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Abstract

The enormous increase in global energy demand concomitant the environmental impact of
non-renewable fossil fuels led to exploration of energy sources that are safe, cheaper and
sustainable. Within a range of renewable technologies, photovoltaics (PVs) are an emerging
way of effectively generating sustainable energy. In photovoltaic devices, the most important
aspect is the power conversion efficiency (PCE) which is driven by the crystal structure of
the organic polymers, the surface morphology of the thin film and the choice of electron
donor and acceptor materials. Multiple routes have been taken to achieve efficient charge
transfer between poly(3-hexylthiophene) (P3HT) and graphene, but to the best that we can
tell, not much has been done on the use of graphene oxide tailored with rare earth ions and

other semiconductor materials.

The conducted research work is devoted to preparation of nanomaterials, growth of thin films
and fabrication of devices based on P3HT, holmium (Ho), zinc oxide (ZnO) and graphene
oxide (GO). These materials were chosen owing to their superior properties and abundance
and they were prepared and deposited using simple synthesis routes and deposition
techniques. The primary focus was to investigate the structural, morphological, spectroscopic
and solar device properties of heterostructure films for application in organic photovoltaic
cells. The properties of the thin films were analysed using X-ray diffraction (XRD), Raman
spectroscopy, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), UV-visible near-infrared spectroscopy (UV/VIS/NIR), Photoluminescence
spectroscopy (PL), Time-correlated single photon counting (TCSPC) and Keithley 2400

technique, respectively.

This work began with the successful growth of P3HT and GO/P3HT thin films using the drop
coating method. Properties of these thin films were investigated and found to have
amorphous and crystalline domains and they revealed the interaction through a decrease in
lattice spacing, an indication of strain on the thin films. The presence of GO changed the
surface morphology to flaky-like nanostructures, as seen from SEM images. The FTIR
spectra presented various vibrational frequencies symbolic of the interactions at the interface
between GO/P3HT thin films. Further ionic interactions are revealed by the increase in
absorbance and broadening of the absorption spectra of GO/P3HT thin films. The doping of

GO with Ho was also found to impact absorption properties of P3HT positively. The
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quenching of P3HT emission, ideal for photovoltaic applications was observed when grown

with GO which indicates an efficient donor-accepter charge transfer process.

In an attempt to attain an efficient donor regioregular P3HT as it is a vital component for
better performance of organic solar cells (OSC), we investigated the effect of deposition
methods. The evaluated deposition methods for the growth of P3HT thin films operate in the
absence of a vacuum and they produced thin films of different thicknesses. The crystallinity
of P3HT revealed strong thickness dependence where 30 nm thin film had a low diffraction
intensity and 148 nm thin film revealed the highest crystallinity. Raman analysis confirmed
the high structural ordering of P3HT in terms of thicker thin films. A uniform P3HT thin film
morphology was produced using the spin coating method. The increase in thin film thickness
led to variations in absorption spectra due to change in defect states within the bandgap of
P3HT. The luminescence properties revealed an increase in emission intensity of P3HT with
the increment in the thin film thickness due to the increase in defect density.

We successfully applied the GO/P3HT, ZnO/P3HT and GO/ZnO/P3HT design architecture
using spin coating method towards device fabrication. The crystalline structure of P3HT and
GO were confirmed using XRD analytical technique where ZnO crystallized into hexagonal
wurtzite structure. The chemical stoichiometry from EDS suggested the absence of impurities
in the GO/ZnO/P3HT thin films. SEM results presented GO sheets intercalated in P3HT upon
interaction. The bonding interactions from FTIR confirmed alteration of P3HT structure upon
interaction with GO through a decrease in average conjugation length from 1.20 to 1.12. We
witnessed a reduction in band gap energy which caused a decrease in energetic driving force
for GO/P3HT. These observations correlated very well with the J-V characteristics whereby
the incorporation of GO into GO/P3HT and GO/ZnO/P3HT devices yielded performance
deterioration with a reduction of ~ 38 % in energy conversion efficiency. Thus, this makes
ZnO/P3HT the most efficient device compared to GO/P3HT and GO/ZnO/P3HT devices.
The fluorescent decay curves revealed a decline in exciton lifetime depicting a quicker charge
transfer from P3HT to GO which resulted into a decrease in exciton diffusion length.

Keywords

GO, ZnO, P3HT, GO/ZnO/P3HT, Charge-transfer, Organic Solar Cells, Layered

Nanostructures.
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Chapter 1: Introduction

1.1 Overview

Figure 1.1 depicts the map of the location of lights on Earth’s surface. The white dots on the
map represents lights found in various cities, ships at sea level and many other light sources.
By having a look at Africa, one can see that it is largely void of illuminated cities in
comparison to other continents which is symbolic of energy crisis. Government officials in
Africa needs to find means of expanding the energy capacity because the energy demand is
high and extremely expensive. The high energy demand is due to the economic growth in the
continent. When it comes to South Africa, the poor electricity supply is brought about by the

municipalities which fails to build proper infrastructures for good distribution.

Figure 1. 1 Satellite image of the world at Night [1].

The significant energy challenge is brought about by factors such as access to modern energy
services and the traditional energy systems. After recognising the aforementioned energy
challenges, we got motivated to prioritise fabrication of solar cell devices that will be used to
draw solar radiation and convert it into electrical energy. With the use of solar cells, the
African continent which is well blessed with sunlight can utilise the free and clean solar
energy to light up remote and isolated houses that do not have means of connecting to the
electricity grid. The development of solar cell devices is not targeting the disadvantaged
countries only but the rest of the world for sustainable development.



1.2 Research Motivation and Rationale

Figure 1.2 represents the potential of Sub-Saharan Africa (SSA) with the huge amount of
radiation it receives. The present research work is motivated by utilisation of this radiation
towards the continent’s industrialization needs with multiple technological innovations that
will enable collection, conversion and storage of energy. The success in converting solar
energy into electricity will ensure progress in one of Millennium Development goals
published by the United Nations in 2000 whereby we need to ensure sustainable development

by promoting renewable energies [2].

Figure 1. 2 Solar maps of Africa [3].

It is well known that fossil fuels are getting depleted and now energies generated using water,
wind, geothermal energy or radiation from the sun respectively are endless and they pose no
harm to the environment in terms of gas emissions. In the current project main focus is on
solar energy because the earth’s surface is receiving 174 PW which is way greater than 15
TW of power consumed globally [4]. This puts solar energy in the forefront as the most
promising source of renewable energy (RE) for it can be converted into electrical energy
using mechanisms of photovoltaics. The project involves preparation of materials in the
nanometre regime and their utilisation for systematic growth of layered nanostructures using
spin-coating method for solar cell devices. Development of solar cell devices which harness

energy from the sun will help to reinforce energy security in most of the SSA regions where
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it is sufficiently available. This energy will improve the quality of life of the people in rural
areas by providing electricity for the lighting and powering essential appliances and devices

at homes, businesses and public facilities [5].

To date in the field of organic solar cells, polymers are the most efficient donor materials.
The primary goal of this research was to explore the use of graphene derivatives as an
acceptor material in hybrid solar cells and to establish the power generation mechanism. The
use of this carbon containing material will assist with enhancement of flexibility of devices
when it comes into contact with polymer material. The mandate of this research was to fine-
tune the interface of layered nanostructures for efficacy of the solar cells using
nanostructured materials wherein P3HT is the donor material, ZnO plays the role of an
interfacial layer and GO being the acceptor. All these materials were engineered at the
nanoscale through the field of nanoscience and the solar cell devices were fabricated as part
of nanotechnology application. The knowledge of how these materials behave at nanoscale
will help us understand the underlying physics involved. We chose to work with materials in
the nanometre regime because they exhibit multiple exciton generation (MEG). This MEG is
very crucial for improving efficiency of solar cell devices because more than one photo-
induced electron-hole pairs are formed. The use of the semiconductor materials in the form of
layered structures will allow to cover greater portion of the solar spectrum leading to
enhanced efficiency yield.

1.3 Problem Statement

There are many energy challenges faced globally and researchers are working relentlessly to
come up with solutions. One of the priorities is to reduce the amount of material needed for
device fabrication and that will minimize the market price of solar cells. Within different
generations of solar cells, there are technical problems associated with converting the solar
energy into electricity. The biggest challenge lies in the spectral distribution of radiation from
the sun, changes in the latitude, seasons (winter, summer etc.) and weather impacts (rainy and
cloudy days). The spectral mismatch among the employed materials causes another issue for
energy conversion and solar energy spectrum which leads to absorbed light being not all
utilized for generation of electrical power. With the use of latest technologies of solar cells,
researchers developed good absorber materials that assists in enhancing the PCE.



1.3.1 Efficiency of solar cells

The costs of energy produced by photovoltaic (PV) devices can be reduced by improving the
conversion efficiency as well as coming up with new methods that can lower production
costs. Other major challenges that need to be addressed include stability of the PV devices
and up-scaling. Studies have shown that, the PCE in solar cells is limited by fundamental
factors such as imperfect absorption of the solar spectrum, recombination of the photo-
generated charge carriers, shading losses, and series resistance losses [6, 7]. Most of the
graphene-based organic solar cells have low efficiency due to high sheet resistance and low
hydrophilicity of the spin coated graphene thin films. Thus, we have improved the deposition
process and minimized impurities and recombination centers to ensure enhanced exciton

generation and dissociation at the interface of our layered nanostructures.

1.3.2 Parameters that influence the efficiency of solar cells

One of the factors limiting the efficiency of solar cells is non-uniform grain size of crystals.
At ambient air conditions, oxygen and water have been found to degrade the performance of
most organic solar cells [8]. To reduce the aforementioned issues, it is very important to grow
uniform, equally spaced and evenly shaped nano-crystalline materials. Such materials will
create a nanoscale heterojunction, then photo-generated carriers travel short distances hence

reducing the recombination of electrons.

1.3.3 Transparency of the top electrode

The low efficiency of SCs is caused by low transparency of top conductive electrode in
photovoltaic devices. The top electrode should be highly transparent (transparency > 80%) to
maximize sunlight transmission to the active area [9]. Thus, it is vital to develop transparent

conducting electrode (TCE) with high transmittance and low resistance.

1.3.4 Use of Indium-tin oxide (ITO) doped with graphene

The acidity of poly (styrene sulfonic acid) (PSS) etches the ITO layer, and indium enters the
organic active layer and degrades the device performance [10]. Furthermore, the rareness of
indium in nature, brittleness and rising costs are some of the major challenges in this field of
study. Doping ITO with graphene can help to fabricate the electrodes that are highly

transparent and conductive to generate solar energy.

I ——
4



1.3.5 Polymer doped with graphene

Polymer can be used as an active layer to donate and accept electrons in order to improve the
efficiency of solar cells. The inherent problem of organic solar cells lies in the donor-acceptor
material [11]. Due to ineffective electron/hole transport caused by lengthy aliphatic ligands
and unsatisfactory continuous interpenetrating networks, the usage of polymers is restricted.
The in-situ synthesis of poly (3-hexylthiophene) (P3HT), where P3HT is used as a ligand can
be followed to address this problem [12].

1.3.6 Light harvesting of the donor material

The power conversion efficiency (PCE) of photovoltaic devices generated using one
dimensional (1-D) nanostructures such as nano-rods is very low due to limited light
harvesting process caused by much small surface area and little light scattering [13]. A
promising solution to improve charge collection efficiency is the introduction of highly
conductive carbon materials, such as graphene into semiconductor nanomaterials [14].
Nanoparticles with large surface area that will ensure a large adsorption of most of the dye

molecules are required for efficient light harvesting process to be achieved.

1.3.7 Efficiency of light conversion (charge transfer)

The trap levels on the surface of semiconducting nanomaterials slow down the electron
transport and this hinders the enhancement of conversion efficiency [15]. Excellent
passivation of the surface is crucial in order to achieve higher conversion efficiency of SCs.
Thus, the creation of superior photo-anode materials is a successful strategy for improving

SC performance.

1.3.8 Charge transport

The quantum dot sensitized solar cells (QDSSCs) have also experienced low efficiency when
using un-doped ZnO. The poor performance is caused by the agglomeration of electrons in
ZnO layer (photo-anode) induced by charge recombination at the semiconductor-electrolyte
interface [16]. It is very crucial to facilitate charge extraction and prevent charge
recombination at the interface between layered nanostructures and the anode/cathode

electrodes to improve Jsc, Voc and the PCE of the solar cells [17].



1.4 Aim and Objectives of the Research

The main aim for this research project is to employ an effective method to grow layered

nanostructures, fabricate hybrid solar cell devices and carry out their characterization.
The specific objectives of this study are summarized as follows:

i.  To prepare various nanomaterials to be used for growing layered nanostructures for

application in organic solar cells.

ii.  To characterize layered nanostructures for better understanding of their structure,
composition, morphological, optical and electrical properties.

iii.  To study the effect of Ho incorporation into GO nanoparticles grown on P3HT donor
material.

iv.  To investigate the best method of depositing P3HT for organic solar cells.

v.  To evaluate the interactions between P3HT and GO using spectroscopic technigues.

vi.  To fabricate organic solar cell devices and test their efficiency.

1.5 Thesis Outline

The research work conducted to compile this thesis consists of nine (9) chapters.

Chapter 1: The first chapter focused on the factors that brought enthusiasm to conduct the
research, issues to be addressed and the main aim and how the rest of the thesis is

constructed.

Chapter 2: This chapter reviews the existing literature on energy challenges, different types of

photovoltaics the concept of photovoltaics (PV) and its current/future applications.

Chapter 3: Describes the methods of growing layered nanostructures and furnishes full details
of the characterization techniques that were used to probe information and their way of
operation.

Chapter 4: Investigates the charge and energy transfer between P3HT/GO nanocomposites.
Published: Adv. Mater. Lett. 8 (2017) 246-250

Chapter 5: Discusses the growth and characterization of HOGO/P3HT.
Published: J. Physics: Conf. Series 984 (2018) 012003



Chapter 6: Compares various deposition methods for the growth of layered nanostructures

and their characterization.

Chapter 7: Evaluates the interactions in GO/P3HT layered nanostructures grown using spin

coating technique.

Chapter 8: Presents a simple approach on growth, characterization and fabrication of
GO/ZnO/P3HT layered nanostructures.
Submitted: Physica B (2023)

Chapter 9: Summary, future work, publications and conferences.
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Chapter 2: Theoretical Background of Photovoltaic Cells, Graphene
Fundamentals, Properties and Applications, Graphene in Organic and
Inorganic Solar Cells

2.1 Introduction

Worldwide, the focus on clean energy sources has raised efforts to explore solar cells as one
of the viable options. Renewable energy (RE) is considered as energy that comes from
resources which are naturally restored, such as sunlight, wind and rain [1]. One of the
potential renewable energy sources that can replace traditional fossil fuels is green energy
generated from photovoltaic devices. The common sources of energy such as oil, coal and
natural gas are getting depleted, due to an increase in energy demand [2]. Furthermore, there
are environmental issues due to fossil fuels such as air and water pollution. Thus, shifting to
RE can minimize some of the factors that are responsible for climate change, and ultimately
ensuring cost effective energy supply [1]. As a result, it is in the mandate of International
Energy Agency to make photovoltaic cells the leading source of electricity in the world by
the year 2050.

Among others, organic [3], hybrid organic-inorganic [4], all-inorganic [5] and dye-sensitized
[6] solar cells have been developed to serve as integrated energy sources. From the discovery
of solar cells to date, Czochralski grown monocrystalline silicon was used as a main
component of solar cells [7]. In order to have more charges collected efficacy of solar cells,
one approach is to make use of electrically conductive carbon materials, such as fullerenes
[8], carbon nanotubes (CNTs) [9] and graphene [10].

Recently, extensive research has been conducted on carbon which is considered the most
fascinating element on the periodic table and abundant on earth. Carbon has unique electronic
structure that allows hybridization to build up various networks like sp, sp? and sp® that leads
to its well-known stable allotropes. There are mainly four carbon-based nanomaterials
namely graphene, graphite, fullerenes (Ceo) and carbon nanotubes respectively, that were
discovered from allotropes of carbon. Among these allotropes, graphene is the primary
structure because it can be arranged layer on top of another to form graphite, enclosed to
form fullerenes and rolled up to form carbon nanotubes. Hence, there is much focus on
graphene in fields such as Physics, Chemistry and Materials Science. Of the above fields,
graphene has potential applications in Nanoscience and Nanotechnology. The word graphene
is derived from the Greek word “graphein” and it means to write which is one of the first uses
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of this material. Theoretically graphene was studied by P.R. Wallace in 1947 for calculations
in solid state physics [11]. Graphene was effectively discovered experimentally by two
scientists Andre K. Geim and Konstantin S. Novoselov in 2004 using adhesive tape to peel
apart shavings of graphite [12]. In 2010 they received the Nobel Prize for an important
discovery that helped in the upbringing of a new science in condensed matter physics. In their
success with the experiments they managed to produce, isolate, identify and characterize

graphene [13].

Graphene, in particular, is a robust and flexible two-dimensional (2D) membrane of carbon
atoms arranged in a honeycomb lattice. These novel one-atom thick sheets possess unique
crystalline structure and dimensionality that leads to new mechanical (Young’s modulus 1.0
TPa), chemical, thermal, optical (transmittance ~ 98%) and electrical (such as low resistivity,
high mobility, and zero band gap) properties due to its sp? hybridized carbons [14, 15]. It is
gaining much attention as a result of its excellent conducting and semiconducting properties.
The unique structure and various properties of graphene offer a great opportunity to meet the
challenges of energy conversion [16]. Some results suggest that graphene is a semi-metal
with near-zero band gap energy with a slight convergence within valence and conduction
states [17]. Furthermore, graphene stands out because it has outstanding electron mobility
(250,000 cm?/Vs), high transparency and theoretically high specific surface area (2630 m?/g)
[18]. Graphene has been one of the top nanostructured materials due to its extensive
applications in various industries. It is more functional and effective in devices such as

sensors, solar cells, super capacitors and batteries [19].

In this study, we start by investigating the main factors that limit the efficiency of solar cells
and find ways to improve using graphene derivatives. Our focus is on growth of layered
nanostructures using GO, ZnO, Ho and P3HT and investigating how they will affect the
output efficiency of photovoltaic cells. The main challenge is to hybridize the 2-D carbon
nanostructure with metal oxide to form nanomaterials with potential applications in PV
devices. In this study ZnO was used to facilitate the electron transport within structure of
layered solar cells. ZnO is in the category of metal oxides which gained attention as transport
layers which are easily processed in solution and have good stability [20, 21]. Our focus is on
employing graphene derivative (GO) and utilize it as an acceptor material for the betterment
of photovoltaic device efficiency.
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2.2 Materials for Solar Cells, the use of Graphene and its Fundamentals

There is an ongoing research on preparation of nanomaterials and their use in fabrication of
stable solar cells (SCs) that can improve the PCE in order to comply with the commercial
standards. In view of this, from the past few decades, multiple researchers gave devotion to
the potential applications of metal oxide semiconductor materials to solar energy conversion.
In solar cells, semiconductors contain a crucial component known as photo-anode which acts
as a substrate for dye adsorption and a transport pathway for the electrons produced [22, 23].
To attain an enhanced light harvesting efficiency, semiconductor photo-anode should be in
the nanometer regime which gives rise to greater surface area for dye adsorption and effective
electron transport pathway for electron harvesting [6]. Amongst the wide range of
semiconductors that were studied, significant effort has been made on TiO, [24]. It has been
employed mainly as the photo-electrode material in dye-sensitized solar cells (DSSCs). Since
the 1991 discovery of dye-sensitized solar cells, TiO2 nanostructures have received a

tremendous deal of attention [25].

ZnO is also used in SCs as an n-type window material [26]. It is well known that the
morphology of ZnO can be tailored by varying experimental parameters to suit its
applications in DSSCs. In most cases, the PCE of ZnO solar cells is significantly lower than
that of TiO> solar cells [27]. ZnO is preferred over TiO> because it is easy to prepare, control
its structure and morphology, furthermore it possesses higher electron mobility and charge
transport [28]. The utilization of ZnO in DSSCs requires its deposition as a porous film with

high surface area in microns for enhanced dye molecules adsorption [29].

Lot of theories about carbon monolayer came to physical realization in 2004, when Andre
Geim and Konstantin Novoselov including their fellow researchers at Manchester University

showed that carbon monolayers exist as a stable form of carbon called graphene [12].

Structurally graphene is perceived as a sheet of sp % bonded carbon atoms densely arranged
in a honeycomb crystal lattice. It is considered superstar in the world of nanotechnology due
to its exceptional features such as thinnest material, transparency (3,000,000 sheets equal to
Imm), stiffest, strongest (Young’s modulus >0.5-1 TPa, tensile strength ~130 Gpa) and

largest surface-to-weight ratio (~2,700 m 2 /gram) [30]. Fascination to this material attracted
scientists to prepare it for exploration of its remarkable properties and potential applications.
A number of specific methods have been developed for the synthesis of graphene, some of
which are commonly used. Since the discovery of graphene, various technologies such as
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electron beam (EB) irradiation [31], chemical vapor deposition (CVD) [32], microwave
method [33], electrospray deposition [6], hummers method [34], doctor blade method [35],
mechanical exfoliation [13], epitaxial growth [36], arc discharge method [37] and chemical
methods [38] have been used to prepare graphene sheets of various sizes. These methods are
classified into two categories; chemical and physical process employed to obtain the single
layer graphene (SLG). The aforementioned methods have capabilities and some drawbacks.
Most of the methods are complex, they consume time and energy, and some require accurate
control of temperature, atmosphere and reagents. Furthermore, the necessity for ultrahigh
vacuum (UHV) conditions complicates other methods and the rising costs of single crystal

substrates limit them for large scale applications [39].

The most common and the easiest method of producing graphene of the highest quality is
mechanical exfoliation [40]. This is the first technique known as the Scotch tape method that
has been used to originally exfoliate flakes of graphene from natural graphite [41]. But, the
quantity of graphene acquired is small hence the method is best suited for research. Thus, one
of the alternative methods to produce graphene in bulk is CVD. Between 2008 and 2009
CVD emerged and it was first reported as the vital route for the preparation and production of
graphene [42]. The CVD method is promising because it is flexible and can produce large
area sheets. CVD is also capable of producing chemically tuned 2D nanomaterials, such as
substitution doped graphene [43] and C-graphene [44], by simply changing gas sources.
Moreover, CVD enables doping of graphene, e.g. with HNOs in order to increase the carrier
concentration, thereby shifting the Fermi level and reducing the resistance [45].

Several researchers have been trying to prepare graphene at ambient conditions such as
pressure for a long time [38, 46]. Only recently they have discovered that large area single
layer graphene (SLG) and few layer graphene (FLG) can be synthesized using CVD, yet the
growth mechanism and several aspects of the properties of graphene prepared by CVD still
remain unclear. It is important to use certain amount of hydrogen when preparing FLG
graphene using CVD to keep stability between the production of reactive hydro-carbonaceous
radicals and the etching of graphite layer during the CVD process [47]. Experimentally, it has
been proven that if the methane to hydrogen ratio is too low, the etching reaction will be
much faster than the establishment of graphene layers [48]. After successful synthesis of
graphene, there have been several efforts geared towards understanding its properties.
Various techniques that include XRD, TEM, SEM, UV-Vis, and PL have been used to

explore the properties. It is highly important that the following techniques; SEM, TEM and
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electron beam lithography are used to study the properties of graphene and graphene-device
fabrication [49].

In 1839 Becquerel et al. [50] discovered the flow of electrical current wherein silver coated
platinum electrodes were exposed to sunlight. It is evident from Lukasiak et al. [51] that
photoconductivity in solids was discovered in 1873 by Smith et al. using selenium. Aazou et
al. [52] reported that solar cell fabricated using gold coated selenium was built by Fritts et al.
in 1883 who achieved the PCE of 1%. Since the PCE is low and the material used is very
expensive, solar cells manufactured were not used abundantly to generate power. The huge
stunt was made in 1954 at Bell Labs when the first silicon solar cell exhibiting a PCE of 6%
was developed [53]. Thus far, silicon based solar cells are the most dominant with PCE
higher than 25% for monocrystalline silicon [54]. Considerable efforts have been made since
the discovery of DSSCs in 1991 owing to their high-energy conversion efficiency in PV
devices [55].

