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Modern technology depends on materials with precisely controlled
properties. Ion beams are a favored method to achieve controlled
modification of surface and near-surface regions. In every integrated
circuit production line, for example, there are ion implantation sys-
tems. In addition to integrated circuit technology, ion beams are used
to modify the mechanical, tribological, and chemical properties of
metal, intermetallic, and ceramic materials without altering their bulk
properties. Ion—solid interactions are the foundation that underlies the
broad application of ion beams to the modification of materials. This
text is designed to cover the fundamentals and applications of ion-
solid interactions and is aimed at graduate students and researchers
interested in electronic devices, surface engineering, reactor and nuc-
lear engineering, and material science issues associated with metastable
phase synthesis.

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information

ION-SOLID INTERACTIONS:

FUNDAMENTALS AND APPLICATIONS

CAMBRIDGE SOLID STATE SCIENCE SERIES

EDITORS

Professor D. R. Clarke
Department of Materials Science and Engineering,
University of California, Santa Barbara

Professor S. Suresh
Department of Materials Science and Engineering,
Massachusetts Institute of Technology

Professor I. M. Ward FRS
IRC in Polymer Science and Technology,
University of Leeds

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims

More information

Titles in print in this series

D. Hull
An introduction to composite materials

S. W. S. McKeever
Thermoluminescence of solids

P. L. Rossiter
The electrical resistivity of metals and alloys

D. L. Bower and W. F. Maddams
The vibrational spectroscopy of polymers

S. Suresh
Fatigue of materials

J. Zarzycki
Glasses and the vitreous state

R. A. Street
Hydrogenated amorphous silicon

T-W. Chou
Microstructural design of fiber composites

A. M. Donald and A. H. Windle
Liquid crystalline polymers

B.R. Lawn
Fracture of brittle solids — second edition

T. W. Clyne and P. J. Withers
An introduction to metal matrix composites

V. J. McBrierty and K. J. Packer
Nuclear magnetic resonance in solid polymers

R. H. Boyd and P. J. Phillips
The science of polymer molecules

D. P. Woodruff and T. A. Delchar
Modern techniques of surface science — second edition

J. S. Dugdale
Electrical properties of metallic glasses

M. Nastasi, J. Mayer and J. K. Hirvonen
Ion—solid interactions: fundamentals and applications

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information

ION-SOLID INTERACTIONS:

FUNDAMENTALS AND
APPLICATIONS

MICHAEL NASTASI

Materials Science and Technology Division

Los Alamos National Laboratory
Los Alamos, NM 87545

JAMES W. MAYER
Center for Solid State Science
Arizona State University
Tempe, AZ 85287

AND

JAMES K. HIRVONEN
Materials Directorate
US Army Research Laboratory
Watertown, MA 02172

CAMBRIDGE

UNIVERSITY PRESS

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen
Frontmatter/Prelims

More information

Published by the Press Syndicate of the University of Cambridge
The Pitt Building, Trumpington Street, Cambridge CB2 1IRP
40 West 20th Street, New York, NY 10011-4211, USA
10 Stamford Road, Oakleigh, Melbourne 3166, Australia

© Cambridge University Press 1996

First published 1996

A catalogue record for this book is available from the British Library

Library of Congress cataloguing in publication data

Nastasi, Michael Anthony, 1950—
Ton-solid interactions : fundamentals and applications / Michael
Nastasi, James W. Mayer, James K. Hirvonen.
p- cm. - (Cambridge solid state science series)
Includes bibliographical references.
ISBN 0 521 37376 X
1. Solids—Effect of radiation on. 2. Ion bombardment. 3. Ion
implantation-Industrial applications. I. Hirvonen, J. K. (James
Karsten), 1943- . II. Mayer, James W., 1930- . III. Title.
IV. Series.
QC176.8.R3N35 1996
530.4'16—dc20 95-13002 CIP

ISBN 052137376 X hardback

Transferred to digital printing 2003

KT

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

CAMBRIDGE

Cambridge University Press

052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims

More information

To our families

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,

James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
Contents

List of symbols Xix
Preface XXV

Chapter 1. General features and fundamental concepts 1
1.1 Introduction 1
1.2 Range distributions 4
1.3 Lattice disorder 5
1.4 Atomic and planar densities 6
1.5 Energy and particles 8
1.6 The Bohr velocity and radius 11

