PLUMMER

SILICON
VLSI
TECHNOLOGY

IP Bridge Exhibit 2016
TSMC v. IP Bridge
IPR2016-01376

Page 0001




Silicon VLSI Technology

Fundamentals, Practice and Modeling

James D. Plummer
Michael Deal
Peter B. Griffin

Department of Electrical Engineering
Stanford University

Prentice Hall
a,
smmmney|  UpPper Saddle River, NJ 07458

IPR2016-01376 Page 0002



Library of Congress Cataloging-in-Publication Data
Silicon VLSI technology

. cm.

IS]I_;,N 0-13-085037-3

1. Integrated circuits—Very large scale integration—Design and
construction. 2. Silicon. 3. Silicon oxide films. 4. Metal oxide
semiconductors. 5. Silicon technology.
TK7874.75.854 2000
621.39'5—dc21 99-42845

1P

Publisher: Tom Robbins

Associate Editor: Alice Dworkin

Editorial/Production Supervision: Rose Kernan

Vice President and Editorial Director, ECS: Marcia Horton
Vice President of Production and Manufacturing: David W. Riccardi
Executive Managing Editor: Vince O’Brien

Marketing Manager: Danny Hoyt

Managing Editor: David A. George

Manufacturing Buyer: Pat Brown

Manufacturing Manager: Trudy Pisciotti

Art Director: Jayne Conte

Cover Design: Bruce Kenselaar

Editorial Assistant: Jesse Power

Copy Editor: Martha Williams

Composition: D&G Limited, LLC

Prentice ©2000 by Prentice Hall, Inc.
Upper Saddle River, New Jersey 07458

Hall

All rights reserved. No part of this book may be
reproduced, in any form or by any means,
without permission in writing from the publisher.

The author and publisher of this book have used their best efforts in preparing this book. These efforts include the
development, research, and testing of the theories and programs to determine their effectiveness. The author and
publisher make no warranty of any kind, expressed or implied, with regard to these programs or the documentation
contained in this book. The author and publisher shall not be liable in any event for incidental or consequential damages
in connection with, or arising out of, the furnishing, performance, or use of these programs.

Printed in the United States of America

09 87 6 5 4321
ISBN 0-13-085037-3

Prentice Hall International (UK) Limited, London
Prentice Hall of Australia Pty. Limited, Sydney
Prentice Hall Canada Inc., Toronto

Prentice Hall Hispanoamericana, S.A., Mexico
Prentice Hall of India Private Limited, New Delhi-
Prentice Hall of Japan, Inc., Tokyo

Pearson Education Pte., Ltd. , Singapore

Editora Prentice’ Hall do Brasil, Ltda., Rio de Janeiro

IPR2016-01376 Page 0003



T K

Contents
o I'S
- P58
2000
— ENGI
Preface., s me vovie s meon s s wagves v ios wems Savan SOWEE SRMEE TOEEE o4 564 A G Xi
Chapter 1  Introduction and Historical Perspective 1
VULl IROQUCHON. ... 1
1.2 Integrated Circuits and the Planar Process—Key Inventions That Made
It All Possible. « o s sk on was gy momns sawem soweg seaar Seb.ci 56 658 5570 56% Sk . 7
13  SemicOnAUCIOLS. . . s vass wams e s s 555 FoWEE U6 Y0 SHE N6 538 13
1.4 Semiconductor DeVICES ... .......i'ueetee ettt et 33
141 PNDiodes............... o iy WEESEIB Y IS W SIECD SRR i BTN R SRS S 33
142 MOSTIANSIStOIS « . . oottt ettt et e e e et e e 36
1.43  Bipolar Junction Transistors ... ...........vuvuureneeunnnnnnenin.. .39
1.5 Semiconductor Technology Families. ... ........ovuinineeeinineinennnnnnn.n, 41
1.6 Modern Scientific Discovery—Experiments, Theory, and
Computer SImulation. ... ...ttt e 43
1.7 The Plan FOr ThiS BOOK . ...ttt et ettt et e et e e e e e e 45
1.8 Summary of Key Ideas. .. ....ouuiinite oottt 46
19 References. ... ..o 46
1.10  Problems . s swwmn swmma smans s s sile i 56 i Soish §oF de s B ER R m 47
Chapter2  Modern CMOS Technology 49
i
¥ 2.1 IntrodUCHION. ... ..ottt ittt et e e e e e e 49
22 CMOS Process FIOW. . .. .ovnutt it e e e .50
221 The Beginning—Choosing a Substrate ...............ooeeunuennen... 51
2.22  Active Region Formation ................ Ve umeeaie s S WA 9 SRR Seie 52
223  Process Option for Device Isolation—Shallow Trench Isolation. ... ..... 57
224 Nand PWell Formation. ...........uutiuutinniieeieeinannnnnns 60
22.5  Process Options for Active Region and Well Formation................ 63
22.6  Gate FOrmation. ... .. ...uuuttt ettt et eee s 71
227 Tip or Extension (LDD) Formation. ...........c...ueeureennnnnnnn... 76
228 Source/Drain FOrmation . .. uwsu sesss sowss 6 s 6awss 68 555 66 e ae% o 80
229  Contact and Local Interconnect Formation .......................... 82
2.2.10 Multilevel Metal Formation .. .............viueriumuneennnnnenannns 84
23 Summary of Key Ideas. ........ouuiiiiiiiniiiiiie e, 90
24 Probems . ... ... 91

