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Abstract

Organic photovoltaic devices (OPVs) during the last decade have attracted a significant attention
due to their simple processability and their advantages such as low costs and consider as an
environmentally friendly and promising source of renewable energy. One of the main challenges
faced by researchers in this field is how to improve the performance of the organic solar cells. In
this thesis, a scientific approach has been used to optimize organic photovoltaic (OPV) devices
and modify the hole transport layer (HTL) and electron transport layer (ETL). All devices in this
work were prepared using Poly(3-hexylthiophene-2,5-diyl) (P3HT) as the donor and indene-C70
bisdduct (IC70BA) as the acceptor in the fabrication of the active layer of OPVs. Poly(3, 4
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was used as the hole transport
layer, indium tin oxide (ITO) as anode and then aluminium (Al) was evaporated as the cathode.
Optical, electrical, and morphological properties were investigated in all stages of these fabricated
organic solar cells using different facilities such as UV visible spectrophotometer, atomic force
microscopy (AFM) and current density-voltage (J-V) characterisation.

In the first part of this research, the optimisation of devices was carried out through investigating
the use of different solvents, concentrations of active layer components, annealing temperatures,
annealing time and the use of a buffer layer. For the solvents, three different solvents were used,
chlorobenzene (CB), diochlorobenzene (DCB) and their co-solvent Mix (DCB:CB) and the results
indicated that (DCB) showed the best PV behaviour with power conversion efficiency (PCE) of
2.8 %, short circuit current density (Jsc) of 17.04 mA.cm2, and open circuit voltage (Voc) of 0.33V
and fill factor (FF) of 55%. At the end, the final optimum structure was
ITO/PEDOT:PSS/P3HT:IC7OBA/LIF/Al with significant improvement in PCE of 5.5%,
Voc=0.79 V, FF of 56% and Jsc=12.5 mA.cm™.

In the second part aimed to improve OPV performance by modifying the hole transport layer using
different metal salts, which are Copper Chloride (CuClz) and Lithium Chloride (LiCl). Each of
salts was dissolved in a certain volume of deionized (D1) water, then mixed with accurate amount
of PEDOT:PSS. While using PEDOT:PSS as a typical hole transport layer has shown PCE of
5.5%, the modified (HTL) by LiCl has increased to 18.4 %, with significant improvement in Jsc of
43.12 mA.cm2,Voc = 0,77 V and FF of 55%.

In thethird part, effect of Graphene as (ETL) has been studied. Two different solutions of graphene
(normal one and chemically treated one) were used with different thicknesses and different
concentrations. The highest results were for treated chemically, which were The PCE of 13.7%,
Jsc 0f 50.08 mA.cm?, Voc=0.61V and FF of 55%.
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Chapter 1

Introduction

1.1 General background

The energy consumption has been substantially increased since last several decades. The rapid
increment of carbon dioxide (CO2) concentrations in the environment is mainly due to the use of
various conventional energy resources, i.e., fossil fuels. The use of these sources of energy results
in different environmental concerns, including significant climate change, health issues, and

global warming. The substantial rise of CO2 emission in all around the world [1] is presented in
Figure 1.1.
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Figure 1.1: Significant growth in CO2 global emission from last century [1].




The efficacy of nuclear energy supplies is also uncertain, due to the latest incident at the nuclear
plants of Japan in March 2011. Thus, to satisfy existing and potential energy requirements, there is
an immediate necessity to establish an environmentally sustainable and effective renewable energy
sources [2]. various sources of energy, such as solar, biomass, geothermal, and wind energy,
represent the potential sources of renewable energy [3]. Solar energy is considered as the most
efficient, reliable, environmentally friendly, and sustainable sources of energy [3]. Regularly, the
sun energy coming on earth is approximately 1000 times greater than the daily use of the world.
Nevertheless, the solar energy that is being used to fulfill the demands of the world is indeed
minimal.  There is still an immediate necessity for advanced technology that can
convert sunlight into effective energy. One of the leading technologies for the conversion of the
sun into electricity is photovoltaic (PV) cells. PV cells are strong electrical systems that work with

the phenomenon of photovoltaic to directly transform light energy into electrical energy [4].

The direct transformation of solar light into the electricity inside photovoltaic cells is considered
most effective ways of utilizing solar energy [5]. The photovoltaic action leads for the generation
of electrical energy due to the exposure of light. The transmission of the photo generated electrons
via material's excited energy levels towards the conduction energy band leads for an increase in
voltage generation between the electrodes [2]. The first silicon-based PV cell was fabricated in
1954 and had shown the efficiency by 6 %. [6]. It is indeed a compelling method to transfer solar
power into electrical power. However, the main disadvantage of these cells is their high
manufacturing costs that require extraction of inorganic materials that are not
easily accessible such as Ge, and the requirement of elevated processes temperatures. In the last
40 years, research development and experimentation work on organic solar cells has been
increased significantly for a variety of reasons, such as the simplicity of manufacturing and
extraction of lower cost, readily available organic materials, as well as the significant increase in
energy conversion capacities [7]. Figure 1.2 displays the tested efficiency comparison for all the

National Renewable Energy Laboratory (NREL) photovoltaic material systems.
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Figure 1.2: A comparison of verified recorded efficiencies for all PV material systems
undertaken by NREL. The chart was downloaded 25" Jan 2021 [8].

Moreover, these materials have significantly attracted researchers related to the energy industry
because they can be manufactured at low levels of temperatures and possess a higher value for the
coefficient of absorption that enables the usage of thin films. The processing of such type of
materials is rather flexible and thus allows flexibility for technological restriction and solubility to
be modified. This has been further improved via the use of plastic substrates compared to other

traditional silicon solar cells, rendering the system more effective. [9].

The Energy Information Administration of the US Government estimates that the world's
consumption of energy would grow by more than 56% between 2010 and 2040. It is predicted that
the bulk of this energy requirement would raise from emerging non-OECD (Organization for

Economic Co-operation and Development) countries, as shown in the Figure 1.3.

Particularly in non-OECD nations, continuing growth is expected to contribute to higher demands
of energy. Non-renewable sources of energy contaminate the environment and are likely to become
far more expensive in the future because of their limited availability. In contrast, renewable sources

of energy that are environmentally sustainable are infinitely accessible, and their costs decreased
as their usage increases.
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Figure 1.3: The anticipated energy necessities of the world and the division between OECD and
non-OECD countries [10].

1.2 Brief development history of organicsolar cells

Up to date, different types of solar cells have been classified as three different generations; the
main different between these generations is basically the kind of materials used. The first one
prepared by using crystalline silicon (Si) which is generally doped with Phosphorus (P) or Boron
(B). The second generation of solar cell is based on semiconductor thin film technology; these
include amorphous silicon (a-Si), polycrystalline silicon, cadmium telluride (CdTe) copper indium
gallium selenide (CIGS) based solar cells. The third generation of which is based on a wide range

of new materials. For instance, organic polymers, small molecules, nanotubes, quantum dots,
silicon nanowires, and organic dyes [11].

Silicon (Si) solar cells dominate the PV market (92%) followed by cadmium telluride (CdTe, 5%),
copper indium gallium selenide (CulnGaSe2 or CIGS, 2%) and amorphous silicon (a-Si:H, ~1%).
With thickness around 180 pm, Si wafer is the traditional material being used for module
manufacturing and it has attained significant level of maturity at the industrial level. The

production cost is a major concern for energy applications. About 50% of the cost of Si solar cells



production is due to Si substrate, and device processing and module processing accounts for 20%
and 30% respectively [12].

1.2.1 First generation solar cell

In 1950 s, it was established the first-generation of solar cells which were based on crystalline Si.
The advantages of these kinds of solar cells are stability, longer lifetime and higher efficiency.
However, the manufacturing cost is one of the main issues with this generation. To produce this
type of solar cell, highly pure Si is required and the processing costs too high, but and during the
period 2010 to 2020, the silicon PV industry went through a period of significant changes,
including a rapid decrease in manufacturing cost (more than —15% per year in average) and a
continued increased in efficiency (+2% relative per year) and module power (typically +5 W per
year at the beginning of the decade, increasing much faster nowadays due to larger wafer sizes).
The manufacturing cost reduction was driven by an increased collaboration between

manufacturing partners [13].

According to Shockley-Queisser limitation, the highest efficiency for the material (such as Silicon)
is found to be 32%. This is because the absorption of light by a material with such band gap
corresponds to infrared light. In other words, photons of specific energies will power production,
whereas other wavelengths which is not visible light such as radio waves and microwaves will not
contribute [14]. Figure 1.4 shows the structure of the first generation solar cell based on crystalline

silicon Si.

¢-Si based solar cell.

I'ront contact
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c-Si
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Figure 1.4: First generation solar cell based on crystalline silicon Si.



For crystalline-Si solar cells, the highest recorded efficiency was 25.6+0.5% according to
Panasonic HIT with an active area of 143.7 cm? ; this result has been certified by the Japanese
National Institute of Advanced Industrial Science and Technology (NIST) [14]. Furthermore, an
efficiency of 25.1+0.5% have shown by smaller module crystalline-Si solar cells with an active
area of 4.01 cm? which has been certified in Fraunhofer-Institut fiir Solare Energies systeme (FhG-
ISE) [14].

1.2.2 Second generation solar cell

To reduce the production cost of solar cells and accommodate new materials, a significant number
of researches has been concentrated to improve and develop processes towards producing the
second generation of solar cells. The latter covers I11-V semiconductor cell technologies such as
Gallium Arsenide (GaAs), thin film technology such as a-Si based thin film solar cells, Cadmium
Telluride/Cadmium Sulfide (CdTe/CdS) solar cells and Copper Indium Gallium Selenide (CIGS)
solar cells. a n-type layer of cadmium sulphide (CdS), and a p-type CdTe absorber layer. A good
agreement between the simulation results and recent experimental data taken from literature has
been achieved. The optimized design performs a short-circuit current density of 29.09 mA/cm2 ,
an open-circuit voltage of 0.95 V, a fill-factor of 83.47 %, and a conversion efficiency on the order
of 23 % under air mass 1.5 global spectrum (AM1.5G) with an incident irradiance of 1000 W.m2
[15]. Moreover, the effects of layers thickness and doping on the photovoltaic cell parameters in
copperindium-gallium-diselenide (CIGS) based solar cells, with a window layer (ZnO) and a
buffer layer (CdS) have been investigated using solar cell capacitance simulator (SCAPS). The
optimization has been made layer by layer and the results showed that the best structure must have
awindow layer (Zn0O), a buffer layer (CdS) and an absorber layer (CIGS) that have thicknesses of
0.02, 0.05 and 4 pum, and doped with 1016, 1016 and 1016 cm3, respectively. Cells with these
features are found to give conversion efficiency of 25.9% [16]. A solar cell based on a CdTe thin
film exhibited a world efficiency record of (22.1 + 0.5)%, showing the following parameters
measured under the global AM 1.5 spectrum (1000 W.m2) at 25 °C: Voc = 0.8872 V, Jsc = 31.69
mA.cm-2 , fill factor (FF) = 0.785 over a designated illumination area of 0.4798 cm?[17]. Figure
1.5 shows the structure of the second generation solar cell based on GaAs, CdTe, CIGS and
amorphous Si.
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Figure 1.5: Second generation solar cell based on GaAs, CdTe, CIGS and amorphous Si.

1.2.3 Third generation solar cell

The solar cells of this generation is mainly based on new materials, which include conducting
polymers, small molecules, nanotubes, quantum dots, silicon nanowires, and organic dyes [18].
The polymer or organic solar cells (OSCs) are mainly fabricated from thin films with a thickness
of typically 100-200 nm of organic semiconductors (active layer) as shown in Figurel.6. Over the
last two decades, a lot of different organic materials have been investigated to produce suitable
layers for absorption which are: polymers, dyes and small-molecule as p-type semiconductor
materials whereas n-type semiconductor materials are mostly carbon-based materials such as
fullerene and its derivatives [19]. The advantages of organic materials such as their low-cost
production as well as the viability of operating using flexible substrates, thus requiring less capital
for investment, makes them with a significant competitive advantage over the previous two
generations of solar cells [20]. OSCs are suitable for large manufacturing such as roll-to-roll
printing process which potentially leads to low cost and large-scale flexible production [21].
Another advantage is ascribed to the versatile and diverse range of materials used, which provide
a wide range of properties including tailored band gap and therefore a varied range of light

harvesting efficiency and ability to cover a broad range of the solar spectrum [22]. On the other



hand, their efficiencies are much lower as compared to the use of inorganic materials and stability
is considered as the main disadvantage for this generation of solar cells to compete with the
conventional technology. The efficiency for organic solar cell increased steadily to over 18.2% in
2020 as shown in Figure 1.6.
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Figure 1.6: Research cells efficiencies for emerging PV from 1975 to 2020 from US National
Renewable Energy Laboratory (NREL) [23].

1.3 Literature review

Guangjin et.al. (2011) [24] investigated the effects of various manufacturing conditions on organic
photovoltaics OPVs device based on P3HT:IC70BA, including the temperature of pre-thermal
annealing, weight ratios, and active layer thickness. They observed that for devices having 188
nm active layer thickness of P3HT :1C70BA (1:1, w:w), annealed at 150 ° C for 10 minutes had
a power conversion efficiency (PCE) of 5.82 % with open circuit voltage of around 0.81
Volts, short circuit current (Jsc) of 11.37 mAcm2 and Full factor of about 64.0 % with AM1.5 G,
100 mW.cm-2,



Guo et.al. (2012) [25] improved the PV efficiency of polymer-based solar cell (PSC) based on
P3HT:IC70BA via utilizing a 3 vol. % of solvent additives having high boiling point e.g., 1-
Chloronaphthalene (CN). The configured PSCs have a strong power conversion capacity of
7.41%, an open circuit voltage of around 0.8 Volts, a FF of 75 % and Jsc of 4.35 mA.cm2,

Li et. al. (2012) [26] developed a bilayer polymer-based solar cell (PSC) focused on IC60BA as
an acceptor and P3HT as a donor. The systems had a PCE of 5.12%, a Jsc 0f 8.21 mA per square
cm, an FF of 70.4%, and an open circuit voltage of 0.88 V.

Kim et.al. (2013) [27] examined the effect of graphene oxide (GO) on organic solar cells based
on P3HT:ICBA as a hole transfer substrate. They also have shown that GO is a robust possible

substitute option for PEDOT: PSS and that GO has a higher energy conversion efficiency ( PCE)
of 3.70%, open circuit voltage of 0.9 Volts Jscof 6.97 mA.cm2, and the FF of 63.7%.

Gartner et.al. (2014) [28] developed an organic based solar cell based on P3HT:ICBA utilizing
MoO3 and ZnO as an electron transport layer (ETL) and hole transport layer (HTL), they
also examined that the usage of various solvents for the materials having active layer such as
MeOH, EtOH, and DCB; as well as specific annealing temperatures like 100°C, 150°C, 180°C,
and 200°C. The optimum conditions are there for the devices utilizing MeOH solvent and the
temperature for the process of annealing is 200°C as the devices with these parameters displayed
a PCE of 4.1%, an open circuit voltage of 0.78 Volts, a Jsc of 9.0 mA.cm?, and an FF of

around 58%.

Jia et. al. (2014) [29] enhanced the effectiveness of P3HT:ICBA bulk heterojunction polymer
based PSCs utilizing copper iodide (Cul) as film comprised of an anode buffer. The efficiency of
energy conversion for such systems was 3.84 %, nearly 1.6 times greater as compared to the Cul-
free reference system owing to the concurrently improved photocurrent (Jsc), FF,and open current-
voltage. The buffer layer of Cul believes to modulate the Schottky barrier and create an ohmic

connection at the interface of P3HT: ICBA/AU, that serves both as an electron block layer and

transport layer.

Burak Kadem et. al. (2015) [30] studied the effects of metal chlorides such as LiCl, NaCl, CdCI2
and CuClI2 on optical transmittance, electrical conductivity as well as morphology of PEDOT:PSS

films. Transmittance spectra of spun PEDOT:PSS layers were improved by more than 6% to a



maximum of 94% in LiCl doped PEDOT:PSS film. The surface of the PEDOT:PSS films has
shown higher roughness associated with an increase in theelectrical conductivity afterdoping with
metal salts. The improvement in the physical properties of PEDOT:PSS as the hole transport layer
proved to be key factors towards enhancing the P3HT:PCBM bulk heterojunction (BHJ) solar
cells. These improvements include significantly improved power conversion efficiency with
values as high as 6.82% associated with high fill factor (61%) and larger short circuit current
density (~18 mA.cm2).

Zhou et. Al. (2015) [31] recorded the layered structure of mounted films of as anode layer at
interface for P3HT/ICBA related OSCs. The existence of GO films enhanced the working
mechanism of the ITO, contributing to more reliable communication between the ITO anode and

active layer. The PSC has obtained an efficiency of 6.04 % with the optimal amount of deposition
times.

M. Kadhem and B. A. Hasan (2016) [32] revealed a highly efficient polymer solar cells (PSCs)
based on poly (3- hexylthiophene) (P3HT) and fullerene derivatives Indene-C70 Bisadduct
(IC70BA) by using Graphene (Gr) as electron collection layer (ECL) between the Al cathode and
photoactive layer as a novel work. The efficiency ne of the device with Gr buffer layer reaches
11.4% under the illumination of AM1.5G, 100 mW.cm2, in contrast with the 5.8% of the device
without Gr buffer layer under the same experimental conditions. The results showed that Gr is a

promising electron collection layer for PSCs.

G.A.Nemnes, et. al.(2017) [33] investigate a possible route for optimization of organic
P3HT:ICBA photovoltaic cells. Inorder to ensure a more efficient charge separation and collection
at the electrodes, two- and three-layer structures are produced, where additional P3HT and ICBA
single layers are placed adjacent to the mixed layers. The open circuit voltage Voc has enhanced

from 0.3V forsingle layer to 0.8V for three layers.

Binrui Xu, et. al. (2018) [34] investigated the role of a functional solid additive, 2,3-
dihydroxypyridine (DHP), in influencing the optoelectronic, morphological, structural and
photovoltaic properties of bulk-heterojunction-based polymer solar cells (BHJ PSCs) fabricated
using poly(3-hexylthiophene): indene-C60 bisadduct (P3HT:IC60BA) photoactive medium. A
dramatic increase in the power conversion efficiency (~20%) was witnessed for the BHJ PSCs

treated with DHP compared to the pristine devices.
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Biswas, et. Al. (2020) [35] investigated the modification of hole transport layer (HTL) by
preparing a series of PSS doped polyaniline (PANI)with synergic (around 90%) transmittance and
work functionvalue (within 5.09-5.16 eV) varying PSS concentrations to check the possible utility
as HTM in a poly (3-hexylthiophene): [6,6]-indene-C60 bisadduct based organic photovoltaic
(OPV) cell. Here, it is observed that, because of change in conductivity, the PV performance of
those OPV devices is strongly dependent on the doping concentration of the HTM and, at
optimized PSS concentration, PANI:PSS has higher conductivity. This facilitates better hole
extraction efficiency into the PV device and results in higher short circuit current density (JSC).

Therefore, the PANI:PSS-based OPV device with optimized PSS concentration exhibits same
level of power conversion efficiency (PCE: 4.5 £ 0.2%) as a PEDOT:PSS based OPV device.

1.4 Aim and objectives

1. P3HT:IC70BAbased OSCsmanufacturing and characterization, using different fabrication
conditions.

2. Evaluation of optimal conditions for the fabricated devices, including solvents, different
concentrations of solvent, annealing temperature, annealing time and using lithium
fluoride (LiF) as the electron transport layer .

3. Improve the efficiency of photovoltaic of fabricated OSCs with various interfacial
layers.

4. Manufacture high quality OSCs utilizing the optimum process conditions.

Through this study, one type of OSCs, which is organic bulk heterojunction SCs (OBHJ) has
been manufactured and characterized. Various kind of materials have been used in this study
including indene-C70 bisadduct (IC70BA) as an acceptor and Poly (3-hexylthiophene-2, 5-diyl)
(P3HT) as a donor in the transport layer. The hole transport layer used in this research are
Poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) , while lithium fluoride
(LiF) as the electron transport layer. Cathode is of aluminum, while Indium the Tin Oxide (ITO)
is acted as anode (whole injection layer). Moreover, the effects of thermal annealing, the transport
layer thickness, and device efficiency were also examined. LiF, Graphene, and TiO2 doped

graphene as a new electron transport layers were also considered in this study.
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1.5 Thesis outline

A general overview of energy resources and energy demand was discussed in the very first chapter.

The history related to the invention of solar cells, the PV and its effects are briefly presented.

Chapter 2 provides an overview on OSCs with the concept of polymeric conjugated materials.
This chapter explains the architectures of organic material based solar cells and their main
components in the activity of organic solar cells: photon-coupling, exciton production, and light
absorption, exciton migration, exciton dissociation, transfer of charges and electrode collection.
The characterization of solar cell systems has also been present extensively.

Chapter 3 offers background on the materials, device configuration and the fabricated process with
description of facilities used in this.

Chapter 4 mainly describes theresults of the study, which represents the manufacturing &
classification of organic bulk heterojunction (OBHJ) solar cells, using 1C70BA as an acceptor.
Within this chapter, the discussion related to the various aspects has been presented, including,
different solvents, different concentrations of the active layer, post-deposition annealing has been
carried out at different temperatures, the annealing temperatures time, and the impact of LiF as
electron transport layers on system activity, the electrical and optical properties parameters

properties and morphology have been investigated.

In chapter 5, the work was on how to improve OSC performance by modifying the hole transport

layer by using different metal salts; copper chloride (CuClz 99.99%) and lithium chloride (LiCl
99.99%).

In chapter 6, the effect of graphene (Gr) as electron transport layer (ETL) has been investigated
and the electrical and optical properties as well as the morphology of the thin films have been

investigated. Finally, conclusion and future work are discussed in chapter 7.
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2.1 Introduction

This chapter describes the entire functioning of device from the light absorption to the
transportation of the charge carriers. Designs of heterojunction structure of photovoltaic (PV) cells
will be examined. The model of energy band will also be explored under reverse and forward bias
and short-circuit and open-circuit conditions. There will also be a discussion on the sources of
semi conductive materials as well as conjugation and present in organic materials. Molecular and
atomic processes, such as excitons in organic materials, will also be explained. An electronic

circuit model will also be shown, with the appropriate electrical parameters defining the PV cell.

Figure 2.1 displays the schematics of acommon organic solar cell comprising of a conductive and
transparent electrode (generally anode of ITO) having transparent substructure, a blocking layer
of electrons (PEDOT: PSS), an active layer of the organic polymer monolayer, (bulk
heterojunction or bilayer) as well as a cathode (usually Ca, LiF and Alg3/ Al or Al). Light passes
via translucent substructure and produces charge carriers in the active layer that flowsto the

corresponding electrodes. The descriptions of its internal operations are discussed in the
subsequent sections.

b
e ‘:a

&

Figure 2.1: Representation of an organic photovoltaic cell [1].
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2.2 Organic Semiconductors

One of the main promising materials for manufacturing low-cost solar cell modules are based on
organic materials. Once the conductive polymers were identified in the 1980s, research towards
organic materials for electronic devices such as transistors, solar cells and light-emitting diode

commenced [2, 3].

Due to their chemical configurations, organic semiconductor materials are recognized as good
conductive material compared to other available semiconductor materials. Several properties such
as flexibility, conductivity and solubility can be obtained by chemical synthesis of
organic semiconductors. Organic semiconductors are based on carbon atoms, while the electronic
configuration in the ground state for the carbon atom is: 1s2 2s 22px! 2py? that signifies that the
orbital 1s possess two electrons, orbital 2s and orbital 2p has two electrons as well. It could be
observed that the orbital s is highly loaded, and the orbital p possess two unpaired electrons, one
in 2px, one in 2pz and 2pz without electrons. This signifies that 1s contained core electrons, while
the valence electrons are present in the 2s2 2p2 orbitals [4-6]. Figure 2.2 displays the orbital forms
for s orbitals, p orbitals (px, py, pz) and respective variations.

Px z py z Pz Fa

Figure 2.2: Orbital shapes and combination of s, p and z orbital (px, py and p2) [7].
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Nonetheless, hybridization among (2s and 2p (X, y)) orbitals renders 2p (z) uncharged, which is

presented in Figure 2.3.

y y ¥
|
2s 2p, 2p, ~ ‘ Hybrids shown

together

Figure 2.3: Hybridization among (2s and 2p,y)) orbitals [7].

Two different types of bonds are generated as a result of hybridization; ¢ bonds are the single
bonds among C-C and C-H atoms, for the localized electrons, while m bonds possess delocalized
electrons. It is clear from sp? hybridizations in Figure 2.3, the 3 electrons of carbon form the
o bonds where such electrons are positioned. These hybrid orbitals were lying to one another at
120°. This arrangement leaves the fourth electron (unhybridized), which is delocalized, as seen in
Figure 2.4 to produce the m bond. Electrons, such as hybridized carbon atoms sp2 in case
of conjugated polymers, can travel quickly through the chain of the polymer. Therefore, electrons
are accountable for the organic semiconductor’s electrical conductivity in these bonds [4, 6, 8].
The energy levels for the organic semiconductors are also represented by molecular orbitals that
form and o bonds. The represented molecular bonding orbitals are the strongest molecular orbital
have the highest energy levels, whereas © * and o*, the denoted anti-bonding molecular orbitals
are the lowest molecular orbitals having lowest energy levels. Such molecular orbits are
comparable to the levels of energy bands in inorganic materials. Figure 2.5 illustrates the way

energy gaps are generated in organic semiconductors [7].
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Figure 2.4: Schematic diagram of the orbitals and bonds for two sp? hybridized C atoms [7].

¥ —
Antibonding
orbitls * — ) Lowest unoccupied

molecular orbitals (LUMO)

Bandgap
(Eg)

Highest occupied

/ n . : molecular orbitals
Bonding orbitls \ o

G

Figure 2.5: Energy levels present in organic semiconductors [7].

