0
@
2
%
=<

T
2
=
o
m

Christina Belisario
Research Coordinator
12531 High Bluff Drive

San Diego, CA 92130-2040
USA

24 October 2025

Dear Christina

Handbook of Modern Sensors: Physics, Designs and Applications, 4% edition
by Jacob Fraden — Springer Science + Business Media, 2010. Shelf mark (B)
681.2

According to our records, this item was receipted by The British Library in
April 2011 and would have been available for public use from then.
Unfortunately the exact day was missing from the stamp. Another stamp
appears to show 10 May 2011.

A copy of the title page, copyright page showing the date stamp indicating the
date of availability and the contents pages, has been attached. The requested
pages from the text are also included.

Please note that we can only provide the date that the British Library made
this item available for public use; for the actual date of publication, please
contact the publisher.

Yours sincerely

Tony Corsini

British Library Research Service
Tel: +44 (0) 20 7412 7903  bipc-research@bl.uk

Amazon
EX1051 Page 1




Jacob Fraden

Handbook of Modern Sensors

Physics, Designs, and Applications

Fourth Edition

@ Springer

Amazon
EX1051 Page 2



Jacob Fraden
jacob@fraden.com

Prefac

Since publ
logies hav¢
higher, the
What have
still are go’
lived, Leor
“Oh Lord,
the laws of
becomes r¢
that form t
since the |
revised su
obsolete ai

This bc
microproce
life. Nume
parts, wast

ISBN 978-1-4419-6465-6 e-ISBN 978-1-4419-6466-3
DOI 10.1007/978-1-4419-6466-3

temperatur
Springer New York Heidelberg Dordrecht London signal proc

representec
Library of Congress Control Number-: 2010932807

function ar
not electric
intelligent
are the int
that “unde
SEensors are

©) Springer Science-+Business Media, LLC 2010

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York, NY
10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are
not identified as such, is not to be taken as

: i e ; (
an expression of opinion as to whether or not they are subject In the ¢
to proprietary rights. would con
e important
Printed on acid-free paper

find almos
in search

Springer is part of Springer Science+Business Media (Www.springer.com)

Amazon
EX1051 Page 3



Preface

over many publica-
substantial research
ition on everything, The British Library
ications to scientific
rmation I collected

1 0 MAY 2011
ited me to write this

the new edition, I
€, opting for many
), rather than fewer
aps) to cover a very
wn, but describing
ient reference. It is
ate account of the

Contents

(1] 1 O S S 1
tations of various 1 Data Acquismqn ................................................... 1
sumer applications. 1.1 Sensors, Signals, {md RORIER. aumsuasis omommemseasscaasscsases !
ces and interpreta- 12 Semsor CUSSIACALION +++oovoovvv e X
too detailed or too L3 UM OF MESUIEIENLS oo !
to strike a balance | NS (5 (5 1= SN
ISHICS . o 13
Fsensors and their 2 Sensor Characterls'tlcs ....................................... -
" Encyclopedia of 2.1 Transfer Functhn ......................................................... 13
ch less ambitious. 2.1.1 Mathematical Mod.el T EPRRES !
1 could be used by 2.1.2 Functional APProXImations ..............cooooiiniininn >
ied physicists and 2.1.3 Polynomial ApproXimations ...............eeviiieiueeeaann.. 2
ns whose job is to 2.1.4 SenSIiVty ...oovoiiitiiiiini s 3
2.1.5 Linear Piecewise Approximation ................c.ceeeeuunnn.. s
sively as deskto 2.1.6 Spline Interpolation ............. ot b .
S a“gSUggeslionE 2.1.7 Multidimensional Transfer Functions ........................

LOTIE 22 irt s Ao b i e sV e b v oo e e T e e e 20
ne to implement 2.2 Calibration S ERITERTEISLTPPREPSRPPR -
vho h‘?lpff:j me to 2.2.1 Computation of Transfer Function Parameters .............. :_).;
atitude and many 2.2.2 Linear REEression ..........cceveirierienriiniiniineaneanenns. ;E)
in mathematical 2.3 Computation of Stimulus e R PR ki iites 2
njay V. Patel for 2.3.1 Computation from Linear Piecewise Approximation ........ ;2
o 2.3.2 Iterative Computation of Stimulus (Newton Method) ....... ;0
ing communities 2.4 Span (Full-Scale Full Scale INPUt) «.:::..oseisvosmmanensiasssssson %1
0 not require a 2.5 Full-Scale Output A i i
iption and intui- NG e AR A .
> working on the 2.7 Calibration BITOT .........coviviiiiriniiraiiiinanins.s 35
tion but rather to 2.8 Hysteresm. S "
© millennia ago, T b A o

ALTRST 1 110) 1 DTSR NSRS IR L AL LIt TR TIPS Tt "

2.1 Repeatability ... ommmsoisbe sl s mmamsomnblivs srshs s s 5,576 s Siesesssn -
b Buaglen 2:1.2; Dead Band: ... s i s e g it Mt male £ ol desms 3

213 RESOIULON: cowrnssons somumemmmmsess s £ 08 S mEae e aese S 5.5 5.8 S

Amazon
EX1051 Page4



Contents

2.14 Special Properties
2.15 Output Impedance
2.16 Output Format
2.17 Excitation

2.19 Environmental Factors

.............................................. 45
gy BB o iiss o susssmmsim e st 47
2.21 Application CRRMEIETSHES i rmvmrsossns vomrnmesmnns e 49

