Electrical Engineering

Completely revised and reorganized while retaining the approachable style
of the first edition, Infrared Detectors, Second Edition addresses the
latest developments in the science and technology of infrared (IR) detection.
Antoni Rogalski, an internationally recognized pioneer in the field, covers the
comprehensive range of subjects necessary to understand modern IR detector
theory and technology. He presents each topic with a brief summary of historical
background followed by a summary of the principles underlying performance, an
overview of properties, and analysis of the state of the art.

Divided into four sections, the book covers the fundamentals of IR detection,
IR thermal detectors, IR photon detectors, and focal plane arrays. It begins
with a tutorial introduction to the essential different types of IR detectors and
systems. The author explores the theory and technology of different thermal
detectors and then moves on to the theory and technology of photon detectors.
He concludes his treatment with a discussion of IR focal plane arrays in which
relations between the performance of detector arrays and the infrared system
quality are considered.

New to the Second Edition:

* Fundamentals of IRdetection, radiometry, and flux-transfer issues needed for
IR detector and system analysis

» Major achievements and trends inthe development of IR detectors

» Novel uncooled detectors such as cantilever, antenna, and optically coupled

» Type Il superlattice detectors

e Quantum dot IR detectors

» Terahertz (THz) arrays and a new generation of IR detectors, so-called third-
generation detectors

The author accomplishes the difficult task of making the information accessible
to a wide readership. Acomprehensive analysis of the latest developments in IR
detector technology and basic insight into the fundamental processes important
to evolving detection techniques, the book provides the most complete and up-
to-date resource of its kind, including a summary of useful data, a guide to the
literature, and an overview of applications.

7b71X

ISBN: U7a-1-Ur[W-7b71-Y
/O v CRC Press 2300 Broken Sound Parkuy, tiv 90000

ICJ*- y Taylor &Francis Group 270 Madison Avenue
'V an informa business New York, NY 10016

WWW.Crepress.com 2 Park Square, Milton Park

Abingdon, Oxon OX14 4RN, UK 9 781420 076714


http://www.crcpress.com

Table of Contents

e = - Yo - OSSPSR XVii
A CKNOW LB A G M BNES ittt ettt et b bt eeaene e aeenenas XiX
ADOUL TN A UL O i bbbt et se b e ne s XXi
Part I: Fundaments of Infrared D eteCtioN ..ccieiiciii i 1
I Uo 10T 1 011 1 PSSP 2
11 Radiometric and Photometric Quantities and U NitS.......cococeoiiriiiinnnciene e 2

1.2 Definitions of Radiometric QUaNtitieS...cccuvivviviiieiicires e 4

I - Uo 1T g Lo TSROSO 7

1.4 BIlackbody RaGiatioN ...ccccoiciiiieci ittt e 10

LD EMIESSIVITY ittt ettt ettt e e bR et a Rt ee et e et nene e 13

LG T 1= Tr=To IO o oS 15

1.7 Some Radiometric Aspects of INfrared SYStEMS.......ccvvivieiireiiiise e 17
17.1 Night-Vision SYyStemM CONCEPTS...cccciiriiiriiiseieisise s e e eens 17

1.7.2 Atmospheric Transmission and Infrared Bands..........ccccccvvevevienniinninsnesieseesiennns 18

1.7.3 Scene Radiation and CONTraSt.......ccccevvieiiiiieiieieeee e 20

T (=2 0= Lo TSR 21

2. Infrared Detector CharaCterization........ccceceieeieieieice e e 23
2.1 Historical Aspects of Modern Infrared Technology........ccoevveiineiciincicc e 24

2.2 Classification of INfrared DeteClOrS. .....coooiriirireeee e 28

2.3 C00lING OF IR DELECIOTS .oiiuiiieieteieie ittt et b et bbb enes K1l
2.3 1 CrYOQENIC DBWALS. ...cciviieiietisieieeie ettt bbbt e et bbb e ene s 32

2.3.2 Joule-ThompPSOn COOIEIS......coiiiieieeice st 32

2.3.3  SHIIING CYCIE COOIBIS .ot bbb 32

2.3.4  PeItIEr COOIBIS ..ottt 33

2.4 DeteCtor FIQUIES OF M BT it ..o 33
240 RESPONSIVITY .viiitiiiiiieiieiie ettt bbb b e st e et b b seesentas 34

2.4.2 NOISE EQUIVAIENT POWET .......iiiiiciiieiiet sttt 34

B B B 1 (=Y od € YA YU RPSRRSN 34

2.5 Fundamental DeteCtiVity LiMitS.....ccoceriieiiiiiiisieie st 35
=Y (=T (=T Lo TSSOSO 40

3. Fundamental Performance Limitations of Infrared Detectors........ccococevvevevvivnciniiieserecesiens 45
A I 0 1= g b L T (ol (0] TP US RSN 45
311 PrinCiple Of OPeration ... ens 45

