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CHAPTER |

INTRODUCTION

Dye-sensitized solar-cell (DSSC) is an-electrochemical solar cell. The prototype
of a dye-sensitized TiO, nanecrystalline solar cell was first reported by O'Regan and
Gratzel in 1991(Q’Regan and Gratzel., 1991). The DSSC have been recognized for their
high efficiency on converting light into electricity by using readily available and
environmentally friendly materials. DSSC attracted much attention due to their relatively

high efficiency and low cost in comparison to conventional silicon-based solar cells.

DSSC consists of three main components: a dye-covered nanocrystalline TiO,
layer on a transparent conductive glass substrate, an electrolyte contained iodide/
iodine redox couple, and a platinized conductive glass substrate as a counter electrode.
Counter electrode, as one important component in DSSCs, is usually constructed with a
conducting glass substrate coated with platinum film. The roles of the counter electrode
are to collect electrons from external circuit and reduce |, to.| in electrolyte to keep a
low overvoltage and lessen energy losses (Macyk et al., 2007). Platinized counter
electrode has low resistance and high electrocatalytic activity in DSSC. But platinum is

one of the costly-precious metals.

A transparent conducting  substrate can be prepared by chemical vapor
deposition, sputtering, spray pyrolysis, electron beam evaporation, and oxygen ion
beam-assisted deposition. General requirements for transparent conducting glasses are
low electrieal resistivity and high transparency in visible spectral region. TiO, has been
prepared by various methods such as a hydrothermal route using TiCl,, flame hydrolysis

of titanium tetraisopropoxide, sol-gel method through titanium tetrabutoxide.



Many research groups have focused on improving the photocurrent and
photovoltage by developing new dye-sensitizers, improving the interfacial interaction
and/or modifying the electrolyte components (Krebs et al., 2006). The energy conversion
efficiency is likely to be dependent on the morphology and structure of the dye-
adsorbed TiO, film. The manoporous nature of the TiO, layer provides high surface area
that is of great importance to the efficient photon-to-electricity conversion because it

enhances dye loading and solar light absorption.

Several studies on the improvement of the light harvest efficiency of dye-
adsorbed TiO, electrodes by light scattering. Using a TiO, layer with a higher surface
area increases the dye adsorption, and such a higher surface area is usually obtained
by using smaller particle sizes. The usual consequence is films which are relatively
transparent, but which exhibit poor light scattering .Light scattering can be achieved by

the presence of additional scattering layers in the TiO, layer (Lee et al., 2008).

The objective of this work is to study of the effect of sintering temperature and
thickness of TiO, film on the efficiency of dye-sensitized solar cell for single-layer and
double-layer TiO, films. The cell contained a spray-coated TiO, electrode prepared from
titania sol. The photovoltaic performance of dye-sensitized solar cell was determined

using the I-V tester.



The objectives of this research are as follows.
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CHAPTER I

THEORY

2. Dye-sensitized solar cell (DSSC)

A dye-sensitized solar cell (DSSC) is a relatively-new class of low-cost solar cell,
which belongs to the group of thin film solar cells. The cell is based on a semiconductor
formed between a photo-sensitized anode and an electrolyte as a photoelectrochemical
system. This cell was invented by Michael Gratzel and Brian O'Regan in 1991 and is

also known as Gratzel cells.

2.1 History of the Solar Cell

The photovoltaic effect was first reported by Edmund Bequerel in 1839 when he
observed that the action of light on a silver coated platinum electrode immersed in
electrolyte produced an electric current. Forty years later the first solid state photovoltaic
devices were constructed by workers investigating the recently discovered
photoconductivity of selenium. In 1876 William Adams and Richard Day found that a
photocurrent could be produced in a sample of selenium when contacted by two heated
platinum contaets. The photovoltaic action of the selenium differed from its
photoconductive action in that a current was produced spontaneously by the action of
light. No external power supply was needed. In this early photovoltaic device, a
rectifying junction had been formed between the semiconductor and the metal contact.
In 1894, Charles Fritts prepared what was probably the first large area solar cell by
pressing a layer of selenium between gold and another metal. In'the following. years
photovoltaic effects were observed in copper-copper oxide thin film structure, in lead
sulphide and thallium sulphide. These early cells were thin film Schottky barrier devices,

where a semitransparent layer of metal deposited on top of the semiconductor provided
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both the asymmetric electronic junction, which is necessary for photovoltaic action, and
access to the junction for the incident light. The photovoltaic effect of structures like this
was related to the existence of a barrier to current flow at one of the semiconductor-
metal interfaces (i..e., rectifying action) by Goldman and Brodsky in 1914. Later, during
the 1930s, the theory of metal-semiconductor. barrier layers was developed by Walter

Schottky, Neville Mott and others.

However, it was not the photovoltaic properties of materials like selenium which
excited researchers, but the photoconductivity. The fact that the current produced was
proportional to the intensity of the incident light, and related to the wavelength in a
definite way meant that photoconductive materials were ideal for photographic light
meters. The photovoltaic effect in barrier structures was an added benefit, meaning that
the light meter could operate without a power supply. It was not until the 1950s, with the
development of good quality silicon wafers for applications in the new solid state
electronics, that potentially useful quantities of power were produced by photovoltaic

devices in crystalline silicon.

In the 1950s, the development of silicon electronics followed the discovery of a
way to manufacture p-n junctions in silicon. Naturally n type silicon wafers developed a
p type skin whenexposed to the gas boron trichloride. Part of-the skin could be etched
away to give access to the n type layer beneath. These p-n junction structure produced
mush better rectifying action than Schottky barriers, and better photovoltaic behaviors.
The first silicon solar cell was reported by Chapin, Fuller and Pearson in 1954 and
converted sunlight with an efficiency of 6%, six times higher than the best previous
attempt. That figure was to rise significantly over the following years and decades but, at
and estimated production cost of some 200 per Watt, these cells were not seriously
considered for power ‘generation for several decades. Nevertheless, the early silicon
solar cell did introduce the possibility of power generation in remote locations where fuel

could not easily be delivered. The obvious application was to satellites where the



requirement of reliability and low weight made the cost of the cells unimportant and
during the 1950s and 60s, silicon solar cells were widely developed for applications in

space.

Also in 1954, a cadmium sulphide p-n junction'was produced with and efficiency
of 6%. And in the following years studies of p-n junction photovoltaic devices in gallium
arsenide, indium_phosphide and cadmium telluride were stimulated by theoretical work
indicating that these materials would offer a higher efficiency. However, silicon remained
and remains the foremost photovoltaic material, benefiting from the advances of silicon
technology for the microelectronics industry. Short histories of the solar cell are given

elsewhere [Shive,1959; Wolf,1972; Green, 1990]

In the 1970s the crisis in energy supply experienced by the oil-dependent
western world led to a sudden growth of interest in alternative sources of energy, and
funding for research and development in those areas. Photovoltaic was a subject of
intense interest during this period, and a range of strategies for producing photovoltaic
devices and materials more cheaply and for improving device efficiency were explored.
Routes to lower cost included photoelectrochemical junctions, and alternative materials
such as photocrystalline silicon, amorphous silicon, other ‘thin film’ materials and
organic conductors. Strategies for higher efficiency included tandem and other multiple
band gap designs. Although none of these led to widespread commercial development,

our understanding of the science of photovoltaic in mainly rooted in this period.

