


   

 

 

Nano-FET Devices: 

Miniaturization, Simulation, and 

Applications 

(Part 2) 

Edited by 

 

Dharmendra Singh Yadav 
Department of Electronics and Communication Engineering 

National Institute of Technology  

Kurukshetra, Haryana 136119 

 India 

 

& 

 

Prabhat Singh 
Department of Electronics and Communication Engineering 

 Indian Institute of Information Technology Senapati 

 Manipur-795002 

 India 

 



Nano-FET Devices:Miniaturization, Simulation, and Applications (Part 2)
  Editors: Dharmendra Singh Yadav and Prabhat Singh

ISBN (Online): 979-8-89881-030-6

ISBN (Paperback): 979-8-89881-032-0

© 2025, Bentham Books imprint. 

ISBN (Print): 979-8-89881-031-3

Published by Bentham Science Publishers Pte. Ltd. Singapore,  

in collaboration with  Eureka Conferences, USA. All Rights Reserved. 

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.org.

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.org


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.
No. 9 Raffles Place
Office No. 26-01
Singapore 048619
Singapore
Email: subscriptions@benthamscience.net

mailto:subscriptions@benthamscience.org


 

 

 

 

 

 

 

 

 

 

  

CONTENTS 

FOREWORD  ..............................................................................................................................................  i 

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

DEDICATION  ............................................................................................................................................  iv 

LIST OF CONTRIBUTORS  .....................................................................................................................  v 

CHAPTER 1 PHYSICS AND PROPERTIES OF SINGLE/ MULTI-GATE FETS .............................  1 

          Subarna Mondal, Soumya Sen and Ashish Raman 

INTRODUCTION .............................................................................................................................  1 
PROGRESSION OF FET TECHNOLOGY ...................................................................................  2 
THE EFFECTS ARISING FROM SHORT CHANNEL ...............................................................  4 
PHYSICS OF GATED FET .............................................................................................................  7 
          Classical Physics of Multi-gate FET System .............................................................................  6 
          Single Gate SOI FET System ....................................................................................................  8 
          Double Gate FET System ..........................................................................................................  9 
          Quadruple-gate FET System ......................................................................................................  10 
EFFECT OF THRESHOLD VOLTAGE ........................................................................................  11 
TUNNELING CURRENT ................................................................................................................  12 
QUANTUM CONFINEMENT .........................................................................................................  13 
IMPORTANT PARAMETERS OF MULTI-GATE FET SYSTEM ............................................  14 
          Drive-in Current in Multi-gate FET System  .............................................................................  14 
          Corner Effect is a Multi-gate FET System  ................................................................................  14 
          Subthreshold Slope  ...................................................................................................................  16 
SINGLE AND MULTI-GATE FET – STRUCTURAL ANALYSIS  ............................................  16 
FINFET AND ITS CHARACTERISTICS  .....................................................................................  18 
          Performance Analysis of Double-gate and Triple-gate FinFET  ................................................  20 
          DG FinFET  ...............................................................................................................................  21 
          Trigate FinFET  .........................................................................................................................  22 
          Shortcomings of FINFET Technology  .....................................................................................  22 
                    Gate-All-Around FET System  .........................................................................................  23 
IMPACT OF MULTI-GATE FET ON MODERN TECHNOLOGY  ..........................................  25 
STRUCTURAL OBSTACLES AND IMPROVEMENT  ..............................................................  27 
CONCLUSION  .................................................................................................................................  29 
          Learning Objectives/Key Points  ...............................................................................................  29 
          Multiple Choice Questions (MCQs) ..........................................................................................  30 
REFERENCES ..................................................................................................................................  35 

CHAPTER 2 EMERGING AND FUTURE PROSPECTIVE OF CARBON NANOTUBE FETS  .....  40 

Srividya P. 

INTRODUCTION .............................................................................................................................  41 
CARBON NANOTUBE FIELD EFFECT TRANSISTORS (CNTFETs) .....................................  45 
          Short Channel Effects in CNTFET ............................................................................................  52 
          Types of CNTFET Devices .......................................................................................................  53 
          Properties of CNTFET ...............................................................................................................  58 
          Dielectric material for CNTFET  ...............................................................................................  58 
          High K Dielectric for Gate Oxide ..............................................................................................  60 
          CNTFETs I-V Characteristics  ..................................................................................................  62 
          Applications of CNTFETs .........................................................................................................  63 
          Major Challenges Faced by CNTFETs  .....................................................................................  63 
CONCLUSION  .................................................................................................................................  64 
          Learning Objectives/Key Points  ...............................................................................................  64 
          Multiple Choice Questions (MCQs) ..........................................................................................  65 
REFERENCES  .................................................................................................................................  68 

CHAPTER 3 THE FUTURE OUTLOOK FOR FIELD EFFECT TRANSISTORS USING CARBON 

NANOTUBES ..............................................................................................................................................  72 



 

 

 

 

 

 

 

 

 

 

C. Kathiravan, Gowrishankar J., S. Grace Infantiya, D. Anbuselvi and N.Suthanthira Vanitha 

          INTRODUCTION ...................................................................................................................  72 
          CARBON NANOTUBE FIELD-EFFECT TRANSISTOR ..................................................  74 
                    Current CNFET Designs' Blueprint .................................................................................  74 
                              Development ..........................................................................................................  74 
                              Top Current Style ...................................................................................................  75 
                    pH Sensors .......................................................................................................................  78 
                              Introduction ...........................................................................................................  78 
                              The pH biosensor FG CNT-FET ............................................................................  79 
          RESULTS AND DISCUSSION ..............................................................................................  80 
          DETERMINATION OF CARBAMATE PESTICIDES ......................................................  86 
                    Carbamate Detection on Cobalt Ferrite Oxide/s-Single-walled Buckytubes ...................  86 
                    Detecting Carbaryl in Genuine Samples with Cobalt Ferrite Oxide/s-Single-walled  
                    Buckytubes ......................................................................................................................  90 
                    CNTFET Type .................................................................................................................  92 
                    Back Gate Carbon Nanotube-FET ...................................................................................  92 
                    Top gate carbon nanotube-FET .......................................................................................  93 
                    Wrap-around gate carbon nanotube-FETs .......................................................................  93 
                    Suspended carbon nanotube-FETs ...................................................................................  94 
                    Structure ..........................................................................................................................  95 
                    The Similarities and Differences between Graphene and CNT .......................................  96 
                    Fabrication of Carbon Nanotube-FETS ...........................................................................  96 
                    Carbon Nanotube FET Applications ................................................................................  97 
                              Bio Sensing and Healthcare ...................................................................................  97 
                              High-speed Memory  ..............................................................................................  98 
          CONCLUSION ........................................................................................................................  98 
                    Learning Objectives/Key Points ......................................................................................  99 
                    Multiple Choice Questions (MCQs) ................................................................................  100 
REFERENCES  .................................................................................................................................  104 

          CHAPTER 4 ADVANCEMENTS IN NANOMATERIAL INTEGRATION FOR ENHANCED 
                                  BIOSENSING APPLICATIONS: FOCUS ON FIELD EFFECT TRANSISTOR  
                                  (FET)-BASED DEVICES ...................................................................................................  110 
          S. Grace Infantiya, D. Anbuselvi, C. Kathiravan, N. Suthanthira Vanitha, and T. Narmadha 

INTRODUCTION .............................................................................................................................  111 
NANO BIOSENSORS .......................................................................................................................  113 
          Introduction ...............................................................................................................................  113 
                    Sensors and Nanosensors ................................................................................................  113 
                    Single-Molecule Detection ...............................................................................................  114 
                    Challenges and Opportunities .........................................................................................  114 
BASICS OF SENSOR TECHNOLOGY AND CLASSIFICATION  ............................................  115 
          Importance of Sensor Packaging and Biocompatibility in Biomedical Applications  ................  117 
        Key Parameters in Sensors  ........................................................................................................  118 
AN OVERVIEW OF NANO BIOSENSORS  .................................................................................  119 
          Nanowires (NWs), Nanotubes (NTs), Nanorods (NRs), and Thin Films  ..................................  121 
          The Growth and Development of Nanobiosensors  ...................................................................  122 
          Genetic Probe Module  ..............................................................................................................  126 
          Transducer Module  ...................................................................................................................  127 
          Data Footage Unit  .....................................................................................................................  127 
STRUCTURE OF BIOSENSORS  ...................................................................................................  136 
CATEGORIZATION OF BIOSENSORS  ......................................................................................  141 
          Field Effect Transistor  ..............................................................................................................  141 
          Introduction  ..............................................................................................................................  144 
                    Ion-Sensitive Field-Effect Transistors (ISEFT’S) in Biosensing  .....................................  146 
                    Metal-oxide field-effect transistors (MOSFETs)  .............................................................  147 
          Nanotech in FET-based Biosensors  ..........................................................................................  147 
          Key Features and Advantages of FET-Based Biosensors  .........................................................  151 
          Nanomaterials in FET-based Biosensors  ..................................................................................  153 
CONCLUSION  .................................................................................................................................  154 
          Learning Objectives/Key Points  ...............................................................................................  155 



 

 

 

 

 

 

 

 

 

 

          Multiple Choice Questions (MCQs)  .........................................................................................  156 
REFERENCES  .................................................................................................................................  164 