Suggested reading 12

Problems 12

Chapter 2. Interatomic potentials 14
2.1 Introduction 14
2.2 Interatomic forces 14
2.3 Short- and long-range interatomic forces 15
2.4 Model interatomic potentials 16
2.4.1 Hard-sphere potential 16
242 Square-well potential 17
243 Inverse power potential 17
2.4.4 Lennard-Jones potential 17
2.5 Interatomic forces in solids 17
2.6 Physical properties of a solid 19
2.6.1 Binding energy 19
2.6.2 Elastic modulus 20
2.6.3 Thermal properties 21
2.7 Energetic collisions of atoms and ions 23
2.8 Thomas—Fermi statistical model 25
2.9 Solutions of the TF equation 27

ix

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
X Contents
2.10 The TF screening function (approximations) 27
2.11 Interatomic potentials 32
2.12 Universal interatomic potential 33
References 37
Suggested reading 37
Problems 37
Chapter 3. Dynamics of binary elastic collisions 39
3.1 Introduction 39
3.2 Classical scattering theory 40
33 Kinematics of elastic collisions 41
34 Classical two-particle scattering 44
3.5 Motion under a central force 49
3.5.1 Conservation of angular momentum 50
3.5.2 Energy conservation in a central force 52
353 Angular orbital momentum and the impact parameter 52
3.6 The classical scattering integral 55
3.7 Distance of closest approach 59
References 60
Suggested reading 60
Problems 61
Chapter 4. Cross-section 62
4.1 Introduction 62
4.2 Angular differential scattering cross-section 63
43 Energy-transfer differential scattering cross-section 71
4.4 Power law potentials and the impulse approximation 74
4.5 Power law energy-transfer cross-section 78
4.6 Reduced cross-section 80
4.7 Hard-sphere potential 83
References 85
Suggested reading 86
Problems 86
Chapter 5. Ion stopping 88
5.1 Introduction 88
5.2 The energy-loss process 89
5.3 Nuclear stopping 90
5.4 Nuclear stopping: reduced notation 92
5.5 ZBL nuclear stopping cross-section 95
5.6 ZBL universal scattering formula 98
5.7 Electronic stopping 99
5.7.1 Effective charge of moving ions 100

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,

James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information

Contents xi
5.7.2 High-energy electronic energy loss 101
5.7.3 Low-energy electronic energy loss 105
5.7.3.1 Fermi-Teller model 105
5.7.3.2  The Firsov and Lindhard-Scharff models 106
5.7.3.3  Z, oscillations in electronic stopping 111
References 113
Suggested reading 113
Problems 114
Chapter 6. Ion range and range distribution 115
6.1 Range concepts 115
6.2 Range distributions 117
6.3 Calculations 120
6.3.1 Range 121
6.3.2 Range approximations 124
6.3.3 Projected range 128
6.3.4 Range straggling 130
6.3.5 Polyatomic targets 131
6.4 Channeling 133
6.4.1 General principles 134
6.4.2 The maximum range, R, 138
References 139
Suggested reading 139
Problems 139
Chapter 7. Radiation damage and spikes 141
7.1 Introduction 141
7.2 Radiation damage and displacement energy 141
7.3 Displacements produced by a primary knock-on 147
7.4 PKA damage energy 152

7.4.1 The Norgett, Robinson, and Torrens (NRT) model of
damage energy 154
7.5 Ion irradiation damage 155
7.5.1 Displacements produced by an energetic ion 155
7.5.2 Ion damage energy 160
7.5.3 Spatial distribution of deposited energy 162
7.6 Damage production rate 165
7.7 Primary recoil spectrum 167
7.8 Fractional damage function 168
7.9 Displacement damage in polyatomic materials 168
7.9.1 Damage energy 169
7.9.2 Displacement damage 171

