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Preface

more important in the economy, more people will be involved in the industry. It
is my intention that Microchip Fabrication will serve their needs.”

Indeed the semiconductor industry has grown into a major international industrial
segment. The semiconductor materials and equipment industries have also grown into
major industrial sectors. This edition has followed the goal of the First Edition to serve
the training needs of wafer-fabrication workers, whether they be production workers,
technicians, professionals in the materials and equipment sectors, or engineers.

The Sixth Edition retains the physics, chemistry, and electronic fundamentals
underlying the sophisticated manufacturing materials and processes of the modern
semiconductor industry. It goes on to profile the state-of-the-art processes that have
grown from the simple laboratory productions lines of the 1960s. Not every individual
process flow can be detailed in an introductory text. But current technologies used in
the patterning, doping, and layering steps are explained. The intention of this book is
that the reader will gain enough general knowledge to be able to keep abreast of new
processes and equipment.

I am indebted to the valuable input from Anne Miller and Dr. Michael Hynes at
Semiconductor Services, Bill Moffat the founder and President of Yield Engineering
Systems, and Don Keenan, process engineer extraordinaire.

Kudos to Senior Editor Michael McCabe and his staff at McGraw-Hill for their
support and guidance. And a thanks to Sheena Uprety, Associate Project Manager at
Cenveo Publisher Services, and the copyeditor, Ragini Pandey, for turning my
manuscript into a ready-for-production text.

And, of course, a shout out to my ever supportive and patient wife, Mary DeWitt.
She edited the first edition, has given me encouragement during the writing of every
edition, and has lent her eagle eye to this latest edition.

Note to Instructors: If you are an instructor using this book as a textbook, then there
is an Instructor’s Manual available at www.mhprofessional.com/mf6e.

I Trom the Preface of the First Edition: “As the semiconductor industry becomes

Peter Van Zant



TMILSE N FEEREELIL:  www. ertongbook. com



2

Contents

1 The Semiconductor INAUSEEY .....ccccceeenneecccnnecessssaseoscennansssssanssssssssssnanssennes 1
TATOAUCHONL ' sowessorsesnasssnsnmesssinssimmonssssess mssessesssssspivassseens bonsesavs s arusmes 1
Bitth of ats ENAUBETY cvanswosss s comuammussapsniss son sswss s 435 Ees SR8 a9 ns sovssin 9 S EEHERE 1 1
TRESONA:-StAtE FIA  auscurossssmsnsmnsions iossasswnisssssysss s issbs sy goass Ve s s vmg 3
Integrated Circuitsi(I€8) fosssiussesimmsinsimisummsmms nsaweveoisnsivsinssnmes o sosive s mmos 4
Process and Product TreNdsS  ........ceuiuiiniiiiiiiiiiiee e e e e e e aaans 5
MOOTE'S LAW  oomsusnnammmnsmmsnossimatmesssesansesssssisss s ameasuamess srsssensmonssssabasmasasns 6

Decrensififf FEalifeOIEe  wousssmmunmmemsssomst itsssnammmsmssnsyressssssss s 6
Inercasing Chip stid Waler Bize.  sessmumimsswsmamamanus spomsssnsis 8
Reduction in Defect DeniSity .........ccuoreresmesmmmonsenssens sssasssessssssons svn o 9
Increase in Interconnection Levels  ........cccoiviiiiiiiiiiiiiieiiiiieeieeens 10
The Semiconductor Industry Association Roadmap .......................... 10
CHIPLOEE  sovmmemimssmmmimsrmamsss s omssss 5 DR G b E s 11
Industey OrgniiZation - wescrsssvsmumsssasssismmmmsrmssis s kst R S sewsakais 11
Stages of Manufathariig: . cemmmssweonsss it setisaiunmmses s g s sy s ons 12
Six Decades of Advances in Microchip Fabrication Processes ......................... 14
The NANO EIa  .oooviiiiiiiiiiiee ettt ettt e e e a e s e e aeeereenenenens 16
Review Jopics ssmsswssmmsmninmmssmamsmpamssns ssnisssss vl s ssss s 17
0SS (=) ¢ o Lol =< 17
Properties of Semiconductor Materials and Chemicals .......c.ccccovvvniennnnnennns 19
INHOAUCHON rvccisseosvonssossssssmmsmimnssmmosnsss sosassnes sesaetsssssnsassyenssosmsssssmive ssvs 19
PaNT0) ¢ o Tallo]s o b Laix b} (=P 19
ThE BONTALOM. iiiessersinnsbrmunsnmarnmsss e s b8 s S s sena N e 19
The Periodic Table of the Elements .........cccoooviiiieiiniiiniiiiiiiiiiieiiieeieieeeenenen 20
 2A0Yotn o Cor=1 @6 s Vo ¥ Lo o (o) « RN 23
CONAUCTOTS .ciisn v smmsnmaswon a5 s5i08 slsinrarnurewiewromin sais S50 ESHE TS0 w0 g o 23
Diclectrics ahd Capaoiitns  wisimvmprermmsmemmisoviaema s srvsomn sssenss G s 23
REBISIOTE - ' mossonsmnssssiissisin i s o s s s A B R SR s e A sl T 24
INITITSIC SEMICONAUCIOTS'  sucnvsii svsmsssaimms s s s s SR AR ST B A i om 24
Doped SeTIiCONTUCIOTS issnoini mssomsanomionsssahssssssisiess s amasnsms s 5o SEastess asmers 25
Electron and Hole Conduction  ..........c.coueveiniiiuieiininieiiiieieeee e eeenene e 26
Carmiee MOBIHEY e s ot it st eshos e omis b ST R mes 28
Semiconductor Production Materials  ...........cccoeviiiiiiiiiiniiiiiieieeeeee e 29
Germanium and SIlICON  ....ooeiiiii s 29
Serrtconeeting COMPRIMIIES ~ umnammessevess s Srimssmssmysmsenssss s st 29
ST 1T} WSS ws g =1 o V10§ o AR 31
ENgINeeTed SUDSIIAtES:  woumwsesnsssnssnsmnummmnssssinssesssssssss s s uaede ssessss s asmisss 31
BETroelCCtiiC MAETAlS)  kussssaissnsmssssimimmaiiossve s svesssssssaine s S aiss Gas e S it 31
Dianmond SemICONAMELOTS  «uvsvwswussmrsmssmssn susmsm i st s s s e s amonme 32
PTocess ChemiCals:  suwvainissssacsso sinmssas s s g sewssneen s i6s a5 5358 aisash supienmenns 32



