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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 |'rom the Preface of the First Edition: “As the semiconductor industry becomes

Peter Van Zant



Contents

1 The Semiconductor INAUSELY  ..cisccssssessuossssossavesnnsneersssansrnnnssasenssasessossersasee 1
TATOAUMCHON ... or otoimeiiiosiies sias 556 555 555 595 5545955 555 595,555 Sl 495 SoRRRAHSRETS ok S0WYSREBETE, 8 1
Birth of an INAUSIIY s sexweisms i 55 1o 550 505 swvanansonsss 564 438 S59A76E5OFEHHESE 184 TORIETTHREN 15 1
The Solid-State Bra  ...c.iccsaes s o seesss sensssnsss s i 456 £55,5600 58w 558 454 53 Se5RSea3wE0E 5 3
Integrated Circuits (TC8)  ...u..veeees sxsussssnsons dinies ivn ko svnsnsnionsionsas isssos doessansvnisn is 4
Process and Product Trends  .o.ovevririniieieeieieiieie et e e e e 5
Y/ (0T0) (=T 1= PPN 6

Decreasing Feature Size ...........ccoooiiiiiiiiiiiiiii 6
Increasing Chip and Wafer Size ..........cccoovemiiiiiiiiiiiiinninenen, 8
Reduction in Defect Density ...........ccoooiuiiiiiiiiiiiiiiiiii e, 9
Increase in Interconnection Levels  ..........cccooiiiiiiiiiiiiiiiiiiiiiiee e 10
The Semiconductor Industry Association Roadmap  .........c..ooeeveennen. 10
CHIPCOBE  .vn v v oon e con comsamommmmscsnen kae soebaimbsissanans vae wssaiss 11
Industry Organization ..........cccooiiiiiiiiiii 11
Stages of Manufactiring  ..ccvccemerens mvsssomsnsnirersevessesivsesvovesssaresnons iae sosnes sanis 12
Six Decades of Advances in Microchip Fabrication Processes ......................... 14
BN TR\ Lo T 25 - TP 16
REVIEW TOPIES. 1 rovicsamvonsmsnoiones 6 vis vapeesnsons sesvuswssh 53 545 EAS85355 1SS 905 63 RS SRyESH 17
LSS =S =) ¢ (oL =T 17

2 Properties of Semiconductor Materials and Chemicals ........ccceeiienniiarnnnnnnnns 19
| bgla o Ts RS Lot s o) « WU R 19
PANTa)0a ¥ Talle 10 g b e u6 § (=P PR 19

NI T0) o) 2N 0 o o PN 19
The Periodic Table of the Elements  ........ccooviiiiiiiiiiiiiiiiiiciiie e 20
|2 C<Tots o Cor=1 I @) o Vo LD el T} o KRN RR TN 23

(@04 Vo 1 ol o) - PN 23
Dieleckties Gnd CAPATHOTS  .oveumrverymuorpur iey son vy crmrovasmesmin e peresrsvosessows 08 s 23

| ] 1] o ) - S 24
INtrinsic SEMICONAUCEOTS  .viriiieievriinersirsintesereeaensensensasesnrnessenncssesssnssnensnnees 24
Dopied SemicoRadMEOrE  wesssarsomepsrns suves susmmonssssvessars res yesvessssvess sy hes £5s piss 25
Electron and Hole Conduchion  ........cuviiieininiriniiiiiieiiiieeeeeeeineneneaeenenennanes 26

Cartier Mobility  umseassassss ves ces sssasmaunonmssnasses s sxwasmamsmes ios sws sssssns 28
Semiconductor Production Materials ........ S SRS S KSR SEASR RSN $E S9N R R 29

Germanium and SilICON. ..o som soesssssssvissansns sos ses sonasnnsisiss vos fonisnase sens 29
Semiconducting Compounds  .........c.oiiiiiiiii e 29
SIlicOn GeITNATIIUIIT  «avsievessinsnissnssssussasssnasnsiossnssssins i sesisesasnsssses s siosssnnosmns 31
Engineered SUDSITAtEs  ..cceissoss o sosisn sonssnssscios s s sos 608 668 0sbnsins 505555 8n dmmssnmamimns 31
Ferroelectric Materials  ...c...ivieniienieiiiieieiie et et ee e e e e s eaeneaeneaeanes 31
Diamond SemicONdUCEOTS  ...uiuiiiiiiiiiiiiiiiiiee e eee s en e e een e eenenenenenns 32
Process ChemiCals  ..o.ceieninitiniiiieici e e e e et e m e e e e ea e eaenns 32



3

Molecules, Compounds, and Mixtures .................ccooeviiiiiiiiiiiiiii 32

Ions ....... eSS VeYie L SRS S BIVENTEE S0t 1 TR e s S5 5 £ s S v wn s i 33
States Of MAtter  ....oiueeieiit it ettt e 34
Solids, Liquids, aNd Gases  suuwsues ses v nesves swossnsans 55% ras o sases sutes 5o wom was oo 34
PlasmiaiSEate s sws ses avesimsmaasseass i 156 65 wi-sh s s ns 50 hs 058 S78E 10 RIS EES 08 547 85 34
Properties Of Matter .o v v sssssossassmnaes ve o6 son soesnunanessn van vas 15 saesss sennassyas s iy 4o 34
TOIMPOTALIATE o uss sas s sion s sbs 5o soa soesioren e s 608 o 8506 s s HESR00 40 0 07 95 34
Density, Specific Gravity, and Vapor Density —...........ccccccciiniiniiiininnnn. 35
Pressure and VAU . ic. sovsuos suases s sos s sus 565058065600 535 558 5% 5650590568 596 593 oo 655 apion 36
Acids, Alkalis, and Solvents — ............cccoiiiiiiii 37
Acids and AlKalis  ......c.ivviiiiiiii s e 37
SOLVEIES .. .on oo mmmmimmno s e son s ok S SiG 0o G000t 508 £33 03 GRS 66,5508 05 RS 6 0 £ S48 38
Chemical Purity and Cleanliness ..., 38
Safety ISSUES  .ovvviiiiiiiiiiiei s 38
The Material Safety Data Sheet ... 39
Review TOPICS  .oouniiiii e 39
References  .....oiiiiiiiiiii i 39
Crystal Growth and Silicon Wafer Preparation .........cccoouviiiiniiinnciiniciiiinnnan, 41
INETOAUCHOIY v ome swmsromnsms sars s s sws s simwines 550655 w8 655 6945938 4938 G853 693 950 $58.65 84000000 K50 B0 5 41
Semiconductor’Silicon Preparation  seuesssues svs e we cssasmsssnses iv voin ssnsssassssos sos san s 41
Silicon Wafer Preparation Stages ............ccccceiiiiiiiiiiniiiii e, 42
Crystalline Materials ..........ccciiiiiiiiiiiiiiinii e e 42
Unit Cells .o e 43
Poly and Single Crystals ..........cooiiiiiiiiiiiiii e 43
Crystal Orientation ..o 44
Crystal Growth ... 45
Czochralski MethOd  .....ooiiiiiieiiiiiie e 45
Liquid-Encapsulated Czochralski ............ccooiiiiiiiiiii . 47
Float Zome ..o 47
Crystal and Wafer Quality  .......cooiiiiiiii e 49
Point Defects  ........ooooiiiiiiii s e e £ S 49
DISIOCAtIONS  ..oviiiiii it 50
Growth Defects ... e 50
WaICFPIEParation  ...svcosswsvssssnss sus oas ss sssvasyssssue 50 o 568 S Rassaas 243 554 s 455 witsabisa5s 51
End Croppig  .ecsssesanmuns nus nsr ssssornassssssnn v s sos savesssssnssn 5o 555 s sisn s543599 51
Diameter GINAIAE  cvuones sos copversusanssarses sss dss ses q6puassassyas s 555 5o sspsansos 51
Crystal Orientation, Conductivity, and Resistivity Check ................... 51
Grinding Orientation Indicators .............coociiiiiiiiiiiiiiiieeea, 52
WASTSIREINIE  « ioi son vos vesuvsmnsion sos 456 531 60 566 EREFRATH 157 638 553 So5E60HTHH 545 FF ¥a S80 i i Eas 53
Wafer Marking  «. o sssisssssssnnsms ves it sai avisanisnsinssns ivsied soesmnmmvansesesses sorsonssmsnassse 54
Rough Polish ... e e 54
Chemical Mechanical Polishing ...t 55
Backside Processing ...........ccooiiiiiuiiiiiiiii e 55
Double-Sided Polishing ............cccoeiiiiiiiiiiiiiii 56
Edge Grinding and Polishing ... 56
Wafer Evaluation ... s 56
ORIAAEOR  ccmmmmeimmcamcns won son v s swmsissanrosssa g bas o Gy geEpsesTees 185 K91 58 SUMELPTIEEN Ko 57



