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Abstract 

Dye sensitized solar cells (DSSCs) is a new technology which considered to 

be the third generation of the photovoltaic technology. DSSCs have multiple 

advantages such as simple fabrication, low-cost and environment friendly. Even 

though the multiple advantages of the DSSCs, the efficiency of the DSSCs still 

limited due to the complexity of the device. Thatôs why DSSC technology is 

considered to be a preferable research field in which many studies are being 

conducted to increase the efficiency of the device. 

The objectives of this thesis are to prepare dye sensitized solar cells (DSSCs) 

using titanium dioxide (TiO2)  as a semiconducting layer based on eosin Y dye with 

adding some modifications to the structure of the device. These modifications 

include changing the dyeing duration of TiO2 films, preparing a derivative of eosin Y 

solution acting as a new photosensitizer, changing the pH of the dye solution and 

adding ZnO blocking layers. 

The results showed  that dyeing the TiO2 films for 3 hours can lead to a better 

performance of the assembled DSSC. In addition, a derivative of eosin Y was 

prepared by adding phenylhydrazine hydrochloride solution to the eosin Y solution 

in a molar ration 1:1 which contributed in enhancing the efficiency of the assembled 

DSSC. 

The treatment of the dye solutions with phosphoric acid resulted in better 

performance in comparison with hydrochloric acid and nitric acid treatment. 

The mechanism used in suppressing the recombination of injected electrons 

with both the redox electrolyte and the oxidized dye  is adding ZnO blocking upper-

layers which act as a barrier. By adding the ZnO upper layers, the performance of the 

DSSC was improved.  
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.ƗǒƺƕƮǃå ƗǒƪǆƬǃå ƓǒǚƤǃå çßƓƽǂ çíƓǒðǃ Ɠǌƶǒǆƞ Ǐƶƪƙ Ǒƙǃåā èƓƪåïíǃå ÿǆ ïǒƛǂǃå ǊǒƼ ýîƕĈƙ éǒơ 

úåíǋá ÿã ) þāǒǈƓƙǒƙǃå íǒƪǂá ǑǈƓƛ þåíƤƙƪƓƕ ƗǒƺƕƮ ƗǒƪǆƬ ƓǒǚƤ ƴǒǈƮƙ Ǒǋ éơƕǃå åîǋTiO2 Ɨǀƕõǂ (

) ÿǒƪāǒã ƗƺƕƮ ǏǄƵ Ąçíǆƙƶǆ ƗǄƮāǆ ǊƕƬY.ƓǒǚƤǃå ǉîǋ ƗǒǈĈƕ Ǐǃã èƓǈǒƪơƙǃå ôƶƕ ƗƼƓưã ƴǆ Ü(  ǉîǋ
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 Ŋÿá ƝƑƓƙǈǃå ïǌöƙā ) þǚƼá ƸƕƮTiO2 ßåíá ÿǒƪơƙ ǑƼ þǋƓƪǒ èƓƵƓƪ éǚƛ çíǆǃ (ƓǒǚƤǃå  ƗǒƪǆƬǃå

 Ŋÿá Ɠǆǂ ÜƗǒƺƕƮǃå  Ĉǆǃå ƗƺƕƮǃå) ÿǒƪāǒã ÿǆ ƗǀƙƬY üǒïāǄǂāïíǒǋ ýāǄơǆ ƗƼƓưã ýǚƤ ÿǆ Ɠǋïǒươƙ Ŋþƙ Ǒƙǃåā (
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Chapter 1 

Introduction 

In this chapter, an introduction to solar cells is presented beginning with a 

description of the energy resources and solar radiation as a main resource of energy. 

The next part describes the operating principles of the standard  solar cells. A short 

discussion about the current solar cell technologies is given and as a related issue, the 

advantages and the drawbacks of solar cells are presented in this chapter. This 

chapter also gives a general idea about the electricity crisis in Gaza Strip. 

1.1  Energy resources 

Energy on our planet can be divided into two main categories:  renewable and  

non-renewable energy. Fossil fuels such as petroleum, coal and natural gas are the 

main non-renewable  energy resources (Chen, 2011). For a long time, the use of 

these resources has caused many problems such as air pollution, water pollution and 

climate change (Jacobson & Delucchi, 2011). For an optimal industrial development, 

only renewable energy can be considered a good  option as a cheap and a clean 

energy source (Chen, 2011). Water, wind, wave, tide, geothermal and solar energy 

are the most familiar types of the renewable energy. Direct solar energy  is the main 

source of the renewable energy  and  any other renewable energy source canôt exist  

without it (Jäger et al., 2014). Today, the renewable energy contributes with 27.7% 

to the total energy  production in the world (Adib, 2015).   

1.2 Solar energy and solar radiation spectrum 

Solar energy is available at all locations on the earth  and classified as the most 

promising renewable energy sources for the energy needs. The earth receives  

1.4x10
5
 TW per year from it and about 3.6 x10

4
TW of this power is usable 

(Hosenuzzaman et al., 2015). The theoretical  sun spectrum is so close to the black-

body spectrum  at a temperature of 5800 ↔ K, but  due to the presence of air, the solar 

radiation is continuously attenuated by the  absorption by different gases in 

atmosphere such as: H2O, CO2 and O3 (Kuzmych, 2014). As a result, the practical 
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sun  spectrum can vary from this theoretical one, depending on the path that the solar 

radiation is passing through. Therefore, the distance of the sunlight  path through the 

atmosphere is a very important parameter in describing the solar spectrum. This 

parameter is characterized by the optical air mass which is defined as the ratio of the  

path length of sunlight when  the sun is at an angle ɗ to the path length of sunlight 

when the sun is at the zenith itself (Zeman, 2003).   

 

Figure ( 1.1): Diagram for air mass. 

ὃὭὶ άὥίίÃÏÓ—                                                                                           (1.1)  

where ɗ is the angle of the sun postion to the zenith. From this equation many solar 

spectra can be measured. For example, when the sun is at the zenith, the optical air 

mass equals one and the spectrum is described by air mass one (AM1). When the sun 

is at 60↔ from the zenith, the optical air mass equals two and the spectrum is described 

by air mass two (AM2). For solar radiation studies and measurements, the air mass 

1.5 has been chosen as a calibration standrad which corresponds to 48.2↔  from the 

sunôs position to the zenith and is related to 1000 W/m
2 
(Zeman, 2003).
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Figure ( 1.2): Spectral power density of sunlight for different solar spectra. 

1.3 Operating principles of the standard solar cells 

Solar cell consists of a p-doped semiconductor and an n-doped semiconductor 

placed in contact to form a P-N junction. When no external bias is applied, electrons 

in the n-type side tend to flow towards the p-type side and the holes in the p-type side 

tend to flow towards the n-type side. This diffusion of electrons and holes resulting 

in the creation of minority positively charged ions in the n-type side and negatively 

charged minority ions in the p-type side. As a result, a space-charge region or a 

depletion region is created at the p-n junction, and an electric field is set up through 

the depletion region, as shown in figure (1.3). This electric field is referred as the 

built-in potential which opposes the normal diffusion of electrons and holes through 

the junction (Aribisala, 2013). 

The solar cell can operate properly when the positive terminal of the load is 

connected to the p-type side of the solar cell and the negative terminal of the load is 

connected to the n- type side of the solar cell, as shown in figure (1.4), (Khan, 2013). 

Under illumination, the light absorption generates electron-hole pairs at the depletion 

region, which can be separated by the built-in electric field and a photo current is 
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produced through the circuit, which is like a forward biased diode with a photo-

voltage (Halme, 2002). 

 

Figure ( 1.3): Formation of space charge region in a P-N junction under 

 unbiased condition. 

 

Figure ( 1.4): P-N junction under forward biased condition. 
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The operation of converting sunlight into electrical current in the solar cell is 

divided into three main steps: 

1.  Light absorption. 

2.  Charge separation. 

3.  Charge collection. 

The detailed processes that occur in each step can vary between different types of 

solar cells (Halme, 2002). Generally, the design and performance of a solar cell 

depend on the following parameters: 

1. Dopant concentrations: dopants can be donor atoms which donate free 

electrons producing n-type material or acceptor atoms which receive electrons 

producing p-type material. The width of the depletion region is determined by 

the dopant concentrations (Zeman, 2003). 

2. Mobility: mobility is a main factor in determining electrons and holes 

transport due to the drift through the solar cell, where the drift is the motion of 

charged-particles in presence of an electric field (Zeman, 2003). 

3. Diffusion coefficient: which is a main factor in determining electrons and 

holes transport due to diffusion, where the diffusion is the motion of the 

charge carriers from high carriers concentrated region into low carriers 

concentrated region (Zeman, 2003). 

4. Lifetime: which is a central parameter in recombination-generation process 

that occurs in the solar cell, lifetime is the average time that an excess minority 

carrier can survive before being annihilated (Zeman, 2003). 

5. Diffusion length: itôs another central parameter in the recombination-

generation process and is defined as the average distance that the minority 

carriers can diffuse through the solar cell before being annihilated (Zeman, 

2003). 

6. Band-gap energy, absorption coefficient and refractive index, all these factors 

can determine the efficiency of the solar cell in absorbing visible  radiation 

(Zeman, 2003). 
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1.4  Current solar cell technologies 

1.4.1 Crystalline and multi -crystalline silicon solar cells 

Solar cells based on crystalline and multi-crystalline silicon are simply solid 

state semiconductor p-n junction devices converting sunlight into current by the 

photovoltaic effect principle (Green, 1982). The crystalline silicon solar cell is 

known as the first generation photovoltaic technology, where the theoretical 

efficiency of this type is up to 25% and itôs about 20.4% in multi-crystalline silicon 

solar cells (Green et al., 2010).  It is considered the most  produced in the world 

which estimated to 80%  in the solar cell market.  

The first crystalline silicon solar cells were produced in the late 1950s to 

provide electrical power for satellites (Aribisala, 2013). This industry has been 

widely developed to cover manny fields such as telecommunication equipments, 

weather monitoring systems, military purposes and solar power system (Aribisala, 

2013). This type of solar cells is considered the most expensive, since it requires high 

purity silicon and that purification process is expensive and slow to grow (Hegedus 

& Luque, 2003). 

1.4.2 Inorganic thin film solar cells 

Thin-film solar cells are referred to be the second generation photovoltaic 

technology, which aims to reduce the expensive production cost of wafers in silicon 

solar cells by using a few microns thick layers of semiconductors, that are usually 

deposited onto a supporting low-cost substrates such as glass or flexible plastic. This 

active semiconductor layer can absorb significant amounts of light because of the 

strong absorbance in the materials and electrons have to travel a very short distance 

through the thin films ((Hegedus & Luque, 2003).  

The most common materials used in the inorganic thin film solar cells are as 

follow: 

a- Amorphous silicon (a-Si): amorphous silicon was employed in the 

beginning of thin film solar cells. This type is commonly used in devices that 
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require little power because of low efficiency rates, which is about 10.1% 

(Gree et al., 2010).  

b- Thin film crystalline silicon: this technology uses a layer of crystalline 

silicon with flat surface which is deposited on a surface of a reflector, leading 

to a light trapping thruogh the solar cell, which in turn reduces the silicon 

quantity used in the solar cell. A Layer of 5-50 mm thickness can be achieved 

by this technology (Halme, 2002) and the efficiency is about 12.2% 

(Goetzberger & Hebling, 2000). A supporting layer must be added under the 

thin film crystalline silicon such as a low-grade silicon or any other materials 

like graphite or glass (Halme, 2002). 

c- Cadmium Telluride (Cd-Te) : Thin film solar cells based on  Cd-Te  is about  

16.5% efficient which is better than the amorphous silicon in both power  

efficiency and manufacturing costs. Despite these benefits of Cd-Te solar 

cells, there are some drawbacks. For example, the disposal and recycling are 

both dangerous and costly, because cadmium is a heavy metal and considered 

a carcinogen, which can accumulate in living tissues. 

d- Copper-Indium-Gallium-Diselenide (CIGS): Thin film solar cells based on 

CIGS is about 19.4% efficient, which is the highest effeciency among the 

previous thin film solar cells (Green et al., 2010). The limited amount of 

indium makes it an expensive technology (Green, 2007). 