Commonly, platinum (Pt) is found to be the abundant material to produce cathode electrodes
for solar cells for it possess astonishing catalytic activity in reduction of triiodide ion (lI3°) in
addition to high electrical conductivity [56]. However, Pt is barely found in nature as a result
it is highly expensive. Furthermore, Pt electrodes reflects incident light beam, leading to
reduced efficiency under rear excitation, because it’s a shiny metal. Currently, indium tin
oxide (ITO) is the most widely used transparent electrode in solar cells, because of its low
resistance and excellent optical transmission properties. But the challenge is it suffers from
brittleness and high production costs. Besides, the diffusion of indium (1) will result into
degradation of device performance, thus ITO cannot be effective for flexible applications.
One more challenge for using ITO electrodes is because of limited supply of indium in
nature. It is necessary to replace Pt and ITO with cheap and abundant materials with
acceptable catalytic activity. On the other site, polymer-based materials have been used as
additives in DSSCs, such as electrolytes, hole conductor and plastic substrates [57, 58]. The
advantages of using polymeric materials include the construction of flexible solar cells,
which are not only convenient for transportation but effective in challenging environmental

conditions.

To address some of these challenges, various carbon-based materials were highly investigated
to serve as alternative for ITO and Pt counter electrodes (CEs). One dimensional (1D) carbon

nanotubes (CNTs) have the capability of increasing charge transport and thus improve the
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performance of DSSCs. As a result of the creation of 1D CNT bridges between
semiconductor nanoparticles like TiO2 photo-anodes, CNTs in DSSCs provide an electron
transport superhighway [59, 60]. The 1D bridge has a drawback, which is the poor point
contact at the interface of TiO2 and CNTs, which causes low charge transport and reduction
in efficiency of the DSSCs [61]. To overcome this challenge, the incorporation of highly
conductive graphene nanoparticles with TiO> matrix can help to enhance the transportation of
charges. In the past the electrodes were made up of porous carbon, but recently the
researchers began to investigate the possibility of using graphene as electrodes [62]. Among
carbon allotropes, graphene nanostructures have been explored for several roles in solar cells
because it’s inexpensive and it possesses outstanding properties. It is used as a transparent
electrode in DSSCs [63]. This is mainly due to graphene-based nanomaterial’s that have
shown intriguing characteristics, including a large surface area, excellent conductivity and
very good capacitance at low cost of production [62]. Graphene with large surface area is in
high demand, because it significantly reduces high inter-sheets contact resistance in
comparison with small surface area graphene [64]. Graphene has the merit of performance
stability. Jiang et al. [65] suggested that the 2D graphene bridges could offer DSSCs a

solution to have lower recombination and faster electron transport.

Recently, significant effort has been made to incorporate heteroatoms, such as nitrogen,
boron etc. into graphene oxide [66] and graphene nano-platelets [67] to improve their electro-
catalytic activity. Significantly, chemical doping helps to reduce the sheet resistance of
graphene. It is suggested that the concentration of the dopants should be minimal as large
amounts tends to create carrier recombination centres or light-harvesting competition with
dye molecules which greatly minimizes the performance of photo-electrode [68, 69].
Subsequently, other researchers prepared the Schottky junction solar cells by contacting a
metal with a moderate doped semiconductor because it has the ability to convert solar to
electric energy [70]. However, this type of solar cell has some shortcomings whereby most of
the photon energy will be absorbed by the metal layer, resulting in a low rate of energy
conversion. Furthermore, chemical doping with semiconductors such as GaAs has been
explored and effectively it improved the solar cell efficiency [71]. For highly efficient solar
cells, metal oxide inorganic semiconductors like NiO, WO3s, and V205 are used as hole
extraction layers (HEL) to improve charge transport by lowering the energy barrier between
the electrodes and the active layer [72-74]. In some of the research conducted, investigations
have been made on the development of the graphene/silicon (G/Si) junction for solar cells.
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The first graphene-doped hetero-junction solar cell was fabricated by Li et al. [75] in 2010
and they obtained PCE of 1.65%. Since then, efforts to alter the work function and lower the
sheet resistance of graphene in order to increase the performance of graphene-based Si solar
cells have continued [76, 77].

Solar cells made of graphene might have a theoretical efficiency limit of more than 60%,
hence it is considered as candidate for third generation solar cells. Yong et al. [78] were the
first to predict the efficiency of graphene-based OPVs, showing the possibility for single-cell
efficiencies of more than 12% and 24% in a stacked structure. Their research findings
propose that the tunable band gap and band-position features of graphene, including its
superior thermal stability and mechanical integrity, making it a reliable material for building
the next-generation of low-cost, high-efficiency, thermally stable, environmentally friendly,
and lightweight flexible solar-energy-conversion devices. Graphene is believed to be a strong
UV stabilizer; therefore, TiO- is added to it in order to absorb as much sunlight as possible
and make it simple for dye molecules to give the electrons they have been able to capture to
the surface of the semiconductor film [79]. Zhu and co-workers described the insertion of
graphene into TiO2 nanoparticle photo-anodes using one-step hydrothermal approach [80].
They characterized their material using techniques such as XRD, SEM, transmission electron
microscopy TEM, Raman spectrometers, photocurrent density - voltage (J-V), EIS, IMVS,
and IMPS. Wang and his colleagues created the P3HT/PCBM-graphene PV system, which
uses graphene as an electron acceptor and P3HT as photoexcited electron donors [81]. They
witnessed the increment in performance following the extension of the excitons dissociation
area and to foster electron transfer through the graphene. A lot of work has been done on
graphene, but its role and the mechanisms in photo-anode materials remain unclear. Hence,

there is an ongoing research to finetune it for the improvement of PV devices.

Hybrid nanostructured heterojunction solar cells have been found to be promising PV
technology for renewable energy harvesting because they are cost efficient [82]. A significant
cost reduction is possible with these thin film solar cells because they require small amount
of materials, cheap and few processing steps and they can be manufactured in bulk. Utilizing
organized ZnO nanostructures as the acceptor substance and reduced graphene oxide (RGO)
as the transparent conducting electrode to create RGO/ZnO/P3HT/PEDOT:PSS/Au, Yang et
al. [83] created heterojunction solar cells. Due to the wide ZnO-nanotube interfacial area for
charge separation and the high electrode conductance of RGO for current collection, their

system demonstrated the highest solar energy harvesting efficiency where they achieved
I ——
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0.46% PCE. Huang et al. [84] have reported the use of low-cost ambient pressure CVD
graphene sheets as front electrodes for CdTe solar cells. They created a device using the
following architecture glass/graphene/ZnO/CdS/CdTe/ (graphite paste) structure. This
demonstrated a PV efficiency of 4.17 %, offering encouraging proof that the transparent
conducting graphene sheets may be employed as a brand-new, reasonably priced front
electrode material for thin film PV devices. The same research team used Cu-nanowire-doped

graphene (Cu NWs/graphene) as the back contact in thin film CdTe solar cells [85]. Cu
NWs/graphene in their study possessed a high electrical conductivity of 16.7 S cm™ and a

carrier mobility of 16.2 cm’ 's™ with PCE of up to 12.1%. Graphene has been used as

electron acceptor to fabricate PV devices with a bulk heterojunction (BHJ) architecture, the

PCE of 14% was obtained using simulated 100 mW cm™ [86]. Recently, the achieved PCE is
much greater than 15% using hybrid organic-inorganic PV technology [87]. Moon et al. [88]
reported the enhanced PV performance with graphene hybrid solar cells and they achieved
~10.3 % PCE. The recently recorded efficiencies may satisfy the requirements for most
applications, yet there’s a room for further improvement towards theoretical maximum of ~
60% [78].

2.3 Solar Radiation Spectrum

The solar radiation spectrum is mainly provided as AM1.5G, where G represents the global
sun which incorporates direct and diffuse light with air mass (AM) for air mass as shown in
Figure 2.1. The number 1.5 symbolizes ratio of the solar irradiation path length (Ls) in the
atmosphere over that corresponding to a vertical position of the sun (thickness of the
atmosphere, La) for an incident angle 6 relative to the normal of the earth’s surface and an
irradiation flux of 1000 W m™2. It is crucial to understand that only a small portion of solar
radiation reaches the surface of the earth while the other portion is lost through reflection and
absorption by the earth. The estimation revealed that the accessible solar energy on the

earth’s surface is about a 10 000 times the world’s energy consumption [89].
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Figure 2. 1 Air-Mass 1.5G (AM 1.5G) solar irradiance spectrum and sketch showing
definitions for parameters used [90].

2.4 Generations of Solar Cells

For many years, couple of methods have been probed for the conversion of light into
electrical energy, and semiconductors appeared to be the most successful in attaining the
goal. With the developments in technology, photovoltaic (PV) cells continued to give birth to
various generations of photovoltaics. They are classified into four generations based on time
of discovery and kinds of materials used to fabricate them. Each technology helped to build
the next generation utilizing the physics factors like the power-voltage and current voltage
relationships. Among the types of PV’s, the common factor are the efficiency, durability,
economic feasibility etc. which mainly depends on the capabilities of the type of SCs. Not all
of them have been commercialised because others are not economically viable. Crystalline
silicon, thin film silicon, amorphous silicon, Cu(InGa)Se., cadmium tellurite, dye-sensitized,
organic and multi-junction solar cells are the most common types among those available in
the market [91]. From afore mentioned, the silicon based SCs are the most dominant with
about 93% supply in the market and others shares the remaining 7%. The silicon p-n junction
SCs fall within the first generation (1 G) which achieved 6% of sunlight conversion from the
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beginning while estimated to reach maximum of 22% [92]. This 1 G is subdivided into three
categories: (i) wafers which  uses crystalline/monocrystalline and  multi-
crystalline/polycrystalline Si (c-si and m-Si), (ii) thin-films based on amorphous Si, and (iii)
advanced thin films doped with different elements to tune their bandgap also called hybrid
panels. The second generation (2 G) of SCs is the thin film technology which is made up of
multiple thin layers of PV materials, electrodes and wavelength converting materials. The
introduction of 2 G came to cover the issue of high cost and the amount of material used in
silicon SCs. In this generation several semiconductor materials are combined to form a multi-
junction device with the aid of covering wide range of the solar spectrum resulting in higher
absorption vyield. Greater achievement was seen in 1986 when Tang came up with
heterojunction wherein two materials were evaporated on top of each other in the so-called
bilayer architecture [93]. They are mainly applied on textile products and flexible devices

which can be folded with an advantage of being grown on large surface areas up to 6m*.
However, the conversion efficiency is lower compared to that of 1 G of SCs. But the

parameter that worked fairly well for 2 G was the $/W cost per watt delivery.

More developments in the PV industry brought the third generation (3 G) of SCs with the aim
of obtaining higher performance than that of 1 G and 2 G at lower costs. Concurrently, the 3
G was developed with nano-crystalline films of active quantum dot-based PVs, tandem or
stacked inorganic multilayers made of I11-V materials like GaAs/Ge/GalnP2, or innovative
device concepts like hot carrier cells [94]. This generation focused on integrating
nanostructured materials such as quantum dots, nanowires, nanowells etc. to improve the
efficiency through quantum confinement [95, 96]. The 3 G dealt with materials in nanoscale
and upscaling to the macroscopic range with full attention devoted to charge and energy
transfer processes. Furthermore, it investigated ways of optimizing charge collection and
enhancing the energy capturing from solar spectrum. Different materials that exhibit
photovoltaic properties were investigated within 3 G and organic materials became the hot
topic due to their potential low cost and high optical absorption in this technology. The other
candidate that grew tremendously in this technology is the dye sensitised solar cells (DSSCs).
With the success of this technology more work need to be done on the improvement of device

performance so they can surpass the other technologies in terms of cost per watt.

As technology matured, the fourth generation (4 G) of SCs emerged as a hybrid technology
which make use of composite materials. This generation was developed with the intention of
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strengthening the optoelectronic characteristics of affordable thin film PVs by combining
organic and inorganic materials creating inorganics-in-organics architecture. It is referred to
as novel semiconductor devices which does not rely on traditional p-n junction to separate
photo-generated charges. Many different types of SCs are produced through this technology
including flexible SCs that help to reduce manufacturing and installation cost. These
technologies are already available in the international market and they came with new
standards and testing schemes to keep the development ongoing [97]. It is more promising in
obtaining competitive cost to efficiency ratios. To date, the most effective polymer solar cells
(PSCs) have been based on the bulk heterojunction (BHJ) concept and the success in
fabrication of BHJ was first done in 1995 by Halls and Yu [98, 99]. We have seen
tremendous increase in solar energy harvesting and conversion into electricity through the use
of 4 G offering better efficiency than other generations at affordable costs. The 4 G brought
most successful types of SCs. To date the most efficient devices are perovskite SCs with the
maximum PCE beyond 20 % obtained in few years as per National Renewable Energy
Laboratory (NREL) report depicted in Figure 2.2. Perovskite SC is a highly competitive
technology in terms of efficiency against its counterparts. It forms part of the latest
developments in hybrid SCs that led to significant improvements in device performance.
Moreover, it is enriched with rare earth metals which possess high charge carrier mobilities

that promote efficient charge extraction.
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Figure 2. 2 NREL chart of the highest confirmed conversion efficiencies for various
photovoltaic technologies, plotted from 1976 to present [100].
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Moreover, the highly competitive cells in the emerging technology are the tandem SCs. They
possess unique properties that include long carrier diffusion length, high absorption
coefficient, high defect tolerance and ambipolar charge transportation [101]. Thus, they have
shown the capability to surpass the efficiency limit of single junction SCs. Their added
advantages such as process compatibility, narrow light absorption edge and tunable band gap
put them in the glass of perovskite SCs with the state of the art silicon cells [102]. Moving
forward with the idea of reducing costs while achieving high production, the organic
materials have attracted wide range of researchers. The organic photovoltaics (OPV) are of
high interest because of capabilities such as relying on abundant materials, being easily
scalable and bearing the potential of very high speeds in roll-to-roll processing. However,
significant progress has been made to date with regards to the efficiency and stability. The
maximum power conversion efficiency obtained thus far is in the range 13-14% for single
junction and bulk-heterojunction organic solar cells (BHJ OSC) [103, 104]. Moreover, their
operational lifetime was estimated to a maximum of 10 years on the basis of exclusively
intrinsic degradation process [105, 106]. Thus, improvements in these technologies
approaches the idealised goals stepwise by using materials that can harness different regions

of the solar spectrum and convert that energy into the operating region of specific solar cells.

2.5 Organic Photovoltaic Solar Cells, Renewable Source of Energy

Basically, a solar cell is a structured device wherein two layers of different semiconductor
materials are grown a layer on top of another. Among various technologies of PVs
aforementioned, PSCs well known as OPVs gained lot of attention due to their processing
speed, processing simplicity and thermal budget. OPV stands out as promising technology in
terms of providing solutions to challenges such high costs associated with PVs. In
comparison to other SCs, they standout due to their material diversity, abundance and
capability of large-scale fabrication of flexible devices. They are lightweight because they are
not made of heavy glass sheets and metal frames, but their lifetime is limited in addition to
their low efficiency. Moreover, they are environmentally friendly as they can be disposed at
the molecular level. The semiconducting polymers and other organic materials are used to

create different layers of the OSCs in the form of p-n junction diode.

Generally, the layered nanostructures for OPV-SC comprises a multi-layer structure where

each layer in the stack is grown by varying different parameters to obtain an architecture
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similar to the one presented in Figure 2.3. The device is grown on an ITO substrate which is a
glass pre-coated with tin doped indium oxide (ITO) material. ITO is a transparent conductive
bottom electrode that has a high work-function, mainly used for the collection of holes. It is
the best performing transparent electrode material that brings along advantages such as high
transparency over a huge spectrum of wavelengths, low electrical resistivity and high
electrical conductivity. It possesses controllable thickness by adjusting layer-by-layer (LBL)
deposition frequency. ITO is a good photo-anode that is mostly employed as a substrate for
dye adsorption and transport path for the generated electrons [6]. The top electrode which is a
non-transparent metallic material with a reflective surface to return light to the active

component is evaporated on top of the active layer to form a complete SC device.

Al electrode

F ITO electrode
Glass substrate

Figure 2. 3 Layered nanostructured solar cell layout [107].

The design of OPV-SC consists of photoactive layer made up of donor (D) material
(polymer, here poly(3-hexylthiophene), P3HT) as well as the acceptor (A) material (carbon-
based material, here graphene oxide (GO)) which are grown between a transparent
conducting electrode (TCE) (eg. ITO) and a metal electrode (eg. Aluminium (Al)). For good
device performance, these materials should have sufficient layer thickness for enhanced
(photon absorption and exciton generation), wide D-A interface area that can be reached
within the exciton diffusion limit. In between the D and A material, there’s an intermediate
layer usually made from inorganic semiconductors such as zinc oxide (ZnQO) and titanium
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dioxide (TiO2) nanoparticles. The role of intermediate layer is to assist with
mobility/transport of charges as they transition between photoactive layer and electrodes with
mismatched energy levels and they can prevent charge recombination [105]. Additionally, it
establishes a connection with the absorber layer while allowing the junction zone and

absorber layer to receive the most intense light possible [108].

2.6 Generation of Electrical Current (Mechanism)

The technique used upon converting sunlight directly into electrical power by means of
photovoltaic (PV) materials has been widely used in spacecraft industries and it is gaining
more attention in the energy industry. There are several main processes taken in the operation
of solar cells which include the absorption of light, charge separation and charge transport
towards generating electricity using energy harnessed from the sun [109]. Detailed
examination of these processes gives knowledge on behaviour of different materials and their
role on generating electricity. Method of current creation is explained by quantum theory
which outlines that light is built from tiny particles called photons. These photons have
energy that relies on their respective frequencies of electromagnetic radiation (EMR). The
energy obtained from visible part of EMR is sufficient to knock off electrons from the bound
states to higher energy levels where they move with ease [110]. Basically, when radiation
from the sun strikes the device, it penetrates through the transparent electrode and gets
absorbed by the semiconductor donor and acceptor materials in photoactive layer. The
electrons are transferred from donor material into the material having the lowest reduction
potential known as acceptor material and the holes remains in the material with highest
ionisation potential. This suggests that the absorbed light's energy is transferred to the
semiconductor where it knocks the electrons loose and they start to travel freely creating
holes. Thereafter, excitons are formed and they spread to the donor/acceptor contacts, where
the excitons split into electrons on the lowest unoccupied molecular orbital (LUMO) level of
the acceptor and holes on the highest occupied molecular orbital (HOMO) level on the donor.
The built-in electric field propels the dissociated electrons and holes, which are then
transferred to the negative and positive electrode, respectively, and they are gathered by the
electrodes to carry out the photon-to-electron conversion [111]. All different types of PVs are

designed and characterised in a way that resembles electrical circuits.
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2.7 Efficiency Characteristics

When designing the photovoltaic modules, it is important to extract the parameters of the
designed model. However, this is a challenging task because the structure is defined using the
concept of solid-state physics. Obtaining the parameters of photovoltaic cells comes with
various technologies, illumination, their size and the operating atmospheric conditions such
as temperature [112]. The most crucial parameters of solar cells efficiency systems
resembling the diode model are short-circuiting current Isc, the ideality factor of diode n, the
open-circuit voltage Voc, the shunt resistance Rsh and the series resistance Rs [113, 114].
These parameters are used all together to determine the power conversion efficiency (PCE)
given by equation (2.1) with FF depicting the fill factor [115]:

Put _ Voc X lsc xFF
i P

n

Tn = 2.1

n
Most of these important parameters can be extracted analytically but others are achieved from
the experimental data. Usually, the Shockley diode equation also known as diode law is used
to calculate the device features of the solar cells [116]. This numerical equation shows the
implicit and non-linear 1-V relationship of a device, then this equation is inquired to evaluate
the effective extracted parameters. In practice, the solar cell external quantum efficiency
(EQE) is determined by measuring the maximum cell power output B, (W) and dividing it
by the surface input powers Pg (W.m™2) and the cell area A (m?) shown in the equation
(2.2):

Pm

EQE =
Q P, x A

2.2

where B, represents the load that maximizes the output voltage. Furthermore, parameters
such as quantum efficiency n, which is governed by charge production and separation
efficiency including the conduction efficiency together with afore mentioned parameters they
are related by equation (2.3) which is similar to equation (2.1).
FF = P,  TloX P, x A

VOC X ISC VOC X ISC

2.3
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The current-voltage (I-V) relationship for the solar cell devices is presented by equation (2.4)
qVv
I =—1_+1,[exp(——) -1 2.4
on Lol p(nkT) ]

where 1 is the photocurrent 1, is the reverse saturation current, V is the voltage applied or

bias voltage and n is the diode factor.

The J-V measurements are useful in determining the sheet resistance using Van der Pauws’s

method. The carrier mobility () measured in cm?/Vs and carrier concentration (n)

measured in cM™ relates to the sheet resistance by the following expression in equation (2.5).

1
Rsh = a (25)
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Chapter 3: Experimental and Investigation Procedures

Researchers are undertaking studies to create novel materials with improved characteristics
and functioning at affordable prices compared to the existing ones. They achieve this by
employing several physical and chemical methods that are designed to increase the
functionality of nanomaterials by fine-tuning properties with the aim to have better control
over the nanoparticle size, shape and distribution [1]. Many preparation methods and
characterization techniques were used to synthesize nanomaterials and probe properties

thereof. This chapter’s goal is to furnish a clearer understanding of these techniques.

3.1 Thin-Film Deposition Methods

There are various routes that have been proposed to synthesise and fabricate nanomaterials
wherein top-down and bottom-up approaches are being followed. The top-down approach is a
process of miniaturizing or cracking down chunk/bulk materials (macro-crystalline
structures) into nanomaterials (nano-crystalline structures) while retaining their original
integrity. The bottom-up fabrication is the process of building of nanomaterials using smaller
particles the size of an atom (aggregating materials using molecules/atoms). These two
approaches are very useful and they bring vital role in both modern industry and mostly in
fields of nanotechnology. For the preparation of nanomaterials, attrition or ball-milling is a
usual illustration of top-down method whereas the colloidal dispersion is an excellent
illustration of bottom-up approach [2]. Many bottom-up approaches have been developed for
the preparation of nanomaterials through condensation of molecules on the substrate to
coalescence of atoms in liquids. These approaches are important for growing thin films which
are materials deposited on the substrate of choice to make a layer of solid material. The solid
material formed represents the most condense phase interconnected into a crystal structure that is

mostly crowded by impurity atoms. In the study undertaken here three various deposition methods

were explored for growing thin films and they are explained in the following subsections.

3.1.1 Spin coater

Spin coater is one of the well-known ubiquitous methods for growing uniform thin film
materials on the surface of substrates through the process called spin coating. This method
has been used since the beginning of 20" century and it was developed with time because of
technological advances. It has wide range of applications in industries and technology sectors
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for growing of thin films because of its high structural uniformity [3]. In the field of micro-
fabrication, it is employed to create thin films thinner than 10 nm. This method has more
intense use in fabrication of transparent oxides on quartz or glass substrates with the
advantage of self-cleaning and self-sterilizing properties [4]. Thin films of different
thicknesses ranging from few nanometres (nm) to a few micrometres (um) can be developed
using this method. However, the process of growing thin films with spin coater is inherently
less controlled as opposed to techniques that utilizes vapour, for example chemical vapour
deposition (CVD). But in relation to dip-coating and drop-casting methods which we tested:;
one can grow a uniform good quality thin films hence we opted to use spin coater for the rest
of research we conducted. The added advantage of the method is its simplicity, viability to
setup which leads to high consistency and effective use. However, small changes in the spin
process’s parameters can have a big impact on the coated film’s appearance hence the same

parameters must be used for consistency when doing repeatability for spin coating [5].

The method is considered to be very effective on deposition of materials with good properties for
photovoltaic applications due to increased number of publications. It was shown that during
deposition of polymer materials while fabricating devices using this method, excessive crystallization
can be avoided as the polymer is either separated or crystallized [6]. Thus, with the knowledge we

have about this method we considered it best to enhance better results for our research findings.

3.1.1.1 Spin coater operating principle

The spin coater equipment used for growth of thin films in this study is VTC-100A Vacuum
Spin Coater provided by MTI Corporation with the schematic represented in Figure 3.1.

Substrate Catch cup

/
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Exhaust

Figure 3. 1 The schematic representation of a typical spin coating system [7].
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The catch cup in the schematic prevents the solution from spilling off to the environment for
the safety of users. Then the spilled solution goes down the exhaust which is connected to the
vacuum pump that sucks it to avoid contamination from re-circulation of various materials
deposited. Additional component of the system is the spin chuck which is responsible for
securing substrates from falling during the spinning process. The chuck operates at higher
rotational speed while holding substrates tight by friction and centrifugal force, while
allowing solution spilled to escape. It plays a role in aligning the substrate and ensuring that

deposited material is uniformly distributed.