3

Molecules, Compounds, and Mixtures ............cccccceeeivineeeneinnninnnnn. 32

JOMB - - it is s BN e i s e 2 SO s UGG S ETNN POV v wnvas s svsn sosuunssuysanssson 33
SASSOF MBHRT .. convismmmamssnsnssonsesuns sesens oo iin 5s o pansass sms snsseavogs SEmess ssisasmsn 34
Sollds Liguids, and Cases v mamsnmmems i s @ssmmsss 34
i LT L RS AU —— 34
PropErtios Of IIATIET «ovmevm oo s asinmsisis s Asi RNt asban s sass con s vsa aist 34
TEDTETalEE it i i T PR pommcnpy e S oA 34
Density, Specific Gravity, and Vapor Density .........ccccooevvviininiiinnnn. 35
Pressure and Vacuum  ...........cooiiiiiiiiiiiiiiiiiii e 36
Aeide, AUlE, B COIEIER. oo s g s 5 37
SBiiE el AUGEIE  commamammn s i g TS Ry iy RS 37
SOIVENES oo ssusmaimsninn vt fusmmmemmmsaibi sis s 0 TR R n s piusie’ v A 38
Chensival Parity S0 CISRBIDERE o oo corsuom s fss sy sonsoss s a0 keisn 9 38
SAIBIY JEBUBE  \uossnvmmmenn s e s R R S RS O T AR YR A i 38
Thie Material Bately Data ShEet  swsssssvonporrsmporvamuasepras sasssspunnsens 39
REVIEW TODICS  cososnsssmsmoinmnosassn s s i imamsyiormsy b s i ENsins § 55 iy ymensemennnind 2508 39
BEICTONTRE.  o.mcsnsitmesisn 5 i o bmsomseons g o e N A g e i i S 39
Crystal Growth and Silicon Wifer Preparation  ...i....iceceesssesiisesissdossonsosseesse 41
ITOAUCHON.  ssmos oo snmsmmymsssmss ams 90 pass s smsa s set s s ad e B e vsan s 41
Semiiconductor Silicon Preparation. .....ccssessssssscnnens sssabssdinisddibbinnesscniness 41
Silicon Wafer Preparation Stages ... e s sscomsbssssimsesdiiiidvavasoassisimess 42
Crystalline Materials ..... CUT AT R T ORI DY) (R TE SR T SRy PO S 42
LEBEEE .  ousommmmonmomemummmssasscumassswasims s psseos e dalb oty 43
Poly and SIngle Crystall | v s s sossnuins s smsmssil s desibnm sdvar 43
Crystal OTientation. ....c.seicsssssimmiisiossssmn sy o oo ioniin immsemsuban vl o Ees
VS TEIOWEN. e s RS o e R RN T S sn s we s B SN 45
Czochralski Method  ........ccooiiiiiiiiiiiiii 45
Liquid-Encapsulated Czochtalskl .sorssssismsmmessnssnssrompenssivmmonssenvops 47
Float ZONE  ssswsmsessvssmomnsssonssss ax s sasumsgss s sisssmss onp e siEamesiss s S aoasins 47
Crpsial @nd Waler Oualily oo sasisps g e s s 49
POIDEDICICOIS oiesseronms 5660 o cmnminioss i Sy s AR A TS S A A w88 49
DiElocaligng  sxeamomsmmmmmmmen sl e s S is emrerbs s  EEAR R 50
Growth Defects  .......ccoceeiiiiiemiiiiimuiiiiiiiiniiiiiuiecieniiiiseiessesessssesenas 50
LL7EE e LT T U 51
BA CIOPPING  sossmumonmssnsnos summsnsmssnssn s sis sos s ssvoss kos Gas s s syssns Sasvass 51
DISMSISrGringing oo susms s s sy gRessasiss sayassvs 51
Crystal Orientation, Conductivity, and Resistivity Check ................... 51
Grinding Orientation INAICALOrS  «ussessincnissmsansssmspsgapmmansasrangaesnnsvses 52
WaLErSHCING,  «.viocvessismssssmeims sasamiassinmsonassagnsi s ¥ b s G iR SR A oAms - s P03 53
Waler VIATKIE]  wvicomisie e i S 55 lomcion vmmomscstosn it S ST S8 S g it s O 54
Rough Polishi .. yusisssm smuasiimsmmeesnommmuonmss sty s ssi qumims fussnnsenany gt oonsw s wis 54
Chemical Mechanical Polishing —.........cccocieiiiiiiiiiiiiiiii 55
Eackslide PEOCESSING o uneudm i cmn v memmcnsss 606 a5 S ssmsm v bl G st 55
Double-Sided Polishing .............ccoiiiiiiiiiiiiiiiiiii e 56
Edge Grinding and Polishing' ..o omn smamsensspossonsspsmpmmnsps somas 56
Watet: BVAIHAHON,  smmmusessmonsssssesmes s e s amas s sty e s s gevaes & 56
OKIAAHON,  comsuusssmssemsmseosmsme s TR s b Somae s s SEE SEE TSRS R OH 57



i

5

PACKAGINE.  1ors v e sinsisinsn gutips e mi aik s aas b R4 5 i 55508 100 ST A s B 57

Waler Types el UBBS o sonavumennumans iiios cub sxamussssrn el i S st wowesmnses 57
Reclaifil WafElS  ....sesssmssrasmssunyeiobmestinesssilins shussmabs vt Gonsbss ssussms e 57
Engincered Wafers (SUDSHAtES]  ...comsomummsnonsonssssimusiverifiissossmmss vassamagn ey 57
ReVIEW TOPICS:  suswumsnssenssumsssessionssamanasssuissonsssnmns s b nisiisnsnenss vo sasnivn s siasses 58
RELOIENEES . .cuvveisonmossinisis sossnsisssmmoneniosinssnh rnabhbbiian il doiabte iusmhans ¢S puimens snhins 58
Overview of Wafer Fabrication and Packaging .......cccccovvuiiiiimniciiinnicninnnnnn. 59
IRETOADICHIONY, i cosommuin sesbommessns i oo amts 2 s s 05 R ST A s le s A 3 5505 59
Goal Of Wafer FabriCation:" ious seieens e s suemssmis e s ssnyens G 55EH808 poesiavvmnis st 59
Waller TOERNGIORY * .o iissmism iy moscemmmesanaind 8 METRS SRS T ey th SAB G Smwwonms 59
Chip TermIBOIOBY  wwcissomiesninesimpmarassmosmoses sinitansmeass saswamsunssse symens hsp iTssers oxvns 61
Basic Wafer-Fabrication Operations  ssccssssvssssasssss sussmneneness sossssmsns ssssinnsssossys 63
LAVOIINE * ccossmssvnismssmamernans v cionvios oo s 05808080 S0 B s eS80 55 SRR AR o S 08 46D 63
PHIECININNE unons sssvmsins oo ammsetos s s s s s b sk AR W A w R R S8R 64
CiFetitDesign . . cosmssmuisontumimsimizidin et Be L il e na il ot v 66
Reticle and Masks  .....c.ovieiniiiiiieiieiee et e eaas 68
DOPINE  ssvesnmnsssvmsvmissmiammmmansssssssavmmsoneosies nbmmissms sttt o 69
Heat Treattnenits: . ..ossoenmmmmmmandabstinsessio il bbbsims e Snees 69
Examiple Fabrication PIotiss .. s st asamelins oyl acss 72
Waler SOIt  icnsmmmmmmmansissssisanim s e i s s i s s stemh s b s minisins 74
Packaging .o.conisimssinmmisaismeeesisssisssagiim fododnads din stiohilsaiins b eibwmmeingionns 75
ST .. s mmmnm s B S et A G ook A R A B e 75
Beview TOPIGE - vy sesusimusmsmmsns s vorsesssrsinsmmne fosvssmvidion shmiib il smmars oy 76
REfOYONCOS  ivverssssnssmsnensoensasisssipiuspmsnsnssssowsnanonssloss sdition svsonsmonse foassos sus soms 76
Contamination Control = ....iiciisciiiiiivemsassussosssssessossissvsrssssanssnsessonssvesvisnes 77
INEOAUCHON  usmummemmpssosmsam iR sosions s G SR B s ow pavmswme iy TR D Tl aass 77
The Problem  ..eouiiiiiiiii e e e a 77
Contamination-Catised ProbleMS. .c..ssesinisivssssssssanmnimssesvessssnnssssmsmes 80
CONtAMINAtIONISOUTOES vovuwiinmnmsiamams susassises shmiesns s ssn i Eas wa s s ase e ss e 81
GENPLAlSOMECES oo somrmaus e s s st 5 S S g wbimmision 81
AR ' “ien o st s S50 S0 apovimresimmin mmsn s s S SIS i mibiemebmcone 5. T I i iniimromem' 81
Clean Air SIEralEgies e o coensisnsssavntsoysns sovvwns convas sassaip 643 ponsvss vwes 82
Cleanroom Workstation Strategy  ..............cccceeiiiiiiniiiiiiniiiiiiiiiinnnnn, 83
Tuntel oF Bay CONCEPt  cusmmenmssomsssmsasmsnessmss gommywsssss . 85
Micro=and Mini-ENVITONMENES] = cousesnsesmmssnmssnmss e sevssimsi s ssim 86
Temperdture, Humidity, and Smog  csnesmssomcsisiisissomm s 87
Cleanroom CONSIIUCHON  ...viiiiieiiiiitiiiiiiirieeeieeaerereaeneeeeeseseensenssenenaenes 88
Construction MAterials: e s smvsvssssm s oo s somis 65 455 s Sawessmus ns 88
Cleanroom EleMEnts): cuisivinvmmsmsmsusasmssimsnsomnmeis s i shesss b 89
Personnel-Generated Contamination  ...........cocoooeiiiiiieieiniiiiiinininnn. 93
PTOCESS Waler . i scsvmnemnumsmsusomumenesis 55 nsian i due sorwmbnas s s Eaeas b amsses 94
Process Chemicals  ...c.oeiviieiiieiiiit e e eneens 96
EQUIPIIENE  .ovemesmussmussemmmrmmsnmssvsn dolelmssasmsmssnn sdssonsmdmsteifisms smemss 99
Clearcwoom Materials and SUPPUES . - wommvomusssinusnmihyismbisstsissanssmmms 99
Cleanroom MaiNteNANCE  .......ceeuiririnieierir ettt eeenen s en s eneenenseneanenennenen 100
WalerSurface CICNIAR .- «ousmmmamanmssimses ditbinmmmn de s b imton st s 100



