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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.

Professor Genene Tessema Mola, School of Chemistry and Physics, University of KwaZulu-

Natal, Pietermaritzburg campus, supervised and directed the research detailed in this thesis

from February 2018 to November 2021. The thesis is the author’s original work, and it has

never been submitted to any university in any manner for any degree or credential. Where

other people’s work has been used, it is properly recognized in the text.
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Signature (Supervisor):............................ .......................Date: December 2021
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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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(a) (b)

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 CO2 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) [10]. 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 [11, 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, 16, 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
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in Figure 1.3). Due to its intriguing qualities in terms of photon incoupling and photocurrent

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, 32]. 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.
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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 [1]. 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 CO2 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
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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 [1, 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, 6, 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, 11, 12, 13, 14, 15].

Wet processing enables for large throughputs employing diverse printing techniques while

also promising lower manufacturing costs in the long run [17, 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
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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, 26, 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, 32], 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, 35]. 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
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Figure 2.1: Energy conversion efficiency versus Diffusion Length of solar absorber materials
[16].

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 C60 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 (PTB7) 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 (C60) 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 C60 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, C61 in PC61BM has a more symmetric structure than C71 in

PC71BM. 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 P3HT:PC61BM

and P3HT:PC71BM samples. Figure 2.3 shows the UV-Vis spectra of PC71BM and PC61BM

before and after thermal treatment at 150 ◦C for 10 minutes in the nitrogen gas filled glove

box. The absorption of PC61BM 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,

PC71BM has a wide absorption range, although there are several shoulder peaks due to the

asymmetrical structure of C71 molecules. UV-Vis spectra for P3HT, P3HT:PC61BM, and

P3HT:PC71BM nanocomposites are shown in Figure 2.3 before and after heating at 150 ◦C.

The degree of crystallinity of the nanocomposites of P3HT:PC61BM and P3HT:PC71BM

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:PC71BM.

When compared to P3HT:PC61BM nanocomposite films, heat encapsulated P3HT:PC71BM

nanocomposite films acquire a superior conjugated length and well-ordered P3HT crystalline

domain [41, 42, 43, 44].
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(a)

(b)

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) PC61BM and PC71BM, (b) P3HT, and (c) P3HT:PC61BM
and P3HT:PC71BM 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.

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:

XPhotoactive material absorption of photons;

XCharge dissociation and the formation of free charge carriers are stimulated by light and;

XElectrons 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) η is the most essential figure of merit when evaluating

the performance of a solar cell. It is based on the open circuit voltage (Voc), short circuit

current density (Jsc), 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 [28].
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(a) The open circuit voltage (Voc):

The optimum potential voltage supplied by a solar cell is open circuit voltage Voc, 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 PC60BM 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 Voc 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:

Voc =
1

e
(EHOMO(polymer)− ELUMO(fullerene))− 0.3V. (2.1)

Thus, in OSC, Voc 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 Voc

[58].

(b) The short circuit current (Isc):

Because of the internal field, short circuit current Isc is the current that flows when there

is no external field applied and the charges are free to travel. Isc 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:

Isc = I0exp(
e

nKT
(U − IRs)) +

U − IRs

Rsh

− Iph (2.2)

where I0 represents the dark current, e represents the electron charge, U represents the

applied voltage, n represents the diode ideality factor, Rs represents the series resistance,

and Rsh 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, Rsh 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:

FF =
VmIm
VocIsc

. (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 (Jsc negative and Voc positive) see left side of Figure 2.5(a). This

produces a result that is at its highest at a point where the voltage Vmax and current density

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

η =
Pout
Pin

=
IscVocFF

Pin
(2.4)

where Pin denotes the incident light power and Pout 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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(a)

(b)

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

Jsc =
9

8
εε0µ

V 2

L3
(2.5)

where Jsc is the current density, µ is the zero-field mobility, ε and ε0 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 (Vbi) from the applied voltage (Vappl), thus

V = Vappl − Vbi. (2.6)

The Poole-Frenkel (PF) equation can be used to describe the mobility µ, which is affected

by the electric field is given by;

µ = µ0 exp(γ
√
E) (2.7)

where γ is the field activation factor and µ0 is the low-field mobility. The field-dependent

SCLC is obtained by combining Eqs. (2.5) and (2.7) can be described by

Jsc =
9

8
εε0µ0

V 2

L3
exp(0.89γ

√
V

L
). (2.8)

The slope of the J∼V2 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, 71, 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.

