Index

<100> beam, 246-48, 250-52,
254-57,276,325

<110> beam, 244-45, 254, 259

<112> beam, 266

<100>-oriented beam, 237, 246,
248, 250, 255-56

<110>-oriented beam, 243, 259

<100>-oriented beam, 268, 276

abrasive grinding machine, 75
absolute indexing, 231
absorption peaks, 184-85
monohydride, 187
acceleration energy, 61
accelerometers, 180, 194, 219,
336,364
accuracy, 295-97, 299, 318, 370
acid-resistant tape, 370
acoustic lens, 75
acoustic microscopy system, 75-76
activation energy, 90, 165, 192
activeness, 72
chemical, 69
actuation, 290, 358-60
actuation unit, 360
actuation voltage, 339
actuator performance, 359
actuators, 290, 359-60
integrated bimetallic, 359
physical, 360
additive, 49, 87,107, 114, 121,
123,164,168,177,194, 198,
214-16,219, 229-30, 323-25
alcohol, 113,118, 219, 222
soluble, 114
adhesion promoter, 43
adsorption, 45, 129, 131, 138, 146,
149,167,184, 188

enhanced, 120
orientation-dependent, 187, 224
preferential, 189
selective, 187
adsorption behavior, 189
adsorption density, 127
adsorption layer, 126-27, 138, 142,
144-46, 148
adsorptivity, lower, 224
AFM, see atomic force microscope
AFM probes, 355-56
AFM tip, 357
aggregates, 144, 147
large, 143
micellar, 143, 147-48
multimolecular alcohol, 143
aggregation, 147
aggressive acidic etchants, 68
agitation, 34, 48-49, 76, 194-95,
199, 324, 375
ultrasonic, 194
airborne particulates, 33
airflow patterns, 33
air motion, 33
air pressure, 33, 270, 363
air showers, 33
alcohol additives, 113, 118, 219,
222
alcohol concentration, 109,
114-15,125-31, 133,138,
143-48
alcohol concentration range, 147
alcohol film, 109
alcohols, 101, 106-7, 109-15,
117,119-23,125-39, 141-44,
146-51, 156, 180, 191
dissolved, 143
heavier, 115, 120-21
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Index

light, 143, 147
one-hydroxyl, 122
pure, 132
alignment, 43, 287, 289, 291,
295-96, 298, 300, 306,
310-12,318, 320, 346
accurate, 291, 301
high-precision, 217
alignment accessory pattern, 307
alkaline etchants, 165
common, 191
alkaline solutions, 49, 71-72, 82,
192, 323,370,372
modified, 374
pure, 219
alphabet letters, 223
wet-bulk-micromachined, 223
aluminum, 26, 57
aluminum metal patterns, 164
amorphous structure, 1
analytical plane, 105
analyzer, 60
mass, 60
anchor points, 292
angle of inclination, 111, 118, 330
angular deviation, incremental,
104
angular interval, 298, 300, 313
angular pitch, 297, 306, 308
anisotropic etching, 49-50, 74-75,
79, 83,163,165, 269-71, 274,
331-34, 348-49, 351, 364,
366,368,370-71
back-side, 335
chemical, 71
first-step, 274
perfect, 46
simultaneous, 367
two-step, 271
wet silicon, 368
anisotropic etching system, 72
anisotropic material, 71
anisotropic nature, 69, 79, 82

anisotropy, 46, 51, 69, 82, 89-90,
101-2,105,113-15, 124,129,
147,163,213, 323

high, 52
reversal, 113
strong, 82

anisotropy ratio, 108, 119-21, 123,
151, 153-55, 166, 214

annealing, 61-65

APCVD, see atmospheric pressure
chemical vapor deposition

APF, see atomic packing factor

area ratio, 198

relative, 196
argon ambient, 27
arrangement
atomic, 1-4
symmetrical, 15
tetrahedral, 23
two-dimensional, 3
arrays, 290-92, 365, 371
cold emitter, 75
periodic, 2
tall needle, 74-75
Arrhenius equation, 90
atmosphere, 35
inert, 27, 36
special gaseous, 63
atmospheric pressure chemical
vapor deposition (APCVD), 39
atomic force microscope (AFM),
97,118, 154-55, 355-57

atomic force microscopy, 355-56

atomic packing factor (APF), 12

atomic position, 1

atomic steps, 99-104

bunched, 100

atomistic etching behaviors, 101

atomistic scale, 221

atomistic step-etching behaviors,
101

atom removal, 100

atoms, 1-4,12-14,57, 79-80,
99-100, 110, 222, 224-25, 295



concave-edge, 226
dopant, 59
evaporated, 40
identical, 13
ionized, 40
low-coordination, 222
neighboring, 1, 23, 79-80, 226
neutral, 60
ATR-IR, see attenuated total
reflection infrared
attachment sites, 39
attenuated total reflection infrared
(ATR-IR), 184
autoignition, 36
axes, 6,9-11, 18,101, 228
corresponding, 11
crystallographic, 9-10
primitive, 5
vertical, 90
axis directions, 5

back bond, 80-81, 165
backbone, 51, 331
back-side etching, 290, 338-39
time-controlled, 335, 338
band, 231, 237
barrier, 261
effective, 105
batch process, 338
bath time, 188
BCC, see body-centered cubic
beam, 61, 244, 246, 249, 255, 257,
266, 268,290-92, 355
asymmetric, 244
asymmetric-shaped, 244
incoming, 308
integrated suspended, 370
narrow, 255
optical, 294
parallelogramic, 263, 268, 276,
325
reflected, 308
same-size, 268, 276, 325
suspended microcantilever, 55

Index

beam compensation geometry, 245
beam length, 249
beam neutralization, 60
beam width, 268
beveled direction, 235, 257
beveled shapes, 264
beveling, 184, 240, 244, 259
significant, 242, 244, 259
beveling directions, 259
bevels, 184, 222
BHF see buffered hydrofluoric acid
BHF see buffered hydrogen
fluoride
bias, 46
BiCMOS, see bipolar
complementary metal-oxide
semiconductor
BiCMOS devices, 325
BiCMOS processes, 25
bio-MEMS, 288
biosensors, 25, 290
bipolar complementary metal-
oxide semiconductor
(BiCMOS), 25, 325
bird’s beak, 55
blocker, potential, 105
body-centered cubic (BCC), 12-13
body diagonal, 13, 23
boiling point, 91, 109, 115, 121,
138, 149
high, 123,125, 133,138
boiling points, low, 114, 121, 129
Boltzmann’s constant, 90
bonded step
single-dangling, 103-4
two-dangling, 104
bonding, 62-64, 184
direct, 62
direct wafer, 62-63, 340
fusion, 62
silicon-to-silicon, 62
weak, 63
bonding agent, 62
bonding energy, 65
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Index

bonding method, 62
bonding process, 62, 65, 362
bonding strength, 63-64
bonding surfaces, 62
bonds, 79-80, 110, 226
break, 222
chemical, 62-63
hydrogen-terminated, 80
hydrogen-terminated silicon, 82
identical covalent, 23
weaker, 295
boron concentration, 191-92
boron diffusion, 357, 364
boron diffusion depth, 93
boron doping, 93-94
heavy, 92-94
high, 191
boron-doping technique, heavy, 95
boron predeposition, 364
boron solubility limit, 191
Bosch process, 53,170
bottom
flat-shaped, 90
wedge-shaped, 89
boundaries, 1
grain, 1
branched carbon chains, 130
Bravais lattices, 7-8
bubbles, 372
hydrogen gas, 79, 82, 190
buffered HF, 48
buffered hydrofluoric acid (BHF),
44,47,48,271, 343, 347, 349,
365,370
buffered hydrogen fluoride (BHF),
70
bulk etchant, 45, 167
bulk gas, 51-52
bulk micromachining, 52, 55-56,
84,323, 355
wet anisotropic etching-based,
211,294
wet anisotropic etching-based
silicon, 288

wet chemical-based, 29
wet chemical-based silicon, 359
wet isotropic etching-based
silicon, 287
by-products, 51-52, 79
volatile, 51

cages, 143
cantilever beams, 56, 94, 97, 180,
268, 288, 290, 292, 331, 335,
339, 341, 348, 355-56, 361
freestanding silicon, 354
overhanging, 219
simple silicon, 340
suspended, 334, 339
suspended silicon, 336, 350
symmetric, 365, 367
cantilevers, 73,93, 192, 290,
326-27, 333,336, 338,355-56
force-sensing, 355
polycrystalline silicon, 73
tray-shaped, 349, 352
cantilever structure, 97
capacitance, 339
carbon atoms, 115, 121-22, 156
carbon chain, 128, 130
catalyzer, 69, 165
cathode, 51
RF-powered, 52
cavities, 55, 69, 75, 179, 215-16,
269-72, 289, 298, 325-26,
339-40, 361-62, 364-66, 368,
370
back-side, 364
long, 288
micromachined, 339
neighboring, 299
polygon-shaped, 217
rectangular-shaped, 326
sealed, 339
simple, 191, 323
square-shaped, 326



