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ABSTRACT

Bulk heterojunction polymer solar cell is widely investigated throughout the decade.
This is due to its potential as an alternative to inorganic solar cell such as silicon-base
solar cell. Compared to inorganic solar cell, polymer solar cell is low in cost, much
easier to fabricate and shows higher mechanical flexibility. Two types of conjugated
polymers has been used in this study; [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) and poly(3-hexylthiophene) (P3HT). Many methods have been used to
improve the efficiency of the solar cell. Thermal treatment on the organic layers has
been utilized to increase the solar cell efficiency by improving the morphology and
structure of the sample. It has been reported that by using different preparation
methods, such as ‘slow grown’ and ‘fast grown’, the efficiency is enhanced. The
morphology of the sample also varies when different solvent are used. In this study, we
report the effect of thermal treatment on the optical, structural and morphological
properties of the P3HT:PCBM  blend thin films. The absorption, Raman,
photoluminescence as well as x-ray diffraction spectra of the films will be discussed.
The influence of thermal treatment on the performance of the P3HT:PCBM-based solar

cells also investigated.

The effect of solvent used also been discuss in this study. The polymer materials
solutions were prepared using two types of solvents; 100% dichlorobenzene (DCB),
100% chloroform and 50%:50% mixture of DCB and chloroform. Then, the
morphological characterizations of P3HT:PCBM bulk thin films were carried out by
UV-Visible absorption spectroscopy, X-ray diffraction (XRD) spectroscopy, Atomic
Force Microscopy (AFM) and Scanning electron microscopy (SEM). Furthermore, the

P3HT:PCBM photoactive layer was sandwiched between two different electrodes of



aluminum (Al) and indium tin oxide (ITO) to form the polymeric-based solar cells,

namely ITO/P3HT:PCBM/AI devices.

In this study it has been found that the thermal treatment process has a
significant effect on the sample. Using different fabrication process also play a major
role in improving the structure of the sample. Other than that, results of this study also
indicate that solar cells employing the P3HT:PCBM bulk thin films prepared from the
solvent mixture exhibit the enhanced fill factor and short-circuit current than that of

other cells.



ABSTRAK

Sel solar polimer bulk heterojunction telah dikaji dengan meluas sepanjang dekad ini.
Ini adalah disebabkan potensinya sebagai alternatif kepada sel solar bukan organik
seperti sel solar yang berasaskan silikon. Berbanding sel solar bukan organik, sel solar
polimer adalah berkos rendah, lebih mudah untuk dihasilkan dan menunjukkan
fleksibiliti mekanikal yang lebih tinggi. Dua jenis polimer konjugat yang digunakan
dalam kajian ini; [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and
poly(3-hexylthiophene) (P3HT). Banyak kaedah telah digunakan untuk meningkatkan
kecekapan sel solar. Rawatan terma pada lapisan organik telah digunakan untuk
meningkatkan kecekapan sel solar dengan meningkatkan morfologi dan struktur
sampel. Juga telah dilaporkan sebelum ini, bahawa dengan menggunakan kaedah
penyediaan yang berbeza, seperti ‘penumbuhan perlahan’ dan ‘penumbuhan cepat’,
kecekapan sel solar dapat dipertingkatkan. Morfologi sampel juga didapati berbeza
apabila menggunakan pelarut yang berbeza. Dalam kajian ini, kesan rawatan haba pada
ciri-ciri optik, struktur dan morfologi campuran filem nipis P3HT: PCBM telah
dilaporkan. Spektra keserapan, Raman, fotoluminesen dan juga penyerakan Sinar-X
akan dibincangkan. Pengaruh rawatan terma pada prestasi sel solar berasaskan

P3HT:PCBM juga disiasat.

Kesan pelarut yang digunakan juga dibincangkan dalam kajian ini. Larutan
bahan polimer telah disediakan dengan menggunakan dua jenis pelarut; 100%
diklorobenzena (DCB), 100% kloroform dan 50%:50% campuran DCB dan kloroform.
Pencirian morfologi filem nipis P3HT:PCBM telah dijalankan menggunakan
Spektroskopi serapan UV-cahaya nampak, Spektroskopi Penyerakan Sinar-X,
Microskopi Daya Atom (AFM) dan Mikroskopi Imbasan Elektron (SEM). Selain

daripada itu, lapisan aktif-foto P3HT:PCBM diapit di antara dua elektrod aluminium



(Al) dan Indium tin oksida (ITO) untuk membentuk sel-sel solar berasaskan polimer,

laitu peranti ITO/P3HT:PCBM/AL.

Dalam kajian ini telah ditemui bahawa proses rawatan terma mempunyai kesan
yang besar ke atas sampel. Menggunakan proses fabrikasi yang berbeza juga
memainkan peranan besar dalam meningkatkan struktur sampel. Selain daripada itu,
hasil kajian ini juga menunjukkan bahawa sel-sel solar yang menggunakan filem nipis
P3HT:PCBM yang disediakan daripada campuran pelarut mempamerkan peningkatan

“fill factor’ dan arus litar-pintas berbanding sel-sel yang lain.

vi
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Chapter One Introduction

Introduction

1.1 Research Background on Organic Solar Cells

The research on organic solar cell has started as early as the 19" century with the
observation of photoelectrochemical process. However only in the 1950s, the first real
investigation on organic solar cell took place. Even so, up to the 1980s, the power
conversion efficiency (PCE) organic solar cells based on dyes of polymer were still
below 0.1% except for merocyanine dyes that reached 0.7% (Ghosh et al., 1978). In
1986, Tang makes a major breakthrough by combining a donor and an acceptor
together in one cell, which dramatically increases the efficiency to 1% (C.W. Tang,
1986). Since then, the research on organic solar cell has developed rapidly. The
introduction of new materials and more analytical devices are some of the major
incentives which have helped these scientists in their research. A device fabricated by
Mitsubishi Chemical has been reported to has set a new efficiency of organic solar cell
with PCE of 10% (Green et al., 2012). Although this is not as high as inorganic
counterpart, but the lower cost production compared to inorganic material, motivates
the research in this area. Highest power conversion efficiency so far at 10.6% for

device with tandem structure (You et al., 2013).
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1.2 Research Motivation

1.2.1 Renewable Energy

The crisis of conventional energy nowadays has pushed the research to convert solar
energy to electrical energy more rapidly. An increase of fuel price for the past few
years in the international market has created awareness among the global community
for getting more cost-effective renewable energy resources. The research for other
sources of energy such as solar cell technology has become crucial as the crisis of
conventional energy in the world become more critical. This renewable energy sooner
or later will unquestionably replace today main energy source such as petroleum, coal
and uranium. Studies have predicted there will be a decline of petroleum production
rate for the next 10-20 years (Campbell, 1998; Hatfield, 1997). Global community are
aware of these crisis and thus, it will be easier for them to accept the introduction of
various renewable energy sources such as wind-power, hydroelectric energy and the

direct conversion of solar energy using solar cells.

Carbon dioxides (CO;) gas created from fossil fuel combustion also brings
much harm to the environment. The total amount of plant we have today cannot
compensate the huge amount of CO, emission. The natural balance of our planet is at
risk with the uncontrollable increase of CO, gas. Environmental issues from this
problem such as greenhouse effect increase the mean surface temperature of our planet
roughly 0.3-0.6°C since the late 19™ century (Warm global temperatures continue in
2011, 2011). Global warming as we call it is not a false threat, it is actually happening.
And this brings to the increase of global sea level and other climate change which spell

for disaster.
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Luckily there is other way to obtain energy source that is renewable, which
never run out and have no harmful effect to the environment. These kinds of energy
source harvest the natural potential of the planet to produce electrical energy. Solar
energy, wind, tidal wave, river dam and heat from the earth crust are some of the
example of renewable energy. Even though that this energy source can supply for a
longer period of time, there is some major drawback. These energy sources need
potential spaces or places for it to be effective, and the amount power they can supply
depend on the geographical and weather condition. And also, the power plants are very
expensive to be build and maintained. The power that these power plants can supply in
their lifetime should compensate the fabrication, installation, and maintenance. Even
though that these power plants can resolve the problem mention above, the cost is not

low enough.

Because the cost to build and sustain this kind of renewable energy source is too
high, a new kind of renewable energy need to be develop. Research need to be done to
find energy source that is not too dependable to the geographical surface and can be
place anywhere. The research also needs to be concentrated to a more flexible system
as the world is moving toward high-technology community. Environmental friendly

system is also need to be considered.
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1.2.2 Alternative to Inorganic Solar Cells

Nowadays, inorganic material such as silicon is leading the way in solar cell
technology. Mono and multi-crystalline silicon have been widely used and can be
found in every day device such as pocket calculator, solar panels on roofs, street light
and even on electric cars. Today, silicon based solar cells is the most dominating type
of solar cells used and account for 99% of all the solar cells (Hatfield, 1997). With
efficiency of the devices peaks up to more than 25% (Green, et al., 2012) and
theoretical value predicted to be more than 30% (Shockley et al., 1961), inorganic solar
cells has become the most favorable way to harvest energy source in the future. But the
manufacturing cost and very difficult to fabricate has become its drawback. We now
desire a low production cost rather than a high efficiencies device. There has been an
effort to cut the production cost of inorganic solar cells using a minimal amount of
silicon by using thinner film on glass substrates, however the fabrication process still
require condition at high temperature and high vacuum with cumbersome lithography
steps (Skompska, 2010). Even though inorganic solar cell has been leading solar cell
technology, the production cost and the complexity of the fabrication process had made

researcher to endeavor to replace it with a cheaper, flexible and simpler device.
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1.2.3 Advantage of Organic Solar Cells

The polymer based solar cell offers the possibility of low-cost fabrication on a large
scale of solar cell harvesting solar energy. Apart from that, these polymer devices have
the flexible capability such as light weight and it is mechanically bendable. These
factors open up more possibility of other solar cell application in our daily use. Organic
material has been widely investigated throughout the decade and considered to be the
solution to replace inorganic material to become a high efficiencies solar cell. The
research in this field has increased in the past few decades. It has a simpler fabrication
process and at lower temperature (28-200°C) compared to the inorganic counterpart.
With the introduction of bulk heterojunction concept, the PCE of organic solar cell has
increase nearing to 6.5% (Yamanari et al., 2006). With a low production cost, this

device will hopefully enter the commercial market in the near future.

