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         CHAPTER I

INTRODUCTION

1.1 Thin films and Solar cells

Thin film technology is stretching its hands in all directions and the thin film device has revolutionized the field of optics, electronics, space science and material science (Joy George, 1992). Thin films are thin material layers, solid or liquid, ranging from fractions of a nanometer to several micrometers, few angstroms to about 10μm in thickness. Because of its compactness, better performance and reliability coupled with low cost of production, thin film devices and components are preferred over their bulk counterparts.

Intensive investigations in the field of thin film technology have shown that film properties are sensitive not only to their structures but also to their thickness and many other parameters. The properties of thin films are different from the properties of corresponding bulk materials because of their small thickness, large surface to volume ratio and unique physical structure, which is the direct consequence of the growth process (Kastri L. chopra and Inderjeet Kaur, 1983).

There has been a phenomenal increase in thin film researches due to their extensive applications in diverse fields, because of their unique prorpeties (Goswami A., 1996). When the grain sizes in the thin films are generally about a few microns, they can be used as anti-reflection coating for lenses, multilayer interference filter, automobile headlights and decorative coatings.

Whatever may be the film thickness limit, an ideal film can mathematically be defined as a homogeneous solid material contained between two parallel planes and extended infinitely in two directions (say x,y) but restricted along the third direction (z) which is perpendicular to x-y plane. The dimension along z-direction is known as the film thickness.

Some of the factors which determine the physical, electrical, optical and other properties of a film are: rate of deposition, substrate temperature, environmental conditions, residual gas pressure in the system, purity of the material to be deposited, foreign matter in the deposit, some of which have been observed (Mayer H., 1959).
A real film, however, may also contain many imperfections, impurity, dislocations, grain boundaries and various other defects. Some of these features can be minimized by appropriate control of the deposition condition. A familiar application of thin films is the household mirror which typically has a thin metal coating on the back of a sheet of glass to form a reflective interference. The process of silvering was once commonly used to produce mirrors.

A Solar cell is a device that converts the energy of sunlight directly into electricity by the photovoltaic effect. Assemblies of cells are used to make solar panels, solar modules, or photovoltaic arrays. Photovoltaic is the field of technology and research related to the application of solar cells in producing electricity for practical use. 

Solar cells are classifieds into three generations (Hai Wang, 2008) which indicates the order of which each became important.
1. First Generation: pn Junction diode typically silicon wafer (>86% of the solar cell market).

2. Second Generation: Thin film deposits of semiconductors. Materials currently under investigation or in mass production: Amorphous Silicon, Poly Crystalline Silicon, Micro Crystalline Silicon, Cadmium Telluride, Copper Indium Selenide/Sulfide. 

3. Third Generation: No traditional pn junction. These devices include Photoelectrochemical cells, Polymer Solar Cells and Nanocrystal Solar Cells.
Photovoltaic (PV) cell is discovered by Edmund Becquerel in 1838. The term "photovoltaic" comes from the Greek, (phōs) meaning "light" and "voltaic", meaning electric, from the name of the Italian physicist Volta, after whom a unit of electrical potential, the volt, is named. The PV cells are capable of producing electricity with higher efficiency (Alfred Smee, 1849).

Major advantages of solar cells over conventional methods of power systems are:  Solar electricity generation has the power density (global mass of 170w/m2) among renewable energy sources, solar power is attractive due to the abundance, PV installation can operate for many years with little maintenance and operating costs are low compared to existing power technology. The disadvantages of solar sell devices are high cost of installation, non availability of solar energy at night and in cloudy days.

In thin-film solar cells, the active semiconductor layers are polycrystalline films that have been deposited or formed on electrically active or passive substrates, such as glass, plastic, ceramic, metal, graphite, or metallurgical silicon. A thin film of CdS, Si, GaAs, InP, CdTe and so on, can be deposited onto the substrate by various methods such as, vapor growth, evaporation plasma and plating. The main advantage of thin-film solar cells is their promise of low cost, due to low-cost processing and the use of relatively low cost materials.      (Goswami A., 1996).

1.2 Dye-Sensitized Solar Cells (DSSCs)

Dye-Sensitized Solar Cells are devices that mimic natural photosynthesis. Photons absorbed by a dye causes electron transfer generating free energy and the electron transfer rate is fast enough to compete with the deactivation rate of the photo excited state.        (Gratzel M., 2004). This cell was invented by Michael Gratzel and Brian O'Regan at the Ecole Polytechnique Federale de Lausanne in 1991 (Brain O. Regan and Michael Gratzel., 1991) and are also known as Gratzel cells.

Solar cells based on photoexcitation of dyes may be an economic alternative to the classical solid-state semiconductor devices (http://www.solarcell.dk/). Dye-Sensitized Solar Cells are photoelectrochemical (PEC) cells that use photo-sensitization of wide-band-gap mesoporous oxide semiconductors. It is based on a semiconductor formed between a photo-sensitized anode and an electrolyte (http://en.wikipedia.org/wiki/Dye_sensitized_solar_cell). 

The dye-sensitized solar cell (DSSC) is a third generation photovoltaic device that holds significant promise for the inexpensive conversion of solar energy to electrical energy, because of the use of inexpensive materials and a relatively simple fabrication process (Gratzel M., 2005). The current certified efficiency record is 11.1% for small cells (Chiba Y., et al., 2006) and several large-scale tests have been conducted that illustrate the promise for commercial application of the DSSC concept (Dai S., et al., 2008).

DSSC is composed of a sensitized dye, a dye absorber (TiO2, also act as electron transporter), front and back electrodes and an electrolyte (Rungnapa Tongpool, et al). It is a relatively new class of low-cost solar cell, which belongs to the group of thin film solar cells. Different from classical thin-film cells where light is absorbed in a semiconductor layer, absorption occurs in dye molecules absorbed at a highly porous structure of nano-particles of transparent TiO2.
Dye-sensitized solar cells separate the two functions provided by silicon in a traditional cell design. Normally the silicon acts as both the source of photoelectrons, as well as providing the electric field to separate the charges and create a current. In the dye-sensitized solar cell, the bulk of the semiconductor is used solely for charge transport, the photoelectrons are provided from a separate photosensitive dye.

The cell has 3 primary parts. On the top is a transparent anode made of Fluorine-doped Tin dioxide (SnO2:F) deposited on the back of a (typically glass) plate. On the back of the conductive plate is a thin layer of Titanium dioxide (TiO2), which forms into a highly porous structure with an extremely high surface area. The plate is then immersed in a mixture of a photosensitive dye (also called molecular sensitizers) and a solvent (Juan Bisquert).

