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Foreword

This book presents the proceedings of two workshops which consider the latest
techniques in silicon material preparation and economical methods for wafering
silicon ingots. The information detailed will be of interest to those in the fields
of materials research and semiconductors, as well as those involved in photovol-
taic technology.

The silicon material preparation workshop, Part | of the book, discusses the
chemistry and chemical engineering relating to the preparation of semiconduc-
tor-grade polysilicon; it reviews the status of preparation technologies and iden-
tifies critical barriers to improved processes and experimental programs to ad-
dress the technical problems. Six subsections specifically cover silicon produc-
tion and purity; thermodynamics, kinetics, and mechanisms; particle formation
and growth; deposition in fluidized-bed reactors; chemical vapor deposition; and
alternative polysilicon processes.

The objectives of the workshop on economical wafering methods, covered in
Part Il, were to clarify and define the state of the art in silicon wafering, to ex-
plore innovative ideas on wafering, and to stimulate the productive exchange of
technology. The various aspects of ingot wafering covered in the workshop ses-
sions were fixed- and free-abrasive sawing; wire, 1D, and multiblade sawing; ma-
terials; mechanisms; characterization; economics; and new technology.

The information in the book is from:

Proceedings of the Flat-Plate Solar Array Workshop on the
Science of Silicon Material Preparation (August 23, 24, and 25,
1982, The Pointe, Phoenix, Arizona), edited by Ralph Lutwack,
Jet Propulsion Laboratory, California Institute of Technology for
the U.S. Department of Energy, February 1983.



vi Foreword

Proceedings of the Low-Cost Solar Array Wafering Workshop
(8-10 June, 1981, The Pointe, Phoenix, Arizona), edited by
Andrew Morrison, Jet Propulsion Laboratory, California Institute
of Technology for the U.S. Department of Energy, February
1982.

The papers presented here are as they were submitted for the workshops, and
the discussions which follow were transcribed and edited from tapes of the
actual workshop sessions. Workshop participant lists are included with each Part
to facilitate identification of discussion participants. The table of contents is
organized in such a way as to serve as a subject index and provides easy access
to the information contained in the book.

Advanced composition and production methods developed by
Noyes Publications are employed to bring this durably bound
book to you in a minimum of time. Special techniques are used
to close the gap between ““manuscript’’ and ““completed book."”
In order to keep the price of the book to a reasonable level, it
has been partially reproduced by photo-offset directly from the
original reports and the cost saving passed on to the reader. Due
to this method of publishing, certain portions of the book and
several illustrations may be less legible than desired.

NOTICE

This report was prepared as an account of work
sponsored by the U.S. Department of Energy.
Neither the United States Government nor any
agency thereof, nor any of their employees, nor
the publisher, makes any warranty, express or
implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process
disclosed, or represents that its use would not
infringe privately owned rights.

Reference herein to any specific commercial prod-
uct, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommen-
dation, or favoring by the United States Govern-
ment or any agency thereof nor the publisher.
The views and opinions of authors expressed here-
in do not necessarily state or reflect those of the
United States Government or any agency thereof
or the publisher.



Contents and Subject Index

PART |
SILICON MATERIAL PREPARATION

SESSION I: SILICON PRODUCTION ANDPURITY ... ... ... ....... 3
The SiliconChallenge. . . . .. .......... ... ... . . . . ... 4
J.H. Lorenz
Introduction. . . . . ... . 4
The Photovoltaic Program. . . . .. .. .. ... ... ... 5
The Union Carbide Program . . . ... ... ... .. . ... 6
SiliconChallenge. . . .. ... ... i e 9
CONCIUSTIONS 4 4 4 4 5 66 5w 5 2 % o o o = mommon o o s s wrm w s s v s s s 10
Discussion . . . ... ... 14
Silicon Purity: Impact on Crystal Growth and Silicon Properties
for Photovoltaic Applications . . . ............. ... ... .. 15
R.H. Hopkins, J.R. Davis and A. Rohatgi
INEFOAUCTION: & 5 & 5.5 55 5 5 5 S5 5.6 5 1 5 womm o o o o mimm o o o o mimom o oo = 15
Impurity Redistribution During Silicon Crystallization. . . .. ....... 16
Macrosegregation. . . . . . . . . . e e e e e 16
Microsegregation . . . . . . . o it it e e e 17
Impurity Redistribution in the Solid State . . . .. ... ............ 19
CoNnClUSIONS . . . . . e e 21
References. . . . .. .. 22
Discussion . . . . . .. .. e 28
SESSION II: THERMODYNAMICS, KINETICS, AND MECHANISMS. . . .. 29
Chlorosilane Thermodynamic Equilibria Calculations with Applications
to High Purity Silicon Preparation . . ... .. ...................... 30
Henry F. Erk
Introduction. . . . . . . .. ... 30
Thermodynamic Model and Its Solution . .. .. ................ 31