3.1.2 NOISE MECRANISMS ..ottt e 48

3.1.3 Detectivity and Fundamental LimitS.........cccveviveiiiiniiiiiieiiressesse s e 49

I o 10 (o (T D X=Y (=Yl o RSSO 53
321 PhOtONn DeteCtiON PrOCESS..iiiiiiiiiieiieeieie ettt 53

3.2.2 Theoretical Model of Photon DeteCtors........cvieiveiiieiiiise e 56

vii



3.22.1 Optical Generation N OISE.....ccoveiiiirieiiieese st 58

3.2.2.2 Thermal Generation and Recombination N OiS€........ccccoeevrrriiinnnciennnnes 59

3.2.3 Optimum Thickness 0f PhotodeteCtor. ..o veriiieiieeee e 60

3.2.4 Detector Material Figure 0f M erit. ... 60

3.25 Reducing Device Volume to Enhance Performance.........cccocevvvvvieniicnnesecesieneenn, 62

3.3 Comparison of Fundamental Limits of Photon and Thermal Detectors.........c.ccocevvvennennns 65
3.4 Modeling Of PROtOUELECTOIS. ....ciiiiiiiiciseeeicteee st re s 69
R EIEINCES . .ttt ettt b bt e b e e bbbt b bRt et re s 71
O =Y Yo Y o T= I B X-Y T o3 4 o O PPSSR 75
R EIENCES. ..ttt bbb bbbt ekt b et e e 83
Part 1l: Infrared Thermal D etECTOTIS ot 87
T I 1T 4 2T o1 =TSO 88
5.1 Basic Principle and Operation of Thermopiles. ..o 88
5.2 FIgUIES OF IMIBIIL....oieiiie ittt a ettt st en e ns a1
5.3 ThermoeleCtric M aterialS.......ccoio it 93
5.4 Micromachined ThermMOpPilesS......cooiiiiieiciic e e 9%
54.1 DeSign OPtimizZation ..o s se e 97

5.4.2 Thermopile ConfigurationS........ccccieieiiriiiiiiiicseesee e 98

5.4.3 Micromachined Thermopile TeChNOIOGY.....cccccviereiiiiiiiiciree e 98

R EIENCES. ..ttt ettt bbb bbb bt b bt b et eneas 101

LT = To] (0T 44T=] 1=] OO OO OTS TR 104
6.1 BasicPrinciple and Operation of BOIOMELErs.........cccovveviiiriiiee e 104
6.2 TYPES OF BOIOMELEIS.....eiiieeieeiciiee ettt et sr e eneeae e s 107
6.2.1 Metal BOIOMELEIS. ..ot e e 107

B.2.2  THEIMISTOTS ..ttt bbbt bbb et eb e et 107

6.2.3  SemicondUCIOr BOIOMETEIS.....c.iiiiicicerricee et 108

6.2.4 Micromachined Room Temperature Silicon Bolometers...........coccovnvriennnccncnene 11
6.2.4.1 Bolometer SENSiNg MaterialS......c.cccveieieiiiiiiciiieie s 114

6.2.4.2  Vanadium OXIE......oovuiiriirieereririeeie et 114

6.2.4.3 AMOIPhoUS STTICON ...oooiieiiiiie e e 115

6.2.4.4  SilICON DIOUES...eviiieiiciee ettt s 116

6.2.4.5 Other MaterialS......cociiiiiieie e e 116

6.25 Superconducting BOIOMELEIS.....ccvcviviiiiiiieiceee et 117

6.2.6 High-Temperature Superconducting Bolometers.........ccocccvveivveveiencisc i 121

6.3 HOt E1ECtron BOIOMELErS. .....cuciiieeieieiete ettt e 126
R EIENCES. ettt bbbt £ e b b et b bt bbb s 130

A YA (LT Lot T B = (=T o] €SS 138
7.1 Basic Principle and Operation of Pyroelectric Detectors.........ccovvvvvevvienieiencineie s 138
701 RESPONSIVILY iiteieiiiiiieit ittt b ettt r et b e se e ens 139

7.1.2 NOiISE ANd DEECHIVITY ..viiiii e b 142

7.2 Pyroelectric Material SEIECHION........ccc.coiiriiis s 144

vin



T7.21  SINGIE CryStalS. . iiiiiiiieiceieie ettt ettt ne e 145

7.2.2 PYroeleCtriC POIYMErS.....cci ittt 147
7.2.3 PYroleCtriC CeramiCS .ottt ebe e bens 147
7.24 DieleCtric BOIOMELEIS....cciiieiiecicieicie et 148
7.25 Choice 0f MAterial......ccccooviiiiiee e ere e 152

