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The research background and the motivation for the present investigation are described in 

this chapter along with brief literature review on the state of the art photovoltaic devices.
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1.1 Motivation 

In this fast-growing world, energy sources have become the core for smoothly running a 

normal human life. The global energy consumption will continue to rise in the coming times due 

to the ever-increasing use of technology and growing industrial energy demands. Presently, the 

major part of our energy needs is being fulfilled by the non-renewable fossil fuels such as 

petroleum, coal, natural gas and nuclear power. However, the limited reservoir of fossil fuels is 

hardly expected to meet the energy demands in the near future. Additionally, they also produce 

the major contributors to the global warming. The implementation of nuclear power is rather 

challenging as well because of the safety-related issues of the radioactive materials and the 

management of the nuclear wastes. These inadequacies of the non-renewable energy sources can 

be resolved by using renewable energy sources. There are various alternative renewable energy 

resources such as hydro-power, solar photovoltaics, solar concentrator, solar heater, biofuel, 

biomass, geothermal, tidal power, wave power and wind power. Amongst them, the energy from 

photovoltaic (PV) devices is anticipated to play a prominent role in the near future [1,2]. Sun is 

the largest and the most underutilized electrical power plant we will ever have and it is the prime 

source of energy for sustenance of life on Earth. The Earth’s surface is endowed with about 

3×1024 Joules of energy annually in the form of sunlight which is statistically almost 104 times 

more than the world’s energy consumption. However, barely 1/10th of all the energy we consume 

on Earth comes from the Sun [3,4]. For effective utilization of the abundant solar energy, a 

practical system is required for photoconversion, storage and distribution of this energy. 

1.2 History and development of photovoltaics 

1.2.1 Solar radiation 

Solar radiation is the incandescent electromagnetic (EM) energy radiated by the Sun due to 

the nuclear fusion reaction taking place inside its core. Even though very hot on the inside, the 

temperature gradually decreases towards the surface, from where the emission occurs. The 

surface temperature is estimated to be about 5800 K. At this temperature, the solar spectrum 

resembles the spectrum of a black body at 5800 K, and emits EM radiations covering the entire 

EM spectrum including radio waves, infrared, visible light, ultraviolet (UV) and X-rays. Figure 

1.1 shows the spectra of the solar radiation on the Earth’s surface without, and with absorption of 

some wavelengths by atoms and ions in the atmosphere. The power density of the Sun 

illumination on an object is defined by solar irradiance (HO), and its SI unit is W m-2. The value 

of HO is indirectly proportional to the distance of the object from the Sun, and can be 

mathematically represented as below (Eq. (1.1)): 
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HO = (R2
Sun / D’2) HSun ………………………………………………………………… (1.1) 

where RSun, D’ and HSun represent the radius of the Sun (in m), the power density at the Sun's 

surface (in W m-2) and the distance of the object from the Sun (in m). Using this relation, the 

solar radiation is found to be 1.366 kW m-2 on the outside of the Earth's atmosphere.  

 

Figure 1.1. Solar radiation spectrum on the Earth’s surface [5]. 

The term Air Mass (AM) is often used to quantify the reduction of the power of the 

sunlight due to the absorption in the atmospheric components. AM is defined as the length of the 

path travelled by the sunlight through the atmosphere relative to the length of the shortest 

possible pathway of the light (Figure 1.2). The Sun right on the top of our head will be the 

shortest pathway of the light. 

 

Figure 1.2. Air mass calculated from the zenith point [6]. 
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Mathematically, AM is expressed by Eq. (1.2)  

AM = 1/cosθ ………………………………………………………………………… (1.2) 

Here, the elevation angle (θ) represents the angle of the light ray from the vertical position. The 

value of AM is 1 when θ = 0; that is when the light is traveling through the shortest possible path 

with maximum power of light [6]. AM 1.5G is used as a standard spectral distribution at the 

surface of the Earth (G stands for global, and includes both the diffuse and direct radiation), and 

AM 1.5D is used for direct radiation (D) only. For AM 1.5G, θ = 48.2° and the difference of the 

path length of the light is 1.5 times higher than that of AM 1G. The thickness of the atmosphere 

decreases the value of HO to 970 W m-2 for AM 1.5G. However, for convenience, this standard 

global spectrum is normalized to 1000 W m-2, and accepted as standard 1 Sun illumination at the 

Earth’s surface. Consequently, 1000 W m-2 is used in solar simulators to record the performances 

of solar cells in laboratories.  

1.2.2 Development of photovoltaics 

The direct conversion of sunlight (photo-) to electricity (-voltaic) is termed as 

photovoltaics, and the devices exhibiting this effect are known as photovoltaic (PV) devices. The 

interest in the field of “photovoltaics” is not recent. In 1839, Alexandre-Edmond Becquerel 

discovered the PV effect, and invented the first PV cell at the age of 19. The photo-

electrochemical cell was prepared by immersing platinum electrodes in an electrolyte comprising 

silver chloride in an acidic medium. The same cell generated voltage and electrical current under 

irradiation of light. Because of his invaluable contributions, the PV effect is also known as the 

Becquerel effect [7]. The growth of PV technology actually jump-started with the invention of 

the first practical silicon based PV cell by Bell Laboratories in 1954. The cell exhibited 6% 

photoconversion efficiency [8]. Since then, a steady growth of the PV industries has afforded 

subsidized electrical energy in urban areas as an on grid and off grid technology.  

The global expansion of the PV industries over the last two decades can be understood 

from the snapshot of global PV: 2017 released by the International Energy Agency (IEA) [9]. 

According to this report, the PV market has created new records by nearly attaining the 100 GW 

threshold. The continuous growth of PV market has been highly influenced by the input from 

China. With the installation of 53 GW PV modules, it contributed to 54% of the total installed 

capacity in the year 2017 (Figure 1.3). The United States of America with solar module 

installation of 10.6 GW and India with 9.1 GW held the second and the third positions 

respectively, thereby establishing Asia as the leader in the PV market.  
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Figure 1.3. Growth of world’s photovoltaic market [9]. 

1.2.3 Theoretical limit of the efficiency of solar cells (Shockley-Queisser limit) 

The performance of a solar cell is evaluated by its efficiency of conversion of the incident 

light energy into electrical energy. The efficiency of a solar cell depends highly on the properties 

of the semiconductor materials. The maximum theoretical efficiency of single p-n junction based 

PV cell can be determined by using the Shockley-Queisser limit (SQL), also known as the 

detailed balance limit. This important concept of a theoretical efficiency limit was first 

introduced by William Shockley and Hans-Joachim Queisser in the year 1961 [10]. SQL is 

related to the band gap of the semiconductor material used to fabricate the PV cell. Figure 1.4 

shows the variation of the limit with changing band gaps. Ideally, a single p-n junction solar cell 

can have the maximum theoretical limit of 33.16% for AM 1.5G illumination, and entails a 

semiconductor with a band gap of 1.34 eV [11]. The most common semiconductor material for 

PV cell, silicon with a band gap of 1.1 eV shows a theoretical efficiency limit of approximately 

32%. However, the current practical monocrystalline silicon PV cells exhibit only about 24% of 

efficiency. 
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Figure 1.4. Variation of efficiency with bandgap of different semiconductor materials [11]. 

1.3 Classification of solar cells 

At present, the field of photovoltaics has extended to include many new types of solar 

cells, other than the traditional silicon based cells. They are classified into three generations on 

the basis of the device structure and the materials used to fabricate these cells.  

1. First generation: PV cells based on crystalline silicon. Both monocrystalline and 

polycrystalline silicon are used as a semiconducting material to fabricate the cells.  

