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“n” model, 63, 80, 101 bridge-based impedance detector, 105
“T” model, 80 Buckminsterfullerenes, 1
Abbe limit, see diffraction limit calibration, 4, 6, 27, 28, 37, 45, 62, 68, 77, 85, 104, 138,
ABCD matrices, 78, 80, 86 204,211, 214, 218, 226
acoustic waves, 226 admittance, 143
actin, 303 coefficients, 45
adapter, 47 constant, 134, 165, 173, 216
adaptive weight smoothing, 301 FMR, 143
admittance, 11, 22, 62, 63, 95, 97, 98, 99, 101, 137, 143, lines, 30
174, 175, 180, 195, 196, 198, 301, 303 magnetic field, 143
matrices, 78, 197 multimode, 31-33
ambient conditions, 150, 206, 207 NSMM, 33-34, 124, 130
angular frequency, 83 one-port, 11, 49, 50, 135, 136, 139, 214, 303
anisotropic dielectrics, 126 on-wafer, 31, 53, 62, 93, 94, 188, 191
anisotropic magnetoresistance, 263 quality factor, 114
ANSYS Designer, 71 reference samples, 118, 164, 166
antenna, 5, 67, 123, 129, 145, 173, 227, 228, 233, 241, 246, standards, 29, 34, 43, 45, 49, 50, 57, 60, 62, 124, 131,
271, 283, 284, 285 136, 192, 244
free space resistance, 130 test structures, 6, 56, 57, 68, 71, 93, 194, 245
nanoscale, 68 underlying assumptions, 70
near-field, 163 validation, 70
approach curve, 137 canonical momentum, 151
atomic force microscope, 5, 6, 33, 107 cantilevers, 119, 123, 125, 256, 273
conductive, 218 bimaterial, 258
contact mode, 107, 110, 131, 135, 153, 166, 293 parasitic effects, 123
non-contact mode, 107, 247 capacitance, 7, 8
attenuator, 54, 139, 140 depletion layer, 170
AWR Microwave Office, 71 oxide, 215
topography-dependent, 297
band gap, 177, 179, 188 capacitance per unit length, 19, 69, 101
Bardeen formalism, 109 capacitance-voltage curve, 207, 208, 211, 213, 216
beam-bounce feedback, 107 measurement, 207
Beatty standard, see mismatch standard carbon nanotube bundles, 84, 85
Bessel function, 225 carbon nanotubes, 1, 2, 5, 52, 53, 57, 58, 60, 61, 63, 64, 67,
Bethe, 111, 225 69, 75, 83, 84, 85, 100, 101, 187, 188, 203, 247
bias tee, 113, 119 ballistic transport, 2, 67
bilinear transform, 59 characteristic impedance, 69
biological systems, 279 electromagnetic characterization, 90
biological tissue, 291 impedance, 60, 84
Boltzmann constant, 165, 206, 265, 283 interconnects, 3
Born approximation, 228 metallic, 64
boundary conditions, 12, 16, 17, 20, 72, 77, 129, 152, 161, quantum mechanical properties, 85
227,238,254, 255,288 semiconducting, 64
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carbon nanotubes (cont.) magnetic, 226
separation, 64 time-dependent, 149
single-walled, 69, 83, 187 cutoff frequency, 52, 55, 63, 188
surface impedance, 83
transistor, 64, 187 de Broglie wavelength, 36, 69
transport properties, 90 Debye screening length, 291
carbon-based nanomaterials, 1 de-embedding, 5, 8, 11, 27-28, 32, 41, 53, 55, 75, 85, 90,
carriers, 69, 108, 180, 181, 207, 209 93,97, 137, 138, 143, 187, 192
concentration, 155, 178, 218, 219 defects, 6, 8, 165, 181, 182, 187, 203, 218, 243, 248, 255
mobility, 171 subsurface, 144, 222
charge density, 12 demagnetization, 152
magnetic, 225 demagnetizing factor, 253
time-dependent, 149 de-noising of images, 141, 298
circuit models, 52, 68, 71, 74, 75, 77, 84, 85, 86, 101, 124, density of states, 69, 109, 177, 219
154, 188, 189, 190, 191, 192, 201, 241 depletion region, 208
circuit libraries, 75 depletion width, 206
critically coupled resonator, 138 depolarization, 152
limitations, 74-75 surface, 152
parameter extraction, 70, 100 destructive interference, 45, 46, 49
resonant circuit, 158 devices
circulator, 116 active, 187, 191
clock frequencies, see operating frequencies carbon nanotube, 83, 84
CMOS, 3, 53, 245 CMOS, 53
coaxial cable, 17,271, 284, 289 empty reference, 53, 62, 63, 74, 93, 99, 194, 199
cold bias conditions, 192 extreme impedance, 52, 82, 91
Cole-Cole diagrams, 174 GaN nanowire, 101, 102
collision frequency, 155 massively parallel, 64
COMSOL, 71 microelectronic, 3
conductance per unit length, 19, 101 microfluidic, 296
conduction channel, 69, 194 microwave, 37
conductivity, 12, 204 nanoelectronic, 52, 84
conformal mapping, 175 nanotransistor, 8, 199
connectors, 27, 55 nanowire, 63, 79, 80, 81, 84, 95
precision, 55 nonlinear, 85
constitutive relations, 149, 150 one-dimensional, 177
contacts, 4, 27, 53, 56, 61, 62, 65, 68, 84, 90, 192, 195, on-wafer, 53
196,214 silicon-based, 207
capacitive, 81 symmetric, 80
host structure, 93 Wheatstone bridge, 59
impedance, 5, 6, 67, 80, 92, 102 dielectric constant, 176
ohmic, 93, 100 dielectric films, 81, 173-174
positioning, 67 dielectric substrate, 173
reactance, 81 dielectrophoresis, 4, 64, 92, 93, 192
resistance, 101 differential measurement, 60, 61, 134
coordinate system, 19, 129, 174 diffraction limit, 104, 279
coplanar waveguide, 31, 52, 55, 56, 62, 63, 64, 71, 76, 81, diode detector, 113
91,92,93,97, 143, 164, 192, 194, 274 dipole fluctuations, 292
copper nanowires, 2 directional coupler, 58, 60, 113, 119
cost function, 46, 86, 235, 301 dissipation volume, 161
Coulomb forces, 291 distributed circuits, 18
coupling capacitance, 125, 126, 127, 128, 129, 143, 153, of low-dimensional systems, 70, 174
154,162, 165, 166, 175 dopant concentration, 7, 167, 170, 213
conical tip model, 127-128, 205 dopant profiling, 8, 166-167, 168, 203, 204, 207
parallel plate model, 125-126, 204-205 calibrated, 167, 211
spherical tip model, 126-127 scanning-probe-based, 203, 210
CST Microwave Studio, 71 two-dimensional, 210
current density, 12 dynamic microscopy modes, 293
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effective mass, 155
Einstein, 105
Einstein de Haas effect, 256-258
electric displacement, 12, 150
electric field, 12, 36, 73, 149, 150, 152
electric susceptibility, 152
electromagnetic materials equations, 12
electrostatic capacitance measurement, 136
electrostatic force microscopy, 137, 293-296
electrostatic limit, 80
electrostatics, 126
elementary dipole, 129, 224, 226, 236
empty device approach, 61-64, 102
environmental cells, 304
environmental control, 119
equation of motion, 152, 252, 254
equilibrium, 152, 206, 209, 243
error box, 30, 31, 32, 85, 94, 140
error models, 25, 27