 After soaking the film in the dye solution, a thin layer of the dye is left covalently bonded to the surface of the TiO2. Although they use a number of "advanced" materials, these are inexpensive compared to the silicon needed for normal cells because they require no expensive manufacturing steps (http://www.solarnix.com/technology/assembly).

            Dye-sensitized solar cell (DSSC) is a real revolution in solar energy after 40 years of the invention of silicon solar cell (Gratzel M., 2001). DSSCs are easy to fabricate, less expensive, environment friendly and less sensitive to variation of incident light intensity in comparison to conventional solar cells (Rungnapa Tongpool, et al.,).

A novel system that harnesses solar energy is the nano-crystalline TiO2 Dye-Sensitized Solar Cell, in conjunction with several new concepts, such as nanotechnology and molecular devices. An efficient and low-cost cell can be produced by using simple materials. The production process generates very small quantities of residue, resulting in environment friendly devices with low energy demanding production techniques (Roux L., et al., 2005).

An efficient photosensitizer should fulfil some requirements such as an intense absorption in the visible region, strong adsorption onto the semiconductor surface and efficient electron injection into the conduction band of the semiconductor. Moreover, it must be rapidly regenerated by the mediator layer in order to avoid electron recombination processes and be fairly stable, both in the ground and excited states. The ideal sensitizer photovoltaic cell converting standard global AM (air mass) 1.5 sunlight to electricity should absorb all light below a threshold wavelength of about 900 nm (Haiying Wan, 2004).
Application of naturally occurring pigments such as anthocyanins, carotenoids and chlorophylls for DSSCs has several advantages over rare metal complexes and other organic dyes, such as readily available, easy extraction into cheap organic solvents, can be applied without further purification, environment-friendly and of low cost (Fernanado J.M.R.C. and Senadeera G.K.R., 2008).

The major advantages of DSSCs are: cell's mechanical robustness and their ability to work under cloudy skies and non-direct sunlight. Another special advantage of the DSSC with respect to competing technologies is that its performance is remarkably insensitive to temperature change. Thus, raising the temperature has practically no effect on the power conversion efficiency (Gratzel M., 2004). The major disadvantage concern in the design of DSSC’s is the use of the liquid electrolyte which at low temperatures can freeze, ending power production and potentially leading to physical damage (Kimberly Patch, 2006).
1.3 Deposition techniques





Thin films can be prepared from a variety of materials such as metals, semiconductors, insulators, or dielectrics. Generally, methods of preparation can be broadly classified into two groups namely 1.Chemical methods 2.Physical methods. The choice of a particular technique is guided by factors such as melting point of the charge, its stability, desired purity and characteristics of deposit.

1.3.1 Chemical methods
Thermal deposition is the most commonly used technique adopted for the deposition of metals, alloys and many compounds. This involves the evaporation or sublimation of the material in vacuum by thermal energy and allowing the vapour stream of the charge to condense on a substrate, so as to form a continuous and adherent deposit of desired thickness (Goswami A., 1996).

The chemical methods (Maissel L.J., 1970) available for film formation are: Chemical reduction plating, Solution deposition, Chemical vapour deposition, Thermal growth, Anodization and Electroplating. 
Liquid phase epitaxy method in depositing semiconducting epitaxial films based on crystallization of semiconducting material dissolved in a suitable method of low melting point. Films of different orientations can be prepared using dipping method by changing the dipping angle of substrates. The films obtained by means of the above technique are pinhole-free and good insulators, but are fragile.                               (Chopra K.L., 1969). 
1.3.2 Physical methods
Among the physical methods, the important methods used for film preparation are vacuum evaporation and sputtering. The evaporation of the material to form films on the substrates is effected by any one of the following techniques such as resistively heated source, electron bombardment, RF induction, Arc evaporation and Laser evaporation. Compounds or alloys are not amenable to direct evaporation. 
In reactive evaporation, the material a compound that dissociates or a component of the compound film to be formed is evaporated in a reactive ambience of the deficient component (in gaseous form at room temperature) usually at pressure 2×10-5 torr. Flash evaporation is used for compounds which vaporise incongruently. 
1.4 Spray Pyrolysis Technique
During the last three decades, the chemical Spray Pyrolysis Technique (SPT) has been one of the major techniques to deposit a wide   variety of materials in thin film form. Spray Pyrolysis is a process in which a thin film is deposited by spraying a solution on a heated surface, where the constituent react to form a chemical compound. The chemical reactants are selected such that the products other than the desired compound are volatile at the temperature of deposition.
 (www.holmarc.com/spray_pyrolysis_equipment.html).
Spray Pyrolysis has been applied to deposit a wide variety of thin films. The Chemical Spray Pyrolysis (CSP) technique offers an extremely easy way to prepare films with dopants, virtually any element in any proportion by merely adding it in a spray solution                       (Bhavana Godbole, et al., 2009). These films were used in various devices such as solar cells, sensors and solid oxide fuel cells. Several process parameters can be varied for this purpose: substrate temperature, precursor concentration, gas pressure, solution flow rate, deposition time and substrate–nozzle distance (Lokhande B.J. and Uplane M.D., 2000).
The Chemical Spray Pyrolysis (CSP) technique is convenient for preparing pinhole free, homogenous, smoother thin films with the required thickness (Pramod S. Patil, 1999). The basic principle involved in CSP is that when a droplet of the spray solution reaches the hot substrate, owing to the pyrolytic decomposition of the solution, well adherent films are deposited. In this process the solution is pulverized by means of air and arrives on the substrate placed inside the furnace in the form of fine drops known as aerosols which form a thin layer at the substrates (Bhavana Godbole, et al., 2009).
1.5 Objectives

Thin films are used in most of the photovoltaic cells, gas sensors, heat reflecting filters and many other applications. TiO2 is one of the extensively studied transition metal oxide semiconductor. Titanium dioxide does not absorb light because it’s white, it’s necessary to resort to a dye to sensitize it in order to promote the absorption of solar energy. In this work, the effect of three natural photosensitizers (beetroot, grapes and pomegranate) over TiO2 thin film is investigated. TiO2 films prepared by Spray Pyrolysis are taken and coated with the dyes. The optical characterization of the dye-sensitized TiO2 films is determined to study its application in Dye-Sensitized Solar Cell (DSSC). XRD pattern of the thin films are analyzed to determine its structure.
CHAPTER II

Review of literature
Photovoltaic cells are being more used to supply the electrical needs of the world and will play a key role in future sustainable energy system. Apart from the economic interest to develop a low-cost alternative to the conventional solar cell, Dye-Sensitised Solar Cells (DSSCs) have become an interdisciplinary scientific “playground”. The following is a review of reports on the properties exhibited by different dyes on thin film for the application of DSSCs.

