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ABSTRACT 

INVESTIGATION OF DYE SENSITIZED SOLAR CELLS 

FABRICATED BY SPRAY PYROLYSIS 

GÜLEN, Mahir 

Master of Science, Department of Physics 

Supervisor: Prof. Dr. Ahmet VARİLCİ 

 

June 2012, 77 Pages 

 

In this thesis, we investigated the efficiency and maximum power of the 

dye-sensitized solar cell (DSSC) produced with the aid of spray pyrolysis method 

in the voltage range of 0-0.7 V. The fabrication of the cell contains 3 parts. (I) 

Deposition of Indium Tin Oxide (ITO) thin film on soda lime glass was carried 

out by DC magnetron reactive sputtering technique at 100 watt using an ITO 

ceramic target (In2O3:SnO2, 90:10 wt%) in argon atmosphere at room 

temperature. Then, the ITO film prepared was annealed at different temperature 

and time and the best annealing ambient was observed to be 400 °C for 2 h. The 

film produced was analyzed by means of X–ray diffractometer, ultraviolet visible 
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spectrometer and atomic force microscopy investigations. (II) Titanium dioxide 

film (TiO2) was deposited on the ITO surface of glass soda lime by spray 

pyrolysis method after the best annealing environment was determined for the 

fabrication of the TiO2 thin film. Scanning Electron Microscopy (SEM), X–ray 

diffractometer (XRD), atomic force microscopy (AFM) and ultra-violet 

spectrometer (Uv-Vis) measurements were performed for the TiO2 film 

characterization. (III) Coating of the platinum (Pt) layer on ITO surface of soda 

lime glass was performed by DC magnetron reactive sputtering technique at 100 

watt using a target composed of 90 wt% Pt in argon atmosphere at room 

temperature. This sandwich system was filled by electrolyte liquid called as 

iodide/tri-iodide (


3/ II ) of which the platinum layer was used to be the catalyst 

for the regeneration. Additionally, current-voltage measurement of the DSSC 

prepared was conducted under an illumination of 1kW/m
2
 and active area of 

4cm
2
. The efficiency and maximum power of the cell are determined from Fill 

Factor. The results show that the former was found to be about 5.05 % when the 

maximum power was observed to be about 20.1mW. According to the results 

obtained, the dye-sensitized solar cell might be used as alternative energy source. 

Key words: Dye-Sensitized Solar Cell; Spray Pyrolysis; Efficiency; Maximum 

power; SEM; XRD; Uv-Vis; AFM. 

 

 

 



v 

 

 

 

ÖZET 

SPREY METODU KULLANILARAK ÜRETİLEN BOYA İLE 

HASSASLAŞTIRILMIŞ GÜNEŞ PİLLERİNİN İNCELENMESİ 

GÜLEN, Mahir 

Yüksek Lisans, Fizik Bölümü 

Tez Danışmanı: Prof. Dr. Ahmet VARİLCİ 

 

Haziran 2011, 77 Sayfa 

 

Bu tezde, sprey püskürtme metodu yardımı ile üretilen boyayla 

hassaslaştırılan güneş pilinin verimini ve maksimum gününü 0–0.7 Volt aralığında 

inceledik. Pilin üretimi 3 kısımdan oluşur. (I) DC manyetron duyarlı püskürtme 

tekniği ile 100 vatta ITO seramik (In2O3:SnO2, 90:10 wt%)  hedef kullanılarak 

soda camının üstüne indiyum kalay oksit (ITO) ince filmin kaplanması oda 

sıcaklığında, argon atmosferinde gerçekleştirildi. Sonra, hazırlanan ITO film 

farklı sıcaklık ve sürede tavlandı ve en iyi tavlama ortamının 400 °C de 2 saat 

olarak gözlemlendi. Üretilen film X-ray difraktometre, görünür bölge ve mor ötesi 

spektroskopisi ve atomik kuvvet mikroskobu incelemeleri vasıtasıyla analiz 

edildi. (II) TiO2 film üretimi için en iyi tavlama ortamı belirlendikten sonra, 
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titanyum dioksit film soda camın ITO yüzeyi üzerine sprey püskürtme metodu 

kullanılarak kaplandı. TiO2 film karakterizesi için Taramalı elektron mikroskobu 

(SEM), X–ray difraktometre (XRD), atomik kuvvet mikroskobu (AFM), 

görünür bölge ve mor ötesi spektroskopi (Uv-Vis) ölçümleri yapıldı. (III) Soda 

camının ITO yüzeyi üzerine Platin (Pt) tabaka kaplaması DC püskürtme tekniği 

ile 100 vatta % 90 Pt içeren hedef kullanılarak oda sıcaklığında, argon 

atmosferinde yapıldı. Bu sandviç sistem, iodide/tri-iodide (


3/ II ) adı verilen 

sıvı elektrolit ile dolduruldu. Platin tabaka elektron rejenerasyonu için kataliz 

olarak kullanıldı. Ek olarak, hazırlanan DSSC pilinin akım-voltaj ölçümü 1kW/m
2
 

ışık altında ve 4cm
2
 aktif alanda gerçekleştirildi. Verim ve maksimum güç doluluk 

faktöründen belirlendi. Sonuçlar gösteriyor ki verim % 5.05 civarında bulunurken 

maksimum güç 20.1mW olarak gözlemlendi. Elde edilen sonuçlara göre, boyayla 

hassaslaştırılmış güneş pili alternatif enerji kaynağı olarak kullanılabilir. 

Anahtar Kelimeler: Boyayla Hassaslaştırılan Güneş Pili; Sprey Püskürtme; 

Verim; Maksimum Güç; SEM; XRD; Uv-Vis; AFM. 
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CHAPTER 1 

INTRODUCTION 

1.1 Why Is The Solar Energy Important? 

As the world of economy continues to grow and as industrialization of 

developing countries go on, the need for energy will increase. Economic growth is 

proportional with employable energy sources. Beginning with the surge 

in coal use which accompanied the Industrial Revolution, energy consumption has 

steadily transitioned from wood and biomass to fossil fuels. The primary 

development of solar technologies starting in the 1860s was driven by an 

expectation that coal would soon become scarce. However improvement of solar 

technologies stagnated in the early 20
th

 century in the face of the increment 

availability, economy, and utility of coal and petroleum [1]. The 1973 oil 

embargo and 1979 energy crisis caused a reorganization of energy policies around 

the world and brought renewed attention to improvement solar technologies 

[2,3]. Deployment strategies concentrated on incentive programs such as the 

Federal Photovoltaic Utilization Program in the US and the Sunshine Program in 

Japan. Other efforts involved the formation of research facilities in the US (SERI, 

now NREL), Japan (NEDO), and Germany (Fraunhofer Institute for Solar Energy 

Systems ISE). 

 

http://en.wikipedia.org/wiki/Coal
http://en.wikipedia.org/wiki/Industrial_Revolution
http://en.wikipedia.org/wiki/Fossil_fuel
http://en.wikipedia.org/wiki/Petroleum
http://en.wikipedia.org/wiki/1973_oil_crisis
http://en.wikipedia.org/wiki/1973_oil_crisis
http://en.wikipedia.org/wiki/1979_energy_crisis
http://en.wikipedia.org/wiki/NREL
http://en.wikipedia.org/wiki/New_Energy_and_Industrial_Technology_Development_Organization
http://en.wikipedia.org/wiki/Solar_power_in_Germany
http://en.wikipedia.org/wiki/Fraunhofer_Society
http://en.wikipedia.org/wiki/Fraunhofer_Society
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The traditional obtaining of energy methods as coal, petroleum and gas are 

an important reason of pollution. Moreover, the International Energy Agency said 

that "the development of affordable, inexhaustible and clean solar energy 

technologies will have huge longer term benefits" in 2011. It will surge energy 

security of countries through reliance on an indigenous, inexhaustible and mostly 

import-independent reserve, increase sustainability, decrease pollution, lower the 

costs of mitigating climate change, and keep fossil fuel prices lower than 

otherwise. Moreover, the reality of the consuming of the fossil fuels is known and 

all of developed countries look for other ways of supplying energy in future. The 

general consideration that, the renewable energy source which is more sensitive to 

the environment should be used for energy needs. The solar energy and several 

types of other powers such as wind power, hydroelectric, nuclear power, modern 

biomass power, geothermal power etc. are seen to be major power in future. Due 

to the technological improvements and economic problems, deriving benefit from 

these alternative energy sources which are known new and renewable energy 

source did not come out adequate level. Besides, workings of Ar-Ge continue on 

technologies of the geothermal, photovoltaic and wind power on sea. Whereas the 

storage of thermal energy in underground is to become widespread especially in 

developed countries, in the technology of hydrogen energy is going on 

consistently. Among all the clean energy resources, solar power is the most 

powerful energy resource. 

 

 

 

http://en.wikipedia.org/wiki/International_Energy_Agency
http://en.wikipedia.org/wiki/Sustainability
http://en.wikipedia.org/wiki/Climate_change
http://en.wikipedia.org/wiki/Fossil_fuel
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1.2 Historical Improvement of Solar Cell 

After the photovoltaic effect was noted by Edmund Bequerel, in 1877 the 

photovoltaic effect was defined in more detail by William Adams and Richard 

Day. In 1876, William Adams and Richard Day found that a photocurrent could 

be fabricated in a sample of selenium when contacted by two heated platinum 

contacts. The photovoltaic action of the selenium varied from its photoconductive 

action in that a current was manufactured spontaneously by the action of light and 

no external power supply was needed. In this early the photovoltaic device, a 

recondition junction had been designed between the semiconductor and the metal 

contact. In 1894, Charles Fritts prepared what was probably the first huge area 

solar cell by compressing a layer of selenium between gold and another metal. In 

the following years photovoltaic effects were watched over in copper-copper 

oxide thin film constructions, in lead sulphide and thallium sulphide. These early 

cells were thin film Schottky barrier devices, where a semitransparent layer of 

metal invested on top of the semiconductor satisfied both the asymmetric 

electronic junction, which is required for photovoltaic action and access to the 

junction for the incoming light. The photovoltaic effect of constructions like this 

was relevant to the existence of a barrier to current flow at one of the 

semiconductor-metal interfaces (rectifying action) by Goldman and Brodsky in 

1914. After that, during the 1930s, the theory of metal-semiconductor barrier 

layers was improved by Walter Schottky, Neville Mott and others.  

