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1. SUMMARY 

Si l icon dendri t ic  web,asingle c rys ta l  ribbon shaped during 

growth by crystallographic forces and' surface tension ( ra ther  than d ies ) ,  

is  a highly promising base material f o r  e f f i c i en t  low cost  s o l a r  c e l l s .  

The form of the product -smooth, f l ex ib lk  s t r i p s  100 t o  200pm thick- 

conserves expensive s i l i con  and f a c i l i t a t e s  automation of c rys t a l  

growth and the  subsequent manufacturing of so l a r  c e l l s .  These character- 

i s t i c s ,  coupled with the  highest demonstrated ribbon so l a r  c e l l  efficiency- 

15.5%-make s i l i con  web a leading candidate t o  achieve, o r  b e t t e r ,  the  

1986 Low Cost Solar Array (LSA) Project  cost  objective {of 50 cents per  ' 

peak watt of photovoltaic output power. 

'The main objectives of the  Phase I1 Web Program, technology 

development t o  s ign i f ican t ly  increase web output r a t e  and t o  show the  

f e a s i b i l i t y  f o r  simultaneous melt replenishment and growth, have largely 
2 been accomplished. Recently,web output r a t e s  of 23.6cm /min, nearly 

2 three  times t he  8cm /min maximum r a t e  of a ' y e a r  ago, were achieved. We 

now have grown webs 4cm wide or  greater,  e.g.Figure 1, on a number of 

occasions Moreover, these wide webs a r e  f r e e  from the  rippled texture  

accompanying gruwth of the  widest Phase I ribbons. 

These kesu l t s  have important economic, as  well a s  technologic 
2 implications, viz.Figure 2. At  the 23.6cm /min demonstrated o u t p ~ t  r a t e ,  

the  projected s i l i con  web wafer plus polysil icon cost is about 12.8 cents 

per  wat t , ' o r  more than 3 cents per watt below the  LSA 1986 cost goal of 

16 cents per watt. Even i f  the  future  cost  of polysil icon f a l l s  only 

t o  $25/kg,the projected web wafer plus polysil icon cost  is  17 cents per  

watt, o r  within 1 cent of the  LSA objective.  



Figure 1 Maria Heimlich displays a 4cm wide silicon web crystal 
recently grown as part of the DOE/JPL Web Development Program. 
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Figure 2 . Projected s i l i c o n  web wafer p lus  p o l y c r y s t a l l i n e  s i l i c o n  p r i c e  a s  a  func t ion  of  
web output  r a t e .  Present  maximum demonstrated output  r a t e  i s  ind ica t ed  by t h e  . 

v e r t i c a l  dashed l i n e .  



S i g n i f i c a n t  i nc reases  i n  web width and speed have been made 

during the  Phase I1 program. Howeverj t o  ,reach t h e  pro jec ted .1986 web 

c o s t s  r equ i r e s  no t  only high output  r a t e s ,  bu t  t h a t  t hese  r a t e s  be' 

sust 'a inable  f o r  considerably longer  per iods  than  now i s  poss ib l e .  Long 

term high output  opera t ion  c u r r e n t l y  i s  hampered by dep le t ion  of s i l i c o n  

from t h e  c r u c i b l e  a s  l i q u i d  t ransforms t o  c r y s t a l .  T h e ' f a l l  i n  l i q u i d  

l e v e l  reduces web growth r a t e  and promotes an irrcrease i n  web s t r e s s ,  a  

prectl.ssor t.o ri. b'bon b e n d i n g .  "l'h1.i~ me:l t replenishment arld clused lvop 

l e v e l  con t ro l  a r e  c r i t i c a l  requirements f o r  f u r t h e r .  web devklopment. 

A f i r s t  s t e p .  i n  e s t a b l i s h i n g  t h e  necessary  long t e r n  growth 

s t a b i l i t y ,  development of melt  replenishment technolo.gy, has  been t e s t e d  

and shown f e a s i b l e  dur ing  t h i s  program. The feedstock,  p e l l e t i z e d  

s i l i c o n ,  i s  i n j e c t e d  int'o t he  melt  from a programmable, mechanical ly -  

e ac tua t ed  p e l l e t  f eede r  while concurren t ly  p u l l i n g  a  web . c rys t a l .  The 

system employs a  unique two compartment c r u c i b l e  design in'  which t h e  

mel t ing  p e l l e t s  a r e  separa ted  from t h e  growing web by a  qua r t z  b a r r i e r .  

A key r e s u l t  of t hese  experimknts was t h e  demonst ra t ion  t h a t  s o l a r  c e l l s  

f a b r i c a t e d  on t h e  rep len ished  ma te r i a l  were j u s t  a s  e f f i c i e n t  a s  c e l l s  

f a b r i c a t e d  on t y p i c a l  webs growth without  mclt  rcplenishment .  The 

feedin6  technique apparent ly  in t roduces  no undes i r ab le  contaminants.  

Besides t h e  important.deve1opments i n  output  r a t e  and 

replenishment '  technology, c h a r a c t e r i z a t i o n  s t u d i e s  i n d i c a t e  t h a t  average 

web s o l a r  c e l l  e f f i c i e n c y  has increased  dur ing  t h e  Phase I1 e f f b r t ,  and 

t h a t  f u r t h e r  improvements can be expec ted . .  Over 180 web c r y s t a l s  grown 

under a  v a r i e t y  o f  condi t ions  typ i fy ing  t h e  range of experimental 

parameters.  s t u d i u d  i l l  Pllabe 11 l i ~ c  been Eatrricatad in+* snl ar r.r.115. 

