SILICON VLS
[TECHNOLOGY

e e —

James D. Plummer - Michael D. Deal - Peter B. Griffin

Prentice Hall Electronics and VLS| Series—Charles Sodini, Series Editor




" Chapter 1

Chapter 2

Preface. ... ... xi
Introduction and Historical Perspective 1
L1 Introducton. ............iiniit et e 1
12 Integrated Circuits and the Planar Process—Key Inventions That Made

ItAllPossible. ... ..o 7
L3 Semiconductors...........o.oiuiierinit ittt e 13
1.4 Semiconductor Devices . ... ..o.uuiit it 33

141 PNDHOdes .. ...ttt e e 33

142 MOSTIaNSISIOTS . . .o ov vttt ettt e e e e 36

143  Bipolar Junction Transistors .............ovueieinenenenrsrnnennnnn.. 39
1.5 Semiconductor Technology Families. ...................coooiiinnan. ... 41
1.6 Modern Scientific Discovery—Experiments, Theory, and

Computer Simulation. ........... ... ... i e 43
17 ThePlanForThis Book .. ...t e, 45
1.8 Summaryof KeyIdeas............oiiiniit it 46
19 References. ... .. .ottt 46
110 Problems .. ... i e 47
Modern CMOS Technology 49
21 Introduction. ..............cuuniio e 49
22 CMOSProcess FIOW. .. ..ottt et e 50

221  The Beginning—Choosing a Substrate ...........c.oovuvnvnrnennnn.. 51

222 Active Region Formation ............ e 52

223  Process Option for Device Isolation—Shallow Trench Isolation . . .. .. ... 57

224 N and PWell Formation. .......... FP 60

225  Process Options for Active Region and Well Formation. ............... 63

226 Gate Formation. ............. it 71

22.7 +Kiplor Extension (LDD) Formation. . .............c.ovuinvnunann.... 76

228 Sdurce/Drain Formation ...............ouiiuiiiiininnnnannnnins 80

229  Contact and Local Interconnect Formation .....................0..... 32

2210 Multilevel Metal Formation ...............cccoiiiiiinnnn .. 84
23  SummaryofKeyIdeas.............cooiiiiiiiiiii i 90
24 Probems ... .. 91

S g )
Y %) & *jk



o
v

Chapter3  Crystal Growth, Wafer Fabrication and Basic Properties .
of Silicon Wafers 93
31 Introduction............ooieiii i 93 1
32  Historical Development and Basic Concepts ...........covireireneenennnnnn. 93 |
' 321  Crystal Structure. . ... .ooiii e e e 94
322 Defectsin Crystals .. ....ooouitrii i i e 97 |
3.23  Raw Materials and Purification .......................ccovini.... 101 1
3.24  Czochralski and Float-Zone Crystal Growth Methods . ............... 102 1
325  Wafer Preparation and Specification...................covvuine.... 105 |
33  Manufacturing Methods and Equipment. . ...............oouievnnnnrnnn.... 109
34  Measurement Methods. . .. .....ooiuii i 111 1
341  Electrical Measurements . .........ouvvuiiiuiinneiannrnennenin... 111
3410 HotPoint Probe.. ...t 112 |
3412 SheetResistance .............cc0iiiiii i, 113
34.1.3 Hall Effect Measurements ............c.ouviinninnneennnn. 115
342 Physical Measurements ..ot 117 }
3421 DefectEtches. ... ...t 117 §
3422 Fourier Transform Infrared Spectroscopy (FTIR)............ 118
3423 Electron MiCTOSCODY - -« v vvvvtreee i ittt iiaaeeann, 119 |
3.5  Modelsand SImulation. . .......oi i e 121 ]
3.5.1 Czochralski Crystal Growth ....................oi i, 122
352  Dopant Incorporation during CZ Crystal Growth. ................... 125 |
353 ZoneRefiningand FZGrowth. .................ccoviiiniiinn... 128 ;
354 Point DefectS. .. ..ouutii i e e 131 §
355 OxygeninSilicon..........cooiiiiiiiiiiii 138 4
356 CarboninSilicon ............ i 142 3
357 SIMulation ...........iini i e e 143 ;
3.6  Limits and Future Trends in Technologies and Models ....................... 144 §
37  SummaryofKeyIdeas..........oooiiiiiiiiiiiii i 146 §
38 RefeIeNCES . .\ttt e e 147 j
39 Problems ... e, 148 |
Chapter4  Semiconductor Manufacturing—Clean Rooms, Wafer Cleaning, 3
' and Gettering 151 1
41 INtroduction. ...... i .tinntt e e e i51 1
4.2  Historical Devclbﬁmg:nt and BasicConcepts .............c.ciiiiiiiinininn, 154 3
421 Levell Contamination Reduction; Clean Factories. .................. 157 §
422  Level 2 Contamination Reduction: Wafer Cleaning. . ................. 159 §
4.2.3  Level 3 Contamination Reduction: Gettering. . ...................... 161 §
4.3  Manufacturing Methods and Equipment. . ..............oeiiivniinennenn.n. 165 4
431 Level 1 Contamination Reduction: Clean Factories................... 165 -
432  Level 2 Contamination Reduction: Wafer Cleaning. .................. 166 3
433  Level 3 Contamination Reduction; Gettering. . . ..................... 167 1
44  Measurement Methods. ........................ e 169

