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Preface

The search for new materials for applications that improve the life style of the society is
major goal of Materials Science, which involves transdisciplinary techniques such as Physics,
Chemistry and Engineering. This thesis focuses on a rapidly evolving class of materials,
known as conducting polymers, used in electrical and optoelectronic device applications. It
has the authority to give much-needed information on the fundamental scientific concepts
underlying these materials, as well as how they are used in technical applications. This the-
sis focuses on the parallel breakthroughs in photovoltaic materials that are propelling this
technology forward, allowing us to capture the maximum amount of electrical power from

the sun at the lowest possible cost, both financially and environmentally.

Solar energy is a high-potential, yet under-utilized, source of energy. Organic photovoltaics,
in particular, are applied research disciplines whose acceptance by society is based on its
potential to contribute to global electricity generation by converting solar energy into elec-
trical energy. This solar irradiation inherent is anticipated to be 6000 times bigger than the
apparent basic energy demand of 11000 million tons of oil or gas equivalent (=~ 14 TW mean
power). The technical prospect or future of solar energy conversion is also very large and
can be demonstrated by a rough prediction showing that a space of less than 6 % of the
Sahara would be enough to gratify the world’s energy demand using current technologies.
The issue of environmental changes due to the use of fossil fuels has shifted research focus
to renewable and clean energy sources. The possibility of increased energy consumption and
global warming is a major source of concern. Thus, solar energy is clean, renewable, safe,
global, and abundant, requiring only 0.1 % of the land on Earth to be covered by 10 %

effective solar conversion systems to power the entire world.
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Abstract

This thesis examines the role of plasmonic nano-particles in the fabrication of thin film or-
ganic solar cells (OSCs). Organic solar cells are made up of conducting polymers blend that
are formed as ultrathin layers (a few tens of nanometers thick) on various types of sub-
strates. These conducting polymers, unlike their inorganic counterparts, have high optical
absorption coefficients, allowing for the fabrication of ultra-thin solar cells (100-200 nm) in
thickness. Moreover, they offer several advantages over other solar cell technologies in terms;
mechanical flexibility, cheap device processing using roll-to-roll printing methods and etc.
Organic photovoltaics (OPV) is a sector that has been steadily increasing over the last past

two decades, with a justifiable power conversion efficiency (PCE) of 17 % to date.

However, organic photovoltaic cells whose photo-active material is sandwiched between two
differing work functions, are exhibiting relatively low PCE due to poor charge carrier gen-
eration and charge transport processes. Several factors can be considered in improving the
overall performance of organic solar cells. These include enhancing photon harvesting ability
of the absorber layer, reducing energy losses through recombination processes and so on. In
recent years, significant advancements in OSCs have been made through the use of metal
nano-composites or nano-particles in the solar absorber and transport buffer layers. It is
to be noted that the shape and size of the metal nano-composite play an important role to
achieve the required impact in OSCs. This investigation emphasizes on the use of tri-metallic
nano-composites to assist in improving optical absorption, free charge carrier generation and
charge transport processes. The goal of the research was to improve the power conversion ef-
ficiency of thin-film organic solar cells by using a trimetal nano-composite in the active layer
(P3HT:PCBM). Based on Ce:Co:Ca nano-composites (NCs), the best device enhancements
of PCE value of 5.3 % were discovered. The PCE of Ag:Zn:Ni NCs increased by up to 84 %
from an initial value of 1.8 %, while Ag:Fe:Ni NCs improved by up to 3.83 % from an initial

value of 2.70 %. Metal NCs feature local surface plasmon resonance (LSPR), which improves
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the power conversion efficiency of solution produced thin film organic solar cells. Because of
the interaction with illumination, LSPR creates strong electromagnetic fields in the region
of the particles on the one hand, and scattering effects in solar cell devices. However, high

concentration of nanoparticles is found to be counter productive in the performance of OSC.
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Chapter 1

Introduction

1.1 Climate changes and the need for solar energy

The world’s environmental challenges are getting worse by the day which is highly publicized
to bring the attention of the decision makers to save the planet Earth. There is a consensus
among scientists and some politicians that there is a need for reducing the reliance on fossil
fuels to generate energy and tackle the greenhouse effect and global warming problems.
Energy is currently provided to a considerable extent (> 80 %) by fossil fuels [1]. This
calculation, however, ignores the distribution and storage issues. The adverse effects of
using fossil and nuclear energy as a byproduct on our environment are the driving factor
behind the switch to renewable energies. Everyone recognizes the finite nature of fossil-
fuel supplies, and the difficulty of extracting the remaining traces of oil, gas, and other
carbonaceous products from the Earth. Although oil and gas reserves will not persist for
more than a century, still most of us are unconcerned with weariness since it will happen
long after we are gone. The sun serves as the starting point for all of this debate. Tomas
Markvart depicts the various energy losses to solar radiation as it passes through the Earth’s
atmosphere in his book "Solar Electricity’ (Wiley 1994) displayed in Figure 1.1 [2} [3, 4 [5] [6].
The ’air mass,” (AM) which is equal to the relative length of the direct beam route through
the atmosphere, is a notion that characterizes the influence of a clear atmosphere on sunlight
[8]. The greenhouse effect results from the atmosphere reflecting (infrared) heat radiation
back to the Earth’s surface. Because the radiation match between the sun, atmosphere,
and the Earth ground exhibits a mean Earth-surface temperature of ~ 14 °C, which would
be -15 °C [9] without this effect, this effect is essential for the growth of life on Earth.
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Figure 1.1: (a) Atmospheric solar radiation and (b) The solar spectrum (Markvart, 2000,
reprinted with permission.) John Wiley & Sons, Ltd. (John Wiley & Sons, Ltd.) [7].

Climate change has a significant impact, with potential results including a rise in sea level
due to ocean expansion and the melting of on-shore ice barriers. The rise in the global
temperature could cause massive desertification and the rising level of ocean water level as
well as unpredictable global weather patterns. The scarcity of water and the change in ocean
currents are growing more and more which are likely to collapse the entire ecosystems both
of which are necessary ingredient for sustainable life on planet Earth. In recent years, science
and politics have agreed to the idea that the rise in temperature is manmade and that it is
linked to the amount of CO, emissions in the atmosphere, which has increased dramatically
since pre-industrial times (Figure 1.2 illustrate the world’s annual power consumption and
reserves of finite energy sources) [I0]. Electrical energy is one of the most versatile types
of energy, as it may be employed in practically any sectors of life. Within the next three
decades, the energy sector must be totally decarbonized. Renewable energies are the most
advanced and developed type of technology that can help accelerate decarbonization. The
main obstacle are the electricity-generation costs which are until now higher than those of
conventional energy technologies. This is, however, to a large extent due to the fact that
the external costs of the conventional technologies are not internalized. This means that the
long-term damages caused by these technologies have to be burdened by the broad world
population [IT], 12, [13].
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Figure 1.2: A visual illustration showing the contrast with available annual solar power of
world annual power consumption and reserves of finite energy sources. The volume of the
spheres is a single year indicating the entire energy reserve from different sources [14].

1.2 Photovoltaic technology

Since the birth of photovoltaic (PV) research, harvesting solar radiation has been a popu-
lar topic to fabricate efficient solar cells. Photovoltaics, or the conversion of sunshine into
useful electrical energy, is widely acknowledged as a critical component of any strategy to
lessen our reliance on fossil fuels for energy. A large amount of research in photovoltaic
technology is currently available to help us avoid the current energy need. The fundamental
challenges in PV technology, however, have always been converting and storing solar energy
in an efficient, low-cost, and environmentally benign manner. The approaches used for de-
vice fabrication and optimizations of device performances dependent on; device architectural
designs, interfacial engineering, and improved fabrication conditions have been duly reported
[15], 6], 17, 18, 19]. Solar cells made of silicon wafers are early generation solar cell technolo-
gies, which has dominated the energy market for over the past 50 years (displayed in Figure
1.3 for various solar device fabrication procedures). However, inorganic-based solar cells, on
the other hand, have a higher processing cost and are thus inefficient, making them unafford-
able for a large number of people around the world. Thin films of inorganic compounds such
as hydrogenated amorphous silicon (a-Si:H), cadmium telluride (CdTe), and copper indium
gallium and selenium (CIGS), manufactured by vacuum vapour deposition, are used in the

second breakthrough of photovoltaic technology to trap large amounts of solar light (shown



in Figure 1.3). Due to its intriguing qualities in terms of photon incoupling and photocurrent
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Figure 1.3: The various solar device manufacture procedures [20].

formation, combined with the possibility for increased output and low-cost manufacture, or-
ganic solar cells (OSC) have sparked a lot of interest in recent years [21], 22], 23] (see Figure
1.3). A variety of organic semiconductors have extremely high absorption coefficients, mak-
ing them ideal for photovoltaic devices [24] 25 26], 27, 28]. Organic semiconductors are made
by depositing or coating from solution in an open-air atmosphere, as opposed to inorganic
crystals, which are cooked at high temperatures [29, 30] 31}, B2]. Inorganic semiconductors
typically require high-temperature processing steps, often reaching 1000 °C, while recent
improvements in solution processing have shown promise efficiency as well [33], [34] 35, 36].
In truth, organic and inorganic materials, as well as ordered and disordered matter, must
be distinguished. The best monocrystalline Si photovoltaic cells have an energy conversion
efficiency of 25 % [37, 38], which is quite close to the theoretical limit of 31 % [39]. Recent
advancements in the field of polymer-based organic solar cells have resulted in devices with
a power conversion efficiency (PCE) of 17 % [40], 41, [42]. The second and third chapters in
this thesis, respectively, discuss recent results on OSC including conjugated polymers and
metal nanoparticles. Here you will find reviews on the production and characteristics of

metal nanoparticles, as well as incorporated nanoparticles in OSC devices.



1.3 Justification

There is an ever-increasing demand for clean and renewable energy, driven by the need
to supply electricity to remote places because of an increased human population, which
necessitates more (and safer) energy while limiting environmental damage. Solar energy is
seen as a promising option for achieving these goals. Numerous scholarly articles, books,
periodicals, symposiums, scientific and technological conferences on the subject are currently
addressing the global energy demand. According to these sources, global energy consumption
is expected to double or triple in 2050 and 2100, compared to the 14 TW (Terawatts)
required today [I]. To achieve this goal, scalable and cost-effective approaches for designing
novel materials for high-efficiency free-carbon technologies and fuels must be created. In this
regard, future energy consumption and CO, emission reduction have been part of a global
government effort with significant financial support for academic and industrial research and

development to discover and develop technology to store and produce zero-carbon fuels.

1.4 Aim of the thesis

The ability of the polymers utilized in a active layer of the device to harvest light limits
the photocurrent in these solar cells. Various types of wet produced metal nano-particles
materials have been used in the photoactive media of organic solar cells (OSCs) to overcome
some of the constraints. This research aims at increasing the power conversion efficiency
(PCE) of organic solar cells based on a P3HT:PCBM blend by incorporating optimal metal
nano-particles into the photoabsorber utilizing alternative solution blending procedures. The
nano-particles are prepared via a simple chemical reduction synthesis of plasmonic metal
nano-particles and combining them with solar cells, all while keeping the device preparation

low-cost.

1.5 Objectives of the thesis

a) To synthesize tri-metals nano-particles or nano-composites, with a size usually between
1 and 100 nm using wet chemistry methods. Due to consideration will be taken in terms of
shapes and sizes of the nano-particles (NPs).

b) To characterize the newly synthesized NPs using X-Ray diffraction (XRD), high-resolution



scanning and electron transmission microscopy (HRSEM and HRTEM), to investigate the
particles in terms of morphological properties of the produced nano-particles.

c¢) To fabricate thin film organic solar cells using triple metals nano-particles at various con-
centrations of the particles in functional layers of the organic solar cells (OSCs).

d) To characterize the solar cells and demonstrate the effect of nano-particles on the perfor-
mance of devices.

e) To discuss the results in terms of local surface plasmon resonance (LSPR) which is the

result of the interaction of the incident photons and surface electron plasma of NPs.

1.6 Thesis outline

This thesis is organised as follows:

Chapter 1 the milestones in the historical development of organic solar cells is described in
the introductory section. In addition to stating the research objectives, goals, and justifica-
tion, the chapter finishes with a description of the thesis outline.

Chapter 2 the basics of organic semiconductivity, as well as an outline of the physical basis
behind photovoltaic action, will be presented in this context, with a focus on depth.
Chapter 3 details the literature review that begins with a brief overview of photovoltaics,
followed by broad discussion on plasmonic metal nano-particles organic solar cells.
Chapter 4 presents the materials and methods for plasmonic metal nano-particle synthesis.
Chapter 5 shows manufactured Silver, Zinc, and Nickel (Ag:Zn:Ni) nano-particles, as well
as their characterisation and synthesis using metals in the thin-film organic photovoltaic
cell’s solar absorber layer, which improves performance.

Chapter 6 to improve the photocurrent creation, Cerium-Cobalt-Calcium (Ce-Co-Ca) nano-
composites were synthesized, characterized, and incorporated in the active layer of a thin-film
organic solar cell.

In chapter 7, Silver@Iron@Nickel nano-particles (Ag@Fe@Ni-NPs) were effectively pro-
duced and described, and then used as a photoactive layer in a thin-film organic solar cell,
yielding maximum electric output.

Finally, in chapter 8, the research output and future development are discussed.
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Chapter 2

Background of organic solar cell

2.1 Evolution of the heterojunction layer

The conductivity of the polymer polyacetylene-halogens blend was discovered in the late
1970s, and its three key researchers, Shirakawa, Heeger, and MacDiarmid, were given the
Nobel Prize in Chemistry in 2000 for their contributions [I}, 2, 3]. The review will concentrate
on relatively disordered organic semiconductors, which have intriguing qualities in terms of
solar cell construction while also being perfect for charge generation and transport. Even
while organic materials are limited by lower solar cell efficiencies, the organic molucules and
energy alignment can be highly useful [4, [5 @, [7, 8]. Other features, like as low charge
transport mobilities are some of the drawbacks of organic semiconductors. In polymers, a
lack of long-range order causes electrons to transport by way of hoping mechanism that is
jumping from one constrained state to the next. Nonetheless, the well-known low charge
carrier mobility is not a critical stumbling block for organic solar cells; other features, while
important, can be overlooked in the vast majority of research. Organic solar cell (OSC)
research and development is primarily focused on two concepts: soluble blends of conjugated
polymers with fullerene derivatives, or a material combination of small molecule donor and
acceptor materials [9, [10, 1T} 12} 13 14 [15].

Wet processing enables for large throughputs employing diverse printing techniques while
also promising lower manufacturing costs in the long run [I7, 18] 19, 20]. Tang was the first
to discover the OSC in 1986. The device had a 1 % efficiency [21] and was made out of a thin

11



double-layer film made of copper phthalocyanine and a perylene tetracarboxylic derivative
deposited between two electrodes. Bulk-heterojunction (BHJ) OSC, in which the two mate-
rials are connected in a bicontinuous network, is a simple way to overcome the difficulties of
exciton separation. It was demonstrated in 1995 that by employing this method, OSC per-
formance may be greatly improved [22] 23]. Spincoating a polymer—fullerene combination
or coevaporation of co-polymer molecules are used to achieve this concept. Bulk hetero-
junctions have the advantage of splitting electron-hole charge (excitons) relatively smoothly
across the entire solar absorber layer. The disadvantages of BHJ are that the increased disor-
der makes it difficult for charge transport and charge recombination’s could cost the amount
of photogenerated charges from the device. The electrical-energy conversion efficiency of
solar absorber materials is shown against dissociation length in Figure 2.1. However, the
benefits to device performance exceed the disadvantages. The short circuit current in an
organic photovoltaic cell is proportional to the intensity of the incoupling light (number of
photons absorbed per unit area per second) [24], 25] 20, 27, 28, 29, [30]. However, the appro-
priate thickness cannot be increased beyond the length of the exciton diffusion or the length
of the charge carrier recombination. The optimum usable solar absorber thickness (about
100-200 nm) takes into account harvesting sufficient photons and limited diffusion length
of excitons and charge carriers. Because of the high intensity emission of electromagnetic
energy in the region [31], B2], the effective of solar energy conversion heavily relies on the
optical absorption of a photoactive medium of a solar cell, which needs to overlap with visible

and near infrared zones of the solar spectrum.

Donor materials

Conjugated polymers have advantageous optical and electrical properties, as well as supe-
rior processability and mechanical properties. P-type conjugated polymers have piqued the
interest of scientists and engineers for use in electronic and electro-optical devices due to a
unique mix of characteristics. Conjugated polymers feature an anisotropic, one-dimensional
electronic structure with a band gap of 1-3 eV, which is uniform in comparison to ordinary
polymers [33], 34, B5]. The solar energy absorber, or conjugated polymer, is the most im-
portant element in polymer solar cells. The optical or electrical properties of a conjugated
polymer can be easily customized using a specific chemical reaction pathway. Fortunately,
doping the conjugated polymer with a side chain enhances its solubility, allowing polymer
solar cells to be made by solution processing. While the conjugated polymer must induce

massive light absorption, great hole mobility, and a deep lying highest occupied molecular

12



Detailed balance limit

Crystalline
silicon

Gallium
Cadmium Arsenide
Telluride
copper indium

Thin film gallium selenide

silicon

Organic
photovoltaics

Energy conversion efficiency

—>
<<1 ~1 >>1

Diffusion length / Absorption depth
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orbital (HOMO) energy to achieve extraordinarily high performance polymer solar cells. If
organic photovoltaics continue to improve, they have the potential to become ubiquitous,
clean, and sustainable energy technology for portable electricity, as well as large-scale en-
ergy producer for future generations. Poly [2-methoxy-5-(2-ethyl hexyloxy)-p-phenylene
vinylene] (MEH-PPV), developed by Wudl and Srdanov [36], was the first polymer uti-
lized in OPVs. Yu et al. [37] combined MEH-PPV with Cg and its derivatives in 1995
to create the first organic photovoltaic cell with a high power conversion efficiency (PCE).
Yu and co-workers research’s sparked a new field of polymer materials that can be used
in solar energy conversion. Boffins have been able to record PCEs exceeding 3.0 % for
PPV-based OPV after extensive optimization. However, because of the relatively low hole
mobility and short absorption gamut, more progress has been limited. In comparison to
MEH-PPV in solar cells, Poly (3-hexylthiophene-2, 5-diyl) (P3HT) has also been confirmed
to be affordable and have great mobility. Figure 2.2 shows conjugated polymers such poly
[2-methoxy-5- (2-ethyl-hexyloxy)-1,4-phenylene-vinylene]- MEH-PPV, MDMO-PPV, poly(3-
hexylthiophene)-P3HT and thieno|[3,4-b]thiophene and benzodithiophene units (PTBT7) for

early years research. Because of their better hole mobility and wider absorbance spectrum
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than MEH-PPV, soluble polythiophenes, particularly poly (3-hexylthiophene) (P3HT), be-
came a benchmark for organic polymer materials more than two decades ago. The successful
design had PCEs of 4-5 %, which sparked worldwide interest in organic solar cells. More
high-performance polymers have recently been developed. The optical band gap of the con-
jugated polymer should be reduced to achieve solar radiation overflow. Meanwhile, more
light is expected to be absorbed. Co-polymers including an electron defective (acceptor) and
an electron rich (donor) monomer, referred to as D-A copolymers, have been developed in
recent years, with a PCE of 17 % [28]. The energy gap could be considerably minimized
and light absorption could be stretched to the infrared range due to the electron ”push and
pull” effect in the co-polymer.

Acceptor materials

The most commonly used acceptor molecules in OSC are buckminster fullerene (Cgo) and
its derivatives operate as strong electron acceptors, resulting in a massive increase in pho-
toconductivity. The BHJ arrangement and the discovery of photoinduced electron transfer
from polymers to Cgy were a success for polymer-based OSC’s promise. The process is re-
ferred to as ”photodoping,” and it is the result of photoinduced charge transfer [38] [39] 40].
According to prior studies, Cg; in PCg;BM has a more symmetric structure than Cy; in
PC7;BM. The UV-Vis spectrum was used to examine the light absorption properties of the
polymer—fullerene nanocomposites in comparison to the data line peaks for PBHT:PCgs BM
and P3HT:PC;1BM samples. Figure 2.3 shows the UV-Vis spectra of PC7;BM and PCys BM
before and after thermal treatment at 150 °C for 10 minutes in the nitrogen gas filled glove
box. The absorption of PCg;BM was observed in the UV region, with a peak absorption at
349 nm, whereas the absorption in the visible range was weak. In the visible light region,
PC;1BM has a wide absorption range, although there are several shoulder peaks due to the
asymmetrical structure of C;; molecules. UV-Vis spectra for PSHT, P3HT:PC4BM, and
P3HT:PC7;BM nanocomposites are shown in Figure 2.3 before and after heating at 150 °C.
The degree of crystallinity of the nanocomposites of PS3HT:PCs;BM and P3HT:PC;1BM
has been determined to be almost same before heat treatment. Finally, because to var-
ied vibronic absorption shoulders, greater crystallization has been seen for P3HT:PC;;BM.
When compared to P3HT:PCg BM nanocomposite films, heat encapsulated P3HT:PC;1BM
nanocomposite films acquire a superior conjugated length and well-ordered P3HT crystalline
domain [AT, 42, 43, 44].
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Figure 2.2: (a) Chemical structures of conjugated polymers and fullerene and their deriva-
tives. (b) Energy level diagram of the materials used in device fabrication.

2.2 Organic solar devices’ fundamental concepts

The direct production of electricity as current and voltage by electromagnetic (i.e. light, in-
frared, visible and ultra-violet) energy is the organic photovoltaic technology. The photons
generated excitons exhibit highly excited molecular conditions (excitons) because of ade-
quate contacts in a polymer molecule and a low dielectric constant. The excitons must be

split into hole and electron charges, which are collected for the discharge of electric power at
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Figure 2.3: Absorption spectra (a) PCg BM and PC7,BM, (b) P3HT, and (c) P3HT:PCg; BM
and P3HT:PCr1 BM nanocomposites before (dotted line) and after (solid line) thermal treat-
ment at 150 °C for 10 min.

distinct electrodes. The energy offset between highest occupied molecular orbital (HOMO)
levels of the acceptor and donor molecules in bulk heterojunction (BHJ) allows for the ability
to separate excitons, such that the electron is transferred to the receiving molecule (electron
acceptor). This crossover is observed in a two-stage heterojunction or by the blend of donor
and acceptor film called bulk heterojunction. In order to collect charges by providing an
ohmic contact in the organic solar cell device (OSC) [45], 46], 47], the electrodes are attached
to the BHJ layer. Most OSCs are made with Indium Tin Oxide (ITO) substrates and ITO
is utilized for thermal evaporation on the working medium after coating the photoactive
layer with low working metals such as calcium or barium. This device, known as conven-

tional (planar and bulks) designs, is occasionally air-sensitive and quick to oxidize in a room
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atmosphere with low work function metals. In traditional architecture, however, there are
stability problems. So, polymer solar panels with inverted structure have been strengthened
to overcome this problem. A typical device configuration for a planar heterojunction and

bulk heterojunction cell is shown in Figure 2.4.

|' glass || glass

Figure 2.4: Typical device architecture for a planar heterojunction and bulk heterojunction

cell [48].

2.2.1 Organic solar devices’ current-voltage relationship

The following are the overall processes that occur in polymer/fullerene OSC:
v'Photoactive material absorption of photons;
v Charge dissociation and the formation of free charge carriers are stimulated by light and;

v'Electrons are collected at one electrode while holes are collected at the opposite electrode.

Three solar cell parameters to determine the performance of devices

The power conversion efficiency (PCE) 7 is the most essential figure of merit when evaluating
the performance of a solar cell. It is based on the open circuit voltage (V,.), short circuit
current density (Js.), and fill factor (FF) features [49, 50]. They’re highlighted in Figure 2.5’s
current—voltage characteristics of a bulk heterojunction solar cell. Three J-V characteristics
of the solar cell determine all the device parameters and currently a PCE as high as 17 %

was recorded from non-fullerene based OSC certified recently [2§].
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(a) The open circuit voltage (V,.):

The optimum potential voltage supplied by a solar cell is open circuit voltage V., which is
the voltage generated by the cell at zero current in the device. The energy level of the highest
occupied molecular orbital (HOMO) level is a material feature of conjugated polymers that
will affect device performance. The lowest unoccupied molecular orbital (LUMO) level of
the polymer should be 0.3 eV higher than that of PC4BM for adequate charge facilitation
and exciton split operation at the donor-acceptor (D/A) interface [51, 52 53]. The energy
gap between the HOMO energy level of polymer molecules and the LUMO energy level
of fullerene molecules determines the open circuit potential of organic solar cells (OSCs)
[54], 55, 56]. Scharber et al. [57] present a relationship between V,. and the values of the
conducting polymer’s HOMO energy state and the fullerene derivative’s LUMO state, where

e is the elemental charge is provided by the formula:
1
Voo = E(EHOMo(polymer) — Eruvmo(fullerene)) — 0.3V. (2.1)

Thus, in OSC, V,. is mostly determined by the electronic structure of fullerene molecules,
which may be modified by molecular engineering. Furthermore, an interfacial factor asso-
ciated with differing chemical structures of nanocomposite films influences the value of V.
[58].
(b) The short circuit current (I,.):
Because of the internal field, short circuit current I. is the current that flows when there
is no external field applied and the charges are free to travel. I,. is dictated by the charge
dissociation quantum efficiency, charge carrier transfer through the material, and carrier loss
due to recombination during transport to the electrodes [59, 60]. This analogous circuit
provides a current-voltage relationship, which is depicted by the equation:

e

nKT

U—-1IR;

(U - IR,)) + R

I = Inexp( — Iy, (2.2)
where [y represents the dark current, e represents the electron charge, U represents the
applied voltage, n represents the diode ideality factor, R, represents the series resistance,
and Ry, represents the shunt resistance. The resistivity of the conductive materials, the
insulating contacts between the polymer and the metal, and the ohmic parasitic resistance
of the electrodes all contribute to the series resistance. For optimal solar cell efficiency, the
series resistance should be low. With tiny photo-absorber film thickness, the series resistance
decreases. The shunt resistance gauges the device’s leakage current. To achieve the best

performance, Ry, must be improved. However, decreasing the film thickness reduces shunt
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resistance [61], 62, 63]. When the photon energy harvesting and charge separation process is
complete, the generated holes will principally transport through the donor material to the
electrode.

