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absolute pressure sensor 30, 49,

54,396–397, 409, 432, 436
accelerometer ADXL50 99, 111
active matrix electron emitter array

236, 238, 395
actuator 244
adhesive wafer bonding 352
advanced piezoresistive pressure

sensor 49
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analog-to-digital conversion (ADC)
183

anchor loss 201
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anodic bonding 10, 20, 392
anodic bonding (chapter 11)
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adhesion 274
charge and voltage distribution

261
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GaAs and glass surfaces 266
glass reflow process 274–276
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intermediate thin films 269–271
low temperature co-fired ceramics

(LTCC) 269
Mallory bonding 259
variation of 271–274
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Bosch process 19
BST varactor 241
bulk micromachining (chapter 2)

15–48
active DWP (ADWP) 30, 32
advanced porous silicon membrane

(APSM) 42, 49, 434
anisotropic wet etching 17–18
anodic bonding 20
bond and etched back SOI (BESOI)
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dissolved wafer process (DWP)
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process 34
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423–442
application of SON 435–439
atomic migration 427
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migration phenomena 432, 435
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430
plate-shaped cavity 431
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426
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capacitive pressure sensor 274
capacitive sensing 154
capacitive sensors 184
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cavity SOI technology 27
ceramic quad flatpack (CQFP) 363
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chemical mechanical polishing
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chemical vapor deposition (CVD)
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(CTE) 155, 271, 338
combo sensors 132
compressive stress 70
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copper 457
Coriolis force 63
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Cu deposition rates 459
cyclic voltammogram 225
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182, 233, 254, 320, 322, 451
deposition 380, 417
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49
design of experiment (DoE) 117
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digital micromirror device (DMD)
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direct bonded copper (DBC) substrate

370
direct bonding (chapter 12)

279–288
bond and etch back SOI (BESOI)
high-resolusion transmission

electron microscope (HRTEM)
281–284

hydrophilic wafer bonding
279–283

silicon-on-insulator (SOI) wafer
279

surface activated bonding (SAB)
283–285

wafer direct bonding 279
wafer fusion bonding 279
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direct wafer bonding 20
dissolved wafer process (DWP) 29,
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doped poly Si 7
dry-etching processes 25
dual damascene-like processes 463
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elastomeric polymers 335
electrical conductor 450
electrochemical deposition (ECD)

321, 323
electrochemical etch-stop 19
electrochemical etch-stop technique

(ECE) 146
electrochemical reaction 410
electrode module 85
electron beam exposure system 235
electron beam lithography 231
electron cyclotron resonance (ECR)
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electroplating 401
electrostatic bonding 259
electrostatic recoil detection analysis

263
encapsulation method 381
endoscopic optical coherence

tomography (EOCT) 368
enhance crystallization 78
enhanced bulk micromachining

based on MIS process
(chapter 3) 49–60

pressure sensor with PS3 structure
50
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enhanced bulk micromachining
based on MIS process (chapter 3)
(contd.)

advanced porous silicon in
membrane (APSM) 49

conventional single-unit pressure
sensor 53

cross-unit Wheatstone-bridge
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depressing thermal-mismatch
stress 49

diaphragm bending stress 51
dual-unit pressure sensor 51
dual-unit sensor 50
empty-space-in-silicon (ESS) 49
fabricated dual-unit PS3 sensor
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fabricated sensor 52
Kovar-alloy substrate 51
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(MIS) 49
silicon-on-nothing (SON) 49
temperature coefficient of offset

(TCO) 50
P+G integrated sensors 52

fabrication complexity and cost
52

in-plane X-axis cantilever-mass
accelerometer 53

PinG configuration 53
tire pressure monitoring systems

(TPMS) 52
vertical Z-axis cantilever-mass

accelerometer 53
surface mounting technique (SMT)