IPR2016-01376 Page 0004



Chapter 3  Crystal Growth, Wafer Fabrication and Basic Properties

of Silicon Wafers 93
3.1  INtrodUCHON. . .. ovvrve s reonanssoensronenessssonssassosnssanasnssosnns 93
3.2  Historical Development and Basic Concepts .......... ..ot 93

321  Crystal StIUCIUIE. ... vvvvnrssennnnsensesiosesssseiseonssinnasnns 94 |
322 DefectsinCrystals coveeverivisioriorsnnesanansasasssseceressnens. 97|
3.2.3 Raw Materials and Purification . ...........ccoiiiuiiueininnnenneennn 101 !
324  Czochralski and Float-Zone Crystal Growth Methods . ............... 102%
3.2.5 Wafer Preparation and Specification . .............ooiiiiiiiiiiinn. 105|
3.3  Manufacturing Methods and Equipment. ................ i, 109
3.4  Measurement Methods. . .. ...ortoreee it 111
3.4.1 Electrical Measurements . .. ....ovvvneininueirirrnnensnensaeesns 111}
3411 Hot Point Probe. . ..ovuueriuieeeiiiieaiiiaiaaaeenns 112
3412 Sheet ReSISTANCE . ..ot vvvuiiiiiiiienen e 113}
3413 HallEffect Measurements ............oeeneenvinnoiaenne. 115
342 Physical Measurements . .. ....oovvuuneeeeeenunnueneseecnnoens 117
3421 Defect Btches. .. .. . s sasss samss sesms s vawns sawes i ses 117
'3.422  Fourier Transform Infrared Spectroscopy (FTIR)............ 118]
3.42.3 Electron MICTOSCOPY s s wis siataies siatasis oo o swisies s siee s 119,
3.5 Models and Simulation. .................. P 121
3.5.1 Czochralski Crystal Growth .....covurienirninrernnneiiisrionnnns 122
3.5.2 Dopant Incorporation during CZ Crystal Growth.................... 125
3.53 Zone Refiningand FZ Growth. . .............oooiiiiiiiiinn. 128]
3.54 PoInt Defects. ... .. .5 i aess sewss naees deams s i wakas mams v s 131]
3.5.5 Oxygen in STHCON wrwas swwmwan sow b s wm somsms soomes 5a wmo sie smnes wns 138
35.6  Carbon in SHHCOM .. ... eettvee et ee et e e 142,
3.5.7  SIMUlation .. ... ...ttt e 143
3.6  Limits and Future Trends in Technologies and Models . .............. ..., 144
3.7 Summaryof KeylIdeas............oiiiiiiiiiiiiinanannninninrenioniinons 146
3.8  References. is sss i s iwisi i o ek 255 a0 s SFaeeinm Sames Meuien o8 & soms 2w 147
3.9 = Problems s ieoms inmas s 65 s i S5 S8 ST 78 WAN T weSE SRR S sies wesem 148
Chapter 4  Semiconductor Manufacturing—Clean Rooms, Wafer Cleaning,

and Gettering 151
4.1 IntrodUCHON. . - oottt et e 151
42  Historical Development and Basic Concepts ......... ... ... 154

421 Level 1 Contamination Reduction: Clean Factories. . ................. 157
422  Level 2 Contamination Reduction: Wafer Cleaning. . ................. 159
423  Level 3 Contamination Reduction: Gettering. . . .............c..on.. 161
4.3  Manufacturing Methods and Equipment. . ........ ... 165
431 Level 1 Contamination Reduction: Clean Factories. .. ................ 165
432  Level 2 Contamination Reduction: Wafer Cleaning. .. ................ 166
433 Level 3 Contamination Reduction: Gettering. .. ........ccooovno..... 167
4.4 Measurement Methods. . . ..ottt 169
4.41 Level 1 Contamination Reduction: Clean Factories. . ................. 169

IPR2016-01376 Page 0005



Chapter 5

Contents E‘.‘*‘fggﬁ;é“g §ﬂ

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

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

4.5  Models and Simulation. ... ... .. .. e 180
45.1 Level 1 Contamination Reduction: Clean Factories. . ................. 181

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

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

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

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

4533  Step 3:Trapping the Metal Atoms at the Gettering Site....... 190

4.6 Limits and Future Trends in Technologies and Models ....................... 193
4.7  Summary of Key Ideas . . 5w sy v an noase 678 i sabeh i 508 GoRas i o0 o 5 s » 196
477  References yuwan snasi gesans Sa9as wl soges saes GO0 i Fab seden U e o SF Ve 3 196
4.9  Problems . v s e v cuwes se i 5 a0 9 e SEea 69 @ ST 4 SR 5 5 R s 198
Lithography 201
51  Introduction.........%....... .. ¢e ses b FAEEH 55097 5 058 VPROR 58 GO0 L w5008 & 201
5.2  Historical Development and Basic Concepts ........oovvniiinnvrennnnnen.. 203
521 LightSources..................... 3o ETEEE S ST I S 5 S S S 206

