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3d-states 281
– configuration 281
4s-states 281
– configuration 281

a
ab initio total energy calculations 312, 314
ab initio treatments 309
absorption coefficient 135, 145, 149–151, 161
absorption/emission processes 135
absorption rate 149
acceptor binding energy 254
acceptor concentration 255
acoustic/optical phonon modes 38
acoustic phonon modes 34
acoustic phonon scattering 64
acoustic phonon wave equations 36
acoustic velocity 449
acoustic waves 37
– devices 447
– longitudinal 37
– propagation 36
– transverse 37
A-free exciton 176
– temperature-dependent peak positions 176
Ag Schottky contacts 407
Al-doped ZnO (AZO) 421, 443
aluminum-titanium oxide (ATO) 443
angle-of-minimum deviation methods 190
angle-resolved photoemission spectroscopy

(ARPES) 14, 15, 17, 20
angular dependent magneto-optical

spectroscopy 156
angular dispersive X-ray diffraction 29
angular momentum 280
anisotropic exchange 305
anomalous Hall coefficient 302
anticrossing 426
antiferromagnetic 285

antiferromagnetism 287
antisites 251
a-plane sapphire 107
– atom positions for basal ZnO grown
arsenic-doped BeZnO 417
Au Schottky contacts 407
average energy per mode 140
average lifetime 151
AX center 252

b
backscattering geometry 41
bandgap 351
– engineering 351
– pressure dependence 22
– temperature dependence 22
band structure 20, 25
band-to-band model 300
band-to-band transitions 151
barrier height (fB) 388
basal stacking faults 84
Becke three parameter Lee–Yang–Parr (B3LYP)

hybrid density functional method 316, 317
BexZn1�xO alloy 359
biexciton 202
– binding energies 202
– emission 202
– spectral shape 202
biexponential decay 209
bimolecular process 151
bio sensors 453, 454
Bi1.5Zn1.0Nb1.5O7 (BZN) 445
black body radiation 140
Blombergen–Rowland (BR) interactions

mechanism 305–307
Bohr magneton(s) 291
Bohr radius 157
Boltzmann transport 65
bond angles 3
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bond length 3
Born dynamical charge 35
Bose–Einstein condensate (BEC) 425
bound exciton(s) 154, 164
bound excitonic region 166
Brillouin function (BJ(x)) 291
bulk modulus 11, 28, 29, 31

c
CaF2 92
capacitance-voltage 407
c/a ratio 3, 4
carrier concentration 248
carrier gas 81
carrier-single magnetic ion interaction 304
catalyst 366, 367, 368
– assisted vapor-liquid-solid 365, 370, 375
cathodoluminescence 132, 134
Cauchy equation 191
Cauchy model 194
Cauchy parameters 195
cavity polariton dispersion 425, 426
cavity resonance mode 417
CdyZn1�yO alloy 353, 360
channel conductivity 433
charge-balance equation 65
chemical vapor deposition 77, 118
clamped ion 35
Co-doped ZnO 331
codoping 259
cohesive energies 12
colloidal nanoparticles 454
compliance coefficients 26
compliance matrix 27
conductivity mismatch 278
copper impurities 183
correlated Hartree–Fock perturbed ion 8
coupling coefficient 450
coupling magnetic ions 307
c-plane sapphire 106
– atomic arrangement of ZnO
crystal deformation 60
crystal-field, splittings 155, 293
crystal structure 1
cubic MgxZn1–xO 357
Curie constant 286, 290
Curie law 286, 290, 294
Curie temperature 278, 287, 291, 292, 294,

302, 311
Curie–Weiss law 286, 287, 294
Curie–Weiss temperature 296
current density 399
current flow mechanisms 392
current-voltage 407

