
ICROMACHIHED 
TRANSDUCERS 

SOURCEBOOK 

Gregory T.A. Kovacs 
Stanford Umversüy 

WCB 
McGraw-Hill 

Boston Burr Ridge, IL Dubuque, IA Madison, WI New York San Francisco St. Louis 
Bangkok Bogota Caracas Lisbon London Madrid 

Mexico City Milan New Delhi Seoul Singapore Sydney Taipei Toronto 



TABLE OF CONTENTS 

Chapter 1: INTRODUCTION AND OVERVIEW l 
1. INTRODUCTION TO MICROMACHINED DEVICES 1 

2. WHAT ARE TRANSDUCERS? 2 

3. COMPONENTS OF TRANSDUCER SYSTEMS 3 

4. WHAT ARE MICROMACHINED TRANSDUCERS? 4 

5. WHEN DOES IT MAKE SENSE TO "MICROMACHINE"? 4 

5.1 SCALING AND PERFORMANCE 5 

5.2 COST REDUCTION ISSUES 5 

5.3 COMPLEXITY OF MICROMACHINED DEVICES AND SYSTEMS 6 

6. ISSUES TO CONSIDER .9 

7. WHAT ARE THE MARKETS FOR MICROMACHINED TRANSDUCERS? 10 

7.1 MICROMACHINING AS AN "ENABLING TECHNOLOGY" 11 

7.2 IS THE MARKET "READY TO EXPLODE"? 12 

8. INFORMATION RESOURCES 12 

8.1 ON-LINE RESOURCES 12 

8.2 MICROMACHINED TRANSDUCERS MEETINGS 13 

8.3 TEXTBOOKS AND PAPER COLLECTIONS 14 

8.4 JOURNALS 14 

8.5THESES 15 

8.6 PATENTS 15 

9.CONCLUSION 15 

INTRODUCTION AND OVERVIEW REFERENCES 16 

Chapter 2: MICROMACHINING TECHNIQUES 19 
1. CAPABILITIES AND LIMITATIONS OF MICROMACHINING 19 

2. MATERIALS FOR MICROMACHINING 22 

2.1 SUBSTRATES 22 

2.2 ADDITIVE FILMS AND MATERIALS 22 

3. MICROMACHINING TERMS 23 

4. GENERAL PROPERTIES OF COMMON SEMICONDUCTORS 25 

4.1 MECHANICAL PROPERTIES OF SILICON 26 

4.2 NATIVE OXIDES OF SILICON AND OTHER SEMICONDUCTORS 27 

4.3 TYPICAL SILICON WAFER TYPES 27 

VII 



5. "BULK" (SUBTRACTIVE) PROCESSES 29 
5.1 WET ETCHING OF SILICON 31 

5.1.1 ISOTROP1C WET ETCHING 31 
HF/HNO/ACETIC ACID ("HNA") 32 

5.1.2 ANISOTROPIC WET ETCHING 33 
ALKALI HYDROXIDE ETCHANTS 36 
AMMONIUM HYDROXIDE 40 
TETRAMETHYL AMMONIUM HYDROXIDE (TMAH) 40 
ETHYLENE DIAMINE PYROCHATECHOL (EDP) 43 
HYDRAZINE 45 
AMINE GALLATES 45 
ULTRASONIC AGITATION IN WET ETCHING 46 
ETCH-STOP LAYERS FOR DOPANT-SELECTIVE ETCHANTS 46 

5.2 WET ETCHING OF GALLIUM ARSENIDE AND RELATED III-V COMPOUNDS..48 

5.3 ELECTROCHEMICAL MODULATION OF WET ETCHING 49 
5.3.1 DIODE JUNCTION ETCH-STOP 51 

JUNCTION ETCH-STOP USING TMAH AND STANDARD CMOS 52 
5.3.2 PHOTON-PUMPED ELECTROCHEMICAL ETCHING 54 

5.4 POROUS SILICON FORMATION 55 

5.5 OTHER BULK WET ETCH TECHNIQUES AND MATERIALS 56 
5.5.1 ANISOTROPIC WET ETCHING OF POROUS ALUMINUM 56 
5.5.2 ANISOTROPIC WET ETCHING OFQUARTZ 57 
5.5.3 ION-IMPLANT-ASSISTED WET ETCHING 59 
5.5.4 ION-TRACK DAMAGE-ASSISTED WET ETCHING 59 
5.5.5 ONE-SIDED WAFER ETCHING 60 
5.5.6 GENERAL WET-ETCHING CONCEPTS 61 

5.6 VAPOR-PHASE ETCHING 62 
5.6.1 XENON DIFLUORIDE ETCHING 62 
5.6.2 INTERHALOGEN ETCH CHEMISTRIES 64 
5.6.3 OTHER VAPOR-ETCHING METHODS 65 

5.7 PLASMA/REACTIVE ION ETCHING 65 
5.7.1 DOPANT-DEPENDENT PLASMA ETCH ISOTROPY 68 
5.7.2 HIGH-ASPECT-RATIO DRY ETCHING METHODS 69 

DEEP REACTIVE ION ETCHING (DRIE) 69 
CRYOGENIC DRY ETCHING 69 
MAGNETICALLY CONTROLLED DRY ETCHING 70 
THERMALLY ASSISTED ION-BEAM ETCHING 71 