522  Waler EXpoSure SYSCIMS s ws wan i s swcsss wearos womvas 5 S o 0o wves & 208

5.22.1 Optics Basics—Ray Tracing and lefractlon ................ 209

5222 Projection Systems (Fraunhofer Diffraction)................ 212

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

523 Photoresists..............oueen .. patasi SFsns velss B9 58 ¥ SFaes & 221

5231 g-line and i-line Resists . . . . .« cowin va v vawin s e s wssas s 223

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

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

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

5.3  Manufacturing Methods and Equipment. . ........oiiniiniiinninnennninnn.. 234
531  Wafer Exposure SYSteIS . sy sies s sl vaie s soile s siels’sis g 5els i §asa § 234

532 PhOtOTESIStS . . . ... ... ... i s i wemwas e 5 s waiis &% we% o Fe@ i o 238

54  Measurement Methods. . . ... .. . s s sa sanes o i soems samesss @ wes i SawErs 241
541  Measurement of Mask Features and Defects . ....................... 242

542 Measurement of Resist Patterns. . ......... ..ot iiiiiininninnennn. 244

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

55  Models and Simulationssiess sesen v siesieissn s o8 sens e 6 G S 8 FewTE ¢ 246
2551  Waler Exposure SySIeMS v s s v s wess isares ses s wawvite i weis o & 247
5.5.2  Optical Intensity Pattern in the Photoresist ...............c.coovun.n. 253

5.53  Photoresist EXPOSUIC . « ¢ . vvuvttuee ettt eteeenneenenns 259
553.1 g-lineandi-line DNQResists. .........oouiiniiinnninn... 259

5532 DUV Resists. . . .. s i ioiwin wad e vamas 608 o Sefeh oo 50t o0 s 263

55.4 Postexposure Bake (PEB).......... 0 e o ssresis 5o a0 66550 5e siais e s 264
5541 g-line andi-line DNQResists. . ........ooiiiieiinniinn. 264

5542 DUV RESISLS. . ¢ e smonenmon i siom st siaisnite svsne a2t s@isys wimss s 266

5.5.5 -Photoresist Developing . ... .....uuuiiuiuniirneeninneeeneinnnenns 267

5.5.6 Photoresist Postbake . ............iiiii . el SR 270
' IPR2016-01376 Page 0006



n Contents

N

Chapter

Chaptgl‘ 7

5.6  Limits and Future Trends in Technologies and Models . ........ ..ot 272
5.6.1 Electron Beam Lithography ...........cooiiiiiiiiiennieerreneeanns 273 |
562 X-ray Lithography . ... ...... ... .svomen vomn somios smsion op wasss da s 275 |
5.6.3 Advanced Mask Engineering . .........covuunnieiniinniiireeneians 277
5.6.4  INEW RESISIS . ot tteeiie s enssaaneanaseseenaaenneasassnsans 278
57 Summaryof KeyIdeas. .........ooiuiiiiiiinnimiiiiiiiiiiiiiinae, 281
5.8 R I EICES . .« oottt e eneasasaseentonessssssnsiosasasensasesanssnnes 281
5.9  PrODICINS . voow e siesisis 5050678 605 Sisis o6 b oras dimeia’s sieioleia o6 4lala Siolaie s oin wiisis s ole e 9 283
Thermal Oxidation and the Si/SiO; Interface 287
6.1  IDtTOQUCHION. « .« v v v e e e et te e teeenesaaaeeesaaesestosssnsnssasasssssnons 287
6.2  Historical Development and Basic Concepts .. .......oovvviiiiiiineeins 290
6.3  Manufacturing Methods and Equipment. . .......oooiiiiiiiiiiiiiiiiieee 296
6.4 Measurement Methods. . . ...ttt ittt 298
6.4.1 Physical MEASUIEMENES . . ... vvveunnmnnrereeeseansanannneesannenn. 299
6.42 Optical Measurements. .. .ooovviveenerernnerneenoraaaeaaseeneses 299
6.4.3  Electrical Measurements—The MOS Capacitor .............ccovuunn. 301
6.5 Models and Simulation. ......... ren S S BRI A BT G AR SR S SRR s 312
6.5.1  First-Order Planar Growth Kinetic —The Linear Parabolic Model .. . .. 313
6.5.2  Other Models for Planar Oxidation Kinetics ..........ocvvvvennnn... 322
6.5.3 Thin Oxide SiO; Growth Kinetics ........cviiuiiviiineiiiiinnnennns 326
6.5.4 Dependence of Growth Kinetics on Pressure. ................ovvnn. 328
6.5.5 Dependence of Growth Kinetics on Crystal Orientation .............. 329
6.5.6 Mixed Ambient Growth Kinetics. .. ... ...t 332
6.5.7 2D SiO; Growth Kinetics.,/ . . ..o vvvvuvuneeeineeiariaeiaenaenen 333 |
6.5.8 Advanced Point Defect Based Models for Oxidation ................. 339 |
6.5.9  Substrate Doping Effects. . ... 343
6.5.10 Polysilicon Oxidation. ...........ooiiieiimerirrernnnniene.. 345
6.5.11 SisN4 Growth and Oxidation Kinetics ....... ..o 347 |
6.5.12 Silicide OXidation . . .. ... vvvvve et ei i i 350 |
6.5.13 Si/SiO; Interface Charges ..........covteeereenieeiiieiiiniaeauns 352 |
6.5.14 Complete Oxidation Module Simulation .............ooiiiiininn. 357 |
6.6  Limits and Future Trends in Technologies and Models ....................... 359 |
6.7 Summaryof KeyIdeas.........coviuuiiiiiiiieiiin i iiinnrinnneanes 361
6.8  REIOICICES . ...\ttt it 361
6.9  PTODIEINS . . .y on smen ws v sse mrmse s mimam i s i momvsnece mamisd BRI SFHORAN 5w o 364
Dopant Diffusion 371
7.1 Introduction. ... ... . e 371
7.2 Historical Development and Basic Concepts .. .oin i 374
7.2.1  Dopant Solid SOlubility . . ... ... ... 375
7.2.2  Diffusion from a Macroscopic VIiewpoint ... ............oouuuuunnn... 377
7.2.3  Analytic Solutions of the Diffusion Equation. ....................... 379
7.2.4  Gaussian Solution in an Infinite Medium . .......................... 380

