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Introduction

The conversion of sunlight into electricity is a clean, abundant and renewable
energy source. The efficiency of conventional solar cells made from inorganic
materials reached up to 24% [1], using very expensive materials of high purity
and energy intensive processing techniques.

Photovoltaic devices are based on the concept of charge separation at an
interface of two materials of different conduction mechanism. To date this field
has been dominated by solid-state junction devices, usually made of silicon,
and profiting from the experience and material availability resulting from the
semiconductor industry. The dominance of the photovoltaic field by inorganic
solid-state junction devices is now being challenged by the emergence of a third
generation of cells, based, for example, on nanocrystalline and conducting poly-
mer films. These offer the prospective of very low cost fabrication and present
attractive features that facilitate market entry.

Contrary to expectation, devices based on interpenetrating networks of meso-
scopic semiconductors have shown strikingly high conversion efficiencies, which
compete with those of conventional devices. The prototype of this family of
devices is the Dye-Sensitized Solar Cell, which realizes the optical absorption
and the charge separation processes by the association of a sensitizer as light-
absorbing material with a wide band gap semiconductor of nanocrystalline
morphology [2].

In this work we will mainly focus on the concepts and the dynamic prepa-
ration of nanoporous TiO2 films for the fabrication of Dye-Sensitized Solar Cell.

The present work is described as follows.

Chapter 1 : gives some statistics about energy consumption rate in the world
and describes sources of renewable energies depend either directly or indirectly
from the sun’s radiation.Then gives a brief history review of photovoltaics.

Chapter 2 : will focus on existing and newly developed photovoltaic tech-
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Introduction 7

nologies. One attractive new type of photovoltaic system that mimic natural
photosynthesis.

Chapter 3 : This chapter describes the different components of the Dye-
Sensitized Solar Cell (DSSC). The role and the properties of the different con-
stituent components of the device .

Chapter 4 : starts with a description of the different polymorphs of titanium
dioxide and the properties of TiO2 as reported in the literature are summarized.
Then, a short reminder the properties of semiconductors are presented.

Chapter 5 : In the initial part of this chapter is discussed the materials and
technique used for the preparation of Dye-Sensitized Solar Cell (DSSC). The
second part of this chapter describes the measurements have been made for
caracterising the cell.

Finally, in the conclusion the resultes obtained are summarized .



Introduction 8

References

[1] M. Green, Progr. Photovolt. 9 (2001) 123.

[2] (a) B. O’Regan, M. Gratzel, Nature 335 (1991) 737;

(b) M. Gratzel, Nature 414 (2001) 338-344.



Chapter 1

History and state of the art

1.1 Energy consumption in the world

For many thousand of years till about three hundred years ago, mankind used
exclusively renewable energy sources (with a minor exploitation of coal). Wood
was used for heating, animals were used for transportation, and wind and water
supplied mechanical energy. During the 19th century, the industrial revolution
brought new machines and new energetic needs; coal was found to satisfy the
increasing demand of energy. The early 20th century saw the first exploitation
of petroleum, natural gas and later, nuclear energy as energy sources to cover
the continuously growing demand. Nowadays, fossil energies cover 95% of the
total energy demand worldwide, which exceeds 105 TWh per year.

Global energy consumption draws from six primary sources: 44% petroleum,
26% natural gas, 25% coal, 2.5% hydroelectric power, 2.4% nuclear power, and
0.2% non-hydro renewable energy [1]. Between 1980 and 2001, worldwide con-
sumption of petroleum, coal, and natural gas increased by 22, 27, and 71%
respectively.

Following the projected energy needs, this will increase by nearly 50% in
the 25 next years. About 30% of the primary energy is converted to electricity
either in the course of initial harvesting (as for hydroelectric, wind, solar and
geothermal) or by combustion (as for fossil, and biomass); about 75% of the
primary energy arrives, in one form or the other, at the consumer.

As estimates of non-commercial energy use are incomplete and unreliable,
the above estimates do not include nonmarket wood used as fuel and farm
residues that are prevalent in many countries. The international energy agency
(IEA) suggests that biomass still provides on average one-third of the energy
needs in Africa, Asia, and Latin America, and as much as 80 to 90% in the
poorest countries of these regions.

9



Chapter 1. History and state of the art 10

While the average yearly energy consumption per capita in developing coun-
tries is about 10 MWh (with about 1 MWh in the poorest !), the yearly con-
sumption in Europe amounts to about 50 MWh and in the USA to 90 MWh
per capita. The energy consumption can be classified by sectors, as shown in
Figure 1.1; the most important ones are residential, transportation, and indus-
try. The importance of these sectors differs between developing and developed
countries. For example, transportation in the developed countries accounts for
35% of the total energy consumption, whilst in the developing ones roughly
18%.

Figure 1.1: Per-capita energy consumption by sectoral end use in (A) the developed world and (B)
the developing world (in gigajoules)

Although estimates vary, economically recoverable fossil fuel reserves include
almost one trillion tons of coal, more than one trillion barrels of petroleum, and
over 150 trillion cubic meter of natural gas. Roughly 3 million tons of uranium
reserves are known. Annually, the world consumption of coal is about 0.5% of
the reserves, of natural gas around 1.6% of reserves, whereas oil almost 3% of
reserves, and nuclear electricity generation consumed the equivalent of 2% of
uranium reserves.

Large fossil fuel reserves are concentrated in a small number of countries,
with a large number of developing countries having no reserves at all. Many
energy-lacking countries have become highly developed through sufficient access
to international energy markets. Conversely, some countries possess substantial
reserves but remain rather poor. This shows that the possession of reserves is
not a sufficient condition to a country’s development unless there is an ade-
quate economic system able to transform these energy resources into general
social wealth.

Major changes in the global climate must be expected as a consequence of
the carbon dioxide emissions from burning fossil fuels, which at present are of
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the order of 6.6 billion tons [1] carbon equivalent and still rising. These emis-
sions lead to an enhancement of the atmospheric CO2concentration, passing
from 280 ppm in 1850 to nearly 370 ppm in 2000 [2] and to an increase in
global mean temperature of nearly 1° C.

Fossil fuel consumption also results, to a lesser extent, in the emission of
other greenhouse gases (GHG’s), such as carbon monoxide, methane, and
volatile organic compounds, and the rising ocean temperature increases evapo-
ration and hence the water vapour content in the atmosphere. The Intergovern-
mental Panel on Climate Change (IPCC) predicts, based on climate models,
that continued emissions of anthropogenic GHG’s will result in not only in-
creasing mean temperatures but also in more frequent extreme climate events
which will have significant consequences for ecosystems but also for human ac-
tivities, including the flooding of low-lying land due to the thermal expansion of
the ocean. The United Nations, recognizing these threats, have organized the
conclusion, at the Conference in Rio in 1992, of the Framework Convention on
Climate Change, which has been ratified by all participating countries. After
10 years of negotiations, targets numbers for the reduction of CO2emissions for
countries or groups of countries have been defined at the 2002 Conference at
Kyoto, which however, have not yet been ratified by the main CO2emitter, the
USA and, several other countries.

While nuclear fusion is still a subject under development and will, in the
opinion of experts, take the order of 50 years to reach a state of useful en-
ergy production, nuclear fission is being exploited in approx. 430 reactor units
worldwide with a total capacity of about 350 GW (electr.). The construction
of new reactors continues to meet at present strong opposition by part of the
population because of the fear of nuclear run-away. However the run-away risk
after several thousands years of integrated (over all existing reactors) run-time
is, very small compared to the risks taken by the individual in every-day life
(e.g. in road traffic).

The duration of the resources of uranium could be considerably extended by
reprocessing of the used fuel elements.

The radioactive wastes occurring from this energy production give rise to a
storage problem, as the decomposition of those takes several billion of years.
Nevertheless the amount of wastes are small (15 m3 per year for a 1 GW in-
stallation) and the estimate cost for long-time and safe storage is roughly 10%
of the total supply cost of the fission material.
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1.2 Renewable energies

Planet Earth receives from the sun an almost constant flux of radiation, which
with clear sky and dry air amounts to about 1kW/m2. All sources of renewable
energies depend either directly or indirectly from the sun’s radiation. Although
of lesser importance, geothermal energy sources (which derive their energy from
the nuclear decay in the earth) and tidal energy (due to the gravitational forces
between earth and moon) should also be practically inexhaustable.

Sunlight, or solar energy, can be used directly for heating, lighting, generat-
ing electricity and many other applications. Indirectly, sun’s heat also creates
winds, whose energy is used to generate electricity by wind turbines. Sunlight
causes plants to grow. The organic matter composing those plants is known as
biomass. Biomass can be used to produce electricity, transportation fuels for
example. On the other hand, geothermal energy traps the Earth’s internal heat
and can be used for a large variety of applications such as building heating and
electricity production. Ocean energy can under favourable conditions be used
for the production of electricity.

1.2.1 Solar energy

A large variety of techniques are available or under development to benefit from
the solar energy, including photovoltaic systems, concentrating solar power,
passive solar systems, solar hot water, and solar process heat.

Photovoltaic solar cells are used to directly convert light energy into elec-
tricity, and have been available for many years; major applications like solar
panels on satellites made them famous, and smaller uses like calculator or watch
energy supply, known by everyone. They are based on the photovoltaic effect,
which allows the conversion of light (photons) to electricity (electrons).

Concentrating solar power can be achieved by several types of systems, which
share a feature that the incident solar radiation is concentrated onto a small
surface. A fluid (often oil) flows through this small surface to be heated; this
heat is then used to produce steam, which drives turbines, generators then cre-
ate electricity. The different types of plants are shown on Figure 1.2. Parabolic
trough reflector systems totalling about 350 MW are already in use in the
United States and development of all three types are under way in Europe.
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Figure 1.2: Three main types of solar concentrating collector plants

Solar chimney technology is created when the sun’s radiation is used to heat
a large body of air, which is then forced to move as a hot wind through turbines
to generate electricity. A huge project is in development in northern Australia;
a 7 km diameter transparent roof with at its center a tower (170 m × 1000 m)
should reach a maximal power of 200 MW. Passive heating of buildings can
be achieved by installing large windows on the south side as they receive most
sunlight. More efficiently, a sunspace (similar to a greenhouse) is built on the
south side of a building with ventilation allowing the heat to circulate into the
building.