During the 1990s, interest in photovoltaic expanded, along with growing
awareness of the need to secure sources of electricity alternative to fossil fuels. The
trend coincides with the widespread dregulation of the electricity markets and growing
recognition of the viability of decentralized power. During this period, the economics of
photovoltaic improved primarily through economies of scale. In the late 1990s the

photovoltaic production expanded at a rate of 15-25% per annum, driving a reduction in



cost. Photovoltaic first became competitive in contexts where conventional electricity
supply is most expensive, for instance, for remote low power applications such as
navigation, telecommunications, and rural electrification and for enhancement of supply
in grid-connected loads at peak use [Anderson, 2001]. As prices fall, new markets are
opened up. An important example is building integrated photovoltaic applications,

where the cost of the photovoltaic system is offset by the savings in building materials.
2.2 Operating principles and structure of DSSC
2.2.1 Cell structure:

DSSC eonsists of three main components a dye-covered nanocrystalline TiO,
layer on a transparent conductive glass substrate, an electrolyte contained iodide/
trilodide redox couple, and a platinized conductive glass substrate as a counter

electrode (see Figure 2.1).

Transparert conducting glass

- Q 3 T10, nanoparticles
+—— Sensitizer
Load 5
oL

— Electrolyte

o, ot

Counter electrode

Figure 2.1: Structure of dye-sensitized solar cell

(Pongsaton Amornpitoksuk and Nararak Leesakul, 2003)



2.2.2 Operating Principles:

In detail, the operation of -sensitized solar cell can be described in

schematic structure of DSS
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Figure 2.2: Operation principle of DSSC (Kong et al., 2007)

om their ground state
,j

(S) to an

(CB) of semi-conductor

this process. The electron

L%
zed dye (S”) or can regenerate the

Substrate



2.3 Characteristic of the Photovoltaic cell

2.3.1 Efficiency

importa Nt meas! % ed to characterize solar cells.
{ d for pﬁicula& conditions. The cell power

P reaches a maximum-at the cell’s ¢ point or maximum power point. This

occurs at some voltage V -..;_; CO onding current density | shown in

mp?

Figure.2.3. The optim /I . The fill factor is

defined as the

ﬁwawmwmm

= potential difference at maximum power

FF = fill factor

awm%ﬂmumwma 4

Vo = the open-circuit
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2.4 Components of DSSC.

2.4.1 Dye sensitizer

Dye-sensitizer
much effect on the lig! ar
efficiency. Three co S _ Q\»xk_ of ruthenium based metal
organic complexes. e
Z-907. This research lecte _ ye in’ __ l¢ ‘\,\_ shown physicochemical

properties of

HOOC

AU BRI NN
ammmmﬁmwmaﬂ

Figure 2.4 Molecular structures of three types of ruthenium dyes (Kong et al., 2007)



12

Table 2.1 Physicochemical properties of N-3.

Product designation: Ruthenium 535 (also known as "N3")

Chemical Name: cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-

ruthenium(11)

Short Formula: RuL,(NCS),.2H,0 (L = 2,2"-bipyridyl-4,4'-dicarboxylic acid)

Molecular Formula: CueHz0,oNgS,Ru

Molecular Weight: 741.7 g/mol

2.4.2 Electrolyte

The electrolyte is one of the key components for dye-sensitized solar cells and
its properties-have much effect on the conversion efficiency and stability of the solar
cells. Liquid electrolyte could be divided into organic solvent electrolyte and ionic liquid
electrolyte, according to the solvent used.

Organic solvent electrolytes were widely used in dye-sensitized solar cells for
their low viscosity, fast ion diffusion and high efficiency into nanacrystalline film
electrode. The composition of the electrolytes includes organic solvent, redox couple,
and additive.

Organic solvent “used in organic liquid ‘electrolyte includes nitrile ‘such ‘as

acetonitrile, " valeronitrile, and" 3-methoxypropionitrile; and esters' such as ‘ethylene

carbonate, propylene carbonate, and Y-butyrolactone.
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The commonly used additive in the electrolytes for dye-sensitized solar cells
contains 4-tert-butylpyridine (TBP) and N-methylbenzimidazole (NMBI). The addition of
these additives suppresses the dark current and improves the photoelectric conversion
efficiency. TBP also reduces the recombination of electrons in the conduction band of
the semiconductor and the electron acceptor in‘the electrolyte through the coordination
between the N atom and the Tiion in an incomplete coordination state on the surface of
TiO, film. Conseguently, the-photovoltage fill factor ‘and the conversion efficiency
increases dramatically.

The maximum efficiency record of DSSC was obtained by the solar cells based
on organic solvent electrolyte, especially the highly volatile organic solvent electrolyte
due to the efficient infiltration of organic electrolyte in nanocrystalline films. However, the
solar cells based on organic electrolyte have the disadvantages such as bad long-term
stability, difficulty in robust sealing and leakage of electrolyte due to the volatility of

organic solvent.

2.5. Titanium Dioxide

2.5.1 . The methods for synthesizing titanium dioxide

There are several methods that can be used to synthesize anatase titania. In
general, the methods that have been reported for anatase synthesis are sol-gel method,

chemical vapor deposition, thermal decomposition.method, and precipitation method.

2.5.1.1. Sol-Gel method

This method can be performed at relatively low temperature. This
method starts at mixing titanium alkoxide with alcohol. The mixture of water and acid
was added to first mixture. The sol-gel was formed by hydrothermal process. This
technique can be applicated by using ultrasonic spray coater to aid dispersion and the

efficiency of titania with higher surface area, better thermal stability than stirring method.
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The average crystal size of titania by this method were in the range of 4 — 8 nm and BET
surface area were in the range of 91-120 mz/g depend on calcination temperature.
However the limits of this method are the strong reactivity of alkoxide toward H,O often
results in an uncontrolled precipitation.

Sol-gel process occurs in- liquid solution of organometallic precursors (e.g.,
titanium isopropoxide), which lead to the formation of sol by means of hydrolysis and

condensation reaction.

M-O-R + H,O = M-OH + R-OH hydrolysis (2.5)
M-O-H + HO-M = M-O-M + H,O water condensation (2.6)
M-O-R + HO-M > M-O-M -+ R-OH alcohol condensation (2.7)

A typical example of a sol-gel method is the addition of metal alkoxide to water.

The alkoxide is hydrolyzed, giving the oxide as a colloidal product.

The sol is made of solid particles of a diameter of few hundred nanometers
suspended in a liquid phase. After that, the particles condense into gel, in which solid

macromolecules are immersed in a liquid phase. Drying the gel at low temperature (25-

100°C) produces porous solid matrices or xerogels. To obtain a final product, the gel is
heated. This heat treatment serves several purposes, i.e., o remove solvent, to
decompose anions such as alkoxides or carbonates to give oxides, to rearrange of the

structure of the solid, and to allow crystallization to occur.