7.3 PYrOleCtriC VIGICON. ..ciiviiiiiciei ettt e eneneas 152
T =2 £ a1 ST 153
8. NOVEI ThermMal D tECIOTS. ..ciiiiii ittt ettt sr et enesse e 157
ST €0 - 01 | ST 157
LI \\[0) V7T IO L Toto o] [=To B B X=Y =T o (o TSRS 157
8.2.1 Electrically Coupled CantileVersS......ccoiiieiiieiiieicise e 160
8.2.2 Optically Coupled CantileVerS.....cccoiiiiiiiiieicesiec et 163
8.2.3 PYro-Opticai TraNSUUCETS.....cccueieertrieireeie ettt 166
8.24 Antenna-Coupled MicrobolOMEters. .. ..o 168

8.3 Comparison of Thermal D eteCOrS ...t 169
= (=T =1 o] -SSP 171
Part I1l: Infrared Photon D EtECTOTS .ot 175
9. Theory of Photon Detectors........ccovvcrenenee. 176
oI o o T (o Toto] oo [UTo3 ARVl B LT (=T o o TSRS 176
9.1.1 Intrinsic Photoconductivity ThEOTY......ccoveevieiiiiececce e 176
0.1.1.1  SWeepP-OUt EFfECTS. it ene 178

9.1.1.2 Noise Mechanisms in PhotoCoNdUCOrS. ......cocoeueeirreeierrecces e 180

0.1.1.3  QUantum EFfiCIENCY ....ccciveiieiie st 182

9.1.1.4 Ultimate Performance of PhotoconducCtors........coccoeiivecinnscncnniicene 183

9.1.1.5 Influence of BacKground..........cccoeveriviniencinieie e 184

9.1.1.6 Influence of Surface Recombination.........ccccoveiiinnieinnccc e 184

9.1.2 Extrinsic PhotoconducCtiVity ThEOTIY ..ot 185
9.1.3 Operating Temperature of Intrinsic and Extrinsic Infrared Detectors................. 194

9.2 p-NJUNCLION PhOtOIOAES ..c.ciciiiciicice ettt ens 197
9.2.1 Ideal Diffusion-Limited p-N JUNCLIONS. ..o 198
0.21.1 DiffuSion CUITENT....cciiicce ettt 198

0.2.1.2 Quantum EFfiCIENCY....cccciiiiiiiisici e 201

0.2.1.3 N OISE.utuiiitiiiti et s ettt st b bbbttt b bt nenreneas 202

I S B T (=T ol £V | Y2 TSRS 203

0.2.2 REAlI PN JUNCLIONS ..ottt ettt eb e saene e 205
9.22.1 Generation-Recombination CUTITENT......ccccociiieiiieeeierieie e 206

0.2.2.2 TUNNEIING CUMTENT...iiiiieiieicte ettt 208

9.2.2.3 Surface Leakage CUITENT.. ..o 210

0.2.2.3 Space-Charge Limited CUTITENT.....ccoceieiiieiiiciseeeeeee e 211

0.2.3  RESPONSE TIME...ieuiiieuieeieesiere sttt e ettt sttt b e s be e s be e e se b e e sbe e nbe e nre e 213



0.3 P-i-N PhOtOTIOUES .. bbbt nesaene s 214

9.4 Avalanche PhOtOGIOGES. .....ccuiiiiiiiieiseic ettt bbb 216
9.5 Schottky-Barrier PhotodiodesS. .....oiiuiiiiirieiiecce e 222
9.5.1 Schottky-Mott Theory and Its ModifiCations........c..ccccoveiveienivnieneieie e 222
0.5.2 CUITeNt TranSPOIT PrOCESSES . . cueiuirueeeriieteereetisteeteeieteeseeseeseeteeeseesteneesaeteseeseenseseesees 223
0.5.3  SHHICIBS. ..cvivieicieieeiei ettt bbbttt b e b e neteneas 225

9.6 Metal-Semiconductor-Metal Photodiodes..........coeiveiienieenice e 226
ST V| IS o o} (oo [ o T USRS 227
9.8 Nonequilibrium PhotodiOUES........ccviericiciiiciee et 232
ST 11 =] (T L= (=] (0 ] TSRS 233
9.10 Photoelectromagnetic, Magnetoconcentration, and Dember Detectors.........cc.cccvruenee. 234
0.10.1 PhotoelectromagnetiC DEIECIOIS. ...oiiicirieiceicei et aere 235
0.10.1.1  PEM EFFECL....ecuiei ettt 235