1.2.2 Hydroelectric power

Water wheels have been driving mills and heavy tools for many centuries. Cur-
rently, hydroelectric power is the world’s largest renewable source of electricity,
accounting for about 15% of the world’s electricity. Even if hydroelectric en-
ergy does not release any standard atmospheric pollutants, the impact of this
technology on the environment is not negligible. The most obvious one is the
flooding of large areas of land, much of it previously forested or used for agri-
culture. Damming a river alters the amount and quality of water in the river
downstream of the dam, as well as preventing fish from migrating upstream to
spawn; on the other hand, it protects land downstream against flooding.

1.2.3 Wind energy

Again, wind energy has been used for many centuries for the pumping of water
and grinding grain, using windmills. Some 200,000 windmills could be counted
in Europe in the 18th century. Their modern equivalent, called wind turbines,
use wind energy to generate electricity. Different types of turbines exist, the
most common ones are the horizontal axis turbines which are mounted on tow-
ers, reaching 80 meters height, designed to take advantage of faster and more
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stable winds. The biggest units can produce up to 5 MW. Vertical axis turbines
also exist but are not in wide use.

According to the American Wind Energy Association (AWEA) [2] at the
end of 2002 the total production capacity reached over 31000 MW worldwide;
on a percentage basis wind is the fastest growing energy source with an annual
increase of over 30% per year in the five last years. 75% of the total production
takes place in Europe: Germany, Denmark, Spain, and the U.K. are the prin-
cipal producers (89 %). In Denmark, wind energy meets 20% of the country’s
electricity needs, in Germany 4.5% of electricity is generated using wind.

1.2.4 Biomass energy

Mankind has been using biomass energy for thousand of years, since people
started burning wood to cook food or to keep warm. Biomass refers to any
plant-derived matter available on a renewable basis, including dedicated en-
ergy crops and trees, agricultural food and feed crops, agricultural crop wastes
and residues, wood wastes and residues, aquatic plants, animal wastes, mu-
nicipal wastes, and other waste materials. Bioenergy is used to produce a
large array of products like electricity, solid, liquid and gaseous fuels, heat, and
chemicals. Of course by burning organic materials CO2 is released in the at-
mosphere, but the same amount of CO2 is actually removed when new plants
are growing. The net emission of CO2 will be zero as long as plants con-
tinue to be replenished for biomass energy purposes. Biomass can be directly
converted into liquid fuels, mainly ethanol and biodiesel to be used for trans-
portation needs. Biopower is the use of biomass to generate electricity. Most of
the biopower plants use direct burning of the biomass for steam production, to
drive a generator to produce electricity. Biobased products include green chem-
icals, renewable plastics, natural fibers and natural structural materials. Many
of these products can replace products and materials traditionally derived from
petrochemicals, but new and improved processing technologies will be required.

Bioenergy accounts for 3% of the primary energy production in the United-
States, being in second rank after hydropower in renewable primary energy
production. In Europe, wood accounts for more than half of the renewable
primary energy production, excluding hydropower. Great efforts are made to
increase the production of biogas and biofuels, an annual growth of 30% is ex-
pected until 2010 [3].
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1.2.5 Geothermal energy

Geothermal energy uses the heat of earth for the production of electricity, for
the direct use of the hot water for heating, and for geothermal heat pumps,
which are used to heat and cool buildings. Geothermal energy is not easily
accessible all over the world; however some countries take great advantage of
this energy. In Iceland geothermal energy provides half of the total energy con-
sumption, the other half being provided by hydropower; it is principally used
for space heating (85% of the households).

1.2.6 Ocean energy

Ocean energy draws on energy of the ocean waves, currents and of tides. One
estimates that the power of the waves breaking on the world’s coastlines is
around 2×106 MW, but it is very expensive to collect. A dam is typically used
to convert tidal energy into electricity by forcing the water through turbines,
activating a generator.

The largest plant worldwide is located in France on the river La Rance. Its
power production is 240 MW and has been operating since 1966. Recently,
tests have begun to extract some electricity from strong ocean currents by tur-
bine/generator sets submerged at a certain depth.

A great amount of thermal energy is stored in the world’s oceans, which
daily receive heat from the sun equal to the thermal energy contained in 250
billion barrels of oil.

The useful temperature difference is however too small for converting some
of this enormous amount of energy into electricity.

1.3 Photovoltaics - A brief history

1.3.1 Classical systems1

1839 - 1899 : Discovery of basic phenomena and properties of photovoltaic mate-
rials

A physical phenomenon allowing light to electricity conversion the photovoltaic
effect was discovered in 1839 by the French physicist Alexandre Edmond Bec-

1Adapted from www.pvresources.com ©Denis Lenardic 2001-2003.
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querel.[4] Experimenting with metal electrodes and electrolyte he discovered
that the conductance rises with illumination.

Willoughby Smith discovered the photovoltaic effect in selenium in 1873.[5]
In 1876, with his student R. E. Day, William G. Adams discovered that illu-
minating a junction between selenium and platinum also has a photovoltaic
effect.[6] These two discoveries were the foundation for the first selenium solar
cell construction, which was built in 1877. Charles Fritts first described them
in detail in 1883.

1900 - 1949 : Theoretical explanation of the photovoltaic effect and the first solar
cells

The author of the most comprehensive theoretical work about the photovoltaic
effect was Albert Einstein, who described the phenomenon in 1904.[7] For his
theoretical explanation he was awarded a Nobel Prize in 1921. Einstein’s the-
oretical explanation was experimentally proved by Robert Millikan in 1916.
In 1918, a Polish scientist Czochralski discovered a method for monocrystalline
silicon production, which enabled monocrystalline solar cells production.[8] The
first silicon monocrystalline solar cell was constructed in 1941.
In 1932, the photovoltaic effect in cadmium-selenide was observed . Nowadays,
CdS belongs among important materials for solar cells production.

1950 - 1969 : Intensive space research

In 1951, the first germanium solar cells have been made. Dr. Dan Trivich of
Wayne State University has made some theoretical calculations on solar cell
efficiency with different materials in 1953. In 1954, the RCA Laboratories pub-
lished a report on a CdS photovoltaic effect. The Bell Laboratories published
the results of a solar cell operation with 4.5% efficiency. The efficiency was
increased to 6% within a few months.

In 1955, the development of a satellite energy supply using solar cells was
initiated the material. Hoffman Electronics-Semiconductor Division introduced
a commercial photovoltaic product with 26% efficiency for US$ 25 per cell with
14 MW peak power. The energy cost was US$ 1785 per kW.

In 1957, Hoffman Electronics introduced a solar cell with 8% efficiency. A
year later, in 1958, the same company introduced a solar cell with 9% efficiency.
The first radiation proof silicon solar cell was produced for the needs of space
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technology the same year. In 1959, Hoffman Electronics introduced commer-
cially available solar cells with 10% efficiency. A year after, they introduced
yet another solar cell with 14% efficiency. The first sun-powered automobile
was demonstrated in Chicago, Illinois on August 31st, 1955. During the year
1962, the first commercial telecommunications satellite Telstar, developed by
Bell Laboratories, was launched. It was powered by a photovoltaic system hav-
ing a peak power of 14 W.
In 1963, Sharp Corporation developed the first commercial photovoltaic mod-
ule from silicon solar cells. The biggest photovoltaic system at the time, the
242 W module field was set up in Japan. A year later, in 1964, Americans
applied a 470 W photovoltaic field in the Nimbus space project.

1970 - 1979 : Establishment of the biggest photovoltaic companies

In 1970, Solar Power Corporation was established. Three years later, in 1973,
Solarex Corporation was established. At the Delaware University a solar photovoltaic-
thermal hybrid system, one of the first photovoltaic systems for domestic appli-
cation, was developed. A silicon solar cell of US$ 30 per W was produced. In
1974, the Japanese Sunshine project commenced. A year later, in 1975, Solec
International and Solar Technology International were established.

1980 - 1989 : Large standalone systems installations

Many important events in the field of photovoltaics appeared in 1980. ARCO
Solar was the first to produce photovoltaic modules with peak power of over
1 MW per year. BP entered solar industry via purchase of Lucas Energy Sys-
tems. A seawater desalination system with 10.8 Kw peak power was built in
Jeddah, Saudi Arabia the same year. Helios Technology, the oldest European
solar cells producer, was established. The world production of photovoltaic
modules exceeded 9.3 MW in 1982. Volkswagen began testing photovoltaic
systems placed on vehicle roofs with 160 W peak power for vehicle start up.

In 1984, a 1 MW photovoltaic power plant began to operate in Sacramento,
California. ARCO Solar introduced the first amorphous modules. In 1985,
researchers of the University of New South Wales in Australia constructed a
solar cell with more than 20% efficiency. BP built a power plant in Sydney
and shortly after another one in Madrid. In 1986, ARCO Solar introduced the
first commercial thin film photovoltaic module. BP got a thin film technology
patent for a solar cells production in 1989.
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1990 - 1999 : Large photovoltaic companies co-operation

In 1990, Energy Conversion Devices Inc. (ECD) and Canon Inc. established
a joint company United Solar Systems Corporation for solar cells production.
Siemens bought ARCO Solar and established Siemens Solar Industries, which
is nowadays one of the biggest photovoltaic companies in the world. Founded
in 1977, Solar Energy Research Institute (SERI) renamed to National Renew-
able Energy Laboratory (NREL). A year later, in 1991, BP Solar Systems
renamed to BP Solar International (BPSI), and became an independent unit
within British Petroleum concern. In 1996, BP Solar purchased APS produc-
tion premises in California, and announced a commercial CIS (copper indium
diselenide) solar cells production.