1.4.3 III -V Semiconductors 

This type of thin film solar cells are composed of elements from the third and 

the fifth groups such as Gallium arsenide (GaAs), Gallium aluminum arsenide 

(GaAlAs), Gallium indium arsenide phosphide (GaInAsP), Indium arsenide (InAs), 

Indium antimonide (InSb) and Indium phosphide (InP). These compounds have small 

band gaps and high absorption, making them suitable for photovoltaic devices 

(Halme, 2002).  Efficiency of about 40% has been achieved by III-V semiconductor 

compounds, but these materials are extremely expensive (Tanabe, 2009). 
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1.4.4 Dye-sensitized solar cells 

Dye-sensitized solar cells (DSSCs) are a special kind of solar cells based on 

nano-crystalline metal oxide electrodes and an organic dye. They convert visible 

light into electrical current when the organic dye  absorbs light which in turn mimics  

the process of photosynthesis. DSSCs have a promising future in photovoltaic 

applications and have been studied worldwide. 

DSSCs are a new attractive technology because they can be more cheap, 

portable, light weight and flexible relative to classical solid state solar cells (Grªtzel, 

2001), where the efficiency of DSSCs has reached about 11% (Green et al., 2010). 

The previous solar cell technololgies are presented in figure (1.5). 

 

Figure ( 1.5): Production of PV technologies in 2015 (Hosenuzzaman et al., 2015). 

1.5 Advantages and drawbacks of solar cells 

Solar cells can be considered an environmentally friendly with neither noise 

nor emissions produced from them. Moreover, solar cells donôt require fuel or water 
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to run, where the electric current can be generated when the light exists. In addition 

they can be operated in the cloudy weather conditions. 

Although all of these advantages, solar cells still have some drawbacks. For 

example, solar cells canôt operate without light and they require a large area to be 

installed if a high power is needed. Moreover, solar cells generate a direct current 

(DC current), so itôs suitable for the DC appliances or an inverter must be used in off-

grid. Finally, the energy produced by the solar cells need to be stored in an energy 

storage system such as batteries (Zeman, 2003). 

1.6  Electricity crisis in Gaza Strip 

Gaza Strip has been suffering from a lack in electricity supplies, where the 

demand of electricity is about 450  MW, while the available supplies are only about 

230 MW provided from three major sources, the first source is the electricity 

company with 120 MW supply, the second source is the power station in Gaza with 

average production of 80 MW and the third source is the Egyptian electricity grid 

with 27 MW supply (Radwan, 2015). This means that the disability of electricity 

need is about 50% in Gaza Strip, especially that Gaza Strip is considerd a high 

densely populated area with a population of about 3823 persons/km
2
. These things 

mak the electricity need a real crisis affecting many fields in the everyday life in 

Gaza Strip. Solar energy can serve in solving electricity lack in Gaza Strip, where the 

geographical location of Gaza Strip makes it one of the most relatively sunny regions 

in the world with more than 300 sunny days a year and   about 8 hours brightness a 

day. This means that Gaza Strip receives a solar irradiance  of about 2000 kWh/m
2 

annually (Jasser, 2010). 

 Recently, residents in Gaza Strip began using silicon solar cells in the form of 

big solar panels installed on rooftops to generate electrical energy, to overcome the 

energy crisis. However, the current reliance on solar power in Gaza Strip doesnôt 

exceed the 5% because of the high costs of  solar panels (Jasser, 2010). 
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Chapter 2 

Dye  Sensitized  Solar Cells 

In this chapter, an overview of dye sensitized solar cells (DSSCs) is presented. 

The  components of DSSC with a full description of related conditions to each 

component are also provided in section 2.2. The operational principles of DSSCs are 

presented in section 2.3. After that, the main parameters of DSSCs are discussed and 

the equivalent circuit of the DSSC is analyzed. 

2.1 Introduction  

Dye sensitized solar cell  (DSSC) is a new technology developed  by OôRegan 

and Grätzel, in which they used a ruthenium based dye with an active layer made 

from titania (TiO2) (OôRegan & Grªtzel, 1991). It is widely accepted that DSSCs are 

a promising route toward simple fabrication, low-cost, environment friendly power 

generation, as a clean photoelectric conversion system and potential alternative to the 

traditional photovoltaic devices (Hagfeldt & Graetzel, 1995). In its simplest 

structure, as shown in figure (2.1), a DSSC consists of the following components: a 

transparent conducting oxide  (TCO) substrate which acts as the anode, a nano-

crystalline TiO2 semiconductor film, an organic dye acts as a photo sensitizer, an 

electrolyte solution containing iodide (I
ī
)/ tri-iodide (I 

3ī
) redox couple and a 

platinized counter electrode acts as the cathode (Ramasamy et al., 2013). 
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Figure ( 2.1): Basic structure of DSSC. 

2.2 Basic components of DSSC  

2.2.1 Transparent conducting substrates 

The structure of the DSSC includes two transparent glass substrates treated 

with a transparent conductive oxide layer which is usually abbreviated as TCO layer. 

Indium-doped tin oxide (In:SnO2, ITO) and fluorine doped tin oxide (F:SnO2, FTO) 

are the most common conducting oxides used in DSSCs. The front TCO layer is the 

anode of the cell and the back TCO layer is  the cathode. Both TCO layers function 

as a current collector in the DSSC (Gong et al., 2012). 

Two important features have to be considered in TCO substrates: the high 

transparency of the TCO front layer allowing the sunlight to pass through the DSSC 

without absorption and the high photo-reflection of the back TCO layer in order to  

reflect back the transmitted light into the dye. The second feature of the TCO 

substrates is the low electrical resistivity that allows the electrons to pass through the 

substrates with a minimal loss apart from high temperatures (Gong et al., 2012). For 

example: indium tin oxide (ITO)  is over  than 80% transparent and the sheet 

resistance is about 15Ý/Ǐ while fluorine tin oxide (FTO) has 70ï80% transmittance 

and the sheet resistance of FTO  is less than 12Ý/Ǐ (Yang, 2008).   
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The effect of high temperature on the sheet resistance of ITO and FTO appears 

clearly in the sintering stage, since fabrication process of DSSCs requires sintering 

TiO2 paste on TCO substrates at high temperature (450-500) ↔C to improve the 

electronic contact (OôRegan & Grªtzel, 1991). The ITO films in that stage are 

exposed to high temperature and the sheet resistance increases drastically which 

affects the cell efficiency, whereas the sheet resistance of FTO films remains 

unchanged after the thermal treatment. This means that FTO is more preferred than 

ITO in DSSCs due to the thermal stability of FTO (Sim et al., 2010).  

2.2.2 TiO 2 semiconductor as a photo-electrode  

An n-type  semiconductor in the form of wide band gap metal oxides such as 

TiO2, ZnO and SnO2 are used as a deposited layer on a transparent conducting oxide 

(TCO) substrate in the DSSC (Kuzmych, 2014). The wide band gap of the 

semiconductors, as shown in figure (2.2), prevents any generating of charge in the 

metal oxide itself  when it is exposed to visible light, ensuring the main task of the 

wide band gap semiconductors, which is the carrier transport in the DSSC (Gong et 

al., 2012).  

The most efficient metal oxide used in the DSSCs is the titanium dioxide 

(TiO2) in its porous nano-crystalline form which was firstly employed by Grätzel and 

his co-workers. This structure of TiO2 increases the internal surface area of the 

electrode allowing a large amount of dye to be adsorbed on the electrode (Zeman, 

2003). Typical TiO2 films used in the DSSCs have a thickness of around 10 µm and 

the size of its nano-particles is in the range of (10-30) nm in diameter (Kuzmych, 

2014).  

TiO2 has  three natural forms: rutile, anatase and brookite. The most stable 

form is rutile, since itôs considered to be temperature-independent but for the DSSCs 

performance, the anatase form is more active than rutile because the band gap of 

anatase is about 3.2 eV which is larger than rutileôs band gap of  about 3eV (Sao et 

al., 2010).  
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Nowadays, the most common TiO2 product is DeGussa P25 which has 80% 

anatase and 20% rutile in which the diameter of the particle is 25 nm (Gong et al., 

2012). TiO2 has many advantages such as its high photosensitivity, structural 

stability under solar irradiation, low cost and its non-toxicity. All these features 

makes TiO2 a preferable material used in DSSCs.  

 

Figure ( 2.2): Band positions of several semiconductors 

2.2.3 Dye as a photosensitizer 

In DSSC, the surface of the porous TiO2 electrode is usually coated with an 

organic dye molecules that absorb the incident light. The dye injects the excited 

electrons into the wide band gap TiO2 and become regenerated by the electrolyte. 

2.2.3.1 Main structure of organic dyes 

As illustrated in figure (2.3), an organic dye consists of a hydrophobic electron 

donor, connected via ˊ bridge unit to a hydrophilic electron acceptor, where the 

electron acceptor of the dye acts as the anchoring site on the TiO2 photo anode 

(Obotowo et al., 2016).  
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Adsorption of the dye molecules to TiO2 surface takes place via the anchoring 

groups located at the end of the dye molecules, where a chemical bond is formed 

between the anchoring group and the TiO2 surface by donating a proton to the TiO2 

lattic (Halme, 2002).  The most common anchoring groups attached to the dye 

molecules are the carboxylic group (COOH) and phosphonic group (H2PO3).  

Moreover, the position of the energy levels in the dye is a main point in its 

structure, the two energy states that have a great importance are: the ground state 

which is referred to the highest occupied molecular orbital (HOMO) and the excited 

state or the lowest unoccupied molecular orbital (LUMO). Between these two energy 

states, there is a small gap enables a large harvesting of low energy photons that 

gives a high photocurrent of the cell (karlsson, 2011). 

 

Figure ( 2.3): Donor-ˊ bridge- acceptor organic dye and their electrons transfer  

under illumination. 

2.2.3.2 Main conditions to be considered in choosing the photo-sensitizer 

In order to get high sensitization of the dye, there are some conditions have to 

be fulfilled in the chosen dye, which are as follow: 

1- The dye should have a broad absorption spectrum covering the whole visible 

region and some of the near infra-red region (Karlsson, 2011) 

2- The highest occupied molecular orbital (HOMO) should be localized around 

the donor group in the dye itself and should lie below the energy level of the 
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electrolyte since the oxidized dye have to be regenerated by the electrolyte 

(Obotowo et al., 2016). 

3- The lowest unoccupied molecular orbital (LUMO) should be localized around 

the anchoring group in the dye itself and should lie above the conduction 

band of the TiO2 to facilitate a quick electron injection into TiO2 lattice. 

4- A high extinction coefficient of the dye that enables the use of thinner TiO2 

films with a high degree of light absorbtion (Karlsson, 2011). 

5- The donor part of the organic dye have to be hydrophobic, to prevent any 

contact between the electrolyte and the anode and to prevent any possible 

desorption of the dye in water or in the electrolyte redox (Obotowo et al., 

2016). The dye has not to be aggregated on the TiO2 surface in order to avoid 

non-radiative decay of the excited state to the ground state. 

6- The dye should have high solubility in the solvent which can be water or 

alcohol to ensure a complete adsorption of the dye on TiO2 surface. 

7- Low toxicity of the dye and possibility to be recycled. 

8- The dye should have thermal and chemical stability when the device is under 

illumination. 

2.2.3.3 Common dyes as sensitizers 

The most efficient DSSCs are based on ruthenium bipyridyl organometallic 

complexes such as the N3 dye, N719 dye and the black dye. Generally, ruthenium 

dyes have absorbance range from visible to near-infrared wavelengths. Figure (2.4) 

shows the molecular structures of these three dyes (Rayan, 2009). 

 

    Figure ( 2.4): The molecular structures of N3 dye, N719 dye and black dye. 
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2.2.4 Electrolyte 

The electrolyte used in the DSSCs consists of iodine (I
-
) and triiodide (I3

-
) as a 

redox couple dissolved in a solvent such as acetonitrile (ACN). Electrolyte is 

responsible for regenerating the oxidized dye. 

Some conditions in the used electrolyte have to be taken into account, which 

are as follow: 

1- Ability of the electrolyte solvent to dissolve ingredients to ensure high 

concentration of charge carriers (I
-
/ I3

-
) in the electrolyte (Toivola, 2010). 

2- Low  volatility of the solvent especially when the device is exposed to solar 

radiation (Toivola, 2010). 

3- High viscosity of the solvent to facilitate the diffusion of charges between the 

two electrodes (Toivola, 2010). 