truncated-shape, 326
cells
galvanic, 196
high-efficiency solar, 174
minimum-volume, 4
chamber, 51
evacuated, 40
chamber pressure, 373
channels, 288-91, 295, 326, 346,
348,351, 358
microfluidic, 353
oversized, 290
patterned, 290
serpentine-shape, 180
silicon microfluidic, 350
suspended, 348
characteristics
anodic passivation, 192
dynamic, 360
orientation-dependent, 184
characterization, 85
thin-film, 187
chemical analysis, 358
chemical bindings, stable, 64
chemical etching, 32, 50, 72
pure, 50
wet, 45, 55, 212, 215, 271, 275,
355
chemical-mechanical polishing
(CMP), 33, 340
chemical processes, 45
chemical reaction, 37, 39, 43, 45,
51-52,71,79, 88,167
chemical reaction time, reduced,
358
chemicals, 49, 83, 89
chemical structure, 62
chemical vapor deposition (CVD),
25, 38-40, 54, 70,92, 269
atmospheric pressure, 39
low-pressure, 39, 365
plasma-enhanced, 39, 92, 365
chemisorption, 194

Index

chip
wet-bulk-micromachined, 360
wood, 26
chip isolation, 254, 259-62
chip isolation grooves, 180, 219,
253
chronic diseases, 358
circuit elements, 57
circuits, 25, 358
electronic, 83
integrated, 23, 289
semiconductor, 94
signal-conditioning, 56
circular openings, 297-299, 306,
309-11, 314, 318-19
circular window features, 297
classifications, common, 33
clean-1, standard, 34
clean-2, standard, 35
cleanliness, 33
cleanrooms, 33-34, 43
cleavage, perfect, 295
CMC, see critical molecular
concentration
CMOS, see complementary metal-
oxide semiconductor
CMOS circuitry, 163
CMOS compatibility, 164
CMOS devices, 163, 166
CMOS fabrication process, 164
CMP, see chemical-mechanical
polishing
coating, 270, 362
antireflection, 141
conformal, 39
spin, 43
cohesive strengths, 65
compatibility, 214
compensating beam, 268
compensating design, 238, 240,
244,253,261
triangular-shaped, 241
compensating geometries, 237,
240, 243, 261, 264-65, 276
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optimal, 276, 325
square-shaped, 243
triangular-shaped, 240
compensating pattern, 238, 241,
250, 254-55, 264, 266
triangular-shaped, 240
compensating structures, 236, 240,
247,250,253, 255,257,269
superimposed, 253
compensation, 253, 259
complete, 240
perfect, 259
triangular-shaped, 243
compensation beam, 244
compensation design, 241-42,
244,247,259,276,325
compensation geometry, 237, 241,
245,247,250, 252, 255, 257,
259-61, 263, 325
beam-shaped, 261, 268, 325
rhombus, 267
square-shaped, 244, 259
triangular-shaped, 239, 276
compensation pattern, 236, 246,
259, 264
beam-shaped, 268
square-shaped, 267
compensation strip, 259
compensation structures, 243, 246,
255,259, 263-64, 267, 325
simple, 254
triangular-shaped, 262
compensation technique, 269
complementary metal-oxide
semiconductor (CMOS), 163,
214,323,325
components, 38, 56, 69, 101, 104,
358,372
chemical etching, 52
electrical, 25
key, 358
mechanical, 25, 55
structural, 219
compressive stresses, 34, 37, 39

concentration, 48-49, 88-90, 122,
124-26,129-31, 133-38, 141,
143, 146-47, 149-50, 167-68,
174-75, 214, 323, 332-33

boron-doping, 93

diol, 134-37, 140

high, 57, 182, 198, 324-25

hydroxyl, 114, 129

limit, 126

low, 57,127,132,138, 149, 214

maximum, 57, 143

molar, 126

saturated, 115

stress, 72

volume, 176
concentration dependence, 88
concentration range, 88, 153

high, 94

low, 89
concentration ratio, 69
conditions

boundary, 59

equilibrium, 57

harsh, 71

initial, 80

optimal, 139

total constant dopant, 59

conductive base, 270, 362

conductivity, opposite, 62

conductor, 24, 94

constant

dielectric, 185
linear rate, 38
parabolic rate, 38

consumer electronics, 25

consumption, power, 359

contact

electric, 96
electrical, 95-96, 377

contact angles, 62, 127-31, 146,
149-51

contact printing, 41-42

contact probe, 85-86, 173



contamination, 28, 33, 35, 62,
83-84, 170, 338
convex corners, 112-13, 115, 194,
211,214-29, 231-32, 235-45,
249-55, 257, 259, 261-65,
267-73,276,280-81, 324-25
etched, 276
fabricated, 257
obtuse, 224, 263, 265-66, 268
protected, 212, 236, 239, 270,
273-74,281, 325,378
right-angled, 224
sharp-edge, 246, 249, 251, 255,
269,276
undercut, 227, 229, 231, 234-35
well-defined, 236, 259, 261
well-protected, 249, 261
well-shaped, 236, 243, 250
convex structures, 111-12
cooling, localized, 358
corner compensation, 194, 236,
252
corner compensation designs, 238,
253
corner compensation geometries,
237,262,265
corner compensation method, 194,
236,250,269, 276, 325, 365
corner compensation structures,
258,260
corrugation
circular, 343, 345
periodic, 373
rectangular, 343, 345
sharp-edged, 372
counterelectrode, 337, 360, 364
critical molecular concentration
(CMQ), 149
crystal, 1, 3, 5-6, 15-18, 28-29, 57,
80,102,111
cubic, 11, 16, 18
damaged, 61
seed, 27, 29

Index

crystal directions, 287, 298-299,

301, 304, 306-7
precise, 295, 312

crystal faces, 15

crystal-growing puller, 27

crystal growth process, 27

crystal lattice, 295

crystalline grain boundary, 64

crystalline lattice slippage, 94

crystalline structure, 1

crystallites, 1

crystallization, 28

crystallographic direction, 9, 24,
29,46,111, 151, 169, 215,
217-18,227,287-89, 293-97,
308,320, 368

crystallographic orientations, 88,
90,98,107-9,111, 117

crystallographic planes, 15, 167,
169-70,172-73, 214

crystallography, 15

crystal orientation, 27, 29, 69, 82,
84,89,97,101, 218, 304, 306

crystal orientation dependence,
168, 215

crystal planes, 9, 15, 117

crystal rotation, 27

crystal specimens, 101

crystal structure, 2-3

crystal surface, 80-81, 99

flat, 100

crystal symmetry, 101

crystal zone, 107, 110

curing agent, 372

CVD, see chemical vapor deposition

CZ, see Czochralski

Czochralski (CZ), 26-29

damage, 32,42, 61, 269

dangling bonds, 64, 80-82, 90,
103,222,224-25

DC sputtering, 40

decomposition, 39
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Index

deep reactive ion etching (DRIE),
52-53,75,170-71, 368-69,
372-73
defects, 32,295
deflection, 355, 360
optical, 355
deformation, 259
de-ionized (DI), 32,170, 186
density, 127, 189, 222
bond, 295
break-bond, 222
deposition, 40, 52-53, 55, 141,
269, 273-74, 293,332, 335,
344,346-47, 349, 351, 357
thin-film, 39
deposition conditions, 39
deposition rate, 41
deposition techniques, 36
depth
channel, 354
desired junction, 59
etch, 46, 249, 256, 263, 328
etched, 92, 98
impurity, 61
depth direction, 102-3
design methodology, 237, 263, 348
desorption, 39, 45, 167
detector, position-sensitive, 355
deviation, 99, 311, 315-16, 318
electrostatic, 60
equal, 315
large, 303
lateral, 316-18
negative, 104
standard, 61
unequal, 315
deviation angle, positive, 104
device fabrication, 29, 32
device quality, 26
devices, 24, 38, 45, 48, 83, 163,
338-39, 348
bipolar, 62
field emission, 74
miniature, 357

