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Abstract

By enhancing the key processes of light absorption, charge transport, and device stability, the thesis
contributes to developing sustainable, high-efficiency energy solutions. Moreover, this thesis highlights
the incorporation of plasmonic nanoparticles (NPs) into the active layers of organic thin film solar
cells to enhance their performance. Especially, the study focuses on the addition of the plasmonic
silver magnesium (Ag/Mg) NPs, and nickel-silver (Ni/Ag) nanoclusters into the active layer of Poly(3-
hexylthiophene-2,5-diyl)(P3HT):[6,6] phenyl-C61-butyric acid methyl ester (PCg;BM) polymer blend.
Furthermore, we hvae investigated the incorporation of cobalt sulfide (CoS) NPs into the Poly [[4,8-
bis[(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 |] (PTBT):[6,6]-Phenyl-C71-butyric acid methyl ester (PC7;BM) active layer. The in-
troduction of plasmonic NPs is aimed at improving light absorption, charge carrier generation, charge
recombination, and overall efficiency of thin film polymer solar cells. The occurrence of localized sur-
face plasmonic resonance (LSPR) due to the inclusion of plasmon NPs in photo-active layer positively
influenced the optical and electrical properties of the medium that leads to improved light harvesting.
Through a series of experimental studies, the thesis demonstrates that the inclusion of Ag/Mg, and
Ni/Ag NPs in P3HT:PCgBM leads to significant improvements in device performance. Each NPs
system is characterized in terms of its synthesis, incorporation methods, and the resulting morpholog-
ical and optoelectronic properties of the active layer. Moreover, the incorporation of CoS NPs into
the PTB7:PC71BM blend is investigated, highlighting the positive effects of combining these materials.
The results demonstrated an enhancement in both the absorption spectrum and the charge transport
properties, contributing to an overall increase in device performance as the power conversion efficiency
(PCE) of the optimized device was improved by 37% compared to the reference solar cell device. The
research outcomes contribute to the understanding of plasmonic-enhanced organic thin film solar cells
and offer new possibilities for the material combinations and mechanisms that influence performance
improvements. The results presented in this thesis are supported by three peer-reviewed publications.
Which details the experimental approaches, analyses, and conclusions drawn from the study. Generally,

this work demonstrates the potential of plasmonic NPs and quantum confinement effect to advance
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the efficiency and viability of organic thin film technologies, paving the way for future developments in

sustainable energy solutions.
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Chapter 1

The Need For Transformation To

Sustainable Energy

1.1 Introduction

The rapidly increasing global population and prospering civilizations have given rise to an exponential
increase on the energy demand. However, despite their unsustainable nature, severe environmental
degradation, and adverse effects on health, fossil fuels remain currently as the dominant energy source
today. The massive amounts of greenhouse gases, including methane, carbon dioxide, and nitrous oxide
released by the combustion of fossil fuels are expected to grow in the future due to fast urbanization
and industrialization globally. The present and predictable levels of greenhouse gases present various
consequences, including extreme weather patterns, growing health issues, rising sea levels, and envi-
ronmental disruptions. These climate changes and health hazards from fossil fuel consumption pose
imminent threats to human existence through their disruption of the nine planetary boundaries [1].
Furthermore, the challenges posed by energy production and consumption extend beyond global warm-
ing to encompass a broader spectrum of environmental concerns. These include air pollution, acid
rain, ozone depletion, deforestation, and the release of radioactive substances. Addressing these issues
simultaneously is crucial for sustainable energy in the future that minimizes environmental harm. In
this context, sufficient evidence suggests that continued degradation of the environment will have re-
flective and unfavorable consequences for our collective future [2]. Therefore, transitioning to renewable
energy in all technological aspects of modern living, buildings, industrial, and power sectors is one of
the possible solutions to mitigate climate change and ensure a sustainable future. This can be achieved
by focusing on a strategy that permits the deployment of a mixed suite of such as solar, wind, hydro,

geothermal, and biomass, which are clean, abundant, and renewable, offering a promising solution to



our global energy crisis. In this concern, previous studies have shown that we can use different resources,
technologies, and policies to improve energy access, air quality, and energy security, and avoid climate
change [3].
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Figure 1.1: The global energy consumption and the need for renewable energy by 2050 [(].
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Figure 1.2: Tllustrate the amount of solar irradiation at the earth’s surface and atmosphere [1].

Figure. 1.1. Displays the current level of renewable energy consumption among other resources such
as hydroelectricity, nuclear, natural gas, oil, and coal which still require further growth. Renewable
energies are sources of energy that are constantly replaced by nature and come from the sun, either
directly (solar thermal, photochemical, and photovoltaic), indirectly (wind, hydropower, and biomass),
or from other natural processes (geothermal and tidal) []. As shown in Figure 1.2, One of the most
available renewable energy resource today today is solar energy, which includes solar photovoltaic, grid-
connected, solar photovoltaic isolated, and thermal solar energy. This is based on the fact that the
sun emits 3.8 x 10%® kW per second which is greater than the annual global energy consumption of
1.8 x 10" kW. The solar energy is clean and free of emissions, which makes it an essential solution
to the climate change crisis. Solar energy has been effectively exploited as a method of light and heat
since early human history. For example, in the 5th century B.C., the ancient Greeks designed their
homes to capture the sun’s heat during the winter. Later, the Romans improved solar architecture

by covering south-facing windows with clear materials such as mica or glass, preventing the escape of



solar heat captured during the day. Despite efforts of harnessing solar energy for thermal applications,
the brain child on the conversion of solar energy to electricity was due to Edmund Becquerel who
in 1839 discovered the photovoltaic effect while experimenting with an electrolytic cell made up of
two metal electrodes. Becquerel found that certain materials would produce small amounts of electric
current when exposed to light [7]. Using the solar energy through photovoltaic (PV) technologies is
considered one of the most promising approaches for generating clean and sustainable electricity. The
PV effect was first studied in solids, such as selenium in the 1870s. In the 1880s, selenium PV cells
were built and produced 1%-2% efficiency in converting light to electricity. Selenium converts light in
the visible part of the sun’s spectrum; for this reason, it was quickly adopted by the then-emerging field
of photography for photometric (light-measuring) devices [9, 8]. Nowadays the developments in solar
energy conversion systems have led to the conversion of sunlight directly to the electricity by using simple
design and efficient handling devices. These devices can be employed in various applications globally
to generate electricity for homes, businesses, and utilities, in addition to the power of electric vehicles
and other transportation systems. The working principle of PV devices is based on photoabsorption
in semiconductor materials to generate electron hole pairs (excitons) at the conduction - valence band
edges. The electron - hole pairs can be strongly (frenkel excitons) and weakly (Wannier excitons) bound
depending on the optical properties of the semiconductor. Since the excitons determine the generation
rate, the can be dissociated to form electrons and holes which are collected at the electrode to generate
current or voltage and used to generate electricity [10, 11]. Based on material composition solar cell
technology generally is classified into three generations. The first generation consists of conventional
crystalline silicon-based solar cells, including monocrystalline and polycrystalline silicon. The second
generation includes thin-film solar cells such as amorphous silicon, cadmium telluride, and copper indium
gallium selenide. The third generation includes perovskite solar cells, organic photovoltaics (OPV),
quantum dot solar cells, dye-sensitized solar cells (DSSC). The crystalline silicon-based solar cells, are
still dominate the market due to their high efficiency and stability despite high manufacturing costs
[12, 13]. The efficiency of a PV device is generally determined by the ability of the device to absorb
photons and convert them into electricity. The developments in the area of inorganic semiconductor-
based solar cell technology are based on the fact that the valence and conduction bands of the inorganic
semiconductor materials are responsible for electron-hole generation and transformation within the
solar cell device. For example, the classical way of PV devices is to convert light directly into electric
current and voltage through the forming of a diode between the junction of two regions in an inorganic
semiconductor, one doped as n-type and the other as a p-type. The n-type has one more electron than
all their neighbors making it a donor (D), while the p-type dopants have one less electron and will

accept electrons. When electrons migrate from the n-type region to the p-type region, and conversely,



holes move from the p-type to the n-type region, a depletion region is formed. This region creates a
built-in electric field that influences charge carrier movement within the junction. As soon as a photon
with enough energy strikes an electron in a semiconducting material it is excited into the conduction
band (CB) without the need for a change in momentum (direct direct band gap semiconductor), while
for indirect transition, this process requires both a photon and a phonon for electron excitation. The
electron and hole pairs through the p-n semiconductor junction accelerate away from each other by the
built-in electric field resulting in current output [14]. Several different semiconductor materials have
been employed for the photon-electricity conversion process. Among these materials, silicon is the most
successfully used semiconductor, which has many forms such as single-crystalline, multi-crystalline,
and amorphous silicon. In addition to silicon, later polycrystalline thin films such as Copper indium
diselenide (CIS), Cadmium telluride (CdTe), and and gallium arsenide (GaAs) also strongly contributed
to the development of PV technology. [15]. Recently organic PV technology or polymer thin film solar
cells, which use carbon-based materials such as small molecules, dendrimers, and polymers to convert
solar energy into electricity have attracted research attention to substitute the traditional high-cost
inorganic-based solar cells [16]. These electronic dissimilar organic materials consist of an electron
donating polymer and an electron accepting molecule embedded together to form the interconnected
bulk heterojunction (BHJ). Photon absorption occurs in the high ionization energy donor molecule
through the electron transition between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). This leads to the formation of the Frenkel exciton which needs
to diffuse to the donor to acceptor interface for it to be dissociated into separate electric charge carriers.
The essential advantage of employing organic materials in thin film solar cells is their flexibility in
modifying molecular properties to specific applications. Moreover, by manipulating factors like the
length and functional groups of these polymers, several parameters such as molecular mass, bandgap,
and the charge-generating rate can be finely adjusted [17, 18]. As shown in Figure. 1.3. The electronic
formation of organic semiconductor polymers depends upon the presence of conjugated m-electrons,
where their structure design looks like a sequence of alternating single and double carbon-carbon bonds.
Single bonds are identified as o-bonds and are associated with localized electrons, while double bonds
contain both a o-bond and a m-bond. The m-electrons exhibit heightened mobility compared to their
o-electron counterparts, facilitating their transition across carbon atoms through the related overlap of
m orbitals along the conjugated pathway. This overlap results in the delocalization of wave functions
throughout the conjugated structure. The 7w-bands within this system can either be empty, referred to as
the LUMO, or filled with electrons, labeled as the HOMO. This 7-electron arrangement summarizes the
fundamental electronic characteristics of the polymer materials, including light absorption and emission,

as well as charge generation and transport [19].



Figure 1.3: Bonding and antibonding orbitals of the conjugated polymers [20].

Due to the non-crystalline nature of organic polymer materials, there are no specific bands for electrons
and holes, as well as there, is no particular electric field similar to that for inorganic materials. As a
result, when incident light generates an excited electron, a quick recombination with its hole occurs un-
less pre-emptive separation takes place. To address this challenge, the employment of a double-material
strategy, with one favoring electrons and the other holes is usually introduced. Then the electrons/holes
pairs efficiently dissociate in separate materials, before their diffusion alongside respective concentration
gradients [21]. Many types of electron donor (D) and acceptor (A) blends have been studied to bring
photon-electricity conversion requirements and they can be classified into three major types: molecular,
polymer, and hybrid. Maximizing the surface area to volume ratio of the interface between the two
materials becomes essential for optimal charge carrier separation. This can be achieved through the
fabrication of ultra-thin films of the blending of materials which form what a called bulk heterojunc-
tion (BHJ). Since the first development of BHJ design by Pochettino in 1906 subsequently, remarkable
research efforts have been efficiently made to advance semiconducting polymers, simultaneously im-
proving the performance of various organic electronic devices such as organic solar cells (OSCs), organic
light-emitting diodes, and layered memory structures [1]. Due to the restrictive constraint set by the
short exciton diffusion length and also the loss in the photoabsorption necessitates the use of plasmonic
nanoparticles. The synthesizing and performing metal/semiconductor NPs into the active layer/buffer
layer of BHJ thin film organic solar cells to improve the performance of the devices has attracted re-
search interest due to the promising properties of NPs technology in terms of light absorption. Among
these NPs, surface plasmonic resonance (SPR) and localized surface plasmonic resonance (LSPR) based
NPs have been the most effectively employed in polymer thin-film solar cells. LSPRs arise from the
collective oscillations of free electrons confined locally by metal nanostructures. Where, their effect
stands out from the localized enhancement of the electromagnetic field due to strong resonance effects,

resulting in efficient light trapping [3]. Moreover, when a nanostructured metal is exposed to light, the



electromagnetic field of the incident light applies a potential to the conduction electrons of the metal
nanoparticle (MNP) forcing them to move near the NPs surface in the form of the electron cloud. How-
ever, as the electrons are still confined inside the NP, the negatively charged electrons cloud concentrate
on one side, while positively charged holes accumulate on the opposite side of the electrons leading to
the generation of a new electric field inside the metal nanostructure. but the electromagnetic field is

frequency dependent, oscillations may arise from this attribute [4].

1.2 Problem Statements

The justification for the exploration and promotion of solar energy and PV technology lies in the urgent
need to address the environmental challenges influenced by conventional energy sources. The abundance
and clean nature of solar energy, coupled with the developing potentials of PV systems is a key factor
in achieving a sustainable and strong energy future. As such, investing in research and development
in this field is not only essential for mitigating climate change but also provides a holistic approach to
environmental conservation and energy security. In this concern, thin-film organic solar cells technology
is preferred choice for their optical and electronic flexibility, lightweight nature, low-cost and facile
device fabrication making them best for photovoltaics, and portable devices. The efficiency of OPV
cells can be enhanced by optimizing the bulk heterojunction structure or by utilizing the near-field and

far-field effects of SPR to improve light absorption and charge carrier dynamics.

1.3 Aim of the Thesis

This study is primarily focused on improving the PCE of organic solar cells using the SPR effect. This
improvement will be achieved by strategically incorporating optimized metal NPs at the active layer
within the device structure. These NPs will be synthesized using a direct wet chemical method to
produce plasmonic metal NPs, and their integration into solar cells will follow a cost-effective approach.
The principal goal is to develop more environmentally stable devices while maintaining a low-cost

fabrication process.

1.4 Objectives of The Thesis

A. Synthesis of plasmonic metal NPs in the form of Ag/Mg bimetallic NPs and incorporate them into
the active layer of P3HT:PCg1BM solar.
B. Synthesis of plasmonic metal NPs in the form of Ni/Ag clusters and incorporation into the active

layer of P3HT:PCgBM solar.



C. Synthesis of Cobalt sulfide NPs and incorporation them into the active layer of PTB7:PC71 BM solar
cells.

D. Enhancing the efficiency of polymer solar cells by optimizing the solar absorber through the strategic
incorporation of plasmonic metal and metal sulfide quantum dot NPs.

E. Employing possible characterization techniques, such as High-resolution transmission electron mi-
croscopy (HRTEM), High-resolution scanning electron microscopy (HRSEM), X-ray diffraction (XRD),
Energy-dispersive X-ray spectroscopy (EDX), and Fourier Transform Infrared Spectroscopy (FTIR) to

analyze the optical and morphological properties of the synthesized NPs.

1.5 Outline of The Thesis

This thesis investigates the impact of plasmonic metal NPs on the performance of the various functional
layers of polymer solar cells. Several polymers blend solar absorber media such as PSHT:PCgBM and
PTB7:PC71BM were used in the investigations. The thesis is composed of 7 chapters, highlighting the
synthesis process, characterization, and incorporation of plasmon metal NPs into thin-film solar cells,
thereby advancing device performance through improved light absorption. Chapter 1, discusses with a
general overview of solar energy, addressing its role in reducing global energy crises and environmental
issues. Beyond outlining the motivations for the research, this chapter covers problem statements, the
aim of the study, objectives, and concludes with a detailed description of the thesis outline. Chapter
2, displays the literature review, providing a brief definitions for the fundamental concepts polymer
thin film solar cells. Theses concepts include materials, device structure, working mechanisms, charge
recombination, and solar cells parameters. Chapter 3 covers a detailed discussion of the concept of
plasmonic, localized surface plasmonic resonance, and the possible mechanisms of the energy transfer
from plasmonic metal NPs into thin films organic solar cells. This chapter also offers a brief descrip-
tion about the transitional metal chalcogenides (TMCs), and the quantum confinement effect in TMC
NPs. Chapter 4, include bimetallic nano-composites of Silver magnesium (Ag/Mg) article covering the
synthesis, characterization as well as a detailed discussion. The incorporation of the plasmonic Ag/Mg
NP into the active layer of PS3HT:PCgBM thin-film organic solar cells has enhanced the optical ab-
sorption, leading to improved efficiency through near-field enhancement plasmon mechanisms. Chapter
5, introduces Nickel-doped Silver nanoclusters (Ni/Ag) (NCs), which were successfully synthesized and
characterized using high-resolution scanning and electron microscopy (HRSEM and HRTEM). These
NCs are incorporated into the photo-active layer of conventional thin-film organic solar cells, demon-

strating enhanced device performance of various solar cell parameters. Chapter 6 focuses on newly



synthesized cobalt sulfide core-shell NPs (CoS) used in the solar absorber medium of PTB7:PC7; BM.
The CoS NPs doped in an inverted structure of thin-film organic solar cells enhanced photon harvesting
and significantly improved PCE due to the quantum confinement effect. As a final point, chapter 7 is

the conclusion of the thesis discussing the out come of the investigations.
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Chapter 2

Literature Review

2.1 Introduction

Today, energy stands as a key player in the running of modern civilization. Its absence presents a tough
challenge, indicating insufficient access to food, adequate shelter, and connectivity to the Internet, en-
compassing the utilization of nanotechnology. The evolution of current energy developments requires
the assessment of new technologies and constructing new physical and chemical processes. These are
indispensable for the establishment and operation of efficient systems capable of generating, accumu-
lating, transforming, and transporting energy across various forms. Despite global fossil fuel reserves
remaining dominant, the noticeable contrary social, health, and environmental impacts resulting from
our unsustainable energy consumption patterns highlight the urgency for change. Therefore, the needs
for renewable energy resource not only lies in adopting alternative methods to meet these issues, but
also provides a great option for enhancing our standard of living [1, 2]. Solar cells stand out as a
prospective and potentially essential technology, representing the possible solution of sustainable and
ecofriendly energy for the human future. Over the years, silicon and its derivatives such as single-
crystalline, multi-crystalline, and amorphous silicon have been the most widely used semiconductor
materials for converting sunlight into electricity through the PV process. Among these, single-crystal
silicon (monocrystalline silicon) remains the dominant technology in the market due to its highly or-
dered atomic structure, which reduces defects and enhances charge carrier mobility, resulting in higher
efficiency and lower recombination losses compared to multi-crystalline and amorphous silicon [3]. Re-
cently organic solar cell technology has been recommended as the possible solution to cost-effective
PV systems. They are emerging as potential substitute to the energy intensive and high cost Si-based
PV devices. This shift towards low-cost organic photovoltaic (OPV) systems introduces a promising

pathway for establishing sustainable PV based solutions and technologies [1].
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Figure 2.1: Different generations of the solar cells [5].

