


Semiconductor Nanoscale
Devices: Materials and Design

Challenges

Edited by

Ashish Raman
Department of Electronics and Communication Engineering

Dr. B. R. Ambedkar National Institute of Technology
Jalandhar, Punjab, India

Prabhat Singh
Department of Electronics and Communication Engineering

Dr. B. R. Ambedkar National Institute of Technology
Jalandhar, Punjab, India

Naveen Kumar
Device Modelling Group, James Watt School of Engineering

University of Glasgow, Glasgow
United Kingdom

&

Ravi Ranjan
Tyndall National Institute, Lee Maltings Complex Dyke

Parade, Cork, Cork, Ireland



Semiconductor Nanoscale Devices: Materials and Design Challenges
  Editors: Ashish Raman, Prabhat Singh, Naveen Kumar and Ravi Ranjan

ISBN (Online): 978-981-5313-20-8 

ISBN (Paperback): 978-981-5313-22-2

© 2025, Bentham Books imprint. 

Published by Bentham Science Publishers Pte. Ltd. Singapore. All Rights Reserved. 

ISBN (Print): 978-981-5313-21-5

First published in 2025. 



BENTHAM SCIENCE PUBLISHERS LTD.
End User License Agreement (for non-institutional, personal use)

This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement
carefully  before  using  the  ebook/echapter/ejournal  (“Work”).  Your  use  of  the  Work  constitutes  your
agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms
and conditions then you should not use the Work.

Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the
Work subject to and in accordance with the following terms and conditions. This License Agreement is for
non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please
contact: permission@benthamscience.net.

Usage Rules:
All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the1.
Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify,
remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way
exploit  the Work or make the Work available for others to do any of the same, in any form or by any
means,  in  whole  or  in  part,  in  each  case  without  the  prior  written  permission  of  Bentham  Science
Publishers, unless stated otherwise in this License Agreement.
You  may  download  a  copy  of  the  Work  on  one  occasion  to  one  personal  computer  (including  tablet,2.
laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.
The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject3.
you to liability for substantial money damages. You will be liable for any damage resulting from your
misuse of the Work or any violation of this License Agreement, including any infringement by you of
copyrights or proprietary rights.

Disclaimer:

Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that
it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is
provided  "as  is"  without  warranty  of  any  kind,  either  express  or  implied  or  statutory,  including,  without
limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the
results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science
Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of
products liability, negligence or otherwise, or from any use or operation of any methods, products instruction,
advertisements or ideas contained in the Work.

Limitation of Liability:

In no event will  Bentham Science Publishers,  its  staff,  editors and/or authors,  be liable for any damages,
including, without limitation, special, incidental and/or consequential damages and/or damages for lost data
and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire
liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.

General:
Any dispute or claim arising out of or in connection with this License Agreement or the Work (including1.
non-contractual  disputes or  claims) will  be governed by and construed in accordance with the laws of
Singapore. Each party agrees that the courts of the state of Singapore shall have exclusive jurisdiction to
settle  any  dispute  or  claim  arising  out  of  or  in  connection  with  this  License  Agreement  or  the  Work
(including non-contractual disputes or claims).
Your rights under this License Agreement will  automatically terminate without notice and without the2.

mailto:permission@benthamscience.net


need for a court order if at any point you breach any terms of this License Agreement. In no event will any
delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement
constitute a waiver of any of its rights.
You acknowledge that you have read this License Agreement,  and agree to be bound by its terms and3.
conditions. To the extent that any other terms and conditions presented on any website of Bentham Science
Publishers  conflict  with,  or  are  inconsistent  with,  the  terms  and  conditions  set  out  in  this  License
Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.

Bentham Science Publishers Pte. Ltd.
80 Robinson Road #02-00
Singapore 068898
Singapore
Email: subscriptions@benthamscience.net

mailto:subscriptions@benthamscience.net


CONTENTS
FOREWORD   ........................................................................................................................................... i

PREFACE   ................................................................................................................................................ ii

DEDICATION   ......................................................................................................................................... iii

LIST OF CONTRIBUTORS   .................................................................................................................. iv

 CHAPTER 1  NANOSCALE TECHNOLOGIES: DESIGN CHALLENGES AND
ADVANCEMENTS   ................................................................................................................................. 1

Sumit Srivastava, Abhinav Jaiswal and Arman Khan
INTRODUCTION  .......................................................................................................................... 2
FUNDAMENTAL ASPECTS OF NANOSCALE DEVICE DESIGN  ...................................... 4

Quantum Effects  ..................................................................................................................... 4
Material Properties  .................................................................................................................. 5
Fabrication Techniques  ........................................................................................................... 6

CHALLENGES IN NANOSCALE TECHNOLOGIES  ............................................................. 8
Manufacturing Constraints  ...................................................................................................... 8
Reliability Issues  ..................................................................................................................... 9
Thermal Management  ............................................................................................................. 9
Interdisciplinary Collaboration  ............................................................................................... 10

ADVANCEMENTS IN DEVICE DESIGN  .................................................................................. 10
Novel Materials  ....................................................................................................................... 10
Advanced Fabrication Techniques  .......................................................................................... 10
Hybrid Integration  ................................................................................................................... 10
Quantum Technologies  ........................................................................................................... 11
3D Printing  .............................................................................................................................. 11
Flexible Electronics  ................................................................................................................ 11
Nanophotonics  ........................................................................................................................ 11
Neuromorphic Computing  ...................................................................................................... 11
Biomedical Nanotechnology  ................................................................................................... 11
Energy Harvesting and Storage  .............................................................................................. 12
Nanoelectromechanical Systems (NEMS)  .............................................................................. 12
Nanofluidics  ............................................................................................................................ 12
Nanorobotics  ........................................................................................................................... 12
Nanoscale Sensing and Imaging  ............................................................................................. 12
Environmental Applications  ................................................................................................... 13

INTEGRATION AND INTERCONNECT CHALLENGES  ..................................................... 13
Compatibility  .......................................................................................................................... 13
Scalability  ............................................................................................................................... 14
Reliability  ................................................................................................................................ 14
Interconnect Challenges  .......................................................................................................... 15

DESIGN OPTIMIZATION TECHNIQUES  ............................................................................... 16
Simulation Tools  ..................................................................................................................... 16
Finite Element Analysis (FEA)  ............................................................................................... 17
Computational Fluid Dynamics (CFD)  ................................................................................... 17
Machine Learning Algorithms  ................................................................................................ 17

Supervised Learning  ...................................................................................................... 17
Unsupervised Learning  ................................................................................................. 17
Reinforcement Learning  ................................................................................................ 18

Design Automation Techniques  .............................................................................................. 18



Parametric Modeling  .................................................................................................... 18
Design Space Exploration  ............................................................................................. 18
Optimization Algorithms  ............................................................................................... 18

Significance of Design Optimization in Nanoscale Devices  .................................................. 19
APPLICATION ACROSS DIFFERENT FIELDS  ...................................................................... 19

Electronics  ............................................................................................................................... 19
Photonics  ................................................................................................................................. 20
Biotechnology  ......................................................................................................................... 20
Energy  ..................................................................................................................................... 21

CONCLUSION  ............................................................................................................................... 21
KEY POINTS  .................................................................................................................................. 22
ACKNOWLEDGEMENTS  ........................................................................................................... 23
AUTHORS’ CONTRIBUTION  .................................................................................................... 23
REFERENCES  ............................................................................................................................... 24

 CHAPTER 2  MATERIALS USED IN THE DESIGN OF SEMICONDUCTOR DEVICES   ........ 27
Trinath Talapaneni, Vatsala Chaturvedi and Ankireddy Narendra
INTRODUCTION  .......................................................................................................................... 28
FUNDAMENTALS OF SEMICONDUCTOR MATERIALS  ................................................... 28

Necessity of Semiconductor Materials  ................................................................................... 28
History of Semiconductor Materials  ....................................................................................... 29
Applications of Semiconductor Materials  .............................................................................. 30

SEMICONDUCTOR MATERIALS FROM PERIODIC TABLE  ............................................ 32
Silicon  ..................................................................................................................................... 32
Germanium  ............................................................................................................................. 32
Gray Tin  .................................................................................................................................. 32

TYPES OF SEMICONDUCTOR MATERIALS BASED ON DOPING  .................................. 33
Intrinsic Semiconductors  ........................................................................................................ 33
Extrinsic Semiconductors  ....................................................................................................... 33

N-type Semiconductor  ................................................................................................... 33
P-type Semiconductor  ................................................................................................... 34
Compensated Semiconductors  ...................................................................................... 34
Highly Doped Semiconductors  ...................................................................................... 34

COMPOUND SEMICONDUCTOR MATERIALS  .................................................................... 34
Silicon Carbide  ........................................................................................................................ 34

Crystal Structure of SiC  ................................................................................................ 35
Physical Properties of SiC  ............................................................................................ 36

Boron Nitride  .......................................................................................................................... 37
Crystal Structure of Boron Nitride  ................................................................................ 37
Physical Properties of Boron Nitride  ............................................................................ 38
Various Methods for Synthesizing Boron Nitride  ......................................................... 39

Red Selenium  .......................................................................................................................... 41
Crystal Structure of Red Selenium  ................................................................................ 41
Physical Properties of Red Selenium  ............................................................................ 42
Various Methods of Synthesizing Red Selenium Semiconductors  ................................. 42

Boron Phosphide  ..................................................................................................................... 43
Various Methods of Synthesizing Boron Phosphide Semiconductors  ........................... 45

Boron Arsenide  ....................................................................................................................... 46
Physical Properties of Boron Arsenide  ......................................................................... 46
Various Methods of Synthesizing Boron Arsenide Semiconductors  ............................. 47

Aluminium Nitride  .................................................................................................................. 48



Physical Properties of Aluminium nitride  ..................................................................... 48
Various Methods of Synthesizing Aluminium Nitride Semiconductors  ......................... 50

Aluminium Phosphide  ............................................................................................................ 51
Physical Properties of Aluminium Phosphide  ............................................................... 51
Various Methods of Synthesizing Aluminium Phosphide Semiconductors  ................... 53

Aluminium Arsenide  ............................................................................................................... 54
Physical Properties of Aluminium Arsenide  ................................................................. 54
Various Methods for Synthesizing Aluminium Arsenide Semiconductors  .................... 55

Gallium Nitride  ....................................................................................................................... 56
Physical Properties of Gallium Nitride  ......................................................................... 57
Various Methods for Synthesizing Gallium Nitride Semiconductors  ............................ 58

Gallium Phosphide  .................................................................................................................. 59
Physical Properties of Gallium Phosphide  ................................................................... 59
Various Methods for Synthesizing Gallium Phosphide Semiconductors  ...................... 60

Gallium Arsenide  .................................................................................................................... 61
Physical Properties of Gallium Arsenide  ...................................................................... 62
Various Methods for Synthesizing Gallium Arsenide Semiconductors  ......................... 63

Zinc Oxide  .............................................................................................................................. 64
Physical Properties of Zinc Oxide  ................................................................................ 65
Various Methods for Synthesizing Zinc Oxide Semiconductors  ................................... 65

Cadmium Arsenide  ................................................................................................................. 67
Physical Properties of Cadmium Arsenide  ................................................................... 67
Various Methods for Synthesizing Cadmium Arsenide Semiconductors  ...................... 68

Zinc Phosphide  ........................................................................................................................ 69
Physical Properties of Zinc Phosphide  ......................................................................... 69
Various Methods for Synthesizing Zinc Phosphide Semiconductors  ............................ 70

Zinc Antimonide  ..................................................................................................................... 72
Physical Properties of Zinc Antimonide  ....................................................................... 72
Various Methods for Synthesizing Zinc Antimonide Semiconductors  ........................... 73

CONCLUSION  ............................................................................................................................... 75
KEY POINTS  .................................................................................................................................. 75
ACKNOWLEDGEMENTS  ........................................................................................................... 75
REFERENCES  ............................................................................................................................... 76

 CHAPTER 3  A COMPREHENSIVE OVERVIEW OF THE FOUNDATIONS OF
SEMICONDUCTOR MATERIALS   ..................................................................................................... 80

Agnibha Dasgupta, Soumya Sen, Prabhat Singh and Ashish Raman
INTRODUCTION  .......................................................................................................................... 81

Types of Semiconductor Materials  ......................................................................................... 81
PROPERTIES OF SEMICONDUCTOR MATERIALS  ............................................................ 86

SILICON  ................................................................................................................................. 86
III-V Semiconductor (e.g., GaAs) - Direct Band Gap Material  .............................................. 87
Heterostructures and Quantum Wells  ..................................................................................... 88
Vegard’s Law for Blending Alloys  ......................................................................................... 89

APPLICATION OF SEMICONDUCTOR MATERIALS  ......................................................... 90
Silicon Semiconductors  .......................................................................................................... 90

Integrated Circuits  ........................................................................................................ 90
Photovoltaic Solar Cell  ................................................................................................. 91
Microelectromechanical Systems (MEMS)  ................................................................... 93

III-V Semiconductors  .............................................................................................................. 95
Light Emitting Diodes (LEDs)  ...................................................................................... 95



High Electron Mobility Transistors (HEMTs)  .............................................................. 96
SEMICONDUCTOR MATERIALS MARKET  .......................................................................... 98
CONCLUSION  ............................................................................................................................... 101
KEY POINTS   ................................................................................................................................. 102
ACKNOWLEDGMENT  ................................................................................................................ 102
REFERENCES  ............................................................................................................................... 103

 CHAPTER 4  INNOVATIVE MATERIALS SHAPING THE FUTURE: A DEEP DIVE INTO
THE DESIGN OF SEMICONDUCTOR DEVICES   ............................................................................ 110

Peeyush Phogat, Shreya, Ranjana Jha and Sukhvir Singh
INTRODUCTION  .......................................................................................................................... 110
SOLAR CELLS: ENHANCING EFFICIENCY AND DURABILITY  ..................................... 112
OVERVIEW OF SOLAR CELL TECHNOLOGIES  ................................................................. 112
LATEST SEMICONDUCTOR MATERIALS IN SOLAR CELL DESIGN  ........................... 113
INSIGHTS INTO THE EVOLVING LANDSCAPE OF PHOTOVOLTAIC
TECHNOLOGIES  .......................................................................................................................... 119
CAPACITORS AND SUPERCAPACITORS: UNLEASHING ENERGY STORAGE
CAPABILITIES  .............................................................................................................................. 120

Role of Semiconductor Materials in Energy Storage  ............................................................. 120
SCRUTINY OF CAPACITORS AND SUPERCAPACITORS  ................................................. 121
NOVEL SEMICONDUCTOR MATERIALS FOR HEIGHTENED PERFORMANCE AND
LONGEVITY  .................................................................................................................................. 123
THERMOELECTRIC DEVICES: CONVERTING WASTE HEAT TO ELECTRICAL
ENERGY  ......................................................................................................................................... 125

Thermoelectricity and its Applications  ................................................................................... 125
UNIQUE PROPERTIES OF SEMICONDUCTOR MATERIALS IN THERMOELECTRIC
DESIGN  ........................................................................................................................................... 127

P-type Thermoelectric Materials  ............................................................................................. 127
N-type Thermoelectric Materials  ............................................................................................ 128

CONVERTING WASTE HEAT INTO VALUABLE ELECTRICAL ENERGY  ................... 130
SENSORS: AMPLIFYING SENSITIVITY, SELECTIVITY, AND RESPONSE TIMES  ..... 130

Importance of Semiconductor Materials in Sensor Technologies  .......................................... 130
EXAMINATION OF SENSORS FOR VARIOUS APPLICATIONS  ....................................... 132
SEMICONDUCTOR MATERIALS DESIGNED FOR ENHANCED SENSING
CAPABILITIES  .............................................................................................................................. 133
ELECTROCATALYSIS: SEMICONDUCTOR MATERIALS IN HER AND OER  ............. 135