441 Level 1 Contamination Reduction: Clean Factories. . ................. 169




442  Level 2 Contamination Reduction: Wafer Cleaning................... 173

443 ° Level 3 Contamination Reduction: Gettering. . .......... PR 176

45  Models and Simulation. ... ...t 180
45.1  Level1 Contamination Reduction: Clean Factories. . ................. 181

452  Level 2 Contamination Reduction; Wafer Cleaning. .................. 184

4.5.3  Level 3 Contamination Reduction: Gettering. ....................... 186

4531 Step 1:Making the Metal Atoms Mobile ................... 186

4.53.2  Step 2: Metal Diffusion to the Gettering Site................ 187

4.53.3  Step 3: Trapping the Metal Atoms at the Gettering Site....... 190

4.6  Limits and Future Trends in Technologies and Models . .. .................... 193
47  SummaryofKeyIdeas........................ e et 196
47  References.............uouiiiuiniiniii 196
49  Problems ... 198
Lithography 201
51 InMroducton. ...........couuiiint it 201
52  Historical Development and Basic COncepts .............oovvueennoennn.. .. 203
521 Light SOUICES. ...\ .ivui ittt e e 206

522  Wafer EXposure SYstems .. .......oouviun e einein e, 208
5221  Optics Basics—Ray Tracing and Diffraction ................ 209

5.22.2  Projection Systems (Fraunhofer Diffraction)................ 212

5223  Contact and Proximity Systems (Fresnel Diffraction) ........ 219

523 PhotOTesistS ... .....ooutiit ettt e e 221

5231 glineandi-line Resists............covvvnervrennnnnnnn.n. 223

5232 Deep Ultraviolet (DUV) Resists. .. ......oouvrnrnnrnnnnnn. 225

5.23.3  Basic Properties and Characterization of Resists ............ 227

524  Mask Engineering—Optical Proximity Correction and Phase Shifting. . . 230

53  Manufacturing Methods and Equipment. .. ..............ooueevnoonnnnn. ... 234
531  Wafer EXposure SYstems. .. .....v.vuieneens e 234

© 532 PROtOresistS . ... ouee e 238

54  Measurement Methods. ..................... e e 241
54.1 Measurement of Mask Features and Defects . ....................... 242