However, it was not the photovoltaic features of materials like selenium 

which excited researchers, but it was the photoconductivity. The fact that the 

current created was proportional to the intensity of the incoming light and linked 
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to the wavelength in a definite way meant that photoconductive materials were 

ideal for photographic light meters. The photovoltaic effect where in barrier 

constructions was an inserted benefit, meaning that the light meter could operate 

without a power supply.  

It was not till the 1950s, with the improvement of good quality silicon 

wafers for applications in the new solid state electronics, that potentially available 

quantities of power were fabricated by photovoltaic devices in crystalline silicon. 

In the 1950s, the improvement of silicon electronics followed the discovery of a 

way to manufacture p-n junctions in silicon. Naturally n type silicon wafers 

evolved a p type skin when exposed to the gas boron tri-chloride and part of the 

skin could be etched away to give access to the n type layer beneath. These p-n 

junction structures fabricated much better rectifying action than Schottky barriers, 

and better attitude of photovoltaic. The first silicon solar cell was reported by 

Chapin, Fuller and Pearson in 1954 and transformed sunlight with an efficiency of 

6%, six times higher than the best previous attempt. That picture was to rise 

significantly over the following years and periods but, at an estimated production 

cost of some $200 per Watt, these cells were not seriously thought out for power 

production for several years. Nevertheless, the early silicon solar cell did 

introduce the possibility of power production in remote locations where fuel could 

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

required of reliability and low weight made the cost of the cells unimportant and 

during the 1950s and 60s, silicon solar cells were widely improved for 

applications in space. 
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Also in 1954, a cadmium sulphide p-n junction was fabricated with 

efficiency of 6%, and in the following years employments of p-n junction 

photovoltaic devices in gallium arsenide, indium phosphide and cadmium 

telluride were stimulated by theoretical work indicating that these materials would 

deal a higher efficiency. However, silicon remained and remains the primary 

photovoltaic material, profit from the advances of silicon technology for the 

microelectronics industry. Short histories of the solar cell are given elsewhere [4]. 

In the 1970s the crisis in energy source experienced by the oil-dependent 

western world led to a sudden growth of interest in alternative sources of energy, 

and financing for research and improvement in those areas. Photovoltaics were a 

subject of intense attention during this period, and a range of approaches for 

fabricating photovoltaic devices and materials more cheaply and for improving 

device efficiency were explored. Routes to lower cost involved photo 

electrochemical junctions, and alternate materials such as polycrystalline silicon, 

amorphous silicon, other thin films materials and organic conductors. Approaches 

for higher efficiency involved tandem and other multiple band gap designs. 

Although none of these led to widespread commercial improvement, our 

thoughtful of the science of photovoltaic is mainly rooted in this period.  

During the 1990s, domain in photovoltaics expanded, during with growing 

realization of the need to secure sources of electricity alternative to fossil fuels. 

The trend coincides with the widespread liberalization of the electricity markets 

and growing recognition of the viability of decentralized power. Along this 

period, the economics of photovoltaics developed mainly through economies of 

scale. In the late 1990s the photovoltaic fabrication increased at a rate of 15-25% 
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per annum, driving a reduction in cost. Photovoltaics first became competitive in 

bunch where traditional electricity supply is most expensive, for example, for 

remote low power applications such as navigation, telecommunications, and rural 

electrification and for improvement of supply in grid-connected loads at peak use 

[5,6].As prices decline, new markets are opened up. An important illustration is 

building integrated photovoltaic applications, where the price of the photovoltaic 

system is offset by the savings in construction materials.  

1.3 Solar Power 

Solar power is the transformation of sunlight into electricity, either directly 

using photovoltaics (PV), or incidentally using concentrated solar power (CSP). 

For focusing a large area of sunlight into a small beam is used lenses or mirrors 

and tracking systems by CSP. PV is a mechanism that transforms light into 

electrical current using the photoelectric effect without any external energy 

source. The Sun is amazingly powerful in spite of it is150 million kilometers 

away from the earth. Moreover, just the tiny fraction of the Sun's energy that 

arrives at the Earth (around a hundredth of a millionth of a percent) is enough to 

meet all our power needs many times over. As a matter of fact, every minute, 

enough energy hits the Earth to meet our demands for a whole year, if only we 

could harness it appropriately. The Earth obtains 174 petawatts (PW) of incident 

solar radiation (insolation) at the upper atmosphere. Approximately 30% is 

reflected back to space while the rest is absorbed by clouds, oceans and land 

masses. The spectrum of solar light at the Earth's surface is mostly spread across 

the visible and near-infrared intervals with a small part in the near-ultraviolet. The 

total solar energy absorbed by Earth's atmosphere, oceans and land masses is 

http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Photovoltaics
http://en.wikipedia.org/wiki/Concentrated_solar_power
http://en.wikipedia.org/wiki/Photoelectric_effect
http://en.wikipedia.org/wiki/Orders_of_magnitude_(power)#petawatt_.281015_watts.29
http://en.wikipedia.org/wiki/Insolation
http://en.wikipedia.org/wiki/Earth%27s_atmosphere
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Visible_light
http://en.wikipedia.org/wiki/Near-infrared
http://en.wikipedia.org/wiki/Near-ultraviolet
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approximately 3,850,000exajoules (EJ) per year. In 2002, this was more energy in 

one hour than the world employed in one year. Photosynthesis captures nearly 

3,000 EJ per year in biomass. The volume of solar energy reaching the surface of 

the planet is so massive that in one year it is about twice as much as will ever be 

enhanced from all of the Earth's non-renewable resources of coal, oil, natural gas, 

and mined uranium combine. Solar energy can be obtained in different levels 

around the world. Depending on a geographical position the closer to the equator 

the more "potential" solar energy is available. Solar energy, 

radiant light and heat from the sun, has been obtained by humans since ancient 

times using a range of ever-evolving technologies. Solar energy technologies 

involve solar heating, solar thermal electricity, solar architecture and solar 

photovoltaics. Solar technologies are broadly branded as either passive 

solar or active solar depending on the way they capture, transform and distribute 

solar energy. Passive solar techniques include orienting a building to the Sun, 

selecting materials with favorable thermal mass or light dispersing features, and 

designing spaces that naturally circulate air. Active solar techniques contain the 

use of photovoltaic panels and solar thermal collectors to harness the energy. 

1.4 Photovoltaic Cells 

A solar cell, or photovoltaic cell (PV), is a device that transforms light into 

electric current using the photoelectric effect. The photoelectric effect was first 

noted by a French physicist, Edmund Bequerel, in 1839, who found that certain 

materials would generate small amounts of electric current when exposed to light. 

Some materials expose a property known as the photoelectric effect that causes 

http://en.wikipedia.org/wiki/Joule#Multiples
http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Sun
http://en.wikipedia.org/wiki/Ancient_history
http://en.wikipedia.org/wiki/Ancient_history
http://en.wikipedia.org/wiki/Solar_heating
http://en.wikipedia.org/wiki/Solar_thermal_electricity
http://en.wikipedia.org/wiki/Solar_architecture
http://en.wikipedia.org/wiki/Solar_photovoltaics
http://en.wikipedia.org/wiki/Solar_photovoltaics
http://en.wikipedia.org/wiki/Passive_solar
http://en.wikipedia.org/wiki/Passive_solar
http://en.wikipedia.org/wiki/Active_solar
http://en.wikipedia.org/wiki/Thermal_mass
http://en.wikipedia.org/wiki/Ventilation_(architecture)
http://en.wikipedia.org/wiki/Solar_thermal_energy
http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Photoelectric_effect
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them to absorb photons of light and release electrons. When these free electrons 

are captured, results of an electric current that can be used as electricity. 

1.4.1 How Does The Photovoltaic Cell Work? 

 

PV cells transform sunlight directly into electricity without creating any air 

or water pollution. As shown in figure 1.1, PV cells are made of at least two 

layers of semiconductor material. One layer has a positive charge, the other 

negative. When light enters the cell, some of the photons from the light are 

absorbed by the semiconductor atoms, freeing electrons from the cell’s negative 

layer to flow through an external circuit and back into the positive layer. This 

flow of electrons produces electric current. 

 

 

Figure 1. 1: Construction of basic solar cell 
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CHAPTER 2 

SOLAR CELLS 

2.1 Single Crystal and Poly Cristal Structure of Silicon Solar Cells 

What is the difference between single crystalline and poly crystalline solar 

cells? The difference between single crystalline and polycrystalline cells is simply 

that one is fabricated from a single crystal of silicon and the other is fabricated 

from a piece of silicon including of several crystals. Since polycrystalline cells 

include many crystals, they have a less perfect surface than single crystalline 

cells.  This means that they absorb slightly less solar energy and obtain slightly 

less electricity per square meter. On the other hand, the method of fabricating the 

silicon for a polycrystalline cell is much simpler, so these cells are commonly 

cheaper per square meter. 

On balance, the cost of single crystalline and polycrystalline based panels 

per Watt of power output works out about the same, but the polycrystalline panels 

will be slightly greater than equivalent single crystalline panels.  This is 

commonly not a problem unless you have a very limited area available for the 

installation, in which case you will want to maximize the power output per square 

meter. 

Single crystalline and polycrystalline can also look different.  Single 

crystalline cells will usually have a perfectly uniform appearance, but 
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polycrystalline cells will appear “grainy” think of how a granite worktop looks 

and you’ll get the idea.  From a distance this will not be noticeable, so if they are 

going on your roof this is unlikely to worry you. 