6

7

Particulate Removal  ....o.ouieiniiiii e e e e 102

Wafer BertbiBers. . cisimmmmrmmmarssesspvamsismistsnemmrsevsvarsyyssbins espmssssses 102
High-Pressure Water Cleaning ..............cccoeeiiiiiiiiiiiiiiinnneeeiieeeeeenns 103
ERERUC BERIINRS . cmmmmrommmmumumeniiscnsmssunsibssavkssnasssdabnibantssssansssming 103
TOCIEEATIG RSV o i moosiis smnsonien S AN BIERAR A o e o AN B 103
Chemical-Cleaning SOIUHONS.  ......ecorvussssvensissssmsarssssansarssrsssnsanrsssrees 104
General Chemical Cleaning ..........cccoooeeiiviiiiiiiiiniiini e 104
Oxide Layer RemMoval  ..ouasommmmsmmusinsmsssmsessasumgssiansmmmssss 105
Room Temperature and Ozonated Chemistries ..............cccoeevueiiinnnees 106
it i O R SRR 108
Dng TechnitiBil s omnssmmms nomsmsimims ot i e s ey e ssasi 110
Contamination Detection ...........ccoooiiiiiiiiiiiiiiiiie e 112
REVIEW TOPICS  .ovviwsssansisnismmsmanamsemsssmsssssdsain se s ssmmenepmesassssessmsdsaas s Saonsmanes 112
RE[ETOICEE  wonsumusmusssins sweismnssssssiss sms soss s ws 855 s s v s s s Hseues SoSars A fags wse rnsioss 113
Produgtivity and Process Yields scsisinissmisasnsinansoisisisssisvisss sssiss 115
OVEIVIEW:  ..cocormssnms snssmaminmms s ansamsn s tam ST e05 S abymmnsmmswwnbye b sss manms 4 115
Yield Measurement POINtS  ......c.oiuiiiiiiiiiiiiiiiiiiie et e e e e e 115
Accumulative Wafer-Fabrication Yield ..........cccoiiiiiiiiiiiiiiiiiiiiiieie e 116
Wafer-Fabrication Yield Limiters! ..sseusussmussammmisssnnssssosposssamimssssmss sommssamms 117
Ninberar FIcesS BlOHE  sasmommnnsssesm s e s e s 118
Water Breakage-and WarPINE  .....ceon s sosssnians o sshissnnesmnsnsssaislssans o 118
Process VAratiOon wsssimses nesemsrnssmensnawsssriassass fnmen s vennesnsensenysasssess 119
Mask Defects  ,svsissesnmmssmmmrrenenmsmsvonisnssmeiorssmsnns sesususasss imseassnsssnssmes 120
Wafer-Sort Yield Factors ..ocusisussssmssmmssmmsssossvesmssuspsasdonsss s vise 120
Water Diamelorand EABS IHE  caumssmueormmmmpsnesumsusammissspisssmes g 121
Wafer Diameter:and IDie S128  uoc.-eswsisumsussssmssamiissianesmosghieine g 122
Wafer Diameter and Crystal Defects .............ccooeiviiiiiiiiiiiiiiiini. 122
Wafer Diameter and Process Variations ..........ccccceeeuieiieuiinienneneeneenes 123
Die Area and Defect Density  ........c.c.oeviiiiiiiiniieiiiiiiiiiieiieeeiecienenees 124
Cirewit Dengity and Defect DS  avcsmesmaammmasmmamanmmans sssodnn 125
Number of Process BIBPS  .ovummsvonssssmssmsn sompems s somsmmsaspsmosens s 125
Featiite Size and DEIeCtSIZE s amsusnssnwinonmsmvnsssnsss insnes s some s sessoss 125
Progess Lyele T o nnsesmiimmesssmmmsn e s aiis o iay g fAona s o 6608 125
Wafer-Sort Yield Formulas ........c.o.coiiiiiiiiiiiiiiiiiiiiiiiiiiiccccceen, 125
Assembly and Final Test Yields ....c.cc.ccveeeeriiiiiirisiiniissisersseesenrnssnesnncosenss 128
Overall Process YIBIAS: iusivsimsieisei oo sesassssiins s s s somsmmmsmansssssnsmnsss osis 128
REVIEW LOPICS:  ...vsusciisemsmsmmine smsmmmmmmrorsis s5s Sosmmnsmoismmon s emsssnsssmss SRISHEREE S 129
REfEreNCES  -.oniiniiiinii ittt et et e e et e a e e e e 130
OXIAAON.  ccsrrvuenismmsavsiassssnssesyssnnsyes st sRTIREsasssbisssrssnvasssyessnsseiauseaonorsrosnnse 131
INETOATCHON  mwswssmssissssasssm omss S T oS 55 SR A S S5 S AT AR AN R A A5 55 S Y 131
Silicon Dioxide Liayer USES ss:scusmmasnsmmassmsissssssesasnssos as sssuems s as s esssos #osgos sass 131
Surface’PassiVation, wssussss somesssass st o oo symiessais 505 5485 Susns obas o4 5855 131
Doping Bartiel . .osseussssimesss s cmsie s ssnes s esntansis sahs fveusvamsaiivoes 25 132
Surface DIElectriE  cccssuncriiiionmmenmmommevessissmsinn s d5iaa annes eanemensiysh famass s 132
Device Dielectric (MOS Gates)  .....ceuevvneuneineiieeiieiieiieaeeeeieeneenesnennens 133
Device Oxide ThiCKNeSSeS  ........c.uiiuiiuiiiiiiiiiiiiiiiiiiieeecieeeeeeeeneaneen 134



Thermal Oxidation MechaniSIMS  ......c.ievieiiniiiiieinerieeienneneeiaeseeseesaaciecrensances 134

Influences on the Oxidation Rate  .........cccccooeviiiiiiiiiniiiiiinii, 137
Thermal Oxidation Methods .....cccuasrissssisniseassisaibomsssssmasans sovesses 140
Horizontal Tube Furnaces ..........ccocecieieiiieniiniiniinsieaionemicnnennnneaseeaeee 140
Temperature Control System ...........cccceciiiiiiiiinniinion . 141

Source Cablfet  ...cowssssssmscmmaititbitiste bl smistsdabs dsnsidubsvn sonnncanssine 143
Vertical TAPS.FUINACES . «...ssmssamsmmemsssssomsssssitoshibesdsomnatumssmmsanmanmes 143

Rapid Thermal PYOCeSEING  ....cossssmmswinmsoresisssandsinmbyiisiiasbsiesssapssmons 146
Hiph-Pressure OMAAHMN.  «ooooeemrisssassssspusonisisistemons s dobsnseisss ssstos 149

O3 danit SOULTES - covmsmmmmmmsussmmessnmssoss s dot fie bl S dyuebommms i maisnge 151
Oxidation PIOGESSES . .ussessmmssvisssmisnsssuansssmessmssmas bt vi st srs soous sconserits 154
Preoxidation Wafer Cleaning  ..ucsccsisssssassssssoseds Suvmhsmmmvmasmmesssvasasen 154
Postoxidation EValUAtON, cssseses ssmssmsssn s susses imsosss ssee s 5 ianmgss aas osssiusde 155
Sturface INSPECHION.  wsuowsemommonnmmennns sh syarmssisusioilis soambissns o5 50 SHame 156

Oxide Thickness cocrsmmmmmasossmepisipsmivailistomdlere bodvosssie st saie 156

Oxide and Furnace Cleanliness ...........cccoccovveuniiiniiiniinniinnieniiininnn.. 156
ThemaEl DI o venemmmnmmemrurasss i mbnkmiblrmivsssnocos it 156

