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A
ABS, see Antilock braking systems
Absolute pressure sensors, 44
Acceleration, scaling of, 231, 233
Accelerators, 290
Accelerometers, micro-, see

Microaccelerometers
Accuracy, 16
Acoustic streaming, 204
Acoustic wave sensors, 36–37
Active substrate materials, 247, 352
Actuation, micro-, see Microactuation
Actuation energy, 36
Actuation method, 3
Actuators:

in automobiles, 21
defined, 53
in microfluidics, 72
principles used in, 53

Adhesion, 336, 337
Adhesives, 430–431
Advection, 388
A-elements, 375, 376
Aerospace industry, 28–29
AFM, see Atomic force microscope
AFM-guided nanomaching (AGN) system, 470
Agriculture, 503
Air, viscosity of, 138
Airbag deployment systems, 3–6, 22, 67, 68
Alcohol, 138
Alignment tolerances, 415, 416

Alkaline etchants, 326
Alumina, 445
Aluminum:

atomic/ionic radii of, 306
diffusion coefficient of, 95
as dopant, 291
electrical resistivity of, 246
electron mobility of, 266
mechanical/thermophysical properties of, 257
sputtering of, 400
thermal diffusivity of, 258
wet etching on, 401
as wire material, 437

Aluminum-to-nitride bonding, 442
Ammeters, 447
Amperometric electrochemical detectors, 388
Analytes, 39
Analytical modeling, 501–502
Analytical systems, 39–40
Analytic systems, 12
Angioplasty pressure sensors, 28
Animation, 397
Anisotropic etching, 11, 316, 325–326
Annealing, 437
Anode, 101–102
Anodic bonding, 432–434, 442, 443
Antilock braking systems (ABS), 22, 66
Antimony, 291
APCVC, see Atmospheric pressure CVD
A/P ratio, see Aspect ratio
AP&T, see Assembly, packaging, and testing
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Arc discharge method, 474
Argon, 304, 306
Arsenic:

atomic/ionic radii of, 306
diffusion coefficient of, 95
diffusivity of, 294
as dopant, 91, 98–99, 291
ion implantation of, 291
solid solubility of, 94

Aspect (A/P) ratio, 17, 330, 331, 354, 355
Assembly:

of loose atoms/molecules, 470
micro-, see Microassembly
nano-, 500
reliability testing during, 457

Assembly, packaging, and testing (AP&T),
407–458

costs of, 407–409
microassembly, see Microassembly
packaging, see Microsystems packaging
in production process flowchart, 408
standardization timeline for, 408
testing, 456–458

Atmospheric pressure CVD (APCVD), 310,
311

Atoms:
assembly of loose, 470
elastic bonding of, 480–481
intermolecular forces for charge-carrying, 89
isolation of, 468–470
rebonding of free, 470, 471

Atomic cohesive forces, 87
Atomic force microscope (AFM), 468–469,

496–497
Atomic number, 85
Atomic structure of matter, 83–86
Attitude determination and control systems, 28
Attraction, 88
Attrition, 472
Automobiles, miniature, 19–20
Automotive industry, 21–27

acoustic wave sensors in, 36
comfort/convenience in, 24
durability requirements in, 23
engine/power trains in, 24, 25
future applications in, 26–27
motivation for MEMs in, 21
safety in, 22
sensors in, 21–23
vehicle diagnostics/health monitoring in, 24,

26

Avogadro’s number, 305
Avogadro’s theory, 305

B
Back-side pressurization, 44, 45
Baking, 280
Band broadening, 392, 394
Bandpass filters, 36
Bardeen, J., 11
Barium titanate, 270
Base plate, 340
Batteries, 476
BEA (boundary element analysis), 395
Beam–attached–mass, 125, 126
Beam–mass, 125, 126
Beams:

deflection of, 129
as MEMS components, 362
thermal stresses in, 159–165

Beam springs, 362
Bearings, 66
Bell, Alexander Graham, 61
Bending, of thin plates, 110–119

circular plates with edge fixed, 112–114
rectangular plates with all edges fixed,

114–115
square plates with edges fixed, 116–119

Bending moments, 111, 367
Bending stresses, 111, 368
Bernoulli’s equation, 194
Bilayers:

fracture mechanics in, 169–171
temperature stress in, 153–157

Bimetallic strips, 53–54
Binnig, Gerd, 468, 469
Bio-barcode, 475
Biological markers, 475
Biological systems, 466
Biomedical interfaces, 427
Biomedical products, 32
Biomedical sensors, 2, 37–40
Biomedicine, 475
BioMEMs, 37–38, 482
Biosensors, 2, 12, 39
Biotesting and analytical systems, 39–40
Bitumen extraction, 477
Boeing Company, 416
Bonding:

molecular, 87–88
part, 411
surface, see Surface bonding
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Bonding-and-etchback technique, 436
Boron:

atomic/ionic radii of, 306
diffusion coefficient of, 95
diffusivity of, 294
as dopant, 91, 98–99, 291
ion extraction from, 87
ion implantation of, 291
solid solubility of, 94

Boronphosphosilicate (BPSG), 336
Boss stiffeners, 380
Bottom-up approach, 467
Boundary conditions, 210–215

convective, 212–215
prescribed heat flux at boundary, 210–212
prescribed surface temperature, 210

Boundary element analysis (BEA), 395
Boundary layer, 209
BPSG (boronphosphosilicate), 336
Brattain, W. H., 11
Buckyballs, 471, 474
Buckytubes, 473
Bulk micromachining:

design/selection of, 354–355
micro-cantilever beams produced by, 334
simulation of, 376–377

Bulk micromanufacturing, 324–333, 343
dry etching, 329–333
etching, generally, 324
etch stop, 328–329
isotropic/anisotropic etching, 325–326
wet etchants, 326–328
wet vs. dry etching, 333

Burn-in, 457

C
CAD, see Computer-aided design
Cantilever beam, 338
Capacitance:

and geometric tolerance, 415
and signal transduction, 46–49, 357

Capacitance measurements, 450, 451
Capacitive pressure sensors, 24, 25
Capacitors, 447
Capillaries, 382–383
Capillary effect, 200–203, 238
Capillary electrophoresis (CE), 386–394

in curved channels, 392–394
design issues for, 394
electrohydrodynamic pumping in, 102

Capillary electrophoresis network systems,
386–392

in biotesting/analytical systems, 39–40
design case, 389–392
mathematical modeling of, 388–389

Capillary electrophoresis on-a-chip, 382
Carbon, 276
Carbon C60, 472
Carbon nanotubes (CNTs), 473, 474, 476, 478
Carrier gas, 301
Cartesian robots, 412
Casings, 445
Catalyzed chemical vapor deposition, 474
Cathode, 101–102
CE, see Capillary electrophoresis
CE analysis, 387–388
Cesium, 44
CFD, see Computational fluid dynamics
CFD-ACE+ code, 389, 391
CFD Research, 389
Channels, 362
Charge-carrying atoms, 89
Charge density analysis, 402
Chemical engineering, 15
Chemical etching, 316–318. See also Wet

etching
Chemical sensors, 2, 40–42
Chemical vapor deposition (CVD), 301–311

and CAD, 400
chemical reactions in, 302–303
diffusion in, 92
enhanced, 310–311
etch rates for, 336
rate of deposition, 303–310
sealing by localized, 443
working principle of, 301–302

Chemicapacitor sensors, 41
Chemimechanical sensors, 41
Chemiresistor sensors, 40–41
Chlorinated phenols, 477
Chou, Stephen Y., 498
Circular conduits, 195–197
Circular frequency, 120
Circular plates, 112–114
Circular tubes, 383, 386
Class 10 clean room, 286
Cleaning, substrate, 400
Clean rooms, 286
CMOS (complementary metal oxidation of

semiconductors) epitaxy, 313
CNTs, see Carbon nanotubes
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Coating(s):
with controllable optical properties, 277
nanoparticles in, 477
selection of polymer, 500
with silicone gel, 453

Coefficient of surface tension, 200
Coefficient of thermal expansion (CTE), 152
Color:

of nanoparticles, 472
oxide thickness by, 300–301

Comb drive, 60–62, 414–416
Comfort, automobile, 24
Command and control systems, 28
Communications systems, 29
Compact tension (CT), 167, 168
Complementary metal oxidation of

semiconductors (CMOS) epitaxy, 313
Complementary solution (CS), 127
Compressible fluids, 138, 187
Compressive stress, 153
Computational fluid dynamics (CFD), 198–199
Computer-aided design (CAD), 177, 395–402

design case using, 398–402
for microsystems, 395–398
rationale for using, 395
selection of, 398

