optical absorption spectra of (a) Fe3O4 and Fe3O4@SiO2 , (b) Ni and
Ni@SiO2 NPs of various sizes.

resonance of the core-shell structures is situated within the visible spectrum. A clear
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size-dependent behaviour in the plasmonic effects is observed, with larger NPs (200 nm
Fe3O4) demonstrating reduced absorbance. This pattern is indicative of a transition
where scattering becomes more dominant than absorption in these larger magnetoplas-
monic nanostructures. For NPs sized at 30 nm and 50 nm, a consistent monotonic
increase in absorbance is noted as the wavelength of incoming light decreases, with only a
marginal difference in the optical absorption profiles between the two sizes, both peaking
in the UV region. The integration of a SiO2 shell around the Fe3O4 core modifies the ab-
sorbance profile similarly for both 30 nm and 50 nm cores, although the 30 nm core-shell
NPs show a more pronounced increase in absorbance from the red end of the spec-
trum. This behaviour suggests an enhanced electromagnetic field and magneto-activity
around the NPs upon resonance, reflecting a general trend seen in noble metals like gold
and silver where larger NPs primarily scatter light, while smaller ones are more absorbent.

Remarkably, the optical absorption of Fe3O4@SiO2 NPs under 500 nm wavelength is
enhanced by three orders of magnitude compared to the uncoated Fe3O4 NPs. This
indicates a significant improvement in absorption at shorter wavelengths for core-shell
nanostructures with the SiO2 layer. However, at lower wavelengths, the optical response
of the core-shell NPs exhibits considerable noise, potentially due to interface roughness.

Subsequent findings pertaining to Ni NPs and their composite forms with SiO2 coatings
are detailed in Figure 4.12 (b). The spectral analysis showcases distinctive resonance
phenomena within specific frequency ranges, characterised by substantial absorption
or scattering of certain light frequencies. The variation in NP size reveals pronounced
plasmonic effects, with some absorption peaks surpassing the geometrical absorption of
the NPs.

The addition of SiO2 coatings to the magnetic NPs results in red-shifted and broadened
LSPR peaks, as opposed to the spectra of the bare magnetic NPs. This finding high-
lights the significant role of the SiO2 coating in modulating the optical response of the
magnetoplasmonic NPs, suggesting a substantial impact on their plasmonic behaviour.
The conducted optical spectroscopy of magnetoplasmonic NPs elucidates the influence
of NP size and surface coatings on their light absorption and scattering properties.
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4.3.3 X-Ray Diffraction Measurements

Fe304 NPs
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Figure 4.13: XRD pattern of (a) Fe3O4 and (b) Fe3O4@SiO2 NPs. The diffraction
patterns were compared to the known spectra of Fe3O4 [589–592].
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The crystalline structure and purity of powdered magnetic nanoparticles were scrutinised
through X-ray diffraction (XRD) analysis. Specifically, the XRD patterns of the Fe3O4

NPs are depicted in Figure 4.13 (a), alongside the Rietveld refined pattern. The observed
diffraction peaks were indexed to correspond to the face-centered cubic (FCC) structure,
underpinning the magnetite’s Fd-3m space group, as per the standards of the Inorganic
Crystal Structure Database (ICSD) reference number 26410.

Through Rietveld refinement, it was possible to deduce the average particle size and the
lattice parameter with a significant degree of accuracy. The average crystallite particle
size of the Fe3O4 NPs was estimated to be 8.68 ± 0.0843 nm. Concurrently, the lattice
parameter was determined to be a = 8.37 ± 0.0110 Å.

Moreover, the analysis extended to the Fe3O4 NPs encapsulated with a SiO2 shell, as
showcased in Figure 4.13 (b), which demonstrates their dielectric environment compared
to non-encapsulated NPs. The average particle size for the Fe3O4@SiO2 NPs was
calculated to be 12.14 ± 0.472 nm. This increase in size, compared to the uncoated
Fe3O4 NPs, can be attributed to the SiO2 shell enclosing the Fe3O4 NP core.

XRD measurements provided insightful data on the crystalline structure, purity, and
particle size of the magnetic NPs.
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Figure 4.14: XRD patterns of Ni NPs. The pattern was compared with the known spectra
of Ni [593–596], confirming the composition of the resulting NPs.

Figure 4.14 illustrates the typical XRD pattern for the prepared Ni NPs. The diffraction
peak observed within this pattern can be accurately indexed to an FCC crystal structure
lattice parameters, characterised by the Fm-3 space group. This structural identification
corresponds with the entries for nickel in the ICSD-52265, confirming the crystalline
nature of the synthesised sample.
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The outcome of the refined XRD analysis reveals that the average particle size of
the Ni NPs is 19.2 nm. Furthermore, it underscores their nano-scale dimensionality,
highlighting the effectiveness of the synthesis and refinement methods employed in
accurately characterising the materials at the nanoscale.

4.3.4 Structural Properties by Raman Spectroscopy

Raman spectroscopy was utilised to verify the presumed crystalline structure of iron
oxides across varied compositions. Magnetite belongs to the O7

h space group, encom-
passing 14 vibrational modes. Out of these, A1g, Eg and 3T2g represent the five Raman
active modes [597]. The spectra collected at ambient temperature reveal a pronounced
peak around 684 cm−1 and it is associated with the A1g mode. This peak signifies the
symmetric stretching of oxygen atoms along the Fe-O bond. The Eg and 3T2g modes,
observed at 380 cm−1 and 370 cm−1 respectively, are too faint to be distinguished within
the spectra. The presence of these vibrational modes is indicative of magnetite and cor-
roborates with modes related to a cubic phase, as documented in the literature [598–600].

Moreover, core-shell nanostructures exhibit broader peaks in comparison to the pure
magnetite spectrum. This amplification in Raman intensity is likely due to the surface-
enhanced Raman scattering (SERS) effect, which enhances the local electromagnetic
field owing to plasmon resonances in Fe3O4@SiO2 core-shell NPs. In the realm of
thermal stability, the magnetite phase initially transitions into maghemite and ultimately
transforms into hematite upon heating in air [601]. Such a transformation is readily
facilitated by excessively high laser power. This phenomenon is conspicuously observed
in Figure 4.15 (a), where the magnetite (depicted in red spectrum) transitions into
hematite (illustrated in brown spectrum) following an increase in laser power from 0.04
mW to 0.4 mW, with the excitation wavelength maintained at 514.5 nm for both instances.

The Raman spectrum of Ni, as presented in Figure 4.15 (b), showcases a notable Raman
band at approximately 522 cm−1. This finding is consistent with earlier research by
Gellini et al. (2017) [602], which documented a Raman band for Ni within the 505-530
cm−1 range. Thus, the observed Ni spectrum concurs with existing literature [603–607],
affirming the presence of characteristic spectral features related to the Ni stretching mode.
Collectively, the identified spectral characteristics within the Ni spectrum offer critical
insights into the chemical composition of the material under examination and substantiate
its characterisation as Ni.
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Figure 4.15: XRD pattern of (a) Fe3O4 and (b) Fe3O4@SiO2 NPs. The diffraction
patterns were compared to the known spectra of Fe3O4 [589–592].
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4.3.5 Magnetic Measurements

Fe3O4 NPs at 300 K
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Figure 4.16: Magnetic hysteresis loop of (a) Fe3O4 NPs and (b) Fe3O4@SiO2 core-shell
NPs. The fit uses a modified Langevin function at 300 K.

From the hysteresis loops depicted in Figure 4.16, we could deduce several key parameters
employing the 1

H
law [608] and incorporating the Langevin function for data analysis.
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These parameters include the saturation magnetisation (Ms) and the average particle
diameter (D). By integrating a paramagnetic term into the Langevin function, the
following relation was derived [609]:

M(H) = Ms



coth

(

µpH

kBT

)

−
kBT

µpH



+ χaH (4.1)

Here, µp, the magnetic moment per particle, is given by:

µp =
MsπD3

6
(4.2)

In equation (4.1), kB represents the Boltzmann constant, and χa denotes the high-field
susceptibility, which correlates to the assumed paramagnetic surface contributions within
the NPs. Consequently, equation (4.1) simplifies to:

M(H) = Ms
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coth

(

µpH

kBT

)

−
kBT

µpH



 (4.3)

Analysis of Figure 4.16 (a) for Fe3O4 NPs revealed that Ms is 0.280 emu/g, µp is
173.7µB, and the average diameter (D) is 22.2 ± 2.1 nm. For the Fe3O4@SiO2 core-shell
nanostructures, as shown in Figure 4.16(b), the findings were Ms = 0.0339 emu/g ,
µp = 78.2µB , and D = 34.4 ± 2.3 nm.

It is important to note that nanometer-sized ferrimagnetic or ferromagnetic particles
exhibit superparamagnetic behaviour, characterised by a significant magnetic moment
and unstable orientation due to thermal fluctuations. This instability arises when the
thermal ambient energy exceeds the magnetic anisotropy energy [610]. In the regime
where the ratio µpH

kBT
is much less than 1, at high temperatures, equation (4.3) simplifies

further to [611]:

M(T ) =
HM2

s

3kBT
(4.4)

This simplification aids in understanding the thermal behaviour and magnetic properties
of these NPs at elevated temperatures, highlighting their potential applications and the
physics governing their magnetic responses.

Each individual magnetic NP possesses a characteristic temperature known as the
blocking temperature (TB), which signifies the transition from a state where the
magnetic moment is kinetically responsive to one where it is kinetically unresponsive as
the temperature (T) decreases. The magnetic moment M(T) is null for temperatures
below TB (T < TB) and increases for thermally unblocked NPs at temperatures above TB
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(a)𝐹𝑒3𝑂4@𝑆𝑖𝑂2 

(b)

Figure 4.17: Temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC)
magnetisation in a 0 and 100 Oe measuring field of (a) Fe3O4 NPs and (b) Fe3O4@SiO2

core-shell NPs.

(T > TB). The plots displayed in Figure 4.17 illustrate the Zero-Field Cooled (ZFC) and
Field Cooled (FC) conditions, enabling the determination of the distribution parameters
of the blocking temperatures for individual particles in a non-interacting scenario.
Analysis of Figure 4.17 reveals that, with increasing temperature, the particles acquire
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sufficient thermal energy to surmount the energy barrier, altering their magnetisation
direction to align with the external magnetic field. Consequently, an initial increase in
magnetisation with rising temperature is observed for the ZFC curve. Upon reaching
a certain temperature, the particles exhibit superparamagnetic behaviour, leading to a
net decrease in magnetisation. This phenomenon is ascribed to the particles obtaining
ample thermal energy to oscillate between parallel and antiparallel states with respect
to the applied magnetic field.

A notable peak in the ZFC magnetisation curve is identified at a blocking temperature
of 28.1 K, with the breadth of the ZFC data predominantly influenced by the NP size
distribution within the sample, as illustrated in Figure 4.17 (b). A discernible trend
emerges, where smaller NPs attain a blocked state at lower temperatures, while larger
NPs remain unblocked at elevated temperatures. It is critical to acknowledge that at
high temperatures, the ZFC and FC curves exhibit a near-identical profile. However, as
temperature diminishes nearing TB, a divergence between the curves becomes evident.
This behaviour suggests that below TB, NPs exhibit ferrimagnetic characteristics, whereas
above TB, they transition to a superparamagnetic state.

4.3.6 J-V Characterisation of Magnetoplasmonic and Plasmonic Incorpo-
rated Si PV Devices

The investigation into the optimum concentration of Fe3O4 NPs for enhancing the
efficiency of Si PV devices is critical for maximising their power conversion efficiency. In
this study, Fe3O4 NPs were deposited onto the surface of pristine Si PV devices at five
different concentrations, as detailed in Table 4.1. The effect of these concentrations on
the photovoltaic performance was meticulously analysed, focusing on the key parameters
of J-V characteristics such as short-circuit current (Jsc) and open-circuit voltage (Voc).

The increase in built-in voltage for a silicon solar cell with a high concentration of Fe3O4

NPs (2M) can be attributed to several factors involving the properties and interactions of
the NPs with the silicon substrate. Firstly, Fe3O4 NPs possess strong optical properties,
including enhanced light absorption in the visible spectrum, which can increase the
generation of electron-hole pairs, thus boosting the photo-generated voltage [612, 613].
Additionally, at higher concentrations, these NPs might improve surface passivation of
the solar cell, reducing recombination losses and increasing efficiency. The presence of
Fe3O4 NPs can also alter charge carrier dynamics by introducing localised electric fields
or acting as trap sites, which affects charge separation and collection [614]. Further-
more, interactions at the NP-silicon interface might modify the semiconductor’s band
structure, influencing the built-in electric field. While an increase in series resistance
could occur due to NP aggregation at very high concentrations, this effect might be
offset by other benefits such as enhanced light trapping or improved passivation [367,615].

The dark current in Figure 4.18 (b) in the reverse bias condition increases with higher
concentrations, which in turn leads to a decrease in photocurrent. This trend can be
crucial in understanding efficiency losses in solar cells. Additionally, the characteristic
of dark current density versus voltage indicates that the built-in voltage predominantly
exists around V = 0. However, higher concentrations are associated with a shift in
the built-in field, which may be a contributing factor to the observed reduction in
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Figure 4.18: (a) shows the J-V characteristics for the pristine device and when it is
incorporated with Fe3O4 NPs at different concentrations illuminated with light (1 sun
through 1.5 AM filter). (b) shows the J-V dark conditions for all the samples.

open-circuit voltage (Voc). In the forward bias case, the J-V characteristics reveal
distinct regimes: there is a linear regime followed by a field-dependent mobility regime,
characterised by a quadratic dependence on voltage (V 2). These findings suggest
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complex interactions between material properties and device performance under different
electrical.

Table 4.1: Summary of the performance of a-Si solar cells incorporated with optimised
magnetoplasmonic NPs at different concentrations.

Device Jsc(mA/cm2) Voc(V) FF(%) PCE(%) Rs Rsh

±3.6 ±0.02 ±1.2 (Ω · cm2) (Ω · cm2)

Pristine 35.5 0.57 37.7 7.64 9.55 119

±0.8 ±0.04 ±1.9

0.25 M Fe3O4 30.8 0.52 48.2 7.79 13.1 122

±0.8 ±0.02 ±1.6

0.50 M Fe3O4 30.4 0.52 49.5 7.86 5.86 157

±0.8 ±0.02 ±1.7

0.75 M Fe3O4 30.0 0.56 46.9 7.89 8.43 195

±0.9 ±0.03 ±3.3

1 M Fe3O4 29.9 0.55 44.0 7.12 9.25 115

±0.5 ±0.04 ±1.9

2 M Fe3O4 27.8 0.55 32.7 4.97 14.3 123

±0.1 ±0.06 ±1.9

Table 4.1 that increasing the concentration of Fe3O4 superparamagnetic NPs beyond
a 0.75 M concentration led to a degradation in photovoltaic device performance. This
deterioration is primarily manifested through a reduction in Jsc and a slight decline in
Voc compared to the pristine device. The augmentation of Jsc observed in devices with
Fe3O4 NPs suggests an enhancement in light absorption due to the plasmonic effects
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induced by the NPs. However, this benefit is counterbalanced by the adverse impacts of
high NP concentration.

This complex interplay between the beneficial plasmonic effects and the detrimental
impacts of excessive nanoparticle concentrations underscores the need for a carefully
optimised Fe3O4 NP deposition strategy. The results indicate that while a certain
level of NP incorporation can enhance light absorption and thus the photovoltaic
performance, there exists a critical concentration beyond which the adverse effects
outweigh the benefits. Understanding and controlling the mechanisms by which Fe3O4

NPs influence Si PV devices are essential for the development of highly efficient and
stable plasmonic and magnetoplasmonic photovoltaic systems [616,617].

Figures 4.18 and 4.19 present the J-V characteristics of pristine a-Si solar cells with
dimensions of 5 cm x 2.5 cm, and a similar device enhanced with plasmonic NPs,
respectively. These measurements were conducted under illumination over an area of
2cm2. The device incorporating plasmonic NPs exhibited a noteworthy increase in
photocurrent, achieving a total enhancement of 10.7%. This improvement is attributed
to the enhanced light absorption facilitated by the NPs.

