
NASA CONTRACTOR 
REPORT 

;;IASA CR- 143876 

(NASA-CY.103876) FIBAT ZONE PBOCESSIYG IN A N75-27025 
UEIGBTLESS E I V I  RONnENT Summary Report 
( L i t t l e  (Arthur  D . )  , Inc.) 7 0  p BC $4.25 

CSCL 22A Unclas 
G3/12 28014 

FLAT ZONE PROCESS l NG I N A 
WEIGHTLESS ENVIRONMENT 
By A. A .  Fowle, J. S. Haggerty, P. F. Strong, 
G. Rudenberg, and R. Kronauer 

Arthur D. Little, Inc. 
Cambridge, Massachusetts 02140 

October 1974 

Summary Repart 

Prepareti for 

NASA-GEORGE C .  MARSHALL S P A C E  F L I G H T  C E N T E R  
Marshall Space Flight Center, Alabama 35812 

https://ntrs.nasa.gov/search.jsp?R=19750018951 2020-03-22T21:47:53+00:00Z



TLCHNICA, RLPORT STANDARD T 
1. REPORT NO. 2. GOVORWMNT ACCESSION NO. 3. RECIPIENT'S CATALOG hO. 

NASA CR - 143876 
4. TITLE AND SUBTITLE 5. REPORT DATE 

Float Zone Processing in a Weightless Environment Octpber 1974 
6. PERFORMING ORGANIZATION CCOE 

\ ' 7 .  * u T H w S )  A. A. Fowle, J. S. Haggerty, P. F. Strong. 8, PERFORMING ORG1.NlZATlON REPOR r 

G. Ruden-hrrr,,,andR. Kronauer 1 3 9. PERFORMING ORGANIZATION NAME M ADDRESS 110. WORK UNIT NO. 

Arthur D. Little, Inc. 
4' 1 1. CONTRACT OR GRANT NO. 

Cambridge, Massachusetts 02 140 NA - 
13. T y ~ ~ ~ i  

7 
& PERIOD COVERE 

12. SPONSORING AGENCY WAML AND ADDRESS 

Contractor, Summary 
National Aeronautics and Space Administration 
W~~hing ton ,  D. C. 20546 14. SPONSORING AGENCY CODE 

I S .  SUPPLEMENTARY NOTES 

This repor! documents the results of investigations into: 1) the physical limits which se t  the 
maximum practical diameters of Si crystals that can be processed by the float-zone method 
in a near weightless environment, and 2) the economic impact of large, space-produced Si 
crystals on the electronics industry. 

Areas of technological investigation focus on evaluations of the stability of the melt and heat 
transfer and fluid flow within the melt a s  dependent on the crystal size and the degree and 
type of rotation imparted to the melt-all in seal-ch of best methods for utilizing the weight- 
less environment for the production of large, stress-free Si crystals of uniform composition. 

c The economic impact analysis consists of an evaluation of the'effect of large size [up to 20 cm 
(7.8 inches) dilmeter] Si crystals, and on their potential applications, likely utilization and 
cost advantages in LSI, integrated circuits, and power devices. This relates to the fore- 
seeable advantages of iarger diameter wafers of good characteristics and the possibilities 
seen for greater perfection resulting from stress-free growth. 

I 

I 

17. KE\ WORRS 18. DISTRIBUTION STATEMENT 
I 

Crystal g:owth 
Float zone 
Space processing 1 I 

Unclassified - Unlimited 

I .id.' Mirt C. Davidson 

1 1 19, sLcuRITy CLASSIF. (d t h ~  "PMI 
I 

20. SECURITY CLASS1 F. (of thl. me*) 21. NO. OF PAGES 

I 
I I Unclassified 1 Ilnclassified I 7 0 1 NTIS 

MSFC - Form 1 2 9 2  (Rev Drambar 1971)  For sale by National Technical Informetion Service, S~ringlitld, Vir~inin 221 J l  



FOREWORD ---- - 

A summary repor t  is presented on work performed during the  period 
January t o  September 1974 on Contract NAS8-29817, "Float-Zone Processinfi 
in a Weightless Fnvironment." The reported work set fo r th  t h e  r e s u l t s  
of  evaluat ions t o  determine: 1 )  some p r a c t i c a l  l i m i t s  on t h e  s i z e  of 
S i  c r y s t a l s  t h a t  can be grown i n  a Skylab-type space vehicle ,  and 
2) t he  economic impact of l a rge ,  space-produced S i  c r y s t a l s  on t h e  
e l ec t ron i c s  industry.  

This study program is sponsored by t h e  George C. Marshali Space F l igh t  
Center, National Aeronautics and Space Administration, Huntsv i l le ,  
Alabama. Mr. M. Davidson is  the  COR d i r e c t o r  of t he  study. Dr. A. A. 
Fowle, Dr. J. S, Haggerty, Mr. P. F. Strong and D r .  C. Rudenberg of 
Arthur D, L i t t l e ,  Inc. , and Prof. R. Kronauer of Harvard University 
a r e  t h e  inves t iga tors .  
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1.0 SUMMARY 

1-1 PURPOSE AND SCOPE 

The o b j e c t i v e  of t h i s  work is t o  e v a l u a t e  i~ntl maximize t h e  po ten t i i l l  
b e n e f i t s  of  producing f a u l t l e s s  s i l i c o n  c r y s t a l s  i n  n s p a c e  cnv i  ronnwnt 
by t h e  f loat -zone process.  A perceived b e n e f i t  is tlre p o s s i b i l i t y  of 
producing l a r g e r  d iameter  c r y s t a l s  t l ~ m  can be aclricved on e a r t h  wl~icll 
may t r a n s l a t e  i n t o  less expensive c r y s t a l  e lements  f o r  f i n a l  use. By 
i n c o r p o r a t i n g  r e l a t i v e  r o t a t i o n  between t h e  c r y s t a l  and feed s t o c k ,  
forced convect ive  c u r r e n t s  may be induced i : t h e  melt which can r e s u l t  
i n  a  r a d i a l  d i s t r i b u t i o n  of a x i a l  h e a t  f l u x  a t  t h e  f r e e z i n g  i n t e r f a c e  
which reduces grown-in s t r e s s e s  f o r  c r y s t a l s  of t h e  l a r g e r  s i z e s  t h a t  a.re 
p o s s i b l e  t o  produce i n  t h e  n e a r  zero g r a v i t y  environment. S p e c i f i c a l l y  
t h e  o b j e c t i v e s  of  t h e  program were: 

1. Analyze the  s t a b i l i t y  of f l o a t i n g  zones t o  determine t h e  
p r a c z i c a l  d iameters  of S i  c r y s t a l s  t h a t  can b e  processed 
i n  a  n e a r  ze ro  g r a v i t y  environment. These diameters  w i l l  
b e  r e l a t e d  t o  r o t a t i o n  r a t e s  based on e s t i m a t e s  s e t  by 
s t a b i l i t y  c r i t e r i a .  

2. For t h e  d iameters  determined i n  ( I ) ,  c a r r y  o u t  an economic 
a n a l y s i s  t o  p r o j e c t  t h e  t e n  y e a r  impact t o  t h e  e l e c t r o n i c s  
indus t ry .  This  a n a l y s i s  w i l l  i n c l u d e  t h e  expected advan- 
t a g e s  on t h e  i n d i v i d u a l  manufacturing phases o f  i n t e g r a t e d  
c i r c u i t s .  - [ 1.2 CONCLUSIONS AND RECOWENDATIONS 

1 . 2 , 1  The Technology of Float-Zone C r y s t a l  Crowing Process  i n  Space 
E 

S t a b l e  molten zones i n  p r a c t i c a l  c o n f i g u r a t i o n s  f o r  c r y s t a l s  as l a r g e  
a s  0.304 m (12 inch)  r a d i u s  can be m i n t a i n e d  w i t h  l i m i t e d  b u t  u s e f u l  
r o t a t i o n  r a t e s  i n  a  f loat -zone process  i n  a  n e a r  z e r o  g r a v i t y  environ- 
ment. 

The use  of  i s o r o t a t i o n  o r  c o u n t e r r o t a t i o n ,  r o t a t i o n a l  r a t e s ,  and c r y s t a l  
and feed s t o c k  diameter  r a t i o s  have been examined q u a l i t a t i v e l y  and semi- 
q u a n t i t a t i v e l y  f o r  t h e i r  i n £  luence on producing st ress-f  r e e  c r y s t a l s  of  
uniform composition. Some t e n t a t i v e  s p e c i f i c a t i o n  o f  t h e s e  process  i 

v a r i a b l e s  f o r  b e s t  r e s u l t s  have been m d e ;  however, a combination o f  
experimentation and more a n a l y s i s  is needed b e f o r e  a  s p e c i f i c a t i o n  of 
t h e s e  v a r i a b l e s  f o r  improved and/or l a r g e r  space  grown c r y s t a l s  can be  I 
made wi th  confidence. ! 

8 i 
As a  f i r s t  p r i o r i t y ,  w e  recommend some experiments based on w d e l  s t u d i e s  
i n  o rde r  t o  provide  f u r t h e r  informat ion r e l a t i n g  t o  t h e  s t a b i l i t y  o f  and 
c i r c u l a t i o n  w i t h i n  t h e  w l t e n  zone of  a s i l i c o n  c r y s t a l  p rocess  i n  space.  
The c o n t r o l  of f l u i d  motion w i t h i n  t h e  molten zone is c r i t i c a l  t o  a  i 



s u c c e s s f u l  process  and, t h e r e f o r e ,  a complete lmdcrs tanding of t l ~  i~ 
motion is necessary  t o  any f u r t h e r ,  u s e f u l  imolyacs d i r e c t e d  t o  tltc 
op t imiza t ion  of t h e  procesa. These experiments a r e  recommended a s  
t h e  most e f f e c t i v e  n e x t  s t e p  i n  a program l e a d i n g  t o  t h e  des ign o f  
a space  experiment. 

1.2.2 Economic Impact 

mere is cons ide rab le  v a l u e  i n  l a r g e  diameter uniform c rys t ; r l s  and wafe r s  
f o r  t h e  e l e c t r o n i c s  indust ry .  This  is a l r e a d y  e v i d e n t  by t h e  s h i f t  from 
5 cm (2 inch) t o  7.6 cm ( 3  inch)  d iameter  c r y s t a l s  by t h e  i n d u s t r y .  The 
p resen t  s tudy  shows t h a t  a number o f  a p p l i c a t i o n s  can be i d e n t i f i e d  where 
much l a r g e r  wafers  w i t h  uniform c h a r a c t e r i s t i c s  have commercial value.  
The p r i n c i p a l  va lue  o f  t h e  l a r g e  wafers  is der ived  from lower c h i p  c o s t s  
because of  reduced p e r  u n i t  area process ing  c o s t s .  

The a n a l y s i s  o f  t h e  ~ r y s t a l  growth process  through i t s  v a r i o u s  s t a g e s  
from p o l y c r y s t a l l i n e  feed s t o c k  t 3  po l i shed  wafers  shows t h a t  t h e  
advantage o f  inc reased  c r y s t a l  d iameters  i s  q u e s t i o n a b l e  when based 
s t r i c t l y  on wafer  a r e a  p e r  u n i t  l eng th  of bou le  o r  u n i t  weight of poly- 
c r y s t a l l i n e  feed s tock.  When made long enough, a f loat -zone process  can 
be  considerably  more e f f i c i e n t  than a Czochralski  process  i n  conver t ing  
p o l y c r y s t a l l i n e  feed t o  acceptably  doped s i n g l e  c r y s t a l s .  O f f s e t t i n g  
t h i s  advantage a r e  inc reased  wafer  th icknesses  and k e r f  l o s s e s  wi th  l a r g e  
diameter c r y s t a l s .  The p r i n c i p a l  sav ings  o r  value  de r ived  from us ing  
l a r g e  diameter  wafers s tems from reduced d e v i c e  p rocess ing  c o s t s  p e r  
u n i t  arsa .  Secondar i ly ,  t h e  e f f i c i e n c y  of u t i l i z i n g  a r e a  improves wi th  
l a r g e r  v a f e r  diameters.  

The economic impact s t u d y  was based on s u b s t i t u t i n g  15.2 cm (6 inch)  
wafers  f o r  t h e  c u r r e n t l y  used 7.6 cm(3 inch)  wafers.  I f  one- th i rd  
o f  t h e  t o t a l  number of s m a l l e r  wafers  v e r e  rep laced  by an e q u i v a l e n t  
a r e a  of  l a r g e r  wafe r s ,  t h e  annual impact would be  about  $250-$290 m i l l i o n  
and cumulative ten-year im;  c t  would be  $6.7-$7.3 b i l l i o n .  The use  
o f  l a c g e r ,  m r e  complex dev ices  w i l l  reduce t h e  c o s t  o f  f i n i s h e d  e l e c t r o n i c  
packages. The economic impact from reduceci f i n i s h e d  package c o s t s  is 
extremely tenuous; however, based on p a s t  exper ience  i t  could  e q u a l  
t h e  sav ings  der ived from r e d x e d  c h i p  p rocess ing  c o s t s .  