4

5

PaCKAGINE  ...cvvviniiiiio i e e 57

Wafer Types and Uses  .......ccooiiiiiiiiiiieeiiiiiniiiin 57
Reclaim Wafers ..ottt et e e e 57
Engineered Wafers (Substrates) ...........cccooooiiiiiiiii 57
REVIEW TOPIES - cemimmowmst mmniaie i v wan ste oo itocniaio s e et ooie o b aimsbinornsst s o s aisioens i 58
) EES 05 1=) (e = R PO 58
Overview of Wafer Fabrication and Packaging ...........ccccoeiiiiiiiiinnininnninnn, 59
INTrOAUCHON insssemsosioms s i 558 5% 155500 o007 4515 5305 3 590 555535001098 4513 30 563 SRRSHERN 08 5 59
Goal of Wafer Fabrication e ssiovesss sesssos et sws éos o8 500 568 5,55 553 438 655 555 465 556 525 597 0% 5 59
Wafer Terminology  ......cccooiiiiiiiiiiiiii e 59
Chip TerminolOgy ..o 61
Basic Wafer-Fabrication Operations .............cccooiiiiiniiiiic 63
Layering ... e 63
Patterning ..o 64
Circuit Design .......oiiiiiiiii 66
Reticle and Masks  ...ouiiriiiriii et et r s 68
DOPING oo 69
Heat Treatments .....ooooiiiiiiiiiii e e e e aaaaas 69
Example FabriCation PIOGESE  aueewns vow son s s suwpumpmoniignane v va sagre paaimessnn oo s ss gyus 72
LA Y =5 o) s 74
PEURAEITUE  von oo v o ot mrawmsigacs g o v v st S g g oy 640 598 563 e FWESHVE EFENP FSH K8 S0 S008 02 75
SUBFEERETY v v gon can cp g apniys 56T 8 655 150 550 610 FYATESRHPDEFY NS KN AF4 SUEHITENY G0 KEY FUD SOHUSIWIDY 75
ReVIEW TOPICE  wusvvovenmonsossessrs ses vs s 53 £rs omes swns <65 oo 453 5565 sumusvn 6 fas 958 v5e S 4053 76
2SS (53 (e o Lol =t 76
Contamination Control ......ccoiiiiiiiiiioiiiiiiiiieiiiee e ireceeereerreesesnsssnsscnssencnnes 77
| il uoTe 1F Tais (o) o A OO 77
The Problem ..o e e e e e 77
Contamination-Caused Problems .........cccooieiiiieieiiiiiiiiiaieieeeeennnn 80
ContaminAation SOUTCES  ....iuininiieitieieie ettt et e e a e e e e aeaeeeenenns 81
GENETral SOUTCES  1vivitiiiiitiiiieiere ettt et aea e e te et enanereeeens 81
o NP 81
Clear AJESIATEEIES  cv sorsurmmesuavsns nus now 203 wsr s vsnsnerans s s sesvsrones 536 s s 82
Cleanroom Workstation STategy . ue.uss woe ssrvssmsussan sue vos sss sossausans sss s os 83
Tizmel oF Bay CONUEPE  vuummssuswion s ios vos emes-sxaeisnss 5 5us ot isevans va 455 5ol i 85
Micro- and Mini-Environments — .........c.coccoiiiiiiiiieiiiie e eaans 86
Temperature, Humidity, and Smog ........cc.ccoiiiiiiiiiiiiiiiiin 87
Cleanroom COnSIUCHON  ...iuuitiit ittt et ee et ettt e et enaanens 88
Construction MaterialS  .......cceeeieviiiiiiineeiereniieiiisininiienserssesenssiesin 88
Cleanroom Elements ......o.oiiiiiiiiiiiiiiiiiiii et 89
Personnel-Generated Contamination  .............cocveiiiiiiiiiiiiiiieieeeennn.. 93
Process Water  .....oieinii e e 94
Process ChemicalS  .....ooooiiiiiiiiiii e e 96
Equipment ... 99
Cleanroom Materials and SUPPIES  .....ccuiitiiniiiiiiiii e 99
Cleanroom MaiNteNanCe  ........o.ouiuirininii et et e e ean e 100
Wafer-Surface Cleaning .........c...couuiiiiuiiiiiiiit it e e eeeeeeens 100



6

7

Particulate ReMOVAl ..ottt iiteeeianeenenssrensenseasesiasinaansersenns 102

MUY T eres 01 o) o)=Y - SRS 102
High-Pressure Water Cleaning  ............cccooeiiiiiiiiiiiiniiiiiniiies 103
Organic Residues  ..........ooooiiiiiiiiiiiiii 103
Inorganic Residues  ...........oooiiiiiiiiiiiiiiiii 103
Chemical-Cleaning Solutions  ..........ccccooieiiiiiiiiini e 104
General Chemical Cleaning ..........ccccooiiiiiiiiiiiiiine e 104
Ootde Layer REMOVAL  «.vvn o vxs cormaomam asmmmemmmusmiamas son onmums answasnamrmonrs v aae s 105
Room Temperature and Ozonated Chemistries .........................ooeeel. 106
WaLET RENSITIE  cvnmnisumsssne snssmsmsvommaanmsssssonsn son s vamms sassuins sos sas ssnssxsms 108
DEYIng TOChRIGUES  wosss ras corsamvemyamnscummones s vas s smawasmemmsiesas v vas ssia sawass 110
Contamination Detection  ......c.ouiieiriieiie i e e eea e 112
REVIEW TOPICS  cusvsnunsnsaress vos swsnm vis sunviauasnnes s 565 fos e s5o Soas e soames 108 o s vERo0s 112
S S s o (oLt PSPPSR 113
Productivity and Process Yields ........cccciiieiiiiiiiiciiiiiiiiiiii . 115
(@)= 47 1<) PSPPI 115
Yield Measurement POINtS  .......coiiiiiiiniiiiie e e 115
Accumulative Wafer-Fabrication Yield ........c..oooiviiiiiiiiiiiiiiieeeeeeeeaa 116
Wafer-Fabrication Yield Limiters ...........ocoooiiiiiiiiiiiiiiii e 117
Number of PYOCESS SEEPSE  .uescssesusssassavsnovassvasars vessss vrasvssssvnsvaersssass bs 118
Wafer Breakage and WarpPiNg  .....ccicesssuscensscssronsissnesseasossmsinssnssonsns s 118
) 8 CeTa=I-TIAVZ=Y i t-1 8 (o ) o A PP 119
1Y ) S B L= (= ol = N 120
Wafer-Sort Yield FAactors  ......cooviiiiiiii i 120
Wafer Diameter and Edge DIE ccusnvessenonsens vos s5s soi nonnsssaisssnnang o s 58 121
Wafer Diameter and Die SI1Ze  .......oooviiiiiiiiiiiiee e 122
Wafer Diameter and Crystal Defects ...............c.coooiiiiiiiiiinn. 122
Wafer Diameter and Process Variations ........ccccveviiiiirinirieiineininenennns 123
Die Area and Defect Density  ...........ccoooiiiiiiiiiiiiii 124
Circuit Density and Defect Density — ..........ccccoeiviiiiiiiiiiiiciiiiiiieanne. 125
Number of Process Steps  ......ovivviiiiiiniiniiiiiii i 125
Feature Size and Defect SIZe  .......oeinininiiiiiiiiiiee e 125
Process Cycle TIiMe  .......ccouiiiiiiiiiiiiiiiii e e eee e 125
Wafer-Sort Yield Formulas .....ocoeeiiiiiiiiiiiiiccici e eeaeaaes 125
Assembly and Final Test Yields ..o, 128
Overall Process Yields  ...c.ouiiiiiiiiii e et 128
Review TOPICS  ...uiiiiiiiiiiii 129
| () (= o Lol SRR 130
10)5Ts F-14 1) ORI 131
| eV w'eYe L6 ais Lo} o NN 131
Siliconi DioXide Layer LS80S  wuuvemsessssnvssivsoms cvs sus sovssmsssm o dos ins 5o 5o aes doosas 604 5355 131
SUTface PasSIVAION:  sowssssssssossn iosiss s vosoms sees o558 508 i5s s £306555,55% 663 558 5 5 131
DOpING BAXYIET  ssnisersessnsassnassns sen san 05550 55508400088 bos dod nammsbnmss ves sas nos soms 132
Surface DIelectric  ...ooiiiiii e e 132
Device Dielectric (MOS Gates)  ....c.ieuerniiiiieiieieieieeeeeaeeeee e eereananns 133
Device Oxide ThicKneSSeS  ......cueviuiniiieiiitie e eeeeenanes 134



