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Clean, long-lasting, and cost-effective means of energy production are urgently required to save the world from an energy crisis, and for that purpose photovoltaic (PV) devices (also known as solar cells) have been identified as important technology. For its maximum benefit, there has always been a quest for efficient, stable, and cost-effective PV technology, which gave birth to its new generations. Organic solar cells (OSCs) have attracted the attention of global scientists, engineers, and industries as they promise to be a potential means of cost-effective energy production. OSCs are quite thin, lightweight, and fully compatible to large-area roll-to-roll (R2R) production on flexible substrates via printing techniques. High throughput through R2R production makes them quite cost effective. Additionally OSCs are supposed to have very short energy payback times, as they neither require expensive processing equipment nor high energy input, and the materials and labor cost are very low.

OSC technology began nearly 25 years ago when the efficiency was hardly 1% and the stability was only few hours. Since then there has been great progress in OSC performance and now the efficiency has gone beyond 11% and the stability of many thousand hours has been reported, but OSCs still miss the figures which can make them commercially viable. Several international research groups are developing new methods and processes to make OSCs more efficient and stable. Several industries have emerged and are contributing to the development of OSCs in different ways like materials synthesis, preparation of substrates, encapsulation materials, equipment manufacturing, and their supply to worldwide customers. Many industries have undertaken the manufacturing and marketing of OSCs. There have been several public demonstrations of prototype OSC modules, but the performance of OSCs is not high enough to compete with the mature traditional PV technologies and more work is needed to make them suitable for replacement of traditional PV technologies. Efficiency, stability, and cost are the main parameters that will decide the success of this technology.

OSCs will not be as stable and efficient as traditional Si solar cells, but they can still be more economic and competitive because of their low cost, and they still need reasonable efficiency and lifetime. OSCs, possessing 8%–10% efficiency with 8–10 years lifetime, can compete with traditional solar cells, but they still have to achieve these figures. Traditional solar cells have struggled for decades to provide an efficient solution to the energy crisis, but the problems with OSCs are different and it is believed that these problems can be easily resolved. This technology would soon serve the society in a better way. Compared to traditional Si solar cells, OSCs will not only be economical but also more fascinating. This book intends to provide students, scientists, and engineers a platform to understand the problems with OSCs and provide them the solutions to develop and manufacture these devices worldwide on a large scale so that everybody has their own technology and their own energy. This book describes in detail the degradation in OSCs and the ways to prevent it. The techniques to measure qualitative and quantitative degradation have also been discussed. This book also covers other important topics like structures, fabrication, device physics, roll-to-roll processing, and cost analysis. This book provides all the information of OSCs from device to technology. I hope this book proves to be quite beneficial for readers and helps them to develop and make OSCs commercially viable. The language of the book is kept very simple for easy understanding. I wish the readers a pleasant reading and hope that they find it a good source of knowledge and helps them to resolve their doubts.

I thank everyone who has helped me in one way or another in successful completion of this book. It is all because of these people that I could write this book tirelessly on time. First, I thank all my collaborators and colleagues who benefited me from their fruitful discussions and brilliant ideas. I thank Dr. R. K. Garg, director, Technology Applications Service, New Delhi, for his encouragement and support all the time. I derived considerable benefits from my stay at University of Newcastle (UON), Australia. Interactions with Professor Paul Dastoor, Dr. Chhinder Bilen, and other colleagues at UON were highly beneficial. I thank all my coworkers and students from CSIR-National Physical Laboratory, New Delhi, including Mukesh Kumar Thakur and Abhishek Kumar Chauhan who supported me directly or indirectly in one way or another during preparation of this book.

I wish to extend my special thanks to Aastha Sharma, commissioning editor, CRC Press, Taylor & Francis Group, for her continuous encouragement and marvelous support during writing of this book. She always showed great consideration to this work that led to its completion on time. I thank Melisa Sedler, project coordinator, CRC Press, Taylor & Francis Group, as well for helping me out at several stages of writing and providing me the necessary information as and when required. I dedicate this book to the late Professor S. C. Jain, former director, Solid State Physics Laboratory (SSPL), New Delhi, Head of Division, CSIR-National Physical Laboratory, New Delhi, and visiting professor at KU Leuven and IMEC, Belgium, who was not only my teacher, mentor, supervisor but also my guardian and a best friend. I learned a lot from Jain and his supervision gave a new direction to my scientific career.

Finally, I sincerely thank my mother, Kusum Lata; father, Mangat Singh; elder brother, Prashant Kumar; younger brother, Dr. Abhishek Bharti; sister, Abhilasha Anand; and brother-in-law, Vikas Anand, who provided me tremendous support and lots of love during preparation of this book. I wish to convey my lots of love and hugs to my little nephew master Avik for entertaining me time to time by his funny activities. I also wish to extend my sincere thanks to uncle Chhinder Bilen and aunty Resham Bilen from Newcastle, Australia, who are like parental figures to me, for their unconditional love, care, and blessings.
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Solar Cells and Their Generations

[image: ]

[image: ]

1.1Introduction

Energy plays a very important role in the socioeconomic growth and energy security of a country. The U.S. Energy Information Administration’s Annual Review 2011 identified industrial, residential and commercial, transportation and electric power generation as the prime sectors for energy consumption that account about 21%, 11%, 28%, and 40%, respectively, of total energy consumption [1]. An almost similar report was presented by the European Commission on Energy in 2011, where transportation, industry, household, services, and agriculture were found to share 32%, 25%, 27%, 14%, and 2%, respectively, of total energy consumption. Most energy is drawn from the fossil fuels like coal, oil, and natural gases, which have been buried in the Earth’s crust for over millions of years. These fuels are formed from the remains of the dead plants and animals that are trapped and decomposed under the soil. In principle, these fossil fuels should be called renewable sources of energy, but because they take millions of years in generation and are depleting faster than their production, they are called nonrenewable. An estimate by the U.S. Energy Information Administration shows that a large percentage of energy is derived from fossil fuels where they share ~83% of world energy consumption, out of which petroleum, coal, and natural gases account for about 37%, 20%, and 26% shares, respectively. Nuclear energy is another nonrenewable energy that shares 8% of the world’s total energy consumption. The rapid depletion in fossil fuels and imbalance in the energy demand and supply is responsible for the hike in inflation rates. According to the 2011 annual report of the European Commission on Energy, to meet the energy demand 35.1% of energy was derived from petroleum and solid fuels accounted for 15.9% of energy. Nuclear power and natural gases accounted for 13.5% and 25.1%, respectively, whereas 9.8% of total energy consumption was derived from renewable sources. The world’s energy consumption is increasing very rapidly in every sector of day-to-day life. Fossil fuels are limited in quantity and the population growth is adversely causing rapid reduction in the available energy per capita. Regular consumption of fossil fuels is expected to have severe harmful effects on the climate. Worldwide use of fossil fuels produces a billion tons of CO2 (a greenhouse gas), which causes an increase in the Earth’s surface temperature and contributes to serious concerns like global warming and climate change. Additionally, the combustion of fossil fuels increases environmental pollution, which has very harmful effects on the health of every living being. For example, in 2013 the pollution in the city of Harbin, China, due to coal-powered plants increased to more than 40 times than the set daily target by the World Health Organization [2], which led China to take some serious steps toward minimizing the use of fossil fuels and use of alternate energy sources. In order to prevent pollution and the climate change, the use of alternate energy sources like renewables is now required. China started investing a large sum of money in the development of renewable energy and it has now become the biggest investor in the world for renewable energy production.