To generate the lowest unoccupied molecular orbital (LUMOQO) and the highest occupied molecular
orbital (HOMO), the anti-bonding (7*) molecular orbitals need to be joined with the © bonding
molecular orbitals. The gap exists between LUMO/HOMO is the energy bandgap, on which the
organic semiconductor conductivity depends. Thus, from Figure 2.5 Sigma (o) bonds are

excessively packed with the electrons wherever the m bonds are hollow. In comparison, the ability

19



of electrons to transfer from HOMO to LUMO decreases if the energy band difference is reduced
as far as possible. Few organic semiconductors possess a low band gap of < 2 eV, indicating they
are strong materials relative to some inorganic semiconductors that have a wide energy bandgap
[4, 6, 8].

Organic semiconductors may be categorized into semiconductors consisting of polymers and the
small molecules materials. The identification of doped polyacetylenes electrical conductivity was
made 30 years ago that rendered the conjugated polymers an important field of study in electronic
applications.  Organic  semiconductor polymers, involving optoelectronics, electrical
conductivity, colour (emission and absorption), and photo-induced charging, are used in numerous
electronic and optical devices such as organic field-effect transistors, organic PV cells, organic
light-emitting diodes (OLEDS) and sensors [9-11]. The primary benefit of conjugated polymers is
their ability to adjust the bandgap through adjustments in the synthesized materials, which could
be used to cover larger surfaces. They incorporate the mechanical properties of polymers with the
semiconductor and metal electronic properties. Conjugated polymers are very potential
components in development for modern organic solar cells. Studies have created conjugated
polymer synthesis and methods of deposition to obtain special electrical properties [12]. The
highest recorded efficiency of the organic solar cells based on these sorts of materials was 11.4%.
[13].

2.3 Electron transport materials

An ideal acceptor should have several properties such as good light harvesting, high electron
mobility, stability under processing and operational conditions, low cost and simple to synthesis,
which are combined to create an efficient component. Moreover, n-type materials are typically
characterised by the low LUMO and can be modified to a lower value if needed, as well as low
electron deficiency. Molecules which have low electron deficiency are more stable when exposed
to water and oxygen [14]. Since 1985, Ceo received a great deal of attention as an electro active
material due to many properties such as high degree of stability, high electron mobility and a
limited solubility which leads to employ vacuum deposition [15]. A soluble version of Ceo namely
methano-fullerene derivative Phenyl-C61-butyric acid methyl ester (PCs1BM) was identified by
Hummellen and his research group in 1995 [16]. They reported efficient separation of charges that

resulted in a faster photoinduced electron transfer within the molecular structure. These findings
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made PCs1BM widely used as the acceptor in most of the OPV devices. Furthermore, its spherical
shape gives it an advantage enabling the transport of electrons in three dimensions. However, the
main disadvantage of PCs1BM is the absorption inability in the visible light. To exceed this
problem, a new material has been developed named PC7:BM (C70 analogue and PCs1BM). Due
to the ability to absorb in the blue region of the solar spectrum, higher photocurrent and power
conversion efficiency (PCE) in OPV cells have been achieved [17]. The knowledge of theresulting
changes in the LUMO energy level has led to the synthesis of a variety of mono-bi- and triadducts
(as shown in Figure 2:6) and helped researchers achieve higher open circuit voltage (Voc) in solar
cells. For instance, Indene-Ceso bisadduct (ICsoBA) that hasa LUMO level at 3.74eV (0.17 eV up-
shifted than that of PCBM) shows superior photovoltaic performance with 0.84 V Voc and 6.48%
power conversion efficiency (PCE) when used in P3HT-based OPVs as acceptor [18]. Indene-C70
bisadduct (IC70BA) has also been synthesized at a higher LUMO level of 3.72 eV (0.19 eV higher
than that of PCBM). 1C70BA possesses good solubility in common organic solvents and stronger

visible absorption [19].
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Figure 2.6: Chemical structures of relevant fullerene derivatives used as electron transport
material in OPV [19].
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2.4 Hole transport materials

The most promising p-type materials (hole transport) for application in OPV devices are
conjugated donor polymers because they have the potential to combine their good films forming
properties (suitable HOMO and LUMO levels, intensive light absorption and high hole mobilities)
to achieve betterelectronic characteristics. Over the last few years, there has also been a significant
rise in the number of publications and articles about new polymers [20]. The first bulk-
heterojunction (BHJ) structures that were based on poly(phenylenevinylene) (PPV) were reported
in 1995 including: poly[2-methoxy-5(2’ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and
(poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene  (MDMO-PPV) [21]. When
these poly-components were combined with fullerene acceptors, there was high PCEs reported of
up to 3.3% [22].

However, the absorption edges for MEH-PPV and MDMO-PPV is 550 nm which almost equal to
a band gap of 2.3 eV. Due to the big mismatch between their absorption spectra and the solar
irradiation spectrum, organic solar cells based on these materials produced low output current
density [23]. To tackle this scientific defect, p-type and polymer poly(3-hexylthiophene) (P3HT)
was synthesised and reported to achieve approximately 5% PCE in the process of optimisation of
organic solar cells. Number of factors affect the performance of the device based on P3HT as
donor including processing conditions, molecular weight and regioregularity [24]. The low band
gap (1.9 eV), broader absorption band and high hole mobility forP3HT helped to make the material
very suitable for photovoltaic applications. By using P3HT as donor material blending with PCBM
as acceptor, PCE of over 4% has been reported. The absorption band of P3HT/PCBM covers the
range from 380 to 670 nm, which means that photons with energy between 2.0 and 3.3 eV can be
absorbed by the active layer [25].

2.5 Transparent conducting electrode

Transparent conducting films which are thin, can achieve a large value of conductivity and
maintain at the same time a transmission that is high within the visible range of the electromagnetic
spectrum [26]. Today, the products of current commercial based on the n-doped metal oxide films

that are referred to as transparent conducting oxides. These transparent films can be used in a wide
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range of areas including transparent electrode materials in photovoltaic cells, touch-screen
technology and flat panel displays e.g., liquid crystal displays (LCD), organic light emitting
displays (OLED) and plasma screen displays [27].

In 1954 and by Rupprecht, Indium tin oxide (ITO) was discovered and considered as the first
modern transparent conducting oxide (TCO) materials [28]. It is an n-type transparent semi-
conductor which has a wide band gap of approximately 4 eV. Nowadays as the technology that is
growing dramatically, 1TO plays a very important role in the industry of optics and electronics
[29]

2.6 Top electrode

Cathode materials is supposed to be a metal of low work function to extract electrons through a
strong electric field. Compared to the LUMOSs of the materials act as the acceptor and materials
for the extraction of electrons, top electrodes have lower energy. Most common metals have low
work function used as cathode in OPV devices are calcium, magnesium, and aluminium. Because
of its stability in air, aluminium is the most used cathode material among all the metals. However,
Voc does not depend on the working of the cathode which can support pinning of the Fermi level

that are formed between the cathode and the active layer [30].

Due to interfacial integer charge transfer, the HOMO of acceptor material and LUMO of donor
material become Fermi level (Er-pinned) at the junction, and the energy level bending away from
the interface on both sides occurs. This will form an interfacial dipole which results from the
contact between the cathode and the active layer. The formation of dipoles results in reduction in
the energy barriers exist between the Fermi levels and the LUMO level of the acceptor and this
helps in transfer of electrons. The energy diagram for metal/semiconductor contact after interfacial

dipole is formed is shown in Figure 2.7.
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Figure 2.7: Energy diagram for metal/semiconductor contact after interfacial dipole is formed.

2.7 Buffer layers

The main problem faces organic solar cells is that the two electrodes touch both the donor polymer
and the acceptor molecule and leads to the formation of acceptor electrons at an interface which is
located very close to the anode. Therefore, and due the reduction of the working voltage of the
device, if any of the electrons transferred to the anode, they will recombine very easily [31]. Also,
this creates an electron blocking layer between the active layer blend and the anode that prevents
the transfer of electrons in the acceptor to the anode. Same effect also occurs at the cathode, where
holes may be produced in the HOMO of the polymer at a point close to the aluminium and the
barrier between the Fermi level of the metal and the organic semiconductor LUMO is reduced. To
tackle this, an electron transport layer (ETL) such as LiF can be inserted as well as poly (3,4-
ethylenedioxythiophene), poly(styrenesulfonate) (PEDOT: PSS), which act as the hole transport
layer, to achieve the buffer layers [32].
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2.8 Organicsolar cells structure
2.8.1 Bulk Heterojunction (BHJ) organicsolar cells

The main idea stands behind a heterojunction is using two different materials have different
electron affinities and different ionization potentials. At the interface and because of the strong
resulted potentials, exciton dissociation may be aligned: material with the larger electron affinity
will accept electron and the material with lower ionization potential will accept hole, as it is known,
the differences in potential energy are larger than the exciton binding energy [33]. In an intimate
way, the accepting materials and the donating are mixed to form an interpenetrating network that
is three dimensional. Usually, the BHJ devices contain several components, one of them at least is
a polymer semiconductor (usually is a conjugated polymer). Because of the continuous network is
organized on a nanometre scale, this leads toa large area of interface which means every excitation
created has ability to reach the interface. With higher short circuit current density (Jsc) the
possibility of recombination is reduced. An excitation in the polymer phase is capable to transfer
an electron from the polymer to the acceptor and this results in the formation of an interfacial
charge transfer state which then relaxes thermally with an electron hole separation distance
(thermalization length). The state of charge transfers able to germinate recombination either back
to the zero-ground state or a triplet excitation. Otherwise, free charge carriers migrate towards the
respective electrodes [34]. The size and bulkiness of the solubilizing components of the polymer
backbone affect directly on the barrier that exists between the charges separation which can raise
the energy level of charge transfer. A high interface area must be present and sufficient percolation
pathways must be created to avoid any form of bimolecular recombination losses; the morphology
has a substantial influence on the performance of the devices [35]. In addition to this, the organic
materials and the electrodes interfaces are also decisive as well. The main aim of buffer layer is to
avoid situations where the charge carriers reach the opposite electrodes and to maximise the Voc
as well [36]. Comparing to BHJ cells, bilayer solution processed require orthogonal solvent
systems to avoid dissolve the underlying layer which make limitation of materials that can be used.
In the BHJ devices, it is possible to deposit the active layer from one solution using different
techniques such as: doctor blading methods and spin coating. The morphology of the bulk
heterojunction can be also affected directly by the drying process [37]. In heterojunctions, the

thermal annealing is widely used to alter the morphology and to enhance the separation phase
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which affect the performance of the device [38]. To understand the morphology of the blend active
layerand its influence, many techniques can be used such as: Transmission electron microscopy
(TEM), Scanning electron microscopy (SEM) and Atomic force microscopy (AFM). The last one
can gain high resolution information for the topography of the surface and the distribution of
acceptor a donor. Figure 2.8 shows the structure of an organic bulk heterojunction (BHJ) solar cell
as well as the energy band diagram of the cell, which shows the differences between HOMO and

LOMO levels between acceptor and donor materials.
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Figure 2.8: a) Device structure of an organic bulk heterojunction (BHJ) solar cell; b) energy
band diagram of a BHJ cell.

2.9 Basic operation principles of Organicsolar cells

In a visual context, Figure 2.9 demonstrates the operational and loss mechanisms of the organic

solar cells at various levels, from absorbing light to charges collection. The operational steps of
the organic photovoltaic (OPV) will be discussed in subsequent sections.
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Figure 2.9: Loss mechanism and operational steps in organic solar cell from [39].

In inorganic semiconductors, the photons are converted directly into carriers of direct charge and
the carriers collected at the appropriate electrodes. While in organic photovoltaic devices, a pair
of hole and electron (exciton) formed through the excitation of molecule by photon [40]. The
diffusion length of these excitons is about 5-15 nm and then decay either in a radiative way or non-
radiative way. The generation’s process of power from organic photovoltaic devices can be divided
into several stages. 1) The absorption of incident photons, this relies on the range of absorption
spectrum of material. These photons which have energies in this range will be absorbed otherwise
will transmits (photons with high frequencies) and some of the will reflect (photons with low
frequencies). (2) Generation of excitons by the absorption of a photon. (3) The exciton diffuses to

the heterojunction. (4) Due to the energy dissociation occurs at the D-A interface, the charge

27




carriers are separated and can be transported and collected at the appropriate electrodes. Figure

2.10 shows these stages and more information further illustrated in the relevant next sections.
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Figure 2.10: a) A photon is absorbed, exciting an electron from the HOMO of donor to its
LUMO. b) The bound pair of electron-hole diffuses towards interface of donor-acceptor. c)
Provided that the LUMO offset is higher than the exciton Columbic binding energy, the electron
is passed from the donor LUMO to the acceptor LUMO. d) The splitting of the poorly attached

hole and electron into free-charge carriers that are then deposited at their respective electrodes.

2.9.1 Lightabsorptionand exciton generation

The absorption process in organic semiconductors usually occurs when a photon that have an energy
equal to or greater than the bandgap of the semiconductor material absorbed. This photon has ability
to free an electron from the HOMO to the LUMO leaving behind a vacant space in the previous
level, which is called a hole. The hole, then, form a coulombic attraction with an electron which is

referred to as exciton state [41]. Figure 2.11 shows exciton binding energy.
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Figure 2.11: Exciton binding energy.

2.9.2 Exciton migration and dissociation

The dissociating possibility of an exciton is normally made available by the creation of a
heterojunction between two organic semiconductors whereby the second semiconductor selected so
that the electron results from the exciton can drop into the second semiconductor. This releases the
energy difference between the LUMO and the HOMO, therefore breaking the bound states.
Dissociation only occurs when the excitons from the donor where ALUMO > Eg (binding energy in
the donor) and for the excitons from the acceptor, AHOMO > Eg (acceptor). This method of
dissociation requires that the excitation reaches the interface between the two semiconductors. As
exciton has no charge, any external electric field cannot control the exciton and therefore cannot be
used to help the dissociation to be achieved or drive the esciton towards an interface. However, for
excitons to reach the interface this can only be accomplished through the hopping process by transfer
of energy to adjacent molecules [42]. Generally, the mobility of excitons in the range of 10 nm, and
this is called the exciton diffusion length. The lifetime of exciton is very small, in the range of few
picoseconds if not separated the excitons will recombine. Thus, exciton diffusion length (and

lifetime) plays an important role in the performance of organic solar cells [43].
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2.9.3 Chargestransportand collection

After the generation of the free charges have been established at the interface, it is required that they
reach the external circuit in an OPV device, as electrons can be transported though the electron
acceptor material and holes can be transported through the electron donor material. Recently, there
have been some developments in the modification of the electrodes by using ultra-thin internal layers
such as metal oxides like LiF to give a perfect match to the energy levels of the organic
semiconductors [44]. This can be achieved through using an electron transporter layer (ETL) on the
acceptor side with a work function less than the LUMO level of the acceptor to ease the collection
of electrons from the acceptor. Furthermore, a hole transporter layer (HTL) can be used on the donor
side with a work function higher than the HOMO level of the donor to ease the collection of the

electron from the donor [45].

2.9.4 Loss mechanism in organicsolar cell

The significant energy loss in OSCs is mainly due to the complex photovoltaic structure and
photovoltaic process. Asit is known, strongly bounded electron—hole pairs are generated in organic
molecules after the absorption of photons [46]. To realize the dissociation of these generated
excitons into free charge carriers, the heterojunction structure with donor/ acceptor (D/A)
interfaces are generally used for the photovoltaic modules in photovoltaic devices. So, when
excitons arrive at (donor/acceptor) D/A interfaces, the energy offset AE (defined as the difference
of lowest unoccupied molecular orbital [LUMO] energy levels or highest occupied molecular
orbital [HOMO] energy levels between D and A materials) can provide a driving force to help
excitons overcome the binding energy. In actual applications, to harvest more excitons at D/A
interfaces, the photovoltaic structures are designed as the bulk heterojunction (BHJ) structure,
where the domain sizes of the D and/or A materials need to be smaller than the length of exciton
migration (10-20 nm) [47]. Inaddition, to keep high-efficient charge transport and extraction, the

structure of interpenetrating network of D and/or A materials with appropriate aggregation sizes
is needed [48].

In fact, all the photovoltaic steps shown in Figure 2.10 can result in energy loss, such as the

relaxation loss during the exciton photogeneration and migration processes due to the high-energy
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vibrations of the carbon backbones in organic molecules [49]. However, in most of the recent
works, the energy loss in OSCs is commonly defined as the difference between the lowest
photogenerated exciton energy of the D or A material and the open-circuit voltage energy (Voc)
[50]. It means that the energy loss in PVs is mainly ascribed to the charge transfer, separation and
transport processes, during which diverse charge recombination pathways actually play crucial
roles. In terms of the device physics, the PCE of a PV is proportional to its (Voc) (Jsc), and (FF)
[51]. Hence, reducing the energy loss in PVs requires us to maximize the value of Voc without
sacrificing the values of Jscand (FF). Inthe last few years, focusing on such a topic, great advances
have been made and several insightful review articles have successively summarized these
progresses and prospected the future research directions from different perspectives [52].

2.10 Electrical Characterisation of organicsolar cells
2.10.1 Equivalentcircuit diagram of organicsolar cells

Understanding the electrical model of a solar cell is very important before the discussion of the
electrical properties of organic solar cells. 1t can be modelled by a diode parallel witha current source
in an ideal case, but practically a series and a shunt resistance (Rs and Rsn, respectively) should be
included in the model. The series resistor Rs reflects free migration or movement of charge carriers
in the transport medium and the shunt resistor Rsh represents the recombination of charge carriers
around the dissociation area. Figure 2.12 shows the typical equivalent circuit for solar cell, ideally
Rs =0 and Rsh = [53].
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Figure 2.12: Equivalent circuit diagram of organic solar cells.
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In the circuit diagram, the current source (l¢) represents the produced current from the incident light
and the diode explains the nonlinearity of the I-V curve. It is only when the series resistor (Rs) drops
down to zero that the circuit 1-V characteristic represents the ideal diode, and the shunt resistor (Rsh)
moves to infinity. The conductivity of material (thickness of the proactive layer and impurity
concentrations) is usually responsible for series resistor in solar cells as it comes from the charge
carrier recombination at the surface of the junction. The value of shunt resistance can be calculated
from the reverse bias of the I-V where the current change linearly with bias voltage. Whereas the
serial resistance can be calculated from the slop of the I-V under high forwarded bias voltage (V
>Voc). Increasing the Rs lower the short circuit current (Jsc) and decrease the fill factor of the solar

cells while decreasing Rsh affect the Voc [54].

2.10.2 Current-voltage characterisation

For most workable inorganic and organic solar cells, characteristics of the current density as a
function of voltage (J-V) take the shape of exponential response of a diode with low current in
reverse bias and high current in forward bias when carried out under dark condition. When light is
directed on a device, photocurrent in the cell is builds up as well as the diode characteristic. The
J-V characteristics of the device and also the photocurrent term, Jpn is described by the Shockley

equation:

J=Jo [exp (eV/ nksT) -1]-Jpn 2.1

Where J is the current density, Jo is the reverse saturation current density of the diode, e the
elementary charge, V is the applied voltage, n is the ideality factor, k is the Boltzmann constant
and T is temperature. Indeed, the photocurrent depends on the applied voltage and similarly the
lighting affects the diode characteristics. Figure 2.13 shows the J-V plot for a typical solar cell in
the darkand underillumination. The photovoltaic performance parameters are open-circuit voltage

(Voc), short-circuit current density (Jsc), fill factor (FF), and power conversion efficiency (PCE).

In figures 2.13 and 2.14 the effect of series resistance and shunt resistance on the curve of

photovoltaic device behaviour. It is noticed that when the shunt resistance (Rsh) has high values,
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the curve tends to be ideal while quite the opposite for series resistance (Rs). Low values for (Rs)
lead to ideal curve and high fill factor (FF).
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Figure 2.13: Dark and illuminated J-V curves of a silicon solar cell (a); a typical representation
of an illuminated J-V curve as well as output power density curve as a function of voltage (b),
including indication of the short-circuit point (0, Jsc ), the open-circuit point (Voc, 0), as well as

the maximum power point (Vmp , Jmp ).
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Figure 2.14: a) effect of the series resistance Rs on the shape of a J-V curve. b) effect of the
shunt resistance Rsn on the shape of a J-V curve.
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2.10.2.1 Open-circuitvoltage

Excitons are formed mostly in the organic solar cell as light is being absorbed by organic
based active layer and they are divided into electrons and holes inside the active layer at the
interface of donor/acceptor. These charge carriers compelled to migrate under the force of electric
field to their corresponding electrode, whereas they supply power to an open load. [55-57]. The
carriers that are being generated will converge on both of the electrodes within the open circuit
conditions and stable lighting, generating a variable voltage that cancels out all the built-in
potential (Vbi). On that point, no current exists within the system as the generation of charge
carriers and recombination rates are perfectly balanced. The device is therefore under the state of
quasi-equilibrium as well as the difference in voltage among the anode and cathode reflects Voc.
The value of Voc represents the ultimate output voltage given by a solar cell. [58-60]. Because of

the alignment in energy level, a clear relationship occurs among Voc, Vbi and the Fermi level (Es).

2.10.2.2 Short-circuit current

When the V=0, then the current density value represents the Jsc short-circuit current density.
Throughout this case, no power is produced, however the Jsc marks the start of the power
production. In functional appliances, the density of photocurrent would be equal to the Jsc. For the
convention indications used here, Jsc is actually negative, however evaluations of various Jsc values
would be mostly about its magnitude and regard this as a positive number. A high Jsc, for example,
leads to a high Jph. [61].

2.10.2.3 Series and shunt resistance

Shunt resistance (Rsh) and Series resistance (Rs) are considered the most powerful parameters that
directly effects the behaviour of solar cells. the Rsh is related to the quality of the films, such as traps
and pinholes, while, the Rs is a sum of the bulk resistance of various layers in devices and the contact
resistance between them [62]. From the other side, in dark conditions where the photocurrent is zero,
(Rsh) reflects the cell leaks. When Rsh approaches to infinity the shunt current (saturation current)

reaches zero, as it is a parasitic current, that is desirable. Inthe high current region, the total current
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is much higher than the reverse saturation current (1>>10) which can be described through following
formula [63]:

v _ nkT
Jor =JRs += (2.2)
Rs may be derived through the slope using the above equation at the high current area of the plot of

I (dVAdl)vs. I, as seen in Figure 2.15. Furthermore, via slope the identification of (Rs) and (Rsn) from
the illuminated J-V curves can be made.
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Figure 2.15: Determination of (Rs) and (Rsh) from the J-V curves.

2.10.2 4 Fill-factor

The solar cell fill factor (FF) has previously been shown to be a crucial parameter that defines the

maximum power (Pmax) derived in accordance with Jsc and Voc.

FF = Jmax X Vmax (2.3)

Jsc X Voc
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Graphically, as seen in Figure 2.16, FF is spread over a larger rectangular region in the J-V curve.
In particular, FF shows how photo-generated carriers have an ideal level of 100 % are derived from
solar cell devices (see Figure 2.16 (a)). It is well established that the FF reflects the effectiveness of
the charge carrier selection before recombining within the cell, which generally relies on the mobility
of charge carriers and the recombination rate [63]. The highest FF values recorded for inorganic
solar cells are approximately 90 %, whereas the FF value is usually between 50 and 70 % in OSCs
[64,65]. Among many other aspects, the fill factor is calculated primarily by (Rsh) and (Rs) of the
solar cell. The solar cell's series resistance largely stems from the passage of charge carriers via the
device as well as the resistance that arises at the interaction between the active layer and the
electrodes, and also the resistance difference between two electrodes respectively. The influence of
Rs onthe FF is important asa the incredibly high Rs values contribute to a decrease in Jsc. In order to
stop leakage current and lower Rs, a high FF needs substantial (Rsh) (refer Figure 2.5 (b)) [66]. For
higher Rs and Rsh, as seen in Figure 2.15, the FF is decreased as in Figure 2.15 (c). Whereas in the
case of low Rs and Rsh, the effect of FF is seen in Figure 2.16. (d).

Figure 2.16: J-V characteristics of a solar cell with different FF; (a) ideal FF, (b) FF with high
Rshand low Rs, (¢) FF with high Rs and high Rsh, (d) FF with low Rsh and high Res.
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In OSCs, FF and device performance improvements could occur only if the photo-generated carriers
were processed without the recombination loss. Solar cell FF is therefore limited to both holes and

electrons by the carrier diffusion length (Lq4); which can be described in the equation [67]:

Ld = utE (2.4)

where p is the mobility of the charge carrier, T represents the lifetime of the carrier recombination
and E represents electrical field. Because of the poor mobility of carriers in case of organic materials
as well as the higher incidence of recombination that impedes the efficient collection of photo

generated charge carriers in OSCs, it is important to establish a strategy to solve this problem.

2.10.2.5 Origin of dark-currentideality factor

Researchers found that the recombination of carriers in bulk-heterojunction solar cell (BHJ) is
considered as the main reasons that reduced the efficiency of the solar cell. Therefore, the
understanding of the mechanism behind the carrier recombination becomes very crucial. It is
believed that reducing the recombination can further increase the power conversion efficiency
(PCE) of solution processed BHJ organic solar cells [68]. The diode ideality factor has been used
as a useful tool for the investigation that indicates the effects of traps on carrier recombination in
the photovoltaic device [69]. In 1952, Shockley and Read [70] first reported a method with ideal
diode solar cell current—voltage equation and single exponential diode model to analyse the
efficiencies of solar cells. The ideal solar cell current—voltage equation is listed as follows:

I=1,~Jo [exp (i)~ 1 (25)

nK

where Jp is the light current density, Jo is the carrier recombination current density (also called
saturation current density), q is the elementary charge, V is the applied voltage, K is the Boltzmann
constant, T is the operating temperature in Kelvin scale, and n is the diode ideality factor. In this
model, the ideal photovoltaic device is assumed to precisely follow the solar cell current—voltage
equation and the diode ideality factorn acts as an indicator that can describe the difference between
the practical device and the ideal [71]. Generally, the ideality factor’s value of the diode ranges

from 1 to 2. The value of n = 1, thatis an ideal ideality factor, in contrast, the more n value increase
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is indicates that there are traps involved in a carrier recombination mechanism in solar cells [72].
Thus, the diode ideality factor is an important parameter that can describe the electrical behaviour
of photovoltaic devices. There are various methods to calculate the diode ideality factor based on
different theories [73]. In this research, the ideality factor will be determined by using the most
common method that is based on the dark current density—voltage (J-V) curve [74]. Inthis method,
the parasitic resistances are ignored. The ideal solar cell current—voltage equation in the dark can

be written as

14
Jaar =Jo |exp () —1] (2.6)
Where Jdark IS the dark current density, Jo is the carrier recombination current density, and V is the
applied bias voltage. By using the J-V characteristics in the dark, the diode ideality factor n can
be calculated from the slope in the exponential region of the curve. The diode ideality factor

extracted from the J-V curve can be represented as follows [72]:

- (e @

It can be independently obtained from the slope of the exponential regime of dark J-V

characteristics on a semi-logarithmic plot.