58
TUB (thin-film under bulk) 55

epi-seal process 64, 465
epitaxial poly Si surface

micromachining (chapter 4)
61–68

application-specific integrated
circuit (ASIC) 64

bipolar and CMOS (BiCMOS) 62
capacitance detection circuit 61
dual thick poly Si 66
epi-poly Si 61
low-pressure chemical vapor

deposition (LPCVD) 61
MEMS devices 61–67

etching techniques 16
eutectic bonding 289

f
fabrication process 4, 226, 229, 274,

385, 394, 397, 417
femtosecond laser 391, 392
field assisted bonding 259
film bulk acoustic resonator (FBAR)

475
flip-chip bonding 121
flip-chip bump-bonding process

123
force feedback loop 186
four piezo-resistors 437
front-end-of-line (FEOL) 139

g
gap measurement 265
gas sensors 180
germanium content 70
germanium sacrificial layer Ge(SA)

85
glass bonding process 397
glass frit 8
gold wire bonding 104

h
hermetically sealed electrical

feedthrough conductor 398
hermeticity testing 417
hermetic packaging 409
hermetic sealing 64, 397
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heterogeneously integrated
aluminum nitride MEMS
resonators and filters
(chapter 7) 113–130

aluminum nitride (AlN) 113
bandwidth (BW) 123
CMOS electronics 114
contour mode resonators (CMRs)

117
design of experiment (DoE) 117
encapsulation process 116–118
filter frequency responses

119–121
finite element analysis (FEA) 119
flip-chip bonding 121–123
free-free beam (FFB) 144
hybrid integration 114
insertion loss 123
out of band-rejection (OBR) 123
probability density function (PDF)

124
thin-film encapsulation (TFE)

114
process flow 115–116
redistribution layer (RDL) 114
self-healing filters 123
statistical element selection (SES)

123–12
thin film bulk acoustic resonator

(TFBAR) 113
thin film encapsulation (TFE)

114
3D hybrid integrated chip stack

124–126
universal bump metallization

(UBM) 118
repeatable physical vapor

deposition techniques 113
heterojunction bipolar junction

transistors 70
high aspect ratio 19, 33, 34, 40, 147,

322, 347, 390

high density plasma (HDP) oxide 85
high-resolution transmission electron

microscope (HRTEM) 281
hollow TSVs 445
hybrid polymers 335
hydrogen annealing 428, 435
hydrogen dilution 72
hydrophilic bonding 285
hydrophilic wafer bonding

279, 281

i
implantable telemetry capsule 400
inductive coupled plasma source

19
inductive heating 368
inductive sensors 188
inductively coupled plasma (ICP)

19, 322
infrared (IR) sensors 156
insulated-gate bipolar transistor

(IGBT) 370
integrated capacitive pressure sensor

378
integrated capacitive sensors 264
integrated reactive material systems

(iRMS) 309
Interconnection methods 10
interdiffusion coefficient 298
interdigital fringing electrodes 178
interdigital sensing capacitors 172
interdigital sensing electrodes 174
intermediate-layer bonding 20
intermediate thin films 269
isotropic etching method 35
isotropic phenomenon 433

j
Janus Green B (JGB) 458

k
Kovar-alloy substrate 51
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l
laser ablation 452, 388, 390
laser–recrystallized piezoresistive

micro-diaphragm pressure
sensor 381

laser soldering 362
liquid encapsulation 387
lithography/etching method 22
local solder assembly process 364
low-melting-point glass 8
low-pressure chemical vapor

deposition (LPCVD) 71, 93
low temperature SiO2 (LTO) 93

m
magnetic flux 155
Mallory bonding 259
manifold absolute pressure (MAP)

183
Marangoni effect dryer 86
mass flow controller (MFC) 75
mass flow meters (MFM) 75
Maszara method 282
MEMS using CMOS wafer (chapter 8)

131–220
accelerometer 148–149
analog-to-digital conversion (ADC)

183
anchor loss 201
biochemical sensors 173–175
buffer oxide etch (BHF/BOE) 143
bulk micromachining technology

132
capacitive micromachined

ultrasonic transducers (CMUT)
176

coefficient of thermal expansion
(CTE) 155

creep 192
CTE mismatch 192
design rule check (DRC) 143
dielectric charging 203–204

double-ended tuning fork (DETF)
145

dry film resist (DFR) 179
force feedback loop 186
gas sensors 180–181
gas and humidity sensors 164
generic fabrication platform 136
Hepatitis B virus (HBV) 175
implementation and monolithic

integration 138
infrared (IR) sensors 156–158
initial deformation 192
interface loss 201
KOH & TMAH (wet anisotropic)

