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ABSTRACT

This thesis discusses the results of the investigations on the use of plasmon metal nanoparticles
(NPs) to enhance the performance of polymer solar cells, which are promising alternative solar
energy converters to silicon-based solar cells. Polymer solar cells offer a cost-effective, flexible
solar panel using a solution processing method for the generation of power from solar sources.
Several key factors are considered to achieve this goal, including optical absorption, nano-
morphology, and charge carrier mobility. The thesis focuses on investigating the potential of
various dopants, such as solvent additives, thermal annealing, and metal nanoparticles (NPs), to
improve the performance of thin-film organic solar cells (TFOSCs) by enhancing the charge
transport processes. This research employed conventional device architectures to study the
effectiveness of the active and buffer layers on charge transport and stability. The results have

already been published in several internationally referred journals.

In this thesis, the synthesized metal NPs were employed as mechanisms to improve the
performance of TFOSC incorporated with poly-3-hexylthiophene (P3HT) as the donor material
and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as the acceptor material. The popular
metal NPs such as nickel, (Ni), zinc (Zn), silver (Ag), calcium (Ca), sulfur (S), and cobalt (Co)
were used to synthesize various bimetallic composites. Bimetallic nanoparticles such as-nickel-
doped with zinc bimetallic (Ni/Zn), silver-doped with calcium (Ag/Ca), silver-doped with cobalt
(Ag/Co), and silver-doped zinc sulfide (ZnS/Ag) were employed at different functional layers of
solar cell structure. Hence, the study employed various spectrometers such as high-resolution
transmission and scanning electron microscopy (HRTEM and HRSEM), X-ray diffraction,
Ultraviolet-Visible (UV-Vis) spectroscopy to investigate the size, morphology, elemental
mapping, and optical properties of synthesized metal NPs. HRTEM is indeed a powerful technique
for characterizing nanoscale materials, and it can provide valuable insights for confirming the

presence of core-shell structures in NPs.

Compared to the pristine reference, the blend of metal NPs with active and buffer layers at different
concentrations plays a crucial role in augmenting the optical and electrical properties in TFOSC
devices. Such increment of optical and electrical properties in this thesis is due to improved short-
circuit current (Js¢), fill factors (FFs), and charge carrier mobility, which are significant to enhance

the power conversion efficiency (PCE) values in the polymer solar cells. These prominent



improvements are due to the presence of localized surface plasmonic resonance (LSPR) effect of
TFOSCs. Finally, this thesis provides a series of experimental works fabricated with several metal

NPs in TFOSCs at different concentrations.
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CHAPTER 1

INTRODUCTION AND BACKGROUND THEORY

1.1 Introduction

In 1977, Meinel A.B. and Meinel, M.P observations brought to light the solar cell's photovoltaic
effect [1]. The p-n Junction solar cell made of silicon was first unveiled by Chapin et al. in
1954 [2-4], marking a significant milestone in the history of solar energy. Notably, this
electronic device harnesses the photovoltaic effect to transform photon energy into electrical
power [5]. The device utilization of selenium-based solar cells has unveiled the first solid-state
photovoltaic devices [6]. Solar power has the potential to act as a crucial alternative to fossil
fuels, effectively addressing the limitations of non-renewable sources like coal, crude oil, and
etc, which have proven unsustainable and damaging to the environment. Given the limited
availability of these sources, solar energy emerges as a desirable option, offering a sustainable
solution that can help control environmental degradation. The Earth operates as a solar energy
climate engine, harnessing an average of 240 watts of solar energy per square meter across its
land surfaces, oceans, and atmosphere throughout the year [7]. Earth's energy equilibrium
reflects the harmonious interplay of solar energy absorption and radiative energy emission into
space. Solar energy as resources gives numbers for the energy deposited on the earth from the
sun, this is the Earth's energy budget, and it could justify why the solar energy is highly
potential resource for renewable energy. The envelope of gas encircling our planet, known as
the Earth's atmosphere, plays a vital role in safeguarding life forms. It shields us from solar
radiation’s harmful effects by absorbing or weakening ultraviolet rays. Additionally, the
atmosphere works as a natural thermostat by retaining heat, which maintains a comfortable
temperature for life to thrive. It also moderates the temperature fluctuations between day and
night, justifying extreme conditions. The advent of the Industrial Revolution has propelled
humanity towards cutting-edge technologies, resulting in escalated energy demands [8].
Consequently, this flow in energy consumption has culminated into excessive discharge of
carbon dioxide into the atmosphere of our planet, thereby triggering the ominous phenomenon
of global warming [9]. Hence, it is likely that the constraints of the initial and subsequent
repetitions of solar cells have propelled the beginning of a new type of the third generation,
which is known as the thin-film organic solar cells (TFOSCs). A thorough account of the first,

second, and third generations of solar cells is clarified in chapter two of this thesis.



The focus of growing attention among researchers is on TFOSCs based on organic materials,
which are noted for their low device fabrication costs, flexibility, portability, and lightweight
[10-15]. These devices utilize conjugated polymer materials as electron-donating agents, and
fullerene-based derivative materials as electron acceptors [16]. Although the advantages
highlighted earlier are considerable, TFOSCs' commercialization has been hindered by their
inferior power conversion efficiency (PCE) compared to traditional inorganic solar cells [17].
The PCE of TFOSCs is limited by the low electrical conductivity, charge mobility, and light
absorption range of most organic materials [18]. Furthermore, the susceptibility of organic
materials-based solar cell devices to degradation due to environmental exposure and photo-
oxidation induced by light illumination cannot be overlooked. The fundamental structure of
conventional TFOSCs is composed of two primary layers, namely the photoactive layer and
the charge transport buffer layer [19]. To achieve maximum PCE in TFOSCs, the photoactive
layer should exhibit excellent exciton generation with high optical absorption and efficient
charge mobility to prevent recombination during carrier transport to the electrodes [20].
Achieving high electrical conductivity with selective charge retention and precise bandgap
alignment within the charge transport layer is vital for maximizing the durability of unfettered
charge carriers. An encouraging avenue for addressing the constraints of TFOSCs involves the
integration of metal nanoparticles (NPs) and graphene [21]. Graphene outperforms conducting
polymers in terms of mobility and conductivity, thus provides exceptionally conductive
channels for carrier transport. Moreover, graphene-derived materials present effortless solution
processability, better optical transparency, robust environmental and chemical stability, and
uniform microstructures, making them a preferred choice in various applications. The
conjunction of graphene and polymers creates an interface that induces spatial segregation of
charges from photo-excited carriers within the solar absorber layer [22]. As a result, graphene
can serve as both an active photoactive layer and buffer layer, as well as a transparent
conductive electrode in the construction of solar cell devices. In recent years, metallic
nanoparticles (NPs) have been introduced into solar cells to increase photon harvesting using
the localized surface plasmonic resonance (LSPR) of metallic NPs [23] while keeping the
active layer thin. The bimetallic nanoparticles (BMNPs) may be easier and cheaper to fabricate,
or exhibit a higher performance compared to dielectric light scattering approaches [24]. When
incorporated close to the interface between the photoactive and hole transport layers, the NPs
lead to concentrated optical electric fields near the junction [24, 25], which enhances exciton
creation within an exciton diffusion length away from the active layer medium [24]. This

phenomenon is associated with comparatively small NPs, much smaller than the wavelength
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of the incident light. The near-field light concentration holds great promise, it comes with a
trade-off in the form of significant ohmic losses from the NPs, ultimately dissipating as heat
[26]. In the light of this, incorporation of BMNPs in the photoactive and hole transport layers,
is aimed at improving the photons absorption either by localized surface plasmonic resonance
(LSPR) effect or by way of near and far field scattering, which growths the optical path length
within a photoactive medium [27]. It has been reported that the incorporation of plasmonic
BMNPs into thin film organic solar cells can significantly improve the PCE of solar cells by
multiple folds due to photons trapping through scattering and near-field effects [28-34].
Plasmonics is an emerging field that makes use of the nanoscale properties of metals [28],
which are considered as the collective oscillation of conduction electrons upon irradiation with
light of certain wavelength [35]. The excitation of the LSPR effect can be achieved when the
frequency of the incident light matches with oscillation frequency of metal surface electron
plasma, resulting in a strong near-field around the interface between the dielectric and metallic
NPs [32, 36, 37]. The resonance frequency of LSPR depends on the size, shape, and dielectric
environment within the metallic NPs [28, 32, 38]. Therefore, by manipulating the size, shape
and dielectric environment of the metallic NPs, the surface plasmon resonance and associated

properties can be tuned depending on the applications [28].

o

Figure 1: Structure of flexible solar panels that can play a vital role in producing electricity
for domestic use in our societies. Reproduced with permission, figure from Ref. [29].



1.2 Justifications

As time continues, the human race is predicted to require twice as much energy as is currently
being consumed, underscoring the importance of responsible energy management and
conservation. The utilization of fossil fuels as an energy source is paving the way for severe
risk of global warming, with devastating consequences. The solution to this problem stands out
as truly desirable: harnessing renewable energy offers a myriad of benefits, from reducing costs
and boosting the efficacy of solar cells to promoting environmental stability, inspiring global
action against climate change, and prompting entrepreneurial innovation. In addition, the
utilization of organic photovoltaic cells has enormous potential to enhance the integration of
renewable energy sources, owing to their notable advantages, including possible solution
processability on flexible substrates and plenty of surface area suitable for large-scale

applications.
1.3 Objectives of the Thesis

The primary objective of this thesis is to examine the role of metal NPs in harvesting solar
energy using polymer blend solar absorber films. The metal NPs play a significant role in
photon harvesting in TFOSCs polymer medium, which is advantageous for promoting exciton
dissociation and improving charge transport processes due to the occurrence of localized
surface plasmonic resonance (LSPR) effect and light scattering properties in the dielectric
medium. The optimization of metal NPs can be attained by integrating various active and buffer
layers within the device structure.

1.4 Aim of the Thesis

This thesis sets out to explore the potential of metal NPs in binary molecules (P3HT/PCBM)
photoactive and buffer layers of TFOSC based on fullerene derivative. Our specific objectives

are as follows:

¢+ Synthesis and characterization of metal NPs through wet chemical procedure that has
good optical and electrical properties for solar energy harvesting.
++ Fabricating efficient polymers based solar cell using metal NPs into the active layer or

/and charge transport buffer layers (hole transport layer (HTL)) to enhance their optical



and electrical properties, thereby augmenting their power conversion efficiency in

fullerene derivative.

1.5 Methodological Approach

This research mainly involves the experimental investigation of the issues under consideration,
with a particular emphasis on the fabrication of thin-film solar cells using sol-gel processes.
By means of the I-V measuring system, we will examine the device’s electrical properties under
both dark and illuminated conditions. Exploration of the active layer's optical absorption shall
be conducted using UV-VIS spectroscopic analysis. The high-resolution scanning electron
microscope (HRSEM), high-resolution transmission electron microscope (HRTEM), and high-
resolution energy-dispersive X-ray spectroscopy (HREDX) will be employed to explore the
morphology of the active layer, and X-ray diffractometry (XRD) will be utilized to determine
the crystal structure.

1.6 Resources

The Material Science program at the University of KwaZulu-Natal, Pietermaritzburg Campus
is adequately equipped with state-of-the-art research instruments, including the Edward Auto
306 Deposition unit, SSSAAA Solar Simulator, 1-V measuring system, Spin Coater, High-
temperature furnace, Low-temperature Oven, Ultrasonicator, and Glovebox model
MD200MOD. We are fortunate to have access to a wide range of other university facilities that
can support our academic endeavors. This includes access to advanced technologies like
Scanning Electron Microscopy (SEM), Transmission Electron Microscope (TEM), and X-ray
diffraction, which can be used to further our understanding of complex scientific concepts.

1.7 Outline of this Thesis

This thesis is structured as follows: Chapter 1 provides a brief general introduction to solar
energy, including the motivation, justification, aim of the thesis, objectives of the thesis,

methodological approach, and resources.

Chapter 2 focuses on the description of the literature review. It covers the TFOSCs, bulk-
heterojunction (BHJ), basic working principles of TFOSCs, basic characteristics of TFOSCs
devices, basic limiting factors for high PCE, and routes of optimizing TFOSCs performance.



Chapter 3 provides a brief introduction to the fundamental theory of plasmonic. It further
covers the plasmonic nanomaterials, surface plasmon-polaritons effect, localized surface

plasmonic resonance effect, and light scattering effect.

Chapter 4 is a published article that deals with effective energy harvesting in thin-film organic

solar cells using Ni/Zn as bimetallic nanoparticles.

Chapter 5 is a published article that explores plasmon-assisted optical absorption and reduced

charge recombination for improved device performance in polymer solar cells.

Chapter 6 is a published article that deals with silver-doped ZnS core-shell nanocomposites to
promote photon harvesting in polymer cells.

Chapter 7 is a published article that explores the impact of Ag/Co nanocomposite on organic

charge transport medium for improved photocurrent in polymer solar cells.

Chapter 8 provides the summary and conclusion by presenting the key research findings in the
previous chapters and provides a general conclusion and future work of this study.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The sun maintains a reliable and consistent level of solar energy emission, as evidenced by
numerous sources [1, 2]. This attribute makes it an excellent resource for evaluating the PCE
of various devices, in addition to serving as a formidable source of illumination. The
importance of photovoltaics (PVs) as an energy source is unmatched, serving as a luminous
standard against which the efficacy of energy-producing devices must be evaluated in a
noteworthy application [3, 4]. The practicality of sunlight's impact on the earth's surface
depends upon a myriad of factors, including but not limited to atmospheric conditions such
as precipitation and cloud cover, and temporal influences like the time of day and season,
resulting in a highly fluctuating incident intensity of sunshine across various regions. Thus, a
viable solution to enable consistent and repeatable measurements within the laboratory is to
employ a light source that can be always utilized, yet easily switched off when required [4].
Solar energy, a renewable energy source with massive potential, serves as a source of
inspiration for many scientists in this fascinating field. Huang, H., and J. Huang's recent
findings highlight the manifold benefits of solar cells as a sustainable and justifiable solution
to global energy demands and environmental issues [5]. Renewable sources of energy such
as solar, hydropower, geothermal, biomass, and wave power are quickly gaining ground as
cost-effective alternatives, with their consumption skyrocketing [6]. In 2019, renewable
energy accounted for over two-thirds of the world's newly installed electricity capacity [7].
As renewable energy sources continue to be enhanced and augmented, it is becoming
increasingly clear that the days of widespread fossil fuel consumption - including coal, oil,
and gas are numbered [8, 9]. Despite the undeniable benefits of fossil fuels, it cannot be
overlooked that their usage has resulted in a host of environmental issues. Several recent
studies have indicated that increased carbon dioxide emissions, irregular weather patterns,
and air pollution have led to the exacerbation of greenhouse effects and subsequent global
warming [10]. The pressing need to replace environmentally damaging fossil fuels has
propelled the use of renewable energy sources to the forefront of the energy sector. Among
these sources, solar energy stands out as the leading contender meeting the fast-growing

energy needs of nations across the world. Fascinatingly, this invention leaves no damaging
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environmental footprint and boasts an absence of mechanical components disposed to
malfunction, demanding better maintenance and supervision, and has a life of about 20-30
decades without much expensive cost. In 1931, Bruno Lange, a German scientist,
successfully pioneered the utilization of Selenium based solar cell panels to increase the
absorption of solar energy and convert it into electricity through the PV effect. Regrettably,
the solar panel fashioned from Selenium proved insufficiently resilient and inefficient under
intense sunlight. However, in 1953, researcher in Bell Laboratories pioneered the utilization
of silicon in PV cells, which proved far more productive than their Selenium counterparts,
capable of generating plentiful amounts of electricity. During their investigation, the initial
devices of the first generation, comprising both mono and polycrystalline cells, were made
utilizing a solitary p-n junction. It was speculated that by utilizing crystalline cells produced
from single crystalline silicon, an efficiency rating of 23% could potentially be attained [10].
It is noteworthy that the production of polycrystalline silicon cells is much, and cost effective
compared to that of their monocrystalline counterparts. These cells boast efficiency values of
up to 20.4% [1, 11], making them a compelling option. Initially, solar cells of the first
generation boasted higher efficiencies and longer lifetimes. However, the significant costs
associated with fabricating these cells prompted scholars to explore the development of
second-generation solar cells [12]. Solar energy generation has come a long way with the
advent of second-generation thin-film solar cells. These include amorphous silicon (a-Si),
copper indium gallium selenide (CIGS), and cadmium telluride (CdTe) cells, which are highly
profitable in large-scale PV power stations [13]. Silicon in its a-Si non-crystalline form reigns
supreme among thin-film technologies, boasting cell efficiencies that clock in at a formidable
6-8% [14]. Surprisingly, the formation of a-Si panels could entail the deposition of a minute,
one-micrometer-thick layer of silicon onto a substrate material, be it metal or glass, via the
process of vaporization. Conversely, the CdTe cell presents a sleek semiconductor layer
specifically designed to assimilate and transmute solar power into electrical energy,
exhibiting a commendable efficiency rate of 19.6% [4,15]. Moreover, CIGS stands out as a
leading contender among solar cell materials, boasting impressive efficiency rates of up to
21% [16]. The fabrication process involves the deposition of a slender CIGS layer on glass
or plastic, while electrodes are integrated at the front and back to improve the electricity
produced. Due to its high absorption coefficient and the consequential strong absorption of
photon energy, the use of a significantly thinner film is required when compared to other

semiconductor materials.

12



Over the past decade, extensive research efforts have been directed toward creating more
cost-effective thin-film solar cells, known as second-generation solar cells. This development
aims to reduce the semiconductor material and fabrication expenses of PVs and overcome the
associated costs of first-generation solar cells [17]. For this reason, the sustainable benefit of
the second-generation thin film is their ability to fabricate the above cells as quickly as
possible without any expensive costs like that of the crystalline silicon PVs. To enter the third
generation of solar technology, we can turn to three exciting options: (i) the multi-junction
solar cell (MJSC), which increases multiple layers of semiconductors to harvest a broader
spectrum of light; (ii) the dye-sensitized cell (DSC), which employs colorful pigments to
absorb light and convert it into electricity; and (iii) the thin-film organic solar cell (TFOSC),
which uses lightweight and flexible materials to create a solar panel that can bend and twist
with ease. Interestingly, these growing PVs embody a novel approach toward the realization
of economically viable solar energy. The MJSCs' mission is to enhance the efficiency of solar
energy conversion by optimizing the power-to-cost ratio. To achieve this, a layer cake of
several cells is constructed, each one containing a unique semiconductor material with
varying bandgaps. By tuning the bandgaps, MJSCs can capture a greater portion of the solar
spectrum, resulting in more effective photovoltaic performance. A stack of cells tailored to
match the solar emission spectrum could potentially surpass the Shockley-Queisser limit,
boasting a theoretical maximum efficiency of 66% when exposed to concentrated sunlight
[18]. Furthermore, DSCs appear to be the optimum choice for third-generation solar cells,
performing a crucial function in the conversion of visible light into electricity, boasting an
impressive efficiency rating of 10.4% [19]. The invention of DSCs was attributed to recent

research conducted at Ecole Polytechnique Federale de Lausanne (EPFL) [13].

Additionally, TFOSCs are electronic devices, showcasing reasonable potential in converting
solar cells into electrical energy through the PV effect. With rigorous research efforts and
significant strides in low-cost fabrication techniques, TFOSCs have witnessed notable
advancements, paving the way for a sustainable energy future. Unfortunately, TFOSCs face
two formidable obstacles: low PCEs and shortened lifetimes stemming from degradation.
Bulk heterojunction (BHJ) devices create the fundamental dynamics that underlie the
exceptional performance of most TFOSCs that thus illuminate the operational principles of
TFOSCs. A comprehension of this mechanism has acted as a driving force for diverse avenues
of material innovation, architectural conception, and interfacial manipulation, all of which
have significantly boosted the PCE of TFOSCs [20-25]. In the year 2022, the National
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Renewable Energy Laboratory (NREL) documented an unparalleled accomplishment in PV

cells' efficiency, over several years as depicted in figure 2.
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Figure 2.1: The highest record progress of power conversion efficiency of solar cell devices
reviewed by NREL. Reproduced with permission, figure from Ref [26].

2.2 Thin-film organic solar cell development

It is to be noted that renewable energy has explored a beneficial interest in TFOSCs, drawing
significant research efforts from both academia and industry over the past few decades. This is
due to their potential to provide cost-effective solutions, mechanical flexibility, easy
processing, and sustainable applications, making them a highly sought-after technology today
[27-29]. TFOSCs have emerged as a cost-effective alternative for boosting potential energy
from the sun [30]. In contrast to their inorganic counterparts, TFOSCs offer an excess of
benefits. An avenue for compensation involves leveraging the interpenetrating network of
donor and acceptor material, thereby enhancing absorption coefficients, and improving charge
carrier collection [30, 31]. Although the PCEs of silicon-based solar cells remain higher,
ongoing research aims to enhance the efficiencies of TFOSCs. Notably, advanced techniques
such as bilayer, tandem, and BHJ methods are expected to be employed in examining the best

TFOSC devices. The BHJ technique involves amalgamating a donor molecule and a soluble
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fullerene derivative acceptor molecule, which are then spin-coated onto a conductive substrate
to fabricate an incorporated network for excitons to thrive [32]. As the BHJ technique does not
demand stringent conditions such as high pressure or temperature, it emerges as the optimal
choice for the mass fabrication of flexible TFOSCs.

2.2.1 Bulk-heterojunction

In TFOSC:s, three distinct devices are encountered: the single layer, the bilayer, and the BHJ
shown in figure 2.2. The single-layer setup boasts a singular organic material layer sandwiched
between two electrodes, devoid of any donor-acceptor pairing. In a bilayer configuration, the
donor and acceptor exist as distinct strata, stacked upon one another. The drawback of organic
bilayer PVs is their poor charge conveyance, due to the limited travel range of excitons relative
to the thickness of the layer mandated for effective light absorption. The BHJ concept can be
thought of as a mixture between a conjugated polymer donor and a soluble fullerene acceptor,
spun together in a bulk volume. This indicates that each donor/acceptor interface is positioned
within an exciton diffusion length, allowing for optimal absorption at every step of the site
[33]. Figure 2.2 also shows a schematic diagram of a BHJ device, showcasing energy level
alignments and interface effects. The BHJ device corresponds to a bilayer mechanism based
on the donor/acceptor concept. However, it reveals an augmented interfacial area, leading to
an increase in charge separation [34]. The BHJ architecture exemplifies a distinctive set of
physical properties: an exceptional capacity for absorbing light in the solar spectrum optimized
for efficient solar energy conversion; a seamlessly interconnected network with a domain width
that surpasses the exciton diffusion length promoting efficient charge transfer; and an
expansive donor-acceptor interface that facilitates the separation of excitons and the efficient
charge transport to the corresponding electrodes through the percolation of phase-separated

polymer domains, culminating in their collection.

Moreover, ina BHJ architecture, the donor and acceptor materials interpenetrate and yet remain
distinct, creating an advantageous interface with sufficient separation to minimize
recombination. Consequently, the efficiency of the BHJ is intimately dependent on its
morphology. The affinity of a material for electrons and the ionization potential of the hole-
bearing material are conducive to the dissociation of excitons, resulting in a pronounced
tendency for electron transfer. Recent studies have highlighted that the BHJ design for TFOSCs
was initially uncovered through the utilization of a solar absorber layer comprised of a MEH-

PPV/C60 blend, serving as the electron donor and acceptor, respectively [35]. Indium-tin-oxide
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(ITO) coated glass substrates can serve as a reasonable host for the solution consisting of a
10:1 wt% ratio of these substances. The application process can be achieved through spin-
coating, ensuring uniformity of the mixture. Upon exposure to light, the solution displays
exceptional performance with a PCE of 0.04% under an irradiance of 1 mW/cm?, as indicated
in the literature [35].

Organic photovoltaic
solar cells
Single layer Bilayer organic Bulk hete}'ojunction
organic cells cells organic cells

Electrode 2 (A1 Mg,Ca)  Electrode 2(ALMg,Ca)  Electrode 2 (Al,Mg,Ca)

Semiconducting Electron acceptor Bulk heterojunction
polymer Electron donor _

Figure 2.2: The phase-separated domain and path of percolation (a), single layer (b), bi-layer,
and (c) bulk-heterojunction organic solar cells, figure taken from Ref. [36].

2.2.2 Donor

The TFOSC preparation relies on organic material as an electron donor that absorbs photon
energy. Among the various groups of conjugated polymers employed for this purpose, the
2,1,3-Benzothiadiazole (BT), polythiophenes, and Thienthiopene stand out as the most
popular choices. Polythiophenes and their derivatives have emerged as leading electron
donors among conjugated polymers, attracting substantial attention in the field of PV
research. Out of all the conjugated polymers known to date, it is the poly(3-hexylthiophene)
(P3HT) molecules belonging to the polythiophene group that find the most frequent usage in
the fabrication of TFOSCs [37]. Scholars have been captivated by P3HT's stability in ambient
conditions, its amenability to solubility in a variety of organic solvents, and its uncomplicated
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chemical composition, which lends itself to thorough computational modeling and in-depth
analysis of the molecule's behavior [37]. Figure 2.3 illustrates the chemical structures of donor
molecules that are commonly used in TFOSCs. Additionally, P3HT exhibits superior polymer
properties with a narrow bandgap measuring 650 nm (equivalent to 1.9 electron volts),
allowing it to absorb as much as 22.4% of incident photons [37,38]. The potential for
enhanced light-harvesting efficiency in TFOSCs makes the low bandgap an auspicious

attribute.
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Figure 2.3: Chemical structures of representative donor molecules mostly used in TFOSC.