The average c e l l  e f f i c i e n c y  (AM1, AR coated) f o r  t h e  740 c e l l s  was 13%, 

about 1% h ighe r  than t h e  e f f i c i e n c y  average dur ing  Phase I .  As p a r t  o f  

a  companion program (JPL 95473), ,solar c e l l s  f a b r i c a t e d  on web grown. 

during t h e  p a s t  year  exh ib i t ed .  15.5% AM1 conversion e f f i c i e n c y ,  t h e  ' 

h ighes t  y e t  f o r  any ribbon - so l a r  c e l l  m a t e r i a l .  The f i r s t  one squa re '  

f oo t  a r e a  web demonstration modules produced 11.5% conversion e f f i c i e n c y .  



Most of  t he  major t echn ica l  requirements t o  produce s i l i c o n  

web s u i t a b l e + f o r  low cos t  s o l a r .  c e l l s  have now been demonstrated. These 

inc lude  output  r a t e ,  c e l l  e f f i c i ency ,  ribbon thickness ,and to l e rance  t o  

impur i t i e s ( l i ke1y  i n  s o l a r  grade s i 1 i c o n ) s u f f i c i e n t  t o  meet t h e  1986 

LSA cos t  ob jec t ives .  Future a c t i v i t y  must be aimed a t  t h e  development. of 

an ope ra t iona l  melt  rep'lenishment system and c l o s e d ' l o o p  growth sys t em.  

con t ro l s  so  t h a t  high web output  r a t e s  can be sus t a ined  f o r  prolonged 

periods with a  minimum of ope ra to r  i n t e r v e n t  ion .  



2 .  INTRODUCTION 

S i l i c o n  d e n d r i t i c  web i s  a  s i n g l e  c r y s t a l  s i l i c o n  r ibbon 

, m a t e r i a l  with unique advantages f o r  t h e  manufacture of low c o s t  s o l a r  

ce l l s .  Shaped by the '  i n t e r p l a y  of  n a t u r a i  c r y s t a l l o g r a p h i c  and s u r f a c e  

t ens ion  fo rces ,  r a t h e r  than p o t e n t i a l l y  contaminating'  d i e s ,  t h e  web 

produces s o l a r  c e l l s  with 'excell .ent .conversion e f f i c i e n c y .  For 

example, during t h e  p a s t  year  an AM1 e f f i c i e n c y  of 15.5% was demonstrated., 

s o  f a r  t h e ' h i g h e s t  va lue  repor ted  f 0 r . a  r ibbon m a t e r i a l .  The web process  

a l s o  conserves expensive s i l i c o n :  t h e  r ibbons a r e  t h i n  a s  grown, 100 t o  

200 .urn, and the'  facet-smooth su r f aces  r e q u i r e  . n o  c o s t l y  c u t t i n g  o r  
\ 

e t ch ing  be fo re  c e l l  f a b r i c a t i o n .  Because impur i t i e s  a r e  r e j e c t e d  from 

t h e  ribbon du r ing  c r y s t a l  growth, it is  f e a s i b l e  t o  use  cheaper , .  l e s s  

pure grades of  s i l i c o n  a s  feedstock f o r  t h e  web process .  Final ' ly ,  

1 o n g . f l e x i b l e  web s t r i p s  f a c i l i t a t e  automation of both c r y s t a l  growth 

and t h e  subsequent c e l l  manufacturing.operations. Taken toge the r ,  t h e s e  

c h a r a c t e r i s t i c s  make t h e  web process  a  lead ing  candida te  t o  achieve o r  

b e t t e r  t he  1986 Low Cost S o l a r  Array (LSA) P ro jec t  c o s t  o b j e c t i v e s  of  

50 c e n t s  p e r  peak wat t  of photovol ta ic  output  power. 

. . 
Dcvclopmcnt .of wch tcchnolngy h n s  continucd undcr Wostinghousc . , 

' 

funding, and under t h e  auspices  of t h e  Department of Energy and t h e  J e t  

Propulsion Laboratory, a s  p a r t  of t h e  LSA P r o j e c t ,  JPL Contract  954654. 

By t h e  end of  Phase I  o f  t h a t  c o n t r a c t  (Apri l  1978) a  number of important 
1 

r e s u l t s  had been obtained.  For example, web c r y s t a l s  over 3 cm wide 

had been grown (4 cm i n  very s h o r t  segm'entsland a  maximum web a r e a  -output  
2 r a t e  of  8  cm /min had been demonstrated. S t ab le  growth of t h i n  

(f150um) r ibbons was r e a d i l y  achievable .  - Even i n  webs grown f r o m . s i l i c o n ~  ' , .  . , 

mel ts  purposely contaminated with up t o  40 p a r t s  pe r  m i l l i o n  of C r ,  Mn, 

Fe o r  N i ,  t h e  c r y s t a l  s t r u c t u r e  and c e l l  performance were unimpaired s o  

t h a t  t h e  use  of a  "so larw grade feeds tocks  i s  f e a s i b l e .  F i n a l l y ,  web 



s o l a r  ce l l s , t hough  unoptimized with r e spec t  t o  performance o r  ma te r i a l  

q u a l i t y  y ie ldad  e f f i c i e n c i e s  a s  high a s  14.5% AM1 with a  12% average 

e f f i c i e n c y  f o r  a l l  Phase I c e l l s  made and t e s t e d .  