2.10.2.6 Power conversion efficiency

The most important performance parameter of a solar cell is the amount of power conversion
efficiency (PCE), or in some literature defined as #. This parameter defines the percentage of
transformation of light power into output power. It is calculated as the ratio between the generated

maximum power generated by the solar cell and the power of the incident light.

PCE = max*¥max 100 = T2%seXVoc 70 (2.8)

Plight Plight

38



Itis clear from the PCE equation that three main parameters, FF, Jsc and Voc have direct effect on
the PCE of solar cells. Moreover, the light source spectrum and its power are major factors for
determining PCE, dueto the limitation of absorption of wavelengths and the conversion of photons
to electrons within solar cells. A standard spectrum is picked for working out PCE to effectively

draw comparisons between different solar cells [75].
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Chapter 3

Materials and Experimental Techniques

3.1 Introduction

The techniques and experimental methods used in this study are discussed in this chapter. Organic
solar cells processing and most characterizations, including atomic force microscopy (AFM) and
current-voltage (I-V) experiments, are carried out at the School of Computer Science and
Electronic Engineering, Bangor University. Ultra-Violet/Visible (UV/VIS) spectrophotometer
measurements were carried out at the School of Chemistry, Bangor University. Techniques and
materials used for fabrication of organic solar cell are described in the first part of this chapter. All
fabrication processes were carried out in a class 1000 clean room and glovebox to minimize

atmospheric contamination. The second part of the chapter focused on the equipment used for
studying the morphology and electrical properties and of the fabricated organic solar cells.

3.2 Laboratoryenvironment

Materials and the preparations for tests were performed in a cleanroom of class 1000. It involved
preparing of mixtures, cleaning of the substrates, and deposition of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). Cells were produced in a nitrogen-
glovebox that preserved concentrations of oxygen and water as small as 0 ppm and eliminate
solvent vapors. A Control of Substances Hazardous to the Health (COSHH) evaluation forms were
filled out to describe the risks of the materials used and the measures of emergency for the period
of the trial as a preparation for the practical work. Hazardous chemicals include Decon 90,
Propanol, Acetone, PEDOT: PSS, P3HT, ICBA, Chlorobenzene, Titanium, Gr, HCI, and Al.

ITO coated substrate (2.5 cm x 2.5 cm), poly(3-hexylthiophene) (P3HT) as a donor and indene-
Cro bisadduct (IC70BA) as an acceptor (P3HT:IC70BA) blend or bilayer as an active layer, poly (3,
4-ethylenedioxyleneethiophene) polystyrene sulfonic acid (PEDOT: PSS) as a hole transport layer,
Lithium fluoride (LiF) or graphene (Gr) precursor as an electron transport layer, and Al
(Aluminum) as an electrode are the necessary materials for producing the OPV cells. Figure 3.1

displays a diagram of the systems at the top view.
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Figure 3.1: Top view of the OPV cells diagram.
3.3 Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT), graphene (Gr) and Lithium fluoride (LiF) were
purchased from Sigma Aldrich. PEDOT:PSS solution (CLEVIOS AL 4083) was obtained from
Heraeus, and indene-Cro bisadduct (IC70BA) 1C7BA was purchased from Solaris Chem Inc.

3.3.1 Poly (3-hexylthiophene-2,5-diyl) (P3HT)

Regio-regular poly (3-hexylthiophene) (P3HT) has been used as a light-absorber as well as an
electron hole/donor transporter. Regio-regular means that a unit of 3-hexylthiophene in the chain
of a particular polymer is aligned in such orientation that the residue group CeH13 is either head-
to-head (HH) or head to tail (HT) [1, 2]. These characteristics make the polymer better organized
during deposition, which means the mobility of the product is significantly increased [3, 4]. Figure

3.2 shows the material's chemical structure.
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Figure 3.2: Chemical structure of P3HT.

The electrical and optical properties of PsHT were used to measure the bandgap of the material
and found to be around 1.9 eV, while the Lowest Unoccupied Molecular Orbital (LUMO) and the
Highest Occupied Molecular Orbital (HOMOQO) areat 3.2 and 5.1 eV, respectively [1,5].
Generally, a thin film of P3HT serves as a donor to an electron-electron in photo-excitation and
has strong hole mobility. The film comprises a mobility of around 10-3 cm2V-1s1in small, badly
structured films. The P3HT has an optical absorption peak of 550 nm wavelength, and a broad
absorption range of 400 to 650 nm, a rich area of energy concerning the solar spectrum at 1.5 AM

(refers to exactly two standard terrestrial solar spectral irradiance spectra) [6-8].

3.3.2 Indene-C70 Bisadduct (IC,BA)

To further optimize the efficiency of P3HT-based systems, new derivatives of fullerene containing
high energy levels of LUMO were manufactured for the application as acceptors in P3HT-based
OSCs [9-11]. Zhao, Guangjin et al. identified a number of acceptors of indene-fullerene adducts,
namely indene-C60 bisadduct (ICBA) [12,13], indene-C70 bisadduct (IC70BA) [13] and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) indene addition [14]. I1C70BA and ICBA have
higher energy levels of LUMO -3.74 and -3.72 eV, respectively, that are greater than those of [6,6]-
Phenyl-C70-butyric acid methyl ester (PC70BM) and PCBM. In addition, they have gained
significant attention due to their electroactive properties. They act as electron acceptor that has
high electron mobility and accepts up to six electrons when in solution [12,14]. The higher levels

of LUMO energy of these fullerene derivatives resulted in higher (Voc) and better power
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conversion efficiency (PCE) of the OSCs dependent on P3HT [13, 15]. The PCE of OSCs based
on P3HT:ICBA exceeded 6.5 %, the highest recorded values reported for P3HT-based OSCs [12],
and OSCs based on P3HT:1C70BA exhibited aPCE of 5.64% [13]. Figure 3.3 displays the chemical
structure for the C70-based fullerene derivative. PCBM is the most widely used acceptor in OPV
and due to its spherical shape, it offers advantage over other planar semiconductors because 3D
electron transport is possible in it. However, the main drawback is the weak absorption of visible

light. To overcome this problem, a C70 analogue of it was developed to have a higher photocurrent
in OPV devices as it had a stronger absorption in the solar spectrum blue region [16].

Figure 3.3: Chemical structures of IC70BA fullerene derivative used in OPV devices[13].

3.3.3 Poly(3,4-ethylenedioxythiophene) poly (styrenesulfonate) (PEDOT: PSS)

This material has been extensively used in organic electronics due to its characteristics in the
conduction of hole. This was formerly used as an active barrier among the dielectric material and
the gate electrode in transistors, buffers, or electrode [16-18]. It has many advantages, including
mechanical flexibility, high transparency, and reliable thermal stability. Due to these
characteristics, it was used as anode buffer layer in the OSCs [19, 20]. It is among the finest hole
conduction buffers since it possesses a high ionization potential that closely correlates to the
feature of 1TO, whereas its electron affinity is around 2.2 eV [21]. It is a polymer with two
ionomers of a single component. The first part (PEDOT) is a polythiophene polymer bearing

positive charge, and the other portion (PSS) is a polymer holding negative charge of sodium
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polystyrene sulfonate. The PEDOT:PSS mixture is being used toenhance the contact of 1TO-anode
[22, 23]. The chemical composition of PEDOT-PSS can be seen in Figure 3.4.

Figure 3.4: PEDOT, PSS and PEDOT: PSS structures.

3.3.4 Lithium Floride (LiF)

Lithium fluoride (LiF) is one of the commonly utilized electrode material in both inorganic and
organic solar cells owing to attractive features like considerably high conduction energy band, that
is higher than 10 eV, and various other attractive features such as high stability and ease in
processability [24]. Thermal evaporation deposition is the excessively utilized technique for the
deposition of LiF. Lithium fluoride is typically used as a thin layer to act as good electron transfer
layer (ETL) to effectively improve the efficiency of OSCs. It was observed that a thin layer of
lithium fluoride on aluminum-based electrode drastically improve the electron injection. Lithium
fluoride in its vapor form consists of three forms i.e. monomers, dimmers and trimers [25]. It is
colorless solid in nature that undergo transitions to white color by decreasing its crystal size. Figure
3.5 represents the formation of lithium fluoride compound from its structural atoms in which
electron from the outer most orbital of the Li atom being transferred to the outer most orbital of

the F atom. This bonding resulted in the formation of lithium fluoride compound.

Lithium fluoride is being used as a thin interfacial layer in organic solar cells as the interlayer

structure of LiF decreases the barrier resistance between the aluminum electrode and active layer
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in organic solar cells and decreases the overall resistance in charge transfer. Addition of LiF layer
avoids the forming of trap states owing to the oxidation reaction that takes place on the interface
of the metal aluminum. A thin LiF layer (nearly 15 angstroms) also increases (FF) of the device

by forming a buffer layer of ohmic contact in organic solar cell [26].

Lithium fluoride reduces the barrier height of cathode and ensures smooth transfers ejection of
electrons. Various researches revealed the lowering of the highest occupied molecular orbital
(HOMO) which is possible by the deposition of LiF prior to the deposition of Al [27].

Lithium Fluoride

O

Lithium Atom Fluorine Atom

Figure 3.5: Formation of lithium fluoride compound from its structural atoms.

From the above information, it is expected that the LiF layer is responsible for the protection of
other layers underneath when evaporation of metal is required as the top takes electrode. Less
diffusion of metal (such as aluminum) will take place in the film which may lead to a higher
conducting channel followed by charge recombination which results in the decrease of fill factor.
The method of deposition of lithium fluoride on the other hand is very expensive which is one of
the biggest limitations of using lithium fluoride [28]. However, owing to the wide range of band

gap and improved surface chemistry, LiF appears to be an attractive interfacial layer material as
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well as an excellent emitter layer. LiF is also utilized as an emitter that also supported to acquire
high efficiency with solar cells based on silicon heterojunction. LiF is also useful as an inter-layer
material to decrease the resistance in series and also to shunt leakage. LiF is also favorable for the
improvement in optical features of solar cells [29]. It is widely recognized that those materials
which have low work function properties are usually favored for establishing a small barrier height
towards the electron transportation. The highest value for fill factor was noted for the devices with
2 nm LiF interfacial layer thickness. By further increasing the LiF interfacial layer thickness, the
fill factor value remained same or increased gradually. The short circuit current density (Jsc) value
was observed to decrease when the LiF interfacial layer thickness was increased from 2 to 40 nm.
A much wider band gap was observed for the LiF electron selective carrier layer (3.9 eV) which
ensured the low absorption of light and less optical losses on the upper side of the cell. All these
findings predicted various electrical features and optical properties of LiF that are advantageous
in utilization of lithium fluoride as a selective carrier layer to acquire various optronic features and
alignment of band gap [30].

3.3.5Graphene

Graphene has received remarkable interest since it was formed in 2004 because of its valuable
material properties including high stability of charges, accessibility, flexibility, and electrical
mechanical strength. It is also predicted that graphene plays a significant function as a transparent
and conductive electrode in the next-generation of electronic devices. A zero-overlap semimetal
(with both holes and electrons as charge carriers) with very high electrical conductivity is
considered as one of the most useful properties of graphene. It has 5 electrons; 4 in the outer shell
and 2 in the inner shell. Each atom of the four outer shell electrons is connected to three other
atoms by two-dimensional plane leaving one free electron for electronic conduction. The pi (r)
electrons are highly mobile ones and be above and below the graphene sheet. The orbitals of pi
electrons are overlap and helps to enhance carbon bonds in graphene. Principally, the bonding and

anti-bonding of these pi orbitals are formed the electronic properties of graphene [31].
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The Dirac point in graphene, electrons and holes have zero effective mass, that what combined
research over the last 50 years has proved. This is due to the relation of energy-movement is linear
for low energies near the six individual corners of the Brillouin zone. The six corners of the
Brillouin zone are known as the Dirac points and the electrons and holes are known as Dirac
fermions, or Graphinos, Generally, electronic conductivity is actually quite low due tozero density
of states at the Dirac points. to create a material that is potentially better at conducting electricity

than graphene, the Fermi level can be changed by doping (with electrons or holes) [32].

Tests have approved that the electronic mobility of graphene is very high, with previously reported
results above 15,000 cm2-V1.s1and theoretically potential limits of 200,000 cm?2-V1.s71 (limited
by the scattering of graphene’s acoustic photons). It is said due to lack of mass, graphene electrons
behave very much like photons in their mobility. These charge carriers are able to travel
micrometres distances without scattering; this phenomenon is known as ballistic transport. Figure

3.6 shows the Graphene monolayer and Graphite crystal [33].

Graphite Crystal Graphene

Figure 3.6: Monolayer Graphene and Graphite crystal [33].
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3.4 Fabrication Methods
3.4.1 Spin Coating

The most popular deposition method is the spin coating process, which produces a simple, thin
and durable film over a substrate. This is commonly used in organic light emitting diode (OLED)
for the organic insulators, photoresist, and active materials deposition. It operates via a dispenser
to drop the solution onto the substrate mounted on the spin coater's vacuumed tray, and then
operate the spin coater to produce a thin film on the surface of the substrate. The theory of action
of the spin coater is shown in Figure 3.7.

g 1 ; —"
!

To vacuum pump

Figure 3.7: Operational procedure of Spin coater.

Thin films of organic materials may be created utilizing spin coating with thicknesses varying
from nanometers to micrometers. The theoretical model for the spin coating method which
governs the relationship among the thickness of the spun film (t), the solution's viscosity

coefficient (), material density (p), spinning angular velocity (39) and spinning period (o) is [34]:

t=(n/ (4m p 92)12 ¢ -1/2 (3.1)
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Certain considerations, including the rate of drying (temperature/minute), pressure, surface
tension, viscosity, etc. often control the final film thickness. Nevertheless, the spin speed is the
spin process's most critical consideration for deciding the final thickness of the film. Figure 3.8
shows an example of the correlation between the film thickness of a photoresist substance and
the speed of spinning [35]. The graph reveals that the high thickness is obtained by operating the

spin coater at a lower speed while maintaining low thickness for higher speeds.

3.4.2 Thermal Evaporation

Mini-spectros system of KurtJ. Lesker as shown in Figure 3.8 was used to conduct the actual vapor
deposition of the metal (Al cathode) and LiF via thermal evaporation. The electrical energy has
been used for heating a filament that heated the deposition content to the extent of evaporation. A
shadow mask has been used to establish a thin film design in which the vapor content in this design
creates a thin film on the substrate surface. This method was carried out at very high vacuum rates
enabling removal of film impurities. To avoid interaction among the vaporized materials and the
environment, low pressures of around 10-6 mbar were used. Quartz crystal sensor (QCS) has been
used to measure the film thickness and the Sigma device used to manage the processes of film
deposition.

Substrate
holder

Emps S s
Thicknes <— Shutter
monitor

Turbo -> Source boats
pump

Roughing Vacuum
um H
e = champer

Fig 3.8: Kurt Lesker mini-spectros system diagram
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3.4.3 Profilometer

The Dektak XT shown in Figure 3.9 is a 2D contact profilometer used to provide quantitative
information about step heights and surface roughness for thin and thick films measurements. By
Vision 64 application software, the information is collected and analysed. A diamond stylus is
moved vertically in contact with the sample and then moved laterally across the sample for
specified contact force at a specified distance. A profilometer can measure small surface variations
in vertical stylus displacement as a function of position. Generally, profilometer can measure small
vertical features ranging in height from ~10 nm to ~1 mm. The height position of the diamond
stylus allows it to generate an analogy signal which is converted into a digital signal, stored,
analysed, and then displayed on the computer display. The diamond stylus radius ranges from 20
nm to 50 pm, and the horizontal resolution is controlled by data signal sampling rate and the scan

speed. The stylus tracking force can range from less than ~1 to ~50 milligrams.

Figure 3.9: Dektak XT within an environmental enclosure.
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3.5 Procedure of Fabrication

In this research, the general structure for fabricated devices will be as shown in Figure 3:10.

Electron Transport Layer (ETL)

ITO substrate

Figure 3.10: cross section of fabricated devices.

3.5.1 Substrate preparation

The substrates of pre-patterned ITO electrodes on glass were cut into small pieces with dimensions
of 2.5 cm x 2.5 cm which can produce four devices each through a shadow mask. The cleaning of
substrates started with soap, warm water and deionised water, then were placed on a cleanroom
wipes inside the fume hood. The substrates were dried gently through nitrogen gun to remove the
solvent and any remaining residue and were placed on another clean cleanroom wipes. The
substrates were arranged in a specially designed substrates holder, then placed in acetone filled
beaker so that the acetone level is above the substrates. After that, the beaker was placed in
ultrasonic bath for 10 minutes. Then, the substrates were removed from the holder with a clean
tweezers and blow-dried with compressed nitrogen. Previous steps were repeated but this time

using isopropanol instead of acetone. Followed with UV -ozone treatment for 20 minutes.
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3.5.2 Spin coating of the hole transport layer

In this process, the EMS spin coater model 4000 was used. Conducting poly (3, 4-
ethylenedioxylenethiophene)-polystylene sulfonic acid (PEDOT:PSS) was spin-cast at 4000 rpm
from aqueous solution for 40 second, after passing through a 0.45 um filter, to produce a thin film
with approximate thickness of 40 nm. The film was subjected to drying for 30 minutes at 150 °C
in air.

3.5.3 Preparation of the active layer solution

The solution of the active layers was prepared by dissolving donor material P3HT and acceptor
material 1C70BA in one glass vial at certain amount of the solvent, which changes depends on the
experiment condition. The solvents are chlorobenzene (CB), diochlorobenzene (DCB) and mix of
both to provide different concentrations of active layer solution. The vial was placed inside
ultrasonic bath at a temperature of 50 °C for 30 minutes to increase the solubility of the solution.
After that, the vials were placed on a hot plate at 40 °C in the glovebox with a magnetic stirrer,
dissolving for at least 24 hours. Finally, the solution was syringed through a 0.2 um PTFE filter
into a second clean vial to remove any un-dissolved particles. Then, the solution was spin-cast at
600 rpm for 60 second with expected thickness ~100 nm on top of the PEDOT layer.

3.5.4 Spin coating of electron transport layer

Two different concentrations of graphene 10 mg and 20 mg were dissolved in 10 mL of deionized
(D1) water. Each of the solutions was in a glass vial and the vials were placed inside ultrasonic
bath at a temperature of 45 °C for 24 hours. Finally, the solution was syringed through a 0.45 um
PTFE filter into a second clean vial to remove any un-dissolved particles. Then, the solutions were

spin-cast at different speeds (100 rpm, 4000 rpm and 7000 rpm) for 60 second with different
thickness on the top of the active layer (P3HT:IC70BA).
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3.5.5 Evaporation of buffer layer and top electrodes

Lithium fluoride (LiF) which represents the buffer layer and aluminium electrodes were thermally
evaporated using the Kurt. J. Lesker deposition system at rate of 0.1 A.s1, 1 A.sL, respectively
through a shadow mask at a base pressure of 10-® mbar. The deposition thickness of LiF is about
0.75 nm and the aluminium electrodes was ~100 nm. The active area of the complete devices is
0.125 cm?. Devices were tested under AM 1.5 illumination with intensity of 100 mW/cm?

simulator at room temperature. Figure 3.11 represents the final of fabricated device.

ITo ITO ITO ITO
(2) (b) (c) (d)

Figure 3.11: device preparation process: a) ITO glass (25mmx25mm) with PEDOT:PSS
deposited b) active layer deposited on top of the PEDOT:PSS c) LiF deposited on top of active
layer d) Al deposited through shadow mask on top of the LiF.

3.6 Device characterization
3.6.1 Atomic Force Microscopy

To study the surface morphology of thin films, researchers used atomic force microscopy (AFM)
which is a high-resolution scanning probe microscopic technique. In 1985, Binnig, Quate and
Gerber developed this technique to study materials and take high resolution images of sample
surfaces. The technique is employed for many analyzing proposals such as magnetic forces,
repulsive forces, and lateral friction forces. However, digital instrument nasoscope AFM was used

to analyze the surface properties of the device layers in this study.
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To obtain images in AFM technique, a sharp probe is used to scan the sample surface while
analyzing the interactions of the sample with the tip. The scanning process involves the placement
of a sharp microscope cantilever tip close to the sample’s surface and the distance between the tip
and the surface is adjusted in order to keep the cantilever deflection constant and small deflections
will cause it tobend upwards. The bending’s measurement is carried out using a laser spot reflected
to sensor following which an image of the surface can be obtained at atomic level resolution.
Generally, AFM measurement depends on the interaction between tip and sample surface and it is
of two types, one is the contact mode where the tip touches the sample surface and the other is the
non-contact mode where the tip only stays near the surface without contact. Vibrations are induced

on the tip and these are monitored using a laser.

3.6.2 Ultra-violet/visible Spectroscopy

UV-visible spectroscopy (UV-vis) has been implemented to characterize the radiation absorption
as a function of the wavelength for the active OPV layers. The device used for this characterization
was a spectrophotometer 4800 Ocean Optics UV-Vis (300 to 900 nm) installed under a Newport
Xenon arc lamp of class AAA (AML1.5 G range, 100 mW.cm-2) rating. To determine a residual
absorption range, a measurement of a light source as well as glass substrate is mutually employed

as a reference. The disparity determined the absorption spectrum of a system among the
experimental spectra and the background.

3.6.3 Current-Voltage (I-V) Characterisation

A vacuum system used for the organic solar cells electric characterization. The system was
designed with low vacuum system (10 -3 torr) contained a steel chamber connected to a rotary
pump. Inside the chamber, the substrate holder mounted in copper stage opposite to the light
window where the substrate holder dimensions is 2.5 cm x 2.5 cm and the light source is a tungsten
halogen lamp (50W) focused through a window onto the substrate (anode). Researchers have
mostly used the tungsten lamp in the solar cell field although it has a slight difference withthe AM
1.5 solar simulator, thus providing a reasonable light for comparison. The intensity of the light
falling on the device could be varied from ~1 to 200 mW/cm? by moving the light source toward

or away from the test sample. The light intensity was measured using a light intensity meter. A
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light intensity equivalent to AML1.5 radiation from the halogen lamp was set using an AM1.5

calibrated Si photodiode (Thorlabs SM1PD2A). Figure 3.12 and Figure 3.13 show the schematic
design of the measurement setup and a picture of the system.

Figure 3.12: a picture of Vacuum system setup.
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Figure 3.13: Schematic diagram of the designed vacuum system.
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Chapter 4

Optimisation of P3HT:IC70BA-based Organic Solar Cells

4.1 Introduction

In organic solar cells world, heterojunction cells can be fabricated in two different structures:
bilayer heterojunction and bulk- heterojunction structure. The main issues considered in the later
approach is the blend morphology and structures which affect the performance of the organic solar
cells (OSCs). These properties can be significantly influenced by the used solvents [1,2]. Organic
bulk-heterojunction solar cell (OBHJ), particularly solution-processed solar cells, received more
attentionin the last few decadesdueto their advantages of low-cost fabrication process, flexibility,
lightweight and possibility of application in a large area [3]. The active layer of OBHJ commonly
contain mixed of soluble acceptor and donor polymers to gain a large interface area between donor
and acceptor for effective charge separation. However, the nanometre-scale network structure of
OBHJis the key for high efficiency solar cells where the dissociation of charge carriers can occur

anywhere in the bulk and transfer to appropriate electrodes [4].

In this chapter, the fabrication and characterisation of organic bulk heterojunction solar cells based
on indene-C70 bisadduct (IC70BA) as the acceptor material and Poly(3-hexylthiophene-2,5-diyl)
(P3HT) as the donor material are investigated. The first part of this research was based on
employing different solvents and their cosolvent to prepare the P3HT: IC70BA blends as the active
layers of the studied OSCs. The used solvents are chlorobenzene (CB), diochlorobenzene (DCB)
and their co-solvent Mix (DCB:CB) to control the morphology of P3HT:IC70BA by controlling
the film formation process [5]. Moreover, the best solvent processed device was used as a reference
device to prepare different concentrations of P3HT:IC7oBA to study the effect of material
concentration on the electrical and optical properties of the OSCs. Post-deposition annealing has
been carried out at different temperatures 150 °C, 175 °C and 200 °C for 10 minutes following the
deposition of the active layer to study the effect of post-deposition annealing on the device's
performance. Furthermore, annealing duration have been investigated for five different times (10,
20, 30, 40 and 50 minutes) to study annealing time influence on the electrical and optical properties

parameters of the devices. Additionally, a thin film of lithium fluoride (LiF) has been used as the
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electron transport layer (ETL). A thin film of LiF layer of about 7.5 nm thickness was deposited
between the active layer and the top electrode (Al) by thermal evaporation. Further to the initial
heat treatment, all the prepared devices have been subjected to another annealing treatment inside
the nitrogen glove box at 150 °C for 10 minutes after the deposition of the top contact (Al) and left
to cool down for 15 minutes. The electrical properties of all devices were investigated in the dark
and under illumination with a halogen lamp. The experimental details, surface morphology and

optical characteristics of each of these seven devices are also presented and discussed in this
chapter.

