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A-Si:H, 183, 328, 336-7
Absorbing films, 155-6, 265
thickness, 155, 158
Absorbing media, 22-3
Absorption coefficients, 23, 29
free-carrier absorption, 173
measurement precision, 137-8
Ac electric fields, 160
Achromatic, 91, 92
Advantages, ellipsometry techniques, 91-2
Advantages, spectroscopic ellipsometry, 2-3
Air, refractive index, 19, 36
Air/sample interfaces, 147
Al, 279, 280
Alloy composition, semiconductors, 268,
275-6
Amorphous materials, 170-2
Ampere’s law, 349
Amplitude, electromagnetic waves, 14, 22
Amplitude reflection coefficients, 35, 36,
82-3
optical interference, 45, 46
total amplitude reflection
coefficients, 193
Amplitude transmission coefficients, 35, 46
optical interference, 46
Analyzers, 53
Jones matrices, 66, 67
Mueller matrices, 67
see also Polarizers
Angular frequency, waves, 14
Anisotropic materials, 111, 209-46,
294-301
biaxial materials, 210, 214, 224, 245
data analysis, 243-6
dielectric tensors, 213, 215-17, 237

electric displacements, 213, 215
exit matrices, 233
Fresnel equations, 209, 2224, 235
incident matrices, 234
index ellipsoids, 213-15
insulators, 295-6
Jones matrices, 111, 209, 217-22, 224,
228, 230, 237, 243-5
Mueller matrices, 111
organic materials, 299-301
principal dielectric constants, 214
refractive indices, 210, 215
complex refractive indices, 210
principal refractive indices, 214
rotating-analyzer ellipsometry (RAE),
243, 244, 245
rotating-compensator ellipsometry
(RCE), 245
semiconductors, 296-9
transfer matrices, 230
partial transfer matrices, 232-3
uniaxial materials, 210-11, 214, 243, 245
see also Optical anisotropy
Anisotropic substrates, 222, 231, 237-9
exit matrices, 235
Jones matrices, 240, 241
Anisotropic thin films, 224, 228, 241-3
Jones matrices, 243
Applications, spectroscopic ellipsometry,
Ashcroft-Sturm model, 279
Atomic force microscopy (AFM), 184, 197,
203
Atomic plates, 162—4, 168
Atomic polarization, 24, 25, 288
resonant oscillation, 30
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Attenuated total reflection (ATR), 43, 110,
322

Backside reflection, 141, 192-3, 301
Bandgap, 4, 257
Beer’s law, 22, 194
Berreman’s equations, 226-7, 232, 347
Biased estimator, 199, 251, 253
Biaxial materials, 210, 214, 224, 245
crystals, 245
Biomaterials, 287-94
Birefringence, 53, 57, 58
Birefringent crystal, 57, 59-60
Brewster angles, 40-1, 118, 238
p-polarized light, 40
pseudo-Brewster angles, 39, 40, 149
s-polarized light, 41
Snell’s law, 41
Brewster’s law, 41
Bulk layers, 188
dielectric functions, 191
Si0,, 254, 255
Burstein—-Moss effect, 282