The natural sources of energy, which regularly get renewed within the human time-scale, are known as renewable sources of energy. Sunlight, wind power, hydropower, geothermal, biomass, and tides are some of the most important renewable sources of energy. They are now promoted and used as much as possible. According to a report from the Renewable Energy Policy Network for the twenty-first century (REN21) in 2014, the renewable energy contributed 19% to the total energy consumption and 22% for electricity generation in 2013. The worldwide investment in renewable energy technologies is now increasing very rapidly. Figure 1.1 shows some of the nonrenewable and renewable sources of energy. Among renewables, solar energy has received special attention and massive promotion over the past few decades. It is the radiant heat and light from the sun, which can be harvested through a number of means like solar thermal, solar photovoltaics, and photosynthesis technologies. Solar thermal includes the solar collectors and concentrators for heating applications, whereas the solar photovoltaics (also known as solar cells) convert solar light into electricity, which can be utilized in all different ways for different needs. The solar energy received by the Earth in 1 h is more than the energy consumed by the world per year. Harvesting of solar energy only from 1% of the land can meet the world’s total energy demand. Therefore, solar thermal and solar cell devices have great potential for meeting the world’s energy demand, without having any harmful effect on us or the environment. Solar cells could be a godsend for the 2 billion-plus people who do not have access to electricity. Using photovoltaic devices everybody can generate their own energy independently in their homes and offices making them energy secured. Photovoltaic devices can provide long-term power at low operating cost and are virtually free from pollution. Owing to their importance and great potential, solar photovoltaics have become a multibillion industry all over the world. This technology works on the principle of photovoltaic effect.
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FIGURE 1.1

Some of the nonrenewable and renewable sources of energy.
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1.2Photovoltaic Effect

Generation of a voltage or electric current in a material or a device upon illumination of light is known as the photovoltaic effect. The photovoltaic effect was first observed in 1839 by French physicist A.-H. Becquerel when he found that shining light on an electrode submerged in a conductive solution would create an electric current. Later in 1873, W. Smith discovered photoconductivity in selenium and then this gave birth to photovoltaic technology. The devices that exhibit photovoltaic effect are known as photovoltaic devices or solar cells. In general, this effect takes place in semiconductor devices where exposure to light causes the photons to get absorbed in the semiconducting material that excites electrons from the valance band to the conduction band. Such electrons in the conduction band are known as photogenerated electrons, and they leave behind the corresponding holes in the valance band. These electrons and holes need to be extracted out to get electricity. Due to opposite charge on electrons (−ve) and holes (+ve), they have the tendency of recombination, which should be prevented. The solar cells are designed and prepared in a way that the photogenerated electrons and holes move in opposite directions via drift and diffusion processes and get collected there. A solar cell possesses two electrodes with the light-absorbing medium sandwiched between them. Collection of photogenerated charge carriers on the electrodes in opposite sides of the semiconductor causes an electromotive force, or a photovoltage, to develop across the device. If an electronic circuit is connected to the device, an electric current would pass through the circuit and this way the light energy gets converted into electricity. The drift is provided by the built-in electric field, whereas diffusion is caused by the concentration gradient of the photogenerated charge carriers. If the energy of incident photons is less than the band gap of the semiconductor, the photons will not be absorbed and no photovoltaic effect will be observed. The photovoltaic effect can also be observed in thermoelectric materials where light absorption would cause heating. The heating would increase temperature and due to the temperature gradient in thermoelectric materials, an electromotive force would get generated by the Seebeck effect. If connected to an electric circuit, the electric current would pass through.
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1.3Solar Cells and Their Generations

Solar cells originated more than a 100 years ago, but they were not actually efficient. The first solid-state solar cell was prepared by Charles Fritts in 1883, when he coated a thin film of gold over the selenium semiconductor to form a junction and got around 1% power conversion efficiency (PCE). Some progress was made in selenium solar cells for the next several decades, but nothing appreciable was achieved. Therefore, experiments were performed on other materials and this gave birth to the next generations of solar cells.

1.3.1First Generation of Solar Cells

Crystalline and polycrystalline Si-based solar cells were the first generation of solar cells. These solar cells are also known as conventional, traditional, or wafer-based solar cells. A brief introduction of them is given next.

1.3.1.1Crystalline Silicon (c-Si) Solar Cells

In 1940, Russell Ohl, a researcher from Bell Laboratories, had a crystalline silicon (c-Si) sample with a crack in the middle, and the sample exhibited an electric current flow when it was exposed to light. The crack in the sample would have doped one side of the crack as positively charged and the other side as negatively charged, and it would have accidentally made a p-n junction. This cell had an efficiency of about 1% [3]. Later the research in diodes and transistors led Daryl Chapin, Calvin Souther Fuller, and Gerald Pearson from the same laboratory to demonstrate the first practical Si solar cell in 1954 that exhibited about 6% efficiency [4]. The efficiency of c-Si solar cells has now improved tremendously to about 25% [5,6]. The progress made in silicon solar cell technology has been discussed in detail by Green [6]. Si is an important elemental semiconductor, which has atomic number 14 with four electrons in the outermost shell. In a Si crystal, four electrons in the outermost shell of each atom make covalent bonds with the neighboring four Si atoms arranged in tetrahedral configuration giving a perfectly diamond-like crystal structure over a long range (see Figure 1.2). It is an indirect band gap material with a band gap of 1.1 eV at room temperature. Si is rarely found in pure form in nature, but after oxygen it is the most abundant element available in the Earth’s crust in different forms. The solar cells are processed on a c-Si wafer that usually ranges in diameter from about 25 mm to about 300 mm with thickness ranging from about 200 μm to about 800 μm. Cylindrical ingots of highly pure c-Si are prepared by the Czochralski process from pure molten Si and can be doped into a n-type or p-type by adding a precise amount of suitable impurity in the molten Si during the growth process. Later these ingots are cut into wafers of suitable size. The wafers are rigid in density (2.33 g/cm3) but mechanically fragile.

A typical c-Si solar cell possesses a Si p-n homojunction with suitable top and bottom electrodes. The top and bottom electrodes are deposited by screen printing. Screen printing is the most mature and simple technique for solar cell fabrication. A typical Si solar cell is prepared on a base substrate (usually p-type), which is doped to form an n-type emitter on the top. For n-type doping, phosphorus is diffused into base substrate at high temperature. Figure 1.3 shows schematically the structure of a typical Si solar cell and the photovoltaic effect through an energy band diagram. A thin antireflection coating (ARC) on the top minimizes the photons loss via back reflection that results in the improved PCE of the cell. The ARC creates a sort of light trap and helps the solar cell to absorb larger fraction of incident light. This is done by the use of a textured surface that reduces the amount of light reflected back into the environment, and the light absorbed by the cell is increased resulting in enhanced efficiency. Usually the ARC is done by deposition of silicon nitride (SiN) via the chemical vapor deposition (CVD) technique. For deposition of SiN, the precursor gases of silane (SiH4) and ammonia (NH3) are introduced in the CVD chamber where SiH4 reacts with NH3 and produces SiN. For the nonstoichiometric film of SiN, a large amount of H2 is introduced into the chamber to get hydrogenated SiN (SiN:H). TiO2 is also being used for antireflection coatings, but it does not provide surface passivation. Surface passivation is important to improve the electrical properties of the solar cells. The fingers of top electrodes are formed by screen printing of a metal paste containing cutting agents that allow the metal to go through the antireflection coating and make contact to the underlying Si when fired. For the back contact, a full layer of Al is printed and fired on the back of the substrate that produces a back surface field and improves the cell performance. For solderable contacts, another layer of Al/Ag is printed on the back electrode. The solar cells prepared in the buried contact structure have shown very high efficiency and are better than screen printing solar cells. In the buried contact solar cells, the metal is buried in the groves prepared by laser etching in the solar cells. The buried contact solar cells have less shading losses and allow low reflection giving higher photocurrent. The buried contacts also reduce the parasitic resistance losses due to the high metal aspect ratio. Some of the companies well known for making c-Si solar cells are Alps Technology, ASW, Auxin Solar, and Dmsolar, United States; Orange Solar, Netherlands; Powerwell Solar, China; JS Solar, China; and Motech Industries, Taiwan.
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FIGURE 1.2

(a) 2-dimensional (2D) and (b) 3-dimensional (3D) representation of crystal structure of Si.
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FIGURE 1.3

(a) Schematic structure, (b) photovoltaic effect, and (c) top view of a typical p-n junction Si solar cell.

The p-n junctions have played a vital role in the development of modern electronic devices and have given foundation to the physics of semiconductor devices. A p-n junction is formed by diffusion of suitable impurity atoms in a doped Si substrate. In principle it is like a p-type semiconductor has been put in contact with an n-type semiconductor. Formation of contact causes the electrons of diffuse from n-type to p-type semiconductors and holes to diffuse from p-type to n-type semiconductors across the junction. This movement of charge carriers across the junction leaves the ionized impurity atoms behind generating a space charge, which generates an electric field, known as a built-in electric field. When the electric field becomes sufficient enough, it stops further diffusion of charge carriers. The region around the junction where space charge is formed is known as the depletion region. The built-in electric field helps the charge carriers to drift in the depletion region. Figure 1.4 schematically shows the diffusion lengths of charge carriers around the junction for an n-on-p solar cell. Only the electron–hole pairs generated within the diffusion lengths and depletion region W contribute to the photocurrent and the rest get recombined. The holes (minority carriers) from holes diffusion length (Ldp) in the n-type region diffuse to the boundary of depletion region and are swiped by the built-in electric field to the p-type region on the other side of the junction. Similarly, the electrons (minority carriers) from electrons diffusion length (Ldn) in the p-type region diffuse to the boundary of the depletion region and are swiped to the n-type region on the other side. Due to very high electric field in the depletion region the photogenerated charge carriers are immediately extracted out of the depletion region before they recombine. Photocurrent generation takes place in the depletion region as well and the total photocurrent per unit bandwidth is the sum of these currents.
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FIGURE 1.4

Diffusion lengths of charge carriers beyond the depletion region (W) of the n-p junction.