2:22 Uncertainty
References

Physical Principles of Sensing
3.1 Electric Charges, Fields, and Potentials
3.2 Capacitance

3.2.2 Dielectric Constant

........................................... 63

> VOB i msasonss s casmemempimen 67

s o 69

o BB s st bt s Al

e 72

3.3.4 Permanent MOBHEEE o ovnro s sxsimmmimmmssimeti i T2

o N et avsses s semsassragy e 73
U o P 77
3.5.1 Specific i R I 79

3.5.2 Temperature s TR 80

3.5.3 Strain iy ST 84
3.5.4 Moisture g 85

3.6 Piezoelectric BIISSE . s st i smmimammernasns sy g g 86
3.6.1 Ceramic Piezoelectric Materials ... ..~ 89
3.6.2 Polymer Piezoelectric Films ................. .~ 93

il e 96
2 BB stcon v, otrcssmmmmmmnnnsn 103
3.9 Thermoelectric BB 1 stmmmmtivusensses s et 106
o DN o sttt 106
o RERREES o impmatssmensss st 111

3.10 Sound Waves

3.11.1 Temperature Scales

........................................ 117
3.11.2 Thermal EARANSION. £y e bt s o 118
3.11.3 Heat CEPRIY 121510 ramusmissmpngzss sommmns 120

18 HEATMSIE Goovmsansismimemsmanrc st 121
3.12.1 Thermal Conduction ............ocvmeeverreerr, 122
3.12.2 Thermal i T 125

3.12.3 Thermal Radiation

EX1051

Contents

SEISATig
BE -
3,108

3.14 Dyr
B £
B4
3.14
3.14

Reference

Optical (

4.1 Rad

4.2 Pho

43 Win

4.4 Min

4.5 Len

4.6 Fres

4.7 Fibe

4.8 Con

49 Coal

4.10 Nan

Reference

Interface

5.1 Input

5.2 Ampl
512,
512.2
5%.3
024

5.3 Light

5.4 Excitz
54.1
542
54.3
544
54.5

5.5 Analo
5.5.1
5852
55513
58514 |
335

5.6 Direct

Amazon
Page 5



Contents Contents

3.13.1 Light Polarization
3.13.2 Light Scattering
3.14 Dynamic Models of Sensor Elements
3.14.1 Mechanical Elements
3.14.2 Thermal Elements
3.14.3 Electrical Elements
3.14.4 Analogies
References

Optical Components of Sensors
4.1 Radiometry

4.2 Photometry

4.3  Windows

4.4 Mirrors

4.5 Lenses

4.6 Fresnel Lenses

4.7 Fiber Optics and Waveguides
4.8 Concentrators

4.9 Coatings for Thermal Absorption
4.10 Nano-optics

References

Interface Electronic Circuits
5.1 Input Characteristics of Interface Circuits
5.2 Amplifiers
5.2.1 Operational Amplifiers
5.2.2 Voltage Follower
5.2.3 Instrumentation Amplifier
5.2.4 Charge Amplifiers
5.3 Light-to-Voltage Converters
Excitation Circuits

5.4.2 Voltage References

5.4.3 Oscillators

5.4.4 Drivers

5.4.5 Optical Drivers

Analog-to-Digital Converters

5.5.1 Basic Concepts

5.5.2 V/F Converters

5.5.3 Dual-Slope Converters .............oeveeeeeeeeeennennnnnnnn... 203
5.5.4 Successive Approximation Converter 203
5.5.5 Resolution Extension 205
Direct Digitization 207

Amazon
EX1051 Page6



Contents Contents

S Capacitance~t0—\/oltage Converters ............................. 208 7.3 Ind
58 Integrated Interfaces ... 77 210 1.3
39 Ratiometric Circuits ... """ 211 7.3
5-10 Differential Circuits ......................... """ 214 1.3
5.11 Bridge Circuits .............................. 7 215 7.3
5.11.1 General COMOBPE omievomirn s it s 215 1.3

3.11.2 Disbalanced Bridge .................... . " 216 1.3

5-11.3 Null-Balanced Bridge ... .. " 218 7.4 Op
S-11.4 Bridge Amplifiers ... 7 218 7.4

512 Data Transmission ... """ 220 7.4
3121 Two-Wire Transmission ... . 220 74
3-12.2 Four-Wire Sensing ... """ 221 14
5-12.3 Six-Wire Sensing ... " 229 14

513 Noise in Sensors and Circuits ... . " 223 74
3-13.1 Inherent Noise ............................... 223 7.5 Ult
3-13.2 Transmitted Noise ... """ 227 7.6 Ra
3-13.3 Electric Shielding ... " 23] 1.6
5.13.4 Bypass Capacitors ... 234 1.6
3.13.5 Magnetic Shielding ...................._. """ 235 7.7 Th
5-13.6 Mechanical Noise ... . """ 237 7.1
5137 CroUAPIANGY s puimsnmmmssamys sessemmmmmmnsnn. nn o 237 1.7
5.13.8 Ground Loops and Ground Isolation ..................... 238 7.7
5-13.9 Seebeck Noise ...........ccocoooenii 240 7.8 Poi

04 CADION. | msmesiiat s s3585omiinent son oo o 242 7.8
515 Batteries for Low-Power Sensors ... . . . " 243 7.8
LIS] BAIGALY CBIIS ;. osnessamsmiorsissssssmmmmmtonsti o 244 1.8
5-15.2 Secondary Cells ... """ 245 Referer

