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ABSTRACT

Nanostructured Titanium dioxide (TiO2) thin films with the area of 0.25cm2 were
successfully fabricated on Fluorine-doped tin oxide (FTO) substrate on glass for dye
sensitized solar cell (DSSC) application using spray pyrolysis deposition (SPD)
method. The performance of each sample depend on the surface morphology,
structure and thickness of the samples. The TiO2 thin film was fabricated using P25
TiO2 nanopowder which is a combination of anatase and rutile structure, to have
different thickness ranging from 5 µm to 20 µm by varying the TiO2 colloidal
solution of 5 ml, 10 ml, 15 ml and 20 ml to find the optimum thickness for DSSC
application. Field Emission Scanning Electron Microscopy (FESEM) analysis on the
samples showed that the 5 ml sample with thickness of 2.379 µm is too thin that the
FTO structure underneath is visible. The sample with the highest efficiency of 1.677
% and 2.633 mA/cm2 Jsc is yielded by 10 ml sample. Further optimization for the
annealing temperature is done by varying the annealing temperature from 300 ºC to
500 ºC at fixed annealing time of 3 hours. Optimized annealing temperature is 500 ºC
with 3.42 % efficiency and 5.359 mA/cm2 Jsc. The annealing time was also varied to
from 1 hour to 24 hours. The structural analysis of the samples showed that the rutile
structure increased as the annealing time increased. The optimum annealing time is
proven to be 3 hours with 4.034 % efficiency and 5.937 mA/cm2 Jsc. TiO2 samples
fabricated by using pure anatase structure were also analyzed and compared to the
samples fabricated using P25. The annealing temperature for the pure anatase
samples was varied from 300 ºC to 500 ºC. The efficiency of the P25 is slightly
higher than pure anatase TiO2 which has the highest efficiency of 3.249 % annealed
at 500 ºC. The optimum TiO2 is the one fabricated with the P25 TiO2 powder
annealed at 500 ºC for 3 hours with the ruthenium based N719 dye as sensitizers.
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ABSTRAK

Filem nipis nanostruktur TiO2 dengan kawasan 0.25cm2 telah berjaya dihasilkan di
atas substrat FTO di atas kaca untuk aplikasi sel solar peka pewarna (DSSC)
menggunakan kaedah semburan pirolisis (SPD). Prestasi setiap sampel bergantung
kepada permukaan morfologi, struktur dan ketebalan sampel. Filem nipis TiO2 telah
dihasilkan menggunakan serbuk nano TiO2 P25 yang merupakan gabungan struktur
anatase dan rutil, untuk mempunyai ketebalan yang berbeza dari 5μm hingga 20μm
dengan mengubah isipadu koloid TiO2; 5 ml, 10 ml, 15 ml dan 20 ml untuk mencari
ketebalan yang optimum bagi aplikasi DSSC. Analisis FESEM ke atas sampel
menunjukkan bahawa sampel 5 ml dengan ketebalan 2.379 µm adalah terlalu nipis
sehingga struktur FTO di bawahnya boleh dilihat. Sampel optimum adalah sampel 10
ml dengan kecekapan 1.677 % dan 2.633 mA/cm2 Jsc. Proses optimum tambahan
bagi suhu penyepuhlindapan dilakukan dengan mengubah suhu penyepuhlindapan
daripada 300 ºC ke 500 ºC dengan masa penyepuhlindapan tetap selama 3 jam. Suhu
penyepuhlindapan optimum adalah 500 ºC dengan kecekapan 3.42 % dan Jsc 5.359
mA/cm2. Masa penyepuhlindapan juga telah dikaji untuk 1 jam hingga 24 jam.
Analisis struktur sampel menunjukkan bahawa struktur rutil meningkat jika masa
penyepuhlindapan meningkat. Masa penyepuhlindapan optimum terbukti 3 jam
dengan kecekapan 4.034 % dan 5.937 mA/cm2 Jsc. Sampel TiO2 juga dihasilkan
dengan menggunakan struktur anatase tulen dan dianalisis serta dibandingkan dengan
sampel yang dihasilkan menggunakan P25. Suhu penyepuhlindapan bagi sampel
anatase diubah daripada 300 ºC ke 500 ºC. Kecekapan sampel P25 adalah lebih
tinggi daripada anatase TiO2 tulen yang menghasilkan kecekapan 3.249 %. TiO2
optimum adalah yang dihasilkan dengan serbuk TiO2 P25 disepuhlindap pada 500 ºC
selama 3 jam dengan pewarna berdasarkan ruthenium N719 sebagai pemeka.
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CHAPTER 1

INTRODUCTION

This chapter introduces the Dye-Sensitized Solar Cell (DSSC) and the history of its
findings. Recent advances are also mentioned and continued in chapter 2. The problem
statement, objectives and scopes of this study is stated in this chapter.