4- Absence of  absorbance in the visible region to prevent any absorption of 

incident light by the electrolyte (Halme, 2002). 

5- High stability of the reduced part (I
-
3
)
 and oxidized part (I

-
) of the redox 

couple to ensure a long operating life (Halme, 2002). 

6- High diffusion coefficient of the solvent to enable efficient mass transport 

(Halme, 2002) 

7- The solvent should be not toxic and a low cost material. 

2.2.5 Counter-electrode 

The last component of the DSSC is the counter electrode, which is 

responsible for  regenerating the redox couple (I
-
/ I3

-
)  by reducing  the tri-iodide to 

iodide.  

Counter electrode is prepared by depositing a thin layer of platinum onto a 

transparent conducting oxide (TCO) substrate, where the most used TCOs are 

Indium-doped tin oxide (In:SnO2, ITO) and fluorine doped tin oxide (F:SnO2, FTO) 

(Hagfeldt et al., 2010). As mentioned before, FTO is more preferred than ITO in 

DSSCs due to its thermal stability. 
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Platinum layer is added to catalyze the reaction on the counter electrode. 

Without a platinum layer,  the counter electrode has a charge transfer resistance of 

about 10
6 
Ý/Ǐ, while with the platinum, the resistance is about 1 Ý/Ǐ. So, the 

performance of counter electrode is improved by adding the platinum layer (Hagfeldt 

et al., 2010; Tolvanen, 2003). Since the Pt layer is almost transparent, the platinized 

counter electrode can serve as a mirror reflecting back the transmitted light through 

the cell. In addition, platinum has a high catalytic activity and a high chemical 

stability in the electrolyte (Toivola, 2010).  

Other materials were used as catalysts on the counter electrode, among these 

material conducting polymers such as polyaniline and Poly (3,4-

ethylenedioxythiophene) (PEDOT) and the carbon materials such as graphite and 

carbon black. The problem of using these materials is that a high thick layers have to 

be introduced to reach the required  catalytic activity, these thick layers slow down 

the cell performance. Thus, platinum is the best catalyst can be used in the DSSC 

(Toivola, 2010; Hagfeldt et al., 2010). 

2.3  Principles of operation in DSSCs 

In DSSC, the mechanism of converting light into electrical current is achieved 

through four main processes, as shown in figure (2.5), which are as follow:  

1- Light absorption and dye excitation. 

2- Charge separation and electron injection. 

3- Charge collection. 

4- Dye regeneration. 
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Figure ( 2.5): Operations in DSSC. 

2.3.1 Light absorption and dye excitation 

When the DSSC is under illumination, the light passes through the FTO 

substrate and reaches the dye molecules which are adsorbed on the TiO2 surface. 

There, the light is absorbed by dye molecules when that light matches the energy 

difference between the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of the dye molecules. Then, the dye 

molecules will be excited and one electron will be transferred from HOMO to 

LUMO in each molecule as shown in equation (2.1). The lifetime of the excited state 

(S
*
) is in the order of nanoseconds.  For many organic dyes, the absorption onset  is 

in the range of 720 nm which corresponds  to a photon of energy 1.72 eV (Khan, 

2013). 

Ὓ Ὤ‡O  Ὓᶻ                                                                                                        (2.1) 

2.3.2 Charge separation and electron injection 

The first factor which is responsible for the charge separation is the position of 

energy levels in the TiO2, the dye and the redox couple. The LUMO level of the 
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excited dye (S*) must be above the conduction band edge of the TiO2, and the 

HOMO level have to be below the chemical potential of the redox couple, this 

difference of energy levels positions results in a driving force for electron and hole 

separation (Halme, 2002).  

The second factor is the binding between the carboxylic group (COOH) of the 

dye and the TiO2, where the carboxylic group donates the TiO2 a proton making the 

dye negatively charged is also responsible for the charge separation (Cahen et al., 

2000). Presence of driving force will cause the excited dye (S*)  to inject an electron 

into the conduction band of TiO2 (equation 2.2), electron injection is a very fast 

process which occurs in a range of tens of femtoseconds (Cahen et al., 2001) 

ὛᶻᴼὛ Ὡ                                                                                                           (2.2) 

2.3.3 Charge transport and electron collection 

In DSSC, charge transport includes electron transport through the nano-porous 

TiO2 electrode and hole transport through the electrolyte, the two transport 

mechanisms occur in opposite directions as shown in figure (2.6).  
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Figure ( 2.6): Electron and whole transport in DSSC, both mechanisms occur in  

opposite directions. 

2.3.3.1 Electron transport and collection 

The nano-porous TiO2 consists of spherical particles with a diameter of about 

25 nm. The small size of the particles prevents the formation of a space charge layer 

as in the p-n junction and so no electric field can exist inside the particles. Therefore, 

the electrons transport  through the TiO2 lattice canôt be attributed to the existence of 

an electric field through the lattice (Halme, 2002; Khan, 2013).  

The mechanism that is responsible for electron transport is diffusion through 

the network of individual spherical particles in the TiO2 lattice, where the electrons 

jump from one particle to the next in a consequent known as trapping and de-

trapping process (Hagfeldt & Grätzel, 2000). Diffusion of electrons is characterized 

by the diffusion length which is the average distance an electron is transported before 

being recombined, diffusion length can be calculated from the diffusion coefficient 

(D) and the recombination time coefficient (Űrec) (Fredin, 2007). 

ὒ Ὀ ʐ                                                                                                           (2.3) 
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After that, these energetic electrons are collected at the front FTO substrate and 

then through  the external load to perform work. Finally, electrons are collected at the 

counter electrode. 

2.3.3.2 Hole transport 

The redox couple in the electrolyte acts as a hole-conducting medium, electron 

injection from the excited dye into the TiO2 usually leaves the dye in an oxidized form 

(S
+
), that oxidized dye seems to have a hole and that hole will be later filled by an 

electron from the iodide (I
-
) in the electrolyte, leaving another hole in the electrolyte. 

This mechanism in filling holes by electrons each time makes the holes to look like 

moving particles (Fredin, 2007). 

2.3.4 Dye regeneration 

To ensure a continuous operating device, the oxidized dye (S
+
) have to be 

reduced and thatôs can be achieved by the redox couple in the electrolyte. The oxidized 

dye is regenerated to its original form by oxidizing iodide (I
-
) into triiodide (I3

-
), 

(equation 2.4). While the reduction of  triiodide into iodide takes place at the platinized 

counter electrode using the collected electrons from the external load, (equation 2.5). 

ςὛ σὍ O ςὛ  Ὅ                                                                                              (2.4) 

Ὅ ςὩ  O σὍ                                                                                                        (2.5) 

2.4   Losses in DSSCs 

The efficiency of DSSCs is affected by losses resulting from many losses 

mechanisms, such as: 

I. Loss due to the relaxation of the excited dye before injecting electrons in TiO2 

(Zeman, 2003). 

II.  Loss due to the non-absorption of long wavelengths. 

III.  Loss due to the reflection of incident light. 

IV. Loss due to recombination of injected electrons with the oxidized dye. 
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V. Loss due to recombination of injected electrons with tri-iodide in the 

electrolyte (Zeman, 2003). 

Since the efficiency of DSSCs is affected greatly by the last two mechanisms, they 

are introduced as follow 

2.4.1 Recombination between the injected electrons and the oxidized dye 

The recombination process between the injected electrons and the oxidized dye 

must be slower than the process of electron injection into the TiO2 and also slower 

than the process of dye regeneration. It was reported that recombination between 

injected electrons and oxidized dye  occurs in a range of microseconds to 

milliseconds, while electron injection occurs in a range of tens of femtoseconds and 

the dye regeneration is in a range of nanoseconds, which means that electron 

recombination is much slower compared to both the electron injection and the dye 

regeneration. In other words, the more slower electron recombination, the more 

efficient the cell (Tachibana et al., 1996; Kuciauskas et al., 2001). 

2.4.2 Recombination between injected electrons and tri-iodide ions (dark 

current) 

Recombination of injected electrons with tri-iodide ions (I3
ī
) on the TiO2 

surface is a main loss process in DSSCs which corresponds to dark current. As 

shown in the following reaction: 

Ὅ ςὩ ὝὭὕ  O σὍ                                                                                            (2.6) 

Because of the high surface area of the TiO2, dark current usually takes place 

at the TiO2/electrolyte interface. To suppress dark current, many procedures can be 

considered such as adding blocking layers of other semiconductor materials 

(Nazeeruddin et al., 1993; Huang, 1997). 
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2.5 Main parameters in DSSCs 

2.5.1 Short-circuit current (I SC) 

Itôs the current obtained from the solar cell when the electrodes of the solar cell 

are short circuited, i.e. when the load resistance is zero (Khan, 2013). The value of Isc 

can vary according to many factors such as light intensity, amount of light absorbed 

by the dye, rate of electron injection and regeneration of the oxidized dye (Karlsson, 

2011).  

To adjust the light intensity in the short circuit current  measurements, the AM 

1.5 spectrum has been chosen as a calibration standard in all solar cellôs 

measurements. That spectrum is related to 1000 W/m
2 

(Zeman, 2003).
 
The value of 

Isc depends on the area of the solar cell and to remove that dependence, short-circuit 

current density (Jsc) is usually used instead of Isc. 

 ὐ                                                                                                          (2.7)  

where A is the area  of the solar cell. 

2.5.2 Open-circuit voltage (VOC) 

Itôs the potential difference between the electrodes of the DSSC under 

illumination, with no current is flowing through the external circuit. VOC can be 

obtained practically when an external load of infinite resistance is attached to the 

solar cellôs terminals. In other words, it is the maximum voltage that a solar cell can 

deliver. As a related phonemona, the photo-voltage of DSSC equals the difference 

between quasi-Fermi level of TiO2 (E
*
F,n) and the electrochemical potential (Eredox)  

of electrolyte, which is given by 

ὠ  ȟ
ᶻ  

                                                                                               (2.8) 

Increasing the photo-voltage (Vphoto) will increase the quasi-Fermi level of 

TiO2 (E
*
F,n) of the cell until the value of the quasi-Fermi level of TiO2 (E

*
F,n) equals 
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the value of conduction band edge of the TiO2 (ECB), E
*
F,n= ECB. In that case: Vphoto= 

VOC and equation (2.8) becomes 

ὠ  
 

                                                                                                    (2.9) 

where ECB is the conduction band of TiO2 and Eredox is the electrochemical potential 

of the redox couple. Theoretically, VOC is calculated from equation (2.9) which 

represents the potential difference between the conduction band edge of the TiO2 and 

the redox potential of the I
-
/I3

-
 pair in the electrolyte (Kuzmych, 2014; Halme, 2002).  

2.5.3 Maximum voltage (Vmax) 

Maximum voltage corresponds to an optimum point at which the output power 

of the solar cell is maximum (Pmax). 

2.5.4 Maximum current density (Jmax) 

Itôs equivalent to maximum current  obtained at a point of maximum output 

power (Pmax) divided by solar cell area. 

2.5.5 Fill factor (FF) 

Itôs defined as the ratio between the maximum output power to the product of 

VOC and Jsc. Fill factor expresses how ideal the solar cell is.  

ὊὊ  
 

 
 

 
                                                                                     (2.10) 

2.5.6 Power conversion efficiency (η) 

In order to describe the efficiency of a solar cell, the phenomena power 

conversion efficiency (ɖ) is used, which is the efficiency of converting solar power 

into electrical power under illumination, and can be defined as : 

 ʂ        
                                                                     (2.11) 
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where Pin is the power of incident radiation which has been adjusted to be 1000W/m
2
 

at the standard solar spectrum AM 1.5, Pmax is the  maximum electrical power 

extracted from the solar cell (Zeman, 2003). 

2.5.7 Incident photon to current efficiency (IPCE) 

It is defined as the ratio of the number of incident  photons to the number of 

charge carriers generated. 

ὍὖὅὉ  
Ȣ

ρςτπ 
Ȣ
                                                           (2.12) 

where Jsc is the short circuit current density (mA/cm
2
), ɚ is the wavelength (nm), Pin is 

the incident power  (mW/cm
2
) (Khan, 2013). IPCE can also be expressed as: 

ὍὖὅὉὒὌὉȢ‰ Ȣ– Ȣ–                                                                                  (2.13) 

where LHE is the light harvesting efficiency, ʌinj is the quantum yield of charge 

injection , ɖreg is the dye regeneration efficiency and ɖcc is charge collection efficiency 

(Karlsson, 2011). IPCE is often referred to as photocurrent action spectrum or external 

quantum efficiency.  