2.0 INTRODUCTION 

There a r e  s e v e r a l  advantages t h a t  a r e  po t en t i a l l y  r e a l i z a b l e  fo r  a 
floating-zone c r y s t a l  growth process ca r r i ed  out under near  zero grav i ty  
conditions.  F i r s t ,  t he re  a r e  t h e  f ac to r s  t h a t  a r c  iuhcrcnt  t o  a f l o a t i n g  
zone process whether gravi ty  forces  a r e  present  o r  not. Onc of t l ~ c  prin- 
c i p a l  advantages is tha t  higlier p u r i t i e s  a r e  poss ih le  wlt li co.: t a  i n r r l z s s  
c r y s t a l  growth processes fromliigh temperature melts. Another is * l ~ c  
inheren t ly  uniform a x i a l  dopant l e v e l s  which r e s u l t  from a zone l eve l ing  
mode of growth. Second, t h e r e  a r e  f ac to r s  a r i s i n g  uniquely as a con- 
sequence of t h e  near  weight less  environment of a space laboratory.  One 
is t h a t  buoyancy-induced convection is e f f e c t i v e l y  eliminated from t h e  
melt. Lack of con t ro l  over t h i s  t ranspor t  mechanism is responsihle  f o r  
many conmmn crys ta l lographic  defec ts .  Another i s  t h a t  t h e  growth of 
c r y s t a l s  l a r g e r  i n  diameter than can be processed on e a r t h  can be enter-  
ta ined because of t h e  absence of t he  d e s t a b i l i z i n g  e f f e c t s  of g rav i ty  
forces.  The a v a i l a b i l i t y  of l a r g e r  c r y s t a l s  can po t en t i a l l y  be t rans-  
l a t e d  t o  economic advantage through t h e  value, per se, of l a rge  c r y s t a l  
elements o r  by v i r t u e  of higher  y i e l d s  of acceptabl: c r y s t a l  chips  from 
t h e  b o d e .  

In order  t o  meet t he  goal of producing l a r g e  c r y s t a l s ,  i t  is necessary 
t o  overcome t h e  de l e t e r ious  e f f e c t s  of thermally-induced, r e s i d u a l  
s t r e s s e s  i n  the  c r y s t a l  t h a t  become emphasized with sca le .  An i d e a l  
so lu t ion  t o  t h i s  prablem is achieved i f  t he  condi t ions of t h e  process 
a r e  arranged t o  produce a f r eez ing  i n t e r f a c e  t h a t  is a plane perpendi- 
c u l a r  t o  t h e  a x i s  of growth. 

In  a f i r s t  generation space laboratory f o r  processing l a r g e  S i  c r y s t a l s ,  
the  use of an incandescent hea t  source i s  envisioned. This source w i l l  
hea t  t h e  m e l t  v i a  r ad i a t i on  and, a s  t h e  s i l i c o n  melt is opaque t o  the  
emitted r ad i a t i on ,  the  hea t ing  w i l l  take place a t  t h e  surface.  In t n e  
absence of ro t a t i on ,  heat  t ranspor t  by s o l i d  conduction w i l l  convey hea t  
t o  i n t e r i o r  regions of t h e  melt but t h i s  mechanism is inadequate fo r  
l a r g e  diameter c rys t a l s .  

Rotation of the  c r y s t a l  and feed s tock  provides a means f o r  e f f e c t i n g  
"in-depth" hea t ing  of t h e  melt zone. Rotation a l s o  reduces the azimuthal 
g rad ien ts  t ha t  would exist i n  t h e  abseace of ro ta t ion .  Re: ,&ive angular 
r o t a t i o n a l  r a t e s  between t h e  feed and c r y s t a l  and/or d i f f e r e n t  , s t a l  
and feed s tock  diameters r e s u l t  i n  c i r c u l a t i n g  cur ren ts  wi th in  trlc m e l t  
zone and a t tendant  forced convective hea t  t ransport .  The technological  
t a sk  t h a t  presents  i t s e l f  is t o  de f ine  t h e  r o t a t i o n a l  r a t e s  and geometric 
c h a r a c t e r i s t i c s  of t h e  c r y s t a l  and feed s tock  t h a t  w i l l  r e s u l t  i n  t he  
c i r c u l a t i o n  cu r r en t s  t h a t  sre most favorable  f o r  producing a s t r e s s - f r ee  
c r y s t a l  t h a t  is a l s o  f r e e  of c rys ta l lographic  defec ts .  Although r o t a t i o n  
may be used t o  advantage t o  induce convective heat  transport t o  t he  
i nne r  regions of t h e  melt, it a l s o  r e s u l t s  i n  des t ab i l i z ing  c e n t r i f u g a l  
forces  and can produce per iod ic  va r i a t i ons  i n  t h e  flow f i e l d  wi th in  t he  



melt zone. The type and degree of ro t a t ion  must, t he l e io re ,  be con- 
t r o l l e d  s o  t h a t  the  a t a b i l i t y  l i m i t s  of t h e  melt are not  exccecled cmd 
t he  s p a t i a l  and temporal va r i a t i ons  of ve loc i ty  associated w i t h  the 
forced c i r c u l a t i m  cur ren ts  within the  melt a r e  a t tenuated  t o  t h e  
degree necessary t o  prevent va r i a t i ons  i n  the s o l u t e  concentration 
within the growing crys ta l .  



3.0 TECHNICAL INVESTIGATION - 
3.1 APPROACH 

The approach followed in the execution of the tecllnicill ilivcst igilL ion is 
out 1 ined below : 

Carry out dimensional analyses t o  determine order of 
magnitude influences of the forces ancl heat transport 
mechanisms active in the melt zone. Construct the inde- 
pendent dimensionless groups which sets limits on the 
stability of the melt and characterize the velocity and 
temperature fields within a stable melt. 

Review the literature relating to the stability of 
rotating and non-rotating liquid columns. Extend the 
existing analyses ' o  include an important mode of 
instability hithert~ unreported. Establish the numeri- 
cal values for the dimensionless groups governing the 
stability of the melt zone. 

Review the literature relating to the nature of the flow 
in the melt resulting from rotation. Establish the dif- 
ferential equations which determine the velocity fields 
in the melt, As the complexity of a complete solution 
precludes anything but an extensive program involving 
numerical analysis and computers, carry out simple 
limitingltype analyses and use the insights provided by 
the literature dealing with experiments and theory rela- 
tive to similar flows to gain the best possihle under- 
standing of the flow within the molten zone and the 
important physical factors that influence this flow. 

Establish the differential equations which determiqe the 
temperature field within the melt. These equations are 
relatively easy to sci-e if the velocity field is estab- 
lished. In lieu of a means for calculating the real 
velocity field, carry out heat transfer analyses of some 
simple flow models of the melt to gain understanding of 
the relative importance of convective and conductive heat 
transfer mechanisms, temperature distributions, etc. 

0.1 the basis of the preceding, postulate the type of 
rotation needed to induce the most favorable circulation 
currents in the melt. 

Suggest necessary and promising avenues for investigation 
in future work. 



I 3.2 DIMENSIONAL ANALYSIS - 
Dimensional analysis has been applied to establish the independent 
dimensionless groups that may govern the behavior of the float-zone 
process in a near weightless environment in order to: (1) provide 
order-of-magnitude insight into the relative magnitude of the 
forces responsible for the absolute stability of the melt zone and 
the circulation within a stable melt; (2) provide order-of-magrtitude 
insights into the heat transfer mechanisms responsible for the temper- 
ature field within a stable melt; and (3) determine the similitude 
relationships required for scale model experiments. 

The technical support for the results follow from a straightforward 
application of dimensional analysis common to engineering practice. 
The pertinent results follow. 

3.2.1 Nomenclature 

a = radius: m 

Cp(T) = temperature dependent specific heat of the melt 

at constant pressure: j-~<l-~' ' 

h - height of the melt zone: m 
I 

1 g = local gravity constant: N-Kg -1 f 
k(T) = temperature dependent thermal conductivity 

coefficient : watt-m-l-K-' 

I L latent heat of fusion of the melt: j - Kg-' 
N,, Bond number: dimensionless 

NpR Prandtl number: dimensionless 

; 
NR ' Reynolds number : diue~~sionless 

, NW = Weber number: dimensionless 

18 incident radiation from the source as distributed 
in wavelength and over the melt surface as a 

function of radius ratio, L, and axial distance 
r\ 
A 

ratio, - -2 
watt - IP h *  



= reflection coefficient for the melt a8 depet~cl~nt 
on the wavelength X of the emitted radiation 
from the source, the lot d l  surface temper;iture 
of the melt T, and the angle of  it~cidcnce of thc 
oncoming radiation expressed as a [unction of 

r = radius: m 

T = temperature: K 

To = melting or freezing temperature: K 

AT = maximum temperature diff rence between any two 
radial locations wit hi^ the melt: K 

V = vel-cfty ~;;;:iated with the circulation within - 1 
the melt: m - sec 

z = dimension measured in axial direction: m 

a(A,T) = absorption coefficient for the melt as dependent 
on the wavelength A of the emitted radiation from 
tbr source and the local surface temperature T of 
the melt: dimenstonless 

B = volume coefficient of expansion of the melt: K-I 

E(T) = total hemispherical emissivity coeEficient 
(integrated spectral value) as dependent on the 
local surface temperature T of the melt: 
dimensionless 

-2-K-4 
y = Stefan-Boltzmann constant: watt-m 

A = wavelength: m 

-3 
p(T) = temperature dependent density of the melt: Kg-m 

o(T) = tempercture dependent surface tension coefficient: 
- 1 

N-m 

v (T) - temperature dependent coef f icl ,..t of viscosity: 

~~-m-l-sec-' 

Subecriptr : 

1 refers to the crystal 
2 refers to the feed stock 



3.2.2 Application t o  S t a b i l i t y  Requirements 

The s t a b i l i t y  of the  melt zone is determined sole ly  by the  dimensionless 
parameters : 

This r e su l t  is subject t o  four r e s t r i ~ t i o n e :  (1) gravity forces are 
small i n  respect t o  surface tension forces; (2) buoyant forces are 
small i n  respect t o  surface tension forces; (3) viscous forces at ten-  
dant on the  c i rcula t ion  induced i n  the  m e l t  by ro ta t ion  a r e  small i n  
respect t o  surface tension forces; and (4) the  r a d i a l  and a x i a l  veloci- 
t i e s  associated with the  flow within the melt are small i n  respect  t o  
the peripheral speed of rotat ion.  These r e s t r i c t i o n s  a r e  met i f  

Pgrl h 
Bond number, N = - << 1 

B u 

Assuming tha t  s t a b i l i t y  is insured fo r  a Weber number and the  geonetric 

2 11 r a t i o s  and 7 of thz order unity, we w i l l  show i n  following sect ions 
1 - 1 

tha t  these t e s t r i c t ions  a r e  s a t i s f i e d  fo r  S i  c r y s t a l s  of large diameter 
processed i n  a gravity f i e l d  appropriate t o  an ea r th  orbi t ing  space 
laboratory. 



3.2.3 Application to Fluid Circulation Patters 

An incandescent heat source applies no appliclable forces of electromag- 
netic origin to the molten zone. In an operational regime approaching 
the limits of melt stability, the influence of buoyant and gravity 
forces have been assessed as unimportant. The effects of variations in 
the surface tension coefficient on fluid motion are also neglected. 
Accordingly, the circulation of the melt is determined by inertia and 
viscocs forces and, therefore, the circulation patterns within the 
melt are determined by: 

2 

Reynolds number, NR = 
Ptl 

lJ 

3 .2 .4  Application to the Temperature Field - 
The temperature field within a stable, axisymmetric melt in vacuo which 
is opaque to the incident radiation from an incandescent source is 
determined by: 

m 
L 

Reynolds number, Ng a 
'"1 

P 

c P 
Prandtl number, NpR = P 

k 



7.2.5 Application to Scale Model Tests: A Summary 

Similitude in respect to the stability of a melt requires for both the 

I model and prototype that 

3 2 

54 = 
r1 = constant 

u 

(The same value for both model and prototype) 

=2 - = constant 

h - - constant 
= 1 



'" 2 
-- = constant 
'" 1 

Similitude in respect to the velocity field within n stable melt 
requires for both the model and prototype that 

2 
- P r l  '"1 

N~ - = constant 
IJ 

L - = constant 
rl 

- - - constant 
rl 

O2 - = constant 
'"1 

Similitude in respect to the temperature field withi,, a stable melt 
requires for both the model and prototype that 

a ql' r 
= constant 

To 

E y T~~ r 
0 - - constant 

P V L ~ ;  
= constant 

To 

2 

= '1 '"1 
N~ = constant 

P 

c P 
N~~ = - = constant 

k 

r 2 - = constant r 
1 



h - = constant 
1 

2 - = constant 
W 1 

3.3 STABILITY ANALYSIS 

In our previous work for WASA(~)*, the absolute stability limits for 
molten zones of various shapes were discussed in detail hut the 
destabilizing effects of rotation were not a consideration. The 
results of the previous work are reproduced in Figure 1 which shows 
the family of zone shapes which obtain under steady pulling conditions 
in zero gravity. The geometric limit for absolute stability is indi- 
cated by the dotted circle. The circle represents the stability limit 
for a non-rotating system where surface tension forces dominate, and, 
if exceeded, the molten zone may pinch off into two separate caps. 