. .The Phase I  s tudy y ie lded  s i g n i f i c a n t  improvements i n  web 

technology and a l s o  i d e n t i f i e d  t h e  requirements, o r '  c r i t i c a l  process  

developments, t o  achieve t h e  1986 cos t  ob jec t ives .  These were der ived  

from an economic a n a l y s i s  of t h e  web process  by t h e  JPL SAMICS-IPEG 
1 

approach. Br i e f ly ,  t h a t  a n a l y s i s  showed. t he  web process  'can achieve 

t h e  1986 JPL wafer p lus  p o l y c r y s t a l l i n e  s i l i c o n  c o s t  goal a t  an a r e a  , 

2 
output  r a t e  of 25 cm /min, a  po lys i l i con  of $25/kg, and 15% c e l l  

conversion e f f i c i e n c y  assuming automated continuous growth f o r  per iods  

up t o  about 65 hours.  When t h e  po lys i l i con  p r i c e  f a l l s  t o  $10/kg, t h e  

pro jec ted  wafer p lus  s i l i c o n  c o s t  f o r  web i s  about $.04/watt  below t h e  

J P L  1986 ob jec t ive .  

C l e a r l y ,  improvements i n  output  r a t e  and i n  t h e  a b i l i t y  t o  

grow web f o r  extended time per iods  were requi red .  Because of i t s  l a r g e  

leverage on system c o s t s ,  an. i nc rease  i n  c e l l  e f f i c i e n c y  was a l s o  

d e s i r a b l e .  For t h i s  reason development of technology t o  r a i s e  t h e  out-  
2  put  of t h e  web process- to  25 cm binbecame a  major o b j e c t i v e  of - t he  Phase 

I1 program described i n  t h i s  annual r e p o r t .  A second key. o b j e c t i v e  of 

t h e  Phase I1 study was t o  show t h e  f e a s i b i l i t y  of melt  replenishment s o  

t h a t  stahle growth condi t ions  can be maintained f o r  p r a c t i c a l  pcr iods .  

This  i s  t h e  f i r s t  s t e p  toward achieving a  f u l l y  automated growth system. 

The ma te r i a l  produced a s  p a r t  of t h e  development e f f o r t  was t o  be 100 
4 -2 

t o  200 pm.thick,  e x h i b i t  d i s l o c a t i o n  d e n s i t i e s  of  10 cm o r  l e s s  and 

possess  q u a l i t y  s u f f i c i e n t  f o r  t h e  f a b r i c a t i o n  of 12% e f f i c i e n t  s o l a r  
. . 

c e l l s .  

The Phase I 1  program approach u t i l i z e d ' b o t h  a c t i v e  and 

pass ive  thermal trimming and s p e c i a l  grvwth l i d  des igns  t o  i nc rease  web 

width and growth v e l o c i t y  while  minimizing s t r e s s  i n  t h e  m a t e r i a l .  

Development of t hese  techniques i s  an i n t e r a c t i v e  process  i n  which 

computer s imula t ion  of t h c  growing ribbon i s  cuuplecl wiLh e ~ a p i r i c a l  ' 

evalua t ion  of system parameters and.hardware t o  improve web output  r a t e .  



Development of melt replenishment capability. included investigations of 
. , 

mechanical and thermal requirements to feed pelletized silicon to fhe 
' melt while simultaneously growing web crystal. The impact of changes 

in growth system parameters on web. seeding and web quality were 

monitored by structural,'elect.rical, and device measurements' to assure 

that the material remains compatible with the fabrication of efficient 

solar cells. Finally, the economic analysis was updated to reflect 

the progress in web technology development. 

'I'he Phase 11' effort has been quite successful. We recently 
2 

achieved an output. rate of 23.6 cm /min, nearly three times the rnaximun~: 

value attained during the Phase I program and.very.close to our goal of 
2 

25 cm /min. Long'webs over 4 cm wide were grown on a number of occasions. 

Not only are these recent webs wider than the earlier crystals, but they 

also ar,e free from the ripples often encountered in the widest Phase I 
1 

material. 

2' 
At 23.6 cm /min fhe.projected web polysilicon plus wafer costs ' 

is $0.17 per watt (about a penny a watt above the 1986 target) with $25/kg 

silicon, and $0.13 per watt; or 3 cents below the 1986 goal, with . 

$10/kg silicon. The same assumptions regarding.cel1 efficiency and 

growth cycle time described above hold for these calculations. 

To achi'eve the projected costs requires that the web be grown 

at high output rat'es for prolonged times.We .cannot yet do this; the 

falling melt 'level and ensuing changes in thermal environment produced 

.as liquid transforms to web eventually rcduccs growth spced,and promotes 

web deformation. A first step in eliminating this,difficulty, introduction 
d 

of melt replenishment technology, has been successfully tested as part of 

this program. The system employs, a mechanically-actuated pellet feeder 

by which 1 .to 2 mm sized silicon pellets can be inserted *at a programmed 

rate into the liquid to maintain the level constant. A two compartment 

crucible in which the melt is self-leveling keeps the injected pellets 

from the growing web as they melt. Web crystals grown with simultaneous 

melt replenishment have yielded the same high average cell efficiencies 

as crystals grown without replenishment. 



1 

Besides improvements in web output rate and replenishment, . . 

technology, characterization experiments on over 180 webs grown during 

Phase I1 indicate a general increase to 13% AM1 in average cell 

conversion efficiency compared wfth the 12% average efficiency typifying 

the Phase I study. This is despite the fact that no "standard" growth 

.procedures are now employed-crystals are grown under a variety of 
. . 

conditions depending on the .parameters being tested, e.g. to imprave . . 

output.rate. Web cell efficiencies as high as 15'.5% and module 

efficiencies up"to 11.5% were demonstrated as part of a companion program 

(JPL 954873). we expect these efficiencies will increase still further 

with improvement in cell processing and module fabrication'. 

