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Abstract 

A new type of dye sensitized solar cells was constructed, many different 

parameters were investigated to enhance their efficiencies. Two types of 

titanium dioxide powders were used to prepare the TiO2 thin film electrode 

for the cell. Anatase and rutile titanium dioxide thin film electrodes were 

prepared by the Dr. Blade technique. Anatase thin films were proved to 

give better results than rutile films under similar conditions, with a 

conversion efficiency of 0.22% and a fill factor of ~ 60%. 

The solar cells were sensitized using two natural dyes, curcumine and 

anthocyanin (which was extracted from three sources; red cabbage, beets 

and roselle). Curcumine sensitized solar cells gave better conversion 

efficiencies than all three types of anthocyanins.   

The PEC measurements were performed using three different types of 

electrolyte solutions: Iron, sulfur and iodine. Iodine electrolyte gave the 

best results for both solar cells sensitized with anthocyanin and with solar 

cells sensitized with curcumine. The effect of changing the pH value of the 

iodine electrolyte solution was also investigated; higher conversion 

efficiency was obtained using basic electrolyte solution. 
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The effect of TiO2 layer thickness on PEC characteristics was also studied 

(130 µm and 150 µm). The 150 µm thin films gave better results for both 

anatase and rutile electrodes. 
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Introduction 

In our modern life-style, which is basically based on power, electrical 

devices and high technology, energy is becoming an essential need. With 

the growing world population, which is expected to reach 10 billion in 

2050, more energy will be needed to fulfill the living standards [1]. 

Although most of the world's energy comes from fossil fuel, attention 

nowadays is being more directed towards finding new reliable and 

sustainable sources. That is basically because, not only fossil fuels have 

dangerous impacts on the environment, but they are also running out. 

Renewable energy supplies, involving solar energy provide a satisfying 

energy source which is available, free and environmentally friendly sources 

[2]. 

1.1. Solar energy: 

The sunlight that reaches the earth surface every day exceeds the annual 

energy demand. Even though solar energy has some limitations, it still 

provides the most promising alternative source with very wide applications 

and so many advantages [1, 3, 4]. 

Solar energy provides: 

1- An abundant source so we never have to worry about the energy source 

depletion. 
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2- A clean source with no emissions or massive severe effects on the 

environment. 

3- Doesn't need complicated distribution networks since it directly reaches 

our homes. 

Despite the great advantages of solar energy, it still has a number of 

shortcomings, such as: 

- High cost of the initial equipment used to harvest the energy. 

- It is affected by the weather and functions only in day light. 

- It needs large area for sunlight installation [1]. 

1.2. Solar cells: 

The conversion of solar energy into useful energy comes through solar cells 

which convert the sunlight directly into electricity. Solar cells can be 

classified into two classes: 

- Photovoltaic (PV) cells: 

Modern solar photovoltaic cells are basically based on semiconductors 

which use the sunlight to initiate a photo-induced electron transfer reaction. 

The absorption of the sunlight photons causes an electron transfer from the 

valence band to the conduction band of the semiconductor. The excited 

electron can be used to drive a chemical reaction [5-7]. 

- Photo-electrochemical (PEC) cells: 
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Observations showed that voltage could be produced by placing two 

special electrodes in a redox electrolyte and irradiating the system with 

light. As the light photons hit the working electrode some electrons escape 

leaving behind a hole. Holes and electrons move in opposite directions, a 

current is generated that can drive a load. In this type of solar cells, a 

semiconductor/ electrolyte junction is used as the working electrode which 

releases electrons as the semiconductor absorbs the sunlight photons [4]. In 

these solar cells the semiconductor does both jobs of light absorption and 

charge transfer. 

1.3. Dye sensitized solar cells (DSSC's): 

Dye sensitized solar cells, or so called Gratzel cells, were first reported in 

1991. Since then they had attracted considerable attention from researchers 

to study the working principle and to find methods for increasing their 

conversion efficiency (Observed electric power resulting from 100 units of 

radiation power). Dye sensitized solar cells have many advantages, such as: 

low cost and effectiveness, easy and simple to manufacture, flexible and 

transparent [8] , not sensitive to the semiconductor defects and direct 

transfer from photons to chemical energy. 

Although there are some efficiency problems facing DSSC's, they are still 

considered a very important type of solar cells. Dye sensitized solar cells 

are different from other semiconductor devices in which light absorption 

and charge transfer are separated. The sensitizer that is fixed on the surface 
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of a wide gap semiconductor plays an essential role in absorbing sunlight 

[9-11]. 

DSSC's are basically composed of a photoactive working electrode which 

is basically the wide gap semiconductor and a sensitizer, together with a 

counter electrode and a suitable redox couple (electrolyte), Figure (1.1). 

These types of solar cells provide a rich field for research, in which there 

are many different aspects for studying and modifying such as: the type of 

the semiconductor materials, effect of different types of electrolytes, and 

stability of the devices [12]. 

Dyes are used as sensitizers that absorb the sunlight and then get oxidized 

as a result of an electron transfer from the sensitizer excited molecular 

orbital to the conduction band of the semiconductor. Another advantage for 

using dyes as sensitizers is that they help lower electron-hole 

recombination [12]. 
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Figure (1.1):  Schematic view of dye sensitized solar cells [13]. 

When DSSCs were first reported ruthenium complexes were used as 

sensitizers. Since then, the efficiencies of many compounds as 

photosensitizres have been studied such as: Prophyrins [14], 

phthalocyanines, coumarin 343 [15], carboxylated derivatives of 

anthracene and transition metal complexes [ Ru (bpy)3 ]
3+ 

. The d
6
 

ruthenium polypyridyl complexes gave good results, due to the intense 

metal to ligand charge transfer bands in the visible region caused by the d
6
 

metal complexes [12].  The high cost, long-term unavailability and heavy 

metal ruthenium sensitizers directed the attention towards finding new 

available, low cost sensitizers as alternatives. 

Natural dyes are considered the best alternative as sensitizers for DSSC's 

due to their advantages, such as: 
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1- High molar extinction coefficient. 

2- Available. 

3- Easy to prepare. 

4- Nontoxic. 

5- Cheap. 

6- Environmentally-friendly. 

7- Narrow band gab. 

Natural dyes with their narrow band gap values (absorb in the visible 

region) enhance the semiconductor efficiency, and broaden the photo 

action spectrum towards lower photon energy [11, 13, 16-22]. Numerous 

kinds of natural dyes extracted from leaves, flowers or roots are used as 

sensitizers for solar cells and gave acceptable conversion efficiencies [23, 

24]. For example: Red Sicilian orange juice sensitized solar cells showed 

conversion efficiencies of 0.66% [23], sumac DSSCs showed 1.5% 

conversion efficiencies [23], dye sensitized solar cells using China rose as 

sensitizer produced a conversion efficiency of  0.27 %, and coffee 

sensitized solar cells gave conversion efficiency of 0.33 % [18]. 