Early solar cells, such as selenium-based devices developed in the late 19th century, had efficiencies
below 1%. Over the following decades, advancements in silicon PVs, material refinement, and cell
design led to significant improvements, with the first commercial silicon solar cell achieving around
6% efficiency by 1954. For further optimization, research efforts focused on enhancing efficiency by
selecting optimal materials for solar cell manufacturing (see Figure 2.1). Scientific literature indicates
that the evolution of cost-effective and more efficient solar cell materials has passed through three main
generations classified as first generation, second generation, and third generation. The order of progress
reflects continuous improvements from one generation to the next. [7]. First-generation solar cells largely
use single crystal Silicon, including monocrystalline and polycrystalline silicon, achieving efficiency
values typically ranging from 13% to 22%, with monocrystalline silicon reaching higher efficiencies
(15%—22%) and polycrystalline silicon generally falling between 13% and 18% [3, 9]. However, the high
cost of single crystals has led to persistent research aimed at cost reduction coupled with efficiency
enhancement and as a consequence, second-generation thin-film solar cells were produced. As a result,
second-generation thin-film solar cells were developed. These cells, which include amorphous silicon
(a-Si), cadmium telluride (CdTe), and copper indium gallium selenide (CIGS), are known for their
cost-effectiveness, improved efficiency, greater flexibility, and reduced material usage. Despite their
above mention properties, the second generation cells face challenges such as stability issues, lower
energy conversion efficiency compared to first-generation silicon cells, and concerns over the toxicity and
availability of certain materials, particularly cadmium in CdTe-based solar cells. The third generation

of solar cells includes technologies based on dye-sensitized solar cells (DSSCs), organic/polymer solar
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cells, nanocrystal-based solar cells, and nanoporous materials [1 1]. Currently, polymer solar cells (PSCs)
represent one of the most promising technologies in the domain of 3rd generation devices as the PCE
has been gradually enhanced to 19.9% [12]. As relevant to our work, in the following sections, we will
highlight the basic fundaments of organic polymer thin film solar cells including device architecture, the
nature of conjugated polymers, active layer materials, bulk heterojunction working principles, charge
recombination in BHJ thin film solar cells, current- voltage characteristics of the device, and the concept

of the localized surface plasmonic resonance.

2.2 Bulk Heterojunction Organic Solar Cells Configurations

Bulk Heterojunction (BHJ) solar absorber design offered significant advancements in the area of thin-
film organic solar cells by providing a mixture of hole-accepting and electron-accepting organic materials
that perform far better than traditional single and bi-layer devices [13, 14]. This assumption is based
on the fact that the photo-generated excitons in organic semiconducting polymers have strong binding
energy due to the low dielectric constant of the organic polymer. A strongly bound exciton implies that
the exciton diffusion length is very short typically of the order of 100 nm. This constraint imposes the
donor-acceptor interface to be in close proximity to within the exciton diffusion length [15]. Additionally,
the electron or hole mobility in these materials are several orders of magnitude lower than their inorganic

counterparts, this limits the efficiency of charge separation and transport in the BHJ. [14].
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Figure 2.2: Conventional device structure [left], and an inverted device structure [right].

Following the discovery of the BHJ, the efficiency of organic polymer solar cells has been greatly im-

proved by providing a better environment for charge generation, separation, and collection. As repre-
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sented in Figure. 2.2. the optimized BHJ system has led to two major types of device structures, each
with different functional layers and charge flow directions, which are well-known as the conventional
and the inverted structures. These configurations allow for better material optimization and control of
charge flow direction, for improving device performance. For example, the conventional structure of thin
film OSCs consists of layers that start with a glass substrate at the bottom followed by a transparent
conductive oxide layer, such as Indium Tin Oxide (ITO), serving as the anode/a hole collecting layer
(HTL), usually made of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) with
a function to facilitate the transport of holes to the anode while simultaneously blocking the electrons
/active layer where light absorption and exciton generation takes place. Electron transport layer (ETL),
with materials such as lithium fluoride/and finally, a cathode made of a low work function metal like
aluminium [16]. On the other hand, the inverted structure generally rearranges these layers by the
following architecture, a glass substrate coated with I'TO layer followed by ETL usually consisting of
stable materials like zinc oxide (ZnO)/the active layer/HTL such as Molybdenum trioxide (MoO3)/ an

anode, usually a high work function metal such as Silver (Ag) or aluminium [17].

2.3 The Origin of Polymer Conductivity

The potential of organic polymer semiconductor materials for light absorption and electrical conductivity
stand out from the unique properties of organic semiconductors [18] raised from the arrangement of
carbon atoms in a sp?-hybridization (see Figure. 2.3). In this configuration, the sp? orbitals within a
plane form a triangular structure, while another plane containing p,-orbitals is oriented perpendicularly,
resulting in the m-conjugated molecular structure. The o-bonds between the carbon atoms are formed by
an orbital overlap of two sp?-orbitals, creating a molecular structure. In long chains of bound atoms, the
energy gap between the HOMO and LUMO is greater, the polymer behaves as an insulator. However,
in sp2-hybridization, the m-bonds formed by the overlap of p,-orbitals result in a smaller energy gap
between the HOMO and LUMO. This characteristic allows for the absorption of visible and near-visible

light spectra, giving rise to semiconducting properties in the organic material [19].

A semiconducting polymer consists of a chain of carbon atoms, where each carbon atom is sp’-
hybridized. In this configuration, the carbon atoms have p,-orbitals that overlap with those of neighbor-
ing carbon atoms establishing m-bonds. These m-bonds can extend along the chain creating a delocalized
system of m-electrons. The whole system is characterized by an alternating design of single and double
bonds throughout the polymer chain. The m-electronic delocalized system can have several numbers of
atoms, facilitating the transformation of electrons using the m-electron cloud by either hopping or tun-

neling. This process gives the polymer its conductive behaviour, where the hopping of charge carriers
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Figure 2.3: The conductivity of the conjugated polymer [20].

depends on the energy gap between the HOMO and LUMO levels of the w-bonds. This entire system
is referred to as a conjugated system, leading to the term conjugated polymers [21, 22]. Moreover,
the energy gap between the HOMO and the LUMO determines the electronic properties of organic
conjugated polymers. By introducing electrons into the LUMO levels, these materials can be modified
to behave as n-type semiconductors, while removing electrons from the HOMO levels converts them
into p-type materials. This tunable electronic behavior allows these polymers to function as electron
acceptors or donors in a variety of applications. Noticeably, conjugated polymers with significantly high
HOMO levels tend to perform as p-types (donors) for hole transport, while polymers with low lying
LUMO levels are said to be n-doped and are predominantly used as electron accepting materials. [23].
Based on this classification, many types of electron-donating/accepting polymers have been synthesized

for several functions including thin-film polymer solar cells.

2.4 Materials For Solar Energy Conversion

Several materials with suitable properties, such as conjugated polymers and small molecular compounds,
can serve as electron donor materials in organic thin-film solar cells. On the other side, many organic
compounds show promise as electron acceptor materials. However, only a few types of electron-donating
materials including P3HT and PTBY likewise the electron-accepting materials such as PC7;1BM and
PCg1BM can provide efficient requirements for BHJ solar cell applications. These materials are chosen
based on their optimal bandgap for solar absorption, proper energy level alignment for efficient charge
transfer, sufficient driving force for exciton dissociation (LUMO offset higher than 0.3 €V), and ability

to form a well-ordered phase-separated morphology for charge transport.

16



2.4.1 Electron Donating Polymers

Previously, we mentioned that conjugated polymers exhibit excellent electrical conductivity associated
by hopping of charge carriers between the HOMO and LUMO energy levels. However, conducting
properties alone are not sufficient to functionalize these conjugated polymers as electron donors for thin
film PV conversion. Moreover, materials playing such a role need to possess several other characteristics,
including broad band light absorption, good miscibility to form a better interface, and crystallinity for
effective charge transport [21]. To achieve this, researchers have extensively studied the modification
of the conjugated polymer structures including the HOMO and LUMO levels. For example, the size of
the band gap and the locations of HOMO and LUMO energy levels of the conjugated polymers have a

dominant contribution in influencing the optical and electrical properties [25].
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Figure 2.4: Some high-performance electron donors are frequently used in thin-film solar cells [25].

Increasing both the absorption coefficient and V,. of the thin film solar cell device requires a proper
energy level alignment between the polymer donor and the fullerene acceptor. These are generally
balanced by down-shifting the HOMO level of the p-type materials or up-shifting the LUMO level of
the n-type materials [26]. On the other side, the solubility behavior of the conjugated polymers is also
greatly enhanced which is usually influenced by many structural factors such as the polymerization
level of the polymer, the chain length, the polarity of the attached substituents, backbone stiffness,
polymer regioregularity, and the intermolecular interaction [27]. Additionally, several methods have

been employed by researchers to introduce conjugated polymers with very high electrical conductivity
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including doping through oxidation or reduction chemistry, and base chemistry methods [25].

One of the most significant outcomes of the earlier research and commonly studied as the electron
donor for thin film solar cell applications was the P3HT. This is based on the fact that P3HT has several
advantages such as regioregularity, charge conductivity, and hole mobility [29]. However, its larger band
(1.9 V) limits the Voc and the threshold for optical absorption leading to significant mismatch with the
solar emission spectrum [21]. Today, there are a variety of high-conducting polymers with low band gaps
such as PTB7 and D-A types polymers providing superior performance as represented in Figure. 2.4.
This advancement was achieved through the employment of several strategies and mechanisms to modify
the band gap such as intra-chain charge transfer, bond-length alternation, aromaticity, substituents

effects, intermolecular interactions, and m-conjugation length [30].

2.4.2 Electron Accepting Polymers

The use of fullerene derivatives as n-type semiconductors in polymer solar cells (PSCs) was started for
the first time with the discovery of the Cgg fullerene cage in 1992. Where Sariciftci et al investigated
nature of the photoinduced electrons transporting from the polymer to the fullerene cage. Their study
used poly(2-methoxy-5-(2-ethyl-hexyloxy)- 1,4-phenylene vinylene) (MEH-PPV) as an electron donor
with a fullerene Cggy acceptor cage in a double layer of the device structure. An ultrafast photo-induced
electron transfer between a conjugated polymer MEH-PPV donor and fullerene C60 acceptor cage was
observed [31, 23]. However, these double-layered devices showed low PCE due to the short diffusion
length of excitons, resulting in inefficient charge separation. This is based on the fact that the C60
fullerene cage has poor miscibility and solubility despite its strong potential for accepting more than
six electrons [32, 33]. To address this issue, Gang Yu et al. introduced the BHJ structure for PSCs,
using a soluble C60 derivative, PCgoBM, as the acceptor mixed with MEH-PPV a conjugated polymer
donor. The new system significantly improved the efficiency of PSCs by providing a better interface
between donor and acceptor for charge dissociation [33]. In addition to its enhanced separation, the
newly optimized PCg;BM demonstrated several useful properties more than the original fullerene C60
cage. These include sufficient thermal stability, with a crystallization temperature as high as 195°C,
high electron affinity, small reorganization energy, and faster electron mobility, reaching up to 2x1073
em? V1§71 [34]. Since then, numerous efforts have been reported by researchers to further enhance

the performance of PC61BM acceptors.

These efforts are based on the fact that the PCgBM structure offers valuable opportunities for op-
timizing its molecular and structural properties. Generally, modifications were focused on four main
areas including the phenyl group, the alkyl chain length, the terminal ester group, and changing the

fullerene cage to achieve a higher fullerene derivatives with stronger absorption. The targeted area of
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Figure 2.5: Fullerene derivatives [33] [35] [30].

these modifications and some outcomes of fullerenes are displayed in Figure. 2.5. [37]. By using these
strategies, numerous fullerene derivatives have been reported such as PC71BM, together with many
functionally modified fullerene acceptors over the past several years. The new fullerene derivatives have
demonstrated superior characteristics of LUMO levels, higher solubility in a variety of solvent and mis-
cibility with versatile electron acceptors [35]. Wienk et al produced PC71BM from the PCg BM and it
displayed improved light absorption in the visible region when mixed with MDMO-PPV polymer donor.
More importantly, the Jsc of the latest device was twice as high as that of the first, achieving a PCE
of 3.0% [38]. Generally, the expansion to the new acceptors’ studies has been continuing today as there
are numerous types of fullerene derivatives originating from fullerene C60 cage, PCs1BM, and PC71BM

playing an important role in enhancing the efficiency of thin films organic solar cells.

2.5 Operating Principles of BHJ Organic Solar cell

As represented in (Figure. 2.6. and Figure. 2.7.) the working mechanisms of these solar cells can
be classified into four major steps: (1) light absorption and exciton generation, (2) Exciton diffusion
to the donor/acceptor heterojunction interface, (3) Exciton separation at the donor/acceptor interface,
and (4) free electrons and holes (carrier) transport and collection by the respective electrodes. In the

following section, we will go through each these mechanisms in greater detail.
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2.5.1 Light Absorption and Exciton Generation

Figure. 2.6. shows the absorption of an incident photon by the electron in the HOMO and its transition
to the LUMO of the donor polymer. The unique characteristics of organic semiconductors such as
their small dielectric constant and localized electron and hole wavefunctions, result in the formation
of a tightly bounded electron-hole pair formation with typical binding energies in the range 0.1-0.4
eV. The strong electrostatic attraction between the resulting electron-hole pair gives rise to what is
well-known as an exciton ( see Figure. 2.7(a)) [39, 40, 11]. In contrast, the binding energy of inorganic
semiconductors is only a few meV. Consequently, there is a higher probability of immediately generating
free charge carriers following photon absorption in inorganic semiconductors, where electron-hole pairs
are simply separated due to thermal energy absorption. In addition, the active layer thickness of organic
polymer-based solar cells and the short lifetime of photo-generated excitons challenging. However,
it’s possible to achieve sufficient and effective light absorption by reducing the active layer thickness
to a few hundred nanometers, thanks to the high absorption coefficient of organic materials, which
can reach approximately 10° cm™! [3, 43]. To enhance the optical absorption of the polymer solar
cells, especially in the regions where the photon harvesting is weak, several light-trapping mechanisms
have been employed such as incorporating metal nanoparticles [11], doping with surface plasmonic and
localized surface plasmonic metal nanoparticles [15, 46], double bulk heterojunction solar cells [17], and
tandem solar cells [18], etc. A significant challenge with polymer solar cells stands out in the large band
gap and limited absorption range of the donor material, resulting in inefficient photon absorption in
the longer wavelength spectrum. In this concern, an earlier study reported that when the energy offset
between LUMO — HOMO ranges reach 1.1 eV, the absorption efficiency of the solar absorber material
can only extract approximately 77% of solar light [19]. In contrast, the widely-used OSC standard
material P3HT possesses a band gap of around 1.9 €V, and PTB7 = 1.64 eV, while the majority of

organic materials exhibit band gaps in the vicinity of 1.6 to 2 eV [50, 51].

2.5.2 Exciton Diffusion and Separation

After the exciton generation process occurs, the following challenge is separating the bound electron-
hole pair into the generation of free charge carriers. This challenge is raised from the binding energy of
the photo-generated excitons of organic polymer semiconductors which is approximately one order of
magnitude higher than that of inorganic semiconductors. However, in organic semiconductor materials,
this room-temperature thermal energy is insufficient for effective exciton dissociation into free charges,
even at high internal electric fields such as (~ 10% — 107 V/m) [39]. Concerning status, former research
indicated that, the largely studied Poly(2-methoxy-5-(2 -ethyl-hexyloxy)-pphenylene vinylene) (MEH-

PPV) [53] investigations have shown only 10% of the excitons are separated into free charges in a pure
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Figure 2.6: The working principles of organic bulk heterojunction solar cells [52].

layer [54], while the rest of excitons are decay through radiative or non-radiative recombination paths,
resulting in very low efficiencies for single-layer polymer-based solar cells 0.1% [55, 56]. Heeger et al.
have provided a remarkable approach by mixing two dissimilar organic materials with carefully aligned
band levels and found that they produce superior performance than single-layer solar cells. This superior
performance was attributed to the increased interface between the donor and the acceptor materials.
It is also referred to as the heterojunction and it is the critical component of the OPV device design
[57]. Using this model, the bound electron-hole pairs can migrate through the polymer layer material to
the heterojunction and form so-called charge transfer states CTS (see Figure. 2.6 and Figure. 2.7 (b)).
Following this, the CTSs can be effectively separated into free charges at the interface between polymer
donor and acceptor molecules through the large potential drop. In contrast to the single-layer solar cell
where the majority of excitons recombine in a moment, in heterojunction the electron can easily hop
from the HOMO of the donor to the LUMO of the acceptor if the energy difference between HOMO and
LUMO is higher than the exciton binding energy [58, 59]. The distance over which excitons can diffuse
before separation takes place is known as the exciton diffusion length. For organic semiconductors, these
exciton diffusion lengths are limited by only a few tens of nanometers [0, 52], and the excitons generated
beyond this range from the heterojunction are more likely to recombine than separate before reaching
to heterojunction interface, due to the short lifetime of the photo-generated excitons. Consequently,
maintaining thin active layers has been an important technique to ensure that phase separation between

the donor and acceptor occurs within the exciton dissociation length.
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2.5.3 Free Charges Transport

Following the successful dissociation of exciton at the D/A interface, the resulting free charges (FCs)
need to migrate to their corresponding anode and cathode for collection within a short time. The drift
and diffusion currents usually influence the diffusion of holes toward the anode and electrons toward
the cathode. The drift current is associated with the movement of FC; alongside the build-in potential
across the active layer of the solar cell device, which is generally optimized by the rational selection of
the metal electrodes. Moreover, when a solar cell exhibits a large work function anode with a small
work function cathode, the produced potential difference between two sides of the active layer forms a

built-in electric field that contributes to determining the V,. and influences the charge transport process

[61, 62].
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Figure 2.7: A schematic representation for the working principles of organic bulk heterojunction solar

cells.

In such a case, once an external voltage is applied, an alteration occurs to the both internal electric field
as well as the drift current. Consequently, the impacts of the drift current appear as the FC; move along
the modified internal electric field into their corresponding electrodes for collection. Another charge
transport mechanism also takes place once the effect of the applied voltage on the internal electric field
is almost zero. In this case, the charge transport process is influenced by the diffusion current, where
the FC; migrate through their raised accumulation area to the lower charge concentration areas. It is
important to mention that, when the excitons are generated at an area near the solar cell interface,
there will be a possible accumulation of electrons and holes in this area [17, 63]. Leading to the diffusion
of charges away from the interface through the accumulation area, resulting in the diffusion current. For
example, electrons in regions of high concentration within the acceptor material diffuse toward regions

of lower concentration. Conversely, holes in regions of high concentration within the donor material
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diffuse toward regions of lower [(61]. One of the major challenges that limit the charge transport in
polymer solar cells is their mobility within the active layer. This challenge originates from the relatively
low hole and electron mobilities in organic polymer materials [65]. To overcome this issue, a technique
such as maintaining a thin active layer is necessary to allow the FCg to reach the electrodes within
their lifetimes. Another factor also undesirably contributes to the mobility of the FC; in the device,
which is the electron/hole mobility ratio [66]. For example, if the mobility of electrons is much greater
than that of holes, the mobility difference will lead to the formation of so-called space charge limited
current (SCLC) in the solar cell device. Moreover, the SCLC occurs once one type of charge has higher
mobility than its counterpart [67]. In organic polymer solar cells, it’s widely known that the electrons
have greater mobility than holes. Consequently, their transport towards the cathode is significantly
more efficient than holes reaching the anode. This behavior leads to the accumulation of electrons at
an active layer near the cathode interface [68]. Generally, this accumulation influences the space charge
effect and imposes an upper limit on the current output of a solar cell. Therefore, possible balanced
mobility between holes and electrons is very important to achieve effective charge transport in the active

layer of polymer solar cells.

2.5.4 Charge Collection By Electrodes

Following the successful transport to the polymer/electrode (P/E) interface, the FC; are collected from
the active layer to the electrodes as the final step for the light-electricity conversion. To improve the
effectiveness of this process, it is essential to minimize the potential barrier at the P/E interfaces. This
ensures that the work functions of the anode and cathode are well aligned with the HOMO and LUMO
of the donor and acceptor respectively. When this alignment is achieved, the contacts are referred to
as Ohmic contacts, and the V,. of the device is positively dependent on the energy difference between
the LUMO of the acceptor and the HOMO of the donor [12]. In contrast, if the work functions of the
anode and cathode materials do not closely match the donor HOMO or acceptor LUMO, the Ohmic
contact will not be formed and the V,. will be negatively affected. In such cases, the FC; collection
process is controlled by the metal-insulator-metal model [70, 71]. Two approaches are widely used to
enhance the matching of work functions at the electrodes such as employing different types of materials
as work functions materials, besides inserting interlayers (buffer layers) between the electrodes and the
active layer to optimize the alignment of the electrode work function and the active layer LUMO or
HOMO. Concerning the first case, indium tin oxide (ITO) is a common choice for the anode contact due
to its work function of approximate range between 4.40-5.40 €V [72, 73], which demonstrated a good
alignment with the HOMO of P3HT polymer donor —5.0eV to —5.4€V) [71]. On the other side, low-

work function metals such as aluminum (Al, 4.2 €V) are frequently employed as a cathode contact with
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the LUMO of PCBM. Beyond the material selection, interlayers can be inserted between the electrodes
and the active layer to further align the electrode work function with the active layer’s LUMO or
HOMO. For example, a thin layer of lithium fluoride (LiF) is widely used as a buffer layer between
the active layer material and cathode as a mechanism for ohmic contact formation in this area [75].
On the anode side, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is frequently
used as a hole selection material in conventional solar cell architecture [51]. While in an inverted solar
cell configuration, several solution-treated materials such as TiO2 [77] and zinc oxide (ZnO) [78] have
demonstrated great performance in enhancing electron collection. Similarly, transition metal oxides
such as molybdenum trioxide (MoO3) or tungsten trioxide (WO3) have been used as interlayers to form

ohmic contacts at the anode side [79, 20].