vif



viii Contents and Subject Index

Thermodynamic Property Bases. . . .. .. ... . ... .. .. .. ...... 34
Applications to Industrial Process. . . ... ... ...... ... ........ 35
Manufacture of Trichlorosilane . .. ... ... ... ............. 35
Decomposition of Trichlorosilane in High Pressure Siemens
Decomposer . . . .. . .. e e, 36
Closed-Loop Manufacture of Silicon . . . .. ... ... ........... 36
CoNCIUSIONS . . . o ot e 37
References. . . . . . .. 37
DisCusSiON . . . ot 45
Kinetics and Mechanisms of Chlorosilane Decomposition . . . ... ... ... .. 48
Donald L. Bailey
Hydrogen Chloride-Silicon Reaction . . . ... ... ... ............. 48
Disproportionation and Redistribution of Chlorosilanes . . . ... ... .. 49
Hydrogenation of Silicon Tetrachloride. . . . ... ............... 50
Thermal Decompositions . . .. ... ... 51
Thermodynamic Equilibria . . .. .. ... .. ... . .. 51
Kinetic Considerations . . . . . .. .o i it e e e e e 53
MECRANISINS: 4w 5 5 3 mm s & 58 G 66 5 55 5 GEEE E 55 bimbleo o s o ormmo s oo 54
DICHIOTOSTIANES o ¢ ¢ 5 wme 5 5 5 618 #5 §.675 5 5H 5 5 2 s bromwen o s worio o o v o 55
BiblIOGraPiiYs sis 5 5 5 5w @5 5 5 5. 55E © 55 @ e 0 s s mmmon o o oo o 56
DIISCUSSTON i & 5 5 555 5 8 6 5 o0 56 4 5 = o s e o s o roaton o o a wimtom s & v @ 57
Kinetics and Mechanism of the Silane Decomposition. . . .. ............ 58
Morey A. Ring and H. Edward O’Neal
References. . . . .. . . 63
Discussion . . . . . oo 68
Session Il General Discussion. . . . .. ....... ... ... ... .. ... ... 70
SESSION Iil: PARTICLE FORMATION AND GROWTH . ............ 71
Homogeneous Gas-Phase Condensation of Silicon by Shock Wave Induced
Decomposition of SiH,. . . . . . . .. 72
J. Steinwandel, Th. Dietz, J. Hoeschele and M. Hauser
ITREROAUCEION, < 5 5 wmm s+ 5 6 598 8 55 BEK 555 5 0 sid s e ee mmm e o o o 72
Experimental Procedure . . .. ... ... ... . ... ... 73
The Detection of Silicon Atoms . . . . .. ... ... 74
The Detection of Silicon Dimers. . .. . ... ... ... .. ... . ... ... 75
The Detection of Silicon Clusters . . . . ... ...... ... .. ........ 77
Conclusion. . . . ..o, 79
References. . . . . . . 80
Discussion . . ... .. ... 81
Kinetics of Particle Growth in Silane Systems . . . . . ... . ... .. ... ..... 82
C.R. Dickson and W. Felder
INEFOAUGLION: 5 & 4w ¢ 6 % 555 55 5 5 5 mim e s o o mmio v o s = wmim o o e s 82
Experimental . . . ..ot iin i e e e e e e e e 83
Results and Discussion . . . . .. .. ... 85
Light Scattering and Extinction . . . .. .................... 85
Particle Growth Rates . . ... ... ... .. .. 85
Silane Decomposition. . . . ... .. ... 87



