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Preface

The starting point for this book was my experience in designing and teaching a
successful course “Physics of Nanoelectronics” to students at Polytechnic Univer-
sity, in Brooklyn, NY, which is now affiliated with New York University. The syllabus
for the course was an outgrowth of earlier courses: “Concepts of Nanotechnology”,
and “Techniques and Applications of Nanotechnology”. These courses were
designed for upper level undergraduate and beginning graduate students in science
and in engineering. The prerequisite was limited to introductory calculus-based
college Physics. It is not surprising that the content of the new book has evolved
beyond these topics.

The present result, Physics Text “Quantum Nanoelectronics: An Introduction to
Electronic Nanotechnology and Quantum Computing”, is unique in several regards.
This is the only book on Nanoelectronics, which presumes only elementary college
physics and related courses, to reach, in a quantitative fashion, the latest device
aspects of nanoelectronics and nanoelectronic technology. (The disclaimer: compu-
ter architectures and advanced circuit designs are topics beyond the present scope.
For these topics the reader is referred to References 6-8 in Chapter 1.)

In a second unique aspect, “Nanoelectronic Technology”, based by definition on
“controlled structures having at least one dimension in the range 1 to 100 nm”, is
extended in some cases to devices based on ions. The atomic scale workings of
lithium ion batteries and similar devices are of great importance and are likely to be
improved by the thinking and instrumentation normally associated with semicon-
ductor nanoelectronics. Advancing Moore’s Law has always been a multidisciplinary
and interdisciplinary endeavor.

Third, the evolving forms of photovoltaic solar cells, of increasing timely impor-
tance, are covered in a comprehensive and completely up-to-date fashion. Recent
advances include multi-junction “tandem” cells of record 42.8% conversion effi-
ciency, and production of a full Gigawatt of capacity from a revolutionary nano-ink
printing-press process. This high volume process may well produce electricity at cost
below the present market.

As a fourth unique aspect, Quantum computing is covered with emphasis on
experimental solid state devices, and, in particular, on the Adiabatic Quantum
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Computing approach. The treatment certainly makes clear the huge potential benefit
of quantum computing in a time of rapidly rising computational energy costs, with
greenhouse gas emissions already attributed to cloud computing. The rapid single
flux quantum superconducting technology is covered, preceded by appropriate
preparatory material.

Other remarkable recent nanoelectronic advances fully explained to the motivated
reader include a sixteen-bit molecular computing device of overall diameter 2.5 nm
(see cover illustration), highly efficient multi-junction organic white-light-emitting
diodes, a photonic-crystal injection laser emitting in the blue-violet, and single
crystal magnetotunneling junctions exhibiting 300% magnetoresistance at room
temperature.

A final unique aspect is that a more entrepreneurial approach has been taken,
including economic and market aspects, mostly with respect to the perceived energy
technology opportunities for nanoelectronic technology.

The theme “Innovation, Invention, and Entrepeneurship”, which relates to The
Polytechnic Institute in its nascent role in New York University, and which histori-
cally has led the advance of Moore’s Law, is embraced in this book. After all, “the
traitorous eight” had to leave the established firm to actually get integrated circuits
into production.

Polytechnic students in various majors, enthusiastic members of the several
classes, have influenced this book. I particularly note stimulating interactions
with Samir Ajmera, Aung Thant, Chris LoBello, Juanpablo Borja, Lily Kuo, Eric
Laird, Richard Stern and Pavel Borodulin.

[ also thank Dr. Anirban Bandyopadhyay for providing access to his most recent
unpublished works, which have contributed to the Cover, and to sections in Chapter
3 and Chapter 9. Thanks are also due to Prof. S. Hughes, University of. Kingston,
Ontario, Canada, Prof. Randall M. Feenstra, Carnegie-Mellon Univ., and Prof.
Thomas Furtak, Colorado School of Mines, for helpful communications.

The new book has also followed from my previous rewarding experiences with
Editors at Wiley-VCH, in writing and publishing Nanophysics and Nanotechnogy, 1%
and 2" Editions, in 2004 and 2006, respectively. The present book, as the earlier
books, has greatly benefited from the competent advice and assistance of Ulrike
Werner, Vera Palmer and their associates at Wiley-VCH, and also from the encour-
agement of Ed Immergut, Consulting Editor.