Hocking(2) discusses the case of a rotating cylindrical column of 
liquid and derives the stability criteria for axisymmetric longitudinal 
disturbances as well as for disturbances that are the same in all 
planes perpendicular to the axis of the cylinder that leave the cen- 
troid of the perturbed shape on the axis. In the latter case he 
obtains the curious theoretical result that a region of neutral 
stzkility exists in the case of an inviscid liquid which joins the 
- gion of instability in case the viscosity is finite. For real 
liquids his analysis leads to the same condition that we obtained by 
the simpler means presented in Appendix A, namely that the column is 
stable if 

rl = r = a = radius of zone 2 

1 = u2 = w = angular velocity of zone 

In this case the cross section of the molten zone is perturbed to a 
near elliptical shape; that is, by the lowest order radial disturbance. 

Xocking's result for axisymmetric disturbances applies to infinitely 
long columns of liquid. In the case of columns of finite length, the 
disturbance must be a standing wave which does not alter the volume of 
the molten zone so the wavelength must meet the condition 

* 
Superscript numbers in parentheses refer to Section 5.0, REFERENCES 
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where 

n is integer 
X is the wavelength 
h is the height of the zone 

Then the condition for stability becomes, for n = 1, 

This condi ion for stability was tested in the experiments of Carruthers F 3, and Grasso , and they showed it to be applicable over a useful range 
of their experiments. 

In the present program we have examined theoretically the stability of 
the colum with respect to another type of axial distrubance, hitherto 
unreported in the literature. In this analysis we consider an unsym- 
metric disturbance corresponding to the condition 

This is a longer wavelength disturbance than any possible axismetric 
disturbance and must be asymmetric on account of the requirement to 
preserve the volume of the melt. In this case the molten zone is per- 
turbed to a shape like that of a beam with hinged ends whirling in its 
first bending mode. In Appendix A the condition for stability is shown 
to be 

Graphs of the two stability limits under conditions of rotation are 
shown in Figure 2. It is to be noted that the requirement 

must be met for stability even in the absence of rotation. This is the 
classical result of Rayleigh and is also indicated by the singularity 
in Hocking's criterion. Moreover, for absolute stability, as opposed 
to possible metastable solutions, our previous work set the limit 
h - < 4.3 for a cylindrical molten zone. However, as Figure 2 shows, the 
a 
asymmetric disturbance leads to instability for lower rotation rates 
over the range of h/a of most practical interest. 





h From the above, we might choose a condition of - = rr as a practical 
a 

working number to satisfy requirements for the in-dcptlr heat ~ I I K  of ~lrc- 
melt and stability under conditions of rotation. In this cnsc,  tlrc 
least stable limit of those investigated (Id1 of Fjjiure 2) rccltrccs LO 

3 
KG = 1, or a Weber number limit of unity. It is to he noted tililt 

(I 

these stability analyses, althougll providing useful quantitative cri- 
teria for engineering purposes, are limited. They do not account for 
the effects of internal circulation within the melt or for a variety 
of possible ratios of the rotational rates and the radii of crystal 
and feedstock. To account properly for these effects is a formidable 
analytical problem, It is a problem where the most efficacious solu- 
tion is most likely derived from tests. Some suggested experimental 
methods are described in Section 3.6. 

3 . 4  STABILITY LIMITED MAXIMUM CRYSTAL ROTATION 

On the basis of the arguments, limitations, and results presented in 
Sections 3 . 2  and 3.3, a calculation of the maximum rotational rate vs. 
crystal radius has been made for Si molten zones in a radius range of 
0.038 m (1.5 in) to 0.304 m (12 in) with results appearing in Table 1. 
The basis for these calculations are: 

u 2 x 10'~ ~ g / m  - sec 

g = 9.8 x alsec2 = times value at earth's surface 



3.5 HEAT TRANSFER AND FLUID FLOW ANALYSIS 

3.5.1 General Approach 

Heat transfer analysis has two major purposes in application to the 
float-zone processing of large Si crystals. First, it provides the 
means to evaluate various design approaches for producing the in-depth 
heating of the molten zone that is necessary to produce a stress-free 
crystal and, thereby, best methods may te selected. Second, thermal 
analysis must be applied to design a process system that is minimized 
in respect to size, weight and power consumption. In this program 
thermal analysis is addressed to the first purpose only. Rigorous 
application to the second purpose follows logically sometime after the 
practicality of the space processing of large Si crystals is demonstrated 
to hold real promise. Some estimates of the process system requirements 
have been made by MSFC, and they are regarded to be consistent with the 
capabilities of a next generation Sky-Lab. 

The ideal conditions of heat transfer to be sought are those that result 
in a freezing interface that is a plane perpendicular to the axis of 
growth, for it is this condition that minimizes the thermally induced 
stresses in the growing crystal. To achieve this ideal requires that 
the heat flux plus the change of phase heat release per unit area at 
all local areas of the freezing interface match that transferred to the 
growing crystal under a unique circumstance; i.e., that the freezing 
interface is a plane perpendicular to the axis. It is clear that the 
solution to this problem involves the heat transfer characteristics 
of the whole system consisting of the polycrystalli.ne feed stock, the 
molten zone, and the crystal. 

Solution to the heat transfer problem associated with the iced stock 
and crystal is fairly straightforward. As these materials, at their 
operating temperatures, are opaque to the IR radiation emitted from the 
molten zone, the solution involves phonon conduction in an axisynunetric 
system in vacuo with radiation boundary conditions at the exposed * cylindrical surfaces and with either a heat flux or a fixed temperature 
boundary condition at the ends. We, among others, have devel~p~d com- 
puter programs to solve this problem routinely. 

The difficult problem is the analysis of the heat transfer within the 
melt. With an opaque melt, we have heat transfer by solid conduction 
and forced convectivt heat transfer induced by the rotation of the mol- 
ten zone. The importance of the heat transport contribution via con- 
vection requires that the velocity field within the melt be known, and, 
more to the point, be manipulated to achieve the desired condition for 
producing stress-free cryst7:ls of uniform composition. 

* 
Other boundary conditions can be easily accommodated. 

17 



TABLE 1 

PARAMETER LIMITS FOR STABLE, ROTATING, CYLINDRICAL Si MELTS 

An examination of the last three columns of Table 1 shows that three of 

the four restrictions necessary to the assumption that inertia and surface 

tension forces determine stability are satisfied. Satisfaction of the 
v 

fourth restriction, i.e., - <<I, is questionable. This is discussed in 
aw 

Section 3.5 .4  following. The maximum speeds of rotation appearing in Table 1 

set the limits within which favorable circulation currents must be sought. 



If the influence of temperature GT. the properties which govern the 
circulation within the melt be ignored (as we believe it can be), then, 
:he solution to the problem of determining the velocity field with111 
the molten zone can be approached independently of the solution of the 
thermal problem. In this approach, the material properties which 
govern the circulation within the melt are fixcd ;IL their vclll~cs nlcmit- 

sured at the melting temperature. Finally, fluid mechanical considera- 
tions applied to the flow within a rotating, stable melt show the flow 
to take place in the laminar regime which introduces some measure of 
simplicity in an otherwise very complex problem. 

3.5.2 Analysis of Temperature Field within the Molten Zone 

The differential equations governing the combined convective and con- 
ductive heat transport in a rotating, opaque axisymetric molten zone 
circulating in laminar flow are developed in Appendix B. The equation 
satisfied by the temperature is 

where 

subscript 

r refers to radial direction 
z refers to axial direction 

and all other symbols are defined in Section 3.2.1. 

The solution to Equation 1 subject to the appropriate boundary condi- 
tions (see Appendix B) can be gained by application of numerical tech- 
niques and computer calculation provided that the velocity field 

1 I 

(vrl and Vzl as a function of r and z ) are known. The solution is a 

description of the temperatures in the melt as a function of r1 and z', 
or the temperature field. 



It is of some interest to note that the dimensionless coefficient 
2 

P C  
is the product of the Reynolds number and the Prandtl 

k 
number, a result impossible to forecast by dimensional analysi~. How- 
ever, as the Reynolds number is an independent determinant oE the 
velocity field, the Reynolds number and Prandtl nu.rber are independent 
determinants of the temperature field as set forth in SectLon 3.2.4. 

Two factors complicate the solution of Equaticn 1. F , to be rigor- 
ous, the contours of the exposed surface of the moltt e under 
rotating conditions should be known. Second, there ! I  :?lque solutiun 
which specified the isothermal melting and freezing ir. .ce in space 
coordi-nates and meets the heat flux boundary conditions at these inter- 
faces. It will require iteration In the computational process in order 
to determine this unique solution. 

The development above was carried out to reveal what is involved in, 
and methods for, achieving a complete solution to the thermal behavior 
of the molten zone. Actual solution was beyond the scope of this pro- 
gram. 

3.5.3 Evaluation of Azimuthal Temperature Gradients 

As shown in Section 3.4, the stability limited maximum allowable rate 
of crystal and feed-stock rotation varies monotonically £ram 2.55 tad/ 
sec (24.35 rpm) for a radius of 0.038 m (1.5 in) to 0.12 railsec 
(1.15 rpm) for a radius of 0.304 m (12 in). As a result of concern 
that such low rotational rates might impose the need for careful con- 
trol of azimuthal temperature gradients, an analysis of this problem 
was completed. It was found in d l  cases that even these low rotatiorral 
rates result in a considerable reduction (smaller by a factor of 20 t n  
30) of the temperature gradient that would exist if no rotation were 
present. The analysis and detailed results appear in Appendix C. 

3.5.4 Analysis of Flow Field within the Molten Zona 

The problem here is to define the flow field within the molten zone 
that is most su~table for producing stress-free crystals of uniform 
composition. A review of the pertinent literature* shovs that there are 
no analytical or experimental results that are adequate to this defini- 
tion; however, an interpretation of this literature provides useful 
guiaance . 
One important simplifying characteristic of the flow field of interest 
is that it is laminar. Both experiment and theory support this conten- 
tion, Tn fact, the literature shows that the Reynold's numbers asso- 

ciated with the fluid currents within the molten zone are of order 

6 
See REFERENCES 



2 

with NR E as usual. l'lint is, the raclinl and i~xiill componr-ntx 
P 

of the velocities induced irr the m-lt by rotation tinlrs thc cl'frctivc 
hydraulic radius of the current cross sections in loc..l regions is 
small in respect to the product of the periplleral speed of the crystal, 

rl '9, times the crystal radius. As shown in Section 3.4, tllc moxirnum 

value of N set by stability for crystal sizes in a range of interest R 
vary from about 3600 to 10,000. Therefore, the Reynolds numbers nsso- 
ciated with the radial and axial currents within the molten zone are of 
order 60 to 100, The experience with steady, incompressible chann-1 
flows characterized by Reynolds numbers in this range shows them to be 
laminar. However, just because ;he currents flow in :he laminar range 
does not mean they are simple in pattern. In fact, they are v3ry com- 
plex. An idea of this complexity is given by the eyerimenes of Hide 
and  itm man\^), Carruthers and ~assau(5) and Carruthers and ~rasso(31, 
even though none of these experiments truly duplicate the conditions 
imposed on the molten zone in a typical float zone process. 

The physical basis for and general character of the flow patterns within 
the molten zone may be described as follows. Differences in the radii 
or angular velocity cf rotat!on of either the crystal or feed stock give 
rise to differences in the radial pressure gradient appearing next tc 
the solid-l?quid interfaces resulting from the tangential velocities 
induced near these surfaces by viscous shear. The differences in the 
pressure that results near these boundaries at any radius gives rise to 
axial , -issure gradients, and axial flows take place in response 19 
these f .adients. The general picture of these flows in an axial p?ane 
through its axis of synunetry is one of rising and falll.1~ axial flows 
separated radially by cylindrical surfaces where viscous shear is great 
and separated axially by radial plane where viscous shear is also large. 
The flow regions of high shear next to the freezing and melting intcr- 
faces &re commonly called the Ekman boundary layers. The axial flow 
next to the outer s~rrface of the melt is called the Rossby layer by 
Hide and Titman. In cases where the rotational rates of the crystal and 
feed stock are different, another radial plane of hiph shear regior is 
located intermediate between the melting and freezing interfaces. Of 
course, a tangential velocity distribution is present throughout the 
flow field having local velocities that match those of the crystal and 
feed stock at the melting and freezing interfaces. The picture in an 
axial plane, then, is one of rotating cells separated by axial and 
radial boundary dyers. The cells are oftea called Taylor-Proudman 
cells in recognition of the pio,~eering work of these scientists on 
viscous flows of the type under discussion. 