RETOIBIORE summssnrmnsss a5 dhmm mmsrs s s s 11 oemenatnsmacs s 246

8 Velocit

6 Occupancy and Motion Detectors ... " 247 8.1 Ac
6.1 Ultrasonic Detectors ............................. .. ~"7""" 249 8.2 Ca
62 Microwave Motion Detectors ... . " 249 8.3 Pie
6.3 Capacitive Occupancy Detectors ......................_. 254 8.4 Pie
6.4 Triboelectric Detectors ... """ 258 8.5 Th
6.5 Optoelectronic Motion Detectors ... . . . . 260 8.5
6.5.1 Semsor Structures ...................... T 261 8.5
6.5.2 Visible and Near IR Light Motion Detectors ............ . . 264 8.6 Gy
6.5.3 Far-Infrared Motion Detectors ............................ 267 8.6
6.6 Optical Presence Sensors .................... """ 274 8.6
6.7 Pressure-Gradient Sensors ... """ 276 8.6
REIEIRACEE] 1003 5 twrtersrsmss s pscrsmssnsi s oty st 278 8.7 Pie
8.8 Gr:

7 Position, Displacement, and Level ... .. 279 Referer

7.1 Potentiometric Sensors ...................... T 280

7.2 Capacitive Sensors

Amazon
EX1051 Page7



Contents

Contents

e

7.3 Inductive and Magnetic SEnsors ............oovvieiiiiiieeeiaiinnnn. 288
.31, EVDTand RYDT it s cifsionmasensissersistoss sl sV eanestoototoraaionsss 288
7.3.2 Eddy Current SEnsors .............eoveeieeiiiiieiiiiieaiinnn.. 290
7.3.3 ‘Transverse INdUCHVE SENSOT .onpmmmnssssss5ss somsmasmmmsnnss 292
7:3:4: Hall BHeCt SENSOLS. . . osssimmmsnmnnns 555550 5o sis@aemmasans 293
7.3.5 Magnetoresistive SEnSOrs ............eeuuuiiiiiiiaieneeaaaan.. 297
7.3.6 Magnetostrictive Detector  ..............cooiiiiiiiiiiiii 300

7.4 Optical SENSOTS  .....oiititii it 302
7.4.1 Optical Bridge .........cooiiiiiiiiiiiiiiiiiiiiieee. 302
7.4.2 Proximity Detector with Polarized Light ..................... 303
7:4.3 Fiber-Optic SENSOLS  ::::sauastaucimenssasssssssnasuinmnsnnnsss 304
7.4.4 Fabry-Perot Sensors ............cooeiiiiiiieiieiiiiiinniinnn.. 306
7.4.5 Grating SeNSOTS  ..oeveiiieeitttiiiiiiiiaieeeeeeee et 308
7.4.6 Linear Optical SEnsors ...........eevuiiiiiiiieraeeeeennnnnnn.. 310

755 UHtrasOn1CESENSOTS) « 2kefnsmmicieniosrss s o a5 s 3 314

76, RAAT i SCNSOTSE tiuminis v 3 1 5 smevsmmmmsis st o 5 5595 amsmsmmtis oh 55 55 555 316
7.6.1 Micropower Impulse Radar ..............ccooviiiiiiiiiiiii... 316
7.6.2 Ground Penetrating Radars ....................ool 318

7.7 Thickness and Level SEnsors ...........oooiiiiiiiiiiieeeiiiiinnn.. 320
T At ADIAION: SENSOTS. ..vves s waioiminsmmmssiriiisitataidis ofoms s s doretivibiassrasazarnsara s 320
7. 72, Thin Falm SENSOLS .« «sxumnemmmnmonmmsnns s 15505 somnimssnnesss 322
7:781 Liquid Level SENSOIS s oimusmetnnnensssbssanssmusimimsimnmesis 323

78 POINHNG DEVICES: t..vr o s« eimioimesisisresasisssiors ste s srsiars-sssmomssiiosreiiidioms Biotalsts § s's abassos 324
7.8.1 Optical Pointing Devices ...........ccevviiiiiiiiiiieannni.n. 324
7.82. Magnetic PICKUP - wiusassamsmmmmenpensidsleonss sososmammannss 35 s 325
7.8.3: Inertial and Gyroscopic MICE .....tesisssscssrsvsssmsssmmisss 325

RETETENCES tucvummsmmmns 555 .8 55 snmeninnans aae b iioesdomminisssessis 329

Velocity and Acceleration ...

8.1 Accelerometer Characteristics .............coooviiiiiiinneneennn.. 329
8.2 Capacitive ACCEIETOMEIETS. - worsmmms 2 32055 somassenssmaseiis sed ses faas 332
8.3 Piezoresistive ACCElETOMELEIS ...oivsissiiminormmmonimsinesionsss mes 334
8.4 Piezoelectric Accelerometers .............ccoeviiiiiiiiiiiiianieinn.. 335

8.5 Thermal Accelerometers ............coeeiiiiiiiiiiiiiiiiinnnennnnn.

(BYTOSCOPESAE: e eroes v S ioss bl Ml i S sttt it ecea b A e e
8.6.1 ROtOr GYTOSCOPE . ..ueuveiitieettaae e e e n 340