Curcumine (bis (4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene) as shown 

below in Figure (1.2), is a natural yellow-orange dye extracted from 

Curcuma Longa plant. The dye was used for many years for medical and 

food purposes. Curcumine has antioxidant and antibacterial effects. This 

safe available and easily prepared dye absorbs in the visible region 420-580 

nm which makes it a very suitable sensitizer for DSSCs [20, 25, 26]. 
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Figure (1.2): Curcumine chemical structure [27]. 

Curcumine dye sensitized solar cells which have not been widely studied 

and reported, showed conversion efficiency of 0.6% [20]. Furthermore, a 

structural modification of curcumine enhanced its sensitizing ability and 

reached a conversion efficiency of 7.6 % [28, 29]. 

Anthocyanins are water soluble natural pigments that are present in many 

kinds of plants, such as: Strawberry, grapes, beets, red cabbage and roselle 

… etc. They are responsible for the red, blue and purple colors of the plant 

leaves, frites or flowers. Anthocyanins are considered powerful 

antioxidants. The colors of Anthocyanins are affected by several factors 

such as: The concentration, the pH value, the chemical structure of the dye 

and the storage time [30, 31]. 

Anthocyanins are unstable towards light. They absorb in the uv-visible 

range. They are also unstable for pH changes as their color changes with 

different pH values. They degrade at high pH values. Therefore they are 

considered  good pH indicators [32, 33]. 
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Anthocyanins are glycosylated, polyhydroxy, and polymethoxy derivatives 

of 2-phenyl benzopyrylium salts. Figure (1.3) shows the general structure 

of Anthocyanins. 

 

Figure (1.3): Chemical structure for Anthocyanin dyes [34]. 

1.4. Semiconductors: 

In a semiconductor the highest occupied molecular levels (HOMO) and the 

lowest unoccupied molecular levels (LUMO) are separated into two bands; 

the valance band and the conduction band with the Fermi level half way 

between them, as shown in Figure (1.4). 
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Figure (1.4): Position of the Fermi level in a) metal b) semiconductor c) insulator. 

The Fermi level (Hypothetical energy level at which the probability of 

finding the electron is 1/2) is defined as the electrochemical potential of 

electrons in a material. The Fermi-Dirac distribution function states that at 

T= 0 K all levels below the Fermi level are occupied with paired electrons, 

and at T > 0 K some levels above the Fermi level are also occupied. 

Understanding  the Fermi level is important to understand the properties of 

the material [1]. 

When a semiconductor absorbs a photon an electron is transferred from the 

valance band to the conduction band. This generates charge carriers inside 

the semiconductor. For the electron to be excited, the absorbed photon must 

have energy equal to or higher than the semiconductor band gap. The 

sunlight (with little UV) doesn’t have enough energy to excite electron in 

the wide band gap semiconductors; which is the main drawback for wide 

band gap based devices [1, 5, 6]. Wide band gab semiconductors demand 
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high energy photons in the UV region. One common example of wide band 

gab semiconductors is titanium dioxide. 

1.5. Titanium dioxide semiconductors: 

Both zinc oxide and titanium dioxide were used in the preparation of dye 

sensitized solar cells. Although both have many structural similarities they 

work differently in DSSC's. Titanium dioxide based solar cells showed 

better results than solar cells based on zinc oxide solar cells. This is 

attributed to lower electron injection efficiencies of the excited dye 

particles and lower dye regeneration effectiveness. Titanium dioxide is a 

wide band gap semiconductor with a 3.2 eV band gap that prevents the 

absorption in the visible region [35, 36]. Titanium dioxide semisonductors  

are widely used in dye sensitized solar cells, with a 11%  conversion 

efficiency obtained when using ruthenium complexes as sensitizers [18, 

37]. 

The metal complexes external ligands can easily bind to the surface of 

titanium dioxide, since the TiO2 surfaces with OH groups provide suitable 

sites for complexation. If the ligands were organic the complexation is 

considered a Lewis acid /Lewis base reaction in which the titanium dioxide 

surface acts as a Lewis acid and the ligands act as Lewis bases [38]. 

Titanium dioxide is known to have many physical and chemical properties 

that make it suitable. Examples of such properties are: 
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- Chemical Stability even at high temperatures [39]. 

- High dielectric constant. Materials with higher dielectric constant have  

much higher ability to store charge carriers in small area spaces than 

materials with low dielectric constant (which may suffer from charge 

leakage as the layer become thinner) [40]. 

- Photo-catalytic activity. 

- Nontoxic material. 

- High transmittance (transparent). 

Nanocrystalline TiO2 with suitable structure increases dye adsorption of the 

surface and facilitates the transport of electrons. The noticeable great 

performance of the semiconductor is due to the formation of 

interpenetrating hetero-junction bulk between the dye and the TiO2 

particles which are the electron transporting surface. The formation of a 

suitably thin, with a convenient structure, titanium dioxide layer on top of 

the conducting glass has a great importance [10, 12, 20]. 

Therefore many techniques have been used to prepare titanium dioxide thin 

films including: 

 Electro-deposition. 

 Dip-coating. 

 Sol-gel. 

 Chemical vapor deposition. 

 Spin- coating. 
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 Dr. Blade technique. 

All such techniques have been used in the fabrication of titanium dioxide 

electrodes for dye sensitized solar cells [8, 11, 13, 17, 41-48]. 

There are three main types of nanocrystalline titanium dioxide, namely 

anatase, brookite and rutile depending on the crystal structure, Figure (1.4). 

Production of  these types depends on the preparation method and 

conditions [49]. Anatase (101) and rutile (110) are the most stable TiO2 

crystal phases [38]. 

 

Figure (1.5): Titanium dioxide crystal shapes a) anatase b) rutile c) brookite [50]. 

These types have different properties mainly in their electronic properties. 

Some of their properties are listed in Table (1.1). Anatase has a 3.24 eV 

band gap and rutile has 3.02 eV [51]. 
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Table (1.1):  Anatase and rutile titanium dioxide properties [50]. 

