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ABSTRACT 

Light harvesting efficiency in dye sensitized solar cell is currently enhanced by the 

employment of an additional TiO2 scattering layer among other means. However, this 

approach raises the overall photoelectrode thickness hence imposes limitations on effective 

charge transport especially in dense electrolyte media. The additional film layer further 

reduces light intensity on the adsorbed dye consequently decreasing photocurrent 

generation. In light of this, there is still the challenge of light scattering optimization versus 

charge transport and photocurrent generation. In addition, though TiO2 is a relatively cheap 

material, the addition of TiO2 layer raises the production cost of the dye sensitized solar 

cell effectively and rendering it not cost effective. In this study, TiO2 thin films of 

thicknesses; 3.21, 8.23, 13.52 and 18.93 µm were coated onto FTO/glass by screen printing 

method, annealed at 500 oC in a tube furnace for 30 minutes in air. Films with same 

thickness, 3.21 µm were coated with the incorporation of carbon black at varying weight 

percentages; 0.5, 1.0, 1.5, 2.0 and 3.0 wt % which decomposed upon annealing to create 

artificial pores in the films. Transmittance and reflectance spectra were measured using a 

double beam Shimadzu UV-Vis-NIR spectrophotometer in the photon wavelength range 

of 300-900 nm. The results showed the films to be generally highly transparent in the 

visible with an average value of 68 % in the wavelength range of 500 and 700 nm. 

However, transmittance dropped from 79 % at 3.21 µm to 59 % at 18.93 µm. On the other 

hand, at 400 nm, reflectance rose from 16 % at 3.21 µm to its peak of 27 % at 18.93 µm. 

Absorbance spectra of the films studied by the UV-Vis-NIR spectrophotometer in the 

wavelength range of 300-900 nm were relatively low though observed to directly depend 

on film thickness. At 400 nm, the estimated optical band gap and refractive index rose from 

3.49 eV and 1.38 with thickness, 3.21 µm to 3.81 eV and 1.68 with thickness 18.93 

respectively. With the incorporation of carbon black, average transmittance for film of 0 

wt % was 79 % and drastically dropped to an average of 10 % at 3 wt %. The measured 

absorbance spectra was found to be above the quantity absorbed by bare TiO2 and the 

absorption increased all through as the concentration of carbon was increased. It was 

observed that the presence of artificial pores had no effect on TiO2 band gap. In another 

case, refractive index was affected by the porosity of the films. The refractive index of the 

films increased from 1.35 to 1.60 at 400 nm with carbon black concentrations of 0 wt% 
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and 3 wt% respectively. Scanning Electron Microscopy (SEM) and Atomic Force 

Microscopy (AFM) studies revealed a dependence of increasing porosity with increase in 

the concentrations of carbon black. X-ray diffraction spectroscopy showed the film with 

and without carbon black to be crystalline and anatase phase. The effects of porosity and 

film thickness on the electrical properties of TiO2 thin films were studied. The films were 

found to be generally conductive and the conductivity depended on the porosity and film 

thickness. The conductivity ranges from 4.4 to 384.61 Semiens/cm with film thickness 

ranging from 3.21 to 18.93 µm. Conductivity was observed to decrease as the porosity of 

the films increased.  Resistivity increased from 2.6 x 10-3 to 22.63 x 10-2 Ω.cm as film thick 

rose to 18.93 µm. Dye Sensitized Solar Cells Sensitized (DSSCs) fabricated with N719 

dye and TiO2 thicknesses; 3.21, 8.23, 13.52 and 18.93 µm were characterized using a solar 

simulator at 100 mW/cm2 solar irradiance. The active area of the cells was 0.48 cm2. 

Current densities, Jsc of 5.0, 6.8, 8.2 and 7.5 mA/cm2 and open circuit voltage, Voc of 0.731, 

0.708, 0.711 and 0.687 V respectively were recorded. The results showed current density 

to increase as the films became thicker due to increased dye adsorption but decreased at 

18.9 µm as a result of reduced light intensity. Therefore the optimum film thickness 

obtained for DSSCs was 13.52 µm with the maximum conversion efficiency of 3.5 %. A 

simple experiment to study the effect of reflection on the photovoltaic properties was 

carried out. Another dye sensitized solar cell was characterized with and without a mirror 

beneath the cell. Current density of cell improved from 3.65 mA/cm2 to 4.81 mA/cm2 by 

placing a mirror behind the platinum (Pt) counter electrode. I-V characteristics of DSSCs 

with varying electrolyte concentrations were also recorded: cells with Redox 

concentrations of 0.03, 0.1 and 0.15 mol/dm3 had Jsc of 8.2, 7.8 and 6.6 mA/cm2; and Voc 

of 0.734, 0.681 and 0.679 V, respectively. 0.03 mol/dm3 was found to be the optimum 

electrolyte concentration. The influence of porosity on the photovoltaic performance of 

DSSC was studied. DSSCs with 0 and 1.5 wt % carbon black were fabricated. The cells 

had electrode thickness of 13.5 µm, sensitized with N719 ruthenium complex and triiodide 

electrolyte solution of 0.03 mol/dm3. There was a significant improvement in the 

photovoltaic performance of the 1.5 wt% DSSC. The cell with 0 wt % of carbon black had 

Jsc and Voc of 8.2 and 0.711 V respectively. In the case of 1.5 wt % based DSSC, Jsc and 

Voc were found to be 9.9 mA/cm2 and 0.711 V. The overall cell conversion efficiencies of 
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0 wt% and 1.5 wt% based DSSCs were 3.5 and 4.3 %, respectively. This represents an 

increase of 22.8 % in efficiency due to increased photocurrent generation by the artificial 

pores created by decomposition of carbon black. Finally, the electrochemical impedance 

spectroscopy of TiO2 based DSSCs with electrode thicknesses 3.2, 8.2, 13.5 and 18.9 µm 

were studied. The interfacial reactance at the FTO/TiO2 interface (RFT) were found to rise 

as the electrode became thicker due to higher trap sites.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of study 

In the twenty first century, the worldwide energy concern is caused by the increasing need 

to content the energy demand of developed nations and the obligation to produce energy 

through techniques that have low negative environmental impact. Probably the biggest 

challenge that faces the global society today is the means of devising a replacement for the 

gradually but unavoidably depleting fossil fuel with renewable and sustainable energy 

sources and, at the same time, circumvent harmful consequences due to existing energy 

processes on environment and health (Grätzel, 2009). As a result of global technological 

and economic advancement, the consumption of energy has increased to sustain the 

development therefore the demand for energy has grown in recent years. It has been 

reported that the increase in world primary energy consumption is 1.4% annually and from 

estimations, it is expected to hit 815 quadrillion BTUs by the year 2040 (U.S Energy 

Information Administration, 2016). Presently, the energy economy remains vastly reliant 

on coal, natural gas and oil (which accounts for over 85% of the total energy production). 

However, it is estimated that global demand for fossil fuels will soon exceed yearly 

production and scarcities of the same may result to worldwide economic and political crises 

and conflicts. It is a scientific fact that burning of fossil fuels discharge harmful emissions 

to the environment and the combustion products have not only local but also global effects. 

According to the International Energy Outlook of 2016, the world energy related CO2 

emissions will reach 43.2 billion metric tons in 2040 (EIA, 2016).  The consumption 

processes of fossil energy is a major cause of the so-called greenhouse effect. The rise in 

the quantity of CO2 from fossil based energy combustion and then released in air, in 

addition to other greenhouse gasses, result to a reduction of the airflow with the resultant 

isolation of the warm air within the atmosphere, hence generating an overall rise in the 

temperature on the Earth.  

 

There is a prediction that in the next one hundred years, average global temperature will 

rise to about 4.0 °C, subject to model parameters which include world population growth, 

primary energy source, and economic growth (Intergovernmental Panel on Climate 



2 
 

Change, 2014). On this note, the Paris climate change conference 2015, COP 21 agreed as 

follows: “Holding on holding the increase in the global average temperature to well below 

2°C above pre-industrial levels and pursuing efforts to limit the temperature increase to 

1.5°C above pre-industrial levels, recognizing that this would significantly reduce the risks 

and impacts of climate change”. The global energy demand in 2011 and the prediction for 

2040 is reported in figure 1.1 below.  

 

Figure 1.1: Global energy demand by fuel type (ExxonMobil Energy outlook, 2012). 

 

The interpretation is that there is a very high possibility of stored energies’ continuous 

domination of the market though coal is predicted to diminish a bit, renewable energy will 

tremendously escalate.  

 

The concept “renewable energy” connotes energy derived from a wide spectrum of sources 

that are based on self-renewing and sustaining domain that include sunlight, wind, water 

fall, geothermal, biomass such as energy crops and industrial, agricultural and municipal 
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wastes. All these can be used to generate electricity for all sectors of our economy, fuels 

for transportation, and heat for buildings and industries.  

 

For a self-reliant and competitive economy, alternative energy sources must be efficient 

and sustainable, low cost and environmentally friendly. For instance energy source such as 

nuclear power is not environmentally friendly because nuclear plants have waste disposal 

and public safety related issues due to the use of radioactive nuclei and production of 

radioactive wastes. 

 

Among all the available technologies for producing renewable energy, photovoltaics (PV) 

remain the most promising. This is because the annual solar radiation reaching the earth is 

3 × 1024 J implying it can meet our current global energy demand by covering just 0.13% 

of the Earth’s surface with PV cells that are 10% efficient (Grätzel, 2001). Apart from the 

advantage that solar energy is potentially abundant, photovoltaic cells require little care, 

off-grid operation and no noise, which are best for application in rural areas or portable 

applications.  

 

1.2 Photovoltaics (PV) 

1.2.1 The photovoltaics market  

The development of semiconductor electronics based on silicon paved way for a major 

breakthrough in photovoltaic devices. This was via the fabrication of a p-n junction boron 

doped silicon wafers which yielded a conversion efficiency of about 6% in the mid-20th 

century (Chapin, et. al., 1954). The solar cells based on the silicon technology were 

classified as the first generation of solar cells. 

 

Since the pioneering silicon technology in early fifties, photovoltaic devices had been 

employed principally in space applications till second half of the last decade that grid 

connected photovoltaic systems began to have a substantial impact on the terrestrial 

market. The most important benefit of PV is clean source of energy, which allows for the 

mitigation of atmospheric pollution. 
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PV technology has over the last decade demonstrated its promising ability to become a 

major source of energy generation for the world with drastic growth even in the face of 

global economic crisis. That promising growth is expected to last in the years to come as 

global awareness of the benefits of PV intensifies. The world’s PV aggregate installed 

capacity was reaching 138 GW at the end of 2013. In 2014, it was already 177 GW and up 

to 50 GW were added in 2015 bringing a total Global capacity to 227 GW. This could 

produce 280 TWh of electricity per year as seen in figure 1.2 (Wetstone et. al., 2016) which 

is enough to power over 65 million households.  

 

Figure 1.2: Photovoltaic Global capacity, by country 2005-2015 (Wetstone et. al., 2016) 

 

As observed from figure 1.2, the annual market was nearly 10 times the aggregate Global 

capacity just a decade earlier. In most parts of the world, market growth is a result of the 

rising effectiveness of solar PV, new government policies and programmes, growing 

demand for power and increasing consciousness of solar photovoltaic prospects as 

countries pursue mitigation of pollution and emission of CO2. After hydro and wind power, 
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photovoltaic is ranked the third most vital renewable energy source considering worldwide 

installed capacity. 

 

1.2.2 Solar cell technologies 

Photovoltaic cell technologies are classified into first, second and third generations 

according to their theoretical maximum conversion efficiency and nature of the materials. 

The first generation comprises cells that are made of materials with high purity and 

structural defects in low concentrations. They are still at the moment the cells with the 

highest overall conversion efficiency. In this group we have crystalline silicon, single-

junction GaAs and multijunction solar cells, with reported highest laboratory efficiencies 

of 25%, 29% and 46%, respectively (Green et. al., 2016). 

 

Mono and poly-crystalline bulk silicon presently control the photovoltaic market for 

terrestrial applications because of their finest concession between costs and performances. 

Silicon cell technique is p-n junction fabrication based where various parts of the 

semiconductor are doped with different impurities to produce the junction. Hence in 

between p-type and n-type materials, an interface is created which generates a built-in 

electric field due to various chemical potentials that electrons and holes possess across the 

interface. When a photon of energy larger than the band gap produces an electron-hole pair 

near the interface, the intrinsic electric field facilitates charge separation in the so-called 

depletion layer. Shockley and Queisser (1961) established a theoretical maximum 

conversion efficiency of 33.7% for a p-n junction (Hagfelt et. al., 2010).   

 

Though silicon is the most widely employed and researched material, it is not the perfect 

semiconductor for PV applications. It is an indirect semiconductor which has a low optical 

absorption efficiency therefore, Si wafers should be as thick as over hundred microns to 

absorb adequately the utmost incident light. This in addition to high cost of refinement and 

crystallization processes of silicon, renders production of silicon cells highly expensive. In 

view of this, Si-based first generation photovoltaic being a strong and established 

photovoltaic technology, its cost effective possibility still remains constrained. Moreover, 

efficiencies of silicon solar cells are not yet near the Shockley-Queisser theoretical limit 
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for a single-junction cell (Avrutin et. al., 2011) even if there is a possibility of 

improvement. 

 

To confront the challenges related to first generation PV, different approaches have been 

considered: (a) reduce the production cost and (b) improve the energy conversion 

efficiency beyond the Shockley-Queisser limit of 33.7% (Shockley and Queiser, 1961). 

The first approach resulted to the development of thin film solar cells called “second 

generation” photovoltaics. In another perspective, methods attentive to devices that could 

surpass the Shockley-Queisser limit have led to the origin of “third generation” 

photovoltaic technologies. 

 

Second generation PV are called thin film solar cells, because the thickness of their 

constituent material is less than one micron which is 100-1000 times thinner compared to 

the first generation devices. The development of thin film solar cells is a motivation from 

their prospects for cost effectiveness. Whereas silicon solar panels are fabricated by the 

assemblage of single cells about one hundred square centimeter silicon wafers, thin film 

semiconductor materials are deposited on large planes, making them cost effective in terms 

of large scale assembly. Examples of thin film solar cells include Amorphous silicon (a-

Si) and Copper indium gallium (di) selenide. Amorphous silicon (a-Si) is regularly 

employed in the double-junction or triple-junction devices which are produced overlaying 

different cells based on materials having varying band gaps, which absorb at different 

wavelength regions and CIGS has the highest efficiency among the thin film solar cells 

(Nazeeruddin et. al., 2001).  

 

Contrary to silicon wafers based photovoltaic devices (first generation), which are already 

near the theoretical conversion efficiency limit, thin film solar cells (second generation) 

are still far below their potential. Thin film technologies are in the initial production phase, 

and efficiencies of small area laboratory devices do not simply transform to efficiencies of 

large modules. The major challenges related to this technology are the use of harmful 

materials like cadmium and scarce elements such as telluride (Te) and indium (In). It is 
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somewhat controversial to use toxic materials to build a technique that is being promoted 

as environmental friendly. 

 

Over two decades ago, a third generation of solar cells evolved. These devices, instead of 

a p-n junction as in the preceding generations was based on a multilayer structure in which 

charge carriers exchanged. The concept third generation refers to PV systems which either 

do not fall into the previous generations or try to exceed the Shockley-Queisser limit. 

Exploration on various methods to achieve conversion efficiency beyond 30% have been 

carried out. So far, tandems of cells deliver the greatest recognized illustration of how such 

high efficiency is likely reached. For instance, conversion efficiency is improved by 

stacking cells of varying band gaps to boost the spectral sensitivity (Green, 2006). On the 

whole, by assembling a sizable number of appropriately tailored and designed cells, 

efficiencies of concentrated and not concentrated solar illumination as high as 86% and 

67% respectively are theoretically achievable (Avrutin et. al., 2011). 

 

In the 1990s, another concept of solar cells made from nanostructured and organic 

materials was conceived as a novel technique to fabricate cost effective PVs. The newly 

discovered organic and polymeric conjugated semiconducting materials seems very much 

promising for photovoltaics due to a number of reasons, namely: lightweightness, low 

consumption of materials, flexibility, low cost for large scale production. This type of solar 

cells show a promising prospect for progress since molecular and nanostructural 

engineering techniques can be exploited for further advancement. The most active research 

fields consist of organic heterojunctions  (Benanti & Venkataraman, 2006), extremely thin 

absorber (ETA) cells (Belaidi et. al., 2008), hybrid solar cells (Greene et. al., 2007). In 

organic heterojunction the active layer comprises a heterogeneous mixture (polymerblend) 

of two immiscible polymers: a donor (n-type) and an acceptor (p-type). Polyphenylene 

vinylene derivatives and poly-alkylthiophenes are common donors; fullerene and its 

derivatives are common acceptors. 

 

One of the solar cells made from nanostructured materials is a novel PV cell based on the 

principle of plant photosynthesis called dye sensitized solar cell was developed by 
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Grätzel’s group (O’Regan and Grätzel, 1991). The device reported had sensitized 

nanoporous TiO2 particles with a conversion efficiency of 7.1% (O’Regan and Grӓtzel, 

1991). A typical dye-sensitized solar cell comprises a wide band gap semiconductor having 

a surface adsorbed dye sensitizer coated onto a transparent conducting oxide (TCO) coated 

on glass substrate. This forms an interface with a redox-coupled electrolyte that helps in 

ion diffusion and dye regeneration. Their finding opened a fresh area of scientific study 

and since then many researchers have been working on the enhancement of the efficiency 

and the stability of this type of solar cells. This area of research has attracted the attention 

of scientists from the start of the 21st century, publishing 2 or 3 research articles every day 

(Hagfelt et. al., 2010). This device has quite a lot of advantages over the previous 

generations technologies, one of which is, its performance is indifferent to temperature 

change; therefore the rise in operating temperature to 60 °C (the temperature attained at 

full one sun illumination) has no consequence on the conversion efficiency (Grätzel, 2000). 

It has also been reported elsewhere  that DSSC’s  external quantum yield of photocurrent 

generation is close to unity if optical losses in the conducting substrate are accounted for 

(Grätzel, 2005).  

 

The device’s performance also imitates photosynthesis which is a process known to be 

highly efficient. Considering these qualities, DSSCs have the possibility to attain high 

efficiencies at a lower cost compared to the first and second generation technologies 

(Grätzel, 2003). Though DSSCs have shown very promising potentials, they are being 

faced by some challenges, key among them being the low overall conversion efficiencies. 

The current record efficiency reported for a dye sensitized solar cell is 13% (Mathew et. 

al., 2014). However compared to the other technologies, the coming of DSSC (shown in 

figure 1.3), is relatively recent but the efficiencies are already near that of amorphous 

silicon.   
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Figure 1.3: Solar cell efficiency timeline from 1975 to 2015 (National Renewable Energy 

Laboratory, 2014). 