Conduction, heat, see Heat conduction
Conductive fibers, insertion of, 276
Conductive polymers, 275–276
Conductivity:

electrical, see Electrical conductivity
thermal, see Thermal conductivity

Conductors:
and atomic structure, 84
electrical resistivities of, 90, 246
resistivity of, 246

Conduits:
incompressible fluid flow in micro-, 199–204
laminar fluid flow in circular, 195–197

Constraint base, 379
Contact problems in microassembly tools,

416–419
electrostatic force, 417–418
surface tension, 419
van der Waals force, 418–419

Continuity equation, 187–189
Continuum fluid dynamics, 187–195

continuity equation, 187–189
equation of motion, 192–195
momentum equation, 190–192

Contraction, thermal, 152
Control surfaces, 187
Control volumes, 187
Convection, heat, 243–244
Convective boundary condition, 212–215
Convenience, automobile, 24
Conversion of units, 525–526
Cooling law, Newton’s, 208–209
Copper:

atomic/ionic radii of, 306
electrical conductivity of, 276
electrical resistivity of, 90, 246
electron mobility of, 266
mechanical/thermophysical properties of, 257
thermal diffusivity of, 258
as wire material, 437

Cordless phones, 19
Coriolis effect, 70, 71
Coriolis force, 70, 71
Costs:

of AP&T, 407, 408
as design constraint, 352
of microassembly, 410–411

Coulomb, Charles Augustin, 56
Coulomb’s law, 56, 88
Covalent bonds, 250
Creep deformation, 150–152
Critical damping, 122, 123
Critical load, 167
Crystal(s):

growing single, 248–250
piezoelectric, 268–274
structure of silicon, 250–253

CS (complementary solution), 127
CT, see Compact tension
CTE (coefficient of thermal expansion), 152
Curie, Paul-Jacque, 55, 268
Curie, Pierre, 55, 268
Curl, Robert, 471
Curved channels, 392–394
Customer demands, 351
CVD, see Chemical vapor deposition
CVD silicon dioxide, 336
Czochralski (CZ) method, 248, 249

D
Damping coefficients, 134–144

in shear, 137–144
in squeeze film, 134–137

Damping effect, 121
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Damping parameter, 122
Darcy friction factor, 195
Darcy–Weisbach equation, 195
Dashpot, 66, 67, 121, 125
Deceleration, 142
Deep reactive ion etching (DRIE), 331–333,

415
Deformation:

and acoustic wave sensors, 36
creep, 150–152

Delivery, of parts/materials, 421
Denso Corporation, 19
Deposition:

chemical vapor, see Chemical vapor
deposition

by epitaxy, 313–315
in thin-film fabrication, 361

Derivation of element equations, 372–373
Descumming, 289
Design:

constraints on, 351–352
for microassembly, 422
of microsystems, see Microsystems design
of packaging, 424

Design case on microsystems packaging,
451–455

device-level packaging, 455
die-level packaging, 452–455
die/substrate preparations, 452
system-level packaging, 455

Design database, 395, 396
Deterioration, 456
Device-level packaging, 425–426, 455
Device performance, range of acceptable, 457
Diamond lattice, 251, 252
Diamonds, 90, 246
Diaphragms, 110, 362. See also Thin plates
Diazoquinone ester (DQ), 287
Die(s):

of micropressure sensor, 378–382
packaging materials for, 445
preparation of, 429, 452
protection of, 409

Die bonding, 445
Die design, 378–382

and applications, 378
and constraint base, 379
geometry/size, 379–380
for operating pressures, 381
with operating temperature, 382

for overpressures, 382
strength, 380
and working medium, 378

Die down, 453
Die isolation, 452–453
Dielectric materials, 47, 84, 295
Die-level packaging, 424–426

die down, 453
die protection, 453–455
material properties for, 445
preparations, 452
primary considerations, 452–453

Die passivation, 378
Diffusion:

in capillary electrophoresis, 388, 392
in microfabrication, 292–295
and nanoparticles, 475
process of, 92–99
in thin-film fabrication, 361

Diffusivity, 93
Dimensional stability, 247
Dimensional tolerances, 414, 415
Dipole–dipole interaction, 89
Discharge method, 474
Discrete ions, 86
Discretization, 174, 370–372
Dispersion, 392
Disposable blood pressure transducer (DPT), 27
Dissociation, 99
Distribution channels, 72–73
Donor atom, 90
Dopants, 90, 290–292
Dopant-controlled etch stop, 328, 329
Doping, 89–99

by diffusion, 92–99, 292–295
and electrical resistivities, 246–247
of polymers, 276

DPT (disposable blood pressure transducer), 27
DQ (diazoquinone ester), 287
DRIE, see Deep reactive ion etching
Dry etching, 318, 329–333. See also Plasma

etching
deep-reactive-ion, 331–333
plasma, 329–330
rates of, 330
wet vs., 333

Dual-axial motion sensors, 69
Dynamic analysis, 364–369
Dynamic deflection operation mode, 448
Dynamic forces, scaling in, 230–231
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Dynamic force equilibrium, Newton’s law of,
127

Dynamic viscosity, 185

E
Eckert, J. Presper, 16
Edge beads, 288
Edge-sliding mode, 166
EDP etchant, see Ethylene-diamine and

pyrocatecol etchant
EHD, see Electrohydrodynamics
Einstein, Albert, 479
Elastic bonding, of atoms, 480–481
Electrical conductivity:

of materials, 276
of nanowires, 472, 478
of semiconductors, 89–92

Electrical engineering, 15
Electrical resistivity, 246
Electrical signals in microsystems, 447
Electric breakdown voltage, 233
Electric field energy, 238
Electricity, scaling in, 237–238
Electric resistance, 237
Electrobreakosmosis, 100
Electrochemical etch stop, 328
Electrochemical sensors, 38
Electrochemistry, 13, 100–105

electrohydrodynamics, 102–105
electrolysis, 101–102

Electrodes, 101
Electrohydrodynamics (EHD), 13, 102–105

in biotesting/analytical systems, 39
electro-osmotic pumping, 103–105
electrophoretic pumping, 104, 105

Electrohydrodynamic pumping, 100–105
Electrokinetic focusing, 392
Electrolysis, 86, 101–102
Electrolytes, 101
Electrolytic cells, 101
Electromagnetic forces, scaling of, 235–237
Electromechanical analysis, 401
Electromechanical failure, 456
Electromechanical interfaces, 428
Electromechanical means, isolation of atoms

by, 469, 470
Electromechanical system design, 358
Electromigration, 388
Electromotive force (emf), 50, 236

Electrons:
in atomic structure, 83–86
heat transmission of, 486–489
and ionization, 86–87

Electron beams, 86–87
Electronics, molecular, 476
Electron mobility, 266
Electro-osmosis, 39, 382
Electro-osmotic pumping, 103–105
Electrophoresis, 39, 100, 382
Electrophoretic pumping, 104, 105
Electroplating:

in LIGA process, 341–342
of polymer molds, 100
in thin-film fabrication, 360, 361

Electroresistant heating, 357
Electro-resistant heating alloys, 447
Electrostatic actuation, 3, 4
Electrostatic bonding, 432
Electrostatic forces:

actuation using, 55–59, 363
Coulomb’s law, 56
and microassembly tools, 417–418
in parallel plates, 56–59
scaling in, 233–235

Elements, finite, 173
Element equations, 371–375
Element numbers, 85
Emerging MST products, 31, 32
emf, see Electromotive force
Encapsulation, 411

integrated, 440–441
and sealing, 439–443

Energy:
and electron orbits, 84
and ionization, 86–87
nanoproducts in, 476–477
nanoscale engineering in, 502
oscillations formula for radiating, 478

Energy carriers, 479
Engines, sensors in automobile, 24, 25
Engineering:

nanoscale, see Nanoscale engineering
thermofluid, see Thermofluid engineering

Engineering mechanics, 109–178
finite element stress analysis, 173–178
fracture mechanics, 165–171
mechanical vibration, 119–149
static bending of thin plates, 110–119
thermomechanics, 150–165
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thin-film mechanics, 172–173
units used in, 110

Engineering science, 83–105
atomic structure of matter, 83–86
diffusion process, 92–99
doping of semiconductors, 89–92
electrochemistry, 100–105
ions/ionization, 86–87
molecular theory of matter/intermolecular

forces, 87–89
plasma physics, 99–100

Enhanced chemical vapor deposition, 310–311
ENIAC (Electronic Numerical Integrator and

