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Abstract 

Fossil energy sources are continuously depleting and causing damage to the 

environment. Harnessing energy from the alternative sources is answer to challenges 

posed by the usage of fossil fuels. One of the potential options to mitigate the reliance 

on fossil fuels is to generate electricity by photovoltaic technologies. Dye Sensitized 

Solar Cells are among the top candidates with low-cost and with potential to replace the 

expensive crystalline Si solar technologies. Photoanode is one of the most important 

components in DSSCs for which oxide ceramics such as titania is one of the top 

choices. In this work, we have synthesized undoped and doped titania nanoparticles by 

simple and reliable sol-gel route. Metal doping can introduce structural defects in titania 

lattice that can result in increase in photocatalytic performance of solar cells. There was 

an indication in literature that Cu could initiate phase transformation in titania at lower 

temperature supportive to cell performance. Furthermore, Cu offers its candidature due 

to being relatively inexpensive and easily available. However, there is not enough data 

available in literature on performance of DSSCs based on Cu doped titania photoanode. 

Therefore, we are presenting herein systematic studies on Cu doped titania 

nanoparticles. Meanwhile, thin film coatings of titania and doped titania were made on 

FTO coated glass by assortment of methods like spin coating, doctor blade coating, etc. 

Various process routes such as effects of annealing temperature, Cu concentration, paste 

precursor and film thickness, film drying time, pore former dye effects, etc. were used 

in this study. Structural and thermal performance of materials and thin films were 

carried out using diversified techniques such as X-ray diffraction, Scanning electron 

Microscopy, TG-DT analysis, Fourier Transform Infrared Spectroscopy (FTIR), etc. 

Studies have revealed that dopant existed in the form of CuO in nanoparticles and thin 

films. Cu doping assisted in reduction in particle size and in band gap which was further 

verified by red absorption shift. Films with almost negligible crack were successfully 

made on FTO coated glass and it was found that crack density reduced with reducing 

drying time, increasing stirring time and adding HNO3 along with water and ethanol as 

a precursor solvent. The inclusion of carbon microspheres formed cavities into the 

pellets of titania and Cu:TiO2 and increased the porosity and surface area for greater dye 

adsorption. It was found that porosity increased from 31% to 42% by adding 2.5 wt% 
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carbon microspheres in 3wt% Cu doped titania thin films. IV measurements of the cells 

fabricated using Cu doped titania photoanode N3 dye, I
-
/I3

-
 electrolyte and gold coated 

FTO glass as counter electrode revealed a 11% increase in Voc when compared to Voc of 

cells made with similar components but using undoped titania photoanode  

Keywords: Doped titania nanoparticles, doctor blade coating, DSSCs, carbon 

microsphere, TiO2 thin films. 
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Chapter 1  

Introduction 

1.1 The Need for Renewable Energy 

Now-a-days, energy crisis, drinking fresh water and climate change are the most 

threatening matters for mankind. We are in need of adopting new policies that should 

utilize alternative energy sources rather than fossil fuels and provide sustainable 

solution to balance the requirement for affordable energy with the pressing issue of 

climate change. Intergovernmental panel on climate change (IPCC) put forward a report 

in February 2007 about the increase in global concentrations of methane, nitrous oxide 

and carbon dioxide because of the burning of fossil fuels and other pollution causing 

activities [1]. Carbon dioxide is the most influencing GHG (Green House Gas) which is 

mainly formed due to burning of coal. The increase in such gases cause an increase in 

temperatures, a phenomenon known as global warming. Global warming causes an 

increase of 0.13 °C per decade. It was predicted in report that average global 

temperature of the world will face an increase of 0.5 °C in coming ten decades. This 

estimate can be more depending on the amount of GHGs emitted in environment, and 

world population growth [2].  The gases formed due to burning of fossil fuels also have 

other effects than global warming like pollution causing uneasy living and affecting 

health badly. Global warming, besides increasing temperature, consequently caused 

melting of ice and glaciers imposing threats on marine life and have increased sea level 

at rate of 1.88 mm/year in years 1960-2005. It also increases the average temperature of 

oceans. Nitrous and sulphurous oxides are cause of acid rain and are linked to many 

respiratory and skin diseases [3]. These effects have been mild till now but if the 

emission of such pollution causing gases will continue along with rapid increase in 

population, the consequences will be severe. The affected climate will influence our 

daily lives as well ecological systems.  
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Another issue with the use of fossil fuel is its rapid depletion causing it to vanish. Fossil 

fuels tale millions of years to form and are finite. Annually 11 billion tonnes of oil is 

being consumed and if we kept on using it at this rate, all existing known deposits of oil 

will end by 2050. We do have gas too but its reserves can only add maximum ten more 

years taking us to 2060. Large deposits of coal are present in the world but to fill the oil 

and gas gap, if we start using coal its reserves will also end by 2090. One thing is to be 

kept in mind that the rate with which we are using fossil fuels today is slower than the 

rate with which we will be using in coming years due to population growth and 

industrialization. So fossil fuels will run out earlier than the estimated time [4].  

In order to meet present and future energy requirements and to produce clean energy, 

use of alternative energy resources like solar photovoltaic technologies, solar thermal 

technologies, biofuels and clean coal technology should be employed. Among 

renewable resources, solar seems to be an attractive clean alternative energy source that 

can help to increase our energy independence and reduce the consequences of global 

warming. The sun is expected to shine for billions of years, well beyond the existence 

of Earth. Taking advantage of the abundant solar energy is one of the best ways of 

reducing the use of fossil fuels and therefore, driving down carbon emissions. Even 

though solar energy has a large potential to reduce emissions and provide substantial 

amounts of power to consumers, solar energy accounted for a very small percentage of 

the total e ergy produced  y alter ative e ergy sources due to high capital cost. “More 

energy from sun strikes earth in 1 hour (4.3*10
20 

J) than all of the energy consumed by 

huma s i  a  e tire year’’ [5].  

1.2 Solar Cell Technology 

A solar cell is a device that converts solar radiations, with specific wavelengths, into 

electricity. The concept of solar cell is related to the discovery of photoelectric effect. 

Einstein explained photoelectric effect in 1905 and received a Nobel Prize in 1921 but it 

was first discovered by A.E Becquerel in 1839. Photoelectric effect is the phenomenon 

of generation of photoelectrons or current when a piece of metal is irradiated to light. 

Light provides energy (photons hv) to electrons in atoms of the metal which excites 

them and make them move around and hence produce the current flowing through the 

file:///C:/Users/seagull/Desktop/Thesis%20Write%20up%201.docx%23_ENREF_4
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metal [6]. After the discovery of photoelectric effect, it took more than 30 years to 

develop first semiconductor p-n junction solar cell. This cell was developed by Russel 

Ohl in 1941 and lead to the development of first silicon solar cell by Chapin in 1957 [7]. 

The cost of these cells was very high with very low efficiency and they were only used 

in space applications. Very less attention was given to the discovery of solar cells until 

1970 when the world globally faced oil crisis. Before 1970, solar cells were only used 

in space applications. 

1.2.1 Physics of Solar Photovoltaic 

Photovoltaic devices work on the phenomena of charge separation occurring at interface 

of two different materials. These materials have different conduction mechanism. Solar 

photovoltaic can be defined as the direct conversion of solar radiation into electric 

current. The materials that exhibit photoelectric effect absorb energy in form of photons 

of light and release free electrons. The separation or flow of these free electrons causes 

electric current to be generated. 

The working of a solar cell can be divided into three simple steps: 

1) Absorption of light 

2) Charge separation 

3) Charge collection 

The chemical and physical processes behind these basic steps are different in different 

types of cells and depend on the materials used. Efficiency of each of these steps affects 

the efficiency of the solar cell. Efficiency can be maximized by selecting compatible 

materials to the cell design. Generally, semiconductor wafer creates an electric field 

when treated to form a positive side and a negative side (p and n junctions). When solar 

cell is irradiated to light, electrons are knocked out from semiconductor atoms. If the 

circuit is completed by contacting electrical conductors attached to both sides (positive 

and negative), electric current is generated. 

file:///C:/Users/seagull/Desktop/Thesis%20Write%20up%201.docx%23_ENREF_6
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Fig. 1.1 Diagram showing a cell, module and an array. 

Many solar cells when mounted in a frame or a support and joined electrically make up 

the solar module. The current produced by a module is dependent on the amount of light 

that strikes the module and on the area of module/array. Modules are mostly designed to 

supply electric current at certain voltage like 12 volts. Many modules when wired 

together to produce electric current forms an array. The current produced is direct 

current.  

Photovoltaic has been dominated by p-n junction devices which are usually made up of 

silicon but emergence of third generation solar cells challenged this dominance of solid 

state junction devices [8].   

1.2.1.1 Photovoltaic Performance 

The generation of electricity by a solar cell or a panel is characterized by the current 

density-voltage (JV) curves or current-voltage (IV) curves. short circuit current  (Jsc) is 

the maximum current generated when cell is short circuited and open circuit voltage 

file:///C:/Users/seagull/Desktop/Thesis%20Write%20up%201.docx%23_ENREF_8
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(Voc) is the maximum voltage when cell is under open circuit state. The power produced 

by a cell or a panel is the product of voltage and current density. The maximum power 

point (MPP) is a point on the IV curve which represents the maximum power (Pmax) in 

Watts produced by the cell i-e the point where product of voltage and current density is 

maximum.  

                

Fill Factor is the ratio of maximum obtainable power to the product of Voc and Jsc.  

   
         

       
 

From above equation Pmax cab be written as 

                

Although different types of solar cells have different components and different working 

principles but these characteristics are common in all types of solar cells to determine 

their efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Maximum power generated by cell when divided by the incident light (W/m
2
) 

determines the power conversion efficiency of a solar cell. 

 

Fig. 1.2 IV characteristics curve for solar cells. 
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The efficiency of a solar cell is measured at standard test conditions i.e. at 1000W/m
2
 

irradiance, air mass 1.5 spectrum and 25 °C temperature.  

1.2.2 Generations of Solar Cells 

There are three generations of solar cells described below. 

1.2.2.1 First Generation of Solar Cells 

The first generation consists of high cost-high efficiency single crystalline or 

polycrystalline silicon solar cells. These cells have achieved efficiencies beyond 24.4 

%.  

 

Fig. 1.3 Working of a standard p-n junction solar cell. 

A standard silicon solar cell consists of a metal substrate, a p-n junction formed by p-

doped and n-doped silicon layers, an anti-reflection coating (ARC), and a collector for 

current. When silicon is doped with impurity atoms from elements of group (V), an n-

type semiconductor is formed. These impurities have an extra electron in their valence 

band. Doping silicon with such atoms forms localized energy states below the CB of 

silicon.  When silicon is doped with impurity atom from elements of group (III), a p-

type semiconductor is formed. These impurities have a vacancy for electron (hole) in its 

Working of Standard p-n 

Junction Solar Cell 

Absorption of Light 

Charge Separation 

Charge Collection 

Takes place in the bulk of 

Semiconductor and excites electron 

from valence band to conduction band 

creating holes and free electrons.  

Takes place in built-in electric 

field existing in p-n junction.  

Charge is collected through the 

electrical contact attached to the 

semiconductor 
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valence band.   These impurities create localized empty energy states above the VB of 

silicon. Thermal excitation causes the ionization of donor impurity atoms in n-type 

materials. The ionization occurs because CB edge of silicon and donor states are close 

to each other, hence generating free electrons in CB and leaving behind immobile 

empty donor states. The empty states (acceptor) in p-type material which are formed as 

a result of doping are partly filled by VB electrons creating mobile holes in VB. 

When these two types of materials are brought in contact, the electrons and holes 

transport across the junction forming a thermal equilibrium between two materials. A 

charge-free depletion region is formed near the junction creating an electric field. When 

the p-n junction is illuminated, the electrons from VB excite to CB by absorbing energy 

from photons and generating holes in VB. The diffusion due to concentration gradient 

and drift due to potential gradient causes free motion of electrons and holes in high 

crystalline semiconductor. The built in electric field transports minority charge carriers, 

electrons in p-type layer and holes in n-type, to the opposite sides. Electrons reach n-

type layer and holes reach p-type layer creating a potential difference between the 

opposite sides of the junction. These carriers are collected by electrical contacts at both 

ends. When external load is applied, electric current flows. 

Although cost of production has decreased over the passage of time but first generation 

solar cells are still very costly. These solar cells require highly pure materials which are 

manufactured by expensive wafer processes involving many energy extensive steps [9].  

1.2.2.2 Second Generation Solar Cells 

Second generation consist of thin film solar cell technology including amorphous 

silicon solar cells, Cadmium Telluride (CdTe), micromorph tandem solar cells, and 

Copper Indium Gallium Diselenide (CIS or CIGS). Second generation solar cells are 

considered as low efficiency-low cost solar cells but recently their efficiency has been 

enhanced up to 20 % [10-12]. Issue with CdTe solar cells is the presence of toxic 

cadmium material.  CIGS also contains toxic materials like selenium and cadmium in 

small amounts. This cause environmental risks reducing the importance of these cells as 

solar technology is meant to be environmentally benign. Amorphous Si solar cells have 

file:///C:/Users/seagull/Desktop/Thesis%20Write%20up%201.docx%23_ENREF_9
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very low efficiency (4-5%). However, amorphous Si tandem with three layers comprise 

amorphous silicon-germanium alloy are efficient up to 10% [13].   

1.2.2.3 Third Generation of Solar Cells 

 Hence to compete with fossil fuels and fulfill the increasing demand of energy there is 

a need to develop low cost-high efficiency solar cells. Third generation solar cells can 

fulfill this need. Third generation of solar cells consists of Quantum Dot Solar Cells and 

Dye Sensitized Solar Cells having efficiency up to 12 %. DSSCs are technical and 

economical alternatives for expensive p-n junction solar cells [8].  DSSCs allow using 

less purified starting materials as they are not much sensitive to the impurities and 

defects whereas solid junction solar cells require high purity materials. This makes 

production of DSSCs less costly and the energy payback period is shorter [14]. 

Table 1.1 Comparison table of p-n junction solar cells and DSSCs. 

Property P-n junction solar cells Dye sensitized solar cells 

Power generation 

cost 

High Comparatively low 

Efficiency High Low 

Transparency Opaque Transparent  

Color Limited Various 

Stability  Good Poor  

Energy payback 

period 

Longer Shorter  

Charge separation 

mechanism 

Occurs due to formation of 

electric field in space charge 

layer 

Occurs due to kinetic 

competition (like in 

photosynthesis) 

Light absorption and 

charge separation 

Both functions performed by 

semiconductor 

Light is absorbed by dye 

and semiconductor solely 

performs charge transport   
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1.3 Dye Sensitized Solar Cell Technologies 

1.3.1 Background  

Until 2001, crystalline solar cell technology remained dominant. Crystalline and 

amorphous solar cells constituted about more than 99% of the manufactured solar cells. 

However work was being done to increase efficiencies of the other cells like multi-

junction and thin film solar cells to commercialize them [15].  In 1972, Fujishima, a 

PhD student, under supervision of Honda, found that exposing TiO2 electrode to light 

could split water. This photocatalytic water decomposition was later called as Honda-

Fujishima effect [16]. However, there were some limitations that limited the conversion 

efficiency of cells using such electrodes for example, large bandgap of TiO2 makes it 

absorb in ultraviolet region of electromagnetic radiation only. This led researchers to 

explore alternative metal oxides having appropriate properties. Use of GaAs electrodes 

gave acceptable efficiencies but problems with photo-corrosion degradation prevailed 

and in 1980s, the interest in photo-electro-chemical solar cells was decreased [17].  

The research in Dye Sensitized Solar Cells started in 1960s when Tributch and Gerisher 

reported the enhancement of absorption range of wide band gap semiconductor. They 

observed increased absorption in visible region when the surface of wide bandgap 

semiconductor like TiO2 was impregnated with dye molecules [18]. They used flat 

electrodes which showed low adsorption of dye and hence low absorption yield. This 

problem was overcome in 1985 by using rough surfaced semiconductor electrodes 

which ensured increased adsorption and efficiency of the cells [19]. In 1991, Brian and 

Gratzel succeeded to develop Dye Sensitized Solar Cell using I
-
/I3

- 
electrolyte, a 

mesoporous electrode to increase further dye adsorption, yielding an efficiency of 7%. 

DSSCs have reached photo conversion efficiencies for small laboratory cells up to 12 % 

and for solar modules they have reached to about 9 % [20].  
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1.3.2 Commercialization of DSSCs 

Scientists are constantly working towards the commercialization of DSSCs. Dye 

sensitized solar cells and their modules are being manufactured in many parts of the 

world by different companies like sharp, Peccell, IMRA Aisin Seiki.Toyota, Dai 

Nippon and Toshiba technologies in Japan. Others include Solaronix in Switzerland, 

Dyesol in Australia, Konarka in United States of America, Solarprint in Ireland and 

G24 power limited in United Kingdom. DSSC technology was first commercialized by 

G24 in 2009. They have the capability of producing more than 500,000 linear meters of 

DSSC modules annually and possess a DSSC module production of 200 MW [21]. 

Solarprint is focusing on material synthesis, fabrication processes, device structures and 

device desig s. “The compa y has  uilt a world class team of highly skilled i dustry 

professionals from around the world and has been in pilot production since 2010 at its 

facility i  Sa dyford,  u li ’’[22]. Dyesol has collaborated with various leading 

multinational companies to pave routes to market like collaborated with Tata steel 

Europe in UK to develop DSSC enabled steel roofing material, bringing building 

integrated photovoltaic (BIPV) in Korean market by teaming with Timi technologies, 

co-working  with Dieted solar in USA  to develop DSSC enabled glass façade etc. [23].  

 

Fig. 1.4 Steps towards commercialization of DSSC technology by Dyesol [23]. 
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Labs like Asian and Toyota central research and development lab have successfully 

demonstrated series connected DSSC modules in various international conferences and 

exhibitions and put their steps in commercializing DSSCs. 

There are few factors that are holding the successful commercialization and use of Dye 

Sensitized Solar Cell technology some of which are discussed in this paragraph. 

Although glass substrates sustain high temperature and are robust but they are non-

flexible, fragile and pricey. To overcome the negatives of using glass substrates, 

researchers investigated flexible DSSCs intensively but plastic based DSSCs offered 

lower efficie cy  ecause semico ductor film o  them could ’t  e a  ealed at required 

temperature which caused poor necking of semiconductor particles. Use of volatile 

electrolyte causes instability of the cells which encouraged researchers to look for solid-

state DSSCs. Scientists studies solvent free-stable choices to substitute volatile 

electrolyte like hole transporters, solidified ionic liquids and polymer electrolyte but 

they had to compromise on efficiencies of the cells. The performance of outdoor DSSCs 

is degraded by UV light and heat therefore attention must be paid to develop heat sink 

and low cost UV coating. 

Dye sensitized solar cell technology is relatively a new technology and long term 

performance of these cells has been questioned. However, with further improvements in 

its stability and efficiency, it can compete with silicon based solar cells. 

1.3.3 Advantages and Applications of DSSCs 

1.3.3.1 Advantages of DSSC Technology 

Optimized performance in real world conditions 

The advantage that these solar cells provide over other solar technologies is that they 

provide the facility to tune the dye according to the conditions of electromagnetic 

radiation hence can be used in outdoor as well as indoor applications. These cells, not 

like other solar cell technologies, can perform well in real world conditions like hazy 

and cloudy days, at dawn or dusk, at higher altitudes.  
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Low embodied energy and technology 

Another advantage of DSSCs over other solar cell technologies is that these cells are 

based on nanotechnology. The nanostructured--semiconductor material TiO2 is one of 

the most important materials of DSSC which forms the photo-electrode of the cell. The 

processing temperature for nanostructures materials is much lower e.g processing 

temperature for microparticles of TiO2 is around 1000 °C and that for TiO2 

nanoparticles is 600 °C. This makes the processing of cells at lower temperatures hence 

saving energy and making them have less embodied energy. 

Low Manufacturing cost  

Production of DSSCs does not require highly pure materials, vacuum processing and 

strict cleanliness as required in conventional photovoltaic technologies. Their 

production also does not require expensive equipment. These cells can be prepared in a 

simple environment with least expensive equipment and facile methods like printing 

and baking processes. Therefore capital cost of these cells is low. 

Variety of substrates 

These cells can be produced on variety of substrates like metal, polymeric and glass 

substrates. These cells can be made on flexible or robust substrates. They absorb and 

convert light from both sides of panels.  

Environment friendly materials 

All the materials being used in DSSCs are non-toxic. There are no health concern 

related to their production and there are minimal protective measures to be observed 

during their production. Ru-based dyes are tested and found to be non-mutagenic. Some 

solar cells belonging to other technologies are based on very toxic materials like 

cadmium and selenium and they are to be handled very carefully observing many 

precautions. 
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Thin film technology saves resources 

DSSCs involve thin films of the materials to be coated. Semiconductor layer is only up 

to 20 µm thickness and consists of a monolayer of dye being adsorbed which makes it 

about 80 thinner than a human hair. Whereas crystalline silicon cells require 

comparatively very thick materials and a lot of material is also wasted during 

processing. Hence employing these cells saves the resources.   

Aesthetics 

The flexibility offered by DSSCs in terms of transparency and coloration makes it 

attractive for architects. No other solar cell technology offers such flexibilities. 

Architects employ the use of these cells as doors, windows, internal dividing walls and 

skylights because of transparency and endless options of colors. DSSC based doors and 

windows can generate electricity, provide noise and thermal insulation and reduce 

intensity of harsh sunlight. The options of colors is provided by dyes which can be red, 

black, green, orange, grey, yellow and brown which can be really eye catching.  

Readily available raw material  

Titanium/Zinc, hydrogen, oxygen, silicon/iron and carbon are the mostly used chemical 

materials in DSSCs which are readily available and comparatively cheap. Platinum and 

ruthenium are also key ingredients in these solar cells but they are required in very 

small amounts.  

High temperature performance:  

The performance of these solar cells is less affected with increased temperature as 

compared to other solar cells. This allows them to efficiently work in direct sunlight. 

1.3.3.2 Applications of DSSCs 

 DSSCs have many applications few of which are stated below: 

 DSSCs modules are used to generate electricity. They can be particularly used in 

remote areas where grid electricity is not available 
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 Individual cells may be used to power small devices like wrist watches, 

calculators etc.  

 They can have their applications in Remote sensors, Building management 

(Motes), Mobile communications, Sonobuoys and remote transmitter. 
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Summary 

In this chapter an introduction to the solar photovoltaic technology, its need and its 

importance has been discussed. There is a need for development of green energy 

generation systems which are alternative to conventional generation systems like using 

coal fired or oil fired power plants. The use of conventional energy resources are 

causing their depletion and may become extinct in coming years if we kept on using 

them. The pollutants caused by burning of such fossil fuels are responsible for global 

warming and other environment related bad impacts. Solar photovoltaic technology is a 

green option to replace the conventional energy generation technology. Scientists have 

been working to develop efficient and economical solar cells for their active 

commercialization. Crystalline silicon technology is quite a mature technology yielding 

high efficiency solar cells but main problem with this technology is its high cost. To 

develop low cost solar cells, scientists switched their attention towards thin film 

photovoltaic which offer low cost production of the cells. Dye Sensitized Solar Cells 

(DSSCs) belonging to third generation solar cells are suitable for the interests of 

scientist as they offer good efficiency and low cost. The efficiency of these cells can be 

improved with deep research as these cells have a tendency to reach up to 20-30% 

efficiency. Different companies in different continents of the world are working towards 

the production, research and commercialization of DSSCs. DSSCs offer many 

advantages over other solar cell technologies like they are low cost, environment 

friendly, the raw materials used are readily available and non-toxic, offers aesthetics 

etc. Therefore, this research has been made to study different factors to increase the cell 

performance of a DSSC.  
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Chapter 2  

LITERATURE REVIEW 

2.1 Working Principle and Photovoltaic Performance of Dye Sensitized 

Solar Cells 

2.1.1 Working Principle 

The current generation mechanism of DSSCs is similar to the phenomenon of 

photosynthesis in plants. Plants convert sunlight into energy using chlorophyll, a green 

pigment in cells, as light absorbers (sensitizers). In DSSCs function of chlorophyll is 

performed by an organic dye sensitizer. The water in plants is replaced by electrolyte in 

DSSCs and function of oxidized di-hydro nicotinamide adenine di nucleotide phosphate 

(NADPH) is substituted by wide band gap semiconductor [1, 2]. In both, photosynthesis 

and current generation by DSSCs, charge separation occurs by kinetic competition.  