 

In summary, though dye sensitized solar cells have very promising potential for a cheap 

source of electrical power vis-ä-vis silicon based solar cells, they still have low conversion 

efficiencies. One very critical part contributing to this low efficiency is the light harvesting 

ability of the dye semiconductor interface which is not yet fully explored, besides the need 

to develop cheap but stable sensitization. Previously, progresses were made in light 

harvesting efficiency of a dye-adsorbed TiO2 electrode by way of light scattering (Hore et. 

al., 2006; Nelson and Deng, 2008; Yang et. al., 2008; Zhao et. al., 2011). The light-

scattering consequence was attained by adding TiO2 layers. Interestingly, adding scattering 

layers by means of the TiO2 large particles warrants sufficient light trapping in the device 

(Chuangchote et. al., 2013; Hyung et. al.,, 2008), due to a rise in the absorption path length 

of photons and optical confinement. (Ferber and Luther, 1998) and (Rothenberger et. 

al.,1999) established the light-scattering effect via the transport theory and a many-flux 

model, respectively. Having known the scattering capacities of TiO2 films, it is essential 
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that the TiO2 electrode possesses a high surface area, which is accountable for optimal dye 

loading and effective photocurrent generation. In view of this, artificial pores were created 

in TiO2 films by the use of acetylene black (Cho et. al., 2013) and polystyrenes spheres 

(Pham et. al., 2012) to enhance light harvest efficiency (LHE). However, in their studies, 

a number of important properties of the films were no characterized. In this study, film 

thickness and electrolyte concentration will be studied. 

It is in this regard that this work sort to create artificial pores in TiO2 thin films using carbon 

black so as to enhance light harvest efficiency, and in addition optimize film thickness of 

porous TiO2 films and also find an optimum electrolyte concentration for a TiO2 based dye 

sensitized solar cell.  

 

1.3 Problem statement 

Light harvesting efficiency has been enhanced by the employment of an additional layer 

of a semiconductor material which increases light scattering and trapping. For instance, 

light scattering in the mesoporous TiO2 particles is currently enhanced by employing a 

separate TiO2 scattering layer. The increased film thickness has limitations on effective 

charge transport especially in dense electrolyte media such as Cobalt (II/III) complex. 

These thicker films also reduce light intensity on some parts of adsorbed dye hence 

decreases photocurrent generation. In view of the above, there is still the challenge of 

optimization of light scattering versus charge transport and photocurrent generation which 

still limits the overall light harvesting efficiency. An optimum electrolyte concentration in 

DSSC of porous TiO2 thin film has not been determined therefore compromising effective 

ion mobility. This work sought to fabricate and characterize dye sensitized solar cells based 

on highly porous TiO2 thin films. 

 

1.4 Objective of study 

The aim of this study was to fabricate and characterize dye sensitized solar cells based on 

highly porous TiO2 films. The specific objectives were: 

i. Study the effect of porosity and thickness on the optical properties of TiO2 thin 

films   
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ii. Examine the influence of porosity and thickness on electrical properties of TiO2 

thin films. 

iii. Analyze the TiO2 microstructure employing X-Ray Diffraction (XRD), 

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) 

techniques  

iv. Fabricate and study the I-V characteristics of complete dye sensitized solar cells 

at varying porosity, film thickness and electrolyte concentrations. 

v. Determine the electrochemical impedance spectroscopy (EIS) of dye sensitized 

solar cell. 

 

1.5 Justification and significance of the study 

The study of the enhanced porosity in the working electrode of dye sensitized solar cell is 

expected to greatly contribute to the search for optimizing the important parameters for 

higher efficiency and low cost. In addition, the optimizations of film thickness and 

electrolyte concentration are also a necessary ingredient for improved efficiency of dye 

sensitized solar cell. 

 

In this study, carbon black nanoparticles are employed to create pores in TiO2 thin films 

that will serve the role of a light scattering layer hence increasing the light harvesting 

efficiency of dye sensitized solar cell without any negative effect on the charge transport 

as for the case of multiple layers. It also maintains the purity of TiO2 since the pores are 

created by thermal decomposition of carbon black. Moreover, anatase nanocrystalline TiO2 

provides the maximum efficiency with optimization of surface area, porosity, pore 

diameter, transparency and film thickness. Though TiO2 is available in abundance and 

relatively cheap, the creation of artificial pores is cheaper than employing an additional 

TiO2 layer for light scattering. In addition, pore enhancement will allow for an optimal film 

thickness which maintains high light intensity on the dye adsorbed semiconductor hence 

generating high photocurrent. 
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Apart from the fact that screen printing is the best method for large scale production, it is 

a simple, easily reproducible and non-complicated method of thin film coating. The use of 

this method allows for the easy incorporation of carbon black into TiO2 nanoparticles at 

various film thicknesses.  

 

Conclusively, porosity enhancement, film thickness and electrolyte concentration 

optimizations will provide important information towards the improvement in the overall 

performance and low cost production of dye sensitized solar cells. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction  

In this chapter, the historical development of dye sensitized solar cells is discussed in 

details. All components of DSSC are also discussed briefly with the porosity of 

semiconductor being the main focus of this work reviewed extensively. 

 

2.2 Historical development of dye-sensitized solar technology 

The ongoing work on dye sensitized solar cells originated from photography about the time 

photovoltaic effect was discovered. Louis Daguerre developed the first photographic image 

onto a mirror-polished surface of silver bearing a coating of silver halide particles 

(Daguerre, 1839; Bird, 1839) about the same time which Edmond Becquerel discovered 

photovoltaic effect (ExxonMobil Energy outlook, 2012). The halides applied in this 

photography had the band gap ranging between 2.7 eV and 3.2 eV thereby making them 

not photoactive to light of energy less than 2.7 eV (corresponding wavelength > 450 nm). 

A German photochemist, Vogel made an improvement in three decades later through dye 

sensitization of silver halide emulsions. This led to photo response extending into the red 

and infra-red (Sandler, 2002). However, the operating mechanisms of electron injection 

from excited state of the dye molecules into the conduction band of n-type semiconductor 

substrates remained unclear to scientists until almost a century later (Williams, 1960; 

Bourdon, 1965; Nelson, 1965). These early photography devices were characterized by 

poor dye adsorption on the semiconductor surface and low conversion efficiencies 

restrained by the limited, weak light absorption of the dye monolayer on the surface. 

 

On the other hand, thicker dye layers raised the electrical resistance of the system without 

improvig current generation (Bourdon, 1965). Years later an improvement was achieved 

in chemisorption of sensitizers, electrochemistry and the choice of photoanode materials 

as a result of the investigation reported (Grätzel, 2000) on zinc oxide. However, at that 

time a large number of the semiconductors that were used had the challenge of corrosion. 

In that regard, TiO2 was found to be a material of choice sequel to Fujishima and Honda’s 

demonstration of direct photolysis of water with TiO2 (Fujishima and Honda, 1971).  
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TiO2 electrode was found not to decompose after irradiation, that is, neither were titanium 

ions found in the electrolyte solution nor the electrode surface was changed. Tributsch 

investigated further on this by demonstrating the reaction of excited chlorophyll molecules 

at electrodes and made a comparison with photosynthesis (Tributsch, 1971). The effort to 

find a solution to the challenge of dye-adsorption was first approached through the idea of 

discrete particles to make a sufficient interface (Duonghond et. al., 1984), after which it 

was followed by the employment of photoelectrodes with high surface roughness. This was 

to enhance multiple light reflections at a rough surface, hence trapping most photons with 

a dye monolayer having a high molecular extinction.  

 

Following all these researches in about one and half centuries, a major breakthrough was 

achieved with a nanocrystalline photovoltaic device that had a conversion efficiency of 

7.1-7.9% under AM 1.5 solar illumination (O’Regan and Grӓtzel, 1991). The efficiency of 

this cell has greatly improved since its discovery. Employing a molecularly engineered 

porphyrin dye, coded SM315 with cobalt(II/III) redox shuttle, a current record efficiency 

of 13% has been achieved (Mathew et. al., 2014). Recent achievements on long term 

stability with non-volatile electrolytes has increased the prospects of practical applications 

and put the dye sensitized solar cell on the right path for commercialization.  

 

 2.3 Components of dye sensitized solar cell 

The sensitizers used in DSSC can be classified into two major groups namely; metalorganic 

and organic dyes. Metal-based sensitizers have costly synthesis process, comparatively low 

molar extinction coefficient in the visible region, inadequate accessibility of precursors and 

waste disposal issues. For these reasons, metal-free organic dyes could offer several 

advantages, being processed with simple, fast and cost effective synthesis approach and 

possess high molar extinction coefficients (Park et. al., 2012; Park et. al., 2013). 

Comparing with the Ruthenium based sensitizers, however, organic dyes exhibit lower 

conversion efficiencies, because of the deposition of dye particles on the semiconductor 

surface and narrow light absorption bands in the visible region. 
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The most commonly used of all metal and organic dyes, are ruthenium or osmium 

derivatives, which are known for lasting stability. Precisely, the polypyridyl ruthenium 

sensitizer family produces DSSCs with higher conversion efficiencies. The molecular 

structures of the commonly used ruthenium-based sensitizers are as displayed in figure 2.1. 

 

Figure. 2.1: Molecular structure of N3, N719 and N749 (“black dye”) sensitizers (Jena et. 

al., 2012). 
 

The first sensitizer to be developed in this group was the RuL2 (NCS)2 (L = 2,2’-bipyridyl-

4,4’-dicarboxylic acid), N3 dye, which achieves a photoconversion efficiency as high as 

10% ( Nazeeruddin et. al., 1993). Using this dye as control and replacing two protons with 

a tetra-n-butylammonium (TBA) cation group, the so-called N719 dye, [RuL2(NCS)2]: 2 

TBA was produced. Introducing deprotonation alters the polarity at the boundary, thus 

shifting the semiconductor conduction band and increasing the Voc of the cell. The Ru 

complexes are anchored to the TiO2 surface by means of carboxylic groups. Anchoring 

ensures huge electronic interaction between the ligand and the conduction band of the 

semiconductor, thereby enhancing electron injection from the Ru complex into the oxide 

material. 
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The major limitation of these dyes is their reduced capacity to absorb light with 

wavelengths above 600 nm. N3 and N719 display a spectral absorption within the visible 

region, beginning from 400 nm. It is in this regard that several other dyes have been 

proposed. Investigations have revealed that when some molecules of the dye are 

substituted, the LUMO level of the sensitizer goes up and the HOMO level goes down, 

resulting to the absorption of higher wavelength of light. For instance, replacing a 

terpyridine group and a cyanide group with two bipyridine groups in the [RuL’(NCS)3]: 3 

TBA (L’ = 2,2’:6’,2"-terpyridyl-4,4’,4"-tricarboxylic acid) sensitizer (known as N749 or 

“black dye”), the absorption edge of the dye is moved by approximately 100 nm towards 

IR region. This is illustrated in Figure 2.2, where the Incident Photon-to-electron 

Conversion Efficiency (IPCE) spectrum of a DSSC made of a black dye is compared to an 

N3-based DSSC. The figure shows the absorption edge of the black dye goes to a maximum 

900 nm, thus generating an overall photocurrent of up to 20.5 mA/cm2  

 (Nazeeruddin et. al., 1997). 

 

Figure 2.2: Incident Photon-to-electron Conversion Efficiency of DSSCs sensitized by N3 

and N749 (“black dye”) dyes (Grätzel, 2000). 
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Several groups of organic sensitizers were projected in the past decade. The development 

of organic dyes based DSSCs has been very fast in recent years and the conversion 

efficiencies of these cells have been comparable to those based on polypyridyl ruthenium 

dyes. Some of the frequently employed organic dyes such as coumarin, indoline, cyanine 

and squaraine dyes are shown in figure 2.3. Hara et. al., (2001) proposed a sequence of 

coumarin derivatives with which an efficiency of 7.7% equivalent to N719 was obtained. 

Indoline dyes characterized by their reduced photodegradation that allows for a high long-

term stability of the cell were synthesized for the first time and a 9.5% photoconversion 

efficiency was achieved with the so-called D205 dye (Horiuchi et. al., 2003). High molar 

extinction coefficient values and the absorption capacity of near-IR radiation have been 

reported to be typical features of Cyanine dyes (Ma et. al., 2008). However the photovoltaic 

properties of DSSCs depending on these dyes are relatively low. For instance, the use of 

Cy3 dye yields an efficiency of 4.8% at 75 mW/cm2 illumination (Wu et. al., 2008). SQ1 

and SQ2 dyes which belong to the Squaraine family, proposed by Grätzel and his 

colleagues (Yum et. al., 2007; Geiger et. al., 2009) have been reported to have efficiencies 

of 4.5% and 5.4% respectively. These dyes too exhibit high molar extinction coefficient 

values and strong electronic coupling with the TiO2 surface. 

 

Figure 2.3: Molecular structures of dyes of varying species of organic sensitizers: a) 

coumarin, b) indoline, c) cyanine and d) squaraine (Hagfelt et. al., 2010). 
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The use of a single dye for sensitization is often poorly performing. This is so because 

absorption spectrum is not easily harmonized with the solar emission spectrum. To 

overcome this limitation, co-sensitization with many dyes which have varying spectral 

responses is employed to increase the DSSC photovoltaic performance.  Zhao et. al., (1999) 

combined a sequence of squaraine dyes as co-sensitizer of ruthenium polypyridyl 

complexes which produced better performed Dye-sensitized solar cells in comparison to 

those sensitized with normal ruthenium polypyridyl complexes. 

 

Semiconductor quantum dots have also been employed as alternative to the use of 

molecules chemisorbed on the surface of the oxide. These are particles made up of small 

number of atoms in groups II-VI or III-V with very small dimensions. Their absorption 

spectrum is very wide and it can be altered by the change of dimension of the particles. 

Easy corrosion when in contact with a liquid electrolyte is their major drawback. 

 

Having discussed the sensitizer, there is the need to quickly look at the progress in 

electrolyte whose choice largely depends the sensitizer as discussed above. The electrolyte 

plays a very vital function in the process of light-to-electricity conversion, being an 

electron transfer mediator with the role of regenerating the dye sensitizer from its oxidized 

state. Electrolytes for DSSCs are grouped into liquid, quasi-solid, or solid, depending on 

the viscosity. The liquid organic solvent-based electrolyte is the commonly used electrolyte 

in DSSCs. It consists of a redox couple dissolved in a high dielectric constant organic 

solvent with some additives to boost the device performance (Hagfelt et. al., 2010). 

 

Iodide/triiodide (I-/I-
3) redox couple is the most employed redox couple due to its sluggish 

recombination process. Electrolytes made from this couple are normally prepared by 

dissolving iodide salts and cations such as Li+, Na+ and Mg+ in a liquid solvent. The 

corrosive properties of iodine however led to the search for alternative redox couples such 

as Br-/Br3
- (Ferrere et. al., 1997), SCN-/(SCN)3

- (Oskam et. al., 2001) and SeCN-/(SeCN)3
- 

(Wang et. al., 2004). Despite these redox couples having favorable electrochemical and 

non-corrosive properties, they still have poor chemical stability (Hagfelt et. al., 2010). In 

addition, some coordination compounds which include copper and cobalt complexes have 
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also been employed as redox mediators (Sapp et. al., 2002; Hattori et. al., 2005). Presently, 

Co complexes are the utmost promising redox couples. They are noncorrosive, nonvolatile, 

and comparatively transparent to the visible light. In addition, it was reported lately that 

Co(II/III)tris(bipyridyl)-based redox electrolyte can give a power efficiency of up to 13% 

(Mathew et. al., 2014). 

 

In the application of DSSC, some important properties of solvents are usually taken into 

consideration. The solvent should possess low volatility within the operating DSSC 

temperature range to permit a speedy flow of charges, and a high dielectric constant to 

allow for an easier redox couple dissolution (Hagfelt et. al., 2010). Among all the solvents 

used in DSSC research field, acetonitrile (ACN) is the most performing, for the reason of 

its outstanding stability, low viscosity and capacity to dissolve a lot of salts and organic 

molecules. However, ACN boiling point is low (78 °C). Therefore, for long-term stability 

of the DSSCs, 3-methoxypropionitrile (MPN) is preferable because it is characterized by 

164 °C boiling point and low toxicity. An efficiency of 7.6% at 1000 h of continuous 

irradiance was achieved with MPN as solvent (Andrade et. al., 2009). It is view of the 

above that solvents such as, water, ethanol, ethylene carbonate and propylene carbonate 

are not usually employed (Yu et. al., 2011). 

 

In regard to the additives, so many cations and compounds have been employed in liquid 

electrolytes to improve the cell photovoltaic performance. 4-tert-butylpyridine (TBP) is 

one of the commonly used whose effect suppresses the dark current and increase Fill Factor 

and efficiency values through prompting the coordination between N atoms and Ti ions at 

the TiO2 surface, thus restraining recombination (Hao et. al., 2004). Addition of 

guanidinium thiocyanate (GuSCN) to liquid electrolyte raises both current and voltage due 

to positive shift of TiO2 conduction band reduction of charge recombination (Zhang et. al., 

2009). So also, Li cations are commonly applied as additives. The cations are then adsorbed 

on the TiO2 nanoparticles surface, which result to an important rise in photocurrent density 

values. The increase in photocurrent is because of the capability of Li ions to reduce the 

acceptor states of TiO2, which changes the flat band on the photoanode surface and making 

the electron injection more energetically favorable (Kelly et. al., 1999). 
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The major limitations in exploiting liquid solvent-based electrolytes include their stability, 

sealing and leakage, which affect the overall efficiency with time. In view of this, several 

proposals are being considered to provide solutions, amongst them are, solvent-free liquid 

electrolytes (quasi-solid and solid electrolytes). Quasi-solid are based on the so-called 

room temperature ionic liquids (RTIL) and they exhibit reduced volatility, good chemical 

and thermal stability and high ionic conductivity. Mostly employed RTILs for DSSCs 

include alkyl imidazolium, trialkyl methylsufonium, and alkylpyridinium salts. The only 

limitation of RTILs is their high viscosity that brings about slow charge carriers diffusion 

(Santiago et. al., 2007). 

 

Quasi-solid electrolyte is usually developed from organic solvent or ionic liquid based 

electrolytes which are gelled, polymerized, dispersed in polymeric matrix, or in which 

nanoparticles are dispersed (Hagfelt et. al., 2010). These electrolytes consist of  conductive 

polymers, hole-conducting molecular solids or organic p-type conductors, such as 

polypyrrole (Murakoshi et. al., 1997), poly(3,4-ethylenedioxythiophene) (PEDOT) (Saito 

et. al., 2002), poly(3-hexylthiophene) (P3HT) (Ravirajan et. al., 2006), polyaniline (PANI) 

(Somani & Radhakrishnan, 2003) and 2,2'7,7'-tetranis-(N,N-di-p-methoxyphenyl-amine) 

9.9-spirobifluorene (spiro-OMeTAD) (Cai et. al., 2011). Up to this moment, the 

photovoltaic performance of DSSCs based on quasi-solid electrolytes are still low 

compared to liquid based electrolytes.  