Beview TOPIE  wmmvommmmonasmssismmvamanans sl kst doandunnibsomeswsumns 157
BOIOlEImos: ... cmsonmimessemssvonmmno s aiis e s koo e e s aRs s BT 157
8 The Ten-Step Patterning Process—Surface Preparation to Exposure ............. 161
INtrOdUCHiON.  awemssssssscmsssmonsmmemnsmtes o ammmeauas e saws o esas s ST FE s 161
Overview of the Photomasking PrOCEES  .....ousseomesdinarren smassms ssness srassnsins sins 162
TERBIEE PIOBEE  ..orviniiios et taimmsmparemsams s eSS b iy s e om0 G 165
Pasic Photorsiol Ehomislty * oo onmmmssmconmmssnmss i sy e sowmmos cossssih 167
PROLOTESISt  Juveicsissmsssnnssssmmmmnpsnsamespssasssind s sassssamssissuassan s sopswnsaass 167
Photoresist Performance FaCtOrs  ::ucccsssesuvsvndsnss ssssms sososonshdeassssueoss ssmsas s 169
Resolution CApability - ..o imssssombionsass s joo it v 169
Adhesion CApabiiY  oxamusmmmessismsmms p e s sinbiss S 170

Process Latitude .:mcismsmmmmmesmsesvmensssisisssisnsimssos syovvesssvnnamesdssas 171
PIholes - iaveiucsdsniriibinimmmmssmdint vorovvirassiisdtidsstnd Srasiessam e suciveiisnnensns 172
Particle-atid Contamination LEVelS: suessssmemssnsssesssmsnimsinsmssmmsmnisadoesisi 173
SIODUORBIEIR . o v SRS AT s s o T A ST S 173
Thetmal FIOW  acscmsoseSonnmmnnmmnnssiiiiog segabbatbao s S ek Sysamsas s 173
Comparison of Positive and Negative Resists ...............cccoeeviiiiiiinnnn. 173
Physical Properties of Photoresists .............ccocooiiiiieiiiiiiiiiiiiiiniiiiiecceiees 175
SolidSICONIENE  .owvummissnmmmenisossesnsm et sy ot AT e A S s 175
VASCOBIEY'  ionssmvemus coansens st ssnssamupaumssess sas s osssensn soss 75 Samunmsusn ooy quaasaass 175
Surface TENSION.  .uusvsssssrsmmummrsmsssssasannsussasindscdsns simssistspsiosnssmssseevmes 176

Index of REFraction . .s.sssssssmssnssmsssmssnssngosnss dsnssnssaisissssasasmssswssamanis 176
Storage and Control of PholareSisls  .oumssssmmmssvmsmmisssmansasismsissrpans 176

Light and Heat Sensitivity .commsustionidmsssns sovmssssssmmmsinssanns s 176
Viscosity SEnSitivity sssscssumenmmimsmaiommeame sumsessites peais s ms e 177

Shelt e  secimsssocvsmmminsimetammenssindismuss i s int s baucs asodon ornliBi vecinis S saaem 177
CIEAnHNBES . sorsssmmussons s s s s SR Sy s o 177
Photomasking Processes—Surface Preparation to Exposure .............cccccccce... 178
Surface PYOParflion  »coosnosmesnsmmssvanimssmsesass el somais s o cssos 178
Particle. ReMOVAL  .ccssussovnss simmsns msusssnsssnsssumssosos ssesitsbas fonsamsmsmmmsines 178



Dehydration Baking: ..........ccocovcicmmcnsis snsssmmmsaviiss fastiioiobted ditssevasvis 178

Waler PRINE - cvmmemmrmmmmeninsstinssimdiniinvisassirbo s de ittt versmevs 179
SOLEGIRID . ool st ik hess s 180

Vapor PHMING.  .covmsesumsnmmnssmmmsummsstotssss nssmibnidammse O Hbd bsumemssna 180
Fhotoresist Application (Spinnig)  sscwuubisatsiitomioiamehbe bl messiimns 181
The Static Dispense Spin ProCess ........cseccsssesssossissssssdeiidsidbion connannnes 181
Dynamic DiSPENSE . ........coccrevmmervreesssseseoisoinsssobssiammonesiitsbidivanmesreens 183
Moving- At DIEPenSing . ...ccovms Snibindiviiimmestoiind bl it smeny ase 183
Manual SPIDNRIE  .wrensesssrmsmmmssssuntsndisnssismndioid ok BN sz 183
AlOMAticOPINNRTE. . s ms st s cnvmnsnos s s bl stk T disnablobalss sesssnss 184

Edge Bead RemMOVAl . ....ccccovimmenenmvmoreroncoserensssess sissadindbilonneiddos ot 185
Backside CoatiNg  .cc.misscne vomnves srniduiit e sosoabiifiaisais 3l 60 dne cnnone v 185

Soft Bake ....occcmssimpe s oo ssgs s i i ie i SR S fub dom s eires 185
CONVECHON'OVENS,  woevrmmmsrsmssssessrusprmsismmmnssatisbietidesbeomsondbo it vseumosss 186
Maoal Bt TIaes. . .ocuvrammammmmamsmmssssssissiasiot ol o s 187
In-Line, Single-Wafer Hot Plates ....cuiicooovinebovssiosnibibnltbihs bohasssnnn one 187
Moving-Belt Hot Plates  ........c.ccccovmcrmririssiviimniiinniioisiidhonnenens 187
Movitig-Belt Infrared OVERE  .cosovaammseimmsasesssse i di e 188
Mictowave BaKing  ..comvamommmsasssssamnmnamasosvnsresnnsssm oo ks 188
Noroi, BRAIIIGE . | oot oty enn ounasn i gm v oo s s R O o 5ae 188
Blignmert B BEXPOSUIE e cnion s smncnsmsemn s s wrsmems s €55 Sos sy is e gmonins 189
Alignment and Exposure Systems  .............ccoeoiiiiiiiiiiiiiiiiia 189
EXPOSUTE SOULCES: o uemmmonmemvosmsns s oo soiomsmns s o sssmupsnmyns pdoupr ax nsosn 191
Aliphment CHlefia.  .cocovenmommmsmson wosminssrpmsse sy oy e 191
AUPHET TYDES.  suvvnonenscisms i maomesmmoiss sou sss s s G s S ss 193
Postexposite BaKE e i smsiiunomsmsins S e B b s 196
Advanced LITNOEYaPRY  ..usicisimssmansemen consanaats sss gupsbyhsmssansisssn piregessnvons 198
Revieww TOPIOS v msmmn simmnesmsmve s sssmm s st 4o is brpangmiingresrrsvs sun 198
L2 T S T ST P — 198
9 The Ten-Step Patterning Process—Developing to Final Inspection ............... 201
INtroduction oo cssemissiomimmmamnsdosrosmnn st asteddilities ate s A T S ma s smemnas 201
DeVelopment . .c.ivcoesvesmesosssmmsomessnsmmsrssmesnmavnsseiogifiasve iR e wvmommernmns 201
Pogitive Resist Development .cowosseeammmsossmssssiibonsmiiiitibovensesss 201
Negative Resist DeveloOpiient - .. cocitosiiin. ciinissis siveiifiiisinsssnsmmpaves 203

Wet Developmenit PrOCESSES  ..oovssssssgissssiaiodisiasussdnent fonstifoodoas sivanaes 203

Dry {or Plasma) Developmient swses cessssumssnnsns evsssssssunt dymoyunss e sans 206

Hartd Bake . ccsivmmsmmrmsmnspnvassamessssammasasssasssmsvasmesevsse dovessamm smsms 207
Hard-Bake Methods - . sesmssmsmansimssssnssvsssvadvifiiseiatotas s Tumavsnnss 207
Hard-Bake Process - susmssmsianasmussssnsiansitbabedddomstasmmabvesimmsmmg 207
DevelopInsSpect  cusseessassdib iudndodetmniosordoil sl bl s mmams 208
Develop Inspéct Reject Calagories ..ot siandiibaiiiapemssmmannss 209
Develop Inspect Methods  ..ccvvvimmmvssvsnmn dlitesilisin ssmsmismrdssmsamsinres 209