1.3.1.2Polycrystalline (Poly-c) Si Solar Cells

Poly-c Si is another form of Si, where it possesses a number of Si crystals of different size and shape, which are oriented in different directions. Each crystalline region is differentiated by a grain boundary and when the grain size is larger than 1 mm ploy-c Si is known as multicrystalline Si (multi-c Si). Grain size plays a very important role in controlling the photovoltaic performance of the solar cells. A larger grain size causes reduced recombination and high efficiency. For preparation of multi-c Si wafers, the broken chunks of poly-c Si rods are mixed and heated to melt. The molten Si is carefully cooled and solidified into ingots, which are cut into wafers and used for solar cell applications. Multi-c Si can be easily recognized visually by the small crystals, which impart the metal flake effect in the material.

Poly-c Si is a potential material for large-scale photovoltaic production and can be prepared in thin film as well via the CVD technique like low pressure CVD (LPCVD) and plasma enhanced CVD (PECVD). Using the CVD technique, the thin films of poly-c Si can be independently deposited on cheaper substrates like glass and plastic. Poly-c Si films are sometime also grown by solid-phase crystallization of amorphous Si (a-Si). For deposition of poly-c Si on plastic substrates via solid-phase crystallization, a-Si is crystallized by the laser crystallization technique. Laser pulse provides the localized heating to a-Si above the melting point of Si and it does not damage the plastic substrate. During the cooling process, the molten Si crystallizes in different grains and the grain size can be controlled by controlling the growth process. Poly-c Si can also be prepared via metal-induced crystallization of a-Si thin films, where a-Si thin film is annealed in contact with some metal like gold, silver, and aluminum. Along with high stability like c-Si, it is comparatively very cheap to produce and requires little material for solar cell fabrication that makes this technology comparatively cost effective.

Like c-Si solar cells, the poly-c Si solar cells also have p-n structure with suitably doped n and p regions. Initial poly-c Si solar cells were prepared in 1970s on cheaper grade Si, graphite, and steel that exhibited PCE of ~1.5% [7,8]. For solar cell fabrication it was very important to make sure that the deposited poly-c Si film did not get contaminated by the substrate material. Therefore application of a suitable barrier layer was important. For example, on the graphite substrate a thin layer of SiC was deposited as a diffusion barrier prior to deposition of poly-c Si. When solar cells were prepared on steel substrates, prior to deposition of poly-c Si films, a thin layer of silica, borosilicate, phosphosilicate, or their mixture was deposited on substrate to prevent contamination by diffusion of iron atoms [7,8]. In these studies the poly-c Si layers were grown by thermal decomposition of SiH4 and doped suitably via a hot wire CVD (HWCVD) process. The solar cell structure on the graphite substrates was n+ -poly-c Si/ p-poly-c Si/p+ -poly-c Si/graphite, which possessed thermally evaporated Ti + Ag + Al grid contact on the top of n+ -poly-c Si layer. The p+ -poly-c Si layer was deposited by thermal decomposition of SiH4 in the presence of diborane (B2H6). Subsequently the p-type and n+ -type poly-c Si layers were grown by decomposition of SiH4 in the presence of B2H6 and phosphine (PH3) as respective dopants. Solar cells were also prepared with an n+ base, but no special advantage was observed over a p+ base. The highly doped region in the bottom provides a conducting path for the majority carriers. The basic working principle of a poly-c Si solar cell is similar to that of a p-n junction c-Si solar cell.

The performance of these solar cells is very critical to the processing conditions and should be precisely controlled for high-performance. These solar cells can be prepared in two configurations well known as superstrate and substrate. In superstrate configuration the light enters through the highly transparent supporting substrate, whereas in substrate configuration the light enters from the top of the solar cell. The basic working principle for both types of configuration remains the same but substrate configuration enables us to use a large variety of substrate materials. The structure of a typical poly-c Si solar cell in substrate configuration is shown schematically in Figure 1.5. Though the superstrate configuration has the advantage that it does not have the electrode shadow effect, but its processing is more challenging. To improve the performance of these solar cells, lots of modifications were made in substrates, cell architecture, and processing conditions [9]. In 1990, Green et al. reported a PCE of 17.8% with modified processing conditions and improved device architecture [10]. In 2004, the efficiency of poly-c Si in multi-c form reached a maximum of 20.4% [11]. Some of the well-known companies making multic Si solar cells are Luxen Solar Energy, Chinaland, Risen Energy, ECO PV China, and JS Solar, China; Orange Solar, Netherlands; SolarWorld, Sun Perfect Solar, and Zebra Energy, United States; and Qsolar, Canada.
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FIGURE 1.5

(a) Schematic representation of stacking of different layers in a typical poly-c Si solar cell. (b) Top view of a multi-c Si solar cell.

Ribbon Si is another form of Si, which is actually poly-c Si grown in flat ribbon from molten poly-c Si. The efficiency of ribbon Si solar cells is low, but they are more cost effective than poly-c Si solar cells because in ribbon formation the Si wastage is reduced. For the growth of ribbon Si, a graphite dye is immersed in the molten Si and a self-supporting 2D sheet of Si is pulled out by the capillary action [12]. The string ribbon method is another way to grow Si ribbons [13]. In 2006, the efficiency of ribbon Si solar cells already crossed 18% [14]. Despite a great hope of becoming a dominating technology in the PV market, ribbon Si only had about 2% share around 2006 and after 2011 they almost lost the interest and presently hold almost no share in global PV production.

c-Si solar cells had reasonably high performance, which made them a reliable source of electricity generation for satellites and space vehicles, but their cost was very high compared to their power output. The price horrified their utilities, but they were still relied on because cheaper alternatives were not available. It was extremely difficult to make them in large area because it multiplies the production cost many times. Though poly-c Si solar cell technology was comparatively cheaper, prices were still too high to be used for costeffective energy production. Expensive cost and complicated fabrication processes of these solar cells gave birth to their next generations. We now have four generations of solar cells. The second-generation solar cells had lower efficiency but much cheaper production cost than the first ones. Third- and fourth-generation solar cells are supposed to be not only efficient but also highly cost effective and more sophisticated, but they are not yet commercialized and lots of research and development work is ongoing to make them commercially viable. These next generations of solar cells are discussed next in brief.

1.3.2Second Generation of Solar Cells

For cost-effective solar cell technology, new processes and materials were developed, which included amorphous Si (a-Si), copper indium gallium diselenide (CIGS), and cadmium telluride (CdTe). These materials are processed in thin films and the solar cells made of these materials are also known as thin-film solar cells. These solar cells incorporate a small amount of active materials and are processed on inexpensive substrates like glass and plastic. These solar cells can easily be processed in large area and when processed on plastic substrates, they can be fabricated roll-to-roll (R2R) with ease. These materials are comparatively less efficient than c-Si due to inferior film quality and more recombination losses, but they promise to be highly cost effective. The reduced cost of thin film solar cells comes out from little usage of materials, cheaper substrates, and high throughput in production. However, incorporation of some toxic elements and photoinduced degradation are their main drawbacks. Out of total PV production in the global market, thin-film solar cells account for about 10% share.

1.3.2.1Amorphous Si (a-Si) Solar Cells

a-Si is a noncrystalline form of Si, where Si atoms are not arranged in a long-range order (an order may exist over nanometer range of atom arrangements) and unlike c-Si not all the atoms are fourfold coordinated. It is an indirect band gap material with a band gap of about 1.7 eV and has high optical absorption coefficient. a-Si had been identified to be an important light-absorbing material for solar cell applications and is relatively cheaper to produce, but due to its amorphous nature some of the atoms possess dangling bonds (see Figure 1.6). The dangling bonds cause defects and charge carrier traps in the films that affect the device performance. a-Si is usually prepared by PECVD at different frequency voltages and HWCVD methods [15–17]. There have been reports on some other methods as well, such as reactive sputter deposition [18], electron beam evaporation [19], photo CVD [20], and pulse laser deposition (PLD) [21]. a-Si was first prepared via the PECVD method using SiH4 [15,22], and PECVD at 13.56 MHz still remains the widely used method for research and manufacturing of a-Si thin films and devices.
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FIGURE 1.6

Schematic representation of chemical bonding in (a) a-Si and (b) a-Si:H.