2. Second generation: PVs cells based on thin film technology. The foremost 

semiconductor materials used in this type of cells are amorphous silicon, copper 

indium gallium selenide (CIGS) and cadmium telluride (CdTe) [12,13]. 

3. Third generation: Emerging PV technologies like [14–20] 

(a) organic solar cells,  

(b) dye sensitized solar cells,  

(c) quantum dot solar cells, and  

(d) perovskite solar cells.  

The PV solar cells can also be categorized into two sections depending on their working 

principles. 

1. Conventional p-n junction solar cells. Sunlight is absorbed by an inorganic 

semiconductor to excite an electron across the semiconductor bandgap. This category 

includes the first and the second generation solar cells. 

2. Excitonic solar cells. Sunlight is absorbed by a polymer (organic solar cell), a dye 

molecule (dye sensitized solar cell) or a quantum dot (quantum dot solar cell) to generate 
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an exciton. The exciton then dissociates across a hetero-interface and generates charge 

carriers. 

1.3.1 Conventional p-n junction solar cells 

To generate electrical energy from photon energy in any type of solar cell, the occurrence 

of three main processes is essential: 

a) absorption of photon energy,  

b) separation of the photogenerated electron-hole pairs, and  

c) collection and extraction of free charge carriers at the two electrodes.  

Figure 1.5 shows the band diagram of a conventional p-n junction solar cell under 

irradiation of light. The penetration of a photon is directly proportional to its wavelength. 

Photons with sufficient energy can excite the electrons from the valance band to the conduction 

band, leaving behind positively charged holes in the valance band. If the electron-hole pairs are 

generated in the depletion region, the presence of the electric field in this region causes the 

electrons to move toward the n-side and the holes toward the p-side, resulting in charge 

separation. Electron-hole pairs are also created outside the depletion region (in the p- and the n-

regions). These carriers generated in the p- and the n-regions diffuse to the space charge region 

and contribute to the output current. Finally, the separated charges carriers are collected at the 

two electrodes [21,22].  

 

Figure 1.5. Band diagram of a p-n junction solar cell under irradiation of light [6]. 

1.3.1.1 First generation solar cells 

Most of the solar modules on our rooftops belong to the first generation silicon wafer 

based PV technology. This first generation practical silicon based solar cell was first introduced 

by an American physicist working for the Bell Laboratories, Russell Ohl in 1954 which showed 

an efficiency of 6%. These cells occupy a major share in the PV market due to their high 
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efficiency and durability. Only pure form of silicon is used in solar cells. Although silicon is the 

second most abundant element in the Earth’s crust, its availability in the pure form is very rare. 

Usually, silicon is found in the form of silica (silicone dioxide) or silicates. The purification 

process of silica to pure silicon consumes huge energy which raises the cost of the cell [23]. In 

the market, two types of crystalline silicon based solar cells are available: monocrystalline silicon 

and poly-crystalline silicon. To produce highly pure monocrystalline silicon wafers, Czochralski 

technique (also known as ingot drawing process) is used [24,25]. The polycrystalline silicon 

wafers are made using various techniques like ingot casting and ribbon drawing [26–28].  

The first generation solar cell works on the principle of a p-n junction. The top side in 

silicon solar cell is considered the n-region. Light is incident on this side, hence to ensure better 

light penetration, this region is usually kept thin and highly doped. The p-region, on the other 

hand, is thick in size and poorly doped. The basic cross-section of a monocrystalline silicon solar 

cell is shown in the Figure 1.6. Monocrystalline silicon based solar cells exhibits higher 

efficiencies than poly-crystalline silicon based solar cells. The most efficient monocrystalline 

silicon solar cell shows about 25% of efficiency [29]. 

 

Figure 1.6. Cross-section of a basic monocrystalline silicon solar cell [29]. 

1.3.1.2 Second generation solar cells 

The thin film solar cells are considered as the second generation PV cells. The high cost of 

using thick wafer of pure crystalline silicon the first generation cells has led to the development 

of thin film technology, where very thin active semiconductor layers are deposited on a 

supporting substrate. The requirement of the quantity of the costly materials is reduced and at the 

same time, cells can be made flexible. Various physical (thermal evaporation, sputtering process 

etc.) and chemical (chemical vapour deposition) deposition techniques are available to make the 

thin film layers on the substrates. These films can be deposited at a comparatively lower 

temperature than the traditional silicon wafer based cells. Moreover, the cell and the module 

making process is the same, while in case of silicon wafer based technology, the modules are 

made by integrating many cells in a series. The active material properties, such as band gap, 
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conductivity, diffusion length and electron lifetime can be tuned to optimize the cell 

performances. For use as substrates, transparent conducting oxide (TCO) glass, flexible plastic 

and even metal are employed so as to minimize the current loss in thin film cells due to the 

substrates’ high sheet resistances [30–32].  

Based on their structures, there are primarily four types of thin film PV devices: 

a. p-n junction with same materials (homo-junction cell),  

b. p-n junction with different materials (hetero-junction cell), 

c. p-i-n junction (amorphous silicon based solar cell, here i represents intrinsic), and 

d. multi-junction thin film cells [33–36]. 

The p-n junction thin film solar cells follow the same charge separation mechanism as 

conventional silicon cells. However, amorphous silicon based cells follow p-i-n junction 

principle. This is due to the fact that their charge separation depends on the drift mechanism 

rather than the diffusion mechanism because of the low lifetime of the carriers. This can be 

described by using the band diagram of the p-i-n junction (Figure 1.7).  

 

Figure 1.7. Band energy diagram of p-i-n junction under irradiation of light. 

When electron-hole pairs are formed at the intrinsic region under irradiation, the electrons 

drift to the n-region and the holes drift to the p-region because of the electric field generated at 

the intrinsic amorphous silicon region. This electric field then helps to separate the 

photogenerated election-hole pairs with low lifetime [37]. 

Cadmium sulfide (CdS), cadmium telluride (CdTe), copper indium gallium selenide 

(CIGS) or copper indium gallium diselenide (Cu(In,Ga)Se2) and amorphous silicon are 

frequently used in thin film technology [38–40]. Maximum laboratory efficiency of 20.3% has 

been achieved using CIGS thin film solar cells [41]. Figure 1.8 shows the typical structure of 

thin film solar cells. 
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Figure 1.8. A typical structure of a thin film solar cell. 

1.3.2 Excitonic solar cells 

Excitonic solar cells are an interesting class of PV cells which includes the emerging 

classes of third generation solar cells [42–45]. An exciton is defined as a tightly bound electron-

hole pair [42]. The main difference between the conventional p-n junction solar cells and the 

excitonic solar cells lies in the mechanism involved in the generation and separation of charge 

carriers. The working of an excitonic cell is primarily controlled by interfacial process whereas 

bulk processes govern the working in conventional p-n junction solar cells [46]. In excitonic 

cells, charge carriers are formed at the hetero-interface from simultaneous separation of the 

photo-generated excitons on irradiation, while in the conventional p-n junction cells, the 

generation of carriers occurs in the bulk [46,47].  

The performance of an excitonic cell is independent of the bulk properties like crystallinity 

and chemical purity. Hence, they can be fabricated using inexpensive less pure materials which 

lower the cost of the cell.  

On irradiation of light of specific energy on an organic material, an exciton (also called 

Frenkel exciton or mobile excited state) is generated instead of a free electron-hole pair. The 

production of excitons is primarily due to two reasons [46,47].  

(a) There is significant spreading of the influence of the attractive Coulomb potential well 

around the photogenerated electron–hole pair due to the low dielectric constant of the 

organic phase. 