C-Si, 5, 334-6
see also Si
Calcite, 53-5, 211
critical angle, 54
refractive index, 55
Calibration, ellipsometry instruments, /77,
122-7
infrared spectroscopic ellipsometry, 130
regression calibration method, 125-7, 126
residual calibration method, 125-6
rotating-analyzer ellipsometry (RAE), 122
rotating-compensator ellipsometry
(RCE), 126
zone-difference calibration method,
125, 126
Calibration, film thickness, 115-16
Capacitors, 25-7, 177
Cartesian coordinates (Jones vectors), 65
Cascade arc lamps, 110
Cauchy model, 170, 176, 200, 250-1, 259,
263, 301
free-carrier absorption, 282
CCD cameras, 115
CdTe layers, 341
Chromatic, 91, 92
Circular-polarized light, 52, 53
conversion to/from linear-polarized
light, 57
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Jones vectors, 63, 65
left-circular-polarized light, 63, 64, 72,
85, 347
Poincaré sphere, 72
right-circular-polarized light, 52, 63, 64,
72, 85, 347
Stokes parameters/vectors, 63, 85
Clausius—Mossotti relation, 178
Cody-Lorentz model, 172
Cody model, 257
Coherency vectors, 354
Coherent condition, 141
Color-imaging ellipsometry, 117
Compensators, 57
Jones matrices, 667
MgF, compensators, 58, 127
Mueller matrices, 67
photoelastic modulators, 58-9, 110, 127
rotating compensators, 58
Complex dielectric constants, 29, 347, 350
Complex numbers, 16-17
Complex refractive indices, 22, 181, 184,
210, 252, 347, 351
anisotropic materials, 210
interface layers, 184
Si0,, 252
Snell’s law, 33, 36, 41, 43, 44
surface roughness layers, 181, 184
Confidence limits, 198, 254
Conjugated polymer film, 300, 303
Conversion units for light, 20
Coordinate systems
ellipsometry, 84
rotations, 62, 68-70, 216
Cornu prisms, 60
Corrections, 127-30
see also Measurement errors
Critical angles, 42, 54
calcite, 54
Critical point (CP) analysis, 268-9, 270
Critical thickness, semiconductors, 273

Dark signal corrections, 127
Data analysis, 5-7, 147-203, 249-303
anisotropic materials, 243-6
confidence limits, 198, 254
GaN, 2624
insulators, 249-55
anisotropic insulators, 295-6
polycrystalline Si, 264, 265
process control, 334
semiconductors, 25676
SiO,, 249-55
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Degree of polarization, 76-7, 92, 139,
191-6
Depolarization, 76, 92, 13941, 191-6
infrared spectroscopic ellipsometry, 140
optical models, 191-6
phase-modulation ellipsometry
(PME), 139
rotating-analyzer ellipsometry (RAE),
139, 140
rotating-compensator ellipsometry
(RCE), 139
Depolarizers, 59-60
Jones matrices, 67
Mueller matrices, 67
Dichroism, 57
Dielectric constants, 25-9, 179-80, 190, 290
complex dielectric constants, 29, 347, 350
ordinary rays, 299
Dielectric dispersion, 31
Dielectric functions, 29-31, 158-60, 185,
196, 200-3
Al, 280
amorphous materials, 170-2
Ashcroft-Sturm model, 279
bulk layers, 191
critical point analysis, 269
doping of semiconductors, 272-3
Drude model, 174, 276
GaAs, 259, 266, 276
v-globulin protein, 292
interface layers, 189
Lorentz model, 165, 296
Lorentz—Drude model, 279-80
metals, 276-80
parameterized dielectric functions, 201,
266-8
poly-arylene ether film, 289, 290
poly-pyrrole film, 287
pseudo-dielectric functions, 189-90, 196,
317, 324, 347
semiconductors, 25662
Si0,, 252
surface roughness layers, 183, 188
Tauc—Lorentz model, 170-2
temperature dependence, 270, 271,
312-13
Dielectric polarization, 24-5, 267, 53,
160-1
Dielectric susceptibility, 27
Dielectric tensors, 213, 215-17, 237
isotropic materials, 215
Dielectrics, 24-31
permittivity, 25-6
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spherical dielectrics, 177-9
Dipole moments, 25
Direct bandgap semiconductors, 257
Disadvantages, ellipsometry techniques,
912
Disadvantages, spectroscopic ellipsometry,
2-3, 197
DNA chips, 117, 293, 294
Doping, semiconductors, 272-3
Drift mobility, 174
Drude model, 7, 173-6, 276, 281, 347
dielectric functions, 174, 279