one-port, 139

three-term, 60
error terms

directivity, 34, 49, 59, 136

port match, 34, 49, 59, 136

tracking, 34, 49, 59, 136
evanescent modes, 32, 284
evanescent waves, 105, 165, 236
exchange energy, 150

fabrication, 4, 6, 50, 53, 57, 61, 63, 94, 99, 187, 188,
192, 199

far field, 129, 141

Fermi energy, 109

Fermi level, 69, 170, 181, 204, 209

Fermi velocity, 69, 83, 178

ferroelectric, 85, 171, 173

ferromagnetic resonance, 143, 144, 251, 255, 258, 260,

261, 264, 266, 268, 270

scanning thermal microscopy, 270
thermally excited, 265

ferromagnetic-ferroelectric composites, 149

ferromagnets, 85, 251, 252, 264, 271
multilayer structures, 262, 265, 268

Fert, Albert, 264

field effect transistors, 68, 187

filter, 141

finite element electromagnetic solvers, 72, 128
memory requirements, 74, 80

flexible substrates, 68

fluorescence imaging, 279

fluorographene, 188

focused ion beam, 81, 92, 105, 203
deposition, 92

force-distance curve, 110

forward problems, 226
solution, 230

Fourier transform, 229

Fredholm integral equation, 229

frequency shift, 114, 159, 161, 162, 165, 173,

233,246, 291
image, 114
measurement, 161
frequency-following feedback, 113
fringe capacitance, 126, 132, 135, 284