(b) A spatially restricted wave function of an electron is generated as a result of the 

formation of a narrow bandwidth due to the weak non covalent interactions between the 

organic molecules. This restricted electron’s wave function confines the electron in its 
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conjugated hole’s potential well (and vice versa) resulting in an electron-hole pair with a 

strong attraction.  

The energy associated with the initially formed exciton is defined as the optical bandgap 

(Eopt) (Figure 1.9). Excitons are associated with a large exciton binding energy. The electrical 

bandgap (Ebg; threshold energy for generating a free electron and hole from an exciton) for 

organic semiconductors is the combination of optical bandgap and exciton binding energy as 

shown in Figure 1.9. The effective bandgap of the hetero-junction is denoted as Ebghj. The 

excitons do not have sufficient energy to separate in the bulk, but at the hetero-interface 

(interface between p-type and n-type semiconductor), the excitons dissociate to free electrons and 

free holes via an exothermal pathway. This results in accumulation of electrons in the n-type side 

and holes in the p-type side of the hetero-interface, which contribute to its efficiency. The 

dissociation of excitons occurs only when the band offset is equal to or greater than its binding 

energy. 

 

Figure 1.9. Energy level diagram of an excitonic solar cell under illumination of light [48]. 

1.3.2.1 Organic solar cells 

Organic solar cells, also known as polymer solar cells, are fabricated by using 

conducting organic polymer materials. The high optical absorption coefficient of the organic 

materials, tunable band gap (by modifying the length and functional groups), light-weight nature 

of the cells are the major advantages of this type of PV cells [17,49–51]. Some of the reported 

polymer materials (donor/acceptor) include poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS), fluorinated benzothiadiazole and fluorinated fused subphthalocyanine 

dimer [49,52,53]. The highest efficiency shown by any organic PV device is around 11% [49]. 
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Electron donor and acceptor organic materials are used in the organic solar cells instead of 

a p-n junction with inorganic semiconductor materials. The highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) of an organic conducting 

polymer acts as the valance band and the conduction band respectively. The energy difference 

between the HOMO and the LUMO is considered as the bandgap of that material. There are 

different kinds of organic solar cells based on their junction type like  

 single layer, 

 bilayer, and  

 bulk hetero-junction, etc.  

A high work function electrode (e.g., indium tin oxide, ITO) is used along with a low work 

function electrode (e.g., aluminum, magnesium, calcium, etc.) to fabricate the device. The 

difference in the work function creates an electric filed which helps to separate the electron-hole 

pairs from the photogenerated excitons. In a bilayer organic solar cell, the active layer is formed 

by having two layers of materials with different ionization energies and electron affinities. This 

creates an additional electric filed which improves the charge separation of the electron-hole 

pairs. The electrons then fall to the conduction band of the acceptor material from the absorber or 

the donor. A typical device structure of an organic solar cell is shown in Figure 1.10.  

 

Figure 1.10. A typical device structure of an organic solar cell. 

1.3.2.2 Dye sensitized solar cells 

During the photosynthesis process, plants produce sugar and oxygen from water and 

carbon dioxide molecules in the presence of sunlight. This process is made feasible by a green 

pigment called chlorophyll, and is responsible for conversion of the photon energy of sunlight 

into chemical energy in in the form of glucose. Inspired by the important role played by 

chlorophyll in natural photosynthesis, Michael Grätzel and Brian O’Regan introduced a new type 
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of PV cell in which dye molecules play the major role in conversion of solar energy into 

electrical energy. In 1991, they published their pioneering work on dye sensitized solar cells 

(DSSCs) which exhibited efficiencies of 7.1-7.9% [54]. The dye molecules in the cell act as a 

sensitizer, hence the name. The concept of generation of electricity from organic dye molecules 

under irradiation of light has existed since 1960, when dye molecules were used to produce 

electricity at oxide electrode under irradiation of light in an electrochemical cell [55]. The 

principle of generation of electricity in such device was first demonstrated in the University of 

California in 1972 [56,57]. However, Grätzel and Brian O’Regan were the first to successfully 

fabricate a practical device with significant efficiency. The cell is also called the Grätzel cell to 

recognize his huge contribution in this field. The DSSC is a third generation PV cell, and a 

highly researched topic in solar energy because of its easy fabrication technique and low cost.  

1.3.2.3 Quantum dot solar cells 

In quantum dot solar cells, quantum dots play the key role of converting light energy to 

electrical energy. The modifiable band gap of quantum dots provides tunable absorption range of 

light. Because of this property, multi-junction quantum dot PV devices can be fabricated. 

Quantum dots can be used in different ways. 

 As photoanode (containing only quantum dot). 

 As photoanode prepared with semiconductor materials (titanium dioxide, TiO2) adsorbed 

with quantum dot (the quantum dot acts as a sensitizer). In quantum dot sensitized solar 

cell, multiple generation of excitons leads improvement of efficiency.  

 Cells with blend of quantum dot and electron or hole transporting materials.  

The easy synthesis procedures of the colloidal quantum dots, and easy cell fabrication 

techniques like spray printing and roll printing lower the cost of these cells. 3-D arrays of 

quantum dots (colloidal and epitaxial) can also be used to fabricate efficient PV cells [58]. The 

highest reported efficiency obtained with quantum dots has reached 10.6% [59].  

1.3.2.4 Perovskite solar cells 

The perovskite solar cells are becoming an attractive research area because of their 

significant efficiencies comparable to that of the conventional silicon based PV cells [20]. These 

cells contain a perovskite structured material which plays the role of the light absorber and 

generator of the charge carriers. Organo-lead halide perovskites with outstanding absorption 

coefficients are very popular as active materials. The most commonly used perovskite absorber is 

methylammonium lead trihalide (CH3NH3PbX3; here X represents halogen atoms like chlorine, 

bromine or iodine). The bandgap of the material changes from 1.5 to 2.3 eV depending upon the 

halogen present in the crystal [60–63]. The basic crystal structure of the perovskite 
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(CH3NH3PbI3) is ABX3 type and is shown in Figure 1.11. The methylammonium cation 

(CH3NH3
+) occupies the central A position with an extended frame of corner-sharing 

PbI6 octahedra. It is surrounded by 12 nearest-neighbor iodide ions.  

 
Figure 1.11. Crystal structure of the perovskite (CH3NH3PbI3) [64]. 

The first perovskite solar cell was based on the DSSC architecture. It was introduced by 

Tsutomu Miyasaka group in 2009 [65]. But that cell showed an efficiency of only 3.8%. The 

perovskite material was dissolved in the electrolyte, so the durability of the cell was also very 

poor. Henry Snaith and Mike Lee were able to improve the durability of the cell (with an 

efficiency of 10%) by replacing the electrolyte with a hole transporting material. They also found 

that the perovskite itself could transport electrons [66]. In 2016, Korea Research Institute of 

Chemical Technology (KRICT) and Ulsan National Institute of Science and Technology 

(UNIST) researchers in South Korea fabricated a single junction perovskite solar cell with the 

highest certified efficiency of 22.1% [67]. The architecture of different types of perovskite solar 

cell is in shown in Figure 1.12.     

 

Figure 1.12. Architecture of two different types of perovskite solar cells. 
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1.3.3 Comparison of efficiencies of different types of solar cells 

The efficiencies of different types of solar cells fabricated in various research laboratories 

over the last 40 years are represented in Figure 1.13. The four junction cells with concentrator 

facilities exhibit the highest efficiency of 46%. However in spite of exhibiting comparatively 

lower efficiencies, crystalline silicon based solar cells are more popular in the PV market due to 

their lower cost as compared to the expensive multi-junction cells. Thin film devices and the 

other emerging third generation PV cells display efficiencies in the range of 14 to 23.3%.  