semiconductor, 111, 325
DI, see de-ionized
DI water, 32, -36, 48, 170, 184-88
diameters, 18, 26, 29-30, 58, 103,
185, 297,302, 308, 313-14,
319, 365
inner, 29
pit, 102
diamond lattice structure, 23,
79-80
diaphragm, 83, 93, 191-92, 288,
290, 292-94, 326, 331-33,
348, 359-61
diaphragm-based sensor, 294
diaphragm length, 294
diaphragm material, 292-93
diaphragm pump, 361
diaphragms
actuator, 360
corrugated, 343
deflectable, 94
flexible, 358, 360
freestanding, 331
oversized, 293
suspended, 292-93, 331-32,
336
dicing, 184, 370-71
dicing machine, 370
dielectric constant, 185
dielectrics, 36
diffraction effect, 42
diffraction gratings, 330
etched, 331
high-quality, 330
diffusion, 37-38, 45, 51, 57-60, 71,
167,189-90, 193, 364, 366
thermal, 93
vertical, 59
diffusion depth, 338
diffusion furnace, 59
diffusion-limited case, 38
diffusion-limited process, 71, 76,
90
diffusion mask layer, 58



diffusion mask material, 58
diffusion process, 58, 364
two-step, 58-59
diffusion system, 58
solid-source, 58
diffusivity, 38, 59
dimensional change, 85
dimensioning, 256
diode, 193, 289
diols, 121-25, 129, 133-38,
141-42,149, 156
direct wafer bonding (DWB),
62-64,193, 340
discs, 58
solid, 58
dislocation, 32,100, 102-3
displacement, 3
displacement pumps, 360
dissociation, 52
dissolution, 45, 167, 336
distillation, 26
dopant dose, 61
dopant redistribution, 61
dopants, 24, 27,57-61
impurity, 57
dopant sources, 57-58
dopant species, 58
doping, 26,57, 73,93-94
heavy, 93
impurity, 57, 93
uniform, 57, 61
doping concentration, 27, 29, 95,
191
doping control, 59
doping level, 27
low, 95
normal, 93
doping profile, 59
dose, 61
uncontrolled, 60
draft bench, 84
DRIE, see deep reactive ion etching
drug delivery, 358
transdermal, 75

Index

drug delivery system, 358
drug reservoir, 358
dry etching, 44-45, 50, 56, 271,
287,341, 365
chemical, 45, 51-52
dry etch process, 55
du Nouy method, 126
DWSB, see direct wafer bonding
dynamic etching process, 127
dynamic pumps, 360

e-beam lithography, 41
edge contouring, 32
edges, 178, 223-25, 227-28,
232-35, 240-41, 249-50, 272,
295,298-99,303, 313, 327,
345-46, 349-50, 354-55
aligned, 299
beveled, 241
beveling, 234
cleaved, 295
curved, 327, 374
long, 246,318
masked, 228
misaligned, 289
pattern, 303
sharp, 270, 325, 342-44, 346,
356,362
short, 184
undercut, 231
EDP, see ethylenediamine
pyrocatechol
effects, dielectric, 185
EGS, see electronic-grade silicon
EGS polysilicon, 27
electrical conductivity, 24
electrical discharge, 40
electrical isolation, 38
electric field, 38
electric leakage, avoiding, 96
electrochemical etch stop, 92,
94-96,192-93, 326, 331, 333,
336,338
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electrode
grounded, 51
platinum, 193
powered, 51
pull-down, 362
electrode configuration, 51
electrodeposition, 270, 362
electrodes, 51, 75, 193, 338, 362
electrolyte, 196
electronegativity, large, 165
electronic-grade silicon (EGS),
26-27
electronics, integrated, 83
electrons, 52, 61, 95, 185
free, 51-52
light, 52
electrostatic actuation, 362
electrostatic potential, 195
electrostatic pump, 360
ellipsometric investigation, 188
ellipsometry, 183, 187-88
emitters, 57
field, 74
environment, local, 185
equilibrium, 95
thermodynamic, 100
equipment, 24, 300-1, 303, 312
automatic processing, 29
diffraction, 295
error, 95,153,301, 304, 310
associated, 320
theta, 303,310, 312, 314
error function, 59
etch, 45, 47-48, 83,93, 100, 170,
301, 364
self-limiting, 326
etch anisotropy, 85-86, 89
etchant, 44-46, 48-49, 163-64,
167-69,177,189-93, 211,
213-15, 224, 226-27,229-31,
239, 250, 263-64, 323-27
new, 261
strong, 70
wet, 170

etchant composition, 177
etchant concentration, 192, 194,
198, 226
etchant inhomogeneities, 191
etchant species, 51
etchant type, 214, 216, 331, 346
etch depth, 85-86, 181-82, 214,
217,223, 226,237,239-41,
243-45, 249, 252-53, 255,
258, 268-69, 336
etched cavities, 69-70, 327, 362,
365
etched channels, 291
etched dimensions, 92
etched patterns, 50, 181-83, 228,
269, 298-300, 304-5, 310,
314,319,363
etched profiles, 49, 67, 87, 89,
178-80, 212-13, 226, 228-30,
234, 246-48, 257, 259, 302-3,
305,315-17
final, 300
progressive, 243, 248
stable, 178, 211
etched recesses, 67
etched sidewalls, 273
etched silicon lens, 76
etched structures, 111, 113, 120
etched surface morphology, 49,
134,163,174-78, 180, 198,
323-24,326
etched surface quality, 91
etched surface roughness, 91-92,
97,99, 119, 125, 153, 156,
174-75,177
etched surfaces, 83, 89, 92,97-98,
111,119,125,132,134, 147,
153,156, 294
smooth, 325
etched surface textures, 98
etch front, 196, 198-99, 227-28,
235,250,324
etch front lines, 250
etch front planes, 231



etching, 44-46,99-101, 108-10,
125, 138-40, 164-65, 184-87,
193-96, 211-13, 249-50,
269-72,297-300, 313-14,
334-38, 340

alkaline, 94, 99

chemical, 50

electrochemical, 192, 333

finite, 215

front-side, 290, 339

groove, 105

ion beam-based, 45, 50

laser beam-based, 45, 50

one-step, 328

photoelectrochemical, 372-74

plasma-based, 51

prolonged, 303

selective, 272, 365

side, 67

sputter, 50

time-controlled, 272, 276,
331-32,335-36, 339, 341

time-controlled back-side, 335

time-delayed, 194, 241, 269

undercut, 73

uniform, 48

vertical, 196

etching agents, 146

etching anisotropy, 82, 111, 129

etching bath, 76

etching behavior, 180, 197, 224

etching characteristics, 164-65,
180, 183, 189, 194, 198, 211,
215, 219, 223-24, 237, 246,
263,323,327

fast, 88
orientation-dependent, 183
superior, 164
etching conditions, 48, 86-87, 89,
264
normal, 83
single, 84
etching depth, 257
uniform, 373

Index

etching experiment, 45
etching front, 52, 95-97, 195
etching mask, 83, 95, 357
etching mask openings, 95
etching mechanism, 71, 79, 142,
165
etching MEMS structures, 119
etching parameters, 198, 217, 231,
250, 324
etching plane, 49, 231
etching process, 45, 52-53, 55,
113,115,117,126,129, 132,
134, 146, 198-99, 224, 226,
324
etching process temperature, 156
etching properties, 69-70
etching rate, 67, 71-73, 84, 88,
104-5, 166, 224, 234, 368
orientation-dependent, 69
slowest, 49
uniform, 67
etching reaction, 69, 71, 79-80,
104, 143,165
chemical, 72
moderate, 69
total, 90
etching results, 69, 129
etching selectivity, 72, 213
high, 192
etching solution, 71-72, 76, 80,
82-83,91,94-95,100-101,
105,111,121, 128,133, 139,
147,156
alkaline, 69, 72
etching species, 71-72
etching stages, 142
etching step, 45, 51, 58, 172, 263,
269,271, 326,343,350
first anisotropic, 269, 354
post-CMOS anisotropic, 163
second anisotropic, 272, 350
second wet anisotropic silicon,
365
etching systems, 71
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etching techniques, 92
etching temperature, 49, 70, 72,
88,90,92,168,177,198, 214,
226,336
etching time, 165, 177, 214, 226,
300, 304,307,310, 318, 326,
331,336,367,375
etching time control, 73
etch mask, 83, 164, 342
etch mask layer, 332, 335, 369
etch parameters, 163, 323
etch patterns, 240, 336
etch pit profiles, 102
etch pits, 102-4
shallow, 103
etch profile analysis, 87
etch profiles, 87, 89-90, 105-6,
252
rounded, 67
etch profile simulation systems, 87
etch rate anisotropy, 83-84, 87, 90,
101-2,106,180
etch rate characterization, 105
etch rate contour maps, 85-86,
101, 104, 235
etch rate contours, 231, 234
etch rate data, 87, 228
etch rate database, 87
etch rate difference, 241
etch rate distributions, 105-6, 204
angular, 105
planar, 105
etch rate maximum, 85
etch rate planes, slow, 191
etch rate ratios, 111, 119, 124, 164,
191, 247, 255
etch rates, 46, 87-93, 100-101,
104-5,107-11, 117-21,
123-24,131-34,136-38,
145-47,153-56, 165-73,
189-92, 213-15, 223-24
absolute, 169
aluminum, 164
anisotropic, 99