Using the sol-gel method, one can easily control a stoichiometry. of solid solution
and a homogeneous distribution of nanoparticles and metal oxides. In addition, the
advantages are that the metal oxides are prepared easily at room temperature and high

purity can be obtained.
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2.5.1.2. Chemical Vapor Deposition

This method involves the formation of nanocrystalline titanium dioxide by
hydrolysis and condensation of titanium alkoxide. The preparation is conducted in an
aerosol reactor which is:made of two concentric glass tubes that is externally heated in
a vertical furnace. Titanium precursor is evaporated at different temperatures to obtain
different vapor pressures and.carried by nitrogen gas-into the reactor. Water vapor is
then introduced into.the reactor by dry air. Precursor vapor and water vapor are mixed
rapidly and react to-form TiO, aerosol at atmespheric pressure. Consequently, the
product is collected by thermophoresis and filter. The as-prepared TiO, powder is then

put into furnace for heat treatment (Xia et al., 1999).

2.5.1.3. Thermal Decomposition method

This method has been used to successfully synthesize various types of
nanosized metal oxides with large surface area, high crystallinity and high thermal
stability (Payakgul et al., 2005). Titanium precursor (e.g., titanium alkoxide), is used as a

starting material. The precursor is first suspended in organic solvent in a test tube inside

an autoclave. The crystalline titania is formed at temperature in the range of 200-300 °c
in an autoclave. Autogeneous pressure during the reaction gradually increases as the
temperature is raised. The physiochemical properties of the synthesized titania depend

on the reaction conditions as well as the calcination temperature.

2.5.1.4. Precipitation.method

Ultrafine crystalline TiO, powder is prepared by heating and stirring of
aqueous TiOCl, solution with Ti'" concentration of 0.5 mol/l at room temperature up to
100 °C under normal atmospheric pressure (Nam et al., 1999). TiO, crystals in pure
rutile phase precipitated at a temperature below 65 °C. On the other hand, TiO,

precipitates in crystalline anatase phase at a temperatures above 65°C. The direct
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formation of TiO, crystalline precipitates from aqueous TiOCI, solution is a result of the
existence of the hydroxide ions in water, which causes the crystallization of TiOCI, into
TiO, without hydrolyzation to Ti(OH),. Conventionally, rutile-phase TiO, is synthesized at

a much higher temperature.

2.5.2. Thickness of TiO, film

The commonly“of ceating TiO, on a glass have difference method are doctor
blade, spray coating, spin coating, vapor deposition, screen printing and reactive
sputtering. Halme and coworker (2006) studied the spray deposition of TiO, powder
suspension at the room  temperature compression as a method to prepare
nanostructured TiO, fiims for -dye-sensitized solar cell. Relatively good solar cell
performance of a light intensity of 2.8% at 100 mW/em’ was achieved with the method.
The critical point in the spray deposition method was the successful control of the
evaporation rate of the suspension liquid with respect to the deposition rate.

Film thickness is one of the important factors. Thickness affects the performance
of the cells because the injected electrons have to be transported across a large
number of colloidal particles and grain boundaries. One study has shown that film
thickness increased with the short-circuit photocurrent (l..) increased because of
increasing the absorption of dye on TiO, surface (Kang et al., 2004).

However the thickness increases the chance of recombination should increase.
Therefore, there exists-an optimum film thickness: to obtain a maximum photo-voltage

and fill factor (Kalyanasundaram et al., 1998).

2.5.3. Physical and Chemical Properties (Fujishima et al., 1999)

Titanium dioxide may take on any of the following three crystal structures:
anatase, which tends to be more stable at low temperature; brookite, which is usually
found only in minerals; and rutile, which tends to be more stable at higher temperatures

and thus is sometimes found in igneous rock.
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Anatase generally shows a higher photocatalytic activity than the other types of

titanium dioxide. Comparison of some physical properties of anatase, brookite and rutile

is listed in Table 2.2.
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Table 2.2 Comparison of rutile, brookite and anatase. (Fujishima et al., 1999).

Properties Anatase Brookite Rutile
Crystal structure Tetragonal Orthorhombic Tetragonal
Optical Uniaxial, Biaxial, positive Uniaxial,
negative negative
Density, g/cm3 5.3 4.0 4.23
Harness, Mohs scale 51/2 45 51/2 =5 7— 71/2
Unit cell D,a ATiO, D,h".8TiO, D,h".3TiO,
Dimension, nm
a 0.3758 0.9166 0.4584
b - 0.5436 -
c 0.9514 0.5135 2.953
Refractive index 208 L 2.52
Permittivity 31 - 114
Melting point changes to rutile - 1858° C

at high

temperature

Brookite has been produced by heating amorphous titanium (IV) oxide, which is

prepared from an alkyl titanate or sodium titanate, with sodium or potassium hydroxide

in an autoclave at 200 to 600 °C for several days. The impartant commergial forms of

titanium dioxide are anatase and rutile, and they can readily be distinguished by X-ray

diffractometry.
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2.5.4. Applications of titanium dioxide

Titanium dioxide is one of t ; st basic materials in our daily life. Titanium
dioxide has been used in paints, ' /jians, fibers, cosmetics, sunscreens
and foodstuffs. §\ , é
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CHAPTER IlI

LITERATURE REVIEWS

This chapter presents the literature reviews.for dye-sensitized solar cell (DSSC).

3.1. Modification-of TiO, electrode of a dye-sensitized solar cell

Lee and coworkers (2008) investigated multi-layered TiO, nanostructured films
that were fabricated to improve the light harvest efficiency of the dye-adsorbed TiO,
electrode in dye-sensitized solar .cells (DSSC) by light scattering. Three different
structures of TiO, electrodes, -with layers consisting of TiO, pastes with average
diameters of 9, 20, and 300 nm, respectively, were fabricated and their photovoltaic
effects on the DSSC devices were measured. By utilizing the multi-layered TiO,
electrode constructed from the three different TiO, pastes, the overall power conversion
efficiency of the DSSC devices in the PEG-based electrolyte was increased to 5.24%
under irradiation of 100 mW/cm’ at AM 1.5. The use of the light scattering layers resulted
in an increase. in both the |, value and fill factor, thus increasing the overall power

conversion efficiency of the DSSC devices.