The process of growing thin films using spin-coater are clearly demonstrated by schematic
diagrams in Figure 3.2. Upon growth of thin films using this system four stages (deposition,
spin-up, spin-off and evaporation) takes place for the material to be coated on the surface of a

substrate.

\ Spinup T o Thinning of a I|qu|d film

< @

Saturation of solidification

< (.»
S |

Figure 3. 2 Schematic diagram showmg the spin-coating steps [8].

The process starts by loading the substrate on top of the spin chuck. In the first step called
dispense, a small puddle of nanomaterials in liquid form is dropped onto the centre of a
substrate which is then allowed to spin at a certain speed (typically around 3000 rpm) [9].
There are two methods of dispensing resin on a substrate namely static dispense and dynamic
dispense. During the static dispense method, a small puddle of resin fluid is deposited at the
centre of the substrate taking into account the size of the substrate. When working with larger

substrates or material with high viscosity, a big puddle needs to be deposited so that the entire
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substrate can be coated. Then dynamic dispense is the process in which a resin is deposited
while the substrate is rotating at a lower speed of about 500 rpm. This helps to spread the
material evenly on the substrate. Dynamic dispense is preferred over static dispense because
in an event the substrate or material to be deposited has poor wettability this process has the
ability to avoid voids which are likely to be formed [10]. After the dispense step, the substrate
speed is increased by tuning acceleration which helps to thin the fluid such that desired

thickness is attained. Spin speed for this stage is in the range 1500-6000 rpm.

The spinning occurs through centripetal acceleration which makes the solution to spread
evenly across the surface of the substrate. Most of the nanomaterial’s solution gets flung to
the walls of the spin coater and the solution spread on the surface of the substrate forms a
plasticised film. This is due to the centrifugal force together with the surface tensional force
acting on the solution driving it radially outward to cover the surface of the substrate. The
outward fluid flow and evaporation causes the formation of a thin film [11]. The thin film
formed dries within a minute as the solvent evaporates fast due to the high air flow caused by
the spinning speed. Properties of the thin film formed such as thickness etc. depend on
parameters used for spinning and the viscosity of the material. Moreover, the thickness
depends on the concentration of the solution as well as the solvent. When the angular speed
of spinning is very high, the film formed becomes thinner. After completing the spin coating
process, a separate drying step is sometimes considered for further drying without thinning
the film. The separate drying is vital for thick films as it increases the physical stability of the

film before handling.

3.1.2 Dip coater

Dip coating is one of the well-known techniques for growth of thin films and it is the oldest
commercially applied coating process. It has a wide range of applications in industries and
laboratories due to its cost effectiveness, simple processing and high-quality films [12]. In the
year 1939 it was used to deposit sol-gel derived silica films from which the first patent based
on it was issued to Jenaer Glaswerk Schott & Gen [13]. The use of this system in industries
began in 1940s during seminars at Schott, then from the late 1950s it was adopted in the
automobile industry for production of rear-view mirrors [14]. With more years passing by the
method was adopted in optical coating field for antireflective and solar control glasses. The
dip coating method of growing thin films is a rapid (~10s), dynamic self-assembly process

with a steady and continuous nature. There are many other deposition techniques for coating

1
33



materials such as spin coater, spray coating etc. to mention few, which are practical for the
growth of films through the coating process. The process is fast and simple but it is bested by
the spin coater because of the uniform and thin layers it produces. When using this method,
there are challenges towards obtaining homogeneous coating due to intermolecular

interactions between the substrate and molecules in the solution.

3.1.2.1 Dip coater operating principle

To carry out process of dip coating one does not need any sophisticated equipment except a
beaker for solution and a clamp to hold the substrate. The process of film formation takes

several steps as indicated in Figure 3.3.

iy

immersion  start-up  deposition drainage evaporation

Figure 3. 3 Schematic representation of stages undertaken during dip coating process [15].

During the process of dip coating, a substrate is submerged in the solution to be coated at a
constant speed. The substrate is kept in the solution for some time to allow interaction
between solution and substrate for complete wetting. Then a coherent liquid film is entrained
during the withdrawal of the substrate at a constant speed from the liquid coating medium.
The moment a substrate is totally withdrawn a layer of material deposited is seen on both
sides of the substrate and substrate is held to allow drops of solution in excess to be drained.
This is followed by evaporation of volatile liquids which consolidates drying; a transition that
takes place in a few seconds. After this stage, any turbulence or variation in the atmosphere
normally causes inhomogeneity on the film formed. Subsequently the obtained film might
need sintering to dry out organic residues and induce crystallization of the functional oxides.
The thickness of the film depends on the solvent used to prepare final solution and the
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withdrawal rate. However, this method was not considered best to be adopted for the entire

project based on the results obtained.

3.1.3 Drop casting

Drop casting is a simple and cost-effective solution phase deposition technique for the
production of thin films. The application of this method is limited to deposition on small area
thin solid films, but it offers high throughput in order to be viable for industrial device
fabrication [16]. This technique is designed to provide large single crystals for applications in
electronics including pharmaceutical research. It has been modified to enhance the quality of
deposited thin films by exposing the drop cast solution to unidirectional sound waves (~100
Hz) [17]. To some extent, it is a bit similar to spin coating technique but it does not involve
spinning of the substrate during deposition. However, it aims at creating homogenous
dispersion of nanomaterials which is collected and drop cast on a pre-cleaned substrate and
dried to form a solid film. Although it is an easy method to adopt when conducting
experiments, there are couple of parameters that needs to be optimized to get uniform and

moderated surface morphology [18].

3.1.3.1 Drop casting operating principle

When performing experiments using drop casting method there’s a prominent advantage as it
requires no special equipment. Development of thin-films using this method takes a few
stages as represented by schematic diagram in Figure 3.4. Firstly, a small volume of solution

is cast on the substrate and it spreads over covering the surface.

£ Evaporation
casting P

‘:"’7”- TN _ P e
Substrate Substrate Substrate

Figure 3. 4 Schematic representation of drop-casting technique [21].
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The spreading of the solution is controlled by solution viscosity, surface tension, density,
drop size and the impinging velocity via Weber (We) and Reynold numbers [19]. This is
followed by spontaneous solvent evaporation which can be induced by heating of the
substrate to speed up the evaporation process. During the evaporation, particles in the
solution coalesce and make a thin film after drying. The film thickness depends on the
content of solid in the solution which relates to concentration and volume drop casted on the
substrate. Thin film quality and the uniformity are vital and they rely on surface tension of
the substrate and solution deposited as well as the viscosity of the solution. Using this
method, thin films of large surface area can be easily prepared but it is difficult to control the
film thickness over the entire surface area which is a drawback of this method [20]. It is
because of lack of adequate control over thin film characteristics we did not adopt drop
casting for the entire project.

3.2 Device Fabrication

Fabrication of solar cell devices was done in XLIM at the University of Limoges using their
clean room laboratories where all facilities are housed. Solar cell devices were fabricated by
depositing layers of various nanomaterials on top of the other. Prior to fabrication a couple of
processes were undertaken to clean the surface of substrate to ease the deposition and avoid
contamination. During fabrication of solar cell devices, materials with various ionization
potentials and electron affinities were brought together in order to create an electric field.
Blending of the donor and acceptor helped with the charge collection and transfer. An
organic PV active layer devised between transparent electrode and a metal electrode were
created by using polymer as electron donor and graphene-based material as an electron

acceptor. The ITO coated glass was etched and used as a transparent electrode.

3.2.1 Substrate etching

ITO coated substrates were placed on a support stand and two various nail polishes were
applied on the 1 mm top part creating two-pixel system for etching. Beneath 1 mm polished
area we left 2 mm space to be etched and covered the bottom part with two masking tapes
(vinyl electrical and pressure sensitive tapes). They were then placed inside the oven for 5
min of drying the nail polishes. After drying they were detached from supporting stand and
kept inside 30% hydrochloric acid (HCL) solution pre-warmed at 90°C on a hot plate and
etched for 2 min. Then substrates were removed from hard acid etching solution, placed into
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DI water to stop the etching process, dried with a paper towel and tested with a multimeter to
ensure proper etching. Finally, the nail polishes and masking tapes were removed and

substrates were taken out for cleaning.

3.2.2 Substrate cleaning

The substrates were cleaned sequentially following standard cleaning procedure using,
deionized water, acetone, ethanol and iso-propanol. They were placed inside a beaker which
was put in an ultrasonic bath for a period of 10 min to get rid of any dust particles
accumulated on the surface. After sequential cleaning with solvents they were blow dried
using azote then placed in a UV-ozone for 15 min to ensure ultraclean surfaces free from

variety of contaminants.

3.2.3 Deposition of materials

After cleaning of the substrates, the employed nanomaterials for investigation of various
properties and fabrication of the devices were deposited using the spin coater. The deposition
environment and resulting thin film are important based on material and its quality. GO and
ZnO layers were deposited inside the fume hood. The P3HT layer was deposited inside the
glove-box system which is under nitrogen rich vacuum to avoid contamination and

degradation of lifetime when exposed to light.

3.3 Sample Characterization Techniques

The crystal phase of the samples was determined using advanced-state-of-the-art high-
resolution XRD/SAXS system powered by guidance expert system software called Rigaku
Smartlab X-ray diffractometer with CuKa (1.5418/5\) radiation. Structural analysis from
Raman were measured using HORIBA scientific technique. The FTIR spectra were taken at
room temperature within the scan range of 400 — 4000 cm™ by utilizing a Perkin Elmer
spectrometer. The surface morphology was examined with the use of scanning electron
microscope (Shimadzu model ZU SSX-550 Superscan SEM model with EDS and JEOL
JSM-7800F thermal field emission scanning electron microscope (FE-SEM)). The chemical
composition study thereof was conducted using an Oxford Instruments AzTEC energy
dispersive spectrometer (EDS), with X-Max80 silicon drift detector (SDD) system, which is
coupled to the FE-SEM. The optical measurements were carried-out using the (Perkin Elmer

UV-VIS-NIR Lambda 1050) spectrophotometer. Photoluminescence analysis were done
I ——
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using two various PL systems (Fluorolog with monochromatized 150 W xenon lamp as an
excitation source and Tunable laser Fluorolog system using xenon lamp, 980 nm and YaG
laser as different excitation sources. Full details on the importance of each technique and how
it will be utilized for success of the project are discussed below.

3.3.1 X-ray Diffraction

The X-ray diffraction (XRD) is well known as a non-destructive method of identifying and
quantitative determination of crystalline phases in solid materials such as powders and thin
films [22]. XRD system uses X-rays which are electromagnetic waves with the wavelength in
the range 0.01 nm — 10 nm. The X-rays were discovered by the German Professor named
Wilhelm Conrad Roentgen in 1895 as he was working with cathode-ray tube in his laboratory
and he won the first Nobel Prize in physics in 1901 for this outstanding work [23]. It is called
a structural technique because the wavelength of X-rays ranges from the atomic scale which
makes them comparable to the size of atoms, hence it is capable of probing structural
arrangement of atoms and molecules in various nanomaterials. It is well known method of
determining crystal structures, lattice constants, atomic spacing, grain size and degree of
crystallinity in wide range of crystalline and amorphous materials [24]. The following
parameters position (20), intensity and shape of diffraction peaks are of high importance in
specifying space group, lattice parameters, chemical composition, texture, crystal structure,

quantitative and qualitative phase analyses, as well as crystallite size [25, 26].

3.3.1.1 XRD operating principle

The XRD system employed to determine the crystal structure of the powdered nanomaterials
and layered nanostructures in these studies is Rigaku SmartLlab technique with a schematic
depicted in Figure 3.5 for components inside the chamber. Measurements were acquired
using CuKo radiation (A\=1.5406 A) at the scan rate of 0.2° s™* and 26 range (5-90°). It is a
high-resolution diffractometer with novel features that assists a user with intricacies of
experiments through a SmartLab Guidance software. The system consists of 9kW XG
coupled with unique 5-axis goniometer and semiconductor HPAD detector “Hypix 3000” for
both powder and thin film samples. Basically, it is a theta-theta diffractometer that houses
variety of optical components. It consists of a tube (Cu radiation) and a scintillation detector.
Moreover, there are interchangeable optical components for the tube and detector of the
system. These components are encoded so that the computer can read which ones are

1
38



installed at the time of measurements. Its functionality allows measurements of powders,

thin-films and liquids nanomaterial samples in 0D, 1D and 2D modes.

[
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Figure 3. 5 Schematic representation of operational components of Smart lab guidance [27].
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With the XRD system employed in this study three sets of experiments can be carried out
depending on the scattering angle.

1. Wide angle X-ray scattering (WAXS) also called wide angle X-ray diffraction
(WAXD) normally refers to the analysis of Bragg peaks scattered to the greater angles
where (20 > 1°), they are known to be coming from sub-nanometre structures. This
method is mostly used to analyse crystal packing and amorphous structures.

2. Small angle X- ray scattering (SAXS) provides the information on nanomaterials with
the size in the range of several ten nanometres which takes place when (26 < 2.3°). It
is mainly applied in the field of polymers to obtain information on crystalline lamella
stacking structures [28].

3. X-ray reflectivity (XRR) is a method of analysing thin film nanoparticles where the
information such as density, roughness and thickness of the films can be estimated. It
involves the evaluation of incident X-ray beam intensity which is reflected by the
sample at grazing angles. This method is applied in single-crystalline, poly-crystalline
and amorphous material [29].

The added advantage of this technique when dealing with thin film samples is to acquire data
at different grazing incidence modes that differs on the sample scanning geometry as shown
in Figure 3.6:

1. Out-of-plane measurements: this mode is the well-known method of determining

diffraction from different sorts of samples such as powders, bulk and thin films [30].
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In this mode the scattering vector is pointed away from the surface of the sample
while the observed planes are parallel to the surface. The incident X-ray beam strikes
the planes and goes deeper into a sample within the range of tens of micro-meters.

2. In-plane measurements: herein, the scattering vector lies parallel to the thin film
surface as the observing planes are perpendicular to the surface and the detector is
moving parallel to the surface. The X-ray beam is limited to penetrate up to the depth
of 100 nm of the surface of thin films. This mode helps to detect diffractions from

extremely thin-films at minimized background intensity of the substrate [31].

Out-of-Plane scan In-Plane scan

Figure 3. 6 Schematic representation of different scan modes of thin-films [32].

Upon operation of the system, X-ray photons from the X-ray tube interfere constructively
with the crystalline sample on the sample stage. The high energy charged particles, such as
electrons, are accelerated and collide with a metal target, such as Cu, in a sealed tube that is
under vacuum to produce X-rays [23]. After collision with the target anode, the fast-moving
electrons gets decelerated and less than 1 % of their energy is turned into X-rays, whereas 99
% of it is transferred into heat. Part of the focused X-ray beam is transmitted and part of it is
absorbed by the sample as it interacts with atomic planes, in the process some are scattered
and refracted while others are diffracted. The moment an X-ray beam is diffracted because of
interaction with the sample as presented in Figure 3.7, one can measure the distance between
the planes of the atoms by making use of Bragg’s law shown in equation (3.1)

nA = 2dsin(0) (3.1)

where n symbolizes the order of the diffracted beam, 4 is the wavelength of the incident light
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beam, @ is the angle of incidence, and d denote the inter-planar spacing that sets the
difference between the length and path for the rays scattered from the top plane and the rays

scattered from the next plane parallel to the top one.

Figure 3. 7 Schematic representation of Bragg’s law [33].

After collimating, the resultant X-ray is aimed at the sample. The intensity of the reflected X-
rays is measured when the sample and detector are rotated. When the incident X-rays striking
the sample conform to the Bragg law, constructive interference takes place and the sample's
distinctive diffraction peak is seen [34]. The X-ray waves that were incident on the sample
creates the oscillating electric field that interacts with the electrons in the sample. The
incident angle of the X-rays is equivalent to the one of reflected X-rays. These electrons
scatter the incoming electromagnetic radiation coherently. Then the diffraction takes place

the moment atoms arranged in a periodic array scatter radiation at a specific angle [35].

3.3.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive spectroscopic chemical analysis technique that
helps to determine information about chemical phase, structure, crystallinity, polymorphs and
molecular interactions. It relies on the Raman effect, which is a phenomenon of inelastic
scattering of monochromatic light (Raman scattering) mainly coming from laser source. The
Raman effect was discovered by Sir C.V. Raman and K.S Krishnam who obtained a Nobel
Prize in Physics in the year 1930 for observing Raman scattering effect experimentally [36].

It provides information about intra- and inter- molecular vibrations including the reaction
I ——
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mechanisms with kinetics thereof. Researchers from various fields makes use of this system
to analyse materials in different forms containing molecular bonding such as solids, liquids,

gases, powders and gels.

Raman is a widely used technique for the analysis of carbon-based materials. It is a
spectroscopic technique that measures low-frequency, rotational and vibrational modes in a
system [37]. The system is used to gain information on the quality of nanomaterials, their
structure, including the existence of defects and the extent of functionalization [38]. It also
helps to measure the bonding characteristics, estimate the thickness of films and help with
hybridization status of the formed nanostructures. Moreover, it is aimed at measuring how

materials can absorb or transmit light at various wavelengths.

3.3.2.1 Raman operating principle

Structural analysis of thin film nanostructures was conducted using HORIBA scientific
system depicted in Figure 3.8 which is equipped with a 532 nm He-Ne laser with a spot size

of approximately 2-3 nm which yields a spectral resolution better than 2 cm™.
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Figure 3. 8 Schematic diagram of the Raman platform setup [41].

The moment light interacts with molecules inside the sample, most of the photons get
scattered at the same energy coming from an incident light beam. The energy of scattered
photons gets shifted giving information about the vibrational modes in the system. Most of

the incident monochromatic laser light has equivalent frequency compared to the frequency
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of scattered light which initiates Rayleigh scattering. The smaller portion of scattered light
has a frequency which differs with that of incident light and initiates Raman scattering. In
most instances, the scattered light is measured at a right angle relative to the incident light
[39, 40].

Thus, after illuminating the sample with laser light, lenses collect that light from the spot and
sends it through a monochromator. Elastic Rayleigh scattering causes some wavelengths to
be closer to the laser line than others, and these wavelengths are filtered out while the
remaining light is scattered onto a detector.

It is of high importance to see change in polarization during molecular vibrations so that we
can get a Raman spectrum. The Raman spectrum is obtained due to inelastic collision
between incident monochromatic light and molecules in the sample. The Raman spectrum is
a distinct chemical fingerprint for different materials which helps to identify unknown
materials and distinguish them from others. From the spectrum of a certain material, we
obtain peaks that indicates the intensity as a function of wavelength shift corresponding to
peak position of Raman scattered light. Every peak represents a molecular bond vibration
which includes C-C, C=C, N-O and C-H among others. During acquisition of measurements,
the spectrum of Raman can be recorded in the range 4000-10 cm™. It is of noting that active
normal modes of vibration in a Raman system for organic molecules transpires in the range
4000-400 cm™. Based on the design and optical components of Raman technique, typical

Raman spectra covers the wavenumber region between 400-5 cm™ and 4000-3800 cmt [42].

3.3.3 Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared Spectroscopy (FTIR) is an inexpensive spectroscopic
technique for analysis of crystalline solids, amorphous materials and films [43]. The IR
radiation was first discovered in 1800s by Sir William Hershel, and the potential use of IR
spectroscopy was recognised for academic and industrial purpose in the middle of 20™
century. This led to the implementation of FTIR spectrometers which were using
interferometer discovered by Albert Michelson [44]. It is mostly utilized to determine the
types of functional groups that are present in the molecule [45]. FTIR uses invisible
electromagnetic radiation called infrared found in the wavelength region (14286 - 10) cm™.
Within that range researchers are more interested in the region (4000 - 400) cm™® which is

crucial for chemical analysis. All frequencies obtainable within this range contains a set of
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functional groups in organic molecules. It can be used to identify absorption and
photoconductivity of different materials that comes in various forms of matter (solids, liquids
and gases) including unknown mixtures.

This device has the capacity to immediately track the vibrations of the functional groups that
define molecular structure and control the progress of chemical reactions. Additionally, it
helps to identify the presence of organic molecules and elements in our nanomaterials. The
organic molecules which can be investigated have molecular bonds classified as electronic,
translational, rotational and vibrational. In the spectrum, functional groups are seen with
narrow spectral lines which represents specific structural feature. In our studies it was utilized
to evaluate the types of compounds formed and investigate the bonding interactions or

molecular structure in graphene nanomaterials.

3.3.3.1 FTIR operating principle

The spectroscopic technique used for the analysis of bonding interactions in graphene based

nanostructured materials is Perkin Elmer Spectrum 100 infrared spectrometer.
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Figure 3. 9 Schematic representation of Michelson interferometer as used in FTIR
spectroscopy [48].

FTIR works on the principle of Fourier transformation by first utilizing an interferometer to
create an interferogram of a test signal, and then applying a Fourier Transform to the
interferogram to produce the final spectrum [46]. The system is composed of interferometer,

high-pressure mercury lamp, silicon-carbide rods, detector and data acquisition terminator
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[47]. 1t uses black body to emit thermal radiation within its wavelength scan. The light beam
(infrared radiation) gets collimated and goes through Michelson interferometer as presented
in Figure 3.9. In this process, the light beam passes through a sample and gets absorbed while
part of the beam is transmitted. The molecules get excited during absorption of IR radiation
and reaches higher vibrational state. After absorption, those frequencies interact with the
molecules to give fingerprint information on the chemical composition of the nanostructures.
The acquired spectrum is given as absorption and percentage (%) transmittance versus the

corresponding wavenumber giving molecular fingerprint of nanostructures.

3.3.4 Field Emission - Scanning Electron Microscope

The scanning electron microscope (SEM) is a surface morphological technique that primarily
aims to assess the shape and size of materials by scanning with a high-energy beam of
electrons in a raster scan pattern [49]. The first scanning microscope with a resolution limit of
100 pm was built by Knoll in the year 1935. Then a German Physicist Manfred von Ardenne
outlined the theoretical principles underlying the system [50]. With more efforts taken in that
space, Zworykin developed the first working SEM who demonstrated how secondary
electrons created topographic contrast by positively biasing the collector relative to the
specimen [51]. SEM is a scientific tool that examines items on a very tiny scale using a
stream of extremely powerful electrons [52]. SEM is used to study the surface morphology
(shape and size) and it assists with information about density of states of materials. It can also
operate in conjunction with energy dispersive spectroscopy (EDS) for chemical composition

(elements and compounds) of the sample’s surface [49].

3.3.4.1 SEM operating principle

The SEM technique employed in this study is field emission scanning electron microscopy
(FE-SEM) JEOL JSM-7800F with extremely high resolution, coupled with energy dispersive
X-ray spectroscopy (EDS) and cathodoluminescence (CL). FE-SEM is the advanced state of
the art system driven by recent developments in nanotechnology to give higher resolution and
probing more information from the sample. The system has super hybrid lens (SHL) that
provides extreme resolution of 0.8 nm at 15 kV and 1.2 nm at 1 kV. It generates a magnified
image with a very low incident electron energy to reveal surface structures of extremely fine
nanomaterials. In Figure 3.10 we have a schematic representation of FE-SEM which uses
cold source to provide extremely focused high and low energy beam in contrast to standard
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electron microscope that uses tungsten filament to generate electron beam. Field emission is

known to be the emission of electrons which are ejected from the surface of a conductor due
to strong electric field encountered.
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Figure 3. 10 Schematic diagram of electron beam column in SEM equipped with EDS [53].