Whereas, in p-n junction solar cells, charge separation takes place by formation of 

electric field in the junction [3]. Photon to energy conversion in DSSCs takes place into 

following steps [4-8] 

Step 1: Excitation of Dye; 

Absorption of photons excites the dye molecules from HOMO (Highest occupied 

molecular orbital) to LUMO (Lowest unoccupied molecular orbital) states. The excited 

dye state has a lifetime of nanosecond range. 

Step 2: Electron Injection into Semiconductor; 

Excited dye molecule injects the electron into conduction band of semiconductor and 

gets itself oxidized. This occurs in femtosecond timescale range. To ensure efficient 

electron injection, energy level of semiconductor conduction band must be about 0.2 V 

– 0.3 V lower than that of dye. The back reaction of electron from conduction band to 

oxidized dye molecule is much slower and lies in microsecond to millisecond range. 

This difference causes efficient charge separation in the cell. 
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Step 3: Electricity generation; 

In the third step, electron diffuses through the photoanode, reaches TCO and travels to 

the outer circuit through to generate electric power (flow of electrons). In TiO2 based 

nano-porous photoanode, layer contains anatase nanoparticles. Presence of oxygen 

vacancies in TiO2 lattice makes it slightly n doped. The plane (101) is 

thermodynamically stable and is predominant in TiO2 anatase nanoparticles. One 

photoanode contains around 10
16

 particles and have 1000 times larger projected area. 

The electron transport within TiO2 layer occurs through diffusion since the nano-

particles are very small to form an electric field. The electron transfer can be explained 

by trapping/detrapping model. Electron waits in the trap state for time t before hopping 

to next trap site. The trap state waiting time depends on the depth of the trap state. The 

electron tra sport ca   e defi ed  y  ick’s law of diffusio  

  

    
   

  

  
 

Where, t is the waiting time, n is the number of electrons, A is the surface area, c is the 

electron concentration and D is the effective diffusion constant. Effective diffusion 

constant depends on the position of quasi Fermi level. Since the transport of electrons 

takes place by diffusion, diffusion length of electrons must be greater or at least equal to 

the thickness of photoanode. The optimized thickness of TiO2 layer in photoanode 

varies from 9 µm to 15 µm. 

After the flow of electron through outer circuit, it is collected at the counter electrode 

(C.E). 

Step 4: Dye Regeneration and Electron Recapture; 

Electron after reaching counter electrode is transferred to the electrolyte which consists 

of a redox couple. This electron regenerates the oxidized dye molecule in nanosecond 

timescale range. A loss of about 600 mV occurs which is the main reason which limits 

the Voc of the cell. The loss occurs due to mismatch of energy between redox couple 

and the dye. 

The complete steps of photon to current generation mechanism in DSSCs is shown by 

following equations where D is dye molecule, D
*
 excited dye molecule, D

+
 oxidized 

dye molecule and e
-
 represents electron  
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1) D + Photon                  D
*

(Lumo)                                          (Excitation of Dye)                               

2) D
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                     (Injection to semiconductor) 
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2.1.3 Charge Transfer Kinetics in DSSCs 

2.1.3.1 Electron injection process 

The rate constant for the injection of electron from sensitizer to semiconductor 

co ductio   a d is give   y followi g expressio  of  ermi’s golde  rule 

  
   

 
       

Where c is rate constant for electron injection, h= Planck constant, V is electronic 

coupling of semiconductor and sensitizer and      is density of states of semiconductor 

conduction band. Hence from this expression it is clear that the electron injection rate 

Fig. 2.1 Working of a Dye Sensitized Solar Cell. 
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depends on the configuration of dye adsorbed on the wide band gap semiconductor and 

also on difference between ELUMO of dye and EC.B of semiconductor. 

 

Fig. 2.2 Energy band diagram for DSSCs. 

The rate constant for electron injection depends on the material of wide gap 

semiconductor used and on the electronic coupling between dye and semiconductor. 

 lectro  is i jected from π
*
 orbital of excited dye molecule to CB of semiconductor. In 

TiO2 based DSSCs, valence band consists of occupied 2d orbital of oxygen and 

conduction band consists of unoccupied 3d orbital of titanium with large and continuous 

density of states. N3 Dye adsorbs on TiO2 surface with anchor group (carboxyl group) 

and results in large V between them. Hence efficient electron transfer takes place. 

Electron injection from dye to semiconductor has been studied using time resolved laser 

spectroscopy [28-47]. 
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2.1.3.2 Recombination and dark current 

Charge recombination reactions occurring at the interface between semiconductor and 

dye molecule are very slow as compared to the electron injection as explained earlier. 

Low recombinations lead to high cell performance due to efficient charge transfer. 

Charge recombinations between N3 molecule and TiO2 semiconductor occurs due to the 

transfer of electrons from TiO2 to Ru (III) (back electrons) whereas transfer of electrons 

from bipyridyl ligands to titania conduction band is responsible for electron injection. 

The transfer from TiO2 to Ru (III) is a long distance process and hence is slower as 

compared to ultrafast electron injection. This is the reason for least recombination 

possibility at the dye / semiconductor interface. 

Recombinations at the semiconductor/electrolyte interface causing dark current is a 

primary process in DSSCs [9]. Dark current or reverse bias leakage current is a small 

electric current flowing through the cell even when the cell is not exposed to irradiation 

or photons. An increase in dark current decreases Voc of the cell as concluded from 

general equation of solar cell shown below [10] 

    
   

 
  [

    

     
  ] 

Where Iinj is injection current, Idark is dark current, T is absolute temperature of the cell, 

q is the magnitude of electron charge and kB is boltzman constant.  This equation relates 

Voc to dark current and injection current. 

The main reason for dark current in DSSCs is incomplete adsorption of dye on 

semiconductor surface.  It occurs at points where the electrolyte is in direct contact with 

semiconductor. The following equation represents the dark current reaction in DSSCs 

I3
-
 + 2e

-
 (semiconductor)            3I

- 

These recombinations are associated with construction of DSSCs. Cells carefully made 

may lead to avoid such recombinations e.g. in cells based on ITO/FTO coated 

substrates, the above reaction may also occur at the surface of tin oxide when the TCO 

is not properly covered with semiconductor layer. But this reaction mostly occurs at 

semiconductor due to its high surface area as compared to SnO2. Also the use of co-

adsorbates like tert butylpyridine (TBP), a pyridine derivative, has been reported to 
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suppress dark current [11]. Co-adsorbates get adsorbed on the uncovered semiconductor 

surface and hence aid in improvement of Voc by reducing dark current but may lead to 

decrease in Jsc due to negative shift in CB level of semiconductor. In p-n junction solar 

cells, the process of forward bias injection of electrons and holes is analogous to this 

reaction.  

2.1.3.3 Electron transport 

Electron transport in semiconductor films is an important process in these solar cells. 

Different mechanisms has been studied and suggested for the conduction of electrons in 

TiO2 films like a trapping/de-trapping mechanism, diffusion mechanism and a 

mechanism that involves insulator metal transition. In general, the electrons diffuse by 

hopping 105 times between semiconductor particles. Studies have shown use of 

nanotube and nanowire structured semiconductors lead to higher diffusion rates and 

lower recombination [4] [12]. 

2.1.2 Factors affecting Photovoltaic performance DSSCs 

2.1.2.1 Photovoltaic performance of a cell is based on Energy levels 

Primarily, the photovoltaic performance of DSSCs depends on four energy levels of 

different components of the cell namely; 

1. The ground state of sensitizer (HOMO). 

2. The excited state of sensitizer (LUMO). 

3. The Fermi level of semiconductor electrode (situated near CB level). 

4. The potential of the electrolyte redox couple or mediator (I
-
/I3

-
). 

The energy difference between oxidized and ground states of sensitizer (Eg=EHOMO-

ELUMO) determines the photocurrent. Smaller energy gap (Eg) allows absorption of long 

wavelength electromagnetic radiation from solar spectrum and hence larger 

photocurrent is obtained. 

The difference in the conduction band level of semiconductor and LUMO of dye 

 Δ 1=ELUMO-Ec) determines the efficiency of charge injection of excited electrons from 

dye to C.B of semiconductor. For effective charge injection, LUMO energy level of dye 

should be adequately negative than C.B of semiconductor.  
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Electron acceptance by oxidized dye molecule depends on the difference in dye HOMO 

level a d redox pote tial of electrolyte  Δ 2=EHOMO-Er). The redox potential of redox 

couple should be adequately negative than energy level of HOMO of sensitizer for 

effective acceptance of electron by dye or effective regeneration of dye. 

The max potential (Vmax) in DSSCs is determined by Ef and Er as evident by  

Fig. 2.1. In DSSC based on TiO2 electrode and I
-
/I3

-
 redox couple electrolyte, Er and Ef 

were calculated to be 0.4 V Vs normal hydrogen electrode (NHE) and -0.5 Vs NHE 

respectively [13]. Therefore, in this case 

         

         

But this value can vary as it also depends on other components like solvent of 

electrolyte as Ef also depends on components and concentrations of electrolyte 

components. 

2.2 Components and Materials of Dye Sensitized Solar Cells 

2.2.1 Substrates 

The most employed substrates in DSSCs are clear glass substrates possessing high 

optical transparency in NIR and VIS regions [4]. These substrates are readily available 

and offer lower cost. These glass substrates contain thin film of transparent conducting 

oxide on one side which acts as a conductive film of low electrical resistance (10-29 

Ω/sq . Mostly fluori e doped ti  oxide   TO  or i dium doped ti  oxide  ITO  is coated 

as transparent conductive oxide on glass substrates. The transparency level of this 

electrode is reduced after being coated with nanostructured material (e.g TiO2).  
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Other than conventional glass substrates, flexible metal substrates have also been used 

in DSSCs like titanium foil based substrate [12], Stainless steel based substrates [14] 

etc. Ti sheets are suitable as substrates because their Fermi level match with porous 

TiO2 layer. Stainless steel is a low cost material but its oxidation forms an interlayer of 

Fe2O3. The energy level of this interlayer does not match with energy level of TiO2, 

hence it is not suitable [15]. DSSCs are also made on light weight and flexible plastic 

substrates, but a big challenge for making such solid-state DSSCs is the formation of 

TiO2 thin films at low temperature as plastic substrates offer temperature limitations [6]. 

Glass electrodes offer lower transparency but higher efficiency than plastic electrodes. 

This may be attributed to lower internal resistance of glass [16, 17]. 

2.2.2 Photo-anode 

First and second generations of solar cells consisted of bulky semiconductor material 

based photoelectrodes e.g. silicon, cadmium sulphide, gallium arsenide etc. Cells made 

with these electrodes did ’t show good sta ility as these photoelectrodes u derwe t 

photo-corrosion when exposed to light. Thus wide band gap semiconductors which 

were resistant to photo-corrosion were employed as photoanode materials in 3rd 

generation of solar cells. Sensitized wide band gap materials like TiO2 and ZnO2 

Fig. 2.3 Transmittance of TCO glass electrode before and after 

being coated with titania [10]. 
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showed good absorption of sensitizer.  In DSSCs, there are three major roles played by 

photoanode:  

(i) It provides a medium for the dye adsorption. 

(ii) It accepts the excited electrons from the dye molecule into conduction band.  

(iii) It transports the electron towards the TCO for its injection in external circuit. 

Different semiconductors like TiO2, Nb2O5 [18], ZnO [19, 20],  SnO2 [21], and SrTiO3 

[22] have been studied for their use in DSSCs as photoanode material. Nb2O5 and SnO2 

provided large roughness factor and increase in the diffusion length of generated 

electron [23]. Studies revealed TiO2 to be the best material for photoanode due to its 

low cost, high availability, and chemical stability. To decrease recombinations and 

enhance photocatalytic efficiency use of coupled semiconductors like Bi2S3/TiO2, 

ZnO/TiO2 and CdS/TiO2 has been reported [24-26]. ZnO has a band gap of 3.37 eV. 

The efficiency of ZnO photoanode based DSSC is less than that made with 

nanostructured TiO2 photoanode due to insufficient sensitizer adsorption [27]. To 

enhance the separation of generated carriers, TiO2 nanotubes have been reported to be 

beneficial [28].  

As already explained, photoanode consists of mesoporous semiconductor thin films 

providing electrical connection with electrolyte and a medium for dye adsorption. 

Therefore the characteristics of this film like porosity, effective area, morphology, pore 

size etc. has direct influence on cell performance.  

Porosity of electrode: Porosity of semiconductor electrode directly affects light 

absorption and electron transport. Optimizing the percentage of porosity in electrode 

can lead to better cell performance. Increase in porosity increases the light absorption 

by dye molecule and decreases the area of dye absorption. The reduction in adsorption 

area is due ti decrease in density of nanostructures. Patel et al. [29] varied the porosity 

of TiO2 based electrode between 30-70% and reported that best performance was 

observed around 40% porous system. So the optimal porosity to achieve best device 

performance is optimized to be 40%. This porosity value is applicable to other 

semiconductor materials as well other than TiO2 [30].  
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Thickness of Electrode: Thickness of the thin film is another factor that affects the cell 

performance. An increase in Jsc with increasing thickness of film from 1µm to 20µm has 

been reported in literature. 20 µm thickness is the optimized thickness of the film as 

increasing it beyond this value degrades the cell performance and decreases Jsc. The 

initial increase in Jsc may be attributed to the increase in internal surface area for dye 

absorption and hence light absorption. Hence thicker films adsorb more photons. The 

decrease in Jsc on further increasing thickness is because of the decrease in current 

density as more thickness causes hindrance for photons to reach lower part of 

photoanode. Increasing thickness decrease Voc of the cell which can be explained by 

electron dilution effect [31]. The intensity of light decreases on penetrating into 

electrode and hence it decreases the excessive electron density. Another factor for the 

decrease in Voc is that thicker electrodes possess higher series resistance [32]. 

2.2.3 Counter Electrode 

Reduction of dye ions forms I3
-
 ions (tri iodide) which are supposed to be reduced to 

iodide ions (I
-
) at counter electrode. High electro-catalytic activity is key feature of the 

counter electrode. Platinum coated TCO substrate are widely employed as counter 

electrodes in DSSCs [33]. Because of the high price of platinum scientist are looking 

for low cost alternative options. Recently carbon nanotubes and graphene have been 

used as promising materials for counter electrode [34, 35]. Graphene is a sheet of 

hexagonally arranged sheets of sp
2
 carbon atoms and possess high electro-catalytic 

activity and good conduction.                                                          

2.2.4 Electrolyte 

The role of electrolyte in DSSCs is to de-oxidize the oxidized dye molecule by donating 

electron. It regenerates the dye molecule and arbitrates electrons between photoanode 

and counter electrode. Liquid electrolytes, solid state electrolytes, or quasi-solid state 

electrolytes are being used in DSSCs, most common being the liquid electrolytes. The 

following aspects should be kept in mind while selecting an electrolyte for use in 

DSSCs [36]; 

1) Electrolyte must be able to regenerate the oxidized dye molecule to its ground state 

rapidly and should be able to transport electrons between the two electrodes efficiently. 
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2) It should have good interfacial contact with semiconductor layer and counter 

electrode and should possess higher conductivity to allow fast diffusion of electrons. 

3) It must not desorb or degrade dye from semiconductor layer and should possess long 

term stability (including electrochemical, thermal, optical, chemical and interfacial 

stability). 

4) Electrolyte should not possess absorption in visible range. 

2.2.4.1 Liquid Electrolytes 

Electrolyte is a non-protonic organic solvent containing a redox system, such as I
-
/ I3

-
 

couple. LiI, KI, R4NI (tetra alkyl ammonium iodide) and NaI are mostly used in 

solvents like propionitrile, ethylene glycol, acetonitrile and propylene carbonate. The 

max efficiency has been achieved using liquid electrolyte in DSSC system[37]. I
-
/ I3

-
 

and Br
-
/Br3

-
 are the two most common couples used in liquid based electrolyte systems. 

Suri et al. [38] reported enhanced Voc and Jsc when they replaced I
-
/ I3

-
 redox couple 

with Br
-
/Br3

-
. The redox electrolyte must be capable of reducing I3 ions efficiently and 

quickly by injection of electrons. 

Photovoltaic performance is dependent on each component of liquid electrolyte like 

redox couple and solvent or additive (not a compulsory component but small amount 

could be added to enhance photovoltaic properties). Organic solvent provides an 

environment for dissolution and diffusion of redox ions. The most important 

characteristics of organic solvent are dielectric constant of solvent, its viscosity and its 

donor number. A solvent with low viscosity is recommended since the ion conductivity 

depends on viscosity of solvent. Viscous the solvent, lesser is the ion conductivity, 

lower is the cell performance. 

 Liquid electrolytes limits cell stability and hence limits the commercialization of 

DSSCs because  

 Solvents used are volatile that easily evaporates affecting cell stability and 

arising problems related to sealing of cell. These electrolytes cause corrosion of 

platinum electrode and photo-degradation and desorption of dye molecules [39]. 

 Liquid electrolytes may get leaked hence reducing the lifespan of the cell [40]. 
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 Using liquid electrolytes in DSSCs makes it difficult to fabricate multi cell 

modules. Efficient modules must be separated chemically and linked electrically 

[41].  

To overcome these limitations, scientists have been working on alternate materials to 

replace organic solvents in electrolytes 

2.2.4.2 Solid State Electrolytes 

Solid state DSSCs can be fabricated using two types of electrolyte medium; 

1) Hole transport materials (HTMs) 

2) Solid state electrolyte containing redox couple 

DSSCs employing solid state electrolyte contains I
-
/ I3

-
 redox couple and has similar 

operation to liquid electrolyte based DSSCs. Operation of HTM based DSSCs differ 

only that the oxidized dye molecule is deoxidized by electron which is donated by the 

hole conductor [37]. The use of copper based inorganic HTM like CuBr, CuSCN and 

CuI as electrolyte materials in DSSCs has been investigated [5, 42]. A complete hole 

conducting/transporting layer of such materials can be deposited using vacuum or 

solution based deposition methods. They show good hole transporting ability but 

could ’t show good efficie cy a d sta ility. Therefore these shift the research i terests 

towards organic HTMs. Organic light emitting diodes and organic thin film transistors 

are low cost HTMs being used as organic HTMs in DSSCs [43]. Zhang et al. used poly 

(3-hexylhtiophene (P3HT) as a polymeric hole transporter and reported an efficiency of 

3.85% [44]. The efficiencies of HTM based DSSCs are quite lower than liquid 

electrolyte DSSCs due to higher recombinations and lower intrinsic conductivities of 

HTMs. Other good candidate options opening doors for investigations are PEDOT or 

PEDOT:TMA. 

2.2.4.3 Quasi Solid State Electrolytes 

Quasi solid state, also known as gel state, is a state of matter that is neither liquid nor 

solid. Quasi solid state electrolytes consist of a polymer host filled with liquid 

electrolyte. These electrolytes possess diffusive property of a liquid and cohesive 

property of a solid therefore assigning good interfacial contact and high ionic 

conductivity despite having high viscosity. They also show good stability [45, 46]. 
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Good photovoltaic properties have been observed by adding polyvinylidene fluoride co 

hexafluropropylene) to KI/I2 electrolyte [40].  

2.2.5 Dye Sensitizers 

The role of dye in DSSCs is to sensitize wide band gap semiconductor. Upon 

irradiation, dye molecule absorbs photon and gets oxidized. The excited electron is 

transported into conduction band of semiconductor which transports it further to outer 

circuit through the TCO layer.  

Dyes are required to possess special characteristics as it is an important component of 

DSSC. The most important of them are [47, 48] 

High molar extinction co-efficient of dye: The fraction of light absorbed by the cell is 

determined by the absorption coefficient of dye and concentration of the dye. Dye must 

have a high absorption coefficient in visible region and should be adsorbed properly on 

semiconductor layer to provide dense coverage of surface. Increased absorption of 

photoanode lets us decrease its layer thickness and hence reduction in recombination 

probability. If novel dyes could be synthesized that would show absorption NIR region, 

an increase in Jsc is expected. None of the dyes absorbs in region 900-1100 nm which is 

one of the reasons for DSSCs to exhibit less efficiency than crystalline silicon solar cell. 

Energy level: The conduction band of semiconductor should be 0.2-0.3 eV less than the 

energy level of oxidized dye molecule so that efficient charge injection can take place. 

If charge injection is slow or inefficient, there is a possibility of back reaction i-e the 

reduction of oxidized dye molecule by conduction band electron. 

Overlapping orbitals: Charge injection in semiconductor conduction band (3d-orbital 

of tita ium  takes place from π
*
 orbital of anchoring group of dye molecule. So, There 

should be a good overlapping betwee  the π
*
 orbitals of dye molecule and conduction 

band of semiconductor for efficient charge injection. This injection should take place in 

femto to pico second and time scale for recombination must be micro to mili second to 

ensure good injection yield.  

Keeping above points in mind, researchers have been trying to synthesize new dyes like 

porphyrins and phthalocyanines. Porphyrins lack the absorption of red light and near 

infrared radiations. Phthalocyanines have LUMO level too low to efficiently transfer 

excited electron to conduction band of semiconductor. Enhanced efficiencies has been 
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reported using coumarine or polyene type sensitizer [49, 50]. Many natural sensitizers 

from fruit of calafate, berries and black rice etc. and natural anthocyanins have been 

used but none could help in commercialization of DSSCs [51-53]. Polypyridyl 

complexes of ruthenium with thiocyanate ligands have shown the best photovoltaic 

performance and stability as they exhibit sharp metal to ligand charge transfer bands in 

visible region of electromagnetic spectrum which is very necessary for injection of 

charge into conduction band of semiconductor efficiently. 

2.2.5.1 N3 Dye 

I  197 ’s, tris 2,2’-bipyridyl)Ru(II) sensitizer was extensively employed in DSSCs 

because they possessed long lived excited state. Sooner the attention of researchers 

shifted towards closely related bis(2,2-  ipyridyl LL’Ru II  complexes  ecause they 

possessed comparatively  roader a sorptio  spectrum i  visi le regio . So i  199 ’s N  

dye was introduced and is the best and most used sensitizer since then [54, 55] 

 Structure and excitation mechanism 

It co sists of two thiocya ate liga ds  LL’ , the choromophore of the dye, as show  i  

Fig. 2-3. These ligands are attached to carboxylate group, the anchoring group. The 

thiocyanate ligands are the most delicate and weak part of N3 dyes. Researchers have 

been trying to replace thiocyanate donor ligands but no remarkable results have been 

achieved [56]. The choromophore of dye [SCN] has its role in absorption of visible 

light and anchoring group forms ester linkages and bidentate coordination to 

immobilize the sensitizer to film surface. N3 dye show maximum absorption at 400 nm 

(extinction co-efficient 1.41*10
4 

M
-1

cm
-1

) and 535 nm (extinction coefficient =1.45*10
4 

M
-1

cm
-1

) due to metal to ligand charge transition. The transition of electron from metal 

to π
* 
of anchoring group is responsible for excitation of the dye molecule [47]. 
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Fig. 2.4 Structure of N3 dye. 

Protonation level of N3 

The protonation level (number of protons) of dye has a direct effect on energy level of 

semiconductor conduction band and hence on efficiency of device [57]. The dye 

molecules are chemically linked to semiconductor in esterification and the protons in 

carboxylic group are partly shifted to the surface of semiconductor. The dye N712 

contains zero protons and N3 contains 4 protons, and between the two N3 proved to be 

a better option [58]. Fermi level of TiO2 is shifted down when number of protons is 

increased as they charge TiO2 surface positively. This creates an electric field at the 

surface which increases the dye adsorption (anionic ruthenium complex) and also aids 

electron injection from dye to TiO2.   

Stability of N3 dye 

The best feature about N3 dye is that the molecules show best compatibility with TiO2 

surface. It can endure 10
7
-10

8
 excitation cycles on TiO2 surface but only 200 in solution 

because of the ester linkage with TiO2. The dye, on adsorption, forms charge transfer 

complex with Ti
3+

 states. These states are created when charge is injected or they exist 

partly. The charge tra sfer complex allows local export of e tropy  y i duci g a π  ack 

bonding and hence stabilizes the ruthenium complex [59]. 