8.6.2 Monolithic Silicon GyroSCOpes ...........icceecvaeerasneeeanns 341
8.6.3 Optical (Laser) GYIOSCOPES «iivicsessisssssammanssnsasanssssnn 344
37 Piczoeleettic Cables ..uusieimmess s smmmumiioio st b silais & soefmie 346
8.8 Gravitational SENSOIs  ..........cciiiiiiiiiiiiiiiiiiiiiiiiieeenn.. 348

o (o (e 1 S I S G e it AL S E M U e

Amazon
EX1051 Page 8



Contents Contents

Force, Strain, and Tactile Sensors
9.1 Strain Gauges
9.2 Tactile Sensors
9.2.1 Switch Sensors
9.2.2 Piezoelectric Sensors
9.2.3 Piezoresistive Sensors
9.2.4 MEMS Sensors
9.2.5 Capacitive Touch Sensors
9.2.6 Acoustic Touch Sensors
9.2.7 Optical Sensors

Pressure Sensors
10.1  Concepts of Pressure
10.2  Units of Pressure
10.3 Mercury Pressure Sensor
104 Bellows, Membranes, and Thin plates
10.5 Piezoresistive Sensors
10.6 Capacitive Sensors
10.7 VRP Sensors
10.8  Optoelectronic Pressure Sensors
10.9  Indirect Pressure Sensor
10.10 Vacuum Sensors
10.10.1 Pirani Gauge

p—
w

10.10.2 Ionization Gauges

10.10.3 Gas Drag Gauge

10.10.4 Membrane Vacuum Sensors
References

Flow Sensors

11.1 Basics of Flow Dynamics

1.2 Pressure Gradient Technique

11.3 Thermal Transport Sensors
11.3.1 Hot-Wire Anemometers
11.3.2 Three-Part Thermoanemometer
11.3.3 Two-Part Thermoanemometer
11.3.4 Microflow Thermal Transport Sensors
Ultrasonic Sensors
Electromagnetic Sensors
Breeze Sensor
Coriolis Mass Flow Sensors
Drag Force Sensors

Amazon
EX1051 Page9



Contents

13

Contents

11.9.1 Ionization Detector .......c..oeeniiiiimnaneineeinieenaennn.
11.9.2 Optical DeteCtor .........eveerrinuiiummnueaianeeeeeeees 42

1 3S (S ¢S 10 - T TR R RRER

12 ACOUSHIC SENSOIS  .uvtiniite et e aiee et e e aieeeenee 47
12.1 Resistive MICTOPRONES  .....viinniiieiiiii i 432
12.2 Condenser MiCTOPHONES .......ovreennuuiieeiiiieeeeee e 432
12.3 Fiber-Optic Microphone ...............ccoviiiiiiiiiiiniienns 434
12.4 Piezoelectric MICTOPhONES .......ooiiiiiiiiiiiiiiiiiiiaeee 435
12.5 Electret MICTOPRONES ......eveunieeiieeeiniee et 437
12.6 Dynamic MiCrophones ..............oooiiiiiiiieniiennn 439
12.7 Solid-State Acoustic DEteCtOrs .......evuuuuunaeiiimmeeiieeeeeeeans 440

RETELETICES «oivomicmiaionnisd 555555 8 5asiaammaiossbains oo s s s a o saivmsisoissslisnsss s

Humidity and Moisture Sensors ..................ooiiiiien.s 445
13.1 Concept of Humidity ........cooeeiiiiiiiiiiiiiiiiins 445
13.2 Capacitive SENSOIS .......eueeeiuiinminiiitaaiaie e 448
13.3 Electrical Conductivity SEnsors ...............coooooeiiiiiiieeee.. 452
13.4 Thermal Conductivity SENSOT .......c..eeeruueieeiinnemaaneeenee. 455
13.5 Optical Hygrometer .............ooeiiiiiimiiiiieieiineeeees 456
13.6 Oscillating Hygrometer —..........cocoooiemiiiimieeiiniieainns 458

459

RETEIENCES .+ n e vt e ettt e et e e et e et e e e e e eaaes

14 Light Detectors ...........ocoeeuiiinimmiiiiititte e -
14.1 TITOQUCHON ..vuunrnnvrmecnssciosssassassssssranssmmvesasesnssarsss 461
14.2 PhotOdIOAES . ..nnvuniiieeiaeeaaecenseeaernassnasaaescassesaenanns 465
14.3 PhOtOTANSISTOT .« u et et teeeeee e e e aeeaaaaeanaa et aea e asaennes 471
14.4 PROTOTESISTOTS - vt e eieeeee e e e eeae e e eeaaees 472
14.5 C00led DEeteCtOIS ....eecevueecescennensamnesssarsnssnosssossanssss 475
14.6 TMAZE SENSOIS  .ueunneenneenneeniee et aae ettt 478

14:6.1 CCDISEHSOLE  ouniesionrsoin o sios s i 55 58 & 808 sl sratarsiuintosoraiata 479
14.6.2 CMOS-Imaging SENSOIS .....coueeeneeeueeineaaneannenes 480
14.7 Thermal DEteCOTS . .vvvntirneeene ettt iriaeaaaeeaaetaaeenaaenans 481
14.7.1 Golay Cells ....ceviriiniiniiiiieiiiiiiiiii e 482
14.7.2 Thermopile SENSOIS ......ooeeeeveneieemmiuiieanieeeenee. 483
14.7.3 Pyroelectric SENSOTS .......ooviuuiiueiiiaeaeiieeeeenes 487
14.7.4 BOIOMELETS . .'vevnerreernneeeneeenaeenassaseeaaecnaecaneenns 491
14.7.5 Active Far-Infrared Sensors ..........coooovviieeniiinnnn. 494
14.8 Optical DeSIZN .. .ouviniiiiniiieiiiiiie e 497
14.9 Gas Flame DeteCtOrS  ...uuueeeeunetiiuiaeerunnaeeeeaaaeaaans 498