Conjugated polymers are a very attractive material which combines the opto-
electronic properties of conventional semiconductor with excellent mechanical
flexibility and processing properties of polymeric like plastic materials. Typically,
conjugated polymer are recognized as conducting polymers, which are distinguished by
alternating single and double bonds between carbon atoms on the polymer backbone
(Wallace et al., 2000). These types of polymer are organic semiconductors that give a
good impact to the development in optoelectronic devices, such as providing an
alternative to inorganic photovoltaic devices, since they are strong absorbers and can be

deposited on flexible substrates at low cost (Coakley et al., 2004).
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Another fine property of these polymeric solar cells which offer the advantage
compared to inorganic cells is the mechanical flexibility they possess. The plastic like
behavior of these semiconducting polymers allow them to be deposited onto flexible
and cheaper substrates using simple processing methods like spin coating technique
from the materials solution. Thus, organic solar cells can be used on curvature surface
such as tent, traveling bags, and other flexible surface. However, the PCE value is still
low compared with inorganic solar cell, especially silicon based solar cell. The device
having a shorter life time also limits the usage of the organic solar device and prevents
it to be widely commercialized. Nevertheless, there are many research works have been

carried out to improve the life-cycle.
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1.3 Materials Used in This Study

Poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) has become a favorable materials as it has shown good potential and has been
widely investigated as an active layer in organic solar cell based on bulk heterojunction
concept (Al-Ibrahim et al., 2005; Jin et al., 2007; Vanlaeke, Swinnen, et al., 2006;
Yamanari, et al., 2006; Yang et al., 2005). P3HT has been the mostly used p-type
material in along with a fullerene derivative, PCBM as an electron acceptor. These
blends have shown a promising result and has the highest performance to date
compared to other materials. P3HT possesses some unique properties over other
polymers including its high self-organization capability, high holes mobility, and
extended absorption in the red region. Since hole is typically the high-mobility carrier
in P3HT, the enhanced electron mobility is achieved by addition of electron acceptor,
PCBM. Many approaches have been taken to improve the efficiencies of the solar cell.
By thermal annealing process, the morphology and optical properties of the device can

be improved (Vanlaeke, Swinnen, et al., 2006; Yamanari, et al., 2006).
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1.4  Research Objective

This study aims to prepare the thin films based on poly(3-hexylthiophene)
(P3HT)/[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) mixture. The prepared thin
films are then characterized for their optical, structural as well as surface morphology.
Subsequently, the BHJ solar cells are fabricated utilizing the mixture of P3HT/PCBM
film as active layer. The photovoltaic properties are then characterized in the dark as
well as under light illumination. Three physical parameters will be used to vary the
properties; first is the thermal annealing temperature; secondly, the solvent treatment

and finally the solvent used in the material preparation.

Thus the objectives of this research can be categorized as:

i.  To investigate the influence of annealing temperature on the optical,
structural and morphological properties of P3HT:PCBM thin films as
well as on the electrical behaviors of the fabricated devices.

ii.  To study the influence of solvent treatment on the optical, structural and
morphological properties of P3HT:PCBM thin films as well as on
electrical behaviors of the fabricated devices.

iii.  To examine the effect of solvent in material preparation, on the optical,
structural and morphological properties of P3HT:PCBM thin films as

well as on electrical behaviors of the fabricated devices.
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15 Outline

Chapter 2 is aimed to introduce reader to the theoretical understanding of organic solar
cells. It consist the overview of the research and review of other work that has been
done in this field that will be used as a guideline. The related theory of this research
work which is divided to few sub topics. The sub topics included the literature review,
conjugated polymer, and charge transport characteristic and so forth. The history of

organic and polymeric solar cell is also highlighted.

Chapter 3 explains the experimental methods of this project work. The chapter
includes the preparation of the sample; spin coating technique and thermal evaporation
process. The characterization using Ultraviolet-Visible/Near Infrared (UV-Vis/NIR)
spectroscopy, Atomic Force Microscopy (AFM), Raman Spectroscopy, X-ray

diffraction measurement (XRD), and current density-voltage (J-V) is explained.

Chapter 4 explains the results and discussions on optical and morphological
characterization of the blend film thin films. The charges in properties of the thin films
are discussed. Optical characterization is defined using optical result of UV-Vis/NIR.
The changes in morphological properties for blend films are explained using result of
AFM imaging. The crystallinity of the thin blend films is detected using XRD

measurement.

Finally, chapter 5 concludes the overall research and also suggests some future

work that can be carried out related to this research.

10
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Literature Review

2.1 Introduction

In the early days, organic solar cell was based on single active layer sandwiched
between two electrodes with different work functions. The power conversion energy of
a single layer solar cell is limited by the surface of the electrode/organic contact. With
the discoveries of the heterojunction solar cell, where double layered device of
donor/acceptor is used, the architecture of these devices has been enhanced. The main
benefit of this structure is the separation of charge transport layers that ensure

connectivity with the electrode.

The concept of heterojunction device is based on the usage of two materials
with different electron affinities and ionization potentials. In bilayer heterojunction
device, two organic films are stacked together between two electrodes as shown in
Figure 2.1. On the other hand, the donor and acceptor is blend together in
bulk/dispersed heterojunction device as shown in Figure 2.2. Tang discovered the first
organic solar cell consisting of copper phthalocyanine and perylene derivative has a
PCE of 1% (C.W. Tang, 1986). Consequently in 1991, Hiramoto used a dye/dye-
dispersed with the same class of donor and acceptor as Tang did with an additional
third layer in the organic solar cell between the two layered heterojunction (Hiramoto et
al., 1991; Hiramoto et al., 1992). It was found that the photocurrent was double as
compared to the two layered device. The first dispersed heterojunction was made by Yu
in 1994 (Yu et al.,, 1994). A solution of poly(2-methoxy,5-(2'ethyl-hexyloxy)-1,4-
phenylene vinylene) (MEH-PPV) and buckminsterfullerene (Cgo) was spin coated onto

Indium-tin-oxide (ITO) glass with 10:1 weight-ratio. Calcium (Ca) was then evaporated

12
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to the organic layer. The cell showed a photosensitivity of 5.5 mA/W, an order of

magnitude larger than the photosensitivity of the pure polymer.

I

Acceptor

Donor

Glass substrate

Figure 2.1: Structure of a bilayer heterojunction organic solar cell.

Donor/Acceptor

Glass substrate

Figure 2.2: Structure of a bulk heterojunction organic solar cell.
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2.2  Conjugated Polymers

A conjugated polymer is a polymer consists of a “sigma” (o) bond with a “pi” () bond
network extending along the polymer chain (Kalinowski, 1999). They can be easily
recognized because they possess a structure of alternating single and double bonds
(Skotheim, 1998) as shown in Figure 2.3. Every single bond contains a localized
o-bond which is a strong chemical bond and double bond contains a less strongly
localized m-bond together with o-bond. For an organic molecules, it consist two
fundamental types of carbon bond hybridization, which are sp® and sp®. For an
example, we consider ethylene, each carbon atom in a molecule forms three o-bonds
having C-H and C-C bonds (Nunzi, 2002). Hence, each carbon atom has an unbounded
valence electron that will pair up to balance the valence electron in order to achieve full
outer shell. With that, a second covalent bond between the two carbon atoms is built.
Accordingly, the atoms are required to alter the orbital structure of their p orbitals to
accommodate the existence second C-C bond. The presence of the final two electrons
in p, orbitals causes the electrons in the bond to have a less tightly bound to the carbon
nuclei. This is termed as m bond which can be considered to be a more delocalized
entity (Petty et al.,, 1995). The characteristic of m bonds are the source of the
semiconducting properties of these polymers. In an ideal semiconductor, the electronic
structure consists of a conduction band and a valence band separated by an energy gap,
the size of which depends upon the materials shown in Figure 2.4. Conjugated
polymers are organic semiconductors which have the electronic properties that appear

to be similar to those of inorganic semiconductors.
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The quantum mechanical overlap of p, orbitals actually produce two orbitals, a
full n-bonding orbital and an empty m-antibonding (n*) orbital which are analogous to
the valence band and conduction band for typical semiconductor. Figure 2.4 shows the
lower energy m-orbital produces the Highest Occupied Molecular Orbital (HOMO),
while the higher energy m-antibonding (n*) orbital forms the Lowest Unoccupied
Molecular Orbital (LUMO) (Hiramoto, et al., 1992). Electrons in these © bonds are less
tightly bonded to the carbon nuclei, and thus they require less energy to excite across
energy gap between the valence and conduction band (Petty, et al., 1995). The
difference in energy between the two bands produces the band gap that determines the
optical properties of the material. Most semiconducting polymers can be used in
optoelectronic devices that work in the optical light range since they have a band gap

lies in the range 1.5-3.0 eV (Wallace, et al., 2000).

Electronic properties of polymers can be described in terms of semiconductor
physics (Kittel, 1972). The basic understanding of an isolated polymer chain can be a
good explanation for the particular framework of one dimensional periodic media
(Cojan et al., 1977). As m-orbitals overlap is weaker than c-orbitals overlap, the energy
band gap between bounding and antibonding molecular orbitals is larger for the n-n*
difference than for the 6-0* molecular orbitals. The n-n* molecular orbitals are more
concerned in this respect. Those are the HOMO and LUMO respectively, in terms of
molecular physics. c-bonds then only contribute to the stability of the molecular
structure (Su et al., 1979). Due to the delocalization of chemical bonding, conjugated

polymers possess electrical conductivity (Roth et al., 2004).
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Figure 2.3: Chemical structure of Conjugated polymer: (a) polyacetylene and
(b) polythiophene

Energy

CONDUCTION BAND

Band gap

VALENCEBAND

Figure 2.4: The schematic diagram of HOMO and LUMO bands. The Highest
Occupied Molecular Orbital (HOMO) produces from the lower energy m-orbital while
the Lowest Unoccupied Molecular Orbital (LUMO) produces fromthe higher energy -

antibonding (7*) orbital.
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2.3  Charge Transport Characteristics of Conjugated Polymers

The charge transport characteristics of conjugated polymers are for the most part
governed by the polymer backbone itself; however the existence of intermolecular
interactions can drastically influence the macroscopic materials properties too. Charge
transport process of conjugated polymers relatively depends on their charge carrier
mobility. Charge carriers with higher mobility can be easily transported than those with
lower mobility. The charge carrier mobility of conjugated polymers is a function of
intrachain charge diffusion and interchain interactions (Brabec et al., 2001; Horowitz,
1998; Mark, 1996; Nalwa, 1996; Skotheim, 1998), for example, hopping as shown in
Figure 2.5. Intrachain charge diffusion depends on the chemical structure and the
molecular weight of polymer, conformation of the polymer backbone, the number and
nature of defect sites. While, the interchain interactions governed by the degree of

contact, order and orientation (Cao et al., 1989).
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Figure 2.5: Schematic representation of (a) intrachain charge diffusion and
(b) interchain charge diffusion in polyacetylene.
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Recently it was reported that the increase of the charge carrier mobility with
increasing molecular weight coincided with the amount of overlap between the ordered
regions of the film. It was demonstrated for low-molecular-weight
poly (3-alkylthiophene), P3ATs that the induced orientational order (thus the overlap)
between aggregates is low when processing them under low temperature. However, the
charge carrier mobility was observed to increase if these films were annealed, this was
due to the better ordering and overlap between aggregates (Chang et al., 2004). More
recent studies have shown that the charge carrier mobility can be greatly enhanced in
ordered, organized structures due to improved interchain hopping. Regioregular P3HT
was chosen in many research works related to its optoelectronic properties since it has
the highest charge carrier mobility among the conjugated polymers and its hole
mobility is reported as high as 0.1 cm?/V.s (Sirringhaus et al., 1998). The excellent
mobility of P3HT is due to its tendency to self-organize into highly ordered lamellae
that lead to strong interchain interactions and favor efficient charge transport between

the chains (Jiang et al., 2002; Sirringhaus et al., 1999).

Another technique to enhance the charge transport is at the active layer of the
electrode, by increasing the inter-penetrating network as evident by the coarser surface
mean roughness. Rougher surface yields a greater phase separation and a larger
interfacial area for excitons dissociation (L. M. Chen et al., 2009; Li et al., 2007; Wang
et al., 2012; Yao et al., 2008). Furthermore, this phase separation also develops a
continuous pathway for charge carrier to move to its respective electrodes (Kwong et

al., 2004).
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2.4 Basic Principals of Organic Solar Cell

The structure of most organic solar cell is planar-layered where the organic material is
sandwich between two electrodes with different workfunction. One of the electrodes is
semi-transparent for the light to get to the organic layer. Indium-tin-oxide (ITO) is
usually used, but a thin metal layer can also be used. The other electrode is metal,
usually aluminum, calcium, magnesium, aurum et cetera. Fundamentally, the basic
principal of an organic solar cell (sometimes call organic photovoltaic cell) is that it
works reversely with the principal of light emitting diodes (LEDs) as shown in
Figure 2.6. The research and development of organic solar cells and LEDs are

somewhat related.