Lee and-coworkers (2009) prepared three different structures of TiO, electrodes
of the dye-sensitized solar cell (DSSC) with layers of nanoparticles and light-scattering
particles, and their photovoltaic performances were investigated when the polymer
electrolytes were used. Especially, 20-nm- and 123-nm-TiO, pastes were prepared by
using sol-gel method, to use for light-scattering layer. The best efficiency of 6.03% was
attained with a multi-layer structure using 123-nm-TiO, layer for the light-scattering layer

and 9-nm-TiO, layer for the dense layer.
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Koo and coworkers (2007) studied the effect of scattering particle size on light
scattering efficiency in dye-sensitized solar cell with a FTO/semitransparent nano-TiO,
layer (main-layer)/scattering layer (overlayer) structure, where two different rutile TiO,
particles with a size of 0.3 um (G1) and 0.5 um (G2) were used for a scattering overlayer
and 20-nm anatase particle for mnano-TiO, main-layer. The conversion efficiency of
7.55% for the 7 um-thick main-layer film was improved to 8.94% and 8.78% when G1
and G2 particulate overlayers were introduced, respectively, corresponding to 18.4%
and 16.3% increases. While the conversion efficiency of the 14 ym-thick main-layer was
slightly improved from 8.60% to 9.09% and 9.15% upon depositing G1 and G2
particulate overlayers, respectively. Therefore, scattering efficiency was significantly
influenced by the reflectivity of the scattering overlayer, which was related to the size
and refractive index of the scattering particles as well as the nanocrystalline film

thickness used as a main layer.

Yu and coworkers (2009) prepared Ti©, organic sol for the preparation of a
compact TiO, layer on fluorine-doped tin oxide (FTO) glass by a dip-coating technique.
The resultant thin film was used for the fabrication of dye-sensitized solar cells (DSSC).
The compact layer typically had a thickness of ca. 110 nm as indicated by SEM and
consisted of anatase as confirmed by the XRD pattern. Compared with the traditional
DSSC without this compact layer, the solar energy-to-electricity conversion efficiency,
short-circuit current and open-circuit potential of the DSSC with the compact layer were

improved by 33.3%, 20:3%, and 10.2%, respectively.

Hossain and coworkers (2008) attempted to prevent short-circuits in the solar
cells and back transfer of electrons due to direct contact between the electrolyte and
the conductive substrate. A thin passivating TiO, under layer was depasited on SnO,:F
coated glass substrate by sputtering technique with different sputtering pressures of

0.1, 1.0 and 2.0 Pa. An upper nanoporous TiO, layer was deposited by conventional
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sol-gel technique with 2.0 g of polyethylene glycol. The passivating layer that was

deposited with 0.1 Pa sputtering pressure exhibited maximum efficiency.

Lee and coworkers (2006) prepared four different configuration for the coating of
TiO, suspension, with low.and high molecular weight-poly(ethylene glycol) as a binder.
Among these four systems, P2P1, where P1 and P2 correspond to the molecular weight
of PEG of 20,000 and 200,000 respectively, showed the highest efficiency. The best
efficiency (1) was 9.04% with the short-circuit photocurrent density (I..) and open-circuit

voltage (V) of 18.9 mA/cm’ and 0,74 V, respectively.

Chang and coworkers (2010).coated Degussa P25 on an indium tin oxide (ITO)
glass substrate by electrophoresis depaosition. The coated glass was combined with
N719 dye, an electrolyte solution and a counter-electrode of Pt layer to produce dye-
sensitized solar cells (DSSC). In this process, the thickness of a single TiO, film was
approximately 3.3 Llm. Stacking was then performed to obtain a multilayer-typed TiO,
film of ca.12 Um thick. As the sintering temperature reached 400°C, the prepared
multilayer TiO, film increased the dye adsorption of the thin film and enhanced its
adsorption percentage. The |-V curve of the produced DSSC showed that it had an

excellent energy conversion efficiency of 6.9%.

Xu and” coworkers (2010) fabricated bilayer-structured film with TiO,
nanocrystals as underlayer and TiO, nanotubes as overlayer. The resulting double-layer
TiO, (DL-TiO,) film significantly improved the efficiency of dye-sensitized solar cells. The
overall energy-conversion efficiency (1) of 6.15% was achieved by the formation of DL-
TiO, film, which was 44.7% higher than that formed by pure nanocrystalline TiO, film‘and

far larger than that formed by nanotube TiQ, film.
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3.2 Effect of thickness and sintering temperature for TiO, film on efficiency of dye-

sensitized solar cell

Huang and coworkers (2006) studied the effect of hydrothermal temperature on
the properties of TiO, colloids, and the effects of film thickness on the performance of a
DSSC. With an increase in hydrothermal temperature, the pore diameter increased
linearly. However, the surface area showed the reverse effect. The DSSC assembled
with the TiO, films prepared under the hydrothermal temperature of 240 °C with the
thickness larger than 10 mm gave optimal performance. The effect of film thickness of
TiO, on the performance of the DSSC could be explained by the relative size of reactive

species diffusing into the thin film and the lifetime of injected electrons.

Kao and coworker (2009) fabricated anatase TiO, thin films with different
thicknesses (0.5-2.0 ym) have been deposited on ITO-coated glass substrates by a sol-
gel method and rapid thermal annealing for application as the work electrode for dye-
sensitized solar cells. From the results, the increases in thickness of TiO, films can
Increase adsorption of the N3 dye through TiO, layers to improve the short-circuit

photocurrent and open-circuit voltage.



CHAPTER IV

EXPERIMENTAL

The organization-of this chapter is as follows: preparation of TiO, sol, preparation
of dye-sensitized solar cell, fabrication of dye-sensitized solar cell components and the

fabrication procedure, and characterization technigues employed in this study.

4.1 Preparation of TiO, sol

TiO, was prepared using a sol-gel method. Typically, a solution consisted of
14.44 ml of 70% nitric acid and 2000 ml of distilled water was prepared. Titanium (1V)
isopropoxide in the amount of 166.80 ml was added slowly to the solution while being
stirred continuously at room temperature. The mixture was stirred for 3-4 days until clear
sol was obtained. Next, the clear sol underwent dialysis in a cellulose membrane. The
distilled water used for dialysis was changed daily until'a pH of 3.5 was obtained. The

resulting TiO, sol was kept in-a refrigerator until needed.

4.2 Preparation of dye-sensitized solar cell components and the fabrication procedure

This section discusses preparation of components in dye-sensitized solar cell
(DSSC) and the fabrication procedure for DSSC. The components of DSSC are
conducting glass, counter electrode, electrolyte, TiO, electrode,  dye, and sealing

material.

4.2 1 Transparent conducting glass

The conducting glass is a transparent glass coated with fluorine-doped tin oxide
(FTO). The glass was purchased from Solaronix (Switzerland) under the commercial

name TCO22-15. The conducting side of the conducting glass was identified by using a
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multimeter. The conducting side had a sheet resistance of 15-20 ohm. The glass was

cleaned with ethanol and dried before use.

4.2.2 Dye

In our research, we employed a widely-used N3 (R535) dye or cis-
bis(isothiocyanato)bis(2,2'-bipyridyl-4,4’-dicarboxylate)-ruthenium(ll), which was
purchased from solaronix. To prepare the dye solution, 20 mg of N3 dye was dissolved
in 100 ml of ethanol and the mixture was stirred until @ homogeneous solution was

obtained. The resulting product is a solution of 0.3 mM N3 dye in ethanol.