Ehret A., et al., (2000) has studied the sensitizing properties of cyanine dyes in dye-sensitized nanocrystalline TiO2 solar cells. The carboxyl functions affect the degree of aggregation of the dyes attached to TiO2 as well as the short circuit photocurrents they produce in these solar cells. Use of two carbons and acetic acid linkages on the dye results in performance in a sensitized solar cell comparable with a control ruthenium complex.

Asok K. Jana (2000) presented a review paper comprising the evolution of solar cell from the very beginning to recently developed stages. He discussed in detail, primitive photoelectronchemical (PEC) cell and PEC with Fe-thionine and different dyes-reducing agents. Furthermore, utilization of surfactant media for storage of solar energy and production of hydrogen from solar cell using dye are also included.

The photophysical behaviour of a homologous series of amphiphilic hemicyanins incorporated in AOT thin films made by dip-coating was studied by Gallos L.K., et al., (2002). At relatively high concentration, a narrow band corresponding to aggregate species was observed in the absorption spectrum and simulation of the aggregate formation revealed that the films are structured in microheterogeneous assemblies analogous to the reverse micelles found in the original solution.

Vinodgopal K., et al., (2003) have prepared polydisperse humic acid thin films on optically transparent electrodes by electrophoretic deposition from a solution of Suwane River humic acid in ethanol/acetonitrile. The ability of these films to incorporate redox-active species such as ferrocene from solution is demonstrated by cyclic voltametry experiments and this demonstrates the sefulness of this technique in preparing ordered humic membranes.
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Vida Vickackaite, et al., (2004) investigated the photochemical and thermal degradation of natural saffron extracted from the flower of Crocus sativus L. and is used in painting, cooking and medicine. The effect of irradiation on saffron and its components is clearly related to the occurrence of trans  cis photoisomerization. The similarity of the emission features of different molecules suggests that all of them undergo the same excited state rearrangement.

Nielsen A.H., et al., (2005) suggested pink, red and magenta varieties containing high amounts of quercetin based flavonols. The flower extracts of ‘Diva’ and ‘Molly’ had identical anthocyanin ratios but differed significantly in flavonol content. The magenta variety contained four times as much quercetin relative to anthocyanidin as the red variety.

Smooth thin films of three kinds of azo dyes were prepared by Fuxin Huang, et al., (2005) using spin-coating method on glass substrate and measured optical constants and thickness of the film by scanning ellipsometer. Atomic Force Microscope (AFM) study shows that the copper (II)-azo complex thin film, prepared on glass substrate with an Ag reflective layer, is very smooth and has a root mean square surface roughness of 1.89 nm.

Rodolfo Espinosa, et al., (2005) explained TiO2 sensitization for solar applications using different condensed tannins extracted from bark wastes of tropical wood trees. Spectral photocurrent measurements and  I-V characterization showed that no bias is required for electron injection to the TiO2 from all studied condensed tannins. The analysis indicated that surface complexion originates absorption bands with different electron injection efficiencies and also proposed that surface modification by the sensitizer changes the surface trap density, thereby decreasing recombination losses.

Sancun Hao, et al., (2006) assembled Dye-Sensitized Solar Cells (DSSCs) using natural dyes extracted from black rice, capsicum, erythrina variegata flower, rosa xanthina and kelp. The black rice extract performed the best photosensitized effect, due to the better interaction between the carbonyl and hydroxyl groups in molecule and the TiO2 porous film surface. They explained the blue-shift phenomenon from absorption spectrum to photoaction spectrum of DSSC with black rice extract as senitizer.

Andre Sarto Polo and Neyde Yukie Murakami Iha (2006) employed blue-violet anthocyanins from Jaboticaba and Calafate as TiO2 dye-sensitizers. For solar cells sensitized by Jaboticaba and Calafate extracts, the values were determined as Jsc=9.0 mA cm-2, Voc=0.59 V and Jsc=6.2 mA cm-2, Voc=0.47 V respectively. The results showed a successful conversion of visible light into electricity by using natural dyes as wide band-gap semiconductor sensitizers in DSSCs.

Sirimanne P.M., et al., (2006) have fabricated a solid-state solar cell using juice extracted from pomegranate fruits as sensitizers, by sandwiching pomegranate pigments in between CuI and TiO2 layers. Results from I-V characteristics and FTIR spectrum showed a maximum photocurrent of 5±0.5 mA cm-2 and a photovoltage of 300±40 mV. Pomegranate pigments sensitized cell exhibited an extended photo-stability compared to other pigments with efficiency of about 38%.

Kumara G.R.A., et al., (2006) prepared a dye-sensitized solar cell using pigments extracted from shiso leaves on a nanocrystalline TiO2 film and subsequent deposition of p-CuI is found to have an energy conversion efficiency of about 1.3%. This is the first successful synergistic sensitization by dye cocktail extracted from a single natural resource.

Khwanchit Wongcharee, et al., (2007) have extracted natural dyes from rosella and blue pea flowers and their mixture for the fabrication of dye-sensitized solar cells absorbed on TiO2 film at 50ºC and 100ºC, using water as the extracting solvent and characterized using UV analysis. For 100ºC, they found the energy conversion efficiency to be 0.37%, 0.05% and 0.15% for rosella, blue pea and its mixture respectively and reported that rosella extract showed best sensitization. In 50ºC, they reported the improvement of efficiency from 0.37 to 0.70% for rosella extract.

Eiji Yamazaki, et al., (2007) assembled dye-sensitized solar cells by using natural carotenoids as sensitizers and investigated their photoelectrochemical properties. It was found that crocetin having carboxylic groups in the molecule can attach effectively to the TiO2 surface and gave the best photosensitized effect, while crocin that has no carboxylic group showed lower photoelectrochemical performance.

Chaoyan Li, et al., (2007) have designed Dye-Sensitized Solar Cells (DSSCs) with three anthraquinone dyes and reported that these dyes have very low performance on DSSC applications based on photophysical and photoelectrochemical measurements. Transient absorption kinetics, fluorescence lifetime measurements and density functional theory calculations gives the cause of such low performance DSSC.

Ruikui chen, et al., (2007) had examined the performance of dye-sensitized solar cells based on tetrahydroquinoline dyes C1-1, C1-5 and C2-1 with different thiophene-containing electron spacers. Under simulated AM 1.5 irradiation, C2-1 dye was found to give solar-to-electricity conversion efficiency of 4.49%, while N3 dye gave 6.61%.