309

226, 232,

GaN nanowire, 84, 85, 86, 90, 92, 188, 192, 194, 198, 199,

297,299

device fabrication, 91-93

device measurement, 93-97
Geim, 174
generalized reverse cascade matrix, 32
genetic algorithm, 84, 85
Gilbert damping parameter, 253
grain size, 173

graphene, 1, 2, 4, 36, 52, 69, 100, 173, 174, 175, 188, 203

nanoribbons, 90, 188
NSMM measurements, 174—179
permittivity, 176
resistive model, 175
sheet resistance, 176
spreading resistance, 175
transistors, 188
graphene-boron nitride, 188
Green’s function, 161
ground penetrating radars, 222
Gruenberg, Peter, 264
guided waves, 11, 15
backward-propagating wave, 19
fields, 16
forward-propagating wave, 19
power, 18
wavelength, 16
guided-wave measurements, 5, 53, 55, 173
gyromagnetic ratio, 151, 252, 257

half space, 129, 157, 229

half-wavelength resonator, 116

Hankel function, 225

harmonic time dependence, 17, 19, 21, 253
Heaviside, 18

height-dependent measurement, 114

Hertz vector potentials, 14—15, 129
hexagonal boron nitride, 179

HFSS, 71

high-resolution optical microscopy, 279-282
high-speed imaging, 119

h-matrix representation, 23

host structures, 27, 53, 61, 62, 63, 64, 70, 71, 74, 81, 82,

91,97, 190, 192, 196
hybrid coupler, 40, 42, 44, 48, 49, 57, 139

1/Q mixer, 49
image charge method, 162
image processing, 297-301

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781107120686
www.cambridge.org

Cambridge University Press & Assessment

978-1-107-12068-6 — Measurement Techniques for Radio Frequency Nanoelectronics
T. Mitch Wallis , Pavel Kabos

Index

More Information

310 Index

impedance, 17, 22, 53, 64, 75, 137, 227
antenna, 67, 129, 163, 283, 285
bulk samples, 155
characteristic, 17, 18, 19, 24, 30, 37, 39, 77, 79, 101,
128, 286
contact, 64, 70, 83, 91, 190
coupling, 125
electric dipole, 130
extreme, 6, 38, 39, 40, 43, 45, 46, 48, 53, 70, 71, 100
graphene, 176
images, 301
layered material, 157
load, 19, 21, 37, 38, 40, 117, 143
local, 106, 135
matched, 21, 131, 188
matrix, 11, 23, 97, 195, 196
measurements, 5, 7, 42, 49, 58, 131, 232, 241, 242, 272
MOS, 178
reference, 24, 50, 58, 96, 136, 140, 246
resonator, 162
sample, 125, 138, 158, 162
semiconductor sample, 155
source, 118
surface, 83, 155, 157, 271
tip-sample, 114, 128, 153, 155, 245, 287
tunneling, 156
impedance matching network, 40-42
impedance mismatch, 6, 36, 37, 40, 53, 55, 57, 58, 67, 69,
70,91, 192
in nanoelectronics, 36
impedance transformer, 59
impulse measurement techniques, 142
inductance, 155
inductance per unit length, 19, 69, 101
interconnects, 67, 83, 85, 90, 245
carbon-nanotube-based, 2, 3, 5, 63, 84
nanowire-based, 68
interfaces, 6, 8, 55, 117, 165, 182, 187, 206, 210,
243,248
subsurface, 144, 222
interfacial spin transport, 261
interferometer, 42-45, 48, 139
active signal injection, 48—50
interferometer transition coefficients, 140
interferometric scanning microwave microscope, 139, 140
intrinsic linewidth, 143
intrinsic properties, 6, 53, 62, 68, 188, 191
inverse problems, 8, 85, 124, 223, 225, 226, 230, 231, 233,
235,236,242
solution, 230-231
isotropic media, 12