1.1.

Solar cell technology

Solar cells are also known as a type of photovoltaic device which basically converts
light or photon energy to electrical currents. The concept of the working principle of
solar cells is similar as photosynthesis in plants [1]. Solar cells are considered as an
attractive alternative for an energy source for its minimal impact on environment and
sustainability [2].
There are three generations or categories of solar cells as summarized in Figure
1.1. The first generation is the silicon solar cells. The first generation of solar cells is
defined by their silicon wafer base. This generation of solar cell is the most commonly
used on building rooftops despite the high manufacturing cost that came with the use of
silicon wafers. Even when the materials used are expensive, this type of solar cell
generates the highest conversion efficiency with the average of 15-25 % [3][4]. This
generation of solar cell also has high stability [5].

2
1st generation

Classic silicon
(poly/single
crystal)
Amorphous
silicon

Solar cell
technology

2nd generation
Thin film (CIGS,
CdTe)

Polymers

3rd generation
DSSC

Figure 1.1: Generations of solar cell technology.

The second generation of solar cell features thin film solar cells made with
amorphous silicon, copper indium gallium selenide (CIGS) and cadmium telluride
(CdTe) which can be made to be far more flexible than the first generation with
significantly lower cost for materials used; though the manufacturing of this type of
solar cells still require high temperature treatment and vacuum processes, which are
energy consuming [6–8].
The third generation of solar cells are not as commercially available as the first
and second generation of solar cells and are mainly still in the process of improvements
under laboratory conditions. Dye sensitized solar cells (DSSCs) are an example from
this generation. The main objective of this generation is to provide a lower cost of solar
cells that are also efficient over a wider band of photon energy [9, 10]. Third generation
solar cells feature a lot of materials other than silicon with a variety of different
structures other than using more conventional fabricating methods in order to complete
its objective [11, 12].

3
1.2.

Background of study

The nonrenewable energy sources are rapidly diminishing, thus leading to studies on
renewable energy around the world. Solar cells come as the leading choice for this
purpose. A great alternative choice for the current solar cell would be the dye-sensitized
solar cell (DSSC) for it is effective in both cost and conversion efficiency. In 1839, the
photovoltaic (PV) effect was discovered by a French physicist, Alexandre-Edmond
Becquerel which opened the door to solar cell technology. Becquerel's experiment was
conducted by illuminating two electrodes coated by light sensitive materials, AgCl or
AgBr, using different types of light. The electricity was found increased as the light
intensity increased. Charles Fritts constructed what was probably the first true solar cell
in 1894. He coated selenium which is a semiconductor material with a very thin layer of
gold. The efficiency of the device was only about 1% and couldn't be used as an energy
supply, but were later used as light sensors. In 1954, three researchers, Gerald Pearson,
Daryl Chapin and Calvin Fuller [13] of Bell Laboratories discovered the silicon solar
cell, which was the first material to directly convert enough sunlight into electricity to
run electrical devices. The efficiency of the silicon solar cell was 4%, which later
increased to 11%. The cells were made by hand and cost $1000 per watt. Nowadays, the
silicon solar cells are known to yield an efficiency of more than 40% [14], which is
remarkable considering its inexhaustible source. The theory of using illuminated dye
molecules to generate electricity was further employed in a research conducted by
Gerischer [15] as an effort in lowering the cost of photovoltaic devices. Further
researches were done on how to improve the efficiency and stability of the DSSC. In
1991, modern type DSSC was co-invented by Michael Grätzel and Brian O’Regan [16]
at UC Berkeley and was also called Grätzel cell with the efficiency of 7.1% to 7.9%.
A part that contributes to the general function of a DSSC is a metal oxide
semiconductor thin film that acts as a charge collector and a base for sensitizer
molecules to be adsorbed onto. The most commonly employed oxide for the purpose of
DSSC is TiO2, other than ZnO, Cu2O, SnO2 and Nb2O5 for their stability due to their
wide band gap and also for their photocatalytic properties. Other than photovoltaic
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devices, TiO2 is also known to have a role in gas sensors [17], display devices [18],
photo-induced water splitting [19], waste water treatment [20] and even in paint [21].
Many researches have been done to improve the efficiency and overall stability
of DSSC [22]. The most advanced and recent DSSC is achieved with the highest
conversion efficiency of 13% [23]. This is a very huge finding in the history of DSSC.
This high efficiency is caused by an efficient semiconductor thin film; the dye and
electrolyte used also plays a large part in increasing the electron mobility and the current
flow [24, 25].
Some of the properties of TiO2 can be improved as to boost the efficiency of the
DSSC. For example, an increment of the surface area of TiO2 thin film will allow for
more dye molecules to be adsorbed, thus adding to the number of electron released from
the dye under illumination [26]. One can increase the surface area of the thin film by
constructing the TiO2 molecules in the form of nanoflowers [27], nanorods [28],
nanotubes [29] or nanowires [30]. Another means to increase the surface area is to
increase

the

porosity

of

the

thin

film

as

to

be

done

in

this

study.