 

Just before the photoanode is discussed, there is the need to briefly look at the counter 

electrode without which the current generated cannot be collected. Similar to the 

photoanode, the counter electrode is fabricated using a glass substrate coated with a film 

of transparent conductive oxide (TCO). For the purpose of ensuring a sufficient and fast 

reduction reaction kinetics at the TCO-coated cathode, a catalyst coating is required 

(Hagfelt et. al., 2010). 

 

Platinum (Pt) and carbon-based materials are the commonly employed catalysts in DSSCs. 

The application of Pt yields high current and voltage, IV and also exhibits  low counter 

electrode resistance (Hauch & Georg, 2001). Platinum catalyst coating is applied easily by 
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methods such as electrochemical (Hagfeldt & Grätzel, 1995;  Smestad et. al., 1994), 

sputtering (Nazeeruddin et. al., 1993), pyrolytic or spin coating (Lee et. al., 2001). 

However, Pt deposited by electrochemical and vapor methods has been found unstable in 

presence of the iodide-based electrolyte (Olsen et. al., 2000). In view of the above, 

alternative Pt catalyst coating method known as "platinum thermal cluster catalyst" was 

developed. This catalyst gave a better kinetic performance compared to normal platinum 

coating methods, chemical and electrochemical stability in DSSCs and low platinum 

loading of 5-10 mg/cm2, hence resulting in costs reduction, mechanical stability and optical 

transparency of the counter electrode. 

 

Even though platinum shows outstanding catalytic accomplishment, it is very costly. In 

order to find a cost effective solution for counter electrode fabrication, graphite is 

employed (Kay & Grätzel, 1996; Acharya et. al., 2010). Other carbon materials such as 

hard carbon spherule (HCS) have been explored as counter electrodes for dye-sensitized 

solar cells (Huang et. al., 2007). Though investigation revealed that photovoltaic properties 

were powerfully influenced by the specific surface areas of the carbon materials, their 

conversion efficiencies were very much close to those of Pt. based DSSCs. The major 

challenges confronting this material are the low homogeneity and bond to the substrate 

which results to poor performance of the cells compared to the Pt-based cells. A very 

interesting alternative material in this regard is graphene, which in principle could both 

serve the role of a transparent conductive film and catalyst, hence reduces the cost of 

fabrication of the counter electrode (Wang & Hu, 2012). In addition, another promising 

project uses a porous carbon counter electrode as a catalyst layer. This carbon electrode 

comprises a mixture of carbon black, graphite powder and nanocrystalline TiO2 particles. 

This combination results in high conductivity (sheet resistance of 5 Ω/sq for a 50 µm-thick 

layer) for the reason of carbon black particles joining individual graphite flakes, while the 

TiO2 particles serve as binders to the entire structure. 

 

Finally and most importantly, the photoanode which is the component of DSSC that on 

which this study is focused, is hereby discussed at length with emphasis on TiO2 material.  
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Considering the several wide bandgap oxide semiconductors studied as prospective 

electron acceptors for DSSC, TiO2 remains the most versatile. It provides the maximum 

efficiencies, is chemically stable, non-toxic, and accessible in huge magnitudes (Malliga 

et. al., 2014). Its anatase nanocrystalline form offers the maximum efficiency with 

optimization of surface area, porosity, pore diameter, transparency and film thickness. TiO2 

is the best semiconductor for the reason its wide bandgap, nanoporous structure with large 

surface area and, suitable HOMO and LUMO alignment with the electrolyte and dye 

respectively. In the dark, this wide bandgap semiconductor oxide film is insulating. Due to 

the nanometer size of the particles (~20nm), a single electron injection produces an electron 

concentration of 1017cm-3 resulting in a conductance in the order of 10-4scm-1 for the 

electron diffusion coefficient of 10-4cm2s-1 (Grätzel, 2005). Other structures of  TiO2 such 

as organized mesoporous film (Zukalová et. al., 2005) or TiO2 nanotubes (Kang et. al., 

2009) have also produced comparable efficiency. Both ZnO nanoparticles (Rensmo et. al., 

1997) and nanotubes (Martinson et. al., 2007) have been employed in DSSC. ZnO does 

not require high-temperature annealing process like TiO2, which enables DSSC fabrication 

on flexible polymer substrates. Other, alternative wide-gap oxides such as Y2O3 (Kay and 

Grӓtzel, 2002), In2O3 (Sharma et. al., 2009), SnO3, (Snaith & Ducati, 2010) and Nb2O2 

(Viet et. al., 2010) have been under study, and have potential for DSSC applications. 

Although individually these semiconductors do not perform efficiently, the combination of 

same have demonstrated promising outcome. 

 

The size, shape, and crystal structure of the TiO2 nanoparticles depend on the method of 

preparation of the film (Wang, 2002). The porosity is also a function of the annealing 

temperature profile. The average porosity increases from 15nm to 20nm with an increasing 

temperature from 400°C. However, with annealing temperatures above 500°C this trend 

becomes stable with no change in the pore-size distribution (Barbe et. al., 1997). An 

annealing temperature study from 150°C to 450°C shows an increasing Jsc for films 

annealed at higher temperature, due to higher porosity. This is attributed to the increase of 

diffusion coefficient and carrier lifetime with increasing temperature (Nakade et. al., 2003). 
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Nanoparticle size is another key parameter for DSSC. With increasing particle size electron 

diffusion coefficient rises with decline in surface area and the structure of grain boundaries. 

On the other hand, electron recombination lifetime decreases with particle size increase. 

Thus, a small particle size would be favorable for DSSC applications. However, charge 

injection efficiency is lowered with the decrease of the particle size due to reduced 

diffusion length. Hence, an optimization in the particle size is the requirement (Nakade et. 

al., 2003). It is important to mention that though DSSCs have been fabricated with TiO2 

film thickness of 0.5-2.0 µm (Kao et. al., 2009), the typical film thickness for DSSC is 5–

20μm (Simiyu, 2010; Hamadanian et. al., 2011; Escalante-Quijano et. al., 2013; Wu et. al., 

2013; Zhang et. al., 2014; Sedghi and Miankushki, 2015; Kumari et. al., 2016) with the 

TiO2 mass of about 1–4mg/cm2. An optimum surface area of the sintered TiO2 colloid is 

75m2/g and a porosity of 50–65% (Nazeeruddin et. al., 2001). Considering a Titania film 

of thickness ranging from 10 to 15µm, the effective surface area is increased over a 

thousand times, which is the beauty of the mesoscopic structure, allowing for a dense 

monolayer of adsorbed sensitizer. 

 

In a DSSC, TiO2 layers thickness influences the photon absorption in direct proportion. For 

single-layer electrodes (20nm particles) a small but linear fall in the open-circuit voltage 

(Voc) is detected with a rise thickness. However, thickness response of the short-circuit 

current density (Jsc) is reliant on the viscosity of the electrolyte. A low viscosity electrolyte 

can support higher photocurrent resulting from thick nanocrystalline-TiO2 layer, therefore 

the current displays a linear increase. However, for high viscosity electrolyte a peak in the 

current is seen and falls afterwards (Hara et. al., 2001). The thickness of a film being coated 

also depends on particle size and surface structure. For example, optimal thickness for 

20nm particles is half of that obtained for the 42 nm particles (Ito et. al., 2009). 

 

Light scattering technique was employed since two centuries in photography and was 

found to improve the light harvesting efficiency. Titanium dioxide nanoparticle 

photoanode received a major improvement by the incorporation of a scattering layer made 

of large titania particles to boost light harvesting (Bird, 1839). The light scattering and 

optical management effects play very crucial roles in the development of dye-sensitized 
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solar cell photoanodes and their overall photovoltaic performance (Usami, 1997; 

Rothenberger et. al., 1999). Large TiO2 particles in the range of 100 and 400nm are 

generally applied as light scattering media, either embedded in a matrix of smaller 

nanoparticles or more often screen-printed on top of a transparent mesoporous film (Wang 

et al., 2004; Arakawa et. al., 2006). The two layer structure has become commonly 

applicable in majority studies on dye-sensitized solar cells (Grätzel, 2009), including the 

best cell of that period recording 12.3% power conversion efficiency (Yella et. al., 2011). 

In addition to the two layer structure, multilayer structures of different particle  sizes have 

also been studied (Wang et. al., 2004; Arakawa et. al., 2008). In the recent past, Chen’s 

group (Chen et. al., 2009) successfully synthesized 500 nm titania beads with a mesoporous 

surface, not only light scattering was achieved but also a large surface area was provided 

as anchoring sites for dye molecules.  

 

Some improvements have been recorded in light harvesting efficiency of a dye-adsorbed 

TiO2 electrode via light scattering (Zhao et. al., 2011). Given the scattering abilities of TiO2 

films, it is also important that the TiO2 electrode possess a high surface area, which is 

accountable for optimal dye loading and effective photocurrent generation. With all the 

aforementioned approaches, it has been found that scattered photons are contained within 

the film by multiple reflections and their optical path length has been increased 

significantly beyond the film thickness. In as much as the light scattering effect from large 

particles has been comprehensively studied and simulated, achieving similar results with 

enhanced pores has not been adequately explored (Hore et. al., 2005). The addition of 

another layer increases the overall film thickness which decreases the Voc of the DSSC due 

to the long diffusion length the photoelectron to transport to the electrode hence improving 

the probability of recombination (Tsai et. al., 2013; Escalante-Quijano et. al., 2013).  The 

further increase in photoanode thickness contributed by the additional layer also reduces 

the Jsc of DSSC  due to decrease in transmittance with increase in film thickness (Kao et. 

al., 2009).  
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Though TiO2 is relatively cheap and readily available, the addition of TiO2 layers may 

result to increase in the overall cost of DSSC and compromise the lightweight advantage 

of the device. In view of the discussed challenges facing the use of additional TiO2 layers 

for light scattering,  Trang-Pham et. al., (2012) presented a simple design that realizes 

improved light harvesting with a reduced amount of dye quantity while concurrently 

enhancing the power conversion efficiency of (PCE) of dye-sensitized solar cells. 

Polystyrene (PS) spheres of sub-micrometer size were integrated with TiO2 paste resulting 

in photo-anode with bimodal pore size distribution. The conversion efficiency of the cell 

rose from 6.3% to 6.9% for the reason of the artificial pores created without any additional 

TiO2 layers. However, the polystyrene spheres are extremely expensive which could still 

result to high cost of device production. There is yet the need to create these pore without 

incurring too much expenses.  

 

Another attempt was made to create artificial pores by the incorporation of acetylene black 

in TiO2 thin films (Cho et. al., 2013). In their work, DSSCs based on porous TiO2 photo-

electrode without a light scattering layer to improve the light harvesting efficiency were 

fabricated and studied. The structural and the photovoltaic performance of the DSSCs were 

compared with TiO2 photo-electrode films with and without artificial pores. The 

conversion efficiency improved compared to cell made from bare TiO2 films. The 

acetylene-black was incorporated for light-scattering and morphology change of the 

electrode and for a reduction of residual carbons in the TiO2 photo-electrode films. This 

approach is no doubt very favorable for use in dye sensitized solar cells. However, the 

electrical properties of the photoelectrode films were not studied which may compromise 

the electrical conductivity of the films as pore sizes are being enlarged. Optical properties 

were not also explored even though their effect on the overall photovoltaic performance of 

DSSC is very crucial. Film thickness also needs to be varied as it is logical that its variation 

could affect porosity in terms of depth. As such, porosity of photoelectrode could have an 

effect on electrolyte concentration hence the need to study.  It is in this regard that this 

research took a comprehensive study on pore enhanced TiO2 films for applications in dye-

sensitized solar cells.  
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CHAPTER THREE 

THEORETICAL BACKGROUND 

 

3.1 Introduction 

This chapter deals with the fundamental theory of the working and characterization of dye-

sensitized solar cell. Firstly, a complete DSSC is presented and its working principle is 

discussed. Subsequently, the semiconductor and electrolyte interface is discussed, 

explaining the way the structure of the interface influences the correlation between charge 

and potential. The procedure of charge transfer at the interface is also described. The 

second part of the theory describes the different characterization techniques namely; optical 

characterization, scanning electron microscopy, X-Ray Diffraction (XRD), I-V 

characterization, photocurrent and photovoltage spectroscopy is also presented. 

 

3.2 Structure and basic components of a dye sensitized solar cell 

A dye sensitized solar cell is the only solar cell device that separates the roles of light 

harvesting and charge transport in the process of photocurrent generation. The 

conventional p-n junction based process usually combines the two functions 

simultaneously. Splitting the functions offers huge possibilities for enhancing the 

individual components and roles of the cell. Since O’Regan and Grätzel (1991) developed 

the first dye sensitized solar in a span of over twenty five years today, there has been an 

exponential rising interest in this kind of technology.  

 

The standard structure of a DSSC, which comprises a semiconductor photoanode, a counter 

electrode, a dye sensitizer and a redox coupled electrolyte (Weerasinghe et. al., 2013), is 

shown in Figure 3.1. The photoanode is made up of a porous TiO2 semiconductor coated 

on a conducting substrate. The conducting substrate comprises a thin layer of transparent 

conducting oxide (TCO) layer coated on a glass substrate. The TCO-layer is usually 

fluorine-doped tin oxide (F:SnO2) or indium tin oxide (ITO). 
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Figure 3.1: Structure of dye TiO2 dye sensitized solar cell (Weerasinghe et. al., 2013) 

 

The working electrode is sensitized with a monolayer of dye molecules, which absorbs 

light and generates photoelectrons. Usually, a high specific surface area nanostructured 

layer is employed as a working electrode material in place of a flat semiconductor (Grätzel, 

2005). This enables enhanced dye adsorption, thus resulting in a relatively high light 

absorption and consequently a higher overall photoconversion efficiency in the device. The 

counter electrode comprises a glass plate with a TCO-layer that is again coated on it a thin 

layer of platinum (Pt) catalyst.   

 

A redox coupled electrolyte, usually a compound of iodine and iodide in organic solvent is 

used to fill the gap between the electrodes. The mesoporous film is prepared by methods 

such as sputtering or pressing semiconductor nanoparticles onto the conducting substrate. 

The film thickness varies from a few hundreds of nanometers to 30 µm, depending on the 

method of deposition and objective. The porous film has a characteristic internal area of 

102-104 times larger than the projected cell area (Grätzel, 2003). The porosity of the 

mesoporous film, which is the percentage volume of voids or spaces not occupied by the 

semiconductor, is between 50-70 %. To seal the structure and avoid the leakage of redox 

couple electrolyte, a thermoplastic material, surlyn is sandwiched between the electrodes 
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whose thickness also determines the volume of electrolyte. The thermoplastic material has 

a typical thickness ranging from 25 to 60 µm. 

 

Oxide semiconductor materials such as, ZnO, SnO2 and TiO2 have been employed in dye 

sensitized solar cells with TiO2 being the most studied and used material. This is due to its 

outstanding performance for the reason of their physical and chemical stability, availability 

and non-toxicity, high refractive index, efficient photo catalytic activity, low cost among 

other advantages (Malliga et. al., 2014). Investigations of TiO2 have revealed that it is a 

material that is chemically resistant, highly transparent (60 - 95 %) in the visible, and also 

has a high refractive index (Pulker, 1984; Tang et. al., 1994).  

 

The studies on the structure of TiO2 have shown that it exists in anatase or rutile when it is 

in crystalline form and in brookite when it is in amorphous form. The energy band gaps of 

anatase and rutile have been reported as 3.2 eV and 3.0 eV, respectively (Kim, 1996). 

Considering the aforementioned qualities, TiO2 is a material of choice for the 

semiconductor in DSSCs combined with ruthenium complex dyes. 

 

3.3 Operational principles of dye-sensitized solar cell 

There are basically three stages in which a photovoltaic cell can operate; that is, light 

absorption, charge separation and charge collection. Unlike a conventional solar cell which 

is based on a p-n junction, the working principle of dye sensitized solar cell is based on the 

photogeneration of an electron by a dye, as similar to photosynthesis. Very important in a 

DSSC is a mesoporous layer consisting of nanometer-sized particles of a wide-band 

semiconductor oxide, such as TiO2, ZnO or SnO2, which are compacted to provide an 

electronic conduction. A complete operation scheme is presented in figure 3.2. 

 

The oxidized dye is generated by the injection of an electron into the conduction band of 

the oxide as a result of photoexcitation of the sensitizer dye. After the electron is injected, 

the ground state of the dye is consequently reinstated by donation of an electron from the 

electrolyte reductant, which subsequently is regenerated by the reduction of the electrolyte 

oxidant at the counter-electrode (Grätzel, 2009; Listorti et. al., 2011).  
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Figure 3.2: The operation principle of the dye-sensitized nanostructured solar cell  (Listorti 

et. al., 2011) 

 

The difference between the Fermi level of the oxide and the redox potential of the 

electrolyte gives the voltage produced by the radiated cell (Liu et. al., 2010). The process 

repeats itself, becoming self-sustaining with illumination (Smestad, 1998). Each of the 

components incorporated in a DSSC contributes well to the overall performance of the 

device. DSSCs can be fabricated at a sensible low cost and still giving out comparatively 

good efficiencies.   

 

The sensitizer plays an essential role in dye sensitized solar cells. It absorbs photons and 

generate electrons that will eventually be injected into the conduction band of the 

semiconductor on which it is chemisorbed. The dye properties greatly influence the light 

harvesting efficiency (LHE) and the total photoelectric conversion efficiency of the solar 

cell. The energy diagram of a semiconductor/chromophore interface is shown in figure 3.3. 
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Figure 3.3: Schematic energy diagram of a semiconductor/chromophore interface 

(Smestad, 1998) 

 

An electron in ground state is energized to excited state by the absorption of photon energy. 

Provided that the dye is energized levels of the Lowest Unoccupied Molecular Orbital 

(LUMO) and the semiconductor conduction band (CB) are in satisfactory positions, the 

electron in highest energetic orbital can proceed to the oxide material. For this reason, the 

dye in its excited state must have energy slightly above the semiconductor conduction band 

of the oxide, for the injection of the excited electrons to occur (Calzolari et. al., 2011). In 

the same manner, the Highest Occupied Molecular Orbital (HOMO) level of the dye must 

be below the energy level of the redox potential of the electrolyte to allow for the dye 

regeneration (Calzolari et. al., 2011). In this regard, a suitable choice of the 

dye/semiconductor and dye/electrolyte pairs is crucial for efficient DSSC. Also very 

important is the absorption of the sensitizer must range from Ultra Violet (UV) region to 
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Infra-Red (IR) region with an absorption peak in the visible region. In addition, the dye 

must be properly anchored to the semiconductor oxide surface in order to ensure a low 

charge transfer resistance and a stable chemical bond (Kong et. al., 2007). To reduce the 

tendency of dye aggregation, some co-adsorbent additives such as chenodeoxycholic acid 

(CDCA) are usually employed together with the sensitizer (Mishra et. al., 2009). 