The remaining secti0n.s of this. annual report provide an overall 

picture of' the results from over :380 experimental runs conducted as 

of, Phase I1 web development program. For specific details read'ers 

may consult previous quarterly the Growth Run summary in 

Appendix 2, or the appended paper entitled, "Silicon Ribbon Growth by 

the Dendritic Web Process, 'a detailed discussion of the origin and 

' - control of stress in web crystals, the tolerance of web growth to 

.impurities and recent backsurfade field solar cell results. 



3. PROGRESS I N  WEB TECHNOLOGY DEVELOPMENT 

3 .1  Enhancement i n  s i l i c o n  Web Output Rate 

Web c r y s t a l s  a r e  grown from s i l i c o n  he ld  molten i n  a  qua r t z  

c r u c i b l e ,  Figure 3 . which is  heated indiict . ivsly t h r n i l ~ h  a m~lybdcnum 

susceptor .  System hea t  'flow. i s  con t ro l l ed  'by a  s l o t t e d  molybdenum 

suscep to r  l i d  and hea t  s h i e l d s  through which t h e  growing web a l s o  

passes .  The l i d  and s h i e l d s  shape the  l i q u i d  isotherms s o  t h e  c e n t e r  

reg ion  is. supercooled while  t h e  per iphery  remains ho t  enough t o  prevent  . 

f r eez ing  a t  t h e  qua r t z  c ruc ib le -mel t  i n t e r f a c e .  These elements ' i n  

combination with thermal t r h e r s  placed above t h e  s h i e l d s  a l s o  de f ine  ' 

t h e  temperature p r o f i l e  i n  t h e  web c r y s t a l  i t s e l f .  

The r a t e  a t  which l i q u i d  s i 1 i c o n . i . s  converted t o  web s i n g l e  , 

c r y s t a l  i s  determined by t h e p o d u c t  of  t h e  web width and growth v e l o c i t y .  

Crys t a l  width depends dominantly on t h e  l a t e r a l  temperature p r o f i l e  i n  

t h e  l i q u i d  whi le  t h e  d i s s i p a t i o n  of t h e  l a t e n t  hea t  nf fusion c o n t r o l s  

t h e  growth v e l o c i t y .  A s  we .have noted . be fo re ,  t h e  growth s lo t .  widt.h; . 

bevel  .angle,  and l i d  t h i ckness  (and t h e  l e v e l  of t h e  1iqui.d i.n t.hs 

cav i ty )  have profound e f f e c t s  on web growth v e l o c i t y ,  while  t h e  s l o t  

length,  a r e a  and ho le  s i z e  a r e  more important f o r  c o n t r o l l i n g  t h e  melt  

temperature p r o f i l e .  194 

A s  wider and wider web was grown, it became c l e a r  t h a t  t h e  

l i m i t a t i o n  t o  f u r t h e r  width inc rease  was no longer  imposed by t h e  melt  

p r o f i l e .  Ins tead  s t r e s s e s  caused t h e  wider c r y s t a l s  t o  deform, and 
4 

s t r u c t u r e  t o  degrade. For t h i s  reason a  computer model of t h e  s t r e s s  

i n  web was developed and v e r i f i e d  t o  guide t h e  implementation of thermal 

trimming elements which minimize web s t r e s s .  Sec t ion  3.1.1 desc r ibes  

t h e  model development and s t r e s s  measurements i n  web; s e c t i o n s  3.1.2 and 

3 .1 .3 . ,  r e spec t ive ly ,  h i g h l i g h t  s t u d i e s  t o  improve web width and speed, 

while   experiment"^ coupling inc reases  i n  web width and speed t o  maximize 

output  r a t e  a r e  t h e  sub jec t  of s e c t i o n  3.1.4.  



Dwg. 7686A17 

. Figure 3.  Schematic s e c t i o n  of suscep to r  f o r  web growth f i t t e d  with an 
"RE-1". l i d  



3.1.1 S t r e s s  ~ o d e l i n ~  and Measurements 

A t  t h e  end of t h e  Phase I program we had c l e a r l y  i d e n t i f i e d  a 
1 

major impact of  thermal s t r e s s  on web crystals: .  t h e  tendency of  web t o  
' 

t w i s t  and c u r l  a t  some c r i t i c a l  width l e s s  than t h e  maximum width - 

a t t a i n a b l e  f o r  a '  given . s l o t  geometry. Once be.ndi'ng occurred, t h e  

c r y s t a l  pe r fec t ion  of the  mater ia l  de te r io ra ted  rapid ly ,  and t h e  growth 

. of t h a t  c r y s t a l  had. t o  be t e l a r i ~ ~ a t e d .  An associa ted  phenomenon was t h e  

propensi ty of some web s t r i p s  t o  f r a c t u r e  1,engthwise when handled. The 

two halves of  the  s t r i p s  diverged,indicat ing t h e  presence of  a r e s idua l  

s t r e s s  f i e l d  i n  the  ribbons, and i n ,  f a c t  t h e  degrse of divcrgenee can 
1 

be  used t o  give a q u a n t i t a t i v e  measure of t h i s  s t r e s s .  

Both of  these  observations a r e  r e l a t e d  t o  t h e  temperature 

. ' d i s t r i b u t i o n  i n  a web c r y s t a l  a s  it is  growing from t h e  me1.t. hut  a r e  

not otherwise necessa r i ly  r e l a t e d  t o  each o ther .  That. is,  web c r y s t a l s  

having r e l a t i v e l y  l a rge  re s idua l  s t r e s s e s  may show no tendency t o  c u r l  

o r  t w i s t  and conversely a web c r y s t a l  may have very small r e s idua l  

s t r e s s  u n t i l  very s h o r t l y  before it bends. A p ro~osed  r a t i o n a l e  f o r  . 

t hese  phenbmena, described i n  d e t a i l  i n  Appendix 1. i s  t h a t  t h e  r e s i . h l  

stress develops from p l a s t i c  deformation of t h e  web.while e 1 a s t . i ~  

defonna.tion is  s u f f i c i e n t  t o  induce t h e  observed bending. While t h e  . 

q u a l i t a t i v e  aspects  o f  t hese  thermally-generated s t r e s s e s .  were recognized 

a t  t h e  beginning of t h i s  phase of  t h e  web development program, the  

q u a n t i t a t i v e  aspects  o f  both the res idua l  s t r e s s  measurement and the 

s t r e s s  generat ion process were then only roughly formulated.' In the 

fkll,owing sec t ions ,  developments i n  these  areas  over the  l a s t  w i l l  , 

be' b r i e f l y  reviewed. 