5
1.3.

Problem statement

Photoelectrons must travel a distance before reaching the transparent conducting
oxide (TCO) layer. If the distance is too long, the photoelectrons can lose energy and
fall back to ground state. It is important that the TiO2 layer is not too thick that the
photoelectrons will recombine. On the other hand, if the TiO2 layer is too thin, there
may not be enough TiO2 particles for the dye to attach onto which will result in
lower dye adsorption. Low dye adsorption will then result in lower current density
due to lower amount of photoelectrons. The main focus in attempts on improving the
TiO2 thin film is to increase dye adsorption and electron mobility. Annealing of TiO2
samples can produce a more pure sample with better crystallinity and electron
mobility but high temperatures can also result in the necking of particles which will
reduce surface area for dye adsorption. The TiO2 thin film used should have an
optimum thickness and annealed at an optimum temperature to achieve the highest
efficiency.

1.4.

Hypothesis

Increasing the thickness of photoanode might lower the tranmittance of the film, thus
reducing incident light to be absorbed by the dye molecules [31]. Thick TiO2 film
will also increase the chances of recombination of the photoelectrons [32]. The
efficiency of a DSSC strongly depends on the surface morphology and electronic
properties of the photoanode with thickness ranging from a few hundred nanometers
up to 20 µm [33]. Annealing process can eliminate excessive solvent and impurities
which can increase electrically-connected link of TiO2 particles and affect the
thickness of the film [34]. Annealing can improve porosity of a film but high
temperatures can also result in necking of the particles [35]. Porosity of a film is
associated with annealing temperature and time duration, which will affect the
amount of dye adsorbed and photocurrent density [36]. Rutile on its own have poor
photocatalytic activity and is prone to recombination while anatase is far superior in
the application of DSSC. However, a synergistic effect between anatase and rutile
exists in mixed-phase TiO2 nanocomposites such as P25 that is supposed to enhance
the photocatalytic activity of anatase [37–39].
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1.5.

Objectives

The objectives of this study were as follows:
i.

To investigate the surface morphology, structural property and efficiency
of TiO2 thin films in a DSSC fabricated by spray pyrolysis deposition
(SPD) method.

ii.

To obtain the optimum thickness of the TiO2 thin film for the best optical
transmittance by varying the amount of TKC-303 (TiO2 colloid) solution.

iii.

To increase the current density of fabricated DSSC by providing larger
surface area for dye adsorption on the TiO2 thin films through annealing
at different temperatures and annealing time duration.

1.6.

Project scopes

The project were conducted in accordance to the following scopes:
i.

Deposition of TiO2 thin films by spray pyrolysis deposition method using
a regular airbrush.

ii.

Volume of TKC-303 solution is varied to be 5 ml, 10 ml, 15 ml and 20
ml.

iii.

Annealing temperature is varied at 300 ºC, 400 ºC and 500 ºC.

iv.

Annealing time duration is varied for 1 hour, 3 hours, 10 hours and 24
hours.

v.

Measurement of thickness by using a surface profiler.

vi.

Observations of the surface morphology of thin films using FESEM.

vii.

Analysis on the crystal state and crystal structure by an XRD machine.

viii.

Testing of DSSC efficiency by using the Solar Simulator.

ix.

Optical properties analysis by UV-Vis Spectrophotometer.
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CHAPTER 2

2

LITERATURE REVIEW

This section discussed further about the DSSC and its components; the TiO2 film,
dye sensitizers, electrolyte and counter electrode. The SPD method is also discussed
including previous researches using the same method. The methods of
characterization were also mentioned in this chapter.

2.1.

Dye sensitized solar cell (DSSC)

Solar cell with the highest conversion-efficiency would be a multi-junction solar cell
at more than 41 % [40] and there is still a new multi-junction solar cell said to be
able to exceed this limit. For a DSSC, the conversion-efficiency is not as high as
other types of solar cells used nowadays with 13 % efficiency being the highest. But
the fact that DSSCs use low cost materials with some of it can be readily found in
nature and also low production cost has put DSSC under attention in the photovoltaic
(PV) field.
DSSC differs from the conventional solar cells because it only uses one type
of semiconductor as can be seen in Figure 2.1, only for the purpose as a charge
carrier transport, while p-n junction solar cells uses two types of semiconductors for
light absorption and charge carrier transport. However, until now their overall
efficiency has been lower than silicon-based solar cells, mostly because of the innate
voltage loss duri ng the regeneration of the sensitizing dye [32, 33].
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Figure 2.1: Layers of DSSC components.