5.5.7 Advanced Mask Engineering ... .......oovuiiiuiiriiniiiiiinnaan, 271 |

IPR2016-01376 Page 0007




Contents

Chapter 8"

N,/

7.2.5  Gaussian Solution Neara Surface ..........cooiiiiiiiiiiiniienan. 381
7.2.6  Error-Function Solution in an Infinite Medium...................... 382
7.2.7  Error-Function Solution Near a Surface . ........ ... ... ... ......... 384
7.2.8  Intrinsic Diffusion Coefficients of Dopants in Silicon................. 386
7.2.9  Effect of Successive Diffusion Steps . ...t 388
7.2.10 Design and Evaluation of Diffused Layers.......................... 389
7.2.11 Summary of Basic Diffusion Concepts ................coiiiiiin... 392
7.3  Manufacturing Methods and Equipment. ............. ..., 392
74  Measurement Methods. suss sugm s sivas S@se o sied 63 @00 B@e 8o sedsi Wegs &6 s 395
TAL  SIMS. i vavican wean v o waguan sovwss v s 90t e 656 Sem 6% we e i & 396
742  Spreading ResSistance . . . . ... e sowios so o s ssseare siese s siwre 65 spoes o5 @ 397
743  Sheet ResiStance. ... ...........uuiiiiniiiriiinnniiiien s nns 398
7.44  Capacitance Voltage. . ... ... .t uiie ittt 399
745 TEM Cross SEction. . . ... ..... .5 o6 sivis 8 5050 50 5ie8 66 §o5% 40§ 09 805% wes 399
7.4.6 2D Electrical Measurements Using Scanning Probe Microscopy ....... 400
7.4.7 Inverse Electrical Measurements . .....oovvviii v irieevrveeeeons 402
7.5 Models and Simulation. . .......... .. . i 403
7.5.1  Numerical Solutions of the Diffusion Equation...................... 403
7.5.2  Modifications to Fick’s Laws to Account for Electric Field Effects. .. ... 406
7.5.3  Modifications to Fick’s Laws to Account for
Concentration-Dependent Diffusion. . ........... ... 409
7.54  Segregation . ..........uuuuiiiniriin ittt 413
7.5.5 Interfacial DopantPileup ....... ... ... 415
7.5.6  Summary of the Macroscopic Diffusion Approach ................... 417
7.5.7  The Physical Basis for Diffusion at an Atomic Scale.................. 417
7.5.8  Oxidation-Enhanced or -Retarded Diffusion. ..................00u 419
7.5.9 Dopant Diffusion Occurs by BothIandV .......................... 422
7.5.10 Activation Energy for Self-Diffusion and Dopant Diffusion ........... 426
7.5.11 Dopant-Defect Interactions .............c.ouiuieiiiiiiininnaennn. 426
7.5.12 Chemical Equilibrium Formulation for Dopant-Defect Interactions . . .. 432
7.5.13 Simplified Expression for Modeling. . ...........ccoiiiiiiiiiininn. 434
7.5.14 Charge State Effects..................... E 436
7.6  Limits and Future Trends in Technologiesand Models ....................... 439
7.6.1 DopingMethods. ... ...t it 440
7.6.2  Advanced Dopant Profile Modeling—Fully Kinetic Description
of Dopant-Defect INteractions . « us swses sowios aew o s ware o oo ase 440
7.7 Summaryof KeyIdeas..........ooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieas 442
7.8  REOTOIMCES . . .ottt e e e 443
7.9  Problems . ... g swn ge s i 56 s5ee 65 9655 05 95 06 Gasen SeE 08 Ve Ge SeSEE S0 445
Ion Implantation 451
8.1  Introduction. .. ...........iciniu it i e 451
8.2  Historical Development and Basic Concepts ........covieuiiiiinniiiiannnn 451
8.2.1  Implants in Real Silicon—The Role of the Crystal Structure........... 461
8.3  Manufacturing Methods and Equipment. . ........ ..o iiiiiiiiiiiiiiiin, 463