2.2.3 Acceptor

The fullerene material is a soluble organic solvent and assumes the role of an electron
acceptor. The electrons and donor materials in TFOSCs share several defining behaviors, such
as expedited exciton diffusion towards an active interface, high mobility of charge carriers,
and effective charge separation. Moreover, fullerene Cgo derivatives were first discovered in
1985 and have since been widely utilized as electroactive materials. The organic solvent
displays low solubility towards the Ceo derivative, due to its lowest unoccupied molecular
orbital (LUMO) energy level that is triply degenerate and could potentially accept up to 6

electrons while in solution [39]. The Ceo is not soluble but Ceo derivatives are soluble because
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of the attached on the sphere-like structure. The introduction of a model electron acceptor in
this research has contributed enormously and attracted much attention to augment solubility
and modulate the electronic property tuning capabilities. Intriguingly, the most prominent
fullerene materials observed so far by researchers are methanol-fullerene derivatives of [6,6]-
phenyl-C60-butyric acid methyl ester (PC60BM), [6,6]-phenyl-C70-butyric acid methyl ester
(PC70BM), and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM). Thus, PCBM has the
potential to mitigate the drawbacks of Ceo caused by its tendency to aggregate or form crystals
in films comprising both donor and acceptor materials [40]. Figure 2.4 provides the chemical
structures of acceptor molecules, frequently improved to fabricate TFOSCs with the better

efficiency.

PC,BM

Figure 2.4: Chemical structures of representative acceptor molecules mostly used in TFOSC.

Additionally, the bisadduct (ICBA) of fullerenes can be utilized in TFOSC for creating high
Voc devices, due to their desirable elevated LUMO levels in comparison to PCsoBM [41,42].
However, ICBA is promising in terms of augmenting the performance of poly (3-
hexylthiophene) (P3HT) with PCE of about 6.5% indene-C60 bisadduct (IC60BA) and as well
as 6.7% indene-C70 bisadduct (IC70BA).
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2.3 Basic working principles of TFOSCs

The key to successful TFOSC function lies in the photoactive medium, which serves as the
primary and milestone factor for a substantial alteration of the photon-to-charge carrier
conversion mechanism. The TFOSC's solar absorber layer is a mixture of both donor (D) and
acceptor (A) materials, functioning as the primary energy-absorbing layer. However, by
incorporating a blend of donor and acceptor molecules in the solar absorber layer of TFOSCs,
excitons can be efficiently generated upon the absorption of photons, thereby improving the
harvesting of electron-hole pairs. In organic molecules, excitons possess a unique
characteristic of low dielectric permittivity. The dielectric permittivity is a property of the
material, which determines the nature of the exciton. This feature contributes significantly to
the notable increase in binding energy, which ranges from 0.5 to 1 eV. This range is
considerably higher than the thermal energy KzT, which amounts to only about 0.026 eV,
and is attainable when breaking bonds at room temperature. To achieve the crucial task of
splitting excitons into free charge carriers, it is desirable to maintain donor-acceptor (D-A)
interfaces within the range of 6-10 nm, as this creates an impressive internal field that can
efficiently break up any excitons at the donor-acceptor interfaces [43-45].

2.3.1 Principles of photon-to-charge carrier transfiguration in TFOSCs

TFOSCs can convert solar energy into useful electricity through a series of four sequential
steps: Interestingly, the incorporation of organic materials in TFOSCs results in the
generation of free charge carriers from sunlight, offering a promising avenue for the
advancement of renewable energy technologies. The operational mechanism of TFOSCs is
demonstrated in Fig. 2.5 and is commonly abbreviated as:

%+ From the first point of view, as an electron situated in the highest occupied molecular
orbital (HOMO) of an organic material, which absorbs the energy of a photon and
becomes excited, transitioning to the lowest unoccupied molecular orbital (LUMO).
This process leads to the creation of excitons, which signify a cohesive pair of an
electron and a hole [43].

% The second stage involves the diffusion of excitons towards the interface of two
organic materials, namely the donor and acceptor, where they eventually dissociate

into charge carriers [4].
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+« In the third step, the excitons dissociate into free holes and electrons. Amazingly, the
difference between the two electron affinity levels is the driving force required for the
exciton separation.

% Finally, the free holes and electrons are transported to the relevant electrodes, where

they are harnessed through donors and acceptors to generate potential electricity [46].

7

Figure 2.5: The schematic diagram of photon-to-charge carrier conversion in OSCs, figure
taken from Ref. [46].

2.3.2 External quantum efficiency in TFOSCs

The TFOSCs have improved progressively in efficiency over the last decades. Interestingly,
one of the parameters that determines the efficiency of a solar absorber to convert the incident
photons to electrons is the external quantum efficiency (EQE) of a solar cell, which is the
ratio of the number of charge carriers collected by the device to the number of incident
photons at a given wavelength. Conversely, EQE can be defined as the proportionality
between the density of short-circuit current and the density of incident photon flux at a
particular wavelength. In mathematical terms, this can be expressed as:

SC(A—)
EQE(Y) = m x 100%. (2.1)
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here, e is an electron charge carrier with a value of e = 1.6 x 1071 Coulombs, 4 denotes the
wavelength of the incident-photon, while Jsc and Jph represent the short-circuit current density,
and incident-photon flux density, respectively. The EQE also exhibited better results when
combined with the parameters, demonstrating stability and efficiency. This advantageous
combination has the potential to enhance device performance during the production of
TFOSCs.

2.4 Basic characteristics of TFOSC devices

The TFOSC devices exhibit several distinguishing features, which can be represented by a set
of parameters namely, open circuit voltage (Voc), short circuit current (Jsc), fill factor (FF),
and power conversion efficiency (PCE), respectively. Several parameters are taken into
account in figure. 2.6, which showcase the J-V characteristics of TFOSC devices.
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Figure. 2.6: Schematic of current density-voltage (J-V) curve for organic solar cells. Reproduce
with permission from (Physical Chemistry Chemical Physics, 14(12), (2012), 4043-4057.),
figure from Ref. [47].

The J-V curve can be expressed as the current-voltage characteristics of an illuminated bulk
heterojunction of photovoltaic device. The key points of the graph are the V. (open circuit

voltage), Jsc (short circuit current), Vmpp (voltage at maximum power), and Jmpp (current at
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maximum power). The fill factor (FF) is a quantitative determination of the squareness of the
J-V curve. The power conversion efficiency (#) of a photovoltaic cell is given by the ratio of

maximum power output to the power input (Pin).

2.4.1 Short-circuit current density in TFOSCs

The maximum current generated by a solar cell is referred to as the short-circuit current
density (Jsc), which is attained when the voltage across the device is zero. The attainment of
the Jsc is dependent on various factors, among them being the surface area of the solar cell,
the number of incident photons (photon flux), the spectral composition of the incident light,
and the optical characteristics of the cell. The Jsc advancement is mainly due to the increased
optical thickness of the solar cell, as reported by recent studies [48]. Additionally, the Jsc value
mostly relies on the device's EQE. To determine Jsc, one can calculate the integral of the EQE,
represented as nege(X), across the air mass 1.5 global spectra (also known as AM 1.5G

spectrum), which is illustrated in equation 2.2:

Jse = ap15€MEQE(DNpn()dA. (2.2)

Here, 1 denotes the wavelength, and Npn(7) is the photon flux density in the incident spectrum,
while e represents the electronic charge. Assuming a total intensity of 100 mW/cm?, we can
express this as Npn(4) = (100 mW/cm?) / (hv/2), where ho is the energy of a single photon. It
is interesting to note that the boundary points of the integral in equation (2.2) can be derived
by integrating from the domain of shorter wavelengths (indicative of heightened photon
energy) to the wavelength that corresponds with the optical bandgap of the photoactive
material constituting the medium. As the optical bandgap decreases, a notable flow in the
potential Jsc value is observed [49]. To determine Jsc experimentally, the J-V curve (depicted
in figure 2.6) can be utilized by illuminating the sample. The point on the J-V curve

corresponding to zero voltage (i.e., J(V = 0)) indicates the achievable Jsc value.
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2.4.2 Open-circuit voltage in TFOSCs

The voltage that a solar cell can provide when no current flows, also known as the open-circuit
voltage (Voc). At this point, the splitting of an electron and a hole in the quasi-Fermi energy
levels, as demonstrated in equation 2.3, generates the maximum voltage that a solar cell can
offer to an external circuit. Interestingly, the Vo serves as a crucial parameter that defines the
upper limit of a solar cell's output capacity.

Voc = %(EFn - EFp)- (2.3)

In the experimental findings' summary, the empirical estimation of V¢ holds promise as it
correlates with the energy level disparity between the HOMO of the donor (D) substance and
the LUMO of the acceptor (A) substance, denoted as Erp and Ern, respectively, q is the charge

in Equation shown below:

1
Voc = E(EHOMO—D — Erymo—-a — 0.3 eV). (2.4)

According to equation (2.4), it becomes evident that the temperature-dependent quasi-Fermi
energy levels have been experimentally confirmed to yield a precise value of 0.3 eV [50, 51].
To optimize the Vo value, there are a few key factors to consider. Firstly, it is possible to
decrease the HOMO of the donor material or elevate the LUMO of the acceptor material.
Additionally, tuning the work functions of both the anode and the cathode can also have a

significant impact on Vo [52].

2.4.3 Fill factor in TFOSCs

Notably, Jsc and Voc denote the maximum current and voltage output of a solar cell,
respectively. Consequently, the solar cell's power output is zero at both operating points.
Nonetheless, the parameter known as "FF" or fill factor, in combination with Voc and Js,
determines the maximum power obtainable from a solar cell. Interestingly, equation 2.5
probably captures the presence of FF, which is the solar cell's maximum power ratio to the
product of Jsc and Voc. On the other hand, FF can be defined mathematically as:

FF = Zfmex (2.5)

VocxXJsc'

Within the substantial use of solar technology, the high-point of power output is represented

by Pmax, the maximum power-point. However, the potential of solar absorber films is severely
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reduced by the nanoscale morphology of their surfaces, which in turn directly or indirectly
limits their FF. This is predominantly due to the low mobility of charge carriers, coupled with
a substantial discrepancy in the mobility of holes and electrons, which are responsible for
transporting the build-up of space charge [53].

2.4.4 Power Conversion Efficiency in TFOSCs

The PCE is a function of the Jsc, Voc, and FF, respectively. These factors can be extracted from
the current-voltage curve and their product determines the overall efficiency of power
conversion. Alternatively, the PCE can be expressed as the proportion of converted energy that
is utilized, with "useful” output and input serving as the numerator and denominator,
respectively. In other words, the PCE represents the efficiency of energy conversion can be

expressed as:

VocXJscXFF

PCE =y = 2

2.6)

It is to be noted that the average solar radiation received on the earth's surface is given as 100
mW/cm2, We can consider the power input Pin to be equivalent to the AM 1.5 solar spectrum.
This implies that the incident solar power is being improved at its full potential, corresponding

to the optimal absorption rate of solar cells.

2.5 Basic limiting factors for high PCE

The TFOSCs exhibit a promising potential to replace the bulky, rigid, and exorbitantly priced
inorganic silicon-based solar cells. Therefore, it is imperative to address the limitations and
challenges of TFOSCs, and it is hoped that they will be effectively resolved. The Shockley-
Queisser limit, also known as the detailed balance limit, defines the maximum theoretical
efficiency of a single-junction solar cell. In 1961, William Shockley and Hans Queisser
performed the first calculation of its kind, determining the maximum PCE of a single-junction
solar cell under ideal conditions. According to their model, which considers zero avoidable
losses, the theoretical upper limit for PCE is approximately 33% [54]. Therefore, this value
is achievable based on the following assumptions, as described below:

% The photons with energy, E, much greater than the optical gap, Eg are strongly
absorbed.

¢ There is an absence of non-radiative recombination pathways (i.e., the device radiates
just like a blackbody).
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% The internal quantum efficiency (IQE) is unity (that is, each net absorbed photon
results in one electron in the external circuit).
The extracted electrons have the difference in the quasi-Fermi levels of the separately

thermalized populations of holes and electrons, p given as:

n=qv. (2.7)

Where g and v are charge and voltage, respectively. Upon examination of this equation, it
becomes apparent that the proposed model's condition of detailed balance is subject to a
multitude of semi-empirical and experimental assessments by numerous scholars. Through
consensus, it has been determined that for a single junction in TFOSC, when an energy offset
of 0.3 eV is present, the PCE is approximately 20%, as evidenced by prior investigations [55-
58]. Even though the highest certified efficiency for a single junction in TFOSC is equivalent
to 11.0% [54, 59], the reported efficiencies often fall short of this limit. In the following
subsections, we will explore the possible factors that contribute to this discrepancy.

2.5.1 Basic photon absorption and photon generation in TFOSCs

It is interesting to note that the complex nature of the photocurrent generation poses a
significant obstacle to the advancement of TFOSC devices, making it an intriguing
observation. TFOSCs, in contrast to inorganic p-n junction solar cells, do not generate charge
carriers spontaneously upon photon absorption. Instead, their performance is limited by the
initial generation of photon excitons due to the organic material's inherent electronic states
and low dielectric permittivity. The fundamental solar cell efficiency limits are illustrated in
figure 2.7, which often presents the day records as a function of the respective band gaps. The
energy of the BHJ in the bi-continuous interpenetrating network, with its D-A interfaces and
charge-transfer states, surpasses that of excitons, enabling the conversion of excitons into free
carriers. Due to the localization of charge states, which results in both low charge carrier
mobility and limited electrode contact selectivity in TFOSC, the probability of charge
recombination increases, ultimately impeding the collection of photocurrents at the relevant

electrodes. Consequently, this is likely to result in low Jsc and FF values [55].
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Figure 2.7: Theoretical Shockley-Queisser (detailed-balance) efficiency limit as a function of
the bandgap (black line) while 75% and 50% of the limit (gray lines). The record efficiencies
for different materials are plotted for the corresponding bandgap, figure from Ref. [54].

2.5.2 Recombination Mechanisms in TFOSCs

It is noteworthy that the efficacy of TFOSCs is frequently challenged by a competition
between the internal field's expulsion of dissociated free carriers to the electrodes and the loss
of photo-generated excitons, along with the dissociated free carriers, to recombination [60].
Once a photon is absorbed in TFOSCs, the exciton embarks on a fleeting journey to meet the
donor-acceptor interface, with only a few nanoseconds to spare before it settles back into its
grounded state. Assuming a domain size is much greater than the exciton diffusion length, the
probability of electron-hole pair recombination surpasses their separation likelihood [61].
Despite reaching a D-A interface and triggering the formation of a charge transfer (CT) state,
the excitons exhibit a non-negligible likelihood of recombination rather than dissociating into
free charge carriers [62]. The pictorial representation of recombination mechanisms in
TFOSCs is shown in figure 2.8.
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Figure 2.8: The influence of trap-assisted recombination on polymer-fullerene solar cells,
figure from Ref. [63].

Geminate recombination describes the attractive process in which an electron and a hole
recombine, having originated from the same photon event. In addition, the correlation
between the intensity of the intrinsic field and the carrier sweep-out indicates carrier
depletion’s dependence on their charge carrier mobility. The internal field, which is carrier
mobility dependent, is given by

Voc—Va ie
By = Lo tied) 8

where d exemplifies the thickness of the photoactive layer of BHJ in TFOSCs, V,,. is open-
circuit voltage, Vgppiieq IS the applied voltage, and Ej,, represents the internal field. In
addition, the transient photoconductivity experiment revealed that the decay of photocurrent
is predominantly influenced by the sweep-out of charge carriers under high Ein conditions,
and by recombination under low Eint conditions, as reported in reference [64]. There is a
fascinating relationship between the thickness of the active layer and the speed at which
mobile carriers drift. The result of this intricate technology is the distinctive sweep-out time

7sw, Which can be defined as the ratio between the two aforementioned factors.
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Ein
Vg ==, (2.9)

Here, u signifies the average carrier mobility. Therefore,

T, =% (2.10)

ZﬂEint.

The recombination mechanisms of charge carriers in TFOSCs can be categorized into three

parts, as discussed below:

1. Geminate Recombination: It is conceivable that geminate recombination might transpire
due to a hole and electron deriving from the same photon, recombining before separating
into free charges. The relative dielectric constant of organic materials hampers the effective
separation of an excited electron-hole pair into readily collectible charge carriers, thereby
impeding charge carrier generation in various instances. As a result of this, the enthusiastic
electron-hole pairs engage in geminate recombination, a process in which they reunite back
to the ground state, before eventually parting ways to become free charge carriers once
again. It should be highlighted that in numerous works, the application of geminate
recombination is restricted only to the recombination of geminate pairs (GPs) situated at a

donor-acceptor (D-A) interface.

2. Non-Geminate Recombination: Non-geminate recombination refers to the attractive
process in bimolecular recombination where free holes and electrons, after dissociation,
could meet again and combine into the ground state. Unlike geminate recombination,
where the holes and electrons recombine immediately after dissociation, the non-geminate
recombination process involves an intermediate step where the particles are free to move
around and potentially encounter each other again before recombining. As soon as
incident photons strike the surface, their energy scatters away, causing a decline in the
number of carriers at the electrodes. This phenomenon becomes the principal source of
loss in TFOSCs, in which the build-up of high charge carrier concentrations can limit the
FF and lower PCE [60]. If the charge photo-generation is efficient, but the charge

extraction to the electrodes is slower compared to the non-geminate recombination,

3. Trap-Assisted Recombination: This mechanism can be described as monomolecular
recombination, whereby a single electron and a one-hole combine through a highly

localized energetic trap. Despite the involvement of two carriers, this process remains
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monomolecular since only one carrier is present at any given time due to the trap-assisted
nature of the recombination event. Initially, trapping is the first carrier, followed by a
search mission for the second carrier, which bears an opposite charge. The ultimate
determination of the recombination rate rests upon the number of sites that function as
traps, as well as on how quickly the free carrier can discover the trapped carrier. According
to the literature [65], the Shockley-Read-Hall (SRH) recombination model has been
etched as the definitive framework for trap-assisted recombination in inorganic
semiconductors since its establishment in 1952. In a fascinating turn of events, this same
model has found application in organic solar cells, as reported in recent literature [66].
Typically, the recombination of photo-induced charge carriers within TFOSCs imposes
constraints on Js, FF, Vo, and ultimately PCE, depending upon the system and the
magnitude of incident light intensity. Fortunately, the refined nano-morphology and
fabrication parameters hold great potential in reducing the effect of recombination,
thereby boosting the efficiency of TFOSCs.

2.5.3 Nano-morphology mechanisms in TFOSCs

The nano-morphology mechanism plays a critical role in determining the PV properties of
TFOSCs. A significant amount of research was invested in improving efficiency during the
performance of morphological studies. To improve efficiency, it is crucial to gain a more
comprehensive understanding of the methods for predicting and controlling nano-morphology.
Interestingly, the nano-morphology of the interface is the key factor influencing the PCE of
BHJ devices. Achieving a PCE of 10% requires the optimization of nano-morphology in
tandem with the development of low-bandgap materials. The magnitude and nano-morphology
of the donor-acceptor (D-A) interface are challenging to control due to the difficulty in
predicting the properties and implications of charge transport on a given D-A interface through
theoretical means [67].

Researchers have utilized various processing conditions and post-treatments in recent years to
refine and enhance charge dissociation. One can achieve nano-morphology control through a
variety of techniques, such as manipulating the solvent (e.g., varying its polarity and boiling
point) [68], utilizing mixed solvent systems [69], incorporating additives [70], employing post-
deposition solvent annealing [71], and implementing thermal annealing. To effectively control
the nano-morphologyi, it is crucial to have the capability to monitor the intricate details of the
nano-scale morphology. This can be accomplished through the utilization of diverse

characterization techniques, including but not limited to, high-resolution scanning electron
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microscopy (HRSEM), high-resolution transmission electron microscopy (HRTEM), high-
resolution energy-dispersive X-ray spectroscopy (HREDX), fluorescence light microscopy
(FLM) with a camera, and atomic force microscopy (AFM). The nano-morphology of the D-
A interface, critical for the efficient functioning of TFOSCs, depends on the polymer and
fullerene's intrinsic properties and their intermolecular interaction. The resultant crystallinity
and morphology then influence the charge recombination and dissociation, leading to an
improved overall device performance [72].

2.5.4 Basic degradation in TFOSCs

The problem of stability remains the foremost challenge in TFOSCs that needs to be tackled
urgently. Despite impressive advances in their design and functionality, achieving long-lasting
stability under different operational conditions is vital for their sustainable performance.
Therefore, the consistent challenge TFOSCs face has been their devices' durability, specifically
the chemical stability and degradation of polymers. Despite numerous attempts, a
comprehensive degradation concept and process in TFOSCs has remained elusive. The
contributing mechanisms and factors have been extensively deliberated, with a focus on
individual functional layers or the entire device. The degradation mechanism of TFOSCs,
comprising of reaction with oxygen, water (humidity), and electrode materials (such as
Aluminum and Calcium), has recently been elucidated by researchers [73]. Due to the immense
importance of air exposure, the degradation of TFOSCs divides into two distinct types -
intrinsic and extrinsic degradation. The thermal diffusion of constituent materials at interfaces
gives rise to the intrinsic degradation of TFOSCs, which manifests through a range of
processes, including phase separation at the organic-cathode interface and intrinsic stress and
inter-diffusion at buffer layer interfaces [74-75]. According to recent research, the inter-
diffusion of aluminum or indium tin oxide (ITO) and organic layers during production has been
found to cause negligible degradation [76].

Moreover, the interaction between oxygen and water is the primary reason for extrinsic
degradation. Scholars frequently debate the significance of these two factors in the literature,
even though TFOSCs and organic light-emitting diodes (OLEDSs) use the same materials, they
can be degraded by various mechanisms. According to reference [74], OLEDs experience their
primary extrinsic degradation because of moisture content. In certain TFOSCs, oxygen reigns
supreme in driving extrinsic degradation through a confluence of factors. Foremost among
these is the hydrophobic nature of fullerene/acceptor, rendering it unreactive with aqueous
molecules. For this reason, aluminum, though susceptible to water-induced corrosion, may

acquire passivation when an acceptor is present, as stated in reference [77]. Furthermore, the
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electron transport chain of the acceptor experiences significant impairment upon exposure to
atmospheric oxygen. Nevertheless, despite previous reports indicating that fabricated TFOSCs
consisting of ITO/ZnO/PCBM/P3HT/PEDOT/PSS/Ag structures are vulnerable to degradation
by oxygen, recent findings suggest that the degradation is more obvious in encapsulated
TFOSCs. Conversely, unencapsulated TFOSCs are significantly affected by degradation
caused by both water and oxygen [78]. Following this discovery, PEDOT/PSS was identified
as a primary source behind device degradation. As a result, researchers are actively exploring
alternative hole transport layers. Generally, the PEDOT/PSS has the ability to expedite the
degradation of unencapsulated devices, which can be attributed to its hygroscopic properties
instead of its acidity [79]. Moreover, the degradation source from electrochemical reactions
occurring at the electrodes is acknowledged as an additional contributing factor. In desirable
configurations, aluminum serves as the remarkable electrode but tends to undergo oxidation
and hydrolysis upon exposure to oxygen and water. As oxygen diffuses into the cell, an
insulating oxide layer could form between the aluminum electrode and the active material,

ultimately leading to cell deterioration [80].

2.6 Routes of Optimizing TFOSCs

It should be emphasized that numerous research endeavors have been dedicated to enhancing
the power conversion stability of TFOSCs. This involves surmounting the challenges to attain
vital operational dynamics, reaching a vital 20% PCE, and a five-year stability milestone that
must be met for triumphant commercialization. In the forthcoming subsections, we will discuss
and summarize various pathways that have been implemented to boost the dynamics of photon-
to-photocurrent in TFOSCs.

2.6.1 Molecular engineering

It is noted that synthetic design has the potential to intensify and elevate certain aspects of
TFOSCs through molecular-level augmentation and enhancement. Typically, light absorption
is mostly exhibited by the donor/polymer material, with the absorbing acceptor/fullerene
offering the immense potential to augment the photocurrent. Notably, the poor match between
the absorption spectrum of the solar absorber layer materials and the solar spectrum may serve
as an advantageous constraint on the electrical current density for solar cell harvesting.
Interestingly, by utilizing the low bandgap of the solar absorber layer materials, one can attain
a more optimal match, resulting in an augmented expansive absorption spectrum range and a

heightened Vo value. The absorption of light can also depend on the thickness of the layer and
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the characteristic properties of its constituent molecules, influencing the step in which it is
captured. Achieving a high better crystallinity is frequently mandatory for novel materials, as
it guarantees superior charge carrier mobility, decreased recombination, and an impressive FF
[81].