2000 - : Renewable energy and the Stock exchange

Some photovoltaic and renewable energy resources companies now have shares
listed, predominantly in the German stock exchange. Capital mergers in Ger-
many led to large photovoltaic corporation establishments. During 2000 and
2001 production of Japanese producers increased significantly. Sharp and Ky-
ocera each produce modules with peak power equivalent to the annual con-
sumption in Germany. Sanyo is close as well.

1.3.2 Dye-Sensitized Solar Cells2

In 1710, Diesbach produced the first synthetic dye, Prussian blue.[9] A century
later, in 1837, Daguerre made the first photographic images. Fox Talbot fol-
lowed with the silver halide process in 1839. Although the art of formulating
photographic emulsions only became a science with the theoretical analysis of
the process by Gurney and Mott in 1938,[10] there was constant progress in
the overall sensitivity of photographic emulsions, which had been particularly
poor for the green to red spectral region. This can now be recognized as due
to the semiconductor nature of the silver halides crystals used in photography,
whose band gaps range from 2.7 to 3.2 eV. So the photoresponse is negligible for
wavelengths longer than 460 nm. It was noted, for example, that the origin of
the gelatin used as the support medium for the silver halide grains significantly
modified the film sensitivity. In the 20th century, it was demonstrated that
an organosulphur compound present in calf skin gelatin was responsible,[11]
and which is now know to have its effect by inducing a nanostructure of silver

2Adapted from McEvoy, A. J.; Gratzel, M. Sol. Energy Mater. 1994, 32, 221 and Gratzel, M. Prog.
Photovolt. Res. Appl. 2000, 8, 171.
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sulphide on each grain. It can, therefore, be regarded as the first sensitization
at a semiconductor heterojunction. It is an interesting convergence of photog-
raphy and photoelectrochemistry, both of which rely on photo-induced charge
separation at a liquid-solid interface. As seen before, the silver halides have
band gaps of the order of 2.7-3.2 eV, and are therefore insensitive to much of
the visible spectrum. The first panchromatic film, able to render the image
of a scene realistically into black and white, followed on the work of Vogel in
Berlin after 1873,[12] in which he associated dyes with the halide semiconductor
grains. The first sensitization of a photoelectrode by Moser followed shortly
thereafter, using a similar idea.[13] It was confirmed by Rigollot in 1893.[14]

However, the clear recognition of the parallelism between the two proce-
dures, a realization that the same dyes in principle can function in both[15]
and a verification that their operating mechanism is by injection of electrons
from photo-excited dye molecules into the conduction band of the n-type semi-
conductor substrates[16] date from the 1960s. In subsequent years, the idea
developed that the dye could function most efficiently if chemisorbed on the
surface of semiconductor.[17-19] The concept emerged to use dispersed parti-
cles to provide a sufficient interface,[20] then photoelectrodes with high surface
roughness were employed.[21,22] Titanium dioxide became the semiconductor
of choice. This material has many advantages for sensitized photochemistry
and photoelectrochemistry: it is a low cost, widely available, non-toxic and
biocompatible material, and as such is even used in health care products, as
well as domestic applications such as paint pigmentation. The standard dye at
the time was tris(2,2’-bipyridyl-4,4’-carboxylate) ruthenium(II), the function
of the carboxylate being the attachment by chemisorption of the chromophore
to the oxide substrate. Progress thereafter, until the announcement in 1991 of
the sensitized nanocrystalline photovoltaic device with a conversion efficiency
at that time of 7.1% under solar illumination,[23] was incremental, a synergy
of structure, substrate roughness and morphology, dye photophysics and elec-
trolyte redox chemistry. That evolution has continued progressively since then,
with a certified efficiency of now over 10%.
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Chapter 2

Photovoltaic technologies1

2.1 Silicon

Silicon is the most popular solar-cell material for commercial applications be-
cause it is so readily abundant (it is actually the second most abundant element
in the Earth’s crust-second only to oxygen). However, to be useful in solar cells,
it must be refined to 99.9999% purity. Therefore the process of purification is

Figure 2.1: Single-crystal materiel (a) is structurally uniform; there are no disturbances in the
orderly arrangement of atoms. Semicrystalline material (b) is made up of several cystals or

”grains”.At the interfaces of the grains, or ”boundaries”, the atomic order is disrupted. Here,
electrons are more likely to recombine with holes rather than contribute to the electrical circuit

expensive. A photovoltaic cell is made of two layers of silicon, which are doped
to polarize the junction. To make one of the layers positive, a certain number of
atoms of p-type element, like boron, can be incorporated into it. To negatively
charge the other layer, a certain number of n-type atoms, like phosphorus, can
also be incorporated. When a photon having enough energy is absorbed in this
semiconductor, it excites an electron from the valence band into the conduction

1Adapted from http://www.eere.energy.gov/pv©NREL, U.S. Department of Energy.
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band, leaving a positively charged hole. This is called the photovoltaic effect.
This effect creates a potential difference across a junction of two different ma-
terials.Crystalline silicon (c-Si) is used in several forms: single-crystalline or
monocrystalline silicon, multicrystalline or polycrystalline silicon, ribbon and
sheet silicon and thin-layer silicon (Figure 2.1).

2.1.1 Si (single-crystal)

In single-crystal silicon, the molecular structure of the material is uniform be-
cause the entire structure is grown from the same or a single crystal. This
uniformity is ideal for efficiently transferring electrons through the material.
To make an effective photovoltaic cell, silicon is doped to make it n-type and
p-type. Figure 2.1. Single-crystal material (a) is structurally uniform; there are
no disturbances in the orderly arrangement of atoms. Semicrystalline material
(b) is made up of several crystals or ”grains”.

At the interfaces of the grains, or ”boundaries”, the atomic order is dis-
rupted. Here, electrons are more likely to recombine with holes rather than
contribute to the electrical circuit.

To produce the single-crystal, we first melt the high-purity silicon. We then
cause it to reform very slowly in contact with a single crystal seed. The sil-
icon adapts to the pattern of the single crystal seed as it cools and solidifies
gradually. Not surprisingly, because we start from a seed, this process is called
growing a new ingot of single-crystal silicon out of the molten silicon. Several
specific processes can be used to accomplish this. The most established and
dependable means are the Czochralski method and the floating-zone (FZ) tech-
nique. In the Czochralski process, a seed crystal is dipped into a crucible of
molten silicon and withdrawn slowly, pulling a cylindrical single crystal as the
silicon crystallizes on the seed (Figure 2.2).

The float zone (FZ) process produces purer crystals, because they are not
contaminated by the crucible as Czochralski crystals are. In the FZ process, a
silicon rod is set atop a seed crystal and lowered through an electromagnetic
coil. The coil’s magnetic field induces an electric field in the rod, heating and
melting the interface between the rod and the seed. Single-crystal silicon forms
at the interface, growing upward as the coils are slowly raised.

Once the single-crystal ingots are produced, they must be sliced to form
wafers.
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Figure 2.2: The most widely used technique for making single-crystal silicon is the Czochralski
process, in which seed of single-crystal silicon contacts the top of molten silicon. As the seed is

slowly raised, atoms of the molten silicon solidify in the pattern of the seed and extend the
single-crystal structure. ©US Department of Energy, USA

Although single-crystal silicon technology is well developed, the Czochral-
ski, FZ, and ingotcasting processes are complex and expensive. A group of new
crystal-producing processes, however, generally called shaped-ribbon growth,
could reduce processing costs by forming silicon directly into thin, usable wafers
of single-crystal silicon. These methods involve forming thin crystalline sheets
directly, thereby avoiding the slicing step required of cylindrical ingots. These
crystals are then cut in ultra-fine layers, doped and connected. The monocrys-
talline cells allow high efficiencies, in the order of 15% to 25%.

These cells nevertheless suffer from two backdraws: their high price and their
long pay off time of the energy investment. This pay off time is the time during
which a solar cell must produce electricity in order to repay the energy that
was necessary to produce it. This time can be as long as 7 years for monocrys-
talline cells. They are nevertheless appropriate for applications requiring high
performances, such as electro-solar cars.

2.1.2 Si (multicrystalline)

Multicrystalline silicon consists of several smaller crystals or grains, which in-
troduce boundaries. These boundaries impede the flow of electrons and en-
courage them to recombine with holes and thereby reduce the power output
of the cell. However, multicrystalline silicon is much cheaper to produce than
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single-crystalline silicon, so researchers are working on other ways of minimiz-
ing the effects of grain boundaries.

Multicrystalline silicon can be produced in a variety of ways. The most
popular commercial methods involve a casting process in which molten silicon
is directly cast into a mold and allowed to solidify into an ingot (Figure 2.3).

Generally, the mold is square, producing an ingot that can be cut and sliced
into square cells to fit more compactly into a photovoltaic module.

Figure 2.3: The most popular method for making commercial multicrystalline silicon is casting, in
which molten silicon is poured directly into a mold and allowed to solidify into an ingot

2.1.3 Si (thin-film transfer)

Solar cells based on monocrystalline silicon wafers reached a conversion effi-
ciency close to 25%, and it has been demonstrated that a wafer thinned down
to about 50µm still allows one to obtain a cell efficiency of 21.5%. [1]

Unfortunately, the thinning of wafers is not suitable for minimizing material
expenses and therefore will not lead to decreased production costs. In order
to enable economically viable thin film technologies several processes employ-
ing the transfer of monocrystalline silicon films onto alternative substrates are
currently under investigation by research groups around the world.[2-6]

Monocrystalline silicon thin film solar processed by layer transfer using the
quasi-monocrystalline silicon (QMS) approach have demonstrated high efficien-
cies (Figure 2.4). [7]

Chemical vapor deposition serves to epitaxially deposit silicon on QMS films
obtained from thermal crystallization of a double layer porous silicon film on a
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Figure 2.4: Photograph of a 14 µm thick epitaxial silicon film on top of a 1.5 µm thick QMS film,
transferred to a plastic foil.

silicon wafer. A separation layer that forms during this crystallization process
allows one to separate the epitaxial layer on top of the quasi-monocrystalline
film from the starting silicon wafer after solar cell processing.