The flow picture described is qualitatively correct but plmplified. 
Depending on the Reynolds number characteristics of the flow, ttle 
boundary layers . an become large (at low values of Hev/nolds number) in 
respect to the linear dimensions of the molten zone and the cellular 
and boundary layer divisions become smeared. Moreover, at high 



Reynolds numbers, shear waves can develcp in regions of high viscous 
shear, as observed by Hide and Titman, which fact further complicates 
the flow picture. 

With the qualttative picture of the behavior of the flow field in mind, 
the question becomes, how can one select the rotational and dimensional 
characteristics of the system to best achieve in-depth Ileatinp in order 
to minimize thermal stresses in the growing crystals white obviating 
variations in solute concentration imparted by flow fluctuations? In 
simple terms the objective is to convey the heat absorbed at the extet- 
nal surfaces of the melt to interior regions while suppressing temporal 
and spatial variations in the velocity field. 

Figure 3 illustrates in schematic form some more promising arrangements 
for achieving the desired result. They appear in the order of their 
expected merits. The expected qualitative features of the fluid flow and 
heat transfer characteristics of the system shown in Figure 3a is 
presented below as an example of what might be made to take place in a 
desirable design. 

Starting at a location near the outer surface of the molten zone next to 
the freezing interface, we note an axial flow directed toward an inter- 
mediate radial plime of symmetry where the tangential component of 
velqcity is zero everyvhere. This axial stream is heated by the absorbed 
radiation from the source, and, by virtue of convective heat transport, 
a major portion of the net radiation absorbed is transferred to the 
intermediate plane of symmetry. Here the axial stream diverts in direc- 
tion to flow radially inward in a boundary layer that can be likened to 
a typical Ekman layer. The radial flow in this boundary layer peels 
off as it proceeds toward the axis of symmetry giving rise to a uniform 
axial flow proceeding in the direction of the freezing interface. As 
this radial flow is bounded by an adiabatic surface at z = 0, the tem- 
perature of this flow is unchanged. Within the axial flow proceeding 
from the intermediate plane of symmetry to the freezing interface, we 
note that the ratio of heat transport by forced convection to solid 
conduction reduces, becoming zero at the interface. The net effect is 
that the enthalpy flux entering radially at the intermediate plane, which 
is nearly the same as the absorbed radiation, is uniformly distributed 
over the freezing interface where it is released by heat transfer via 
solid conduction. To complete the picture, the axial flow approaching 
the freezing interface is diverted to flow radially outward in the 
Ekman boundary layer next to this interface, thereafter to turn and flow 
again axially next to the exterior surface of the melt. 

In this idealized nicture, the intermediate radial plane of symmetry 
is isothersal wit . temperature elevated above the melting point. The 
total heat absorted in the outer layer of the melt is distributed uni- 
formly over the freezing interface. If the crystal is insulated to pre- 
vent radial gradients, then, the freezing interface will be a plane 
perpendicular to the axis of symmetry--the desired result. With the 
reasonable assumption that the heat flux contribution due to the latent 
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FOR SOME MORE PROMISING FLOAT-ZONE SYSTEMS 



heat of solidification is relatively small, the temperature and flow 
fields in the molten zone between the intermediate plane and the 
melting interface is symmetrical with respect to those described. 

The qualitative nature of the velocity fields associ~red with the other 
systems depicted in Figures 3a and 3b can he constructed wit11 refcrrncth 
to that given for Figure 3a. In Figure 3b the path length for solid 
conduction from the outer surface of tne melt to the freezing iqterface 
is reduced to take possfble advantage of this fact for in-depth hlating. 
Figure 3c is presented .IS a hedge against the possibil!ty that the 
location of the intermediate planes that divide the cells in Figures 3a 
and 3b may fluctuate in space about some mean location, with consequent 
variations in solute appearing in the growing crystal. The idea 
advanced here is that the system of Figure 3c is probably more stable 
in this regard although its heat transport characteristics are less 
desirable. 

The description of the flow field given above borrows heavfly from the 
results of the prior experimenters cited and on the supporting analysis 
of Hide and Titman. However, It is to be noted that the boundary condi- 
tions on the exterior ..~rfaces of the equivalent molten zone in these 
prior experiments deviate significantly from the real cases of interest 
in the present investigation. 

As a final observation, it is noted that the radial and axial components 
of velocity within the molten zone as indicated by the measurements of 
Carruthers et a1 are small in respect to the peripheral velocity of the 

v crystal. That is, - << 1, a state satisfying the conditions for the 
aw 

stability criterion advanced in Section 3.4. Hovever, against this, the 
work of Hide and Titman predict that the radial and axial components of 
velocity in local regions within the melt can approach the peripheral 
speed. This being the case, local distortion of the outer surface will 
result from these local dynamic effects, and the stability criterion 
might be modified somewhat. Whether these effects on stability are 
significant is a debatable point. We believe that they are probably 
not significant, but this contention needs to be tested by experiments 
of the type proposed in Section 3.6. 

An analytical description of the velocity field within the molter. zone 
is provided by the appropriate form of the Navier-Stokes equations 
together with the equation of continuity. These equations are developed 
in Appendix D. 

For an incompressible, steady, laminar, axisymmetric flow with material 
properties independent of temperature, the Navier-Stokes equations com- 
bined with the continuity equation in dimensionless form are 



The equation of continuity :lone is 

9 (.I v') r + 4 (I vl) 2 = 0 
ar a z 

2 

We note here the appearance of the Reynold's number, 
prl '"1 , a result 

LJ 

anticipated by the dimensional analysis presented in Section 3.2.3. 

Few analytical solutions to Equations la-lc and 2 are available. Those 
that are involve relatively very simple flow systems where the 
constraints reduce the active variables to manageable proportions. In 
principle, numerical techniques involving machine computation will serve 
to achieve a solution for our cases of interest. The introduction of 
t5e concepts of a stream function and potential function as an aid to i 

solution does not apply in our case for the potential function does not i 
exist in a system having vorticity, although the stream function exists. I 

i 
Numerical solution to prnblems of the type we are concerned with utilize i 

i 



relax~tion techniques in hot11 t imct ;~nd space coordinates. 'TIIL* prol) 1t.m 
statement treats the system in ~~nstc:ldy stiltc (wc I~ilvc* L O  includ~b tcBrnls 

a v of the form ) ;~nd relaxes it to the steady-sti~lc sol 11tic)11 enlploy 1111: 

tile appropriate ini t in1 nlld bountl;~ry condil ions. Tllc pirper b y  0rsz;lg 
a~id ~sraeli(~) rtwicws tllc work i l l  tl~is nrc;l. 

Upon review of the literhtr1.c pertaining to solution of similar flr~id 
fiow problems, one is impressed with the complzx nature of possible 
flows which may result. The work of ~earsoni7j on the viscous tlow 
between two rotating coaxial disks having inf'n?-te radii makes this 
point. Even for this relatively simple system which has relatively 
straightforward characteristic solutions to the Navier-Stokes equations, 
Pearson shows equilibrium solutions are highly depende.9: on the 
Reynolds number based on the disk spacing which is the only geometric 
dimension in the system. Moreover, the equilibrium solution in some 
cases, characterizied by a higher Reynolds number, was shown to depend 
on the start-up condition; that is, which disk is assumed to influence 
the flow first. This analytical problem is ideal-ized, but the result 
does give an indication of the sensitivity of the flow pattern to slight 
variations in the speeds of rotation of the disk. 

A determination of the velocity field within the molten zone by numeri- 
cal solution of the governing equations is outside the scope of the 
current program. The work presented was carried out with the objective 
of gaining maximum insight into the nature of flow field short of that 
provided by computer solution of the governing equations and of defining 
the magnitude of the problem to be faced should computer solution be 
attempted. 

3.6 FUTURE WORK 

In order to pursue the technical investigation beyond what has been 
accomplished in this program requires: (1) a more accurate determina- 
tion of the stability of the molten zone under the variety of configu- 
rations and rotational rates that may have utility; and (2) a more 
accurate determination of the velocity field within the molten zones 
associated with each promising system. Emphasis should be placed on 
achieving the latter objective. 

The work accomplished clearly shows the inagnitude of the difficulty 
associated with a "quantum-jump" iil the sophistication of analysis 
represented by computer solution to the Navier-Stokes equations. 
Confronted with this difficulty, it would be easy to attempt solutions 
to problems without adequate knowledge whether the results were war- 
ranted or valid. Accordingly, we have concluded thrt experiments are r 
vital necessity to the definition of useful flow fields in the Si melt. 



I t Carruthers and ~rasao(~) have carried out useful experiments of tile 
I 
, type needed. However, these experiments were limited in respect to tl~c 
I stability conditions that they could examine, and thc flow pilttcrns 

that they observed resulted from a boundary condition on the model of 
the molten zone that was significantly different from that which exist 
in a real float-zone process. 

i 
First, as regards stability, these experiments examined the influence 
of perturbations which lead to distorted cross sections wit11 a centroid 
remaining on the axis only. Therefore, they did not examine the 
effects of the type of perturbation that we have determined to be most 
limiting as regards the stability of typical melts of interest. Second, 
these experiments did not examine the influence of internal circulation 
on stability. 

An examination of the Carruthers and Grasso experimental results pertain- 
ing to the observed circulation patterns make clear that the experimental 
method did not produce truly the circulation patterns of a real float 
zone. This can be seen by reference to the results presented for equal 
isorotation of equal radii, simulated crystal and feed stock. These 
results showed significant internal circulations of a magnitude roughly 
the same as the case of equal counterrotation. From elementary conside- 
rations, we know that, in the case of a melt with a free surface, no 
circulatians of the type described can persist at steady state with 
equal isoration. Anything other than solid body rotation of the complete 
melt would give rise to shear stresses at the interfaces, a net torque 
and resulting rate of change in angular momentum of the melt. The 
induce currents observed by Carruthers and Grasso are the result of shear 
stresses at the exterior boundary of the simulated melt induced by the 
mineral oil surroundings. It seems reasonable to assume that the 
presence of the oil influences the circulation patterns in all the cases 
they described. To what degree the patterns they observed are different 
from those of a real float-zone is moot, but their results for equal 
isorotation make the translation in all cases questionable. 

The purpose of experiments we propose in an on-going program would be 
five fold: (1) they would test the results of the stability analyses 

I that we have made; (2) they would establish stability limits for system 
configurations and operating conditions not a~zlyzed; (3) they would 
test the validity of concepts we have developed as to the nature of the 
circulating currents induced in the melt by various forms of rotation; 
(4) they would provide guidance for the numerical analysis and computer 
solution of the velocity fields within these melts; and (5) they would 
obviate some major limitations of prior experiments reported in the 
literature. 

A brief description of the type of experiments we propose is given in 
Appendix E. The experiments involve the .lse of scale models and optical 
tracing of the motion of observable partjcles suspended in the model 
melt. From our examination of possibilities, we have found that a model 

- 3 melt system using water with a simulated crystal radius of 2.7 x 10 m 
(0.105 in) has useful potential of meeting the objectives stated above. 



4.0 ANALYSIS OF ECONOMIC IMPACT 

4.1.1 Purnose and S c o ~ e  

We have considered t h e  p o s s i b l e  ten-year economic impact o f  growing l a r g e  
f loat-zone s i l i c o n  c r y s t a l s  i n  a g rdv i ty - f ree  environment. Wc d e s c r i b e  
t h e  expected advantages  of  f a b r i c a t i n g  l a r g e  c r y s t a l s ,  wafe r s  and clr ips,  
and then p r e s e n t  examples f o r  t h e  most s i g n i f i c a n t  c r y s t a l  d iamete r s ,  
c h a r a c t e r i s t i c s  and devices.  

For t h i s  a n a l y s i s ,  we have only  considered t h e  economic impact on d e v i c e s  
t h a t  a l r e a d y  have a s i z a b l e ,  developed markc?, and we have assumed re- 
placement o f  5 cm ( 2  inch)  f loat -zone and 7.6 cm ( 3  inch)  Czochra l sk i  
c r y s t a l s  by 15.2 cm (6  inch)  f loat -zone c r y s t a l s .  We have n o t  conducted 
an a c t u a l  volume a n a l y s i s  o f  s p e c i f i c  d e v i c e  types ,  because t h e  data-  
g a t h e r i -  g and reduc t ion  would invo lve  a n  e x t e n s i v e  e f f o r t .  