4.2.3 Electrolyte

Electrolyte consisted of 0:5 M lithium iodine (Lil), 0.05 M iodide (l,), and 0.5 M 4-
tert-butylpyridine (TBP) in acetronitrile. To prepare electrolyte , we mixed 2 g of Lil, 0.38
g of I,, and 2.20 ml of TBP-in 30 ml of acetronitrile. The solution was stirred untill

homogeneity was obtained.

4.2.4 Platinum counter electrode

The counter electrode for the DSSC is platinum film coated on conducting glass.
A platinum counter electrode was prepared by ion sputtering. A conducting glass was
to rectangular piece that was 1.0 x 1.5 em’. The surface of the glass was cleaned with
ethanal and dried. Masking tape was placed on one side of the glass as shown in Figure
4.1. Then platinum was sputtered on the conducting glass using ion sputterer (JEOL
JEC-1100E) at 10 mA.of ion current for four minutes..After sputtering,.masking tape was

removed.



26

H—li’w‘m—’l

o
= 1.0 e
E ,
q %
=
W\ ]
+“—>r
0.3 cn

Figure 4.1 Schematic diagram of a platinum counter electrode

4.2.5 TiO, electrode

Anode electrade was a TiO, film on a conducting glass. To prepare the
electrode, we first cut a conducting.glass into a rectangular piece that was 1.0 cm wide
and 1.5 cm long. The glass was cleaned with ethanol and dried. Then the glass was
masked with aluminum foil containing a hole with a radius of 0.25 cm as shown in

Figure 4.2 The hole was located closer to one side of the foil than the other.

H— L5 em —”

O I em.

Figure 4.2 Aluminum foil used in preparation of an anode electrode before spray

coating.

After masking, TiO, was coated on the conducting glass using ultrasonic. spay
coater. The TiO, sol was'stirred, not shaken'before use'so as not to form bubbles. The
spaying liquid was placed in a'syringe pump, which fed the liquid at arate of 1 ml/min to

an ultrasonic nozzle.
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The film thickness was varied by changing the number of coats of TiO, ranging
from 200 to 500 coats. After a few coats, TiO, film was dried by a blow dryer. [The

thickness of film was measured using a step profiler (Veeco Dektak 150)]. The coated
glasses were sintered at a temperature ranging from 300°C to 600°C for two hours.
After that electrode were left to. cool down-to.30" °C. Before dye absorption, the

electrode was heated on a hotplate at'70 °C for ten minute to remove water. The TiO,

thin film electrode was immersed in solution of 0.3mM N3 dye overnight in the dark.

4.2.6 Fabrication of dye-sensitized solar cell assembly

Fabrication of dye-sensitized solar cell assembly started with cutting two strips
of a sealing material (SX1170-25is a 25 microns thick thermoplast hot-melt sealing foil)
that were 0.15 cm wide and 1.2 cm long. The strips were inserted as spacers between
the platinum counter electrode and TiO, electrode. The platinum counter electrode was
placed on top of the TiO, electrode so that the conducting side of the counter electrode

was on top of the TiO, film. The cell was sealed by heating the sealing material on a

hotplate at 60 °C for three minutes. (see Figure 4.3)

Cotinter electrode

Sealina material @

Anode electrode

Figure 4.3 Cross-section of assembled dye saolar cell showing sealing rim

After the anode and the counter electrode were attached together by the sealing

material, electrolyte solution was injected between the two glass plates. Figure 4.4
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displays an arrangement of various layers within a DSSC assembly, which is ready for

testing.
Conducting Glags
—  Ptfim
Sealing material  ——pb S EIgbtrolytem—s
29920 0 ve0e SN
9 POO S SO | Titania with dye

Conducting Glass

Figure 4.4 Fabrication of dye-sensitized solar cell assembly for testing

4.3 Physical and Electrochemical Characterization

In order to determine physical and electrochemical properties of TiO, and DSSC,
various characterization techniques were employed. Such techniques are discussed in

this section.

4.3.1 X-ray diffractometry (XRD)

XRD was' performed to determine crystal phase and crystallite size of TiO,. The

characterization.was conducted using a SIEMENS D5000 X-ray diffractometer with
CuK, radiation (7\, =i1.54439 AO) with Ni filter. The spectra were scanned at a rate of

0.04 min " in the 20 range of 20-80°.
4.3.2 Nitrogen physisorption
Specific surface area of TiO, was measured through nitrogen gas adsorption‘in

a continuous flow method at liquid nitrogen temperature. A mixture of nitrogen and

helium was employed as the carrier gas using Micromeritics ChemiSorb 2750 Pulse
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Chemisorption System instrument. The sample was thermally treated at 200°C for one

hour before measurement.

4.3.3 UV-Visible Absorption Spectroscopy (UV-Vis)

The amount of dye adsorption was determined by a spectroscopic method by
measuring the concentration of-dye desorbed on the titania film into a mixed solution of
0.1 M NaOH and ethanol (1:1 in volume fraction). The absorption spectra were

measured by a Perkin EImer Lampda 650 with a scanning range between of 300-800 nm

4.3.4 Step profilmeter

The thickness of TiO, film obtained was measured by step profiler Veeco Dektak

150.

4.3.5 Photoluminescence (PL)

To study the recombination of electrons-holes, photoluminescence measurement
was carried out on a Perkin-Elmer LS-55 fluorescence spectrophotometer by using a
Xenon lamp as the excitation source at room temperature and excitation wavelength

used in photo luminescence (PL) measurement was 300 nm.

4.3.6 Current-Voltage Tester ( |-V Tester)

The electrochemical properties of dye-sensitized solar cell were determined by
I-V tester Current-voltage measurements were performed using white light source under
air mass (AM) 1.5G conditions. The current density, open circuit voltage, cell resistance,
and fill factor were measured and were then converted to efficiency of the solar cell. An
area of our solar cell was 0.196 cm’. The equipment used was MV Systems Inc., Xenon

short ARC (Osram XBO 1000 W/HS)



CHAPTER V

RESULTS AND DISSCUSSION

The result and discussion in this chapter are dividing into three parts, namely,
effect of sintering temperature, effect of thickness of TiO, electrode layer for single-layer

and double-layer TiO, films on.the performance of dye-sensitized solar cell.

5.1 Dye-sensitized solar cell using single-layered conducting glass

5.1.1 Effect of sintering temperature for TiO, electrode

TiO, sol was prepared via sol-gel method and was used to make anode
electrode in DSSC. Sintering temperature of TiO, could affect on specific surface area,
crystallite size. These properties had influence on efficiency of dye-sensitized solar cell.
In this work, the sintering temperature was to be varied 300 °c, 400 °c, 500 °C and

600 °C for 2 hours.

The XRD pattern of various titanium dioxide samples in the 20 range between

20° and 80° are shown in Figure 5.1. The typical X-ray diffraction patterns of TiO, films
sintered at various temperatures. The anatase phase of TiQ, started to forms at a
sintering temperature of 300 °C. When the sintering temperature reached 600 °C, the
rutile phase became the major component. Small amount of brookite was detected in all

samples.