146–147
long-time stability 197
manifold absolute pressure (MAP)

183
material and interface loss

201–203
material loss 199
material properties 201
metal oxide 164–170
metal sacrificial 140–142
microelectronics and

micro-mechanical components
135

microfluidic structures 178–180
multi project wafer (MPW) 132
multi-sensor integration 180–183
nonlinearity 204–205
1P6M (one poly Si layer and six

metal layers) process 135
oxide sacrificial 142–143
phase locked loop (PLL) 191
phase noise 204
physical sensors 181–183
polymers 170–172
planar fabrication technology 131
poly dimethylsiloxane (PDMS)

178
poly etherurethane (PEUT) 181
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post CMOS processes 136
pressure and acoustic sensors 175
pressure sensor 149–150
quality factor 199–203
readout circuit integration

183–191
residual stresses of thin films

192–199
resonators 150–152, 158–160, 165
RIE & DRIE 147
sensors 165
SF6 and XeF2 (dry isotropic)

145–146
single-axis and tri-axis

accelerometer 162
SOI micromachining MPW

processes 134
surface micromachining processes

132
tactile sensors 154–156
TCE (temperature coefficient of

elastic modulus) 144
TCf (temperature coefficient of

frequency) 144
temperature stability 200
thermal deformation 195
thermal expansion coefficient

mismatch 195
thermoelastic damping (TED) 201
TiN-composite (TiN-C) 143–145
tire pressure monitoring system

(TPMS) 137
thick epi-poly silicon layer 133
2P4M (two poly Si layers and four

metal layers) process 135
vertical-parallel-plate (VPP) 171,

187
volatile organic compounds (VOC)

181
metal bonding (chapter 13) 289–308

diffusion-based methods 289
electro-chemical deposition 291

eutectic bonding 301
Al/Ge 302–304
Au/Si 302
Au/Sn 304
hermetic sealing applications

301
microfabrication 301
void formation 297–298

metal thermocompression bonding
298

grain growth 300
grain reorientation 299
interface formation 299

metal wafer bond technologies
290

solid liquid interdiffusion bonding
(SLID) 290

Au/Ga and Cu/Ga 294–297
Au/In and Cu/In 291–294
Au/Sn and Cu/Sn 297
diffusion-based methods 289
electric and/or thermal

conductance 289
Kirkendall voids 298

3D-integration and high precision
sensors 289

metal sacrificial 140
metal surface micromachining

(chapter 6) 99–112
digital micromirror device (DMD)

104–110
amorphous TiAl3-O 108
anti-stick layer 110
creep resistance 108
hinge memory 105–109
lifetime of DMD 109
time-sequence control 105

dynamic device 103
high-temperature annealing 99
LIGA like ultraviolet (UV)

technology 99
MEMS switch 103
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metal surface micromachining
(chapter 6) (contd.)

back-end CMOS interconnect
process 103

low resistivity metal and poly Si
103

single-pole four-throw
multiplexer configuration 104

working frequencies 103
residual stress 99
static device 100–101
static structure fixed after the single

movement 101–103
stress-free film 99
X-ray lithographie,

galvanoformung, abformung
(LIGA) 100

micro cantilever 174
micro-electro-mechanical-systems

(MEMS) 3, 15, 30
microencapsulation 370
microfabrication 3
microfluidic inclinometer 180
micro holes interetch & sealing

42, 49
micro-hole trenches 49
micromachining 3
micro systems 3
minimally invasive surgery 44, 49
molten solder filling 459
monolithically integrated switched

capacitor circuit 379
morphotropic phase boundary (MPB)

246

n
nano-imprinting resist mr-I 9000

series 352
nano-imprint lithography 346
nanosecond laser heating/bonding

process 362

narrow-ditch trench 49
Ni electroplating 403, 404
non-cryogenic steady-state etching