Overview of Electrocatalysis  .................................................................................................. 135
SEMICONDUCTOR MATERIALS IN WATER SPLITTING  ................................................ 135
CATALYZING REACTIONS FOR SUSTAINABLE ENERGY SOURCES  .......................... 136
CONCLUSION  ............................................................................................................................... 138
KEY POINTS  .................................................................................................................................. 138
ACKNOWLEDGEMENTS  ........................................................................................................... 139
REFERENCES  ............................................................................................................................... 139

 CHAPTER 5  MEASUREMENT TECHNIQUES FOR DETERMINING THE THERMAL
CONDUCTIVITY OF BULK SAMPLES AND THIN FILMS   .......................................................... 155

Simrandeep Kour, Rikky Sharma, Sameena Sulthana and Rupam Mukherjee
INTRODUCTION  .......................................................................................................................... 156
STEADY-STATE METHOD FOR BULK SAMPLES  ............................................................... 157

Absolute Technique  ................................................................................................................ 157
COMPARATIVE TECHNIQUE  .................................................................................................. 160
PARALLEL THERMAL CONDUCTANCE TECHNIQUE  ..................................................... 162



TRANSIENT METHOD FOR BULK SAMPLES  ...................................................................... 163
The Pulse-power Method  ........................................................................................................ 163
The Laser Flash Technique  ..................................................................................................... 165
3ωTechnique for Thin Films   .................................................................................................. 166

CONCLUSION  ............................................................................................................................... 168
KEY POINTS  .................................................................................................................................. 169
ACKNOWLEDGEMENTS  ........................................................................................................... 169
REFERENCES  ............................................................................................................................... 170

 CHAPTER 6  STRUCTURAL ANALYSIS OF FEEDBACK FIELD EFFECT TRANSISTOR
AND ITS APPLICATIONS   .................................................................................................................... 173

Simranjit Singh, Ashish Raman, Ravi Ranjan and Prabhat Singh
INTRODUCTION  .......................................................................................................................... 173

Principle of Positive Feedback  ................................................................................................ 175
STRUCTURE OF FBFET  ............................................................................................................. 176

Recessed SOI FBFET  ............................................................................................................. 177
Vertical FBFET  ....................................................................................................................... 179
Si-SiGe Heterostructure FBFET  ............................................................................................. 181
Characteristics of FBFET  ....................................................................................................... 183

FBFET APPLICATIONS  .............................................................................................................. 184
Logic Device  ........................................................................................................................... 184
Memory Cells  .......................................................................................................................... 184

CONCLUSION  ............................................................................................................................... 185
KEY POINTS  .................................................................................................................................. 186
ACKNOWLEDGEMENTS  ........................................................................................................... 186
REFERENCES  ............................................................................................................................... 186

 CHAPTER 7  GAN-BASED HIGH ELECTRON MOBILITY TRANSISTOR   .............................. 193
Nipun Sharma, Ashish Raman and Ravi Ranjan
INTRODUCTION  .......................................................................................................................... 193
WORKING PRINCIPLE  ............................................................................................................... 195

Bound Charge Calculation at the Interface  ............................................................................. 195
ALGaN/GaN HEMT STRUCTURE  ............................................................................................ 197

Substrate  .................................................................................................................................. 197
Nucleation and Buffer Layer  .................................................................................................. 198
Channel Layer  ......................................................................................................................... 198
Barrier Layer   .......................................................................................................................... 198

NORMALLY-ON HEMT  .............................................................................................................. 199
NORMALLY-OFF HEMT  ............................................................................................................ 200
APPLICATIONS  ............................................................................................................................ 200
NORMALLY OFF TECHNIQUES  .............................................................................................. 201

Recessed Gate Technology  ..................................................................................................... 202
Thin Barrier Layer  .................................................................................................................. 203
Buried p-region  ....................................................................................................................... 203
P-GaN Gate  ............................................................................................................................. 205
Fluorine Implantation  .............................................................................................................. 207

CONCLUSION  ............................................................................................................................... 208
KEY POINTS  .................................................................................................................................. 208
ACKNOWLEDGEMENTS  ........................................................................................................... 209
REFERENCES  ............................................................................................................................... 209



 CHAPTER 8  ADVANCED SEMICONDUCTOR SENSING TECHNOLOGIES: MATERIALS
AND DESIGN CHALLENGES AT THE NANOSCALE   ................................................................... 213

Shreya, Peeyush Phogat, Ranjana Jha and Sukhvir Singh
INTRODUCTION  .......................................................................................................................... 214
FUNDAMENTALS OF SEMICONDUCTOR SENSING  .......................................................... 215

Types of Semiconductor Sensing Technologies  ..................................................................... 216
Resistive Sensing  ........................................................................................................... 216
Capacitive Sensing  ........................................................................................................ 217
Optical Sensing  ............................................................................................................. 218
Piezoresistive Sensing  ................................................................................................... 218
Chemical Sensing  .......................................................................................................... 219
Biomedical Sensing  ....................................................................................................... 220

Quantum Sensitivity in Semiconductor Sensors  ..................................................................... 221
Selective Binding Mechanisms  ............................................................................................... 222
Temporal Dynamics and Response Time  ............................................................................... 223

NANOMATERIALS IN SEMICONDUCTOR SENSING  ......................................................... 225
Metal and Noble Metals  .......................................................................................................... 226
Metal Oxide Nanoparticles  ..................................................................................................... 227
Carbon-based Nanomaterials  .................................................................................................. 228
Transition Metal Dichalcogenides (TMDs)  ............................................................................ 229
Polymer and Bio-nanomaterials  .............................................................................................. 231

FABRICATION AND TESTING OF NANOSCALE SEMICONDUCTOR SENSORS  ........ 231
Architecture and Layout  ......................................................................................................... 232
Fabrication Techniques for Nanoscale Semiconductor Sensing Devices  ............................... 233

Nanoscale Thin-film Deposition  ................................................................................... 233
Photolithography for Nanoscale Patterning  ................................................................. 235
Self-assembly Methods for Nanostructured Materials  .................................................. 236

Characterization Techniques  ................................................................................................... 238
Scanning Electron Microscopy (SEM)  .......................................................................... 238
Transmission Electron Microscopy (TEM)  ................................................................... 239
Atomic Force Microscopy  ............................................................................................. 240
X-ray Photoelectron Spectroscopy (XPS)  ..................................................................... 241
Electrical Characterization  ........................................................................................... 242

Power Consumption and Efficiency  ....................................................................................... 244
Reliability and Durability Assessment  .................................................................................... 245

RECENT DEVELOPMENTS IN SEMICONDUCTOR SENSING TECHNOLOGIES  ........ 246
Applications of Semiconductor Sensors  ................................................................................. 247
Challenges and Opportunities  ................................................................................................. 248

CONCLUSION  ............................................................................................................................... 251
KEY POINTS  .................................................................................................................................. 252
REFERENCES  ............................................................................................................................... 252

 CHAPTER 9  ENGINEERING TFET BIOSENSORS: DESIGN OPTIMIZATION,
ANALYTICAL MODELING, AND RADIATION CONSIDERATIONS   ........................................ 263

Priyanka Goma and Ashwani K. Rana
INTRODUCTION  .......................................................................................................................... 264
DESIGN TECHNIQUES FOR TFET BIOSENSORS  ................................................................ 265

Material Selection  ................................................................................................................... 265
Device Geometry Optimization  .............................................................................................. 266
Surface Functionalization  ....................................................................................................... 266
Gate Dielectric Engineering  .................................................................................................... 266



Bioreceptor Integration  ........................................................................................................... 266
Signal Amplification  ............................................................................................................... 266
Noise Reduction  ...................................................................................................................... 267
Microfluidic Integration  .......................................................................................................... 267
On-chip Reference Electrode  .................................................................................................. 267
Packaging and Encapsulation  ................................................................................................. 267

ANALYTICAL MODELING OF THE SURFACE POTENTIAL OF TFET BIOSENSORS
FOR DNA DETECTION  ............................................................................................................... 267
RADIATION-INDUCED EFFECTS ON TFET  .......................................................................... 274
IMPACT OF X-RAYS ON THE SENSITIVITY OF TFET BIOSENSOR  .............................. 276
CONCLUSION  ............................................................................................................................... 281
KEY POINTS  .................................................................................................................................. 281
ACKNOWLEDGEMENTS  ........................................................................................................... 282
REFERENCES  ............................................................................................................................... 282

 CHAPTER 10  A NEW PARADIGM SHIFT IN THE SEMICONDUCTOR INDUSTRY FOR 6G
TECHNOLOGY: A REVIEW   ............................................................................................................... 286

Karabi Baruah and Prachi Gupta
INTRODUCTION  .......................................................................................................................... 286
EVOLUTION OF 1G TO 6G  ........................................................................................................ 288

First Generation (1G)  .............................................................................................................. 288
Second Generation (2G)  ......................................................................................................... 289
Third Generation (3G)  ............................................................................................................ 289
Fourth Generation (4G)  ........................................................................................................... 289
Fifth Generation (5G)  ............................................................................................................. 289
Sixth Generation (6G)  ............................................................................................................. 290

OUTLINE OF THE 6G MARKET AND PRESENT SITUATION  .......................................... 292
Massive Ultra-reliable Low Latency Communication (URLLC)  ........................................... 294
eMBB (Enhanced Mobile Broadband)  ................................................................................... 294
Massive eMBB  ........................................................................................................................ 294

APPLICATIONS OF 6G IN VARIOUS ASPECTS  .................................................................... 295
Security  ................................................................................................................................... 295
Telecommunication  ................................................................................................................. 297
Manufacturing Industry  .......................................................................................................... 297
Environmental Performance  ................................................................................................... 297
Healthcare  ............................................................................................................................... 297
Smart Cities  ............................................................................................................................. 297
Entertainment  .......................................................................................................................... 298
Education and Transportation  ................................................................................................. 298
Semiconductor Components in 6G  ......................................................................................... 299

Millimeter-wave and Terahertz Transceivers  ............................................................... 299
Advanced Semiconductor Components for Signal Processing and Modulation  ........... 299
Edge Processing Units and AI Accelerators  ................................................................. 299
Power-efficient Processors and Memory  ...................................................................... 299
Antennas and Beamforming Components  ..................................................................... 299
Components of Quantum Communication  .................................................................... 300
Sensors and Sensor Fusion Chips  ................................................................................. 300
Security Hardware Modules  ......................................................................................... 300
Photonic Components for Optical Communication  ...................................................... 300
Personalized System-on-Chip (SoC) Solutions  ............................................................. 300

Impact of 6G Technology on Semiconductor Industry  ........................................................... 301



Increased Demand for Advanced Chips  ........................................................................ 301
Innovation in Semiconductor Design  ............................................................................ 301
Advanced Materials Development  ................................................................................ 301
Higher Frequency Components  .................................................................................... 301
Integration of AI and Machine Learning  ...................................................................... 301
Security and Privacy Enhancements  ............................................................................. 302
Global Economic Impact  ............................................................................................... 302
Supply Chain Adjustments  ............................................................................................. 302
Research and Development Investments  ....................................................................... 302

Required Properties of Advanced Semiconductor Materials in 6G  ........................................ 302
High Electron Mobility  ................................................................................................. 302
Heterogeneous Integration  ............................................................................................ 303
Wide Bandgap  ............................................................................................................... 303
Low Noise  ...................................................................................................................... 303
Quantum Properties  ...................................................................................................... 303
High Thermal Conductivity  ........................................................................................... 303
Low Power Consumption  .............................................................................................. 303
Flexibility and Stretchability  ......................................................................................... 304
Photonics Integration  .................................................................................................... 304
Compatibility with Fabrication Processes  .................................................................... 304

Emerging Semiconductor Materials in 6G Technology  ......................................................... 304
Gallium Nitride (GaN)  .................................................................................................. 304
Silicon Carbide (SiC)  .................................................................................................... 304
2D Materials  ................................................................................................................. 305
Graphene  ....................................................................................................................... 305
III-V Compound Semiconductors [e.g., Gallium Arsenide (GaAs), Indium Phosphide
(InP)]  ............................................................................................................................. 305
Silicon Germanium (SiGe)  ............................................................................................ 305
Nanowires and Nanotubes  ............................................................................................ 305
Quantum Dots  ............................................................................................................... 305
Diamond Semiconductors  ............................................................................................. 306
Organic Semiconductors  ............................................................................................... 306
Perovskite  ...................................................................................................................... 306

CONCLUSION  ............................................................................................................................... 306
KEY POINTS  .................................................................................................................................. 307
ACKNOWLEDGEMENTS  ........................................................................................................... 308
REFERENCES  ............................................................................................................................... 308

 CHAPTER 11  EXPLORING THE DEPTHS OF SIGMA-DELTA ANALOG-TO DIGITAL
CONVERTERS: A COMPREHENSIVE REVIEW   ............................................................................ 311

Ravita, Ashish Raman and Ramesh K Sunkaria
INTRODUCTION  .......................................................................................................................... 311
OVERVIEW OF ANALOG-TO-DIGITAL CONVERTERS (ADCs)  ..................................... 312

Successive Approximation ADCs  ........................................................................................... 313
Flash ADCs  ............................................................................................................................. 313
Sigma-Delta ADCs  ................................................................................................................. 313
Pipeline ADCs  ........................................................................................................................ 313

NYQUIST RATE ANALOG-TO-DIGITAL CONVERTERS  ................................................... 314
ADC CHARACTERISTICS   ......................................................................................................... 314
IMPORTANCE OF SIGMA-DELTA ADCs  .............................................................................. 316
SIGMA-DELTA MODULATION TECHNIQUE  ....................................................................... 317



BASIC PRINCIPLE  ....................................................................................................................... 318
QUANTIZATION  ........................................................................................................................... 318
OVERSAMPLING AND NOISE SHAPING  ............................................................................... 320
ARCHITECTURES OF SIGMA-DELTA ADCs  ....................................................................... 321

First-order Sigma-delta Converters  ......................................................................................... 322
Higher-order Sigma-delta Converters  ..................................................................................... 322
Multi-bit Sigma-delta Converters  ........................................................................................... 324

DESIGN CONSIDERATIONS  ...................................................................................................... 324
Stability Analysis  .................................................................................................................... 325
Non-idealities and Error Sources  ............................................................................................ 325
Circuit Implementation Techniques  ........................................................................................ 325
Linearity and Distortion  .......................................................................................................... 325
Power Consumption  ................................................................................................................ 325
Clocking and Timing  .............................................................................................................. 325
Layout and Parasitic Aspects   ................................................................................................. 326
Technology Scaling  ................................................................................................................ 326

OVERSAMPLING TECHNIQUES  .............................................................................................. 326
DIGITAL DECIMATION FILTERS  ........................................................................................... 327
APPLICATIONS OF SIGMA-DELTA ADCs  ............................................................................ 328

Communications  ..................................................................................................................... 328
Wireless Transceivers  ............................................................................................................. 328
Software-defined Radio (SDR)  ............................................................................................... 328
Cellular Networks  ................................................................................................................... 329
Broadband Communication Systems  ...................................................................................... 329
Sensor Interfaces  ..................................................................................................................... 329
Medical Devices  ...................................................................................................................... 329
Audio Processing  .................................................................................................................... 330
Professional Audio Equipment  ............................................................................................... 330
Consumer Audio Devices  ....................................................................................................... 330
Audio Interfaces and Sound Cards  ......................................................................................... 330
High-resolution Audio  ............................................................................................................ 330
Medical Instrumentation  ......................................................................................................... 331
Medical Imaging  ..................................................................................................................... 331
Patient Monitoring  .................................................................................................................. 331
Diagnostic Equipment  ............................................................................................................. 332
Research Instruments  .............................................................................................................. 332

CONCLUSION  ............................................................................................................................... 332
KEY POINTS  .................................................................................................................................. 333
ACKNOWLEDGEMENTS  ........................................................................................................... 334
REFERENCES  ............................................................................................................................... 334