Table 4.2: Summary of the performance of commercial a-Si solar cells incorporated with
plasmonic/magnetoplasmonic NPs and their core-shell nanostructures with SiO2.

Device Jsc(mA/cm2) Voc(V) FF(%) PCE(%) Rs Rsh

±3.6 ±0.02 ±1.2 (Ω · cm2) (Ω · cm2)

Pristine 35.5 0.57 37.7 7.64 9.55 119

±0.8 ±0.04 ±1.9

SiO2 36.5 0.56 40.7 8.24 8.34 166

±0.9 ±0.03 ±2.6

0.75 M Fe3O4 30.0 0.56 46.9 7.89 8.43 195

±0.9 ±0.03 ±3.3

Fe3O4@SiO2 31.0 0.53 46.9 8.27 12.7 263

±0.3 ±0.05 ±4.4
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Ni 36.5 0.56 40.7 8.24 8.32 246

±0.6 ±0.05 ±4.6

Ni@SiO2 36.6 0.57 42 8.72 8.19 126

±0.2 ±0.04 ±2.6

Ag 35.5 0.55 46.5 9.15 7.03 168

±0.2 ±0.05 ±3.6

Ag@SiO2 32.9 0.58 51.3 9.69 6.67 123

±0.3 ±0.04 ±3.3

Au 36.7 0.56 47.8 9.88 6.50 312

±0.6 ±0.03 ±5.0

Au@SiO2 36.9 0.56 51.4 10.7 5.60 122

±0.7 ±0.02 ±1.9

Significantly, the addition of a SiO2 shell to the plasmonic NPs resulted in the highest
observed Jsc among the tested configurations, surpassing both the standard plasmonic
and the magnetoplasmonic Si-cell devices. This enhancement can be attributed to the
optimal alignment between the nanoparticle’s resonance absorption and the optical
bandgap of the Si solar cells. Key performance parameters extracted from the J-V
curves, such as Jsc, Voc, FF, and PCE are summarised in Tables 4.1 and 4.2. The
incorporation of plasmonic NPs uniformly improved these metrics compared to the
reference device. Notably, PCE of the reference a-Si solar cell, initially recorded at
7.64%, increased to 9.88% upon integrating Au NPs at the front end of the device.
The highest Jsc, measuring 36.9 mA/cm2, was observed for Au@SiO2 core-shell NPs,
which also exhibited the highest PCE at 10.7%. This increment in PCE aligns with the
augmented absorption capabilities of these core-shell nanostructures, as demonstrated in
Figure 4.11 (a). The presence of Au NPs enhances light absorption through preferential
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Figure 4.19: (a) shows the J-V characteristics for the pristine device and when it is
incorporated with plasmonic, magnetoplasmonic and core-shell NPs illuminated with light
(1 sun through 1.5 AM filter). (b) shows the J-V dark conditions for all the samples.

scattering into the substrate, leveraging the LSPR effect to minimise optical losses and
improve charge transport.

Additionally, the J-V characteristic curves under dark conditions reveal notable differ-
ences in leakage current among the devices. The pristine device showed the highest
leakage, followed by those incorporating Au, SiO2, and Au@SiO2 NPs, respectively.
The disparity in leakage currents may be linked to the NPs deposition method and the
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interplay between nanoparticle thickness and device architecture.

Figure 4.18 further explores the J-V characteristics of devices enhanced with magneto-
plasmonic NPs and their core-shell counterparts. Devices incorporating Fe3O4@SiO2

NPs demonstrated superior efficiency compared to those with bare magnetite NPs.
The PCE of devices augmented with magnetite NPs increased by 1.93%, 2.80%, and
3.16% for concentrations of 0.25 M, 0.50 M, and 0.75 M, respectively. However, higher
concentrations of magnetite NPs (1 M and 2 M) diminished the PCE of the pristine
device to 6.81% and 34.9%, respectively. The application of a SiO2 shell on magnetite
NPs effectively reduced recombination losses by exploiting light scattering and LSPR,
leading to significant improvements in device performance metrics such as PCE and Voc.

The integration of plasmonic layers, specifically those comprising Au@SiO2 and
Fe3O4@SiO2 NPs, significantly enhanced the Jsc, FF, and PCE of commercial a-Si
PV devices. However, the incorporation of bare Fe3O4 NPs at higher concentrations
adversely affected the device’s performance.

4.4 Conclusion

The comprehensive study detailed in Chapter 4 has underscored the potential of
plasmonic and magnetoplasmonic nanostructures in enhancing the efficiency of silicon
PV devices. By meticulously synthesising and characterising various nanostructures,
including pristine single-component systems and SiO2-embedded core-shell structures,
significant insights into their optoelectronic properties were gained. The incorporation
of plasmonic and magnetoplasmonic nanostructures into silicon solar cells has resulted
in notable efficiency improvements. For instance, devices integrated with Au@SiO2

core-shell NPs exhibited a substantial increase in photocurrent, achieving a PCE
enhancement of up to 10.7%. This improvement is attributed to the enhanced light
absorption and scattering facilitated by the LSPR effect of the NPs.

The study demonstrated that the efficiency of silicon PV devices could be maximised by
optimising the concentration of magnetoplasmonic NPs. Specifically, Fe3O4@SiO2 NPs
at a concentration of 0.75 M yielded the highest efficiency gains without the detrimental
effects observed at higher concentrations. This finding highlights the importance of
precise (optical absorption losses) control over NP concentration to balance the ben-
eficial plasmonic effects with the potential adverse impacts of excessive NP incorporation.

Core-shell nanostructures, particularly those with SiO2 shells, have shown superior
performance compared to their bare counterparts. The SiO2 shell not only enhanced the
stability and uniformity of the NPs but also played a crucial role in modulating their op-
tical properties, leading to improved light absorption and reduced recombination losses.
The study highlighted the importance of controlling the size, shape, and dispersion of
NPs to achieve consistent and reproducible plasmonic and magnetoplasmonic properties.
TEM and other characterisation techniques confirmed the uniformity and well-defined
morphology of the synthesised NPs.

The incorporation of plasmonic and magnetoplasmonic NPs uniformly improved key
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performance metrics, Jsc, Voc, FF and PCE. For instance, the Jsc of devices incorpo-
rating Au@SiO2 NPs reached 36.9 mA/cm2, the highest observed among the tested
configurations. The presence of Au NPs enhances light absorption through preferential
scattering into the substrate, leveraging the LSPR effect to minimise optical losses and
improve charge transport.

In conclusion, the research presented in this chapter provides compelling evidence that
plasmonic and magnetoplasmonic nanostructures are viable candidates for enhancing the
performance of silicon-based solar cells. The findings lay a strong foundation for fu-
ture work aimed at further optimising NP synthesis, integration strategies, and device
architectures to achieve even higher efficiencies in solar energy technologies. These ad-
vancements hold significant promise for the development of high-efficiency, cost-effective
PV systems, contributing to the broader goal of sustainable energy solutions.
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Chapter 5

5 Morphology Tuning of OSCs with Co-Solvent Ad-

ditives

5.1 Introduction

The pursuit of efficient, cost-effective, and environmentally friendly energy solutions has
placed organic solar cells (OSCs) at the forefront of renewable energy research [348].
OSCs offer the promise of lightweight, flexible, and easily scalable photovoltaic devices,
making them an attractive alternative to traditional silicon-based solar cells [618, 619].
However, the performance of OSCs is critically dependent on the nanoscale morphology
of their photoactive layers, which plays a pivotal role in charge generation, transport,
and collection [620].

Achieving the optimal morphology in OSCs involves carefully balancing the intermolecu-
lar interactions between donor and acceptor materials within the photoactive layer. This
balance is crucial for forming an interpenetrating network that facilitates efficient charge
separation and minimises recombination losses [621]. However, the desired metastable
morphology is often thermally sensitive, prone to phase separation, and difficult to
maintain under operating conditions. This instability poses a significant challenge to the
long-term performance and reliability of OSCs [622].

One promising approach to overcoming these challenges is the use of co-solvent additives
during the fabrication process. Co-solvent additives can influence the solubility, misci-
bility, and crystallisation behaviour of the active materials, thereby allowing for precise
control over the morphology of the photoactive layer [623]. By tuning these parameters,
it is possible to enhance the PCE and stability of OSCs.

This chapter will first discuss the fundamental principles underlying the use of co-
solvents, focusing on the Hansen solubility parameters (HSPs) and their application in
predicting and controlling the solubility and miscibility of OSC materials. The chapter
will then provide a detailed analysis of how these parameters can be leveraged to
achieve desired morphologies by selecting appropriate co-solvents. By employing HSP,
we can visualise and quantify the compatibility between different materials, facilitating
the optimisation of blend morphology and enhancing electronic performance. The
research will explore the underlying principles of co-solvent interactions using HSPs
as a theoretical framework. Through a combination of theoretical computations and
experimental validation, the study will identify optimal co-solvent systems that promote
the formation of favourable morphologies in OSCs.

The objectives of this chapter are threefold:

1. To develop and validate a predictive model based on HSP for selecting effective
co-solvent systems.

2. To elucidate the fundamental mechanisms by which co-solvent additives influence
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the morphology of OSCs.

3. To experimentally demonstrate the enhancement in PCE and stability of OSCs
through the application of optimised co-solvent additives.

5.2 Hansen Solubility Parameters

The PCE of OSCs is largely determined by the nanoscale morphology of the photoactive
layer, which plays a critical role in achieving optimal charge generation, carrier transport,
and collection [293, 493, 494]. However, maintaining the thermally activated metastable
phase in morphology required for an optimised blend morphology is challenging due to its
sensitivity to high-temperature ageing, which can cause a shift toward a thermodynamic
equilibrium state, leading to significant phase separation and a decrease in device
efficiency [56, 495]. Thermal effects can also induce drift from equilibrium to enhanced
separation between donor and acceptor domains [55,57,59,496–498].

There are various approaches to overcome the thermal instability of the D/A blends.
However, one of the most effective and straightforward methods is blending host-active
layers with additives. The gain of which is optimal blend morphology, improved electronic
performance and device stability [314, 624, 625]. The formation of the interconnected
network of the bulk heterojunction in an organic solar cells is attained after mixing
of separately dissolved donor and acceptor solutions at a given temperature and for a
given time. Therefore the effect of component solubility, miscibility and annealing will
determine the metastable morphology of the blend. The application of Hansen solubility
parameters as a criteria for tuning morphology provide insights into the solubility,
miscibility, and phase separation behaviour of BHJ. Hansen solubility parameters have
thus been used to predict the solubility of a polymer in a particular solvent or solvent
mixture based on the similarity of their respective Hansen parameters as demonstrated
in Figure 5.1. The Hansen solubility sphere provides a quantitative way to predict the
solubility of materials by considering three primary forces: dispersive (δd), polar (δp),
and hydrogen bonding (δh) interactions. Each material is represented by a point in this
three-dimensional space, and the closer two materials are within this space, the more
compatible or miscible they are. The three primary forces can be expressed as solubility
parameter distance Ra:

Ra =
√

4(δd2 − δd1)2 + (δp2 − δp1)2 + (δh2 − δh1)2 (5.1)

By leveraging this principle, co-solvents can be identified that match the solubility
profile of specific OSC materials, promoting more effective morphology control during
film formation. The relative energy difference (RED) number is often used to quantify
the ratio of Ra to the interaction radius R0 [626]:

RED =
Ra

R0

(5.2)

The interaction radius is a measure used to quantify the characteristic distance at which
the solvent molecules interact with the solute molecules in a solution. This parameter re-
flects the effective range over which the solvent can influence the solute’s properties, such
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Figure 5.1: Visualising Compatibility: The Hansen solubility sphere maps the universe
of solvents in a 3D space defined by dispersion, polar, and hydrogen bonding forces.

as solubility or molecular orientation. In the context of OSC materials and their process-
ing, understanding R0 is crucial for selecting appropriate co-solvents that can tailor the
device’s morphology by promoting or inhibiting specific interactions at the molecular level

By this definition, RED = 0 is equivalent to no energy difference, RED < 1 indicates
high solute-solvent affinity, RED > 1 indicates low affinity and RED = 1 (or around 1)
reflects a boundary condition. Experimental results have demonstrated that manipulat-
ing the RED between the donor and acceptor materials in BHJ OSCs can significantly
impact their performance, with smaller RED values leading to improved device efficiency
and enhanced charge generation and collection [627–629].

In Figure 5.2, we illustrate the results of the Hansen solubility parameter (HSP) calcu-
lations. The initial column lists the donor and acceptor materials, while columns two
through ten detail the solvents along with their corresponding RED values, showcasing
how these solvents interact with the OSC materials.These calculations are instrumental
in the development of the morphology of the bulk heterojunction in OSCs, guiding
the selection of compatible solvents. By analysing the solubility parameters of various
active layer materials, these calculations help in pinpointing suitable solvents that can
function effectively as co-solvents or additives. This selection is critical for optimising
the fabrication process, ensuring that the materials involved in the OSC construction
are not only compatible with each other but also conducive to the production of efficient
and durable solar cells. Through this meticulous pairing of materials and solvents, based
on their solubility parameters, the calculations lay the groundwork for advancing OSC
technology by enhancing the performance and reliability of the devices.

The solvents used for the calculations in the table in Figure 5.2 are:
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• Chloroform (CF)

• Chlorobenzene (CB)

• ortho-Dichlorobenzene (o-DCB)

• 1,8-Diiodooctane (DIO)

• 1-Chloronapthalene (1-Chloro)

• Toulene

• Eucalyptol (Eu)

• 2-Methylanisole (2-MEA)

• 2-Methyltetrahydrofuran (2-MeTHF)

CF CB o-DCB DIO 1-

Chloro

Toulene Eu 2-MEA 2-MeTHF

𝑃𝐶70𝐵𝑀 RED= 

0.8071

RED= 

0.4221

RED= 

0.2349

RED= 

0.6585

RED= 

0.2792

RED= 

0.9002

RED= 1.24 RED= 

1.005

RED= 

0.583

𝑃𝑇𝐵7 RED= 

0.5188

RED= 

0.3080

RED= 

0.2194

RED= 

0.3635

RED= 

0.5695

RED= 

0.3743

RED= 

0.6427

RED= 

0.4658

RED= 

0.824

𝑃𝑇𝑄10 RED= 

0.548

RED= 

0.765

RED= 

0.728

RED= 

0.436

RED= 

0.849

RED= 

1.005

RED= 

1.174

RED= 1.24 RED= 

0.850

𝑌6 RED= 

0.245

RED= 

0.543

RED= 

0.50

RED= 

0.224

RED= 

0.678

RED= 1.85 RED= 

0.458

RED= 

1.574

RED= 1.15

𝑃𝑀6 RED= 

0.316

RED= 

0.534

RED= 

0.50

RED= 

0.224

RED= 

0.648

RED= 

1.806

RED= 

0.412

RED= 

1.539

RED= 

0.245

𝐼𝑇𝐼𝐶 − 𝑇ℎ RED= 

0.6545

RED= 

0.8950

RED= 

0.8889

RED= 

0.7786

RED= 

1.2271

RED= 

1.2682

RED= 

0.6266

RED= 

1.012

RED= 

0.346

Figure 5.2: HSP Analysis for Active Layer Materials in OSC Fabrication: Green values
indicate solubility of the material in the solvent, while red values signify insolubility.

5.3 Tuning of Morphology of OSCs by Co-Additives

Device fabrication, particularly in the context of OSCs, involves a multitude of intricate
processes tailored to optimise the performance characteristics of the final device. A
pivotal aspect of this optimisation involves the morphology tuning of OSCs, where co-
solvent additives play a significant role.
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5.3.1 Fabrication Techniques for OSCs

The fabrication of thin films for OSCs is a critical aspect of their performance and
efficiency. Various techniques are employed in laboratories and industrial settings to
deposit organic semiconductor materials onto substrates, each with its own advantages
and limitations. Key fabrication techniques are Spin Coating, Doctor Blading, Dip
Coating, Inkjet Printing, Slot-Die Coating, Spray Coating, Screen Printing, and Vacuum
Deposition. Each method is evaluated based on its ability to control film thickness,
scalability for large-scale production, uniformity of film deposition, and suitability for
specific applications [630–632].