4.2 P3HT:1C;,BA based OHJ solar cells with different solvents conditions

4.2.1 Fabrication process

Pre-patterned 1TO coated glass substrates were washed in acetone, 2-isopropanol and deionised
(D1) water for 10 minutes each in an ultrasonic bath, respectively, and then dried with nitrogen gas
after each step and kept under vacuum in a vacuum desiccator. All cleaned substrates were treated
with O2 plasma treatment for 20 minutes. Poly(3,4-ethylenedioxythiophene) poly
(styrenesulfonate) (PEDOT:PSS) layer was spin-coated on the ITO coated glass substrates at 4000
rpm spin speed for 40 seconds to produce thin film with almost 40 nm thickness, followed by
annealing on a hot plate at 150 °C in ambient air for 30 minutes. Thin-film of P3HT:1C70BA active
layer in the weight ratios of 1:1 and a concentration of 20 mg/ml have been dissolved in different
organic solvents. The solvents used are CB, DCB and their co-solvent DCB:CB. The solutions
were stirred for 16 hours at 45°C followed by filtering the P3HT:I1C70BA solution through a PTFE
filter with a pore size of 0.45 um. All the P3HT:1C70BA active layers have been spin-coated inside
a nitrogen-filled glove box with fixed spin speeds of 600 rpm for 60 seconds to produce similar
active layer thickness ~ 100 nm and annealed inside the nitrogen-filled glove box at 150 °C for 20
minutes. All layers thickness was measured by a profilometer to ensure same thickness for all
devices. To end the device fabrication, a top contact of aluminium (Al) was then thermally
evaporated with a thickness of 100 nm through a shadow mask with an active area of 0.125 cm?.
This process was carried out under a vacuum of about10-6 mbar (~104 Pa), at a deposition rate of

1 nm/sec. Both film thickness and deposition rate were monitored using a quartz crystal thickness
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monitor. Figure 4.1 shows the schematic diagram of P3HT:1C70BA-based OBHJwithall the layers
used in this chapter.

Figure 4.1: Schematic diagram of P3HT:IC70BA devices.

4.2.2 Morphological analysis using AFM

Itis important to study the surface morphology of the active layer in OBHJsolar cell to understand
the effect of the microstructure of the active layer on the photovoltaic properties. It was reported
that surface morphology plays a crucial role in the percolation pathways for transport of both
charges and photogenerated excitons. Atomic force microscopy (AFM) is used to study donor:
acceptor surface structure and how electrical performance characteristics affected by the
morphology of the devices [5-7]. Optical images were taken to the fluorescent P3HT and IC70BA
active layer blend on top of ITO/PEDOT:PSS substrate to examine the coating uniformity and
quality of the active layer blend. Figure 4.2 shows the variation in the surface morphology of
P3HT: 1C70BA BHJfilms prepared using different chlorinated solvents. As shown from the AFM
optical images in Fig. 4.2, the P3HT and IC70BA blends spread smoothly without any substrate-
solution incompatibility problems such as separated islands in the film. Therefore, Figure 4.2

shows that the ITO/PEDOT:PSS substrate is a suitable substrate that active blend can be spin-
coated smoothly.
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Figure 4.2: 2D and 3D (5umx=5um) AFM images and phase analysis of the P3HT:1IC70BA
blends prepared by different solvents.
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The DCB-based film has revealed a smooth surface with rms roughness of 1.23 nm correlating
with noticeable pinholes. On the other hand, CB and Mix(CB:DCB) based films have
demonstrated higher surface roughness with rms values of 1.75 nm and 2.15 nm, respectively as
shown in Table 4.1. The brighter regions are associated with the 1C70BA domains while the darker
regions are related to the P3HT domains [8]. The surface morphology provides different interface
properties between the P3HT:1C70BA and the Al contact such as the variation in the metal/organic

interface due to the surface morphology variation with different energy level alignments for both
P3HT and 1C70BA concerning Al contact.

Solvent Roughness (nm)
CB 1.75
DCB 1.23
Mix (CB: DCB) 2.15

Table 4.1: Roughness for P3HT:IC70BA based OPVs according different solvents.

The improvement in the interpenetrating network could facilitate charge carrier transport and
hence improved solar cell performance. The phase analysis has revealed a better phase separation
between P3HT and 1C70BA within the P3HT: 1C70BA blends in the co-solvents-based films
compared to the mono-solvents based films. The darker region is higher in the case of co-solvents
based films, which suggests that the phase separation has become less, resulting in improved
dissociation rate of the photo-generated excitons [9]. An illustration of the different distributions
of 1C70BA within P3HT main matrix has been demonstrated in Figure 4.3, which leads to three
differentdomainsizes within the final blend. In the case of small domain size (Figure 4.3(a)) where
the 1C70BA domainsare not linked with each other, higher charge carriers recombination is thought
to occur. Inlarge domain size as shown in Figure 4.3(b), there is a scarcity of interface areas within
the BHJ, which results in low excitons separation. A critical balance between the two domains is

necessary to have moderate domain size as shown in Figure 4.3(c). This is advantageous for higher
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charge dissociation and improved network for charge transport [10]. Therefore, it is worthwhile
mentioning that: (a) Small domains with many interfaces: Large charge generation yield (high
short circuit current (Jsc)) but non-efficient charge transport (low Fill factor (FF)) due to high
recombination rate, (b) Excessively large domains with a lower interface area between the donor
and acceptor: low charge generation yield (low Jsc) but good charge transport (high FF), and (c)
Intermediate domain size with an optimised interface area: large charge generation yield (high Jsc)

and good charge transport (high FF). In the current study, it has been shown that the DCB solvent-
based films have exhibited the best morphology as compared to the CB and Mix solvents.

Cathode Cathode
Q . Q 0 \J \ IC/BA @
~.. ;‘. Q P3HT

~ Anode
(a) (b) (c)

Figure 4.3: Different domain size for P3HT: IC70BA blends; (a) small, (b) large and (c)

intermediate domain size [11].

4.2.3 Optical Absorption measurements

The optical bandgap Eg in organic materials is defined as the difference between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the
absorber material [12-14]. The bandgap measurement is very important in semiconductor materials
as it determines the portion of the spectrum the PV cell absorbs. 4 eV bandgap value determines
whether the material is a semiconductor (less than 4 eV) or an insulator (more than 4 eV) [15,16].
The majority of solar radiation reaches the earth with combination wavelengths with energy greater
than the bandgap of silicon. Solar cells will absorb this energy, but the difference in energy is
converted into heat rather than electrical energy [17]. There is an inverse relationship between the

energy E of the photon and the wavelength of light A as follow:
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E="1 (4.1)

where his Planck's constant (h = 6.626 x 10 -34 J-s) and c is the speed of light (c = 2.998 x 108 m.s"
1. In terms of wavelength, in nanometres (nm), and energy (E) in electron volts (eV), can be

expressed for light by the following equation:

1240
A (nm)

(4.2)

The energy bandgap can be calculated from Figure 4.4, where the intercept of the linear part with
x-axis gives the optical bandgap. Accordingly, the optical energy band gap values were obtained
by extrapolating the linear part of the curves in Figure 4.4 and tabulated in Table 4.2. In the visible
light spectrum (400 nm to 800 nm), the energy of photons areas from nearly 1.55 eV to 3.1 eV,
the corresponding wavelengths of these energies are 750 nm and 400 nm, respectively. These
wavelengths match the red and violet ends of the spectrum of visible light. Therefore, the
absorption property, particularly the absorption in the visible region, is very important for the
photovoltaic (PV) materials [18-19]. Low bandgap materials (Eq < 2 eV) are interesting materials
in the application of solar cells as their absorption spectra cover from the visible to the near-
infrared region. For that reason, semiconductors with bandgap < 2 eV have great chance to form
an efficient solar cell [20]. Figure 4.4 shows the effect of different solvents on the UV-Vis
absorption spectra for the thin films of P3HT:IC70BA. For CB, the absorption edge at 738 nm
where the bandgap at this point is about 1.68 eV, with peak absorption at 496 nm (2.50 eV).
However, DCB absorption edge at 713 nm where the bandgap at this point 1.74 eV, with peak
absorption at 485 nm (2.55 eV). The DCB:CB demonstrated the UV-V spectrum with an
absorption edge at 681 nm where the bandgap at this point is about 1.8 eV and peak absorption at
506 nm (2.45 eV). The amount of generated charge in an organic solar cell is proportional to the

absorption of light, and therefore the absorption properties affect the improvement the power

conversion efficiency (PCE).
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Figure 4.4: The optical absorption of the P3HT: IC70BA based OBHJ solar cells under
different solvents conditions.

As Figure 4.4 shows, absorption intensity above 490 nm associated withthe use of DCB is stronger
than that of CB and DCB:CB, in which this result would lead to the improvement of the short
circuit current (Jsc). Absorption spectra for the P3HT:IC70BA blend from DCB led to increased
ordering and crystallinity than CD and DCB:CB based films. Table 4.2 represents the values of
bandgaps for three different devices.

Solvent Bandgap (eV)
CB 1.68
DCB 1.74
Mix (CB: DCB) 1.80

Table 4.2: The variation of P3HT:IC70BA blend optical bandgaps with different solvents.
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4.2 .4 Electrical measurements
4.2.4.1 Diode measurements

The electrical characteristics of the studied devices were measured under illumination and dark

conditions using current density—voltage (J-V) measurements. The latter can provide useful
information about the diode parameters.

The series (Rs) and shunt (Rsh) resistances of the diodes fabricated using different solvents have
been estimated using the dark J-V characteristics as was described in chapter 2. The series
resistance can be obtained by calculating the inverse of the slope of the J-V curve at the open-
circuit voltage and the shunt resistance could be determined from the inverse of the slope of the J-
V curve at the short circuit condition V = 0. The DCB-based device has exhibited low Rs (7.6 Q)
compared to co-solvents-based device DCB:CB and CB-based device (8.8 Q) and (10.7 ),
respectively, as shown in Table 4.3. The main reason for this high series resistance is attributed to
the clear presence of pinholes. However, improved contact properties between the active layer and
the back (Al) electrode will result in lower series resistance dueto the stronger interfacial adhesion
[21]. Under dark condition, the devices displayed good rectifying characteristics as current stayed
at almost 0 A from -1V and turned on at 0.4 V for the mix and CB-based devices; and 0.6 V for
DCB-based device as shown in Figure 4.5. This non-linear behaviour indicates that the very low

current from-1 V up to 0.4V reflects the lack of carriers in the structure and thus a non-conducting
behaviour.
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Figure 4.5: Dark J-V characteristics of devices fabricated using different solvents. The inset

figure shows the leakage current.

For shunt resistances, from Figure 4.5, it is clear that CB-based device has the highest leakage
current as shown in inset figure in Figure 4.5, with the lowest value of Rsh (3.878 kQ) followed by
Mix (DCB:CB)-based device with (12.6 kQ) and the DCB-based device with (30 kQ),
respectively. This is also reflected in the Rs values, where DCB-based device has the lowest Rs
value. Such a large variation in the leakage current of organic solar cells is not uncommon and is
known to be affected by substrate cleaning procedures, film thickness, electrode interlayers, and
film deposition techniques [22-23]. Shunt resistance is also shown to be reduced by the aid of

using high boiling point solvents to process the active layer [23].

77



Parasitic Resistances
Solvent Shunt resistance Series resistance
(kQ) ((9))
CB 3.878 10.7
DCB 30 7.6
Mix (DCB:CB) 12.6 8.8

Table 4.3: Diodes parasitic resistances for different solvents.

The ideality factor is an indicator that help to describe the difference between the practical and
ideal devices, contains critical data on the recombination and transport processes in organic solar
cells. It can be independently obtained from the slope of the exponential regime of dark J-V

characteristics on a semi-logarithmic plot as in Figure 4.6. In general, the ideality factorn can be
estimated from:

q dv
K,T ldIn(J,)

n= (4.3)

where Jp is the (current density) in the dark, V the applied voltage, q the elementary charge, Ks
Boltzmann’s constant, T temperature, and n is the ideality factor.
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Figure 4.6: (b) J-V characteristics of the OBHJ solar cells under the dark. (b) Variation of In
(Jo) versus the bias voltage with different solvents films for P3HT:1C70BA OSC devices.

The ideality factors for the CB-based device and DCB:CB-based device are found to be 2 and 1.9
respectively, which suggests a high recombination rate in such devices. This high value might be
attributed to the morphological disorder of these devices which shows clear pinholes and
interrupted networks. Using high boiling point solvents has resulted in a decreased recombination

rate as demonstrated by the decreasing ideality factor to reach 1.5 in DCB-based devices. Table
4.4 shows the value of ideality factors of the three devices.

Device Ideality factor (n)
CB 2
DCB 15
Mix (DCB:CB) 1.9

Table 4.4: Ideality factors for diode devices.
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This enhancement has been attributed to the improved distribution of 1C70BA within P3HT matrix
and thus improved film morphology which facilitate the charge carriers transportation by creating
percolation pathways for both charges (electrons and holes) and hence a decrease in the

recombination rate [10].

4.2.4.2 Photovoltaic performance

To investigate the photovoltaic behaviour of P3HT:1C70BA-based organic solar cells, the electrical
properties have been investigated under illumination. Differentsolvents and their co-solvents were
used to control the active layer morphology and structure has resulted in different photovoltaic
performances. The J-V characteristics of the fabricated devices were tested under 100 mW.cm.
AM 1.5 G illumination for different P3HT-1C70BA solvents as shown in Figure 4.7; with device
performance parameters are given in Table 4.5.

The CB-based device has exhibited the poorest performance with PCE = 1.5%, FF = 45%, Jsc =
10.3 mA.cm? and Voc = 0.33V correlating with the high series resistance and the low shunt
resistance. The highest performance was observed for OSCs processed using DCB with PCE =2.8
%, FF =55%, Jsc =17.04 mA.cm= and Voc = 0.33V associated with the high shunt resistance as
well as low series resistance. For the co-solvent (DCB:CB), the photovoltaic characteristics
showed a performance of PCE = 1.86 %, FF =50 %, Jsc= 11.8 mA.cm-2and Voc = 0.31V. Table
4.5 summarised the PV parameters for P3HT: 1C70BA -based devices prepared using different
solvents. The efficiency values were obtained by extrapolating the peaks of the curves in Figure
4.8, representing the output power as a function of applied voltage for the region between 0 V and
Voc.
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Figure 4.7: J-V characteristics for P3HT: IC70BA-based devices under AM 1.5 solar simulator
source of 100 mW.cm-2 using different solvents.
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Figure 4.8: Power curve of IC70BA-based devices at different P3HT:IC70BA solvents.
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Jsc Voc FF PCE Rsh RS
Solvents (mA.cm2) (V) (%) (%) (0)) Q)
CB 10.3 0.33 45 15 870 8.5
DCB 17.04 0.33 55 2.8 952 7
Mix
(DCB:CB) 11.8 0.31 50 1.86 769 8.8

Table 4.5: The J-V characteristics for the P3HT: IC70BA based devices under illumination.

The clear increase in the FF for devices based on DCB is attributed to the enhancement of the
device resistance, both series and shunt resistances (72 and 952 Q) respectively. The increase in
Jsc could be related to the higher charge carrier mobility as well as the lower recombination rate
leading to high FF. The creation of a shunt path has enhanced the shunt resistance and decreased
device leakage current [8]. The enhancement in the DCB-based morphology and the reduced
recombination rate compared to CB-based and co-solvent DCB:CB devices can also be attributed
to the reduction in pinholes in the active layer service resulting in a higher value of FF. The use
of DCB solvent to process the OSCs has also increased the measured current of these devices; the
increase in Jsc has been ascribed to the increase in the charge carriers mobility and the electrical
conductivity due to the improved layer structure and the good interpenetrating network. Voc, on the
other hand, has almost unchanged for the fabricated devices; Voc is mainly determined by the
difference between the HOMO of the donor and the LUMO of the acceptor [8]. The obvious

increase in Jsc in DCB-based devices has resulted in improved PCE by almost double from devices
produced using CB.

Improved OSC performance could only take place once the photo-generated carriers are extracted
with lower recombination loss; hence the fill factor of the solar cell is limited by the carriers

diffusion length (Lq) according to the following relation [24]:
L,= ptE (4.4)
where 1 is the carrier recombination lifetime and E is the electrical field. Therefore, to prevent

charge recombination Lqg must be higher than the active layer thickness; higher mobility or thinner
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active layer is very important for charge carrier extraction. PCE and other performance parameters
were found to increase with decreasing the active layer thickness until reaching an optimum
thickness of almost 100 nm (all devices were measured through profilometer with thickness in the
range of 100 nm). Devices with active layer thickness larger than 100 nm have demonstrated a
deteriorated performance compared to those with the optimum film thickness. In general, PCE of
organic solar cells is limited by two factors: low carrier mobility and short exciton diffusion lengths
[25]. The current density was found to decrease when the photoactive layer thickness increased.
The increase in theseries resistance could be the main reason for thedecreased FF in thicker films-
based devices as well as the devices with the active layer thickness below 95 nm [26].

In summary, it is clear from the optical, electrical and surface morphology results indicate that the
device performance depends strongly on the solvent used for the active layer. By comparing the
efficiencies of the devices, it can be seen that the optimum solvent to enhance the performance of
OBHJsolar cells based on P3HT:IC70BA is DCB due to the high ordered molecules in the active
layer. The device with DCB solvent resulted in lower energy band gap, high FF and high-
efficiency PCE which provides a favourable pathway for exciton separation and charge-carrier
transport.

4.3 1C;oBA-based devices under different concentration conditions
4.3.1 Fabrication process

The device structure in this section is similar to the structure in Figure 4.1 with the fabrication
procedure explained in the previous section (different solvents effect). To investigate the effect of
the weight ratio of the active layer on the photovoltaic properties, the active layer P3HT:1C70BA
was fabricated with different weight ratios of 10:10, 17:17, 25:25, 15:20 and 20:15 (mg/mL) in

DCB as the solvent. These ratios have been chosen based on the latest studies as discussed in the

Literature Review.

4.3.2 Morphological analysisusing AFM

The variation in the surface morphology of P3HT:IC7BA films as a function of different

concentrations has been carried out using AFM technique. AFM images in the Figure 4.9 shows
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the active layer at different concentrations. The images show that the roughness gradually
increased as concentration of P3HT:1C70BA increased. Roughness were 1.23 nm, 1.24 nm, 3.41
nm, 1.50 nm, and 1.55 nm fordevices with ratios of 10:10, 17:17, 25:25,15:20 and 20:15 (mg/mL),
respectively as listed in Table 4.6. Inthe previously reported studies regarding surface morphology
[27], the rough surface was mentioned as the self-organization signature of the polymer. As can
be noticed, the smoothest specimens were in devices with concentrations of (10:10) and (17:17).

6.1 nm

-6.9 nm

-5.3 nm

v -21.7 nm
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Figure 4.9: 2D and 3D (5umx5um) AFM images and phase analysis of the P3HT:IC70BA
blends prepared by different concentrations.

These results imply that the increased smoothness of the surface yields increased (i) interfacial
contact between the P3HT:IC70BA layer and Al layer, and (ii) separation of photo-generated
electron and hole pairs at the P3HT:1C70BA interface. However, the higher surface roughness may
indicate non-uniform coverage, which may in turn affect the interface resistance. The improved
performance of the device is attributed to the improvement in the morphology of the electron and

hole separation in the photoactive layer [28].

The trend of RMS roughness reaches a minimum for all devices except device with concentration
of (25:25) composition which exhibited higher roughness than others by more than double. Overall
roughness of less than 1.55 nm suggests a fine morphology in all blends. This confirms that a

moderate morphological development takes place in annealed vacuum-deposited blends like
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polymer-fullerene systems. Table 4.6 has listed values of roughness for devices under different
concentrations condition. The domains observed in the phase image of the devices with
concentration of (10:10), (25:25) and (15:20) blends range from an average size of ~10-15 nm at
low concentration content to larger ~25-30 nm for the highest concentration as shown in Figure
4.9. The optimal reported domain size (10~20 nm) of P3HT for the improved exciton dissociation
[29]. Generally, the smaller domain size is critical for efficient exciton diffusion in BHJ OSCs.

However, efficient charge transport requires a high conductivity of the donor material. Therefore,
for crystalline donor polymers such as P3HT, high crystallinity and aggregation are desired.

Concentration (mg/mL) Roughness (nm)
10:10 1.23
17:17 1.24
25:25 341
15:20 150
20:15 1.55

Table 4.6: Roughness for P3HT:IC70BA based OPVs according different concentrations.

4.3.3 Optical Absorption measurements

UV-Vis spectra of devices made with different concentrations (10:10, 17:17, 25:25, 15:20 and
20:15 mg/mL) are shown in Figure 4.10. The lowest concentration absorption edge at 713 nm
where the bandgap at this point 1.74 eV, with peak absorption at 485 nm (2.55 eV). However, the
highest concentration absorption edge at 652 nm where the bandgap at this point was estimated to
be 1.9 eV, with peak absorption at 460 nm (2.7 eV). The other three devices with concentrations
(17:17, 15:20 and 20:15) demonstrated the same UV-Vis spectrum with almost same peak
absorption at 500 nm (2.50 eV) where the bandgapsare 1.8 eV, 1.8 eV and 1.84 eV, respectively.

86



No significant change in the peak position has been observed for all the P3HT:1C70BA active

layers. Moreover, using different concentrations blend has resulted in different absorption peak

position.
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Figure 4.10: The optical absorption of the P3HT:IC70BA based OBHJ solar cells under different

solvents concentrations.

Table 4.7 shows bandgaps for P3HT:IC70BA with respect to different concentrations. Nicolaidis

and co-workers have stated that an increase of about 13% in generated photocurrent could be
attributed to light absorption by the fullerene molecules within the P3HT:1C70BA blends [30]. As

concentration increased, the molarity of solution increased which effect negatively the conduction

of electrons, which results in reducing electron transfer between P3HT and IC70BA. However, at

low concentration, this means that the photogenerated current due to light absorption by the

fullerene component needs to be taken into account in the performance of OSCs systems [31].
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Concentration (mg/mL) Bandgap (eV)
10:10 1.74
17:17 1.80
25:25 1.90
15:20 1.84
20:15 1.80

Table 4.7: Bandgaps for P3HT:IC70BA based OPVs according to different concentrations.

4.3.4 Electrical measurements
4.3.4.1 Diode measurements

The dark J-V measurements were carried out to determine the various electronic parameters of the
studied OSC devices, including shunt resistance, series resistance and ideality factor. Figure 4. 11
represents the J-V characteristic of the fabricated devices under dark condition. Modifying the
active layer concentration has resulted generally in decreasing the series resistance in comparison
to the reference device with concentration (10:10) as demonstrated in Table 4.8. As an example,
using the device with the concentration of (17:17) has reduced the Rs value significantly by about
50% (Rs =4 Q) compare tothe reference device which has Rs=7.6 Q, whereas the series resistance
for the device which has the highest concentration (25:25) has remained almost the same with (Rs
=8 Q) compare to the reference device. For other two other devices with concentrations of (15:20)

and (20:15), Rs has shown improvement for both devices by 21% and 27%, respectively.

Regarding shunt resistances, using the device with a concentration of (17:17) has doubled Rsh to
reach 60 kQ compare to the reference device of Rsh = 30 kQ, whereas the resistance for the device
with concentration of (25:25) has dropped to the lowest value (Rsh = 1.2 kQ) compare to the

reference. For the other two devices with concentrations of (15:20) and (20:15), Rsh has shown a
large reduction for both devices by almost 85%.
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Figure 4.11: Dark J-V behaviours for devices fabricated with different concentrations. The
insert figure represents leakage current.

In a practical device, Rs mostly comes from the bulk resistance of the active layer or the contact
resistance betweenthe active layer and the top Al electrode. Incompatible band alignment can lead
to a large Rsvalue, causing a dramatic decrease in the values of FF and PCE. In OPV systems, a
transparent conducting electrode of 1TO is widely chosen as the device electrode. Furthermore, the
conductivity of ITO is good enough for laboratory-scale devices, however, it may not be adequate
for large scale devices. Therefore, when fabricating large scale OPV devices, the Rs caused by the

limited conductivity of ITO must be taken into consideration [32].

Ina similar fashion as previous devices, at low positive voltages, the J-V curve performs close to
a straight line. It is beneficial to avoid the conditions leading to the decreased in Rsh to obtain the
high value of FF. In OPVs, due to their distinctive BHJ structure that both donor and acceptor
materials have contacts with the same carrier collection electrode, one additional pathway for

leakage current comes from the bimolecular recombination near the interface between the active
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layer and electrode. This extra pathway for leakage current must be reduced or eliminated [33].

Table 4.8 shows parasitic resistances for devices under different concentrations condition.

Parasitic Resistances
Concentration Shunt resistance Series resistance
(k) Q)
10:10 30 76
17:17 60 4
25:25 1.200 8
15:20 3.700 6
20:15 4 55

Table 4.8: Diodes parasitic resistances for different P3HT:IC70BA concentration.

To investigate the recombination underdark condition, the diode ideality factor n is extracted from
the dark J-V curve in Figure 4.12(b) using equation (4.1). Under high voltage (>0.4 V) for the
(25:25), (15:20) and (20:15)-based devices and (>0.5 V) for the (17:17)-based device and (>0.6
V) for (10:10)-based device, most of the current density is influenced by the parasitic effectsraised
by shunt resistance and series resistance [34-36]. The values of ideality factors are responsible for
the reduced slope of dark J-V curves due to the series resistance and shunt resistance. For the
(17:17) concentration-based device, the value of the minimum diode ideality factor is found as
1.35, while for the (25:25) concentration-based devices, the value of diode ideality factor is the
maximum and be found 1.9. For the (10:10), (15:20) and (20:15)-based devices, the value of diode
ideality factors are 1.5, 1.6 and 1.45, respectively as demonstrated in Table 4.9.
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Figure 4.12: (a) J-V characteristics of the OBHJ solar cells under the dark. (b) Variation of In (Jp)

versus the bias voltage with different concentrations for P3HT:IC70BA OPV devices.