Causes for Rejecting at the Develop Inspection Stage  ........................ 211

21 S S SO RTINS 212
WELEICDINE.  susonsiiuatintotsmirhdoiibionids fssmsilmsmmn it bt ootuoion 212
Bleh Dioals a0l ool e iabe ks 212
Incomplete Btehl. . siscevmansanes s swniim.isn sasons swnovens sess g s s suss sussama s sans 212

10 -



10

Overetch and Undercutting  ...........cciocdiiinidiiiiiiianin .. 213

SeleChIVALY  cosivniimummmonmmmorsminmmnoiisiisis s s gis s s i s 495 AR O G s 214
Wet-Spray BIChING. . .uassmmsrmmmsvemenn onvessamonssssos oo vimeensis b s soie s 55848 455 214
Silicon Wel BULGOE -« s sesmmsmmmosseommonsmis st iah e St v vessmsom ot $55351 214
Silicon Dioxide Wet BIching  .saususesscmevemmidintiiidiivsoveiviossivs sonessss 215
Aluminum-Bilm Wet Biching - ccssavasmossasssatbibco il dosbin ke wnsbs 216
Deposited-Oxide Wet Btching .. ..o e ilaiddosianbs sssmsnnmnspsnss 216
Silicari Nitfide Wet BEIIE.  vrvsmmmmssiiistismmiamiskssos shhboinsassmasans 216
Vapor BEhINE  .oowsuommommomsmavmmssssshet Si vt sen v bumues sl e 217
Dy Bich .- sosmsemamsmmmimsrismsssbivatiis i siosihe fovsiides Biiasomnsnmensb dherdimpmssssnyne 217
Plasta BECOIE  sacossun voimemmmacnnmmiisilomaibinsvis b omindsbinasni onsanibdsas onsananses 218
EtchRatel ...ccsviiem sestmmns sponpeee s fostosindblisSionsssluB o il o oshideais 508 sepmean s 220
Radiation Damiage: . s.uswmemsvervmmemsonsennensibiicstinn vibdbe sran covere s oo vis sbs 220
SElOCHVIY s eovmsosssins s anusmmssas bl b Tl Mdlbasns v ovveans vesvenss 220
ToreBeam BICHINE - oo cnwems ssmnibidibios ol Gk Mo no rolisms sovesass 222
Reactive Ion BIthINE  «.cwminnmunnessun s s ssnoms st St o sy 222
Resist Effects in Dry Etching ..................................................................... 223
Beslit DU PRITIT - v liomenmmmmumesmmsoresemsts iy i s agmwapyenivansamp i 5553 223
Wet Chemical Stripping of Nonmetallized Surfaces .......................... 224
Wet Chemical Stripping of Metallized Surfaces ...................coeeein. 225
Diry SECPPINE « namsssvemniomsinissaimiamsasamassso sk e ot S 225
Post-Ton Implant and Plasma Etch Stripping  .........cccoeiiiiiiiini. 226
New Stappinge Challenees. - oo srmmsrmon i oessiasiab iy weds s s it 9 226
Final INSPeetion.  ......vwsusimmmmmommeessnicsvossessibonisMdblh s inmmmsrsbsvamensvsen s is 227
Mask MaKING  posvemvoessveosssnssiesmmmmnssamsmmsmms s aumeosssssss s sss bmsiis ol dhvesiosmesssse o 227
SUMMATY  ssussnmmsasenss e smsms Smmmmmmeirmmeirb ik seamvia i unmes b 229
RevIEW TOPICS!  ssamssstasssimpmisanssmsasimsassamimmssausmssausssmiis srlioniied i st s sat o 229
REFETONCES!  ..oome st mismssim sissasssmamsivesessmnsisins i s aams i d i e S s e g oo 230
Next Generation LIthOgraphy  ..ccccssssessesasenssssossissssasssnssassnnsssvnsssasessnsassnsas 233
IrOdUCHON.  sxsmemsnssimmmmnes s e s s s pvs s s tane am SR TR SO GO RE B 233
Challenges of Next Generation Lithography  ............c..cooooiiiiii 233
High-Pressure Mercury Lamp Sources .........cccccveeuiiiiiiniiiniiiiinnninne. 235
EXGImer Lasers: .ivmmsmmmsanssmmrmsrmesny s fresbivnsming ot susbiusvne buvii s 236
Extiomie UIHaviolot - w.asensmmwanmssvermwossviomssan soditeh des dnnsmnomemessssusdsod 236
XeRAYS  svimsssvemsmsmmesssseibotiad Srushaiadsoi AT stk srntemmrmentt asliothunmesia 237
Eleckton Beain o Direct WHENE: - wos consnmmmnibindissisdnsovanmssmunesmsssms 238
Numerical Apertine Of & LEDS. . ... commiivnish s ot doimmaains s s §is 240
Other EXposure ISsues  ..ussesmemetidsbimatakimmussbas adbiams b aats doe e simesas saasnssss 241
Variable Numerical Aperture Lenses i iisisisiiasiossiieios it s sssisasass suone 242
Immersion EXpostre SYStem:. .....cusasspsmssraismsmmtabetsbvibsimesss dsgass 242
ATPHIEQ BESIBY o i veer bbbt e oy vemonos besans gt it s 242
ContrastBHErS . cuomavmueinie sovmmmemus i Siio i mrnsiniledd s s mevmsmesmiibonaiobigss 243
Other Resolution Challenges and Solutions  ..............cooeiiiiiiiiiiiiiiiinnn, 244
OH-2005 IIIUISINBHON  ssissrmmmresonssmpevenmsons kst naysssysss st 245
Lens Isédes and Reflection SYBtEMIS  cuussrmmavimmmssisissbbissnsanes ssinsspave 245
PhasoShit MEBKE  .cmessronsanmnmmammnnwmeeitioiblobibn imsst sumnsossns 245
Optical Proximity Corrected or Optical Process Correction ................ 245