2.6.2 Device architectural and interfacial engineering

It is to be noted that exploring the synthesis and potential application of metal oxides with high
exceptional functionality holds great promise for elevating the overall performance in the new
architectural designs. The utilization of semiconducting metal oxides under the top electrodes
has been widely employed to augment the stability of both inverted and conventional (normal)
thin-film organic solar cells (TFOSCs). The three metal oxides that we frequently employ
consist of zinc oxide, which functions as an electron transport layer (ETL), molybdenum
trioxide, which serves as a hole transport layer (HTL), and titanium oxide, which is also
employed as an ETL. Moreover, the implementation of the tandem cell structure established
the groundwork for double and triple junction cells, ultimately resulting in a boosted PV
efficiency. In tandem cells, by virtue of their design, offer an expanded room for capturing a
wide spectrum of optical absorption bandwidth. The utilization of a ternary blend, comprising
multiple donors or acceptors possessing matching energy levels, has vastly augmented the

range of optical absorption bandwidth [82].

2.6.3 Doping methods

Doping is an essential process in the manufacturing of semiconductor devices, such as
transistors and diodes, which are the building blocks of modern electronics. Interestingly, the
solvent additives or metal NPs show promising potential as doping techniques for the solar
absorber and interfacial layers in TFOSCs. However, scholars have acknowledged and
demonstrated the effectiveness of utilizing solvent additives and related techniques to
optimize both the nanoscale morphology and charge transport process [83-84]. The
betterment of TFOSC advancement is credited to the solvent-doping of interfacial layer
materials, as it has been found to heighten conductivity, enhance charge selectivity, and
reduce the leakage of free charge carriers to an unsuitable electrode [85]. Surprisingly, the
integration of both metallic and semiconducting NPs has emerged as a noteworthy doping
approach, which has been proven to enhance device performance. Hence, the synergistic

interplay between the plasmonic and scattering phenomena of metallic NPs, the widened
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absorption spectrum, and the semiconducting NPs' optical spacer properties have boosted
PCE by intensifying photon capture, separating, and mobilizing charges, and facilitating their

transport upon NP integration [86].
2.7 The non-fullerene acceptors

It is to be noted that for more than two decades, researchers have directed their focus toward
fullerene based TFOSCs, resulting in a breakthrough achievement of nearly 13% PCE [87].
The fullerene-based TFOSCs suffer from several limitations: their narrow-band optical
absorption, the steep costs of synthesizing and purifying fullerene molecules, and the limited
scope for functionalizing fullerenes to adjust their energy levels. In addition, the acceptor/donor
(A/D) interface experienced energy loss in the presence of fullerenes, while poor
morphological stability resulted from their diffusion, and fast air degradation was also observed
[88-90]. In organic solar cells, non-fullerene acceptors (NFAs) have emerged as a game-
changer, exhibiting a desirable efficiency beyond 19% as opposed to their fullerene-based
counterparts, as noted by several studies [91-95]. Interestingly, it is noteworthy that the NFAs
have managed to preserve a multitude of advantageous traits in contrast to their fullerene-based
counterparts. With these advancements, we can now effortlessly synthesize small molecules,
and tunable energy bandgaps for amplified optical absorption in the visible and near-infrared
spectrum (NIR), and low energy loss to intensify Voc. Moreover, the inflexible central core of
NFA compounds offers a strategic advantage in upholding planarity and crystal structure,
thereby enhancing the efficiency of charge transfer mechanisms and device functionality [96].

The introduction of electron pulls, and push polymers synthesis route referred to here as
acceptor -donor (A-D). Such breakthrough paves the way for the exploration of innovative
materials for polymer-based electronics [97-106]. The small molecule (SM) polymers can be
synthesized through two primary molecular configurations: the electron-deficient (A-D-A)
acceptor molecule, which can also be expressed as acceptor-donor-acceptor while the electron-
rich donor (D-A-D) donor molecule can also be expressed as donor-acceptor-donor [107-113],
as shown in figure 2.9. Understanding and optimizing these factors contribute to the
development of efficient organic electronic devices. Researchers continually explore new
materials and configurations to enhance the performance, stability, and scalability of organic
electronics for diverse applications. Numerous interesting results have been achieved in recent
years from the use of highly efficient SMs in all-polymer OSCs. In all-polymer organic solar
cells, the employment of desirable efficient small molecules has yielded a result of intriguing
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findings in recent years. The A-D-A acceptor molecules, composed of a single electron-
donating moiety sandwiched between two electron-acceptor moieties, make up the class of
electron-deficient small-molecule acceptors. Effective PV properties rely heavily on the core
donor molecule's structure and chemical properties, which play a critical role in fine-tuning the
electron-deficient A-D-A molecule. In search of the most useful electron-rich donor, the
following cores reign supreme: thiophene, benzodithiophene (BDT), dithienosilole (DTS),
dithienocyclopenta (DTC), indacenodithiophene (IDT), perylene diimide (PDI), etc.
Interestingly, the A-D-A framework's end groups are pivotal players in molecular packing
within BHJ films, consequently shaping the morphology of molecules in the active layer and
influencing device performance. On this note, figure 2.9 shows the schematic diagram of
electron-deficient and rich small molecule structure. (b) An example of the oligothiophene-
based A-D-A electron-deficient small molecules is where A stands for possible acceptor
blocks. On the other hand, the summary of organic solar cells device parameters and its energy
loss for both binary and ternary non-fullerene acceptors using different electron polymers as
the suitable donor material are shown below in Table 2.1. Table 2.1 further contains important
device parameters of the various non-fullerene acceptors based on OSCs. The symbols are
defined as AH = HOMOacceptor-HOMOponor, Whereas AL = LUMO acceptor-LUMOonor, and Ejoss

signifies the energy loss in small molecule non-fullerene acceptor in OSCs.

a b
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S
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o pi-Conjugated bridge

Figure 2.9: (a) Schematic representation of electron-deficient and rich small molecule structure.
(b) An example of the oligothiophene-based A-D-A electron-deficient small molecules is
where A stands for possible acceptor blocks, figure from Ref. [114].
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The chemical structure of the most prominent donor and acceptor molecules of non-fullerene

are shown below.

Donors

PCITO2

PBDD4T

Acceptors

PNDI-20D-2T

Figure 2.10: The chemical structure of the most prominent donor and acceptor molecules of

non-fullerene.

Table 2.1: The summary of OSCs device parameters and energy loss for binary and ternary
non-fullerene acceptors using different electron polymers as the suitable donor materials.

Device Stracture Voc Jsc FF A\H AL Eloss PCE Ref Year
Donor-Acceptor \Y4| mAcm?  [%] [eV] [eV] [eV] [%6]

D18/L8-BO 0.89 26.70 80.00 0.45 0.60 0.50 19.00 115 2022
D18/Y6 0.86 27.70 76.60 0.14 1.33 0.98 18.22 116 2020
PM6/Y6/FBTIC 0.87 24.60 77.90 0.14 0.35 0.60 16.70 117 2020
PM6/FBTIC 0.91 14.60 66.60 0.14 0.34 0.60 8.84 117 2020
PBDB-TF/AQx-1 0.89 22.18 67.14 0.03 0.21 0.52 13.31 118 2020
PBDB-TF/AQx-2 0.86 25.38 76.25 0.06 0.24 0.54 16.64 118 2020
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Z5/BPF-4F
SZ5/BPT-4F
SZ5/BPS-4F
PBDB-TF/BTP-eC7
PBDB-TF/BTP-eC9
PBDB-TF/BTP-eC11
PM7/BDSe-4Cl
PM7/BDSe-2(BrCl)
PM7/BDSe-4Br
PM6:Y18
PM6/TPQX-4F
PM6/TPQX-6F
PM6/Y6
PM6/L8-BO
PM6/L8-HD
PM6/L8-OD
PM6/Y6
PM6/Y6/AQx-3
PM6/Y6/BTP-M
PBD-TF/HDO-
4Cl/eC9
PM6/L8-BO-F/BTP-
eC9

PM6/Y6/SN
P3TEA/pCP-FPDI4
PM6/PDFC
PDBT-TI/SF-4PDI-O
PDBT-TI/SF-4PDI-S
PDBT-TI/SF-4PDI-

Se
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0.84
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0.92
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0.89
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1.17

0.97

1.01

1.05

1.06

22.10

24.80

25.40

24.10

26.20

25.70

22.50

22.91

2212

25.71

15.42

22.37

2591

25.72

25.08

24.57

25.73

26.82

26.56

27.05

27.35

27.63

13.84

15.93

12.44

10.79

10.53

67.40

79.10

77.90

73.50

81.10

77.50
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76.50

71.50

76.50

54.52

72.16

76.00

81.50

78.80

74.60
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73.46

80.51

80.00

75.90

57.00

81.30

70.60

68.90

68.40

0.08

0.09

0.04

0.39

0.40

0.41

0.05

0.02

0.10
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0.12
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0.05/0.05
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0.03
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0.57

1.05
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CHAPTER 3

FUNDAMENTAL THEORY OF PLASMONIC

3.1 Introduction

Over the last few decades, plasmonics has succeeded as a field, spanning a massive spectrum
of optical frequencies and showcasing diverse phenomena with potential applications. The
study of plasmons, the collective charge oscillations in conducting and semiconducting
materials, defines the field of plasmonics at its most fundamental level. The interactions
between collective charge oscillations and electromagnetic (EM) radiation at the surface of
conductive materials are primarily responsible for the phenomena driving the ever-growing
interest in the field of plasmonics. It is to be noted that affordable, abundant, and sustainable
energy sources are driving a surge in the pursuit of augmenting solar power and utilizing waste
heat from not only industrial plants but also everyday household appliances. The interplay
between light and matter is a crucial aspect of energy conversion mechanisms driven by
radiation, with the density of states in different materials exerting a profound influence on all
forms of optical interactions. The quantity of available 'channels' for containing and directing
electromagnetic energy within a given medium is determined by its optical density of states
(ODSs). Interestingly, nanostructured materials have the betterment of optical properties that
surpass those of conventional isotropic media. These materials can be engineered to exhibit
elevated ODS values, leading to improved light trapping and controlled emission spectra. The
resulting benefits can be improved across a wide range of energy conversion schemes,
including solid-state lighting, solar-thermal technologies, PV, thermophotovoltaic, and
photocatalytic applications. Furthermore, possessing an unprecedented sub-wavelength light
focusing capability and the ability to modify the ODSs, plasmonic materials have an array of
desirable characteristics for numerous applications. Plasmonic materials exhibit unique
characteristics that stem from the resonant collective oscillations of charge carriers, which are
commonly referred to as plasmons. These plasmons can be stimulated through a diverse range
of sources, such as thermal fluctuations, embedded emitters, and external illumination sources,
respectively [1-3]. The interplay between long-range Coulomb forces and the spatial
distribution of electron plasma plays a crucial role in determining the collective dynamics of
volume plasmon oscillations. The surface plasmon polariton (SPP) occurs when the electron

plasma oscillation occurs at the interfaces between metals or the metal/dielectric medium under
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the influence of an external changing electromagnetic. Exploring the phenomenon of SPP
waves arising from plasmons confined to metal-dielectric interfaces and thin metal films that

coupled with photons [4,5]. The SPPs exhibit a peculiarly flat dispersion profile, manifesting
at wavelengths below those of conventional free-space waves. This property has attracted
interest in deploying them for advanced information processing applications [6,7]. However,
the flat dispersion is more advantageous and it can probably lead to high ODS readings at
certain frequencies that coincide with the excitation of SPP modes. The localized surface
plasmon (LSP) modes, exhibiting quantization, are sustained by both wavelength and sub-
wavelength-scale particles, resulting in a better ODS, as indicated by sources [8,9]. The LSPR
is a phenomenon that occurs when metal NPs, typically of nanometer scale, interact with EM
radiation. When these NPs are exposed to EM radiation, such as visible or near-infrared light,
the collective oscillation of their conduction electrons, known as surface plasmons, can be
excited. This excitation leads to strong resonant absorption and scattering of light at a specific

wavelength. The schematic diagram of nanostructure shapes is shown below.

B¢ @@
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Figure 3.1: The schematic diagram of nanostructure shapes. Reproduced with permission
[19].

The uppermost shape row of figure 3.1 unveils single crystals, while the middle row
showecases particles decorated with twin defects or stacking faults. The third row prominently
introduces the gold shells. Many twinned and single-crystal shapes of crystals can be
synthesized in solution, with the exclusion of the octahedron. Controlling the shape of
materials, such as wires, tubes, and rods, indeed has a significant impact on their optical,

catalytic, and electronic properties. The facets of darkness gracefully signify the (100) planes,

52



the light gray enveloping them represents the (111) planes, while {111} twin planes are boldly
presented in red. The gold shapes stand as symbols of gold particles, while their gray shapes
symbolize silver particles. Notably, the spheres, twinned rods, icosahedrons, and cubes, can
be gracefully fashioned from gold as well. Plasmonic materials and particles have a desirable
ability to induce a substantial ODS in their proximate surroundings. Such better characteristic
has proven to be highly advantageous for diverse applications such as in biochemical sensing,
fluorescence, and Raman spectroscopy. Notably, the potential of plasmonics in energy
applications has sparked significant interest among researchers [10-16]. Plasmonics concerns
itself with the localization, routing, and orchestration of EM fields, operating at sub-
wavelength dimensions that push beyond the ordinary diffraction limit and into the nanoscale
[17,18]. The main constituent of plasmonics is metal due to its support SPP modes exhibited
as surface plasmons (SPs), which are EM waves combined with the collective oscillations of
the free electrons in the metal. It is important to note that the development of synthetic
methodologies has also advanced to a level where nanostructures can be produced from many
kinds of materials with quality, quantity, and yield required for the systematic investigation
of their peculiar properties, as provided in figure 3.1. The shapes on top row display the single
crystal, the second row are particles with stacking fault or twin defect, and third row indicate

the gold shells.

3.2 Plasmonic nanomaterials

It is important to acknowledge the significance of the localized surface plasmonic resonance
(LSPR) effect, which is a defining intrinsic characteristic of plasmonic materials. According to
reports, noble metals have been predominantly engineered for various ranges of applications,
leaving room for the emergence of alternative plasmonic nanomaterials [20]. Table 3.1
summarizes the diverse array of materials in which the LSPR effect can be observed, including
heavily doped semiconductors, metal oxides, 2D materials, and conducting polymers. These
materials show a similar phenomenon to the LSPR effect, highlighting the broad applicability
of this attractive optical phenomenon. The resonance wavelength range of such materials is
inherent and can be finely tuned by manipulating their morphology and size. Such reasonable
characteristic affords the opportunity to achieve extensive spectral coverage, making them
highly desirable for a variety of applications. As a result of its intended use and economic
benefits, the materials possess the potential to provide a wider range of options that can be
integrated with various other materials [20]. Understanding the physics behind the LSPR effect
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can play a prominent role in the fabrication and implementation of plasmonic NPs for
developing various applications, and numerous quantification approaches such as Mie theory
and numerical simulations, respectively [20]. These have gone a long way to describe the LSPR
effect phenomena of metallic NPs. In most cases, semiconductors typically display resonance
red-shifting beyond the visible and near-infrared (NIR) ranges of prominent metallic materials,
with small sizes (<10 nm) of semiconductor particles such as quantum dots - holding great
potential for use in biomedical applications. However, the most prominent metallic NPs like
Ag reign supreme in resonance intensity, rendering them an ideal choice for applications that
require resonance. Interestingly, metallic NPs show impressive benefits because of their
sizeable scattering and absorption cross-section, remarkable field augmentation, and effortless

ability to adopt various reproducible morphologies.

Table 3.1: Properties of various plasmonic materials [21].

Materials Mechanism | Examples LSPR range | Advantages | Comments
Metallic Free Au, Ag, Cu, | UV-Visible Costly,
nanostructure | electrons and their alloys controllable | limited
S synthesis permittivity
methods
Semiconduct
or Free holes CuzxS, Cuax- | Visible-NIR | Broader Difficult to
nanocrystals Se, ITO, TiN NIR dope
absorbance
2D materials | Electrons Graphine, NIR Strong Tedious
and holes MoS; plasmonic | synthesis
effect processing
Conductive Polaronic Poly(3,4- NIR Low cost | Low
polymer charge ethylene- and electrical
carriers dioxythiophen flexibility conductivit
e: sulfate) y and high
defect
density

3.2.1 Electromagnetic interaction with plasmonic nanoparticles

In an EM wave of the incidence, the electric field oscillates perpendicular to the direction of
wave propagation. When this wave interacts with metallic NPs, the free electrons in the NPs

are driven to move in response to the electric field. However, the direction of the electron
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movement is one side having a net positive charge and the other side having a net negative
charge for each particle. This effect can have important consequences for the behavior of
particles in electric fields. For example, it can help to explain the high conductivity of metals,
which arises from the ability of free electrons in the metal to respond to an applied electric
field. As a result, the electric field inside the particle is reduced, while the field at its surface is
enhanced [22]. For NPs with a diameter smaller than 20 nm, the induced dipole moment may
be spatially invariant, meaning that it is distributed uniformly throughout the NPs. However,
this induced dipole moment varies with time, following the oscillating electric field of the
incident EM wave. The time-varying induced dipole moment, in turn, affects the local EM field
around the NPs and contributes to the LSPR. The LSPR phenomenon has many important
applications, including in biosensing, catalysis, and plasmon-enhanced spectroscopy. In
electrostatics, the charge distribution in a system gives rise to an electric field. The electric
field can be calculated using Coulomb'’s law or the principle of superposition of electric fields.
In simple systems, the electric field can be described by a simple formula, such as that of a
point charge. However, for larger systems, such as molecules or extended objects, higher-order
poles or multipoles must be taken into account to describe the charge-induced field. The
collective oscillation of the electron harvest of the optical extinction cross-section (a,) is a
measure of the total amount of light that is scattered and absorbed by the NPs. The extinction
cross-section includes both the scattering cross-section (og.,:) and the absorption cross-
section (0,p5). The (05.4¢) IS the amount of light that is scattered in all directions by the NPs,
while the (ag,;,s) is the amount of light that is absorbed by the NPs [23]. In addition to
scattering, metallic NPs can also absorb light through the excitation of surface plasmons, which
are collective oscillations of the nanoparticle's free electrons in response to the incident EM
field. The absorbed energy is converted into heat through the resistance of the nanoparticle's
metallic lattice, which results in an increase in the temperature of the surrounding medium.
This phenomenon is known as photothermal heating, and it has important applications in fields
such as photothermal therapy and solar energy conversion. In the context of absorbing light,
the (o,ps) measures the effective area of absorption. This characteristic can be effectively
utilized for targeted heating applications, including hyperthermia in cancer therapy [24]. In

short, the (oex) Can be expressed mathematically as

Oext = Oscat + Oabs - (3-1)
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The above equation corresponds to the extinction cross-section by scattering and absorption
when the light is incident in NPs. The wavelength of the incident EM wave also plays a crucial
role in determining the optical cross-section. The NPs have different sizes and shapes, and each
size and shape has a specific resonance frequency that can interact strongly with certain
wavelengths of light. This phenomenon is known as surface plasmon resonance, and it can
result in a significant enhancement of the optical cross-section at certain wavelengths.
Interestingly, plasmonics can play a vital role due to their scattering, extinction, and absorption
cross-sections, which are substantial when the incident light reaches the resonance condition
[25].

3.2.2 Permittivity of metals

It is to be noted that the optical properties of metal NPs primarily depend on the dielectric
functions of the metal NPs and that of surrounding medium such as, e(w), which is composed
of both real (er(w)) and imaginary parts (&i(w))

e(w) = er (w) + ici (w). (3.2

Where o is the angular frequency. In general, the position of the resonance peak is mostly
determined by the real part while dephasing depends on the imaginary part [22]. According to
the statement, the position of the resonance peak is mainly influenced by the real part of a
system's response or material's properties. The real part is associated with the system's or
material’s ability to store and release energy. It affects the frequency at which resonance occurs,
meaning that changes in the real part can shift the resonance peak to different frequencies.
Therefore, variations in the real part of a system's response or material's properties can have a
significant impact on the position of the resonance peak. On the other hand, dephasing, which
is the loss of coherence, is influenced by the imaginary part of the system's response or
material’s properties. The imaginary part is related to the dissipative processes or energy losses
within the system. It characterizes the decay or damping of the resonant response. The
imaginary part affects the width or broadening of the resonance peak, which is associated with
the dephasing phenomenon. Changes in the imaginary part can modify the rate at which
coherence is lost and, consequently, influence the dephasing behavior. However, the Drude
model is indeed a simple classical model used to describe the behavior of conduction electrons
in metals. It was introduced by Paul Drude in the early 20th century and forms the basis for

understanding electrical conductivity in metals [26]. In the Drude model, conduction electrons
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are treated as free electrons moving through a lattice of positively charged ions. These electrons
experience collisions with the ions and other electrons, which cause them to scatter and change
direction. However, between collisions, the electrons move freely and can be approximated as
a gas of non-interacting particles. Mathematically, such can be expressed as

2
“p

w(w+iyp)’

elw)=1-— (3.3)

where mp indicates the plasma frequency and ", seems to be the bulk damping constant related

to the Fermi Velocity Vr and the mean free path [,,, can be written mathematically as

Vb =T (3.4)

m

It is to be noted that the quantification of the Fermi velocity hinges on the interplay between
electron density, the effective mass of electrons, and the vacuum permittivity, respectively. In
summary, while electron density, the effective mass of electrons, and vacuum permittivity play
important roles in understanding the behavior of electrons in materials, they are not sufficient
to quantify the Fermi velocity. The Fermi velocity is a separate property determined by the
electronic band structure of the material. It varies with the electron density of different metals.
The electron density in metals is influenced by factors such as the number of valence electrons,
the atomic size, and the arrangement of atoms in the crystal lattice. Metals with a higher number
of valence electrons and larger atomic sizes tend to have higher electron densities. Additionally,
metals with more closely packed crystal structures can have higher electron densities compared
to metals with more open structures. The mean free path is a concept commonly used in physics
to describe the average distance travelled by a particle, such as a photon or a charged particle
before it collides with another particle or interacts with its surroundings. The value of the mean
free path depends on several factors, including the nature of the particles involved and the

environment in which they are present.
3.2.3 Plasmas and plasmons of metals

The plasmons are collective oscillations of free electrons in a material that can interact strongly
with incident light. They arise due to the interaction between the EM field and the free charges
(usually electrons) in a solid or a metal surface. When the frequency of the incident light
matches the natural frequency of the plasmons, resonance occurs, leading to enhanced light-
matter interactions. Interestingly, metals do contain freely mobile charges (electrons), they are

57



not considered plasmas because the atoms themselves are not ionized. In plasmas, the
ionization process separates the electrons from the atoms, creating a mixture of positive and
negative charges that behave collectively. Nonetheless, there exists the possibility of
maintaining bulk plasma by means of longitudinal plasma oscillations (plasmons), which
manifest as oscillatory behavior at frequencies dictated by the restoring force exerted on
movable charges due to alterations in the charge distribution when they are displaced from their
equilibrium positions. A pertinent example would be the passage of an electron in the vicinity
[27,28]. In a bulk plasma, the plasma frequency wp can be expressed [29] mathematically as

2

w? = :)Lm (3.5)
Where n is the density number of mobile charge carriers, e is the charge, m is the mass, and &,
represents the permittivity relative to the free space. It is to be noted that when EM radiation,
including light, with a frequency below the plasma frequency interacts with plasma, it can
induce motion in the charge carriers. This motion of the charges creates an oscillating electric
field that acts to screen out the incident field, which is known as the plasma's shielding effect.
The plasma frequency is the characteristic frequency at which charged particles in a plasma
collectively respond to an external electric field. When the frequency of an incident EM wave
is higher than the plasma frequency, the charged particles in the plasma are unable to respond
quickly enough to the changing electric field. As a result, they cannot effectively screen out or

cancel the incident field, and the wave is transmitted through the plasma.
3.3 Surface plasmon-polaritons

The surface plasmon-polaritons (SPPs) are collective oscillations of free electrons at the
interface between a metal and a dielectric material. They arise due to the coupling between the
EM field and the collective motion of electrons, known as plasmons. The SPPs have unique
properties and can be exploited for various applications in nanophotonics and optoelectronics.
They enable strong light confinement below the diffraction limit, leading to enhanced light-
matter interactions. SPPs have been utilized in areas such as surface-enhanced spectroscopy,
sensing, imaging, and integrated photonics, among others. In contrast to the localized modes
associated with the particles, SPP modes associated with a planar interface are extended in
nature and may propagate, typically over a few tens of micrometers. The SPP modes are EM
waves that are coupled to the collective oscillations of electrons at the interface between a metal

and a dielectric medium. Unlike localized modes, such as plasmons confined to individual NPs,
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SPP modes are extended along the interface. This has gone a long way to encourage researchers
to use SPP as a means of providing better integration of the optical signals than is currently
achieved using dielectric light guides [30-33]. To gain insights into the nature of propagating
waves within SPPs, it proves enlightening to examine the dispersion relation governing their
modes. This can be observed by applying desirable boundary conditions to Maxwell’s
equations, which is beneficial in observing proper solutions that take the form of a surface

wave [29]. This can be written mathematically as

Kspp = Ko g‘::fgd- (3.6)
Where Kspp exhibits the wavevector of the surface plasmon (Kspp = 21/ Aspp), K, represents
the free space wavevector (K, = 2m/Aspp), With 4, as the wavelength of light in free space,
and Agpp indicates the wavelength of the SPP mode at the same frequency. However, if the
square root term in equation (3.6) is usually positive and much greater than one, it suggests that
the wavevector of the SPP mode is higher than that of the incident light with the same
frequency. The wavevector represents the spatial frequency or the number of wavelengths per
unit distance. It is to be noted that Bragg scattering is another method used for SPP excitation.
It relies on the periodic modulation of the metal-dielectric interface, creating a grating structure.
The incident light interacts with the grating and undergoes scattering, leading to momentum
(wavevector) matching with the SPP modes. On the other hand, the frequency (wavelength) of
LSPR can be observed by a resonance condition. According to a recent study, particle plasmon
resonances exhibit promising prospects as a transformative technology for PV solar cells [34].
The presence of small metallic particles in a material can indeed enhance the absorption of
solar light through a phenomenon called particle plasmon resonance. When metallic NPs are
exposed to light, the free electrons in the metal can undergo collective oscillations known as
plasmons. These plasmons can be excited by incident light and lead to a concentration of the

EM field around the particles, increasing their light absorption capability [35,36].