Device concentration Ideality factor (n)
10:10 1.5
17:17 1.35
25:25 1.9
15:20 1.6
20:15 1.45

Table 4:9: Ideality factors for diode devices.

It is also easy to understand that good ideality factor will prevent the recombination process to
occur. When the diode ideality factor equalling to unity (n = 1) usually means that there is no
trapping of charge carriers, and bimolecular recombination dominates the recombination in a
device. With the diode ideality factor increasing, the trap-assisted recombination also grows in the
space-charge region of photodevices. For bulk-heterojunction organic solar cells, the typically
reported diode ideality factor value is in the range of 1.3-2.0, which is coherent with the results of
this study [37-38].
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4.3.4.2 Photovoltaic performance

To validate the efficiency of P3HT:IC70BA blend system, current density-voltage (J-V) curves
were recorded under AM 1.5 G illumination at 100 mW-cm=2 and the parameters PCE, Jsc, Vo,
FF, Rsh and Rs of different concentrations are shown in Figure 4.13 and listed in Table 4.10,
respectively. The (10:10) device exhibited a PCE = 2.8%, with Voc =0.33 V, Jsc = 17.04 mA-cm™2,
FF =55%, Rs 7 Q and Rsh =952 Q. By increasing the concentration of P3HT:1C70BA tobe 17:17,
Voc and PCE were significantly improved by 40% and 25%, respectively. The value of Rs showed
a clear improvement as reduced 57%, while Rsh increased from 952 Q to be 1200 Q. The FF,
however, nearly maintained the same value compared to the (10:10) device. The efficiency values

were obtained by extrapolating the peaks of the output power curves in Figure 4.14.
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Figure 4.13: J-V characteristics for P3HT: IC70BA-based devices under AM 1.5 solar simulator
source of 100 mW.cm-2 using different concentrations.
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Figure 4.14: Power curve of IC70BA bulk device at different P3HT:IC70BA concentrations.

Concentration | A‘?(S:cm-Z) X;’)C (E /IO:) F(’(;)I)E (Rdg (F;)S)
10:10 17.04 0.33 55 2.8 952 7
17:17 15 0.46 55 3.5 1200 3
25:25 4 0.42 40 1.86 255 22
15:20 11 0.44 44 2.5 728 15
20:15 19 0.43 42 3.3 500 12

Table 4.10: The J-V characteristics for the PSHT: IC70BA based devices under illumination.

The trend of the device performance changes when the P3HT:1C70BA blend concentration changes
as shown in Figure 4.13 and Figure 4.14. When the P3HT to 1C70BA concentration was 10:10, a
Jsc of 17.04 mA/cm? and full factor of 55% was obtained which consequently yielded the PCE of
2.8 %. The value of Voc was greatly enhanced by 40% to 0.46 V for devices with the polymer to
IC70BA concentration of 17:17, compared to device concentration of (10:10), where electron and
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hole have a lower concentration. A PCE of 3.5% for this device was achieved. As it is known,
electrons have more mobility than holes in semiconductor materials and therefore increasing the
ratio between donor material (P3HT) and acceptor material (IC70BA) leads to increase in molar
mass of compound which creates more excitons. However, by reference to optical properties and
roughness measurements for the device with concentration of (25:25), increasing the 1C70BA
weight ratio (25:25), reduces the photon absorption efficiency (as the polymer absorbs more light
in the visible range than fullerene), resulting in an imbalance of charge transport in the device,
which increases the value of the bandgap. This leads to the low amount of excitons, it can be
noticed that at higher fullerene-to-polymer concentration, a larger domain size ( high value of
roughness) of fullerene can be formed which make trapping for electrons [39]. As results of the
above, devices with (25:25) concentration produced the lowest (Jsc). Also, the same phenomenon
occurred when the P3HT content increases to concentration of (15:20), Jsc=11 mW.cm2 and PCE
2.5%. Further increase in the P3HT weight ratio (20:15) increased the Jsc = 19 mW.cm due to
decrease recombination which reduces the device performance. This study demonstrates that at a
concentration of 17:17 is the optimum concentration which prevents generated charges from
becoming trapped within isolated domains. Moreover, excessive increasing in [1C70BA
concentration (15:20) result in higher recombination rate and reduce device performance. Thus,
Optimization of the composite concentration detects the important role played by morphology and

bandgap for the transport properties of P3HT:1C70BA bulk heterojunction based solar cells [40-
42].

4.4 1C,BA-based devices under different annealing conditions
4.4.1 Fabrication process

The device structure in this section is similar to the structure in Figure 4.1 with the fabrication
procedure explained in the previous section (different solvents effect). The active layer for these
devices was prepared by spin coating the blend solution of P3HT: 1C70BA (concentration of 17:17
mg/mL) witha spin coating 600 rpm for 60 seconds. Thermal annealing was performed at different
temperatures (150 °C, 175 °C and 200 °C) for 20 minutes before the vacuum deposition of the metal
electrodes (pre-thermal annealing). Finally, post-annealing was carried out for all devices for 20
minutes at 150 °C.
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4.4.2 Morphological analysis using AFM

To understand the morphological changes that occur in the active layer due to thermal annealing,
AFM images of the active layer surface before and after annealing at different temperatures were
studied. The tapping-mode AFM images in Figure 4.15 shows the variation in OBHJ active layer
morphology after annealing at different temperatures. The surface at 150°C thermal annealing is
amorphous and very smooth with rms roughness of 1.23 nm. This smooth layer prevents charge
carriers from trapping in the interface between the active layer and the metal electrodes. After
undergoing thermal treatment at 175°C for 20 minutes, the rms roughness becomes 1.90 nm.
Further increase in temperature to 200 °C resulted in more aggregate and rougher (2.53 nm) surface
compared to the film treated at 150 °C. The high agglomeration of the active film guide to a
negative impact on the OBHJ performance as the donor:accepter (D:A) interface area reduces the
ability to separate excitons. From the AFM images, the annealing at 150 °C results in good mixing
structures with a moderate agglomeration which gives large and connected grains. Thus, the
change in annealing conditions significantly modify the nature of the underlying active layer

morphology, and the morphology is correlated to the cell performance [43]. The values of

roughness’s for devices are listed in Table 4.11.
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Figure 4.15: 2D and 3D (5umx5um) AFM images and phase analysis of the
P3HT:1C70BA blends prepared by different annealing temperature.

Temperature (°C) Roughness (nm)
150 1.23
175 1.90
200 2.53

Table 4.11: Roughness for P3HT:IC70BA based OPVs according different temperature

annealing.
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4.4.3 Optical Absorption measurements

Figure 4.16 shows the effect of thermal annealing on the UV-Vis absorption spectra for the thin
films of P3HT:IC70BA annealed at different temperature. The change in the peak and edge
absorption wavelength with the different annealing temperature may be attributed to the
enhancement of the crystallinity of P3HT domains and the degree of the aggregation of IC70BA
molecules in the blend film. For annealing temperature film at 150 °C, the wavelength of the
absorption peak (Amax) is 477 nm (2.6 eV). At annealing temperature higher than that required for
complete reordered molecules film (at 175 °C) the (Amax) is remain at 477 nm (2.6 eV) but the
absorption intensity lower than the absorption in the film at 150 °C. Further increase of the
annealing temperature to 200 °C results in reducing the absorption peak (imax) to 496 nm (2.5 eV).
These changes are attributed to an increase in internal order, as the polymer chains move more
freely with higher temperatures [31]. These changes indicate that thermal annealing significantly
affected the molecular order of P3HT and the connectivity of 1C70BA crystallites as the thermal
annealing induces a thermodynamic alteration of the photoactive layer. This causes a
rearrangement of donor and acceptor phases, an increase in crystallinity of the P3HT and an

improved absorption profile [44-46].
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Figure 4.16: The optical absorption of the IC70BA based OBHJ solar cells under different
annealing temperature.
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Table 4.12 shows that small changes in thermal annealing temperature resulted in significant
changes to the bandgap and provide a direct method for tuning the bandgap in P3HT:IC70BA
devices. At 150 °C, the bandgap was 1.68 eV, whereas annealing increased to temperature 175 °C,
the bandgap of the blend increased to 1.80 eV. Moreover, increasing annealing temperature to 200
OC resulted in increasing the bandgap to be 1.83 eV. This is considered as a barrier for electrons to
be excited from the valance band to the conduction band in semiconductors. Hence, the heat
treatment of the blend at the optimal temperature (150 °C) causes an increase in the energy width
of the localized state thereby reducing the optical energy gap [47] and increase the number of
excitons created due to light absorption. In summary, it is clear from the optical and surface
morphology results indicate that the device performance depends strongly on the thermal
annealing temperature. By comparing the efficiencies of the devices, the optimum annealing
temperature to enhance the performance of OBHJ solar cells based on P3HT:1C70BA is 150 °C due
to the high ordered molecules in the active layer. Annealing at 150 °C resulted in lower energy
bandgap and a moderate agglomeration grains size, which provides a favourable pathway for
exciton separation and charge-carrier transport.

Temperature (°C) Bandgap (eV)
150 1.68
175 1.80
200 1.83

Table 4.12: The variation of P3HT:1C70BA blend optical bandgaps with different annealing

temperatures.
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4.4 .4 Electrical measurements
4.4.4.1Diode measurements

The dark J-V characteristics as shown in Figure 4.17 were measured to further study the effect of
different annealing temperature on series and shunt resistance of devices. Large shunt resistance
and small series resistance is beneficial to obtaining higher FF [33]. At the reverse bias region of
the dark J-V curves, the current is mainly limited by the shunt resistance due to leakage current
[23]. As the annealing temperature increases, the shunt resistances decrease and then increases in
the series resistances of the dark J-V curves as shown in Table 4.13. The Rsis a sum of the bulk
resistance of various layers in devices and the contact resistance between them, while the Rsh is
related to the quality of the films, such as traps and pinholes [48]. Larger Rs, which may be
attributed to an inefficient contact between blend film and modified electrodes and to a larger
roughness. Compared with the (T= 150 °C )-based devices, Rsh=60 kQ, while (T= 175 °C ) and
(T= 200 °C )-based devices exhibits a larger leakage current, which would decrease the shunt
resistance by 86% and 96% (8.3 kQ and 2.6 kQ, respectively). Such large variation in the leakage
current of organic solar cells is not uncommon and is known to be affected by substrate cleaning
procedures, film thickness, electrode interlayers, and film deposition techniques which is
evidenced by the roughness of the AFM diagram shown in Figure 4.15. At high positive voltages
region of the dark J-V curves, the dark current is mainly controlled by series resistance [49]. For
series resistances, the (T= 200 °C)-based device has the highest Rs followed by the (T= 175 °C )-
based device and the (T= 150 °C )-based device which have Rs= 8 Q and 4 Q, respectively.
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Parasitic Resistances

Temperature (°C)

Shunt resistance (k)

Series resistance (€2)

150 60 4
175 8.3 8
200 2.6 11

Table 4.13: Diodes parasitic resistances for different temperatures.
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As a method to investigate the recombination in the dark, the diode ideality factor n is extracted
from thedark J-V curve in Figure 4.18. Under high voltage bias (>0.3 V) forthe T =175 °C, (>0.5
V) for T =150 °C and (>0.6 V) for T = 200 °C-based device in the exponential region, most of the
current density is influenced by the parasitic effectsraised by series resistance and shunt resistance
[50-51]. For the T = 150 °C-based device, the value of the diode ideality factor is found in the
range of 1.2, while for the devices annealed at T = 175 °C the value of the diode ideality factor is
found to be 1.5. For devices annealed at T= 200 °C, the value of the diode ideality factoris 1.79 as
listed in Table 4.14.
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Figure 4.18: a) J-V characteristics of the OBHJ solar cells under the dark. (b) Variation of
Ln(Jp) versus the bias voltage with different annealing temperature films for P3HT:1IC70BA OPV

devices.
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Different temperature-based .
device (°C) Ideality Factor (n)
150 1.2
175 1.5
200 1.79

Table 4.14: Ideality factors for diode devices.

4.4.4.2 Photovoltaic performance

The J-V curves of the OBHJ solar cells with different thermal annealing under the illumination of
100 mW.cm2white light is shown in Figure 4.19 (Figure 4.20 represents the output electric power
as a function of applied voltage used to estimate the maximum power). Data for the OBHJ solar
cells performance are summarized in Table 4.15. For shunt resistance, significant decrease with
increasing thermal annealing, which negatively affects the performance of devices, is evidenced
in Table 4.15. The OBHJ solar cells with thermal annealing at 150 °C exhibited a PCE of 3.5%
with Jsc =15 mW.cm2, Voc is 0.46 V and FF of 51% with a semi-flat curve. As the heat-treatment
temperature was increased, the Rsh, Rs and FF parameters were decreased. It is the variation of the
optoelectrical and physical properties of the photoactive layer due to heat treatments influences
the device performance significantly where the optimum annealing temperature is 150 °C for 20
minutes. That dependson the degree of the aggregation of 1C70BA molecules in the blend film
with thermal annealing to provide interpenetrating networks for charge-carrier transport and the
degree of the enhancement of the crystallinity of P3HT domains [38]. Efficient OBHJ solar cells
can be obtained by enhancing the connectivity of 1C70BA and P3HT crystallinity. It is believed
that the main process affects the photoactive layer performance due to thermal annealing is the
IC70BA aggregation and diffusion to the P3HT order structure [52]. The output power for the
device annealed at 150 °C increased more than 33% compared to the device annealed at 200 °C.
For shunt resistances, Rsh at 200 °C decreased by more than 70% compared to Rsh at 150 °C, while

series resistance showed increased in value as the annealing temperature been raised.
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Figure 4.19: J-V characteristics for P3HT: IC70BA-based devices under AM 1.5 solar simulator

source of 100 mW.cm-2 using different annealing temperature.
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Figure 4.20: Power curve of IC70BA bulk device at different annealing temperature.
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Annealing temperature Jsc Voc FF PCE Rsh Rs
(°C) (MmA.cm?) [ (V) | (%) [ (%) | @ | Q)
150 15 0.46 51 3.5 1200 3
175 17 0.39 48 3.2 286 4.5
200 12.6 0.47 45 2.7 333 4

Table 4.15: The J-V characteristics for the P3HT: IC70BA based devices under illumination.

4.5 1C,BA-based devices under differentannealing time conditions
4.5.1 Fabrication process

P3HT:1C70BA-based OBHJ devices were fabricated using a pre-patterned I1TO-coated glass
substrate. Before the use, the substrate was cleaned in ultrasonic using 20% Decon90, deionized
water, isopropanol, and acetone in the cleanroom, and later dried with N2 compressor. All cleaned
substrates were treated with O2 plasma treatment for 20 minutes. The solution for hole transporter
PEDOT:PSS was spin-coated at 4000 rpm for 40 seconds onto the cleaned substrates and annealed
at 150 °C for 30 minutes. The photoactive layer P3BHT:I1C70BA (1:1) weight/weight (w/w) dissolved
in DCB with a concentration of 34 mg/ml (17:17) was spin-coated at 600 rpm for 60 seconds in
the glove box and subsequently annealed at 150°C for different annealing times 10, 20, 30, 40 and
50 minutes. To complete the device, 100 nm thick Al was thermally evaporated at rate 1A/s
through a shadow mask at a base pressure of 10-° mbar. The active area of the complete devices is

0.125 cm?2. Devices were tested under AM 1.5 illumination with an intensity of 100 mW.cm-2 at
room temperature.
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4.5.2 Morphological analysis using AFM

The surface morphology for devices annealed at different annealing times were examined using
tapping-mode atomic force microscope (AFM). The tapping-mode AFM images are illustrated in
Figure 4.21. Variation in the morphology values of active layer after different annealing times as
listed in Table 4.16. The surface morphology for devices treated with thermal annealing for 20
minutes showed enhanced properties as the surface roughness decreased more than 35% compared
to the roughness of device annealed for 10 minutes. In contrast, increasing annealing time beyond
20 minutes resulted in aclear increase in surface roughness and therefore works as an impediment
for excitons leading to high recombination process. The increase in surface roughness arises from
self-assembled P3HT and 1C70BA domains due to possible molecular-level interactions between
IC70BA and solvent [53]. Moreover, these films exhibited more pinholes compared to devices
annealed for 20 minutes, this may cause leakage current that reduces the fill factor and overall
power conversion efficiency (PCE) of the OSCs [54]. With long temperature thermal-annealing,
polymer crystallization size becomes large in the active layer, thus increasing the overall surface

roughness of the films.
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Figure 4.21: 2D and 3D (5umx5um) AFM images and phase analysis of the

P3HT:IC70BA blends prepared by different annealing times.

Annealing time (mins) Roughness (nm)
10 1.23
20 0.87
30 1.33
40 4.63
50 4.71

Table 4.16: Roughness for P3HT:IC70BA based OPVs according different annealing time.
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4.5.3 Optical Absorption measurements

Starting with 10- and 20-minutes annealing time, the energy band gap was calculated from Figure
4.22 and predicted in Table 4.17. It can be noticed that changes in thermal annealing time resulted
in changes to the bandgap and provide another direct method for tuning the bandgap in
P3HT:IC70BA device structure. For both annealing time the energy band gap showed almost
similar values which are 1.74 eV and 1.76 eV, respectively. While increasing the duration of post-
annealing further (more than 20 minutes) increase in the bandgap as shown in Table 4.17. This
behaviour may be attributed to the decomposition of the blend structure at longer annealing time.
Generally, P3HT:IC70BA film annealed for 20 minutes showed the highest absorption peak as
shown in Figure 4.22, with a peak wavelength of 500 nm which was attributed to improved chain
ordering of the P3HT molecules within the active layer and the enhanced exciton dissociation

efficiency at the donor/acceptor interface [54].
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Figure 4.22: The optical absorption of the IC70BA based OBHJ solar cells under different

annealing times.
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Annealing time (minutes.) Bandgap (eV)
10 1.74
20 1.76
30 1.80
40 1.90
50 1.89

Table 4.17: Bandgaps for P3HT:IC70BA based OPVs according to different annealing time.

4.5.4 Electrical measurements
4.5.4.1 Diode measurements

The Rsh and Rsof the OSCs produced using different thermal annealing times have been estimated
using the dark J-V characteristics in Figure 4.23. Device annealed for 20 minutes has exhibited the
lowest Rs with a value of 2 Q compared to the rest of the devices annealed at different times as
shown in Table 4.18 and Figure 4.23. The main reason for these high series resistances could be
attributed to the larger roughness and presence of pinholes. A high series resistance results in low
FF and therefore reduced solar cell efficiency; improved contact properties between the active
layer and the top (Al) electrode will result in low series resistance due to the stronger interfacial
adhesion [55]. Shunt resistance is also calculated as listed in Table 4.18. For 20 minutes annealing,
the device has the highest value with Rsh =75 kQ, which prevents current leakage through pinholes
and traps or current leakage from the edge of cells. The value of resistance associated with devices
annealed for 20 minutes represents the optimal conditions for device fabrication. By increasing
thermal annealing time more than 20 mins, Rsh showed a significant decrease by more than 97%,
92% and 92% for devices annealed for 30, 40 and 50 minutes, respectively. These low values can

be related to low-quality films and more charge carrier recombination [48].
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Figure 4.23: Diode behaviors for different annealing times. The insert figure represents leakage

current.

Parasitic Resistances
Annealing time | Shunt resistance | Series resistance
(minutes.) (kQ) (®)]
10 60 4
20 75 2
30 2 12
40 6 9
50 6 7

Table 4.18: Diodes parasitic resistances for different P3HT:IC70BA annealing times.
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To illustrate the impact of the trap on recombination, the ideality factors of the OSCs were
calculated from Figure 4.24. The ideality factor from the dark current density—voltage curve is
defined as real and important parameter which can be used to decide whether the p-n junction
device behaves closely to the ideal diode [56]. The ideality factor is close to 1 for an ideal trap-
free device, while it approaches 2 for the case with the deep and dominant recombination induced
by the trap [57]. The results are shown in Figure 4.24 and summarized in Table 4.19. Using
different thermal annealing times has resulted with different rectification; the device annealed for
20 minutes has shown close to unity ideality factor, this is attributed to the improved distribution
of 1C70BA within P3HT matrix and thus improved film morphology which facilitates the charge
carriers transportation by creating percolation pathways for both charges and hence a decrease in
the recombination rate [55]. For long thermal annealing times (30, 40 and 50 minutes), the ideality
factors are found to be 1.35, 1.73 and 1.96, respectively which suggests high recombination rate
in such devices. This high value might be attributed to the morphological disorder of the devices

which show clear pinholes and interrupted networks [55].
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Figure 4.24: (a) J-V characteristics of the OBHJ solar cells under the dark. (b) Variation of Ln
(Jo) versus the bias voltage with different annealing times for P3HT:IC70BA OPV devices.
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Annealing Time (minutes.) Ideality Factor (n)
10 1.20
20 1.05
30 1.35
40 1.73
50 1.96

Table 4.19: Ideality factors for different annealing times.

4.5.4.2 Photovoltaic performance

J-V curves of the devices tested under 100 mW.cm AM 1.5 G illumination for different annealing
times are shown in Figure 4.25 and device performance parameters are listed in Table 4:20. The
trend of the device performance change when the annealing times change (see Figure 4.25 and
Figure 4.26). When the annealing time was 50 minutes, a Jsc of 4 mA/cm? and FF of 51% were
obtained which consequently yielded a PCE of 0.9 %. This attribute to surface roughness and the
large difference between the mobilities of electrons and the holes, then space charge effects due to
unbalanced mobilities results in a low current density [39]. Jsc was significantly enhanced to 21.3
mA.cm2 for the device annealed for 20 minutes, where electron and hole transport are balanced
resulting in much improved value of PCE 4.7%. This is ascribed to the increase in the charge
carriers’ mobility and the electrical conductivity due to the improved layer structure and good
interpenetrating network. When the thermal annealing time was further increased to 30 minutes,
the FF started to decrease by almost 30% and reached a value of 38% resulted in PCE of 3.9%. In
this case, shunt resistance and series resistance played a critical role, high Rs and low Rsh compared
to device annealed for 20 minutes. Similar phenomenon occurred when the device annealed for 40
minutes, Jsc = 8 mA.cm and PCE 1.8% with low Rsh=700 Q and high Rs=9 Q. It is clear that
device performance weakens with the increase of the annealing time for more than 20 minutes.
Devices annealed for 10 mins showed decreased value of Jsc = 15 mA.cm2due to increase in

recombination which reduces the device performance. Voc, on the other hand, has slightly changed
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for the fabricated devices; Voc is mainly determined by the difference between the HOMO of the
donor and the LUMO of the acceptor [58]. However, increasing the annealing times reduces the
photon absorption efficiency (as the polymer absorbs more light in the visible range than

fullerene), resulting in an imbalance of charge transport in the device, which decreases the device

performance.
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Figure 4.25: J-V characteristics for P3HT:1C70BA-based devices under AM 1.5 solar simulator
source of 100 mW.cm-2 using different annealing times.
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Figure 4.26: Power curve of IC70BA bulk device at different annealing times.

Annealing time Jsc Voc FF PCE Rsh Rs
(minutes.) (mA.cm32) | (V) (%) (%) Q) Q)

10 15 0.46 51 3.5 | 1200 3

20 21.3 043 53 4.7 | 3000 3

30 22.8 0.45 38 3.9 600 15

40 8 0.43 52 1.8 700 9

50 4 0.41 51 0.9 | 1000 6

Table 4.20: The J-V characteristics for the P3HT: IC70BA based devices under illumination for
different annealing time.
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4.6 Using Lithium Fluoride (LiF) as electrons collecting buffer layer

4.6.1 Fabrication process

The device is fabricated in a similar structure as described for the device in section 4.5 with
annealing time of 20 minutes. To complete the device, 0.75 nm thick of LiF was thermally
evaporated at evaporation rate 0.1 A/s and 100 nm thick Al was thermally evaporated at rate 1A/s
through a shadow mask at a base pressure of 10-® mbar. The active area of the completed devices
is 0.125 cm?. Devices were tested under AM 1.5 illumination with an intensity of 100 mW.cm-2 at

room temperature. Figure 4.27 shows the schematic diagram of P3HT:IC70BA based OBHJ with
all the layers used in this experiment.

|
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O O

LiF
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Figure 4.27: Schematic diagram of P3HT:IC70BA devices.

4.6.2 Morphological analysisusing AFM

To find out the reasons leading to high FF for the LiF-based OSCs, AFM measurements were
performed to examine the surface morphology of the LiF layer on P3HT:IC70BA surface.

Figure 4.28 shows the phase images, recorded by tapping mode AFM of the P3HT:1C70BA films
without LiF and with LiF (0.75 nm) layer deposited on top of the active layer (image size

5um x5 um). The pristine P3HT:IC70BA film exhibits a very smooth surface with a low
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roughness of 0.87 nm. After depositing 0.75 nm thick LiF on top, the rms roughness increases to
1.68 nm. Figure 4.28 shows there is a significant difference in rms roughness between without LiF
layer and with LiF layer and the surface morphologies of these two films are very different. The
P3HT:IC70BA/LIF film shows larger aggregates (spherical shape) as compared to pristine
P3HT:1C70BA, which can also be observed in their phase images, a similar behaviour was observed
by other researchers [59]. Therefore, some intermixing occurs at the P3HT:1C70BA /LiF interface,
which results in the good Vocand high FF as will be demonstrated in this section. Also, the increase
in surface roughness arises from self-assembled P3HT and 1C70BA domains due to possible

molecular-level interactions with LiF and solvent annealing.

Figure 4.28: 2D and 3D (5umx5um) AFM images and phase analysis of the P3HT:1C70BA
blends with and without LiF.
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Device Roughness (nm)

Without LiF 0.87

With LiF 1.68

Table 4.21: Roughness for P3HT:1C70BA based OPVs with and without LiF.