11

conrlar-Ring IIbealion aescwcoismsmnesmsimamimssi ptass idbnmemmmme 246

DEMICIIE o st st tns s s semmsemsmssmny i P8 OV S AT AR S i s 247
Surtace Problems  wmss sias e ssmmmmsummemrasiisisimmmdinsss dessynmsss 248
Bezist Light Seatteritil  .ovoessmmememmsssissiesasonssinsoti s ulsnsss s s 248
pubsurtace REOSEHVILY  soomussssmsmsmtsnmssssmmmmsss i oS s s s asns 248
Antiretlechve COMtINER o umrummmnmmsssiss i s il 6 v s SRR hbos eremsr 249
StandinE WBVER = .cciiccrmmmemmmondinsseisinusms et i s bitome e vocsss 249
Planarization  .........cccooiiiiiiiiiiii e 251
Fhiptonesist PIOCess AOAVENOEE  woousessnss e e csnsssissins i 5o S s asssss 252
Muiltilayer Resist or Surface IMAZING . ..osuunsns s sos snssessunsans svwnsskabs seos 252
Silylation or DESIRE Process .......cc.cccuiiiiiiiiiiiinieiaiieeiieeineineenennnns 254
Polyimide Planarization Layers ..............cccocoooiiiiiiiiiiiininiiincnene. 255
Etchback Planarization ............cccoooviiiiiiiiiiiiiiiiii e 256
DuakPDamascene PYOCESS  «oessusmmamssrnssssisssnsssrsnssnsdisy s sssbs sepsenms 256
Chemnical Mechanicgl POISIINE  cuusumssssoammisommymstamsssm s 256
SUINDY s i s A S A S masmmcmacssmsrncr s s S AN AT NS i moarmsn 259
Polghing RAMOS  .cuicumercemmmmnrcrmemsyvesmmmnaiuamumisssessb sigomsiamsskonssersins 259
55 T 1 5 U —— P L S 260
PoBb LT LICAN - wnsreoinimmromsamsummaimmnsseliusisimimssesdnosaiss sy mumsmss 261
CRIPTOOME  cosmmvunbammmmm e iasas sy R S RS 261
CMP'SUINMMALY"  susesnseramssonsans s somase sssosan s svnssviss s 6y 667 S0 a0s 5955 55,5555 262
RefIOW:  oviwsannnns oo ssmmmanmsms tis snms e sdeswe i sals Somains bekass s A58 65788 ibiomsios 262
Image REVEISl o st cimsmmsemmmmnon sl 66 s wsinss 5 stocossa son 262
Contrast Enbanceiient LAYErS.  ..cosenivos st susmioisto sy 262
Dyed BEBE  onvscmemmmmevesommmmenmossssssshuss (o sasasessuens s ss s s sawssngy 264
Improving Etch Definition.  cousesmusminmsnssmismsssissssmvssmsmsarisisops bt 264
LIORE PROOO0RR o cpummumonrsmmsmn siminssis sty G s s s soa s dash s 264
Sell Alpnot SIEUOMBIOR: oo vt s ommammenmmrsmsn s SRS s 955 6 i i s 264
Elh Profile ContPol . ouvsivsrmmmsmensmmmepmssmmmtsmiamrssspssswnssprepgumsseossemess 266
ReVIEW TOPIE commsuniomemmmmsmmimes nons o e ony s A s o s s e m s wms sy EEs SRSV 266
ROEFETONCOE  wuuismsinsssssnemsi vsswsosssmsessvssn s sinasssss s ssiassssssi s ssss Sesiss s oivsassesboss 266
DOPING  cssisicsinsenncsssassssimsaasssimisssiiasssiiiisasssessssssivisusissosmasneshsdsseivesaenes 269
DR BIORIT. i ot G oniam doonsesvos e sy 8 S TR0 D g smeamses 269
THeLBOSIon COfiBePl . wwmsmmsmmmmmsorsmmmatet s etk usmismes vivese s srsos 269
Formation of a Doped Region and Juncton .........cceceieeeiiiiiininnieiecerierieinnnenn 271
The N-P JUNCHON  .ovivieiiiiiiieiii et e e aenens 272
Doping Process Goall  ....csrmvmsmmsssunanadsss s sassmainiismms mmsusssons 273
Graphical Representation of JUNCHONS  ..cccvuuvimnesibusmanmmsivsnssossssesmassans 273
Concentration versus Depth GEapHE - .isvuwsiwnmmssnsssimiiniosivmasmsonsy 273
Lateral DiffuSiOn  .uuscssssssvsamsmmamsmnsssamssivssmnssoses o sssnbasssvassmmes s5s 273
Bonne-TYPR DAPINE  susmsnmanssi s up b Sisihs o amsin 275
Diffusion PIotess SIEPE  cumsmsinsuic s semmmsmesnsmprtn st s tassstrbl 581 ies sasmonssmons 275
DIEPOBSIITIN  cxnsmse prvesmmih s GBI ks smninn vkl A e s ERR S ARl st 275
DOPant SOUTEES: . sucer i smmrnurommmmsmmsran pysuns st G AsS o ish et mmran bymarnsnsaey 278
Drive-In Oxidation.  «.c.ceoressessersomsonssssmmvsabssdifosssssmvnsnns ivsosonesbinsnsibosssonsenses 280
Oxidation EEECtS . ..uusmesummmmemmmmmsosesm ssnsmsassavs s swmmemsssnmsminy goovss 281
Initfodrictior to Ion Implantation’  .:.w.cuswiesserssmiss s sitinssens snsmmnmssass sonsssswssssss 281

.12.



12

Concept of Ion DOplantation. . ..sssssmmnesenonmanasssnsns sammmnsmesms vasasssnn o 5645 283

Ion-Implantation SYStem  .....cusessussmsnsessssersnsonssomvranassosbossisess spesesn anensersos 284
Implant Species SOUTCeS ......uusvisssissssaassessoniionaesdeissarssnnsisdudsssnrone 284
Ionization Chamber . ic...ccccomeomenensimiciiomms svoses dbiven bonsonsans dommms sa e 284
Mass Analyzing or Ion Selection ..........cccoooiiiiiiiiiiiiiiinii 284
Aolerstion TObe:  .suanmemumremmat sossvsrviimbas s sssmsmmammit 286
L5217y 1 S-S LU —————— 286
Beam BOCUS s imonsmmommiimnimmmtanian il s sennsssvas smmmsmssosayas 287
INEtitrd] Beamt TR . soosmmrms commmmmsmso s ot S5 gy s s sninnmss 45 SESRHETTIE 287
BeaM: SCANNING  sonssmmmusmmdursmmemessmsnsmuss s i s nity s iy anmen 555505 287
End Gation and Target ChATPOL  sumessmessmssssasnesssnsmem soserwpsssompnns 289
Ion-IMPIAHE MABKE  ocoomummmmmmmummmmmsnnessos s s sesnsbsims SEuTSEs sssTss s 290

Dopant Concentration in Implanted ReIONS.  vucussiseivsmsssves sosnunoisosnn s swnsinssas 291

Copsfal DRl  umumuermmieceme o 15 55800 G g e i iR 292
Annealing and Dopant Activation  ..........ccccceeeeviiiiiiiiiiiniiin 292
ChAfNEliNg .....ousosomsamsmmsmmmonosmmsonsnsss Fsons sosidvanserss s smpssrens e st 293

Evaluation of Implanted LAYETS ...sasssmmarossesmessiniias oo s o 294

Uses af Jon IIAPIABIGHON. <o mmenmmmmmmmsssny s s e a s s sy s 295

T Poture DT TIOPIRE  cuvcssmnoanmsamsonsnoniod st Sn s aan sy agonpadamsio s SEEARTATT P 297

ReVIEW TOPICS!  .....oismmmimiisamesmmsene o snmmens svans 807 55 oBE 908 Gumwapns memuemussieiss 565 58 297

REISTOTICET  suonssessmmmenimmnss oo it A ad v s amnes wsiessssions o S B AA SO e s s s 298

Layer DIEPOSTHBN  cuscrvssnsoinsovssossnssormminios oppustrssensess snes s i mRmmsams s AREERERerss 299

ITOAUCHON. . .ooeiismivnsimseimaesssmassmmes conson e $4E S GRS s sios s s SEH S 5 8 299
Filin Parameters . ..ccuiscemssssesdoidostonansvasiossistisdsinsansnmmponninnsne snosnnossss 301

Chemical Vapor Deposition Basits eiwsssssmserdivensnibivssmmdbsmmsses sdemsmnarsmmsns sove 302
Basic CVD Systent COMPONBTIE = lsviummusnsiosiosisnsmesssinmms ooparmmems s svussssns 303

CVD PICKEBSOIEPE  wnsvavnmmisimstssamarnssiseish s was sxes ssess s ssbspas T s AEy S GrETES 305

CVDOySleny LYDeS.  mssammmmsisemmmnen sariis it s siisa s hssmomnasn it il S 305

Atmospheric-Pressure CVD Systems  ............ccoeoeiiiiiiiiiiiiiiiieiiiieeecee. 306
Horizontal-Tube Induction-Heated APCVD - i.c.icvussemussnssessonsossammosnsne 306
Barrel Radiant-Induction-Heated APCVD  .usocomnimssssansmmssmmsnmssavamsspasee 307
Poncalke Indizetion-Heabed APCVD . .oummaseismidonsmmmiss s s 307
Continuous Conduction-Heated APCVD  ..........ccoiiiiiiiiiiiiiinnninnnn. ~ 308
Horizontal Conduction-Heated APCVD  .......ccoocvviiiiiiiiiniiiniiiininnnnne. 309

Low-Pressure Chemical Vapor Deposition:' :i...eus sessissmssasins ssenomssepssvess sesseses 309
Horizontal Conduction-Convection-Heated LPCVD  ......................... 309
Ultra-High Vactum CVD  ssmsmsassssssssssesssnssvsonssissasisss shvansamevngs 310
Plasma:=Enhanced CVD (PECVD).  wussnsvsnmissssebivsboninssnbsnsanims SRS 310
High-Denmty Plasmia TV  comamunimissnstusossioiaissasshssis snrmedans somumes 312

