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NBTI see negative bias

temperature instability

negative bias temperature

instability (NBTI) 22, 23
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neuromorphic computing 284,

291
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164–166, 169, 171, 174–176,
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Pauli exclusion principle 204
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QPC see quantum point contact
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232–233

quantum dots (QDs) 203, 205,
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232–235, 238, 240–244, 246,

248, 251, 252, 330–331

quantum point contact (QPC) 219,

238

qubits 201, 203, 204, 207, 208,

210–211, 218–221, 223,

231–235, 244, 251, 252

Rabi frequency 213, 217–219
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(RDFs) 20–21, 30

random telegraph noise (RTN) 23,
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RDFs see random dopant

fluctuations
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121, 238, 240
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regime 191, 207
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215–217
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many-electron 244
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216

relays 103, 113, 115–117,

121–123, 125, 127–129, 142,

182, 184, 186, 187, 189, 193

bistable type 188, 192
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pull-down 125
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cable wave 251

differential 251

interconnect 175, 191
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microrelay 192

resistive device 143

transistor conduction 153

resistive random-access memory

(RRAM) 133, 273, 277, 305,

311, 314, 315, 322

RIE see reactive ion etching

RRAM see resistive random-access

memory

RRAM arrays 305, 309, 315, 317,

319, 321, 323

RRAM cells 310, 311, 314, 317,

318, 321, 323

RRAM devices 306, 313, 314, 316,

317, 323

RTN see random telegraph noise

scanning tunneling microscopy

208

scattering mechanism 11–13

selective clocking 343–345, 347,

349, 351, 353, 355, 357, 359,

361, 363

semiconductor 5, 9, 21–23, 42, 44,

78, 146, 203, 235, 273

SGT see surrounding-gate

transistor

short-channel effects 9, 10, 21,

28–29, 74, 75, 80, 148, 150

short-term potentiation (STP)

288, 323, 324

short-term synaptic adaptation

306, 318–319, 322, 323

signals 128, 161–163, 165,

169–171, 173, 186, 189, 196,

210, 220, 221, 289

charge sensing 247

demodulated-to-baseband 221

electrical 170

logical 167

read-enable 134

trapezoidal 170, 191

signal-to-noise ratio (SNR) 238,

244, 247–252

simulations 19, 21, 35, 36, 265,

267, 268, 322, 323, 340, 353,

360, 371, 373, 375, 381–385,

387, 389

circuit 132

molecular dynamics 265

numerical 28, 29

tight-binding 15

transient circuit 29
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nanomagnet logic

SNN see spiking neural network

SNR see signal-to-noise ratio

spikes 242, 243, 288, 320, 323

asynchronous 287

postsynaptic 287, 289

propagate 314
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spike timing–dependent plasticity

(STDP) 287–289, 306, 310

spiking neural network (SNN)
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spin 204–207, 210, 213, 216, 218,

219, 221, 223, 235, 350, 370

canted 350

neighboring 369–370

nuclear 208, 212, 218, 232, 235

spin blockade 205, 219

spin-orbit coupling 205, 212, 213,

223, 235

spin orientation 207, 211, 213,

216, 219

spin qubits 203, 208, 210,

212–214, 217, 222–223,

234–235

SRAM see static random-access

memory

SRS see surface roughness

scattering

SS see subthreshold slope

static random-access memory

(SRAM) 33, 271, 309

STDP see spike timing–dependent

plasticity

STP see short-term potentiation

substrates 4, 34, 76, 80, 81, 83,

221, 233, 235, 236, 252, 374,

375

biological 317

glass 44

paper 44

sapphire 42

silicon-on-insulator 231

subthreshold 16, 27–29, 49, 142,

145–148, 175

subthreshold slope (SS) 5, 16, 29,

33, 35–37, 39, 41–42, 44,

73–76, 79, 85–89, 91, 94, 96,

104

surface roughness scattering

(SRS) 12–14, 36, 49

surrounding-gate transistor (SGT)