Independently confirmed thin film solar cell efficiencies are 15.4% and 16.6%
for thin film solar cells transferred to a glass superstrate with a total silicon
film thickness of 24.5 µm and 46.5 µm, respectively, and a cell area of 4 cm2.
Device simulations indicate an efficiency potential above 20% with material pa-
rameters accessible today by introducing an additional back surface reflector.

2.2 III-V cells

These photovoltaic technologies, based on Group III and V elements in the
Periodic Table, show very high conversion efficiencies under either normal sun-
light or sunlight that is concentrated (Figure 2.5). Single-crystal cells of this
type are usually made of gallium arsenide (GaAs). Gallium arsenide can be
alloyed with elements such as indium, phosphorus, and aluminum to create
semiconductors that respond to different spectral energies.

Gallium is a by-product of the smelting of other metals, notably aluminum
and zinc, and it is rarer than gold. Arsenic is not rare, but it is poisonous.
Gallium arsenide’s use in solar cells has been developing synergistically with
its use in light-emitting diodes, lasers, and other optoelectronic devices.

GaAs is especially suitable for use in multijunction (see ”Multijunction
cells”, page 31) and high-efficiency solar cells for several reasons:

1. The GaAs band gap is 1.43 eV, nearly ideal for single-junction solar cells.
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Figure 2.5: To be cost-effective for terrestrial use, GaAs high-efficiency cells are more appropriate
for concentrator systems such as this one at Sandia National Laboratories. ©Sandia National

Laboratories, USA

2. GaAs has an absorptivity so high it requires a cell only a few microns thick
to absorb sunlight (crystalline silicon requires a layer 100 microns or more
in thickness).

3. Unlike silicon cells, GaAs cells are relatively insensitive to heat (cell tem-
peratures can often be quite high, especially in concentrator applications).

4. Alloys made from GaAs using aluminum, phosphorus, antimony, or indium
have characteristics complementary to those of gallium arsenide, allowing
great flexibility in cell design.

5. GaAs is very resistant to radiation damage. This, along with its high
efficiency, makes GaAs very desirable for space applications.

One of the greatest advantages of gallium arsenide and its alloys as photovoltaic
cell materials is the wide range of design options possible. A cell with a GaAs
base can have several layers of slightly different compositions that allow a cell
designer to precisely control the generation and collection of electrons and holes
(again, see ”Multijunction cells”, page 31).

The greatest barrier to the success of GaAs cells has been the high cost of
a single-crystal GaAs substrate. For this reason, GaAs cells are used primarily
in concentrator systems, where the typical concentrator cell is about 0, 25cm2

in area and can produce ample power under high concentrations. In this con-
figuration, the cost is low enough to make GaAs cells competitive, assuming
that module efficiencies can reach between 20% and 25% and that the cost of
the rest of the system can be reduced.
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2.3 Polycrystalline thin film

One of the scientific discoveries of the computer semiconductor industry that
has shown great potential for the photovoltaic industry is thin-film technol-
ogy. Thin film photovoltaic cells use layers of semiconductor materials only a
few micrometers thick, attached to an inexpensive backing such as glass, flex-
ible plastic, or stainless steel (Figure 2.6). Semiconductor materials for use
in thin films include amorphous silicon (a-Si) (see ”Silicon”, page 19), copper
indium diselenide (CIS), and cadmium telluride (CdTe). Because the quantity
of semiconductor material required for thin films is far smaller than for tradi-
tional photovoltaic cells, the cost of thin film manufacturing is far less than for
crystalline silicon solar cells.

Figure 2.6: Polycrystalline thin-film cells have a heterojunction structure, in which the top layer is
made of a different semiconductor material than the bottom semiconductor layer. The top layer,

usually n-type, is a window that allows almost all of the light through to the absorbing layer, usually
p-type. An ohmic contact is often used to provide a good electrical connection to the substrate

Rather than growing, slicing, and treating a crystalline ingot (required for
single-crystal silicon), a thin layers of the required materials is sequentially de-
posited. Several different deposition techniques are available, and all of them
are potentially cheaper than the ingot-growth techniques required for crystalline
silicon. These deposition processes can be scaled up easily so that the same
technique used to make a 5cm × 5cm laboratory cell can be used to make a
60cm× 150cm module.

Single-crystal cells have to be individually interconnected into a module, but
thin-film devices can be made as a single unit. Layer upon layer is deposited se-
quentially on a glass superstrate, from the antireflection coating and conducting
oxide, to the semiconductor material and the back electrical contacts.

Unlike most single-crystal cells, the typical thin-film device does not use a
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Figure 2.7: One way around contacting problems inherent in typical CdTe cells is to use an n-i-p
structure, with an intrinsic layer of CdTe sandwiched between an n-type CdS layer and a p-type

ZnTe layer

metal grid for the top electrical contact. Instead, it uses a thin layer of a trans-
parent conducting oxide, such as tin oxide. These oxides are highly transparent
and conduct electricity very well (see ”TCO substrate”, page 37). A separate
antireflection coating may be used to top off the device, or the transparent
conducting oxide may serve this function as well (Figure 2.7).

2.4 Amorphous silicon

Amorphous solids, like common glass, are materials in which the atoms are not
arranged in any particular order. They do not form crystalline structures at
all, and they contain large numbers of structural and bonding defects. They
also come from the cuttings from crystal blocks, but these blocks are cast
and therefore heterogeneous. Difficulties linked to big crystal growth are then
avoided. Efficiency for amorphous silicon cells, in the order of 10%, is slightly
lower, but is largely compensated by lower production costs. Producing such
cells need less energy (Figure 2.8).

It wasn’t until 1974 that researchers began to realize that amorphous silicon
could be used in photovoltaic devices by properly controlling the conditions un-
der which it was deposited and by carefully modifying its composition (Figure
2.9). Today, amorphous silicon is commonly used for solar-powered consumer
devices that have low power requirements (e.g., wrist watches and calculators).

Amorphous silicon absorbs solar radiation 40 times more efficiently than
does single-crystal silicon, so a film only about 1 micron thick can absorb 90%
of the usable solar energy. This is one of the most important factors affecting its
low cost potential. Other principal economic advantages are that amorphous
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Figure 2.8: The versatility of amorphous silicon is shown in this flexible roof shingle module. The
shingle can be built right into new homes where covenants would prohibit more conventional

photovoltaic modules. ©NREL

silicon can be produced at a lower temperature and can be deposited on lowcost
substrates. These characteristics make amorphous silicon the leading thin-film
photovoltaic material.

Figure 2.9: The typical amorphous silicon cell employs a p-i-n design, in which an intrinsic layer is
sandwiched between a p layer and an n layer

Because amorphous silicon does not have the structural uniformity of crys-
talline or even multicrystalline silicon, the small deviations result in defects
such as non-bonding electrons, where atoms are missing a neighbor to which
they can bond. These defects provide places for electrons to recombine with
holes rather than contributing to the electrical circuit. Ordinarily, such a ma-
terial would be unacceptable for electronic devices because the defects limit the
flow of current.
But if amorphous silicon is deposited in such a way that it contains a small
amount of hydrogen (through a process called hydrogenation), then the hy-
drogen atoms combine chemically with many of the non-bonding electrons and
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thereby permitting electrons to move through the amorphous silicon (Figure
2.10).

Figure 2.10: Amorphous silicon’s random structural characteristics result in deviations like
non-bonding electrons. This provides places for electrons to recombine with holes, but this may be

neutralized somewhat with atomic hydrogen

2.5 Photoelectrochemical cells

2.5.1 Nanocrystalline Dye-Sensitized Solar Cells

In contrast to the conventional systems, where the semiconductor assumes both
the task of light absorption and charge carrier transport, the two functions are
separated in the Dye-Sensitized Solar Cells (DSSC).

Light is absorbed by a sensitizer which is anchored to the surface of a wide
band gap semiconductor. Charge separation takes place in the dye via photo-
induced electron injection from the dye into the conduction band of the solid.
Carriers are transported in the conduction band of the semiconductor to the
charge collector. The use of transition metal complexes having a broad ab-
sorption band in conjunction with oxide films of nanocrystalline morphology
permits the harvesting of a large fraction of sunlight. Near-quantitative con-
version of incident photons into electric current is achieved over a large spectral
range extending over the whole visible region. Overall solar (standard AM1,5)
to electric conversion efficiencies over 10% have been reached.

2.6 Multijunction cells

Most common photovoltaic devices use a single junction, or interface, to create
an electric field within a semiconductor such as a photovoltaic cell. In a single-
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Figure 2.11: A transparent Dye-Sensitized Solar Cell running a small motor under a diffuse
day-light. ©EPFL-LPI

junction photovoltaic cell, only photons whose energy is equal to or greater than
the band gap of the cell material can free an electron for an electric circuit.
In other words, the photovoltaic response of single-junction cells is limited to
the portion of the sun’s spectrum whose energy is above the band gap of the
absorbing material, and lower-energy photons are not used.