In principle, SiH4 gas or a mixture of SiH4 and other gases like H2 or He is introduced in the reaction chamber where SiH4 decomposes into radicals, and Si radicals diffuse and deposit on the substrate. The dangling bonds in a-Si could be passivated by hydrogen via bonding with hydrogen atoms. Hydrogen passivated a-Si is known as hydrogenated a-Si (a-Si:H), which had better photovoltaic performance than a-Si but exhibited light-induced degradation, which is commonly known as the Staebler–Wronski effect [23]. Due to better photovoltaic performance with a-Si:H, most solar cells are prepared using a-Si:H but they may be written as a-Si solar cells. For solar cell preparation, a-Si is doped n-type and p-type like c-Si and a p-n junction is prepared for development of internal electric field, which helps in charge extraction. For n-type doping PH3 gas and for p-type doping some B2H6 gas is introduced along with SiH4. In n-type a-Si, the dopant atoms (phosphorous) make threefold coordination and bond to only three neighboring Si atoms. This way there are two electrons left on the phosphorous atoms in s orbital that do not participate in bonding. This configuration is chemically more favorable and happens because of the amorphous nature of Si. This paradox was explained by Street in 1982 as the positively charged fourfold coordinated phosphorous and negatively charged dangling bond seldom occur [24]. Most of the dopant atoms do not contribute to free electrons, and for those that contribute to free electrons, a dangling bond is there to accept it. The dangling bonds induced by doping work as trapping sites for holes. As for the photocurrent, collection of both the electrons and holes is necessary, the photons absorbed in the doped regions do not contribute to the photocurrent therefore solar cells are prepared in p-i-n structures.

Both the superstrate and substrate configurations have been employed for the fabrication of a-Si solar cells. Most a-Si solar cells are prepared in superstrate configuration where light enters through the highly transparent supporting substrate. There exists a transparent conducting oxide (TCO) between the transparent substrate and the active a-Si layers deposited in the p-i-n structure. The schematic structure of a typical a-Si solar cell in superstrate configuration is shown in Figure 1.7a. The p-type, intrinsic, and n-type a-Si thin films are deposited sequentially on TCO that are followed by deposition of top metal electrode. The intrinsic layer is relatively thicker than the p- and n-type layers. For the Fermi level alignment of n and p regions, electrons diffuse from the n-type to the p-type layer and make the two sides positively and negatively charged, respectively. This diffusion of electrons creates a built-in electric field across the intrinsic layer. The solar cells are illuminated from the TCO side and the photons are absorbed in the intrinsic layer where each photon causes the generation of one electron–hole pair. The built-in electric field sweeps away the photogenerated charge carriers (electrons toward n-type and holes toward p-type) and a photocurrent is generated. On the other hand, the substrate configuration possesses an n-i-p structure on the substrate and the light is illuminated from the top (p side). Figure 1.7b schematically shows the working of a superstrate p-i-n a-Si solar cell. In the doped regions, due to rapid recombination almost all the photogenerated charge carriers are lost and no photocurrent contribution from the doped layers is obtained, therefore the intrinsic layer is made thick enough to absorb most of the incident light.
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FIGURE 1.7

(a) Schematic stacking of different layers in a typical a-Si solar cell. (b) Schematic representation of photovoltaic effect in an a-Si (p-i-n) solar cell.

D. Charlson and C. Wronski from Radio Corporation of America (RCA), Princeton, fabricated the first a-Si solar cell in 1976 using the PECVD process that showed a PCE of 2.4% [25]. Later, lots of modifications were made in materials and processing conditions to further improve the performance of these solar cells. The properties of grown a-Si thin films depend critically on the deposition conditions. Later in 1986, the HWCVD technique was used to grow a-Si thin films, and then in 1991 Mahan et al. fabricated a-Si thin films with much superior properties [17]. HWCVD proved to be a very promising technique and is similar to the PECVD technique except it possesses a hot wire instead of a radiofrequency (RF) electrode. Using the HWCVD technique for a-Si thin films, Wang et al. achieved the PCE of ~10% in a-Si solar cells [26]. For improved photon harvesting two or more solar cells are stacked one on another to form a multijunction or tandem structure. Usually a subcell absorbs the incident photons that are not absorbed by other subcells. Recently, Kim et al. reported an initial efficiency of 16.1% (in-house) in a triplejunction a-Si:H/a-SiGe:H/µc-Si:H tandem solar cell. The tandem solar cell in the a-Si:H/µc-Si:H/µc-Si:H configuration exhibited a stabilized efficiency of 13.4% that was certified by NREL, United States [27].

Though a-Si exhibits inferior photovoltaic performance compared to c-Si, this technology is relatively very simple and the films can be made much thinner (less than 1 μm) than c-Si that saves the material cost. Also, the films can be deposited at lower temperature on large-area flexible substrates like plastic to give mechanical flexibility. a-Si solar cells are being used for small applications where very little power is required such as pocket calculators, toys, and LCD-based devices. Efficiency is not the main advantage of a-Si solar cells, but it is their lower cost. However, when stacked solar cells are prepared for higher efficiencies, the production cost comes out to be very high and it makes this technology less attractive. Photodegradation is another drawback of this technology and remarkable progress has not yet been made in this direction. Out of 10% share of thin-film technology in world PV production, a-Si solar cell technology accounts for about 1.2%. Some of the well-known companies making a-Si solar cells are DuPont, United States; Onyx Solar, and Gadir Solar, Spain; Apollo New Energy, Japan; Mitsubishi Heavy Industries, Japan; Sungen International, Hong Kong; and FF Solar, Global Solar, GSP, Sunhi Solar, and QS Solar China, China.

1.3.2.2Copper Indium Gallium Diselenide (CIGS) Solar Cells

CIGS is an I–III–VI2 compound semiconductor made of copper, indium, gallium, and selenium, which are, respectively, from groups IB, IIIA, IIIA, and VIA of the periodic table. The chemical composition of CIGS is CuIn(1–x)GaxSe2, where x varies from 0 to 1. For x being 0 we have pure copper indium diselenide (CuInSe2), whereas for x being 1 we have pure copper gallium diselenide (CuGaSe2) compound semiconductors. CIGS is a direct band gap semiconductor, where band gap varies with variation in x from about 1.0 eV (CuInSe2) to about 1.7 eV (CuGaSe2) [28]. I–III–VI2 semiconductors are chalcopyrite and have high optical absorption coefficients for the photons with energy higher than their band gaps. Only a few microns thick films can absorb most of the incident photons, making them high potential materials for PV applications. The crystal structure of CIGS is shown in Figure 1.8. It is one of the best materials known so far for efficient light absorption in solar cell applications and is usually prepared by coevaporation or cosputtering of copper, indium, and gallium on the desired substrate followed by thermal annealing in the selenium environment. Alternately, it can also be prepared by coevaporation of copper, indium, gallium, and selenium onto the substrate kept at an elevated temperature. Electroplating and in situ sintering of precursor materials are other nonvacuum-based alternate processes for preparation of CIGS. Preparation of CIGS thin films has also been attempted by CVD and other techniques, which are described by Kemell et al. [29]. Codeposition of copper, indium, and gallium followed by selenization gives better compositional uniformity than coevaporation of all four materials.

Selenization is a very important process that controls the CIGS film quality and its properties. Usually hydrogen selenide (H2Se) is used as a Se source for selenization, but elemental Se in the vapor phase can also be used for this purpose. Where the complete selenization with elemental Se is achieved at above 500°C, H2Se imparts faster selenization at around 400°C. H2Se gives better compositional uniformity and larger grain sizes, but it is very toxic and environmentally hazardous. During selenization Se gets adsorbed and diffused into the Cu-In-Ga film and several complex reactions like formation of Cu-In-Ga alloy, metal selenides, and various CIGS compounds take place and form a chalcogenide. Because of complexity of such reactions it is very difficult to prepare good quality CIGS films. If the reaction is not controlled precisely we might end up with separate phases of CuGaSe2 and CuInSe2. Therefore, the reaction time and temperature should be sufficient enough with controlled supply of Se for preparation of good quality CIGS films. Deposition of copper, indium, and gallium in multilayer configuration, for example, Cu/ In/Ga/Cu/In/Ga (also known as stacked elemental layer), imparts better crystallinity and smoother surface. Multilayer configuration gives better efficiency, but it is very complicated in preparation.
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FIGURE 1.8

Crystal structure of CIGS chalcopyrite.