Contents and Subject Index ix

ConClUSIONS « v v s 55 o m e b5 s RBFH s PRER I8 FHER 55 GREE § 88
BETErEniCos . . oww v o » oot #5860 mam d 655 ¥5F 385 poimneisi sess 88
DIiSCUSSION & v ot v e e e e e e e e e e e e e e e e e e e e e e e e e e e 92
Submicron Particle Size Measurement . . . . .. ... ... ... ... .. .. ... 93
Don Pettit and Thomas Peterson
D iSCUSSTON o s 5 2 8 @i £ 6 5 5 SI6@E 6 5 8 BHEME § 5 8 NERE 555 B &5 53w 96
Factors Governing Particle Size in the Free Space Reactor. . . . .. ........ 97
R.C. Flagan and M.K. Alam
INtrodUCTiON. . . ot i o e e e e e e e e e e e e e e e e e e 97
TREOIY ot e e e e 98
Sectional Model Calculations. . .. ... ... .. ... ... ..., 98
Maximum Particle Size. . . . . . .. it e 99
Nucleation in the Presence of a Growing Aerosol. . . ... ....... 100
Conclusions : : meme s 5 sosm 8 5 G8E 6§35 SOEEE s s EEES 5 6 &0 102
ReferenCes . . sme s i s s 558858 DHEE 55 HESSE 85 FAEHE 18 DAME ¢ 103
DISEUSSION . « oo v o 0 siimes 6 § 8 58 5§56 GEF 356 HEEE 455 HBEE s 106
Coherent Detection of Scattered Light from Submicron Particles . . . . . . .. 111
Donald Pettit
DiSCUSSION & o v v e e e et e e e e e e e e e e e e e 113
SESSION IV: FLUIDIZED-BED REACTOR TECHNOLOGY. ... ...... 114
The Mechanism of the Chemical Vapor Deposition of Carbon in a
Fluidized Bed of Particles . . . . . . . . .. . . i et 115
J.L. Kaae
INtrodUCLION. & . v ot e e e e e e e e e e e e e e e 115
Deposition Conditions . . . . . .o v it 116
Changes in Structure with Deposition Rate and Temperature. . . .. .. 116
Variations in the Microstructures with Deposition Rate . ......... 117
Deposition Mechanism s smw « s s sigm e s s s smEpas s pnmesss Bas s 118
BeferEntes . vowe s « 5 605 6 § 62 85H 855 SRME 53 0Ed s $BEE LS 120
DASEUSSTON « wov v« ¢« miimie o s mimim s o s m GG & ¢ mEEE S &S HEHE 126
A Model for the Growth of Dense Silicon Particles from Silane
Pyrolysisina FluidizedBed. . . . .. ............. ... ... ....... 129
Thomas J. Fitzgerald
Bed Condifions:  wwm s s s ssmmss s s aomess smmms s s Gmmessss 129
Particleto Gas Heat' Transfer. « « s « s s wwwes s mmmass s mmmss s 58 129
Adiabatic Temperature Rise from Reaction . ... ... ........... 130
Area of Newly Formed Microparticles. . . .. ................. 131
Bed Particle Temperature . . . . . . . . it ittt e et e e e 132
Thermophoresis . . . v v v i e e e e e e 132
Particle Capture by Impaction . . . . ... ... ... .. .. ... 133
Densification of Deposited Silicon . . .. .. ... ... ............. 134
REfErENCES .« o o o o e e e e e e e e e e e e 135
DISCHSSTON , vosis s s S@E G 55 S HEE 555 SFSHE 55 BHEM s BuEs s 138
Steady-State and Transient Particle Size Distribution Calculations for
Fluidized Beds . . . . . . . . .o i it e e e e e e e e e 146
Ferhan Kayihan
INtrodUCHION. . . v i o e e e e e e e e e e e e e e e e e e 146



X Contents and Subject Index

Steady-State Continuous Size Distribution. . ... ... ........... 146
Discrete Cut Particle Size Distribution. . . .. .. ... ... ......... 149
Attrition with Particle Growth or Shrinkage. . .. ... ........... 151
Variable Sizeand Density . . . . ... ... i 151
Time Dependent Particle Size Distribution Computations for

Batch Fluidized Beds . . . . . ... ... ... .. 152
Semi-Batch Fluidized Bed Reactor . . ... ................... 153
CoNnCIUSIONS . . . . oo e e e e e 155
References. . . . . ... ... 155
DisCUSSION . . . . . e e e e 156