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 P3HT 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 P3HT:PCBM blends, result-

ing in a nanoscale interpenetrated network with donor-acceptor heterojunctions of 10-15

nm [79, 80], 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 P3HT performs better

in BHJ solar cells, according to research, and the best P3HT: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.

Figure 2.7: Geometrical changes of P3HT: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 P3HT: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 P3HT:PCBM solution boosted

the Jsc 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 [95]. The most efficient polymer:fullerene combination is a

copolymer with alternating ester-substituted thieno[3,4-b]thiophene and benzodithiophene
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(a) (b)

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 PC71BM, 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:PC71BM 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 [98]. The greatest PCE for a sin-

gle junction system of PTB7:PC71BM 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:PC71BM-film is another successful way to improve the PCEs of TFOSCs. The

PCE of the device is increased to 8.92 % with a Voc of 0.76 V, a Jsc 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, 101]
Solvent additive with thermal treatment processing 9.8 [102]

PBDTTT-C-T:PC71BM Solvent additive processing 7.6-8.8 [103, 104]
PDTG-TPD:PC71BM Solvent additive processing 7.3-8.5 [105, 106, 107]
PBDTTPD:PC71BM Solvent additive without thermal treatment processing 7.1-8.5 [108, 109, 110]
PBDT-DTNT:PC71BM Thermal treatment processing 8.4 [111]
PDTP-DFBT:PC71BM None 7.9 [112]
PBDTTT-CF:PC71BM Solvent additive processing 7.7 [113]
PIDT-PhanQ:PC71BM Thermal treatment processing 7.5 [114]
P3HT:IC71BM Solvent additive and thermal treatment processing 7.4 [115]
PBDTTT-C:PC71BM Solvent additive processing 7.4 [116]
PBTTPD:PC71BM Solvent additive processsing 7.3 [117]
PDTSTPD:PC71BM Solvent additive processing 7.3 [118]
P3HT:IC61BM Thermal treatment processing 7.3 [119]
PBnDT-DTffBT:PC61BM None 7.2 [120]
PBnDT-FTAZ:PC61BM None 7.1 [121]
DTffBT:DTPyT:PC61BM None 7.0 [122]
PFDCTBT-CB:PC71BM Thermal treatment processing 7.0 [123]
PMFPP3T:PC71BM Solvent additive processing 7.0 [124]
PT-small molecules:PC71BM 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:PC71BM/Al

system, according to Li et al. [104], led in a PCE of 8.54 %, a Voc of 0.756 V, a Jsc 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:PC71BM-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:PC61BM-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:PC61BM blends to achieve a 5.5 % efficiency. In addition, ODT and DIO
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additives mixed with PCPDTBT:PC61BM mixes redshifted the band spectrum by 30 nm,

resulting in more ordered PCPDTBT morphology. Furthermore, PCPDTBT:PC61BM 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 PC61BM 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:PC71BM system, which showed a high PCE of 7.13 % with

Jsc 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 (Rsh), but DPE co-additive is an excellent

solvent for PC71BM in the host solvent, resulting in PCDTBT and PC71BM dispersion and

separation [135, 136].

27



Bibliography

References

[1] Shirakawa, Hideki, Edwin J. Louis, Alan G. MacDiarmid, Chwan K. Chiang, and Alan

J. Heeger. ”Synthesis of electrically conducting organic polymers: halogen derivatives

of polyacetylene,(CH) x.” Journal of the Chemical Society, Chemical Communications

16 (1977): 578-580.

[2] Deibel, Carsten, and Vladimir Dyakonov. ”Polymer–fullerene bulk heterojunction solar

cells.” Reports on Progress in Physics 73, no. 9 (2010): 096401.
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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 [1,

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 µm

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 [8], 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 [11] 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 [12]. As a result of

the increasing energy consumption, more CO2 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

44



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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(b)

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].
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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

47



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 P3HT: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, 30]. 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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(a)

(b)

Figure 3.2: (a) Photon-induced charge mechanism on P3HT:PCBM bi-continuous molec-
ular matrix [28] and (b) No. of photons (Nph) absorbed vs Active layer thicknesses in
ITO/PEDOT:PSS/P3HT:PCBM/Al OSCs. The No of photons was calculated by transfer-
matrix formalism (TMF). The corresponding Jsc at various IQEs are shown on the right
axis [26].