2.6 Charge Recombinations In OSCs

The success of BHJ design is based on the formation of large area D /A interfaces for effective dissociation
of exciton’s. However, in practical applications, several issues arise due to Energy loss (Erogs) at various
steps of the polymer solar cells’ operation, significantly limiting their efficiency (see Figure.2.8). Overall,
solar cells can lose energy during the absorption process for those photons residing outside of the active
layer band gap [21]. Added to that, the device can also lose recombination in the form of excitons
and through charge transformation and collection process as well. Specifically, the process of charge
or energy loss inside the BHJ polymer solar cell systems is generally known as charge recombination
which can be divided into Geminate recombination (GR) and Non-geminate recombination (NGR). GR
includes the recombination of photogenerated excitons or CTSs before they completely dissociate into
FC,;. NGR, on the other hand, occurs after the successful separation of excitons into FCs and before

being extracted by their corresponding electrodes, the details are discussed in the section below.

2.6.1 Geminate Charge Recombinations

Due to the complex nature of photo-generated excitons, the GR can occur immediately after the exciton
formations and during their diffusion, as well as in the form of CTSs. The complex nature of excitons
arises from their relatively strong electrostatic attraction force, limited lifetime, and other issues related
to the semiconductor polymer materials. GR during the diffusion process is usually influenced by the
short lifetime of excitons and the large domain size of the donor-acceptor mixture, which results from
poor miscibility [32]. As represented in Figure. 2.9. there are possible probabilities for electron/hole
pairs recombination and relaxation to the ground state to occur before their diffusion to the interface.

Additionally, the probability of photo-generated recombination at the D/A interface is very high after
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their successful migration to the D/A interface and the formation of CTSs. For the CTSs, the electron
is placed in the acceptor phase, while the hole resides in the donor phase before being fully separated
by the built-in electric field as shown in Figure. 2.8. Thus, the binding energy for the CTSs will
remain active and evaluated as a few hundred milli-electron volts which is slightly greater than room-
temperature thermal energy [23, 84]. If the CTSs fail to dissociate into free charges they will recombine

and relax to the ground energy states and transfer to the local triplet energy states.

extraction
photogenerated charge transfer free electron to electrodes
state and hole

exciton
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Figure 2.8: Free charges generation and recombination principles of organic bulk heterojunction solar

cells [52].

In this case, if the energy of the geminate CTS is higher than that of the triplet state, the excitons are
expected to diffuse again excited singlet state, S; to the heterojunction, otherwise, they will relax to
the Sy state through radiative and nonradiative decays (see Figure. 2.9) [35]. The amount of energy
required to fully separate CTSs is still unclear. For example, earlier reports believed that the effective
separation, 0.3 eV of energy should be available which is the energy difference between the LUMO of
the acceptor and the HOMO of the donor [$6]. However, other studies have achieved dissociation with
low energy offset [87]. Generally, the thermal ionization energy rate (K;) required to split the CTSs is
estimated by:

K =wp exp(K—jf) (2.1)

Where E; is the binding energy of the charge transfer state at the heterojunction. The possibility of

ionization of the charge transfer state for a recombination rate is given by:

(2.2)

25



-1
1 b
where K, is the charge transfer recombination rate. For high-efficiency solar cells where the ionization

rate is much greater than the recombination rate, the possibility of the geminate charge recombination

is evaluated by Pgeminate = 1 - P; which is approximately = K, wq “Lexp ( %) [38].
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Figure 2.9: Geminate and non-geminate charge recombination diagram as described by Jablonski for

an organic solar cell heterojunction. [89]

2.6.2 Non-Geminate Charge Recombinations

Following the subsequent CTSs separation into free electrons and holes, the probability for these charge
carriers to encounter each other and recombine before they can be extracted by their corresponding
electrodes remains possible. Non-geminate recombination is also known as bimolecular charge recombi-
nation in polymer solar cells, and it can be influenced by several factors including thin film thickness,
electron/hole mobility, trap assist, charge density, temperature...etc. [90]. Non-geminate recombina-
tion is widely considered a major source that affects the fill factor, and the efficiency of the polymer
TFSCs. The nongeminate recombination rate is generally an arbitrary process depending on the oppo-
sitely charged free carrier’s density and mobility. Several models have been employed to study this type
of recombination including Langevin recombination and Shockley—Read—Hall trap-assisted recombina-
tion. Langevin recombination originated from the diffusion equation, where direct recombination takes
place for oppositely signed free charges as they encounter each other in the presence of an electric field

[91]. The charge transport rate (f) according to the Langevin assumption is estimated by:
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here pp and pe are the hole and the electron mobility respectively, e is the elementary charge, and ¢
and g are the permittivity of the medium and free space respectively [92]. In experiments, Langevin
recombination constants are usually used to deviate significantly from theoretical values. This deviation
can be influenced by many issues, such as larger single phased domain sizes, enlarged energetic disorder,
and unbalanced electron/hole mobility. Shockley—Read—Hall recombination, on the other hand, includes
energy states or tail states inside the bandgap that act as traps for charge carriers [93, 94]. This model
takes the form of cases where mid-gap traps exist, and the free charges are then trapped and released by
trap states, resulting in trap-assisted recombination. The free charge trap, de-trap, and recombination

are calculated by the following equation:

(5’075
— = Tec—Tee~ThcTThe (25)
ot

Where 1, and ree are the rate at which the hole/electron can become freed from the trap state to become
free charges again respectively, rj. and re. are hole and electron trapped rate [95, 96]. Generally, re-

searchers employ several methods to study NG recombination, such as transient electrical measurements

and steady-state measurements.

2.7 Solar Cell Parameters

The characterization of the solar cell depends on the measured current density - voltage (J-V) charac-
teristics which provides valuable information about the internal dynamic and quality of the solar cell
once the device is in the dark and illumination conditions. As represented in Figure. 2.10. when the
solar cell is under dark conditions, the current density - voltage characteristic resembles that of a diode
operating in the forward biased direction. In this instance the short circuit current (Js.) and the open
circuit voltage (V,.) are zero. However, under illumination conditions (solid curve), the photocurrent
is down shifted due to the effect of photoabsorption and carrier generation. Deriving from the current
density to voltage, or the J-V curve, several characteristic parameters can be determined [97]. The first
among these parameters is the short circuit current density (Js.), which represents the total value of
the current density at zero voltage. This parameter depends upon the selection of the specific material
used for the active layer and the thickness of the active layer as well [98]. The second parameter is
the open-circuit voltage (V,), which represents the voltage at which there is no net current flowing

through the device. The determination of the V. is fundamentally associated with the energy differ-
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ential between the HOMO of the donor material and the LUMO of the acceptor material of the active

layer components.

- ===« dark -
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Figure 2.10: Represents the current-voltage characteristic of the solar cell under dark and illumination

conditions [99].

Moreover, the V,. of solar cells serves as the maximum potential delivered by a device to an external
circuit and it can be evaluated by the separation of hole and electron quasi-Fermi levels. For crystalline
silicon solar cells, the stable effective density of states is found at the base of the conduction (valence)
band, facilitating the direct calculation of the quasi-Fermi level through the Fermi—Dirac distribution.
On the other hand, organic materials are similar to amorphous silicon, exhibit gap tail states that
are induced by disorder [69]. Consequently, the relaxation of carriers into these tail states results in
a downward shift of the electron quasi-Fermi level and an upward shift of the hole quasi-Fermi level
affecting the value of V,. [70]. Understanding the factors influencing V,. in organic heterojunction
solar cells is a significant challenge for achieving scientific and technological proficiency in this field.
Over decades, a various material combination and enhanced experimental techniques, have contributed
to understanding the causes of V. losses in organic BHJ solar cells. The primary voltage losses are
associated with the polymer materials interface including separating the photo-generated exciton into
a charge pair at the donor/acceptor heterojunction interface and the non-radiative recombination of
separated charges [100]. The third parameter is the maximum power point, for example, once the
voltage range takes the values between V = 0 to V = V,. on the J-V curve, there is a specific point
at which the product of the voltage and the current density is a maximum. This operating point is
referred to as the maximum power point of the solar cells device. It represents the operating point at
which the PV device delivers the highest power as shown below: Pyspp = Vyrpp x Jarpp. As indicated

in (Figure. 2.10). this particular point is identified as the maximum power point(Py;pp) of the solar
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cell device, where the solar cell delivers the highest amount of power as shown below [101].

Pypp = Jupp.Vipp (2.6)

The J-V curve also provides another key parameter known as the fill factor (FF), which is calculated
by dividing the power at the maximum power point by the product of the open-circuit voltage and the

short-circuit current as shown below:

_ Pupp _ Juprp-Vupp
JSC'VOC JSC'VOC

FF (2.7)

The fill factor is dependent upon the efficiency of charge collection and can be negatively affected by
several factors such as bimolecular recombination, imbalanced charge transport, as well as parallel and
series resistance [102]. The FF of the solar cell system is a measurement that characterizes the squareness
quality of the J-V curve (see Figure. 2.10), reflecting the ease or difficulty with which photo-generated
carriers can be extracted from a PV device. An optimal FF value is unity (100%) which can be reached
when the J-V curve forms a rectangle. In this scenario, a slight deviation from the V,. can cause the
current density to rise perpendicularly to its maximum value Jg.. This behavior remains unchanged even
as the applied voltage changes from V,. to zero Volts and undergoes significant reversed bias. However,
attaining a perfect FF of 100% is unfeasible in practice even in inorganic solar cells that report higher
PCE [16]. Due to the complicated device structure resulting from the BHJ and the complex mechanism
encompassing the conversion of photons to charge carriers, this parameter demonstrates to be more
abstract compared to other factors determining PCE, such as V,. and J,. [104]. The last parameter is
the power conversion efficiency, for example, in measuring the efficiency of solar cells under Air Mass
(AM) 1.5G illumination with an intensity of incident power (light) P;,= 100 W/cm?, the maximum
generated power point is used to calculate the PCE. The PCE is the amount of power output to power
input, providing a system of measurement for the generated power to the incident solar radiation’s
available power Pin. In this context, P;, encompasses the collective power across all wavelengths and is
consistent at 100 W /cm? in scenarios involving solar simulators. This definition offers a comprehensive
and widely applicable characterization of efficiency. Considering the previously defined quantities the

PCE is evaluated by using the following formula:

o PMPP _ Jsc-v;)c-FF

PCE = 2.8
DPIn PIn ( )

Generally, the AM denotes the atmospheric thickness sunlight crosses before reaching the earth’s surface.

This phenomenon is generally denoted as AM(x), where x represents the inverse of the cosine of the
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sun’s zenith angle. In solar cell measurements, AM 1.5 is often employed, corresponding to a solar
angle of approximately 48°. However, as the air mass is characterized by the solar radiation spectrum
it doesn’t consider the significance of intensity. therefore, the subsequent intensity for the solar cell

analysis is fundamentally fixed at 100 W /cm? [107].
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Chapter 3

Surface plasmonic and Transition Metal

Chalcogenides Nanoparticles

3.1 SPR and LSPR

The interaction between the electromagnetic fields of the incident radiation with surface electron plasma
of the metal nano-particles leads to the surface plasmonic resonance (SPR). Where at this scale, the
optical properties of nano-structured metals go through remarkable transformations due to the presence
of SPR, leading to behaviors completely different from those observed in bulk metals. The surface
plasmonic effect was initially discovered by Faraday in 1857 during his investigation of colloidal metal
NPs. Where he defined it as the coherent oscillation of electrons propagating along the surface of
a conductor [!]. Localized Surface Plasmon Resonance (LSPR) and SPR are two distinct forms of
surface plasmon excitation. LSPRs arise from the collective oscillations of electrons confined locally by
metal nano-structures. Where, their effect establishes from the localization of the electromagnetic field
due to strong resonance effects, resulting in efficient light concentration. On the other hand, SPP is
generated from the collective oscillations of electromagnetic waves at metal-dielectric interfaces. These
waves are tightly bound near the surface of the conductor and decline away from the interface. They
form when the electromagnetic field interacts with the collective motion of free electrons plasma in the
metal. [2]. Today, LSPR offers a means to overcome the optical and electrical limitations of organic-
based devices by amplifying, concentrating, and manipulating light at the nanoscale. The outstanding
optical benefits of the SPR process originated from the collective oscillations of the free conductive
electrons of the metal nanostructure as a response to the incident electromagnetic field of light [3].
Moreover, when a nanostructured metal is exposed to light, the E-field component of the EM wave

induces an electrostatic force on the conduction electrons of the plasmonic metal NPs forcing them
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to oscillate coherently on the NP surface while simultaneously undergoing the restoring force of the
positive screened ion cores. However, as the electrons are still confined inside the NP, the negatively
charged electrons cloud concentrate on one side, while positively charged nucleus on the opposite side
of the electrons leading to the generation of electric dipole moment inside the metal nanostructure [].
As the internal metal nanostructured electric field is opposite to that of the external incident light,
the first one does force the electrons to return to their initial equilibrium position and the process
continues in the form of oscillation as shown in Figure. 3.1(a). The greater electron dislocation means
the greater electric dipole and restoring force. On one hand, when the electrons are moved from their
initial position as well as the electric field, the resultant oscillation frequency of the electrons, in this
case, is known as the resonant frequency, and the whole process is generally called SPR [5]. While
in the other hand, once the light interacts with an MNP with a size much smaller than the incident
electromagnetic wavelength, the resulting process creates a plasmonic oscillation localized in the vicinity
of the MNP leading to the oscillating of conduction electrons at a certain frequency referred to as the
LSPR [6]. The utilization of the promising plasmon-enhanced light harvesting strategy for plasmonic
metallic NPs can be either located between interfaces [6] or within the buffer [3] or active layers [9] of
organic photovoltaic (OPV) devices. Depending on their unique properties, the numerous applications
of the plasmonic nanostructured materials have shown their usefulness in various areas such as light-
emitting diodes [10], sensing [11], plasmofluidics [12], photodetectors [13], plasmonic water splitting
[14], photocatalysis [15], and photovoltaics [16]. For example, in the light PV application of plasmonic,
researchers in this area have dedicated significant attention to investigating the interaction between light
and metallic nanostructures to further enhance many processes within the solar cell device. Commonly,
the incorporations of SPR and LSPR into the PV devices have been intended to address several issues
including light absorption, charge generation, charge transport, and collection efficiency. For example,
the utilization of optical properties of the SPR and LSPR. through the PV devices are generally based
on the synergistic interaction between metallic nanostructures and the semiconductor layers responsible
for energy conversion. Thus, understanding the plasmonic enhancement mechanisms was based on the

study of the behavior and dynamics at the interfaces of metal-semiconductors [17].

The rate of absorption and scattering through LSPR is highly dependent on the shape and size of NPs
as well as the permittivity of both metal NP (g(,) and the surrounding medium (g4). For example,
the absorption cross-section (og4s) and scattering cross-section (osq,) for spherical metal NPs having a
diameter less than the incident depth of electromagnetic light are evaluated by cross-section (o¢,t) and

quasi-static approximation as shown in the equations below:
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Figure 3.1: The schematic depiction of (a) the localized surface plasmon resonance effect, (b) the
hot electron transfer mechanism, (c¢) plasmonic far field light scattering, (d) the localized electric field

enhancement process mechanism, and (e) plasmon-induced resonance energy transfer [15].

Oext (w) = OabsT0sca (3 1)

The polarization («) of a plasmonic NP is essential in determining its absorption and scattering cross-
sections, as these properties are influenced by the ability of these NPs to interact with and polarize
in response to an oscillating incident electromagnetic field. Moreover, when the plasmonic metal NP
is embedded in a medium with permittivity of (g4), the dielectric function of metal NP (g,) can
determine the induced dipole moment. In this case, the polarizability is generally used to quantify the

strength of the induced dipole moment

3 €(w)—eq (3.2)

=4 .
@A e(w)+2¢eq

Where, a is the radius of plasmonic NP. Then the corresponding cross sections for scattering and

absorption o4 and o, can be calculated via:

Oaps = kImla] = 47Tka3lm[;((c:u))$} (3.3)
k* T e(w)—eq 12
Osca = &[O‘P — §k4a6[m} (3.4)
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Where, a wave vector k = 2 /X, [19]. For small NPs where their radius are much smaller than A,
the efficiency of absorption process a® is higher than that of the scattering process a®. While for larger
size of NPs (the radius approximately equal to \), the scattering cross-section scaling a® becomes more
dominant than absorption cross-section scaling with a3.

The permittivity of the plasmonic NP ¢, in equations (3.3) and (3.4) is expressed as a combination
between real and imaginary components. The real part, often indicates the resonance peak. While the
imaginary part provides information about the de-phasing. The total NP permittivity is calculated as

shown below:

e(w) = er(w)+ici(w) (3.5)
&
e(w) = 1—m (3.6)

The parameters v, and €, known as the damping constant and the frequency of plasmonic NP respec-

tively, where they represented as:

Vo= (3.7)

Where vr is the Fermi velocity of free electrons in the metal and I, is the mean free path of the

electrons.

Ne?
2 _
= com (3.8)

Where, N, m, e, g are the density of electrons, mass of the electron, charge of the electron, and the
permittivity of the free space respectively. The oscillation frequency of the plasmonic resonance is
critical in determining the resonance SPR. This frequency is influenced by four key factors including

Effective electron mass, Density of electrons, Shape of the NP, and Size of the charge distribution

22, 20, 21].

3.2 Plasmonic for Enhanced Collection Photocurrent

Plasmonic energy can be achieved through various SPR mechanisms (see Figure. 3.1), including far-field
scattering effects, near-field localized, hot energy transfer, and dipole-dipole coupling energy transfer.
The enhancement of optical absorption via the far-field scattering effect arises from the increased optical

path of incident photons and reduced reflection at illuminated surfaces. Near-field SPR effects increase
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the exciton dissociation rate by providing a strong electric field near the area of plasmonic NP. In the case
of hot energy transfer mechanism, a hot electrons produced by plasmonic NPs can be directly injected
into the conduction band of neighboring semiconductor polymers. Lastly, in plasmonic dipole-dipole
coupling, the energy of a plasmonic oscillation is transferred from a plasmonic NP to a semiconductor
polymer through either electromagnetic field interactions or dipole-dipole interactions. Each mechanism
mentioned above for enhancing OSCs requires careful control over the shapes (see Figure. 3.2), sizes,
and locations of nanoparticles, as well as a rational selection of the material’s nature, including its

dielectric constant [23, 24].

3.2.1 Near-Field Effect

The nature of LSPR involves the non-propagating excitation of electrons limited within a plasmonic
metallic NP. When LSPR arises, the electrons within the metallic NPs undergo collective oscillations
in response to incident light, resulting in significantly strengthened electric fields near the NP surfaces
as shown in Figure. 3.1(d) [25]. This enhancement mechanism mostly contributes to influencing the
exciton dissociation process within the surrounding semiconductor by providing an electric field of the
LSPR much stronger than that of incident light. The exciton dissociation efficiency, in this case, is
highly dependent on the LSPR electromagnetic field concentration near the area of the semiconductor.
Hence, the exciton generation amount inside the semiconductor arises as the electric field intensity
increases [26]. Additionally, the probability of exciton dissociations in a semiconductor medium, which
is influenced by LSPR, also arises as the intensity of the plasmonic electric field increases, leading to
further efficient utilization of the free charge carriers. Generally, these two characteristics of LSPR near
field effect are usually referred to as the Localized electromagnetic field enhancement (LEFE) effect of

LSPR [14].

