
v

Contents

Preface xi
Acknowledgments xv

1 Introduction to Gallium Nitride Properties and Applications 1
Fabrizio Roccaforte and Mike Leszczynski

1.1 Historical Background 1
1.2 Basic Properties of Nitrides 4
1.2.1 Microstructure and Related Issues 7
1.2.2 Optical Properties 13
1.2.3 Electrical Properties 16
1.2.4 Two-Dimensional Electron Gas (2DEG) in AlGaN/GaN

Heterostructures 19
1.3 Applications of GaN-Based Materials 23
1.3.1 Optoelectronic Devices 24
1.3.2 Power- and High-Frequency Electronic Devices 26
1.4 Summary 30

Acknowledgments 31
References 31

2 GaN-Based Materials: Substrates, Metalorganic Vapor-Phase
Epitaxy, and Quantum Well Properties 41
Ferdinand Scholz, Michal Bockowski, and Ewa Grzanka

2.1 Introduction 41
2.2 Bulk GaN Growth 42
2.2.1 Hydride Vapor-Phase Epitaxy (HVPE) 43
2.2.2 Sodium Flux Growth Method 45
2.2.3 Ammonothermal Growth 46
2.3 MOVPE Growth 51
2.3.1 Basics About Nitride MOVPE 54
2.3.2 Epitaxy on Foreign Substrates 58
2.3.2.1 Sapphire as a Foreign Substrate 58
2.3.2.2 GaN on SiC and Si 60
2.3.3 Defect Reduction by ELOG, FACELO, etc. 62
2.3.4 In Situ ELOG by SiN Deposition 64



vi Contents

2.3.5 Doping of Nitrides 64
2.3.6 Growth of Other Binary and Ternary Nitrides 67
2.4 InGaN QWs: Growth and Decomposition 72
2.4.1 Growth of InGaN QWs on Polar, Nonpolar, and Semipolar GaN

Substrates 72
2.4.2 Origins of In Fluctuations 75
2.4.3 Homogenization of InGaN QWs 78
2.4.4 Decomposition of the QWs 79
2.5 Summary 82

Acknowledgments 82
References 83

3 GaN-Based HEMTs for Millimeter-wave Applications 99
Kathia Harrouche and Farid Medjdoub

3.1 Introduction 99
3.2 Targeted Applications for GaN Millimeter-wave Devices 99
3.2.1 High-Power Amplification 100
3.2.2 Broadband Amplifiers 102
3.2.3 5G 103
3.2.3.1 GaN for 5G 104
3.2.3.2 GaN Base Station PAs 106
3.2.3.3 Moving Forward to 6G 108
3.3 GaN-based Material Designs for Millimeter-wave Applications 108
3.3.1 Intrinsic Characteristics and Comparison with Other Materials for RF

Devices 108
3.3.2 Specific Material Systems for RF Devices 114
3.4 Device Design and Fabrication of Millimeter-wave GaN Devices 116
3.4.1 Description of Key Processing Steps for Various GaN Device

Designs 116
3.4.1.1 Device Scaling for Millimeter Wave 116
3.4.1.2 T-shaped Gate Design 116
3.4.1.3 Advanced Ohmic Contact Technology 117
3.4.1.4 N-polar GaN HEMTs 118
3.4.1.5 AlN-Based Device Performances 119
3.4.1.6 InAlGaN-Based Device Performances 121
3.4.2 State-of-the-art Millimeter-wave GaN Transistors 122
3.5 Overview of MMIC Power Amplifiers 123
3.5.1 MMIC Technology Using III-N Devices 123
3.5.1.1 III–V Material-Based MMIC Technology 123
3.5.1.2 Power Amplifiers 124
3.5.1.3 Low-Noise Amplifier 125
3.5.2 MMIC Examples from Ka-band to D-band Frequencies 125
3.6 Summary 126

References 127



Contents vii

4 Technologies for Normally-off GaN HEMTs 137
Giuseppe Greco, Patrick Fiorenza, Ferdinando Iucolano, and Fabrizio
Roccaforte

4.1 Introduction 137
4.1.1 Threshold Voltage in AlGaN/GaN HEMTs 138
4.2 GaN HEMT “Cascode” 140
4.3 “True” Normally-off HEMT Technologies 142
4.3.1 Recessed-gate HEMT 142
4.3.2 Fluorinated HEMT 145
4.3.3 Recessed-gate Hybrid MISHEMT 149
4.3.4 p-GaN Gate HEMT 155
4.4 Other Approaches 163
4.5 Summary 164

Acknowledgments 165
References 165

5 Vertical GaN Power Devices 177
Srabanti Chowdhury and Dong Ji

5.1 Introduction 177
5.2 Vertical GaN Devices for Power Conversion 177
5.3 Vertical GaN Transistors 178
5.3.1 Current Aperture Vertical Electron Transistor (CAVET) 178
5.3.2 Vertical MOSFETs 182
5.4 High-Voltage Diodes in GaN 185
5.5 Avalanche Electroluminescence in GaN P–N Diodes 186
5.6 Impact Ionization Coefficients in GaN 188
5.6.1 Impact of Impact Ionization Studies on Predictive Modeling 193
5.7 Summary 193

Acknowledgments 193
References 194

6 Reliability Issues in GaN Electronic Devices 199
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