Luminita Andronic and Anca Duta (2007) investigated the influence of the TiO2 film on the photocatalytic degradation of methyl orange prepared by spray pyrolysis deposition. The XRD spectra of nanoporous TiO2 films revealed an anatase and crystalline structure.

Terumi Nishimura, et al., (2008) have fabricated a hybrid dye-sensitized solar cell using a mixture of two dyes NK3705 and Z907 by absorbing dyes on nanoporous TiO2 film at room temperature and pressurized CO2 atmosphere. A time dependent absorption study indicated that NK3705 seems to absorb on TiO2 surface preferentially as compared to Z907 and the optimum absorption time was found to be 6 days and 60 mins for mixed dye solution under pressurized CO2.

A series of triphenylamine dyes were designed by Haining Tian, et al., (2008) and synthesized as photosensitizers for the application of organic dye-sensitized solar cells. They investigated the relationship between the dye structure, photophysical, photoelectrochemical properties and performance of dye-sensitized solar cells.
Jian-Ging Chen, et al., (2008) investigated the effect of mesoporous TiO2 film thickness on the photovoltaic performance of CYC-B1 and N3 Dye-Sensitized Solar Cells (DSSC) and found the maximum efficiency of about ¼ 7.19% for CYC-B1 sensitized, dye-sensitized solar cell at 6mm of the TiO2 film thickness. The photocurrent density generated by the CYC-B1 dye is larger than that of the N3 dye and addition of guanidinium thiocyanate electrolyte increases the efficiency of CYC-B1 DSSC upto 9.58%.

Langmuir (L) and Langmuir-Blodgett (LB) films of a merocyanin dyes (MC) mixed with arachidic acid and n-octadecane were fabricated by Masahito Kushida, et al., (2008) and measured the absorption spectra of the film deposited. The built-up proportion of MC J-aggregates decayed to monomer and H-aggregates. 

Shin-ichiro Kishimoto, et al., (2008) have fabricated polymethylmethacrylate thin films containing Yb(pms)3(H2O)8 and dipyridophenazine on glass substrates. The emission quantum yields of films were obtained and they reported that the films showed photosensitized near-IR luminescence under UV light irradiation.

An ordered multilayer film of arachidic acid (AA) binding with a densely packed layered double hydroxides (LDHs) has been fabricated by Jun Wang, et al., (2008) using Langmuir-Blodgett technique. The photoactive dyes methyl orange and congo red were incorporated into AA/LDHs films and the results of FTIR, UV-Vis spectra showed that the dye molecules exhibit excellent configuration stability under UV light irradiation.

Hongwei Zhu, et al., (2008) used carbon nanotube films as counter electrodes in anthocyanin-sensitized solar cells to improve the cell performance. These cells showed comparable conversion efficiency as compared with cells using platinum counter electrodes.

Anthony Burke, et al., (2008) employed a compact TiO2 layer between the transparent fluorine doped SnO2 anode and the electrolyte in order to reduce charge recombination losses and the cell efficiency was found to be increased. They reported that most organic dyes have a planar structure and functioned more effectively as sensitizers in dye-sensitized solar cells than ruthenium based systems.

Roy M.S., et al., (2008) have fabricated dye-sensitized solar cell using rose bengal dye for sensitization of nanocrystalline TiO2 by modifying the semiconductor surface. They analysed the photo response and I-V characteristics of the cell and found the conversion efficiency to be 2.09%.

Liu Z. (2008) employed cyaniding, crocetin and phycocyanobilin as sensitizers for dye-sensitized solar cells using density functional theory. Ground state geometries, electronic transition energies and oxidation potentials are reported. The transition from the highest occupied molecular orbit level to lowest unoccupied molecular orbit level describes all lowest singlet excited states.

Giuseppe Calogero and Gaetano Di Marco (2008) assembled dye-sensitized solar cells by using red Sicilian orange juice and the purple extract of eggplant peels as natural sensitizers of TiO2 films. The best solar energy conversion efficiency of 0.66% was obtained by red orange juice dye. They reported the role of structure, absorption spectra and the sensitization activity of the compounds.

Fernando J.M.R.C. and Senadeera G.K.R. (2008) used natural dyes extracted from tropical flowers as sensitizers for TiO2 in dye-sensitized solar cells with ethanol as extracting solvent. UV-visible absorption measurements and I-V characterization showed that the overall efficiency and fill factor of these cells varied from 0.2 to 1.1 and 53 to 64 respectively. Hibiscus Surattensis extract gave the best photosensitized effect compared to other flower pigments.
Hitoshi Kusama, et al., (2009) have studied the interaction of six different N-containing heterocycles with neutral and cationic N719 dye using density functional theory. The results indicated that the heterocycles raises the energy level of both highly occupied molecular orbit and lower unoccupied molecular orbit levels as well as the Fermi level of TiO2. This produced lower electron injection efficiency from dye into the TiO2 conduction band, thereby decreased the Jsc value.

Velappan Kandavelu, et al., (2009) used iminocoumarin dyes   2a-c and 3a-c as sensitizers for dye-sensitized nanocrystalline TiO2 solar cells. The photophysical and electrochemical studies that the cell consisted of 2a dye generated the highest solar-to-electricity conversion efficiency of 0.767%.

Takeshi Yamaguchi, et al., (2009) have investigated several combinations of dyes in tandem dye-sensitized solar cells for improving the efficiency of the cell. The best efficiency of about 10.4% was obtained for a series-connected tandem dye-sensitized solar cell consisting of an N719 top cell and black- dye bottom cell.

Sophie Wenger, et al., (2009) have constructed tandem solar cells using different bandgap absorbers resulting in photovoltaic conversion efficiency of about 12.2%. They reported that the monolithic integration of the dye-sensitized TiO2 solar cell and the Cu(In, Ga)Se2 solar cell reduces the optical losses at interfaces and material costs.

Luminita Andronic, et al., (2009) investigated the photocatalytic effect of cadmium doped TiO2 thin films obtained using the doctor blade deposition and characterized by using X-ray diffraction, atomic force microscope and UV-Vis techniques. They found that there is a linear correlation between the band gap energy of the cadmium doped TiO2 films and photodegradation efficiency of methyl orange and methylene blue dyes, which optimizes the material for best photocatalytic efficiencies.