 

3.4 Electrochemistry of Semiconductor in photovoltaic 

3.4.1 Semiconductor-electrolyte Interface (SEI) 

A semiconductor material comprises a valence band and a conduction band separated by 

an energy band gap. The semiconductor band gap is relatively small which allows for 

electrons from the valence band to reach conduction band upon excitation. In the 

conduction band, the electrons become free and conducting. In the case of an insulator, the 

band gap is too wide for electron jump to the conduction band from the valence band under 

illumination. Metals have both valence and conduction bands overlapping, hence always 

conducting. The differences highlighted above are further illustrated in figure 3.4. The 

density of the conduction band electrons nc, and the effective density of conduction band 

states Nc, defines the Fermi-level for electrons in a semiconductor. The distribution of 

states in the conduction band is given by equation 3.1 below (Sze, 1981);  
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where E is the energy of the state, Ec is the conduction band energy level and 𝑚𝑑𝑜𝑠
•  is the 

effective mass of the electron. 

 

The Fermi-Dirac distribution function (Shockley & Read, 1952; Sze, 1981) in equation 3.2 

gives the probability of an electron to occupy an energy level E, f(E): 
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where Ef  is the energy of the Fermi level, KB is Boltzmann constant and E is energy of the 

state. 
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Figure 3.4: Schematic energy levels diagram for a metal, an insulator and a 

semiconductor 
 

Taking the integral of the product of equations (3.1) and (3.2) results to the density of the 

conduction band electrons in the semiconductor, i.e. ( Shockley and Read, 1952), 
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For low values of densities, the Fermi function is insignificant thereby not considered, then 

the equation becomes  

e
n Tk

c
cc B

EE
N


                                                                                                (3.4) 

where Nc is the effective density of the states.  From equation (3.4), the relation for energy 

of the Fermi level in the bulk semiconductor can thereby be determined and is obtained as: 
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It is also important to discuss the Fermi level in the redox electrolyte because the dye 

sensitized solar cell possesses an electrolyte-semiconductor interface. However, this 

defined for ideal solutions, from the relation between the concentration of oxidized (Ox) 

and reduced species (Red) that is 

dOx e Re


                                                                                                 (3.6)    

If the redox level, Eredox, of the electrolyte solution is lower compared to Fermi energy EF in 

the semiconductor, for example the electrolyte consists of strong oxidants, clearly the 

electrons will transmit through the SEI from the semiconductor into solution until the 

equilibrium will be attained (that is, EF = Eredox). The electron transfer from the 

semiconductor into solution will make the valence and conduction bands to shift 

comparatively to the Fermi level, which is to curve upwards (Bard & Faulkner, 2000). This 

condition is displayed in Figure 3.5. Such reactions are governed by the Nernst equation, 

which relates the Fermi level of the redox electrolyte, Ef, redox with its reduced, Cred, and 

oxidized, Cox, species in solution, given a standard electrode potential, E° (Bard & 

Faulkner, 2000), that is 
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The standard reference electrode commonly employed in electrochemical investigation is 

the saturated calomel electrode (SCE) made up of Hg/Hg2Cl2/KCl saturated in water. Also 

commonly used as reference electrode is normal hydrogen electrode, commonly referred 

to as NHE. Taking the difference between (3.7) and (3.5) results in the difference in Fermi 

level between the semiconductor and the redox electrolyte which defines the potential 

gradient referred to as the potential, V as reported in (Memming, 1980; Grätzel, 2005), 

e

EE
V

redoxff ,
                                                                                         (3.8) 

where Ef and Ef,redox are the Fermi energies of the semiconductor and electrolyte 

respectively, and e is the electron charge. 
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Figure 3.5: Schematic energy diagram of semiconductor-electrolyte interface (Memming, 

1980) 

 

This represents the thermodynamic driving force for electrons to have a net flux at the 

interface between the materials. The potential is also the Voc of the cell and the maximum 

Voc a cell can attain is defined by the difference between the quasi Fermi level of the 

semiconductor and the redox potential of the electrolyte. 

 

At the semiconductor/electrolyte interface and in the bulk of the electrolyte, the following 

processes mainly take place: 

1. mass movement of electrons under the effect of potential gradient, 

2. movement of redox species under the impact of concentration gradient and 

3. movement of fluids due to convections caused by density gradients. 

 

All these processes can be given by the transport equation (Bard & Faulkner, 2000) 

)(
)()(

)( xvC
x

x
CD

RT

FZ

x

xC
DxJ iii

ii
ii 












                                               (3.9) 

where Ji(x) is the flux of species 𝑖 (mol sec-1 cm-2) at a distance x from the surface, Di is 

the diffusion coefficient (cm-2sec-1), ∂Ci(𝑥)/∂𝑥 is the concentration gradient at a distance 

𝑥, 𝜕(𝜙)(x)/∂x is the potential gradient, zi, and Ci, are the charge and concentration of 
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species 𝑖, respectively, and v(x) is the velocity (cm sec-1) with which a volume element in 

solution moves along the axis. The three terms on the right hand side of equation (3.9) 

stand for the contributions of diffusion, migration and convection, respectively, to the flux. 

 

The technique commonly employed in the investigation of electrochemical processes is 

cyclic voltametry (CV) which comprises a potentiostat and a cell that holds the analyte to 

be investigated. The cell is made up of three electrodes; working (WE), reference electrode 

(RE) and counter electrode (CE). The set-up of this study is as shown figure 3.6. 

 

Figure 3.6: Electrochemical measurement system showing the working electrode (WE), 

reference electrode (RE) and counter electrode (CE) (Simiyu, 2010). 
 

Current is usually measured between WE and CE as the potential is applied between WE 

and RE. The working electrode is responsible for the provision of a surface for electron 

transfer for the system under study. The potential of the electrode (versus NHE via RE) is 

cyclically scanned typically at a rate of 1 - 100 mV/s between two end points, and the 

consequential current is examined. In this manner, it makes it possible to tell at which 

potential an electrochemical reaction occurs by the observation of peak current. A typical 

CV profile for a system whose concentration of species is described by the Nernst equation 

is illustrated in figure 3.7.  
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Figure 3.7: An ideal cyclic voltamogram for a reversible single electrode transfer reaction 

showing important peak parameters. Epc and Epa are cathodic and anodic peak potentials, 

respectively while ipc and ipa are cathodic and anodic peak currents respectively (Simiyu, 

2010) 

 

To derive the redox potential E° of the solution, there has to be an interpolation between 

the cathodic peak potential (Epc) and the anodic peak potential (Epa) which are oxidation 

and reduction peaks, respectively. More information that is derivable from a cyclic 

voltamogram is the reversibility and kinetics of the system. Many effects in 

electrochemical reactions can alter a typical voltamogram making it differ from the one 

shown in figure 3.7. These include: 

1. when the redox reaction is irreversible, 

2. slow reaction as a result of slow diffusion and 

3. many reactions occurring at the same time  

 



37 
 

3.4.2 Processes of charge transfer at the semiconductor electrolyte interface (SEI) 

The processes of charge transfer across the SEI are mainly oxidation or reduction reaction 

of redox species in the electrolyte resulting in anodic and cathodic current respectively. In 

such a process, a chemical reaction takes place at the interface that involves a charge 

transfer between the semiconductor and the electrolyte. The driving force for the charge 

net flow at the SEI is the bias potential which drives the reaction in either direction leading 

to a charge transfer process (Memming, 1980) 

 

3.4.3 Band bending 

The Fermi-level of electrons in the n-type semiconductor and the redox potential in the 

electrolyte are same between the semiconductor and the electrolyte at equilibrium (figure 

3.8). Provided that the system is in equilibrium, electrons can move from the 

semiconductor to the electrolyte by the process of diffusion. This possibly leads to the 

formation of a depletion layer due to build-up in electric field at SEI which prevents further 

movement of electrons to the electrolyte. In this regard, the energy of the electrons near the 

semiconductor-electrolyte contact is affected by the electrical field in the depletion layer, 

with those near the interface with stronger effect, a situation that results to band bending 

(figure 3.8), (Memming, 1980; Södergren et. al., 1994). 

 

At the Fermi level, Ef, the depletion layer vanishes giving way for flat-band potential. For 

nanometer-sized particles, the distances are too short within the particle for the depletion 

to build up therefore a constant potential within the particle is assumed. The potential 

distribution for a spherical particle which projected the aggregate band bending for small 

particles of radius r, was first solved by Albery and Bartlett, (1984), 
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where e is electron charge. LD is the Debye length given by 
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where εo is permittivity of free space and ε is dielectric property and ND is donor density. 

 

Figure 3.8: Band bending at the semiconductor-electrolyte interface for n-type 

semiconductor (Memming, 1980). 

 

3.5 Dye sensitization 

In a non-sensitized photoelectrochemical solar cell, electrons get excited and are 

transferred from the valence band to the conduction band as light is absorbed in the 

semiconductor producing electron-hole pairs. This absorbed photon energy is transformed 

to electrical energy as the produced charges are separated at the semiconductor-electrolyte 

interface (Listorti et. al., 2011). However, in the situation of the dye sensitized solar cell, 

charge carriers are generated by electron (or hole) injection from the excited dye instead of 

band gap excitation. Figure 3.9 illustrates its energy scheme and principle of operation. 

Upon the illumination of an n-type semiconductor such as TiO2, the dye gets excited from 

its ground state S to S* as shown in figure 3.9 (part a) and equation 3.12 (a). When in the 

excited state S*, the dye molecule injects an electron into the conduction band of TiO2 

(figure 3.9 (part b) and equation 3.12(b)) and also gets oxidized (S+) in the process. The 

oxidized dye molecule is reduced to ground state (figure 3.9 (part c) and equation 3.12(c)) 

by the redox couple available in the electrolyte accepting electron from the counter 

electrode.  
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Figure 3.9: Dye sensitized semiconductor-electrolyte interface electrode illumination 

(Simiyu, 2010)  

 

The reaction in (part b) occurs when the dye is in close contact with the semiconductor 

surface at the excited state lifetime and more to that, the energy level of the dye is above 

the conduction band of the semiconductor. All the chemical reaction processes described 

above are summarized in equation (3.12): 



SS
Light

                                                                                                         3.12 (a) 

  STiOeS )( 2                                                                                      3.12 (b) 

  eISIS 23 3                                                                               3.12 (c) 

  ICEeI 3)(3                                                                                        3.12 (d) 

where S is the ground state of the dye molecule, S* is the dye molecule in excited state and 

S+ is the dye molecule in oxidized state.  
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3.6 Electrical characterization 

The electrical resistivity of a material quantifies the magnitude of opposition that material 

offers to the flow of electricity. If electricity can flow with ease via a material, that material 

has low resistivity. If electricity finds it excessive difficult to flow via a material, that 

material possesses high resistivity (Valdes and Member, 1954). Electrical resistivity is a 

vital physical property of all materials. It is always essential to precisely measure the 

resistivity of any given material. The electrical resistivity of varying materials at room 

temperature can differ by over 20 orders of magnitude. Electrical conductivity is defined 

as the reciprocal of the resistivity. That is to say, high resistivity means low conductivity, 

and a low resistivity means high conductivity for that material. Figure 3.10 shows a simple 

model of electricity flowing through a material under applied voltage.  The white circle 

represents an electron which moves from left to right through the material. The black solid 

circles are the stationary atoms of the material. Electrical resistivity is caused by the 

constant collisions between the two. 

 

 

Figure 3.10: Simple model of electricity flowing through a material under an applied 

voltage (Valdes and Member 1954).  

 

At microscopic level, electricity is the movement of electrons through a material. There are 

actually many of them going round simultaneously but one is used for ease of explanation. 

The electron moves from the left side of the material to the right side due to an external 

force which is normally an applied voltage (denoted by the plus and minus signs). The 

electron collides with the “stationary” atoms as it continues moving through the material. 
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These several collisions tend to slow down the electron. The number of collisions between 

electron and atoms vary with materials. A material that produces more collisions is highly 

resistive and that which produces less collisions is a low-resistivity material. Temperature 

greatly influences the resistivity of a material.  

 

The sheet resistance of thin films are computed by several models and equations. The 

model shown in figure 3.11 is employed in computing the resistivity of a semi-infinite 

sample of a semiconductor material. 

 

Figure 3.11: Model for the four point probe resistivity measurement (Valdes and Member, 

1954) 
 

The resistivity is computed as (Valdes and Member, 1954) 
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                                                                 (3.13) 

where, V is the floating potential between the inner probes in volts, I is current through the 

outer pair of probes in amps, S1, S2, S3 are the point spacing in cm and ρ is resistivity in 

ohm-cm. 

when S1 = S2 = S3 = S equation (3.13) becomes 
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Since conductivity is the inverse of resistivity, 




1
                                                                                                               (3.15) 

where, σ is conductivity of the material measured in Siemens or Ω-1cm-1
 

Equation (3.14) represents the resistivity of a sheet of material. In case of a thick film, 

resistivity is given thus: 

tRs                                                                                                           (3.16)    

where, Rs is sheet resistance and t is the film thickness.  
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Combining (3.16) and (3.17),  

t
I

V
 53.4                                                                                                   (3.18)  

 

3.7 Optical characterization 

In this section, we discuss optical properties of semiconductor thin films. These properties 

include absorption, reflectivity, transmittance, band gap, extinction coefficient and 

refractive index. Information about these properties are critical in the choice of materials 

for solar cells. 

 

3.7.1 Transmittance and reflectance 

The optical behavior of a material is used to obtain its optical constants such as refractive 

index n and extinction coefficient, k. Reflection is the process whereby electromagnetic 

radiation is reverted at the boundary between two media known as surface reflection or at 

the inner part of a medium known as volume reflection, whereas transmission is the passage 

of electromagnetic radiation via a medium. The two processes can be accompanied 

by scattering, which is the process of rebounding a unidirectional beam into diverse 

directions. In this situation, scattering is either referred to as diffuse reflection or as diffuse 

transmission. When no diffusion occurs, reflection or transmission of a unidirectional beam 

results in a unidirectional beam according to the laws of geometrical optics (Figure 3.12). 
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In this situation, they are either regular reflection or transmission. The frequency of 

radiation remains the same whether it is reflection, transmission or scattering that occurs.  

 

Reflectance and transmittance can be employed to define the optical properties of 

materials. The quantities are applicable to either complex radiation or to monochromatic 

radiation.The optical properties of materials are not a constant for the reason that they 

depend on many parameters which include: thickness of sample, surface conditions, angle 

of incidence, temperature, polarization effects and spectral composition of the radiation. 

 

Figure 3.12: A typical transmission and reflection of a unidirectional beam (Weisstein, 

2017) 

 

The transmittance and reflectance spectra of thin films can be measured by UV-Vis 

spectrophotometer to the variation of these spectra with wavelengths. Transmittance 

provides information on how much light intensity gets to the semiconductor and dye. 

Reflectance on the other shows how much light intensity is reverted back from the thin 

films. The transmittance of a thin film is given (Yakuphanoglu et. al., 2004) 

deRR  2)1(                                                                                                (3.19) 

where, T is transmittance, R is reflectance, d is the film thickness and α is absorption 

coefficient. 
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However, at shorter wavelengths near the optical band gap, the scattering losses are 

dominated by the fundamental absorption and the following relation is often used (Mardare 

et. al., 2000) 
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The reflectance R, the refractive index n, and the extinction coefficient k of crystalline 

solids are related through the relations (Aksay and Altıokka, 2007): 
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Solving for n in (3.21), 
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3.7.2 Absorption 

The best direct and probably the simplest technique for probing the band structure of 

semiconductors is to measure the absorption spectrum. In the process of absorption, a 

photon of a known energy excites an electron from a lower to a higher energy state. 

Therefore, by introducing a piece of semiconductor at the output of a monochromator and 

investigating the variations in the transmitted radiation, the possible transitions of an 

electron and its distribution of states can be understood. Absorption is expressed in terms 

of a coefficient α(hυ) which is defined as the relative rate of decrease in light intensity 

L(hυ) along its propagation path (Pankove, 1990): 
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where h is Planck’s constant, ν is frequency and x is the propagation path length. 

 

3.7.3 Allowed and forbidden transitions 

Take the case of absorption transitions between two direct valleys where all the momentum 

conserving transitions are allowed (figure. 3.13), which means the probability of transition; 
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Pi does not depend on the photon energy. In such a situation, each initial state at Ei is 

associated with final state at Ef,, thus (Pankove, 1990): 

if EhvE                                                                                                     (3.25) 

 

Figure 3.13: Absorption transitions between two direct valleys that are allowed (Pankove, 

1990) 

 

Substituting for band gap, Eg and solving equation 3.25 
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Adding the two preceding equations and substituting hν for Ef-Ei,  
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The density of directly associated states can thus be estimated: 
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where, mr is known as the reduced mass expressed as 
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Hence the absorption coefficient is 

2/1)()( gEhvAhv                                                                                     (3.31) 

where A* is given by: 
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Figure 3.14 shows the direct band gap of TiO2 thin film obtained by the application of 

equation 3.26 known as Tauc’s equation and figure 3.15 is the case of an indirect band gap 

also obtained from same equation. 

 

 

Figure 3.14: Plot of (αhv)2 against (hv) for the estimation of the direct gap energy value 

(Ghrairi and Bouaicha, 2012).  
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Figure 3.15: Plot of (αhv)1/2 against (hv) for the estimation of the indirect gap energy value 

(Ghrairi and Bouaicha, 2012). 

 

However, in some materials, quantum selection rules forbid direct transitions at k=0 but 

allow them at k ≠ 0 the probability of transition increases with k. In the model shown in 

Figure 3.14 it shows that the probability of transition increases directly to (hv-Eg)
1/2. For 

the reason that the density of states linked in direct transitions is related to (hv-Eg), the 

absorption coefficient has the following spectral dependence (Pankove, 1990): 

2/3)()( gEhvAhv                                                                                      (3.33)    
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3.8 Characterization methods 

3.8.1 X-ray diffraction (XRD) 

X-rays are electromagnetic radiation of high energy, ranging from about 200 eV to 1 MeV.  

The production of X-rays takes place in an x-ray tube comprising two electrodes in a 
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vacuum chamber. An incident electron with a sufficient energy ejects an inner-shell 

electron, the atom is left in an excited state but with a hole instead in the electron shell. In 

an event that the hole is filled from an outer shell, an x-ray photon whose energy is 

equivalent to the difference in the electron energy levels is produced. This energy is 

characteristic of the target material and is exhibited in form of high intensity peaks which 

are used for diffraction analysis. These x-rays when focused on a material, get scattered by 

the atoms in specific directions according to Bragg’s law given by (Suryanarayana and 

Norton, 1998), 

 sin2 hklnd                                                                                                 (3.35)  

where λ is the wavelength of the x-rays, dhkl  is the inter-planar spacing of the crystal and θ 

is the angle of incidence. 