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
Xii Contents
7.10 Replacement collision sequences 173
7.11 Spikes 176
7.11.1  Mean free path and the displacement spike 176
7.11.2  Thermal spike 180
7.11.3  Deposited energy density, 6p 181
7.11.4  The cascade volume and the deposited energy density ~ 182
7.11.5  Deposited damage energy and materials properties 185
References 187
Suggested reading 188
Problems 189
Chapter 8. Ion—solid simulations and diffusion 191
8.1 Introduction 191
8.2 Monte Carlo simulations 191
8.2.1 An example of a Monte Carlo program, PIPER 192
8.2.2 Nuclear scattering 192
823 Electronic energy loss 193
8.2.4 Calculation procedure 194
8.2.5 An example from TRIM 197
8.3 Molecular dynamic simulations 200
8.4 Irradiation enhanced diffusion 204
8.4.1 Diffusion 204
8.4.2 Radiation enhanced diffusion (RED) 205
8.5 Diffusion in thermal spikes 209
References 216
Suggested reading 217
Chapter 9. Sputtering 218
9.1 Introduction 218
9.2 Sputtering of single element targets 219
9.2.1 Nuclear stopping cross-section 221
9.2.2 Deposited energy 222
9.2.3 Sputtering yield 223
9.3 Semi-empirical formula for sputtering of single
elemental targets 223
9.4 Sputtering yield of monoatomic solids at glancing angles 225
9.5 Ton implantation and the steady-state concentration 228
9.6 Sputtering of alloys and compounds 229
9.6.1 Preferential sputtering 230
9.6.2 Composition changes 232
9.6.3 Composition depth profiles 233
9.7 High-dose ion implantation 235

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press . .
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,

James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
Contents Xiii

9.8 Concentrations of implanted species 238
9.8.1 Si implanted with 45 keV Pt ions 239
9.8.2 Pt implanted with 45 keV Si ions 240
9.8.3 PtSi implanted with Si 241
9.9 Factors that influence concentrations in high dose ion

implantation 243
9.10 Sputtering from spikes 244
9.11 Computer simulation 247

References 250

Suggested reading 251

Problems 252

Chapter 10. Order—disorder and ion implantation

metallurgy 254
10.1 Irradiation induced chemical order—disorder 254
10.1.1  The long-range order parameter, S; g 254
10.1.2  Irradiation induced disordering: point defects 255
10.1.3  Irradiation induced disordering: dense cascades 257
10.1.4  Irradiation enhanced thermal reordering 261
10.2 Ion implantation metallurgy: introduction 262
10.3 Ion implantation metallurgy and phase formation 265
10.3.1  Simple equilibrium binary phase diagrams: solid

solutions 265
10.3.2  Rapid thermal quenched metal systems: metastable

alloys 269
10.3.3  Lattice location of implanted impurity atoms 272
10.3.3.1 Replacement collisions: kinematic picture 273
10.3.3.2 Hume-Rothery rules 276
10.3.3.3 Miedema rules 279
10.3.3.4 Impurity atom-lattice defect interactions 281
10.4 Ion implantation: high-dose regime 286
10.4.1  Geometry effects 288
10.4.2  Surface chemistry effects 288

References 290

Suggested reading 292

Problems 293

Chapter 11. Ion beam mixing 295
111 Introduction 295
11.2 Ballistic mixing 299
11.2.1  Recoil mixing 300
11.2.2  Cascade mixing 302

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
Xiv Contents
11.3 Thermodynamic effects in ion mixing 305
11.3.1  Heat of mixing 307
11.3.2  Influence of cohesive energy 313
11.3.3  Model of mixing 315
11.3.4  Cascade parameters 318
11.4 Thermally assisted ion mixing 319
11.4.1  Liquid state diffusion 321
11.5 Transition temperature 322
11.6 Phase formation 323
11.6.1  Kinetics 324
11.6.2  Nucleation 324
11.6.3  Thermodynamics 326
References 328
Suggested reading 330
Problems 330
Chapter 12. Phase transformations 332
12.1 Introduction 332
12.2 Energetics of phase transformations and ion irradiation 334
12.2.1  Metastable phases 335
12.2.2  Energy differences between amorphous and crystalline
states 336
12.2.3  Enthalpy of the order—disorder transformation 338
12.3 Irradiation induced defects and damage accumulation 342
12.3.1  Vacancy-interstitial defects 343
12.3.2  Anti-site defects 343
12.3.3  Dislocations 344
12.3.4  Strain energy and elastic instability 346
12.4 Phase transformations by cascades and thermal spikes 348
12.4.1  Cascade recovery: driving force 349
12.42  Cascade recovery: nucleation constraints 350
12.4.3  Cascade recovery: kinetic constraints 351
12.5 Kinetics and the formation of metastable phases 351
12.6 Amorphous phase 354
12.6.1  Complex unit cell 354
12.6.2  Width of the phase field 355
12.7 Overview 359
References 359
Suggested reading 361
Problems 361