5.7.3 VARIABLE ANISOTROPY ETCH PROCESSES 71 
DRY ETCHING OF NON-SILICON SEMICONDUCTORS 74 

5.8 LASER-DRIVEN BULK PROCESSING 74 
5.8.1 LASER DRILLING 74 
5.8.2 LASER ANNEALING 75 
5.8.3 LASER-DRIVEN ETCHING 75 

6. "SURFACE" (ADDITIVE) PROCESSES 77 

6.1 THIN-FILM PROCESSES 77 
6.1.1 NON-METALLIC THIN-FILMS FOR MICROMACHINING 77 

SILICON DIOXIDE 80 
SILICON NITRIDE 81 
SILICON CARBIDE 83 
POLYCRYSTALLINE DIAMOND 84 
POLYSILICON 85 
OTHER SEMICONDUCTORS AND THIN-FILM TRANSISTORS 86 
ORGANIC COMPOUNDS 86 

V l l l 



SPUTTERED INORGANIC THIN-FILMS 87 
SPIN-ON NON-METALLIC THIN-FILMS 88 

6.1.2 WET ETCHING OF NON-METALLIC THIN-FILMS 88 
6.1.3 DRYETCHINGOF NON-METALLIC THIN-FILMS 89 
6.1.4 METALLIC THIN-FILMS FOR MICROMACHINING 90 

RESIST1VE EVAPORATION 90 
ELECTRON-BEAM EVAPORATION 91 
SPUTTER DEPOSITION 92 
COMPARISON OF EVAPORATION AND SPUTTERING 93 
CHEMICAL VAPOR DEPOSITION OF METALS 95 
SELECTIVE METAL CVD 96 
ADHESION LAYERS FOR METALS 96 

6.1.5 WET ETCHING OF METALLIC THIN-FILMS 97 
6.1.6 DRY ETCHING OF METALLIC THIN-FILMS 98 
6.1.7 LIFT-OFF PATTERNING 98 

6.2 LASER-DRIVEN DEPOSITION 100 

6.3 ELECTRODEPOSITION (ELECTROPLATING) 102 
6.3.1 ELECTRODEPOSITION MECHANISMS 105 
6.3.2 DC ELECTROPLATING 106 
6.3.3 PULSED ELECTROPLATING ("PEP") 106 
6.3.4 AGITATION FOR ELECTROPLATING 107 
6.3.5 "BLACK" METAL FILMS 107 
6.3.6 "ELECTROLESS" PLATING 108 
6.3.7 TEMPLATES FOR PLATING 110 

SELF-SHORTING PLATING PATTERNS 112 
"TEAR-OFF" ELECTROPLATED STRUCTURES 1 13 
PHOTOIMAGED PLATING TEMPLATES 114 
SYNCHROTRON EXPOSED TEMPLATES: THE LIGA PROCESS 115 
RIE OR PLASMA-ETCHED TEMPLATES 117 

6.3.8 TEMPLATE-FREE LOCALIZED ELECTROPLATING 117 

6.4 SELECTIVE EPITAXIAL GROWTH 118 

7. BONDING PROCESSES 119 

7.1 ANODIC BONDING 119 

7.1.1 ANODIC BONDING USING DEPOSITED GLASS 121 

7.2 SILICON FUSION BONDING 122 

7.3 OTHER BONDING TECHNIQUES 123 

7.4 COMPOUND PROCESSES USING BONDING 123 

8. SACRIFICIAL PROCESSES 126 

8.1 STICKING PROBLEMS DURING WET RELEASE 127 
8.1.1 PREVENTING STICKING DURING WET ETCH RELEASE 128 

PHASE-CHANGE RELEASE METHODS 128 
GEOMETRY/PROCESS-SPECIFIC RELEASE METHODS 130 
SURFACE TREATMENT RELEASE METHODS 131 

8.2 EXAMPLE SACRIFICIAL PROCESSES 131 
8.2.1 SACRIFICIAL LIGA ("SLIGA") PROCESS 131 
8.2.2 SIMOX AS A SACRIFICIAL LAYER 131 
8.2.3 VAPOR-PHASE SACRIFICIAL LAYER ETCH 132 
8.2.4 PLASMA ETCH RELEASE OF ORGANIC SACRIFICIAL LAYERS 133 

8.3 TEMPLATE REPLICATION 133 
8.3.1 INJECTION MOLDING WITH MICROMACHINED TEMPLATES 133 
8.3.2 PLATING-BASED TEMPLATE REPLICATION 134 
8.3.3 CVD-BASED TEMPLATE REPLICATION 136 