Spin coating, while precise in controlling film thickness, may lack scalability for industrial
production [633, 633, 634]. Doctor blading offers scalability and uniformity, making it
suitable for large-area applications [635]. Dip coating provides flexibility in thickness
adjustment but may not be as efficient for mass production [508, 630, 636–638]. Inkjet
printing allows for precise patterning and reduced material waste, ideal for complex
multilayer structures [639–641].

Slot-die coating proves efficient for continuous processes and large-scale manufactur-
ing, while spray coating covers large areas quickly but may result in less uniform
films [642, 643]. Screen printing is advantageous for creating thick layers and is widely
used in large-scale production [644]. Vacuum deposition, although offering thin and
uniform layers, is costlier and less suitable for flexible substrates [645,646].

The fabrication process of the OSC devices in this study employed the spin-coating tech-
nique, with speeds ranging from 1500 rpm to 2000 rpm for durations of 40 to 60 seconds,
as detailed in Table 5.2. This method allows precise control over film thickness by ad-
justing the spin speed and duration, which is crucial for the performance of OSCs.

5.3.2 Methodology

The devices were designed with an inverted structure, a configuration that differs
from the traditional architecture by reversing the positions of the electron-donor and
electron-acceptor layers. This structural arrangement, depicted in Figure 5.3, was chosen
for its benefits in enhancing the operational stability and efficiency of the solar cells. The
inverted structure is instrumental in optimising the interface between layers, thereby
improving the overall photovoltaic performance of the OSCs.
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Sunlight

Figure 5.3: The structure of the standard inverted device architecture constituting MoO3

and ZnO as the hole and electron transport layers, respectively.
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Device Fabrication

The sequential steps towards device fabrication in this work are outlined below:

1. Substrate Preparation:

The process begins with the preparation of ITO-coated glass substrates, each mea-
suring 30 mm x 30 mm. These substrates are initially sonicated in a detergent
solution to ensure thorough cleaning. Following this, they are sequentially rinsed
with deionized water, acetone, and isopropyl alcohol (IPA), dedicating 15 minutes
to each rinse to guarantee the removal of contaminants. To further eliminate any
residual organic matter, the substrates undergo a 20-minute oxygen plasma treat-
ment.

2. ZnO Layer Deposition:

The next step involves depositing a ZnO layer via spin-coating performed in ambient
air. This process ensures a uniform ZnO layer with a thickness ranging between 25
and 30 nm. The spin-coating parameters include a pipette volume of 200 µL, a spin
speed of 4000 rpm, an acceleration of 2000 rpm/s, and a duration of 60 seconds.
Post-deposition, the substrates are subjected to annealing at 200◦ C for 30 minutes
to enhance the layer’s properties.

3. Active Layer Deposition:

The deposition of the active layer is conducted inside a glovebox, where the oxygen
level is maintained below 0.2 ppm to preserve an inert atmosphere. This spin-
coating process is meticulously controlled, with specific speeds and durations ad-
justed to accommodate the unique blend of materials and co-solvents used. After
spin-coating, thermal annealing is performed, with temperatures and times fine-
tuned according to the blend composition to optimise the layer’s performance.

4. MoO3 Layer Deposition:

A uniform 10 nm MoO3 layer is deposited using thermal evaporation. This step
is carried out in a high vacuum environment, with a base pressure of 10−9 mbar
maintained throughout the process to ensure the quality and consistency of the
MoO3 layer.

5. Silver Electrode Deposition:

Finally, the deposition of the silver electrode is achieved through an automated
thermal evaporation process, aiming for a layer thickness of 100 nm. The deposition
is conducted in stages, starting with a rate of 0.2 Å/s for the first 15 minutes,
followed by 0.8 Å/s for the next 20 minutes, and concluding with 1.5 Å/s for the
final 10 minutes. Throughout this process, the base pressure is kept at 10−9 mbar
to ensure a high-quality deposition of the silver electrode.

Organic Solar Cell Device Configurations

The selection of the three active layer compositions (PTB7 : PC70BM , PTQ10:Y6, and
PM6 : Y 6 : PC70BM) for studying their device configuration in the inverted device
structure was based on specific solvent pairings and additives guided by the Hansen
Solubility Parameters. These selections were made to optimise the morphology and
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performance of the OSCs by controlling the interfaces, exciton dissociation, and charge
transport efficiency, ultimately enhancing the power conversion efficiency and stability
of the devices.

(a) (b)

Figure 5.4: (a)Device architecture with the active layer of PTB7 : PC70BM and (b)
the energy level diagram of the devices layers comprising of the work-function for the
electrodes, the valence and conduction band of the oxides layers, the HOMO and LUMO
of the photoactive layers.

Figure 5.4 (a) illustrates the architecture of an inverted configuration comprising of
PTB7 : PC70BM blend. The role of dual solvents on the morphology of the photoactive
layer and subsequently on the device properties was investigated. In this respect, a
green solvent (2-MEA) was paired with an industrial solvent (Toluene) based on HSP
calculations in Figure 5.2. The choice 2-MEA and toluene as a co-solvent system due
to their ability to dissolve both components effectively while enabling a favourable
morphology upon drying. Toluene is a non-polar solvent that can dissolve PC70BM well,
and 2-MEA, being more polar, helps in dissolving PTB7 [647, 648]. The combination of
green (2-MEA) and industrial (toluene) solvents considers both environmental impact
and the practical aspects of solvent evaporation rates and solubility parameters. The
material selection PTB7 as it is widely used donor polymer in OPVs due to its broad
absorption spectrum and good charge transport properties. PC70BM is a common
acceptor material known for its ability to efficiently dissociate excitons into free carri-
ers [649].

In an energy diagram shown in Figure 5.4 (b), the LUMO level of PC70BM and the
conduction band minimum of ZnO are typically aligned close in energy, facilitating
electron transfer from the active layer to ZnO. Similarly, the HOMO level of PTB7 and
the energy level of MoO3 are aligned to enhance hole transport. The overall diagram
shows a step-wise energy level alignment from the HOMO of PTB7 to the work function
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of ITO for holes, and from the LUMO of PC70BM to the work-function of Ag for
electrons, driving the efficient separation and collection of charge carriers.

The field of OPVs has seen a significant evolution with the transition from fullerene-
based acceptors to non-fullerene acceptors (NFAs), marking a pivotal shift in the
design and efficiency of solar cells. Fullerene acceptors, once dominant in the OPV
landscape, exhibit limitations such as suboptimal morphological compatibility with
donors, susceptibility to photooxidation and oxidation, and constrained optical and
electronic properties [650–652]. These limitations have spurred the search for more
robust alternatives, leading to the emergence of NFAs like Y6. The material, Y6 dis-
tinguishes itself by offering superior optical absorption, enhanced electronic properties,
and improved morphological stability, which significantly mitigates the issues associated
with fullerene acceptors. Furthermore, Y6’s compatibility with a broader range of donor
materials allows for the creation of devices with higher efficiency and stability [56,653].

(a) (b)

Figure 5.5: (a)Device architecture with the active layer of PTQ10 : Y 6 and (b) the energy
level diagram of the devices layers comprising of the work-function for the electrodes,
the Valence and Conduction band of the oxides layers, the HOMO and LUMO of the
photoactive layers.

When comparing the properties of donor materials in two device configurations, the shift
from PTB7 : PC70BM in the first device configuration in Figure 5.4 (a) to PTQ10:Y6
in Figure 5.5 (a) is noteworthy. PTQ10, used in conjunction with Y6, exemplifies the
advancements in donor material design aimed at optimising the interaction between
donor and acceptor components. This pairing not only leverages the strengths of Y6 but
also capitalises on PTQ10’s tailored electronic properties and absorption characteristics,
resulting in a device that potentially surpasses its predecessor in both efficiency and
operational stability. This transition underscores the ongoing refinement and sophistica-
tion in OPV device architectures, promising a future of more efficient and durable solar

112



energy solutions.

Figure 5.5 presents the non-fullerene acceptor (NFA) based device, utilising PTQ10 : Y 6
as the active layer. The figure compares the efficacy of environmentally benign solvents,
Eu and 2-MeTHF, against a pair of chlorinated solvents, CF and 1-CN. The study’s aim
was to assess the performance trade-offs associated with transitioning to greener solvent
systems.

The use of CF with 1-CN as an additive aims to achieve a specific interaction and
solvation effect that benefits the morphology of the active layer. The comparison with
green co-solvents like 2-MeTHF and Eu is significant for exploring more environmentally
friendly alternatives that still provide the necessary solvation properties for both PTQ10
and Y6, likely based on their Hansen Solubility Parameters.

(a) (b)

Figure 5.6: (a)Device architecture with the active layer of PM : Y 6 : PC70BM and (b)
the energy level diagram of the devices layers comprising of the work-function for the
electrodes, the valence and conduction band of the oxides layers, the HOMO and LUMO
of the photoactive layers.

Lastly, Figure 5.6 delineates the device employing a third component (PC70BM)
into the PM6:Y6 system within the active layer, which is aimed at further optimis-
ing the phase separation and morphological distribution within the active layer to
enhance charge transport and collection efficiencies. The ternary blend is processed
using a mixture of chloroform and co-additives DIO:1-CN. This arrangement was ex-
plored to understand the effects of solvent mixtures on the morphological distribution of
the ternary constituents and their corresponding impact on the photovoltaic performance.

In the fabrication of OPVs, the solvents listed in Table 5.1 can be strategically chosen to
fine-tune the solubility and mixing of donor and acceptor materials, crucial for achieving
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optimal morphological characteristics. For instance, solvents with appropriate boiling
points and evaporation rates are selected to control the drying kinetics, influencing the
domain size and purity in the blend films [346]. Similarly, the dielectric constant of a
solvent affects the dissociation of excitons and the formation of free charge carriers in the
active layer [659]. The density and viscosity of solvents also play roles in the coating and
printing processes, determining the uniformity and thickness of the film [660]. Moreover,
understanding the toxicity and environmental impact of these solvents is essential for
adopting greener and safer alternatives in the production process.

Therefore, the properties listed Table 5.1 are not just mere physical constants; they
are critical factors that determine the efficiency, stability, and scalability of OSCs.
By carefully selecting solvents based on these parameters and HSP calculations, the
phase morphology of the active layer can be tuned, ultimately impacting the power
conversion efficiency and the overall performance of OSCs. This holistic approach to
solvent selection, grounded in the principles of HSP and informed by the detailed solvent
properties, underscores the intricate interplay between high-performance and sustainable
organic photovoltaics.

Characterisation Techniques

1. Morphological Analysis:

• Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS):Thin
film samples designated for GIWAXS measurements were fabricated on Si
substrates measuring 15 mm by 15 mm. The fabrication process employed
was consistent with the established recipe used for device fabrication, ensuring
uniformity and reproducibility across samples. This approach facilitated a
direct comparison between the structural characteristics of the thin films and
their performance in devices.

GIWAXS analysis was conducted to elucidate the crystalline structure and
orientation within the PTB7 : PC70BM thin films. The measurements were
carried out on the ID-10 beamline at the European Synchrotron Radiation
Facilities located in Grenoble, France. The diffraction patterns obtained
during the GIWAXS measurements were recorded using a detector, of pixel
size of 172 × 172 µm allowing for high-resolution capture of diffraction
patterns. A wavelength of 1.24 Å was selected for the measurements,
optimising the interaction between X-ray photons and the sample materials.
These measurements were performed on the thin films affixed to Si substrates,
positioned at an incidence angle of 0.2◦ to enhance the sensitivity of the
method to surface and near-surface structural features.

2. Optoelectronic Properties:

• UV-Vis Spectroscopy: To characterise the optical properties of the fabri-
cated photovoltaic devices, optical absorption measurements were conducted
using a Cary 500 UV-Vis Spectrophotometer. This instrument is well-suited
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for precise and reliable spectral analysis across a wide wavelength range,
typically spanning from 175 nm to 3300 nm. The Cary 500 UV-Vis Spec-
trophotometer operates based on the principles of ultraviolet-visible (UV-Vis)
spectroscopy, which involves measuring the intensity of light before and after
it passes through a sample to determine the absorbance at specific wavelengths.

Prior to measurement, the samples were prepared by depositing the active
layers onto cleaned and treated ITO-coated glass substrates as described
in the previous sections. These substrates, now coated with the various
layers required for device functionality, were carefully mounted in the sample
holder of the spectrophotometer. The instrument was calibrated using a
blank ITO-coated glass substrate to establish a baseline for absorbance. This
baseline measurement accounted for any inherent absorbance due to the
substrate itself, ensuring that subsequent measurements reflected the optical
properties of the deposited layers exclusively.

For the measurement process, the following parameters were set on the
Cary 500 UV-Vis Spectrophotometer: The absorbance spectra were recorded
over a range of 300 nm to 1000 nm. This range is particularly relevant for
photovoltaic materials, as it encompasses the significant portion of the solar
spectrum where these materials are expected to absorb light. A moderate
scan speed was selected to balance measurement time and data resolution.
Typically, a scan rate of 600 nm/min was employed. The slit width was set to
2 nm to ensure an appropriate balance between signal intensity and spectral
resolution. Absorbance data were recorded at 1 nm intervals to provide a
detailed absorption profile of the materials.

The Cary 500 UV-Vis Spectrophotometer software facilitated the acquisition
of absorbance spectra. Each sample’s spectrum was obtained by averaging
multiple scans to minimise noise and improve data reliability. The resulting
absorbance spectra were then analysed to identify characteristic peaks and
shoulders corresponding to the optical transitions of the active materials. Key
parameters extracted from the absorbance spectra included the onset of ab-
sorption, peak absorption wavelengths, and the overall shape of the absorption
profile. These parameters provided insights into the electronic structure and
light-harvesting efficiency of the photovoltaic materials.

• Active Layer Thickness: After deposition, accurately measuring the
film thickness is crucial for characterising the device’s performance, as the
thickness of the active layer significantly impacts the absorption of light and
the charge transport within the solar cell. In this case, a Dektak profilometer
(Dektak 150) was employed to measure the thickness of the thin films. The
film thickness was determined by measuring the average height difference
over a specific area, typically performed in dried films at room temperature.
This process involved making three scratches on the thin film deposited
and then taking the average of the measurements from these three scratches
to ensure accuracy and reliability in the thickness measurement process.
The parameters of the fabrication of the active layers are displayed in Table 5.2.
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• Current-Voltage (J-V) Characteristics: For the evaluation of current-
voltage (J-V) characteristics and the determination of the maximum power
point (MPP), a Keithley Instruments 2400 series Source Meter Unit (SMU)
was utilised, conducting experiments in ambient air conditions, both under
illumination and in darkness. Illumination was provided by a Wavelabs
SINUS-220 simulator, simulating AM 1.5 irradiance, while darkness was
ensured by a light-tight enclosure. The solar cell’s effective exposure area
was carefully defined by employing a mask with apertures for three sections
of 0.25 cm2 and one of 1 cm2, constructed from black-anodised metal and
positioned within the enclosure. The accuracy of these mask dimensions
was verified via optical microscopy, confirming a deviation tolerance of ± 0.5%.

3. Stability:

• Testing degrading of PCE.

5.3.3 Morphology and Optical Properties of the Active Layers

The performance of the OPV device is highly dependent on the morphology of the inter-
connected network of the donor and acceptor polymer. However, the optical properties of
the active layer is the first limiting step towards device performance since it determines
the maximum photon flux to be absorbed and subsequently limits photocurrent in the
device. Besides, the optical absorption is determined by the optical density of the active
layer thickness and complex refractive index. Although the light-matter interaction is
intuitive, the nature of the optical properties in a blended active layer become rather a
complex phenomena. In this section, effect of morphology on the optical properties of
the blend layer formed from spin coating with various combination of solvents is presented.