Xiao-Mei Song, et al., (2009) have fabricated titania thin films with various nanostructures and studied the photodegradation of rhodamine B (RB), methylene blue (MB) and methyl orange dyes. Film characterization by X-ray diffraction, scanning electron microscope and UV-Vis studies confirms the natural ageing phenomenon and found that MB dye decomposed much quickly than RB dye.

Giuseppe Calogero, et al., (2009) reported efficient and convenient natural sensitizers for dye-sensitized photoelectrochemical cells, amongst several dyes extracted from natural fruits, vegetables, leaves and flowers. Selected chlorophyll derivates, raw anthocyanine and betalain extracts are the most successful sensitizers resulting in photon to current conversion yields exceeding 60%. Overall efficiencies above 2% have been achieved under simulated sunlight which is comparable to that of natural photosynthesis.

The paper entitled “Characteristics of Dye-Sensitized Solar Cells (DSSC) using natural dyes” deals with the fabrication of DSSC using dyes of red-cabbage, curcumin and red-perilla as explained by Shoji Furukawa, et al., (2009). They reported the conversion efficiency of the cell using mixture of red-cabbage and curcumin was about 0.6%. It was also found that the efficiency was about 1% for the solar cell with the oxide semiconductor film fabricated using polyethylene glycol and red-cabbage dye.

TiO2 thin films were deposited by Chang H., et al., (2009) using electrophoresis method sintered at 450ºC immersed in natural dye extracted from spinach and ipomoea leaves, for the production of anode of Dye-Sensitized Solar Cell (DSSC). They further inspected the fill factor and photoelectric conversion efficiency of the encapsulated DSSC; and obtained the efficiency of about 0.318% using ipomoea leaf extract under extraction temperature of 50ºC and pH value of extract at 1.

A detailed study on FTIR and UV characterization of dye-sensitized solar cells sensitized using natural dyes extracted from C.indica L., S.splendens, cowberry and S.nigrum L. is reported by Peihui Luo, et al., (2009) and found their respective energy conversion efficiency to be 0.29%, 0.265, 0.13% and 0.31%. From the electrochemical impedence, they indicated that high resistance existed in the interfaces of cell with cowberry extract as senstizer.

Gomez-Ortiz N.M., et al., (2010) have prepared dye-sensitized solar cells using the carotenoids, bixin and norbixin which were obtained from the extract of achiote seeds. The results from H-NMR, FTIR spectroscopy and UV-Vis spectrophotometry showed that the maximum absorption coefficient of bixin is about 13 times higher than that of the ruthenium based dye N719, with the best efficiency of 0.53% for TiO2 solar cells.

CHAPTER III

METHODOLOGY
3.1 Introduction


The preparation of thin films of the size of a nanometer is important because of their potential applications in the diverse fields of science and technology. Thin films can be prepared from a variety of materials such as metals, semiconductors, insulators or dielectrics, etc and for this purpose various preparative techniques have also been developed. There are a number of physical and chemical routes for preparing thin films like Pulsed Laser Deposition, Ion beam sputtering, Thermal evaporation, Vacuum deposition, Chemical Vapor Deposition, Co-precipitation, Sol-gel, Chemical Bath Deposition, Spray Pyrolysis, etc.


Owing to its simplicity and inexpensiveness, the Chemical Spray Pyrolysis (CSP) technique is a better chemical method at a lower cost for the preparation of thin films with a larger area. This chapter deals with the dye sensitizing of the TiO2 thin film prepared by Spray Pyrolysis method. The experimental procedure and the analytical techniques used detailed out in this chapter.
3.2 Principle and Operation of Dye-Sensitized Solar Cell


A low-cost and flexible alternative to the traditional inorganic solar cell is the Dye-Sensitized Solar Cell (DSSC), which is based on the combination of cheap, readily available materials such as TiO2 and organic dyes. DSSCs are a new type technology for converting light energy into electrical energy.

A DSSC consists of a nanocrystalline, mesoporous network of a wide band gap semiconductor (usually TiO2), which is covered with a monolayer of dye molecules (usually a Ru dye). The Semiconductor is deposited onto a transparent conductive oxide (TCO) electrode, through which the cell is illuminated. The TiO2 pores are filled with a redox electrolyte (I-/I3-) that acts as a conductor and that is electrically connected to a platinum electrode. By this approach, the dye enables the generation of electricity with visible light, extending the semiconductor’s performance to collect photons at lower energy. 
Incident light excites electrons within the dye, giving them enough energy to travel in the conduction band of the TiO2. The electrons flow through the TiO2 onto the electrode, through an electric circuit and then to the counter electrode. The electrolyte carries electrons back to the dye from the counter electrode. 
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   Fig 3.1 Operation of dye-sensitized solar cell


Following the above description, the difference between the conventional solar cells and dye sensitized solar cells can be summarized as follows:

• Upon illumination, light absorption and charge carrier transport are separated in dye sensitized solar cell, whereas both processes are established in the semiconductor in the conventional solar cell.

• In the DSSCs, the nanoparticles of oxide semiconductor are simply too small to sustain a build-in electric field and thereby the charge transport occurs via diffusion. In a conventional p-n junction the presence of an electric field is necessary for an efficient charge separation.

• DSSCs are majority charges carrier devices in which the electron transport occurs in the TiO2 and the hole by the mediator. Thereby, the recombination processes can be only confined at the interface. Inside a  p-n junction minority and majority charge carriers coexist in the same bulk volume. Hence these cells are very sensitive to the presence of the trace impurities or defects, which can act as recombination centers.
3.3 Dyes for Dye-Sensitized Solar Cell


A dye can generally be described as a colored substance that has an affinity to the substrate to which it is being applied. Mainly there are two types of dyes: natural dyes and artificial dyes. In nature, some fruits, flowers, leaves, bacteria and so on show various colours and contain several pigments that can be easily extracted and then employed in DSSCs for either educational purpose or indoor applications. Therefore, unlike artificial dyes, the natural ones are available in abundance, easy to prepare, low in cost, non-toxic, environmental friendly and fully biodegradable. In most cases, their photoactivity belongs to the anthocyanin family. The chemical structure of anthocyanin is shown in Fig 3.2.
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Fig 3.2 Chemical structure of anthocyanin
The word anthocyanin is derived from two Greek words anthos=flower and kuanos=blue. Anthocyanins are versatile and plentiful flavonoid pigments found in red/purplish fruits and vegetables, including purple cabbage, beets, blueberries, cherries, raspberries and purple grapes. 
The term ‘sensitize’ can be used as a synonym for coloring titanium oxide with natural or synthetic dyes that absorb light in the band that is visible to the human eye. Anthocyanins are water-soluble glycosides with some or all of the sugar groups removed. It binds to the TiO2 film. 
Light harvesting by nanocrystalline TiO2 films

• Light is absorbed by a dye derivatized mesoporous film made of a network of undoped (insulating) TiO2 nanocrystallites.