 

Equation (3.30) is employed in the analysis of the diffraction patterns of samples and 

therefore applied for the identification of elements and crystal orientation. The diffraction 

pattern of the sample is obtained by the plot of peak intensities against measured diffraction 

angle (2θ) on y and x axes respectively. The diffraction pattern has a series of peaks that 

correspond to x-rays diffracted from a specific set of planes in the specimen. The pattern 

is usually determined by the powder diffraction file (PDF) standard from the reference 

library for Barium Titanate (Remmel et. al., 1999). The peaks positions are influenced by 

the crystal structure (shape and size of the unit cell) of the sample material that facilitates 

the determination of structure and lattice parameter of the material. In real sense, the actual 

patterns differ slightly from the standard due to the peak broadening as a result of the size 

of the crystal and the overlapping of peaks. 

 

In addition to identifying peaks, XRD provides information about the crystal sizes of the 

samples. Scherrer’s formula given by Suryanarayana and Norton, (1998) is used to 

calculate crystal sizes of the samples. 
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where k is the Scherrer’s constant (0.89) which is the ratio of the full width at half 

maximum (FWHM) and integral breadth, Si is the instrument broadening (assumed to be 

0), λ represents the wavelength of the incident radiation (1.54Å for the instrument used). 

 

3.8.2 Current-voltage characterization 

Solar energy is made of an electromagnetic spectrum of wavelengths stretching ultraviolet 

(UV), visible and infrared regions. From the theory of blackbody radiation, the energy 

density per wavelength,  
𝑑𝑒𝑟

𝑑𝜆
 can be written as a function of wavelength (λ) as (Wüfel, 2005) 
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where dΩ is a solid angle element, c is velocity of light within the medium, kB is 

Boltzmann’s constant and h is Plank’s constant. Maximum density per wavelength is 

obtained from taking the square and equating to zero, der/dλ. Thus, 
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The power density at the sun’s surface is 62 MWm-2 but reaches just outside the earth’s 

atmosphere as 1353 Wm-2. As it passes through the atmosphere, the spectrum is somewhat 

absorbed by atmospheric components (that is, oxygen, Ozone, water vapor, carbon dioxide 

and methane). This attenuation is described by the ‘Air Mass’ (AM) factor since the 

absorption is directly proportional to the mass of air through which radiation passes. AM 

is given as l/lo where lo represents thickness of the atmosphere, l is the path length through 

which the radiation passes at an incident angle α with respect to the earth’s surface normal. 

Thus l is expressed as, 

 

cosoll                                                                                                         (3.39) 
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AM0 is the spectrum outside the atmosphere and AM1 is that on the earth’s surface for 

perpendicular incidence. The standard spectrum for moderate weather is AM 1.5, which 

matches a solar incident angle of 48° with respect to the surface normal, thereby resulting 

to an average irradiance of 1000Wm-2. 

 

Current-voltage (l-V) measurement defines the I-V response of the solar cell device, i.e., I-

V characteristics of the device ranging from the dark to under diverse light intensities. In 

the dark, the solar cell device exhibits the properties of an ideal diode in which the applied 

voltage (known as bias voltage) on the device produces current in the opposite direction 

with respect to light generated current. This kind of current is known as dark current and 

is expressed by (Sze, 1981),  

 

)1( /  kTeV

sdark eII                                                                                          (3.40) 

 

where Is is the saturation current, V is the applied voltage and e is the elementary charge. 

Under irradiation, the I-V characteristics are of the form: 
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where Iph is the photo-generated current and VT is the thermal voltage (kBT/e). 

In the case of real devices, the ideality factor m is employed to define the reliance of dark 

current on voltage, hence the equation (Nelson, 2003), 
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Equation 3.42 can be achieved experimentally by the plot of photocurrent against applied 

bias to give a typical curve referred to as the current- voltage (I-V) characteristics curve 

(Figure 3.16). Essential parameters of a cell namely open circuit voltage (Voc), short circuit 



51 
 

current (Isc), fill factor (FF) and the total power conversion efficiency can be deduced from 

the I-V curve. 

 

 

Figure 3.16: A typical I-V curve showing variation of current with voltage and 

corresponding power curve (Nelson, 2010). 

 

3.8.2.1 Open-circuit voltage (Voc) 

Measurement of Voc is carried out under an open circuit condition (infinite external load 

and zero power). External current does not flow between the two terminals in this 

circumstance, i.e. I=0 and V=Voc. Hence, Voc is derived from equation (3.41) by ( Nelson, 

2003), 
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Equation (3.43b) shows that the value of Voc increases logarithmically with photogenerated 

current and light intensity. 
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3.8.2.2 Short-circuit current (Isc) 

Short-circuit current (Isc) is obtained when the applied voltage is zero, that is., the circuit 

is shorted, and the external load and power are equal to zero. In this case, equation (3.43a) 

becomes 

phsc II                                                                                                             (3.44) 

This shows, Isc increases linearly with light intensity. 

3.8.2.3 Fill factor (FF) 

The product of photocurrent and the applied voltage gives the output power of the solar 

cell device. Output power is zero when I=Isc and V=Voc, which is the situation whereby no 

external work can be done. In between short circuit and open circuit, at some potential, a 

maximum output power (Pmax), shows up as seen in figure (3.16). This is the point at which 

the device delivers the maximum power output with the voltage, Vmp and the current Imp. 
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FF is defined as follows: 
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which expresses the way the maximum power rectangle fits under the I-V curve. 

Combining (3.40) and (3.41) produces an approximation for FF as in equation (3.37) 
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Fill factor values for DSSC are commonly within the range of 0.5 to 0.8 depending on the 

device. The series resistance (Rs) arising from the internal resistance and resistive contacts 

of the cell plays a vital role on FF and so also, shunt resistance (Rsh) due to the leakage of 

current. An equivalent circuit for a solar cell illustrating Rs and Rsh is displayed in figure 

3.17. 
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Figure 3.17: An equivalent circuit for a solar cell showing the series (Rs) and shunt (Rsh) 

resistances (Sze, 1981) 
 

3.8.2.4 Solar-to-electric power conversion efficiency (η) 

The conversion efficiency (η) describes the overall performance of the device and is 

defined as the ratio of the maximum power (Pmax) to the power of incident radiation (Pin). 

Mathematically, power conversion efficiency is given by 
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The standard test conditions at which Pin is usually include AM 1.5 spectrum illumination, 

incident power density of 100 mWcm-2 and at 298K. 

 

3.9 Electrochemical impedance spectroscopy 

It is known that the concept of electrical resistance is the ability of a circuit element to 

resist the flow of electrical current. Ohm's law in equation 3.49 defines resistance in terms 

of the ratio between voltage, E, and current, I. 
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           𝑅 =
𝐸

𝐼
                                                                                                               (3.49) 

Though is a known established relationship, its application its application is limited to only 

one circuit element which is the ideal resistor. An ideal resistor has several simplifying 

properties: 

1. It follows Ohm's Law at all current and voltage levels. 

2. Its resistance value is independent of frequency. 

3. AC current and voltage signals though a resistor are in phase with each other. 

 

However, the real world contains circuit elements that exhibit much more complex 

behavior. These elements force us to abandon the simple concept of resistance, and in its 

place we use impedance, a more general circuit parameter. Like resistance, impedance is a 

measure of the ability of a circuit to resist the flow of electrical current, but unlike 

resistance, it is not limited by the simplifying properties listed above. 

 

Electrochemical impedance is usually measured by applying an AC potential to an 

electrochemical cell and then measuring the current through the cell. Assume that we apply 

a sinusoidal potential excitation. The response to this potential is an AC current signal. 

This current signal can be analyzed as a sum of sinusoidal functions (a Fourier series). 

 

The excitation signal, expressed as a function of time, has the form 

              𝐸𝑡 = 𝐸𝑜sin (𝜔𝑡)                                                                                             (3.50) 
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Figure 3.18. Sinusoidal current response in a linear system (https://www.gamry.com) 

where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial 

frequency. The relationship between radial frequency ω (expressed in radians/second) and 

frequency f (expressed in hertz) is: 

            𝜔 = 2𝜋𝑓                                                                                                        (3.51) 

In a linear system, the response signal, It, is shifted in phase (Φ) and has a different 

amplitude than I0. 

            𝐼𝑡 = 𝐼𝑜sin (𝜔𝑡 + Ф)                                                                                         (3.52) 

An expression analogous to Ohm's Law allows us to calculate the impedance of the system 

as: 

            𝑍 =
𝐸𝑜

𝐼𝑡
=

𝐸𝑜sin (𝜔𝑡)

𝐼𝑜sin (𝜔𝑡+Ф)
                                                                                   (3.53) 
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CHAPTER FOUR 

EXPERIMENTAL METHODS 

 

4.1 Introduction 

In this chapter, appropriate experimental details of preparation of the device, 

characterization and analysis employed in this work are adequately described. Most of 

research work was conducted in the laboratories at the Department of Physics, University 

of Nairobi, Kenya except for the following: Scanning electron microscopy (SEM) of the 

films which was carried out at Helmholtz-Zentrum, Institute of Silicon Photovoltaic Berlin, 

Germany. Atomic Force Microscopy (AFM) and four point probe measurements were done 

at the Material Science and Engineering, Texas A & M University, College Station, USA 

and Solid state laboratory, Makarere University, Kampala, Uganda respectively; X-ray 

diffraction measurements were taken at the University of Botswana, Botswana. 

 

 The first section of this chapter, provides details of glass substrates, TiO2 and TiO2 + 

carbon black pastes, dyes, electrolytes and counter electrodes. The glass substrates 

acquired for Solaronix SA, Switzerland employed for the building of both photo and 

counter electrodes were 2.2 mm thick and had a 15 Ω/sq fluorine doped tin oxide coated 

on one side.  In addition, the procedure for the assemblage of the complete DSSC device 

is also explained. The second section deals with setups of spectroscopic methods such as 

XRD and SEM, AFM, UV-Vis spectroscopy, electrical measurements of films and cells’ 

current-voltage characterizations. Reagents and solvents used in this research were mainly 

of analytical grade and supplied by Sigma Aldrich unless stated otherwise. Ruthenium 

complex dyes, glass substrates, electrolytes, TiO2 pastes, sealants and gaskets were 

purchased from Solaronix SA, Switzerland. Carbon black was acquired from Alpha Aesar, 

Germany. The dye sensitized solar cells assembled to study current-voltage characteristics 

for porosity, electrolyte redox concentrations, double reflection and dyes had 13.5 μm film 

thickness and cell active area of 0.48 cm2 while those assembled to study film thickness 

with respect to photovoltaic performance had 3.21 μm, 8.23 μm, 13.52 μm and 18.93 μm 

average film thicknesses and cell active area of 0.48 cm2. 
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4.2 Samples preparation 

4.2.1 Preparation of mixed TiO2 and carbon black paste  

The materials for the preparation of this paste included TiO2 paste (Ti-Nanoxide T/SP) 

comprising anatase particles (15-20 nm), concentration (18 wt %), terpineol and organic 

binders from Solaronix SA, Switzerland. So also carbon black (100% compressed, 

acetylene) was acquired from Alfa Aesar, Germany. 

 

A 1.99 g of Ti-Nanoxide T/SP employed as control paste was diluted in 50 ml of absolute 

ethanol (analytical grade, 98% alcohol) and mixed with a magnetic stirrer bar for 30 

minutes. Subsequently, 0.01g of carbon black which represents 0.5 wt% of the desired past 

was added to the suspension and dispersed with the sonication horn of a digital sonifier 

(Branson Ultrasonics, China) to break any aggregates in the nanoparticles. It was sonicated 

in pulses (2s ON, 2s OFF) to avoid temperature elevation for 30 minutes at intervals of 6 

minutes and stirred for 5 minutes at each interval. The mixture was then transferred to a 

rotary evaporator at 80 0C, 100 mbar. The paste was again homogenized by a grinder after 

the ethanol was evaporated. This procedure was repeated for 1.0, 1.5, 2.0 and 3.0 wt % of 

carbon black making five mixed pastes of varying carbon black concentrations which were 

collected in preservation bottles and labelled appropriately. 

 

4.2.2 Thin film preparation 

TiO2 pastes (0, 0.5 1.0, 1.5, 2.0 and 3 wt% of carbon black) were employed to coat films 

on F:SnO2 conducting glass substrate by the method of screen printing. The screen printing 

mesh (63T, Silk screening print services Ltd, USA) had 20 mesh openings of size 6x8 mm 

that produced a total of 20 similar films at one coating. To coat subsequent layers, the 

coated film was dried in air for 10 minutes, transferred to a hot plate at 120 °C for five 

minutes and allowed to cool to room temperature then another coat applied until the desired 

number of coatings was attained. These films were then annealed in a tube furnace step 

wise at 500 °C for 30 minutes in air and let to cool to room temperature. The film 

thicknesses of study was performed by Alpha Step IQ surface profilometer (Tencor 

Instruments Inc, USA). The prepared films were either used for film thickness 

measurement, electrical characterisation, XRD, SEM, AFM and UV-Vis analysis or used 
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for the preparation of photoanode for the assemblage of a complete solar cell for I-V 

characterizations. 

 

4.2.3 Dye preparation 

A 0.5 mM ruthenium complex dye solution of prepared by dissolving 0.0297g of cis-

diisothiocynato-bis (2,2'-bipyridyl-4,4’-dicarboxylato) ruthenium(II) bis 

(tetrabutylammonium) (known in literature as N719) complex in 50 ml of 99.9 % 

ethanol. The dye solution was stirred for 2 hours with a magnetic bar stirrer and dispersed 

with sonification horn in pulses (2 s ON 2 s OFF) for 2 hours. The above procedure was 

repeated with 0.0341g of triisothiocynato-(2, 2’:6’, 6’’-terpyridyl-4, 4’, 4’’-

tricarboxylato) ruthenium (II) tris(tetra-butylammonium) complex (known in literature as 

N749) to produce 0.5 mM solution of dye. The resulting dye solutions were drained into 

preservation bottles and kept in a cool dark place awaiting electrode dye sensitization. 

 

4.2.4 Dye characterization 

In this procedure, the absorption capacity of the dye solution used in this work were 

determined. Thes dyes used were N719 and N749 (black dyes). Absorption characteristics 

were studied using UV-Vis spectrophotometer at wavelengths 300 nm to 950 nm. The 

absorption characteristics were recorded for 0.5 mM solution of both N719 and N749, and 

also for photoelectrodes sensitized with each of the dyes. An empty cuvette was used as a 

reference for investigation on dyes in solution whereas unsensitized TiO2 thin film was 

employed as reference for the dye sensitized film. In both situations the respective spectra 

recorded were the results of the differences between the spectra of the reference and the 

measured samples. 

 

4.2.5 Preparation of counter-electrode 

In the preparation of cathode electrodes, pre-drilled fluorine doped tin oxide conducting 

glass substrates were cut into the size of 2 cm x 2 cm and cleaned in the ultrasonic bath 

using ethanol, acetone and water for 20 minutes each in that order. After cleaning, the glass 

substrates were dried in dry and clean air for 1 hour at room temperature. Platinum (Platisol 

T/SP acquired from Solaronix SA, Switzerland) was coated on the conducting side of the 
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glass substrate and heated in a tube furnace for 30 minutes at a temperature of 450 °C. The 

counter electrodes were then cooled in dry and clean air before use. 

 

4.2.6 Complete solar cell assembly 

Figure 4.1 illustrates the assembling of a dye sensitized solar cell. In the first part of this 

exercise, the photoanode was prepared as follows: TiO2 coated films sintered in tube 

furnace were let to cool to 80 °C  then dipped in ruthenium dye complexes (N719 or N749) 

that was at room temperature, for 24 hours. The dye sensitized films were subsequently 

rinsed in ethanol to eliminate any excess dye and dried on a hot plate for 5 minutes at 70 

oC.  

 

 

Figure 4.1:  Fabrication process of complete DSSC unit cell (Cho et. al., 2013) 
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It was followed by fusing the photoelectrode together with the counter electrode in 

sandwich manner using 60 μm thick thermoplastic sealing film made of surlyn (Solaronix, 

Switzerland) by heating on a hot plate while applying mechanical pressure at a temperature 

of 100 0C. The iodide/tri-iodide electrolyte, that is, iodolyte HI-30 (0.03 moldm-3), iodolyte 

Z-100 (0.10 moldm-3) or iodolyte Z-150 (0.15 moldm-3) was dropped onto the hole in the 

counter electrodes and injected into the cells by vacuum backfilling with the aid of a 

vac’n’fill syringe. The cell was thoroughly wiped to remove excess electrolyte and finally, 

the holes in the counter electrodes were sealed using Surlyn and a microscope cover glass. 

 

4.3 Thin film characterization 

4.3.1 UV-vis spectroscopy 

The ultraviolet-visible (UV-Vis) transmittance, reflectance and absorbance spectra of the 

TiO2 (with or without carbon black) thin films were studied using Shimadzu UV-Vis-NIR 

double beam Spectrophotometer (SolidSpec-3700/3700DUV, Japan, Inc.). All the 

measurements were recorded at the wavelengths range of 300 nm and 900 nm. 

 

In the first instance, transmittance, reflectance and absorbance of samples were determined 

at varying film thicknesses (3.21, 8.23, 13.52 and 18.93 μm). Subsequently, the film 

thickness was kept constant at 3.2 μm and these measurements were repeated for samples 

with 0, 0.5, 1.0, 1.5, 2.0 and 3.0 wt% of carbon black. In each case the empty FTO/glass 

was used as reference which means that the spectra recorded were the resultant difference 

between the spectra of the samples and that of the empty FTO/glass. 

 

4.3.2 Scanning Electron Microscopy (SEM) 

The morphological characteristics of the films were studied by the HITACHI S-4100 

Scanning Electron Microscope (SEM) with cold field emission gun which allows the 

investigation of structure and morphology of conductor, semiconductor and insulator 

materials without application of a conducting surface coatings. It was achieved with 

Gemini column at 5kV electron source. The SEM micrographs were taken using a CCD 

(charged coupled device) camera interfaced to a computer. Varying micrographs of 
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samples with different carbon black concentrations (0, 0.5, 1.0, 1.5, 2.0 and 3.0 wt%) were 

taken at a magnification of X 30000 for top view images. 

 

4.3.3 Atomic force microscopy (AFM) 

The surface microstructural features of the films were characterized using Multimode 8-

HR Atomic Force Microscopy/Scanning Tunneling Microscopy (AFM/STM) in taping 

mode. Films of varying carbon black concentrations (0, 0.5 1.0, 1.5, 2.0, 3.0 wt%) were 

subjected to this measurements. 

 

4.3.4 X-ray diffraction (XRD) 

X-ray diffraction was obtained by means of Siemens D5000 Diffractometer (Bruker AXS 

GmbH, Germany) with 0-20 parallel beam geometry. The theta, 2θ range was from 10° to 

80° with detector type of scan at a scan speed of 0.6°/min and step size of 0.01°. The stage 

was set to rotate at 15 rotations per minute. XRD peak references were obtained from 

International Centre for Diffraction Data, USA. 