– characteristics 431
– expression 393
CuZn acceptor 184
– ground state 184

d
d coefficient 213
Debye expression 58
Debye temperature 52, 58, 59
decay time constants 209
defect complex binding energies 263
defect formation energies 179
defect-related currents 400
defect-related optical transitions 182
defects 177
degeneracy of donor 65
degenerate four-wave mixing (DFWM) 225
degree of spin polarization 298
density 88
density functional theory (DFT) 8, 310
density of current 398
density of states 25, 146, 293, 318
– effective mass 146
depletion depth 433
depletion mode device 433
D–h-type recombination 187
diamagnetic 285
diamagnetism 285
dielectric constants 41
dielectric function e(o) 40, 135
difference frequency generation (DFG) 215
dilute magnetic semiconductors (DMSs)

277, 284, 295, 318
– ZnO-based 318
direct tunneling 399
dissociation energy 256
distributed Bragg reflectors (DBRs) 421
domain rotation 92
donor-acceptor pair (DAP) 172
– emission 173
– recombination 186
– transition energy 255
– transitions 254
donor binding energies 248, 249
dopant solubility 251
doping 250
– p-type 250
– n-type 246
double exchange interaction 307, 313
double heterostructure 415
double-sided comb structure 383
drain current 435
– voltage 436
drain voltage at saturation 435
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drift velocity 69, 70
dry etching 410
dye-sensitized solar cells (DSSCs) 454
Dzyaloshinsky–Moriya (DM)

interactions 305

e
e-A transitions 174
effective barrier 390
effective carrier lifetimes 394
effective masses 22, 24
effective Richardson constant 393
Einstein�s A/B coefficients 136
Einstein�s A/B parameters 144
elastic moduli 34
elastic stiffness coefficients 26
electrical desorption 453
electrical displacement 59
electrodeposition 380
electroluminescence (EL) 132, 411
– spectra 415, 416, 418, 419
electromechanical constant(s) 29, 37
electromechanical coupling 37, 449
– coefficients 450
electron affinity 388
electron cyclotron resonance (ECR) 256
– sputtering 98
electron-hole (e-h) pairs 135
electron hole plasma (EHP) 195, 413
– induced stimulated emission 201
electron-hole spin exchange interaction 300
electronic band structure 14
electron paramagnetic resonance (EPR) 134,

246, 282
electron-phonon interaction 38
electron probe microanalysis (EPMA) 322
electron spin resonance (ESR) 282
emission spectra 16, 18
energy dispersive spectroscopy (EDS) 325
energy gaps (Eg(x)) 21, 351
epitaxial relationships 92, 93
– for a-plane ZnO grown on R-plane

sapphire 121
etching rate 410
excited rotational states 168
exciton 153
– bound to Cu 185
– mode 426
– scattering-related SE 202
exciton-binding energy 153, 157, 426
exciton Bohr radius 157, 196
exciton-exciton collision 201
excitonic structure 161
excitonic transitions 153

exciton localization energies 249
exciton-polariton 157
– dispersion 162
extraordinary refractive index 190, 193,

223

f
Fabry–Pérot cavity length 422
Fabry–Pérot frequency 422
Fabry–Pérot oscillations 417
Fabry–Pérot resonator 422
Faraday geometry 300
Faraday rotation (FR) 297
fast decay constant 209
Fermi dirac statistics 150
ferrimagnetic 285
ferrimagnetism 287
ferromagnetic 285, 328
– ordering 312
– resonance spectra 329
ferromagnetism 286, 297, 315, 319
– identification 297
field-cooled (FC) 324
field effect transistors (FETs) 387, 431
– nanowire 440
field emission 398
first-order phonon Raman scattering 40
first-principle calculations 314
formation energy 178, 257
– of NO 257
forward current 396, 399
– density 396
four-wave mixing (FWM) 224
free excitons 155
– fine structure 161
free hole concentration 255
full-potential linear muffin-tin orbital 8
fundamental bandgap 23

g
Ga-doped ZnO (GZO) 420, 421, 443
gain 142
gas sensors 452
gate insulator 445
Gaussian line shapes 226
generalized gradient approximation (GGA)