The basic operational principle of a DSSC mimics the first stage of
photosynthesis in that they both use sunlight to convert the energy into chemical
energy which is then applied to something else. For DSSC, the photo-induced
electrons flow and generate current throughout the circuit. Figure 2.2 simplifies the
working process of a DSSC. The process starts when the photoanode absorbs an
incident solar energy (hv). Photo-excitation of the dye molecules, S will occur and
the excited electrons will be injected into the conduction band of the mesoporous
semiconductor material. The process is as shown below:
S + hv → S* (photoexcitation)

(2.1)

9

Figure 2.2: A schematic diagram of a DSSC showing the principles of operation [43].

The electrons will flow through the mesoporous TiO2, to the collector
electrode which is the transparent conductive oxide, before travelling to the external
circuit through a load in a form of a current. When the electrons reach the counter
electrode/ cathode, redox triiodide electrolyte (3I − /I3− ), which is in contact with both
the electrodes, will oxidize at the anode as they donate electrons to the oxidized dye
molecules thus reducing it back to its ground state:
2S + + 3I − → 2S + I3− (regeneration of S)

(2.2)

For the preparation of a DSSC, the anode component is deposited with a
several micron thickness of mesoporous TiO2 thin film. The particle size can
influence the effective surface area for dye adsorption, porosity and also the pore
volume for redox electrolytes to seep into the film [44]. The thin film can be really
translucent or opaque depending on the method and materials of preparation [45].
The thin film will act as a base for the adsorption of the dye molecule. Dye will be
adsorbed onto the TiO2 thin film by immersing the thin film into the dye solution for
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an amount of time ranging from less than an hour to overnight [46]. The DSSC is
made by sandwiching the anode and cathode which is layered with a reflective,
electrocatalytic thin film with a few drops of redox electrolyte in between the
electrodes.

2.2.

Transparent conducting oxide (TCO)

TCOs are electrically conductive oxide material with low level of light absorption.
For the application of DSSC, it is almost compulsory for the TCO to be almost fully
transmitting solar radiation with transmittance above 80 % in the visible to IR region.
The TCO is also required to have low sheet resistance (5-15 Ω/square), and
unaffected by the high temperatures of 400-500oC typically used to anneal TiO2
samples [47]. TCO in DSSCs acts as a current collector of the photoelectrons
channeled from the TiO2. Thus it is important for the TCO used to have excellent
conductivity to minimize the series resistance in the circuit for better conversion
efficiency.
Other than oxides such as Zinc Oxide (ZnO) and Tin Oxide (SnO2),
conductive polymers and metal grids and films also had been attempted to be used in
DSSCs [39-41]. While polymers are easy to fabricate and is flexible, and suitable
metals that can be used is relatively abundant, these two materials have their own
disadvantage as polymers are known to have lower electrical conductivity and
transmittance, while metal conducting films can be expensive and reactive towards
electrolytes used in DSSCs.
SnO2 is an n-type semiconductor often used in DSSCs for its wide band gap
(3.87 – 4.3 eV), transparency, good electron mobility and high donor concentration
for dopants. Indium-doped Tin Oxide (ITO) in one of the most commonly used TCO
in the applications of solar cells [51]. Even though ITO is outstanding in terms of
electrical conductivity and charge transfer, its drawback lies in its high cost and
limited resource other than expensive and tedious fabrication process. Therefore, as a
cheaper alternative but with a comparable efficiency, FTO is commonly used as
current collectors in DSSCs. SnO2 can also be doped with other materials such as
antimony and aluminum. However, using fluorine as dopant is superior in terms of
transparency in the visible light region and thermal stability.
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2.3.

Dye sensitizers

On the mesoporous semiconductor oxide layer, photosensitizers are adsorbed to be
illuminated by solar energy and excite electrons. Ever since the introduction of
DSSCs, thousands of different sizes and different compounds of molecules have
been tested as potential dyes. A few of desirable properties of dyes include strong
light absorption in the visible and near IR region for efficient light harvesting, good
solubility in organic solvents for easier deposition from stock solution onto oxide
layer, possesses suitable peripheral anchoring ligands such as ̶ COOH to attach more
effectively onto the oxide surface, having efficient electron injection into the
conduction band of oxide layer, good thermal and chemical stability for the repetitive
redox reactions. An ideal sensitizer for a PV cell converting standard air mass (AM)
1.5 sunlight into an electricity must absorb all light photons below a threshold
wavelength of about 900 nm, which is equivalent to a semiconductor with a bandgap
of 1.4 eV [52]. Basically, the dyes can be organic (e.g. porphyrins, phtalocyanines)
or inorganic (e.g. ruthenium complex) [53].