          CHAPTER 5 ADVANCES IN THE DESIGN AND APPLICATION OF NEXT-GENERATION  
                                  CARBON-BASED FIELD-EFFECT TRANSISTOR BIOSENSORS ............................  169 
          D. Anbuselvi, S. Grace Infantiya, N. Suthanthira Vanitha, T. Divya and C. Kathiravan 

INTRODUCTION .............................................................................................................................  170 
BRIEF HISTORY OF BIOSENSOR FIELD EFFECT TRANSISTOR (FET) ...........................  171 
          An Introduction to FET Transistor ............................................................................................  171 
          Working of FET Transistor .......................................................................................................  171 
          Field-effect transistor (FET) ......................................................................................................  172 
          Metal-oxide-semiconductor FET (MOSFET)  ...........................................................................  172 
CNT-BIOFET SENSING MECHANISM  ......................................................................................  173 
CARBON NANOTUBES AND WATER PURIFICATION  .........................................................  175 
          Medical Application of Carbon Nanotube .................................................................................  177 
          Carbon Nanomaterials in Diagnosis and Therapy: Clinical Applications ..................................  177 
          Biomedical Applications of Nanodiamonds ..............................................................................  177 
          Chemo-resistant Cancers and Nanodiamond Drug Delivery .....................................................  178 
          Tissue Engineering and Regeneration Using Functionalized Carbon Nanotubes ......................  178 
          Carbon Nanofibers for Electrochemical Sensors and Biosensors ..............................................  179 
          Electrochemical Sensors Based on Carbon Nanoparticles .........................................................  179 
          Carbon Nanotube-Based Electrochemical Sensors ....................................................................  179 
          DNA Sensors Based on Carbon Nanotubes ...............................................................................  180 
BIO –CNTFET APPLICATIONS-REVIEW ..................................................................................  180 
BASIC INTRODUCTION TO CARBON NANOMATERIALS ...................................................  182 
          Biomolecular-Nanoparticle Interactions ....................................................................................  183 
          The Noncovalent Immobilization ..............................................................................................  185 
          The Covalent Immobilization ....................................................................................................  187 
                    Direct Covalent Linking Proteins onto CNTs ..................................................................  187 
          Applications of biofunctionalization to FET Biosensors ...........................................................  188 
                    Biosensors ........................................................................................................................  188 
          Single-walled Nanotube (SWNT) FET-Based Biosensors ........................................................  190 
          Sensors Based on the Interstitial Fluid of the Skin ....................................................................  191 
          Advantages of CNT ...................................................................................................................  192 
          Disadvantages of CNT ...............................................................................................................  193 
CONCLUSION AND PROSPECTS ................................................................................................  194 
          Learning Objectives/Key Points ................................................................................................  195 
          Multiple Choice Questions (MCQs) ..........................................................................................  196 
REFERENCES ..................................................................................................................................  202 

          CHAPTER 6 SCOPE AND CHALLENGES OF NANO-FET FOR DIGITAL CIRCUIT DESIGN ..  215 
          Jyoti Kandpal and Swagata Devi 

INTRODUCTION .............................................................................................................................  215 
NANODEVICES BEYOND CMOS .................................................................................................  218 
          Carbon Nanotube Field-effect Transistors (CNTFETs) .............................................................  222 
          Graphene Nanoribbon (GNR) Transistor ...................................................................................  223 
          Single-electron Transistors (SETs) ............................................................................................  223 
          Quantum-dot Cellular Automata (QCA)....................................................................................  224 
          Nanowire (NW) Transistors ......................................................................................................  225 
          Nano Sheet  ...............................................................................................................................  225 
          Issues for nanoscale MOSFETs  ................................................................................................  227 
          Solution of Issues  .....................................................................................................................  227 
          Nano Device Application  .........................................................................................................  227 
          Nanoelectronics Transistors .......................................................................................................  229 
          Nano Memory (Spintronic) ........................................................................................................  229 
          Nano-Sensors  ............................................................................................................................  230 
          CONCLUSION  .......................................................................................................................  231 
          Learning Objectives/Key Points  ...............................................................................................  232  
          Multiple Choice Questions (MCQs)  .........................................................................................  232 
REFERENCES  .................................................................................................................................  237 

          CHAPTER 7 ANALYSIS AND DEVICE PHYSICS OF HTFET-BASED 14T SRAM FOR  



 

 

 

 

 

 

 

 

 

 

                   NEXT-GENERATION MEMORY EXCELLENCE ......................................................................  241 
          B.V.V Satyanarayana, M. Parvathi, G. Prasanna Kumar, A.K.C Varma, T.S.S Phani 
          and T. Saran Kumar 
INTRODUCTION .............................................................................................................................  242 
          Analysis of Traditional HTFETs ...............................................................................................  243 
          Heterojunction Vertical TFETs (HVTFETs) .............................................................................  246 
          Heterojunction Intra-band TFETs (HIBTFETs) ........................................................................  247 
          Strained Staggered Heterojunction TFETs (SSHTFETs) ..........................................................  249 
          Heterojunction SOI-TFETs (HSOI TFET) ................................................................................  249 
          Staggered heterojunction TFETs (SHTFETs) ............................................................................  252 
COMPARATIVE ANALYSES OF HETEROJUNCTION TFETs...............................................  253 
          SRAM Circuits ..........................................................................................................................  255 
          Findings .....................................................................................................................................  256 
          Summary of Traditional Approaches .........................................................................................  257 
          Design of GOS-HTFET .............................................................................................................  257 
          Features of GOS HTFET  ..........................................................................................................  258 
APPLICATION OF GOS HTFET IN SRAM DESIGN .................................................................  259 
          GOS HTFET-based 14T SRAM Cell ........................................................................................  259 
          Power Analysis of 14T SRAM Cell ...........................................................................................  260 
                    Average Power Assessment..............................................................................................  261 
                    Maximum Power Assessment ...........................................................................................  261 
          Minimum Power Assessment ....................................................................................................  262 
          Delay Analysis of SRAM Cells .................................................................................................  263 
                    Write Delay Assessment ...................................................................................................  263 
                    Read Delay Assessment ...................................................................................................  264 
                    Performance Trade-offs of 14 SRAM in Different Applications .......................................  264 
                    Challenges and Solutions in the Manufacturing of Mass-Production of 14T SRAM ......  265 
CONCLUSION ..................................................................................................................................  269 
          Learning Objectives/Key Points ................................................................................................  269 
          Multiple Choice Questions (MCQs) ..........................................................................................  272 
REFERENCES  .................................................................................................................................  276 

          CHAPTER 8 OPTOELECTRONIC CHARACTERISTICS OF LONG WAVE INFRARED  
                                  HGCDTE-BASED SINGLE- AND DUAL-JUNCTION DETECTORS ........................  281 

          Shonak Bansal 
INTRODUCTION .............................................................................................................................  281 
          MODELING OF HgCdTe .........................................................................................................  284 
          Energy Bandgap ........................................................................................................................  284 
          Carrier Masses ...........................................................................................................................  285 
          Carrier Density ..........................................................................................................................  286 
          Carrier Mobility .........................................................................................................................  287 
          Electron Affinity ........................................................................................................................  287 
          Lattice Constant .........................................................................................................................  288 
          Optical Properties of Hg1–xCdxTe ..............................................................................................  289 
          Refractive Index ........................................................................................................................  290 
J-V CHARACTERISTIC OF METAL-Hg0.7783Cd0.2217Te-METAL DEVICE .............................  291 
SIMULATION OF Hg1–xCdxTe BASED SINGLE- AND DUAL-JUNCTION LWIR  
DETECTORS ....................................................................................................................................  293 
          p+-n– Homojunction Detector ....................................................................................................  293 
                    Results and Discussion ....................................................................................................  295 
          p+-n– Heterojunction Detector ...................................................................................................  303 
                    Results and Discussion ....................................................................................................  303 
          n+-n–-p+ Dual-Junction Detector ................................................................................................  305 
                    Results and Discussion ....................................................................................................  306 
CONCLUSION ..................................................................................................................................  308 
          Multiple Choice Questions (MCQs) ..........................................................................................  309 
REFERENCES ..................................................................................................................................  315 
 

          CHAPTER 9 A REVIEW OF NANOSTRUCTURE FIELD EFFECT TRANSISTOR DEVICES  
                                  IN HEALTHCARE APPLICATIONS ..............................................................................  320 



 

 

 

 

 

 

 

 

 

 