8, 315
generation-recombination current 394
g-factor 290
green line, GL band 187
green luminescence band 183
growth 103, 107
– on a-plane sapphire 107
– on c-plane sapphire 103
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– on GaN templates 110
– on ZnO substrates 112
gyromagnetic/magnetogyric ratio 290

h
Hall scattering factor 64, 65
Hamiltonian hybridization 305
hardness 31
Hartree–Fock (HF) method 8
Haynes plot 249
Haynes� rule 171
Heat capacity 88
Heisenberg interactions 305
Hermann–Mauguin notation 2, 5, 214
heterojunction LED devices 413
heterostructure devices 411
hexagonal close-packed 2
hexagonal nanowire 368
hexagonal symmetry, labeling of planes 4, 5
hexagonal unit cell 85
hexagonal wurtzite 1, 2
high-energy electron diffraction 89
high-field transport 69
Homoepitaxy 93
Hooke�s law 26
Hund�s rules 280
hybrid beam deposition (HBD) 359
hybrid light emitting devices 412
hydride/halide vapor-phase epitaxy 77
hydrogen, donor(s) 48, 181
hydrothermal 78
– growth system 79
– method 80
– ZnO 80
hysteresis curves 334

i
ideality factors 397, 408
image charge 390
image-force lowering 390, 394
indenter 31
indium tin oxide (ITO) 387, 412, 444
inductively coupled plasmas (ICPs) 410
interdigital transducer (IDT) 447
internal parameter (u) 2, 3
internal strain 35
interstitial(s) 251
– hydrogen atom 48
– sites 179
intrinsic excitons 157
ionic radii 251
ionization potential 256
ionized impurity scattering 64
isotropic (Heisenberg) exchange 305

j
joint density of states 147

k
Kerr effect 231
Kerr rotation (KR) 297
– polar 298
Kleinman symmetry 214, 225
knoop 88
Korringa–Kohn–Rostoker (KKR) method 15
Kramers–Kronig analysis 190
Kramers–Kronig relations 297

l
Landé splitting factor 290
Landé terminology 290
Langeven model 286
Langevin equation 290
laser emission spectra 198
lasing modes 196
lasing threshold 201
lattice parameters 12
lattice specific heat 52
leakage current 400, 401
light-emitting devices 412
light emitting diodes (LEDs) 387
LiNbO3 93
linear augmented plane wave 8
linear combination of Gaussian-type orbitals

8
linearly polarized light 297
LiTaO3 92
LO-phonon replicas 171, 172
local (spin) density approximation (LDA) 8,

310
localized exciton 202
longitudinal acoustic 38
longitudinal moduli 31
longitudinal optical 38
love waves 448
lower polariton branch 162
lower polariton mode 426
low-field transport 63
Lyddane–Sachs–Teller (LST) relation 194

m
Madelung energy 259
magnetic circular dichroism (MCD) 278,

298
– measurements 300
– spectra 341
– spectroscopy 339
magnetic field 288, 289
magnetic induction 288, 289
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magnetic interactions 303
magnetic ions interaction 305
magnetic materials 284
– classification 284
magnetic moment 277, 290, 332
magnetic polarization 289
magnetic polarons 311
magnetic state 293
magnetic susceptibility 295
magnetism parameters 289
magnetization (M) 289, 290, 294, 330,

333
– hysteresis 338
– intensity 289
magneto optical Kerr effect (MOKE) 297
magneto-optical properties 339
magnetron sputtering 77
Maker fringes 219, 221, 228
Matthiessen�s rule 64
Maximum energy product 289
mean field theory (MFT) 293, 313
mean-field treatments 309
mechanical properties 26
melt growth 78, 82
– apparatus 82
melting point 88
metal-insulator-semiconductor diodes 430
metal n-type semiconductor 389
– contacts 391
metal p-type semiconductor 389
metal-semiconductor field effect transistors