80, 84, 85

switching devices 91, 264, 266,

274, 279

switching mechanisms 75, 106,

111, 265, 266, 268, 269, 272

switching probabilities 313–315

synapses 284–289, 291, 306, 310,

313–315, 317, 318, 320,

322–323

binary 288

biological 288, 318

cortical 318

long-term STDP 320–322

synaptic weight 285, 287, 309,

318, 319, 323

synchronous nanomagnet logic

(SNML) 342, 344, 349, 351,

359, 362–366

synchronous operation 353, 354,

356, 358–363, 365

TAT see trap-assisted tunneling

technologies 10, 74, 97, 128, 136,

141, 142, 145, 146, 149,

181–183, 190, 193, 208, 210,

252, 261

current-boosting 76

device and circuit 390

electromechanical 182

field-effect transistor 104

magnetic computing 330

nanorelay 182, 194

nonvolatile memory 319

trigate nanowire 211

vacuum-tube-based 182

zero-leakage 151

TFET see tunnel FET

TFTs see thin-film transistor

TG see top gate

thermal fluctuations 333–334,

366, 374, 382, 387

random 334, 381
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thermal noise 336, 337, 359, 360,

363, 374

random 335

thermal oxidation 238, 240

thin-film transistors (TFTs) 38, 39

threshold 7, 16, 18, 25, 29, 145,

151, 164, 166, 168, 169, 171,

173–175, 279, 290

threshold logic unit 287

threshold voltage 16, 17, 20, 39,

40, 89, 91, 145–146, 148, 150,

157, 166, 169, 171–174, 176,

185, 191

TMDs see transition metal

dichalcogenides

top gate (TG) 209, 220, 238,

240–241

top layer 31, 367, 370, 374–376,

378, 379

transconductance 16, 17, 20, 29,

39, 244

transistor 4, 5, 7, 8, 10, 11, 16, 17,

20, 21, 35, 37, 38, 40, 43–46,

103–105, 145, 146, 171,

173–177, 191, 282, 283

access 131, 132

accumulation-mode 11, 20, 25,

49

bipolar junction 4

CMOS 103, 104, 128, 136, 190,

202

coupled-atom 208

graphene-based 182

inversion-mode 9, 15, 16,

20–22, 24

inverter 147

junctionless 4–28, 30, 32–46,

48, 49

Lilienfeld 4

nanoscale 80

nanotube-based 182

nanowire 29, 46, 47

single-electron 202, 203, 219,

238

steep-slope 76

transition metal dichalcogenides

(TMDs) 43, 75

trap-assisted tunneling 78, 87–89,

91

tunnel FET (TFET) 35, 73, 75–77,

79, 80, 82, 84, 86, 88–89,

91–93, 95–97, 142

tunnel junction 76–78, 80–83, 86,

88, 89, 94, 96

unidirectional anisotropy 329,

345–347

Vernier-shape switch 109

vibrating sample magnetometer

(VSM) 375, 377

VSM see vibrating sample

magnetometer

Zeeman energy 214, 346

Zeeman splitting 207

Zener tunneling 75



August 17, 2018 17:45 PSP Book - 9in x 6in 10-Deleonibus-Index



Deleonibus

Simon Deleonibus
edited by

Pan Stanford Series on Intelligent Nanosystems   Volume 3

Physics, Novel Functions, and Data Processing

Vol. 3

Em
erging D

evices for Low
-Pow

er and 
H

igh-Perform
ance N

anosystem
s

EMERGING DEVICES FOR LOW-POWER AND 

HIGH-PERFORMANCE NANOSYSTEMS

“What could be the work horse for driving low-power high-performance nanosystems in the emerging  
post-Moore era? The definitive and authoritative answer is illuminated in this timely and well-
articulated tome.”

Prof. Leon Chua
University of California at Berkeley, USA

“Electronics has come a long way since the invention of the silicon integrated circuit, and this success 
has created an insatiable appetite for more and more computation at the same or less power. Standard 
CMOS is being pushed to its limits, and new ideas are needed. Simon Deleonibus has enlisted leading 
experts from across the world to review the current state of a wide variety of novel device, circuit, and 
architectural research. This book provides an introduction that discusses the opportunities as well as 
the challenges for these new possibilities. For an understanding of what’s happening at the frontiers 
of electronics research, you won’t find a better source than Emerging Devices for Low-Power and 
High-Performance Nanosystems: Physics, Novel Functions, and Data Processing.”