Properties Rutile Anatase Brookite 

Lattice constant a (A
o
) 4.59 3.78 9.18 

Lattice constant b (A
o
) 4.59 3.78 5.45 

Lattice constant c (A
o
) 2.95 9.52 5.15 

Specific gravity 4.2 – 4.3 3.82 – 3.97 3.9 – 4.1 

Index of refraction 2.74 2.52 2.58 

Hardness (Mohs scale) 6.0 – 6.5 5.5 – 6.0 5.5 – 6.0 

Melting point 1858 C
o
 1858 C

o
 1858 C

o
 

Anatase titanium dioxide properties include: 

- Higher power density. 

- Higher carrier mobility. 

- Wider optical absorption gap. 

- Smaller electron effective mass. 

- Resistivity and Hall-effect results displayed an insulator-metal transition 

in a donor band in anatase with high donor concentration that was not 

present in rutile. 
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1.6. Hypothesis: 

This work is basically "building up a curcumine sensitized Gratzel type 

solar cell, using two different types of titanium dioxide, and studying 

different parameters to improve its conversion efficiency". 

The work is based on the following assumptions: 

- Using heavy metal complexes as sensitizers in dye sensitized solar cells 

are not preferred. 

- Metal ion complexes may be toxic and not easily available, so using 

natural dyes as an alternative is more convenient and less costly. 

- Curcumine is a safe and available natural dye, which absorbs in the 

visible region. 

- The type of the titanium dioxide used for the electrode preparation may 

affect the efficiency of the solar cell. In our work two types of titanium 

dioxide will be used anatase and rutile as they differ in their electronic 

properties and crystal shape. The effect of such differences on the 

efficiency of the solar cell will be studied. 

- The type of the redox couple may also affect the solar cell activity. 

- The acidity of the redox couple may affect conversion efficiency. 

- The thickness of the titanium dioxide film may affect efficiency. 

All such assumptions will be tested in this work. 
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1.7. Objective: 

Based on the above assumptions the main objective of our work will be to 

search for a new class of dye sensitized solar cells that are environmentally 

friendly, nontoxic, economic, highly efficient and stable. Curcumine will 

be used as a natural dye to sensitize two types of titanium dioxide film 

electrodes in a new Gratzel type solar cell. 

1.8. Novelty: 

This work involves a number of novelty aspects, including: 

- Studying the effect of the titanium dioxide type on a curcumine dye 

sensitized solar cell. 

- Studying the effect of types of redox couple on curcumine dye sensitized 

solar cells efficiency. 

- Studying the effect of acidity of the redox couple on the solar cell 

conversion efficiency. 

- Studying the effect of the titanium dioxide layer thickness on the 

curcumine DSSC's conversion efficiency. 

All such parameters will be studied here for the first time. 
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Chapter 2 

Experimental 
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2.1. Starting materials: 

Common materials were purchased and used without further purification. 

Anatase and rutile titanium dioxide powders were purchased from Alfa 

Asear. FeCl3, Na2S and sulfur were purchased from Riedel. Ethanol and 

acetone from Aldrich. FeCl2, HCl from Merck. Ethyl acetate, NaOH and KI 

purchased from Frutarom. High quality transparent FTO/glass substrates 

were purchased from Aldrich. 

2.2. Equipment used: 

- The electronic absorption spectra for the extracted dye solutions and the 

TiO2 thin films were investigated using a Shimadzu (UV-3101 PC) UV-

VIS-NIR- Scanning Spectrometer. 

- The J-V measurements for the dye sensitized solar cells were done using a 

Computer controlled Princeton Applied research (PAR) model 263A 

Potential/ Galvanostate. 

- Measuring the pH for the electrolyte solutions was done using a 

Jenway/3510 pH meter. 

- Fluke 11 multimeter was used for measuring the dye sensitized solar cells 

resulting voltage. 
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2.3. Titanium dioxide thin film preparation: 

2.3.1. Cleaning FTO/glass substrates: 

All FTO/glass substrates were carefully cleaned before use, in order to 

obtain good adherence. The cleaning involved washing the substrates with 

soap and distilled water and then sonicating them for half hour with diluted 

HCl, finally sonicating for another half hour with acetone/ water solution. 

The substrates were kept in distilled water for further use. 

2.3.2. Applying the titanium dioxide onto the FTO/glass: 

Titanium dioxide paste was prepared by mixing 3.0 g titanium dioxide 

powder with distilled water then adding (3-5) drops of acetic acid and 

mixing until we had a paste like structure. Titanium dioxide paste was 

applied to the FTO/glass substrates using the Dr. Blade technique as shown 

in Figure (2.1). The electrodes were dried for one hour on a hotplate. 

To study the effect of the film thickness on the conversion efficiency of the 

prepared cells, the Dr. Blade was applied with tapes of different thicknesses 

placed on the edges of the FTO/glass, Titanium dioxide films with 130 and 

150 µm thicknesses were prepared. 
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Figure (2.1): Schematic figure for Dr. Blade technique[52]. 

2.3.3. Extracting and applying the natural dye onto the TiO2 /FTO/ 

glass: 

Two different types of natural dyes were used, anthocynine and curcumine. 

Anthocynine was extracted from red cabbage, beet and roselle by soaking 

20.00 g of each in 100 ml ethanol with magnet-stirring on a plate for 1hr 

[53]. The dye solution was filtered and saved in the dark. 

Curcumine was extracted from curcuma by mixing 20.00 g of curcuma in 

100 mL ethyl acetate [54]. The mixture was stirred magnetically on a 

hotplate for 1 hr, then filtered and saved in the dark. 

Anthocynine dye was applied onto the titanium dioxide thin film by 

soaking the film in the dye solution for 24 hrs. Curcumine was applied by 

adding 3-4 drops of the dye extract and letting to dry in the air. Curcumin 
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OH groups chemisorbed onto TiO2 surface easily leaving more permanent 

color. 

2.4. The solar cell construction: 

A typical dye sensitized solar cell was mainly composed of two electrodes: 

a working electrode (cathode) which was the titanium dioxide dye 

sensitized thin film, and a counter electrode  (anode) which was a graphite 

coated FTO thin film. The anode was prepared by carbonating the FTO/ 

glass substrate using a candle until the color of the FTO/ glass substrate 

turned to black. The two electrodes were placed on top of each other after 

adding one drop of the electrolyte as shown in Figure (2.2). 

Three different types of electrolyte solutions were prepared as follows: 

- Iodine electrolyte was prepared by mixing I2(s) (2.5g, 0.10M) with KI(s) 

(1.6 g, 0.10M) with water (~50 mL) in a 100 mL volumetric flask and 

stirring until complete dissolution. The mixture was then diluted to the 

mark with distilled water, giving 0.10 M I
-
3 final solution. 