542  Measurement of Resist Patterns. . . ., e 244

543  Measurement of Etched Features. . ..........oovvenrnenernennnnn... 244

5.5  Models and Simulation. . .........oi it 246
551  Walkr EXposure SYStems. . .....ovenint et 247

5.52  Optical Intensity Pattern in the Photoresist . ........................ 253

553  Photoresist EXPOSUIE . .. ..vutit et e e e e e 259

5.53.1 g-line and i-line DNQ Resists. ... ..........00uvrvnennn.... 259

5532 DUV RESIS. .. ooottetiae et ie e 263

354  Postexposure Bake (PEB)...........ovuneineinneennnnn 264

5541 g-lineandi-line DNQResists. ..........coovvnvrnernninns. 264

5542 DUVResists..........oovveeinenn.... et 266

3.5.5  Photoresist Developing . ........ N 267

5.5.6  Photoresist Postbake ............covuvrnni 270



KN -

Chapter 6

Chapter 7

5.5.7 Advanced Mask Engineering ......... et 271
5.6 Limits and Future Trends in Technologies and Models ....................... 272
361 Electron Beam Lithography ............................. ... 2734
562 Xeray Lithography ...................................... 275
563 Advanced Mask Engineering ................................. 2773
364 NewResists................coo, oo 278
37 Summary of Keyldeas.................................. ... 281
38 References......................... 281
39 Problems .......... ... 2834
Thermal Oxidation and the Si/Si0Q, Interface 287
6.1 Imtroduction........................... 2871
6.2  Historical Development and Basic Coneepts ......ovvviiiniinin . 2904
6.3  Manufacturing Methods and Equipment.......................... ... .. 296/
64 Measurement Methods. ................................ ... T 2981
641  Physical Measurements .................................... " 299
642  Optical Measurements. ... ......... e e 2993
6.4.3  Electrical Measurements—The MOS Capacitor ..................... 301
6.5  Models and Simulation. . . . . ... e e 312;
6.5.1  First-Order Planar Growth Kinetic —The Linear Parabolic Model . . . . . 313]
6.52  Other Models for Planar Oxidation Kinetics ........................ 322]
6.3.3  Thin Oxide SiO, Growth Kinetics .............................. .. 326
6.54  Dependence of Growth Kinetics on Pressure. . ... ... ... .. 3284
6.5.5 Dependence of Growth Kinetics on Crystal Orientation .............. 3294
6.5.6  Mixed Ambient Growth Kinetics................................._ 332;
6.5.7 2D SiO; Growth Kinetics. .................................. " 333
6.5.8  Advanced Point Defect Based Models for Oxidation................. 339
6.59  Substrate Doping Effects. ....................................... 343
6.5.10  Polysilicon Oxidation................... e 3451
6.5.11  8isNy Growth and Oxidation Kinetics . .. .. . . e e 347
6512 Silicide Oxidation............................ ... 350
6.5.13  SUSiO; Interface Charges ................................... " 3521
6.5.14  Complete Oxidation Module Simulation ........................ .. 357 |
6.6  Limits and Futu:cgénds in Technologies and Models ... .................... 359
6.7 Summary of Key Id¥as.............................. ... 361 |
68  References..................ooooiiii 361 |
6.9 Problems ....................... 364 1
Dopant Diffusion N
7.1 Introduction...................... 371 §
72 Historical Development and Basic Concepts ...... oot 374 §
721  Dopant Solid Solubility . . ....... P e 375 |
7.2.2  Diffusion from a Macroscopic Viewpoint . ................ ... ... .. 377 1
723 Analytic Solutions of the Diffusion Equation........................ 379

724  Gaussian Solution in an Infinite Medium .. ... ........... ... e, 380



"