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press .
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,

James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
Contents XV

Chapter 13. Ion beam assisted deposition 363
13.1 Introduction 363
13.2 Microstructure development during the growth of

metallic films 365
13.2.1  Zonel, T, <0.15T, 365
13.2.2  Zone T, 0.15T, < T, <0.3T, 366
13.2.3  Zone I, 0.3T, < T, <0.5T, 366
13.2.4  ZoneIll, T, > 0.5T,, 366
13.3 Non-reactive IBAD processing: effect of ions on film

growth 366
13.3.1  Microstructure development during IBAD 370
13.3.2  Densification 374
13.3.2.1 Densification: Monte Carlo calculations 374
13.3.2.2 Densification: molecular dynamic calculations 379
13.3.3  Intrinsic stress 380
13.3.4  Grain size 384
13.3.5  Texture 387
13.3.6  Epitaxy 390
13.3.7  Adhesion 396
13.4 Reactive IBAD processing: compound synthesis 399
13.4.1  Reactive IBAD: processing model 399
13.4.2  Reactive IBAD: The Hubler—van Vechten model 400

References 403

Problems 406

Chapter 14. Applications of ion beam processing

techniques 408
14.1 Introduction 408
14.2 Ion implantation — advantages and limitations of the

technique 408
14.3 Tribology 410
14.3.1  Nitrogen implantation 412
14.3.2  Dual ion implantation and ion beam mixing 412
14.3.3  Industrial tribological applications 413
14.4 Fatigue 415
14.5 High-temperature oxidation 418
14.6 Aqueous corrosion 420
14.7 Catalysis: solid/gas, solid/liquid interface reactions 425
14.8 Ceramics 427
14.9 Polymers 427

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims

More information

xvi Contents

14.10 Applications and research areas of IBAD processing 428

14.10.1 Metastable compound formation 429
14.10.2 Optical and electronic coatings 433
14.10.2.1 Dielectric coatings 434
14.10.2.2 Rugate filter production 436
14.10.2.3 Transparent conducting films 437
14.10.2.4 Reflective coatings 438
14.10.2.5 Thermochromic VO, coatings 439
14.10.2.6 Magnetic thin films 439
14.10.2.7 Diffusion barriers 440
14.10.3 Tribological coatings 440
14.10.3.1 Hard coatings 440
14.10.3.2 Solid lubricant coatings 442
14.10.4  Aqueous corrosion resistant coatings 444
14.11 Tonized cluster beam (ICB) deposition 446
References 450
Suggested reading 453
Chapter 15. Ion beam system features 455
15.1 Introduction 455
15.2 Directed beam ion implantation 456
15.2.1  Ion implantation ion sources 456
15.2.1.1 Freeman ion source 457
15.2.1.2 High-temperature ion source (CHORDIS) 459
15.2.1.3 MEVVA ion source 459
15.2.2  Jon beam mass analysis 461
15.2.3  Ion beam transport, beam scanning, target manipula-
tion 462
15.2.4  Dose determination 463
15.2.5  Substrate temperature considerations 463
15.3 Plasma source ion implantation* 467
15.4 Ion beam assisted deposition (IBAD) system ion
sources 474
15.4.1  Broad-beam gridded ion sources 474
15.4.2  End-Hall source 478
15.4.3  Electron cyclotron resonance (ECR) source 479
15.5 Physical vapor deposition systems and monitors 480
References 481
Suggested reading 482

* This section is written by Donald J. Re;j.