- Sulfur electrolyte was prepared by mixing S(S) (0.32g, 0.10M), 

NaOH(S)(0.399g,0.10M) and Na2S(S) (0.7798,0.10M) with water(~50 mL) 

in a 100 mL volumetric flask and stirring until complete dissolution.the 

mixture was then diluted to the mark with distilled water, giving S
2-

 (0.10 

M)/S (0.10 M)/NaOH (0.10 M) final solution. 

- Iron electrolyte was prepared by mixing FeCl2(s) (1.3g, 0.10M) and 

FeCl3(s) (1.6g, 0.01M) with water (~50 mL) in a 100 mL volumetric flask 
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and stirring until complete dissolution. The mixture was then diluted to the 

mark with distilled water, giving Fe
+2

 (0.10M) /Fe 
3+

 (0.10M) system. 

Few drops of sodium hydroxide solution were added to the iodine 

electrolyte until a pH equal to 11 was reached. The pH was measured by a 

Jenway/3510 pH-meter. The other two electrolytes were used without 

changing their pH, since changing the pH value may affect their nature. 

Lowering pH for sulfide solution converts it into H2S gas, and increasing 

pH for Fe ions converts them into solid iron hydroxides. The sulfur 

electrolyte has a basic nature and the iron electrolyte has an acidic nature. 

 

Figure (2.2): A typical dye sensitized solar cell. 
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2.5. Characterization techniques: 

- Solutions: 

The optical absorption spectra of the extracted dye solutions were studied 

at room temperature using a Shimedzu (UV-3101 PC) UV-VIS-NIR- 

Scanning Spectrometer in the wavelength rang 400-800nm. 

- Solid films: 

The UV- Visible absorption spectra of the prepared titanium dioxide 

electrodes were studied at room temperature in the wavelength range of 

200-800 nm using UV-1601 Spectrometer. 

2.6. Running the solar cell: 

The manufactured cell was connected to a Fluke 11 multimeter and 

exposed to a 50 Watt halogen spot lamp as a photon source. The voltage 

produced by the cell was measured. 

To measure density vs. voltage (J-V) plots, the prepared dye sensitized 

solar cell was connected to a computer controlled Princeton Applied 

Research (PAR) model 263A Potential/ Galvanostat. For illumination a 50 

Watt halogen spot lamp was used. The lamp has an intense coverage of 

wide spectral range between 450-800 nm with a high stability. Figure (2.3) 

describes the PEC connections. As shown in the figure no reference 

electrode was used in the measuring process. The counter electrode was 

connected to the cell photoanode, the working electrode was connected to 
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the cell photocathode. The light source was vertically directed towards the 

photocathode. 

 

Figure (2.3): Schematic diagram for PEC measurement. 

2.7. Solar cell stability measurement: 

Polarographic analyzer (Pol 150) and polarographic stand (MDE 150) were 

used to study the solar cell stability under PEC conditions as described 

formerly. The values of short circuit current JSC were measured vs. time. 

All measurement were done at room temperature using iodine electrolyte 

(0.01 M I2, 0.01 M KI ). 
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Results and discussion 

DSSCs drove a lot of attention since they were reported by M. Gratzel in 

the 1990s. The simple manufacturing process, low cost and acceptable 

work efficiency qualified them to be a competing future candidate. 

DSSCs include many aspects such as: counter electrodes, sensitization 

techniques, electrolyte solutions and nanocrystalline layers. These areas 

provide a very rich field for research and development. 

In our work we are focusing on investigating different parameters, for the 

sake of enhancing of TiO2 based solar cells. We expect the crystal shape of 

the used TiO2 to affect the cell efficiency since any structural defects may 

cause undesired electron recombination. As mentioned in Chapter one, two 

common types of titanium dioxide will be used in the thin film preparation. 

Sensitizers play a key role in absorbing the sunlight, ruthenium complex 

were the first used sensitizers. Prophyrin-sensitized TiO2 solar cell using 

Co(II / III) electrolyte reached a conversion efficiency of 12.3%, but the 

high cost and potential hazardous effects limited their use as 

photosensitizres.  Since natural dyes provide a suitable choice, numerous 

kinds of dyes were studied and used as photosensitizers. 

A screen study for anthocyanin sensitized solar cells was done, using 

anthocyanin from three locally available sources; red cabbage, beets and 

roselle. Curcumine sensitized solar cells were reported but not fully 
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investigated. Previous researches focused on the acidity degree of the dye. 

These two available and cheap natural dyes were used as photosensitzers in 

our work. 

As mentioned above the type of electrolyte solution is with great 

importance. Different kinds of electrolyte solutions were reported and 

investigated. But the effect of the pH value of the electrolyte solution on 

the efficiency of the solar cell will be discussed for the first time. 

In the hypothesis section we are also assumed that the layer thickness in the 

thin film preparation would have great effect on the solar cell. 

All these parameters were studied and for a complete vision many 

techniques were used to characterize the prepared solar cells, electrode thin 

film and dye solutions, as presented in this Chapter. 

For photocurrent measurements, a 50 Watt halogen spot lamp was used. 

For dark current measurements complete dark was obtained by using thick 

blanket cover. In both cases, the measurements were done at room 

temperature, using iodine, iron and sulfur electrolyte systems. The 

Potntiostat/Galvanostat had three electrodes. The working electrode was 

connected to SC electrode. The counter electrode was connected to the cell 

counter electrode. The reference electrode was also connected to the 

counter electrode of the cell, with internal reference used. The internal 

reference potential was calibrated vs. an AgCl/Ag reference, as shown in 

Figure (3.1). 
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Figure (3.1):  Potentiostat calibration results using reduction of copper ion in HCl electrolyte 

solution, on glassy carbon electrode. 

From the Figure (3.1), the internal reference electrode showed 0.204 V 

more negative than AgCl/Ag reference. This means that the internal 

reference of the Potntiostat is equivalent to that of SHE. Thus all J-V plots 

measured in this work are shown with reference to SHE, unless otherwise 

stated. 

3.1. Characterization results: 

The electronic absorption spectra for the extracted dye solutions and for the 

titanium dioxide thin film electrodes were obtained as follows: 

3.1.1. Solution characterization: 

The electronic absorption spectra for both curcumine and anthocynine dye 

solutions were studied at room temperature over a wavelength range 
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between 400-800 nm. The absorption spectra for the anthocynine solutions 

extracted from red cabbage, beets and roselle are shown in Figure (3.2). 

 

Figure (3.2): UV-VIS. Absorption spectra for anthocynine dye solutions          extracted with 

ethanol from: a) beet b) cabbage c) roselle. 