 CHAPTER 12  PHOTOVOLTAIC PERFORMANCE ESTIMATION OF THIN FILM
LATERAL PN-JUNCTION SOLAR DEVICES AND COMPREHENSIVE CONSIDERATION
OF PERFORMANCES OF VARIOUS HOMO- AND HETERO-JUNCTION STRUCTURES   ... 337

Yasuhisa Omura
INTRODUCTION  .......................................................................................................................... 338
DEVICE STRUCTURES ASSUMED  .......................................................................................... 339
THEORETICAL BASE  ................................................................................................................. 341

Preparing the Theoretical Procedure  ....................................................................................... 341
Additional Model Option to Consider the Hetero-junction  .................................................... 345
Temperature Dependences of Physical Parameters  ................................................................ 347



CALCULATION RESULTS AND DISCUSSION  ...................................................................... 348
Calculation Results of Carrier Diffusion from the Metallurgical Junction in Homo-junction
Devices  .................................................................................................................................... 348
Calculated Performance Parameters as a Function of Temperature in Homo-junction
Devices  .................................................................................................................................... 349
Calculation Results of Carrier Diffusion from the Metallurgical Junction in Hetero-junction
Devices  .................................................................................................................................... 350
Performance Comparison of Homo-junction Devices and Hetero-junction Devices  ............. 352
Performance Comparison of Various Lateral Pn-junction Solar Devices  .............................. 353
Design Issue of Lateral Pn Junction Film Solar Battery  ......................................................... 354

CONCLUSION  ............................................................................................................................... 355
KEY POINTS  .................................................................................................................................. 355
REFERENCES  ............................................................................................................................... 355

 APPENDIX    ............................................................................................................................................ 360
APPENDIX A: SOLVING EQ. (15)  .............................................................................................. 362
APPENDIX B: POSSIBLE SOLUTIONS FOR EQ. (A10)  ........................................................ 364
APPENDIX C: DERIVATION OF EQUATION (23)  ................................................................ 365
APPENDIX D: FERMI-LEVEL DEFINITIONS OF MATERIALS  ........................................ 365

 SUBJECT INDEX    ....................................................................................................................................   367



i

FOREWORD

"Semiconductor Nanoscale Devices: Materials and Design Challenges" provides a timely and
comprehensive  examination of  the  advancements  in  this  rapidly  evolving field.  This  book
addresses the intricate balance between theoretical understanding and application, offering
valuable insights into the material properties and design principles that define the behavior of
nanoscale devices. The pursuit of smaller, more efficient transistors has led to the exploration
of novel materials and innovative design structures. Nano-FET devices, with their potential to
operate  at  low  power  and  high  frequencies,  exemplify  the  kind  of  breakthroughs  that  are
possible. However, the transition from conventional technologies to nanotechnologies brings
with it a host of challenges that must be understood and overcome.

The editors and authors have meticulously compiled a body of work that not only charts the
current  landscape  of  semiconductor  nanoscale  devices,  but  also  points  towards  future
directions and possibilities. Their collective expertise and dedication to advancing knowledge
in  this  domain  are  evident  throughout  the  chapters.  "Semiconductor  Nanoscale  Devices:
Materials and Design Challenges" is more than just a textbook; it is a guide to the future of
semiconductor technology. As we stand on the brink of new technological horizons, this book
will undoubtedly serve as a critical reference for those striving to push the boundaries of what
is possible in VLSI design.

This book is an essential resource for engineers, researchers, and students who are navigating
the  complexities  of  nanoscale  device  technology.  It  bridges  the  gap  between  foundational
concepts and advanced research, making it  accessible to those new to the field, while also
providing depth for experienced practitioners. The detailed exploration of quantum effects,
scaling  issues,  and  material  properties  offers  a  robust  framework  for  understanding  and
innovating in nanoscale device design.

I  am confident  that  readers will  find this  book an invaluable addition to their  professional
libraries,  providing both the inspiration and the knowledge necessary to drive forward the
next generation of semiconductor devices.

Dharmendra Singh Yadav
Department of Electronics and Communication Engineering

National Institute of Technology
Kurukshetra, Haryana

India
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PREFACE

The relentless miniaturization in semiconductor technology has paved the way for nanoscale
devices to become pivotal components in modern electronic systems. These advancements
have  brought  about  unprecedented  opportunities  and  challenges,  especially  in  materials
selection  and  device  design.  "Semiconductor  Nanoscale  Devices:  Materials  and  Design
Challenges" aims to provide a comprehensive exploration of these cutting-edge technologies,
offering insights into both the theoretical foundations and practical implementations.

As  the  VLSI  industry  continues  to  evolve,  the  reduction  in  transistor  size  has  been
instrumental  in  integrating  more  functionality  onto  silicon  wafers  and  minimizing  power
consumption.  This  progress  has  led  to  the  realization  of  nano-FET  devices  using  various
innovative materials  and structures,  demonstrating significant  potential  for  low-power and
high-frequency  applications.  The  continuous  pursuit  of  enhancing  performance  while
addressing  the  complexities  of  nanoscale  phenomena  underscores  the  importance  of  a
comprehensive  guide  to  these  advancements.

"Semiconductor Nanoscale Devices: Materials and Design Challenges" serves as a concise
benchmark for beginners and experienced practitioners alike. It is tailored for those who are
just  getting  started  with  nanoscale  device  technology  and  for  those  looking  to  design
integrated  circuits  using  novel  FET  devices.  This  book  aims  to  be  a  valuable  resource,
inspiring  new  discoveries,  innovations,  and  advancements  at  the  forefront  of  electronic
engineering.  We hope  that  this  book will  serve  as  a  guide  and inspiration  for  researchers,
engineers,  and  students,  unlocking  the  potential  of  nanoscale  semiconductor  devices  and
contributing to the continuous evolution of electronic technology.

Ashish Raman
Department of Electronics and Communication Engineering

Dr. B. R. Ambedkar National Institute of Technology
Jalandhar, Punjab, India

Prabhat Singh
Department of Electronics and Communication Engineering

Dr. B. R. Ambedkar National Institute of Technology
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Naveen Kumar
Device Modelling Group

James Watt School of Engineering
University of Glasgow, Glasgow

United Kingdom
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CHAPTER 1

Nanoscale  Technologies:  Design  Challenges  and
Advancements
Sumit Srivastava1, Abhinav Jaiswal1,* and Arman Khan1,*

1  Department of Electronics and Communication, M.J.P Rohilkhand University, Bareilly, Uttar
Pradesh, India

Abstract:  This  chapter  delves  into  nanoscale  technologies  within  semiconductor
devices, covering design principles, challenges, and recent advancements. It examines
the  fundamental  aspects  of  nanoscale  device  design,  addressing  key  challenges  and
highlighting the latest developments in the field. The chapter navigates integration and
interconnect  challenges,  design  optimization  techniques,  and  diverse  applications
across  various  fields.  Nanoscale  technologies,  fundamental  to  semiconductor
innovation,  offer  a  spectrum  of  opportunities  and  hurdles.  By  addressing  design
intricacies and technological barriers,  researchers aim to unlock the full  potential  of
nanoscale  devices.  Additionally,  the  chapter  discusses  optimization  strategies  to
enhance device performance and functionality. It sheds light on the intricate interplay
between nanoscale technologies and their applications in electronics,  photonics,  and
biotechnology. By comprehensively examining design methodologies and real-world
applications,  this  chapter  provides  valuable  insights  into  the  evolving  landscape  of
nanoscale  technologies  within  the  semiconductor  domain.  Focusing  on  recent
advancements, the chapter explores how these technologies are integrated into current
semiconductor devices and the challenges associated with their implementation. It also
highlights  the  importance  of  continuous  research  and  development  to  overcome
existing technological barriers. The discussion extends to various design optimization
techniques aimed at improving device efficiency, reliability, and overall performance.
Overall,  this  chapter  serves  as  a  comprehensive  guide  to  understanding  the
complexities  and  innovations  of  nanoscale  technologies  in  semiconductor  devices,
offering  readers  an  in-depth  look  at  the  design  principles,  challenges,  and
advancements  shaping  the  future  of  this  critical  field.

Keywords: Applications, Advancements, Challenges, Design principles, Design
optimization, Integration, Interconnect, Nanoscale technologies.
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INTRODUCTION

In the realm of modern engineering, nanoscale technologies have emerged as a
transformative force, ushering in a new era of innovation and exploration. These
technologies  operate  at  the  molecular  and  atomic  levels,  offering  unparalleled
opportunities to manipulate matter with unprecedented precision [1 - 4].

The chapter at hand embarks on a comprehensive journey through the landscape
of nanoscale technologies,  aiming to provide a thorough understanding of their
design principles, challenges, and recent advancements [5].

At  the  core  of  nanoscale  technologies  lies  a  profound  understanding  of  the
fundamental principles governing matter at the nanoscale. Designing devices at
such minute scales requires a deep appreciation of quantum mechanics, material
properties,  and  advanced  fabrication  techniques.  Quantum  effects,  such  as
tunneling  and  confinement,  become  increasingly  pronounced  at  the  nanoscale,
necessitating  a  departure  from  classical  design  methodologies.  Moreover,  the
choice of materials and fabrication processes plays a pivotal role in determining
the performance and functionality of nanoscale devices [6 - 9].

Despite  their  immense  potential,  nanoscale  technologies  are  not  without  their
challenges. Manufacturing constraints, reliability issues, and thermal management
pose significant hurdles in the development and deployment of nanoscale devices.
The  intricacies  of  nanoscale  phenomena  demand  innovative  solutions  and
interdisciplinary  collaboration  to  overcome  these  challenges  effectively.
Furthermore, the scaling laws that govern traditional engineering principles often
break down at the nanoscale, necessitating novel approaches to device design and
optimization [10].

Recent  years  have  witnessed  remarkable  advancements  in  nanoscale  device
design, driven by breakthroughs in materials science, fabrication techniques, and
device  architectures.  These  advancements  have  unlocked  new  possibilities  for
nanoscale  devices,  enabling  improvements  in  performance,  efficiency,  and
functionality. From novel materials with tailored properties to innovative device
architectures  with  enhanced  performance  characteristics,  the  field  of  nanoscale
technologies is evolving at an unprecedented pace [11 - 14].

Integration  and  interconnect  challenges  pose  additional  complexities  in  the
realization of nanoscale devices. As devices shrink to ever-smaller dimensions,
the  compatibility,  scalability,  and  reliability  of  integration  processes  become
increasingly critical  [15].  Interconnect  challenges,  including signal  propagation
delay  and  cross-talk,  further  compound  the  integration  process,  requiring
sophisticated solutions to ensure seamless operation of nanoscale systems [16].
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In the quest for optimal device performance, design optimization techniques play
a  crucial  role.  Simulation  tools,  machine  learning  algorithms,  and  design
automation techniques enable engineers to explore vast design spaces and identify
optimal solutions efficiently [17]. These techniques empower designers to achieve
optimal  device  performance  while  minimizing  development  time  and  cost,
accelerating  the  pace  of  innovation  in  nanoscale  technologies  [18].

Beyond  the  realm  of  fundamental  research  and  development,  nanoscale
technologies have found applications across diverse fields, including electronics,
photonics, biotechnology, and energy. From ultra-efficient electronics and high-
performance  sensors  to  advanced  drug  delivery  systems  and  renewable  energy
technologies,  the  potential  applications  of  nanoscale  technologies  are  vast  and
varied  [19  -  22].  By  harnessing  the  unique  properties  of  nanomaterials  and
devices, researchers and engineers are pushing the boundaries of what is possible
in fields ranging from healthcare to environmental sustainability [23].

Fig. (1) shows the nanoscale MOSFET (Metal-oxide-semiconductor Field-effect
Transistor), a key semiconductor device for signal amplification and switching at
nanometer scales. Its design involves miniaturization to enhance performance, but
faces  challenges,  like  quantum  effects,  leakage  currents,  and  manufacturing
precision,  requiring  innovative  solutions  for  efficient  operation  and  reliability.

Fig. (1).  Nanoscale MOSFET.

In  conclusion,  nanoscale  technologies  represent  a  paradigm  shift  in  modern
engineering,  offering  unprecedented  opportunities  for  innovation  and
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CHAPTER 2

Materials  Used  in  the  Design  of  Semiconductor
Devices
Trinath Talapaneni1,*, Vatsala Chaturvedi1 and Ankireddy Narendra2

1 Department of Metallurgical Engineering, OP Jindal University, Raigarh, 496109, Chhattisgarh,
India
2  Department of Electrical Engineering, OP Jindal University, Raigarh, 496109, Chhattisgarh,
India

Abstract: The design and advancement of semiconductor devices are fundamentally
rooted in the diverse range of materials utilized, each selected for its unique properties
and  contributions  to  device  performance.  This  chapter  explores  the  necessity  and
history  of  semiconductor  materials,  tracing  their  evolution  and  wide-ranging
applications. Central to this discussion are the elemental semiconductors derived from
the  periodic  table,  focusing  on  silicon,  germanium,  and  gray  tin,  which  have
historically underpinned the semiconductor industry. Also, this chapter differentiates
between intrinsic and extrinsic semiconductors, highlighting their respective roles and
characteristics in device functionality. Intrinsic semiconductors, with their pure form,
contrast with extrinsic semiconductors, which are doped to enhance specific electrical
properties,  catering to  various application needs.  Furthermore,  the study delves  into
compound  semiconductor  materials,  showcasing  their  importance  in  modern
technology.  Compounds,  like  silicon  carbide,  boron  nitrate,  red  selenium,  boron
phosphide,  and  boron  arsenide,  are  examined  for  their  exceptional  electrical  and
thermal properties. The chapter also discusses aluminum-based compounds, including
aluminum nitride, phosphide, and arsenide, and their applications in high-power and
high-frequency devices. The study extends to gallium-based compounds, like gallium
nitride,  phosphide,  and  arsenide,  known  for  their  high  electron  mobility  and
applications in optoelectronics. Additionally, zinc and cadmium compounds, such as
zinc oxide, cadmium arsenide, zinc phosphide, and zinc antimonide, are analyzed to
enhance device performance and efficiency. This comprehensive study underscores the
critical  role  of  diverse  semiconductor  materials  in  the  ongoing  innovation  and
optimization of electronic, optoelectronic, and power devices, meeting the escalating
demands of modern technology.

Keywords:  Compound  semiconductors,  Extrinsic,  Intrinsic,  Materials,
Semiconductor  devices.
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INTRODUCTION

Semiconductors  are  widely  used  in  various  applications,  such  as  power
semiconductor  devices,  integrated  circuits,  amplifiers,  power  control,
telecommunications, optoelectronics, medical devices, etc [1–3]. Thus, they are in
demand in most applications; hence, they require more research and development.
The primary focus of research on semiconductor devices is on the material used in
them. So this chapter provides fundamental  aspects of semiconductor materials
and how semiconductor materials are classified from the periodic table; moreover,
to  achieve  better  performance,  there  is  a  need  for  compound  or  hybrid
semiconductor devices.  Thus, this chapter provides a clear understanding of all
the above aspects.

FUNDAMENTALS OF SEMICONDUCTOR MATERIALS

Based on contemporary technology,  semiconductor  materials  power  everything
from solar cells to computers and cell phones.

Necessity of Semiconductor Materials

For  several  reasons,  semiconductor  materials  are  essential  to  contemporary
technology  [4].