• The sensitizer is grafted onto the TiO2 surface through suitable anchoring groups, e.g. carboxylate, phosphonate or hydroxamate.

• Light induced electron injection from the adsorbed dye into the nanocrystallites renders the TiO2 conductive.
When visible light is absorbed by the dye, an excited distribution of electrons is formed. This in turn transfers an electron to the TiO2 which can be used for the generation of electricity in dye-sensitized solar cells.
3.4 PEC cells with semiconductor electrode

DSSCs are photoelectrochemical (PEC) devices, where several electron transfer processes are in parallel and in competition. The use of sensitizers having a broad absorption band in conjunction with oxide films of nanocrystalline morphology permits to harvest a large fraction of sunlight. There are many benefits to using dye-sensitized solar cells instead of the traditional silicon cells, such as abundance of anthocyanins, the projected 90% efficiency and the ability to bend or print these inks. 

For PEC cells which involve the use of semiconductors immersed in suitable electrolytes, require absorption of photons by semiconductor with energy greater than the band gap so that promotion of electrons from valence to conduction band is possible. The physical and chemical processes which occur in a liquid junction PEC cell are as follows:

1. A junction capable of separating electrons from oxidants is formed spontaneously by band bending in the semiconductor in the region adjacent to its interface with solution.

2. Absorption of photon by semiconductor promotes electrons (e-) from the valence band to the conduction band in the region adjacent to the interface leaving an excess of holes (h+).

3. Holes, at the energy level of the valence band, oxidize the reduced electroactive species (D) i.e. reductants of a solution containing redox couple (D/D+) at the interface of the photoanode.

h+ + D(Red) → D+(ox)

4. Electron flow from the interface through the band-bending region into the bulk of the semiconductor and are pumped by light to the conduction band.

5. Electrons at the energy level of the conduction band, move away from the interface, through the external circuit to an inert cathode and reduce oxidants of the solution at its interface with the electrolyte. 
3.5 Preparation of Dye-Sensitized TiO2 thin films


The TiO2 thin films were prepared by Spray Pyrolysis technique using Titanium diisopropoxide as precursor. The as prepared thin films were dye sensitized using natural dyes such as anthocyanin extracted from beetroot, grapes and pomegranate. This process consists of the following steps.

1. Choice of the sensitizer

2. Extraction of dyes

3. Preparation of dye sensitizer
3.5.1 Choice of the sensitizer

Dye-sensitized solar cell is gradually becoming popular and being developed for its lower costs and simple manufacturing process. The ideal sensitizer for a single junction photovoltaic cell converting standard global AM (air mass) 1.5 sunlight to electricity should absorb all light below a threshold wavelength of about 920 nm. In addition, it must also carry attachment groups such as carboxylate or phosphonate to firmly graft it to the semiconductor oxide surface. Upon excitation it should inject electrons into the solid with a quantum yield of unity. The energy level of the excited state should be well matched to the lower bound of the conduction band of the oxide to minimize energetic losses during the electron transfer reaction. Its redox potential should be sufficiently positive that it can be regenerated via electron donation from the redox electrolyte or the hole conductor. 

Finally, it should be stable enough to sustain about 108 turnover cycles corresponding to about 20 years of exposure to natural light. The attachment group of the dye ensures that it spontaneously assembles as a molecular layer upon exposing the oxide film to a dye solution. This molecular dispersion ensures a high probability that, once a photon is absorbed, the excited state of the dye molecule will relax by electron injection to the semiconductor conduction band. 
The sensitizer posses the following special properties: Broad absorption in the visible and near IR regions, High molar absorptivity coefficient, Suitable ground and excited-state photoelectrochemical properties, High stability in the oxidized state.
3.5.2 Extraction of dyes

This work presents investigations on three natural photosensitizers employed in DSSCs. I selected for my studies two typical fruits: Grapes and Pomegranate and a vegetable Beetroot. ½ Kg of each grapes, pomegranate and beetroot were taken.


Generally the colouring matter of grapes is found only in the cells of the skin. So the skin was separated from the grape fruits and was washed with water to remove adhering matter. Grape (Vitis vinifera) pigments were extracted from the skin peels of the fresh grape fruits by crushing it. Ethanolic extract of 50ml grapes were obtained by mixing with 5ml of ethanol.

The juice extracted from pomegranate fruits contains cyanin (flavylium) pigment. Strong chelation of flavylium with TiO2 changes it to quinonoidal form as shown in Fig 3.3.
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Fig 3.3 Structure of flavylium
Pomegranate (Punica granatum) pigments were extracted by squeezing its seeds, after removing the skin. The resulting solution was only filtered in order to remove the pulps and some residual fragments. Then it is mixed with 10ml of ethanol.


The betacyanin pigment of Beetroot is normally found in the vacuole of the beet root cells. Beetroot (Beta vulgaris var crassa) juice was prepared by cutting and grinding fresh beetroot with skin. It was then filtered and extracted in 5-10 ml of ethanol solution. Beetroot contains 2 Betacyanins - Betanin and a derivative. The chemical structure of betacyanin is given in Fig 3.4.
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Fig 3.4 Basic structure of betacyanins 
3.5.3 Preparation of Dye-sensitizer

A readily prepared TiO2 thin film deposited using spray pyrolysis method from titanium diisopropoxide is considered. The extracted dyes were mixed with ethanol and 50ml of each solution is taken in a beaker. The TiO2 coated glass slides were placed in the beaker using tweezers and was left for 15 hours. The process of dyeing the prepared TiO2 thin films on glass substrate is depicted in Fig 3.5.
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Fig 3.5 Dye absorption
3.6 Thickness measurement 


Thin film thickness measurement plays an important role in the characterization of the film. Depending on the application, many different deposition techniques can be used but the best conditions for each of these techniques need to be determined by using, in particular, accurate film thickness measurements. 


There are many different measurement techniques depending on parameters such as the film and the substrate natures. In this work, thicknesses of the dye-sensitized TiO2 films were determined using Stylus thickness measurement device and are found to be 4µm, 4µm and 4.5µm for TiO2 films with beetroot, grapes and pomegranate dyes respectively.