An Update on a Mathematical Model Which Predicts the Particle

Size Distribution in a Fluidized-Bed Process . . . .. .. ............... 158
Earl S. Grimmett
INEFOAUBEION: + + soimis ¢ = s sm@i s 6 5 BRMEE 65 565 M 6 55 Gmmen » s o 158
AIEERION 55 5 s 5 5 950 5 5 5 955 6§ 3 BEE G 6 6 5 mmmm s o o mmomie s o mm 159
Description of Mathematical Model. . . .. ... ... ............. 162
Suggested Method of Incorporating Attrition Rate into Model . . . . . . 165
Has This Approach Improved the Original Model? . . . .. ... ...... 169
CoNCIUSIONS . & . o e e e e 174
References. . . ... .. . i e 176
DisCUSSION & o v et e e e e 176
Session IV General Discussion . . . .. .. .. ... .. ... ... 177
SESSION V: CHEMICAL VAPOR DEPOSITION . . . ............... 182
Reactor Models for CVD of Silicon. . . . .. ... .................... 183
Milorad P. Dudukovic
Introduction. . . . . ... 183
Thermodynamics, Kinetics and Mechanism. . . .. .. ............ 183
SiH4-H; (SiH4-Inert Gas) System . . . ... ... oo .. 183
SisHClSYSEEM: & ¢ mismic 5 5 B 65E 555 6 8w d o s amm o = o mmme o 185
Crystal Growth and Growth of Particulates . ... .............. 189
Crystal Growth . . . . . . .. e 189
Growth of Particulates . . . . .. ... ... . ... .. ... 189
Reactor Models. . . . . .. .. .. e 190
Epitaxial Reactors. . . . . ... ... . i e 191
Bell-dJar Decomposers. . . . . . v v vttt e e e e e e e 192
FIUidized Beds . s i s simwm v 58 555 85 85 556 56 5 siomim o o s mmmoe o o 193
SUMMATY: 5555 ¢ 55 § RE W% 5§ SEEE § 5 5 BB 5 o § mmmia o o o ot min oo o 193
References. . . .. i it it et e e e e e e 194
DiscuUSSION . . . . e e e 211
The Deposition of Low Defect Density Amorphous Semiconductors
by Homogeneous Chemical Vapor Deposition. . . ... ............... 212
B.A. Scott, B.S. Meyerson, J.A. Reimer, D.J. Wolford and R.M. Plecenik
INtFOAUGHION: & : v+ s st m s ¢ 5 s W miE 6 55 FEEE 552 S FFE 65 bombimmoenn 212
The HOMOCVD Experiment. .. .. ..ot ii ittt e e e 212
Film Properties: : «wic s s s ¢ 655 5 5 8 55 565 5 5 o5 mmm e s s ommo o oo 215
Deposition Chemistry. . . . . ... ... i e e 217
References. . . . . .. i it 219

DISCUSSION 5 5 5 s sisitm 5 1 5 5@ HH 2 55 BEFo5 6 2 5 budonm o o ormmo o n o orom 221



Contents and Subject Index Xi

Mechanisms in Plasma Enhanced Deposition of Silicon. . . . . ... ....... 223
Kalluri R. Sarma
INtrodUCtion. . : i cow s isome s s s Gmmiass aamadssSamsss o 223
Experimentaland Results . . . . .. ... ... .. .. .. .. . .. 224
RF PoOwWer . .. i e e e e e e 224
SHlane . . . e e e e 224
Dichlorosilane. . . . . . . . o i e 225
Trichlorosilane . . . . .. . i i e e e 225
Silicon Tetrachloride 5 v wm s s s smmos s smmm o s s simewms s 3 sme 225
Reactor @rientation: sam : 55 sssm s s s @we s s s 58EEE 55 HRBE & 225
Grain Sizeand Morphology . . . et s v om v ss oo v oo as mains s 226
DiSCUSSION & v o v v e e e e e e e e e e e e e e e e e e 226
Thermodynamics of Si-H-Cl System . . .. ................. 227
Silicon Deposition Mechanisms . . . ... ... .. ... ... 228
Kinetic Processes. . . . . v v v i it it et e e e e e e e e 228
Transport PrOGESSES s - ¢ s mas ¢ s 8 vmse s 83 Smmme i § @massss 229
CoNElUSTONS 5w : s s s@mE £ 55 GEE 358 SEEE 5 HEES § 5§ QEEE§ 3§ 230
Referencesi, « .« « : s s ¢ 4 5 9 mEe § § 6 @EE 85 SMEEE§ § SRS 76 s 230
DS CUSSION: womie « s wimisis 5 § 5 G555 3§53 PHE G55 5 BEE S § 55 RM T 55§ B 234
Chemical Vapor Deposition of Epitaxial Silicon . .................. 235
Rafael Reif
INtrodUCLION. & . o o e e e e e e e e e e e e e e e e 235
Experimental Details . ¢ « vsm v s o swwe s v wmmm o s s mmmm s = o mw 235
Experiments:and RESUIES: wiwm o o s mmwiw s 5 s mwmwe s s 8 0% v 0 0w 236
Steady:State STUAY . « sap 153 sem s s vueEs s pmEss s » @mes 236
TransientStudy . : : suww s somn s 5 s HEEE £ 5§ SPEE & 3 ©o=E 8 236
Physical Model : s s s s mames s mumes s 5 spme 1§ HRE 5655 S8E s 237
DiSCUSSION . » womow 5 5 55 58 556 SBB.0 565 HBEFi s HIMHE IS H@EG § 239
Sty -STatB. .. « « o cmm s 5 06 S s 55 HmMa I GEFE 538 RAESE 5 239
Transient Study . . . . . .o i e e e e e e 240
QUMM . o v e e e e e e e e e e e e e e e e e 240
References . . . o v v i it i e e e e e e e e e e e 241
DiSCUSSION & o v v v e e e e et e e e e e e e e e 245
Chemical Vapor Deposition of Silicon for Optical Uses. . . . ... ........ 247
M.R. Jacobson, D.C. Booth, and P. Hey
INtrodUCHION. & . v vt et e e e e e e e e e e e e e e e e e e e e 247
History of CVD; CVD of Silicon. . . . .. ... ... .. ....... 247
Physical Fundamentalsof CVD . .. ..................... 247
Engineering Fundamentalsof CVD . . . .. ................. 248
CVD a-Si for Photothermal Applications . . ... ............... 249
CVD a-Si for Photovoltaic Applications. . . . ... .............. 251
Beferences: : womnw s s s mum ¢33 5ame s 58 NNRE 55 ABE T &3 HHEE 3 253
DiSCUSSION « vimme s 5 55 38 @ 63 8 5id W i @B iss o BB@Bsss SmE 258
SESSION VI: ALTERNATIVE POLYSILICONPROCESSES. . ........ 159
Kinetics of Silicon Electrodeposition. . . . .. .. ... ... ... .......... 260
J.M. Olson and Karen Carleton
Introduction. ; « s wssesssmmmess MmmE s 63 BEmEss s Samssss 260
The Refining ProCess « - « s + s saa s s s sistasss mawmssssmms &35 260