The optical properties of the active layers in organic photovoltaic materials were
investigated through the use of various solvents and their co-solvent mixtures. The
absorption spectra shown in Figure 5.7 of chlorinated solvents, specifically CB and
o-DCB, alongside their co-solvent blend (CB:o-DCB), revealed a distinct absorption
peak centered around 370 nm. The absorption peak of PC70BM at 370 nm originates
from the π − π∗ transition [661]. This peak is not solely dependent on the solubility
or conformational change of the acceptor with different solvents but is influenced by
the interaction between the solvent and the solute in both ground and excited states,
affecting the transition energies and causing peak broadening [662]. This feature is
highlighted by the dotted red circle in the spectroscopic data representing chlorinated co-
solvents. In contrast, a broader absorption peak at approximately the same wavelength
was observed for the green solvent (2-MEA) and the industrial solvent toluene, as well
as their combined solvent system (2-MEA:Toluene), which is red shifted. The notable
peak observed in the co-solvent mixture of 2-MEA and toluene suggests that the organic
photovoltaic material, PC70BM , is partially soluble in this solvent combination. This
finding indicates a significant interaction between the solvents and the PC70BM material.

The optoelectronic properties of PTB7 involve transitions between different energy
levels, as observed in the two peaks between 600 - 700 nm. These peaks correspond
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Figure 5.7: Optical absorbance spectra for the PTB7 : PC70BM active layer thin film on
glass, showcasing results using chlorinated solvents, industrial-grade solvents, eco-friendly
solvents, and their respective blends.

to transitions between the ground state and the first two vibronic levels A0−0 and
A0−1 of excited states of the donor, E0−0 and E0−1. These transitions are crucial in
understanding the behaviour of PTB7 in optoelectronic applications.

Further insights were provided by HSP calculations as depicted in Figure 5.2. The solu-
bility of PC70BM in toluene is characterised by a RED value of 0.9002, while the donor
material PTB7 has an RED value of 0.3743, leading to a blend RED value of 0.6373 for
the PC70BM/PTB7 combination. In the case of 2-MEA, the RED values for PC70BM
dissolution are notably higher at 1.005, reinforcing the notion of partial solubility. The
increased absorbance intensity observed with the co-solvent (2-MEA:Toluene) mixture
is likely due to the presence of undissolved PC70BM particles, suggesting an elevated
absorption from the spectra of the thin film.

Conversely, the RED values for PC70BM in chlorinated solvents showcase variation; in
CB the RED is 0.9899, while in o-DCB it decreases to 0.4168. PTB7 presents RED
values of 0.3080 in CB and a lower 0.2194 in o-DCB. The differences in these values
suggest that the active layer components, PC70BM and PTB7, achieve a more effective
dissolution in chlorinated solvents as opposed to green solvents. Consequently, the
co-solvent mixture (CB:o-DCB) exhibits superior absorbance characteristics compared
to the individual chlorinated solvents, underscoring its enhanced potential for use in
organic photovoltaic applications.

Chlorinated co-solvents can influence the band-gap energies of systems they are in-
volved in, affecting the electronic transitions within these systems. The presence of
chlorinated solvents can lead to changes in the absorption spectra and morphology of
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materials, particularly in systems like OSCs [663–666]. The use of co-solvents, such as
chlorinated ones, in processing OPVs can impact the aggregation and phase separation
behaviour of the materials. Specifically, the presence of co-solvents like o-DCB can affect
the onset of polymer aggregation and the formation of large domains in the material [667].

Chlorinated solvents enhance the photoabsorption of blends through various molecular
interactions. Their high polarity improves solubility and uniformity of the blend, while
their higher refractive indices can increase light absorption by reducing scattering. Chlo-
rinated solvents also facilitate the formation of charge transfer complexes, leading to new
or enhanced absorption bands [668, 669]. Additionally, they influence molecular packing
and aggregation, which can improve electronic interactions and enhance absorption.
The introduction of new vibrational modes and the stabilisation of conformations that
are conducive to light absorption are further mechanisms through which these solvents
contribute to photoabsorption [670–672]. These effects vary with the specific blend and
solvent used, highlighting the complexity of their interactions at the molecular level.
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Figure 5.8: Optical absorbance spectra for the PTQ10:Y6 and PM6 : Y 6 : PTB7 :
PC70BM active layers.

The study of absorbance spectra within the realm of OPV materials is a pivotal aspect
of advancing solar energy technology, offering deep insights into the electronic structure,
energy levels, and potential efficiency of these materials. The focus on specific active
layer compositions, such as PTQ10:Y6 dissolved in a solvent mixture of CF:1-CN,
alongside PM6 : Y 6 : PC70BM dissolved in CF: DIO:1-CN, represents a sophisticated
approach in tailoring the physical and chemical properties of the active layers to optimise
solar energy conversion efficiency.

PTQ10 and Y6, when dissolved in CF:1-CN, create an active layer that capitalises
on the synergistic effects of both materials’ absorption characteristics, potentially
leading to a broadened absorption spectrum and improved photovoltaic performance.
PTQ10, known for its wide absorption range and high charge mobility, combined with
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Y6, a non-fullerene acceptor with excellent electron-accepting capabilities, suggests a
promising path toward high-efficiency OPV cells [673–675]. The choice of CF:1-CN as a
solvent plays a crucial role in achieving a homogeneous solution, facilitating optimal film
formation and morphological stability.

On the other hand, the ternary blend of PM6, Y6, and PC70BM , dissolved in a mixture of
CF:DIO:1-CN, introduces an additional component, PC70BM , a fullerene derivative, into
the active layer. This blend aims to not only capture a wide range of the solar spectrum
through the complementary absorption profiles of PM6 and Y6 but also to enhance the
charge transport and collection efficiency through the well-established electron-accepting
properties of PC70BM . The inclusion of DIO in the solvent mixture is a strategic
choice, known to influence the morphology of the active layer positively, promoting phase
separation at the nanoscale, which is critical for efficient charge separation and transport.

Optical characterisation of active layer blends was performed, and the outcomes are
presented in Figure 5.8. The figure illustrates the features in the spectra of a PTQ10
and Y6 blend. The blend has a mass ratio of 1:1.2 and is formed from a co-solvent
mixture of chloroform and 0.5% 1-CN. Two strong absorption peaks are observed within
the range of 400 to 610 nm for the PTQ10:Y6 blend and they correspond to π − π∗

transitions. The extrapolation of the absorption peak at 610 nm to the wavelength
axis leads to an estimated band edge of 684 nm corresponding to an energy gap of
1.90 eV. This is really interesting because one could also have photoabsorption in the
acceptor, Y6. The range 700 -900 nm is associated with the aggregation of the Y6 NFA,
there are reports of the time dependent crystallisation process after solvent volatilisa-
tion, which is associated with the π−π∗ stacking and the red shifting of these bands [676].

A comparative analysis with a ternary blend composed of PM6, Y6, and PC70BM (with
a ratio of 1:1:0.2) in a co-solvent mix of chloroform and 3% DIO: 0.5% reveals a more
pronounced absorption peak than that observed in the binary blend of PTQ10:Y6. This
enhanced absorbance is accompanied by a noticeable peak at 370 nm, which is typically
linked to the presence of PC70BM . Furthermore, the addition of the DIO:1-CN co-
additives to the PM6 : Y 6 : PC70BM blend results in a notable redshift of Y6 absorption
peak, from approximately 810 nm to around 830 nm. This shift suggests that the co-
additives play a significant role in modifying the absorption properties of the Y6 material.

The shift in the absorption peak, especially with the introduction of co-additives,
suggests a change in the molecular arrangement and interactions within the blend.
In ternary blends like PM6 : Y 6 : PC70BM with co-additives like DIO and 1-CN,
the interaction between the molecules can lead to a more favourable alignment and
spacing for electronic transitions. This alignment can modify the electronic states of the
materials, resulting in a redshift of the absorption peak.

The process is largely influenced by the molecular orbital interactions between the
donor (PM6), acceptor (Y6), and the PC70BM , which acts as an additional acceptor
or morphological control agent. The co-additives play a crucial role in optimising these
interactions by adjusting the microstructure, possibly by promoting a more ordered
phase or affecting the crystallinity of the blend.
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The ternary blend film’s absorption spectrum is broad, extending from 450 to 900
nm. Within this spectrum, the peak situated at the long wavelength of 812 nm is
identified as originating from the Y6 component. Conversely, the peak at the shorter
wavelength of 625 nm is assigned to the PM6. This broad absorption range and
the distinctive peaks within the ternary blend underscore the complex interaction
between the constituent materials and the influence of additive treatment on the
optical properties of the active layer. The presence of a broad absorption range
and distinctive peaks from both donor and acceptor materials suggests a synergistic
blend that aims to utilise the strengths of both components. This implies a config-
uration that could be thought of DA-DA, where both donor and acceptor materials
are blended to achieve a wide absorption spectrum and efficient charge transfer [677,678].

5.3.4 Formulation Effect on Morphology

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) is a powerful technique
widely employed in the analysis of thin films and surfaces. It provides detailed informa-
tion about the structural organisation, crystallinity, and orientation of materials at the
nanoscale. This technique is particularly useful in the study of active layers of OSCs. In
the context of examining the effects of chlorinated co-solvents and green co-solvents on
specific materials or reactions, particularly those based on the PTB7 : PC70BM blend,
represents a pivotal advancement in optimising the photovoltaic performance through
nanostructural control. GIWAXS offers unique insights into how these solvents influence
the structural properties of thin films and interfaces.

The results presented in Figures 5.9 to 5.12 offer a detailed insight into the morphological
evolution of PTB7 : PC70BM blend thin films subjected to annealing at 120◦ C for 10
minutes, utilising different chlorinated solvent environments. Specifically, Figures 5.9
and 5.10 depict the effects of individual solvents, CB and o-DCB, respectively, on the
film’s structure. The 1D and 2D grazing incidence X-ray scattering (GIXS) data for all
the these chlorinated solvent films reveal a prevalent amorphous phase, characterised
by a disordered ”halo” pattern indicating an aggregate morphology that is primarily
amorphous in orientation and the GIWAXS images display a ring-like pattern spanning
Q values from -0.5 to 0.5 Å−1.

In the case of CB (Figure 5.9), the GIWAXS image display a Qz value of 1.44
Å−1 and Qxy of 0.32 Å−1. This suggests an intermediate level of crystallinity and
phase separation within the film. The alignment of CB’s HSP with the solubility
characteristics of PTB7 and PC70BM promotes efficient π − π stacking conducive to
effective charge transport, albeit with the need to modulate the aggregation to prevent
excessive H-aggregation, which can dampen fluorescence and limit exciton diffusion [666].

Conversely, films processed with o-DCB (Figure 5.10) exhibit a Qz of 1.33 Å−1 and
Qxy of 0.27 Å−1, indicating the formation of larger crystalline domains and more
pronounced phase separation. The sharpness of the observed peaks suggests the presence
of J-aggregation, which, while beneficial for light absorption, must be finely balanced to
prevent adverse effects on charge separation [679–681].
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(a) (b)

Figure 5.9: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from a chlorinated solvent (CB) and (b) the corresponding in-
tensity profiles along Qxy (in-plane) and Qz (out-of-plane) directions. The thin fims were
annealed at 120◦ C for 10 minutes.

(a) (b)

Figure 5.10: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from a chlorinated solvent (o-DCB) and (b) the corresponding
intensity profiles along Qxy (in-plane) and Qz (out-of-plane) directions. The thin fims
were annealed at 120◦ C for 10 minutes.

Figure 5.11 illustrates the influence of a co-solvent system (CB:o-DCB), revealing a Qz
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(a) (b)

Figure 5.11: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from chlorinated co-solvents (CB:o-DCB) and (b) the corre-
sponding intensity profiles along Qxy (in-plane) and Qz (out-of-plane) directions. The
thin fims were annealed at 120◦ C for 10 minutes.

of 1.45 Å−1 and Qxy of 0.30 Å−1. This configuration seems to favour out-of-plane π − π
stacking, enhancing vertical phase separation and thereby improving the interconnectivity
between domains, which is crucial for efficient charge transport to the electrodes [493,682].

The introduction of an additive, DIO, in the solvent mixture (CB:DIO, Figure 5.12)
results in a morphology that supports both H- and J-aggregation, as indicated by the
Qz and Qxy values similar to those of the co-solvent system but with a slight increase in
Qxy to 0.31 Å−1. The presence of DIO promotes a refined nanoscale morphology and en-
hanced donor-acceptor intermixing, critical for balancing exciton generation, separation,
and charge transport processes crucial to the performance of OSCs [293,343,480,683–685].

These observations underscore the profound impact of solvent choice and additive use
on film morphology and, consequently, on the performance of OSCs. The preference for
out-of-plane π − π stacking, particularly evident in the co-solvent system, aligns with
findings from the literature emphasising the importance of vertical phase separation for
efficient charge transport pathways [686–688]. The sharp peaks in films processed with
o-DCB reflect a well-defined molecular arrangement, which is advantageous for charge
separation and collection. These insights resonate with previous studies, such as those
by Liao et al [69]. and Zheng et al [689]., demonstrating the influence of solvent quality
and additives on domain purity, crystallinity, and overall device efficiency. The GIWAXS
analysis not only confirms the intricate effects of chlorinated solvent interactions on
the microstructural morphology of the PTB7 : PC70BM blends but also highlights
the critical role of thoughtful solvent and additive selection in optimising the nanoscale
architecture of the active layer in OSCs.
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(a) (b)

Figure 5.12: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from chlorinated co-solvents (CB:DIO) and (b) the correspond-
ing intensity profiles along Qxy (in-plane) and Qz (out-of-plane) directions. The thin fims
were annealed at 120◦ C for 10 minutes.

The GIWAXS analysis of PTB7 : PC70BM thin films processed with eucalyptol (Eu)
shown in Figure 5.13, limonene (Lim) in Figure 5.14, and their combination (Eu:Lim) in
Figure 5.15, assessing their impact on the morphology and performance of OSCs. The
use of green solvents has shown promising potential in altering the molecular morphology
of PTB7 : PC70BM blends. The GIWAXS results indicate distinct in-plane (Qxy) and
out-of-plane (Qz) coherence for the films cast with each solvent.

The thin films processed with Eu in Figure 5.13 demonstrated a Qz value of 1.41
Å−1 and Qxy of 0.29 Å−1, suggesting a well-balanced crystalline and amorphous phase
morphology. The HSPs of Eu, which emphasise a moderate dispersion force with
minimal polar and hydrogen-bonding interactions, likely facilitate favourable π − π
stacking without leading to excessive H-aggregation.

The Lim treated thin films exhibited a Qz of 1.42 Å−1 and Qxy of 0.28 Å−1. Simi-
lar to Eu, limonene appears to encourage effective π − π stacking but may lead to
slightly different crystallite sizes or a degree of H-aggregation, as indicated by the
comparable Qz but slightly lower Qz values. The terpenic nature of Lim could influence
the solvent evaporation rate, affecting the kinetics of film formation and domain size [690].

The combination of Eu and Lim resulted in a Qz of 1.42 Å−1 and an increased Qxy

of 0.32 Å−1. This suggests an enhanced in-plane ordering, which may correspond to
improved π − π stacking. Co-solvent systems can modulate the film formation dynamics,
potentially leading to a morphology that encourages a mixture of H- and J-aggregates,
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(a) (b)

Figure 5.13: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from a green solvent (Eu) and (b) the corresponding intensity
profiles along Qxy (in-plane) and Qz (out-of-plane) directions. The thin fims were an-
nealed at 120◦ C for 10 minutes.

(a) (b)

Figure 5.14: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from a green solvent (Lim) and (b) the corresponding inten-
sity profiles along Qxy (in-plane) and Qz (out-of-plane) directions. The thin fims were
annealed at 120◦ C for 10 minutes.

which are desirable for balanced charge transport and absorption properties [691].
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(a) (b)

Figure 5.15: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from green co-solvents (Eu:Lim) and (b) the corresponding in-
tensity profiles along Qxy (in-plane) and Qz (out-of-plane) directions. The thin fims were
annealed at 120◦ C for 10 minutes.