JCMSuite, 71
kinetic inductance, 64, 69, 75, 85, 90, 100, 176, 188

Kirchoff’s laws, 19
Kittel resonance condition, 254

Landau-Lifshitz equation, 150, 252
Landé¢ g factor, 150, 151, 252
Laplace equation, 17, 288
Lennard-Jones potential, 110
line-reflect-match calibration, 29, 191
Liouville’s equations, 151
lithography, 53, 58, 64, 71, 76, 192
local density of states, 109
local interactions, 150
local regression, 301
lock-in amplifier, 108, 112, 114, 116, 166, 172, 178, 180, 263
Lorentz force law, 251
Lorentz gauge, 13, 14
Lorentzian, 117
loss tangent, 114, 155
low-dimensional systems, 67, 69, 173, 251
quantum effects, 67
lumped-element circuits, 18, 81, 100, 117, 153, 159, 174,
205,215,271

macroscopic dipole density, 151
magnetic dipole, 129, 143
magnetic field, 12, 13, 15, 36, 110, 143, 149, 150, 152, 228,
229,251,252, 255, 257, 261, 262, 274, 293
magnetic induction, 12, 150
magnetic resonance force microscope, 269
magnetic susceptibility, 152
tensor, 253, 256
magnetization, 12, 13, 143, 149, 150, 151, 152, 252, 253,
265, 266, 271, 272
elliptical motion, 259
motion, 263, 273
non-uniform motion, 255
precession, 252, 268
uniform precession, 253
magnetization dynamics, 144, 251-255, 264, 272, 274
all-electrical measurements, 262-264
inductive measurements, 266
multilayer structures, 265
NSMM, 270
magneto-electric materials, 150
matched load, 54
material parameters
extraction, 68, 70, 125, 208, 218, 242
microscopic, 13
modeling, 83, 190, 296
materials characterization, 8
fundamentals, 149-152
local, 149
local spectroscopy, 173
Maxwell’s equations, 11-12, 124, 150
in cylindrical coordinates, 129
magnetostatic limit, 255
Maxwell-Garnett mixing formula, 291
Maxwell-Lorentz microscopic equations, 149
mean free path, 67, 69
measurement science, 4, 5
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measurement uncertainties, see uncertainties impedance, 76
mechanical break junctions, 4 metallic, 2, 68, 70, 76
metal oxide semiconductor, 166, 167, 178, 204, 206, 207 resistivity, 75
capacitor, 167, 204, 209, 210 semiconducting, 1, 52, 90
theory, 166, 170, 207-210 near field, 105, 123, 124, 128, 129, 141, 153, 226
metal-semiconductor junction, 206-207 conditions, 154
metamaterials, 149 near-field scanning microwave microscope, 6, 7, 33, 123,
method of images, 116, 126 203, 251
method of least squares, 47 AFM-based, 107, 119, 216
microbridges, 68, 71, 81 aperture-based, 111-112
microcantilever, see cantilevers biological applications, 296, 301-304
microcapacitors, 131-134, 215 capacitance calibration, 130-135, 214-216
microscopic dipole density, 151 complex impedance calibration, 136
microstripline, 31, 173, 262 customized, 119
microwave network depth sensitivity, 238, 243, 296
one-port, 6,27, 33, 37, 39, 45, 59, 60, 117, 123 designs, 104, 123, 272
three-port, 42, 46, 116 de-trending images, 301
two-port, 24, 27, 29, 63, 76, 80, 86, 123, 303 dopant profiling, 207, 213
microwave signal path, 33, 106, 111, 112, 117 electrostatic force calibration, 136137
microwave solvers, see finite element electromagnetic FMR, 251
solvers high-speed, 119
microwave tomography, 222-223 history, 104-106
image reconstruction, 227 images, 132, 133, 135, 298, 299, 301
microwaves, 1, 145, 282, 296 in liquid, 119
mid-gap states, 210 local and non-local interactions, 141
millimeter-waves, 1 local spectroscopy, 181, 213
mismatch standard, 54 magnetic measurements, 144, 251, 270
mixing resistance, 268 measurement uncertainty, 165
modeling, 6, 41 modeling, 153, 180, 233, 241, 297
finite-element, 69, 71, 74, 77, 124, 144, 180, 246, 266 non-resonant, 117-118
lumped-element, 80-82, 124 operating frequency, 117, 128, 136, 167, 171, 299
nanoscale components, 70 reflection mode, 116
NSMM, 117, 241 resonant, 114-117, 158, 159, 168, 171, 214
parasitic capacitance, 64 selection frequency, 170
three-dimensional, 72 sensitivity, 117
tip-sample interaction, 109, 125, 153 signal-to-noise ratio, 114, 139, 179
transistor, 189, 191 STM-based, 113, 141, 156
transmission line, 77-79, 124 subsurface measurements, 138, 174, 223, 233, 242-248
molecular beam epitaxy, 93 time domain, 141-142
molybdenum disulfide, 180 tip-based, 112-114
Moore’s law, 1 transmission mode, 144
multiferroic, 85 two-port, 153
multilayer media, 156-158 near-field scanning optical microscopy, 282
biological, 287-290 near-field scattering, 223
multiline thru-reflect-line calibration, 28, 29-31, 32, 54, 62,  neural networks, 85
71,72,93,95,96, 191, 192, 194 Newton-Kantorovich method, 235
multimode calibration, 29, 31-33, 79, 145 NISTcal, 30
multiphysics simulation, 180 noise, 5, 79, 165, 191, 265, 298, 300
multiport device, 22, 24, 42 mechanical, 54, 119
myosin, 303 thermal, 119
noise power spectral density, 265
nanoelectronics, 1, 4, 68, 70, 90, 104, 187, 203 nonlocal interactions, 150
nanoscale building blocks, 3, 4, 6 Novoselov, 174
nanowires, 53, 68, 69 nuclear magnetic resonance, 143, 251
conductivity, 77
contact resistance, 75, 77, 79, 81 ohmic contacts, 101
cross section, 81 on-wafer calibration, 28, 31, 70, 71
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on-wafer measurement, 5, 27, 52, 57, 61, 64, 90, 93, 98,
100, 187, 194
best practices, 53-57
simulation, 72
standards, 57, 94
test platform and instrumentation, 54
on-wafer measurements, 143
open circuit, 21, 22, 29, 38, 60, 61
operating frequencies, 1, 68, 69, 113, 117, 137, 139, 168,
243,244,294
optimization, 45, 47, 71, 137, 140, 197, 201
of devices, 4, 61,91, 93, 188
iterative, 85
optoelectronics, 3, 8