IX 



8.3.4 CERAMIC SLURRY-BASED TEMPLATE REPLICATION 137 

8.3.5 PREFORMED, ABOVE SUBSTRATE TEMPLATES 138 

9. SEALED CAVITY FORMATION 138 

9.1 GETTERS FOR SEALED CAVITIES 139 

10. SURFACE MODIFICATION 140 

11. PRINTING AND STEREOLITHOGRAPHY 142 

11.1 SCREEN PRINTING 143 

11.2 TRANSFER PRINTING 143 

11.3 POWDER-LOADED POLYMERS FOR PRINTING 144 

11.4THREE-DIMENSIONALLITHOGRAPHY 145 

11.5 SPATIAL FORMING VIA TRANSFER PRINTING 145 

12. OTHER MICROMACHINING TECHNIQUES 146 

12.1 SHARP TIP FORMATION 146 
12.1.1 SELF-OCCLUDING MASKS 146 
12.1.2 MICROMASKING IN PLASMAS 147 
12.1.3 WETETCHING 148 

12.2 CHEMICAL-MECHANICAL POLISHING AND PLANARIZATION 148 

12.3 ELECTRIC DISCHARGE MACHINING (EDM) 149 

12.4 ABRASIVE POWDER MACHINING 150 

12.5 PRECISION MECHANICAL MACHINING 150 

12.6 SCANNING PROBE MACHINING 151 

12.7THERMOMIGRATION 151 

12.8 PHOTOSENSITIVE GLASS MICROMACHINING 152 

12.9 FOCUSED ION-BEAM MICROMACHINING 152 

MICROMACHINING TECHNIQUES REFERENCES 154 

Chapter 3: MECHANICAL TRANSDUCERS 179 
1. INTRODUCTION 179 

2. BASIC MECHANICS 180 

2.1 AXIAL STRESS AND STRAIN 180 

2.2 SHEAR STRESS AND STRAIN 182 

2.3 POISSON'S RATIO 183 

2.4 COMMONLY USED DEFLECTION EQUATIONS FOR MICROSTRUCTURES ....185 
2.4.1 STATIC BEAM EQUATIONS 185 
2.4.2 STATIC TORSION EQUATIONS 187 
2.4.3 STATIC PLATE EQUATIONS 188 

2.5 DYNAMICS 188 

2.6 THERMAL NOISE 192 

3. MECHANICAL PROPERTIES OF MATERIALS 193 

3.1 MATERIAL FAILURE 193 

x 



3.2 GENERAL MATERIALS CONSIDERATIONS 194 

3.3 MECHANICAL CHARACTERIZATION OF THIN-FILMS 195 
3.3.1 STRESS MEASUREMENT 195 

UNIFORM STRESSES 195 
NONUNIFORM STRESSES (STRESS GRADIENTS) 197 

3.3.2 MEASUREMENT OF OTHER MECHANICAL PROPERTIES 199 
DIRECT MEASUREMENT 199 
INDIRECT MEASUREMENT 201 

4. BASIC MECHANISMS AND STRUCTURES 201 

4.1 IN-PLANE ROTARY MECHANISMS 202 

4.2 OUT-OF-PLANE MECHANISMS 205 

4.3 STRUCTURAL MEMBERS 207 

4.4 BISTABLE MECHANISMS 208 

4.5 SELF-ASSEMBLY 209 

5. MECHANICAL SENSORS 210 

5.1 SENSING MECHANISMS 210 
5.1.1 RESISTIVE AND PIEZORESISTIVE STRAIN SENSORS 211 

METALLIC STRAIN GAUGES 213 
SEMICONDUCTOR STRAIN GAUGES 214 

5.1.2 PIEZOJUNCTION EFFECT 215 
5.1.3 PIEZOELECTRIC EFFECT 215 
5.1.4 CAPACmVE SENSING 219 
5.1.5 TUNNELING SENSING 221 

5.2 MICROMACHINED MECHANICAL SENSORS 222 
5.2.1 MICROMACHINED STRAIN GAUGES 222 

IMPLANTABLE STRAIN GAUGES 222 
PENETRATING MICRO-STRAIN-GAUGE PROBE 223 
SINGLE-CELL STRAIN GAUGES 224 
RESONANT STRAIN GAUGES 225 

5.2.2 ACCELEROMETERS 225 
BASIC ACCELEROMETER CONCEPTS 226 
FORCE-BALANCED ACCELEROMETER CONCEPTS 229 
STRA1N-GAUGE ACCELEROMETERS 229 
CAPACITIVE ACCELEROMETERS 232 
FORCE-BALANCED CAPACITIVE ACCELEROMETERS 234 
PIEZOELECTRIC ACCELEROMETERS 237 
TUNNELING ACCELEROMETERS 239 
LATCHING ACCELEROMETERS 240 
ACCELEROMETER SWITCH ARRAYS 240 
MULTI-AXIS ACCELEROMETERS 242 

5.2.3 MICROMACHINED GYROSCOPES 242 
5.2.4 MECHANICAL PRESSURE SENSORS 248 

PRESSURE MEASUREMENT UNITS 248 
PIEZORESISTIVE PRESSURE SENSORS 252 
INTEGRATED PIEZORESISTIVE PRESSURE SENSORS 254 
SURFACE MICROMACHINED PIEZORESISTIVE PRESSURE SENSORS 254 
CAPACITIVE PRESSURE SENSORS 255 
PRESSURE SWITCHES 259 
RESONANT PRESSURE SENSORS 260 

5.2.5 MICROPHONES 261 
PIEZORESISTIVE MICROPHONES 262 
CAPACITIVE MICROPHONES 263 
PIEZOELECTRIC MICROPHONES 265 

XI 



MOVING-GATE FET MICROPHONES 267 
5.2.6 TACTILE SENSORS 268 

PIEZOELECTRIC TACTILE SENSORS 268 
RESISTIVE TACTILE SENSORS 269 
CAPACITIVE TACTILE SENSORS 270 
OPTICAL TACTILE SENSORS 271 
OTHER TACTILE SENSORS 272 