The subtle variations in Qz and Qxy values between the different solvent systems provide
insights into the tuning of morphology. Literature corroborates that the fine-tuning
of π − π stacking and control over aggregate formation are integral for achieving
optimal solar cell performance [692–695]. For instance, the work by Huang et al [696].,
underscores the role of solvent-solute interactions in directing the film nanostructure,
thereby affecting the PCE of OSCs.

The exploration of green solvents like Eu and Lim in the fabrication of PTB7 : PC70BM
thin films has demonstrated their capacity to influence the morphological characteristics
pivotal for OSC performance. GIWAXS analysis has revealed that both green solvents,
and particularly their combination, can be harnessed to achieve a desirable balance of
molecular ordering and aggregation. This balance is vital for facilitating efficient exciton
dissociation and charge transport, which are essential for high-performing photovoltaic
devices.

The use of 2-MEA and toulene (Figure 5.16) as well as Eu and toulene (Figure 5.17) in
terms of HSPs. These parameters are critical in determining the solubility and phase
behaviour of polymer blends like PTB7 : PC70BM .
For the films using 2-MEA:Toulene, Qz = 1.38 Å−1 and Qxy = 0.28 Å−1 indicate a
certain degree of vertical and horizontal molecular ordering. This suggests moderate
π − π stacking and possibly some degree of H-aggregation, where molecules align side by
side with their π-faces parallel but slightly offset.
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(a) (b)

Figure 5.16: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from an industrial solvent an green solvent (2-MEA:Toulene)
and (b) the corresponding intensity profiles along Qxy (in-plane) and Qz (out-of-plane)
directions. The thin fims were annealed at 120◦ C for 10 minutes.

(a) (b)

Figure 5.17: (a) shows the ex-situ pattern of the morphology of the PTB7 :
PC70BM(1:1.5) formed from an industrial solvent an green solvent (Eu:Toulene) and
(b) the corresponding intensity profiles along Qxy (in-plane) and Qz (out-of-plane) direc-
tions. The thin fims were annealed at 120◦ C for 10 minutes.

For the films using Eu:Toulene, Qz = 1.42 Å−1 and Qxy = 0.27 Å−1 suggest slightly
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higher vertical ordering and a comparable horizontal order. The higher Qz value can
be indicative of increased π − π stacking and a tilt in molecular orientation relative to
the substrate, which may also imply a transition towards more J-aggregation, where the
π-conjugated backbones are more co-facially aligned.

The observed differences in molecular stacking and orientation are closely related to the
morphology of the active layer in OSCs. Better π −π stacking can enhance charge carrier
mobility, thereby improving the photovoltaic performance [697–699]. Moreover, the
balance between H and J aggregation influences the exciton diffusion and dissociation
processes. Efficient exciton dissociation at the donor-acceptor interface is essential for
high photocurrent generation [700].

The comprehensive GIWAXS analysis of PTB7 : PC70BM blend thin films processed
using various chlorinated solvents and green solvent systems offers profound insights into
the molecular morphologies that govern the performance of OSCs. The study elucidates
how different solvent environments influence the crystallinity, phase separation, and
aggregation behaviour within the films, thereby impacting charge transport and overall
device efficiency.

5.3.5 Electrical Properties by J-V Measurements

The morphology of OSCs plays a crucial role in determining their electrical properties,
particularly the J-V characteristics, which describe the relationship between the current
density (J) and the applied voltage (V) making them essential essential for evaluating
their performance. These characteristics encompass key parameters such as the short-
circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), and PCE [701, 702].
The morphology directly influences these parameters through its effect on the charge
carrier dynamics within the cell. For instance, a well-optimised morphology can lead to
higher Jsc and FF by minimising recombination losses and maximising charge carrier
extraction [703,704].

The significance of morphology control in OSCs, particularly through the judicious
selection and manipulation of co-solvents, lies in its ability to influence the electrical
properties, J-V characteristics, and ultimately, the overall performance of these photo-
voltaic devices. By understanding and optimising the interplay between morphology and
J-V characteristics, the boundaries of OSC performance, making them a more viable
and competitive option in the global energy market.

The evaluation of statistical device parameters derived from the JV curves presents an
indispensable approach in quantifying the performance and efficiency of OSCs. These
parameters are essential as they provide a comprehensive understanding of the efficiency
and performance of OSCs.

The graphical representation of these statistical device parameters typically employs the
x-axis to denote sample labeling, thereby providing a structured overview of the data.
For instance, in Figure 5.20, sample labels such as CF61, DO45, CD40, B35, DD40, A32,
and CD4B are depicted. These labels correspond to seven substrates, within which four
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pixels were scrutinised per substrate. This methodological approach underscores the com-
prehensive nature of the data collection, ensuring a robust analysis of device performance.

Significantly, the pixel exhibiting the highest PCE is highlighted, with the average PCE
being computed from the top-performing pixels across the seven substrates as shown
in Table 5.4. This strategy not only accentuates the peak performance metrics but
also provides a balanced view by considering the highest efficiencies achieved, thereby
encapsulating the potential and limitations of the OSCs under investigation.

The Mott-Gurney analysis, also known as the Mott-Gurney law or Mott-Gurney
equation, is a simple empirical expression used to describe the current density-voltage
(J-V) characteristics of thin-film devices such as OSCs, organic light-emitting diodes
(OLEDs), and thin-film transistors (TFTs). It was first proposed by Sir Nevill Mott and
Frederick Gurney in 1940 [705].

Space-charge limited current (SCLC) regime is an efficient way for determining the value
of charge carrier mobility of injected charge carriers in diode devices and has been applied
to organic devices with success [706]. By neglecting the diffusive component in the total
electric current, Mott-Gurney derived a simple analytical relation in which the electric
current varies linearly with the mobility (µ) and quadratically with the bias voltage [707]:

J =
9εε0µV 2

8L3
(5.3)

where:

• J is the current density (mA/cm2).

• ε = 3.0 is the dielectric constant of the material for the active layer PTB7 :
PC70BM [708].

• ε0 = 8.854 ×10−12 F/m is the vacuum permittivity.

• µ is the charge carrier mobility (cm2/V · s).

• V is the applied voltage (V).

• L is the thickness of the active layer of PTB7 : PC70BM

PTB7 : PC70BM Based Organic Solar Cells

Several studies have been carried out on the efficiency of an OPV device with a bulk
heterojunction comprising of the PTB7 and PC70BM . In all instances, chlorinated
solvents were used to tune the morphology of the bulk heterojunction thereby correlating
the molecular orientation with J-V characteristics, specifically the photocurrent, J(sc)
and FF. Figure 5.18 shows the J-V characteristics of the PTB7 : PC70BM bulk
heterojunction solar cell formed from a mixture of green solvent, 2-MEA and the
industrial solvent, Toluene in varying proportions but for a constant mass ratio (1:1.5)
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of the donor (D) and Acceptor (A) materials in a total concentration of 20 mg/mL.
The data shows that solvent mixing ratio of 7:3 by volume yields the device with the
enhanced device performance metrics. The Jsc of 12.66 mA/cm2, and FF of 58.5% have
been evaluated from the J-V curve for a device of area 0.25 cm2. The PCE of this device
is calculated as 5.77 %. The solvent mixing ratio can be linked to the optical properties
of a device using an active layer of PTB7 : PC70BM with 2-MEA:Toluene solvents, the
study observed improved device parameters with the addition of Toluene to 2-MEA, with
an optimal concentration of 7:3. This enhancement in optical absorption in the region of
the absorption peaks at around 623 and 677 nm, attributed to the characteristic π − π∗

transition of PTB7, indicates that the co-solvent mixtures modify the BHJ to enhance
photon harvesting more effectively. The extracted shunt and series resistance values from
current density - voltage characteristics are given in Table 5.5. It is evident that the use
of a co-solvent mixtures reduces the series resistance of the OPV device. The dark J-V
in Figure 5.18 (b) shows the device with the solvent ratio 9:1 (2-MEA:Toulene) with a
high leakage current density and lower rectification ratio compared to the other 3 devices.

Further investigations demonstrated a notable trend: the progressive addition of
Toluene to 2-MEA led to a consistent improvement in the device’s electrical parameters.
This trend was visually documented across Figures 5.20 through 5.23, underscoring
the positive impact of Toluene on the device’s overall efficiency. Particularly, at the
identified optimal concentration, the PCE saw a significant increase to 5.77%, which was
also accompanied by improvements in Jsc, Voc, and FF metrics. These enhancements
are largely attributable to the improved miscibility of the active materials in the
solvent mixture, which effectively facilitates better charge transport and extraction
within the photovoltaic device. However the homogeneous dispersion of the fullerene
derivative in the donor to enhance the Donor-Acceptor interface cannot be ruled out [709].

The observed performance variations in devices fabricated with different solvent mixtures
highlight the significant influence of solvent characteristics on the efficiency of organic
photovoltaic devices. Specifically, devices fabricated using pure 2-MEA as the solvent
exhibited the lowest PCE, suggesting that 2-MEA alone may not effectively dissolve both
components of the blend PTB7 and PC70BM or promote a microstructure conducive to
efficient charge generation and transport. This inefficacy could stem from the polarity,
boiling point, or solvation power of 2-MEA, which might not adequately control the
domain sizes or the distribution of donor and acceptor materials. Conversely, the gradual
improvement in PCE observed upon adding toluene to 2-MEA underscores toluene’s
crucial role in optimising the active layer’s morphology. Being less polar than 2-MEA,
toluene likely enhances the solubility of the hydrophobic component PC70BM and may
alter the solvent evaporation rate, facilitating better phase separation and domain purity
essential for efficient charge transfer and extraction [710].

The performance variations observed in Figure 5.19 can be attributed largely to the
interplay between solvent solubility parameters and the resulting film morphology.
Toluene, when mixed with 2-MEA, enhances the solubility of the fullerene component
and possibly affects the polymer as well, optimising the dissolution of both components.
The ratio of MEA:Toluene (7:3) that yielded the highest PCE likely provides an ideal
balance, allowing for a high-quality film formation without excessive phase separation or
aggregation. This optimal solvent mixture not only aids in achieving better film thickness,
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Figure 5.18: (a) J-V curves of devices with the PTB7 : PC70BM (1:1.5) mass ratio
with a green solvent (2-MEA) and with various concentration of an industrial solvent
(Toulene) being added to the blend. (b) shows the J-V dark conditions for the devices.

which was observed to increase with higher toluene content but also improves molecular
ordering within the film. On the aspect of charge carrier mobility, the observed variations
highlight the nuanced impact of the solvent mixture on both the generation of charge
carriers and their transport within the material. The charge carrier mobilities of the
devices also vary with the solvent concentration. The device with the MEA:Toulene(7:3)
concentration has a higher charge carrier mobility (2.76 ×10−5 cm2/V · s) compared to
the device with only 2-MEA(µ = 1.70 ×10−5 cm2/V · s ) and the other co-solvents with
lower toulene concentrations which are depicted in Table 5.3, underscores a more intricate
interplay between morphology, film thickness, and the pathways through which charge
carriers traverse, pointing to the delicate balance required in optimising these parameters
for enhanced device performance. This suggests that the morphology of the active layer
may be more important for charge carrier transport than the charge carrier mobility itself.
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Figure 5.19: Fittings performed by Equation (5.3) over the dark J-V measurements (range
of 0.55-0.8 V) for devices with the active of PTB7 : PC70BM in (2-MEA:Toulene) co-
solvents at different concentrations.
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𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA)

Figure 5.20: Statistical device parameters of the active layer in PTB7 : PC70BM(1:1.5)
using a green solvent (2-MEA).

The synergistic effect of the solvent blend on the device’s performance is further
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𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(9:1)

Figure 5.21: Statistical device parameters of the active layer in PTB7 : PC70BM (1:1.5)
using co-solvents (2-MEA:Toluene) in a 9:1 ratio (900 µL of 2-MEA and 100 µL of
Toulene). The total concentration is 20 mg/mL.

supported by optical characterisation data in Figure 5.7. The addition of Toluene to
the solvent mix resulted in increased miscibility, as predicted by the HSP calculations
(Figure 5.2). This increase in absorbance is typically attributed to more extensive
delocalisation of π-electrons across the stacked molecules, which can lower the energy
gap between the HOMO and LUMO. As a result, the material can absorb photons
with lower energy (longer wavelength), broadening the absorbance spectrum. This is
advantageous for OPVs as it allows the active layer to harvest a wider range of the solar
spectrum [711]. Both donor and acceptor materials can be influenced by π-stacking.
For donors, π-stacking can enhance light absorption and facilitate charge transfer to the
acceptor. For acceptors, efficient π-stacking is crucial for accepting and transporting
electrons away from the donor [712]. Thus, the addition of Toulene has an influence on
both donors and acceptors.

The initial lower performance metrics observed with devices utilising solely green
solvents like 2-MEA were attributed to the limited solubility of the active materials in
these solvents. The RED value for PC70BM is 1.005, making it partially soluble in
2-MEA and the RED value of for PC70BM is 0.9002, making it soluble in Toulene.
Despite using 2-MEA only the Voc is very large (Figure 5.20) and so is the Jsc, yet the
device efficiency is low. This could be attributed to factors other than large fullerene
domains, especially considering the significant Jsc. The small FF may be influenced
by issues related to charge carrier recombination, trap-assisted recombination, or other
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Figure 5.22: Statistical device parameters of the active layer in PTB7 : PC70BM using
co-solvents (2-MEA:Toluene) in a ratio of 4:1 (800 µL of 2-MEA and 200 µL of Toulene).
The total concentration is 20 mg/mL.

morphological factors affecting the device’s performance. Furthermore, inappropriate
solubility can promote excessive crystallinity or aggregation, introduce defects, or result
in residual solvent in the film, all of which can act as barriers to charge transport or
sites for increased recombination. The nuanced interplay between solvent and processing
conditions underscores the complexity of achieving a balance that supports both high
charge generation and efficient charge collection.

Larger domains in the PTB7 : PC70BM blend can be beneficial up to a point, as they
can facilitate efficient charge transport to the electrodes. However, excessively large
domains can reduce the interfacial area between the donor and acceptor materials,
which is critical for the dissociation of excitons into free charge carriers [713]. Thus,
there’s a balance to be struck in achieving the optimal domain size that promotes both
exciton dissociation at the donor-acceptor interface and efficient charge transport to the
electrodes.

While Toluene can produce larger domains due to its slower drying rate (Boiling point
of 110.6◦ C) compared to the boiling point of 2-MEA (173◦ C) and different solubility
parameters for PTB7 and PC70BM , the exact effect on domain size and performance
also depends on other processing conditions, such as solution concentration, drying
temperature, and annealing processes [714,715].

135



This solubility challenge was effectively addressed by incorporating Toluene, highlighting
its role not only as a solvent but also as a performance-enhancing additive. The
choice of Toluene is particularly noteworthy due to it allowing for the formation of
a morphology with a large donor acceptor interface, which aids in charge transport.
Lastly, due to its lower toxicity compared to traditional chlorinated solvents, aligning
with environmental and safety considerations. Moreover, Toluene’s established use
in industrial applications underscores its practical viability as an additive, offering a
sustainable and less hazardous alternative for improving the solubility and, consequently,
the performance of photovoltaic devices as indicated in Table 5.4.

𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)
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F

F
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C

E
 (%)

Figure 5.23: Statistical device parameters of the active layer in PTB7 : PC70BM using
co-solvents (2-MEA:Toluene) in a ratio of 7:3.
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Table 5.3: Charge carrier mobilities of the device with the active layer PTB7 : PC70BM
using green and industrial co-solvents at different concentrations.