3.7 Optical characterization


The optical study of a solid concerns not only with the physical phenomena such as refraction, reflection, transmission, absorption, polarization, interference of light but also the interaction of photon energy with matter and the consequent changes in the electronic states. The technology of fabricating optical thin films has been very dynamic over the years and the prospects for the future are of more exciting advances to be expected. The optical properties of films have been studied extensively because of their applications in various optical and electro-optical devices. In all these applications, accurate knowledge of the optical properties of the films is essential.
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Fig 3.6 Electromagnetic Spectrum

The theoretical and experimental investigations on the optical behaviour of thin films deal primarily with optical reflection, transmission, absorption and their relation to the optical constants of film. Moreover, the reflection, transmission and interferometric properties of thin films have made it possible to determine the optical constants conveniently. The absorption studies have led to a variety of interesting thin film optical phenomena, which have thrown considerable light on the electronic structure of solids. 

Transmission studies on the other hand, provide a simple means for the evaluation of absorption edge, optical energy band gap, optical transitions that may be direct or indirect, allowed or forbidden and also of the nature of the solid material. Moreover, the optical properties are closely related to the structure and composition of the films. 

The emphasis in this chapter is on the optical properties deduced from optical transmittance of the natural dyes on Spray Pyrolysis deposited TiO2 films. 

Theory


Absorption is a phenomenon of fundamental interest because of its relation to the dynamics of the electrons and ions of the medium under the influence of electromagnetic radiation. The transmittance is defined as the ratio between the total transmitted intensity to the incident intensity when a light beam passes through a thin film of uniform thickness. The value of transmittance is mostly used to determine the 


Transmission of light by different materials can induce various types of transitions such as band to band, between sub-bands, between impurity levels and bands, interactions with free carriers within a band, resonance due to vibrational state of lattice and impurities. These transitions lead to the appearance of bands or peaks in the transmission spectra. Hence the spectral position of bands determines the type of transitions occurring during the process.

Transmission of light through an insulator takes place broadly by two processes namely

1. Raising the electrons from the valence band to the conduction band or

2. Exciting the lattice vibrations of the material 

or both by photon energy.

The latter process provides information regarding the bond length of the lattice the effective charge of the lattice atoms and the characteristic lattice vibration frequency.

In the case of metal, mostly the free electrons contribute to the optical process. But in an insulator or an intrinsic semiconductor it is the bound electron in the valence band, the contribution of which prevails. In the absence of any thermal energy, the transmission is possible only when the incident radiation is sufficient to excite valence band electrons to the conduction band. The resulting transmission spectrum is however, a continuum of intense absorption at the short wavelengths having more or less a steep absorption edge.

            The absorption coefficient ( can be written in terms of the incident radiation energy (hν)
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Where A is a constant, Eg is the energy band gap, ( is the frequency of the incident radiation and h is the Planck’s constant. The magnitude of the exponent P signifies the type of transition taking place (which takes the values as 1/2, 3/2, 2 and 3 for direct allowed, direct forbidden, indirect allowed and indirect forbidden transitions respectively).

If the material is free from any imperfection, only the direct but allowed transition can take place from the valence to the conduction band. For such type of transitions the absorption coefficient is related to the photon energy as 
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In the case of direct forbidden transition,
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When the material contains defects such as impurities, dislocations etc. one has to consider the perturbation of the system due to their presences and also their interactions with phonons. All these gives rise to the indirect transitions which is 

allowed if


                                            
[image: image11.wmf](

)

2

g

E

h

A

-

=

n

a

                                                 

and forbidden if





                                            
[image: image12.wmf](

)

3

g

E

h

A

-

=

n

a

       
Experiment


The optical transmittance spectra is recorded from 400 nm to 1000 nm wavelength using a UV-VIS-NIR spectrometer (VARIAN CARY SCAN 500) at room temperature using unpolarised lights from Deuterium and Tungsten lamps which are used at near normal incidence. 


This spectrometer is a double beam system with single monochromator with the wavelength range of 300 nm to 2500 nm and accuracy of ( 1.5 nm. This spectrometer has PbS photocell Detector, selectable anywhere between the wavelength range and the grating (which is inside) will be changed at the same wavelength. Since the spectrophotometer was interfaced with computer the recorded spectrum is obtained directly from the computer.  


The measurements are made on films deposited on glass substrate with varying parameters such as thickness and annealing temperature. The substrate absorption is corrected by introducing a cleaned bare glass substrate in the reference beam. The absorption coefficients are calculated using the above relation for(. 

The term “band gap” refers to the energy difference between the top of the valence band to the bottom of the conduction band. The band gap of the films are determined by plotting a graph between (h() and ((h()2.
3.8 Structural characterization
X-ray diffraction has played a leading role as a fundamental for material characterization. Xrd is a powerful technique used uniquely to identify the crystalline phase present in materials and to measure the structural properties (strain state, grain size, phase composition, preferred orientation and defect structure) of these phases. Xrd is also used to determine the thickness of the thin films and multilayers and atomic arrangements in amorphous materials (including polymers) and at interfaces.

The techniques based on X-ray probe have dominated the field mainly because of their simplicity, more reliability, quantitative and non-destructive nature of these techniques. XRD is non-contact and non-destructive, which makes it ideal for the in situ studies.
Theoretical Basis      
          The elemental composition of thin films can be analysed through the use of diffraction techniques, it can uniquely identify the crystalline phases near a solid surface and is most suited to films thicker than a few hundredangstroms.

The basic of X-ray diffraction is the Bragg equation, which describes the condition for constructive interference for X-rays scattering from atomic planes of a crystal. The condition for constructive interference is
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Where, d is the distance between the atomic planes parallel to the axis of the incident beam, θ is the angle of incidence relative to the planes, n is the order of the reflection and λ is the wavelength of the X-rays.


The Bragg’s law requires that θ and λ be matched for diffraction. Varying λ or varying the orientation of the single crystal may satisfy the condition. In thin films, the distribution of crystallite orientations is nearly continuous.  Diffraction occurs from crystallites, which happen to be oriented at the angle to satisfy the Bragg’s condition.


Analysis of the diffraction patterns and comparison with standard ASTM data can reveals the existence of different crystallographic phases in the film, relative abundance, lattice parameters and any preferred orientation. From the width of the diffraction line, it is possible to estimate the average grain size in the film.    
Experimental procedure

Samples were analyzed by a Shimadzu XRD-6000 X-ray diffractometer.

 
Samples mounted on the specimen holder using silica gel were scanned at a rate of 0.5º/min with Cuk(1 radiation. The radiation was filtered using a 1º divergence slit, a 1º-scatter slit and a 0.15-mm receiving slit. All the films were analyzed in the 20-80º (2(( scale angle range. The generated raw data files were then computer processed to smoothen data points, remove amorphous background scatter and remove the Kα2 analytical spectrum component. Integrated intensities were calculated using a shimadzu profile-fitting software package that performs mathematical modeling of the diffractogram pattern.