4.6.3 Optical Absorption measurements

UV-Vis spectra of thin-films with and without LiF are shown in Figure 4.29. The pristine
P3HT:1C70BA film absorption edge at 704 nm where the bandgap at this point is 1.76 eV, with
peak absorption at 496 nm (2.50 eV). However, the P3HT:IC70BA/LIiF absorption edge at 680 nm
where the bandgap at this point is 1.82 eV, with peak absorption at 500 nm (2.48 eV). No
significant change in the peak position has been observed for both devices. Table 4.22 shows
bandgaps for P3HT:1C70BA based OPVsand P3HT:IC70BAJ/LIF. It is clear from Figure 4.29 that
the absorption intensity for devices with deposited LiF thin film is much higher than absorption
intensity for devices without LiF layer, this shows that the emission only comes from the LiF [60].
Compared with the active layer without LiF, the absorption peak of annealed films did not shift,
only the intensity of absorption peak changed. The peak intensity is determined by the structural

order of the LiF and the active layer film.
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Figure 4.29: The optical absorption of the 1C70BA based OBHJ with and without LiF layer.

Device Bandgap (eV)
Without LiF 1.76
With LiF 1.82

Table 4.22: The variation of P3HT:IC70BA blend optical bandgaps with and without LiF.

4.6.4 Electrical measurements
4.6.4.1 Diode measurements

Figure 4.30 displays the dark current density vs voltage curve for both devices without and with
LiF. Itis obvious to observe that the device without LiF has a much lower leakage current when
under the reverse bias. The low shunt resistance indicates the high leakage current and also
indicates the higher charge carrier recombination in the device [61-62]. The small dark leakage

current of the fresh device is also responsible for its higher Voc [50,63]. Shunt resistance and series
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resistances are calculated as listed in Table 4.23. For Rsh, LiF-based device showed better value
compared to the device without LiF layer, which is 90 kQ and 75 kQ, respectively. On the other
hand, related to Rs values, LiF device showed a double value of Rscompared to the device without
LiF layer, this is attributed to high roughness of LiF device.

50
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Figure 4.30: Diode behaviours for non LiF layer and with LiF layer. The insert figure

represents leakage current.

Parasitic Resistances

Devices Shunt resistance Series resistance
(kQ) (0)]
Without LiF 75 2
With LiF 90 4

Table 4.23: Diodes parasitic resistances for P3HT:1C70BA device with and without LiF.
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For the ideality factor (n), a deviation of n from unity was observed because of trap-assisted
recombination. This result likely to be consistent with the observation of n larger than unity in
dark-current measurements. Consequently, an ideality factor greater than unity in organic solar
cells is often used as evidence for a dominant trap assisted recombination process [64]. In this
section, it is demonstrated that in organic solar cells with trap-free transport, the dark ideality factor
is determined by the transport dominating carrier in the blend, Recently, it is demonstrated that the
ideality factor often deviates from unity even in single-carrier diodesof a single material, where
recombination is completely absent. This deviation from unity was caused by a small number of
deeply trapped carriers which are not in thermal equilibrium with free carriers in the transport sites.
Finally, it is demonstrated that the ideality factor of the dark current is dominated by the fastest
transporting material in the blend. Consequently, a dark ideality factor deviating from unity can
be used as an indication for the presence of trap-assisted recombination in an organic solar cell
[65]. Table 4:24 shows the value of ideality factors in the dark for both devices. J-V characteristics
of the OBHJ solar cells under the dark. (B) Variation of Ln (Jp) versus the bias voltage with and
without LiF layer are shown in Figure 4:31.
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Figure 4:31: a) J-V characteristics of the OBHJsolar cells under the dark. b) Variation
of Ln (Jp) versus the bias voltage with and without LiF layer.
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Device Ideality factor (n)

Without LiF 1.05

With LiF 1.9

Table 4.24: Ideality factors for diode devices.

4.6.4.2 Photovoltaic performance

Lithium fluoride (LiF) is widely used as the interfacial layer between the electron transport layer
(ETL) and metal back contact as electron collecting layer, and to improve the device performance.
The fill factor (FF) of solar cells could be improved from 53% to around 56% just by depositing
0.75 nm LiF before Aluminium (Al) evaporation. Implying the energy mismatch between cathode
and electron transporting layer is compensated by the formation of dipoles with LiF insertion layer.
It is also expected that the LiF layer protects the layers underneath when the (Al) is evaporated,
resulting in less Al diffuses into the film which may be responsible for forming high conducting
channels leading to recombination [66]. However, it is still in a debate the exact operation
mechanism of these buffers or ultrathin layers. Forming a tunnelling junction to increase built-in
electric field, an interfacial dipole layer to shift the work function of electrodes, or to protect the
active layer from damage is considered the underlying reason for using LiF [67]. OSCs using no
LiF and 075 nm LiF were fabricated with the following structures:
ITO/PEDOT:PSS/P3HT:IC70BA/LIF (0 and 0.75 nm)/Al. The current density—voltage (J-V)
characteristics for both cells under 100 mW/cm? are shown in Figure 4.34. Their main extracted
performance parameters, Voc, (Js¢), (FF) and PCE which are obtained through the peaks of curves
in Figure 4.35, all parameters are summarized in Table 4.24. It is distinguished that the device
efficiency is enhanced by 15% by the insertion of 0.75 nm LiF layer. The Voc 0f 0.43 V and 0.79
V for both OSCs with 0 and 0.75 nm LiF are significantly different. Table 4.24 also showed Jsc of
21.2 mA.cm and FF of 53% for the OSC with no LiF and Jsc of 12.5 mA.cm and FF of 56% for
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the OSC with LiF layer. Finally, the overall PCE for the cell with LiF (5.5.5%) is much improved
compared to that without LiF (4.7%) due to the clearly improved Voc.

The series resistance was decreased to 0.5 Q compared to 3 Q for devices with no LiF, and then
the FF of the OSCs has improved because of the insulating nature of thin LiF buffer layer. When
electrons come to the interface of polymer/LiF, many of them can pass through the LiF layer by
tunneling. Because the thickness of LiF is only 0.75 nm, the tunnelling efficiency of electrons is
so high that only a few electrons cannot pass through LiF layer. A build-in electric field pointing
from Al to polymer will be formed inside the polymer/LiF/Al system. The build-in field can push
the electrons passing through the buffer layer. So, the Vo of the cells could also be increased, which
increased almost by 100% compared with no LiF device. Also, the evaporation of Al electrode
needs a high temperature [68], and the Al atoms have very high energy and would destroy the
polymer active layers during the evaporation process. Some Al atoms embedding into the polymer
active layer may create recombination centres, resulting in many excitons and carriers recombine
in these centres. So, the pre-evaporated LiF buffer layer can prevent the Al atoms from directly
bombarding the polymer active layer. Moreover, in the cell without the cathode buffer layer, there
exists a kind of bonds near the interface of polymer/Al. These bonds also can cause serious
recombination of excitons and carriers. When a LiF cathode buffer layer is introduced, it can
isolate the metallic cathode from the polymer active layers. Then, nearly no bonds will be formed,
the quality of the interface has been improved, and the recombination probability of the excitons
has been reduced [69].
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Figure 4.32: J-V characteristics for P3HT:1C70BA-based devices under AM 1.5 solar
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Figure 4.33: Power curve of IC70BA bulk device with and without LiF layer.
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. ‘]SC Voc F F PC E Rsh RS

Device maem?) | ) | @ | @ | @ | @
Without LiF 21.2 0.43 53 4.7 3000 3

With LiF 12.5 0.79 56 55 2500 15

Table 4.25: The J-V characteristics for the P3HT: IC70BA based devices under illumination for
different annealing time.
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4.7 Summary

Different strategies were carried out in order to improve the performance of P3HT:1C70BA-based
solar cells; these are employing different solvents and their co-solvents, preparing different active
layer concentrations, selecting the optimum annealing temperature, selecting the optimum post-
annealing treatments for the optimum combined devices and finally, investigating the influence of
LiF as buffer layer. Firstly, the morphology and crystallinity of polymer blends have presented
significant improvement when using DCB solvent. OSCs devices produced with DCB solvent has
demonstrated a noticeable increase in photovoltaic performance with improved PCE from 1.5% in
the CB-based device to 2.8% in DCB-based device. Using the optimum solvent (DCB),
P3HT:1C70BA solar cells were fabricated with different active layer concentrations. The PV
performance was evaluated for these devices as a function of the active layer concentration and a
maximum PCE of 3.5% was recorded for the devices with 17:17 mg/mL active layer
concentration. In addition, OSCs with different annealing temperature have been investigated
using the optimum solvent (DCB) and the optimum active layer concentration (17:17mg/mL). The
main purpose was to improve the current density. Optimum device performance was associated
with 150 °C as PCE of 3.5% and FF of 51% have been obtained for such annealing temperature
with Jsc and Voc of 15 mA.cm2 and 0.46V, respectively. The effect of post- annealing time at 150
°C (at different times in the range 10 minutes - 50 minutes) was also been investigated using the
above-mentioned parameters. The annealing time has shown to result in significant impact on the
morphology of the BHJ films. Samples with annealing for 20 minutes have exhibited significantly
improved PV performance with PCE reaching 4.7%, and FF approaching 53%. Furthermore, the
influence of using LiF as electron collecting buffer layer has been investigated and showed
significant results with high PCE of 5.5% which is similar to what the manufacturer indicated and
a remarkable improvement in the open-circuit voltage from 0.43V to 0.79V. All parameters values

for devices under previous conditions are summarized in Table 4.21.
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Electrical properties

Dark Light Jse Voo | FF n | Ideality
Devices Re@) | Re(@Q) | Ra(@ | RyQ) (mA.cm?) V) | (%) | (%) facrfor
Different Solvents
CB 3878 10.7 870 8.5 10.3 033 | 45 | 15 2
DCB | 30000 7.6 952 7 17.04 033 | 55 | 28 1.5
Mix | 12600 8.8 769 8.8 11.8 031 | 50 | 1.86 | 1.9
Different Concentrations
10:10 | 30000 7.6 952 8 17.04 033 | 55 | 28 1.5
17:17 | 60000 4 1200 3 15 046 | 49 | 35 | 1.35
25:25 | 1200 8 255 22 4 042 | 40 | 085 | 19
15:20 | 3700 6 728 15 11 044 | 44 | 25 1.6
20:15 | 4000 5.5 500 12 19 043 | 42 | 33 | 145
Different Annealing Temperatures
150 | 60000 4 1200 3 15 046 | 51 | 35 1.2
175 8300 7 286 4.5 17 039 | 48 | 3.2 1.5
200 2600 11 333 4 12.6 047 | 45 | 27 | 179
Different Annealing Times
10 60000 4 1200 3 15 046 | 51 | 35 1.2
20 75000 2 3000 3 21.2 043 | 53 | 47 | 1.05
30 2000 12 600 15 22.8 045 | 38 | 39 | 1.35
40 6000 9 700 9 8 043 | 52 | 1.8 | 173
50 6000 7 1000 6 4 041 | 51 | 09 | 196
The Buffer Layer
LiF | 120000 4 2500 1.3 12.5 079 | 56 | 55 1.9

Figure 4.35: Power curve of IC70BA bulk device with and without LiF layer.
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Chapter 5

Improved OSC performance by modified hole transport layer using
different metal salts

5.1 Introduction

Despite the ongoing technological developments humankind experienced during the past decades,
the challenge of energy shortages and environmental pollution seem to be two of the most
predominant challenges humanity has faced. Alternative energy sources are highly required, due
to the humankind’s continuously increasing demand for energy. Although conventional energy
sources are continuously satisfying the ongoing demand, such conventional sources contribute
negatively towards the environment. As a result, solar cells have been the focus in many intensive
studies as an alternative energy source that could satisfy humanity’s request for energy, whilst
being environmentally friendly. Thus, over the past years, remarkable progress has been witnessed

in both solar energy’s market growth and experimental research [1- 4].

Despite providing a lower power conversion energy (PCE), organic solar cells (OSCs) during the
past two decadeshave received global attention, due of their potential benefits [5-7]. Such benefits
include low cost, mechanically flexible, lightweight and being compatibility to be processed using
roll-to-roll printing [8]. Excellent photovoltaic materials used in OSCs are indene-C70 bisadduct
(IC70BA) and poly(3-hexylthiophene) (P3HT), where both materials can theoretically gain a high
fill factor (FF) and high open-circuit voltage (Voc) [9-11].

One of the most commonly known conductive polymer is  Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) which abbreviated as PEDOT:PSS [12]. The
importance of this material is due to its visible range optical transparency, high mechanical
flexibility, work function, tunnelable electrical conductivity cost-effectiveness etc., which allowed
PEDOT:PSS to be used for the fabrication of (OSCs), displays, transistors, and various sensing
electronics, including biosensors, pressure, temperature, humidity and strain sensors [13-14].The
electrical conductivity (¢) of PEDOT:PSS films is known to be not more than 1.0 Scm™! [15-17].

However, dramatically improved electrical conductivity values reaching 4000 S.cm™' can be
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obtained, utilizing modified films of PEDOT:PSS through the doping of polar solvents, [18] strong
acids, and ionic liquids [19-21].

In OSCs, an interface layer referred to as the Hole Transport Layer (HTL), is inserted between the
anode electrode and the active layer, to improve the extraction and collection of charge carriers, in
addition to enhancing the device’s stability and performance [22]. Due to its aforementioned
properties, PEDOT:PSS is one of the commonly used materials in replacing inorganic HTLs.
Additionally, spin coating deposition of PEDOT:PSS dispersed in water can produce highly
conductive transparent films with ease, allowing low sheet resistance films [23]. It is actively used
in plastic electronic applications such as OLEDs, flexible photovoltaic (PVs) devices, memories,
and sensors [22].

To improve the performance of PV devices, it is necessary to intentionally dope the materials used
[24-25]. Such improvements are important for space charge layer generation in p-n junctions and
for tunneling contacts with efficient carrier injection [26-27]. Various studies have demonstrated
multiple achievements with efficiency improvements [28-29]. The number of charge carriers could
also be increased (both holes and electrons), allowing a higher conductivity, which is crucial in
lowering contact losses [30-31]. Up tonow, there have several actions that can successfully modify
the properties of a PEDOT:PSS layer, which involves the use of various organic solvents. Such
solvents are dimethylsulfoxide, ethanol, tetra-hydrofuran and acetonitrile, which have effectively
demonstrated improvement in the conductivity of PEDOT:PSS layers [32]. An alternative method
was studied by Ouyang, where the effect of different salts on PEDOT:PSS were investigated. This
study showed that metal salts employed as dopants within aqueous PEDOT:PSS effectively
enhanced the conductivity, which is due to metal ions binding to the PSS anions of the
PEDOT:PSS layer. Thus, this study investigates the impact of metal salts on PEDOT:PSS, in order
to improve the properties of PEDOT:PSS for an enhanced performance in HTL.
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5.2 Fabrication process

PEDOT:PSS (conductive grade-483095 purchased from Aldrich) were mixed with different metal
salts; Copper Chloride (CuCl2 99.99%) and Lithium Chloride (LiCl 99.99%) (Sigma Aldrich) as
powder. To prepare the salts aqueous solutions, 2 mg of each metal salt was added to 6 ml of
deionized (DI) water separately. In order to examine the role of dopant concentration, different
salt concentrations were added to 1 ml of PEDOT:PSS, separately. For example, 0.1, 0.2 and 0.4
ml of LiCl were added to 1 ml of PEDOT:PSS to prepare LiCl 0.1, LiCl0.2 and LiCl 0.4 solutions,
respectively. The solutions were then sonicated for 30 minutes before mixing with PEDOT:PSS
to remove any aggregates. The final solutions were also sonicated for 45 minutes to ensure good

dispersion and complete solubility of the salts.

The organic photovoltaic devices depicted schematically in Figure 5.1, were fabricated by spin
coating of doped PEDOT-PSS onto clean 1TO-coated glass substrates. The substrates were
thoroughly cleaned using DI water, acetone, and iso-propanol for 10 minutes each in an ultrasonic
bath, respectively, and then dried with dry N2 gas. All cleaned substrates were treated with Oz
plasma treatment for 20 minutes. Doped PEDOT:PSS was spin-coated at a spin speed of 4000
rom for 40 seconds and annealed on a hot plate at 150 °C for 30 minutes in ambient air.
P3HT:IC70BA active layer (17 mg.mlt) was dissolved in diochlorobenzene (DCB) with the ratio
1:1. The active layer was spin-coated with a spin speed of 600 rpm inside a nitrogen-filled glove
box, followed by annealing inside the glove box at 150 °C for 20 minutes. The active layer
thickness was estimated to be 100 nm using Dektak Stylus Profilometer. Then, the samples were
immediately placed in the evaporator to deposit Lithium Fluoride (LiF) with thickness equals 0.75
nm. A top contact of Aluminium (Al) was thermally evaporated through a shadow mask with a
thickness of 100 nm. The deposited Al electrode area definesthe active area of the devices as 0.125
cm?. All the devices were subjected to further heat treatment inside the glove box at 150 °C for 20

minutes and left to cool down for 30 minutes before measurements were carried out.
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P3HT:IC7,BA

PEDOT:PSS+Salt

Figure 5.1: Structural formula of P3HT:1C70BA photovoltaic device.

5.3 Morphological analysisusing AFM

The morphology of the PEDOT:PSS films treated with different metal salts in aqueous solution
forms were investigated using AFM techniques. The characterization of surface roughness
parameters is very powerful for many essential problems, such as contact deformation, fraction,
tightness etc., [33]. Figure 5.2 shows the AFM images of the PEDOT:PSS films treated with
different metal salts in aqueous solution forms. As can be seen, an increase in the ratio of different
metal salts led to a decrease in surface roughness. It has been noticed that the correlation between
the surface pore size with the surface roughness is direct. For example, the smaller surface pore
size is the smoother sample roughness and vice versa [34]. It may be suggested that the metal salts
with small diameters fill the gaps or holes between the protrusions of blended polymer and thus
reduce the roughness of the film surface and get a good surface quality. Furthermore, the height of
the grain size of the films was decreased with increasing the ratios of metal salts blended with
PEDOT:PSS. This result reveals that the surface of films has a low surface roughness feature. The
doped films have exhibited smooth morphologies compared to the pure PEDOT:PSS film. To
investigate the effect of higher concentrations of metal salts impurities on the surface morphology
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of PEDOT:PSS layer, devices with aqueous solutions with higher concentrations of the two group
of salts, LiCl (0.1, 0.2 and 0.4) and CuCl2 (0.1, 0.2 and 0.4) devices were examined as shown in
Figure 5.2. Phase separation between the conductive site (PEDOT) and the insulating site (PSS)
might have occurred within the PEDOT:PSS layer which results in separating both domains thus
leading to a change in the PEDOT:PSS morphology [35]. The films have exhibited smoother
surface with increased LiCl and CuCl: solution concentrations. The device with pure PEDOT:PSS
film has exhibited smooth surface with rms roughness of 1.68 nm while smoother surface
morphologies of 1.18 nm, 1.09 nm, and 1.08 nm for LiCl device (0.1, 0.2 and 0.4, respectively).

For CuClz devices (0.1, 0.2 and 0.4) group, the roughness was 1.06 nm, 1.05 nm, and 1.00 nm,
respectively as listed in Table 5.1.

Generally, the brighter regions observed in the AFM image for the pure PEDOT:PSS (reference
device) could be associated with the PEDOT whereas the darker regions are related to the less
conductive PSS regions [36]. This improvement in the surface roughness may be ascribed to the
increase in grain size after metal chloride treatment. Therefore, an improvement in the light
scattering might be ascribed to such surface roughness which is thought to improve the light-
harvesting by the active layer as well as decreasing the contact resistance of the interfacial layer,
hence increasing the short circuit current density (Jsc).
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Figure 5.2: 2D and 3D AFM images and phase analysis of the P3HT:IC70BA blends prepared by
different PEDOT:PSS deposited by different salts concentrations.
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Annealing time Roughness (nm)

Pure PEDOT:PSS 1.68
PEDOT:PSS+LiCl (0.1) 1.18
PEDOT:PSS+LICI (0.2) 1.09
PEDOT:PSS+LICl (0.4) 1.08
PEDOT:PSS+CuCl2(0.1) 1.06
PEDOT:PSS+CuCl, (0.2) 1.05
PEDOT:PSS+CuClz (0.4) 1.00

Table 5.1: Roughness for P3HT:1C70BA based OPVs according to pure, LiCl and CuCl:
aqueous solution treated PEDOT:PSS layers.

5.4 Optical Absorption measurements

The UV-Vi absorption spectrum of the P3HT:1C70BA based OPVs for the pure, LiCl and CuCl,
aqueous solution treated PEDOT:PSS thin films are shown in Figure 5.3. Figure 5.3(a) presents
the UV-Vis spectrum of CuClz group compared to the pristine sample. At the lowest concentration
of CuClz (0.1), the absorption edge around 805 nm where the bandgap at this pointis 1.54 eV. The
peak absorption at 590 nm (2.1 eV), which has the highest absorption intensity. On the other hand,
the absorption intensity decreased for CuClz (0.2) device. For this thin film, the absorption edge
was around 795 nm (1.56 eV) with a peak absorption as same as CuClz (0.1) device at 590 nm (2.1
eV). Finally, for the highest concentration of CuCl2 (0.4) devices, the absorption edge of was

around 775 nm where the bandgap at this point 1.60 eV. The peak absorption at 590 nm (2.1 eV),
has the lowest absorption intensity of these thin films group.
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Figure 5.3: Absorption spectra of PEDOT:PSS films on treatment with different concentrations
of (A) CuClz and (B) LiCl.
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For the LiCl devices and as shown in Figure 5.3 (b), the highest absorption intensity is for LiCl
(0.2) device with the absorption edge around 805 nm where the bandgap at this point is 1.54 eV.
The peak absorption at 590 nm (2.1 eV). However, the absorption intensity decreased to be the
lowest for the highest concentration of LiCl salt which is LiCl (0.4) device. For this thin film, the
absorption edge was around 790 nm, with a bandgap of (1.57 eV) and with a peak absorption at
590 nm (2.1 eV). Finally, the lowest concentration of LIiCl devices is LiCl (0.1) device, the
absorption edge of which is around 800 nm where the bandgap at this point 1.55 eV. The peak
absorption at 590 nm (2.1 eV), which has the lowest absorption intensity of these thin films group.
The values of bandgaps are listed in Table 5.2.

The absorption spectra of metal salts treated PEDOT:PSS films have exhibited higher absorption
as compared to pure PEDOT:PSS films. In both groups, the metal chloride treated PEDOT:PSS
layers have been found to have a great benefit for solar cells specifically for materials employed
as a window layer. The maximum absorption of pure PEDOT:PSS film was in within the
wavelength range (400-650 nm), while absorption of salts treated-PEDOT:PSS films has
increased for both groups of salts. Moreover, a decrease in the salt’s concentration has led to further
improvement in the absorption of thin films. It has been reported that PEDOT:PSS layer has higher

absorption coefficient in the NIR region of the spectra, while has a small absorption coefficient in
the UV and visible regions [37].

The roughness of ITO/PEDOT:PSS-salts doped surface influences light scattering; therefore, it
may contribute in longer light propagation pathway within the P3HT:1C70BA active layer and this
may result in light trapping. Generally, light trapping occurs due to total internal absorption,
surface plasmon and reflection [38]. Increasing the optical path length of a device which has 100
nm thickness by light trapping encourages the light to bounce forth and back within the cell about
50 times [39]. The light scattering and trapping within the complete device is thought to assist in
increasing the current density through enhancing light-harvesting efficiency and thus improving
the device efficiency, but when the surface has a high value of roughness, this results to be an
obstacle of light propagation [40]. It has been reported that the roughness of the absorber layer
assists the light scattering [41]. This is thought to contribute to increasing the absorption and
therefore the current density, which results in improvement of OPVs performance. It has also been

verified that when the polymer/fullerene active layer incorporated into a complete device which
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incorporates charge transport layers on both sides of the device and an anti-reflection layer, the
total absorption might be further improved by minimizing reflection losses. To enhance light
propagation through the device, it could be through the reflected light from the randomly textured
organometallic/metal electrode (LiF/Al) to the P3HT:1C70BA active layer, where the reflected light
exhibits lengthy optical path [42].

Device Bandgap (eV)

Pure PEDOT:PSS 1.82
PEDOT:PSS+CuCl, (0.1) 1.54
PEDOT:PSS+CuCl2 (0.2) 1.56
PEDOT:PSS+CUClz (0.4) 1.60
PEDOT:PSS+LICl (0.1) 1.55
PEDOT:PSS+LICI (0.2) 1.54
PEDOT:PSS+LICl (0.4) 1.57

Table 5.2: Bandgaps for P3HT:IC70BA based OPVs according to pure, LiCl and CuCl; treated
PEDOT:PSS layers.
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5.5 Electrical measurements

5.5.1 Diode measurements

Doping of PEDOT:PSS layer with different metal salts has resulted in huge decreasing of the Rs
by about > 99%. The improvement in both Rs and Rsh could be a key factor among others towards
achieving efficient electrode properties and therefore better device performance [43]. The dark J-
V measurements, as shown in Figure 5.4 were carried out to determine the various electronic
parameters of the studied OSC devices, including shunt resistance, series resistance and ideality
factor. Modifying the hole transport layer has resulted in significant improvement in both series
and shunt resistances, except for LiCl(0.4) and CuCl2(0.4) devices, in comparison to the reference
device with pure PEDOT:PSS as demonstrated in Table 5.3. As an example, devices dopted with
LiCl (0.2) has reduced the Rs significantly by more than 666% (Rs= 0.006Q2 compare to the
reference device which has Rs=4Q). Same trend of the series resistances for all concentrations of
both groups of metal salts has remained almost the same within the range (Rs= 0.02Q ~ 0.006<2)

compare to the reference.
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Figure 5.4: (a) J-V characteristics of the OBHJ solar cells under the dark for LiCl

group devices. (b) J-V characteristics of the OBHJ solar cells under the dark for
CuCl2 group devices. Inset figures show the leakage current.

Regarding to shunt resistances, most devices show higher values compare to pure one. For
instance, LICl (0.2) device has the highest shunt resistance for all devices which is higher by more
than 455% in comparison to pure device. For CuCl. devices, device with concentration of (0.1)

has shown the highest value with 300% higher than pure one as demonstrated in Table 5.3.