RETEIENCES .« v et et e e et e iee e e e e e e e ie e e e e e e eeaaees

15 Radiation Detectors .........coeeeeeeiiimmmimniiiiaaeeeeeees

15.1 Scintillating Detectors  .......vevueeiueeineeiiiieeeaeeeees

EX1051

Amazon
Page 10



Contents Contents
.............................................. 18 Sensor
...................................... 18.1 M
15.2.2 Proportional Chambers .................... " 509 1€
15.2.3 Geiger-Miiller Counters ... . . 510 L&
15.2.4 Semiconductor Detectors ... 512 1¢
15.3 Cloud and Bubble Chambers ................ . """ 516 1¢
REIRISHOES 3t ammiaem 5 8 ot K e 1¢
1¢
................................................... -~ l ?
.............................................. : 182 Si
162 Temperature Reference Points ... . . 1¢
16.3 Thermoresistive Sensors ... " ; It
1¢
16.3.2 Silicon Resistive PTC Sensors ... 3 1¢
0.5.5 THEIHSIONS  waesmss o cosnssiosmnsmmmsn s fon rrmanietnen }E
A, 183 M
.................................... ] }
................................ -~ l }
Semiconductor pn-Junction Sensors ... .. . . 5 Referer
16.6 Optical Temperature Sensors ... " 560
16.6.1 Fluoroptic Sensors .......................... " Appendix
.......................... Index

Chemical Sensors
17.1 Overview

.......................................................... 570
172 BUSIY cnsssns iisisnmemssnssansss orsimemssssiion e s - 570
17.3 Chemical Sensor Characteristics ............................ 371
[7.4 Classes of Chemical Sensors ... " 572
17.4.1 Electrical and Electrochemical Transducers ............ 572
[7.4.2 Elastomer Chemiresistors ... . 581
[7.4.3 Photoionization Detector ... . . . 585
17.4.4 Physical Transducers ... " 586
17.4.5 Optical Transducers ... . 595

17.5 Biochemical Sensors

........................................... 597
17.6 Multisensor AITAYS oo 598
17.7 Electronic Noses and Tongues .........c....cooocooii 599
17.8 Specific Difficulties ... """ 602

References

Amazon
EX1051 Page 11



Contents

Contents

18 Sensor Materials and Technologies ...................................

18.1 Materials .....................o 607
18.1.1 Silicon as Sensing Material ............................_. 607
18.1.2 Plastics ...

I8.1.5 Glasses ...........cooooiiiiiiiii 617

18.1.6 Optical GIasses ..................cccooooioii 618
18.1.7 Nanomaterials ........................................ 620
18.2 Surface Processing ........................................ 621
18.2.1 Deposition of Thin and Thick Films ................... .. 621
18.2.2 Spin Casting .......................... 621
18.2.3 Vacuum Deposition ................................... 622
18.2.4 Sputtering ... 623
18.2.5 Chemical Vapor Deposition ..........................._ 624
18.2.6 Electroplating ........................................._ 625
18.3 Microtechnology .....................c.............. 626
18.3.1 Photolithography ..................................... 627
18.3.2 Silicon Micromachining .............................. . 628

References ...

RPN v, P st mmmssrnss 1 v e £3 55 5 S5 Sl beraE

Amazon
EX1051 Page 12



116

3 Physical Principles of Sensing

Examples of some sound levels are given in Table 3.3. Since the response of a pr
human ear is not the same at all frequencies, sound levels are usually referenced to of
Iy at 1 kHz where the ear is most sensitive.

(ci
no
us
3.11 Temperature and Thermal Properties of Materials
Our bodies have a sense of temperature, which by no means is an accurate method 2
to measure outside heat. Human senses are not only nonlinear, but relative with
respect to our previous experience. Nevertheless, we can easily tell the difference Tt

between warmer and cooler objects. Then, what is going on with these objects that
e . @ co
they produce different perceptions?
: S Sl —_ . are
Every single particle in this universe exists in perpetual motion. The temperature

of a volume of a material, in the simplest way, can be described as measure of an ;;
average kinetic energy of vibrating particles. The stronger the movement the higher ;
the temperature. Of course, molecules and atoms in a given volume of material do 1{n‘
not move with equal intensities. That is, microscopically, they all are at different ;(l)]
temperatures. The average kinetic energy of a large number of moving particles
determines macroscopic temperature of an object. These processes are studied by a IC}
thermodynamics and statistical mechanics. Here, however, we are concerned with 0{
methods and devices that are capable of measuring the macroscopic average kinetic k-
energy of vibrating particles, which is the other way to say the temperature of the mA
object. Since temperature is related to the movement of molecules, it is closely pr
associated with pressure, which is defined as the force applied by moving molecules oiv
per unit area. ,01
When atoms and molecules in a material move, they interact with other mole- ot
cules that happen to be brought in contact with them. A jiggling atom agitates a bt
neighboring atom and transfers to it portion of its kinetic energy, so the neighbor ot
starts vibrating more intensely. This agitation propagates through the material,
elevating the temperature. Since an atom contains moving electrons swirling N
around its nucleus like a cloud of electric current, thermal agitation causes that e
current to produce electromagnetic wave. Hence, every vibrating atom acts as a \fll!
microscopic radio-transmitter, which emanates electromagnetic radiation to the kel
surrounding space. These two types of activities form a basis for heat transfer “3
from warmer to cooler objects: conduction and radiation. The stronger the atomic
movement the hotter the temperature and the stronger the electromagnetic radia- 16)
tion. A special device (we call it a thermometer), which either contacts the object or A
receives its electromagnetic radiation, then produces a physical response, or signal. call
That signal becomes a measure of the object’s temperature. 1BA
The word thermometer first appeared in literature in 1624 in a book by g
J. Leurechon, entitled La Récréation Mathématique [29]. The author described E\n(