Calculator), 16–18
Environment, nanoproducts and, 477
Environmental conditions, as design constraint,

351–352
Environmental effects, failure due to, 456
Epitaxial casting, 474
Epitaxial deposition, 313–315, 317, 361
Epoxy, 445
Epoxy resin, 446
Epoxy resin bonds, 430, 439
Equation of motion, 192–195
Error function, 96
Etchants, 316

plasma-gas, 330
selectivity ratios of, 327
wet, 326–328

Etching, 10, 11, 315–318, 324–333
chemical, 316–317
deep reactive ion, 331–333
dry, 329–333
ideal/undercutting/under-, 327
isotropic/anisotropic, 325–326
overview of, 324
plasma, 317, 329–330
of polysilicon by RIE, 401
stopping techniques for, 328–329
wet, 326–328
wet vs. dry, 333

Etch rates, 326, 336
Etch stop, 89, 328–329
Ethanol, 76
Ethylene-diamine and pyrocatecol (EDP)

etchant, 326, 327
Euler’s equation, 193
European Community, 30
Eutectic alloy, 431, 432
Eutectic bonding, 431–432

Eutectic solders, 431
Eutectic temperature, 431
Examples, presentation of, xxiv–xxv
Excitation, 100
Excitation force, frequency of, 123
Expansion, thermal, 152

F
Fabrication:

of masks, 359
micro-, see Microfabrication

Fabrication database, 395–397
Fabrication facility, 352
Face-centered cubic (FCC), 251
Failure:

AP&T as source of, 407
in MEMS/microsystems, 456
thermomechanical, 423

Fairchild Semiconductors, 11
Faraday’s law, 236
Fastening, 411
FCC (face-centered cubic), 251
FEA, see Finite element analysis
Feeding, part, 411
FEM, see Finite element method
FE (finite element) mesh, 375
Ferroelectric polymer thin films, 277
Ferromagnets, 501
Feynman, Richard, 465–466, 478
Fibers, insertion of conductive, 276
Fick’s law, 92, 293
Field-assisted thermal bonding, 432
Final testing, 457
”Fingers,” 36, 415, 416
Finite element analysis (FEA), 173–178

and CAD, 395, 402
considerations for, 176–178
engineering applications of, 175
formulation of finite element, 370–375
graphical output from, 176
input information to, 175
for mechanical design, 369–377
output from, 175–176
principle of, 173–174
simulation of microfabrication process,

375–377
Finite element (FE) mesh, 375
Finite element method (FEM), 369–375

considerations for using, 176–178
derivation of element equations, 372–373
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Finite element method (FEM), (Continued)

discretization, 370–372
Galerkin method, 373–374
principle of, 173
Rayleigh–Ritz method, 374–375
rules of, 174

Fixtures, microassembly, 416
Flowchart, CAD, 396, 397
Flow patterns, 187
Fluids, interaction of solids and, 209–210
Fluid dynamics, 184

computational, 198–199
continuum, 187–195
finite element method applied to, 175

Fluid flow, 12
incompressible, 199–204
Knudsen/Mach numbers, 482–483
in microconduits, 199–204
modeling of, 483–485
rarefaction, 482
in submicrometer-/nanoscales, 482–485

Fluid mechanics, 110, 184–187
control volumes/control surfaces, 187
flow patterns/Reynolds number, 187
at macro-/mesoscales, 184–187
scaling in, 238–242
streamlines/stream tubes, 186
viscosity of fluids, 184–186

Fluid resistance, 383–386
Fluid statics, 184
Fluorescence detectors, 388
Fluropolymers, 332, 333
Flux:

heat, 205–206, 210–212, 242
ion, 94

Fo (Fourier number), 243
Force-balanced microaccelerometers:

basic structure of, 131–132
damping of, 139

Force scaling vector, 231
Fourier law of heat conduction, 205–206
Fourier number (Fo), 243
Fracture analysis, interfacial, 369
Fracture mechanics, 165–171

interfacial, 169–171
stress intensity factors, 166–167
toughness, fracture, 167–169

Fracture toughness, 167–169
Free atoms or molecules, 470, 471
Free vibrating beam, 146

Frequency:
of excitation force, 123
of vibrating mass, 120

Front-side pressurization, 44, 45
Fuel cells, 476, 477
Fuller, Richard Buckminster, 471

G
GaAs, see Gallium arsenide
Gage pressure sensors, 44
Galerkin method, 373–374
Gallium:

atomic/ionic radii of, 306
diffusion coefficient of, 95
as dopant, 291

Gallium arsenide (GaAs), 11, 266–267
as active substrate material, 247, 353
electrical resistivity of, 90, 246
electron mobility of, 266
mechanical/thermophysical properties of, 257
and microsystems design, 353
plasma gas etchants for, 330
quantum efficiency of, 44
silicon vs., 267

Gallium nitride, 474, 478
Gallium phosphide, 90, 246
Gases:

physical behaviors of molecular, 89
rarefied, 482

Gas flow:
modeling of micro-/nanoscale, 483–485
spectrum of regimes for, 483

Gears, 7, 8, 12
Gear train, 410
Geodesic dome, 471
Geometric tolerances, 414–416
Geometry:

of MEMS components, 362
scaling in, 228–230
and size of die, 379–380

Geometry shaping, 362
Gerber, Christoph, 468
Germanium:

as active substrate material, 247
atomic/ionic radii of, 306
electrical conductivity of, 276
electrical resistivity of, 90, 246
mechanical/thermophysical properties of, 257

Glass, 11, 90, 246, 276
Glucose sensors, 38



INDEX 535

Gold, 339, 340, 432, 437
Grashoff number (Gr), 207, 208
Grasping, part, 411
Gravitational acceleration, 110
Grippers:

micro-, 3, 4, 59–62, 417–419
photolithography of, 401
separation of substrate and, 401

Gripping force, 418
Gyroscopes, micro-, 70–72

H
Hanke. Wilhelm, 55
Headers, packaging materials for, 445
Head loss, 195, 197
Health care industry, 27–28, 502, 503
Heat capacity, 228
Heat carriers, 488
Heat conduction, 486–491

and boundary conditions, 210–215
equation for, 207, 490–491
Fourier law of, 205–206
general principle of, 204–205
in multilayered thin films, 215–220
at nanoscale, 220–221, 486–489
and Newton’s cooling law, 208–209
scaling in, 242–243
and solid–fluid interaction, 209–210
in solids, 204–215, 220–221
in thin films, 489–491

Heat conduction analysis, 175
Heat conduction equation, 207, 490–491
Heat convection, 243–244
Heat flux, 205–206, 210–212, 242
Heat pipes, micro-, 75–77
Heat sink, 76
Heat transfer coefficient, 207
Heat transfer scaling, 242–244
Helium, 87, 138, 306
Hermetic seals, 439
HF (hydrofluoric) solution, 316
High-aspect-ratio microstructures, 17, 18
High-aspect-ratio processes, 355
High-precision transfer tool, 421
HNA etchant, 326, 328
Hoffmann, Ronald, 466
Homologous melting point, 150
Hoop stress, 112
Horizontal epitaxy deposition reactor, 314
Hot embossing lithography, 498

Hydration process, 434, 435
Hydrazine etchant, 326, 327
Hydrofluoric (HF) solution, 316
Hydrogen:

atomic/ionic radii of, 306
atomic structure of, 83–85
in epitaxial deposition, 313–315
viscosity of, 304

Hydrogen bonding, 338
Hydrogen chloride, 313, 315
Hydrogen gas, 87
Hydrophilic process, 434

I
IBM, 468, 469
IBM-Watson Research Center, 278
IC chips, see Integrated circuit chips
Ideal gas law, 305
IDT (interdigital transducer), 37
Imaging unit stereomicroscopes, 420
Imperial Museum of Arts (Taipei, Taiwan), 324
Incompressible fluid flow, 199–204

capillary effect, 201–203
laminar, 187
micropumping, 203–204
surface tension, 199–201