The average crystallite size of anatase was estimated from the half-height width
of (101) diffraction” peaks. Crystallite” size "of anatase (as" determined by Debye-
Scherrer’s equation) grew from 5.6 nm to 18.2 nm as sintering temperature was raised

from 300 °C to 600 °C. The weight fraction of rutile phase of TiO, increased while the
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weight fraction of anatase. Next, we determined specific surface area of TiO, powder

from nitrogen adsorption technique.The result are presented the specific surface area of

TiO, that decreased with increasin&\t'??emperature (see Table 5.1 and 5.2).
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Table 5.1 Crystallite size and weight fraction of anatase, rutile and brookite phases of

TiO, powders sintered at various temperatures

Sintering Temperature

(°C)

300
350
400
500
550
600

Crystallite size

(nm)

5.6
6.7
7.6
10.1
13.3
18.2

0.62
0.60
0.50
0.44
0.29
0.09

0.22
0.26
0.37
0.47
0.66
0.90

0.16
0.14
0.13
0.09
0.05
0.01

W, : weight fraction of anatase phase.

W, : weight fraction of rutile phase.

W, : weight fraction of brookite phase.

Table 5.2 Specific surface area of TiO, powders sintered at various temperatures.

Sintering Temperature (°C)

Surface area (m2/g)

300
350
400
500
550
600

118.4
101.3
86.3
61.9
35.8
254
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The increasing of particle size can be attributed of crystallization of the surface
amorphous structure and the connection of those small nanoparticles at higher sintering
temperature are important for help.electron transport of TiO, film electrode (Zhoa et al.,
2008).

For this study, the electrode consisted.of 400 coats of TiO, have film thickness
was approximately 7.3 ym at various sintering temperature is shown in Figure 5.2. It was
found that an increase in the sintering temperature decreased the amount of adsorbed

dye onto the TiO, electrodes.

20
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Figure 5.2 Relationship between concentrations of dye ang sintering temperature with
film thickness about 7.3 ym

The PL measurement was carried out on a Fluorescence spectrophotometer
(Perkin-Elmer 'LS-55). The PL signals of semiconductor materials result from the
recombination of photo-induced charge carriers.The PL spectra of TiO, sintered at
various temperatures were shown in Figure 5.3. It can be seen that the PL intensity of

TiO, decreased as the sintering temperature increased. These results suggested that
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the recombination rate of photogenerated electron and hole decreased when the
sintering temperature increase, resulting in an increase of particle size (Ligiang et al.,

2006 and Zhao et al., 2008).

Intensity

350 400 450 500 550
Wavelength (nm)

Figure 5.3 Photoluminescence spectra of TiO, sintered at various. temperatures

The photovoltaic parameters of DSSC with a TiO, electrode that was calcined
at various temperature are summerized in Table 5.3. The film thickness was about 7.31
pum at various: sintering temperature for 2 h, this table show short-circuit current density
(Isc)s open-circuit voltage (Voc), fill factor (FF) and cell efficiency (1)) of DSSC.
We observed a maximum of short-circuit current density (I.) with a DSSC with a
TiO, electrode calcined at400 °C for two hours: Similar trend-was observed in fill factor
and cell efficiency. The efficiency of cell sintered at 500 °C and 600 °C decreases (see
in Figure 5.4) because of the increasing of rutile phase (see in Table 5.1) leading to

large particle size, less of surface area which due to absorption of dyes not enough.
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Table 5.3 Photovoltaic parameters of DSSC with TiO, electrode sintered at various

temperatures. The film thickness was about 7.31 pm.

Sintering Temperature \ - Fill Factor ~ *Efficiency (%)

1.68
1.94
2.69
2.14
1.96
1.80

254

e

eﬂiciency (%)

300

Sintering temperature (°C)

Figure 5.4 Efficiency of DSSC of TiO, at calcined at different temperature
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5.1.2 Effect of thickness of TiO, film

We varied the thickness of TiO, electrode layer by varying number of coats of
TiO, on the substrate. The numbers of coats of TiO, for this study were 200, 300, 400
and 500 coats. After coating, the electrode was sintered at 400 °C for two hours. The
film thickness was measured using step profilemeter.

From Figure 5:6-found.that concentration of dye-on TiO, surface increases with
thickness of film increase because of increasing of the film thickness leading to

increasing surface area of TiO, electrode (Kang et al.; 2004).
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Figure 5.5 Relationship between concentrations of dye with.various thickness of TiO,

film at 400 °C

The electrochemical properties of dye-sensitized solar cell of TiO, are listed | in
Table 5.4, this table show that the highest cell efficiency of 3.06% were observed in a
DSSC with the thickest TiO, electrode layer (ca. 11 pm). The cell efficiency increased as

the TiO, film thickness increased.
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Table 5.4 Photovoltaic parameters of DSSC with TiO, electrode sintered at 400 °C for

two hours.
Film Thickness Voue | £ Fill Factor Efficiency (%)
(um) (Volt) ' (mA/em?)
3.68 0.73 3.54 (6 Al 1.82
5.57 0.76 4.02 OniD 2.29
7.31 0.74 4.44 0.82 2.69
11.19 0.72 4.83 0.88 3.06

From Figure 5.6, the efficiency of a DSSC increased from 1.82% to 3.06% when
the number of coats of TiO,was increased from 200 to 500. The cell efficiency increases
linearly with the thickness increases. The efficiency of cell at various sintering
temperature and various film thickness (see Figure 5.7) described that increasing of film
thickness, increasing of the ‘efficiency of TiO, electrode for every sintering temperature.
Figure 5.8 showed the UV-visible transmittance spectra of the TiO, films with different
thicknesses between 300 and 900 nm in wavelength. It can be seen that all films have
high transmittance. In addition, the transmittance of the films was lower as the films

thicker.
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Figure 5.7 Efficiency of DSSC as a film thickness and sintering temperature of single-

layered TiO, electrode
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5.2 Dye-sensitized solar cell using double-layered conducting glass

TiO, electrode was deposited onto conducting glass by the layer-by-layer
deposition of double-layered TiO, particles. The bottom layer was coated on conducting
glasses by using the ultrasonic spray coater. The film thickness was varied by changing
number of coats of TiO, at 100, 150, 200 and 250. After deposition, TiO, film was dried
by a hair dryer and then sintered-at a temperature ranging from 300 °C to 600 °C for
two hours.

Type A: Deposition TiQ, sol on a conducting glass and then sintered at 350 °c
for two hour. Next, the deposition process was to obtain the desired film thickness same
single-layer TiO, film. The TiO, films.were finally sintered at a temperature 300°C for 15
minutes.

Type B: Deposition TiO, sol on a conducting glass and then sintered at 400 °c
for two hour. Next, the deposition process was to obtain the desired film thickness same
single-layer TiO, film. The TiO, films were finally sintered at a temperature 350°C for 15
minutes.

Type C: Deposition TiO, sol on a conducting glass and then sintered at 600 °c
for two hour.-Next, the deposition process was to obtain the desired film thickness same
single-layerTiQ, film. The TiO, films were finally sintered at a temperature 550°C for 15
minutes.