3.3.1 Localized surface plasmon resonance effect

The localized surface plasmonic resonance (LSPR) effect is primarily driven by the attraction
between the EMF of the incident light and the electron plasma residing on the surface of metal
NPs, which is beneficial in providing unique optical properties and enabling a wide range of
applications in nanotechnology. Indeed, LSPR can be supported by a wide range of structures,
offering versatility in designing plasmonic systems with tailored optical properties. While the
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simplest and most studied structure is a spherical NP, researchers have explored various other
shapes such as ellipsoids, rods, stars, and crescents, to achieve specific optical responses [37-
39]. Ellipsoidal NPs show anisotropic behavior due to their elongated shape. This anisotropy
leads to different resonance properties along different axes, offering control over the spectral
response of the LSPR. Nanorods are elongated NPs with rod-like shapes. Their aspect ratio
(length-to-width ratio) affects the LSPR wavelength, allowing tuning of the resonance across
a wide spectral range. Rod-shaped NPs are particularly useful in applications such as sensing
and nonlinear optics. Star-shaped NPs have multiple branches or protrusions extending from a
central core. The branches create additional hotspots where plasmonic interactions occur,
enhancing the LSPR effects. Star-shaped NPs offer increased EM field enhancements and have
been utilized in applications such as surface-enhanced Raman spectroscopy (SERS) and
sensing. Crescent-shaped NPs have a curved geometry, resembling a crescent moon. This shape
introduces intriguing plasmonic properties, such as asymmetric field distributions and strong
near-field enhancements. Crescent NPs have been studied for applications like chiral sensing

and optoelectronics.

When particle pairs interact, they can give rise to new resonances or states with specific
properties [40]. Resonances are temporary excited states of particles that can decay into other
particles. Recent studies suggest that under certain conditions, the aggregation of colloidal
particles can lead to the formation of localized modes or regions of high field strength within
the random medium [41]. Particles with holes, or toroidal structures, can also exhibit localized
modes [42]. Localized modes refer to certain patterns of energy or vibration that are confined
to a specific region or structure. These modes can arise in various systems, such as waveguides,
optical cavities, or solid-state materials. It is to be noted that the frequency at which the LSPR
effect of metallic NPs can indeed be tuned throughout the ultraviolet, visible, and infrared
regions of the EM spectrum by adjusting the particle size and shape. This tunability has
significant implications in various fields, including sensing, imaging, PVs, and biomedical
applications. Interestingly, the absorption and scattering depend on the size of the NPs. As the
size increases, more photons interact with the NPs, resulting in a higher probability of
absorption and scattering. Consequently, the optical extinction of metallic NPs escalates with
increasing particle size. On the other hand, as the size of particles increases, scattering becomes
more important in determining the extinction behavior of light, potentially leading to changes
in the position and width of the LSPR effect [43]. When the size of a metal NP, such as a

sphere, is increased from 10 nm to 90 nm, the plasmonic resonance peak typically shifts to
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longer wavelengths, resulting in a redshift. This means that the resonance peak moves from
shorter wavelengths (e.g., around 400 nm) towards longer wavelengths (e.g., around 800 nm).
Recent studies have shed light on the fascinating alterations that occurs due to the interplay
between the polarization field generated by surface charges and the amplitude and relative
phase of both the scattered and incident fields [44]. Interestingly, considering the dispersion of
the optical properties of the constituent material of the NPs that shift in the frequency is much
more important for understanding and controlling the behavior of the LSPR effect, including
the resonance frequency and damping characteristics [45]. Indeed, the shape of particles plays
a crucial role in various scientific and technological applications, especially in the field of
nanotechnology. The development of sophisticated fabrication techniques has enabled
researchers to create nanostructures with different shapes, which in turn has opened new
opportunities for optical studies. When it comes to fabricating particles, there are various
methods employed, and two common approaches are growing particles within a solution and
using lithographic techniques with a patterned mask. The goal of various studies in the field of

plasmonics is indeed to optimize the localization and enhancement of the LSPR effect.

3.3.2 Light surface

It is to be noted that the metal NPs embedded in a dielectric medium can indeed act as efficient
scatterers, leading to various optical phenomena such as light trapping or enhanced light-matter
interactions. Interestingly, the light-trapping effects are particularly advantageous in various
applications such as photovoltaics, light-emitting devices, and sensors. They can improve the
absorption efficiency of solar cells by augmenting the light absorption in the active layer and
enhancing the sensitivity and selectivity of optical sensors. Recent studies have reported that
the incorporation of plasmonic nanostructures in solution processed TFOSCs devices has
attracted much attention in research, which is desirable to augment solar energy harvesting
through several mechanisms such as light scattering effect, LSPR effect, and SPP effect [46],
as provided in figure 3.2. In the light scattering effect, Plasmonic nanostructures can scatter
incident light, causing it to interact with the active layer of the solar cell over a longer path.
This increased light-matter interaction enhances the absorption of photons, thereby increasing
the overall efficiency of the device. In the LSPR effect, when the dimensions of the
nanostructures are tuned to match the wavelength of the incident light, they can resonantly
couple with the light, leading to strong electric field enhancements in their vicinity. This
enhanced local electric field can increase the absorption of light in the active layer of the solar

cell. In the SPP effect, plasmonic nanostructures can also support the propagation of SPPs,
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which are coupled states of photons and surface plasmons. These SPPs can help in guiding and
trapping light within the active layer of the solar cell, increasing the path length of light and
enhancing absorption. Understanding that the metal NP scattering relies not only on the size
but also on the shape, as both factors contribute to the overall optical response of the metallic
nanostructures [47]. Interestingly, the larger diameter of the NPs, which is greater than 50 nm
can scatter light in such a way that enhances the path length travelled by the scattered light
within the medium. This is because the scattered light can undergo multiple scattering events
as it interacts with the NPs, resulting in an increased path length. This increased path length
allows for more interactions between the light and the medium, increasing the chances of

absorption and interaction with solar absorbers present in the medium.
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Figure 3.2: The schematic diagram of various mechanisms for plasmonic solar cells to
augment the light absorption in the solar cells such as (A) light scattering effect, (B) LSPR
effect, and (C) SPP effect, figure from Ref. [46].
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Furthermore, the use of metal NPs positioned at the surface of the buffer layer in TFOSCs can
indeed have a positive impact on the device performance. These metal NPs can scatter solar
energy, particularly the reflected light at the top electrode, back into the active layer of the solar
cell [48,49]. This scattering effect can be beneficial for generating more excitons, which are
electron-hole pairs responsible for the absorption of light and subsequent electricity generation

in the solar cell.
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CHAPTER 4

Effective energy harvesting in thin-film organic solar cells using Ni/Zn as bimetallic

nanoparticles
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4.1 Abstract

This article explores the effect of bimetallic plasmonic nanocomposites in the solar absorber
layers of thin-film organic solar cells (TFOSCs) for possible improvement in harvesting solar
energy. To achieve this goal, a new nanocomposite composed of Nickel and Zinc (Ni/Zn) was
successfully synthesized using a chemical reduction process. The effect of bimetallic
nanocomposites was studied using a photoactive medium, which comprises of poly-(3-
hexylthiophene) (P3HT)/[6,6]-phenyl C61 butyric acid methyl ester (PC61BM) blend and
doped with Ni/Zn at different concentrations. Consequently, an improved power conversion
efficiency value of up to 4.78% was found at 1% Ni/Zn bimetallic concentration by weight
compared to reference solar cells. This is a clear indication that the effect of Ni/Zn bimetallic
nanoparticles doped with active layer is favorable to augment the performance of TFOSC.
These effects have been realized by the occurrence of the localized surface plasmon resonance

(LSPR) phenomenon caused by Ni/Zn nanoparticles in a polymer medium.
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4.2 Introduction

It is well noted that fossil fuel has been the leading source of energy for humanity's day-to-
day livelihood for centuries. However, recent studies have reported that the residual from the
use of fossil fuel harmfully impacts the mere existence of life on Earth due to the emission of
carbon dioxide (CO2) and poisonous gases into the Earth’s atmosphere [1]. On this note, the
current predictions have suggested that the three types of fossil fuels, including oil, coal, and
as well as natural gas, can possibly be exhausted in the next few decades. Therefore, there is
an urgent desire to find adequate alternative energy sources for a sustainable and suitable
energy supply to the global need. Interestingly, solar energy conversion into electricity by
way of the photovoltaic effect is one of the possibilities and impressive methodologies to cope
with energy shortage worldwide. It has been reported recently that thin-film organic solar
cells (TFOSCs) seem to be inspiring materials and beneficial to convert photon energy into
electricity [2,3]. Hence, the TFOSCs are the most promising light-harvesting devices in
producing and providing sufficient cheap renewable energy due to their possible lightweight,
flexibility, low cost, and easy fabrication processes via solution processing compared to their
inorganic counterparts [4-9]. Nevertheless, the recorded power conversion efficiency (PCE)
value for high-performance TFOSCs based on fullerene derivative has increased dramatically
above 10%, which seems to be adequate to generate much electricity for domestic use in our
societies based on the literature [10-12]. However, it has been reported by recent studies that
the unsteadiness of the particles in the ambient surroundings makes device fabrication
unproductive due to oxygen and humidity that harshly impact the solar absorber layer for
sunlight conversion ability [13-15]. Regardless of these challenges, the TFOSCs still play a
vital role and become more favorable in providing several advantages such as flexibility,
lightweight, and cheap device fabrication via roll-to-roll processing techniques.

It is to be noted that the bulk-heterojunction (BHJ) is the most suitable and successful solar
absorber layer of TFOSCs, which is formed by the blend of the acceptor (A) material and
donor (D) polymer molecules. The BHJ absorber layers are sandwiched between two
electrodes to collect- photon-generated charges [16,17]. Captivatingly, the interfacial buffer
layers among solar absorber medium and electrodes have significantly enriched the charge
carrier mobility in the devices, which is beneficial to optimize the ability to measure
photocurrent [14]. Holes and electrons are the two main leading charge carriers, which are
transported along the donor and acceptor (D/A) domain to be collected by the electrodes in
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the TFOSC, respectively. The most used hole transport layer in TFOSCs structural is Poly
(3,4-ethylene dioxythiophene): Polystyrene-para-sulfonic acid (PEDOT/PSS). It is promising
to escalate both the collection and charge transport of holes from the solar absorber to the
anode electrode [14]. The PEDOT/PSS is a suitable water-soluble conducting polymer, which
consists of a sustainable work function (5.1 eV), transparency to light (> 85%), and favorable
electrical conduction [18]. Despite the strengths mentioned above, PEDOT/PSS negatively
led to a reduction of device performances and stability of TFOSCs due to its acidic and
hygroscopic  nature  [19-21]. To address this issue, several metallic
nanocomposites/nanoparticles were employed as a considerable mechanism to alleviate the
disadvantage of PEDOT/PSS, and this will go a long way to boost the high performance in
TFOSC applications [14,22-26]. Fascinatingly, the nanoparticles' electrical and optical
properties seem to be favorable to harvesting sufficient photo-current because of the localized
surface plasmon resonance effect (LSPR) of the metal nanoparticles [27]. It is important to
note that the surface plasmon resonance (SPR) and LSPR of noble metal nanocomposites
have attracted much attention for research due to their wide range of application potential in
the fields of photonics, sensor, medicine, photocatalysis, and solar energy harvesting, etc. The
interaction between the electromagnetic (EM) field of the incident light and the surface
electron plasma of the metal nanoparticles is the main reason for the occurrence of LSPR and
SPR. Both LSPR and SPR are dependent on the size and shape of the metal nanoparticles.
Figure 4.1 demonstrates the occurrence of plasmon resonances for various shapes of metal
nanocomposites, for example, resonances occur near the UV range for spherical shape
nanoparticles while resonances occur in the far infrared regions for nano-rice-like structures.
It is to be noted here that the size of the nanoparticles must be smaller than the wavelength of
the incident light for LSPR to occur in the medium as depicted in figure 4.1. The electric field
component of the incident EM radiation polarizes the surface charge of the metal
nanoparticles that leads to charge oscillation which eventually cause resonances. Such
resonance absorption leads to the generation of electron-hole pairs due to (i) the hot electrons
produced by LSPR absorption, or (ii) propagation of light on the surface nanoparticles, which
serve as waveguides due to SPR or as antennas to convert sunlight into the localized electrical
field [28]. Photocatalysis is one of the key application areas which has emerged as a promising
technology for various applications, including water splitting, energy generation, and device
fabrication [29]. Similarly, plasmon metal nanoparticles have been successfully used in

harvesting photons in various thin-film solar cell technologies.
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Figure 4.1: The plasmon resonances for various nanocomposites, SPR, and the LSPR, and
different stages during the process of solar water splitting. (i) generation of electron-hole pairs
by solar irradiation. (ii) migration of electrons and holes to the surface-active sites for hydrogen
and oxygen evolution reactions. (iii) recombination of electrons and holes. Reproduced with

permission [28].

The generation of hot electron-hole pairs and/or the formation of an intense electromagnetic
field in the vicinity of metal nanoparticles are some of the mechanisms required to improve
the formation and separation of excitons within the absorber medium [30]. Some metallic
nanocomposites, including zinc (Zn), gold (Au), and silver (Ag) have recently been invested
in the synthesis of single or mono-metallic nanoparticles due to their LSPR effect to assist in
harvesting more photo-current [14]. However, bimetallic nanoparticles, which consist of two
different elements, can offer suitable exciting properties, which can lead to superior

characteristics compared to their counterpart mono-metallic nanoparticles [27, 31].

In this study, nickel/zinc (Ni/Zn) bimetallic nanoparticles were effectively synthesized to
augment the processes of charge carrier mobility and exciton dissociations by way of
considerable high light scattering and long-range LSPR effect. The Ni/Zn bimetallic
nanoparticle was further incorporated into the poly-(3-hexylthiophene) (P3HT)/[6,6]-phenyl
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C61 butyric acid methyl ester (PC61BM) as a solar absorber in conventional TFOSCs to
harvest sufficient photo-current. The TFOSC devices are well fabricated using Ni/Zn
bimetallic with a mixture of P3HT/PC61BM as a solar absorber. Consequently, the substantial
PCE value of around 4.78% was recorded at 1% concentration by weight compared to the
Pristine (2.56%) un-doped layer. Such remarkable improvement is largely accredited to
boosting photo-current harvesting because of the desirable mixture of Ni/Zn bimetallic
nanoparticles within the active layer. Therefore, the experimental details will be presented
and discussed in the following sections.

4.3 Experimental sections
4.3.1 Resources

In this study, the chemicals and necessary materials were purchased and used without any
additional processing except the synthesis of nickel/zinc (Ni/Zn) as bimetallic nanoparticles.
The chemicals including poly (3,4-ethylene dioxythiophene): poly (styrene-sulfonate)
(PEDOT/PSS), Poly (3-hexylthiophene) (P3HT) 95 %, and [6,6]-phenyl-C61-butyric acid
methyl ester (PC61BM) 95 % purity were bought from Ossila Co. Ltd. Nickel nitrate
hexahydrate (> 99% (Ni(NOz)> 6H20), zinc nitrate hexahydrate (> 99.98% Zn(NO3). 6H20),
sodium borohydride (> 99.98% NaBHy,), indium tin oxide (ITO) treated glasses were bought

from Merck, Germany.
4.3.2 Synthesis of nickel/Zinc (Ni/Zn) bimetallic nanoparticles

The bimetallic nanoparticles of Ni/Zn were synthesized using a chemical reduction approach,
which was achievable using a similar procedure as reported by other investigators [32,33]. The
materials employed involve 0.2 M of (Ni(NOgz)2 6H20), 0.1 M of (Zn(NOs)2 6H20), and 0.5 M
of NaBHg, respectively. The 0.5 M of NaBH4 was used and served as a reducing agent. The
above chemicals were dissolved in each 50 mL deionized water in three separate flasks and
stirred suitably for 10 min. After that, the solutions were further mixed up, commencement
with (Ni(NO3z)2 6H20) solution followed by dropwise adding of (Zn(NO3), 6H20) and NaBH4
solutions under stirring to prepare Ni/Zn bimetallic nanoparticles. The mixtures were then
stirred continuously on a hot plate with a magnetic stirrer at the temperature of 40 °C for 3
hours. The resultant precipitate was then filtered and washed thoroughly with deionized water
and ethanol several times to eliminate sodium ions. However, the resultant Ni/Zn bimetallic

nanoparticles were further dried up in the oven for 2 hours at the temperature of 70 °C. The
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powder of Ni/Zn bimetallic nanoparticles was also characterized based on their optical,
structural, and morphological properties using ultraviolet-visible (UV-Vis) absorption
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and X-ray diffraction (XRD) measurements.

4.3.3 Device preparation

The TFOSCs were successfully fabricated using un-patterned 1TO-coated glass substrates.
Initially, the substrates with a sheet resistance of 15 Q/sq were partially etched with the warm
acid solutions, which include hydrochloric acid, hydrogen-2-oxide, and trinitrate-5-acid
(HCL/H2O/HNO:3 at a concentration of 48%: 48%: 4%) by volume to remove part of the ITO.
After etching, the substrates were thoroughly cleansed using an ultrasonic cleaner with
deionized water, acetone, and isopropanol for 10 min in each solution, respectively. The
substrates were then dehydrated with a nitrogen air gun and further dried up in the oven for 20
min at 100 °C. After that, the thin-film transparent layer of PEDOT/PSS was spin-coated on
the substrates at 3500 rpm for 60 seconds and was further desiccated in the oven for 20 min
under an ambient atmosphere at 100 °C. The solar absorbers were then processed in chloroform
solvent with and without Ni/Zn bimetallic nanoparticles. The pristine active layer solution was
suitably prepared from P3HT with PC61BM polymers blend, at the stoichiometric ratio of 1:1,
in chloroform solvent at a 20 mg/ml concentration. A similar composition of active layer
solutions was also prepared using P3HT/PC61BM with Ni/Zn bimetallic nanoparticles at
different concentrations (1% and 3%) by weight, respectively. After that, the solutions were
further sonicated for 3 hours on a hot plate with a magnetic stirrer to ensure adequate miscibility
of the particles in the intermixing at 40 °C. The solutions of the photoactive layers were then
spin-coated on dried PEDOT/PSS for 40 seconds at 1200 rpm. The samples were then
desiccated in the furnace under nitrogen gas for 10 min at 100 °C before being conveyed into
a deposition chamber, which is beneficial for depositing lithium fluoride (LiF) and aluminium
(Al) electrodes, respectively. A remarkably thin layer of LiF (0.5 nm) and 80 nm thickness of
Al electrode was entirely deposited using Edward Auto 306 deposition unit at a pressure of 10
® mbar. The conventional device structure implemented in this study is given as
GLASS/ITO/PEDOT/PSS/P3HT/PC61BM/Ni/Zn bimetallic nanoparticles/LiF/Al. After short
post-deposition annealing for 5 min at 100 °C, the device was then characterized in the ambient
environment using a computer interfaced Keithley HP2420 source meter under an AM1.5 solar
simulator (model SS50AAA) operating at an integrated light intensity of 100 m\W/cm?. The

resulting diodes in this work have an effective area of 0.042 cm? or 4.2 mm?. Then, the charge
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mobility properties were also investigated using space charge limited current (SCLC), which
was highly collected from current-voltage (J-V) data underneath dark environments. However,
the device properties of thin-film absorption based on Ni/Zn bimetallic were explored by means
of UV-Vis absorption spectra found via (T80-PG-Instrument limited) an absorption meter.
Therefore, the device structure, which consists of numerous layers of conventional TFOSCs,

is shown in figure 4.2.
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Figure 4.2: (a) The conventional structure of TFOSC and (b) the components structure of the
photoactive layer.

4.4 Result and discussion sections
4.4.1 Characterizations of Ni/Zn bimetallic nanocomposites

The newly synthesized Ni/Zn bimetallic nanoparticles were characterized for their physical,
morphological, and structural properties. The HRTEM images presented in figure 4.3 depict
the existence of several shapes and sizes of Ni/Zn bimetallic nanocomposites in the powder
form, which is beneficial to influence the electrical and optical properties of the composite.
The images in (figure 4.3a and (b)) show that the Ni/Zn bimetallic nanoparticles appeared to
have some sort of disc like geometry distributed on the background of sheet like structures. In

fact, the Ni/Zn do exist at different phases such as @-phase and y-phase as reported in the
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literature [34]. The existence of the different phases depends on the nickel content in the Zn

matrix.

(b)

d=0.256 nm

(c)

Figure 4.3: (a,b) HRTEM images of Ni/Zn bimetallic nanoparticles at different magnifications.
(c) The crystallite fringes taken from Ni/Zn powder indicate lattice spacing and crystallinity of
the nanostructures.

It is not even to mention the existence of single phases of Ni and Zn. However, additional
investigations using different spectroscopy methods are needed to study the structure of the
Ni/Zn. It is to be noted though that disc-like structures have different sizes as provided in figure
4.3 (a) and (b). The TEM images further displayed crystal fringes, which is attributed to the
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existence of a well-aligned crystalline structure in the medium. However, the measured lattice
spacing corresponding to the value d = 0.263 nm is attributed to the a-axis of the hexagonal
closed packed (hcp) structure of Zn single phase while d =0.246 nm and d = 256 nm could be
attributed to Ni doped Zn hcp structure.

4.4.2 Optical absorption of Ni/Zn bimetallic nanocomposites

It is to be noted that the light-harvesting is critically dependent on the optical absorption width
of the solar absorber medium of the TFOSCs. Then, the optical properties of Ni/Zn bimetallic
nanoparticles were enormously probed using optical absorption measurements collected from
the respective solar absorber films and the particle suspension in deionized water solutions.
However, the UV-Vis data were taken from solar absorber films composed of P3HT/PC61BM
blend with and without the inclusion of Ni/Zn bimetallic nanocomposites as displayed in figure
4.4a. The two new prominent peaks were clearly observable at 1% and 3% loading of Ni/Zn
bimetallic films as pointed out by the arrows compared to the pristine reference film (See figure
4.4a). Furthermore, the Ni/Zn bimetallic doped films demonstrated a slight redshift in the
maximum peak of the absorbances, which is favorable to enhance photons harvesting at the

more intense emission of the solar radiation.
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Figure 4.4: (a) UV-Vis absorption spectra taken at a different doping level of Ni/Zn NPs in
absorber layers of TFOSC (b) the UV-Vis absorption spectrum of the Ni/Zn bimetallic powder
in water suspension.

In light of this, the first arrow points to absorption bumps that range from 425 to 450 nm, while

the second one is between 630 and 700 nm, near infra-red regions. Interestingly, the broadband
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optical absorption of the new intensity peaks indicates the presence of various sizes and shapes
of the Ni/Zn bimetallic nanoparticles in the medium, which is consistent with the distribution
of particles observed from TEM morphology. Moreover, the absorbency of Ni/Zn bimetallic
powder suspension presented in figure 4.4b shows a broad absorption spectrum centered at 400
nm. The long tail of the absorption spectrum in figure 4b is attributed to the light scattering
processes that took place in the aqueous medium. The absorption peak near 400 nm is
associated with a band-to-band transition of electrons in the metal nanoparticles. However, the
new absorbance peaks observed in metal nanoparticles doped absorber films could be attributed
to the occurrence of LSPR and far-field scattering of the incident radiation in the dielectric

medium.