          N. Suthanthira Vanitha, K. Radhika, D. Anbuselvi, C. Kathiravan, S. Grace Infantiya 
          and A. Kalaiyarasan 
INTRODUCTION .............................................................................................................................  320 
NANO-FET DEVICES .....................................................................................................................  322 
          MOSFET and Nanowire FET ....................................................................................................  322 
          Silicon/ Germanium /GaAs NanowireFET ................................................................................  323 
                    Silicon Nanowire Field Effect Transistor (SiNW-FET) ...................................................  323 
                    Ge-Nanowire FET ...........................................................................................................  324 
                    GaAs-Nanowire FET .......................................................................................................  324 
          Indium arsenide Nanowire FET (InAsFET)  .............................................................................  325 
          Ion Sensitive Field-Effect Transistors  ......................................................................................  325 
          Organic FETBiosensor (OFET)  ................................................................................................  326 
          Graphene FET Biosensor  ..........................................................................................................  327 
          Novel Field-Effect Transistors Biosensor  .................................................................................  328 
          Carbon Nanotube Field-Effect Transistor (CNTFET)  ..............................................................  329 
NANO FET APPLICATIONS IN HEALTHCARE  ......................................................................  330 
          NanoFET-Based Wearable Biosensors for Healthcare  .............................................................  331 
          NanoFET-based Biosensor for Detection of Cardiovascular Diseases  .....................................  332 
          NanoFET-Based Biosensors for Cancer Detection  ...................................................................  333 
NANO FET-BASED BIOSENSORS FOR DETECTION OF AIDS/HIV  ...................................  334 
          Immunotherapy for HIV/AIDS  .................................................................................................  334 
          Nanotechnology-Based Drug Delivery for HIV/AIDS Treatment  ............................................  335 
          Nanomaterials as Therapeutic Agents .......................................................................................  335 
          Gene Therapy for HIV/AIDS Treatment  ..................................................................................  335 
          Nanotechnology-Based Preventive HIV/AIDS Vaccine  ...........................................................  335 
          Nanotechnology-Based Intravaginal Microbicides  ...................................................................  335 
          Nano FET-based Biosensors for the Detection of Diabetes  ......................................................  336 
          BioFET for Dopamine Detection  ..............................................................................................  336 
          CNTFET  Biosensor for the Detection of COVID-19  ..............................................................  338 
          NanoFET Sensors for DNA Detection ......................................................................................  338 
          CNTFET for Detection of Cholesterol ......................................................................................  338 
          CNTFET Diagnosis of Prostate Cancer  ....................................................................................  339 
CHALLENGES AND FUTURE OF NANOFET DEVICES  ........................................................  339 
CONCLUSION  .................................................................................................................................  341 
          Learning Objectives/Key Points  ...............................................................................................  341 
          Multiple Choice Questions (MCQs)  .........................................................................................  342 
REFERENCES  .................................................................................................................................  345 

SUBJECT INDEX  ............................................................................................................................  351 
 
           
 



  i 

FOREWORD 

 

Welcome to the world of Nano-FET Devices, where innovation meets the frontier 

of miniaturization. The evolution from traditional MOSFETs to nanoscale 

transistors—such as Single Electron Transistors, Carbon Nanotube FETs, 

Nanowire FETs, and Graphene FETs—has marked a significant leap in 

semiconductor technology. These advancements have not only enhanced 

performance and energy efficiency but also expanded applications into areas like 

biosensing and biomedical engineering. As the demand for faster, smaller, and 

more efficient devices continues to grow, Nano-FETs have emerged as key 

enablers of next-generation electronics. Their unique properties offer superior 

control at the atomic scale, making them ideal for applications ranging from ultra-

low-power systems to high-frequency communication.   

This book provides a focused exploration of Nano-FET devices—covering their 

operating principles, simulation techniques, and diverse applications. Emphasis is 

placed on simulation methodologies, including quantum mechanical and device-

level modeling, which are essential for accurate performance prediction and 

design optimization. With practical insights, real-world examples, and a strong 

foundation in theory, this book bridges the gap between research and application. 

It is intended for researchers, engineers, and students eager to explore the 

transformative potential of Nano-FET technology. 

We invite you to begin this journey into the future of electronics—where quantum 

effects, novel materials, and nanoscale engineering converge to shape tomorrow’s 

devices. 

 

Ravi Ranjan  

Tyndall National Institute - Cork 

Lee Maltings Complex 

Dyke Parade, 

Cork, Ireland 
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PREFACE 

Millions of transistors comprise an integrated circuit. Transistors are the essential 

aspect of all modern electrical components and electronic devices. The size of the 

transistors has been progressively shrunk as the VLSI industry grows to integrate 

more functionality onto a silicon wafer and minimize circuit power consumption. 

Nano-FET devices are being realized using various materials with different 

structures, with promising results. Novel nano-FET devices should be an excellent 

candidate to replace the existing technologies for low-power and high-frequency 

applications with reduced time delay in circuit applications. 

The relentless pursuit of miniaturization in semiconductor technology has led to 

the emergence of nano FETs as pivotal components in modern electronic systems. 

This book aims to provide a comprehensive overview of nano FET devices, from 

their theoretical foundations to application implementations. Due to the enormous 

study of Nano-CMOS and post-CMOS technologies and the lack of a 

comprehensive guidebook, research articles are now the cornerstone for the 

knowledge of novel design based on the fundamentals of Nano-FET devices. As a 

result, this book outlining the essential characteristics of Nano-CMOS and post-

CMOS technologies will benefit engineers who must understand the fundamentals 

of these devices and scholars developing/implementing Nano-CMOS and post-

CMOS devices and their applications. This book, Nano-FET Devices: 

Miniaturization, Simulation, and Applications, is intended to fulfill this 

requirement of the research community.  

In the opening chapters, readers will embark on a journey through the basic 

concepts of FETs, understanding how these devices operate and their significance 

in electronic engineering. Building upon this foundation, the book delves into the 

unique characteristics of nano FETs, including quantum effects, scaling 

considerations, and material properties that define their behavior at the nanoscale. 

This book is a concise benchmark for beginners who are just getting started with 

Nano-FET Devices and their application with recent advancements, and those 

who want to design integrated circuits using novel FET devices. We hope that 

"Nano-FET Devices: Miniaturization, Simulation, and Applications" serves as a 

valuable resource for researchers, engineers, and students interested in unlocking 

the potential of nano-FET technology. May this book inspire discoveries, 

innovations, and advancements at the forefront of electronic engineering. 
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Dharmendra Singh Yadav 
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CHAPTER 1 

Physics and Properties of Single/ Multi-Gate Fets 

Subarna Mondal1,*, Soumya Sen2 and Ashish Raman3 

1 ECE Department, Maulana Abul Kalam Azad University and Technology, West Bengal, India 

2 Computer Science and Engineering Department, University of Engineering and Management, 

Jaipur, Rajasthan , India 

3 ECE Department, B. R. Ambedkar National Institute of Technology, Jalandhar, Punjab, India 

Abstract: In the semiconductor industry, the integration of the Complementary-Metal-

Oxide-Semiconductor (CMOS) mechanism into Integrated Circuits (ICs) has resulted in 

a significant rise in the count of transistors on a single chip. This is made possible by 

shrinking down the size of Metal-Oxide-Semiconductor-Field-Effect-Transistors 

(MOSFETs). However, scaling can lead to device performance degradation. To address 

this, advanced MOSFET designs like multi-gate transistors, junction-less transistors, and 

Tunnel FETs have been proposed, aiming to sustain Moore's Law and support continued 

transistor scaling in the coming decade. The key principles of this chapter involved in 

both single and multi-gate FETs include quantum mechanics, carrier transport, and 

electrostatics. The scaling of transistors to smaller sizes involves considerations of 

quantum effects, like tunneling and quantum confinement, which have a significant 

impact on their behavior. Understanding this chapter is crucial for optimizing their 

performance, enabling further miniaturization, and enhancing the capabilities of 

integrated circuits. Additionally, it plays a crucial role in advancing the field of next-

generation electronics and computational devices.  

Keywords: Electrostatic integrity, Quantum mechanics, Quantum confinement 

MOSFET, FET, multi-gate FET, Single gate FET. 

INTRODUCTION 

The advancement of semiconductor technology has been a relentless march to make 

more capable and efficient electronic devices. A pivotal chapter in this 

technological journey is the transition from single-gate Field-Effect Transistors 

(FETs) to multi-gate FETs, a transformation that has redefined the boundaries of 

modern electronics. This journey reflects not only a remarkable evolution in 
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transistor design but also a testament to human ingenuity and the relentless pursuit 

of greater computing power. Single-gate FETs, such as the well-known Metal-

Oxide-Semiconductor FETs (MOSFETs), have been the linchpin of electronics for 

decades. They served as the foundational element for integrated circuits and 

electronic systems by utilizing a lone gate electrode to regulate the current between 

the source and drain terminals. Yet, as the demands for more compact and energy-

efficient devices grew, it became evident that single-gate FETs were approaching 

their performance limits. The shift towards multi-gate FETs represents a 

transformative leap in semiconductor technology [1-3]. Multi-gate FETs, also 

known as multi-gate transistors, feature multiple gate electrodes, enabling enhanced 

control over the flow of electrons within the channel. The most prominent of these 

innovations is the FinFET (Fin Field-Effect Transistor), which utilizes a three-

dimensional fin-shaped channel and multiple gates to govern the electron flow [4]. 

This design innovation has set the stage for unprecedented scaling and performance 

improvements. The progression from single to multi-gate FETs began in response 

to the semiconductor industry's challenge of maintaining Moore's Law [3]. 

Renowned for his observation, Intel co-founder Moore noted that the number of 

transistors on a microchip would undergo a doubling roughly every two years [2], 

leading to exponential advancements in computing power. However, as transistor 

dimensions approached the nanoscale, the limitations of single-gate FETs became 

increasingly apparent. Issues such as leakage current, power consumption, and heat 

dissipation threatened to stall the progression of Moore's Law [4]. Section 2 focuses 

on the evolution of FET technology and recalls the history of the single to multi-

gate concept. It also highlights the benefits of multi-gate FETs in terms of precise 

control over short channel effects. Section 3 discusses the basic physics of single-

gate FET to multi-gate FET and also analyzes the electrostatics of the multi-gate 

MOS system. The study also investigates the influence of electron excavating 

through narrow gate dielectric. Section 4 introduces a different structural view of 

multi-gate FET in Silvaco atlas TCAD, its working, Id-Vd characteristics, and Ion- 

Ioff ratio. Section 5 discusses the profound impact of multi-gate FET in 

nanotechnology by enabling improved performance, energy efficiency, continued 

scaling, and sustenance of Moore’s law. Section 6 focuses on challenges in 

simulating Multi-gate FET and structural analysis hurdles and reviews structural 

modification to address this issue. 