The TiO, of three types were immersed in 0.3 mM N3 dye for overnight in the

dark. Structures A and B and C as a double-layer and.shown in Figure 6.9.
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Conducting glass
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Figure 5.9 Three different types of TiO, electrode on conducting glass prepared for

DSSC

5.2.1 Effect of sintering temperature for TiO, electrode

Double-layered TiO, electrode was 350°C 2h and 300°C 15 min, 400°C 2h and

350°C 15 min, 600°C 2h and 550°C 15 min.
The results from XRD analysis of TiO, powder (single-layered, double-layered)

calcined at different temperature shown in Figure 5.10.
Figure 5.10 showed the XRD pattern at 20 values of 25.32°, 37.88°, 48.16° and
62.80° corresponded to the anatase phase, whereas the XRD peak at 20 values of

27.44°, 41.28° and 54.36° belonged to rutile phase and XRD peak at 30.88° belonged
to brookite phase. The results are crystallite size, weight fraction of anatase, rutile and
brookite phase presented in Table 5.5.

Crystallite size of double-layered less than single-layered. The crystallite sizes,
calculated from the figure 5.10 using the peak 25.32° (anatase phase), are 6.3, 7.4 and
16.3.am for double-layered TiO, film of 350°C 2h and 300°C 15 min, 400°C 2h and

350°C 15 min, 600°C 2h and 550°€ 15 min, respectively. Next, we determined specific

surface area of TiO, powders from nitrogen adsorption technique (see Table 5.6):
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Figure 5.10 XRD pattern of TiO, powders sintered at different temperature

Table 5.5 Crystallite size and weight fraction of anatase, rutile and brookite phases of

TiO, powders sintered at various temperatures

" Sintering Temperature (*C)— Crystallite'size- W, | W_ W,
(nm)

350°C 2h and 300°G+& min 6.3 0.60 0.20 0.20

350°C 2h 6.7 0.60 0.26 0.14

400°€ 2h and 350°C 15 min 7.4 0.57 0.26 0.17

400°C 2h 7.6 0.50 0.37 0.13

600°C 2hiand 550°C 15 min 16.3 0:13 0.86 0.01

550°C 2h 13.3 0.29 0.66 0.05
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W, : weight fraction of anatase phase.
W, - weight fraction of rutile phase.

W, - weight fraction of brookite phase.

Table 5.6 Specific surface area of TiO, powders.sintered at various temperatures.

Sintering Temperature (°C) Surface area (m2/g)
350°C 2h.and 300°G 15 min 97.31
350°C 2h 101.3
400°C 2h and350°C 15 min 83.78
400°C 2h 86.3
600°C 2h and 550°C 15 min 35.99
550°C 2h 35.6

Table 5.7 displays the photovoltaic parameters of DSSC (single-layered TiO, electrode
and double-layered TiO, electrode). The film thickness was about. 7.31 um at various
sintering temperature for 2 h, this table show short-circuit current density (I.), open-

circuit voltage (Voc), fill factor (FF) and cell efficiency (1]) of DSSC

We compared. photovoltaic parameters. of. singleslayered TiO, electrode and
double-layered TiO, electrode at nearly specific surface area, in which the thickness of
single-layered TiO, electrode was experimentally controlled to be identical to that of
double-layered TiO, electrode (ca. 7.31 um). The DSSC with the double-layered TiO,
electrade of 400°C 2h and.350°C 15 min shows the maximun efficiency, 1](3.18%) and
short-circuit current density, I,.(4. 79) and open-circuit voltage (0.80 mV). All the DSSC

with double-layer show higher efficiency than the DSSC with single-layer TiO, electrode.
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Figure 5.11 represents the diffused reflection spectra of single-layered and

double-layer TiO, electrode. The diffused reflectance of the films increases as the

scattering layers were added.

100

80 A

. 400/350 15 I-
50/300 15 pat

600/55015 min

g
B
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8 = - / m » et e :
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Wavelength (nm)

Figure 5.11 Diffused reflection of single-layered and double-layered

Table 5.7 Photovoltaic parameters of DSSC with TiO, electrode sintered at various

temperatures. The film thickness was about 7.31 pm.

Sintering Temperature Vo (Volt) | lsc Fill Factor  Efficiency (%)
(°C) (mA/cm?)
C mEmw o W o W W W Emw W o W = — = -_ = =
350°C 2h and 300°C 15 min 0.79 4.64 0.82 3.01
400°€ 2h and 350°C 15 min 0.80 4.79 0.83 3.18
600°C 2hand 550°C 15.min 0.74 3.85 0.76 2,16
350°C2h 0.71 3.71 0.74 1.94
400°C 2h 0.74 4.44 0.82 2.69
550°C 2h 0.69 3.79 0.75 1.96
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The photoluminescence spectra of all sample are shown in Figure 5.12 found
that PL intensity of 350°C 2h and 300°C 15 min shows the highest rate recombination
of electron and hole. We describe here a comparison of the intensity becomes lower

than single-layered TiO, electode that mean the recombination rate decreased.

350°C 2h
350°C 2hand 300°C 15 min
400°C 2h

400°C 2hand 350°C 15 min
550°C 2h |
600°C 2hand 550°C 15 min J/

Intensity

350 400 450 500 5%0

Wavelength (nm)

Figure 5.12 Photoluminescence spectra of TiO, sintered at various temperatures

5.2.2 Effect of thickness of TiO, film

We varied the thickness of TiO, electrode layer by varying number of coats of
TiO, on the substrate. The numbers of coats of TiO, for.this study were 200, 300, 400

and 500 coats. After coating, the electrode was sintered at 400 °C 2h and 350°C 15

min.



Table 5.8 also shows the photovoltaic parameters of DSSC with different film
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thicknesses. From these results, the Isc of DSSC increase with the increase of theTiO,

thin film thickness from 3.68 um t011.19 um.

The TiO, electrode sintered at 400°C.2h.and, 350°C 15 min, the thickness was

about 11.19 ym gave the highest efficiency of 3.39%.

Table 5.8 Photovoltaic parameters of DSSC with TiO, electrode sintered at 400°C 2h

and 350°C 15 min

Film Thickness ol
(um) (Volt)
3.68 o} [

5.57 0.79

7.31 0.81
11.19 0.76

3.84

4.22

4.59

4.97

Fill Factor

0.74

0.77

0.85
0.90

Efficiency (%)

2.18
2.56
3.16

3.39

Figure '5.13 shown the cell efficiency increases linearly with the thickness

increases. The efficiency of cell at various sintering temperature and various film

thickness (see Figure 5.14) described that increasing of film thickness, increasing of the

efficiency of TiO, electrode for every sintering temperature. Figure 5.15 showed the

transmittances of the double-layered TiO, films. Transmitted light passing through the

film increases with increasing wayvelength. Compared with single-layered TiO, film and

double-layered TiO, film resulted transmittance of the film decreased by the addition of

the overlayer.