. . Residual Stress Measurements. In  order  t o  evaluate what e f f e c t s  

changes i n  susceptor  l i d  geometry had on the  r e s idua l  s t r e s s  i n  web 

c r y s t a l s ,  some technique f o r  q u a n t i t a t i v e  s t r e s s  measurement' was needed. '  

The so  c a l l e d  " s p l i t  width" technique was chosen f o r  i t s  s impl ic i ty  and 

moderate prec is ion  desp i t e  the  drawback t h a t  it i s  des t ruc t ive  and gives 

only an average s t r e s s  l eve l ,  not  a s t r e s s  d i s t r i b u t i o ~ .  . In t h i s  method' 

a length of web c r y s t d l ,  usual ly  about 20cm, i s  s p l i t  lengthwise down 



t h e  middle. I'f res idual .  s t r e s s  p re sen t ,  both p i eces  curve and t h e  

curva ture  i s  evaluated by measuring the  sepa ra t ion  of t h e  two ha lves  a s  . 
a func t ion  of length .  Usually t h e  c r y s t a l  s p l i t s  complete'ly and t h e  

two. p i eces ,  must be repos i t ioned  f o r  t h e  measurements; however ,errors ,  

introduced by t h i s  procedure can be minimized .by proper  t rea tment  of t h e  

da t a .  

The average r e s i d u a l  ' s t r e s s  i n  t h e  ma te r i a l  can be determined 

by analogy t o  t h e  s t r e s s e s  generated by bending a  beam t o  a  uniform 

curva ture .  For a  beam of width W ,  ben t  t o  a  r a d i u s  o f  . cu rva tu re  R ,  

The s t r e s s  a t  t h e  edges i s  given by 

- 
where E i s  Young's modulus. . 

The r ad ius  of  curva ture  can 'be expressed a s  

d-y dy % l / - i f - < < I  'I, dx2 dx 

so  t h a t  ' 

Since dy/dx i n  s p l i t  web c r y s t a l s  i s  very small  E q .  (4 )  i s  

the appropriate f o q u l a t i o n .  

. In  p r a c t i c e ,  t h e  web sample i s  sc r ibed  with a  diamond too l  

a n d , f r a c t u r e d  lengthwise; acc iden t ly  s p l i t  c r y s t a l s  have been u t i l i z e d  

as wel l .  One h a l f  of t h e  p a i r  i s  taped t o  a  p l a s t i c  s t r i p  and t h e  

second ha11 i s  1 i t t e d  t o  it a t  one end and l i g h t l y  taped i n  p l ace .  



Longitud.inal alignment i s  simple by means of small  n icks .  on t h e  c r y s t a l  

whi.ch a c t  a s  f i d u c i a l  marks. Angular and l a t e r a l  pos i t i on ing  i s  more 

d i f f i c u l t ,  bu t  those  e r r o r s  can be compensated t o  a g r e a t  e x t e n t  by t h e  

s t a t i s t i c a l  t rea tment  of t h e  da t a .  The t o t a l  s p l i t  width is measured 

w i t h . a  f i l a r  micrometer eyepiece;  t h e  longi tudina l  p o s i t i o n  determined 

by 1 cm l i n e s  s c r ibed  .on t h e  p l a s t i c  mounting strip. The raw width- 

length  da ta-usua l ly  18 t o  26 data '  p a i r s - i s  then  f i t  t o  a ' quad ra t i c  

form us ing  r eg res s ion  a n a l y s i s :  

'I'he sys temat ic  e r r o r s  i n  mounting t h e  c r y s t a l  strips appear i n  ci and 
0 

a l ,  whereas t h e  second d e r i v a t i v e  i s  computed.from a2. The f i n a l  equation 

is 

where W is t h e  t o t a l  ribbon width, % is def ined  hy E q .  5 and we have 
12 

used the  va lue  E = 1 . 9 ~ 1 0  dyneslc.2 f o r  Yo~mg's  ~ o d i i l u s  .' The usual  

r e s u l t  of t h e  r eg re s s ion  a n a l y s i s  i s  a high degree o f . c o r r e l a t i o n  

( r 2  2 ,998) arid a reasonable s tandard  e r r o r  for  the 02 l m ~ f f i c i r n t  
6 2 

(% 20%). In  low residua ' ]  s t r e s s  samples (a 10 dynes/cm ), t h e ,  

unce r t a in ty  i n  a2 approaches 100% i n d i c a t i n g  t h a t  t h i s  s t r e s s  i s  about. 

t h e  l i m i t  of r e s o l u t i o n  f o r  t h e  technique.  