The characterization results for this study are discussed in the next chapter.

CHAPTER IV

RESULTS AND DISCUSSION

4.1 Introduction


TiO2 thin films prepared by Spray Pyrolysis Deposition (SPD) technique were readily taken. This work presents investigations on three natural photosensitizers (dyes extracted from beetroot, grapes and pomegranate) deposited on TiO2 thin films. The dye-sensitized thin films are characterized to study their optical and structural properties. The results obtained from the study “Extraction of dyes from fruits and vegetables, its effects on TiO2 for Dye-Sensitized Solar Cells” are discussed under the following topics.

· Preparation of dye-sensitized TiO2 thin films

· Thickness measurement

· UV absorption Analysis

· XRD Analysis
4.2 Preparation of Dye-Sensitized TiO2 thin films


Natural dyes from beetroot, grapes and pomegranate were extracted and coated over TiO2 thin films. The TiO2 film prepared by SPD method from titanium diisopropoxide solution at 450ºC is considered. The experimental setup of Spray Pyrolysis Deposition is shown in Figure 4.1. The TiO2 deposited glass substrates were kept in each dye extract for 15 hours. 
4.3 Thickness measurement


Thickness plays an important role in the film properties unlike a bulk material and almost all film properties are thickness dependent.


The thicknesses of the dye-sensitized TiO2 films were determined using Stylus thickness measuring device and are found to be


TiO2 with beetroot dye
        :  4.0 Micrometer


TiO2 with grape dye    
        :  4.0 Micrometer


TiO2 with pomegranate dye     :  4.5 Micrometer

4.4 UV-Visible absorption Analysis

The dye-sensitized TiO2 thin films are taken and its optical absorbance and transmittance were determined by UV-visible spectroscopic method.
The thin films were analyzed using UV-VIS-NIR spectrophotometer. The absorption spectra are given in Fig.4.2, Fig.4.4 and Fig.4.6 for beetroot, grapes and pomegranate dye-sensitized TiO2 thin films respectively. The spectrum is given for wavelength between 400nm to 1000 nm. 

Similarly, the transmission spectra are given in the Fig.4.3, Fig.4.5 and Fig.4.7 for beetroot, grapes and pomegranate dye-sensitized TiO2 thin films respectively.
The optical absorbance and transmittance of TiO2 thin films with the sensitized TiO2 thin films, indicates the presence of increased light transmission in the visible spectrum region. This shows that the addition of dyes have increased the light absorption by the TiO2 thin films. The results are in agreement with the previously reported paper (Sirimanne P.M., et al, 2006).
Measuring the band gap is important in the semiconductor and nanomaterial industries, as it determines the portion of the solar spectrum a photovoltaic cell absorbs. The data obtained from the optical study is used to calculate the energy band gap for the prepared material. Hence, the optical data of the dye-sensitized TiO2 determines the energy band gap.


From the absorption spectra, the optical energy band gap of the TiO2 thin film is found by using the relation                                 

α = A(hν–Eg)P

where,   ‘α’ is absorption of the film

   ‘A’ is edge parameter


   ‘hν’ is photon energy


   ‘Eg’ is energy band gap

    ‘P’ signifies thype of transition (allowed or forbidden)
  
A graph is drawn between energy (hν) and (αhν)2 as shown in Fig. 4.8 – 4.10 for the beetroot, grapes and pomegranate dye-sensitized TiO2 thin films respectively. The linear part of the graph is extrapolated and it cuts at 3.18 eV in the energy axis, where (αhν)2 =0, for beetroot dye-sensitized TiO2 thin film. Similarly, the energy band gap (Eg) for grapes dye-sensitized TiO2 thin films and pomegranate dye-sensitized TiO2 thin films were found to be 3.12 eV and 3.14 eV respectively.

4.5 XRD Analysis

The X-ray diffraction analysis was carried out for the prepared thin films. The presence of TiO2 was confirmed from its XRD pattern having peak at the value of 2θ = 31.49. The diffractogram of TiO2 is exhibited in the Fig 4.11. 
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Fig 4.1 Experimental setup of Spray Pyrolysis




Figure 4.2 Absorbance spectra of TiO2 with beetroot dye
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     Figure 4.3 Transmittance spectra of TiO2 with beetroot dye
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Figure 4.4 Absorbance spectra of TiO2 with grapes dye
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Figure 4.5 Transmittance spectra of TiO2 with grapes dye
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Figure 4.6 Absorbance spectra of TiO2 with pomegranate dye
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Figure 4.7 Transmittance spectra of TiO2 with pomegranate dye
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             Figure 4.8 Energy band gap of TiO2 with beetroot dye
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             Figure 4.9 Energy band gap of TiO2 with grapes dye
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           Figure 4.10 Energy band gap of TiO2 with pomegranate dye
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Figure 4.11 XRD pattern of TiO2
CHAPTER V

SUMMARY AND CONCLUSION

Solar cells based on photoexcitation of dyes may be an economic alternative to the classical solid-state semiconductor devices. The Dye-Sensitized Solar Cell (DSSC) is a third generation photovoltaic device that may be an economic alternative to the classical solid-state semiconductor devices, because of the use of inexpensive materials and a relatively simple fabrication process. 

TiO2 films deposited on glass substrates prepared from titanium diisopropoxide using Spray Pyrolysis Deposition (SPD) were readily taken. Natural dyes from beetroot, grapes and pomegranate were extracted and coated over TiO2 thin films. Dye-sensitized TiO2 films were prepared by keeping TiO2 deposited glass substrates in each dye extract for 15 hours.
The thicknesses of the TiO2 films sensitized with the dyes extracted from beetroot, grapes and pomegranate were calculated using Stylus thickness measurement device and are found to be 4µm, 4µm and 4.5µm respectively. The optical absorbance and transmittance data for the TiO2 films sensitized with the dyes were observed in the spectral region 400-1000 nm. The X-ray diffraction analysis was carried out to confirm the presence of TiO2. The presence of TiO2 was confirmed from its XRD pattern having peak at the value of 2θ = 31.49.
The energy band gap (Eg) was calculated and is found to be 3.18eV, 3.12eV and 3.14eV for beetroot dye-sensitized TiO2 thin film, grapes dye-sensitized TiO2 thin film and pomegranate dye-sensitized TiO2 thin film respectively. Hence, these dyes or their mixtures may be used for application in Dye-Sensitized Solar Cells.
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