averaged, 100
correct, 84
electrochemical, 198
equal, 48
fast, 240
finite, 178, 289
finite oxide, 269
high, 88,91, 198, 226
higher, 88, 224
lateral, 46, 169, 215, 227, 232,
238
lateral undercutting, 226
local maximum, 235
low, 111, 119, 138, 147, 153,
156, 263
lowest, 106, 138,147, 215
macroscopic, 101
measured, 87
multiple, 170-71
negligible, 338
reduced, 187
relative, 104,107, 167, 169, 214,
308
significant, 164
step, 100
symmetry-equivalent, 172
vertical, 46
etch rate selectivity, 83
etch release step, 341
etch resistance, 43
etch selectivity, 92
high, 164, 331-32
etch stop, 57,92-93, 338
geometrical, 326
heavy boron-doping, 95
etch stop characteristics, 94, 163,
323
etch stop layer, 97, 191, 272, 326,
331,333,336
etch stop method, 332
etch stop surface, 96
etch stop technique, 93, 95, 97
electrochemical, 96
etch technology, 51



etch time, 139-40, 170, 336
ethylenediamine pyrocatechol
(EDP), 79, 83, 236, 272

evaporation, 40, 109

e-beam, 40

rapid, 138

thermal, 40
excimer laser, 42
exposure, 41-42,193, 247, 362
exposure tool, 41, 271, 364
extrusion, 241, 261

fabrication, 72-75, 198-200, 219,
257-59, 287, 323-26,331-33,
338-40, 342-44, 346-48,
354-56,368-69, 372, 374-75,
378-82

IC, 23-25, 33

MEMS, 23, 25, 33, 38, 166, 199,
212,217,219, 236, 263, 287,
323, 325,338,372

fabrication sequence, 273-74, 335,
370

fabrication steps, 269, 334, 339,
346-47, 349, 351, 364, 368

face-centered cubic (FCC), 12-14,
23

faces, close-packed, 172

facets, 98-99, 195, 199, 216,
229-30, 324

developing, 198
sloping, 222
fan-shaped groove patterns, 104
FCC, see face-centered cubic
FET, see field-effect transistor
field-effect transistor (FET), 57
film quality, 41
films, 36, 62, 70-72, 83, 270, 362
deposited, 36, 39
passivation, 95
photographic, 43
resist, 41
solid, 38

float zone (FZ), 27, 29

Index

flower pattern, 170
flow rate, 36, 358, 360
fluctuation, 76
force balance, 128
forces, 355, 359-60
capacitive, 360
capillary, 63
dispersion, 128, 146
electrostatic, 63, 360
electrostatic attraction, 360
external, 358
flexible, 355
physical, 63
forces of attraction, 62
Fourier transform infrared (FTIR),
183-84, 188, 206
fractions, packing, 13-14
freestanding cantilever beams,
333,335
freestanding microstructures, 56,
219
frequency shifts, 185
front side, 332, 335-36, 338, 364,
368
FTIR, see Fourier transform
infrared
FTIR spectroscopy, 187
furnace, 26, 36
resistance-heated, 36
furnace tube, 58
FZ, see float zone
FZ growth method, 27
FZ process, 28-29

galvanic protection, 198-99, 324
gradual, 196
gas cylinders, 36
gaseous by-products, 39
gaseous form, 60
gaseous sources, 58
gaseous state, 58
gases, 1, 36, 39, 60, 79
dopant, 29, 57
inert, 29
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inert carrier, 58
reactive etch, 51
gas flow control units, 51
gas mixture, 57
gas-phase etchants, 45, 50
gas source, 58, 60
gas species, 39
Gaussian distribution, 59
geometry, 184, 227, 236, 240, 250,
263,269, 293,297,303-4, 310
etched, 306
overetched, 293
patterned, 292
reservoir, 346
triangular-shaped, 238, 241
glass, soda lime, 41
grain boundary, 1-2
gratings, 313, 346
echelle, 330
linear, 330-31
grinding, 29-30
groove fabrication, 90, 260
groove profiles, 105-6, 331
grooves, 83, 89, 104-5, 191,
198-99, 255, 259-62, 300-1,
324,326,331, 343, 345-46,
368,375
blazed, 330-31
flat-topped, 331
growth, reactive, 36
growth rate, fast, 38
Gutmann’s electron-acceptor
number, 185
Gutmann’s electron-donor
number, 185

hardware, extra, 271, 364

heat filament, 60

heating coils, 39

height, needle, 73

hexamethyldisilazane (HMDS), 43

high-index planes, 190
fast-etching, 249

high-performance devices, 290,
292,294
high-power RF coil, 28
hillocks, 92, 109-10, 117, 119, 132,
137-38,147,153
bulky, 117
single, 110
solitary, 151
uncontrolled, 113
HMDS, see hexamethyldisilazane
HNA, see hydrofluoric, nitric, and
acetic acids
HNA isotropic system, 75
holes, 69, 111, 336
hot-embossing process, 372
hydrocarbons, 64
hydrofluoric, nitric, and acetic
acids (HNA), 32, 48, 69, 71,
74-75
hydrogen bond network, 147
continuous, 143
hydrogen bonds, 143-44
strong, 143
hydrogen bubbles, 95
hydrogen fluoride, 64
hydrophilic bonding, 62-63
hydrophilicity, 63
higher, 62
hydrophobic bonding, 64
hydrophobic chains, 126
hydrophobic hydration, 143-44,
146-47
hydroxylation, 80

IC, see integrated circuit
IC, silicon-based, 25
ID, see inner diameter
illumination, 70

light, 94
image analysis, 170
impingement, direct, 40
implantation, 38, 57, 60-61
implantation energies, 60



impurities, 29, 38, 57, 59-60, 93,
168, 180, 214
accepter, 57
carbon, 27
donor, 57
implanted, 61
localized, 177
organic, 34
impurity activation, 61
impurity concentration, 94
large, 338
indices, 9-11, 231
industrial processes, 91
ingot, 29-30, 57, 79, 294
cylindrical, 27
inner diameter (ID), 29-30
insulator, 24, 38, 40
integrated circuit (1C), 23-24, 32,
36,289
silicon-based, 25
integration, 25, 56, 163, 358
ultra-large-scale, 50
interaction, 138, 189
galvanic, 195-98
interface bubbles, 62
interface, 37, 95, 184
air-liquid, 126
bonded, 65
etched, 189
solid-liquid, 27, 127
inversion, 5-7
ion bombardment, 72
ion collisions, 61
ion concentration, high, 91
ion distributions, 60
ionic contamination, 164
potassium, 164
ion implantation, 60-61, 193
ion implanter, 60
ionization, induced, 52
ion path, 60
ions, 41, 49,52, 60-61, 79, 81,
83-84,90, 95,101, 105, 163,
165,167,185

Index

alkali, 34-35, 164
bombarded, 52
charged, 60
complex, 95
dopant, 60
energized, 61
immobile, 163
implanted, 61
metallic, 87
positive, 51
total implant, 61
water-soluble hydroxide, 79
IPA, see isopropyl alcohol
[PA-added KOH, 235-36, 250, 267,
327,329
IPA concentration, 114, 131
IPA solutions, 108, 114, 132, 141,
145
islands, 142,152
island structures, 142
isopropyl alcohol (IPA), 107, 109,
112-14,123, 125-26, 129-30,
137-38,142,152-53, 164,
214,230, 325, 327
isotropic etchants, 48
isotropic etching, 48-49, 67-74
wet, 48, 75, 287
isotropic etching system, 71-73
chemical, 71
isotropic plasma etching, 75
isotropic process, 55
isotropy, 46, 70