Donor:Acceptor(1:1.5) Solvents Thickness µ

(nm) (×10−5 cm2/V · s)

PTB7 : PC70BM 2 − MEA (1) 113 1.70

PTB7 : PC70BM 2 − MEA : Toulene (9:1) 122 2.53

PTB7 : PC70BM 2 − MEA : Toulene (4:1) 128 2.34

PTB7 : PC70BM 2 − MEA : Toulene (7:3) 136 2.76

The results of the PTB7 : PC70BM bulk heterojunction based device in Figure 5.23
show that the solvent ratio 7:3 (2-MEA:Toulene) has the superior performance metric.
Subsequently further analysis on the lifetime of these devices were carried out as follows:
the devices were categorised into two distinct groups. The first group comprised devices
preserved within a moisture-free glovebox environment. The electrical characteristics,
specifically J-V measurements, for this set were conducted on two occasions: firstly, after
a period of 7 days and subsequently after 8 days.

The second group involved devices that were encapsulated to protect them from
environmental factors. Initial measurements for these encapsulated devices were carried
out after 24 hours, followed by another set after 96 hours. Subsequently, these devices
underwent a light ageing process within an ageing box, exposed to air at a consistent
temperature of 85◦ C for a duration of 22 hours, with measurements taken immediately
afterward. This cycle of ageing and measuring was repeated under varying conditions:
after 165 hours exposed to air, the devices were subjected to light and air within the
ageing box at 85◦ C for 25 hours; following a storage period of 284 hours, they were
again placed in the ageing box under similar conditions for 72 hours. After a cumulative
duration of 365 hours post-initial storage, the devices were aged for an extended period
of 88 hours in the ageing box. The devices were then rested for 72 hours. Finally, the
devices were aged at a temperature of 85◦ C for a further 172 hours, with the final
measurements recorded thereafter.

The stability observed in the charge carrier mobility of the encapsulated devices over an 8-
day period in Figure 5.25, all processed using the 2-MEA:Toluene (7:3) co-solvent system,
underscores the effectiveness of this solvent mix in both optimising and maintaining the
electronic properties and morphology of the active layer. The charge carrier mobility
increased slightly from 2.54 ×10−5 cm2/V · s for the reference device to 2.73 ×10−5
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Figure 5.24: (a) J-V curves of non-encapsulated devices with the PTB7 : PC70BM
with optimal co-solvents (2-MEA:Toulene) concentration and (b) shows the J-V dark
conditions for the devices.

cm2/V · s for devices measured after 7 and 8 days, possibly due to further molecular
ordering or mild annealing effects within the film. This improvement indicates that the
film morphology, initially established by the solvent mix, remains robust, not degrading
or undergoing adverse phase separation with time. Co-solvents like 2-MEA and toluene
significantly influence the solubility dynamics and drying kinetics during film formation,
affecting both initial film quality and its long-term stability. The chosen ratio of 2-MEA to
toluene seems particularly adept at fostering a well-mixed phase that supports both high
performance and stability, crucial for the longevity and efficacy of organic photovoltaic
devices.
The J-V curves illustrated in Figures 5.24 (a) and (b) indicate that the electrical
parameters of these devices remained unchanged over an 8 day observation period. This
finding is significant, suggesting that the absence of encapsulation does not detrimentally
affect the short-term stability of the device’s electrical performance when stored in a
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Figure 5.25: Fittings performed by Equation (5.3) over the dark J-V measurements (range
of 0.55-0.8 V) for non-encapsulated devices with the active of PTB7 : PC70BM in (2-
MEA:Toulene) as the optimal concentration.𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Not Encapsulated)
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Figure 5.26: Statistical non-encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio.

controlled environment, such as a glove box. The consistent behaviour of the electrical
properties is not limited to the observations made in Figure 5.24 (a) but is also evident
across Figures 5.26 to 5.28. These additional figures further substantiate the initial
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𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Not Encapsulated)(After 7 Days)
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Figure 5.27: Statistical non-encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) after 7 days.

observation, presenting a broader view of the devices’ stability by showcasing consistent
electrical performance across multiple samples and measurement conditions. This
consistency highlights the potential for these non-encapsulated devices to maintain their
performance under stable environmental conditions, an important consideration for their
practical application and longevity.
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𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Not Encapsulated)(After 8 Days)
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Figure 5.28: Statistical non-encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) after 8 days.

Table 5.5: Photovoltaic parameters of the PTB7 : PC70BM (1:1.5) non-encapsulated
devices with optimal co-solvent concentration of 2-MEA:Toulene (7:3) measured for a
period of 8 days.

Time Jsc Voc FF Rsh Rs PCEmax(Avg)

(Days) (mA/cm2) (V ) (%) (Ω · cm2) (Ω · cm2) (%)

0 12.13 0.77 55.8 2097 37.8 5.21 (5.10)

7 12.04 0.78 55.9 1724 33.6 5.24 (5.11)

8 12.04 0.78 55.9 1724 33.6 5.24 (5.10)

The effect of relaxation of the metastable interconnected network is mainly observed
in the changes of the Voc, FF, Rsh, Rs, PCE and Jsc Table 5.5 shows that these
values remain constant over time as illustrated in Figure 5.29 experienced a marginal
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Figure 5.29: Evolution of PCE over 8 days for the non-encapsulaled PTB7 : PC70BM
devices.

increase of 0.3% upon measurements conducted over a period of 7 days, with a notable
observation on the 8th day. This enhancement in device efficiency can be attributed to
several environmental influences, including light exposure, fluctuations in temperature,
or subtle alterations in the cell’s architecture resulting from handling [515, 716]. Such
factors are known to induce slight yet positive changes in the device’s operational
parameters. The dependability and efficacy of OSCs are determined by a myriad of
factors, such as the choice of materials, the process of fabrication, and the conditions
under which they are stored. These observations are in consonance with existing studies
that emphasise the critical role of precise measurement protocols and the consideration
of stability in assessing the efficiency of organic solar cells across varied environmental
conditions [717–719].

Encapsulation is crucial for protecting solar cells from environmental factors like oxygen
and moisture, which can degrade the cell components and reduce PCE over time.
However, the encapsulation process itself can introduce additional challenges that impact
performance. Issues such as encapsulation-induced defects, material compatibility
challenges, degradation over time, encapsulation thickness effects, and encapsulation
process quality variations can collectively impact the performance of encapsulated OSCs
as observed in the statistical data of encapsulated (Figure 5.32) and non-encapsulated
(Figure 5.26) devices.

The Mott-Gurney analysis long-term stability tests on encapsulated PTB7 : PC70BM
devices in Figure 5.31 using an 2-MEA:Toluene (7:3) co-solvent system reveal insight-

143



-��� ��� ��� ��� ��� ��� ���-��

-��

�

��

��

������� (�)

�(
�
�/
��

� )
2-MEA:Toulene(7:3)

2-MEA:Toulene(7:3)(24 hours)

2-MEA:Toulene(7:3)(96 hours)

2-MEA:Toulene(7:3)(96 hours)(22 hours Ageing)

2-MEA:Toulene(7:3)(165 hours)(25 hours Ageing)

2-MEA:Toulene(7:3)(284 hours)(72 hours Ageing)

2-MEA:Toulene(7:3)(365 hours)(88 hours Ageing)

2-MEA:Toulene(7:3)(525 hours)(172 hours Ageing)

(a)

-��� ��� ��� ��� ��� ��� ���-�

-�

-�

�

�

������� (�)

�(
�
�/
��

� )

2-MEA:Toulene(7:3)

2-MEA:Toulene(7:3)(24 hours)

2-MEA:Toulene(7:3)(96 hours)

2-MEA:Toulene(7:3)(96 hours)(22 hours Ageing)

2-MEA:Toulene(7:3)(165 hours)(25 hours Ageing)

2-MEA:Toulene(7:3)(284 hours)(72 hours Ageing)

2-MEA:Toulene(7:3)(365 hours)(88 hours Ageing)

2-MEA:Toulene(7:3)(525 hours)(172 hours Ageing)

(b)

Figure 5.30: (a) J-V curves of encapsulted devices with the PTB7 : PC70BM (1:1.5)
mass ratio with a green solvent (2-MEA) and with various concentration of an industrial
solvent (Toulene) being added to the blend. (b) shows the J-V dark conditions for the
devices.

ful trends in charge carrier mobility over 697 hours of ageing. Initially, charge carrier
mobility exhibits slight fluctuations but generally shows an upward trend as depicted in
Table 5.7, possibly due to enhanced molecular ordering within the film, likely influenced
by post-fabrication annealing effects induced by the high temperatures [631]. However,
after reaching a peak, µ begins to decrease, suggesting the onset of thermal degrada-
tion or adverse effects from prolonged exposure to air, reflecting changes in the film’s
morphology. The initial stability and later decline in mobility highlight the role of film
morphology, which seems initially well-configured for stability due to the optimal solvent
mix promoting good solubility and interaction between PTB7 and PC70BM . This con-
figuration withstands environmental stresses initially but shows limits under prolonged
harsh conditions. Despite these mobility changes, the efficiency of the devices remains
stable, suggesting that encapsulation effectively protects the active materials from some
degradative effects, such as moisture and oxygen ingress. This underscores the significant
influence of the chosen co-solvent system in establishing a morphology conducive to both
initial high performance and substantial resilience over time, though with noted limita-
tions under extended stress, providing crucial insights for further material and process
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Figure 5.31: Fittings performed by Equation (5.3) over the dark J-V measurements (range
of 0.55-0.8 V) for encapsulated devices with the active layer of PTB7 : PC70BM (1:1.5)
in (2-MEA:Toulene) as the optimal concentration with a thickness of 136 nm measured
over 697 hours.

optimisation in OSCs.𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Encapsulated)

𝑉 𝑜𝑐 (𝑉) 𝐽 𝑠𝑐 (𝑚𝐴
/𝑐𝑚2 )

F
F

P
C

E
 (%)

Figure 5.32: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio.
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Figure 5.33: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio after 24 hours.
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Figure 5.34: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio after 96 hours.
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Figure 5.35: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio after light ageing
at 85◦ C for 22 hours in air, 96 hours post fabrication.
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𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Encapsulated)(165 Hours)(25 Hours Ageing)

𝑉 𝑜𝑐 (𝑉) 𝐽 𝑠𝑐 (𝑚𝐴
/𝑐𝑚2 )

F
F

P
C

E
 (%)

Figure 5.36: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio after being stored
for 47 hours for the devices to recover, then light ageing at 85◦ C for 25 hours in air, 165
hours post fabrication.
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𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Encapsulated)(284 Hours)(72 Hours Ageing)
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Figure 5.37: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio after being stored
for 94 hours for the devices to recover, then light ageing at 85◦ C for 72 hours in air, 284
hours post fabrication.
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𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Encapsulated)(365 Hours)(88 Hours Ageing)
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Figure 5.38: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio after light ageing
at 85◦ C for 72 hours in air, 365 hours post fabrication.
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Steady-state parameters by label, page 0

𝑷𝑻𝑩𝟕: 𝑷𝑪𝟕𝟎𝑩𝑴 (2-MEA:Toulene)(7:3)(Encapsulated)(525 Hours)(172 Hours Ageing)

Figure 5.39: Statistical encapsulated device parameters of the active layer in PTB7 :
PC70BM (1:1.5) using the optimal co-solvents (2-MEA:Toluene) ratio after light ageing
at 85◦ C for 172 hours in air, 525 hours post fabrication.
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Table 5.7: Charge carrier mobilities for encapsulated devices with the active layer of
PTB7 : PC70BM (1:1.5) in (2-MEA:Toulene) as the optimal concentration with a thick-
ness of 136 nm measured over 697 hours.

Time µ

(Hours) (×10−5 cm2/V · s)

0 2.76

24 2.66

96 2.77

96 (Ageing for 22) 2.83

165 (Ageing for 25) 2.90

284 (Ageing for 72) 2.90

365 (Ageing for 88) 2.71

525 (Ageing for 172) 2.68

The investigation into the electrical characteristics of encapsulated devices reveals
nuanced insights into the behaviour of these devices under varying conditions of ageing
and storage. Initial findings, as showcased in Figure 5.30 (a), indicated a pronounced
decline in PCE from 5.77% to 2.94% after the first 22-hour ageing period at a high
temperature of 85◦ C in air. This reduction is attributed to the detrimental impacts
of elevated temperatures on the solar cell components, particularly affecting the mor-
phology and integrity of the active layer, which is crucial for efficient charge transport
and separation [720]. The dark J-V curves in Figure 5.30 exhibit excellent diode quality
with a very low leakage current density and high rectification ratio for the devices that
have not gone the ageing process, whereas the devices that have gone under the ageing
process produced higher leakage current density and lower rectification ratio.

The decrease in efficiency in the fabricated OSCs after the ageing process could be
due to various factors. One significant reason for this decline is the degradation of the
materials used in the solar cells over time, especially when exposed to environmental
stressors like heat, humidity and UV radiation [721]. This degradation can lead to a
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reduction in the performance of the solar cells, impacting their efficiency. Moreover,
the impact of ageing on the morphology of OSCs is crucial. Ageing can cause changes
in the structure and composition of the materials within the device, affecting their
morphology. These changes can include phase segregation of the polymer and fullerene
domains, which is influenced by factors like Ostwald ripening [722, 723]. Additionally,
the vertical segregation profile towards the external electrodes plays a crucial role in
device operation, affecting parameters such as leakage current, energy-level alignment,
and interfacial recombination processes [724].

The essence of the efficiency stabilisation and slight recovery observed after successive
ageing stages can be reasoned with a combination of material resilience and self-healing
mechanisms inherent to the active layer materials used in these devices. Upon extended
exposure to ageing conditions, it is conceivable that the materials undergo a form of
structural reorganisation [725]. These effects has been observed by Ciammaruchi et
al., 2016 when using the active layer PTB7 : PCBM in encapsulated devices [726].
This reorganisation could mitigate the initial detrimental effects of high-temperature
ageing, enabling a more stable charge transport pathway and, consequently, a gradual
improvement in device performance.

Moreover, the storage periods, especially in controlled environments like a glove box,
might play a crucial role in facilitating the relaxation of internal stresses within the
device structure [727]. The glass transition temperature (Tg) of PTB7 and PC70BM
provides insights into the stability of the frozen metastable BHJ state. PTB7 does not
exhibit a Tg up to 200◦ C [722]. For a polymer:fullerene blend with PTB7, Tg is 200◦ C.
This high Tg was achieved using a blend of unsubstituted C60 and C70 fullerenes with
PTB7, is notable for maintaining stable photovoltaic performance even after annealing
at temperatures up to 180◦ C, just below the onset of the glass transition [728]. This
relaxation could help in reversing some of the degradation effects experienced during
the high-temperature ageing process. The controlled environment could also protect
the device from further oxidative or moisture-induced degradation, offering a conducive
setting for the stabilisation of the device’s electrical properties.

The statistical device parameters illustrated in Figures 5.32 through 5.39 further
corroborate this trend, displaying a notable drop in device performance post the initial
ageing phase, followed by a subtle yet consistent recovery after subsequent ageing cycles.
This pattern suggests that while the initial ageing phase at elevated temperatures
imposes a significant challenge to device stability, the materials’ intrinsic properties,
coupled with controlled storage conditions, contribute to a slow but steady recuperation
of PCE as shown in Figure 5.40.

This detailed examination underscores the complexity of factors influencing the ageing
and recovery of OSCs with PTB7 : PC70BM as an active layer. It highlights the in-
terplay between temperature-induced degradation, material resilience, and environmental
conditions in determining the long-term stability and performance of these devices. These
findings, summarised in Table 5.6, provide a comprehensive view of the dynamic ageing
behaviour of encapsulated devices using co-solvents and underline the potential for op-
timising device longevity and efficiency through understanding and mitigating ageing
mechanisms.

155



1
7

2
 H

o
u

rs
 o

f A
g

e
in

g

8
8

 H
o

u
rs

 o
f A

g
e

in
g

2
2

 H
o

u
rs

 o
f A

g
e

in
g

2
5

 H
o

u
rs

 o
f A

g
e

in
g

7
2

 H
o

u
rs

 o
f A

g
e

in
g

Figure 5.40: Evolution of PCE over 697 hours for the encapsulaled PTB7 : PC70BM
devices.

NFA Based Organic Solar Cells: Green vs Chlorinated Solvents

Non-fullerene acceptors (NFAs) have significantly advanced the field of OSCs in recent
years, surpassing fullerene-based systems in both efficiency and stability. These materials
have transformed the OSC landscape by offering improved absorption spectra, tunable
energy levels, and better morphological stability, which are crucial for the long-term
performance of OSCs [729,730].