packaging, 68
parameter extraction, 52, 76, 85, 90, 124, 137, 153, 167
parametric curve, 21
parasitic capacitance, 5, 63, 64, 75, 101, 109, 125, 134,
138, 154, 194, 195
parasitic coupling, 53, 62, 64, 75, 91, 125
parasitic impedance, 125
parasitic reactance, 6, 62, 64, 188, 213
parity transformation, 150
Pauli repulsion, 109
permeability, 7, 85, 154, 160, 224, 227, 234, 271, 272, 283,
285, 287
of free space, 13, 36, 151, 253
tensors, 12, 228
permittivity, 7, 85, 105, 112, 114, 127, 130, 134, 154, 155,
160, 162, 164, 165, 173, 204, 206, 208, 214, 216, 224,
227,229,233, 234, 235, 237, 238, 240, 246, 248, 283,
284, 287, 291, 296, 297, 301
of free space, 13, 36, 151, 205, 291, 295
Lorentz-Drude, 155
profile, 285
subsurface, 241
tensors, 12, 172, 228
perturbation theory, 159, 228
phase shifter, 117, 168
phosphorene, 179
photoacoustic effect, 270
photoactivated localization microscopy, 281
photolithography, see lithography
photonic bandgap crystals, 149
piezoelectric transducers, 111
Planck’s constant, 36, 69, 83, 109
plane wave decomposition, 236
plasma frequency, 155
Poisson’s equation, 211, 216
polarization, 12, 13, 149, 150, 151, 152, 171, 172
dielectric, 150
post processing, 141
power, 3, 5,17, 18, 21, 37, 41, 153, 260
power divider, see power splitter
power spectral density, 267
power splitter, 40, 42, 43, 44, 46, 47, 48, 49, 57