a glass water-filled thermometer whose scale was divided by 8°. The first o

tim
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pressure-independent thermometer was built in 1654 by Ferdinand II, Grand Duke
of Tuscany'® in form of an alcohol-filled hermetically sealed tube.

Thermal energy is what we call heat. Heat is measured in calories.'” One calorie
(cal) is equal to amount of heat, which is required to warm up by 1°C 1 g of water at
normal atmospheric pressure. In the United States, a British unit of heat is generally
used, which is 1 Btu (British thermal unit): 1 Btu=252.02 cal.

3.11.1 Temperature Scales

There are several scales to measure temperature. To make a linear scale (for
convenience, all thermometers have linear scales), at least two reference points
are required. Usually one of these points is called a zero point. A first zero for a
scale was established in 1664 by Robert Hooke at a point of freezing distilled water.
In 1694 Carlo Renaldi of Padua suggested to take a melting point of ice (zero point)
and a boiling point of water (second point) to define a span of his thermometer. He
divided the span by 12 equal parts. Unfortunately, his suggestion had been forgotten
for almost 50 years. In 1701, Newton also suggested for the zero point to use the
temperature of melting ice and for the second point he chose the armpit temperature
of a “healthy Englishman,” he labeled that point “12.” At Newton’s scale, water
was boiling at point No. 34. Daniel Gabriel Fahrenheit, a Dutch instrument maker,
in 1706 selected zero for his thermometer at the coldest temperature he could
produce by a mixing water, ice, and sal-ammoniac or household salt. For the sake
of convenience, he established the other point at 96°, which was “found in the blood
of a healthy man.”"® On his scale, the melting point of water was at 32° and boiling
at 212°. In 1742, Andreas Celsius, professor of astronomy at the University of
Uppsala (Sweden), proposed a scale with zero as the melting point of ice and 100°
at boiling point of water. He divided the span by 100 equal parts — degrees.
Nowadays, in science and engineering, Celsius and Kelvin scales are generally

employed. The Kelvin scale is arbitrarily based on the so-called triple point of
water. There is a fixed temperature at a unique pressure of 4.58 mmHg where water
vapor, liquid, and ice can coexist. This unique temperature is 273.16 K (degrees
kelvin), which approximately coincides with 0°C. The Kelvin scale is linear with
zero intercept (0 K) at a lowest temperature where kinetic energy of all moving

"More precisely, not “by him” but rather “for him” .
A calorie that measures energy in food is actually equal to 1,000 physical calories, which is
called a kilocalorie.

'SAfter all, Fahrenheit was a toolmaker and for him 96 was a convenient number because to
engrave the graduation marks, he could easily do so by dividing a distance between the marks by
two: 96, 48, 24, etc. With respect to nationality of the blood, he did not care if it was blood of an
Englishman or not. Now, it is known that blood temperature of a healthy person is not really
constant. It varies between approximately 97°F and 99.5°F (36°C and 37.5°C) but during his
times, Fahrenheit could not find a better thermostat than a human body.
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14.2 Photodiodes 465

chopping frequency and the spectral content must be also specified. The detectivity
is expressed in the units of Hz %/W. It can be said that the higher the value of D*,
the better the detector.

IR cutoff wavelength ().) represents the long-wavelength limit of spectral
response, and often is listed as the wavelength at which the detectivity drops by
10% of the peak value.

Maximum current is specified for photoconductive detectors (such as HgCdTe)
that operate at constant currents. The operating current never should exceed the
maximum limit.

Maximum reverse voltage is specified for Ge and Si photodiodes and photocon-
ductive cells. Exceeding this voltage can cause the breakdown and severe deterio-
ration of the sensor’s performance.

Radiant responsivity is the ratio of the output photocurrent (or output voltage)
divided by the incident radiant power at a given wavelength, expressed in A/W
or V/W.

Dark current I, for photodiodes is a leakage current at a reverse voltage when
the diode is in complete darkness. This current generally is temperature dependent
and may vary from pA to pA. It approximately doubles for every 10°C increase in
temperature.

Field of view (FOV) is the angular measure of the volume of space where the
sensor can respond to the source of radiation.

Junction capacitance (C;) is similar to the capacitance of a parallel plate
capacitor. It should be considered whenever a high-speed response is required.
The value of C; drops with reverse bias and is higher for the larger diode areas.

14.2 Photodiodes

Photodiodes are semiconducting optical sensors, which if broadly defined may even
include solar batteries. However, here we consider only the information aspect of
these devices rather than the power conversion. In a simple way, the operation of a
photodiode can be described as follows.