The significant components of the FE-SEM entail the electron column, scanning system,
detectors (secondary electron, back-scattered), specimen holder, display and the electronic
controls. These components are housed inside the extremely high vacuum (=107 Pa). At the
top of an electron column there’s an electron gun which produces an electron beam. The
electron column consists of two electromagnetic lenses in series (condenser lens and
objective lens). These lenses direct and focus electron beam to the surface of a sample as a
small probe which scans across the surface helped by the scanning coils. The projected
electron beam ejects secondary and back scattered electrons when they come into contact
with sample. Upon beam interaction with the atoms in the sample, an electronic signal is
generated which contains information about the sample’s surface topography and
composition including properties such as electrical conductivity [52]. That signal is collected

by detectors and sent to the viewing screen, producing an image.
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3.3.5 Energy Dispersive Spectrometer (EDS)

Energy dispersive spectrometer (EDS) also known as energy dispersive X-ray spectroscopy
(EDX) is an analytical technique which gives the information on chemical composition of
various materials. Typically, it comes in conjunction with the SEM system to assist with
chemical analysis of the obtained surface morphology. The EDS detectors were initially
developed in the 1960s targeting applications in the nuclear space. In about a decade, they
were incorporated for analysis in microscopic techniques such as SEM and transmission
electron microscope (TEM). SEM became an indispensable technique for various
applications in cutting-edge research laboratories over the years. The added advantage of
using EDS system is the ease with which many different samples can be subjected to
experimentation. It is a powerful method of identifying individual elements present in the
surface layer of the sample. These elements are detected through process known as X-ray
mapping. The system has the capability to do chemical composition on many different
materials to a spot size in the range of few microns and generate elemental composition maps
over a much broader raster area. The ability of this system allows the identification of

materials and the impurities and helps to estimate their relative concentrations.

3.3.5.1 EDS operating principle

The components of an EDS system include an X-ray detector for detecting X-rays, liquid
nitrogen dewar for the cooling process as well as software for analysis of the energy spectra.
EDS relies on the interaction of X-rays with the sample where the system detects the X-rays
from the sample during irradiation with high beam of electrons. When the focused electron
beam interacts with the sample, electrons are ejected through the inner-shell ionization as
presented in Figure 3.11 (a) and (b). The position left by an ejected inner shell electron gets
occupied by a higher energy electron from the outer shell. During the interactions, a photon
with the energy equivalent to that of the difference of the energy levels of the two shells may
be produced [54]. Most of these photons possess energy in the X-ray range. Then the EDS
detector divides the X-rays received from various elements into an energy spectrum which is
then analyzed to distinguish specific elements. The amount of energy received from X-rays
detected helps to get the identity of the atom thereof [34]. The system detects and measures

X-rays produced inside the sample. X-rays travels some distance when emitted before
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reaching the detector. While travelling, there is a possibility of X-ray absorption, and X-rays

varying in energies possess various probabilities of absorption.

The system has a detection limit which allows it to identify elements from atomic number 4
(Be) to 92 (V). Furthermore, the limit depends on sample surface conditions, if the surface is
smooth the limit detection is lower. It can detect major and minor elements with
concentrations higher than 10 wt% (major) and minor concentrations (1-10 wt%) and 0.1
wt% for bulk materials [53]. The EDS generates a spectrum which consists of spectral peaks
that represents the compound under investigation and composition thereof. Qualitative
analysis of samples yields lines in the spectrum and is clearly outlined due to the simplicity of
X-ray spectrum. The obtained spectrum is presented as a plot of X-ray counts as a function of

energy in (keV) which is then interpreted using the software.
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Figure 3. 11 (a) Schematic representation of electronic transitions in an atom leading to X-ray
emission (b) interactions as an electron from the electron beam encounters an atom [55].

3.3.6 Ultraviolet Visible Near Infra-Red Spectroscopy

UV-Vis is an important spectroscopic characterization technique for qualitative and
quantitative analysis of materials upon interaction with electromagnetic radiation. The system
provides information on optical properties of materials such as band gap energy and size
distribution and it serves as complimentary to the fluorescent spectroscopy [39]. The system
evolved with years until the first combined UV-visible absorption spectrometer named Cary
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11 was built by Varian in 1947 [56]. It is capable of analysing liquid, solid and gaseous
samples with a wide range of applications in physical, chemical and biological research. It
helps to monitor electronic transitions using light in the near ultraviolet, visible and near
infrared regions from ground state to excited state in the target material. With this system one
can achieve the optimum level of sensitivity, resolution and speed up to the NIR range. Two
large sampling compartments, a number of snap-in modules, integrating spheres and a special

patented Universal Reflectance Accessory (URA) are key components of this technique.

3.3.6.1 UV-VIS-NIR operating principle

The instrument used for optical properties is LAMBDA 1050 UV/VIS/NIR

spectrophotometer from PerkinElmer with a resolution of about 1 nm shown in Figure 3.12.
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Figure 3. 12 Schematic diagram of UV/VIS/NIR spectrometer [58].

It consists of numerous vital components that includes light source, monochromator, sample
holder, detector, signal processor and readout, all working together to facilitate the

measurements on samples. The technique uses various electromagnetic radiation wavelengths
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for data acquisition (UV radiation: 300 — 400 nm obtained using deuterium lamp, Vis
radiation 400 — 765 nm and NIR radiation: 765 — 3200 nm which are covered by tungsten
lamp). These ranges are crucial as their energy differences relates to electronic states of

atoms and molecules.

During operation, the sample is irradiated with a beam of light which gets focused to the
diffraction grating (monochromator) that splits it according to the respective wavelengths.
After beam splitting, one beam gets directed to the sample while the other one is sent to the
detector as a reference. The intensity of light sent to the sample is measured prior and after
interaction with the material. For absorption to take place, light radiation (photons) must be
enough to promote electrons from ground state to the first excitation state. After interaction
between light and the sample, which is positioned inside an integrating sphere, light gets
diffusely scattered by the sample while the other one is absorbed by the sample. The
integrating sphere collects scattered light which gets detected at specific wavelength by
(photo detector) that converts it into an electrical signal of certain intensity. The detector
differentiates the collected light beam from the source beam to get the quantity that has been
absorbed. Thus, an output is then plotted graphically in a spectrum as absorbance, reflectance
or transmittance versus wavelength (hm) based on the chosen method of acquisition. All
spectrums were corrected for substrate absorption with the appropriate baseline. The obtained
absorption measurements were then normalized using the optical density (OD) which is

evaluated according to equation (3.2):

I, =(l,—15)x107°° (3.2)
where 1., I, and I, are the transmitted, impinging and reflected light respectively and d

represents the thickness of a sample.

Upon interaction between matter and electromagnetic radiation, there are a couple of
processes that transpires. Our focus on UV-VIS-NIR spectroscopy relies on the following
processes:
1. Absorbance: is regarded as the intensity of light detected after part of it is reflected by
the object while another is transmitted. It is the amount of light absorbed by the
sample which is indirectly measured relative to the initial intensity that reached the

sample. The absorbance measurement is mainly acquired to the solid materials such
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as powder samples. This method was of high interest to our studies for investigating
our solar cell devices respond to electromagnetic radiation.

2. Reflectance: is considered as the ratio of the electromagnetic energy reflected in
comparison to the incident electromagnetic energy which comes from the source.
Here we come across diffuse reflectance whereby light beam gets reflected in various
directions due to rough surface of materials such as powders. This mode is mainly
applied when working with thin film samples. General example can be a metallic
sample that would reflect the incident beam backwards upon arrival at the surface.

3. Transmittance: is known as the ratio of the light intensity (1) transmitted through the
sample to the intensity transmitted through the reference blank (1,). It takes place
when light passes through the sample and it is often given as a fraction of 1. This
mode is mostly used to obtain information on materials that are sufficiently
transparent (through liquid samples) to allow certain amount of light beam to pass.

The aforementioned quantities are somehow related by the basic principle of quantitative
analysis called Bouguer-Lambert-Beer rule to allow conversion among them [57] as follows:

T= %0 =g " 3.3)

where k is the proportionality constant, b is the path length and C represents the
concentration of the absorbing species. Equation (3.3) can be transformed into linear

expression by applying the logarithm on both sides:
I
A=—logT =—log( !/ )=log('o/ )= ebc 3.4
gT —-log( [ ) =log('s)) =& (3.4)

and & represents the molar absorption or an extinction coefficient. The expression presented
in equation (3.4) well known as Beer’s law which states that the absorbance is directly

proportional to the number of molecules that absorb radiation at the specified wavelength.

3.3.7 Photoluminescence Spectroscopy

Photoluminescence (PL) is a well-known powerful non-destructive optical technique which is
utilized to probe the electronic structure of various materials. It is a very useful physical
technique to disclose the efficiency of charge carrier trapping, immigration and transfer in
materials of different sizes and shapes [59]. The first recorded observation of
photoluminescence was in 1965 by Nicolas Monardes, a Spanish physician and botanist who
saw buish opalescence fluorescence from water infusion from the wood of a small Mexican
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tree [60, 61]. This technique uses high energy photons to excite various forms of matter.
Thus, one can clearly see that different forms of luminescence are described based on the
mode of excitation. Materials that shows luminescent properties when subjected to the PL
system to give out luminescence are called phosphors. The system is mainly used to examine

the steady-state and time-resolved measurements.

The luminescence emission coming from photoluminescence spectroscopy can be sub-
divided into three categories:

1. Fluorescence: Is known as an emission of light that ceases immediately after the
removal of energy input. The emission coming from a material that fluoresces is very
fast in a sense that it takes only short period of time in (ns).

2. Phosphorescence: Is considered as the emission of light that persists even after the
removal of the excitation source. The light coming out from a material that
phosphoresces usually last for a longer period ranging from hours to couple of days.

3. Delayed fluorescence: this is described as a decaying long-term ultra-weak photon
emission after material has been exposed to light.

The difference between these forms of photoluminescence is based on the time an emission
lasts after the removal of an excitation source which is 10° s between fluorescence and
phosphorescence. The fluorescent and phosphorescent materials are mainly encrypted in
documents such as passports and currency notes to minimise frauds because they can only be
seen under UV illumination but not normal lighting.

This spectroscopic technique has a diverse range of applications in many scientific and
technological fields such as biology, chemistry, materials science, medicine and physics [60,
62]. Among others the system helps with the detection of small amounts of impurities in

naturally occurring solutions such as river and groundwater [63].

3.3.7.1 PL operating principle

The photoluminescence spectroscopy employed in this study is Fluorolog 3-2-IHR-TCSPC-P
photoluminescence. Different excitation sources such as a laser, a xenon lamp or synchrotron
radiation are used to create electron hole pairs in the structure of a sample to attain
photoluminescence. The optical light generated from the aforementioned source is collimated
to the sample using optical lenses. The tunable-laser PL uses laser and xenon lamp sources

which has wavelength selectors, sample illumination and various detectors. When taking
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measurements, materials are excited using either of the sources which has high power energy
greater than band gap of materials. In order to get photoluminescence, light is directed onto
the sample from the lamp housing as indicated in Figure 3.13. That light gets absorbed by the
sample during the process called photo-excitation and re-emits it in the form of visible light

giving off luminescence hence (photo-luminescence).
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Figure 3. 13 Fluorolog 3-2-IHR-TCSPC-P photoluminescence setup schematic [64].

Upon completion of the measurements, the output signal comes as PL intensity as a function
of the obtained light wavelength. That signal is a result of two main photo-physical processes
during the creation of electron hole pairs and recombination thereof. The light intensity
obtained while acquiring the spectra helps to understand properties of different materials
which includes defects and their concentration. From that information full understanding of
recombination mechanisms can be well understood looking at electronic transitions from the
excited state to the ground state [65]. The PL lifetime measurements were conducted by
employing FLS980 spectrometer (Edinburgh Instruments, UK), using time correlated single
photon counting (TCSPC) and a picosecond diode laser at 509 nm as excitation source with
temporal width of 150 ps.
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3.3.8 Profilometry

Profilometry is an analytical technique mostly employed to evaluate surface profile of
materials to quantify its roughness. It uses a probe which is moved on the surface of the films
to acquire the height of deposited material to get their thickness with vertical resolution in the
nanometer regime. The technique has been in existence for as long as four (4) decades and it
has gained more advancements with improvement in technologies. Because of enhanced
developments the system is gaining wide range of applications in industrial fields, optics
manufactures, research and development. Lately it is of great use in the solar cell market
where photovoltaic solar cell manufactures adopted it. Most scientists still prefer these
techniques over optical ones because of accumulated measurement and the analysis technique
to data, self-reliance by measuring direct contact with the actual measurement surface, and
compatibility with accumulated measurement data from the past [66]. It can be used to
analyze materials with different surfaces ranging from two-dimensional (2D) roughness
surface, the step height analysis, three-dimensional (3-D) mapping as well as stress on thin
films.

3.3.8.1 Profilometry operating principle

The system employed to determine thicknesses of thin-films is conventional contact-type
called (Dektak 6M Veeco, US) surface profilometer with a 12um shown in Figure 3.16.

Figure 3. 14 Schematic representation stylus type profilometer [67].
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This technique operates in a very simple way making use of the diamond stylus (needle)
which runs over the surface. The thickness measurements are taken as the height of the
profilometer needle changes at the step between the glass and the thin film and this height is
recorded using capacitive transducer which gives profile of the surface.

3.4 Organic Solar Cell Device Characterization Technique

After successful fabrication of organic solar cell devices, it was vital to carryout electrical
measurements to ascertain how effective is combination of various materials used to build a
device for operation as a solar cell. Directly after depositing the top electrode we mounted the
devices to the electrical probe of (J-V) system in the dust-free environment to avoid
contamination. The device is placed gently onto the contact pad without sliding to avoid

mechanical scratching that would cause shunts.

3.4.1 Current Voltage (J-V)

The current voltage measurement (J-V) method is a principal characterization technique that
assists to determine the power conversion efficiency (PCE) of solar cells. It is an electrical
technique which relies on the information provided by the characterization and measurements
of electrical properties. They provide an insightful information about the quality of device
fabricated. It is mainly used in the field of physics and electrical engineering to determine
some basic parameters of different electrical devices.

3.4.1.1 IV Operating principle

The system used to carryout electrical measurements is Keithley 2400 source-measure unit,
under simulated solar emission provided by a 1600W AAA NEWPORT solar
simulator equipped with an AM1.5G filter, the sweeping speed was 0.25 mV ms™. The light
intensity of solar simulator was calibrated with a reference diode from National Renewable
Energy Laboratory (NREL) of the U.S Department of Energy which is certified with the
spectral mismatch factor of 0.99. A schematic diagram showing general operating boundaries
of the system is presented in Figure 3.17.
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Figure 3. 15 Schematic diagram of Keithley 2400 operating boundaries [68].

+

The source meter instrument operates through four quadrants. The first and third quadrants

holds the source which delivers power to a load whereas second and fourth quadrants

contains a meant for dissipating power internally. When measuring current voltage

characteristics of the cells, an external electric field is applied over the device while sweeping

from reverse bias to the forward bias monitoring the current flow under illumination coming

from solar simulator. The spectrum is presented where the change in extracted current is

given as a function of the changing voltage. The resulting relationship is referred to as a

current density-voltage (J-V) curve. PCE is determined from parameters that are measured by J-V

curve using equation 2.1 presented in chapter 2.
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Chapter 4: Spectroscopic Investigation of Charge and Energy Transfer in
P3HT/GO Nanocomposite for Solar Cell Applications

4.1 Introduction

In the recent years, there has been a change in the energy landscape due to factors such as
population increase and depletion of fossil fuels which has significantly increased the need
for energy. The pursuit of sustainable energy sources revolves around renewable energy.
According to scientists and engineers from various fields, nanotechnology may help society's
efforts to address a number of its major energy-related issues. In the range of various carbon
allotropes, graphene, which was experimentally found in 2004, is among the most promising
nanomaterial for resolving the energy challenges [1]. Studies have been done to examine
carbon nanostructures in particular after Manchester researchers won the Nobel Prize in 2010
for their discovery of graphene, verifying its significance in research and commercial
applications [2]. Their quest has been driven by the remarkable qualities like charge
transmission mechanical flexibility and high optical transparency [3]. Additionally,
substantial research has been done on two of graphene's amazing derivatives which are
graphene oxide (GO) and reduced graphene oxide (rGO) [1,2]. These nanomaterials can be
produced from graphite, which was discovered to be a precursor for carbon nanostructures
[6]. This opens the door to the possibility of producing graphene-based products on a big
scale at low cost. The production of composite materials based on graphene for a variety of
purposes is made selectively possible for applications in sectors such as optoelectronic

devices [3], biological imaging [7] and energy storage in supercapacitors [8].

In recent times, multiple processes have been developed for creating GO nanocomposites
which involve microwave [9], hydrothermal [10], sol-gel [11] and Hummers method [12]
among others. The majority of these processes require a reactive oxygen background, which
is essential for regulating the thin film quality. The Hummer’s method stands out as a multi-
step chemical process that requires (i) pre-intercalation, (ii) intercalation, (iii) oxidation and
(iv) reduction chemistry. In terms of high yield and cost effectiveness, this top-down strategy
is now the most practical. Moreover, it enhances the dispersion stability of the resultant GO

and is environmentally friendly, with no surface flaws [13].

The vital component of solar cell devices in terms of the efficiency is the transparent
electrode in the front panel. The widely used metal oxide for transparent electrodes is indium
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tin oxide (ITO) due to its low resistance and high optical transmission characteristics in the
visible spectral range [14]. Thus, it is important to note that ITO will not serve the purpose of
flexibility because it is costly to manufacture and it is naturally brittle. The most promising
nanomaterial to serve flexibility purpose is GO with adequate catalytic activity that can
successfully replace ITO. In the study conducted by Koh et al. [15], they have discovered the
comparable performance when monolayer graphene is used in place of ITO in organic solar
cells. In their quest, they utilized P3HT as electron donor to functionalize GO by generating
nanocomposite material. In this regard, P3HT because of its considerable electron
delocalization along the molecular backbone provides thiophene derivatives that are well
known for having large hole mobility. In light of this, P3HT/GO nanocomposite material

with greater charge carrier mobility promises to enhance device performance. [12].

In solar cells, GO have been exploited as a novel class of effective materials for hole and
electron extraction. The development of nanocomposites with GO acting as an electron
acceptor and P3HT acting as an electron donor is likely to simplify charge transport for the
developing field of solar technology. Sriram et al. [16] obtained ~ 407 nm emission at which
originated from the interaction between GO and P3HT. The 610 nm emission for P3HT,
which has never been reported before, and the switch to 600 nm emission for the P3HT/GO
nanocomposite are what make this work unique. The additional emissions we saw indicate
the emergence of new energy levels, and the quenching of the emissions we saw after the

formation of the P3HT/GO nanocomposite is a desired attribute in photovoltaics.

In the research conducted here, P3HT and P3HT/GO thin film nanocomposite were grown
using drop casting method on the glass substrate. A comparative study on grown P3HT and
P3HT/GO thin film nanocomposites was undertaken to reveal strength of bilayer structure.
The spectroscopic techniques helped to shed light on the functionalization and chemical
interactions at the interface of P3HT/GO thin film nanocomposite. The primary goal is to

examine the charge transfer characteristics of a donor (P3HT) to the acceptor (GO).
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4.2 Experimental
4.2.1 Chemicals information

The chlorobenzene (CB anhydrous, 99.8%) natural graphite powder (G = 99.5%) and
regioregular poly (3-hexylthiophene-2,5-diyl) (rr-P3HT > 99%) were obtained from Sigma-
Aldrich, Modderfontein Gauteng, South Africa and they were utilized without being purified.

4.2.2 Materials preparation

The chemical structure of P3HT and GO are presented in Figure 4.1. We adapted the
modified Hummers method created by Khenfouch et al. to prepare the GO nanosheets [17].
We produced poly(3-hexylthiophene) P3HT, which aids in the creation of single or few-layer
graphene sheets, to avoid GO restacking and aggregation. To create a solution with a 5%
concentration, the P3HT was dispersed in chlorobenzene. The solution was stirred for 10
minutes in a closed vial to maintain a constant temperature of 80 °C on a magnetic hot plate.
The temperature was reduced to 50 °C while constantly stirring the solution for 60 min and
the solution was left to cool at room temperature. In preparation for thin film deposition, we
cleaned the substrates sequentially using acetone, ethanol and DI water inside an ultrasonic
bath and dried them in an oven at 50 °C. The obtained solution of GO and P3HT were coated
on the glass substrates. Following coating, any remaining solvents were removed by drying
the P3HT and P3HT/GO thin films for two hours at 50 °C.

/ \ CH3 A ROR
R R epoygroup
S "
n R’ :‘g(HCIﬂ

R-COOH
R carbonyl

.

Graphene oxide |

P3HT

Figure 4. 1 The chemical structures of P3HT [18] and GO [19] nanomaterials used to grow
thin films.
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4.2.3 Nanocomposites characterizations

The crystalline phases of P3HT and GO/P3HT thin film composites were identified using
Rigaku Smart Lab diffractometer with CuKa (1.5418A) radiation. The surface morphology of
the P3HT and GO/P3HT thin film composites were analysed using a Shimadzu model ZU
SSX-550 Superscan SEM. The FTIR spectra acquisition was conducted using a PerkinElmer
spectrometer in the scan range 400 to 4000 cm™. The optical studies were conducted in the
wavelength range 200 - 900 nm using a (PerkinElmer Lambda 1050 UV/VIS/NIR Lambda)
spectrometer in the absorbance mode. The solid-state measurements were acquired using a

tunable-photoluminescence (PL) system.

4.3 Results and discussion

4.3.1 XRD analysis

Figure 4.2 shows the XRD structure of P3HT and P3HT/GO thin film nanocomposites. The
P3HT spectrum resembles a narrow peak at 260 = 6.65° which is assigned to (100) reflection

which denotes crystalline phase of the polymer.

— P3HT

— P3HT/GO

Intensity (arb.units)

10 20 30 40 50 60 70 80 90
2(0) degrees
Figure 4. 2 The XRD patterns of the P3HT and P3HT/GO thin film nanocomposites.

4.3.2 SEM analysis

Moreover, a broader peak is apparent at ~ 20 = 22.08° and is symbolic of the amorphous
nature of P3HT. The diffraction spectrum of P3HT/GO thin film nanocomposite reveals the

diffraction peaks witnessed in pristine P3HT as evidence that the lamellae of P3HT chains
I ——
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adopt an “edge-on” orientation upon bonding at the interface. The nanocomposite's (100)
orientation shows a change to a greater diffraction angle, mostly caused by a reduction in
lattice spacing. Stylianakis et al. [20] witnessed similar behaviour and attributed diffraction
peak shifting to the change in interplanar spacing due to restacking of functionalized GO
sheets. The GO distinctive peak was seen at 20 = 8° in contrast to its typical position, which
is between 10° - 11°. The broader diffraction peak in the 26 range 20 - 40° for both thin films
denote that each of the stacked sheets is exfoliated into a nanosheet [12]. There were no
additional peaks corresponding to the impurities or P3HT backbone.

The morphological study on grown P3HT and P3HT/GO thin film nanocomposites were
probed using SEM and the acquired images are presented in Figure 4.3. From Figure 4.3 (a),
we see clusters of flower-like nanostructures and some tiny oval particles lying on top of the
flower-like structures. We noticed morphological change when growing P3HT onto GO thin
film. In Figure 4.3 (b) we have the morphology that mimics flaky tree leaves and has
wrinkled and crinkly appearance. The flaky nanostructure denotes distribution of GO layers
within the polymer matrix. We propose that close contact between the basal plane of GO and
P3HT is the cause of the observed alteration in surface morphology. The m-orbitals of the
thiophene ring and the m-orbitals of the graphene are said to be responsible for the interface

interaction [21].

(b)

- N «
WD: 13.93 mm

 SEM HV: 10.0 kv
View field: 9.54 ym Det: SE
SEM MAG: 20.0 kx Date(m/dly): 06/19/14

SEM HV: 10.0 kV WD: 13.89 mm

View field: 9.54 pm Det: SE 2 ym
SEM MAG: 20.0 kx  Date(m/dly): 06/18/14

Figure 4. 3 The SEM images of (a) P3HT and (b) P3HT/GO thin film nanocomposites.

4.3.3 FTIR analysis

The FTIR spectra in Figure 4.4. is acquired in transmission mode to analyse the bonding

interactions and the linkage between P3HT/GO thin film nanocomposites.
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Figure 4. 4 FTIR spectra of P3HT and P3HT/GO thin film nanocomposites.

The P3HT spectra is dominated by three distinctive bands at positions ~ 2960, ~ 2925, and ~

2855 cm " which originates from aliphatic C-H stretching mode of P3HT alongside the 821
cm band which denote the aromatic C-H bending [22]. At ~ 1456 cm-1, the bending
vibration of the C-H bond was noticed. The low intensity vibration bands of GO were
populated at regions ~ 3372, ~ 3194 and ~ 1081 cm™. The stretching vibrations are
responsible for the C-O bond at ~ 1081 cm®, which verifies the presence of functional oxide
groups following oxidation [23]. From P3HT/GO thin film nanocomposite spectrum we saw
a band at ~ 1648 cm™ that resembles the amide I vibrational stretch (v(C=0)) [24]. The
results show that the interaction between GO and P3HT results in the derivatization of both
the surface hydroxyl and carboxyl functional groups via the production of amides [23]. At
721 cm™, we found a band corresponding to the methyl rock mode and the CHs rocking
vibration. The detected 1378 cm™ C-H vibration band may result from thiophene's partial
breakdown [25]. It is significant to note that the vibrational frequencies seen in P3HT are also
present in P3HT/GO, but their relative intensity dropped following interaction with GO. The

reduction in intensity is probably brought on by oxygenation when P3HT interacts with GO.