8

Thermal Oxidation MeChaniSINS  «euuueueiieie ettt e e e e aneeanaeeans 134

Influences on the Oxidation Rate  ......c.ouiiiiiiiiiiiii e ees 137
Thermal Oxidation Methods — ..ovviiiiiiiiiiiii i e e 140
Horizontal Tube FUINAces  ...c.oiviiiiiiiiieiiie e eee e e eenes 140
Temperature Control SYSIOIN  cuusarsss sss soussuvsnnssnonsasmins sas s soyssmnsssannsas 141
SOUTCE CADINEL,  ...:ivii05080005085556505.55% 55 Foesss i is ioavessus 458 165 ¥5R o530 148 143
Vertical Tube PUINACES . .ciiiiasmc sesss ssssenssn ssvs senasnivs i in 85 sope snsasioass sis 143
Rapid Thermal Processing .......ovicvsavecsssessssonsiss s vas s svs sanssnsos san ios 146
High-Pressure Oxidation ........ccccimmemiimsisiisivissssinasisiniosssasassss mmases 149
OXIAANEt SOUTCES vttt et e e et e e e e e e e e e neneeenenes 151
OXIdation PrOCESSES . ...eitieieiee et ettt et e et e e e e s e e eaneneneaeens 154
Preoxidation Wafer Cleaning ..............cccooeiiiiiiiiiiiiiiiiiiien e, 154
Postoxidation Evaluation  .....c..ooiiiiiiiiii i e 155
Surface INSPection  .........coiiiiiiiiii 156
(@74 Ts [SH ¥ 21 (el & ¢ 11 S PP 156
Oxide and Furnace Cleanliness ..........c.ceveiiiririiiieinininieieieenieieienanans 156
Thermal NItridation .....cooiiiiiii e e e ee s 156
REVIEW TOPICE  covmmmmimpmasssanmcona s saie s snsiasimasinstnisn sbisie s it s sa Simbinsi sk sns's pomssy Swt e st 157
LSS () (=) q Lo == T 157
The Ten-Step Patterning Process —Surface Preparation to Exposure ............. 161
ITOAMCHION., iiviieiomibns oinisiies 5478 o 5605 65 Lm0 00 i 5384 S0 528 55015508 ety 6 § 5008 Hafo Ha et B0 161
Overview of the Photomasking Process ..............ccooiiiiiiiiiiiiiini, 162
Ten-Step Process ......co.iiuiiiiii e 165
Basic Photoresist Chemistry  ..........ccooiiiiiiiiii e 167
| 4 4 00) 103 {13 1] AP 167
Photoresist Performance FACtOrS  ........ccociiininiiiiii e eee e eeeeeeaaes 169
Resolution Capability ..........ccccoviiiiiiiiiiiiiiiiiii e 169
Adhesion Capabilily ..o sopcsves sanprvisvess v sre srsssmessssressrsn w 170
Process Latitiude  ....ccooiieiniiiiii e 171
50T a1 o) (=T PPN 172
Particle and Contamination Levels ........cccooviiiiiiiiiiiiiiiicieciiinnnn, 173
SIEP COVETALR  wossesuusummmnnssng s sos sis sassmmansnnsssss e 53 45 Soausssaassas o 554 snite 173
TREIMAL FIOW  sconsaimavmmanss e v sss ssvoevedsssnsseessn v o5 Nessaomwiansas ss 968 654 555 48 173
Comparison of Positive and Negative Resists ............ccccoccoviiiiiiinnn, 173
Physical Properties of Photoresists  .....icccousiessassnssessss sorsonsosssnssis sosiss oot sosmvons 175
SOlids CONEBNL vusensmssssins sos vuniian svssnnsdonsss sos s i ios s5es 545563 £53 588 55 6Snbabis 175
VISCOSIEY  sosisinssnssnssns s sss oo fus iitsisiintibmmmenbonsos smr ssmnaseosnass vas sas ssns sonens 175
IS 100 7 Tar =l U=) 13 (o) « KN 176
Index of Refraction  ...c.ciciiiriiiieiii e r e e s e e e ereaenenanaas 176
Storage and Control of Photoresists .............ccccoiiiiiiiiiiiiiiiiiiiiiienenes 176
Light and Heat Sensitivity ... 176
Viscosity Sensitivity  .....ccoiiiiiiiiiii 177
Shelf Life  .oeieiiiiie i e 177
CleanliNeSS  ...eiiiiiiiiee et e e ns 177
Photomasking Processes —Surface Preparation to Exposure ...........coocoeviuinn. 178
Surface Preparation  ..............coiiiiiiiiiiii e 178
Particle Removal ... e 178