Hence, N3 sensitizer shows good photovoltaic properties like matching excited and 

ground states or energy levels, good electro-chemical stability, broad absorption 

spectrum and long excited state lifetime. 
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Summary 

In this chapter details on the working principles, factors affecting performance of 

DSSC, components and available materials for Dye sensitized Solar Cells have been 

summarized. The excitation of electron in dye adsorbed on wide band gap 

semiconductor photoanode when exposed to electromagnetic radiation causes the 

generation of electricity. The energy levels of the dye, wide band gap semiconductor 

and electrolyte strongly affects the performance of DSSCs. there are a large variety of 

available substrates, semiconductor material for photoanode, sensitizer and electrolytes 

for DSSCs. Solid state electrolytes can be used to replace liquid electrolytes (like I
-
/I3

-
) 

electrolyte to enhance the stability of the cells but they yield low efficiency. Liquid 

electrolytes are volatile and degrade with increasing temperature but yield high 

efficiencies. TiO2 and N3 dye are among the most suitable materials for photoanode of 

DSSCs. The problem with using TiO2 as a semiconductor material for photoanode is 

that it absorbs only UV radiation of electromagnetic spectrum. Dyes are adsorbed on 

their surface to enhance their absorption in visible range and the main function of the 

dye is to donate electron on absorption of light. 
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Chapter 3  

Why Metal Doping in Titania 

3.1 Why Titania Based Electrode for DSSCs 

Titania is an inexpensive, chemically stable, nontoxic, and biocompatible material with 

interesting photocatalytic activities and high dielectric constant [1]. Nanoscale titania is 

a multifunctional material that has its applications as anode material in DSSCs and 

many other fields [2]. Titania is an n-type semiconductor because of presence of oxygen 

deficiency [1]. It has three polymorphs: brookite (orthorhombic), rutile (tetragonal), and 

anatase (tetragonal).  The band gap of brookite is approximately 3.2eV, rutile has a 

band gap of 3.0eV, and band gap of anatase is 3.2eV. Anatase and rutile are the main 

polymorphs [3]. 

3.1.1 Photocotalytic Mechanism in Titania 

The photocatalytic mechanism in titania starts with the absorption of photon. The 

excitation occurs when the photons with energy equal to or greater than the band gap of 

titania is absorbed. This allows the formation of an electron-hole pair on the surface of 

titania molecule. A hole (positive) is created in Valence band (VB) and an excited 

electron is promoted to the Conduction Band (CB). The electrons in Excited-state can 

get trapped in metastable states on surface, dissipate the input energy as heat due to 

recombination or react with electron acceptors/donors on semiconductor surface [4]. 

Anatase possesses the energy band 3.2 eV, which corresponds to 400 nm in 

electromagnetic spectra. The electron in pristine titania gets excited when irradiated to 

photons in UV region which constitutes only 4 % of total solar spectrum and about 40 

% solar photons belongs to visible region. Also material efficiency is reduced due to 

recombination [5]. Scientists have been trying to induce visible light activity and 

enhance generated carrier separation efficiency by introducing different changes in 

titania like incorporating nonmetals, transition metals, rare earth metals, creating 

oxygen vacancies and introducing structural defects [6, 7]. The incorporation of dopants 
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and defects create sub band states in titania band gap and enhance their visible light 

absorption by shifting the absorption edge towards visible region. 

3.2 Methods to Enhance Visible Light Absorption in Titania 

Several methods have been reported in literature to enhance the visible light 

photoactivity of titania. 

1) To enhance spectral response of titania it has been doped by metals (Cu, Fe, Mg, Cr 

etc.) and nonmetal impurities (B, N etc.).  

2) To enhance the separation of generated carriers, titania nanotubes have been reported 

to be beneficial [2]. 

3) It has been found that noble metal and titania heterogeneous materials have excelled 

titania nanotubes and doped titania in properties as these heterogeneous materials 

i hi its the recom i atio ’s a d e ha ces visi le light a sorptio  [9, 10].   

4) To decrease recombination and enhance photocatalytic efficiency use of coupled 

semiconductors like Bi2S3TiO2, ZnO/TiO2 and CdS/TiO2 has been reported [11-13]. 

There are many ways to dope titania like ion assisted Sputtering, ion implantation, CVD 

etc. But these processes are very expensive. Solution based processes for doping like 

sol-gel and other hydrothermal processes contribute cost effective and large scale 

production [8, 14]. The most important and highly employed method for synthesizing 

solution based cost effective method is sol-gel synthesis.  

3.3 How Metal Doping in Titania Increases its Visible Light 

Absorption  

When metals are doped in titania, three different modification mechanisms have been 

suggested, formation of impurity energy levels, narrowing of band gap and formation of 

oxygen vacancies [8]. 
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Doping generates an intermediate energy level between valence band and conduction 

band of titnai. Therefore metal doped titania shows enhanced visible photoactivity due 

to formation of this new energy level in band gap of titania. It is formed by the 

scattering of metal nanoparticles in its lattice [8]. Doping titania with a transition metal 

leads to the reduction in the band gap energy which is attributed to the inclusion of 

metal ions into titania crystal lattice. It has been studied that doping titania with 

aliovalent ions changes the material properties and absorption properties because of the 

modification in local lattice symmetry and defects. When titania is doped with metal, 

metal ions either locate themselves on the surface sites or inside bulk titania. This 

causes lattice deformation due to rearrangement of adjoining atoms to neutralize charge 

deficiency. This lattice deformation and rearrangement modifies electronic structure and 

hence the band gap shift occurs.  

Also, oxygen vacancies are created due to presence of small amounts of metal ions in 

the lattice sites of titania [4, 9]. These are created due to charge compensation effect. 

3.4 Discussion on Metal doped Titania Based DSSCs 

When titania is doped with metals, the dispersion of metal nanoparticles in titania 

matrix produces a new energy level. The electrons need less energy to excite from 

defect state to CB of titania as compared to the photon energy required in exciting 

electrons in undoped titania. Metal doping offers reduction in electron-hole 

recombinations by improved trapping of electrons and enhanced photocatalytic activity 

[8]. Considering crystal structure of titania, it is difficult to substitute O
- 
with any other 

anion than to replace Ti
4+ 

with another cation because of the difference in ionic radii 

and charge states. 

Cationic doping of TiO2 with rare earth metals and transition metals (such as Sm, Cu, 

Nd, Zr, Gb, Zn, Pr , Co, Er, Ni, Ce, Cr, La, Mn, Pt, Mo, Ag,  Nb, Au, V, Sn, Fe, Ru or 

W) has been extensively studied. Researchers have found that doping titania with 

transition metal increase thermal stability, decrease photothreshold energy of titania. A 

decrease in lifetime of carriers has also been indicated [1]. This limits the overall 

conversion efficiencies. Sometimes transition metals in TiO2 behave as trapping sites 

for generated electron-hole pairs and hence the inclusion of these metals in titania leads 
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to lowering of quantum efficiency. In anatase phase, they can also cause thermal 

instability. Despite doping metals in TiO2, a reduction in band gap energy has been 

attained by researchers, but an exceptional enhancement in photocatalytic activity has 

not been observed [2, 3].  

Doping TiO2 semiconductor of photoanode render three main advantages in DSSCs: 

reduction in the photocatalytic activity of DSSCs, reduction in band gap thus 

enhancement in efficiency and reduction in recombination rate. Some researcher have 

studied and reported better device performances when utilizing doped semiconductor as 

compared to performance of cells based on undoped semiconductor. Several dopants 

have been doped in titania semiconductor of DSSCs but none of them could enhance the 

open circuit voltage (Voc) and short-circuit current density (Jsc) together at the same 

device. 

Feng et al. [18] prepared Ta-doped titania nanowire arrays for DSSCs and found a 

considerable increase in open circuit voltage (Voc) due to negative shifting of CB of 

titania.  A decrease in photoconductivity of chromium doped TiO2 has been indicated. 

The decrease is due to presence of Cr
3+ 

ions in lattice displacing Ti
4+ 

ions [19] . 

Whereas,  M. Geetha et al. [20] reported doping chromium showed improvement in 

photoelectric performance of  dye sensitized solar cells. They found an enhancement of 

light to electric conversion efficiency by a factor of 2.33 with 0.05 mol % Cr doping in 

titania photoanode.  Tran van nam et al. [21] found doping magnesium caused a 

negative shift of the CB edge 1.142  and -1.16 eV for surface and bulk respectively. 

They also observed shift of Fermi level to negative energy. These effects improved Jsc 

but decreased the Voc of DSSCs. Yandong Duan et al. [2] studied the effect of Sn 

doping in titania photoanode of DSSCs and found 12.1 % increase in efficiency 

compared with efficiency of cell containing pure titania based photoanode.  Maciej 

Zalas and Maciej Klein [22] studied the influence of rare earth metal doping on 

performance of DSSCs. They found doping had no effect on crystal structure of 

electrode but strongly affect properties of DSSCs and a change in electronic properties 

was reported. These modified electrodes prevented back transfer of electrons and 

enhanced dye absorption ability. The best device performance was obtained in devices 
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which used Ce and Yb as dopants. But many of rare earth metals modifications in 

DSSCs ( like Tm, Gd, Eu, Y, etc.) decreased photoconversion of DSSCs. An 

enhancement in efficiency has been indicated by using vanadium doped TiO2 as 

photoanode in DSSCs [23]. Xi Xang et al. indicated improvement in Jsc due to reduction 

in charge recombination, amelioration in electron lifetime and increase in power 

conversion efficiency in DSSCs fabricated using W-doped TiO2 as photoanode [24]   

Effect of co-doping has also been studied. Ko et al. [25]. They found enhancement in 

device efficiency when the semiconductor was co-doped with tungsten and aluminum.  

Qiuping Liu et al. [26] investigated cell made by using Zn and Mg co-doped titania 

electrode and found 26.7 % increase in conversion efficiency as compared to undoped 

titania based DSSCs.  

Wang et al. [31] and M Hirano et al. [32] synthesized Photoactive and adsorptive 

Niobium-Doped Anatase (TiO2). They report that the crystalline structure of titania is 

not altered even when large amounts of dopant (20 wt %) has been doped . XRD peaks 

show a slight shifting towards left that indicates the inclusion if niobium in titania 

lattice because Ti
+4 

has smaller radius (0.61 Å) as compared to Nb
+5 

(0.64 Å). Larger 

shift of peaks has been observed when higher amount of dopant has been incorporated 

[29, 32]. While increasing niobium loading, the onset of absorption shifts towards 

longer wavelengths. A red shift has been observed in UV-Vis spectra for 10 wt % 

doping as compared to undoped titania and allows doped titania to absorb 40 % more 

light than pristine titania [27, 32]. Decrease in bandgap by Nb doping in titania has also 

been reported by Salvador et al. [33]. They performed electrochemical measurements 

and found photocurrent quantum efficiency to calculate the bandgap (Eg). They varied 

quantum efficiency with photon energy to determine value of Eg experimentally. They 

report highest band gap reduction (Eg=2.9eV) and highest quantum efficiency by 0.2 wt 

% doping of niobium. Increasing Nb content further increased band gap which was an 

indication of segregation of Nb2O5. Reported by X Lu et al. [30] cell consisting 

photoanode made from Nb doped titania nanoparticles (5 mol %) showed 18.2 % more 

energy conversion efficiency and enhanced conductivity than cell consisting 

photoanode made from undoped titania nanoparticles. An enhancement in opto-
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electronic properties and device efficiency of cell containing niobium doped titania 

photoanode has been reported [34]. A decrease in Voc when dopant concentration was 

increased from optimized amount has been seen. This is due to the positive shifting of 

Vfb. Lowering of Voc can be avoided and photocurrent density can be improved by 

optimizing and carefully selection of electrolyte, dye and photo-anode material.  

The ionic radius of Ti
4+ 

(0.0605 nm) and that of Fe
3+ 

makes the substitution of dopant in 

titania lattice possible. Due to doping iron in titania lattice and iron ion radius being 

smaller than Ti
4+

 ion, compaction of titania lattice is observed and denser phase is 

formed [39]. Iron exists as its oxide form in titania matrices and the crystallinity of 

titania is hardly affected by iron doping [37]. It was reported that the presence of iron as 

dopant in titania lattice initiates the formation of rutile phase. The formation of rutile 

phase increases with increase in iron loading. An increase in wt% of rutile phase has 

been indicated from 14% (undoped) to 23% (doped). Changing different concentrations 

of iron dopant in titania, a reduction in band gap has been seen up to 2.9 eV and this 

make photo-response of doped titania possible in visible region. The impurity levels 

formed by doped metal oxides not only act as absorption centers of VIS-light but also 

act as recombination centers of electron/hole pairs. It is found that the recombination of 

the photo-generated electron/hole pairs take place quickly in the Fe-doped titania films 

[35] whereas Wang X et al. [39] o served a decrease i  recom i atio ’s of ge erated 

carriers. A decrease in photocatalytic activity has been observed by presence of Fe ions 

[37]. Iron doped titania showed higher specific surface area when compared to undoped 

titania. 

It has been reported that doping copper in titania enhances the photo-activity [36-38] 

and reduces the band gap of titania. The enhancement of the photo-catalytic activity was 

discussed as an effect due to the Cu content as well as to the formation of stable Cu (I) 

in the Cu-doped titania semiconductors. Doped samples show shifting of absorption 

peak in UV spectra to visible region or longer wavelengths [38, 39]. Copper can be a 

good candidate material for doping titania for application in DSSCs. it is in-expensive 

and readily available. However, not enough data is present for the application of Cu 

doped titania as a photoanode material in DSSCs. 
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Summary  

In this chapter importance of titania, its properties and its use in DSSCs has been 

discussed. Titania is a candidate material for the photoanode because of its stability and 

good performance. However, the problem with titania is that it only absorbs UV part of 

the light. Enhancing its absorption can lead to better performance of the cell. For this 

reason, metal doping in titania has been studies. Doping titania with metal allows 

formation of impurity energy levels, narrowing of band gap and formation of oxygen 

vacancies in titania  lattice. Work has been done by researchers to study the effects of 

including metal dopant in titania photoanode of DSSCs. metals like iron, niobium, 

neodymium, tantalum etc. An increase in Voc of the cell has been reported using metal 

doped electrodes with optimized doping concentration but none of the dopants could 

increase both Voc and Jsc of the cell. Cu seems to be a good candidate for metal doping 

in titania for application in DSSCs. However, not enough data is present for the 

application of Cu doped titania as a photoanode material in DSSCs. 
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Chapter 4  

Review on Experimental and 

Characterization Techniques 

4.1 Solution Based Synthesis Techniques  

4.1.1 Sol-gel Synthesis of Nanoparticles 

Sol-gel synthesis is one of the most common methods for synthesis of nanoparticles. Sol 

can be defined as a colloid suspension of solid particles in liquid [1]. Sol-gel synthesis 

may involve a metal-organic approach in which metal alkoxides are dissolved in 

organic solvents or it may involve a metal-inorganic approach in which metal salts like 

nitrates, chlorides, oxychlorides etc. are used as precursors in water. Metal-inorganic 

approach for synthesis of particles is much cheaper than the former but the reactions are 

rapid and difficult to control.  

Metal alkoxides M(OR)z belong to the family of metal-organic compounds, where M is 

a metal (Ti, Si, Al, Ce, Zr etc.), OR is an alkoxy group or organic ligand attached to 

metal atom and z represents the oxidation state of metal. In metal organic route the main 

reactions are hydrolysis and condensation of metal alkoxides which lead to 

polymerization. The first step is the hydrolysis of alkoxy group 

M(OR)+H2O             M(OH)+ROH 

The next step is polycondensation reaction. The result of this reaction is the formation 

of polymers and oligomers based on metal oxo skeleton. The residual in this process is 

reactive alkoxy and hydroxo groups. Polycondensation reaction occurs in two steps. 

First the formation of oxygen bridges known as oxalation and second is the formation of 

hydroxo bridges known as olation. 

M(OH)+(XO)M            MOM+XOH 
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Where X represents H or R, depending upon the hydrolysis ratio (H2O/M). The kinetics 

of oxalation is slower than the kinetics of olation. 

M(OH)+(HO)M               M(OH)2M 

After polycondensation, metal-oxo-macromolecular network is formed. A sol is formed 

in which macroscopic size has not been achieved by the polymerized structures. A gel is 

formed when the bushy structures are formed due to recombination of metal oxo 

polymers. The structure of these oxo polymers are dependent on temperature, 

hydrolysis ratio, nature of solvents and that of catalysts, use of nucleophilic reagents 

and complexing ligands etc.  

4.1.2 Hydrothermal Synthesis of Nano/micro Particles 

In hydrothermal synthesis, crystals are synthesized using water soluble precursors. The 

synthesis process and conditions depend on the precursor solubility in water at high 

slightly temperature and high pressure than normal room conditions [2]. To provide the 

appropriate conditions, crystal growth and synthesis is done in an autoclave. Autoclave 

is a pressure vessel made up of steel and usually lined with Teflon. The precursor is 

dissolved in hot water and the mixture is placed in autoclave at high temperature. 

Different temperature is maintained at two ends of autoclave. Cooler end is the site for 

the crystal growth and at hotter end solute gets dissolved. In hydrothermal method of 

preparing nano or micro sized particles, operating conditions are optimized to get the 

desired shape of the crystals. It is because the size and shape of synthesized particles 

depends on the operating conditions like reaction path, pressure and temperature. High 

vapor pressure materials can easily be synthesized using this method. This method 

enables us to have a good control over shape, size and composition but it is very 

difficult to observe the phenomenon during the growth of the crystal. Now-a-days 

hydrothermal reactors are available making it even easier to control the conditions. The 

reactor is turned on after setting desired conditions of temperature and pressure. When 

the desired conditions are achieved in the reactor, the raw material is pumped into it [3]. 

It is an environmental friendly and a low cost synthesis technique. 
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4.1.3 Dip Coating  

Dip coating is another solution based wet chemistry method for deposition of films with 

thickness from 25 nm to 60 µm allowing high precision.in dip coating deposition 

process the coating material is in liquid form, usually a solution or a sol and substrate to 

be coated is immersed, remained in solution for some time and then withdrawn with 

well-optimized speed. The coating process takes place under controlled atmospheric 

and monitored temperature conditions [4]. The steps involved in deposition process are 

shown in Fig. 4.1. 

The thickness of the coating can be easily controlled. It depends on the viscosity of the 

solution, withdrawal speed and the solid content in solution. Faster the substrate is 

withdrawn, thicker is the coating and viscous the solution, thicker is the film. 

The advantage of using dip coating deposition method is that it is cheap and simple. It 

allows us to control the film thickness. Dip tanks come in variety of shapes and sizes 

which allows coating on large and small substrates. But the drawback of using such 

deposition process is the uncontrolled uniformity of the film. Film may be thicker at one 

edge of the substrate and thinner at other. 
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Fig. 4.1 Schematic diagram for Dip coating deposition process. 

4.1.4 Spin Coating 

Spin coating is a deposition technique which involves the use of centrifugal force to 

uniformly deposit thin films onto substrates. The deposition machine is called spin 

coater. Coating material is a colloid in liquid form or semi liquid form but thinner than 

paste. It usually contains volatile solvent. Small amount of this colloid is put in middle 

of the substrate to be coated and placed on the stub of the spin coater which holds the 

substrate using vacuum or double tape is applied at the non-coating side of the substrate 

to be fixed on the stub. After holding the substrate, coater spins the substrate by 

spinning at required rpm and centripetal acceleration spreads the colloid evenly onto the 

substrate. The substrate is dried and process may or may not be repeated depending 

Step1: 

Preparation of 

coating solution 

Step2: Immersion   

Step3: Dwell time  

Step4: Deposition 

Step5: Drainage 

Step6: 

Evaporation 

A solution is prepared containing the 

precursors of coating material and/or a 

solvent. It may also contain a surfactant. 

Substrate is immersed in solution with 

a constant speed and jitter free motion  

The substrate is allowed to stay in 

the solution without any motion for 

optimized time so that the coating 

material apply itself to the substrate 

A thin film or coating is deposited as 

the substrates are withdrawn with 

constant speed and jitter free motion. 

The coated substrate is allowed to 

hand to drain the excess solution on 

it by gravity 

The solvent is evaporated in air 

forming a proper thin film. This 

process starts during withdrawing 
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upon the desired thickness. Thickness of the film can be controlled easily. Thickness 

depends on the angular speed of spinning, viscosity of the colloid, amount of solid 

content in colloid and drying rate. Higher the speed, thinner is the deposited film.  

Spin coating has its advantages over dip coating as it allows uniform deposition of 

material throughout the substrate and also allows the deposition of films as thin as 5nm. 

Spin coating requires expert hands as very slight variations in the depositing parameters 

can cause drastic variations in deposited films.  

 

Fig. 4.2 Schematic diagram for spin coating deposition process. 

4.1.5 Doctor Blade Coating 

Doctor blade coating is the simplest and cheapest method of coating films on substrates. 

It is a simple spreading of a paste using a sharp edged metal applicator. Slurry or paste 

is made using precursors, a surfactant and a volatile solvent. Doctor blade comes with 

Step1: Preparation 

of depositing 

solution 

Step2: loading of 

substrate 

Step3: Dispense 

resin 

Step4: Deposition 

of film 

Step5: Evaporation 

of solvent 

A colloid is made that should be liquid 

or thinner than a paste. The colloid can 

be a sol or a simple solution containing 

the material to be deposited.  

Su strate is loaded o  the coater’s stu  

which holds it creating vacuum or it has 

to be applied to it using double tape. 

Excess amount of prepared solution is applied 

in the middle of the substrate using a syringe or 

a dropper (1-10cc depending on viscosity of 

solution and desired thickness). 

The substrate is then spun at high speed 

(800-3000 rpm) to spread the colloid 

evenly for optimized time (20s-120s).  

The solvents used are mostly volatile so 

it evaporates to form proper film.  
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screws to adjust thickness from few nanometers to micrometer range. Substrates are 

fixed to a flat table using tape and part of substrate to be coated is exposed only. The 

rest is covered by tape. Ample amount of the slurry is put on one end of the substrate 

and screws of doctor blade are adjusted according to the desired thickness. Doctor blade 

is glided over the substrate manually in one go.  The coated films are then dried. The 

thickness of the film depends on viscosity of paste, surface tension and coating speed 

(moving speed of the hand. 

The advantages of using doctor blade deposition techniques is that is simple, cheap and 

does not require expensive coaters or electric driven machines. But it allows less 

thickness control as compared to other solution based techniques.  

4.1.6 Spray Pyrolysis 

Spray pyrolysis, also known as chemical deposition spray pyrolysis, is another solution 

based wet chemistry route to deposit thin films onto substrates. Pyrolysis is a process in 

which thermo-chemical decomposition of organic materials occurs in absence of 

oxygen at high temperature. The deposition system consists of an atomizer, an heated 

substrates and a liquid source. In the deposition process a solution containing the 

coating precursors is sprayed onto heated surface where they react to form the coating 

of desired material. In other words chemical reaction occurs at the surface of substrates 

forming the desired and undesired products [5]. The precursors are chosen such that the 

byproducts of reaction are volatile and do not stay on the substrate along with coating. 

This method is specifically used for deposition of different oxides. Viguie and spitz 

classified different types of spray pyrolysis deposition processes on basis of reactions 

occurring after spraying which are stated below [6] 

Process A: after spraying, droplets reach the surface of substrate and the solvent dries. 

A solid matter is left behind which reacts in its dry form. 

Process B: In this process, the solvent starts evaporating as soon as it comes out of the 

spraying nozzle. Only dry solid matter reaches the substrate surface for decomposition. 
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Process C: as soon as the solvent is sprayed it starts vaporizing till it reaches the 

substrate. The solid matter starts vaporizing after impinging on substrate. The resultant 

vapors diffuse to the substrate and undergo heterogeneous reaction. 

The properties of deposited coatings are dependent on precursors and processing 

conditions like the droplet size, temperature of substrate and type of reaction occurring 

at the substrate. Droplet size depends on the nozzle aperture and method of atomization. 

Ultrasonic spraying produce smaller droplet and aerosol spraying produce larger 

droplets. The advantage of using this technique is that it is simple and low cost. It has 

potential for mass production and is rapid. It offers ease of adding dopants, 

reproducibility of films and does not require vacuum.  

4.1.7 Electrodeposition 

 Electrodeposition is another method for creating thin films on a work piece. Although 

this is a very old technology, it has recently been adopted for use in IC manufacturing, 

especially for depositing the copper films that are replacing aluminum films in most 

advanced integrated circuits. In electrodeposition, the source and work piece are both 

immersed in a liquid electrolyte and also are connected by an external electrical circuit. 

When a voltage is applied between the source and work piece, ions of the source 

material dissolve in the electrolyte, drift under the influence of the field towards the 

work piece, and chemically bond on its surface. Over time, a thin film is thus deposited. 

In some circumstances, an external electric field may not be required; this is called 

electroless deposition. Electrodeposition and electroless deposition are sometimes 

referred to as “plati g,” a d the deposited film is sometimes said to  e “plated out” o  

the work piece. 
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4.2 Vacuum Based Deposition Techniques 

4.2.1 Physical Vapor Deposition 

Physical vapor deposition (PVD) is one of the very important methods of thin-film 

growth on substrates which involve ultra-high pressure environment for deposition. 