4.3.4 UV-vis analysis

For a deeper understanding of absorption behaviour on P3HT and P3HT/GO thin films, the
optical absorbance measurements were carried out as shown in Figure 4.5. From the UV-Vis
spectrum of pristine P3HT, it is evident that the polymer has an absorption at ~ 490 nm which

resembles m-mt* transition [26].
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Figure 4. 5 Absorption spectra of P3HT and P3HT/GO thin film nanocomposites.

The P3HT/GO thin film nanocomposite has a broader and stronger absorption in comparison
to pure P3HT. The change in absorption characteristics is indicative of the contribution that
originates from GO in the optical absorption of P3HT/GO thin film nanocomposite. This may
possibly be as a result of the chain segments in the amorphous P3HT having shorter effective
conjugation lengths, which more closely localize the exciton wave function and raise its
energy [27]. The interaction at the interface of P3HT/GO thin film nanocomposite is linked to
inter-chain order (rise in P3HT chains disorder), which improves nanocomposite absorption
[28]. This elucidate on the charge transfer from the donor polymer to the acceptor carbon-
based GO.

4.3.5 Photoluminescence analysis

In Figure 4.6 (a) we have the emission spectra of P3HT and P3HT/GO thin films acquired at
different excitations. Figure 4.6 (b) presents the contour map that is an array of emission
spectra collected at various excitation levels, where the luminescence intensity depends on
the excitation and emission wavelengths. We noticed gradual decrease in emission for both
P3HT and P3HT/GO thin film nanocomposite as the excitation wavelength was increased.
This phenomenon shows that the excitation wavelength influences emission intensity in a
comparable manner. We assume that charge transfer based on excitation is what is
responsible for the emission intensity quenching in P3HT and P3HT/GO thin film

nanocomposite.
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Figure 4. 6 PL emission spectra, (b) contour maps of P3HT and P3HT/GO thin film
nanocomposites excited at different wavelengths.

Upon exciting at a wavelength of 360 nm, we obtained a strong fluorescence emission
peaking at ~ 610 nm. In general, the P3HT emission is said to originate from defect states
upon radiative recombination of polaron-exciton pairs into Franck-Condon states [29]. The
luminescence emission of P3HT is remarkably diminished by growing GO with P3HT
indicative of charge transfer taking place at the interface of P3HT/GO thin film
nanocomposite. This is primarily caused by increased electrostatic attraction between the
backbones of P3HT and GO, which changes the planarity of the P3HT [29]. Moreover, the
intensity decrease is linked to GO which confines the photoemission following electron
transfer from P3HT to the GO as a result of exciton dissociation. The variations in intensity
takes place due to alteration in defect density. Zheng et al. [30] assigned the intensity
decrease to weakening of the interchain connections of P3HT when incorporating GO sheets,
indicating that P3HT/GO thin film nanocomposite has a substantial hetero interface. Similar
intensity decrease has been reported by Bkakri et al. [31] using energy level diagram of
P3HT:Graphene thin film nanocomposite depicting charge transfer mechanism. The
observed correlation puts GO as suitable nanomaterial to serve as electron acceptor in
photovoltaic devices. Contrary to our observation, Saini et al. [29] witnessed the
enhancement in fluorescence emission embedding GO in the nanocomposite. Contrary to
pristine P3HT thin film, the peak position of P3HT/GO thin film nanocomposite was blue
shifted to ~ 600 nm at different excitations in the order 360 — 392 nm. The blue shift is
believed to be caused by an increment in structural disorder of the polymer as witnessed in
the UV-vis results [32]. By citing the previous work on P3HT irradiated with Ni ion, this blue
shift shows the decreased conjugation length due to change in polymer conformation [33].

1
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The observed slight blue shift for PSHT/GO compared to pristine P3HT can be attributed to
increased percentage of short segments over long segments in the matrix owing to the
interface interaction of the nanocomposites [34 - 35]. The transition from blue to red in the
contour map indicates an increase in luminescence intensity. The extent to which the thin
film nanomaterials were highly emissive is shown by the red area. The most intense region
depicted by red colour reveals a shift to the shorter wavelength for thin film nanocomposite

contrary to pristine P3HT.

Table 4.1 Comparative study between PL dynamics of P3HT and P3HT/GO thin film

nanocomposites from the literature [29] and studies conducted here.

Literature Current work

Aey (nm) Ay (nm)
P3HT 650 and 688 610
P3HT/GO 650 and 688 600

Table 4.1 compares the emission spectra of P3HT and P3HT/GO thin film nanocomposites in
the current investigation to those reported in other studies. Bkakri et al. [31], acquired an
emission spectrum using 488 nm excitation that falls within absorption of P3HT in the
absorbance measurements. They attained two fluorescence maxima at 650 and 688 nm,
respectively. Following the addition of graphene, the observed emission bands were
quenched. The PL intensity quenching was attributed to the transfer of electrons from P3HT
to graphene because there were no extra spectral characteristics compared to those of P3HT.
In our results the emission of P3HT and P3HT/GO thin film nanocomposite was obtained at
various excitations taken from strong absorption presented in Figure 4.5. From pristine P3HT
thin film, we obtained maximum emission at ~ 610 nm which is then confined by creating
P3HT/GO thin film nanocomposite. Additionally, the emission spectra of P3HT/GO thin
nanocomposite is blue shifted to ~ 600 nm. It is generally known that the wavelength in PL
corresponds to the energy locations of the triplet state with respect to the ground state [31].
Thus, the change in peak position to the shorter wavelength leads to widening of the energy
gap between the ground singlet state and the lowest triplet state. Therefore, the witnessed
blue shift may be responsible for P3HT structural irregularity, i.e. the interaction at the

interface of P3HT/GO minimizes the lattice deformation leading to the reduction of emission
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intensity. This is consistent with SEM findings where we observed morphological alteration

to nanoflakes for P3HT/GO thin film nanocomposite

4.4 Conclusion

The study conducted here focused on the growth of GO and P3HT thin films using
chemically prepared nanomaterials. The interaction among GO and P3HT thin films was
conducted using various spectroscopic techniques. The existence of groups containing
oxygen confirmed by FTIR corroborated the significant interaction between GO and P3HT
thin films. The increase in absorption spectrum demonstrated the m-m interaction between
P3HT and GO thin films. Furthermore, the PL findings demonstrated that GO restricts the
photoemission of P3HT, causing emission quenching. This interaction between P3HT and
GO is indicative of the transpired superior charge transfer at the interface. The work
generally offers guidance on coating multilayer thin film structures for photovoltaic

applications.
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Chapter 5: Growth and Characterization of Hybrid (HoGO/P3HT)
Graphene-Based Nanostructures for Photovoltaic Applications

5.1 Introduction

In-depth scientific research on renewable energy sources that can displace traditional fossil
fuels has been conducted for a very long time. There is a growing need for renewable and
ecologically acceptable energy sources. This has led to the development and testing of
numerous types of photovoltaic cells, including those made of silicon, organic dyes,
conducting polymers, graphene, and the hybrid cells [1]. When addressing global energy
crisis, hybrid organic-inorganic thin film nanostructures, particularly organic semiconductors,
are of interest. Organic conducting polymers are one of the materials of interest in the class of
hybrid nanostructures because they have intriguing chemical structures.

Due to their remarkable optoelectronic capabilities and ease of preparation from solutions on
a wide scale, semiconducting polymers have attracted considerable interest. The most
adaptable polymer semiconductors being studied for many applications, including field-effect
transistors, supercapacitors, and solar cells are polythiophenes, particularly poly (3-
hexylthiophene) (P3HT) [2, 3]. Studies have demonstrated that modifying these polymers'
surface morphologies with a functional layer of nanoparticles has a considerable impact on
the effectiveness of manufactured devices [4]. However, because of the intricate semi-
crystalline microstructure, which is made up of crystalline and amorphous domains,
determining charge mobility continues to be difficult. Making use of novel nanomaterials
with vast surface areas as active components is one strategy to enhance charge mobility. The
nanomaterial of choice in this situation is graphene and its derivatives, whose substantial
surface area might be employed to accept transferred charges. The conducting polymers and
graphene have previously been produced separately and combined in a solution to create
composite nanostructures [5, 6]. However, the performance of photovoltaic devices was fairly
low due to the re-stacking property of graphene oxide layers. To improve the charge transport

properties, we created HoGO nanocomposite by combining GO with holmium (Ho).

Holmium fall under the group of rare earth ions known as lanthanide, it has a number of
intriguing characteristics, including strong magnetic moments and luminescence. The latter is
demonstrated in photostable up-conversion nanoparticles, from which the transfer of energy

amongst two elements (for example, erbium and ytterbium) results in multicolor
I ——
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luminescence [7]. Because of the peculiar configuration of 4f electrons in Ho, it belongs to a
class of elements having distinctive catalytic, magnetic and optical properties. It has one of
the highest magnetic moments of any element, however, we are more interested in its
spectroscopic properties. The addition of Ho ions into a host matrix by concept of doping can
exhibit outstanding properties. This indicates that it can significantly reduce the charge
recombination of photoinduced electrons and holes in semiconductors and increase

photocatalytic activity and photosensitivity.

In this work, we discuss the effect of incorporating Ho as a dopant into GO for the formation
of HoGO nanocomposite. The generated HoGO nanocomposite is then utilized as
HoGO/P3HT thin film to be applied in optoelectronic devices for solar energy harnessing.
The performance of grown HoGO/P3HT thin film nanocomposite is extensively investigated
using structural, morphological and optical techniques to verify functionalization and
interface interaction. The obtained results in this study shows that Ho in Go exhibit

improvement in optical properties as those of ZnO doped with Ho for photovoltaic devices.

5.2 Experimental
5.2.1 Preparation and thin film growth using GO, Ho and P3HT

The method used to prepare P3HT for experimentation is similar to that described in our
previous chapter [8]. We have used the modified Hummers method described by Khenfouch
et al. for the synthesis of GO [9]. Prior to preparing holmium solution, we prepared sodium
hydroxide (NaOH) solution by adding 0.1 g of NaOH in 50 ml of distilled water and we
continuously stirred the solution for 10 min for complete dissolution of NaOH. Then, a 0.5 g
of holmium (111) Nitrate (Ho(NOs3)3) was added into 40 ml of distilled water and stirred for 30
min. Thereafter, 10 ml of the NaOH solution was added to 40 ml of the Ho(NO3)s inside a
china dish followed by heating at 90 °C for 24 hours in an oven. The solutions were mixed in
a 1:1 Ho:GO molar ratio and ultrasonically agitated for 30 min to create the inclusion
complex for the HOGO nanocomposite. The 1.2 x 1.2 cm? ITO substrates were used for thin
film deposition and they were cleaned sequentially in DI water, ethanol and acetone for 15
min before deposition. To avoid polymer pre-aggregation and solution gelation, the P3HT
solution was pre-heated at 50 °C for 15 min before coating [10]. Drop casting method was
used to deposit thin film nanostructures onto the ITO substrates. Thin film nanostructures

were dried in an oven at 50 °C for two hours right after deposition to get rid of any residue.
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5.2.2 Thin films characterization

The purity and phase of created thin film nanostructures were acquired by X-ray diffraction
technique in reflection mode (Bragg-Brentano geometry) utilizing a Rigaku Smart Lab
diffractometer coupled with CuKa (1.54181&) radiation. The surface morphology analysis
was probed using the Field Emission Scanning Electron Microscope (FE-SEM) model
(Shimadzu ZU SSX-550 Superscan). The stretching vibration alteration and formation of
chemical bonds were studied in the scan range 400 to 4000 cm™ by FTIR model PerkinElmer
spectrometer. The absorbance studies on the thin-films were conducted in the range 250 - 800
nm using PerkinElmer spectrometer model 1050 UV/VIS/NIR Lambda coupled with an

integrating sphere.

5.3 Results and discussion
5.3.1 XRD analysis

Figure 5.1 shows the XRD patterns of P3HT, HoGO and HoGO/P3HT layered
nanostructures. The spectrum of pristine P3HT presents an amorphous basis of the polymer
dominated by (100) peak at ~ 5.7°, which conform with XRD results of P3HT reported
elsewhere [8]. Moreover, the spectrum has the ITO peaks denoted with asterisk (*) at 260
positions ~ 21.5°, ~ 30.5° and 35.4°. From the HoGO nanocomposite, we observed the Ho

peak marked with (#) at 26 ~ 9.91° to confirm its presence in addition to ITO peaks.
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Figure 5. 1 XRD spectra of P3HT, HoGO and HoGO/P3HT layered nanostructures.
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For the HOGO/P3HT layered nanostructure, the Ho diffraction patterns were broadened and
ITO peaks are pronounced showing the reduction in crystallinity of the nanocomposite.
According to the report by Zhao et al. [11], crystallization of P3HT is hindered by the
crystalline entities upon interaction with other nanomaterials which causes less ordering of
polymer moieties. In the multi-layered nanostructures, the GO peaks were masked by highly

intense diffractions coming from Ho and glass substrate.

5.3.2 SEM analysis

Figure 5.2 (a) presents the agglomerates of small spherical nanoparticles for P3HT layered
nanostructures. The results show that the nanoparticle distribution in relation to the substrate
is not uniform as there are chunks of nanoparticles and some islands between them. The non-

uniform morphology is caused by sensitivity of polymer to the thin film thickness [12].

y Y 10/19/2017
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Figure 5. 2 SEM images of (a) P3HT, (b) HoGO and (c) HOGO/P3HT layered nanostructures.
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The agglomeration of particles indicates the orientation and distribution of m-stacked
aggregates inside an amorphous matrix of the polymer. Numerous investigations have
indicated that the molecular weight, regioregularity, and polydispersity of regioregular P3HT

have a significant impact on its surface appearance [13, 14].

Figure 5.2 (b) presents SEM morphology of HOGO where we observed mixed nanostructures
such as wrinkles symbolizing GO sheets and rod-like structures showing successful doping
with Ho®* ions. In Figure 5.2 (c) we have the SEM image of HOGO/P3HT which presented a
smooth surface morphology and small islands. The small islands that have been noticed are
the result of degassing during drying process. This demonstrates that diffusion took place at
the interface between HoGO and P3HT. Our findings are in line with the results by Tian et al.
[15] who declared that the organic substances, such as polymers and tiny molecules, are more

comprehensible and frequently used as components to modify nanoparticle morphology.

5.3.3 FTIR analysis

Figure 5.3 presents the FTIR spectra which assist in analysing different vibrational

frequencies of the layered nanostructures in the frequency range 4500-500 cm™.
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Figure 5. 3 FTIR spectra of P3HT, HoGO and HoGO/P3HT layered nanostructures.

From the acquired information on different layered nanostructures, there is a carbon related

peak at ~ 2364 cm™ which originates from environmental CO2 due to its hygroscopic
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property. The spectrum of pure P3HT presented primary vibration bands at the following

positions ~ 671, ~ 819, ~ 1035 and ~ 1307 cm™ which symbolize the aromatic out of plane
=C-H vibration band. These vibration bands are well known to come from 2.5-disubstituted-

3hexylthiophene for rr-P3HT chain conformation [16]. Moreover, we have seen the C-H
vibration band at ~ 1460 cm™ which relates to the symmetric and aliphatic C-H stretching

vibrations at positions ~ 2856 and ~ 2924 cm™.

We have seen a small band at ~ 1750 cm™ which is assigned to C=0 stretching vibration.
This band verifies the existence of the ester group and it is enhanced for the HOGO/P3HT
layered nanostructure. The HoGO layered nanostructure has only small bands around ~ 2000
and ~ 2171 cm™ which represent the oxygen containing groups on the surface. Four distinct,
strong adsorption peaks were observed at ~ 1241, ~ 1362, ~ 1436 and ~ 1750 cm™ for
HoGO/P3HT layered nanostructure. These peaks are associated with the C-H vibration band,
indicating that the thiophene has partially decomposed [17]. Only for P3HT there is a band
centred at ~ 3267 cm™ that indicate water absorption on the surface of P3HT. A decrease in

HoGO/P3HT vibrational frequencies may be due to interface oxygenation.

5.3.4 UV/VIS/INIR analysis

Figure 5.4 represents a typical absorption measurement which is useful in assessing the level

of intra and interchain order in layered nanostructures containing P3HT.
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Figure 5. 4 UV-Vis spectra of P3HT, HoOGO and HoGO/P3HT layered nanostructures.
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When comparing individual layered nanostructures, P3HT appeared to be more absorbing in
the wavelength region 300 - 600 nm. The spectrum for HoGO layered nanostructure has a
smaller absorption in comparison to P3HT. The creation of multilayered HoGO/P3HT
nanostructure improved the absorption characteristics that led to absorption increase in the
wavelength range 600 - 800 nm. Moreover, we observed similar characteristics of absorption
for HOGO and HoGO/P3HT layered nanostructures due to their interface interaction. This is
due to the fact that the arrangement of organic elements remains the same after the thin layer
has dried entirely. Some studies revealed that when the interchain interaction between
organic compounds is altered, the absorption maxima frequently shift to the blue or red
region [16, 18]. However, we found no wavelength shift, showing that the interchain
interaction is not the cause of the increased absorption. We attribute the improved absorption
to an increase in internal reflection brought on by a different configuration of organic
components in thin films. Absorption increase for HOGO/P3HT between 600 - 800 nm may
have been caused by extremely delocalized electrons with low charges generated along the
backbone of the m-conjugated thiophene upon development of multilayered nanostructure
[19].

5.4 Conclusion

The research conducted here extends the scope of growing thin film nanostructures by
employing GO doped with Ho in the active layer of organic solar cells in conjunction with
P3HT. The grown thin film nanostructures were characterized using various spectroscopic
techniques to confirm the interactions at the interface. The XRD results revealed pure phases
of the prepared nanostructures without impurities. The surface morphology of Ho doped GO
resembled combination of sheets and rod-like structures which changed due to infiltration of
polymer upon growing P3HT. Changes in FTIR stretching and vibrational modes provide
evidence of chemical interaction at the interface of thin film nanostructures. From optical
absorbance measurement we observed the enhancement in absorption for the HOGO/P3HT
thin film nanostructure over a wide spectral range. These discoveries can be used to create

hybrid nanostructures based on graphene in organic solar cell technology.
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Chapter 6: The Effect of Deposition Method and Thickness Dependence on
the Growth of P3HT Donor Material for Organic Photovoltaic Devices

6.1 Introduction

The on growing energy demand globally has led to serious environmental pollution and
global energy shortages [1]. To overcome these challenges, renewable energy resources are
promising as they can address the need for sustainable development by replacing fossil fuels
[2]. Thus, organic photovoltaic (OPV) devices have been steadily developed to assist with
energy shortages. Progress has been made on development of OPV solar cells but there is a
lot of competition from traditional all-organic and arising perovskite solar cells. Poly(3-
hexylthiophene-2,5-diyl) (P3HT), which can be easily synthesized at a large scale and is
inexpensive to produce, is the material that is most frequently researched in OPV [3]. A lot
need to be done on the molecular level engineering of P3HT in order to achieve highly
efficient OPV devices. Over the past decade extensive research has been conducted on the
use of P3HT but the effect of various deposition methods and thickness dependence is
missing for application in OPV devices [4]. P3HT is one of the stable semiconducting
organic polymers which can be utilised for fabrication of devices as it is amorphous in nature
and when compared to inorganic semiconductors it has less mobility [5]. Mostly it is used as
an electron donor due to its outstanding optoelectronic properties that allows devices to reach
higher power conversion efficiency (PCE). Furthermore, it surpasses other conductive
polymer materials due to its conjugated structure that provides x electrons which facilitates
conduction [6]. Other advantages include good environmental and thermal stability, excellent
chemical and physical properties, higher energy storage and increased electrochemical
performance [7, 8]. The thin film characteristics such as crystallinity and thickness among
others play a vital role on the entire device functioning. To obtain highly crystalline layers of
P3HT, it is necessary to pre-aggregate nanofibrils in solution and then deposit those
aggregates on a substrate. These enable the dissociation of crystallization from the process of
thin film deposition. However, thin film formation for the device fabrication requires cheap

and fast techniques to create homogenous films at a large scale.

Opting for the best deposition technique that gives uniform thin films is a unique feature for
layered nanostructures for application in photovoltaic devices. It is noticeable that there are a
lot known, well developed deposition techniques such as dip-coating [9], electro coating [10],
spray pyrolysis [11], spin-coating [12], drop-casting [13] and electrospinning [14]
I ——
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respectively, well implemented to achieve thin-films of high quality mainly for device
fabrication. Some of these methods make the processing easily scalable and utilize the
material in a cost-effective way than others. Noebels et.al. reported on the use of spray-
coating method for growing polymers for photovoltaics, wherein they encountered roughness
of the surface after coating to be the main drawback [15]. Additionally, the droplets formed
in spray atomization translated into crater-like structure in films on substrates, with relatively
flat central areas and markedly raised edges. It is well known that deposition of conjugated
polymers is conducted from solutions prepared using some good solvents such as chloroform
etc. with techniques such as spin-coating, doctor-blading, dip-coating and inkjet-printing
[16]. Brinker et al. reported that the crystalline structure of thin films may be affected by the
deposition method choice, such as dip-coating and spin-coating [17]. Spin-coating has been
the industry standard for a long time when fabricating optoelectronic devices over length
scale of up to 10 of cms [18, 19]. But there are limitations associated with this technique,
whereby a huge fraction of the active materials is unavoidably wasted during deposition
process. Recently, a variety of active materials have been used to examine this adaptable,
trustworthy, and affordable technology for application in optoelectronic devices. On the other
hand, drop-casting is a very simple and important technological method to manufacture
single or multilayer films for various application [20]. In practice, this method produces thick
films of good quality, but it is difficult to control the thickness. Among others,
Dhatchinamurthy et al. explored the use of dip-coating method for solar cell applications and

declared it to be easy, smooth to handle and cost effective [21].

It is worth noting that OSCs typically comprise a multilayer nanostructure from which the
layers in the device may be formed by using different deposition techniques. To the best of
our knowledge, there are only few reports on the use of dip-coating method into the world of
polymer solar cells. The results obtained in this study will enlighten us of possible reasons
why this method has not been fully followed. With regards to commercially viable
techniques, production at a large scale is still a big challenge encountered by a lot of
researchers. Therefore, it is of high importance to come up with new manufacturing processes
and/or improve the existing to fine tune their capabilities so that thin films of large areas and

various shapes can be developed.

We report a comparative study on various thin film deposition methods (spin-coating, dip-
coating and drop-coating) and establish thickness dependence of P3HT thin film based on

structure, morphology and optical properties. Thin films were deposited using P3HT solution
I ——
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with the same concentration to get better control over nanoparticles distribution, quality and
thickness. The interest in processing of OPV devices has mainly been on the properties of
various materials used to produce polymer composites and we report on the capabilities of
various deposition methods used to achieve enhanced charge transport from the donor
material. Discovering simple, rapid and cost-effective deposition method for growth of thin-
films using functional nanomaterials is of great importance for their potential applications.
The results demonstrated that various deposition methods produced P3HT thin films with
varying thicknesses that affected the thin film structure, surface morphology and optical

properties.

6.2 Experimental
6.2.1 Nanomaterial preparation and coating procedure

We purchased pure regioregular poly (3-hexylthiophene-2,5-diyl) (rr-P3HT > 99%) and
chlorobenzene (CB anhydrous, 99.8%) from Sigma-Aldrich Co. South Africa and utilised

them in their analytical grade state without any purification for thin film deposition.