kinetic energy, 52, 360

kinetics, basic, 37

KOH-based anisotropic etching, 79

KOH-based etching, 229, 325

KOH-based wet anisotropic
etching, 49

KOH-water solution, 83, 91, 98,

lapped wafers, 32
laser spot, 355
laser tuning, 330
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lateral diffusion, 61
high, 59
lateral etching, 46, 178, 215, 249,
251, 255, 263
lateral etch rate, 227, 232, 238,
240, 244, 248
lateral motion, 100
lateral undercutting, 228
lateral underetch rate, 169, 228
lateral underetch rates,
orientation-dependent, 169
lattice constant, 9, 23
lattice damage, 61
lattice parameter, 189
lattice points, 2-5, 7-8
lattices, 2-4, 6-7
cubic, 9-11
infinite, 6
orthorhombic, 10
semiconductor, 61
two-dimensional, 4-6
lattice sites, 61
lattice translation operation, 3
lattice translation vectors, 2-3
lattice vectors, 12
layer, 38, 41, 43,47, 54, 56, 93,
96, 125, 143,184, 190, 224,
338-39, 349
conducting, 38, 40
dense, 224, 226
epitaxial, 62
etch-resistant polymer, 53
insulating, 40
intermediate, 340
molecular, 62
n-doped epitaxy, 96
n-type epitaxial silicon, 95
passivation, 35
resist, 41-42
sacrificial, 56, 72-73
structural, 56, 327, 333, 348-49,
354
thin-film, 62
light reflectance coefficient, 142

liquid etchants, 45
liquid phase, 164
liquids, 1, 58, 348
liquid sources, 57-58
lithography, 41, 43, 45, 61, 269,
271, 326, 340, 366, 369, 372
back-side, 339
e-beam, 41
ion beam, 41
optical, 41, 43
soft, 372
two-mask, 194, 276
local oxidation of silicon (LOCOS),
54-55,271-72,274,325, 331,
340-44, 346-47, 349, 351,
356-57,365-66, 368-69
locations
back-bond, 80
flat, 29
spatial, 80
LOCOS, see local oxidation of
silicon
logarithmic scale, 90
low-pressure chemical vapor
deposition (LPCVD), 39, 68,
365
LPCVD, see low-pressure chemical
vapor deposition

macroscopic differences, 101, 105
magnetic field, 60
magnifications, 312, 319
magnitude, 24, 315,317-18
map, contour, 85, 102
mask, 38, 41-43, 45, 67, 83-84,
110-11, 269-73, 292-94, 299,
320, 346, 348, 362, 364, 369
back-side, 335
channel, 346
circular, 142
circular disk-shaped, 73
external, 255
mask aligner, 295, 297, 300
mask apertures, 68-69



mask damage, 42
mask design, 273, 355, 364
mask dimensions, 373
mask edge direction, 331
mask edges, 163-64, 178-79, 194,
196,198-99, 215-17, 228,
230-31, 234, 287-94, 308-10,
312-13,323-24,328-30, 346
alignment of, 217, 294, 331
misaligned, 217
straight, 84
subsequent, 300, 319
mask generator, 304
mask geometries, 212-13
mask image, 42
masking, 46
masking layer, 47, 61, 163, 198,
215,269-70, 272, 298, 208,
326, 335,357,362,367-68
masking materials, 54, 67, 83, 95,
213,335
mask inversion, 343, 349
mask layer, 46-47, 183, 193, 270,
273,329,331-33, 335, 357,
362,364,367-68,370,375
front, 170
front-side, 332, 335
mask material, 71, 92, 170, 323
mask opening, 67,95, 179, 196,
216-17
back-side, 332, 336
large-size, 339
large-size back-side, 339
long, 168-69
square-shaped, 364
mask patterns, 110-12, 214-15,
217-18, 258, 260, 288, 290,
292-94, 296, 300, 303, 327,
329,343, 346
different-shaped, 180
groove, 104
pre-etching, 304
square-shaped, 247
wagon-wheel, 85

Index

mask pattern shape, 84
mask stripes, 331
mask undercut, 67, 73
materials, 14, 23-24, 39, 45-46,
48-49, 51, 54-55, 68, 71, 180,
213,219, 331-33,338-39, 343
building, 36
bulk, 55, 287
insulating, 40
master, 372
nonsilicon, 331
polycrystalline, 26, 71
radiation-sensitive, 41
raw, 26
sidewall-protecting, 53
single-crystal, 71, 84, 295
structural, 73
target, 40
work, 71
“Material Safety Data Sheet”
(MSDS), 84
material transfer, 71-72
maximum adsorption, 138
maximum density, 138, 146
measurement-free technique, 310,
319
measurements, 85,126, 130, 134,
146, 149, 184, 303, 306, 310,
312,318-19
dynamic, 150
ex situ ellipsometric
spectroscopy, 187
in situ, 185
real-time, 358
side-etch, 84
spectral, 140
spectroscopic, 184
mechanical agitation, 177, 180,
194-95, 199, 324
mechanical energy, 360
mechanical internal stresses, 94
mechanical machining, 72
mechanical profiler, 98
mechanical support, 29
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megasonic agitation, 34
melting temperature, 27, 40
membranes
recessed, 365
thin, 97
MEMS, see microelectromechanical
systems
integrated, 84
optical, 174, 308
polymer, 25
MEMS applications, 39, 155, 200,
202, 284-85, 376
optical, 297
MEMS-based devices, 24-25, 343
MEMS-based sensing devices, 331
MEMS components, 52, 342
MEMS devices, 290
MEMS fabrication, 25, 33, 219, 236
MEMS functions, 95
MEMS microfluidic channel, 349
MEMS structures, 25, 114, 138,
194, 263,292, 325, 327
freestanding, 348
silicon-based, 217
suspended silicon, 335
mesas, 111, 255, 325, 369
circular, 84, 370
mesa structures, 180, 194, 219,
224,231, 235, 240-45,
252-54, 256, 261, 326, 368
metal contacts, 333
metallic contaminations, 35
metallization, 34
metallurgical-grade silicon (MGS),
26
metal-oxide semiconductor (MOS),
38
metal-oxide-semiconductor field-
effect transistor (MOSFET), 60
metals, heavy, 34
method
cleaved-edge, 295-96
deposition, 36
etched-back, 339

evaporation, 40
lithographic, 41
pre-etched, 320
spin-coating, 270, 364
spray-coating, 270-71, 362-63
sputtering, 40
wagon-wheel, 84
MGS, see metallurgical-grade
silicon
microbiology, 261
microbridge, 361
microcantilever, 220
microchannels, 288-89, 358, 360
high-aspect-ratio, 313
microelectromechanical systems
(MEMS), 23-26, 32, 36, 38, 55,
57,62,163,166,212,287-89,
323,325,327,331
microelectronics, 39
microfabrication, 37, 48, 51, 55,
221,270
microfilters, 358
microfluidic channels, 275,
345-48, 350, 352, 355
freestanding, 349
overhanging, 350
overhanging SiO,, 351
suspended silicon, 354-55
microfluidics, 261, 348, 357
microfluidic systems, 358
micromachining, 25, 55, 72, 223
micromasks, developing, 147
micromechanical structures,
55-57, 62,93
micromirrors, 111, 113,118, 297,
308
micromixers, 358
microneedles, 370
pen-shaped, 371
micro-opto-electromechanical
systems (MOEMS), 119, 325
microphones, 343
micropumps, 357-61
microscope, 41, 299-1, 303



high-magnification, 318
optical, 70, 303, 311, 319
microscopy, optical, 170
microsensors, 358
microstereolithography, 25
microstructures, 95-97, 193-94,
196, 219-21, 249-51, 253,
258,262, 269-75, 324,
326-29,338-39, 342, 368-69,
372-75
microsystem technology (MST), 25
microvalves, 357-60
active, 358-60
passive, 359
silicon-based, 358
Miller indices, 9-10, 87
minimization, 312
minimum, local, 101
MIR, see multiple internal
reflection
misalignment, 215, 217, 288-93,
298,301, 303, 305-6,311-14,
319
crystallographic, 294
degree of, 217, 288, 303
misalighment angle, 294
misorientation, 217
modes, 51
asymmetric stretch, 187
vibrational, 187
MOEMS, see micro-opto-
electromechanical systems
molar mass, 115-16, 122, 149
monochromators, 330
MOSFET, see metal-oxide-
semiconductor field-effect
transistor
MOS, see metal-oxide
semiconductor
MOS transistors, 60
neighboring, 54
MSDS, see “Material Safety Data
Sheet”