PROGRESSION OF FET TECHNOLOGY 

In 1965, Gordon Moore's influential paper foresaw a fourfold increase in transistors 

on a single chip every three years, laying the groundwork for Moore's Law [2]. The 

semiconductor industry has closely adhered to this law, with collaborative efforts 
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between semiconductor firms and educational institutions working towards refining 

the accuracy of industry predictions since the early 1990s. This collaboration led to 

the establishment of the International Technology Roadmap for Semiconductors 

(ITRS) organization [5]. The ITRS releases an annual outline, serving as a reference 

for the semiconductor sector, outlining the required technology, tools for design, 

and equipment to match the swift advancements in semiconductor devices projected 

by Moore's Law (Fig. 1). 

 

Fig. (1). This picture illustrating the number of transistor vs years according to Moore’s theory [5]. 

Silicon CMOS is the essential technology at the core of the semiconductor industry, 

and the MOS transistor, also known as the MOSFET (MOS Field-Effect 

Transistor), stands as its cornerstone. To align with the relentless progression 

defined by Moore's Law, the physical measurements of transistors have consistently 

undergone a halving every triennial. The challenge of sub-micron scale dimensions 

was effectively addressed in the early 1980s. Looking back to 2023, the 

semiconductor industry considered the introduction of 3nm and 5nm nodes to 

achieve greater transistor density and performance. These technological strides will 

empower the development of processors, memory modules, and System-on-Chip 

(SoC) designs. 

The physics of single to multi-gate-field effect transistors (FETs) is a fundamental 

aspect of modern semiconductor technology. The concept of multi-gate-Field-

Effect-Transistors (Mug-FETs), namely double, triple, and quadruple gate SOI 

MOSFET, has emerged as a favorable choice to align with the scaling trends 
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CHAPTER 2 

Emerging and Future Prospective of Carbon 

Nanotube FETs 

Srividya P.1 

1Department of Electronics and Communication Engineering, RV College of Engineering, 

Bengaluru, Karnataka 560059, India 

Abstract: In the last few years, the semiconductor industry has brought about a drastic 

revolution in the existing technology in order to realize a larger on-chip integration, 

enhance performance, increase operating speed, and decrease energy consumption. Delay 

and power consumption have become the most vital performance parameters of any 

digital circuit. One of the methods devised to achieve this is by scaling the feature size of 

a transistor. However, when the channel length is reduced beyond 45nm in metal-oxide-

semiconductor field-effect transistors (MOSFETs) technology, it gives rise to perilous 

complications and challenges such as decreased gate control, short channel effect, 

increased power density, higher sensitivity to process deviation, higher manufacturing 

cost, and increased leakage current. This draws a limit on the transistor size and demands 

for new transistor structures and technologies to overcome the drawbacks. Technologies 

like benzene rings, single electron transistors (SET), Quantum-dot cellular automata 

(QCA), and carbon nanotubes are slowly rising as alternatives to reduce the problems 

associated with CMOS.  New technologies demand faster processors, smaller sizes, and 

less power consumption. Advances in 5G networks have increased the pressure to 

improve the battery life of smartphones, their performance, spectral efficiency, and many 

more. The potential to achieve these is the use of Carbon Nanotube Field Effect 

Transistors (CNTFETs). They have higher carrier mobilities and direct band gaps that 

enhance the band-to-band tunneling and optical properties. These features make 

CNTFETs suitable to be used in future novel electronic devices.  Hence, this chapter 

focuses on the emerging and future trends of CNTFETs. The constructional aspects, 

features, types, designs, and applications of CNTFETs are dealt with in detail in the 

forthcoming sections of the chapter.  

Keywords: CNTFET, CNTs, Chiral vectors, Dielectric materials, High K 

dielectrics, Short channel effects. 
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INTRODUCTION 

The consistent scaling of both active and passive electronic components that are 

unified on ICs has paved the way for an exponential growth of silicon-based 

microelectronics in the last few decades. Scaling of the feature size has reduced the 

size of the transistor, decreased the burden on testing, reduced the cost, and has 

made the switching faster, in addition to other advantages like low power and 

reliable designs.  The growth is in accordance with Moore’s law, which says that 

the integration of transistors on a chip doubles every 18 months [1].  

At present, the technology node has reached a scale of 14nm, and further scaling 

down the channel length will lead to critical short-channel effects and reliability 

issues. Increment in the metallic on-chip interconnects, and power dissipation also 

makes the MOSFETs unsuitable for advanced applications. To overcome the short-

channel effects of traditional MOSFETs, double-gate MOSFETs and FINFETs 

have emerged. In such devices, the gate is placed on two or three sides of the 

channel in order to establish higher control over the channel. The arrangement also 

brings about a considerable decrease in the leakage current that exists between the 

drain and the source [2, 3].  

Propagation delay, area, cost, and reliability are the main concerns at present for 

VLSI design engineers. With the increased usage of portable devices like mobile 

and laptops, lower energy-consuming devices are in huge demand. As compared to 

microelectronic technology, developments in battery technology are slower. The 

situation has been further worsened by the fact that the clock speed of the 

microprocessor has reached the GHz limit, which paves the way to increased energy 

consumption. Hence, there is a requirement to develop VLSI circuits to reduce 

power dissipation, and in the near future, the technology, however, is expected to 

drift from conventional silicon-based MOSFETs and FINFETs to Nanowire Field 

Effect Transistor (NWFET) [1], Graphene Field Effect Transistor (GFET), and 

Carbon Nanotube Field Effect Transistor (CNTFET), owing to the critical issues 

faced by FINFETs like the difficulty in manufacturing thin fins and controllability 

of the channel in advanced nodes [4]. 

NWFET is a device in which the channel is surrounded by a gate all around and a 

semiconducting nanowire of diameter about 0.5nm is used as channel material. The 

nanowire may be made with Si, SiC, germanium, and ZnO semiconductors. The 

tiny diameter of the nanowire helps in reducing the short channel effects, as well as 

in 1-D conduction. NWFET has the potential to replace MOSFET owing to its 

improved performance and low power when the technology nodes are to be scaled 
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beyond 7nm. NWFETs can be designed both horizontally (H-NWFET) and 

vertically (V-NWFET), as depicted in Fig. (1). The circuit design of H-NWFET is 

similar to that of FINFET. This feature makes it a potential candidate to replace 

FINFET. In contrast, V-NWFET has a radical design style and occupies a small 

area. 

 

Fig. (1). H-NWFET and V-NWFET structures [6]. 

However, the challenge faced by the device is in the diffused PN junction 

fabrication. Although a metal drain-source junction is used, it still faces problems 

with a large off-state current. 

2D materials have the advantages of being small in size and having low cost and 

mass fabrication capacity. They also have excellent mechanical strength and are 

highly flexible; hence, they have become promising blocks for many devices. 

Graphene is a classic example of a 2D material. 

The graphene field effect transistor consists of a source, drain, and top or back gate 

as a MOSFET, as depicted in Fig. (2). But unlike the MOSFET structure, it has a 

thin graphene channel between the source and drain, which is usually tens of 

microns thick.  Graphene is usually found as a single carbon atom layer material 

that is tightly packed in a 2-D honeycomb hexagonal lattice. Graphene offers 

superior electrical properties, higher thermal conductivity, good optical properties, 

and excellent chemical properties. It has the capacity to deliver 100 to 1000 times 

better performance than Si-based MOSFET. Despite advantages, graphene-based 

FETs have setbacks like low on-off current ratio, no bandgap, which makes it work 

as a metal, and insufficient saturating current that stops the device from attaining 

maximum voltage gain and oscillation frequency in Radio Frequency (RF) 

applications [7, 8]. 
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Abstract: Carbon Nanotube Field Effect Transistors (CNTFETs) are potential nano-

scaled devices for realising high-performance, very dense, and low-power circuits. A 

Carbon Nanotube Field Effect Transistor is a FET that uses a single CNT or an array of 

CNTs as the channel material rather than bulk silicon as in a standard MOSFET 

configuration. A carbon nanotube is at the heart of a CNTFET. This paper provides an 

overview of CNTFETs-pH sensor based on carbon nanotubes (CNTs)-FETs-pH 

measurement range of 1.34 to 12.68, reliability, and low hysteresis, indicating a 

promising application prospect in harsher testing environments. The determination of 

carbamate pesticides-adjusting the VTH revealed that carbaryl and carbofuran additions 

had a favorable effect on the CFO/s-SWCNT-FET and structure. In this chapter, 

modeling, fabrication, and applications have been discusseddevices.  

Keywords: Carbon nanotubes or Buckytube, FET-Uni-polar transistors, 

nanoelectronics, pH sensors, environmental stability, s-SWCNTs, CFO/s-SWCNT. 

INTRODUCTION 

Integrated circuits are widely used in our daily lives, especially personal computers 

and mobile gadgets. As economic conditions and electronic technology advance, 

people demand more powerful and lighter gadgets [1]. Carbon Nanotube Field 

Effect Transistors (CNTFETs) or Carbon Nanotube Uni-polar transistors hold 
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significant promise as a nanoscale technology for developing densely packed, low-

power, high-performance circuits. A CNT-Uni-polar transistor is a semiconductor 

device that, unlike MOSFETs, typically uses bulk silicon as the channel material 

that is used in carbon nanotubes [2-10]. 