4.2.1.1 Evaporation and electron beam evaporation 

Evaporation takes places in a vacuum chamber, and by one mean or another, creates a 

low-pressure vapor of the material to be deposited. Some of this vapor will condense on 

the work piece and thereby start to deposit as a thin film. Simply melting a material in 

vacuum, depending on its vapor pressure, may sometimes produce a useful deposit of 

material. Sublimation furnaces are engaged to efficiently evaporate selenides, sulfides, 

and some other oxides. The evaporative materials are sintered and pressed to form 

pellets that are then subjected to radiant heat source. The most common example of 

these kind of evaporative materials include graphite, pyrolytic BN, and refractory 

metals, mostly formed by hot pressing of powder to form pallets. The heating is 

normally done by external tungsten wire resistance heating elements. 

The heating of evaporant source by resistive heating element (in conventional 

evaporation process) include disadvantages like contamination caused by the supportive 

materials, crucibles, and heaters that hinders the deposition of pure films. It also 

includes the drawback of evaporating high melting point materials at high rates. 

Electron beam evaporation overcomes these limitations and therefore it is a better 

vacuum based evaporative film deposition technique. This technique has the advantage 

of evaporating a wide range of materials at practical rates. The technique works by 

placing the evaporative material in water cooled crucible or copper hearth. A small 

fraction of evaporant sublimes or melts that assured the purity of evaporative material 

as the crucible is water cooled that hinders its melting and contamination with the 

source evaporant.  

The electron beam deposition technique usually have the configuration that works by 

emitting the electrons from heated filaments that are isolated from direct line of sight of 

both the substrate and the evaporative source. This strategy eliminates the film 

contamination caused by heated filament at cathode. The cathode is negatively biased 
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with respect to anode potential in a range of 4 to 20 kV, which causes the acceleration 

of electrons. Furthermore, the electrons are subjected to transverse magnetic field that 

deflects and focus the electron beam on the crucible containing the evaporative source 

at ground potential.  

4.2.2.2 Sputtering 

Sputtering is an example of physical vapor deposition process in which bombardment of 

energetic particles on the target material cause the ejection of source atoms from target 

material. The atoms can only be ejected if the kinetic energy of the bombarded particles 

is very high (≫ 1 eV). The prolonged bombardment of highly energetic particle can be 

harmful as it leads to a substantial erosion of materials. However, it is frequently 

utilized for depositing thin films, analytical techniques and etching process. It is also the 

most important PVD method for integrated circuit manufacturing. The interconnections 

that carry electrical signals from one electronic device to another on an IC chip typically 

have been made from aluminum alloys that have been sputter deposited. Sputtering can 

be used to deposit both conducting and insulating materials. 

Sputtering process is driven by collisions that cause the momentum exchange between 

the atoms and ions in the materials. In a sputtering chamber, argon or other atoms in a 

gas are first ionized and then accelerated by an electric field towards a source material 

to  e deposited, called a “target.” These io s dislodge a d eject atoms from the surface 

of the source material, some of which drift across a gap towards the work piece; those 

that condense on its surface are said to be deposited. Depending on the how long the 

process continues, it is possible to sputter deposit films that are many microns thick. 

4.2.2 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) represents another set of techniques that are widely 

employed for deposition. LPCVD, APCVD, PECVD are the different types of chemical 

vapor deposition method. In CVD, the source of the material to be deposited exists in 

gaseous form. The source gas and other gases are introduced into a heated vacuum 

chamber where they undergo a chemical reaction that creates the desired material as a 

product. This product condenses on the work piece creating, over time, a layer of the 
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material. In some CVD processes, the chemical reaction may take place preferentially 

on the work piece itself.  

The CVD methods were very old and were used to deposit tungsten coatings as a 

protective layer on the filaments of incandescent bulbs to increase their life. Now high 

temperature, high quality CVD methods for producing epitaxial growth of thin films 

and coatings are dominantly used in wide variety of applications including the 

manufacturing of solid state electronic devices, cutting tools and ball bearings, the 

production of nuclear reactor components and rocket engine. Thin films of 

polycrystalline silicon, tungsten, and titanium nitride are commonly deposited by CVD 

as part of IC manufacturing. Nanowire growth, also often proceeds via CVD.  
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4.3 Characterization Techniques 

Characterization techniques are external techniques used in material science to probe 

into the properties and internal structure of the materials under study. Characterization 

techniques can be employed for structural analysis, thermal analysis, composition 

analysis etc. Few of the techniques are explained below 

4.3.1 XRD 

XRD is an analytical technique for quantitative determination and identification of 

phases and orientations in crystalline compounds. XRD is a non-destructive and 

versatile technique that yields crystallographic information of the specimen.  About 

95% of solid materials on earth are crystalline like metals, salts, semiconductors, 

minerals etc. this technique is useful in determining structural properties like grain size, 

lattice parameters, Epitaxy, thermal expansion, type and lengths of chemical bonds in a 

specimen, size of atoms, arrangement of atoms, phases and crystallographic 

orientations. 

Working principle 

“Whe  crystalli e materials are irradiated  y  -rays, they interact with atoms of the 

material and refract X-rays of characteristic energy. An individual pattern is generated 

by each material. In a mixture of materials, each substance gives its own pattern 

independently. XRD works on the principal of constructive interference of refracted X-

rays”, 

When X-rays interact with matter, 3 phenomena may occur, Ionization, fluorescence 

and diffraction. In XRD, when X-rays hit atoms, the electrons in atom start vibrating 

with frequency same as the frequency of striking X-rays. In most of the directions 

destructive interference will occur i.e. both rays will be out of phase and no resultant X-

rays will leave solid sample.  
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In few directions, constructive interference will occur i.e. waves will be in phase and 

well defined X-ray beams will diffract from the sample determi ed  y Bragg’s law 

          

θ is the a gle  etwee  i cide t ray a d scatteri g pla es k ow  as i cide t a gle 

 i cide t a gle is equal to scatteri g a gle , d is the spaci g  etwee  the pla es, λ is 

wavelength of the X-rays and n is an integer value. These diffracted X-rays can be 

detected by a detector to make a diffractogram. A diffractogram is a graph which is 

plotted  etwee  2θ o  x-axis and intensity on y-axis. This diffractogram is compared 

with internationally recognized data base (using or without using software). This data 

base contains reference patterns of almost all crystalline compounds. The detector 

records intensities of the diffracted beams and angles. This pattern is a fingerprint of the 

material. Miller indices (h,k,l values) defines the interplanar spacing and orientation. 

Num er a d positio  of peaks  2θ values  e a les to determi e lattice type, cell 

parameters and crystal class. Intensity of peaks gives information about position and 

types of atoms in the specimen.  

4.3.2 Scanning Electron Microscopy (SEM) 

SEM is an imaging technique that uses electrons instead of light to study morphology, 

particle shape and defects of films and powders. SEM provides magnification up to 

300,000X and has an effective probing depth of 10 nm to 1 µm.  
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Fig. 4.3 (a) X-ray interaction with atoms according to bragg's law (b) 

Probe beam and measuring particle in XRD. 
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Fig. 4.4 Schematic diagram of Scanning Electron Microscope. 

Working principle 

‘’A focused electro   eam is i teracted with the surface of the sample a d seco dary 

electrons and backscattered electrons are knocked out of the sample creating an electric 

current which forms the image’’. 

 

Fig. 4.5 Probe beam and measuring particle in SEM 

 Electrons, emitted from a heated filament, are accelerated towards the sample. A high 

vacuum is required because gas molecules may cause interference with electron beam 

and with backscattered or secondary electrons. The electrons interact with the atoms of 

the sample and may produce secondary electrons, characteristic X-rays and back 
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scattered electrons. First electromagnetic lens de-magnifies the primary beam second 

electromagnetic lens focuses.  These signals are detected by a detector. Most scanning 

electron microscopes contain secondary electron detectors only while a few may have 

X-ray or other detectors as well. Back scattered electrons are generated due to elastic 

scattering. Detector along with cathode ray tube generates the micrograph image.   

Sample preparation 

Sample preparation is an important step for proper imaging of the samples and depends 

on the type of sample under observation. For example if sample to be examined is an 

insulator, a coating of a conducting film is deposited before imaging. When electrons 

interfere with the surface of electrically insulating materials a charge is built up which 

makes analysis difficult. If sample is a conductor, no coating is required. If sample is a 

powder it is simply placed on the stub, coated with conductor if an insulator and an 

image is obtained. But if films are under examination, substrates are properly prepared. 

The preparation steps are explained in Fig. 4.6. 

 

Fig. 4.6 Schematic flow for sample preparation for SEM of films. 
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Specimen is cut to size to be placed in SEM. 
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4.3.3 Energy Dispersive Spectroscopy (EDS) 

EDS or EDX is a compositional elemental analysis technique for chemical 

characterization of the specimen. The electrons have an effective probing depth of 1µm. 

EDS is always used in conjunction with TEM, EMPA or SEM. 

Working principle 

 “Whe  focused  eam of high e ergy electro s is  om arded o to a solid sample,  -

rays are emitted. The detector in make use of these x-rays to obtain localized chemical 

a alysis”. 

 

 

 

Fig. 4.7 Probe beam and measuring particle in EDX 

When electrons strike the specimen, the electrons contained in specimen are excited 

creating vacant places in the atomic shells. Electrons in the higher shells fill these 

vacancies. The energy is released in this process in form of x rays. All elements emit X-

rays with characteristic energy values. Each element in periodic table has its specific 

e ergy value which makes eleme tal a alysis through   S possi le. Kα  -rays are 

emitted when an electron from L shell fills the vacancy in K shell of the atom. Letters 

K,L,M represe ts the shell from where electro s are emitted a d α,β,γ represe ts the 

shell where they are substituted. Sample preparation is same as for SEM. In principle, 

all elements in periodic table from beryllium to uranium (atomic number 4 to 92) can be 

detected by EDS. 

3.2.3 UV-VIS Spectroscopy 

UV-Vis spectroscopy is an analysis technique in which uses visible (400 nm- 00nm) 

and ultraviolet (190 nm-40 nm) regions of electromagnetic spectrum to obtain 

information about organic molecules. It is performed to determine impurities in a 
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sample. Additio al peaks other tha  the specime  su sta ce’s peak i dicate the 

presence of impurities. It gives information about structural elucidation of specimen. 

Combination and location of peaks helps us to analyze whether saturation, unsaturation 

and hetero atoms exist in specimen or not. Quantitative analysis of compounds can be 

performed which absorb UV or Visible radiation using Beer-lambert law. Qualitative 

analysis can be performed to determine the type of compounds present in the specimen. 

The spectrum obtained by UV-VIS spectrophotometer is compared to spectra of known 

compounds. Qualitative analysis of functional group can also be determined as presence 

of a band at certain wavelength determines the presence of a particular group.  
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Fig. 4.8 Schematic diagram of UV-Vis spectrophotometer. 

Working principle  

When molecules that possess non- o di g or π electro s are irradiated to UV-Vis light, 

the electrons gets excited to higher anti-bonding orbitals. Lesser the energy gap between 

HOMO and LUMO of a material, easier is the excitation of electrons by longer 

wavelength radiations. 
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When a molecule with energy gap between HOMO-LUMO equal to Δ  is exposed to 

radiatio  with wavele gth correspo di g to Δ , electro  is  umped from HOMO to 

LUMO .This is referred to as σ - σ* tra sitio . The plot  etwee  wavele gth o  x-axis 

and absorbance on y-axis is obtained and analyzed.  

4.3.4 FTIR Spectroscopy 

Infrared spectroscopy refers to the type of spectroscopy that works within the distinct 

region of electromagnetic spectrum known as infrared region. In this region of 

electromagnetic spectrum, the light has lower frequency and longer wavelength as 

compared to visible light. Infrared spectroscopy (IR spectroscopy) mostly includes the 

techniques based on absorption spectroscopy. This technique is widely used to study 

and identify chemicals. Infrared spectrometer is an instrument used in IR spectrometry 

to produce spectrum of a given liquid, solid, or gaseous sample. This technique is used 

to Identify functional group and structure elucidation of specimen,  identification of 

substances, detection of impurities, quantitative analysis etc.  

Working principle 

“If a molecule co fro t electromag etic radiatio s whose freque cy matches to the 

frequency of any of its vibrational modes, it will absorb energy from radiation and the 

tra sitio  of particle to higher vi ratio al e ergy state take place. Δ   cha ge i  e ergy  

between two vibration states is equivalent to energy associated with absorbed 

wavelength”. 

The covalent bonds in a flexible, unlike rigid bonds, are flexible and always in a state of 

a vibration. Vibration could be bending or stretching. The vibrational motion possessed 

by these molecules is the characteristics of their respective atoms. All organic 

compounds absorbs are capable to absorb IR which matches to their vibration. The 

principle of IR spectrometers is similar to the UV-Visible spectrometer that allows 

chemists to obtain absorption spectra that are a distinctive reflection of their molecular 

structure. 

http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Absorption_spectroscopy
http://en.wikipedia.org/wiki/Chemical
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IR spectrum obtained is a graph between percentage transmittance and wavenumber 

presenting the variation of percentage transmittance with the frequency of the infrared 

radiation. 

4.3.5 Thermo Gravimetric Analysis 

Thermo gravimetric analysis abbreviated as TGA is a thermal analysis technique in 

which weight loss or weigh gain of the sample powder is observed as a function of time 

or increasing temperature. The sample is subjected to a controlled atmosphere and 

controlled temperature conditions. In other words the changes in chemical like 

dehydration, solid-gas reactions, chemisorption, decomposition etc. and physical 

properties like desorption, absorption, adsorption, vaporization, sublimation etc. are 

determined.  

Working 

When materials are subjected to heat, physical and chemical changes occur. The weight 

of the material is either increased or decreased. Thermo gravimetric analyzer consists of 

a pan placed in a programmable furnace.  This pan is supported by a sensitive precision 

balance. The specimen is placed onto the pan and a heat rate and a temperature range up 

to which changes is the material is to be observed is given to the furnace. The furnace is 

heated from lower limit of temperature range (usually from room temperature), reaches 

the maximum point and then it is cooled. The mass change is monitored during the 

heating and cooling process. The environment of furnace is controlled by an inert or a 

reactive gas [7].  

The data obtained from TG analysis of the sample enables the interpretation of loss of 

volatile components in the sample, its thermal stability and decomposition.  The data 

obtained is plotted in form of a graph between increasing temperature on x-axis and 

weight loss percentage on y-axis. In the given temperature range, if a graph shows a 

straight line meaning no weight change, this means that the specie is thermally stable. 

Sometimes an initial weight loss is shown in the graph and then the line becomes 

straight which means the specie is thermally unstable at low temperature and then 

becomes stable. The data from TG analysis also provides information about the 
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maximum use temperature of the material beyond which the material will degrade. It 

also provides information about reaction kinetics, degradation mechanism, presence of 

inorganic content in material and decomposition patterns [8]. 

4.3.6 Differential Thermal Analysis 

Differential thermal analysis is another thermal analysis technique that notes the 

temperature difference between a reference material and a sample as a function of 

temperature or time. Both the sample as well reference material is subjected to same 

conditions of temperature and environment.  DTA records the changes in energy of the 

sample during a transformation as a function of time or temperature. From the data we 

can determine the phase change or transition temperature of the sample like 

crystallization temperature, glass transition temperature, sublimation temperature, 

melting temperature etc. [9]. 

Working 

This DTA apparatus is mostly hybrid with TGA apparatus. DTA apparatus consists of a 

device for measurement of heat of reaction (recording system), a programmable furnace 

(source of heat), and a sample holder.  Sample holder contains a metallic or a ceramic 

block, sample containers and two thermocouples. One thermocouple is placed in sample 

and the other in an inert material (usually Al2O3) as a reference and both thermocouples 

are joined to a voltmeter. When the sample undergoes a phase change with increasing 

temperature, a deflection in voltmeter occurs. The deflection is because of the 

temperature differences between reference material and sample material because heat 

input raises the temperature of reference material and the heat is consumed as latent 

heat in changing the phase of sample material. This deflection is recorded and a graph 

between temperature or time on x-axis and heat flow on y-axis.  The graph curve thus 

formed is called thermogram or DTA curve. Exothermic and endothermic reactions 

occurring in sample material are thus analyzed [10].  
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Summary  

In this chapter a review on the experimental techniques including the methods of 

preparation of nano-particles and methods of deposition of thin films on substrates has 

been presented. Details on the working of different characterization techniques like 

XRD, SEM/EDX, TG-DTA etc. has also been summarized. The most common method 

of preparation of TiO2 nanoparticles is through sol gel process which includes 

hydrolysis of alkoxides chain followed by the polycondensation reaction. Hydrothermal 

synthesis method is another low-cost technique for particle synthesis.  Thin films can be 

coated on number of substrates using low-cost solution based techniques like dip 

coating, spin coating, spray pyrolysis etc. or the comparatively expensive vacuum based 

techniques like PVD, CVD etc. They require high and ultra-high vacuum for the 

deposition process. Among the techniques the expensive techniques like evaporation, 

electron beam evaporation, CVD etc. offer homogenous and fine coating allowing easy 

control over the film formation and thickness. Whereas solution based wet chemistry 

routes are cheap and can be done with simple apparatus. No high vacuum is required 

and can be done in low or no vacuum. After the synthesis of particles and deposition of 

thin films, it is required to characterize the particles and films. Different material 

characterization techniques like XRD, SEM/EDX, UV-Vis spectroscopy, FTIR 

spectroscopy etc. can be employed to study the samples. Structural and compositional 

analysis of films and particles can be done using XRD, SEM, AFM, EDX, UV-Vis 

spectroscopy etc., thermal analysis techniques like TG-DTA, dilatometry etc. can be 

employed to check thermal stability and reactions occurring with increasing temperature 

and electrical analysis can be done using four probe method for IV measurements or 

 C-V measurements etc. structural analysis is performed to check the morphology, 

shape, size etc. of the films and particles and compositional analysis is done to analyze 

the presence of phases, amounts of phases, bonds, elements, amount of elements etc. 

The information obtained from these characterization data are utilized to optimize better 

conditions and to check the functioning of particles and films.  
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Chapter 5  

Experimentation 

A number of experiments were performed to carry out the specific objectives mentioned 

in Chapter 1. Details of the following major experiments are given in this chapter 

1) Sol gel synthesis of titania nanoparticles, annealing at different temperatures and 

their characterization. 

2) Sol gel synthesis of 1wt% and 3wt% Cu doped titaina nanoparticles and their 

characterization. 

3) Hydrothermal synthesis of carbon microspheres for pore formation and their 

characterization. 

4) Formation of crack free Cu doped titania thin films and optimization of the doctor 

blade coating method. 

5) Fabrication of Dye Sensitized Solar cells and their performance test. 

5.1 Synthesis and Characterization of Nanoparticles 

5.1.1 Sol-gel Synthesis of Titania Nanoparticles 

Pristine (undoped) titania nanoparticles were prepared by sol–gel method titanium (IV) 

isopropoxide. 25 ml of titanium isopropoxide (Sigma-Aldrich) and 50 mL ethanol were 

mixed together and stirred. Isopropxide chain was hydrolyzed by addition of 30ml 

water.  6 ml HCl was added which acts as a catalyst in the process and was stirred 

continuously for 3 hours. The sol was kept for 24 hours and then dried in vacuum oven. 

Two sample powders were made by annealing at two different temperatures for same 

duration. One sample was annealed at 450 °C and other at 650 °C for 4 hours each.  
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Fig. 5.1 Schematic diagram for sol-gel synthesis of undoped titania nanoparticles. 

5.1.2 Sol-gel Synthesis of 1wt% and 3 wt% Cu Doped Titania Nanoparticles 

Metal doping in titania renders several advantages like enabling band gap engineering, 

allowing visible light photoactivity of titania etc. Copper is a readily available metal and 

is a good candidate to be used as a dopant in titania for applications in DSSCs. 

However, the data available for its doping effects in DSSCs is scarce. Therefore, Cu 

doped titania nanoparticles were synthesized to study the effect of copper inclusion in 

titania lattice. In making doped titania nanoparticles, all the steps were similar as 

described above and only differ when the mixture was hydrolyzed. To prepare Cu-

doped TiO2 another solution was made containing CuCl2.5H2O, water and ethanol. This 

solution was added while hydrolyzing TTIP solution. The concentration of solution was 

adjusted to yield 1wt% and 3wt% copper content. This sol was also kept for 24 hours, 

dried and annealed at similar conditions as for undoped titania.  
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Fig. 5.2 Schematic diagram for sol-gel synthesis of Cu doped titania nanoparticles 

5.1.3 Characterization of Nanoparticles 

The obtained powders were characterized using following analytical techniques 

The X-ray diffractio    R   patter  of the samples was characterized usi g a θ-θ 

STOE Germany X Ray diffractometer using X Rays from Cu-Kα for structure a d 

phase analysis.   

SEM and (EDX) of the samples were carried out using a JEOL 2300 scanning electron 

microscope at an operating voltage of 20kV with an EDX detector . Prior to analysis, 

particles were coated with gold using a JFC 1500 sputter ion coater.  

UV-VIS spectra of the samples were obtained using a BMS 2800 UV–Vis 

spectrophotometer with BaSO4 powder as the standard reference sample and data was 

taken from range 300nm to 900nm. 

TG-DT analysis of the samples was performed using Perkin Elmer diamond TG/DTA 

version 2.0 with 2g sample weight each. Temperature range was set from room 

temperature to 500 °C. 
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FTIR spectra were obtained using Perkin Elmers spectrometer. The pallets were first 

made to be used in spectrometer. For making pallets, potassium bromide (KBr) was 

heated to 120 °C for 20 minutes to remove moisture. Cooled KBr was mixed with 

powder samples in 1% (w/w) mixture and pallets were made by pressing at 15 ton for 

about 3 min. These transparent pallets were inserted in spectrometer and spectra were 

obtained from 400 cm
-1 

to 4000 cm
-1

. 

5.2 Synthesis of Carbon Microspheres by Hydrothermal Method 

Studies have shown that increasing porosity of the photoanode allows higher dye 

adsorption leading to enhanced light absorption. In order to increase the porosity of the 

photoanode carbon microspheres were synthesized using hydrothermal method. 10 g 

glucose was added in 50mL distilled water in a beaker and was stirred using 

magnetically for 2 hours at room temperature. The resulting mixture was filled in a 

Teflon lined stainless steel autoclave. Autoclave was placed in a vacuum oven and 

heated at 200 °C for 14 h. The oven was then turned off and cooled to room 

temperature. After being naturally cooled, autoclave was taken out of the oven and dark 

precipitates were collected. These precipitates were washed using distilled water for 5-6 

times, collected on a filter paper and then dried in oven at 110 °C for 14 h. the obtained 

product was grinded using pestle and mortar and fine powder was obtained. The powder 

was subsequently annealed at 325 °C for 10h.  
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Fig. 5.3 Schematic diagram for synthesis of carbon microspheres. 

5.2.1 Characterization of microsphere 

These microspheres were characterized using XRD and EDX. Since the stubs used in 

EDX were already coated with carbon, so before placing carbon microspheres on the 

stub, the surface of stub was covered with aluminum tape. The stubs containing carbon 

microspheres were then placed in sputter ion coater for 3 minutes and gold was coated 

on them.  

5.2.2 Inclusion of Carbon Microspheres in Titania 

Carbon microspheres were included in 3wt% Cu doped titania to make it porous. 

Titania paste was prepared using 2g of 3wt% Cu doped titnia powder and 1mL distilled 

water. Carbon microspheres were dissolved in ethanol to make 2.5wt% solution and this 

solution was sonicated for 30 mins to ensure the proper dispersion of particles. This 

solution was added to the paste to make 2 different pastes with 0 wt% and 2.5 wt% 

microspheres. The pastes were stirred for 3 hours and then dried in vacuum oven at 100 
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°C for 5h. The resultant dried products were pulverized in pestle and mortar to make 

powders containing 0 wt% and 2.5 wt% carbon microspheres. 

5.2.3 Formation of Pellets for Porosity Testing 

Both the powders were subjected to hydraulic press for making pellets for porosity 

testing. 1 g of each powder was put separately in the dye of 13 mm diameter and a 

pressure of 5 kg/cm
2
 was applied for 5 minutes. The pressure was released slowly and 

pellets were collected. Both the pellets were annealed at 500 °C in a muffle furnace.   

5.2.4 Characterization of Pellets 

BET surface area and porosity analysis of pellets were done by determining Nitrogen 

sorption at 80 K using Micrometrics Germini VII 2390 apparatus.  