Typical s t r e s s  d a t a  f o r  a number o f  c r y s t a l s  a r e  c o l l e c t e d  

i n  Table 1. In  a l l  c a ses  t h e  l i d  and s h i e l d  con f igu ra t ion  was the RE-l 

conf igura t ion  shown i n  Figure 4 .  (Dwg. 1703B17) I n  a d d i t i o n  t o  t h e  

group of da ta .  f o r  t h e  unmodified conf igu ra t ion ,  two o t h e r  groups of d a t a  

a r e  presented:  (1) c r y s t a l s  grown from an RE1 l i d  with t h e  a d d i t i o n  of  

a ho t  a f te r t r immer  and (2) c r y s t a l s  grown' from an RE-1 l i d  with a 

co ld  a f te r t r immer .  These r ep re sen t  two types  of thermal trimming which 

were t e s t e d  as means t o  reduce t h e  s t r e s s ,  and hence,  deformation i n  web 

c r y s t a l s .  



TABLE 1 
. , . . .. 

S T R E S S  MEASURED I N  WEB CRYSTALS GROWN 
WITH D I F F E R E N T  THERMAL TRIMMING GEOMETRIES 

R E - 1  L I D  ALONE 

106u w2  
2 

106 
SAMPLE d~nes/cm c m  u/w2 

R E 1 - 1  16.3 2 . 6 5 7  6 . 1  

R E - 1  L I D  WITH.AFTERHEATER 

R E - 1  L I D  WIT11 COLD AFTERTRIMMER 
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Inspec t ion  of t h e  d a t a  i s  s u f f i c i e n t  t o  r evea l  t h a t  t h e  u s e ' o f  

a  hot  a f te r t r immer  d rama t i ca l ly  i nc reases  t h e  r e s i d u a l  s t r e s s  while t h e  

cold a f te r t r immer  gives r e s u l t s  which a r e  s i m i l a r  t o  those  with no 

a f te r t r immer ,  ( a t  l e a s t  i n s o f a r  a s  t h e  r e s i d u a l  s t r e s s  i s  concerned; we 

t ake  up e f f e c t s  due t o  e l a s t i c  bending l a t e r . )  
. . 

; The s t r e s s '  d a t a  . in t h e t a b l e  a r e  given both a s  the' t o t a l  s t r e s s  

a s  ca l cu la t ed  from E q . '  (6) and a l s o  a s  a  " s p e c i f i c  s t r e s s "  a/w2. The 

l a t t e r  q u a n t i t y  appears t o  be a  parameter which is more nea r ly  cha rac t e r -  

, i s t i c  o f  t h e  growth condi t ions  than simply t h e  s t r e s s  i t s e l f .  A wide 

web sample and a  narrow web 'sample can have markedly d i f f e r i n g  s t r e s s  

va lues ,  however a/w2' i s  n e a r l y  t h e  same f o r  t h e  two samples,  and 

c h a r a c t e r i z e s  t h e  growth geometry. 

Stress Modeling. The emp~ir ica l  d a t a  ' c l e a r l y  i l l u s t r a t e  how t h e  

growth geometry may profoundly e f f e c t  t h e  r e s i d u a l  s t r e s s  i n  web c r y s t a l s ;  

however, they  g ive  l i t t l e  i n s i g h t  a s  t o  how t h e  s t r e s s e s  develop. For 

t h i s  season,we developed mathematical models t 9  p o r t r a y  t h e  phys ica l  

s i t u a t i o n  involved. The goal  of t h i s  work was. t o  understand t h e  o r i g i n  

of t h e  thermal s t r e s s  and t o  d e v e l o p . 1 0 ~  s t r e s s  designs . f o r  t h e  growth 

system inc luding  e..g t h e  use  of  af ter- t r immkrs;  . .. 

,The a n a l y t i c a l  approach employed f o r  t h e  modeling was t h e  

f i n i t e  element method. Although t h i s  approach i s  p a r t i c u l a r l y  u se fu l  

for complex geometries,  t h e  mechanics of t h e  ava i la 'b le  computer code 

made it very simple t o  input  a r b i t r a r y  temperature d i s t r i b u t i o n s  and 

mate.ria1' p r o p e r t i e s  f o r  t h e  simple h a l f  s t r , i p .  geometry used t o  r ep re sen t  ' . 

t h e  web.. ' A  number o f  element geometries were eva lua ted ;  however,most 

of t h e  model runs were done with a  geometry comprised of  r ec t angu la r  
4 .  

clcments uniform i n  length  along t h e  long i tud ina l  : c rys t a l  a x i s  

(z-diktictiuri) bu.t var ied i r i  width t r ansve r se  t o  rhe ' ~ r y s r a l ,  Figure 5 .  

The clcments were narrower a t  t h e  edge with t h e  in te r l t  of obtainirlg . . . . . . 

b e t t e r  l ong i tud ina l  s t r e s s  r e s o l u t i o n .  .(kecent evidence sugges ts  t h a t  

a  nea r ly  square,  uniform element may g ive  somewhat b e t t e r  r e s u l t s ;  f o r t h e  

most p a r t ,  the JiI l -erence betweeli Llle Lwu g e o ~ r ~ e t r i e s  i s  minimal. . Problems 
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Figure 5 Rectangular Grid Elements used i n  S t r e s s  .Model Calcu la t ions  



a r i s e  only when very small  s t r e s s  l e v e l s  a r e  being computed. The 

v a r i a t i o r  ev iden t ly  a r i s e s  when tak ing  the  d i f f e r ence  between two 

large.numbers ,  and f o r  t hese  cases  g r e a t e r  p rec i s ion  i s  achieved when 