2.1.1 Operation of Crystalline Silicon Cells 

The typical silicon solar cell is built on a semiconductor p-n junction. The 

cell contains of n-doped and p-doped semiconductor layers. When the two layers 

are located in contact with each other the p-n junction is formed by the charge 

transporters from n-type and p-type layers separately [7]. Figures 2.1 and 2.2 

represent the effect of doping on the system. n-type semiconductors are obtained 

by doping such as arsenic or phosphorus atoms having an excess valence electron 

in contact with silicon. The n-type doping occurs in energy states just below the 

conduction band of the host semiconductor. 

 

 

Figure 2. 1: n-type semiconductor 
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p-type semiconductors are generally carried out by adding impurity 

(doping). For example; the silicon with boron, aluminum or gallium atoms 

obtaining one valence electron less than the enveloping atoms can be used. p-type 

doping occurs in empty aspect with energy subtly above the valence band (VB) of 

the semiconductor. 

 

Figure 2. 2:p-type semiconductor 

 

When the n-type and p-type semiconductors are combined together, a 

migration of electrons and holes across the junction happen until equilibrium is 

reached. This phenomenon is called as the equalization of the Fermi Energy level 

in the materials. This process constructs a depletion region (represented in fig. 

2.3) near the junction where there are almost no free charges. A potential 

difference (electric field) stems from the depletion region. 

Under illumination of the pn-junction, photons are absorbed by excitation 

of electrons from the valence band to the conduction band exit holes to the 

valence band. The electrons and holes are more or fewer free to migrate in the 
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semiconductor by drift due to potential gradients and by diffusion due to 

concentration gradients due to the high crystallinity of the semiconductor, which 

is vital for fine operation. The existence of the resident electric field in the pn 

junction zone is the source of photovoltaic activity in the cell. Under illumination, 

a large number of electrons and holes are created in the semiconductor material. 

Sectional charge carriers created in the depletion region of the pn-junction, or 

within their diffusion length from it, are removed to the opposite side of the 

junction by the resident electric field of the junction. Under illumination, electrons 

are hence accumulated in the n-type material and holes in the p-type material, 

producing voltage between the opposite sides of the pn-combination and  

electrical contacts attached to them, as well as current through an external load 

attached between the contacts [11]. 

 

Figure 2. 3: Diagram of a crystalline solar cell 
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2.1.2 Charge Equilibrium 

If both the electrons and holes arrive near to the junction, the electrons 

diffuse to the p-type region; similarly the holes diffuse to the n-type region and 

the cell hits to the charge equilibrium. This process deviates the ionized donors 

(acceptors) behind, generating a region around the junction, which is depleted of 

mobile transformers. This zone is called depletion zone and it extends from X = -

Xp to X = Xn. The charge due to the ionized donors and acceptors generates an 

electric field, which in turn causes a drift of transformers in the opposite direction. 

The diffusion of transformers goes on until the drift current (Idrift) equate the 

diffusion current (Idiff), attaining thus charge equilibrium as expressed by a 

constant Fermi energy. This occurrence is displayed in Figure 2.4. 

 

Figure 2. 4: Energy band gap of p-n junction in charge equilibrium 
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As shown in fig. 2.4 an internal potential (qΦi) is obtained by the 

difference between the n-type and p-type semiconductors. The potential across the 

depletion zone is resident internal potential in a semiconductor which is tended 

between -Xp and Xn. The following relation can be used to calculate the internal 

potential (qΦi) [8]. 

2
ln

i

ad
fi

n

NN
V                                                                                   2.1.2 

Where,  

Na : density of acceptor in the p-type zone per cm
3
 

Nd : Amount of donors in the n-type zone per cm
3
 

ni
2
 : Amount of positive or negative charge transformers per cm

3
 

Vf : kbT/q (in volts) 

kb : Bolzmann’s constant 1.38 x 10
-23

 JK
-1

 

kbT : Kinetic energy (in eV) 

q : an electron charge is 1.602x10
-19

 C 

2.2 Dye Sensitized Solar Cell 

The photoelectrode is a porous oxide semiconductor coated on conductive 

substrate. The conductive substrate is usually a soda lime glass deposited by thin 

layer of transparent oxide semiconductor, in general florin doped tin oxide (FTO) or 

indium tin oxide. After that, the produced film is sensitized bye oxidized dye and 

this sensitized film is called working electrode. On the other hand, A Platinum 
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film is deposited on ITO coated soda lime glass and this produced film is called 

counter electrode. The Pt film is necessary onto ITO because it increases charge 

transfer kinetics between ITO and 


3/ II redox couple. It is known that the redox 

couple oxidation-reduction reaction is irreversible at bare ITO. The dye sensitized 

solar cell (DSSC) is fabricated by means of sandwiching the working electrode 

and counter electrode to each other, and filling the porous of TiO2 layers by hole 

conductor. The schematic diagram of dye sensitized solar cell is shown in Figure 

2.5. 

 

Figure 2. 5: Building of dye sensitized nanocrystalline TiO2 solar cell 

At the liquid cell, the hole conductors are obtained by redox system which 

are iodide and tri-iodide (


3/ II ) couple in organic solvent. In addition to TiO2 

other semiconductor materials such as ZnO, SnO2, and Nb2O5 have been 

investigated as alternatives but the TiO2 gave the best result so far in terms of 

efficiency. The oxide semiconductor TiO2 as an electrode is ideal for the optical 

application because of its large band gap and absorbance at wavelengths below 
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400 nm. Therefore, the main part of the solar spectrum is available for absorption 

by the dye molecules. 

2.3 Working Principle of Dye Sensitized Solar Cell 

The operating principle of the dye sensitized solar cell (DSSC)is depicted 

in Figure 2.6 schematically. At the main of the system is a mesoporous oxide 

semiconductor composed of nano-sized particles which is sintered together to 

allow for electronic conduction to carry out. In general, the TiO2 oxide 

semiconductor is used in the DSSCs while, the ZnO and Nb2O5 oxide 

semiconductors which have wide energy band gap can be studied alternatively. 

The charge transmission dye is deposited to the surface of the 

nanocrystalline film (TiO2). The working principle of dye sensitized solar cell 

involves three main processes. First process is the light absorption which happens 

in dye molecules. Second process is the charge separation by the electron 

injection from dye molecules to the conduction band of TiO2 this step occurs at 

the interface of TiO2 layer-electrolyte. Third process is the charge recombination. 

After the charge separation, the electrons flow through to the external load and 

they arrive to the counter electrode. The original form of the dye is immediately 

restored by electron donation from the electrolyte which is an organic solvent 

composed redox system, for instance the iodide/tri-iodide (


3/ II ) couple. The 

regeneration of the sensitizer (S) by iodide (
I ) intercepts the recapture of the 

conduction band electron by the oxidized dye. The iodide is regenerated in turn by 

the reduction of tri-iodide (


3I ) at the counter electrode the circuit being 

accomplished via electron travelling through the external load. As a result, the 
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DSSC cell produces a photo-current from light without suffering any perpetual 

chemical transformation. It should be repeated the redox reaction several times to 

achieve a continuous current on dye sensitized solar cells consistently. It was 

measured that the Ru(dcbpy)2(NCS)2 based TiO2 solar cell performs 10
7
 cycles 

without lowering performance in studies of Grätzel and his group [9]. 

 

 

Figure 2. 6: Building of dye sensitized nanocrystalline TiO2 solar cell 
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The formation of redox reactions in DSSC are given as above,  

S + hυ → S*                     Absorption                                                  (2.3.1) 

S* → ecb + S
+                              

Injection of electron                                  (2.3.2) 

S
+
 + A

-
→ S + A                Regeneration                                              (2.3.3) 

A + e
-
→ A

-                                                                                 
                                     (2.3.4) 

The maximum photo-voltage of DSSC can be obtained from Gibbs Free 

Energy differences between the psö-fermi level under radiation of TiO2 and the 

redox potential of electrolyte. 

2.3.1 Load Circuit Voltage 

Throughout photo excitation of the dye molecules which is traditionally an 

organometallic sensitizer compound based on ruthenium (S), the electrons inject 

into the conduction band (CB) of the oxide semiconductor film (TiO2). The 

absorption of the light occurs about a 720 nm for most dyes which are used in 

DSSCs. The electrons stream through the oxide semiconductor and they leave at 

the working electrode (it is explained in section 3.2) contact then they flow 

through an applied external load, after that the electrons react with the adsorbed 

oxidized half of the redox couple (iodide/tri-iodide) where between the interface 

of counter electrode-electrolyte. However, the electrons which are injected to the 

conduction band of the oxide semiconductor can undergo annoying surface 

recombination with either the oxidized half of the redox couple in solution or with 

the oxidized dye molecules. The high concentration of 
I  ions that are present in 
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the cells, results in the fact that recombination of injected electrons with the dye 

molecules can be neglected [10].  

According to the reactions (detailed in section 2.3) in DSSC,  the incoming 

photon is absorbed by the dye molecules which are adsorbed on the 

nanocrystalline TiO2 particles and then an electron from a molecular ground state 

(S) is excited to a higher lying excited state (S*). The excited electrons are 

injected into the conduction band of the TiO2 nanocrystalline film resulting in 

changing the ruthenium in the dye molecule in an oxidized state. 

 The injected electrons stream from conduction band of mesoporous TiO2 

film to the conductive layer of the soda lime glass (anode). Then, the electron 

flows through an external load back to the counter electrode (cathode). After that, 

the electron where in the counter electrode is transferred to the tri-iodide (


3I ) to 

obtain iodide, and the cycle is looped by reduction of the oxidized dye and the 

iodide (
I ) which is then formed back to the tri-iodide (



3I ) in the electrolyte. If 

the electrons can reach from the anode to the tri-iodide, the recombination which 

composed tri-iodide can occur at the interface of the oxide semiconductor-

electrolyte [12,13]. A potential difference between the working electrode and the 

counter electrode is obtained due to the energy levels in the mechanism (see fig. 