 

Figure 1.13. Efficiencies of different kinds of PV cells [67]. 

1.4 Device structure and working principle of DSSCs 

The performance of any solar cell depends on three main factors: 

1. The absorption of the incident sunlight by the cell. To become a good quality solar cell, the 

materials used must have good absorption coefficient. 

2. Under the irradiation of light, the cell must generate significant number of charge carriers, 

and the separation of the generated charge carriers should occur properly in the cell.  

3. Proper collection of the charges must occur at the electrodes to get considerable electric 

current output.  

The device structure of a DSSC is constructed by considering these three factors. A typical 

structure of a DSSC composed of three main components: 

(a) a photoanode (a wide band gap semiconductor with adsorbed dye molecules), 

(b) a counter electrode, and 

(c) an electrolyte with a redox couple.  

Usually a DSSC is fabricated by placing the electrolyte in between the two electrodes 

using a spacer, and sealed to prevent the leakage of the electrolyte. The device structure is shown 
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in Figure 1.14. The dye molecules in the photoanode absorb the sunlight and generate 

photoexcited electrons at the conduction band, and simultaneously act as collector of charge 

carries. The electrolyte provides an appropriate medium for transportation of the inner charge 

carriers (redox ions) during the cell’s operation. The stability of the cell and the observed current 

under irradiation is also dependent on the nature of the composition of the electrolyte. The 

counter electrode of a DSSC reduces the oxidized charge carriers (oxidized ions of the redox 

couple) to complete the outer circuit. All the three parts are equally important, and the efficiency 

of a DSSC is either directly or indirectly depends on the quality of these three parts.  

 

Figure 1.14. Device structure of a typical DSSC. 

1.4.1 Device components of DSSCs 

1.4.1.1 Photoanode  

A thin layer (~10 µm) of a wide bandgap semiconductor material adsorbed with dye 

molecules on a TCO glass substrate usually serves as the photoanode in DSSCs [68]. If the film 

thickness exceeds 10 μm, the diffusion length of electrons decreases thereby increasing the 

electron recombination process.  

1.4.1.1.1 Semiconductor 

The semiconductor material serves two purposes in a DSSC: 

1. It acts as a support for uniform adsorption of the sensitizer dye molecules. To ensure high 

loading, it is necessary to employ materials with high surface areas. 

2. It also aids in the transportation of photoexcited electrons from the dye molecules to the 

external circuit. Thus, to ensure a high efficiency of electron collection, a fast rate of charge 

passage is mandatory [69]. 
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For any semiconducting material to function as an ideal photoanode, it must meet these 

two requirements. Various materials like titanium dioxide, zinc oxide and tin oxide are used as 

the p-type semiconductor materials [70–72]. 

TiO2 has emerged as the primary semiconductor material due to its unique properties 

which compliment it as a photoanodic material. It is highly abundant, stable and not toxic. A 

high dielectric constant and a high refractive index elevate TiO2 among other oxides. 

Additionally, the specific features listed below make TiO2 especially suited for DSSCs. 

 The mesoporous structure of TiO2 provides a large surface area to maximize the 

adsorption of dye molecules [73]. 

 Because of the internal network structure of TiO2, the electron collection and 

transportation is the best in TiO2 amongst the other oxides [70].  

 The energy level of the conduction band edge of TiO2 is adjustable for electron injection 

from most of the commercially available dyes.  

TiO2 can be used in many forms like nanoparticles, nanorods, nanoflowers, nanotubes etc. 

to increase the surface area [74–77]. Mor et al. (in 2005) successfully prepared highly ordered 

nanotubes of TiO2, and fabricated a DSSC showing an efficiency of 2.9% [76]. In 2006, Bing 

Tan and Yiying Wu fabricated a DSSC with TiO2 nanoparticle and nanowire composite which 

exhibited an efficiency of 8.6% [77]. Bin Liu and Eray S. Aydil in 2009 introduced a DSSC with 

a TiO2 nanorod based photoanode with an efficiency of 3% [75]. In 2013, Jiang et al. used TiO2 

nanoflower clusters as a semiconductor material in a DSSC which exhibited a photoconversion 

efficiency of 6.38% [74]. 

1.4.1.1.2 Sensitizer dye 

The sensitizer dye is a crucial part of the photoanode as it can absorb sunlight to produce 

photoexcited electrons. The dye molecules must possess the following properties for them to 

behave efficiently: 

 good photo-stability 

 appropriate LUMO level for effective injection of photogenerated electrons into the 

semiconductor conduction band 

 appropriate HOMO level for dye regeneration from the electrolyte, and 

 high molar extinction coefficients in the visible and the near-infrared regions for efficient 

harvesting of sunlight [78]. 

Ruthenium based sensitizer dyes like di-tetrabutylammonium cis-

bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II) (N719 dye), cis-

bis(isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato ruthenium(II) (N3 dye) and cis-

bis(isothiocyanato)(2,2’-bipyridyl-4,4’-dicarboxylato)(4,4’-di-nonyl-2’-bipyridyl)ruthenium(II) 
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(Z907 dye) are the most popular amongst all the available dyes [79]. In Figure 1.15, the structure 

of N719 dyes and its corresponding absorption spectrum are shown [80]. 

 

Figure 1.15. Molecular structure and ultraviolet absorption spectrum of N719. 

Other categories of sensitizer dyes include: 

 Metal free organic dyes: alkoxysilyl carbazole, dithienopicenocarbazole based low band 

gap organic dye [81,82].    

 Porphyrin dyes: donor-π-acceptor zinc porphyrin dye (designated as YD2-o-C8) [83]. 

 Quantum dot sensitizer dyes: cadmium-chalcogenide quantum dots, lead-chalcogenide 

quantum dots and antimony sulfide (Sb2S3) quantum dots [84]. 

1.4.1.2 Counter electrode 

Another important component of a DSSC is the counter electrode. It implements two main 

jobs. 

1. It acts as a catalyst to reduce the oxidized ions (triiodide ions) by accepting electrons at the 

surface of the electrode. If the rate of reduction of the triiodide ions at the counter electrode 

is fast, it increases the electron flow from the counter electrode to the electrolyte phase. 

Consequently, higher electric current can be obtained at the outer circuit.  

2. It collects electrons from the external load and returns them back into circulation inside the 

DSSC. 

To fulfill these roles the candidates for counter electrode must possess the qualities listed 

below: 

 excellent catalytic activity, 

 high electrical conductivity, 

 high surface area, 
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 chemical and electrochemical stability, 

 corrosion resistance in the electrolyte environment, and 

 matching energy level with the potential of the redox couple in the electrolyte. 

Platinum is the best candidate for counter electrode because of its good catalytic activity. 

Various platinum-free catalysts have also been reported so as to reduce the use of the expensive 

platinum metal. These include carbon materials like graphene and carbon nanotubes, polymers 

like polyaniline and PEDOT:PSS, and many others [85–87]. 

1.4.1.2.1 Platinum 

Platinum is the most-preferred counter electrode material for DSSCs [88]. The 

photoconversion efficiencies exceeding 12% have been realized using platinized counter 

electrodes [81,83]. The good catalytic activity of platinum towards the reduction of triiodide 

ions, high conductivity for transport of electrons and its stability makes it superior to other 

materials. Platinum is used in nanostructures form to increase the surface area as well as the 

number of catalytic active sites. 