(c) Fill Factor (FF):

In Figure 2.5a, the fill factor is the fraction between areas shaded area and un-shaded area.
These two locations must correspond in order to get a high fill factor. The fill factor is

expressed by the following equation:

_ Vil

FF = .
‘/:)CISC

(2.3)

The organic solar cell establishes an electrical power density provided by the product of
potential voltage and current density [64, [65] from any point on the electrical parameters
in the fourth quadrant (Js. negative and V,. positive) see left side of Figure 2.5(a). This
produces a result that is at its highest at a point where the voltage V.. and current density

Jmae are equal. As a result, a device’s power conversion efficiency is determined as follows:

Pout . Isc‘/ocFF

2.4
2 P (2:4)

77 =
where P;, denotes the incident light power and P,,; denotes the cell’s electrical power. The

solar power generated is usually adjusted to align with the AM 1.5 solar spectrum.

2.2.2 Transportation of charge in polymer solar cell

Charge splitting is indespensable, yet not sufficient, for the conversion of solar energy to
electricity. In solar cells, the dark current is especially controlled by a technique different
from the photocurrent. The dissociated charges needs to be transported to and selectively
collected by the electrodes. The metal-insulator—metal theory states that the energy work
function differential of the collecting electrodes generates an electric field, which is responsible
for selective charge transport, according to Parker’s study [66, 67]. The dark current in
organic polymers with modest levels of impurities can be many orders of magnitude smaller
than the photocurrent in the forward bias [68]. Because organic molecules are less conductive
than inorganic molecules, space charge builds up at high voltages, resulting in space-charge-
limited currents, which can partially activate the series resistance. Mechanisms for measuring
hole mobility in polymer cells and classifying hole charge mobility of conjugated polymers

solar cells are addressed briefly here. The mobility is determined by fitting the dark current
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Figure 2.5: (a) Multiple heterojunction solar cell schemes in linear and (ii) semilogarithmic
representations, offer current and voltage features. (b) Polymer solar cell model equivalent
circuit [40].

experimental data to the single carrier SCLC model, which is determine by

9 &

Jse = gﬁeolﬁﬁ (2.5)

where J,. is the current density, i is the zero-field mobility, € and ¢, are the relative dielectric
permittivity of polymer medium and free space, respectively; L is the thickness of the pho-

toactive layer, and V is the voltage drop. The effective potential voltage can be determined
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by terminating the built-in voltage (V};) from the applied voltage (Vi,p), thus
V = Vi — Vi (2.6)

The Poole-Frenkel (PF) equation can be used to describe the mobility p, which is affected
by the electric field is given by;
p = poexp(yVE) (2.7)

where 7 is the field activation factor and gy is the low-field mobility. The field-dependent
SCLC is obtained by combining Egs. (2.5) and (2.7) can be described by

9 & %
JSC = gEEQ/LOE eXp(O89’}/ E) (28)

The slope of the J~V? curves can be used to calculate the hole charge mobility. The elec-
trical property of a pure conductive polymer is described by zero-field hole mobility. The
larger the slope of the curve, the more hole mobility there is in the polymer molecules. How-
ever, the latter performance of the absorber layer is linked to the interaction between the
electron donor and the electron acceptor, which results in a variety of active layer nano-film
morphologies [69, [70, [T, [72].

2.3 Morphology

The film morphology in polymer based solar cell has critical importance in achieving high
device performances. By the nature of bulk heterojunction (BHJ) devices using various
polymers that are solution processable, there is a need to have better miscibility. To meet this
required conditions for efficient hole-electron pair separation, donor and acceptor species with
average spacing smaller than 10 nm, and the domain network structure should contain phase
separated and interconnected pathways that are continuous to the electrodes for efficient
carrier transport [73], [74]. The blend film nanostructure is also influenced by processing
parameters such as solvent selection, evaporation rate, blend mix, and heat treatment. To
achieve high efficiency, researchers have recently made great progress in understanding and
modifying the shape of the active layer in bulk heterojunction organic photovoltaic devices.
P3HT is a one-of-a-kind polymer that forms a fibrillary cluster after solvent annealing or
film coating. The structure and morphology of the most profound P3HT thin films are
highly complex, although it depends on the polymer quality (less soluble as well). In terms
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of the dissociation of bound electron—hole pairs and subsequent charge transport, the choice
of solvents as well as the annealing of solution processed polymer:fullerene solar cells [75],
[76] both contribute to a more favorable inner structure. Figure 2.6 shows high resolution
scanning electron microscopy (HRSEM) microscopy of a complex polymer:fullerene-based

solar cell.

«— Dhbject in the film

C «—— Objective lens

rp3HT:PCBM
__PEDOT:PSS

Figure 2.6: Microscopy of polymer:fullerene-based solar cell compound with high resolution
scanning electron microscopy (HRSEM) [77].

2.3.1 Thermal treatment in solar absorber film

P3HT crystallization is initiated closer to the end of the drying process by thermal anneal-
ing above the polymer’s glass transition temperature at a PSHT to PCBM ratio of 1:1 film,
forming a glassy solid solution softens the P3HT matrix and provides the macromolecules
with the appropriate mobility to crystallize and reach a more thermodynamically favourable

state [78]. In fact, the solvent drying conditions have a significant impact on the electron
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donor and electron acceptor phase separation behavior of the PSHT:PCBM blends, result-
ing in a nanoscale interpenetrated network with donor-acceptor heterojunctions of 10-15
nm [79, R0], which runs throughout the solar absorber layer. Furthermore, most P3HTs are
high regioregular (RR) materials with only head-to-tail organization that are structured into
crystalline structures at 150 °C thermal energy. Highly regioregular PSHT performs better
in BHJ solar cells, according to research, and the best PSHT:PCBM blending ratio is 1:1 or
1:0.8. P3HT films produced on WO3 film exhibit a better degree of order and larger hole mo-
bility than PEDOT:PSS films [81]. The evaluated relative distributions of P3HT and PCBM
across the active layer using X-ray photoelectron spectroscopy (XPS) in combination with
neutron reflectometry, and the data demonstrate that in the absence of thermal treatment,
PCBM diffuses into and mixes with the P3HT layer (see Figure 2.7) [82]. However, PCBM
aggregates of considerable size were found in toluene-processed thin films, limiting charge
carrier generation efficiency. Those PCBM aggregates, in particular, were covered by a thin
polymer skin, which hindered electron transmission to the cathode, resulting in poor device
performance [83]. Doping solvent additives to aid BHJ layers has been investigated as a
viable method for improving device performance. Table 2.1 summarizes a collection of high
solar cell efficiencies using different morphogical features. Figure 2.7 shows the geometrical

changes in P3HT:PCBM nano-films as a result of thermal treatment.

amorphous !
PIHT/PCBM = v |_»PCBM cluster
matrix
a) non-anncaled film substrate
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Figure 2.7: Geometrical changes of PSHT:PCBM nano-films upon thermally treated device
[84].
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2.3.2 The effect of host solvents, solvent and co-solvent additives

When thermal treatment is ineffective or unwanted, another pillar for morphological modi-
fication of the solar absorber is solvent additive. Solvent additive (1,8-diiodooctane (DIO)
has a boiling point (b.p) of 168 °C) coupled with the primary host solvent (chlorobenzene
(CB) has a b.p of 132 °C) produced an effective solar absorber morphology that was suit-
able with roll-to-roll manufacturing [85, [86]. On the other hand, poly(3-hexylthiophene)
(P3HT) has shown that the solvent additives used have a direct impact on morphological
evolution as well as when thermal treatment is undesirable. In comparison to crystalline
P3HT domains, [6,6]-phenyl C61-butyric acid methyl ester (PCBM) BHJ films processed
with a small amount of DIO or 1-chloronaphthalene (CN) with a b.p of 115 °C have more
crystalline PCBM domains. Furthermore, these additives have differing effects on the phase
separation mechanisms of P3HT and PCBM in BHJ films [87]. According to the findings,
amorphous polymer chains are miscible with amorphous fullerene in mixed domains, im-
plying that the PSHT:PCBM BHJ layers have at least three phases: pure P3HT phase,
PCBM rich phase, and mixed P3HT-PCBM phase [88]. While the mechanism by which the
processing additives regulate morphology has been rationalized [89], the specific manner of
interaction between these additives and the polymer-fullerene component in the BHJ layer
remains a mystery. Because some of the chemicals utilized are reactive, we wonder if there
are any side effects beyond the phase separation mechanism, and if this has an impact on the
BHJ devices’ longevity. According to Wang et al. [90], a 1,2-dichlorobenzene (DCB) heat
treatment boosted P3HT ordering, improved absorption, and improved hole mobility. Yang
et al. [92] found that adding 1,8-octanedithiol (ODT) to a PSHT:PCBM solution boosted
the J,. and FF. Recognizing that morphology is just as important as, if not more important
than, chemical structure has led to the use of a number of high-resolution techniques such
as X-ray scattering (XS), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) that do not require chemical labeling and thus cause minimal system
perturbation (as illustrated in Figure 2.8 shows morphology photos (top), scanning electron
micrographs, and structural alteration of PCPDTBT molecules with additive inclusion.)
[93]. In reality, they use electron density variations to create contrast in biological materials.
Controlling not only the features, such as the average domain size, but also the domain
size distribution, domain purity, and domain interface widths is required to fully regulate
nanomorphology [94]. Intensive research using co-polymer solar cells has yielded remarkable
success in the arrangement of energy levels, resulting in an optical band gap and absorp-
tion toward longer wavelengths [05]. The most efficient polymer:fullerene combination is a

copolymer with alternating ester-substituted thieno[3,4-b|thiophene and benzodithiophene
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Figure 2.8: (a) Morphology images (top) and Scanning electron micrographs (b) Structural
transformation of PCPDTBT molecules with inclusion of additive [91].

units (PTB7) combined with PC7BM, which has efficiencies of approximately 8.4 % [96].
Regardless of the solvent used, the massive branched PTB7 aggregates were formed clearly
came from the precipitation (ordering) of the PTB7 from solution (most probably due to
supersaturation). The gadget measured a PCE of 7.83 % when Kim et al. [97] mixed DIO
additive with an optimum concentration of 3 vol % into a PTB7:PC7;BM film. The in-
clusion of DIO solvent additives to the solution casting process prevented large-size PCBM
aggregation and triggered PTB7 aggregation at an early stage, resulting in a smaller size
scale of the morphology and higher device efficiency [08]. The greatest PCE for a sin-
gle junction system of PTB7:PC,;;BM with DIO additive was determined to be 9.2-9.77 %
[99], 100, [101]. The reduction in geminate recombination is attributed to the rise in solar gen-
erated power; otherwise, DIO reduces recombination. The addition of polystyrene (PS)/DIO
to the PTB7:PC7;BM-film is another successful way to improve the PCEs of TFOSCs. The
PCE of the device is increased to 8.92 % with a V. of 0.76 V, a J,. of 16.37 mA.cm~2, and
an FF of 71.86 % [102] using a film with both 3 vol % DIO and 1 wt % PS additives. In
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Table 2.1: Morphology controlled thin film organic solar cells with best power conversion
efficiencies.

Active layer Method of active layer control PCE Ref.
%

PTB7:PC71BM Solvent additive processing 7.4-9.2 |97, [98] [99] 100 10T

Solvent additive with thermal treatment processing 9.8 [102]
PBDTTT-C-T:PC7;BM Solvent additive processing 7.6-8.8  [103] [104]
PDTG-TPD:PC7BM Solvent additive processing 7.3-8.5  [105] 106}, [107]
PBDTTPD:PC7;BM Solvent additive without thermal treatment processing 7.1-8.5  [108] [T09, [110]
PBDT-DTNT:PC,;BM Thermal treatment processing 8.4 [111]
PDTP-DFBT:PC71BM None 7.9 [112]
PBDTTT-CF:PC7;BM Solvent additive processing 7.7 [113]
PIDT-PhanQ:PC7;BM Thermal treatment processing 7.5 [114]
P3HT:IC7BM Solvent additive and thermal treatment processing 7.4 [115]
PBDTTT-C:PC7;BM Solvent additive processing 7.4 [116]
PBTTPD:PC7;BM Solvent additive processsing 7.3 [117]
PDTSTPD:PC7;BM Solvent additive processing 7.3 [118]
P3HT:ICs;BM Thermal treatment processing 7.3 [119]
PBuDT-DTH#BT:PCs BM None 7.2 [120]
PBuDT-FTAZ:PCg BM None 7.1 [121]
DTHBT:DTPyT:PCg BM None 7.0 [122]
PFDCTBT-CB:PC7;BM Thermal treatment processing 7.0 [123]
PMFPP3T:PC7;BM Solvent additive processing 7.0 [124]
PT-small molecules:PC7;BM  Solvent additive processing 7.0 [125]

addition, PS additive harvests more solar light, resulting in more radiation absorbed and, as
a result, a higher photocurrent created. Inverted device architecture is a method for over-
coming obstacles and setbacks in traditional device architecture. The charge transport layer
(CTL) modification of the TFOSC inverted structure, ITO/ZnO (NPs)/PTB7:PC7 BM/Al
system, according to Li et al. [104], led in a PCE of 8.54 %, a V,. of 0.756 V, a J,. of 15.85
mA.cm ™2, and an FF of 71.3 %. Furthermore, they discovered that introducing binary sol-
vents (chloroform (CF):methanol (MeOH)) to the electron transport layer (ETL) increased
the dispersion of ZnO NPs; yet, depending on the solvent ratios, ZnO nanofilm generated
ZnO NPs ETL aggregations. From a solar absorber layer including PTB7 electron donor
molecules and PC71BM electron acceptor molecules, Schmidt-Hansberg et al., 2012; Chueh
et al., 2013; Park et al., 2015; inverted solar cell generated a high device performance of 8.7
% PCE [126, 127, 128§]. Liu et al. [92] stated that a cell based on dual solvent additives (CN
and 1,8-octanedithiol (ODT)) with a PTB7:PC7;;BM-solar absorber layer enhanced PCE
from 6.5 % to 8.55 %. Some solvents have been shown to affect the fullerene phase more
than the polymer phase. Solvent additives in PCPDTBT:PCgBM-based films, for example,
force polymer aggregation and prevent fullerene segregation into large domains and blending
into polymer aggregates. Heeger and Bazan et al. [129 130, 131] used 1,8-octanedithiol
in PCPDTBT:PCgBM blends to achieve a 5.5 % efficiency. In addition, ODT and DIO
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additives mixed with PCPDTBT:PCg;BM mixes redshifted the band spectrum by 30 nm,
resulting in more ordered PCPDTBT morphology. Furthermore, PCPDTBT:PCg BM films
made from chlorobenzene with the addition of three solvent additives absorb in the 750-
800 nm wavelength region (near-infrared). The best device performances were certified
using alkanedithiols (ODT, EDT, and ODT+EDT additives), which were shown to have
PCPDTBT chains interacting more intensely with PCg;BM fullerene derivative, resulting in
PCE increases of 2.7 %, 3.0 %, and 3.5 %, respectively. Wang et al. [132, [133], 134] synthe-
sized a high molecular weight PCDTBT and used it in a TFOSC composed of high b.p dual
co-additives with 3 vol % diphenylether (DPE)/dimethylsulfoxide (DMSO) at an optimized
ratio 1:1 mixed with PCDTBT:PC;;BM system, which showed a high PCE of 7.13 % with
Jse of 11.32 mA.cm~2. This is due to the fact that DMSO co-additive improves incoupling of
solar radiation and the device’s shunt resistance (Rgp,), but DPE co-additive is an excellent
solvent for PC71BM in the host solvent, resulting in PCDTBT and PC7;BM dispersion and
separation [135] 136].
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Chapter 3

The role of metal nano-particles in
harvesting solar energy in thin film
organic solar cell: an overview of the

current status

Abstract

We look at current approaches in the rapidly evolving field of plasmonic metal nanoparti-
cles (NPs) to improve photon-generated current and thus solar power conversion efficiency
(PCE) in organic thin film solar cells (OTFSCs). These efforts are aimed at producing
low cost portable consumer electronics via solution processing at room temperature device
production. The polymer-fullerene bulk heterojunction (BHJ) devices are a very successful
OTFSC design idea, with PCEs of over 16 % recorded, indicating a milestone performance
for bicontinuous matrix polymer solar cells. Plasmonic metal nanoparticles inserted into the
interface, buffer layer, and active layer of OTFSCs have proven to be a promising approach
for overcoming difficulties such poor PCE and device longevity in thin-film organic solar
cells. Plasmonic metal nanoparticles have intriguing electrical, optical, catalytic, or photo-
catalytic capabilities, some of which are inherited from bulk raw metals and others which
are owing to size-related changes in attributes. To control and enhance the optical absorp-
tion of conventional and inverted devices, metallic nanoparticles of various sizes, shapes, and

configurations generated by liquid chemical methods have been integrated into thin film cell
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architectures. The features of many plasmonic metal nanoparticles, which are commonly
utilized in the fabrication of several types of thin film organic solar cells, are discussed in

this paper.

3.1 Introduction

The first solar cell was invented in 1839 by French physicist A.E. Becquerel, who used
the photovoltaic effect to create an electric current on a silver-coated platinum electrode
submerged in electrolyte. It was one of many reactions to calls for more sustainable energy,
and that pioneering work has now been examined in a wide range of materials and systems [,
2]. The first solar cell prototype, a p-n junction in a Silicon-based device with a “landmark”
photo-conversion efficiency of 6 %, was published in 1954 by Chapin et al. [3, 4, [5]. The
crystalline Silicon (c-Si) absorber’s broad bandgap necessitates a thickness of > 300 um
in the semiconductor material to absorb the entire electromagnetic spectrum, making solar
cells big, inflexible, and expensive with a long energy payback time [6]. As an alternative,
thin-film photovoltaic cells made of organic and inorganic semiconductors with a thickness
of a few micrometers have been produced. World records of conversion efficiencies for solar
cells without concentrators are of 28.8 % for GaAs thin film [7], 25 % for bulk single crystal
Si [§], 21.7 % for CIGS (copper indium gallium selenide) thin films [9], 13.4 % for amorphous
silicon thin film solar cells [10], 11.9 % for dye-sensitized cells [I1] and 17.4 % for organic
solar cells [12]. However, as shown in Figure 3.1a [10], the photon conversion efficiency of
these thin-film solar cells is still unable to beat that of commercial crystalline silicon solar

cells, which have achieved photon-to-electron conversion efficiencies of up to 25 %.

The boom in industrial manufacturing has caused technology to advance, improving hu-
man lifestyles, but it has also resulted in increased energy consumption [I2]. As a result of
the increasing energy consumption, more CO; gas has been released into the atmosphere,
causing global warming and severe environmental deterioration [20]. Solar energy is the
most plentiful clean and renewable energy source that can be used to address today’s en-
ergy concerns, such as the demand for cleaner and more sustainable energy, environmental
preservation, and halting or reversing climate change consequences, through photovoltaics.
Organic photovoltaics (OPVs) are a relatively new solar cell technology based on thin con-
ductive polymer absorber sheets. Alan Heeger, Alan McDiarmid, and Hideki Shirakawa
pioneered the discovery of conducting polymers, which is paving the path for the develop-
ment of the first thin-film organic solar cells (TFOSCs) [16]. Lightweight, flexible substrates
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and low-temperature processing (solution processing) directly onto a large surface area (large
substrates) are benefits of TFOSCs over their inorganic equivalents. Due to the shorter en-
ergy payback period, the feasibility of low-cost TFOSC production has led to an increase in
research activities in the field. The tunable optical absorption and charge transport processes
has contributed to enhanced photon-to-electron conversion that resulted in PCE as high as
17.4 % [21),22]. This is the necessary milestone and suitable condition for commercialization
of TFOSC. Photo-excitation of organic molecules in TFOSCs’ active layer does not result
in free electron and hole carriers capable of generating an electric current immediately, but
rather bound excitons that must be dissociated into free charge carriers at an acceptor-donor
interface. Due to the low exciton diffusion length (about 10 nm) and low charge mobilities in
polymer medium [21], the device active layer thicknesses in are limited to typically around
200 nm or less. This necessitates a trade-off between absorber thickness, charge transport
processes, and light absorption. As a result, the active layer is unable to absorb the majority
of the incident light [22] 23] because of the thin layer of the active layer. As seen in Figure

3.1, organic solar cells have improved in efficiency over the previous two decades.

Nanotechnology has transformed Science, our understanding about the nature of materials,
and virtually every area of daily life. The topic of plasmonic nano-particles has emerged
as a rapidly increasing new area for materials and device development in recent years [50].
Metal nanoparticles created in a natural setting offer a new path for solar energy applica-
tions. Because of their low optical bandgaps, manufactured metal NPs can be integrated into
the interface, buffer, and active layers of OSCs to dramatically enhance incident photon-to-
electron conversion efficiency (IPCE). More TFOSCs are being constructed with plasmonic
metal NPs integrated into one or two of the device layers to affect device performance for
better PCEs, motivated by the advantage of the broadband optical spectrum. Organic solar
cells with metal NPs have various advantages, including adjustable photovoltage, a high
absorption coefficient, outstanding chemical characteristics are morphology [10]. Further-
more, metallic NPs have a high charge mobility, which reduces charge recombination [9] 26].
Self-doped metallic nanocomposites dissolved in polar solvents are designed to improve inter-
facial compatibility with the underlying BHJ layer. In both regular and inverted solar cells,
they provide exceptional stability. The interfacial energy of the electrodes is also controlled
by these tightly packed or aggregated metallic NPs brushes, which improves the BHJ layer
shape.

The competing needs for optical absorption thickness and carrier collecting length substan-
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Figure 3.1: (a) Efficiency of organic solar cells registered in the last two decades and (b) The
solar absorption spectrum by wavelength [17, [18] 20].

46



tially influence solar cell design and materials synthesis. As a result, the plasmon excitation
and light localization properties of metal nanoparticles are advantageously exploited in high-
efficiency photovoltaics device processing. Plasmonic structures provide at least three options
for lowering the physical thickness of photovoltaic absorber layers while maintaining their
optical thickness. First, by folding light into a thin absorber layer, metallic nanoparticles
can be utilized as subwavelength scattering elements to couple and trap freely propagating
plane waves from the Sun into an absorbent semiconductor thin film (Figure 3.1). Sec-
ond, metallic nanoparticles are utilized as subwavelength antennas in which the plasmonic
near-field is connected to the semiconductor, resulting in a considerable increase in the semi-
conductor’s absorption cross-section. Finally, a corrugated metallic film on the back side
of a thin photovoltaic absorber layer can direct sunlight into SPP modes supported at the
metal /semiconductor interface as well as guided modes in the semiconductor slab, where
the light is then transformed to photo-carriers in the semiconductor. This review is aimed
at addressing the success and challenges of using plasmonic Nano-partices to improve the

performance of thin film organic solar cells.

3.2 The Bulk-Heterojunction (BHJ) layer’s rudiments

Excitonic excitations caused by electromagnetic radiation striking an organic solar cell start
the induced-charge process in the OSC’s bulk heterojunction active layer. The photon gen-
erated excitons need to migrate to the donor-acceptor (D-A) interface, to dissociate into
free charge carriers. Because excitons have such a limited lifetime, their diffusion length is
extremely short, and they must divide within this period to prevent unwanted recombina-
tion. The excitons diffuse to the D-A matrix’s interface, where they are split into holes and
electrons. These free charge carriers then diffuse to the opposite electrodes for collection via
charge transport pathways. Charge carrier transport helps to prevent holes or electrons from
being transmitted in the wrong direction between the electrodes and the photo-absorber [27].
The principles of the the charge transport processes in BHJ solar cell are depicted in Figure
3.2. As described in the survey interpretation section, the addition of a metal nanocomposite
co-transporting layer helps to reduce charge recombination. Furthermore, the type of the
molecular blend determines the performance of the solar absorber for solar energy collec-
tion. When processes such as optical absorption, exciton formation, exciton diffusion and
dissociation, and charge transport and collection. In order to improve device performance in
TFOSC, physical processes such as optical absorption, exciton formation, exciton diffusion

and dissociation, and charge transport and collection must be intervened. Finding absorber
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layers that can harvest a broad spectrum of incident solar radiation and match the energy
levels for highly efficient exciton dissociation and reduced energy loss is one of the strategies

used.

The theoretical prediction of the BHJ solar cells based on PSHT:PCBM blend solar absorber
suggest that the Jsc devices is found to be in the range of 7-14 mA.cm~2 [20]. This depends
on the amount of photons absorbed in the active layer. As a result, improving the light
absorption certainly dependent on the thickness polymer films. The problem can be partially
addressed by assisting photon harvesting by way of metal nano-particles. Increasing the
thickness of the absorber layer is one of the mechanism to improve absorption but this will
enhance the series resistances that reduce the overall photon generated current in the device
[29, B0]. Nanoscale material structures and their properties as a function of size, shape, and
composition have piqued curiosity for more than a century, and are of fundamental scientific
importance as well as for practical applications [31]. Noble-metal nano-particles (NPs) are
known to have significant UV—Vis absorption, which falls within the optical absorption band
of the most commonly utilized as a mechanism to improve energy harvesting in TFOSC
[32]. Metallic NPs are increasingly being included into buffer or active layers in TFOSCs to

improve efficiency [33].

3.2.1 Theory of Plasmonic in the active layer of BHJ solar cells

Several research groups have found a considerable increase in the quantity of photo-generated
excitons along the nanoparticle-active layer contact. This is due to plasmonic absorption
events mediated by metallic NPs, which result in an increase in the amount of photo-
generated excitons near the nanoparticles-active layer interface. The increased absorption is
caused by oscillations of free electrons in noble metals (plasmon waves), which are caused by
excitation by the incoming electromagnetic (EM) field [34]. The electron cloud is displaced
relative to the nuclei by the applied electromagnetic field, but Coulombic attraction between
the electron cloud and the nuclei creates a restoring force that returns the cloud to its origi-
nal position. Coherent oscillations of the electron cloud-nuclei system emerge from constant
EM displacement and Coulumbic restoration. Within the quasi-static limit, the scattering

and absorption cross-sections of NPs with dimensions smaller than the wavelength of light
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may be calculated using Mie theory [35] and are given by the equations [36]:

1 27y, 9
70 = == ()" (lo]) (31)
2
s = Tﬂlm(a) (3.2)
where a is the particle’s polarizability and A is wavelength of the light. a may be expressed
as:
Ep p
a= 3V((€—) + 1)/((5—) + 2). (3.3)

V, g, and ¢, are the volume of the particle, the dielectric function of the particle, and the
dielectric function of the embedding medium, respectively. The scattering efficiency is calcu-
lated as the difference between oy, and oy + 0aps [37]. Setting €, = -2 ¢, maximizes a and
Oaps, Tesulting in a resonance in the system, known as the localized surface plasmon resonance
(LSPR). The incident EM field efficiently interacts with the metal NPs over cross-sections
far bigger than their geometrical cross-sections by interacting with the surface plasmons [38].
Multiple surface plasmonic excitations result in increased scattering [39] and a stronger EM

field improvement [17, 30] surrounding nanoparticle surfaces.