In the quest for more sustainable and environmentally friendly solar energy solutions, the
development of OSCs using NFAs has emerged as a promising direction. A critical aspect
of fabricating high-efficiency OSCs involves the selection of solvents for the solution-
processing of active layers. Traditionally, chlorinated solvents have been the go-to choice
due to their excellent solubility properties and ability to facilitate high-performance
device fabrication. However, the environmental and health hazards associated with
chlorinated solvents necessitate the exploration of greener, safer alternatives.

This section of the thesis presents a comprehensive analysis of the use of green solvents in
the fabrication of NFA-based OSCs, emphasising the advantages of such a transition. The
PTQ10 polymer serves as an efficient donor material, characterised by its solubility in a
wide array of organic solvents and a high thermal decomposition threshold. This material
exhibits robust optical absorption properties within the 400 - 600 nm spectrum, accom-
panied by a band gap of 1.9 eV [731]. Its compatibility with the NFA Y6 further broadens
its absorption profile to reach up to 900 nm [732, 733]. This extended absorption range
makes it an ideal candidate for bulk heterojunction applications in this study, as it sig-
nificantly enhances the potential for photon harvesting across a large wavelength window.

In our study, we delve into an analysis comparing the impact of eco-friendly solvents

156



against conventional chlorinated solvents on the electrical properties of the active layers
within NFA based OSCs. The selection of green co-solvents is informed by the compu-
tational data presented in Figure 5.2, alongside the parameters outlined in Table 5.1.
These elements serve as pivotal factors in determining the manner in which each solvent
engages with the donor/acceptor materials. The insights drawn from these calculations
and parameters provide a foundational guideline for understanding the solvent-material
interaction dynamics, emphasising the potential enhancements or drawbacks brought
forth by the use of green solvents in the fabrication and performance optimisation of
NFA-based OSCs. Through this exploration, we aim to shed light on the ecological and
efficiency advantages of adopting green solvents in the production of OSCs, contributing
to the development of more sustainable and high-performing solar energy solutions.
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Figure 5.41: J-V curves of devices formed from Donor: NFA heterojunction with the
photoactive layer being formed from the spin casting after dissolving in chlorinated and
green co-solvents.

The observed variations in charge carrier mobilities in Figure 5.42 across NFA these de-
vices, which incorporate different NFA materials and co-solvent systems, clearly illustrate
the significant impact of solvent choice, concentration, and processing conditions on the
morphology and performance of OPV devices. For instance, the very low mobility of
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Figure 5.42: Fittings performed by Equation (5.3) over the dark J-V measurements (range
of 0.55-0.8 V) for NFA based devices using various co-solvent systems.

1.90×10−5 cm2/V · s in the PTQ10:Y6 system using a green co-solvent mixture of 2-
MeTHF and Eucalyptol suggests inadequate dissolution or suboptimal phase separation,
likely due to mismatched solubility parameters. However, when the same solvent mixture
is heated to 70◦ C, the mobility increases significantly (2.49 ×10−5 cm2/V · s), indicating
improved solubility and film morphology, possibly due to enhanced molecular ordering
facilitated by increased temperature. In contrast, the use of a chlorinated co-solvent
system (CF:1-CN) in the PTQ10:Y6 setup resulted in the highest mobility (8.87×10−5

cm2/V · s), suggesting that these solvents effectively dissolve both components and pro-
mote optimal molecular alignment and phase separation. Similarly, the ternary system
involving PM6 : Y 6 : PC70BM and CF:1-CN:DIO also shows high mobility (7.90×10−5

cm2/V · s), albeit slightly lower than the binary system, possibly due to the processing
additive DIO altering the film’s microstructure.
The J-V curves illustrated in Figure 5.43, reveals the impactful role of chlorinated
co-solvents, augmented by the addition of 1-CN, in the performance of devices that
feature PTQ10:Y6 as the active layer. The utilisation of chlorinated solvents stands out
for its significant contribution to enhancing power PCE. Notably, the deployment of these
solvents in the device fabrication process led to a peak PCE of 13.7% in one instance,
with an average PCE of 12.34% across all devices. This performance metric starkly
contrasts with the outcomes achieved using green solvents, thereby emphasising the
superiority of chlorinated co-solvents in promoting higher PCE values, as corroborated
by the analytical data presented in Figure 5.41.

Moreover, HSP analysis, detailed in Figure 5.2 and conducted under ambient conditions,
underscores the complexity inherent in optimising the solubility of organic materials for
PV applications. This complexity arises from the myriad of factors affecting solubility,
including temperature, molecular weight distribution, and the polarity of solvents, which
in turn influence the photovoltaic device’s efficiency and stability [734].

The comparison between ternary and binary blends, particularly the PM6 : Y 6 :
PC70BM blend achieving a PCE of 13.3%, reveals another dimension of device optimi-
sation. Although the ternary blend exhibits a slightly lower PCE compared to its binary
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Figure 5.43: Statistical device parameters of the active layer of PTQ10 : Y 6 (1:1.2) using
Chloroform:1-Chloronapthalene(0.5%) as chlorinated co-solvents.

counterpart, the constancy of the short-circuit current Jsc at 23.2 mA/cm2 for both
device configurations underscores the nuanced balance between material composition
and device performance. This observation suggests that while the inclusion of fullerene
acceptor materials like PC70BM enhances electron mobility due to their superior
electron-accepting capabilities [735], the strategic combination with non-fullerene
acceptors like PM6:Y6, which offer adjustable optical and electronic properties [732,736],
is pivotal.

The synergy between fullerene and non-fullerene acceptors is further enriched by the
use of additives like DIO and specific solvents such as chloroform. These additives
and solvents play a critical role in refining the morphology of the active layer, thereby
enhancing charge transport and reducing recombination, leading to improved PCE and
device stability.

Figure 5.41 presents the J-V characteristics of organic solar cells whose photoactive layer
formed from the PTQ10 and Y6 blend after dissolving in paired green and chlorinated
solvents at ambient temperature. The results show that the blend film formed from the
2-MeTHF:Eucalyptol binary solvent does not yield optimal device performance param-
eters. The photovoltaic effect is rather weak despite the large absorption window and
potential for large photon harvesting probability. This is indicative of a poor morphology
in the bulk heterojunction that promotes germinate and bimordial recombination leading
to the low Jsc and Voc values. The poor device performance data corroborates with the
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Figure 5.44: Statistical device parameters of the ternary active layer of PM6 : Y 6 :
PC70BM (1:1:0.2) using co-additives Chloroform:DIO(2.5%):1-CN(0.5%) as chlorinated
co-solvents.

HSP values for the Donor and Acceptor materials. The investigation highlights that
employing green co-solvents, specifically stirred overnight at ambient temperature, leads
to diminished device PCE. To enhance the dissolution of the D and A, the blend solution
was heated at 70◦ C and continuously stirred overnight. The results of the device spin
case under this conditions of the blend film formation are presented in Figures 5.45 and
5.46 . It is evident that energetic or annealing favourably promotes the dissolution of
the Donor from the high Jsc and Voc values that have been measured.

A significant observation from Figures 5.45 and 5.46 is the disparity in the Jsc values,
contingent upon the stirring temperature. The Jsc of devices stirred at room temperature
markedly lags behind those stirred at 70◦ C, a variance implicating temperature as
a crucial determinant in the solubility and, consequently, the material distribution quality.

The enhancement of device efficiency from a mere 0.043% to approximately 5% through
the adjustment of stirring conditions, initially overnight stirring at room temperature
followed by a 4-hour period at 70◦ C underscores the significance of phase separation
and morphological optimisation in the PTQ10:Y6 active layer. This methodological shift
not only ensures a thorough mixing but also enhances the distribution of the component
materials, thus facilitating a morphological landscape that is conducive to efficient
charge generation and transport.
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Figure 5.45: Statistical device parameters of the active layer of PTQ10 : Y 6 (1:1.2) using
2-MeTHF:Eucalyptol as green co-solvents.

This improvement can be attributed to several factors. Firstly, the elevated temperature
likely aids in the dissolution of stubborn, insoluble fractions of PTQ10 within the blend,
which are otherwise resistant to dissolution at lower temperatures. This results in a more
uniform active layer with reduced phase separation, improving the interface between
the donor and acceptor materials, which is critical for effective charge separation and
transport.

Secondly, the use of eco-friendly solvents such as 2-MeTHF and Eucalyptol, in a balanced
1:1 ratio, ideally the large Voc is correlated to the low lying level of HOMO of PTQ10
(-5.50 eV), however there could be a red shift in the absorption which reduces the Voc

from 0.99 eV to < 0.8 eV [737], thereby potentially reducing the incidence of phase
separation and promoting a more homogeneous active layer morphology.

Moreover, the controlled stirring process, particularly at varied temperatures, is instru-
mental in achieving an optimised film morphology. This procedure likely facilitates the
removal of any residual solvents, a critical step for ensuring a uniform film formation.
Residual solvents can act as plasticisers, affecting the film’s morphology and its elec-
tronic properties, thus their removal is essential for the stability and performance of OSCs.

In addition to the mechanical and thermal processing conditions, the intrinsic properties
of the PTQ10:Y6 materials themselves, such as molecular weight, purity, and intrinsic
solubility characteristics may also play a significant role in the observed outcomes. The
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Figure 5.46: Statistical device parameters of the active layer of PTQ10 : Y 6 (1:1.2) using
2-MeTHF:Eucalyptol as green co-solvents. The blend solution was stirred at temperature
of 70◦ C.

interplay between these material properties and the solvent processing conditions could
further influence the efficiency of the solar cells by affecting the crystallinity, molecular
orientation, and overall morphology of the active layer [738,739].

The comprehensive examination of the PTQ10:Y6 active layer through J-V measurements
has elucidated the critical importance of solvent processing conditions, including solvent
choice, temperature control, and stirring protocols, in enhancing the efficiency of OSCs.
This study underscores the multifaceted nature of optimising device performance, where
material solubility, processing conditions, and intrinsic material properties converge to
dictate the overall efficiency of the PV cells.

The contrast in performance between devices employing chlorinated and green solvents
is not merely a result of the solvent choice but is deeply rooted in the inherent properties
of these solvents. Chlorinated solvents, owing to their unique solubility characteristics,
facilitate a more efficient dissolution and blending of organic photovoltaic materials.
This results in a more uniform and optimal morphological arrangement within the
active layer, which is crucial for the effective separation of charge carriers and min-
imisation of recombination losses. On the other hand, while green solvents present
an eco-friendly alternative, they require extensive optimisation efforts to achieve com-
parable PCEs, mainly due to their less favourable solubility properties for OPV materials.
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5.3.6 External Quantum Efficiency Measurements

External Quantum Efficiency (EQE) measurements are a critical parameter in the
characterisation of photovoltaic devices and other light-sensitive devices. EQE defines
the efficiency with which a device converts photons into electrons, essentially measuring
the number of electrons generated in the external circuit per incident photon on the
device [90].

The EQE measurements were conducted using an experimental setup, consisting of a
75 W Xenon lamp, which served as the primary light source. This lamp was paired
with both a chopper and a monochromator to precisely control and filter the light
wavelengths reaching the pixel in the device. For ensuring the accuracy and reliability
of the measurements, the system underwent calibration employing a Si photodiode,
recognised for its stable and predictable response across a wide range of light wavelengths.

Upon conducting these measurements, the EQE response of the samples is compared
to that obtained from a solar simulator, which is considered a standard reference
in simulating sunlight. The comparison revealed a remarkable consistency, with the
discrepancy in the EQE values being less than 5%. This minimal variance underscores
the precision of our experimental setup in replicating real-world solar conditions and
validates the effectiveness of the utilised calibration process with the Si photodiode.
This alignment is crucial for affirming the reliability of our EQE data, providing a solid
foundation for further analysis and interpretation of the photovoltaic properties of the
materials under study.
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Figure 5.47: EQE spectra of the PTB7 : PC70BM , PTQ10:Y6 and PM6 : Y 6 : PC70BM
OSCs. The devices had different thicknesses.

The broader photon response of PTQ10:Y6 based device in the region of 300-960 nm is at-
tribute to the improved Jsc due to the expanded light absorption of the photoactive layer.
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Figure 5.47 serves as a pivotal reference, illustrating that the PTQ10:Y6-based device
manifests a comprehensive photon response spectrum extending from 300 nm to 960
nm. This expansive range slightly surpasses that of the ternary blend, which plays
a significant role in the observed enhancement of PCE for the PTQ10:Y6 device.
This phenomenon underscores the crucial impact of the spectral response on device
performance, particularly how broader absorption capabilities can translate to improved
energy conversion efficiencies.

Furthermore, the analysis reveals a noteworthy observation concerning the Jsc values.
The PTQ10:Y6 and PM6 : Y 6 : PC70BM based devices exhibit closely aligned Jsc fig-
ures, a result directly attributable to their photoactive layers augmented light absorption
properties. This similarity in Jsc underscores the importance of the photoactive layer’s
composition and its capacity to capture a wide spectrum of light, thereby optimising the
solar cells’ overall performance.

Conversely, the device incorporating the fullerene-based active layer, PTB7 : PC70BM ,
showcased distinct EQE values and demonstrated an absorption intensity that primarily
spanned the 350 to 650 nm wavelength region. This narrower spectral response indicates
a more limited photon absorption range, which is a critical factor in defining the device’s
efficiency parameters. The absorption characteristics of the PTB7 : PC70BM device
elucidate the role of material selection in tailoring the spectral sensitivity and quantum
efficiency of solar cells.

Through these EQE measurements, the study not only validates the Jsc values of the
OSCs but also sheds light on the intricate interplay between the active layer composition,
absorption spectrum, and the resultant efficiency of the devices. It highlights the nuanced
understanding required to engineer materials and devices capable of maximising solar
energy.

5.4 Conclusion

The work presented in this chapter highlights the significance of co-solvent additives in
tuning the morphology of OSCs. Achieving an optimal nanoscale morphology within
the photoactive layer of OSCs is paramount to improving their PCE and long-term
stability. This study underscores the utility of HSPs as a predictive tool for selecting
effective co-solvent systems, facilitating a comprehensive understanding of solvent-solute
interactions crucial for morphology control.

Our investigation into the role of co-solvent additives reveals that careful selection
based on HSPs can significantly enhance the solubility, miscibility, and crystallisation
behaviour of donor-acceptor blends, ultimately leading to more favourable morphologies.
Experimental results demonstrate that the use of optimised co-solvent systems, such as
a mix of green and industrial solvents, not only improves the initial device performance
but also ensures better stability under operational conditions.

Through a combination of theoretical computations and experimental validations, this
chapter has achieved the following objectives: developed and validated a predictive model
based on HSPs for selecting effective co-solvent systems, elucidated the fundamental
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mechanisms by which co-solvent additives influence the morphology of OSCs, and
experimentally demonstrated the enhancement in PCE and stability of OSCs through
the application of optimised co-solvent additives.

The detailed morphological and optoelectronic characterisation using techniques such as
GIWAXS and J-V measurements provided insights into the molecular ordering, phase
separation, and charge transport dynamics influenced by different solvent environments.
Specifically, the use of chlorinated solvents, despite their environmental concerns, has
shown superior performance in terms of solubility and phase control. Conversely, green
solvents, while presenting initial challenges, have proven to be effective under optimised
processing conditions, showcasing the potential for sustainable and high-performing
OSCs.

Overall, the findings emphasise the critical role of solvent engineering in OSC fabrication.
By strategically selecting and combining solvents based on their HSP compatibility, it is
possible to achieve a delicate balance between high efficiency, environmental sustainabil-
ity, and long-term device stability. This research paves the way for further exploration
into greener solvent alternatives and the continuous improvement of organic photovoltaic
technologies.