The project has benefited from competent cheerful assistance of DeShane Lyew in
the Physics Department, and from grant of a sabbatical leave from Polytechnic
University. [ am grateful particularly to Prof. Locan Folan and Dr. Erich Kunhardt for
helping me arrange this sabbatical.

My wife Carol has been a constant source of help and encouragement with these
projects.

Brooklyn, NY Edward Wolf
July 6, 2008



1.1
1.1.1
1.1.2
1.1.21
1.1.2.2
1.1.2.3
1.1.2.4
1.1.3
1.1.3.1
1.1.3.2
1.1.3.3
1.1.3.4
1.1.3.5
1.1.3.6
1.1.3.7
1.1.4
1.1.4.1
1.1.4.2
1.1.4.3
1.1.4.4
1.1.5
1.1.5.1
1.1.5.2
1.1.5.3
1.1.5.4
1.1.5.5
1.1.5.6
1.1.6

vil

Contents

Preface XV

Introduction and Review of Electronic Technology 1
Introduction: Functions of Electronic Technology 6

Review of Electronic Devices 6

Sources of Current and Voltage: DC 6

Batteries: Lithium Ion, Ni-Cd, NiMH, and “Supercapacitors” 6
Thermionic Emitters 10

Field Emitters 13

Ferroelectric and Pyroelectric Devices 15

Generators of Alternating Current and Voltage: AC 16
Faraday Effect Devices 16

Crystal Oscillators 17

Gunn Diode Oscillators 18

Esaki Diodes 19

Injection Lasers 20

Organic Light Emitting Diodes 21

Blackbody Emission of Radiation 22

Detectors 23

Photomultiplier and Geiger Counter 24

Photodetector, Solar Cell, and pn Junction 25

Imaging Detector, CCD Camera, and Channel Plate 26
SQUID Detector of Magnetic Field and Other Quantities 26
Two-Terminal Devices 27

Semiconductor pn Junction (Nonohmic) 27
Metal-Semiconductor Junction and Alternative Solar Cell 29
Tunnel Junction (An Ohmic Device) 30

Josephson Junction 30

Resonant Tunnel Diode (RTD, RITD) 33

Spin-Valve and Tunnel-Valve GMR Magnetic Field Detectors 33
Three-Terminal Devices 34

Quantum Nanoelectronics. Second Fdition. Edward L. Wolf
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40749-1



Vil | Contents

1.1.6.1 Field Effect Transistor 35

1.1.6.2 Bipolar Junction Transistors: npn and pnp 37

1.1.6.3 Resonant Tunneling Hot-Electron Transistor (RHET) 37

1.1.7 Four-Terminal Devices 38

1.1.7.1  Thyristors: npnp and pnpn 38

1.1.7.2 Dynamic Random Access Memory 38

1.1.7.3 Triple-Barrier RTD (TBRTD) 38

1.1.8 Data Storage Devices 38

1.1.8.1 Optical Memory Devices 38

1.1.8.2  Electrical Computer Memory Devices 39
References 40

2 From Electronics to Nanoelectronics: Particles, Waves, and
Schrédinger's Equation 41

2.1 Transition from Diffusive Motion of Electron Fluid to Quantum
Behavior of Single Electrons 41

211 Vacuum Triode to Field Effect Transistor to Single Electron
Transistor 42

2.1.2 Crystal Detector Radio to Photomultiplier and Gamma Ray Detector

2.2 Particle (Quantum) Nature of Matter: Photons, Electrons, Atoms,
and Molecules 46

2.2.1 Photons 46

222 Electrons 47

223 Atoms, Bohr’s Model 48

2.23.1  Quantization of Angular Momentum and Orbit Energy 49

2.23.2  Light Absorption and Emission Lines 50

2.2.3.3  Magnetic Moments of Orbiting Electrons 50

2234  Stern—Gerlach Experiment and Electron Spin 51

2:3 Particle-Wave Nature of Light and Matter, De Broglie Formulas
A =h/p, E=hv 52