Glass Glass
ITO ITO
Organic Material Organic Material
Input Outout
L Al, Ca, Mg — Al, Ca, Mg
(@) (b)

Figure 2.6: Schematic diagram of an organic light emitting diode (a) and an organic
solar cell (b). Both are sandwiched between two metal electrodes. In organic solar cells,
aluminum, calcium and magnesium are some example used as an electron collector and
ITO is usually used as hole collector. As for the LED, electron is introduced at the
metal cathode electrode that will recombine with hole introduce from anode electrode,
ITO.
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In LEDs, electron is introduced at the low-workfunction electrode (cathode)
with the balanced introduction of hole at the high-workfunction electrode (anode) and
when the electron and hole met, it produce a light from the recombination of the
electron and hole in the cell. Similar thing happens in organic solar cell but only in a
reverse process where the electron is flowing from anode to cathode when a there is a
light introduced to the cell. Figure 2.7 show the energy level upon light radiation for
organic solar cells. The light that been absorb by the solar cell excite the electron from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) forming an exciton. Exciton dissociation must occur after this process
for the solar cell to work. The electron charge must reach one electrode and hole must
reach the other. For this to happen, the charge carriers need a driving force which come
from the uneven workfunction. The uneven workfunction of the two electrode work as
an electrical field and help to achieve charge separation in the cell. In other word, the
processes of converting light into electrical current consist of:

1) Absorption of photon, leading to the formation excited state, electron-hole pair

(exciton).

2) Exciton diffusion to a region, where the charge separation occur.

3) Charge transport, hole to the anode electrode and electron to cathode electrode.

This process will continue as light bombarded the cell resulting in a current in the

circuit.
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Vacuum

ITO Al

Figure 2.7: Light harvesting in organic solar cells. During radiation, electron is exited
to the LUMO creating hole at HOMO. Electron then jump to the metal electrode and
hole to the ITO. @10 @aj, Eea, Ei, and Eg is the ITO workfunction, Al workfunction,

electron affinity, ionization potential and energy gap respectively.
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Figure 2.8: (a) The open circuit condition, (b) short-circuit condition in an insulating
organic material, (c) short-circuit condition for a hole-conducting polymer.
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Depending on several situations, HOMO and LUMO of molecules will form
conduction (CB) and valence band (VB) respectively. In Figure 2.8, several situation of
organic materials sandwiched between two electrodes with different workfunction is
depicted. The CB and VB will change depending on the conductance and whether the
electrode is connected. The open circuit condition is shown on Figure 2.8(a), in the
dark condition. This condition is also known as the ‘flat band condition’, where the
voltage apply is label as open-circuit voltage (Voc). The different in the build in field
from the electrodes workfunction is level out by the voltage applied. The current is
zero, as there is no driving force for the charge carrier. Figure 2.8(b) is presented to
represent the short-circuit condition in an insulating organic material giving in a field
shape that changes linearly though the material. There is no net current flowing, and the
metal’s workfunction causes the build-in electric field to be evenly distributed
throughout the device. When the device is illuminated, the separated charge carrier will
drift to the respective electrode (electron to the low workfunction electrode and hole to
the high workfunction electrode). In Figure 2.8(c), the situation is shown for a hole-
conducting polymer is used in a short-circuit condition, when the device is illuminated.
The generated holes are permitted to dispense liberally due to the p-conduction
properties, and they will even out the band approaching the high workfunction
electrode forming a Schottky junction. The curvature form which the CB and VB

exhibit is call depletion region.
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2.4.1 Inorganic and Organic Solar Cells

The fundamental different between inorganic semiconductor and inorganic dye
semiconductor is that in a crystalline inorganic semiconductor with the 3D crystal
lattice the individual LUMOs and HOMOs create a CB and VB throughout the material
whereas most of the organic dye semiconductor molecular force is too weak to create a
3D crystal lattices. Therefore, the molecular LUMOs and HOMOs do not interact
strongly to create a CB and VB. Rather than transport within the band, the charge
transport proceeds by hopping between localized states. This mean that the charge
carrier of the organic and polymeric semiconductors is in general lower compared to
inorganic semiconductors. Low dielectric constant in organic semiconductor also
makes it difficult for charge separation to occur. In most inorganic semiconductors,
photon absorption produces a free electron and a hole, whereas for organic
semiconductor, the exited electron is bound to the hole to form exciton. Conjugated
polymers lie somewhat between inorganic semiconductor and organic dye

semiconductor.

Exciton dissociation in organic solar cells and diodes based on organic device
occur at the electrode interface. If the organic layer is too thick, the exciton that is
created in the middle of the organic layer and cannot reach the electrode interface and
hence recombine. By increasing the layer thickness, it will reduce the number of

absorbed photons.
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Figure 2.9: I-V curve of an organic solar cell under dark (left) and under light
illumination (right).

25 Electrode Interface

The injection and photovoltage critically depend on the interface of the electrodes.
When a pristine conjugate polymer is brought into contact with an electropositive metal
electrode such as aluminum, calcium, magnesium et cetera, the interface is never sharp.
Generally, the bigger interface resistant, the injection of the electron or hole to the
collecting electrodes becomes harder. For an example, poly(p-phenylenevinylene) on
aluminum XPS studies reveal that a 30A thick insulating layer is form between the
electrode and organic layer (Spanggaard et al., 2004). This insulating layer is formed
when the aluminum atom diffuse with the polymer matrix vinyl group and disturbed the
conjugation. This layer causes the increase of the barrier effect and the resistant for
electron injection at the interface. As the insulating layer becomes thicker, hence the
making extraction of electron impossible creates a useless device. Some methods have
been proposed to overcome this problem. A thin interfacial layer such as LiF is placed
between aluminum electrode and organic layer is already been used to reduce this
electron —injection barrier in LED type devices. Hung et al. has demonstrated that a

5-10A thin LiF or MgO layer improved efficiency of the aluminum-electrode by
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lowering the electron-injection barrier (Hung et al., 1997). Greczynski and co-worker
has proven that LiF does not dissociate and react chemically, but rather serves as a
protecting layer between the electrode and the organic material of polyfluorene
(Greczynski, 1996). Very recently Brabec et al. have shown that the advantages of
using a protective layer on the negative metal electrode carry well over in organic solar
cell devices (Brabec et al., 2002). Without a doubt, LiF has the ability to lower the
cathode workfunction and improve the contact efficiency. Furthermore, Al,O3 has been
shown to have favorable properties as a protective layer reducing drive voltage and

increasing device performance in LED type device (H. Tang et al., 1997).

On the other side, the ITO is the material usually use as the high-workfunction
electrode in organic solar cell and OLED devices. But the interface between this ITO
and organic layer is still not well understood. There is a vast category of ITO
morphology and workfunction varying from different manufacture and different batch
(Mailis et al., 1996; Pissadakis, 1999; Xirochaki, 1998; Xirouchaki et al., 1996). Rapid
polymer degradation is also an issue when there is an uneven surface of 1TO on glass.
The ITO workfunction could be increased by plasma treatment or by molecular
monolayer modification (Moss, 2002; Sugiyama, 2003; Wu et al., 1997). Atomic Force
Microscopy (AFM) and Ultraviolet Photoelectron Spectroscopy (UPS) studies have
shown that acid etching and ozone cleaning can be used to control the surface (J. S.
Kim et al., 1998). Similar to the cathode interface, atoms from the anode can react with
the organic material. Therefore in one study it was found that oxygen could diffuse into
MEH-PPV forming aromatic aldehydes (Scott et al., 1996). Moreover, indium was
found to diffuse into the organic layer where it acts as trapping site for charge carriers
(Schlatmann et al., 1996). The introduction of (poly[3,4-(ethylenedioxy)-

thiophene]:poly(styrene sulfonate), PEDOT:PSS, is one strategy to reduce the diffusion
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of indium and oxygen when it is place at the interfacial hole-transporting layer. This
material has a higher workfunction than ITO will improve the performance of the
organic solar cells (Brabec, et al., 2001; T. M. Brown et al., 1999; Gebeyehu et al.,
2003; Granstrom et al., 1998; Peumans et al., 2001; Roman et al., 1998). Depending on
the state of doping and morphology control from solvent treatment and annealing, it
conductivity can reach a high value, assumingly like metal (Jonsson et al., 2003; J. Y.
Kim et al., 2002). An addition, the rough surface of ITO can be significantly reduced

by inserting this PEDOT:PSS layer.
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2.6 Single Layered Organic Solar Cell

At the early stage organic solar cells was based on single organic layer sandwiched
between two metal electrodes with different workfunction. The MIM-model can be
used to explain this operation for the insulator or the Schottky barrier for doped
material between the low workfunction electrode and the p-type organic material
(Sze, 2007). In the case of Schottky junction, which close to the contact within the
depletion region, a band bending occurs from the Schottky contacts as shown in Figure

2.10.

Depletion Region
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Figure 2.10: Schematic of a Schottky contact for doped material between the low
workfunction electrode and the single layer p-type organic material. Photogenerated
exciton diffusion is only limited to the thin depletion region.

The exciton can be dissociated resultant to an electric field, where illumination
from two different semitransparent metal contacts can lead to symbatic (proportional to
the absorption coefficient) and antibatic manners of the spectral photocurrent
(C. W. Tang et al., 1975; Wohrle et al., 1991). Most of organic material diffusion
length is below 20 nm, so only those excitons generated in that small region will
contribute to the photocurrent. These materials show a low fill-factor and a field-
dependant charge carrier collection due to the high series of resistance.
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2.7  Heterojunction Organic Solar Cells

In a heterojunction device, a donor and acceptor is piled together with a planar
interface. The idea behind it is to use two materials with different electron affinities and
ionization potentials. A large potential drop between the donor and acceptor triggered
the charge separation (Pettersson et al., 1999; Peumans et al., 2003; Rostalski, 2000).
The electron will be extracted by the material with the larger electron affinity and hole
will flow to the lower ionization potential. Due to the energy alignment, there is no
band bending occurs, and the different in ionization potential and electron affinity of
the adjacent material do not require it to be doped like the classical p/n-junction
semiconductor. The bilayer is sandwiched between two electrodes corresponding to the
donor HOMO and acceptor LUMO, for proficient extraction of the charge carriers.
Referring to Figure 2.11, the donor electron is excited from HOMO to LUMO leaving a
hole behind. The electron and hole can recombine and creating a luminescence but if
there is an acceptor nearby, the electron may jump to the acceptor LUMO, which is
more preferable, compared to the donor LUMO, separating it from the hole. Noted that
this process needs the excitation energy that obtain from illumination for the electron to

reach the LUMO acceptor (photoinduced charge transfer).
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Figure 2.11: Schematic of a heterojuction device shows the exciton dissociated at the
donor-acceptor interface. The donor adjacent with the higher workfunction electrode
whiles the acceptor with the lower workfunction electrode, to achieve good electron
and hole collection, respectively.