0.10.1.2 Lile SOIULION .ciiiiicicecece e 236

9.10.1.3 Fabrication and PerformancCe.......ccccccveieriiiiiinesenese e 238

9.10.2 Magnetoconcentration DeteCtOrS. ... .ccoirieriirieiee et 239
0.10.3 DEMDBEI DEIECIOIS. .cuviiiieiiieisieriee sttt ettt sttt se e senaeens 240

0.11 PhotoN-Drag D eteCIOTS. .ciiiieiiiiiiieisie sttt bbb e sens 242
=Y (= (=] o] =TSSP 245
10. Intrinsic Siliconand Germanium D eteCIOTIS....cciiiiiiiiiii e 256
10.1 SiliCON PROTOGIOUES. .. cviiceicieiieeie ettt bbb bbb s 256
10.2 Germanium PhoOtOiOUeS. . ..ot 264
10.3  SiGE PHOTOGIOUES. .cueeviieiiiiiic sttt sttt bt bbb b et e tesaenenaas 266
=Y (= (=] o] =TSSR 269
11. Extrinsic Silicon and Germanium DeteCIOIS........cccvieirieiireriee st 272
T 1T 1 0] o o SRS 273
11.2 Peculiarities of the Operation of Extrinsic Photodetectors........ccoouvvvvvevvenieisesieenen, 274
11.3 Performance of EXtrinsic PhotoCONAUCIONS.......ccoveveiiiiciietseeceee e 276
11.3.1 Silicon-Doped PhotOCONAUCLOIS.......civiiieiieesiercce st 276
11.3.2 Germanium-Doped PhotoCONAUCLONS.......ccuevieieieiiisicie s 278

11.4 Blocked IMpurity Band DEVICES.....ccvieiieiieiiiesieesiestsesisie et e et s sne s 280
115 Solid-State PhotOmMUILIPHEIS......ciiiiicicect s 284
=T 1= =1 o] =TRSOOSR 285
12. PhotoemiSSiVe DELECIOIS. ......ccuiiiiiciiic 290
121 Internal PhotoemiSSiON PrOCESS.......occciiiiiiciciciie s 290
1211 Scattering EffECTS. .o s 294

A I D T Vg S O T ¢ (-1 1| SO SOOSSRSPRPN 296
12.1.3 Metal EIECTIOUES. ..cuiviviiiiiicieiseee ettt b s 297

12.2 Control of Schottky-Barrier Detector Cutoff Wavelength.........ccccoovveveeiniiiiicenne, 298
12.3 Optimized Structure and Fabrication of Schottky-Barrier Detectors........c.c..ccceeeeenenee. 299

12.4 Novel Internal PhotoemisSivVe DEtECIOIS. ...cociiiiiiiieiice ettt 300



13.

14.

12.4.1 Heterojunction Internal Photoemissive DeteCtors......ccouvvvevvierviieineenienesenenns 300

12.4.2 Homojunction Internal Photoemissive Detectors.........cccvevvveveiereinneiesesieennas 301

R EIBNCES. ettt bbb a bbb bbbt bbbt e bttt b s 303
L BV B I= =Tod (o] £ PSSO U SO U PP U PP PT PRI 309
13.1 Some Physical Properties of 111-V Narrow Gap Semiconductors............cccecererreienerenes 309
13.2  INGAAS PROtOIOUES. ....ecuieiieeieiert ettt ettt 315
1321 p-i-N INGaAS PhOtOAIOUES. ...cuciieiiiiiece et 316
13.2.2 InGaAs Avalanche Photodiodes. ... 318

13.3 BiINArY HH-V DBLECIOTS ... ettt ittt ettt ettt eea e 321
13.3.1 InSb PhotoconduUCtiVe D eteCTOrS. . ..o 321
13.3.2 InSh Photoelectromagnetic DeteCtOrS.......ccviiviiereiiieie s 322
13.3.3  INSD PhOtOAIOUES. ..o 324
13.34 INAS PhOtOIOUES. ..ot 31
13.3.5 InShb Nonequilibrium Photodiodes.........ccoevreieiiniiii e 335

13.4 Ternary and Quaternary -V DeteCtOrS......ouiiireiereiiiciie s 337
1341 INASSD DELECIOIS .cucuiieeteiiieeest ettt ettt e 339
13.4.1.1 INASSDH PhOtOCONAUCTIOLS. ....coiviieeiie st 339