5.2.7 BIOLOGICAL MECHANOSENSORS 272 
BIOLOGICAL ACCELEROMETERS 272 
BIOLOGICAL TACTILE SENSORS 273 
BIOLOGICAL ACOUSTIC SENSORS 273 

6. MECHANICAL ACTUATORS 276 
6.1 ACTUATION MECHANISMS 276 

6.1.1 ELECTROSTATIC ACTUATION 277 
ELECTROSTATIC CANTILEVER ACTUATORS 278 
TORSIONAL ELECTROSTATIC ACTUATORS 281 
ELECTROSTATIC COMB DRIVES 282 
FEEDBACK STABILIZATION OF ELECTROSTATIC ACTUATORS 283 
ELECTROSTATIC ROTARY MICROMOTORS 284 
ELECTROSTATIC LINEAR MICROMOTORS 286 
ELECTROSTATIC MICROGRIPPERS 288 
ELECTROSTATIC RELAYS AND SWITCHES 289 

6.1.2 THERMAL ACTUATION 289 
THERMAL EXPANSION OF SOLIDS 289 
B1MORPH THERMAL ACTUATORS 289 
THERMAL ARRAY ACTUATORS 291 
DIELECTRIC LOSS HEATING OF THERMAL BIMORPHS 293 
VOLUME EXPANSION AND PHASE-CHANGE ACTUATORS 294 

6.1.3 SHAPE MEMORY ALLOY ACTUATION 296 
6.1.4 PNEUMATIC/HYDRAULIC ACTUATION 297 
6.1.5 PIEZOELECTRIC ACTUATION 299 
6.1.6 MAGNETIC ACTUATORS 301 
6.1.7 CHEMICAL ACTUATORS 301 
6.1.8 HYBRID ACTUATION SCHEMES 301 
6.1.9 BIOLOGICAL ACTUATORS 302 

CYTOSKELETON AND MICROTUBULES 302 
CILIA AND FLAGELLA 304 
MUSCLE 305 

7. MECHANICAL CIRCUIT COMPONENTS 308 
7.1 MECHANICAL RESONATORS 308 

7.1.1 CANTILEVER RESONATORS 308 
7.1.2 LATERAL RESONATORS 315 
7.1.3 MEMBRANE RESONATORS 319 

7.2 MECHANICAL RELAYS AND RF SWITCHES 320 
7.2.1 GENERAL PURPOSE RELAYS 320 

ELECTROSTATICALLY DRIVEN RELAYS 320 
MAGNETICALLY DRIVEN RELAYS 325 

7.2.2 RF SWITCHES AND SWITCHED CIRCUITS 328 

MECHANICAL TRANSDUCERS REFERENCES 333 

xu 



Chapter 4: OPTICAL TRANSDUCERS 357 
1. INTRODUCTION 357 

1.1 THE OPTICAL SPECTRUM 358 

1.2 UNITS RELEVANT TO OPTICAL TRANSDUCERS 359 

1.3 BLACKBODY RADIATION > 360 

2. OPTICAL SENSORS 362 

2.1 TYPES OF OPTICAL SENSORS 362 
2.1.1 FUNDAMENTAL PRINCIPLE OF OPTICAL DETECTION 362 
2.1.2 DIRECT ELECTRONIC OPTICAL SENSORS 363 
2.1.3 INDIRECT OPTICAL SENSORS 363 
2.1.4 MAJOR SPECIFICATIONS FOR PHOTODETECTORS 363 

2.2 DIRECT ELECTRONIC OPTICAL SENSORS 367 
2.2.1 LIGHT ABSORPTION IN SEMICONDUCTORS 368 
2.2.2 BAND STRUCTURE OF PHOTOSENSORS 369 
2.2.3 QUANTUM EFFICIENCY 371 
2.2.4 PHOTOEMISSIVE SENSORS 373 
2.2.5 PHOTOCONDUCTIVE SENSORS 377 

GAIN OF PHOTOCONDUCTIVE SENSORS 377 
PHOTOCONDUCTIVE SENSOR SMALL-SIGNAL MODEL 381 
INTRINSIC PHOTOCONDUCTORS 382 
EXTRINSIC PHOTOCONDUCTORS 385 
CADMIUM SULFIDE AND CADMIUM SELENIDE 386 
INTEGRATED CdSe PHOTOCONDUCTIVE SENSOR ARRAYS 388 
LEAD SULFIDE AND LEAD SELENIDE 389 
MERCURY CADMIUM TELLURIDE 390 
GENERAL PURPOSE SEMICONDUCTORS 390 
METAL-SEMICONDUCTOR-METAL PHOTOCONDUCTIVE SENSORS 391 