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
Contents xvii

Appendix A Crystallography 483
Al Crystallography and notation 483
A2 Directions and planes 485
A3 Spacing between planes of the same Miller indices 486
A4 Interatomic spacing 488
AS Plane spacings 488
Appendix B Table of the elements 491
Appendix C Density of states 498
C.1 Wavelike properties of electrons 498
C.2 Standing waves and an electron in a box 499
C3 Density of states 500

Suggested reading 502
Appendix D Derivation of the Thomas—Fermi differential
equation 503
Appendix E Center-of-mass and laboratory scattering angles 505

Suggested reading 508
Appendix F Miedema’s semi-empirical model for the enthalpy of
formation in the liquid and solid states 509
F.1 Introduction 509
F.2 Concentration-dependent enthalpy of formation 511
F.2.1 Alloys of two transition metals 512
F.2.2 Alloys of two non-transition metals 513
F.2.3 Alloys of two polyvalent non-transition metals and

gaseous elements 513
F.2.4 Alloys of transition metals with non-transition metals 514
F3 Solutions of infinite dilution 514
F.4 Amorphous solid solutions 515

References 518

Suggested reading 518
Appendix G Implantation metallurgy — study of equilibrium
alloys 519
G.1 Study of metallurgical phenomena 519
G.2 Diffusion and the composition profile 519
G3 Experimental determination of diffusion coefficients 520
G4 Solid solubilities 525

References 528
Appendix H Physical constants, conversions and useful
combinations 529
Index 531

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
Symbols
ag Bohr radius of the hydrogen atom, Eq. (1.15)
ag Bohr screening length, Eq. (2.45)
a. lattice parameter, Eq. (1.1)
ag Firsov screening length, Eq. (2.46)
ap Lindhard’s screening length, Eq. (2.47)
aTr Thomas-Fermi screening length, Eq. (2.27)
ay universal screening length, Eq. (2.54)
A mass number, Eq. (1.2)
b impact parameter, Eq. (3.37b)
c velocity of light, p. 11
Cy displacements per unit volume, Eq. (7.35)
G interstitial concentration, pp. 205-8
Cn power law constant, Eq. (4.56)
C, vacancy concentration, pp. 205-8
d atomic jump distance, Eq. (8.21)
d. collision diameter, Eq. (3.54)
dngy  distance between planes, Appendix A
D atomic diffusion coefficient, Eq. (8.21)
D interdiffusion coefficient, Eq. (11.7)
D.s effective cascade diffusion coefficient, Eq. (11.3)
Dyy liquid interdiffusion coefficient, Eq. (8.34)
D, vacancy diffusion coefficient, Eq. (8.23)
e charge on the electron
E ion energy

Xix

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,

James W. Mayer and James K. Hirvonen
Frontmatter/Prelims
More information

XX List of symbols

E, laboratory energy of incident projectile, p. 42
E; laboratory energy of the scattered projectile, p. 42
E, energy of recoil target atom (see T), Table 3.1
E, binding energy for 1 mole of atoms, Eq. (2.12)
E. energy in the center of mass, Eq. (3.16b)

E4 displacement energy (Section 7.3), p. 143

Ex Fermi energy, Eq. (2.21)

E, elastic modulus, Eq. (2.17)

E; dislocation elastic energy, Eq. (12.16)

E,. average energy deposited per atom, Eq. (13.2)
E'Y"  ion mixing activation energy, p. 319

E4 bulk displacement energy (see Eg4), p. 392

Ej surface displacement energy, Eq. (13.11)

Ef vacancy formation energy, p. 206

En vacancy migration energy, p. 206

AEy energy loss in one monolayer, Eq. (13.12)

fi interstitial correlation factor, p. 205

fv vacancy correlation factor, p. 205
f(tl/z) Lindhard’s scaling function, Eq. (4.63)
F force, Eq. (1.10)

Fp deposited energy, Eq. (7.40)

g(¢)  Lindhard’s inelastic energy-loss function, Eq. (7.20)

h,h  Planck’s constant, # = h/27

AH,_, enthalpy of crystallization, Eq. (12.2)
AH.y cohesive energy, Eq. (11.21)

AH; heat of fusion, p. 186

AH,;, heat of mixing, Eq. (11.8)

A Hq_p order—disorder enthalpy, Eq. (12.9)
AH, heat of sublimation, Eq. (7.2)

I average excitation energy, Eqgs. (5.39), (8.9)
I ion flux

Ja atom flux, p. 229

Je rate of evaporation, Eq. (9.46)
Ji ion flux, Eq. (13.7)

J: residual gas flux, Eq. (13.6)