2.3.1. Synthetic dyes
The finest PV performance in terms of both conversion efficiency and long term
stability has so far been achieved by the Grätzel group with polypyridine complexes
of Ruthenium (Ru); N3, N719 and ‘black’ dyes [54] as shown in Figure 2.3. Other
than superior light harvesting properties and durability, a significant advantage of
these dyes is the effective metal-ligand charge transfer transition through which the
photoelectron is injected into TiO2. In 1993, Seigo Ito [55] published DSSCs with
10.3 % conversion efficiency using a ruthenium dye sensitizer (N3, [cisdi(thiocyanato)bis(2,2-bipyridine-4,4- dicarboxylate)ruthenium]). In Ru complexes,
this metal-ligand transfer takes place at a much faster rate than the back reaction in
which the photoelectron recombines with the oxidized dye molecule rather than
flowing through the circuit.
Since the achievement of the 10.3 % conversion efficiency using the N3 dye,
it had been difficult for researchers to reproduce the efficiency. In 2001, Nazeeruddin
[56] reported DSSCs with 10.4 % efficiency by using a ruthenium dye called ‘black’
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dye. Even when the black dye looks green in solvent, after it has been adsorbed on a
porous nanocrystalline TiO2 electrode, the DSSC looks black due to the wide
absorption band of the dye which covers the entire wavelengths in the visible range.
Subsequently, Wang [57] reported 10.5 % efficiency, and Chiba [58] reported 11.1
% efficiency, when using black dye. In 2005, Nazeeruddin [59] reported a new dye
which was similar to N3, N179, but achieved 11.2 % conversion efficiency in DSSC.
One of the differences between the two dyes is that N3 has four H+ counterions
whereas N719 has two TBA+ and two H+ counterions. The difference in the
counterions influences the speed of adsorption onto the TiO2 electrode; N3 is faster
(optimum adsorption time: 3h) whereas N719 is slower (optimum adsorption time:
24h).

Figure 2.3: Structures of the ruthenium-based dyes N3, N719 and ‘black’ dye
developed by the Grätzel group [54].
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2.3.2. Organic dyes
Since the idea of DSSC came from the process of photosynthesis, a lot of natural
dyes have also been studied along the effort to improve the efficiency of a DSSC.
Natural dyes come in different colors, depending on the pigments and their pH value.
Their performance in a DSSC also differs under the influence of a number of
parameters. Contrary to the Ru-based dyes, natural dyes are far more inexpensive
and abundant. Furthermore, since they are from natural occurring plants, they are
also significantly less hazardous to the environment with easier disposal. Even so,
dyes extracted from natural occurring plants does not produce efficiencies as high as
that of the synthetic dyes [52].
The flavonoids are an extensive group of natural products that include a C6–
C3–C6 carbon basis or more specifically, a phenylbenzopyran functionality. The
anthocyanins is a major part of the flavonoid group that is responsible for cyanic
colors ranging from salmon pink to red, and violet to dark blue of a lot of flowers,
fruits and leaves. They can also exist in other plant tissues; for example, roots, tubers
and stems [60]. The most common anthocyanidins found in flowers are pelargonidin
(orange), cyanidin (orange-red), petunidin (blue-red) and malvidin (blue-red) with
their structures shown in Figure 2.4 [61]. They are the most abundant and widespread
of the flavonoid pigments that absorb light at the longest wavelength. Anthocyanins
are found in cell vacuole located in flowers and fruits; although they may also be
located in leaves, stems and roots in the outer parts such as the epidermis and
peripheral mesophyll cells.
The highest conversion efficiency of 2.63 % by using natural dye was
reported by Maiaugree [62]. The research also reported the use of natural counter
electrode on poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOTPSS). Both the dye and the carbon material were derived from mangosteen peel
waste. Another example of the use of natural dye with significant conversion
efficiency was reported by Calogero [63]. The dye used was extracted from a red
turnip. The conversion efficiency obtained was 1.7 % under AM 1.5 irradiation. The
report also mentioned the use of purple extract from the wild Sicilian prickly pear
fruit which obtained 1.26 % conversion efficiency.
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Figure 2.4: Structures of common anthocyanidins found in natural foods [61].
2.4.