2.2.6 JUNCTION-BASED PHOTODETECTORS 392 
PHOTODIODE DESIGN ISSUES 394 
PHOTOVOLTAIC OPERATION 396 
PHOTOCONDUCTIVE OPERATION 396 
PHOTODIODE SMALL-SIGNAL MODEL 398 
INTEGRATION OF PHOTODIODES WITH STANDARD ACTIVE CIRCUIT PROCESSES 398 
ULTRAVIOLET-OPTIMIZED PHOTODIODES 400 
P-I-N PHOTODIODES 400 
METAL-SEMICONDUCTOR (SCHOTTKY) PHOTODIODES 400 
AVALANCHE PHOTODIODES 401 
PHOTOTRANSISTORS 403 
PHOTO-DARLINGTON TRANSISTORS 404 
SOLAR CELLS 405 
ANOMALOUS PHOTOVOLTAIC EFFECT 407 

2.2.7 CAPACITIVE PHOTOSENSORS 407 
CHARGE-COUPLED IMAGE SENSORS 407 
MOS-CAPACITOR ULTRAVIOLET SENSORS 409 

2.3 INDIRECT OPTICAL SENSORS 411 
2.3.1 PYROELECTRIC DETECTORS 411 

ELECTRO-SPRAYED PVDF PYROELECTRIC SENSOR 414 
2.3.2 BOLOMETERS 416 

UNCOOLED BOLOMETERS 418 
SUPERCONDUCTING BOLOMETERS 419 

2.3.3 THERMOPILES 421 
2.3.4 GOLAY CELLS 427 

MICROMACHINED TUNNELING-BASED GOLAY CELL 428 
MICROMACHINED CAPACITIVE GOLAY CELL 431 

X l l l 



2.3.5 PHOSPHORS AND OTHER "INDIRECT" LIGHT SENSORS 433 
2.3.6 COMPARISION OF INDIRECT OPTICAL MICROSENSORS 434 

2.4 BIOLOGICAL LIGHT SENSORS 435 
2.4.1 STRUCTURES OF HUMAN VISUAL TRANSDUCTION 437 
2.4.2 BASIC VISUAL TRANSDUCTION MECHANISM 440 

3. OPTICAL ACTUATORS 441 

3.1 LIGHT EMITTERS 441 
3.1.1 LIGHT EMITTING DIODES 441 
3.1.2 SILICON LIGHT EMITTING DIODES 444 
3.1.3 ORGANIC LIGHT EMITTING DIODES 445 
3.1.4 GAS AND SOLID-STATE LASERS 446 

MICROMACHINED SOLID-STATE LASERS 449 
3.1.5 MICROMACHINED INCANDESCENT LAMPS 450 
3.1.6 PLASMA LIGHT SOURCES 453 
3.1.7ELECTROLUMINESCENTLIGHTSOURCES 453 
3.1.8 FIELDEMISSION DISPLAYS 454 
3.1.9 BIOLUMINESCENCE 455 

3.2 LIGHT MODULATORS 456 
3.2.1 LIQUID CRYSTAL DISPLAYS 456 

NEMATIC LIQUID CRYSTALS 456 
DYNAMIC SCATTERING LIQUID CRYSTALS 459 
TRANSFERRED SILICON ACTIVE LC DISPLAYS 460 
CHOLESTERIC LIQUID CRYSTALS 460 

3.2.2 REFLECTIVE MICROMECHANICAL LIGHT MODULATORS 461 
ELECTROSTATIC REFLECTIVE LIGHT MODULATORS 462 
WESTINGHOUSE MIRROR MATRIX TUBE 463 
SILICON CANTILEVER LIGHT MODULATORS 465 
TORSIONAL SILICON ELECTROSTATIC LIGHT MODULATORS 467 
TORSIONAL ALUMINUM ELECTROSTATIC LIGHT MODULATORS 468 
POLYSILICON TORSIONAL OPTICAL MODULATORS 473 
DEFORMABLE GRÄTING LIGHT MODULATORS 473 
ELECTROSTATIC MEMBRANE LIGHT MODULATOR 474 
MAGNETICALLY DEFLECTED LIGHT MODULATORS 476 
MAGNETIC/ELECTROSTATIC LIGHT MODULATORS 478 

3.2.3 TRANSMISSIVE MICROMECHANICAL LIGHT MODULATORS 481 
3.2.4 OTHER LIGHT MODULATORS 481 

4. MICROMACHINED OPTICAL STRUCTURES 484 

4.1 MICROMACHINED FIBER-OPTIC COUPLERS 484 

4.2 MICROMACHINED REFLECTIVE COMPONENTS 485 
4.2.1 FIXED MICROMIRRORS 485 
4.2.2 POSITIONABLE MICROMIRRORS 486 

4.3 MICROMACHINED TRANSMISSIVE COMPONENTS 487 
4.3.1 OPTICAL WAVEGUIDES 487 
4.3.2 LENSES 488 

REFRACTIVE LENSES 488 
DIFFRACTIVE GRÄTINGS AND LENSES 494 

4.4 FILTERS AND SPECTROMETERS 497 
4.4.1 INTERFERENCE FILTERS 497 
4.4.2 FABRY-PEROT FILTERS 498 
4.4.3 MECHANICALLY TUNABLE IR FILTERS 499 
4.4.4 SPECTROMETERS 500 