The fol lowing d i s c u s s i o n  c o n s i d e r s  wafer  s i z e  t o  be  t h e  major i n f l u e n c e  
on t h e  u l t i m a t e  c h i p  cos t .  A more e x t e n s i v e  a n a l y s i s  w i l l  b e  r equ i red  
t o  account f o r  t h e  i n f l u e n c e  o f  space  s h u t t l e  c o s t s ,  power c o s t s  i n  
o r b i t ,  t h e  p r a c t i c a l  ( r a t h e r  than t h e o r e t i c a l )  y i e l d  of  good c r y s t a l s ,  
and t h e  a c t u a l  c r y s t a l  q u a l i t y  o b t a i n a b l e  i n  a w e i g h t l e s s  environment. 

The conc lus ions  presented i n  o u r  a n a l y s i s  assume t h a t  a l l  of  t h e  tech- 
n i c a l  and economic problelns of  growing and p rocess ing  15.2 cm ( 6  inch)  
c r y s t a l s  i n  o r b i t  w i l l  be r eso lved  s a t  is f a c t o r i l y .  

4.1.2 I n t r o d u c t i o n  

I t  appears  t h a t  c r y s t a l s  s e v e r a l  times t h e  p r e s e n t  5-cm (2 inch)  and 
7.6-cm ( 3  inch)  d iameter  products  c u r r e n t l y  a v a i l a b l e  could b e  grown 
i n  a gravi ty-f  r e e  environment. Large diameter ,  h igh q u a l i t y  f l o a t -  
zone c r y s t a l s  would provide  a number of economic advantages  f o r  manu- 
f a c t u r i n g  semiconductor devices .  For example: 

The float-zone process  produces a g r e a t e r  volume of  
a c c e p t a b l e  dopant l e v e l  f o r  any given c r y s t a l  s i z e .  

The f loat-zone process  g e n e r a l l y  produces h i g h e r  
q u a l i t y  c r y s t a l s .  

Large f loat -zone c r y s t a l s  could u s e  l a r g e  d iamete r  
f eeds tock ,  which c o s t s  l e s s  p e r  kilogram than t h e  
s m a l l  d iamete r  f eeds tock  c u r r e n t l y  used i n  t h e  f l o a t -  
zone process.  



The l a r g e  wafers  a v a i l a b l e  from l a r g e  t i i ;~awtcr  crystill:; 
would have much h i g h e r  e f f i c i e n c i e s  of  s t r r fncc  u t i  l i x i t t  i o n ,  
which would l e a d  t o  much g r e a t e r  product lcn  of  c l ~ l p s  pcr 
u n i t  a r e a  - p a r t i c u l a r l y  f o r  l a r g e  s c a l e  i n t e g r a t e d  c i r c u i t s .  

The g r e a t e r  n u h e r  of c h i p s  pe r  wafer w i l l  g r e a t l y  rcclucc the 
c o s t  per  ch ip ,  because wafer  p r o c e s s i n g  c o s t s  a r e  c sscn  t i a l  l y  
independent o f  wafer  s i z e .  

Large, h igh  q u a l i t y  wafe r s  w i l l  enab le  t h e  product ion of new, 
l a r g e r  c l a s s e l  of  r e c t i f i e r s ,  t h y r i s t o r s ,  and LSI 's ,  and t h e s e  
l a r g e r ,  more complex c i r c u i t s  w i l l  reduce t h e  o v e r a l l  c o s t  of 
both f i n i s h e d  dev ices  and e l e c t r o n i c s  equipment. 

The p o s s i b i l i t y  o f  growing l a r g e  f loat -zone c r y s t a l s  i n  o r b i t  p r e s e n t s  
a t  l e a s t  one major d isadvantage t h a t  should  be considered:  

The technology necessa ry  t o  grow l a r g e ,  f loat -zone c r y s t a l s  
i n  an o r b i t a l  environment is c u r r e n t l y  beyond t h e  s t a t e  o f  
t h e  a r t ,  and c o n s i d e r a b l e  r e s e a r c h  and development e f f o r t  
w i l l  b e  r equ i red  t o  s o l v e  t h e  t e c h n i c a l  and economic uncer- 
t a i n t i e r  i n h e r e n t  i n  such processing.  

4.1.3 Method of Economic Analvs is  

a. P o l y c r y s t a l l i n e  Feed t o  Trimmed Boule. A s  t h e  f i r s t  s t e p  i n  ana lyz ing  
t h e  v a l u e  of  l a r g e  f loat -zone c r y s t a l s ,  w e  have examined t h e  c o s t  of  
conver t ing  po lys j  l i c o n  feeds tock  i n t o  both  Czochralski  and f loat-zone 
c r y s t a l s .  

We f i r s t  cons ide r  t h e  cos t  of  producing l a r g e r  d iameter  f eeds tock  and 
t h e  p o s s i b l e  c o s t  advantage of us ing  such m a t e r i a l  t o  produce l a r g e  
f loat-zone c r y s t a l s  ve r sus  s m a l l e r  Czochralski  c r y s t a l s .  

We then cons ide r  t h e  c o s t  o f  producing c r y s t a l s  of e q u a l  mass and e q u a l  
d iameter  and t h e  v a l u e  p e r  u n i t  mss of f eeds tock  of t h e  trimned boules. 

F i n a l l y ,  we examine t h e  convers ion e f f i c i e n c i e s  of t h e  two p rocesses ,  
wi th  equa l  s i z e  feeds tock ,  p e r  u n i t  mass of t r i n i e d  boule. A t  t h i s  
s t a g e ,  t h e  ou tpu t  of c r y s t a l  w i t h  a c c e p t a b l e  dopant l e v e l  and r e s l s -  
t i v i t y  determines  t h e  value  of  each trimmed boule. 

b. Trimned Boule t o  Finished Wafers. The a n a l y s i s  o f  t h i s  manufactur- 
i n g  s t a g e  -considers  wafer  output  prrrnarily i n  terms o f  s u r f e c e  a r e a  p e r  
u n i t  weight of  trimned boule. 

c. Wafer P rocess ing  t o  F in i shed  Chips. T h i s  a n a l y e i s  o f  p rocess ing  - 
d i s c u s s e s  t h e  geometry of  a r e a  u t i l i z a t i o n ,  i n c l u d i n g  t h e  o u t p u t  of  
ch ips  pe r  u n i t  a r e a  as a func t ion  of wafer  d iameter  and t h e  i n f l u e n c e  
o f  '-arger wafers  on a r e a  u t i l i z a t i o n  f o r  l a r g e  chips.  



d. Chip Process ing  Costs. l h i s  manufacturing s t a g e  1s discuxscd in 
terms of  d e v i c e  complexity ( a s  a func t ion  o f  t h e  number of  p r o c e s s i ~ ~ g  
and hand l ing  s t e p s ) ,  d e v i c e  type  and wafer  s i z e .  

e. Market Impact. F i n a l l y ,  t h e  I n f l u e n c e  of  producing l o r g c  f l o a t -  
zone c r y s t a l s  i n  o r b i t  is considered i n  terms of c u r r e n t  and ~>ro.ic-c.tcd 
market s i z e ,  dev ice  c o s t  a s  a func t ion  o f  wafer  s i z e ,  m d  the ccont)n~ic 
impact on s e l e c t e d  d e v i c e  types.  

4.1.4 Conclusions 

There is  no  c lea r -cu t  c o s t  advantage f o r  e i t h e r  growing p rocess ,  because 
t h e r e  a r e  on ly  marginal  sav ings  p o s s i b l e  through t h e  d i f f e r e n t  f eeds tock  
u t i l i z a t i o n  o r  conversion e f f i c i e n c i e s .  I n  f a c t ,  t h e  s a v i n g s  i n h e r e n t  
i n  each process  n e a r l y  cance l  o u t  by t h e  time each type  o f  c r y s t a l  h a s  
been converted t o  a trimmed boule. 

However, i t  appears  t h a t  t h e  number o f  f i n i s h e d  c h i p s  a v a i l a b l e  from 
each 15.2 crn (6 inch)  wafer  could  be  f o u r  tc  e i g h t  t imes t h e  number 
of  f i n i s h e d  ch ips  produced from t h e  c u r r e n t l y  a v a i l a b l e  7.6 cm (3 inch)  
wafers.  Therefore ,  because  p rocess ing  c o s t s  a r e  very  high and a r e  
e s s e n t i a l l y  independent o f  wafer  s i z e ,  o u r  a n a l y s i s  l e a d s  us t o  conclude 
t h a t  t h e  p rocess ing  efficiencies made p o s s i b l e  by t h e  a v a i l a b i l i t y  o f  
15.2 cm (6 inch)  wafe r s  would enab le  t h e  manufacturers o f  s i l i c o n  semi- 
conductor dev ices  t o  produce such dev ices  f o r  perhaps  12% t o  25% of  t h e  
p r e s e n t  c o s t  p e r  chip. The t h e o r e t i c a l  economic impact on t h e  send- 
conductor i n d u s t r y  of  such sav ings  can b e  e x t r a p o l a t e d  t o  a cumulative 
ten-year v a l u e  o f  $8 b i l l i o n  t o  $15 b i l l i o n .  

4.2 CZOCHRALSKI VERSUS FLOAT-ZONE FOR EIASSIVE CRYSTALS 

4.2.1 I n t r o d u c t i o n  

Th i s  s e c t i o n  cons ide r s  t h e  c o s t  of  producing c r y s t a l s  from p o l y s i l i c o n  
feeds tock ,  and examines: 

Feedstock c o s t  a s  a f u n c t i o n  of  d iameter ,  

C r y s t a l  c o s t  a s  a func t ion  o f  f eeds tock  s i z e ,  and 

Conversion e f f i c i e n c y  t o  trimmed boule. 

4.2.2 Feedstock Cost 

The c o s t  p e r  u n i t  weight . ' p o l y s i l i c o n  feeds tock  dec reases  w i t h  i n c r e a s i n g  
diameter.  This r e s u l t s  because r a d i a l  d e p o s i t i o n  r a t e s  a r e  e s s e n t i a l l y  
independent o f  s i z e  and t h e  c o s t  is l a r g e l y  determined by c a p i t a l  and 
energy c o s t s  f o r  t h e  t ime s p e n t  i n  t h e  t r i c h l o r o - s i l a n e  r e a c t o r .  With 
t h e s e  d e p o s i t i o n  k i n e t i c s ,  t h e  weight of  s i l i c o n  produced p e r  u n i t  t ime 
i n c r e a s e s  p r o p o r t i o n a l l y  wi th  d iameter .  Table 2 summarizes t h e  average 



FEEDSTOCK GROWING TIME AND WEZCH'P - 
VERSUS FINAL ROD DIAMETER 
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Source: Arthur D. L i t t l e ,  Inc. 



S i  production r a t e s  a s  a function of diameter. The average production 
r a t e  for  12.7-cm (5 inch) po lys i l i con  rod is 50% g rea t e r  than the  r a t e  
f o r  5.7-cm (2.25 inch) rod. 

The 7.6-cm ( 3  inch) Czochralski process cur ren t ly  uses  the  l a r g e s t  feed 
rod diameter (12.7 cm, 5 inches) ,  which c o s t s  $0.70 t o  $1.00 per gram, 
while the  5.7 cm (2.25 inch) float-zone process uses t h e  smal les t  rod, 
which cost  $1.30 t o  $1.50 per gram. Thus, f o r  t h e  earth-based process, 
the float-zone feedstock is 50% more expensive than the  Czochralski 
feedstock, and t h e  latter crystal-growing process enjoys a cost  advantage. 

4.2.3 Crystal  Cost 

I f  both t h e  processes a r e  used t o  grow 7.6-cm ( 3  inch) diameter c r y s t a l s  
of equal length and equal mass, w e  f ind  t h a t  t h e  Czochralski c r y s t a l  c o s t s  
less because of lower feedstock cost .  However, we must compare t h e  cost  
of growing a 7.6-cm (3  inch Czochralski c r y s t a l  aga ins t  t he  cos t  of grow- 
ing a 15.2-cm (6 inch) float-zone c r y s t a l  i n  orbit--and only consider t h e  
growing process i t s e l f .  Then, we f ind  t h a t  both processes use approxi- 
mately t he  same diameter feedstock, which would e l imina te  t h e  feedstock 
cos t  advantage of t h e  Czochralski process. 

4.2.4 Conversion Eff ic iency 

I f  7.6-cm (3 inch) Czochralski c r y s t a l s  a r e  compared with 15.2-cm (6 inch) 
float-zone c r y s t a l s ,  we must consider  what percentage of po lys i l i con  is 
converted by each growth process t o  t he  form of a trimmed ingot  (or  boule) 
t h a t  has been cropped and ground t o  a spec i f i ed  diameter and length with 
t h e  desired r e s i s t i v i t y  f o r  fu r the r  processing. 

Figbres 4 and 5 i l l u s t r a t e  t he  geometry of c r y s t a l  and ingot  f o r  the  
Czochralski and f loat-zone processes,  respect ively.  