5.3 Fabrication of Dye Sensitized Solar Cells 

5.3.1 Cleaning of Glass Substrates 

FTO coated glass substrates were cleaned ultrasonically using ethanol, DI water and 

acetone. Substrates were first cleaned using ethanol for 30 minutes in sonicator, then 

using DI water for 30 minutes and lastly using acetone for 30 minutes. The substrates 

were dried in vacuum oven before coating them.   

5.3.2 Deposition of Blocking Layer by Spin Coating 

Sol using titania and Cu doped titania precursor was prepared as explained in section 

5.1 and respectively. The sol was deposited using a Spin coater. Cleaned substrates 

were placed on the stub of the spin coater and vacuum was generated which allowed the 

coater hold the substrates properly. Few drops of sol was placed on the substrate and it 

was spun at 1000 rpm for 60s and then kept on spinning for another 120s to let it dry in 

air. The samples were then annealed. 2 samples were prepared, one sample with 

blocking layer of titania annealed at 450 °C and other sample with blocking layer of 

Cu:TiO2 annealed at 450 °C. 

5.3.3 Deposition of Thin Films of Titania and Cu:TiO2 

Paste was formed by a number of experiments the details of which has been explained 

in Table 6.6. The hit and trial method was used to optimize the paste coating method. 
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Best paste was formed by adding 15 mL ethanol, 1 mL distilled water, 1/3
rd 

mL HNO3 

in 2g Cu-doped titania (3 wt% doped Cu) and 2g PEG ad stirred for 4 hours to make an 

homogenous paste. To deposit undoped TiO2 layer on glass slide, undoped TiO2 powder 

was used. The paste was coated on the conductive side of FTO/blocking layer coated 

glass substrates using a doctor blade coater. The coated films were dried at room 

temperature for several hours and then annealed at 450 °C. Undoped TiO2 thin films 

were deposited on substrates which contained pristine TiO2 blocking layer and Cu:TiO2 

thin films were deposited on substrates containing Cu:TiO2 blocking layer.  

5.3.4 Dye Adsorption 

Above samples were immersed in a 0.0001M solution of the N3 dye in ethanol for 24 

hours to let dye molecules adsorb on the surface of titania porous film. With completion 

of this step, photoanodes were ready to be used. 

5.3.5 Counter Electrode 

JFC 1500 ion sputtering device was used to deposit a layer of 80 nm thick gold on 

cleaned FTO glass substrates to make the counter electrodes. The layer of metal was 

deposited on conductive side of the glass substrate.  

5.3.6 Clipping of Electrodes and Filling of Liquid Electrolyte 

Electrolyte was prepared by stirring together 0.7g potassium iodide, 0.07g iodine 

crystals in 10mL ethylene glycol solvent. A dark yellowish brown solution of I
-
/I3

-
 

electrolyte was obtained.  

Then the two electrodes, photoanode and counter electrode, were clipped together and 

liquid electrolyte was filled in between them to form the Dye Sensitized solar cells. 
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Fig. 5.4 Schematic diagram for the steps in fabrication of DSSCs 
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5.3.7 Characterization of Films and DSSCs 

Thickness of film was determined using JEOL 2300 scanning electron microscope at an 

operating voltage of 20kV. Coated glass was cut using a diamond cutter and placed on 

the stub in cross-section direction. Aluminum tape was used to fix the glass slide and 

put in sputter ion coater to coat a layer on gold (conducting layer). 

Optical Microscopic Images of coatings were obtained using Optika B-600 MET with 

camera Optika 40. 

IV characteristics of DSSCs were obtained using Biological VSP (potentiostat system). 

A 300W metal halide bulb was used as a light source and distance between source and 

cell was kept 8cm. light intensity at this distance equals to the intensity on a bright 

sunny day. 
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Summary 

In this chapter all the experimentation, experimentation techniques and characterization 

techniques that have been employed in the research has been explained. Undoped and 

doped titania nanoparticles were synthesized using sol-gel synthesis method and 

characterized using XRD, SEM/EDX FTIR, TG-DTA and UV-Vis analysis. Blocking 

layer on TCO coated substrate (FTO coated glass) was deposited using spin coater and 

mesoporous titania and doped titania coatings were deposited using doctor blade coater. 

Annealing at different temperatures were done using muffle furnace. The pasting 

conditions and paste made for depositing thin films were optimized to get crack free 

thin films. Thin films were characterized using SEM and XRD. The DSSC was 

assembled using N3 dye, I
-
/I3

-
 redox electrolyte and gold coated FTO glass as counter 

electrode and IV characteristics were measured. Carbon microspheres were synthesized 

using hydrothermal method and were characterized using EDX and XRD. Carbon 

microsphere were included in 3wt% Cu doped pellets and annealed to create cavities. 

The porosity and BET of the pellets were tested by nitrogen-sorption.  
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Chapter 6  

Results and Discussion 

6.1 Analysis of Sol-gel Prepared Undoped and Doped Titania Particles 

Doping titania with other atoms influences its properties and causes change in its 

properties altering its light absorption mechanism, crystal structure, particle size and 

stability. The results and discussion in this section elaborate the structural and thermal 

studies on the doped and undoped titania nanoparticles. It also enlightens the change in 

absorption mechanism of the particles with doping.  

6.1.1 Effect of Annealing Temperature and Cu Concentration on Crystal Structure 

of Nanoparticles (XRD Analysis) 

Crystal phase of titania nanoparticles determine its functionality for various 

applications. The rutile phase of titania is recommended for its use in pigments [1] and 

anatase phase is recommended for photocatalytic applications [2]. Therefore, it is very 

important to investigate the changes in crystal structure by incorporation of different 

dopants in titania lattice. Undoped (pristine) and Cu-doped titania nanoparticles were 

prepared at the same conditions for comparisons.  

The similarity in ionic radius of Cu
2+ 

(0.73 Å) to that of Ti
4+

 (0.64 Å) enables copper to 

substitute titanium. Titania doped with Cu
2+

 initiates the formation of rutile phase along 

with anatase. The XRD pattern of undoped and 1wt% Cu-doped titania nanoparticles is 

shown in Fig. 6.1 (a,b) XRD patter of 3wt% Cu doped titania is shown in Fig. 6.2. 

As shown in Fig. 6.1 (a), when annealed at 450 °C, titania changes from amorphous to 

crystalline phase. At 450 °C pure anatase phase is formed corresponding to JCPDS 

card# 78-2486. Anatase is metastable phase of Titania and is usually formed at low 

temperature during solution-phase synthesis [3]. As the annealing Temperature 

increases to 650 °C undoped titania shows a small rutile phase peak (110). It means at 

higher temperature rutile phase starts forming. 
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Fig. 6.1 XRD Spectra of undoped titania nanoparticles annealed at different 

temperatures. 
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Fig. 6.2 XRD spectra of 1wt% Cu doped titania nanoparticles annealed at different 

temperatures 

 

Fig. 6.3 XRD spectra of 3wt% Cu doped nanoparticles annealed at different 

temperatures. 
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Table 6.1 XRD table showing dominant and minor phases of samples. 

Sample  Annealing 

Temperature 

(°C) 

Dominant 

phase 

Minor 

Phase 

Undoped  

titania 

450 Anatase None 

Undoped  

titania  

650 Anatase Rutile 

1wt% Cu doped 

titania 

450 Anatase None 

1wt% Cu doped 

titania 

650 Anatase Rutile 

3wt% Cu doped 

titania 

450 Anatase Rutile 

3wt% Cu doped 

titania 

650 Rutile None 

Fig. 6.2 shows the XRD patterns of 1wt% Cu doped titania. Sample annealed at 450 °C 

completely show anatase phase and no other peak is being observed and sample 

annealed at 650 °C show a little peak of rutile phase. The reason for no prominent 

change when compared with XRD patterns of undoped titania samples might be low 

concentration of dopant.  Therefore it can be concluded inclusion of impurities at this 

co ce tratio  did ’t affect the crystal structure of tita ia.  

Whereas, introducing 3 wt% copper in titania lattice initiates rutile phase as evident 

from Fig. 6.3 where peak of rutile phase can be observed when the sample for annealed 

at 450 °C and a complete transformation of phase is been shown at 650 °C where all 

peaks corresponds to rutile phase of titania (JCPDS card# 76-1934). Increase in rutile 

fraction with doping indicates inhibition of the formation of complete anatase phase due 

to incorporation of Cu on the titania lattice. The inclusion of copper in titania anatase 

creates a higher number of defects which results in quicker formation of rutile nuclei. 

During annealing, the replacement of Ti
4+

 by Cu
2+

 cause a decrease in free electron 
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concentration and an increase in oxygen vacancy concentration. Anatase to rutile phase 

transition occurs because of this increase in oxygen vacancies created in crystal lattice 

[4]. The phase transformation results are consistent with DT analysis explained latter. 

No peaks of copper are being observed in XRD of the doped Cu titania particle due to 

very low concentration of the dopant.  

The crystallite size of the samples is calculated  y usi g Scherer’s equatio , 

  
  

     
 

Where d is the crystallite size, k=shape factor, λ is the wavele gth of  -ray radiatio , β 

is full width at half maximum, a d θ is the diffractio  a gle. The resulta t sizes for 

undoped titania is 13.1nm and 43.1 nm annealed at temperatures 450 °C and 650 °C 

respectively and that for 3wt% Cu-doped titania is 11.6 nm and 36.6 nm annealed at 

temperatures 450 °C and 650 °C respectively. The trend in crystallite size due to 

annealing and doping has been shown in Table 6.2 and it shows increasing annealing 

temperature increases the crystallite size. The increase is due to increase in crystallinity 

of particles. Greater crystallite size indicates greater crystallinity of nanoparticles [5]. 

So we see, adding dopant decreased the crystallite size and crystallinity of the particles 

when compared with undoped samples at their respective temperatures. This means 

copper might exist in amorphous form (later confirmed by FTIR results). These results 

show that incorporation of dopants in host nanomaterials modified the crystal phase. 

6.1.2 Effect of Crystal Phase of Titania on Performance of DSSCs 

Anatase allows more absorption of dye and hence performs better when compared to 

other phases. But studies have shown that co-presence of anatase and rutile crystallites 

can enhance charge separation, photocatalytic activity and transfer of photo-generated 

electrons and holes [6]. DSSCs made with P25 (Degussa) showed higher efficiency and 

better photocatalytic performance. P25 is composed of anatase and rutile crystallites, 

anatase being the major phase and rutile being the minor (in rations 70:30 or 80:20).        



 

102 

 

Table 6.2 Crystallite sizes of undoped, 1wt% and 3wt% Cu-doped titania at 450 °C 

and 650 °C. 

Sr 

no 

Sample  Annealing 

Temperature 

(°C) 

Crystallite  

Size (nm) 

1) Undoped 

 Titania 

450 13.1 

2) Undoped 

 titania 

650 43.1 

3) 1wt% Cu doped 

titania 

450 12.9 

4) 1wt% Cu doped 

titania 

650 13 

5) 3wt% Cu doped 

titania 

450 11.6 

6) 3wt% Cu doped 

titania 

650 36.6 

These results showed that doping titania with 3wt% copper caused oxygen deficiency 

and created defects. While doping titania with 1wt% copper hardly had any effect on 

crystal structure. Therefore, other techniques were used to probe deeply into the effects 

of inclusion on 3wt% copper dopant in titania.   
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6.1.2 Effect of Annealing Temperature and Cu Addition on Morphology, 

Composition and Particle Size of Nanoparticles (SEM/EDX Analysis) 

The high-resolution SEM micrographs of undoped and 3wt% Cu-doped titania 

nanoparticles annealed at 450 °C and 650 °C are shown in Fig.4 

Fig. 6.4 shows that the particles are of arbitrary shape. With increasing annealing 

temperature of undoped titania nanoparticles from 450 °C to 650 °C, growth of particles 

can be seen in Fig. 6.4 (a) and (b). In Fig 6.4 (c) and (d) we can see an accumulation of 

some substance appearing lighter in images. The substance accumulation is increasing 

with increasing annealing temperature. This can be attributed to the formation of oxide 

with doping and increasing temperature.  

(a) (b) 

(c) (d) 

Fig. 6.4 SEM images (a) undoped titania particles annealed at 450 °C, (b) undoped 

titania particles annealed at 650 °C, (c) 3wt% Cu-doped titania particles annealed at 

450 °C and (d) 3wt% Cu-doped titania particles annealed at 650 °C. 
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The particle size distribution shows that the average particle size of undoped titania is 

68.64 nm and 71 nm annealed at 450 °C and 650 °C respectively and that of 3wt% Cu 

doped nanoparticles is 61.84 nm and 60.50 nm annealed at 450 °C and 650 °C 

respectively. Increasing Annealing temperature decreased the average particle size of 

titania as shown in Table 6.3. Small particles offer large surface areas allowing better 

light absorption. Current density can be more than doubled by controlling particle size 

[7]. Large particles allows strong light scattering [8].  

Table 6.3 Summary of SEM/EDX results. 

Sample Annealing  

Temperature 

(°C)  

Atom% Particle 

Size 

(nm) 

Ti O Cu 

Undoped 

 titania 

450 31.51 68.49 0 68.64 

Undoped 

 titania 

650 31.10 68.90 0 71.27 

3wt% Cu doped 

 titania 

450 28.08 70.67 1.24 61.84 

3wt% Cu doped 

 titania 

650 24.74 71.51 0.74 60.50 

The decrease in average particle size of 3wt% Cu doped samples can be observed. It is 

due addition of dopant cause inhibition of the growth and hence decrease in particle 

size. We observed a decrease in crystallinity in our XRD results as well. These results 

reported by Wang et al. [9]  are consistent with our Cu-doped titania results. He 

observed a decrease in grain size and formation of amorphous crystal structure with 

doping iron and reported further decrease in particle size with increasing dopant 

concentration. Li et al. [10] studied Zn-doped SnO2 nanomaterials and also reported a 

decrease in particle size. The change in grain size with addition of dopant is basically 

very important phenomenon for change in electronic structure. Hence addition of 

dopant and its concentration can be used to tailor the particle size of copper doped 

titania. 

(d) 
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Fig. 6.5 shows the EDX pattern of the undoped and 3wt% Cu-doped titania 

nanoparticles, showing the presence of Cu, Ti, and O in the nanoparticles. No impurities 

can be observed. The results are summarized in table 6.3. In Fig 6.5 (c) and (d) presence 

of copper (~3 wt%) confirms the doping of the copper in titania and the result is 

consistent with results of XRD and FTIR spectroscopy.  

6.1.3 UV-Vis Analysis of 3wt% Cu Doped Titania Nanoparticles 

Anatase titania has Eg value 3.31 eV and exhibits absorption peaks in UV region of 

electromagnetic radiations. The absorption spectrum of undoped and 3wt% Cu-doped 

titania is shown In Fig. 6.6. Doping copper in titania lattice shows an absorbance shift 

towards the visible spectrum. Undoped titania particles exhibits maximum absorption at 

325 nm whereas, doped sample exhibits maximum absorption at 379 nm. The 

absorption peaks corresponds to the maximum absorption when electrons are excited 

Table. 2 SEM/EDX results 

 

(a) (b) 

Fig. 6.5 EDX pattern of (a) undoped titania annealed at 450 °C (b) undoped titania 

annealed at 650 °C (c) 3wt% Cu doped titania annealed at 450 ̊C and (d) 3wt% Cu-

doped titania annealed at 650 °C. 

(d) (c) 
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from the valence to the conduction band. Doped sample shows a shift in the absorption 

towards visible region. The CB in titania comprises of Ti 3d states and VB comprises of 

O 2p states. The 325 nm absorption peak is due to electronic transition from O 2p to Ti 

3d. The absorption shift to 379 nm appears as a result of charge transfer at the interface 

from the O 2p VB to the Cu (II) state attached to titania. These Cu (II) states may be 

present either as Cu (II) nanoclusters or in the form of amorphous oxide phase of CuO. 

Li et al. [11] demonstrated that Cu (II) does not show this absorption peak if it is present 

as CuO, but displays this absorption when it is present only as Cu (II) ions attached to 

titania. However, Qiu et al. [12] suggested that the absorption peak shift appears due to 

charge transfer from titania to CuO clusters in CuO/Titania nanocomposite. Therefore, 

based on these observations, we can predict that the absorption appears due to charge 

transfer from O 2p to Cu (II) clusters or CuO amorphous phase. Hence it can be 

concluded that substitution of Ti
4+

 by Cu
2+ 

atoms generates defect centers that cause the 

change in optical absorption. These results were later affirmed by FTIR analysis results 

which showed that in our case, copper existed as CuO form. 

Doping titania with a transition metal leads to the reduction in the band gap energy 

which is attributed to the inclusion of copper ions into titania crystal lattice and/or 

formation of CuO on surface of the particles. It has been studied that doping titania with 

aliovalent ions changes the material properties and absorption properties because of the 

modification in local lattice symmetry and defects. When titania is doped with copper, 

Cu
2+

 ions either locate themselves on the surface sites or inside bulk titania. This causes 

lattice deformation due to rearrangement of adjoining atoms to neutralize charge 

deficiency. This lattice deformation and rearrangement modifies electronic structure and 

hence the band gap shift occurs [10]. 
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Fig. 6.6 UV-VIS spectra for undoped and 3wt% Cu-doped titania annealed at 

 450 °C. 

Also, oxygen vacancies are created due to presence of small amounts of Cu
2+

 dopant in 

the lattice sites of titania [4, 13]. These are created due to charge compensation effect. It 

is, therefore, possible to control band gap shift and absorption of the doped 

nanoparticles controlled by lattice strain and doping-induced vacancies. 
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6.1.4 Thermal Analysis of Undoped and 3wt% Cu Doped Titania Nanoparticles 

Using TG/DT Setup 

Fig. 6.7 shows the TG/DTA curves of doped and 3wt% Cu-doped titania nanoparticles. 

Looking at TG curves of both samples, initial weight loss is being observed at 

temperatures below 100 °C. This weight loss indicates the removal of water and ethanol 

from powders. At temperatures from 100 °C to 300 °C, a weight loss of 17% for 

undoped titania powder and 15% for doped titania powder is being observed. This loss 

can be attributed to the removal of un-hydrolyzed isopropoxide ligands in titania. A 

total of 18% weight loss for pristine powder and 17.5% weight loss for Cu-doped titania 

powders has been observed which is approximately same for both the powders. Weight 

loss tends to seize after 400 °C.    

From DTA curves, we can observe one sharp exothermic reaction peaks in both the 

graphs. For undoped titania, the exothermic peak appears at 399 °C and for doped 

titania it appears at 310 °C. These exothermic peaks indicate a phase change of samples 

from amorphous to crystalline. These results are consistent with XRD results. Undoped 

titania powders need more heat to crystallize since they possess smaller crystallite size 

of particles. It is evident from DT curves that doped titania sample shows crystallization 

at lower temperature than undoped titania. Incorporation of Cu dopant in titania reduces 

its crystallization temperature. This corresponds to the XRD results which indicated 

formation of rutile phase in doped titania powder at lower temperature (650 °C Figure 

6.2). In Fig 6.7 (b) formation of new peak can be observed at 480 °C which may be 

attributed towards the phase shift from anatase to rutile in 3wt% Cu doped sample. 
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6.1.5 FTIR Analysis 

Infrared spectroscopy was done to investigate the surface properties of the prepared 

doped and undoped titania nano-powders. Chemical bonding of elements was explored 

(a) 

(b) 

Fig. 6.7 TG-DT curves of (a) undoped and (b) 3wt% doped titania 

up to 500 °C. 
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by correlating the obtained peaks in spectra with the stretching or vibration of different 

functional groups. The spectra were used to probe presence of carbon and OH groups in 

samples and also to examine the chemical state of copper in doped powder samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.8 shows the FTIR spectra of undoped and doped titania powder samples at 

different annealing temperatures respectively. The common peaks at 3200-3600 cm
-1

 

correspond to the stretching vibration of OH bond and peaks at 1630 cm
-1

 correspond to 

(a) 

(b) 

Fig. 6.8 FTIR spectra of (a) undoped titania and (b) doped 

titania at different annealing temperatures. 
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the bending vibration of surface OH bond [14].  It is reported in literature hydrolysis 

reaction in sol-gel synthesis of nanoparticles is responsible for the presence of TiO2-OH 

bonds, but chemically and physically adsorbed water on the surface of titania can also 

be the reason for the presence of this bond. From the figures a decrease in intensity of 

OH bonds can be clearly observed with increasing annealing temperature and lowest 

amount of surface OH groups are present in powders annealed at 650 °C due to 

dehydration during annealing.  The surface hydroxyl content is directly proportional to 

photocatalytic activity. Increase in hydroxyl content enhances the photocatalytic 

activity. The reason is that the hydroxyl group can behave as a center for capturing the 

photo-excited electron [15].  

For annealed samples appearance of bands at 621 cm
-1

, 594-549 cm
-1

, 412 cm
-1

 are 

attributed towards the Ti-O vibrations. The peak at 768 cm
-1 

is characteristic feature of 

crystalline titania (anatase/rutile) spectrum. This peak corresponds to the stretching 

vibration of Ti-O bonds in TiO4
 
tetrahedral geometry [16].  

The presence of peaks in un-annealed samples at 1045
 
cm

-1 
and 1114 cm

-1 
show the 

presence of carbon group (Ti-O-C). This can be attributed to the presence of alkoxy 

group formed in sol-gel process which is removed during annealing process. These 

results are in exact accordance with TG analysis. 

In Fig. 6.8 (b) new peaks are observed at 480-529 cm
-1

 in powder samples annealed at 

certain temperatures which correspond to the stretching mode of Cu-O bond [17] [18]. 

This result along with EDX spectra confirms the incorporation and doping of copper in 

titania lattice and its existence as CuO. Peaks at 2300-2500 cm
-1

 can be attributes to 

CO2 resulting from surrounding conditions. 

6.3 Discussion on Inclusion of Carbon Microspheres in 3wt% Cu 

Doped Titania Pellets. 

Fig. 6.9 shows the XRD pattern of synthesized carbon microspheres. The pattern 

corresponds to the XRD pattern of carbon referring to JCPDS card# 50-1086. No peak 

of any impurity is visible. This pattern was achieved after annealing the as received 

sample at 350 ° for 10h. 
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Fig. 6.9 XRD pattern of carbon microspheres annealed at 350 °C for 4h. 

EDX was also performed on carbon microspheres which showed that the main 

component of is carbon (61 atomic%). The presence of oxygen component is because of 

the water molecules absorbed in the porous structure [19]. 
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Fig. 6.10 EDX pattern of carbon microspheres annealed at 350°C for 10h. 

The pellets that were made with carbon microspheres and without carbon microspheres 

were sintered at 500 °C. Carbon microspheres are removed at around 490 °C [20] and 

leads to the formation of pores. These pores or cavities are responsible for enhancing 

porosity, light scattering and surface area for dye adsorption and hence enhance 

performance of Dye sensitized solar Cells. Fig. 6.11 shows the isotherms of sample with 

and without the inclusion of carbon microsphere. The isotherms represents type IV 

which indicates the presence of the mesopores in the samples [21]. Other factors like 

pore size, BET surface area and porosity have been shown in table 6.4. It is clear from 

the values of BET surface area that inclusion of microspheres increased the surface area 

for enhanced adsorption of dye. This leads to higher photovoltaic performance of the 

cells due to enhancement of light absorption [22].  
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Fig. 6.11 N2-sorption isotherm for titania with and without inclusion of carbon 

microspheres. 

The sample with carbon microspheres also showed enhanced porosity, pore volume and 

pore size. Porosity was calculated using formula 

         
           

            
 

The optimized porosity for best performance of solar cells with thickness of photoanode 

around 20-25 µm is 40% as reported in the literature [23]. The sample showing porosity 

near to the optimized is the one that has pores due to carbon microsphere inclusion. 

Enhanced pore size aids the access of electrolyte and molecules of the dye to the surface 

of titania improving Jsc of the cells. Hence, to enhance the performance of photoanode 

and consequently, the performance of the cell, it is advisable to include carbon 

microspheres in the titania layer of photoanode. 
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Table 6.4 Summary of the results of N2-sorption. 

Sr 

no 

Sample BET surface 

area 

 (m2/g) 

Pore 

size 

(Å) 

Pore 

volume 

(cm3/g) 

Porosity  

(%) 

1) Titania pellet without 

carbon microsphere 

30.0134 16.5126 0.2498660 31 

2) Titania pellet with 

carbon microspheres 

46.1338  20.5062  0.3014512 42 

6.4 Analysis of Thin Film Coatings of 3wt% Cu Doped Titania 

6.4.1 Control on Density of Cracks 

In this section, we have studied and explained the effect of various process parameters 

such as drying time, film thickness, stirring time and solvents on film coating focusing 

the presence of cracks and its density. Cracking of inorganic films has been reported in 

previous studies [24] [25]. Several reasons have been proposed for formation of crack in 

films like the formation of cracks during annealing because of strain incompatibilities. 