2.6 Standard measurements 

In order to faciliate the comparison between different results obtained from 

DSSCs performance, a solar spectrum of air mass 1.5 (AM 1.5) has been chosen as a 

calibration standard in solar cells researches, which corresponds to incident power 

density of 1000 W/m
2
 (100 mW/cm

2
) at a temperature of  25°C. Figure (2.7) shows 

the I-V characteristic  of  such a solar cell in the dark and under illumination. 
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Figure ( 2.7): I-V characteristic curve in dark and under illumination. 

2.7 Equivalent circuit of DSSC 

In order to understand the importance of solar cellôs parameters in determining 

the efficiency of the DSSC, a diagram of a simple electric circuit is proposed to 

mimic processes in DSSC called the equivalent circuit. 

2.7.1 Equivalent circuit components 

In equivalent circuit, the solar cell is proposed to behave as an ideal diode 

connected in parallel to current source ( IL) induced by light, shunt resistance (rsh), 

also known as parallel resistance, which expresses the leakage of current through the 

solar cell, series resistance (rs) which expresses the resistance of solar cell materials 

such as TiO2, electrolyte and  metal contact to current flow. As shown in figure (2.8), 

ID  is a current flowing through a diode, Ish is shunt current, I is the output current, RL 

is the load resistance, rs is the series resistance and rsh is the shunt resistance (Nelson, 

2003).  
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Figure ( 2.8): Equivalent circuit of DSSC. 

2.7.2 Equivalent Circuit Analysis 

According to kirchhoffôs laws, the output current (I) in the equivalent circuit 

can be written as:  

Ὅ  Ὅ Ὅ Ὅ                                                                                                   (2.14) 

The current passing through a diode (ID) can be calculated from Shockley diode 

equation (Shockley, 1976) which is: 

 Ὅ ὍÅØÐ
 

ρ                                                                                    (2.15) 

where I0 is  the  diode saturation current,  n is the  diode ideality factor, which is a 

measure of how closely the diode follows the ideal diode equation, q is the 

elementary charge, kB is Boltzmann constant, T is absolute temperature, Vj is voltage 

across both diode and shunt resistor. While the current passing through  the  shunt 

resistor is given by Ohmôs law:  

Ὅ                                                                                                    (2.16) 
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where V is a voltage across the output terminals. By substituting equations  (2.15)  

and  (2.16)  into equation (2.14) we get: 

Ὅ  Ὅ Ὅ ÅØÐ
 

ρ                                                              (2.17) 

which is known as the single diode model. 

Itôs obvious that the series resistance (rs) affect negatively the output current of 

the DSSC. So, for more efficient DSSC, rs has to be as small as possible. While the 

shunt resistance (rsh) affect positively the value of output current, for an efficient 

DSSC the value of rsh has to be as high as possible (Kuzmych, 2014). Generally, the 

fill factor is influenced by the series resistance, rs, and the shunt resistance, rsh , of the 

DSSC. 

2.8 Operational differences between DSSCs and the p-n junction solar 

cells 

1- Light absorption and charge transport: Both functions occur in the same 

material in the p-n junction solar cell, while these functions are seperated in 

DSSC. The ligh absorption is performed by the dye molecules and the charge 

transport by the TiO2 molecules and electrolyte. 

2- Charge separation: In a p-n junction solar cell, the charge separation is 

induced by the electric field across the junction. In DSSCs, itôs induced by 

diffusion and other kinetics as mentioned in section (2.3.3.1). 

3- Medium of transporting charge carriers: In p-n junction solar cell, electrons 

and holes travel in same medium. In DSSC, electrons travel in the TiO2 

network and holes travel in the electrolyte, both in different directions 

(Halme, 2002). 

2.9 State of art  

The impact success in DSSCs field is reffered to Grªtzel and OôRegan in 1991. 

They used porous TiO2 films and a rutheniumïpolypyridine complex dye (OôRegan 

& Grätzel, 1991). Following this success, a conversion efficiency of 10.4% was 
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achieved using the black dye as a photo-sensitizer where the spectral absorption of 

the complex dye was extended into the near-infrared region (Nazeeruddin et al., 

2001; Grätzel, 2001). 

Thereafter, researches have focused on modifying the various components of 

DSSC such as modifying the working electrode, counter electrode, sensitizers and 

electrolyte. Several methods have been utilized in modifying the structure of working 

electrode (WE). For example, S. Ito et al.  have reported a conversion efficiency over 

10% by modifying the working electrode with the three following techniques, the 

fi rst technique was the pre-treatment of the WE with TiCl4 which improved the 

adhesion and the mechanical strength of the nano-crystalline TiO2 layer, while the 

second techniques was varying the thickness of the TiO2 layers and the third 

technique was adding an anti-reflecting film (ARF) to the electrode's surface which 

enhanced the IPCE of the DSSC device to reach up to 94% at wavelengths close to 

the absorption maximum of the sensitizer (Ito et al., 2008). C. Chou et al. have 

investigated the applicability of TiO2/Au and TiO2/Ag composite particles in forming 

a film used as photo-electrode in the DSSC, they found that the power conversion 

efficiency (ɖ) of the DSSC with  working electrode modified with of TiO2/Au and 

TiO2/Ag films exceeded that of the conventional DSSC (Chou et al., 2009). 

Studies of modifying the counter electrode (CE) in the DSSCs were also 

continued, for example, K. Lee et al. have employed a layer of poly(3,4-

ethylenedioxythiophene) (PEDOT) on the FTO substrate to modify the counter 

electrode in the platinum-free DSSCs, where the resulting PEDOT counter electrodes 

showed excellent catalytic behavior in DSSC leading to good cell performance (Lee 

et al., 2010). 

Researches on sensitizers gains a great attention due to itôs important role in  

the DSSCs. For example, different ruthenium based organic dyes such as N3, N719 

and Black dye were used as photo-sensitizers in DSSCs and efficiencies of more than 

11% were obtained (Nazeeruddin et al., 2001). Moreover, new sensitizers were 

designed and applied in DSSCs to promote the absorption of the visible spectrum 

such as the iminocoumarin dyes (2aïc and 3aïc) which were synthesized by 
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introducing carboxyl and hydroxyl anchoring groups onto the dyes structure where 

the results showed that these iminocoumarin dyes are suitable as light-harvesting 

sensitizers in DSSC application (Kandavelu et al., 2009).  

Other studies have reported an efficiency of about 0.12% when the used photo-

sensitizer was the eosin Y, where the short circuit current density was 0.25 mA/cm
2
 

and the open circuit voltage was 0.81V (Das et al., 2016). 

For the electrolyte modification, a recent Zn-based dye and Co-based 

electrolyte pair have been developed and their efficiency has exceeded 12% (Yella et 

al., 2011).  

Nowadays, efforts are being continuaed in the research and development of 

low-cost dye-sensitized solar cells (DSSCs), where the record conversion efficiency 

for the DSSCs currently stands at the range 12ï13% (Mathew, 2014). 
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Chapter 3 

Materials and Experimental 

In this chapter, a brief description of main instruments used in characterizing 

DSSC is presented such as UV-Vis spectroscopy which examines the optical 

properties of the dye and the I-V measurement system that measures the current 

voltage- characteristics of the DSSCs and the cell efficiency. Materials and 

techniques used in the DSSCs preparation are also discussed. 

3.1 Experimental techniques 

A description of techniques and instruments used in the work are presented in 

this section. 

3.1.1 UV-VIS Spectroscopy 

Ultraviolet and visible (UV-Vis) absorption spectroscopy can be used to 

measure the absorbance of ultraviolet or visible radiation of a sample. Absorbance 

can be measured at a single wavelength or over a range of wavelengths in the 

spectrum. The UV region ranges from 190 to 400 nm and the visible region from 400 

to 800 nm. Usually, the sample used to measure its absorbance is in liquid state, 

since only small numbers of absorbing molecules are required. The sample is 

dissolved in a solution (Rouessac& Rouessac, 2013). In the spectrophotometer, two 

flat transparent containers exist, called cuvettes. The sample is held in one cuvette, 

known as the sample cuvette, and the reference cuvette which contains the solvent in 

which the sample is dissolved, the reference cuvette known as the blank. The light 

source in the spectrometer is a combination of a hydrogen or deuterium discharge 

lamp which covers the ultraviolet range and a tungsten filament which covers the 

visible range. In this way, the light source can cover the range of visible and near 

ultraviolet radiation (200 nmï 800 nm). 
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Figure ( 3.1): Schematic representation of UV-visible spectrophotometer. 

A schematic representation of UV-visible spectrophotometer is shown in figure 

(3.1). The technique of measuring absorbance of a sample is as follow: A light beam 

from the light source passes through a diffraction grating which separates the 

radiation according to its wavelengths,  followed by a narrow slit that acts as a 

monochromator that narrows the waveband of radiation. Each single wavelength in 

the radiation is split into two parts of the same frequency and intensity, the first part 

passes through the sample cuvette and the second part passes through the reference 

cuvette. Then, the radiation passed through the sample cuvette (I) and through the 

reference cuvette (Io) can be detected by a photodiode, that converts photons of 

radiation into tiny electrical currents. By comparing the currents generated by the 

sample and the reference beams, a spectrum of the sample is produced, where the 

spectrum is plotted as absorbance against wavelength (nm) in the UV and visible 

regions, figure (3.2). 
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Figure ( 3.2): Absorption of light by dye using UV-Vis spectroscopy. 

Physically, the way of expressing absorbance results from two approaches, The 

first approach is in terms of I and Io which is as follow: 

Supposing that Io is the intensity of the incident radiation which equals the 

radiation intensity transmitted through the reference cuvette (assuming that the 

solvent has a slight absorbance of the incident radiation), and I is the intensity 

of the transmitted radiation through the sample. The ratio of transmitted 

intensity (I) to the incident intensity is known as the transmittance (Meyer& 

Jürgen, 1989).   

  Ὕ                                                                                                      (3.1) 

The absorbance (A) is defined as follows:  

 ὃ ÌÏÇὝ                                                                                         (3.2) 

Substituting equation (3.1) into equation (3.2), the absorbance (A) becomes: 
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ὃ ÌÏÇ  ÌÏÇ                                                                            (3.3) 

While the second approach results from Beerôs law and Lambertôs law, where the 

absorbance of a sample depends on two assumptions:  

1- The absorbance is directly proportional to the concentration (c) of the sample 

molecules  used in the experiment, Beerôs law.  

       !ᶿÃ                                                                                                                (3.4) 

2- The absorbance is directly proportional to the length of the light path (l), which 

is equal to the width of the cuvette, Lambertôs law.  

   !ᶿÌ                                                                                                                    (3.5) 

Combining equations (3.4) and (3.5), we get: 

!ᶿÃÌ                                                                                                                     (3.6) 

Converting the proportionality of the last equation into an equality by including a 

proportionality constant (ⱦ), we get:  

!  ÃÌ                                                                                                                   (3.7)צ

Which is the common formula of the Beer-Lambert Law, where ⱦ is the molar 

absorption coefficient of the material and having the units mol
-1

dm
3
cm

-1
, c is the 

concentration of the absorbing sample in mol dm
-3
 and l is the length of the light path 

or the width of the cuvette, in cm. 

Combining equations (3.3) and (3.7), the absorbance becomes: 

! ÌÏÇ  ÌÏÇ צÃÌ                                                                             (3.8)           

where A  has no units. All absorption spectra of this work were measured by 

GENESYS 10S UV-Vis spectrophotometer, figure (3.3). 
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Figure ( 3.3): GENESYS 10S UV-Vis spectrophotometer. 

3.1.2 I -V measurement system 

In order to investigate the performance of the assembled DSSC, a solar 

simulation system is equipped. This system, illustrated in figure (3.4), consists of 

light source of power intensity 1000W/m
2 

that satisfying the standard condition of 

AM1.5, Autolab device which can be connected to the electrodes of the cell under 

investigation and a computer that is connected to the Autolab through special wires. 

To activate that system, a special program should be installed on the computer, itôs 

known as Autolab NOVA software. NOVA is the data reading and analysis software 

package for all Autolab functions. The most important techniques available in 

NOVA are: 

1- Cyclic and linear sweep voltammetry. 

2- Impedance spectroscopy. 