2.6). The Platinum (Pt) which is on the counter electrode behaves as a catalyst for 

the regeneration of the electrolyte. In addition, the maximum theoretical value for 

the photo-voltage can be determined by the potential difference between the 

conduction band of the TiO2 and the redox potential of iodide-triiodide couple at 

load circuit condition [14]. As a result, there is no consuming of chemical matters 
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and no obtaining any chemical substances due to the working principle of the 

DSSC is in nature. In the abstract, the DSSC should be able to last forever. 

2.3.2 Light Absorption 

While the high efficiency of the dye sensitized solar cell arises from a 

collective effect of numerous well-tuned physical-chemical nanoscale features as 

will become apparent later, the key issue is the principle of dye sensitization of 

large band gap semiconductor electrodes. Moreover, in the DSSC this is over 

came by coating the internal surfaces of the porous TiO2 electrode with essential 

dye molecules adjusted to absorb the incoming photons. The less absorption 

capacity of the dye became one of the challenges throughout the early 

improvement of the DSSC. The incident light is absorbed by the dye which on the 

layer of oxide semiconductors was less than 1%. When more dye layers are coated 

on the layer of the oxide semiconductors (TiO2), not all the dye layers in 

interaction with the layer of TiO2, therefore, the efficiency of DSSC was not reach 

to desirable levels. A nanoporous layer of TiO2 with a surface area of nearly 

300m
2
/g (previously 10m

2
/g) was improved to accomplish this problem [15]. 

The efficiency of the dye sensitized solar cell depends on a cooperative 

effect of numerous physical and chemical nanoscale features. The main subject is 

the process of dye sensitization of the oxide semiconductor electrodes which have 

wide band gap. This problem is succeeded by deposition the inner TiO2 electrode 

with dye molecules that can absorb the incoming photons. 
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2.3.3 Charge Recombination 

The probability of direct recombination between the oxidized dyes and 

TiO2 electrons may be a significant progression that limits the performance of 

photo-electrochemical cells [12]. It is calculated that the dynamics of charge 

recombination where between the oxidized dye and electrons of the TiO2 are 

faster than re-reduction of the oxidized dye by I  ions. This phenomenon would 

assert that for cell output voltages are larger than 0.6 V so, the direct 

recombination between the oxidized dye and the inner electrons of TiO2 can result 

an important loss of photo-current. As a result of the redox potential of the redox 

couple (


3/ II ) is nearly 0.2 V, the cell output voltage becomes 0.6 V that 

corresponds to a Fermi level of the TiO2 electrode is -0.4 V. The recent models of 

the electrical performance of photo-electrochemical solar cells supposes that the 

recombination pathway is negligible and attributed to the loss of current at high 

output voltages merely to regeneration between the 


3I  ions and electrons of 

oxide semiconductor TiO2 [12]. 

The charge recombination at the interface of nanocrystalline structure-

redox electrolyte is anticipated to play an important role in lowering the photo-

voltage [16]. There are two similar recombination pathways happening at the 

interface of nanocrystalline structure-redox electrolyte. The injected electrons 

from dye molecule to conduction band of TiO2 may recombine with oxidized dye 

molecules or react with the redox species in the electrolyte. The contribution of 

the energy loss to the recombination current can generally be neglected due to the 

rapid rate of reduction of the dye molecules by the 
I  ions which are existent at 

high concentration [17]. The iodide does not contribute to the diffusion impedance 
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due to the large excess of iodide relative to tri-iodide, and the diffusion constants 

of iodide and tri-iodide being of the same value [18,19].  

2.3.4 Electron Flowing and Lifetime 

The recombination of electrons which are in the conduction band of TiO2 

with the holes in the electrolyte such that


3I , is the most important loss system in 

the DSSC. The electron carriage by diffusion in the nanocrystalline TiO2 and their 

recombination with the electrolyte are the two rival processes in the DSSC [20]. 

Figure 2.7 depicts the reaction paths at the TiO2 interfaces.  

 

Figure 2. 7: Reaction paths at the TiO2 interfaces in a DSSC 

 

The reaction paths at the TiO2 where following k values are characterized 

as below; 

k1, for the trapping of the TiO2conduction band electrons (k1 is about 10
3
 times 

faster than k2) [21]. 

k2, for the detrapping of the electrons; 
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k3, for the recombination of TiO2 conduction band electrons; 

k4, for the recombination of trapped electrons. 

Intensity modulated photo-voltage spectroscopy (IMVS) measurements 

exhibit that the rate of reverse reaction of photo injected electrons with 


3I  is 

second order in total electron concentration [21, 22]. This phenomenon is in 

correspondence with possible back reaction mechanisms of the electrons where in 

the nanocrystalline TiO2 layer with the electrolyte, i.e. tri-iodide [16]. In addition, 

[16] used the second order back reaction both for the conduction band electrons 

and for the trapped electrons. The trapped electrons are on the TiO2 layer just 

below the conduction band of the nanocrystalline TiO2 and they are not available 

for reaction or migration. The trapping process is about 10
3
 times faster than 

detrapping process therefore, almost all photo injected electrons are placed in trap 

or surface states rather than in the conduction band of TiO2 [21]. Thereby, the 

recombination of conduction band electrons with the electrolyte (k3 n
2
) can be 

omitted in comparison to the recombination of trapped electrons (k4 N
2
), n and N 

denote the excess electron densities in the conduction band of TiO2 and the trap 

states, respectively. A recombination of electrons in the TiO2 layer with the 

oxidized dye under load-circuit situations is also negligible [12]. This 

recombination specimen permits for the description of effective transference 

parameters [27]. The effective lifetime of the electrons and the diffusion constant 

are determined by equation 2.7.1. 

402

1

kN
eff     ,    

1

2

k

k
DDeff                                                              2.7.1 
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Where, 

N0 denotes  the steady-state electron density in trap states. 

Deff denotes the effective electron diffusion constant in conduction band of the 

TiO2 (m
2
 s

-1
). 

D is the electron diffusion constant in the bulk TiO2 (m
2
 s

-1
).  

τeff refers the effective lifetime of the electrons. 

 The rate constants for charge injection into the conduction band of TiO2 

and the iodide reduction are at least 109 times higher than the rate constants for 

excited and oxidized state degradation [23]. The sensitizer should be able to 

undergo about one billion cycles without substantial degradation to be suitable as 

a dye for the lifetime of a cell. Several studies carried out regarding the stability of 

the dye, the electrolyte, the redox couple, and the sealing of solar cells. The 

Ru(dcbpy)2(NCS)2 dye has been validated for a commercial application. 

Moreover, light soaking experiments on photovoltaic devices have demonstrated 

the long period stability of Ru(dcbpy)2(NCS)2 dye at different temperatures. The 

liquid electrolyte can be encapsulated for several years under thermal cycling with 

the suitable sealing material inert to tri-iodide chemically [26]. 

On the other hand, the rate constant for electron injection from the excited 

state to the conduction band of the TiO2 particles is in term of femtosecond (100 

fs). The Ru(dcbpy)2(NCS)2  dye  can undergo photo-induced loss or exchange of 

the thiocyanate ligand much lower than 105s
-1

 [24]. 
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As well as the electron travelling in the TiO2 electrode and the electron 

back reaction with the redox electrolyte is strongly influenced by trapping and 

detrapping effects thereby, this phenomenon is indicated by the very low values of 

the diffusion coefficient (10
-4

cm
2
s

-1
). The electron migration and back reaction are 

defined in terms of the electron diffusion length Ln = (Dnτn)
1/2

, where Dn denotes 

the electron diffusion coefficient and τn denotes the electron lifetime [21]. 

In addition, the main factors limiting of the electron flowing are 

interparticle electron hopping and intraparticle ohmic resistance [25]. 

2.4 Dyes 

There are different types of dye for use in construction of dye sensitized 

solar cell. So far, known dyes are polypyridyles [27], porfyrins [28,29], 

phatalosiyanins [30], coumarins [31,32], indolins, conjugated polymers, perylens 

[33]. However, rutenium polypyridyl complexes have been given the best 

performance so far. When the nanocrystalline TiO2 dye sensitized solar cells were 

brought up in 1991, the dye which is Ru(dcbpy)2(NCS)2 and its derivatives 

became focus point. The Ru(dcbpy)2(NCS)2 dye is also known as black dye or N3. 

Even though ruthenium polypyridyle dyes have the most highly efficient, they are 

not ideal dyes. They have some disadvantages such as, its synthesis is difficult, it 

is expensive, its molar absorption coefficient is low and it is carrying out 

absorption in narrow range of sun’s spectrum. The dye which is adsorbed on the 

nanocrystal grains of TiO2 must have basic properties to provide transformation of 

high light energy to electrical energy. The properties of the dye can be ordered as 

below. 
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 Absorption: The dye should perform absorption in range of visible region 

(400-700 nm). In this case, the dye has a band gap 1,35 eV. 

 Energy Values: Excited state energy of the dye must be slightly above of 

conduction band of TiO2 and the energy difference must be sufficient to 

allow the transformation of electrons. So the losses of energy are reduced 

and the photo-voltage is kept as possible highest degree. In addition, the 

ground state energy level of the dye must be slightly below of redox 

potential of electrolyte. 

 Stability: The dye which is adsorbed on surface of TiO2 must be stable a 

long time (about 20 years) at working conditions (interface of 

semiconductor-electrolyte). 

 Features of Interface: It must be perform a strongly adsorption on surface 

of used semiconductor. 

 Application Properties: The dyes must have a high solubility and they 

must contain binding group to hold on to surface of semiconductor. 