Apparently to have a high FF, the Rs is expected to be as small as possible. In a practical device,
Rs mostly comes from the bulk resistance of the active layer or from the contact resistance between
the active layer and electrode. Incompatible band alignment can lead to a large Rs value, causing a
dramatic decrease in the FF and PCE. The improved conductivity of PEDOT:PSS through doped

metal salts has influenced these values of resistances.

146



It is beneficial to avoid the conditions leading to a decreased Rsh to obtain a high FF value. In most
photovoltaic devices, high values of shunt resistance lead to prevent current leakage through pin
holes and traps or current leakage from the edge of cells. In OPVs, due to their distinctive BHJ
structure that both donor and acceptor materials have contacts with the same carrier collection
electrode, one additional pathway for current leakage comes from the bimolecular recombination
near the interface between the active layer and electrode. This extra pathway for current leakage

must be reduced or eliminated in the OPV device [44].

Parasitic Resistances
Device Shunt resistance | Series resistance
(kQ) Q)

Pure PEDOT:PSS 90 4
PEDOT:PSS+LiCl (0.1) 185 0.02
PEDOT:PSS+LiCl (0.2) 500 0.006
PEDOT:PSS+LiCl (0.4) 85 0.04
PEDOT:PSS+CuCl2(0.1) 285 0.004
PEDOT:PSS+CuCl2(0.2) 200 0.005
PEDOT:PSS+CuCl2(0.4) 75 0.006

Table 5.3: Diodes parasitic resistances for different solvents.

As mentioned in chapter 2, the ideality factor is an indicator could describe the difference between
the practical device and ideal device, contains critical data on the recombination and transport
processes in organic solar cells. It can be independently obtained either from the slope of the
exponential regime of dark J-V characteristics on a semi-logarithmic plot as it in Figure 5.5. To
extract the ideality factors, the reference device has shown an ideality factor of 1.90, which has
decreased using both groups of salts LiCl and CuClzas an HTL. This decrease in device ideality
factor is assigned to a lower recombination rate within the device. However, the lower

recombination rate may be ascribed to effective charge collection from the selective electrodes by
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employing efficient hole transport layers [45] and thought to contribute to the higher fill factor of
the examined devices [43]. It is well known that the efficiency of charge collection before they
recombine inside the active layer of the cell is represented by the solar cell FF, which in tum
depends on the charge carrier recombination rate, the built in potential and the charge carrier's
mobility [45]. Moreover, using different metal salts has further reduced the ideality factor to reach
a value as low as 1.60 in the CuCl2 (0.4) doped PEDOT:PSS-based device. Further decrease in the
recombination rate was observed when HTL electrode has been modified with CuClz (0.1) and
LiCl (0.2); the ideality factor has reached a value of 1.54 which suggests that efficient charge
collection has occurred within the complete device as the recombination rate has reduced and
therefore high solar cell parameters are expected. It was reported that many non-interactive
interfaces could form between the organic layer and the metal interface, which therefore allow the
injection barrier tofollow Schottky-Mott limitation [46]. The ideality factors for metal salts-doped
PEDOT:PSS-based device has shown lower value compared to pure PEDOT:PSS, which suggests
low recombination rate in such devices. These low values might be attributed to the low roughness
and Rs values of these devices which shows clear. Table 5.4 shows the ideality factors values for
both groups of devices.
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Figure 5.5: a) J-V characteristics of the OBHJ solar cells under the dark for LiCl group.
b)Variation of Ln (Jp) versus the bias voltage with pure PEDOT:PSSand with PEDOT:PSS+LICI.
c) J-V characteristics of the OBHJ solar cells under the dark for CuClzgroup. d) Variation of Ln
(Jp) versus the bias voltage with pure PEDOT:PSS and with PEDOT:PSS+ CuClo.

Device Ideality factor (n)

Pure PEDOT:PSS 1.90
PEDOT:PSS+LICI (0.1) 1.54
PEDOT:PSS+LICI (0.2) 1.55
PEDOT:PSS+LiCI (0.4) 1.57
PEDOT:PSS+CuCl2(0.1) 1.54
PEDOT:PSS+CuCl2(0.2) 1.56
PEDOT:PSS+CUuClz (0.4) 1.60

Table 5.4: Ideality factors for diode devices.
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5.5.2 Photovoltaic measurements

To determine the PV properties of P3HT:1C70BA-based solar cells, J-V characteristics has been
carried out under illumination in order which has undergone different groups of salts
modifications, as discussed in the previous sections. Figures 5.6 (a) and 5.7(a) show the J-V curves
of the investigated OSCs with different metal salts treated-PEDOT:PSS layers. The efficiency of
devices can be obtained from the peak power curve of devices as shown in Figure 5.6(b) and Figure
5.7(b). Devices with untreated PEDOT:PSS layer (pure) have exhibited lower PV performance
with Voc=0.79 V, Jsc=12.4 mA.cm?, FF=56% and PCE of 5.5%. These are in line with values
frequently reported in the literature [46]. However, devices having PEDOT:PSS layers doped with
both groups of metal salt have demonstrated significant improvement in all PV parameters except
some values of series resistances and the results summarized in Table 5.5. The highest PCE of
18.4 % and Jsc of 43.1 mA.cm-2 were achieved when PEDOT:PSS layer was doped with LiCl (0.2)

metal salt as shown in Figure 5.8 (b). The device FF has demonstrated slight change for all devices
treated with metal salts, whereas Vo in the region of 0.80 + 0.03 V was recorded for those devices.

When the PEDOT:PSS layers were doped withthe CuClz metal salts with different concentrations,
the highest of PCE and Jsc of the studied OSC devices have reached values of about 17.11% and
35.12 mA.cm, respectively as shown in Figure 5.8 (a). Once again, Voc and FF have remained
unchanged for all metal salts studied in this work (see Table 5:5). The substantial increase in Js
could be ascribed to the improved electrical conductivity of PEDOT:PSS layers as a result of metal
salt treatment while the enhanced PCE could be associated with the increased film absorption and
surface roughness, as discussed earlier. Voc maintained its value since it is mainly determined by
the difference between the lower unoccupied molecular orbital of the acceptor (LUMO acceptor)
and the donor’s higher occupied molecular orbital (HOMO donor) [47]. Furthermore, the metal
salt treatment of PEDOT:PSS layers seems to solve the wetting problem between the active layer,
which is hydrophobic in nature and the hydrophilic PEDOT:PSS [48].

For CuCl. devices, PCE as high as 12.65% associated with FF=60%, Jsc of 25.36 mA.cm?,
Vo0c=0.83 V (the highest value recorded for Voc for all devices), Rsh=10 kQ and Rs=3.28 Q have
been recorded for CuCl2 (0.2) devices. Treatment of PEDOT:PSS with CuCl2 (0.4) has shown the

lowest parameter’s values for PCE, Jsc and Rs of both groups of meatal salts. The highest
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concentration of CuCl> (0.4) has recorded a PCE of 7.10%, Jsc=15.63 mA.cm2, Voc=0.79 V, FF=
58%, Rsh=10 kQ and Rs= 4.4 Q. Nevertheless, it showed significant improvement compare to
fabricated device with pure PEDOT:PSS. Regarding devices which treated PEDOT:PSS with LiCl
metal salt, concentrations of LiCl(0.1) and LiCl (0.4) have almost the same values for most
parameters. For PCE, they recorded 12.77% and 12.72% , for Jsc, 31.36 and 35.76 mA.cm and
for Rsh, 15 and 13 kQ, respectively. While recorded same value for Voc which is 0.79 V and Rs=2.1
and 4.0 Q, respectively.

It was found that the optimization of the PEDOT:PSS layer with different treatment is one of the
keys processing conditions to achieve good device performance [49-51]. It has been revealed that
by adding organic compounds such as ionic liquids, high boiling point polar organic solvents and
surfactants or using post-treatment of PEDOT:PSS films with organic compounds, including high-
boiling point polar solvents, salts, co-solvents, organic and inorganic acids, the electrical
conductivity of pure PEDOT:PSS prepared from its aqueous solution can be significantly
improved [52]. As it can be noticed, the modification of hole transport layer in P3HT:IC70BA-
based OSC has revealed an improvement in the cells PCE as compared to device without treated
HTL as shown in Figure 5.6 and Figure 5.7, with PCE reaching 5.5%, Jsc of 12.4 mA.cm?, FF
of 55% and Voc of 0.63V (see Table 5.5). The improvement of FF in both groups of metal salts has
indicated a good resistances Rsand Rsh in the devices, which may be attributed to the acceptable

molding between HTL and the active layer
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Figure 5.6: a) J-V characteristics of the for the P3HT:IC70BA based devices without and
with CuClz metal salts treated-PEDOT:PSS layers. b) Power curves of 1C70BA bulk
device with pure PEDOT:PSS and with PEDOT:PSS+CuCl>.
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Figure 5.8: J-V characteristics of the for the P3HT: IC70BA based devices with a) CuCl2 (0.1).
b) LiCl (0.2) metal salts treated-PEDOT:PSS layers.
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(mA.cm?) | (V) % % (kQ) Q)

Pure PEDOT:PSS 12.432 0.79 56 55 25 15
PEDOT:PSS+CuCl. (0.1) 35.12 0.81 60 17.11 13 15
PEDOT:PSS+CuCl; (0.2) 25.36 0.83 60 12.65 10 3.28
PEDOT:PSS+CuCl, (0.4) 15.63 0.79 58 7.10 10 44
PEDOT:PSS+LiCl (0.1) 31.36 0.79 52 12.77 15 21
PEDOT:PSS+LiClI (0.2) 43.12 0.77 55 184 20 13
PEDOT:PSS+LiCl (0.4) 35.76 0.79 45 12.72 13 4.0

Table 5.5: The J-V characteristics for the P3HT: IC70BA based devices without and with
different metal salts treated-PEDOT:PSS layers.
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5.6 Summary

This chapter aimed to investigate the effect of different metal salts treated -PEDOT:PSS layers on
the performance of organic heterojunction solar cells. It was observed that metal salts influenced
significantly the OHJ solar cells efficiency. Using PEDOT:PSS as a typical hole transport layer
has shown PCE of 5.5%, this value has increased to 18.4 % and 17.11%, which are of the highest
reported parameters for OSCs using P3HT:IC70BA blend, for LiCI(0.2) device and CuClz(0.1)
device, respectively as shown in Figure 5.8. The doped devices have shown remarkable
improvement for both shunt Rsn and series Rsresistances in the dark and under illumination. The
highest Rsh is recorded by LiCl (0.2) in the dark (Rsh =500 k<) and for CuCl2(0.1) device, the Rs
= 285 kQ. For series resistances, both of salts group recorded significant improvement under the

dark. Moreover, both resistances were enhanced as well with using treated PEDOT:PSS.

Generally, all parameters were improved by using both metal salts group. For example, current
density has raised to 43 mA.cm? compared to reference device without modifying the
PEDOT:PSS layer which is Jsc= 12.43 mA.cm2. For open circuit voltage Voc, a slight improvement
and in most devices remained the same, and same trend for fill factors FF. Finally, surface

roughness and ideality factors showed notable improvement.
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Chapter 6

Effect of Graphene as an Electron Transport Layer

6.1 Introduction

In solar cells, the electron transport layer (ETL) plays a fundamental role. Recently, graphene (Gr)

based ETLs have been proved to be a promising candidate for scalable fabrication processes and
to achieve higher carrier injection compared to most used ETLs [1].

In the last two decades, graphene has attracted remarkable attention due to its beneficial material
properties, including high charge mobility, mechanical strength, transparency, flexibility and
environmental stability [1,2]. These exceptional properties of the graphene offer many
opportunities for the performance improvement of electronic devices. It has already demonstrated
its potential in the development of high-performance electronic devices. Hence, in next-generation
electronic devices, graphene is estimated to play an important role as a transparent and conductive
electrode [3]. Graphene, a two-dimensional atomically thick carbon atom arranged in honeycomb
lattice, was recently isolated by frequently peeling highly oriented pyrolytic graphite (HOPG)
using sticky tape [4]. Since then, outstanding physical properties predicted and measured for
graphene have been explored for practical applications such as field -effect transistors [5], chemical
sensors [6] and composite reinforcement [7]. Monolayer graphene has high crystallographic
quality and ballistic electron transport on the micrometre scale with only 2.3% of light absorption
[8]. Furthermore, the mixture of its high chemical and thermal stability [9], high stretchability
[10,11], and low contact resistance with organic materials [12] offer great benefits for using
graphene as a promising transparent conductor in organic electronic devices, e.g. solar cells,
organic light emitting diodes (OLEDSs) [13,14], liquid crystal displays (LCDs) [1], touch screens
[15], field effect transistors (FETs) [16] and Spectro-electrochemistry investigation [17]. Organic
photovoltaics (OPVs) have gained much attention as possible candidates for the generation of
clean electricity due to the organic semiconductors’ high absorption coefficients, light weight and
flexibility, and low-cost, high throughput fabrication methods [18,19]. The fact that they can be
directly deposited onto various substrates also makes flexible photovoltaic configurations feasible

[20]. Superior flexibility, as well as abundance of source material (carbon) at lower costs compared
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to Indium tin oxide (ITO) put graphene into a suitable position as an alternative transparent
conducting electrode material, with a potential in various applications such as solar cells, liquid
crystal displays, and touch screens [21-24].

In this chapter, thin film of graphene is used as an electron transport layer (ETL) to enhance the
performance of the OPV devices. The P3HT:IC70BA BHJ thin films were prepared by solution
processing technique and their optical analysis have been performed in the favour of the formation
of polymer blends. The absorption spectra confirm the validity of the individual presence of
polymers in the resulting blend. By analysing the J-V characteristics of the devices, the
improvement in the performance with addition of graphene is clearly identified. This indicates

addition of graphene ETL influence the charge extraction and collection mechanism.

6.2 Effectof Grapheneasan electron transportlayer

To find the optimum thickness for fabricated devices, different speeds of spin-coating have been

selected as shown later in this section.

6.2.1 Different thickness conditions

Thickness of (ETL) plays a crucial rule for the transportations of electrons. For this reason,

different thicknesses have been fabricated to study the effect of this parameter.

6.2.1.1 Fabrication process

In this chapter, the results are of my own investigations except the last section of chemical

treatment of graphene samples which were treated chemically in collaboration with the
Biocomposite Research Centre, Bangor University, UK.

Regio regular P3HT, IC70BA, poly(3,4-ethylenedioxythiophene polystyrene sulfonate)
(PEDOT:PSS), dicholorobenzene (DCB) of molecular weight 147.00 g/mol with 99% purity, and

indium-tin-oxide (ITO) coated glass substrates with resistivity 8—12 Q/cm square were purchased
from Sigma-Aldrich. Graphene was procured from Sigma-Aldrich.

The organic photovoltaic devices depicted schematically in Figure 6.1 were fabricated by spin
coating doped PEDOT-PSS onto clean ITO-coated glass substrates. The substrates were

thoroughly cleaned using DI water, acetone, and iso-propanol for 10 minutes each in ultrasonic
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bath, respectively, and then dried with dry N2 gas. All cleaned substrates were treated with O
plasma treatment for 20 minutes. Doped PEDOT:PSS was spin coated at a spin speed of 4000
rpm for 40 seconds and annealed on a hot plate at 150 °C for 30 minutes in ambient air.
P3HT:IC70BA active layer (17 mg.ml1) was dissolved in diochlorobenzene (DCB) with the ratio
1:1. The active layer was spin coated with spin speed of 600 rpm inside a nitrogen-filled glove
box, followed by annealing inside the glove box at 150 °C for 20 minutes. The active layer

thickness was estimated to be 100 nm using Dektak Stylus Profilometer.

Related to electron transport layer (ETL), Lithium Fluoride (LiF) was used as described in detail
in chapter 4, section 4.6. For graphene preparation, two different concentrations of 10 mg and 20
mg were dissolved in 2 mL of DI water each and stirred for 24 hours at 45 °C to obtain the graphene
solution. Graphene layers, which function as the ETL were spun coated at different speed (1000
rpm, 3000 rpm and 7000 rpm) for 60 seconds and annealed at 120 °C for 20 minutes. All
depositions were performed at room temperature inside the glove box. Then, a contact of
aluminum (Al) was then thermally evaporated with a thickness of 100 nm through a shadow mask
with an active area of 0.125 cm?. This process was carried out under a vacuum of about 10-® mbar
(~10* Pa), at the deposition rate of 1 nm/sec. Film thickness and deposition rate were monitored
using a quartz crystal thickness monitor. All the devices were subjected to further heat treatment
inside the glove box at 150 °C for 20 minutes and left to cool down for 30 minutes before

measurements were carried out.

Different devices based on different graphene layer deposition were fabricated by following the
above-described process and compared with which has LiF as ETL. The devices designated as:
D1: Standard structure with LiF as ETL (ITO/PEDOT:PSS/P3HT:IC70BA/LIF/Al).

D2: Standard structure with Gr as ETL (ITO/PEDOT:PSS/P3HT: 1C70BA /Gr/Al).

Devices have been fabricated with graphene that has concentration of 10 mg/2mL (different
thickness) were symbolised by S101, S102 and S103 for spin speed of 1000 rpm, 3000 rpm and
7000 rpm, respectively. Likewise, devices were fabricated with graphene that has concentration of
20 mg/2mL were symbolised by S201, S202 and S203 for speed of 1000 rpm, 3000 rpm and 7000
rpm, respectively.
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ITO

Figure 6.1: Schematic diagram of P3HT:IC70BA devices a) with LiF
as ETL. b) with Gras ETL.

6.2.1.2 Morphological analysis using AFM

Variation in the surface morphology of P3HT:IC70BA BHJ films with LiF as ETL and with Gr as
ETL as well, prepared using different thickness of Gr layers to find out the reasons leading to
different photovoltaic behaviour. With LiF as ETL-based film has revealed a surface with rms
roughness of 1.68 nm correlating with noticeable pinholes as shown in Figure 6.2. On the other
hand, as shown in Figure 6.3, S101, S102 and S103 films have demonstrated surface roughness
with values of 1.7 nm, 1.3 nm and 0.9 nm, respectively. Mainly, the brighter regions are associated
with the active layer P3HT:1C70BA domains while the darker regions are related to the graphene
domains [25-29]. The highest surface roughness was for higher concentration group. Devices
S201, S202 and S203 have demonstrated surface roughness with values of 2.48 nm, 1.95 nm and
1.15 nm, respectively as shown in Figure 6.4 and the results listed in Table 6.1. The rms roughness
of the Gr layer decreases withdecreasing Gr layer thickness which could be beneficial to the higher
fill factor (FF) of the corresponding OSCs. The diffusion of graphene molecules on and within the
P3HT:IC70BA main matrix has influenced the phase separation between the active layer and the
respective electrode. Further enhancement in the surface morphology has been observed using low
concentration of graphene which was attributed to the further improvement in the diffusion and
distribution of charge carriers. The improvement in the interpenetrating network could facilitate

charge carrier transport, and hence improved solar cell performance. The darker region is higher
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in the case of Gr-based films, which suggests that the phase separation has become more resulting

in improved dissociation rate of the photo-generated excitons [30].

= _9 76 nm

Figure 6.2: 2D and 3D AFM images and phase analysis of reference device with LiF as ETL

layer.

Figure 6.3: 2D and 3D AFM images and phase analysis of Gr (10mg/2mL) as ETL layer on
ITO/PEDOT:PSS/P3HT:IC70BA. a) S101, b) S102, c) S103.
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Figure 6.4: 2D and 3D AFM images and phase analysis of Gr (20mg/2mL) as ETL layer on
ITO/PEDOT:PSS/P3HT:IC70BA. a) S201, b) S202,c) S203

. Spin-coat speed Thickness Roughness
Device
(rpm) (nm) (hm)
S101 1000 45~55 1.7
S102 4000 25~30 1.3
S103 7000 8~12 0.9
S201 1000 50~65 2.48
S202 4000 35~45 1.95
S203 7000 10~15 1.15
With LiF Evaporation 0.75 1.68
deposition

Table 6.1: Roughness for P3HT:IC70BA based OPVswith LiF and Gr as ETL.
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6.2.1.3 Optical Absorption measurements

Figure 6.5 shows the absorption spectrum of the devices with LiF and with Gr. It is clearly
noticeable the significant increase in the absorbance using Gr in the wavelength range 460-625
nm, while the absorbance decreases in further increase of wavelength i.e. the region beyond 650
nm. This can be attributed to the increment of inter-reflections which can improve interchain
vibrational absorption induced by the strong interchain interaction in the ordered P3HT crystalline
regions in the films [31]. The P3HT:1C70BA/LIF absorption edge at 680 nm where the bandgap at
this point is 1.82 eV, with peak absorption at 500 nm (2.48 eV). No significant change in the peak
position has been observed for all devices. However, the P3HT:IC70BA/Gr (10 mg/2mL) with
different thickness have almost the same values of bandgaps. For S101, the absorption edge at 709
nm where the bandgap at this point 1.75 eV, with peak absorption at 496 nm (2.5 eV). Related to
S103 device, the absorption edge at 712.6 nm where the bandgap at this point 1.74 eV, with peak
absorption at 496 nm (2.5 eV). No significant change in the peak position has been observed for
all devices in this group.
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Figure 6.5: The optical absorption of the IC70BA based OBHJ with LiF and with Gr layer for a)
concentration of 10 mg/2mL. b) concentration of 20 mg/2mL.

For the second group of graphene-based devices, which has a higher concentration of Gr, there is
a significant change in the values of bandgaps compared to the reference sample. For S201, the
absorption edge at 652.6 nm where the bandgap at this point 1.9 eV, with peak absorption at 617
nm (2.4 eV). Both S202 and S203 have the same absorption edge at 667 nm where the bandgap at
this point is 1.86 eV, with the same peak absorption at 617 nm (2.4 eV).
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Table 6.2 shows bandgaps for P3HT:1C70BA based OPVsand P3HT:IC72BA/Gr. Asitis clear, the
absorption intensity for deposited Gr thin film is much higher than which without Gr layer, this
shows that the emission only comes from the Gr [32]. Compared with the active layer with LiF,
the absorption peak of annealed films did not shift, only the intensity of absorption peak changed.
The peak intensity is determined by the structural order of the Gr and the active layer film. All

values of bandgaps forall devices are listed in Table 6:2.

Device Bandgap (eV)
LiF 1.82

S101 1.75

S 102 1.75

S 103 1.74

S 201 1.9

S 202 1.86

S 203 1.86

Table 6.2: The variation of P3HT:IC70BA blend optical bandgaps with LiF and Gr as ETL.

6.2.1.4 Electrical measurements

In this section, diode measurements and J-V characteristics have been calculated in details as

shown later on in this section.

6.2.1.4.1 Diode measurements

The electrical characteristics of the studied devices were measured in the dark using current —

voltage (J-V) measurements. The latter can provide useful information about the diode parameters.
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All devices demonstrated rectifying behaviour, with exponential dependence of the current in the
forward voltage region and slow variation of current in reverse bias region as shown in the dark J-
V curves in Figure 6.5. The forward and reverse current under dark condition is nearly same for
all the devices. The observed photocurrent behaviour in the devices can be described as follows:
Upon excitation with white light, firstly the excitons are created in the BHJ layer upon absorption
of light. Subsequently, these excitons are separated into free electron and holes. Finally, these free
electrons and holes transport towards respective electrodes through ETL and HTL and produce
photocurrent. The photo response can be easily obtained in all the devices because the dissociation

of excitons and transport of free charge carriers occur under the application of external applied

voltage (electric field).

The Rsand Rsh of the diodes produced using different concentrations of graphene and different
thicknesses have been estimated using dark J-V characteristics. The S10 group-based devices has
exhibited lower series resistances (Rs) compared to S20 group-based devices as shown in Figure
6.5(a) and Table 6.3. However, both groups have higher (Rs) in comparison to (LiF) device. The
main reason for this high series resistance is attributed to the clear presence of pinholes and the
thickness of ETL. However, improved contact properties between the active layer and the back
(Al) electrode will result in low series resistance due to the stronger interfacial adhesion [33].
Under dark condition, the devices displayed good rectifying characteristics as current stayed at
almost 0 A from -1V and turned on at 0.3 V for S10 group-based device and 0.5 V for S20 group-
based device except S202 device which turned on at almost 0.4 V as shown in Figure 6.5 (b),
where it started to increase showing clear rectifying behaviour. This indicates that the very low
current from -1 V until 0.5V reflects the lack of carriers in the structure and thus a non-conducting

behaviour.

For shunt resistances (Rsn), from Table 6:3 and Figure 6.5, it is clear that device which has LiF as
ETL, has the highest leakage current with the lowest value of Rsh (75 kQ) followed by S201-based
device with (85 kQ), respectively. This is also reflected in the Rs, where S201-based device has
the highest Rs. Such large variation in the leakage current of organic solar cells is not uncommon
and is known to be affected by substrate cleaning procedures, film thickness, electrode interlayers,
and film deposition techniques [34]. In case of S103-based device, it recorded the highest (Rsh)

with (LMQ), and this range in Rsnis most likely a consequence of spin coating from a hot solution
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which led to variations in film thickness and film density which in turn affects the degree of

cathode diffusion into the active layer [35].
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Parasitic Resistances
Devices _ Shunt Series resistance

resistance (kQ) Q)
LiF 90 4
S101 200 17
S102 660 14
S103 1000 12
S201 85 33
S202 150 18
S203 500 15

Table 6.3: Diodes parasitic resistances for P3HT:1C70BA device with using
LiF and Gr as ETL.

Obtained results presented in Figure 6.6 and listed in Table 6:4 show the ideality factor of the
diodes, which contain critical dataon the recombination and transport processes in organic solar
cells, ranging from 1.34 to 1.95. It was found that the diode with S201 has the highest ideality
factor. Evidently, the ideality factor of the fabricated diodesis much larger than that of an ideal
diode. Such a behaviour suggests that the transport mechanism consists of defect-assisted

tunnelling with conventional electron—hole recombination [36].
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Figure 6.6: J-V characteristics of the OBHJ solar cells under dark condition for different
devices with LiF and Gr as ETL with concentration of a) 10 mg/ml of Gr, ¢) 20 mg/ml of Gr.
Variation of In (Jo) versus the bias voltage for different devices with LiF and Gr as ETL with
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Device Ideality factor (n)
LiF 1.9
S101 1.87
S102 1,69
S103 1.34
S201 1.95
S202 1.84
S203 1.73

Table 6.4: Ideality factors for diode devices.