2.3.1 Wavefunction ¢, Probability Density 4"y, Traveling and
Standing Waves 53

2.4 Maxwell's Equations 54

2:5 The Heisenberg Uncertainty Principle 57

2.6 Schrodinger Equation, Quantum States and Energies, Barrier
Tunneling 58

2.6.1 Schrédinger Equations in One Dimension 59

2.6.2 The Trapped Particle in One Dimension 60

2,63 Reflection and Tunneling at a Potential Step 64

2.6.4 Penetration of a Barrier 66

2.6.5 Trapped Particles in Two and Three Dimensions: Quantum Dot 66

2.7 The Simple Harmonic Oscillator 67

2.8 Fermions, Bosons, and Occupation Rules 69

2.9 A Bose Particle System: Thermal Radiation in Equilibrium 70

References 72



3.1
3.1.1
3.1.2
3.1.3
3.14
3.15
3.2
321
3.2.2
3.23
3.2.31
3232
3233
3.24
3.25
33
331
3.3.2
33.21
3322
33.23
3324
3.3.2.5
3.3.2.6
3.3.2.7
3328
3.3.3

4.1
4.1.1
41.11
41.1.2
4.1.2
4.1.2.1
4.2
421
422
423

4.2.4

425

Contents

Quantum Description of Atoms and Molecules 75
Schrodinger Equation in Spherical Polar Coordinates 75
The Hydrogen Atom, One-Electron Atoms 75
Positronium and Excitons 79

Magnetization M, Magnetic Resonance, and Susceptibility y 81
Electric Dipole Emission Selection Rules for Atoms 82
Spontaneous and Stimulated Emission of Light 83
Indistinguishable Particles and Their Exchange Symmetry 87
Symmetric and Antisymmetric Wavefunctions 87
Orbital and Spin Components of Wavefunction 88

Pauli Principle and Periodic Table of Elements 89

Filled Atomic Shells 89

Qualitative Aspects of Smallest Atoms 90

Alkali Atoms, Filled Core Plus One Electron 90

Carbon Atom '(C 1s%2s’2p® ~0.07 nm 91

Cu, Ni, Xe, Hf 93

Molecules 95

[onic Molecules 96

Covalent Bonding in Simple Molecules 97

Hydrogen Molecule Ion H; 97

Hydrogen Molecule 99

Methane CH,, Ethane C;Hg, and Octane CgHqg 101
Ethylene C,Hy, Acetylene C,H,, and Benzene C(H, 102
Benzene Delocalized Orbitals, Diamagnetism 104
Diamagnetic Susceptibility of Benzene 107

Modeling Delocalized Electrons in a Ring 110

Other Ring Compounds, Electronic Polarizability 120
Ceo Buckyball Molecule 124

References 127

Metals, Semiconductors, and Junction Devices 129

Metals 129

Electronic Conduction 130

Resistivity, Mean Free Path 130

Hall Effect, Magnetoresistance 131

Metals as Boxes of Free Electrons 131

Fermi Level, DOS, Dimensionality 131

Energy Bands in Periodic Structures 136

Model for Electron Bands and Gaps, Electrons and Holes 138
Si, GaAs, and InSb 142

Semiconductors and Insulators: Electron Bands

and Conduction 142

Hydrogenic Donors and Excitons in Semiconductors,

Direct and Indirect Bandgaps 145

Carrier Concentrations in Semiconductors, Metallic Doping 146



X

Contents

43

431

432
43.2.1
4322
4.4

4.5
45.1
45.2
453
454
455
4.5.6

4.6

4.6.1
4.6.2
4.6.3
4.6.4

4.6.4.1
4.6.4.2
4.6.4.3

5.1

52

5.2.1
5.2.2
523
5.3

5.3.1
5.3.2
5.3.3
534

54

5.4.1
5.4.2
5.4.3
5.4.4

pn Junctions, Diode |-V Characteristic, Photodetector, and
Injection Laser 150

Radiative Recombination of Electron—Hole Pairs, Emission
of Light 151

pn Junction Injection Laser 153

Increasing Radiative Efficiency i of the Injection Laser 155
VCSEL: Vertical Cavity Surface Emitting Laser 157
Semiconductor Surface: Schottky Barrier 158
Ferromagnets 159

The Exchange Interaction 159

Magnetization and Critical Temperature 160

Smallest Magnetic Domain: Superparamagnet 162
Separate Bands for Spin-Up and Spin-Down 163