power waves, 23, 24, 32
Poynting’s vector, 18, 154
probes, 7,27, 31, 33, 245, 270, 297
antenna, 283
coaxial, 105, 284
electric dipole, 143, 157
geometry, 123
ground-signal-ground, 55, 61, 91, 94, 99
high-impedance, 60
inductive loop, 155
loop, 272
magnetic, 256
nanowire, 105, 216
near-field, 104, 123, 125
needle, 112
non-resonant, 123
NSMM, 106
on-wafer, 53, 55,94, 191
pitch, 55
planarization, 55
positioning, 55-56
resonant, 114, 123
scanned, 111
skate, 55
probe-sample coupling, see tip-sample interaction
propagation constant, 16, 19, 30, 31, 77, 79, 95, 96, 128,
156, 160, 194, 245, 286
of free space, 157
Pt nanowire, 75, 76, 78, 81, 82, 86

quadrupole density, 150
quality factor, 105, 108, 114, 117, 123, 138, 159, 160, 161,
162, 163, 164, 165, 174, 175, 247, 258, 291
effective, 117
image, 114
measurement, 161-162
quantum capacitance, 69, 75, 85, 90, 101, 177, 178,
181,188
graphene, 176
one-dimensional, 178
quantum Hall effect, 36
quantum resistance, 36, 38, 58, 69, 85
quarter-wavelength resonator, 115

radio-frequency scanning tunneling microscope, 119
reciprocity principle, 23
redundant measurements, 45-47, 79, 81
reference planes, 49, 80, 136, 145
coaxial, 27
definition of, 25
translation of, 25, 62, 70, 77, 96, 138, 194
reference samples, 62, 137, 164, 168, 204, 211, 212, 214,
218,287
reference standards, 27, 46, 47, 139
reflection coefficient, 21, 23, 26, 33, 37, 43, 45, 46, 49, 58,
117,123, 134, 136, 137, 157, 158, 161, 167, 180, 213,
232,233,241, 242,247,272, 284, 285, 300, 301
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definition of, 21 circuit model, 71
NSMM, 117, 128, 131, 153, 159, 166, 207, 214, 223 finite-clement, 77, 83, 124
signal-to-noise ratio, 246 full wave, 71, 82
reflectometer, 40, 42, 43, 44, 45, 46, 48, 50 meshing, 80
one-port, 42 molecular dynamics, 292
reflection coefficient, 42 single-mode propagation, 31, 137, 145
relative permittivity, see permittivity six-port network analyzers, 29
resistance per unit length, 19, 101 six-port reflectometer, 5
resonance frequency, 105, 108, 159 skin depth, 7, 8, 170, 232, 243, 244
resonant cavities, 123 Smalley, Richard, 2
equivalent circuit, 162 Smith chart, 21, 22, 29, 39, 40, 41, 42, 49
power dissipation, 161 Sommerfeld, 129, 147
resonant circuit, 113, 158 Sommerfeld identity, 225
retarded potentials, 14 Sommerfeld integral, 129
Ricatti form, 158 space charge density, 170
Rytov approximation, 231 spatial resolution, 105, 107, 138, 143, 149, 203, 209, 243,
247,270,272, 279, 281, 294, 296, 301
scanning capacitance microscope, 178, 203 spectral decomposition, 225
dopant profiling, 210-212 speed of light, 13
scanning electron microscope, 5, 76, 81, 83,92, 189, 271,304  spin, 69, 150, 151, 251, 252, 254, 257, 262, 272
scanning Kelvin probe microscope, 203, 218 spin degeneration, 177
scanning nonlinear dielectric microscope, 171-173 spin Hall effect, 268
scanning probe microscope, 4, 104, 107 spin pumping, 268
depth profiling, 222 spin rectification effect, 263
distance following techniques, 106-109 spin torque, 266268
spatial resolution, 6 spin valve, 265
scanning spreading resistance microscope, 203, 218 spin wave, 144, 255, 268
scanning tunneling microscope, 5, 33, 107, 141, 218 spin-orbit coupling, 261
constant current mode, 114 split post resonator, 164
radio frequency, 107, 272 spreading resistance, 174, 175
spatial resolution, 105 STATISTIcal, 30
scattering parameters, 5, 6, 22, 23, 27, 28, 49, 53, 54, 60, statistical density operator, 151
62,71,72,73,78, 83, 84, 85, 86, 90, 94, 96, 98, 102, stimulated emission depletion microscopy, 280
140, 191, 192, 197, 198, 199, 200, 215 stray capacitance, see parasitic capacitance
calibrated, 96 stripline resonator, 116
definition, 22-23 subsurface imaging, 119
matrices, 11, 42, 44 sub-wavelength aperture, 105, 111, 143
reciprocal, 24 superlocalization, 281
symmetric, 24 super-resolution fluorescence microscopy, 280
scatterplot, 298 surface band bending, 210
semiconductor, 1, 3, 155, 165, 170, 204, 206, 209, 210, surface charge density, 170
216,218 surface current density, 12
FET, 192 surface resistance, 170
oxide layer, 166, 167 switch terms, 30
two-dimensional, 179 Synge, 105
sensors, 68
sheet resistance, 7, 175 tagging methods, 279
short circuit, 21, 22, 29, 54, 60, 61, 94 Taylor series, 79
short-open-load-thru calibration, 29, 191 Telegrapher’s equations, 19
signal flow graphs, 11, 25-27 terahertz, 69, 187
Mason’s rules, 26-27 Tersoff-Hamann theory, 109, 110
signal loops, 26 test fixtures, 27, 28, 76
Wheatstone bridge, 58 test platforms, 68, 214
silicene, 179 thru, 29, 94
simply-connected domain, 234 thru-reflect-line calibration, 29
simulations, 25, 85, 129, 131, 138, 143, 174, 181, 191,201,  Tikhonov’s regularization, 230
206, 210, 227, 245, 267 time-domain measurements, 142
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time-resolved Kerr microscopy, 262
tip geometry, 137, 154, 205
effective tip radius, 126, 131, 134, 136, 163, 205, 209
tip apex, 109, 126, 295, 296, 297
tip-sample capacitance, 124, 172, 207, 246, 300
tip-sample interaction, 8, 124, 125, 136, 153, 155, 156, 159,
163, 165, 174,213, 214, 215
tip-sample models, 124, 204, see also coupling capacitance
topographic artifacts, 296297
topographic cross-talk, 297
topographic images, 109
torque wrench, 55
total internal reflection fluorescent microscopy, 281
trace operator, 151
transistors
carbon nanotube, 187
cold state measurements, 190
DC electrical measurements, 191
graphene, 188
modeling, 189—190
nanowire, 93
transconductance, 187, 198
transit time, 198
transition metal dichalcogenides, 3, 173, 179, 180, 181, 188
measurement, 179-182
transmission coefficient, 123, 144, 153, 164
transmission electron microscope, 5
transmission line, 15, 16, 18, 19, 21, 22, 23, 25, 30, 68, 69,
74,77, 79, 80, 85, 86,91, 101, 123, 143, 153, 156,
158, 160, 243, 245, 286
calibration lines, 94
impedance, 21
modeling, 71, 77-79
theory, 11, 18-22
transverse electric (TE) wave, 15, 16, 36
transverse electromagnetic (TEM) wave, 15, 16, 18, 33, 36,
70,79, 287
transverse magnetic (TM) wave, 15, 16, 36, 287
tungsten diselenide, 179
tuning fork feedback, 108
tunneling current, 107