Electrolytes

The role of an electrolyte is to facilitate the transport of the electron between the
working electrode and the counter electrode. Electrolytes for DSSC can be classified
into 3 types; solid, liquid and quasi-solid as shown in Figure 2.5. A few ideal
properties of an electrolyte include low viscosity to ease electron diffusion, good
interfacial contact with the working and counter electrode, low vapor pressure to
ensure long term stability of the DSSC, high boiling point, and high dielectric
properties. Other important qualities include chemical inertness, environmental
sustainability and simple fabrication process.
A lot of redox electrolyte have been tested in the effort to find the best
electrolyte for DSSCs. The most favorable electrolyte found was the triiodide/iodide
couple. Various solvents have also been tested to achieve an electrolyte with the best
performance even under extreme conditions. For example, acetonitrile as solvent can
provide low viscosity for the electrolyte, but has low boiling point and high vapor
pressure; making it unable to withstand temperatures higher than 80oC.
The electrolyte used in this research is a type of liquid electrolyte. Liquid
electrolytes uses liquid solvents as a medium for the redox couple of the electrolyte.
Liquid electrolytes can be roughly divided into two; organic solvents as used in this
research, and ionic liquid electrolytes. One of the most common organic solvents
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used is acetonitrile based on its efficiency as have been proven by Grätzel &
O’Regan [16], by mixing it with ethylene carbonate. While acetonitrile has low
viscosity and good solubility as it can dissolve a wide range of organic compounds
and salts, it is also volatile with high vapor pressure. Other nitriles such as
glutaronitrile, valeronitrile and propionitrile have also been studied alongside with
other organic solvents from alcohols to water. Two types of nitriles, 3methoxypropionitrile and butyronitrile were found to be less volatile than
acetonitrile, while also has higher boiling point and good performance stability. The
downside to these nitriles is that they have higher viscosity than acetonitrile and as a
result, it exhibits lower efficiencies.

Electrolyte

Solid state

Ionic liquid

Liquid

Quasi-solid

Organic solvent

Figure 2.5: Classification of electrolytes for DSSC [24].
2.5.

Counter electrode

The counter electrode also known as cathode functions to reduce the oxidized form
of the electrolyte as it provides electrons flowing from the outer circuit. The cathode
component is usually lined with Pt for its good electrocatalytic properties, high
exchange current density and reflectivity. Though Pt is a rare and expensive
substance, only a small amount is needed to make a highly effective cathode [64]. Pt
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also acts as a catalyst to accelerate the reduction reaction of the electrolyte. But due
to the high cost of Pt, other substances like graphene and conductive polymers are
also being used as alternative materials for the counter electrode [65].

2.6.