Hard and Soft Ferromagnets 164

Spin-Dependent Scattering, Resistivities of Spin-Up versus
Spin-Down 164

Piezoelectrics, Pyroelectrics, and Superconductors 166
Cooperative Distortions and Internal Fields 166
Piezoelectrics 166

Ferroelectrics and Pyroelectrics 167

Superconductors: Large-Scale Coherent Quantum

Systems 167

Superconductivity: a Macroscopic Quantum State 168
The Superconducting Magnetic Flux Quantum 168
Josephson Junctions and the Superconducting Quantum
Interference Detector (SQUID) 170

References 173

Some Newer Building Blocks for Nanoelectronic Devices 175
The Benzene Ring, a Conceptual Basis 176

The Graphene sheet, a Second Conceptual Basis 177
Electronic Conduction in Graphene 177

Electronic Conduction in Epitaxial Bilayer Graphene 182
Device Potential for Graphene 184

Carbon Nanotubes and Related Materials 187

Rules and Nomenclature for Nanotubes 187

Physical Properties, Current Capacity 188

Electric Field Effects Based on Carbon Nanotubes 191
Ferromagnetic Nanotubes Controlled by Electron

or Hole Doping 192

Gold, Si, and CdS Nanowires and a Related Device 193
Rules for One-Dimensional Conductors 193

Gold Atom Nanowire Conductors 194

Proposed Benzene—Vanadium Ferromagnetic Nanowire 195
Single-Nanowire Electrically Pumped CdS Laser 196



5.5

5.6
5.7

571
5:7:2
5.8
5.9
5.9.1
5.9.2

6.1

6.2
6.2.1
6.2.2
6.2.3
6.3
6.3.1
6.3.1.1
6.3.1.2
6.3.2
6.4
6.4.1
6.4.2
6.4.3
6.4.4
6.5
6.5.1
6.5.2
6.5.3

6.6

6.7

6.7.1
6.7.2
6.7.3

7.1
7.1.1

Contents

“Endohedral” C4, Buckyballs ~0.5 nm and Related Fullerene
Molecules 198

Quantum Dots 199

Quantum Wells and the Two-Dimensional Electron Gas
Metal (2DEG) 205

Quantum Well Infrared Photodetector 205
Two-Dimensional Metallic Electron Gas (2DEG) 206
Photonic Crystals 210

Organic Molecules and Conductive Polymers 213

Metallic Polymers 214

Semiconducting Polymers in Organic Light-Emitting Diodes 217
References 221

Fabrication and Characterization Methods 223

Introduction 223

Surface Structuring 223

Nanopore Arrays in Polycarbonate 224

Dendritic Growths: Anapore Al,O5 and TiO, Nanotube Arrays 224
Completely Absorbing Nanostructured Surfaces 226

Specialized Vapor Deposition Processes 228

Chemical Vapor Deposition Methods 228

Nanowire Growth by Laser-Assisted Chemical Vapor Deposition 229
Carbon Nanotube Growth 230

Vapor Growth of Conducting Organic Single Crystals 232

Silicon Technology: The INTEL-IBM Approach to Nanotechnology 233
Patterning, Masks, and Photolithography 233

Etching Silicon 234

Depositing Highly Conducting Electrode Regions 236

Methods of Deposition of Metal and Insulating Films 236
Advanced Patterning and Photolithography 239

Ultraviolet and X-Ray Lithography 239

Electron Beam Lithography 240

Sacrificial Layers, Suspended Bridges, Single-Electron

Transistors 241

Use of DNA Strands in Guiding Self-Assembly of

Nanometer-Size Structures 243

Scanning Probe Sensing and Fabrication Methods 245

Moving Au Atoms, Making Surface Molecules 247

Assembling Organic Molecules with an STM 248

Atomic Force Microscope Arrays 249

References 250

The Field Effect Transistor: Size Limits 251
Metal-Oxide-Silicon Field-Effect Transistor 251
Operating Principles of MOSFET 251