The adsorption of the dye to the semiconductor surface generally takes 

place via special anchoring groups attached to the dye molecule. These are thefour 

carboxylic groups (COOH) at the end of the pyridyl rings in the N3 dye. The 

COOH groups form a bond with the TiO2 surface by donating a proton to the TiO2 

lattice [34]. The area occupied by one N3 molecule at the TiO2 surface at full 

monolayer coverage is 1.65 nm
2
 [34]. The efficient spectral sensitization in the 

DSSC is made apparent in Figure 2.8, where the spectral response curves, i.e. the 

photon to current efficiency curves, for cells sensitized with different dyes is 

compared with a bare TiO2 electrode. The definite sensitization effect can be seen 

in Figure 2.6 as a shift of the incident photon to current efficiency (IPCE) curve of 
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the bare TiO2 to the higher wavelengths when deposited with the N3 dye. The 

current efficiency of the cell is related to the 'height' of the IPCE curve, which 

depends on the charge separation and charge collection efficiencies. The IPCE 

curves in Figure 2.8 are not corrected for the optical losses in the soda lime glass, 

which only makes the obtained peak IPCE values more important. 

 

 

Figure 2. 8: Spectral response (IPCE) of dye-sensitized solar cell for different 

dyes compared with the spectral response of bare TiO2 electrode and the ideal 

IPCE curve for a single band gap. Image from http://dcwww.epfl.ch/icp/ICP-

2/solarcellE.html. 

 

2.4.1 Molecular Structure of Dyes in DSSCs 

There are four main type dyes for sensitization of the solar cells. 

Derivatives of perilendiimid (PDI), perilenmonoanhidrit (PMA) and perylene-

monoimide (PMI) can be named organic dyes. On the other hand, complexes of 

ruthenium bipyridine are defined as organometallic dyes. The molecular structure 

of dyes is shown in Figure 2.9. 

http://dcwww.epfl.ch/icp/ICP-2/solarcellE.html
http://dcwww.epfl.ch/icp/ICP-2/solarcellE.html
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       Perilendiimid (PDI)                                    Perilenmonoanhidrid (PMA)             

 

                       

 perylene-monoimide (PMI)                                   Ruthenium bipyridine       

Figure 2. 9:Molecular structures of dyes in DSSC 

 

2.5 Nano-crystalline Electrodes 

2.5.1 Oxide Semiconductors 

Oxide semiconductors are preferred in electrochemistry because they have 

stability against to photo-corrosion in situation of their exciting band gap. Oxide 

semiconductors which have large band gap (Eg > 3) should be used for providing 

transparency in visible region of the oxide semiconductor in the fabrication of dye 

sensitized solar cells. Some oxide semiconductors are used in production of 

nanocrystalline dye sensitized solar cells outside of TiO2 as ZnO, SnO2, CdS, 

CdSe, WO3, Fe2O3, Nb2O5, Ta2O5 however, the TiO2 continuous to be most 

popular semiconductor. 
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2.5.2 TiO2 Semiconductor 

Titanium dioxide or titania (TiO2) film is one of the most widely studied 

transition-metal oxides. During the past few decades, the TiO2 films have 

attracted great attention for their potential applications in physical, optical, 

electrical, photocatalytic and electronic fields [35–45]. A variety of techniques 

such as chemical spray pyrolysis [46], chemical vapor deposition [45, 46], sol–gel 

[49], sputtering [40, 50], and electron-beam evaporation [51, 52] have been used 

to prepare high quality TiO2 thin films. The conventional spray pyrolysis 

methods, among others, are the most preferred technique owing to the 

reproducible deposition of the films accomplished quite easily compared to the 

other methods. 

The TiO2 film exhibits three distinct polymorphs: the rutile phase 

tetragonal, the anatase phase tetragonal and the brookite phase orthorhombic. 

Among these phases, although the rutile structure is the most common in nature, 

the anatase structure is usually used as photocatalyst because of the large optical 

band gap energy, about 3.2eV, related to an indirect band to band electronic 

transition [53, 54]. As well-known less electron–hole recombination is observed 

in indirect band gap materials, leading to the use of the anatase structure as wide 

band gap semiconductor, specifically for the charge separation in dye-sensitized 

solar cell [54, 55]. Nevertheless, the large band gap limits the photocatalytic 

efficiency of the TiO2 film under sunlight irradiation due to the use of only 2–3% 

of the UV light in the total solar spectrum for water splitting. Several methods 

such as the chemical doping (metals, rare elements, nitrogen or iron), and the 

change of annealing conditions and sputtering parameters have therefore been 
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studied to increase both the photocatalytic efficiency of the TiO2 structures [56, 

57] and the surface area and the surface hydrophilicity [58]. The required surface 

area and hydrophilicity properties of the TiO2 film are obtained from the small 

grain/particles size in anatase structure, resulting in a not only more efficient light 

and water absorption but higher photoefficiency and photocatalytic activity [59], 

as well.  

2.5.3 Indium Tin Oxide (ITO) 

Since the discovery of the transparent conducting oxide (TCO) films, 

researchers have endeavored to develop their electrical, optical and 

microstructural properties to make them suitable for the advanced technological 

devices such as solar cells, light emitting diodes, photodiodes, photo- catalysts, 

optical memories, flat panel displays, gas sensors, energy efficient windows, 

storage-type cathode ray tubes, surface layers in electroluminescent applications 

[60–68]. Indium tin oxide (ITO) films are the most promising materials for the 

potential technological and industrial applications including solar cell, liquid 

crystal displays and photo-detectors, etc. [69–72] because of the higher optical 

transparency, lower resistivity, chemical stability, excellent  adhesion and etching 

properties compared to other transparent and conducting oxide films such as TiO2, 

SnO2 or ZnO [73-77]. As well known, the ITO material behaves as an insulator in 

its stoichiometric form while the material is a conductor in the non-stoichiometric 

form with a wide direct optical band gap of 3.6 eV [78], resulting from the 

formation of a conducting carrier-oxygen vacancies with the addition of a dopant 

tetravalent cation Sn
+4

 to the matrix In2O3. Thus, the oxygen vacancies acting as 

doubly- ionized donors contribute maximum two electrons to the electrical 
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conductivity in the sample [79]. As a result, the conductivity of the ITO sample 

changes. The preparation conditions such as the operational procedures, annealing 

ambient (time, temperature atmosphere and pressure), composition, type and 

quantity of the dopant and heat treatment method also affect the level of the 

conducting carrier concentration and oxygen vacancies. In particular, the 

annealing ambient plays a very significant role on the fabrication of the high 

quality ITO films. It is argued that the crystallinity of the ITO thin films improves 

with the post-deposition annealing temperature because of the decrement in the 

structural defects [80–83]. In other words, the variation of the optical and 

electrical characteristics for the ITO thin film studied stems from the changes in 

the local ordering of the material during crystallization and the oxygen vacancy 

creation [75]. In order to prepare high quality ITO film, several deposition 

techniques such as thermal evaporation, chemical vapor deposition, electron beam 

evaporation, sol–gel, spray pyrolysis, pulsed laser deposition and magnetron 

sputtering have been experienced for years [84–88]. The conventional sputtering 

methods, among others, are the most preferred technique due to the reproducible 

deposition of the films accomplished quite easily compared to the other methods 

[89]. 
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CHAPTER 3 

EXPERIMENTAL DETAILS 

3.1 Coating of Conducting ITO Layer by DC Sputter Magnetron 

Deposition of the ITO thin films on soda lime glass was carried out by DC 

magnetron sputtering system as shown in Figure 3.2 (NSC–3000 DC Sputter 

Machine) using an oxide ceramic target composed of 90wt% In2O3 and 10wt% 

SnO2. Prior to the film deposition process, all the substrates were ultrasonically 

cleaned by acetone, degreased in a dilute detergent solution, rinsed thoroughly 

with deionized water and blown dry in nitrogen flow. In addition, the active area 

of substrates was 1.5x2.5cm. ITO disk (99.99 % pure) with a 50 mm in diameter 

and a 4 mm in thickness was used as sputtering target. The substrates were 

vertically placed onto the substrate holder and the distance between them was 

adjusted to be about 60 mm. The chamber was evacuated down to a pressure 

lower than 10
-6 

Torr and the sputtering process was performed in 99.999 % pure 

argon (30sscm for sputtering gas) at a DC power of 100 W. During the deposition, 

the substrates were kept at room temperature for 10 min. The ITO films removed 

from the sputtering system were exposed to the calcination process at different 

temperature and time in the tube furnace (Protherm- 121 Model PTF12/75/200) as 

shown in Figure 3.1. The best annealing ambient for the fabrication was 

determined to be 400 °C for 2 h.  
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Figure 3. 1: Image of furnace 

 

 

Figure 3. 2: Image of DC Sputter 
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3.2 Preparation of TiO2 Film by Spray Pyrolysis 

Titanium dioxide films were deposited on the ITO surface of soda lime 

glass (defined in section 3.1) by spray pyrolysis method. Firstly, the solution of 

Titania (TiO2) was prepared by this way: 5.76 mL titanium (IV) isopropoxide was 

solved in 90.26 mL ethanol. Then, a few drops of acetonic acid was added to the 

solution and the solution lasted in dark media for 30 min. thus, the solution is 

ready for coating on the ITO surface of soda lime glass. Then, several 

experiments were carried out to determine the best annealing environment for the 

fabrication of the TiO2 thin film on the ITO surface. 

 

Figure 3. 3: Schematic diagram of spray pyrolysis system 

The schematic diagram of spray pyrolysis system is shown in Figure 3.3. 

The ITO substrate was placed on the substrate holder. Then the heater was set to 
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450 
0
C (the best annealing temperature) by the temperature controller, and the 

solution prepared was transferred to the solution tank. Second, the air pump was 

set to 1.5 atmosphere pressure by the pressure controller valve. After that, the 

motor which has 4 rotations per minute was turned on and the spray apparatus was 

aligned over the substrates by the distance of nearly 8 cm. The coating process 

was finished for half an hour. After coating process, the sample prepared was 

cooled at room temperature. The coated TiO2 on ITO surface of soda lime glass is 

called working electrode. 