3- Voltametric analysis. 

4- Chrono methods. 

In this system, the I-V characteristic curve of the assembled DSSC was 

investigated by running the function linear sweep voltammetry potentiostatic in 
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NOVA program, where the applied potential ranged from -0.7V to 0.7V. The main 

factors such as short circuit current (ISC), open circuit voltage (VOC), fill factor (FF), 

maximum current (Imax),  maximum voltage (Vmax), maximum power (Pmax) and 

efficiency (ɖ) were calculated from the resulting data and all resulting data were 

saved in text files to be used in the study. 

 

Figure ( 3.4): Autolab AUT 85276 Potentiostat- Gelvanostat with frequency response 

analyzer FRA 32 Module. 

3.2 Device fabrication (assembly) 

This section presents the materials used in fabricating the DSSC device. The 

conditions of each material are also described. 

3.2.1 Materials used in preparing the DSSC device 

1- Transparent conducting oxide substrates in the form of fluorine-doped tin 

oxide (FTO) with sheet resistance 15  ɋ/Ǐ, and transmission >80% (Xinyan 

Tech. Ltd, Hong Kong). 

2- TiO2 nanoparticles with a diameter of about 25 nm (US Research 

Nanomaterial, Lnc, USA). 

3- Eosin Y dye as a photo-sensitizer, purchased from Sigma-Aldrich.  
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4- Platinized counter electrode formed by adding a thin layer of platinum on 

FTO substrate. 

5- Liquid electrolyte consisting of ACN solvent and (I
-
/I3

-
)  redox couple. 

3.2.2 FTO substrates preparation 

The FTO glass substrates were scratched with a glass cutter into area of 2 x 2 

cm
2
. The glass was sonicated in 10 wt.% NaOH solution for 10 minutes and rinsed 

thoroughly in water, followed by a sonication bath for 15 minutes in distilled water 

and then rinsed with water and ethanol. Finally, they were dried in an oven at 60°C 

for 30 minutes. The sheet resistance of the FTO conductive glass was measured and 

found to be 15-20 ɋ/Ǐ. 

3.2.3 Photo-electrode preparation 

TiO2 paste was prepared by mixing 1gm of TiO2 nano-powder (25nm) with 2 

gm of polyethylene glycol in agate mortar for 20 minutes to get a homogeneous 

paste. Two of the side  edges of the FTO substrates  were covered with a layer of 

adhesive tape to control the thickness  of the TiO2 films. By doctor blading method, 

the paste was spread on the FTO substrates by rolling  a rod coater  onto the FTO 

substrates along the tape spacer in order to obtain films each of area 0.25 cm
2
, the 

technique is illustrated in figure (3.5). After spreading the paste, the films were left to 

dry before removing the tape. The prepared films were sintered in the furnace at 

450 ↔C for 30 minutes, where the temperature was raised gradually to 450 ↔C. After 

sintering, the films were cooled gradually to 60 ↔C and the films were ready for dying 

process. 
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Figure ( 3.5): An illustration of doctor blading technique. 

3.2.4 Preparing the photo-sensitizer and films dyeing 

Eosin-Y (C20H8Br4O5) is an organic dye with a molecular weight of 647.89 

gm/mol. It was used as a photo-sensitizer in the fabricated DSSC. The molecular 

structure of eosin Y is shown in figure (3.6). 

 

Figure ( 3.6): The molecular structure of eosin Y 

For dyeing process, a solution of concentration 0.32 mM was prepared by 

dissolving 0.04 gm of eosin Y in 200 ml ethanol. The prepared TiO2 films were 

heated  for 10 minutes at 60 ↔C in the furnace to ensure the evaporation of any 

condensed water on the films, since the condensed water may reduce the amount of 

adsorbed dye onto the films. After that, these films were immersed in the dye 
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solutions for different times ranged from 3 hours to 24 hours. After dyeing, the films 

were rinsed with ethanol to remove excess dye and dried on the hot plate for 3 

minutes. Then, the dyed TiO2 films are ready to be used as a photo-electrode in the 

DSSC assembly. 

3.2.5 Preparing liquid electrolyte 

Liquid electrolyte was prepared by dissolving 0.66 gm of lithium iodide (LiI) 

and 0.63 gm of iodine (I2) in a beaker containing 2ml of acetonitrile (ACN) and 8ml 

of propylene carbonate (p- carbonate). The solution was heated for 20 minutes on the 

hot plate with stirring, and then the electrolyte was kept in a black bottle to be used 

later in the DSSC device.  

3.2.6 DSSC assembly 

The prepared parts of DSSC were assembled together forming the DSSC 

device, where the dyed FTO side was put onto a platinized counter electrode with a 

slight offset between the two electrodes. The two electrodes formed a sandwich 

configuration, where the upper part was the dyed film (the anode) and the lower part 

was the counter electrode. This sandwich form was connected to external 

configuration including a light source of 1000 watt intensity, a multi-meter used to 

indicate the output voltage of the DSSC and the autolab device which gives the I-V 

measurements of the fabricated cell. The two electrodes were pressed on each other  

till a high voltage value was obtained on the multi-meter screen. Finally, The 

electrolyte redox (I
ī
/I3
ī
)  was  spread through the vicinity between the two electrodes 

using a micropipette. By turning on the lamp (1000W), the DSSC device was 

working and the I-V measurements were done by the Autolab. 

3.2.7 Synthesis of eosin Y derivative 

A solution of eosin Y derivative was prepared by mixing the eosin Y solution with 

a solution of phenylhydrazine hydrochloride (C6H5NHNH2·HCl) in a molar ratio 1:1. 

The molecular weight of phenylhydrazine hydrochloride is 44.6 gm/mol and molecular 

structure is presented in figure (3.7). A precursor solution of concentration 5mM was 
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prepared by dissolving 0.014 gm of  the phenylhydrazine hydrochloride in 20 ml of 

distilled water, the precursor solution was kept to be used in preparing the solution of eosin 

Y derivative. To get the ratio of 1:1 in  synthesizing the eosin Y derivative, 1 ml of the 

phenylhydrazine hydrochloride solution was added to 15 ml of the eosin Y solution with 

heating  on the hot plate at 60 ↔C for 10 minutes. The resulting  mixture was the eosin Y 

derivative solution which was  used in dyeing the TiO2 films.  

 

Figure ( 3.7): The molecular structure of phenylhydrazine hydrochloride. 

 

3.2.8 Adding zinc oxide (ZnO) blocking layers 

In order to prevent injected electrons in the TiO2 electrode from recombining 

with both the oxidized dye and the tri-iodide  in the electrolyte, losses due to 

recombination, blocking layers of ZnO were introduced at the TiO2/electrolyte 

interface. These layers act as an energy barrier (figure 3.8) that reduces the 

recombination of electrons with oxidized dye molecules or with I3
-
 in the electrolyte ( 

Zhang et al., 2009). The conduction-band edge of the energy barrier should be more 

negative than that of the TiO2, so the transport of electrons in the reverse direction 

can be blocked by the energy barrier (Chou et al., 2012). 
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Figure ( 3.8): ZnO layers act as energy barrier blocking electrons transport in the 

reverse direction. 

In this work, ZnO layers were introduced in the DSSCs in the following two 

manners: 

1- ZnO upper layers: A simple dip coating method was used to fabricate ZnO 

coated TiO2 electrode by immersing the FTO glass substrate with TiO2 films 

in a solution of zinc nitrate hexahydrate (Zn(NO3)2. 6H2O) and ethanol, 

where the TiO2 films were immersed in the precursor solutions of different  

concentrations  for 2 minutes at temperature of 60 ↔C, then the films were 

sintered at 450 ↔C for 30 minutes and finally were dyed by eosin Y dye. The 

effect of the concentration of Zn(NO3)2. 6H2O in forming a blocking upper 

layer on the TiO2 electrode in the DSSC was investigated by the I-V 

measurement system. 

2- ZnO under-layers: Layers of ZnO was introduced at the FTO/ TiO2 interface, 

where the FTO glass substrates were immersed in solutions of zinc nitrate 

hexahydrate (Zn(NO3)2. 6H2O) and ethanol with different  concentrations  for 

2 minutes at temperature of 60 ↔C, then the substrates were sintered at 450 ↔C 
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for 30 minutes to ensure the formation of ZnO layers on the substrates. 

Finally, the substrates were coated with TiO2 films and dyed with eosin Y 

dye. The effect of adding ZnO under layers on the DSSCs performance was 

investigated by the I-V measurement system, where different concentrations 

of  Zn(NO3)2. 6H2O were also investigated. 

3.2.9 Open-circuit voltage decay (OCVD) measurement  

Open-circuit voltage decay (OCVD) technique has been employed to study the 

electron lifetime (Űn) in DSSC. The OCVD measurement can be performed by the 

autolab device, through NOVA program. The procedure chrono potentionmetry (æ t> 

1ms) is chosen while the light source is illuminated at the DSSC, after a few seconds, 

the illumination was  interrupted and a curve of photo-voltage decay with time was 

observed on the screen, as illustrated in figure (3.9). 

 

Figure ( 3.9): Open-circuit voltage decay curve of the DSSC. 

From the OCVD experiment, the electron lifetime (Űn) was calculated by taking the 

inverse of the derivative of the decay curve using equation (3.9). 

†  
 

                                                                                             (3.9)  
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where kB is Boltzmann constant, T is absolute temperature, e is the positive 

elementary charge and dVoc/dt is the derivative of the open-circuit voltage (Zaban et 

al., 2003). 

3.2.10 Dye uptake (desorption method) 

Determining of the amount of dye adsorbed on the TiO2 films were performed 

by the UV-Vis spectrophotometry, where a solution of 0.1M NaOH was used in the 

desorption method. The dyed films were immersed in 3.5ml  NaOH solution for 24 

hours ensuring a complete desorption of the dye from TiO2 films. After that period, 

the solutions of desorbed dye were kept in small cups in the dark to be analyzed. As 

a first step in calculating the dye uptake by the UV-visible spectrophotometer, a 

baseline was performed using a cuvette filled with pure NaOH solution. By running 

the baseline, the absorbance of NaOH was subtracted from the absorbance of the dye 

solution before plotting, so the absorbance which was plotted by the device was 

referred to the dye molecules only not to the NaOH solution in which the dye was 

desorbed. 

After running the baseline, dye solutions of different known concentrations 

were prepared using eosin Y dye to be used as a reference dye solution in measuring 

process of the device. The absorbances of these reference solutions were measured 

each time and recorded at a spectral wavelength of 516.8 nm. That value is referred 

to a wavelength at which the peak was observed where the solvent was the sodium 

hydroxide. Plotting each concentration of the reference solutions as a function of 

absorbance, a straight line was obtained and the slope was calculated.  

The last step was measuring absorbance of the desorbed dye solution where 1.5 

ml of desorbed dye solution was put in the cuvette and running the device and the 

absorbance of the dye at the wavelength 516.8 nm was recorded to be used in 

calculations. By substituting the absorbance value of the dye in the resulting slope 

relation, the concentration of desorbed dye from TiO2 films was determined. 
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Chapter 4 

Results and Discussion 

In this chapter, experimental results will be presented and discussed in detail, 

including determination of the best dyeing time and the amount of the dye adsorbed 

onto TiO2 films. In addition to determining the lifetime of electrons through the open-

circuit voltage decay (OCVD) measurement. The effect of changing the pH of the 

dye solution on the DSSC efficiency will be studied. Finally, introducing blocking 

layers of ZnO nano-particles will be investigated where the blocking layers will be 

introduced as upper and under layers. 

4.1  Characterization of dye solar cell sensitized with eosin Y 

The optical properties of the assembled DSSCs, which were dyed for over one 

night, were investigated by GENESYS 10S UV-Vis spectrophotometer available at 

the  Islamic university of Gaza (IUG), Gaza-Palestine. Figure (4.1) shows the 

absorption spectrum of eosin Y dissolved in ethanol, which has a main peak at 

wavelength of 525 nm. 

 

Figure ( 4.1): Absorption spectrum of eosin Y dissolved in ethanol. 
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The kubelka-munk measurement, figure (4.2), shows that the absorption 

spectrum of the adsorbed dye onto TiO2 film has its main peak at wavelength of 531 

nm. The shift of the main peak to a longer wavelength after soaking the TiO2 

electrode in the dye solution resulted from the interaction between the TiO2 

molecules with the dye. 