One way to get around this limitation is to use two or more different cells,
with more than one band gap and more than one junction, to generate a voltage.
These are referred to as multijunction cells (also called cascade or tandem cells).
Multijunction devices can achieve a higher total conversion efficiency because
they can convert more of the energy spectrum of light to electricity (Figure
2.12). In a typical multijunction photovoltaic cell, individual single-junction

Figure 2.12: A multijunction device is a stack of individual single-junction cells in descending order
of band gap (Eg). The top cell captures the highenergy photons and passes the rest of the photons

on to be absorbed by lower-band-gap cells
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cells with different energy band gaps are stacked on top of one another. Sunlight
then falls first on the material with the largest band gap, and the highest-energy
photons are absorbed. Photons not absorbed in the first cell continue on to
the second cell, which absorbs the higher-energy portion of the remaining solar
radiation while remaining transparent to the lowerenergy photons. Much of
the work in this area uses gallium arsenide and its alloys, as well as using
amorphous silicon, copper indium diselenide, and gallium indium phosphide
(Figure 2.13). Although two-junction cells have been built, most research is

Figure 2.13: This multijunction device uses a top cell of gallium indium phosphide, a tunnel
junction, to aid the flow of electrons between the cells, and a bottom cell of gallium arsenide

focusing on three-junction and four-junction devices, using materials such as
germanium (Ge) to capture the lowest-energy light in the lowest layer.
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Chapter 3

Dye-Sensitized Solar Cell

3.1 Advantageous of the Dye-Sensitized Solar Cell

One major advantage of new generation DSSC in comparison to the conven-
tional silicon based photovoltaic devices is low cost, 0, 48−0, 64S/Wp for a 10%
efficient cell in comparison to (0.48×6−0.64×6)S/Wp for single crystal silicon
cells [1]. Moreover it is claimed that these cells offer high overall photon-to-
electric energy conversion efficiency [2] and long term stability [3]during solar
cell operation conditions.

3.2 Dye-Sensitized Solar Cell components

The Dye-Sensitized Solar Cell technology developed at the Ecole Polytechnique
Federal de Lausanne (EPFL) contains broadly five components: (i) a conduc-
tive mechanical support, (ii) a semiconductor film, (iii) a sensitizer, (iv) an
electrolyte containing the I−/I−3 redox couple, and (v) a counter electrode with
a platinum catalyst. The total efficiency of the cell depends on optimization
and compatibility of each of these components.[4] Across-section of the Dye-
Sensitized Solar Cell is shown in Figure (3.1). To a large extent, the nanocrys-
talline semiconductor film technology and the dye spectral response are mainly
responsible for the high efficiency. The high surface area and the thickness
of the semiconductor film yields a high optical density for the adsorbed dye,
resulting in efficient light harvesting.[5] The sensitizers display a crucial role
in harvesting of sunlight. To trap solar radiation efficiently in the visible and
the near IR region of the solar spectrum requires engineering of sensitizers at
a molecular level.[6] The electrochemical and photophysical properties of the
ground and the excited states of the sensitizer have a significant influence on
the charge transfer (CT) dynamics at the semiconductor interface . The open-
circuit potential of the cell depends on the redox couple, which shuttles between
the sensitizer and the counter electrode.[7]

34
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Figure 3.1: Schematic representation of the cross-section of a Dye-Sensitized Solar Cell

3.3 Dye-Sensitized Solar Cell Fabrication

Briefly, we describe here various steps involved in the preparation of Dye-
Sensitized Solar Cell. The nanocrystalline TiO2 films were prepared by de-
positing TiO2 colloids on a transparent fluorine-doped tin oxide-conducting
glass using either screen printing or by the doctor blade technique.[8,9] The
films are then dried in air and fired at 450° C. The hot electrodes (≈80° C)
are immersed into the dye solution, which is usually prepared in ethanol (2-
5×10−4 M). The deposited dye film is used as a working electrode. A sandwich
cell is prepared with a second piece of conducting glass coated with chemically
deposited platinum from 0.05M hexachloroplatinic acid. This platinumcoated
counter electrode and the dye-coated TiO2 film are then put together with
a thin transparent film of Surlyn polymer frame (DuPont). The sandwiched
electrodes are tightly held and then heat is applied (130° C) around the Surlyn
frame to seal the two electrodes. A thin layer of electrolyte containing the
I−3 /I

−redox couple in methoxyacetonitrile is introduced into the interelectrode
space from the counter electrode side through predrilled holes. The drilled
holes are sealed with a microscope cover slide and Surlyn to avoid leakage of
the electrolyte solution. [7]

A module of a solar cell based on a dye-sensitized TiO2 nanocrystalline film
is shown in Figure (3.2).

Small-area (less than 1 cm2) DSSC have achieved 10.8% efficiency by the
EPFL group,and 8.23% in the ECN (Energy Research Centre for Netherlands)
group for several square centimeters,but the efficiency of DSSC modules larger
than 100 cm2 is still less than 7%. Recently,some European group obtained
high efficiency in masterplate,but less than 30% active area in the DSSC [10].
The noneffective area will increase the cost of DSSC,and hide the merits of
DSSC compared to Si-solar cell and other thin-film solar cells. Increasing the
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Figure 3.2: A module of a photoelectrochemical solar cell based on a dye-sensitized TiO2

nanocrystalline film

active area is one of the obstacles the DSSC have to overcome before it can be
made into a commercial product.[11]

3.4 Operating Principles of the Dye-Sensitized Solar Cell

At the heart of the system is a wide band gap oxide semiconductor which is
placed in contact with a redox electrolyte or an organic hole conductor. The
material of choice has been TiO2 (anatase) although alternative wide band gap
oxides such as ZnO [12], and Nb2O5 [13] have also been investigated. Attached
to the surface of the nanocrystalline film is a monolayer of the charge transfer
dye. Photo-excitation of the latter results in the injection of an electron into
the conduction band of the oxide. The original state of the dye is subsequently
restored by electron donation from the electrolyte, usually an organic solvent
containing redox system, such as the iodide/triiodide couple.
The regeneration of the sensitizer by iodide intercepts the recapture of the con-
duction band electron by the oxidized dye. The iodide is regenerated in turn by
the reduction of triiodide at the counter-electrode the circuit being completed
via electron migration through the external load. The voltage generated under
illumination corresponds to the difference between the Fermi level of the elec-
tron in the solid and the redox potential of the electrolyte. Overall the device
generates electric power from light without suffering any permanent chemical
transformation.[14]

The details of the operating principles of the Dye-Sensitized Solar Cell are
given in Figure (3.3).[7]
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Figure 3.3: Operating principles and energy level diagram of a Dye-Sensitized Solar Cell. S/S+/S∗

= Sensitizer in the ground, oxidized and excited state, respectively. R/R− = redox mediator
(I−3 /I

−)..[4]

3.5 Electron transfer dynamics [7]

Photoexcitation of the metal-to-ligand charge transfer (MLCT) of the adsorbed
sensitizer (Equation (4.1)) leads to injection of electrons into the conduction
band of the oxide (Equation (4.2)). The oxidized dye is subsequently reduced
by electron donation from an electrolyte containing the iodide/triiodide redox
system (Equation (4.3)). The injected electron flows through the semiconduc-
tor network to arrive at the back contact and then through the external load to
the counter electrode. At the counter electrode, reduction of triiodide in turn
regenerates iodide (Equation (4.4)) through the donation of electrons from the
external circuit, which completes the circuit. With a closed external circuit and
under illumination, the device then constitutes a photovoltaic energy conver-
sion system, which is regenerative and stable. However, there are undesirable
side reactions: the injected electrons may recombine either with oxidized sen-
sitizer (Equation (4.5)), or with the oxidized redox couple at the TiO2 surface
(Equation (4.6)), resulting in losses in the cell efficiency. For a net forward
current under study state illumination, the processes of Equations (4.2) and
(4.3) must be kinetically more favorable than Equations (4.5) and (4.6):
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S(adsorbed on T iO2) + hγ → S∗(adsorbed on T iO2) (3.1)

S∗(adsorbed on T iO2)→ S+(adsorbed on T iO2) + e−(injected) (3.2)

S+(adsorbed on T iO2) + 3/2I− → S(adsorbed on T iO2) + 1/2I−3 (3.3)

I−3 (cathode)2e− → 3I−(cathode) (3.4)

S+(adsorbed on T iO2) + e−(TiO2)→ S(adsorbed on T iO2) (3.5)

I−3 + 2e−(TiO2)→ 3I−(anode) (3.6)

3.6 Semiconductor Films

The favored semiconductor materials titanium dioxide because of its abun-
dance, low cost and nontoxicity. This last characteristic promotes its use in
healthcare products and paints. the efficiency of the solar cell depends to a
large extent on the nanocrystalline semiconductor films; the high surface area
of these films yields a high dye loading and, therefore, high optical density, re-
sulting in efficient light absorption. The nanoporous structure permits surface
coverage of the dye to be sufficiently high for total absorption of the incident
light, necessary for efficient solar energy conversion, since the area available
for monomolecular distribution of adsorbate is 2-3 orders of magnitude higher
than the geometric area of the substrate. [7]

3.7 Importance of morphologie of TiO2 films

The properties of TiO2 film have a significant influence on the photoelectro-
chemical performance of the DSSC.

The roughness factor (rf) of TiO2 film decreased as the particle size of TiO2

crystallites increased . The average pore size and porosity of the film decreased
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with decreasing particle size because the void between the particles became
smaller with the decrease of the particle size. [15]

So we can act the porosity of the Tio2 film by controlling the particle size
and the overage pore size.

The thickness of the TiO2 film is very important for the transportation of
electrons as well as adsorption of the dye.

A relationship between nanocrystalline-TiO2 film thickness and the resul-
tant DSSC conversion efficiency was shown in Figure (3.4). The optimum film
thickness to produce highly efficient DSSC being 12-14 µm. [16,17].

Figure 3.4: Photoconversion efficiency as a function of nanocrystalline TiO2 layer thickness.
Illuminated-TiO2 and aperture areas of cells are 0.16 cm2 and 0.25 cm2, respectively [17]

3.8 Requirements of the Sensitizers [7]

The optimal sensitizer for the Dye-Sensitized Solar Cell should be panchro-
matic, i.e., it should absorb visible light of all colors. Ideally, all photons at
wavelengths shorter than a threshold of about 920nm should be harvested and
converted to electric current.[18,19 ]In addition, the sensitizer should fulfill
several other demanding conditions:

1. It must be firmly grafted onto the semiconductor oxide surface, and inject
electrons into the conduction band with a quantum yield of unity.