IPR2016-01376 Page 0008



“ Contents

8.3 High-Enengy JMplants®. . . o. - - - - soox sowmn weems smmy sxesmis s eamm s 466

8.3.2 Ultralow Energy Implants. .. ..., 468

833 Ion Beam Heating i s 15 svsis veseh 52507 S aen 55 9657 So80RoR 0% Rasas s 469

84  Measurement Methods. . . . . .ag i vaiss e smis geam wesin 5 550 5 608 T amE s § 469
8.5 Models and Simulations. . . . .uw s smss ssamss i s s @4 @ Sk SREEE % Few 86 470
8.5.1 Nuclear StOPPING . . .o wmn sossioss sswmminms sievimn 5o eromm 50 @ ae SEwes o wms o » 471

8.5.2 Nonlocal Electronic Stopping. ..., 473

8.5.3 Local Electronic StOpPINg. .. .. v vttt ie e 474

8.5.4 Total Stopping Powers .. ... .... . w5 56 355 a6 s 55 o o 5550 o0 58 S0 - 475

8.5.5 Damage Production .:cx . samiss s savns @ ass i 06 5 evans 5 oo o 3 476

8.5.6 DamageAnnealing.......... ... i 479

8.5.7 Solid-Phase Epitaxy .........ccuiiiiiiiiiieinnnnnnennn. PP 482

8.5.8 Dopant ActiVation . . ... ...ttt e 484

8.5.9  Transient-Enhanced Diffusion .............ooiiiiiiiiiiiiiinnn. 486

8.5.10 Atomic-Level Understandingof TED .. ...... ... ... 488

8.5.11 Effects On DeviCes . . um smsmnss samadn e oo oo oo s o dlih GEmaens @ e i § 497

8.6  Limits and Future Trends in Technologies and Models ....................... 499
87 Summaryof Keyldeas......... ... i e 500
8.8 References.......... 556 senis seies V506 5oson 9 den 5 5o6 Seienes o 5ed 5 s 500
89 Problems ........... T % GG R SRR RERA SV T § weG S IOREE @ S e b 502
Chapter 9  Thin Film Deposition 509
v 9.1 INtrodUCHION. . .\ttt ettt e e e e e e e e e e 509
9.2  Historical Development and Basic Concepts ............ccovviiiinneneenn... 511
9.21  Chemical Vapor Deposition (CVD)........ ..o, 512
92.1.1 Atmospheric Pressure Chemical Vapor Deposition (APCVD). 513

9.2.1.2 Low-Pressure Chemical Vapor Deposition (LPCVD) ........ 525

9.21.3 Plasma-Enhanced Chemical Vapor Deposition (PECVD) ....527
9.2.1.4 High-Density Plasma Chemical Vapor Deposition

(HDPCVD) ..o i p e e e oo owum Ewias G 530

9.2.2  Physical Vapor Deposition (PVD) . ..., 530

0221 Evaporation ............couiiiieinrrnirioerinieeinnenn. 531

0222 Sputter Deposition ...........ouiiniiiiiiiiii i 539

9.3  Manufacturing Methods. . ., v.s s 5w 0% 565605 7% 6 5OEEE Ho5o0 sebey 5 E508% 8- - 554
9.3.1 Epitaxial Silicon Deposition i i ies i ses s 5o v w3 swmion de swans e 556

9.3.2  Polycrystalline Silicon Deposition . ...t 558

9.3.3  Silicon Nitride Deposition. . . s sosm ss seme s s s swe s ssaverask i ssmsss o6 561

9.3.4  Silicon Dioxide Deposition . ... ...oouuiiiitn i 563

935 Al Deposition . ... ... ... .4 i 556 5 FE8 S mesn v s w8 Sysdl 53 560545 G 565

936 Tiand Ti-W Deposition . . guis g wus s 5 5 555 o5 s 0 a0 d 0o i@k 566

937 W DEPOSItION . ... ......con e ons o von s was i dens 8% GAWEE 5 36 56 st 567

9558  TiSizrand WSisDEPOSIHION s wmnns sawass ws w5 ssmse w5 390563 5 s0mss 305 105 567

9.3.9  TIN DEPOSIION « .+« vttt ettt et ettt ee e et et ie e e eae e 568

9:3.10 Cu Deposition. . . .. .... . ass s veses i e 5560 65 50565 45 w05 5 S 570

94  Measurement Methods se i s o samas o e et e &5 4 G5 9w 572

IPR2016-01376 Page 0009



Contents oy

Chapter 10

Chapter 11

9.5 Models and SIMUlation. . . . ... .ttt e 573
95.1 Models for Deposition Simulations . .. .............. ... .. .. ... .. 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
95.1.3 Comparing CVD and PVD and Typical Parameter Values . ... 587