9

Dehydration BaKing ...........c.ccooiiiiiiiiii 178

Wafer Priming  ....ccoooiiiiiiiiii i 179
SPIN PEMINE  cove oo censnsemsmonann somens one os cantnns o s o wos v s snanas sos sads 180
Vapor Priming  .....cccoceiiiiimiiiiniiniiiiiinii i e 180
Photoresist Application (Spinning) ..........ccouiuiiiiiiiiiiiiniiiii i 181
The Static Dispense Spin Process ..........ccccooiiiiiiiiininiiiniiieen 181
Dynamic DISPense ....ccciceeiicieiiiiiiiniiimisiiinieniiiiieisi s 183
Moving-Arm DISPensing ......c..ccicicismmiereassnse rosssesomsmonsmssas sws vas ss srins 183
Mantal SPIINGTS  ..conevenvirs 1w ses sosomassasumenanuas vos os san o sanvanves vas sws s vans 183
AOMALICSPINMETS cosuws ses o35 e91 5ot s ass pamann 5o u s s atsiowiaiisnnios sas s s vt 184
Edge Bead ReMOVAL  wovuey e son son sosvrnurmnsrspavms spt gon vos swmsssn svs san svs emsmssan 185
Backside COAIME:  suswsun ss ros vsn s sus sawesesnruns e sion v sssenmnse s 551 573 Svowamnes 185
SOFt BAKE . s s saue s sin s mssisesmais nas 153 555 585 SR SRNISSRTEOE S35 F85 665 155 TA5 ST RS 0F s 2 TH SISO wRTe 185
ConVeCtion OVEIE =i s sss sos i sos suhesssssenss 556 s a8 45 964565 455 (65 156 fisp Sy Sas's 20 186
Manual HOtPIates . sss sws sus sus sunswsvemsasie sas ses s 0 o somosonss v s 25 s@swssivss 187
In-Line, Single-Wafer Hot Plates  .............ccocooiiiiiiinii 187
Moving-Belt HOt Plates:  ivicceiesssassnsses res soa i cii s snsinsass ves o sns sososunses ves 187
Moving-Belt Infrared Ovens ..................oooiiii 188
Microwave Baking ... 188
Vacuum Baking ........cooiiiiiriiiiini e 188
Alignment and EXposure .............ooooiiiiii 189
Alignment and Exposure Systems ...........ccccoeiiiiiiiiiiiiiiie, 189
EXPOSUTIE SOUICES  ..ivvniviiiiiiiiiiiieiiiii e 191
Alignment Criteria ...........ooiiiiiiiiiiii 191
KBERET TYPES. v s s commmmminrans ros son won s seammminsonsn 6 vos sxisbanimbedios 5o b oo sus 193
POStEXPOSUTE BAKE  uwnrenwonmosss sve vns sn snmunsssonnas sos ves 6 somsrnmnns sus o 968 geevine 196
Advanced, LithOBTaphy  ocivessssosumsninn vns ses sims on sorssasamnns nes sos soe e suns e sog v wes s 198
REVIeW TOPICE  ix ves sos siun senmscsmrmssmmsns us sug 6 e 505 Saswassaas iss 5 Sspwsses Gi oss 55 V5w 198
REFETENCES  wuwuns vion vow s swessvnsmmnaransaniin 16 50 560 05 ERST0RF IS 61 654 5 4G SEAIEEE U5 161 454 WowTas 198
The Ten-Step Patterning Process — Developing to Final Inspection ............... 201
INtrOAUCHON wos o somamsass samssnsseis ww v 5 530 £ 4509635535 5708 598 505 547 445,645,768 K% 05 043 563 5k 201
Development .o res ses s e sesmssmsm6.55 05 585 504 665 amnivinfnti b s s smmennams 201
Positive Resist Development ..o 201
Negative Resist Development .........ocoooviiiiiiiii 203
Wet Development Processes ...............ooooiiiiiiiiiiiiiiii e 203
Dry (or Plasma) Development .............coooiiiiiiiiiiiiiiiiiiicieee 206
Hard Bake ....oiiiiiiiiiiiiiii e 207
Hard-Bake Methods ......cciiiiiiiiii e 207
Hard-Bake Process .........c.ooiiiiiiiiiiiiiiii e 207
Develop INSPECt  .ovccssessnssarsvoriavavsvrsass son sas ses snwonsvis oo svs sas sawsnsasios sos o 208
Develop Inspect Reject Catefories  .yuexus sus carsssassanswnns vos iup sascossans ves 50 88 209
Develop Inspect MEthOAS  ...csvesuesmsss soe sos sss sie ssmvnonsne su sn ssmes semss o oot s 209
Causes for Rejecting at the Develop Inspection Stage  ........................ 211
BHCR, o s s somsmmnssiasinn ame i auis sl b i aiisim i 4505355 M54 458 594 S65 568 8500405 & e T 212
Wet BACRITIE  ccucnsnasn sme sve sus o samsuons s sos smeasis oo s 6465 5,054 5578 66 +37m S saima s 45 784 3w 212
Etch Goals:and IsSUes  «useess sevams e cvi s sessamiossnsns s s senninsin s s 20 snsss 212
Incomplete Btch, cucacissmamsasesonmsednes ot itmnnnsmnbinsns vas nes bmimastins ses mms nes s 212



10

Overetch and Undercutting ............coooiiiiiiii 213

SElECHIVITY  .oueiiiiieiiit et 214
Wet-Spray Etching ... 214
Silicon Wet Etching ..o 214
Silicon Dioxide Wet BEChINE . ...cviansenaes ves cos sasmmsamnmasmns dos oe swmeomswsans 215
Aluminum-Film Wet Etching  ...........ccooiiiiii 216
Deposited-Oxide WEt ELCHIRE  sovseesrssos st svs sossnamunasis soname soe susiesimasisis suie s 216
Silicon Nitride Wet BAGRING  ccssssnssnsums sun o nesvusssnnvan va non ese savenensas soa oy 216
Vapor BACHIIE i vosms sus sms suwsswnvomunnsnn s son san oeensmnasassas £a sapsovonsssos sos ean 217
DEY BEON,  comussssnsinsmnsons i3 655 133 von dsssioaansansion 455 Hen 634 abeassaonsins K 50 Hir 09 RRORISST RS 50 217
Plasma Btehing  is: s ovs sosassonmssunsns 6ss sms s50 sumasonhulsvss sosss nos sbioaenissan w54 o a8 218
BACh RAtE  cocinssimsins sun sumsnn s ina ava i v 651 554 ¥oemmmmassvssis 655 o34 sqomassis o 55 50 220
Radiation Damage .. essssssssseeses oot sws sossisessason sosssh sve v s v 0 s 556 155 o5 220
Selectivity  .vuives iss osi s sosasininssins 66t 553 fosses sawnmen g 555 H95 £55 BS SN 040 K05 T £ 759 220
Ion-Beam Btching ......ccciveeciioisonsvosionsssistosssins sossss sessns sassasonss or sosivs 222
Reactive Ion Etching ... 222
Resist Effects in Dry Etching .........ccoovviiiiiiniiiiiiii i, 223
Resist SLrpPING  ..oonoiiii e 223
Wet Chemical Stripping of Nonmetallized Surfaces .......................... 224
Wet Chemical Stripping of Metallized Surfaces ...............ccccoeeiiiininnn. 225
Dry StHPPING  ..ooiieeiii i 225
Post-Ton Implant and Plasma Etch Stripping  ........ccccooiiiiii. 226
New Stripping Challenges ........c.coocieiiiiiiiiiiiiiiniin s S 226
Pl TRSPEGHON  «rvuu vrngrananuammumniog sos von yon sunsnnigenehps res 5p o8 SRvmueioen eFs 4348 33 €48 sqpasvaeg 227
Mask MaKing ..o e 227
SUIMIAALY' 50 s 68 esiowiss saesngosse 435 6 v $85 553 SEEBELTENE o8 FAY ULVEFESLTENS T 1 T0FPERERIBITES 229
REVIEW TOPIEE 1uo uuwnsesmssuonsnmuns vas nas ovaow ssrsmmvane suniss o 56 560 Samsns G55 558 495 SEF Srawanias 229
RETETOIOOE  woaves vos sos ssvanssmssmunssnsinn s son sawsassussanyso 53 658 6r s sasmens s sy 66 VEsssononsds 230
Next Generation Lithography .......ccccccoiiiiiiiiiiiiiiiiiiiiin e 233
DTOdUCHON i sissimsingiosisiins s sis 655 4 60 ibmiedibnk bho nos o swmnownsins vas sose vos semssmasracns vs 233
Challenges of Next Generation Lithography ..........ccoociiiiiiiiiiinn, 233
High-Pressure Mercury Lamp Sources ............ccccooeiviiiiiiiiininniinnn, 235
Excimer Lasers ............ccooiiiiiiii. N 236
Extreme Ultraviolet  ............ccoooiiiiiiiiiii i 236
XRAYS oo 237
Electron Beam or Direct Writing ... 238
Numerical Aperture of aLens .........coooiiiiiiiiiiiiiii e, 240
Other Exposure ISSUes  ..........c..oiiiiiiiiiiiiiii e 241
Variable Numerical Aperture Lenses .........ccoocoiiiiiiuiiiiiiinienieieennn. 242
Immersion EXposure SYStEIM e ossussnesss sunevas sos dog sas s samssasiiss s 65 o6 242
AMPUAE RESIBE 1o o sos morsmsmessssmios v poromresmussmasein sos wnp aoanssmaes 556 vs5 ssss 242
Contrast EFEetS | .. vorvsssorssmmmmsnsn sos sovsarssenssnsssson sss sas sasusssmissss vos sy sssis 243
Other Resolution Challenges and Solutions  ...........ccccooiiiiiiiiiiiiiiinicnnn, 244
Off-Axiis IINIMINAHIOME  wovsnmmssnssnes sovsas sasumasmesains vss w1 sohsueesus 5649 458 553 5058 245
Lens Issues and Reflection SYStems  s.c.o.cessesmsss voe son sussiosensnsss sse svise s 245
Phiase-Shift Masks  ..cuscessssss ssonssssnosnsnissonsansssinssssesasssnss ss s 5o s st s 245
Optical Proximity Corrected or Optical Process Correction  ................ 245