 

Figure ( 4.2): Kubelka-munk measurement of eosin Y adsorbed onto TiO2 film. 
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The JïV characteristic curve of the assembled DSSC is shown in figure (4.3), 

where the short circuit current density (JSC) was 0.47 mA/cm
2 
and the open circuit 

voltage (VOC) was 0.398 V, while the efficiency of the DSSC was 0.05% . 

 

Figure ( 4.3): Current density (J) versus voltage (V) characteristic curve of the DSSC 

sensitized with eosin Y. 

4.2   Duration of dyeing 

The time it takes for the dye to fully cover the TiO2 films is known as the 

duration of dyeing, it usually ranges from 1 hour to 24 hours. In this work, the effect 

of dyeing duration on the performance of the assembled DSSCs was investigated. 

4.2.1 Experiment 

The influence of the periods 1 hour, 3 hours, 6 hours and 24 hours was 

investigated. The TiO2 films were immersed in 0.32 mM eosin Y solutions for the 

defined periods in the manner mentioned in section 3.2.4. 
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4.2.2 Results and discussion  

The JïV characteristics of  DSSCs which were dyed for different times is 

shown in figure (4.4). The short circuit current density (JSC) has a maximum value of 

0.82 mA/cm
2
 when the dyeing time was 3 hours and an open circuit voltage has its 

maximum value of 0.46 V at that time too. The main photovoltaic parameters for 

dyeing durations are presented in table (4.1), the fill factors (FF) has its maximum 

value when the dyeing duration was 24 hours while the efficiency (ɖ) has its 

maximum value  when the dyeing duration was 3 hours. 

 

Figure ( 4.4): Current density (J) versus voltage (V) characteristic curves for 

different  dyeing durations of the DSSCs. 

Table ( 4.1): Effect of dyeing duration on the photovoltaic parameters of the DSSCs. 

Dyeing duration 

(h) 

JSC 

(mA/cm
2
) 

VOC 

(V) 

Jm 

(mA/cm
2
) 

Vm 

(V) 

FF 

 

η 

% 

1 0.54 0.370 0.29 0.240 0.34 0.07 

3 0.82 0.460 0.43 0.290 0.33 0.12 

6 0.71 0.413 0.37 0.280 0.35 0.10 

24 0.56 0.405 0.36 0.265 0.42 0.09 
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The power curves as a function of the photo-voltage for different  dyeing durations 

of the DSSCs are shown in figure (4.5). 

 

Figure ( 4.5): Power (P) versus voltage (V) characteristic curves  for different  

dyeing durations of the DSSCs. 

4.3 Open-circuit voltage decay (OCVD) measurement  

4.3.1 Experiment 

Open circuit voltage decay curve was determined by the procedure 

mentioned in section (3.2.9) and the lifetime of electrons is given by 

†  
 

                                                                                             (4.1)  

By substituting both the derivative of the open-circuit voltage (dVoc/dt) and the 

constant  
 

 , which equals 0.25455 J/C, into equation (4.1), the lifetime of 

electrons was represented as a function of the VOC (Zaban et al., 2003). 



53 

 

4.3.2 Results and discussion 

The open-circuit voltage decay curve of the DSSC is shown in figure (4.6), 

where the decay of the photo-voltage reflects the decrease of the electron 

concentration at the FTO surface, which is mainly caused by the charge 

recombination. Figure (4.6) shows that the device has a steady state open-circuit 

voltage (VOC= 0.376V) for 12.5 seconds, after that period, the electrons start to 

recombine with the  tri-iodide ions (I3
ī
) on the TiO2 surface within 3.5 seconds. 

 

Figure ( 4.6): Open-circuit voltage decay curve of the DSSC. 
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The lifetime of the electrons as a function of the open circuit voltage (VOC) is 

shown in figure (4.7), where electron lifetime (Űn) can quantify the range of electron 

recombination with the redox electrolyte in the DSSC. The figure shows that the  

lifetime of electrons is 3 seconds before being annihilated by the redox electrolyte. 

 

Figure ( 4.7): Electron lifetime versus the open-circuit voltage (VOC) of DSSC. 

4.4 Determining the amount of the dye adsorbed onto TiO2 films 

4.4.1 Experiment 

Determination of the amount of eosin Y dye adsorbed on the TiO2 films in the 

assembled DSSCs was carried out by the desorption method. The dyeing durations of 

3 hours and 24 hours were chosen to investigate how much dye was adsorbed on the 

TiO2 films during these durations. Four different known concentrations of the dye 

solution were used as a reference dye solution where the absorbance of each 

concentration was determined by running the UV-visible spectrophotometer that 

procedure resulted in a table of two columns included the concentration of the dye 

solution and the absorbance of each concentration. The absorbance versus dye 
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concentration was plotted and the concentrations of the dye desorbed from the TiO2 

films for the dyeing durations 3 hours and 24 hours were determined according to the 

slope of the plotted relation. 

4.4.2 Results and Discussion 

Absorbance as a function of the dye concentration is shown in figure (4.8). The 

absorbance of the desorbed dye solutions resulted from dyeing durations of 3 hours 

and 24 hours were 0.152 and 0.184 respectively, where the dye concentrations of the 

two durations, which are the x- coordinates, corresponded to the y- coordinates 0.515 

µM and 0,525 µM respectively. In other words,  when the TiO2 films were dyed for 3 

hours, the concentration of the adsorbed dye on each TiO2 film was  0.515 µM and 

when they were dyed for  24 hours,  the concentration of the adsorbed  dye was 0.525 

µM. 

 

Figure ( 4.8): Absorbance versus dye concentration. 
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4.5  Effect of the pH of the dye solution on the DSSCs performance 

4.5.1 Experiment 

The effect of changing the pH of the dye solutions on the performance of the 

DSSCs was investigated by treating eosin Y dye solutions with three different acids, 

where the original pH of eosin Y dissolved in ethanol was around 3.3 measured by 

the pH meter. Solutions of phosphoric acid (H3PO4), hydrochloric acid (HCl) and 

nitric acid (HNO3), all of molarity 0.1 M, were added gradually to eosin Y solutions 

to get solutions of three different pH values ranged from 2.6 to 1.2 in which the  TiO2 

films were immersed for 3 hours. 

4.5.2 Results and Discussion 

4.5.2.1 J-V Characterization of DSSCs after treating the dye with phosphoric 

acid 

The J-V characteristics of DSSCs sensitized with eosin Y at different pH 

values after the treatment with phosphoric acid is shown in figure (4.9). The pH of 

3.3 is referred to the untreated dye solution resulted in a short circuit current density 

(JSC) of 0.82 mA/cm
2
 and an open circuit voltage (VOC) of 0.46 V. By decreasing the 

pH of the dye solution, the JSC of the DSSC was increased while the VOC was 

decreased. Figure (4.10) shows the power of the resulting DSSCs as a function of the 

photo-voltage.  
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Figure ( 4.9): Current density (J) versus voltage (V) characteristic curves for DSSCs 

sensitized with eosin Y solutions of various pH values using phosphoric acid. 

 

Figure ( 4.10): Power (P) versus voltage (V) characteristic curves for DSSCs 

sensitized with eosin Y solutions of various pH values using phosphoric acid. 
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The photovoltaic parameters of the DSSCs sensitized with eosin Y treated with 

phosphoric acid is summarized in table (4.2), which shows that the efficiency of the 

untreated DSSCs is 0.12% while the efficiency of the DSSCs treated with phosphoric 

acid has found to increase gradually to reach 0.22%. This means that efficiency of 

the assembled DSSCs was increased by percentage of 0.83% when the pH of the dye 

solution was 1.2.   

Table ( 4.2): Photovoltaic parameters of the DSSCs sensitized by eosin Y at different 

pH values using phosphoric acid (H3PO4). 

pH 

values 

JSC 

(mA/cm
2
) 

VOC 

(V) 

Jm 

(mA/cm
2
) 

Vm 

(V) 

FF 

 

η 

% 

3.3 0.82 0.460 0.43 0.290 0.33 0.12 

2.6 1.24 0.360 0.59 0.222 0.29 0.13 

1.7 1.43 0.411 0.72 0.250 0.30 0.18 

1.2 1.54 0.455 0.81 0.270 0.31 0.22 

4.5.2.2 J-V Characterization of DSSCs after treating the dye with  

hydrochloric acid (HCl)  

The J-V characteristics of DSSCs sensitized with eosin Y at different pH 

values after the treatment with hydrochloric acid (HCl) is shown in figure (4.11). The 

untreated dye solution resulted in a short circuit current density (JSC) of 0.82 mA/cm
2
 

and an open circuit voltage (VOC) of 0.46 V. By decreasing the  pH of the dye 

solution, the JSC of the DSSC was increased to 1.41 mA/cm
2
 at the pH of 1.3 while 

the VOC at that pH was decreased to 0.41 V. Figure (4.12) shows the power as a 

function of the photo-voltage.  
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Figure ( 4.11): Current density (J) versus voltage (V) characteristic curve for DSSCs 

sensitized with eosin Y solutions at various pH values using hydrochloric acid. 
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Figure ( 4.12): Power (P) versus voltage (V) characteristic curves for DSSCs 

sensitized with eosin Y dye solutions of various pH values using hydrochloric acid. 

Table (4.3) shows the photovoltaic parameters of the DSSCs sensitized with 

eosin Y treated with hydrochloric acid, where the efficiency (ɖ) of the DSSCs is 

found to increase from 0.12% at pH of 3.3 to 0.19% at pH of 1.3.  

Table ( 4.3): Photovoltaic parameters of the DSSCs sensitized by eosin Y at different 

pH values using hydrochloric acid. 

pH values 
JSC 

(mA/cm
2
) 

VOC 

(V) 

Jm 

(mA/cm
2
) 

Vm 

(V) 

FF 

 

η 

% 

3.3 0.82 0.460 0.43 0.290 0.33 0.12 

2.6 0.94 0.324 0.50 0.221 0.36 0.12 

1.6 1.30 0.355 0.67 0.220 0.32 0.15 

1.3 1.41 0.410 0.75 0.253 0.33 0.19 
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4.5.2.3 J-V Characterization of DSSCs after treating the dye with nitric acid 

(HNO3) 

Figure (4.13) shows the J-V characteristics of DSSCs sensitized with eosin Y 

at different pH values after the treatment with nitric acid (HNO3). According to that 

figure, decreasing the pH of the dye solution resulted in an increase of the JSC of the 

DSSC. The power of the resulting DSSCs as a function of voltage is shown (4.14). 

 

Figure ( 4.13): Current density (J) versus voltage (V) characteristic curve for DSSCs 

sensitized with eosin Y solutions at various pH values using nitric acid. 
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Figure ( 4.14): Power (P) versus voltage (V) characteristic curves for DSSC 

sensitized with eosin Y dye solutions of various pH values using nitric acid. 

The photovoltaic parameters of the DSSCs sensitized with eosin Y treated with 

nitric acid is presented in table (4.4), where the efficiency (ɖ) of the DSSCs was 

found to increase gradually from 0.12% to 0.21% at pH of 1.23, so, the efficiency 

was increased by 0.75%.  

Table ( 4.4): Photovoltaic parameters of the DSSCs sensitized by eosin Y at different 

pH values using nitric acid.  

pH values 

JSC 

(mA/cm
2
) 

VOC 

(V) 

Jm 

(mA/cm
2
) 

Vm 

(V) 

FF 

 

η 

% 

3.3 0.82 0.460 0.43 0.290 0.33 0.12 

2.6 0.94 0.395 0.53 0.250 0.35 0.13 

1.64 1.11 0.419 0.63 0.254 0.34 0.16 

1.23 1.32 0.455 0.76 0.279 0.35 0.21 
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4.6  Using eosin Y derivative in dyeing the TiO2 films 

4.6.1 Experiment 

To investigate the effect of using other derivatives of eosin Y in dyeing 

the TiO2 films, a mixture of phenylhydrazine hydrochloride solution and eosin Y 

solution was prepared  in the manner mentioned in section 3.2.7. TiO2 films were 

dyed with the resulting mixture for 3 hours. After assembling the DSSCs, the 

photovoltaic parameters were investigated by the I-V measurement system. 