Usually a thin layer of platinum on a TCO glass substrate serves as the counter electrode 

[89,90]. Various techniques and starting materials can be used to prepare platinum counter 

electrodes. Some of the popular ones include thermal decomposition of chloroplatinic acid 

(H2PtCl6), H2PtCl6 reduction by hydrogen, and electrochemical deposition, electron beam 

evaporation and sputtering of platinum. In 1997, Papageorgiou et al. fabricated platinum counter 

electrodes on TCO substrates using both thermal decomposition techniques (using H2PtCl6 at 380 

°C) and electro deposition process. They observed better charge transfer kinetics in the electrode 

obtained by the thermal decomposition process [91].  

Despite its many advantages, platinum also suffers from a few drawbacks. 

 It is very expensive. The cost of the counter electrode accounts for ~40% cost of the 

DSSC. 

 It might undergo oxidation and/or dissolution forming platinum(IV) iodide (PtI4) or 

iodoplatinic acid (H2PtI6) over time in the electrolyte environment containing 

iodide/triiodide redox couple. Even a tiny amount of platinum, if dissolved in the 

electrolyte, can re-deposit on the TiO2 photoanode and catalyse the reduction of triiodide 

ions, and short-circuit the entire device. 

 There is energy mismatch between platinum and electrolytes containing redox couples 

other than iodide/triiodide, such as cobalt-mediated electrolytes. So it is not very effective 

in such environments [92–94]. 

These limitations have led to exploration of platinum-free materials as suitable candidates 

for counter electrodes.  
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1.4.1.2.2 Graphene 

Graphene is widely used as a counter electrode material in DSSCs because of its 

outstanding conductivity. The rate of charge transfer kinetics at the counter electrode is 

immensely increased due to its conductivity. The catalytic activity of graphene is enhanced in the 

presence of oxygen species or structural defects. These properties can be easily introduced during 

preparation of graphene. The availability of the raw material (graphite) and easy preparation 

method make graphene a highly suitable candidate for the platinum-free counter electrode 

material in DSSC. Additionally, the strong mechanical properties of graphene also provide 

flexibility to the electrodes. 

Graphene as a counter electrode was first studied by Xu et al. in 2008 [95].  A chemically 

reduced graphene oxide film as the counter electrode was able to show 2.2% photoconversion 

efficiency. Over the years, the efficiency has improved significantly. Zhang et al. were able to 

achieve a photoconversion efficiency of 6.81% from the DSSC fabricated with graphene 

nanosheets counter electrode [96]. Studies have revealed that graphene based catalyst 

outperforms platinum when cobalt based redox electrolytes are used. While the efficiency with 

platinum counter electrodes has been limited to ~12% till now, graphene counter electrodes have 

been found to provide more than 13% efficiency. Mathew et al. used a layer of graphene 

nanoplatelets on fluorine doped tin oxide (FTO) coated glass as counter electrode and 

cobalt(II/III) as the redox shuttle, which resulted in a DSSC with an efficiency of 13% [97]. 

Kakiage et al. also succeeded in obtaining the highest recorded efficiency of 14.3% by using 

graphene nanoplatelets on gold-treated FTO coated glass substrate as counter electrode and 

cobalt-mediated electrolyte [94]. 

1.4.1.2.3 Polyaniline 

Another inexpensive material: intrinsically conducting polymer polyaniline shows 

excellent catalytic activity towards the reduction of triiodide ions, which makes it a suitable 

candidate for counter electrode. Intrinsically conducting polymers either have metallic 

conductivity or can act as semiconductors. The electrical properties can be fine-tuned using the 

methods of organic synthesis and by advanced dispersion techniques. Polyaniline shows high 

electric conductivity and can be prepared easily from the polymerization of aniline monomer in 

presence of an oxidant like ammonium persulfate [98].  

In 2008, Li et al. first introduced polyaniline as a counter electrode for DSSC [99]. The 

DSSC was fabricated with microporous polyaniline nanoparticle counter electrode and exhibited 

an efficiency of 7.15%. To enhance the surface area and numbers of catalytic active sites of 

polyaniline, it has been prepared as 1-D nanostructures with different morphologies, like 

nanotubes and nanofibers. In 2015, Park et al. also found that DSSC fabricated with porous 

https://pubs.rsc.org/en/results?searchtext=Author%3AKenji%20Kakiage
https://pubs.rsc.org/en/results?searchtext=Author%3AKenji%20Kakiage
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polyaniline nanotube based counter electrode exhibited a photoconversion efficiency of 5.57% 

[100]. In 2011, Chen et al. introduced a counter electrode based on polyaniline nanofibers/carbon 

composites for DSSC which showed a photoconversion efficiency of 6.85% under irradiation 

[101]. The highest efficiency of any polyaniline based counter electrode DSSC was reported by 

Chiang et al [102]. They prepared the counter electrodes by drop-casting polyaniline/hexafluoro-

isopropanol colloid solutions on FTO glass substrate. In iodide/triiodide mediated electrode, they 

showed an efficiency of 8.8%. 

1.4.1.3 Electrolyte 

1.4.1.3.1 Liquid electrolyte 

The third most important component of a DSSC is the electrolyte. Usually a liquid 

electrolyte (LE) having a redox couple in an organic solvent is used in DSSCs. The most 

commonly used combination for LE is iodide/triiodide (I-/I3
-) redox couple in an organic solvent 

mixture of acetonitrile and N-methyl 2-pyrrolidone (NMP), because of its good reversibility and 

excellent stability. In addition, sometimes additives are also added to the electrolyte to improve 

the electrochemical properties of the LE. 1-Methyl 3-propylimidazolium iodide (MPI) and t-

butyl pyridine (TBP) are two such common additives [103,104]. 

1.4.1.3.1.1 Solvents 

The solvent in the electrolyte provides a medium for the redox couple to carry out the 

electrochemical processes. Organic solvents are favored to prepare the electrolyte because they 

can provide a suitable environment in which the ions are easily formed by dissolution of the ionic 

solutes. The redox ions diffuse from one electrode side to the other via the solvent medium. The 

solvents must possess some important properties in order to become suitable as an electrolyte 

medium.  

 The solvents should have a boiling point above 100 °C so that they remain inside the cell 

in outdoor conditions.  

 They should show adequate chemical stability under light and dark conditions.  

 The electrochemical window of the solvent should be wide enough such that no 

electrochemical degradation occurs at the electrodes within the working potential range.  

 The dielectric constant of the solvent should high enough so that sufficient ions are formed 

by dissociation of the salts in the electrolyte.  

 To get a high diffusion of the redox ions, the solvents should have low viscosity.  

 The solvents should not absorb visible light. 

https://www.sciencedirect.com/science/article/pii/S1566119913002759#!
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 They should be chemically inert, and not react with the dye molecules of the photoanode 

and two electrode materials [105]. 

Most organic solvents like acetonitrile, NMP, ethylene carbonate and propylene carbonate 

meet the given requirements. A solvent mixture of acetonitrile and NMP (volume ratio 8:2) is an 

excellent electrochemical medium in which the triiodide ions can exhibit a higher diffusion 

coefficient and lower recombination kinetics to achieve a significant efficiency. The addition of 

NMP in acetonitrile in the mixed solvent improves the long-term stability of the cells due to the 

low volatility of NMP [106]. 

1.4.1.3.1.2 Redox couples 

The redox couple is the most important component of an electrolyte of DSSC. The two 

important PV parameters: open-circuit voltage and short-circuit current density are governed by 

the properties of the redox couple. The magnitude of the open-circuit voltage observed in a 

DSSC is directly related to the redox potential of the redox couple it is considered as the 

difference between the Fermi level of the semiconductor photoanode and the redox potential of 

the redox couple. The open-circuit voltage of a DSSC increases as the redox potential value is 

closer to the HOMO energy level of the dye molecules. In a DSSC, the reduced state of the redox 

couple regenerates the oxidized dyes to its original form by undergoing oxidization themselves. 