Anthocyanin extracted from roselle showed absorbance with λmax = 545   

nm , cabbage showed absorbance with λmax = 534 nm while beets showed 

absorbance with two λmax = 480.5 and 535.5 nm. The spectra prove that all 

three kinds of anthocyanin absorb near 500 nm which indicates a band gab 

value of about (
Ԓ

 2 eV). This is consistent with earlier reports [20, 25-26]. 

The UV-VIS absorption spectra for curcumine dye Figure (3.3) shows that 

Curcumine exhibits a strong absorption band in the visible range due to its 

presence in the enol form. Enolization of curcumine allows ∏ → ∏* 

transition that causes the absorption in the visible range and the appearance 

of the yellow color [20]. The spectra indicate that Curcumine dye absorbs 
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at shorter wave length (412 nm) and shows an intense absorption band over 

anthocyanin in the visible region. 

 

Figure (3.3): UV-VIS.  Absorption spectra for a) anthocynine dye extracted with   ethanol from 

beets, b) curcumine dye extracted with ethyl acetate. 

3.1.2. Solid film characterization: 

The prepared titanium dioxide thin film electrodes were characterized, 

before sensitization with the dye solutions and after sensitization. Results 

are shown below. 

3.1.2.1. Absorption spectra: 

The UV-visible absorption spectra were carried out at room temperature 

over a wavelength range 200-800 nm. Solid films of both anatase and rutile 

titanium dioxide were covered with curcumine dye particles and 

anthocynine particles. Figure (3.4) shows the absorption spectra for anatase 

and rutile titanium dioxide without the dye particles on the surface. 

b 
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Figure (3.4): UV-VIS. Absorption spectra for: a) anatase titanium dioxide solid thin film, b) 

rutile titanium dioxide solid thin film. 

The Figure (3.4) indicates that the anatase titanium dioxide thin film 

electrode showed an absorption edge of about 380 nm, with band gab of 3.2 

eV. The absorption spectra for the rutile TiO2 Thin film showed an 

absorption edge of about 405 nm with 3.06 eV band gab. 

Figure (3.5) shows the electronic absorption spectra for anatase titanium 

dioxide thin film and anatase titanium dioxide thin film sensitized with 

curcumine. 

b 
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Figure (3.5): UV-VIS. Absorption spectra for: a) anatase titanium dioxide solid thin film, b) 

anatase titanium dioxide thin film sensitized with curcumine. 

The curcumine sensitized thin film showed an absorption edge of about 630 

nm with a band gab value of 1.97 eV, and also exhibited a stronger 

absorption over the other one. Curcumine dye absorbs in the visible region 

and adding it to the titanium dioxide layer broaden the absorption spectra 

and lowers the band gab value which enhances the photo – activity of the 

thin film. 

Anthocynine was extracted from three different sources, the electronic 

absorption spectra for anatase titanium dioxide thin film sensitized with 

anthocynine from the three sources was investigated Figure (3.6). The 

titanium dioxide thin film sensitized with anthocyanin extracted from 

roselle shows an absorption band at wave length shorter than the other two 

anthocyanin dyes. 

a 

b 
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Figurer (3.6): UV-VIS. Absorption spectra for anatase titanium dioxide thin film sensitized 

with anthocyanin extracted from a) roselle b) red cabbage c) beets. 

The absorption spectra for anatase titanium dioxide thin film sensitized 

with curcumine was compared with the anatase titanium dioxide thin film 

sensitized with anthocynine extracted from roselle, Figure (3.7). The 

changes in the spectra for both thin films indicate that the dye was absorbed 

on the thin film surface. Anatase titanium dioxide thin film sensitized with 

curcumine exhibits a much more enhanced absorption band in the visible 

region with an absorption egged of about 630 nm (band gab 1.96 eV), 

while anthocyanin sensitized thin film absorbs at shorter wave lengths with 

an absorption edge of about 445 nm (2.7 eV). 
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Figure (3.7): UV-VIS. Absorption spectra for: a) anatase titanium dioxide thin film sensitized 

with curcumine, b) anatase titanium dioxide sensitized with anthocynine extracted from roselle. 

The same comparison was made for the rutile titanium dioxide thin films 

shown in the Figures (3.8) and (3.9) below. In Figure (3.8), the absorption 

spectra for rutile titanium dioxide sensitized with curcumine shows an 

absorption edge of about 510 nm with a band gab value of 2.43 eV. 

 

Figure (3.8): UV-VIS. Absorption spectra for: a) rutile titanium dioxide thin film b) rutile 

titanium dioxide thin film sensitized with curcumine. 

a 

b 
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Figure (3.9) shows the absorption spectra for rutile titanium dioxide thin 

film sensitized with curcumine and rutile titanium dioxide sensitized with 

anthocyanin extracted from roselle, curcumine sensitized thin film shows 

absorption spectra at shorter wavelength. 

 

Figure (3.9): UV-VIS.  Absorption spectra for: a) rutile titanium dioxide thin film sensitized 

with anthocynine extracted from roselle, b) rutile titanium dioxide thin film sensitized with 

curcumine. 

Anatase titanium dioxide thin films gave different results compared with 

rutile titanium dioxide thin films as observed from Figures (3.10) and 

(3.11). Figure (3.10) shows that anatase titanium dioxide thin film 

sensitized with curcumine exhibits a strong absorption starts at long 

wavelength values while rutile thin films absorbs at shorter wavelengths. 

Wavelength (nm) 

b 
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Figure (3.10): UV-VIS.  Absorption spectra for: a) anatase titanium dioxide thin film sensitized 

with curcumine, b) rutile titanium dioxide thin film sensitized curcumine. 

Figure (3.11) shows the absorption spectra for anatase and rutile titanium 

dioxide thin films both sensitized with anthocyanin, anatase titanium 

dioxide thin film also exhibits a strong absorption at longer wavelengths, 

while rutile absorbs at shorter wavelengths. 

 

Figure (3.11): UV-VIS.  Absorption spectra for: a) rutile titanium dioxide thin film sensitized 

with anthocynine extracted from roselle b) anatase titanium dioxide thin film sensitized with 

anthocynine extracted from roselle. 
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3.1.2.2 AFM characterization for titanium dioxide thin film electrodes: 

AFM was used to study the surface morphology of the anatase and rutile 

titanium dioxide thin films. The 2D and 3D AFM images were obtained for 

the TiO2 thin films before sensitization and after sensitization with 

curcumin dye. 

3.1.2.2.1 AFM characterization for anatase TiO2 thin films: 

The topography for the naked anatase and curcumin sesnsitized titanium 

dioxide thin films is shown as 3D AFM images, Figure (3.12). 