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims
More information
List of symbols Xxi
k Lindhard’s reduced electronic stopping factor, Eq. (5.59)
kg Boltzmann’s constant

K bulk modulus, Eq. (12.19)

Ky atomic displacement rate, Eq. (10.12)

Ky Lindhard’s electronic stopping factor (lab units) Eq. (5.58b)
K, nuclear stopping factor, Eq. (9.13)

l angular momentum, Eq. (3.29)

m power law variable, 1/s, Eq. (4.55)

me mass of the electron

M atomic mass (amu)

ne coordination number, p. 20

n, number of electrons per unit volume, Eq. (5.45)
N atomic density, atoms/cm®, Eq. (1.2)

Na Avogadro’s number, Eq. (1.2)

Ny number of displacements, Eq. (7.17)

Ng(T) number of recoils per unit energy, Eq. (7.50)

N; average monolayer areal density, atoms/cm?, Eq. (1.4)
Ny number of surface displacements, Eq. (13.15)

p particle linear momentum, Eq. (3.29)
P(E) probability of a particle with energy E undergoing a scattering
event, Eq. (4.22)

r radial distance

rq displacement production rate, Eq. (7.42)

rmn  distance of closest approach, Eq. (3.38)

rr transport cascade radius, Eq. (7.68)

7o equilibrium distance, p. 18

R range, Eq. (5.1)

R, radius of curvature for a charged ion in a magnetic field, Eq.
(15.1)

R4 ratio of surface to bulk displacements, Eq. (13.18)
R ion flux/flux of deposited atom, Eq. (13.1)

R..,x maximum range, Eq. (6.37)

projected range, Egs. (6.4), (6.29)

AR, projected range straggling, Eq. (6.30)

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/052137376X
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

052137376X - Ion-Solid Interactions: Fundamentals and Applications - Michael Nastasi,
James W. Mayer and James K. Hirvonen

Frontmatter/Prelims

More information

XXii List of symbols

s power variable in the inverse power potential, Eq. (4.38)
S stopping cross-section, Eq. (5.3)

Scas cascade long-range order parameter, Eq. (10.20)

Sier irradiation long-range order parameter, Eq. (10.15)
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Y sputtering yield, Eq. (9.1)
Ye empirical sputtering yield, Eq. (9.9)
Yoike Spike sputtering yield, Eq. (9.50)
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List of symbols XXiii
Z atomic number

zZ* charge on an ion, Eq. (5.27)

o parameter equal to Z, Z,e?, Eq. (4.10b)

y transfer energy efficiency factor, 4M; M,/(M; + M,)*
Yi thermodynamic activity coefficient of element i, Eq. (11.12)
I; distance between two hard-sphere atoms, p. 16

I, vacancy jump frequency, p. 205

Oeorr  correction factor between the transport and individual cascade
volumes, Eq. (7.70)

£ reduced energy, Eq. (3.55)
& minimum potential energy
£ strain, Eq. (2.17)

n inelastic energy loss to electrons, p. 153

0 laboratory angle of the scattered projectile, p. 43

0. center-of-mass angle of the scattered projectile, p. 43
6p mean energy deposited in a spike, Eq. (7.67)

Omer  energy needed to melt a material, Eq. (7.74)

o, scattering angle, p. 57
Am power law fitting variable, Eq. (4.57)
A the mean free path between displacement collisions, Eq. (7.56)

A Sigmund’s materials factor, Egs. (9.2), (9.7)

v damage energy, Eq. (7.18)

3 atomic interaction variable in the damage function, Ny(E),
p. 151

& Lindhard’s electronic stopping correction factor, Eq. (5.57)

o mass density, g/cm®

oL reduced length, Eq. (5.11)

o stress, Eq. (2.17)

o total cross-section for a scattering event, Eq. (4.3)

do differential cross-section, p. 65
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XXiv List of symbols
¢ laboratory angle of the scattered target atom, p. 43
b center-of-mass angle of the scattered target atom, p. 43
@; jon implantation dose, ions/cm?, p. 119
X screening function, Eq. (2.42)
Y angle of incidence in channeling, p. 135
W, kinetic barrier to order—disorder transformation, p. 261

Qy heat of mixing parameter, Eq. (11.9)
Qy atomic volume, cm?, Eq. (1.3)

dQ differential solid angle, p. 64

AQ solid angle of detector, Eq. (4.1)