Electronic  components,  including  Integrated  Circuits  (ICs),  diodes,  andi.
transistors,  are  built  on  semiconductors.  Almost  all  electronic  systems,
including those found in  computers,  cellphones,  televisions,  and automobile
electronics, depend on these gadgets.
Semiconductors  facilitate  the  digital  revolution  because  they  provide  theii.
foundation for binary logic processes. Binary digits (bits) of information are
processed using digital circuits made of transistors, which can also function as
switches.  Computers  and  digital  communication  systems  operate  on  this
foundation.
Electrical power can be managed and transformed through power transistors,iii.
thyristors, and other semiconductor devices. This technology finds application
in power supplies, motor drives, renewable energy systems, electric vehicles,
and other electronic devices.
Semiconductors  make  communication  systems'  signal  processing,  reception,iv.
and  transmission  possible.  Semiconductors  are  crucial  in  Digital  Signal
Processing (DSP) processors and Radio Frequency (RF) amplifiers, essential
components of wireless devices, internet, and telecommunication networks.
Medical diagnostics, imaging technologies (such as MRIs and CT scans), andv.
biotechnology  applications  all  involve  semiconductor-based  sensors  and



Materials Used in the Design Semiconductor Nanoscale Devices   29

imaging  equipment.  They  make  improvements  in  illness  identification,
monitoring,  and  treatment  possible.
Materials  for  semiconductors  are  necessary  for  many applications  involvingvi.
the  environment  and  energy.  These  comprise  photovoltaic  cells  for  solar
energy  conversion,  semiconductor-based  catalysts  for  pollution  control,  and
sensors for environmental monitoring.

Semiconductor materials are essential to modern society's operation because they
fuel  an extensive array of technologies that  affect  almost every facet  of human
existence,  from  communication  and  entertainment  to  healthcare  and
environmental  sustainability.

History of Semiconductor Materials

The history of semiconductor materials is a fascinating journey spanning decades
of  scientific  discovery  and  technological  growth.  Here  is  a  provided  a  quick
rundown:

The  late  19th  and  early  20th  century  saw the  beginning  of  our  understanding  of
semiconductors  and  the  development  of  various  semiconductor  switches,  as
shown in Fig. (1). Michael Faraday noted in 1833 that a tiny covering of Ag2S
had  the  “extraordinary  effect”  of  lowering  silver's  electrical  resistance.  Karl
Ferdinand Braun laid the foundation for semiconductor diodes in 1874 when he
discovered the rectifying characteristic of metal-semiconductor junctions.

Fig. (1).  History of semiconductor switches.

In the early 20th century, scientists, like Lee De Forest, Jagadish Chandra Bose,
and Ferdinand Braun, advanced the understanding of semiconductor materials and
developed  primary  semiconductor  devices,  like  the  crystal  detector  for  radio
receivers.

Due  to  germanium's  (Ge)  availability  and  semiconductor  qualities,  researchers
concentrated  on  studying  semiconductor  materials  in  the  1940s.  John  Bardeen,
Walter  Brattain,  and  William  Shockley  of  Bell  Laboratories  created  the  first
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CHAPTER 3

A Comprehensive Overview of the Foundations of
Semiconductor Materials
Agnibha Dasgupta1,*, Soumya Sen2, Prabhat Singh3 and Ashish Raman3
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Abstract: In the recent era, the semiconductor industry, which plays a pivotal role in
powering  today's  cutting-edge  technologies,  relies  heavily  on  a  broad  spectrum  of
materials,  entailing  of  silicon  and  rare  earth  elements.  These  materials  serve  as  the
backbone for crucial components, such as solar cells, transistors, IoT sensors, and the
intricate circuits found in self-driving cars. Consequently, there is a notable surge in
demand for these devices, marking a paradigm shift in the technological landscape.

The first section of this comprehensive exploration delves deeply into semiconductor
materials.  Understanding  their  profound  impact  on  electronic  devices  and  the
intricacies  of  the  manufacturing  process  is  fundamental  for  anyone  seeking  a
comprehensive  grasp  of  this  dynamic  industry.  Moving  forward,  the  second  part
focuses  on  the  properties  and  physics  governing  semiconductor  materials.  The
electronic conductivity of these materials is of paramount importance, and the chapter
unravels  the  challenges  involved  in  the  efficient  and  cost-effective  large-scale
manufacturing  of  new  materials  with  these  crucial  properties.

Segment  three  navigates  through  the  vast  realm  of  semiconductor  applications,
shedding  light  on  their  pivotal  role  in  various  electronic  devices  and  cutting-edge
technologies. It accentuates the unique electrical properties that make semiconductors
indispensable in industrial settings.

In  the  fourth  section,  attention  is  paid  to  the  present  market  scenario,  where  the
semiconductor market stands out for its stability across diverse industrial sectors. The
chapter  meticulously  examines  the  production  expenses  associated  with  different
materials, ranging from the widely used silicon to the more exotic rare earth metals.

Essentially,  this  chapter  guides  readers  through  the  complex  trends  in  the
semiconductor  industry,  offering  a  concise  overview  of  material  development  and
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influential factors. It also encourages the exploration of innovative solutions to propel
the Very Large Scale Integration (VLSI) industry toward unprecedented advancements.

Keywords: Electrical conductivity, IoT sensors, RREs, Semiconductor materials.

INTRODUCTION

Semiconductor  devices  stand  as  the  cornerstone  of  modern  electronic  systems,
propelling  the  technology  that  shapes  our  daily  lives.  The  efficacy  and
performance  of  these  devices  are  intricately  tied  to  the  design  elements
incorporated  into  their  construction.  The  pursuit  of  smaller,  faster,  and  more
energy-efficient semiconductor devices has fuelled continuous advancements in
the  realm  of  science  dedicated  to  these  intricate  structures.  This  introduction
provides  an  overarching  view  of  the  key  components  instrumental  in  shaping
semiconductor devices, shedding light on their roles, properties, and the pivotal
influence they wield over device functionality.

The  foundation  of  electronic  components  lies  in  semiconductor  materials,
facilitating  the  controlled  flow  of  electric  current.  Silicon,  renowned  for  its
remarkable  properties,  has  historically  served  as  the  primary  component  for
semiconductor devices. Its crystalline structure, stability, and capacity to form a
robust oxide layer make it an ideal choice for manufacturing integrated circuits.
Nevertheless, as technology progresses, novel alternatives emerge to address the
limitations inherent in conventional options [1 - 4].

Types of Semiconductor Materials

Beyond  silicon,  compound  semiconductors,  such  as  gallium  arsenide  (GaAs),
gallium nitride (GaN), and indium phosphide (InP), have ascended to prominence.
These compounds manifest distinctive electrical and thermal attributes that render
them  suitable  for  specialized  deployments,  including  high-frequency  devices,
power  amplifiers,  and  optoelectronics.

In  addition  to  the  aforementioned,  the  significance  of  dielectric  materials,
essential for insulating and isolating different components of a device, cannot be
overstated.  Insulating  materials,  like  silicon  dioxide  (SiO2)  and  various  high-k
dielectrics, play a critical role in ameliorating power consumption and enhancing
the overall performance of semiconductor devices.

Furthermore,  the  interconnect  elements  utilized  in  the  fabrication  of  integrated
circuits  play  a  pivotal  role  in  determining  the  speed  and  efficiency  of  signal
transmission. Copper and, more recently, low-k dielectric materials have become
integral in surmounting the challenges associated with the increasing complexity
and miniaturization of semiconductor devices.
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Considering  the  demand  involving  quicker,  petite,  and  economical  electronic
devices,  researchers  and  engineers  are  exploring  creative  design  elements  and
manufacturing methods. They are striving to discover fresh solutions, such as 2D
materials, like graphene and transition metal dichalcogenides, in order to achieve
the goal of advancing semiconductor technology. This endeavour aims to unlock
fresh opportunities for the future evolution of electronic devices.

In  the  expansive  field  of  semiconductor  materials,  III-V  compounds  occupy  a
distinctive  and  pivotal  position,  offering  a  unique  array  of  properties  that
significantly contribute to the relentless advancement of electronic devices. The
nomenclature  “III-V”  denotes  elements  derived  from  groups  III  and  V  of  the
periodic table, notably including gallium (Ga), indium (In), aluminum (Al) from
group III, and nitrogen (N), phosphorus (P), arsenic (As), and antimony (Sb) from
group V. This class of semiconductors has become a focal point of research and
application due to its exceptional electrical, optical, and thermal characteristics.

Among  the  standout  constituents  of  III-V  semiconductors  is  gallium  arsenide
(GaAs),  renowned  for  its  direct  bandgap  feature,  high  electron  mobility,  and
impeccable thermal stability. The direct bandgap represents a distinctive class of
semiconductor  materials  that  exhibit  a  specific  electronic  property  crucial  for
various  optoelectronic  applications.  This  term  refers  to  the  alignment  of  the
conduction  band  minimum  and  valence  band  maximum  occurring  at  the
unvarying momentum in the electronic band structure. Fig. (1) shows the energy
versus  momentum  curve  for  the  direct  and  indirect  bandgap  materials.  This
unique  characteristic  makes  direct  bandgap  semiconductors  highly  efficient  in
radiative  recombination  processes,  enabling  the  direct  conversion  of  electrical
energy  into  light  or  vice  versa.  GaAs  is  extensively  employed  in  a  myriad  of
electronic  and  optoelectronic  applications,  finding  its  niche  in  high-frequency
devices,  like  microwave  transistors  and  high-speed  field-effect  transistors,
courtesy  of  its  superior  electron  transport  properties.

Indium phosphide (InP) is another luminary in the realm of III-V semiconductors,
boasting  a  direct  bandgap  that  renders  it  particularly  apt  for  optoelectronic
devices.  Its  applications  span  a  wide  spectrum,  encompassing  high-speed
electronic and optoelectronic devices, such as high-frequency transistors, lasers,
and  photodetectors.  The  distinctive  bandgap  characteristics  of  InP  make  it
especially  valuable  in  the  realms  of  telecommunications  and  high-speed  data
transmission  [2  -  9,  15  -  18].

Gallium nitride  (GaN)  has  emerged  prominently  in  recent  years,  lauded  for  its
wide gap, high breakdown voltage, and stellar thermal conductivity. This trifecta
of  properties  positions  it  as  a  preferred  choice  for  applications  involving
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CHAPTER 4

Innovative  Materials  Shaping the  Future:  A Deep
Dive into the Design of Semiconductor Devices
Peeyush Phogat1,*, Shreya1, Ranjana Jha1 and Sukhvir Singh1
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Abstract: The pursuit of advanced semiconductor materials drives innovations across
various technological domains. This chapter explores cutting-edge materials essential
for semiconductor device development. Key applications include solar cells, capacitors,
supercapacitors, thermoelectric devices, sensors, and reactions, such as the Hydrogen
Evolution  Reaction  (HER)  and  Oxygen  Evolution  Reaction  (OER),  also  known  as
water  splitting.  For  solar  cells,  the  chapter  highlights  materials  engineered  to  boost
efficiency  and  durability,  reflecting  the  evolving  landscape  of  photovoltaic
technologies.  Capacitors  and  supercapacitors  are  analyzed  for  their  energy  storage
capabilities,  with  a  focus  on  novel  materials  promising  improved  performance  and
longevity. Thermoelectric materials are examined for their ability to convert waste heat
into  electrical  energy.  Sensor  technologies  are  explored,  emphasizing  materials
designed to enhance sensitivity, selectivity, and response times. The chapter also delves
into  electrocatalysis,  specifically  addressing  semiconductor  materials  used  in  water
splitting.  As  the  demand  for  sustainable  energy  grows,  understanding  the  role  of
semiconductor  materials  in  these  catalytic  reactions  becomes  crucial.  This
comprehensive exploration provides researchers, engineers, and scientists with a deep
understanding of the diverse semiconductor materials shaping the future of electronic
and energy applications. Through a multidimensional perspective, it underscores the
pivotal  role  of  innovative  materials  in  advancing  semiconductor  nanoscale  devices
toward new levels of performance and functionality.

Keywords:  Electrocatalysis,  Nanomaterials,  Solar  cells,  Supercapacitors,
Thermoelectric  materials.

INTRODUCTION

The  field  of  semiconductor  devices  has  been  a  cornerstone  of  technological
progress,  driving  innovation  across  a  myriad  of  applications,  ranging  from
electronics  to  renewable  energy.  As  the  demand  for  smaller,  faster,  and  more
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energy-efficient  devices  continues  to  surge,  researchers  and  engineers  are
increasingly  turning  their  attention  to  the  critical  role  that  materials  play  in
shaping the future of semiconductor devices. “Innovative Materials Shaping the
Future:  A  Deep  Dive  into  the  Design  of  Semiconductor  Devices”  represents  a
significant contribution to this evolving landscape. The chapter emerges against
the  backdrop  of  the  ever-expanding  exploration  of  advanced  semiconductor
materials,  which  has  become  a  focal  point  of  contemporary  research.  The
relentless  pursuit  of  materials  with  enhanced  properties  has  the  potential  to
revolutionize the design and performance of semiconductor devices, paving the
way for unprecedented technological advancements. The chapter aims to provide
a  comprehensive  overview  of  the  cutting-edge  materials  that  are  poised  to
redefine  the  landscape  of  semiconductor  technology.  By  focusing  on  pivotal
applications,  such  as  solar  cells,  capacitors,  supercapacitors,  thermoelectric
devices, sensors, and water-splitting materials, the chapter addresses the diverse
facets of semiconductor materials' impact on various technological domains [1-6].

The intricate design challenges and opportunities associated with each application
are  explored,  offering  a  deep  dive  into  the  complexities  that  researchers  and
engineers  face  in  harnessing  the  full  potential  of  innovative  materials.  From
enhancing the efficiency and durability of solar cells to unlocking energy storage
capabilities in capacitors and supercapacitors, the chapter navigates through the
multifaceted world of semiconductor materials [7-9]. Moreover, the exploration
extends to thermoelectric materials, shedding light on the unique properties that
make  certain  semiconductors  ideal  for  converting  waste  heat  into  valuable
electrical  energy  [10,  11].  The  examination  of  sensors  emphasizes  the  role  of
semiconductor materials in amplifying sensitivity, selectivity, and response times,
essential for a myriad of applications.

The  chapter  delves  into  the  fascinating  realm  of  electrocatalysis,  addressing
semiconductor  materials  employed  in  water  splitting  [12-14].  This  becomes
particularly  pertinent  as  the  global  demand  for  sustainable  energy  sources
intensifies, highlighting the importance of understanding semiconductor materials
in  catalysing  these  reactions.  Lastly,  the  exploration  extends  to  the  role  of
semiconductor materials in electrochemical sensing, showcasing their significance
in  developing  sensitive  and  reliable  devices  for  real-time  detection  and
monitoring.

The significance of advanced semiconductor materials in contemporary research
and technology cannot be overstated. As the backbone of electronic devices and
an essential component in various technological applications, semiconductors play
a  pivotal  role  in  shaping  the  landscape  of  modern  innovation.  The  relentless
pursuit  of  advanced  semiconductor  materials  stems  from  the  ever-growing
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demand  for  more  efficient,  powerful,  and  compact  electronic  devices  [15-18].
These  materials  are  crucial  in  enhancing  the  performance  of  devices,  such  as
transistors,  integrated  circuits,  and  sensors.  The  advent  of  nanotechnology  has
further  underscored  the  importance  of  innovative  semiconductor  materials,  as
researchers  explore  nanoscale  structures  to  unlock  new  functionalities  and
properties  [19-21].  Additionally,  in  the  context  of  renewable  energy,
semiconductor  materials  are  key  players  in  the  development  of  solar  cells,
photodetectors,  and  energy  storage  devices.  Their  unique  electronic  properties
make them indispensable in converting and manipulating electrical signals. The
ongoing  quest  for  materials  with  superior  conductivity,  stability,  and  other
tailored  properties  is  driving  research  forward,  offering  the  promise  of  more
sophisticated and sustainable technologies that will shape the future of electronics
and  energy  systems  [22  -  24].  Ultimately,  the  significance  of  advanced
semiconductor materials lies in their transformative potential to revolutionize the
design and performance of a wide array of devices, contributing to advancements
that permeate every aspect of our interconnected, technology-driven world.