Electrochemical Nucleation and Growth Kinetics . ............. 261



XIii Contents and Subject Index

Experimental Details
Results : svwssmunmes s aameszsmasasinsgnasis B@msasisss

Cyclic Voltammetry. . . . . ...t e e e e e e

Potential-Step Measurements
Conclusions
References
Discussion

The Hemlock Semiconductor Dichlorosilane-Based C.V.D. Process
James R. McCormick
Introduction. . . . .. .. . e e e
HSC Dichlorosilane Based CVD Process
Catalyst Evaluation . . . . .. ... .. .. . e
Dichlorosilane Safety Data
CVD Process Evaluation
Conclusions
References
Discussion

Production of Silicon by the Reduction of Silicon Tetrafluoride with

Sodium . . .. e e e e
A. Sanjurjo and K. Sancier

Introduction. . . . . .. e e e
Step 1: Precipitationof Na,SiFg . . . . ... .. ... ... ... .....
Step 2: Na,SiF4 Decomposition-SiF,; Generation
Step 3: SiF4-Na Reaction. . ... ... ... . ... ... ..
Step 4: Separation of Silicon from the Si-NaF Product Mixture. . .
Leach Separation
Melt Separation
Conclusions
References
Discussion

Workshop Participants

Workshop Organizing Committee . . . . ... ... .............000....
PART II
ECONOMICAL WAFERING METHODS

SESSION I: OPENING SESSION . ... ... .. ... . ... .. .. ...,

LSA Project Perspective of Wafering Technology
K.M. Koliwad

Introduction. . . . . . .. e e

Silicon Sheet Technology

Ingot Technology . . .. ... .. . e

Ribbon Technology . . . . . . .. ... .. . . .. e

Wafering Technology

Conclusions

Discussion



Contents and Subject Index

Comparison of Various Silicon Sawing Methods
Martin Wolf
Introduction. . . . . . . . i i e e e e e
Status of Technical Performance . ... .. ... ................
Technical Differences Between the Cutting Methods
Economic Analyses
Conclusions
References
Discussion

The Industrial Point of View
J.W. Yerkes
Advanced BZ swmi s 6 ¢ main ¢ s 5 GOE 5 5 5 5 GEE 5 S5 BEE 5 5 EEE s
Polycrystalline Blocks: : cinc s s s simmw s s smmu 96 86 smuma s 3 @@ s
Lower Cost Sawed Wafers