If a pn-junction is forward biased (positive side of a battery is connected to the
p side) and is exposed to light of proper frequency, the current increase will be very
small with respect to a dark current. In other words, the bias current is much greater
than the current generated by light, and the diode is just a diode, not really useful for
sensing light.

If the junction is reverse biased (Fig. 14.3), when light strikes the semiconduc-
tor, the current will increase quite noticeably. Impinging photons create electron—
hole pairs on both sides of the junction. When electrons enter the conduction band,
they start flowing toward the positive side of the battery. Correspondingly, the
created holes flow to the negative terminal, meaning that photocurrent i, flows in
the network. Under dark conditions, dark current i, is independent of applied
voltage and mainly is the result of thermal generation of charge carriers. Thus, a
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Fig. 144 An equivalent circuit of a photodiode (a) and its volt-ampere characteristic (b)

reverse-biased photodiode electrical equivalent circuit contains two current sources

and a RC network (Fig. 14.4a). :\

The process of optical detection involves the direct conversion of optical energy o

(in the form of photons) into an electrical signal (in the form of electrons). If the al
probability that a photon of energy /v will produce an electron in a detection is

1) then the average rate of the production of electrons (r) for an incident beam of =

optical power P is given by [2] (a

nP =

(r) = W (14.6) p

ST

The production of electrons due to the incident photons at constant rate <> is w

randomly distributed in time and obeys Poisson statistics, so that the probability of
the production of m electrons in some measurement interval 7 is given by
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p(m,1) = ((r}r)’”%e‘*’m (14.7)

The statistics involved with optical detection are very important in the determi-

nation of minimum detectable signal levels, and hence the ultimate sensitivity of

the sensors. At this point, however, we just note that the electrical current is
proportional to the optical power incident on the detector:

| : neP

l—<)>€—F. (14.8)
where e is the charge of an electron. A change in input power AP (due to intensity
modulation in a sensor, for instance) results in the output current Ai. Since power is
proportional to squared current, the detector’s electrical power output varies quad-
ratically with input optical power, making it a “square-law” optical power detector.
The voltage-to-current response of a typical photodiode is shown in Fig. 14.4b.
If we attach a high-input-impedance voltmeter to the diode (corresponds to the case
when i = 0), we will observe that with increasing optical power, the voltage
changes in a quite nonlinear fashion. In fact, variations are logarithmic. However,
for the short circuit conditions (V = 0), that is, when the diode is connected to a
current-to-voltage converter (such as in Fig. 5.12b), current varies linearly with the

optical power. The current-to-voltage response of the photodiode is given by [3]

f=iis (e“"/‘” ke 1) EE (14.9)

where i is a reverse “dark current,” which is attributed to the thermal generation of
electron-hole pairs, i, is the current due to the detected optical signal, k, is
Boltzmann constant, and T is the absolute temperature. Combining (14.8) and
(14.9) yields

> e P
: i=io(eV/MT - 1) = 2, (14.10)

sources A o : ; ;
which is the overall characteristic of a photodiode. An efficiency of the direct

L] conversion of optical power into electric power is quite low. Typically, it is in the
\ I tiz range of 5-10%; however, it is reported that some experimental photocells were
: able to reach efficiency as high as 90%. In the sensor technologies, however, the

ction is
photocells are generally not used.
eam of g < - .
There are two general operating modes for a photodiode: the photoconductive
(PC) and the photovoltaic (PV). No bias voltage is applied for the photovoltaic
mode. The result is that there is no dark current, so there is only thermal noise
(14.6) present. This allows much better sensitivities at low-light levels. However, the
speed response is worst due to an increase in C; and responsively to longer
<r>is wavelengths is also reduced.
ility of Figure 14.5a shows a photodiode connected in a PV mode. In this connection,

the diode operates as a current-generating device, which is represented in the
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Fig. 14.5 Connection of a photodiode in a photovoltaic mode to a noninverting amplifier
(a); equivalent circuit (b); and loading characteristic (c)

equivalent circuit by a current source i, in Fig. 14.5b. The load resistor R,
determines the voltage developed at the input of the amplifier, and the slope of
the load characteristic is proportional to that resistor (Fig. 14.5¢).

When using a photodiode in a photovoltaic mode, its large capacitance C; may
limit the speed response of the circuit. During the operation with a direct resistive

load, as in Fig. 14.5a, a photodiode exhibits a bandwidth limited mainly by its and 1
internal capacitance C;. The equivalent circuit of Fig. 14.5b models such a band- the I
width limit. The photodiode acts primarily as a current source. A large resistance R inver
and the diode capacitance shunt the source. The capacitance ranges from 2 to In
20,000 pF depending for the most part on the diode area. In parallel with the manc
shunt is the amplifier’s input capacitance (not shown) that results in a combined frequ
input capacitance C. The net input network determines the input circuit response

rolloff.