E,, transition, 258, 261, 270
Effective mass, 173-6, 2824
Effective medium approximation (EMA),
177, 179, 181, 264-6
surface roughness layers, 182-3, 184,
264
Effective medium theories, 184-5
Electric dipole radiation, 27, 40
uniaxial materials, 211-12
Electric dipoles, 25
Electric displacements, 26
anisotropic materials, 213, 215
Electric polarization, 24, 25, 178
resonant oscillation, 30
Electromagnetic waves, 18
amplitude, 14, 22
angular frequency, 14
evanescent waves, 42, 43
frequency, 14
Maxwell’s equations, 18, 2268, 349-51
one-dimensional waves, 13—-17
phases, 49-50, 347-8
propagation, 13-19, 350
temporal period, waves, 14
transverse waves, 18
Electron volts, 19
Ellipsometers, see Installation, ellipsometry
instruments
Ellipsometry, 1, 81
see also Spectroscopic ellipsometry
Elliptical-polarized light, 52
Jones vectors, 63, 65
Stokes parameters/vectors, 63, 85
Ellipticity angle, 73
En-K space, 2567
Errors, see Fitting errors; Measurement
errors
Etching process, 189, 337
Euler angles, 215, 23840, 243, 245, 297
Evanescent waves, 42, 43
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Exit matrices, 233
anisotropic substrates, 235
Extinction coefficients, 22
metals, 149
Extraordinary rays, uniaxial materials, 53,
211, 212, 213
dielectric constants, 299

Faraday’s induction law, 349
Fast axis, 53, 67, 99
Feedback control, 334, 335, 340
Film thickness
absorbing films, 155, 158
calibration, 115-16
inhomogeneous thickness, 140-1,
192, 195
measurement precision, 137
transparent films, 154
Fitting errors, 196, 199, 324
Formation, thin films, 328-31
Forouhi—Bloomer model, 172, 282
Fourier analysis, 120-1
Fourier-transform infrared ellipsometry,
107-10, 130
Free-carrier absorption, 31, 173-4, 281-5
Cauchy model, 282
Lorentz model, 282
Frequency, light waves, 14
Fresnel equations, 35-6
anisotropic materials, 209, 222-4, 235
optical interference, 45, 47
reflectances, 39, 82
Fused silica, 253
Future prospects, spectroscopic
ellipsometry, 9—-10

GaAs, 31, 259, 266, 276

GaN, 2624

Gaussian units, 228, 233

Gauss’s law, 26, 349

Glan—Taylor prisms, 54-5

Glan-Thompson prisms, 55

Global error minimization (GEM), 311,
312, 317-23

-globulin protein, 292

Graded layer, 312, 323

Grain size, 274

Grating-type spectrographs, 90

Group-IV semiconductor crystals, 158-60

Harmonic oscillator approximation (HOA),
259, 260
High-concentration free carriers, 272
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High-frequency dielectric constant, 30-1,
174, 264, 290

High-pressure xenon lamps, /20

History, spectroscopic ellipsometry, 7-8

Homoepitaxial layers, 188

Hook’s law, 161

Huygens’s principle, 28

Hydrogenated amorphous silicon, 155

III-V semiconductors, 31, 266, 296
Image persistence, 127
Imaging ellipsometry, 115-17
color-imaging ellipsometry, 117
film-thickness calibration, 115-16
Incident angles, ellipsometry
measurement, 118
Incident matrices, 234
Incoherent condition, 141, 193
Index ellipsoids, 21315
positive uniaxial materials, 2717, 221
Indices of refraction, see Refractive indices
Indirect bandgap semiconductors, 257
Infrared spectroscopic ellipsometry, 56,
106-10
calibration, 130
depolarization, 140
Fourier-transform infrared (FTIR)
ellipsometry, 107-10, 130
measurement errors, 130
Michelson interferometer, 107, 109, 110
phase-modulation ellipsometry (PME),
107, 108, 109
rotating-compensator ellipsometry
(RCE), 108
rotating-polarizer ellipsometry, 108
Inhomogeneous film thickness, 140-1,
192, 195
Installation, ellipsometry instruments,
117-20
optical windows, 118-19
Instruments, spectroscopic ellipsometry
advantages, 91-2
calibration, 717, 1227
disadvantages, 91-2
installation, 117-20
optical alignment, 120
Insulators, 249-55
anisotropic insulators, 295-6
Interface layers, 184
dielectric functions, 189
Si0,, 254, 255
Interference, see Optical interference
Ionic crystals, 24
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Ionic polarization, 24
Island-film model, 187, 338, 339
Isotropic materials, 111
dielectric tensors, 215
Jones matrices, 220
Mueller matrices, 111
Isotropic substrates, 224, 228
exit matrices, 235