49



may be calculated using Mie theory [35] and are given by the equations [36]:

σsc =
1

6π
(
2π

λ
)4(|a|)2 (3.1)

σabs =
2π

λ
lm(a) (3.2)

where a is the particle’s polarizability and λ is wavelength of the light. a may be expressed

as:

a = 3V ((
εp
εm

) + 1)/((
εp
εm

) + 2). (3.3)

V, εp and εm 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 σsc and σsc + σabs [37]. Setting εp = -2 εm maximizes a and

σabs, resulting 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, 46, 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, P3HT:PCBM blend absorber layer yields

an open circuit voltage (Voc)=0.54 V, short circuit current density (Jsc)=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 P3HT: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 [48]. 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 ITO to reduce parasitic resistance and promote

hole injection rate by stretching incident light wavelengths. The incident photon energy, hν,

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. Iqbal 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. [66] 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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(a) (b)

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
(ii), 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 P3HT: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 Voc of 0.60±0.08

V, a Jsc of 10.3±0.2 mA.cm−2, an FF of 63±2 % and a PCE of 3.9±0.2.

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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(a)

(b)

Figure 3.4: (a) Local surface plasmon (LSP) restricted in diameter a spherical metallic NP(s).
The incident photon energy, hν, 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

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

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].

53



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, 80] 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 r6 (where r is the radius

of the nanoparticle, as V ∝ r6, 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, 85, 86, 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 [1, 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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(a)

(b) (c)

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
ethanol and water with different fractions of ethanol (fe) under visible (top) and UV (bottom)
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) [98]. 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/cm2 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 P3HT: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, 8]. 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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(a) (b)

(c)

Figure 3.6: (a) Optical absorbance spectra of P3HT:PC60BM blend films with Ag NSs 20
nm (red solid), 40 nm (blue solid) and control blend (black dash); (b) OPV with and without
70 nm AuNP(s) doped in the organic active layer and (c) φh hole injection barrier for blend
films without NP(s) (blue) and with NP(s) (red); E energy fermi level of ITO [63, 29].

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/Al 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 [101]. 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:NCNTs 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 P3HT:PCBM layer manufactured by wet chemical tech-

nique [26, 71, 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:PC70BM Devices optimized and unoptimized by PC70BM [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 P3HT: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.cm2 to 10.3

mA.cm2 [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, 113]. 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

(PTB7). 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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(a) (b)

(c) (d)

(e)

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
characteristic curves for devices fabricated with the pristine PTB7:PCBM blend, as well as
with the added DIO alone and with both the NPs and DIO; (d) SCLC data obtained for
various TFOSC devices fitted according to Motty Gernay equation and (e) Lifetime tests for
the devices with and without additives.
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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. Excessive 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.
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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 [1, 2, 3]. 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, 8]. 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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(a)

(b) (c)

(d)

Figure 4.1: (a) Key factors for nanoparticles synthesis method, (b) various synthesis ap-
proaches, (c) classification methods for the formation of nanoparticles [1] 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) [13]. 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 (NaBH4) 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 NaBH4 is necessary. The reduction of AgNO3 (silver nitrate) is

described by the reaction:

2AgNO3 + 2NaBH4 → 2Ag +H2 +B2H6 + 2NaNO3.

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 NaBH4, 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, 21, 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 AgNO3 solution drop by drop (approximately 1 drop/second)

to 80 ml of 0.02M NaBH4 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 AgNO3

(99.9 % purity), NaBH4 (95 % purity), and tri-sodium citrates dihydrate (Na3C6H5O7.2H2O,

99.5 % purity). To begin, a 0.06M AgNO3 precursor solution was made by dissolving AgNO3

granules in deionized water and then mixing them with a 0.12M NaBH4 aqueous solution [10].