Monomolecular charge transfer is the clear advantage of heterojunction
compare to single layer device. The recombination is significantly decreased and
depend more on trap densities due to the separation of electron and hole. The electron
travel inside the n-type acceptor, and hole travel inside the p-type donor material after
the excitons are dissociated at the materials interface. The photocurrent is linearly
dependent to the illumination intensity (Halls et al., 1997; Halls et al., 1996; Rostalski,
2000; Sariciftci et al., 1993), and a larger fill-factor can be achieved by using a thinner
organic layer (C.W. Tang, 1986). Heterojunction device can be deposited either by
using thermal evaporation process consecutively one material after another
(Hiramoto et al., 1990; Peumans, et al., 2003; Rostalski, 2000; C.W. Tang, 1986), or
using solution casting of one soluble material layer and evaporation process for the

second layer (Breeze et al., 2002; Halls, et al., 1997; Halls, et al., 1996; Roman, et al.,

1998; Sariciftci, et al., 1993).
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2.8 Bulk Heterojunction Organic Solar Cells

For a heterojunction device, the exciton dissociation mainly effective at the donor and
acceptor interface. Hence, the formation of exciton should be within this diffusion
length of the interface. Naturally, the diffusion lengths are in the range of 10 nm, which
limit the effective the photoinduce charge transfer process. Planar heterojunction cells
must be thin to enable successful diffusion to contacts, but the thinner the cell, the less
light it can absorb. The film thickness for organic solar cell is usually around 100 nm in
order for the device to absorb enough light. On other word, a thicker cell will allows a
large quantity of light to be absorbed, but only a tiny proportion of exciton will reach
the interface and dissociate. To resolve this problem, the donor and acceptor can be
combined together to form a blending material layer so called bulk (or dispersed)

heterojunction cell.
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Figure 2.12: Schematic of bulk heterojuction device. The donor and acceptor is blend
together throughout the whole film. Photogeneratedexciton can be dissociated into
charges at any place.
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The idea behind mixing the donor and acceptor in bulk heterojunction cell is
that the donor-acceptor interface is within a distance less than the exciton diffusion
length of each absorbing site where the probability of separation to occur for each of
the exciton anywhere in the cell is high. Figure 2.12 shows the schematic of a bulk
heterojunction device, where like the bilayer heterojunction device, there is no energy
level alignment and interface effect takes place. The concept of donor-acceptor in bulk
heterojunction is comparable with bilayer heterojunction device plus a large increase of
interfacial area between the donor and acceptor where the charge separation occurs.
The interfacial area is dispersed throughout the cell giving to an extremely decrease in
recombination loss due to small diffusion length where most of the exciton will be
dissociated during their lifetime. This will lead to an increase of photocurrent linearly
(Gebeyehu et al., 2004; Schilinsky et al., 2002; Yohannes et al., 2004) or sub-linearly
(Dyakonov, 2002; Katz et al., 2001; Yu et al., 1995) with the light intensity. The bulk
heterojunction devices are also consider much more sensitive in the nanoscale
morphology. The donor and acceptor phase form a bi-continuous and interpenetrating
network where a percolated pathways for the hole and electron transporting phase to

the electrodes is provided.

The light absorption of an organic material is limited to cover either UV or
visible region. Introducing more than one material has made the absorption range
covers a broader region of spectrum. It is a good improvement to implement film with
this absorption property in photovoltaic device since a broader range of light can be
absorbed. Another example of materials which have complementing absorption
properties are P3HT:PCBM (Hauch et al., 2008) and DH6T-PCBM-P3HT (Muhammad

etal., 2011).
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Instruments and Experimental Methods

3.1 Introduction

In this chapter, the experimental methods of fabricating organic solar cells, including
the solution preparation and the deposition technique to form a uniform organic thin
film, are discussed. The operational principles of the instruments used in this study are
discussed. The optical and morphological of the prepared films as well are
characterized using UV-visible/NIR Spectrophotometer, Raman Spectroscopy, X-ray
diffraction and Atomic Force Microscopy. The set-up of a Source-Measuring-Unit
controlled with a personal computer is presented in this chapter, for the measurement of
the electrical behaviors of the fabricated devices in the dark. For the electrical

characteristics under light illumination, usage of a Solar Simulator is described.
3.2 Sample Preparation

The organic solar cells were arranged in the standard formation where the blend active
layer is sandwiched between two electrodes, indium-tin-oxide (ITO, 30 Q cm™) and
aluminum (Al). Top electrode of aluminum was deposited later on top of the active
layer through a shadow mask using thermal evaporation in ultra-high vacuum
(10 mbar). The photovoltaic device consists of ITO/P3HT:PCBM/AI is shown in
Figure 3.1. To fabricate the polymer thin layer, it needs to go through a set of
procedures. The sample solution has to be prepared and the substrate needs to be

cleaned prior to the film deposition.
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Glass substrate

Figure 3.1: Photovoltaic Device Architecture

S

PCBM P3HT

Figure 3.2: The chemical structure of P3HT and PCBM
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3.3 Materials

The photoactive layer consist a mixture of regioregular poly(3-hexylthiophene)
(P3HT), purchased from Sigma-Aldrich and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), purchased from American Dye Source, Inc. The chemical structures of P3HT

and PCBM molecules are shown in Figure 3.2.

3.4  Preparation of P3HT, PCBM and P3HT:PCBM blend solutions

3.4.1 Effect of Annealing Temperature

The mass of P3HT and PCBM powder was measured using an electronic balance. Both
P3HT and PCBM were diluted in 1ml chloroform or 1,2-dichlorobenzene which serves
as an individual solvent or co-solvent. Then, the solution was vigorously stirred for 48
hours at room temperature to maximize mixing with concentration of 30 mg/ml. The
solutions were deposited using spin coating technique at 3000 rpm for 30 s onto the
substrates. For thermal treatment process, the sample was thermally treated using a

hotplate for five minutes with temperature varies from 75°C to 175°C.

3.4.2 Effect of Slow Formation of the Thin Layer

For the second part, to study the effect of slow formation process on the thin film
sample, the solution of P3HT:PCBM mixture were carried out by dissolving both
materials in 1,2-dichlorobenzene solvent and stirred for 48 hours to achieve the
optimum mixing. The concentration of the solution was set to 60mg/ml with 1:1 weight

ratio of P3HT:PCBM. The photoactive layers of were prepared using three different

35



Chapter Three Instruments and Experimental Methods

techniques. Pristine sample was prepared by spin-coated the mixed P3HT:PCBM
solution onto the substrate using at 1500rpm for 60s, and no other further treatment was
applied to the sample. The second sample was prepared similar to the first sample, but
further thermal treatment was used by quickly annealed the sample after deposition,
using a hot plate at temperature 125°C for 10 minutes. This second sample was labeled
as thermal treated sample. After deposition onto the substrates, the last sample was
quickly transferred into a Petri dish that filled with the saturated vapor of 1,2-
dichlorobenzene and left for 20 minutes, slowing the formation of photoactive film.
This last sample was then thermally annealed using a hotplate for 10min at 125°C and

labeled as Slow-solvent-vapor-treatment sample.

3.4.3 Effect of Solvent on The properties of P3HT:PCBM Blend Film

For the third part, chloroform and 1,2-dichlorobenzene were used to studies the effect
of using a mixture of solvent. The solution of P3HT:PCBM was prepared by mixing
both materials and dissolved in solvent of 100% 1,2-dichlorobenzene (DCB) and also
cosolvent consist 50% chloroform and 50% 1,2-dichlorobenzene (DCB:CH) and stirred
for 48 hour to maximize mixing. The concentration of P3HT:PCBM was set to
60mg/ml with 1:1 weight ratio. The ‘slow-solvent-vapor-treatment’ process was

utilized in the film formation method.
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3.5  Substrate Cleaning

Glass substrates were used for morphology and optical studies and indium-tin oxide
(ITO) coated glass is use for photovoltaic device preparation. The substrate need to be
cleaned appropriately to remove any contamination. The glass substrates were clean by
immersing it in DECON™ foam solution and then placed in an ultrasonic bath for 16
minutes in order to shake of stubborn grease and dirt from the substrates surface.
Afterward, they were rinsed using deionised water, acetone solution, ethanol solution,
and then rinsed again in the deionised water sequentially. Lastly, the glass substrates
were dried using nitrogen gas. The procedure to clean the ITO substrate was slightly
different. The substrates were immersed in ethanol:deionized water (4:6 ratio) and
treated in ultrasonic bath for 16 minutes. Then the substrates were rinsed similar to that

of the glass substrates.

3.6 Spin Coating Technique

Spin coating technique was used in this study to produce a uniform thin organic layer
with a controlled thickness. This technique has been used for several decades to
produce thin films and also been widely used in microelectronic industry to deposit a
layer of photoresist film in the fabrication of integrated circuit (Petty, 2000). This
process used a spinning motion in certain speed (around 1000-6000 rpm) to spread a
small puddle of solution on top of a desire substrate. The solution will spread outward
from the center and eventually off the edge of the substrate producing a thin layer on
top of the substrate. The thickness and other properties of the film are depends on the

spinning rate, parameter chosen and also the nature of the solution.
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The spin coating process is represented in Figure 3.2. The substrate was place in
the center of the spin coater plate and a vacuum pump was used to hold the substrate
during spinning process. The prepared solution was then dropped on top of the
substrate using a syringe and spread uniformly to fully cover the surface of the
substrate. The spinning process was carried out resulting to a uniform thin layer coated
on top of the substrate. The process was repeated for several times with a different set
of solution to get the optimum condition. In general the higher the spin rate and the
longer the spin time, the thinner the layer will be. The spinning rate chosen was around
1500-2000 rpm with maximum acceleration to ensure the spinning was starting at the

require speed. The spinning time was around 30 second.

(b)
Glass Substrate
Vacuum l Vacuum
() (d)
- Spin process
l Vacuum l Vacuum

Figure 3.2: Schematic step by step of the spin coating technique
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3.7 Aluminum Electrode Deposition

The aluminum electrode was deposited on top of the organic thin layer using a thermal
evaporator. The schematic diagram of the thermal evaporator system that has been used
is illustrated in Figure 3.4. The system was capable of pumping the pressure to 10°
mbar. The system consist of glass vacuum chamber, two stage rotary pump, a diffusion
pump, a penning gauge and two pirani gauges. The diffusion pump was cooled with
flowing water for effective pumping. A base pressure of at least 10 mbar must be

achieved before any deposition was carried out.

Penning
Pirani
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Chamber :
Roughing Valve

Air Admittance
_’E _I:— Pirani

Valve [ 4
x)
Baffle Valve —>® Backing Vlalve
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Pump == < Water In Valve
== -
Water Out «— ==

Rotary Pump

Figure 3.4: Schematic diagram of the thermal evaporation system.
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Figure 3.5 shows the schematic of the vacuum chamber. The substrate was put
on a aluminum mask with the desire electrode pattern. An aluminum wire that was
going to be deposited is cut about 0.8 cm and hook to the tungsten wire. After the
pressure inside the chamber achieved more than 10° mbar, a current was applied
through the tungsten wire and increased slowly to about 40 A where evaporation took
place. The aluminum eventually melted and evaporated inside the chamber and finally
deposited on the sample that been placed on the upper side of the chamber. The shutter
was close for a few minute after the aluminum started to melt and evaporate to obtain a
good quality deposition. Electrical contact was made by using silver paste. The final

device constructed is shown in Figure 3.1.

Substrate <«——\/acuum Chamber
=|l";‘l'l“: Mask Plate

Shutter ©=Q

Electrode » OT VT Tungsten Wire

|_<— Shutter

Chamber > Controller

Seal

Pump Down

Figure 3.5: Vacuum chamber schematic diagram.
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3.8 Thickness Measurement

The KLA Tencor P-6 profilometer is used to determine the thickness of the prepared
organic thin films for this study. A contact profilometer is one of the instruments that
have been used to measure the thickness of the thin films. This instrument uses a
diamond stylus which moves laterally throughout the surface of the thin film. A
scratched line was made on the surface of the film to create the difference height
between the substrate and the surface of the film. Basically, it measures the thickness
based on the difference height between the substrates and the thin films. The thickness
of the thin film was measured from the steps height different between the substrate
(base) and the thin film layer. In this work, the film was scratched at five different

positions and the average value was taken as the thickness of the film.