2. (ii) The excited state of the dye must be higher in energy than the con-
duction band edge of the semiconductor, in order to inject electrons quan-
titatively.
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3. The ground state redox potential of the dye should be sufficiently high that
it can be regenerated rapidly via electron donation from the electrolyte or
a hole conductor.

4. The extinction coefficient of the dye should be high over the whole absorp-
tion spectrum to absorb most of the incident light.

5. The dye should be soluble in some solvent for adsorption on TiO2 surface,
and should not be desorbed by the electrolyte solution.

6. It should be stable enough to sustain at least 108 redox turnovers un-
der illumination, corresponding to about 20 years of exposure to natural-
sun light. Molecular engineering of ruthenium complexes that can act as
panchromatic CT sensitizers for TiO2-based solar cells presents a challeng-
ing task as several requirements have to be fulfilled by the dye, which are
very difficult to be met simultaneously. The lowest unoccupied molecular
orbitals (LUMOs) and the highest occupied molecular orbitals (HOMOs)
have to be maintained at levels where photo-induced electron transfer into
the TiO2 conduction band and regeneration of the dye by iodide can take
place with practically 100% yield.

3.9 The general structure of the dye

Metal complex sensitizers usually have anchoring (carboxylated) ligands (Fig
3.5) for adsorption onto the semiconductor surface [20]. The dyes having
the general structure of ML2(X)2, where L stands for 2,20 bipyridyl-4-40-
dicarboxylic acid, M for ruthenium or osmium and X for halide, cyanide, thio-
cynate, or water have been found promising [21-23]. The excitation of Ru
complexes via photon absorption is of metal to ligand charge transfer (MLCT)
type. This means that the highest occupied molecular orbital (HOMO) of the
dye is localized near the metal atom, Ru in this case, whereas the lowest unoc-
cupied molecular orbital (LUMO) is localized at the ligand species, in this case
at the bipyridyl rings. At the excitation, an electron is lifted from the HOMO
level to the LUMO level. Furthermore, the LUMO level, extending even to
the COOH anchoring groups [21], is spatially close to the TiO2 surface, which
means that there is significant overlap between electron wavefunctions of the
LUMO level of the dye and the conduction band of TiO2. This directionality
of the excitation is proposed as one of the reasons for the fast electron transfer
process at the dye-TiO2 interface [21].

Cells based on this concept show energy conversion effi-ciencies up to 11%
on small-area cells [24].
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Figure 3.5: Chemical structure of a ruthenium dye

(Fig4.6) compares the spectral response of the photocurrent observed with
the two sensitizers. The incident photon to current conversion efficiency (IPCE)
of the DSSC is plotted as a function of excitation wavelength. Both chro-
mophores show very high IPCE values in the visible range. However, the re-
sponse of the black dye extends 100 nm further into the IR than that of N3.
The photocurrent onset is close to 920 nm, i.e. near the optimal threshold for
single junction converters.

From there on the IPCE rises gradually until at 700 nm it reaches a plateau
of ca. 80%. If one accounts for reflection and absorption losses in the conduct-
ing glass the conversion of incident photons to electric currents is practically
quantitative over the whole visible domain. [25,26]

An advantage of the DSSC with respect to competing technologies is that
its performance is remarkably insensitive to temperature change. Thus, rais-
ing the temperature from 20 to 60° C has practically no effect on the power
conversion efficiency. In contrast, conventional silicon cells exhibit a significant
decline over the same temperature range amounting to ca. 20%. Since the
temperature of a solar cell will reach readily 60° C under full sunlight this fea-
ture of the injection cell is particularly attractive for power generation under
natural conditions. [25]

Another strategy to obtain a broad optical absorption extending through-
out the visible and near IR region is to use a combination of two dyes which
complement each other in their spectral features.
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Figure 3.6: Photocurrent action spectra obtained with the N3 (ligand L) and the black dye (ligand
L’ ) as sensitizer. The photocurrent response of a bare TiO2 films is also shown for comparison

3.10 Electrolyte

Room temperature ionic liquid electrolytes have been actively pursued as non-
volatile electrolytes of DSSC [27,28]. Molten salts based on imidazolium iodides
have revealed very attractive stability features

3.11 Solid state Dye-Sensitized Solar Cells

In a solid state Dye-Sensitized Solar Cell the electrolyte is replaced with a p-
type semiconductor or organic hole conductor materials [32-33] avoiding prob-
lems such as leakage of liquid electrolytes [34].

A solid state Dye-Sensitized Solar Cell is schematically shown in (Fig 3.7).
The mesoporous metal oxide electrode, commonly, TiO2 is placed in contact
with a solid state hole conductor. Attached to the surface of the nanocrystalline
electrode film is a monolayer of the sensitizing dye. After the excitation of the
dye an electron is injected into the conduction band of the semiconductor oxide
electrode. The sensitizer dye is regenerated by the electron donation from the
hole conductor [35].

In the solid state cell, the charge transport is electronic whereas when using
liquid or polymer electrolyte, ionic transportation takes place [36].

The hole conductor must be able to transfer holes from the sensitizing dye



Chapter 3. Dye-sensitized Solar Cell 43

Figure 3.7: Schematic description of a solid state Dye-Sensitized Solar Cell

after the dye has injected electrons into the TiO2; that is, the upper edge of
the valence band of ptype semiconductors must be located above the ground
state level of the dye .(Fig 3.8)

Figure 3.8: Energy diagram for an efficient charge transfer between solid state Dye-Sensitized Solar
Cell components

Furthermore, hole conductors have to be deposited within the porous nanocrys-
talline layer penetrating into the pores of the nanoparticle and finally it must
be transparent in the visible spectrum, or, if it absorbs light, it must be as
efficient in electron injection as the dye. CuI, CuBr or CuSCN were found to
be the successful candidates to replace the liquid electrolyte [37-40].
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3.12 Counter electrodes

The counter electrode is one of the most important components in the Dye-
Sensitized Solar Cell (DSSC). The task of the counter electrode (CE) is the
reduction of the redox species used as a mediator in regenerating the sensi-
tizer after electron injection, or collection of the holes from the hole conducting
material in a solid-state DSSC [41]. At present, several different kinds of CEs
have been introduced, for example: platinized transparent CEs, carbon CEs,
and conductive polymer CEs [42,43].

The counter electrode is chosen according to the particular application of
the DSSC. For power-producing windows or metal-foil-supported DSSC, one
must employ a transparent counter electrode, e.g. a small amount of platinum
deposited on F-doped tin oxide coated glass (FTO-glass) or plastic. [44]
On the other hand, to make an inexpensive cell one should consider a low cost
material such as a carbon catalyst for the CE [18]. Or, for ”champion cells”,
one must choose the material for the CE with the lowest possible sheet resis-
tance and a high rate of reduction of the redox electrolyte.

There are many different kinds of CEs. They can be divided into various
groups: CEs prepared with a heating process, without a heating process, and
with Pt and without Pt. The CEs prepared with a heating process show better
results than without heating, however, these processes are impossible to apply
to plastic substrates and non-heating processes are suitable for this application
[41].
Platinum is an efficient catalyst but it can be replaced by other materials to
obtain similar performances. Transparent CEs can be realized with a platinum
catalyst on conducting glass. A combination of a low sheet resistance material
such as SWCNT and a highly catalytically active material such as carbon black
is promising for large DSSC modules [45].
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Chapter 4

General properties of titanium dioxide

4.1 TiO2 crystal structures

The titanium oxide can crystallize in different structures. At ambient condi-
tions, four structures are known: rutile, anatase, brookite, and srilankite [1].
At higher pressure, i.e. more than 10 Gpa, a baddeleyite structure appears
[2], and theoretical work predicts a new structure, not yet observed, similar
to fluorite HfO2 at even higher pressure [3]. The most common and studied
structure is rutile, it is also the most stable structure of TiO2 [4]. TiO2 thin
films with all of the four structures can be synthesized, though generally only
anatase and rutile are present. The brookite structure has been obtained by
the sol-gel method [5-6], and TiO2-II (srilankite) has been grown by atomic
layer epitaxy from TiCl4 and H2O [7].

Structural, optical, and electrical properties of TiO2 are reported in (Fig
4.1)

The elementary cells of the TiO2 crystal structures are presented in (Fig
4.2) Rutile and anatase, which are tetragonal, are more ordered than the or-
thorhombic structure. The anatase, which is the least dense structure, has
empty channels along the a and b axes.

Rutile can exist at any temperature below 1800° C, at which point tita-
nium dioxide becomes liquid, while for temperatures above 700° C the anatase
structure changes to the rutile structure [16]. the reverse transformation never
occurs. The transformation temperature can be modified by adding impurities
into TiO2. For instance, the anatase phase completely disappears at tem-
perature of about 530° C, 680° C, and 830° C for powder samples containing
vanadium, molybdenum, and tungsten respectively [17].

48
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Figure 4.1: TiO2 properties.

Figure 4.2: Elementary cell of TiO2 polymorphs

4.2 Semiconductor properties

The information given in this section relies on the work of S. M. Sze [18]. Solid
materials are classified in three groups depending on their electrical conduc-
tivity σ. Highly conducting materials are metals (σ > 104Sm−1), material
with very low electrical conductivity are insulators (σ < 10 − 8Sm−1), and
in-between stand the semiconductors. The main difference between metal and
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semiconductor is the fact that for metals, the electrical conductivity decreases
when temperature increases, while the reverse phenomenon usually occurs in
the case of semiconductors.