4.4.3 Organic Solar cells doped with Ni/Zn nanocomposites

The effects of Ni/Zn bimetallic nanocomposite on the performance of the P3HT/PC61BM-
based thin film solar cell were investigated by way of the measured J-V characteristics of the
devices. The J-V curve plotted in figure 4.5 clearly exhibited considerable changes in the
measured photocurrent from the solar cells doped with Ni/Zn bimetallic nanocomposites.
Moreover, the device parameter derived from the measured electrical properties of the
conventional TFOSCs is also provided in Table 4.1. It is to be noted that the performance of
the solar cells is clearly dependent on the concentration of Ni/Zn bimetallic nanoparticles in
the absorber layers of the solar cells. Consequently, the short-circuit voltage (Jsc) and open-
circuit voltage (Voc) measured at the doping level of 1% and 3% of Ni/Zn by weight
significantly improved compared to that of the pristine. The short-circuit current and device fill
factor (FF) have increased by 48% and 19%, respectively, from the reference cell and at 1%
concentration of Ni/Zn bimetallic nanocomposites within the active layer. This is a clear
indication of the improved light harvesting ability of the absorber layer by the LSPR effect,
which is obviously exhibited on the UV-Vis absorption spectra as displayed in Fig. 4.4a. The
best PCE value achieved in this investigation was 4.78% at 1% Ni/Zn bimetallic concentration
by weight. This is a clear indication of the optimum concentration of the bimetallic
nanoparticles for the best performance of the solar cells (See Table 4.1). It should be noted that
the enhanced efficiency is mainly accredited to the measured high photocurrent from the

devices because of the Ni/Zn bimetallic nanocomposites.
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Figure 4.5: J-V characteristic of the solar cells fabricated using P3HT/PC61BM blend active
layer containing Ni/Zn bimetallic nanoparticles at different concentrations.

Recent studies have reported the effect of Ag/Cu bimetallic nanocomposites blended with an
active layer and discovered that PCE augmentation is the main reason for optical absorption in
solar absorbers [35]. The same observation was remarkably found by Oseni and Mola [27]
based on improved absorption efficiency by blending Ag/Zn nanoparticles with
PTB7/PC61BM. According to the results achieved in this work, it is interesting to note that the
devices blended with Ni/Zn bimetallic nanocomposites depicted a desirable performance
compared to pristine, which is favorable to optimize charge dissociations, charge mobility, and
collection processes. Such improvements are reflected due to enhanced FF, Js, and PCE,
respectively. These were partially originated from the reduction of the series resistance (Rs)
[14]. Moreover, another approach to improve the exciton dissociation is by forming a near-
strong field in the vicinity of the composite, and far-field scattering is an additional mechanism
to enhance light harvesting ability in TFOSC [36-39].
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Table 4.1: The TFOSCs device parameters fabricated at different concentrations of Ni/Zn
bimetallic with the best performance.

Ni/Zn Voc Jsc FF PCE Rs
(Wt%) (V) (MA/cm?) (%) (%) Q cm?)
0% (Pristine) 0.54 11.27 41.75 2.56 256
1% 0.58 16.71 49.79 4,78 130
3% 0.56 13.86 44.23 3.36 119

4.4.4 Charge carrier transport

The charge mobility in the polymer medium plays an important role in determining the
collection of photons-generated charge carriers in solar cells. The space charge limited current
(SCLC) measured in the absence of photon generated current is one of the methods to study
the charge transport properties of the polymer medium. The SCLC is J-V data measured in the
absence of light (dark condition) (figure 4.6b). However, the SCLC is the right flank of the
figure right after injection limited current (= 0.82 V). It is a region where the current reaches
close to saturation and it is a region that all traps are filled in the medium, the charge transport
property is mainly reliant on the nature of the medium. Therefore, the measured SCLC data

were fitted to Mott-Gurney’s law to derive important transport parameters, which uses field

dependent mobility equation of the form: u(E) = pyexp (yVE) . Thus, the SCLC data can be

described in terms of Mott-Gurney law presented as

9 v? 14
J = 5 E€olho T3 €XP <0.89y\/;>. (4.2)

Where Lo is the zero-field mobility, & signifies the permittivity of free space, € displays the
relative dielectric permittivity of the material, L denotes the thickness of photoactive layer, y is
the field activation factor, and V is the voltage drop across the sample, which is possibly

corrected via the built-in voltage (Vbi).
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Figure 4.6: (a) The SCLC data taken from TFOSC devices containing different concentrations
of Ni/Zn and the solid line is a computer fits of equation (4.1) to the data (b) J-V measured
under dark condition at different concentrations.

The field activation factor,y = B (kiT - kLT) is dependent on temperature (T) and constant
B B0

parameters To and B determined by nature of the material [40,41]. The negative value of »
suggest that mobility decreases at high applied electric field in the polymer medium [41].
According to the result provided in figure 4.6a the SCLC data are in a very good agreement
with the prediction of Mott-Gurney’s law. The transport parameters attained from the analysis
were found to be similar to the values reported in literature for polymer medium. Thus, the
zero-field mobilities of Ni/Zn bimetallic doped devices were observed to be one order of

magnitude higher than that of the pristine solar cell (See Table 4.2).

Table 4.2: The charge transport parameters of TFOSCs fabricated with photoactive layer doped
with Ni/Zn bimetallic nanoparticles at different concentrations.

(P3HT/PCes1BM/ Ni/Zn) Mo (Zero-field mobility) v (Field activation factor)

(Wt%o) (cm?Stv1) (cmV1)

0% (Pristine) 3.46 x 10 -3.02 x 10
1% 2.86 x 107 -2.49 x 10*
3% 1.66 x 1073 -2.66 x 10
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This is clear evidence of the effect of Ni/Zn bimetallic nanocomposites doped with an active
layer, which is favorable in augmenting the charge transport processes and the promotion of

charge dissociation in TFOSCs.

4.5 Conclusion

In conclusion, we have synthesized Ni/Zn bimetallic nanoparticles using wet chemistry
procedures. The Ni/Zn bimetallic nanoparticles were doped in P3HT/PC61BM blend bulk-
heterojunction solar absorber films at different concentrations. The fabricated solar cells doped
with Ni/Zn bimetallic nanocomposites showed remarkable improvement in device
performance because of the occurrence of the LSPR effect in the photoactive layer. This is due
to the fact that LSPR/SPR phenomena assisted in improving the light-harvesting ability of
TFOSCs. Subsequently, the best device parameters recorded from these investigations were
PCE value up to the rate of 4.78%, a Js. of 16.71 mAcm2, and a high FF of 50.0% were
measured at 1% concentration of Ni/Zn by weight. This is clear evidence of the effect of Ni/Zn
bimetallic nanocomposites on the performance of thin film organic solar cells play an
indispensable role to improve the charge transport and collection processes. The Ni/Zn
bimetallic is environmentally stable and suitable for roll-to-roll printing methods for large-
scale device fabrication.
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ARTICLEINFO ABSTRACT

Keywords: Silver and Calcium (Ag:Ca) bi-metallic nano-partices have been cuccessfully synthesized using a chemical
Bimetallic nanoparticles reduction processes. The nano-partices were intended to be used in the colar absorber layer of thin film organic
Acceptors solar cell (TFOSC) to assist in improving optical abeorption and charge transport processes in polymers blend
Siamoes medium. The posite (Ag:Ca) iz expected to exhibit local surface plasmon resonance (LSPR) and far-field

Bulk-heterojunction

R Pl scattering from the interaction with the incident photons. The absorber layer of TFOSC, in this investigation, is

prepared from the mixture of poly-(3-hexylthiophene) (P3HT): [6,6]-phenyl C61 butyric acid methyl ester
(PC61BM). Devices were fabricated at various concentration of metal nano-particles in the solar abeorber layer,
as 1%, 3%, and 5% by weight, to be able to determine the optimum concentration of the dopant. Hence, the
experimental evidences clearly chowed that performance of the solar cell iz dependent on the concertation of the
metal nano-particles. Consequently, the power conversion efficiency (PCE) value has increased by 75% with a
remarkable improvement in device fill factor of 53.4% at an optimum doping level of 3%. The optical and
morphological properties of the synthesized nano-particles are well presented and discussed in terms of the data
collected using transmission and scanning electron microscopy (TEM & SEM) and other complimentary methods.

5.1 Abstract

Silver and Calcium (Ag/Ca) bi-metallic nanoparticles have been successfully synthesized using
chemical reduction processes. The nanoparticles were intended to be used in the solar absorber
layer of thin-film organic solar cells (TFOSC) to assist in improving optical absorption and
charge transport processes in a polymer blend medium. The nanocomposite (Ag/Ca) is
expected to exhibit localized surface plasmon resonance (LSPR) and far-field scattering from
the interaction with the incident photons. The absorber layer of TFOSC, in this investigation,
is prepared from the mixture of poly-(3-hexylthiophene) (P3HT)/[6,6]-phenyl C61 butyric acid
methyl ester (PC61BM). Devices were fabricated at various concentrations of metal
nanoparticles in the solar absorber layer, as 1%, 3%, and 5% by weight, to be able to determine

the optimum concentration of the dopant. Hence, the experimental evidence clearly showed
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that the solar cell’s performance depends on the concentration of the metal nanoparticles.
Consequently, the power conversion efficiency (PCE) value has increased by 75% with a
remarkable improvement in the device fill factor of 53.4% at an optimum doping level of 3%.
The optical and morphological properties of the synthesized nanoparticles are well presented
and discussed in terms of the data collected using transmission and scanning electron

microscopy (TEM & SEM) and other complementary methods.
5.2 Introduction

Conducting polymers have attracted tremendous attention in the last three decades because of
their potential application in flexible electronics. Thin-film organic solar cell (TFOSC) is one
of the highly sought for areas of application with the view to producing lightweight and flexible
solar panels. The introduction of bulk-heterojunction (BHJ) design in the preparation of
TFOSC resulted in the realization of the desirable high-performance polymer solar cells [1].
BHJ design of OSC offers an enhanced interfacial area for efficient charge separation and
collection [2,3]. The donor and acceptor molecules in the BHJ medium form an interpenetrating
network to facilitate the charge transport processes. However, the effectiveness of BHJ is
highly dependent on the film morphology of the absorber layer, which can be controlled by
solvent additive as well as post-device production annealing. The progress of fullerene-based
organic solar cells is limited by the narrow optical absorption band of the fullerene acceptor
molecules that hamper solar energy harvesting. Moreover, the optoelectronic properties of the
fullerene-based absorber film suffer from poor charge transport mobility, poor optical
absorption in the visible and near-infrared region of the PCBM, and low open-circuit voltage
(Voc) as well as poor device stability. These effects are often attributed to the deep-lying lowest
unoccupied molecular orbital (LUMO) levels of PCBM [4-6]. Plasmon metal nanoparticles
have been introduced in OSC research to improve photon harvesting and charge transport
processes in the medium [7-10]. Consequently, the incorporation of metallic nanoparticles in
the solar absorber layer, which is composed of a mixture of poly-(3-hexylthiophene) (P3HT)
and [6,6]-phenyl C61 butyric acid methyl ester (PC61BM), is expected to boost power
conversion efficiency (PCE) of the devices [11-16]. This is due to the occurrence of local
surface plasmonic resonance (LSPR) from the interaction of the incident light with the surface
electron plasma of the metal nanoparticles located in a dielectric medium. Near-field light
scattering by metal nanoparticles is also used as a mechanism to trap light in the polymer

medium.
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Furthermore, several metallic nanoparticles have been employed recently as a promising
mechanism to boost the high performance of TFOSCs devices [17-22]. Such metallic
nanoparticles are mostly prepared from novel metals such as gold (Au), copper (Cu), silver
(AQ), zinc (Zn), and nickel (Ni), respectively. The metal NPs play a significant role in photon
harvesting in TFOSCs polymer medium, which is advantageous for promoting exciton
dissociation and improving charge transport processes due to the occurrence of several
phenomena from the interaction with the incident radiation. The most popular metal
nanoparticles in OSC research are Au and Ag due to their strong influence in generating LSPR
and light scattering properties in the dielectric medium. In the light of this, Au exhibits a long-
range plasmonic effect, and it mainly depicts low light scattering ability. At the same time, Ag
nanoparticles display high light-scattering properties with the short-range LSPR effect [22, 23].
In the current investigations, Calcium (Ca) is used in the synthesis of Ag/Ca bimetallic
nanoparticles to exploit the optoelectronic properties of both metals for solar energy harvesting.
Calcium is a transition metal that possesses favorable optical and electrical properties and can
be used as a nanoparticle mechanism to augment photons harvesting and the charge transport
process, respectively [20]. Interestingly, the bimetallic nanoparticles are more favorable to
absorb photo-current than mono-metallic nanoparticles because the former has high light-
scattering and long-range LSPR effect in TFOSCs. Additionally, bimetallic nanoparticles are
promising to induce the LSPR effect in the solar absorber layer and produce a strong local
electromagnetic field (EMF), which induces light scattering that promotes trapping and assists
in the dissociation of excitons in the polymer medium [24-27]. The interaction of
electromagnetic radiation with metal nanoparticles in the polymer medium results in the
occurrence of several phenomena such as plasmonic light-scattering, dipole-dipole coupling,
plasmonic heating effect, hot-electron injection, and local electromagnetic field enhancement.
All these processes are depicted in the schematic diagram provided in figure 5.1. We
summarize each phenomenon briefly, and details can be found in the cited references.

Generally, the incident EMF can liberate an electron from metal, which is known as a hot
electron, and eject it into the semiconductor. The hot electron having enough momentum can
overcome the Schottky barrier produced within the metal nanocrystals and semiconductor
through direct contact; hence can be injected into the CB of the semiconductor (See figure
5.1D). Furthermore, the electric field component of the incident photon can induce dipole
moment in the metal by surface charge polarization that can store energy. This induced dipole
moment would oscillate at the frequency of the incident photons, which leads to resonance

absorption by way of surface plasmon resonance (SPR) (figure 5.1A). The formed metal dipole
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moment can also induce another dipole at the polymer-metal interfaces that create the so-called
dipole-dipole interaction between metal nanoparticles and neighboring semiconductors (figure
5.1B). The energy stored in the process can be transformed by way of phonon-electron
relaxation during the decay of LSPR produces a photo-thermal process, and then, the gained
energy of mobile carriers turns into heat [28]. This effect can probably occur during the non-
radiative decay process of LSPR (See figure 5.1C). Interestingly, the oscillating plasma
eventually dephases by way of energy transfer to the nearest molecules or compounds in the
form of heat (figure 5.1C). Finally, the interaction of EMF with surface electron plasma of the
metal can generate a local electromagnetic field in the vicinity of the metal that can cause near
field scattering (figure 5.1E). All these phenomena would assist in harvesting more photons

and exciton dissociation processes leading to the collection of more photocurrent.
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Figure 5.1: The mechanisms proposed for plasmonic assisted water splitting and
optoelectronics devices. Such mechanisms are (A) plasmonic light-scattering, (B) dipole-
dipole coupling, (C) plasmonic heating effect, (D) hot-electron injection, and (E) local
electromagnetic field enhancement. Reproduced with permission [29,30].

This article reports a considerable device performance improvement by employing newly
synthesized Ag/Ca as bimetallic nanocomposites in the solar absorber layer of P3HT/PCBM

based on TFOSCs. The solar cells were fabricated at various doping levels such as 1%, 3%,
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and 5% Ag/Ca by weight, which permitted the determination to display significant
improvement in terms of charge collection, which is beneficial in increasing power conversion
efficiency compared to pristine (undoped layer). Therefore, the achievable results from several
device structures are analyzed and presented in the appropriate section of this new article.

5.3 Experimental sections

5.3.1 Material

The chemical materials for synthesizing silver/calcium (Ag/Ca) as bimetallic nanocomposites
were obtained from a commercial source and used as received. Such chemical materials include
silver nitrate hexahydrate (> 99.5% AgNO3), calcium nitrate hexahydrate (> 99.9% Ca(NOs)..
H20), and sodium borohydride (> 99.98% NaBHa4) were purchased from Merck, Germany. The
polymer molecules, which include the poly-(3,4-ethylene dioxythiophene): poly-(styrene-
sulfonate) (PEDOT/PSS), Poly-(3-hexylthiophene) (P3HT), and [6,6]-phenyl-C61-butyric acid
methyl ester (PC61BM) 95% purity were procured from Ossila Co. Ltd. Uk. All the reagents
were rightfully used without any further purification as appropriately received.

5.3.2 Synthesis of Ag/Ca bimetallic nanocomposites

The synthesis of Ag/Ca bimetallic nanocomposites starts with preparing several chemical
solutions in 50 mL of deionized water solvent. The chemical solutes such as 40 mM of silver
nitrate, 20 mM of calcium nitrate, and 0.5 M of sodium borohydride, which acts as a reducing
agent, were dissolved in 50 mL of deionized water solvent in three separate clean flasks.
Subsequently, the solutions were successfully mixed up, starting with AgNOs followed by
dropwise adding (Ca(NO3)2. H.0O) and NaBHj4 solutions under stirring, which is beneficial to
process the needful substantial Ag/Ca bimetallic nanoparticles. The mixture was thoroughly
stirred for 3-4 h on a hot plate at a temperature of about 40 °C with a magnetic stirrer. At the
same time, the resultant suspension was further filtered and cleaned up with deionized water
several times to remove sodium ions. However, the resultant precipitate of Ag/Ca was dried
for 2 h at 80 °C in the vacuum oven to ensure functional bimetallic nanocomposites. After that,
the powder of Ag/Ca bimetallic nanoparticles was effectively characterized using ultraviolet-
visible (UV-Vis) absorption spectroscopy, transmission electron microscopy (TEM), scanning

electron microscopy (SEM), X-ray diffraction (XRD), and energy dispersion (EDX) analysis.
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5.3.3 Device fabrication of Ag/Ca bimetallic nanocomposites

The TFOSC devices were fabricated on indium tin oxide (ITO) coated glass substrates, which
were suitably cut to the size of 30 mm x 30 mm. The ITO-coated glass substrates were
successfully etched with acid solutions containing hydrochloric acid (HCI), hydrogen-2-oxide
(H20), and trioxonitrate-5-acid (HNOg3) at concentrations of 48%: 48%: 4% by volume to
remove part of ITO from the substrate. The substrates were cleaned with an ultrasonic cleaner
with different solutions, including deionized water, acetone, and isopropanol, for 10 min each.
The substrates were then dried up in an oven for 20 min at 120 °C before coating PEDOT/PSS
at the rate of 3500 rpm for one min (60 sec) and was further dehydrated in the oven for 20 min
at 120 °C under the ambient atmosphere. The solar absorber was prepared in chloroform solvent
at 20 g/mL of P3HT/PC61BM at the respective weight ratio of 1:1. Another solution was
further prepared by adding Ag/Ca bimetallic nanoparticles to P3HT/PC61BM solution at the
doping level of 1%, 3%, and 5% concentrations, respectively. In the light of this, the solutions
were later stirred on the hot plate with a magnetic stirrer for 3 h at the average temperature of
40 °C to ensure the effective miscibility of the molecules in the blend.

(@) (b)
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Figure 5.2: (a) The conventional device architecture of TFOSC and (b) the structure of the
components of the photoactive layer.

After that, the solutions of the active layer were successfully spin-coated on desiccated
PEDOT/PSS at the rate of 1200 rpm for 40 min. The respective samples were suitably annealed
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in the furnace under a nitrogen gas for 10 min at 120 °C and then transferred into the deposition
chamber. Finally, the electron transport layer (LiF) and aluminium electrodes were deposited
at the respective thicknesses of 0.5 nm and 100 nm using a vacuum Edward Auto 306
deposition unit at the appropriate pressure of 10° mbar. The samples were successfully
annealed at 120 °C in the furnace for 5 min under nitrogen gas. In the process, the current
density-voltage (J-V) characteristic was measured under ambient conditions using a computer-
interfaced Keithley (HP2420) source meter with AM 1.5 Global solar simulator (model
SS50AAA), which operates at a reasonable light intensity rate of 100 mW/cm?. However, the
Ag/Ca bimetallic photoactive films' optical absorption characteristics were examined
employing a UV-Vis absorption photo-spectrometer (T80-PG-Instrument limited). The
conventional device architecture, which consists of several layers of materials as provided in
figure 5.2, is given by GLASS/ITO/PEDOT/PSS/ACTIVE-LAYER/Ag/Ca/LIF/AL. The

devices have an effective area of given as 0.04 cm? or 4.0 mm?.
5.4. Result and discussion sections
5.4.1 Characterizations of Ag/Ca bimetallic nanoparticles

Surface morphology

The surface morphology and composition of silver/calcium (Ag/Ca) bimetallic
nanocomposites were satisfactorily probed using transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), respectively. The TEM, EDX, and SEM images are
taken from the powder form of Ag/Ca bimetallic nanoparticles, as presented in figure 5.3. As
reported in the literature, the bimetallic nanoparticles of Ag/Ca do exist at different structural
phases [31]. The TEM images presented in figure 5.3a and b exhibited a remarkable structure
pattern of the Ag/Ca bimetallic nanocomposites taken from the powder form. The particle sizes
range from 10 nm to about 50 nm. The TEM image in figure 5.3a demonstrated the crystal

fringes, which could probably be due to the medium's well-aligned crystalline structure. On the
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Figure 5.3: The desirable morphology of the synthesized Ag: Ca bimetallic nanoparticles; (a)
and (b) are TEM images at different magnifications, (c) Energy dispersion (EDX) analysis, and
(d) the SEM image of bimetallic nanoparticles with elemental mapping representing elements
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other hand, it was found that the measured lattice spacing matching to the actual value of d =
0.233 nm which is effectively attributed to the a-axis of the hexagonal closed packed (hcp) of
Ca single phase, while d = 0.240 nm could be probably accredited to Ag-doped with Ca hcp
structure. In contrast, the TEM image provided in figure 5.3b indicates the core-shell-like
structure of the bimetallic nanoparticles, in which Ag is a core and Ca appears to be the shell.
This is evident by the dominant greenish color on the surface of the SEM images in figure 5.3d
representing Ca on the surface. The elemental composition of bimetallic nanoparticles was
studied using energy dispersion (EDX) data provided in figure 5.3c, which revealed the
existence of characteristic peaks of silver, calcium, and a slight trace of oxygen content in the

medium. The existence of oxygen can probably be due to the background of the samples and
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possible partial oxidation of Ca because of the exposure to the ambient laboratory conditions.
However, the SEM image in figure 5.3d indicates the existence of several forms of clusters,
which appeared to be composed of the same interconnected bud-like structure of Ag/Ca
bimetallic nanoparticles. It can also be witnessed that the elemental mapping taken from the
same powder displayed the uniform distribution of elements of silver (Ag) and calcium (Ca) in
the medium. The domination of green colour representing the Ca element in is suggesting that

Ca is covering a shell in the Ag core.

5.4.2 X-ray diffraction study of Ag/Ca bimetallic nanoparticles

The Seifert X-ray diffractometer with Cu-Ko radiation (A = 1.5418 A) was used to probe the
powder sample of Ag/Ca bimetallic nanocomposites. The XRD pattern collected from Ag/Ca
bimetallic nanocomposites are present at the diffraction angles ranging from 30° to 85° as
shown in figure 5.4. The XRD pattern consists of distinct peaks near 38.2°, 44.5°, 65.5°, 78.5°,
and 82.5° respectively. These peaks can be attributed to diffraction from the crystal planes
(111), (200), (220), (311), and (222) of Ag/Ca bimetallic nanocomposites. Interestingly, the
corresponding peaks achieved are promising in confirming the crystalline structure of
synthesized Ag/Ca bimetallic nanoparticles, which is beneficial in promoting charge transport

and enhancing the device performance of thin-film organic solar cells.
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Figure 5.4: The X-ray diffraction pattern of Ag/Ca bimetallic nanocomposites.
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5.4.3 Optical properties of Ag/Ca bimetallic nanoparticles

The optical absorption properties of the solar absorber films are one of the main factors that
can determine the amount of photon-generated current in OSC devices. Nevertheless, the UV-
Vis measurements were successfully conducted from solar absorber layers for the
P3HT/PCBM blends with and without the addition of Ag/Ca nanoparticles, as provided in
figure 5.5a. The absorption spectra of the doped films incorporated with Ag/Ca bimetallic
nanocomposites displayed two desirable prominent peaks at the doping level of 1%, 3%, and
5%, respectively. The absorption peak centred around 512 nm is the absorbency of a P3HT/
PCBM blends as depicted in the pristine film. The new absorption bumps near 400 nm clearly
come from the incorporation of Ag/Ca in the absorber layers as it is evident in comparison to
the pristine counterparts (See figure 5.5a). The intensity of the optical absorption changes with
the concentration of the metal-nanoparticles in the medium, where the maximum intensity peak
is observed from 3% wt doping level of Ag/Ca in the absorber layer. However, as the
concentration increases to 5% then the intensity peak drops once again which is attributed to
the formation of high-level defect concentration in the absorber layer that has promoted charge
recombination. The high charge non-radiative charge recombination leads to the reduction of
the absorbance peaks. The existence of defects is evident by the measured high series resistance
from a solar cell with 5% doping level, which has resulted in lower device performances, i.e.,
low Jsc, FF, and PCE values. On the other hand, the best device performance recorded in this
investigation is from devices at a doping level of 3% that exhibited lower series resistance and
better photons harvesting, which are beneficial to boost the performance of thin-film organic
solar cells. The intensity of the absorbency generally increases with the doping level of 1%,
3%, and 5% of Ag/Ca in the film and a slight redshift is also visible on the vibrionic shoulder
of P3HT. On the other hand, the optical absorbance spectrum of synthesized Ag/Ca was also
taken from deionized water suspension, as provided in figure 5.5b. The broad absorption
spectrum observed in figure 5.5b is significantly situated at 400 nm. This is likely to be a band-
to-band transition of the Ag atom in the composite.
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Figure 5.5: (a) UV-Vis absorption spectra taken at a different doping level of Ag/Ca bimetallic
nanocomposites in absorber layers of TFOSC (b) the UV-Vis absorption spectrum of the Ag/Ca
bimetallic powder in water suspension.