166



Chapter 6

6 Conclusions and Recommendations

6.1 Conclusion

This thesis has embarked on an ambitious journey to explore the enhancement of photo-
voltaic (PV) device efficiency through innovative light management and morphological
strategies, utilising both traditional and novel materials. The comparative study on
the plasmonic effects and photovoltaic properties of silver Ag, Au, their SiO2 core-shell
counterparts, and magnetoplasmonic materials like Ni, Fe3O4, and their SiO2 core-shell
variants, has revealed significant insights into the optimisation of light absorption and
charge carrier dynamics in Si PV devices.

One of the key findings of this research is the enhancement of PCE in Si-based solar
cells through the use of superparamagnetic NPs exhibiting plasmonic behaviour. The
meticulous calculation of Curie temperatures demonstrated that these NPs can effec-
tively enhance light absorption and improve charge carrier dynamics due to plasmonic
scattering and absorption effects. The introduction of a silica coating on magnetic
NPs further amplified this enhancement, highlighting the synergy between light con-
finement and improved light scattering by larger Fe3O4/Au NPs. This work not only
extends the knowledge of plasmonic effects in photovoltaic applications but also closes
the gap in understanding the behaviour of magnetic NPs in enhancing solar cell efficiency.

Moreover, the study ventured into the realm of OSCs, examining the impact of solvent
morphology on device performance. The employment of green and industrial solvents
as co-solvents, particularly the pairing of toluene with 2-MEA, has showcased a path
towards the replacement of chlorinated solvents, striking a balance between environ-
mental sustainability and photovoltaic efficiency. This transition not only reduces the
environmental footprint of PV device fabrication but also holds the potential to lower
production costs, OPVs more accessible.

The findings of this thesis underscore the vast potential of integrating plasmonic NPs
and optimising solvent morphology in enhancing the efficiency of photovoltaic devices.
By bridging the gap between traditional plasmonic materials and magnetoplasmonic
NPs, as well as championing the use of greener co-solvent systems, this work contributes
to the advancement of solar technology towards higher efficiency and sustainability. As
the field moves forward, the insights gained from this study will undoubtedly serve as a
cornerstone for future research aimed at realising the full potential of photovoltaics in
harnessing solar energy.
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6.2 Future Work

6.2.1 Magetoplasmonic and Plasmonic Nanoparticles on Silicon Based De-
vices

The integration of magnetoplasmonic and plasmonic nanoparticles in silicon solar cells
holds significant promise for enhancing photovoltaic performance. Future research should
focus on refining the synthesis methods such as lithography for these nanoparticles to
achieve greater uniformity and control over size and shape. Experimenting with different
precursor concentrations, reaction temperatures, and synthesis times will be essential to
produce nanoparticles with consistent and reproducible properties. To address concerns
about uniformity, we will conduct more extensive characterisation using techniques such
as high-resolution TEM, SEM, and DLS. These methods will provide detailed insights
into the size distribution, shape, and uniformity of the core-shell nanoparticles, ensuring
they meet the stringent requirements for photovoltaic applications.

Further research can investigate the optimal configurations and concentrations of
nanoparticles within the silicon matrix to maximise light absorption and scattering.
This includes studying the effects of different nanoparticle shapes (spheres, rods, cubes)
and sizes on the optical properties of the solar cells. Additionally, future studies should
focus on the long-term stability and durability of the integrated nanoparticles within
the silicon solar cells. Testing the cells under various environmental conditions, such as
temperature, humidity, and UV exposure, will be crucial to ensure sustained performance
and reliability over time.

Exploring the use of hybrid nanostructures, such as combining different types of
plasmonic and magnetoplasmonic nanoparticles, can lead to synergistic effects that
further enhance the efficiency of silicon solar cells. Investigating the interaction between
these hybrid structures and their collective impact on light management and charge
carrier dynamics will be essential. Developing scalable fabrication techniques that
can integrate these nanoparticles into silicon solar cells in a cost-effective manner is
another critical area for future research. Methods such as spin coating, layer-by-layer as-
sembly, and other deposition techniques need to be adapted for large-scale manufacturing.

Advanced computational simulations and modelling will play a pivotal role in predicting
the behaviour of plasmonic and magnetoplasmonic nanoparticles in silicon solar cells.
These models can help identify the most promising nanoparticle configurations and
guide experimental efforts. Additionally, the application of these nanoparticles can be
extended to tandem solar cells, where multiple layers of different photovoltaic materials
are used to capture a broader spectrum of sunlight. Investigating the role of plasmonic
and magnetoplasmonic nanoparticles in enhancing the efficiency of tandem cells could
lead to significant advancements in solar technology.

By addressing these areas in future research, we can unlock the full potential of magne-
toplasmonic and plasmonic nanoparticles in silicon solar cells, paving the way for more
efficient and cost-effective solar energy solutions.
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6.2.2 Co-Solvents on OSCs

Future work for this thesis will delve deeper into the expansive realm of solvents and
their pairing as co-solvents to improve the morphology of OSCs, guided by Hansen
solubility parameter (HSP) calculations. Our preliminary investigations, as illustrated
in Figures 6.1 and 6.2, have begun to map out the landscape of organic materials with
various green and industrial co-solvents, including chlorinated co-solvents. This initial
exploration hints at the potential for enhancing the morphological features of solar cell
active layers, which is crucial for the efficiency of these devices. High-resolution SEM
images will be included to provide detailed insights into the film morphology of the
polymer medium, enabling the observation of crystal growth and overall morphological
characteristics.

RED Calculations for Industrial Solvents
Polymers O-Xylene P-Xylene Limonene Toulene A-methylstyrene NMP THF
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1.007
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Figure 6.1: HSP calculations on industrial and green solvents.

The insights gleaned from the HSP calculations outline possible device architectures,
including sequential deposition techniques informed by HSP solubility calculations,
providing a foundational knowledge base for future device fabrication strategies. Figures
6.1 and 6.2 show the HSP calculations for a few polymers using chlorinated and
non-chlorinated solvents. These calculations were conducted using various solvents for
the project, and they can be applied in multiple OSC architectures.

The use of industrial solvents in the fabrication of organic solar cells is poised to undergo
significant changes. By transitioning to environmentally sustainable solvents like green
solvents, halogen-free solvents, and non-halogenated aromatic solvents, the organic solar
cell sector can enhance its environmental sustainability, reduce manufacturing costs, and
improve the overall efficiency of solar cells. This shift towards eco-friendly solvents aligns
with the industry’s growing emphasis on greener practices and sustainable technologies.
The adoption of industrial solvents in organic solar cell production is expected to drive
innovation in material design, processing techniques, and device performance, ultimately
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RED Calculations for D/A Materials in various Solvents

CF CB o-DCB DIO Toulene 1,8 Oct 1-Chloro 1,2,4 Tri
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RED= 
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RED= 
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RED= 

0.2349

RED= 
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RED= 
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RED= 

0.9317

RED= 
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RED= 
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𝑃𝐵𝐷𝐵 − 𝑇 RED= 
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RED= 
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RED= 
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RED= 
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RED= 
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RED= 
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RED= 
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RED= 
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RED= 
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RED= 
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RED= 

1.230

RED= 
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Figure 6.2: HSP calculations on various chlorinated solvents.

leading to the development of more efficient and environmentally friendly photovoltaic
technologies.

In situ studies utilising Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) and
Optical Spectroscopy play a crucial role in understanding the film formation and mor-
phology evolution during the fabrication of organic solar cells. These techniques provide
insights into the crystallisation steps that occur as solvents evaporate, thinning, and dry-
ing take place. By examining the crystalline intermediates and pathways, researchers can
better comprehend the domain purification process involved in the production of organic
solar cells. Specifically, the use of co-solvents like 1-CN has been shown to influence the
drying process, promoting the aggregation of specific polymers and impacting the result-
ing morphology of the films. Through detailed analysis of these processes, researchers
can optimise the fabrication of organic solar cells for enhanced efficiency and performance.

Moreover, small molecules and fullerene-based acceptors are known to promote π − π
stacking and improve crystallinity, which are critical for enhancing the efficiency of
OSCs. Future work will also explore the mutual cooperation between these two types
of acceptors, in addition to focusing on solvent systems. Understanding the synergistic
effects between small molecules and fullerene-based acceptors will provide a more com-
prehensive approach to optimising the active layer morphology and device performance.

A significant avenue of future research will involve an exhaustive investigation into the
thermodynamics of co-solvent systems to boost the power conversion efficiency of OSCs.
Among the anticipated outcomes is the identification of an optimal co-solvent mixture
that not only improves the solubility of active materials but also promotes superior
film formation and blend morphology. Achieving these milestones is expected to elevate
critical device performance metrics, including PCE, FF, and Jsc.

170



The pursuit of these research objectives is poised to advance the development of OSCs
that are both more efficient and stable. The implications of such advancements are
far-reaching, with potential applications in portable electronics, building-integrated
photovoltaics, and solar farms. This is particularly relevant for devices leveraging cost-
effective industrial solvents, where improvements in device architecture and efficiency
can significantly enhance their viability and adoption in a variety of settings. As we
venture into this uncharted territory, the combination of innovative solvent systems and
meticulous morphological optimisation stands to herald a new era of photovoltaic device
technology, underscoring the transformative potential of light management and material
science in harnessing solar energy.

6.2.2.1 Future Research Directions

Continued research into advanced materials and device architectures is crucial for further
improving the thermal stability and reliability of OSCs. Future research should focus on:

• Developing new NFAs and donor polymers with enhanced stability and perfor-
mance.

• Exploring hybrid organic-inorganic materials to leverage the stability of inorganic
components while maintaining the flexibility of organic materials.

• Advancing encapsulation techniques to protect OSCs from environmental degrada-
tion.

• Investigating the long-term stability of OSCs under real-world conditions, including
temperature variations, humidity, and mechanical stress.

• Incorporating in situ morphology characterisation using GIWAXS during the mixing
of solvents and spin coating. This time-dependent study of morphology will aid in
decoupling the kinetics and energetics of morphology formation.

By addressing these challenges and leveraging recent advancements, OSCs have the po-
tential to become a mainstream renewable energy technology, contributing significantly
to the global energy transition and sustainability goals.
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Appendix

The materials used for the calculations in the table in Figure 5.2 are:

• PC70BM: [6, 6]-Phenyl-C70-butyric acid methyl ester

• PTB7: Poly[[4, 8 − bi[(2 − ethylhexyl)oxy]benzo[1, 2 − b : 4, 5 − b′]dithiophene −
2, 6−diyl][3−fluoro−2− [(2−ethylhexyl)carbonyl]thieno[3, 4−b]thiophenediyl]]

• PTQ10: Poly[(5, 6 − difluoro − 2, 1, 3 − benzothiadiazol − 4, 7 − diyl) − alt −
(3, 3′′′ − di(2 − octyldodecyl) − 2, 2′; 5′, 2′′; 5′′, 2′′′ − quaterthiophen − 5, 5′′′ − diyl)]

• Y6: 2, 2′ − ((2Z, 2′Z) − ((12, 13 − bis(2 − ethylhexyl) − 3, 9 − diundecyl −
12, 13 − dihydro − [1, 2, 5]thiadiazolo[3, 4 − e]thieno[2”, 3” : 4′, 5′]thieno[2′, 3′ :
4, 5]pyrrolo[3, 2 − g]thieno[2′, 3′ : 4, 5]thieno[3, 2 − b]indole − 2, 10 −
diyl)bis(methanylylidene))bis(5, 6 − difluoro − 3 − oxo − 1H − indene −
2, 1(3H) − diylidene))dimalononitrile

• PM6: Poly[(2, 6−(4, 8−bis(5−(2−ethylhexyl)thiophen−2−yl)−benzo[1, 2−b :
4, 5 − b′]dithiophene)) − alt − (5, 5 − (1′, 3′ − di − 2 − thienyl − 5′, 7′ − bis(2 −
ethylhexyl)benzo[1′, 2′ − c : 4′, 5′ − c′]dithiophene − 4, 8 − dione))]

• ITIC-Th: 3, 9 − bis(2 − methylene − (3 − (1, 1 − dicyanomethylene) − 5, 6 −
difluoro − 4 − oxo − 2, 3 − dihydro − 1H − indene − 1 − ylidene)) − 2, 8 − dithien −
2 − yl − 5, 6 − dihydro − s − indaceno[1, 2 − b : 5, 6 − b′]dithiophene
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[118] S. Carretero-Palacios, A. Jiménez-Solano, and H. Mı́guez, “Plasmonic nanoparticles
as light-harvesting enhancers in perovskite solar cells: a user’s guide,” ACS energy
letters, vol. 1, no. 1, pp. 323–331, 2016.

[119] R. Siavash Moakhar, S. Gholipour, S. Masudy-Panah, A. Seza, A. Mehdikhani,
N. Riahi-Noori, S. Tafazoli, N. Timasi, Y. Lim, and M. Saliba, “Recent advances
in plasmonic perovskite solar cells,” Advanced science, vol. 7, no. 13, p. 1902448,
2020.

181



[120] R. Borah, R. Ninakanti, S. Bals, and S. Verbruggen, “Plasmon resonance of gold
and silver nanoparticle arrays in the kretschmann (attenuated total reflectance) vs.
direct incidence configuration,” Scientific Reports, vol. 12, no. 1, p. 15738, 2022.

[121] S. Bremner, M. Levy, and C. Honsberg, “Analysis of tandem solar cell efficien-
cies under am1. 5g spectrum using a rapid flux calculation method,” Progress in
photovoltaics: Research and Applications, vol. 16, no. 3, pp. 225–233, 2008.

[122] H. Li and W. Zhang, “Perovskite tandem solar cells: from fundamentals to com-
mercial deployment,” Chemical Reviews, vol. 120, no. 18, pp. 9835–9950, 2020.

[123] Q. Wali, N. Elumalai, Y. Iqbal, A. Uddin, and R. Jose, “Tandem perovskite solar
cells,” Renewable and Sustainable Energy Reviews, vol. 84, pp. 89–110, 2018.

[124] J. Zhou, Q. Huang, Y. Ding, G. Hou, and Y. Zhao, “Passivating contacts for high-
efficiency silicon-based solar cells: From single-junction to tandem architecture,”
Nano Energy, vol. 92, p. 106712, 2022.

[125] E. Raza and Z. Ahmad, “Review on two-terminal and four-terminal crystalline-
silicon/perovskite tandem solar cells; progress, challenges, and future perspectives,”
Energy Reports, vol. 8, pp. 5820–5851, 2022.

[126] F. Martinho, “Challenges for the future of tandem photovoltaics on the path to
terawatt levels: a technology review,” Energy & Environmental Science, vol. 14,
no. 7, pp. 3840–3871, 2021.

[127] M. Yamaguchi, K. Lee, K. Araki, and N. Kojima, “A review of recent progress in
heterogeneous silicon tandem solar cells,” Journal of Physics D: Applied Physics,
vol. 51, no. 13, p. 133002, 2018.

[128] X. Wu, B. Li, Z. Zhu, C. Chueh, and A. Jen, “Designs from single junctions, hetero-
junctions to multijunctions for high-performance perovskite solar cells,” Chemical
Society Reviews, vol. 50, no. 23, pp. 13090–13128, 2021.

[129] A. Maalouf, T. Okoroafor, Z. Jehl, V. Babu, and S. Resalati, “A comprehensive
review on life cycle assessment of commercial and emerging thin-film solar cell
systems,” Renewable and Sustainable Energy Reviews, vol. 186, p. 113652, 2023.

[130] S. Akhil, S. Akash, A. Pasha, B. Kulkarni, M. Jalalah, M. Alsaiari, F. Harraz,
and R. Balakrishna, “Review on perovskite silicon tandem solar cells: Status and
prospects 2t, 3t and 4t for real world conditions,” Materials & Design, vol. 211,
p. 110138, 2021.

[131] T. Leijtens, K. Bush, R. Prasanna, and M. McGehee, “Opportunities and chal-
lenges for tandem solar cells using metal halide perovskite semiconductors,” Nature
Energy, vol. 3, no. 10, pp. 828–838, 2018.

[132] P. Tockhorn, J. Sutter, A. Cruz, P. Wagner, K. Jäger, D. Yoo, F. Lang, M. Grischek,
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