9.5.2 'Simulations of Deposition Using a Physically Based
Simulator, SPEEDIE . . . ... ... 590
9.5.3  Other Deposition SiMUlations e« s s sas s srew 550655 & sais 83 55 50 wioree 598
9.6 Limits and Future Trends in Technologiesand Models .. ..................... 601
9.7- Summary of Key Ideas. . ... ......iiuieiit ittt 602
9.8 R e eNCES . . o oot e e e e 603
9.9  Problems gy 5 5 s 567 58 583 ser ruove o 2800 35 HO8 SY H0F Fali 5 SHE s sovmon s 605
Etching 609
101 Introduction. .. ... ...ttt e i e e e, 609
10.2  Historical Development and Basic Concepts .. ......c.oovuiiininiinnnnn ... 612
10.2.1 Wet Etching. .. ... e e e BRI T S W EOE N R.a0 0 NEE 85 Ha s Ve 612
10.2.2 Plasma Etching . .. ..... s semes sesa us wos 00e g6 sias o5 6eses sams 619
10.2.2.1 Plasma Etching Mechanisms ...............c.ooiiiien.n.. 621
10.2.2.2 "Types of Plasma Etch SysStems . « s eme smmris 51 somex s srorommsn weams 628
10.2.2.3 Summary of Plasma Systems and Mechanisms .............. 636
10.3 Manufacturing Methods. i iwi ve gas & sames i@ 5% 55509 Topan i 5o 88 Pasen Gass 637
10.3.1 Plasma Etching Conditions and Issues ....... § SR S e B SRR saE 638
10.3.2 Plasma Etch Methods for Various Films . ........................... 643
10.3.2.1 Plasma Etching Silicon Dioxide. ........ ..., 644
10.3.2.2 Plasma Etching Polysilicon. . ........... ... ..., 647
10.3.2.3 Plasma Etching Aluminum. ............ ... ... ... ..... 649
10.4 Measurement Methods. . . . .« ; we s s s veves 95 s Lae s 5§ s 95 vasEE sevs 650
10.5 Models and Simulation. . . .. ..., .. oo. . cmems weses semess i i o SEaTEs WS 653
10.5.1 Models for Etching Simulation. ... ... iiineiiinennn.. 653
10.5.2 Etching Models—Linear EtchModel . ........... ... .. ..., 656

10.5.3 Etching Models—Saturation/Adsorption Model for
Ion-Enhanced Etching. ....... ... .. . i i 663
10.5.4 Etching Models—More Advanced Models.......................... 669
10.5.5 Other Etching Simulations . . . aswws swsws sevws i @ i w6 s s 671
10.6 Limits and Future Trends in Technologiesand Models . ...................... 675
10.7 Summaryof KeyIdeas. .. ......oviiminiiuiriiien e iiiineineaanennn, 676
10.8 References . ; u sivs s s 66 sol SPCel be G505 SOUNE SaREE DR i 05 S I S9RE Vs 677
109 Problems . ..o wew s saw s vew o i s i o5 was 66 saeas wa S R EER B s 679
Back-End Technology 681
11.1  Introductiony s sws s e s a5 i S35 Sedov ol Smie veien vee il vi s9s 5 Tunes veme 681
11.2  Historical Development and Basic Concepts ........ovviiiiiiiiiiinnnennn. 687
1121 CoNtaACSuin i wros o wimm s v s iess w0 womas o gas waii wh o et 65 wae e @i 688
11.2.2 "Interconnects and VIas. .. .. .. . s vocs e siwniss sim s om0 e e sonmess gwiss 695

IPR2016-01376 Page 0010



" Contents

1123 DHELECHTICS . . . vttt ettt et ettt e e e e 707
11.3  Manufacturing Methods and Equipment. . .............ouueiinenennnnn.... 715
11.3.1 Silicided Gates and Source/Drain Regions .. ..............o.oueuuuo... 716
11.3.2  First-level Dielectric Processing «u e veiwas swwas sosion i1 9% 65 woitss 6 i 718
11.3.3  Contact Formation . ............uuuuireeie it 719
11.3.4  Global INterconnects . . ... ...vuuuureee it teie e e eanenns 721
11.3.5 IMD Deposition and Planarization .................coueeuuennen... 723
11.3.6 Via Formation. . ........oininii it e e e et 724
11.3.7 Final Steps . . . . ... v wew e weu oy snis s sas s s weimen ooies i vsas o 725
11.4  Measurement Methods. .. ......o.uutiii i e e e 725
11.4.1 Morphological Measurements . ..............cvuvuueeernnneennnenn. 726
11.4.2 Electrical Measurements . . .. ......o.uuurueeeeeeeneeeeneeeennness 726
11.4.3 Chemical and Structural Measurements . ... ..........o.oueeeeennnn... 732
11.4.4 Mechanical MEaSUTEMENES . . ... .ottt ee et eeeee e eennnss 734
115 Models@and SimUlations s s s s st g 5 S5 5 HEEES KrEEmag 737
11.5.1  Silicide Formation. .. .. .....ouuiii it e e 738
11.5.2 Chemical-Mechanical Polishing . ..............ovuueeeiiunneennnn.. 744
1153 Reflow « oo 746
11.5.4 Grain Growth . . . sax sy vsw s v e smon 55 25500E TRE6H W0EEE Fobdh v same 753
11.5.5 Diffusion in Polycrystalline Materials . ...............ovrrenneenn.n. 762
11.5.6  Electromigration. .. ........c.ouuuuuuuneeeee et e s 765 |
11.6  Limits and Future Trends in Technologies and Models . ..............c.o...... 776 |
11.7 Summaryof Key Ideas. ... ... ..ot e 780
11.8 References « viwmix s s s ssogas waesn Ry SUHEH SHESE 75060 58 5ui 1S memin v mm 781
11.9 Problems e mwses sen s sones s sovas s Soeing e gie S i e 5 s 784
Appendices 787
Al  Standard Prefixes . ... ... gives svmes 5o 565 50 505 57 G5 me memmme somme simeiomm s 787
A2 Useful Conversions. . . . .. wu wew suaes sosss a4 o 85 o 68 S8 55566 S2505.5% wing 787
A3 Physical Constants ... ... ... ....uuuutiiie it e 788
A4  Physical Properties of Silicon . ..........uviiiiiniiie 788
A.5 Properties of Insulators Used in Silicon Technology ......................... 789
A.6  Color Chart for Deposited SisN4 Films Observed Perpendicularly under
Daylight Fluorescent Lighting. . . s siew s susisie s asis 576556 di06.60 58 soisms oy s 789
A.7  Color Chart for Thermally Grown SiO; Films Observed Perpendlcularly
under Daylight Fluorescent Lighting . ................ .. ... ............ 790
A8 Trwin CUIVES ..ottt e e e e e e e e e 791
A9  Error Function; weais sewss seieh @oies e wommmmms < e e 793
A.10Q List of Important Symbols .z wiwas sewas sowan pasien i sen i sl s d6ea 55 50005 » 797
A.11 List of COMMON ACTONYINS 4 sy s ssssinds s wouiatons % #ek i 0 Hame 29 R § 798
Ad2 TablesInText. .. ...t 801
A.13 Answers to Selected Problems .. ..........cciiiiiiiiiiiiiiii . 802
Index 805