SOLAR CELLS: ENHANCING EFFICIENCY AND DURABILITY
OVERVIEW OF SOLAR CELL TECHNOLOGIES

Solar  cell  technologies  represent  a  critical  frontier  in  the  pursuit  of  sustainable
energy sources. As the global demand for clean and renewable energy intensifies,
solar cells play a pivotal role in harnessing the power of the sun and converting it
into  electricity.  At  present,  there  are  six  types  of  Solar  Cells  (SC)  that  use
different  semiconductor  materials  for  enhancing  the  efficiency  of  solar  cell
applications,  including  crystalline  silicon  SC,  thin-film  SC,  organic  SC,
perovskite  SC,  multi-junction  SC,  and  tandem  SC.

Among the most established solar cell technologies, crystalline silicon solar cells
dominate the market.  These cells are characterized by their high efficiency and
reliability.  Monocrystalline  and  polycrystalline  silicon  variants  are  the  primary
categories,  with  monocrystalline  offering  higher  efficiency  due  to  its  uniform
crystal  structure.  These  cells  are  widely  deployed  in  both  residential  and
commercial solar installations [25]. While generally less efficient than crystalline
silicon cells, thin-film technologies excel in specific applications where flexibility
and lower production costs are paramount [26]. Organic solar cells, also known as
Organic  Photovoltaics  (OPVs),  leverage  organic  compounds  as  the  active
material.  These  cells  offer  the  advantage  of  being  lightweight,  flexible,  and
potentially  cost-effective.  However,  their  efficiency  is  currently  lower  than
traditional solar cell technologies, and research efforts focus on improving their
performance to make them more competitive in the market [27]. Perovskite solar
cells  have  garnered  significant  attention  for  their  rapid  advancements  in
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CHAPTER 5

Measurement  Techniques  for  Determining  the
Thermal  Conductivity  of  Bulk  Samples  and  Thin
Films
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Abstract: Thermal conductivity is one class of basic transport properties of materials
that characterizes the flow of heat through it. Over recent years, the transformation of
smart materials of atomically thin layers to small-size bulk samples has further made it
difficult to determine the thermal conductivity more accurately due to the second law
of thermodynamics,  which prevents full  control over heat flux during measurement.
Heat flux and small temperature gradients are the two most important parameters that
need  to  be  considered  while  measuring  the  thermal  properties  of  small  dimensional
samples.  The  difficulty  in  thermal  measurements  is  associated  with  the  thermal
anchoring and controlling the heat loss that takes place due to conduction, convection,
and radiation processes.  In  addition,  controlled temperature difference coupled with
high-speed data acquisition allows to study the thermal properties in a more extensive
way. In this chapter, some of the reliable and effective techniques are mentioned that
can  help  us  to  measure  thermal  conductivity  with  the  lowest  possible  error.  The
importance of maintaining a high vacuum, choosing a proper heat source, and selecting
heat sinks with desirable electrical outlets is also discussed here. Moreover, depending
on the nature and dimension of the samples, different measuring techniques need to be
used  to  extract  the  thermal  conductivity  of  samples  accurately.  In  general,
understanding  these  properties  is  significant  for  predicting  the  performance  of
electronic materials in real-world applications, such as heat exchangers, evaporators,
thermocouples,  refrigerators,  gas  turbine  engine  applications,  automotive  parts,  and
biomedical  parts.  Further,  these  properties  can  be  helpful  in  analyzing  carbon
nanotubes,  selecting  suitable  ceramic  coatings,  assessing  polymers,  etc.

Keywords: Bulk sample, Heat flux, Heat sink, Radiation, Thin film, Temperature
gradient.
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INTRODUCTION

Thermal  conductivity  is  an  important  parameter  in  the  preparation  of  devices
using  solid-state  materials  where  temperature  and  thermal  flux  are  of  primary
concern. However, the characterization of the thermal conductivity of bulk or thin
film samples always remains an uphill task as the second law of thermodynamics
denies  full  control  over  heat  flux  during  measurement.  For  instance,  the
interaction of the sample with its surroundings leads to continuous heat exchange,
which  facilitates  unavoidable  power  loss  owing  to  erroneous  thermal
measurements.  To  date,  various  measuring  techniques  have  been  adopted  to
determine the thermal conductivity of various dimensional systems. This chapter
provides  an  overview  of  thermal  measuring  techniques  and  the  possible  errors
corresponding  to  each  type  of  measurement.  The  discussion  can  help  the
researchers  to  combat  unwanted  errors  while  performing  these  experiments.

Depending  on  the  nature,  geometry,  and  size  limitations  of  samples,  the
measurement  technique  for  thermal  conductivity  could  be  sample-specific.  For
characterizing the thermal properties of bulk materials, measurement techniques,
like  the  steady  state  method  (absolute  and  comparative  technique),  transient
dynamic technique, and laser flash analysis, are widely accepted [1 - 4]. Each of
these  techniques  has  its  own  merits  and  limitations  depending  on  the  sample
specimen.  However,  the  same  thermal  measurement  techniques  may  not  be
supported  by  thin  films  whose  thickness  ranges  from  a  few  nanometers  to
hundreds  of  micrometers  grown  on  different  substrates.  A  new  approach
corresponding to thin films, like 3ω and the transient thermoreflectance technique,
has proven to be more flexible, formidable, and reliable [5, 6].

Thermal  conductivity  is  a  property  of  the  materials  to  carry  heat  along  the
temperature  gradient.  The  measurement  of  the  thermal  properties  of  solid-state
materials has been carried out since 1950. Over the period, new materials have
emerged with dimensions ranging from bulk to a single atomic layer [7 - 13]. This
development has also urged scientific engineers to redesign and modify transport
measuring techniques, which is crucial and tricky at the same time. These days,
commercial instruments are extensively used to measure the thermal conductivity
of  samples  [14  -  16].  However,  to  modify  the  measurements,  students  and
researchers should have a clear picture of how these experimental techniques are
carried  out.  How  to  control  heat  loss  through  conduction,  convection,  and
radiation processes; what effort a sample preparation needs, and how to measure
temperature gradient are some of the questions that need to be addressed in this
context.  Moreover,  controlled  temperature  difference  coupled  with  high-speed
data acquisition allows to study the thermal properties in a more extensive way.
Hopefully,  this  short  review  of  measurement  techniques  will  benefit  both  the
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readers  and  the  scientific  community  in  understanding  the  fundamentals  of
science  and  possible  sources  of  error  in  thermal  conductivity  measurements.

STEADY-STATE METHOD FOR BULK SAMPLES

Absolute Technique

Thermal  characterization  of  materials  can  pose  various  types  of  problems
depending  on  which  measurement  technique  one  is  using.  According  to  the
fundamental  concept  of  heat  flow,  thermal  conductivity  κ  can be extracted if  a
temperature gradient ∆T across a sample is measured when a certain amount of
heating power is applied. In mathematical terms, it is represented as:

(1)

Where,  Q˙  is  the  thermal  power  flowing  across  the  sample,  l  is  the  length  in
between the thermocouples, and A is the cross-sectional area of a sample. Now at
a  fixed  base  temperature,  it  is  clear  from the  above  equation  that  κ  becomes  a
slope if a graph is plotted between Q˙ and ∆T.

The absolute technique is usually good for samples that are rectangular, flat, or
cylindrical  in  shape  of  thickness  1-2  mm  [2,  3].  In  this  technique,  the  sample
whose thermal conductivity needs to be determined is kept in between the heat
source and a heat sink, as depicted in Fig. (1).

Fig.  (1).   An experimental  setup where the temperature  gradient  is  established across  the sample kept  in
between heater and sink maintained at temperature T1 and T2, respectively.

κ =Q̇ l/(A∆T) 
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CHAPTER 6

Structural  Analysis  of  Feedback  Field  Effect
Transistor and its Applications
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Abstract:  This  book  chapter  provides  a  comprehensive  overview  of  the  Feedback
Field-effect Transistor (FBFET), detailing its structure, working principle, and diverse
applications.  The  chapter  explores  the  unique  characteristics  of  FBFETs,  including
using positive feedback phenomena to enhance current flow, leading to a high on/off
current  ratio  and  exceptional  subthreshold  swing.  Subthreshold  Swing  (SS)  is  an
important parameter in evaluating the performance of a Field-effect Transistor (FET),
such as a Feedback Field-Effect Transistor (FBFET). It indicates how efficiently the
transistor can switch between the off state and the on state. Essentially, SS measures
the sharpness of the transition from the off current (leakage current) to the on current
(drive  current)  in  an  FET.  Additionally,  the  chapter  discusses  the  different  types  of
device architectures and the operational theory of the device, highlighting its potential
as a memory device due to hysteresis effects. This chapter provides a valuable resource
for  grasping  the  innovative  design  and versatile  applications  of  FBFET technology.
The optimal steep switching property of the alternative switching technology, i.e., the
Feedback Field-effect Transistor (FBFET), has drawn attention. Utilizing the positive
feedback phenomena, there is a significant increase in the overall quantity of holes and
electrons contributing to drain current. FBFETs have a high on/off ratio of current (~10
10)  and a  great  subthreshold  swing (~00 millivolt/decade  at  300 Kelvin)  due  to  the
positive feedback phenomena. Until the operation starts, the power utilization of the
turn-off and on states is very small.

Keywords: Feedback field-effect transistor, Positive feedback, Steep-switching,
Subthreshold swing.

INTRODUCTION

Over the span of the preceding six decades, Metal Oxide Semiconductor Field-
effect  Transistors  (MOSFETs)  have  gone  through  size  reduction  to  achieve
enhanced performance, high density, and cost-effectiveness [1, 2]. While scaling
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has  brought  numerous  advantages,  it  has  also  introduced challenges  as  devices
have become smaller. Issues, such as increased operational temperature and power
consumption,  have  emerged  significantly  [2].  Additionally,  the  current  leakage
has  risen  to  the  limit  that  it  may  exceed  dynamic  power  utilization.  Many
approaches  have  been  suggested  to  mitigate  power  usage  and  leakage  current.
Still, progress has been hindered by the MOSFET's theoretical subthreshold swing
limit,  which stands at around 060 mV/decade at 300 Kelvin [2]. To tackle this,
numerous novel devices for steep-switching have been developed to enhance the
transistor's subthreshold swing. Some novel devices can be classified as follows:
the  Negative  Capacitance  FET  (NCFET)  utilizes  the  negative  effect  of  the
capacitance of a ferroelectric layer to achieve a steep slope [3 - 7]. In contrast, the
phase FET incorporates extra components to exploit the effects of phase transition
substances,  enabling  flexible  resistivity  switching  [8].  The  Nano-electro
mechanical (NEM) relay operates by mechanically disconnecting and connecting
channels  [9].  The  impact  Ionization  MOS  (IMOS)  relies  on  impact  ionization
from a high electric field [10 - 12], while the Tunnel FET (TFET) works on the
principle of Band-to-band Tunneling (BTBT) [13 - 15].

Positive  feedback  Field  Effect  Transistors  (FETs)  have  garnered  particular
interest. Feedback FETs (FBFETs) exhibit high on-/off current ratios (~1010) and
great  subthreshold  swing  (~00  mV/decade  300  kelvin)  [16,  17].  Due  to  these
factors,  a  large  number  of  researchers  have  shown interest  in  Field-band  FETs
(FBFETs)  and proposed a  variety  of  FBFET types  [18-20],  including Z2-FETs,
which means that subthreshold slope is zero and impact ionization is null [21 -
27],  and  Z3-FETs  zero  gate,  where  subthreshold  slope  is  zero  and  null  impact
ionization takes  place [28 -  30].  The operating mechanism,  types  of  structures,
and transfer properties of FBFETs are all summed up in this chapter.

The enhanced characteristics  of  FBFETs over  standard FETs can be applied to
neuromorphic  devices  in  particular  or  in  a  circuit  of  inverters.  One  of  these
characteristics concerns a distinct saturation area that changes with gate voltage
(Vg).  Power  provided  to  a  device  in  both  on  and  off  states  can  be  meager,
especially at  threshold voltage (Vth),  and power utilization is  small  both at  the
time of ongoing operating state and also in case of off-state.

FBFETs have shown promise as memory devices, particularly in the context of
Dynamic  Random-access  Memory  (DRAM)  without  capacitors.  While  the
concept of 1T-DRAM was introduced around twenty years ago [31], it has largely
remained  within  the  realm  of  academic  research.  Challenges,  such  as  low
reliability,  high  consumption  of  power,  and  suitability  issues  with  standard
technologies of processes, like A2RAM [32 - 38] and meta-stable DRAM [32 -
34],  have hindered its commercial viability.  In contrast,  the long-established 1-
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transistor  1-capacitor  DRAM  has  managed  to  address  development  challenges
more  effectively.  Despite  efforts,  the  1T-DRAM has  not  yet  proven  itself  as  a
feasible  replacement  for  conventional  DRAM due to  the difficulty  in  using the
scaled capacitor in the bit-cell to match the access transistor [39, 40]. Numerous
research efforts have explored the substitution of conventional DRAM with a new
type  that  incorporates  FBFETs,  showing  significant  promise  [41  -  45].  Recent
research  has  explored  the  use  of  FBFETs  in  DRAM  design,  leveraging  the
positive feedback mechanism to create hysteresis through the assemblage in the
potential well of charge carriers. This unique approach could potentially lead to
the development of a new and promising 1T-DRAM architecture that overcomes
current challenges faced by traditional DRAM technologies [46-50].

Creating a new SRAM that is static random access memory using unit cells of the
FBFET has been suggested. High-speed memory operation is made possible for
the  SRAM  unit  cells  by  a  unique  capability  brought  about  by  the  positive
feedback  operation.  Moreover,  a  straightforward  device  topology  employing
FBFETs addresses the large cell region, which has been identified as a constraint
of  the  traditional  SRAM.  The  FBFET-based  SRAM  unit  cell  ensures  both
efficient  switching  characteristics  and  low power  consumption  due  to  its  small
switching  current  [49  -  51].  This  design  allows  for  high-density  memory
performance  with  a  compact  area  of  8F2.  Additionally,  the  SRAM  unit  cell,
utilizing positive feedback, demonstrates impressive operational performance in
terms of retention duration, write speed, and read speed [52 - 62]. These findings
show  how  promising  FBFET  is  for  applications  using  next-generation
DRAM/SRAM  memory.

Principle of Positive Feedback

Feedback  involves  sending  back  a  portion  or  the  entire  output  to  the  input.  In
positive feedback, initially, input rises after a single operation, and this enhanced
input  state  continues  into  the  next  cycle.  This  leads  to  a  sustained  positive
amplification  of  regenerative  cycles.  Similar  to  thyristors,  FBFETs  have  two
potential barriers positioned near the channel adjoining the drain and source, as
expressed in Fig. (1), obstructing the stream of electrons and holes. Conversely,
representing the carriers'  lowest energy state, a potential wall is simultaneously
created along with the potential barrier. Positive feedback occurs as the potential
barrier decreases with the supply of a gate voltage. This reduction in the potential
barrier enables charge carriers to move to the drain from the source. Electrons or
holes may become caught in the potential wall within the region of the channel
[63  -  65],  impacting  the  energy  band  due  to  the  charges  generated  by  carriers
confined within the potential wall.
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CHAPTER 7

GaN-Based High Electron Mobility Transistor
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Abstract: A next-generation of highly efficient power devices is under development,
utilizing  wide  bandgap  semiconductors,  such  as  GaN  and  SiC.  These  materials  are
gaining  traction  as  attractive  alternatives  to  silicon  due  to  their  superior  properties.
GaN, in particular, has garnered significant interest due to its excellent characteristics,
such  as  a  high  electric  field,  saturation  velocity,  electron  mobility,  and  thermal
stability.  GaN-based  High  Electron  Mobility  Transistors  (HEMTs)  exhibit  superior
performance,  enabling  operation  at  higher  currents,  voltages,  temperatures,  and
frequencies.  As  a  result,  they  are  well-suited  for  the  next  wave  of  high-efficiency
power  converters,  including  applications  in  electric  vehicles,  phone  chargers,
renewable energy systems, and data centers. This chapter aims to provide an overview
of the technological and scientific aspects of current GaN HEMT technology, including
normally-on and normally-off. It starts by summarizing recent semiconductor market
advancements  and  key  application  areas.  A  comparison  between  GaN  and  other
materials  is  then  presented,  followed  by  a  principle  of  HEMT  and  calculations  of
bound  charge.  The  chapter  also  delves  into  normally-off  GaN  HEMT  technology,
focusing  on  aspects,  like  the  recessed  gate  technique,  p-GaN  gate,  and  fluorine
implantation. Additionally, reliability concerns associated with GaN HEMTs, such as
low  positive  threshold  voltage,  2DEG  degradation,  leakage  current,  and  different
degradation types, are examined. Finally, the study touches upon the use of different
normally-off techniques in combination form to improve device parameters, such as
threshold voltage and 2DEG concentration.