 Prof. Mark Lundstrom
Purdue University, USA

“We are now at the threshold of the Integrated Nanosystem Era, a historical turning point of 
electronics. This is an excellent book that quickly but firmly provides us an overview of emerging 
devices and related technologies.”

Prof. Michiharu Tabe
Shizuoka University, Japan

The history of information and communications technologies (ICT) has been paved by both 
evolutive paths and challenging alternatives, so-called emerging devices and architectures. Their 
introduction poses the issues of state variable definition, information processing, and process 
integration in 2D, above IC, and in 3D. This book reviews the capabilities of integrated nanosystems 
to match low power and high performance either by hybrid and heterogeneous CMOS in 2D/3D 
or by emerging devices for alternative sensing, actuating, data storage, and processing. The 
choice of future ICTs will need to take into account not only their energy efficiency but also their 
sustainability in the global ecosystem.

This book, the third volume of the Pan Stanford Series on Intelligent Nanosystems, features nine 
chapters divided in two parts reporting on junctionless transistors, III–V/Si heterostructure-based 
tunnel field-effect transistors, NEMS switches for logic and memory, NEMS switches for ultra-
low-power adiabatic architecture design, single-spin quantum bit manipulation in pMOSFET or 
electron-based coupled quantum dots both on silicon, metal/insulator/metal, and metal/phase 
change material/metal-based memristors’ potential to dual-store or process data, bio-inspired 
neuromorphic 1 transistor–1 resistor circuit architectures, and nanomagnetic logic architectures 
based on multilayered nanomagnets exchanging bias vertically and horizontally.

Simon Deleonibus retired from CEA-LETI on January 1, 2016, as chief scientist 
after 30 years of research on the architecture of micro- and nanoelectronic devices. 
Before joining CEA-LETI, he was with Thomson Semiconductors (1981–1986), where 
he developed and transferred to production advanced microelectronic devices and 
products. He obtained his PhD in applied physics from Paris University (1982). A 
recipient of several awards and honors, he is a visiting professor at Tokyo Institute 

of Technology (Tokyo, Japan) since 2014, National Chiao Tung University (Hsinchu, Taiwan) since 
2015, and Chinese Academy of Science (Beijing, PRC) since 2016.  

ISBN 978-981-4800-11-2
V680


	Front Cover

	Contents

	Introduction: Cramming More Functions into Integrated Systems toward a Sustainable Information Technology World