725  Gaussian Solution NearaSurface .................... Nt 381
72.6  Error-Function Solutien in an Infinite Medium...................... 382
7.2.7  Error-Function Solution NearaSurface .........0.c....ouvuernoin... 384
728  Intrinsic Diffusion Coefficients of Dopants in Slhcon ................. 386
72.9  Effect of Successive Diffusion Steps .............ovvneirnrnnoon.. 388
7.2.10 Design and Evaluation of Diffused Layers.......................... 389
7211 Summary of Basic Diffusion Concepts ..............coovvronnnnnn... 392
7.3 Manufacturing Methods and Equipment. . .............oooivuernennennnn. .. 392
74 Measurement Methods. . . ..... ... oui i 395
TAL  SIMS. 396
742  Spreading Resistance...............oouuueene e, 397
743  SheetResistance................ovuiininnnunieininnni, 398
744  Capacitance VOltage. . ..........oouiieieensnne i 399
745 TEMCrossSection.............ccovvuvvnennn.s, s 399
7.46 2D Electrical Measurements Using Scanning Probe Microscopy ....... 400
74.7  Inverse Electrical Measurements . . ... ..........vvuernerneonoenn.. 402
75  Modelsand Simulation. . .. ... ...t 403
7.51  Numerical Solutions of the Diffusion Equation...................... 403
752  Modifications to Fick’s Laws to Account for Electric Field Effects. . . . . . 406
753  Modifications to Fick’s Laws to Account for

Concentration-Dependent Diffusion............................. 409
754 Segregation .........v.oeiiiiiii i 413
7.5.5 Interfacial Dopant Pileup .............ovouviuneen e, 415
756  Summary of the Macroscopic Diffusion Approach ................... 417
75.7  The Physical Basis for Diffusion at an Atomic Scale.................. 417
75.8  Oxidation-Enhanced or -Retarded Diffusion. ....................... 419
759  Dopant Diffusion Occurs by BothTand V.......................... 422
7.5.10  Activation Energy for Self-Diffusion and Dopant Diffusion . .......... 426
75.11 Dopant-Defect INteractions .. ..........oeuenvnenrrsrnrnrnnnnnnn.. 426
7.5.12  Chemical Equilibrium Formulation for Dopant-Defect Interactions . . . . 432
7.5.13 Simplified Expression for Modeling. . . e, 434
7514 Charge State Bffects. . ...... ..ot iineeainnnnn, 436
7.6 Limits and Future Trends in Technologies and Models . ...................... 439
761 DopingMethods. ..........ocoiiiiiin i 440

762  Advanced Dopant Profile Modeling—Fully Kmetlc Description
of Dopant-Defect Interactions . ... .........covvnvenennnnnnn.... 440
77 Summarp@fKey Ideas . . .. ..o.uvueverinsinieieieeeenenesn 442
T8 References..............ioiiiiiiiii i 443
79 Problems ...ttt 445
Chapter 8  lon Implantation 451
= 81  Introduction.............oiiiiiii 451
: 82  Historical Development and Basic COnNCepts .. .............oovueevnnnonn... 451
8.2.1 Implants in Real Silicon—The Role of the Crystal Structure. ... ....... 461
83  Manufacturing Methods and EQuipment. . ... .......vverornrorernen e, 463