Indirect pressure transmission, 453–456
Indium, 291
Industrial engineering, 15
Industrial materials, polymers as, 274–275
Industrial products, 29
Inertia:

mass moment of, 230
mechanical, 66–72
thermal, 228

Inertia forces, 364
Inertial guidance systems, 28
Inertia sensors, 3–6, 66, 68
Infrared (IR) sensors, 411
Infusion pump pressure sensors, 28
Injection channels, 386–387
Injection cycle, 391
Inkjet printer head, 53
In-packaged microaligner, 416
Insitu bitumen extraction, 477
Instructors, suggestions to, xxiii–xxv
Insulated boundary condition, 215
Insulators:

and atomic structure, 84
bonding silicon onto, 435–437
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Insulators: (Continued)

electrical resistivities of, 90, 246
packaging materials for, 445
resistivity of, 246

Integrated circuit (IC) chips:
accelerometers on, 4
fabrication technology for, 11

Integrated encapsulation, 440–441
Integrated micropositioner, 420
IntelliCad, 395
Intelligent end effectors, 421
Intelligent microsystems, 5
IntelliSense Corporation, 395
IntelliSuite, 395, 398–400
Interconnect pins, 445
Interdigital transducer (IDT), 37
Interfaces:

in microsystems packaging, 427–428
problems with, 426

Interfacial fracture analysis, 369
Interfacial fracture mechanics, 169–171
Interfacial stresses, 336, 337
Intermolecular forces, 87–89, 479
International System (SI), 110
Interpolation function, 371
Intrauterine pressure sensors (IUPs), 27
Intrinsic stresses, 172–173, 364, 456
Ion–dipole interaction, 89
Ion etching, deep reactive, 331–333
Ion flux, 94
Ion implantation, 289–292, 361
Ion-implanted silicon dioxide, 336
Ion-induced dipole interaction, 89
Ion–ion interaction, 89
Ionization, 86–87, 99
Ionization energy, 87
Ion mobility, 387
Ions, 86–87
I/O ports, 12
Iron, 306
IR (infrared) sensors, 411
Isolation, of atoms and molecules, 468–470
Isotropic etching, 11, 316, 325
IT peripherals, 30–32
IUPs (intrauterine pressure sensors), 27

K
Karlsruhe Nuclear Research Center, 339
Kerosene, 138
kg (kilogram), 110

Kilby, Jack, 11
Kilogram (kg), 110
Kinematic viscosity, 185
Kinetic energy, 88–89
Kinetics of thermal oxidation, 297
Knudsen number (Kn), 482–483
Kodak, 287
KOH etchant, see Potassium hydroxide etchant
Kroto, Harry, 471
KTFR, 287

L
Lab-on-the-chip concept, 6, 15, 444
Lag time, 490
Laminar fluid flow, 187, 195–197
Langmuir–Blodgett (LB) film, 277–278
Lao-Tze, vi
Laptop computers, 17, 18
Laser ablation, 474
Lattices, 87, 251
LB film, see Langmuir–Blodgett film
Lead zirconate titanate, 270
LEFM, see Linear elastic fracture mechanics
Lenses, 7, 10
LIGA process, see Lithographie

Galvanoformung Abformung process
Light, 12, 288–289
Linear elastic fracture mechanics (LEFM),

165–167
Linear rate constant, 298, 299
Liquids, physical behaviors of molecular, 89
Lithium, 44, 84, 85
Lithiumion batteries, 476
Lithographie Galvanoformung Abformung

(LIGA) process, 11, 338–343
advantages of, 339
description, 339–340
design/selection of, 355
electroplating step in, 341–342
high-aspect-ratio microstructures

manufactured by, 17, 18
microgears produced using, 7, 8
photoresist materials for, 341
sacrificial, 342–343
simulation of, 375–376
substrate materials for, 340–341

Lithography:
photo-, see Photolithography
x-ray, 339–341

Localized CVD sealing, 443
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Loose atoms or molecules, 470
Low-pressure CVD (LPCVD), 260, 310, 311,

400
Lucas NovaSensor, 454

M
Mach number (Ma), 483
Magnets, nano-, 501
Magnetic induction, 19
Magnification, 417
Manifold absolute pressure (MAP), 21, 24, 48
Manufacturing:

design/selection of process for, 354–355
of ICs/microelectronics, 13
micro-, see Micromanufacturing

Manufacturing process sensors, 29
MAP, see Manifold absolute pressure
Mapping, signal, see Signal mapping
Market(s):

for microsystems, 30–32
time-to-, 351, 395

Mark’s Standard Handbook for Mechanical
Engineers (Avalone and Baumeister), 137

Mask(s):
design of, 359, 360
in diffusion, 94
in microfabrication, 318
in surface micromachining, 336
in wet etching, 324, 327
for x-ray, 339, 340

Masking, 316
Mass, 66, 119
Massachusetts Institute of Technology (MIT),

395
Mass flow rate, 188
Mass matrix, 145
Mass moment of inertia, 230
Mass–spring, 119
Mass–spring–dashpot, 119
Material(s), 11, 245–281

active substrate, 247
and CAD, 398
deterioration of, 456
gallium arsenide, 266–267
for nanoelectromechanical systems, 500–501
packaging, 280–281
piezoelectric crystals, 268–274
polymers, 274–280
quartz, 267–268
selection of, 352–354
silicon, 247–258

silicon compounds, 258–261
silicon piezoresistors, 261–266
for substrates/wafers, 245–247
thermal effects on mechanical strength

of, 150
Material science, 421–422
Materials database, 395–397
Materials engineering, 15
MATHCAD, 219
Mathematical modeling, 388–389
Matter:

atomic structure of, 83–86
molecular theory of, 87–89

Mauchly, John, 16
MBE (molecular beam epitaxy), 313
MCMs (multichip modules), 443
Mean free path (MFP), 137, 482, 487
Mean free time (MFT), 487
Mechanics:

defined, 109
fracture, see Fracture mechanics
thermo-, see Thermomechanics
thin-film, 172–173

Mechanical design, 362–379
dynamic analysis, 364–369
finite element method for, 369–377
geometry of MEMS components, 362
interfacial fracture analysis, 369
thermomechanical loading, 362–363
thermomechanical stress analysis, 363–364

Mechanical engineering principles, 14–15
Mechanical failure, 456
Mechanical inertia, 66–72
Mechanical interfaces, 428
Mechanical properties, 256–258
Mechanical strength, 150
Mechanical vibration, 119–149

damping coefficients, 134–144
design theory of accelerometers, 126–134
general formulation, 119–123
microaccelerometers, 125–126
resonant microsensors, 144–149
resonant vibration, 123–125

MEMS, see Microelectrical mechanical
systems

MEMS with microactuators, 59–66
microgripper, 59–62
micromotor, 64–66
microphone, 61, 63–64

MEMCAD, 395
MEMSCaP, 395
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MEMSPro, 395
MEMS products, market growth for, 31
Mercury, 477
Mercury vapor lamp, 288
Mesoscales, 3
Metals, 11
Metal films, 295
Metallic materials, 11
Metal organic CVD (MOCVD), 313
Metal oxide gas sensors, 41–42
Meter, 110
Meters per square second (m/s2), 110
Methanol, 76
MFP, see Mean free path
MFT (mean free time), 487
Microaccelerometers, 3–5, 66–69

design theory of, 126–134
die-level packaging of, 426
mechanical vibration in, 125–126

Microactuation, 53–59
electrostatic-force, 55–59
piezoelectric-effect, 54, 55
shape-memory-alloy, 54
thermal-force, 53–54

Microactuators, 3, 59–66
with mechanical inertia, 66–72
microaccelerometer, 66–69
microgripper, 59–62
microgyroscope, 70–72
micromotor, 64–66
microphone, 61, 63–64

Microassembly, 409–422
contact problems in tools for, 416–419
costs of, 410–411
issues in, 421–422
overview of, 409
problems in, 413–419
processes of, 411–413
tolerances in, 414–416
tools/fixtures for, 416
volume of, 409
work cells in, 419–421

Microassembly processes, 411–413
encapsulation/passivation, 411
lack of established, 410
part bonding/fastening, 411
part feeding, 411
part grasping, 411
part mating, 411
sensing/verification, 411–413

Microassembly work cells, 419–421
Micro-biomedical sensors, 2
Micro-cantilever beams, 334–336
Microcars, 19–20
Microchannels:

fluid resistance in, 383–386
in microfluidics, 72–73

Micro Chem Corporation, 278
Microconduits, incompressible fluid flow in,

199–204
Microcosm Technologies, 395
Microdamping in shear, 137–144
Microelectrical mechanical systems (MEMS):

components of, 1–3
demand for, xix
failure mechanisms in, 456
geometry of components in, 362
with microactuators, see MEMS with

microactuators
packaging reliability in, 455–456
polymers for, 275

Microelectronics, microsystems vs., 11–13
Microfabrication, 285–318

chemical vapor deposition, 301–311
diffusion, 292–295
epitaxy, deposition by, 313–315
etching, 315–317
evolution of, 10–11
ion implantation, 289–292
oxidation, 295–301
photolithography, 285–289
physical vapor deposition/sputtering,