CIGS solar cells can be prepared on inexpensive substrates like glass, plastic, and metal sheets and the deposited films are polycrystalline in nature. Figure 1.9 shows the basic structure of a typical CIGS solar cell in the substrate configuration and CIGS is the actual light absorber. For glass substrates usually soda-lime glass is preferred as it is less expensive, but, more important, it participates in making the cell more efficient. Soda-lime glass is a good source of alkali impurities, which diffuse into Mo (molybdenum) and CIGS films and create beneficial defect effects. The substrate is coated with Mo, which serves as the back electrode and a thin film of CIGS is deposited on it. Mo also serves as a back reflector to reflect the unabsorbed light back into the device and improves its efficiency. The CIGS film is self doped p-type by the intrinsic defects. Cu deficiency in CIGS creates electron acceptor vacancies and makes it p-type. For Cu deficient CIGS films, an n-type ordered defect compound is formed at the surface that develops a p-n homojunction near the surface. Before the deposition of the heavily doped n+ -type TCO layer, which is usually Al doped ZnO (ZnO:Al), thin films of intrinsic CdS and ZnO are deposited on CIGS film. Intrinsic ZnO is deposited to protect CdS and the absorber layer from the damage caused by subsequent deposition of the ZnO:Al layer. CdS is used as a buffer layer for electron collection but it is optional (there have been number of reports on CIGS solar cell where no Cd was incorporated at all). However, a heterojunction with CdS gives more stable and efficient solar cells. Fermi level alignment between p-type and n-type semiconductors builds up an internal electric field, which helps in collection of photogenerated charge carriers. Heavily doped ZnO:Al layer also serves as the front contact. Due to very high band gap, ZnO works as window material and light absorption actually takes place in the CIGS layer. Some people have also used tin doped indium oxide (In2O3:Sn), commonly known as indium tin oxide (ITO), in place of ZnO:Al as the front contact. For ZnO contact, Ni/Al grid electrodes are deposited on the top ZnO:Al film.
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FIGURE 1.9

Schematic structure of a typical CIGS solar cell showing generation and collection of photogenerated charge carriers.

Though the synthesis and characterization of CuInSe2 was first done in 1953, it was used for solar cell applications at Bell Laboratories in the early 1970s. Deposition of n-type CdS on p-type single crystal of CuInSe2 gave PCE of around 12% [30], which was a remarkable achievement but due to great difficulty in the growth of single crystal CuInSe2, no further efforts were made on CuInSe2 single crystal solar cells. In 1976, Kazmerski et al. fabricated the first thin-film CuInSe2/CdS solar cell with thermal evaporation of CuInSe2 that exhibited the PCE of about 6% [31]. When Mickelsen et al. demonstrated around 10% efficiency in 1981 [32], research in CIS solar cells got accelerated. Partial substitution of In by Ga resulted in CIGS, a semiconductor with better optical and electrical properties with wider band gap and improved film crystallinity. Too much introduction of Ga resulted in highly resistive films, which were not good for solar cell applications. CIGS with band gap of around 1.25 eV resulted in optimum photovoltaic performance, therefore most CIGS solar cells are prepared with such band gaps. More interesting, the behavior of CIGS/CdS solar cells was insensitive to junction defects that led to highly efficient solar cells. Among the chalcopyrites, CIGS proved to be the most efficient light absorber. Additionally, introduction of a little amount of Na in CIGS results in high-performance solar cells. Usually it is done by the soda-lime glass, otherwise Na is deliberately added. It increases the hole conductivity, passivates the grain boundaries, and controls the grain size. Further development in device engineering made them the most efficient among all thin-film solar cell technologies and the efficiency has already taken over multi-c Si solar cells with 21.7% PCE. Copper indium disulfide (CuInS2) is another important chalcopyrite with energy band gap of 1.5 eV. It also has great potential to be a candidate for producing efficient solar cells [33]. Among all PV technologies, CIGS has the widest spectral response and perform well in low light conditions as well. CIGS solar cell technology is quite reliable, cost effective, and highly efficient. Out of the 10% share of the thin-film global PV market, CIGS solar cells account for about 3.8%. Some of the well-known companies making CIGS solar cells are Ascent Solar Technologies, Solo Power, and Global Solar Energy, United States; AVANCIS, Germany; Hulk Energy Technology, Taiwan; Japan Solar, Japan; LBS, UK; and Shurjo Energy Private, India.

1.3.2.3Cadmium Telluride (CdTe) Solar Cells

CdTe is a II–VI compound semiconductor with a zinc blend crystal structure having a direct band gap of 1.5 eV. It has a very high optical absorption coefficient and because the film is only a few microns thick it is sufficient enough to absorb most of the incident light. It is an excellent light-absorbing material for solar cell applications. Photoconductivity in CdTe was first observed by Bube in 1955 [34], but the solar cells were prepared by Cusano in 1963 [35]. The n-type Cu2Te was deposited on p-type CdTe to form a p-n heterojunction, but these cells were very unstable. Replacement of Cu2Te by n-type CdS resulted in better performance and in 1972 Bonnet et al. fabricated CdTe/CdS solar cells of around 5% efficiency [36]. Later in 1981 Tyan demonstrated 10% efficient CdTe/CdS solar cells using the closed space sublimation (CSS) technique (a thermal evaporation technique where source and substrate are placed very close to each other) [37,38]. Like other thin-film solar cells, these solar cells could also be prepared on inexpensive substrates like glass, plastic, and metal foils. Figure 1.10 shows the schematic cross-sectional view of a typical CdTe solar cell in superstrate configuration on glass substrate. The light is illuminated from the transparent glass side that is coated with a low resistive TCO, which works as the bottom electrode. TCO is usually ITO or fluorine doped tin oxide (SnO2:F) (FTO). A thin layer of CdS, which works as a window layer for the incident light, is followed by the CdTe absorber layer. The CdS layer is usually deposited by a chemical bath process [39], where cadmium acetate (Cd(CH3CO)2) is used as Cd source, thiourea (CS(NH3)2) is used as S source, ammonium acetate (NH4CH3CO) and ammonia (NH4OH) are used as buffer and complexing agents, respectively. CdTe is usually deposited by CSS technique, which is based on the principle of dissociation of CdTe at high temperatures. The two gases of Cd and Te then diffuse and recombine on the substrates, placed about 2 mm away from the source [40]. After deposition of CdTe layer, a CdCl2 annealing step is performed, which had proved to be an important step for efficient energy conversion [41–45]. CdCl2 has been proposed to eliminate the recombination centers in CdTe film and at the CdTe/CdS junction [46,47]. Usually for CdCl2 treatment the substrates are dipped in CdCl2 solution followed by annealing [43], but several people have also used vapor-based CdCl2 treatment in place of solution-based treatment [44,45,48]. A dry fabrication process is most suitable for in-line production to give cost effective, high throughput PV production. After CdCl2 treatment an electrode is coated on the top of CdTe layer for the top contact. CdTe possesses a high work function and no known metal makes an ohmic contact with CdTe, therefore a small amount of Cu in addition to other materials like HgTe and graphite has been used as top contact for CdTe [49,50]. Such a low resistive Cu paste resulted in improved performance of solar cells. Finally, Ag paste is applied on the top electrode to reduce its lateral resistivity. Kuribayashi et al. used Cu-added graphite paste as the top electrode with final deposition of Ag via screen printing and got a PCE of 12.8% [49]. Some people also approached the deposition of a heavily doped high work function p-type interlayer like Cu doped p-ZnTe films, before metallization on the top of CdTe layer [51–55]. Sputtering, spray pyrolysis, electrodeposition, and screen printing are some other techniques that have also been used for the production of CdTe/CdS solar cells.
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FIGURE 1.10

(a) Schematic cross-sectional view of a typical CdTe solar cell. (b) Crystal structure (zinc blend cubic) of CdTe.

In 1992, introduction of a thin resistive transparent oxide (SnO2) buffer layer between low resistive TOC and CdS film, and thinning down of the CdS buffer layer improved the cell efficiency up to 15%. The efficiency of these solar cells could be improved further by doing device engineering, pre- and postdeposition treatments and controlling the CdTe growth and its quality [41,56]. Considerable efforts have been made to improve the cell performance and very recently in February 2015, First Solar announced the record efficiency of 21.5% for CdTe solar cells [57]. CdTe solar cell technology shares about 5% of PV production in the global market. Toxicity of CdTe is the main drawback of CdTe solar cells. But safe use and encapsulation of devices may render it harmless and at the end of life of the cell it could be recycled and the concerns of environmental harm can be resolved. Improved efficiency and recycling of CdTe solar cells has the potential to make CdTe PV technology a leading technology in the PV market. Some well-known companies making CdTe solar cells are First Solar, Dmsolar, and Willard & Kelsey (WK) Solar, United States; Advanced Solar Power, China; Calyxo, and Antec Solar, Germany; and LBS, UK.

1.3.3Third Generation of Solar Cells

The third generation of solar cells includes multijunction solar cells and emerging PV technologies like dye-sensitized solar cells (DSSCs), organic solar cells (OSCs), and quantum dot solar cells (QDSCs). A brief introduction to each of these is given next.