13.4.1.2 INASSDH Photodiodes. ... A1

13.4.2 Photodiodes Based on GaSh-Related Ternary and Quaternary Alloys............. 348

135 Novel Sh-Based I11-V Narrow Gap PhotodeteCtors.....ccovciiiiiviericienicisecse e 350
1351 INTISD @NA INTIP....eiiiiiiee et 350
13.5.2 INSDBI ettt et eb e e 31
13.5.3 INSBIN ot 352

T (=2 1= 4o LSSV 352
HOCATE D BTECIOTS ittt ettt et et e e b ebe b enenbaneenes 366
14.1 HQCATe HiStorical PEIrSPECLIVE....cccoieiie sttt 366
14.2 HgCdTe: Technology and PropPerties. ... iieeirieirerse e 369
1421 Phase DiagramS. . ciiiiiiiesieieeeseeestesiste st stesaesestesaste sttt stesee e sse e st e sbeseeseseens 369
14.2.2 Outlook on Crystal GrOW TN .......ocviiiiii e 370
14.2.3 DefeCts and IMPUTITIES .ooiiiciici ittt ene 376
14231 NatiVe DEFECES ... 376

B B © N o T o T 1 1 - PSP 378

14.3 Fundamental HGCATE PrOPertiesS....cccvciieieiiie et 379
1431 ENErgy BANUQap...coccoeoiiiiiiiiiiiece ettt sttt e 379
14.3.2 MODIIITIES. ..ot 380
14.3.3 OPLICAl PrOPErtiBS....cciviveieieiieiesieece ettt ne e 383
14.3.4 Thermal Generation-Recombination ProCeSSES.....ccuivreerineniriireririeiene e 387
14.34.1 Shockley-Read PrOCESSES.....cviiiirieirieriiriiseseeesie s ssenas 387

14.34.2 RAIAtiVE PrOCESSES. ..ceieieeiireiiciee sttt 389

14.3.4.3 AUQET PrOCESSES. .eiuieieuiiieesieeeieeste e ettt st sae st saesaestesaesnesteenesneereens 389

14.4  Auger-Dominated Photodetector PErformancCe......ccocevcieiiiiniieeienieisesse e 391



15.

xii

14.4.2 NONeqUIlIDIriUM DEVICES. .....cuiiiririeeeiirieiee ettt e 3R
145 PhotoCONAUCLIVE DEIECIOIS. .. ...cuiuiiieeieeiereetc ettt 3
1451 TECHNOIOQY it bbbttt 3N
14.5.2 Performance of Photoconductive DeteCtors........coceiireeierererecineree e 3%
14521 Devices for Operation at 77 K ..o 3%
14.5.2.2 Devices for Operation above 77 K .......cccoeviviinieveiniiee e 400
14.5.3 Trapping-Mode PhotoCONAUCTOTS.....cciviiieeirieiceise e 402
1454 Excluded PhOtOCONUCTONS. ......ccuiiiirieiieie e 402
14.55 SPRITE DEIECTOIS....cctiiiiiiieeieieieie ettt bbb 406
14.6 PhOtOVOILAIC D BTECTOIS . c.ciiieciiit ittt bbb s 410
14.6.1 JUNCLION FOIMALION....c.oiuitiiiiceccrc bbb e m
14.6.1.1 HG IN-DiffuSiON..cccciciicicce e 41
14.6.1.2 10N MillING..iiiiiiieieice e 412
14.6.1.3 10N IMPIantation........ccocvciiiiiieiseecee e 412
14.6.1.4 Reactive 1on EtChING. ..o 415
14.6.1.5 Doping during GroWth ... 416
14.6.1.6  PaSSIVALION.....ciiiieiiiisieieist e 417
14.6.1.7 Contact Metallization ..o 419
14.6.2 Fundamental Limitation to HgCdTe Photodiode Performance..........cc.cccueun.. 420
14.6.3 Nonfundamental Limitation to HgCdTe Photodiode Performance.................. 432
14.64 Ala/anChePhOtOTIOOES...........cccouiiiiiere st 437
14.6.5 Auger-Suppressed Photodiodes......ccoviiiiiiivieiiei e 442
14.6.6 MIS PhOtOGIOUES. .....cveuiireieeeiieee ettt e e e 446
14.6.7 Schottky-Barrier Photodiodes....cccviiiiiiiiiecescisese e 448
14.7 Hg-Based AIErnative DeteCIOrS. oot 449
14.7.1 CryStal GrOWTN...ococicie et ene 450
14.7.2 PhySICal PrOPEITIES...ccviiiicisieiieiiiiete sttt ene s 451
14.7.3 HQGZNTE PhOtOAEIECIOIS. .. ciiieiecieieeiee et 453
1474 HOMNTE PhOtOEIECIONS. .iiiiiiciiiiiiie et 454
RETEIENCES. ...ttt bbb e bbb et b bbbt 456
IV-VI (D E=] (=101 (o] £ TSSO P PP P PP SRRP 485
15.1 Material Preparation and Properties. ... 485
1511 CryStal GrOWTN...cocviiciieiccce e 485
15.1.2 Defectsand IMPUIItieS..cccoiviriiereiirierieieie e
15.1.3 SOME PhySiCal PrOPEITIES..cciiieieiiicircie it seisteeee ettt 489
15.1.4 Generation-Recombination PrOCESSES. ....ciiiirieerirsieee e 494
15.2 Polycrystalline Photoconductive DeteCtors.......ccviivieiereriiiiise v 498
1521 Deposition of Polycrystalline Lead SaltS......cccoccvvviivieiienceseie e 498
1522 FADFICALION. ...ttt 499
15.2.3  PITOMMANCE. ...t ittt b ettt bbb et 501