i

83.1 High-EnergyImplants........c...ooiiuiiiiiiiiiiiii ., 466 1
832 Ultralow Energy Implants. ... .......cooiiiiiininriininnnnnnnn.. 468 §
833 lonBeamHeating ......... ...ttt ittt reeean, 469 4
84 Measurement Methods. ... ... i 469 §
85  Modelsand Simulations..............oiiii i 470 1
851 Nuclear StopPIng . ... covit ittt e i, 471 1
852 Nonlocal Electronic StOpping. . ......ooiitttvvnnniiiinee ... 473
853 Local Electromic STopping. . . ....coovrriniiiinn i 474 ;
854 Total Stopping POWEIS .. .....cuurtrneireieiniiinneiiirnnnns 475 |
855 Damage Production............oouviniiiiiiiiiniiniiariiniiaaas 476
856 Damage Annealing..........vcueuvuniriinarninarainnninrinannns 479 |
85.7 Solid-Phase Epitaxy ... ......ccoittrnneirairenneirinniinernnnns 482 §
858 Dopant ACHVALION . ... ..ottt et ii e 484 |
859  Transient-Enhanced Diffusion ..............cooi .. 486
8510 Atomic-Level Understanding of TED, ....... e 488 ;
85.11 EffectsonDevices ......................... e vt erereaaa e, 497 §
8.6  Limits and Future Trends in Technologiesand Models . ...................... 499 3
8.7 SummaryofKeylIdeas..........cooiiiiiiiiiiiiiiiii i e 500 ]
B8 REIOTEIICES . . .ottt e 500 3
89  Problems ... e 502
Chapter 9  Thin Film Deposition 509 |
01  IntroduCHOM. . . oottt et e e e e e e 509 1
9.2 Historical Development and Basic Concepts ..............coovvvnienen,, .. 511
921 Chemical Vapor Deposition (CVD).........oiviiiiniiieennnn. 512 ;
92.1.1 Atmospheric Pressure Chemical Vapor Deposition (APCVD). 513
92.1.2 Low-Pressure Chemical Vapor Deposition (LPCVD) ........ 525 §
92.1.3 Plasma-Enhanced Chemical Vapor Deposition (PECVD) . ... 527
9214 High-Density Plasma Chemical Vapor Deposition
(HDPCVD) ................ e e 530 |
9.2.2  Physical Vapor Deposition (PVD).......... e 530 |
9221 Evaporation ..................... . e 531 |
9222 Sputter Deposition ...........c..coviiiiiiiiiiiiiia. 539
93 ManufacturingMethods. . ....... ... . e 5354
931 Epitaxiab Sgljon Deposition . .. ...vuie it 556 ]
932  Polycrystallihe Silicon Deposition ..............cccvviuinenenennnn.. 558 1
9.3.3  Silicon Nitride Deposition. . ..............coo e, 561 {
93.4  Silicon Dioxide Deposition . ..........ccooiiitieiiiiiiieiienan, 563
935  AlDeposition....... ..ottt e 565
936 TandTi-WDeposition...........iciiiiiiiiiiiiiii ... 566
937  WDePOSION ..ottt e 567 |
038 TiSizandWSizDeposition............ovvvriiiiiii ittt 567 1
939 TNDeposition.........coiiiriiinirreenl ittt inininnnns, 568 3

0310 CuDeposition. . .....ovinturr it iarn et it 570 §
94 Measurement Methods. ... ... i i ittt ree et 572 %




-

9.5 Modelsand Simulation. ... i e e 573
9.5.1 Models for Deposition Simulations . ...........c..ccoveiviinrrren... 573
9.5.1.1  Models in Physically Based Simulators Such as SPEEDIE . ... 574
9.5.1.2 Models for Different Types of Deposition Systems. .......... 582
9.5.1.3 Comparing CVD and PVD and Typical Parameter Values . . .. 587
9.52  Simulations of Deposition Using a Physically Based
Simulator, SPEEDIE ... ........oiiiiiiiiiiiiiiieiianennns 590
9.5.3  Other Deposition Simulations ...............ccvvinriiinnrnnnenn. 598
9.6  Limits and Future Trends in Technologiesand Models ....................... 601
9.7 Summaryof KeyIdeas...........oiuiitiiiiiiiiiiiiiiiiieiienann, 602
L L (3 Tt 603
9.9 Problems ... 605
[ Chapter 10 Etching 609
1 101 Introduction. ... ... ittt it e 609
10.2  Historical Development and BasicConcepts ...........o.vveviienneennnnn.. 612
1021 WetEtching. ... i i e s 612
1022 PlasmaEtching........ ... i 619
10.2.2.1 Plasma Etching Mechanisms ..................ccvvnn.... 621
10222 Typesof Plasma EtchSystems........................ ..., 628
10.2.2.3 Summary of Plasma Systems and Mechanisms .............. 636
103 Manufacturing Methods. . .......ooo. it 637
10.3.1 Plasma Etching Conditionsand Issues ...............ccovvveinnns, 638
1032 Plasma Etch Methods for Various Films . ........................... 643
10.3.2.1 Plasma Etching Silicon Dioxide..............c.covvunn... 644
10.3.2.2 Plasma Etching Polysilicon............................ ... 647
10.3.2.3 Plasma Etching Aluminum. ...................cc0vveunns, 649
104 Measurement Methods. ........ ..ottt e 650
10.5 Models and Simulation. ..........ccooiiiiiiiii i PP 653
10.5.1 Models for Etching Simulation................... ... . ooia..L. 653
10.5.2 Etching Models—Linear EtchModel ....................coiuinl, 656
10.5.3 Etching Models—Saturation/Adsorption Model for
Ion-Enhanced Etching. .................... oo, 663
1054 Etching Models—More Advanced Models.......................... 669
\ 10.5.5 Other Etching Simulations ...............0iiiiiiiiiiinvnn... 671
| 10.6  Limits and Future Trends in Technologiesand Models . ...................... 675
10.7 Summaryof KeyIdeas.........oouuvirniininiiii it ienennennes 676
10.8  Referehdygt .. ... e e 677
10.9  Problems ......ee it e e e 679
Chapter 11 Back-End Technology ' 681
111 Imtroduction. ... ..ei it it e e e e s 681
112 Historical Development and Basic Concepts .........ovvviuieiennnainnns. 687
B 1 1 T - 688