Joint density of state, 257
Jones matrices, 60, 64-9
analyzers, 66, 67
anisotropic materials, 111, 209, 217-22,
224,228, 230, 237, 243-5
anisotropic substrates, 240, 241
anisotropic thin films, 243
compensators, 66—7
conversion to Mueller matrices, 77,
353-5
depolarizers, 67
isotropic materials, 220
null ellipsometry, 113-14
phase-modulation ellipsometry, 104
photoelastic modulators, 67, 68
polarizers, 66, 67
rotating-analyzer ellipsometry (RAE),
93
rotating-analyzer ellipsometry with
compensator, 97
rotating-compensator ellipsometry
(RCE), 99
samples, 67, 86, 87
Jones vectors, 60-1, 62-4, 74
circular-polarized light, 63, 65
elliptical-polarized light, 63, 65
linear-polarized light, 61, 63, 65
polar coordinates, 645

Kramers—Kronig relations, 176, 259, 290,
357-9

Langmuir-Blodgett (LB) films, 287, 288
Law of reflection, 33
Layer thicknesses, 203
Layers, semiconductors, 264, 276
Left-circular-polarized light, 63, 64, 72,
85, 347

Levenberg—Marquardt method, 198
Light intensity ratios, 23
Light waves, see Electromagnetic waves
Linear-polarized light, 51

conversion to/from circular-polarized

light, 57
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extraction from unpolarized light, 53, 54
Jones vectors, 61, 63, 65
optical activity, 56
Poincaré sphere, 72, 73
Stokes parameters/vectors, 63, 701,
77, 85
Linear regression analysis (LRA),
197-8, 246
process control, 33440
real-time monitoring, 311, 372, 313-17
Liquid crystal, 287, 299
Lorentz cavity fields, 177
Lorentz model, 160-70, 176, 347
atomic plates, 162—4, 168
dielectric functions, 165, 296
free-carrier absorption, 281
Lorentz oscillators, 279
Lorentz—Drude model, 278, 279, 280
Lorentz—Lorenz relation, 178
Low-pressure chemical vapor
decomposition (LPCVD), 265
LSI devices, 337-40

Malus’s law, 69, 78
Mathematical inversion, 200-3, 268,
298, 301
Maxwell-Garnett model, 179, 280
Maxwell’s equations, 18, 226-8, 349-51
Gaussian units, 228
Measurement, ellipsometry, 118-19, 120
Measurement errors, 90, 119, 127-35,
199-200
corrections, 127-30
infrared spectroscopic ellipsometry, 130
phase-modulation ellipsometry (PME),
127, 129, 131, 133
Poincaré sphere, 132-3
rotating-analyzer ellipsometry (RAE), 91,
131, 132-5, 140
rotating-analyzer ellipsometry with
compensator, 132
rotating-compensator ellipsometry (RCE),
128, 133
Measurement precision, 135-6, 254
absorption coefficients, 137-8
film thickness, 137
Measurement ranges, 90-1
Measurement wavelengths, 91
Mercury cadmium telluride detectors, 130
Metals, 149
dielectric functions, 276-80
MgF, compensators, 58, 128
Michelson interferometer, 107, 109, 110
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Minimum measurement times, 91
Mobility, 4, 174, 284
Model dielectric functions (MDFs), 158,
172, 260-1
Mueller matrices, 77-8
analyzers, 67
anisotropic samples, 111
compensators, 67
conversion from Jones matrices, 77,
353-5
depolarizers, 67
isotropic samples, 111
photoelastic modulators, 67
polarizers, 67
rotating-compensator ellipsometry (RCE),
100, 102
samples, 67, 86
Mueller matrix ellipsometry, 87, 111-13
photoelastic modulators, 112-13
rotating-compensator ellipsometry
(RCE), 111
Multilayer structures
dielectric functions, 313
optical interference, 46-7, 265
propagation of electromagnetic
waves, 230