To avoid the effect of input capacitance, it is desirable to develop input voltage
across the resistor and prevent it from charging the capacitances. This can be

achieved by employing a current-to-voltage amplifier (//V) as shown in whe1
Fig. 14.6a. The amplifier and its feedback resistor R, translate the diode current incre
into a buffered output voltage with excellent linearity. Added to the figure is a frequ
feedback capacitor C; that provides a phase compensation. An ideal amplifier holds appe
its two inputs at the same voltage (ground in the figure), thus the inverting input that amp
is not directly connected to ground is called a virtual ground. The photodiode inve
operates at zero voltage across its terminals, which improves the response linearity indu
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Fig. 14.6 Use of current-to-voltage converter (a) and the frequency characteristics (b)
Fig. 14.7 Response of a fl 200 V
photodiode with |
uncompensated circuit
(courtesy of Hamamatsu
Photonics K.K.)
ifier
R,
s of
nay
tive
its and prevents charging the diode capacitance. This is illustrated in Fig. 14.7c where
nd- the load line virtually is parallel to the current axis, because the line’s slope is
eR inversely proportional to the amplifier’s open-loop gain A.
' to In practice, the amplifier’s high but finite open-loop gain A limits the perfor-
the mance by developing small albeit nonzero voltage across the diode. Then, the break
ned frequency is defined as
nse
: A p
age = 2nR.C A (4.11)
be
in where A is the open-loop gain of the amplifier. Therefore, the break frequency is
‘ent increased by a factor A when compared with f;. It should be noted that when
s a frequency increases, gain A declines, and the virtual load attached to the photodiode
lds appears to be inductive. This results from the phase shift of gain A. Over most of the
‘hat amplifier’s useful frequency range, A has a phase lag of 90°. The 180° phase
ade inversion by the amplifier converts this to a 90° phase lead that is specific for the

inductive impedance. This inductive load resonates with the capacitance of the input
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circuit at a frequency equal to f,, (Fig. 14.6b) and may result in an oscillating response Fig. 1
(Fig. 14.7) or the circuit instability. To restore stability, a compensating capacitor Cp opera
is placed across the feedback resistor. Value of the capacitor can be found from

CL 1 =/ CC, (14.12) 14.3

" 2nR.f,

where C. = 1/(2nR,f.) and f, is the unity-gain crossover frequency of the opera- ‘ A ph
tional amplifier . The capacitor boosts the signal at the inverting input by shunting l . ¢
R, at higher frequencies. \ same

When using photodiodes for the detection of low-level light, noise floor should ‘ The «
be seriously considered. There are two main components of noise in a photodiode: el
shot noise and Johnson noise (see Sect. 5.13)1 ). Besides the sensor, the amplifier’s nce !
and auxiliary component noise should also be accounted for [see (5.52)]. BUIre

For the photoconductive operating mode (PC), a reverse bias voltage is applied to S
the photodiode. The result is a wider depletion region, lower junction capacitance Cj, Tl
lower series resistance, shorter rise time, and linear response in photocurrent over a ik
wider range of light intensities. However, as the reverse bias is increased, shot noise circu
increases as well due to increase in a dark current. The PC mode circuit diagram is are p
shown in Fig. 14.8a, and the diode’s load characteristic is in Fig. 14.8b. The reverse Tt
bias moves the load line into the third quadrant where the response linearity is better of th
than that for the PV mode (the second quadrant). The load lines cross the voltage axis W
at the point corresponding to the bias voltage E, while the slope is inversely ftea
proportional to the amplifier’s open-loop gain A. The PC mode offers bandwidths temy
to hundreds of MHz, providing an accompanying increase in the signal-to-noise ratio. temy

Presently, photodiodes together with interface electronic circuits are available in hou
integral forms and known as light-to-voltage converters. Such an integrated circuit char
is comprised of a photodiode and current-to-voltage converter as shown in that

a b !
5
¢ =N —3
> e
N (— 2 V.. %//‘ _—§

increasefoptical power

001 pF

&

Fig. 14.8 Photoconductive operating mode. Circuit diagram (a) and load characteristic (b)

load line with Slope R, /4
/A
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1se Fig. 14.6. An example is a device TSL257T from TAOS (www.taosinc.com), which
Cy operates primarily in the visible spectral range from 400 to 800 nm.
2)

14.3 Phototransistor

s A photodiode directly converts photons into charge carriers, specifically one elec-
ng ‘ tron and one hole (hole—electron pair) per a photon. The phototransistors can do the

| same, and in addition to provide current gain, resulting in a much higher sensitivity.
;ld The collector-base junction is a reverse-biased diode that functions as described
[

; earlier. If the transistor is connected into a circuit containing a battery, a photoin-

duced current flows through the loop, which includes the base—emitter region. This

current is amplified by the transistor in the same manner as in a conventional
’t‘O transistor, resulting in a significant increase in the collector current.
=1 The energy bands for the phototransistor are shown in Fig. 14.9. The photon-
8 induced base current is returned to the collector through the emitter and the external
8¢ circuitry. In so doing, electrons are supplied to the base region by the emitter where they
E are pulled into the collector by the electric field. The sensitivity of a phototransistor is a
8¢ function of the collector—base diode quantum efficiency and also of the dc current gain
‘?r of the transistor. Therefore, the overall sensitivity is a function of collector current.
B When subjected to varying ambient temperature, collector current changes
ly linearly with a positive slope of about 0.00667 per °C. The magnitude of this
13 temperature coefficient is primarily a result of the increase in current gain versus
o temperature, since the collector—base photocurrent temperature coefficient is only
o about 0.001 per °C. The family of collector current versus collector voltage
f't characteristics is very much similar to that of a conventional transistor. This implies
in

that circuits with phototransistors can be designed by using the regular methods of

emitter base collector
n-side p-side n-side hv

Fig. 14.9 Energy bands in a phototransistor
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