Some Disconnected Speculations on Slicing Silicon
P.A. lles

SESSION I1: ID TECHNOLOGY. . ... .. i e e e e
1.D. Wafering Technology
Peter Aharonyan
Slicing Influences
Economic Analysis . . . .. . it it e e
Development Projects
Discussion

Allowable Silicon Wafer Thickness vs Diameter for Ingot-Rotation
IDWafEEInG . . . « om0 o 0 cmiiis 585 0o 8555 PRG35 GEERESaBEwss s
C.P. Chen and M.H. Leipold

INtrodUcCtion. . . . .o i i it e e e e e e e e e e e e e
Fracture Mechanics Model. . . . ... .. .. .. . .
Application of Analytical Model
Technology Implications
Conclusions
References
Discussion

Current Economic and Sensitivity Analysis for I.D. Slicing of 4" and 6"
Diameter Silicon Ingots for Photovoltaic Applications
E.G. Roberts and C. Moody Johnson
Introduction
Datallnput: : somcsssnmpes s uam s i3 ap@is ORam i § HBEE s
Sample:Samics ANSIYSIS s v s s e namm s s s BwsE F s 5 SRT s 5 8 5 GEEE s
Add-On Sensitivity Analeis ............................
Comparison of 4" and 6" Diameter Slicing Add-On Cost
Conclusions
References



xiv Contents and Subject Index

DisSCUSSION & . o . i e e e e e e 363
SESSION I1I: MATERIALS . .. ... .. e e 372
Effect of Lubricant Environment on Saw Damage in Silicon Wafers . . . . . . 373

T.S. Kuan, K.K. Shih, J.A. Van Vechten and W.A. Westdorp

Introduction. . . .. . ... . e 373

Experimental Procedures . .. .. ........... ... ... 374

Experimental Results. . . .. ... ... ... 375

DISCUSSION & w5 5 51558 8 8 6 508 £ 5 § BEE E 558 6850 6 an mmm o s e 376

CONCIUSTON: 555 s 5 ¢ 5550 5 5 5 555 o o o o n o o o o min s o aman oo o 377

References. . . .. ... .. . e 377

Discussion . . . . i e e 380
Influence of Fluids on the Abrasion of Silicon by Diamond. . . . ... ... .. 381

Steven Danyluk

IAtFOdUCEION, «w : s v wamss s same 55 SREE 53 BUER L5 HDHE L5 381

Experimental Procedures . . ... ... ... ...t 382

RESURS : mummm v s s mimmass amma s s o s@mss s n@amess samass on 382

DiSCUSSTON: s s ¢ 5 515518 & 8 5 @555 5 5 BEE .6 6 5 Smmm e s o s o s o 383

SUMIMVATY . 5 o o 6 & 6 50005 5 5 5 6oin o & 5 o mocorcm o » o o omiimse o s & 4 mimon o o o 384

References. . . .. .. .. . e 390

DiSCUSSION .« . o . e e e e e e e e 391
The Uses of MAN-MADE® Diamond in Wafering Applications. . . .. ... .. 393

Daniel B. Fallon

The History of MAN-MADE® Diamond. . ... ... ... ...ooo..... 393

Why Use MAN-MADE® Diamond? . . ... ... . oot i .. 394

How Does MAN-MADE® DiamondWork?. ... ............... 396

How Is MAN-MADE® Diamond BeingUsed? . . . .............. 397

RVG. . e 397
MBG . . . . e 397
MBS . . 398
Micron Powders . . . ... . .. e 398
Borazon CBN . . . . . .. e 398

The Slicing of SiliconWafers . . . . ... ... ... . .. . .. ... . .... 398

MAN-MADE Diamond for Silicon Wafer Slicing . . ............. 399

CONCIUSTON. « w56 & 5 5 5.5 6w 5 n » Sis 6 o 5 & damom o o o o mmm e = =i = o 400
Wire-Blade Development for Fixed Abrasive Slicing Technique (Fast)

Slicing. . . . . e e e e 401
Chandra P. Khattak, Frederick Schmid and Maynard B. Smith

INtrodUCtioN s w v s ¢ « msim s s 5 Gm@ s 55 o mmnéss GET e5s s TEmaEiE 401

Advantages and Requirements of Fast Wirepacks. . .. ........... 402

Impregnated Wires. . . . . ... ... ... e 403

Electroplated Wires . . . . . . . . it it e e e e e 404

Choice of Core Wire. . . .. .. .. . ittt e e i 404
Choice of Diamonds. . . . . ... ... . i e 404