312–313
simulation of, 375–377

Microfluids, 102, 105
Microfluidic network systems, 382–394

capillary electrophoresis, 386–392
capillary electrophoresis in curved channels,

392–394
design case, 389–392
and fluid resistance in microchannels,

383–386
issues in design of CE processes, 394
mathematical modeling of, 388–389

Microfluidic systems, 72–77
advantages of, 72
components of, 72–73
interfaces in, 428
micro-heat pipe, 75–77
micropump, 75, 76
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microvalve, 74–75
Microgears, 7, 8
Microgrippers, 3, 4, 59–62, 365–369, 417–419
Microgyroscopes, 70–72
Micro-heat pipes, 75–77
Micro-inertia sensors, 3–6
Microlithography, see Photolithography
Micromachining, 10–11, 323

bulk, see Bulk micromachining
of silicon, 325–326
silicon-based, 338–339
surface, see Surface micromachining

Micromanipulators, 420–421
Micromanufacturing, 323–343

bulk, 324–333, 343
defined, 323
LIGA process, 338–343
surface micromachining, 333–338, 343

Micromechatronics systems, 15
Micromirrors, 229–230
Micromotors, 7, 9, 64–66
Micro-optical components, 7, 10
Micro-optical systems, 12
Micro-O-rings, 440
Microphones, miniature, 61, 63–64
Micropositioner, 420
Micro-pressure sensors, 44–50

assembly of, 46
bridge for capacitance measurements in, 48
capacitance signal transduction in, 47
costs of, 407
cross sections of, 45
manifold absolute pressure sensor with

capacitor transducer, 48
nonlinear output of, 49
silicon die of, 378–382
with vibrating beam signal transducer, 50

Micro-pressure sensor packages, 2
Microprocessor control components, 26
Micropropulsion systems, 29
Micropumps, 75, 76
Micropumping, 203–204
Microrotary motors, 65–66
Microscale technologies, 467–468
Microscopes, 413–414, 417, 420
Microscope optics, 420
Microsculptures, 324
Microsensor(s), 1–3, 35–53

acoustic wave, 36–37
advantages of, 1

biomedical/bio-, 37–40
chemical, 40–42
defined, 35
LB-film in, 277
in microfluidics, 72
optical, 42–44
pressure, 44–50
resonant, 144–149
thermal, 50–53
and transduction units, 3
types of, 1, 2

Microshells, 441
Microsystems, failure mechanisms in, 456
Microsystems design, 349–402

computer-aided, 395–402
considerations in, 350–358
constraints on, 351–352
of electromechanical system, 358
and manufacturing-process selection,

354–355
and material selection, 352–354
of mechanicals, 362–377
of microfluidic network systems, 382–394
and packaging, 358
of process, 358–362
and signal-transduction selection, 355–357
of silicon die of micropressure sensor,

378–382
Microsystems packaging, 422–456

considerations in, 424, 452–453
design case on, 451–455
device-level, 425–426
die-level, 424–426
die preparation for, 429
interfaces in, 427–428
levels of, 424, 425
material selection for, 444–446
need for, 408, 409
overview of, 422–423
reliability in, 455–456
sealing/encapsulation in, 439–443
and signal mapping/transduction, 447–451
surface bonding in, 429–437
system-level, 427
technologies for, 428–443
three-dimensional, 443–444
wire bonding in, 437–439

Microsystem technology (MST), 1–32
aerospace applications of, 28–29
assembly of, see Microassembly
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Microsystem technology (MST), (Continued)
automotive applications of, 21–27
components of, 3, 4
consumer products applications of, 29
defined, 3
design/manufacture of, 13–15
health-care applications of, 27–28
industrial products applications of, 29
intelligent, 5
lab-on-the-chip concept of, 6
markets for, 30–32
microelectronics vs., 11–13
and microfabrication, 10–11
microgear, 7, 8
micromotor, 7, 9
micro-optical component, 7, 10
microturbine, 7, 9
and miniaturization, 15–20
nanotechnology vs., 467–468
packaging of, see Microsystems packaging
polymers for, 275
revenue in, xix
scale of, 3
telecommunications applications of, 30

Microthermopiles, 51–53
Microtribology, 66
Microturbines, 7, 9
Microtweezers, 417
Microvalves, 12, 74–75
Miller indices, 253–256
Miniature microphones, 61, 63–64
Miniaturization, 15–20

need for, 15
scaling laws in, 227–244

”Miniaturized” ENIAC, 17, 18
MIT (Massachusetts Institute of Technology),

395
Mobile phones, 19
Mobile telecommunications equipment, 18–19
MOCVD (metal organic CVD), 313
Modal analysis, 124
Modes, of vibration, 124
Modeling:

mathematical, 388–389
of micro-/nanoscale gas flow, 483–485
nanoscale analytical, 501–502
process, 422

Mode number, of vibration, 149
Molar mass, 305
Molecular beam epitaxy (MBE), 313

Molecular biology, 13
Molecular dynamics, 479–481
Molecular electronics, 476
Molecular physics, 14
Molecular theory of matter, 87–89
Molecule(s):

assembly of loose, 470
defined, 87
fluid, 184
isolation of, 468–470
physical behaviors of, 89
rebonding of free, 470, 471

Momentum equation, 190–192
Monolithic circuit, 11
Motion:

defined, 109
equation of, 192–195

Motors:
micro, 7, 9
micro-, 64–66

Moving parts, 12
m/s2 (meters per square second ), 110
MST, see Microsystem technology
Multichip modules (MCMs), 443
Multilayers:

fracture analysis in, 369
fracture mechanics in, 169–171
heat conduction in, 215–220
temperature stress in, 153–157

N
N (newton), 110
Nanoassembly, 500
Nanoelectromechanical devices, 477
Nanoelectromechanical systems (NEMS), 468,

500–501
Nanofabrication:

nanopatterning in, 498–500
principle of, 468–471

Nanoimprint lithography (NIL), 498–499
Nanomagnets, 501
Nanometer (nm), 15
Nanoparticles, 472, 477
Nanopatterning, 498–500
Nanoproducts, 471–474

applications of, 474–478
in biomedicine, 475
buckyballs, 471
in energy, 476–477
in environment, 477
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in molecular electronics, 476
nanoparticles, 472
in nanostructures, 478
nanotubes, 472–474
nanowires, 472
in optoelectronics/electromechanical devices,

477
properties of, 475
in surface coatings, 477

Nanoscale engineering, 465–503
and analytical modeling, 501–502
challenges in, 497–502
and fluid flow, 482–485
and heat conduction, 486–491
and materials, 500–501
and micro- vs. nanoscale technologies,

467–468
and molecular dynamics, 479–481
and nanoassembly, 500
and nanopatterning, 498–500
and nanoproducts, 471–474
principle of, 468–471
and quantum physics, 478–479
social impacts of, 502–503
and testing, 502

Nanotechnology (NT):
defined, 465
microsystem technology vs., 467–468
revenues generated by, 466

Nanotubes, 472–474, 478
Nanowires, 472
National Science Foundation, 466
Natural frequency, 120, 121, 124, 131, 145,

364
Navier–Stokes equations, 198, 483
Navigation systems, 22
N -crystalline silicon, 42, 44
Negative resists, 286, 287, 289
NEMS, see Nanoelectromechanical systems
Neomicrosculpts, 324
Network of Excellence in Multifunctional

Microsystems, 30
Network systems:

capillary electrophoresis, see Capillary
electrophoresis network systems

microfluidic, see Microfluidic network
systems

Neutrons, 83–85
Newton (N), 110
Newtonian fluids, 185, 186

Newton’s cooling law, 208–209
Newton’s law of dynamic force equilibrium,

127
Newton’s second law, 119
NEXUS, 30
Nickel, 90, 246, 306
NIL, see Nanoimprint lithography
Nitrogen, 138, 304, 306
nm (nanometer), 15
Nodes, 173
Noncompressible fluids, 138
Non-slip boundary condition, 184–185
Normal thermal force, 159
Noyce, Robert, 11
NT, see Nanotechnology
N -type semiconductors, 90–92
Nu (Nusselt number), 207
Nucleus, 83–85
Numerical solution, of temperature distribution,