Because the near-fields are boosted [41], 42], which significantly improves the optical path
and light absorption in the active layer [43], the scattered EM field may also become cou-
pled into wave-guide modes of the surrounding medium (of the active layer). Tuning their
plasmon resonance frequencies (changing the size, shape, material, and/or arrangement)
as mentioned in the governing equations 3.1-3.2 can change the spectrum profiles and so
absorption power in the active layer and total absorption power of nanoparticles. In this
context, the interfacial layer, buffer layer, and/or active layer embedded with metallic NPs
are being examined. In addition, metal NP synthesis methods will be investigated. In some
syntheses, the reaction proceeds swiftly at room temperature, utilizing chemical reagents
that are water soluble, easy to handle, and ecologically benign, with the resultant particles
being easily separated from the reaction mixture [5, 45 46l 47, 48]. The newly created in-
terface, buffer/active layer-metallic NPs, have close contact between them, opening up new
possibilities for optoelectronic applications by addressing challenges such reduced exciton

dissociation, diffusion, and carrier transport.
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3.3 Plasmonic Gold and Silver metal NPs are deposited

on the interface layer

Figure 3.3 shows far-field scattering, near-field coupling, and nonradiative effects are all
examples of plasmon amplification processes in radiative effects. There are two main mecha-
nisms by which metal nano-particles can influence the performance of the devices [56]. Local-
ized surface plasmon resonance (LSPR) is a powerful oscillation of metal NP conduction band
electrons in phase with shifting electric field of incident light, and surface plasmon polaritons
(SPPs) are surface electromagnetic waves that propagate along the metal-dielectric interface
[57]. Local surface plasmon resonances in the nanoparticles strongly couple incident photons,
extending the optical path length within the solar absorber layer by reflection and scattering
of electromagnetic radiation [58]. In solar absorber films, gold (Au) nanoparticles are used
to cause light scattering that changes the optical path in the photoactive medium. The
noble metal Au nanoparticles were employed by Tong et al. [42] to fabricate OSC because
of their inert but conducting behavior. Normally, PSHT:PCBM blend absorber layer yields
an open circuit voltage (V,.)=0.54 V, short circuit current density (J,.)=6.15 mA.cm™2,
fill factor (FF)=57 %, and power conversion efficiency (PCE)=2.2 % in the experiment.
Gold nano-particles coated anode with PSHT:PCBM solar cell displayed better photovoltaic
performance. Furthermore, the hole charge carrier extraction barrier height was 0.1 eV,
resulting in the solar cells’ higher Jsc [4]. El-Naggar et al. [60] proposed a simple method
for depositing Au NPs in organic solar cell systems. The ITO electrode was submerged in
an Au NPs solution [4§]. The PCE of an ITO/PEDOT:PSS/PCBM:P3HT/LiF /Al device
with 50 nm Au NPs dispersed on the ITO was 1.53 %, compared to 1.18 % for the reference
device, a 30% improvement. In 2020, Emre and colleagues [61] proposed a light trapping
principle in organic solar devices based on the use of silver (Ag) nanoparticles inserted be-
tween PEDOT:PSS as anode buffer layer and I'TO to reduce parasitic resistance and promote
hole injection rate by stretching incident light wavelengths. The incident photon energy, hv,
activates the surface plasmons (SPs) in the OPV design with small spherical nanoparticles
implanted in the organic active layer, as shown in Figure 3.4. Igbal et al [62] enhanced the
PCE from 6.73 % in the undoped device to 7.90 % in the final device by adding triple Ag
NPs with varied shapes into the buffer:active layer interface in a thin film organic solar cell
(TFOSC) [65]. Wang et al. [60] isolated the Au NPs from the active layer with an overlayer
[67] to avoid charge quenching caused by non-radiative energy transfer to the Au NPs to max-
imize the performance of their photovoltaic systems. They used an ITO/ZnO/AuNPs/ZnO
overlayer/P3HT:PCBM/PEDOT:PSS/Ag device structure to manufacture an inverted struc-
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Figure 3.3: (a) Schematic illustration of plasmon enhancement mechanisms of radiative
effects (a) far-field scattering; (b) near-field coupling; and nonradiative effects: (c) hot-
electron transfer, and (d) plasmon resonant energy transfer and (b) Far field scattering
leading to a prolonged optical path (i), near field scattering causing local field enhancement
(i), direct injection of photoexcited carriers into the semiconductor (iii) [26].

ture with Au NPs and a ZnO overlayer and achieved a PCE of 2.35 %, which was somewhat
better than the 2.25 % produced in devices without the Au NPs and ZnO overlayer. Xie et al.
[69] on the other hand, used an ITO/PEDOT:PSS/P3HT:PCBM/LiF /Al device structure
with the Au NPs included in the PEDOT:PSS and PSHT:PCBM layers to reach a PCE of
3.85 %, which was greater than the typical device’s 3.16 % [68]. Park et al. [43] showed that
the hole transport layer (HTL) material induced a high optical transparency and offered a
low electrical resistance, which maximized the Jsc and optimized the Voc [63, [70]. Bimetallic
nanoparticles (Bi-NPs) (NiO(5 nm)/Au(3 nm) injected between the ITO and PEDOT:PSS
improved the photo-generated current of the TFOSCs. From a bulk-heterojunction (BHJ)
P3HT:PCBM active layer device under a 100 mW.cm ™2 air mass (AM) 1.5 global (G) solar
illumination, the TFOSCs with the NiO/Au/PEDOT:PSS HTL yielded a V,. of 0.60£0.08
V, a J, of 10.3+0.2 mA.cm~2, an FF of 6342 % and a PCE of 3.940.2.

Mola and Tonui [26] [71] designed the best performing devices produced in BHJ devices
with varied placements of the Ag:Zn bimetallic layer. However, when the Ag:Zn bimetallic
layer was used only as a hole transport layer, the open circuit voltage decreased. Due to the
device’s strong photocurrent, this significantly lowered its power conversion efficiency. Using

Ag:Zn film in the regions of hole transport layers, the amount of photo-generated currents
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Figure 3.4: (a) Local surface plasmon (LSP) restricted in diameter a spherical metallic NP(s).
The incident photon energy, hv, excites the surface plasmons (SPs); (b) OPV architecture
with tiny spherical nanoparticles (NPs) inserted in the organic active layer; (c) and (d)
molecular structure of a commonly used polymer and fullerene [63].

from solar cells was greatly increased. The maximum power conversion efficiency discovered
in this study was 3.6 %, about 90 % greater than the reference cell constructed only with the
PEDOT:PSS hole transport layer. Given that the devices were made in an ambient setting,
the enhanced PCE is encouraging. The introduction of Ag:Zn bimetallic films at the interface
between the photoactive layer and the hole transport layer improved device performance,
which was attributed to possible local surface plasmon resonance excitations near the inter-
face, which improved optical absorption and charge carrier mobility. The researchers [26), [71]
also created a perovskite solar cell with improved photocurrent from 9.7 mA.cm=2 to 12.2

2 in the reference cell, and 18.9 mA.cm~2 to 25.7 mA.cm~2 in devices constructed

mA.cm™
with Ag:Zn Bi-NPs. This is a clear indicator of improved charge collection mechanisms as

well as increased incident photon absorption. As a result, PCE increased from 4.52 % to

5.70 %, a 26 % rise [73], 27].
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3.3.1 The effect of metal nano-particles on transport and/or active

layers

The introduction of plasmonic metal from colloidal solutions can be traced back to the fourth
century, when humans were enthralled by the stunning color they possessed [75]. Michael
Faraday’s groundbreaking study on gold (Au) colloidal solution [76] sparked scientific interest
in plasmonic nanoparticles (NPs). The electromagnetic field around plasmonic nanostruc-
tures can also be considerably improved. Plasmonic metal nanostructures are presently
used in a number of applications ranging from sensing to optoelectronics to biological ap-
plications [77, [78, [79, B0] due to their unique optical properties. We will present and ana-
lyze plasmonic metal nanostructure assisted solar energy conversion technologies, specifically
plasmon-enhanced solar cells [81], in this review article. The influence of plasmonic nanos-
tructure size, shape, and concentration on solar cell performance is next given and discussed.
Metal nanoparticles can scatter as well as absorb light. The size of the nanoparticle deter-
mines the magnitude of each occurrence. Absorption is the more prominent phenomenon for
smaller nanoparticles (~50 nm and less), whereas scattering is the more dominant process
for larger nanoparticles (> ~ 50 nm). Because of its dependency on r® (where r is the radius
of the nanoparticle, as V o r% which can be determined by Equation 3.3, the scattering
process rises substantially as the particle size increases [22]. Over the years, there has been a
lot of interest in the use of metallic nanoparticles (NPs) in organic devices as a replacement
or embedded state for the PEDOT:PSS layer. When doped into OSC layers and /or included
as functional layers, metallic NPs that are similar or smaller in size to the wavelength of
solar radiation absorb solar radiation [82]. The most well investigated polymer-fullerene
system is based on a mixture of donor poly(3-hexylthiophene-2,5-diyl) (P3HT) and acceptor
[6,6]-phenyl-C61 butyric acid methyl ester (PCBM), with PCE levels ranging from 4 to 6 %.
This emphasizes the importance of incorporating good light trapping methods that boost
optical absorption in organic solar cells in order to maximize the cells’ potential. Plasmonics
is a technology that includes activating surface plasmons on metallic nanostructures to trap
light inside the cell [83] [84] [R5, 86l 87].
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3.3.2 Mono-metallic nano-particles (NPs) into the interfacial hole

transport buffer layers
Au metal NPs

Using Au, Ag, and Cu metal clusters at the ITO copper phthalocyanine interface was one of
the first findings for improving PCE of organic solar cells [I], 2, [3]. The most widely utilized
plasmonic metals in organic solar cells are Ag and Au in spherical shape [57]. Several research
endeavours have recently looked at the effect of gold nanoparticle (Au NPs) concentration
on PCE plasmonic enhancement in P3HT:PC60BM solar cells [91]. A simple and straight-
forward dispersion technique can implant gold (Au) metal NPs in the interfacial buffer layer,
especially in PEDOT:PSS. Because the PEDOT:PSS is disseminated in an aqueous solu-
tion, Au metal NPs created by a liquid chemical technique can be added to the PEDOT:PSS
without further functionalization while maintaining good dispersion and homogeneity in the
solution [92]. Chen et al. [16] added Au NPs to the PEDOT:PSS layer at a concentration of
20 % by volume and obtained a PCE of 4.19 %, which is higher than the 3.48 % provided by
the device with a pristine PEDOT:PSS layer. In an ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al
device introduced 50 nm Au NPs to the PEDOT:PSS layer, increased the PCE from 3.57 %
to 4.24 % [9]. According to Woo et al. [48] a PEDOT:PSS doped with Au NPs layer had a
PCE of 3.19 %, compared to 2.95 % for an undoped PEDOT:PSS film (as reference film). To
avoid the presence of other substances/impurities in the Au NPs solution, Spyropoulos et al.
[94] used a laser ablation approach to synthesize Au NPs, which showed a PCE enhancement

as shown in Table 3.1, but this was not based on a convenient synthesis process [95].

By increasing the nanoparticle size, plasmon-induced scattering and nanoparticle absorption
can be separated into different frequency/photon energy ranges, improving light scattering
in the solar spectrum’s peak range while leaving plasmon-induced absorption outside of
it. Excitation of numerous surface plasmons leads to remarkable scattering [47] and high
electromagnetic field augmentation in the region of nanoparticle surfaces [48] [5], resulting
in increased injected solar power. The dispersed light can extremely easily couple into the
waveguide modes of the active layer due to improved near-fields, greatly enhancing the optical
path and absorption of the light inside the active layer [43],[5]. The low-order plasmon modes
can be shifted towards the solar spectrum’s peak area by increasing the nanoparticle size

(see Figure 3.5).
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Figure 3.5: (a) Hypothetic schemes for the IR and visible emission of thiolated NCs bigger
than 1.2 nm; A scheme presenting solvent-induced AIE properties of the oligomeric Au(I)-SG
complexes (left) with digital photos of the Au(I)-SG complexes (right) in mixed solvents of
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light; (b) Au NPs of varied sizes (20-60 nm) in solutions. The color discrepancy is due to the
size difference. and (c) Effects of Au NPs concentration on the hole and electron mobilities

in the active layer and Au NPs of varied sizes (20-60 nm) in solutions. The color discrepancy
is due to the size difference [97].

Ag metal NPs

Silver plasmonic resonance, as compared to other noble metals or metal nanoparticles, can
be tuned to any wavelength in the visible spectrum and has one of the highest plasmon
excitation efficiencies. Furthermore, single Ag NPs of the same size with either an organic

or inorganic chromophore can interact with solar emissions more effectively than any other
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metal nanoparticle [50]. The J-V curves of the single anode buffer layer (PEDOT:AgNPs
(v/v, 6:1)) and the multiple anode buffer layers (PEDOT:AgNPs (v/v, 6:1; 3:1 and 2:1)/PE-
DOT are shown in Figure 3.6. The results are then interpreted. The PCEs of thin film
organic solar cells based on Gold (Au) and/or Silver (Ag) nanoparticles sandwiched between
the device’s distinct solar layers are also summarized in Table 3.1 [82]. Two prominent ab-
sorption peaks at 350 and 510 nm, which correspond to PC60BM and P3HT, are detected
in the control mix with no buffer layer (black dash) [08]. P3HT is the main contributor to
absorption in the mix film. It has a greater absorbance magnitude than PC60BM, ranging
from 450 to 600 nm. The values reduced somewhat with the inclusion of Ag nano-spheres
(NSs) below the PEDOT:PSS layer, Voc implying that the Ag NSs altered the interface
between PEDOT:PSS and the active layer [99]. The addition of Ag NSs, on the other hand,
improved photocurrent and FF. The Jsc (FF) values for devices made with Ag NSs were
9.11 (0.49) and 9.62 (0.49) mA /cm?2 for 20 nm and 40 nm Ag NSs, respectively. The PCEs
were increased to 2.08 % and 2.16 %, respectively, as a result of this. In comparison to
the thermally treated control device, this represents a 24 % and 29 % increase for 20 nm
and 40 nm Ag NSs, respectively. The larger Ag NSs resulted in a greater increase in PCE,
which is considered to be due to increased scattering interactions. Due to the enhanced
photo-generation of excitons coupled with increased electric field intensity from the local-
ized surface plasmon resonance caused by the inclusion of Ag NSs, an extra photocurrent
is generated. The increased electronic transport through the mix films is mostly due to the

plasmonic coupling of light.

3.3.3 Bi-metallic nano-particles (Bi-NPs) doped into the interfa-

cial transport buffer layers

Bi-metallic nanoparticles (Bi-NPs) are made up of two different metal atoms that have a
specific mixing pattern (or chemical sequence) and shape architecture, each of which per-
forms a different function [4]. Furthermore, as compared to single metal nanoparticles
(NPs), their assemblies have superior magnetic, catalytic, and optical capabilities. Due
to the double resonance enhancement of the two separate nanoparticles, Bi-NPs have bet-
ter optical absorption than single nanoparticles [31]. From 2011 to the present, Wu et
al. [149] investigations on Au metal NPs addition into PEDOT:PSS buffer layer to ex-
amine the effect of plasmonic resonance in P3HT:PC60BM devices have been outstand-
ing [92]. They discovered that adding Ag and Au metal NPs to the PEDOT:PSS buffer

layer at the same time greatly enhanced electric fields generated locally in their nano-spaces
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by light irradiation, resulting in dual localized surface plasmon resonance and subsequent
light absorption enhancement in the visible and near infrared regions [42] [5, 100]. In addi-
tion, the incorporation of Au:Ag core-shell NPs containing device (45 nm:10 nm) into PE-
DOT:PSS layer, with two device structures of ITO/PEDOT:PSS/PTB7:PC70BM /TiOx/Al
and ITO/PEDOT:PSS/PCDTBT:PC70BM/TiOx/Al resulted in a full visible spectrum ab-
sorption band triggered by Ag (cubic). The PCE of PCDTBT:PC70BM-based film improved
by 16 % from 5.21 % to 6.08 %, while the PCE of PTB7:PC70BM-based film improved by
12 % from 7.78 percent to 8.74 % [9]. According to [101], mixed Ag and Au nanoparticles
integrated into the anode buffer layer resulted in a PCE of 8.67 % for PTB7:PC70BM-based
OSCs, which was higher than the PCE achieved from the control device (7.25 %). LSPR
excitation from dual metallic NPs with differing geometrical shapes was credited with better
device performance [32]. Furthermore, when Cu:Ag NPs were doped in PEDOT:PSS layer
for PSHT:PCBM manufactured cell, Tang et al. [7] discovered a PCE of 13.4 %. Metal
nanoparticles used as interfacial layers in organic photovoltaic solar cells have been shown to
boost light trapping and absorption without changing the photoactive layer thickness [22].
The solar cells made with bimetallic nanocomposite outperformed those made with pristine
PEDOT:PSS hole transport film in general. These adjustments were reflected in better Jsc,
fill factor, and PCE, which were partly due to the series resistance being reduced (Rs). The
significant photocurrent recorded in the solar cells could be attributed to light trapping and
improved charge transport processes. The conformational changes generated by the addi-
tion of Ag:Zn nanoparticles to PEDOT:PSS chains can lower the energy barrier, facilitating
charge transport along the chains. Furthermore, due to numerous light scattering at the site
of metal cluster centers, the nanocomposite can function as a light trapping mechanism in
the photoactive medium [26}, [7, [§]. According to the data in Table 3.1, devices with metal
nano-composite in the photoactive layer have a high open circuit voltage, implying the es-
tablishment of a favorable interface between the active layer and the electrodes, as described

in the following sections.

3.3.4 Addition of mono-metallic nano-particles (NPs) into the

photo-absorber

Kim and Carroll [29, 104} [66] published one of the first papers on the insertion of modest
amounts of metallic NPs such as Au and Ag NPs to the photoactive layer of OSCs. The
nanoparticles had a diameter of 5-6 nm and were stabilized by a dodelcyl amine ligand shell.

The inclusion of dopant states in the active layer or/and the interfaces enhanced the electrical
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conductivity and lowered the series resistance of ITO/PEDOT:PSS/P3HT:PCBM/LiF /Al
OSCs, resulting in a PCE improvement of more than 50 %. However, a metallic NPs de-
vice with 23 wt % of Au NPs functionalized with DDA in the solar absorber layer saw
a substantial 56 % loss in efficiency from a PCE of 2.5 % in another conventional device
configuration of ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al to 1.1 %. The cause of this de-
cline is most likely not functionalization, but rather quenching of the polymer’s excited
states or local short circuits caused by aggregated Au NPs [10]. Wang et al. [66] inserted
0.5 wt % Au NPs with an average diameter of 18 nm in the solar absorber layer of an
ITO/PEDOT:PSS/PFSDCN:PCBM/LiF /Al cell architecture and reported a PCE improve-
ment from 1.64 to 2.17 %. Li et al. [95] [105] described an organic solar cell with the structure
ITO/TiO2/PBDTTT-C-T:PC71BM/Ag with a 2 wt % concentration of 20 nm and 50 nm
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Au NPs in the active layer blend, respectively. The PCE of the devices with 50 nm, 20
nm, and no Au NPs was 8.11 %, 7.83 %, and 7.59 %, respectively. PCE was raised from
2.64 % to 3.71 % using a 5 Vol % concentration of 10 nm Au NPs combined in the ac-
tive layer blend solution with a device structure of ITO/PEDOT:PSS/P3HT:PCBM/AI in
other studies. With the addition of Au NP-decorated Boron (B)-doped carbon nanotube in
the blend system of PTB7:PC70BM and the introduction of Au NPs into the hole trans-
port layer of PEDOT:PSS [20], a PCE of 9.75 % was the highest value ever reported for
single-junction OSCs with PTB7:PC70BM absorber system, surpassing that of the reference
cell (8.12 %). Low crystalline organic active layers, on the other hand, tend to impede
charge diffusion and dissociation in the copolymer solar cell [T01]. Incorporating Au NPs-
decorated nitrogen (N) or boron (B)-doped carbon nanotubes (Au:NCNTs or Au:BCNTs,
respectively) into PTB7:PC70BM-based organic thin films is a common method used to
solve these challenges. The effect of noble metal LSPR (for example, Au NPs) on the over-
all performance of manufactured organic solar cell systems has been reported. As a result,
Au:NCNTSs boosted photovoltage, raised PCE from 8.31 % to 9.45 %, and increased Jsc from
16.71 to 18.21 mA.cm™2, but Au:BCNTs substantially increased PCE to 9.81 %, and Jsc
to 18.31 mA.cm~2.A device construction of thin film organic solar cells doped with metal

nano-particles (NPs) is shown in Figure 3.7.

3.3.5 Addition of bi-metallic nano-particles (Bi-NPs) into the photo-

absorber layers

Using bi-metallic NPs instead of mono-metallic NPs in integrated solar cells solved some of
the problems with mono-metallic NPs in organic solar devices. Bi-metallic nanocomposite
solved problems like charge recombination within the metal, thermal and chemical instabil-
ity, and control of metallic NPs/polymer chromophore separation to prevent non-radiative
quenching states [46] [107]. Our materials science group published Bi-NPs with an Ag:Cu
core-shell structure inserted into the PSHT:PCBM layer manufactured by wet chemical tech-
nique [20], [7T, 13]. Bi-NPs having a radius of 40-45 nm were integrated into a P3HT:PCBM
solar absorber film containing 5 and 10 % Ag:Cu NPs, respectively. The PCE of the devices
was 3.29 % and 3.87 %, respectively. Furthermore, the zero-field mobilities for the 10 wt %
Ag:Cu doped devices were at least 50 % higher than for the 5 wt % Ag:Cu doped devices,
implying that germinate recombination was reduced in the devices with 10 wt % NPs. Chen
et al. [109] 32] reported a PCE of 3.80 % from a P3HT:PCBM active layer device doped
with Au:SiO2 NPs, which was a 16 % improvement over single Au NPs but was defeated by
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Figure 3.7: (a) Device structure of solar cells doped with NPs; (b) TEM pictures of Ag, Au,
and Ag:Au NPs; (c) J-V pararmeters of solar cells doped and un-doped with NPs and (d)
EQE spectra of PTB7:PC7,BM Devices optimized and unoptimized by PC7;,BM [22].

our research group’s cheap, simple, and outstanding performance. Table 3.1 summarizes the
effects of metal nanoparticles incorporated in various layers of OSC devices on the PCEs of
thin film organic solar cells. In comparison to solar cells without metal NPs in the active
layer, more photocurrent has been measured from solar cells with metal NPs in the active

layer (see Figure 3.7).

The addition of Ag:Cu nanoparticles to PSHT:PCBM mixes increased the solar spectrum’s
optical absorption range. As a result, charge extraction and transport parameters in the
produced device were improved, as seen by better short circuit current density and power
conversion efficiencies (PCEs) when compared to pristine devices. However, the number of
metal nanoparticles in the solar absorber of the devices had a significant impact on their
performance. For example, doping metal NPs into the P3HT: PCBM: active layer at a
concentration of 3 % wt Ag:Cu NPs increased the current density from 8.4 mA.cm? to 10.3
mA.cm? [73]. Moreover, the metal NPs increased charge mobility and conductivity of organic
solar absorber. However, with greater concentrations of NPs, both the fill factor (FF) and
the open circuit voltage (Voc) declined, which could be due to current leakage in the solar

cells generated by direct contact between Ag:Cu NPs and electrodes, resulting in electron
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quenching. Due of the combined LSPR effects of Ag and Cu NPs, devices with 3 % Ag:Cu

NPs achieved the highest Jsc improvements.

3.3.6 Tri-metallic nanoparticles (Tri-NPs)

To attain the best conditions for good device performance, metal nanocomposites were in-
serted in the photoactive medium and evaluated in various device topologies (i.e. conven-
tional and inverted structures) of TFOSCs. By adding tri-metallic nanoparticles (Tri-NPs) in
the active layers of the devices utilizing conventional and inverted designs, we have achieved
spectacular achievements in the development of organic solar cells PCEs [41], 42, T13]. From
electron-hole charge pair creation and separation to charge transport collection, tri-metallic
NPs favored an improvement in all major aspects of solar energy harvesting approaches
[5]. As indicated by the conventional device fabricated by Mbuyise et al. [44, 28], the
PCE enhancements result from the promotion of Jsc and FF. Furthermore, increased charge
transport and low induced series resistance (Rs) due to Ag:Zn:Ni nanocomposites can ex-
plain higher FF [42] 116]. On the other hand, Oseni and Mola adopted an inverted device
structure in their work, which often results in increased device performance and stability
[45], 118, 119, 120), 121), 122, 123]. Poly4,6-(2-ethylhexyl-3-fluorothieno[3,4-b]thiophene-2 car-
boxylate) alt-2,6(4,8-bis(2-ethylhexyloxy) benzo[1,2-b:4,5-b]dithiophene) is one of the most
well-known and efficient semiconducting polymers utilized in the manufacture of TFOSC
(PTBT7). In the current research, the fullerene molecule [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) is employed as an acceptor [124, [125], 126, 28, 127, 128, 129]. The impacts
of trimetallic NPs on the photovoltaic performance of TFOSCs are demonstrated by the
J-V characteristic curve and photovoltaic parameters in Figure 3.8. The Voc values for
the NP-doped devices were somewhat lower than those for the pristine active layer, most
likely due to the creation of intermediate states that could modify the energy band gap
of the polymers, resulting in a mismatch between the photoactive layer and the electrode
work function. Finally, but certainly not least, the lifespan of the materials and electronics
used in solar cells. Furthermore, the effect of the solvent additive should not be overlooked
due to its major impact on optical absorption and device fill factor (FF) in DIO-treated
films. Thus, the PCE was enhanced by 15 % and 25 %, respectively, for devices doped with
trimetallic NPs alone and devices doped with both NPs and DIO. Furthermore, the addition
of DIO (solvent additive) improved the crystallinity of the PTB7:PCBM bulk film, resulting
in improved charge dissociation and transportation, as evidenced by both the mobility value

and the Jsc. Furthermore, metal NPs cause a strong local electromagnetic field in the pho-
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Figure 3.8: (a) Schematic diagram of a thin film organic solar cell with Ag:Zn:Ni nanocom-
posite incorporated into the photoactive medium; (b) UV-Vis absorption spectra; (c) J-V
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toactive layer, which might contribute to the production and dissociation of excitons in the
medium [130, 131, 132} [69] 133], 134]. The efficiency of the NPs in these devices, however, is
dependent on establishing the optimal stoichiometric ratio, which is dictated by the weight,
size, and shape of the NPs in relation to the bulk active layer thickness. FExcessive use of
metal NPs is also counterproductive due to the likely limitation of the local surface plas-
mon resonance effect, which is limited to a range of a few nanometers [135]. The inverted
TFOSCs’ stabilities were investigated in ambient conditions without device encapsulation.
The devices” photovoltaic properties were measured at regular intervals and then left under
ambient circumstances until the next measurement. Figure 3.8 depicts the changes in so-
lar cell properties over time. In an ambient setting, the freshly produced solar cells were
remarkably stable, retaining over 80 % of their optimum performance for almost 25 days.
Without device encapsulation, the solar cells remained stable for over 90 days in an ambient

environment.