3.2.2 Far Field Scattering

Depending on the mechanism by which absorption is enhanced, the scattering phenomenon is generally
called light trapping or a far-field effect, as indicated in Figure. 3.1(C). Where the plasmonic NPs
effectively scatter incident photons into the surrounding medium, with the scattering properties mostly
depending upon the morphology of the metal particles [27, 28]. According to the observation regarding
the optical enhancement using metal NPs, the scattering effect is most dominant in NPs with sizes
exceeding 50 nm, while for smaller NPs (approximately 50 nm and below), the absorption process is

the dominant phenomenon [24].

This effect is usually optimized by balancing the incident power density and mitigating transmission

losses, especially in thin-film devices. To achieve this, light is often directed perpendicularly onto the
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Figure 3.2: T. a schematic representation of various plasmonic nanoparticle shapes [I, 2].

surface to maximize its interaction with the NPs thereby reducing the loss of photons. Moreover,
once photons are scattered at the front surface, they travel a longer optical path compared to the
thickness of the active layer, increasing the chances of optical absorption. In the case of spherical NPs,
the scattering behaviour generally depends on their size. Hence, smaller NPs (much smaller than the
wavelength of light) tend to scatter more efficiently in the forward direction, facilitating enhanced light
penetration into the active layer. Larger NPs, (comparable to or larger than the wavelength) show
increased backscattering, which can redirect photons toward the light source in a process similar to
reflection [29, 30]. It is possible to control the direction of scattering by adjusting the size of plasmonic
NPs as well as their positions within the device. For instance, when NPs with small diameters are
located at the top of the active layer, they can change the arriving photons at a certain angle usually
lower than 90 degrees, thereby increasing their possibility of absorption [31]. Another possible case also
arises when plasmonic NPs are placed at the lowest surface of the active layer, they allow the unabsorbed
photons to be scattered back into the active layer, enhancing their chances of absorption. On the other
hand, employing NPs together at both sides of the active layer enables unabsorbed photons to undergo
repeated reflection within the active layer until they are fully absorbed [32, 33]. Generally, irrespective

of the scattering path, many scattering actions are predicted to increase the utilization of the light by

the photovoltaic device.
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3.2.3 Hot Electron Transfer Mechanism

This mechanism is also known as the LSPR-sensitization effect, where hot electrons generated by plas-
monic NPs can be directly injected into the conduction band of neighbouring semiconductor polymers.
This mechanism was well explained by Zhang et al, through their investigations on LSPR applications in
photo-catalysts. Their study was focused on utilizing plasmonic-metal/n-type-semiconductor systems
with direct contact. Their observations indicated that a persistent Fermi—Dirac distribution of electron
states is established within the volume of the metal NP following the excitation of LSPR of plasmonic
metal NP by incident light leading to upshifting of electronic energy states of plasmonic metal NP. As
a result, a hot electron is injected into the conduction band of the neighbouring semiconductor (see
Figure 3.1(b)). Later, the electron states in the plasmonic NP return to the Fermi-Dirac distribution
with a higher Fermi level through electron-electron relaxation. In this situation, electrons having greater
energy than the Fermi level can easily migrate to the CB of the neighbouring semiconductor. As soon
as the energy of the surface plasmon decays, the standard Fermi—Dirac distribution of electrons is re-
established [34]. According to Zhang et al, this mechanism is only available for those plasmonic NPs in
direct contact with the semiconductor molecules forming a Schottky barrier with the work function of
the plasmonic material either higher than that of an n-type semiconductor or lower than that of a p-type
semiconductor. The hot electron injection process suggests that the amount of excited hot electrons
with energy greater than the Schottky barrier determines the efficiency of hot-electron injection [35].
Therefore, factors such as the size, shape, and intrinsic properties of plasmonic NPs, along with the
electrochemical properties of surrounding semiconductors molecules play an essential role in influencing

the hot-electron-injection process [306].

3.2.4 Dipole-Dipole Coupling

The plasmonic dipole-dipole coupling or plasmon-induced resonance energy transfer (PIRET) mecha-
nism can be understood as the process by which the energy of a plasmonic oscillation is transferred from
a plasmonic NP to a neighbouring semiconductor molecule through either an electromagnetic field or via
a dipole-dipole interaction as shown in figure. 3.1(e) [37]. This mechanism was primarily established to
facilitate exciton dissociation within a semiconductor material using the internal electromagnetic field
generated by surface plasmons. The intensity of the LSPR-induced electromagnetic field near plasmonic
metals is stronger than that of the incident photons. Consequently, plasmonic materials can be con-
sidered as concentrators that amplify the intensity of the near-field electromagnetic resonance during
the plasmonic-enhanced process via plasmon-resonance energy transfer [38]. The PIRET mechanism
facilitates energy transfer from plasmonic NPs to neighbouring semiconductor (1 to 10 nanometers)

medium through either by an electromagnetic field or dipole-dipole interactions. This process enhances
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electronic excitations near or below the semiconductor band edge due to the strong electromagnetic field
generated by LSPR. In this mechanism, the plasmonic NPs perform as the energy donors, similar to
the fluorescent donors in Forster resonance energy transfer (FRET). The condition for PRET to occur
in materials are that the polymer must be in close proximity of the plasmon for the interaction to be
significant. Moreover, there must be spectral overlap between the plasmonic resonance edge and the
threshold for optical absorption in the semiconductor. These points are not well cited here please edit
where appropriate. The utilization of plasmon enhancement in OSCs through the PRET mechanism is
usually controlled by the morphology, and composition of metal NPs, as well as the distance separating

between metal NP and the semiconductor material [39].

3.3 Transition Metal Chalcogenides

Transition metal chalcogenides (TMCs) are formed when combining transition metals and group 16
elements such as sulfur, selenium, and tellurium. These TMCs have increased researchers’ attention
in various areas due to their tunable electrical, optical, and magnetic properties [10]. The structural
diversity and electronic behaviors of these materials allow them to be useful in numerous fields, including
PVs, catalysis, sensors, and energy storage devices. Their flexibility originates from the partially filled
d orbitals of transition metals, facilitating the creation of compounds like metal sulfides, selenides, and
tellurides with varying degrees of semiconducting behavior. Moreover, Additionally, the directional
nature of p-bonds in chalcogenide elements also influences their band structure, charge transport, and
optical properties [11, 12]. Additionally, the chemical flexibility of TMCs allows for further chemical
modifications, such as doping alloying, and is feasible to expand the range of optical and electronic
properties. The relationship between their size, morphology, and composition offers a wide range of

possible configurations, which can significantly impact the performance of devices incorporating TMCs

[43].

3.3.1 Chalcogenide Transition Metal Quantum Dots

One of the most outstanding phenomena observed in nano-structured TMCs is the quantum confinement
effect, which occurs when the size of a material is reduced to dimensions close to or smaller than the
exciton Bohr radius (approximately below 10 nano-meters). This phenomenon leads to separate energy
levels, unlike the continuous energy bands found in bulk materials. The result is a size-dependent band
gap, where smaller particles have wider band gaps due to the spatial restriction of electron-hole pairs
(excitons) [11]. As illustrated in Figure. 3.3. the quantum confinement effect of the TMCs can be

controlled by adjusting the dimensions of the NPs. For example, when the size of NPs is reduced,
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the resultant band gap tends to be wide, shifting the optical properties into the higher frequencies
of the electromagnetic spectrum. This size-dependent behavior is very important for optimizing the
optical absorption over a wide range of wavelengths is needed for effective solar energy conversion [15].
Moreover, when TMCs NPs are reduced in size, the quantum confinement effect not only increases
the band gap but also enhances the photo-stability and absorption coefficient. These properties are
very important for thin film solar cells, as the increased band gap allows for better control over light

absorption and electron transport.
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Figure 3.3: demonstrate the effect of size of NP on the energy gap and absorption area [15].

Additionally, the enhanced surface-to-volume ratio in quantum-confined nano-structures provides extra
active sites for light absorption and exciton generation, further improving the performance of photo-
voltaic devices [16]. For example, in quantum dot solar cells, the employment of the TMC quantum
dots facilitates a broader absorption spectrum due to the tune-ability of the band gap. This flexibility
allows for better matching of the material’s absorption with the solar spectrum and then improving the
efficiency of the solar cell [17]. Furthermore, the quantum confinement effect also enhances the gener-
ation of multiple excitons per photon, which can significantly increase the photo-current and PCE in
thin film solar cells. In quantum-confined NPs like quantum dots, the absorption of a single high-energy
photon (with energy higher two times than the band gap energy) can produce multiple electron-hole
pairs. This process is generally known as multiple exciton generation (MEG). The multiple exciton
generation occurs more efficiently in quantum dots due to enhance Coulomb interactions and altered

energy relaxation pathways caused by quantum confinement [18, 19].
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3.3.2 The Effect of Quantum Confinement in TFSCs

The quantum confinement effect can influence both the optical and electrical properties of TMCs,
making them highly relevant for improving the performance of thin film solar cells. As mentioned
previously, the fundamental mechanism by which quantum confinement property enhances the solar
cell device efficiency takes place through band gap modification. Thus, by finely controlling the nano-
structures of TMCs, it is possible to tune the band gap to optimize light harvesting capacity and charge
carrier generation ratio in thin film solar cells [50]. For example, by incorporating quantum dots NPs
with a certain band gap into the active layer of a thin film solar cell, it is possible to improve light
absorption across a wider range of wavelengths, leading to more efficient utilization of the solar spectrum
[51]. Thus the confinement of excitons within these NPs increases the probability of exciton dissociation
into free charge carriers, which can then be successfully collected at the electrodes [52]. Additionally,
the size-dependent electronic properties of TMCs quantum-confined provide opportunities to reduce
recombination losses of the thin film solar cells. Hence the adaptable energy levels resulting from
quantum confinement assist in separating charge carriers thus reducing the probability of electron-hole
recombination [53, 54, 55]. Generally, the quantum confinement property and the band gap tenability

provide a great approach for optimizing the thin film solar cell device performance.

3.3.3 The Morphology Control of TMCs

The structural and morphological characteristics of TMCs play a fundamental role in determining their
optical and electrical properties. By controlling the synthesis parameters, such as reaction temperature,
precursor concentration, and chemical agents, it is possible to obtain nano-structures with specific shapes
and sizes, influencing their quantum confinement effects. By using different synthesis methods, several
nano-structured morphologies based on TMCs can be achieved, such as nano-sheets, nano-sphere, nano-
rods, and nano-wires with different degrees of confinement depending on their dimensionality [56, 57].
For example, nano-sheets exhibit strong in-plane quantum confinement, with their large horizontal di-
mensions and very thin side view, which can provide the possibility to change their electronic and optical
behavior [58]. On the other hand, nano-rods and nano-wires confine excitons in two dimensions, leading
to different band gap placements and optical absorption characteristics. Moreover, the morphology of
TMCs can also influence their electrical properties. For example, nano-structure-based TMCs with high
surface area and well-defined crystallinity provide more active sites for charge transfer, improving the
charge collection efficiency in solar devices [59, 60]. Generally, the facility to control the morphology of
TMCs provides additional options to exploit the quantum confinement property in thin film solar cells

by designing nano-structures with specific shapes and sizes.
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Abstract

Silver-doped magnesium (Ag:Mg) bimetallic nano-particles (BMNPs) were successfully synthesized us-
ing wet chemical processing. The collection of enhanced photo-currents is possible through metal nano-
particles in the photo-active layer of a thin-film organic solar cell (TFOSC). This investigation employed
poly-3-hexylthiophene(P3HT) and [6-6]-phenyl-C61-butyric acid methyl ester (PCBM) polymer blend
solar absorbers in a conventional device structure. The solar cell performances were found to depend
on the concentration of Ag:Mg BMNPs in the photo-active medium. Consequently, significant device
performance was recorded for the solar cells containing silver magnesium (Ag.Mg) BMNPs at all doping
levels compared to the un-doped devices. Therefore, the highest power conversion efficiency (PCE) of
4.11% was achieved at a 1.5 wt% doping level with a high fill factor of 56% compared to the reference
device. The performance improvement in PCE constitutes a 79% improvement, which is much higher
than undoped solar cells. This result was attributed to the occurrence of the localized surface plasmonic
resonance (LSPR), which is favorable for boosting the optical absorption and charge transport processes

in TFOSC.
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nance.

4.1 Introduction

The growing world population has created substantial pressure on the energy sector due to the demand
for more energy in every aspect of life, which has led to increased consumption of fossil fuels. This has
worsened environmental pollution owing to the emission of harmful by-products from the use of fossil
fuels. Such dangerous climate trends have motivated scientists to seek alternative renewable and green
energy sources [1]. Solar energy is one of the possible renewable energy sources that can be tapped
by various solar cell technologies. From the available emerging solar cell technologies, today, thin-film
organic solar cell (TFOSCs) have made tremendous progress in the realization of cheap, lightweight, and
flexible solar panels [2, 3]. The success of TFOSC depends on the effectiveness of the Bulk heterojunction
(BHJ) active layer design, which is composed of a donor (D) and acceptor (A) polymer molecules blend

that substantially improves exciton dissociation owing to the large A/D inter-facial surfaces in the

medium [4, 5].
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Figure 4.1: (a) Oscillations of free conduction electrons by the electric field of the incident radiation
and Coulomb attraction force [(]. (b) Represents the spin-uncorrelated free electrons and holes charge

carriers and charge-transfer-state recombination mechanisms for high charge density organic solar cell

[7]

The power conversion efficiency (PCE) of solution-processed thin film solar cell technologies dramatically
increased in recent years from less than 10% 7 years ago to nearly 20% using non-fullerene acceptor-
based solar cells [3, 9]. However, the PCE values of fullerene-based solar cells are still lower than those
of non-fullerene-based OSC because of the limitations of fullerene molecules in terms of narrow opti-

cal absorption band, poor energy level tunability, and poor morphology of the absorber film [10, 11].
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To address some of the challenges in fullerene-based OSC, researchers employed functional metal NPs
and plasmonic metal nanoparticles at different functional layers of the device structure, such as the
photo-active layer or/and in the charge transport layers, which are beneficial in increasing the optical
path lengths of the incident photons and harvest more photocurrent in TFOSCs [12, 13, 14, 15, 16, 17].
Moreover, the interaction of the free electrons of the metal and the incident electromagnetic waves in
a dielectric medium has a substantial benefit in improving the optical absorption and charge transport
processes [18, 19]. Plasmon is the result of the interaction of the incident photons and with the electron
plasma of the metal NPs in a dielectric medium. The electric field component of the EM induces charge
polarization on the metal NPs, which creates a dipole moment that oscillates at the frequency of the
incident wave, causing resonance absorption. Absorption strongly depends on the shape and size of
the metal NPs [20, 21, 22]. When the resonance frequency of the oscillating electrons is equal to or
very close to the frequency of the incident light, the resulting resonance is known as the LSPR effect
occurs, as provided in Figure 4.1(a). However, if the small-sized NPs have diameters less than 50 nm,
at near-field enhancement effect occurs near the plasmonic nano-particles that couple to the photoac-
tive layer, thereby increasing its effective absorption cross-section and exciton dissociation, respectively.
Nevertheless, when the diameter of the NPs is much higher than 50 nm, a far-field is produced, which
is probably used as an effective sub-wavelength scattering element that couples and traps freely propa-
gating plane waves of the incident light into the solar absorber [19, 20, 21, 22, 23, 24]. According to the
Haiss equation, the oscillation energy of free conduction electrons is strongly dependent on the density

of the electrons N within the metal NPs according to the following relation:

N xe2
= 4.1
Wep mXxeg ( )
Esp = ‘Msp (42)

where wy), is the oscillating frequency of free conduction surface electrons, N refers to the number of
electrons of the SPMNPs, m is the mass of the electron, e is the elementary charge, €q is the free space
permittivity, / is the Planck’s constant, E), is surface plasmonic oscillating energy [25].

Materials such as gold and silver are well-known for their excellent sources of plasmonic behavior, but
the high cost of these materials is the main challenge for the synthesis of NPs [26, 27]. In previous
reports, Fostiropoulos et al. investigated the charge selection properties of magnesium-silver (Mg:Ag)
alloy in TFOSCs and used Mg:Ag alloy as a buffer layer material and Ag as a cathode. Thus, they

observed improved configuration of energy levels alignment and charge mobility with CuPc:C60 light
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absorber [28]. Similarly, Oseni et al. further used Ag:Mg NPs in PTB7:PC60BM blend solar absorber
in an inverted structure composed of layers of materials as (GLASS/ITO/ZnO/PTB7:PCBM:Ag:Mg
NPs/MoO3 (HTL)/Al) for TFOSCs. The authors have later found an improvement in PCE that
has increased by nearly 41% compared to the reference cell [29]. In this study, silver-doped magnesium
bimetallic NPs (BMNPs) have been successfully synthesized and used as sub-light absorption and charge
dissociation mechanisms within PS3HT:PCBM solar absorber medium, in a conventional device structure
such as (GLASS/ITO/PEDOT:PSS/P3HT: PCBM-Ag:Mg NPs/LiF/Al). The most popular polymer
blend (P3HT:PCBM) has a high the potential of producing large area and flexible solar panel at a
low cost. Therefore, the purpose of this work is to improve device performance through the use of
plasmon NPs, which is expected to provide evidence on how the metal NPs influence the optoelectronic
properties of the polymer films. We are reporting here a high device performance due to improved photon
harvesting and charge transport processes, which resulted in an increase in PCE by 79% compared to

pristine.

4.2 MATERIALS AND METHODS

4.2.1 Materials

The chemicals used in the synthesis of Ag:Mg BMNPs are silver nitrate Ag (99.5% NO2)3, Magnesium
(Mg) nitrate hexahydrate Mg(NO3)2 6H20 (>99.0%), and sodium hydroxide (99.98% NaBH4), which

are purchased from a commercial source and used without further processing. Electron donor poly(3-
hexylthiophene) (P3HT), an electron acceptor [6,6]-phenyl-C61-butyric acid methyl ester (PCgipar)
were used as a photoactive layer in the BHJ system; poly(3,4-ethylene-dioxythiophene)poly(styrenesulfonate)
(PEDOT:PSS), and chloroform solvent were purchased from Sigma Aldrich.

4.2.2 Synthesis of Ag:Mg NPs

The wet chemistry method was used to synthesize Ag:Mg BMNPs, as illustrated in literature [30]. In the
process, 0.25, 0.19, and 0.56 g of silver nitrate, magnesium nitrate hexahydrate, and sodium borohydride
(NaBH4) were dissolved in three flasks containing 50 mL of deionized water each. The solutions were
stirred for 10 min each and then mixed up in a dropwise manner while stirring the solution. The
resulting mixtures were further stirred continuously for 3 h on a hot plate using a magnetic stirrer at
40°C of temperature. The resultant mixture was then filtered and washed thoroughly with deionized
water several times to remove sodium ions. The resultant suspension was then dried in the oven at 70°C
for 2 h and the silver-doped magnesium powder was obtained. The optical and morphological properties

of the synthesized NPs dispersed in deionized water were then characterized using ultraviolet—visible

61



(UV—Vis) absorption spectra, high-resolution transmission tunneling and scanning electron microscopy

(HRTEM and HRSEM), and energy dispersive x-ray (EDX) measurements.