(MESFETs) 432
metal-semiconductor junction 389
metal-semiconductor system 391
metal work function (fm) 388
metalorganic vapor-phase epitaxy 373
MgxZn1�xO alloy 352, 353
MgZnO 189, 355
– bandgap dependence 355
– refractive index 189
microcavity devices 421
microelectromechanical systems (MEMS)

383
microlasers 205
Miller–Bravais indices 85
minority carrier radiative lifetime (trad) 152
Mn-doped ZnO 323
– properties 323
mobility 64, 248
molecular beam epitaxy 77, 98, 373
Monte Carlo (MC) simulations 69
Mott density 196
multiple quantum wells 207
Murnaghan equation 11

n
nanobelts 370
nanopropellers 373
– arrays 372
nanoribbon blades 372
nanorod(s) 376
– FET device 441
– FET sensors 452
nanostructures 452
nanotip(s) 417, 420
– dye sensitized solar cells 455
nanowire arrays 369
nanowires (NWs) 388
native defects 251
near-band-edge electroluminescence 417
near-edge X-ray absorption fine structure

(NEXAFS) 328, 330
nearest-neighbor bond lengths 252
Néel temperature (TN) 287
neutral bound exciton 168
nitrogen doping 252
nonalloyed ohmic contacts 403
noncentrosymmetric crystals 224
nondegenerate 282
nonlinear optical properties 212
nonlinear refractive index 231
nonlinear susceptibilities 219
nonmagnetic state 293
nonradiative recombination 135
normal Hall coefficient 302
nulling ellipsometry 191
number of modes 139

o
occupancy factors 145
occupation probabilities 144, 151
octahedral voids 85
ohmic behavior 392
ohmic contact(s) 400, 401, 402
one-dimensional (1D) nanostructures 388
one-photon absorption constant 233
open channel 433
operating frequency 450
optical absorption/emission 142
optical frequency dielectric constant 44
optical gain, spectrum 199, 200
optical nonlinearity 212
optical processes 132
optical properties 131
optical rectification (OR) 215
optical susceptibility 213
optical transitions 154
optical transmission spectra 335
optically pumped lasers 427
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optically pumped lasing 206
orbital angular momentum 280
orbital spin 280
ordinary refractive index 189, 191, 193,

223
organometallic vapor-phase epitaxy 77
oscillator strength(s) 299, 300
O-terminated ZnO basal plane surfaces 101,

102
other dopants 264
output current-voltage characteristics 436
oxygen-deuterium complex 48
oxygen vacancies 246

p
P2O5 264
paramagnetic 285, 328
paramagnetic resonance spectra 329
paramagnetism 285, 286
Pauli magnetism 291, 292
Pauli model 286
p-d exchange 340
p-d exchange interaction 301
permeability 288, 289
phonon dispersion, curves 38, 39
phonon mean free path 52
phonon mode frequencies 38, 43
phonon mode splitting 46
phonon scattering 52
photocurrent 454
photodetectors (PDs) 411
photodiodes 428
photoelectron spectroscopy 14
photoluminescence (PL) 416
– angle-resolved spectra 426
– decay time 152
– excitation 133
– spectra 132
– time-resolved 132, 209
photon dispersion 424
photon effective mass 424
photon energy mode density 138, 139, 140
photonic crystals 427
photoreflectance 157
photovoltage 454
piezoelectric constant 35
piezoelectric contraction 214
piezoelectric coupling strength 448
piezoelectric devices 36, 446
piezoelectric effect 35
piezoelectricfield-effect transistors (PEFETs)

440
piezoelectric scattering 64
piezoelectric stiffening 448

piezoelectric strain coefficients 29
piezoelectric stress coefficients 29
piezoelectric tensor 29, 30, 35
pinch-off condition 435
point defects 178
Poisson�s ratio 28
polar longitudinal optical phonon scattering