1.3.3.1Multijunction Solar Cells Based on III–V Compound Semiconductors

III–V compound semiconductors like gallium arsenide (GaAs), gallium antimonide (GaSb), and indium phosphide (InP) were also observed to have excellent optical and electrical properties making them potential candidates for solar cell applications. They possessed very high optical absorption coefficients and absorbed most of the incident light within few micrometers. GaAs has a direct band gap of 1.43 eV and the atoms are arranged in zinc blend cubic crystal structure. First, reasonably high efficiency from GaAs-based p-n homojunction solar cells was reported in early 1960s that was about 11% [58]. Later in the early 1970s, Alferov et al. first reported AlGaAs/GaAs-heterojunction-based p-n junction solar cells [59]. In the 1980s, GaAs-based solar cells surpassed Si solar cells efficiency and in 1990s took them over for satellite applications. GaAs-based single-crystal single-junction thin-film solar cells hold the record maximum efficiency of 28.8%, which has remained unchanged since early 1990s [60]. GaAs homojunction solar cells were more superior than c-Si-based solar cells both in terms of efficiency and resistant to damages caused by space radiation [61]. Their superior properties made them the most suitable candidate for power generation in space. So, whenever very high power or small size solar arrays are required in spacecrafts, III–V compound multijunction solar cells are used instead of or in combination with c-Si solar cells. From the radiation resistance point of view, InP-based solar cells have been found to be more superior compared to those based on both c-Si and GaAs [62]. The only drawback of GaAs solar cells was their high production cost. Initially single crystals of GaAs were produced via Czockralski method or Bridgmann method. The cheaper processes used for material growth did not work as those resulted in imperfect crystals and the efficiencies came out to be very low. Additionally, the single crystal wafers of GaAs were dense but mechanically very fragile. To overcome the issues related to cost and fragility, the solar cells needed to be grown on lighter and less expensive substrates. Efforts were made in this direction by growing thin films of the semiconductors, but the lattice mismatch, caused by the substrate, remained the biggest problem. For the growth of highquality epitaxial thin films, liquid phase epitaxy (LPE) and metalorganic CVD (MOCVD) techniques were used that resulted in highly efficient solar cells, but these techniques were quite expensive. However, these techniques proved to be cost effective when monolithic multijunction solar cells were fabricated. Therefore, over the last 20 years, instead in single-junction solar cells, the focus has been on the development of multijunction solar cells.

It is important to note that a single-junction solar cell possesses lots of energy losses, where transmission of photons with energy less than the band gap of the semiconductor and loss of excess energy as heat for the photons with energy more than the band gap of the semiconductor are some very important examples. These losses limit the performance of a solar cell. Detailed calculation by Shockley and Queisser showed that the efficiency of a single-junction solar cell cannot exceed 31% [63]. The maximum efficiency of 31% is achievable with a semiconductor of band gap around 1.3 eV. As per the same calculation, Si (band gap of 1.1 eV) can have 29% efficiency as the limit for a single p-n junction solar cell. However, the efficiency can cross these limits if two or more semiconductors having different band gaps are incorporated in the same cell. Multijunction solar cells emerged from the idea of minimizing the energy losses by stacking multiple p-n junction solar cells one on another, from previous generations that absorb different portions of solar light. Where Loferski et al. proposed the maximum theoretical limit of efficiency to be 60% in multijunction solar cells [64], Henry predicted 72% efficiency with 32 component cells [65]. Accounting the thermodynamic loss mechanisms, an infinite-layer solar cell would have a theoretical limit of 86% efficiency [66]. Multijunction structures indeed increased the PCE significantly [67,68]. The stacking of different cells should possess the sequential reduction or increment in the band gaps of constituting subcells and the light should enter from the side of the subcell with highest band gap. The concept is that the photons that are not absorbed by one cell would be absorbed by the following cell. The multijunction concept includes both the monolithic growth and mechanical stacking of individual cells one on other. In monolithic growth, the discrete p-n junctions forming different cells of different band-gap materials are grown one on other, and they are connected to each other physically, electrically, and optically. But in mechanical stacking the individual p-n junction cells are stacked one on other such that the cathode of one individual cell faces the anode of other. Mechanical stacking is represented by the symbol “//” between the connecting cells and it gives great flexibility in connecting the cells, which are completely incompatible, but this configuration remained less efficient than monolithic stacking. Figure 1.11 shows the schematic cross-sectional view of mechanically and monolithically stacked multijunction solar cells. Hot carrier cells and spectrum conversion have been some other ideas, which have been implemented to minimize the energy losses for improved performance.

In monolithic growth, the growth techniques and intercompatibility of constituent materials are very important for fabrication of efficient solar cells. For this purpose, MOCVD is the best technique for film growth and ternary III–V compounds have shown the best intercompatibility giving most efficient multijunction solar cells. MOCVD enabled growth of high-quality multilayer complex structures of different III–V compound materials with an ease. In 1988, Olsen et al. fabricated a two-junction GaInP2/GaAs solar cell that had an efficiency of about 22% [69]. This paved a path to develop a GaInP/GaAs/Ge triple-junction solar cell, where the GaInP2/GaAs junction was grown on a Ge substrate and the device exhibited 34.1% efficiency [67]. Then in 2012, Agui et al. achieved 36.9% efficiency in a GaInP/GaAs/GaInAs triple-junction solar cell [68]. The triple-junction solar cells hold the current maximum efficiency of 37.9% without any concentrator. The concentrated triplejunction solar cells crossed 40% efficiency in 2007 [70,71] and the efficiency has now gone beyond 44% [72]. King et al. predicted that even five- or six-junction solar cells with concentrators can give more than 50% efficiency [73,74].
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FIGURE 1.11

Schematic cross-sectional view of the typical (a) mechanically stacked GaAs//CIGS and (b) monolithically stacked GaInP2/GaAs, multijunction solar cells.

Multijunction solar cells are the only third-generation solar cells that are commercially available. They are highly efficient and hold the world records in performance, but these solar cells are very expensive and are being used in satellites and other terrestrial applications only. Multijunction solar cells cost ~$40,000/m2. Hopefully with solar concentrators these cells would become less expensive. The ultimate goal for multijunction solar cells is to reduce their cost so that they could also participate in fulfilling the world’s energy demand. Some well-known companies making multijunction solar cells are Akhter Solar, Solargy, UK; ArimaEco, Delta Electronics, and Everphoton Energy, Taiwan; Daido, Japan; AZUR Space, Germany; HT Sun, Italy; Morgan Solar, Canada; Solar System, Australia; ZSun Technology, China; Zytech Solar, Spain; and Semprius, United States.

1.3.3.2Quantum Dot Solar Cells (QDSCs)

QDSCs is another solar cell technology based on the concept of minimization of energy loss using semiconductors of different band gaps like planer multijunction solar cells but with better tunability across the solar spectrum and ease in production. The idea of using quantum dots (QDs) in solar cells was introduced by Burnham and Duggan in 1990 [75]. QDs are basically the tiny particles (a few nanometers) of a semiconductor that have a size of exciton Bohr radius. QDs incorporate only a few atoms/molecules of the semiconductor. Due to such a small size the electron energies in the particle become finite and discrete like in an atom. These energy levels are tunable with the size of the particle and so the band gap varies. The band gap of bulk semiconductor is fixed but the band gap of a QD of that semiconductor can be tuned easily by changing its size. Ease in tunability of band gaps makes QDs potential candidates for multijunction solar cells, where materials of different band gaps are required for efficient photon harvesting from different regions of solar spectrum. Initially, MOCVD was used for preparation of QDs, but later they could be prepared with less expensive wet chemical processing. Wet chemical synthesis and processing of QDs is quite easy and can be deposited on any desired substrate by the spin coating technique from their colloidal suspension in liquids. For long-term sustainability of the concentrated solutions, some long-chain hydrocarbons are used as ligands [76]. A ligand is usually an ion or a functional group that is attached to a QD to form a coordination complex and plays a very important role in determination of its optical properties. A ligand can be both organic and inorganic, however, the surface passivation through inorganic ligands like halide ions has resulted in efficient performance [77]. Even the band edge energies of QDs can be varied through ligand exchange [78,79] and can be used for different functions [80].