During sintering cracks favorably develop from intrinsic defects. Cracking can also take 

place during cooling of annealed films. Cracks during cooling occur in system in which 

coated films and substrates have different thermal expansion coefficients. Cracks in thin 

film coatings of titania on substrates to be used in DSSCs can lead to short circuit the 

cell.    

Initially when films were grown on FTO coated glass substrates, cracks were observed. 

It was observed that the density of cracks depended on the quality and thickness of the 

film as well as on drying time of the coating. Doping and annealing had no effect on 

cracks. Thicker films (~ 90-120 µm) showed higher crack density visible by naked eye. 

When the thinner films were grown (~30-60 µm) the size of cracks reduced to 

microscopic a d were ’t visi le  y eye.  amera images of thick a d thi  film coati g 

are shown in Fig. 6.12. 
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It was observed that crack density also reduced with increasing drying time. When films 

were dried on hot plate, it took 5 minutes to get completely dried. The films got 

cracked, brittle and tore up from the substrates. The films that were dried at room 

temperature took    mi utes to get dried. They did ’t tear up from su strate a d there 

were fewer cracks observed. The least number of cracks were seen in films whose 

drying time was increased to 2h by putting in a petri dish. The drying of porous 

materials in paste cause cracking of films because of the development of drying stresses 

These stresses are linked to tension forces that exist in liquid inside the pores of drying 

body. The reduction of crack density with increasing drying time can be observed in 

Fig. 6.13. 

 

(a) 

(b) 

Fig. 6.12 Camera images of 3wt% Cu doped titania coatings on FTO glass with 

film thickness (a) 90 µm and (b) 40 µm. 
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Table 6.5 Summary of dependence of crack density as a function of drying time. 

Sr 

No 

Drying 

time  

Resultant 

film. 

1) 5 min Brittle and too 

many cracks 

2) 30 min Less density 

of cracks 

3) 2h Least crack 

density 

Repeating experiments to obtain good paste and incorporating precautions while coating 

helped to minimize the cracks. A number of factors were studied including stirring time, 

solvents and addition of surfactant the details of which are summarized in Table 6.6.  

(a) 

20X 

(b) 

20X 

Fig. 6.13 Optical images of 3wt% Cu doped titania Thin film with drying time 

(a) 30 min. (b) 2 h 
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Table 6.6 Summary of experiments and results of optimized slurry formation. 

Exp Solvents Surfactant   Stirring 

time 

(min) 

Result Fig.  

6.14 

1 Acetic acid None 30  Cracked film a 

2 Ethanol None 60 Slight 

Reduction in 

cracks 

b  

3 Ethanol+water None 120 Significant 

Reduction in 

cracks. 

c 

4 Ethanol+water 

+HNO3 

None 180 Negligible 

cracks 

d 

5 Ethanol+water 

+HNO3 

PEG 

(polyethyle

ne glycol) 

180 Negligible 

cracks 

e 

The optical microscopic images of experiments corresponding to table 6.6 are shown in 

figure 6.14. Films got improved with increasing stirring time. The maximum number of 

cracks was seen in paste formed using acetic acid Fig. 6.14 (a) and ethanol Fig. 6.14 (b). 

Addition of water increased the stirring time of paste which resulted in more 

homogenous and comparatively less cracked thin films Fig. 6.14 (c). The density of 

cracks exceptionally reduced by addition of HNO3 Fig. 6.14 (d). The reason can be 

attributed to better dispersing of titania nanoparticles With addition of surfactant a 

better cohesion of film to substrate was observed but no effect on cracks was observed. 

It was observed annealing almost had no effect on cracks, neither did the doping.  
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(a) 

(d) 

(e) 

(b) 

10X 10X 

10X 10X 

10X 

(c) 

Fig. 6.14 Optical images of 3wt% Cu doped titania coatings FTO substrates. 
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6.4.2 Cross-section SEM Image of 3wt% Cu Doped Titania Film 

Cross-sectional view of the film on FTO substrate is shown in Figure 6.15 showing a 

thickness of 30.29 µm. 

 

Fig. 6.15 Cross-sectional SEM of 3wt% Cu doped titania thin film. 

6.5 Increase in Voc of 3wt% Cu Doped Titania Based Dye Sensitized 

Solar Cells 

IV characteristics of the cells are shown in Fig 6.16. It is evident from figures that using 

copper doped titania anode in DSSC affected Voc and Jsc of the cell. An increase in Voc 

and a decrease in Jsc is observed in IV characteristics of 3wt% Cu doped titania based 

DSSC when compared to undoped titania based DSSC.  

Titania 

Film 

Substrate 



 

121 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.16 IV characteristics of (a) undoped and (b) doped titania based 

dye sensitized solar cells. 
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Table 6.7 Summary of the IV characteristics of the doped and undoped titania 

based DSSCs. 

Sr 

No 

Cell Annealing 

Temperature 

Voc 

(volts) 

Jsc 

(mA) 

η 

(%) 

1 Undoped titania 

based DSSC 

450 °C 0.27 0.83 0.14 

2 3wt% Cu-doped 

titania based DSSC 

450 °C 0.30 0.79 0.15 

An 11% increase in Voc and a 4.8% decrease in Jsc was calculated from IV curves. 

Increase in Voc attributes to the reduction in band gap energy of titania as explained 

earlier in topic 6.1.3. Also co-presence of anatase and rutile phase in 3wt% Cu doped 

titania film leads to enhanced charge separation [6]. However, smaller particle size and 

visible light activity mechanisms should have increased Jsc. But decrease is Jsc occurred 

due to some other factor inhibiting the cell performance strongly. It was confirmed by 

XRD, FTIR and UV-Vis analysis of doped titania nanoparticles that copper existed as 

CuO form in titania lattice. The presence of this amorphous CuO layer causes hindrance 

in diffusion and injection of electrons leading to a decrease in Jsc. Also, due to presence 

of copper, redox reactions with electrolyte ions can occur causing a decrease in Jsc.  
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Chapter 7  

Conclusions and Future 

Recommendations 

7.1 Conclusions  

 Titania and doped titania nanoparticles were successfully synthesized using sol-

gel method as indicated by XRD, SEM/EDX, UV-Vis spectroscopy and FTIR 

results. 

 Copper existed as amorphous CuO form in titania. Doping copper introduced 

structural defects in titania and initiated rutile phase formation. 

 Copper doping into titania also shifted its absorption to visible region and 

reduced the crystallization temperature of titania.  

 Optimization of doctor blade coating process for synthesis of titania and Cu 

doped titania thin films lead us to make thin coatings with remarkable control on 

crack density.  

 Carbon microspheres were synthesized using hydrothermal method to include 

them into titania electrode as pore former. The pore formation enhanced the 

porosity of semiconductor and increased its surface area for greater adsorption 

of the dye molecules.  

 3wt% Cu doping rendered good properties to titania  and it was observed that 

the cells fabricated by using 3 wt% Cu doped titania based photoanode showed 

better Voc than that fabricated using undoped titania based electrodes. A 10% 

increase in Voc and a 5% decrease in Jsc were observed.   
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7.2 Future Recommendations 

To enable active commercialization of DSSCs, there is a need to enhance the efficiency 

of DSSCs beyond 12%. Listed below are some recommendations for the work to be 

done in near future on DSSCs in order to increase efficiency and reduce the cost of 

production. 

7.2.1 Employing Use of Different Morphologies of Titaina 

Different structures like nanorods, nanotubes etc. can be synthesized using different 

synthesis techniques and optimizing the synthesis conditions. Formation of photoanode 

using structures based nanoparticles can render better properties to photoanode and lead 

to enhanced dye adsorption, better conduction mechanism and efficient transport of 

electrons. These structures can be doped with different non-metals and metals to further 

improve their properties hence improving the performance and efficiency of the DSSc. 

7.2.2 Optimization of Coating Processes 

The low cost solution based coating techniques can be optimized to yield better films. 

Better properties and morphology of semiconductor thin films is beneficial for better 

working of the cell. Vacuum based techniques are expensive but they offer best 

compositional control of the films. Efforts should be made to improve the quality of the 

solution based coated thin films to match the quality of films coated by expensive 

methods. Optimization of electrochemical methods can be one option for better and low 

cost thin film coatings. 

7.2.3 Steps Towards Better Stability of DSSCs 

In-stability is a key disadvantage of a DSSC. This problem requires special attention as 

it is the biggest hurdle in commercialization of DSSCs. the instability mainly arises due 

to the use of volatile solvents in liquid electrolytes. The solvents evaporate and degrade 

with time and increasing temperature and ultimately short the cell. These electrolytes 

can be substituted with solid state electrolytes like hole conducting materials. Research 

should be done to improve the efficiency of solid-state DSSCs by optimizing the cell 

fabrication methods and using other materials that match te properties of such 

electrolytes. 
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7.2.4 Study of the Effects of Co-doping 

TiO2 can be co doped with metals to further enhance its properties for its application in 

DSSCs. co-doping has not been investigated extensively.  

7.2.5 Use of Natural Sensitizers 

Ru based sensitizers are very expensive. Most of the cost of a DSSC is due to use of 

artificial metal sensitizer. Many natural sensitizers are available like the juice of berries, 

extract of rose petals etc. the problem with these sensitizers is that they degrade with 

time and the cells are not long lasting. Research needs to be done on use of such 

sensitizers to open ways for further low cost DSSCs.  
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Abstract: Dye Sensitized Solar Cells possess the novel properties of both organic as 

well as inorganic compounds. Scientists are especially attracted towards them as 

alternative devices to traditional silicon solar cells because they offer lower fabrication 

costs. Dye Sensitized Solar cells have reached an energy conversion efficiency of 12% 

and further efforts are being carried out to improve its efficiency. Scientists are 

devotedly working on Titania doping for its use in photovoltaic cells and photo-

catalysis to enhance the capabilities of the semiconductor. In this work, titania 

nanoparticles have been synthesized using sol-gel route and doctor blade was used to 

apply thin film titania coatings on FTO coated glass substrates. Coating process was 

optimized and crack free titania films were successfully obtained. Furthermore, copper 

doped titania nanoparticles were also synthesized using sol-gel route. To analyze the 

structure and composition, synthesized nanoparticles were characterized with several 

instrumental techniques, including X-ray diffraction (XRD) and Scanning Electron 

Microscopy (SEM). Copper doping in Titania initiates rutile phase formation and 

structural defects into the semiconductor as evident by XRD pattern. The effect of 

Copper doing and annealing temperature on Titania nanoparticles in terms of crystal 

structure, phase change, morphology, UV-Vis absorption etc. has been studied in detail. 

Keywords: Dye sensitized solar cells, sol-gel route, copper doped Titania, doctor blade, 

crack free film. 

Introduction 

The efficie cy of  ye Se sitized Solar  ells   SS ’s  depends on various factors. The 

efficiency is very much related to the properties of semiconductor photoanode. Other 

cell -based efficiency depending factors are properties of dye, nature of redox couple, 

catalytic properties of counter electrode etc.  In other words each and every layer of a 

DSSC affects the efficiency of the cell. Focusing on semiconductor photoanode, TiO2 is 

most usa le a d attractive semico ductor material for  SS ’s because of its chemical 
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stability and easy availability. The main downside of TiO2 is that it only absorbs UV 

radiation form solar spectrum which makes only 4% of the electromagnetic radiations 

coming from sun [1, 2]. In order to enhance the absorption of solar radiation by TiO2 we 

need to create oxygen deficiencies or structural defects in its structure to decrease the 

band gap. The reduction in band gap of TiO2 (anatase =3.2ev) can lead to make it active 

in visible light. 

Previous studies have shown that correctly doping TiO2 by various metals can enhance 

some of the photovoltaic properties of the cell. Doping TiO2 semiconductor render three 

main advantages in DSSCs, reduction in band gap thus enhancement in efficiency, 

reduction in photocatalytic activity of DSSCs and reduction in recombinations. For 

example Feng et al.[3] reported using Ta-doped TiO2  a owire arrays for  SS ’s  

showed negative shifting of C.B of TiO2 due to which increase in open circuit voltage 

(Voc) was observed.  M. Geetha et al. [4] reported improvements in photoelectric 

performance of DSSCs  by using chromium doped TiO2 semiconductor as photoanode. 

Maciej Zalas and Maciej Klein [5] studied the influence of rare earth metal doping on 

performance of DSSCs. These modified electrodes prevented back transfer of electrons 

and enhanced dye absorption ability Xujiye Lu et al. [6] and Lee et al. [7] studied 

niobium doped TiO2 semiconductor based DSSC and reported an improvement in cell 

performance due to doping. 

 opper is readily availa le i  earth’s crust a d cheap metal with high electro ic 

conductivity [8] which makes it an attractive metal for doping TiO2 semiconductor 

photoanode of DSSCs. Doping copper in TiO2 can create structural defects in TiO2 

lattice hence reducing its wide band gap. In this research we have studied the doping 

effects of copper on structure, crystallinity and morphology of undoped TiO2 and 

discussed how doping copper shifts the absorption edge of TiO2 to visible region. 

Meanwhile, thermal stability of semiconductor and doped semiconductor was also 

investigated.  

Experimentation 

Synthesis of nanoparticles 

Pristine (undoped) titania nanoparticles and titania with 3wt% Cu were prepared by sol–

gel method. The synthesis of pristine titania started with the addition of 25 ml of 

titanium isopropoxide (Sigma-Aldrich) was stirred for one hour in 50 ml ethanol. 

Isopropoxide chain was hydrolyzed by addition of 30ml water a d   ml H l a d was 

stirred co ti uously for   hours. The sol was kept for 2  hours, dried a d the  a  ealed 

at        a d        for   hours. To prepare  u-doped Titania another solution was 

made containing CuCl2.5H2O, water and ethanol. This solution was added while 

hydrolyzing TTIP solution. This sol was also kept for 24 hours, dried and annealed at 

similar conditions as for pristine titania.    
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The X-ray diffraction   R   patter  of the samples was o tai ed usi g a θ-θ STO  

Germany X Ray diffractometer at room temperature irradiating X Rays from Cu-Kα for 

structure and phase analysis. XRD was operated at 40kV and 30 mA. The specimens 

were prepared. Powders were packed in glass holder and XRD graphs were collected at 

room temperature. The measurements were recorded in step of 0.04° and scan angle 

range of 10-80°. SEM and (EDX) of the samples were carried out using a JEOL 2300 

scanning electron microscope at and operating voltage of 20kV with an EDX detector. 

The powder samples were coated with gold using sputter ion coater before putting them 

into machine. UV-VIS spectra of the samples were obtained using a BMS 2800 UV–Vis 

spectrophotometer with BaSO4 powder as the standard reference sample and data was 

taken from range 300nm to 900nm. TG-DT analyses of the samples were performed 

using Perkin Elmer diamond TG/DTA version 2.0 with 2g sample weight each. 

Temperature range was set from room temperature to 500 °C. 

Results and discussion 

Doping Titania with other atoms influences its properties and causes change in light 

absorption, crystal structure, particle size and stability. The results and discussions 

elaborate the study of effect of doping Copper into Titania lattice at different annealing 

temperatures. 

XRD analysis 

Crystal phase of titania nanoparticles determine its functionality for various 

applications. The rutile phase of titania is recommended for its use in pigments [9] and 

anatase phase is recommended for photocatalytic applications [10]. Therefore, it is very 

Fig. 1 Sol-gel preparation of pristine and doped 

titania nanoparticles. 
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important to investigate the changes in crystal structure by incorporation of different 

dopants in titania lattice. Pristine and Cu-doped titania nanoparticles were prepared at 

the same conditions for comparisons. The similarity in ionic radius of Cu
2+ 

(0.73 Å) to 

that of Ti
4+

 (0.64 Å) enables copper to substitutionally replace Titanium. Titania doped 

with Cu
2+

 initiates the formation of rutile phase along with anatase. Doping of Cu
2+

 

introduces structural defects into titania as evident by XRD graphs. The XRD pattern of 

pristine and Cu-doped titania nanoparticles is shown in Figure 2. The diffraction pattern 

corresponds to the tetragonal anatase phase of titania (JCPDS-782486). Indeed, a small 

fraction of rutile phase is also present in between 27° and 36°, and at 40° (JCPDS- 

761934). Anatase is metastable phase of Titania and is usually formed at low 

temperature during solution-phase synthesis.[11] 

As shown in Fig. 2a, when annealed at 450 °C, titania changes from amorphous to 

crystalline phase. At 450 °C pure anatase phase is formed. As the annealing 

Temperature increases to 650 °C pristine titania shows a small rutile phase shown at 

(110) rutile peak. It means the transformation of anatase to rutile in pristine Titania 

starts at temperatures above 650 °C. Whereas, introducing Cu
2+

 in Titania lattice 

initiates rutile phase as evident from Fig. 2b where rutile phase starts forming at 450 °C 

and a complete transformation of phase is been observed at 650 °C where all peaks 

corresponds to rutile phase of titania. Increase in rutile fraction with doping indicates 

inhibition of the formation of complete anatase phase due to incorporation of Cu on the 

titania lattice. The inclusion of copper in titania anatase creates a higher number of 

defects which results in quicker formation of rutile nuclei. During annealing, the 

replacement of Ti
4+

 by Cu
2+

 cause a decrease in free electron concentration and an 

increase in oxygen vacancy concentration. Anatase to rutile phase transition occurs 

because of this increase in oxygen vacancies created in crystal lattice [12]. The phase 

transformation results are consistent with DT analysis explained latter. 

The effect of annealing temperature on pristine and Cu-doped titania is shown in Table. 

1. The resultant sizes for pristine titania is 13.1nm and 43.1 nm annealed at 

temperatures 450 °C and 650 °C respectively and that for Cu-doped titania is 11.6 nm 

and 36.6 nm annealed at temperatures 450 °C and 650  °C respectively. Increasing 

annealing temperature increases the crystallite size. The addition of dopant affects the 

crystallite size of particles and decreases the crystallite size. 
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Fig. 2a XRD pattern of undoped 

titania at different annealing 

Temperature 

Fig. 2b XRD graphs of doped 

titania at 450 °C and 650 °C 

Temperature 

Fig. 2 XRD patterns of doped and undoped titania at different annealing 

temperatures. 

Table. 1 Crystallite sizes of undoped/3wt% Cu doped titania at 450 °C and 650 °C. 

Sr 

no 

Sample Crystallite size 

(nm) 

(1) Undoped titania annealed @450 °C 13.1 

(2) 3 wt% Cu-Doped titania annealed 

@ 450 °C 

11.6 

(3) Undoped Titania annealed @650 

°C 

43.1 

(4) 3 wt% Cu-doped titania annealed 

@650 °C 

36.6 

UV-VIS Analysis 

The absorption spectra of the prepared undoped and doped samples annealed at 450 °C 

were determined by a diffusive reflectance spectroscopy measurement. The absorption 

spectrum of pristine and Cu-doped Titania is shown In Fig. 3. Doping Copper in titania 

lattice shows an absorbance shift towards the visible spectrum. Anatase Titania has Eg 

value 3.31 eV. Doped sample exhibit an absorption peak at 379 nm corresponding to the 
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maximum absorption when electrons are excited from the valence to the conduction 

band. Doped samples show shifting in the absorption peak to the visible region. The CB 

in titania comprises of Ti 3d states and VB comprises of O 2p states. The 379 nm 

absorption peak is due to electronic transition from O 2p to Ti 3d. The absorption 

between 400 and 500 nm appears as a result of charge transfer at the interface from the 

O 2p VB to the Cu (II) state attached to titania. These Cu (II) states may be present 

either as Cu (II) nanoclusters or in the form of amorphous oxide phase of CuO. Li et al. 

[13] demonstrated that Cu (II) does not show this absorption peak if it is present as 

CuO, but displays this absorption when it is present as Cu (II) ions attached to Titania. 

However, Qiu et al. [14] suggested that the absorption peak between 500 nm appears 

due to charge transfer from Titania to CuO clusters in CuO/Titania nanocomposite. 

Therefore, based on these observations, we can predict that the absorption appears due 

to charge transfer from O 2p to Cu (II) clusters or CuO amorphous phase. Hence it can 

be concluded that substitution of Ti
4+

 by Cu
2+ 

atoms generates defect centers that cause 

the change in optical absorption. 

 

Fig. 3 UV-VIS spectra for pristine and 3wt% Cu-doped titania annealed at 450 °C. 

Doping Titania with a transition metal leads to the reduction in the band gap energy 

which is attributed to the inclusion of copper ions into titania crystal lattice and 

formation of CuO on surface of the particles. It has been studied that doping titania with 

aliovalent ions changes the material properties and absorption properties because of the 

modification in local lattice symmetry and defects. When titania is doped with copper, 

Cu
2+

 ions either located on the surface sites or inside bulk titania. This causes lattice 

deformation due to rearrangement of adjoining atoms to neutralize charge deficiency. 

This lattice deformation and rearrangement modifies electronic structure and hence the 

band gap shift occurs [15]. Also, oxygen vacancies are created due to presence of small 

amounts of Cu
2+

 dopant in the lattice sites of titania [12, 16]. These are created due to 
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charge compensation effect. It is, therefore, possible to control band gap shift and 

absorption of the doped nanoparticles controlled by lattice strain and doping-induced 

vacancies. It can be concluded that the copper doped titania structure extends its 

absorption to the visible spectrum of sunlight (400-700 nm) effectively. 

TG-DT Analysis 

Fig. 4 show the TG/DTA curves of pristine and 3wt% Cu-doped Powders. Looking at 

TG curves of both powders, first weight loss is being observed at temperatures below 

100 °C. This weight loss indicates the removal of water and ethanol from powders. At 

temperatures from 100 °C to 300 °C, a weight loss of 17% for pristine titania powder 

and 15% for doped titania powder is being observed. This loss can be attributed to the 

removal of un-hydrolyzed isopropoxide ligands in titania. A total of 18% weight loss 

for pristine powder and 17.5% weight loss for Cu-doped titania powders has been 

observed which is approximately same for both the powders. Weight loss tends to seize 

after 400 °C.    

From DTA curves, we can observe one sharp exothermic reaction peaks in both the 

graphs. For pristine titania the exothermic peak appears at 399 °C and for doped titania 

it appears at 310 °C. these exothermic peaks indicates a phase change of powders from 

amorphous to crystalline. These results are consistent with XRD results. Undoped 

titania powders need more heat to crystallize since they possess smaller crystallite size 

of particles. Transformation from amorphous to anatase crystal structure for Cu-doped 

titania at lower temperature is because it contains comparatively larger crystallize size 

that required less heat to crystallize. It is evident from DT curves that doped titania 

powder shows crystallization at lower temperature than pristine titania. Incorporation of 

Cu dopant in titania reduces its crystallization temperature. This corresponds to the 

XRD graphs which showed formation of rutile phase in doped titania powder at lower 

Temperature (650 °C Fig. 2b). In Fig. 4b origin of new peak can be observed at 480 °C 

which may be attributed towards the phase shift from anatase to rutile. 
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Fig. 4 TG-DT curves of (a) undoped and (b) doped titania up to 500 °C 

 

SEM/EDX Analysis 

The high-resolution Scanning Electron Microscope images of pristine and 3wt% Cu-

doped Titania nanoparticles annealed at 450 °C and 650 °C are shown in Fig. 5. Fig. 5a 

shows that the particles are spherical in shape with some amount of agglomeration. 

While other figure shows arbitrary cubical shape. The particle size distribution shows 

that the average numbers of particles have a size of 71, 68.64, 61.84 and 60.50 for 

pristine and Cu-doped Titania annealed at 450 °C and 650 °C respectively. Increasing 

Annealing temperature decreased the particle size of titania as shown in Table. 2. 

Doping also affected the size of Titania nanoparticles.  

Table. 2 Summary of SEM/EDX results. 

Sr no Sample Mass% Atom% Average 

Particle 

Size  Ti O Cu Ti O Cu 

(1) Undoped Titania 

annealed @450 °C. 

57.94 42.06 0 31.51 68.49 0 71.27 

(2) Undoped Titania 

annealed @650 °C. 

56.31 43.69 0 30.10 69.90 0 68.64 

(3) Cu-Doped Titania 

annealed @450 °C. 

52.66 44.25 3.09 28.08 70.67 1.24 61.84 

(4) Cu-Doped Titania 

annealed @650 °C. 