A carbon nanotube forms the core of a CNTFET. Uni-polar transistor biosensors 

have sparked considerable attention due to their unique high sensitivity. Traditional 

Uni-polar transistor (FET) biosensors often lack stability due to the intricate 

connection between the sample solution and the transistor. The harsh acidic or basic 

conditions in which they operate can lead to connection failures in Uni-polar 

transistor-based pH sensors, making it difficult to monitor pH consistently, 

correctly, and with low hysteresis, we present a pH sensor based on carbon 

nanotubes (CNTs)-FETs that have better environmental stability due to the addition 

of a HfO2 layer to the gate insulator. The proposed technologies exhibit the 

necessary resistance to external influences, including a wide range of chemical and 

sensible constituents. Mostly, we demonstrated that this CNT-FET device could be 

utilized to continuously detect pH. It has 68 mV / pH sensitivity, a pH value of 1.0 

-13, a minimal hysteresis of 600 pA, and pH altering loops of 4-10 [11-15]. 

Because of their distinctive geometries with high surface-to-volume and aspect 

ratios, Buckytube Uni-polar transistors, in particular, with single-wall carbon 

nanotube connecting channels, present exciting possibilities for very sensitive and 

label-free biosensors and chemical sensors [16-25]. SWNTs have all of their atoms 

on the surface and are accessible to the environment. As a result, even small shifts 

in the charge environment may significantly change their electrical properties [2]. 

Unipolar transistors based on semiconducting single-walled carbon nanotubes have 

demonstrated several advantages, including high transporter ability to adapt, either 

high  on or high off ratio, electron transport that is semi-ballistic, name-free 

discovery, and steady reaction. Thus, cobalt ferrite oxide (CFO) nanoparticle-

adorned s-SWCNTs were arranged and employed to connect the source and channel 

cathodes. For non-enzymatic carbaryl and carbofuran recognition, cobalt ferrite 

oxide /s-SWCNT/FET was used as planned. When used as a detection stage, the 

cobalt ferrite oxide /s-SWCNT half-breed film demonstrated great responsiveness 

and selectivity with the least restriction of discoveries for the compound like 

carbaryl and carbofuran (0.10fM) and (0.067fM) respectively, and a broad direct 

range of location from 10 to 100fM respectively. Moreover, this sensor was utilized 

to distinguish between carbaryl in experiments on tomatoes and cabbage, validating 

its accurate identification. The charge move response on the s-SWBTs/FET 

conduction channels progressed as a result of the execution, which may be 

attributable to the forceful synergist movement of CFO oxidizing carbamate. The 
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sophisticated CFO/s-SWCNT-based detection methodology described in this paper 

may be applied to assess pesticide residues in food testing [26-37]. 

Traditional silicon-based complementary metal oxide semiconductor devices are 

approaching their basic scalability restrictions. This has prompted a lot of interest 

among researchers in looking into cutting-edge device technologies that use diverse 

materials to keep the scaling boundaries of modern integrated circuits. Carbon 

nanotubes have been extensively researched as a prominent material alternative 

across various fields due to their advantageous properties such as reduced short 

channel effects, high mobility, and high normalized driving currents. CNTs make 

up the majority of carbon nanotube Uni-polar transistors, which are regarded to be 

the most practicable alternatives to silicon transistors [38-40]. 

CARBON NANOTUBE FIELD-EFFECT TRANSISTOR 

MOSFETs of today are comparable to carbon nanotube Uni-polar transistors. The 

source, drain, and gate are the three terminals they need. The current flow at the 

drain terminal and source is regulated by the gate. Current can pass via a channel 

and across the source when the gate is activated. The use of carbon nanotubes as 

the channel in CNFETs versus heavily doped silicon in MOSFETs is the primary 

difference between the two types of transistors. Complementary devices, such as 

semiconductors, are essential to both technologies. They are reliable, boost gain, 

use less power, and integrate readily into logic circuits. Holes are conducted via a 

p-type transistor and an n-type transistor carries electrons. Both sorts, as well as 

another type of device, will be investigated, with an emphasis on their production 

and swapping. 

Current CNFET Designs' Blueprint 

Development 

Because the goals of these devices were essentially proof of concept and 

rudimentary comprehension, the first CNFETs were constructed in the most basic 

manner imaginable. Fig. (1) [3] shows first-generation CNFETs. The source and 

drain are represented by the two gold electrodes over which the nanotube is 

wrapped. It is possible to place the gate underneath or to the side of the transistor. 

Moreover, an insulator, like silicon dioxide, separates the gate from the nanotube. 

The electric field can be used to switch on and off the transistor because the gate is 

isolated. The transistor would become unusable if it was not protected from short 

circuits. 
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Abstract: The accelerating advancement of nanoscience and nanotechnology has 

established an explosion of potential opportunities for the fabrication of miniaturized 

nanostructured components with specialized applications in biology, electronics, 

chemistry, mechanics, and computational functions. This has a huge impact on the special 

field of biosensors, empowering the fabrication of extremely sensitive, compact, and 

effective diagnostic equipment. Notably, among these aforementioned advances, the 

nano-based Field-Effect Transistor (NFET) serves as an attractive candidate for biosensor 

applications owing to its remarkable attributes, including label-free detection, a high level 

of sensitivity, rapid response times, continuous measurement capabilities, low 

consumption of electricity, and potential for miniaturization into compact devices. Each 

of these traits combines to make nano-based FET biosensors, an interesting and robust 

technology for a variety of biomedical applications. In recent years, the integration of 

semiconducting materials, polymers, and carbon-based biocompatible nanomaterials has 

significantly revolutionized biosensing applications. These materials have been 

strategically incorporated into various nanostructures to elevate the efficacy and 

sensitivity of biosensing devices, particularly in the realm of field-effect transistor (FET)-

based systems. This proposed book chapter aims to explore the burgeoning landscape of 

biocompatible nanomaterials and their role in the evolution of biosensing technologies. 

The utilization of nanomaterials, including metal nanoparticles, polymer 

nanocomposites, and carbon-based structures, has offered unique opportunities to 
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enhance the performance and reliability of biosensors. Overall, the chapter strives to 

deliver an inclusive examination of the advancements including potential future 

directions in the realm of biocompatible nanomaterials, specifically focusing on their 

integration into FET-based biosensing devices. It aspires to be an essential resource for 

researchers, scientists, and practitioners in the field of nanotechnology and biosensing  

Keywords: Biosensors, and bioelectronics, Field-effect transistor, Nano 

biosensors, Nanomaterials. 

INTRODUCTION 

In the contemporary era, the seamless integration of science and nanotechnology 

has become a defining feature of our daily existence, profoundly shaping the way 

we interact with and navigate our physical environment. This transition may be seen 

in the variety of equipment and gadgets that have become essential in modern 

lifestyles, including computing devices, smartphones, microwaveable devices, 

refrigerators, cooling appliances, televisions, and remote controls. These 

technological wonders, on which we rely for numerous areas of our daily lives, owe 

their efficiency and functionality to the delicate applications of nanotechnology [1]. 

At the heart of many of these innovations lie sensors operating at the nanoscale, 

facilitating precision, automation, and responsiveness. Nanoscience plays a critical 

part in elevating the performance and interconnection of various technologies, 

ultimately contributing to the harmonious flow of our daily lives, from the precision 

of infrared (IR) thermometers to the convenience of remotely operating equipment. 

The fascination with nanomaterials is driven by the requirement to precisely control 

substances vital for both the human body and the atmosphere [2]. These materials, 

which are typically less than 100 nanometers (nm) in at least one dimension (1-D), 

exhibit exceptional features that have sparked the attention of various applications 

in medicine, environmental solutions, and different technological advancements. 

The increased interest reflects a commitment to utilizing nanomaterials to develop 

personalized solutions to challenging issues [1-15].  

Nanomaterials are widely acknowledged for their varied size distributions, ranging 

from bulk to extremely fine particles, as well as distinguishing characteristics that 

incorporate a large surface-to-volume ratio (LSVR), quantum mechanics (quantum 

confinement) effect, enhanced intensity, as well as exceptional sensitivity, which 

offer an extensive range of advantages over conventional compounds in various 

domains such as microelectronic devices, healthcare, food processing, agriculture, 

and pharmaceutical manufacturing. The unique properties of nanomaterials pave 

opportunities for novel implementations and developments in a variety of sectors, 

influencing the panorama of current technology and industries.  Nanomaterial 
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synthesis refers to the techniques used to achieve nanomaterials, which are found 

in nature and are investigated in numerous disciplines comprising physical and 

chemical science, geology, biology, and microelectronics. These nanomaterials 

exhibit variations in dimensions, structure, and topology. To acquire its distinctive 

characteristics, the synthesis process must be carefully regulated, tailoring 

parameters such as reactant concentration, environmental conditions, and time 

optimization [3, 4]. A comprehensive knowledge of the components mentioned 

above is essential for achieving the desired outcomes and may pave the way for the 

fabrication of multifunctional and revolutionary nanotechnologies. The sustainable 

synthesis of nanomaterials is the key to uncovering their distinctive characteristics 

and enabling advancements in a broad spectrum of scientific and technological 

realms [5-15]. 