Electroforming . . . . . .. .. .. . 406

Results . . .. o e e 407

References. . ... .. i e 407

DiSCUSSTON: 5w o 5 wisimm s+ 5 simme § § 5 8505 6§55 886655 asmadsssa 409



Contents and Subject Index XV

SESSION IV: MULTIBLADE TECHNOLOGY. ... ................ 414
Introduction. . . . ... ... ... . e e 415
R.L. Lane
References. . . . ... i e 420
Design and Use of Multiple-Blade Slurry Sawing in a Production
Atmosphere . . . . ... .. e e e e e e 421
F. Pelzer Lynah, Jr. and Jack B. Ross
What Is Multiple Blade Slurry Sawing?. . . .. ... .. .. ... .. ..... 421
What Sub-Systems Are Required?. . . ... .. ... ... ... ... .. 421
Design Problems and Existing Solutions. . .. ... .............. 422
Exploration of Future Design Improvements on the P.R. Hoffman
AW . & e e e 424
Use of MBS in Production. . . ... ... ... ... ... ... . ..., 424
Typical Material Wafered by MBS Process . . ................. 424
General Production Considerations. . . .. .. ... ... ......uu... 425
Wafering of Silicon for Solar Cells—The JPL Low-Cost Solar Array
ProjECt: s simm s v 65 s s 8 3 Gwmn 55 5RE 843 BEEE i 63 Game s s 6 426
Kinematical and Mechanical Aspects of Wafer Slicing. . . ... .......... 428
P. Guenther Werner
Definition of Variables. . . . .. ... ... ... . .. . . 428
Introduction. . . . . .. . i e e e e 428
New View on Material Removal in Slurry Sawing. . .. ........... 429
Kinematic and Geometric Conditions of Contact Between Workpiece
and Blade: « : s simmws s smms 15 RGmE 35 6 REEHEEE GED 15 GBS 431
Functional Description of Process Criteria . . .. ... ... ......... 433
Comparison Between Analytical Results and Practical Tests. . . .. ... 435
References. . . .. .. o i e 438
DiSCUSSION &« . . .t e e e e e e e e 439
Corrosion Inhibitors for Water-Base Slurry in Multiblade Sawing . . ... ... 445
C.P. Chen and T.P. O’Connell
Introduction: : ssrsss sammsss mEm s S8 AEE 65 REHE 5§ 5 BRw® 8 445
Failure Analysisof Blades: =5 s i v ams s s 6 swmu s 68 s 586 i s 8o s 446
Metallurgical-Mechanical Evaluation of Blade Material . . ......... 446
Fatigue Testingof Blades . . .. ... .. ... ... . 446
Wafering Tests . ... ...ttt e e e e e 448
ConClUSIONS .« . . . .o e e e e e e e e 449
References. . . ... . it e e 449
DiSCUSSION . . . . i e e e e e e 457
SESSION V: ECONOMICS. . . ... ... e e i e i i e 459
Field Experience with Various SlicingMethods . . . . ... ............. 460
H.l. Yoo
Introduction. . . . . . . . e e e 460
Slicing Tests. . . . vttt e e e e 460
Slicing Conditions . . . . . . ... i e 461
Comparison of Wafer Parameters . . ... ... ... ............ 461
Add-On Slicing Cost. . . . . .t ittt e e e e 461

