
Contents

List of Contributors xxiii

1 Status, Trends, Challenges and the Bright Future of Solar Electricity
from Photovoltaics 1
Steven S. Hegedus and Antonio Luque
1.1 The Big Picture 1
1.2 What Is Photovoltaics? 3
1.3 Six Myths of Photovoltaics 5
1.4 History of Photovoltaics 11
1.5 PV Costs, Markets and Forecasts 15
1.6 What Are the Goals of Today’s PV Research and Manufacturing? 19
1.7 Global Trends in Performance and Applications 20
1.8 Crystalline Silicon Progress and Challenges 23
1.9 Thin Film Progress and Challenges 27

1.10 Concentration PV Systems 31
1.11 Balance of Systems 32
1.12 Future of Emerging PV Technologies 37
1.13 Conclusions 39

References 41

2 Motivation for Photovoltaic Application and Development 45
Joachim Luther
2.1 Characteristics of Photovoltaic Energy Conversion 45
2.2 A Long-term Substitute for Today’s Conventional Electricity

Production – The Ecological Dimension of Photovoltaics 48
2.2.1 In Summary 54

2.3 A Technological Basis for Off-grid Electricity Supply – The
Development Dimension of Photovoltaics 54
2.3.1 In Summary 57

2.4 Power Supply for Industrial Systems and Products – The
Professional Low Power Dimension 57

2.5 Power for Spacecraft and Satellites – the Extraterrestrial Dimension
of Photovoltaics 59
References 60



viii CONTENTS

3 The Physics of the Solar Cell 61
Jeffery L. Gray
3.1 Introduction 61
3.2 Fundamental Properties of Semiconductors 64

3.2.1 Crystal Structure 64
3.2.2 Energy Band Structure 65
3.2.3 Conduction-band and Valence-band Densities of State 66
3.2.4 Equilibrium Carrier Concentrations 67
3.2.5 Light Absorption 70
3.2.6 Recombination 74
3.2.7 Carrier Transport 78
3.2.8 Semiconductor Equations 81
3.2.9 Minority-carrier Diffusion Equation 82

3.3 PN -Junction Diode Electrostatics 83
3.4 Solar Cell Fundamentals 87

3.4.1 Solar Cell Boundary Conditions 87
3.4.2 Generation Rate 89
3.4.3 Solution of the Minority-carrier Diffusion Equation 89
3.4.4 Terminal Characteristics 89
3.4.5 Solar Cell I –V Characteristics 92
3.4.6 Properties of Efficient Solar Cells 95
3.4.7 Lifetime and Surface Recombination Effects 96
3.4.8 An Analogy for Understanding Solar Cell Operation: A

Partial Summary 98
3.5 Additional Topics 99

3.5.1 Efficiency and Band gap 99
3.5.2 Spectral Response 100
3.5.3 Parasitic Resistance Effects 102
3.5.4 Temperature Effects 104
3.5.5 Concentrator Solar Cells 106
3.5.6 High-level Injection 107
3.5.7 p-i-n Solar Cells 109
3.5.8 Detailed Numerical Modeling 109

3.6 Summary 110
References 111

4 Theoretical Limits of Photovoltaic Conversion 113
Antonio Luque and Antonio Martı́
4.1 Introduction 113
4.2 Thermodynamic Background 114

4.2.1 Basic Relationships 114
4.2.2 The Two Laws of Thermodynamics 116
4.2.3 Local Entropy Production 116
4.2.4 An Integral View 117
4.2.5 Thermodynamic Functions of Radiation 117
4.2.6 Thermodynamic Functions of Electrons 119

4.3 Photovoltaic Converters 120



CONTENTS ix

4.3.1 The Balance Equation of a PV Converter 120
4.3.2 The Monochromatic Cell 124
4.3.3 Thermodynamic Consistence of the Shockley–Queisser

Photovoltaic Cell 126
4.3.4 Entropy Production in the Whole Shockley–Queisser

Solar Cell 129
4.4 The Technical Efficiency Limit for Solar Converters 131
4.5 Very High Efficiency Concepts 132

4.5.1 Multijunction Solar Cells 132
4.5.2 Thermophotovoltaic Converters 135
4.5.3 Thermophotonic Converters 136
4.5.4 Higher-than-one Quantum Efficiency Solar Cells 140
4.5.5 Hot Electron Solar Cells 141
4.5.6 Intermediate Band Solar Cell 144

4.6 Conclusions 148
References 149

5 Solar Grade Silicon Feedstock 153
Bruno Ceccaroli and Otto Lohne
5.1 Introduction 153
5.2 Silicon 154

5.2.1 Physical Properties of Silicon Relevant to Photovoltaics 154
5.2.2 Chemical Properties Relevant to Photovoltaics 156
5.2.3 Health Factors 156
5.2.4 History and Applications of Silicon 157

5.3 Production of Metallurgical Grade Silicon 161
5.3.1 The Carbothermic Reduction of Silica 161
5.3.2 Refining 163
5.3.3 Casting and Crushing 166
5.3.4 Economics 167

5.4 Production of Semiconductor Grade Silicon (Polysilicon) 167
5.4.1 The Siemens Process 168
5.4.2 The Union Carbide Process 172
5.4.3 The Ethyl Corporation Process 173
5.4.4 Economics and Business 175

5.5 Current Silicon Feedstock to Solar Cells 175
5.6 Requirements of Silicon for Crystalline Solar Cells 179

5.6.1 Solidification 179
5.6.2 Effect of Crystal Imperfections 182
5.6.3 Effect of Various Impurities 186

5.7 Routes to Solar Grade Silicon 193
5.7.1 Crystallisation 193
5.7.2 Upgrading Purity of the Metallurgical Silicon Route 194
5.7.3 Simplification of the Polysilicon Process 198
5.7.4 Other Methods 201

5.8 Conclusions 201
References 202



x CONTENTS

6 Bulk Crystal Growth and Wafering for PV 205
W. Koch, A. L. Endrös, D. Franke, C. Häßler, J. P. Kalejs
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