	Part I: Hybrid and Heterogeneous CMOS for Ultra-Low-Power Data Processing

	1: The Junctionless Transistor

	1.1: Introduction

	1.2: Junctionless MOSFET Operation and Properties

	1.2.1: Device Physics

	1.2.1.1: Effective channel length modulation

	1.2.1.2: Mobility

	1.2.1.3: Subthreshold slope

	1.2.1.4: Threshold voltage and transconductance

	1.2.1.5: Gate capacitance

	1.2.1.6: Miller capacitance

	1.2.1.7: Variability

	1.2.1.8: Reliability and noise

	1.2.1.9: Bipolar effect

	1.2.1.10: Models for the junctionless transistor

	1.2.1.11: Carrier confinement effects


	1.2.2: Junctionless Transistor Architectures

	1.2.2.1: SOI trigate

	1.2.2.2: SOI planar transistors

	1.2.2.3: GAA

	1.2.2.4: Vertical nanowire FETs

	1.2.2.5: Bulk and stacked PN junctionless transistors

	1.2.2.6: Tunnel FET



	1.3: ``Nonsilicon'' Junctionless Transistors

	1.3.1: Germanium

	1.3.2: Polycrystalline Si and Ge

	1.3.3: III-V Semiconductors

	1.3.4: Other Materials

	1.3.4.1: Transition metal dichalcogenides

	1.3.4.2: Carbon nanotube transistors

	1.3.4.3: Metal oxide transistors

	1.3.4.4: Metallic transistors



	1.4: Junctionless Nanowire Sensors

	1.5: Conclusions


	2: Several Challenges in Steep-Slope Tunnel Field-Effect Transistors

	2.1: Introduction

	2.2: Challenges in Achieving Steep-Slope TFETs

	2.2.1: Benchmarks of Realized Steep-Slope TFETs

	2.2.2: Series Resistance

	2.2.2.1: Contact resistance

	2.2.2.2: Junction resistance

	2.2.2.3: Channel resistance


	2.2.3: Quality of MOS and Gate-Architecture


	2.3: III-V/SI Heterointerface for a Tunnel Junction

	2.3.1: Direct Integration of III-V NWs on Si/Ge

	2.3.2: Misfit Dislocations at III-V NW/Si Junctions

	2.3.3: Diode Properties for the III-V NW/Si Junctions


	2.4: Vertical Tunnel FETs Using a III-V/SI Junction

	2.4.1: MOS Interface in Vertical InGaAs NW FETs

	2.4.2: Degraded TFETs Using In(Ga)As NW/Si Junctions

	2.4.3: Scaling of NW Diameter for a Steep SS

	2.4.4: Challenges in Doping

	2.4.4.1: Formation of an intrinsic layer in a III-V NW

	2.4.4.2: Heavy doping



	2.5: Challenges in Increasing the On-State Current

	2.5.1: Effect of Channel Length

	2.5.2: Effect on Strain


	2.6: Conclusion


	3: Nanoelectromechanical Switches

	3.1: Introduction

	3.1.1: Background: CMOS Energy Efficiency Limit

	3.1.2: Why Nanoscale Electromechanical Switches


	3.2: Actuation Mechanisms

	3.2.1: Electromagnetic

	3.2.2: Electrothermal

	3.2.3: Piezoelectric

	3.2.4: Electrostatic


	3.3: Electrostatic Relay Design for Digital Computing

	3.3.1: Modeling and Analysis

	3.3.1.1: Parallel-plate capacitor model

	3.3.1.2: Operation modes

	3.3.1.3: Hysteresis voltage

	3.3.1.4: Mechanical delay


	3.3.2: Challenges for Reducing Operating Voltage


	3.4: Body-Biased Relay Technology

	3.4.1: Relay Design and Fabrication Process

	3.4.2: Scaling Theory

	3.4.3: Recent Progress


	3.5: Relay-Based Integrated Circuit Design

	3.5.1: Relay-Based Logic Gates

	3.5.2: Pass-Gate Logic


	3.6: Hybrid CMOS+NEMS Technology 

	3.6.1: Low-Cost Integration Approach

	3.6.2: Application Examples

	3.6.2.1: Data searching

	3.6.2.2: Look-up table



	3.7: Conclusion


	4: Adiabatic Solutions for Ultra-Low-Power Electronics

	4.1: Introduction

	4.2: Sources of Dissipation in CMOS Circuits

	4.3: The Adiabatic Principle

	4.3.1: Charging a Constant Capacitance through a Constant Resistance

	4.3.2: Charging a Constant Capacitor through a Variable Resistance

	4.3.3: Charging a Variable Capacitor Using a Variable Resistance

	4.3.4: Charging a Constant Capacitor in Adiabatic Mode

	4.3.5: Optimizing a Capacitor Charge: General Case


	4.4: Adiabatic Principle and Reversibility: A Circuit Approach

	4.4.1: Implementation of the Adiabatic Principle

	4.4.2: Quasi-Adiabatic Solution

	4.4.3: Full Adiabatic Solution and Reversible Pipeline


	4.5: The CMOS Quasi-Adiabatic Solutions

	4.5.1: ECRL Architecture

	4.5.2: PFAL Architecture

	4.5.3: Calculation of Dissipation


	4.6: Interest of NEMS for Adiabatic Logic Implementation

	4.6.1: History of Relay Technology

	4.6.2: Different Actuation Technologies

	4.6.3: Relay-Based Adiabatic Architectures

	4.6.4: Comparison between CMOS Logic and Microrelays


	4.7: Capacitance-Based Adiabatic Logic

	4.8: Conclusion



	Part II: Revised Actuation, Sensing, and Data Storage Modes in Emerging Devices for Alternative Computing

	5: Control of Single Spin in CMOS Devices and Its Application in Quantum Bits 

	5.1: Introduction

	5.2: Control of the Single Spin in CMOS Devices

	5.3: Hole Spin Qubit in CMOS Devices

	5.4: Dispersive RF Gate-Reflectometry and Scalable 1D Linear Array Architecture

	5.5: Summary


	6: Physically Defined Coupled Silicon Quantum Dots Containing a Few Electrons for Electron Spin Qubits