Natural (unpolarized) light, 39, 63
extraction of linear-polarized light, 53, 54
Stokes parameters/vector, 63, 78

Nd product, 152, 254

Nebraska convention, 348

Negative uniaxial materials, 211

Newton’s method, 198

Newton’s second law, 161

Null ellipsometry, 87, 113-15, 289
Jones matrices, 113-14

One-dimensional waves, 13—-17

Optical activity, 56

Optical alignment, ellipsometry

instruments, 119

Optical anisotropy, 53, 57, 119
see also Anisotropic materials

Optical axis, 53, 211

Optical constants, 3, 347-8

Optical interference, 43, 152, 154, 347
Fresnel equations, 45, 47
multilayer structures, 46-7, 265
p- and s-polarized light, 45
secondary beams, 44, 45
Snell’s law, 44
thin films, 43-5

Spectroscopic Ellipsometry

Optical models, 187-9, 191, 203
depolarization, 191-6
Optical thickness, 152
Optical transitions, 2568, 256
Optical windows, 118-19, 130
Optics, 13
Ordinary rays, uniaxial materials, 53, 211,
212,213
dielectric constants, 299
Organic materials, 287-92
anisotropic organic materials, 299-301
Orientational polarization, 25
resonant oscillation, 30
Oscillator strength, 162

P-doped, poly-Si, 272
p-polarized light, 33-5, 38, 123
Brewster angles, 40-1
ellipsometry, 81-3
optical interference, 45
reflectances, 41, 42, 46
Snell’s law, 36
transmittances, 39
Parameterized dielectric functions, 201,
266-8
Parametric semiconductor model, 261, 263
Partial transfer matrices, 232-3
Partially polarized light, 75-6
Poincaré sphere, 75, 76
Stokes parameters/vectors, 77
Penetration depth, light, 23, 155
Permittivity, dielectrics, 26
Phase-modulation ellipsometry (PME), 88,
90, 104-6
advantages, 92-3
depolarization, 139
disadvantages, 93
infrared ellipsometry, 107, 108, 109
Jones matrices, 104
measurement errors, 127-9, 129, 131,
133
measurement range, 91
measurement wavelengths, 91
minimum measurement time, 91
Stokes parameters, 104-5
Phases, electromagnetic waves, 49-50,
347-8
Photodiode arrays, 89, 121, 127, 129
Photoelastic modulators, 58-9, 110, 127
Jones matrices, 67, 68
Mueller matrices, 67
Mueller matrix ellipsometry, 112—13
optical alignment, 105
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Photoelasticity, 58

Photolithography technique, 56

Photoluminescence measurement, 258

Photomultiplier tubes, 89, 121, 127, 128

Photon energy, 19

Photons, 18-19

Piezo transducers, 58-9

Planck’s constant, 19

Plane of incidence, 33, 122

Plane wave, 32

Plasma angular frequency, 31, 174

Plasma-enhanced chemical vapor deposition

(PECVD), 328-9, 337
Plasma etching process, 334, 337-9
PME, see Phase-modulation ellipsometry
(PME)

Poincaré sphere, 724, 84
circular-polarized light, 72
linear-polarized light, 72, 73
measurement errors, 132-3
partially polarized light, 75, 76
Stokes parameters/vectors, 72—4, 84
totally polarized light, 75, 76

Polar coordinates
complex numbers, 16—17
Jones vectors, 64-5

Polarizability, 178

Polarized light, 49-52
circular-polarized light, 52, 53
elliptical-polarized light, 52
linear-polarized light, 51
p-polarized light, 33-6, 38, 81, 123
partially polarized light, 75-6
s-polarized light, 33-6, 38, 81-3, 123
totally polarized light, 75-6

Polarizers, 52, 53, 69-70
Jones matrices, 66, 67
Mueller matrices, 67
wire-grid polarizers, 56-7, 130