A Solutions Manual providing answers to the Problems sections is available from either
Michael Nastasi, Materials Division, Los Alamos National Laboratory, Los Alamos, NM
87545, USA, or James Mayer, Center for Solid State Science, Arizona State University,
Tempe, AZ 85287, USA.
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Preface

Modern technology depends on materials with precisely controlled
properties. Ion beams are a favored method - and in integrated circuit
technology, the prime method — to achieve controlled modification of
surface and near-surface regions. In every integrated circuit production
line, for example, there are ion implantation systems. In addition to
integrated circuit technology, ion beams are used to modify the mech-
anical, tribological, and chemical properties of metal, intermetallic,
and ceramic materials without altering their bulk properties. Ion—solid
interactions are the foundation that underlies the broad application of
ion beams to the modification of materials. This textbook is designed
to cover the fundamentals and applications of ion—solid interactions.

When we planned to offer an ‘ion implantation’ course at Arizona
State University, we were unable to find a suitable textbook. Instead,
we developed our own lecture notes, which form the basis of this book.
Although intended as a textbook, we believe, on the basis of our own
working experience in the field, that it will be a useful reference to
professionals who have an interest in ion-solid interactions.

This text is aimed at undergraduate seniors and graduate students
interested in electronic devices, surface engineering, reactor and nu-
clear engineering, and material science issues associated with meta-
stable phase synthesis. The original course was offered by the Depart-
ment of Materials Engineering. Approximately half of the students
came from electrical engineering or disciplines other than materials
engineering. Their backgrounds and training varied. Hence, a firm
grasp of the underlying concepts of ion-solid interactions in solids
needed in the course could not be assumed. For this reason, the first
four chapters of the book are devoted to a review of topics on
interatomic potentials, binary collisions, and collision cross-sections.
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Xxvi Preface

The purpose of these chapters is to provide a sufficient coverage of the
fundamentals for the subsequent chapters.

The remainder of the book is divided into three parts. The first part
{Chapters 5 to 9) deals with the analytical descriptions of ion stopping,
ranges, radiation damage, and sputtering. Chapter 8 contains a discus-
sion of Monte Carlo and molecular dynamic simulations. These are
calculation techniques that play an increasingly important role in the
description of ion—solid interactions. The second part (Chapters 10 to
13) is about the materials-related ion beam issues, including ion
implantation metallurgy, ion mixing, phase transformations, and film
growth. In the third part (Chapters 14 and 15), we deal with issues of
industrial applications and ion beam hardware. Since ion implantation
into integrated circuits is a highly specialized topic, we do not deal
directly with it. Specific references which treat the technology of this
topic are given in the Suggested reading section of Chapter 14.

In writing this book, we have benefited immensely from the help of
our students in our classes. Their inquiries and responses to our
lectures have strengthened the contents and organization of the book.
We also owe a debt of gratitude to our many colleagues for discussion
and comments. We especially would like to thank Don Rej for his
contributions to the section on plasma source ion implantation in
Chapter 15. We would also like to thank John Davis of McMaster
University, who served as both guest lecturer in our class and advisor.
We are grateful to Robert Averback for helpful discussions in the areas
of radiation damage and molecular dynamic simulations, to S. S. Lau
and Y-T. Cheng for their discussions in the area of ion beam mixing,
and to Don Parkin of Los Alamos National Laboratory for discussions
on damage effects in polyatomic materials and his general encourage-
ment and support during the course of this project. The superb typing
of the manuscript by Ms Linda Woods is sincerely acknowledged. We
also thank Robert Cahn, our editor in the Cambridge Solid State
Science Series, for his persistence and patience, and Simon Capelin,
Philip Meyler, Fiona Thomson and Irene Pizzie of Cambridge Univer-
sity Press for all their assistance and help. Partial support for the
writing of this book was provided for by the US Department of
Energy, Office of Basic Energy Research, and the National Science
Foundation.
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‘... and he said come to the temple and cleanse yourself for the ion
beam is good.’

From The Temple of the Ion Beam, lyrics and music by
B. Manfred Ullrich and Gerry Garcia, published by
Bohmische Records, Ithaca, New York.
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