452
non-evaporable getter (NEG) 411

o
open circuit potential (OCP) 18
overview (chapter 1) 3–11

Low-temperature oxide (LTO) 7
LSI first approach 4
micro-electro-mechanical-systems

(MEMS) 3
microstructures (MICS) 7
phosphosilicate glass (PSG) 7
system on chip (SoC) MEMS 3
system in package (SiP) MEMS 3

oxide based integrated reactive
material systems (oiRMS) 313

oxide dry etching 162
oxide-rich double-ended tuning-fork

(DETF) resonator 145
oxygen generation 410

p
packaged resonator 398
packaging, sealing and

interconnection (chapter 17)
377–407

conventional Al metallization
377

deposition sealing 380–385
encapsulation and electrical

interconnection 377
interconnection by electroplating

401–404
lateral feedthrough interconnection

395–401
metal compression sealing

385–388
reaction sealing 378–380
shell packaging 380, 383
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vertical feedthrough
interconnection 388–395

through glass via interconnection
388–393

through Si via interconnection
393–395

wafer level packaging (WLP)
377–378

packaging stress suppressing
suspension 49

pad module 86
parasitic capacitance 149, 155
parylene 176
periodic pulse reverse (PPR) currents

458
photolithographic techniques 3
photolithography 3, 17
photosensitive polymer 348
physical sensors 181
physical vapor deposition 313
piezoelectric cantilevers 245
piezoelectric material 8
piezoelectric MEMS (chapter 10)

243–256
cantilever and microscanner

251–254
composition 246
orientation 246
electrode materials and lifetime of

PZT thin film 250–251
lead zirconate titanate (PZT) 243
orientation control 248–249
poling 254–255
property as an actuator 244–246
PZT MEMS fabrication 251–255
PZT thin films 249–251
sol-gel 249–250
sputtering 247–248
thick film deposition 249–250
thin film composition and

orientation 246
piezoresistive accelerometer 15

piezoresistive sensing 21, 23, 25
piezoresistive sensors 183
piezoresistive Si accelerometer 396
piezoresistive Wheatstone-bridge 55
piezoresistors 16, 437
piranha treatment 158
Pirani vacuum gauge 418
planar fabrication technology 131
plasma based etching 19
plasma enhanced chemical vapor

deposition (PECVD) 71
plastic deformation 103
plastic molding 401
plug-up process 380
poling 254
poly-2 as piezoresistive sensors 152
poly-1 as thermal actuation 152
polycrystalline Si (poly Si) 6
polyethylene glycol (PEG) 458
poly-ethylene2,6-naphthalate 285
polyimide sensing film 171
polymer bonding (chapter 15)

331–360
dry-etch BCB 351
localized polymer wafer bonding

348–350
polymer adhesion mechanisms

332–335
process parameters 341–348
properties of polymers 335–337
root mean square roughness (RMS)

332
thermoplastic 338
UV curing 338
with thermosetting polymers 352
in wafer bonding 337–341
wafer-to-wafer alignment in

350–351
polymer insulators 455
polymers 170
polypropylene glycol (PPG) 458
polypyrrole film 171
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poly-SiGe surface micromachining
(chapter 5) 69–98

Al-Ge bonding for microcaps 87
atmospheric-pressure chemical

vapor deposition (APCVD) 71
CMEMS* process 78
coefficient of thermal expansion

(CTE) 79
cost analysis 72
deposition methods 70–71
desired SiGe properties for MEMS

70
electrode module 85–86
film thickness and Ge content

76–77
hydrogen peroxide release 86
interface challenges 79–80
low-temperature CVD oxide (LTO)

93
LPCVD polycrystalline SiGe 73
material properties comparison

71
nano-electro-mechanical (NEM)

switch 92
pad module 86
particle control 75
plasma enhanced chemical vapor

deposition (PECVD) 71
plug module 84
poly-Ge 70
poly-SiGe 69
poly-Si1-xGex 70
poly-SiGe

Nano-Electro-Mechanical
(NEM) switches 92

post-CMOS integration 71
probability density function (PDF)