The 5% concentration of P3HT solution was prepared using chlorobenzene as a solvent for
dispersion according to the procedure outlined in our previous studies [22]. Before the
deposition, the 2 cm X 2 cm non-conductive glass substrates were carefully cleaned
sequentially inside ultrasonic bath using deionised water, acetone, iso-propanol and ethanol,
respectively. The non-conductive glass substrates were then treated with UV-ozone to

improve the hydrophilia of the surface. Micropipette was used to extract 50 z of P3HT

solution for both spin-coating and drop-coating procedures. Spin-coating was performed at
4000 rpm for 50 s and for drop-casting we ensured that the solution is distributed all over the
substrate. Dip-coating experiments were conducted by immersing a glass substrate into P3HT
solution for 20 s and withdrawn at a speed of 2 mm/s, allowing the liquid solution to flow
freely with self-gravity. The thin film formed at the backside of the non-conductive glass
glass substrate was cautiously cleaned using polyester swabs moistened with ethanol. After
dipping, the non-conductive glass substrate was dried on a hotplate at temperature of 60 °C
for 20 min and the process was repeated 10 times to allow the solution to stick on the non-
conductive glass substrate. Finally, the grown thin films were all soft annealed at 125 < C for

5 min on a hot plate prior characterization. Typical P3HT thin film thicknesses were
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determined using profilometer and were found to be ~ 31 nm spin-coated, ~ 83 nm dip-coated

and ~ 148 nm drop-coated.

6.2.2 Thin film characterization

The crystal structure of the thin films was identified using Rigaku Smart-Lab X-ray
diffractometer (XRD) equipped with nickel-filtered Cu Ko (A = 0.154 nm) monochromatic
radiation generated at 45 kV and 200 mA at room temperature over 20 range 5-90°. Raman
spectroscopy was used for structural analysis using Horiba Scientific Xplora with Laser light
excitation wavelength ~ 532 nm. The morphological analysis of the thin-films was probed by
the field emission scanning electron microscopy (FESEM), model JSM-7800F from JEOL
Ltd. equipped with an Ultra-Dry EDS detector. The optical properties of thin films were
recorded in absorption mode using PerkinElmer Lambda spectrometer, model 1050
UV/VIS/NIR equipped with integrating sphere in the wavelength range 300-800 nm. The
emission characteristics of the material were probed using Horiba Fluorolog-3 -
Photoluminescence (PL) system with Xenon lamp 450 W, as excitation source and signal was
captured using PMT detector. The emission spectra were collected under an angle of 25°
relative to the substrate normal. The PL decay dynamics were measured using time-correlated
single photon counting (TCSPC), Model: F980 methodology, Edinburgh Instrument excited
with 400 nm pulsed laser. The instrument response function (IRF) was < 100 ps. The
thicknesses of P3HT thin-films were estimated using conventional contact-type surface
profilometer with a 12 um tip (Dektak 6M Veeco, US).

6.3 Results and Discussion
6.3.1 XRD analysis

In order to study the structure of P3HT thin films grown using different deposition methods,
XRD spectra was acquired as illustrated in Figure 6.1. The obtained crystal structure of P3HT
thin films from three different methods reveals two diffraction peaks with 26 values around ~
6.65 and ~ 22.2 °. The main diffraction peak at ~ 6.65 ° is attributed to the interchain
arrangement of P3HT linked with the interdigitated alkyl chains [23].
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Figure 6. 1 XRD patterns of P3HT thin films grown using various deposition methods.

There is a gradual change in broadness and intensity of P3HT wherein drop-coated P3HT
appears to be narrower and have the highest diffraction intensity. We confirmed differences
in broadness by calculating the full width at half maximum (FWHM) by fitting a Gaussian
curve to the peak at ~6.65 °. The FWHM were obtained to be: ~ 10.1 spin-coated, ~8.25 dip-
coated and ~6.77 ° drop-coated, respectively. The cause of differences in broadness could be
due to inhomogeneous strain related to lattice parameters [24]. Cheng et al. [25], attributed
higher intensity and narrow half-width of [100] diffraction peak to the formation of large
crystal size. This infer to agglomerated P3HT forming crystallite particles which diffracts
more giving rise to the intensity than homogenously distributed particles from spin-coated
and dip-coated thin films. Other than the variations in diffraction intensities and broadness of
the peaks which indicates the order of organization of the structures, the spectra of P3HT thin
films is dominated by the amorphous nature of the polymer. The observed variations on
structure of P3HT agrees with the report by Brinker et al. [17], who suggested that the
crystalline structure of thin films may be affected by the deposition method chosen. Shalu et
al. [26], reported on crystallization of P3HT thin films cast in two different solvents
(Chlorobenzene (CB) and Chloroform (CF)) mainly focusing on (100) diffraction peak in the
lower 260 region. They indicated that, spin coated pristine P3HT has a weak diffraction peak
which corresponds to the ordered self-organised lamella structure with an interlayer spacing,
created by stacks of P3HT main chains oriented in parallel. Those main chains are said to be

divided by regions packed with alkyl side chains [27, 28]. The arrangement of the polymer
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chains and crystallinity are shown to have a significant impact on the photo-response in

optoelectronic devices [26]. The crystallinity is improved by increasing thin film thickness.

6.3.2 Raman analysis

Further structural analysis on P3HT thin films grown using various deposition methods has

been conducted using Raman technique as shown by the spectra in Figure 6.2. From 500-

1200 cm™ region, weak vibration bands can be seen which symbolises P3HT molecules.

— Spin-Coated
— Dip-Coated
Drop-Coated

Intensity (arb.units)

v ] v L L] L] L} 1
600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Figure 6. 2 Raman spectra of P3HT thin films grown using various deposition methods.

The obtained data as shown in the spectra elucidate the presence of resolved bands in the

range 1400-1600 ¢M™. The most dominant peak is located at ~ 1452 ¢m™, which is
attributed to symmetric C = C stretching vibrations of the thiophene ring [27]. The peak

position, line width and intensity for the ~ 1452 cm™ Raman mode are said to be highly

sensitive to the molecular ordering [28]. Moreover, the ~ 1452 cm™ mode possess symmetry

with respect to the conjugation direction. Rahmani et al. [29] reported on two peaks we did
not obtain at ~ 1380 and ~ 1575 Cm‘lassigned to the C —cC intra-ring stretching modes of

P3HT. Studies showed that Raman bands of P3HT at positions ~ 1380 and ~ 1452 cm™ are

supposed to be sensitive to m-electron delocalization or conjugation length of P3HT
molecules [30, 31]. Veerender et al. declared that the ~ 1380 cm™ Raman band is insensitive

to the degree of molecular order and to the excitation wavelength [32]. From our results, it
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can be clearly seen that the ~ 1452 cm™ vibration varies in intensities. The peak for drop-
coated thin film is highly intense than the spin-coated and dip-coated thin films. Tsoi et al.
indicated that the stronger the relative intensity of C = C mode compared with C —C mode
represents a decrease in planarity of the P3HT chains and the enhanced electron-phonon
coupling of € —C mode, lastly the improved charge transfer from C = bonds [28]. Thus,
this is the reason why € —C mode is suppressed in our results symbolizing highly ordered

drop-coated thin film over spin-coated and dip-coated P3HT thin films.

6.3.3 SEM analysis

In order to study the effect of deposition methods on the surface morphology of P3HT thin
films, SEM images are presented in Figure 6.3. The SEM of P3HT deposited using spin-
coater reveals clusters of nanoballs distributed uniformly over the surface as presented in
Figure 6.3 (a). Figure 6.3 (b) presents SEM of the dip-coated P3HT showing nanoballs
morphology with some islands in between.

f- o
&£e°

—
-— 100nm JEOL 9/8/2017 - 100nm JEOL 9/8/2017

x33,.000 8.0kV LED SEM WD 10.1mm 11:39:39 x33,000 8.0kV LED SEM WD 10.1mm 11:28:14

100nm JEOL 9/8/2017
SEM WD 10.1mm 11:33:19

Figure 6. 3 SEM images of P3HT thin films grown using various deposition methods: (a)
spin-coating, (b) dip-coating and (c) drop-coating.
I ——
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The observed islands depict areas which were not well coated with P3HT during dip-coating
process. This symbolizes strong thickness variations for dip-coated thin film that generated
highly agglomerated particles in certain areas and isolated particles in other parts. Hu et al.
[33], indicated that with dip coating, in terms of solvent evaporation and thin film formation,
a room temperature of 20 °C produces a uniform film and dependable coating. P3HT thin
film obtained from drop coating method presented in Figure 6.3 (c) shows nanoballs which
are highly clustered with enlarged size than those from other methods. The enlargement in
nanoballs morphology agrees with the increase in crystallite size observed in XRD for the
drop-coated thin film. The clustering of nanoballs is due to gravitational agglomeration where
clusters are formed as a result of particles that were settling more quickly catching slower
settling particles [34]. Cluster formation is a dynamic process when coating using drop-
casting method as drops come together under quiescent conditions caused by van der Waals
forces and Buoyant force. In between nanoballs morphology there are some small pores

attributed to degassing induced by soft annealing of the thin films.

Similar nanoballs morphology on electrodeposited TCTA polymer material was reported by
Chai et al. [35]. Overall, the clustered morphology of P3HT indicates that it is highly
cohesive, which is a crucial property that enables it to transfer charges when used in
optoelectronic devices. It has been reported that distinct organic thin films (OTFs) have
different morphologies since they can't be manufactured under the same fabrication

conditions, which leads to these morphological variances [36].

6.3.4 FTIR analysis

Figure 6.4 presents the FTIR spectra of P3HT thin films grown using different deposition
methods. The results obtained from three deposition methods are comparable to one another
as they exhibit similar peaks at essentially identical frequencies, indicating similar structure
of the deposited P3HT thin films. Other than that, there are negligible differences in the
intensities or energies of certain peaks. Therefore, it can be reasonably deduced that
vibrational modes of P3HT does not rely much on the method of deposition. Moreover, the
change in thin film thickness produced neither an increase nor decrease in vibrational

frequencies.
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Figure 6. 4 FTIR spectra of P3HT thin films grown using various deposition methods.

The strongest absorption band is seen at ~ 2920 cm™ due to —CH , stretch vibration with

two significant absorption bands adjacent to it ~ 2958 and ~ 2852 cm™ corresponding to the

—CH, asymmetry and —CH,, stretch vibration. The two bands observed near ~ 1462 and ~

1506 c¢cm™ are assigned to the C =C symmetric ring stretching vibration and C =C

asymmetric ring stretching vibrations, respectively. The thiophene peak prevails at ~ 1379
cm™ and is attributed to the C —S stretching mode. The elongated characteristic peak at ~
821 cm™ confirms the existence of aromatic c —H out of plane vibrations which is a

characteristic of (3-hexylthiophene-2, 5-diyl) [37]. The P3HT peak at ~ 735 cm™ represents

the methyl (CH,) rock band. In general, the obtained results from three various methods of

deposition are consistent with the work we reported earlier for pristine P3HT [22].

6.3.5 UV-vis analysis

Figure 6.5 (a) depicts the normalized absorption spectra of P3HT thin films grown using
different deposition methods. The spin-coated P3HT thin film reveal the absorption
maximum at ~ 450 nm that originates from m-1t+ transitions [38]. At ~ 590 nm there is a well
resolved shoulder which is induced by vibronic advancement of the C=C stretching mode
that assists with the formation of the P3HT crystalline domains in the film [39]. It is said to
be indicative of the inter-chain modification of pristine P3HT thin films [31]. The absorption

at ~ 450 nm is blue shifted for the dip-coated P3HT thin film and it is abnormal to see this
I ——
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blue shift which is said to relate to defect states within the bandgap of P3HT thin films [40,
41]. This defect states can be attributed to variations observed in surface morphology formed
by different deposition methods leading to different thicknesses of the thin films that
alleviated the insertion of oxygen or humidity into P3HT thin films. The other absorption
edge is observable at ~ 510 nm which is in line with the m-mt* transition of conjugated P3HT
chains [42]. The drop-coated P3HT thin film present enhancement in absorbance maxima
concomitant the change in shape and peak wavelength observed for the dip-coated P3HT thin
film. This indicates that the drop-coated P3HT thin film has a higher degree of ordering. We
presume the enhancement in absorbance is provoked by an increase in P3HT thin film
thickness. Cavallari et al. [43], noticed modification of shape and shifting of peak position for
P3HT with an increase in thin film thickness upon normalizing absorbance spectra of P3HT.
This shows that the greater the thickness of an active layer the higher the chances of
harvesting more photons. The energy band gap of P3HT thin films was estimated using
Tauc’s plot [44] by extrapolating the linear fitted line in the (ahv) vs hv plots corresponding
to the fundamental absorption edge region as shown in Figure 6.5 (b). Upon increasing P3HT
thin film thickness we observed a reduction in energy band gap at ~ 1.93 eV for spin-coated,
~1.91 eV dip-coated and ~ 1.92 eV drop-coated P3HT thin films, respectively. The variation
in energy band gap is marginal. These smaller energy band gap values denote an increase in

conjugation lengths than the spin-coated P3HT thin film [45].

Spin-Coated P3HT —— Spin-Coated P3HT (b)
—— Dip-Coated P3HT —— Dip-Coated P3HT
Drop-Coated P3HT Drop-Coated P3HT
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>
=
3
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02
192 eV
1.91eV
1.93 eV
0.0 T v T v T v T v
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Wavelength (nm) Photon Energy (eV)

Figure 6. 5 (a) UV-Vis absorption spectra, (b) energy band gap of P3HT thin-films grown
using various deposition methods.
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6.3.6 Photoluminescence analysis

Figure 6.6 depicts the PL emission spectra of P3HT thin films over the range 500-800 nm
grown using various deposition methods acquired at 410 nm photoexcitation which
corresponds to the strongest vibronic state in the absorption spectra. The spin-coated spectra
reveal partially two shoulders at ~ 637 nm and ~ 670 nm which corresponds to the (0-0) and
(0-1) transitions of aggregates in P3HT thin films [46]. The peak emission in the higher
wavelength region ~ 670 nm is said to indicate ordering in the P3HT lamella structure within
spherulites [47]. The PL intensity of dip-coated thin film is enhanced compared with spin-
coated thin film and further increase is noticed for drop-coated thin film which may be
correlated with higher absorption of photons. The enhancement in the emission intensity
denotes that the defect density increases with P3HT thin film thickness. This elucidates that
as P3HT thickness increases, more photons are absorbed leading to the increase in the
emission intensity. It is of noting that the enhancement mainly occurred to the ~ 637 nm peak
which is also blue shifted denoting the change in polymer conformation while the ~ 670 nm
peak remains at the same position. Based on literature reports, the enhancement in PL
emission intensity is provoked by the increase in thin film thickness [48]. Moreover, the blue

shift denotes the change in conjugation length and ordering in the polymer chains [31].

= Spin-Coated
e Dip-Coated
A Drop-Coated

7‘Ex= 410 nm

Intensity (arb.units)

T T T T v
600 650 700 750 800

Wavelength (nm)

v T
500 550

Figure 6. 6 PL emission spectra of P3HT thin films grown using various deposition methods.
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6.4 Conclusion

In this work different deposition methods for growing P3HT thin films were investigated
with the goal of identifying ideal coating techniques for OPV devices. A comparative study
on P3HT thin films deposited using spin-coating, dip-coating and drop-coating methods is
conducted and thin film thickness dependence is evaluated. XRD results indicated that drop-
coating method yields highly crystalline P3HT thin film based on high intensity of the
diffraction peak and a reduction in FWHM which is vital for photo-response in
optoelectronics. SEM micrographs indicated that spin-coating produces uniformly distributed
nanoballs morphology while other methods demonstrated agglomerates with voids in
between. The increase in thickness of P3HT thin film led to enhanced optical properties with
reasonable energy band alignment. We observed considerable differences in PL emission
intensity of P3HT thin films from various deposition methods. The enhancement in PL
intensity with the increase in thin film thickness was indicative of an increase in the number
of defect states. In terms of crystallinity and optical characteristics the drop-coated P3HT thin
film provides the potential to lead to efficient charge transfer as a donor material in OPV

devices.
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Chapter 7: Interactions in GO/P3HT Layered Nanostructures:
Spectroscopic Investigation for Organic Solar Cells

7.1 Introduction

Currently photovoltaic (PV) devices are more viable and promising non-polluting way of
generating electricity that would replace conventional fossil fuels. Nanotechnology is a wide
interdisciplinary research area that has the capacity to solve global energy problems in our
societies. The use of graphene has grown very rapidly all over the world for the past decade
as a super star nanomaterial for tackling energy challenges [1]. It is applicable in various
applications such as field-effect transistors (FETS), transparent electrodes and optoelectronics
devices [2, 3]. Graphene is widely used because of its remarkable characteristics like high
specific surface area, (theoretically 2630 m?/g for single-layer-layer graphene), electron
transport capabilities and extraordinary electronic properties as well as high thermal
conductivity (~5000 WmK1) [3, 4]. Furthermore, the unique characteristics of graphene
lead to tremendous attention on its derivatives that includes graphene oxide (GO) and
reduced graphene oxide (rGO) [1, 2]. The graphene derivatives have also gained attention of
researchers which led to wide usage in consumer products and industrial applications globally
[5, 6]. In particular, there are numerous ways to create composite materials based on
graphene using GO because the processes are readily scalable and may be less expensive [6].

GO nanostructures can be prepared using physical and chemical methods following the top-
down and bottom-up approaches. Among different methods implemented in efforts to prepare
GO nanostructures, there is microwave method [7], mechanical exfoliation from graphite [8]
and chemical exfoliation (chemical oxidation of graphite and subsequent reduction of the
exfoliated graphite oxide sheets) also called Hummer’s method [9]. Amongst these methods,
mechanical exfoliation is an easy method for producing graphene, although the yield is quite
small, and it is quite difficult to obtain high quality industrial production. Hummer’s method
which is a top-down approach is chosen in this study particularly because of the benefits like
cheap cost, big scale and high yield preparation of graphene sheets. Furthermore, it improves
the dispersion stability of the produced GO and is environmentally friendly, with no visible

surface flaws [4].

Graphene has been widely studied for functionalization using P3HT on the basis of n-n*

interactions between them [10]. Making use of the knowledge that both graphene and GO
I ——
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share the common features of delocalized and conjugated electron structures, we expect that
P3HT would show similar interactions with GO as it has shown with graphene. To our
advantage, the existence of oxygen containing functional groups such as (-OH, -COOH, -O-
etc.) in GO facilitates chemical functionalization in addition to bringing solubility for film
production through solution processes such layer-by-layer self-assembling [10,11]. To create
layered nanostructures in this study, we coated polymeric P3HT on top of GO layer. It is
widely known that P3HT-derived thiophene derivatives are high hole mobility materials with
substantial electron delocalization along the chemical backbone. Thus, P3HT/GO layered
nanostructured material have the capacity to improve device performance due to their
increased charge carrier mobility [12]. GO attracted a lot of attention as a new class of
efficient hole and electron extraction nanomaterial in solar cells. The creation of layered
nanostructures using GO and P3HT is likely to show enhanced interactions for the emerging
area of photovoltaic technology. The present work reports on simple and effective approach

for the preparation of layered P3HT and GO/P3HT nanostructures.

Hummer’s method was employed during synthesis of GO which is utilized for creating
layered nanostructures of GO/P3HT on a glass substrate. A comparison research between
P3HT and GO/P3HT is conducted to demonstrate potential applications of bilayer structure in
optoelectronic devices. The main objective is to investigate the chemical interaction between
GO/P3HT layered nanostructures. We discovered that n-n* interactions at the interface of
GO/P3HT play a vital role in generating highly dispersible GO sheets. This work provides
the direction on growing P3HT and tailoring its properties with GO in layered nanostructure

form, thus creating perspectives for photovoltaic devices.

7.2 Material and Methods
7.2.1 Materials preparation and deposition

The graphite powder (99 %), KMnOs (98 %), H2SOs4 (98 %), H202 (30 %), HsPOs,
chlorobenzene (99 %) and P3HT (99 %) respectively, were purchased from Sigma Aldrich
(South Africa) and were used as given without any additional purification. The solvents and
reagents employed during synthesis, characterization and fabrication of photovoltaic devices

were also purchased from Sigma Aldrich.
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Figure 7. 1 Schematic representation of (a) P3HT and GO upon interaction (b) GO/P3HT
layered nanostructures and their device architecture.

Figure 7.1 demonstrates the chemical structures of P3HT and GO upon interaction and the
fabricated solar cell device. The GO sheets were prepared following modified Hummers
method as reported elsewhere [13]. To create a 5% concentration solution, P3HT was
dispersed in chlorobenzene. On a magnetic hot plate with an ambient temperature of 80 °C,
the solution was agitated for 10 minutes. Then, the temperature was lowered to 50 °C while
the solution was constantly stirred for 1 hour, and it was cooled at room temperature after
that. The resulting orange suspension was used to grow layered nanostructures. The
2cmx2cmglass substrates were first cleaned in the ultrasonic bath sequentially using

acetone, ethanol and deionized (DI) water for 10 min each respectively. Thereafter, substrates
were dried at 50 °C prior coating. Micropipette was used to extract 50 | of both GO and

P3HT solution for spin-coating. GO solution was spin-coated at 1400 rpm for 1 min on a bare
substrate while P3HT solution was coated at 800 rpm for 50 sec on both bare substrate and
GO coated substrate. After coating, the P3HT and GO/P3HT layered nanostructures were soft

annealed for 5 min at 100 °C on a hot plate to remove residual solvents.

7.2.2 Materials and device characterization

The crystalline phases of the layered nanostructures were identified by Rigaku Smart Lab
Xray-diffractometer with CuKa (1.5418A) radiation. Scanning Electron Microscope (SEM)
(Shimadzu model ZU SSX-550 Superscan) was used to determine the shape of layered
nanostructures. Fourier transformed infrared (FTIR) spectrum of the layered nanostructures
was acquired by PerkinElmer spectrometer in the spectral range 400 - 4000 cm™. The optical
reflectance analysis was carried out in the 200 - 900 nm spectral range using a PerkinElmer
Lambda spectrometer, model 1050 UV/VIS/NIR. The time-resolved photoluminescence
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(TRPL) were conducted using a 400 nm pulsed laser and the response was captured using
time-correlated single photon counting (TCSPC), Model: F980 methodology, Edinburgh
Instrument. The instrument response function (IRF) was < 100 ps. The electrical
measurements were acquired under illumination using Keithley model 2400 digital source
meter. The voltage was swept between -0.5 to 0.5 V at the voltage interval of 0.01 V with the
current fixed at 2.5 A. The spectral mismatch between the solar simulator's emission
(NEWPORT class A, 1 600 W) and the global AM1.5G solar spectrum (IEC 60904-3 Ed. 2)
was rectified using a mismatch factor, and the solar simulator's irradiance was adjusted

correspondingly using a certified silicon reference cell in order to produce an equivalent

AM1.5G irradiance of one sun (100 mW Cm’z) on the test cells.

7.3. Results and discussion
7.3.1 XRD analysis

The XRD pattern of layered P3HT and GO/P3HT nanostructures are presented in Figure 7.2.
The pristine P3HT is dominated by a major diffraction peak at ~ 6.65 ° which is comparable
to (100) orientation of the P3HT polymer and its interlayer spacing is ~ 16.8 A. The most
intense diffraction found in polymer crystallites corresponds to the a-axis orientation (100)
pointing in the direction of the alkyl chains i.e. main polymer chains are parallel and alkyl
side chains are perpendicular to the substrate [14]. This peak is associated with the lamella
structure of thiophene rings in P3HT [15]. Furthermore, a broader peak is observed at ~ 22.08
° which is induced by the stacking of the chains within the main chain layer [16]. The
observed diffraction peaks are not sharp, which indicates that P3HT has an amorphous

structure.
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Figure 7. 2 The XRD patterns of the P3HT and GO/P3HT layered nanostructures.

The layered GO/P3HT nanostructure reveals a (001) reflection at ~ 11.1 ° which has an
interlayer spacing of ~ 7.23 A. Interestingly, no P3HT characteristic diffractions were
observed in the layered GO/P3HT nanostructure, indicating that highly crystalline GO
reflection masked diffractions coming from amorphous P3HT. The obtained (001) reflection
of GO seen in GO/P3HT has been shifted to higher diffraction angles due to interaction with
P3HT compared to diffraction of pure GO prepared using Hummer’s method which is
reported to be at 26 = 10.36 °, which corresponds to interlayer spacing of 8.53 A [17]. The
observed shift is due to decrease in interlayer spacing as the “edge-on” orientation of P3HT
lamellae facilitates the insertion of GO layers between P3HT lamellae [13]. The
aforementioned insertion enhanced interaction between layered GO/P3HT nanostructures by
increasing the number of interfaces. The highly crystalline diffraction of layered GO has been
reported elsewhere [12]. Stylianakis et al. [15], reported on the (002) main reflection of
stacks of GO with a 6.7 A interlayer distance and a finite number of layers ~ 18 positioned at
~13.2°.