4.6.2 Results and discussion 

4.6.2.1 Absorption spectrum 

The absorption spectrum of eosin Y derivative (eosin Y with phenylhydrazine 

hydrochloride) dissolved in ethanol and that of the TiO2 electrode after being soaked 

in the dye solution is shown in figure (4.15). The absorption spectrum of the eosin Y 

derivative in ethanol shows a main peak at a wavelength of 535 nm, while the 

absorption spectrum of eosin Y derivative/TiO2 has a main peak at wavelength of 

527.5 nm. 

 

Figure ( 4.15): Absorption spectrum of eosin Y derivative in ethanol solution and of 

eosin Y derivative adsorbed onto TiO2 film. 
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4.6.2.2 J-V Characterization of DSSCs sensitized by eosin Y derivative 

The JïV characteristics of DSSCs dyed with eosin Y derivative solution is 

shown in figure (4.16). The short circuit current density (JSC) of the DSSCs dyed 

with eosin Y derivative solution was 1.25 mA/cm
2 
and the open circuit voltage (VOC) 

was 0.412 V. While the ISC of the DSSCs dyed with eosin Y solution was 0.82 

mA/cm
2 
and the VOC was 0.46 V. The fill factor (FF) of the DSSCs  dyed with eosin 

Y derivative solution was 0.47 while the fill factor of the DSSCs dyed with eosin Y 

solution without any additives was 0.33.  

The power conversion efficiency (ɖ) of the DSSCs sensitized with eosin Y derivative 

was 0.16%, which is higher than the efficiency of the DSSCs without any additives, 

where the  efficiency was improved by  0.33%. 

The power of the resulting DSSCs as a function of voltage is  shown in figure (4.17).  

 

Figure ( 4.16): Current density (J) versus voltage (V) characteristic curves for DSSCs 

dyed with eosin Y solution and with eosin Y derivative solution. 
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Figure ( 4.17): Power (P) versus voltage (V) characteristic curves  for DSSCs dyed 

with eosin Y solution and with eosin Y derivative solution. 

4.7 Effect of adding ZnO upper layers on the DSSCs performance 

One of the methods used to prevent the injected electrons in the TiO2 electrode 

from recombining with both the oxidized dye and the tri-iodide  in the electrolyte is 

adding a blocking layer at the  TiO2/electrolyte interface. In this section, ZnO layers 

were used to form an upper blocking layers on the TiO2 films. 

4.7.1 Experiment 

Solutions of four different concentrations were prepared from zinc nitrate 

hexahydrate (Zn(NO3)2. 6H2O) and ethanol, where the concentrations of the resulting 

solutions were 0.025 M, 0.05 M, 0.1 M and 0.2 M. These solutions were used  as 

precursor solutions in which the TiO2 films were immersed as mentioned before  in 

section 3.2.8. 
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4.7.2 J-V Characterization of DSSCs modified with ZnO upper layers 

The JïV characteristics of  DSSC after adding an upper layer of ZnO as a 

blocking layer is shown in figure (4.18). The figure compares between the JïV 

characteristics of the DSSCs without adding the ZnO layer and the JïV 

characteristics of the DSSCs modified with ZnO upper layers, where the 

concentrations of the precursor solutions used in preparing the ZnO layers were 

0.025 M, 0.05 M, 0.1 M and 0.2 M. 

 

Figure ( 4.18): Current density (J) versus voltage (V) characteristic curves for DSSCs 

modified with ZnO upper layer with concentrations of precursor solutions are: 0.025 

M, 0.05 M, 0.1 M and 0.2 M. 

The short circuit current density (JSC) of the untreated DSSC was 0.82 mA/cm
2
 

and the open circuit voltage (VOC) was 0.46 V. By increasing the concentration of the 

precursor solutions, the JSC was increased gradually to reach 1.55 mA/cm
2 

at 

concentration of 0.2 M and the VOC was also increased to 0.519 V at the same 

concentration.  
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Table (4.5) shows the main photovoltaic parameters of the modified DSSCs, 

where the efficiency of  the DSSCs increased gradually from 0.20% to 0.26%. The 

untreated DSSCs has an efficiency of  0.12%. By introducing a ZnO layer of 

concentration 0.2M, the efficiency was improved by 1.16%.  

Increasing the concentration of the precursor solution results in  more ZnO 

molecules to be adsorbed onto the TiO2 films and so a more compact layer that acts  

as a blocking layer at the TiO2/electrolyte interface. This blocking layer can suppress 

the electrons from  recombining with both the oxidized dye and the tri-iodide  in the 

electrolyte, which contributes in improving the efficiency of the DSSCs. 

Table ( 4.5): Potovoltaic parameters of the DSSCs  modified with ZnO upper layer. 

ZnO concentration 

(M)  

JSC 

(mA/cm
2
) 

VOC 

(V) 

Jm 

(mA/cm
2
) 

Vm 

(V) 

FF 

 

η 

% 

0.025 0.88 0.468 0.62 0.320 0.48 0.20 

0.05 1.24 0.454 0.66 0.297 0.35 0.19 

0.1 1.27 0.498 0.66 0.297 0.31 0.19 

0.2 1.55 0.519 0.83 0.311 0.32 0.26 
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The power of the resulting DSSC as a function of voltage is shown in figure (4.19). 

 

Figure ( 4.19): Power (P) versus voltage (V) characteristic curves for DSSCs 

modified with ZnO upper layer with concentrations of precursor solutions are: 0.025 

M, 0.05 M, 0.1 M and 0.2 M. 

4.8 Effect of adding ZnO under-layers on the DSSCs performance 

4.8.1 Experiment 

Solutions of four different concentrations were prepared from zinc nitrate 

hexahydrate (Zn(NO3)2. 6H2O) and ethanol, where the concentrations of the resulting 

solutions were 0.025 M, 0.05 M, 0.1 M and 0.2 M. These solutions were used as 

precursor solutions in which the FTO glass substrates were immersed as mentioned 

before in section 3.2.8. 

4.8.2 J-V Characterization of DSSCs with adding ZnO under-layers 

The JïV characteristics of DSSC after adding an under layer of ZnO as a 

blocking layer is shown in figure (4.20). The short circuit current density (JSC) of the 

untreated DSSC was 0.82 mA/cm
2
 and the open circuit voltage (VOC) was 0.46 V. By 
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increasing the concentration of the precursor solutions, the JSC was decreased to reach 

0.05 mA/cm
2 
at concentration of 0.2 M and the VOC was also decreased to 0.310 V at 

the same concentration.  

 

Figure ( 4.20): Current density (J) versus voltage (V) characteristic curves for DSSCs 

modified with ZnO under layer with concentrations of precursor solutions are 0.025 

M, 0.05 M, 0.1 M and 0.2 M. 

Table (4.6) shows the main photovoltaic parameters of the modified DSSCs, 

where the fill factor has decreased with increasing the ZnO concentration from 0.52 

at ZnO concentration of 0.025 M to 0.40 at ZnO concentration of 0.2M. 

Table ( 4.6): Photovoltaic parameters of the DSSCs with the ZnO under layer. 

ZnO concentration 

(M)  

JSC 

(mA/cm
2
) 

VOC 

(V) 

Jm 

(mA/cm
2
) 

Vm 

(V) 

FF 

 

η 

% 

0.025 0.35 0.436 0.26 0.307 0.52 0.08 

0.05 0.12 0.343 0.08 0.236 0.45 0.02 

0.1 0.08 0.282 0.05 0.196 0.43 0.01 

0.2 0.05 0.310 0.03 0.208 0.40 0.007 
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The efficiency of untreated DSSCs is 0.12%, while the efficiency of the 

DSSCs treated with ZnO layers is 0.007% at ZnO concentration of 0.2M, which 

means that the efficiency has dropped drastically by that modification. This drop in 

the efficiency can be explained as follow: the conduction band edge of the TiO2 is -

4.21 eV and the conduction band edge of the ZnO is -4.1 eV, the existence of the 

ZnO layer under the TiO2 layer prevents the electrons from reaching the front 

electrode, because the conduction band edge of the ZnO is higher than that of the 

TiO2 and the electrons need to jump through that energy barrier. So, both the photo-

current of the assembled DSSC and the efficiency are usually small. Table (4.6) 

shows that increasing the ZnO concentration results in more dropped efficiency, 

since increasing the ZnO concentration means a more compact layer of the ZnO. So, 

the electrons canôt overcome that barrier and reach the front electrode. 

The power of the resulting DSSC as a function of voltage is shown in figure (4.21). 

 

Figure ( 4.21): Power (P) versus voltage (V) characteristic curves  for DSSCs 

modified with ZnO under layer with concentrations of precursor solutions are 0.025 

M, 0.05  M, 0.1 M and 0.2 M. 
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Chapter 5 

Conclusion 

5.1 Conclusions 

The objective of the thesis work was to enhance the efficiency of the DSSCs 

by some modifications such as changing the dyeing duration of TiO2 fil ms, preparing  

a derivative of eosin Y solution is used as a new photosensitizer, changing the pH of 

the dye solution and adding ZnO blocking layers. 

The periods of 1 hour, 3 hours, 6 hours and 24 hours were studied. The results 

showed that the short circuit current density (JSC) and the open circuit voltage (VOC) 

have their maximum values when the dyeing duration was 3 hours, where the JSC was 

0.82 mA/cm
2  

and the VOC was 0.46 V. 

The optical properties of the dye solution were characterized by UV-Vis 

spectroscopy and the main photovoltaic parameters were calculated by analyzing 

data resulted from the I-V measurement system. The absorption spectrum of eosin Y 

dissolved in ethanol showed a main peak at wavelength of 525nm, while the peak of 

eosin Y derivative was at 535nm, which means that the peak was shifted to a longer 

wavelength when a derivative of eosin Y was used.  

The dye solution was modified by preparing a mixture of phenylhydrazine 

hydrochloride solution and eosin Y solution, which was known as eosin Y derivative. 

When the eosin Y derivative was used as a photo-sensitizer in the DSSCs, the JSC 

was 1.25 mA/cm
2 
and VOC was 0.412 V. In addition, the efficiency was improved by 

0.33%. 

Effect of changing the pH value  of the dye solution was studied by using 

phosphoric, hydrochloric and nitric acids. The results showed that decreasing the pH 

of the dye solution can enhance the efficiency of the DSSCs, where the efficiency 

increased from 0.12% to 0.22% at the pH of 1.2 when the phosphoric acid was 

added. 
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  The mechanism used in suppressing the recombination of injected electrons 

with both the redox electrolyte and the oxidized dye was adding ZnO blocking layers 

which were introduced as upper and under layers. For the ZnO upper layers, the JSC 

and the VOC of the assembled DSSCs have increased gradually by increasing the 

concentration of the ZnO, where the Jsc was 1.55 mA/cm
2 

and the VOC was 0.519V 

at ZnO concentration of 0.2M. The efficiency was improved by 1.16% at that 

concentration of ZnO. 

The under-layers resulted in a drop of the JSC,the VOC and the efficiency, when 

the concentration of the ZnO was increased. 

DSSCs are considered a new promising route toward simple fabrication, low-

cost, environment friendly power generation, as a clean photoelectric conversion 

system and potential alternative to the traditional photovoltaic devices. All these 

reasons make the field of DSSCs a preferable research field in which great efforts 

have been taken to improve the efficiency of DSSCs. 

 

  



 

 

 

 

 

 

 

 

 

6 References 

  



75 

 

References: 

Abu-Jasser, A. (2010). A stand-alone photovoltaic system, case study: a residence in 

Gaza. Journal of Applied Sciences in Environmental Sanitation, 5(1), 81-91. 

Adib, R. (2015). Renewables 2015 Global Status Report. Retrived 12 July, 2016, 

from : www.ren21.net/wp-content/uploads/2015/.../REN12-

GSR2015_Onlinebook_low1.pdf 

Aribisala, H. A. (2013). Improving the efficiency of solar photovoltaic power 

system. (Masterôs thesis). Retrieved August 6, 2016, from: 

http://digitalcommons.uri.edu/theses/161 

Brinker, D. J., Curtis, H. B., Flood, D. J., Jenkins, P., & Scheiman, D. A. (1996). A 

Summary of the International Workshops on Space Solar Cell Calibration and 

Measurement Techniques. In NASA CONFERENCE PUBLICATION (pp. 186-

190). NASA. 

Cahen, D., Grätzel,  M., Cuillemoles, J., & Hodes, G. (2001). Dye-sensitized solar 

cells: principles of operation. Electrochemistry of Nanomaterials,  7, 201-219. 