 

4.3.5 Electrical measurements of films for studying resistivity and conductivity 

The current-voltage characteristics of the films were determined using Jandel RM3-AR 4-

Point Probe. The RM3-AR is a combined constant current source and digital voltmeter. It 

measures resistivity in combination with four point probe equipment. The unit supplies a 

constant current and displays either the resultant voltage or the sheet resistance of the 

sample in ohms/square, depending which function has been chosen. In this measurement, 

we selected the ‘High’ button which put the unit in high resolution mode. This was the 

most desirable settings for high accuracy as it enabled voltages between 0 mV to 150 mV 

to be measured. A keypad was selected to input a desired constant current in 1 mA to the 

probe and the resultant sheet resistance in ohms/squares of sample was being displayed. 

The sheet resistance was displayed because ohms/square button was preferably selected. 

The procedure was repeated for samples with different film thicknesses (3.21, 8.23, 13.52 

and 18.93 μm) and so also samples with different carbon black concentrations (0, 0.5, 1.0, 

1.5, 2.0 and 3.0 wt%).  
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4.4 Solar cell characterization 

4.4.1 Current-voltage characterization of complete solar cell 

Current-voltage (I-V) characteristics were obtained using a set-up which consists of a 500 

W xenon lamp, a solar simulator model SS (Science tech, Canada) equipped with a 1.5 AM 

G filter interphased with a Kethley, 2400 (Keithly Inc, USA) source meter controlled by a 

computer interface. The measurements were carried out under the intensity of 100 mW cm-

2 (equivalent to one sun at AM 1.5) at the surface of the solar cell. All the solar cells 

characterized in this work had an active area of 0.48 cm2. A mask was placed on the solar 

cell sample to ensure that only the solar cell’s active area was exposed to illumination. The 

current-voltage characteristics under these conditions were obtained by applying an 

external potential bias to the cell and measuring the generated current with a Keithley 2400 

digital source meter (Keithley, USA). 

 

The solar cell’s working electrode (cathode) and counter electrode (anode) were connected 

to the negative and positive terminals of the source meter respectively, then to the computer 

via GPIB interface. The bias was from short circuit to open circuit and was obtained 

automatically using a LabVIEW software. From the data, an I-V curve was plotted in real 

time and the parameters Voc, Isc, FF and Pmax were computed, displayed and saved 

automatically as a notepad file. I-V characteristics for dye sensitized solar cells at film 

thicknesses of 3.21, 8.23, 13.52 and 18.93 μm were recorded. I-V characteristics for solar 

cells sensitized with N719 and N749 were compared using films of thickness 13.5 μm. For 

porosity dependent I-V characteristics, I-V was recorded for solar cells with films of 0, 0.5, 

1.0, 1.5, 2.0 and 3.0 wt% carbon black concentrations. In the case of redox concentration 

dependent I-V, solar cells with electrolyte concentrations of 0.03, 0.1 and 0.15 mol dm-3 

were measured. The effect of double illumination on the cell’s active was also studied by 

employing a 6 cm x 6 cm mirror at the back of a Pt counter electrode of the cell. 

 

4.4.2 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectroscopy measurement set up is illustrated in figure 

4.2. Impedances of DSSC at varying film thickness (3.21, 8.23, 15.52 and 18.93 µm) were 

determined using AUTOLAB Potentionstat, PGSTAT204 (Metrohm, SA). The 
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AUTOLAB coupled with an LED was connected to a computer interface with the aid of a 

GIPB interface. Impedance and frequency were obtained automatically using a software 

NOVA 1.10.  

 

Figure 4.2: Schematic Diagram of Electrochemical Impedance Spectroscopy Set Up 
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CHAPTER FIVE 

RESULTS AND DISCUSSIONS 

5.1 Introduction 

This chapter deals with the analysis and discussions of the optical (UV-Vis) characteristics 

of TiO2 photoelectrodes coated by screen printing method. The electrical characteristics of 

the films at varying film thickness and pores size were also critically analyzed and 

discussed. The other part of this chapter is where the XRD characteristics of the thin films 

are analyzed and discussed. This is followed by analyzing the results from the 

morphological (SEM and AFM) characteristics of the TiO2 thin films (with and without 

carbon black). The last and concluding part of this chapter analyzed and discussed the I-V 

characteristics of the solar cells. Dye sensitized solar cells with varying carbon black 

concentrations, film thicknesses, electrolyte redox concentrations and ruthenium dyes are 

analyzed and compared. 

 

5.2 Optical Characterization 

5.2.1 Effect of film thickness on the transmittance of TiO2 films 

The transmittance spectra of screen printed TiO2 thin films at varying film thicknesses is 

presented in figure 5.1. Samples generally showed high transparency in the visible region, 

slight decrease in the IR and sharp fall in the UV.  Transmittance dropped with increase in 

film thickness. At 600 nm, the transmission spectra had maximum average values 80%, 

74%, 70% and 62% for the films of thicknesses of 3.21, 8.23, 13.52 and 18.93 µm 

respectively. It could be for the reason that optical film density increases with increase in 

film thickness. Since there was the densification of films due to rise in thickness, passage 

of light was compromised thereby resulting to low transparency. In other words, the 

decrease in transmittance is due to enhanced absorption as result of increase in film 

thickness and the scattering effect originating from increased crystallite size (Malliga et. 

al., 2014). The transmittance of TiO2 thin films coated by spin coating within film thickness 

of 0.5 and 2.0 µm were also found to depend inversely on film thickness  (Kao et. al., 

2009). The results also show that the average increase in film thickness of 5.2 µm resulted 

to a corresponding average decrease of 5.3 % in transmittance. That is to say, on the 

average, every 5.2 µm rise in thickness blocked 5.3 % transmission of light. The maximum 
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transmittance values of these samples were obtained at the wavelength of about 400nm and 

absorption edge was found to be 300 nm.  
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Figure 5.1: UV-Vis transmittance versus wavelength spectra for screen printed TiO2 thin 

films at film thicknesses of 3.21, 8.23, 13.52 and 18.93 µm from 300-900 nm. 
 

Figure 5.2 shows how transmittance varied with film thickness varied at specific 

wavelengths of 600 and 850 nm. The selected wavelengths, 600 nm and 850 nm are in the 

visible and infrared respectively. It was observed that there was a drastic drop in 

transmittance at 600 nm as film thickness increased. This was however different in the near 

infra-red region of 850 nm as the drop was gentle and slow. More importantly, the 

transmittance values at 850 nm are lower compared to values at 600 nm. This may be 

attributed to the reason that the energy of photons at 850 nm were lower therefore 

penetration through the films become low. The films showed higher transparency in the 

visible compared to IR and UV. As observed in the figure 5.2, the transmittance for 3.21, 

8.23, 13.52 and 18.93 µm at 600 nm were found to be 78, 73, 68 and 57 % respectively. 

On the other hand, 3.21, 8.23, 15.52 and 18.93 had values of 73, 71, 68, and 60 % 

respectively at 850 nm. It can therefore be stated that in all the thicknesses apart from 18.93 
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µm, there was reduction in transmittance as wavelength increased from 600 nm to 850 nm. 

However, there was a 3 % rise in transmittance for the 18.93 µm film as wavelength 

increased from 600 nm to 850 nm. This can be considered to be within the allowed marginal 

error implying that there was no rise in transmittance. This is no doubt a characteristic 

property of films for application in DSSC. 
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Figure 5.2: Variation of transmittance spectra with film thickness at wavelengths of 600 

and 850 nm 

 

5.2.2 Effect of porosity on the transmittance of TiO2 thin films 

The transmittance spectra of screen printed TiO2 thin films at varying carbon black 

concentrations are shown in figure 5.3. For this particular study, film thickness of 3.2 µm 

was used to eliminate the effect of film thickness on the observations. UV-Vis 

transmittance of the films were determined at the wavelengths range of 300 and 900 nm. 

From the results, samples 0, 0.5 and 1.5 wt % showed high transparency in the visible 

region and decreased sharply at the UV region but dropped slowly towards the IR. The 

spectra have an average maximum value of 79% (0 wt %) in the visible. It was observed 

that as the weight percentage of carbon black increased, the light transmission decreased. 
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The film with the maximum weight percentage of carbon black (3 wt %) was the least 

transparent (39%). Carbon black increased the porosity of the films which in turn increased 

reflectance and absorbance of the films therefore, transmittance is reduced with increase 

porosity. 
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Figure 5.3: UV-Vis transmittance versus wavelength spectra of screen printed TiO2 thin 

films (3.21 µm) at varying carbon black concentrations (i.e. 0, 0.5, 1.0, 1.5, 2.0 and 3.0 

wt %) from 300-900 nm. 

 

Figure 5.4 shows the variation of transmittance spectra with carbon black concentrations 

at the wavelengths of 600 and 850 nm. The decline in transmittance with porosity at 600 

nm was found to be sharp but slow at 850 nm. However at higher porosity, the decline in 

transmittance of the films were slow and steady at both 600 and 850 nm. It could be because 

the porosity of films was very high that could allow for easy passage of photons regardless 

of the energy they possessed. Transmittance values of films as measured at 600 nm were 

found to be 78, 69, 57, 52, 16 and 13 % for 0, 0.5, 1.0, 1.5, 2.0 and 3.0 wt% respectively. 

At 850 nm in the IR, transmittance values for 0, 0.5, 1.0, 1.5, 2.0 and 3.0 wt% were recorded 
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as 73, 71, 64, 61, 31 and 26 % respectively. This shows higher transmittance in the visible 

especially for films of lower porosity.  
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Figure 5.4: Variation of transmittance with carbon black concentrations at wavelengths 

of 600 and 850 nm for TiO2 thin films (3.21µm) 

 

Furthermore, transmittance spectra of samples 2 wt % and 3wt % were relatively lower. 

Though the rise in porosity of films also contributed to the drop in their transmittances, the 

drastic drop could be due to residue of carbon black left behind because at those 

concentrations, 500 0C temperatures is not sufficient to completely burn out carbon black 

hence the light blockage. The obvious dark pigment seen in SEM micrograghs (figures 

5.21 (e) and (f) on page 89, confirms this observation. 

 

5.2.3 Effect of film thickness on the reflectance of TiO2 thin films 

The dependence of UV-Vis reflectance spectra on the thickness of TiO2 thin films is 

presented in figure 5.5. 
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Figure 5.5: UV-Vis reflectance versus wavelength spectra of bare TiO2 thin films for 

various thicknesses 

 

The films were observed to be relatively reflective. However, the reflectance was observed 

to rise with increase in film thickness in the visible though it remained invariant in the UV 

and IR. It is expected that reflectance is not affected by film thickness. However, in this 

case, reflectance was observed to increase with film thickness. The explanation is that 

unlike in plane reflection where it is a surface activity, in this case reflectance takes place 

across the entire cross-sectional area of the film, otherwise known as volume reflection. 

The increase in reflectance with film thickness could be attributed to increase in roughness. 

As previously reported (Kangarlou & Rafizadeh, 2012), surface roughness increases with 

the rise in film thickness. In their investigation where TiO2 films were deposited at varying 

thickness between 50 and 100 nm, it was found that surface roughness significantly 

increased with thickness due to bulk diffusion and coalescence. Generally, light is reflected 

back into TiO2 thin films as it irradiates into the photoelectrode. If the photoelectrode has 

a strong scattering ability, much more light is reflected back. The increased surface 
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roughness in this case could be responsible for the enhanced scattering ability and hence 

higher reflection.  

The variation of reflectance with film thickness at wavelengths of 400 and 800 nm is 

presented in figure 5.6.  
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Figure 5.6: Variation of reflectance with film thickness at the wavelengths of 400 and 800 

nm.  

 

It was observed that the reflectance spectra rose to their maximum values at 400 nm and 

dropped rapidly at 800 nm. The films of thicknesses 3.21 μm 8.23 μm, 13.52 μm and 18.93 

µm had reflectance values of 15 %, 16 %, 21 % and 26 %, respectively at 400 nm and 9, 

9, 9 and 11% at 800 nm, respectively. Reflectance was higher in the visible than in the IR. 

The explanation is that photons are reflected into the films thereby raising the absorption 

of more photons.  

 

5.2.4 Effect of porosity on UV-vis reflectance of TiO2 thin films 

The reflectance spectra of TiO2 films at different carbon black concentrations is presented 

in figure 5.7.  
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Figure 5.7: Variations of reflectance with wavelength spectra for TiO2 thin films (3.21 

µm) with varying wt % carbon black concentrations (0, 0.5, 1.0, 1.5, 2.0 and 3.0 wt %). 

 

The carbon weighted films possessed relatively high reflectance spectra compared to bare 

TiO2 thin film (0 wt %). There was an observed overall rise in reflectance with increase in 

carbon black concentration. However, the rise was more pronounced at lower wavelengths 

than in the IR. The rise in reflectance is a result of multiple lights scattering by the artificial 

pores created. The results show that the bare films exhibited a comparatively smaller 

porosity than that of carbon black TiO2 films and that carbon black TiO2 films enhanced 

the light reflection capacity of the photoelectrode TiO2 thin films. The increased reflectance 

due to higher porosity has also been reported in TiO2 films with acetylene black  (Cho et. 

al., 2013). The variation of reflectance with carbon black concentrations at the wavelengths 

of 400 and 800 nm is displayed in figure 5.8. 
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Figure 5.8: Variation of the reflectance with wt % of carbon black concentrations for TiO2 

thin films (3.21 µm) with carbon black concentrations at wavelengths of 400 and 800 nm. 
 

The results show a sharp contrast of reflectance values at 400 and 800 nm. There is higher 

reflectance at 400 nm than at 800 nm. Films with carbon concentrations of 0, 0.5, 1.0, 1.5, 

2.0 and 3.0 wt% had values of approximately 15, 16, 18, 22, 26 and 23 % respectively at 

400 nm and 9, 9, 9, 10, 11 and 12 % respectively at 800 nm. There was an abnormal drop 

in reflectance for 3 wt% in the visible which could be due to impurity in the paste in the 

course of coating. This explains the peak at 2 % for reflectance at 400 nm (figure 5.8) 

5.2.5 Effect of film thickness on the UV-vis absorbance of TiO2 thin films  

Figure 5.9 shows the absorbance spectra versus wavelength of bare TiO2 thin films at 

varying film thickness. 
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Figure 5.9: Absorbance versus wavelength spectra of bare TiO2 thin films at different 

film thicknesses. 

 

 The spectra show an increasing absorbance with increasing film thickness in the visible. 

This trend is due to change in film density and light trapping. The thickest of the films 

(18.93 µm) was found to have the most absorbance. Other studies have established that the 

TiO2 film thickness should be about 10 μm for the optimal light-absorbing ability (Zhang 

et. al., 2014; Huang et. al., 2006). The enhancement of visible light absorption means the 

increase in the light- harvesting capability of the electrodes. This finding is in agreement 

with the that earlier reported by Zhang’s group that absorbance directly depends on film 

thickness (Zhang et. al., 2014). 

 

In figure 5.10, the absorbance versus wavelength spectra of N719 dye sensitized TiO2 thin 

films at varying film thicknesses from 350 to 900 nm is presented. It was observed that all 

firms had relatively high absorbance compared to bare TiO2 films. In addition, the 

absorbance of the films became higher as the films got thicker. It is for this reason that 

thicker TiO2 films enhance higher adsorption of N719 through the TiO2/N719 layers (Kao 
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et. al., 2009). The surface area of films increases with rise in film thickness, and the larger 

the surface area, the more the anchoring sites for the N719 dye molecules. Therefore, the 

more the N719 molecules are adsorbed, the more photons of light are absorbed. 

300 400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A
b

so
rb

a
n

c
e
 (

a
.u

)

Wavelength (nm)

18.93 m

13.52 m

8.23 m
3.21 m

 
 

Figure 5.10: Absorbance versus wavelength spectra for N719 dye sensitized TiO2 thin 

films at varying film thickness. 

 

The variation of absorbance with wavelength for dye sensitized TiO2 thin films at 

thicknesses of 400 and 800 nm is presented in figure 5.11. The results show higher 

absorbance in the visible (400 nm) than in the IR (800 nm). Films of thicknesses 3.21, 8.23, 

13.52 and 18.93 µm had absorbance values of 0.28, 0.36, 0.39 and 0.44, respectively at 

400 nm while the same films had 0, 0, 0.01 and 0.06, respectively at 800 nm. It was 

observed that there was almost no absorbance at 800 nm whereas significant absorbance 

was observed in the visible. 
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Figure 5.11: Variation of absorbance with film thickness for N719 dye sensitized TiO2 

films at 400 and 800 nm 

 

5.2.6 Effect of porosity on the UV-vis absorbance of TiO2 thin films 

The absorption spectra of TiO2 thin films at varying carbon black concentrations is 

presented in figure 5.12. At both 400 and 800 nm, absorption increased with film thickness 

and the films absorbed more at 400 nm. The step wise drops observed at 720 nm is a result 

of the change in detectors of the spectrophotometer. Though the absorbance spectra were 

generally low, it can be observed that bare TiO2 thin film had the least absorbance. The 

absorbance of the films increased with increase in wt % carbon black (that is porosity). As 

the pores increased, absorbance increased due to increase in optical path length, optical 

light confinement, or light trapping (Cho et. al., 2013). On a general note, light is reflected 

through TiO2 films when it irradiates into the photo-electrode. If the photo-electrode 

possesses strong scattering capacity, a lot more of light intensity is reflected back to the 

inner TiO2 photo-electrode, which improves the quantity of light absorbed by the films. 

These observations are in agreement with previous investigations (Cho et. al., 2013;  Pham 

et. al., 2012) where pores were created for enhancing light absorbance in TiO2 thin films. 
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It was found that the absorbance 0 wt% film rose abnormally above all other spectra in the 

UV. This was not expected from bare TiO2 films therefore it could be the presence of some 

impurities in the course of processing the films. 
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Figure 5.12: Absorbance versus wavelength spectra for TiO2 thin films (3.21µm) at 

varying carbon black concentrations. 

 

5.2.7 Effect of dye-sensitization on the UV-vis absorbance of TiO2 thin films 

The absorbance of bare TiO2, N719 sensitized and N749 sensitized 13.5 µm TiO2 thin films 

is presented in figure 5.13. An absorption edge of 300 nm was recorded showing the highest 

absorbance values in all the films. It was found that TiO2 had a relatively low absorbance. 

N719 dye showed high absorbance between 300 and 700 nm but dropped beyond this range 

to the same value exhibited by TiO2. In the case of N749, the high absorbance value 

extended up to 850 nm showing N749 absorbs photons within the UV, visible and IR 

whereas N719 absorbs photons only within UV and the visible. This is to say the black dye 

absorbs photons within a wider range of wavelengths compared to N719. However, N719 

has a higher absorbance value between 300 and 600 nm then dropped below N749 between 

600 and 850 nm. The behavior reveals that N719 is a better absorber in the visible which 
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is ideal for PV applications. Though N749 is wider range absorber, its absorbing ability in 

the visible is not as good as N719 therefore making it inferior to N719 in the area of DSSC. 