3.9 Thin Film and Device Characterization

Absorption spectra measurements were carried out using Jasco V-570 UV/VIS/NIR
spectrophotometer. Raman measurement was done using Jobin Yvon HR 800 UV at
excitation wavelength of 512nm. A Siemens D5000 X-ray diffractometer was used to
record the X-ray diffraction (XRD) patterns. Veeco D300 Atomic force microscopy is
used to measure the samples surface roughness. Finally current-voltage (I-V)
measurements were recorded using Keithley 236 source measure unit. The |-V
characteristics of the photovoltaic devices were measured in the dark as well as under a

white light illumination of a tungsten halogen lamp.
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3.9.1 Ultraviolet — Visible-Near infrared Spectrophotometer.

In this work, to obtain the optical transmission spectrum of P3HT, PCBM and
P3HT:PCBM blend thin film, the Ultra-violet Visible Near-infrared (Uv-Vis-Nir) Jasco
model V-570 spectrophotometer was used. Figure 3.6 show the schematic diagram of

the setup of the Uv-Vis-Nir spectrophotometer.

The UV spectrum region fall in the 100 to 400 nm, the visible spectrum fall
from 400 to 700 nm and near infrared is 700 nm above (Figure 3.7). The UV-Vis-Nir
Jasco spectrophotometer model V-570 measures the spectrum at a wavelength range
from 250 to 2500 nm. A deuterium discharge tube with a wavelength range between
190 to 350 nm is used as a light source in the ultra-violet region and a tungsten iodine
lamp with wavelength range between 340 to 2500 nm was used as a light source in
visible to near infrared region. The light beam was converged before entering the
monochromator. It was dispered by a grating in the monochromator and the light
passing through the exit slit was monochromated. This light was split into two light
paths by a sector mirror, one incident on the sample to be measured and the other on the
reference sample. Four different phenomenon occur when the light hit the sample
namely absorption, transmission, refection and scattering. The light that has passed
through the sample or reference sample was then incident on the photomultiplier tube
or Plumbum Sulfide (PbS) photoconductive cell (Xirochaki, 1998). The light from PbS
photoconductive cell was converted into an electrical signal, which then was decoded
into a digital form. The signal was processed and executed by software which will then
be displayed as spectrum for the film. Light source change and wavelength trigger
during the measurement process were controlled by operation software. In starting the

measuring process, two reference glass substrates were placed in the sample holder for
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scanning to produce the baseline for the transmission spectrum in the wavelength range
of 250 to 2500nm. Then, one of the glass substrate was removed and replaced with the
organic thin deposited on glass, while the other acts as a reference. The transmission

spectrum of the sample was obtained within the same wavelength range.
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Figure 3.6: The schematic diagram of the components of a UV-Visible/NIR
spectrophotometer.
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Figure 3.7: The visible spectrum with respect to infrared and ultraviolet radiation.

Ultraviolet-visible spectrophotometer is used in ultraviolet-visible spectroscopy
to measure the intensity of light that passing through a sample (1), and compares it to
the initial intensity of light before it passes through the sample (l,). According to the
Beer —Lambert Law, the measured absorbance, A is given as

A=—logl/l,=—log (%T) (Equation 3.1)
where, the ratio | / I, is called the transmittance, and is usually expressed as a

percentage (%T) (Mehta, 2012).
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3.9.2 X-ray Diffraction Measurement.

Diffraction technique is a practical and powerful tool to study structure. The physical
and chemical properties of a material are closely related to the structure of the material.
The XRD measurement was used to determine the evidence of microcrystallinity in the
P3HT:PCBM blend films prepared and the effect of using different preparation method.
In this work, the X-Ray Diffractometer model SIEMENS D5000 was used to obtain the

diffractogram of the P3HT:PCBM sample using a Cu-Ka source (A=1.5402A)).

3.9.3 Atomic Force Microscopy.

Atomic force microscope (AFM) is a very high-resolution type of scanning probe
microscope, which can result in a resolution of fractions of a nanometer, much better
than the optical diffraction limit. Like all other scanning probe microscopes, the AFM
utilizes a sharp probe which is a tip on the end of a cantilever that bends in response to
the force between the tip and the sample, moving over the surface of a sample in a

raster scan.

Detector and
Feedback
Elecronics

Photodiode

Laser

Sample Surface Cantilever and Tip

Figure 3.8: Block Diagram of Atomic Force Microscope
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As shown in Figure 3.8, the AFM consists of a microscale cantilever with a
sharp tip (probe) at its end that is used to scan the surface of sample. Usually, the
cantilever is silicon or silicon nitride with a tip radius of curvature in the range of
nanometers. When the tip approaches to a sample surface, the interaction forces that
exists between the tip and the sample will cause the cantilever deflects. As long as the
cantilever obeys the Hooke's law for small displacements, the interaction forces
between the tip and the sample can be found. These forces may include Van der Waals
forces, chemical bonding, electrostatic forces, mechanical contact force and so on.
Besides these forces can be measured by AFM, some additional quantities may
simultaneously be measured through the use of specialised types of probe. The
measurement of deflection can be done using a laser spot reflected from the top of the
cantilever into photodiodes. Typically, the sample is mounted on a piezoelectric tube.
This piezoelectric tube enables to move the sample in the z direction for maintaining a

constant force, and the x and y directions for scanning the sample.

AFM can be operated in two modes, which are with feedback control and
without feedback control modes. If the electronic feedback is switched on (a feedback
mechanism is carried out), the positioning piezoelectric tube enable to adjust the
distance between the tip and the sample surface, by responding to any changes in forces
which are detected. This can avoid the tip from getting too close to the sample surface
until collides with it, causing damage. However, if the electronic feedback is switched
off, then the microscope is said to be operating in constant height mode. This mode of
operation is particularly useful for imaging very flat samples at high resolution

("Atomic force microscopy,"” 2012).
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3.9.4 Raman Spectroscopy

The Raman measurement was done using Jobin Yvon HR 800 UV at excitation
wavelength of 512nm to measure and obtain the Raman spectra of the samples. The
samples were scanned from 200 cm* to 1000 cm* for the P3HT, PCBM and

P3HT:PCBM films deposited on the glass substrate.

3.9.5 Current-Voltage Characteristic.

The photovoltaic behavior of the organic solar cell was investigated by a current-
voltage measurement. From this measurement we will identified the open circuit
voltage (Voc) and the short circuit current (Isc) of the cell. The open circuit voltage is
defined as difference of electrical potential between two terminals of a device when
there is no external load connected. In other word, the voltage across the device is
measured with no external load but only the consequent internal load which is the

resistant of the cell and its electrical interfaces.

The schematic setup for the I-V measurement is illustrated in Figure 3.9. The
source of illumination was a Xenon Lamp, place in a Newport Universal Arc Lamp
Housing 500 Watt Family model 67005. The arc lamp housing is powered by a
Newport Arc Lamp Power Supply model 69907. An AM 1.5 filter is placed between
the light source and the sample to get the standard AM 1.5 spectrum. The I-V curves
were measured in the dark and also under the simulated sun radiation. The data was
collected using a Keithley 236 source measuring unit connected to a computer. The

signal was processed and executed by a Lab-view software to produce the 1-V curve.
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Figure 3.9: Schematic setup for the current-voltage measurement

To characterize an organic solar cell, we need to focus on the fourth quadrant of
the current-voltage (I-V) curve. Referring to Figure 2.9, in the dark, the I-V curve
shows a diode behavior where there is no current flowing in the cell until the voltage is
higher than open-circuit voltage (Voc), when current is flowing heavily at forward bias.
When the cell is exposed to a light source, the 1-V curve is shifted down by the short-
circuit current (Isc). The Voc is the maximum voltage different achievable between the
two electrodes, usually around 0.5-1.5V for organic cell, higher than inorganic cells.
When the cell is place on open-circuit condition and illuminated, electron flow to the
low-workfuntion and hole flow to the high-workfunction. At some point the charge
build up to a maximum value same equal to the Vo that is limited to by the different

workfunction of the two electrode (Marks et al., 1994).

Isc determined the maximum value that can run through the cell. This amount
can be measure by connecting the two electrodes when the potential across the cell is
set to zero and current flow is measure while the cell is illuminated. Isc also gives the

information about the charge separation and transport efficiency in the cells. The

49



Chapter Three Instruments and Experimental Methods

magnitude of Isc depends on the illumination power. For organic solar cell, for intensity
of 100mV/cm? (AM1.5) will gives around 0.20-80mA/cm? The maximum work that
the cell can gives is when the product between the current, and the voltage, is the
largest, current maximum (In.x) and voltage maximum (Vmax). The quantum efficiency
(QE) is the number of generated electrons per absorbed photon. The fill factor (FF) is
given by:

Vo |
max max

= (Equation 3.2)
VOC * I SC

FF

And to determine the efficiency of a solar cell, this power is compared with the light

intensity. The power conversion efficiency (PCE) is:

_ POUT _ Imax.Vmax _ FF .Isc.voc

Mooz " p " p, P

(Equation 3.3)
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Results and Discussion

4.1 Effect of Annealing Temperature

In this part, a thermal process has been performed on the P3HT:PCBM blend films at
75 °C, 100 °C, 125°C and 150 °C. The influence of thermal annealing temperature on
the UV-Vis absorption, photoluminescence and X-ray diffraction spectra were
investigated on the prepared films at different temperatures. The main objective of this
study is to obtain the optimum temperature in producing a good absorption properties

as well as the highest semi-crystalline portion of the polymer in the blend film.

4.1.1 UV-Vis absorption measurement

Figure 4.1.1 shows the absorption spectra of P3HT:PCBM blend film for various
annealing temperatures. The absorption of the blend films in the visible range between
450 nm to 650 nm with a peak at 478 nm, is ascribed to the n-n transition of the P3HT
conjugated backbone system (Ge, 2009; Shrotriya et al., 2005; Xie et al., 2011). On the
other hand, a small absorption band of the blend film appears in the UV region of 320
to 340 nm, corresponds to the absorption by PCBM molecules (Ge, 2009). There is
slight rise in absorption coefficient upon annealing temperature, which can be due to
the reduction in the sample thickness. It can be clearly seen from this figure, the peak
wavelengths are red-shifted from 478 nm to 510 nm for the variation of pristine sample

to the annealing temperature between 75 °C to 150 °C.

The absorption coefficient values of the peak together with the corresponding

peak position at particular wavelength are tabulated in Table 4.1. From the analysis of
52



Chapter Four Results and Discussion

this red-shift feature, there is a change of 5% in the peak wavelength for the pristine
blend sample to the annealed sample at 75 °C. From the table, it can be noted that a
significant change upon annealing process occurs when the blend sample has been
annealed at 100 °C with 18% red-shift of the wavelength peak. This red-shift indicates
that the mean conjugate length of the P3HT has increased by improving the
arrangement of the planar polymer chain as well as via formation of polymer
crystallites in the annealed sample as a result of thermal annealing (Vanlaeke, Swinnen,
et al., 2006). Nevertheless, the increment in the red-shift is no longer observed upon
increasing the annealing temperature from 100 °C to 150 °C, with the peak stays at 510

nm.

Several attempts have been performed to obtain absorption spectrum of the
annealed sample at 175 °C, but not succeeded. The annealing process of the
P3HT:PCBM blend film (under ambient condition) at such high temperature has caused
the sample to oxidize and degrade, which can be observed by naked-eyes; some part of
the sample has been removed. Thus the optimum annealing temperature of 125 °C has
produced a significant improvement in the polymer packing as well as the absorption
coefficient. This temperature is used in the next parts of studies of photoluminescence

and X-ray diffraction measurements.
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Figure 4.1.1: Absorption coefficient spectra of P3HT:PCBM blend film with different
annealing temperature.