4.2.3 Device fabrication

The bulk-heterojunction organic solar cells were successfully fabricated using indium tin oxide (ITO)
coated glass substrates. Initially, the substrates were partially etched with a warm acid solution con-
taining hydrochloric acid, hydrogen (II) oxide, and tri-oxonitrate-5-acid (HCL:H20:HNO3 at a concen-
tration of 48%:48%:4%) by volume to obtain half-coated glass substrates. After that, the substrates
were subsequently cleaned up using an ultrasonic cleaner with deionized water, acetone, and isopropanol
for 15 min in each solution. Then, the substrates were further dried in the oven for 20 min at 100°C. In
the process, the 45 nm thickness of a hole transfer layer PEDOT:PSS was spin-coated on the substrates
at 3500 rpm for 60 s followed by annealing in the oven under an ambient atmosphere at 100°C for 20
min. The photoactive layers were prepared from P3HT:PCgBM blends in chloroform solvent doped
with 1%, 1.5%, and 3% concentrations of Ag:Mg BMNPs by weight. The solution concentration was
kept at 20 mg/mL in all cases. Similarly, the reference solar absorber (P3HT:PCg1p)/) was prepared
without metal NPs. The film’s solutions were heated and stirred on a hot plate at 40°C for 4 h for
suitable miscibility of the molecules in the medium. The mixtures were then spin-coated on top of the
dried PEDOT:PSS layer at 1200 rpm for 40 s. The samples were then annealed in the furnace under
nitrogen gas for 5 min at 90°C and then transferred into a vacuum deposition chamber at a pressure of
2x107% mbar. Followed by the deposition of the electron transport layer lithium fluoride (LiF) and the
Al electrode at thicknesses of 0.5 and 100 nm, respectively. The resulting device structure was GLASS
SUBSTRATE/ITO/PEDOT:PSS/P3HT:PCgs BM:Ag:Mg BMNPs/LiF /Al (Figure. 4.2). Furthermore,
post-device fabrication annealing was conducted for all samples for 5 min at 90°C. The optical and
electrical properties of the conventional structure of TFOSCs active area (0.04) were then characterized
using a Keithley HP2420 source meter and solar simulator (model SS50AAA) operating at AM1.5 and
100 mWem ™2 of light intensity.

4.3 RESULTS AND DISCUSSION

4.3.1 Characterizations of Ag:Mg BMNPs

The structural, morphological, and physical characteristics of Ag:Mg BMNPs were carried out using
high-resolution transmission and scanning electron microscopy, respectively, as depicted in Figure. 4.3
The HRTEM image provided in Figure. 4.3(a) clearly shows different sizes of semi-spherical and core-

shell-like structures for silver-doped magnesium powder. Moreover, details on the morphology of the
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Figure 4.2: (a) The conventional structure for Ag:Mg bimetallic nanoparticles doped for the fabricated

device and (b) the energy levels for different layers used in this experiment.

Figure 4.3: (a,b) The transmission electron microscopy images of Ag:Mg bimetallic nanoparticles at

different magnifications, (c) the scanning electron microscopy image, and (d) energy dispersive x-ray.

particles as shown in Figure. 4.3(b) exhibited crystalline structure evidenced by clear fringes with a
lattice spacing of about 0.244 nm. Furthermore, the HRSEM image provided in Figure. 4.3(c) clearly
shows flower-like morphology of Ag:Mg NPs in the D/A medium, which also contains information
about the presence of the magnesium and silver supported by the elemental analysis conducted using

energy-dispersive x-ray the image is given in Figure. 4.3(d).

4.3.2 Optical properties of thin-film solar absorbers

The effect of Ag:Mg BMNPs on the optical properties of the PSHT:PCBM active layer was investigated
using UV-Vis measurements. Figure. 4.4(a) is the optical absorption of Ag:Mg BMNPs powder in

deionized water suspension, which constitutes a broad spectrum centered around 450 nm. The long tail
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of the absorption is due to the scattering phenomenon in the water medium.
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Figure 4.4: (a) Absorption spectrum of the Ag:Mg bimetallic NPs suspension in deionized water and
(b) represents UV—vis absorption spectra taken from polymers blend films containing different concen-

trations of Ag:Mg nano-composites.

The optical absorption spectra are provided in Figure. 4.4(b) are taken from the photo-active films of
newly fabricated organic solar cells. There are two prominent absorption peaks of the films in Figure.
4.4(b) centred at 430 and 510 nm are expected to result from band-to-band transitions of silver and
P3HT molecules, respectively. The optical absorbance of NPs doped films from 700 to 900 nm are
attributed to the long wavelength scattered waves caused by the presence of Ag:Mg NPs in the medium
[31]. Furthermore, the normalized absorption spectra taken from films with/without Ag:Mg, displayed
in Figure. 4.4(b), is clearly dependent on concentration as evidenced by doping levels 0%, 1%, 1.5%, and
3% by weight, respectively. Maximum peak intensity is observed at 1.5% concentrations of Ag:Mg NPs
in the medium while the intensity reduces as the concentration increases. Moreover, the Ag:Mg BMNPs
concentrations demonstrated maximum peaks of absorbency shifted slightly into ultraviolent regions
that suggest the existence of interaction of the metal NPs with polymer molecules. The broad optical
absorption, above 700 nm, in thin-film organic solar cells (TFOSCs) indicates the presence of different
sizes and shapes of synthesized NPs. Such substantial light absorbance boosts the organic thin-film
solar absorbers with the assistance of LSPR and SPR has a remarkable effect on exciton generations

and then enhances the value of PCE in TFOSCs.

4.3.3 J—V characteristics for thin-film solar cell devices

The effect of Ag:Mg NPs is clearly evident in the performance of the solar cells, which can be analyzed
from the electrical characteristics of the solar cell devices. Figure. 4.5 shows the current-voltage curves

taken from the newly produced solar cells containing different concentrations of NPs in the absorber
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layers. The result clearly demonstrates that there is a significant surge in photo-current by the presence
of the metal NPs compared to the reference cell (Figure. 4.5). It is to be noted that the enhancement of
the photo-current is dependent upon the concentration of the NPs. However, increasing concentration
of the metal NPs, more than the optimum level, are found to be unfavourable for device performance

as this can be noted from device parameters of the highest doping level 3%.
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Figure 4.5: J-V characteristics of the fabricated organic solar cells at different dopant levels of Ag:Mg
bimetallic NPs.

Consequently, the short circuit current (Jsc) at the 3 wt% doping level dramatically decreases when the
concentration of NPs increases above 1.5 wt% (see Table 4.1). These changes could be attributed to the
formation of high defect complexes that would promote high charge carrier recombination. A similar
trend of device performance with concentration has been reported in the literature [32]. Furthermore,
the open circuit voltage (V,.) has slightly increased in NP-doped solar cells compared to the reference
one, which is an indication of better energy level alignment at the interfaces.

The drop of Js. at the 3% concentration of Ag:Mg BMNPs could be due to the high rate of encounters
between spin uncorrelated free charge carriers within the active layer in TFOSCs. The amount of
CT states that are formed directly from photo-generated excitons can play a critical role in polymer:
fullerene solar cell’s performance via bimolecular encounters of free charges. Furthermore, the nano-scale
thickness of the low band-gap active layer polymer D and high charge densities of TFOSCs resulting from
absorption, which extended to near-infrared can probably lead to a high rate of bimolecular encounters
between spin-uncorrelated electrons and holes. This process can cause recombination and formation of
low energy triplet excitons on the donor polymer that decays to the ground state and limits the organic
photovoltaic efficiency [32, 33]. It is to be noted that the charge generation and separation mechanisms
for the organic bulk-heterojunction system of the excitons can initially dissociate into charge-transfer-

states (CTSs) with singlet spin and further be separated into free electrons and holes charge carriers
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Table 4.1: The parameters of P3HT: PCgBM-based solar cells fabricated at various Ag-doped-Mg

nanocomposites concentrations.

Ag:Mg(%) Voo Jse(mAm=2) FF (%) PCE% Rs(Qcm?) Rgp(Qcm?)

0 0.50 11.18 40.31 2.29 915 4803
1 0.51 11.68 50.44 3.03 356 4489
1.5 0.51 14.12 56.36 4.11 364 10625
3 0.52 9.90 48.80 2.51 398 5879

(FCC) at the D/A interface followed by extraction of FCCs at their respective electrode [34, 35, 30].

Notably, the charge carrier recombination process in TFOSCs is divided into two classes such as geminate
recombination (GR) and non-geminate recombination (NGR). The CT states that recombine before
forming FCC is known as geminate and nongeminate recombination (NGR) occurs after the formation
of FCC. Depending on the spin of the excited state where the recombination from the ground state
occurs, the carrier recombination can either be radiative or non-radiative based on device performance
[37, 38]. According to Han et al, NGR can probably lead to the formation of the CTS with a ratio of
25% for Singlet charge transfer(SCT) and 75% for Triplet charge transfer state(TCTS), which manifolds
based on the spin-statistics. The SCT state can decay to the ground state via radiative fluorescence and
nonradiative internal transformation, while the recombination of the TCTS state takes place through
the low-lying triplet states (T1) on D or A, which establishes a high non-radiative energy loss [34].
As displayed in Figure. 4.1(b), TCTSs can separate again into free charges and be collected through
their respective electrodes if the energy offset (AE = Eg1—FE7p1) between S1 and T1 is small enough.
However, it is very challenging to regenerate free charge from SCTSs. In the low band gap polymer
of fullerene solar cells, the encounters of free electrons and holes can probably lead to the formation
of CT with both singlet and triplet states, as displayed in Figure. 4.1(b). The triplet charge transfer
states can relax to the lower-lying triplet exciton (T1) state on the donor polymer if it is energetically
possible [38, 39, 40]. The best performance recorded for the fabricated conventional solar cell was found
at 1.5 wt% of doping level, which demonstrated the highest device parameters such as V,. = 0.51 V,
Jse = 14.12 mA /cm2, FF = 56.36%, and PCE = 4.11%, respectively. Shunt resistance (Rg;,) and series
resistance (R;) for all devices were measured under illumination with standard conditions, as provided
in Table 4.1. The results further show that the performances of solar cell devices are consistent with
the expected values of Ry, and Ry of the device, which indicates considerable charge transfer and a
low recombination rate are observed at the doping level of 1.5% and 1 wt%. The fabrication of organic

solar cells is environmentally friendly and uses common organic solvents unlike silicon-based solar cell
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technology, which produces hazardous by-products.

4.3.4 Charge transport process in organic solar cell

Charge transport in polymer solar absorbers is an important process to understand the electrical prop-
erties of the medium. The space charge limited current (SCLC) is often considered a charge saturation
condition which is useful to study the charge transport properties across the photo-active layer in thin
film organic solar cells. The SCLC is measured under dark conditions, where the photo-generated charge

carriers are almost suppressed and all the traps in the solar absorber medium are filled.
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Figure 4.6: (a) The space-charge limited currents of the conventional solar cells with various concentra-

tions of Ag:Mg bimetallic nanoparticles and (b) J-V measured under dark conditions.

As displayed in Figure. 4.6(a,b), the SCLC data were collected from the forwarded bias of the dark
current, which started from the injection limited region (>1.6 V) of the device and ended at the point
where the current saturated. The data taken by SCLC was then compared with Mott-Gurny law 4.3

that uses a field-dependent mobility equation, as provided below:

9 & %
Jsro = gseo,qu exp (0.89v f> (4.3)

V and L represent the applied voltage over the sample and the thickness of the solar absorber, re-
spectively. The € is the relative dielectric permittivity of the absorber medium, €y is known as the
free space permittivity, o donates the zero-field mobility, v is the field activation factor of the device
[30, 39, 40, 41]. Mathematically, the field activation factor can be expressed as v = B(@%—ﬁ) [11].
It is dependent on temperature (T) and the constant parameters T( and B have mainly relied on the
nature of the material. It is to be noted that the negative values found at the field activation factor sug-

gest that the mobility diminishes at the high applied electric field in the polymer solar cells, as reported
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by recent studies [11]. Furthermore, a detailed analysis of the determination of device parameters is

available in literature [12, 13].

Table 4.2: The parameters of P3HT:PCgBM-based solar cells fabricated at different concentration

levels of Ag-doped-Mg nanocomposites concentrations.

Mg:Mg(%) po(cm? S71 vV—1) y(cm? V1)

0 5.8072x1074 - 3.4028x107°
1 1.6054x10~3 —-9.4972x107°
1.5 2.3084x1073 -1.3526x 1074
3 1.2042x1073 - 1.233x10~*

The fits of Equation 4.3 to the experimental SCLC data are in good agreement with the theoretical
prediction as provided in Figure. 4.6(a). The results further indicate that the zero-field mobility at the
doping level of 1%, 1.5%, and 3% of Ag:Mg BMNPs are effectively enhanced by one order of magnitude
higher than that of pristine (Table 4.2). These results are clear evidence of the effect of Ag:Mg BMNPs
that enhanced the charge transport process in the polymer matrix and assisted the charge dissociation

in thin-film organic solar cells.

4.4 CONCLUSION

In conclusion, core-shell type silver doped magnesium bimetallic NPs were successfully synthesized and
used in P3HT:PCg;BM bulk-heterojunction solar absorber layer at varying concentrations from 0% to
3% by weight. The effect of the NPs has been demonstrated in terms of substantial improvements
in energy harvesting and charge transport properties in TFOSC. Consequently, the power conversion
efficiencies of all doped solar cells outperformed the reference cells, which were in fact dependent on
the concentration of the metal NPs. The highest PCE recorded in this experiment was 4.11% at 1.5
wt% doping level of Ag:Mg BMNPs. This is a 79% PCE improvement compared to the un-doped solar
cell. Such improvements are attributed to the occurrence of LSPR and far-field scattering phenomena,
which are favourable in light trapping, exciton dissociation, and enhancing charge transport processes

in thin film organic solar cells.
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Chapter 5
Nickel-doped silver nanoclusters as a

mechanism to capture photons
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Chapter 5

Nickel-doped silver nanoclusters as a

mechanism to capture photons

Abstract

Narrow width of optical absorption of conducting polymers and photons energy losses have been the
challenges for fabricating highly efficient thin-flm organic solar cell. Nickel-doped silver nanoclusters
(Ni/Ag NCs) are employed here to capture more photons polymers blend solar absorber medium to
improve solar cell performances. The poly-3-hexylthiophene and (6-6)phenyl-C61-butyric acid methyl
ester molecules blend were used as solar absorber layer. The solar cells fabricated with NCs exhibited
enhanced opt-electronic properties compared to the reference solar cell. Consequently, the experimental
results suggest that the power conversion efficiency (PCE) has substantially increased with the incor-
porations of NCs in absorber layer, which is dependent on the concentrations of NCs in the medium.
The maximum PCE achieved, in this work, is n = 6.2% at 2% of NCs by weight, which has exhibited
to the lowest energy losses compared to other doping levels. This improvement in PCE is attributed to
the occurrence of local surface plasmon resonance effect due to the inclusion of Ni/Ag NCs in polymer
matrix. The results provide valuable insights on the use of Ni/Ag NCs for efficient photons capture in

thin-flm polymers blend medium.

5.1 Introduction

Solution-processed thin-film organic solar cells (TFOSCs) have garnered significant attention due to
their mechanical flexibility, lightweight, and inexpensive fabrication methods [I, 2, 3, 4]. However,

there are still challenges to be addressed in the area of improving optical absorption bandwidth, charge
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transport processes, and the lifetime of TFOSC without compromising the low-cost device fabrication.
In this study, several approaches have been proposed to optimize photon energy harvesting, inter-facial
engineering, and controlling film morphology in TFOSCs through the incorporation of various materials,
such as metal NPs, graphene, carbon nano-tubes, and solvent additives [5, 6]. One key component,
in achieving high-power conversion efficiency, in TFOSCs structure is the nature of solar absorber for
effective photon capture and the generation of free charge carriers [7, 8, 9]. Increasing the thickness of the
thin-film solar absorber layer is one of the direct mechanisms to enhance optical absorption and harvest
more photons. However, this approach promotes high charge recombination since the short exciton
diffusion length generated in the donor polymer constrains the effective photo-active layer thickness
to few hundred for the bulk heterojunction [10, 11, 12, 13]. Consequently, solar cells with relatively
high active layer thicknesses suffer from significant loss of photogenerated current through radiative
and non-radiative charge recombinations before reaching the donor/acceptor interface. Therefore, to
address this challenge, researchers have explored the use of metal NPs at different functional layers of
TFOSCs. Metal NPs enhance light absorption via light scattering processes that increase optical path
length leading to trapping in the photoactive medium. This resulted in improved performance indicators
across all solar cell parameters [11, 141]. There are several research reports on the positive impact of
metal NPs such as silver, copper, and gold incorporated into the photoactive layer of a solar cell,
which is characterized by the enhanced electrical conductivity of the thin-film organic semiconductor
medium [15, 16, 17, 18, 19, 20]. Additionally, the occurrence of surface plasmonic resonance (SPR)
of the metal NPs can significantly improve the optical absorption of the semiconductor medium [21]
by promoting light scattering and electron band-to-band transition. A thorough understanding of the
physics behind the local surface plasmonic resonance (LSPR) phenomenon is crucial for the development
and implementation of plasmonic NPs for various applications. To achieve the desired adaptation
between film absorption and SPR property of the metal NPs, certain physical features such as size,
morphology, location, and composition of noble metal NPs must be precisely designed, taking into
account the permittivity of the surrounding medium [22]. An excellent device performance is reported
from use of poly-(3-hexylthiophene) (P3HT) and non-fullerene acceptor [23], which is an important
development on the application of stable donor polymer P3HT. On the other hand, metal nanoparticles
such as gold (Au) are reported to make a notable influence on the optical absorption and subsequent
improvement in power conversion efficiencies (PCE) of solar cells, upon the integration of plasmonic gold
(Au) nanoparticles into OPV structures, consisting of P3HT and [6,6]-phenyl C61 butyric acid methyl
ester (PCBM) [24, 25, 26, 27]. However, the utilization of materials such as gold for large-scale device
production remains a challenge due to their limited supply and high cost. In this study, Ni/Ag NCs have
been used for the first time in the P3HT and PC61BM blend solar absorber is known as P3HT:PCBM
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matrix or any other conjugated polymer blend to the knowledge of the authors. The inclusion of the
NCs in a polymer blend has positively impacted the optical absorption and the device performance
much better than reported in the literature for the same polymer blends. Therefore, the results of the
investigation indicated that significant improvement in PCE is recorded due to the presence of Ni/Ag

NCs in device functional layers. Details of the results are discussed in the following sections.

5.1.1 Fundamentals of surface plasmonic

The origin of SPR is the coherent oscillation of free electrons on the surface of metal NPs by the actions of
the incident electromagnetic field. This oscillation arises from the induced dipole moments as the result
of surface electron displacement relative to the nuclei due to the changing electric field of the incident
electromagnetic wave (see Figure. 5.1(a)). The restoring force of the induced moment causes the electron
cloud to oscillate against the oppositely charged nuclei at a specific frequency [28, 29]. A resonance
occurs when the frequency of oscillation coincides with the incident photons. On the other hand, such
interactions between electron plasma and incident radiation could cause the excitation of metals through
electron band-to-band transition (see Figure. 5.1(b)) and contribute to optical absorption. The intense
electromagnetic field formed near the metal NPs, as the result of the interaction, would cause the
emission of light at a frequency similar to the incident photons and is scattered in all directions [30].
Therefore, the collective oscillation of electrons on the surface of NPs produces a high extinction cross-
section of metal NPs in the form of scattering and absorption. Furthermore, the oscillating electrons lose
some of their energy in the form of heat due to their continuous mechanical oscillations. Nonetheless,
the active area of the metal nanoparticle that scatters light is defined by the scattering cross-section

0sc [31] while the absorption cross-section is denoted by o,ps. Hence, the total extinction cross-section

coefficient of the metal NPs in the surrounding medium can be expressed by the Espinosa Eq. [32].

Oaxt = Ogbst0sc (51)
The absorption and scattering cross-sections are derived from the classical electromagnetic theory using
spherical metal NPs with diameters below the light penetration depth.

By employing quasi-static approximation method, the absorption cross-section (o4s) and scattering

cross-section (o) are given by:

e(w)—eq }

_ 3
Oaps = dmmka lm[a(w)—i-%d
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Figure 5.1: A schematic diagram illustrating the process of electron-hole pair generation and inter-band
transition at the local surface plasmon resonance in pure metal and hybrid metal nanocomposites. The
diagram shows how the incident light induces oscillations of electron clouds (left), leading to a decline in
LSPR and the generation of a population of hot carriers with various energies (right). b How inter-band

transitions are a result of higher energy photons (left) and directly produce electron-hole pairs (right)

[33].

s e(w)—eq 12
sca — 7k4 6 N o .
’ 8 3" ¢ {5(w)+25d} (5:3)

where wave vector k is defned as k = 27 /A, A is the wavelength of the incident wave. In this context,
e(w) represents the dielectric constant or permittivity of the metal NPs, while a refers to the radius of
the NPs. The dielectric constant ¢4 stands for the medium that surrounds the NPs, as cited in reference
[31]. In the realm of physics, the permittivity e(w) can be expressed as a composite of two distinct
components, namely the real and imaginary parts. The real part, often referred to as the resonance
peak, serves as a marker of the position of the permittivity. On the other hand, the imaginary part
conveys information about the de-phasing. It is important to note that these two components work in

tandem to fully characterize the permittivity.

e(w) = ep(w)+ig;(w) (5.4)

The permittivity of metal NPs in Eq. (6.4) is further rearranged and simplified into:
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2
e(w) = l—m (5.5)

where €, and v, are the plasmonic frequency and the damping constant of metal NPs, respectively.