To drive this regeneration process, there should be sufficient energy difference between the 

redox potential of the redox couple and the HOMO level of the dye, otherwise the regeneration 

process will not occur [107]. Thus, there is a limit of approach of the redox potential to the 

HOMO level of the dye molecules. Moreover, to achieve a significant current from the device, 

the oxidized form of the redox couple must diffuse to the counter electrode at a faster rate, and 

get reduced quickly at the counter electrode. Therefore, the efficiency of a DSSC is directly 

related the properties of the redox couple used. 

Iodide/triiodide redox couple is quite popular as a redox couple for DSSCs because this 

couple significantly accomplishes the required electrochemical properties mentioned above. 

Lithium iodide (LiI) and iodine (I2) are properly dissolved in the solvent to prepare the LE. LiI 

and I2 together form the I-/I3
- redox couple. The equilibrium state between the iodide and 

triiodide is shown in the Eq. (1.3).  

3I 2e 3I    …………………………………………………………………..... (1.3) 

And the redox potential of the I / 3I


 redox couple is given by the Eq. (1.4).  
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Here, E°′, R, T and F represent the formal potential, gas constant, absolute temperature and 

Faraday constant respectively.  

Cobalt (II/III) redox couple is also frequently used in DSSCs. In 2011, Yella et al. 

achieved efficiency of 12.3% from a DSSC fabricated with a cobalt (II/III) redox couple based 

electrolyte [83].  The maximum reported efficiency of any DSSC (14.3%) was also achieved 

using this redox mediator [94]. 

1.4.1.3.1.3 Additives 

Certain additives are sometimes added to improve the electrochemical properties of the 

electrolyte. Two additives are worth mentioning here: TBP and MPI. Addition of TBP hinders 

the recombination processes occurring during the cell operation [108]. In presence of TBP, the 

conduction band edge of the semiconductor is raised, which increases the magnitude of open-

circuit current and fill factor of the DSSC, resulting in enhancement of the photoconversion 

efficiency [109]. This enhancement is due to the suppression of the recombination reaction 

between the photoexcited electrons (at the conduction band of the semiconductor) and the 

triiodide ions present in the electrolyte [110]. 

An ionic liquid is a salt in molten liquid state, and can be defined as a liquid electrolyte 

composed exclusively of ions [111]. Ionic liquids like MPI are incorporated in the electrolytes of 

many DSSCs because of their significant thermal and chemical stability, high ionic conductivity, 

tunable viscosity, and wide electrochemical potential window [112,113].  

1.4.1.3.2 Polymer gel electrolyte 

The organic solvents used in the preparation of LE are volatile in nature, thus leakage 

and evaporation affects the stability of the device. To avoid this problem, scientists are trying to 

replace the LE with other materials like solid state hole transporting materials or quasi-solid-state 

electrolytes. Although it is difficult to achieve the same efficiency with these alternative 

electrolytes at par with the LEs, DSSCs employing these electrolytes show significant durability. 

Amongst these alternatives, polymer gel electrolyte (PGE), also called quasi-solid-state 

electrolyte is drawing huge attention because of its unique electrochemical properties. A polymer 

material acts as the host in the preparation of the PGE. Some of the host materials include 

polyethylene oxide, polyethylene glycol, polyacrylic acid, poly(acrylonitrile-co-vinyl acetate), 

poly(methyl methacrylate), and blend of two or more polymers [114–119].  
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1.4.1.3.2.1 Poly(methyl methacrylate)  

Poly(methyl methacrylate) (PMMA) is used as a polymer host material in PGEs. The 

preparation process of PMMA is very simple. It entails the free radical polymerization of methyl 

methacrylate (MMA) in presence of an initiator. PMMA is highly recommended as a polymer 

host material because of its some interesting properties as listed below.    

 The polymer host should not absorb visible light. If the photons required to excite the 

electrons in the dye molecules are absorbed by the polymer host, then the device will not 

able to convert the light energy to electricity efficiently. PMMA is optically transparent 

and does not absorb light in the visible range. 

 PMMA is easy to prepare, and readily dissolves in the organic solvent of the LE to form 

the gel electrolyte.   

 The electron rich groups (ester) present in PMMA can restrict the movement of the Li+ 

ions present in the electrolyte, resulting in a decrease in the chemical capacitance at the 

photoanode/electrolyte interface which enhances the open-circuit voltage of the device. 

Many PGEs based on PMMA host polymer materials have been investigated and DSSCs 

with efficiencies exceeding 8% have been achieved [118,120–122]. The DSSCs fabricated with 

PGEs have exhibited significant stability in comparison to those fabricated with LE under 

identical experimental conditions [123]. Nevertheless, these cells are faced with two serious 

problems. 

 In a PGE, the medium for the redox couple is in a state of quasi-solid-state or gel state 

(i.e. the state between liquid and solid). Such an environment lowers the diffusion process of the 

redox couples, especially the diffusion kinetics of the bigger ions like the triiodide ions. But, the 

diffusion processes must follow a very fast route in order to become an efficient photovoltaic 

device.  

 The charge transfer resistances at both the electrode/electrolyte interfaces are higher in 

devices with PGE, which also negatively affects the current output under irradiation.  

Thus, to enhance the efficiency of the durable DSSC fabricated with a PGE, the 

conditions must be optimized in such a way that the diffusion of triiodide ions in the electrolyte 

and the charge transfer processes at the interfaces follow a faster route.  

1.4.1.3.2.2 Polyaniline  

Conducting polymers can be added with a PGE to improve the charge transfer kinetics 

involved in a quasi-solid-state DSSC. Amongst the many conductive polymers available, 

polyaniline has great potential to improve the ionic conductivity of a PGE [124,125]. Various 

PGEs based on polyaniline have been used to fabricate quasi-solid-state DSSCs. In 2012, Tang et 
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al. introduced a quasi-solid-state DSSC fabricated with a PGE based on poly(acrylic 

acid)/gelatin/polyaniline composite and the DSSC exhibited a photoconversion efficiency of 

6.94% [126]. In 2013, Li et al. achieved a photoconversion efficiency of 6.81% from a quasi-

solid-state DSSC fabricated by placing a polyaniline integrated poly(hexamethylene diisocyanate 

tripolymer/polyethylene glycol) based PGE in between the photoanode and the counter electrode 

[115]. Surface morphology of polyaniline added in a gel electrolyte also affects the 

electrochemical behavior of the PGE. Polyaniline can be used in the form of nanotubes, 

nanofibers, etc. The conductivity of these 1-D materials can be tuned by varying the extent of 

doping during their synthesis process [127]. 

1.4.1.3.2.3 Carbon black  

Many carbon based conductive nanomaterials like reduced, graphene oxide, graphite 

powder and carbon nanotubes have been used to prepare composite PGEs to improve their 

electrochemical properties [128–130].  Carbon black in graphitized form also has potential to 

become an additive to improve the ionic conductivity of a PGE because of its good conductivity, 

stability and low cost. In 2006, Ou et al. prepared PMMA/carbon black composites, and studied 

the electrical conductivities of the composites. They observed that the conductivity of the 

composites depended on their preparation techniques, and succeeded in obtaining conductivity 

comparable to that of PMMA/single-wall carbon nanotube composites [131]. Lei et al. (in 2010) 

fabricated a DSSC with an all-solid-state electrolyte (without iodine) based on carbon black and 

MPI electrolyte. The fabricated device with optimized amount of carbon black showed an 

efficiency of 6.37%  [132]. In 2010, Lee et al. prepared a quasi-solid-state DSSC by sandwiching 

an iodine-free electrolyte (based on a polymer electrolyte composed of carbon black loaded 

polyaniline in an ionic liquid) between a dye sensitized TiO2 photoanode and a platinum counter 

electrode. The DSSC exhibited a maximum efficiency of 5.81% [133]. 