. t h e  elements a re .more  nea r ly  square.)  For f u r t h e r  general  desc r ip t ion  

of t he  model s e e  Appendix 1. , 

Low Stress Temperature Profiles. A t  t h e  incept ion  of t h e  

s t r e s s  modeling work, t h e  computer program used w i t h ' t h e  model was 

checked by running t h e  s p e c i a l  case of a  l i n e a r  temperature p r o f i l e  

with temperature independent ma te r i s l  parameters.  Thermal s t r e s s  

theory  p r e d i c t s  t h a t  t h e  r e s u l t i n g  s t r e s s e s  i n  t h e  ribbon should be 

zero,,' and i n  f a c t  the  ca l cu la t ed  s t r e s s e s ,  while  not  zero. were q u i t e  

small .  The same temperature p r o f i l e  was then  run with a  temperature 

dependent thermal expansion (as  i s  t h e  case  f o r  s i l i c o n ) ;  t h e  r e s u l t i n g  

s t r e s s  f i e l d s  increased  markedly a s  might be expected.  The model was 

then assumed t o  be opera t ive ,and  f u r t h e r  e f f o r t  was app l i ed  t o  t h e  

modeling of  temperature p r o f i l e s  app ropr i a t e  t o  s p e c i f i c  l i d  des igns .  

Near t h e  end o f . t h e  cu r r en t  program phase, however, it became necessary 

t o  ob ta in  a  better; '  d e f i n i t i o n  .of an " ideal"  p r o f i l e ;  ' c l e a r l y  it 'was no t  

simply a  l i n e a r  p r o f i l e .  

For s i l i c o n ,  t h e  thermal expansion c o e f f i c i e n t  i s  given by 
8 

When we mpdeled a ribbon with a  l i n e a r  temperature p r o f i l e  but  

. with t h i s  quadra t i c  expans iv i ty ,  small  but  r e a l  s t r e s s e s  were c a l c u l a t e d .  
9 

~ n d e e d ,  us ing  t h e  approximate equat ion 

. . 

(C = ribbon h a l f  width and y = . l a t e r a l  coo rd ina t e ) ,  i t  was poss ib l e  t o  
2 2 c a l c u l a t e  an e f f e c t i v e  d T/dZ from t h e  va lue  of  uZZ. I t  was found 

t h a t  



This  sugges ts  t h a t  t h e  zero s t r e s s  temperature p r o f i l e  i s  given by 
I ' 

For the  case  where a = a + a T, t h i s  equat ion reduces t o  
0  

where a  = a0/2cr Equation (10 has t h e  s o l u t i o n  1  ' 

This  form o f  temperature p r o f i l e  was modeled i n  combination with t h e  

thermal expansivi ty ,Eq.  7 ,  and t h e  r e s u l t  was a  n u l l  s t r e s s  f i e l d  over  

most o f ' t h e .  r ibbon.  

With t h e  curved temperature p r o f i l e  given by Eq. 1 2 ,  a l l  t h e  

s t r e s s  and shea r  components were zero over most o f . t h e  r ibbon with t h e  

excepti0.n of t h e  r ibbon ends where modest lateral, and long i tud ina l  

s t r e s s e s  were c a l c u l a t e d .  To i n v e s t i g a t e  t h i s  end e f f e c t  phe~~omena . 

f u r t h e r ,  s eve ra l  add i t i ona l  runs  were made us ing  var ious  element s i z e s  

and types i n  t h e  model. The r e s u l t s  o f  t hese  runs ind ica t ed  t h a t  "end , 

e f f e c t "  s t r e s s e s  were an a r t i f a c t  of t h e  a n a l y s i s  r e s u l t i n g  from 

computing t h e  d i f f e r e n ~ e s  d f  two l a r g e  numbers i n  t h e  computer program.', 

These en-CJYS tended Uu be absuPuLe In riarure rarher Than relative, so  

t h a t  f o r  t he  l a r g e  s t r e s s e , ~  c a l c u l a t e d  i n  t h e  l i d  ana lyses ,  only small 

percplntagc e r r o r s  r e s u l t e d .  This conclusion wn;? v c r i f i c d  hy w ~ n n i n g  
I '  

some previous ly  analyzed t empera tu re  p r o f i t  i s  and f ind i n g  only a  10 t o  

20 percent  change i n  t h e  c a l c u l a t c d  s t r e s s e s .  Future modeling runs. w i l l  

be done us ing  a  modified element geometry t o  reduce t h e  end e f f e c t s ;  

however,the b a s i c  conc lus ions .de r ived  from t h e  previous runs a r e  s t i l l  

v a l i d  a t  ..least .on a compar'ative basis . ,  



The analys is  of a "low s t r e s s  temperature p ro f i l e"  gave 

important d i r e c t i o n s  f o r  l i d  and after tr immer design. Rather than s t r i v e  

f o r  a l i n e a r  temperature p r o f i l e  i n  t h e  growing web, t h e  mode1,indicates 

t h a t  a sub- l inear  p r o f i l e  is  des i red  over a t  1 e a s t . a  por t ion  of t h e  , 

c r y s t a l .  This obviously cannot be an extensive region; hcwever,it  can 

.be obtained i n  l imited por t ions ,  and i n  f a c t  is  one of t h e  inherent  

c h a r a c t e r i s t i c s  of the  RE-1 .configurat ion which has demonstrated low 

s t r e s s  growth, v i z    able 1. 