Nanotechnology, a revolutionary discipline at an amalgamation of science and 

engineering, involves the fabrication, manipulation, and investigation of various 

techniques, materials, different modes, structural components, and vast applications 

such as catalysis, fuel cells, quantum-effect lasers, photovoltaic cells, solar 

transistors, molecular electronic devices, supercapacitors, biosensors, 

nanoactuators, surface-enhanced Raman spectroscopy, and enhanced energy 

storage devices. In today’s world, nanotechnology has become synonymous with 

technological advances, particularly in the emergence of biosensors. Researchers 

are actively exploring the incorporation of cutting-edge nanomaterials, including 

quantum dots (QDs), nanotubes (NTs), and nanowires (Nws) in the development of 

biosensor medical diagnostic devices. Nanotechnology has changed biosensor 

architecture and effectiveness by incorporating several types of nanomaterials and 

various synthesis modes. The numerous nanomaterials employed in these 

applications have distinct properties characterized by chemical, physical, 

mechanical, and surface effects. The quantitative precision enables nanomaterials 

to unlock an endless number of possibilities, paving opportunities for significant 

improvements in new devices, notably smart biosensors [16-20]. 

This chapter provides a meticulous exploration of the current significant advances 

in biosensor technology, spanning from nanosensors to Field-Effect Transistor 

(FET) based innovations. The narrative navigates through the details of 

nanotechnology, highlighting the transformative impact of biosensors operating at 

the molecular and nanoscale levels. It also delves into the merging of electronics 

and biology through FET-based technologies [21, 22]. 
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Abstract: The proposed book chapter aims to present a comprehensive review of 

nanomaterial-based biosensors utilizing field-effect transistors (FETs), exploring their 

diverse applications, advancements, and future potentials. The focus will be on 

examining the integration of carbon-based nanomaterials into FET-based biosensors and 

their role in revolutionizing biosensing technologies. Field effect-based biosensors 

(BioFETs) stand out among other biosensing technologies due to their unique features 

such as real-time screening, ultrasensitive detection, low cost, and amenability to extreme 

device miniaturization due to the convenient utilization of nanoscale materials. FET-

based sensors operate on the principle that changes in the surrounding environment, such 

as alterations in temperature, pressure, gas concentration, or biological elements, 

modulate the electrical characteristics of the transistor. The integration of carbon-based 

nanomaterials into biosensing applications has emerged as a transformative development, 

significantly augmenting the efficacy and sensitivity of detection devices, particularly 

within the domain of field-effect transistor (FET) based technologies. The intent is to 

provide a holistic view of how these advancements have contributed to improving 

detection capabilities and to outline potential avenues for further research and 

applications in the field of biosensing.  

Keywords: Bio-FETs, Biosensors, Biomolecules, Carbon nanotubes. 
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INTRODUCTION 

For one thousand millionths of a meter, the Greek word "nano," which means 

"dwarf" or "very small," is used (10 - 9 m). Making a distinction between 

nanotechnology and nanoscience is crucial. Nanotechnology is the application of 

knowledge about structures and chemicals at nanoscales, or between 1 and 100 nm, 

to real-world items like gadgets. Nanoscience is the study of these structures and 

chemicals [1]. 

It is significant to remember that a single human hair is 60,000 nm thick, while the 

radius of the DNA double helix is one nm (Fig. 1) [2]. In the fifth century B.C., 

during the Greek and Democritus era, the area of nanoscience first emerged. The 

question of whether matter is continuous and so infinitely divided into smaller parts 

or if it is made up of tiny, indivisible, and unbreakable components known as atoms 

was up for debate among scientists. 

Nanotechnology is one of the most fascinating emerging technologies of the 

twenty-first century. It is the ability to monitor, quantify, assemble, regulate, and 

produce materials at the nanoscale scale in order to put the theory of nanoscience 

into practice. The National Nanotechnology Initiative (NNI) in the United States 

defines nanotechnology as "a science, engineering, and technology conducted at the 

nanoscale (1-100 nm), where unique phenomena enable novel applications in a 

wide range of fields, from chemistry, physics, and biology, to medicine, 

engineering, and electronics" [3]. 

This definition states that two conditions must be met for nanotechnology to exist. 

First, there is the matter of scale. Utilizing objects by adjusting their proportions at 

the nanoscale is the main goal of nanotechnology. The second issue is novelty: 

because of the nanoscale, handling small items in a way that maximizes certain 

features is necessary for nanotechnology [4-15]. 

Making a distinction between nanotechnology and nanoscience is crucial. 

Nanoscience is the combination of physics, materials science, and biology, which 

deal with the manipulation of materials at the atomic and molecular levels. 

Nanotechnology is the study, measurement, manipulation, assembly, control, and 

production of matter at the nanoscale size. There are a few articles available that 

describe the history of nanoscience and technology, but none that offer an overview 

of the area's evolution from its beginnings to the present with an emphasis on 

breakthroughs in the field. Therefore, it is essential to assemble a synopsis of 
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significant occurrences in this field in order to completely appreciate the progress 

of nanoscience and technology [16-25]. 

At the beginning of the twenty-first century, there was an increase in interest in the 

fields of nanoscience and nanotechnology. National scientific goals in the United 

States were greatly impacted by Feynman's hypothesis of atomic-level matter 

manipulation. In a speech at Caltech on January 21, 2000, President Bill Clinton 

made the case for funding research in nanotechnology. Three years later, George 

W. Bush signed the 21st Century Nanotechnology Research and Development Act 

into law. The Act also made nanotechnology research a national priority and 

established the National Technology Initiative (NNI) [26-35]. 

BRIEF HISTORY OF BIOSENSOR FIELD EFFECT TRANSISTOR (FET) 

An Introduction to FET Transistor 

Field-Effect transistors are referred to as FET transistors. An electric field is used 

by the field-effect transistor (FET) to regulate the current flowing through a 

semiconductor.  FETs have a source, a gate, and a drain on their three terminals. 

The current flow in FETs is regulated by applying a voltage to the gate, which 

changes the conductivity between the drain and the source. Julias Edgar submitted 

the first FET transistor patent application in 1926. Numerous developments have 

occurred since then. In 1934, Oskar Heil applied for another patent. William 

Shockley invented the junction gate utilized in field-effect transistors at Bell 

Laboratories. Over time, FET transistors have seen several more advances [33-35]. 

Working of FET Transistor 

The voltage applied controls the current flowing in a FET transistor, which is a 

voltage-operated device. Because they operate using a single carrier, they are often 

referred to as unipolar transistors. All FET shapes and sizes have a high input 

impedance. The field-effect transistor's terminal applies voltage to control the 

conductivity in all situations. Furthermore, conductivity is influenced by the carrier 

charge density. The three main parts of a FET transistor are the source, drain, and 

gate. The majority of the carriers enter the bar from one of the FET transistor's 

terminals, which is the source. Most carriers lead the bar via the second terminal, 

which is called the drain. Two terminals on the Gate are internally linked to one 

another [35-55]. 
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Abstract: Over the previous thirty years, the scaling of complementary metal-oxide-

semiconductor (CMOS) technology has stood crucial to the continued advancement of 

the silicon-based semiconductor industry. However, when technological scaling reaches 

the nanoscale zone, CMOS devices face several significant challenges, including higher 

leakage currents, difficulty increasing on-current, massive parameter changes, low yield 

and reliability, increased manufacturing costs, etc. In order to sustain previous advances, 

numerous developments in CMOS technologies and device topologies have been 

developed and put into practice. Simultaneously with these investigations, some 

innovative nanoelectronic devices, labelled as "Beyond CMOS Devices," are currently 

intensively investigated and developed as potential replacements or supplements for 

eventually scaled classic CMOS devices. Despite offering system integration at 

extremely high densities, these nanoelectronic devices continue to be in their infancy and 

confront numerous challenges, including high variations and low dependability. The 

actual implementation of these promising technologies necessitates substantial study at 

the device and system architectural levels.  

Keywords: Fin-FET technology, Nanosheet FET (NS-FET), Semiconductor 

design, Sub-5-nm technology, Transistors. 

INTRODUCTION 

Three broad categories are used by the European Nanoelectronics Initiative 

Advisory Council (ENIAC) (its prediction shown in Fig. 1) to analyze the silicon-

based micro- or nanoelectronics industry: 

 



216    Nano-FET Devices (Part 2) Kandpal and Devi 

1. Advanced CMOS (More Moore): To continue downsizing transistors, 

particularly in the improved use of metal gates with suitable work functions, high-

k oxides, and high-k oxides as insulators, to ensure an effective throughput while 

decreasing the leakage via gate stack. 

2. More than Moore: Fig. (2) shows the concept of more law. Modern CMOS 

technology has demonstrated itself as inherently constrained. Radiofrequency, 

analogue circuits, switches with high-voltage actuators, and motion sensors are 

non-digital functions that call for a combination of technologies customized to a 

particular need. To overcome these obstacles and implement new features like 

mechanics, optics, acoustics, ferroelectrics, etc., "more than Moore" is needed. 

3. Beyond CMOS. New materials, whether inorganic or organic, new operating 

principles, such as those that replace electrons with magnetic excitation or spin, and 

new architectural designs, are covered. Examples of alternatives beyond CMOS 

embrace innovative materials to fabricate interconnects and transistors such as 

nanowires and carbon nanotubes, switches working with resistive change polymers 

for memories, the electronic characteristics of organic compounds, memory, and 

computing architectures to fully utilize the capabilities of these new devices (as 

shown in Fig. 3). 