11

Annular-Ring MIumination  .....cccoveseeccnimmene oot oo somnes 246

|52 1) PRSPPI 247
Surface Problems  .......coveuniiiiii i 248
Resist Light Scattefing  ....cccossmvmvismovessore sosonivavensonmsmmsnsmaanes s swusmonss 248
SubSUTTace REfleChVIY  vur swssrsmermrrrrrsersrosssosemcoamiensuman cmensmss cin sasnasas 248
Antireflective COAHNES  .cuvesuomsuosimessesmmsrenesensarsss sves soprasnsanansesssns sen cos ses samaisn 249
SEANAING WEVES  cuswes sonnsssuvnmaasins s isnase 558 555 158 SpaTsessaiios y¥sogs pivs o suausn 249
PlanariZation,  .oovsessosconsorusssasssnsassasssas suesai 5g a5 sasassnss s yas sy gon s6ayss qaiwsss 251
Photorésist PYOCess AAVANCES,  «cussssssessmsnmanssssssssesos oot sosanssnnanssrassnssas surnosomnnss 252
Multilayer Resist or Surface Imaging ............ccoceiiiiiiiiiiiniiiiinn, 252
Silylation'or DESIRE PTOCESS.  cusenswesvssssses iseasvasensenunnssvsssves swessrssassness 254
Polyimide Planarization LAYEIS oo esses s ivassusvonsassonsos s son soasamavasannss 255
Etchback Planarization ...........ccccoiiiiiiiiiiiiii 256
Dual-Damascene Process .............occieviiiiiiiiimiriiiniieiainieinnenns 256
Chemical Mechanical Polishing ... 256
SIUITY o 259
Polishing Rates  .........coeevimiiiiiiiiiiiiiie e, 259
Planarity  ......coooiiiiiii e 260
POSt-CMP ClIEAI  ..eiiiitiiieieie e ettt ettt e e e e 261
CMP'TOOIS  .osssovsnssusaosssanmnneanane sss swasss vasasmeanones sus sas g 59505 G505 8565 b s 261
CMP SUMIMALY  ..oocsmmmmmmesssssasos ssysasuspasensnssanansses o aF EE TSRSy S GRYS 262
RETIOW: 1w oo s uomanswasmsnmsnansnams vas o 6o porssivsmosasses s 48 pf £ RyassusRaEm st oo 25 262
IMage Reversal:  .cconsmassmsisseissmy ssrussnmnasnsnsssmnss rorr s sasisess s 262
Contrast Enhahicement La¥ers ... cussnsessusussnnninsesss ion doonssvpmsassss ois s o 262
DYEAd RESISIS  cvvanomnmmvessssssorusssionsss s isesssass saness s 5 5ae st sssss ans 53655 264
Improving Etch Definition:  .uusuescosses cosves sor ses ssvinonsssnnons oo v sve s assn sas e o bsnas 264
LAft-Off PTOTESE sccismsissinnwss 45 aws s 650 55055 05 6%.657% 556 5500 505050 408 5,79 6708 048 763 £ 5025 264
Self-Aligned StPUCTUIES . . icevnes smnuwnses sa som 508 555559550595 550556 808 855 55884135905 05 555 10340350 264
Btchi Profile COontro]l o isssssussssss s iveive ot svniniass ssosssssinons 698 405500507 0448455 64 6554 o 0o 5o 266
RevIEWw TOPICS. 1w ses srvscmsnmnnansns ssn i ss 6o 650 598 65395.5.995 765 548 508 658 T98506,0,4 5504 § o 4 mme S 266
REFOTONCES  «ivuscs sos von srnavmssoses o 55 503 755,554 555 5500 A0 004,500 415 455 645 555 TR 38608458 505 wadon e 266
DOPING  sessesvoonisssmensrossasnsassnsssieonsosse s sos 5oesonessssessiisns sveirtssissonsinihonarsnsannrs 269
INtroduction  ...oeiiei e 269
The Diffusion Concept  ...........iiiiiiiiiiiiiiiiii e 269
Formation of a Doped Region and Junction ................cocoiiiiiiiiiiiin. 271
The N-P JUNCHON  couiniiiiiiiiiie e et e e et e e eneaeees 272
Doping Process GOals . .ocssvsssssmssmsveevssssssn sorassssssossmsssss cos sossmsannss 273
Graphical Representation of Junctions .............cccvevuiiiiiiiiiiiiiinnnnnn... 273
Concentration versus Depth Graphs  ....cseisssssesesssonsesassasnsss sos samsnssssss 273
Lateral DIFUSION  cosssvsusorusssansiosenss sssscsaissnson sowisvssionsss s iss s sovimmasess 273
Same<TYPE DOPINE  -woivonispavervovsossmvunsnisvsses 56555 sramons 55 s o0 ws awaaessiss 275
DIffGsiOn PrOCess SIEPB  cseoies vos ssesanmsssssinns sussns 565568 605553848550 8505ben boin omanmanansnas 275
DIEPOSIOM 250 soussn svonsionns sun s 655658 530555455048 dbbibion 563 557 s 4k smmanasns mns sos samussss ssanasss 275
Dopant SOUICES  .....ccouuiiiiiiiiiiciir e e 278
Drive-In Oxidation ..o e 280
Oxidation Effects ..o 281
Introduction to Ion Implantation  .........c.c.oviiiiiiiiiiiiiiie e 281

.12-



12

Concept of Ion Implantation ... e s 283

Ion-Implantation System  .........ccooiiiiiiiiiiiiiiii 284
Implant SPecies SOUICES  ...........ccoeiiimiiiiiiussinismeinseiii 284
Tonization Chamber  .........cccuiiiiiiiiiiiiii i 284
Mass Analyzing or Ion Selection  ..............coooiiiiiiiiiiiiii 284
Acceleration TUDE  ......c.oiiiiiiiiiiiiii i 286
Wafer Charging ...........ooooeiiiiiiiiiiieniiia e s 286
Beam FOCUS ..o e 287
Neutral Beam Trap  ......ooouiiiiiiiiiiiiiiiii e 287
Beam SCanming  .........cooiiiiiiiiiiiiiii e 287
End Station and Target Chamhber ........c.cccecnecn vocosoovensecmnsmes conos 289
Jon-Implant Masks ....osweessess ses ssismnsnssssmamagasas ne an sun comsion s sne siae can s 290

Dopant Concentration in Implanted Regions  .............ccooooiin 291
Crystal DamMape cuscsevasesvs ssesws 5o svs svssonanevsns ses sos soe ges sas svammmassonss s sos oo 292
Annealing and Dopant ActvVation  ..c.cccccerseesscosmmicismimisomrasemmeeerossanes 292
CRANMEHNE  vomvmsrsansss sus ws uns s 163 553 sowwavunesons 553 143 508 SRS T L0 EwE 383 508 1 100 51 293

