
Contents

1 Solar Cells Overview and Perspective to Light-Trapping
Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Place of Solar PV Technology in World Energy Mix . . . . . . . . 1
1.2 Historical Development of Solar Cells . . . . . . . . . . . . . . . . . . . . 3
1.3 Different Solar Cell Technologies . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Current Status of Solar Cell Technologies . . . . . . . . . . . . . . . . . 6
1.5 Basic Working Principle of Solar Cells . . . . . . . . . . . . . . . . . . . 8
1.6 Why c-Si Solar Cell? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.7 Importance of Light-Trapping Structure . . . . . . . . . . . . . . . . . . . 12
1.8 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 c-Si Solar Cells: Physics and Technology . . . . . . . . . . . . . . . . . . . . . 17
2.1 Overview of c-Si Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 c-Si Solar Cell: Design and Technology . . . . . . . . . . . . . . . . . . 19

2.2.1 Classification of c-Si-Based Solar Cells . . . . . . . . . . . . . 19
2.2.2 Architecture of c-Si Solar Cells . . . . . . . . . . . . . . . . . . . 21
2.2.3 Historical Development . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Manufacturing Process of c-Si Solar Cells . . . . . . . . . . . . . . . . . 26
2.4 Photovoltaic Effect in c-Si Solar Cells and Important

Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4.1 Photovoltaic Effect in c-Si Solar Cells . . . . . . . . . . . . . . 29
2.4.2 Current–Voltage Characteristics . . . . . . . . . . . . . . . . . . . 30
2.4.3 Important Solar Cell Parameters . . . . . . . . . . . . . . . . . . . 32

2.5 Role of Light-Trapping Structures . . . . . . . . . . . . . . . . . . . . . . . 35
2.6 ITRPV Roadmap for c-Si Solar Cell Development . . . . . . . . . . 37
2.7 Next Generation c-Si Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . 38
2.8 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

xi



3 Principle of Dielectric-Based Anti-reflection and Light
Trapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.1 Reflection, Refraction, and Transmission from Dielectric

Interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.1.1 Reflection, Refraction, and Transmission . . . . . . . . . . . . 43
3.1.2 Wave Optics Based Interaction of Light

with Dielectric Medium and Interfaces . . . . . . . . . . . . . . 45
3.1.3 Fresnel Equations for Reflection and Transmission . . . . 46

3.2 Dielectric Thin Films and Their Role in Reflection
Reduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3 Role of Refractive Index and Dielectric Medium . . . . . . . . . . . . 52
3.4 Multilayer Dielectric Thin Films for Reflection Reduction. . . . . 55
3.5 Additional Functionality of Dielectric Anti-reflection Layers . . . 59
3.6 Limitation of Dielectric-Based Anti-reflection Structure . . . . . . . 61
3.7 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4 Principle of Texturization for Enhanced Light Trapping . . . . . . . . 65
4.1 Surface Morphology and Its Impact on Light Reflection,

Refraction and Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.2 Textured Surfaces in c-Si Solar Cells. . . . . . . . . . . . . . . . . . . . . 69
4.3 Role of Texture Size and Shape in Light Trapping

and Reflection Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.4 Single Side Texturing Versus Both Side Texturing . . . . . . . . . . 75
4.5 Most Suitable Textured Surface for Better Light Trapping. . . . . 76
4.6 Implication of Texturing Based Light Trapping Structure . . . . . 80
4.7 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5 Texturing Process of c-Si Wafers . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.1 Si Crystal Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2 Wafer Type and Orientation for c-Si Solar Cell Fabrication. . . . 86
5.3 Chemical Process for Texturing . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.4 Process Control for Texture Pyramids Size and Shape

Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.5 Industrial Processes Used for Surface Texturing . . . . . . . . . . . . 94
5.6 Practical Implications of Chemical Texturing Processes. . . . . . . 95
5.7 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6 Anti-reflection Coatings with Textured Surface for c-Si Solar
Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.1 Primary Benefit of Textured Surface in Combination

with Anti-reflection Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2 Analysis on Cell Performance Having Textured Surface

but Without and with Anti-reflection Layer . . . . . . . . . . . . . . . . 103

xii Contents



6.3 Dual Role of Anti-reflection Layers in c-Si Solar Cells . . . . . . . 105
6.4 Most Suitable Light Trapping Geometry . . . . . . . . . . . . . . . . . . 107
6.5 Implication of Existing Light Trapping Geometry

for Next Generation Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.6 Suitable Light Trapping Structure for Next Generation

Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
6.7 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7 Advancements in Traditional Light Trapping Structures . . . . . . . . 115
7.1 Traditional Light-Trapping Structures . . . . . . . . . . . . . . . . . . . . 115
7.2 Inverted Pyramid-Based Light Trapping for Thin

Wafer-Based Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.3 Back Reflectors for Enhanced Light Trapping . . . . . . . . . . . . . . 120
7.4 Advanced Light-Trapping Structures for Next-Generation

c-Si Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.5 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

8 Plasmonic-Based Advanced Anti-reflection and Light
Trapping: Principles and Technology . . . . . . . . . . . . . . . . . . . . . . . . 127
8.1 Plasmonics: Historical Development . . . . . . . . . . . . . . . . . . . . . 127

8.1.1 Plasmon and Surface Plasmon Effect . . . . . . . . . . . . . . . 127
8.1.2 Historical Presence and Development . . . . . . . . . . . . . . . 128

8.2 Plasmonics in Solar Cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
8.2.1 Enhanced Light Trapping by Light Scattering

Based on Particle Plasmons . . . . . . . . . . . . . . . . . . . . . . 131
8.2.2 Enhanced Light Trapping by Particle

Plasmons-Based Light Concentration . . . . . . . . . . . . . . . 131
8.2.3 Enhanced Light Trapping by Surface Plasmon

Polariton (SPP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
8.3 Light–Matter Interaction and Plasmonics . . . . . . . . . . . . . . . . . . 133
8.4 Mie Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

8.4.1 Scattering and Absorption Efficiencies . . . . . . . . . . . . . . 136
8.4.2 Parameters Influencing the Scattering/Mie

Efficiencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
8.5 Backscattering Effect in Nanostructures . . . . . . . . . . . . . . . . . . . 141
8.6 Extraordinary Transmission Through Metal–Dielectric

Extended Layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
8.6.1 Penetration Depth and Propagation Length. . . . . . . . . . . 144
8.6.2 Metal–Dielectric Extended Layers and Propagation

of Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
8.7 Choice of Metal for Plasmonics Applications . . . . . . . . . . . . . . 149
8.8 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Contents xiii



9 Plasmonic-Based Light Trapping for c-Si Solar Cell
Applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
9.1 Need for Plasmonic-Based Anti-reflection Structure

in c-Si Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
9.2 Expectation from Plasmonic-Based Anti-reflector

or Light Trapping Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
9.3 Plasmonic-Based Anti-reflection Structure Suitable

for c-Si Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
9.4 Recent Advancement in Plasmonic-Based Anti-reflector

Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.4.1 Nanoparticles at Front . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.4.2 Nanoparticles at Back. . . . . . . . . . . . . . . . . . . . . . . . . . . 169
9.4.3 Dielectric–Metal Sandwiched Structure. . . . . . . . . . . . . . 172

9.5 Present Limitations for Plasmonic-Based Anti-reflector
Development and Implementations. . . . . . . . . . . . . . . . . . . . . . . 173

9.6 Questions and Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

10 Future Scope in Advanced Lighting Trapping Structure
Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
10.1 Exploration of Metal–Dielectric Extended Layers . . . . . . . . . . . 177
10.2 Nanoparticles at Back Surface of c-Si Solar Cells . . . . . . . . . . . 179
10.3 Reflection Reduction Required for a Wide Range

of Angle of Incidence and Compatibility of Different
Light Tapping Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

10.4 Efficient Light Directors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
10.5 Combination of Multiple Light Trapping Technologies

for Enhanced Cell Performance . . . . . . . . . . . . . . . . . . . . . . . . . 183
10.6 Advanced Light Trapping Structure Implementation

in Next-Generation Solar Cells. . . . . . . . . . . . . . . . . . . . . . . . . . 184
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

xiv Contents



http://www.springer.com/978-981-10-4770-1


	Contents