It was also observed that between 850 and 900 nm, all the films had the same absorbance. 
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Figure 5.13: Absorbance versus wavelength spectra of bare TiO2, N719 sensitized and 

N749 sensitized TiO2 thin films (13.5 µm)  
 

5.2.8 Effect of film thickness on the refractive index of TiO2 thin films 

The refractive index of TiO2 thin films at different film thickness is presented in figure 

5.14. In this study, optimum film of thickness, 13.5 µm was maintained.  The results show 

films of generally high refractive index within the visible. The values of refractive index 

decreased with the rise in wavelengths. These values show that the thin films are absorbing 

in the studied region. This trend is similar to observations already reported in the literatures 

(Yakuphanoglu et. al., 2004; Aksay & Altiokka, 2007). From the figure, refractive index 

increased with increase in film thickness. Films with thickness 3.21, 8.23, 13.52 and 18.93 

µm had refractive indices of 1.38, 1.41, 1.55 and 1.69 respectively at the wavelength of 

380 nm.  

 

The increase in the refractive indices is partially attributed to the structural inhomogeneity 

of TiO2 film. The deposited TiO2 thin film can be seen as a composite layer consisting of 
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air and TiO2 granule and the volume ratio of air in the composite layer decreases with 

increase in film thickness (Xu et. al., 2013). Therefore the thicker layer, the more compact 

and dense, resulting in the increase in refractive index of the thin film. From Snell’s law, 

refractive index is the ratio of the sine of the angle incidence to the sine of the angle of 

refraction and denser materials have higher refractive for their smaller angle of refraction.  
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Figure 5.14: Refractive index versus wavelength for TiO2 thin films at different 

thicknesses obtained from MATLAB model. 
 

The dependence of refractive index with film thickness at wavelengths of 400, 500, 600, 

700 and 800 nm is shown in table 5.1. The results show that at 400 and 500 nm, the 

refractive index were generally high and increased as the films got thicker. However, at 

600, 700 and 800 nm, there was a drastic drop in their values and they remained unchanged 

even as films became thicker except for 18.93 µm. This could be attributable to the lower 

energy at longer wavelengths. Since the radiation at this wavelength has got very low 

energy the deviation of the rays became small despite the increased film thickness. The 

high refractive index of the films in the visible (400 and 500 nm) shows that they are good 

for DSSC applications. 
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Table 5.1: Dependence of refractive index on film thickness at wavelengths of 400, 

500, 600, 700 and 800 nm   

 Refractive index, (n)  

Film thickness 

(µm) 

400 nm 500 nm 600 nm 700 nm 800 nm 

3.21 1.37 1.25 1.21 1.20 1.20 

8.23 1.39 1.26 1.21 1.20 1.20 

13.52 1.53 1.31 1.22 1.20 1.20 

18.93 1.68 1.45 1.30 1.26 1.25 

 

5.2.9 Effect of porosity on the refractive index of TiO2 thin films 

The refractive index of TiO2 thin films at varying wt % carbon black at the wavelength of 

350 and 800 is presented in figure 5.15. It can be seen that the films exhibited high 

refractive index especially at lower wavelengths and decreased with increasing 

wavelength. This trend has been reported in previous work (Yakuphanoglu et. al., 2004; 

Aksay & Altıokka, 2007) thereby validating these observations. The results show that 

refractive index increased with increase in porosity. That is, 0, 0.5, 1.0, 1.5, 2.0 and 3.0 wt 

% TiO2 films had 1.38, 1.50, 1.58, 1.60, 1.70 and 1.62, respectively at the wavelength of 

380 nm. Since the films thickness was kept constant at 3.21 μm, the only variable in this 

case which was the porosity was responsible for the variation observed in the refractive 

index of the films. This is because the increase in porosity increases light scattering, delay 

in light path and light trapping (Cho et. al., 2013). This has an overall increase in the light 

absorption of the films.  
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Figure 5.15: Refractive index versus wavelength for TiO2 thin films at varying carbon 

black concentrations obtained from a MATLAB model. 

 

The refractive index of TiO2 thin films of different carbon black concentrations at specified 

wavelengths is presented in table 5.2. 

Table 5.2: Refractive index versus wavelength for TiO2 thin films (3.21 µm) of 

different carbon black concentrations at 400, 500, 600, 700 and 800 nm. 

 Refractive index, (n)  

Carbon black (wt 

%) 

400 nm 500 nm 600 nm 700 nm 800 nm 

0.0 1.35 1.24 1.22 1.24 1.21 

0.5 1.44 1.28 1.24 1.24 1.21 

1.0 1.53 1.33 1.27 1.26 1.23 

1.5 1.55 1.33 1.27 1.26 1.23 

2.0 1.70 1.44 1.37 1.32 1.25 

3.0 1.60 1.52 1.44 1.38 1.27 
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The results show higher refractive index in UV and visible than in the IR. In visible and 

UV, refractive index increased sharply and steadily with the rise in carbon black 

concentrations. However, refractive index remained invariable with increase in carbon 

black concentrations in the IR. Higher refractive index results to higher absorbance as a 

consequence reduced light transmission. In view of this, the higher refractive index 

observed in the visible due to rise in porosity is an indication of improved films for DSSC 

applications.  

 

5.2.10 Effect of film thickness on the estimated optical band gap of TiO2 thin films 

The dependence of optical band gap on the thickness of TiO2 thin films is presented in 

figure 5.16.  
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Figure 5.16: Variation of Estimated optical band gap with TiO2 film thickness 

 

The results show that the estimated optical band gap of films rose as the films became 

thicker. The increase of TiO2 optical band gap which might be the result of the change in 

film density and increasing crystal size could be attributed to the quantum confinement 
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limit of nanoparticles. It is observed that films of thicknesses 3.21, 8.23, 13.52 and 18.93 

µm had estimated optical band gaps of 3.49, 3.59, 3.70 and 3.81 eV respectively as 

presented in table 5.3. 

 

Table 5.3: Variation of estimated optical band gap of TiO2 with film thickness 

Film Thickness 

(µm) 

Estimated Optical Band Gap 

(eV) 

3.21 3.49 

8.23 3.59 

13.52 3.70 

18.93 3.81 

 

Though band gap is an intrinsic property of a material which ordinarily should not be 

affected by film thickness, the estimated optical band gap has been reported by several 

research groups to depend on film thickness. In the estimation of the optical band gap of 

films, absorption coefficient and film thickness are mutually dependent (Kittel, 1996). In 

the light of the foregoing, the estimated band gap of a thin film cannot remain unchanged 

with variation in any of them. The behavior observed in this study is similar to observations 

by Granqvist and group on TiO2 films studied by combined reflectance, transmittance 

spectra, and Forouhi-Bloomer (FB) method (Rodriguez et. al., 2000). A similar trend was 

observed with optical band gap of ZnO thin films (Miao et. al., 2007). More to that, 

investigations on annealing temperature dependence of TiO2 thin films on band gap also 

revealed that optical band gap increases as the films become thicker (Aksay & Altıokka, 

2007). In their study, film thickness was found to increase as the annealing temperature 

decreases. Contrary to this finding, another group had earlier reported the optical gap of 

TiO2 films to decrease as the films become thicker (Malliga et. al., 2014). However the 

thickness of their samples was less than 2 microns whereas in the present studies, thickness 

ranges between 3.21 and 18.93 µm. This difference might likely be responsible for these 

opposite observations. In table 5.4, the estimated optical band gaps of TiO2 was found to 

range from 3.49 to 3.81 eV. The values are high in comparison to the known theoretical 

band gap of 3.2 eV due to high film thickness.  However, Malliga and group have also 
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reported the estimated band gap of TiO2 to be between 3.50 and 3.92. On a positive note, 

films with higher band gaps for DSSC applications reduce recombination.   

 

5.2.11 Effect of porosity on the optical band gap of TiO2 thin films 

Figure 5.17 shows the optical band gaps of TiO2 thin films with different porosity. 
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Figure 5.17: Estimated optical band gaps of TiO2 thin films at varying wt % carbon black 
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The optical band gaps were obtained using the same procedure as discussed in sub-section 

5.2.10. As seen in figure 5.17, there was no significant change in the band gaps of samples 

as the porosity increased. It was found that porosity had no effect on band gaps as all the 

films despite their variations in porosity had a band gap of approximately 3.8 eV. 

 

5.3 Electrical Characterization 

5.3.1 Effect of thickness on resistivity and conductivity of TiO2 thin film 

The resistivity and conductivity of TiO2 thin films at different film thicknesses are 

presented in table 5.4. 

 

Table 5.4: Resistivity and conductivity dependence on film thickness of TiO2 thin 

films 

Film Thickness 

(µm) 

Resistivity 

(10-2 Ωcm) 

Conductivity 

(Siemen’s cm-1) 

3.21 3.39 29.4 

8.23 6.18 16.1 

13.52 13.53 7.3 

18.93 22.63 4.4 

 

The results in table 5.4 show that resistivity increased as the film thickness increased. This 

could be due to increase in collisions among electrons as they become more in number. 

The amount of electrons in a thin film is sometime influenced by the potential applied 

across the film or the quantity of the material deposited in a particular area. However, in 

this experiment, the potential was kept constant therefore, increase in thickness could be 

responsible for the rise in the number of electrons. The thicker the films, the more the 

electrons and hence the more the collisions which could result to increased resistivity. In 

addition, thicker films are likely to create longer transmission paths for electrons which 

could also result to more collisions. 

 

The relationship between resistivity and conductivity is given by equation (5.6) 




1
                                                                                                                 (5.1)    
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The values for conductivity are equally recorded in table 5.4.  It can be seen that 

conductivity of TiO2 thin films is the reciprocal of resistivity. Therefore, conductivity 

decreased as the film thickness rose. The values obtained for both conductivity and 

resistivity are plotted in figure 5.18 to give a better understanding and graphical 

demonstration of the dependence of the two variables on film thickness. 
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Figure 5.18: Resistivity and conductivity for TiO2 thin films of various thicknesses 

 

5.3.2 Effect of TiO2 thin film porosity on resistivity and conductivity 

The values of resistivity and their corresponding conductivity values for TiO2 films (3.21 

µm) at varying wt% carbon black are presented in table 5.5. The results show that resistivity 

increased with increase in porosity. On the other hand, conductivity decreased as the 

porosity of films increased. The artificial voids left the films with empty spaces occupied 

by carbon black before annealing. These voids tend to reduce electronic contacts among 

molecules of TiO2.  In this regard, as the porosity increased, the electronic contact among 

TiO2 molecules reduced, hence conductivity decreased.  
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Table 5.5: Resistivity and conductivity of TiO2 thin films (3.21 μm) with varying wt% 

carbon black 

Carbo black 

 (%) 

Resistivity 

(10-3 Ω.cm) 

Conductivity 

(Siemen’s.cm-1) 

0.5 2.60  384.61 

1.0 2.84  352.11 

1.5 9.67  103.41 

2.0 19.08  52.41 

3.0 28.33  35.29 

 

As earlier explained in equation (5.1), conductivity is the inverse of resistivity therefore, it 

is logical to state that the increase in resistivity is the result of decrease in conductivity. 

Resistivity and conductivity dependence on porosity are graphically presented in figure 

5.19. The results demonstrate clearly that conductivity and resistivity are inverses of each 

other. 
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Figure 5.19: Resistivity and conductivity of TiO2 thin films (3.21 µm) with different wt% 

of carbon black 
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5.4 Morphological and structural characterizations 

5.4.1 Morphological characterizations (SEM and AFM)  

Figure 2.20 shows the SEM images of TiO2 films incorporated with 0 and 1.5 wt% carbon 

black. The film with 0 wt% carbon black shows a film that is crack-free and without 

artificial voids whereas, 1.5 wt% film shows voids on the surface. These are artificial pores 

created by the decomposition of carbon black upon the annealing of the film at 500 oC. 

This is a confirmation that carbon black really decomposed and left behind artificial pores. 

 

 

Figure 2.20: SEM images of TiO2 0 wt% and 1.5 wt% carbon black  

 

0 wt% 

1.5 wt% 
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SEM micrographs for films at varying wt % carbon black are presented in figure 5.21. 

Scanning electron microscopy (SEM) images show films that are crack-free, uniform and 

smooth on the surface. Samples exhibited nanocrystalline and nanoporous structure which 

consisted of nanoparticles. Examples of the voids left behind by the decomposition of 

carbon black are cycled in red. Image 0 wt% shows no artificial voids though there quite 

some pores which are characteristic properties of mesoporous TiO2. There is a noticeable 

dark pigment in film 3.0 wt% due to incomplete decomposition of carbon black for its 

higher concentration in the film. Temperatures beyond 500 oC could decompose the carbon 

black completely but chances of phase change in TiO2 was very high. The images revealed 

a corresponding increase in porosity with increase in carbon black concentration. 

Investigations reported earlier also revealed a similar trend with varying wt % acetylene 

black (Cho et. al., 2013) and polystyrene spheres  (Hore et. al., 2005). In their 

investigations, artificial pores were observed in micrographs from SEM. The pores size 

increased with concentrations of either acetylene black or polystyrene spheres.  

 

The artificial pores observed in these images support optical and electrical behavior 

discussed earlier in this chapter. These pores were responsible for the increased scattering 

ability in porous TiO2. Light scattering was the factor responsible for the increased diffused 

reflectance observed in figure 5.7. In addition, these voids made photo-electrode to possess 

strong scattering capacity, a lot more of light intensity was reflected back to the inner TiO2 

photo-electrode, which enhanced the amount of light absorbed by the films hence the 

increased absorbance in the porous films as seen in figure 5.12. As observed in the SEM 

images, artificial voids increased with the rise in carbon black concentrations and the 

images show less contacts among TiO2 molecules with higher carbon black concentrations.  
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Figure 5.21: SEM micrographs for TiO2 thin films with 0, 0.5, 1.0, 1.5, 2.0 and (f) 3 wt% 

carbon black.  

 

Figure 5.22 shows the crystalline structure of TiO2 film. This shows that the incorporation 

of the carbon has no effect on the crystalline nature of the nanoparticles and so also the 

purity of TiO2 was not compromised.  
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Figure 5.22: SEM micrograph for TiO2 thin film with 1.5 wt% of carbon black. 

 

AFM images are presented in figures 5.23 (a, b, c, d, e, and f). Images a, b, c, d, e and f 

represent 0, 0.5, 1.0, 1.5, 2.0 and 3.0 wt % respectively. Just like SEM images, the films 

are uniform, crack free and smooth on the surface. The films are nanocrystalline and 

nanoporous. The images show artificial pores created by the decomposition of carbon 

black. It can be seen that the images reveal clearly the influence of carbon black 

concentrations on porosity of the films. The images show that the higher the wt % carbon 

black, the higher the porosity. In image (a), there are no any artificial pores but the pores 

in images 0.5, 1.0, 1.5, 2.0 and 3.0 wt% are not just clearly visible but became more in size 

(number and dimension) as the wt% carbon black increased.  

 

The AFM micrographs were in agreement with micrograph images from SEM in terms of 

porosity variation with carbon black concentrations. 
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Figure 5.23: AFM images of TiO2 thin films at varying wt % carbon black: (a) 0, (b) 0.5, 

(c) 1.0, (d) 1.5, (e) 2.0 and (f) 3.0 
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5.4.2 Structural characterizations (XRD) 

X-ray diffraction (XRD) scans (Figure 5.24) show that the films produced were crystalline 

in nature (strong distinct peaks with different crystal orientations). Strong anatase peaks 

with crystal orientation directions (101) were observed for both films. The other peaks 

(004), (105), (211) and (213) are all for anatase phase (Swanson et. al., 1968). The scans 

for the films from 0 and 1.5 wt% TiO2 pastes were identical indicating that the carbon black 

really decomposed leaving just the voids without contaminating the films.  

10 20 30 40 50 60 70
0.0

0.2

0.4

0.6

0.8

1.0

1.2

In
te

n
si

ty
 (

1
0

3
 a

.u
)

2 Theta (degree)

(101)

(004)
(105)

(211) (213)

(101)

(004)
(105)

(211)
(213)

0 wt% TiO
2

1.5 wt% TiO
2

 

Figure 5.24: X-Ray diffraction pattern for TiO2 thin films (13.52) at 0 and 1.5 wt% carbon 

black 

 

Table 5.6 shows the peak list and particle size for TiO2 thin film. Analysis of the peaks of 

XRD scans for both films using Scherer’s formula show that anatase particles had particle 

sizes ranging from 19 nm to 28.98 nm. Though the nanoparticle size which is another key 

parameter for DSSC was found to a bit big, the charge injection efficiency is lowered with 

the decrease of the particle size due to reduced diffusion length (Nakade et. al., 2003). 
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Table 5.6: Table showing peak list and particle size for TiO2 film 

Peak 

position 

(2 Theta) 

h k l Type FWMH 

(2 Th.) 

d-spacing 

(Å) 

Particle size 

(nm) 

26.577 1 0 1 Anatase 0.146 3.35495 28.98 

37.810 0 0 4 Anatase 0.201 2.38025 24.36 

51.580 1 0 5 Anatase 0.171 1.77133 24.22 

54.605 2 1 1 Anatase 0.204 1.68089 21.64 

61.610 2 1 3 Anatase 0.268 1.50607 21.36 

 

5.5 Solar cells characterization 

5.5.1 Effect of film thickness on I-V characteristics of DSSC 

Figure 5.25 shows the I-V characteristics of solar cells at different film thickness under the 

intensity of 100 mW cm-2. The films were sensitized with N719 dye. It was observed that 

open-circuit current density Jsc, increased with increase in film thickness (from 3.21 µm to 

13.53 µm). This is attributed to the fact that thicker films adsorb more dye as observed 

earlier in the absorbance spectra of films in figure 5.10. More photon absorption is a 

consequence of higher dye adsorption which eventually yield to higher photocurrent 

generation. Previous investigations on film thickness of TiO2 based DSSC revealed dye 

adsorption capacity of films increase with rise in film thickness (Wang et. al., 2004). 

Increase in surface area as a result of the rise in film thickness provided more anchoring 

sites for dye molecules.   

 

Table 5.7 shows the photovoltaic parameters of DSSC with film thickness of 3.2, 8.2, 13.5 

and 18.9 µm. It was observed that Jsc increased as the films became thicker up to 13.5 µm 

and decreased afterwards. The increase in Jsc is as result of enhanced dye loading ability of 

the TiO2 films with increase in film thickness. However, the cell with TiO2 film thickness 

of 18.9 µm had a Jsc of 7.5 mA/cm2 which is lower than the cell with TiO2 film thickness 

of 13.5 µm which had Jsc of 8.2 mA/cm2. 
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Figure 5.25: J-V characteristics for DSSC at varying film thickness. 