Sensitive Slicing Parameters InfluencingWaferCost . . . ... ....... 462



Xvi Contents and Subject Index

ConClUSION. . & o e e e e e e e e e e e e 462
DiSCUSSTON  swmm ¢ 5 s simms i 5 HEEE $ 55 SREE i 5 ABET 358 HEE s 466
Some Tradeoffs in Ingot Shaping and Price of Solar Photovoltaic
Modules. . . .. . . o e e e e e e e e e e e 467
Taher Daud
Introduction. . . .. . . i e e e 467
Sequence of Module Production. . . ... ... ... .............. 468
Ingot Diameter, Growth,and Slicing. . . ... ................. 468
Effect of d + k on Price Allocation . . . ... .................. 469
Shabiiguwes s s samp < s BEmE 535 BOE 5552 GEEE S BB 55 G 470
Improved Packing and d + k vs Recycled Silicon . . . ............ 471
Slicing Cost: s s s s swm s s s w856 BB s 533 HHITE8 6 BEKA §55 BE 471
Array Installation s i s s osisiisnamasssaanmais smnnissmnn 474
DisCUSSION & . v v s e e e e e e e e e 475
CoNCIUSION . . . e e e e e e e e e e e 475
References. . . . . . . o e e 475
DiSCUSSION . L it e e e e e e e e e e e 476
Sensitivity Analysis of Add-On Price Estimate for Select Silicon Wafering
Technologies . . . . woiwcs 06 asmsss Speas i ma@mms s oPEmess mmmms 477
Anant R. Mokashi
INtrodUcCtion. . . . . i i e e e e e e e 477
Sensitivity Analysis Using IPEG (SAIPEG) . . ... .............. 478
SAIPEG Results of Wafering Processes. . . .. ................. 479
Multiple Ingot Waferingwith ID Saw. . .. ... .............. 479
Waifering with MBS SaW . : swws ¢ s 5 s mun s 5 s wmeig 1§ 0 m@e s 5 8 482
Wafering WithFAST « : s s num s s smmie s § 6 @56 s s c0m@ 8§ 3 485
ConclusionSic s s s wmms § 8 6 Gn@.c ¢ 8 5 SME 1523 BFE 55 HREPE 55 B 486
B e B GRS hnr e v = o exiiom v 5 5 @& 5§ 5 G E S E P HEEE S WA eSS 487
DiSCUSSION & o v s e s e e e e e e e e e e e e e 488
Wafering Economies for Industrialization from a Wafer Manufacturer’s
VIBWPOINT . . . ottt et e e e e e e e e e 490
Thomas P. Rosenfield and Frank P. Fuerst
Introduction: : csamssssmmes s smmme s RaGE 55 GEEEF 55 BE 0 490
EconomicModel: v s i s ismesssamp s s 90mss s s Bames d 680 & 491
Technology DiSCUSSION s «.sww i s s s@ma s 55 simma i 56 o Bad s 8 awss 493
State of the Art Comparison . . . .. ... .. ... ... 493
1986 SCeNANIO. & v v vt e e e e e e e e e e e e e e e e 494
ConcClUSIONS .« . . . o e e e e e e e e e e e e e 494
References. . . . .. o i i e e e e e e 495
DiSCUSSION & o o o vt e e e e e e e e e 500
SESSION VI: NEW TECHNOLOGY . ... ... .. . i iii i 509
Overview of a New Slicing Method—Fixed Abrasive Slicing Technique
(FAST) ... . . cosusosaiosseii mamasiis Sum@isGmmers ombessss 510
Frederick Schmid, Maynard B. Smith and Chandra P. Khattak
INtroduction. . . . . . o it e e e e e e e e 510
Slicing Techniques. . . . . . . .. i i e e e e e e 511
Fixed Abrasive Slicing Technique (FAST) . ... ............... 512

Machine Development



Contents and Subject Index

Blade Development
8 =13 41T
Economic Analysis
ConClUSTON = & 5 : 5 2 mimw 5 5 5 BEEE £ § 8 HEE s 5 5 wwm s s 8 Gaww s
References
Discussion

System for Slicing Silicon Wafers
E.R. Collins
Discussion

Diamond Sheet—A New Diamond Tool Material
Charles R. Mackey
Abrasive

ITALRIR . + & rcwrcnivn o o o wvcvimue o 3 8 @ EGE § § 5 SRMESE 5 G0E 5§ 0 OEE 5
Fabrication
SAWING & v v e e e e e e e e e e e
Surfacing Tools. . o oo vttt e e
Ring Type Tools

1.D. Slicing and the Automated Factory
T. Lewandowski
Discussion

Wafering Insight Provided by the ODE Method
S.1. Soclof and P.A. lles
Background . . .. . ..
Orientation-Dependent Slicing
Limitations in OD Slicing
Comments on OD Slicing
References

SESSION VII: CHARACTERIZATION . . ... ... .. it
Exit Chipping in 1.D. Sawing of Silicon Crystals
L.D. Dyer
Introduction
Discussion . . : soow s s simuias s 5 BEE 5§ BmaEss d@mmes s s
Conclusions
References
Discussion

Fundamental Studies of the Solid-Particle Erosion of Silicon
J.L. Routbort and R.O. Scattergood

Introduction
THEOTY wmimion o« s s siwd s 3 SFF § 64 N@AE§65 HMPE 665 HGE 555 o
Experimental . . . vcew s asm@ s mmed s wmmd e maEe s 85w
Results and Discussion
Single IMPEcTS = v « v v e s s wEEm P EEREEIE PR TS RS
Particle-Size Dependence . ... ... .. ...t
Particle-Size Distribution Effects
Velocity Dependence