Keywords:  AlGaN,  Bandgap,  Barrier  layer,  Channel  layer,  E-mode,  GaN,
HEMT,  Normally-off,  Normally-on,  Piezoelectric,  Polarization.

INTRODUCTION

The  foundation  of  contemporary  electronics  is  semiconductor  materials,  which
allow for altering complex gadgets that drive our technological society. Among
these  materials,  silicon  and  III-V  semiconductors  are  notable  for  their  unique
qualities and wide range of uses. The industry workhorse for a long time has been
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silicon,  a  fundamental  component  of  semiconductor  technology.  With  time,
silicon-based  power  devices  have  reached  their  maximum  theoretical  limits;
design engineers face increasing current, voltage, and power ratings. This has led
to  the  shift  of  the  semiconductor  industry  towards  comprehensive  bandgap
materials. Wide bandgap materials serve an essential function in the design and
performance of HEMTs, offering distinct merits over traditional semiconductor
materials, like silicon. Due to their unique properties, gallium nitride and silicon
carbide  are  two  prominent  wide  bandgap  materials  extensively  used.  One  key
advantage of wide bandgap materials is their ability to withstand higher electric
fields, leading to higher breakdown voltages compared to silicon. This property
enables  HEMTs  based  on  GaN  to  operate  at  elevated  voltages,  making  them
suitable  for  high-power  applications.

Moreover,  wide  bandgap  materials  exhibit  superior  electron  mobility,  which  is
essential for high-frequency operation and fast switching speeds in HEMTs. The
creation  of  a  2DEG  at  the  junction  boundary  within  these  materials  not  only
boosts  electron  transport  efficiency,  but  also  enhances  overall  device
performance.

Wide bandgap materials also offer exceptional thermal stability, which is critical
in  maintaining  the  reliability  and  performance  of  devices  in  high-temperature
conditions.  This  quality  makes  GaN  HEMTs  highly  attractive  for  applications
where effective heat dissipation is crucial, such as in electrical power control for
electric  vehicles  and  renewable  energy  systems.  The  properties  of  different
semiconductors are shown in Table 1 [1]. GaN is more exceptional than the other
III-V materials for developing heterostructures due to the large energy gap and in-
built polarization field. Due to its suitable properties, it is extensively used as an
essential component in radar, 5-G communication, and satellite communication [2
- 5].

Table 1. Properties of different semiconductor materials.

Properties Silicon Silicon Carbide Indium Phosphide Gallium Nitride

Bandgap (eV) 1.12 3.26 1.35 3.4

Carrier mobility (cm2/V-s) 1500 900 4000 1500

Thermal conductivity (W/m.K) 150 400 80 200

Crystal structure Diamond cubic Hexagonal Zincblende Wurtzide

High-electron-mobility transistor is a semiconductor device used in high-intensity
frequency  and  power  applications.  It  is  particularly  known for  its  capability  to
operate at RF frequencies [6, 7]. Traditional HEMT is usually normally-on due to
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the generation of 2-DEG, which acts as the channel at the AlGaN/GaN boundary.
GaN materials have piezoelectric properties, and piezoelectric polarization is the
principle behind the formation of 2DEG in HEMT. The normally-off HEMT is
preferred over the normally-on one because the normally-off HEMT is the ideal
device  for  applications  involving  fast  switching  and  significant  power
requirements  [8].

WORKING PRINCIPLE

The basic structure of HEMT is created when a layer of higher bandgap (barrier
layer)  material  is  grown on a  layer  of  lower bandgap (channel  layer).  Both the
layers  have  different  bandgaps  and  piezoelectric  fields.  We  know  that  gallium
nitride  possesses  piezoelectric  properties.  When  two  semiconductor  layers  of
distinct  lattice  constants  are  brought  into  contact,  the  layers  stretch  or  strain,
forming  a  piezoelectric  polarization  field.  A  bound  charge  is  generated  at  the
heterointerface  of  GaN  and  AlGaN;  if  the  bound  charge  at  the  interface  is
positive, negatively charged electrons tend to neutralize for the positive charge,
leading to the generation of 2DEG below the channel layer. Fig. (1) depicts the
bound charge generated at the AlGaN/GaN junction [1]. The electrons in 2DEG
have enhanced mobility, so we use the term high electron mobility transistor. The
2DEG  serves  as  the  channel  of  HEMT,  and  the  gate  controls  the  electron
movement  amid  the  source  and  drain.

Fig. (1).  Bound charge at the interface.

Bound Charge Calculation at the Interface

The  bound  charge  formed  at  the  junction  of  AlGaN/GaN  is  primary  for  the
formation of an electron layer in HEMT. The barrier layer and channel layer of
GaN HEMT are grown in the [0001] direction. The AlGaN layer on the gallium
nitride layer stretches itself to match the properties of the gallium nitride layer.
Due to this, a positive bound charge is formed [1]. The following equation can be
used to calculate the bound charge:
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CHAPTER 8

Advanced  Semiconductor  Sensing  Technologies:
Materials and Design Challenges at the Nanoscale
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Abstract:  This  chapter  delves  into  the  intricate  realm of  semiconductor  devices  for
sensing applications, offering a comprehensive and detailed exploration. It begins with
a  foundational  examination  of  semiconductor  sensing  principles,  elucidating  the
fundamental mechanisms that underpin these advanced technologies. The chapter then
transitions to the pivotal role of nanoscale materials in enhancing sensing capabilities,
emphasizing  how  these  materials  revolutionize  sensor  performance.  A  meticulous
examination of the design considerations for crafting nanoscale semiconductor sensing
devices follows, addressing architectural nuances, integration challenges, and concerns
related to power consumption and efficiency. The chapter further provides an in-depth
discussion on materials synthesis and fabrication techniques, offering an overview of
diverse methods for nanomaterial synthesis and the fabrication processes essential for
creating  these  sophisticated  devices.  Highlighting  recent  advancements  in
semiconductor sensing technologies, the chapter unveils state-of-the-art developments
and emerging trends. Insightful case studies and real-world applications illustrate these
advancements, showcasing how theoretical concepts translate into practical solutions.
An  in-depth  analysis  of  the  challenges  and  opportunities  within  the  field  outlines
current  obstacles,  proposes  potential  solutions,  and  envisions  future  prospects,
providing  a  comprehensive  understanding  of  the  landscape.  Through  engaging  case
studies,  the  chapter  demonstrates  how  innovative  solutions  can  be  implemented  to
overcome existing challenges. Further exploration of the critical aspects of testing and
characterization  of  nanoscale  semiconductor  sensing  devices  emphasizes  the
importance  of  rigorous  evaluation.  A  spectrum  of  characterization  techniques  is
covered, ensuring a thorough understanding of reliability and durability assessments,
ultimately providing readers with a well-rounded and detailed perspective on the future
of semiconductor sensing technologies.

Keywords:  Advancements,  Challenges,  Fabrication,  Nanomaterials,  Sensors,
Semiconductors.
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INTRODUCTION

In  the  intricate  tapestry  of  scientific  exploration  and  technological  innovation,
sensing technologies emerge as a pivotal thread weaving through diverse realms.
Sensors  play a  crucial  role  in  today's  world,  serving as  the  sensory organs that
enable the digital transformation of various industries. The significance of sensors
lies  in  their  potential  to  collect  real-time  data,  providing  valuable  insights  that
drive efficiency, innovation, and improved decision-making across diverse sectors
[1].

In  healthcare,  sensors  play  a  crucial  role  in  wearable  devices,  monitoring  vital
signs, tracking physical activity, and detecting early signs of medical conditions
[2]. This promotes proactive healthcare management and personalized treatment
plans.  Agriculture  benefits  from  sensors  optimizing  irrigation  through  soil
moisture measurements, monitoring crop health, and employing precision farming
for  increased  yield  [3].  The  automotive  industry  relies  heavily  on  sensors,  like
LiDAR,  radar,  and  cameras  for  advanced  driver  assistance  and  autonomous
vehicles,  enhancing  safety  and  enabling  self-driving  capabilities  [4,  5].

In  manufacturing,  sensors  contribute  to  process  automation,  predictive
maintenance, and quality control, boosting productivity and reducing operational
costs  [6].  In  smart  cities,  sensors  monitor  and  manage  urban  infrastructure,
fostering  sustainability  and  improving  the  quality  of  life  for  residents  [7].  The
Internet  of  Things  (IoT)  heavily  depends  on  sensors,  forming  interconnected
devices  for  seamless  communication,  leading  to  smart  homes,  grids,  and
industries [8]. As technology evolves, sensors' significance will grow, influencing
advancements in various sectors, like artificial intelligence, machine learning, and
data analytics.

In  the  realm  of  sensing  technologies,  semiconductor  devices  have  emerged  as
integral components, representing a technological frontier that has redefined the
landscape  of  detection  and  measurements  [9,  10].  Semiconductors  are
fundamental components in the field of sensors and sensing technologies, serving
as  the  building  blocks  for  various  sensor  types.  Semiconductor-based  sensors
leverage the unique electrical properties of semiconductors to detect and measure
physical changes, allowing for precise and reliable sensing across a wide range of
applications [11].

One  prominent  example  of  semiconductor  sensing  technology  is  Metal  Oxide
Semiconductor  (MOS)  structures  in  gas  sensing.  In  these  sensors,  a
semiconductor  material  is  coated  with  a  metal  oxide,  and  the  electrical
conductivity of the semiconductor changes in the presence of specific gases [12].
Such gas sensors find applications in environmental monitoring, industrial safety,
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and  even  in  smart  homes  for  detecting  gas  leaks  [13,  14].  Another  notable
application  is  the  use  of  semiconductor  devices  in  temperature  sensors  [15].
Thermistors,  which  are  temperature-sensitive  resistors,  are  made  from
semiconductor  materials.  As  the  temperature  changes,  the  resistance  of  the
semiconductor  material  also  changes  proportionally,  allowing  for  accurate
temperature  measurements  [16].  These  sensors  are  extensively  used  in  climate
control systems, weather stations, and various electronic devices.

Semiconductors  are  integral  to  the  development  of  photodetectors  and
photodiodes also, which are used in light sensors. The semiconductor material in
these sensors generates a current when exposed to light and the current is directly
related to the amount of light falling on the sensor. This principle is employed in
applications,  such  as  ambient  light  sensors  in  smartphones,  cameras,  and
automatic lighting systems [17].  Furthermore,  semiconductor-based sensors are
crucial in pressure sensing technologies. For instance, piezoresistive sensors use
semiconductor materials that change resistance in response to mechanical stress,
allowing for accurate pressure measurements. These sensors are commonly found
in automotive applications, medical devices, and industrial equipment [18].

The role of semiconductors in sensing technologies is significant because of their
versatility, scalability, and ability to integrate with electronic systems. Advances
in  semiconductor  manufacturing  processes  have  led  to  the  development  of
miniaturized sensors,  which are also energy-efficient,  making them suitable for
diverse  applications  in  today's  interconnected  and  data-driven  world  [19].
Expanding  upon  the  advanced  sensing  technologies  within  the  realm  of
semiconductor applications, the intricacies of innovation that have propelled this
field  to  the  forefront  of  scientific  inquiry  are  important  to  understand.  The
integration  of  nanomaterials  with  cutting-edge  technologies  emerges  as  a
transformative  force  as  we  delve  into  the  intricate  world  of  advanced
semiconductor  sensing.  The  integration  of  nanomaterials  into  semiconductor
sensing devices unleashes a spectrum of possibilities, fostering innovation in both
design  and  functionality.  This  chapter  serves  as  a  beacon  for  researchers,
engineers,  and  enthusiasts,  exploring  the  intricate  interplay  between  materials,
design, and nanoscale challenges in semiconductor sensing technologies.

FUNDAMENTALS OF SEMICONDUCTOR SENSING

Semiconductor sensing relies on the unique electrical properties of semiconductor
materials to detect changes in physical quantities, like light, pressure, temperature,
gas  concentration,  and  more.  Semiconductor  sensors  employ  various  detection
mechanisms  based  on  the  interaction  between  charge  carriers  and  the  external
stimulus. The fundamentals of semiconductor sensing include the knowledge of
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CHAPTER 9
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Abstract: This chapter provides a thorough examination of the key factors influencing
the development and functionality of Tunnel Field-effect Transistor (TFET) biosensors.
It  focuses  on  three  main  areas:  design  techniques,  analytical  modeling  for  DNA
detection, and the impact of radiation-induced effects,  particularly X-rays, on TFET
sensitivity. Commencing with an overview of TFET biosensors and their importance in
biomedical  and  environmental  sensing,  the  chapter  delves  into  the  complexities  of
design strategies aimed at enhancing sensor performance. It scrutinizes various design
methodologies,  such  as  material  selection,  device  architecture,  and  surface
functionalization,  highlighting  their  effects  on  sensitivity,  selectivity,  and  stability.
Following  this,  the  chapter  investigates  tailored  analytical  modeling  approaches  for
TFET  biosensors  in  DNA  detection  applications.  It  elucidates  the  theoretical
foundations  and  numerical  methods  governing  DNA  sensing  mechanisms,
encompassing electrostatics modeling, charge transport simulations, and device-level
simulations. Practical insights into amalgamating analytical models with empirical data
enable  the  refinement  of  TFET  biosensors  for  DNA  detection,  enhancing  their
precision  and  dependability.  Moreover,  the  chapter  delves  into  the  repercussions  of
ionizing  radiation,  specifically  X-rays,  on  TFET biosensor  performance.  It  explores
radiation-induced  phenomena,  such  as  shifts  in  threshold  voltage,  damage  to  gate
oxide,  and  alterations  in  sensitivity,  elucidating  their  implications  for  sensor
functionality  in  radiation-rich  settings.  Strategies  for  mitigating  these  effects  and
bolstering sensor resilience are discussed to ensure consistent operation across diverse
application scenarios.

Keywords: Analytical modeling, Biomedical sensing, DNA detection, Material
selection, Radiation-induced effects, Tensitivity, TFET biosensors.
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INTRODUCTION

In the rapidly evolving landscape of sensor technology, tunnel field effect-based
biosensors have emerged as pivotal instruments, poised to revolutionize the field
with  their  distinctive  blend  of  capabilities  [1  -  10].  These  biosensors,
characterized  by  their  low  power  consumption,  exceptional  sensitivity,  and
seamless integration with Complementary Metal Oxide Semiconductor (CMOS)
technology, have garnered significant attention as versatile platforms for modern
sensing applications.  In an era marked by the escalating demand for miniature,
high-performance  biosensing  solutions  capable  of  detecting  a  diverse  array  of
analytes with precision and reliability, TFET biosensors stand out as promising
candidates  poised  to  meet  these  evolving  needs.  As  we  embark  on  a  journey
through  the  intricate  realm  of  TFET  biosensor  engineering,  our  exploration
focuses on three core pillars:  design optimization,  analytical  modeling,  and the
nuanced consideration of radiation effects. These pillars serve as the cornerstones
of  TFET  biosensor  development,  guiding  efforts  to  enhance  performance,
understand  underlying  physics,  and  fortify  sensors  against  environmental
challenges. Through the investigation of these aspects, we aim to contribute to the
betterment of biosensing technology, paving the way for innovative solutions that
transcend existing boundaries.