59.61 38.65 3.08 33.74 65.51 0.74 60.50 
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Hence addition of dopant and its concentration can be used to tailor the particle size of 

copper doped titania. 

Conclusions 

Titania and Cu-doped titania nanoparticles have been successfully formed using sol-gel 

method. Introducing Cu
2+

 in titania lattice initiates rutile phase formation. Doping 

Copper in titania lattice showed absorbance shift toward the visible spectrum. 

Incorporation of Cu dopant in titania reduces its crystallization temperature. The 

particle size of the Cu-doped titania can be controlled by manipulating the dopant 

concentration and annealing temperature. Based on above results, incorporating copper 

doped titania based photoanode in DSSC can enhance some of the photovoltaic 

properties of the cell. 
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Abstract: Titanium dioxide (TiO2) represents an effective semiconductor material for 

anode in Dye Sensitized Solar Cells (DSSCs). It is a chemically stable and relatively 

reactive semiconductor. It acts as a photo-catalyst under ultraviolet light that has 

wavelength less than visible light and photon energy from 3eV to 124 eV. The 

development of photo-catalysts exhibiting high reactivity under visible light (400 nm) 

should allow the main part of the solar spectrum to be used. Visible light-activated TiO2 

can be formed by doping it with a metal. The working of DSSCs is based on adsorption 

of photon by dye and its transfer to TiO2 electrodes. The properties and structure of 

TiO2 electrodes have a direct influence on the fabrication of high efficiency dye 

sensitized solar cells. The aim of this comprehensive review is to give an overview of 

the DSSCs technology, working principles, different methods for preparation of metal 

doped titania nanoparticles, and its application in DSSCs. The enhancement of 

conversion efficiency and effective electron transport using metal doped titania in 

DSSCs have been discussed. The effect of using doped titania anode on recombination 

rate and photo catalytic activity in DSSCs have also been summarized using metals like 

copper (Cu), iron ( Fe), Neodymium (Nb), etc.  

Keywords—DSSC, Metal doping, Titania, Cell performance 

1. Introduction 
Photovoltaic devices work on the phenomena of charge separation occurring at interface 

of two different materials. These materials have different conduction mechanism. 

Photovoltaic has been dominated by p-n junction devices which are usually made up of 

silicon but emergence of third generation solar cells challenged this dominance of solid 

state junction devices [1].  There are three generations of solar cells. The first 

generation consists of high cost-high efficiency crystalline silicon solar cell technology. 

These cells have achieved efficiencies beyond 24.4 %. Though cost of production has 

decreased over the passage of time but first generation solar cells are still more costly 

than fossil fuels as these solar cells are manufactured by expensive wafer processes 

involving many energy extensive steps [2]. Second generation consist of thin film solar 

cell technology including amorphous silicon solar cells, Cadmium Telluride (CdTe), 

micro morph tandem solar cells, and Copper Indium Gallium Diselenide (CIS or CIGS). 

Second generation solar cells are considered as low efficiency-low cost solar cells but 

recently their efficiency has been enhanced up to 20 % [3-5].  

mailto:12sehar_shakir@ces.nust.edu.pk
mailto:zskhan@ces.nust.edu.pk
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Hence to compete with fossil fuels and fulfill the increasing demand of energy there is a 

need to develop low cost-high efficiency solar cells. Third generation solar cells can 

fulfill this need. Third generation of solar cells consists of quantum dot solar cells and 

Dye Sensitized Solar Cells having efficiency up to 14 %. 

2. Importance of Titania in Dye Sensitized Solar Cells 

DSSCs are technical and economical alternatives for expensive p-n junction solar cells 

[1].  DSSCs allow using less purified starting materials as they are not much sensitive to 

the impurities and defects whereas solid junction solar cells require high purity 

materials. This makes production of DSSCs less costly and the energy payback period is 

shorter [6]. DSSCs have reached photo conversion efficiencies for small laboratory cells 

up to 12 % and for solar modules they have reached to about 9 % [7]. 

The working of DSSCs begins with the absorption of incident light by dye molecule. 

An electron in the dye molecule gets excited from its ground to excited state. This 

excited electron is injected to the conduction band of semiconductor of photoanode 

usually made up of titania and consequently the dye gets oxidized. Semiconductor layer 

is a porous layer and electron from this layer travels to Transparent Conducting Oxide 

TCO and follows its path towards external circuit to the counter electrode. As the dye 

molecule is in unstable state the electron, instead of moving towards external circuit, 

can recombine back. In order to limit this recombination, an electron is provided to the 

dye molecule by the electrolyte (redox couple). As a result, dye molecule is reduced and 

redox couple gets oxidized. The generated electron, after completing its path from 

external circuit, reach counter electrode and reduce the redox couple and DSSC 

working cycle is completed. Ideally this whole process should take place without 

permanent transformation and consumption of chemicals but in real systems there are 

some u desira le recom i atio ’s that occur i  the cycle causi g a reductio  i  cell 

efficiency [1, 8]. 

Different semiconductors other than titania like Nb2O5 [9], ZnO [10, 11],  SnO2 [12], 

and SrTiO3 [13] have been studied for their use in DSSCs as photoanode material. 

Studies revealed TiO2 to be the best material for photoanode due to its low cost, high 

availability, and chemical stability. In DSSCs, there are three major roles played by 

TiO2:  

(iv) It provides a medium for the adsorption. 

(v) It accepts the excited electrons from the dye molecule into conduction band.  

(vi) It transports the electron towards the TCO for its injection in external circuit. 

TiO2 is an inexpensive, chemically stable, nontoxic, and biocompatible material with 

interesting photocatalytic activities and high dielectric constant [14]. Nanoscale titania 

is a multifunctional material that has its applications as anode material in DSSCs and 

many other fields [15]. Titania is an n-type semiconductor because of presence of 

oxygen deficiency [14]. It has three polymorphs: brookite (orthorhombic), rutile 

(tetragonal), and anatase (tetragonal).  The band gap of brookite is approximately 
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3.2eV, rutile has a band gap of 3.0eV, and band gap of anatase is 3.2eV. Anatase and 

rutile are the main polymorphs [16]. 

The photocatalytic mechanism in titania starts with the absorption of photon. The 

excitation occurs when the photons with energy equal to or greater than the band gap of 

titania is absorbed. This allows the formation of an electron-hole pair on the surface of 

TiO2 molecule. A hole (positive) is created in Valence band (VB) and an excited 

electron is promoted to the Conduction Band (CB). The electrons in Excited-state can 

get trapped in metastable states on surface, dissipate the input energy as heat due to 

recombination or react with electron acceptors/donors on semiconductor surface [17]. 

Anatase possesses the energy band 3.2 eV, which corresponds to 400 nm in 

electromagnetic spectra. The wide band gap of pristine (undoped TiO2) is its main 

drawback. The electron in pristine gets excited when irradiated to photons in UV region 

which constitutes only 4 % of total solar spectrum and about 40 % solar photons 

belongs to visible region. Also material efficiency is reduced due to recombination [18]. 

Scientists have been trying to induce visible light activity and enhance generated carrier 

separation efficiency by introducing different changes in titania like incorporating 

nonmetals, transition metals, rare earth metals, creating oxygen vacancies and 

introducing structural defects [19, 20]. The incorporation of dopants and defects create 

sub band states in titania band gap and enhance their visible light photoactivity by 

shifting the absorption edge towards visible region. Several methods have been reported 

in literature to enhance the visible light photoactivity of titania. 

1) To enhance spectral response of titania it has been doped by metals (Cu, Fe, Mg, Cr 

etc.) and nonmetal impurities (B, N etc.). Doping generates an intermediate energy level 

between valence band and conduction band of titania. Therefore metal doped titania 

shows enhanced visible photoactivity due to formation of new energy level in band gap 

of titania formed by scattering of metal nanoparticles in titania lattice [21]. When titania 

is doped with non-metals, three different modification mechanisms have been 

suggested, formation of impurity energy levels, narrowing of band gap and oxygen 

vacancies[21]. 

2) To enhance the separation of generated carriers, TiO2 nanotubes have been reported 

to be beneficial [15]. 

3) It has been found that noble metal and TiO2 heterogeneous materials have excelled 

titania nanotubes and doped titania in properties as these heterogeneous materials 

i hi its the recom i atio ’s a d e ha ces visi le light a sorptio  [22, 23].   

4) To decrease recom i atio ’s a d e ha ce photocatalytic efficie cy coupled 

semiconductors like Bi2S3TiO2, ZnO/TiO2 and CdS/TiO2 has been reported [24-26]. 

There are many ways to dope titania like ion assisted Sputtering, ion implantation, CVD 

etc. But these processes are very expensive. Solution based processes for doping like 

sol-gel and other hydrothermal processes contribute cost effective and large scale 

production [21, 27].  
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3. Discussion on Effects of Metal Doping of Titania on Performance of DSSCs 

When TiO2 is doped with metals, the dispersion of metal nanoparticles in titania matrix 

produces a new energy level. The electrons need less energy to excite from defect state 

to CB of TiO2 as compared to the photon energy required in exciting electrons in 

undoped titania. Metal doping offers reduction in electron-hole recombinations by 

improved trapping of electrons and enhanced photocatalytic activity [21]. Considering 

crystal structure of titania, it is difficult to substitute O
- 

with any other anion than to 

replace Ti
4+ 

with another cation because of the difference in ionic radii and charge 

states. 

Cationic doping of TiO2 with rare earth metals and transition metals (such as Sm, Cu, 

Nd, Zr, Gb, Zn, Pr , Co, Er, Ni, Ce, Cr, La, Mn, Pt, Mo, Ag,  Nb, Au, V, Sn, Fe, Ru or 

W) has been extensively studied. Researchers have found that doping titania with 

transition metal increase thermal stability, decrease photothreshold energy of titania. A 

decrease in lifetime of carriers has also been indicated [14]. This limits the overall 

conversion efficiencies. Sometimes transition metals in TiO2 behave as trapping sites 

for generated electron-hole pairs and hence the inclusion of these metals in titania leads 

to lowering of quantum efficiency. In anatase phase, they can also cause thermal 

instability. Despite doping metals in TiO2, a reduction in band gap energy has been 

attained by researchers, but an exceptional enhancement in photocatalytic activity has 

not been observed [15, 16].  

Doping the titania semiconductor of photoanode render three main advantages in 

DSSCs: reduction in the photocatalytic activity of DSSCs, reduction in band gap thus 

enhancement in efficiency and reduction in recombination rate. Some researcher have 

studied and reported better device performances when utilizing doped semiconductor as 

compared to performance of cells based on undoped semiconductor. Several dopants 

have been doped in titania semiconductor of DSSCs but none of them could enhance the 

open circuit voltage (Voc) and short-circuit 

current density (Jsc) together at the same 

device. 

Feng et al. [28] prepared Ta-doped titania 

nanowire arrays for DSSCs and found a 

considerable increase in open circuit 

voltage (Voc) due to negative shifting of 

CB of titania.  A decrease in 

photoconductivity of chromium doped 

TiO2 has been indicated. The decrease is 

due to presence of Cr
3+ 

ions in lattice 

displacing Ti
4+ 

ions [29] . Whereas,  M. 

Geetha et al. [30] reported doping 

chromium showed improvement in 

photoelectric performance of  dye sensitized Fig. 1 UV-Vis spectra for pristine and Cu-

doped TiO2 semiconductors [37]. 
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solar cells. They found an enhancement of light to electric conversion efficiency by a 

factor of 2.33 with 0.05 mol % Cr doping in titania photoanode.  Tran van nam et al. 

[31] found doping magnesium caused a negative shift of the CB edge 1.142  and -1.16 

eV for surface and bulk respectively. They also observed shift of Fermi level to 

negative energy. These effects improved Jsc but decreased the Voc of DSSCs. Yandong 

Duan et al. [15] studied the effect of Sn doping in titania photoanode of DSSCs and 

found 12.1 % increase in efficiency compared with efficiency of cell containing pure 

titania based photoanode.  Maciej Zalas and Maciej Klein [7] studied the influence of 

rare earth metal doping on performance of DSSCs. They found doping had no effect on 

crystal structure of electrode but strongly affect properties of DSSCs and a change in 

electronic properties was reported. These modified electrodes prevented back transfer of 

electrons and enhanced dye absorption ability. The best device performance was 

obtained in devices which used Ce and Yb as dopants. But many of rare earth metals 

modifications in DSSCs ( like Tm, Gd, Eu, Y, etc.) decreased photoconversion of 

DSSCs. An enhancement in efficiency has been indicated by using vanadium doped 

TiO2 as photoanode in DSSCs [32]. Xi Xang et al. indicated improvement in Jsc due to 

reduction in charge recombination, amelioration in electron lifetime and increase in 

power conversion efficiency in DSSCs fabricated using W-doped TiO2 as photoanode 

[33]   

Effect of co-doping has also been studied. Ko et al. [34]. They found enhancement in 

device efficiency when the semiconductor was co-doped with tungsten and aluminum.  

Qiuping Liu et al. [35] investigated cell made by using Zn and Mg co-doped titania 

electrode and found 26.7 % increase in conversion efficiency as compared to undoped 

titania based DSSCs.  

Copper doped nanoparticles are usually 

synthesized by easy and cost effective sol-

gel process [36-39].  Zhao et al. [40]  

reported a novel one step self-assemble 

method of doping copper into titania lattice. 

It has been reported that doping copper in 

titania enhan ces the photo-catalytic activity 

[36-38] and reduce the band gap of titania. 

The enhancement of the photo-catalytic 

activity was discussed as an effect due to the 

Cu content as well as to the formation of 

stable Cu (I) in the Cu-doped TiO2 

semiconductors. Doped samples show 

shifting of absorption peak in UV spectra to 

visible region or longer wavelengths [38, 39] 

. Two absorption peaks shifting in spectra 

have been seen for doped samples when compared to spectra of un-doped samples as 

shown in Fig. 1 [37] and Fig. 2 [39]. One of the shifts is at 400 nm and other at around 

500-900 nm. The first shifting is due to presence of Cu(II) states which exists either as 

Fig. 2 UV-Vis spectra of pure and Cu-

doped TiO2 nanoparticles [39]. 
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Fig. 3 Current density-voltage 

curves of Niobium doped and 

undoped Titania based DSSC [46]. 

Table 1 Band gap and average crystallite 

size of copper doped titania samples [37]. 

Cu(II) nano-clusters ions attached to TiO2 [39] or in form of amorphous oxide phase of 

CuO (3,5,4,6). The second shift is due to d-d transitions or 2Eg-2T2g of Cu
2+

 in 

crystalline environment of TiO2. The Jahn-Teller distortion splits the 2Eg and 2T2g 

state of Cu
2+

 into several d states. Interaction of light excites the electron from ground 

to several of the excited states and gives the visible absorption peaks in the framework 

of TiO2 [39].  

 

 

 

 

 

 

 

 

These  Cu
2+

 d states and oxygen defects create band states, thereby favoring electronic 

transition to these levels and resulting in lowering of band gap of TiO2.  As summarized 

in Table 1 [37] decrease in band gap and crystallite size has been reported by increasing 

copper concentration, [37, 39, 41]. Maeda et al. [38] reported copper doping had no 

effect on crystallinity of titania whereas Vidyasagar et al. [42] stated that Cu doping in 

titania alter crystallinity but remains unaffected towards crystal structure of 

nanoparticles. Incorporation of copper in titania lattice initiates the formation of 

brookite phase and inhibit complete anatase formation [39, 43]. Whereas Teleiki et al. 

[44] reported that addition of copper initiated anatase to rutile formation and enhanced 

grain growth. A shift in 2 theta in XRD pattern of 101 peak has been observed 

indicating incorporation copper species in 

titania network. F.J.Navas et al. [41] 

fabricated the cell using paste coating of 

doped and un-doped nanoparticles on FTO 

substrates to develop photoanode, N3 dye, 

electrolyte and platinum counter electrode 

and reported 10% increase in Voc of cell. The 

increase in Voc of DSSCs is due to reduction 

in band gap  

Several methods have been reported to 

synthesize niobium doped titania 

nanoparticles. The most common of which is 

TiO2-Cu (wt%) Crystallite Size 

(nm) 

Eg(eV) 

0 40.5 3.28 

0.1 30.4 3.19 

0.5 29.7 3.13 

1.0 26.7 3.05 

5.0 29.0 2.81 
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sol-gel [45]. Others being flame spray pyrolysis[44] , hydrothermal method [46, 47]. 

Wang et al. [48] claims to synthesize Nb doped nanoparticles by a novel polymer 

assisted sol-gel process and M Hirano et al. [49] synthesized Photoactive and 

Adsorptive Niobium-Doped Anatase (TiO2) by changing Hydrothermal Conditions. The 

crystalline structure of titania is not altered even when large amounts of dopant (20 wt 

%) has been doped . XRD peaks show a slight shifting towards left that indicates the 

inclusion if niobium in titania lattice 

because Ti
+4 

has smaller radius (0.61 Å) as 

compared to Nb
+5 

(0.64 Å). Larger shift of 

peaks has been observed when higher 

amount of dopant has been incorporated [46, 

49]. While increasing niobium loading, the 

onset of absorption shifts towards longer 

wavelengths. A red shift has been observed 

in UV-vis spectra for 10 wt % doping as 

compared to undoped titania and allows 

doped titania to absorb 40 % more light than 

pristine [45, 49]. Decrease in bandgap by Nb 

doping in titania has also been reported by Salvador et al. [50]. They performed 

electrochemical measurements and found photocurrent quantum efficiency to calculate 

the bandgap (Eg). They varied quantum efficiency with photon energy to determine 

value of Eg experimentally. They report highest band gap reduction (Eg=2.9eV) and 

highest quantum efficiency by 0.2 wt % doping of niobium. Increasing Nb content 

further increased band gap which was an indication of segregation of Nb2O5. band gap 

reduction. Reported by X Lu et al. [47] cell consisting photoanode made from Nb doped 

titania nanoparticles (5 mol %) showed 18.2 % more energy conversion efficiency and 

enhanced conductivity than cell consisting photoanode made from undoped titania 

nanoparticles. As indicated in Fig. 3 [46] and Fig. 4 [47], an enhancement in opto-

electronic properties and device efficiency of cell containing niobium doped titania 

photoanode has been observed [51].  A decrease in Voc was observed  when dopant 

concentration was increased. This is due to the positive shifting of Vfb. Lowering of Voc 

can be avoided and photocurrent density can be improved by optimizing and carefully 

selection of electrolyte, dye and photo-anode material. 

Iron can be doped in titania using different methods including sol-gel [38, 52, 53], wet 

impregnation [54] and oxidative pyrolysis [55]. Photo-anode for DSSCs can be made 

out of these doped nanoparticles using doctor blade coating technique. When opting sol-

gel technique, sol can be directly coated on substrate using spin coating or dip coating. 

The ionic radius of Ti
4+ 

(0.0605 nm) and that of Fe
3+ 

makes the substitution of dopant in 

titania lattice possible. Due to doping iron in titania lattice and iron ion radius being 

smaller than Ti
4+

 ion, compaction of titania lattice is observed and denser phase is 

formed [55]. Iron exists as its oxide form in titania matrices and the crystallinity of TiO2 

is hardly affected by iron doping [53]. It was reported that the presence of iron as 

dopant in titania lattice initiates the formation of rutile phase. The formation of rutile 

phase increases with increase in iron loading. An increase in wt % of rutile phase has 

Fig. 4 Current-voltage curves of 

Niobium doped and undoped 

Titania based DSSC [47]. 
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been indicated from 14% (pristine) to 23% (doped). Changing different concentrations 

of iron dopant in titania, a reduction in band gap has been seen up to 2.9 eV and this 

make photoresponse of doped titania possible in visible region. The impurity levels 

formed by doped metal oxides not only act as absorption centers of VIS-light but also 

act as recombination centers of electron/hole pairs. It is found that the recombination of 

the photogenerated electron/hole pairs take place quickly in the Fe-doped TiO2 films 

[38] whereas Wang X et al. [55] o served a decrease i  recom i atio ’s of ge erated 

carriers. A decrease in photocatalytic activity has been observed by presence of Fe ions 

[53]. Iron doped titania showed higher specific surface area when compared to undoped 

titania. 

4. Conclusions 
In this review we discussed electrode properties of doped and undoped titania and its 

effect on efficiency of Dye Sensitized Solar Cells (DSSCs). The enhancement of 

conversion efficiency and effective electron transport using metal doped titania in 

DSSCs have been discussed. A review on effect of using doped titania anode on 

recombination rate and photo catalytic activity in DSSCs has also been summarized. 

Doping the titania semiconductor of photoanode rendered three main advantages that 

are reduction in the photocatalytic activity of DSSCs, reduction in band gap thus 

enhancement in efficiency, and reduction in recombination rate. Better performances of 

cells have been observed by utilizing doped semiconductor as compared to undoped 

semiconductor. Although extensive studies have been made on doping TiO2 and its use 

as a photoanode in DSSCs, none of these are able to enhance both the short-circuit 

current density and open-circuit voltage. Therefore, there is a need to investigate 

thoroughly and more deeply in this area to obtain commendable outcomes. 
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Abstract: Photoanode is one of the most important components in DSSCs for which 

oxide ceramics such as titania is one of the top choices. In this work, we have 

synthesized undoped and doped titania nanoparticles by simple and reliable sol-gel 

route. Metal doping can introduce structural defects in titania lattice that can result in 

increase in photo-absorption of solar cells. There was an indication in literature that Cu 

could initiate phase transformation in titania at lower temperature supportive to cell 

performance. Furthermore, Cu offers its candidature due to being relatively inexpensive 

and easily available. However, there is not enough data available in literature on 

performance of DSSCs based on Cu doped titania photoanode. Therefore, we are 

presenting herein systematic studies on Cu doped titania nanoparticles. Meanwhile, thin 

film coatings of titania and doped titania were made on FTO coated glass by assortment 

of methods like spin coating, doctor blade coating, etc. Various process routes such as 

effects of annealing temperature, Cu concentration, pore former, etc. were used in this 

study. Structural and thermal performance of materials and thin films were carried out 

using diversified techniques such as X-ray diffraction, Scanning electron Microscopy, 

TG-DT analysis, etc. Studies have revealed that dopant existed in the form of CuO in 

nanoparticles and thin films. Cu doping assisted in reduction in particle size and band 

gap which was further verified by red absorption shift. Films with almost negligible 

crack were successfully made on FTO coated glass and it was found that crack density 

reduced with reducing drying time, increasing stirring time and adding HNO3 along 

with water and ethanol as a precursor solvent. The inclusion of carbon microspheres 

formed cavities into the pellets of titania and Cu:Titania and increased the porosity and 

surface area for greater dye adsorption. It was found that porosity increased from 31% 

to 42% by adding 2.5 wt% carbon microspheres in 3wt% Cu doped titania thin films. IV 

measurements of the cells fabricated using Cu doped titania photoanode N3 dye, I
-
/I3

-
 

electrolyte and gold coated FTO glass as counter electrode revealed a 11% increase in 

Voc when compared to Voc of cells made with similar components but using undoped 

titania photoanode  

Keywords: Doped titania nanoparticles, doctor blade coating, DSSCs, carbon 

microsphere, Titania thin films. 
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Introduction  

The efficie cy of  ye Se sitized Solar  ells   SS ’s  depe ds o  various factors. The 

efficiency is very much related to the properties of semiconductor photoanode. Few 

other cell -based efficiency depending factors are properties of dye, nature of redox 

couple, catalytic properties of counter electrode etc.  In other words each and every 

layer of a DSSC affects the efficiency of the cell. Focusing on semiconductor 

photoanode, titania is the most usa le a d attractive semico ductor material for  SS ’s 

because of its chemical stability and easy availability. The main downside of titania is 

that it only absorbs UV radiation form solar spectrum which makes only 4% of the 

electromagnetic radiations coming from sun [1, 2]. In order to enhance the absorption of 

solar radiation by titania we need to create oxygen deficiencies or structural defects in 

its structure to decrease the band gap. The reduction in band gap of titania (anatase 

=3.2ev) can lead to make it active in visible light. Moreover, forming pores in titania 

layer of photoanode can lead to enhanced adsorption of dye and hence greater 

absorption of incident light. Homogenous thin films of titania formed using a low cost 

solution based technique can offer price control over the cells as well as better films 

lead to better performance of cells.  

Previous studies have shown that correctly doping titania by various metals can enhance 

some of the photovoltaic properties of the cell. Doping titania semiconductor render 

three main advantages in DSSCs, reduction in band gap thus enhancement in efficiency, 

reduction in photocatalytic activity of DSSCs and reduction in recombinations. For 

example Feng et al.[3] reported using Ta-doped Tita ia  a owire arrays for  SS ’s  

showed negative shifting of C.B of titania due to which increase in open circuit voltage 

(Voc) was observed.  M. Geetha et al. [4] reported improvements in photoelectric 

performance of DSSCs  by using chromium doped titania semiconductor as photoanode. 