The energy band diagram of a pure semiconductor containing a negligible
amount of impurities (intrinsic semiconductor), is characterized by an energy
gap (EG) inside which no electronic states are encountered. The electrical con-
ductivity is given by the following formulas:

σ = σn + σp = qµnn+ qµpp

Wheren = Ncexp
(
−EC − EF

kT

)
is the electron density in the conduction band

p = NV exp
(
− EF − EV

kT

)
is the hole density in the valence band

EF =
EF − EV

2
+
kT

2
+ ln

(NV

NC

)
is the fermi energy

q is the electronic charge, k is Boltzmann’s constant, T the absolute tem-
perature, µn and µp are the electron and hole mobility respectively, NC and
NV are the effective density of state of the conduction and valence band, EC
the energy of the bottom of conduction band, and EV the energy of the top of
valence band (see Fig 4.3).

Figure 4.3: Simplified band diagram of a semiconductor
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When a semiconductor is doped with donor and/or acceptor impurities, im-
purity energy levels are introduced. A donor level is defined as being neutral
if filled with an electron, and positive if empty. An acceptor level is neutral if
empty, and negative if filled by an electron.

The Fermi level for the intrinsic semiconductor lies close to the middle of
the bandgap (see Figure 5.3 (a)). When impurity atoms are introduced, the
Fermi level must adjust itself to preserve charge neutrality (see Figure 5.3 (b)
and (c)), the total negative charge (electrons and ionized acceptors) must equal
the total positive charge (holes and ionized donors). n-type (donors impurities)
and p-type (acceptor impurities) semiconductor band diagrams and density of
states are given in (Fig 4.4) (b) and (c).

Consider the case where donor impurities with concentration ND and accep-
tor impurities with concentration NA: the charge neutrality is given by:

N−A + n = N+
D + p

Where N+
D = ND

(
1− 1

1 + 1
gD
exp
(
ED−EF

kT

)) is the number of ionized donors

N−A =
NA

1 + gAexp
(
EA−EF

kT

) is the number of ionized acceptors

ED and EA the ionization energy of the donors and acceptors, and gD and
gA are the ground-state degeneracies of the donors and acceptors. For a set of
given NC, NV, ND, NA, EC, EV, ED, EA, and T, the Fermi level EF can be
uniquely determined. If µn and µp are known, the electrical conductivity can
be calculated.
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Figure 4.4: Schematic band diagram, density of states, Fermi-Dirac distribution, and the carrier
concentration for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at thermal equilibrium [19]
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Chapter 5

Experimental

In this part we describe different step following in the goal to realise Dye-
Sensitized Solar Cells which have been made in PMCN laboratory at Lyon 1
University (France). Then the measurements have been made for caracterising
this cell.

5.1 preparation

5.1.1 Components of DSSC

DSSC consist of two glass substrates,each of them coated with a transparent
conducting oxide (i.e. SnO2:F).
On one side of the cell,the photoelectrode,a porous TiO2 layer composed of
nanometer-sized particles. These particles are interconnected to form a three-
dimensional nanoporous network. A monolayer of sensitizing dye is adsorbed
on the porous TiO2 film. A monolayer of catalytic platinum is sprayed and
serves as the counter-electrode. In a complete cell,the photoelectrode and the
counter-electrode are put together,sealed with hot-melt polymer or glue,and
the space between the electrodes and the voids between the TiO2 particles are
filled with an electrolyte. [1]

Basically,TiO2,dye,electrolyte and Pt catalyst are the most important com-
ponents in a DSSC. They determine the efficiency and the stability of the DSSC.
(Fig 5.1) shows the basic construction of the DSSC.

5.1.2 Materials

TCO Substrates
TiO2 paste made with TiO2 (P-25, Degussa) which had brought back from
EPFL (Lausanne), Laboratory : photopic and interface
H2PtCl6 solution

55
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N719 dye
Electrolyte ( A6141 type )

Figure 5.1: The basic construction of a DSSC

5.1.3 TCO Substrates

Coated glass with highly F-doped transparent conducting oxide (TCO) usually
serves as a support for the dye-sensitized oxide. It allows light transmission
while providing good conductivity for current collection. TCO should establish
a good mechanical and electrical contact with the dye-sensitized oxide in order
to increase electron injection from the latter to the outer circuit.[2]

5.1.4 Choice of the TCO

An effective TCO should have high electrical conductivity combined with low
absorption of the visible light. However, the decrease of resistivity is corre-
lated with a decreased transmission for a given material. Correspondingly
the two parameters have to be optimised for the application of interest. In
particularly for device used without compact TiO2 layer the interfacial and
material-compatibility properties of the TCO are also important, determining
the attachment of the deposited material to the TCO. The TCO should pass the
demanding processing conditions for the device preparation without change of
its physical properties. The resistance of TCOs will increase, if heated to high
temperatures and for long time. However, the TCO typically remains stable up
to temperatures slightly above the optimised deposition temperature. Fluorine
dopedSnO2 films are generally very stable, so that the softening of the glass
substrate is more limiting than any thermal decomposition of the conducting
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layer.[3]

5.1.5 Deposited of TiO2 electrodes

Titanium dioxide is widely used as semiconductor material in dye-sensitized
nanocrystalline solar cells, owing to its favorable energetics stability, low price
and simple processing [4,5].

In the method of preparation of titanium dioxide films electrode, the doctor
blade technique shows more fascinating and efficient. It is a simple process
leading to films with controllable thickness and surface and more photoactivity
[6,7]. The size of the particles and pores making up the film is controlled by
the size of the particles in the colloidal solution [8].The TiO2 layer is deposited
using doctor blade technique as follow :
we crossed a square on scotch then we sticked the scotch on substrate. The
paste was deposited onto the substrates and was then spread out using a blade.
The thickness of the deposited layer is determined by the Scotch and its di-
mensions is determined by the square which have been removed. Following
spreading, the film was left to dry in air at 80° C for a few minutes and cal-
cined at 500° C for 1h under oxygen .

5.1.6 ruthenium sensitizer

The dye is the photoactive element of the photovoltaic device, harvesting the
incident light for the photon-to-electron conversion.
One of the most popular sensitizers is the ruthenium dye known as N719, i.e.,
2(n−C4H9)4N

+, [Ru(Hdcbpy)2(NCS)2]2 (H2dcbpy1/4L1/42, 20−bipyridine−
4, 40−dicarboxylic acid),due to its high efficiency and stability [8-9]. Its molec-
ular structure is depicted in (Fig 5.2).

The porous TiO2 electrodes was immersed in an ethanol solution of a ruthenium-
complex (N719) over night for dye-adsorption [10].

5.1.7 Preparation of counter Pt-electrodes

To prepare the counter electrode, the FTO glass was washed with H2O as well
as with ethanol and cleaned by ultrasound in an acetone bath for 10 min. After
removing residual organic contaminants by heating in air for 15 min at 400° C,
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Figure 5.2: Molecular structure of N719

the Pt catalyst was deposited on the FTO glass by coating with a drop of
H2PtCl6 solution (2 mg Pt in 1 ml ethanol) with repetition of the heat treat-
ment at 400° C for 15 min.[11]

5.1.8 Electrolyte

The electrolyte employed was of type A6141 which had brought back from
EPFL. but unfortunately the amont was not enough which influed on the fi-
nales results.

5.1.9 DSSC assemblage

After adding the electrolyte at the dye-covered TiO2 electrode, it was assem-
bled with Pt-counter electrode into a sandwich type cell. and sealed with a
transparency scotch .
In order to have a good electrical contact for the connections to the measure-
ment set-up, the edge of the FTO outside of the cell was sealed with gold plates .

5.2 Caracterizations methods

5.2.1 X-Ray Diffraction

This technique uses the diffraction of x-rays by core electron of atoms. If the
sample is a crystal, x-rays are diffracted only in directions verifying the Bragg
condition:
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where d is the distance between crystal planes, the incidence angle, n an
integer, and the wavelength of the x-rays.
In the case of our samples, which are polycrystalline thin films, measurements
were made with a monochromatic x-ray beam. The diffraction angle 2 was
varied in an appropriate range and the diffracted intensity was recorded as a
function of 2 . In principle, each crystal has is own signature: the position of
the peaks depends on the crystal symmetry and on the size of the elementary
cell of the lattice. Crystalline phases present in a sample can be identified by
comparison with X-Ray Diffraction curves compiled in standard databases [12].

The shape of each Bragg peak results from a convolution of the crystallite
size, of the experimental resolution function, and of internal stress. If we as-
sume that stress is weak and if the resolution of the setup is good enough, the
size can be calculated from the full width at half maximum (FWMH) of the
peak with the Scherrer equation [13]:

Size =
0.9λ

width cos β
⇐⇒ λ = 1, 54 angel trame

where width =
√
FWMH2 −GW 2in radian, and GW is the diffractome-

ter broadening.
In mixed anatase-rutile TiO2 thin films, the weight fraction Wa of the anatase
phase was estimated from the relation:

Wa =
1

1 + 1.265IRIA

proposed by Spurr [14], where IR/IA is the ratio between the most intense
rutile peak ((110), 2 = 27.438) and the most intense anatase peak ((101), 2 =
25.281).
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5.2.2 Photovoltaic characterisation

The two widely used techniques for photovoltaic characterisations are, cur-
rentvoltage measurements under simulated sunlight and monochromatic light
generated current measurements, IPCE.

Current-voltage measurements

The dye-sensitised solar cell device can be represented by an equivalent electric
scheme shown in (Fig 5.3) [15-17].