Design optimization consists  of  a myriad of strategies aimed at  tailoring TFET
biosensors  to  achieve  optimal  performance  characteristics.  From  refining
sensitivity  and  selectivity  to  minimizing  power  consumption  and  fabrication
complexity,  design  optimization  strategies  play  a  pivotal  role  in  bolstering  the
capabilities  of  TFET  biosensors,  empowering  them  to  meet  the  diverse
requirements of modern sensing applications. In parallel, our exploration delves
into  the  realm  of  analytical  modeling,  offering  insights  into  the  underlying
physical  mechanisms  that  govern  TFET  operation.  Analytical  models  serve  as
invaluable  tools  for  predicting  device  behavior,  unraveling  intricate  electrical
phenomena, and informing design decisions with precision. By leveraging these
models,  the  readers  are  expected  to  gain  a  deeper  understanding  of  TFET
biosensor  performance  under  various  operating  conditions,  empowering
researchers  to  refine  designs  and  optimize  sensor  performance.

Furthermore,  the  presented  investigation  extends  to  the  realm  of  radiation
considerations, recognizing the importance of fortifying TFET biosensors against
environmental  challenges.  In  an  era  where  radiation  exposure  is  increasingly
prevalent  in  diverse  applications,  from  medical  imaging  to  space  exploration,
understanding the effects of radiation on biosensor performance is paramount. By
exploring strategies to enhance radiation tolerance and mitigate radiation-induced
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effects, we strive to ensure the reliability and robustness of TFET biosensors in
demanding operational environments.

Through this multidimensional exploration, we aim not only to advance the state-
of-the-art  in  TFET  biosensor  engineering,  but  also  to  catalyze  transformative
advancements in biosensing technology as a whole. By unraveling the intricacies
of  design  optimization,  analytical  modeling,  and  radiation  considerations,  we
endeavor to push the boundaries of sensor performance, enabling the development
of innovative solutions that address the evolving needs of society.

DESIGN TECHNIQUES FOR TFET BIOSENSORS

Designing Tunnel Field Effect Transistor (TFET) biosensors requires a nuanced
understanding  of  the  intricate  interplay  between  device  engineering  and
biosensing  principles.  TFET  biosensors  offer  remarkable  advantages,  such  as
low-power  operation,  high  sensitivity,  and  compatibility  with  ongoing  CMOS
technology, which make them highly promising in a variety of applications, such
as  healthcare,  environmental  monitoring,  and  beyond.  In  this  exploration  of
design  techniques  for  TFET biosensors,  the  key  strategies  aimed  at  optimizing
device  performance  and  enhancing  sensitivity,  selectivity,  and  reliability  are
mentioned. From material selection and device geometry optimization to surface
functionalization  and  signal  amplification,  each  technique  plays  a  vital  role  in
shaping the capabilities and effectiveness of TFET biosensors [7 - 15]. Through
this  examination,  the  authors  aim to  provide  insights  and  practical  guidance  to
researchers  and  engineers  seeking  to  leverage  TFET  biosensors  for  innovative
biosensing  solutions.  Designing  TFET  biosensor  devices  involves  several  key
techniques to optimize their performance for specific applications. Here are listed
some essential design techniques.

Material Selection

The  choice  of  semiconductor  material  is  critical  for  TFET  biosensors.  III-V
compound semiconductors, like InAs and GaSb, are often preferred due to their
high carrier  mobility,  which allows for  efficient  charge transport.  Additionally,
2D materials,  such as MoS2  and WSe2,  offer advantages, like tunable bandgaps
and  large  surface-to-volume  ratios,  making  them  suitable  for  biosensing
applications.  In  one  of  the  studies  [11,  12],  highly  sensitive  ovarian  cancer
biomarker  detection  was  made  possible  with  the  help  of  InGaAs/Si
heterojunction-based  TFET  biosensor.
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CHAPTER 10

A  New  Paradigm  Shift  in  the  Semiconductor
Industry for 6G Technology: A Review
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Abstract:  Sixth-generation  (6G)  wireless  communication  networks  are  expected  to
combine  terrestrial,  maritime,  and  aerial  communications  into  a  scalable,  fast,  and
resilient network that can support a lot of devices with very low latency requirements.
6G semiconductor materials need to have particular properties in order to satisfy the
goals  of  substantially  faster  data  speeds,  reduced  latency,  and  enhanced  device
connection  over  earlier  generations.  Novel  semiconductor  materials  are  being
discovered, and current ones are being optimized to satisfy the ever-changing needs of
6G technology. With an emphasis on wide bandgap semiconductors, like GaN and SiC,
which offer improved efficiency and performance, this overview examines significant
developments in semiconductor materials. To satisfy the particular requirements of the
next-generation wireless networks, the semiconductor industry will probably witness
breakthroughs and advances in these and other components as 6G technology develops.
It is anticipated that the advancement of 6G technology will present novel demands and
obstacles for semiconductor components. For 6G networks, the semiconductor industry
is seeing major paradigm developments. In order to support higher frequencies and data
rates, this shift places an emphasis on the integration and shrinking of components. For
6G  devices  to  be  widely  adopted  in  a  sustainable  manner,  advances  in  energy
efficiency  are  essential.  The  6G  network  dimensions  with  air  interface  and  related
prospective technologies are thoroughly outlined in this article. With regards to the 6G
network, we primarily focus on a variety of semiconductor materials and components,
as well as Key Performance Indicators (KPI), like high thermal conductivity, low noise,
and wide bandgap.

Keywords:  III-V compound semiconductors,  6G technology,  Millimeter  wave,
Semiconductor device, Terahertz frequency.

INTRODUCTION

While 5G mobile network standards are still in their early stages, the basis for the
future  6G  wireless  network  standards  is  already  beginning  to  take  shape.  It  is
acceptable to start thinking about the  possible  features  of  6G  technology,  even
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though  it  might  not  be  accessible  for  a  while  [1  -  4].  6G  networks  will  be
equipped with more supporting applications than what consumers usually use on
their  phones  because  they  are  anticipated  to  be  more  diversified  than  previous
mobile networks. The Internet of Everything (IoE) has led to the development of
numerous  new  vertical  services  and  applications  that  improve  industrial
processes,  society,  and  our  daily  lives  [5,  6].  These  include  mass  production,
smart  housing,  smart  transit  systems,  and  Virtual  Reality  (VR)  technologies.
These applications have a wide range of effects, and there are numerous Quality
of  Service  (QoS)  criteria.  However,  the  capabilities  of  fifth-generation  (5G)
networks are now short of what is required to enable new vertical applications. As
a result, researchers are looking into novel approaches to building and managing
6G networks.

6G  networks  will  replace  5G  cellular  technology  in  the  near  future,  as  6G
networks will have far greater capacity, lower latency, and the ability to operate at
higher frequencies than the 5G network. With latency as low as one microsecond,
the  6G  network  would  aim  to  facilitate  communication  between  the  users.
Compared to a millisecond's worth of throughput, it would be 1000 times faster.
Unlike 5G, which uses mmWave to operate in the microwave frequency range,
6G will use even shorter wavelengths to operate in the Terahertz (THz) region,
spanning  from 100  GHz to  3  THz.  Radio  Access  Networks  (RAN)  are  greatly
impacted by 5G, but 6G networks will have a much greater impact because of a
large frequency increase that will reduce the need for antennas nearly everywhere
[7].

The Internet of Things (IoT), massive Machine-type Communications (MTC), and
other technologies have grown, making 5G far more than just  standard cellular
networks. It can deliver gigabits per second instead of megabits per second and
achieve  a  1000x  increase  in  capacity  over  4G  networks,  among  other  Key
Performance Indicators (KPIs) [8]. Target peak rates are stated to be 20 Gbps for
the  downlink  and  10  Gbps  for  the  uplink  in  a  document  on  5G  scenarios  and
requirements  for  access  technologies  released  by  the  European
Telecommunication  Standards  Institute  (ETSI)  (3GPP  TR  38.913).  Table  1
provides further information about the different KPIs. We have also made some
educated  guesses  about  how  the  needs  for  potential  6G  networks  would  differ
from those for 5G [8, 9].

This chapter aims to offer an expert opinion on the most innovative and popular
research  trajectories  that  could  influence  6G  mobile  technologies.  Though  the
development of 6G is still in its early stages and some concepts may not become
clear for some time, this visionary piece adopts a bold stance in speculating on
potential enabling technologies and revolutionary 6G elements, outlining features
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that go beyond what 5G can offer. First, we provide an overview of the evolution
of  6G  technology  in  this  chapter.  After  that,  a  summary  of  the  6G  market
overview and current state is provided. Next, we talk about the 6G technology's
uses and semiconductor parts. We have covered new paradigm developments in
the semiconductor sector for 6G technology in the section that follows. After that,
we  discuss  the  characteristics  needed  for  improved  semiconductor  materials  in
6G.  We have gone into  great  detail  about  new semiconductor  materials  for  6G
technologies. We finally wrap up this chapter and outline some potential future
study  topics.  The  next  section  covers  new  paradigm  advances  in  the
semiconductor  industry  for  6G technology.  The  features  required  for  enhanced
semiconductor materials in 6G are then covered. New semiconductor materials for
6G technologies have been covered in great depth. In the end, we discuss several
possible areas of future research as we wind up this chapter.

Table 1. KPIs for 5G vs. 6G.

Features 6th Gen 5th Gen

Frequency of operation Up to 1 THz 3 − 300 GHz

Individual data rate 100 Gbps 1 Gbps

U-plane latency < 0.1 ms 0.5 ms1 [9]

Download data rate > 1 Tbps 20 Gbps

C-plane latency < 1 ms 10 ms

Mobility Up to 1000 km/hr Up to 500 km/h

Spectral efficiency 100 bps/Hz 30 bps/Hz

EVOLUTION OF 1G TO 6G

Significant technological advancements and conceptual shifts have characterised
the remarkable development of mobile telecommunications from 1G to 6G [6, 8,
10 - 13]. Below is a summary of each generation, along with its salient features:

First Generation (1G)

1G  represents  first-generation  wireless  mobile  communication,  which  first
appeared in the late 1970s and early 1980s. It made use of voice services  via  the
Advanced  Mobile  Phone  System  (AMPS)  and  analog  technology.  With  a
maximum speed of 2.4 kbps, it used FDMA technology with a channel capacity of
30  kHz,  operating  in  the  824–894  MHz  frequency  band.  Spectrum  widening
allowed  AMPS  to  increase  its  capacity  by  10  MHz  in  1988.  In  1982,  the  US
implemented 1G AMPS [10].
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CHAPTER 11

Exploring  the  Depths  of  Sigma-Delta  Analog-to
Digital Converters: A Comprehensive Review
Ravita1,*, Ashish Raman1 and Ramesh K Sunkaria1

1 Dr. B. R. Ambedkar National Institute of Technology, Jalandhar, Punjab, India

Abstract:  Sigma-delta  Analog-to-Digital  Converters  (ADCs)  have  arisen  as  critical
components  in  modern  electronic  systems  due  to  their  capability  to  achieve  high-
resolution  conversions  with  minimal  power  consumption.  This  chapter  provides  a
comprehensive review of sigma-delta ADC architectures, operating principles, design
considerations,  and  applications.  It  begins  by  outlining  the  sigma-delta  modulation
technique and proceeds to explore various architectures, including first-order, higher-
order, and multi-bit sigma-delta converters. The discussion extends to analyzing noise
shaping,  quantization  noise,  and  dynamic  range,  which  are  pivotal  in  shaping  the
performance  of  sigma-delta  ADCs.  The  chapter  meticulously  addresses  design
challenges, such as stability concerns, handling non-idealities, and optimizing circuit
implementation techniques to achieve peak performance. Furthermore, it explores the
evolution  of  sigma-delta  ADC  technology,  highlighting  recent  advancements  and
emerging  trends.  This  includes  advancements  in  oversampling  techniques,  digital
decimation filters, and calibration methods aimed at further enhancing the efficiency
and accuracy of sigma-delta ADCs. Finally, the chapter concludes with an overview of
the diverse applications of sigma-delta ADCs across various domains. These include
their  use  in  communications,  sensor  interfaces,  audio  processing,  and  medical
instrumentation, underscoring their versatility and importance in modern electronics.
Each application domain benefits uniquely from the precision and efficiency offered by
sigma-delta ADCs, making them indispensable in today’s technology landscape.

Keywords: ADCs (analog-to-digital converters), ∑ΔADCs (sigma-delta analog-
to-digital converters), Modulation techniques, Noise shaping, Quantization noise.

INTRODUCTION

ADCs  are  essential  parts  of  contemporary  electronic  systems,  enabling  the
transformation of continuous analog signals into digital  formats for processing,
storage, and transmission [1]. Among the plethora of ADC architectures available,
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∑ΔADCs  have  attracted  much  interest  since  they  can  provide  high-resolution
conversions,  while  consuming  relatively  low  power.  This  chapter
comprehensively  explores  ∑ΔADCs,  elucidating  their  fundamental  principles,
architectures, design considerations, performance analysis, recent advancements,
and applications.

The  modulation  technique  forms  the  cornerstone  of  ∑ΔADCs,  leveraging
oversampling and noise  shaping to  attain  high-resolution conversion [2,  3].  By
exploiting  the  inherent  trade-off  between  sampling  rate  and  resolution,  sigma-
delta  ADCs  can  achieve  resolutions  exceeding  those  of  traditional  ADC
architectures  without  necessitating  high-precision  analog  components.

Various  architectures  of  sigma-delta  ADCs,  including  first-order,  higher-order,
and  multi-bit  converters,  are  examined  in  detail,  highlighting  their  advantages,
limitations, and design considerations. The intricacies of stability analysis, non-
idealities,  and  circuit  implementation  techniques  are  also  discussed,  offering
insights  into  achieving  optimal  performance  in  practical  implementations.

Performance analysis constitutes a crucial aspect of sigma-delta ADC evaluation,
encompassing  noise  shaping,  dynamic  range,  resolution,  accuracy,  speed,  and
power consumption. By comprehensively assessing these factors, designers can
tailor  ∑ΔADCs  to  meet  the  requirements  of  diverse  applications  spanning
communications,  sensor  interfaces,  audio  processing,  and  medical
instrumentation.

Furthermore, this chapter delves into recent advancements and emerging trends in
sigma-delta  ADC technology,  including novel  oversampling techniques,  digital
decimation filters, and advanced calibration methods, to enhance performance and
efficiency.

In  conclusion,  this  chapter  is  a  valued  resource  for  researchers,  engineers,  and
students  seeking  a  deeper  understanding  of  ∑ΔADCs.  By  providing  a
comprehensive  overview  of  architectures,  design  considerations,  performance
analysis,  recent  advancements,  and  applications,  it  aims  to  foster  continued
innovation  and  advancement  in  analog-to-digital  conversion.

OVERVIEW OF ANALOG-TO-DIGITAL CONVERTERS (ADCs)

ADCs are essential components in modern electronics [4]. They allow continuous
analog signals to be converted into digital representations, making them suitable
for  storage,  processing,  and  transmission  within  digital  systems.  They  play  a
critical  role  in  bridging  the  analog  and  digital  domains,  allowing  for  the
integration  of  analog  signals  into  digital  processing  chains.
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The  quality  of  the  digital  output,  including  resolution,  accuracy,  and  speed,  is
paramount in determining the overall  performance of the ADC. Different ADC
architectures offer unique characteristics and trade-offs. The selection of an ADC
architecture  is  determined  by  the  particular  requirements  of  an  application,
including  the  required  speed,  power  consumption,  resolution,  and  financial
concerns.  Some  common  types  include  the  following:

Successive Approximation ADCs

These  ADCs  employ  a  binary  search  algorithm  to  establish  the  digital
representation of the incoming signal. They are known for their moderate speed
and reasonable resolution.