These parameters are defined by the following equations:

2
2_Ne

G=n (5.6)
F
Yo = 7* (5.7)

Thus, n is the density of electrons, e is the electron charge, m is the mass of the electron, and g is
the permittivity of the free space. Therefore, the symbol v, refers to the damping constant, which is

represented by the fermi velocity and mean free path of the electrons 1, [35].

5.2 Materials and methods

5.2.1 Materials

The chemicals used in the synthesis of Ni/Ag NCs were obtained from commercial sources and used as
delivered. These are silver nitrate (AgNOs3), nickel nitrate (Ni(NO3)2) (>99.0%), and sodium hydroxide
(99.98% NaBH4) are purchased from Merck. The photo-active layer in the BHJ absorber consisted of
polymers such as poly(3-hexylthiophene) (P3HT) as the electron donor and (6-6)phenyl-C61-butyric
acid methyl ester (PCg;BM) as the electron acceptor which was obtained from Ossila Ltd. (UK). The
PEDOT:PSS and chloroform solvent were procured from Sigma-Aldrich.

5.2.2 Synthesis and characterizations of Nickel-doped silver NCs (Ni/Ag)

In this study, nickel-doped silver (Ni/Ag) was synthesized using a chemical reduction method that has
been previously reported in the literature [30]. Initially, solutions of nickel nitrate (0.44 g), silver nitrate
(0.13 g), and sodium borohydride (NaBH4) (0.57 g) were prepared by dissolving each compound in 50
mL of deionized water in separate flasks. The solutions were stirred for 10 min before the silver nitrate
solution was added dropwise to the nickel nitrate solution under magnetic stirring. The resulting mixture
was further stirred on a hot plate with a magnetic stirrer for 20 min, followed by the addition of NaBH4
solution. The mixture was then stirred continuously for 3 h at 40° C. The resulting solution was purified
several times using deionized water to eliminate the sodium nitrate agent, and the precipitate was then

dehydrated for 2 h at 70° C under vacuum. This resulted in the synthesis of nickel-doped silver powder.

78



To study morphology and photosensitive properties of the synthesized Ni/Ag NCs, we used ultraviolet-
visible (UV-Vis) absorption spectra, high-resolution transmission and scanning electron microscopy

(HRTEM and HRSEM), energy dispersive X-ray (EDX), and X-ray diffraction (XRD) measurements.

5.2.3 Device preparations

Thin-film organic solar cells were fabricated on transparent indium tin oxide (ITO)-coated glass sub-
strates. The absorber layers are composed of polymers blend of P3HT:PCgBM with/without Ni/Ag
NCs. Initially, the substrates were partially etched with a warm acid solution consisting of hydrochloric
acid, water, and nitric acid (HCL:H20:HNOj3) at a concentration of 48%:48%:4%) by volume. The sub-
strates were then cleaned in an ultrasonic bath with deionized water, acetone, and isopropanol for 15
min, followed by drying in an oven at 100° C for 20 min. Next, a thin hole transport layer PEDOT:PSS
was spin-coated onto the substrates, followed by annealing in an oven under an ambient atmosphere
at 100° C for 20 min. The solar absorber medium comprising of P3HT and PCg; BM polymers was
prepared by dissolving them in chloroform solvent at a concentration of 20 mg/ml and using a 1:1
stoichiometric ratio by weight. The metal NCs are dispersed in the solution at the concentrations 1%,
2%, 3%, and 5% by weight relative to the weight of the polymer blend. The solutions were stirred on
a hot plate at 40° C for 4 h to ensure proper miscibility of the polymers. The resulting blends were
spin-coated on top of the dried PEDOT:PSS layer at 1200 rpm for 40 s, followed by dehydration under a
nitrogen atmosphere for 10 min at 90° C. The samples were then transferred onto the vacuum deposition
chamber for the thermal evaporation process for the electron transfer layer, lithium fluoride LiF and
the aluminum (Al) electrode. Thin layers of LiF (0.5 nm) and Al (100 nm) were deposited on top of the
samples. The resulting devices had the following structure: ITO/PEDOT: PSS/P3HT:PCgs BM:Ni/Ag
NCs/LiF /Al The devices were further annealed for 5 min. The performance of the devices was de-
termined by measuring the electrical properties using a Keithley HP2420 source meter integrated with
a solar simulator (model SS50AAA). The simulator is operating at AM1.5 and 100 mWem ™2 of light
intensity. A schematic diagram for the conventional device structure with the combination of Ni/Ag

NCs are displayed in see Figure. 5.2.

5.3 Results and discussion

5.3.1 Characterizations of Ni/Ag NCs
The optical properties of Ni/Ag NCs

The optical properties of the Ni/Ag NCs were examined through the use of a UV-Vis spectrometer in
the range (300 - 900 nm). The measured UV—Vis spectra of the newly synthesized metal NPs taken
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in a deionized water suspension are given in Figure. 5.3(a and b). As illustrated in Figure. 5.3(a),
the absorbance of nickel-doped NC exhibited absorption in the range of 350-900 nm, with a peak
located at 460 nm, and a tail extending into the near-infrared region of the electromagnetic spectrum.
This significant broadening of the absorption spectra of the synthesized nano-composites indicates the
presence of multiple sizes and shapes of metal nanoparticles, which is expected to enhance the optical
extinction coefficients of the solar absorber through photon absorption in small volumes (LSPR modes)
and light scattering in larger sizes to the surrounding medium [37]. Tauck’s model is also employed to
determine the energy band gap for NPs, Figure. 5.3(b). Tauc’s model relies on the absorption coefficient
of the materials «, which is related to the optical energy band gap, E,. The relationship between o and

E4 is described by equation shown below:

aff = 5y (hv—E,)" (5.8)

Here § is the photon’s energy and is defined by 8 = hc/A, where h stands for Planck’s constant, c is
the speed of light, and X is the wavelength of the photon. The constant parameter v characterizes the
optical frequency range, and the index n is used to describe the nature of the electronic transitions,
taking on a value of 1/2 for direct transitions or 2 for indirect transitions. The absorption coefficient « is
a crucial parameter in this model. By analyzing the plot (ahv) vs (hv) and extrapolating a line tangent
to the curve (ahv)? =0, it was possible to determine the optical energy gap to be 1.67 eV. This value
of the optical band gap is anticipated to have a notable impact on the energy harvesting capabilities of

the photoactive layer of solar cells, particularly for longer wavelength electromagnetic photons [38, 39].

Morphology of the Ag/Ni NCs

The morphology of the Ni/Ag NCs in powder form was investigated using high-resolution transmission
and scanning electron microscopies (HRTEM and HRSEM), respectively. These spectrometers provide
information such as shape, size, crystallinity, and elemental mapping of nanocomposite. The HRTEM
images taken from nickel-doped silver NCs powders are presented in Figure. 5.4, where Figure. 5.4(a
and c) illustrates the formations of various sizes and shapes of NCs. It has been noted that there is a
nano-sphere-like structure as evidenced in Figure. 5.5(a), which exhibited various sizes in the medium.
The size variations have a significant influence on the energy harvesting process through the occurrence
of SPR and LSPR effects. The HRSEM elemental mapping is provided in Figure. 5.4(d) demonstrates
an even distribution of nickel and silver elements within the medium, indicating the good participation

of the elements in the formation of Ni/Ag NCs. Furthermore, the energy-dispersive X-ray (EDX) image

in Figure. 5.4(d) reveals the nickel and silver concentrations in the metal NCs corresponding to 64.98%
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Figure 5.3: a The optical absorption for Ni/Ag NCs powder dispersed in deionized water and b the

optical energy band gap for Ni/Ag NCs.

and 35.02%, respectively, at a 2:1 ratio. This finding confirms the purity of the synthesized metal NCs

and their formation at the required ratio throughout the medium, which is beneficial for influencing

molecular crystallinity and energy harvesting in solar cell devices. The crystalline fringes observed in

HRTEM imaging are depicted in Figure. 5.4(b), which revealed an atomic lattice spacing of 0.226 nm,

consistent with a cubic crystal structure of the metal NCs found using XRD measurements. According

to XRD data, the d-spacing of the Ni/Ag NCs was calculated using the Bragg equation and found to

be d = 0.229 nm, which is in good agreement with the values derived from HRTEM images of 0.226

nm, which corresponds to the (111) atomic plane of the Ni/Ag NCs [10].
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XRD study of Ni/Ag

To examine the crystallographic structure and morphological characteristics of Ni/Ag NCs, X-ray
diffraction (XRD) analysis was carried out. The measured XRD spectrum, depicted in Figure. 5.5,
was obtained by scanning the sample from angles 20° to 90° at 2 theta degrees. The diffraction peaks
observed at 20 angles indicated the presence of five prominent peaks at values of 38.29°, 44.42°  64.56°,
77.56°, and 81.60°. These diffraction peaks corresponded to the reflections of the X-ray beam from
planes (111), (200), (220), (311), and (222), respectively. Our findings indicated that Ni/Ag NCs exhib-
ited a cubic crystal structure with cell parameters a = b = ¢ = 4.0772 A® with alpha = beta = gamma

= 90° [11].

10 nm

EHT =2000kV
WD= 85mm

Figure 5.4: a High-resolution transmission electron microscopy image of Ni/Ag powder representing
different shapes and sizes of the NCs, b the crystallite fringes have been taken from Ni/Ag powder
indicating lattice spacing and crystallite of Ni/Ag NCs, scanning electron microscopy (SEM)image
showing the morphology of Ni/Ag NCs in powder form, and d SEM image background and the energy-

dispersive X-ray analysis taken from Ni/Ag powder indicating the elemental composition.
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Using Debye—Scherer’s following expression, the crystalline size D of the Ni/Ag NCs was calculated.

kA
D=
B cosb

(5.9)

The Scherer constant (K) was determined to be 0.89, and the wavelength of the X-ray A was 1.54
Angstroms. [ and 6, the full width at half maximum (FWHM) of the diffraction peak measured in
radians and their corresponding maximum peak angles determined by using Bragg’s equation in degree,
were also taken into consideration. The calculated average size for the powder crystals was 50.8 nm,
indicating the significant light scattering effect of plasmonic Ni/Ag that influenced the energy harvesting
of the photo-active layer. Table 5.1 summarizes the results obtained from the X-ray diffraction analysis
of Ni/Ag NCs. In addition, the crystallographic structure of Ni/Ag NCs were evaluated by dislocation
density ( ¢ ), micro-strain ( ¢ ) and stress ( o ) were calculated by employing Hooke’s law on the

measured XRD data, can be determined by the following equations:

1 _ Pcost

52@’6 1

(5.10)

o=Ce (5.11)

However, the micro-strain ( € ) and stress ( ¢ ) of Ni/Ag NCs are linearly increasing with decreased
crystal sizes (see Table 5.1). Furthermore, the crystallite sizes of Ni/Ag NCs are found to be between 26
nm and 70 nm, which are designed in smaller structures. This is suitable for photoactive layer polymer
blend for improved charge transport processes. The stress can be determined from the ascribed micro-

strain, and the value of C = 1.46 + 1010 Nm~2taken from the bulk Young’s modulus [12, 413].

5.3.2 Device characterizations
Optical properties of thin-film solar absorbers

Optical spectroscopy is a useful tool to investigate the mechanisms of photoabsorption in plasmonic
embedded polymer thin films. The UV-Vis measurements were conducted on pristine - and Ni/Ag NPs
incorporated - P3HT/PCBM layers in the range 300 - 900 nm. The measured UV—Vis spectra taken
from the absorbers films with/without Ni/Ag NCs are presented in Figure. 5.6(a). The spectra are
dominated by the absorption of PT3HT:PCBM blend centered around a 515-nm peak accompanied
by vibronic shoulders. However, NCs doped films generally showed strong intensities compared to the

reference film and were dependent on the concentration of metal NCs in the medium. According to
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Figure 5.5: X-ray diffraction pattern of Ni/Ag NCs.

Table 5.1: The X-ray diffraction analysis for Ni/ Ag NCs

No  hkl 26 I5} D 0 € o
(o) (nm) (1074 nm=2) (107%) (MPa)
1 3829 (111) 0.1338 62.84 2.53 2.63 38398
2 44.42 (200) 0.1673 51.29 3.80 2.98 43508
3 64.56 (220) 0.1338 70.22 2.03 1.44 21024
4 7756 (311) 0.2342 43.51 5.28 1.26 18396
5 81.60 (222) 0.4015 26.13 14.65 1.46 21316

the absorbancy of the Ag/Ni NC provided in Figure. 5.3(a) exhibited absorbency within the range of
350-650 nm, with a peak centered at 460 nm and a tail that extended to the near-infrared region of the
electromagnetic spectrum. The broadened absorption of the synthesized NCs implies the existence of
multiple sizes and shapes of metal NPs, which is expected to increase the optical extinction coeflicient
of the solar absorber via photon absorption for small volumes (LSPR modes) and light scattering to the

surrounding medium for large sizes.

As expected, the incorporation of Ni/Ag NCs into P3HT:PCBM blends solar absorber significantly
enhanced the absorbency and the intensity of the films as presented in Figure. 5.6(a). The spectra
from the films clearly showed the signature of Ni/Ag NCs in terms of location and intensity absorption
peaks. The absorption spectra of Ni/Ag NCs doped films exhibited changes in peak intensity and
FWHM broadening, a blue shift, and damping, due to the occurrence of surface plasmon resonance.

The extent of the changes is dependent on the proportion of nickel in the medium, which is in good
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Figure 5.6: a UV-Vis optical absorption results for the pristine and Ni/Ag-doped TFOSCs absorber

films. b The optical energy band gap for the reference and Ni/Ag NCs doped solar cells.

agreement with classical predictions, by assuming a Ni-core/Ag-shell geometry. These observations are
similar to the findings of Gaudery and co-authors, in which they investigated the optical properties
of mixed clusters focusing on the behavior of surface plasmon resonance of Ni/Ag NCs in a spectral
range comparable to that of pure silver clusters. Notably, the surface plasmon resonance in Ni/Ag
NCs was observed to be considerably broadened by increasing the silver concentration similar to our
observations in the absorption spectra of doped samples. Their study also found that the absorption
spectra of Ni/Ag NCs tend to be more blue-shifted as the concentration of nickel increases providing
a relevant comparison to our study [44]. The new absorption peaks near 400 nm for Ni/Ag NCs solar
cells are associated with band-to-band electron transition of silver [15]. Moreover, the presence of the
vibronic shoulder of P3HT around 600 nm of wavelength for all doped concentrations of Ni/Ag NCs
solar cells suggests that the amount of NCs used in this experiment did not alter the crystal structure
of the donor polymer. It is to be noted that the near-field enhancement on the site of NCs is the most
dominant effect for Ni/Ag NCs on the fabricated solar cells. This is attributed to the occurrence of
LSPR, enhanced exciton dissociation, and light trapping via scattering processes, which collectively

improve device performances.

Solar cell performances

The performance of solar cells in converting incident photons into electricity was investigated by analyz-
ing the measured current density—voltage (J-V) characteristic curves using 0.042 active area. The J-V

curves were taken from solar cells fabricated under different concentrations of NCs in the solar absorber
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layer. According to the results presented in Figure. 5.7, it is evident that there is a surge of photo-
current under the influence of NCs in the device structure. The short current density (Js.) significantly
high at 1% and 2% of Ni/Ag NCs, but the J,. was slightly decreased at 3%, and then further dropped
when the concentration is increased to 5% by weight. These results suggest that the high dopant ratios
of metal NCs in the medium have a negative impact on solar cell performance. This is evident in
the reduction in PCE from 6.2% to 2.8%, which is accompanied by high series resistance (Rs ). The
maximum J. recorded in this experiment was 17.8 (mAm~2) for the 2% Ni/Ag by weight, followed by
15.2 (mAm*Z) for both 1% and 3% concentrations. However, the lowest Js. measured in this study
was 10.7 (mAm~2) for 5% concentration, which was higher than 10.2 (mAm~2) for the reference solar
cell. On the other hand, the fill factor (FF) of the solar cells with the incorporation of Ni/Ag was also
increased from 51.2% for 0% to 58.5% and 58.3% for 1% and 2% concentration, respectively. However,
the FF at 3% and 5% NC concentration dramatically dropped to 51.0% and 44.2%, respectively. The
reduced FF, at 3% and 5% concentrations, would suggest that there must have been leakage currents
and charge recombination enhancement in the devices. Thus, the high concentration of the metal NCs
in the polymer medium might have caused several defect clusters that promote charge recombinations
and prevent free charge collections. The summary of the J-V characteristic data is presented in Table
5.2. The optimum concentration of Ni/Ag NCs in this investigation was found to be 2%, which resulted
in the best performance with a PCE = 6.2%. The open-circuit voltage (V,.) measured for the solar cells
was observed to increase from 0.62 V for pristine to 0.63 V for 1% and then suddenly dropped to 0.59 V
for 2% Ni/Ag NCs concentration. This is due to the interaction of the polymers with the nanoparticles,
which resulted in changes in the energy levels that affected the energy band gap. However, as the
concentration increases, more Ag/Ni-related defect clusters could have formed that hindered the charge
dissociations and transportations. Consequently, this has reduced the measured photocurrent beyond
the 2% doping level in a polymer medium. Moreover, higher concentrations of NCs in the absorber
layer would result from more metal particles at the interface between the active layer and electrodes
causing leakage current [10, 17] and reducing the device FF. This is consistent with the measured data

provided in Table 5.2. According to Ohm’s law, shunt current increases as shunt resistance decreases,

leading to a significant leakage and reduced V,. and FF of the solar cell [15]. Equationl2 defines:
V—JR;
Joh = —5—7— 5.12
sh R.h ( )

where V is the applied voltage, J is the current density, is the shunt current, and Rs and Ry are the
series and shunt resistances, respectively. Moreover, as shown in the result, Table 5.2, the collected

series resistances from J-V measurements for 0%, 1%, 2%, 3%, and 5% of Ni/Ag dopant concentrations
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Table 5.2: The parameters of PS3HT: PCg1BM-based solar cells fabricated at various Ni doped with Ag

NCs concentrations

Ni/Ag(%) Voe E; Eiss(eV) Jse(mAm=2) FF (%) PCE% Rs(Qcm?) Rgy(Qem?)
0 0.62 1.59 097 10.3 51.2 3.2 9.96 105.1
1 0.63 146  0.83 15.2 58.5 5.7 1.86 188.6
2 0.59 140  0.81 17.8 58.3 6.2 1.90 171.7
3 0.57 1.50  0.91 15.2 51.0 4.7 9.50 146.8
5 0.59 1.57  0.98 10.7 44.2 2.8 13.69 123.2

range from 1.86 w cm? to 13.69 w cm?

, respectively. On the other hand, the values of Ry, vary from
105.1 w cm? to 188.6 w cm?, in the chosen range of NC concentration. This outcome suggests that an
increase in Ni/Ag NCs concentration is unfavorable for the solar cell performances. The effect of Ni/Ag
NCs on charge recombination mechanisms was also investigated using the same calculations based on
Tauc’s model as mentioned in the previous section. The study was based on the general energy losses

definition of the solar cells in the form of Ej,ss = E4 - qV,, where E, is the optical energy gap of the

active thin films, and q is the elementary charge.
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Figure 5.7: J-V characteristics of TFOSC devices at different concentrations of Ni/Ag NCs.