Titanium dioxide nanostructures

Titanium dioxide (TiO2), also known as titania, exists in nature as an oxide of
titanium and is relatively abundant. It exists in a lot of different forms with the three
most accessible forms being rutile (tetragonal), anatase (tetragonal) and brookite
(orthorhombic). The basic structure of the three TiO2 forms are as shown in Figure
2.6. Rutile is the more thermodynamically stable form of TiO2 if compared to anatase
[66], though the fact is only for macroscopic crystals. For nanocrystals with sizes of
about 10-20 nm, anatase is the more stable form which regarding on their sizes, in
agreement with a research conducted to compare diamonds and graphite [67]. Rutile
can be produced synthetically by annealing anatase at the temperature of 700-1000
ºC since anatase is metastable [68]. Researches on brookite is not as much as the
ones on anatase and rutile because it is rare in nature and the synthesis of pure
brookite is difficult [69].
In the application of DSSC, anatase is a much more popular selection as a
photoanode due to high electron mobility and superior photocatalytic activities [70].
Since the anatase conduction band is more negative by 0.2 V than rutile, a higher
maximum photovoltage can be achieved by using anatase photoanode than rutile if
the same redox mediator is used [71]. However, there is also a theory that by mixing
anatase and rutile which has lower energy, the transfer of electrons from anatase
rutile electron trapping site helps to lessen the rate of recombination for anatase,
leading to more effective electron-hole separation and improved catalytic reactivity
[72]. However, the data used to support this theory is inconclusive and need further
research since there can be a lot of factors that can influence the synergistic effect
between anatase and rutile.
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Figure 2.6: Unit cells of the TiO2 modifications rutile, brookite and anatase (from left
to right) [73].
TiO2 is used as a layer of electron acceptors for DSSC for its wide band gap
and thus, stability. The band gaps for rutile and anatase are 3eV and 3.2eV
respectively. The band gaps for both materials are indirect. Though there are other
oxide semiconductors that fit the role as well, TiO2 turns out to be the most versatile
for allowing the DSSC to have the highest solar conversion efficiency. TiO2 is also
very inert and non-reactive, non-toxic and readily available in huge quantities. One
of the applications of TiO2 is as pigments in white paints, for its brightness and very
high refractive index [74]. This property of TiO2 is also of use for other researches
for example, in antireflective coatings [75]. Thousands of publications have written
on the preparation of colloidal particles of TiO2 by the solvothermal reactions based
on titanium n-butoxide and acetic acid which can yield TiO2 of many morphologies
from nanoparticles [76], nanowires [77], nanofibers [78], nanosheets [79] and
nanotubes [80].
TiO2 naturally has high transport mobility of the charge carrier that reduces
the electron-transport resistance but its performance can be improved. Synthetic or
naturally occurring TiO2 are both slightly oxygen deficient, TiO2-x (x ≈ 0.01). This
small deficiency makes room for n-type doping which can reduce its band gap and
increase its photocatalytic properties [81]. Double layer structured TiO2 can increase
the transport mobility of the TiO2 film [82]. It is done by depositing an underlayer of
large size particles (200-300 nm) before a layer of nanoparticles (10-30 nm) on top.
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This creates a larger surface area and better transport mobility at the same time. A
loss path in DSSC is the recombination of the injected electrons with the electrolyte.
The result of this phenomenon is the dark current, which diminishes the efficiency of
a DSSC. This situation can be prevented and minimized by modifying the structure
of TiO2. This modification can be employed by adding insulating or blocking layer,
and by treating the surface of the TiO2. The treatments can be classified into
mechanical or chemical method.
Chemical vapor deposition, chemical and electrochemical treatment, sol-gel
and biochemical are examples of chemical treatment method. This method involves
chemical reactions at the interface between the material and chemical used.
Mechanical treatment method includes etching, blasting, polishing, shaping and other
physical treatments. The main goal of this method is to obtain certain roughness and
topography aside from removing surface contaminants and improving adhesion
quality if necessary [83].
Annealing of TiO2 thin films, which can be included as one of the mechanical
treatments, can improve their surface morphology and crystallinity which can heavily
influence the electron transport rate and effective surface area [84]. Annealing
process evaporates the solvent used in the preparation of the thin film, resulting in
purer and more crystalline structure. The annealing process may affect the thickness
of the film but not necessarily as reported in a previous research [85]. Instead of
thinning the film, annealing process changes the structure of the film from
amorphous to a more porous and crystalline structure. It was also reported that
annealing of the films makes the grain size becomes larger, lowers the transmittance
of the film, increase the value of refractive index and allowed indirect optical band
gap [43]. Other than that, annealing process was also reported to make the surface
rougher as the temperature increase [86].
Annealing under the influence of oxygen and nitrogen gas can improve the
structure of the TiO2 thin films fabricated even more than annealing in air. Annealing
under the influence of nitrogen gas can add ligands on the surface of the TiO2
particles so that the dye molecules can attach better on the surface. This kind of
annealing gives an extra advantage on films for DSSC application. Annealing of
TiO2 in oxygen gas is much like doping in oxygen into the TiO2 structure. It can
increase the electron mobility of the TiO2 films.
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2.7.

Fabrication method

TiO2 thin film for DSSC can be fabricated to be in various shapes and sizes
depending on the methods and materials used as summarized in Figure 2.7. TiO2 can
be produced by using hydrothermal method [87], sputtering method [88], chemical
vapor deposition [89], doctor blading [90], pulsed laser deposition [91] and spray
pyrolysis deposition method [92], to name a few.

Hydrotherm
al method
Spray
pyrolysis
deposition

Sol-gel
TiO2
fabrication
methods

Chemical
vapor
deposition

Sputtering
Pulsed
laser
deposition

Figure 2.7: TiO2 fabrication methods.

Hydrothermal method is a method of crystallizing substances using a solution
heated in a closed system under a controlled pressure. The closed system frequently
used in previous researches is an autoclave. The pH of the solution, the temperature
and the pressure applied on the system can determine the shape of the crystals and
the phase; whether it is rutile or anatase. It was also reported that the formation of
pure brookite crystals is also possible by hydrothermal method [93].
Sputtering method is when atoms are ejected from a target bombarded by an
accelerated particle onto a substrate to create a thin film. The thickness of the thin
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film is varied by the sputtering deposition time. Sputtering method is an effective
method to create Pt thin film for the counter electrode as it can create a minimum
thickness for a highly efficient counter electrode. Pulsed laser deposition method is
quite similar to the sputtering method except that it uses a pulsing laser to bombard
the target and not an energetic particle.
Chemical vapor deposition (CVD) is a chemical process used to produce high
quality and high-performance thin film. The substrate is exposed to one or more
volatile precursors, which react and decompose on the substrate surface to produce
the desired deposit. Frequently, volatile by-products are also produced, which are
removed by gas flow through the reaction chamber. Doctor blading or blade coating
is a method practiced in the making of thin film on a large surface area rigid or
flexible substrate. The thickness of the film is determined by the distance of the blade
to the substrate surface. It is a simple yet effective method of thin film deposition.
Spray pyrolysis deposition (SPD) is a liquid phase chemical deposition
method of a thin film involves the spraying of a solution onto substrates placed over
a heated surface where the solvent will evaporate to form a solid chemical
compound. The compound used to produce a thin film by this method should be
volatile at the temperature of deposition. SPD technique is one of the easiest and
cost-effective methods in the preparing thin films of different thickness, ceramic
coatings and powders. This method is suitable for a wide range of compositions and
often does not require special types of substrates. This method can also be employed
in the making of dense or porous films [81, 82], multi-layered films [96] and also
powder production [97].