The Czochralnki process is  used t o  produce uniform P-type mater ia l  and 
both broad-range (2.5:l) and narrow-range (1.7: 1) N-type material .  When 
a l l  of t he  crystal-growing and machining losses  and recyc l ing  of mater ia l  
have been accounted f o r ,  the  weight of acceptable  P-type trimmed ingot  
mater ia l  i s  about 85% of the  i n i t i a l  charge. For t h e  widely used N-type 
c r y s t a l s ,  the  mater ia l  with a broad r e s i e t i v i t y  range provides about 65% 
acceptable  trimmed ingot ,  while  t h e  narrow-range mater ia l  provides about 
452 of t he  i n i t i a l  po lys i l i con  charge i n  t h e  form of usable trimmed ingot .  
(The charge weight w a s  assumed t o  be 7.5 kilograms.) 

Industry experience with 5.7 cm (2.25 Inch! float-zone c r y s t a l s  i nd i ca t e s  
t ha t  a trimmed ingot provides 75-803 acceptable  mater ia l  from a s i m i l a r  
i n i t i a l  charge weight (7.5 kg). This compares favorably t o  t h e  y i e l d s  
of t h e  C z o c h r ~ l s k i  process, depending cn the  type of c r y s t a l  grown. 
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Because t h e  l eng th  of  f loat-zone mate: i a l  l o s t  t o  i n g o t  cropping m3y equal  
two c r y s t a l  d iameters ,  s m - 1 1  charge  weigllts would g ive  unacccptablc  y i r l d s  
w i t h  15.2-cm(6 inch)  d iameter  c r y s t a l s .  Figllrc h sl~ows t l ~ c  t l lcor~t t  i (:;I 1 

y i e l d  of trimmed ingo t  a v a i l a b l e  from 7.6-cm ( 3  inch) ;mJ 15.2-cm ( 6  inch) 
f loat -zone c r y s t a l s ,  wi th  charge we ig l~ ta  r a n g i ~ ~ g  from 7 t o  1.00 ki1o):ritm.;. 
r l iarges of  50 t o  100 kilograms would b e  r c q u i  red t c  i11crc ; ls~  t hc y lcltl  
from 15.2-cm (6 inch)  c r y s t a l s  t o  75-87X acccpta l ) lc  m;~Lc.r i a l .  

The 15.2-cm (6 inch)  f loat -zone c r y s t a l  would providtl nea r ly  four  t i n 1 ~ 1 s  
t h e  weight of  accep tab le  trimmed ingot  p e r  u n i t  length  t h a t  is i l v ~ i l i l b l c  
from a 7.6-cm (3 inch) c rys  tal--Czochraioki - o r  f loat-zone. 

4.2.5 Conclusions 

At- t h i s  p o i n t ,  i t  would appear  t h a t  35.2-cm (6 inch)  f loat-zone c r y s t a l s  
prokn i n  o r b i t  would be perhaps four  t imes a s  va luab le  a s  7. t-cm (3  inch)  
Czochralski  c r y s t a l s  grown on e a r t h .  Powever, t h e  m c e r t a i n t i e s  involved 
wi th  growing t h e  1 r g e r  c r y s t a l s  i n  o r b i t  may u l t i m a t e l y  nega te  t h e  theo- 
r e t i c a l  advantage t h a t  we have jusL descr ibed.  Thus, t o  t h i s  s t a g e  i n  
t h e  manufacturing process ,  n e i t h e r  process  has  a c l ea r -cu t  c o s t  advantage. 
In f a c t ,  t h e  average raw m a t e r i a l  c o s t  is such a smal l  percentage (7-3%) 
of  t h e  c o s t  of  a f i n i s h e d  d e v ~ c e  t h a t  any sav ings  t o  t h i s  po in t  may have 
only marginal  impact on t h e  u l t i m a t e  c o s t  of f in is l led  chips .  

4.3 EFFECTS OF LARGE CRYSTALS ON WAFER FIAISHIJC 

Indust ry  exper ience  has  shown t h a t  the  number of wafers  per  u n i t  l eng th  
t h a t  can be s l i c e d  from a trimmed bou le  dec reases  wi th  i n c r e 2 s j n g  bou l s  
diameter.  Th i s  r e s u l t s  i n  p a r t  from t h e  f a c ~  t h a t  l a r g e r  diameLer wafers  
must be t h i c k e r  t o  s u r v i v e  mechanical handl ing d u r i n g  f i n i s h i n g  add ch ip  
processing.  Also, saw th icknesses  must be  increased wi th  l a r g e r  d iametc r s ,  
which i n c r e a s e s  kerf  l o s s e s .  

With p resen t  technology, approximately e i g h t  pol ished wafers  a r e  obta ined 
per cent imeter  (20 per inch)  o f  trimmed ingo t  l eng th  f o r  7.6-cm ( 3  inch)  
d ismeter  c r y s t a l s .  We have es t imated t h a t  ap?roximately f i v e  wafers  pe r  
cen t ime te r  (12 pe r  inch)  could be expected from 15.2-cm (6  i-rch) c r y s t a l s .  
Wafer th ickness  was increased from .05 t o  .OR cm (.018 t o  .030 inch)  and 
saw kerf  ~ h i c k n e s s  from .04 t o  .08 cm (.015 t o  .03G inch) .  

Wafer breakage and m a t e r i a l  l o s s e s  occur  dur ing  sawing, lapping,  p o l i s h i n g  
and o t h e r  wafer f i n i s h i n g  procedures. The m a t e r i a l  l o s s e s  pe r  u n i t  a r e a  
s l ~ o u l d  nbt be inf luenced s i g n i f i c a n t l y  by wafer s i z e  due t o  t h e  t h i c k e r  
wafers t o  be used. We b e l i e v e  t i i a t  the  inc reased  wafer  th ickness  shou ld  
permit equ iva len t  y i e l d s  tllrough sawing an? lapping (82%) and p o l i s h i n g  
( 8 5 % )  s teps .  





I I 
I, I 

Thus, t h e  c o s t  d i f f e r e n t i a l  between t h e  7.6-cm (3  inch)  diameter  wafers  1 
and t h e  15.2 cm (6 inch) d iameter  wafers is r e f l e c t e d  i n  t h c  wafer nrc8a ! 
per  u n i t  l eng th  and a r e a  per  m i t  mass o f  trimmcd boule. T l ~ c  l n r ~ c r  i 
wafers genera te  2.4 t i m e s  t h e  a r e a  per u n i t  l eng th  ;and 0.6 t imes t h e  ;Ircn;l 
per  u n i t  mass of  boule. Without s p e c i f i c  informat ion 'lhout t l ~ c  comparat lvr- 
c o s t s  o f  growing 7.6-cm ( 3  inch)  Czochralski  c r y s t a l s  on e a r t h  ant1 15.2-rm 
(6 inch)  f loat-zone c r y s t a l s  i n  o r b i t ,  i t  is impossible  t o  make a q u m t i -  
t a t i v e  e s t i m a t e  cf t h e  r e l a t i v e  c o s t s  pe r  m i t  area. It is obvious t h a t  
t h e  l a r g e r  space-grown c r y s t a l s  w i l l  c o s t  more pe r  u n i t  length--probably 
more than t h e  a r e a  d i f f e r e n t i a l  p e r  u n i t  length .  Thus, a c o s t  advantage 
o r  va lue  o f  l a r g e  wafers  w i l l  probably be f o m d  In  reduced dev ice  f a b r i -  
c a t i o n  c o s t s  on t h e  l a r g e r  wafers.  

4.4 AREA UTILIZATION BY FINISHED DEVICES 

A geometric a n a l y s i s  of t h e  u s e f u l  area a v a i l a b l e  from both  7.6-cm ( 3  inch)  
u a f e r s  and 2.5.2-cm (6 inch)  wafers--summarized i n  Table 3 - i n d i c a t e s  
t h a t  t h e  l a r g e r  wafer  can enc lose  from f i v e  t o  e i g h t  times t h e  number of 
i n d i v i d u a l  ch ips  than t h e  smaller wafer can. Thus, t h e  va lue  of t h e  l a r g e r  
wafer is even g r e a t e r  than t h e  s imple  4 : l  r a t i o  o f  s u r f a c e  ateas would 
suggest .  

W o  f a c t o r s  make t h e  srea converted t o  ch ips  smaller than t h e  nominal area 
of t h e  wafer. A r i m ,  u s u a l l y  C.32 cm (0.125 inch)  wide, cannot be used 
because i t  is damaged d u r i n g  wafer handling.  The percentage o f  r i m  a r e a  
t o  t o t a l  area decreases  wi th  i n c r e a s i n g  wafer  di-lmeter. Secondly, square  
o r  r e c t a n g u l a r  ch ips  do n o t  f i l l  a c i r c l e  completely. I f  any p o r t i o n  o f  
a c h i p  i n t e r c e p t s  t h e  o u t e r  per imeter ,  i t  is unusc5le. The e f f i c i e n c y  
o f  u t i l i z i n g  t h e  enclosed a r e a  a l s o  improves wi th  i n c r e a s i n g  wafer  diameter.  

I 
This lat ter  f a c t o r  is p a r t i c u l a r l y  important f o r  t h e  l a r g e r  chip  s i z e s ,  

I 

I 
which f i t  i n e f f i c i e n t l y  on to  s m a l l e r  wafers. 

I 
i 4.5 CHIP PROCESSING COSTS 

I Handling and manufacturing c o s t s  f o r  wafer p rocess ing  have proven t o  be  
almost independent of wafer s i z e .  Th-a, n o t  o111y does t h e  e f f i c i e n c y  o f  
s u r f a c e  u t i l i z a t i o n  i n c r e a s e  wi th  wafer d iameter ,  t h e  process ing c o s t s  rer 
u n i t  a r e a  decrease  d ramat ica l ly  wi th  l a r g e r  wafer  diameters.  

The c o s t  o f  p rocess ing  a wafer o r  producing a f i n i s h e d  d e  i c e  is d i r e c t l y  
r e l a t e d  t o  t h e  device  complexity. Figure  7 i l l u s t r a t e s  .he average 
production cos t  ( inc lud ing  overhead) of wafer p rocess ing  as a func t ion  of 
complexity, expressed by t h e  number o f  masks needed t o  process  each wafer. 

t 

The l i n c a r  r e l a t i o n s h i p  e x i s t s  because t h e  major element i n  t h e  c o s t  pe r  
.*afer is t h e  l a b o r  needed f o r  masking and d i f f u s i o n  t r a n s f e r s .  For example, 
t h e  process  f o r  producing Metal-Oxic'2-Semiconhctor (MOS) Larye-Scale In te -  
g r a t i o n  (LSI) r e q u i r e s  n e a r l y  100 t r a n s f e r s  of wafers  t o  accomplish t h e  
5 t o  7 masking s t e p s .  Complex b i p o l a r  i n t e g r a t e d  c i r c u i t s  may r e q u i r e  up 
t o  twice  a s  much l a b o r  cos t  f o r  handling,  t r a n s f e r s ,  load ing  of p rocess ing  
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FiGURE 7 COST OF WAFER PROiESSlNG VERSUS COMPLEXITY OF PROCESS 



equipment, i n s p r c t i r n  and test, bccause of the  9 t o  12 msk ing  s t e p s  and 
o t h e r  procedures. The labor  content  ranges from 2.5 t o  5 rnanhours fo r  
: o c e s s i n g  t o  t he  point  of  be icg  cu t  i n t o  ind iv idua l  chips. 

As ind ica ted  i n  Figure 7, bare  wafers have an average value of  approxi- 
mately $6, while processing cos t s  r a i s e  t h e  wafer value t o  $80 t o  $100. 
It is evident  t h a t  raw mater ia l  cos t  is a very snrall petcentage of  t o t a l  
Zinished device cos t ,  except f o r  t h e  most simple devices.  The pvinc ipa l  
savings o r  value derived from using l a r g e  diameter wafers s t e m  from reduced 
processing cos t s  per mi t  a rea ,  because wafer processing c o s t s  have his-  
t o r l c a l l y  proven t o  be  e s s e n t i a l l y  independent of s ize .  It is assumed 
he re  t h a t  wafer processing c o s t s  w i l l  no t  increase  markedly i n  going t o  
15.2 c m  (6 inch) diameter Secondarily,  t he  e f f ic iency  of u t i l i z i q g  a r ea  
increases  with va fe r  diameter f o r  t h e  reasons c i t e d  i n  Sect ion 4.4. Thus, 
t he  number of chips produced pe r  wafer increases  f a s t e r  than a s imple 
a r ea  r a t i o  would predict .  The cos t  of  a f in i shed  chip produced on t h e  
15.2-an (6 inch)  diameter wafers should be  about 115 t o  118 t h e  cos t  of 
a chip produced on 7.6-cm (3 inch)  diameter wafers. 