Figure 5.3: Equivalent electric scheme of the dye-sensitised cell

Where Iph is the photo current, ID the diode current, RS the series resis-
tance (describes the resistances of the materials) and Rsh the shunt resistance.
The equation for the equivalent electric scheme in (Fig 5.3) is:

I = Iph − Is
[
exp
(V + IRs

ηVth

)]
− V + IRs

Rsh
(5.1)

The shunt resistance is normally much larger than the series resistance. For
this reason one can simplify Equation 6.2:

I = Iph − Is
[
exp
(V + IRs

ηVth

)]
(5.2)

During the current-voltage measurements the following parameter will be
determined:
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Short-circuit current (Isc)

The current equals the short-circuit current when the applied bias potential is
zero:

I = Iph − Is
[
exp
(IscRs

ηVth

)]
(5.3)

When no current is flowing through the cell the potential equals the open-
circuit potential, using equation 6.4 one can find:

Open-circuit potential (VOC)

Voc = ηVth ln
(Iph
IS

+ 1
)

(5.4)

Maximal power output (Pmax)

The power delivered from a solar cell at a certain potential equals the product
of the current at this potential times the potential:

P (V ) = I(V ).V (5.5)

To obtain a graphic representation of the power one has to vary the potential
between VOC and 0:

Figure 5.4: Representation of the I/V and the power curves. PPP is the point of peak power
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The point where the power is maximum (Pmax) corresponds to the so-called
peak power point (PPP) for the I/V curve. These are the optimal current and
potential conditions (Iopt, Vopt) for the operating cell. [18].

Fill-factor (FF)

The fill-factor quantifies the quality of the solar cell, it is obtained by dividing
the product of current and voltage measured at the power point by the product
of short-circuit current and the open-circuit voltage, as shown in (Fig 5.4): The
power point is the maximum product of the cell voltage and the photocurrent
obtained on the I-V plot.[19]

FF =
Impp × Vmpp
Isc × Voc

(5.6)

Power Conversion Efficiency

The overall conversion efficiency (η)of the Dye-Sensitized Solar Cell is deter-
mined by Equation (6.7). where VOC is the open circuit voltage, Isc is the
short-circuit current, FF is the fill factor and Pin is the incident light power
density, which is standardized at 1000 W/m2 for solar cell testing with a spec-
tral intensity distribution matching that of the sun on the earth’s surface at an
incident angle of 48.2°, which is called the AM 1.5 spectrum [19].

ηe =
Voc × Isc × FF

Pin
(5.7)

Incident Photon-to-current Efficiency

The incident monochromatic photon-to-current conversion efficiency (IPCE),
also called external quantum efficiency, is defined as the number of electrons
generated by light in the external circuit divided by the number of incident
photons as a function of excitation wavelength. It is expressed in Equation
(6.8).[20]

IPCE =
(1.125× 103)× photocurrent density[mA cm−2]

wavelength[nm]× photoflux[Wm−2]
(5.8)

In most cases, the photoaction spectrum overlaps with the absorption spec-
trum of the sensitizer adsorbed on the semiconductor surface. A high IPCE is
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a prerequisite for highpower photovoltaic applications, which depends on the
sensitizer photon absorption, excited state electron injection, and electron.

5.3 Results and discussion

5.3.1 X-Ray Diffraction

The crystalline phase composition of titanium dioxide films electrode was ana-
lyzed by X-Ray Diffraction (XRD) which is shown in (Fig 5.5).

Figure 5.5: X-Ray Diffraction of titanium dioxide films

The most distinctive peaks corresponded to anatase phase .
The results obtained from the X-Ray Diffraction clearly reflects that the tita-
nium dioxide films is predominantly composed of anatase .

5.3.2 current-voltage measurements

The irradiation source for the photocurrent-voltage (I-V) measurement is a
100 W lamp. The current-voltage curve was obtained by measuring the pho-
tocurrent of the cell using an Operator’s Manual (Keithley Model 237 Source
Measure Units) under an applied external potential scan.
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the measurements have been made at physical laboratory of Setif university,
(Fig 5.6) shows the Photocurrent density-voltage curve of a cell and (Fig 5.7)
shows Power curve of a cell.

Figure 5.6: Photocurrent density-voltage curve of a cell

I(V) curve shows that the cell functions with VOC=180 mV and Isc=6.1
uA ,which are small values in compare with those reached for this type of
cell. These results is explained by the low rate of electron regeneration by the
electrolyte due to insufficient amount of the electrolyte used ,and bad sticking
of both electrode of the cell have influenced on electron movement in the TiO2

layer to the back contact (percolation).
The power curve of the cell is drawn using I(V) curve data .

5.3.3 The measurement of incident photon-to-current conversion

efficiency (IPCE)

The measurement of incident photon-to-current conversion efficiency (IPCE)
was performed by a similar data collecting system but under a monochromatic
light. IPCE was plotted as a function of excitation wavelength.
The incident light from a 300 W xenon lamp was focused through a Gemini-180
double monochromator onto the cell under test.
The IPCE curve is shown in (Fig 5.8).
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Figure 5.7: Power curve of a cell

Measurements of the power delivered by the cell according to the tension
gave us the curve (5.7). It is noticed that the shape of the curve is similar
to that which one finds in documentation, but with values very small and a
maximum of 0.5mW which is due to the conditions of the manufacture of the
cell which is artisanal and to the means used for carried out this cell especially
for the stage of the injection of the electrolyte which evaporates after some
moment of its injection.

Figure 5.8: IPCE curve of a cell

The measurement of IPCE of the cell gave us a typical curve of the cell when
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we see a spade with the value of 550 (wave lenght) which follows by a degra-
dation of the value until (800 wavelin ght) these resultes is because of initially
to the influence of the field of absorption of the dye used on the absorption of
light for the cell and still electron transfer which is expressed by the value of
IPCE.

The photocurrent action spectrum displays spectral response covering al-
most the entire visible spectrum, with a peak incident photon-to-current quan-
tum efficiency (IPCE) of approximately 0.32% at a 550 nm incident wavelength.

The short-circuit photocurrent density (Isc), open-circuit voltage (VOC), fill
factor (FF) and solar-to-electricity conversion efficiency (η) of the cells are sum-
marized in Table (Tab 5.1)

Jsc(µA/cm2) VOC(mV) FF η Pm(mW) Ipm(µA) Vpm(mV)

6,1 180 0,48 0,017 0,53 5,3 100

Table 5.1: Characteristics of the Cell

Table 5.1 summarizes in general the values which characterize the cell carried
out. The value of the output is estimated at 0.017% which is very can compared
to the output of the standard cell in the same way, and that is due initially to
the condition of realization.
Especially the making of contact which influences negatively transfers from the
electrons in the cell and on the power delivered.



Chapter 5. Experimental 67

5.4 References of Chapter 5

[1] Songyuan Dai*,Jian Weng, Yifeng Sui,Chengwu Shi, Yang Huang,

Shuanhong Chen,Xu Pan,Xiaqin Fang, Linhua Hu,Fantai Kong,Kongjia

Wang.; Solar Energy Materials & Solar Cells 84 (2004) 125-133

[2] HervUSBAUMER THE N 2955 (2004) Lausanne, EPFL

[3] Jessica KRER THE N 2793 (2003) Lausanne, EPFL

[4] G. Boschloo, D. Fitzmaurice, J. Phys. Chem. 103 (1999) 2228.

[5] R.L. Willis, C. Olson, B. O’Regan, et al., J. Phys. Chem. B

106 (2002) 7605.

[6] A. Hagfeldt, M. Gratzel, Acc. Chem. Res. 33 (2000) 267.

[7] K.J. Jiang, T. Kitamura, H. Yin, S. Ito, Chem. Lett. 9 (2002)

872.

[8] M.K. Nazzerruddin, A. Kay, I. Podicio, R. Humphy-Baker, E. M.

uller, P. Liska, N. Vlachopoulos, M. Gr.atzel, J. Am. Chem. Soc.

115 (1993) 6382.

[9] M.K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E. Mu

ller, P. Liska, P.N. Vlachopoulos, M. Gratzel, J. Am. Chem. Soc.

115 (1993) 6382.

[10] B. O’Regan, M. Gratzel, Nature 353 (1991) 737.

[11] Seigo Ito, Takurou N. Murakami , Pascal Comte , Paul Liska ,

Carole Gratzel ,Mohammad K. Nazeeruddin , Michael Gratzel.

.2007.05.090

[12] Standard CPDS X-Ray Diffraction spectra database.

[13] P. Scherrer, Gott. Nachr 2 (1918), 98.

[14] R. A. Spurr, and H. Myer, Analytical Chemistry 29 (1957), 760.

[15] Ricaud, A. Photopiles solaires; Presses polytechniques et

universitaires romandes: Lausanne, 1997.

[16] Planta, C. v. Die photoelektrische Charakterisierung der

mit Farbstoff sensibilisierten nanokristallinen Solarzellen, EPFL,

1996.

[17] Krueger, J. Interface engineering in solid-state dye-sensitized

solar cells, EPFL,2003.

[18] H. Hoppe, N.S. Sariciftci, J. Mater.Res. Soc. 19 (2004) 7.

[19] J. Rotalsky, D. Meissner, Sol. Energ.Mat. Sol. Cells 63

(2000)

[20] 2003 MD. K. Nazeeruddin and M. Graitzel. Published by

Elsevier Ltd.



CONCLUSIONS

The objective of this work was to study and to realise a relatively new class
of low-cost solar cell, that belong to the group of thin-film solar cells which
known as dye-sensitized solar cell (DSSC). In this work, we have illustrated the
working principle of the dye-sensitized solar cell and details of its components.
Then a cell of this type was realised. The crystalline phase composition of
titanium dioxide films electrode was analyzed by X-ray diffraction (XRD). the
dye-sensitized solar cell realized in this work was caracterised with The standard
characterization techniques of DSSC include the currentvoltage measurements
under simulated sunlight and monochromatic light generated current measure-
ments, IPCE. We have measured the current density-voltage (J-V) character-
istics of a cell which have given the Photocurrent density-voltage curve and
Power curve of a cell. The measurement of incident photon-to-current conver-
sion efficiency (IPCE) was made for obtaining the IPCE curve of a cell. The
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (ff)
and power conversion efficiency (η) of cell was given.
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