2.7.1. Spray pyrolysis deposition (SPD) method
The schematic representation of SPD apparatus is shown in Figure 2.8. Typical SPD
equipment consists of an atomizer, a heater with a temperature controller, and a
solution that will come out of a nozzle. There are a few types of atomizer for SPD
technique; air blast or air compressor where the solution is exposed to a stream of air,
ultrasonic that produces short wavelengths for fine atomization and electrostatic
where the solution is exposed to high electric field. The substrate surface temperature
is important in determining the surface morphology of the resulting thin film. Higher
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temperature can change the surface from dense to slightly cracked and then to a
porous structure. The surface structure of the film can influence its optical and
electrical properties [92].

10cm

Figure 2.8: An illustration of spray pyrolysis deposition technique.

An example of TiO2 by SPD method was performed by Masayuki Okuya
[98]. The source solution of titanium (IV) oxy acetylacetonate 2-butanol was
atomized by a nozzle with 3.0 kg/cm2 of compressed air. The mist was transported
onto a heated glass substrate (Corning 1737, 25mm x 25mm x 1mm in size) with the
distance between the nozzle and the glass substrate about 300 mm. The parameter of
this experiment is the substrate surface temperature which varied from 300 to 500 oC.
The film formation was carried out intermittently since the mist will cool down the
substrate temperature. When the substrate temperature was recovered, the process
was resumed. The spray rate of the solution and the period for each spraying was
fixed at 1.0 ml/s and 0.5 s respectively. The results of this research showed that the
samples obtained are anatase, though the samples deposited on substrate with surface
temperature of 300 oC are amorphous. The optimum surface temperature to grow
anatase by SPD method according to this research was 350 oC.
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According to a paper discussing the SPD method by Perednis and Gauckler
[92], this method involves processes that occur either sequentially or simultaneously.
A few of the main processes involved aerosol generation and transport, droplet
impact and spreading, solvent evaporation and precursor decomposition. They also
stated that the temperature of the substrate will determine the morphology and
properties of the film fabricated [99]. Increasing the temperature of the substrate can
change the morphology of the film from dense or cracked to a more porous structure.
Figure 2.9 shows how the surface temperature will affect the precursor solution in
the deposition process.

Figure 2.9: Illustration of the deposition process with increasing substrate
temperature [92].
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2.8. Summary

DSSC is a type of solar cell that produces a lower efficiency than a
conventional solar cell but it has a few attractive advantages in terms of cost and
minimal impact on the environment. TiO2 is a type of semiconductor that is most
popular to be used in a DSSC as a base for dye sensitizers and a photoanode. TiO2
can be fabricated in many ways but the SPD method is applied in this research for its
simple and low cost process next to the fact that it is versatile for the ability to
deposit on a wide range of surfaces. N719 dye is a type of synthetic ruthenium dye
famous for having a wide range of absorbance and thus selected and used in this
research. The electrolyte used is the triiodide redox electrolyte in acetonitrile solvent
for low viscosity and good solubility. Pt electrode is selected to be used for it is
known to have good conductivity, highly reflective and is inert when used with the
electrolyte.
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CHAPTER 3

3

RESEARCH METHODOLOGY
The TiO2 thin films are prepared by spray pyrolysis deposition method on fluorinedoped tin oxide (FTO). The flow chart of the methodology is as in Figure 3.1. Four
sets of TiO2 thin films were fabricated with different parameters; TKC volume,
annealing temperature and time, and pure anatase TiO2. The films are then
characterized by using X-ray Diffractometer (XRD), Field Emission Scanning
Electron Microscopy (FESEM) UV-Vis Spectrophotometer (UV-Vis), Surface
Profiler and a Solar Simulator.

3.1.

Substrate preparation

The substrate used in this study is the FTO on glass and was prepared according to
the steps listed in Figure 3.2. The dimension of the substrates is 2cm x 1cm. the
substrates are cleaned by an ultrasonicator in distilled water, ethanol and propanol
solution of the same ratio 1:1:1. The ultrasonic cleaning is done for 10 minutes with
the heat off. The cleaned substrates are then left in air to dry before masked by a
piece of punctured aluminum foil as shown in Figure 3.3 with the area of the hole
being 0.25 cm2. The substrates are then put onto a hotplate and was heated up to 150
o

C. A total of 8 substrates are used for each deposition process.
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