64
polaritons 155, 162
– dispersion 158
– lasers 425
– luminescence 426
– modes 424
polarization 30, 59
– geometry 160
– induced bound surface charge 453
– optical 191
– vector 214
polarons 249
polyethylene terephthalate (PET) 444
population inversion 141, 142, 145
Porto�s notation 40
positron annihilation spectroscopy 250
pressurized melt growth method 83
p-type ZnO 266
– reliability 266
pulsed laser deposition system 113, 114
pyramids 376
pyroelectric coefficient 60, 61, 62
pyroelectric effects 61
pyroelectricity 59

q
quantum efficiency 133
quantum well (QW) 415

r
Rabi splitting (hWRabi) 424
radiation outcoupling 420
radiative efficiency 152
radiative lifetime 151
radiative recombination 135, 151, 210
– efficiency 153
– lifetime 151
– probability 151
– rate 152
radio frequency (RF) magnetron sputtering

94
radio frequencymolecular beam epitaxy (MBE)

system 99
Raman backscattering spectrum 49
Raman modes 38
Raman shift 46
Raman spectra 45
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random laser 202, 203
Rayleigh mode 449
Rayleigh surface wave 29, 448
recombination dynamics 208
recombination/generation rates 151
recombination rate 152
rectifying behavior 405
red luminescence band 188
reduced effective mass 144
reflection high energy electron diffraction

322
reflection spectra 163, 423
refractive index 149, 189, 229
– dispersion 189, 192
– intensity dependent 229
refresh (erase) voltages 453
rhombohedral unit cells 85
Richardson constant 393, 397, 399
right and left hand circularly polarized light

297
rigid-ion-like behavior 35
Rochelle salt 1, 2
rocksalt 2, 6
– MgxZn1�xO 358
Ruderman–Kittel–Kasuya–Yoshida (RKKY)

mechanism 305, 308
– interactions 308
Russel–Saunders coupling 280
Rutherford backscattering (RBS) 325

s
sapphire 84
– r-plane stacking sequence 91
–unit cell 86, 87
saturation, current density 288, 393, 396, 397
ScAlMgO4 92
scanning capacitance microscopy (SCM) 266
scanning surface potential microscopy

(SSPM) 266
scanning thermal microscopy 53
Schoenflies notation 2, 5, 214
Schottky barrier heights 407
Schottky coefficient 59
Schottky contacts 405, 407
s-d exchange 340
s-d Kondo Hamiltonian 308
second-harmonic generation 218
second-harmonic intensity 222
second-order nonlinear optical

properties 217
second-order nonlinear susceptibilities 219,

220, 222
second-order susceptibility coefficient

(c(2)) 212, 217

second harmonic generation (SHG) 212,
215, 224

second harmonic wavelength 223
second phase precipitates 322
Seebeck thermoelectric effect 261
seeded chemical vapor transport 81, 84
seeded vapor transport 78
Seignette salt 1
selection rules 157
self-catalyzed effect 383
Sellmeier dispersion relationship 191, 194
semiconductor-metal contacts 388
semiconductor microcavities (MCs) 421
semiconductor resistance 400
sensors 452
Sezawa mode 451
shallow acceptor-bound exciton 171
shallow acceptor level 253
shear horizontal (SH) 448
shear moduli 31
sheer longitudinal (SL) 448
sheer vertical (SV) 448
silent modes 38, 40
slow-decay constant 210
Snell�s law 221
solar cells 452, 454
solid-vapor process 373
solubility limit 323
sound velocity(ies) 34, 448
space group 2
s,p-d exchange interaction 339
s,p-d spin exchange interaction 301
specific contact resistance(s) 404, 405
specific contact resistivity 402
specific heat 57, 58, 59, 62
specific magnetization 289
spectral distribution 140
spectral response 429
spectra of oxygen plasma 100
spectroscopic splitting factor 290
sphalerite 1
spin angular momentum 280, 290
spin-orbit coupling 185
spin-orbit splittings 155
spin-polarized carriers 278
– injection efficiency 298
spin-split donor impurity-band model 316
spontaneous and piezoelectric polarization