QDs can easily be processed on large-area R2R panels with spray and printing techniques that would reduce the module production cost. QDs of many semiconductors, such as Si, GaAs, GaSb, PbS, PbSe, CdTe, CdSe, CdS, CIGS, and ZnSe, have been grown and successfully incorporated in solar cells. QDs can be incorporated in many ways in a solar cell. A QDSC solar cell could be made of QDs only in superstrate configuration on glass/plastic substrates or it could be prepared in substrate configuration where the substrate is a bulk semiconductor and the QDs are deposited on it. In multijunction solar cells, QDs could be used in a series of different sized QDs to absorb different regions of the solar spectrum. The structure of a typical multijunction all-QDs tandem solar cell on a glass substrate is shown in Figure 1.12. For ease in production of a cell, usually different sized QDs of the same semiconductor are used. The colloidal solutions of different sized QDs are spin cast one on other with interconnecting layers to formulate a solar cell. Chuang et al. prepared single-junction PbS QD solar cells [80]. The solar cells were prepared on ITO-coated glass substrates. Before deposition of PbS QDs, a thin layer of ZnO was deposited on ITO via the spin coating technique. PbS QDs capped with oalic acid were solution processed on ZnO film with two ligands, tetrabutylammonium iodide (TBAI) and 1,2-ethanedithiol (EDT), for solid-state ligand exchange. Finally, an Au anode was deposited by thermal evaporation in vacuum. Light absorption takes place in QDs and the photogenerated charge carriers get collected at respective electrodes with the help of an internal electric field developed from the Fermi level alignment of two electrodes. The device consisting of 12 films of TBAI-treated QDs exhibited around 6% efficiency, and replacing the two topmost layers of PbS-TABI with two PbS-EDT layers improved the efficiency to about 9% [80]. The top layers of PbS-EDT served as the hole transport and electron blocking layer that resulted in enhanced efficiency. This is the maximum efficiency reported so far for singlejunction QDSCs [80,81]. It is not a remarkable figure compared to conventional solar cells, but theoretically they promise to have a surprising efficiency limit of 45%. This is possible because absorption of a photon in QDs generates more than one electron–hole pair and the efficiency can be more than double of a single-junction solar cell [82,83]. It makes the QDs very efficient at converting light into electricity. Some companies making QD solar cells are Voxtel, United States; Solterra Renewable, United States; and Shenzhen YinXuanShen Technology, China.

[image: ]

FIGURE 1.12

Schematic structure of an all-QDs tandem solar cell.

1.3.3.3Dye-Sensitized Solar Cells (DSSCs)

Dye-sensitized solar cells (DSSCs) is another class of thin-film solar cells that is based on organic dyes. DSSCs are quite thin, lightweight, and can be processed at low temperatures on nonexpensive substrates like glass, plastic, and metal foils. Low cost processing and inexpensive materials make these cells very cost effective. Figure 1.13a shows the schematic structure of a modern DSSC, where the light-absorbing medium is an organic dye. A typical DSSC possesses a TCO-coated substrate, which is subsequently coated with a thin porous layer of large band gap semiconductor like TiO2. The porous structure of TiO2 film (TiO2 nanoparticles connected with each other to form a porous network) is the basic element for DSSCs. Due to the large band gap of TiO2, it absorb very little light in UV range and works as a window material. Sometime ZnO is also used for this purpose, but TiO2 has shown superior properties. The porous TiO2 layer is coated with an organic dye, which works as a light absorber and sensitizer for TiO2. The top electrode, also known as the counter electrode, is again a TCO coated on other substrate. Usually FTO is used as TCO in DSSCs. The counter electrode is coated with a thin layer of catalytic platinum or lead, and to formulate a solar cell, the counter electrode is coupled with a dye-coated electrode with an electrolyte medium (usually nitrile derivatives) between them. Usually the electrolyte medium possesses an I−/I3− redox couple, which is achieved by addition of I2 to some metal iodide. I2 gets converted into I3− according to the chemical equilibrium I2+I−↔I3−. The I−/I3− redox couple in electrolyte medium helps in transportation of charge in the solar cell.
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FIGURE 1.13

(a) Schematic structure of a DSSC and (b) process of photocurrent generation on light absorption by the cell.

The concept of DSSCs originated from the photosynthesis phenomenon in the plants, where chlorophyll, an organic compound, absorbs the sunlight and initiates photosynthesis process. The photovoltaic effect in DSSCs was first demonstrated in the early 1970s, but instability was their biggest problem [84,85]. Though the efficiency improved in subsequent years but poor stability remained a big problem. In 1991, O'Regan and Gratzel presented the modern version of DSSCs that incorporated TiO2 nanoparticles deposited on a TCO-coated substrate. The nanoparticles were sensitized by the Ru-based organic dye and the cell exhibited a PCE of about 7%–8% [86]. The structure presented by Gratzel was a breakthrough in DSSCs and further development in electrolyte solution and dye molecules led to higher efficiencies; therefore, these solar cells are also known as Gratzel solar cells. Later in 1996, the record efficiency reached a plateau at 10%–11% until ~12% efficiency was reported in 2011 [87]. Very recently a PCE of 13% was achieved through molecular engineering of porphyrin sensitizers [88]. Though DSSCs are in the early stage of development, they promise to be a cost-effective alternate for solar energy harvesting. Professor Michael Gratzel was awarded the 2010 Millennium Technology Prize for making this technology an affordable way to harvest solar energy on a large scale.

The fabrication of DSSCs is extremely simple and does not require elaborate equipment for manufacturing. A 1–2 µm thin porous layer of TiO2 is deposited on the TCO-coated substrates by the doctor-blading technique from a nanocrystalline paste of TiO2. Then, the substrates are immersed in a solution of the organic dye that results in infiltration and adsorption of dye molecules onto TiO2 surface. The adsorption of dye molecules on the TiO2 semiconductor forms a heterojunction, which helps in generation of the photovoltaic effect. For the counter electrode, a thin layer of Pt is coated by sputtering on another TCO substrate. The two substrates are then joined together with coating sides facing each other and a redox couple electrolyte is filled in between. The two substrates are then sealed together to prevent leakage of the electrolyte. The operation of a DSSC can be described as artificial photosynthesis, where light absorption takes place in organic dye, and electrons and holes are generated. Due to low dielectric coefficients of organic molecules, the electrons and holes are tightly bound together and form excitons. The exciton dissociation is achieved at the heterojunction of dye and the TiO2 nanocrystals. The electrons are transferred to the conduction band of TiO2 within femtoseconds, leaving the holes in the dye. The electrons transport through TiO2 via diffusion and reach the TCO electrode. The positive charge on the dye molecules is neutralized by oxidation of I− ion to I3− ion in the I−/I3− redox couple electrolyte. This process regenerates the dye molecule. The I3− ions diffuse to the Pt-coated TCO electrode and reduce back to I− ions by releasing the charge to counter electrode. The reduction of I3− ions requires the presence of a catalyst, and the purpose is served by Pt coated on the TCO electrode. Figure 1.13b schematically shows the mechanism of photocurrent generation on light absorption in a DSSC. The photocurrent generation in DSSCs is completely regenerative and no net change in composition of constituent materials is witnessed. In principle, the efficiency of a DSSC depends on the energy levels of dye molecules, conduction/valance band, or Fermi level of the TiO2 semiconductor, and the redox potential of the electrolyte medium.

Electrical and morphological properties of nanocrystalline TiO2 are also very important for high performance solar cells. The relative positions of TiO2 energy bands, energy levels of the dye, and redox couple are very crucial in determination of photovoltaic parameters. A reduction in potential difference between Fermi level of TiO2 and the energy level of redox couple would reduce the open-circuit voltage (Voc). On the other hand, an increase in Fermi level or conduction band of TiO2 might cause less efficient electron transfer from dye to TiO2 resulting in reduced photocurrent. For efficient light absorption, the TiO2 film should be porous enough to give high surface area for maximum adsorption of dye molecules. The liquid electrolyte fills all the pores in the film and ensures maximum charge extraction. The fraction of the dye molecules that are not strongly attached to the TiO2 surface do not allow fast transfer of electrons and are less photostable. These molecules are dissolved in electrolyte or form higher molecular aggregates. Presence of liquid electrolyte is the main drawback for this technology. Liquid electrolyte makes DSSCs less stable and not suitable for all weather conditions. The temperature variation causes variation in viscosity and volume of the electrolyte, which hinders the charge extraction and affects sealing of the cell. Also the electrolyte possesses volatile organic compounds, which are environmentally hazardous and require high-quality sealing. Use of expensive Pt as the catalyst and ruthenium dyes as the light absorber in highly efficient solar cells is also a drawback for cost-effectiveness. The most efficient devices have remained unchanged from the original concept of DSSCs. It took almost two decades for DSSCs to go beyond 11% PCE and there remains the issue of instability. Attempts have been made to replace the liquid electrolyte medium with some suitable solid-state medium and the solar cells were named solid-state dye-sensitized solar cells (SSDSSCs). Though the SSDSSCs have shown better stability, the efficiencies are low. More important, the concept of SSDSSCs recently gave birth to a new emerging solar cell technology known as perovskite solar cell technology. Perovskite solar cells have shown great potential and promise to be more costeffective and efficient than any other solar cell technology known so far. These solar cells are discussed in detail in Section 1.3.4.