Poly-arylene ether film, 289, 290

Poly-pyrrole film, 287

Poly-Si (polycrystalline Si), 264, 265, 275
P-doped, poly-Si, 272

Polycrystalline semiconductors, 274-5

Polycrystalline Si, 264, 265, 275

Polymer films, 287, 299

Positive uniaxial materials, 211, 222
index ellipsoids, 221

Precision, see Measurement precision

Primary beams, optical interference, 44, 45

Principal angle, 149

Principal dielectric constants (anisotropic

materials), 214

367

Principal refractive indices (anisotropic
materials), 214
Prism-type spectrographs, 90
Process control, 333-42
data analysis, 334
linear regression analysis (LRA), 334-40
virtual substrate approximation (VSA),
340-2
Propagation, electromagnetic waves,
13-19, 350
multilayer structures, 230
Propagation numbers, 14, 21
Protein absorption, 293
Pseudo-Brewster angles, 39, 149
Pseudo-dielectric functions, 189-90, 196,
317, 324, 347
Publications about spectroscopic
ellipsometry, 9-10

Quantum effect, 185, 276
Quarter-wave plates, 57

Quartz, 53, 58, 128
Quasi-depolarization, 76, 139
Quasi-monochromatic light, 141

RAE, see Rotating-analyzer ellipsometry
(RAE)
RCE, see Rotating-compensator
ellipsometry (RCE)
Real-time ellipsometry instruments, 89,
135
Real-time monitoring, 89-91, 311-42
global error minimization (GEM), 311,
312, 317-23
linear regression analysis (LRA), 311,
312, 313-17
process control, 33342
temperature variation of dielectric
functions, 312-13
thin-film formation, 328
virtual substrate approximation (VSA),
312, 323-8
Reflectances, 39
Fresnel equations, 39, 82
metals, 149
p- and s-polarized light, 41, 42, 46
Refraction, 32-3
Refractive indices, 19-24, 28, 53
anisotropic materials, 210,
215
principal refractive indices, 214
calcite, 55
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Refractive indices (Continued)
complex refractive indices, 22, 181, 184,
210, 252, 347, 351
interface layers, 184
metals, 149
Si0,, 252
Snell’s law, 33, 36, 41, 43, 44
surface roughness layers, 181, 184
Regression calibration method, 125-7
Residual calibration method, 123-6
Resonant oscillation, 30
Retarders, 57
see also Compensators
Right-circular-polarized light, 52, 63, 64,
72, 85, 347
Rochon prisms, 55-6, 124
Root mean square roughness, 184
Rotating-analyzer ellipsometry (RAE), 87,
88, 89, 90, 93-7
advantages, 91
anisotropic materials, 243, 244, 245
calibration of instruments, 122
depolarization, 139, 140
Fourier analysis, 120
Jones matrices, 93
measurement errors, 91, 131, 132-5, 140
measurement range, 90
measurement wavelengths, 91
Stokes parameters/vectors, 94
Rotating-analyzer ellipsometry with
compensator, 88, 90, 91-2, 97-9
advantages, 92
disadvantages, 92
Jones matrices, 97
measurement errors, 132
Stokes parameters/vectors, 97, 98
Rotating-compensator ellipsometry (RCE),
88, 89, 90, 99-104
advantages, 92
anisotropic materials, 245
calibration of instruments, 126
depolarization, 139
disadvantages, 92
Fourier analysis, 121
infrared ellipsometry, 108
installation of instruments, 117-20
Jones matrices, 99
measurement errors, 127, 133
measurement ranges, 91
Mueller matrices, 100, 102
Mueller matrix ellipsometry, 111
Stokes parameters/vectors, 100
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Rotating compensators, 58
Rotating-element ellipsometry, 87
Mueller matrix ellipsometry, 112
Rotating-polarizer ellipsometry, /08
Rotations, coordinate systems, 62, 68-70,
216