IPR2016-01376 Page 0011



Historical Development and Basic Concepts [mmpep=pa
227 |
WERT N

5.2.3.3 Basic Properties and Characterization of Resists

Fraction of Resist Remaining

Two basic parameters are often used to describe the properties of photoresists: contrast
and the Critical Modulation Transfer Function (CMTF). We will define these terms and
explain their importance in the following paragraphs. Contrast is really a measure of the
resist’s ability to distinguish light from dark areas in the aerial image the exposure sys-
tem produces. As we have seen, diffraction effects and perhaps other imperfections in
the exposure system result in an aerial image that does not have abrupt transitions from
dark to light. An important question is how the resist responds to the “gray” region at
the edges of features in the aerial image. '

Contrast is an experimentally determined parameter for each resist and its value is
extracted from plots like that shown in Figure 5-20. The data from which these plots can
be derived are obtained by exposing resist layers to a variety of exposure doses. Each
of the samples is then developed for a fixed period of time and the thickness of the pho-
toresist remaining after developing is measured. For positive resists, samples receiving
small exposure doses will not be attacked by the developer to any appreciable extent;
those receiving large doses will completely dissolve in the developer. Intermediate
doses will result in partial dissolution of the resist. For negative resists, the opposite be-
havior occurs. Given data like those shown in the figure, the contrast is simply the slope
of the steep part of the curve, defined as

1

y= (5.13)

0
10g10b‘:;

where Qo is the dose at which the exposure first begins to have an effect and Qris the
dose at which exposure is complete.

Typical g-line and i-line resists achieve contrasts of 2-3 and Qy values of about 100 mJ
em~2 DUV resists achieve significantly better contrast and better sensitivities than this.
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Resist g Resist
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Flgur05-201deallzed contrast curves for positive and negative resists.
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This is basically because the chemical amplification that occurs in DUV resists steepens
the transition from the unexposed to the exposed condition. (Once the reaction is be-
gun, the catalytic nature of the process carries it to completion unlike DNQ resists
where the PAC molecules in the resist must be exposed one by one by incoming pho-
tons during the exposure.) Thus DUV resists typically achieve v values of 5 - 10 and Oy
values of about 20 — 40 mJ cm 2,

It is important to note, however, that vy is not a constant for a particular resist com-
position. Rather, the experimentally extracted value of y depends on process parame-
ters like the development chemistry, bake times, temperatures before and after
exposure, the wavelength of the exposing light, and the underlying structure of the
wafer on which the resist is spun. In general it is desirable to have a resist with a high
contrast because this produces better (steeper) edge profiles in the developed resist
patterns. (See Figure 5-21.) Intuitively, this arises because a high contrast implies that
the resist sharply distinguishes between dark and light areas in the aerial image. Thus
resists with high contrast can actually “sharpen up” a poor aerial image.

The Modulation Transfer Function (MTF) of the aerial image was defined in Eq.
(5.9) and in Figure 5-10. The MTF is simply a measure of the “dark” versus “light” in-
tensities in the aerial image produced by the exposure system. It is often useful to de-
fine a similar quantity for the resist, in this case called the Critical MTF or CMTF. The
CMTF is roughly the minimum optical transfer function necessary to resolve a pattern
in the resist.