Maciej Zalas and Maciej Klein [5] studied the influence of rare earth metal doping on 

performance of DSSCs. These modified electrodes prevented back transfer of electrons 

and enhanced dye absorption ability Xujiye Lu et al. [6] and Lee et al. [7] studied 

niobium doped Titania semiconductor based DSSC and reported an improvement in cell 

performance due to doping. 

 opper is readily availa le i  earth’s crust a d cheap metal with high electro ic 

conductivity [8] which makes it an attractive metal for doping Titania semiconductor 

photoanode of DSSCs. Doping copper in titania can create structural defects in titania 

lattice hence reducing its wide band gap.  

In this research we have studied the doping effects of copper on structure, crystallinity 

and morphology of undoped titania and discussed how doping copper shifts the 

absorption edge of titania to visible region. Meanwhile, thermal stability of 

semiconductor and doped semiconductor was also investigated. Efforts were made to 

enhance the performance of photoanode by increasing its porosity, absorption of light 

and optimizing coating process.  
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Experimentation 

Undoped titania nanoparticles and titania with 1wt% and 3wt% Cu were prepared by 

sol–gel method. The synthesis of doped titania nanoparticles was done using sol-gel 

method in which 25 ml of titanium isopropoxide (Sigma-Aldrich) was stirred for o e 

hour i     ml etha ol. Isopropoxide chai  was hydrolyzed  y additio  of   ml water 

a d   ml H l a d was stirred co ti uously for   hours. The sol was kept for 2  hours, 

dried a d the  a  ealed at        a d        for   hours. To prepare  u-doped titania 

another solution was made containing CuCl2.5H2O, water and ethanol. This solution 

was added while hydrolyzing TTIP solution. This sol was also kept for 24 hours, dried 

and annealed at similar conditions as for undoped titania.  

Paste was formed by adding 15 mL ethanol, 1 mL distilled water, 1/3
rd 

mL HNO3 in 2g 

Cu-doped titania (3 wt% doped Cu) and 2g PEG and stirred for 4 hours to make an 

homogenous paste. To deposit undoped titania layer on glass slide, undoped titania 

powder was used. The pores were formed into photoanode by including 0wt% and 2.5 

wt% hydrothermally synthesized carbon microspheres in this paste. The paste was 

coated on the conductive side of FTO coated glass substrates using a doctor blade 

coater. The coated films were dried at room temperature for several hours and then 

annealed at 450 °C. The cells were fabricated using N3 dye adsorbed on photoanode, 

I3/I3
-
 redox electrolyte and gold counter electrode.  

The X-ray diffractio    R   patter  of the samples was o tai ed usi g a θ-θ STOE 

Germany X Ray diffractometer at room temperature irradiating X Rays from Cu-Kα for 

structure and phase analysis. XRD was operated at 40kV and 30 mA. The 

measurements were recorded in step of 0.04° and scan angle range of 10-80°. SEM and 

(EDX) of the samples were carried out using a JEOL 2300 scanning electron 

microscope at and operating voltage of 20kV with an EDX detector. UV-VIS spectra of 

the samples were obtained using a BMS 2800 UV–Vis spectrophotometer with BaSO4 

powder as the standard reference sample and data was taken from range 300nm to 

900nm. TG-DT analyses of the samples were performed using Perkin Elmer diamond 

TG/DTA version 2.0 with 2g sample weight each. Temperature range was set from 

room temperature to 500 °C. Thickness of film was determined using JEOL 2300 

scanning electron microscope at an operating voltage of 20kV. Optical Microscopic 

Images of coatings were obtained using Optika B-600 MET with camera Optika 40. IV 

characteristics of DSSCs were obtained using Biological VSP (potentiostat system).  

 

Results and Discussion 

Effect of Annealing Temperature and Cu Concentration on Crystal Structure of 

Nanoparticles (XRD Analysis) 

The similarity in ionic radius of Cu
2+ 

(0.73 Å) to that of Ti
4+

 (0.64 Å) enables copper to 

substitute titanium. Titania doped with Cu
2+

 initiates the formation of rutile phase along 

with anatase. As shown in Fig. 1 (a), when annealed at 450 °C, titania changes from 

amorphous to crystalline phase. At 450 °C pure anatase phase is formed corresponding 

to JCPDS card# 78-2486. Anatase is metastable phase of Titania and is usually formed 

at low temperature during solution-phase synthesis [9]. As the annealing Temperature 

increases to 650 °C undoped titania shows a small rutile phase peak (110). It means at 
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higher temperature rutile phase starts 

forming. Fig. 1 (b) shows the XRD 

patterns of 1wt% Cu doped titania. 

Sample annealed at 450 °C completely 

show anatase phase and no other peak is 

being observed and sample annealed at 

650 °C show a little peak of rutile phase. 

The reason for no prominent change 

when compared with XRD patterns of 

undoped titania samples might be low 

concentration of dopant.  Therefore it can 

be concluded inclusion of impurities at 

this co ce tratio  did ’t affect the crystal 

structure of titania.  

Whereas, introducing 3 wt% copper in 

titania lattice initiates rutile phase as 

evident from Fig. 1 (c) where peak of 

rutile phase can be observed when the 

sample for annealed at 450 °C and a 

complete transformation of phase is been 

shown at 650 °C where all peaks 

corresponds to rutile phase of titania 

(JCPDS card# 76-1934). Increase in 

rutile fraction with doping indicates 

inhibition of the formation of complete 

anatase phase due to incorporation of Cu 

on the titania lattice. The inclusion of 

copper in titania anatase creates a higher 

number of defects which results in 

quicker formation of rutile nuclei. During 

annealing, the replacement of Ti
4+

 by 

Cu
2+

 cause a decrease in free electron 

concentration and an increase in oxygen 

vacancy concentration. Anatase to rutile 

phase transition occurs because of this 

increase in oxygen vacancies created in 

crystal lattice [10]. The phase 

transformation results are consistent with 

DT analysis explained latter. No peaks of 

copper are being observed in XRD of the 

doped Cu titania particle due to very low 

concentration of the dopant.  

The crystallite sizes for undoped titania is 

13.1nm and 43.1 nm annealed at 

temperatures 450 °C and 650 °C 

(a) 

(b) 

(c) 

Fig. 37 XRD pattern of (a) undoped (b) 

1wt% Cu doped and (c) 3wt% Cu doped 

titania nanoparticles at different annealing 

temperatures. 
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Table 9 Crystallite sizes of undoped, 1wt% 

and 3wt% Cu-doped titania at 450 °C and 

respectively and that for 3wt% Cu-

doped titania is 11.6 nm and 36.6 

nm annealed at temperatures 450 

°C and 650 °C respectively. The 

trend in crystallite size due to 

annealing and doping has been 

shown in table 6.2 and it shows 

increasing annealing temperature 

increases the crystallite size. The 

increase is due to increase in 

crystallinity of particles. Greater 

crystallite size indicates greater 

crystallinity of nanoparticles [11]. 

So adding dopant decr eased the 

crystallite size and crystallinity of 

the particles when compared with 

undoped samples at their respective 

temperatures. This means copper 

might exist in amorphous form 

(later confirmed by FTIR results). These results show that incorporation of dopants in 

host nanomaterials modified the crystal phase. 

Anatase allows more absorption of dye and hence performs better when compared to 

other phases. But studies have shown that co-presence of anatase and rutile crystallites 

can enhance charge separation, photocatalytic activity and transfer of photo-generated 

electrons and holes [12]. DSSCs made with P25 (Degussa) showed higher efficiency 

and better photocatalytic performance. P25 is composed of anatase and rutile 

crystallites, anatase being the major phase and rutile being the minor (in rations 70:30 

or 80:20).These results showed that doping titania with 3wt% copper caused oxygen 

deficiency and created defects. While doping titania with 1wt% copper hardly had any 

effect on crystal structure. Therefore, other techniques were used to probe deeply into 

the effects of inclusion on 3wt% copper dopant in titania.   

Effect of Annealing Temperature and Cu Addition on Morphology, Composition 

and Particle Size of Nanoparticles (SEM/EDX Analysis)i 

The high-resolution SEM micrographs of undoped and 3wt% Cu-doped titania 

nanoparticles annealed at 450 °C and 650 °C are shown in Fig. 2. 

 

 

 

 

 

Sr 

no 

Sample  Annealing 

Temperature 

(°C) 

Crystallite  

Size (nm) 

1) Undoped 

 Titania 

450 13.1 

2) Undoped 

 titania 

650 43.1 

3) 1wt% Cu doped 

titania 

450 12.9 

4) 1wt% Cu doped 

titania 

650 13 

5) 3wt% Cu doped 

titania 

450 11.6 

6) 3wt% Cu doped 

titania 

650 36.6 

(b) (a) 



Annex III 

To  e su mitted to “I ter atio al  our al of Na otech ology”  y Oct, 2 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 shows that the particles are of arbitrary shape. With increasing annealing 

temperature of undoped titania nanoparticles from 450 °C to 650 °C, growth of particles 

can be seen in Fig. 2 (a) and (b). In Fig. 2 (c) and (d) we can see an accumulation of 

some substance appearing lighter in images. The substance accumulation is increasing 

with increasing annealing temperature. This can be attributed to the formation of oxide 

with doping and increasing temperature. The particle size distribution shows that the 

average particle size of undoped titania is 68.64 nm and 71 nm annealed at 450 °C and 

650 °C respectively and that of 3wt% Cu doped nanoparticles is 61.84 nm and 60.50 nm 

annealed at 450 °C and 650 °C respectively. Increasing Annealing temperature 

decreased the average particle size of titania as shown in Table 2. Small particles offer 

large surface areas allowing better light absorption. Current density can be more than 

doubled by controlling particle size [13]. Large particles allows strong light scattering 

[14].  

The decrease in average particle size of 3wt% Cu doped samples can be observed. It is 

due addition of dopant cause inhibition of the growth and hence decrease in particle 

size. We observed a decrease in crystallinity in our XRD results as well. These results 

reported by Wang et al. [15]  are consistent with our Cu-doped titania results. He 

observed a decrease in grain size and formation of amorphous crystal structure with 

doping iron and reported further decrease in particle size with increasing dopant 

concentration. Li et al. [16] studied Zn-doped SnO2 nanomaterials and also reported a 

decrease in particle size. The change in grain size with addition of dopant is basically 

(a) 

(c) 

(d) 

Fig. 2 SEM images (a) undoped titania particles annealed at 450 °C, (b) 

undoped titania particles annealed at 650 °C, (c) 3wt% Cu-doped 

titania particles annealed at 450 °C and (d) 3wt% Cu-doped titania 

particles annealed at 650 °C. 

(c) 

(b) 



Annex III 

To  e su mitted to “I ter atio al  our al of Na otech ology”  y Oct, 2 1 . 

 

 

Fig. 3 EDX pattern of (a) undoped titania annealed at 450 °C (b) undoped 

titania annealed at 650 °C (c) 3wt% Cu doped titania annealed at 450 ̊C and 

(d) 3wt% Cu-doped titania annealed at 650 °C. 

very important phenomenon for change in electronic structure. Hence addition of 

dopant and its concentration can be used to tailor the particle size of copper doped 

titania. 

Table 2 Summary of SEM/EDX results. 

Sample Annealing  

Temperature 

(°C)  

Atom% Particle 

Size 

(nm) 
Ti O Cu 

Undoped 

 titania 

450 31.51 68.49 0 68.64 

Undoped 

 titania 

650 31.10 68.90 0 71.27 

3wt% Cu doped 

 titania 

450 28.08 70.67 1.24 61.84 

3wt% Cu doped 

 Titania 

650 24.74 71.51 0.74 60.50 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 shows the EDX pattern of the undoped and 3wt% Cu-doped titania nanoparticles, 

showing the presence of Cu, Ti, and O in the nanoparticles. No impurities can be 

observed. The results are summarized in Table 2. In Fig. 3 (c) and (d) presence of 

copper (~3 wt%) confirms the doping of the copper in titania and the result is consistent 

with results of XRD and FTIR spectroscopy.  

Table. 2 SEM/EDX results 

 

(a) (b) 

(c) (d) 

(d) 
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UV-Vis Analysis of 3wt% Cu Doped Titania Nanoparticles 

Anatase titania has Eg value 3.31 eV and exhibits absorption peaks in UV region of 

electromagnetic 

radiations. The 

absorption spectrum of 

undoped and 3wt% C 

u-doped titania is 

shown In Fig. 4, doping 

copper in titania lattice 

shows an absorbance 

shift towards the visible 

spectrum. Undoped 

titania particles exhibits 

maximum absorption at 

325 nm whereas, doped 

sample exhibits 

maximum absorption at 

379 nm. The absorption 

peaks corresponds to 

the maximum 

absorption when 

electrons are excited 

from the valence to the 

conduction band. 

Doped sample shows a 

shift in the absorption 

towards visible region. The CB in titania comprises of Ti 3d states and VB comprises of 

O 2p states. The 325 nm absorption peak is due to electronic transition from O 2p to Ti 

3d. The absorption shift to 379 nm appears as a result of charge transfer at the interface 

from the O 2p VB to the Cu (II) state attached to titania. These Cu (II) states may be 

present either as Cu (II) nanoclusters or in the form of amorphous oxide phase of CuO. 

Li et al. [11] demonstrated that Cu (II) does not show this absorption peak if it is present 

as CuO, but displays this absorption when it is present only as Cu (II) ions attached to 

titania. However, Qiu et al. [12] suggested that the absorption peak shift appears due to 

charge transfer from titania to CuO clusters in CuO/Titania nanocomposite. Therefore, 

based on these observations, we can predict that the absorption appears due to charge 

transfer from O 2p to Cu (II) clusters or CuO amorphous phase. Hence it can be 

concluded that substitution of Ti
4+

 by Cu
2+ 

atoms generates defect centers that cause the 

change in optical absorption. These results were later affirmed by FTIR analysis results 

which showed that in our case, copper existed as CuO form 

Doping titania with a transition metal leads to the reduction in the band gap energy 

which is attributed to the inclusion of copper ions into titania crystal lattice and/or 

formation of CuO on surface of the particles. It has been studied that doping titania with 

aliovalent ions changes the material properties and absorption properties because of the 

modification in local lattice symmetry and defects. When titania is doped with copper, 

Fig. 4 UV-VIS spectra for undoped and 3wt% Cu-doped 

titania annealed at 450 °C. 
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Fig. 5 TG-DT curves of (a) undoped and (b) 

3wt% doped titania up to 500 °C. 

Cu
2+

 ions either locate themselves on the surface sites or inside bulk titania. This causes 

lattice deformation due to rearrangement of adjoining atoms to neutralize charge 

deficiency. This lattice deformation and rearrangement modifies electronic structure and 

hence the band gap shift occurs [17]. Also, oxygen vacancies are created due to 

presence of small amounts of Cu
2+

 dopant in the lattice sites of titania [10,19]. These are 

created due to charge compensation effect. It is, therefore, possible to control band gap 

shift and absorption of the doped nanoparticles controlled by lattice strain and doping-

induced vacancies. 

Thermal Analysis of Undoped and 3wt% Cu Doped Titania Nanoparticles Using 

TG/DT Setup 

Fig. 5 shows the TG/DTA 

curves of doped and 3wt% Cu-

doped titania nanoparticles. 

Looking at TG curves of both 

samples, initial weight loss is 

being observed at temperatures 

below 100 °C. This weight 

loss indicates the removal of 

water and ethanol from 

powders. At temperatures 

from 100 °C to 300 °C, a 

weight loss of 17% for 

undoped titania powder and 

15% for doped titania powder 

is being observed. This loss 

can be attributed to the 

removal of un-hydrolyzed 

isopropoxide ligands in titania. 

A total of 18% weight loss for 

pristine powder and 17.5% 

weight loss for Cu-doped 

titania powders has been 

observed which is 

approximately same for both 

the powders. Weight loss tends 

to seize after 400 °C.    

From DTA curves, we can 

observe one sharp exothermic 

reaction peaks in both the 

graphs. For undoped titania, 

the exothermic peak appears at 

399 °C and for doped titania it 

appears at 310 °C. These 

exothermic peaks indicate a 

phase change of samples from amorphous to crystalline. These results are consistent 

(a) 

(b) 
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Fig. 6 FTIR spectra of (a) undoped titania and (b) 

doped titania at different annealing temperatures. 

with XRD results. Undoped titania powders need more heat to crystallize since they 

possess smaller crystallite size of particles. It is evident from DT curves that doped 

titania sample shows crystallization at lower temperature than undoped titania. 

Incorporation of Cu dopant in titania reduces its crystallization temperature. This 

corresponds to the XRD results which indicated formation of rutile phase in doped 

titania powder at lower temperature (650 °C Fig.1). In Fig. 5(b) formation of new peak 

can be observed at 480 °C which may be attributed towards the phase shift from anatase 

to rutile in 3wt% Cu doped sample. 

FTIR Analysis 

Infrared spectroscopy was done to investigate the surface properties of the prepared 

doped and undoped titania nano-

powders. Chemical bonding of 

elements was explored by 

correlating the obtained peaks in 

spectra with the stretching or 

vibration of different functional 

groups. The spectra were used to 

probe presence of carbon and OH 

groups in samples and also to 

examine the chemical state of 

copper in doped powder samples. 

Fig. 6 shows the FTIR spectra of 

undoped and doped titania 

powder samples at different 

annealing temperatures 

respectively. The common peaks 

at 3200-3600 cm
-1

 correspond to 

the stretching vibration of OH 

bond and peaks at 1630 cm
-1

 

correspond to the bending 

vibration of surface OH bond 

[20].  It is reported in literature 

hydrolysis reaction in sol-gel 

synthesis of nanoparticles is 

responsible for the presence of 

TiO2-OH bonds, but chemically 

and physically adsorbed water on 

the surface of titania can also be 

the reason for the presence of this 

bond. From the figures a 

decrease in intensity of OH 

bonds can be clearly observed 

with increasing annealing 

temperature and lowest amount 

of surface OH groups are present in powders annealed at 650 °C due to dehydration 

(b) 

(a) 
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during annealing.  The surface hydroxyl content is directly proportional to 

photocatalytic activity. Increase in hydroxyl content enhances the photocatalytic 

activity. The reason is that the hydroxyl group can behave as a center for capturing the 

photo-excited electron [21].  

For annealed samples appearance of bands at 621 cm
-1

, 594-549 cm
-1

, 412 cm
-1

 are 

attributed towards the Ti-O vibrations. The peak at 768 cm
-1 

is characteristic feature of 

crystalline titania (anatase/rutile) spectrum. This peak corresponds to the stretching 

vibration of Ti-O bonds in TiO4
 
tetrahedral geometry [22].  

The presence of peaks in un-annealed samples at 1045
 
cm

-1 
and 1114 cm

-1 
show the 

presence of carbon group (Ti-O-C). This can be attributed to the presence of alkoxy 

group formed in sol-gel process which is removed during annealing process. These 

results are in exact accordance with TG analysis. 

In Fig. 6 (b) new peaks are observed at 480-529 cm
-1

 in powder samples annealed at 

certain temperatures which correspond to the stretching mode of Cu-O bond [23] [24]. 

This result along with EDX spectra confirms the incorporation and doping of copper in 

titania lattice and its existence as CuO. Peaks at 2300-2500 cm
-1

 can be attributes to 

CO2 resulting from surrounding conditions. 

Discussion on Inclusion of Carbon Microspheres in photoanode: 

Fig. 7 shows the XRD pattern of synthesized carbon microspheres. The pattern 

corresponds to the XRD pattern of carbon referring to JCPDS card# 50-1086. No peak 

of any impurity is visible. This pattern was achieved after annealing the as received 

sample at 350 ° for 10h. EDX was also performed on carbon microspheres which 

showed that the main component of is carbon (61 atomic%). The presence of oxygen 

component is because of the water molecules absorbed in the porous structure [25]. 

 

 

 

 

 

 

 

 

Fig. 7 (a) XRD pattern (b) EDX pattern of carbon microspheres annealed at 350 

°C for 4h. 
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Fig. 8 N2-sorption isotherm for titania with 

and without inclusion of carbon microspheres. 

Carbon microspheres are removed at around 430 °C [26] during annealing and leads to 

the formation of pores. These pores are responsible for enhancing porosity, light 

scattering and surface area for dye adsorption and hence enhance performance of Dye 

sensitized solar Cells. Fig. 8 shows the isotherms of sample with and without the 

inclusion of carbon microsphere. The 

isotherms represents type IV which 

indicates the presence of the mesopores 

in the samples [27]. Other factors like 

pore size, BET surface area and porosity 

have been shown in Table 3. It is clear 

from the values of BET surface area that 

inclusion of microspheres increased the 

surface area for enhanced adsorption of 

dye. This leads to higher photovoltaic 

performance of the cells due to 

enhancement of light absorption [28]. 

The sample with carbon microspheres 

also showed enhanced porosity, pore 

volume and pore size. The optimized 

porosity for best performance of solar 

cells with thickness of photoanode 

around 20-25 µm is 40% as reported in 

the literature [29]. The sample showing 

porosity near to the optimized is the one 

that has pores due to carbon microsphere 

inclusion. Enhanced pore size aids the access of electrolyte and molecules of the dye to 

the surface of titania improving Jsc of the cells. Hence, to enhance the performance of 

photoanode and consequently, the performance of the cell, it is advisable to include 

carbon microspheres in the titania layer of photoanode. 

Table 3 Summary of the results of N2-sorption. 

Sr 

no 

Sample Pore 

size 

(Å) 

Pore 

volume 

(cm3/g) 

Porosity  

(%) 

1) Photoanode without 

carbon microsphere 

16.5126 0.2498660 31 

2) Photoanode with carbon 

microspheres 

20.5062  0.3014512 42 
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Increase in Voc of 3wt% Cu Doped Titania Based Dye Sensitized Solar 

Cells 

IV characteristics of the cells are shown in Fig 6.16. It is evident from figures that using 

copper doped titania anode in DSSC 

affected Voc and Jsc of the cell. An 

increase in Voc and a decrease in Jsc is 

observed in IV characteristics of 3wt% 

Cu doped titania based DSSC when 

compared to undoped titania based 

DSSC.  

An 11% increase in Voc and a 4.8% 

decrease in Jsc was calculated from IV 

curves. Increase in Voc attributes to the 

reduction in band gap energy of titania.  

Also co-presence of anatase and rutile 

phase in 3wt% Cu doped titania film 

leads to enhanced charge separation 

[18]. However, smaller particle size 

and visible light activity mechanisms 

should have increased Jsc. But decrease 

is Jsc occurred due to some other factor 

inhibiting the cell performance 

strongly. It was confirmed by XRD, 

FTIR and UV-Vis analysis of doped 

titania nanoparticles that copper 

existed as CuO form in titania lattice. 

The presence of this amorphous CuO 

layer causes hindrance in diffusion and 

injection of electrons leading to a 

decrease in Jsc. Also, due to presence 

of copper, redox reactions with 

electrolyte ions can occur causing a 

decrease in Jsc.  

 

Table 4 Summary of the IV characteristics of the doped and undoped titania based 

DSSCs. 

Sr 

No 

Cell Annealing 

Temperature 

Voc 

(volts) 

Jsc 

(mA) 

η 

(%) 

1 Undoped titania 

based DSSC 

450 °C 0.27 0.83 0.14 

2 3wt% Cu-doped 

titania based DSSC 

450 °C 0.30 0.79 0.15 

Fig. 9 IV characteristics of undoped and 3wt% Cu 

doped titania based solar cells. 
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Conclusions 

 

Titania and doped titania nanoparticles were successfully synthesized using sol-gel 

method as indicated by XRD, SEM/EDX, UV-Vis spectroscopy and FTIR results. 

Copper existed as amorphous CuO form in titania. Doping copper introduced 

structural defects in titania and initiated rutile phase formation. Copper doping into 

titania also shifted its absorption to visible region and reduced the crystallization 

temperature of titania. Carbon microspheres were synthesized using hydrothermal 

method to include them into titania electrode as pore former. The pore formation 

enhanced the porosity of semiconductor and increased its surface area for greater 

adsorption of the dye molecules. 3wt% Cu doping rendered good properties to 

titania  and it was observed that the cells fabricated by using 3 wt% Cu doped titania 

based photoanode showed better Voc than that fabricated using undoped titania based 

electrodes. A 11% increase in Voc and a 4.8% decrease in Jsc were observed.   
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