 

Fig. (1). ENIAC predication for microelectronics future [1]. 
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The designing of electronic systems on a single chip requires optimum exploitation 

of "system-on-chip" devices, and it will be a vital component of the future of 

nanoelectronics, integrating "More Moore" as well as "More than Moore" with 

innovative "heterogeneous integration" technological advances. Another 

advancement is "system-in-package", which uses different optimized process 

technologies for combining multiple distinct sub-systems in a single package. 

 

Fig. (2). Moore's law and more [1]. 

Today's MOSFET is developed at the nanoscale. A tiny chip might contain millions 

of MOSFETs. When the MOSFET was first designed, it was rather massive and 

had less functionality than it does now. For decades, engineers have worked to 

improve MOSFETs' size, power consumption, and other characteristics. As a result, 

current MOSFET technology has achieved considerable advances. High-

performance MOSFETs now have better power handling capabilities and produce 

less heat. New materials and designs allow quicker switching rates, increasing 

efficiency in high-frequency circuits. Advanced MOSFETs have reduced on-

resistance, allowing for more current flow, and advancements such as silicon 

carbide (SiC) and gallium nitride (GaN) MOSFETs provide improved performance 

in high-voltage and high-power applications. Despite advances in current MOSFET 
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Abstract: In this chapter, we address the limitations of device scaling imposed by the 

subthreshold value restriction of 60mV/decade in the CMOS VLSI design. The focus of 

current research primarily revolves around effective power methods for cutting-edge 

electronic devices with additional attributes. Instead of conventional homo-junction MOS 

devices, our investigation explores the utilization of heterojunctions with SiGe and Ge as 

these materials have a lower bandgap. By employing a Heterojunction Tunneling Field 

Effect Transistor (HTFET), we demonstrate a reduction in the subthreshold swing value 

and achieve low leakage current. We present a revolutionary HTFET design with Gate 

Oxide Overlap onto Source (GOS) to improve the futuristic features of low-power 

devices for ultra-low-power memory applications. We implement both n-type and p-type 

GOS HTFETs, contributing to energy-efficient SRAM cells, by combining low bandgap 

materials such as SiGe or Ge with high-k dielectrics. The suggested devices show large 

improvements in Miller capacitance together with a noteworthy decrease in subthreshold 

swing, high current ratios from ON to OFF, and an increased drive current proportion in 

the ON state. Expanding the application scope, the proposed device is integrated into a 

radiation-hardened 14T SRAM cell, showcasing superior performance compared to 

traditional designs. Memory activities are accelerated, and the chapter concludes with a 

comparative power and delay analysis of HTFETs-based SRAM cells.  

Keywords: BTBT, heterojunctions, TFETs, subthreshold swing, SiGe/Ge 

HTFETs, 14T SRAM. 

 



242    Nano-FET Devices (Part 2) Satyanarayana et al. 

INTRODUCTION 

The design and implementation of a low-power SRAM cell specifically suited for 

ultra-low-power semiconductor memory applications are the focus of this chapter. 

The main goal is to investigate heterojunction tunnel field-effect transistor 

(HTFET) topologies at the device level, paying particular attention to important 

variables including Miller capacitance, ON-state driving current, subthreshold 

swing, and ON-OFF current ratio. We hope to provide a low-power, low-voltage 

device that satisfies the requirements of modern semiconductor memory 

applications by carefully examining these factors [1].To evaluate the efficacy of the 

proposed low-power device in practical scenarios, various SRAM cells are essential 

for circuit-level testing. Consequently, an exploration of different SRAM cell 

structures suitable for efficient memory devices becomes imperative [2-3]. This 

chapter elucidates the physical features of the device necessary for optimizing 

energy-efficient devices and provides insights into various SRAM cell 

configurations. 

Additionally, this chapter emphasizes the significance of investigating HTFET 

structures as a pivotal component of the low-power SRAM cell design. The choice 

of materials, particularly SiGe and Ge, is explored for their low bandgap properties, 

offering a promising avenue for subthreshold swing reduction below the 

conventional 60mV/decade limit [4-5]. The incorporation of Gate Oxide Overlap 

onto the Source (GOS) further enhances device performance, contributing to the 

achievement of sub-60mV/decade subthreshold swing values and lower leakage 

currents. Through detailed simulations and validation using TCAD Silvaco tools, 

the proposed HTFET designs are thoroughly evaluated at the device level, ensuring 

their suitability for energy-efficient semiconductor memory applications [6-7]. 

Furthermore, the practical application of the designed low-power SRAM cell is 

demonstrated through the implementation of a radiation-hardened 14T SRAM cell. 

Comparative analyses with traditional designs, including 6T, 7T, and 8T memory 

cells, highlight the superior performance of the proposed device. The read-and-

write delays of these memory cells are measured, showcasing accelerated memory 

activities [8]. Finally, a comprehensive comparison with other state-of-the-art 

devices, such as conventional HTFET and others is presented. This comprehensive 

exploration not only advances the understanding of low-power semiconductor 

memory but also propels the discourse on the practical application of innovative 

HTFET designs in memory technology [9]. 
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The subsequent sections delve into the comprehensive research findings on 

Heterojunction Tunneling Field Effect Transistors (HTFETs) and their integration 

with SRAM cells. Through detailed discussions and analyses, we unveil the 

intricacies of our research work, shedding light on the promising advancements in 

the realm of low-power semiconductor memory technologies. 

Analysis of Traditional HTFETs 

Heterojunctions emerge as a highly suitable choice for low-leakage memory 

applications, particularly when integrated into SRAM cells [10]. Substituting 

homojunctions with heterojunctions in SRAM cells results in a noteworthy 

reduction in power consumption and delay during read and write operations. 

Various techniques involving heterojunctions have been proposed by researchers to 

enhance the performance of these memory cells [11-13]. The structure of traditional 

HTFET is shown in Fig. (1). The concept of HT Fin FETs, employing a double-

gate configuration was introduced in a study [14]. This innovative design optimizes 

the surface potential, considering the region of overlap. Utilizing the principle of 

superposition by solving 2D surface potential Poisson's equations, the model is 

validated with the introduction of HfO2as high-k dielectric. Operating with a fixed 

output voltage of 0.7V and input voltages ranging from 0V to 0.6V, this approach 

showcases improved power efficiency. 

 

Fig. (1). 2D Structure of traditional HTFET. 

The Gate-on-Source-Channel SOI TFETs (GOSC TFET), addressing the reduction 

in Miller capacitance for enhanced switching speed is proposed in a study [15]. This 

device, with an input voltage of 0.4V, provides a comprehensive analysis of 

parameters including output voltage, thickness of oxide, carrier concentration level, 



 Nano-FET Devices (Part 2), 2025, 281-319 281 

* Corresponding author Shonak Bansal: Department of Electronics and Communication Engineering, 

Chandigarh University, Gharuan, Punjab, India; E-mail: shonakk@gmail.com 

Dharmendra Singh Yadav & Prabhat Singh (Eds.) 

  All rights reserved-© 2025 Bentham Science Publishers 

  
 

CHAPTER 8 

Optoelectronic Characteristics of Long Wave 

Infrared HgCdTe-based Single- and Dual-Junction 

Detectors 

Shonak Bansal1,* 

1 Department of Electronics and Communication Engineering, Chandigarh University, Gharuan, 

Punjab, India 

Abstract: Mercury Cadmium Telluride (Hg1–xCdxTe) stands out as the predominant 

material for developing infrared (IR) detectors. In this chapter, the two-dimensional (2D) 

p-n (single homojunction and single heterojunction) and p-i-n (dual-heterojunction) 

architecture models of p+-Hg0.7783Cd0.2217Te/n–-Hg0.7783Cd0.2217Te, p+-

Hg0.69Cd0.31Te/n–-Hg0.7783Cd0.2217Te, and n+-Hg0.68Cd0.32Te/n–-

Hg0.7783Cd0.2217Te/p+-Hg0.7783Cd0.2217Te are proposed in long-wavelength 

infrared (LWIR) spectral region. The detectors are designed and analyzed for various 

optoelectronic characteristic parameters. The outcomes achieved through the Silvaco 

Atlas TCAD software are compared with those derived from analytical expressions and 

are found to agree with the analytical results. The proposed detectors are well-suited for 

their functioning at a wavelength of 10.6 μm under the condition of liquid nitrogen 

temperature (77 K). The single homojunction-based detector shows an external quantum 

efficiency (QEext) of 58.29%, a 3-dB cut-off frequency (f3-dB) of 104 GHz with a 

response time of 3.3 ps, whereas the heterojunction-based detector exhibits a QEext of 

67.6%, a f3-dB of 265 GHz with a response time of 1.3 ps, and least dark current density. 

On the other hand, a dual-junction-based detector exhibits a QEext of 84.92%, a f3-dB 

of 1.28 THz with a response time of 0.27 ps, further confirming the suitability of the 

proposed dual-junction detector for low-noise operations.  

Keywords: Cut-off frequency, Dark current, Detectivity, HgCdTe, Heterojunction, 

homojunction, Noise current, Photocurrent, Photodetector, Quantum efficiency, 

Response time, Responsivity, Spectral response. 