163–165
Nusselt number (Nu), 207
Nylon, 276

O
Object avoidance systems, 22
Obround tubes, 383
Oil-filled stainless diaphragm, 454–455
Opening mode, 166
Operating pressures, 381
Operating temperature, 382
Optical interfaces, 427–428
Optical microgyroscopes, 70
Optical sensors, 42–44
Optical switches, 7, 10
Optoelectronics, 477
Orbits, electron, 83–86
Organic alloys, 275
Oscillations, 478–480
Outward normal line, 209
Overdamping, 122
Overlay accuracy, 499
Overpressures, 382
Oxidation, 295–301

color, oxide thickness by, 300–301
rates of thermal, 296–300
residual stress/strain during/after,

337
and silicon dioxide, 296
thermal, 295–301
in thin-film fabrication, 361
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Oxides:
color as indicators of thickness of, 300–301
electrical resistivity of, 90, 246

Oxygen, 304, 306

P
Pa (pascal), 110
Packaging:

design factors of, 358
failure due to, 456
of ICs/microelectronics, 13
microsystems, see Microsystems packaging

Packaging materials, 11
for MEMS/microsystems, 280–281
properties of, 445
selection of, 354, 444–446
temperature-dependent properties of, 446

Packaging technologies, 428–443
die preparation, 429
sealing/encapsulation, 439–443
surface bonding, 429–437
wire bonding, 437–439

Paints, 477
Palladium, 437
Parabolic rate constant, 298, 299
Parallel microassembly, 412–413
Parallel plates, 56–59, 233–235
Parametric testing, 457
Parasite stresses, 452
Part bonding, 411
Part feeding, 411
Part grasping, 411
Particular solution (PS), 127
Part insertion, 421
Part mating, 411
Parylene, 453
PAS (polyalkensulfone), 341
Pascal (Pa), 110
Paschen effect, 233, 234
Passivation, 378, 411
Passive substrate materials, 352
Pattern design, 359, 360
Patterning, nano-, 498–500
P -crystalline silicon, 42, 44
PDAs (personal digital assistants), 19
PECVD, see Plasma-enhanced CVD
Peeling stress, 437
Periodic table, 85
Personal digital assistants (PDAs), 19
Phenolic novolak resin, 287

Phonons, 221, 479, 486–489
Phonon scattering, 487
Phosphorus, 91, 92

atomic/ionic radii of, 306
diffusion coefficient of, 95
diffusivity of, 294
as dopant, 96–98, 291
ion implantation of, 291
solid solubility of, 94

Phosphosilicate glass (PSG), 335, 336
Photolithography, 285–289, 498–499

of grippers, 401
light sources, 288–289
photoresist development, 289
photoresist removal/postbaking, 289
photoresists, 286–288
process design of, 359–360
by UV exposure, 400

Photons, 479
Photoresist(s), 286–288

application of, 400
deposition of, 401
development of, 289
in DRIE process, 332
in LIGA process, 341
light sources for, 288–289
materials for, 318, 332, 341
positive/negative, 287
postbaking of, 289
removal of, 289, 400, 401
SU-8, 278–280

Photovoltaic (PV) cells, 476–477
Phthalocyanine, 40
Physical deposition, 317–318
Physical size, 352
Physical vapor deposition (PVD), 301,

312–313
Piezoelectric coefficients, 270
Piezoelectric crystals, 268–274, 500–501
Piezoelectric effect, 54, 55, 268–269
Piezoelectric force, 363
Piezoelectricity, 55, 363
Piezoelectric materials, 357, 447
Piezoelectric pumping, 203–204, 241–242
Piezopumps, 75
Piezoresistance, 261
Piezoresistive coefficient matrix, 262
Piezoresistive coefficients, 263, 264
Piezoresistive transducer (PRT) pressure

sensors, 24
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Piezoresistors:
drawback of, 265
and microsystems design, 356
for signal mapping/transduction, 448–451
silicon, 261–266
as transducers, 356, 447

Pinched loading technique, 392
Pipes, micro-heat, 75–77
Planar packaging, 444
Planck, Maxwell, 478, 479
Planck’s constant, 478
Plasma, 99
Plasma-enhanced CVD (PECVD), 260,

310–311
Plasma etching, 317, 318, 329–330
Plasma physics, 13, 99–100
Plastic passivation, 407
Plastics, 11
Plates, 362
Plate springs, 362
Platinum, 90, 246
PLG (polylactide-co-glycolide), 341
PMI (polymethacrylimide), 341
PMMA, see Polymethyl methacrylate
P–n junctions, 89
Poisson’s ratio, 261
Polyalkensulfone (PAS), 341
Polychlorinated biophenols, 477
Polycrystalline silicon:

in chemical vapor deposition, 303
CVD in, 303
and microsystems design, 354
properties of, 260–261
as substrate material, 354
in thermal oxidation, 295

Polyethylene, 276
Polylactide-co-glycolide (PLG), 341
Polymers, 11, 274–280

conductive, 275–276
in DRIE process, 332
as industrial materials, 274–275
Langmuir–Blodgett polymer film, 277–278
for MEMS/microsystems, 275
and microsystems design, 353
SU-8 photoresist, 278–280
as substrate material, 353

Polymer coating, selection of, 500
Polymethacrylimide (PMI), 341
Polymethyl methacrylate (PMMA), 7

as LIGA photoresist, 341

as positive photoresist, 287
as x-ray photoresist, 339–340

Polyoxymethylene (POM), 341
Polysilicon:

LPCVD deposition of, 400
mechanical properties of, 261
plasma gas etchants for, 330
RIE etching of, 401

Polyvinylidene fluoride (PVDF), 270,
277

POM (polyoxymethylene), 341
Positioner, micro-, 420
Positive resists, 286, 287, 289
Postbaking, 289
Potassium, 44
Potassium hydroxide (KOH) etchant, 316, 326,

327
Potential energy, 374
Power density scaling, 232
Power systems, aerospace, 29
Power trains, automobile, 24
Prandtl number (Pr), 207, 208
Prescribed heat flux at boundary, 210–212
Prescribed surface temperature, 210, 211
Pressure, operating, 381
Pressure drop, 241
Pressure sensors, 1, 44–50

in automobiles, 21, 23
packaging of, 451–455
signal mapping/transduction in, 448–451

Primary creep, 151
Primary flats, 255–256
Primary unknown quantities, 371, 372
Process design, 358–362

of geometry shaping, 362
of photolithography, 359–360
of thin-film fabrications, 360–361

Process flow table, 397
Process modeling, 422
Process pressure transmitters, 29
Proof mass, 68, 69, 125, 126, 137
Propulsion systems, 29
Protons, 83–86
PRT (piezoresistive transducer) pressure

sensors, 24
PS (particular solution), 127
Pseudoelements, 375
PSG, see Phosphosilicate glass
P -type semiconductors, 90, 91
Pumps, 12, 75, 76
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Pumping:
electrohydrodynamic, 100–105
electro-osmotic, 103–105
electrophoretic, 105
micro-, 203–204
piezoelectric, 203–204, 241–242
surface, 228

PV cells, see Photovoltaic cells
PVD, see Physical vapor deposition
PVDF, see Polyvinylidene fluoride
Pyrex glass, 44, 432, 433, 452
Pyrolysis, 276, 303, 313, 472
PZT piezoelectric material, 357, 500

Q
Quantum dots, 472
Quantum efficiency, 44
Quantum physics, 14, 478–479
Quartz, 11, 267–268

and acoustic wave sensors, 36
as active substrate material, 247, 353
electrical resistivity of, 90, 246
mechanical/thermophysical properties of, 257
and microsystems design, 353
piezoelectric coefficient of, 270
properties of, 268

Quate, Calvin, 468

R
Radar systems, 29
Radial stress, 112
Range of acceptable device performance, 457
Rapid thermal processing (RTP) bonding, 442,

443
Rarefaction, 482
Rarefaction coefficient, 485
Rayleigh–Ritz method, 374–375
RCA, 11
Re, see Reynolds number
Reactants, 317
Reactive neutrals, 329
Reactive sealing, 441
Real-time computer, 421
Rebonding, 470–471
Recombination, 100
Rectangular channels, 383, 386
Rectangular plates:

deflection with lateral bending of, 110–111
static bending of, 114–115

Relative permittivity, 46–47

Relaxation time, 491
Reliability:

of delivery, 421
in MEMS packaging, 455–456
of microsystems packaging, 422

Reliability testing, 456–458
during assembly, 457
burn-in and final, 457
parametric testing, 457
range of acceptable device performance, 457
self-testing, 457–458
during use, 458