 Preparation the Solution of cisBis(isothiocyanato)bis(2,2’bipyridyl4,4’-

dicarboxylato)ruthenium(ıı) Dye 

In this work, molecular mass of the dye is 705.64 g and 40mL solution was 

prepared. The mass of dye is calculated by relations as given below; 

V

n
M 

      ,       aM

m
n                                                                        3.2.1 

where, M denotes molarity, n is mole, V represents volume, m shows mass of dye 

and Ma is molecular mass of the dye. For 40 mL solution, 8.468 milligrams of dye 

was solved in 40 mL ethanol, and thus 3x10
-4

 M solution was obtained. In 

addition, the molecular structure of cisBis(isothiocyanato)bis(2,2’bipyridyl4,4’-

dicarboxylato)ruthenium(ıı) dye is shown in Figure 3.4. 
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Figure 3. 4: Molecular structure of cisBis(isothiocyanato)bis(2,2’bipyridyl4,4’-

dicarboxylato)ruthenium(ıı) dye 

 

 Preparation of 50 mM tri-iodide in acetonitrile (electrolyte 


3/ II ) 

2 g of potassium iodide and 1.3 g of I2 were added into 100mL beaker. 

Then a few mL of acetonitrile was added and swirled for a few minutes until 

iodine was dissolved. After that, the iodine solution was transferred to a 100 mL 

volumetric flask and the solution was completed to the 100 mL mark with 

acetonitrile. In solution, the iodine will bind with iodide to obtain a tri-iodide in an 

equilibrium reaction with an equilibrium constant for formation, K1: 

I2 + 
I = 



3I K1 

When the iodine concentration is high, polyiodide species such as


5I , 


7I , 

and 


9I may also be occurred, but actually, only tri-iodide appears to be of 

importance in DSSC electrolytes. Because K1 is high in the organic solvents 

typically used for electrolytes in DSSCs and the iodide concentration is high, the 

concentration of free iodine will be very low. 
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3.3 Preparation of Platinum Film 

Coating of the Pt thin film on the surface of ITO soda lime glass was 

conducted by DC magnetron sputtering system (NSC–3000 DC Sputter Machine) 

using target composed of 90 wt% Pt. Prior to the film deposition process, all the 

substrates were ultrasonically cleaned by acetone, degreased in a dilute detergent 

solution, rinsed thoroughly with deionized water and blown dry in nitrogen flow. 

Moreover, platinum disk (99.99 % pure) with a 50 mm in diameter and a 4 mm in 

thickness was used as sputtering target. The substrate was vertically placed onto 

the substrate holder to obtain homogeneous distribution and the distance between 

them was about 60 mm. The chamber was evacuated down to a pressure lower 

than 10
-6 

Torr and the sputtering process was performed in 99.999 % pure argon 

(30sscm for sputtering gas) at a DC power of 75 W. During the deposition, the 

substrate was kept at room temperature for 4 min. The coated this thin film is 

called counter electrode. 
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3.4 Fabrication of Dye-Sensitized Solar Cell 

In this study, the dye-sensitized solar cell was fabricated by the following 

steps; 

 

Figure 3. 5: Schematic diagram of fabrication of DSSC 

As shown from Figure 3.5, after the ITO film was coated on surface of 

soda lime glass, the prepared solution of TiO2 was sprayed on ITO surface of soda 

lime glass by spray pyrolysis method. Then, the film obtained was sensitized by 

waiting for 12 hours in the dye prepared in section 3.2. After the waiting process, 

the film was taken from the dye and washed with ethanol. This sensitized film is 

called working electrode. On the other hand, Pt film, coated on soda lime glass 

substrate by DC sputtering method, is called as the counter electrode. A small 
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hole was drilled into the counter electrode to fill the electrolyte. After that, the 

working electrode and counter electrode were sandwiched to each other as shown 

in Figure 3.6. Finally, the electrolyte was filled from the drilled hole into the cell 

and the hole was sealed. As a result, the fabricated cell (Figure 3.5) is ready for 

measurements. 

 

 

Figure 3. 6: Image of the fabricated DSSC 

3.5 XRD  and UV-VIS Measurements 

The crystal structures of the ITO and TiO2 films studied were 

characterized by means of a Rigaku Multiflex XRD with CuKα radiation 

(λ=1.5418 Å) in the range 2θ=20–60° at a scan speed of 3°/min and a step 

increment of 0.02° at room temperature. Furthermore, the average sizes of the 

crystal of the samples were estimated from the Scherrer–Warren approach by 
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utilizing from the broadening nature of the XRD peaks. Moreover, the 

transmittance spectra of the films were recorded in the wavelength range from 300 

to 700 nm by a JASCO 430 UV–VIS spectrophotometer. The refractive index 

(nλ), porosity and optical band gap energy values of the ITO and TiO2 films 

fabricated are also computed with the aid of the transmittance spectra. The image 

of X-ray Diffractometer is presented in Figure 3.7. 

 

 

Figure 3. 7: Image of X-ray Diffractometer 

3.6 AFM Measurement 

The microstructural properties and height asymmetries of the ITO and 

TiO2 thin films were conducted using Atomic Force Microscopy (AFM) from 

Nanomagnetic Instruments. Morphological features of the films prepared are 

examined using AFM (Nanomagnetic Instrument). Topographic and phase images 
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were obtained in the non-contact mode under room conditions with typical rate of 

about 1 line per second with a resonance frequency of about 300 kHz. 

Measurements were performed with 512 scan lines. Several regions on the 

specimen surface were scanned to observe the similar images. AFM images 

analysis was carried out with special software written by Nanomagnetic 

Instrument group. Analysis was performed in the non-contact mode. Moreover, 

the AFM measurements were conducted with an imaging aspect ratio of 1:4 to 

minimize the signal distortion in the scan slow direction due to thermal drift. [99–

101]. The image of Atomic Force Microscopy is illustrated in Figure 3.8. 

 

 

 

Figure 3. 8: Image of AFM 
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3.7 SEM Measurement of TiO2 Film 

The scanning electron microscope (SEM) produces a beam of electrons in 

a vacuum. That beam is collimated and focused by electromagnetic lenses and 

scanned across the surface of the sample by electromagnetic deflection coils. The 

interaction of the primary electron beam with the material of the sample in SEM 

causes excitation of secondary, backscattered, Auger electrons, characteristic X-

ray radiation and photons of light.  

The primary imaging method is by collecting secondary electrons that are 

released by the sample. The secondary electrons are detected by a scintillation 

material that crops flashes of light from the electrons. The light flashes are then 

detected and amplified by a photomultiplier tube. By correlating the sample scan 

location with the resulting signal, an image can be designed that is similar to what 

would be seen through an optical microscope. There are other imaging modes 

available in the SEM. Backscatter imaging uses high energy electrons that emerge 

nearly 180° from the illuminating beam direction. The backscatter electron yield 

is a function of the average atomic number of each point on the sample, and thus 

can give compositional information. Specimen current imaging using the intensity 

of the electrical current induced in the specimen by the illuminating electron beam 

is used to produce an image. It can often be used to show subsurface defects.  

The morphology of the TiO2 film produced in this work is analyzed by 

using a Scanning Electron Microscope (SEM) JEOL 6390-LV, with an 

accelerating voltage of20 kV in the secondary electron image mode. The image of 

SEM is shown in Figure 3.9. 
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Figure 3. 9: Image of SEM. 

 

3.8 Current-Voltage Measurement of the cell 

When a dye sensitized solar cell is kept under an illumination, the current 

through the solar cell is balanced by an amount equal to the photo-current (Iphoton), 

produced by the electron injection of the dye into the conduction band of the TiO2 

film. An instance of an I-V curve is shown in fig. 3.11. In order to scan the results 

of the cell in different areas, the current density (J) is used rather than the current 

(I). The efficiency of the cell (ŋ) is signified by the open-circuit voltage (Voc), 

defined as the voltage delivered by the cell when there is no external connection 

between the electrodes, i.e. the total current is zero. The short-circuit current 

density (Jsc), is defined by two electrodes that are short circuited, i.e. the voltage 

through the cell is zero. Further, the fill factor (FF) defined as the squareness of 

the I-V curve is determined by ratio between the maximum power output (Pmax) 

and the product of Voc and Jsc. After the fabrication of dye sensitized solar cell, I-

V values of DSSC were measured with the system which is shown in fig.3.10. 
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First, an area called active area was established on the DSSC. Then, all 

connections were completed as shown in the fig. 3.10. Finally, the measurements 

were done at incoming illumination (Pinput) of 1 kW/m
2
 and active area of 4cm

2
. 

The values of a current corresponding to a voltage were measured by changing the 

resistance value with the aid of the resistance box. The measurement was repeated 

several times to obtain more and more data. 

 

 

 

Figure 3. 10: Schematic diagram of I-V measurement of the cell. 
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Figure 3. 11: Instance of I-V curve of a DSSC. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 XRD Characterizations 

4.1.1 XRD Patterns of TiO2 

Figure 4.1 indicates the XRD patterns between 20° and 60° for the TiO2 

thin film prepared. It is visible from the figure that the film produced in this work 

exhibited the polycrystalline superconducting phase with the changing intensity of 

diffraction lines and contained the anatase phase only. The anatase peaks are 

presented by A(hkl) Miller indices given in the diagrams. It is found that A(101) 

peak, among the peaks, has the highest intensity. Thus, the grain size of the film is 

determined from the A (101) peak using Scherrer’s equation [90–93]. 
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Figure 4. 1: XRD patterns of the TiO2 (A shows anatase phase) 
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 According to the equation, in broadening region the average size of a 

crystal is defined as; 

BB
d





cos

941.0
                                                                                              4.1                      

where d is the thickness of the crystal, λ denotes the wavelength, B presents the 

full width half maximum (FWHM) of the Bragg peak corrected using the 

corresponding peak in micron-sized powder and θB is the Bragg angle, also. B is 

the line broadening, by reference to a standard, so that 

222

sm BBB                                                                                               4.2                       

where Bs is the half-width of the standard material in radians. The calculation 

obtained is listed in Table 4.1. One can see from the table that the grain size of the 

TiO2 film is nearly 45 nm. 