 

This is attributable to low transmittance in film of thickness 18.9 µm as observed in figure 

5.1 earlier. This low transmittance reduced the incident light intensity on the N719 dye and 

hence the decreased photocurrent. Research on the influence of TiO2 film thickness on 

photovoltaic properties has provided lower transmittance in thicker films as reason for 

decrease in Jsc (Kao et. al., 2009). In their findings, 13.5 µm was found to be the optimum 

thickness. Optimum film thickness was also reported to be within 5-20 µm (O’Regan and 

Grӓtzel, 1991; Grätzel, 2007) and this strongly corroborate the finding in this study.  

 

Table 5.7: Cell parameters dependence on film thicknesses 

Film thickness 

(µm) 

Jsc (mA/cm2) Voc (V) FF η (%) 

3.21 5.0 0.731 0.634 2.4 

8.23 6.7 0.714 0.630 3.0 

13.52 8.2 0.711 0.604 3.5 

18.93 7.5 0.687 0.544 2.8 
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Figure 5.26 shows the systematic dependence of photovoltaic parameters of DSSC at 

thickness of 3.21, 8.23, 13.52 and 18.93 µm. 
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Figure 5.26: Dependence of photovoltaic parameters; (a) Jsc, (b) Voc, (c), FF and  (d) η on 

film thickness 

 

Though the thickness dependence is also a function of particle size and surface structure; 

for example, optimal thickness for 20nm particles is half of that obtained for the 42 nm 

particles (Ito et. al., 2009), previous investigations revealed that a typical film thickness 

for DSSC is 5–20μm ( Nazeeruddin et. al., 2001) which is in agreement with this result. 

Contrary to the trend observed in the case of Jsc, it was found that due to enhanced dye 

adsorption with increase in film thickness, more electrons were produced under irradiation, 

hence the recombination of the photogenerated electrons at the surface of the TiO2 films 

with oxidized species such as 𝐼3
− in the electrolyte increased (M K Nazeeruddin et. al., 

1993) resulting to decrease in Voc and FF as the film thickness increased. Other previous 

investigations also gave reason for decrease of Voc with increase in TiO2 film thickness as 

long diffusion of distance for the photoelectron to transport to the electrode hence 
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improving the probability of recombination (Meen et. al., 2014; Escalante et. al., 2013). It 

is also worthy to mention the contrary report of some researchers that Voc increase with 

increase in film thickness (Kao et. al., 2009) though in extremely thin films. However in 

their case, the film thicknesses were in few microns which could be the reason why Voc 

could still improve with film thickness. 

 

5.5.2 Effect of electrolyte concentration on I-V characteristics of DSSC 

The J-V curves of DSSCs against redox concentration of electrolyte is shown in figure 

5.27. The cells were fabricated using N719 dye and had same film thickness of 13.5 

(optimum). 
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Figure 5.27: J-V characteristics for DSSC at different redox (I-/I3
-) concentrations. 

 

Table 5.8 shows photovoltaic parameters of cells and figure 5.26 shows the dependence of 

Jsc and Voc on the 𝐼− 𝐼3
−⁄   concentration in electrolyte. The cells fabricated for these 

measurements had the same film thickness of 13.5 µm. It can be seen that 0.03 mol dm-3 

concentration has the highest Jsc (8.2 mA cm-2). Jsc decreased to 7.8 mA cm-2 and further 

to 6.5 mA cm-2 when  𝐼− 𝐼3
−⁄  concentration was increased to 0.1 mol dm-3 and 0.15 mol 

dm-3, respectively. The decrease of Jsc with increase in redox concentration is because of 

increase in viscosity of the solution, which reduces ion mobility in the solution, hence the 

lower Jsc. Similarly, Voc decreased from 0.734 V to 0.679 V as the redox concentration 
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increased from 0.03 mol dm-3 to 0.15 mol dm-3, respectively. Voc for DSSC with an iodine 

redox electrolyte is given as (Hara et. al., 2001) 
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where Iinj is injection current from the dye molecule to the semiconductor, ncb electron 

density, on the conduction band of semiconductor, and ket is the rate constant of reduction 

of 𝐼3
− to 𝐼− (back electron transfer reaction as in equation (5.8) (Hara et. al., 2001) 

0 

  IeI cb 323                                                                                                  (5.3) 

As seen in equation (5.2), Voc decreases as back electron transfer increases. Therefore the 

decrease in Voc with increase in 𝐼− 𝐼3
−⁄  concentration is due to the enhanced back electron 

transfer reaction (Zhang et. al., 2014). The results show that 0.03 mol dm-3 is the maximum 

optimum redox concentration for an iodide/triiodide electrolyte. 

 

Table 5.8: Photovoltaic parameters versus redox (I-/I3
-) concentration in iodide/tri-

iodide electrolyte 

Redox conc. 

(mol/dm3) 

Jsc (mA/cm2) Voc (V) FF η (%) 

0.03 8.2 0.711 0.604 3.5 

0.10 7.8 0.681 0.553 2.9 

0.15 6.5 0.679 0.578 2.6 

  

The systematic dependence of Jsc and Voc on the 𝐼− 𝐼3
−⁄  concentration in electrolyte is 

presented in figure 5.28 
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Figure 5.28: Dependence of Jsc and Voc on the redox (I-/I-
3) concentration in iodide/tri-

iodide electrolyte 

 

5.5.3 Effect of light scattering (multi-reflection) on I-V characteristics of DSSC 

 The J-V curves of DSSC with and without double illumination is shown in figure 5.29. the 

cells were both fabricated using N749 dye and had the same optimum film thickness of 

13.52 µm. The results show that the current density of the DSSC improved when a mirror 

was placed beneath the platinum electrode. Employing a mirror at the back of the Pt counter 

electrode of the cell changed the direction of propagation of the light and was reflected 

back to the Pt conductive glass. The light went through the Pt conductive glass through the 

electrolyte to the photoanode and increased the light absorption of the dye. This was 

responsible for the improvement of the photocurrent from 3.61 to 4.81 mA/cm2. Therefore 

the performance of the cell improved and the conversion efficiency increased from 1.42% 

to 1.83% as displayed in table 5.9. As seen in table 5.10, the Voc also improved from 0.636 

to 0.639 V. Since no other parameter was altered in the cells except for the employment of 
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the mirror, it means that the improvement in Voc could be attributed to the increase 

photocurrent. From the equation, 
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Voc depends on Iph therefore the increase in photocurrent by mirror is responsible for the 

improvement in the Voc.                 
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Figure 5.29: J-V characteristics for DSSC with and without reflection 

 

Table 5.9: Dependence of cell parameters on multiple light scattering  

Cell Current 

density 

(mA/cm2) 

Voc (V) FF Efficiency η 

(%) 

Without mirror 3.65 0.636 0.607 1.42 

With mirror 4.81 0.639 0.594 1.83 

 



100 
 

5.5.4 Effect of TiO2 film porosity on the I-V characteristics of DSSC 

Figure 5.30 shows the I-V characteristics for cells with films of different porosity. The 

result shows that photocurrent generated by these cells increased from 6.6 mA/cm2 to a 

maximum value of 9.9 mA/cm2 as the wt % carbon black increased from 0.5 wt% to 1.5 

wt % respectively. The increase in photocurrent is a result of multi light scattering and 

increase in photon absorption due to artificial pores created (Cho et. al., 2013). Artificial 

pores absorb more dye quantity hence higher photocurrent is generated. However, 

photocurrent began to depreciate as the increase in porosity continued. Photocurrent 

dropped to 1.4 mA/cm2 at 3.0 wt % which is the least value recorded. This is because the 

increase in porosity leads to decrease in conductivity (as observed in figure 5.19) of the 

films hence less current generated. In addition, increasing porosity generates less current 

due to the reduction in the mass of TiO2 per square centimeter of film as well as the 

effective TiO2 surface per square centimeter (Barbe et. al., 1997). Less surface area leads 

to a lower density of dye molecules adsorbed.  

 

In table 5.10 which shows the photovoltaic parameters of cells with respect to films 

porosity, it is observed that open circuit voltage (Voc) followed the same trend as the 

photocurrent. The Voc increased up to the maximum value of 0.734 V at 1.5 wt % and 

thereafter began to decline until it got to its minimum value of 0.614 at 3 wt %. This is 

because the Voc largely depends on the injection current (Iinj) from dye to semiconductor 

as in equation 5.7 (Hara et. al., 2001). Since the TiO2 mass reduction as a result of increased 

porosity reduces the injection current, the Voc also reduces. Other investigations have also 

revealed similar trends as regards the variations of porosity with photovoltaic properties of 

dye sensitized solar cells (Pham et. al., 2012; Cho et. al., 2013). The dependence of 

Photovoltaic parameters on film porosity is presented in table 5.10.  
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Figure 5.30: J-V characteristics for DSSC at varying concentrations of carbon black 

 

Table 5.10: Parameters for DSSC at varying films porosity  

wt % carbon 

black 

Jsc (mA/cm2) Voc (V) FF Ƞ (%) 

0.5 6.1 0.653 0.571 2.3 

1.0 6.4 0.687 0.599 2.6 

1.5 9.9 0.734 0.592 4.3 

2.0 6.7 0.647 0.551 2.4 

3.0 4.7 0.614 0.482 1.4 

 

The dependence of the overall cell efficiency on the porosity of films is presented in figure 

31. The efficiency increased from 2.3 % at 0.5 wt % to a maximum 4.3% at 1.5 wt % and 

declined to 1.4% at 3.0 wt %. The concentration, 1.5 wt % carbon black was found to be 

the optimum for incorporation into the TiO2 paste as clearly demonstrated in figure 5.31. 
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Figure 5.31: Dependence of cell efficiency on the porosity of films 

 

The J-V characteristics of the best DSSCs with and without carbon black are presented in 

figure 5.32. For better comparison, the best of these cells are plotted together and it can be 

seen that the Jsc and Voc increased from 8.2 mA/cm2, 0.711 V and 3.5 % to 9.9 mA/cm2, 

0.734 V and 4.3% respectively due to porosity enhancement by the incorporation 1.5 wt % 

carbon black. The increase in efficiency represents 22.8 % which surpassed that reported 

in (Pham et. al., 2012; Cho et. al., 2013). Table 5.11 shows the photovoltaic parameters for 

best DSSCs with and without carbon black 

Table 5.11: Photovoltaic parameters for best DSSCs with and without carbon black 

Cell Jsc (mA/cm2) Voc (V) FF Ƞ (%) 

0 wt% TiO2 8.2 0.711 0.604 3.5 

1.5 wt% TiO2 9.9 0.734 0.592 4.3 
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Figure 5.32: J-V characteristics for the best 0 wt% and 1.5 wt% carbon black based TiO2 

DSSCs  

 

5.6 Electrochemical impedance spectroscopy (EIS) of DSSC 

The Nynquist plots of DSSC based on the TiO2 films of different thicknesses are shown in 

figure 5.33. The semicircles are related to charge transfer resistance at the FTO/TiO2 (RFT) 

or TiO2/dye/electrode interfaces (RTDE) (Fabregat-Santiago et. al., 2007). In the case of the 

variation in thicknesses of electrodes, the interfacial resistance (RFT) increases as the films 

become thicker. This is for the reason that thicker TiO2 film has more trap states which 

block the movement of photo-generated electrons from TiO2 layer to the FTO glass (Choi 

et. al., 2012).  Usually, a smaller diameter corresponds to lower interfacial resistance and 

lower interfacial charge recombination rate. The minimum RFT is observed in 3.2 µm which 

is least in thickness. Investigations of EIS in TiO2 based thin films of varying thicknesses 

have revealed the dependence of impedance on film thickness (Zhang et. al., 2014). It 

therefore means that in the optimization of electrode thickness, impedance is also 
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considered. This finding also support the fact that highly thick films are not good for 

applications in dye sensitized solar cells even though they improve dye loading. 
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 Figure 5.33: Nyquist plots of DSSCs based on film electrodes of different thicknesses. 
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CHAPTER SIX 

CONCLUSION AND SUGGESTIONS FOR FURTHER STUDIES 

 

6.1 Conclusion  

Dye sensitized electrochemical solar cells employing TiO2 thin films with and without 

carbon black have been fabricated by screen printing method. In addition, solar cells with 

varying thicknesses of TiO2 films and different redox concentration of electrolyte have also 

been fabricated by screen printing and characterized. Screen printing method was found to 

be fast, simple, cost effective and highly reproducible. This method has actually 

demonstrated reliability and viability for commercial up scaling for the reason that a large 

number of cells were coated at a single any print. 

 

In the investigation of optical properties of TiO2 thin films, the films were found to be 

generally transparent. This shows that the films are suitable for application in dye 

sensitized solar cells due to the high transparency range of between 57 and 79%. The 

transmission of light through the films in the visible region was found to become lower as 

the film thickness increases. It is so because the films get denser as they get thicker thereby 

attenuating the passage of light. Similarly, spectral transmittance of these films also 

become lower as the porosity of films increases due to multi light scattering. On the other 

hand, the UV-Vis reflectance spectrum became higher with increase in film thickness as a 

result multi light scattering by increased surface roughness and volume reflection across 

the film. Investigation of the effect of porosity on the reflectance of films revealed that the 

more the porosity, the higher the reflectance spectrum. Due to light trapping and delay in 

optical path length, absorption ability of the films was also found to increase with film 

thickness and porosity. Increase in absorbance of the films make them suitable for 

applications in dye sensitized solar cells due high photon absorption. Other parameters 

computed from these measured spectra also demonstrated strong dependence on film 

thickness and porosity. Refractive index increases with increase in both film thickness and 

porosity while band gap is only affected by film thickness as it remains the same with 

variation in pored size. Coating more than once result to composite films hence the 

densification gives rise to higher refractive indices with more coatings. Summarily, 
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porosity and thickness of films have strong influence on the optical properties of TiO2 thin 

films. 

 

Electrical characterization shows that the films are generally conductive, which is an 

important property of films applicable in solar cells. Conductivity of the films become 

lower as the porosity and film thickness increase. In the case of porosity, the electronic 

contact between molecules become low as porosity increases hence conductivity decreases. 

The case of film thickness is attributed to increase in collisions between molecules as 

thickness increases. The thicker the films, the more the electrons, hence the more the 

collisions which result to higher resistivity of the films. Other the other hand, resistivity of 

the films become higher as film thickness and porosity increase. 1.5 wt % and 13.5 µm 

have shown average values for both resistivity and conductivity, which are considered 

favorable in the case of optimization. 

 

In the study of the structural properties of the films, it can be concluded that the films were 

all anatase and the incorporation of carbon black in the paste could not change the structure 

of films. The particle size also ranges between 21 and 28 nm. Though the nanoparticle size 

which is another key parameter for DSSC is a little bit high, the charge injection efficiency 

is lowered with the decrease of the particle size due to reduced diffusion length. This shows 

that carbon black except at 3.0 wt % is completely decomposed at the temperature of 500 

oC. SEM micrographs revealed smooth and crack-free films made of nanoparticles. The 

images revealed how the pores increase as the carbon black concentration increases. The 

pores do not just increase in dimension but also in number. From the AFM images, it can 

be clearly deduced that the pore dimensions increase as the carbon black increases. It can 

therefore be concluded that porosity enhancement has no negative effect on the films. 

 

In the study of the effect of film thickness, it can be concluded that photocurrent generation 

rises with increase in film thickness. The surface area which becomes larger with film 

thickness actually provides more anchoring sites for dyes hence higher photocurrent. 

However, the photocurrent declines as the films get thicker to the extent of reducing light 

intensity on to the cell. The optimum film thickness was found to be 13.5 µm. It produced 
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the highest short circuit photocurrent density and open circuit voltage as well as overall 

cell efficiency.  

 

Furthermore, the effect of electrolyte concentration was also investigated. Redox 

concentration of electrolyte was investigated and found to have strong effect on the 

photovoltaic properties of solar cell. The study revealed that redox (I-/I-
3) concentration 

influences the viscosity of the electrolyte which affects the ion mobility. Increase in redox 

concentration reduces ion mobility which in turn decreases the short circuit current density. 

In addition, redox concentration affects the back electron transfer reaction. In this case, the 

open circuit voltage becomes lower as the redox concentration increases. Summarily, as 

the redox concentration increases both short circuit current density and open circuit voltage 

decrease. 0.03 mol/dm-3 was found to be the optimum redox electrolyte concentration. This 

produced both the highest short circuit current density and open circuit voltage. 

 

In the investigation of porosity effect, it can be concluded that porosity affect strongly the 

photovoltaic performance of dye sensitized solar cell. It was found that porosity affects dye 

absorption and hence photon absorption. Increase in porosity of film results to higher 

photocurrent generation. The study shows that as wt % carbon black increased, short circuit 

current density rose to the maximum and then dropped drastically to the lowest value at 

the highest wt % carbon black because of low conductivity. Similarly, the open circuit 

voltage rose to its maximum value and dropped to its least value with highest wt % of 

carbon black incorporated. It was found that at very high porosity, the TiO2 mass density 

per square centimeter and surface area became so low that much current was no longer 

generated. Therefore an optimum value of 1.5 wt % carbon black was found. This 

concentration gave both the highest short circuit current density and open circuit voltage. 

So also the highest overall cell efficiency of 4.3 % was recorded.  

 

Conclusively, the overall cell efficiency of dye sensitized solar cell based on normal TiO2 

thin film was 3.2 % while that based on pore enhanced TiO2 film was found to be 4.3 %. 

In comparison, porosity enhancement resulted to 34.4 % increase in the overall efficiency. 
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This shows that a lot can be improved in the efficiency of a dye sensitized solar cell by 

improving on the porosity of films. 

 

6.2 Suggestions for Further Studies 

The study of dye sensitized solar cell remains clearly explorable both at fundamental and 

industrial levels. However, considering the work carried out in this thesis, the following 

areas require further investigations: 

 

1. Charge transport in porous TiO2: 

Studies in the thesis have concluded based on overall cell efficiency that the 

optimum wt % carbon black and film thickness are 1.5 wt % and 13.5 µm 

respectively. However, there is still the need to investigate and understand the 

process of charge transport across the different film thickness and porosity. 

Negative effect on charge transport have been reported with thick films especially 

in dense electrolyte media. Therefore it is recommended that charge transport be 

investigated in dye sensitized solar cells based on porous TiO2 films and cobalt 

complex.  

 

2. Thermal gravimetric analysis of carbon black: 

Though XRD and SEM results showed that except for 3.0 wt % carbon black, all 

the others were completely decomposed at the applied temperature, it is still 

necessary to carry out a thermo gravimetric analysis. This study will reveal the 

changes in the physical and chemical properties of carbon black as a function of 

increasing temperature (with constant heating rate). From this investigation, it can 

be concluded with precision the amount of temperature required to remove 

completely a particular amount of carbon black. This will not only guide energy 

usage, but prevents contamination of films. 
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3. Pore size and pore distribution characterization: 

Variation in porosity as a result of the incorporation of varying wt % carbon black 

has been studied in this work. It was concluded from the SEM and AFM images 

that porosity increased with increase in carbon black concentration. However, 

detailed analysis is suggested to actually reveal the porosity in terms of numbers 

and also the distribution within the films with respect to carbon black concentration. 

Mere visual assessment of the images in inadequate. 
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