  

 

Figure (3.12): Topography for a) naked anatase titanium dioxide thin film, b) anatase titanium 

dioxide thin film sensitized with curcumin. 

 

(a) (b) 
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Both films showed holes and terraces. Films of anatase titanium dioxide 

sensitized with curcumin showed less holes with smoother grains than 

naked titanium dioxide film. 

2D AFM images, Figure (3.13) (a), showed agglomerates of anatase TiO2  

nano-particles before sensitization with curcumin, Figure (3.13)(b), showed  

TiO2 nanoparticles sensitized with curcumin. The Figure shows that films 

of anatase titanium dioxide sensitized with curcumin showed higher 

homogeneity, smother surface and higher resolution than naked TiO2 films. 

  

 

Figure (3.13): AFM images for a) naked anatase titanium dioxide thin film b) anatase titanium 

dioxide thin film sensitized with curcumin. 

Values of root mean square (RMS) roughness were obtained from average 

surface roughness analysis, Figure (3.14). 

(a) (b) 
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Figure (3.14): Average surface roughness analysis for a) naked anatase titanium dioxide thin 

film b) anatase titanium dioxide thin film sensitized with curcumin. 

Figure (3.15) shows the surface depth profiling for naked and curcumin 

sensitized anatase titanium dioxide thin films. Both films showed holes and 

terraces distributed randomly at the surface. However, higher compactness 

clusters were obtained for the titanium dioxide films sensitized with 

curcumin. 

(b) (a) 
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Figure (3.15): Surface depth profiling for a) anatase titanium dioxide thin film b) anatase 

titanium dioxide thin film sensitized with curcumin. 

The AFM results finally indicate that the anatase TiO2 films (both naked 

and sensitized) well adhered onto the FTO/ glass surface. 

3.1.2.2.2 AFM characterization for rutile TiO2 thin films: 

The topography for the naked and curcumin sensitized rutile titanium 

dioxide thin films is shown as 3D AFM images, Figure (3.16). Rutile 

titanium dioxide thin films sensitized with curcumin showed less holes and 

terraces than naked rutile titanium dioxide thin films. 

(b) (a) 
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Figure (3.16): Topography for a) naked rutile titanium dioxide thin film, b) rutile titanium 

dioxide thin film sensitized with curcumin. 

2D AFM images for rutile titanium dioxide thin films before and after 

sensitization with curcumin, are shown in Figure (3.17). Films of rutile 

TiO2 sensitized with curcumin showed higher homogeneity, and higher 

resolution than naked rutile titanium dioxide thin films. 

  

 

Figure (3.17): AFM images for a) naked rutile titanium dioxide thin film, b) rutile titanium 

dioxide thin film sensitized with curcumin. 

(a) (b) 

(a) (b) 
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Figure (3.18) shows the root mean square (RMS) roughness values 

obtained from average surface analysis for rutile titanium dioxide thin 

films.  Rutile TiO2 thin films sensitized with curcumin exhibited RMS 

roughness of a bout ~ 200 nm, while naked rutile TiO2 thin films exhibited 

RMS roughness of a bout ~170 nm. This indicates that the grains showed 

nearly more coalescence in curcumine sensitized thin films than naked 

TiO2 thin films. 

 

 

Figure (3.18): Average surface roughness analysis for a) naked rutile titanium dioxide thin film 

b) rutile titanium dioxide thin film sensitized with curcumin. 

The surface depth profiling for the naked and curcumin sensitized rutile 

titanium dioxide thin films is shown in Figure (3.19). Holes and terraces 

with random distribution were found in both films but   titanium dioxide 

films sensitized with curcumin showed higher cluster compactness. 

 

(a) (b) 
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Figure (3.19): Surface depth profiling for a) rutile titanium dioxide thin film b) rutile titanium 

dioxide thin film sensitized with curcumin. 

The AFM results finally indicate that the rutile TiO2 films (both naked and 

sensitized) well adhered onto the FTO/ glass surface. 

3.2. PEC Results: 

The PEC characteristics for the prepared solar cells were measured at room 

temperature. Photo and dark J-V plots were measured by plotting current 

density (J= I / area) vs. voltage (V). The stability of the solar cell was also 

measured and the results are presented. 

 

 

 

(a) (b) 
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3.2.1. Photo and dark J-V plots: 

Different parameters were applied to enhance the solar cells efficiencies as 

follows: 

3.2.1.1 Effect of type of natural dye: 

As mentioned before two types of natural dye were used to sensitize the 

solar cell. Effect of type of dye on cell PEC characteristic was studied. 

Curcumin and anthocyanin were both reported before as natural sensitizers 

for DSSCs. In this work we investigated different parameters. Anthocyanin 

was used for comparison. The effect of changing the pH value of curcumin 

system was studied before.  Acidic conditions gave better results. Some 

structural changes on curcumin dye occurred and increased its conversion 

efficiency. Naked anatase and rutile titanium dioxide thin film electrodes 

gave no results under PEC conditions. Figure (3.20) shows the photo J-V 

plot for the curcumine sensitized solar cell and the anthocyanin sensitized 

solar cell. In both cases, anatase titanium dioxide was used to prepare the 

thin film electrodes for the cell. 
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Figure (3.20): Photo J-V plot for a) anatase titanium dioxide thin film sensitized    with 

curcumine b) anatase titanium dioxide thin film sensitized with anthocyanin extracted from 

roselle. 

Table (3.1): PEC characteristics for naked and curcumin sensitized 

anatase titanium dioxide thin films 

SAMPLE VOC JSC Ԓ FF% 

A -0.75 0.03 0.22 59.5% 

B -0.53 0.07 0.13 21% 

 

A: curcumin sensitized anatase titanium dioxide thin film. 

B: anthocyanin sensitized anatase titanium dioxide thin film. 

The Figure(3.20) indicates that curcumin sensitized solar cells gave better 

conversion efficiency and higher fill factor (Ratio between maximum 

observed efficiency divided by maximum possible efficiency) value as 

shown in Table (3.1). The Figure also shows that curcumin sensitized solar 

E (V) 
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cell gave a more negative VOC (The applied potential at which current does 

not occur) value. 

Figure (3.21) shows the photo J-V for rutile titanium dioxide solar cells 

sensitized with curcumin and anthocyanin.  The Figure (3.21) indicates that 

curcumin also gave better results than anthocyanin sensitized solar cells. 

 

Figure (3.21): Photo J-V plot for a) rutile titanium dioxide thin film sensitized with curcumine 

b) rutile titanium dioxide thin film sensitized with anthocyanin extracted from roselle. 