Table 4.1.1: Variation of absorption features with annealing temperature

Annealing Maximum absorption Peak % red-shift Optical energy
temperature | coefficient (cm™) x 10° | wavelength | of peak gap (eV)
(nm) wavelength

Pristine 1.25 478 0 1.938

75 1.36 506 6 1.948

100 1.49 510 18 1.950

125 1.57 510 18 1.952

150 1.56 510 18 1.950
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Figure 4.1.2: The plot of (¢hv)2 vs hv of P3HT:PCBM P3HT:PCBM blend film with
different annealing temperature

In general, Tauc’s equation is used to estimate the band gap of inorganic
materials (Tauc, 1986). Nevertheless this model has been utilized in many organic
materials including the films used for organic solar cells (Muhammad et al., 2010). By
utilizing the assumption from the Tauc model (Muhammad, et al., 2010; Tauc, 1968),
where the absorption edge has a parabolic variation with photon energy (Dridi et al.,

2009), it can be estimated the band gap equation is given by:
ahv = ao(hv - E,)" (Equation 4.1)

where a, IS the energy independent constant, n is the exponential value.

Value of n depend on the type of transition in which n =% for direct transition,
n = 2 for indirect allowed transition and n = 3/2 for forbidden transition (EI-Nahass et
al., 2003). If P3HT:PCBM is considered to have a direct absorption coefficient type

(Muhammad, et al., 2010; Muhammad et al., 2011 ) and by applying equation 4.1,
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(ahv)® versus hv can be plotted to identified the energy gap of the samples as shown in
Figure 4.1.2. Extrapolating the straight line of tangent of the curves to hv = 0, give the
value of the optical energy gap. This optical energy gaps for the pristine, annealed at 75
°C, 100 °C, 125 °C and 150 °C samples have been estimated to be 1.938 eV, 1.948 eV,
1.950 eV, 1.952 eV and 1.950 eV, respectively. This results of increment in optical
energy gap in P3HT:PCBM blend films upon annealing temperature has also been
observed by other researchers (Ge, 2009). However, in some cases, the optical energy

gaps has been lowered by applying heat to the samples (Xiaoyin et al., 2010).

The overall results are listed in Table 4.1. From all the collected data and after
analyzing the value of energy gap of all of the samples it can be observed that by
exposing the sample to the thermal treatment under ambient condition, the energy gap
has increased. Thus, this annealing process is not a proper method in reducing the
optical energy gap the P3HT:PCBM blend films. The reduction in energy gap is one of
the crucial factors to obtain a good performance in the polymeric solar cells; in which
the many photons can be absorbed in the active layer to generate charge carriers

(Petritsch, 2000; Sun et al., 2005).
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4.1.2  Photoluminescence (PL) Spectra

In general, PL intensity of a pristine thin film (either organic or inorganic) increases
upon annealing. Thus, in this study, pure films of P3HT and PCBM are investigated,
then the respective pristine film of the P3HT:PCBM blend is compared to the thermally
treated film at the optimum annealing temperature of 125 °C. Figure 4.1.3 shows the
PL spectra of P3HT, PCBM and the P3HT:PCBM blend films. The PL of pristine
P3HT:PCBM blend is drastically quenched as compared to the pure P3HT film. This
PL quenching indicates the photoinduced charge transfer in the blend sample becomes
more efficient upon introducing PCBM into P3HT. This PL quenching phenomenon
P3HT:PCBM blend is in agreement with other reported results of similar blends (H.

Kim et al., 2006).
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Figure 4.1.3: Photoluminescence spectra of P3HT, PCBM, pristine blend and annealed
sample at 125 °C
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4.1.3 X-ray Diffraction Spectra

Figure 4.1.4 shows the XRD spectra of P3HT and P3HT:PCBM blend films before and
after annealing at 125 °C. Most parts of the films are amorphous as indicated by the
broad XRD features with only a small peak. Peaks at approximately 26 of 5.4° appear

in all diffractograms.

The XRD intensity of the P3HT:PCBM blend films is reduced by 40% relative
to P3HT alone. The spectrum of P3HT shows the present of the partially crystalline
phase, embedded within a large portion of amorphous phase. But upon thermal
annealing at the blend films, the intensity is increased by 54% relative to the pristine
intensity value. Furthermore, the XRD peak of the annealed sample has become
narrower and more intense, indicating of an improved coherent scattering of the X-rays
due to larger crystalline domains. This quite significant increment in XRD intensity
may be attributed to the larger portion of crystallite phase embedded within the

amorphous phase.

58



Chapter Four Results and Discussion

50 -

45 o
40 - \ e Pristine
35 Annealed

e P3HT

(au.)

< 30 -

225 - \

20 - >

15 - TN

10 -

5 -

0 : : : : : .
4 5 6 7 8 9 10

Intensit

Figure 4.1.4: X-ray Diffraction spectra of P3HT, pristine blend film and annealed
sample at 125 °C.

Table 4.1.2: Variation in the interplanar distance and the crystalline thickness for the
P3HT, Pristine and Annealed samples.

Solvent Type P3HT Pristine Annealed (125 °C)
260 (°) 5.28 5.45 5.18
FWHM (B) (rad) 0.00906 0.00977 0.00733
Interplanar Distance

1.67 1.62 1.64
(d-spacing) (nm)
Crystaline  Thickness

16.02 14.85 19.79

(nm)
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Using the Scherrer’s equation, the estimated crystalline size of the sample can
be calculated. Scherrer’s equation is given by:

L—K—A Equation 4.2
= Bcoso (Equation 4.2)

where L is the crystalline thickness, K is the shape factor which (0.94), A is the source

wavelength (0.1542 nm), and B is the full width at half maximum (FWHM) of the peak.

Annealing shifted the diffraction peak slightly to a lower 26 angle. Using the
Bragg’s equation, the interplanar distance (d-spacing) was calculated. The interplanar
distance is reduced when PCBM is introduced to the P3HT sample but this
characteristic has tremendously increased when the sample has been thermally treated.
The annealed blend sample has an interplanar distance of 1.64 nm compared to 1.62 nm
for the pristine blend film. The crystalline thickness of the P3HT sample which is 16.02
nm has been decreased to 14.85 nm after PCBM was mixed. This result show that by
introducing PCBM in the P3HT film to form blend of P3HT:PCBM, the crystalline
portion has been reduced and this observation also has been reported by other
researcher (Vanlaeke, Vanhoyland, et al., 2006). This could be due to the amorphous

feature of PCBM molecules.

A good influence of the annealing process can be observed in the annealed
blend film. The thickness of crystallite size for the annealed sample increased to 19.79
nm as compared to the pristine blend sample of only 14.85 nm. An increment by 30%
of crystallite size is really a noteworthy effect on the formation of the P3HT:PCBM
film upon a thermal treatment. This XRD result is strongly supported by the
observation from the previous absorption spectra; as the blend sample has been

increased in the molecular order of the polymer chain arrangement upon annealing
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process. The polymer chain re-arrangement upon annealing has tremendously affected
the molecular packing, hence enhances the crystalline portion of the polymer within
amorphous film. This results are in good agreement with the reported

observation(Vanlaeke, Swinnen, et al., 2006)

4.1.4 Summary

As a summary, thermal annealing process on the PCBM blend films at 75 °C, 100 °C,
125 °C and 150 °C. The absorption spectra of the films has shown a significant red-shift
upon annealing, indicating the improvement of polymer packing due to the re-
arrangement of the polymer chain. This absorption spectra result is further supported
by the increment in the crystallite size of the polymer as indicated by the XRD spectra.
The optimum temperature of 125 °C that obtained from the absorption spectroscopy

measurement was used in the preparation of the fast grown film in next section of 4.2.
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4.2 Effect of Slow Formation of the Thin Layer

In this part, three types of film formation processes were used to obtain a good
P3HT:PCBM blend film, namely;
(@) As deposited: the pristine blend film was characterized without any treatment,
(b) Fast grown: the blend film was quickly annealed at 125 °C (this optimum
temperature obtained from the study in part 4.1),
(c) Slow grown: the blend film was exposed to solvent vapor for 20 minutes, then

annealed at 125 °C.

4.2.1 UV-Vis absorption measurement

Figure 4.2.1 demonstrates the absorption spectra of P3HT:PCBM blend film ‘as
deposited’, ‘fast grown’ and ‘slow grown’. The absorption for P3HT is visible between
400 to 650 nm, however below 400 nm, the absorption for PCBM is dominant. As
discussed in chapter 4.1.1, the absorption of the fast grown sample (annealed) is higher
than the pristine as deposited P3HT:PCBM blend sample. By applying heat to the
sample, the ordering of the P3HT phase in the sample is improved and therefore
increasing the absorption value of the thin film favorably in the range of 400nm to
650nm (see absorption of the fast grown). Besides, it can be seen from the fast grown
spectrum, that the appearances of the two shoulders at 550nm and 610nm become
clearer. The appearance of shoulders in the spectrum is well known as the indication of
the ordering of P3HT molecules (T. A. Chen et al., 1995) and this will be further

discussed and confirmed by the XRD result.
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The absorption is further increased by slowing the formation of the film before
the sample is heated. As evident in the slow grown process UV-Vis spectrum, the
intensity of the peaks approximately at 470 to 530 nm, representing the intrinsic n-m*
transition of P3HT, substantially increase, leading to a rise in the absorption spectrum
at the red part of the film. The results indicate that the gradual evaporation of the from
the blend film in the slow grown sample causing a formation of a better reorganization

of the polymer chains (Al-Ibrahim, et al., 2005; T. A. Chen, et al., 1995).
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Figure 4.2.1: UV-vis absorption spectra of P3BHT:PCBM blend film

The shoulder at 610 nm is associated with the interchain interaction (P. J.
Brown et al., 2003; Chirvase et al., 2004). This shoulder intensity depends on the order
degree in the intermolecular chains of the microcrystalline domains. Therefore, the
increased intensity in the peak at 610 nm implies a higher level of molecular ordering

(Guo et al., 2008). These optical changes will give rise to the solar cell efficiencies.
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Thus, such process may create higher crystallinity due to a better ordering within the

photoactive film and this will be discussed in the following section.

4.2.2  X-ray Diffraction Spectra
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Figure 4.2.2: X-ray Diffraction of P3HT:PCBM blend film.

Figure 4.2.2 shows the XRD spectra for the first-order reflection of P3HT:PCBM blend
films which is normally observed (T. A. Chen, et al., 1995; Erb et al., 2005; Vanlaeke,
Swinnen, et al., 2006; Vanlaeke, Vanhoyland, et al., 2006; Zhokhavets et al., 2006).
The blend films show there are present of crystalline phase. The XRD peak at
approximately 260 of 5.4° appears in the diffractogram attributed to the partial
crystallinity of the P3HT crystallites which are dispersed in amorphous PCBM matrix.
As known, by introducing PCBM molecules in the blend film, the crystallinity of P3HT

polymer will drastically drop (Yang, et al., 2005).
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The addition of PCBM is disturbing the formation of P3HT crystalline domains.
The lowest peak was observed for the pristine of as deposited film. Upon annealing
process of the fast grown film, the P3HT peak within the mixture film is drastically
increased as previously discussed in part 4.1.3. Besides, the value of full width at half
maximum (FWHM) has decreases representing the increase in the degree of

crystallization and the grain size of P3HT domain.