X1



Xl | Contents

7.1.2 Constant Electric Field Scaling 253

7.1.3 Drain Currents at Present Limits of Scaling 255

7.2 Small Size Limits for the MOSFET 255

7.2.1 Nano-FET Drive Current I 256

7.2.2 Nano-FET Drive Current 11 257

7.3 Present Status of MOSFET Fabrication and Performance 258

7.31 Working n- and p- MOSFET Devices with 5 nm Channel
Length 259

7.4 Alternative to Bulk Silicon: Buried Oxide BOX 261

7.5 Alternative to Bulk Silicon: Strain Engineering 262

7.6 The Benzene Molecule as a Field Effect Transistor 263

References 265

8 Devices Based upon Electron Tunneling: Resonant Tunnel Diodes 267
8.1 Introduction 267

8.2 Physical Basis of Tunneling Devices 267

8.2.1 Barrier Penetration and Trapped Particles 268

8.2.2 Escape Time from a Finite Well 270

8.2.3 Resonant Tunneling Diode 272

8.2.4 Time for Tunneling and Device Speed 272
8.2.5 Esaki Diode 275

83 Resonant Tunneling Diodes and Hot Electron Transistors 275
8.3.1 Three-Terminal Resonant Tunneling Device 276
83.2 “Resonant Interband Tunnel Diode”: A Relative of

The Esaki Diode 277
8.4 Superconducting (RSFQ) Logic/Memory Computer Elements 279
8.5 Epitaxial MgO-Barrier Tunnel Junctions: Magnetic Field

Sensors 285
References 287

9 Single-Electron Transistors, Molecular and Hybrid Electronics 289
9.1 Introduction to Coulomb and Molecular Devices 289
9.2 Single-Electron (Coulomb) Transistor SET 290
9.21 Nanoscopic Source-Drain Channel: Two Tunnel Junctions
in Series 290
9.2.2 Single-Electron Transistor Model 292
9.2.3 A Single-Electron Transistor Based on a Single Cgo Molecule 294
9.2.4 A Single-Electron Transistor Based on a Carbon Nanotube 294

9.2.5 The Radio Frequency Single-Electron Transistor (RFSET):
A Proven Research Tool 294

9.3 Single Molecules as Active Elements in Electronic Circuits 297

9.4 Hybrid Nanoelectronics Combining Si CMOS and Molecular
Electronics: CMOL 301

9.5 Carbon Nanotube Crossbar Arrays for Ultradense, Ultrafast,

Nonvolatile Random Access Memory 302



9.6

9.7

10

10.1
10.2
10.2.1
10.2.2
10.2.3
10.3
10.4

10.5
10.5.1

10.6
10.7
10.8

1
11.1
11.1.1
11.2
11.3
11.4
11.4.1
11.4.2
11.4.3
11.4.4

11.5
11.6
11.6.1
11.6.2
11.6.3

12
12.1
12.1.1
12.1.2

Contents

Carbon Nanotube-Based Electromechanical Switch Arrays for
Nonvolatile Random Access Memory 306

Proposed 16-bit Parallel Processing in a Molecular Assembly 307
References 309

Devices Based on Electron Spin and Ferromagnetism for

Storage and Logic 311

Hard and Soft Ferromagnets 312

The Origins of Giant Magnetoresistance 313

Spin-Dependent Scattering of Electrons 314

The GMR Spin Valve, a Nanoscale Magnetoresistance Sensor 315
The Tunnel Valve, a Better (TMR) Magnetic Field Sensor 316
Magnetic Random Access Memory 319

Hybrid Ferromagnet-Semiconductor Nonvolatile Hall Effect

Gate Devices 320

Spin Injection: The Johnson—Silsbee Effect 321

Apparent Spin Injection from a Ferromagnet into a Carbon
Nanotube 323

Imaging a Single Electron Spin by a Magnetic Resonance AFM 323
Magnetic Logic Devices: A Majority Universal Logic Gate 327
Magnetic Domain Wall Racetrack Memory 329

References 332

Qubits Versus Binary Bits in a Quantum Computer 333
Introduction 333

Binary Bits and Qubits 333

Electron and Nuclear Spins and Their Interaction 337

A Spin-Based Quantum Computer Using STM 340

Double-Well Potential Charge Qubits 341

Coherent Bonding and AntiBonding States in Artificial Structure 341
Silicon-Based Quantum Computer Qubits 344