1441 EQUILIDIIUM D EVICES .iiiiiiicicicieieete et tene e Kei



15.3  P-NJUNCLioN PhOtOTIOUES. ....iiviiiiieiieisese et 501

1531 Performance Lim it ..o e 502
15.3.2 Technology and PropPerties. ...ttt 507
15321 Diffused PhotOdiodes......cccoioirriiiircieiers e 510

15.3.2.2 10N IMPIANtAtiON.....ccciiiiiccceeece e 512

15.3.2.3 HEteroJUNCHIONS. ..iiieiieisesi st 512

15.4  Schottky-Barrier PROtOdiOdES. ...ccviveiiiiie e 514
15.4.1 Schottky-Barrier CONtroversial ISSUE ........ccooiireiiirireie e 514
15.4.2 Technology and PrOPErti€S......cciiciiiiiiiieieieieeseie et ns 517

15,5 Unconventional Thin Film Photodiodes. ... 522
15,5 Tunable Resonant Cavity Enhanced DeteCtors.......ccouiieriiiiiiievieiisenesess e 525
15.6 Lead Salts VersUS HOC AT .. i ettt 527
References.......ccoceeevinenne 529
16. Quantum Well Infrared PhOtOAEteCOrS........cccuviiieciiic 542
16.1 Low Dimensional Solids: BaCKgroUNd.........cceeiveiieerieiiiee e sseneas 542
16.2 Multiple Quantum Wells and SUperlattiCes......coccovierieiiiiieiciieresesee e 548
16.2.1 Compositional SUPErIattiCES. .....ceiiiiiiiiiiiieie e 548
16.2.2 DOPING SUPETTATLICES . .cviiiieirieieierieie et 549
16.2.3 Intersubband Optical TranSitioNS.......cccccivveriiieiiirce e 551
16.2.4 Intersubband Relaxation TimM e ..o 555

16.3 PhotoCONAUCEIVE QWP ..ottt bbb 556
16.3.1  FADFICATION. ...ttt bbb 557
16.3.2 DArK CUMTENT...cuiiieeieie ettt et ettt et 558
16.3.3 PROTOCUITENT ..ottt bbb 564
16.3.4 DeteCtor PErfOrMAaNCE. .. .ccoici ittt 566
16.3.5 QWIP VErsuS HOCAT B ..ottt sttt nn 570

16.4 PhotoVOIAIC QWIP ... ...ttt ettt ettt e st e s 573
16.5 Superlattice Miniband QWIPS......ccooiiiiii it 575
16.6  LIGht COUPTING .ottt bt b e bbb b e 577
16.7 REIAIEA D BVICES. ..uiiiieeieie ettt ettt ee et e et b et es et a et e e b s e e e ebereaseanas 580
16.7.1 p-Doped GaAS/AIGAAS QWIPS.......ccoiiieirieiceisiese ettt saese e 580
16.7.2 Hot-Electron TranSiStor DeteCtOrS. ...t 581
16.7.3  SIGE/ST QW IP Sttt ettt 582
16.7.4 QWIPs with Other Material SYStEeMS.....coouioiiiiieeree e 584
16.7.5 MUIICOIOr DEEECIOIS. ....uiiieeeciieeeete ettt 585
16.7.6 Integrated QWIP-LED.......ccccootieiiiiiii sttt 588
RETEIENCES ..ttt ettt bbb bt b etk et bt s ettt ne et 589
17, SUPETIALEICE D BTECIOTS .iiiuiiieiecieiee ettt et et et sa et b et b ebesbenenseneas 601
17.1 HQTe/HGCATE SUPEIIAtLICE. ..iiiiieieeiieie e 601
17.1.1 Material PrOPEITIES. .ccoiiiiieciieiieie ettt enens 601
17.1.2 Superlattice PhOtOdIOdES. .....c.cviireeiiersiee e 604