By using Scherrer’s formula of equation 4.2 (as previously discussed in section
4.1), the thickness of the crystallite can be calculated. The thickness of crystallite size
as the fast grown sample has increased 20% as compared to the untreated of as
deposited sample. Further improvement in crystallization has been achieved by means
of the slow grown method. The peak from the slow grown film shift toward the lower
angle compared to both of peaks from as deposited and fast grown film. The interchain
spacing associated with the interdigitated alkyl chains in P3HT is also changed to 1.67
nm. The thickness of crystallite size has enhanced from 19.67 to 22.50 nm upon
slowing down the process of film formation via exposing the blend film to the solvent
vapor. This steady condition of the slow grown film method has promoted the
formation of an organize P3HT within a uniform PCBM, which is consistent with well-
define bulk heterojunction organized on the nano-to-micro level in the blend film (Guo,
et al., 2008). The results of XRD are in agreement with the absorption spectra; the
crystallinity and the ordering of the slow grown polymer can be improved via slow
evaporation of solvent followed by thermal annealing process. The summary of the
interplanar distance and the crystalline thickness for all three samples is tabulated in

Table 4.2.
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Table 4.2: Summary of the interplanar distance and the crystalline thickness for the as
deposited, fast grown and slow grown film sample.

As deposited Fast grown Slow grown
26() 5.45 5.40 5.30
FWHM (B) 0.00873 0.00698 0.00610
Interplangr Distance 162 164 167
(d-spacing) (nm)
Crystaline Thickness 15.72 19 67 9250
(nm)

4.2.3 Raman measurement

Raman spectra of all the three samples in the range 200 — 2000 cm™ are shown in
Figure 4.2.3(a). There are a few Raman peaks can be observed; the peaks on 715 cm™,
1380 cm™ and 1440 cm™ are assigned to the C-S-C, C-C and C=C respectively
stretching deformation in the aromatic thiophene ring of P3HT (P. J. Brown, et al.,
2003; Klimov et al., 2006; Louarn et al., 1996). The existence of PCBM molecules in
the P3HT film did not contribute to the Raman modes of the P3HT:PCBM blend film

(Heller et al., 1995).

In order to compare the effect of the three different methods of as deposited,
fast grown and slow grown, focus is given on the region between 1350 cm™ and 1500
cm™ as shown on Figure 4.2.3(b), enlarged from Figure 4.2.3(a). There is indication of
Raman shift at the C=C peak where it is shifted to a lower wavenumber (cm™), which is
1449.27, 1448.32 and 1446.90 corresponding to sample as deposited, fast grown and
slow grown respectively. This downward shift in the wavenumber indicates that there is
an increase in the crystalinity of the P3HT polymer and improvement of the effective
conjugation length along the polymer back bone (Klein et al., 1975). Therefore,

polymer film prepared by the slow grown method is more favorable with the
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improvement of morphology for the transport charge carriers. There is also an
interesting effect on the full width at half maximum (FWHM) of the peak can be
observed. The peak becomes narrower and the FWHM of the fast grown sample is
decreased significantly compared to the as deposited sample with the value of 34.21
cm™ for fast grown and 34.58 cm™ for as deposited sample. The use of slow grown
method on the sample shows more improved state on the film. A narrower peak can be
detected and the FWHM is decreased dramatically compared to the other two samples
with the value of 32.78 cm™. Since the Gaussian widths of the Raman lines in
heterogeneous systems are measure of their disorder (Mihailetchi et al., 2006), we can
infer that slowing the film formation process reduces the disorder in P3HT-PCBM,
consistent with packing arrangement of P3HT polymer segment as discussed previously
in the XRD results. This correlation between the formation of higher crystallinity via
thermal annealing and slow solvent evaporation has been further proven by the results

of Raman spectroscopy.
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Figure 4.2.3: Influence of film formation types on Raman spectra of P3HT:PCBM

blend films, (a) Raman shift from 200 to 2000 cm™ (b) enlarged Raman shift from
1350to 1490 cm™
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4.2.4 Atomic Force Microscopy

Figure 4.2.4 shows the atomic force microscopy (AFM) images in two dimensional as
well as three dimensional of the as deposited, fast grown and slow grown thin films. It
shows that when the sample has been thermally treated (see Figure 4.2.4(b)), the
roughness of the sample is increased, suggesting the formation of the inter-penetrating
P3HT:PCBM molecular network. According to previous researchers, this trend in the
composite films seems to be due to self-organization of each P3HT and PCBM
component trough thermal treatment (Erb, et al., 2005; Mihailetchi, et al., 2006). The
roughness for the slow grown (Figure 4.2.4(c)) is slightly higher than fast grown
sample. The roughness is considered to be signature of P3HT polymer self-organize
into more ordered structure through vapor treatment (Yang, et al., 2005). Slowing the
evaporation process of the solvent solution form a better organize P3HT network in the
film. The roughness of the as deposited, fast grown and slow grown sample is 5.146,
11.072 and 14.706 nm respectively. The AFM results are in agreement with the

ordering arrangement of polymer chains indicated by the absorption spectra.
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(b)

Figure 4.2.4: 2D and 3D atomic force microscopy images of (a) As Deposited, (b) Fast
Grown and (c) Slow Grown sample.
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4.2.5 J-V Characteristic

The current density-voltage (J-V) characteristic of the P3HT:PCBM solar cell is
presented in Figure 4.2.5 . The open circuit voltage (Voc) of the devices is around 0.3 to
0.5 V. The short circuit current for the annealed devices increase compared to the not
annealed device. Jsc of the pristine as deposited P3HT:PCBM film has improved more
than 20 times and 4 times compared to that of fast grown and slow grown sample
respectively. The charge carrier mobility is strongly dependent on the crystallinity
feature of the blend. Since the slow grown P3HT:PCBM blend film has produced a
better feature of crystallite size as well as better polymer chain ordering, hence the

performance of electrical properties of J-V characteristics are enhanced.

Thermal annealing improves the ordering of the film, so in principle, the charge
carrier mobility is improved and so it reduces the recombination losses. Slowing the
formation of the thin film further more increase the ordering. We can conclude that
morphology modification as shown in the AFM images after thermal annealing and
slowing the formation process improved the transport properties and therefore to

reduction of recombination losses.
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Figure 4.2.5: J-V plots for P3HT:PCBM solar cells prepared As Deposited, Fast
Grown and Slow Grown.

4.2.6 Summary

As a summary, the difference processes in the film formation namely as deposited, fast
grown and slow grown has been investigated on the P3HT:PCBM system. The XRD
and Raman spectra have provided proofs of better crystallinity as well as a higher level
of molecular ordering in the blend of the slow grown compared to the fast grown.
Hence, the improvements in the photovoltaic characteristic of short-circuit current and
open circuit voltage can be co-related to the enhancement in semi-crystallite size of the

polymer blend.
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4.3  Effect of Solvent on the properties of P3HT:PCBM Blend Film and

Photovoltaic devices

In this part, three types of solvents were used in preparing the P3HT:PCBM blend film,
namely pure o-dichlorobenzene (DCB), pure chloroform (CH) and
o-dichlorobenzene:chloroform (DCB:CH) co-solvent. The influence of the three
different types of solvents was investigated on the between the absorption coefficient,
energy gap, crystallite size, surface roughness as well as photovoltaic characteristics of

the P3HT:PCBM blend films.

4.3.1 UV-Vis absorption measurement

The comparison between the absorption spectra of the P3HT:PCBM blend prepared
from pure o-dichlorobenzene (DCB), pure chloroform (CH) and o-
dichlorobenzene:chloroform (DCB:CH) co-solvent is shown in Figure 4.3.1. It can be
clearly seen that the blend film dissolved in DCB:CH co-solvent not only shows the
highest value of absorption coefficient, but has the ability to broaden the absorption
range which span most of the visible wavelength range from 450 nm to 650 nm
compared to that of 100% DCB and 100% chloroform solvent. This indicates that a
large number of photons are absorbed for using the mixture film prepared from
DCB:CH co-solvent. Besides, for the film prepared in co-solvent, the peak is red-
shifted to 514 nm, with an increase of about 4.9% and 7.5% compared to that of pure
DCB and pure chloroform, which has the peak at 490 nm and 478 nm relatively. This
result indicates that an increase of conjugation length of the polymer chains. Besides,
the two shoulders in the absorption at 550 nm and 600 nm are well resolved for the film
prepared from the co-solvent. This clear appearance of shoulders is an indication of

better ordering of P3HT molecules, as discussed earlier (T. A. Chen, et al., 1995).
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The formation of the photoactive film by using DCB:CH co-solvent is strongly
influenced by the solubility of the blend component of P3HT:PCBM. A mixture of
solvent DCB:CH vyields better solubility than the pure single solvent. In fact, a uniform
photoactive layer on the substrate (as observed by naked eyes) cannot be obtained from
a blended solution of P3HT:PCBM in pure DCB solvent. This is attributed to its large
surface tension that may lead to an occurrence of significant shrinkage upon the film,
and thus affect the physical properties of the film itself. Furthermore, the film takes
longer time to dry after the spin-coating process, due to such a much high boiling point
of DCB (180.5 °C) compared to a lower boiling point of chloroform (62.2 °C). Thus,
the addition of a moderate amount of chloroform into DCB has reduced the surface
tension (Kawano et al., 2009). Moreover, a more film has been produced from the
solvent mixture, and it takes an ample shorter time to dry under ambient condition.
Therefore, the use of co-solvent in the P3HT:PCBM film preparation, allows the
polymer to reorganize the polymer chains and forming a better film with good light

absorption properties.
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Figure 4.3.1: Absorption coefficient spectra of P3HT:PCBM blend films which were
dissolved in pure DCB solvent, pure CH solvent and DCB:CH co-solvent.

Table 4.3.1: Variation of absorption with annealing temperature

Maximum Peak Optical energy
Type of solvent absorption wavelength gap (eV)

coefficient (nm)

(cm™) x 10°
o-dichlorobenzene (DCB) 1.14 490 1.958
chloroform (CH) 2.53 478 1.944
o-dichlorobenzene:chloroform 2.82 514 1.916
cosolvent (DCB:CH)
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Figure 4.3.2: The plot of (ahv)? vs hv of P3HT:PCBM blend films which were
dissolved in pure DCB solvent, pure CH solvent and DCB:CH cosolvent.

By applying equation 4.1 (see part 4.1.1), a graph of (aAv)? versus hv can be
plotted to estimate the optical energy gap of the samples as shown in Figure 4.3.3.
Extrapolating the straight line to hv = 0 will give the value of the optical energy gap for
the DCB, CH, and DCB:CH samples and it was found that the optical energy gap is

1.958 eV, 1.944 eV, and 1.916 eV, respectively.

Table 4.3.1 shows the influence of different solvents on the values of maximum
absorption coefficient, absorption peak and optical energy gap. By mixing the
chloroform and dicholobenzene to form DCB:CH co-solvent, then the produced
P3HT:PCBM film from such co-solvent has reduced the optical energy gap by 2% as
compared to the film prepared from pure chloroform. Besides, the peak wavelength has
been red-shifted by changing the film from the pure solvents to the co-solvent. The
reduction in optical energy gap and red-shift of absorption will significantly enhance

the photovoltaic properties of the device.
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4.3.2 X-ray Diffraction Spectra

Figure 4.3.4 shows the XRD spectra of P3HT:PCBM blend films prepared in pure
DCB, pure CH and DCB:CH co-solvent. In the spin-coated P3HT:PCBM blend films,
only the first peak at 20 = 5.4° in the diffractogram, corresponding to the first-order
reflection, is normally observed (Alemany et al., 2008; Erb, et al., 2005; Vanlaeke,
Swinnen, et al., 2006; Vanlaeke, Vanhoyland, et al., 2006; Zhokhavets, et al., 2006).
This peak is attributed to the partial crystallinity of the P3HT crystallites which are

dispersed in the amorphous regions of PCBM matrix.
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Figure 4.3.3: X-ray Diffraction of P3HT:PCBM blend films prepared in pure DCB,
CH and DCB:CH co-solvent.
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Table 4.3.2: Summary of the interplanar distance and the crystalline thickness for the
DCB solvent, CH solvent and DCB:CH cosolvent.