 

Parameters TiO2 film 

Grain size from XRD (nm) 45 

Grain size from AFM (nm) 52 

 

Table 4. 1: Results of TiO2 thin film which was prepared on ITO surface of soda 

lime glass substrate 
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4.1.2 XRD Patterns of ITO 

The XRD patterns between 20° and 60° for the ITO film grown on the 

soda lime glass substrate are shown in Fig. 4.2. The diffraction patterns obtained 

are used to determine the texture, grain size, interplaner distance, lattice constant 

and strain parameters for the sample. The corresponding (h k l) Miller indices 

belonging to the In2O3 main lines are shown in the diagrams. It is visible from the 

figure that the sample produced contains the In2O3 phase only and exhibits the 

polycrystalline and cubic bixbite structure with more intensity of diffraction lines, 

illustrating that the tin atoms are probably doped substitutionally into the lattice. 

Moreover, the film annealed displays a weak peak at 2θ=38.1° corresponding to 

(411) plane of In2O3. This phenomenon can be explained by the crystallization 

temperature (160–180 °C) of amorphous ITO films [94–96]. Additionally, the 

peak intensities including (411) and (431) are observed for the ITO film, 

confirming the coexistence of <411> and <431> textures. The peak (222) 

becomes very strong for the sample as a result of the preferred orientation in the 

direction of <111>, attributed to both the increment of the donor sites trapped at 

dislocations or point defects aggregates, and the decrement of the ITO film 

conductivity [97, 98]. The thermalized sputtered atoms favor to crystallize in 

(222) orientation whereas the high energy particles prefer the (400) and (440) 

directions in consequence of their energy. The strongest intensity of (222) peak is 

obtained for the ITO film annealed at 400 °C, showing that the ITO film has the 

fine crystallinity and largest grain size. 
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Figure 4. 2: X-rd of ITO 

 

The ratio between the intensity of (222) peak to (400) peak qualified as the 

crystal quality parameter, (I222/I400) is calculated for the ITO film and the results 

obtained are listed in Table 4.2. It is apparent from the table that the parameter of 

the ITO film is about 2.80; however, it is well known that the standard value for 

ITO powder is 3.33 [99]. As understood, the ratio of the ITO film is found to be 

near the standard value of the ITO powder, showing that the layers of the 

annealed ITO sample obtain more oxygen vacancies, resulting in the (222) growth 

direction and the increment in the conductivity of the film. Moreover, the lattice 

constant (a) and interplaner distances (d) calculated by means of the peak (222) 

for the film is tabulated in Table 4.2. As seen from the table, all the parameters 

obtained are found to be larger than the ITO standard parameters as a result of the 

growth induced stress [100] which stems from the oxygen deficiency [101, 102] 
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and thermal expansion coefficient mismatch between the film and substrate 

[103,104]. 

 Furthermore, the grain size of the ITO film prepared can be derived from 

the broadening nature of the XRD peaks following the Scherrer method [90–93]. 

The crystallite size is determined by the equation 4.2 and the result obtained show 

that the ITO film has large grain size (54 nm). According to the results, the ITO 

film has the fine crystallinity and connectivity between grains. As well known, the 

improvement in the crystallinity is attributed to a decrease of donor sites trapped 

at the dislocations and grain boundaries, and also to the out-diffusion of oxygen 

atoms from interstitial positions [105]. 

 

Main parameters ITO film 

)400(

)222(

I

I

 
2.688 

Texture <111> 

Lattice constant (Ǻ)
a
 10.129 

Plane distance (Ǻ)
a
 2.924 

Grain size from XRD (nm) 54 

(a) The standard values for ITO powder are: cell constant (a0) = 10.118 Å [100] 

and plane distance: (d0) = 2.921 Å [99].  

Table 4. 2: XRD intensity ratios, I222/I400, texture, grain size, lattice parameter and 

plane distance for the ITO film 

 

http://www.sciencedirect.com/science/article/pii/S092145261000846X#bib11
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4.2 Surface Morphologies 

4.2.1 Surface Morphology of TiO2 

Surface morphology of the TiO2 film prepared in this study is conducted 

using AFM technique. Thickness, grain size, average roughness and rms 

roughness are important parameters to obtain about the microstructural properties 

of a thin film. Thickness and grain size values of the film are found with the aid of 

AFM image presented in Fig. 4.3. The obtained results are depicted in Table 4.3. 

One can observe from the table, the thickness value of the film is about 100 nm. 

Moreover, the grain size of 52 nm is obtained for the TiO2 film, supported by the 

XRD result. Besides, average roughness parameter (Sa) is the arithmetic mean or 

average of the absolute distances of the surface points from the mean plane while 

rms roughness parameter (Sq) is the root mean square of the surface departures 

from the mean plane within the sampling area [106].  

 

 

 

Figure 4. 3:Atomic Force Microscopy images of TiO2 film deposited on ITO 

surface of soda lime glass substrate 

 



52 

 

Statistical Parameters TiO2 film 

Average roughness (nm) 95.7 

RMS roughness (nm) 98.5 

Skewness, Ssk 1.076 

Kurtosis, Sku 1.201 

 

Table 4. 3 Statistical parameters of the TiO2 

 

Average roughness parameters can be calculated by means of the 

following relation: 


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and rms roughness parameter can be calculated using the equation,    


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                                                                                      4.4                                                                              

where M denotes the number of columns in the surface and N is the number of 

rows in the surface. The results obtained are given in Table 4.3. It is found that the 

TiO2sample obtains fine surface roughness (Sa: 95.7 nm and Sq: 98.5 nm). 

According to these results, the regular structures were observed on the surface of 

the TiO2 film studied. However, the different surface roughness values might 

show the possible reason for the variation of the oxygen in the samples studied. 
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The statistical analysis of AFM image is also carried out by using the height 

distribution histogram depicted in Fig. 4.4. 

 

 

 

Figure 4. 4: Height distribution histogram of the TiO2. 

 

 The height asymmetry can be explained by the surface skewness and 

kurtosis from the quantitative surface roughness parameters [107]. The surface 

skewness (Ssk) is a measurement for the symmetry of the variation of a surface 

about its mean plane. Whenever a Gaussian surface obtains a symmetrical shape 

for the height distribution, the surface skewness is zero. A plateau honed surface 

with predominant plateau and deep valleys tend to have a negative skewness 

whereas a surface comprised of disproportionate peaks obtains positive skewness 

value. The skewness can be computed from the following relation: 
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On the other hand, the surface kurtosis (Sku) is a measurement of the 

peakedness or sharpness of a surface. For a Gaussian surface, the kurtosis value is 

3. If a surface is centrally distributed kurtosis value is greater than 3. When a 

surface has a well spread out distribution, the kurtosis value is less than 3. 

Kurtosis is calculated using the following equation: 


 


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4
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1
                                                                               4.6                              

The surface skewness and kurtosis roughness of the samples are also listed 

in Table 4.3. It is apparent from the table that the surface skewness is obtained to 

be positive for TiO2 while the surface kurtosis is found to be less than 3. 

According to the combination of the skewness and kurtosis values, the film 

surface is found to be spread out distribution and comprised of disproportionate 

number of peaks. Based on the interpretation of the surface morphology and 

statistical parameters, the TiO2 film produced in this work can be useful for 

applications in technology and industry. 

 

4.2.2 Surface Morphology of ITO 

Atomic Force Microscopy (AFM) is useful method to both analyze the 

surface morphology of a thin film and obtain information about the thickness, 

roughness and height asymmetries values such as the skewness and kurtosis of the 

film [108,109]. The typical AFM image corresponding to the ITO film annealed at 

400 °C is depicted in Fig. 5, respectively. The surface scanned is 5 × 5 μm. It is 

visible from Fig. 4.5 that the surface morphology appears regular and fine. The 

image of the ITO film illustrates great individual grains with less roughness. 

http://www.sciencedirect.com/science/article/pii/S092145261000846X#bib11
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Figure 4. 5: AFM image of annealed ITO film 

 

The grain size, thickness, roughness and height asymmetries values of ITO 

film estimated from the AFM images are depicted in Table 4.4. As seen from the 

table that the crystallite size value is observed to be about 64 nm. The average 

crystallite size deduced from the AFM measurements are generally greater than 

those inferred from the Scherrer method [110, 111]. However, all the data 

obtained are found to be good agreement with each other. 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S092145261000846X#bib11
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Statistical parameters ITO film 

Grain size from AFM (nm) 64 

Average roughness (nm) 3.85 

RMS roughness (nm) 3.96 

Skewness, Ssk 1.10 

Kurtosis, Sku 1.31 

 

Table 4. 4: Microstructural, morphological and statistical parameters of the 

annealed ITO film 

 

Further, average roughness (Sa) and rms roughness parameter (Sq) are 

inferred from the AFM images. As reported in literature, the former is the 

arithmetic mean or average of the absolute distances of the surface points from the 

mean plane whereas the latter is the root mean square of the surface departures 

from the mean plane within the sampling area [106]. Sa value can be calculated by 

the relation 4.3 and Sq can be computed by the equation 4.4.  

The Sa and Sq values obtained are given in Table 4.4. As seen from the 

table, the Sa of 3.85 and Sq of 3.96 are found to be the small values for the ITO 

film. Based on the results, the regular structures are observed on the surface of the 

film studied. However, the different surface roughness values might show the 
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possible reason for the variation of the oxygen vacancies in the ITO films 

prepared. Moreover, similar results were reported in the literature [100, 116]. 

The height asymmetries including surface skewness and kurtosis are 

determined from the height distribution histogram for the samples [107]. The 

surface skewness (Ssk) is a measurement for the symmetry of the variation of a 

surface about its mean plane whereas the surface kurtosis (Sku) is a measurement 

of the peakedness or sharpness of a surface. The inner and latter of a sample can 

be computed from equation 4.5 and 4.6.  