tunneling resistance, 156

two-dimensional electron gas, 36, 176, 251
two-dimensional materials, 1, 3, 53, 176, 181, 188
two-port device, 23, 25, 32, 53, 76, 195

ultra-high vacuum, 107
uncertainties, 5, 46, 57, 64, 98, 100, 198, 200, 284
nanofiber devices, 97-100
statistical, 79, 81, 140, 164, 165
type A, 97, 199
type B, 98
uncertainty budget, 99
uniqueness, 227

validation, 6, 62, 70, 71, 75, 81, 85, 136, 191, 201
of tip-sample models, 129

valley parameter, 177

van der Waals forces, 109

van der Waals heterostructures, 174

vector and scalar potentials, 12—14

vector network analyzer, 24, 27, 28, 29, 31,42, 43, 44, 45,
47,48, 49, 54, 56, 95, 124, 131, 132, 136, 139, 140,
145, 168, 214, 266

verification, see validation

verification kit, 54

vertical electrical dipole, 157, 273

vertical vias, 84

vortex, 264

wave equations, 15, 72

wave propagation, 11

waveguide, 5, 18, 31, 36, 50, 54, 55, 74, 116, 123, 138,
143, 161, 173, 225,270

wavelength, 16, 18, 29, 73, 80, 100, 104, 112, 129, 131,
132, 153, 225, 226, 228, 231, 279, 281, 285

weighting function, 141

Wheatstone bridge, 53

measurement of nanotubes, 5761
wireless communications, 1

yttrium iron garnet, 143, 268
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