Index

MST, see microsystem technology

multienergy implants, 61

multiple internal reflection (MIR),
184

nanoelectromechanical systems
(NEMS), 25
nanoelectronics, 40
nanolayer, 147
nanolithography, 355
nanomachining, 55
nanoscale science, 355
nanostructures, 287
native oxide, 63-64, 170
nearest neighbor, 12
needle fabrication, 75
needle tip, 73, 75
wet-etched, 75
negative photoresist, 44, 71, 154
negative resist, 43
NEMS, see nanoelectromechanical
systems
nitride-based filters, 365
nitride etching, 274, 341
nitride etch rate, 272
nonionic surfactants, 82, 148, 164
nonmechanical energy, 360
nonvolatile, 38
notches, 31,310-12, 319-20
n-type epitaxial layer, 193, 338
n-type silicon material, 27
nucleation sites, 374

obtuse corners, 231, 264, 266-68,
276,325
OCP, see open-circuit potential
one-mask process, 326
open-circuit potential (OCP),
94-95, 192-93, 195, 324, 375
openings
back-side, 339
front-side square, 336
oversized, 300
optical exposure, 41
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optical images, 98, 170, 310-12,
318-19
optical interference, 355
optical microscopy images, 97, 102
optimization, 125
organic compounds, 126
organic matter, 34
organics, 34-35
orientation, 29, 84-91, 98-101,
105-6,108,110,172, 175,
177,198, 224, 229-31, 236,
317,324-25
orientation dependence, 85, 173
orientation groups, 88
orientations
crystalline, 72
fast-etching, 85
flat, 99, 101
high-etch-rate, 85
principal, 166, 174-75, 215
rotational, 102
seed, 27
slow-etching, 85
triangle, 102
outlet valve, 359-60
out-of-plane reflection, 308
overetching, 46-47,270, 272, 310,
331
oversaturation, 109, 138
oversizing, 288-89, 292
oxidation, 37-38, 48, 165, 273-74
dry, 36
local, 54, 271, 325
pyrogenic, 36
thermal, 36-37, 54, 272,370
wet, 36
oxidation temperature, 36
oxide, 32, 37-38, 59, 63, 184, 188,
193, 269, 273-74, 340-44,
346-49, 351, 356, 364-66, 370
buried, 97
front-side, 356
pad, 54
thin, 184

oxide etch, 271
oxide etching, 340, 342, 344, 348,
353,356
oxide film, 73, 83
native, 72
oxide layer, 36-38, 43, 45, 54-55,
58-59, 63-64,271-72,274,
339, 342-43,346-49, 364,
369-70
back-side, 371
blocking, 193
buffer, 54, 347
buried silicon, 96
front-side, 356
high-quality, 55
patterned, 184, 334, 374
thermal, 37
thin, 35, 184, 348
oxide thickness, 37-38, 364
oxidization, 69
thermal, 70
oxidizer, strong, 34
oxidizing agent, 202
oxygen diffusion, 54-55
oxygen plasma, 44, 206

packing density, 189-90
parabolic stage, 38
parasitic effects, 163
particle filters, 365, 367, 382
particles, 33-35, 40, 57, 62
charged, 60
passivation, 192
passive valves, 358-60
patterning, 43, 45,47, 270-71,
273-74,292-93,302-3,
332-33, 335, 340, 342-44,
346-49, 351, 356-57, 366-68
PDMS, see polydimethylsiloxane
degassed, 372
PDMS mixture, 372
PDMS structures, 372-73
PEC, see photoelectrochemical
etching



PECVD, see plasma-enhanced
chemical vapor deposition
PEG, see poly(ethylene glycol) 164
pen-shaped microneedle
structures, 371, 382
pen-shaped needle structures, 370
percolation, 143
periodicity, 1, 6
periphery, 75, 84, 296
phase, 57
acceleration, 60
phenomena, corrosion, 195
phosphorous disc, 57
phosphosilicate glass, 73
boron-doped, 73
photoelectrochemical etching
(PEC), 372-75
photolithography, 41-42, 54,
57-58, 340, 343, 348, 362,370
photomask, 41, 271, 341
photoresist (PR), 34, 41, 43-44,
170, 270, 362-64, 369-70
electrodeposited, 270, 362
spray-coated, 270
standard liquid, 270, 362
uniform-thickness, 270, 362
photoresist coating, 270, 363
photoresist electrodeposition, 270,
362
photoresist thickness, 363
photosensitive polymer, 43
physical etching, 50
physical vapor deposition (PVD),
40
physisorption, 194
piezoelectric, 355, 359-60
piezoresistive, 355
pinhole mask aperture, 68
Piranha bath, 34
pit, 103-4
pit profile, 104
pit sidewall velocities, 104
planes
beveled, 230, 236

Index

beveling, 231, 238
etched, 132
fast-etching, 222, 241, 250
highest-etch-rate, 235
high-etch-rate, 221, 226, 235
high-indexed, 232
minimum-etch-rate, 228
recessive, 233
sidewall, 170, 172
slowest-etching, 215, 235
slowest-etch-rate, 178, 211
slow-etch-rate, 191
standing, 231, 235
tangent, 224-25
undercut, 231
vertical, 228, 257
plasma, 34, 40-41, 45, 50-52
plasma-enhanced chemical vapor
deposition (PECVD), 39, 365
plasma etching, 45, 50, 52
dry, 355
plasma mode, 51
plasma mode wafers, 51
plasma treatment, 64
plates, electrostatic deflection, 61
PMMA, see polymethyl
methacrylate
p-n diode, 62, 325
p-n junction, 95-96, 192-93, 338
polarity
highest, 122
significant, 165
polarization, 63
polishing, 32-33, 62
chemical, 184
chemical-mechanical, 33, 340
polycrystalline, 1-2, 36, 39, 48, 55,
68-69
polycrystalline structures, 1
polydimethylsiloxane (PDMS), 372
poly(ethylene glycol) (PEG), 164
polymethyl methacrylate (PMMA),
372
polymerization, 53
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poly-Si, 39, 72-73
polysilicon, 192
polystyrene, 372
pores, 365
circular, 365
power supply, 51, 338
PR, see photoresist
prebonding, 62-63
precision, 293, 304, 370
high, 296
predeposition, 59
prediffusion, 332
prefabricating, 312
pressure, 41, 339, 360
forward, 359
output, 360
positive, 34
reduced, 51
room, 34
pressure chamber, 360
pressure difference, 358
primitive cell, 4-5, 12-14
printing, shadow, 42
process compatibility, 163, 323
post-CMOS, 164
processing, 84, 269, 272, 333,
336-37, 340
back-side, 339
batch, 59, 338-39
high-temperature, 94
semiconductor, 365
processing time, 91, 314
proof masses, 180, 194, 219,
365-67
recessed suspended, 362
suspended, 336-37, 361
proximity printing, 42
p-type impurities, 338
p-type silicon, 192-93
doped, 57,191, 338
p-type surface, 193
p-type wafers, 193, 338
pull-down electrode formation,
361

pump diaphragm, 360

flexible, 360
purity, high, 26
PVD, see physical vapor deposition
pyramidal aperture, 259, 261, 263
pyramidal pits, 372
pyramids, 138, 142, 298-99

quartz, 1,27, 41, 69, 84
quartz boat, slotted, 36
quartzite, 26
quartz tube
cylindrical fused, 36
high-temperature, 57
quartz water bubbler, 36-37

radial diagonal, 309-10
Radio Corporation of America
(RCA), 33-35, 63
radio-frequency (RF), 25, 41,
51-52
radius, atomic, 13
random motion, 57
ratio
etch-depth-to-width, 46
standard, 372
RCA, see Radio Corporation of
America
reactants, 39, 51, 71, 79, 88, 163,
189-91, 323
reactive ion etching (RIE), 51-53,
75,170-71, 271, 365, 368
recombination, 52
refractive index, 187
reoxidation, 340, 349
repeatability, 76
replication, 372
reproducibility, 295, 310
reservoirs, 346, 348
multiple, 275, 345, 347, 350
residual mass, 259
resist, 41, 43-44
uniform-thickness, 271, 364
resistivity, 29, 38