The UV-VIS absorption spectra indicate that curcumin absorbs at shorter 

wave length (
˷
 412nm) which indicates a band gab value of about 3 eV 

anthocyanin absorbs at (
˷
 545 nm ) with a band gab value of 2.3 eV. The 

difference in the band gab values increases the driving force of curcumin 

this explains the difference in values of VOC.  The molar absorptivity of 

curcumin is three times greater than the molar absorptivity of anthocyanin 

this explains the difference in values of JSC (Short circuit current passing 

across a unit area of the semiconductor electrode). The schematic Figure 
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(3.22) explains the difference in the band gap values of curcumin and 

anthocyanin. 

 

Figure (3.22): Schematic structure for a) anthocyanin dye particle b) curcumin dye particle. 

From figures (3.20) and (3.21) it can be noticed that anatase titanium 

dioxide thin film electrodes gave a higher efficiency (when the solar cells 

were sensitized using curcumin or anthocyanin) than rutile counterparts. 

Anthocyanin was extracted from three natural sources. The photo J-V plots 

for solar cells sensitized with three different kinds of dyes are presented in, 

Figure (3.23). 

Figure (3.23) shows the photo J-V plots for anatase titanium dioxide solar 

cells sensitized with anthocyanin extracted from roselle, red cabbage and 
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beets. The figure indicates that anthocyanin extracted from roselle gave a 

better conversion efficiency and higher VOC value than red cabbage. Beets 

anthocyanin sensitized solar cells gave no results. Table (3.2) summarizes 

the results. 

 

Figure (3.23): Photo J-V plot for a) anatase titanium dioxide thin film sensitized with 

anthocyanin extracted from beets b) anatase titanium dioxide thin film sensitized with 

anthocyanin extracted from red cabbage c) anatase titanium dioxide thin film sensitized with 

anthocyanin extracted from roselle. 
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Table (3.2): PEC characteristics for anthocyanin sensitized anatase 

titanium dioxide thin films 

SAMPLE VOC JSC Ԓ FF% 

C -0.53 0.07 0.13 21% 

B -0.2 0.019 0.02 37.6% 

C: anatase titanium dioxide thin film sensitized with anthocyanin extracted from 

roselle. 

B: anatase titanium dioxide thin film sensitized with anthocyanin extracted from 

red cabbage. 

3.2.1.2 Effect of electrolyte: 

The electrolyte used in DSSCs should affect ionic conductivity with better 

charge transfer. There are different kinds of aqueous and organic solvent 

electrolytes that can be used in DSSCs[22]. In our research three different 

types of aqueous electrolytes were used. Figure (3.24) shows the photo J-V 

plots for anatase titanium dioxide thin films sensitized with curcumine 

using iodine electrolyte, iron electrolyte and sulfur electrolyte.  Iodine 

electrolyte gave the best results. The conversion efficiencies are shown in 

Table (3.3). Films measured using iron electrolyte didn't give any result. 
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Figure (3.24): Photo J-V plot for a) anatase titanium dioxide thin film sensitized with 

curcumine using iodine electrolyte b) anatase titanium dioxide thin film sensitized with 

curcumine using sulfur electrolyte c) anatase titanium dioxide thin film sensitized with 

curcumine using iron electrolyte. 

 

Table (3.3):  effect of electrolyte type on PEC characteristics of anatase 

titanium dioxide thin films 

SAMPLE VOC JSC Ԓ FF% 

A -0.42 0.031 0.16 74.3% 

B -0.3 0.001 0.055 0% 

A: anatase titanium dioxide thin film sensitized with curcumine using iodine 

electrolyte. 

B: anatase titanium dioxide thin film sensitized with curcumine using sulfur 

electrolyte 

Figure (3.25) shows the photo J-V plot for rutile titanium dioxide solar 

cells using all three types of aqueous lelectrolytes. Thin films measured 
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using iodine electrolyte gave the best results while using sulfure electrolyte 

gave no results. Table (3.4) shows the PEC characteristics. 

 

Figure (3.25):  Photo J-V plot for rutile titanium dioxide thin film sensitized with curcumine 

using a) iodine electrolyte b) sulfur electrolyte c) iron electrolyte. 

 

Table (3.4):  Effect of electrolyte type on PEC characteristics of rutile 

titanium dioxide thin films 

SAMPLE VOC JSC Ԓ FF% 

A -0.06 0.022 0.03 22.72% 

C -0.04 0.03 0.01 0.83% 

A: rutile titanium dioxide thin film sensitized with curcumine using iodine 

electrolyte. 

C: rutile titanium dioxide thin film sensitized with curcumine using iron electrolyte 
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3.2.1.3 Effect of solution pH: 

Both sulfur and iron electrolytes were used as prepared since changing their 

pH value may damage them. Iodine found to be acidic (pH = 3) as 

prepared, its pH was increased to reach 11. Figure (3.26) shows the photo 

J-V plots for anatase titanium dioxide thin films using iodine electrolyte 

after controlling its pH. Thin films using basic (pH= 11) iodine electrolyte 

gave better results with 0.22 conversion efficiency than films used in acidic 

iodine electrolyte with 0.16 conversion efficiency. At higher pH value, it 

can be guaranteed that all I
-
 ions remain in their free ionic (I

-
) form. In 

acidic medium, parts of I
-
 may be converted into HI molecular form. 

 

Figure (3.26): Photo J-V plot for a) anatase titanium dioxide thin film sensitized with 

curcumine using basic iodine electrolyte b) anatase titanium dioxide thin film sensitized 

with curcumine using acidic iodine electrolyte. 

 

 

b 
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Table (3.5): Effect of pH value of electrolyte on PEC characteristics of 

anatase titanium dioxide thin films 

SAMPLE VOC JSC Ԓ FF% 

A -0.75 0.030 0.22 59.5% 

B -0.42 0.031 0.16 74.3% 

A: anatase titanium dioxide thin film sensitized with curcumine using basic iodine 

electrolyte. 

B: anatase titanium dioxide thin film sensitized with curcumine using acidic iodine 

electrolyte. 

Figure (3.27) shows the dark J-V plot (Current that occurs in the dark with 

applied potential when the bands are falt) for anatase titanium dioxide thin 

films. Changing the pH value for the iodine electrolyte didn't enhance the 

dark currents. 