1.4.1.3.2.4 Carbon dots  

Different fluorescent materials are used to widen the absorption range of the solar 

spectrum for maximum harnessing of the solar energy. Yun et al. (in 2015) fabricated a quasi-

solid-state DSSC using a PGE with a fluorescent material (4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran). The DSSC with the florescent material exhibited about 1.8% 

enhancement in efficiency than the DSSC without the florescence material [134]. In 2016, Yao et 

al. studied the some rare earth ion doped phosphors, and used them in DSSC to widen the 

absorption range of light. They observed improvement of efficiency in DSSC fabricated with 

both the up- and down-conversion materials, which converted the infra-red and ultraviolent light 

into visible light [135]. Since carbon dots also show up-conversion and down-conversion 
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characteristics, they can be expected to have immense potential to enhance the photoconversion 

efficiency of a DSSC by widening the sunlight absorption range. 

Carbon dots are small fluorescent nanoparticles of carbon with size less than 10 nm 

[136,137]. They show exceptional properties depending on their structure and composition. 

Carbon dots are water-soluble because of the carboxyl groups presents on their surface [138]. 

They have found numerous applications owing to their easy preparation techniques, low cost of 

the starting materials, good conductivity and fluorescent behavior which can be tuned by surface 

modification [139–141]. 

1.4.2 Working principle of DSSCs 

The principle of generation of electrical energy in DSSC under irradiation of sunlight can 

be understood easily by using the schematic energy diagram as shown in Figure 1.16. The 

primary processes occurring inside a DSSC devised using dye sensitized TiO2 semiconductor 

photoanode, platinum counter electrode and iodide/triiodide redox couple mediated electrolyte 

are symbolized with the numbers (1)-(6). The scale shown in the left side of the energy level 

diagram represents the potentials with respect to standard calomel electrode (SCE). The 

processes are explained as follows:     

(1) Under irradiation of sunlight, the incident photons with specific energies excite electrons 

from the HOMO level to the LUMO level of the dye molecules (adsorbed on TiO2). The 

intensity of the incident light with proper energy determines the population of the 

photoexcited electrons at the LUMO level of the dyes. The typical lifetime of the 

electrons at the LUMO level of the dye molecules is in femtosecond timescale.  

(2) The photoexcited electrons are rapidly injected into the conduction band of TiO2, and 

they subsequently diffuse to the TCO glass sheet.  

(3) The iodide/triiodide redox couple present in the electrolyte plays the next step. The 

iodide ions reduce the oxidized dye molecules to their initial state, and themselves get 

oxidized to triiodide ions. 

(4) In the next step, triiodide ions get reduced to iodide ions at the counter electrode. The 

reduction is facilitated by the electrons collected at the counter electrode coming from 

the outer circuit. 

During these four processes, involvement of photon and electron occurs without any 

consumption of physical material. These processes contribute to the generation of electrical 

energy under irradiation of light and are known as forward processes or forward reactions. 

However, along with these processes, some other processes also occur in the cell which lower the 

number of collected electrons at the photoanode and hamper the quality of the cell. These 
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reactions are termed as dark processes or dark reactions. Processes (5) and (6) represent the two 

dark processes involved in the DSSC.  

(5) The photoexcited electrons in the conduction band of TiO2 can go back to the vacant 

HOMO of the dye particles. 

(6) The photoexcited electrons can also take part in the reduction of triiodide ions to iodide 

ions.  

These two processes decrease the magnitude of the output electric current in a cell. The 

regeneration kinetics of the oxidized dye molecules by iodide ions must follow a faster reaction 

kinetic (nanoseconds scale) to compete with the two recombination process. Otherwise, the cell 

efficiency becomes low. 

 

Figure 1.16. Processes involved during the working of a typical DSSC under light. 

The processes involved during this photovoltaic operation under light can also be 

expressed by equations as follows: 

  
*

2 2D | TiO D | TiOh       (a) 

 *
2 2 cb 2D | TiO D | TiO e TiO       (b) 

2 2 3D | TiO 3I D | TiO I         (c) 

3I Pt 3I          (d) 
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 cb 2 2 2e TiO +D | TiO D | TiO       (e) 

 cb 2 3e TiO +3I I         (f) 

Dye molecule is denoted as D and its excited state is represented by D*. Eq. (a) represents the 

process (1) involved in the cell. The dye molecule adsorbed on TiO2 (D | TiO2) gets excited to 

D* | TiO2 by absorbing photon energy of hν (h and ν are the Plank constant and frequency 

respectively). Eq. (b) shows the injection of the excited electrons from the D* | TiO2 to the 

conduction band of the TiO2 (  cb 2e TiO
), leaving behind holes in the dye molecule (D+ | 

TiO2). The regeneration of the oxidized dye molecule by iodide ions is expressed in the Eq. (c). 

Eq. (d) shows the reduction process of the triiodide ion to iodide ions involved at the platinum 

counter electrode. The recombination processes occurring in the DSSC are expressed in Eqs. (e) 

and (f). The electrons in the TiO2 conduction band (  cb 2e TiO
) can either recombine with the 

hole generated in the HOMO level of the dye (Eq. (e)), or can reduce triiodide ions present close 

to the photoanode (Eq. (f)). 

1.5 Solar cell performance parameters 

A typical p-n junction solar cell is similar to a diode model, and can be represented by 

using an equivalent circuit model as shown in Figure 1.17 [142]. The net current generated 

under the irradiation of light by this solar cell is defined by the Eq. (1.7) 

L DI I I 
……………………………………………………..…………………….. (1.5)
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Here, I, IL, ID, IO, q, V, k and T represent net current, photogenerated current, diode current, dark 

saturation current (or reverse saturation current because of the recombination in space charge 

regions), charge, voltage, Boltzmann constant and temperature respectively.  
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Figure 1.17. Circuit diagram of a solar cell. 

A diode current is observed in the cell due to the fact that it acts like a forward bias diode 

under irradiation of light. The photogenerated current is usually higher in magnitude than the 

diode current, and flows in the opposite direction. The last term in the Eq. (1.7) represents the 

diode current which is derived from Shockley diode equation (Eq. (1.6)). In addition to these 

current components, two inevitable resistive components are always present in a cell as shown in 

the equivalent circuit diagram. Consequently, the solar cell current-voltage (I-V) characteristic 

equation (derived by using minority carrier diffusion) includes the parasitic series (RS) and shunt 

(RSH) resistances, and is finally expressed as Eq. (1.8) 

 
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    

 
 

…………………….………….………… (1.8) 

It follows from the Eq. (1.8) that at a low applied voltage, the current through the diode 

is very small and almost equal to the short circuit current (photogenerated current at V=0). At 

higher voltage, the recombination current at the diode becomes significant, resulting in a rapid 

decrease of the output current. A typical I-V characteristic curve for a solar cell is shown in 

Figure 1.18.  

 

Figure 1.18. I-V characteristic curve of a solar cell under illumination of light. 
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The performance quality of a solar cell can be obtained by calculating some figures of 

merit from the I-V characteristic plot under irradiation. They include open-circuit voltage (VOC), 

short-circuit current (ISC) and fill factor (FF).  

 Short circuit current: ISC is the current obtained from the I-V characteristic plot at zero 

applied potential, or in other words it is the current at zero load resistance. Usually the term 

short-circuit current density (JSC) is more commonly used. This current density is obtained by 

dividing the ISC with the effective area of the solar cell. The magnitude of the JSC primarily 

depends upon the intensity of the solar irradiance, properties of the semiconductor material used 

and the charge transfer resistances of the cell. 