3.4 Conclusion

Taking into account the benefits and drawbacks of existing synthesis methods, an ideal
method should be one that is environmentally friendly, cost-effective, easily scalable, and
has a controlled and monodisperse synthesis with minimal steps and energy requirements, as
well as the least batch to batch variation. Noble metals, which primarily consist of 3d metals
(Cu, Zn, Ni and Fe) and 4d metals (Au, Ag, Sn), have been synthesized utilizing a variety
of chemical techniques to produce mono-, bi- and tri-metallic NPs. In contrast to magnetic
metals, noble metals have more profound electron structures, providing essential advantages
in the areas of catalysis and optical detection based on surface plasmon resonance (SPR). We
have compiled a list of previous and current research on surface plasmons in photovoltaic
applications. Metallic nanoparticle composites have evolved as sort of high-yield devices
with potential for increased performance, such as LSPR-optimized light absorption, efficient

exciton dissociation, and improved charge carrier transport.

65



Bibliography

References

Chamberlain, G.A., 1983. Organic solar cells: A review. Solar cells, 8(1), pp.47-83.

Xu, T. and Yu, L., 2014. How to design low bandgap polymers for highly efficient organic
solar cells. Materials today, 17(1), pp.11-15.

Kouigzer, S., Photoactive and interface layers in polymer solar cells. 2014.

Spanggaard, H. and F.C. Krebs, A brief history of the development of organic and
polymeric photovoltaics. Solar Energy Materials and Solar Cells, 2004. 83(2): p.125-
146.

Yu, S., Performance enhancement of organic photovoltaic cells through nanostructuring

and molecular doping. 2015.

Kheli, S., Electrical characterization of PSHT:PCBM organic solar cells by admittance
spectroscopy: Defect Investigation. in E-MRS 2011 Spring Meeting;, Symposium S: Or-
ganic photovoltaics-science and technology (OPV). 2011.

Masuko, Keiichiro, Masato Shigematsu, Taiki Hashiguchi, Daisuke Fujishima, Motohide
Kai, Naoki Yoshimura, Tsutomu Yamaguchi et al. ”Achievement of more than 25 %
conversion efficiency with crystalline silicon heterojunction solar cell.” IEEE Journal

of Photovoltaics 4, no. 6 (2014): 1433-1435.

Jackson, Philip, Dimitrios Hariskos, Roland Wuerz, Oliver Kiowski, Andreas Bauer,
Theresa Magorian Friedlmeier, and Michael Powalla. ”Properties of Cu (In, Ga) Se2
solar cells with new record efficiencies up to 21.7 %.” physica status solidi (RRL)-Rapid
Research Letters 9, no. 1 (2015): 28-31.

66



[9]

[10]

[11]

[12]

[13]

[16]

[17]

[18]

[19]

Isabella, Olindo, Arno Hendrikus Marie Smets, and Miro Zeman. ”Thin-film silicon-
based quadruple junction solar cells approaching 20 % conversion efficiency.” Solar En-
ergy Materials and Solar Cells 129 (2014): 82-89.

Panda, Manas K., Kalliopi Ladomenou, and Athanassios G. Coutsolelos. ”Porphyrins
i biro-inspired transformations: Light-harvesting to solar cell.” Coordination Chemistry
Reviews 256, no. 21-22 (2012): 2601-2627.

Adebanjo, Olusegun, Purna P. Maharjan, Prajwal Adhikary, Mingtai Wang, Shangfeng
Yang, and Qiquan Qiao. ”Triple junction polymer solar cells.” Energy € Environmental
Science 6, no. 11 (2013): 3150-3170.

Sariciftci, Niyazi Serdar, David Braun, C. Zhang, V. I. Srdanov, Alan J. Heeger, G.
Stucky, and Fred Wudl. ”Semiconducting polymer-buckminsterfullerene heterojunctions:
Diodes, photodiodes, and photovoltaic cells.” Applied physics letters 62, no. 6 (1993):
585-587.

Jung, J., Yoon, Y.J., He, M. and Lin, Z., 201}. Organic-inorganic nanocomposites com-
posed of conjugated polymers and semiconductor nanocrystals for photovoltaics. Journal

of Polymer Science Part B: Polymer Physics, 52(24), pp.1641-1660.

Chiang, C.K., Electrical conductivity in doped polyacetylene. Physical review letters,
1977. 89(17): p.1098.

Hao, Y., Sun, Q., Cui, Y., Li, Z., Ji, T., Wang, H. and Zhu, F., 2017. Broadband EQFE
enhancement in organic solar cells with multiple-shaped silver nanoparticles: Optical

coupling and interfacial engineering. Materials Today Energy,2017. 3, pp.84-91.

Bell, J.T. and Mola, G.T., 2014. Improved charge transport in P3HT: PCBM bulk
heterojunction PV cell under ambient environment. Physica B: Condensed Matter, 437,
pp.63-66.

https://www.nrel.gov/pv/module-efficiency. html

Atwater, H.A. and Polman, A., 2011. Plasmonics for improved photovoltaic devices. In
Materials for Sustainable Energy: A Collection of Peer-Reviewed Research and Review
Articles from Nature Publishing Group (pp. 1-11).

Duan, S. and R. Wang, Bimetallic nanostructures with magnetic and noble metals and
thewr physicochemical applications. Progress in Natural Science: Materials International,

2013. 23(2): p. 113-126.

67



[20]

[21]

[22]

23]

[24]

[25]

[20]

[27]

28]

[30]

[31]

Ma, Y., et al., Au@Ag core-shell nanocubes with finely tuned and well-controlled sizes,
shell thicknesses, and optical properties. ACS nano, 2010. 4(11): p. 6725-673/.

Tessema, G., 2012. Charge transport across bulk heterojunction organic thin film. Ap-
plied Physics A, 106(1), pp.53-57.

Stratakis, E. and Kymakis, E., 2013. Nanoparticle-based plasmonic organic photovoltaic
devices. Materials Today, 16(4), pp.133-140.

Tonui, P., Oseni, S.0., Sharma, G., Yan, Q. and Mola, G.T., 2018. Perovskites pho-
tovoltaic solar cells: An overview of current status. Renewable and Sustainable Energy
Reviews, 91, pp.1025-1044.

Zhou, K., Guo, Z., Liu, S. and Lee, J.H., 2015. Current approach in surface plasmons
for thin film and wire array solar cell applications. Materials, 8(7), pp.4565-4581.

Lian, J., Interfacial layers in organic solar cells, in Organic and Hybrid Solar Cells.
2014, Springer. p.121-176.

Erwin, W.R., Zarick, H.F., Talbert, E.M. and Bardhan, R., 2016. Light trapping in
mesoporous solar cells with plasmonic nanostructures. Energy € Environmental Science,
9(5), pp.1577-1601.

Flumalai, N.K., Metal oxide semiconducting interfacial layers for photovoltaic and pho-
tocatalytic applications. Materials for Renewable and Sustainable Energy, 2015. 4(3):
p. 1-25.

Jhamba, L., 2017. OPTO-electrical characterisation of carbon-based thin film solar cells

of excitonic descent in bulk heterojuction architecture (Doctoral dissertation).

Kim, I., Lee, K.S., Lee, T.S., Jung, D.S., Lee, W.S., Kim, W.M. and Lee, K.S., 2015.
Size dependence of spherical metal nanoparticles on absorption enhancements of plas-

monic organic solar cells. Synthetic Metals, 199, pp.17/-178.

Natsuki, J., Natsuki, T. and Hashimoto, Y., 2015. A review of silver nanoparticles:
synthesis methods, properties and applications. Int. J. Mater. Sci. Appl, 4(5), pp.325-
332.

Liao, K.S., Yambem, S.D., Haldar, A., Alley, N.J. and Curran, S.A., 2010. Designs
and architectures for the next generation of organic solar cells. Energies, 3(6), pp.1212-
1250.

68



[32]

33]

[37]

[41]

[42]

Ghorbani, H.R., Mehr, F.P., Pazoki, H. and Rahmani, B.M., 2015. Synthesis of ZnO
nanoparticles by precipitation method. Oriental Journal of Chemistry, 31(2), pp.1219-
1221.

Bonsak, J., Mayandi, J., Thogersen, A., Stensrud Marstein, E. and Mahalingam, U.,
2011. Chemical synthesis of silver nanoparticles for solar cell applications. physica status
solidicity, 8(3), pp.924-9217.

Akimov, Y.A., Koh, W.S. and Ostrikov, K., 2009. Enhancement of optical absorption in
thin-film solar cells through the excitation of higher-order nanoparticle plasmon modes.
Optics express, 17(12), pp.10195-10205.

Kelly, K.L., Coronado, E., Zhao, L.L. and Schatz, G.C., 2003. The optical properties

of metal nanoparticles: the influence of size, shape, and dielectric environment.

Trinh, D.C., Synthesis of Cu core Ag shell nanoparticles using chemical reduction
method. Advances in Natural Sciences: Nanoscience and Nanotechnology, 2015. 6(2):
p. 025018.

Liu, Q.-m., Preparation of Cu nanoparticles with NaBH/ by aqueous reduction method.
Transactions of Nonferrous Metals Society of China, 2012. 22(1): p. 117-125.

Oseni, S.0. and G.T. Mola, Properties of functional layers in inverted thin film organic
solar cells. Solar Energy Materials and Solar Cells, 2017. 160: p. 241-256.

Duan, C., Interface engineering for high performance bulk-heterojunction polymeric so-

lar cells, in Organic Solar Cells. 2013, Springer. p. 43-79.

Dang, T.M.D., et al., Synthesis and optical properties of copper nanoparticles prepared
by a chemical reduction method. Advances in Natural Sciences: Nanoscience and Nan-
otechnology, 2011. 2(1): p. 015009.

Li, G., R. Zhu, and Y. Yang, Polymer solar cells. Nature Photonics, 2012. 6(3): p.
153-161.

Wang, D.H., Kim, D.Y., Choi, K.W., Seo, J.H., Im, S.H., Park, J.H., Park, O.0. and
Heeger, A.J., 2011. Enhancement of donor—acceptor polymer bulk heterojunction solar

cell power conversion efficiencies by addition of Au nanoparticles. Angewandte Chemie,
123(24), pp.5633-5637.

69



[43]

[45]

[47]

[48]

[49]

[50]

[51]

[52]

Park, JW., Shin, S.C. and Shim, J.W., 2016. Effects of p-Type Nickel Oxide Semicon-
ductor and Gold Bilayer on Highly Efficient Polymer Solar Cell. Bulletin of the Korean
Chemical Society, 37(10), pp.1652-1656.

Lee, J.M., Lim, J., Lee, N., Park, H.I., Lee, K.E., Jeon, T., Nam, S.A., Kim, J.,
Shin, J. and Kim, S.0., 2015. Synergistic concurrent enhancement of charge generation,
dissociation, and transport in organic solar cells with plasmonic metal-carbon nanotube
hybrids. Advanced Materials, 27(9), pp.1519-1525.

Ranganathan, K., Wamwangi, D. and Coville, N.J., 2015. Plasmonic Ag nanoparticle
interlayers for organic photovoltaic cells: An investigation of dielectric properties and
light trapping. Solar Enerqy, 118, pp.256-266.

Lee, J.M. and Kim, S.0., 2016. Enhancing organic solar cells with plasmonic nanoma-

terials. ChemNanoMat, 2(1), pp.19-27.

Uddin, A. and Yang, X., 201}. Surface plasmonic effects on organic solar cells. Journal
of nanoscience and nanotechnology, 14(2), pp.1099-1119.

Pareek, V., Bhargava, A., Gupta, R., Jain, N. and Panwar, J., 2017. Synthesis and
applications of noble metal nanoparticles: a review. Advanced Science, Engineering and
Medicine, 9(7), pp.527-544.

Xiong, Yubing, Yujiao Wang, Hong Wang, Rongmin Wang, and Zipeng Cui. ”Nowvel
one-step synthesis to cross-linked polymeric nanoparticles as highly active and selective
catalysts for cycloaddition of COZ2 to epoxides.” Journal of applied polymer science 123,
no. 8 (2012): 1486-1493.

Peh, C. K. N., L. Ke, and G. W. Ho. "Modification of ZnO nanorods through Au
nanoparticles surface coating for dye-sensitized solar cells applications.” Materials Let-
ters 64, no. 12 (2010): 1372-1375.

Sheehan, Stafford W., Heeso Noh, Gary W. Brudvig, Hui Cao, and Charles A. Schmut-
tenmaer. ”Plasmonic enhancement of dye-sensitized solar cells using core—shell-shell

nanostructures.” The Journal of Physical Chemistry C 117, no. 2 (2013): 927-934.

Jung, Heesuk, Bonkee Koo, Jae-Yup Kim, Tachee Kim, Hae Jung Son, BongSoo Kim,
Jin Young Kim ”Enhanced photovoltaic properties and long-term stability in plasmonic
dye-sensitized solar cells via noncorrosive redox mediator.” ACS applied materials €
interfaces 6, no. 21 (2014): 19191-19200.

70



[53]

[54]

[56]

[57]

[61]

[62]

Nakao, Yukimichi, and Kozo Sone. ”Reversible dissolution/deposition of gold in io-
dine—iodide—acetonitrile systems.” Chemical Communications 8 (1996): 897-898.

Standridge, Stacey D., George C. Schatz, and Joseph T. Hupp. 7 Toward plasmonic solar
cells: protection of silver nanoparticles via atomic layer deposition of TiOZ2.” Langmuir

25, no. 5 (2009): 2596-2600.

Chen, Hanning, Martin G. Blaber, Stacey D. Standridge, Erica J. DeMarco, Joseph T.
Hupp, Mark A. Ratner, and George C. Schatz. ”Computational modeling of plasmon-

enhanced light absorption in a multicomponent dye sensitized solar cell.” The Journal
of Physical Chemistry C 116, no. 18 (2012): 10215-10221.

Kim, Seok-Soon, Seok-In Na, Jang Jo, Dong-Yu Kim, and Yoon-Chae Nah. ”Plasmon
enhanced performance of organic solar cells using electrodeposited Ag nanoparticles.”

Applied Physics Letters 93, no. 7 (2008): 305.

Ferry, Vivian E., Luke A. Sweatlock, Domenico Pacifici, and Harry A. Atwater. ”Plas-
monic nanostructure design for efficient light coupling into solar cells.” Nano letters 8,
no. 12 (2008): 4391-4397.

Wang, J., Effect of plasmonic Au nanoparticles on inverted organic solar cell perfor-
mance. The Journal of Physical Chemistry C, 2012. 117(1): p. 85-91.

Tong, S., Improvement in the hole collection of polymer solar cells by wutilizing gold
nanoparticle buffer layer. Chemical Physics Letters, 2008. 453(1-3): p. 73-76.

El-Naggar, Mehrez E., Tharwat I. Shaheen, Moustafa MG Fouda, and Ali A. Hebeish.
”Eco-friendly microwave-assisted green and rapid synthesis of well-stabilized gold and
core—shell silver—gold nanoparticles.” Carbohydrate polymers 136 (2016): 1128-1136.

Yarali, Emre, Christina Koutsiaki, Hendrik Faber, Kornelius Tetzner, Emre Yengel,
Panos Patsalas, Nikolaos Kalfagiannis, Demosthenes C. Koutsogeorgis, and Thomas
D. Anthopoulos. ”Recent progress in photonic processing of metal-ozide transistors.”
Advanced Functional Materials 30, no. 20 (2020): 1906022.

Igbal, Muhammad Zahir, Shahid Alam, Mian Muhammad Faisal, and Sana Khan. ”Re-
cent advancement in the performance of solar cells by incorporating transition metal
dichalcogenides as counter electrode and photoabsorber.” International Journal of En-
ergy Research 43, no. 8 (2019): 3058-3079.

71



[63]

[64]

[68]

[69]

[71]

Lim, E.L., A review of recent plasmonic nanoparticles incorporated PSHT: PCBM or-
ganic thin film solar cells. Organic Electronics, 2016. 36: p. 12-28.

Woo, S., Jeong, J.H., Lyu, H. K., Han, Y.S. and Kim, Y., 2012. In situ-prepared com-
posite materials of PEDOT: PSS buffer layer-metal nanoparticles and their application

to organic solar cells. Nanoscale research letters, 7(1), p.641.

Hao, X., Wang, S., Fu, W., Sakurai, T., Masuda, S. and Akimoto, K., 2014. Nowvel
cathode buffer layer of Ag-doped bathocuproine for small molecule organic solar cell with
inverted structure. Organic Electronics, 15(8), pp.1773-1779.

Wang, C.C., Optical and electrical effects of gold nanoparticles in the active layer of
polymer solar cells. Journal of Materials Chemistry, 2012. 22(3): p. 1200-1211.

Anger, P., P. Bharadwaj, and L. Novotny, Enhancement and quenching of single-
molecule fluorescence. Physical review letters, 2006. 96(11): p. 113002.

Cheng, Y., Fluorescence near gold nanoparticles for DNA sensing. Analytical chemistry,
2011. 83(4): p.1307-1314.

Xie, F.X., Choy, W.C., Wang, C.C., Sha, W.E. and Fung, D.D., 2011. Improving
the efficiency of polymer solar cells by incorporating gold nanoparticles into all polymer
layers. Applied Physics Letters, 99(15), p.219.

Bahari Molla Mahaleh, Y., Sadrnezhaad, S.K. and Hosseini, D., 2008. NiO nanoparti-
cles synthesis by chemical precipitation and effect of applied surfactant on distribution

of particle size. Journal of Nanomaterials, 2008.

Tonui, P. and Mola, G.T., 2019. Improved charge extraction in polymer solar cell using
metal nano-composite. Physica E: Low-dimensional Systems and Nanostructures, 107,
pp.154-159.

Mola, G.T. and Arbab, E.A., 2017. Bimetallic nanocomposite as hole transport co-buffer
layer in organic solar cell. Applied Physics A, 1253(12), p.772.

Diamini, M. W. and G.T. Mola, Near-field enhanced performance of organic photovoltaic
cells. Physica B: Condensed Matter, 2019. 552: p. 78-83.

Tonui, P., Arbab, E.A.A. and Mola, G.T., 2019. Metal nano-composite as charge trans-
port co-buffer layer in perovskite based solar cell. Journal of Physics and Chemistry of
Solids, 126, pp.124-130.

72



[75]

[76]

[77]

78]

[80]

[84]

[85]

[36]

Leonhardt, Ulf. ”Invisibility cup.” Nature photonics 1, no. 4 (2007): 207-208.

Thompson, David. ”Michael Faraday’s recognition of ruby gold: the birth of modern
nanotechnology.” Gold Bulletin 40, no. 4 (2007): 267-269.

Anker, Jeffrey N., W. Paige Hall, Olga Lyandres, Nilam C. Shah, Jing Zhao, and
Richard P. Van Duyne. ”Biosensing with plasmonic nanosensors.” Nanoscience and
Technology: A Collection of Reviews from Nature Journals (2010): 308-319.

Kabashin, Andrei V., Paul Evans, S. Pastkovsky, William Hendren, Gregory A. Wurtz,
Ron Atkinson, Robert Pollard, V. A. Podolskiy, and Anatoly V. Zayats. ”Plasmonic

nanorod metamaterials for biosensing.” Nature materials 8, no. 11 (2009): 867-871.

Liu, Zhaower, Jennifer M. Steele, Werayut Srituravanich, Yuri Pikus, Cheng Sun, and
Xiang Zhang. ”Focusing surface plasmons with a plasmonic lens.” Nano letters 5, no.
9 (2005): 1726-1729.

Xu, Guowei, Jianwei Liu, Qian Wang, Rongqing Hui, Zhijun Chen, Victor A. Maroni,
and Judy Wu. ”Graphene: Plasmonic Graphene Transparent Conductors (Adv. Mater.
10/2012).” Advanced Materials 24, no. 10 (2012): OP70-OP70.

Catchpole, KR and, and Albert Polman. ”Plasmonic solar cells.” Optics express 16, no.
26 (2008): 21793-21800.

Notarianni, M., et al., Plasmonic effect of gold nanoparticles in organic solar cells.

Solar Energy, 2014. 106: p. 23-37.

Ferry, Vivian E., Marc A. Verschuuren, Hongbo BT Li, Fwold Verhagen, Robert J.
Walters, Ruud EI Schropp, Harry A. Atwater, and Albert Polman. ”Light trapping in
ultrathin plasmonic solar cells.” Optics express 18, no. 102 (2010): A237-A245.

Hagfeldt, Anders, Gerrit Boschloo, Licheng Sun, Lars Kloo, and Henrik Pettersson.
”Dye-sensitized solar cells.” Chemical reviews 110, no. 11 (2010): 6595-6663.

Pattantyus-Abraham, Andras G., Illan J. Kramer, Aaron R. Barkhouse, Xihua Wang,
Gerasimos Konstantatos, Ratan Debnath, Larissa Levina et al. ”Depleted-heterojunction

colloidal quantum dot solar cells.” ACS nano 4, no. 6 (2010): 3374-3380.

Tachibana, Yasuhiro, Lionel Vayssieres, and James R. Durrant. ”Artificial photosyn-
thesis for solar water-splitting.” Nature Photonics 6, no. 8 (2012): 511-518.

73



[87]

[38]

[89]

[90]

[91]

[92]

Holladay, Jamie D., Jianli Hu, David L. King, and Yong Wang. ”An overview of hy-
drogen production technologies.” Catalysis today 139, no. 4 (2009): 244-260.

Zhang, Z., Wei, L., Qin, X. and Li, Y., 2015. Carbon nanomaterials for photovoltaic
process. Nano Energy, 15, pp.490-522.

Sharma, G., Kumar, D., Kumar, A., Ala’a, H., Pathania, D., Naushad, M. and Mola,
G.T., 2017. Revolution from monometallic to trimetallic nanoparticle composites, var-
tous synthesis methods and their applications: a review. Materials Science and Engi-
neering: C, 71, pp.1216-1230.

Sharma, G., Naushad, M., Kumar, A., Devi, S. and Khan, M.R., 2015. Lan-
thanum/Cadmium/Polyaniline bimetallic nanocomposite for the photodegradation of or-
ganic pollutant. Iranian Polymer Journal, 24(12), pp.1003-1013.

Linic, Suljo, Phillip Christopher, and David B. Ingram. ”Plasmonic-metal nanostruc-
tures for efficient conversion of solar to chemical energy.” Nature materials 10, no. 12
(2011): 911-921.

Shahin, S., P. Gangopadhyay, and R.A. Norwood, Ultrathin organic bulk heterojunction
solar cells: Plasmon enhanced performance using Au nanoparticles. Applied Physics
Letters, 2012. 101(5): p. 053109.

Chen, S.F. and Zhang, H., 2012. Aggregation kinetics of nanosilver in different wa-
ter conditions. Advances in natural sciences: nanoscience and nanotechnology, 3(3),
p.035000.

Spyropoulos, G.D., Stylianakis, M.M., Stratakis, FE. and Kymakis, E., 2012. Organic
bulk heterojunction photovoltaic devices with surfactant-free Au nanoparticles embedded
in the active layer. Applied Physics Letters, 100(21), p.21390/.

Li, X., Cao, Y., Li, S., Li, W. and Bo, Z., 2020. The preparation of plasmonic Au@Si02
NPs and its application in polymer solar cells. Materials Letters, p.127599.

Mavani, K. and Shah, M., 2013. Synthesis of silver nanoparticles by using sodium boro-

hydride as a reducing agent. International Journal of Engineering Research € Technol-

0gy, 2(3), pp.1-5.

Olesiak-Banska, J., Waszkielewicz, M., Obstarczyk, P. and Samoc, M., 2019. Two-
photon absorption and photoluminescence of colloidal gold nanoparticles and nanoclus-

ters. Chemical Society Reviews, 48(15), pp.4087-4117.

74



98] Antohe, S., Sorina Iftimie, Laura Hrostea, V. A. Antohe, and Mihaela Girtan. ”A
critical review of photovoltaic cells based on organic monomeric and polymeric thin film
heterojunctions.” Thin Solid Films 642 (2017): 219-231.

[99] Gangadharan, Deepak Thrithamarassery, Zhenhe Xu, Yanlong Liu, Ricardo Izquierdo,
and Dongling Ma. ”Recent advancements in plasmon-enhanced promising third-
generation solar cells.” Nanophotonics 6, no. 1 (2017): 1553-175.

[100] Wang, D.H., Enhancement of donoracceptor polymer bulk heterojunction solar cell
power conversion efficiencies by addition of Au nanoparticles. Angewandte Chemie In-
ternational Edition, 2011. 50(24): p.5519-5523.

[101] Foster, S., et al., Electron collection as a limit to polymer: PCBM solar cell efficiency:
effect of blend microstructure on carrier mobility and device performance in PTB7:

PCBM. Advanced Energy Materials, 2014. 4(14): p. 1400311.

[102] Tseng, W.J. and Chuang, Y.C., 2018. Chemical Preparation of Bimetallic Fe/Ag
Core/Shell Composite Nanoparticles. Journal of nanoscience and nanotechnology,
18(4), pp-2790-2796.

[103] Litzov, I. and C. Brabec, Development of efficient and stable inverted bulk heterojunc-
tion (BHJ) solar cells using different metal oxide interfaces. Materials, 2013. 6(12): p.
5796-5820.

[104] Topp, K., Borchert, H., Johnen, F., Tunc, A.V., Knipper, M., Von Hauff, E., Parisi,
J. and Al-Shamery, K., 2010. Impact of the incorporation of Au nanoparticles into
polymer/fullerene solar cells. The Journal of Physical Chemistry A, 114(11), pp.3981-
3989.

[105] Li, X., Choy, W.C.H., Lu, H., Sha, W.E. and Ho, A.H.P., 2013. Efficiency enhance-
ment of organic solar cells by using shape-dependent broadband plasmonic absorption in
metallic nanoparticles. Advanced Functional Materials, 23(21), pp.2728-2735.