7.3.2 SEM analysis

Figure 7.3 (a) and (b) shows the surface morphology of the prepared P3HT and GO/P3HT
layered nanostructures studied using the SEM analysis technique. The surface aspects of

pristine P3HT layer depicted in Figure 7.3 (a) appear featureless. This smoother surface
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shows that P3HT was uniformly distributed without cracks and segregation. The observed

surface morphology is consistent with the results reported by Khan et al. [18].

— 1pm
x10,000 5.0kV LED SEM WD 9.7mm

Figure 7. 3 The SEM images of (a) P3HT and (b) P3HT/GO layered nanostructures.

The SEM image for layered GO/P3HT nanostructure in Figure 7.3 (b) reveals slightly
wrinkled surface at the centre with stacked sheets towards the edges indicating GO layers.
These sheets are well connected and wrapped with thin layer of P3HT polymer. It can be
deduced that slight wrinkles dictate region of uniformly distributed GO sheets, while the
formation of stacks indicates agglomerated GO sheets. We believe the agglomerated GO
sheets towards the edges are induced by GO solution that drifted while experiencing
centripetal force that drove it radially outward to cover the surface of the substrate during
spin coating. One should notice that thinner layer and well dispersed P3HT allowed us to
observe the sheets of GO. This is presumably due to well intimate contact between the basal
plane of GO and P3HT that lead to strong interactions most probably between the n-orbitals
of the thiophene ring and GO. Sriram et al. [19], reported rod-like structures for pristine
P3HT and they indicated that GO/P3HT composites morphology changes between spherical,
particulate, flake-like and crumbled structures is based on the concentration of GO.

7.3.3 FTIR analysis

The linkage at the interface of GO/P3HT layered nanostructures were analysed in order to
investigate the bonding interactions using FTIR measurements in transmission mode as

shown in Figure 7.4 (a). From pristine P3HT layer we observed the primary bands at

positions ~ 2960, ~ 2925 and ~ 2855 ¢m™" that symbolizes aliphatic C — H stretching of
I ——
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P3HT. The absorption band at ~ 2960 cm™ corresponds to the —CH, asymmetry stretch

vibration, while bands at ~ 2925 and ~ 2855 cm™ represents —CH,, stretch vibration [16].
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Figure 7. 4 (a) FTIR spectra (b) enlarged view of P3HT and GO/P3HT layered
nanostructures.

The spectra further show a band at ~ 1462 ¢cm™ which is related to bending vibration of
C—H bond and the band at ~ 1510 ¢m™ is associated with asymmetric C =cC ring

stretching vibrations. The observed ~ 1378 cm™ c —H vibration band could be as a result

of partial decomposition of the thiophene [20]. Detailed evaluation of GO/P3HT layered
nanostructure reveals the emergence of vibrational bands at ~ 3372, ~ 3194 and ~ 1081 cm™

which are characteristic to contribution from GO. The c —0 bond at ~ 1081 cm™ represent

the stretching vibrations which affirm the existence of oxide functional groups after the
oxidation process [21]. Furthermore, GO/P3HT spectrum reveals a band at ~ 1648 cm™
which is assigned to the amide carbonyl stretching mode also called Amide | vibrational
stretch V(C =O) [22]. These variations indicate that interactions between GO and P3HT
leads to the derivatization of both the edge carboxyl and surface hydroxyl functional groups

via formation of amides [21]. The vibration band positioned at ~ 821 cm™ corresponds to
aromatic C —H out of plain vibration and it is the characteristic of (3-hexylthiophene)

which indicates the structure of P3HT contains rr-P3HT chains [10]. The characteristic band
at ~ 721 cm™ represents both methyl rock mode and the CH, rocking vibration. The

obtained characteristic features of P3HT and GO/P3HT layered nanostructures are similar to

those reported earlier [13].
I ——
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It is worth noting that P3HT and GO/P3HT layered nanostructures exhibited similar
vibrational frequencies with most peaks at essentially identical positions, but the relative
intensities of GO/P3HT layered nanostructures are reduced. To examine the structural

alteration, we are only using the ratio of two peaks (l,5,,/1,4, ) Shown in Figure 7.4 (b) from

which the average conjugation length of P3HT is decreased from ~ 1.20 to ~ 1.12 upon
growing GO/P3HT layered nanostructure. According to Furukuwa et al. [23], the relative

intensity of the IR mode at 1510 cm™ (asymmetric C = C stretching) is enhanced when the
average conjugation length increases. Smaller conjugation length is obtained corresponding
to a decrease in ordering of polymer matrix. We presume that, the observed decrease in
intensity of GO/P3HT vibrational frequencies signifies reduction in ordering of polymer
structure due to oxygenation when GO interacts with P3HT leading to structural deformation.
Therefore, the decrease in conjugation length further supports the XRD results where
decrease in interlayer spacing was observed due to insertion of GO layers within polymer

structure as the number of interfaces increase.

7.3.4 UV/VIS/INIR analysis

Figure 7.5 (a) shows the diffuse UV-vis reflectance spectra of the layered P3HT and
GO/P3HT used to investigate the absorption behaviour of the nanostructures. The reflectance
spectrum of pristine P3HT layer indicates absorption edge below 600 nm and it has highest %
reflectance of ~ 97 %. The absorption edge of GO/P3HT is red shifted compared to that of
P3HT. The observed red shift is associated with sufficiently increased chain motion, which
indicates an increase in the crystalline ordering that results in stabilization of the P3HT chains
[24]. According to study by Li et al. [25], the red shift is in accordance with the improvement
of light absorption capability of P3HT upon growing GO layer. It is observed that, upon
growth of the GO/P3HT layers the absorption band is a bit stronger indicated by decrease in
% reflectance. The observed stronger absorption is attributed to n-n* transition between
P3HT and GO because of presence of nanoparticles of various sizes [26]. This may possibly
be the result of a decrease in the chain segments' effective conjugation lengths in the
amorphous P3HT, which more closely localizes the exciton wave function and raises its
energy [27]. The undertaken interaction is linked to inter-chain order (a rise in P3HT chains'
disorder), which improves the absorption spectrum [28]. Thus, the decrease in % reflectance
for GO/P3HT provides proof that the donor polymer and acceptor GO underwent a charge
transfer reaction that produced a highly absorbent multilayer nanostructure.
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Figure 7. 5 (a) Diffuse reflectance spectra, (b) bandgap energy of P3HT and GO/P3HT
layered nanostructures.

The bandgap energy of the P3HT and GO/P3HT layered nanostructures was estimated using

Kubelka Munk reemission function [29]. Figure 7.5 (b) depicts the relationship between
(Khv)? versus the photon energy (hv) from which the optical bandgap of the layered

nanostructures was extrapolated by fitting the linear part of the spectrum to the value hv = 0.
The estimated bandgap energy values of P3HT and GO/P3HT layered nanostructures are ~
2.21 and ~ 2.19 eV, respectively. Thus, we observe a slight decrease in bandgap energy of
P3HT induced by the interaction with GO nanoparticles. Therefore, due to the low optical
bandgap of the acceptor - GO than that of donor - P3HT, this resulted in reduction of bandgap
energy for GO/P3HT. According to the study by Ansari et al. [30], the band gap energy
below 1.9 eV is a prerequisite for enhancing the power conversion efficiency (PCE) in
organic solar cells (OSCs). However, larger energy bandgap ~ 2.00 eV acts as a limitation
associated with P3HT which hamper efficient absorption of wider region of the solar
radiation. The solar spectrum's red and near infrared (IR) wavelengths are the most powerful
to be only absorbed by polymer with narrow bandgap in the range (1.2-1.9 eV) [31].
Theoretical study by Bendavid et al. [32], showed that pristine P3HT has bandgap of 2.21 eV
which gets reduced when experiencing interface with other materials. Saini et al. [33]
reported that work function (4.50 eV) of graphene-based materials lies between HOMO and
LUMO of polymeric composites. GO will therefore serve as an electron acceptor and

improve electric conductivity by slightly reducing the bandgap energy.
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7.3.5 TRPL analysis

The TCSPC photoluminescence decays of layered P3HT and GO/P3HT nanostructures
acquired at an excitation wavelength of 400 nm while monitoring emission at 600 nm are
shown in Figure 7.6. The fluorescence decay of the films was analyzed by fitting data to

single exponential function shown in equation (7.1) from the instrument analysis software:

_(t
10 =1.e 7.1

where |(t) is the fluorescence intensity at time t, I, is the initial fluorescence intensity, and

7, represents lifetime, respectively.
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Figure 7. 6 PL decay curves of P3HT and GO/P3HT layered nanostructures.

The decay curve of pure P3HT showed an exciton lifetime of ~ 27.1 ns which is considered
as lifetime of excitons from un-adhered P3HT molecules. Contrary to that GO/P3HT revealed
a shorter lifetime of ~ 25.8 ns. The reduction in lifetime of GO/P3HT is indicative of exciton
dissociation before emission which gives rise to faster charge transfer from P3HT to GO
layer. The shortened lifetime is assigned to the existence of extra non-radiative decay
pathway due to charge or energy transfer from P3HT to GO [34]. Furthermore, we believe
the decrease in lifetime represents low concentration of traps and defects, thus inducing the
enhanced quality of the interface between GO and P3HT. This is in line with the results by
Zheng et al. [35], for whom features in the lifetime of GO/P3HT. From the obtained lifetime

1
105



we estimated the exciton diffusion length of the layered nanostructures using equation (7.2)

to get more insight into the conformation of the layered nanostructures [36]:

L, =vDxrt 7.2

where 7 is the exciton lifetime, D is the diffusion constant (D =1.8x107"m?s™). The
calculated exciton diffusion lengths are ~ 69.8 and ~ 67.1 nm for P3HT and GO/P3HT,
respectively. Based on literature that ascertained hypothesis of the dependence of electron
transfer on energetic driving force, we can speculate that the decreased exciton lifetime for

GO/P3HT layer depicts that quicker charge transfer process occurs at the GO/P3HT interface.

7.3.6 Proposed mechanism during charge transfer

In light of lifetime results and by referring to studies conducted on similar architecture, we
propose the possible recombination paths in GO/P3HT heterostructure. To understand the
transitions between P3HT and GO, a tentative proposed model to illustrate the mechanism by

schematic band diagram is shown in Figure 7.7.
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Figure 7. 7 Schematic representation of the energy level diagram showing transitions at the
interface between P3HT and GO upon interaction.

In the process, large number of carriers are excited and absorption takes place as electrons are
raised from the valence state to the conduction state leaving behind holes in P3HT material

thus creating excitons. Herein we are looking at the interface between GO/P3HT frequently
_____________________________________________________________________________________________________|
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used in solar cell materials [37]. McGehee et al. [38], reported that upon creation of exciton
due to photon absorption, a powerful driving force is required to divide the electrons and
holes in order to overcome the exciton-binding energy between (0.1-0.4 eV) for effective
photocurrent creation. Thereafter, the generated excitons diffuse to the heterojunction

interface between materials with various ionisation potentials where they dissociate.

In order to attain efficient charge separation, the HOMO and LUMO for the P3HT should be
0.2-0.3 eV higher than that of GO. If the energy difference is too small, it would be difficult
to attain efficient charge separation; and if the energy difference is too big, a lot of charges
would be lost. Once excitons are dissociated, then follows the ultrafast electron transfer
process which mainly depends on interfacial energetic driving force for efficient charge
transfer in the heterostructure [36]. The energetic driving force can be expressed by equation
(7.3) [39]:

AE, o5 =E, —(IP—Eg) 7.3

where AE, ., represents the interfacial energetic driving force, E, is the singlet energy of
the donor, IP is the ionisation potential of the donor and E_; depicts the conduction band

energy level of the acceptor. The Kubelka Munk analysis revealed that P3HT and GO/P3HT
layered nanostructures yield bandgap values ~ 2.21 and ~ 2.19 eV, respectively. These values
served to estimate the energetic driving force as described in equation (7.3). The energetic
driving force for P3HT and GO/P3HT were found to be ~ 0.87 and ~ 0.85 eV, respectively.

Due to the fact that prominent interfacial energetic driving force leads to enhanced electron
transfer rate, GO/P3HT needs to be tuned for enhanced photovoltaic properties [35]. Thus,
because the LUMO and HOMO for P3HT are higher compared to the ones for GO, the
dissociated electron travels through LUMO of GO and the holes travels through the HOMO
in P3HT. Lastly, these charges are collected by the electrodes where they induce
photocurrent.
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7.3.7 IV- analysis

In order to investigate the photovoltaic performance of P3HT and GO/P3HT layered

nanostructures, current-voltage characteristic was measured. The photo-current density-

voltage curves (J-V) of the P3HT and GO/P3HT devices are presented in Figure 7.8.
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Figure 7. 8 Current density versus voltage (J-V) characteristics of P3HT and GO/P3HT

devices, insert shows the log of current density (J) versus voltage.

The photovoltaic parameters for the P3HT and GO/P3HT devices are recorded in Table 7.1.

A GO/P3HT device shows a decrease in V. and fill factor (FF) compared to those of

P3HT, which lead to decrease in PCE. We assume that the reduction in efficiency is caused

by irregular interface between GO and P3HT that lead to low interconnectivity for carrier

transport. Studies have shown that V . of BHJ solar cells decreases with higher

donor/acceptor interfacial area [34]. However, P3HT is known to produce remarkable results

for commercial polymers, this is because the synthesized one contains metal impurities which

act as charge trapping centers that causes poor photovoltaic performance [41].

Table 7.1: The photovoltaic parameters of P3HT and GO/P3HT solar cell devices.

Nanostructure Voo (V) Jee (MA/CM?) FF (%) n (%)
P3HT 0.434 0.495 0.204 0.0438
GO/P3HT 0.288 0.543 0.196 0.0307
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The J.. for GO/P3HT is enhanced, resembling the improved charge mobility associated

with formation of continuous pathways for charge transport. These findings support the PL
decay measurements where we saw a decrease in exciton lifetime for GO/P3HT. In addition,

the increase in J,. may also depict the improvement in light absorption for GO/P3HT, which

we witnessed in reflectance measurements. Our results agree with the report by Khan et al.
[18], who indicated that light harvesting is more in hybrid systems which causes current
density to increase. From the insert, it is evident that in forward bias at the low voltage
values, the current density rises linearly. But as the voltage increases to higher values, the
current density increases exponentially. Similarly, in the reverse bias the current density

follows the trend observed in the forward bias.

7.4 Conclusion

In conclusion, the present study was carried out on developed P3HT and GO/P3HT layered
nanostructures utilizing a variety of spectroscopic techniques. It was discovered that the
structural, morphological, and optical features of GO were affected by its interaction with
P3HT. The results from FTIR confirmed the interaction via the presence of oxygen-
containing groups and reduction of C-H bands. It was demonstrated that P3HT and GO
interacted as donor and acceptor by the decline in percentage reflectance. It is worth
mentioning that, the work contributes on growth of layered nanostructures that will be
applied in photovoltaics. The reduced lifetime of GO/P3HT than that of P3HT suggests that
the photoinduced charge transfer took place from P3HT to GO layer. This charge transfer
symbolised by fast decay of GO/P3HT is highly favoured for efficient solar cell devices. The
performance of the device was deteriorated by irregular interface between GO and P3HT that

lead to low interconnectivity for carrier transport.
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Chapter 8: Simple Approach to Growth, Characterization and Fabrication
of GO/ZnO/P3HT Layered Nanostructures for Organic Solar Cell Devices

8.1 Introduction

There is ongoing research into ecologically friendly and renewable energy sources.
Photovoltaic (PV) appear to be an attractive alternative replacement of the conventional
energy sources. Various generations of solar cells have been explored such as crystalline
silicon, thin film and emerging ones [1]. Hybrid solar cells falls within new emerging
generations with a vow to address the energy demand globally although they have not been
used in the PV market so far. The study of science in the nanometre realm could assist in
developing PV technologies for renewable energy harvesting [2]. The superstar
nanostructured material that is promising to resolve energy crisis is graphene experimentally
discovered in 2004 using mechanical exfoliation [3]. It has attracted the interest of many
researches from various discipline because of its exotic properties which were not observed

before at the nanoscale.

Practical routes have been adopted to extract individual layers of graphene from graphite
through the process of oxidation and exfoliation in aqueous medium which yields graphene
oxide (GO) [4]. GO is a derivative of graphene loaded with oxygen - hence the oxide with
varying properties to those of graphene which is a pure carbon. It possesses various oxygen -
containing functional groups (epoxy, hydroxyl, carbonyl, and carboxyl) as a result, gained
interest for potential applications [5]. Many groups have used GO in hybrid solar cells to act
both as an exciton dissociation centre and electron selective contact in a hole transport layer
[6, 7]. Lately, researchers consider processing of GO by modifying it with other
nanomaterials. These structural modifications may reveal new applications that includes solar
cells. As a result, a lot of effort has gone into functionalizing or altering the surface of GO

sheets with semiconductor nanoparticles [7].

ZnO which is a wide band gap semiconductor with superior charge transport properties is
employed in the current research. It has been under intensive focus due to its unique
characteristics that includes greater electron mobility in the undoped state, good transparency,
greater thermal conductivity and room temperature thermal excited energy (25 MeV) [8].
Furthermore, it has band energies that allows the formation of a heterojunction with organic

donor materials such as poly(3-hexylthiophene) (P3HT). Thus, regioregular P3HT is
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employed due to its high hole mobility (~0.1 cm?V's?), low bandgap (~1.9 eV), good
solubility and processability [9]. This organic semiconductor is widely used because of its p-
type transport characteristics, which are crucial factors for performance of solar cells.
Therefore, the growth of ZnO layer between GO and P3HT layers is favored to assist with
internal electric field. This is due to its multifunctional capabilities where it can act as (i) hole
blocking layer due to its wide energy band gap [10], (ii) optical spacer [11], and (iii) it forms
an ohmic contact with P3HT blends in inverted structures [12].

In this study, we present the scalable way of growing layered nanostructures using facile
synthesis routes to lower the cost of solar cells. The obtained layered nanostructures were
characterized by XRD, SEM, FTIR, UV/VIS/NIR and PL. These techniques help to
understand the interactions such as covalent, coordination, and ionic bonds within the formed
hybrid. Furthermore, we presented the mechanism undergone upon interaction. One of the
findings for this research is the enhanced charge transportation from donor to the acceptor

through transport layer interesting for application in solar cell devices.

8.2 Experimental
8.2.1 Chemical details

The following chemicals — Poly (3-hexylthiophene), zinc acetate dihydrate,
monoethanolamine and methanol (99.8%), Potassium permanganate, Sulphuric acid,
Hydrogen peroxide, chlorobenzene, were supplied by Sigma-Aldrich. Natural flakes of
graphite powder and hydrazine were imported from Germany. These compounds were all of
the analytical variety and were utilized without additional purification.

8.2.2 Materials synthesis, growth and fabrication of layered nanostructures
8.2.2.1 Preparation of P3HT

To create a solution with a 5% concentration, the P3HT was disseminated in chlorobenzene.
A magnetic hot plate set at 80 °C was used to agitate the solution for 10 minutes. The
temperature was reduced to 50 °C while the solution was constantly stirred for 1 hour,

followed by cooling to room temperature.
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8.2.2.2 Preparation of ZnO nanoparticles

The sol-gel process was used to prepare ZnO nanoparticles. The zinc supply was zinc acetate
dihydrate, with methanol and MEA serving as the solvent and stabilizer, respectively. The 0.2
M zinc precursor solution was prepared by dissolving zinc acetate dehydrate in methanol.
MEA was then added into the Zn solution where an equal volume ratio (1:1) was considered
for Zn/MEA. The mixed solution was stirred using magnetic stirrer at 50 °C for 30 min. The

transparent and homogenous solution was obtained after 72 hrs.

8.2.2.3 Preparation of GO nanoparticles

GO nanoparticles were prepared using graphite powder and potassium permanganate
(KMNOs) as starting materials following modified Hummer’s method. In a typical
preparation of GO, 2 g of graphite powder was dissolved in 46 ml of concentrated sulphuric
acid (H2SOs) and stirred for 15 min in a cooled ice bath. 6 g KMNO4 was slowly added to
GO solution under vigorous stirring for 30 min. Finally, the GO solution was dispersed in 20
ml of H202. GO solution was then centrifuged at (4000 rpm) and repeatedly washed with 10
% hydrochloric acid (HCL) to remove the residual metal ions followed by washing with

distilled (DI) water and the supernatant was discarded.

Transparent glass substrates were used for deposition of nanomaterials prior to studying their
structural and optical properties. Identical layered nanostructures were grown on aluminium
foil substrates in place of glass substrates for morphological and FTIR measurements. All
substrates were cleaned ultrasonically with acetone, ethanol and deionized (DI) water,
respectively for 10 min to remove contaminants from the surface and dried in an oven at
50 °C for 10 min prior coating. The solutions were then spin coated on to the glass substrates
as shown in Figure 8.1 (a), using VTC-100 Vacuum Spin Coater. After deposition, the films
were dried in an oven at 230 °C for 10 min to evaporate the solvent and remove organic
residuals. Three sets of layered nanostructures are grown with the following designs and the
final structure is well presented in Figure 8.1 (b): Film 1: Glass/P3HT, Film 2:
Glass/ZnO/P3HT and Film 3: Glass/GO/ZnO/P3HT. Here we used P3HT as an active layer
for absorbing photon energy from the sun. The ZnO layer in between serves as electron-
transporting/hole blocking layer. This layer allows the efficient extraction and transfer of

photo-induced electron to the GO layer.
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8.2.2.4 Deposition process
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Figure 8. 1 Schematic (a) illustrating the growth of layered nanostructures (b) layered
nanostructures on glass substrate depicting solar cell structure.

8.2.2.5 Device fabrication

Similar design was followed for fabrication of devices where layered nanostructures were
deposited on an ITO coated glass. Prior deposition, substrates were cleaned sequentially as
explained above before being treated with UV-ozone for 5 min. Different layers of ZnO and

GO were deposited by spin-coating in the fume hood. P3HT solution was filtered using

0.45um Polytetrafluoroethylene (PTFE) filter prior to spin-coating and was deposited inside

a glove box. Finally, gold top electrode was evaporated in vacuum (10’6 mbar) using

shadow masks that gives two active areas per substrate (~ 0.15 ¢cm’ each).

8.2.3 Materials and device characterization

The crystallite phases of the layered nanostructures were identified using Rigaku Smart Lab
diffractometer in a wide-angle X-ray diffraction mode with CuKa (1.5418 A) radiation at a
scanning rate of 0.005 degree (26/s). Surface morphology measurements were recorded using
field emission scanning electron microscope (FESEM), model JSM-7800F FESEM JEOL
Ltd. coupled with an Ultra Dry EDS detector. Functional groups and structural information
were studied using PerkinElmer FTIR spectrometer in the wavenumber region 400 - 4000
cm™? in specular transmittance mode. The steady state absorption measurements were
acquired in the 200 - 900 nm wavelength range using a PerkinEImer Lambda spectrometer,
model 1050 UV/VIS/NIR, equipped with integrated sphere in absorbance mode.
Luminescence measurements were acquired using a Horiba Jobin Yvon Fluorolog tunable-
photoluminescence (PL) spectrofluorometer system. The performance of fabricated solar cell

devices was evaluated in the dark and under illumination using the current density-voltage (J-
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V) features with Keithley model 2400 digital source meter by providing independent external
voltage to the cell while measuring the photogenerated current. The voltage was swept
between -0.5 to 0.5 V at a voltage interval of 0.01 V with the current limit fixed at 2.5 A. The
spectral mismatch between the emission of the solar simulator (NEWPORT class A, 1
600 W) and the global AM1.5G solar spectrum (IEC 60904-3 Ed.2) was corrected using a
mismatch factor and the solar simulator irradiance was adjusted accordingly using a certified

silicon reference cell in order to achieve an equivalent AM1.5G irradiance of one sun (100

mW cm™) on the test cells.

8.3 Results and Discussion
8.3.1 XRD analysis

The XRD patterns shown in Figure 8.2 (a) depict the out-of-plane crystal structure of P3HT,
ZnO and GO layers deposited on separate substrates. For P3HT layer, the pattern is
dominated by a diffraction peak at 20 = 5.36° along the (100) orientation [13].
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Figure 8. 2 (a) XRD patterns of P3HT, GO and ZnO film layers, (b) P3HT, P3HT/ZnO and
P3HT/ZnO/GO layered nanostructures.