_%_ Qo_louT -1
resist Qf il QO - 101/1 +1

CMT. (5.14)

Typical CMTF values for g-line and i-line resists are around 0.4. With their higher vy val-
ues, chemically amplified DUV resists.achieve significantly smaller CMTF values

(= 0.1 - 0.2). The significance of this number is that the CMTF must be less than the
aerial image MTF if the resist is going to resolve the aerial image.

Aerial Image
2 10
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=S I e E” (R ) Nt O
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5
5 025 %
=4
0 P
. Position

Figure 521 Example of how the quality of the aerial image and the resist contrast com-
bine to produce the resist edge profile. The left side shows a sharp aerial image and steep re-
sist edges (gray area). The example on the right shows a poorer aerial image and the resulting
gradual edges on the resist profile.
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Ideal
Aerial Image

Exposing Light

il i
i

Flgure '5-22 Exposure process associated with Figures 2-36 and 2-37 in the CMOS
process in Chapter 2. The black bars in the aerial image represent areas on the mask that are
opaque and hence ideally no photons strike the resist in these areas.

To this point in our discussion of resists we have effectively treated them as having
uniform thickness and we have also treated the exposure process as occurring simulta-
neously throughout the volume of the resist material. In fact, neither of these is a very
good assumption in many cases. Figure 5-22 illustrates some of these issues. Notice in
that figure that the resist thickness tends to be nonuniform across the wafer because it
is spun on as a liquid and therefore tends to fill in the “hills and valleys” of the underly-
ing topography. The exposure process therefore often has to contend with exposing dif-
ferent regions with different thicknesses of resist. Effectively the resist is thinner on top
of high structures and thicker over low lying structures. This may be a particular prob-
Jem at the edges of underlying thin films where the resist thickness can change abruptly.
The result of these effects is that the resist can be effectively underexposed where it is
thicker and overexposed where it is thinner. This can result in linewidth variations,
particularly where the photoresist features cross steps in the underlying structures.

A second issue is that the light absorption by the resist varies with depth below the
surface of the resist and it also changes with time during the exposure process. Again
imagine in connection with Figure 5-22 that the exposure process has just begun. The
PAC concentration is assumed uniform throughout the resist. As PAC molecules near
the resist surface absorb light photons, those photons are not available for exposing the
deeper layers of the resist. Thus the light concentration falls off with depth. We will
model this more carefully in Section 5.5, but to first order, the light intensity falls off ex-
ponentially with distaui";e into the resist.
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I=1E (5.15)

where z is the depth below the surface, I is the intensity at the surface, and « is the opti-
cal absorption coefficient in the resist. Thus the resist is first exposed near the top surface.

Fortunately a process known as “bleaching” occurs in g-line and i-line DNQ resists.
As the resist is exposed, the PAC is altered, absorbing less and less light, and therefore
it becomes more and more transparent. Thus as the top layers of the resist are exposed,
they transmit more of the light to the deeper layers which are subsequently exposed
This results in a more uniform exposure. The bleaching process is not surprising since
as the PAC component of these resists reacts and converts to carboxylic acid, more of
the light will pass through to the deeper layers. Detailed modeling of these effects also
has to include the light absorption by the novolac base component of the resist, as we
will see in Section 5.5. Bleaching typically does not occur in DUV resists. This is a prob-
lem with these materials because the light can reflect off surfaces below the resist dut-
ing the entire exposure. This can be mitigated by using antireflection coatings below the
DUV resist (see below) and dyes in the resist itself to minimize reflections.

If there are highly reflective layers below the photoresist, light which passes all the
way through the resist without being absorbed will be reflected by these underlying lay-
ers and pass back up through the resist again. While this may speed up the exposure
process, it also has the potential for setting up standing wave light patterns in the resist
because of constructive and destructive interference between the incoming and outgo-
ing waves. Furthermore, if the light is scattered sideways, image resolution can be de-
graded. Figures 5-23 and 5-24 illustrate these issues. In some cases an Antireflective
Coating (ARC) is deposited on the wafer prior to spinning on the resist. This can
greatly help in minimizing standing wave effects, but of course increases process com-
plexity. Another approach that is often used in g-line and i-line resists is to add dyes to
the resist, which absorb light and minimize reflections.

The “scalloped edges” illustrated in Figure 5-24 are also strongly affected by post-
baking of the resist after exposure but before development, since this heat treatment al-
lows diffusion of the PAC in g-line and.i-line resists or the PAG in DUV resists on a
limited basis. This smoothes out the standing wave pattern, It is quite possible to model
these standing wave effects and to predict the resulting resist edge patterns that result.
We will consider these issues more carefully in Section 3.5.

5.2.4 Mask Engineering— Optical Proximity Correction and Phase Shifting

In our discussion to this point, we have considered the mask to be simply a digital de-
vice. That is, it has clear areas and dark areas and the patterns of these areas represent
exactly the pattern that we wish to print in the resist on the wafer. It is actually possible
to do better than this in designing the mask if the objective is to produce the highest
quality aerial image. We will briefly discuss two approaches to doing this: Optical Prox-
imity Correction (OPC) and Phase Shift Masks (PSMs). These approaches might be
considered “mask engineering.” These methods are also sometimes called “wavefront
engineering” [5.12].
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