6.2.1.4.2 Photovoltaic performance

Figures 6.7 (a) and 6.7 (c) show the J-V curves of two groups of different concentrations of
graphene S10 and S20 underthe illumination of AM1.5G, 100 mW.cm-2. The efficiency of devices
can be obtained from the peak power curve of devices as shown in Figure 6.7 (b) and Figure 6.7
(d). The device with LiF as ETL shows a PCE of 5.5 % with Jsc of 12.5 mA.cm2, Vocof 0.79 V,
and fill factor (FF) of 56 %. The Jsc of device S101 with highest thickness of Gr (1000 rpm/ 60
seconds) shows a clear improvement. The Jsc increases from 12.5 mA.cm to 25 mA.cm2, while
Voc decreased to 0.33 V, which results in a low PCE of 4.0%. For S102 device, The Jsc has
significantly improvement. The Jsc increased from 12.5 mA.cm2 to 29.4 mA.cm2, but Voc also
decreased to 0.65 V, however it results in a higher PCE of 8.94% (more the 90% improvement)
with a fill factor (FF) of 47%. Related to S103 device (the lowest thickness of graphene in S10
group), Jsc significantly improved by more than 300% to a value of 67.4 mA.cm2 which leads to
the highest PCE of 10.4% with FF of 42% and Voc 0f 0.37 V.
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Regarding S20 devices group, the Jsc of device S201 with highest thickness of Gr (1000 rpm/ 60
seconds) increased from 12.5 mA.cm2 t0 29.4 mA.cm2, Voc decreased to 0.65 V, which results in
a high PCE of 8.9% compared to Ref. device with FF of 47%. device. For S202 device, Js
increases t0 26.2 mA.cm2, Voc decreased to 0.53 V, which results in a PCE of 5.5% (FF) of 40%.
Related to S203 device (the lowest thickness of graphene in S20 group), Jsc has significant
improvement as a double in comparison to Ref. device to enhance from 12.5 mA.cm2 to 41.7
mA.cm2. With 0.55 V Voc which leads to a high PCE of 9% with FF of 40%.

For Rsh and Rs, it is clear from Table 6.5 that the values of Rs are proportional in inverse with the
thickness of graphene layer. When compared to other conventional cathode materials, the higher
sheet resistance of the graphene layer poses a major problem [37]. The highest PCE for both groups
S10 and S20, showed the lowest values 2Q and 2.75Q, respectively. These results clearly show
that graphene can serve as a functional interlayer to enhance the solar cell efficiency.

When light irradiates on the photoactive layer of the PSCs through ITO electrode, the active layer
will absorb photons to produce excitons, and the excitons will diffuse towardsand dissociate at
the P3HT/IC70BA interface into electrons in the LUMO (the lowest unoccupied molecular orbital)
of the acceptor IC70BA and holes in the HOMO (the highest occupied molecular orbital) of the
donor P3HT. Since the work function is (-4.66 eV) of Gr is very close to LUMO level of IC70BA,
the barrier height for election collection could be reduced. The photo-generated electrons are
directed toward the Al electrodes. However, unlike semiconducting carbon nanotube, graphene is
a zero-bandgap material and it is simply treated as a metal [work function]. So that it blocks the
hole transport from P3HT to Al cathode and move faster to anode and participate with conducting
and device performance as well. Therefore, the Gr/Al cathode can be expected to be an electron-
selective electrode in nature, which can efficiently collect electrons and blocks the hole transport
from P3HT to the Al cathode. At the same time, the holes pass through the HOMO level of P3HT
to PEDOT:PSS layer, and finally are collected by ITO anode. Thus, from the viewpoint of energy
levels, the device could show high charge collection efficiencies on both electrodes [38]. Thus,
improve the device performance by reducing separated charge recombination losses at the
interface. On the other hand, the insertion of Gr layer can prevent the reactive hot Al atoms from
diffusing into the photoactive layer during the thermal evaporation process. Because of the above

factors, a higher Voc can be expected. Besides the significant enhancement in Jsc, the Voc is also
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increased upon the insertion of Gr interlayer for most of Gr devices. It is known that if ohmic
contact can be achieved at each electrode, the Voc is governed by the difference between the lowest
unoccupied molecular orbital (LUMO) of IC70BA and the highest occupied molecular orbital
(HOMO) levels of P3HT [39]. In addition, the series resistance (Rs) maximized when Gr was
inserted, however, the shunt resistance (Rsn) was minimized. The low shunt resistance is due to

higher roughness.
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Figure 6.7: J-V characteristics of the OBHJ solar cells under the illumination for different
devices with and without ETL with concentration of a) 10 mg/ml of Gr. ¢) 20 mg/ml of Gr.
Variation of power curves for different devices with LiF and Gr as ETL with concentration of b)
10 mg/ml of Gr. d) 20 mg/ml of Gr.
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Devices Jsc Voc FF PCE Rsh Rs

(mA.cm-?) V) (%0) (%0) () ()

LiF. 12.5 0.79 56 9.5 2500 1.5
S101 25 0.33 49 4.0 1800 12
S102 29.4 0.65 47 8.94 1600 8
S103 67.4 0.37 42 10.4 950 2
S201 29.4 0.65 47 8.9 2500 15
S202 26.2 0.53 40 5.5 2000 7

S203 41.7 0.55 40 9 1800 2.75

Table 6.5: The J-V characteristics for the PSHT: IC70BA based devices under illumination for
different graphene concentrations.

6.3 OSCsusing graphene with chemical treatment conditions

As it is clear from the results in last section with regards to different photovoltaic parameters and
the values of PCE, the optimum thickness for both groups of graphene-based devices was at spin-
coating at 7000 rpm for 60 seconds, then annealed at 120 °C for 20 minutes. This part of work was
in collaboration with the Biocomposite centre at Bangor University.

6.3.1 Fabrication process

20 mg of graphene was used as supplied from Thomas Swan mixed with 1 g of the
polymer/surfactant and dissolved in 10 ml methanol and placed in ultrasonic bath for 3-4 hours.

Two different polymer/surfactants were used during this work:

S143: Poly(styrene-co-acrylic acid) (in house mixture with Intellectual property for Biocomposite
Centre).

S144: JONCRYL HPD 496 was used as received from BASF.
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6.3.2 Morphological analysis using AFM

To understand the morphological changes that occur in the active layer due to the use of modified graphene
layer, AFM images of the graphene surface were studied. The tapping-mode AFM images in Figure 6.8
shows the variation in graphene layer morphology after chemical treatment. As a reference, the roughness
of LiF device surface is 1.68 nm. The surface roughnessfor S143 deviceis 6.04 nm which is higher
compare to the roughness of LiF device. While the rms roughness of the S144 surface is 2.94 nm

which is much lower than the roughness of S143. These values of roughness for S143 and S144
should have a clear effect on the value of fill factor FF.

It is clear that the concentration of graphene can affect the roughness of the active layer. The
increase in roughness is attributed to P3HT self-organization and phase separation of the blend.
P3HT chains self-organizing into an ordered structure can significantly enhance hole mobility.
Meanwhile, the aggregation of 1C70BA molecules can form separate paths for electron transport.
The nanoscale phase separation can finally result in the enhancement of Jsc 0f the PSCs. The values

of roughness’s for devices are listed in Table 6.6.

4.1 mm 30 nm 12.8 nm

-9.76 nm

Figure 6.8: 2D and 3D AFM images and phase analysis of Gras ETL layer on
ITO/PEDOT:PSS/P3HT:IC70BA. a) S144, b) S143, c) LiF
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Device Roughness (nm)

LiF 1.68
S143 6.04
S144 2.94

Table 6.6: Roughness for P3HT:1C70BA based OPVs according to chemical treatment for
Graphene as ETL.

6.3.3 Optical Absorption measurements

UV-Vis spectra of graphene samples (5143 and S144) are shown in Figure 6.9. Device based on
sample (S144) has higher absorption intensity with peak at 590.5 nm (2.1 eV) and edge at 785 nm
where the bandgap at this point is 1.58 eV, which is the lowest value of all devices that have

graphene as ETL.

Meanwhile, device based on sample (S143) has a little lower absorption intensity with edge at 775
nm where the bandgap at this point 1.6 eV, with peak absorption at 590.5 nm (2.1 eV) as shown
in Figure 6.9. For P3HT:1C70BA/LIF, absorption edge at 680 nm where the bandgap at this point
is 1.82 eV, with peak absorption at 500 nm (2.48 eV).

Table 6.7 shows bandgaps for P3HT:1C70BA based OPVsand P3HT:IC%BA/Gr. Asitis clear, the
absorption intensity for deposited Gr thin film is much higher than which without Gr layer, this
shows that the emission only comes from the Gr [40]. The peak intensity is affected in this case

by the structural order of the Gr and (polymer/surfactant).
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Figure 6.9: The optical absorption of the IC70BA based OBHJ with and
without treated Gr layer.

Device Bandgap (eV)
LiF 1.82

S 143 1.60

S 144 1.58

Table 6.7: The variation of P3HT:IC70BA blend optical bandgaps with and

without treated Gr as ETL.
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6.3.4 Electrical measurements

6.3.4.1 Diode measurements

The series (Rs) and shunt (Rsh) resistances of the diodes fabricated using chemically treatment
graphene have been estimated using the dark J-V characteristics as shown in Figure 6.10. The
series resistance can be obtained by calculating the inverse of the slope of the J-V curve at the
open-circuit voltage and the shunt resistance could be determined from the inverse of the slope of
the J-V curve at the short circuit condition V=0. As a reference, LiF-based device has exhibited the
lowest values for both resistances Rs (4 Q) and Rsh (90 k) compared to the two treated devices
S143 and S144 as shown in Table 6.8. For series resistance Rs,treated devices have high values in
comparison to Ref. device, with S143 and S144 obtained 13Q and 9Q, respectively. The main
reason for these high series resistances is attributed to the clear presence of pinholes and due to
polymer/surfactant which has been added to the buffer layer. However, improved contact
properties between the active layer and the back (Al) electrode will result in low series resistance
due to the stronger interfacial adhesion [2]. In general, under dark condition, the devices displayed
good rectifying characteristics as current stayed at almost 0 mA from -1V and turned on at almost
0.75 V for the all three devices as shown in Figure 6.10, where it started to increase showing clear
rectifying behaviour. This non-linear behaviour indicates that the very low current from -1 V up

t0 0.5 V reflects the lack of carriers in the structure and thus a non-conducting behaviour.
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Figure 6.10: J-V characteristics of the OBHJ solar cells under the dark for different devices with

and without treated Gr. The inset figure represents leakage current for devices.
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As for Rsh, treated devices presented significant increase compared to the LiF-based device
which has Rsh of 90 kQ. For S143 device, Rsh =550 kQ while for S144 device, Rsh =870 kQ.
These values indicate that the power loss in the solar cell through an alternate current path is

very small.

Parasitic Resistances
Devices Shunt resistance | Series resistance
(kQ) Q)
LiF 90 4
S143 550 13
S144 870 9

Table 6.8: Diodes parasitic resistances for P3HT:1C70BA device with LiF and treated Gr.

To investigate the recombination underdark condition, the diode ideality factor n is extracted from

the dark J-V curve in Figure 6.11 using following equation

E=% (61)
Under high voltage (>0.5 V) for all three devices, most of the current density is influenced by the
parasitic effects raised by shunt resistance and series resistance. The values of ideality factors are
responsible for the reduced slope of dark J-V curves due to the series resistance and shunt
resistance. For the LiF device, the value of the minimum diode ideality factor is found as 1.90,
while for the S143 treated devices, the value of diode ideality factor is the maximum and be found

1.4. For the S144 treated devices, the value of diode ideality factoris 1.15 as demonstrated in Table
6.9. S144 device has exhibited lower recombination rate as indicated by the device ideality factor.
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Figure 6.11: a) J-V characteristics of the OBHJ solar cells under the dark for different devices
with and without treated Gr. b) Variation of In (Jo) versus the bias voltage for different devices

with and without treated Gr.

Device Ideality factor (n)
LiF 1.90
S143 1.4
S144 1.15

Table 6.9: Ideality factors for diode devices.

6.3.4.2 Photovoltaic performance

The influence of chemically treated graphene on device photovoltaic behaviour has been
investigated. Figure 6.12 (a) shows the J-V curves of the two different treated device under the
illumination of AM1.5G, 100 mW.cm-2. The efficiency of devices can be obtained from the peak
power curve of devices as shown in Figure 6.12(b). The device parameters are listed in Table 6.10.
The device with LiF shows a PCE of 5.5% with a Jsc of 12.5 mA.cm2, a Voc 0f 0.79 V, and a fill
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factor (FF) of 56%. The Jsc of device S143 increased from 12.5 mA.cm2 to 42.3 mA.cm2, while
Voc decreased to 0.49 V, which results in a reasonably high PCE of 9.4% with a fill factor (FF) of
54%. For S144 device, The Jsc can be simultaneously and significantly improved. The Jscincreased
to 50.8 mA.cm2, with Voc decreased to 0.61 V, which results in a high PCE of 13.7% ( more the
300% improvement) with a fill factor (FF) of 55%.

For shunt resistances Rshand series resistances Rs, it is clear from Table 6.10 that the values of
shunt resistances Rsh are better in comparison to Ref. device. Further analysis of the device
characteristics appears to indicate that the OPVs with the graphene as ETLs have a reduced series
resistance (Rs) compared to the Ref. device. the graphene positively affects the charge extraction

(transportation) in the OPVs studied.

This increase in the device’s performances could be assigned to graphene and polymer/surfactant
inducing photon harvesting as well as improving charge carriers transport. The obtained higher FF
could be ascribed to the lower recombination rate in these devices as demonstrated by the lower
ideality factor values as well as low Rs and high Rsh. FF represents the efficiency of charge
collection before they recombine inside the cell, which basically depends on the charge carriers’
mobility and the charge carriers” recombination rate [41] as well as the improvement in the series
resistance (Rs). The enhancement in OSC device performance after chemical treatment could be
ascribed to the enhancement in the electrical conductivity of the new blends as well as the increase
in charge carriers' mobility, which in turn improves the short circuit current density. The effect of
the distribution of treated graphene within the P3HT:1C70BA blend could increase the interface
area within the blend, and thus result in improved charge carrier’s generation (larger Jsc) and charge
transport (larger FF) [46]. However, the higher concentration S143 film has shown slightly smaller
PCE and FF. The smaller values of Jsc could be attributed to the higher concentration of treated
graphene, which is thought to provide lower photons absorption intensity compared to lower one;
the Voc has demonstrated significant change. These results provide further confirmation of the
reproducibility of these devices [41].
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Figure 6.12: a) J-V characteristics of the OBHJ solar cells under the illumination for

different devices with and without treated Gr as ETL. b) Variation of power curves for

different devices with and without treated Gr as ETL.
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Device Jsc Voc FF PCE Rsh Rs
(MA.cm™) V) (%) (%) (D) ()]

LiF 12.5 0.79 56 55 2500 15
S143 42.3 0.49 54 94 3200 2.95
S144 50.08 0.61 55 13.7 4300 2.64

Table 6.10: The J-V characteristics for the P3HT: IC70BA based devices under illumination for
different concentrations of treated graphene.
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6.4 Summary

The aims of this chapter is to improve the efficiency of fabricated devices. This chapter can be
divided to two main parts: first: investigation of graphene as electron transport layer on the
performance of devices, and second: study the influence of chemically treated graphene on the
parameter of solar cell.

For the first part, S103 and S203 showed remarkable improvement in the current density values,
which are Jsc = 67.4 mA.cm2 and 41.7 mA.cm for S103 and S203, respectively compared to
reference device which is Jsc= 21.3 mA.cm2. The devices which have Gr as ETL shown slight
decrease improvement forshunt Rsn, whereas series Rs resistances have shown slight improvements
under illumination for just S103 and S203 devices. The current density has raised to 50.08 mA.cm
2 for S144 device and 42.3 mA.cm for S143 device compared to reference device which is Jsc=
21.5 mA.cm2. For open circuit voltage Voc, improvements have been noticed for most of devices,
especially for S102 and S201 which are 0.65V for both. For fill factors FF, both groups devices

showed decrease values.

For the second part, it was observed that treated graphene influenced significantly the OHJ solar
cells efficiency. Reference device used with LiF electron transport layer has shown PCE of 5.5%,
this value has increased to 9.4 % and 13.7%, which are of the highest reported parameters for
OSCs using P3HT:IC70BA blend, for S143 and S144, respectively. The treated Gr devices have
shown slight decrease improvement for shunt Rsh, whereas series Rs resistances have shown slight
improvements under illumination. Jsc has raised to 50.08 mA.cm2 for S144 device and 42.3
mA.cm2 for 143 device compared to LiF device which is Jsc=12.5 mA.cm2. For Vo, a decrease
in both devices which are 0.49 V and 0.61 V for S143 and S144, respectively. Finally, for FF, both
devices showed slight improvement.
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Chapter 7

Conclusions and Further Work

7.1 Conclusions

In this thesis, a scientific approach has been used to optimize organic photovoltaic (OPV) devices
by modifying the hole transport layer (HTL) and the use of graphene (Gr) as electron transport
layer (ETL). All devices were prepared using Poly(3-hexylthiophene-2,5-diyl) (P3HT) as the
donor and indene-C70 bisdduct (IC70BA) asthe acceptor in the fabrication of the active layer. Poly
(3, 4 ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) was used as the bases of the
hole transport layer, and all these layers were deposited using spin coating method. Indium tin
oxide (ITO) used as anode and aluminium (Al) was evaporated as a cathode. Optical, electrical,
and the morphological properties were investigated in all stages of these fabricated organic solar
cells using different techniques such as UV visible spectrophotometer, atomic force microscopy
(AFM) and J-V calculations. In this work, it is demonstrated that graphene (Gr) and metal salts

such as Copper Chloride (CuCl2) and Lithium Chloride (LiCl) are potential candidates to be used
as ETL and to modify HTL, respectively to obtain highly efficient organic solar cells.

Generally, the practical work in this research could be divided in to three chapters. First one is the
optimisation of P3HT:1C70BA-based organic solar cells. The second part is improvement of OPV
performance using modified hole transport layers using different metal salts. The last chapter is
investigated the use of graphene (Gr) as ETL. The power conversion efficiency (PCE) has been
raised from 2.8%, for devices without electron transport layer (ETL), to 13.7% by using chemically
treated thin film Gr as ETL. (Js¢) has a remarkable improvement from 17.04 mA.cm= to 67.4
mA.cm=2 by using Gr as ETL. Inaddition to these positive results, (Voc) has been raised from 0.33

V, for no ETL devices, to 0.81V by using copper chloride CuCl, (0.1) for the modification of the
HTL.

In the first chapter of practical part, blendsof 1C70BA and P3HT as the active layer were used to
fabricate OBHJ solar cells. The J-V characteristics for all fabricated devices have been measured

in the dark as diodes and under illumination with a halogen lamp (100 mW.cm=2). The
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optimizations in this part of the research were carried out in a systematic approach through the

following modifications:

Different solvents for the active layer.
Different concentrations of active layer.
Different annealing temperature.

Different annealing time.

o~ w0 np e

Using a buffer layer.

In the case of different solvents optimization, three different solvents were used to dissolve the
active layer. These materials are chlorobenzene (CB), dichlorobenzene (DCB) and their co-solvent
Mix (DCB:CB). In order to achieve an optimum PV behaviour, the morphology roughness, optical
properties and electrical properties of the OPV devices have been investigated. Devices based on
DCB solvent has shown the best results for all parameters. (PCE) of 2.8%, (Js¢) of 17.04 mA.cm-
2 (Voc) of 0.33V, (FF) of 55% and the lowest (n) of 1.5. This was ascribed to the improvement in
the interpenetrating network, which facilitates charge carriers transport properties, and hence

improved solar cell performance.

For different concentrations of the active layer (P3HT:1C70BA), five different concentrations have
been investigated as follow: (10 mg:10 mg), (17 mg:17 mg), (25 mg:25 mg), (15 mg:20 mg) and
(20 mg:15 mg) in 1 mL of (DCB). The concentration of 17 mg:17 mg has given the highest results.
With respect to (PCE), the performance of the device has raised from 2.8% to 3.5%, and (Jsc) of
15 mA.cm2, For Vo, it improved from 0.33V to 0.46V and with FF of 49%. Moreover, the ideality
factor (n) decreased from 1.5 to 1.35. This is attributed to electrons have more mobility than holes
in semiconductor materials and therefore increasing the ratio between donor material (P3HT) and
acceptor material (IC70BA)to (17 mg:17 mg) leads to increase in molar mass of compound which

creates more excitons.

Furthermore, three different annealing temperatures have been investigated which are 150 °C, 175
0C and 200 °C. The best results were for 150 °C which show the same behaviour of the previous
(17mg:17mg) concentrations. It is noticed that, as the heat-treatment temperature was increased

the FF and the surface roughness decrease. However, the ideality factor increases with the
increasing of annealing temperature.
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Different annealing times have been also investigated through different times as follow; 10
minutes, 20 minutes, 30 minutes, 40 minutes and 50 minutes. From all of these annealing times,
the best results were for devices annealed for 20 minutes, which yielded significant improvement
in PCE from 3.5% t0 4.7% and Jsc of 15 mA.cm to 21.2 mA.cm2. However, a slight decrease in
Voc from 0.46 V to 0.43 V was observed, while the ideality factor is almost ideal with 1.05.

Generally, increasing the time of annealing may cause damage for the active layer.

The last investigation in this part of the research was for using lithium fluoride (LiF) as a buffer
layer, which made a significant enhancement to most of the parameters. An improvement in PCE
from 4.7% to 5.5%, Voc=0.79 V, FF of 56% and Jsc = 12.5 mA.cm2. The main reason for such
improvement can be attributed to the fact that the LiF layer protects the active layer underneath
when the (Al) is evaporated, resulting in less Al diffuses into the film which may be responsible
for forming high conducting channels leading to recombination.

In the second part of the research, improved OSC performance by modified (HTL) by using
different metal salts, which are copper chloride (CuCl,) and lithium chloride (LiCl) have been used to
modify Poly(3,4 ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). Three different
concentrations of each metal salt have been used in this investigation. This study aimed to investigate
the effect of metal salts with (0.1, 0.2, and 0.4) % concentrations on the performance of organic
heterojunction solar cells. The device based on the typical hole transport layer (PEDOT:PSS) has
shown a PCE of 5.5%. Inthe case of CuCl,, it was observed that increasing the concentration of
the metal salt influence negatively the solar cells efficiency performance. The highest results were
recorded for CuCl, (0.1) with high PCE of 17.11% and Js¢, was of 35.12 mA.cm2. The open circuit
voltage has slight increase from 0.79V to 0.81V, FF has also improved from 56% to 60%.

On the other hand, the typical hole transport layer (PEDOT:PSS) which has PCE of 5.5% showed
a remarkable improvement to 18.4% as a result of doping the PEDOT:PSS layer with LiCI(0.2).
For (Jsc), it enhanced almost 400% from 12.5 mA.cm to 43.12 mA.cm and slight decrease for
Voc from 0.79 V t0 0.77 V. For (FF), it is almost the same at 55%.

In the last practical chapter, the effect of graphene (Gr) as an electron transport layer (ETL) has
been investigated. This part contains two sections of work. The first one, for untreated graphene

preparation, two different concentrations of 10 mg and 20 mg of graphene (Gr) were dissolved in
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2 mL of deionised water (DI) water each were used as ETL. The second part, same Gr but treaded

chemically as follow:

20 mg of graphene was mixed with 1 g of the polymer/surfactant and dissolved in 10 ml methanol
and placed in ultrasonic bath for 3-4 hours. For the sample S143, the surfactant of Poly(styrene-
co-acrylic acid) was used and for S144, the surfactant of JONCRYL HPD 496 was used.

Initially, the device based on LiF as electron transport layer has shown a PCE of 5.5%. Devices
based on Gr with concentration of 10 mg/2 mL with the lowest thickness (~ 8-12 nm) showed
significant improvement in Jsc by more than 300% from 12.5 mA.cm to a value of 67.4 mA.cm’
2 which leads to a high PCE of 10.4% with FF of 42% and Voc 0f 0.37 V.

For treated graphene device S144, the Jsc increased to 50.8 mA.cm2, with Voc decreased to 0.61
V, which results in a high PCE of 13.7% (more the 300% improvement) with a FF of 45%. Table
7.1 summarizes the key findings in this research. The improvement of PCE by using Gr, ascribed
to the high conductivity of Gr.

Device e Ve PCE Chapter
(mA.cm™2) (V) (%)

Without ETL 17.04 0.33 2.8 4
With (LiF) as ETL 12.5 0.79 5.5 4
HTL modified with LiCl (0.2) 43.12 0.77 18.4 5
HTL modified with CuClz (0.1) 35.12 0.81 17.11 5
Untreated Gr (S103) used as ETL 67.4 0.37 10.4 6
Treated Gr (S144) used as ETL 50.08 0.61 13.7 6

Table 7.1: Summary of key findings in this research.
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7.2 Further work

For pursuit as a result of this work in order to improve the efficiency of organic solar cells based
on these new materials, there are many methods available:

1. Determine the HOMO and LUMO energy levels of modified transport layers as the
molecular energy level control are of great importance in improving photovoltaic
properties of conjugated polymers.

2. Study of thermal annealing effect on these material at low temperatures between 0°C and
50°C to determine the optimal temperature to enhance the branches and improve their
efficiency.

3. Study the photovoltaic parameters for what have been done in one time instead of
investigating the effect each modification separately.

4. Fabrication and characterisation of organic solar cells with salt-based modified HTL and
Grasthe LTL.
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