Atomic Layer DEPOSIHON . ccssmsussnmsssmnsissnssvosssossmsanissai s susamsic 313

Vapion-ETRB0 BRUIIRTE s oo s o sosmsesin i s 65 e s onssss Seshs 315

Maolermilar Beath EPIBRY o s s aimsss gy hss i aa s sis 315

MESERIOTEANTC NTVIY v cumsm s oncnnssn i 50 cremss 50 SIS0 R R omn s s A SRS AR 317

Diponihen] TIMNG v sommsisumooms s mmosasmmones i 51 S iy amw i pelsbpoms esmunsb b il 318

Deposited Semiconductors ..........c...coiiiiiiiiiiiiiiiiiiii e 318

Epitatial BIHEOT  .ovccomenmmmncsmosmummmpcemyovsmmsonsesssss 598 sassmmyesgrasssassus s woss 318

Polysilicon and Amorphous Silicon DEPOSitiOn.  .......ccccssssssssnsassssmssysssesssanse 324



13

14

SOSANA SOI  gusunssasmsssvmssmississssrsmsssarsesREEE s R i dsssmsdissmnamsss 325

Galliuim ATsenide oniSIHCON  .ossssummrsmmmmesimamamssnssmmmsmmmitmasnibsirmscses s 326
Insiilatorsiand DIleCtrics . s upinssissaimrosonmonsiadsursssiossssssimgin Sl bs sasassnnnis 326
SIIcONDHOXIAE:  covmmmsmsimessmmmnaenvmmsisnsisssensss s ssmaniisivamsi s osh wmaress 326

Doped SIHeon DIodde  .cconvasiscdbumintimadummiinumssdtiuiskisevss o 327

SilicOn NItride  ....o.ieiiiiiiiiie e et e e e e 328

High-k and Low-=k DIelectTics musisssasmmmsmsaomimsansdinkididsmmnrsssise 329
CONAUCEOLS . v vues o sisisons ssstiios sinsiossio Sis simmwmmecs sniensmsaiapissin @ aisssisesis i sy S biih vnnmemense 329
Review TOPICE  aveacauonenssmmmsmmmesnovssrsss nosmmspyes (48 s sy etk inPhn 96rmern swss 329
| S (5 =) (oL S PSPPI 330
MetallIZatiON:  :.c.cciisvississnrsvessavsnsamismtasinssisissstsesssesnsnsssians sossasnss Fausvrinsss 333
INECOAUCTIONT .o s s S ot T S mimessstom wnimis itereis 781 O AT ATl el SO s G s rmseseminy 333
Deposition Methods .......cccociviiiniieiiiiiioniidiniiininni e e, 333
Single-Layer Metal Systems ..........cccoiiiiiiiiiiiiiiiiiiiiii 334
Multilevel Metal SChemes  .....c.oiiniiiiiiiii e et e aeaas 335
CONAUCIOTS NMALETIANS: i uniimisms s msimass s ness S s ssisn s 5 e o s s SR 336
41071011911 bo o AIREESE o RO e RN, 15 Py, SN 336
AlTimEn SN BIOVE  cccoormmensmmer o Rl i sy 336
Aluminum-Copper AlloY  ..oavmsvanssasomss s sosnxasserssmssson 337

BATHIEF VMEAlS: * soiiiimmnivioshsonisumness v s suvath o s s b v m s s Sy SisRes 338
Refractory Metals and Refractory Metal Silicides .............................. 338

PAUBS: o comaios oo 515 05 5765 5 5 s 185 i 68 393 553 e A e S s s 339
Sputter DePoSItion! . e sssessmssststimmesmmsom s s onisae st 5 §53 s F0nass s invdmnns 340
Copper Dual-Damascene Process .............ccoeeeiiiiieiiiiiiiiieniiineninnnn... 345

Low-k Dielectric Materials ....... T TN ST AR S S TR 345

The Dual-Damascene Copper PIOess i« uusiss sommavessirrnsorsasinnssosmussassss 346

Barrier or Liner Deposition  ..........cooooiiiiiii 348

S DEPOSIHDN. .. sicommmmumonmmsrvsermmamsoonmmn e sisd e isssns s menmemiiyny 348
Electrochemical PIabinig  .comvmsmumommsmitpusissssmmasiivsesstomiinssimissms 348
Chemical-Mechanical PTOCesSifig  .iossiseiiauioneiosssnsmvssavimssmsmndeisvmrassssss 349
CVD Metal Deposition . ccasasenmiasinmmeitats it s Ao a s s 349
Doped PolySilicomt, . somsemissiaienemmmmnestoniondstivesibslsuiosmptasps sistssasens ias 349

A CVD Refractoty Depositiohi - .... coivesberensorinsisesssossusossnsiiossssbssssnsenmmnnns 350
Metal-FIIML USES  ...ccoviorsisenerassscansssiunenssnnsnssessisoiosssnsssdonsssinsessoanssionnanannsnns 351
MOS Gate and Capacitor Electrodes ............ccooooeiiiiiiiiiiiiiiinn. 351
Backside Metallization  .....c.oouiiiiiiiiiiii e e e as 3b1
VACUHUIM SYSIES . wsmnssstunssenennnsmssnsrumnse srssioraiosahssid o i musumtins fusbommimasemsasnses 351
Dy Mechanical PUMPE ccomimdassbtinmmnion st sinsnitonsbomveyy 352
Turbomolecular Hi-VACPUMPS'  .coummetnsnssasisvmnsnsonssnsosrisvinabiiss smsnmavares 352
ReVIEW TOPICS  cusconvssunssmssansoasvonnossassnsmesansssssnsmssanssnnmbosssomsasviossssnansses suyns 353-
REFEIOIICES et ee et ettt et et et e et et e e ae e s et e et e et et s et s e aeaaaenaes 353
Process and Device EvalUation ....civiiicicissssssnsisivensonsossissonssnsssmssossavissssssnss 355
INFOAUTCHION siaussmissirsonsssnsnmmesnyassnssesesionsssee s sessssissssiossssss s esosnmmwasnsssvy 355
Wafer Electrical MeasuremMents  ........ccoviiiiniineieeieeieierieeeneereeaaeneensseiaennens 356
Resistanice and Resistivity « ..omimmsmmanmisimmmsuimsmssnssmsaimsavosss o 356
Resistivity Measurements' ussisnmmssvanmsssaaussms sonsmssun s sssyessansmpse i 356

.14.



Four-PoIntProbe . ..cccuscesmvemmnneoagiiosvsind s doods bt So0 oo gioin.sss 457 655 a4 356

Progess and Device Evalualion:: «sucwiisdtidivdvesmstnmetofiishshiddssnitidsnisteberammansss 358
Dheet RERIRANIEE: . sawwsussmiminsmnen oo s SRR s 358
Four-Point Probe Thickness Measurement ..............cccocooeeeiiinieiininnn. 358
Conntrationor Depth PIOfle  .ocomemwnramnissnspppammess o wommds 5y 359 .
Secondary lon Mass SPECEOMNBETY  .vauscovsommensssinnsns supmmamspanrmysmnmss 359
Optically Modulated Optical Reflection (Thermawave) .........ccccuueeeeee 360

Physical Measutement Methods . usmusmsrammmosmsssmmsmspgommmmmsnssiarasss 360

Layer Thickness Measurements ...........c.c.cceeeiuiiimnieiiniiiniiniinniiiiieieineeenen. 360
COLOE  voresmsmms i srmmm s o b ST ST s S oy eSS 360
Spectrophotomieters or REHECIOMOILY  covsnommsmmrimiasmusnnsss smvsssmmypmnevessase 361
Vo1 PRSPPSO ——— 363
Stylus (Surface Profilometers) ....cssossssmssgasassssesisamuasgnsmmsesse 363
PROIDGOONBHE wiwm g dusspsmanmsmnmwmnsiisih s 28 400 £ e stres scamsoummscns woh -G8 3008 365
FOur-POIEEYONE  usuimaprumrereevesmmssons b son sinbnmegy ghe sunyppr oy mammsnsn kb 48 365
Ulire-Thiry MOSFET Gate THIERNOEE  wovmsioppmnes ey omansnsms o 365

Gate Oxide Integrity Electrical Measufement _ ......jsssosssmssssessgaesessnsssvsensenses 365