However, the broad absorption band is a clear testimony of enhanced scattering processes in
the medium. It is to be noted that the plasmonic metallic nanocomposites in the solar absorber
of TFOSCs are promising in improving optical absorption through light scattering and
localized surface plasmonic resonance (LSPR) effects, which is beneficial to the light-
harvesting ability, as reported by recent studies [32,33]. Due to the influence of LSPR of Ag/Ca
bimetallic nanocomposites, optical absorption enhancement was effectively achieved in the

visible and near-infrared regions at different concentrations.

5.4.4 Device characterization doped with Ag/Ca nanoparticles

In this section, the electrical properties of P3BHT/PCBM blend-based thin-film organic solar
cells with and without Ag/Ca bimetallic nanocomposites were investigated. The current-
voltage (J-V) characteristics of the solar cells are presented in figure 5.6, which clearly shows
the concentration-dependent performance of the solar cells. The photocurrents measured from
the devices have been enhanced by the presence of the nanoparticles in the absorber layer
compared to the reference cells at the doping level of 1%, 3%, and 5%, which display
remarkable high device performance, as shown in figure 5.6 and Table 5.1, respectively.
According to the information derived from the J-V characteristic curves, the effects of Ag/Ca
bimetallic nanocomposites are evident in the photo-voltaic performance of TFOSC devices.
The results further indicate that the parameters, including open-circuit voltage (Voc), short-

circuit current (Jsc), power conversion efficiency (PCE), and fill factor (FF), attained at the
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respective doping level of 1%, 3%, and 5% of Ag/Ca nanoparticles are found to be higher than
that of pristine (undoped-layer). Considering this, the measured Jsc values enhance dramatically
from 8.7 mA/cm? for the pristine solar absorber to 11.3, 13.7, and 11.6 mA/cm? for the devices
doped with Ag/Ca bimetallic nanocomposites at concentrations of 1%, 3%, and 5%,

respectively.
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Figure 5.6: J-V characteristic of the solar cells fabricated using P3HT/PC61BM blend photo-
active layer containing Ag/Ca bimetallic nanocomposites at the respective doping level of 1%,
3%, and 5% concentrations.

Such enhancements partly originate from the reduction of the series resistance (Rs), as reported
by recent studies [9] that reduces charge recombination in the medium. The maximum PCE
recorded in the current investigation was 4.13%, which corresponds to a high Jsc of 13.7
mA/cm? at the doping level of 3% (See Table 5.1). Such changes in the device performance
are attributed to the occurrence of LSPR effects and light trapping through scattering, which
was effectively displayed on the UV-Vis optical absorption spectra, as provided in figure 5.5.
Recent studies have reported that the formation of a strong electromagnetic field (EMF) in the
vicinity of the metal NPs would also contribute to effective dissociations of excess excitons at

the metal-polymer interfaces.

97



Table 5.1: Photo-voltaic parameters observed for the devices with the best performance at the
doping level of 1%, 3%, and 5% concentrations of Ag/Ca bimetallic nanoparticles.

Ag: Ca Voc Jsc FF PCE Rs
(Wt%) V) (MA/cm?) (%) (%) (Qem?)
0% (Pristine) 0.51 8.7 36.7 1.99 395
1% 0.55 11.3 51.3 3.22 247
3% 0.57 13.7 53.4 4.13 134
5% 0.55 11.6 52.8 3.47 151

The local EMF produced by the metallic nanoparticles can probably promote the diffusion of
excitons and charge separation, which is beneficial in promoting the photocurrent [34,35]. In
general, the Ag/Ca bimetallic nanocomposites can play a vital role in enhancing the electrical

conductivity of the polymer medium and promoting charge carriers.
5.4.5 Charge transport properties analysis of Ag/Ca bimetallic nanoparticles

It is to be noted that the space charge limited current (SCLC) is an effective method used to
investigate the charge transport properties of the absorber medium of a solar cell device. The
SCLC data were taken under the dark conditions when the photon-induced charge generations
were suppressed, and traps were filled in the medium. The SCLC is a significant region where
the amount of current extracted can probably rely on the bulk properties of the solar absorber.
However, it has been reported that numerous efforts have led to the detection of very desirable
parameters of the charge transport properties in several semiconductor mediums, especially
zero charge mobility and field activation factors, respectively [36]. The measured SCLC data
is often compared to the Mott-Gurney law used to be able to determine the transport parameters.
However, we employed field-dependent charge transport mobility equation of the form:
w(E)=po exp-(yVE). Considering this, the SCLC can be explained by the Mott-Gurney law
coupled with the field-dependent mobility equation.
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where & in equation (5.1) shows the permittivity of free space, Lo exhibits the significant zero-
field mobility, € depicts the desirable relative dielectric permittivity of the material, L denotes
the suitable thickness of solar absorber, y displays the field activation factor, and V indicates
the voltage drop across the sample, and it can probably be rectified via the built-in voltage
(Vbi). Therefore, the experimental data were suitably fitted to theoretical equation (5.1), and it

was observed to be in good agreement with experimental data, as displayed in figure 5.7. It has

SEN—— ) can be attributed to

been reported that the field activation factor; y =B(k e
B Blo

temperature (T) dependence, while the constant parameters To and B can probably be

achievable due to the nature of the material [37].
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Figure 5.7: The space charge limited current data taken from solar cells fabricated with Ag/Ca
doped solar absorbers at the concentration of 1%, 3%, and 5%.

Moreover, the zero-field mobility and field activation factor derived from the analysis are
observed to be comparable with the expected values observed in the literature, as provided in

Table 5.2. The results further indicate that the zero-field mobility po values measured at the
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doping level of 1%, 3%, and 5% concentrations of Ag/Ca bimetallic nanoparticles are
effectively observed to be one order of magnitude much higher compared to the pristine device,
which displays the remarkable enhancement in their respective short-circuit current and fill
factor values. Considering this, the zero-field mobility obtained from the fit displayed those
values observed at the doping level of 3% and 5% concentrations of Ag/Ca bimetallic
nanoparticles are much higher than that of 1% concentration. This could be probably due to
low recombination in the devices with 3% and 5% concentrations, which is also evident in their
improved fill factors. However, the observed zero-field mobility values agree better with the
reduction of series resistance for devices with 3% and 5% concentrations. In general, it is a
clear indication of the effect of Ag/Ca bimetallic nanocomposites doped with solar absorbers
at different concentrations, which is beneficial in improving the charge transport properties and
enhancing the charge dissociation in thin-film organic solar cells.

Table 5.2: The charge carrier transport parameters of TFOSCs based on photo-active layer
doped with Ag/Ca bimetallic nanocomposites at the respective 1%, 3%, and 5% concentrations.

(P3HT:PCs1BM: Ag: Ca) Mo (Zero-field mobility) v (Field activation factor)

(Wt%0) (cm?StvY) (cmVY)

0% (Pristine) 469 x 10 -3.65 x 10
1% 1.87 x 10’3 -1.43 x 104
3% 3.66 x 107 -2.85 x 10
5% 1.98 x 1073 -1.54 x 10

5.5 Conclusion

The silver/calcium bimetallic nanocomposites were successfully synthesized and suitably
employed into P3HT/PC61BM solar absorber films with the view to improving energy
harvesting and charge transport processes in thin-film organic solar cells. The metal
nanoparticles were incorporated into the absorber layer at a concentration of 1%, 3%, and 5%
by weight, which displayed enhanced device performances compared to the undoped. This is
attributed to improved optical absorption and charge transport processes by the occurrence of
local surface plasmon resonance effect and far-field scattering assisted light trapping in the

medium. Consequently, the best device performance parameters measured in this investigation
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are PCE = 4.13%, Jsc = 13.7 mAcm?, Ve = 0.57 V, and FF = 53.4% at the doping level of 3%
by weight. Generally, all the solar cells doped with metal nanoparticles have exhibited
improved device performance compared to undoped devices. However, excessive use of the
NPs is unfavorable to the performance of solar cells as evidenced by the lower PCE of the
devices at 5% doping level. Finally, the use of bimetallic nhanocomposites has a significant
influence on the charge transport processes in TFOSC and reduces the recombination rate to
harvest more photocurrent. The Ag/Ca is environmentally stable and can be used for solution
processing of devices to produce low-cost and flexible solar panels.
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CHAPTER 6

Silver doped ZnS core-shell nanocomposites to promote photon harvesting in polymer
solar cells
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ARTICLEINFO ABSTRACT

Keywords: Silver doped zinec sulfide (ZnS:Ag) metal nanoparticles (NPz) were successfully synthesized and used az a dopant
Metal nanoparucies in thin-film organic solar cells (TFOSCs). Core-shell structured ZnS:Ag nano-particle is expected to improve
Charge transport . photon harvesting in solar absorber medium. Polymers blend composed of poly-{3-hexylthiophene) (P3HT):
Solar absorber madium

Photovoltaic [6,6]-phenyl C61 butyric acid methyl ester (PC61BM) were used as absorber medium with and without ZnS:Ag

Optical absorption metal NPz. The concentrations of the metal NPz were varied to investigate the effect of doping level in the
generation photocurrent. Significant device performances were recorded with chort-circuit current (J.) of 14.30
mAem J, fill factor (FF) of 52.63%, and PCE performance of 4.50% was achieved at 3% concentration by weight.
Such an improvement ic likely attributed to the presence of localized surface plasmonic resonance (LSPR) effect
at the metal/polymer interfaces, which plays an essential role in augmenting the charge transport processes and
augmenting the optical absorption. The rezults further indicate that PCE valuc ha: enhanced dramatically by
98% compared to the pristine reference cell. The finding of our investigation will be deliberated based on the
measured optoelectronic and morphological properties of newly synthesized ZnS:Ag metal NPs and device
performances.

6.1 Abstract

Silver-doped zinc sulfide (ZnS/Ag) metal nanoparticles (NPs) were successfully synthesized
and used as a dopant in thin-film organic solar cells (TFOSCs). Core-shell structured ZnS/Ag
nanoparticle is expected to improve photon harvesting in solar absorber medium. Polymers
blend composed of poly-(3-hexylthiophene) (P3HT): [6,6]-phenyl C61 butyric acid methyl
ester (PC61BM) was used as absorber medium with and without ZnS/Ag metal NPs. The
concentrations of the metal NPs were varied to investigate the effect of doping levels in the
generation of photocurrent. Significant device performances were recorded with short-circuit
current (Jsc) of 14.30 mAcm?, fill factor (FF) of 52.63%, and PCE performance of 4.50% was
achieved at 3% concentration by weight. Such an improvement is likely attributed to the

localized surface plasmonic resonance (LSPR) effect at the metal/polymer interfaces, which
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plays an essential role in augmenting the charge transport processes and optical absorption.
The results further indicate that the PCE value was enhanced dramatically by 98% compared
to the pristine reference cell. The findings of our investigation will be deliberated based on the
measured optoelectronic and morphological properties of newly synthesized ZnS/Ag metal

NPs and device performances.

6.2 Introduction

Polymer photovoltaic (PV) is a promising technology that can effectively use semiconducting
organic molecules as solar absorber layers in solar cells, which is beneficial in converting
photon energy into electricity for energy needs worldwide. Interestingly, the demand for more
renewable solar energy sources for electricity and electronic devices has led to polymer organic
photovoltaic attraction due to challenges arising from our continued reliance on fossil fuels.
The thin-film organic solar cells (TFOSCs) are solar cells fabricated from conducting organic
molecules, which are among the most promising solar cell technologies available today to
produce affordable and flexible solar panels. The TFOSCs have various advantages compared
to inorganic solar cells like amorphous silicon (a-Si) and Cadmium Telluride (CdTe). These
advantages include the lightweight, cheap device manufacturing cost, mechanical flexibility,
semitransparency, portability, and easy fabrication process through solution processing [1-8].
This investigation employs polymer blend composed of poly-(3-hexylthiophene) (P3HT)/
[6,6]-phenyl C61 butyric acid methyl ester (PC61BM). The certified recorded power
conversion efficiency (PCE) value of organic solar cells has exceeded 17%, which is beneficial
in harvesting much photon energy to boost the device performance in TFOSCs [9-12]. In
TFOSCs research, the main challenges are augmenting the PCE of the devices without
compromising the low-cost device fabrication and achieving a longer lifetime [13]. Several
solvent additives, metal nanostructured particles (NPs), and semiconductor oxides have been
employed to address the challenges of charge transport and collection processes in the polymer
medium. These approaches complement the improving conductivity of the medium, reducing
energy losses through the synthesis of low band gap conducting polymer and synchronizing
energy levels, which are desirable to promote the device performance in TFOSCs [14]. On the
other hand, the use of metallic NPs has attracted much attention in various research field such
as sensors, photocatalysis, and solar energy conversion that contribute to increasing the device
performance in TFOSCs [15,16]. The inclusion of metallic NPs in TFOSC improves the optical
absorption of the active layer and creates a better conducive environment for exciton

dissociation and charge transport process, which is favorable in reducing the high charge
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recombination and augmenting overall performance due to localized surface plasmonic
resonance (LSPR) effect [13, 17-19]. It is to be noted that some metal NPs have been used in
most of the functional layers of TFOSCs structures because of their effective excitation of
LSPR and their light scattering effect, respectively. These effects promote photon-to-electron
conversion efficiency. The LSPR effect of the metal NPs could produce a local electromagnetic
field in a polymer matrix, which expedites the respective generation and splits of excitons. In
contrast, light scattering by NPs can probably increase the optical path length that enhance light
trapping and generate more exciton [20-22].

In plasmonics, it is to be noted that metal NPs can effectively serve as plasmonic antennas,
which induce intense localized electric fields to desired locations with nanometer precision
[23]. Therefore, two types of effects exhibited by plasmonic excitations due to the electric field
component of the incident light with wave vector (K) are presented in figure 6.1. Process (A)
shows the occurrence of polarized charges on metal atoms that induce dipole moment when
the wavelength of the incident wave is much larger than the size the nanoparticles. The surface
electron could be displaced from the positive ions core by the action of the electric field of the
incident wave, which collectively oscillates in resonance with the frequency of the wave,
commonly referred to as the LSPR effect [23]. In the process (B), as provided in figure 6.1,
shows a one-dimensional nanowire, which is much longer than that of the wavelength of the
incident light. In this case, the light coupled to the nanostructure can excite the free electrons
to generate a propagating surface plasmon (PSP), which travels along the surface of the metal
nanostructure. Each phenomenon was recapitulated in brief, and many specifics could be
observed in the cited reference [23]. It is to be noted that the purpose for the existence of
plasmonic is the surface electron plasma of the metal NPs, which respond to the
electromagnetic field of incident light. Among the metals, silver (Ag) has played a vital role in
producing enhanced plasmons, making it one of highly desirable for several plasmonic
applications [23,24]. Metal NPs in the polymer blend medium can produce a strong local
electromagnetic field near the vicinity of the NPs, which is vital for exciton splitting and charge
carrier transport to boost the device performance in TFOSCs. Furthermore, it has been reported
that zinc sulfide (ZnS) NPs seem to be a stable transition metal sulfide that can be easily

synthesized using low-temperature colloidal chemistry [25].
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Figure 6.1: The two types of plasmonic nanostructure that shows possible plasmon excitations
by the electric field (Eo) component of the incident light with wave vector (K). Reproduced
with permission [23].

The ZnS NPs further indicate unique photoelectric properties, such as good
electroluminescence and photoluminescence, respectively [26]. More details about ZnS
semiconductor and their properties have been reported recently by Bredol et al. [27] and
Dlamini et al. [28]. In this current research, we are reporting the effect of silver-doped zinc
sulfide metal NPs as a dopant in the active layer of P3HT/PCBM at different concentrations by

weight to improve the overall device performance in TFOSCs.

6.3 Experimental and methods

6.3.1 Materials used

The zinc sulfide doped with a silver (ZnS/Ag) metal NPs were successfully synthesized using
the following chemical materials such as zinc nitrate hexahydrate (> 99.98% Zn(NO3)2 6H.0),
sodium sulfide nonahydrate ((NazS. 6H20), 98.0%), silver nitrate hexahydrate (> 99.5%
AgNOg), and Polyvinyl Pyrrolidone (PVP, (CéHoNO)n of molecular weight (MW) of 25000-
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30000), and such materials were bought from Merck, Germany. The Poly-(3-hexylthiophene)
(P3HT), and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), and poly-(3,4-ethylene
dioxythiophene): poly-(styrene-sulfonate) (PEDOT/PSS) were also bought from Ossila Co. Ltd
UK.

6.3.2 ZnS/Ag metal nanoparticles synthesis

The synthesis of ZnS/Ag metal NPs begun with the preparation of precursor solutions in 50
mL of deionized water. The solutes such as 0.5 M of Zn, 0.5 M of NazS, 0.2 M of Ag, and 3.0
g of PVP were dissolved in 50 mL of deionized water each in separate flasks. The solutions
were stirred at room temperature and mixed up one by one into the Zn solution in droplet form
under continuous stirring. The solution of the mixture was further stirred on a hot plate at an
average temperature of about 40 °C for 3 h to ensure better miscibility. The resultant suspension
was finally rinsed and filtered at different times using deionized water, which is beneficial to
get rid of sodium ions to ensure pure ZnS/Ag metal NPs and it was then further dried up at 70
°C for 2 h in the vacuum oven. The ZnS/Ag metal NPs were then characterized using a UV-
Vis absorption spectroscopy (T80-PG-Instrument limited), a transmission electron microscopy
(TEM), a scanning electron microscopy (SEM), an energy dispersing X-ray (EDX) analysis,
and X-ray diffraction (XRD).

6.3.3 ZnS/Ag metal nanoparticles device preparation

Conducting polymer blend-based solar cells were fabricated on Indium tin oxide (ITO) coated
glass substrates and doping the absorbers with ZnS/Ag NPs at different concentrations.
Initially, the substrates were etched with an acid solution consisting of HCI/H,O/HNO: at the
concentrations of 48%: 48%: 4% by volume. This is followed by thoroughly rinsing the
substrate up sequentially in detergent, deionized water, acetone, and isopropanol using
ultrasonic bath for 10 min each. They were then desiccated in the oven for 20 min at 120 °C
before spin coating the hole transport layer PEDOT/PSS at 3500 rpm for 60 s. In the process,
the hole transport layer (HTL) coated substrates were further annealed again in an oven for 20
min at 120 °C. The active layer was appropriately prepared in chloroform solvent from polymer
blend P3HT/PC61BM blend at 1:1 at a 20 mg/mL concentration. The other three active layer
solutions were separately prepared with the addition of 1%, 3%, and 5% concentrations of
ZnS/Ag NPs by weight into the P3HT/PC61BM pristine solution. Then, the solutions were
stirred on the hot plate at an average temperature of 40 °C for 3 h to ensure better dispersion of
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the ZnS/Ag metal NPs and miscibility of the molecules in the active layer blend. In the process,
the photoactive layer was then spin-coated on top of the HTL at the rate of 1200 rpm for 40
min and dehydrated in a furnace at 120 °C for 10 min under a nitrogen atmosphere before being
transported into the deposition chamber (Edward Auto 306 deposition unit) at a suitable
pressure of 10 mbar. Finally, the top electrode aluminium and electron transport layer (ETL)
was deposited on the solar absorber film with thicknesses of 80 nm and 0.5 nm (See figure 6.2).
Moreover, the solar cells were effectively characterized using a computer interfaced Keithley
HP2420 source meter and solar simulator (model SS50AAA), which operate at air mass of
about 1.5AM and 100 mW/cm?. Meanwhile, the ZnS/Ag photoactive films' optical absorption
characteristics were investigated using UV-Vis absorption spectra, which was attainable with

a photo-spectrometer (T80-PG-Instrument limited).
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Figure 6.2: (a) and (b) show the schematic diagram of the TFOSCs with the ZnS/Ag metal NPs
incorporated into the solar absorber medium.

6.4 Results and discussion

6.4.1 Morphology studies

In this section, transmission, and scanning electron microscopy (TEM and SEM) were used to
investigate the morphology and composition of the synthesized ZnS/Ag metal NPs. The images
provided in figure 6.3 were taken from the ZnS/Ag metal NPs powder form, which clearly

showed the nature of the nanoparticles.
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Figure 6.3: ZnS/Ag powder TEM images (a & b), (c) Energy Dispersive X-ray (EDX), and the
SEM image (d).

According to the literature, the metal NPs of ZnS/Ag can be found/incorporated in various
structural phases [29,30]. The TEM images provided in figure 6.3a and b display a core-shell
structure pattern of the silver doped ZnS with different sizes where ZnS as a core and Ag as a
shell. The sizes and shapes of the NPs play a vital role in promoting light-scattering processes
in the solar absorber medium, which improves the value of short-circuit current (Js) in
TFOSCs. The crystalline fringes were observed from the TEM image provided in figure 6.3a.
It indicates the existence of well-defined crystalline planes with a spacing of d = 0.707 nm,
which contributed to the a-axis of the ZnS hexagonal closed-packed (hcp) structure. The d
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=0.241 nm and d = 0.249 nm are attributed to Ag planes enveloping the ZnS core. This is a
clear indication of a predominantly green color on the surface of the SEM image, as provided
in figure 6.3d showing Ag on the surface. The domination of the green color signifying the Ag
element implies that Ag is covered as a shell in the ZnS core. Interestingly, the elemental
composition of ZnS/Ag NPs was investigated using energy dispersing X-ray (EDX) analysis,
as shown in figure 6.3c. It provided the presence of characteristic peaks of zinc, sulfur, silver,
and a slight trace of carbon, nitrogen, and oxygen, respectively. It is to be noted that the
presence of carbon, nitrogen, and oxygen is because of the partial oxidation of metal elements
due to exposure to an ambient environment. The SEM images presented in figure 6.3d
exhibited a well-defined formation of a metal NPs cluster-like structure in prolonged space,

indicating agglomeration.

6.4.2 X-ray diffraction

The X-ray diffraction (XRD) analysis examined from zinc sulfide doped with silver (ZnS/Ag)
metal NPs was effectively probed in terms of crystallographic structure. The diffraction pattern
was scanned from 10° to 90° at 28 values, which produced several prominent peaks as noted in
figure 6.4. The obtained X-ray diffraction pattern was successfully matched with standard
diffraction patterns JCPDS Card No. 231-0813 for ZnS [31], and JCPDS Card No. 900-8459
for Ag [32]. The ZnS composites exhibited a trigonal structure with cell parameters a = 3.82 A
and ¢ = 150.24 A and belong to space group R 3 m:H, while the Ag composite is a cubic
structure, belonging to space group F m -3 m, with cell parameter a = 4.0862 A. The average
crystallite size of the ZnS/Ag NPs were determined to be 16.1 nm using Debye-Scherer’s
equation as given below:

KA
" Bcosd’

(6.1)

Where k as provided in equation (6.1) indicates the Scherer constant (k = 0.89), A is the
wavelength of the X-ray (1.5405 A), B is the full width at half maximum (FWHM) of the
diffraction peak in radians, and 0 depicts the corresponding Bragg angle at the maximum peak
in degrees. The detailed of XRD analysis is summarized in Table 6.1, showing the numerous

lattice planes to which the various lattice reflections were matched.
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Figure 6.4: Powder XRD spectrum for ZnS/Ag metal NPs structural recognition.
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Table 6.1: The analysis of XRD of ZnS/Ag metal NPs.

Peak no 20 (°) hkl (ZnS) hkl (Ag) FWHM (B) D (nm)
1 27.06 10-5 - 0.30 26.96
2 27.88 10-14 - 0.34 23.81
3 31.56 10-29 - 0.48 17.01
4 33.10 1034 - 0.94 8.72
5 34.28 1037 - 0.70 11.74
6 38.08 1046 111 0.50 16.62
7 40.66 1052 - 0.52 16.11
8 44.24 1059 200 0.62 13.68
9 59.38 20-34 - 0.88 10.28
10 64.42 1094 220 0.56 16.58
11 77.36 3-122 311 0.60 16.77
12 81.36 3-143 222 0.72 14.39

6.4.3 Optical properties of ZnS/Ag metal nanoparticles

The amount of photon-generated current in the devices can be investigated using optical
absorption properties of the photoactive layer based on P3HT/PCBM. However, the optical
absorption characteristics of the several films were effectively probed using UV-Vis spectra,
as shown in figure 6.5a. The peak at 520 nm corresponds to the electronic excitation of the
P3HT in the blend upon photon absorption film. The absorption spectra of the doped films with
ZnS/Ag metal NPs depicted three suitable prominent peaks at 1%, 3%, and 5% concentrations.
The absorption spectra of the doped films incorporated demonstrated significant bumps ranging
from 400 to 450 nm and above 750 nm. It seems that the absorption spectra peaks are mostly
red shifted with respect to the pristine film (See figure 6.5a). This implies that the crystallinity
of the solar absorber medium was not disturbed by incorporating with ZnS/Ag metal NPs at

1%, 3%, and 5% concentrations by weight. The red shift observed is not only desirable but also
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seems as a promising in repositioning the absorption peak to a high intense emission spectrum

of solar radiation.
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Figure 6.5: (a) Absorption spectra of the solar devices prepared with ZnS/Ag metal NPs at
different concentrations (b) Absorption spectrum of the ZnS/Ag metal NPs suspension in
deionized water with energy band gap (inset).