Experimental Approaches to the Double-Well Charge Qubit 345
Coupling of Two-Charge Qubits in a Solid-State (Superconducting)
Context 349

lon Trap on a GaAs Chip, Pointing to a New Qubit 351

Adiabatic Quantum Computation 353

An Example of an Optimization Problem 355

Demonstration of Adiabatic Quantum Computation 356

Flux Qubits as a Scalable Approach to Quantum Computation 357
References 362

Applications of Nanoelectronic Technology to Energy Issues 365
Introduction 365

Limitation of Oil Resources 365

Alteration of Atmosphere 366

X



XIV| Contents

12.1.3 Improving Performance of Energy Components via
Nanoelectronic Technology 366
12.1.4 Topics of Opportunity from Nanoelectronic Perspective 366
12.2 Solar Energy and Its Conversion 367
12.2.1 Photovoltaic Solar Cells 367
12.2.2 Thin Film Solar Cells Versus Crystalline Cells 375
12.2.3 CIGS (Culn; _,Ga,Se;) Thin Film Solar Cells 375
12.2.4 Dye-Sensitized Solar Cells 382
12.2.5 Polymer Organic Solar Cells 385
12.2.6 Comments on Cells and on Solar Power Versus Wind Power 389
12.3 Hydrogen Production (Solar) for Energy Transport 390
12.3.1 Economics of Hydrogen at Present 390
12.3.2 Hydrogen as Potential Intermediate in US Electricity Distribution 391
12.3.3 Efficient Photocatalytic Dissociation of Water into Hydrogen
and Oxygen 393
12.3.4 C-Doped TiO, Nanotube Arrays for Dissociating H,O by Light 401
12.4 Storage and Transport of Hydrogen as a Potential Fuel 403
12.5 Surface Adsorption as a Method of Storing Hydrogen
in High Density 404
References 407

13 Future of Nanoelectronic Technology 411

13.1 Silicon Devices 411

13.1.1 Power Density and Power Usage 413

13.1.2 Opportunity for Innovation in Large-Scale Computation 414

13.2 Solar Energy Conversion with Printed Solar Cells 416
13.2.1 Capital Costs per Unit Area for CIGS Cells 416

13.3 Emergence of Nanoimprinting Methods 420

13.4 Self-Assembly of Nanostructured Electrodes 421

13.5 Emerging Methods in Nanoelectronic Technology 424

References 426

Exercises 429

Abbreviations 439

Some Useful Constants 443

Index 445



1
Introduction and Review of Electronic Technology

Electronic devices are central to modern technology. Silicon chips are everywhere,
including cars and appliances, and have transformed computation, information
processing, and communications, culminating in the modern Internet. The silicon
revolution started with the transistor, leading to the integrated circuit, and to the
Pentium chip. A related semiconductor device, the solid-state junction laser, in
conjunction with the optical fiber, has led to cheap, reliable virtually instantaneous
worldwide communication. Outsourcing, globalization, and the “flat world” have
been enabled by these technical advances.

The assumption of this book is that this revolution is not over, but rather is entering
a new phase. The era of microelectronics is opening to a future of nanoelectronic
technology.

The central feature of the silicon revolution has been the miniaturization of
transistors and their grouping into integrated circuits, which now contain billions of
identical transistor elements. In very large scale integration (VLSI), a whole computer
can exist on a square centimeter of silicon. Smaller transistors are cheaper, more are
available on a single chip, and operate more quickly, now as fast as 3 billion steps per
second. Gordon Moore, a founder of the Intel Corporation, noted long ago that the
number of transistors per chip, roughly one square centimeter, tended to double
every 18 months or so as the technology improved and larger markets appeared.
“Moore’s law" has seen the transistor count increase from hundreds to hundreds of
millions! Chips containing 0.8 billion transistors on roughly one square centimeter
are being produced as described in Chapter 7 [1].

The key to this advance has been the “scaling” to smaller size of the active cells,
containing field effect transistors (FETs) and other devices. Scaling has taken silicon
electronics into the nanometer domain, where it now is approaching its limit, set by
the size of atoms. The smallest dimension in the FET has been the thickness of the
thermally grown silicon dioxide insulator for the gate electrode. It has long been
recognized that scaling will work only down to thicknesses large compared to the
silicon and oxygen atomic radii in the SiO,, needed to preserve the desired insulating
property. Intel Corporation 1] has abandoned the scaled silicon dioxide to insulate
the gate electrode, in favor of deposited “high dielectric constant” oxides based on the
heavy metals hafnium and zirconium. Literally, the thermally grown silica, forced
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