Replication, 500
Repulsion, 88
Residual stresses, 172, 173, 337
Resist, selection of polymer, 500
Resistance, 383–386
Resistance measurements, 45, 447, 448
Resistive power loss, 237
Resistivity, electrical, 90, 246, 263
Resonant microsensors, 144–149
Resonant vibration, 123–125, 357, 364
Reversed sputtering, 330
Reynolds number (Re), 187, 207
RF plasma, 310
Rhombus tubes, 383
RIE, 401
Rigid-body dynamics, 230–233
Rochelle salt, 270
Rohrer, Heinrich, 469
Room temperature vulcanizing (RTV) silicone

rubber, 281, 430, 445
Rotary motors, 65–66
Rotational microgyroscopes, 70
Rotor poles, 66
Rotors, 7
RTP bonding, see Rapid thermal processing

bonding
RTV silicone rubber, see Room temperature

vulcanizing silicone rubber
Rubidium, 44

S
Sacrificial components, 335, 336
Sacrificial layers, 334, 401
Sacrificial LIGA (SLIGA) process, 342–343,

355
Sample loading, 392
Sample plug, 387
Sample separation, 392
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Sandia National Laboratory, 411, 412, 419
SAW, see Surface acoustic wave
Scaling, 227–244

in electricity, 237–238
of electromagnetic forces, 235–237
in electrostatic forces, 233–235
in fluid mechanics, 238–242
in geometry, 228–230
in heat transfer, 242–244
in rigid-body dynamics, 230–233

Scaling laws, 14, 227–244
Scanning atomic force microscope, 469,

496–497
Scanning thermal microscopy method, 496–497
Scanning tunneling microscope (STM), 469,

470
SCAP sensors, see Silicon capacitive absolute

pressure sensors
Scattering, phonon, 487
Schockley, W., 11
Schrödinger equation, 481
Sculpture, 324
Sealing:

and encapsulation, 439–443
by localized CVD process, 443
by microshells, 441
reactive, 441
by RTP bonding, 442, 443
vacuum, 442–443
by wafer bonding, 441–442

Secondary flats, 255–256
Seebeck, T. J., 50
Seebeck coefficient, 50, 51
Seebeck effect, 50
Segway Human Transporters, 70
Seismic mass, 125, 126
Selectivity ratios of etchants, 327
S-elements, 376, 377
Self-assembly, 412, 500
Self-orienting fluidic transport (SOFT), 412
Self-testing, 457–458
Semiconductors:

doping of, 89–92
electrical resistivities of, 90, 246
heat conductivity measurement in, 492–493
resistivity of, 246

Sensing, 411–413, 421
Sensors:

in automobiles, 21–23, 27
in industrial products, 29
micro-, see Microsensor(s)

Separation channels, 386–387
Separation cycle, 391
Sequential microassembly, 412, 413
SFB (silicon fusion bonding), 434, 435
Shape memory alloys (SMAs), 54, 357,

447
Shear, microdamping in, 137–144
Shear deformation, of fluids, 184
Shear force, 185
Shear modulus of elasticity, 256
Shear resistance, 134
Shear stress, 138, 185, 238
Shielding elements, 13
Si, see Silicon
SI (International System), 110
Sidewall protection materials, for DRIE, 332
Signals, in microsystems, 423
Signal mapping, 355, 447–451

and capacitance measurements, 450, 451
and electrical signals in microsystems, 447
in pressure sensors, 448–451
and resistance measurements, 447, 448

Signal transducers, 68
Signal transduction, 447–451

design/selection of, 355–357
in micro-pressure sensors, 46–50
in pressure sensors, 448–451

Silanol bond, 434
Silicon (Si), 11, 247–258

as active substrate material, 247, 353
atomic/ionic radii of, 306
atomic structure of, 84, 85
crystal structure of, 250–253
doping of, 90–92
electrical conductivity of, 276
electrical resistivity of, 90, 91, 246
electron mobility of, 266
etch rates for, 326
gallium arsenide vs., 267
as ideal substrate for MEMS, 247–248
mechanical/thermophysical properties of,

256–258
micromachining of, 325–326
and microsystems design, 352
Miller indices of, 253–256
and molecular theory, 87
oxidation in, 299
plasma gas etchants for, 330
single-crystal, 248–250
temperature-dependent thermophysical

properties of, 151
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Silicon (Si), (Continued)
thermal diffusivity of, 258
Young’s modulus of, 501

Silicon-based IC, 11
Silicon-based micromachining, 338–339
Silicon-based microsensors, 30
Silicon capacitive absolute pressure (SCAP)

sensors, 24, 25
Silicon carbide:

advantages of, 259
mechanical/thermophysical properties of, 257
and microsystems design, 354
as substrate material, 354

Silicon compounds, 258–261
etch rates for, 326
polycrystalline silicon, 260–261
silicon carbide, 259
silicon dioxide, 258–259
silicon nitride, 259–260

Silicon dichloride, 313
Silicon dioxide, 258–259

in chemical vapor deposition, 302
CVD creation of, 400
CVD in, 302
in DRIE process, 332
electrical conductivity of, 276
for etching mask, 316
etch rates for, 326
mechanical/thermophysical properties of, 257
and microsystems design, 353
and oxidation, 296
plasma gas etchants for, 330
properties of, 258
as sacrificial component, 335, 401
selectivity ratios of etchants to, 327
as substrate material, 353
thermal diffusivity of, 258

Silicon dopants, ion implantation of, 291
Silicone gel coating, 453
Silicone oil, 138
Silicone rubber:

for die-level packaging, 445
RTV, 281, 430, 445

Silicon fusion bonding (SFB), 434, 435
Silicon nitride, 259–260

advantages of, 259
in chemical vapor deposition, 303
CVD in, 303
electron mobility of, 266
etch rates for, 326

mechanical/thermophysical properties of, 257
and microsystems design, 354
plasma gas etchants for, 330
properties of, 260
selectivity ratios of etchants to, 327
as substrate material, 354
as x-ray mask, 340

Silicon-on-insulator (SOI) bonding, 435–437
Silicon oxidation rate constant, 300
Silicon oxide, 266
Silicon piezoresistors, 261–266
Silicon solar photovoltaic cells, 476–477
Silicon strain gages, 263
Siloxanes, 453
Silver, 90, 246, 437
Simulation:

of bulk micromachining, 376–377
of microfabrication process, 375–377
process, 422
of surface micromachining/LIGA process,

375–376
Single-crystal form, of silicon/wafers, 248–250
Singularity parameter, 170
SLIGA process, see Sacrificial LIGA process
Smalley, Richard, 471
Smart cars, 21
Smart materials, 502
Smart sensors, 36
SMAs, see Shape memory alloys
Smith, Charles, 261
Social impacts, of nanoscale engineering,

502–503
Sodium, 44
SOFT (self-orienting fluidic transport), 412
SOI bonding, see Silicon-on-insulator bonding
Solar energy, 477
Solar photovoltaic cells, 44, 476–477
Solder, 445
Solder alloy, 446
Solids:

heat capacity of, 228
heat conduction in, 204–215, 220–221
at meso-/microscales, 243
physical behaviors of molecular, 89
scaling in effect of heat conduction in, 243
at submicrometer scale, 220–221

Solid–fluid interaction, 209–210
Solid mechanics, 110
Solid solubility, 94
Space environment sensors, 29
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Speed, 16
Spinning, 279, 288
Spintronics, 476
Springs, 66–68
Spring constant, 130
Spring–mass, 125
Spring–mass–dashpot, 125
Sputtering:

aluminum, 400
as physical vapor deposition process,

312–313, 317–318
reversed, 330
in thin-film fabrication, 361

Square plates with edges fixed, 116–119
Squeeze-film damping, 134–137
Stainless steel, 257
Standardization, 407, 408, 410
Stanford University, 468
Static balanced mode, 447, 448
Static bending, of thin plates, 110–119

circular plates with edge fixed, 112–114
rectangular plates with all edges fixed,