RF, see radio frequency
RF field, 28
RF generator, 51
RF sputtering, 25, 40
RF voltage, 52
ridges, 300-1, 304-6
etched, 307
tapered, 305
RIE, see reactive ion etching
RIE mode, 51
RIE system, 51, 53
room temperature (RT), 1, 12, 35,
62,64,70-72,75,126,129,
164,188,372
rotation, 5-7, 300
crucible, 27
rotational angle, 106
rotational symmetry, 6
rotation axes, 6
rotation rate, 27
rotation symmetry, 6
roughness, 99, 106-7, 109-11,
113,117-21,125,131, 136,
138, 147,151-52, 154, 156,
177
roughness map, 98
roughness profile, 99
RT, see room temperature

sample agitation, 195

sample holder, 192

samples, 43, 170, 184, 186, 188,
199, 271, 324, 364

saturation, 122-23, 125-26, 129,
131,138,147,176

saturation level, 114, 147, 156

sawing, 29, 32

SC, see simple cubic

SC crystals, 12

scanning electron microscopy
(SEM), 170, 316, 326

cross-sectional, 89

scanning force microscopy (SFM),

355

Index

scanning probe microscopy (SPM),
355
scanning tunneling microscopy
(STM), 99
SD, see step dihydride
seismic mass, 364
recessed, 364
selectivity, 46-47,51, 72,92,
163-64, 192,323
crystal plane, 163, 323
high, 46
self-aligning feature, 312
SEM, see scanning electron
microscopy
semiconductor material, 23-24
semiconductor production, 370
semiconductors, 36, 40, 57, 60
sensing devices, 292
sensors, 62, 290
capacitive pressure, 343, 345
chemical, 25, 376
separation, 42
molecular, 358
SFM, see scanning force
microscopy
shape memory alloy (SMA),
359-60
sharp-edged corrugation, 372
sharpness, 272, 355, 370
side-etched planes, 84
sidewalls, 52-53,110-11, 113,
119-20, 151, 153, 228,
232-35,308, 310, 313,
329-30, 365, 369, 372-73
slanted, 328-29, 368
smooth, 294, 373
silicon, 23-24, 36-37, 48-50,
53-54, 62-65, 68-69, 71-72,
84,93-96,166-67, 172-74,
191-92,270-72,330-31,
364-65
bare, 35, 369
bulk, 65
doped, 192, 337-38
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electronic-grade, 26
exposed, 55, 269, 271, 274, 343,
347
extruded, 243
metallurgical-grade, 26
n-type, 192-93, 338
oxidized, 63
single-crystalline, 295
soluble, 49
silicon acoustic lens, 75
silicon AFM probe, 356
silicon anisotropic etching, 131,
273,332,335,342,347,365
silicon atoms, 24, 37,79, 81, 90,
102,167,222,224-26
hydrogen-terminated, 81
silicon-based filters, 365
silicon bulk micromachining, 212,
287, 355,358
silicon cantilever beams, 342
silicon chips, 25, 360
silicon crystal, 79
silicon crystal lattice structure, 79
silicon crystal orientations, 102
silicon doping, 49
silicon etching, 51, 53, 142-43,
145, 147-48, 184-85, 272,
335, 342-44, 346, 349, 351,
356,362, 364
silicon etch rate, 173, 191
silicon etch stop, 191
silicon gratings, 330-31, 346-47
silicon ingot, 27
silicon membranes, 368
single-crystal, 367
silicon MEMS components, 191
silicon micromachining, 25, 75,
358
silicon microstructures, 192, 343,
368
freestanding, 334
suspended, 339
silicon molds, 372-73
silicon needle arrays, 74

silicon-on-insulator (SOI), 62, 92,
272,326,338
silicon prisms, 184-85
silicon structures, spatial, 110
silicon substrate, 49, 54, 57, 75, 96,
108, 142,308
silicon surface, 32, 35, 37, 45, 71,
82,95, 98, 148-50, 167, 184,
186-87,189-90, 194, 262
bare, 64
hydrophilic, 63
wet-etched, 97
silicon surface atom, 81
silicon tips, 355
silicon wafer manufacturing, 25
silicon wafers, 34, 36, 41, 54,
57-58, 62, 83-84,92-94,
169-71, 212, 214-16, 295-96,
345-46,367-68,372
bare, 63
oxidized, 370
p-type, 95
single-crystal, 26, 79, 370
simple cubic (SC), 12
single-crystal silicon, 69, 71, 79
single-crystal silicon cantilevers,
357
Si-Si bonds, 64
Si-Si covalent bonds, 64
sloped sidewalls, 271
sloping sidewalls, 270, 362
SM, see step monohydride
SMA, see shape memory alloy
S0], see silicon-on-insulator
solar cell applications, 138
solubility, 109, 113-14, 125, 137,
147, 149
solubility limit, 114-15, 122, 127
solvents, organic, 34
spectra, 184, 186-87
absorbance, 184
background, 184
spectrographs, 330
spectroscopy, 183-84, 207



spectrum, 184
spin coater, 25, 43
spin-coating process, 270, 362-63
SPM, see scanning probe
microscopy
spokes, 170-71
spray-coated resist thickness, 271
sputtering, 40
DC, 40
RE 25, 40
square compensation geometry,
242,244
square compensation patterns,
243
square V-groove, 310
stability, 100, 104
high mechanical, 372
statistical analysis, 304
steam, pure, 36
step atoms, 104
step density, 100
step dihydride (SD), 110
step edges, 100
atomic, 100
step length, 100
step monohydride (SM), 110, 113,
118
stereographic projection, 14-16,
18-21,110-11, 172
stirring, 72, 76, 139-40, 156
magnetic bead, 180
mechanical, 131, 134, 139
stirring motion, 71
STM, see scanning tunneling
microscopy
stress, 39, 54, 94
internal, 338
residual, 338
substitutional sites, 61
substrate assembly, 43
substrate crystallographic
orientation, 111
substrate orientation, 129

Index

substrate surface, 39-40, 45, 52,
59,73
substrate texturing, 142
surface activation, 62
surface atoms, 45, 51, 80, 101
surface bonds, 110
surface contaminants, 33
surface diffusion, 65
surface layer, 32
work-damaged, 72
surface micromachining, 55-56,
72,287
surface mitigation, 39
surface modification, 355
surface morphology, 101, 174, 176,
189-90, 326
surface passivation, 38
surface profiles, 72, 85
surface roughening, 89
surface roughness, 92, 98, 113,
137,147,151, 154, 174-76,
190-91, 270, 363
surfaces
cleaved, 295
hydrophilic, 62, 64
hydrophobic, 64, 189
mirror-finished, 75
unmasked, 370
surface tension, 126-27, 129-35,
138, 143-45, 149, 270, 362
liquid-gas, 128
solid-gas, 128
solid-liquid, 128
surface tension of water, 149-50
surface topography, 270
uneven, 270, 362
surfactant, physisorbed, 187
surfactant-added TMAH, 180-81,
184-85, 194, 198-99, 224,
226, 235-36, 250, 252-53,
261, 263,327,350,372,374
surfactant adsorption, 194, 226
surfactant bath time, 188
surfactant concentration, 150-51
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Index

surfactant layer, 126, 187-90
adsorbed, 194
packed, 189
surfactant molecules, 126, 150,
165,172,187-90, 194, 224,
226
surfactant treatment, 187-88
symmetry, 5-6, 101-3, 272
fourfold, 101, 103, 107, 110,
172,180
mirror, 102
twofold, 262
symmetry operations, 5-7
system
automatic microdosing, 358
optical, 42
pump, 51
replication, 372
three-component, 69
three-electrode, 192
system-on-a-chip, complete, 25

tall needles, 74
taper, 29, 32
tapered groove effect, 300
tapered ridge effect, 300
tapered shape, 75
techniques, 25, 38-41, 54, 95-96,
194, 269-73, 294-95, 297,
301-2,304-5,309-10, 312,
318-20,338-39,373-74
electrical, 355
electrochemical, 96
nondestructive, 187
spin-coating, 270
spray-coating, 363
technologies, 25, 36, 55, 355
dicing, 370
microsystem, 25
semiconductor device, 106, 286
silicon semiconductor, 271
surface-micromachining, 56
Teflon, 192
Teflon cell, 184

custom-made, 184
temperature, 33, 48, 87, 90-91,
114,126,131, 139, 141, 156,
166, 168,191-92, 227, 230
absolute, 90
elevated, 57, 71
high, 36, 54, 59, 62-64, 129, 138,
158, 200
melt, 27
surfactant bath, 188
temperature dependence, 91
temperature sensors, 290
tensile stress, 94
induced, 94
strong, 54
tensioactive compounds, 125,
128-29, 146, 148, 150, 156
tensioactive substance, 126
terrace monohydride (TM), 110
terraces, 99-100
terrace surface, 99-100
flat, 100
tetramethylammonium hydroxide
(TMAH), 83-84, 102-5,
147-48,163-68,171-78,
180-84, 190-93, 229-32,
234-36, 240-45, 250-53,
261-62,327-29, 340-44,
348-51
textures, 98-99
step-and-terrace, 99
texturing, 138, 141
optimized, 139
texturization, 139
therapeutic agents, 358
thermal conductivity, 24
thermal energy, 63, 90
thermal evaporator, 25
thermal oxidation, 36-37, 54-55,
83,274, 343-44, 348, 351,
356,369
dry, 184
thermal oxidation furnace, 25



thermal oxide, 58, 164, 170, 269,
273
thermoplastic, 372
thermopneumatic, 359-60
thickness, 29-30, 37-38, 95-96,
187-88, 192, 194, 331-32,
334-36,338-39, 343, 354,
356,364, 367,370
desired, 95, 335, 339-40
film, 46
membrane, 92-93
nonuniform, 270, 362
required, 56, 339-40
saturated, 188
standard, 29-30
total, 272
uniform, 270, 338-39, 341, 362
wafer-to-wafer, 339
thickness change, 84
thickness variation, 29, 272
thin films, 36, 47, 284, 293,376
thin-film shape memory alloy, 359
through-hole, 75, 272
throughput, 41-42, 166, 214
high, 41,372
tilted sidewalls, 270-71, 364
tilting angle, 99
time delay, 191
tip, 75, 355-56
tip apex, 355
TM, see terrace monohydride
TMAH, see tetramethylammonium
hydroxide
aqueous, 185,377
low-concentration, 166, 176,
180, 198, 324-25
pure, 166, 180, 199, 223, 229,
324,327,340, 343-44, 353
TMAH-based etching, 101, 343
TMAH-based wet anisotropic
etching, 49
tolerance, 303
total thickness variation (TTV), 29