The measured energy gap values for the solar cells with and without Ni/Ag NCs are presented in

Figure. 5

.6(b). The incorporation of synthesized Ni/Ag NCs was found to be significantly reduced the
optical band gap of the fabricated thin films from 1.59 eV to 1.40 eV (see Table 5.2). The energy losses

calculated based on these values were found to be ranging from 0.98 eV for the reference to 0.81 eV
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2% doping concentrations, respectively. As per the existing literature, solar cells exhibiting low-energy
losses tend to perform better, resulting in improved Js., FF, and higher PCE due to a reduction in

charge recombination.

Charge transport properties of the conventional solar cells

The charge transport properties in Ag/Ni-doped polymer solar absorbers were investigated based on
the measured space charge limited current (SCLC) under dark conditions. The dark current is an ideal
environment by reducing the impact of illumination on the charge transport processes and understanding
the true nature of the polymer medium. Figure. 5.8(a) shows InJ versus V curves taken from newly
fabricated solar cell devices, which clearly show high current in dark conditions for NC-doped solar cells.
Figure. 5.8(b) displays the SCLC data collected from the forward bias side of the dark current, which
started from the injection limited region (1.4 V) of the device and ended at the point where the current
reaches saturation. Then, the mobilities of the solar cells were determined via the current density of

the devices using Mott—Gurney’s law, as provided below (13):

9 v?
J = gfgoﬂﬁ (513)

where ¢¢ is the permittivity of the free space = 8.85 x 107'2F/m, ¢ is the relative permittivity of the
medium, p is the mobility, L is the active layer thickness = 100 nm, V is the voltage drop across the

sample which is corrected from the deference between the applied V,p;, and build-in voltage Vy; [19, 50].

V= Vapl_‘/bi (514)
It is also important to mention that, the mobility p of the solar cell in Poole-Frenkel’s equation [51] is
strongly correlated with the electric field across the device as follows:

p = poexp(yVE) (5.15)

where v is the field activation factor, and pg is the zerofield mobility. The trap-free field-dependent
SCLC was then calculated by combining Egs. (C.15) and (C.13), as given in Eq. (C.16).

9 V2 [V
JscrLc = gEEO0M g eXP (0.897 f> (5.16)

The model of Mott—Gurney’s assumes constant charge mobility in the medium, free of traps, with an

ideal ohmic contact at the cathode and anode. For the pristine solar cell, the resultant zero-field mobility
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Figure 5.8: a J-V characteristic curve measured under dark conditions at different concentrations and

b the space charge limited current (SCLC) of the fabricated devices with/without Ni/Ag NCs.

measured was 1.17x1072 (ecm? S™! V1) (see Table 5.3), which is effectively enhanced to 1.67x1073
(em? St V=1 and 1.73x1072 (cm? S™! V1) for 1% and 2% NC doping levels, respectively. However,
as the concentration of Ni/Ag NC increases to 3%, then the zero-field mobility decreases to 9.32x1074
(em? S7! V=) and further drops to 4.13x107% (cm? S=! V=1) at 5% NC by weight. It has to be noted
here that the higher zero-field mobility leads to better efficiency of the solar cell while lower mobility
reduces charge collections as evidenced by the drop in PCE to 2.8% at 5% doping level. Furthermore,
the zero-field mobility decreases as the concentration of the metal NCs increases; this suggests that
more defect cluster could be formed that prevents the charge transport as the concentration of NC

increases beyond the optimum limit. In the case of the reference P3HT:PCg1BM photoactive layer,
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the effective charge transport process originated from the polymer film morphology. Better polymer
morphology would lead to enhanced collection of photocurrent because of good molecular miscibility
and large acceptor/donor interfacial area throughout the medium [52]. Thermal annealing is one of the
mechanisms to improve polymer crystallization and promote charge transfer between molecules. The
discrepancy in mobility between electrons and holes can lead to an imbalance in charge transport, which
can increase non-geminate charge recombination in polymer solar cells [53, 54]. The use of plasmonic
metal NPs, in a polymer photo-active layer, increases not only the optical absorption of the polymer
film but also has a great impact on the charge mobility in the medium. Omrani et al. have reported
that plasmonic metal NPs can introduce hopping sites for holes by creating dopant states in the polymer
bandgap space and increasing mobility [55, 43]. The solar cell’s field activation factor () provided in
Table 5.3, is a mathematical parameter utilized to approximate the ratio of charge recombination to that
charge generation before collection by the electrodes. A lower value of the v implies greater mobility
of charge carriers, which consequently lowers the probability of non-geminate energy losses inside the

polymer medium [43].

Table 5.3: The charge transport parameters for solar cells fabricated at different concentration levels of

Ni/Ag NCs

Ni:Ag(wt%) pu(cm? S71 V1) y(ecm? V1)

0 1.17x1073 - 6.18x107°
1 1.67x1073 - 8.78%107°
2 1.73x1073 - 9.18x107°
3 9.32x10* - 4.94%x107°
5 4.13%x1074 - 2.19%x107°

Table 5.3 summarizes the values of zero-field mobility and field activation factors derived from space
charge limited current. The best value of charge mobility recorded in this investigation was 1.73x1073
(em? S~1 V1) at 2% NC concentration in the medium, which corresponds to the best PCE. This clearly
indicates the substantial influence of Ni/Ag NCs on the charge transport process, which ultimately
boosted the PCE of the solar cells. On the other hand, the left flank of Figure. 5.8(a) representing the
reverse saturation current can originate from electrode charge injection or/and thermal generation from
the polymer medium, under dark conditions. The current in reverse bias increases till the optimum
concentration of Ag/Ni in the solar absorber and then drops at higher doping levels, suggesting that
the amount of current even in reverse bias is dependent on improved charge transport processes in the

medium. More charges are collected at the optimum doping level, which is consistent with the charge
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transport parameters derived from space charge limited current measured in the forward bias and dark

condition.

5.4 Conclusion

In conclusion, the incorporation of Ni/Ag NCs in the absorber layer of bulk-BHJ thin-film organic solar
cells was found to impact significantly on the optical and electrical properties of the polymer films.
Our experimental data demonstrated that the concentration of Ni/Ag NCs played a crucial role in the
performance of the solar cells. The highest recorded PCE in this investigation is 6.2% achieved at a
2% weight concentration of Ni/Ag NCs. This is a very good increment in PCE given the nature of
the polymer blends used in this investigation. The improvement in solar cell performance is attributed
to Ni/Ag NCs local surface plasmon resonance effect that influences both light trapping and charge
transport processes. The findings of this study provide valuable insights for future research in the
field of organic solar cells and the design of more efficient and cost-effective solar cell devices. Further
studies are required to optimize the concentration of Ni/Ag NCs by employing the NCs in different
functional layers of the solar cell. It is to be noted that this experiment was conducted under ambient
laboratory conditions which is an important development in the realization of TFOSC. Finally, the

Ag/Ni is environmentally stable and suitable for roll-to-roll large-scale device fabrication.
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Organie selar cell cells (TEOSCs). The incorporation of nano-particles was designed to assist exciton dissociation processes and

Bulk-heterujunction boost the collection photo-generated currents in TROSC. Solar cells were fabricated from polymers blend
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methyl ester (PCyy BM] with/without the incorporation CoS. The optical and electrical properties of the active
layers are found to be highly impacted by the inclusion of CoS NPs in the medium. Consequently, significant
improvement on the collection of photo-currents was recorded that led to high power conversion efficlency of
the devices compared to the reference cell. The influence of CoS nano-particles is found to be dependent on
its concentration in the medium where the best solar cell performance recorded, in this experiment, was at
1wi% CoS, which brings about an increase in efficiency by 37%.
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Abstract

Cobalt-sulphide nano-particles were synthesized and employed in absorber layer of thin film organic
solar cells (TFOSCs). The incorporation of nano-particles was designed to assist exciton dissociation
processes and boost the collection photo-generated currents in TFOSC. Solar cells were fabricated
from polymers blend photo-active layer consisting of Poly[[4,8- bis[(2-ethylhexyl) oxy] benzo[l,2-b:4,5-
b] dithiophene2,6-diyl] [3 -fluoro-2-[(2- ethylhexyl)carbonyl]thieno[3,4- b] thiophenediyl]] (PTB7)and
[6,6]-phenyl C7i-butyric acid methyl ester (PC71BM) with/without the incorporation CoS. The optical
and electrical properties of the active layers are found to be highly impacted by the inclusion of CoS
NPs in the medium. Consequently, significant improvement on the collection of photo-currents was
recorded that led to high power conversion efficiency of the devices compared to the reference cell. The
influence of CoS nano-particles is found to be dependent on it’s concentration in the medium where
the best solar cell performance recorded, in this experiment, was at 1wt% CoS, which brings about an

increase in efficiency by 37%.

Keywords: organic solar cell, bulk-heterojunction, inverted structure, active layer, CoS nano-particles.
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6.1 Introduction

Organic semiconductor-based solar cells are gaining attention due to their low material usage, simple
device fabrication processes, light weight and large-area solar panel production [!]. In the last three
decades, several conjugated polymers have been synthesised and tested for different functional layers
of TFOSC. Conjugated polymers are macro-molecules with molecular weight exceeding 10,000 atomic
mass units [2]. However, the ideal material is yet to be developed due to challenges such as inherent high
exciton binding energy in polymer and environmental instability. For instance, the exciton binding en-
ergy for organic semiconductors is approximately one order of magnitude higher than those of inorganic
semiconductors like silicon. Consequently, the photo-excitations in silicon solar cell can easily produce
free charge carriers at room temperature. However, there are insufficient free charge carriers available in
an organic semiconductor medium at room temperature (~ 25 meV), through exciton dissociation, even
under typical internal electric fields (~ 105 - 107 V/m) [3]. The quest to solve these challenges led to
the development of new solar absorber design through the discovery of bulk heterojunction (BHJ) solar
cell. BHJ offers a key benefit by forming a large donor/acceptor inter-facial network, serving as centres
for exciton dissociation into free-charge carriers [1]. In a BHJ design, the conversion of solar energy
to photocurrent involves a series of complex processes, starting with the generation of excitons upon
light absorption. This is followed by migration of exciton towards interfacial region, where they are
dissociated into free electron-hole pairs. The resulting free charge carriers are then extracted and trans-
ported toward their respective electrodes [, (]. Several parameters play critical factor for the success
of BHJ design such as morphology of the photo-active film, the stoichiometric ratio of donor/acceptor
molecules and the selection of transport buffer layers in reducing charge recombination. Optimization of
these parameters is still not sufficient enough to harvest all the incident photons because of the required
thin polymer absorber layer (< 200nm) to minimize charge recombinations. Increasing the active layer
thickness can lead to enhanced light absorption consequently generate more excitons [7], however, this
resulted in an increase in the bulk resistance which in turn promotes charge recombination losses [3]
as well as reduce the hole mobility [9, 10]. Thus, enhancing optical absorption in thin polymer films
becomes crucially important using alternative options to improve energy harvesting. To address the
challenge, researchers have explored various ways to incorporate light-trapping mechanisms to enhance
optical absorption. These methods include but not limited to the use of photonic crystals [11], optical
spacer layers [12], diffraction gratings [13], and more recently, the incorporation of metal nano-particles
[11]. As such, various metal/semiconductor sulfide nano-particles, such as nickel sulfide [15], zinc sul-
fide [16], copper sulfide [17], and potassium sulfide [1%], have been reported to have positive impacts

on device performances (see Table 6.1 ). For example, copper sulfide and nickel sulfide are frequently

100



Table 6.1: The summary of previous research on metal NPs and their corresponding efficiency progresses

in organic solar cells.

Device architecture: NPs NPs Loca- PCE(%) PCE(%) Ref

tion without with

NPs NPs

ITO/PEDOT: PSS/P3HT:PCBM:NPs/LiF/Al  Ag:Mg P3HT:PCBM  2.29 411 [31]
ITO/Zn0/PTB7:PCBM/Mo03/Ag Ag ZnO 6.53 7.25 [33]
ITO/PEDOT:PSS/QD/P3HT:PCBM/LiF /Al CdTeSe PEDOT:PSS  2.30 A.87 [34]
ITO/ZnO/P3HT:PC61BM-LaPO4: LaPO4: Ag P3HT:PCBM  2.33 5.23 [35]
Ag/Mo0O3/Al
ITO/ PEDOT: PSS-NiS/P3HT:PCBM/LiF/Al  Ni$ PEDOT: PSS 3.09 6.03 [15]
ITO/PEDOT/PSS:Ag/Co/ Ag:Co PEDOT: PSS 2.53 421 [36]
P3HT:PC61BM/LIF/Al
ITO/PEDOT:PSS/P3HT:PCBMNP /LiF /Al ZnS P3HT:PCBM  1.90 4.00 [37]
ITO/PEDOT:PSS:CuS/P3HT:PC61BM/LiF/Al  CuS PEDOT: PSS 2.01 4.51 [38]
ITO/PEDOT:PSS/P3HT:PCBM-ZnO: Zn0:Cd P3HT:PCBM  2.54 4.67 [39]
Cd/LiF /Al
ITO/PEDOT:PSS: Au/PTB;:PCr BM/Ca Au PEDOT: PSS 7.50 8.10 [40]
ITO/Au@PDA /ZnO/PTB;:PC7 BM/MoO3/Al  Au@PDA ZnO 4.64 6.03 [41]
ITO/Zn0/Y203/PTB7:PCr BM/MoO3/Ag Zn0/Y203  ZnO 5.77 6.22 [42]
ITO/PEDOT:PSS/PTB7:PC71BM/Ca/Al Au@Ag@Si02 PEDOT:PSS 7.72 9.04 [43]
ITO/PEDOT:PSS/PTB;:PC7 BM/Ca/Al Au@Ag@Si02 PTB7:PCrBM 7.72 9.56 [43]

employed as p-type hole transport layers in TFOSCs, and as dopants in perovskite solar cells [19].

Furthermore, metal chalcogenides compounds often exhibit an interesting optical and electrical prop-
erties [20, 21, 22, 23, 24], which are important for the development of photonic devices, and energy
storage amongst others. Some of these materials have low energy bandgap (~ 1.7 eV for CdSe) with
enhanced light-harvesting coefficient exceeding 10* ecm™' making them an attractive materials in thin
film polymer solar cells [25]. Cobalt sulphide is a II-VI semiconductor material often used as photocat-
alyst as reported in literatures [26, 27]. However, the nano-scale (1 to 10 nm) size of CoS NPs exhibits
quantum confinement effect, which is highly relevant to solar energy harvesting [25]. CoS NP has gained
intensive research as light absorber material for solar cell applications, as anode in lithium-ion batter-
ies, catalysts, and ultra-high density magnetic recording [29]. Furthermore, CoS is an easily accessible
material, low-cost with an excellent work function that matches very well to PEDOT:PSS, making it a
promising hole-collecting material [30]. In this study, CoS NPs have been employed for the first time
in PTB7:PC71BM polymers blend active layer to improve the solar cells efficiency. The inclusion of the

CoS in a polymer blend solar absorber has positively influenced the optical absorption of the absorber
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film and consequently enhanced the device parameters as discussed in the following sections.
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Figure 6.1: (a) Inverted solar cells device structures used in this experiment, and (b) the structure of

the fabricated polymer materials [32].

6.2 Materials and methods

6.2.1 Materials

The materials for the synthesis of CoS NPs were sourced from the chemical suppliers listed. Cobalt
(IT) nitrate hexahydrate (Co(NOs3)2).6H20, thiourea (99.0%), and Polyvinylpyrrolidone (PVP) were
purchased from Sigma Aldrich used as received. The polymers used are Poly[[4,8-bis[(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]]
(PTB7) as an electron donor and [6,6]-phenyl C7i-butyric acid methyl ester (PC71BM) as an electron
acceptor, all were purchased from Ossila Ltd (UK). Chlorobenzene, 1,8-diiodooctane (98.0%) solvent,

and zinc oxide were also procured from Sigma Aldrich.

6.2.2 Synthesis of Cobalt sulphide NPs (CoS)

The synthesis of CoS NPs was carried out using wet chemistry as reported in the literature [37]. First,
0.5 M cobalt nitrate hexahydrate was dissolved in 50 mL of deionized water in a glass beaker, with
stirring maintained until the compound was completely dissolved. The second precursor was prepared
by dissolving 0.5 M (CH4NS) in 50 mL of deionized water, followed by the addition of 3.0 g of PVP in

a separate beaker. The mixture was stirred until all the solute components are dissolved. Subsequently,
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the thiourea solution was slowly added drop wise into the cobalt nitrate solution while stirring at room
temperature. The resulting precipitate was filtered under reduced pressure and washed multiple times
with distilled water and ethanol to eliminate any residual of sodium ions. Finally, the resulting CoS

NPs were dried in an oven at 100°C for 2 hours.

6.2.3 Solar cells fabrication

The solar cell fabrication started by partially etching the unpatterned ITO-coated glass substrates us-
ing acid solution composed of a mixture of HCI, HoO, and HNOg3. The substrates were sequentially
cleaned in ultrasonication bath, using deionized water, isopropanol, and acetone, each for a duration
of 10 minutes. Thereafter, the cleaned substrates were dried at 90°C in an oven before layering of
the electron transport layer (ETL) through spin coating of ZnO ink suspension at 4000 rpm. After
drying the ETL at 100°C for 20 minutes in a nitrogen environment, the samples were coated with
solar absorber layer at 1200 rpm. The active layer solution composed of PTB7:PC71BM blend dis-
persed in chlorobenzene solvent at a 1:1.5 ratio by weight with/without CoS NPs. The CoS NPs were
doped into active layer at different concentrations (0%, 1%, 3%, and 5%) by weight of the polymers
blend. The mixture was sonicated overnight at room temperature and spin coated on the substrates
at 1200rpm. The samples were further dried in the furnace at 60°C for 30 minutes under a nitrogen
atmosphere. Finally, the hole transport layer (MoO3(0.4 nm) and the top (Al) electrode (80 nm)) were
deposited onto the dried active layers at atmospheric pressure of ( 1075 mbar), using an Edward 306
vacuum deposition unit. An inverted BHJ architecture consisting of various layers of materials, such as
Glass/ITO/ZnO/PTB7:PC7;BM:CoS-NPs/MoQO3 /Al was fabricated (see Figure. 6.1 left). The UV-Vis
absorption spectra analysis was conducted using a photo-spectrometer (Rayleigh 1601) to study the
optical properties of the absorber layers. Finally, the current density-voltage (J-V) data were collected
using a computer-controlled Keithley HP2420 source meter and a solar simulator (model SS50AAA)

operating under AM1.5 conditions at an intensity of 100 mW /cm?.

6.3 Results and discussion

6.3.1 Optical Properties of CoS NPs and Absorber films

The optical and morphological properties of the newly synthesized CoS nano-particles and absorber
films were studied using UV-Vis spectrometer, transmission and scanning electron microscopies (TEM

& SEM), and energy-dispersive X-ray analysis (EDX).
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Figure 6.2: (a) Optical absorption and energy band gap (inset) for CoS NPs powder dispersed in deion-
ized water, (b) UV-bis absorption spectra of polymers PTB7, PC7;BM, and PTB7:PC7;BM solutions,
(c) UV-bis absorption taken from pristine and CoS NPs doped absorber films, and (d) Photolumines-
cence (PL) spectrum of PTB7:PC7;BM with and without CoS doped films after photoexcitation at 450

nm.

CoS Nanoparticles

The optical absorbancies measured from CoS NPs powder in deionized water, is shown in Figure 6.2(a).
The absorbency of CoS fall within the range of 350 — 700 nm, with a peak centred around 450 nm.
Furthermore, a tail extending to the near-infrared region of the electromagnetic spectrum was observed.
This notable broadening of optical absorption of the synthesized NPs is due to light scattering in the
water medium, which is a positive indication of possible light trapping in PTB7:PC7; BM solar absorber
medium. Moreover, the absorption coefficient peak at about 425 nm NP indicates its capability to
harvest high energy photons due to inherent quantum confinement effect. Tauc’s plot was employed to
determine the energy band gap using the measured absorbencies, as shown in the inset of the Figure

6.2(a). Tauc’s equation, as presented in eq.(7.1), depends on the absorption coefficient («) and, energy
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band gap (E4) of the material under investigation.
o = A(hv—E,)" (6.1)

where /3 denotes the photon’s energy, calculated as 8 = hc/A, where h is a Planck’s constant, c is the
speed of light, and A is the wavelength of the photon. The parameter « is a constant characterizing the
optical frequency range, the index n which follows the indirect transition in our analysis, is generally
used describes the electronic transition conditions with a value of 1/2 for direct band to band transitions
or 2 for indirect transitions. By analysing the plot of (ahv) versus (hv) and extrapolating a tangent
line to the horizontal axis where (ahv)? = 0, the optical energy gap was determined to be 1.84 eV. This
value of the optical band gap suggest the material is indeed semiconductors and expected to have a

positive influence on the solar energy harvesting capabilities of the modified photo-active layers.