124
process monitoring and

maintenance 75–76
process space mapping 77–78
process flow 80

pulsed laser deposition (PLD) 71
reduced-pressure chemical vapor

deposition (RPCVD) 71
resonator for electronic timing

88–92
SiGe applications in IC and MEMS

70
slit module 85
spacer module 83, 85
structural SiGe module 85
structure module 85
top metal module 80–84
vertical furnace 73–75
X-ray fluorescence (XRF)

spectrometry 76
polysilicon 456
poly-silicon deposition 55
polysilicon piezoresistors 174
poly-silicon thin-film diaphragm 57
pressure sensors 54, 149, 437
printed circuit board (PCB) 58
pulse method 391
Pyrex glass wafer 392

q
quality factor 419

r
radio frequency (RF) magnetron

sputtering 313
reaction sealing 378
reactive bonding (chapter 14)

309–330
electrochemical deposition

315–319
dual bath technology (DBT)

316–318
single bath technology (SBT)

318–319
foil type RMS 313
integrated reactive material systems

(iRMS) 309
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material systems 311–312
oxide-based integrated reactive

material systems (oiRMS) 313
physical vapor deposition

313–315
planar multilayer stack 310
planar multilayer systems 310
reactive material systems (RMSs)

309
self-propagating exothermic

reaction (SER) 309–310
thermite reactions 310
vertical multilayer stack 310
vertical pillar systems 310
vertical reactive material systems

319–323
dimensioning 320–321
fabrication of 321–323

wafer bonding application 309
reactive deposition 269
reactive ion etching (RIE) 29, 145,

156, 282
redistribution layer (RDL) 114
release etching 424
resistive heating 365
resistive sensors 183
resonant sensors 190
resonators 150
resorcinol-formaldehyde (RF) aerogel

172

s
sacrificial etching 224
sacrificial layer 3
“scar-free’pressure sensor chip 57
SCREAM process 34
sealing and interconnection methods

10
selective etching 417, 418
self-aligned metallization 22
self-aligned process 22
self-alignment effect 351

self-assembled beam-steering
micromirror 102

self-assembly 102
self-propagating exothermic reaction

(SER) 310, 370
self-propagating high-temperature

synthesis (SHS) 312
self-propagative reaction heating

370
Semiconductor Manufacturing

International Corporation
(SMIC) 69

sensing films 172
SensorNor 132
sensors hub 132
shape memory alloy actuators 401
silicon beam 439
silicon dioxide insulators 454
silicon dry etching 321
silicon fusion bonding 20
silicon micromirror array 472
silicon-on-insulator (SOI) 20, 279
SOI multiuser MEMS process

(SOIMUMPs) 23
silicon on nothing (SON) 40, 49
silicon on sapphire (SOS) 423
silicon optical bench (SiOB) assembly

367
single-crystal silicon (SCS)

147, 456
single-wafer single-sided

silicon-on-nothing processes
44

smart cut process 279
Smartview* approach 350
SMERALDO technology 467
solder glass 8
soldering by local heating

(chapter 16) 361–376
inductive heating 368–370
in MEMS packaging 361
laser soldering 362–365



504 Index

soldering by local heating
(chapter 16) (contd.)

resistive heating 365–368
self-propagative reaction heating

370–371
ultrasonic frictional heating

371–373
solder jet bumping process 364
solder reflow process 364
sol-gel method 227
sol-gel orientation control 248
solid polysilicon TSVs 460
spacer layer deposition 82
spacer layer etch 83
spacer module 83, 85
spontaneous bonding 279
sputtering 247
state-of-the-art Bosch etchers 451
statistical element selection (SES)

technique 124
steady-state etching 452
STMicroelectronics 437
structure module 85
sub-atomspheric chemical vapor

deposition (SACVD) 454
superconformal Cu plating 458
superconformal plating 458
super-critical rinsing and drying 233
surface acoustic wave filters 237
surface activated bonding (SAB) 283
surface-micromachined poly Si

microstructures 7
surface micromachining 7, 381,

400
surface micromachining like process

21–23
surface sputter etching 283

t
tactile sensors 154, 229–231
temperature-dependent resistor

101

tensile stress 263
test evaluation group (TEG) 266
tetramethyl ammonium hydroxide