Index

toxicity, 83
trace amounts, 188
trace contaminants, 34
transformation, 252
transistors, 289, 325
bipolar, 57
field-effect, 57
translation operation, 3
translations, 5-6
primitive, 3
translation symmetry, 6
translation vectors, 3-4
nonprimitive, 4
primitive, 4
transport
limited diffusion, 191
slow diffusion, 191
trenches, 52,197, 270, 362, 373
triangular compensation, 240, 261,
265-66
triangular compensation geometry,
240
Triton, 146-47, 149-51, 153,
156,164, 172,175-76, 187,
195-96, 375
Triton adsorption, 149
T-shaped cantilever beams, 341
T-shaped silicon cantilevers, 343
TTV, see total thickness variation
tube, acceleration, 60
two-step etching, 194, 269, 271,
273-76, 325,331, 336,342,
346, 348, 365

ULS], see ultra-large-scale
integration
ultra-large-scale integration
(ULSD), 50
ultraviolet (UV), 41, 362
undercut, symmetric, 301
undercut direction, 255
undercut profiles, 255
undercut structures, 228
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undercutting, 163-64, 180,
190-91, 194-95, 197-99,
211-24,226,235-36, 248-49,
257,261-65, 288-89, 323-25,
343, 354

convex-corner, 220, 232, 290

corner, 180, 219, 227, 234, 250,
254

largest, 196

lateral, 236, 246, 249-50, 255,
268,273

low, 180-81, 372

maximum, 289

minimal, 198

smallest-measured, 196

symmetric, 300-1

undercutting directions, 231-32,
234-35, 248, 265

lateral, 235

undercutting length, 238-39, 264,
268

undercutting lines, 264

undercutting planes, 230

undercutting rate, 199, 211, 235,
300, 324

high, 219

undercutting ratio, 182, 217, 236-
37,239,242

undercutting results, 195

underetching, 178, 213, 215, 227,
292,309

smallest, 115

unit cell, 4, 9, 12-14, 23, 189
cubic, 263-64
nonprimitive, 4

UV, see ultraviolet

UV exposure, 43, 271, 364

UV light, 42-43

polarized, 271, 364
reflection of, 270-71, 364

vacuum, 33, 63-64
vacuum chamber, 51
vacuum desiccator, 372

vacuum pump, 52
vacuum system, 51
valence band, 69
valves, 358-60
active, 358
van der Waals forces, 62-64
vapor, 60
vapor bubble, 34
vapor transport, 58
vectors
crystal translation, 3
translational, 2
velocity, 40, 259, 360
versatility, great, 372
vertical grooves, etched, 89
vertical sidewalls, 52, 172, 268,
368
V-grooves, 113, 180, 198-99, 219,
253-63, 276,324, 326, 354,
372,374-75
111-delimited, 196
crossed, 253, 259
sequential, 256
vibration, 33, 186
ultrasonic, 75
vicinal, 104, 172, 190, 226
vicinal orientations, 99, 101, 105,
183,199, 324
vicinal planes, 109, 180-81, 214,
224, 235,323,327
vicinal surfaces, 99, 106, 183, 189
viscosity, 270, 363
visual inspection, 311-12, 319
visual investigation, 301
visualization, 298
voids, 62, 65
hydrogen-induced, 64
voltage, 41, 51, 192
applied, 360
supply, 360
threshold, 60, 163
voltage bias, 60
volume fraction, 71
typical, 68



volume ratio, 72

volume removal, 100
volume removal rate, 100
volume stroke, 361
V-shaped grooves, 326, 372
V-shaped profile, 49

wafer bonding, 339
wafer breakage, 295
wafer curvature, 29
wafer diameter, 29
wafer disintegration, 295
wafer flat (WF), 288, 294, 296-97,
305-6,310, 313,320
wafer holder, 193, 338
wafer lapping, 32
wafer orientation, 172, 330-31,
346
wafer pair, 63
wafer parameters, 29
wafer patterns, 41
wafer periphery, 96
wafers
bonded, 64, 329
large-size, 58
nitride-deposited, 343
nitride-patterned, 348
normal, 97
oxidized, 366
patterned, 300
planar, 362
quartz, 84
supporting, 339
wafer shaping, 33
wafer slicing, 30
wafer surface, 32, 34-35, 37, 62,
64, 67,72-73,94-96, 169-70,
172,212-13,217, 238,295~
96,329-31
wafer thickness, 272, 293
uniform, 269
wagon wheel (WW), 168, 171-72
wagon-wheel method, 171

Index

walls
grounded chamber, 52
microfluidic channel, 351
mirror, 308
shallow pit, 103
water network structure, 144
water rinse, 64
water structure, 146-47
internal, 143
water surface, 103
water vapor, 36
wavelengths, 42-43
wave propagation, 103
wax bond, 33
wedges, 89, 105, 170-72
elongated, 170
retracted, 171
wedge tip, 170
weight, molecular, 115, 119-20
wet anisotropic etching, 49, 178,
180, 211, 213, 236, 287-88,
293-94,296-97, 327-28, 330,
340,356-57,368-70, 374
wet bulk micromachining, 55-56,
180, 199, 288, 323, 342, 356,
358, 364,372
wet-etched recesses, 68
wet-etched shape, 169
wet etching, 45, 50-52, 55, 72, 75,
90, 190, 195, 216-17, 338-39,
341, 346, 355,370-73, 375
wet etching process, alkaline-
based, 57
wet etching systems, 68
wet etch process, 55
wet process, 96
wettability, higher, 62
wetting, 128, 150
WEF, see wafer flat
Wigner-Seitz cell, 5
wire sawing, 29-30
Wulff-Jaccodine method, 105-6,
228-31
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Index

WW, see wagon wheel

WW pattern, 169-70

WW structure, 169-72
micromachined, 170

X-ray diffraction, 295

X-ray lithography, 41
Young’s modulus, 24, 65

zigzag chain, 189
zone axis, 18, 228-29, 235



Microelectromechanical systems (MEMS)-based sensors and actuators have become
remarkably popular in the past few decades. Rapid advances have taken place in terms of
both technologies and techniques of fabrication of MEMS structures. Wet chemical-based
silicon bulk micromachining continues to be a widely used technique for the fabrication of
microstructures used in MEMS devices. Researchers all over the world have contributed
significantly to the advancement of wet chemical-based micromachining, from understanding
the etching mechanism to exploring its application to the fabrication of simple to complex
MEMS structures. In addition to its various benéefits, one of the unique features of wet chemical-
based bulk micromachining is the ability to fabricate slanted sidewalls, such as 45° walls as
micromirrors, as well as freestanding structures, such as cantilevers and diaphragms. This makes
wet bulk micromachining necessary for the fabrication of structures for myriad applications.

This book provides a comprehensive understating of wet bulk micromachining for the
fabrication of simple to advanced microstructures for various applications in MEMS. It includes
introductory to advanced concepts and covers research on basic and advanced topics on
wet chemical-based silicon bulk micromachining. The book thus serves as an introductory
textbook for undergraduate- and graduate-level students of physics, chemistry, electrical
and electronic engineering, materials science, and engineering, as well as a comprehensive
reference for researchers working or aspiring to work in the area of MEMS and for engineers
working in microfabrication technology.
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March 2008 and as JSPS fellow from March 2008 to March 2010. Dr. Pal has published more than
50 papers in peer-reviewed international journals and has made outstanding contributions to
the area of silicon wet anisotropic etching, especially its application to the fabrication of MEMS
components. His research interests include MEMS technology, MEMS-based sensors, silicon
micromachining, and thin films for MEMS.
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