The GO layer shows a strong (001) peak at 26 = 11.1° which signals the existence of oxygen
functional group which alleviate the exfoliation and hydration of graphene sheets in agueous
media [14]. Then we have the ZnO layer with characteristic diffraction peaks that are
representative of the (100), (002), (101), (102), (110), (103), (200) and (112) planes of its
hexagonal wurtzite structure [15]. These set of planes matched with the patterns of hexagonal
wurtzite ZnO with a standard file indexed by JCPDS 36-1481.
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Figure 8.2 (b) presents XRD patterns of P3HT, ZnO/P3HT and GO/ZnO/P3HT layered
nanostructures. The XRD pattern of ZnO/P3HT only shows the existence of ZnO hexagonal
phase. This is due to complex microstructure of P3HT consisting of network of crystalline
but dominated by amorphous domains. Thus, what causes broader and less intense diffraction
in P3HT is not fairly crystals but superstructures having certain ordering. For GO/ZnO/P3HT
the diffraction peaks from ZnO were observed, and within its wurtzite symmetry there is
(001) GO reflection. Herein, one can see that there is a splitting and broadening in the (001)
GO peak, presumably due to increase in carbon to oxygen ratio upon covalent interaction
with ZnO and polymer. The broadening of GO peak may be induced by greater polar-polar
interaction of oxygen containing groups of GO and the polar parts of nanoparticles, with
possible formation of hydrogen bonds to provide greater stability of the layered
nanostructures [16]. Pristine GO showed interlayer distance of 0.79 nm and the growth of
GO/ZnO/P3HT nanostructure revealed shift in (001) reflection of GO to 20 = 11.0°
corresponding to interlayer distance of 0.80 nm. It is evident that the shift in diffraction peaks
to low diffraction angles lead to the increase in d-spacing as ZnO is restructured. The
improvement of the interlayer distance within GO planes is ascribed to the intercalation of
oxygen functional groups into GO layers [17]. The average crystallite size of ZnO,
ZnO/P3HT and GO/ZnO/P3HT layered nanostructures was estimated using well known
Debye Scherrer’s equation presented in equation (8.1) [18, 19].

KA
pcosé

8.1

The estimated average crystallite sizes were 4.54, 4,51 and 4.50 nm respectively, confirming
the nano property of layered structures. The observed decrease in crystallite size behaviour
relates to broadening of diffraction peaks when growing ZnO with other nanostructures. The
obtained smaller sized crystallites conform with higher surface to volume ratio and provide
higher probability of GO/ZnO/P3HT nanoparticles distributed all over the substrate for
enhanced photon absorption.

8.3.2 SEM analysis

It is widely acknowledged that morphology plays a crucial role when targeting solar cell
devices for their performance. The surface morphology of all the P3HT, ZnO, GO and
layered nanostructures are depicted in Figure 8.3. FE-SEM analysis measurements were

undertaken carefully on P3HT, ZnO and GO deposited on individual substrates.
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Figure 8. 3 SEM images of (a) P3HT, (b) ZnO (c) GO and (d) GO/ZnO/P3HT layered
nanostructures.

Figure 8.3 (a) presents the SEM image of P3HT quite uniformly distributed on the substrate.
For ZnO nanoparticles in Figure 8.3 (b), we observed small nanospheres with different sizes
distributed unevenly. These nanospheres are highly agglomerated in other areas of this
morphology while others are randomly distributed. Those agglomerated nanospheres will
facilitate larger interface area between ZnO/P3HT layers leading to enhanced exciton
dissociation and photo response. Figure 8.3 (c) shows the morphology of GO nanoflakes
revealing some aggregation of wrinkled nanosheets with crimps at the edges. On the other
regions we observed graphene sheets overlapped with the neighbouring ones forming plate-
like morphology due to strong m — m stacking interactions between GO sheets. Han et al. [20]
indicated that the wrinkled GO sheets are associated with dynamical annealing and one can
initially dry in air to obtain wrinkle-free GO films. Paulchamy et al. [21] exhibited a porous
network of well-defined and connected three-dimensional graphene sheets that resembled a

loose sponge-like structure. In Figure 8.3 (d) we have GO/ZnO/P3HT layered nanostructures
I ——
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which shows disordered ZnO nanospheres covalently bonded to GO sheets. It is evident that

ZnO nanospheres are intercalated into the GO sheets.

8.3.3 EDS analysis

The chemical stoichiometry of GO/ZnO/P3HT layered nanostructures are presented in Figure
8.4. The layered nanostructure consists of carbon (C), oxygen (O), and zinc (Zn) elements
that originates from GO, ZnO and P3HT compounds used during growth of the layered
nanostructure. Additionally, the peak of nickel (Ni) and aluminum (Al) in the composition
comes from the aluminum foil substrate used for morphological and compositional analysis.

Other than that, we observed no elements suggesting presence of impurities.

Figure 8. 4 EDS spectrum of GO/ZnO/P3HT layered nanostructures.

8.3.4 FTIR analysis

The FTIR spectra of P3HT, ZnO/P3HT and GO/ZnO/P3HT are presented in Figure 8.5. The
pristine P3HT is dominated by well-known bands located at ~ 2960, ~ 2925 and ~ 2850 cm'™*
which corresponds to aliphatic C-H stretching of P3HT [22]. At ~ 1456 and ~ 826 cm there
are prominent bands assigned to the C-H vibration band and in-plane symmetric

deformation of CHg, respectively [23].
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Figure 8. 5 FTIR spectra of P3HT, ZnO/P3HT and GO/ZnO/P3HT layered nanostructures.

The spectra further show a band at 1375 cm™ which relates to bending vibrations of —-CH2—.
The peak and band with low intensity between ~ 1260 and ~ 1040 cm™ are ascribed to C-H
in-plane bending and the dipole derivative vector that is vertical to the ring plane [24]. A
sharp CHs band located at 723 cm™ associated with CHj3 rocking also assigned to methyl rock
mode was observed. Our results show correlation with FTIR reports on P3HT from previous

studies.

From FTIR spectra of ZnO/P3HT we observed signals associated with C-H from P3HT,
indicating that growing P3HT layer on ZnO results in chemical reactions. The intensity of
various vibrations of P3HT chains were decreased due to the presence of ZnO nanostructures.
The main differences in the layered nanostructure are observed in the finger print region i.e.
below 1000 cm™ due to interatomic vibrations of metal oxides [25]. In the region 450-600
cm? a broad band is observed consisting of the frequency vibrations corresponding to
stretching modes of ZnO [26]. The C-O bond at 1081 cm™ is ascribed to the stretching modes
which verifies the existence of oxide functional groups. Furthermore, there is a usual band
that represent stretching of hydroxyl. The absorbed water within ZnO/P3HT layered
nanostructures, is shown by broad peak between 3700 — 3150 cm indicating O-H stretching

of H,O molecules.

The chemical changes occurring upon growing GO layer can be observed indicating that its
sheets have been anchored by the matrix of P3HT and ZnO nanoparticles through
noncovalent bonding. We say this based on clarity by Lonkar et al. [27] stating that the
surface of GO is very vast and atomically flat, providing a platform for the anchoring of
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diverse chemical species. These happens through secondary interactions, which does not
change the structural integrity leading to preserved electronic conductivity as a prerequisite.
The main absorption band in FTIR of layers including GO reveals stretching band at 1720
cm? attributed to carboxyl groups v(C=0) vibrational formation C=0 carbonyl at 1727 cm™,
O-H at [28]. Ghoreishi et al. [29] attributed C=0 band at 1632 cm™ to the skeletal vibrations
of unoxidized graphitic domains. Then we also have absorbance band of in-plane -COH band
at 1400 cm™ indicating high oxidation of graphite. Manifolds of stretching bands for C-O
bonds from COOH were observed in the range 1068-750 cm™. These bands confirm the
occurrence of oxide functional groups after the oxidation process [21]. Within that range we
saw band emerging at ~ 947 cm™ presumed to indicate charge transfer complexes arising
between nanostructures. Moreover, charge transfer is witnessed by shifting of the ~ 1456 cm”
! to the higher wavenumber region for ZnO/P3HT and GO/ZnO/P3HT layered
nanostructures. Mkawi et al. [24], also reported on the redshift of C-H stretching mode

indicative of charge transfer after doping P3HT: PCBM blend with nanoparticles.

The isolated hydroxyl group of intercalated water in GO/ZnO/P3HT layer at ~ 3417 cm™ is
much bigger than that of ZnO/P3HT indicating that the graphite was heavily oxidized. This
emphasizes how incredibly absorbent GO is, as seen by its capacity to create gel-like
solutions. However, most oxygen functional groups observed in ZnO/P3HT appear with
significantly higher intensities in the spectra of GO/ZnO/P3HT layered nanostructures.
Additionally, the characteristic peaks of P3HT were observed in the region 2960 — 2850 cm
with significant reduction in intensity. These findings demonstrate that there was no covalent
connection between the stacked nanostructures, instead a simple n-x stacking, which caused a
reduction in vibrational response of the P3HT moiety [30]. This correlates with a decrease in

crystallinity observed during XRD analysis after growth of other layered nanostructures.

8.3.5 UV-Vis analysis

Figure 8.6 (a) presents the UV/VIS/NIR absorption spectra of P3HT, P3HT/ZnO and
P3HT/ZnO/GO layered nanostructures. The P3HT layered nanostructure reveals the

capability to absorb more light in the visible range of the electromagnetic spectrum.
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Figure 8. 6 (a) Steady state absorption spectra, (b) Tauc’s plot of P3HT, ZnO/P3HT and
GO/ZnO/P3HT layered nanostructures.

Three absorption peaks at ~ 518, ~ 552 and ~ 601 nm were observed which originate from
the electronic transitions and the interchain interactions [31]. The highest absorption is
observed at ~ 518 nm. However, mutation of P3HT is observed where there is an increase in
absorption upon growing ZnO/P3HT with further increase for GO/ZnO/P3HT. These
indicates an increase in absorption corresponding to transition from valance to conduction
band. The enhancement in absorption emanates from structural defects brought by ZnO and
GO, which reduces the intra-chain orders leading to the increase in absorption [32].
Furthermore, multilayered nanostructures revealed absorption shift towards the higher
wavelength region. The redshift symbolizes the enhancement in semiconductor characteristic
features of P3HT as GO and ZnO affect the m-m* absorption band of P3HT polymer
molecules [33]. It can be deduced that photovoltaic properties of GO/ZnO/P3HT layered
nanostructures could be improved with intense absorbance that increases the light harvesting
efficiency. Figure 8.6 (b) shows the optical bandgap of the layered nanostructures estimated
using Tauc’s plot [34]. The energy bandgap values were obtained by extrapolating linear part
of (ahv)? with hv plot to a = 0. The variation in energy bandgap is marginal where for P3HT
we obtained ~ 1.96 eV while ZnO/P3HT and GO/ZnO/P3HT are ~ 1.95 and ~ 1.97 eV,

respectively.

8.3.6 PL analysis

The excitation dependence was conducted as shown in Figure 8.7, 8.8 and 8.9 using 3-D PL
emission spectra and the corresponding 2-D contour map. These measurements assisted to
investigate the presence of different emissive states in Figure 8.7 for P3HT, Figure 8.8 for

ZnO/P3HT and Figure 8.9 for GO/ZnO/P3HT layered nanostructures, respectively.
I ——
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Figure 8. 7 (a) 3-D PL emission spectra, (b) 2-D contour map profile of P3HT layered
nanostructure.

In Figure 8.7 (a) we have noted a gradual drop in emission intensity of P3HT upon increasing
the excitation wavelength which symbolizes the excitation-based charge transfer where
luminescence signal is strong at high energy excitation. This shows that at low excitation
wavelength the carriers acquire the necessary energy for the radiative recombination while
the increase in excitation wavelength disrupts the carries [35]. Figure 8.7 (b) illustrates the
contour map dominated by blue color between 400 nm to 550 nm and 725 nm to 800 nm at
various excitation wavelengths. The map shows that P3HT is emissive in the range 550 — 725
nm with the optimum emission at ~ 620 nm obtained at low excitation wavelength. The
emergence of varying colors with the increase in excitation denotes areas of low emission

intensity.

Figure 8.8 (a) demonstrates ZnO/P3HT nanostructures acquired at different excitations where

we witnessed a monotonic increment of emission intensity upon increasing excitation values.
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Figure 8. 8 (a) 3-D PL emission spectra (b) 2-D contour map profile of ZnO/P3HT layered
nanostructures.
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It is worth noting that the growth of ZnO with P3HT brought the inverse of what we observed
in Figure 8.7 (a). Herein, with the highest excitation, the optimal emission was attained. The
shape of the emission spectra is similar to that of pristine P3HT which indicates no distinct
peak corresponding to ZnO. This shows that P3HT defects surpassed those of ZnO due to

lack of energy transfer from P3HT to ZnO when varying the excitation wavelength [36].

It is evident from Figure 8.8 (b) that the contour map of ZnO/P3HT nanostructures irradiated
at different wavelengths differs from pristine counterpart. The increase in excitation led to the

emersion of various colors in the same wavelength range suggesting the increase in intensity.

Figure 8.9 (a) shows the emission variations on GO/ZnO/P3HT layered nanostructures
acquired at various excitation wavelengths. Upon increasing the excitation wavelength, we
observed a gradual increase in luminescence intensity. The emission reached the highest
intensity when excited at 356 nm and thereafter began to quench. The PL quenching with the
increase in excitation (Aex > 356 nm) can be attributed to low optical absorption in the range
350 — 450 nm as seen in the absorption spectrum of GO/ZnO/P3HT layered nanostructures. A
detailed view of variation in intensity is presented on the contour map in Figure 8.9 (b). The
contribution of GO is observed via the broadening of the emission (475 — 725 nm) contrary to
the counterparts (550 — 725 nm). The observed broadening concomitant the increase in

intensity testifies that GO increased concentration of defects (emission centers).
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Figure 8. 9 (a) 3-D PL emission spectra (b) 2-D contour map profile of GO/ZnO/P3HT
layered nanostructures.

The inset in PL spectra shown in Figure 8.10 is a spectrum of pristine ZnO acquired at 320
nm excitation to confirm the applicable defects. The spectrum reveals a UV near band
emission (NBE) at ~ 380 nm and a visible broad deep level emission (DLE) at ~ 550 nm. For
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sol-gel derived ZnO, the chemical composition of ZnO nanoparticles is nonstoichiometric
and it contains excess Zn atoms and oxygen vacancies, indicating lattice flaws and surface
defects. These defects act as non-radiative centres and reduce light emission hence we saw
weak UV and strong visible emission. The observed UV emission is ascribed to exciton-
related recombination of ZnO [37]. The green emission at 550 nm is said to arise from

intrinsic defects of ZnO with oxygen vacancies accepted to be the main contributor [38].
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Figure 8. 10 PL emission spectra of P3HT, ZnO/P3HT and GO/ZnO/P3HT layered
nanostructures.

The PL spectra of the P3HT, ZnO/P3HT and GO/ZnO/P3HT layered nanostructures are
shown in Figure 8.10 for determination of electronic interaction between the layers. An
emission of P3HT in the range 525 — 800 nm has two peaks at positions ~ 612 and ~ 650 nm
which are commonly assigned to the transitions between the vibrational energy levels (0-0)
and (0-1) [39]. The growing of ZnO layer with P3HT yields a decrease in relative intensity of
the two characteristic peaks. Further reduction in intensity is observed for GO/ZnO/P3HT
and is indicative of the degree of intermolecular interaction between the layered
nanostructures which changes the conformation of P3HT chains [40]. The drastically
quenched emission shows that efficient exciton dissociation happens at the interface of
layered nanostructures. The quenching behaviour is due to fast photoinduced charge transfer
from P3HT to GO through Zn at the donor/acceptor interfaces [6]. This supports the work of
Chawla et al. [41] who showed that the optimum charge transfer agents for P3HT-based
heterostructures are the acceptor materials that most help to reduce the fluorescence intensity
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of P3HT. Moreover, we observed a slight blue shift of the emission peaks upon growing ZnO

and GO layers due to the alteration of P3HT crystalline order [42].

The electron transfer process is evaluated by determination of the quenching efficiency
parameter z; using equation (8.2) [43]:

n=1-(111,) (8.2)
where I,and | represents the integrated PL intensities of the donor (P3HT) prior and after
growth of the accepter of electrons. The obtained 7; values are ~ 0.23 and ~ 0.69 indicating

the electron transfer process improved with the growth of multilayers due to large specific
surface area of GO. In addition, there is an overlap between emission spectrum of P3HT
located in the range 550 — 750 nm and the electronic absorption of layered nanostructures

acquired in the range 400 — 650 nm indicative of resonance energy transfer process.

8.3.7 IV analysis

To ensure success in fabrication of a working solar cell device three parameters were
evaluated: The open-circuit voltage (V. ), the short circuit current density ( J . ) and the fill
factor (FF). Table 8.1 summarizes the aforementioned photovoltaic parameters of the organic

solar cells (OSCs) and the PCE calculated from the current density versus voltage (J-V)

spectra in Figure 8.11 acquired under solar illumination.
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Figure 8. 11 I-V characteristics of P3HT, ZnO/P3HT and GO/ZnO/P3HT devices under light
illumination.
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As presented in Figure 8.11, from a device constructed using only P3HT as an active layer we
obtained an efficiency of 0.0208 %. However, the incorporation of ZnO for the formation of
ZnO/P3HT device amplified the V., J,. and FF parameters which resulted in the optimum
PCE. The device based on GO/ZnO/P3HT experienced a decrease in V. and FF hence the
reduction in efficiency. It has been reported that the V. of bulk heterojunction (BHJ)

polymer solar cells (PSC) decreases with higher donor/acceptor interfacial area [44].

However, both devices witnessed the enhancement in J . due to the charge-separation

effect that appeared at their band alignment. It is worth noting that the highest FF for

ZnO/P3HT device resemble the efficient and effective energy conversion system.

Table 8.1: Photovoltaic parameters of P3HT, ZnO/P3HT and GO/ZnO/P3HT solar devices.

Device structure Voe (v) Jsc (mAfem?) FF (%) 7 (%)
ITO/P3HT/Au 0.303 0.206 0.332 0.0208
ITO/ZnO/P3HT/AuU 0.361 0.231 0.481 0.0402
ITO/GO/ZnO/P3HT/Au 0.172 0.394 0.247 0.0167

According to the conventional theory on charge transportation in the organic semiconductors,
the more ordered or crystalline thin films should have the higher charge carrier mobility than
their less ordered counterparts [45]. This explains the reduction in efficiency upon
incorporating GO which is due to the reduced intergrain transport insinuating poor
connectivity between the grains and the increased number of insulating grain boundaries. The

poor performance was caused by the hydrophobic property of GO and its low conductivity.

8.4 Conclusion

Layered nanostructures were successfully grown using materials prepared based on simple
growth processes. The XRD results showed amorphous nature of P3HT and the diffraction
peaks of ZnO and GO were well pronounced. The absorption measurements revealed greater
light absorption for GO/ZnO/P3HT layered nanostructures. From FTIR we saw remarkable
interactions at the GO/ZnO/P3HT interface. PL showed enhanced charge transfer through the
quenching of PL intensity and the increase in quenching efficiency factor. The attained photovoltaic
parameters signify an improvement in the efficiency for ZnO/P3HT device contrary to which

GO/ZnO/P3HT device resembled a drastic decline in the efficiency due to low conductivity of GO.
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Chapter 9: Summary and Future Work

9.1 Summary

In the research work carried out in this thesis, we were able to tackle some of the challenges
in the preparation of materials and their use in development of cost effective organic
photovoltaic cells. Multiple studies have been conducted to tackle energy related issues using
graphene as an electron acceptor. However, our work focused on graphene derivative
(graphene oxide) with its superior structural and spectroscopic properties as an electron
acceptor. The main goal was to form GO/P3HT, HoGO/P3HT, and GO/ZnO/P3HT layered
nanostructures with engineered interface for efficient optical absorption, charge carrier
mobility and higher light-to-electric efficiency in organic photovoltaic cells. The simple
synthesis routes for nanomaterials preparation and environmentally friendly deposition
methods for thin film growth were adopted. In order to achieve our set goals, we
systematically characterized the developed layered nanostructures using structural,

morphological, spectroscopic and electrical techniques.

The interaction between drop cast GO/P3HT thin films and doping with Ho affected the
structural, optical and luminescent properties of the thin films. The interaction was confirmed
through shifting of the diffraction peak and derivatization of edge carboxyl and surface
hydroxyl functional groups through the formation of amide vibrational frequencies. Upon
doping with Ho, the crystalline entities of P3HT were hampered leading to less ordering of
moieties. The crinkly and flaky surface morphology resembled the presence of GO within the
P3HT matrix as a result of intimate contact between their basal planes. This intimate contact
led to disordering of P3HT chains which caused an increase in absorption. Furthermore, Ho
incorporation played a pivotal role by increasing absorption over a wide spectral range. The
PL emission spectra revealed that GO confines the photoemission coming from P3HT hence

the emission quenching symbolic of charge transfer process.

The investigation on deposition of donor P3HT using various deposition methods (that led to
various thicknesses) was necessary to ensure good quality and scalable thin film before
fabrication of devices. In the comparative study, structural and optical properties illustrated
favourable results in terms of thicker P3HT thin film thickness with potential for efficient
charge transportation. The calculated full width at half maximum (FWHM) values decreased

with the increase in thin film thickness which shows that crystallinity increases with thin film
_____________________________________________________________________________________________________|
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thickness. We witnessed a correlation between XRD and SEM results following which,
particle morphology increases with thin film thickness. The structural analysis from Raman
revealed suppressed C-C mode relative to C=C mode which shows higher ordering with
respect to thicker thin film. The increase in thickness of P3HT thin film led to enhanced
optical property with reasonable energy band gap alignment. A gradual increment of
emission intensity with the increase in thin film thickness was observed as a result of the

increase in the number of defect states.

Because of uniformity and reproducibility of thin films produced using spin coating method,
we adopted the aforementioned method for device fabrication. XRD results presented pure
formation of P3HT, ZnO and GO nanomaterials without impurities and we employed those
materials for growing GO/P3HT, ZnO/P3HT and GO/ZnO/P3HT layered nanostructures. The
average crystallite size for ZnO, ZnO/P3HT and GO/ZnO/P3HT layered nanostructures was
found to be 4.54, 4.51 and 4.50 nm, respectively confirming their nano property. Other than
peaks coming from the substrate, the EDS entails intense peaks of C, O, and Zn elements,
confirming the formation of GO/ZnO/P3HT layered heterostructure. The results from FTIR
confirmed the interaction by the reduction of relative intensity of some vibrational
frequencies of P3HT and the emergence of oxygen containing groups leading to a decrease in
conjugation length. The absorption measurements of multi-layered structures were found to
improve leading to modification of band gap energy. Improved electron mobility from P3HT
to GO was observed through the reduced lifetime of GO/P3HT nanostructure. As such, J-V

measurements confirmed the increase in charge mobility by the improvement of J . for

GO/P3HT device. The PL investigation revealed that ZnO and GO layers were efficient
quenchers of P3HT emission with the increase in quenching efficiency values. This shows
that P3HT donated the charges that were redistributed by ZnO within GO/ZnO/P3HT layered
nanostructures as an optical spacer for absorption optimization and transportation to the
acceptor. The current density-voltage (J-V) characteristics shows that the device structure is
functional leading to improved performance of ZnO/P3HT photovoltaic cells. The devices
based on GO/P3HT and GO/ZnO/P3HT resembled efficiency deterioration as a result of
irregular interface upon incorporating GO that lead to low interconnectivity for carrier
transport. In any case, the process followed is compatible with low cost heterojunction
organic solar cell device fabrication at a reduced process time, which is more beneficial for

actual mass production.
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9.2 Future work

Graphene as promising nanomaterial for various optoelectronic applications has many
challenges including synthesis, characterization, application etc. Although a lot of effort have
been made on growth of layered nanostructures and their use in fabrication of solar cell
devices, only limited improvement has been seen on achieving a working device. This
prompts studies for modification of GO as an acceptor material to get changes in its energy
levels. In view of excellent electronic properties of reduced graphene oxide (rGO) such as
high electron mobility and well dispersion ability in organic solvents, we opt to use rGO as
an acceptor material in future. The controlled modification of GO is very important to
safeguard the material characteristics while extending the use of graphene in solar cell
devices. To construct high-performance heterostructure for organic solar cells using GO as
the hole extraction layer (HEL), the conductivity of GO layer must be highly improved by
reduction method. Thus, to obtain efficient photovoltaic cells we need to tailor our materials
such that they possess relatively high charge mobility and large donor-acceptor (D-A) for

efficient exciton dissociation and transport.
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