17.2  Strained Layer SUPETIAttICES. ......civviiiiiieciccece e 608
17.3 InAsSb/InSb Strained Layer Superlattice Photodiodes........c.cccovvvvvecvrerieise e 609
17.4 InAs/GalnSb Type Il Strained Layer SUPerlattiCes.....cccoviiiveiinerieieseecce e 611
1741 Material ProPeItiBS....cciii ettt e e 611
17.4.2 Superlattice Photodiodes. ... 615
17.4.3 nBn Superlattice DeteCtOrS. ... 620

T =] £ 4T LTRSS 622
18. Quantum Dot Infrared PhotodeteCIONS. ..oiciiiiciccicieesee e 629
18.1 QDIP Preparation and Principle 0f O peration.......ccccccviiiiiiieiiiesesse e 629
18.2 Anticipated Advantages Of QD IPS. ..o 631
18.3 QDIP M OUEI ..ot bbbt 632
18.4 Performance OF QDIPS. ..ottt et ettt 638
184.1 PrOTUCT. ettt st 638
18.4.2 DeteCtiVIty @t 78 K ..ottt 638
18.4.3 Performance at Higher TeMPerature.......c.coeeveveeice e 639
RETEIENCES. ..ttt bbb bbbt bbb bbbt s 641
Part IV: FOCAl Plan@ A TTaY Sttt sttt sttt ettt es et eneesansane s 645
19. Overview of Focal Plane Array ArChIiteCTUIES.......cccviv i iieeseesec e 646
191 OVBIVIBW ..ottt ettt bbbkt b b et eeb e Rt e b e st bbbt et ne e 646
19.2  MONOIithiC FRA ATCRITECIUIES. ...v ittt 650
19.2.1 CCD DBVICES.cutuieieeueririeieie ettt bttt s st st e bt e ettt st bbbt ebene e et 653
19.2.2 CIMOS D BVICES . cutuiirueueeieeieteeireeteiesesesteeesesee et seseebes e e eesteese st beseseseeeeseseeseaesesessenns 657

19.3 HyDrid FOCAl PlaNE ATTAYS. . .ciiiiiiieieiieieiesiee ettt et bese st sesaesasse st saesesaenessensanas 660
19.3.1  INtercoNNECt TECHNIQUES...cviiiiieicirieie ettt 660
19.3.2 Readout Integrated CirCUITS...ccooviiiiiiiiiieieriei e 662

19.4 Performance of FOCAl PlanNe ATTAYS.....ccccccviieiiierieiseeeesisie et se e eve s e 665
19.4.1 Noise Equivalent Difference TeMPEerature......cccoceeiieieenieieseresiesesesee e 667
19.4.2 NEDT Limited by Readout CirCUit.....ccoeiireriieniiiiiciieiceeeesiss e 670
19.42.1 Readout Limited NEDT for HgCdTe Photodiode and QWIP............. 671

195 Minimum Resolvable Difference TemMpPerature..........cocooeoerrrenennreiere e 673
19.6  Adaptive FOCAl P1aNE ATTAY S .ciciiiieeiieesiieseeete st ss sttt sa e sa e ssesens 673
RETEIENCES. ...ttt et ettt bbb e bbb £kt b e ene et 676
20. Thermal Detector FOCAl PIANE ATTAYS........ccceveeiieieieice e sens 680
20.1 Thermopile FOCAl P1aNe ATTAYS....cco et s seenenas 681
20.2 Bolometer FOCAl Plane ATTAYS....ccciiiiiieirieisieieste s see et ese e snseseens 686
20.2.1 Manufacturing TeChNIQUES.....cccvvieiiiiieieccee e 689
20.2.2 FPA PErfOIMANCE. ..couiueit ettt st et 692
20.2.3  PACKAGING. .. ettt 696

20.3 Pyroelectric FOCAl Plan€ A TTAY S...cciiiieiiriiiiiiiisieieiese ettt 697
20.3. 1 LINBAI A TTAY S uuititiieirieiiitesistesiesesteses et e b b te st e te st ete st eresbeseesessesessesssbesbetesbesesrenens 697
20.3.2 HyDbBrid ArChItECIUIE . ..cci ittt ebe s 698
20.3.3 MONOIIthiC ATCRITECTUIE...cuiuiieiee e 701