Mean Size =1.73 nm
S.D=0.799 nm

20 s
Diameter (nm)

10 nm

10 nm

Figure 6.3: (a) and (b) Scanning electron microscopy, (c) Scanning electron microscopy with energy

dispersive X-ray (inst), and(d) Transmission electron microscopy images for CoS NPs powder.
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Solar absorbers films with/without CoS NPs

The optical properties of the polymers blend films under study were investigated both in liquid and
solid phases. The absorption spectra given in Figure 6.2(b) represents the absorbencies of the polymers
in the solution form while the spectra taken from the films are provided in Figure 6.2(c). According to
the spectra in Figure 6.2(b), the PTB7 polymer has absorbency ranging from 500 nm to 700 nm, which
contains two prominent absorption shoulders centred at 624 nm and 676 nm, respectively. These peaks
are characterized by 0-1 and 0-0 electron transitions in the PTB7 polymer molecules, respectively. The
0-1 corresponds to the transition from the ground state to the first vibrational excited state energy
level, while the 0-0 stands for the electron transition from the ground state to the lowest excited state
of the polymer molecule [11, 15]. Moreover, the intensity of the 0-1 vibronic shoulder is linked to the
inflexibility and co-planarity of the m-conjugated backbone of the PTB7 polymer. Whereas the 0-0
transition peak intensity reflects the strength of m-7 stacking interactions and the degree of polymer
aggregation. Thus, the 0-0 transition is more pronounced in solution compared to 0-1 suggesting more
aggregation in solution, which remain the same even in PTB7:PC71BM blend solution. However, the
peak intensity of the vibronic shoulder appear to be more pronounced in the films contrary to the
spectra taken from solution. This suggest that there is more co-planarity and crystallity of PTB7 in

the film than in the solution [10].

The absorber layers containing CoS NPs also showed a notable alteration in absorption patterns, includ-
ing red shift of peak and enhanced absorption after 800 nm. These observations are in good agreement
with the behaviour of CoS NPs dispersed in deionized water due to light scattering, as provided in
Figure 6.2(a). There is a prominent absorption peak of CoS NPs which ranges between 350 nm and
500 nm, along with extended absorption beyond 850 nm into the infra-red region. According to the
information presented in the Figure 6.2(c), the absorption spectra of the films consists of two broad
peaks centred near 470 nm and 625 nm, respectively. The peak close to 470 nm is attributed to the
presence of CoS in polymer film medium, which is absent in the absorbency of the polymer blend in
a solution. This trait exhibited by CoS NP can be linked to the size-dependent emission of quantum
dot. The absorption range from 600—700 nm is coming from PTB7 as it is evident from discussion of
the absorbency the polymer solution (see Figure 6.2(b)). The modified polymers blend films containing
CoS NPs their molecular packing order enhanced at the 0-1 vibronic transition compared to the pure
PTB7 film, which can assist in the charge transport processes. On the other hand, the 0-0 vibronic
transition intensity for the film with a 1% concentration of CoS NPs was slightly increased compared
to the pristine film. However, the 0-0 vibronic transition intensities for the rest of the films remained

below that of the reference film indicating the low 7-7 stacking interactions for higher concentrations
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of CoS NPs. The combined effects of these changes in optical absorption contribute to the enhanced

photocurrent generation in CoS-doped devices, thereby, improving overall device performance.

1 M 1 M 1 v 1 M 1 M 1 v 1 v
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 6.4: FTIR spectrum of CoS NPs.

Furthermore, photo-luminescence (PL) measurements were conducted on the recently fabricated ab-
sorber films consisting of PTB7:PC7;BM polymers blend with and without CoS NPs. The PL spectra
were measured at room temperature as provided in Figure 6.2(d). The films were exited by the illu-
mination of radiation at a wavelength of 450 nm, (see Figure 6.2d). The PL emission was observed
at pronounced peaks of 360 nm for both pristine and CoS doped films. According to the figure pro-
vided in Figure 6.2(d) photoluminescence intensity quenching was observed from the film doped with
CoS NPs. This reduction in the emission intensity is due to the enhanced charge separation at the
interface due to the presence of the NPs [17]. The PL intensity of the pristine PTB7:PC71BM film
is much stronger than the doped film under the same excitation condition. However, the pristine film
displays strong PL emission with an emission peak at 380 nm. The photo-luminescence data taken
from PTB7:PC71BM with/without CoS films clearly showed better charge dissociations with CoS NPs

as evidenced by quenching of the PL intensity compared to the film without NPs [18].

6.3.2 Morphological properties of CoS NPs

The surface morphology and micro structures of CoS NPs were studied using scanning and transmission
electron microscopies (SEM & TEM), respectively. The TEM images depicted in Figure 6.3(a-c) reveals
that the NPs exhibited a relatively uniform distribution in terms of size and shape, with elliptical and
quasi-spherical geometries being prominent. The images also suggest possible formation of core-shell
structure. This is evident from the TEM images provided in Figure 6.3(a-c) indicating a dark core

surrounded by light coloured regions. Also, the size of NPs range from 1 to 4 nm as analysed and
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observed from the HRTEM images (see inset of Figure 6.3(a)). According to literatures based on the
study of CoS, these structures are often described as nano-cages [19, 50, 51], which are reported to
have significant impact on the performance of dye-sensitized solar cells by enhancing catalytic activity,
electrical conductivity, and the surface morphology of the film for a tiny-sized nano-cage. Such enhanced
performance of the solar cell was attributed to the crystalinity and the large surface area of CoS nano-
cages [52]. The elemental analysis conducted using the SEM and energy dispersive X-ray (EDX) data
provided in Figure 6.3(d), indicates a uniform distribution of sulfur and cobalt throughout the medium,
supporting the formation of the CoS phase-composite. Moreso, the crystalline nature of the NPs is
also visible from the well-aligned fringes observed in the TEM images in Figure 6.3(b and ¢) with
lattice spacing, d = 0.254 and 0.246 nm (2.54 A, and 2.46 A). These d-spacings are typical of CoS
phase with hexagonal shape as previously reported [53, 54]. The variations in size and shapes of the
synthesized CoS NPs are expected to display multiple functions by improving the optical, and electrical
properties as well as the surface morphology of the thin film. For instance, the smaller sizes of CoS
NPs are expected to have great influence on the device performance by capturing high energy photons,
while the relative larger sizes harvest photons in the visible and near infrared regions. According to
Sibokoza et al. the optical absorption properties of CoS NPs are significantly influenced by their size
and morphological characteristics [29]. Our experiment is consistent with the findings when the CoS
NPs dispersed in deionized water (Figure 6.2(a)) showed different sizes as derived from TEM images
(Figure 6.3(a) inset). This ultimately enhances energy harvesting through the size-dependent quantum
confinement effect [55, 56]. Fourier Transform Infrared (FTIR) spectra provided in Figure 6.4) was
obtained from CoS NPs powder suspension. The spectrum revealed the molecular compositions and
structure of the NPs powder. For instance, a band centered around 810 cm™! is attributed to the
vibrational mode of the Co-S bond [59]. Whereas the range of absorption is from 1300 to 1500 cm~*
[60] depicts the stretching of C-H and bending of C-O-H bonds. The bending and stretching vibrations
of the O-H group led to the resultant peaks at 1095.87 and 3287.78 cm~! [61]. This data is indeed

another confirmation of the formation of CoS NPs.

6.3.3 Device characterizations
J-V characteristics of devices with/without CoS NPs

The current-voltage characteristics (J-V) of the solar cells, provided in Figure 6.5, shows the electrical
behaviour of devices fabricated with and without the incorporation of CoS in the PTB7:PC71BM solar
absorber. Generally, solar cells containing NPs in the absorber layer exhibited significant enhancements
in PCE due to increased measured photo-currents. According to Figure 6.5, a notable increase in the

short circuit current density of the doped film are clearly observed, which are attributed to the presence
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of metal NPs in the PTB7:PC7;BM blend compared to pristine devices as detailed in Table 6.2. It is
evident that the improved performance was found to be dependent on CoS NPs concentrations in the

medium.

Table 6.2: The parameters of PTB7:PC71BM-based solar cells fabricated at various CoS concentrations.

As Fabricated After 24 Hours
CoS NPs Ve Jse FF PCE Rq Voc Jsc FF PCE R
(%) (V)  (mAem?®) (%) (%) () | (V) (mAem?®) (%) (%) Q)
0 wt% 0.63 16.50 43.30 4.53 381.00 | 0.56 15.90 40.40 3.55 1115.45
1 wt% 0.72 19.10 46.00 6.20 100.00 | 0.66 16.60 45.80 5.02 110.32
3 wt% 0.71 18.10 45.00 5.20 307.00 | 0.68 16.50 4390 494 501.02
5 wt% 0.68 15.80 44.47 4.64 501.00 | 0.58 13.50 43.30 341 981.27
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Figure 6.5: J-V characteristics of TFOSC devices at different concentrations of CoS NPs.

Notably, there are changes on the magnitude of the open circuit voltage (V,.), where maximum of
0.72 volts was measured from a device containing an optimum 1% CoS NPs while it was 0.63 volts for
the reference solar cell. This enhancement in V,. of PTB7:PC71BM based solar cell suggest that the
incorporation of CoS NPs not only enhances the optical absorption of the thin films but also improves
inter-facial conditions between active layers and electrodes. According to the current experiment a
maximum J. of 19.1 mAcm? was measured at 1% NPs concentration, which dropped to 15.8 mAcm™

at 5% NPs. Despite the visible enhancements of the observed short-circuit current, the recorded FF for
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all the solar cells are generally low relative to the values of other device parameters. This influence could
be attributed to the slightly increased active layer thickness (~ 180 nm) of the photo-active layer and
low crystalline behviour of PTB7 in BHJ. According to some reports, an active layer thickness close to
100 nm can lead to high FF provided there are good morphology control mechanisms in PTB7:PC7; BM
based solar cells [62]. This is due to the fact that PTB7 is widely known for not crystallizing in
BHJ film in contrast to P3HT, which leads to PTB7-rich and PC7;BM-rich phase segregation [63]. In
general, several techniques can be used in the fabrication of polymer solar cells to improve FF including
controlling morphology, active layer thickness, select suitable transport buffer layer materials to prevent
leakage current, or contact resistance [64, 65, 62]. The best device performance recorded in the current
investigation is (1 wt% CoS NPs )concentration with PCE of 6.20%. However, higher concentration of
NPs in absorber layer led to reduced device performance as evident in 5 wt% doping level where the
efficiency dropped to 4.64%. High concentration NPs in polymer medium could result in the formation
of large CoS nano-clusters impeding current flow in the medium and reducing the fill factor of the
devices. This is conspicuous from the measured high series resistance of 5% CoS NPs doped solar cells

(see Table 6.2).
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Figure 6.6: (a) J-V characteristic curve measured under dark condition at different concentrations, and

(b)The space charge limited current (SCLC) of the fabricated devices with/without CoS NPs.

Charge transport properties

The current-voltage characteristics of TFOSC measured without illumination of light were analysed
to investigate the charge transport properties in the medium (Figure 6.6). The space charge limited
current (SCLC) data were selected and compared to Mott-Gurney model [66] to derive the necessary

charge transport parameters as represented in Figure 6.6(b). The SCLC behaviour in this model is
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commonly described by using the field-dependent mobility equation given below:
9 v? %
Jscre = gecopo g exp(0.8971/ ) (6.2)

where €g and € are the permittivity of free space and the relative dielectric permittivity of the material
respectively, L is the thickness of the active layer, v is the field activation factor, V is the voltage
drop across the device, which can be corrected by the built-in voltage where in this experiment Vy,
= 1.77 V, and lastly pg is the zero-field mobility. According to the results presented in Table 6.3, the
recorded zero-field mobility of the solar cell without incorporation of CoS NPs exhibited 5.23x1074
cm? S™! V~L. Interestingly, after the incorporation of CoS NPs into the PTB7:PC7;BM polymers,
the zero-field mobility of the devices were clearly improved as recorded by 1% NPs doped solar cell
1.31x1073 ¢cm? S~! V~! which is one order of magnitude higher than the reference cell followed by
3% at 7.36x107* ¢cm? S™! V~1. The quantum confinement effect could have influenced the carrier
mobility of the modified devices, since the reduced dimension changes the scattering mechanism and
effective masses of carriers. However, at dopant concentration of 5%, the zero-field mobility was slightly
decreased to 4.68x107% cm? S™! V! suggesting that the higher concentrations of CoS NPs have a
negative impact on the mobility of charges. This is in agreement with the measured series resistances
provided in Table 6.2. Furthermore, it’s worth mentioning that, the higher zero-field mobility values
always correlates to better charge transport medium with improved collection of photo-current. It is
noteworthy to mention that the magnitude of dark currents in forward bias as shown in Figure 6.6(a)
indicates improved conductivities for all the modified devices and good quality of contact between the
active layer and electrodes. The drop in the mobility value of 5% device is also evident in its large
reverse bias current apparently due imperfection at high NPs concentration. Consequently, PCE of
solar cells containing a 5% of CoS NPs dropped to 4.64% indicating the sensitivity of charge mobility
to the high concentrations of CoS NPs in the photo-active layer. On the other hand, the values of the
field activation factor (v ) given in Table 6.3, provides insight about the correlation between charge
separation and built-in potential in the solar cell. It is a measure of the effectiveness of the in-built
potential required to separate charges in the medium. A low 7 value suggest higher mobility of photo-
generated currents indicating the low non-geminate charge recombination and energy losses within the

device.

Thus, the measured low field activation factor at an optimum doping (1 wt%) level is in very good
agreement with the recorded high mobility leading to superior device performance. The remaining
~ values presented in Table 3 are higher than 1 wt%, and resulted in lower device performances.
The observed correlation between pg and + highlight the positive influence of CoS NPs on the charge

transport process, ultimately enhancing the PCE of the solar cells. Generally, the increased charge
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Table 6.3: The charge transport parameters for solar cells fabricated at different concentration levels of

CoS NPs.

CoS NPs(wt%) po(cm?S™*V™1) y(cmV™)

0 5.23x1074 —5.41x107°
1 1.31x1073 —1.36x1074
3 7.36x1074 —6.63x107°
5 4.68x1074 —4.85%x107°

transport process observed in devices containing CoS NPs may be attributed to the presence of CoS
nano-cages, size effects and multiple carrier generation. As indicated earlier, the nano-cages improve
molecular domains connectivity and create more continuous pathways for charge transport by enhancing
crystallinity, molecular packing, and surface area of the film [52]. Moreover, the improvement could
also be traced to the enhanced molecular packing order at the 0-1 vibronic transition (see Fig. 2c)
for the polymer blend films containing CoS NPs compared to the pure PTB7 film. In addition, the
quantum confinement effect of CoS could have enhanced the probability of impact ionisation that leads
to multiple carrier generation and increase in carrier mobility. The preliminary investigation on the
stability of the devices suggest that solar cells with optimum concentrations of CoS appears to have
more stable than undoped device (see Table 2). According to test for 24 hours shelf time devices with

CoS NPs (1% and 3%) exhibited better stability in PCE compared to the pristine device.

6.4 Conclusion

In summary, CoS NPs have been synthesized and effectively integrated into the solar absorber layer
of solution-processed thin film organic solar cells. The experimental results highlight a substantial
enhancement in the performance of the solar cells containing CoS NPs within the PTB7:PC71BM
active layer of the devices. This improvement in device performance is linked to enhanced optical
absorption and efficient charge generation and dissociation as confirmed by optical measurements. The
maximum PCE achieved in this study is 6.20% at a concentration of 1% NPs by weight, representing
a significant improvement compared to the reference cell. This is an encouraging result and can be
further maximized if the experiments procedures are carried out in nitrogen environment. The use of
CoS NPs is compatible with roll-to-roll solar cell fabrication, marking a crucial advancement in mass

production and cost-effective device manufacturing.
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Chapter 7

Conclusion

7.1 Summary of The Thesis

The thesis has explored the incorporation of plasmonic metals and metal sulfide NPs into the active
layers of polymer thin-film solar cells to enhance their performance. The study investigated the in-
troduction of plasmonic NPs with different compositions and morphologies such as including Ag:Mg
bimetallic BMNPs, and Ni/Ag NCs into the P3HT: PCg;BM blend. The investigations also studied
about the integration of CoS quantum dot into the PTB7:PC71BM polymer active layer blend. The
collected results showed some significant improvements in light absorption, charge transport, and PCE
of thin film solar cells. Moreover, the observed enhancements in the NPs Incorporated into PSHT:
PCg1BM were associated with the localized surface plasmon resonance (LSPR) effect as a major factor
in increasing light harvesting, improving exciton dissociation, and facilitating charge transport pro-
cesses. For example, Ag:Mg BMNPs increased the PCE by 79% compared to the un-doped device, with
the maximum PCE reaching 4.11% at the optimized 1.5 wt% doping level. Similarly, the Ni/Ag NCs
recorded the highest enhancement among the plasmonic materials, increasing the PCE by 144%, reach-
ing 6.20% at a 2 wt% concentration ratio. The enhancement in performance through all plasmonic NPs
combined devices originated from the attribution of the LSPR effect, which supported better photon
absorption and minimized charge recombination losses. On the other hand, by integrating CoS NPs into
the PTB7:PC71BM active layer thin film solar cells, the quantum confinement effect was utilized. The
role of the quantum confinement effect resulted in enhanced optical absorption and all the device’s pa-
rameters. The improvement resulted in a 37% PCE enhancement compared to the pristine device, with
the maximum efficiency recorded at 6.20% for a 1 wt% concentration of CoS NPs. The experimental
outcomes highlight that CoS NPs not only improved the optoelectronic properties of the active layer but

also compatible with large-scale, cost-effective manufacturing processes. Generally, the thesis studied
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the effect of plasmonic metals and metal sulfide NPs to improve the performance of polymer thin film
solar cells. The experimental results demonstrate the impact of the LSPR effect of plasmonic NPs and
the quantum confinement effect of metal-sulfide NPs can lead to significant advancements in solar cell
efficiency. Our investigations open new areas for further research such as optimizing NP concentrations,
synthesis techniques, and exploring their application in different solar cell architectures. The outcomes
of this research highlight the potential of these NPs to advance the efficiency and development of organic

thin-film solar technologies.

7.2 Future Outlook

By the rational selection of their bulk materials besides finely tuning the morphology and interfaces,
the future work focuses on combining the highly promising plasmonic NPs with quantum dots (QDs)
in polymer thin films solar cells. The combined NPs are expected to demonstrate great performance in
the PTB7 blend and also in high-performance non-fullerene acceptors such as PM6:Y6. This strategy
would be achieved by optimizing the Interfaces and Morphology of NPs including:

A. The synthesis of NPs will focus on controlling their structure and interfacial properties to prevent
aggregation and enhance uniform distribution within the polymer matrix. Additionally, the morphology
and geometrical aspect ratios of these NPs will be correlated with theoretical modeling of their scattering
and absorption cross-sections. Furthermore, the stoichiometry of bimetallic layers plays a critical role
in tuning the plasmonic resonance effect by modifying the dielectric function, charge distribution, and
coupling between different metallic components, thereby influencing resonance wavelength and field
enhancement.

B. This controlled morphology will also reduce energy losses during charge transfer.

C. The interface control strategies will focus on synthesizing NPs in different designs, such as a core-shell
and half-shell (Janus-Type NPs). The Janus or half-coated NPs, where only one side of a plasmonic
NP is coated with a quantum dot, leaving the other side exposed to directly interact with the polymer

matrix. This allows each one of the NP to directly deliver its associated properties to the thin film.
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