Flash ADCs

Flash ADCs use an array of voltage comparators to convert an analog input into a
digital  output  directly.  They  offer  high-speed  conversion,  but  are  limited  in
resolution  and  power  efficiency.

Sigma-Delta ADCs

Oversampling and noise-shaping methods are used by sigma-delta ADCs to attain
high-resolution  conversions,  while  keeping  power  consumption  relatively  low.
They are particularly suited for high-resolution applications with low to moderate
bandwidth.

Pipeline ADCs

Pipeline  ADCs  divide  the  conversion  process  into  multiple  stages,  each
contributing to the ADC's overall resolution. They balance speed and resolution
and are commonly used in high-speed applications.

In addition to the architecture, other factors, such as sampling rate, input range,
and signal conditioning, influence the performance of ADCs. Noise, linearity, and
dynamic range are key factors in guaranteeing the precise and reliable conversion
of analog signals into digital format. The first block in Fig. (1) is the Anti-alias
Filter (AAF), which reduces the input signal's bandwidth to less than half of the
sampling  frequency.  This  filter  prevents  higher-frequency  signals  from folding
back  into  the  frequency  range  of  interest  during  sampling,  thereby  avoiding
aliasing.  Depending  on  the  sampling  rate  and  signal  bandwidth  relationship,
ADCs  are  typically  categorized  as  Nyquist  rate  ADCs  or  oversampled  ADCs,
such as sigma-delta ADCs. As the sampling rate increases, the transition width of
the anti-alias filter also increases proportionally.
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CHAPTER 12

Photovoltaic Performance Estimation of Thin Film
Lateral  Pn-Junction  Solar  Devices  and
Comprehensive  Consideration  of  Performances  of
Various  Homo-  and Hetero-Junction  Structures
Yasuhisa Omura1,*

1 ORDIST, Kansai University, Suita, Osaka 564-8680, Japan

Abstract: This chapter provides a practical theoretical foundation and perspective on
the  performance  of  various  thin-film  lateral  pn-junction  solar  devices  under
illumination. It focuses on Si- and Ge-based homo-junctions, as well as ZnO/Si (Type-
I)  and  GaN/Si  (Type-II)  based  hetero-junctions.  Theoretical  models  assume  poly-
crystalline or amorphous semiconductor materials. The study demonstrates that highly-
doped  Si-  and  Ge-based  homo-junction  architectures  show  great  promise  for  high-
performance solar devices. By utilizing published experimental results, the predicted
performances  of  homo-junction  and  hetero-junction  solar  devices  are  primarily
compared at  room temperature.  Additionally,  the chapter addresses the behaviors of
these  devices  at  low  and  high  temperatures,  considering  various  applications.  The
results reveal the superiority of Si- and Ge-based homo-junctions. The chapter delves
into  the  theoretical  aspects,  providing  a  robust  understanding  of  the  principles
governing  the  performance  of  these  solar  devices.  It  evaluates  the  advantages  and
challenges associated with each type of junction, offering a comprehensive analysis of
their  operational  efficiencies.  Through detailed  comparisons  and  analysis,  the  study
underscores  the  potential  of  Si-  and  Ge-based  homo-junctions  in  advancing  solar
technology.  This  investigation  into  the  practical  and  theoretical  aspects  of  thin-film
lateral pn-junction solar devices serves as a valuable resource for understanding their
performance  under  different  conditions.  It  highlights  the  critical  role  of  material
selection  and  doping  strategies  in  optimizing  device  efficiency,  paving  the  way  for
future research and development of high-performance solar technologies.

Keywords: -  Lateral pn junction, Ge, GaN, Photovoltaic performance, Si, Thin
film, ZnO.
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INTRODUCTION

A  pn-junction-based  optical  rotor  operating  under  external  illumination  was
proposed [1]. Though the device was proposed as a mechanical part for MEMS
(Micro Electro Mechanical System) applications [2], its full potentiality has yet to
be examined in experiments. Since many MEMS applications [3] must have very
low-power operation, because most must work with very small batteries, we need
advanced mobile battery-powered devices, not AC power supplies. One possible
way is to make a built-in battery that is charged by an external energy source, like
optical illumination.

Combinations of various flexible electronics technologies and solar batteries are
now  being  investigated  in  order  to  support  new  advanced  applications  [4  -  7]
because they have high potential for future medical implantation applications [8]
and  sensor-network  applications  for  the  IoT  society  [9],  as  well  as  space
applications  [10].  Since  low-temperature  deposition  techniques,  like  mist  CVD
method [11 - 14], have recently been developed, the above device applications are
seen as real targets for the electronics industry. The potential of lateral pin diodes
has  recently  been  investigated  in  order  to  attain  high-performance  photodiodes
[15 - 18], and the influence of temperature and device thickness is being studied.
However, their future potential has yet to be discussed.

In  this  paper,  the  author  reconsiders  the  theoretical  base  for  photovoltaic
performance  estimation  of  thin  film  lateral  pn-junction  solar  devices  and
comprehensively  discusses  the  performances  of  homo-  and  hetero-junction
devices  because  it  is  anticipated  that  such  lateral  pn-junction  solar  devices  are
much more robust  against  local  damage than the conventional  vertical  junction
structure. In addition, the author reveals by theoretical predictions that the carrier
diffusion behaviors of sub-100-nm-thick Si films are quite insensitive to carrier
lifetime  values  [2].  Such  characteristic  is  needed  in  future  various  flexible
electronics.  Though  the  primary  theoretical  base  was  given  in  an  earlier  work
[19],  the  physical  conditions  implicit  in  the  discussion  were  not  deeply
considered. Accordingly, this paper revisits the theoretical formulation in order to
widen  the  consideration  [20,  21],  and  some  additional  theoretical  concepts  are
introduced  for  the  hetero-junction  structures  and  numerically  evaluated  [20].
Here,  various  calculations  are  performed  for  Si-  and  Ge-based  homo-junction
devices and ZnO/Si (Type-I) and GaN/Si (Type-II) based hetero-junction devices
[6,  7,  22  -  25]  from  the  viewpoint  of  future  applications.  In  addition,  device
design  issues  are  also  discussed.
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DEVICE STRUCTURES ASSUMED

Though some advanced proposals and experiments have recently been published
[5 - 7, 23 - 27], some of them are based on chalcogenide materials because of their
promising future potential [5, 20]. On the other hand, this study has paid attention
to  the  ubiquitous  society  of  solar  battery  devices  with  their  low  costs  and
robustness  from  the  viewpoint  of  industrial  application.  So,  only  well-known
materials  are  assumed  in  simulations.

A simplified  physical  image  of  the  thin  film lateral  pn  junction  solar  device  is
shown  in  Fig.  (1),  where  the  top  view  of  the  device  is  given  in  Fig.  (1a),  the
cross-sectional  view of  Si-  or  Ge-based homo-junction device is  shown in  Fig.
(1b), that of the n-ZnO/p-Si (or n-GaN/p-Si) hetero-junction device is shown in
Fig.  (1c),  and  that  of  the  multi-stack  architecture  is  shown  in  Fig.  (1d);  it  is
assumed that green light, with a wavelength of 550 nm, directly illuminates to the
sheet’s top surface [1]. Here, we assume the coordinate system, as shown in Fig.
(1a).

Fig. (1).  Schematic representation of the device structure. (a) Top view, (b) cross-sectional view of Si pn-
junction or Ge pn-junction, (c) n-ZnO/p-Si or n-GaN/p-Si hetero-pn-junction, (d) schematic view of a multi-
stack structure.

      
(a)                                        (b) 

     
(c)                                           (d) 



360 Semiconductor Nanoscale Devices, 2025, 360-366

APPENDIX

This appendix provides additional information discussed in Chapter 9.

The solution to the surface potential is given below:

Ashish Raman, Prabhat Singh, Naveen Kumar & Ravi Ranjan (Eds.)
All rights reserved-© 2025 Bentham Science Publishers

� �� �2 2 2 2

,, 2 , 2k k k k k body k k si k body gseff kt qN t V� � � � � � � �� �� � � � �� �

� � � � � � � �2 1 2
2 1 1 1 1 1 1 1

1

cosh ,  cosh sinhXT e X XOX � �� � � � �
�

� �� �
� � � ��  
 �

� �� �

� � � � � �2 1 2 1 2 2 1 2( ) ( )2
1 1 1 1 3 2

1

 cosh sinh ,  0.5  X X X XXP OX Xe W e Pe� � ��� � � �
�

� � � �� �� �
� �� � � � ��  
 � � �

� �� �
 

� � � �

� � � �

3 2 1 2 3 2 1 2

3 2 1 2 3 2 1 2

( ) ( )3 3

2 2

( ) ( )3 3

2 2

 0.5 1  1

 0.5 1 1

X X X X

X X X X

F Oe Pe

G Oe Pe

� � � �

� � � �

� �
� �

� �
� �

� � � �

� � � � � �

� �� � � �
� � � ��  
 � 
 �

� � � �� �
� �� � � �

� � � ��  
 � 
 �
� � � �� �

 

� � 3 1 2 3 3 1 2 3( ) ( )

1 4 3 0.5  
X X X X X XA Fe Ge� �� � � � � � �� �� � �� �  

� � � �4 3 1 2 3 4 3 1 2 3( ) ( )4 4
2

3 3

 0.5 1 1
X X X X X XA Fe Ge� � � �� �

� �
� � � � � �� �� � � �

� � � ��  
 � 
 �
�  � � � �� �

 

� � � �4 3 1 2 3 4 3 1 2 3( ) ( )4 4
3

3 3

 0.5 1 1
X X X X X XGA Fe e� � � �� �

� �
� � � � � � � �� �� � � �

� � � ��  
 � 
 �
�  � � � �� �

 



Appendix Semiconductor Nanoscale Devices   361

� �
4 4

1 1

4 4

1 5 4 2 3 0.5  
k k

k k
X X

B A e A e
� �

� � � �

�� �
�  � � �
�  

�

�

�

�

,

� � � �5

4 4

1

4 4

1

5
5 5

2 2 3

4 4

 0.5 1 1
k k

k k
X X

B A e A e
� � � �� �

� �
� �

� �� �� � � ��  � � � �
 � 
 ��  � � � �� �

� �  

� � � �
4 4

1 1

5 4 5 4
5 5

3 2 3

4 4

 0.5 1  1
k k

k k
X X

B e A eA
� � � �� �

� �
� �

� � � �� �� � � ��  � � � �
 � 
 ��  � � � �� �

� �  

� �
5 5

1 1

5 5

1 6 5 2 3 0.5
k k

k k
X X

C B e B e
� �

� � � �

�� �
�  � � �
�  

�

�

�

�

,

� � � �
5 5

1 1

6 5 6 5
6 6

2 2 3

5 5

 0.5 1  1
k k

k k
X X

C B e B e
� � � �� �

� �
� �

� �� �

 

� �� � � ��  � � � �
 � 
 �� � � � �� �

 

� � � �
5 5

1 1

6 5 6 5
6 6

3 2 3

5 5

 0.5 1  1
k k

k k
X X

C e B eB
� � � �� �

� �
� �

� � � �� �� � � ��  � � � �
 � 
 ��  � � � �� �

� �  

� �
6 6

1 1

6 6

1 7 6 2 3 0.5  
k k

k k
X X

D C e C e
� �

� � � �

�� �
�  � � �
�  

�

�

�

�

,
� � � �

6 6

1 1

7 6 7 6
7 7

2 2 3

6 6

 0.5 1 1
k k

k k
X X

CD e eC
� � � �� �

� �
� �

� �� �

 

� �� � � ��  � � � �
 � 
 �� � � � �� �

 

� � � �
6 6

1 1

7 6 7 6
7 7

3 2 3

6 6

 0.5 1  1
k k

k k
X X

D e C eC
� � � �� �

� �
� �

� � � �� �� � � ��  � � � �
 � 
 ��  � � � �� �

� �  

� �
7 7

1 1

7 7

1 8 7 2 3 0.5  
k k

k k
X X

E D e D e
� �

� � � �

�� �
�  � � �
�  

�

�

�

�

, � � � �
7 7

1 1

8 7 8 7
8 8

2 2 3

7 7

 0.5 1  1
k k

k k
X X

E e D eD
� � � �� �

� �
� �

� �� �

 

� �� � � ��  � � � �
 � 
 �� � � � �� �

 

� � � �
7 7

1 1

8 7 8 7
8 8

3 2 3

7 7

 0.5 1  1
k k

k k
X X

E e D eD
� � � �� �

� �
� �

� � � �� �� � � ��  � � � �
 � 
 ��  � � � �� �

� �  



362   Semiconductor Nanoscale Devices

APPENDIX A: SOLVING EQ. (15)

This appendix provides additional information discussed in Chapter 12.

After  is multiplied to both sides of eq. (15), the integration yields:

(A1)
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(A2)

Here, the second term of eq. (A2) is partially integrated as:

(A3)

In  addition,  from a  rough  estimation  of  parameter  values,  we  can  confirm that

. In this case, from eq. (15), we have:

(A4)

By inserting eq. (A4) into eq. (A3), we have:

(A5)

Equation (A5) is inserted into eq. (A2) as:

(A6)

This is rewritten to:

(A7)

Where:

(A8)

From eq. (A7), we have the following form for 
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This yields the following integration form:

(A10)

Equation  (A10)  cannot  be  solved analytically  as  it  is,  so  possible  solutions  are
considered in Appendix B.

APPENDIX B: POSSIBLE SOLUTIONS FOR EQ. (A10)

When we solve eq. (A10), the magnitude of P00 must be estimated. Eq. (A8) and
Tables 1 and 2 yield the following estimation:

(B1)

Where,

(B2)

(B3)

As a result, we have:

(B4)

So, we consider the following two cases.

(i) 

In this condition, the influence of the term of P00 in eq. (A10) is limited, and so it
is discarded. Thus, we have:

(B5)

This integration is possible.

(ii) 
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Equation (B1) is reduced to:

(B6)

APPENDIX C: DERIVATION OF EQUATION (23)

The  electron  density,  (np,Si(x,T)),  of  the  conduction  band  of  the  Si  film  is
expressed  as:

(C1)

Where,  EC,Si  is  the  energy  level  of  the  conduction  bottom  of  Si,  Dos,Si(E)  is  the
density of states of the conduction band, and fFD(T, E) is the Fermi-Dirac function.
Since the interface of the conduction band of the hetero-junction has the notch of
Ec, as shown in Fig. (2a), the electron density [nn,ZnO(x, T)], which can be injected
into the conduction band of the ZnO film, is expressed as:

(C2)

Because ∆Ec>>kBT, the Fermi-Dirac function can be replaced, approximately, with
the following exponential function:

(C3)

Equation (C-3) can be approximately calculated as:

(C4)

APPENDIX D: FERMI-LEVEL DEFINITIONS OF MATERIALS

Since we have to take into account the ionization fraction of impurities at high-
doping levels, the following expressions are introduced. For the Si and Ge films,
we have:
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(D2)

(D3)

(D4)

Where, ND, NA, ED, EA, EF, NC, and NV take the conventional meanings. For
degenerate p-type Si and Ge films, the simulations use equations (D2) and (D4).
On the other hand, when degenerate n-type ZnO and GaN films are assumed, we
have [45]:

(D5)

for n-ZnO/p-Si junction devices or:

(D6)

for n-GaN/p-Si junction devices , where mc,ZnO* is the electron effective mass of
the conduction band of ZnO film [46] and mc,GaN* is the electron effective mass of
the conduction band of GaN film [47].
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