The occurrence of the new absorbance peaks is attributed to ZnS/Ag in the film and a slight
redshift is also visible on the vibrionic shoulder located at 590 nm. Moreover, variations in the
intensity of the prominent absorption peaks are evident with the concentration of the metal
nanocomposites in absorber layers. The maximum absorbance peak was achieved at the
optimum 3% concentration of ZnS/Ag metal NPs in the photoactive layer. Nevertheless, as the
concentration enhances at the doping level of 5% by weight, the intensity peak decreases. This
can be probably due to high defect concentration in the solar absorber layer that has augmented
charge recombination. The decrease of absorbance peak at 5% doping level is due to non-
radiative recombination, which leads to high series resistance that diminishes the device
performance of FF, PCE, and Js, respectively. It is to be noted that the extensive absorption
band in the infrared regions is probably due to the dependence of the LSPR effect on the nature,
size, and shape of ZnS/Ag metal NPs in the medium, which is consistent with the distribution
of the particles observed from TEM morphology. However, the wide absorption band is
remarkable evidence in promoting light scattering processes and the LSPR effect in the
medium, which is beneficial in augmenting photon harvesting in TFOSCs [33-35]. Figure 6.5b
was recorded from the ZnS/Ag metal NPs powder in a deionized water suspension.
Consequently, a broad absorption spectrum was observed, ranging from 350 nm to 900 nm.
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The absorption peak ranging from 350 nm to 450 nm is associated with a band-to-band
transition of electrons in the Ag metal nanocomposites. On the other hand, the peak is probably
the presence of inter-band transition and transverse mode of the LSPR effect, which is

promising in enhancing the photon harvesting ability within the solar absorber layer.

Moreover, the energy bandgap of the nanocomposite (ZnS/Ag) is determined from the onset of
the optical absorption of the powder suspension, as provided in figure 6.5b (inset). One of the
most prominent mechanisms to investigate the energy band gap is Tauc’s plot, which can be

quantified using the equation
ahv = B(hv — Eg)". (6.2)

where a signifies the absorption coefficient, h represents the Planck constant, v exemplifies the
photon’s frequency, f denotes the constant, Eg is the energy gap, and n is the value depending
on the nature of the transition. Recent studies reported that the value of n is equal to half for
allowed direct transition and two for allowed indirect transition [36-37]. It is to be noted that
Eq can be observed from the intercept of the tangent line of the curve at (ahv)? = 0 in (ahv)
versus the hv plot. Consequently, the achievable direct energy bandgap of ZnS/Ag
nanoparticles is around 2.31 eV. Generally, the observation of improvement of optical
absorption above 750 nm at 1%, 3%, and 5% concentrations of ZnS/Ag metal NPs can probably
be attributed to the light trapping mechanisms via scattering. This can provide multiple
reflections of light within the solar absorber layer, leading to trapping and enhanced light-
harvesting performance in TFOSCs [35].

6.4.4 J-V characteristics of ZnS/Ag metal nanoparticles

The influence of ZnS/Ag metal nanoparticles on the performance of P3HT/PCBM based thin-
film organic solar cells (TFOSCs) was studied using the measured current-voltage
characteristics (J-V) of the devices. Fig. 6.6 represents J-V characteristics of TFOSC devices
at different concentrations of ZnS/Ag nanoparticles in the photoactive layer. The data were
taken under illumination with 100 mW/cm? in the ambient environment. The respective
photovoltaic device parameters are summarized in Table 6.2. According to the results obtained
on the photovoltaic parameters, the open-circuit voltage (Voc) value displayed minor changes
ranging from 0.55 as pristine to 0.55, 0.53, and 0.56 volts for doping levels 1%, 3%, and 5%,
respectively. A slight increment on Vo was observed in pristine compared to 3% concentration

of ZnS/Ag metal nanoparticles, as provided in Table 6.2, but it suffers from a low short-circuit
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current (Jsc), which resulted in relatively poor device performance. This could be the influence

of the nanoparticles on the energy band structure of the active layer and electrodes.

T T l T
01— 9 0% 9 1%
—@-3% @ 5%
< |
[ &)
g
- .5- -
2
‘®
c
m B E
o
5 4"’”
o P
E-101 o9 o .
5 -
O o219 ? e
| o2 o |
-y
I""G .
I'"’fgr-
-15 T T T v T ’ T ¥ T ’ T v T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Volts

Figure 6.6: J-V characteristics of the devices produced as reference and ZnS/Ag metal NPs
doped solar cells.

Moreover, the Jsc achieved at 1% (13.77 mAcm?), 3% (14.30 mAcm2), and 5% (12.22 mAcm’
%) concentrations are much higher than that of pristine value (10.31 mAcm). The results
further indicate that incorporating ZnS/Ag metal nanoparticles in photoactive layer enhances
of the device Jsc and fill factor (FF), respectively. However, the Jsc improvements at 1%, 3%,
and 5% concentrations are probably attributed to enhanced charge transport processes and
augmenting the optical absorbance. Such improvements are probably due to the reduction of
the series resistance (Rs), as reported recently by researchers [38] that decreases charge
recombination in the medium, which is promising not only to improve the electrical

conductivity of the polymer medium but also to augment the charge carriers.
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Table 6.2: The J-V parameters of TFOSCs for the reference and the doped photoactive medium.

ZnS/Ag Voc Jsc FF PCE Rs
(Wt%o) (V) (mA/cm?) (%) (%) (Qem?)
0% (Pristine) 0.55 10.31 39.43 2.14 827
1% 0.55 13.77 45.54 3.49 390
3% 0.53 14.30 52.63 4.50 149
5% 0.56 12.22 43.98 3.15 630

Recent studies have reported that the charge carrier mobility imbalance in P3HT/PCBM
TFOSCs can negatively affect their device performance [39]. Interestingly, the improvement
of Jsc and FF achieved, in the current experiment, suggests that incorporating ZnS/Ag metal
nanoparticles at the doping level of 1%, 3%, and 5% assisted in enhancing the charge carrier
mobility imbalance between the electron and hole mobility. The results further indicate that the
achievable power conversion efficiency (PCE) of devices with ZnS/Ag improve dramatically
from 2.14% as pristine to 3.49%, 4.50%, and 3.15% for 1%, 3%, and 5% concentrations,
respectively. This is a significant improvement for devices fabricated under an ambient
environment without using the glove box filled with inert gases. Nevertheless, the highest J,
FF, and PCE were observed from the solar cells at 3% concentration of ZnS/Ag metal NPs (see
Table 6.2). Interestingly, the performance of PCE had improved by 98% with an augmentation
in device FF to 52.63% at 3% concentration. Such enhancements on the device performance
probably contributed to boosting the Jsc and low series resistances in the devices. It is to be
noted that the low series resistance and a consequential leakage current are promising in leading
to non-generation recombination and augmenting the charge transport mobility. Furthermore,
it has been reported that incorporating metal nanoparticles in the solar absorber layer leads to
enhanced performance and gives rise to the boosted structural stability of the blend [40].
However, the performance improvement can probably be attributed to the augmentation of the

solar absorber morphology due to the existence of metal nanoparticles in TFOSCs.
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6.4.5 Charge carrier transport of ZnS/Ag metal nanoparticles

The charge transport characteristics of the devices was effectively probed using the space
charge limited current (SCLC), and it was taken under dark conditions. Figure 6.7b shows the
measured J-V data under dark conditions. The dark current sharply increases above the Ohmic
region and gets to a steady-state condition as it approaches to SCLC where most traps filled.
This is the necessary condition to investigate the property of charge transport in polymer
medium. It is to be noted that the examined SCLC data is compared to the Mott-Gurney law
which is promises to determining the transport parameters. However, it has been reported that
the SCLC data is fitted [41] with an equation-based Mott-Gurney’s model law and field-
dependent mobility equation.

9 v? v
J = 5 E€olo T3 €XP <O.89y\/;>. (6.3)

Where € and &, as provided in equation (6.3) exhibit the suitable relative dielectric permittivity
of the polymer medium and free space. o is a zero-field mobility, L demonstrates the active
layer thickness, y represents the field activation factor, and V indicates the applied voltage

across the device, which could be corrected through the built-in potential voltage (Vi) as stated

by recent studies [19, 42-43]. The field activation factor y = B (i— ! ) is reliant on

kgT kgTy
temperature (T), while the constant parameters To and B could probably be relied on the nature
of the material [38].
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Figure 6.7: (a) The SCLC curve of devices fabricated with ZnS/Ag at different concentrations
and (b) J-V measured under dark conditions.
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According to the results presented in Table 6.3, it was found that the measured SCLC data were
fitted with equation (6.3), which are well in agreement between the experiment and the
prediction of Mott-Gurney’s law. The experimental data further agreed significantly with the
model, as provided in figure 6.7a.

Table 6.3: The charge transport parameters found from new organic solar cell devices
fabricated with ZnS/Ag metal NPs.

P3HT/PCe:BM Mo Y
ZnS/Ag (wWt%o) (cm?StvY) (cmVY)
0.0% 5.15 x 10° -4.04 x 10°
1% 1.07 x 103 -3.67 x 10°
3% 1.11x 103 -3.55x10°
5% 1.05 x 103 -3.49 x 10°

It was also observed that the respective zero-field mobility (Lo) and the field activation factor
(y) derived from the analysis are in good agreement with the literature, as provided in Table
6.3. Recent studies reported that the negative values observed at the field activation factor
propose that the mobility decreases at the high applied electric field in the polymer medium
[38]. As displayed in Table 6.3, the zero-field mobility values of the devices with ZnS/Ag at
1%, 3%, and 5% by weight are two orders of magnitude higher than that of pristine TFOSC
due to desirable enhancement in their Jsc values. This observation probably be attributed to the
fact that the germination recombination in the devices was effectively reduced due to enhanced
miscibility and crystallinity of the ZnS/Ag metal nanoparticles doped with solar absorber layer,
which is clear evidence in their improved FF and the promotion of charge dissociation in
TFOSCs.

6.5 Conclusion

In conclusion, ZnS/Ag metal nanoparticles were successfully synthesized using wet chemistry
procedures. The nanoparticles were used in the photoactive layer of TFOSCs at various doping
levels of 1%, 3%, and 5% by weight. It was found that all the devices fabricated with ZnS/Ag

at different concentrations have shown a significant device performance improvement
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compared to that of pristine material. Such an improvement due to the presence of metal
nanoparticles is attributed to the existence of LSPR effect and light scattering phenomena,
which are beneficial in assisting photon harvesting by solar absorber layer of TFOSC. The best
performance recorded in this work was at 3% concentration by weight, which resulted in a
maximum Jsc of 14.30 mA/cm? with the highest FF of 52.63% and PCE value of 4.50%. Finally,
the ZnS/Ag metal nanoparticles are stable and suitable for roll-to-roll printing device

fabrication, which is aimed at producing solar cells at low cost.
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CHAPTER 7

The impact of Ag/Co nanocomposite on organic charge transport medium for improved
photocurrent in polymer solar cell
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7.1 Abstracts

Tuning charge transport properties using silver-cobalt bimetallic nanoparticles is investigated
to enhance the collection of photo-current in polymer solar cells. The silver-cobalt
nanoparticles were not only augmenting the charge transport processes but also expected to
trap light by way of reflection. The polymers blend consisting of poly-(3-hexylthiophene)
(P3HT): [6,6]-phenyl C61 butyric acid methyl ester (PC61BM) is used in the fabrication of
polymer solar cells. The experimental results indicated that the solar cell’s performance

depended on the concentration of Ag/Co in the hole transport layer (HTL). Nevertheless, the
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high-power conversion efficiency value of up to 4.21% was observed, at the concentration of
0.1% by weight, which is much higher than pristine solar cells due to improved measured
photocurrents from the devices. This is a significant improvement in PCE by 66.4% compared
to the undoped transport medium. Ag/Co nanocomposite is found to be more stable under

ambient laboratory conditions.

7.2 Introduction

The thin-film organic solar cells (TFOSCs) have attracted a lot of research attention as a
potential source of green energy due to their many advantages of low cost, lightweight,
mechanical flexibility, cheap device fabrication, and portability over inorganic counterparts [1-
8]. TFOSCs can be fabricated using solution processing techniques, which are generally easy
to scale up, for mass production using roll to roll printing method. This makes them a promising
alternative to inorganic solar cells, which are more expensive and produce environmentally
hazardous chemicals from device processing. The advantages of TFOSCs have led to a lot of
research and development in this field, and the efficiency has increased significantly in recent
years. The power conversion efficiency (PCE) of polymer solar cells has increased dramatically
by well over 19% with the introduction of small acceptor molecules [9-10]. This is a significant
milestone, as it makes them competitive with other types of solar cells. With continued research
and development, it is possible that even higher PCE values could be achieved, making
TFOSCs an even more promising source of green energy for the future. The development of
highly efficient and stable TFOSCs has been the subject of intense research over the years. One
approach to achieving this goal solution processes TFOSCs, which has led to significant
achievements in synthesizing conducting polymer molecules and designing various device
structures. One important factor that impacts device performance is the thickness of the solar
absorber. To effectively capture all the incident photons, it is important to minimize the
thickness of the polymer layer without compromising efficiency [11]. Despite this, recent
research has demonstrated that the thickness of the photoactive layer in TFOSCs can be
reduced to as little as 150-200 nm [11-12]. The inadequate charge generation and collection in
TFOSCs are likely due to low optical absorption of the absorber layer, which has been partially
eased via the use of plasmon metal nanoparticles (NPs), reflective surfaces, etc. On the other
hand, interfacial buffer layers between the solar absorber medium and electrodes have gained
popularity as a promising technique to improve the charge carrier transport process and boost
device performance [8]. Despite the availability of alternative materials, the Poly (3,4-ethylene
dioxythiophene): Polystyrene-para-sulfonic acid (PEDOT/PSS) remains unrivaled as the
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preeminent hole transport layer (HTL) in the conventional architecture of TFOSCs. Its unique
properties facilitate the efficient transportation and collection of holes from the solar absorber
to the anode electrode. Over the last two decades, PEDOT/PSS has captured significant
research interest due to its impressive characteristics. Its high work function of approximately
5.2 eV, along with its smooth morphology, exceptional electrical conductivity, and high optical
transmittance of more than 85%, have been found to effectively decrease the roughness of
indium tin oxide (ITO) electrodes, thereby boosting the performance of TFOSCs. PEDOT/PSS,
despite its observed benefits, remains a technical challenge in device fabrication due to its
interaction with the underlying hydrophobic solar absorber. The hydrophilic nature of
PEDOT/PSS can lead to severe wettability upon contact, which has been noted in previous
studies [13-14]. In a recent publication, Fang, Jeng, Lim, et al. (2012) [15] revealed that
discarding PEDOT/PSS as the hole transport layer (HTL) is not a viable solution to rectify the
malfunction, as doing so can leave the solar absorber vulnerable to moisture and oxygen,

ultimately compromising the device's performance in thin-film organic solar cells (TFOSCs).

Furthermore, as per recent research, the lack of an optimal hole transport layer (HTL) could
result in inadequate device output during fabrication and even instigate device instability in
TFOSCs [16]. To overcome the limitation of PEDOT/PSS, a variety of techniques have been
explored to enhance the performance of TFOSCs [17-20]. Among these methods, thermal
annealing, solvent additives, and the incorporation of metal NPs have emerged as the most
promising strategies. The substitution of PEDOT/PSS with metal NPs as the HTL during
device fabrication has emerged as a focal point in research, achieving significant attention. This
novel approach offers multiple benefits, such as enhanced light absorption and improved device
performance in TFOSCs [21-22]. One cannot overlook the fact that the localized surface
plasmonic resonance (LSPR) and surface plasmonic resonance (SPR) owe their existence to
the significant interplay between the electromagnetic (EM) field of the incident photon and the
surface electron plasma of the metal nanocomposites [23]. The potential impact of LSPR and
SPR may vary based on the size and geometry of metal nanoparticles (NPs). It is to be noted
that the resonance condition can be fascinatingly observed when the frequency of light aligns
with the frequency of oscillating electrons, commonly referred to as LSPR, in the context of
nano-sized structures. Mathematically, the plasmon energy in a free electron model can be
explained, as depicted in equation [24]

E,=h /:liz = ha,, (7.1)
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Where n is the number free electrons per a unit volume, e is the charge of elementary, m is the
mass of an electron, €, indicates the permittivity of free space, h is the ratio of Planck constant
to 2n (h/2m), and w,, is the bulk plasmon frequency. The Drude model has revealed that metals
with low inter-band absorption have relatively high conductivities with a small imaginary part
of the dielectric constant. This is evident in the response of damped, free electrons under the

influence of a frequency to an applied electromagnetic field, as shown in equation [24]

Wp

g (w)=1-

(7.2)

w2+iyw’

Where t =% denotes the relaxation time and w is the angular frequency of an applied

electromagnetic field. When metallic nanoparticles have diameters smaller than the wavelength
of light, they can be effectively characterized by a point dipole model, which accurately
predicts their absorption and scattering behavior in response to the electromagnetic field.

Mathematically, the scattering and absorption cross-sections are provided in equation [25].

Cscat = £(27ﬂ)4 |a|2; Caps = (Zl_n)lmlal- (7.3)

On this note, the a can be quantified using the equation.

w% gp/gm—l
a=3V——2 =3V . (7.4)

2 _ 2 ep
wWp 3w =iyw /€m+1

Where a represents the polarizability of the particle, V is the particle volume, ¢, is the dielectric

function of the particle and &, is the dielectric function of the embedding medium. Moreover,
it is to be noted that the interaction of electromagnetic radiation with metal nanocomposites in
polymer solar cells caused by the occurrence of various phenomena such as far-field scattering,
near-field coupling, hot-electron transfer, plasmon resonant energy transfer and the remarkable
processes are explained, as provided in figure 7.1. Each phenomenon is well summarized in

brief, but enough details can be observed from the cited references.
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Figure 7.1: The excitation of the LSPR effect and different energy transfer mechanisms
responsible for plasmon-driven performance augmentation. Reproduced by permission from
(Willian et al., 2016) [26].

It is to be noted that the energy transfer mechanisms, which are accountable for plasmon-driven
performance improvement can be split into two categories namely radiative and nonradiative
[26,27].

In the radiative process, the energy can be transferred to an adjacent semiconductor via far-
field scattering (See figure 7.1a) and near-field coupling (See figure 7.1b). In the far-field
scattering, the nano-plasmonic geometry gets activated upon excitation and radiates its energy
as a secondary source, which is known as the light scattering process. On the other hand, near-
field light confinement, which is referred to as optical coupling is responsible for absorption
augmentation in the metal-semiconductor nanoparticles. These energy transfers can play a vital
role in providing light absorption for the adjacent environment. However, these phenomena are
not only directly responsible for photocurrent increase, but they also provide conditions in
which photoactive material generates many hole and electron carriers, respectively.
Interestingly, one of the mechanisms responsible for nonradiative energy transfer is hot

electron injection, as provided in figure 7.1c. In the process of the excitation of plasmonic
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metal, the LSPR gets excited and nonradiative decay of the LSPR effect can be beneficial in
generating hot carriers. Plasmon-induced resonance energy transfer (PIRET), as depicted in
figure 7.1d, constitutes an alternative mechanism accountable for the nonradiative energy
transfer of hot electrons. As the surface plasmons decay, they generate a transient exciton
through dipole-dipole interactions, which in turn directly induces the formation of electron-
hole pairs in the semiconductor. It is worth noting that the integration of metal nanoparticles
within hole transport layers has proven to be advantageous in enhancing the device’s overall
functionality by means of the LSPR effect and light-scattering, as stated in reference [28]. The
utilization of prominent synthesized metal NPs, such as silver (Ag), copper (Cu), nickel (Ni),
zinc (Zn), and gold (Au), has been predominantly limited to mono-metal NPs, which are
competent at capturing incident photons through the LSPR effect. However, the emergence of
bimetallic nanoparticles (BMNPs), composed of two distinct elements, presents a unique
opportunity to achieve optimal photonic device properties compared to their mono-metallic NP
counterparts [23, 29-33]. Likewise, the optoelectronic properties of BMNPs in TFOSCs
outshine that of their mono-metallic counterparts, due to their impressive light-scattering
capabilities and far-reaching LSPR effects. In this novel investigation, the crown jewel of metal
NPs in TFOSCs is silver (Ag), which has impressive LSPR effect and light-scattering
properties in the dielectric medium, to be reckoned with for enhanced photons harvesting. To
harness the potential of the NPs, the synthesis of Ag/Co BMNPs is carried out, where cobalt
(Co) is introduced to exploit the optoelectronic properties of both metals in TFOSCs [30, 34].
Nevertheless, Co may have functioned as a transitional metal, encompassing not just desirable
optical characteristics but also electrical traits to enhance both charge transfer mechanisms and
the absorption of incident photons in TFOSCs. Within this piece of article, we have
accomplished the successful synthesis and characterization of bimetallic silver-cobalt (Ag/Co)
NPs, which were subsequently implemented at various locations within the device architecture.
The strategic use of these NPs facilitated a considerable enhancement in the hole transport
process of TFOSCs, and furthermore, we are reporting for the first time the direct influence of
Ag/Co on the performance of TFOSCs. Presumably utilized at distinct strata within the device
architecture, the Ag/Co BMNPs functioned as a solar absorber, a dopant within the HTL, and
a co-buffer layer, synergistically enhancing charge transport to effectively boost the
performance of the TFOSC.
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7.3 Experimental

7.3.1 Materials

In this latest investigation, every chemical element utilized as a foundation for TFOSCs was
procured from commercial sources and used as received, except for the production of cobalt-
doped silver (Ag/Co) BMNPs. The polymer molecules, including poly-(3,4-ethylene
dioxythiophene): poly-(styrene-sulfonate) (PEDOT/PSS), Poly-(3-hexylthiophene) (P3HT),
and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) with a purity of 95%, were acquired
from Ossila Co. Ltd. based in the United Kingdom. Meanwhile, Sigma-Aldrich supplied the
ingredients for this experiment in the form of silver nitrate hexahydrate (> 99.5% AgNO:3),
sodium borohydride (> 99.98% NaBHy,), chloroform, and cobalt nitrate hexahydrate (> 98%
Co(NOz3)2). To initiate the device fabrication process, the un-patterned indium tin oxide (ITO)
coated glass with a sheet resistance of roughly 15 Q/sq underwent a partial etching. Afterward,
the substrates underwent a thorough purification process, undergoing a sequence of ultrasonic
cleansing utilizing a range of solutions including detergent, distilled water, acetone, and
isopropanol for a duration of 10 min per solution to rid them of any stubborn impurities. To
eliminate any lingering moisture, the samples were then subjected to annealing in an oven, for
30 min of baking at 100 °C. During the procedure, the Ag/Co BMNPs powder underwent a
successful integration into the PEDOT/PSS aqueous solution through varying weight ratios of
0.05%, 0.1%, and 0.15% while maintaining a constant weight of PEDOT/PSS. To guarantee
optimal miscibility of Ag/Co BMNPs within PEDOT/PSS, the amalgamated solution was
vigorously stirred for an extended period (10 hours). The combination of Ag/Co/PEDOT/PSS
solution was deposited onto ITO-coated glass substrates by spin coating at 3500 rpm for one
minute. The resulting film was then dried in an oven at 100 °C for 20 min, producing the
expected hole transport film. The photo-active layers of TFOSCs were prepared from P3HT/
PC61BM mixture at the ratio of 1:1 by weight and dissolved in a chloroform solvent. The
binary polymer blend solution was maintained at the 20 mg/ml concentration. The solution is
then sonicated for three hours and stirred at 40 °C, to achieve desirable miscibility within the
blend. Following this progression, the solution of the solar absorber was spin-coated onto a
desiccated Ag/Co/PEDOT/PSS substrate at 1200 rpm for a duration of 40 minutes. Following
heat treatment of the films in nitrogen atmosphere for 10 min at 120 °C, the individual samples
underwent a metamorphic process. Finally, thin buffer layer consisting of (LiF) and Al

electrodes are deposited on the photo-active layers at unique thicknesses of 0.5 nm and 90 nm,
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respectively. The deposition was carried out using Edward Auto 306 deposition unit, operating
at an optimal pressure of 10® mbar. The devices with the structure
GLASS/ITO/PEDOT/PSS+Ag/Co/ACTIVE-LAYER/LIF/AL were transferred into the
furnace and successfully annealed at 120 °C for 5 minutes under nitrogen gas. A schematic

diagram of this device structure can be seen in figure7. 2.