Adding the AgNO3 suspension dropwise to the more decreasing NaBH4 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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(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 (b)
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, 11].

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)2.6H2O), 20 mM copper nitrate (> 99.5 % CuNO3) and 20 mM

magnesium nitrate (> 99.9 % MgNO3). The reducing agent was a 0.5M solution of sodium

borohydride (> 99.98 % NaBH3). 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 0C, 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, 32, 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 (FeSO3.7H2O) was disseminated in

pure water as a precursor for the creation of iron nano-particles and, eventually, the Fe@Ag

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 Na3C.6H5O7

solutions were put into the ferrous sulfate heptahydrate solutions and stirred continuously

for 10 minutes at isothermal reaction temperature (25-85 0C). Following that, 5 g of 33.3 mM

NaBH4 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(s) → Fe2+ + 2e−(E0 = +0.440V )

Ag+ + e− → Ag(s)(E
0 = +0.799V )

Fe(s) + 2Ag+ → Fe2+ + 2Ag(s)(E
0 = +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 Sn@Zn@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-

(a) (b)

(c) (d)

Figure 4.3: (a) Indication of CuZn4, Cu5Zn8, and (β-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 NaBH4 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 (β-Sn), γ(Cu5Zn8), and ε, according to the

ternary Sn:Zn:Cu phase schematic diagram (Figure 4.3(a)) and results observed from bulk

materials (CuZn4). 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 0C,

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-

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 ITO coated glass was initially par-

tially etched with an acidic liquid (HCl:H2O: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 P3HT: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 10−6 mbar on the photoactive layers. The device shadow mask with a 0.04 cm2 window

defines the active area.

(a)

(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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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.

FF =
VmIm
VocIsc

(4.1)

η =
Pout
Pin

=
IscVocFF

Pin
, (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 kα radiation source (λ = 1.5418 Å) to structural

phase at 2θ 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

(a) (b)

Figure 4.7: (a) A sophisticated X-ray diffractometer that is fully automated and (b)
Schematic representation of X-ray Diffraction working principles [58].

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, θ, 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:

nλ = 2dhklsin θ. (4.3)

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

(a) (b)

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 Å 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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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 [1, 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 [10]. 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 (Jsc) 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.

104



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 Ω/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 HCl:H2O: 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 P3HT: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 10−6 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/cm2. The resulting diodes had an effective area of 4 mm2. 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)

Figure 5.2: (a and b) HRSEM, and (c) 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 2θ 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]:

D =
0.91λ

β cos θ
(5.1)

where β is the full width at half maximum (FWHM) of the peak radius, θ is the angle of

diffraction and λ is the wavelength of the X-ray. Using Rich Seifert diffractometer with Cukα

(λ = 1.5418 Å), 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 P3HT: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 P3HT: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

109



(a) (b)

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 P3HT: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 (Jsc), 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 Voc Jsc FF PCE
Ag:Zn:Ni (vol%) (volt) (mA/cm2) (% ) (% )
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 ln(J)-V curves were fitted with field dependent

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

J =
9

8
εε0µ0 · exp(0.89γ

√
V

L
)
V 2

L3
(5.2)

where ε and ε0 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, µ0 and γ 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 µ0 γ
Ag:Zn:Ni (vol%) cm2 V−1S−1 cmV−1

0.0 % 5.96 ×10−4 -2.2 ×10−3

4.0 % 3.51 ×10−3 -1.3 ×10−3

6.0 % 2.89 ×10−3 -1.8 ×10−3
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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 P3HT: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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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 [1]. 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, 6, 7], control

of film morphology [8], interface engineering [9, 10] and device fabrication processes [11].
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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, 13, 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 [17]. 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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(a) (b)

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 Ω/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 P3HT: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 10−6 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 mm2. 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(NO3)2] Calcium Nitrate [Ca(NO3)2] Aldrich, (99.99 %, 0.18

mg), H2O2 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 (H2O2 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 2θ 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:

D =
0.91λ

β cos θ
(6.1)

where β is the full width at half maximum (FWHM) of the peak in radians, θ is the angle

of diffraction and λ is the wavelength of the X-ray. Using Rich Seifert diffractometer with