I 
4.6 MARKET SIZE, GROWTH AND ECONOMIC iMPACT 

The 1974 demand f o r  s i l i c o n  wafers-valued a t  about $1.00 per  square  inch 
(6.5 square cm)-is cu r r en t ly  about 200 mi l l ion  square inches (1.3 b i l l i o n  
square cs) .  This demand is growink a t  an average r a t e  of 20% per  year ,  
and therefore  is expected t o  increase  s i x f o l d  i n  ten  years.  Thus, t h e  
prc jec ted  cumulative ten-year market is 25 t i n e s  t h e  cur ren t  demand o r  
about 5 b i l l i o n  square inchec (32.3 b i l l i u r i  square cm)-a market of about 
$5 b i l l i o n  f o r  r a w  wafers. 

The 1974 production cons i s t s  of  some 40 mi l l ion  wafers and about 60% (o r  
24 mi l l ion  wafers) were processed t o  f in i shed  d tv ices .  A t  t h i s  t i m e ,  a 
f in i shed  processed wafer repre-ents  an average s a l eab l e  value of approxi- 
mately $40, s o  t h a t  processing could r e r r e sen t  a t o t a l  annual v t l u e  of 
about $1  t i l l ion . (A v o l m  ana lys i s  f o r  a l l  devices would be necessary 
t o  e s t s b l i s h  t he  a c t u a l  value addzd by processing each year.) 

To es t imate  t h e  t h e o r e t i c a l  economic i q a c t  of s u b s t i t u t i n g  15.2-cm (6 inch) 
wafers fo r  7.6-cm (3 inch) wafers,  we must assume t h a t  t h e  per wafer pro- 
c e s i n g  c o s t s  remain e s s e n t i a l l y  t h e  same, and tha t  the  l a r g e r  wafers 
w i l l  provide f r u r  t~ e igh t  t i m e s  the  number of f in i shed  devices. (Of 
t h i s  a l s o  assumea equipment capable of processing the  l a r g e r  wafers,  and 
the  hypothesis of equal processing y ie lds .  ) The annual economic impact 
of the  15.2-cm (6 inch) wafers could then be 75883 of $1 b i l l i o n ,  o r  
$750-$880 mil l ion.  In  f a c t ,  i t  i s  only reasonable t o  consider replace- 
ment of about one-third of t h e  smaller  wafers with the  l a rge  diameter 
wafers. This would lead t o  an annual impact of  about $250-$290 mi l l ion ,  
and a curmlative ten-year impact of $6,7-$7.3 b i l l i o n .  We be l i eve  t h a t  the 
economic impact would b e  r ea l i zed  pr imari ly  through reduct  ions i n  t h e  
p r i c e  of var ious f in i shed  devices ,  r a t h e r  than i n  t he  development of a 
l a r g e r  malket . 



~n e f f e c t ,  f o r  which t h e r e  is cu r r en t ly  no d o l l a r  value, is the  p o s s i b i l i t y  
of producing much l a rge r ,  mre complex devices  on the  l a r g e r  wafers,  which 
w i l l  g r ea t l y  reduce the  cos t  per  flmcti6.k i n  completed systems and thus 
reduce t h e  o v e r a l l  c st of  f in i shed  e l e c t m n i c  packages. H i s to r i ca l l y ,  
such impact has shown up as 10-40% reduction i n  mater ia l s  and labor  cen t s  
which a r e  general ly  2 5 3 5 %  o f  f in i shed  package costs .  A t  t h i s  point ,  an 
est imate  worll; be  r a t h e r  tenuous, but i t  could alaount t o  2-3% (102x252). 

1 i 
Considering t h a t  ~ r o d u c t i o n  of  semiconductor devices suppl ies  an est imated I 
$35 b i l l i o n  i n  electronic equipment each year ,  t h l s  could r e s u l t  i n  a i : 
savings of $700 mi l l ion  t o  over $1 b i l l i o n  a year.  Long-term r e s u l t s  over  f 
t he  decade could u l t imate ly  be $15-25 b i l l i o n .  

I n  a c t u a l i t y ,  such a theoret ical-  savings can be reached only a f t e r  con- 
s i d e r a b l t  research and development t o  s ~ t i s f y  a l l  technica l  and economic 
problems. Currently,  a l l  of t h e  c r y s t a l  growth and wafer f i n i s h i n g  pro- 
cedures assumed i n  t h i s  ana lys i s  a r e  beyond t h e  s t a t e  of  t h e  a r t .  
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APPENDIX A 

THE STABILITY OF A ROTATING, CYLINDRICAL MOLTEN ZONE 

In  t h i s  appendix we  consider t h e  s t a b i l i t y  o f  cy l ind r i ca l  molten zone 
r o t a t i n g  a s  a s o l i d  body. The zone is subjected t o  two forces: su r f ace  
tension, which tends t o  maintain t h e  c y l i n d r i c a l  shape, and cen t r i fuga l  
force,  which tends t o  des t ab i l i ze  the zone. We assume t h a t  grav i ty  i s  
zero o r ,  a t  l e a s t ,  negl ig ib ly  small. The nethod adopted is t o  consider 
a t i ny  displacement of t he  equi l ibr ium sur face  shape and t o  s e e  whether 
o r  not t h e  d i s t o r t i o n  grows without limit. 

F i r s t ,  we consider the d i s t o r t i o n  t o  be a f m c t i o n  of radium alone. In  
Figure A1 w e  show a c i r c l e  which represents  t h e  rnd i s to r t ed  cross  s e c t i o n  
of t he  cyl inder  with the  equation ( i n  polar  coordinates) 

along with a cross  sec t ion  of the  d i s to r t ed  cyl inder  represented by 
t h e  equation 

The pressure on the mdis turbed  sur face  which arises from cen t r i fuga l  
force  is 

The des t ab i l i z ing  pressure is t h e  change in p due t o  t he  change i n  the 
sh lpe  of the  sur face  arid f o r  small  changes is given by 

o r  

2 
Ap = pw a c cos Z3 

Next we m u s t  compute t h e  s t a b i l i z i n g  torces  produced 'yy t he  change of 
curvature of t h e  surface. It is evident  from Figure Al t h a t  t h e  g rea t e s t  
curvature of t h e  disturbed sur face  La a t  the  g rea t e s t  radius ,  s o  t h e  
change of curvature doea, at l e a s t ,  tend t o  r e s t o r e  the c ross  s ec t ion  t o  
c i r c u l a r  shape. The change i n  t he  o the r  p r inc ipa l  curvature a l s o  produces 
a r e s to r ing  force dependent on the  a x i a l  height  of zone, bu t  we w i l l  neg lec t  
t h a t  i n  t h i s  calculat ion.  



FIGURE A1 CROSS-SECTION OF MOLTEN ZONF IN PERTURBED AND UNPERTURBED STATES 



The handiest way t o  ca lcula te  the  change i n  curvature is t o  use n formrrln 

1 r2 + 2 ~ ' ~  - rr" 
-I 

2 2 3/2 ( r + r p )  

tha t  gives the curvature of a curve expressed i n  polar coordinates, 
r = r(0). Primes denote dif  f e r e n t i a t i m  with respect t o  0 . We have 

r = a +  E cos 20 

r' = -2c s i n  2 0  

r" = - 4 ~  cos 28 

and, t o  f i r s t  order, 

Equations 8 and 9 my be subs t i tu ted  i n  Equatim 6 t o  give 

whence 

A t  the l i m i t  of s t a b i l i t y  



So, from Equations (5) and (12), 

2 u r c O s  2 e  
= pU F COB 20 2 (14) 

a 

Thus, t o  ensure s t a b i l i t y ,  t he  dimellaionless group known as the  Weber 
number must s a t i s f y  t h e  inequal i ty  : 

Next, w e  i nves t iga t e  t h e  s i t u a t i o n  which occurs when the c y l i n d r i c a l  
zone of l i qu id  s u f f e r s  an msymme r i c a l  Gisplacement i n  a d i rec t ion  
normal t o  its ax i s ,  aiiy i n  t he  d i r ec t ion  of t he  x-axis. We take the  
equation of t h e  dis turbed cyl inder  t o  be: 

n 
where k m F  

and h is the  height  of t he  zone, Figure A2 shows the cyl inder  wi th  and 
w.*.thout t he  perturbat ion as wel l  z;s t h e  system of axes employed. 

To f i r s t  o r b r r  Equation (16) is 

o r  

whence we f ind  

2 r - 2 a ~  cos kz cos 8 = a 
2 

2rAr = 2ae cos kz coe 0 (19) 

Equation (19) may be subs t i t u t ed  I n t o  Equation (4) t o  give t he  des tab i l iz -  
ing  pressure 

2 
Aprpw &lE COB kZ COS % (20) 



FIGURE A2 CYLlNDRlCAL MOLTEN ZONE OF RADIUS (.I AND HEIGHT (hl, 
BEFORE AND AFTER PERTURBAT i C  1. THE COORDINATE 
SYSTEM USED IN  THE STABlLlT Y AIJALYSIS IS ALSO SHOWN. 



Ae before,  t h e  s t a b i l i z i n g  pressure is obcained a f t e r  ca l cu l a t i ng  t he  
change i n  curvature. In t h i a  case,  we consider t he  curvature  i n  o plane 
passing through the  z-axis 

From Equation (18), we f ind  

ar 
- =  - k E s i n  kz ros 9 
az 

2 
-I - 2 a k E cos kr cos 0 
a z 

2 

1 2 - - k ~ c o s  kz cos 0 
R (24) 

Since t h i s  curvature  is zero i n  t he  case of t he  mper turbed  cyl inder ,  
t h e  r i gh t  hand s i z e  of Equation (24) is the  change i n  curvature  which 
gives r i s e  t o  a s t a b i l i z i n g  pressure due sur face  tensic?. We have, f a r  
t he  limit of s t a b i l i t y  

2 2 
o k 6 cos kz COB o = PO a L cos kz COB o i 2 5 )  

and hence w e  ob ta in  t he  s t a b i l i t y  c r i t e r i o n  f o r  the  he igh t  of the  
ro t a t i ng  cy l ind r i ca l  melt i n  t e r m  of t he  Weber number a s  follows: 



m ,I1... 

APPENDIX 2 

EQUATIONS GOVERNING THE TEMPERATURE FIELD WITHIN THE MOLTEN ZONE 

The purpose of this appendix is ta set forth the equations governing the 
c0m~in.d convective and conductive heat transport in a melt circulating 
in laminar flow. Appropriately cylindrical coordinates ,?re chosen (r, 
0 ,  z) with: 

Vr, Vo, VZ = velocity components 

k -. thermal conductivity 

I q" = rate .)f heat generation per uni-t volume 

I T = temperature 

I t = time 

I P = density 

I = viscosity 

j The basic differaetial equation governing the thermal behavior of the 

I 
molten zone results from application of the energy equation to an ele- 
mental volume of dimensions dr, rdd, dz. For material properties assumed 
independent of temperature, the equation satisfied by the tesperature is 

aT + q"' pcp . . . 

For the axisymmetric case, with an opaque melt at steady state, Equation (1) 
reduces to 

or alternately, 



Introducing the condition for continuity of mtrtter 

a a - ar r V + r V = 0 

reduces Equaticn (2b) to 

: i 
3y substituting the non-dimenslonal variables 

t 
I 1 r 
I 

r = -  
r 
1 

i 8 z 
z = -  

r 
i 1 

i 
i I T 
I T = -  
I 
i 

To 

where 

r = raaius of crystal 
1 



T = melting or freezing temperature 
0 

u1 = angular velocity of rotation of crystal 

Equation (4) becomes 

I 
- 

The 5oundary conditions for the molten zone are 

I1 . .4 a q n - E a l  = - k (s s i n  e + cos 0) a 

for the exposed surface of the m e l t ,  and 

for the freezillg interface, and 

aT aT k-I c o s O = k - I  cos e + L u p  az 2 az 1 



where 
I @  

'n 
= t h e  oncomjng r a d i a n t  heat  f l u x  p e r  u n i t  a r e a  normal t o  

t h e  s u r f a c e  of the molten zone. 

0 = a n g l e  between t h e  outward d i r e c t e d  normal to  t h e  bounding 
s u r f a c e  and t h e  p o s i t i v e  z d i r e c t i o n .  

u  = r a t e  of  c r y s t a l  growth c r  pall l ing r a t e .  

r = r a d i u s  of feed s t o c k  
2 

m2 = angu la r  v e l o c i t y  of  r o t a t i o n  of feed s tock .  

s u b s c r i p t  1 r e f e r s  t o  t h e  melt s i d e  of the i n t e r f a c e  

2 r e f e r s  t o  t h e  c r y s t a l  o r  p o l y c r y s t a l  s i d e  of t h e  
i n t e r £  a c e  

The s o l u t i o n  t o  Equation (5) s u b j e c t  . .I  t h e  boundary c o n d i t i o n s  (6) through 
(12)  can be  gained by a p p l i c a t i o n  of numerical  t echn iques  and computer 
c a l c u l a t i c n  provided t h a t  t h e  v e l o c i t y  f i e l d  (v: and V: as a  f u n c t i o n  of 
r '  and z ' )  a r e  known. The s o l u t i o n  is  a d e s c r i p t i o n  of t h e  temperatures  
i n  t h e  melt  a s  a func t ion  of r '  and z ' ,  o r  t h e  temperature  f i e l d .  