FABRY-PEROT SPECTROMETERS 500 
DISPERSIVE SPECTROMETERS 503 

xiv 



4.5 INTEGRATED OPTICAL SYSTEMS 509 
4.5.1 INTEGRATED FREE-SPACE OPTICAL SYSTEMS 509 

OPTICAL TRANSDUCERS REFERENCES 513 

Chapter 5: lONIZING RADIATION TRANSDUCERS 529 
1. INTRODUCTION 529 

1.1 UNITS OF MEASURE FOR RADIATION 530 

1.2 TYPESOF RADIATION 531 
1.2.1 ALPHA RADIATION 532 
1.2.2 BETA RADIATION 532 
1.2.3 GAMMA RADIATION AND X-RAYS 533 
1.2.4 NEUTRON RADIATION 533 

2. IONIZATION-BASED DETECTORS 533 

3. SCINTILLATION DETECTORS 535 

4. DIRECT SOLID-STATE RADIATION DETECTORS 536 

4.1 INTEGRATED DETECTOR ARRAYS 539 

5. OTHER DETECTOR TYPES 541 

5.1 TRANSMUTATION-BASED SENSORS 541 

5.2 CERENKOV EFFECT DETECTORS 541 

5.3 THERMAL DETECTORS 542 

5.4 MOS THRESHOLD VOLTAGE SHIFT DETECTORS 542 

5.5 THERMOLUMINESCENT DETECTORS 543 

5.6 COLLIMATORS 544 

6. RADIATION EFFECTS ON ELECTRONICS 545 

7. BIOLOGICAL INTERACTIONS WITH RADIATION 546 

RADIATION TRANSDUCERS REFERENCES 547 

Chapter 6: THERMAL TRANSDUCERS 549 
1. INTRODUCTION 549 

2. TEMPERATURE MEASUREMENTS 550 

2.1 BASIC TERMS 550 

2.2 MODES OF HEAT TRANSFER 551 
2.2.1 CONDUCTON 551 
2.2.2 CONVECTION 553 
2.2.3 RADIATION 553 

2.3 NON-CONTACT TEMPERATURE MEASUREMENTS 554 

2.4 THERMO-MECHANICAL SENSORS 554 

2.5 THERMORESISTIVE TRANSDUCERS 559 
2.5.1 THERMORESISTIVE EFFECTS 559 
2.5.2 SIMPLE THIN-FILM THERMORESISTORS 560 

xv 



2.5.3 THERMISTORS 562 
2.5.4 SEMICONDUCTOR THERMORESISTORS/THERMISTORS 562 
2.5.5 SELF-HEATING EFFECTS IN RESISTIVE SENSORS 565 
2.5.6 INTERFACE CIRCUITS 565 

2.6 THERMOCOUPLES 565 

2.7 JUNCTION-BASED THERMAL SENSORS 570 
2.7.1 DIODE TEMPERATURE SENSORS 570 
2.7.2 TRANSISTOR TEMPERATURE SENSORS 574 

BASIC PTAT CIRCUIT 575 
SWITCHED PTAT CIRCUIT 576 
DESENSITIZING CIRCUITS TO TEMPERATURE 577 

2.8 OTHER THERMAL SENSORS 578 
2.8.1 ACOUSTIC TEMPERATURE SENSORS 578 
2.8.2 QUARTZ AND OTHER RESONANT TEMPERATURE SENSORS 578 
2.8.3 TUNNELING TEMPERATURE SENSORS 579 

2.9 BIOLOGICAL THERMAL SENSORS 579 

3. THERMAL ACTUATORS 580 

3.1 JOULE-THOMPSON REFRIGERATORS 581 

3.2 OTHER FLUIDIC COOLERS 583 

3.3 PELTIER EFFECT HEAT PUMPS 584 

4. THERMAL SENSOR/ACTUATOR COMBINATIONS 586 

4.1 THERMALLY STABILIZED CIRCUITS 586 

4.2 THERMAL AC/RMS CONVERTERS 588 

5. THERMAL GAS PRESSURE SENSORS 596 

6. THERMAL FLOW SENSORS 599 

7. OTHER THERMAL SENSORS 600 

7.1MICROMACHINEDCALORIMETERS 601 

7.2 DEW-POINT (THERMAL) HUMIDITY SENSORS 601 

7.3 THERMAL ELECTROMAGNETIC MIXERS 601 

THERMAL TRANSDUCERS REFERENCES 603 

Chapter 7: MAGNETIC & ELECTROMAGNETIC TRANSDUCERS 611 
1. INTRODUCTION 611 

1.1 TERMS AND DEFINITIONS 612 

2. MAGNETIC PHENOMENA 614 

2.1 THE HALL EFFECT 614 

2.1.1 HALL EFFECT IN SEMICONDUCTORS 617 

2.2 PHYSICAL MAGNETORESISTIVE EFFECT 618 

2.3 GEOMETRIC MAGNETORESISTIVE EFFECT 619 

2.4 GIANT MAGNETORESISTIVE EFFECT 621 

2.5 MAGNETO-OPTICAL EFFECTS 623 

2.6 MAGNETIC ANISOTROPY 624 
2.6.1 SHAPE ANISOTROPY 624 

xvi 



2.6.2 STRESS ANISOTROPY 624 

2.6.3 CRYSTALLINE ANISOTROPY 625 

2.7 MAGNETIC DOMAINS 625 

3. MAGNETIC SENSORS 626 

3.1 HALL EFFECT SENSORS 626 
3.1.1 PLATE DESIGN FOR HALL-VOLTAGE SENSORS 626 
3.1.2 OFFSET VOLTAGE ISSUES 627 
3.1.3 HALL PLATES IN BIPOLAR PROCESSES 628 
3.1.4 MOS HALL PLATES 628 
3.1.5 NON-SILICON HALL PLATE MATERIALS 629 
3.1.6 MAGNETODIODES 630 
3.1.7 MAGNETOTRANSISTORS 631 
3.1.8 SPLIT-DRAIN MAGFETS 633 
3.1.9 HALL DEVICES IN INTEGRATED CIRCUITS 633 