INTRODUCTION 

Recently, the field of infrared (IR) sensing technology has witnessed significant 

progress, driven by the need for high-performance detectors with enhanced 

sensitivity, broader spectral range, and improved operational efficiency. Among the 
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various materials explored for infrared photodetection [1-6], mercury cadmium 

telluride (Hg1–xCdxTe) has appeared as a promising candidate for enhancing 

terahertz (THz) and broadband IR detectors, offering improved performance 

capabilities. This is attributed to its tunable bandgap, low leakage current, relatively 

high photon absorption coefficient, enhanced stability, low thermal generation rate, 

moderate dielectric permittivity ensuring small device capacitance, better lattice 

matching for the growth of high-quality crystals, low thermal expansion coefficient 

providing device stability, and favorable optoelectronic properties [7-13]. The IR 

detectors found their major applications in military, optical communications, 

civilian, thermal and biomedical imaging, remote sensing, missile guidance, fire 

alarming, gas sensing, satellite remote sensing, motion detection, spectroscopy, 

surveillance, chemical analysis, telecommunication systems, and night vision. [14-

18]. 

Epitaxial growth of Hg1–xCdxTe can be achieved as a chemical compound 

consisting of both HgTe and CdTe. HgTe exhibits a semi-metallic nature owing to 

its zero energy bandgap and low resistivity, in contrast to CdTe, which is a 

semiconductor alloy characterized by an energy bandgap of around 1.6 eV. These 

chemical compounds possess nearly identical lattice constants, enabling the defect-

free growth of Hg1–xCdxTe at any composition. The minimal variation in lattice 

constant with cadmium (Cd) composition facilitates the formation of high-quality 

layers and heterostructures. The combination of these materials provides the 

flexibility to attain energy bandgaps from 0 to 1.6 eV. Since HgTe and CdTe have 

zinc-blende structures, Hg1–xCdxTe also has a zinc blende structure for all the Cd 

compositions [8]. Due to the energy bandgap tunability of Hg1–xCdxTe via Cd 

composition (x), several high-performance IR detectors based on Hg1–xCdxTe have 

been reported. These detectors exhibit various configurations, including p-n [9-18], 

p-i-n [22, 24], avalanche photodetector [25], barrier detectors [11-13, 26-28], and 

dual-band IR detectors [10, 29], and have been demonstrated at both cryogenic and 

room temperatures. The need for cryogenic cooling facilities introduces 

considerable increases in power consumption, cost, and weight for these IR 

detectors. The ongoing advancement of Hg1–xCdxTe technology primarily serves 

military-related safety or security applications, particularly in the detection of 

specific conditions or objects. The primary driving force behind considering 

alternatives to Hg1–xCdxTe is the technological drawbacks associated with this 

material. One such drawback is the weak bond between Hg and Te, leading to 

instability in bulk, surface, and interfaces. Concerns persist regarding yield and 

uniformity, especially in the long-wavelength IR (LWIR: 8-12 µm) spectral region 

[30]. LWIR spectral region encompassing 10.6 μm is well-suited for challenging 

weather conditions and serves as a strategic atmospheric window. The primary 



Optoelectronic Characteristics of Long Wave Nano-FET Devices (Part 2)    283 

limitation of Hg1–xCdxTe-based IR detectors is the elevated dark current restricted 

by the Auger recombination process and the requirement for working at low 

temperatures [31, 32]. Therefore it is necessary to create and develop Hg1–xCdxTe-

based IR detectors that exhibit enhanced performance at or near room temperature. 

Despite these challenges, Hg1–xCdxTe continues to be the predominant 

semiconductor material for IR detectors. 

The key challenge in developing any commercially viable detector is integrating it 

with complementary metal oxide semiconductor (CMOS) technology to deliver 

advanced detection capabilities. The integration with silicon (Si)-based CMOS 

technology has garnered extensive interest due to the incorporation of both 

electronics and optoelectronics on a chip. Si being abundant in nature, is a perfect 

choice for CMOS technology. It is the primary substrate behind every integrated 

chip technology. It also facilitates lithography and other fabrication processes in the 

CMOS technology domain [33-36]. The integration of electronic circuitry follows 

standard technology, whereas optoelectronic material (such as direct bandgap 

compound semiconductors) integration with Si (indirect bandgap) is a big challenge 

due to crystallographic compatibility issues. The real challenge would be to 

incorporate Hg1–xCdxTe as per CMOS process technology due to its incompatibility 

with Si technology. Despite its Si-based CMOS incompatibility, the lattice-matched 

Hg1–xCdxTe/CdZnTe interface is of great interest [23]. 

The versatility of HgCdTe makes it a key material for developing single and dual-

junction detectors. Therefore, this chapter aims to provide the two-dimensional 

(2D) architecture models of p+-Hg0.7783Cd0.2217Te/n–-Hg0.7783Cd0.2217Te (single 

homojunction), p+-Hg0.69Cd0.31Te/n–-Hg0.7783Cd0.2217Te (single heterojunction), and 

n+-Hg0.68Cd0.32Te/n–-Hg0.7783Cd0.2217Te/p+- Hg0.7783Cd0.2217Te (p-i-n dual-junction) 

in long wave IR spectral region at liquid cryogenic or liquid nitrogen temperature 

of 77 K. The detectors are designed and analyzed for various optoelectronic 

characteristics. The outcomes achieved through the utilization of the Silvaco Atlas 

TCAD software are compared with those obtained from the analytical model and 

are found to be in accordance with the analytical expressions. The proposed 

detectors are well-suited for functioning at a wavelength of 10.6 μm. 
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Abstract: The evolution of the Nanostructure Field Effect Transistor (Nano FET) has 

provided significant progress in healthcare applications. Inherent properties such as easy 

integration, high sensitivity, and better selectivity increased the role of Nano FET devices 

in wearable electronic devices. Nano FET biosensors have placed great attention in the 

biomedical field, which performs label-free biomolecule sensing to screen out various 

diseases. The detection includes cancer biomarkers, cardiovascular diseases, diabetes, 

HIV/AIDS, DNA and RNA, and viral and bacterial infections. This chapter discusses the 

overview of diverse applications in healthcare, challenges, and future technologies of 

NanoFET devices.  

Keywords: Nano FET devices, biosensors, biomarkers, nanomaterial, clinical 

applications. 

INTRODUCTION 

Currently, sensors based on field-effect transistors have shown superiority because 

of their remarkable qualities like precision, low operational power requirements, 

label-free character, economical, and easy surface functionalization. Bio-FET has 
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two layers, the bio-recognition layer and the transducer layer, which act as 

exemplary applicants for Point-Of-Care Testing (POCT) because of its progress in 

fabrication techniques. Conventionally, Bio-FET sensors are based on novel 

functional materials such as metal–oxide–semiconductors, organic semiconductors, 

one-dimensional nanostructured materials (or) silicon nanowires, carbon 

nanotubes, and two-dimensional nanostructured materials (or) graphene [1-6]. 

Nanostructured materials are used as channel materials in FET sensors owing to 

their electrical characteristics, high sensitivity, chemical stability, biocompatibility, 

and high surface-to-volume ratio. The nanomaterials like nanoparticles, nanowires, 

and carbon nanotubes have a new approach to biosensing compared to analytical 

targets. This characteristic facilitates the detection of biomolecules, including 

proteins, nucleic acids, neurotransmitters, and cancer biomarkers. The scaling of 

MOSFET offers many field effect transistors on a single chip package facility. One-

dimensional nanowire structures are used for the development of a variety of 

nanoscale semiconductor devices such as FETs, photodetectors, LEDs, biosensors, 

etc. Biosensors play a significant role in the agriculture and marine industry, 

surveillance, environmental monitoring, and clinical diagnosis. Biosensors are 

functional in monitoring health, such as glucose and oxygen sensors, enzyme-based 

sensors,immunosensors, and pH biosensors [6-12]. 

A substitute for minimizing short-channel effects in the structure of MOSFET is 

the nanowire FET (NW-FET). Due to the tunneling effect, drain current and 

subthreshold swing at extremely small VG increase when nanoHUB simulations 

reduce the channel length from 12 nm to 4 nm. Silicon nanowires (SiNWs) have 

superior application prospects in the field of biomedical sensing with outstanding 

electronic properties for improving the sensitivity detection of biosensors [2]. The 

combination of silicon nanowires and field effect transistors shapes real-time 

biosensors with great sensitivity and selectivity [13-17]. 

Examples: 

1. Zinc Oxide (ZnO), 3, 4 Ethylene Dioxythiophen, Silicon Nanowires (SiNWs),  

Graphene                                                  

2. Indium Gallium (PEDOT), Carbon Nanotubes (CNTs), BlackPhosphorous    

3. Zinc Oxide (IGZO) 
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In recent years, SiNW-FETs have been more focused on the biomedical field for 

detection. Research groups have been effective in highlighting the primary 

properties and applications of nanowires to fabricate semiconductor nanowires with 

controlled diameters. Nanowire detects diseases in the early stage through sensors 

with high sensitivity Some classification shown in Fig. (1). The material size 

decreases in the order of a nanometer. The physical and chemical material 

properties are determined by the large surface area to volume ratio and quantum 

size. The main use of nanowires in biomedicine is to identify chemical and 

biological substances, diagnose illnesses, and aid in drug discovery [5].  

Semiconducting nanowires facilitate easier interaction with various electrical 

signals [18, 19]. 

 

 

 

 

 

 

 

 

 

Fig. (1). Classification of BioFET Sensors. 

NANO-FET DEVICES  

Nanoscale electrical devices are called nanostructure field effect transistors or 

nano-FET biosensors. Nano-FET detects and measures the presence and 

concentration of particular biological molecules [20, 21]. 

MOSFET and Nanowire FET 

The four terminals of a MOSFET are the source, drain, gate, and body. Conduction 

does not occur unless a positive voltage is provided between the gate and the source. 
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