[106] Bhagathsingh, W. and Nesaraj, A.S., 2013. Low temperature synthesis and thermal
properties of Ag—Cu alloy nanoparticles. Transactions of Nonferrous Metals Society of
China, 23(1), pp.128-135.

[107] Sarkar, J., Bhattacharyya, M., Kumar, R., Mandal, N. and Mallik, M., 2016. Synthe-
sis and characterizations of Cu—Ag core—shell nanoparticles. Advanced Science Letters,
22(1), pp.193-196.

75



[108] Arbab, E.A.A. and G.T. Mola, Metals decorated nanocomposite assisted charge trans-
port in polymer solar cell. Materials Science in Semiconductor Processing, 2019. 91: p.
1-8.

[109] Chen, B., Zhang, W., Zhou, X., Huang, X., Zhao, X., Wang, H., Liu, M., Lu, Y.
and Yang, S., 2013. Surface plasmon enhancement of polymer solar cells by penetrating
Au/Si02 core/shell nanoparticles into all organic layers. Nano Energy, 2(5), pp.906-
915.

[110] Mao, B.W., Tang, J. and Randler, R., 2002. Clustering and anisotropy in monolayer
formation under potential control: Sn on Au (111). Langmuir, 18(14), pp.5329-5332.

[111] Zou, C., Gao, Y., Yang, B. and Zhai, Q., 2010. Melting and solidification properties of
the nanoparticles of Sn3. 0Ag0. 5Cu lead-free solder alloy. Materials Characterization,
61(4), pp.-474-480.

[112] Roshanghias, A., Yakymovych, A., Bernardi, J. and Ipser, H., 2015. Synthesis
and thermal behavior of tin-based alloy (Sn—-Ag—Cu) nanoparticles. Nanoscale, 7(13),
pp.5843-5851.

[113] Roshanghias, A., Bernardi, J. and Ipser, H., 2016. An attempt to synthesize Sn-Zn-Cu
alloy nanoparticles. Materials Letters, 178, pp.10-14.

[114] Mbuyise, X.G., Arbab, E.A. and Mola, G.T., 2019. The effect of a trimetallic nanocom-
posite in the solar absorber layer of organic solar cells. RSC advances, 9(11), pp.6070-
6076.

[115] Oseni, S.0. and Mola, G.T., 2019. Effects of metal-decorated nanocomposite on in-
verted thin film organic solar cell. Journal of Physics and Chemistry of Solids, 130,
pp.120-126.

[116] Fung, D.D., Qiao, L., Choy, W.C., Wang, C., Wei, E.I., Xie, F. and He, S., 2011. Op-
tical and electrical properties of efficiency enhanced polymer solar cells with Au nanopar-
ticles in a PEDOT-PSS layer. Journal of Materials Chemistry, 21(41), pp.16349-16356.

[117] Oseni, S.0., Kaviyarasu, K., Maaza, M., Sharma, G., Pellicane, G. and Mola, G.T.,
2018. ZnO: CNT assisted charge transport in PTB7: PCBM blend organic solar cell.
Journal of Alloys and Compounds, 748, pp.216-222.

[118] Cheng, P. and Zhan, X., 2016. Stability of organic solar cells: challenges and strategies.
Chemical Society Reviews, 45(9), pp.2544-2582.

76



[119] Yin, Z., Zheng, Q., Chen, S.C., Cai, D. and Ma, Y., 2016. Controllable ZnMgO
Electron-Transporting Layers for Long-Term Stable Organic Solar Cells with 8.06 %
Efficiency after One-Year Storage. Advanced Energy Materials, 6(4), p.1501495.

[120] MacLeod, B.A., De Villers, B.J.T., Schulz, P., Ndione, P.F., Kim, H., Giordano,
A.J., Zhu, K., Marder, S.R., Graham, S., Berry, J.J. and Kahn, A., 2015. Stability of
wnwverted organic solar cells with ZnO contact layers deposited from precursor solutions.
Energy € Environmental Science, 8(2), pp.592-601.

[121] He, Z., Zhong, C., Su, S., Xu, M., Wu, H. and Cao, Y., 2012. Enhanced power-
conversion efficiency in polymer solar cells using an inverted device structure. Nature
photonics, 6(9), pp.591-595.

[122] Fu, P., Guo, X., Zhang, B., Chen, T., Qin, W., Ye, Y., Hou, J., Zhang, J. and Li, C.,
2016. Achieving 10.5 % efficiency for inverted polymer solar cells by modifying the ZnO
cathode interlayer with phenols. Journal of Materials Chemistry A, 4(43), pp.16824-
16829.

[123] He, Z., Liu, F., Wang, C., Chen, J., He, L., Nordlund, D., Wu, H., Russell, T.P.
and Cao, Y., 2015. Simultaneous spin-coating and solvent annealing: manipulating the
active layer morphology to a power conversion efficiency of 9.6 % in polymer solar cells.
Materials Horizons, 2(6), pp.592-597.

[124] To, C.H., Ng, A., Dong, Q., Djurisic, A.B., Zapien, J.A., Chan, W.K. and Surya,
C., 2015. Effect of PTB7 properties on the performance of PTB7: PC71BM solar cells.
ACS Applied Materials € Interfaces, 7(24), pp.13198-13207.

[125] Lin, M.C., Huang, Y.C., Yen, C.T., Tsao, C.S. and Yen, Y.W., 2016. The effect of
hole transport layer on the thermal stability of inverted polymer solar cells. Polymer
Degradation and Stability, 134, pp.245-250.

[126] An, Q., Zhang, F., Li, L., Wang, J., Sun, Q., Zhang, J., Tang, W. and Deng, Z., 2015.
Stmultaneous improvement in short circuit current, open circuit voltage, and fill factor
of polymer solar cells through ternary strategy. ACS applied materials & interfaces, 7(6),
pp.3691-3698.

[127] Li, Y., Xu, Z., Zhao, S., Huang, D., Zhao, L., Zhang, C., Zhao, J., Wang, P. and
Zhu, Y., 2016. Enhanced carrier dynamics of PTB7: PC71BM based bulk heterojunction
organic solar cells by the incorporation of formic acid. Organic Electronics, 28, pp.275-
280.

7



[128] Pranculis, V., Ruseckas, A., Vithanage, D.A., Hedley, G.J., Samuel, I.D. and Gulbi-
nas, V., 2016. Influence of blend ratio and processing additive on free carrier yield and
mobility in PTB7: PC71BM photovoltaic solar cells. The Journal of Physical Chemistry
C, 120(18), pp.9588-959/.

[129] Laquai, F., Andrienko, D., Deibel, C. and Neher, D., 2017. Charge carrier generation,
recombination, and extraction in polymer—fullerene bulk heterojunction organic solar

cells. In Elementary Processes in Organic Photovoltaics (pp. 267-291). Springer, Cham.

[130] Borse, K., Sharma, R., Sagar, H.P., Reddy, P.A., Gupta, D. and Yella, A., 2017. Ef-
ficient light trapping and interface engineering for performance enhancement in PTB7-
Th: PC70BM organic solar cells. Organic Electronics, 41, pp.280-286.

[131] Sah, P.T., Chang, W.C., Chen, J.H., Wang, H.H. and Chan, L.H., 2018. Bimetallic
Ag-Au—Ag nanorods used to enhance efficiency of polymer solar cells. Electrochimica
Acta, 259, pp.293-302.

[132] Jeong, S.H., Choi, H., Kim, J.Y. and Lee, T.W., 2015. Silver-Based Nanoparticles for
Surface Plasmon Resonance in Organic Optoelectronics. Particle € Particle Systems
Characterization, 32(2), pp.164-175.

[133] Arbab, E.A. and Mola, G.T., 2016. V 2 O 5 thin film deposition for application in
organic solar cells. Applied Physics A, 122(4), p.405.

[134] Taleatu, B.A., Omotoso, E., Lal, C., Makinde, W.O., Ogundele, K.T., Ajenifuja, E.,
Lasisi, A.R., FEleruja, M.A. and Mola, G.T., 2014. XPS and some surface character-
izations of electrodeposited MgO nanostructure. Surface and Interface Analysis, 46(6),
pp.372-377.

[135] Juma, A.O., Arbab, E.A., Muiva, C.M., Lepodise, L.M. and Mola, G.T., 2017. Syn-
thesis and characterization of CuO-NiO-ZnO mized metal oxide nanocomposite. Journal

of alloys and compounds, 723, pp.866-872.

[136] Chi, D., Lu, S., Xu, R., Liu, K., Cao, D., Wen, L., Mi, Y., Wang, Z., Lei, Y., Qu, S.
and Wang, Z., 2015. Fully understanding the positive roles of plasmonic nanoparticles

in ameliorating the efficiency of organic solar cells. Nanoscale, 7(37), pp.15251-15257.

[137] N’Konou, K., Chalh, M., Lucas, B., Vedraine, S. and Torchio, P., 2019. Improving the
performance of inverted organic solar cells by embedding silica-coated silver nanoparti-

cles deposited by electron-beam evaporation. Polymer International, 68(5), pp.979-983.

78



[138] Kakavelakis, G., Vangelidis, 1., Heuer-Jungemann, A., Kanaras, A.G., Lidorikis, E.,
Stratakis, E. and Kymakis, E., 2016. Plasmonic Backscattering Effect in High-Efficient
Organic Photovoltaic Devices. Advanced Energy Materials, 6(2), p.1501640.

[139] Shen, P., Liu, Y., Long, Y., Shen, L. and Kang, B., 2016. High-performance polymer
solar cells enabled by copper nanoparticles-induced plasmon resonance enhancement.
The Journal of Physical Chemistry C, 120(16), pp.8900-8906.

[140] Li, Q., Wang, F., Bai, Y., Xu, L., Yang, Y., Yan, L., Hu, S., Zhang, B., Dai, S.
and Tan, Z.A., 2017. Decahedral-shaped Au nanoparticles as plasmonic centers for high
performance polymer solar cells. Organic Electronics, 43, pp.33-40.

[141] P.Shao, X.Chen, X.Guo, W.Zhang, F.Chang, Q.Liu, Q.Chen, J.Li, Y.Li, D.He, Facile
embedding of S102 nanoparticles in organic solar cells for performance improvement,

Organic Electronics 50 (2017) 77-81.

[142] Chen, C.P., Lee, 1.C., Tsai, Y.Y., Huang, C.L., Chen, Y.C. and Huang, G.W., 2018.
Efficient organic solar cells based on PTB7/PC71BM blend film with embedded differ-
ent shapes silver nanoparticles into PEDOT: PSS as hole transporting layers. Organic
Electronics, 62, pp.95-101.

[143] Liu, Z., Lee, S.Y. and Lee, E.C., 2014. Copper nanoparticle incorporated plasmonic
organic bulk-heterojunction solar cells. Applied Physics Letters, 105(22), p.179;.

[144] Lee, Y.H., Kim, D.H. and Kim, T.W., 2019. Enhancement of the power conversion ef-
ficiency of organic photovoltaic cells due to Au@ SiO2 core shell nanoparticles embedded
into a WOS hole transport layer. Organic Electronics, 68, pp.182-186.

[145] Lu, L., Luo, Z., Xu, T. and Yu, L., 2013. Cooperative plasmonic effect of Ag and

Au nanoparticles on enhancing performance of polymer solar cells. Nano letters, 13(1),
pp.59-64.

[146] Kacus, H., Aydogan, S., Biber, M., Metin, O. and Sevim, M., 2019. The power con-
version efficiency optimization of the solar cells by doping of (Au: Ag) nanoparticles
into PSHT: PCBM active layer prepared with chlorobenzene and chloroform solvents.
Materials Research Express, 6(9), p.095104.

[147]) Choi, H., Lee, J.P., Ko, S.J., Jung, J.W., Park, H., Yoo, S., Park, O., Jeong, J.R.,
Park, S. and Kim, J.Y., 2013. Multipositional silica-coated silver nanoparticles for high-
performance polymer solar cells. Nano letters, 13(5), pp.2204-2208.

79



[148] Kymakis, E., Spyropoulos, G.D., Fernandes, R., Kakavelakis, G., Kanaras, A.G. and
Stratakis, E., 2015. Plasmonic bulk heterojunction solar cells: the role of nanoparticle
ligand coating. Acs Photonics, 2(6), pp.714-723.

[149] Jang, L.W., Park, H., Lee, S.H., Polyakov, A.Y., Khan, R., Yang, J.K. and Lee, I.H.,
2015. Device performance of inverted polymer solar cells with AgSiO 2 nanoparticles in
active layer. Optics express, 23(7), pp.A211-A218.

[150] Liu, S., Hou, Y., Xie, W., Schlicker, S., Yan, F. and Lei, D.Y., 2018. Quantitative
Determination of Contribution by Enhanced Local FElectric Field, Antenna-Amplified

Light Scattering, and Surface Energy Transfer to the Performance of Plasmonic Organic
Solar Cells. Small, 14(30), p.1800870.

[151] Li, X., Choy, W.C., Huo, L., Xie, F., Sha, W.E., Ding, B., Guo, X., Li, Y., Hou,
J., You, J. and Yang, Y., 2012. Dual plasmonic nanostructures for high performance
inverted organic solar cells. Advanced Materials, 24(22), pp.3046-3052.

[152] Liu, S., Jiang, R., You, P., Zhu, X., Wang, J. and Yan, F., 2016. Au/Ag core—shell
nanocuboids for high-efficiency organic solar cells with broadband plasmonic enhance-

ment. Energy € Environmental Science, 9(3), pp.898-905.

[153] Shen, W., Tang, J., Wang, Y., Liu, J., Huang, L., Chen, W., Yang, L., Wang, W.,
Wang, Y., Yang, R. and Yun, J., 2017. Strong Enhancement of Photoelectric Conver-
sion Efficiency of Co-hybridized Polymer Solar Cell by Silver Nanoplates and Core—Shell
Nanoparticles. ACS applied materials € interfaces, 9(6), pp.5358-5365.

[154] Sharma, R., Bhalerao, S. and Gupta, D., 2016. Effect of incorporation of CdS NPs on
performance of PTB7: PCBM organic solar cells. Organic Electronics, 33, pp.274-280.

[155] Gollu, S.R., Sharma, R., Srinivas, G., Kundu, S. and Gupta, D., 2016. Incorporation
of silver and gold nanostructures for performance improvement in PSHT: PCBM in-

verted solar cell with rGO/ZnO nanocomposite as an electron transport layer. Organic
Electronics, 29, pp.79-87.

[156] He, Y., L, C., Li, J., Zhang, X., Li, Z., Shen, L., Guo, W. and Ruan, S., 2015.
Improved power conversion efficiency of inverted organic solar cells by incorporating Au
nanorods into active layer. ACS applied materials & interfaces, 7(29), pp.15848-15854.

[157] Mousavi, S.L., Jamali-Sheini, F., Sabaeian, M. and Yousefi, R., 2020. Enhanced solar
cell performance of PSHT: PCBM by SnS nanoparticles. Solar Energy, 199, pp.872-884.

80



Chapter 4

Materials and Methods

4.1 Synthesis and characterisation mechanisms for nano-

composites and metal nano-particles

Figure 4.1 depicts nanoparticle synthesis methods, which can be divided into ”top-down” and
"bottom-up” procedures. Bulk raw material is broken into tiny parts to make nano-sized
particles in the top-down technique, whereas atoms are shaped or aggregated to produce
nanoparticles in the bottom-up approach [I], 2, B]. Chemical, physical, mechanical, and bio-
logical methods can be used to classify the approaches. Chemical synthesis (enlargement of
particles from molecular precursors) and physical synthesis (breaking down a portion of raw
metals into smaller bits) are more frequent for nanoparticle synthesis than mechanical and

biological approaches.

Chemical operations that use a bottom-up approach frequently create homogeneous nanos-
tructures in crystallographic and surface structures, and they appear to be more appropri-
ate than physical methods for producing nano-sized crystalline powders [4, [5]. Chemical
treatments are frequently faster, easier, and less expensive than physical approaches, which
typically require very high temperatures, vacuum conditions, and equipment [6} [7, [§]. Chem-
ical approaches are advantageous for the manufacture of plasmonic metal nanoparticles in
solution because they are extremely easy and mild. Metal precursors, reducing agents, and
stabilizing or capping agents are commonly used in the normal chemical synthesis method of

metal nanoparticle composites in solution [9]. Nonetheless, the chemical preparation of the
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stable solution for deposition is the key to a successful wet chemical approach. The chemical
reduction synthesis technique appears to be the most widely used and advantageous process
for the production of plasmonic nanoparticles. Chemical, physical, and biosynthetic tech-
nologies such as colloidal chemistry, microwave and laser ablation [2] and others have been
used to synthesize novel plasmonic nanoparticle composites that evolved from uni-, dual or
bi-, tri-, and metal unique plasmonic nanoparticle composites. Our material science research
team has recently synthesized a variety of nanoparticles, including dual-metallic, core-shell
metallic, tri-metallic nanoparticles, metal sulphide, and new Lanthanides nanoparticles, for

use in photovoltaic thin solar cells production.

4.1.1 Synthesis of Uni-metal nano-particles (NPs)
Metal nano-particles made of Ag

Silver (Ag) nanoparticles have a large solar path length and a high optical absorption coef-
ficient. When compared to bulk material, nanoparticles have a variety of new optical and
electrical properties due to their extremely small size. Physical, biological, and chemical
production approaches have been used to take advantage of Ag NPs’ fascinating optical fea-
tures [5]. Each of these synthesis methods has its own set of benefits and drawbacks, the
most notable of which are the particle sizes and size distribution control features, which have
implications for mass production and final costs. However, there are significant challenges
to synthesizing Ag NPs using this method. Before reaching the target working temperature,
the probes used require several kilowatts of power and several tens of minutes of pre-thermal
treatment. This is insufficient for the goal of establishing simple and cost-effective technolo-
gies for mass Ag nanoparticle production in the commercial and research sectors. Figure 4.2
depicts the compositional differences in the several samples, which can be seen in both the
micrographs and the spectra. Biological methods, on the other hand, have a wide range of
materials for the synthesis of Ag NPs and could be a viable alternative to the wet chemical
reduction method due to two key characteristics of chemical routes synthesis: first, they are
environmentally friendly, and second, they are cost-effective. The biological approach, on
the other hand, has the drawback of being difficult to manufacture a significant quantity of

Ag nano-particles.

Because of their effective manufacture of pure and well-aligned nano-particles, chemical pro-
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Figure 4.1: (a) Key factors for nanoparticles synthesis method, (b) various synthesis ap-
proaches, (c) classification methods for the formation of nanoparticles [I] and (d) Manipu-
lation of wet synthesis processes to improve nanoparticle yield and stability.

cedures are chosen as a common procedure over others to obtain the best Ag NPs and
mitigate the problems [12]. Chemical reduction of silver nano-particles is the ultimate tech-
nique, which involves reducing a silver salt, such as Ag nitrate, with a reducing agent, such
as sodium borohydride, in the presence of a colloidal stabilizer, which controls the growth of
the metal nano-particles to the appropriate size and geometry (circular or spherical struc-
ture with narrow or short diameter distribution) [I3]. The nucleation and subsequent growth

phases of the creation of colloidal solutions from the reduction of Ag salts have two stages.
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Grand nuclei must form simultaneously for the synthesis of equally dispersed Ag NPs with
uniform size distribution, while eventually nuclei often have identical size and age. The use
of ice-cold sodium borohydride (NaBH,) to reduce silver nitrate is a well-known method
for synthesizing silver nano-particles. To reduce the ionic Ag and cap the precipitated
nano-particles, an excess of NaBH, is necessary. The reduction of AgNOj3 (silver nitrate) is

described by the reaction:
2A9N03 + 2NCI,BH4 — 2Ag =+ H2 + BQHG —+ 2NCLN03

The initiated nucleation and subsequent growth of the NPs can be managed by tuning re-
action characteristics such as reaction temperature, pH, precursors, reduction agents (such
as NaBHy, ethylene glycol, glucose), and capping/stabilizing agents (such as PVP, PVA,
sodium oleate) [14, [15], 16, [17, 18]. Impurity-free, homogenous, and stable nano-particles
are produced using polyvinylpyrrolidone (PVP) as a dispersant. Polyvinylpyrrolidone is a
polymer molecule that has a strong bond to the surface of nano-particles. In the open air, it
injects more stability than citrate or tannic acid, but PVP is difficult to immerse. Because
the dispersion prevents the Ag nano-particles from aggregating, colloidal silver nanoparticles
buffered with PVP molecules can be easily created in ultra-small sizes [19] 20, 211, 22]. As
shown in Figure 4.2, ultraviolet-visible (UV-Vis) spectroscopy was employed to determine
Ag NPs production by demonstrating the presence of plasmonic resonance [23]. The identifi-
cation of crystallinity is also done using X-ray diffraction (XRD). Rheima et al. [11] made Ag
NPs by adding 30 ml of 0.01M AgNOj; solution drop by drop (approximately 1 drop/second)
to 80 ml of 0.02M NaBH, solution in an ice bath while stirring the reaction composition on
a magnetic stir plate. After about 3 minutes, there was complete mixing, but after 1 hour,
the stirring was stopped, and Ag NPs precipitates were eventually established and collected.
Bonsak et al. [24] used two alternative Ag reduction processing methods that were both
simple and cost-effective. The basic ingredients for the synthesis procedures were AgNOj3
(99.9 % purity), NaBHy4 (95 % purity), and tri-sodium citrates dihydrate (NagCgH5;07.2H50,
99.5 % purity). To begin, a 0.06M AgNOj3 precursor solution was made by dissolving AgNO3
granules in deionized water and then mixing them with a 0.12M NaBH, aqueous solution [10].
Adding the AgNOj suspension dropwise to the more decreasing NaBH, dispersion resulted
in nano-Ag particles. According to Solomon and co-workers [25], the mole concentration of
the Ag NPs dispersion was half that of the NaBH4 dispersion to ensure colloid durability
(see Figure 4.2(a-b)).
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Figure 4.2: (a) Silver sols prepared using (a) sodium borohydride and (c) sodium citrate
via the chemical reduction methods. The corresponding UV-Vis spectra for the former ()
and the latter (d) are shown for comparison. The compositional variations in the different
samples are clearly evident both in the pictures and in the spectra. (b) The calculated
surface plasmon extinction peak position as a function of particle diameter (in nm). The
calculation is based on the Mie theory and considers spherical silver nanoparticles embedded
in water. (c¢) TEM image of Ag nanoparticles (d) XRD pattern of Ag nanoparticles [10, T1].

4.1.2 Synthesis of Bimetallic NPs
Ag:Zn, Ag:Cu and Ag:Mg have been developed

Arbab; 2017, Tonui; 2018, and Oseni; 2019 [26, 27, 28], used a wet chemical reduction process

to create bi-metallic nano-composite Ag:Zn, Ag:Cu and Ag:Mg. Deionized water was used
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to make solutions of 40 mM silver nitrate (> 99.5 % AgNO3), 20 mM zinc nitrate hexehy-
drate (> 99.98 % Zn(NO3)2.6H50), 20 mM copper nitrate (> 99.5 % CuNOj3) and 20 mM
magnesium nitrate (> 99.9 % MgNO3). The reducing agent was a 0.5M solution of sodium
borohydride (> 99.98 % NaBHj). For the synthesis of Ag:Zn, the solutions were mixed
together in a 500 ml beaker, commencing with silver nitrate solution and adding zinc nitrate
and sodium borohydride solution drop by drop, respectively, under vigorous stirring. In a
separate silver nitrate solution, copper nitrate, magnesium nitrate and sodium borohydride
solution were combined to form Ag:Cu and Ag:Mg bimetallics nano-particles. At a temper-
ature of around 40 °C, the mixtures were swirled continuously for 3 to 4 hours. To remove
the sodium nitrates and ensure that the metal nanoparticles remained, the suspensions were
filtered and washed in deionized water [29] [30].

Fe@Ag bimetallic nanoparticles

The iron (Fe) core has amazing qualities such as cost reduction, rich ore reserves, and is
naturally non-hazardous, magnetic, and highly reactive in catalysis [7]. However, corrosion
susceptibility in aqueous solution is an unavoidable limit. The bimetallic core-shell structure
can be used to bypass this constraint. Due to silver’s positive standard redox potential (+0.8
V in relation to the standard hydrogen (H) redox potential), it can function as a catalyst
to boost the reactivity of Fe, has a negative reduction potential (-0.44 V compared to H)
[31, B2, 33, 34]. Fe@Ag bimetallic core-shell nanoparticles are normally important in the
catalytic removal of various wastes or pollutants and have potential use in smart plasmonic
devices (e.g., it can be used for chemistry and biosensing applications, and other optical
applications). 278.1 mg of ferrous sulfate heptahydrate (FeSO3.7H,0) was disseminated in
pure water as a precursor for the creation of iron nano-particles and, eventually, the FeQAg
core-shell NPs [35] [36, 37, 38]. Separately, aqueous solutions containing trisodium citrate
at various concentrations (0-8.33 mM) were produced. After that, 5 g of the NagC.6H50;
solutions were put into the ferrous sulfate heptahydrate solutions and stirred continuously
for 10 minutes at isothermal reaction temperature (25-85 “C). Following that, 5 g of 33.3 mM
NaBH, solution was added to the mixture, which was then agitated for another 10 minutes
at the same temperature range. It was discovered that the solution combination was grey
in color. Finally, to provide blending, 5 g of aqueous sol of AgNO3 with a concentration of
7.7-153.8 mM was added and continuously stirred at ambient temperature for 10 minutes.
To make Fe@Ag core-shell nanoparticles, the precipitated particles were centrifuged and

forcefully washed with water and ethanol for 5 times. The redox reactions for the above
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processes are as folows:
Fe() — Fe®* +2e” (E° = +0.440V)

Agt +e — Age)(E° = +0.799V)

Fe) 4+ 249" — Fe + 2Ag.5)(E° = +1.239V).

4.1.3 Synthesis of Tri-metals NPs

In comparison to uni-, dual-, or core-shell metallic nano-particles and metal sulphide, tri-
metallic nano-particles (Tri-NPs) are primarily created by the combination of three and/or
ternary metals, which have good magnetic, catalytic, electrical, and optical properties. Tri-
metallic nano-particles, on the other hand, have an unstable surface area, which reduces
catalytic activity and absorption co-efficient. Because of its powerful prevention of metal
surface degradation, convenience in solution-processing production, cost effectiveness, and
non-toxicity, polyethylene glycol (PEG) is commonly used as a surfactant to manufacture
metal nanoparticles and as a stabilizer of metal nanoparticles [39, 40]. Scanning and trans-
mission electron microscopy (SEM and TEM) are routinely used to study the microstruc-
tures (morphology) of metal nanoparticles, as shown in Figure 4.3. Furthermore, among
many other techniques, UV-Vis spectroscopy is utilized to characterize metal nano-particles,
as explained in the section on the role of metal nano-particles in harvesting solar energy in

thin film organic solar cell.