35
spontaneous emission 134, 135, 141
– lifetime 137
– rate 149, 150
– spectrum 151
spontaneous polarization 31, 35
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spontaneous recombination times 211
stacking order 90
stick-and-ball stacking models 6, 7
stiffness constant 37
stiffness parameters 36
stimulated emission 135, 141, 142, 195
– rate 149, 150
strain, tensor 26, 36
stress-strain relations 27
stress, tensor 26, 36
stretching modes 48
substitutional impurities 251, 252
sum frequency generation (SFG) 212, 215
superconducting quantum interference device

(SQUID) 278
super-exchange 303, 305, 309
– interaction 313
– ion–ion interactions 306
– mechanism 305
surface acoustic waves (SAW) 447
– delay line 447
– properties 450
– velocity 447
– wavelength 448
– waves 448
surface acoustic waves (SAW) device 447,

449, 450, 451
– frequency response 449
susceptibility 286, 289, 294, 327
susceptibility tensor elements (dij) 214
synthesis methods, nanostructures 380

t
temperature coefficient of frequency

(TCD) 450
tetrahedral crystal field 184
tetrapod structures 373
theory of magnetization 288
thermal conductivity 52, 54–57
thermal expansion 60
thermal expansion coefficients 50, 51, 87, 88
thermally activated process 392
thermal properties 49
thermal stability 407
thermionic emission, current 392, 393, 394,

395, 408
thermoluminescence 132
thin-film transistors (TFTs) 387, 432, 438,

441, 444, 446
– structure 437
third-order nonlinear optical properties 224
third-order nonlinear process 225
third-order susceptibility (c(3)) 217, 224, 229,

232

third harmonic generation (THG) 216, 226,
227

third harmonic power 227
threefold degenerate 282
total angular momentum 280, 281
total energy (TE) guided mode 200
total energy (TE) polarized 200
transconductance 436
transition metal elements 279, 281, 282
– configuration 281
– doped ZnO 334
transmission electron microscope 322
transparent conducting oxides (TCO) 248,

411, 441, 442
transparent electrodes 248
transparent thin-film transistor (TTFT) 387,

441, 443, 444, 446
transverse acoustic 38
transverse elastic moduli 31
transverse optical 38
trapped electrons 401
trigonal crystal field 185
tubes 379
tunneling current 399
two-electron satellites, transitions 155, 169,

170, 248
twofold degenerate 282
two-photon absorption 232

u
Umklapp scattering 52
unoccupation probability 398
upper polariton branch 162
upper polariton mode 426

v
vacancies 251
valence band structure 22
vapor-liquid-solid (VLS)method 365, 366, 371
– vapor transport process 365
Varshni expression 176
vertical cavity surface emitting laser (VCSEL)

425
vibrational modes, local 47
vibrational properties 37, 355

w
Weiss theory 286
wurtzite MgxZn1�xO 356, 357
– a lattice parameters 356
– c lattice parameters 356
– phonon mode frequencies 357
wurtzite structures 156
– selection rules 156
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y
Y2O3-stabilized ZrO2 (YSZ) 412
yellow luminescence band 187
Young�s modulus 28, 34, 88

z
Zeeman splitting(s) 297, 298
Zener treatments 309
zero-field-cooled (ZFC) 324
zero-phonon line 183
zinc blende 1, 2, 5, 156
– selection rules 156
zinc phosphide 264
ZnO 185, 189, 250, 265, 408

– acceptors in 250
– CuZn acceptor 185
– epitaxy 85
– etching 408
– growth rate 119
– nanoring 375
– nanorod arrays 369, 371
– nanostructures 365, 381
– nanowire 368
– phosphorus-doped 265
– refractive index 189
ZnO-based DFB laser 427
– emission spectra 427
ZnO channel thin film transistors 439
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