Just for the information to readers, there have been many integrations of DSSCs on a small scale, but only the Swiss Tech Convention Center of Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland, the best equipped conference center in the world that was opened in April 2014, has installed 1400 DSSCs solar modules each of 35 × 50 cm2 on the west façade, covering a total area of about 300 m2. This is the world’s first exterior architectural integration of DSSCs. The modules possess five different shades including red, green, and orange giving the ensemble a warm and dynamic look. They not only produce the electricity but also provide shade to the building from direct sunlight. Such an integration will boost the large-scale production and utilization of DSSCs. Some of well-known companies that have secured the license for manufacturing and marketing of DSSCs are G42i Power, UK; AmoSolar, Korea; 3GSolar Photovoltaics, Israel; Samsung Electronics, Korea; Sharp, Japan; Exeger, Sweden; and Solaris Nanoscience, United States.

1.3.3.4Organic Solar Cells (OSCs)

OSCs are solid-state thin-film solar cells based on organic semiconductors. Organic semiconductors is a special class of aromatic hydrocarbons where carbon atoms are sp2 hybridized and have alternate single and double bonds. Due to alteration in single and double bonds among C atoms these materials are also known as conjugated semiconductors. In principle these materials are insulators in pure form, but they are called semiconductors because their electrical conductivity increases exponentially with temperature and some other properties like band gap are similar to those of the inorganic semiconductors. Alteration of single and double bonds is responsible for the conductivity in these materials. The overlapping of pz orbitals in two sp2-hybridized C atoms form two π molecular orbitals named as π and π* molecular orbitals. The π orbitals, also known as bonding orbitals, exist lower in energy, and the π* orbitals, also known as antibonding orbitals, exist higher in energy. The electrons in pz orbitals occupy the lower energy π orbital. The energy difference between π and π* orbitals corresponds to the band gap of the semiconductor. Most of the organic semiconductors are amorphous in nature, which gives mechanical flexibility to devices. OSCs are prepared in superstrate configuration where TCO-coated glass or plastic is used as the substrate. Depending on the molecular weight, the organic semiconductors can be classified into small molecules (low molecular weight materials with no repeating units), oligomers (low molecular weight materials with some repeating units), and conjugated polymers (high molecular weight materials with repeating units in the polymer chain). Usually thin films of small molecules and oligomers are prepared by thermal evaporation in vacuum, whereas the thin films of conjugated polymers are prepared by spin coating from their solutions. Therefore, there are two subcategories of OSCs: those incorporating small molecules are known as small molecular solar cells (SMSCs), whereas those based on conjugated polymers are known as polymer solar cells (PSCs).

The first OSC was fabricated in 1978 with a single material (merocyanine) sandwiched between Ag and Al electrodes that had an efficiency only almost half a percent [89]. Due to low dielectric constant of organic semiconductors, the photon absorption creates excitons instead of free electrons and holes. The thermal energy at room temperature is not sufficient enough to break the excitons into free electrons and holes. For dissociation of excitons an additional force was required, and in 1986 Tang introduced an electron donor–acceptor concept that resulted in an efficiency of ~1.0% [90]. This solar cell had a donor–acceptor bilayer structure, where a thin film of electron acceptor material was coated on the light-absorbing material, which worked as an electron donor. Electron acceptor material provided the necessary force to break the excitons into free charge carriers at the donor–acceptor interface. The donor–acceptor concept was the most important finding for OSCs and led to more efficient solar cells when the donor–acceptor materials were mixed together [91]. Mixing of donor–acceptor materials forms lots of junctions in a single layer and it is known as the bulk-heterojunction (BHJ) configuration. Figure 1.14 shows the schematic structures of a typical bilayer and BHJ OSCs. Some of the most commonly used donor and acceptor organic materials are also shown in Figure 1.14.
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FIGURE 1.14

Schematic structures of (a) bilayer and (b) BHJ OSCs. Molecular structures of (c) poly(3-hexylthiophene) (P3HT) and (d) phenyl C61 butyric acid methyl ester (PCBM).

BHJ configuration proved to be the most efficient design and revolutionized OSC technology. Further developments in materials and device architectures led to highly efficient solar cells and the efficiency has now gone beyond 11% [92,93]. Though there has been great progress in the performance of bilayer solar cells, the most efficient solar cells are based on BHJ structure. OSCs can be fabricated R2R on plastic sheets at room temperature. Due to ease in production of large-area solar cells and very low material and processing cost, OSCs are supposed to be highly cost-effective solar cell technology. Though these cells will not be as efficient as those based on c-Si, but lower efficiency can be compensated by lower cost. OSCs having 8%–10% efficiency with 5–10-year lifetime can compete with c-Si solar cells [94]. Though the efficiency of OSCs has improved tremendously, the lifetime remains too low to be commercially viable. The basic properties, limitations, difficulties, and progress made toward the market feasibility of OSCs are discussed in detail in the subsequent chapters. Some well-known companies making OSCs are Haliatek, Germany; LBS, UK; Solar Press, UK; and Plextronics, Solarmer Energy, and Solar Ivy, United States.

1.3.4Fourth Generation of Solar Cells

The fourth generation of solar cells is quite futuristic and is expected to have very high PCE. They can be prepared in large area with great ease like DSSCs and OSCs; in addition, high PCE would make them potential candidates for future power generation. The fourth generation of solar cells includes the organic–inorganic hybrid and organometal halide perovskite solar cells. A brief introduction to these solar cells is given next.

1.3.4.1Organic–Inorganic Hybrid Solar Cells

High PCE in OSCs required the donor/acceptor materials of broad absorption spectra and high charge carrier mobilities. On the contrary, the low charge carrier mobilities in organic semiconductors had always been a serious concern. As the inorganic semiconductors have high charge carrier mobilities, high thermal stability, and high photoconductivity, they drew the attention of researchers toward their possible use in OSCs. Interfacial charge separation in OSCs is very critical and it requires large interfacial area for efficient charge separation. Therefore, for the use of inorganic semiconductors along with conjugated polymers, they have been grown in nanocrystalline structures and incorporated as electron acceptors to formulate the solar cells. The solar cells having both organic and inorganic semiconductors as electron donors and acceptors are known as organic–inorganic hybrid solar cells. The organic–inorganic hybrid solar cells utilize high electron mobility of inorganic nanocrystals and wide-range absorption and solution processability of conjugated polymers. Additionally, the combined absorption spectrum of organic–inorganic semiconductors in the composite improves photon harvesting. The relative energy levels of donor/ acceptor materials in hybrid solar cells are of high importance as the photocurrent of the solar cells depends on the energy level alignment at both the donor–acceptor and electrode interfaces. Therefore, in hybrid solar cells the selection of organic–inorganic semiconductors along with suitable electrodes is very crucial.

To deal with the issues of charge separation and transportation in organic–inorganic hybrid solar cells, some of the important inorganic semiconducting nanomaterials that have been used as electron acceptors are CdSe, CdTe, ZnO, CdS, ZnS, TiO2, PbS, and PbSe [95–109]. The structure and working principle of organic–inorganic hybrid solar cells are quite similar to those of OSCs except the electron acceptors in hybrid solar cells are crystalline nanostructures of inorganic semiconductors. The excitons generated in the polymers on light absorption get dissociated at the polymer–inorganic nanocrystal interfaces where electrons get transferred to inorganic nanocrystals and the holes remain in the polymer. Electrons transport through nanocrystalline inorganic semiconductor channels and holes transport through polymer channels to collect at the respective electrodes. The diagrams shown in Figure 1.15a–c represent some of the hybrid solar cells incorporating different nanocrystalline structure of inorganic semiconductors like quantum dots, nanoparticles, nanorods, nanotubes, needles, and arrays of nanorods or nanotubes, and Figure 1.15d represents the working principle of a typical organic–inorganic hybrid solar cell. Researchers have also tried ternary blends where both the inorganic nanocrystalline structures and fullerenes were used as acceptors along with conjugated polymers [110,111].
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FIGURE 1.15

Schematic representation of some of the organic–inorganic hybrid solar cells with different inorganic semiconducting nanostructures like (a) nanoparticles, (b) nanorods or nanotubes, and (c) nanorod or nanotube arrays. (d) Schematic representation of working principle of a typical organic–inorganic hybrid solar cell.

Quantum dots and nanoparticles have the beauty of band gap tuning through variation in their size.
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