Tri-metallic composite SnQZn@Cu

Tin-Zinc-Copper is a combination of tin, zinc, and copper (Sn:Zn:Cu) metals, because of
their use in multi-disciplinary fields and their ability to be embedded in organic materials-
based photovoltaics for enhanced device performance. Ternary or tri-metallic nano-particles
have sparked considerable interest in the research field of nanostructure synthesis to date
[41], 42]. Co-reduction of ternary metal nanoparticles, on the other hand, can be difficult
since favourable conditions for one metal’s reduction may be insufficient for the other met-
als. Furthermore, Sn:Zn:Cu exhibits strong reactivity to dampness and oxygen due to their
incremental surface to volume ratio, which favors facile oxidation, making it unsuitable for

organic solar cells or other investigations [43]. Because Zn is also oxygen sensitive, including
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it in the nanoparticles may result in a faster oxidation. Utilizing NaBH4 and PVP as reduc-
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Figure 4.3: (a) Indication of CuZny, CusZng, and (5-Sn) phase transition zones for the alloy
with nominal composition of Sn-41Zn-14Cu (at%) corresponding to Sn-30Zn-10Cu (wt%),
(b) TEM image and diffraction pattern, (c¢) an XRD pattern of the Ag:Zn:Ni nanocomposite
powder and (d) UV—-Vis absorption spectra of the trimetallic particles in solution [42], [43],

44, [45].

ing and capping agents, the Sn:Zn:Cu ternary alloy nanoparticles were made using a green

chemical technique. At a stoichiometric ratio, tin sulfate, zinc nitrate hexahydrate, and

copper nitrate trihydrate were suspended in distilled water as metal precursors [46], 47, 48].

PVP and NaBH,; were dispersed in water separately and added to the metal precursors’
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sol mixture under vigorous agitation for about 1 hour. The precipitates were separated by
centrifugation at 4000 rev/min for half an hour, washed numerous times with an enormous
amount of pure ethanol to clear the excess, filtered, and finally dried in a non-flowing gas con-
dition for 24 hours at ambient temperature. The thermodynamically stable phases at room
temperature are presented in varied proportions (5-Sn), 7(CusZng), and €, according to the
ternary Sn:Zn:Cu phase schematic diagram (Figure 4.3(a)) and results observed from bulk
materials (CuZny). TEM was used to characterize the as-prepared Sn:Zn:Cu nano-particles,
as shown in Figure 4.3(b). The average particle diameter measured by the transmission
electron microscopy (TEM) was roughly 20 nm. The structure was also discovered to have
a core-shell configuration, with a crystalline metallic core surrounded by an amorphous shell
layer that could act as a protective shield against open air oxidation. This makes it stable

enough for most open-air operations [49, [50].

Trimetallic nanocomposite Ag@Zn@Ni

Mbuyise et al. [44], Oseni, and Mola [45] produced Ag:Zn:Ni tri-NCs utilizing a wet chemical
processing approach developed in our lab. Deionized water was used to make solutions
containing 40 mM silver nitrate, 20 mM zinc nitrate, and 20 mM nickel nitrate. The reducing
agent was then added, which was 0.5 M sodium borohydride. Starting with the silver nitrate
solution, the solutions were mixed together in a 500 mL beaker before adding the remaining
solutions dropwise while vigorously swirling. At a moderate temperature of around 40 °C,
the mixture was swirled continuously for 3-4 hours. To remove the sodium nitrate and
ensure pure metallic nanoparticles, the suspension was filtered and washed many times with
deionized water. As shown in Figure 4.3(c-d), the Ag:Zn:Ni tri-NCs were characterized using
XRD analysis and a UV-Vis absorption spectrometer (T80-PGInstrument limited).

4.2 Device Preparation and Characterization

The discovery of the bulk heterojunction (BHJ) in the mid-1990s was undoubtedly one of
the most significant advances in the field of organic solar cells (OSCs). [51]. Figure 4.4
depicts the BHJ structure. Although thermal co-deposition methods can be utilized to
build a BHJ [52] 53], the active layer is typically created by spin-coating from a solution
containing donor and acceptor materials blend. The performance of BHJ solar cells is sus-

ceptible to various parameter changes because the spin-coating process is inherently less
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controlled than the vapor deposition process commonly used in bilayer solar cells. However,
P3HT:PCBM OSC has become a benchmark solar cell for exploring various device processes

in solar cells due to its consistency and ease of manufacture. Ossila Co. Ltd is a commer-
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Figure 4.4: a) Device structure of a recently fabricated bulk heterojunction solar device and
b) Chemical structure of P3HT, PCBM, and PEDOT:PSS [54].

cial supplier of the research materials in the preparation of the following OSCs Poly (3,4~
ethylene dioxythiophene):poly (styrenesulfonate) (PEDOT:PSS), Poly (3-hexylthiophene-
2,5-diyl) (P3HT), phenyl-C71-butyric acid methyl ester (PCBM), Lithium fluoride (LiF)
and Aluminum (Al). Chemicals and ITO-coated glass substrates were acquired from chem-
ical suppliers and utilized exactly as received. The solar cells were fabricated according
to the following procedures. Initially, the unpatterned I'TO coated glass was initially par-
tially etched with an acidic liquid (HCI:H20:HNO3 at 48 % :48 % :4 %). Following that,
it was Deionized water, isopropanol, and acetone that were used to clean ultrasonically for
a waiting duration of 10 minutes, respectively. The substrates were thoroughly dried. After
cleaning, they were baked at 90 °C for 30 minutes. A small hole that extracts polystyrenesul-
fonic acid:poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) layer at a speed of 3500 rpm was
spin coated onto the substrates for 60 seconds, then dried for 20 minutes at 120 °C. The
absorber of solar energy layer was created in a chloroform-based solution that included at
stoichiometric ratio PSBHT:PCBM (1:1) which is doped with triple metals nanocomposites
at different concentration levels. The mixtures were stirred for 5 hours to improve molecule

miscibility at 40 °C. The layer that is photoactive was spin coated at 1200 rpm onto the dry
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PEDOT:PSS layer for 40 seconds, then dried for 5 minutes in a nitrogen-filled furnace at
100 °C. Finally, a thin electron transport layer (0.4 nm) is added (lithium fluoride, LiF) and
a thin (60 nm) top electrode (aluminum, Al) was deposited as well at a vacuum pressure
of 107% mbar on the photoactive layers. The device shadow mask with a 0.04 cm? window

defines the active area.

\._:f’ e
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light | [ Wavelength | — - for Signal
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Source Selector P . Processing
& Output

(b)

Figure 4.5: (a) Spectrophotometer Rayleigh UV1601 V/VIS and (b) Principles and applica-
tions of UV-Vis Spectroscopy [55].

4.2.1 Characterization methods

UV-Vis spectroscopy experiment

The optical absorption was determined using a UV-Vis spectrometer (Rayleigh 1601) in
Figure 4.5, the wavelength range was 250-900 nm. All of the nanoparticles were dissolved in
several solvents, including deionized water and chloroform, and then transferred to a quartz

cell, where the absorbance data was measured in nanometers (nm).
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Illuminated

Figure 4.6: In the light and in the dark, the current-voltage characteristics of an ideal diode

[56].
Electrical Measurements

The electrical measurements of a Solar cells are commonly studied using a source meter
integrated with solar simulators. A computer connected to a Keithley source meter (HP2420)
and a Solar simulator (SS50AAA model) in 1000 W.m™2, AM 1.5 solar spectrum light [56),
57]. The solar cell produces power when the applied bias and current are in the opposite
direction. The maximum power output point is determined by the magnitude of the product
of short circuit current (Jsc) and open-circuit potential (Voc). Figure 4.6 display some of
the parameters that are often used to evaluate solar cell performance. Photovoltaic cell
parameters: max potential energy (Vm), max current (Im), open potential voltage (Voc),

short circuit current (Jsc) and fill factor (FF) determine the cell’s performance based on

equations.
Vindm,
FF = 4.1
Voclse (4.1)
Pout Isc‘/ocFF
= = 4.2

where all the parameters contained in the above equations are defined in chapter 2.
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X-Ray Diffraction Experiment

Powder X-ray diffraction investigation was performed on the crystal structure using a PERT-
PRO diffractometer with a filtered Cu k, radiation source (A = 1.5418 A) to structural
phase at 26 values ranging from 15 to 90°. The crystalline structure and lattice parameter
of a material can be determined via X-ray diffraction. Because each metallic element in
the periodic table has a unique combination of lattice structure and parameter at room
temperature, this information can be utilized to identify the material being studied. When an
X-ray beam contacts the atoms in a metallic crystal, two types of X-rays are produced: white
X-rays and characteristic X-rays [58, 59]. White X-rays come in a variety of wavelengths
and are not relevant to this experiment. The ejection of an electron from an inner shell of an
atom struck by the incident X-ray produces characteristic X-rays. Energy is emitted in the
form of an X-ray photon when an outer shell electron jumps to fill the space produced in the

inner shell. From a crystal’s characteristic X-ray pattern, Bragg’s law is utilized to estimate

X-ray Tube
Detector

Normal to Surface
X-ray
Detector
Sourcé Diffracted ‘
X-rays

=] =t [ B ] Sample

g
.
*al

Figure 4.7: (a) A sophisticated X-ray diffractometer that is fully automated and (b)
Schematic representation of X-ray Diffraction working principles [5§].

its properties. The wavelength of X-rays striking a crystal is nearly the same as the distance
between atoms in the crystal lattice. By studying a cubic crystal lattice made up of parallel
planes of atoms, Bragg’s law can be deduced. We see the beam reflected in some situations
and not reflected in others if each plane is believed to act as a surface that is impacted by
the incident X-ray beam. The rays exiting the crystal are in phase and reinforce each other
in the case of reflection. When the incident beam strikes the parallel planes at specific angles
known as Bragg Angles, 6, this happens. The waves leaving the crystal are out of phase and

cancel each other in the non-reflecting scenario. When the incident beam strikes at random
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angles, it causes non-reflectance. Therefore for reflected X-ray beam:

n\ = thklsin 0. (43)

SEM and TEM electron microscopy experiments

The surface shape and content of metal nanoparticles were investigated using a scanning
electron microscope (SEM: JEOL JSM6100) and a transmission electron microscope (TEM:
JEOL JEM 1010). The invention of the standard scanning electron microscopy (SEM) (Mul-
vey 1967) by German physicists gave rise to transmission electron microscope (TEM) in the
early 1900s [60]. It is helpful to relate the SEM microscopic system to the TEM microscopy
systems while trivial. Figure 4.8 shows the SEM and TEM systems schematically. TEM is
not comparable to the scanning beam system described in Figure 4.8. The first distinction
is that accelerating voltages are lower, ranging from 1000 to 50,000 keV (operational volt-
ages are typically under 20 keV). The second problem is that the specimen is outside the
electromagnetic lenses. These lenses focus the electron beam on a small spot on the surface
of a solid specimen (the term ”scanning” comes from the fact that the deflection coils cause

this electron spot, or point source of radiation, to sweep across the specimen surface). For
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Figure 4.8: (a) The SEM’s components and a transmission electron microscope is depicted
in a schematic image (b) [60].
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electron transmission and penetration, TEM requires exceedingly thin specimens (less than
500 A for good imaging). As a result, such specimens become two-dimensional as well as
the benefit of the big TEM’s depth of field capabilities are lost in observation of the spot.
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Bulk heterojunction (BHJ) organic solar cells were fabricated using a trimetallic nanocomposite
(Ag:Zn: Ni) in the photoactive layer. The incorporation of the nanocomposite was limited to the
concentrations of 4% and 6% by volume into poly(3-hexylthiophene) (P3HT) and 6-6-phenyl-Cg, -butyric
acid methyl ester (PCBM) blend solar absorber. The newly fabricated devices were investigated in terms
of the optical, electrical and morphological properties of the photoactive medium. The power
conversion efficiencies (PCE) of the solar cells were found to be increased by 57% and 84% due
to improved harvesting of solar radiation due to the occurrence of localized surface plasmon
resonance (LSPR) effects of the metal nanocomposite. Silver : zinc : nickel (Ag:Zn: Ni) tri-metallic
nanocomposites were synthesized using a chemical reduction method from silver, zinc and nickel
nitrates. The nanocomposites were characterized in terms of morphology, elemental composition and
crystallinity which are extensively discussed in the manuscript.
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Abstract

Bulk heterojunction (BHJ) organic solar cells are fabricated using trimetallic nano-composite
(Ag:Zn:Ni) in organic molecules blend solar absorber. The incorporation of the nano-
composite were limited to the concentration of 4 % and 6 % by volume into poly (3-
hexythiophene) (P3HT) and [6-6] phenyl-C61-butuyric acid methyl ester (PCBM) blends
photoactive layer. The newly fabricated devices were investigated in terms of the optical,
electrical and morphological properties of the phtoactive medium. The power conversion
efficiency (PCE) of the solar cells was found to be increased by 57% and 84% due to im-
proved harvesting of solar radiations due to the occurrence of localized surface plasmon reso-
nance (LSPR) effect of Ag:Zn:Ni nano-composite. Silver:Zinc:Nickel (Ag:Zn:Ni) tri-metallic
nano-composites were synthesized by chemical reduction method from silver, zinc and nickel
nitrates. The nano-composites were characterized in terms of morphology, elemental com-

position and crystallinity which are extensively discussed in the manuscript.

5.1 Introduction

The global energy demand for more and sustainable energy sources has increasingly led re-
searchers to shift their attention towards clean and renewable energy sources [I], 2], [3]. Solar
energy is one of the most abundant energy sources that can be converted into electrical
energy by the means of solar cells. In an effort to maximize the harvesting of solar energy, a
number of solar cell technologies have been developed since 1950s with the view to alleviate
the challenges that our soceity is facing today, in terms of the demand for more energy and
environmental pollution. Organic photovoltaic (OPV) is one of the recently emerged solar
cell technology that has attracted remarkable attention in the energy research. OPV offers a
number of adavatages such as low cost device fabrication, light weight and flexibility as com-
pared to the conventional silicon based inorganic solar cells [4, 5] 6], [7]. Organic photovoltaic
cells have been fabricated in a number of designs to be able to improve the power conversion
efficiency (PCE) and environment stability of the devices. The most successful architecture
in OPV is the bulk hetero-junction design, in which the active layer is composed of donor
and acceptor organic molecules blend, to fabricate an efficient thin film solar cells [8, 9. In
BHJ the donor and acceptor molecules in the photo-active medium form phase separated
domains, which serve as an effective dissociation centres for photons generated excitons due

to increased number of nano-scale donor/acceptor interfaces. The distribution of interfacial
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domains, with sizes comparable to exciton diffusion length in polymer medium, would create
better chances for exciton dissociation into free charge carriers [I0]. The incorporation of
metal or/and semiconducting nano-composites in organic photovoltaics cell research have
found several advantages beacuse of their positive contribution in harvesting of solar radi-
ation. This includes but not limited to local surface plasmon resonance (LSPR) effect and
assist in the charge transport processes in the medium [11], 12, 13, 14], [15] 16, 17, 18, 19].

Metal and semiconductor nano-composites have been investigated extensively due to their
potential applications in photonic devices. The excitation of the localized surface plasmon
resonance, light trapping effect and their ability to act as electron cascade of the metal
nano-composites in photo-active medium are the most attractive features of the materials to
serve as a component of the solar absorber. The metal nano-composite in polymer matrix
exhibited strong local electromagnetic (EM) fields that could assist in exciton dissociation,
charge mobility and eventual increased overall device performances. Several investigations
have clearly demonstrated the effect of uni- and bi-metallic nanocomposites in enhancing the
optical absorption, exciton dissociation and charge transport processes in thin film organic
solar cells (TFOSCs) [20] 21, 22]. However, there is no report to date to the knowledge of the
authors about the use tri-metallic nano-composite in the preparation of photonic devices.
The metal nano-composites were incorporated and tested in various functional layers of
TFOSC to achieve the optimum conditions for high device performances [8, 23, 24]. This
article reports about the synthetic routes for tri-metallic nano-composites (Ag:Zn:Ni) and
the application of the synthesized nano-composite in the solar absorber of the thin film
organic solar cells. The nano-composite containing silver, zinc and nickel (Ag, Zn and Ni)
in the photo-active layer does not only increase the conductivity of the medium but also
generate free charge carriers upon exposure to the incident radiation. Employing Ag:Zn:Ni
nano-composite as a dopant in the medium P3HT:PCBM blends photo-active layer showed
improved short-circuit current (J,.) and fill factor (FF). UV-Vis and XRD measurements
were also conducted to understand the optical and structural properties of Ag:Zn:Ni nano-

composite.
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5.2 Materials and Methods

5.2.1 Synthesis of trimetallic nano-composites

Ag:Zn:Ni Tri-NCs were synthesized using a wet chemical processing method. A 40 mM of
silver nitrate, 20 mM of zinc nitrate and 20 mM of nickel nitrate solutions were prepared using
deionized water. A 0.5 M solution of sodium borohydride was added to serve as the reducing
agent. The solutions were mixed together in a 500 ml beaker starting with silver nitrate
solution, followed by a dropwise addition of the remaining solution under vigorous stirring.
The mixture was stirred continuously for 3 to 4 hours at a moderate temperature of about
40 °C. The resultant suspension was then filtered and rinsed several times with deionized
water to wash out the sodium nitrates and to ensure pure metallic nano-particles. The
Ag:Zn:Ni Tri-NCs were then characterized using UV-Vis absorption spectra, XRD spectral,
SEM and HRTEM measurements. In an ambient laboratory setting, a TFOSC device was
built using a conventional device structure of ITO/PEDOT:PSS/(P3HT:PCBM doped with
Ag:Zn:Ni)/LiF /Al (see Figure 5.1).

5.2.2 Device preparation

Polymers and ITO coated glass substrate (sheet resistance of 15 §2/sq) were purchased from
Ossila Ltd and used as delivered. The fabrication of thin film organic solar cell (TFOSCs)
begins by partially etching the ITO substrates with acid solution containing HC1:HoO: HNO3
at the concentration 48%:48%:4% ratio by volume. Then, the substrates were thoroughly
cleaned using ultrasonic bath in deionized water, acetone and isopropanol for 10 minutes
each, respectively. They were then dried in an oven at 150 °C for 20 min before spin coating
the hole transport layer (HTL). The solution of hole transport layer PEDOT:PSS was spin
coated on the substrate at 3500 rpm for 60 second. The HTL coated substrates were annealed
again in an oven at 150 °C for 30 min. The photoactive layer of the solar cells was prepared in
chloroform solvent containing poly (3-hexythiophene) (P3HT) and [6-6] phenyl-C61-butuyric
acid methyl ester (PCBM) blends at 1:1 ratio by weight. The concentration of the pristine
solution was 20 mg/ml and stirred for 3 hrs at 40 °C to enhance the miscibility of the
molecules. The other two solutions were prepared with the addition of 4 vol% and 6 vol% of
Ag:Zn:Ni Tri-NCs to the reference PSHT:PCBM solution. The solutions were stirred on a hot
plate at an average temperature of 45 °C for 5-6 hours for better miscibility of the molecules

in the active layer blend. The active layers were then spin coated on top of the HTL at the
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Figure 5.1: Schematic diagram of the thin film organic solar cell with the Ag:Zn:Ni nanocom-
posite incorporated into the photoactive medium.

rate of 1200 rpm for 40 second and dried in the furnace at 100 °C for 5 min under nitrogen
atmosphere. The samples were then loaded into the vacuum chamber (Edward Auto 306
deposition unit) at a base pressure of 107% mbar. Finally, a thin buffer layer of lithium fluoride
(LiF) used as electron transport layer (ETL) and aluminium (Al) electrode were deposited on
top of the active layer with thickness 0.4 nm and 60 nm, respectively. TFOSC devices was
fabricated based on standard device structure ITO / PEDOT:PSS/(P3HT:PCBM doped
with Ag:Zn:Ni)/LiF/ Al in ambient laboratory condition (see Figure 5.1). The electrical
characterization of the devices was carried out using computer interfaced Keithley HP2400
source-meter and a solar simulator (model SS50AAA) operating at AM1.5 and integrated
power intensity of 100 mW /cm?. The resulting diodes had an effective area of 4 mm?. The
charge transport properties and recombination dynamics were analysed using space charge
limited current taken from the J-V data under dark condition. The thin film absorption
characteristics of the devices were studied using UV-Vis absorption spectra obtained with

an absorption meter (T80-PG- Instrument limited).
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5.3 Results and Discussion

5.3.1 Characterization of metal nano-composites
HRSEM & HRTEM

The high resolution scanning and transmission electron microscope (HRSEM and HRTEM)
were used to study the particle size and crystallinity of the synthesized Ag:Zn:Ni Tri-NCs.
The HRTEM image given in Figure 5.2(b) was taken from the powder form of the nano-
particles which shows the crystalline structure of the Ag:Zn:Ni Tri-NCs as evident from the
diffraction pattern obtained therefrom. The metal nano-particles formed in various sizes
and forms as indicated in the figure. The particle size ranges from 10 nm to 45 nm which

is confirmed by the X-ray diffraction experiment. The SEM images given in Figure 5.2(a)

ENT = 2000k
W= a3mn

Ag Zn Ni_1

) W sgznrit

Figure 5.2: (a and b) HRSEM, and (¢) HRTEM images, and (d) an energy dispersive X-ray
(EDX) spectrum of Ag:Zn:Ni.
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and (c) clearly showed the flower like structures in the powder form. The energy dispersive
X-ray (EDX) spectrum provided in Figure 5.2(d) shows the various characteristics peaks
associated with the presence of silver, zinc and nickel at the ratio of 2:1:1, respectively.
Thus, high silver content in the Ag:Zn:Ni nano-composite enhances the optical property of
the solar absorber films due to the LSPR effect. While the presence of zinc and nickel serves
as light scattering centers that increase absorption in the near infrared region as depicted
in Figure 5.4. Based on the elemental mapping taken from SEM image (see Figure 5.2(c))
indicate that there is an evenly distribution of the elements with dominant presence of silver.
Generally, the conductivity of the polymer medium improves significantly by the presence
of the metal nano-composite in addition to the formation of strong electromagnetic field at
the site of the metal particles. The influence of all of these factors is evident in the overall

performance of the fabricated device.

XRD

The phase purity and composition of the Ag:Zn:Ni nano-composites were characterized by
X-ray diffraction (XRD) to understand the crystalline nature of the particles. Figure 5.3
shows the XRD pattern of Ag:Zn:Ni powder NCs in the range of 30°-90° in steps of 0.025° at
a scanning speed 20°/min. A number of Bragg reflections with 26 value of 38.110°, 44.280°,
64.470°, 77.430° and 81.550° are observed corresponding to (111), (200), (220), (311), (222)
planes of Ag nano-particles (NPs) (JCPDS card no. 04-0850 and 34-0529). Therefore, the
observed characteristic peaks correspond to the crystal planes (200) and (220) are for Zn
and Ni. The average size of Ag:Zn:Ni Tri-NCs was evaluated from width of the reflection
according to Debye-Scherrer equation [14]:
0.91A

b= 3 cos B (5.1)

where f is the full width at half maximum (FWHM) of the peak radius, 6 is the angle of
diffraction and A is the wavelength of the X-ray. Using Rich Seifert diffractometer with Cuk,
(A = 1.5418 A), the crystalline size determined from the analysis was found to be 5.40 nm
from the width of dominant peak at (111) crystal plane which suggests the crystallographic
phase of the mixture of phases. Banerjee et al. [14] have suggested that particles having a size
less than 5 nm prefer cubic zinc blend crystal structure while above 5 nm size preferentally
take a mixture of both phases. Thus, the particle size is one of the crucial parameters

to determine the crystallographic phase. All diffraction peaks are indexed according to
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Figure 5.3: XRD pattern of Ag:Zn:Ni Tri-NCs.

face-centred cubic (fcc) and hexagonal phase structures. The particles were observed to
contain uniform grains (Figure 5.2(a-c) and 5.3) revealing a good crystallinity [16], [17]. Which
suggests the formation of Ag:Zn:Ni nano-composite that are synthesized using wet chemical
processing method. The two phases have similar energy which facilitates the transformation

from one to another phase.

5.3.2 Device Characterization

UV-Vis measurement

Normalized UV-Vis absorbance spectra provided in Figure 5.4 were taken from photoactive
films of PBHT:PCBM (reference) and P3HT:PCBM doped with Ag:Zn:Ni nano-composite
at the concentration of 0%, 4 vol% and 6 vol% dispersed in chloroform based solution,
respectively. The pristine film shows a typical absorption pattern of the PSHT:PCBM blend
film ranging between 400-670 nm and peak maximum centred around 512 nm. Whereas
those photoactive medium containg the metal particles shows an absorption between 380-
700 nm. The absorption spectra from doped films contains two peaks maximums centred
around 390 nm and 512 nm, respectively. The first peak is due to LSPR effect by the
presence of metal nano-particles while the second one is from P3HT:PCBM blend. This
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Figure 5.4: (a) UV-Vis spectra of a photoactive film reference and photoactive films doped
with tri-metallic nanoparticles. The blue arrows in the top panel indicate the positions of
LSPR absorption of the metal nanoparticles. (b) A UV-Vis spectrum of the tri-metallic
(Ag:Zn:Ni) powder in a deionized water suspension.

suggests that Ag:Zn:Ni NCs caused enhanced absorption near the UV and infrared regions
compared to the pristine film (see arrows in Figure 5.4(a)). The enhanced absorption in the
near infrared region is caused by the inelastic scattering of the electromagnetic radiation
(EM) inside the photoactive medium that assisted increased optical path length in polymer
matrix [20] 21, 22] 23, 24, 25| 26, 27, 28, 29]. According to the Doppler shift effect the
red shift peak in the absorption of the doped device confirms the scattering effect of the

synthesized silver-based nanoparticles incorporated in the photoactive medium.

Electrical properties of fabricated organic solar cells

Organic solar cells with a photoactive medium comprising of PSHT:PCBM (reference) and
P3HT:PCBM doped with Ag:Zn:Ni nano-composite were fabricated in this study. The
current-voltage (J-V) characteristics taken from the newly fabricated solar cells are given
in Figure 5.5. According to the J-V curves, the photo-current measured from the solar cells
with metal nano-particles exhibited higher magnitude than the pristine film solar cell. All
the solar cell parameters, derived from the measured electrical properties presented in Ta-
ble 5.1, show significant enhancement in the short circuit current density (J.), fill factor
(FF), and PCE for the metal nano-particle doped device as compared to the reference solar

cell. The localized surface plasmon resonance and associated light scattering effect of the
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Figure 5.5: J-V characteristics of the devices produced as reference and metal nano-
composites doped solar cells.