 Open-circuit voltage: VOC is the highest voltage observed in a solar cell at infinite 

resistance load. In other words, VOC represents the voltage of the cell at zero ISC in the I-V 

characteristic plot. The corresponding voltage and current at the maximum power point in the I-V 

curve are known as maximum voltage (Vmax) and maximum current density (Jmax).  

 Fill factor: It represents the squareness of the curve, i.e., it signifies the maximum power 

output from a PV cell. The magnitude of RSH and RS greatly affects the shape and squareness of 

the I-V characteristic curve. The values of VOC and Jmax reduce in the presence of RSH, while ISC 

remains unaffected. On the other hand, a decrease in RS increases JSC and Vmax without affecting 

the value of VOC [143,144]. Figure 1.19 exhibits the effect of the two resistances on the shape of 

the I-V characteristic plot. The squareness of the I-V plot is higher at lower values of RSH and RS. 

 

Figure 1.19. Effect of resistances on the shape of the I-V characteristic plot. 

FF is mathematically expressed as follows: 

max max

oc sc

V I
FF
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



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Finally the efficiency (η) of a solar cell is mathematically expressed as:  

oc sc

in

V I FF

P


 


………………………………………………………….……... (1.10)

 

where Pin is the power of the incident light, usually the value of it is 1000 W m-2.  

1.5.1 Device parameters of DSSCs 

Device parameters of a solar cell are developed from their I-V characteristic or J-V 

characteristic plots. DSSCs also have the same device parameters as the conventional p-n 

junction solar cells like JSC, VOC, FF and efficiency. 

DSSC is also called a photo-electrochemical cell because along with the device physics, 

electrochemistry is also involved in a DSSC. The electrochemical study of the electrolyte, mainly 

the electrochemical behavior of the redox couple in the electrolyte is important since its redox 

potential plays a key role in determining the value of VOC of the device under irradiation. The VOC 

of a DSSC is the difference between the energy of the quasi-Fermi level of the semiconductor 

(EF) and the redox potential (Eredox) of the redox couple present in the electrolyte. 

Mathematically, VOC can be represented as the Eq. (1.11) 

oc F redoxqV E E  ….……………………………..……………………………. (1.11) 

where q is the charge. EF can be mathematically expressed as Eq. (1.12) 

 

ln c
F c

c

n
E E kT

N
  …...………………………………………….………...……. (1.12) 

where EC, k, T, nc and NC represent the conduction band edge of the semiconductor, Boltzmann 

constant, temperature, density of free electron at the conduction band of the semiconductor and 

density of accessible state of the semiconductor’s conduction band respectively. Thus, the general 

mathematical expression of VOC of a DSSC under irradiation is as shown in the Eq. (1.13) 

  lnc redox c
oc

c

E E nkT
V

q kT N

 
  

 
………………………………...………..……. (1.13) 

In this relation, EC, nC and NC are the only variables, the other terms including the redox potential 

is fixed d for a particular redox couple. Thus, the magnitude of VOC is varied only because of 

these three variables. 
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Figure 1.20. Equivalent circuit diagram of the resistances of a typical DSSC. 

A higher value of VOC enhances the electric current flow in the outer circuit. But the 

magnitude of the current is negatively impacted by many factors like the inevitable resistance 

components and the recombination processes involved in the cell. An equivalent circuit as shown 

in the Figure 1.20 is used to represent the resistive components of a DSSC. RS, RCT, RCT,CE and 

RW are the series resistance, the charge transfer resistance at the electrolyte/photoanode interface, 

the charge transfer resistance at the electrolyte/counter electrode interface and the Warburg 

impedance due to the diffusion of the triiodide ions respectively. These resistances are inevitable 

but can be minimized in a DSSC to draw the maximum possible current. Two capacitive 

components C1 and C2 are also observed at both the electrode/electrolyte interfaces because of 

the ions present in the electrolyte composition.      

    

 

 

 

1.6 Objectives 

Economically, DSSCs are advantageous due to their low fabrication cost. But efficiency 

of these devices is less as compared to silicon based devices. DSSCs having efficiency of 13-

14% have been achieved by researchers. So, it has a great potential to equally compete with other 

solar cells. However, the leakage of the electrolyte often negatively affects the durability and 

efficiency of the DSSC. Efforts are made to improve the cell’s durability by replacing the liquid 

electrolyte with a polymer based gel electrolyte. Furthermore, the high cost of platinum counter 

electrode has also spearheaded the search for alternative cheap options for counter electrodes. A 

detailed study of the polymer gel electrolytes and alternate counter electrodes provides a 

direction in progress of improving the durability and cost-effectiveness of the DSSC without 

compromising the output efficiency.  
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The main objectives of this research work include:  

1. Synthesis of different PMMA based polymer gel electrolytes with tailor-made properties 

like high conductivity and broadening the sunlight absorption region.   

2. Synthesis of graphene based polyaniline nanotube aerogel counter electrode as low-cost 

platinum-free counter electrode.   

3. Study of the electrochemical behavior of the gel electrolytes and the counter electrodes. 

4. Fabrication and optimization of quasi-solid-state DSSCs using the prepared components. 

1.7 Plan of research work 

To accomplish the objectives, the following methodologies will be implemented. 

1.7.1 Preparation of gel electrolytes 

To obtain the PMMA based PGEs, the following steps will be adopted. 

 Synthesis of PMMA by using a free radical polymerization of MMA monomer in the 

presence of benzoyl peroxide initiator. 

 Synthesis of polyaniline nanotubes by chemical oxidation polymerization of aniline in 

the presence of ammonium persulfate oxidant and oxalic acid. 

 Synthesis of green emitting carbon dots using a solid-state reaction of diamonium 

hydrogen citrate and urea at high temperature. 

 Preparation of three different PMMA based polymer composites by varying weight 

percentages of the fillers: 

1. PMMA/polyaniline nanotube composite, 

2. PMMA/carbon black composite, and 

3. PMMA/carbon dot composite.  

 Preparation of polymer gel electrolytes incorporating the three composites.  

1.7.2 Preparation of counter electrode 

 The following steps will be followed to obtain the platinum-free counter electrode. 

 Synthesis of graphene oxide by using modified Hummers method. 

 Synthesis of polyaniline nanotube/reduced graphene oxide aerogel by 

resorcinol−formaldehyde solution initiated polymerization technique, followed by 

freeze-drying. 
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1.7.3 Characterization of the materials 

 The as-synthesized materials will be characterized using different analytical tools, such 

as Fourier transform infra-red spectroscopy, UV-visible spectroscopy, fluorescence 

spectroscopy, X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, 

scanning electron microscopy and transmission electron microscopy, etc. 

1.7.4 Fabrication of the devices 

 Fabrication of three different quasi-solid-state DSSCs with PMMA/polyaniline 

nanotube, PMMA/carbon black and PMMA/carbon dot PGEs. 

 Fabrication of a quasi-solid-state DSSC with platinum-free polyaniline nanotube/reduced 

graphene oxide aerogel based counter electrode. 

1.7.5 Electrochemical tests of the devices 

 The electrochemical performance of the fabricated DSSCs will be evaluated using tools 

such as J-V characteristic plots, electrochemical impedance spectroscopy, cyclic 

voltammetry and Tafel plots, etc. under irradiation of AM 1.5 (100 mW cm-2) light 

generated from a solar simulator. 

 Investigation of the long-term stability of the fabricated devices by recording device 

parameters upto 1000 hours. 
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