3.2 CARRIER DOMAIN MAGNETOMETERS 634 

3.3 FLUX-GATE MAGNETOMETERS 636 

3.4 TUNNELING MAGNETOMETERS 641 

3.5 TUNNEL DIODE MAGNETIC SENSORS 642 

3.6 VACUUM ELECTRON MAGNETIC SENSORS 643 

3.7 SUPERCONDUCTING QUANTUM INTERFERENCE MAGNETOMETERS 645 

3.8 OTHER MAGNETIC SENSORS 647 

3.8.1 WIEGAND WIRES 647 

3.9 BIOLOGICAL MAGNETIC SENSORS 648 

4. MAGNETIC ACTUATORS 649 

4.1 MAGNETIC FIELD ACTUATORS 649 

4.2 MAGNETOSTRICTIVE ACTUATORS 651 

4.3 MAGNET FABRICATION 652 

4.4 MAGNETIC ACTUATORS WITH DRIVE COILS 652 
4.4.1 ELECTROPLATED MAGNETIC COILS 653 
4.4.2 W1RE-BONDED MAGNETIC COILS 655 
4.4.3 EXTERNALLY WOUND MAGNETIC COILS 655 

4.5 MAGNETIC ACTUATORS USING EXTERNAL FIELDS 656 

4.6 MAGNETIC MICROMOTORS 659 

4.7 EDDY-CURRENT DEFECT SENSORS 661 

4.8 RESONANT MAGNETIC SENSORS 662 

4.9 MAGNETIC READ/WRITE HEADS 663 
4.9.1 MAGNETIC HEADS FOR STORAGE DEVICES 663 

INDUCTIVE MAGNETIC HEADS 663 
MAGNETORESISTIVE READ HEADS 666 

4.9.2 MAGNETIC INK PRINT HEADS 668 

4.10 MAGNETIC BUBBLE MEMORY 669 

5. MICROMACHINED ELECTROMAGNETIC DEVICES 671 

5.1 PASSIVE COMPONENTS AND CIRCUITS 671 

5.2 OTHER RF APPLICATIONS OF MICROMACHINING 675 

MAGNETIC AND ELECTROMAGNETIC TRANSDUCERS REFERENCES 676 

xvn 



Chapter 8: CHEMICAL AND BIOLOGICAL TRANSDUCERS 687 
1. INTRODUCTION 687 

2. CHEMICAL SENSORS 688 

2.1 PASSIVE CHEMICAL SENSORS 689 
2.1.1 CHEMIRESISTORS 689 
2.1.2CHEMICAPACITORS 690 
2.1.3 CHEMOMECHANICAL SENSORS 692 
2.1.4 CALORIMETRIC SENSORS 693 
2.1.5 METAL-OXIDE GAS SENSORS 695 

2.2 WORK-FUNCTION-BASED SENSORS 700 
2.2.1 ADFET GAS SENSORS 701 
2.2.2 PLATINIDE-BASED HYDROGEN SENSORS 701 
2.2.3 ION-SENSITIVE FETS (ISFETS and CHEMFETS) 703 

2.3 ELECTROCHEMICAL TRANSDUCERS 705 
2.3.1 IONIC CAPACITANCE 706 
2.3.2 CHARGE TRANSFER: RESISTIVE MECHANISMS 708 
2.3.3 SPREADING RESISTANCE AND WARBURG IMPEDANCE 711 
2.3.4 BASIC ELECTRODE CIRCUIT MODEL , 711 
2.3.5 ELECTROCHEMICAL SENSING USING MICROELECTRODES 712 

POTENTIOMETRIC SENSING 713 
AMPEROMETRIC SENSING 715 
OTHER ELECTROCHEMICAL SENSING METHODS 718 

2.4 ACOUSTIC WA VE SENSORS 719 

2.5 BIOSENSORS 722 
2.5.1 RESONANT BIOSENSORS 724 
2.5.2 OPT1CAL-DETECTION BIOSENSORS 724 
2.5.3 THERMAL-DETECTION BIOSENSORS 725 
2.5.4 ISFET BIOSENSORS (CHEMFETs) 726 
2.5.5 OTHER pH-BASED BIOSENSORS 728 
2.5.6 ELECTROCHEMICAL-DETECTION BIOSENSORS 729 
2.5.7 CMOS-COMPATIBLE BIOSENSOR PROCESS 730 
2.5.8 OTHER BIOSENSOR TECHNOLOGIES 732 