(TMAH) 146
thermal annealing 7
thermal conduction process 372
thermal expansion coefficient 390,

392
thermal oxidation 55, 66, 378, 380
thermal piezoresistive resonators

(TPR) 141, 152
thermoelastic damping (TED)

201
thermoplastic polymers 335, 343
thermosetting polymers 335, 336
thin film deposition 285
through glass via interconnection

388
through-substrate-vias (TSV)

(chapter 20) 443–492
conductor formation 455–460

conductor materials 459–460
copper 457–459
polysilicon 456
single crystalline silicon

456–457
tungsten 457

configuration of TSVs 444–445
air-gap TSVs 445
hollow TSVs 445
solid TSVs 444–445

deep hole etching 541–454
deep reactive ion etching

451–452
laser ablation 452–454

insulator formation 454–455
air-gaps 455
polymer insulators 455
silicon dioxide insulators

454–455
metal TSVs 469

air-gap metal TSVs 480
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hollow metal TSVs 474
solid metal TSVs 470

MIDIS technology 467
1,2,3-Benzotriazole (BTA) 458
Periodic pulse reverse (PPR)

current 458
polysilicon TSVs 460

air-gap polysilicon TSVs
464

solid polysilicon TSVs 460
silicon TSVs 464–469

air-gap silicon TSVs 467
solid silicon TSVs 465

3D MEMS integration and WLVP
443

3-mercapto-1-propanesulfonic acid
(MPS) 458

through glass vias (TGVs) 449
TSV applications in MEMS

445–450
CMOS-MEMS 3D integration

446–447
considerations for 450
MEMS and CMOS 2.5D

integration 447–448
signal conduction to wafer

backside 446
wafer-level vacuum packaging

(WLVP) 448–449
TiN-C free-free beam (FFB) resonator

144, 145
TiN-composite (TiN-C) 143
tire pressure monitoring system

(TPMS) 137
traditional bulk micromachining

process 25
transversal ultrasonic bonding 372,

373
tri-axis accelerometer 162
tunable SAW filter 240, 241
tungsten 457
two multi-pore dopant injectors 75

u
ultra-miniaturized wireless sensor

nodes 473
ultrasonic Al–Al bonding 373
ultrasonication 372
ultrasonic frictional heating 371
ultrasonic soldering technique 372
UV-curable thermosetting polymers

348
UV nanoimprint lithography 321

v
vacuum packaging (chapter 18)

409–421
by anodic bonding 409–414

cavity vacuum pressure 412
high vacuum cavity 411
non-evaporable getter (NEG)

411–414
optical deflection sensor 412
Si diaphragm vacuum gauges

413
soldering 410
vacuum encapsulation 413
with controlled cavity pressure

414–416
by deposition 417
by metal bonding 416–417
hermeticity testing 417–419
problems of 409

vacuum sealing 388
Venice process for sensors

(VENSENS) 41, 437
vertical furnaces 73
vertical-parallel-plate (VPP) sensing

capacitor 171
viscoelastic heating 372

w
wafer direct bonding 279, 282
wafer level liquid compression seal

386
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wafer level packaging 377–378
wafer-level vacuum packaging 448
wafer transfer (chapter 9) 221–242

BaSeTiO3 (BST) 237
BCB (benzocyclobutene) 224
boron-doped diamond (BDD) 224
chip level transfer 236–241
device transfer 226–236

via-first 231–236
via-last 226–231

electrochemical oxidation 232,
233

film bulk acoustic resonator
(FBAR) 223

film transfer 221, 223–227

heterogeneous integration 221
low-temperature co-fired ceramics

(LTCC) 221, 271, 389
massive parallel electron beam

write (MPEBW) 232, 395
PZT (lead zirconate titanate) 228
PZT MEMS switch 228
tactile sensor network 228–230
tunable SAW filter 241
voltage–controlled oscillator 223
wafer level packaging (WLP) 222
wafer level transfer 223

wet etching 62, 143
wire-bonded through-Si vias 10
wire bonding 401






