(a)

PEDOT:PSS

— ITO PEDOT:PSS+Ag:Co
GLASS
Light

Figure 7.2: (a) The conventional architecture of TFOSC and (b) the structure of the components
of the solar absorber layer.

7.3.2 Synthesis and characterization of Ag/Co bimetallic nanoparticles

The chemical reduction method was employed in the synthesis of Ag/Co BMNPs. The required
chemicals were 40 mM of silver nitrate and 20 mM of cobalt nitrate and 0.1 M of sodium
borohydride used as the reducing agent in the aqueous solution. Two separate solutions were
prepared from 40 mM of Ag(NOz)2, and 20 mM of Co(NO3)2, respectively, in 25 ml of distilled
water and each containing 0.1 M of NaBHs. The solutions underwent a productive agitation at
ambient temperature and were safely amalgamated through a meticulous dropwise addition
technique while the mixture was stirred continuously. After three hours of stirring on a hot
plate at 40 °C, the amalgam needed some purification. The mixture underwent filtration and
was thoroughly rinsed with distilled water to extract any lingering sodium ions. The end result

was a suspension that was devoid of any unwanted particles. The Ag/Co BMNPs precipitate
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was then left to dry for two hours in a vacuum oven set to 70 °C. This ensured the amalgam
would be free of moisture, making it a highly desirable product. Eventually, the Ag/Co BMNPs
powder underwent comprehensive optical and morphological characterization, using
ultraviolet-visible (UV-Vis) absorption spectroscopy, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy dispersive analysis (EDX), X-ray
diffraction (XRD), Photoluminescence (PL), and Fourier transform infrared region (FTIR)

analysis.
7.4 Results and discussion sections
7.4.1 Particle morphologies

The surface morphology and structure of silver-doped with cobalt (Ag/Co) BMNPs were
appropriately investigated through the utilization of transmission electron microscopy (TEM)
and scanning electron microscopy (SEM), respectively. Figure 7.3a and 7.3b show TEM
images of the Ag/Co BMNPs, revealing the sizes of the NPs ranging from 5 nm to 50 nm.
These particle sizes are much more suitable for enhancing the light-scattering process in a solar
absorber layer. Notably, the lattice spacing as investigated from the measured fringes was
measured to be 0.236 nm (See figure 7.3b), which was attributed to the existence of well
aligned crystalline structure in the medium. The TEM images as provided in figure 7.3a, and b
indicate that the Ag/Co BMNPs appeared to be composed of several sizes of disc-like and
spherical-like geometrical objects distributed on the background of sheet-like structures. These
TEM images affirm the presence of a core-shell configuration composed of Ag-doped Co at
diverse sizes and shapes, in which Ag serves as the nucleus and Co as the shell. The hexagonal
closed-packed (hcp) structure of the Ag/Co BMNPs phase appears to play a key role in this
phenomenon, most likely through the orientation of the a-axis. Figure 7.3c displays the energy-
dispersive X-ray (EDX) results, which enabled us to gain valuable insights into the elemental
composition of Ag/Co BMNPs. The presence of silver and cobalt is clearly demonstrated by
the measured peaks, which stand out amidst a total absence of oxygen or carbon. This indicates
that the metal elements have not undergone even partial oxidation because of exposure to

ambient conditions.
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Figure 7.3: The remarkable morphology of the synthesized Ag/Co metal NPs; (a) and (b) are
TEM images at different magnifications, (c) the energy dispersive X-ray (EDX) results, and

(d) the SEM image of metal NPs with elemental mapping signifying elements #a Ag & Co.

The SEM image, illustrated in figure 7.3d, depicts a silver and cobalt composition with a
uniform distribution of elements in the medium. The red color corresponds to cobalt, while the
light blue color represents silver, suggesting that cobalt is enveloped as a shell on the silver
core. Recent literature [34, 35-36] confirms the existence of various structural phases of Ag/Co
BMNPs.
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7.4.2 XRD analysis of Ag/Co BMNPs

The synthesized Ag/Co BMNPs powder was characterized for both its optical and
morphological properties. Notably, the compound's XRD pattern, depicted in figure 7.4,
diffraction peaks exhibited by the Ag/Co BMNPs powder.
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Figure 7.4: X-ray diffraction pattern for Ag/Co BMNPs.

The diffraction patterns were found to match exceptionally well with JCPDS Card number 150-
9146 for Ag [37] and JCPDS Card number 901-2949 for Co. However, Ag exhibited a
significant cubic structure with a cell parameter of a = 4.0710 A and an F M -3 M space group.
The Co possesses a cubic structure, which belongs to the F M -3 M space group and has a cell
parameter of a = 3.5441 A. The diffractogram of the Ag/Co BMNPs produced five peaks at 2-
theta values of 38.5°, 44.5°, 65°, 78°, and 82°, which correspond to beams reflected from the (1
11),(200;111),(220),(311;220),and (2 2 2) planes of the cubic space. The average
size of the Ag/Co BMNPs was found to be 25.90 nm, as determined by the Debye-Scherrer

equation.
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— 0.891 (75)

Dsize Bcosé’

where A (1.5405 A) depicts the X-ray wavelength, beta (B) is the full width at half maximum
(FWHM) in radians, and theta (0) is the Bragg angle at the maximum peak in degrees.

Table 7.1: The analysis of XRD of Ag/Co BMNPs.

Peak no 20 (°) hkl (Ag) hkl (Co) FWHM () D (nm)
1 38.38 111 0.32 25.99
2 44.50 200 111 0.38 22.34
3 64.68 220 0.38 24.47
4 77.60 311 220 0.52 19.39
5 81.68 222 --- 0.28 37.09

7.4.3 Optical properties of Ag/Co BMNPs interfacial layer

The optical absorption properties of the hole transport layers were studied using UV-Vis
spectra taken at room temperature and different doping levels of Ag/Co in HTL. Figure 7.5a
exhibits the attractively derived spectra of the ITO/PEDOT/PSS-Ag/Co/P3HT/PCBMI/LIF/AI
films with varied concentrations of Ag/Co BMNPs in HTL. Similarly, figure 7.5b is the
absorption spectrum of Ag/Co BMNPs in deionized water suspension, which displays an
extended absorbency due to large scattering and electron band transitions. Consequently, the
fingerprint of the presence of Ag/Co in HTL is clearly visible in figure 7.5a by absorbance peak
spanning from 350 nm to 480 nm. These absorption peaks, observed within the UV region, are
a consequence of the band-to-band transition in the Ag/Co nanocomposites. In addition, the
optical absorption pattern of the pristine film, depicted in figure 7.5a, displays a distinct peak
at 518 nm. Nevertheless, the PEDOT/PSS film infused with Ag/Co BMNPs at concentrations
of 0.05%, 0.1%, and 0.15% by weight in the HTL displayed conspicuous absorption peaks
within the visible and infrared regions, due to the localized surface plasmonic resonance
phenomenon and enhanced light scattering processes arising from the inclusion of Ag/Co
BMNPs.
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Figure 7.5: Optical absorption spectra of (a) P3HT/PCBM of solar absorber coated on
PEDOT/PSS/Ag/Co hole transport layer for Ag/Co BMNPs concentration. (b) the Ag/Co
BMNPs nanocomposite powder in deionized water suspension. (¢) Tau-Tau plot of the optical
absorbance of the various films and observation of the energy band gap. (d) the optical
transmission spectra of the Ag/Co BMNPs doped with PEDOT/PSS films.

Generally, the spectra in figure 7.5a clearly suggest that absorbency is dependent on the
concentration of Ag/Co in HTLs, with the most prominent effect being observed at 0.05%
concentration. This finding is consistent with the performance of solar cells discussed in the
following sections. Moreover, the doped films' absorption spectra, featured noteworthy
undulations ranging from 400 to 500 nm and exceeding 800 nm, possibly linked to the
existence of the LSPR phenomenon. Surprisingly, it was noted that all doped devices exhibited

considerably improved optical absorption compared to the pristine ones.

According to figure 7.5c¢, the energy band gaps of the absorber films were determined based

on the onset of absorptions, which suggests that the band gap changes with the concentration
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of Ag/Co in HTL. It should be emphasized that the relationship between photon energy's

absorption coefficient (o) can be mathematically expressed by the equation.
_ () _ A
¢ =" = 2303 % (5) (7.6)

Where A represents the absorption data, T signifies the transmittance, and d denotes the
thickness of the Ag/Co BMNPs [38]. The correlation between the incident photon energy and

the absorption coefficient (o) is revealed in the equation.
ahv = k(hv — Eg)™. (7.7)

Where Kk is the constant, Eq is the energy separation between the valence and conduction bands
(the energy band gap), h is the Planck constant, v is a frequency, and m is the value that depends
on the nature of the transition. Recent studies [39,40] report that the plot of ahv versus hv
corresponds to the direct allowed transition, even though m is 2 for allowed direct transition
and equal to 0.5 for allowed indirect transition. Figure 7.5¢c demonstrated the energy band gap
of the TFOSCs, both with and without NPs. Meanwhile, quantifying the photon energy loss of

polymer solar cells, which can be accomplished by utilizing the equation.
Eloss = Eg - qVoc. (7.8)

The relationship between the energy band gap (Eg), the elementary charge (q), and open circuit
voltage (Voc) in polymer solar cells is a delicate, one in which energy loss can drastically impact
the performance of the cell. This is particularly evident in TFOSC, where the value of PCE is
limited by the constraints imposed by the Voc. Indeed, recent reports suggest that the high
energy loss suffered by organic solar cells with losses ranging from 0.6 eV to 1.3 eV is a major

problem that must be overcome if these cells are to reach their full potential [41,42].

Furthermore, the optical transmission spectra, as depicted in figure 7.5d, were analyzed for the
ITO/PEDOT/PSS/Ag/Co film structure at the doping concentration and compared with the
absorption of the pristine ITO/PEDOT/PSS film. The concentration of 0.1wt% Ag/Co BMNPs
blended with PEDOT/PSS was found to greatly enhance optical transmission, particularly in
the 370 nm to 480 nm range, surpassing even pristine ITO/PEDOT/PSS film. Interestingly, the
optical transmission at 0.1wt% film was consistently high, ranging from 82 to 87% in the
wavelength of 370-900 nm range. This improvement is attributed to the LSPR effect and has
promising implications for enhancing charge transport processes and harvesting photon energy
in TFOSCs. However, the film with ITO/PEDOT/PSS exhibited a reduction in transmission
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from 77-80% in the wavelength ranging from 330 nm to 900 nm. Generally, the absorption in
the infrared region is attributed to absorbance by different sizes of metal NPs situated at the
HTL of the devices.

7.4.4 Photoluminescence and FTIR spectra of Ag/Co BMNPs

It is to be noted that the photoluminescence (PL) spectrum is the emission of light as a result
of excitation from the source of light. This phenomenon involves the absorption of photons by
the sample from a monochromatic light source, such as a laser or Xe lamp, which facilitates
electron excitation from the valence to the conduction bands. According to reports, delving into
the study of PL at room temperature may yield valuable insights into the diverse energy states
present in both the valence and conduction bands. These energy states are believed to be
responsible for the phenomenon of radiative recombination, as per sources cited in reference
[43]. The PL spectrum emission of the synthesized Ag/Co bimetallic nanoparticles (BMNPs)
is shown in figure 7.6(a). The PL spectrum shows emission from 440 nm to 490 nm, which
agrees with band-to-band transition described by optical absorbency of Ag/Co in deionized
water suspension (figure 7.5b). Through these wondrous displays, we have come to understand
that the intensity of the visible emission owes its very existence to the photocatalytic activity
that arises from the presence of Ag/Co BMNPs. The chemical structure of the prepared Ag/Co
bimetallic nanoparticles (BMNPs) was investigated with a Fourier transform infrared
spectrophotometer (FTIR), as depicted in figure 7.6b. FTIR is a notable technique, which is
basically used to ascertain additional aspects of the prepared nanostructures based on the
identification of their characteristic peaks [44]. However, several FTIR spectrum peaks at
wavenumber 3850 cm™?, 2750 cm?, 2327 cm™?, 2081 cm™?, 1221 cm™?, 560 cm™, and 481 cm
were observed in the synthesized Ag/Co BMNPs. Recent studies have reported that the FTIR
spectrum can probably confirm the polymer synthesized and the other components in the
composites [45]. Therefore, the FTIR spectrum of the Ag/Co BMNPs confirmed the effective
formation of the significant bonds in the composites. Consequently, the broad peak situated at
wavenumber 2750 cm™ is attributed to the (Ag-O) stretching vibration functional group [46].
The peak located at wavenumber 560 cm™ was assigned/attributed to the (Co-N) bending

vibration functional group, which is similar as cited in reference [47].
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Figure 7.6: (a) Photoluminescence (PL) and (b) Fourier transform infrared (FTIR) spectrum of
Ag/Co BMNPs.

7.4.5 Electrical properties of Ag/Co BMNPs interfacial layer

In this section, thin film polymer solar cells are fabricated at different concentrations of Ag/Co
BMNPs in the HTL. The device performance as determined from J-V data taken from different
solar cells are given in figure 7.7. According to the figure there is high surge of photocurrent

collection depending on the concentration of Ag/Co in the HTL.
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Figure 7.7: The J-V characteristics of the best-performing devices.

The concentration levels of Ag/Co BMNPs varied from 0%, 0.05%, 0.1%, and 0.15%, which
resulted in remarkable power conversion efficiency values compared to undoped device. The
improvement is attributable to the amplified photocurrents measured from the devices. The
PCE values of all Ag/Co doped HTL devices are surpassing those of the pristine PEDOT/PSS
hole transport layer, as shown in Table 7.2. This positive improvement is directly linked to the
changes in optical properties detailed in the preceding section. Additionally, the findings
suggest that the best PCE value recorded here 4.21% was achieved at 0.1% doping level,
yielding a high short-circuit current (Jsc) of approximately 15.30 mA/cm?, as provided in Table
7.2. This change in PCE is 66.4% growth from undoped HTL. This enhancement serves as a
testament to the exceptional influence of Ag/Co BMNPs in the HTL, which facilitates an
unprecedented augmentation of the charge dissociation and collection processes in thin-film
organic solar cells. The device parameter augmentation unequivocally demonstrates that the
photoactive films likely have the capacity to extract holes due to the emergence of Ag/Co
BMNPs in the PEDOT/PSS hole transport layer. This provides a distinct signal that the
incorporation of Ag/Co BMNPs in the HTL has boosted the device performance by effective

collection of photo-generated current.
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Table 7.2: The J-V parameters of the best-performed devices.

Ag/Co Eg Eloss Voc Jsc FF PCE Rs
(Wt%) (eV) V) (mA/cm?) (%) (%) (Qem?)
Pristine  1.65 1.10 0.55 10.31 39.43 2.53 827
0.05% 1.56 1.03 0.53 13.20 48.70 3.44 622
0.1% 1.49 0.94 0.53 15.30 51.81 421 494
0.15% 1.59 1.07 0.52 11.94 44.72 2.87 691

7.4.6 Charge transport properties analysis of Ag/Co BMNPs interfacial layer

Figure 7.8 sheds light on the charge transport properties examined in this section. By measuring
the dark current of pristine and solar cells made with 0.05%, 0.1%, and 0.15%wt Ag/Co
BMNPs in the HTL, we gained significant insight into the transport behaviour. Take note that
the space charge limited current (SCLC) present in the HTL of polymer solar cells has been
probed with great effectiveness. This approach is quite advantageous in comprehending the
impact of Ag/Co BMNPs on charge transport processes and examining charge carrier mobility.
What is truly fascinating is that the SCLC mechanism, governed by the Mott-Gurney Law, has
been harnessed to effectively investigate charge mobility. On a related note, the current density
can be quantified using the following equation.

V2
3

J= gggoluo (79)

Where € and &, display the relative dielectric permittivity of the solar cell device fabrication
and free space; o is zero-field mobility; L is the thickness of the solar absorber, which is 100
nm; V is the applied voltage across the device, which can probably be rectified via the built-in
potential voltage (Vi) as stated by recent studies [28, 48-51] to be

V=Vap-Vbi. (7.10)

Where Vi displays the bias voltage. On the other hand, the [ is basically reliant on the electric

field, which can be computed using the Poole-Frenkel equation.

u = poexp(yVE). (7.11)
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Where W is zero-field mobility; vy is the field activation factor. As we combine equations (7.9)
and (7.11), the field dependent on the SCLC can be clarified by Mott-Gurney Law [19,29,52]

J = gesouo ‘Z—jexp <0.89y\/%>. (7.12)
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Figure 7.8: The SCLC curves of device solar cells fabricated with different concentrations of
PEDOT/PSS/Ag/Co BMNPs in the hole transport layer and pristine device.

According to the findings, figure 7.8 demonstrates that the SCLC data sourced from dark
current agree well with the Mott-Gurney equation. Interestingly, the present study has also
identified that the zero-field mobility (o), and the field activation factor (y) obtained from the
devices align precisely with the SCLC data. These results are given in Table 7.3. The findings
additionally revealed that Ag/Co BMNPs integrated into PEDOT/PSS as the hole transport
layer exhibited substantially elevated zero-field mobilities compared to the unaltered reference.
Notably, at concentrations of 0.05%, 0.1%, and 0.15%wt of Ag/Co BMNPs, the zero-field
mobilities in the HTL surpassed the pristine value by one order of magnitude. The marked
improvement in hole and electron mobilities, coupled with the significant attainment of a more
harmonized charge transport process, bears witness to the profound impact of Ag/Co BMNPs
on the HTL. By enhancing the charge transport processes in TFOSC device performance, this

accomplishment stands as a testament to the commendable contribution of Ag/Co BMNPs.
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Table 7.3: The charge transport parameters of TFOSCs.

Hole transport layer Mo Y

(Wt%0o) (cm?S1v1) (cmV1)
Pristine 8.09 x 10* -7.39x10°
0.05% Ag: Co 2.08 x 103 -1.89 x 10*
0.1% Ag: Co 2.05x 1073 -1.87 x 10*
0.15% Ag: Co 1.39 x 103 -1.27 x 10*

7.5 Conclusion

In summary, the silver/cobalt (Ag/Co) BMNPs were effectively synthesized and dispersed into
PEDOT/PSS hole transport layer (HTL) at various concentrations of 0.05%, 0.1%, and 0.15%
by weight, which was beneficial in boosting the performance of thin-film organic solar cells.
Interestingly, the fabricated devices using Ag/Co doped in the HTL demonstrated a desirable
enhancement compared to pristine PEDOT/PSS (undoped HTL) based solar cell. The Optimum
Ag/Co blending in PEDOT/PSS was observed to be 0.1% by weight and yielded the highest
power conversion efficiency value of 4.21% under ambient laboratory environment. Such
improvement is assigned/attributed to the occurrence of local surface plasmon resonance effect
at the interface between active layer and HTL, which is supporting the charge transport and
light-scattering processes in TFOSCs. Moreover, the optical absorption properties with
PEDOT/PSS doped with Ag/Co BMNPs by weight in the HTL exhibited remarkably high
absorption peaks intensities, in the visible and infrared regions, which is a reason for improved
photocurrent. Such achievement is a clear indication that the solar cell performance seemed to
be reliant on the doping level of Ag/Co BMNPs in the HTL. Finally, the facile synthesis of

Ag/Co BMNPs makes suitable for large scale device production.
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CHAPTER 8

CONCLUSION AND FUTURE WORK
8.1 Conclusion

In this thesis, we were able to probe different routes of augmenting photo-absorption, exciton
generation, and charge transport processes through the use of metal NPs in P3HT/PC61BM
blends photoactive layers and charge transport layers, respectively. The main observation
comprised of the use of BHJ, solvent additive, and synthesized metal NPs has a positive impact
on the performance of TFOSCs. This could lead to more efficient and effective solar cell
devices, which are vital for the advancement of renewable energy technologies. Metal NPs are
basically used as a mechanism to assist in harvesting the photon energy due to the presence of
LSPR effect. The inclusion of metal NPs can play a crucial role in improving optical absorption
of the solar absorber layer and further create a conducive environment for exciton dissociation
and charge transport processes, respectively. Based on experimental results, four different
articles have been published in international journals with high impact factors. The articles
were published with different respective NPs such as Ni/Zn, Ag/Ca, ZnS/Ag, and Ag/Co.

The effects of incorporating Ni/Zn bimetallic nanoparticles (BMNPs) into the P3HT/PC61BM
blend BHJ solar absorber films at various concentrations is beneficial in enhancing the
performance of the solar cells. The fabricated solar cells doped with Ni/Zn BMNPs showed
remarkable improvement in device performance at the doping level of 1% and 3% compared
to pristine solar cells. The recorded device parameters showed promising improvements in
terms of PCE value, which reached up to 4.78%. The Js. of 16.71 mA/cm?, and a high FF of
50.0% were significantly attained at 1% concentration making the device more efficient due to
the presence of LSPR effect to augment the absorption and charge transport processes. On the
other hand, the synthesis of silver/calcium (Ag/Ca) BMNPs was successful, and these NPs
were integrated into the active layer films of organic solar cells made from P3HT and PC61BM.
This integration aimed to enhance energy harvesting and charge transport processes within the
solar cells, potentially leading to improved overall performance and efficiency in the TFOSCs.
The metal NPs were incorporated into the solar absorber layer at different concentrations by
weight (1%, 3%, and 5%), which had a positive impact on the efficiency or other relevant
parameters of the solar device. The best device performance was achieved from 3% doping
level with high PCE of 4.13%, with Jsc of 13.7 mA/cm?, Vo of 0.57 V, and FF of 53.4%. This
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achievement is attributed/assigned to augment optical absorption and charge transport
processes by the occurrence of the LSPR effect and far-field scattering, which have assisted
light trapping in the medium. However, excessive use of NPs in the solar cells can have a
negative impact on their performance, as indicated by the lower PCE observed in devices with
a 5% doping level. Moreover, ZnS/Ag metal NPs were strategically dispersed at 1%, 3%, and
5% by weight within the photoactive layer of TFOSCs. An observation revealed that the
utilization of ZnS/Ag composites at different concentrations led to noteworthy improvements
in device performance, surpassing that of the pristine counterparts. The achievable best results
at doping level of 3% concentration by weight, which resulted in a solar cell with a high Jsc of
14.30 mA/cm?, a high FF of 52.63%, and a PCE of 4.50%. These are promising results in the
context of solar cell performance. The ZnS/Ag metal NPs can indeed be stable and suitable for
various applications, including roll-to-roll printing device fabrication for solar cell production.
Furthermore, the silver/cobalt (Ag/Co) BMNPs were effectively synthesized and dispersed into
the PEDOT/PSS hole transport layer at various concentrations of 0.05%, 0.1%, and 0.15% by
weight, which was beneficial in enhancing the performance of TFOSCs. Interestingly, the
fabricated devices using Ag/Co doped in the HTL showed a desirable improvement compared
to pristine PEDOT/PSS (undoped HTL) based solar cells. The optimum Ag/Co blending in
PEDOT/PSS was found to be 0.1% by weight and produced the highest PCE value of 4.21%
under an ambient laboratory environment. Such advancement is assigned to the presence of the
LSPR effect at the interface between the solar absorber layer and HTL, which supports the
charge transport and light-scattering processes in TFOSCs. Among Ni/Zn, Ag/Ca, ZnS/Ag, and
Ag/Co metal NPs, the PCE value of 4.78% was observed at the doping level of 1% Ni/Zn
concentration with higher Jsc of 16.71 mA/cm? compared to other metal NPs due to low series
resistance (Rs). In comparison with Table 4,2 5.2, 6.3, and 7.3. The Table 6.3 seems to be in
two orders of magnitude higher than that of pristine compared to other tables, which is clear
evidence of the effect of ZnS/Ag metal NPs doped with active layer is favorable in increasing
the charge transport processes and promoting charge dissociation in TFOSCs. Conclusively,
the inclusion of metal NPs in TFOSC device structure plays significant role in improving the
performances of polymers blend based solar cell. The metal NPs are environmentally stable

and suitable to roll to roll device fabrication.
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8.2 Future Work

The donor polymers and fullerene derivative-based acceptors have been classically employed
as the absorption medium in thin-film organic solar cells (TFOSCs) with power conversion
efficiencies (PCESs) up to 13% being reported in the literature [1]. However, these solar cells
have weak absorption in the visible region and have limited possibilities for energy band gap
tuning. Non-fullerene acceptors (NFAS), on the other hand, possess various advantages such
as tunable energy levels and broader absorption range that covers as far as the near infra-red
(NIR) regions and have consequently achieved PCEs up to 19% [1,2]. The collective effect of
metal nanoparticles (NPs) results into enhanced optical absorption, thereby augmenting the
overall performance of the devices. The use of metal NPs in the device structures of various
solar cells has demonstrated remarkable results in the past few years [3.4]. However, the
incorporation of metal NPs in the electron transport layer (ETL) of NFA-based organic solar
cells (OSCs) have not been demonstrated to the best of my knowledge. | would conduct and
report the successful incorporation of metal NPs into NFA-based TFOSCs for further

investigation, as a potential research future work.
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