47

4
3.5 1
3 .
g 2.5
>
S 2
[}
)
015
1 .
0.5
0 - T
0 448 10 12
-I)" i Thi
F 4 dhiias .
Figure 5.13 Efficiency of 9@5 Kk
237
4 y : oL
m—— [200 coats
— - — = , 3300 coats
o I :".r @400 coats
@500 coats
3 : o
h £)
g J :
€ NS B
o | s [
qc-) 2 i - Iu‘ / %-
S - / =
= : \
= | / =

350/300 15 min 400/350 15 min ' ' 600/550 15 min

QW’]MH?WW’WV]H’]&E
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

In this chapter, section 6.1 provided.the conclusion that obtained from the
experimental results of the effect of sintering temperature, effect of thickness of TiO,
electrode layer forsingle-layer and double-layer TiO, films on-the performance of dye-
sensitized solar cell. Additionally, recommendations for future study are presented in
section 6.2.

6.1 Conclusion

6.1.1 Single-layered TiO, electrode
We have observed that the photovoltaic parameters of DSSC depend on

sintering temperature and film thickness. We observed a maximum of short-circuit

current density with a DSSC with a TiO, electrode calcined at 400°C for two hours. The
highest cell efficiency of 3.06% was observed in a DSSC with the thickest TiO, electrode
layer (ca. 11 um). The cell efficiency increased as the TiO, film thickness increased.

6.1.2 Double-layered TiO, electrode

We have observed that the photovoltaic parameters of DSSC depend on
sintering temperature and film thickness. We investigated the improvement of
photovoltaic performance by using double-layered TiO, film.<With the addition of the
overlayer to the double-layered TiO, film, the short-circuit current density of the DSSC
were increased. Remarkably high cell efficiency of 3.39% was observed in a DSSC with

the thickest TiO, electrode layer (ca. 11 pm).
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6.2 Recommendations for future studies

From the previous c

: 1 K
ollowing recommendations for future studies
are proposed. g ' &)

1. ' Ci f dye itized solar cell by optimizing fabrication
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APPENDIX A
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Where BM = Measured peak width in radians at half peak height.

BS = Corresponding width of a standard material.

Example: calculation of the Crystal\ i Wia
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Figure A.1 The (101) diffraction peak of titania for calculation of the crystallite size
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APPENDIX B

CALCULATION OF WEIGHT FRACTION OF ANATASE, RUTILE AND
BROOKITE PHASE

The phase content of a sample was determined by XRD which can be
calculated from the integrated intensities at 20 values of 25.32°, 27.44° and 30.88°
corresponded to the anatase, rutile and brookite phase, respectively.

The weight fraction of the phase content can be calculated by (Zhang and Banfield,

2000) as follows:

KaA

W A At ko A
: A
W kAT AT A

T K At ActKs Ag

Where
W, = weight fraction of anatase
W, = weight fraction-of rutile
W, = weight fraction of brookite
A, = the intensity of the anatase peak
Ag = the intensity of the rutile peak
Ag = the intensity of the brookite peak
K, = the coefficients factor of anatase was 0.886

Kg = the coefficients factor of brookite was 2.721
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Example: calculation of the phase content of TiO, sintered 300°C

Where

The inte

The weight fractio > phe : e calculated by (Zhang and Banfield,
2000) as follows: A%
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APPENDIX C

THE ELECTROCHEMICAL PROPERTIES OF DYE-SENSITIZED SOLAR
CELL

The electrochemical properties.of dye-sensitized solar cell with various film

thickness and sintering temperature of TiO,, electrode by 1=V tester.

Table C.1 The electrochemical properties of TiO, electrode calcined at 300°C with

various number of coats

Number of coats Vo | L. Fill Factor Efficiency (%)
(Volt) ‘ (mA/cmZ)
200 0.68 e 0.65 1.23,1.15
300 0.71 3.02 0.67 1.56, 1.32
400 071 3.43 0.69 1.80, 1.56
500 0.72 3.61 0.74 1.96, 1.88

Table C.2 The electrochemical properties of TiO, electrode calcined at 350°C with

various number of coats

Number of coats V.8 L. Fill Factor Efficiency (%)
(Volt) (mA/cmz)
200 0.68 2.68 0.67 1.38, M
300 0.70 3.34 0.70 1.66, 1.62
400 0.71 3.71 0.74 2.02,1.86

500 0.69 4.29 0.79 2.55,2.13




Table C.3 The electrochemical properties of TiO, electrode calcined at 400°C with

various number of coats

Number of coats oo M Fill Factor Efficiency (%)
(Volt) (mA/cmz)
200 0.73 3.51 0.71 1.97,1.67
300 0.76 4.02 0.75 2.36, 2.22
400 0.74 4.44 0.82 2.74,2.64
500 0.72 4.83 0.88 3.09, 3.03

Table C.4 The electrochemical properties of TiO, electrode calcined at 500°C with

various number of coats

Number of coats Voo 3 == Fill Factor Efficiency (%)
(Volt)  (mA/em’)
200 0.71 2.72 0.69 1.43,1.23
300 0.72 3.41 0.73 1.83,1.75
400 0.71 3.92 0.77 2.19, 2.09

500 0.71 4.46 0.82 2166, 2.54




Table C.5 The electrochemical properties of TiO, electrode calcined at 550°C with

various number of coats

Number of coats Ve I Fill Factor Efficiency (%)
(Volt) (mA/Gm’)
200 071 2% 0.68 1.35, 1.27
300 0.72 3.31 0.71 1.72,1.66
400 0.69 38 0.75 2.05, 1.87
500 0.71 4.22 0.79 2.40, 2.34

Table C.6 The electrochemical properties of TiO, electrode calcined at 600°C with

various number of coats

Number of coats \/ £ ‘ s Fill Factor Efficiency (%)
(Volt) 3 (mA/cmz)
200 0.71 Lt 0.68 1.32,1.30
300 0.72 3.22 0.70 1.67,1.57
400 0.68 3.008 0.73 1.87,1.73

500 0.71 3.91 0.78 219,213




Table C.7 The electrochemical properties of TiO, electrode calcined at 350 2h and

300°C 15 min with various number of coats

Number of coats

200
300
400

500

oc

(Volt)

0.78
0.77
0.79

0.76

|SC

(mA/cmz)

3.33
4.01
4.74

4.97

Fill Factor

0.74

0.77

0.82

0.87

Efficiency (%)

1.93, 1.91
2.39, 2.35
3.09, 3.05

3.29, 3.27
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Table C.8 The electrochemical properties of TiO, electrode calcined at 400 2h and

350°C 15 min with various number of coats

Number of coats

200

300
400

500

VOC
(Volt)

0.77

0.79
0.81

0.76

ISC

(mA/cmz)

3.84
4.22
4.59

4.97

Fill Factor

Efficiency (%)

0.74

T/ C

0.85

0.90

2.22,2.14
2.69, 2.43
3.24, 3.08

3.51,3.27
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Table C.9 The electrochemical properties of TiO, electrode calcined at 600 2h and

550°C 15 min with various number of coats

Number of coats ;;; .l;‘ : . Fill Factor Efficiency (%)
1.79, 1.55
2.15,1.95
2.24,2.08
2.67,2.53
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