APPENDIX C 

kEDUCTION OF AZIMUTHAL 'I'P~PERATURE GRADIENTS BY ROTATIS 

We consider the silicon crystal, the molten z.me and the feed rod to be 
a long cylinder which is rotating as a solid body. We assume thct the 
cylinder is subject to surface heating which is not uniform in azimuth 
and ask what effect rotation has in reduring the azimuthdl temperature 

I gradient thus produced. 

I The equation satisfied by the temperature T in steady state is 

I where 

k is thermal conductivity, watts cm -1 K-l 

C is heat capacity, joules g -1 K-l 
P 

p is density, g ca -3 

-1 v is velocity vector, cm sec 

The velocity is in the 8-direction only and has the component 

where 

UJ is the angular velocity, radians sec - 1 
r is the radius, cm 

Next, we assume the properties of the material to be constant and write 
Equation 1 in cylindrical coordinates: 

It seems simple~t to adopt an indirect procedure at this juncture in the 
study of the azimuthal gradient problem. We assume a suitable form for 
ths temperature distribution and derive the heat input from it by 
comput:ng the radial gredient at the surface. We let 



and substitute this expression in Equation 3 to fJ ~d the function y(rj 
which gives the dependence of temperature on the radius. After the 
substi'ution is made and some obvious algebraic manipulations are per- 
formed, Equation 3 reduces to a form of Bessel's equatioa: 

The solution is seen to be 

where 

and T is an arbitrary constant (degrees C)  which relates to the ampli- 
0 

tude of the gradient. 

The Bessel function c' complex argument appearing in Equation 6 is 
customarily expressed in terms of Kzlvin functions. We fina the temper- 
ature distribution to be 

i = To(berl Kr + i beil Kr) e i e 
(8) 

-2 
The radial heat flux q" (watts cm ) is given by the formula 

where a is the radids t>f the cylinder, cm. 

From Equation 8 we see that 

1 - K(bero Ka + i beio Ka) 

1 + - (ber Ka + I beil Ka) 
a 1 



! 
I ' It is useful co consider the magnitude of thc ratio of the surface 

t temperature, Ta, to t:.e heat flux. Prom Equations 19 and 8, it may be 
seen that 

ber12 Ka + bei12 Ka . 
(11) 

9 eroKa + beioKa + b e r l ~ a l  + [eio~a - beroKa 
42 Ka Ka , 

For short we let the radical appearing in Equation 11 be called u(Ka), 
which function is tabulated fn Table Cl. For small values of Ka, the 
function is see? to be equal 20 its arbument. For large values of Ka, 
one couli appeal to the known properties of the Kelvin functions to 
evaluate u(Ka), hr~t it is easier to return to Equation 5 and obtain an 
approximation directly. 

First we make the transformation 

in Equation 5 to obtain the equation for z: 

For large values of Kr we may drop the term 3z/4r2 in Equation 13 to 
obtain the simpler equation 

whose solution is readily seen to be 

where A is an arbitrary con-tant. Therefore, the temperature T is given 
by the formula 



TABLE C1 

Function t o  be Used in Determining Azimuthal Temperature Gradients 



The magnitude of the ratio of surface temperature to Ilci~t flux is tltus 
found to be 

to first order. 

While the results we have derived so far are use:ul to predict the azi- 
muthal temperature gradient to be expected when the azimuthal distribu- 
tion ~f heat :lux is known or can be estimated, it may be of more value 
in the preliminary stages of syste;.. design to consider the ratio of the 
temperature gradient which appears ir, the absence of rotation to the 
gradient obtained with rotation ir: the presence of the same azimuthal 
distribution of heat flux. This ratio, which we call the smoothing 
factor f, is given by the relation 

For large values of Ka the smoothing factor is given by the approximate 
formula 

For values of Ka > 4, this approximation produces less than 12 error. 
Xn Table C2 are shown the values of the sioothing factor f for Ka - < 5. 

In order to evaluate Ka, we use the fcllowing values to describe the 
I physical properties of silicon: 



1 LA;. 
IX..*." 

d a 4 
and we use the Weber number, given by thc ratio I 

! 

3 2 
o paw% (21) 

Nw (I 

I to determine the rotation rate w .  Combining Equatians 21 and 7 ,  we may 
write 

! 
Finally, we take N* = 1 and find from Equation 22 that 

1. 

4 Ka = 13.7429 a (a in cm) 

For a > 1 cm, it i~ clear that the smoothing factor can be taken roughly 
to be equal to Ka. Some values of the smoothing factor f acd corres- 
ponding rotation rates as a function of crystal radius a are shown in 
Table C 3 .  In spite of the low rotation speeds, the smoothing factors 
are all quite large, a fact which may be attributed to the rather low 
thermal conductivity of the silicon near its melting temperature. 



TABLE C2 

S .oothing Factor 

TABLE C3 

Smoothing Factors and Rotational Rates for a Weber Number of Unity 



EQUATIONS GOVERNING THE FI.OW FlE1,D WITHIN THE MO1.TEN ZONE -- - --- 

In this appendix we set forth the equations governing the circulation of 
the melt in laminar flow. They are the Navier-Stokes equations a d  the 
equation of continuity appearing widely in the literature. Appropriately, 
a cylindrical coordinate system (r, 0, z)  is chosen with 

Vr, Ve, VZ = velncity componerlts 

p = density 

" viscosity 

Axial. symmetry, incompressibility  an^ steady state is dictated. Gravity 
forces and variations in material properties with temperature are 
assumed to be negligible. Under these conditions, the Navier -Stokes 
equation combined with the continuity equation, is 

The continuity equation alone is 

With the substitution of 



I Equations l a  through 2 assume the nori-dimensional forms 

I 

hV 
2 @  

r 
v 

r l r  + 
2  

+-i 7.'- ' + +] ( 3 4  
P ri  w1 l 2  r ar r ' 2  ~z 



2 
Prl l"1 We note here the existenrt of the Reynolds number, , a result 

CI 

anticipated by the dimensional analysis presented in Section 3.2. 
3 

e Few analytical solutions to Equations 2 and 3a-3c arc available. Those 
that are irvolve relatively very simple flow systems where the 
constraints reduce the active variables to manageable ?roportions. In 
principle, numerical techniques involving computer computation will 
serve to achieve a solution for our cases of interest. The introduc- 
tior of the concPots of a stream function and potential function as an 
aid to solution ,~cs not apply in oplr case for the potential function 
does not exist jn a system having vorticity, although the stream func- 
tion exists, !'~merical solution to problems 9f tb? type we are concerned 
with utilize relaxation techniques in both t j w  . I  ; space coordiaates. 
The problem statement treats the system in unsc. state (we have to 

3v 
include terms of the form ) and relaxes it to the steady-2tate solu- 

tion employing the appropriate initi~? and -oundat-y conditions. In our 
case,  the init:al conditions would be V = V = V = O everywalere except r 0 z 
.tt t h e  boundaries. 

The bounaary conditions are: 

At the cylindrical surface, r - f(z) 

where : 

P = static pressure 

a = the coefCicient of ~urface tension 

R1 and R = the principal radii of curvature of the surface 
of the melt zone under conditions of insured 
stability. 

.it the boundary z = 0 (assured plane) 

I At the boundary z = h (absumed plane) 



APPENDIX E 

SOME PROPOSED EXPERIMENTS 

In order t o  model t he  behavior of  a s t a b l e  S i  melt i n  t h e  spacecraf t  
environment, we should i dea l ly  produce an earth-bas ed test sys  tern i n  
which the  i n e r t i a l  f o r ce s  due r o t a t i o n  are about equal  t o  t h e  su r f ace  
terision forces  and each is l a rge  i n  respect  t o  grav i ty  forces.  This 
w a n s  tha t  t h e  dimensions of t h e  model melt must be r e l a t i v e l y  very 
small. Backing o f f  from t h e  i d e a l ,  w e  might e s t a b l i s h  t e n t a t i v e l y  t h e  
condition t h a t  t h e  inertia, sur face  tension and grav i ty  fo rces  a r e  a l l  
t h e  same magnitude i n  t he  model m e l t .  This would e s t a b l i s h  a reasonable 
upper bound on the  s i z e  and the  magnitude of the  c i r c u l a t i n g  cur ren ts  
t h a t  w e  can expect t o  produce i n  the  1a'Yoratoly. 

For t he  reasons s t a t e d  above, our model m e l t  should meet, as a minimum, 
the condi t ions : 

3 2 
- p a  NW = Weber No. - = 1 

a (1) 

NB = Bood No. - p g a 2  = 1 
0 

2 
p a  o - 

N~ 
= Reynolds No. = - as Large a s  poss ib le  

11 
(3) 

To meet the  condition expressed by the  l im i t i ng  value of t h e  Bond number, 
w e  wish t o  s e l e c t  a f l u i d  substance t h a t  has t h e  smal les t  poss ib le  r a t i o  
of p /a i n  order  t o  experiment. with a model having the  l a r g ~ s t  possible  
dimensions. The Weber number l i m i t  f o r  s t a b i l i t y  coupled w i  h :he d e s i r e  
f o r  a model m e l t  having t h e  l a r g e s t  possible  dimensions a l s o  d i c t a t e s  t he  
s e l ec t i on  of a f l u i d  having a rmuimum value of p / a .  The des i r e  for  a 
l a rge  Reynolds number, on the  o t h ~ r  hand, c a l l s  f o r  a l a r g e  value of 
p and a small value of P. *In expressing the  Reynolds number i n  terms 
of t h e  Weber number, w e  get  

and with yl = 1 



A s  a r e s u l t  o f  i n v e s t i g a t i o n  i n t o  substar lces  t h a t  might b e s t  meet the 
corldit ions above and a r e ,  i n  a d d i t  ion ,  r e a d i l y  a v a i l a b l e ,  easy  t o  use ,  
and b e s t  b e  t r a n s p a r e n t  f o r  flow v i s u a l i z a t i o n  s t u d i e s ,  we f i n d  t h a t  
wacer appears  as a good candidat.?. For wate r  a t  room cond i t ions :  

A Reynolds number of 400 is down by a f a c t o r  o f  about ten from t h o s e  
va lues  t h a t  can b e  achieved i n  s t a b l e  S i  molten zones i n  a space-based 
process.  Examinatim h a s  revealed t h a t  a model sys tem wi th  mercury makes 
p o s s i b l e  experiments a t  a maximum Reynolds number of  2300. S t a b i l i t y  
mid g r a v i t y  l i m i t s  r e s t r i c t  t h e  rad ius  o f  t h e  mercury model t o  some va lue  
l e s s  thar. about 0.19 cm,  and c e r t a i n l y  f low v i s u a l i z a t i o n  s t u d i e s  w i t h  
Iqcrcury w i l l  be l e s s  rewarding. 

However, from what w e  know now, i t  is n o t  c l e a r  a t  what va lue  of  Reynolds 
number t h e  optimum benefi irs  from r o t a t i o n  is t o  b e  achieved. One view 
contends t h a t  t h e  optimum l i e s  wi th  l a r g e r  Reynolds numbers. T h i s  view 
is bzsed on t h e  assumption t h a t  t h e  a r a c t e r  of  t h e  flow would have a 9h c e r t a i n  s i m i l a r i t y  independent of Reynolds number i n  t h e  Reynold? number 
range o f  i n t e r e s t .  The assumption of t h e  more c i r c u l a t i o n  t h e  b e t t e r  
uay st ill be  t r u e ,  b u t  as  t h e  e n t i r e  c h a r a c t e r  of t h e  flow may w e l l  change 
i n  t h e  Reynolds number range of  i n t e r e s t ,  t h i s  s i m p l e  assumption is i n  
quest ion.  I n  f a c t ,  flows c h a r a c t e r i z e d  by l a r g e r  Reynolds numbers may 
have s h e a r  waves and o t h e r  undes i rab le  p e r i o d i c  f e a t u r e s .  It seems more 
reasonable ,  i n  t h e  l i g h t  of  our  c t i r r sn t  knowledge, t o  cons ide r  u t i l i z i n g  
b e t t e r  def '.led and understood flows even thouph they may n o t  r e p r e s e n t  

L t h e  opti~num t h a t  d g h t  e v e n t u a l l y  bc achieved. I n  t h i s  l i g h t ,  experiments 
wl-h wa te r  s t i l l  appear t o  be very useful .  

6 5 
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