Evaluation of Implanted LayBrS o ces s sersrsssvmnenmsnanans sas 453 nasvowssnsssn sas woq vos vos 45 294

Uses:of Ton BNPIantation  :.ss s v v weses rnassssmssinsssvis ise sss s sespmanenpasiiss i s sostis 295

The Future of DOPINEG,  «xivsssnces ivs iss v swssns sswssassmosss o sue ves sessaessisssssns sus eon 6655958 297

RevIew TOPICS  oirsvonrsosins svh sui i ion s 185 aiivamisdins shasn s 455 550 o5% 68 555055 30 755 558 594 55255 297

REFETOIICES. & uun sinass i sosius sus o ivs 638 555 i 5080505 605 657 5% $50 58 SFe s w08 S00550 £75 58 650 Hs 298

Layer Deposition  ......c.veieiiiiiiiiiei et e 299

INtroduction ..o e 299
Film Parameters ..........covvevviiiiiniiiiniinei e 301

Chemical Vapor Deposition Basies  ....c..csssessssesessossvssvessssvesarsans sussss sos snonsvsn 302
Basic CVL) System COMPOREIE  auuuvimevas sos s sos sovanssonsven nes ses ss sy noeasess 303

CVD Process StES  wessansss vas s sws swssmsassnuns savass vas sise s sos s sassasgass v s 6o 0640 59is- 305

CVD System TYPES: s sus rus s v sws snssesaiossvnssnssdss ves sas 560 selisasan v 55 o5 o3 SRR 305

Atmospheric-Pressure CVD Systems  ..........cccoeiiiiiiiiiiiiiiiiiiiii 306
Horizontal-Tube Induction-Heated APCVD  ......ccocoiiiiiiiiiniiiiniiniiinnn, 306
Barrel Radiant-Induction-Heated APCVD ..., 307
Pancake Induction-Heated APCVD  ..........cooiiiiiiiiiiiiiiii 307
Continuous Conduction-Heated APCVD  .....c.cceviviiiiiiiiiciniinininnn, 308
Horizontal Conduction-Heated APCVD  .......ccooiiiiiiiiiiiiiiiiiieieines 309

Low-Pressure Chemical Vapor Deposition ...........ccooceviiniiiiiiiiiiiiiiniiniinin, 309
Horizontal Conduction-Convection-Heated LPCVD  ..................... 309
Ultra-High Vacuum CVD ... 310
Plasma-Enhanced CVD (PECVD) ......ccooiiiiiiiiiiiiiiiiiciiccci e 310
High-Density Plasma CVD ..o N 312

Atomic Layer Deposition  ..........ccoiiiiiiiiiiiiiiii 313

Vapor-Phase Epitaxy .....cccooiiiiiiiiiiiiiic e 315

Molecular Bttt EPHAKT  vuuoummeo: e i s von somssamsmsannaigann vos sasmsasaivssgs ron s aomiss 315

MePalorEatitiVID  couperrenversany son e ven yrasarermpmsmney erpges con ven gragenanagenn pe vas gosgaagsy 317

Déposited FIIMSE  coosvesnrsosesse st ron s s s s aniannes soiesss 6 v sreseons sononrs igs 051 08 enedus 318

Deposited SeMICORAUCIOTS  wixes s e sos ssvsssammonsysssses ge ss sws sssnwsnins sos 5 soesyonesins 318

Epitaxial SIHEON  eumvenonmmss sossws son smvummswsnssunasmmunss yon ses s o somunsmsass nea 55s one ke osg 318

Polysilicon and Amorphous Silicon Deposition ............ccociiiiiiiiiiiii. 324



13

14

SOS and SO .: .o a5s s srem 550 5058 5558 s s 50 %8 SEFRPRREEHES 5% 154 03 SHFURITTEGTAN woH ¥aN REIHOFS 325

Gallium Arsenide on SIlICON  ...coviviiiviniiniiiiiiiiia s 326
Insulators and DIelectrics: ic. ssssssus s s s sswssssnasssoses voeoss sor sivasseanssins sse savaoes 326
Silicon Dioxide  ..ccissierssson s sss vss ws sanwsusasoss sos s o e R T 5 e 326
Doped Silicon DIoxide: i e e ses desssssvas saism o s vossvmasasimsens s vois s s 327
SIlCOTL NIEEIAR oo ss 505 s 5 5o 5as 598 590 63 687 FE0 S0 S HETS 50 K03 358 E0R a6 s 328
High-k and Low-k Dielectrics ..........cccoooiiiiiiiiiiiii, 329
CONAUCLOTS  +ovcvasoenmmesnnsmnnosmsanes nes vos sns ool i se s 6ad it K63 833 £45 40655 584 533 5% 503 SHRATS 329
RevieW TOPICS  ..cciveeeerermnenemtnnminetienninareri e inrnne e s sst sesansossasesanssasnsnsassanaone 329
O (=3 (=5 g = 330
MetalliZation  ....ccieiiiiiiiiiiiiii e s e e e aa s 333
ITHTOATCHOM ¢ o spasesmenmnscamnenon ses vn a5 45mnirsad snas S 568 en 458 40 £66 PaEPaRS 505 S8 558 555 289 333
Deposition Methots  cucussssamsos vow sss vas vowsavassvsassapass vas o susessersvsas ass sse 5o o83 sevvoss 333
Single-Layer Metal SYStems: . susse s s v sossin sssswansns sv5s aos e5s omis 56 s dom 535 554 50 s i 334
Multilevel Metal Schemes  ..........coiiiiiiiiiiiiiiiii 335
Conductors Materials ........ 505 F% 5100 £ SV BVE 5,506 5554 K45 165 £ SR ARRHNT,AEA FEH A5 05 IREAE IS 336
ATUNIINUIIN  cibiniins doasiisss doe smd 5556508 640550 6555 555 Wk 553 654 Feisaod b biss 550 54 6418 Eaivd s 336
Aluminum-Silicon ALIOYs ... 336
Aluminum-Copper ALIOy  ......ooiiiiiiiiiiiii 337
Barrier Metals ..o 338
Refractory Metals and Refractory Metal Silicides .............................. 338
PIRIES:  acouen con s sestsamiemmiemmsabie et v it wiitast st saamsiomsn it Caiii s rObst e s ot 339
SPULED DEPOBIHION  cveucmovmsmurmms o v s swmsaresmomisss s ses sbabasememass s 1o kba Sombuaibes 340
Copper Dual-Damascene PROCEES.  uvuovies ixa veu vus sqsragominsp sns ves van sxpsunvnes 345
Low-k Dielectric Materials ......ccc.ooiiiiiiiiiiiiii e 345
The Dual-Damascerie COPPEr PIOTEES:  uavees sosvas copsvpwnmsers oo vvs sewenwsamuoms 346
Barrier or LInet DeposTtion  ..ccurecsesnrssvmsns sss vss srssseveensos saw son srssssssesios 348
560 DEPOSItION  wvussossn i s o ses suvsessarassn s vas oo A7 vuassss fsh isy sapLarwinisn 348
Electtorhemical PIAHRE  oonsunsves vy ven savasresmnosuussnns sos sssvns sosgssass e 654 555 ousssamon 348
Chemical-Mechanical PYOCESSING .. .avssssssunosasnasvsonsss s5s sonssssnanass sos bss s somasmpsss 349
CVD Metal Deposition  ssusvussee sss s sssvssonssme vessn o sie s s dabiaiinesss sve 54 Soe 7wk an s 555 349
Doped POIFSICON o uw oo ves svssammsnsissnmansion sos s e o5 susnsonssm.am 455 654 665 a5as a9 349
CVD Refractory DEPOSitiON  .u.ssssesssnssases ses ssiovssvsnspasansnsson sos soissssnossss 350
Metal=Fil TSES  ..uuscusssunsas ous sms ovs vssoon shinssnsnen 65 b5 a5 o5 soniasass 605 5w siossesibnios 351
MOS Gate and Capacitor Electrodes .............ccocoviiiiniiiiiiiiiiiiiiniiinnnn, 351
Backside Metallization — ..........ccooiiiiiiiiiiii e 351
Vacuum SYSEEINS  ...ouuiiiiiiiiiiii it e e 351
Dry Mechanical PUMPS  ..ooviiiiiiniiiiiiiiiii e 352
Turbomolecular Hi-Vac Pumps  ...........ooooiiiii i, 352
RevIieW TOPICS oo 353
REfETEICES  1oviiiiiiiiii ittt et e et e et e et e e et eeea e 353
Process and Device Evaluation ....c.ccssssecssssssssessssosssossssnsssenssssessosssossssoonsss 355
IAETOAUCHON 51 555 smwwsmvasvans cas sos cas sup o smwamunsds 53 758 630 655 5 A5 3G 550 555 5 635 <65 4.5 w5 750 355
Wafer Electrical Measurements .........cccccuoieinieisnironnsienseiincensonronnns T 356
Resistance and Resistivity ..o 356
Resistivity Measurements .............oocciviiiiiiiiiniiiininiciiin 356



