


Contents

PHEEACE 1onreerenssrssissosresassrssessn s b e b R RS ix
ACKNOWIEAZMENES woviivirrrrrmsseei et xi
TRE AUEHOLS ooececiaiiririe ettt bbb xiii
1 INEFOAUCHIOTY (oot bbb 1
1.1 Background ... s 1
12 The Human Body as a Sensor Systeml.. i, 2
1.3 Sensors in an AUtOIMODBIIC i ieiresr e sese e e seesee s 4
14  Classification Of SENSOIS.. ... e 9
1.5 Example of a Gas Sensor: The Taguchi Sensor.......ie 10
1.6 The Sensor as a Passive or Active Elemernt. ..o 14
1.7  The Sensor as Part of a Measurement System ..., 15
1.8 Sensor Properties ... 16
1.9 Historical Development of Sensots ..., 20
110 SeNSOr SYSLRIML it st 23
RETETEIICRS (vivireeirre ettt ettt et bbb bbbt et r s et sb e sm s b 25
QUESHIONS et e 25
2. Electrochemical Sens0rs. ... oevrercioimiecoraicnnne s sssssns 27
21 Background.....ci s 27
2.2 ConducHmEtric SENSOLS ittt 28
2.3  Semiconducting Metal Oxide Sensors ....ieeeveieieiurieiciicieicicen 32
231 Background.......c s 32
2.3.2  Electrical Properties of the Metal Oxide

SeMICONAUCTOT ... . vrevirrerereecvenesereerer e resre s rraeseresmccsieseenens 34

2.3.21 Intrinsic and Extrinsic Metal Oxide
SemiCONAUCTOT ..vovcvicvireie i e 34
2.3.2.2  Metal Oxide SUrface........ccoomiciimrnircimennen, 37
2.3.2.3 Surface or Space Charge Capacitance ................. 41
2324  Accumulation and Inversion Layer.........coee.... 43
2325 Surface States and Surface Conductivity ............ 44
2.3.2.6 Metal Oxide Semiconductor Film Structure ......45
2327 Gas-Semiconductor Film Interactions............... 50
24 ChemireSiStors. ... .o ettt 61
25  Other Solid-State Electrochemical Gas Sensors ......ccovvmvviriansienene 64
251 Background......oeeis F U 64
252 Solid-State Capacitive Gas Sensors.... . 64
2521 The MOS Capacitive Gas Sensor.......ccovveiennnn, 65

2.5.2.2 Micromachine Capacitive Polymer Gas
Sensor.....oivevins e er e e e 67



vi

Contents
253  Schottky Diode Type Gas Sensor ..., 68
2.6  Concluding Remarks ... 69
References ... 71
QUUESTIOTIS oottt et e e s et e et s s ee et ee e st et e e eae et st e ane st eeeenennens 73
. Piezoelectric SeMSOTS ... .o e 77
3.1 INErodUCHON o 77
3.2 Classification of Piezoelectric Sensors ... 79
33 Piezoelectric Materials as Intelligent or Smart Materials ............. 79
34  The Piezoelectric EffeCt .o 81
3.5  The Properties of Nonpiezoelectric and Piezoelectric

Materials v e 84
3.51 Mechanical Properties of Nonpiezoelectric Materials .....84
3.5.2 Electrical Properties of Nonpiezoelectric Materials ......... 88

35.3 Electrical and Mechanical Properties of Piezoelectric
Materials. ..., 89
3.54 The Piezoelectric Coupling Coefficient ..., 90
3.6  Piezoelectric Stress/Pressure SEnsSoT ..o 92

3.6.1 Determination ofithe Magnitude of the Sensing
Element Response in the Measurand Range for

Different Piezoelecitic Materials .......omeereeeeresesereereens @R
3.6.2 Equivalent Circuit for the Sensing Element...........c.......... 94
3.6.3 Time Response for the Stress/Pressure Sensor........cou... 95
3.6.4  Signal Conditioning System to Interface the Sensing
Element Response to the Observer.........cccoovvvvivininnce. 97
3641 Sensing Element Qutput Interfaced Directly
to the Display Device......ccceiinicciccmiinns 97
3.6.4.2 Sensing Element Interfaced to a Charge
Amplifier and a Display Device.......c.cccconnuninnn. 99
3.6.5 The Choice of the Piezoelectric Material for the
Sensing Element............cccocouininiminncnciineeeens 100
3.6.6  Sensor CONSUCHON oottt s 102
3.6.6.1 Piezoelectric Mechanical Force Sensor-............. 102
3.6.6.2  Piezoelectric Pressure Sensor....vceeeievrevsons 102
3.7 Plezoelectric AcCelerOmMEter. ..o s crre s eeerterrteeesereenreens 105
3.8  Active Plezoelectric SENSOrS . i rserstisssessssseessrinens 110
3.9  Bulk Acoustic Wave SENSOT ..o eeeeessesseserssreens 113
3.10 Bulk Acoustic Wave Sensor Response Measurement................. 118
311 Surface ACOUSHC Wave SenBOTS .. srsisese e ererenns 125
REFEIEIICES ...ttt e ae st et sn e saa e e ensans 128

QQUESHIONS ©voiuiiiirreree et s s e st et b s e e b s et reate b s e eeeeebe s e tabbeeameeeatsesratsia 128



Contents vii

4. Fiber Optic SeNSOIS oo e 131
4.1 IntroduchOon .. 131
4.2 Background ... 131
43 ThEOTY s 134
44 Light Leaking and Absorption in the Fiber Optic Link............. 135
45  Fiber Link and Materials.......cueiiiniincinii e 137
4.6 Communication AppliCations ... 138
4.7  Fiber Oplic SeNSOTS ..c.ovoiiiee 140

4,7.1  Fiber Optic Probes ... 140
REFETOIICOS <vevveeeee sttt ses et ettt e s 145
QUESEIONS oottt 145

5. Thermal S@NSOTS ...cccceiririeiieree et sb e st 147
5.1 IrtrodUction vt e e 147
5.2  Resistance Thermometers ..., 147
5.3 Theory of Metal-Based Thermometers.......cccocoviiiiininiiinnns 148
54 Properties of Metal-Based Thermometers.....ovvvrveieneciiieinnns 151
5.5 Theory of Semiconductor-Based Thermometers............cccoiiii 152
5.6  Thermistor Properties ..., 154
57 Concluding Remarks ... 155
REETEIICES «1evevereeeee et en e s ee e e s e 156
QUESTIONS vttt s e aa s s et eb s b sbssbssba s a0t 156

6. Magnetic Sensors.......ccvii 159
6.1 Introduction . 159
6.2  Natural and Man-Made Magnetic Fields ... 160
6.3  Materials Used in Magnetic Sensors.......iniiinn, 161
6.4  Principles of Magnetic Sensors ... 162
6.5  Solid-State Magnetic SENSOTIS ..cccoverevrvrviriiiicreresree e 166
REFETENCRS oottt 170
QUESEIONS Lvveiiiinrivririisisr s iiesie e s iere e tes e r s es st iab b s bsessabaasbesesssserseessrsssssansnnnres 170