 

Figure (3.27) : Dark J-V plot for a) anatase titanium dioxide thin film sensitized with 

curcumine using acidic iodine electrolyte b) anatase titanium dioxide thin film sensitized with 

curcumine using basic iodine electrolyte. 
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Figure (3.28) shows the photo J-V plots for rutile titanium dioxide thin 

films sensitized with curcumine measured using iodine electrolyte with 

different pH values. Thin film electrodes measured with basic iodine 

electrolyte showed better results than films measured with acidic iodine 

electrolyte. But in both cases rutile TiO2 didn't give good results. 

 

Figure (3.28): Photo J-V plot for rutile titanium dioxide thin film sensitized with curcumine 

using a) basic iodine electrolyte b) acidic iodine electrolyte. 

Figure (3.29) shows dark J-V plots. No enhancement was observed on the 

dark current in both cases. The positive current values may be due to 

current leakage during the experiment. 

b 
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Figure (3.29): Dark J-V plot for rutile titanium dioxide thin film sensitized with 

curcumine using a) basic iodine electrolyte b) acidic iodine electrolyte. 

3.2.1.4 Effect of thickness of titanium dioxide layer: 

Photo J-V plots were obtained for anatase titanium dioxide thin films 

(sensitized with curcumine) with different thickness, as shown in Figure 

(3.30). Titanium dioxide thin film with 150 µm thickness gave better 

results than films with 130 µm thickness. The 130µm film may not be thick 

enough so the light passes through the cell unaffected, increasing the film 

thickness above 150 µm causes cracks in the solid thin film prepared by Dr. 

Blade technique. The conversion efficiencies are shown in Table (3.6) 

 
b 
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Figure (3.30): Photo J-V plot for a) Anatase titanium dioxide thin film with a 150      µm 

thickness b) anatase titanium dioxide thin film with a 130 µm thickness. 

 

Table (3.6): Effect of layer thickness on PEC characteristics of anatase 

titanium dioxide thin films 

SAMPLE VOC JSC Ԓ FF% 

A -0.61 0.021 0.18 79.4% 

B -0.55 0.021 0.16 82.2% 

A: anatase titanium dioxide thin film with a 150 µm thickness. 

B: anatase titanium dioxide thin film with a 130 µm thickness. 
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Rutile titanium dioxide thin films were prepared with different thickness 

and photo J-V plots were obtained. Figure (3.31) shows that thin films with 

150 µm thickness shows better results than films with 130 µm thickness. 

 

Figure (3.31): Photo J-V plot for a) rutile titanium dioxide thin film with a 130 µm thickness b) 

rutile titanium dioxide thin film with a 150 µm thickness. 

 

Table (3.7): Effect of layer thickness on PEC characteristics of rutile 

titanium dioxide thin films 

SAMPLE VOC JSC Ԓ FF% 

A 0 0 0 0% 

B -0.55 0.011 0.08 80.99% 

A: rutile titanium dioxide thin film with a 130 µm thickness. 

B: rutile titanium dioxide thin film with a 150 µm thickness. 
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3.2.1.5 Effect of titanium dioxide crystal type: 

Anatase and rutile forms of titanium dioxide were reported to have 

structural and electronic differences. Here we are investigating the effect of 

titanium dioxide types, used to prepare the thin film electrode, on the 

curcumin sensitized solar cell efficiency. Figure (3.32) shows the photo J-V 

plot for anatase titanium dioxide thin film sensitized with curcumin and 

rutile titanium dioxide thin film sensitized with curcumin. The Figure 

(3.32) indicates that anatase titanium dioxide thin films gave better results 

with higher conversion efficiency. This could be attributed to the structural 

properties of anatase which increase the dye adsorption on the surface and 

facilitates electron transport. 

 

Figure (3.32): Photo J-V plot for a) anatase titanium dioxide thin film sensitized with 

curcumine b) rutile titanium dioxide thin film sensitized with curcumine. 
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Table (3.8): Effect of type of titanium dioxide  on PEC characteristics 

of  thin films 

SAMPLE VOC JSC Ԓ FF% 

A -0.75 0.03 0.22 59.5% 

B -0.06 0.022 0.03 22.72% 

A: anatase titanium dioxide thin film. 

B: rutile titanium dioxide thin film. 

Figure (3.33) shows the dark J-V plot for anatase titanium dioxide thin film 

and rutile titanium dioxide thin film both sensitized with curcumin. Both 

films showed dark currents with leakage current flows. 

 

Figure (3.33): Dark J-V plot for a) anatase titanium dioxide thin film sensitized with curcumine 

b) rutile titanium dioxide thin film sensitized with curcumine. 
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3.3 Stability measurement: 

The solar cell stability under PEC conditions was investigated for the 

anatase titanium dioxide thin film sensitized with curcumin. The JSC vs. 

time was measured Figure (3.34). The measurement was conducted using 

basic iodine electrolyte at room temperature. The Figure indicates that the 

anatase titanium dioxide solid thin film was stable for at least 150 min. 

 

 

Figure (3.34): Short circuit current density vs. time measured for anatase titanium dioxide 

thin film electrode sensitized with curcumine. 

 

 



61 

 

  

Conclusion 

In this study, several parameters were investigated to enhance the work 

efficiency of the prepared dye sensitized solar cell. Dr. Blade technique 

was used to prepare the titanium dioxide electrodes. From the results we 

can draw these conclusions: 

1- Anatase titanium dioxide thin films gave better conversion efficiencies 

than rutile titanium dioxide thin films in all types of solar cells. 

2- Better work efficiency was obtained using curcumin as photosenstizer 

for the prepared dye sensitized solar cells. 

3- The solar cell work efficiency was affected by the type of redox couple. 

Iodine electrolyte gave better results than sulfur and iron electrolytes in the 

PEC measurements. 

4- Changing the pH value of the used redox couple strongly affected the 

efficiency of the solar cell. Higher conversion efficiencies were obtained 

using basic iodine solutions. 

5- Changing the pH value for both iron and iodine electrolytes destroys 

them. 

6- Anatase and rutile titanium dioxide thin films with 130 µm thickness 

gave better conversion efficiencies. 
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Recommendations for Future Work 

1- Investigate the effect of changing the pH value and using other redox 

couples such as Co electrolyte on the curcumin sensitized solar cell. 

2- Further study of the photoluminescence and IR characteristics for the 

prepared titanium dioxide thin films sensitized with curcumin. 

3- Study the SEM and TEM properties of the prepared titanium dioxide 

thin films sensitized with curcumin. 

4- Prepare a thin film using a mixture of both types of titanium dioxide 

powders (anatase and rutile). 

5- Study the effect of temperature of the curcumin dye solution on the solar 

cell efficiency. 

6- Apply the recommended optimum conditions on the curcumin dye 

sensitized solar cell using ZnO semiconductors. 
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