Cahen, D., Hodes, G., Grätzel, M., Guillemoles, J. F., & Riess, I. (2000). Nature of 

photovoltaic action in dye-sensitized solar cells. The Journal of Physical 

Chemistry B, 104(9), 2053-2059. 

Chen, C. J. (2011). Physics of solar energy. John Wiley & Sons. 

Chou, C. S., Chou, F. C., & Kang, J. Y. (2012). Preparation of ZnO-coated TiO2 

electrodes using dip coating and their applications in dye-sensitized solar cells. 

Powder Technology, 215, 38-45. 

Chou, C. S., Yang, R. Y., Yeh, C. K., & Lin, Y. J. (2009). Preparation of TiO2/nano-

metal composite particles and their applications in dye-sensitized solar cells. 

Powder Technology, 194(1), 95-105. 

Das, P., Roy, A., Das, S., & Devi, P. (2016). Enhanced stability of Zn2SnO4 with 

N719, N3 and eosin Y dye molecules for DSSC application. Physical Chemistry 

Chemical Physics, 18(3), 1429-1438. 

Fredin, K. (2007). Studies of charge transport processes in dye-sensitized solar cells. 

(Doctoral dissertation). Retrieved July 15, 2016, from: http://kth.diva-

portal.org/smash/get/diva2:12288/FULLTEXT01.pdf 

Galvez, J. B., & Rodriguez, S. M. (2003). Solar Detoxification Technology. Solar 

Detoxification; UNESCO Publishing: Paris, 117. 

http://kth.diva-portal.org/smash/get/diva2:12288/FULLTEXT01.pdf
http://kth.diva-portal.org/smash/get/diva2:12288/FULLTEXT01.pdf


76 

 

Gerischer, H., Michel-Beyerle, M. E., Rebentrost, F., & Tributsch, H. (1968). 

Sensitization of charge injection into semiconductors with large band gap. 

Electrochimica Acta, 13(6), 1509-1515. 

Goetzberger, A., & Hebling, C. (2000). Photovoltaic materials, past, present, future. 

Solar energy materials and solar cells, 62(1), 1-19. 

Gong, J., Liang, J., & Sumathy, K. (2012). Review on dye-sensitized solar cells 

(DSSCs): fundamental concepts and novel materials. Renewable and Sustainable 

Energy Reviews, 16(8), 5848-5860. 

Grätzel, M. (2001). Photoelectrochemical cells. Nature, 414(6861), 338-344. 

Green, M. A. (1982). Solar cells: operating principles, technology, and system 

applications. Prentice-Hall, Inc., Englewood Cliffs, NJ, United States. 

Green, M. A. (2007). Thin-film solar cells: review of materials, technologies and 

commercial status. Journal of Materials Science: Materials in Electronics, 18(1), 

15-19. 

Green, M. A., Emery, K., Hishikawa, Y., & Warta, W. (2010). Solar cell efficiency 

tables (version 36). Progress in photovoltaics: research and applications, 18(5), 

346-352. 

Hagfeldt, A., & Grätzel, M. (1995). Light-induced redox reactions in nanocrystalline 

systems. Chemical Reviews, 95(1), 49-68. 

Hagfeldt, A., Boschloo, G., Sun, L., Kloo, L., & Pettersson, H. (2010). Dye-

sensitized solar cells. Chemical reviews, 110(11), 6595-6663. 

Halme, J. (2002). Dye-sensitized nanostructured and organic photovoltaic cells: 

technical review and preliminary tests. (Unpublished Masterôs thesis). Helsinki 

university of technology, Finland.   

Hegedus, S. S., & Luque, A. (2003). Status, trends, challenges and the bright future 

of solar electricity from photovoltaics. Handbook of photovoltaic science and 

engineering, John Wiley & Sons, 1-43 . 

Hosenuzzaman, M., Rahim, N. A., Selvaraj, J., Hasanuzzaman, M., Malek, A. B. M. 

A., & Nahar, A. (2015). Global prospects, progress, policies, and environmental 

impact of solar photovoltaic power generation. Renewable and Sustainable 

Energy Reviews, 41, 284-297. 

Huang, S. Y., Schlichthörl, G., Nozik, A. J., Grätzel, M., & Frank, A. J. (1997). 

Charge recombination in dye-sensitized nanocrystalline TiO2 solar cells. The 

Journal of Physical Chemistry B, 101(14), 2576-2582. 



77 

 

Ito, S., Murakami, T. N., Comte, P., Liska, P., Grätzel, C., Nazeeruddin, M. K., & 

Grätzel, M. (2008). Fabrication of thin film dye sensitized solar cells with solar 

to electric power conversion efficiency over 10%. Thin solid films, 516(14), 

4613-4619. 

Jacobson, M. Z., & Delucchi, M. A. (2011). Providing all global energy with wind, 

water, and solar power, Part I: Technologies, energy resources, quantities and 

areas of infrastructure, and materials. Energy policy, 39(3), 1154-1169. 

Jäger, K., Isabella, O., Smets, A., Van Swaaij, R. A. C. M. M., & Zeman, M. (2014). 

Solar Energy-Fundamentals, Technology, and Systems. Delft University of 

Technology, 77, 78. 

Kandavelu, V., Huang, H. S., Jian, J. L., Yang, T. C. K., Wang, K. L., & Huang, S. 

T. (2009). Novel iminocoumarin dyes as photosensitizers for dye-sensitized solar 

cell. Solar Energy, 83(4), 574-581. 

Karlsson, K. M. (2011). Design, Synthesis and Properties of Organic Sensitizers for 

Dye Sensitized Solar Cells. (Ph.D. dissertation). Retrieved July 15, 2016, from: 

https://www.diva-portal.org/smash/get/diva2:413894/FULLTEXT01.pdf 

Khan, M. I. (2013). A Study on the Optimization of  Dye-Sensitized Solar Cells. 

(Masterôs thesis). Retrieved July 15, 2016, from: 

http://scholarcommons.usf.edu/etd/4519 

Kuciauskas, D., Freund, M. S., Gray, H. B., Winkler, J. R., & Lewis, N. S. (2001). 

Electron transfer dynamics in nanocrystalline titanium dioxide solar cells 

sensitized with ruthenium or osmium polypyridyl complexes. The Journal of 

Physical Chemistry B, 105(2), 392-403. 

Kuzmych, O. (2014). Development and characterization of dye- and semiconductor 

sensitized solar cells based on structurally organized titanium dioxide. (Ph.D. 

dissertation).  Retrieved September 15, 2016, from: 

https://depotuw.ceon.pl/handle/item/699 

Lee, K. M., Chiu, W. H., Wei, H. Y., Hu, C. W., Suryanarayanan, V., Hsieh, W. F., 

& Ho, K. C. (2010). Effects of mesoscopic poly (3, 4-ethylenedioxythiophene) 

films as counter electrodes for dye-sensitized solar cells. Thin Solid Films, 

518(6), 1716-1721. 

Mathew, S., Yella, A., Gao, P., Humphry-Baker, R., Curchod, B. F., Ashari-Astani, 

N., & Grätzel, M. (2014). Dye-sensitized solar cells with 13% efficiency 

achieved through the molecular engineering of porphyrin sensitizers. Nature 

chemistry, 6(3), 242-247. 

Meyer-Arendt,  Jürgen, R. (1989). Introduction to classical and modern optics. 

Englewood Cliffs.(3rd ed). Prentice-Hall. 

https://www.diva-portal.org/smash/get/diva2:413894/FULLTEXT01.pdf


78 

 

Nazeeruddin, M. K., Kay, A., Rodicio, I., Humphry-Baker, R., Müller, E., Liska, P., 

& Grätzel, M. (1993). Conversion of light to electricity by cis-X2bis (2, 2'-

bipyridyl-4, 4'-dicarboxylate) ruthenium (II) charge-transfer sensitizers (X= Cl-, 

Br-, I-, CN-, and SCN-) on nanocrystalline titanium dioxide electrodes. Journal 

of the American Chemical Society, 115(14), 6382-6390. 

Nazeeruddin, M. K., Pechy, P., Renouard, T., Zakeeruddin, S. M., Humphry-Baker, 

R., Comte, P., ... & Spiccia, L. (2001). Engineering of efficient panchromatic 

sensitizers for nanocrystalline TiO2-based solar cells. Journal of the American 

Chemical Society, 123(8), 1613-1624. 

Nelson, J. (2003). The physics of solar cells. World Scientific Publishing Co. Inc. 

Noumissing Sao, C. (2009). Dye sensitized solar cells based on perylene derivatives. 

(Doctoral dissertation). Retrieved from https://kobra.bibliothek.uni-

kassel.de/bitstream/urn:nbn:de:hebis:34-2009110330833/3/Noumissing-

Thesis.pdf 

OôRegan, B., & Grätzel, M. (1991). A low-cost, high-efficiency solar cell based on 

dye-sensitized. nature, 353(6346), 737-740.  

Obotowo, I. N., Obot, I. B., & Ekpe, U. J. (2016). Organic sensitizers for dye-

sensitized solar cell (DSSC): Properties from computation, progress and future 

perspectives. Journal of Molecular Structure, 1122, 80-87. 

Radwan, I. (2015). Dye sensitized solar cells based on natural dyes extracted from 

plant roots. (Masterôs thesis). Retrieved July 15, 2016, from: 

http://library.iugaza.edu.ps/thesis/115517.pdf 

Ramasamy, P., Kang, M. S., Cha, H. J., & Kim, J. (2013). Highly efficient dye-

sensitized solar cells based on HfO2 modified TiO2 electrodes. Materials 

Research Bulletin, 48(1), 79-83. 

Rouessac, F., & Rouessac, A. (2013). Chemical analysis: modern instrumentation 

methods and techniques. John Wiley & Sons. 

Ryan, M. (2009). PGM Highlights: ruthenium complexes for dye sensitized solar 

cells. Platinum Metals Review, 53(4), 216-218. 

Shockley, W. (1976). Electrons and holes in semiconductors, with applications to 

transistor electronics. Krieger Pub. Co.  

Sima, C., Grigoriu, C., & Antohe, S. (2010). Comparison of the dye-sensitized solar 

cells performances based on transparent conductive ITO and FTO. Thin Solid 

Films, 519(2), 595-597. 

 

http://library.iugaza.edu.ps/thesis/115517.pdf


79 

 

Tachibana, Y., Moser, J. E., Grätzel, M., Klug, D. R., & Durrant, J. R. (1996). 

Subpicosecond interfacial charge separation in dye-sensitized nanocrystalline 

titanium dioxide films. The Journal of Physical Chemistry, 100(51), 20056-

20062. 

Tanabe, K. (2009). A review of ultrahigh efficiency III-V semiconductor compound 

solar cells: multijunction tandem, lower dimensional, photonic up/down 

conversion and plasmonic nanometallic structures. Energies, 2(3), 504-530. 

Toivola, M. (2010). Dye-sensetized solar cells on alternative substrates. (Doctoral 

dissertation). Retrieved September 2, 2016, from: 

http://lib.tkk.fi/Diss/2010/isbn9789526030708/ 

Tolvanen, A. (2003). Characterization and manufacturing techniques of dye 

sensitized solar cells. (Masterôs thesis) Helisinki University of Technology, 

Finland. 

Yang, F. (2008). Thin film solar cells grown by organic vapor phase deposition. 

Dissertation Abstracts International, 69-07, Section: B, page: 4348.; 187 p. 

Yella, A., Lee, H. W., Tsao, H. N., Yi, C., Chandiran, A. K., Nazeeruddin, M. K., & 

Grätzel, M. (2011). Porphyrin-sensitized solar cells with cobalt (II/III)ïbased 

redox electrolyte exceed 12 percent efficiency. science, 334(6056), 629-634. 

Zaban, A., Greenshtein, M., & Bisquert, J. (2003). Determination of the electron 

lifetime in nanocrystalline dye solar cells by openȤcircuit voltage decay 

measurements. ChemPhysChem, 4(8), 859-864. 

Zeman, M. (2003). Introduction to photovoltaic solar energy. Holland: Delft 

University of Technology. 

Zhang, Q., Dandeneau, C. S., Zhou, X., & Cao, G. (2009). ZnO Nanostructures for 

DyeȤSensitized Solar Cells. Advanced Materials, 21(41), 4087-4108. 

 

 

 

http://lib.tkk.fi/Diss/2010/isbn9789526030708/