s-polarized light, 33-6, 38, 81-3, 119
Brewster angles, 40-1
ellipsometry, 81-3
optical interference, 45
reflectances, 41, 42, 46
Snell’s law, 36
transmittances, 39
Sapphire, 262
Screening factor, 180
Secondary beams, optical interference,
44, 45
Self-assembled layers, 287
Sellmeier model, 170, 176, 250-2, 255, 259
Semiconductors, 173-4, 25676
alloy composition, 268, 275-6
anisotropic semiconductors, 296-9
critical thickness, 273
dielectric functions, 258-62
direct bandgap semiconductors, 257
doping, 272-3
III-V semiconductors, 266
indirect bandgap semiconductors, 257
layers, 276
parametric semiconductor model, 261,
263
strain, 2734
Si, 151, 159, 258, 262, 270
Single-wavelength ellipsometry, 89, 314
Si0,, 249-55
bulk layers, 254, 255
complex refractive index, 252
dielectric functions, 252
interface layers, 254, 255
refractive index, 252
Slow axis, 53
Snell’s law, refraction, 33
Brewster angles, 41
optical interference, 44
p- and s-polarized light, 35
total reflection, 42-3
Source polarization, 59, 128
Spectroscopic ellipsometers, see Instruments
Spectroscopic ellipsometry
advantages, 2-3
applications, 4-5
data analysis, 5-7
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disadvantages, 2-3, 197
future prospects, 9-10
history, 7-8
publications about, 9
Spherical dielectrics, 177-9
Static dielectric constant, 29-31, 160, 290
Stokes parameters/vectors, 63, 70-5, 77, 84,
86, 90
circular-polarized light, 63, 85
elliptical-polarized light, 63, 85
Fourier analysis, 120
linear-polarized light, 63, 70-1, 77, 85
natural (unpolarized) light, 63, 78
partially polarized light, 77
phase-modulation ellipsometry, 104-5
Poincaré sphere, 72-4, 84
rotating-analyzer ellipsometry (RAE), 94
rotating-analyzer ellipsometry with
compensator, 97, 98
rotating-compensator ellipsometry

(RCE), 100
Strain, semiconductors, 273—4
Substrates

anisotropic substrates, 222, 231, 237-9
isotropic substrates, 224, 228
Surface roughness layers, 1814, 186-7,
263, 264, 325
complex refractive indices, 181, 184
dielectric functions, 183, 188
effective medium approximation (EMA),
182-3, 184, 264
refractive indices, 181, 184
Susceptibility, 27, 165, 357
Synchrotron radiation, 27

Tauc model, 257
Tauc-Lorentz model, 170-2, 176, 281, 326
Temperature dependence, dielectric
functions, 270-1
multilayer structures, 313
real-time monitoring, 312—13
Temporal period, waves, 14
Textured substrate, 189
Thermal oxide, see SiO,
Thin films
anisotropic thin films, 224, 228, 241-3
formation, 328-32
optical interference, 43-5
transparent films, 154
TiN, 337-9
TiO,, 297-9
Total amplitude reflection coefficients, 193
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Total reflection, 42-3
attenuated total reflection (ATR), 43,
110, 322
critical angle, 42, 54
Snell’s law, 43
Totally polarized light, 75-6
Poincaré sphere, 75, 76
Trajectory, ¢ — A, 156-8
Transfer matrices, 230
partial transfer matrices, 232-3
Transformations, coordinate systems, 62
Transmission axis, 54
Transmission electron microscopes (TEMs),
7, 3301, 333, 336
Transmittances, 39
Transparent conductive oxides (TCOs), 281
Transparent films, 150, 154, 186
thickness, 154
Transparent media, 21
Transverse waves, 18
Trigonometrical functions, 345-6
Two-dimensional island growth, 187

Unbiased estimator, 199, 251

Uniaxial materials, 210-11, 214, 243, 245
crystals, 237
electric dipole radiation, 211-12
extraordinary rays, 211, 212, 213, 299
negative uniaxial materials, 211
ordinary rays, 211, 212, 213
positive uniaxial materials, 211, 221, 222

Uniaxial polymer films, 300-3

Uniaxial a-quartz, 295

Uniaxial TiO,, 297-9

Unpolarized light, see Natural (unpolarized)

light
Urbach tails, 259

Virtual substrate approximation (VSA), 312,
323-8
process control, 340-2

Wave number, 19

Wavelengths, 14

Waves, see Electromagnetic waves
Wire-grid polarizers, 56-7, 107, 130

Xenon lamps, 120

Zone-difference calibration method,
125, 126


