114–115
square plates with edges fixed, 116–119

Static pressure, 203
Stator poles, 66
Stators, 7
Steady-state creep, 151
Stereomicroscopes, 420
Stiffness constant, 124
Stiffness matrix, 145
STM, see Scanning tunneling microscope
Stoppers, 382
Stormer, Horst, 466
Strain analysis, 175
Streamlines, 186
Stream tubes, 186
Strength of materials, thermal effects on

mechanical, 150
Stress(es):

and acoustic wave sensors, 36
bending, 111, 368
compressive, 153
hoop, 112
interfacial, 336, 337
intrinsic, 172–173, 364, 456
parasite, 452
peeling, 437
residual, 172, 173, 337
shear, 138, 185, 238

stress, 112
thermal, see Thermal stresses
von Mises, 176

Stress analysis:
finite element, 173–178
thermomechanical, 363–364

Stress intensity factors, 166–167
Stress singularity, 167
Striction, 87, 337, 338
SU-8 photoresists, 278–280
Submicrometer scale:

fluid flow in, 482–485
heat conduction in solids at, 220–221

Substrates, 11
cleaning of, 400
purpose of, 245–246
separation of grippers and, 401

Substrate materials, 245–247
active, 247
for LIGA process, 340–341
preparations, 452
selection of, 352–354, 399–400
silicon as ideal, 247–248

Surface acoustic wave (SAW), 36–37
Surface bonding, 429–437

adhesives, 430–431
anodic, 432–434
eutectic, 431–432
overview of, 434–435
silicon fusion, 434
silicon-on-insulator, 435–437

Surface coatings, 477
Surface forces, 363
Surface micromachining, 88, 333–338, 343

and adhesion of layers, 336, 337
description, 333–334
design/selection of, 355
and interfacial stresses, 336, 337
mechanical problems with, 336–338
micro-cantilever beams produced by, 334
and microsystems design, 355
process of, 335–336
simulation of, 375–376
and striction, 337, 338

Surface properties, 228
Surface pumping, 228
Surface reaction rate constant, 300
Surface temperature, prescribed, 210, 211
Surface tension, 199–201, 419
Surface-to-volume ratios, 228–229
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Suspension systems, 22
System-level packaging, 427, 455
Systems engineering, 422
Systems integration, 73

T
TCP (temperature coefficient of piezoresistor),

450
TCR (temperature coefficient of resistance),

450
Tearing mode, 166
Telecommunications, 30, 36
Telecommunications equipment, 18–19
Temperature:

operating, 382
prescribed surface, 210
and silicon piezoresistors, 265–266

Temperature coefficient of piezoresistor (TCP),
450

Temperature coefficient of resistance (TCR),
450

Temperature variation:
through depth, 159–165
through thickness, 158–159

Templates, 500
Tensile force, 146, 199
Tension, surface, 199–201, 419
Tertiary creep, 151
Testing:

method for, 422
nanoscale, 502
for reliability, 456–458

Tetramethyl ammonium hydroxide (TMAH)
etchant, 326, 327

Texas Instruments, 11
Thermal coefficient, 261
Thermal conductivity:

measurement of, 491–497
of nanotubes, 476
scanning thermal microscopy method of

measuring, 496–497
of solids, 205
of thin films, 489–490
3-omega method of measuring, 493–496

Thermal control systems, 29
Thermal diffusivity, 207
Thermal distortion, 16
Thermal effects, on mechanical strength of

materials, 150
Thermal forces, 16, 53–54

Thermal inertia, 228
Thermal moment, 159
Thermal oxidation, 295–297
Thermal oxidation rates, 296–300
Thermal sensors, 50–53
Thermal stresses, 152–165

in beams due to temperature variation
through depth, 159–165

in bilayer strips, 153–157
in thin plates with temperature variation

through thickness, 158–159
Thermal wave propagation, 491
Thermocompression wire bonding, 438
Thermocouples, 51–53
Thermofluid engineering, 183–221

computational fluid dynamics, 198–199
continuum fluid dynamics, 187–195
fluid mechanics, 184–187
heat conduction in solids, 204–215
incompressible fluid flow in microconduits,

199–204
laminar fluid flow in circular conduits,

195–197
Thermomechanics, 150–165

creep deformation, 150–152
mechanical strength of materials, thermal

effects on, 150
thermal stresses, 152–165

Thermomechanical loading, 362–363
Thermomechanical stress analysis, 363–364
Thermophysical properties, 257
Thermophysical quantities, units for, 523
Thermopiles, 51, 52
Thermoplastics, 274
Thermoplastic nanoimprint lithography (T-Nil),

498–499
Thermosets, 274
Thermosonic bonding, 439
Thin film(s):

heat conduction equation for, 490–491
heat conduction in multilayered, 215–220
heat conductivity measurement in, 491–497
mechanics of, 172–173
for nanoelectromechanical systems, 501
process design fabrication of, 360–361
thermal conductivity of, 489–490

Thin-film deposition, 10
Thin plates:

static bending of, 110–119
thermal stresses in, 158–159
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3-omega method, 493–496
Three-dimensional packaging, 443–444
Three-dimensional structures, 13
Three-point bending, 168
Time:

lag, 490
mean-free, 487
relaxation, 491
scaling of, 231, 233

Time-to-market (TTM), 351, 395
TMAH etchant, see Tetramethyl ammonium

hydroxide etchant
T-Nil, see Thermoplastic nanoimprint

lithography
Tolerances, in microassembly, 414–416

alignment, 415, 416
dimensional, 414, 415
geometric, 414–416

Tongue-and-groove contacting surfaces, 440
Tools:

for design verification, 422
for microassemblies, 410
microassembly, 416

Top-down approach, 467
Torque transmission gears, 7
Toughness, fracture, 167–169
Transducers, 447
Transduction, signal, see Signal transduction
Transduction units, 1–3
Transfer tool, high-precision, 421
Transistors, 11, 16
Trapezoidal channels, 383
Trimmer force scaling vector, 231–233
TTM, see Time-to-market
Tubes, 362
Tuning-fork-type microgyroscopes, 70–71
Tunnel, 469
Turbines, 7, 9
Tweezers, 417

U
Ultra-large-system integration (ULSI), 11, 16
Ultrasonic wire bonding, 437–439
Ultraviolet (UV) light, 287, 288, 400, 477
Underdamping, 122, 123
”Under Heaven” (Lao-Tze), vi
U.S. Army, 16
Units:

conversion of, 525–526
for solid mechanics, 110

for thermophysical quantities, 523
University of Pennsylvania, 16
Use, testing during, 458
UV light, see Ultraviolet light
UV-nanoimprint lithography (UV-Nil), 499

V
Vacuum chuck, 288
Vacuum sealing and encapsulation, 442–443
Valence electrons, 84, 250
Valves, micro-, 74–75
Van der Spiegel, J., 17
Van der Waals force, 87, 363, 418–419, 478
Vapor-deposited organic, 453
Vapor-liquid-solid (VLS) synthesis, 472
Vapor-phase epitaxy (VPE), 313
Variable capacitance, 48
Vehicle diagnostics, 24, 26
Vent hole, 443
Verification, 411–413
Vertical epitaxy deposition reactor, 315
V-groove channels, 383–386
Vibrating microgyroscopes, 70

Vibration, 16
excessive, 364
of lattices in substance, 486
mechanical, see Mechanical vibration
and molecular forces, 88–89
resonant, 123–125

Viscoelasticity, 36
Viscosity:

of fluids, 138, 184–186, 238–239
of gases in CVD processes, 304

Vision It software, 421
VLS (vapor-liquid-solid) synthesis, 472
Voltage, 51
Voltmeters, 447
Volume, scaling and, 228
Volumetric fluid flow, 239–241
Von Mises stress, 176
VPE (vapor-phase epitaxy), 313
Vulcanizing silicone rubber, 430

W
Wafers:

materials for, 245–247
single-crystal, 248–250
in solar photovoltaic cells, 477
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Wafer bonding, 441–442
Wafer dicing, 429, 452
Water, viscosity of, 138
Water column height, 202
Wedge–wedge ultrasonic bonding,

438–439
Weighted residuals method, 373
Weight limitations, 352
Wet etching, 316–318, 324–329

on aluminum, 401
dry vs., 333
isotropic/anisotropic, 325–326
photoresist removal by, 400, 401
rates of, 326
selectivity rates for, 327
stop techniques for, 328–329

Wet perimeter, 197

Wheatstone bridge, 447–451
Wicking materials, 75–76
Wire bonding, 425, 437–439
Wire bonds, 445
Work cells, 412, 419–421

X
X-ray, 289
X-ray lithography, 339–341
Xylene, 287

Y
Young’s modulus, 247, 256, 261, 501

Z
Zinc oxide, 473, 474
Zinc oxide film, 477