Xiv



20.3.4 Outlook on Commercial Market of Uncooled Focal Plane Arrays..........c...... 703

20.4 Novel Uncooled FOCal PIane ATTAYS.....ccovciiiiiiiiie et snenens 705
RETEIEINCES ...ttt bbbt a e bbbt b b b e e b bt b e nbnas 707

21. Photon Detector FOCAl PIaNE ATTAYS...cuiiicirieiieiiiieteseee s assassera s ssasese s 715
211 Intrinsic Silicon and Germanium A TTAYS....cccucueiireiereieseeeieseeiessesssesssesesesssessesessesens 715
21.2 Extrinsic Silicon and Germanium ATTAYS......ccueueererereiesieiiaiesiesessesesessaiesseiessessssessssensns 719
21.3  PROTOBMISSIVE ATTAY S .iiitiiueiiieeieieeeeeete ettt ettt ae ettt eses e e ebe s e st es et beneesbebeneseseenenas 725
214 -V FOCAI PIaNE A TTAY S ittt sttt ettt et ene s ee b e eese e e eeanas 731
2141 INGAAS A TTAY S uiiiiiieieeee ittt se st sttt te et te e saesbeetesseste et aseeteentane et enseneenteneeseensens 731

21.4.2  INSD AT TAY S ittt bbbttt b et b e b aea b e 735

21421 Hybrid InSb Focal Plane ATrayS......cccooieiirnnicenereseee e 735

21.4.2.2 MoNOlIthiC INSD ATTAYS....civiiiiiesicesieeeiee e 738

21.5 HQCATE FOCAl PIANE ATTAYS....ciiiieiieiiiieitse ittt ettt sttt ns e nnes 742
2151 MONOKItNIC FPAS. ...ttt bt e e 744

2152 HYDBIIA FPAS .ottt eb e n e 745

216 LA ST ATTAYS . iiiiiieiiteieie ettt ettt et sttt st et e st ese st e e eteseetesbenesbeneeseneas 751
207 QWVIP A TTAY S utitiitiiteetieiiriee ettt sttt st b et e st et e st e ket se e ket e s besbe et e sbe b e sbesbeebesnens 755
21.8  INAS/GAINSD SLS ATTAY S ..cuiiriiteeeririeieie ettt sttt es e se sttt ne et nenesbsbenenas 759
RETEIEICES ..ttt bbbt e b bbbt b ettt b e 762

22. Terahertz Detectors and FOCAl P1aN ATTAYS.....cccivivierieisieiiesisesreresieessessese s sesessesassassesens 776
22.1 Directand Heterodyne Terahertz Detection: General Considerations..........c.cccccceeeenae 778
22.2  SChOttKY-Barrier STrUCTUTES....coiieietieeee sttt 780
22.3 Pair-Braking Photon D eteCIOrS.....ciiiiieiceriecsice st 784
224 THermMal DEECIOIS. ..ottt ettt en s 786
2241 SemiconducCtor BOIOMETEIS. ... ..o it 787

22.4.2 Superconducting Hot-Electron Bolometers.......oovvernriennnceie e 790

22.4.3 Transition Edge Sensor BOIOMELErS......ccocvveviiiiiiieieisess s 792

22.5 Field Effect TransiStor DeteCtOrS. ..ooiiii ettt s 795
22.6  CONCIUSTONS. ...ceiiiiceee ettt ettt eb et b et et enens 798
RETEIEICES ..ttt bbb ea e bbbt b bbb et b et et b e b 799

23. Third-Generation INfrared D etECIOTS. . .cciuiuiiriiceee et e 808
231 Benefits of MUltiCOIOr DeteCtioN ........cuciiiiieieiieee s 808
23.2 Requirements of Third-Generation DeteCtOrS.......ccevvveriiirisiriee e 810
23.3 HQCATe MUILICOIOr D BIECTOIS...ucuiiieieeiceiicee ettt 812
23.3.1 Dual-Band HGCATE D EtECIOIS...cciviiieerieieieieie ettt 813

23.3.2 Three-Color HGCATE DeteCtOrS. .ottt 821

234 MUIIDANG QW IPS ..ottt ettt e e b ene e 822
235 Type-11 InAs/GalnSh Dual-Band D eteCtOrS.......covuiiirireririeererieees e 832
23.6  MUILIDANA QDIPS....cuiiiiceeeeisicee ettt sttt et se e eeene s 836
RETEIEICES ..ttt bbbt bbbt b bbbt b b et b e bt 839
FINAL R EIM ATKS ettt bbbttt n bt 846
O @ X ettt bR e bRt E Rt £ R £ £ SR bR £ £ bR R R e b bt e b ettt nens 849