	6.1: Introduction

	6.2: Quantum Computing and QDs

	6.2.1: Quantum Computers

	6.2.2: Qubits in QDs

	6.2.3: Coupled Si QDs Containing a Few  Electrons

	6.2.4: Valley-Orbit States in Silicon QDs

	6.2.5: Charge Sensing


	6.3: Device Structure and Fabrication

	6.3.1: Structure

	6.3.2: Fabrication

	6.3.2.1: Wafer cleaning

	6.3.2.2: Thinning of the SOI layer

	6.3.2.3: Formation of QDs and side gate structures

	6.3.2.4: Gate oxide formation

	6.3.2.5: Top gate formation

	6.3.2.6: Impurity doping

	6.3.2.7: Metal contact pad formation



	6.4: Measurements

	6.4.1: Charge Sensing Measurements and Observation of Few-Electron Silicon Single and Double QDs 

	6.4.2: Capacitive Parameters for Designing SET CSs


	6.5: Summary


	7: Oxide Memristor and Applications

	7.1: Concept

	7.2: Operation Modes

	7.3: Memristive Switching Mechanism

	7.3.1: Electrochemical Memristor

	7.3.2: Valence Change Memristor

	7.3.3: Thermochemical Effect Memristor

	7.3.4: Interface Switching Memristor


	7.4: Critical Characteristics

	7.4.1: Switching Speed

	7.4.2: Endurance

	7.4.3: Retention

	7.4.4: Uniformity


	7.5: Conventional Computing Application

	7.5.1: ReRAM

	7.5.2: Digital Application

	7.5.3: Analog Application


	7.6: Unconventional Neuromorphic Computing

	7.6.1: Artificial Neuron Network

	7.6.2: Spiking Neural Network


	7.7: Summary


	8: Resistive Memories for Spike-Based Neuromorphic Circuits

	8.1: Introduction

	8.2: Array Test Vehicle and Key Features of RRAM

	8.2.1: Key Features of RRAM

	8.2.2: Synaptic Compound Based on Multiple Binary RRAM Devices


	8.3: Implementation of Spike-Based Neural Networks Using RRAM Arrays

	8.3.1: Convolutional Neural Network for Image Classification with Supervised Learning

	8.3.2: Fully Connected Neural Network with Unsupervised Learning for Complex Visual Extraction in Real Time


	8.4: Conclusions


	9: Nanomagnet Logic: Routes to Enhanced Dot-Dot Coupling

	9.1: Introduction

	9.2: Electronic and Magnetic QCA

	9.3: Nanomagnet Logic

	9.3.1: Experimental Demonstration of NML Elements

	9.3.2: Advantages and Disadvantages of NML


	9.4: Two Novel Approaches

	9.5: Selective Clocking in NML

	9.5.1: Unidirectional Anisotropy for Selective Clocking

	9.5.2: Exchange Bias for Unidirectional Anisotropy

	9.5.3: Asymmetric Field Distribution

	9.5.4: Simulation of SNML Operation

	9.5.4.1: Horizontal data line

	9.5.4.2: Vertical data line

	9.5.4.3: Majority gate


	9.5.5: Robustness of SNML Operation

	9.5.5.1: Thermal noise

	9.5.5.2: Misalignment

	9.5.5.3: Unequal exchange bias

	9.5.5.4: Overclocking


	9.5.6: Implications of SNML

	9.5.7: Summary of SNML


	9.6: Exchange Coupling between Laterally Adjacent Nanomagnets

	9.6.1: The Proposed Coupling Scheme

	9.6.2: Interlayer Exchange Coupling Effect in SAF

	9.6.3: Micromagnetic Energy Calculations of the Proposed Coupling Scheme

	9.6.4: Sample Fabrication

	9.6.4.1: Sputtering

	9.6.4.2: Lithography and deposition of the hard mask

	9.6.4.3: Etching in argon


	9.6.5: MFM Measurements

	9.6.6: Interpretation of the Antiparallel States and Undefined States in the MFM Data

	9.6.7: Simulation of a Majority Gate Structure Using the Underlayer-Mediated Exchange Coupling Scheme

	9.6.8: Effect of Exchange Coupling on a Line of Nanomagnets


	9.7: Summary



	Index

	Back Cover