Cu kα (λ = 1.5418 Å), 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 (δ), micro strain (ε) and stress (σ) were determined by the following

equations:

δ =
1

D
(6.2)

ε =
β cos θ

4
(6.3)

σ = Cε (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=±1.46×1010 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 2θ β D δ ε σ
(o) (nm) (10−3 nm−2) (10−1) (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 P3HT: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 P3HT: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 P3HT: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].
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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 (Jsc) 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 (Voc), the Jsc, 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 Voc Jsc FF PCE Rs

Ce:Co:Ca (wt%) (volt) (mA/cm2) (%) (%) (Ω)
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 Voc

and Jsc 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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Voc 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 µ0 γ
Ce:Co:Ca (wt%) (cm2 V−1S−1) (cmV−1)

0.0 % 5.60 ×10−4 -5.9 ×10−5

1.0 % 1.92 ×10−3 -4.7 ×10−4

3.0 % 3.43 ×10−3 -3.2 ×10−4

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 P3HT: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 (Rs) 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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Metal nano-composite induced light

trapping and enhanced solar cell

performances
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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 P3HT: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 (Jsc) 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 [1, 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 [1, 3, 7, 8, 9, 10, 5, 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 20th 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, 18, 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:H2O: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 P3HT: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 10−6 mbar. The device active a area is defined by a shadow mask with

0.04 cm2 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:

AgNO3(aq) + FeNO3(aq) +NiNO3(aq) + 3NaBH4(aq)

→ AgFeNi(s) +
3

2
H2(g) +

3

2
B2H6(g) + 3NaNO3(aq).

139



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 2θ 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 Ag2O, Fe2O3 and NiO were detected. The d-spacing of Ag:Fe:Ni NPs as determined

from Bragg’s law using the 1st order XRD diffraction pattern are given in Table 7.1, which

is consistent to all the atomic planes provided in Figure 7.2.

Figure 7.2: XRD pattern of the Ag:Fe:Ni nanoparticle powder.
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nλ = 2dhklsin θ (7.1)

D =
0.91λ

β cos θ
(7.2)

(a) (b)

(c)

(d)

d= 0.213 nm

d= 0.214 nm

d= 0.256 nm

d= 0.301 nm

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, θ. The average nano-crystalline size (D) of the

Ag:Fe:Ni tri-NPs was calculated using the Debye-Scherrer equation (Eq.7.2), where β is the

full width at half maximum (FWHM) of the peak in radians, θ is the angle of diffraction and

λ is the wavelength of the X-ray beam. Using Rich Seifert diffractometer with Cu kα (λ =

1.5418 Å), 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) 2θ β Å D δ ε σ
No. (o) (nm) (10−3 nm−2) (10−2) (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) 77.45 0.461 1.232 27.05 1.37 8.99 1313
5 Ag (221) 81.67 0.256 1.179 25.65 1.52 4.84 707

Fe (211)

determine the crystallographic phase.

δ =
1

D
(7.3)

ε =
β cos θ

4
(7.4)

σ = Cε (7.5)

Important parameters such as dislocation density (δ), micro strain (ε) and stress (σ) 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=±1.46×1010 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 P3HT: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 P3HT: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/cm2 illumination and charge
transport characteristics of solution processed TFOSC using Ag:Fe:Ni polycrystal-NPs.

P3HT:PCBM Voc Jsc FF PCE Rs µ0 γ
Ag:Fe:Ni (wt%) (volt) (mA/cm2) (%) (%) (Ω) (cm2 V−1S−1) (cmV−1)

0.0 % 0.55 11.84 41.75 2.70 294.4 8.63 ×10−5 1.7 ×10−4

1.0 % 0.58 13.49 43.23 3.40 264.9 1.82 ×10−3 -2.4 ×10−4

3.0 % 0.55 14.30 48.67 3.83 234.2 1.95 ×10−3 -1.9 ×10−4

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 (Jsc) 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 Jsc 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 lnJ-V curves were fitted with field dependent current density equation known as Mott-

Gurney’s Law [23, 22, 11]:

J =
9

8
εε0µ0 ·

V 2

L3
exp(0.89γ

√
V

L
) (7.6)

where γ and µ0 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 ε and ε0. 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 P3HT: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 P3HT: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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