Tri-NCs lead to the improved photon-to-electron conversion efficiency. LSPR effect does
not only lead to increased light absorption of active layer materials but also benefits charge
separation and transport, resulting in increased charge carrier density, mobility and lifetime.
It is evident that cooperative plasmonic enhancement by simple combination of the different
metal nano-particles (i.e., Ag, Zn and Ni NPs) were achieved. The enhanced performance of
P3HT:PCBM doped Ag:Zn:Ni Tri-NCs devices is due to more favourable morphology which
supports the transport of electrons and holes along the PCBM and P3HT phases. The power
conversion efficiency measured from the samples doped with metal NCs grew by about 57%
and 84% for 4% and 6% Tri-NCs loading, respectively. Thus, the incorporation of trimetal-
lic nano-composites in the active layer of TFOSC gave rise to enhanced optical absorption,
exciton generation, dissociation, and transport of charges that in turn enhances the overall

device performances [30].

Table 5.1: The J-V parameters of OPV cells for reference and doped photoactive medium.

P3HT:PCBM Voe Jse FF PCE
Ag:Zn:Ni (vol%) (volt) (mA/em?) (%) (%)
0.0 % 0.58  7.83 40.08 1.81
4.0 % 0.57 10.56 47.50 2.84
6.0 % 0.56 12.36 47.70 3.33
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Charge transport properties

The electron and hole mobilities are an important factors in polymer media and should be
high enough to ensure a large carrier transport by preventing charge recombination and
build-up of space charge [23]. The charge transport properties of the solar cells were studied
using the space-charge limited current (SCLC) taken under dark conditions without the
interference of photons induced charge concentration gadient. In the absence of pin holes
and high electric fields, the current density increases quadratically with the applied bias
voltage (V). Thus, the SCLC currents of In(J)-V curves were fitted with field dependent

current density equation using Mott-Gurney’s Law [31]:

9 7%
J = gEE0Ho0 - exp(0.894 f)ﬁ (5.2)

where ¢ and ¢y are the relative dielectric permittivity of polymer medium and free space,
respectively. L is the thickness of the active layer, and V is the voltage drop across the
sample. Finally, ;o and v are zero-field mobility and the field activation factor of the medium,
respectively. The results show that the zero-field mobility of the charges for doped device is
found to be one order of magnitude higher than the device with pristine photoactive medium
(Table 5.2). Thus, this is a clear indication that the presence of tri-metallic nano-composite
enhanced charge transport in the polymer medium. Furthermore, the addition of Ag:Zn:Ni
Tri-NCs in the polymer active layer may have formed additional interfacial areas that could
assist in carrier transport and collections. It is to be noted here that the charge carriers
have more mobility in Ag:Zn:Ni nano-composite than in the polymer domain, and hence,
the Ag:Zn:Ni NCs clusters in the medium offer alternative channels for charge percolation

that improve the collection of photons generated charges.

Table 5.2: Charge transport parameters of OPV cells fabricated with Ag:Zn:Ni Tri-NCs in
photo-active medium.

P3HT:PCBM o v
Ag:Zn:Ni (vol%) cm? V7IS™1 emV—!
0.0 % 5.96 x10~*  -2.2 x107°
4.0 % 3.51 x10™3 -1.3 x1073
6.0 % 2.89 x10™% -1.8 x1073
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5.4 Conclusions

Tri-metallic nano-composite (Ag:Zn:Ni) containing Ag, Zn, and Ni was successfully synthe-
sized using wet processing method. The incorporation of the synthesized (Ag:Zn:Ni) NCs
into PSHT:PCBM photo-active medium, of the thin film organic solar cell, has improved
the power conversion efficiency of the devices by 57% and 84% for 4% and 6% volume con-
centration of the suspension of the metal particles, respectively. The effect of the metal
nano-composite in the solar cells are attributed to the increased light trapping within the
active layer and improved the charge transport process in BHJ films. The combination of
localised surface plasmon resonance and light scattering effects are the key players for the
observed results. Finally, the Ag:Zn:Ni nano-composite can also acting as a dissociation
centre and alternative transport channel to harvest photons generated currents via increased

charge mobility that certainly improve device performances.
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ARTICLE INFO ABSTRACT

Keywords: Wet chemistry was employed to synthesis tri-metals nano-composite containing cerium, cobalt and calcium

Tri-metallic nano-composite (Ce:Co:Ca). The optical and morphological properties exhibited by the synthesized nano-composite were found

Nano-particles

to be favourable for photovoltaic device applications. Consequently, the introduction of Ce:Co:Ca nano-particles
in the P3HT:PCEM blend photo-active medium resulted in improved power conversion efficiency (PCE) by 104
% compared to the pristine active layer. The results unveil a new progress in achieving high overall solar cell
performance through the use of triple metals composite local surface plasmon resonance (LSPR) effect and
possible light trapping mechanism in the absorber layer. Furthermore, it was noted from the investigation that
device performance is dependent on the particles concentration which was vared from 0 % to 3 % by weight.
The optimum NPs concentration for the best power conversion efficiency was 3 wt? that produced a PCE of
5.3 % which is an important development for open-air device preparation condition. The metals nano-particles
were studied using various spectrometers such as high-resolution scanning and tunnelling electron microscopy
(HRSEM and HRTEM); energy dispersion X-ray (EDX); and X-ray diffraction (XRD) etc. All results are clearly
presented and discussed in the manuseript.

Thin flm
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Abstract

Ce:Co:Ca tri-metallic nano-composites were synthesized and incorporated in P3HT:PCBM-
based thin film solar absorber in order to improve photon harvesting. The optical and
morphological properties of the synthesised nano-particles were studied which suggest that
the particles exhibited favourable characteristics for photovoltaic applications. Most notably,
the introduction of Ce:Co:Ca nano-particles in the P3HT:PCBM photo-active medium re-
sulted in improved power conversion efficiency (PCE) by 104 % compared to undoped layer.
The maximum power conversion efficiency in this investigation was 5.3 % which is an im-
portant development for open-air device preparation conditions. In addition, these results
unveil a new technique to achieve higher overall cell performance through the cooperation
of the three different metal nano-particle effect derived from triple resonance enhancement.
The nano-particles concentration was varied from 0 % to 3 % by weight which resulted in
different device performances. The optimum concentration for the best device performance
was 3 wt% that yields PCE of 5.3 %. The metal nano-particles were characterized using
high-resolution scanning and tunnelling electron microscopy (HRSEM and HRTEM), en-
ergy dispersion X-ray (EDX) and X-ray diffraction (XRD). All the results are presented and

discussed in the manuscript.

6.1 Introduction

Solution processed thin film solar cells have attracted a lot of attention in recent years to
mitigate the challenges to satisfy the growing demand for more energy [I]. Particularly, those
solar cells that use organic molecules to capture the solar radiation have been intensively
investigated in the past two decades, in an effort to produce cheap, light weight and flexible
devices. The introduction of bulk heterojunction (BHJ) device architecture by Sariciftci et
al. [2] significantly accelerated the progress of achieving high performing solar cells. The BHJ
consist of a mixture of electron-donor and electron-acceptor molecules generating nano-scale
donor-acceptor (D-A) regions, which offer large surface area for charge diffusion-dissociation
within the active medium [3, 4]. The best performance recorded from thin film organic solar
cells fabricated based on BHJ design currently stands over 16 %. Multifarious investigation
have been carried out in the past decades for improving the power conversion efficiency in
terms of engineering rational designs of low-bandgap conjugated polymers [5], [0, [7], control

of film morphology [§], interface engineering [9, [10] and device fabrication processes [I1].
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To date, the incorporations of various dopants/additives such as graphene, carbon nano-
tubes, solvent additives and metal nano-composites have influenced the device performance
for the better. Especially, low temperature synthesised metal nano-particles exhibited im-
portant characteristics suitable for photonic device applications. Noble metals such as gold
(Au), silver (Ag), copper (Cu) possess excellent optical and electrical properties that can be
utilized as mechanisms to improve photons harvesting as well as electrical properties of the
solar absorber media of solar cells [12, T3] 14], 15 16]. This study focuses on the combination
of cerium (Ce), cobalt (Co), and calcium (Ca) metals (triple metals) because they con-
tains high rich opto-electronic properties and are compatible with sol gel device fabrications.
These metals nano-particles (NPs) contain comparable chemical properties and are known as
inner transition metals. Cerium is a very rare earth element of the lanthanide class in earth’s

crust and is available at an amount of 66 ppm as a delocalized metal and/or as a metal oxide.

In ambient laboratory conditions, thin film organic solar cell (TFOSC) devices were pro-
duced using a conventional device structure of ITO/PEDOT:PSS/(P3HT:PCBM doped with
Ce:Co:Ca)/LiF /Al as illustrated in Figure 6.1. Cerium (Ce) is one of the most important
elements that is commonly used in the field of metallurgy, ceramics, smart glass as well as
in optics [I7]. The facile synthesis of Ce nano-particles makes it more importnat in various
areas of new technologies such as solid oxide fuel cells, high-temperature oxidation protection
materials, catalytic materials, oxygen sensors and solar cells [18, 19, 20} 21]. Doping Ce with
elements like Co and Ca through sol-gel process is considered as an efficient affordable route
in yielding controlled nano-structured materials [22]. Moreover, the optical properties of the
composite of Ce:Co:Ca can be fine tuned by optimizing the concentration of the consistituent
elements, which is evident by a change of the absorption spectrum, which could be due to the
reduction of oxygen vacancy generation energy [23]. This would contribute to the enhanc-
ment of photo-absorption in the polymer blend active layer which in turn would contribute
to improved device power conversion efficiency [24, 25, 26]. The synthesized metal nano-
composite is expected to improve the conductivity of the polymer blend medium that could
assist in the charge dissociation and transport processes [27, 28]. Nevertheless, the optical
properties of the metal nano-particles depends strongly on the size, shape, concentration and
the dielectric environment of the tri-metallic nano-particles [29], which are discussed in the

next sections.
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Figure 6.1: (a) Design structure for the newly fabricated bulk heterojunction solar device and
(b) UV-Vis spectrum of the tri-metallic (Ce:Co:Ca) powder in a deionized water suspension
and inset of SEM microscopy image.

6.2 Materials and Methods

6.2.1 Device preparation

Polymers and indium tin oxide (ITO) coated glass substrate (sheet resistance of 15 Q/sq)
were purchased from Ossila Ltd and used as received. The details of device fabrication are
available in number of research articles published from our research group [30] 31} 32, 33].
The photo-active layer of the solar cells was prepared in chloroform solvent containing poly
(3-hexythiophene) (P3HT) and [6-6] phenyl-C61-butuyric acid methyl ester (PCBM) blends
at 1:1 ratio by weight. The concentration of the pristine solution was 20 mg/ml and stirred
for 3 hrs at 40 °C to enhance the miscibility of the molecules. Two other separate solutions
were prepared with the addition of 1 wt% and 3 wt% of Ce:Co:Ca tri-metallic nano-particles
powder into the pure PBHT:PCBM blend solution. The solutions were stirred on a hot plate
at an average temperature of 45 °C for 5-6 hours for better miscibility of the molecules in
the active layer blend. The active layers were then spin coated on top of the PEDOT:PSS
utilized as hole transport layer (HTL) at the rate of 1200 rpm for 40 second and dried in the
furnace at 100 °C for 5 min under nitrogen atmosphere. The samples were then loaded into
the vacuum chamber (Edward Auto 306 deposition unit) at a base pressure of 1075 mbar.
Finally, a thin buffer layer of lithium fluoride (LiF) used as electron transport layer (ETL) and
aluminium (Al) electrode were deposited on top of the active layer with thickness 0.4 nm and

60 nm, respectively. Thin film organic solar cell (TFOSC) devices were fabricated based on
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standard device structure ITO/PEDOT:PSS/(P3HT:PCBM doped with Ce:Co:Ca)/LiF /Al
in ambient laboratory conditions (see Figure 6.1). The electrical characterization of the
devices was carried out using computer interfaced Keithley HP2420 source-meter and a
solar simulator (model SS50AAA) operating at AM 1.5G and integrated power intensity of
100 mW.cm~2. The resulting diodes had an effective area of 4 mm?. The charge transport
properties and recombination dynamics were analysed using space charge limited current
taken from the J-V data under dark condition. The thin film absorption characteristics of
the devices were studied using UV-Vis absorption spectra obtained with an absorption meter
(T80-PG-Instrument limited).

6.2.2 Particle synthesis

Synthesis of nano-composites was performed by using analytical grade of Cerium Nitrate
[Ce(NO3)3] Cobalt Nitrate [Co(NOj3)s] Calcium Nitrate [Ca(NOg)o] Aldrich, (99.99 %, 0.18
mg), HyOy liquid (10 Vol %) and deionised water without further purification. Employing
hydrothermal microwave oven (HMO) approach cerium nitrate hexa-hydrate, cobalt nitrate
hexa-hydrate and calcium nitrate hexa-hydrate were dissolved in deionised water and further
diluted with hydrogen peroxide (H,O4 liquid) to obtained oxides of nano-composites in a ratio
of 99 %:0.5 %:0.5 % molar ratio. Water with nitric acid mixer was added drop wise to this
solution kept under vigorous stirring at 60 °C. After all the chemicals were stirred alkoxide
formed was obtained by transferring to a stainless-steel auto clave with raised temperature
of 200 °C under autogenic pressure for 8 hours. Then the prepared nano-composites were
oven dried at 100 °C for 3 hours and finally annealed at 130 °C for continuous 2 hours under
static air atmosphere. The as-prepared and annealed Ce-Co-Ca nano-composites were taken

for further characterisation.
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6.3 Results and Discussion

6.3.1 Structural analysis of Ce:Co:Ca metal powder
Powder X-ray diffraction (XRD) study

Structural identification of tri-metallic nano-particles (Tri-NPs) was done by means of X-ray
diffraction (XRD) in the range of angle 26 between 15°-60° in steps of 0.025°/ at a scanning

speed of 20°/min as indicated in Figure 6.2. The intensity peaks measured at angles 28°,
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Figure 6.2: Powder XRD spectrum for Ce:Co:Ca Tri-NPs structural identification.

33°, 47°, and 56° correspond to the reflection of the X-ray beam from crystal planes (111),
(200), (331), and (422). These planes are attributed to face centred crystal (fcc) structure
of Ce, Co and Ca nano-particles. The average nano-crystalline size (D) of the Ce:Co:Ca

Tri-NP was calculated using the Debye-Scherrer equation:

091\

D —
B cost

(6.1)

where [ is the full width at half maximum (FWHM) of the peak in radians, 6 is the angle
of diffraction and A is the wavelength of the X-ray. Using Rich Seifert diffractometer with
Cu ky (A= 1.5418 A), the average crystallite size was calculated from X-ray line broadening

using Scherrer equation and found the values between 9.23 nm and 11.3 nm, respectively.
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It was clearly indicated that the fine crystalline and single phase metal powder (see Figure
6.4(f)), could be indexed to the face centre cubic structure. From the evaluated crystalline

size, dislocation density (0), micro strain (¢) and stress (o) were determined by the following

equations:
1
_ Bcost
=" (6.3)
o=Ce (6.4)

The evaluated dislocation density of the newly sythesized metal nano-particles increased.
This may be due to the reduction in area, that could be caused by the absence of surface
charge properties. The micro strain and the stress of Ce:Co:Ca nano-particles linearly in-
crease, hence the metal NPs design structure avoid deformation during solution processes
architecture of thin film solar device. Applying Hooke’s law, stress can be determined from
the ascribed micro strain given by C=+1.46x10'" Nm~2 is the bulk Young’s modulus [34].

Table 6.1: Powder XRD microstructural parameters for Ce:Co:Ca nano-particles.

Peak No.  hkl 20 o) D ) € o
() (nm) (1072 nm~2) (107') (MPa)
1 (111) 28.5 0.757 10.8 8.57 1.66 2424
2 (200) 33.2 0.732 11.3 7.83 1.53 2234
3 (331) 47.5 0.878 9.88 10.2 1.48 2161
4 (422) 56.3 0.976 9.23 11.7 1.35 1971

HRSEM and HRTEM studies

Figure 6.3 shows high resolution scanning and tunnelling electron microscopy (HRSEM and
HRTEM) images taken for the synthesised powder. The images can be a good source of in-
formation for particle size, shape and crystallinity of the Ce:Co:Ca nano-particles. Notably,
the distribution of the Ce:Co:Ca nano-particles (Figure 6.3(b)) depict a non-uniform pattern
of individual metal nano-particle. Furthermore, the HRSEM images given in Figure 6.3(a)
and 6.3(b) clearly show the nano-rods structures in the powder form. The energy dispersive
X-ray (EDX) spectrum provided in Figure 6.3(c) display various characteristic peaks associ-
ated with the presence of cerium (Ce), cobalt (Co) and calcium (Ca) metals in the ratio of
85 %:14 %:1 %, respectively. Thus, the extremely high content of cerium in the Ce:Co:Ca
NPs ultimately boost the optical bandwidth of the photo-active films for absorption of more
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electromagnetic radiation. While the cobalt and calcium present work as photon scatter-
ing centres that strongly stretches the electromagnetic wavelength to near-infrared (NIR)
region as depicted in Figure 6.4(b). The elemental identification taken from the HRSEM
image (see Figure 6.3(b)) demonstrate that there is an even distribution of the elements
with a dominant presence of cerium. Generally, the presence of the metal nano-particles
in the photo-active layer will certainly improve the electrical conductivity of the polymer
medium. Furthermore, the metals are expected to exhibit surface plasmon resonance ab-
sorption (SPLR) which forms a strong electromagnetic field near the metal particles that
can assist in exciton dissociations and free charge transport. Eventually, the effect of all these
factors is evident in the overall performance of the fabricated devices. The high-resolution
tunnelling electron microscope images provided in Figure 6.3(d-f) confirm the formation of
different sizes and same shape metal nano-particles. The size of the particles measured from
HRTEM images ranges from 7-11 nm which consistent with the results obtained from X-ray
diffraction (XRD) crystallite nano-sizes (see Table 6.1). The high-resolution tunnelling elec-
tron microscopy showed spherical shaped metal nano-particles as indicated in Figure 6.3(f).
Apparently, the spherical nano-particles contains a crystalline form nano-particles, evident

by high photo-generated current of the optimized solar devices indicated in Table 6.2.

6.3.2 Solar absorber thin organic film
Optical properties

The effects of Ce:Co:Ca nano-composite on the optical properties of the polymer solar ab-
sorber film was investigated using UV-Vis measurements. The extinction coefficients of the
absorber films with and without tri-metallic nano-particles (Tri-NPs) are provided in Figure
6.4. The absorbance peak of the metal nano-particle powder in deionized water suspension
was located at ca. 330 nm and a continuous absorbencies is evident in the entire spectrum.
The nano-composite in the photo-active layers is expected to assist light trapping in the
medium in addition to the LSPR effect which are dominant near UV-Vis and infrared (IR)
regions (see Figure 6.4(b)). The solar absorber films are of the P3HT:PCBM blend con-
taining various concentrations of Ce:Co:Ca NPs. Hence, the UV-Vis spectra were generally
dominated by the absorbance of the polymers blend, and few evidences are visible to take
into account the influence of the metal composite in the medium. Figure 6.4(b) shows the
film alterations caused by adding Ce:Co:Ca nano-particles with different loading concentra-
tions from 0 % to 3 % by weight into the PSHT:PCBM blend films. The reference film
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Figure 6.3: (a) and (b) HRSEM images, and (c) an energy dispersive X-ray (EDX) spectrum,
and (d-f) HRTEM images of Ce:Co:Ca metal powder.

shows a typical PBHT:PCBM blend absorbency at peak maximum centred around 512 nm.

Noticeable changes are visible from the spectra taken from metal composite doped films in
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terms of intensity, absorption width and the appearance of new intensity peaks. The ab-
sorbencies from films containing tri-metallic nano-composite exhibited new peaks in the UV
regions and broadening of the absorbency of the the polymer blend. In fact, the maximum
peak intensity of the films have slightly blue shifted by ~30 nm due to the interactions of
the metals nano-particles with the polymer molecules. The absorption spectra of the opti-
mized photo-active films contain a peak in the short wavelength range centred around 420
nm. The intensity of the absorbance of the PSBHT:PCBM blend generally decreases with
doping level of the metal nano-composite over the range from 420 to 650 nm. This may be
attributed to a good miscibility of the polymers blend with nano-particles which limits the
polymer mass to volume ratio in the medium. Furthermore, the metal nano-particles could
have scattered more light out of the polymer medium that would unfavourably affect light
trapping. However, the particles meanwhile could favourably contribute in terms of exciton
dissociations and charge transport processes that justifies the observed improved device per-
formance. The Tri-NPs in the active layer also acted as an optical reactor and as scattering
centres to generate multiple light reaction within the BHJ composite, thereby enhancing the
wide-band absorption to facilitate the harvesting of more photons, as described in previous
studies [35]. Finally, the improved absorption in the near infrared region might also be due
to the elastic scattering of the electromagnetic radiation caused by addition of Tri-NPs in-
side the photo-active medium that assisted the increased optical path length in the polymer

mixture.

Photoluminescence (PL) spectral study

Strong intensity peaks have been observed from photoluminescence (PL) measurement taken
from the synthesized nano-particles suspended in deionized water (see Figure 6.5). We have
employed 250 nm laser beam to excite charge carriers in the target material. The nano-
particles yield prominent PL emission peaks at 424, 435, 448, 479, 534, 575, 600 and 610 nm,
respectively. The observed peaks are attributed to the excitations of charge carriers from
valence to conduction bands of the elements involved as well as from intermediate states
formed by impurities and defects in the Ce:Co:Ca composite powder [36]. The strong peaks
observed at 424-534 nm in the blue-green emission regions are due to the structural defects
and impurities in the crystal [37, [38]. Hence, the oxygen vacancies are also exhibited in the
spectrum and shifts the photoluminescence in the low energy range leading to intense PL
emission. The source of these emissions could be due to the oxygen and/or cobalt and calcium

metal ions related impurities in the incorporated cerium metal ions. The characteristic
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Figure 6.4: (a) A UV-Vis spectrum of the tri-metallic (Ce:Co:Ca) powder in a deionized
water suspension. (b) UV-Vis spectra of a photoactive film reference and photoactive films
doped with tri-metallic nano-particles.

photoluminescence peaks in the UV-Vis band are observed due to direct recombination of
electrons in Ce 4f conduction band with holes in Co 3d, Ca 4s and O 2p valence bands,
while the broad visible emission band has been suggested due to the presence of many point

disorders [39]. However, a weak band appeared at 575-610 nm in the yellow-orange emission
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demonstrated the good crystallinity of the synthesised nano-particles as demonstrated in
HRTEM images [40].

4000
< Ce:Co:Ca NPs
B
3000+ N
L:"; g2 2
2 k]
= <
2 2000
Q
k=
1000 +
g g¢g
0 © ©
0
T T T T T T T T T T
400 450 500 550 600 650

Wavelength (nm)

Figure 6.5: Photoluminescence spectrum of powder metal nano-particles.

Electrical properties of BHJ-organic solar cells

The current-voltage characteristics provided in Figure 6.6 are taken from a single diode
solar cells fabricated following device structure: ITO/PEDOT:PSS/P3HT:PCBM(Metal
NPs)/LiF/Al. The concentration of the Ce:Co:Ca metal nano-particles were varied between
1 wt% and 3 wt% in the solar absorber layer of the solar cells. A reference cell was also
fabricated without the inclusion of metal NPs for comparison. The solar cells produced with
Ce:Co:Ca metal nano-composites showed significant enhancement in terms of the generation
of photo-current. Such a cooperative effort of tri-metallic nano-composite has lead to effec-
tive light trapping that increased the short circuit current density (J.) from 11.13 mA.cm ™2
to 14.93 mA.cm~?2 and 19.86 mA.cm ™2, respectively. Such enhanced photo-current is possi-
ble mainly as the result of high photon induced generation of exciton and/or effective charge
transport processes that are happening at the interface between active layer and electrodes.
Consequently, the power conversion efficiency (PCE) of the devices rose from 2.6 % (Pris-
tine) to 4.5 % and 5.3 % at the nano-particle concentration 1 wt% and 3 wt%, respectively.
In fact, all the solar cells parameters, derived from the newly fabricated solar cells (Table

6.2), displayed a massive promotion in terms of open circuit voltage (V,.), the Jg., the fill
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factor (FF), and PCE. Moreover, the devices that contain the metal nano-particles in the
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Figure 6.6: J-V characteristics of the devices produced by pristine and optimized solar cells.

Table 6.2: Reported J-V parameters for the illuminated solar cells devices; the pre-optimized
and the optimized active layer with an addition of tri-metallic nano-particles in different
concentrations.

P3HT:PCBM Voe Jse FF PCE R,
Ce:Co:Ca (wt%) (volt) (mA/ecm?) (%) (%)  (Q)
0.0 % 0.55 11.13 44 2.6 271.27
1.0 % 0.60 14.93 53 4.5 59.59
1.0 % 0.59 13.87 52 4.3 19.46
3.0 % 0.55 19.86 50 5.3 101.58
3.0 % 0.55 16.07 49 4.4  68.98

photoactive layer exhibited better open circuit voltage suggesting the formation of favourable
interface between the active layer and the electrodes. Actually, the generation of large V.
and J,. are the main criteria required for novel semiconductor polymer materials that are
employed with metal nano-particles as solar absorbers in the fabrication of BHJ-OSCs [41].
The interaction between the generation of excess excitons in the presence of the intense local
electromagnetic field produced by the nano-particles stimulated the diffusion of excitons and
charge dissociation to eventually improve the photo-current [42] 43| [44]. However, the high
concentrations of the nano-composites appeared to be unfavourable for charge transport pro-

cesses as observed from the high series resistance even at the doping level of a 3 wt%. The
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V,. values for the nano-particles doped devices were slightly above than those for the pristine
active layer, probably due to the formation of delocalized charge carriers on the polymers

resulting in a match between the active layer and the work function of the electrodes.

According to the charge transport study using space charge limited current, the zero-field
mobility of the metal nano-composite derived from doped solar cells were found to be one
order of magnitude higher than that of the pristine type solar cells (see Table 6.3). Hence,
this is a clear indication of the influence of Ce:Co:Ca nano-particles, which assisted in the
charge transport processes and promoting the charge dissociation and transportation at

active layer and electrode interfaces.