2.6 BIOMOLECULAR GAIN MECHANISMS 732 

2.7 SELECTIVITY IMPROVEMENT USING ARRAYS 734 

2.8 COMBINATORIAL ARRAYS 735 

2.9 BIOLOGICAL CHEMICAL SENSORS 737 
2.9.1 BIOLOGICAL "TASTE" SENSORS 737 

2.9.2 BIOLOGICAL ODOR SENSORS 739 

3. CHEMICAL ACTUATORS 741 

3.1 ELECTROCHEMICAL MECHANICAL ACTUATORS 742 

3.2 POLYMER MECHANICAL ACTUATORS 743 

3.3 THIN-FILM BATTERIES 745 

4. BIOELECTRIC INTERFACE DEVICES 750 

4.1 PENETRATING NEURAL PROBES 751 

4.2 REGENERATION NEURAL ELECTRODES 754 

4.3 CULTURED CELL SYSTEMS 757 
4.3.1 SURFACE MODIFICATION FOR CULTURE SYSTEMS 757 

XVlll 



5. HYBRID BIOSENSORS 758 

CHEMICAL AND BIOLOGICAL TRANSDUCERS REFERENCES 761 

Chapter 9: MICROFLUIDIC DEVICES 779 
1. INTRODUCTION 779 

1.1 BASIC FLUID PROPERTIES AND EQUATIONS 781 

1.2 TYPES OF FLOW 787 

1.3 BUBBLES AND PARTICLES IN MICROSTRUCTURES 789 

1.4 CAPILLARY FORCES 791 

1.5 FLUIDIC RESISTANCE 792 

1.6FLUIDICCAPACITANCE 793 

1.7 FLUIDIC INDUCTANCE 794 

2. FLOW CHANNELS 795 

2.1 BULK MICROMACHINED CHANNELS 796 

2.2 SURFACE MICROMACHINED CHANNELS 801 

2.3 OTHER CHANNEL TYPES AND SYSTEM APPROACHES 804 

3. FLUIDIC CHANNEL APPLICATIONS 805 

3.1 MIXERS 805 
3.1.1 LAMINATING MIXERS 809 
3.1.2 PLUME MIXERS 809 
3.1.3 ACTIVE MIXERS 810 

3.2 DIFFUSION-BASED EXTRACTORS 811 

3.3 FLUIDIC AMPLIFIERS AND LOGIC 813 

4. FLUIDIC SENSORS 819 

4.1 FLOW SENSORS 819 

4.2 VISCOSITY/DENSITY SENSORS 821 

4.3 OTHER FLUIDIC SENSORS 823 

5.VALVES 823 

5.1 PASSIVE VALVES 824 

5.2 ACTIVE VALVES 826 
5.2.1 PNEUMATIC VALVE ACTUATION 827 
5.2.2 THERMOPNEUMATIC VALVE ACTUATION 828 
5.2.3 PHASE-CHANGE VALVE ACTUATION 830 
5.2.4 SOLID-EXPANSION THERMAL VALVE ACTUATION 831 
5.2.5 PIEZOELECTRIC VALVE ACTUATION 833 
5.2.6 ELECTROSTATIC VALVE ACTUATION 835 
5.2.7 ELECTROMAGNETIC VALVE ACTUATION 836 
5.2.8 BISTABLE VALVE STRUCTURES 837 

6. PUMPS 839 

6.1 BUBBLE PUMPS 839 

6.2 MEMBRANE PUMPS 839 

6.3 DIFFUSER PUMPS 842 

xix 



6.4 ROTARY PUMPS 843 

6.5 ELECTROHYDRODYNAMIC PUMPS 845 
6.5.1 INJECTION-TYPE EHD PUMPS 846 
6.5.2 NON-INJECTION-TYPE EHD PUMPS 847 

6.6 ELECTROOSMOTIC/ELECTROPHORETIC PUMPS 849 

6.7 ULTRASONIC PUMPS 852 

6.8 VACUUM PUMPS 853 

7. DROPLET GENERATORS 855 

8. OTHER DEVICES 859 

8.1 CONTROL OF MACROSCOPIC FLOWS WITH MICRODEVICES 859 

8.2 PARTICLE FILTERS AND TRAPS 861 

9. MICROFLUIDIC SYSTEM ISSUES 862 

9.1 INTERCONNECTS 863 

9.2 PACKAGING/SYSTEM INTEGRATION 865 

9.3 DESIGN FOR DISPOSAL OR REUSE 867 

10. INTEGRATED CHEMICAL ANALYSIS SYSTEMS 868 

10.1 SCALING ISSUES FOR CHEMICAL ANALYSIS 868 

10.2 GAS CHROMATOGRAPHY SYSTEMS 869 

10.3 LIQUID CHROMATOGRAPHY SYSTEMS 870 

10.4 ELECTROPHORESIS SYSTEMS 871 

10.5 CELL FUSION DEVICES 875 

10.6 DNA AMPLIFICATION (PCR) SYSTEMS 876 

10.7 MULTIFUNCTIONAL FLUIDIC SYSTEMS 878 

11. BIOLOGICAL FLUIDIC SYSTEMS 879 

11.1 BIOLOGICAL FLOW CHANNELS 879 

11.2 BIOLOGICAL VALVES 880 
11.2.1 PASSIVE BIOLOGICAL VALVES 880 

11.2.2 ACTIVE BIOLOGICAL VALVES 881 

11.3 BIOLOGICAL PUMPS 881 

MICROFLUIDIC DEVICES REFERENCES 883 

xx 