FOUT-POINt PTODE .ottt ettt e e e e e e e eannaes 356

Process and Device BVAIMBHON i e oo norossrpevsronss sss von srsvtmsuspuns ses cos sasawcmsaaen 358
Sheet ReSIStANICE  suumsssnsis vas s 55 dassmamsusnsmss o fod neswnons suars 553 £38 §50 snws nyns 358
Four-Point Probe Thickness Measurement ...............ccccoceiiiiiiiiiniann.., 358
Concentration or Depth Profile  .s.:cuscussseses svivonssssssssanson sss vanssosamnsnn vos 359
Secondary Ion Mass Spectrometry ... 359
Optically Modulated Optical Reflection (Thermawave) .......cccccocoeieueies 360

Physical Measurement Methods — .........cocoeiiii 360

Layer Thickness Measurements —...........ccccooiiiiiiiiiiiiimiiiiie e 360
[ @] [} SR PP 360
Spectrophotometers or Reflectometry ..........ccooiiiiiiiii. 361
Ellipsometers ...........ccooiiiiiiiiiiiiii 363
Stylus (Surface Profilometers) .............coooiiiiiiiiiiiiiiiiiii 363
PROLOACOUISHIE  covunsesior von svs vwssmamuammniis ses soe an sanniowssansis van wiis sussisweoniawes vt 365
Four-Point Probe ... ..o 365
Ultra-Thin MOSFET Gate Thickness ..........cccccooiiiiiiiiiiiiiiiiiein. 365

Gate Oxide Integrity Electrical Measurement ...........ccoooviiiiininiiiiiin, 365

JUNCHON DEPH  sosernasssensun son o cos ssovor semsmsonnssss ses pon ssmussoasugos sen soa auwasswsewen sos ve 365
GTOOVE AN SEAIN | cun sur cos vsvmer vesmasunmiass vas ses siesvmsswen sy 5o 65 565 Smsassaion s £ 365
Scanning Electron Microscope Thickness Measurement ..................... 367
Spreading Resistance Probe  ...i..ssseess cos cos sons seasissnnios sos ssessnsins sos sen sos 367
Secondary Ion Mass Spectrometry ..o, 367
Scanning Capacitance MiCIOSCOPY  .....coiviiiiiiiiniiiiiiiiciiciiciee e, 368
Carrier Illlumination Junction Depth ... 368
Critical Dimensions and Line-Width Measurements ......................... 369
Optical Image-Shearing Dimension Measurement ...................c...c.... 369
Shape Metrology and Optical Critical Dimension  ...........ccccovvvivennnnn, 370

Contamination and Defect Detection  ...............ccioiiiiiiiiiiiiiiiiiiiic e 370
1x Visual Surface Inspection TeChRiqUes  .....cccosersmos senssresssnossas vos soeses 370
I Collirnated LIBIE s s vervorvsivnssson i es korsssmussass ass o purssssessess vas s sas 370
12 TIIEHAVAOIEE s o ss o e e ssmws weon i e 5 o i s s e 5438 S SRS 50 O 8516 36 372
Microscope Techniques  ...........oouiiiiiniiiiii e 372
Automated In-Line Defect Inspection Systems  .........coccvvvviviiiiiiiinnnns 376

General Suzface' ChatactetiZation.  sosavussssssses ins nossarensssasss ses vossanasissss s s 553 378
Atomic FOTce MICTOSCOPY'  cvovssnssvsoes von sus nursssnsansos nes s sssessonsssns e 555 os 378
SCATOMEITY  vurs ve ron s sovsoruarennsson sen o3 ras sursusnaswsoniss sersensssssasyon vee o5 156 380

Contathination Identification  ....essssssmsommsssss sos son sesssassmsana sas s sasebsaes s 595 sse o6 380
Anger Electron SPECTOSCOPY  .oassssses s ses swsssuesas v 655 iss sws semm s 653 bot s 554 380
Electron Spectroscope for Chemical Analysis ..........cccccevieiiiniiiiinnenns 381
Time of Flight Secondary lon Mass Spectrometry ............................. 381
Evaluation of Stack Thickness and Composition ...............cc..o.ceie, 382

Device Electrical Measurements ............coveiiiiiiiiiiiininiiiniieie e 382
EqUipment ... e 383
RESISIOTS oo 383
DiIodes  .oviiiii 384
Bipolar Transistors —.............cooooiiiiiiiiiiii 386
MOS TranSiStOIS  .....uieiiieiiiiiiiiiiaieie ettt 387