Table 6.3: Charge transport characteristics of solution processing organic thin film solar
devices fabricated with Ce:Co:Ca Tri-NPs in photo-active layer.

P3HT:PCBM m ~
Ce:Co:Ca (wt%) (ecm? V7IS™H)  (emV™)
0.0 % 5.60 x10™*  -5.9 x107°
1.0 % 1.92 x10™*  -4.7 x10~*
3.0 % 3.43 x107*  -3.2 x107*

6.4 Conclusions

Ce:Co:Ca nano-composite was successfully synthesized using facile sol gel processes and
used in bulk hetero-junction organic solar cells (BHJ-OSCs) to assist in the generation of
photo-current. The metal nano-particles are employed at different concentrations in the
solar absorber layers for the best yield of device performances. The best power conversion
efficiency found from this investigation was 5.3 % at doping level of 3 wt% of metal NPs. In
general, the solar cells produced with tri-metallic nano-particles outperformed those devices
fabricated with PSHT:PCBM only solar absorber layer. These changes are reflected in terms
of improved overall performance of the organic solar cell devices which partly originated
from the reduction of the series resistance (R;) and improved photo-current. On the other
hand, further investigation on metal nano-particles dispersed in the hole transport layer (e.g
PEDOT:PSS) need to be done in order to further promote charge collection.
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Keywords: A td-metallic nano-particles (NPs) involving Silver, Iron and Nickel (Ag:Fe:Ni) was successfully synthesized
Metal poly-crystalline nanoparticles using a wet chemical reduction method. The synthesized nano-composite (AgiFe:Ni) has exhibited polycrys-
Thin film

talline morphology in powder form, which was used as nano-composite in a P3HT:PCBEM blend solar absorber
layer of the thin film organic solar cell (TFOSC) to enhance the collection of photons. Consequently, the power
conversion efficiency (PCE) of the thin film organic solar cells grew by 42% due to the incorporation of NPs
in the devices structure. However, the concentration of metal nano-particles was varied from 0% to 3% by
weight to determine the optimum doping level of the NPs for maximum effect in the solar absorbers. The
effect of the metal nano-particles is clearly evident by high short circuit current (Jf,) of TFOSC which is
attributed to improve the dissociation of exciton and charge transport processes in the medium. The optical
and morphological characteristics of the nanoparticles were discussed in terms of the measured parameters.
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Abstract

Tri-metallic nano-particles (NPs) involving Silver, Iron and Nickel (Ag:Fe:Ni) were success-
fully synthesized using a wet chemical reduction method. The synthesized nano-composite
(Ag:Fe:Ni) exhibited polycrystalline morphology in powder form, which was used as nano-
composite in a PSHT:PCBM blend solar absorber layer of the thin film organic solar cell
(TFOSC) to enhance the collection of photons. Consequently, the power conversion efficiency
(PCE) of the thin film organic solar cells grew by 42 % due to the incorporation of NPs in
the devices structure. However, the concentration of metal nano-particles was varied from 0
% to 3 % by weight to determine the optimum doping level of the NPs for maximum effect
in the solar absorbers. The effect of the metal nano-particles is clearly evident by high short
circuit current (Js.) of TFOSC which is attributed to improve the dissociation of exciton and
charge transport processes in the medium. The optical and morphological characteristics of

the nanoparticles were discussed in terms of the measured parameters.

7.1 Introduction

The optical properties of metal nanoparticles have long been of interest in physical chem-
istry, beginning from Faraday’s investigations of colloidal gold particles in the middle 1800s.
Ancient glass based artefacts have been deccorated with different colours using various com-
positions of materials without the full knowledge of the phenomenon. For instance, the
reddish colour observed from stained glass windows is due to the presence of gold colloidal
nano-particles while yellow colour is attributed to silver content. The curiosity to understand
the origin of these colours have been of interest of the research for centuries, and hence, scien-
tific research on metal nanoparticles dates at least to the days of Michael Faraday [I. 2]. The
breakthrough towards the understanding of the optical properties of nanoparticles was pos-
sible in classical Physics in 1908, when Mie presented a solution to the Maxwell’s equations
that describe the extinction coefficient (extinction = scattering+absorption) of spherical
particles of arbitrary size. Mie's mathematical solution remains of applicable to this day,
however, the field of plasmonics has continuously developed by the introduction of new ap-
plications such as photonic devices [1I, 3] [7, 8, @, 10, B [6]. In the millennial, however, there
has been growing interest in characterizing the opto-electronic properties of metal nanopar-
ticles by way of chemical reduction methods and others, which produce well-defined sizes
and shapes [13].
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In recent years, significant research attention is given to plasmonics, particularly, on the
possible applications potential from the interactions of the plasmon nanoparticles and elec-
tromagnetic (EM) radiation. This is particularly noticeable from the research reports based
on the properties of plasmon nanoparticles in the semiconductor or dielectric media. There
are already encouraging results in the field of photocatalysis, sensors and solar energy har-
vesting [5], (6 10, [14]. The current investigation focuses on plasmon nanoparticles assisted
solar energy harvesting to improve power conversion efficiency of TFOSC. Solar energy is
one of the most abundant and clean energy sources, which can be tapped to generate elec-
tricity by means of a solar panel. Several new methods and materials have been introduced
in solar cell research since the middle of the 20" century (1950s) with the view to find
cheap and affordable solar panels. A number of research reviews and articles have been
reported on the importance of metal plasmon nanoparticles, especially, on the synthesis of
new materials that have wide range of potential applications [2), 16, 17, [I8] 19, 20], 21, 22].
Glass/ITO/PEDOT:PSS /P3HT:PCBM-Ag:Fe:Ni NPs/LiF /Al is the resulting device struc-
ture, as shown schematically in Figure 7.1(a-b) with its energy level diagram. The main
mode of the interaction of the metal plasmon nanoparticles with electromagnetic radiation,
considered in this investigation, is a dipole mode of local surface plasmon resonance (LSPR),
which is more dominant than the quadrupole mode in dielectric medium. It is to be noted
that the dipole mode of LSPR occurs when size of the nanoparticle is much smaller than the
wavelength of the incident radiation. The excitation of the LSPR that induces light trapping
through near/far field scattering, in the absorber layer of organic photovoltaic (OPV), is the
most important feature of plasmon nanoparticles for photon harvesting in the medium. The
purpose of the current investigation is to increase device performance of thin film organic
solar cells by employing plasmon nanoparticles in the absorber layer. The inclusion of the
metal nanoparticles, in the photoactive layer, not only improves the electrical and thermal
conductivity of the polymer medium but also exhibit surface plasmon resonance (SPR),
which produces strong electromagnetic fields in the vicinity of the metal nanoparticles. The
generated strong electromagnetic fields can aid in electron-hole decoupling and de-localized
charge transport. Finally, the influence of all these phenomena is evident in the general

performance of the fabricated devices, which are discussed in subsequent sections.
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Figure 7.1: a) Schematic representation the device structure for recently fabricated bulk

heterojunction solar device, (b) energy levels alignment diagram of the materials used in
device fabrication [11], 12].

7.2 Materials and Methods

7.2.1 Thin film organic solar device architecture

The chemicals and indium tin oxide (ITO) coated glass substrates were all purchased from
chemical suppliers and used as received. Initially, the un-patterned ITO coated glass was
partially etched with an acid solution (HCl:HyO:HNO3 at 48 %:48 %:4 %). It was subse-
quently ultrasonically cleaned using deionized water, isopropanol and acetone for 10 min
waiting time, respectively. The substrates were dried following the cleaning in an oven at ~
90 °C. A thin hole extracting layer of poly(3,4-ethylenedioxythiophene):polystyrenesulfonic
acid (PEDOT:PSS) was spin coated onto the substrates at a speed of 3500 rpm for 60
seconds and then dried at 120 °C for 20 min. The solar absorber layer was prepared in
chloroform based solution containing PSHT:PCBM (1:1 weight ratio) blend with Ag:Fe:Ni
NPs at doping level 0 wt%, 1 wt% or 3 wt%. The solutions were stirred for 5h at 40 °C
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to increase the molecular miscibility. The photoactive layer were then spin coated onto the
dried PEDOT:PSS layer at 1200 rpm for 40 seconds and dried in nitrogen filled furnace at
100 °C for 5 min. Finally, a thin (0.4 nm) electron transport layer (lithium fluoride, LiF)
and a thin (60 nm) top electrode (aluminium, Al) were deposited on the photoactive layers
at vacuum pressure 107 mbar. The device active a area is defined by a shadow mask with
0.04 cm? window. The resulting device structure is Glass/ITO/PEDOT:PSS /P3HT:PCBM-
Ag:Fe:Ni NPs/LiF /Al and is schematically shown with its energy level diagram in Figure
7.1(a-b). The electrical properties of the active area of the solar cell were measured using
Keithley source meter (model HP2420) and a solar simulator (model SS50AAA) operating
at AM 1.5 and 100 mW.cm™2. The photo spectrometer (T80-PG-Instrument limited) was

also used to study the optical properties of the absorber films.

7.2.2 Ag:Fe:Ni nanoparticles synthesis

The tri-metallic nanocomposite (Ag:Fe:Ni) NPs were synthesized according to the methods
reported earlier [23]. Three different deionized water based solutions were prepared using
40 mM of Silver nitrate, 20 mM of Iron nitrate and 40 mM of Nickel nitrate. A sodium
borohydride solution (0.5 M) was used as the reducing agent. They were then mixed together
beginning from silver nitrate solution in a 500 ml beaker, followed by a dropwise addition of
the remaining solutions under continuous stirring. The solutions mixture was stirred for 3 to
4 hours at a moderate temperature of about 40 °C. Finally, the yielded suspension was then
filtered and washed by rinsing deionized water multiple times to remove the sodium nitrates
and ensure pure precipitate of metallic nanoparticles given in Figure 7.1(c). The chemical

reaction equation is given as follows:
AgNOs(aq) + FeNOs(aq) + NiNOs(aq) + 3NaBH4(aq)

3 3
— AgFeNi(s) + §H2(g) + §BQH6(g) + 3NaNOs(aq).
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7.3 Results and Discussion

7.3.1 Morphology investigation of Ag:Fe:Ni metal powder
X-ray diffraction (XRD) analysis

The physical and chemical properties of the synthesized nanoparticles were investigated
using XRD, HRTEM and HRSEM spectrometers. The X-ray diffraction pattern provided in
Figure 7.2 was taken from Ag:Fe:Ni nanoparticles powder prepared by the conventional wet
chemistry reduction method. The XRD pattern was measured for angles 26 ranging from
5° to 90° in steps of 0.025° at a scanning speed of 20°/min. It can be observed that the
relative intensity and angle of the main diffraction peaks were different, and the diffraction
peaks can be correctly indexed to a face-centred cubic (FCC) Ag and Ni phases, and body-
centred cubic (BCC) phase of Fe. The diffraction peaks at 38.25°, 44.47°, 64.61°, 77.45° and
81.67° could be assigned to (110), (111), (200), (220), (211), (311) and (221) planes (JCPDS
card no. 04-0850 and 34-0529), respectively. Absence of additional peaks indicates that the
products crystallized with a single-phase Ag:Fe:Ni polycrystalline particles. No other phases
such as Ag,O, Fe;O3 and NiO were detected. The d-spacing of Ag:Fe:Ni NPs as determined
from Bragg’s law using the 1% order XRD diffraction pattern are given in Table 7.1, which

is consistent to all the atomic planes provided in Figure 7.2.
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Figure 7.2: XRD pattern of the Ag:Fe:Ni nanoparticle powder.
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Figure 7.3: HRTEM images (a) 100 nm, (b) 50 nm (c) 20 nm and (d) 5 nm sizes of Ag:Fe:Ni

metal powder in deionized water suspension.

In the case of reflection, the rays departing the crystal are in phase and reinforce each
other. As illustrated in equation 7.1-7.2, when the incident beam strikes the parallel planes
at precise angles known as Bragg Angles, §. The average nano-crystalline size (D) of the
Ag:Fe:Ni tri-NPs was calculated using the Debye-Scherrer equation (Eq.7.2), where £ is the
full width at half maximum (FWHM) of the peak in radians, 0 is the angle of diffraction and
A is the wavelength of the X-ray beam. Using Rich Seifert diffractometer with Cu k, (A =
1.5418 A), and hence, the average crystalline size was calculated from X-ray line broadening
using Scherrer equation and found the values between 12.67 nm and 27.05 nm, respectively.
A. Revina et al [25] have apparently suggested that a cubic blend structure is dominant
for particles size of less than 5 nm while a mixture of FCC and BCC phases are observed

above 5 nm in size. Thus, in general, the particle size is one of the crucial variables used to
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Table 7.1: Analysis of XRD microstructural measurements for Ag:Fe:Ni nanoparticles.

Peak (hkl) 20 g A D J € o
No. (°) (nm) (107° nm~?) (1072?) (MPa)
1 Ag (111) 38.25 0.256 2.353 13.82 5.24 6.05 883.3
Ni (111)
2 Ag (200) 44.47 0.409 2.037 12.67 6.23 9.46 1381
Ni (200)
Fe (110)
3 Ag (220) 64.61 0.179 1.443 18.98 2.79 3.78 552.2
Ni (220)
Fe (200)
4 Ag (311) 7745 0.461 1.232 27.05 1.37 8.99 1313
) Ag (221) 81.67 0.256 1.179 25.65 1.52 4.84 707
Fe (211)

determine the crystallographic phase.

5=+ (7.3)
e b CZSG (7.4)
og=Ce (7.5)

Important parameters such as dislocation density (), micro strain (¢) and stress (o) can be
derived from equations (Eq.3-5) above. Applying Hooke’s law, stress can be calculated from
micro strain given by the value C=21.46x10 Nm~2, which is the bulk Young’s modulus
[26, 27]. The evaluated dislocation density of the tri-metals nanoparticles increased with
lattice spacing. Which is suggesting that there is an increase in electrical and thermal
conductivities in the medium. The micro strain and the stress of Ag:Fe:Ni nanoparticles
also increase, thus the metal NPs design composition prevent deformation during solution

coating engineering of thin film organic solar cell.

Ag:Fe:Ni nano-powder HRTEM studies

The morphology of the Ag:Fe:Ni nano-particles was studied using high resolution tunnelling
electron microscopy (HRTEM) presented in Figures 7.3. The HRTEM images illustrate the
formation of various shapes and sizes of the synthesized nano-particles in powder. There are
several agglomeration of the nano-particles which appeared to have formed flower and disc
like structures. It is evident that at higher resolution several fringes are visible representing

the polycrystalline nature of the synthesized particles in powder form. The lattice spacing
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determined from fringes are 0.21 nm and 0.30 nm respectively which are attributed to (200)
and (111) faces of the cubic structure. These are consistent with the lattice spacing deter-
mined from XRD measurements of Ag phase whereas the 0.30 nm is exaggerated dimension
for (111) face of the Ag phase. The latter could be attributed to the incorporation other
elements in the Ag matrix. However, it was difficult to clearly discern individual metal el-
ement on the multi-metals Ag:Fe:Ni nano-particles as presented in Figure 7.3(b). However,
the XRD data shows the presence of each elements in the composite. Thus, the observed well
aligned fringes of the HRTEM images in Figure 7.3(c-d) represent multiple phases crystal-
lites. The HRTEM images provided in Figure 7.3(b) confirm the formation of different sizes
and well aligned micro crystalline metal nano-particles. Fe containing compounds are known
for their high heat resistance and often used as solar absorber as well. In this investigation

Fe plays a heat stabilizing factor for polymer based solar cell [24].

7.3.2 Optical and electrical characteristics of solar absorber film
Optical properties of the absorber films

Figure 7.4 shows the optical absorption of the solar absorber film (P3HT:PCBM blend) with
and without Ag:Fe:Ni NPs. The inset in the Figure 7.4 is the aborption spectrum of Ag:Fe:Ni
NPs in deionized water. Generally, the absorption spectra is dominated by the absorbance
of the PSHT:PCBM blend which slightly streched to the infrared region by the presence of
the metal nano-particles. An intensity peak was expected close to 335 nm from metal nano-
particles in the absorber film, which is not decernable because of its low concentration in the
polymer films. The P3HT:PCBM blend optical absorbance widths are generally increased
compared to the pristine layer and pronounced bump are clearly evident above 650 nm.
These results are attributed to mainly the effect of the far field scattering of the metal nano-
particles in the medium. The intensity peaks of the P3HT:PCBM blend are relatively lower
than that of the pristine sample, which is due to the fact that the incorporation of the triple
metals nanoparticles in the polymer bicontinuous composition will certainly trim the number
of interactions of PSHT:PCBM with incident photons, at least within the spectrometer beam
diameter. The tri-metallic NPs in polymer matrix would create favourable conditions for the
occurrence of surface plasmon resonance for far and near field scattering which are important
mechanisms for solar energy harvesting. The optical absorption through the plasmonic effect
is a phenomenon pioneered by Faraday during his study of the colors of colloidal metal nano-

particles [27]. Thus, the LSPR can significantly influence in reducing the charge carrier
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recombination because of improved near-field and thermal energy produced via de-phasing

in the vicinity of nano-particles.
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Figure 7.4: (a) Optical absorption of the metal NPs in deionized water. (b) The absorption
of the photoactive films containing various concentrations of Ag:Fe:Ni nanoparticles.

The LSPR resonance peaks of single phase Ag, Ni and Fe are expected to occur in UV regions
of the spectrum. However, the composite of the tri-metallic would have been expected at
longer wavelength regions depending on the shape and size of the metal nano-particles.
The nano-composite in this study has shown flower and disc like geometries as discussed in
the earlier sections, which is favourable for the occurrence of broad LSPR absorption band.
Nonetheless, the composite is not composed of one type structures, some road like structures
are also visible on HRTEM images. Therefore, the observed enhanced absorbance above 650
nm could be attributed to far field scattering as well as the LSPR of the rod like structure in
the medium. Furthermore, the Ag:Fe:Ni NPs-doped film absorption observed in the infra-red
regions, is likely to come from the photons scattered at far field regions. This is pronounced

at the absorbance at the highest concentration (3 % wt) of Ag:Fe:Ni in the medium.

J-V characteristics of thin film organic solar cells

The electrical properties of the fabricated solar cells were measured in terms of the measured

current-voltage (J-V) characteristics provided in Figure 7.5. A single diode solar cells fabri-
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Table 7.2: The measured solar cell parameters under 100 mW /cm? illumination and charge
transport characteristics of solution processed TFOSC using Ag:Fe:Ni polycrystal-NPs.

P3HT:PCBM Ve Jse FF PCE R; o vy

Ag:Fe:Ni (wt%) (volt) (mA/em?) (%) (%) () (em? V7IS™H  (ecmV™!)
0.0 % 0.55 11.84 41.75 270 2944  8.63 x107° 1.7 x10~*
1.0 % 0.58 13.49 4323 3.40 2649 1.82 x107% -24 x107*
3.0 % 0.55 14.30 48.67 3.83 2342 195 x107% -1.9 x107*

cated in this investigation consists of layers of different materials as: ITO/PEDOT:PSS/P3HT:PCBM-
Ag:Fe:Ni NPs/LiF/Al. The absorber layers of OSC contain various concentrations of the
triple metals nanoparticles from 1 % to 3 % by weight. Generally, the solar cells doped with
metal nanoparticles showed significant improvement in terms of the generation of photo-
current compared to the reference cell. Consequently, a collective effort of tri-metallic
nanoparticles (Tri-NPs) has lead to the effective light trapping that enhanced the short
circuit current density (Js.) from 11.84 mA.cm™2 to 13.49 mA.cm~2 and 14.30 mA.cm™2,
respectively (see Tale 7.2). Such improvement in the photo-current is possible mainly as the
result of enhanced exciton dissociation as well as improved charge transport processes in the
medium. The measured J,. monotonically increased with the concentration of Ag:Fe:Ni NPs

at 1 % and 3 % by weight. Subsequently, the overall power conversion efficiency of the solar
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Figure 7.5: J-V characteristics of the best performing solar cells at various concentrations
of Tri-NPs.

cells rose from 2.70 % (Pristine) to 3.40 % and 3.83 % by the inclusion nanoparticle at 1
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wt% and 3 wt%, respectively. This is a promotion in PCE as high as 42 % compared to the
reference solar cell. The solar cells parameters provided in (Table 7.2) showed an increased
device performances compared to the reference devices. The enhanced PCEs of NPs doped
solar cells were attributed to more favourable morphologies, effective exciton dissociation as

well as improved charge transport processes in the PCBM:P3HT blend medium.

Charge transport studies

The charge transport properties in thin film organic solar cells were analysed using space
charge limited current (SCLC). SCLC analysis produces importantant transport paprameters
such as charge carrier mobility and field activation factor. The measured SCLC currents
of InJ-V curves were fitted with field dependent current density equation known as Mott-
Gurney’s Law [23, 22 [11]:

9 & V
J = gEeotio ﬁexp(0.89m/ f) (7.6)

where v and p are the field activation factor and zero-field mobility of the medium, respec-
tively. The relative permittivity of dielectric medium and the free space are given by the
parameters ¢ and €9. Note also that the photoactive layer thickness (L), and the voltage

drop (V) across the sample are important factors in the equation.

The field activation factor is an approximate measure for the ocurrence of charge recombi-
nations in the absorber medium. Hence, the lower the field activation factor would suggest
that geminate recombination is less likely to occur in the device. Meanwhile, effective charge
transport processes in polymer medium are largely possible by controlling charge recom-
bination processes in the device structure. Preventing the build-up of space charge in the
medium is another important factor. The inclusion of tri-metallic nanoparticles (Tri-NPs) in
the photoactive layer clearly changed the charge transport processes for the better by way of
enhanced exciton dissociation and polymer crystallization due to thermal energy produced
from de-phasing of LSPR excitation in the vicinity of NPs [2]. It is noted here that the
triple metals NPs clusters in the photoactive layer could form alternative charge percolation
channels that can assist in better collection of free charge carriers. In the absence of defects
in the medium, the space charge limited current is dependent quadratically on the applied
bias voltage (V) (see Equation 7.6)). The charge transport parameters derived from the
computer fits of Equation 7.6 to SCLC measured data are given in Table 7.2. The results

showed that the zero-field mobility of the metal nano-particles doped solar cells were found
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to be two orders of magnitude higher than that of the reference solar cells. Apparently, the
devices blended with Ag:Fe:Ni NPs exhibited the best “squareness” of the J-V curve(see
Figure 7.5) which is an indication of good diode quality and better device rectification. It
is important to note that carbon nanotube and graphene, either in pristine or doped form,
are reported to have to high charge transport properties in polymer medium [28] 29, 30, 31],
however, agglomeration of these materials in the photoactive medium is the major challenges

compared to C60 derivative.

7.4 Conclusions

Ag:Fe:Ni polycrystalline metal nano-particles were successfully synthesized using a facile
sol gel processing method and used in thin film organic solar cells to assist in solar energy
harvesting. The metal nano-particles were employed at different concentrations in the solar
absorber layers for the best yield of device performances. Thus, the formation of strong near
field at the vicinity of the NPs boast further the dissociation of exciton, which substantially
increased photon-generated free charge carriers. The best measured PCE in this investigation
was 3.8 % at the doping level of 3 wt% of metal NPs, which is 42% improvement from the
reference cell. In general, the solar cells containing tri-metallic nanoparticles in their absorber
layer have better device performance compared to the reference cell. These changes are
reflected in terms of enhanced photocurrent and improved fill factor which are attributed
to diminished series resistance of the devices. The NPs are environmentally stable and

compatible for roll to roll device fabrication.
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Chapter 8

Conclusions

A number of metal nano-composites (NCs) were synthesized and employed in the period of
the study and as a consequence significant improvements in the device performances were
observed. Based on the experimental results three research articles have been published in
reputed indexed international journals such as RSC Advances, Solar Energy, and Physica
B: Physics of Condensed Matter. In this study, three different metal nano-particles were
tested in the preparation of newly fabricated thin film organic solar cells (TFOSCs). Tri-
metallic NCs; Silver:Zinc:Nickel (Ag:Zn:Ni), Cerium:Cobalt:Calcium (Ce:Co:Ca) and Sil-
ver:Iron:Nickel (Ag:Fe:Ni) were successfully synthesized using wet chemistry method and
used in organic solar cell. The Tri-NCs were mainly incorporated in the photoactive layer of

the thin-film organic solar cells.

The metal nano-composites under this study are expected to exhibit local surface plasmon
resonance (LSPR), which is a phenomenon that causes light trapping as well as enhanced
generation of free charge carriers in TFOSC. The P3HT:PCBM blend is used as a solar
absorber layer in all the investigations. The effect of Silver:Zinc:Nickel nano-particles em-
ployed in PSHT:PCBM blend photoactive layer resulted in improved power conversion ef-
ficiency (PCE) that grew from 1.81 % to 3.3 %. The particle size and crystallinity of the
synthesized Ag:Zn:Ni Tri-NC were studied using high resolution scanning and electron mi-
croscopy (HRSEM and HRTEM). HRTEM image-measured particle sizes range from 7 to
11 nm, which is consistent with the results of the X-ray diffraction (XRD) experiment. Ce-
Co-Ca nano-particles were added on the absorber layer. Tri-metallic nano-particles were

structurally identified using X-ray diffraction. The average crystallite size was calculated
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using the Scherrer equation from X-ray line broadening, and the results range from 9.23 nm
to 11.3 nm. Thus, the tri-metallic nano-particles embedded into solar cells influenced the
charge transfer processes. Hence, the solar energy absorption, increased the power conver-
sion efficiency and stability of the devices. We found remarkable promotion in the PCE as

high as 5.3 % for solar cells fabricated under open-air environment.

The effect of Ag:Fe:Ni nano-composite was also tested into the same PSHT:PCBM blends
photoactive layer to assist photon harvesting and the charge carrier mobility in the fabri-
cated solar cells. The NCs doped solar absorber displayed improved solar absorption and
maximized device performances. The best power conversion efficiency found was as high
as 3.83 %. The HRTEM images show how the produced nano-particles in powder take on
diverse forms and sizes. The lattice spacing estimated from fringes is 0.21 nm and 0.30 nm,
respectively, and is attributed to the cubic structure’s (200) and (111) faces. The 0.30 nm
is an exaggerated dimension for the Ag phase’s (111) face, but it is compatible with the lat-
tice spacing found from XRD observations of the Ag phase. Hence the improvements were
attributed to the occurrence of surface plasmon polariton resonance (SPPR). All the solar
devices under investigation were fabricated under ambient laboratory conditions without
encapsulation. In conclusion, the triple metal nano-composites are compatible with roll-to-
roll (R2R) device manufacturing which should lower the cost of solar panels in the energy

market.
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