Solvent Type CH DCB DCB:CH
260 (°) 5.40 5.35 5.30
FWHM (B) (rad) 0.00873 0.00873 0.00698

Interplanar Distance

; 1.64 1.65 1.67
(d-spacing) (nm)
Crystaline Thickness 16.60 16.62 20.79
(nm)
AFM surface roughness 12.6 11.0 14.3
rms (nm)

The XRD result indicates that the film prepared from DCB:CH co-solvent
shows the highest value of intensity peak and the smallest FWHM value representing
having the highest degree of crystallization and the largest grain size of P3HT domain.
Again, by using Scherrer’s equation, the thickness of the crystallite was calculated. The
thickness of crystallite size for the sample using co-solvent was increased with the
value 20.79 nm compared with the sample using a single solvent of DCB and CH with
the value of 16.62 nm and 16.60 nm respectively. The interplanar distance (d-spacing)
is also slightly increases for the co-solvent fabricated film compare to the single solvent
fabricated film with the value of 1.67 nm compare to 1.65 nm for DCB and 1.64 nm
for CH. These results were in a good agreement with the absorption spectra of the
samples. The crystallinity and the ordering of the polymer can be improved using
DCB:CH co-solvent rather than using merely pure DCB or CH solvent. Table 4.3.2
summarizes of the interplanar distance and the crystalline thickness for all three

samples.
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4.3.3 Atomic Force Microscopy

Figure 4.3.5 shows the atomic force microscopy (AFM) images in three dimensional
(3D) for P3HT:PCBM blend films dissolved in pure DCB solvent, CH solvent and
DCB:CH co-solvent. The root-mean-square (rms) roughness of these layers is 11.0 nm,
12.6 nm and 14.3 nm respectively. This indicates that the film dissolved in DCB:CH
co-solvent has a coarser surface morphology compared to that of pure DCB and CH
since it shows a higher rms roughness value. This may attribute to the better solubility
of the mixture components of DCB:CH co-solvent that lead to the increase in phase

separation upon the films.

It is noted that the solvent evaporation rates can influence the surface
morphology of the polymer films as summarized in Table 4.3.2. Although pure CH can
aid to improve the surface affinity, but it possesses a higher solvent evaporation rate
than the pure DCB solvent, and hence evaporate faster than the DCB, leading to a
reduction in interface area of the blend films. However, by mixing both solvents
together, the resulting solvent evaporation rate of the co-solvent can thus be modified.
Besides, the solvating power (the ability to form strong secondary bonds between
solvent and solute molecules) may also significantly affect the morphology of the films,

since a good solvent can lead to a more extended polymer chain in solid state.
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()

Figure 4.3.4: 2D and 3D atomic force microscopy images of P3HT:PCBM blend films
dissolved in (a) pure DCB solvent, (b) CH solvent, and (c) DCB:CH cosolvent
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The mixture of both DCB and CH produces a higher solvating power and yield
a better blending of P3HT and PCBM. And thus, it results in an increase of phase
separation on the film, leading to the formation of continuous pathways for electron and
hole carriers and increases the interface area enhancing the exciton dissociation

(Kwong, et al., 2004).

4.3.4 J-V Characteristic

Figure 4.3.5 shows the current density-voltage (J-V) characteristic curves and device
parameters of the short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor
(FF) and power conversion efficiency (PCE) values of the solar cells that corresponding
to the blend films prepared from pure DCB, CH, and DCB:CH co-solvent are depicted
in Table 4.1.3. The Js. of the device prepared in pure DCB is 0.56 mA/cm?, the Vo is
0.26 V, and the FF is 0.38. These values contribute to a, PCE of 0.06%. The device in
DCB:CH co-solvent performs a better Jg. that increases up to 0.88 mA/cm? whereas the
FF is increased to 0.78, and thus the corresponding PCE now equals to 0.25%.
However, the worst performance is shown for the device in pure CH solvent, with a FF

of 0.10 and PCE of 0.03%.

The observed improvement in the electrical properties of the P3HT:PCBM solar
cell devices of the films prepared from co-solvent is attributed to the favorable change
upon the enhanced crystallinity and surface morphology of the P3HT:PCBM blend thin
films that may due to the better solubility in the mixture solvent as discussed above.
Kawano et al. (Kawano, et al., 2009) also reported the similar result for the films
prepared from pure DCB and DCB:CH co-solvent. It is accepted that the Js. depends on
the absorption properties of the films and their charge carrier transport. On the other

hand, the open-circuit voltage, Vo, can be approximated by the difference in the
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electrodes’ work function or by the difference in the Highest Occupied Molecular
Orbital (HOMO) of the donor and the Lowest Unoccupied Molecular Orbital (LUMO)
of the acceptor (Muhammad, et al., 2011). As a result of better light absorption for the
film dissolve in co-solvent from previous section, the value of Js is increasing. A better
surface morphology also contribute to the increment of the Ji as a result of film
deposited using co-solvent since the percolation path of the exciton was formed which

result in better transport carrier in the photovoltaic device.
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Figure 4.3.5: J-V plots for P3HT:PCBM solar cells prepared in DCB, CH and
cosolvent.The inset shows the structure of ITO/PEDOT:PSS/P3HT:PCBM/AI solar
cell device.
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Table 4.3.3: The comparison of device characteristic parameters for P3HT:PCBM
solar cells with active layers prepared in pure DCB, CH and DCB:CH cosolvent.

Solvent Type DCB CH DCB:CH
Ve (V) 0.26 0.48 0.37
Jsc (MA/cm?) 0.56 0.72 0.88
Vimax (V) 0.15 0.12 0.20
Jmax (MA/cm?) 0.37 0.033 1.03
FF 0.38 0.10 0.78
PCE (%) 0.06 0.03 0.25

4.3.5 Summary

As a summary, thermal annealing process on the PCBM blend films at 75 °C, 100 °C,

125 °C and 150 °C. This study shows that the optical, morphological and electrical

properties of P3HT:PCBM solar cells can be significantly affected by the types of

solvents. The phase separation of the P3HT:PCBM thin film is strongly influenced by

the solubility of the mixture components of the chloroform-dichlorobenzene DCB:CH

cosolvent. A mixture of solvent DCB:CH yields better solubility than the pure single

solvent. Thus, a good solvent for P3HT:PCBM blend films with a lower solvent

evaporation rate may favor better mixing of the compounds that result in improved the

absorption coefficient,

increased crystallite size of the films themselves, and

consequently enhance the performances of the solar cell devices based on photoactive

polymeric thin films.
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Conclusion

This research has been focusing on the properties of P3HT:PCBM mixture thin film.
Three factors have been investigated to recognize how the material behaves in certain

condition.

The preparation of the sample is done in a few stages. Starting with mixing the
two materials with a solvent, the solution were stirred for more than 24 hours to make
sure that the solution were properly mix. Spin coating method was use to fabricate the
thin layer of the sample. Depending on the concentration and the speed of the spin

coater, the desirable thickness of the sample was obtained.

In the first part of this study, the influence of annealing temperature was
performed on the optical, structural and morphological properties of the P3HT:PCBM
thin films. The P3HT:PCBM thin film has a range of absorption that occurs at both B-
band and Q-band, ranging from 308 nm to 356 nm and 386 nm to 398 nm respectively.
By thermal treating the sample from 75 °C to 150 °C, it was found that the absorption
intensity of the sample has increased and red shifted to the higher wavelength. This is
the earliest indication that by thermal treating the sample, there is a formation of PCBM
cluster in the film and the crystallites of the sample were improved by re-arrangement
of the polymer chain. Calculation of the optical energy gap has shown that the optical
energy gap has increased as the temperature applied to the sample increased. XRD
studies were performed to further study the crystallization of the samples, and peaks at
approximately 26 of 5.4° was found for P3HT:PCBM samples. It was also found that
the diffraction peak for the P3HT sample shifted to a higher 26 angle after PCBM were

introduce to the sample. By thermal treating the sample, the crystallites of the sample
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were restored. This also means annealing has increased the interplanar distance (d-
spacing) of the thin film sample. This finding support the result obtained from the
absorption spectroscopy measurement. The optimum annealing temperature was found
to be at 125 °C to produce the biggest absorption range as well as the largest crystallite
size of P3HT:PCBM thin film. With these findings, it can be concluded that annealing
can improve the solar cells performance as it can increase the crystalline domains in the

active layer.

In the second part of the study, the effect of slow film formation of
P3HT:PCBM blend film has been investigated. The optimum temperature of 125 °C
was used for the preparation of the fast grown and slow grown film fabrication process.
From optical absorption, Raman spectroscopy, X-ray diffraction, and Atomic Force
Microscopy measurement it has been revealed that the morphology and optical
properties of the sample have improved upon the fast grown process of thermal
annealing. Furthermore, a better polymer ordering and higher crystallinity have been
obtained via the slow grown process. It has been demonstrated that slow grown lead to
a remarkable increase in the photovoltaic effect. Slowing the film formation in the
sample leads to a better structural and ordering in the P3HT:PCBM phase. This creates
a more crystallite sample that provides a better transport for hole through a more
improved ordering. The improvement of the short-circuit current and open circuit
voltage obtained from the photovoltaic characteristic is due to the enhancement in the
semi-crystallite size of the polymer blend. Slow grown has proven to be a successful
way to fabricate a good high efficiencies solar cell. Thus it can be said that the slow
grown technique of the polymer film can be used as another alternative to improve the
formation in the sample and the device performance other than using thermal annealing

process. This is useful especially for a temperature sensitive substrate and materials.

86



Chapter Five Conclusion

In the final part of this research work, the influence of solvent used in the
preparation of the polymer thin film, was investigated on the absorption coefficient,
optical energy gap, phase separation, crystallinity as well as photovoltaic properties.
The results show that the phase separation of the P3HT:PCBM thin film is strongly
influenced by the solubility of the mixture component of the DCB:CH co-solvent. A
mixture of solvent DCB:CH vyields a better solubility than the pure single solvent of
DCB or chloroform. The DCB:CH co-solvent has a lower solvent evaporation rate may
give better mixing of the polymer, producing a good morphological behavior with
enhanced mobility (due to higher crystallinity). Consequently enhance the

performances of the solar cell devices based on photoactive polymeric thin films.

In this research work, all preparation of the thin films as well as the fabrication
of the device, were performed under ambient air. The glove-box facility was not
available during this study, thus all the fabricated devices were easily oxidized with low
current. Hence, more research can be carried out in order to further improve and to

understand the full performance of this material combination.
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Here are some suggestions for future work:

Studies the effect of P3HT:PCBM compositions (weight ratios), using the
optimum temperature of 125 °C and the chloroform:dichlorobenzene
cosolvent in the film preparation.

Structural study can be further investigated using a Small-Angle X-Ray
Diffraction Technique.

The microscopic properties of the P3HT:PCBM blend films may be
visualized by utilizing Field Effect Scanning Electron Microscopy
(FESEM).

Fabrication of the devices in a glove-box to obtain the encapsulated organic
P3HT:PCBM solar cells and make comparison to the un-encapsulated

device.
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