15

16

Capacitance-Voltage Profiling  ...........ccoooiiiiiiiiiii e, 387

Device Failure Analysis—Emission Microscopy  .......cccccoeviveiiieiiniinnns 390
ReVIEW TOPICS  ...uovveuscserersenmrannsmennennns snisssinnisnssanansess sos sos sussss soasminvases s ise 390
REFEXONEES  .vvenrerrenssneommensomensnmnomnmbbnniss o §ol 55008 6lnsis A8 Hois 6 8% S0 SIS 905500 694 391
The Business of Wafer Fabrication  ........cceciiniiiiiiiiieiiiiiiiiicisneccnsnenes 393
| 531 616 6 Cai o) o N PSPPI 393
Moore’s Law and the New Wafer-Fabrication Business — ..................... 393
Wafer-Fabrication COStS  ..c...oiiiiiiiiio ittt et et e ettt faeneas 394
(@775 § s 1== o E PSP 395
MBATETIAlS  susvsmmsmmonmnesis ses sas 188 65 wandawHsssssaa e g a5 ¥EP 50 DSVE ST Wibin CENISS 538 ¥ 395
EQUIPTOENL  cuussmmonsanssusvosss vor con smpassnnssonninssaivas e 5os sonsiessnssmass asssae yos 396
LaADOL .0 563 samsisimsusisess s £e5.055 d65 535 5§05 S5 AR HAEH 468 50 SEMRFRSRRNES S 485 953 308 397
Production Cost FACLOTS  ..iuiuiiiiiiiiiiciiiitiinceie i aia e e aae 397
Yield socucsnssnsmmsssamssnssns simion sivksm sws smnssasss e S 5 kR 5 ER SR 2 5 398
Yield Improvements  ............ccoiiiiiniiii e 398
Yield and Productivity ..., 399
Increasing Wafer Diameters ..., 400
BOOK-t0o-Bill RAtio  ..eeiiinitiietiie e 401
Cost of Ownership .........oooiiiiiiiiii 402
PaNET70) s ¥ Yo To) o N OO RPSOPPRPR 402
Process AUtOomation  ........oooiiiiiiiiii e 402
Wafer-Loading AULOMIAION . suuse iv5 ves von svs easasmnnsans s svs nos 678 sinsossssssas s o8 sl v 403
CIRUSIEFINE  iou oo sursurvavsmsssnsasasonsesvos 16s wonweesvmenssysene svo s yer €05 HEETAREERNDE NS 51 FETHOR 403
Wafer-Delivery AMOMALION.  .soivunvon s ssrvssssssssusinnos sas i won anwsasassssasens o5 s s o 404
Closed-Loop Control-System Automation ............ccooeviiiiiiiininnnnnn. 405
Factory-Level ATtOMAtion  .oovsunvsisss sov vsssumsosvunmansanioians vui sossvussansnssvs ms a54 6o ios 405
Equipment StARAATAS  csvusssnmses son vonson ssnssmsompismsnin qeavs 558 ksis 655 seaasansas doi ies oo s 407
Fab FIOOT LAYOUL:  cssunsunsen vuis o svnswn son anmsnos.ns #6045 555 v 6300 5566505 655 Foh 550565 407
Batch versus Single-Wafer Processing ...........cccooovviiiiniiiiiininiiinininnn. 407
GIEENL FADS .oucuniunssinss s mnsns svs snnmanssasmonsnn ismavs 4as o 500 558490550055 635 250 055 408
Statistical PTOCess CONMTOL  wuus susssnise sos mo s ssnssnssas s w608 555 svie s samsian svs a5 450 24 409
INVENYOTY CONEIOL o cumsssmnson svsssssms 5o ioe vt s7as o ass 655 56 s 557504605 555 S5 § 5500 412
Just-in-Time Inventory Control ..., 413
Quality Control and Certification—ISO 9000 ............oooiiiiiiiiiiiiiiiiiieiieeins 414
Line Organization ............coiiiiiniiiiiiiiniicr s e 414
Review TOPICS  .ooivniiiiiii 415
S 23 (T < PP 416
Introduction to Devices and Integrated Circuit Formation ............ccccceoiineie. 417
Ji31s CoTe 16 Tatn (o) o NN PP 417
Semiconductor-Device FOrmation  ......cc..vvvviiiniiiiiieniesieiiesieieiieceeienneresnnns 417
RESISTOTS ..ttt e e e e a e 418
CAPACIIOTS.  sosvmsommmesmmaneniss s sois svsbansis senss s s 87 95 458 55 S mams55 4575 475 sk s 5 420
DIOABE o conmmmninnsmmuannsion ams s s s o 550 5565 555 50,5918 5575 5306 550 4008 S8 0,503 B0 o 6 422
TEANSISEOTS: sosnssnmsismsins #o5.558 55 66 600 FS0ErRaas s 6 555 558 Find bmmnrmmimmbmms Sims S0 nionnm e 424
Field-Effect TransiStoOrs .........ccoiouuiiieieiiiieiiie e e eee e 427
Alternatives to MOSFET Scaling Challenges ............ccccoiviiiiiiiiiiciiiiiinieninn.e. 434

.16.



17

18

(@03 1s 13 ei 1) <= TEUUE O PO TP 434

Integrated-Circuit Formation ...........cooiiiiiiiii 436
Bipolar Circuit Formation ...........coooooiiiiiiiiiii e 437
MOS Integrated Circizit FOMMAon. ..o e cosrsessessamnness o seisnasses onsaes von 441
|33 .Y (@ TP 445
Silicon on Insulator Isolation  ......ociiiiiin i e 445
System ot (@) ChID ¢ isvsaessamsussansne sos ves vse 556 55ms snsess 565 075 533 vagwanss 53595 o e 446
SUPercONAIICHOrS  sasuss sus sus s soi suisuvaswamaniss 595 55 oo fauarsssie rsa ey ¥83 ie=aTarEasg 530 105 o 446
Microelectromechanical Systems ... 447
Strain GAMBES s uss ues sswsmssusssse i o3 508 508 LEFEaEs SNamme s 405 54 KEATSNSRES isg S0 53 A0 447
S F NS o (=l S PSPPI 447
Light-Emitting DIGAES:  .aomuusevsvas sos s sversosomansess sex convassonssasss s o3 onevss 447
ODIOCIECIIONICE umans snwsaamuansns e i 5o v sramssssins 555 565 553 £ SEREESERER 43 545 T3 348 448
ore) 1 o Q) | TP 448
Temperature SeNSIMG  wouse wn s sos oo sossevmsmssansns v vos 59 sos asssavesis vas 556 oo o 448
AcoUStIC Wave DeVICES  ..civviiiiiiiiiiiiiieiiiiieieisienssniiineaiseiseeseeansinnens 448
RevVIEW TOPICS  1vuiiiiiiiieii e 449
| S (S 4 =) e Lol R TS 449
Process and Device Evaluation  ....c.ccoiiiiiiiiieiiiieiiiieieieeiireiecnceeeeenseenennens 451
J Fa¥5 Yo 15Tl u o) o NN 451
(@5 oD DL 5 721 [ TP 451
Integrated CitCUit TYPES  owsussen v ses ves soxvsassansnannn s son son sowsaas s ves so gos seesssnsaane 454
LOGICICITOUIE emwmenas sos vos vos s sm s 5o smsnas o 0% 55 seSTAMEES 493 595 065 5 RS m oS 454
MemOry:GItEUIES  wvses sus vos s ous sos s smsssnamn e s 93 s swsaviamess 5s w5 ova seasmansins oo 457
Redundancy  covssamsins sve ws o e sosssuivensni s i 5 (s dunismiamissh e o6 0w oness 461
The Next Generalion:  aceiesiss s s ses s s o5 s ses s 66 598 55 56 45 87 s 0 655 556 535 G507 65 462
RevIew TOPIES  svevsvsesans s v 15 coi sonsws sosswasans ans it 578 558 60 650 s 566,96 055 6078 S 38,555 554 50 464
REefEIONCES  iuesunswessnsiesoinn ssi i 55 die 058 550 75705 4475 4775 5518 o153 ol 705 3l o T s T 5650 575 S5 somti e a3t o 464
Packaging ....ccoooveiiuiiiiii e 465
INtroduction  ..oeeiviiiiiiii e & e s s b o 465
CHIp ChafaGhetiflith .. wo wes oo i vosmmusmmes s sais s wen s smpmuapsppess poy v Sragnspeeress 58 466
Packape Funetions atid DEEIEI . cesvwsnssrorson s ses snvevs svasom ssvrsvse sposersovnsessys 5e 468
Substantial Lead SYSteml  ..cscossosmiss svpore soesns sovaasonse vos v sss soswawsssnns sas s 468
Physical PYOteCtOr  suevecomsmesunsons senses ave provne sowssonios sae s g 959 sewe snipiss vos 52 468
Environmental Protection  .......ooviirriirevriiie et eeeeeareane e 469
Heat DiSSIDAtION  wccessosnovsssoss smsnns sos sognssvsessansasinssss o as gosassmns s ag s 469
Commion PAckage PATES  woumssssrag sss cov aopuss smumssusnsniss ass son avamasasnsios 65 i3 5 469
Cleanliness and Static Control  ........c..oeviiiiiiiiiii e 471
Basic BoNding PIOCESSES  seuas e un son vo s smsassisssns 53 53 vai 456 Sasss 550 s swass 472
Wire Bonding PROCESS  cucsusssossamsenson s s s s one snassmvon ins gos v 668 amagsansns o6 54 Gois's 473
Prebonding Wafer Preparation ...........ccoooiiiiiiiiiiiiiiiiiiiiii e 473
Die Separation ... 474
Die Pick and Place  .....cooneiniiiie e 475
Die INSPection  .......oo.iiiiiii 476
Die Attach oo 476
Wire Bonding  .......cooiiiiiiiiii 477