IO ORI  osmsesmmummnsssonn o o S SR T AR RE S 365
(CLOOVEIATIA SEAIIY  jisrsiiwrmsmiemsinsiamscss 5355 b SR8 8 Rt 509 55050 588 S B SR SR 365
Scanning Electron Microscope Thickness Measurement ..................... 367
opreading Kesistan@ Frobe  .euvemmmmrssmnpiispemaoppsmmn sxananemmssmnss 367
Secondary Ion Mass SpeciTOmBLIY wursrseossspprnsesmssmeimugmpsinismenssassos 367
Scanning Capacitance MICTOSCODY  «oususs sssvessss s anosss viws asissnipssinsssiiss 368
Carrier Illumination Junction Depth  ..........cccoooiiiiiiiiii 368
Critical Dimensions and Line-Width Measurements ......................... 369
Optical Image-Shearing Dimension Measurement ..............cccceeeeenen. 369
Shape Metrology and Optical Critical Dimension ............c.cccoevvinneene. 370

Contamination and Defect Deteclion.  summmamssssssmemsmassvnsse wamissmssjaessssnnss 370
1> Visual Surface Inspection TechniqUEs . _isressssasisssnnsssnsasssssipsinsssasinnse 370
I Collhmalbd LIBIE  oormrvoremsirisainsn sty svmvnmmstpnpmpneiiois 650 370
12 Ullresiolel  comimvmmsramemmpecommsssymnii g S s s sprmmes erymossensth 372
Microscope TechniUes  coormmenmmmssvsarsss s i DD E o s 372
Automated In-Line Defect Inspection Systems.  ..........ccceeicrnnveecncnnnnne 376

General Sarface Charagtetlzation  ..mes.os e pesemeiss s g s s o saang 66 378
Atomic FOrce MiCrOSCOPY  «.ccuiiennieunccueiiiniesacenesmeniassisnniensanssassssnsses 378
SOHEITOIIBELY 0 smcsscsmmmssesrm e is ot o5 s sereg s B I 380

Contamination Identification .............ccoiiiiiiiiiiiiiiiiiiiiii e 380
Auger Electron SpectroScopy  .......c.oveuuiiiiiiiiiiiiii e 380
Electron Spectroscope for Chemical Analysis ..........c..ccceeiiiiiiiinnninnen, 381
Time of Flight Secondary Ion Mass Spectrometry .................cccooeunin. 381
Evaluation of Stack Thickness and Composition ..............cccceeeviinnnnin, 382

Device Electrical Measurements .............ccc.oeeuiiuieuiiiiiiieeiieieinienneeeiaennennns 382
EQUIpIent: - .ssieisieinai s ditisismamsstisves beieinstins s smab Srbee etslssssswmss 383
REBIBEOTE  ivimians vorwun oo mtibimuiniin ans keonibeshs wiss oo kessns o5 i ios LESaEra R awve 383
DUBHOE  sxssiveabusibbinssiitbaihnms e lsossssunsibt o bl s pumspss 384
BIponal THRPEIREONS: - siitonis sl s aibummuasinss bepres Desiass sonmad ki oatsnsns 386
BICKS TranSiBlill.  oeimsionmihdimmemmd b s el i s ome sl 555 387



15

16

Capacitance-Voltage Profiling ...............cooooiiiiiiiiiiii 387

Device Failure Analysis—Emission Microscopy ..........c.cccoeevevuennnnnn 390
Review TOPIEE .  suommommunmmissanmmosssseans oy soss Ssasiimssaisst consssmsonivimmssas oy 390
RelBitel  wsuvissmimsmussmenommans oo vammmss st uasmssmsbin ok b s vis s 391
The Brsmess of Wafer Fabtlealion cocsaasmmismnvassonssussnisysasinnnmarssssss 393
INBOAUEION oot om0 G S A s 8 393
Moore’s Law and the New Wafer-Fabrication Business ..................... 393
WalerRabrICHONT TOBES. oo sim uss v wormssammiomns s 55ssssass i s S S0 0 50 09 394
CVRIREIRL 1o rnatmiestinsain s isennumumesmanneme s o s G EY S RBEAD S ERAED AERRES S5 395
MaleBIAlE . vomcsns tiotsiibmmmmmms s omecvers yiases e o s 0 03 v on 395
EqUIPIENT  smmonsu e e aoamns s i f s sns s s s 396
LEBEE mosmemanmmensnenssamsns NIRRT AR SRR 397
PIOAHION COREPUACUINE ooums i snsiunssssis s hessnmnsssinssis s Suess sassss s 397
P &= (- S SP— 398
Yield IMPIOVEmMENES  ussusisunmmsssmmmmsimminsiismsssiesiasnss s samamsis seamsdis 398
Yiekl and Prodetivity ......cccosvcomsmmmessiemmsumminnsssssssvasssnssensmmnsnamss 399
Increasing Waler Distiglers  ..oormvvammmmemnsntussmiisonbresssssssussss s 400
BB Raley  covimsmananensssarimmsmsmes s sy s anssesa 401
OBt Gl OMWMBISIID  wisensssmmnanminsions o ssmsssdnsi g0 sy e Gy EsaNesk 402
SR, o oo ER R L i con semmser————— R SOV ARA S S e s 402
PERESE MO0,  couesmorons o oo s R RS e s s Tne s G 402
Waler-Load s MOBOTBIIONL  .coemcnnssusnsson s s i mmsm i s s ses ssss sapossm a4 403
(CIHIBIARIIE. coun comsmmmummmnnsos v im0 o 50850 545 RN SPS058 0% S RN RS 403
Water-Dielivery AatODAION. e urevamsvsssssi s imsnsstsssssasn s 66 ms s 458 65 533 404
Closed-Loop Control-System Automation ..............ccoooiieiiiieninn... 405
Factory-Level AUTOMAtION | .....coesssenss sossussme spmn somssnmes sin sssssssssss s ss isapsonans nwnn 405
Equipmiehl SEMAaIAE  waseormmmmsmmmmsmrssysmmemm e uinins s sivsms somhysmusvosmsme 407
Fab Flobr Layaiit  «comummmmmposammmmnmssiveiss sassmsssnsss e smmassmysmss 407
Batch versiis Single-Wafer PIOGESSING.  scauismssnssnsmsssnnimersmpasonsunns srs venss 407
Lo Habl  ouumnmasiniiesansios siniinmsn it RS G DO 408
Statistical Progesg COBRElL  covmsiiimemmmmnmo s evavmis s b sxvepesmsen st innsseions- 409
FverloR Y COREIOL .o it vreses o cuss s s b e S 40 v samm s 412
JuskineTime lnvenbory Uonlral  .ocoesmmmarmssimsmssenompmanmes s 413
Quality Control and Certification—ISO'%000  ...cussansssmmesmminnsasnsnssmnssnmmassnnnnsen 414
LIS OFFamZation; soisssmissssams s o s s ias e s sosavs ams i ss ovmuesmessasen 414
REVIEW TOPICS  .coisusissnusnossessmorsssnmsnrsonsssn sossasessss ssissnsissnssnss ssss savnsassnsparns 415
ROEfETONEOS  susninsinsinssassonsssnsnssisssssssissssssssssus s esssssnaissssssosss s sscnsssunseshavesss 416
Introduction to Devices and Integrated Circuit Formation ........................... 417
INtroQUEtON. e susmassoss s s s g sessisges s o sashobs o Sossos 5o SR 417
Semiconductor-Device Formation ..........ccccooiiiiiiiiiiiiii 417
RESISEOTS s mmsmnins ion sinitius somensumenmmne wsmossissnsoss s sas SHemoaass § doiehass sois onta 418
CAPRGIEGTE s smamsrisinimnmr oo mamess s s e AR G SRl snmsmuons 420
DIOAES  unsstiiimmemmonmnsomsenssnspossoms o s Semes s Somsansssinfatat essme sunnenmnssns 422
TIANSISOTS. . sssssnmmomsnsmnsomams e RS RS e Ao S Ao A A S S SR 424
Field-Effect TranSIStOTS  susorumsssssasssasssassssssavsiissnessisnvivssaenssss AON— 427
Alternatives to MOSFET Scaling Challenges  usicsssrsssssmsusssansnsssmsusimistosmannanis 434

« 16+