11.2.2 Interconnects and Vias......... e e e ettt 695



N

1123 Dielectrics .. ..oovunt ittt PO
113 Manufacturing Methods and Equipment. ................ooooeeeeoonnnnn. ..
1131 Silicided Gates and Source/Drain Regions..........................
1132 First-level Dielectric Processing . ................vuuunnnnonnnnn. .,
11.3.3  Contact Formation . . .......v\uuieuneeee oo
11.3.4  Global INterconnects .............veuuiernrerneinsnnn .
113.5 IMD Deposition and Planarization ................................
1136 ViaFormation...................... et e,
1137 Final Steps.......uuvereiniissee e
114 Measurement Methods. .. .........ooovieeen et
114.1 Morphological Measurements .................covvenooennnennnn...
1142 Electrical MeaSurements . . . .. ..........o.oeeeennssonnnnseonnnn
1143 Chemical and Structural Measurements .. ..........................
11.44 Mechanical Measurements . ..............c.oeunrunnrnsinnnnnnns
11.5 Models and Simuiation. ........................... et e aaaaa s
11.5.1 Silicide Formation. .................... e
11.5.2 Chemical-Mechanical Polishing .................covvoomoinnnnnn. ..
B i
1154 GrainGrowth............oooiiiiiine i
11.5.5 Diffusion in Polycrystalline Materials ....................oooooon...
1156 Electromigration. ................oouiveeinvrnennnnnnnnn, e,
11.6  Limits and Future Trends in Technologies and Models .......................
11.7 Summary of Key Ideas. . . .......ueriuiiiiiine e iee e
118 References.........u.iiuuunnuniiniiin e
119 Problems ...... ...ttt e
Appendices
Al Standard Prefixes .. ...........iuiiiii
A2 Useful CONVErsions. . ........uuuuuie et
A3 Physical Constants .............ccueurvnrnrernninns. et
A4 Physical Properties of SICON ...........ovieeneiii
A5 Properties of Insulators Used in Silicon Technology ...c.........ooouiui.....
A6 Color Chart for Deposited SisN; Films Observed Perpendicularly under
Daylight Fluorescent Lighting. . . ................ .00 oveiniiinnn .
A7 Color Chart for Thermally Grown SiQ; Films Observed Perpendicularly
under Daylight‘Pl;ﬂrescent Lighting............oooiiiiiiiiiii i,
A8 IwInCUIVES ...ttt it e e e e e
A9 Error Function. ...... ... iuiui i
A0 List of Important Symbols. ... ..........u.oiiueneiae i,
A1l Listof Common ACTONYIMS . ...\ vt e s e e
Al2 TablesinText.......oo.iiiuiiniti it
A.l13 Answersto Selected Problems .. .............ocouieinsee

Index