The Ssk and Sku values calculated are listed in Table 4.4. One can see from 

the table that the surface skewness is obtained to be positive for all the samples 

while the surface kurtosis is found to be less than 3. According to the combination 

of the skewness and kurtosis values, the ITO film surface is found to be spread out 

distribution and comprised of disproportionate number of peaks [109]. In 

conclusion, the ITO thin film produced in this work can be useful for applications 

in technology and industry. 

 

4.3 Transmittance Spectra 

4.3.1 Transmittance Spectra of  TiO2 

Homogeneity, porosity and refraction index of a film can be determined by 

transmittance spectra, such that high transmittance of the film indicates its low 

surface roughness, low refraction index, high porosity and good homogeneity 

[109,117]. Figure 4.6 depicts the transmittance spectra as a function of 

wavelength in the wavelength range 300–700 nm for TiO2 thin film. It is apparent 
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from the figure that the amplitude of interference oscillation of the thin film is 

obtained to be 89%. 
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Figure 4. 6: Optical transmittance spectra of TiO2 thin film deposited on Soda 

lime glass 

 

4.3.2 Transmittance Spectra of ITO 

It is argued that homogeneity, optical band gap energy, refraction index, 

porosity and photocatalytic performance of a film can be determined with the aid 

of transmittance spectra [109]. The higher transmittance a thin film exhibits the 

better homogeneity, smaller crystallite size, lower refraction index, higher 

porosity and greater energy band gap the film obtains [117]. Figure 4.7 shows the 

transmittance spectra as a function of wavelength in the wavelength range 300–

700 nm for the ITO thin film prepared in this work. As seen from the figure the 

ITO film produced exhibits high optical transmittance 93% in the wavelength 
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range performed as result of the larger growth of particles, which are already 

supported by both XRD and AFM results. Based on these results, the ITO film has 

the large crystallite size and the fine optical property. 
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Figure 4. 7: Optical transmittance spectra of the ITO thin film 

4.4 Refractive Index, Packing Density and Porosity Analyses 

4.4.1 Refractive Index, Packing Density and Porosity Analyses of TiO2 

The refractive index, a fundamental property of a thin film, is closely 

associated with the electronic polarizability of ions and the local field inside the 

film [118]. The refractive index (nλ) and porosity of the prepared TiO2 film is 

tabulated in Table 4.5. 
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Parameters TiO2 film 

Refraction index 2.08 

Porosity (%) 56.12 

Optical Band gap energy (eV) 3.2 

 

 Table 4. 5: Refraction index, porosity and optical band gap energy of TiO2 film 

 

The former is calculated from the optical transmittance data by means of 

the Swanepoel’s envelope method [119], which is based on the analysis of the 

transmittance spectrum of a weakly absorbing film deposited on a non-absorbing 

substrate [120]. Hence, the refractive index (nλ) over the spectral range is deduced 

from the envelopes fitted to the extrema measured: 
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where TM(λ) and Tm(λ)are the transmittance maximum and minimum of the film at a 

wavelength λ; n0 denotes the refractive index of air, and n1 is the refractive index 

of the substrate, respectively. The TiO2 film prepared is assumed as homogeneous 

structures in calculation. Table 4.5 indicates that the calculated refractive index of 

the TiO2 film is observed to be 2.08. In the literature the index of the TiO2 

structure is reported in a range of 1.2–2.4. This wide change in the refractive 
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index stems from the variation of the oxygen in the TiO2 film [121-123]. 

Moreover, the latter (porosity of the TiO2 film) is calculated with the aid of the 

following equation [124]: 

(%)100)
1

1
1(Porosity

2

2







dn

n
                                                                4.9 

where the nd is 2.52 (the refractive index of pore-free anatase) [40] when the n 

denotes the refractive index of the porous thin films. The porosity values 

calculated are also given in Table 4.5. It is visible from the table that the porosity 

is found to be about 56.1% for the TiO2 film, favored by AFM images. The high 

porosity value allows to the more dye cover the structure of TiO2 and so the cell 

obtained is more sensitive to illumination.  

4.4.2 Refractive Index, Packing Density and Porosity Analyses of 

ITO 

Table 4.6 indicates the refractive index and porosity (evaluated from nλ) 

values of the ITO films prepared at 400 
0
C annealing temperature. 

 

Electro-optical characteristics ITO film 

Refraction index 1.94 

Porosity (%) 18.96 

Packing density 1.487 

Optical band gap energy (eV) 3.68 

 

Table 4. 6: Electro-optical characteristics of the ITO film 
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The former is derived from the optical transmittance data with the aid of 

the Swanepoel’s envelope method [119, 120]. The refractive index of the ITO 

film is inferred from the envelopes fitted to the extrema measured by the equation 

4.7 and 4.8. 

The refractive index of the ITO sample studied in this work is calculated to 

be 1.94. However, the refractive index calculated for the sample is smaller than 

the values reported in [125] and [126] as a result of lesser packing density of 

grains and lower oxygen vacancies in the sample studied, which means that the 

refractive index plays an important role on the determination of the packing 

density. In this study, the packing density of the ITO sample is deduced from the 

equation 4.9 [127,128], 

22

224
2

)1()1(

)1()1(

s

s

npnp

nnpnp
n








                                   4.10 

where n is the refractive index of the film studied, ns denotes the substrate 

refractive index, nvrepresents the void refractive index (nv =1.00 for air) and p is 

the packing density. The packing density is obtained to be about 1.487 for the ITO 

sample, respectively. 

Additionally, the porosity value of the ITO film is determined from the 

equation 4.9. The porosity value calculated is listed in Table 1. The porosity of 

ITO film is found to be about 37.8%. Based on the results, the ITO film has less 

porous compared to the TiO2 thin film, attributed to the increase of the 

conductivity of the ITO film. Therefore, the efficiency and maximum power of 

the cell enhance automatically.  
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4.5 Optical Band Gap Energy Analysis 

4.5.1 Optical Band Gap Energy Analysis of TiO2 

As well known, there are several models and reports to find the optical 

absorption coefficient (α) and optical band gap energy (Eg) of a material [129]. In 

this thesis, we assume an indirect transition (value of the energy separation 

between the top of the valence band and the bottom of the conduction band) for 

the determination of the optical band gap of the film by means of the following 

relation [130]: 

2)()( gEhvAhv                                                                                   4.11 

where α denotes absorption coefficient when A presents the edge width parameter 

and hν is the photon energy. Figure 4.8 illustrates (αhυ)
2
 versus photon energy 

(eV) plots for the TiO2 film respectively. The band gap value of the film is 

deduced from the extrapolation of the linear plots of (αhν)
1/2

 versus hν when (α = 

0). The energy gap is found to be about 3.2 eV for the TiO2. 
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Figure 4. 8: Optical absorption coefficient α versus band gap energy (Eg) of TiO2 

thin film 
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4.5.2 Optical Band Gap Energy Analysis of ITO 

Figure 4.9 illustrates (αhυ)
2
 versus photon energy (eV) plots for the ITO 

thin film prepared. The energy band gap is deduced from the extrapolation of the 

linear plots of (αhν)
1/2

 versus hν when (α = 0). The estimated values of optical 

energy band gap are obtained to be 3.68 eV. According to these results, the energy 

band gap for the ITO film is obtained to shift to higher energy value due to the 

larger grain size and less porous structure compared to the TiO2 film [131–135]. 

However, wide range of the band gap for the degenerate superconductor oxides 

(both the TiO2 and ITO film) stems from two competing mechanisms: the first 

one is the band gap narrowing because of the electron-electron and electron-

impurity effects on the valence and conduction bands, the second mechanism is 

the band gap widening by the Burstein-Moss effect due to the blocking of the 

lowest states of the conduction band by means of the excess electrons. 
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Figure 4. 9: Optical absorption coefficient α versus band gap energy (Eg) of the 

ITO film 
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4.6 SEM Characterization of TiO2 

The surface structure, orientations of the grains and accumulation in the 

grain boundaries of the TiO2 thin film is conducted by means of Scanning 

Electron Microscopy (SEM) images taken in the secondary electron image mode. 

Fig. 4.10 indicates the SEM image of the fractured surface of the TiO2. It is 

apparent from the figure that the TiO2 film surface has a fine crystalline 

homogeneous structure consisting of the smooth and spherical nano-sized 

crystallites on the film surface. Moreover, uniform particle distribution is 

observed on the surface as a result of the regular grain size. Additionally, it is 

visible that form fig. 4.10, the TiO2 film has porous structure, hence the dye 

covers the particle of TiO2 better and it is more sensitive to light absorption, 

supported by the results of the transmittance spectra investigations. 

 

 

 

Figure 4. 10: SEM image of TiO2 
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4.7 Current-voltage Characterization of the Cell 

The efficiency of the cell was calculated from I-V curve displayed in fig. 

4.11. Firstly, the Fill Factor (FF) was determined from the equation 4.12. 

 

OCSCVJ

PmaxFF   =  
OCSCVJ

VJ maxmax  4.12      

where  
A

I
J SC

SC     and     
A

I
J max

max   , A is the active area of the cell. 

After calculation of the FF, the efficiency of the cell was computed with the aid of 

the equation 4.13.  

inputP

Pmax  =  
input

SCOC

P

FFJV
      for the efficiency.                                       4.13     

where Pinput  = 1 kW/m
2
 and active area, A = 4cm

2
 

Finally the maximum power was calculated by the equation 4.14. 

Pmax = VOCISC FF                                                                                     4.14      

The measured and calculated results are tabulated in Table 4.7.   
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Figure 4. 11: Current-voltage graph of the DSSC 
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Efficiency (%) FF (%) Isc (mA) Voc (V) Pmax (mW) 

5,05 63,4 47 0,68 20,1 

 

Table 4. 7: Results of I-V curve of the DSSC 

 

As a result, an efficient dye sensitized solar cell was obtained by spray 

pyrolysis method of coating the nanocrystalline TiO2. However, the measured 

efficiency of the DSSC can be influenced by heat in DSSC, surface parameter, 

photocurrent loss and absorption of incident light factor. Overall, the dye 

sensitized solar cell can be used as an energy source. 
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