Thermal Trinning. An 'important appl ica t ion  of t h e  thermal, 

s t r e s s  modeling was to evaluate  the  e f f e c t  o n . s t r e s s  of the  v e r t i c a l  

thermal p r o f i l e  (e.g due t o  an aftertrimmer o r  e x t r a  sh ie lds  placed 

above t h e  susceptor  and l i d  assembly) i n  the  web. The temperature 

d i s t r i b u t i o n  i n  the  web was modeled using an expanded version of t h e  

thermal model d e t a i l e d  i n  Appendix 6 , 5  of reference  1. Three s i t u a t i o n s  

were inves t iga ted:  (1) Hot af ter tr immers a t  various pos i t ions  and 

temperatures; (2)  no a f t e r  trimmer; and (3) a cold a f t e r  trimmer a t  

various pos i t ions .  Temperature d i s t r i b u t i o n s  f o r  t y p i c a l  examples of 

these  s i t u a t i o n s  a r e  s h o k  i n  Figure 6; TAS is t h e  after tr immer ' 

temperature and i t s  pos i t ion  is  indica ted  i n  the  f igure .  The temperature 

p r o f i l e  near  the  growth f r o n t  is changed only s l i g h t l y  between the  

t h r e e  cases;  ' t he  g r e a t e s t  e f f e c t  is  severa l  ' centimeters  up t h e  ribbon. 
. I 

The hot af ter tr immer r e s u l t s  i n  a r e l a t i v e l y  hot ,  uniform temperature 

iegion as raig11L Ire expecled.  . The cold a f r e r r r i m e r ,  which has t h e  

physical  e f f e c t  o f ' s h i e l d i n g  t h e  web from the  hot  upper su r face  .of t h e  

l i d  assembly, generates a more l i n e a r  p r o f i l e .  ' The longi tudinal  (uZZ) 

and l a t e r a l  (a ) components of  t h e  r e s u l t i n g  the rmal . s t r e s ses  a r e  YY 
p l o t t e d  i n  Figures 7 and 8 .  

The model ca lcu la t ions  can be used q u a l i t a t i v e l y  t o  r a t i o n a l i z e  

the  ' s t r e s s  da ta  (Table 1) .obtained f o r  webs growth with d i f f e r e n t  thermal 

trimming configurat ions.  The l a rges t  s t r e s s e s  a r e  predic ted  f o r  t h e  

hot aftertrimmers and the  smallest  f o r  the  cold after tr immer.  In Figure 

8, por t ions  of  the  curves a r e  dashed; i n  t h a t  region,  t h e  ca lcu la ted  

s t r e s s e s  exceed t h e  s i l i c o n . y i e l d  s t r e s s  estimated from the  work o f '  
10 Graham e t  a l .  . 



Position Along Web CM 

~ i g u r e  6 Computed long i tud ina l  t emps r i tu re  p r o f i l e s  i n  s i l i c o n  web c r y s t a l s .  Temperature a s  
a  func t ion  of pos i t i on  along web f o r  t h r e e  cases :  n o  a f t e r t r i m r ,  300°K af te r t r immer  
(TAS - 30D°K), and 1 1 0 0 ~ ~  af te r t r immer  (TAS = 1 1 0 ~ ~ ~ ) .  
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Computed v a r i a t i o n  i n  longi t l ~ d i n a l  s t r e s s  d i f f e r e n c e  
' 

(022 axis--aZZ edge) a s  a  func t ion  of pos i t i on '  above t h e  
c r y s t a l - l i q u i d  i n t e r f a c e  f o r  t h r e e  cases :  no a f te r t r immer ,  
300°K a f t e r  trimmer, and 1 1 0 0 ' ~  a f t e r  trimmer. 
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Figure 8 Computed l a t e r a l  s t r e s s  d i s t r i b u t i o n  i n  s i l i c o n  web c r y s t a l s .  
Latcra l  ' s t r e s s  (ayy) a t  web c e n t e r l i n e  a s  a. fi.lnc.ti.on of  pos i t ion  
above the  c r y s t a l - l i q u i d  i n t e r f a c e .  . Curves a r e  dot ted  a t  
pos i t ions  w e r e o  Y Y exceeds t h e  s i l i c o n  y ie ld  s t r e s s  (ayp). 



A second aspec t  of t h e  modeling was ' t he .  p r e d i c t i o n  t h a t  t h e  

s t r e s s e s ,  p a r t i c u l a r l y  l a t e r a l  s t r e s s ,  a r e  s e n s i t i v e  t o  t h e  p o s i t i o n  of  

t h e  melt  w i t h '  r e spec t  t o  t h e  l i d .  ( s ee  Appendix 1 f o r  d e t a i l s )  .-The 

c a l c u l a t i o n s  i n d i c a t e  t h a t  a s  t h e  melt  l e v e l  changes t h e  s t r e s s  i n  t h e  

web may a l s o  change. Thus, the s t r e s s '  d i s t r i b u t i o n  and hence u l t i m a t e  

web width can be very  dependent on t h e  melt  l e v e l  during growth a s  

, well  a s  on t h e  l i 'd  geometry and thermal trimmer p r o f i l e .  Since we now 

do no t  r ep l en i sh  t h e  melt  i n  most of o u r . r u n s  we may, i n  f a c t ,  be. 

nega t ing  t h e  b e n e f i c i a l  e f f e c t s  of: low s t r e s s  l i d s  and thermal .trimmers 

designed t o  provide - t h e  wide web. 

In.  summary. both experimental r e s u l t s  and computer, s imula t ion  
. . 

i n d i c a t e  t h a t  a f t e r h e a t e r s  placed above t h e  suscep to r  l i d  r a i s e  r a t h e r  , 

than  reduce t h e  r e s i d u a l  s t r e s s  i n  web c r y s t a l s .  Af t e rhea t e r s  per s e  - 
a r e  not  a  v i a b l e  technique t o  promote t h e  growth of  wide web c r y s t a l s .  

Ins tead ,  ana lyses  show t h a t  a  susceptor  l i d  designed f o r  low s t r e s s  

(no p l a s t i c  deformation) coupled with a co ld  a f te r t r immer  ( t o  minimize 

e l a s t i c  bending of t h e  web above the  l i d )  should promote cond i t i ons  f o r  

wide web growth. 
. , 

Since  cne e f f e c t  of  t h e  co ld  trimmer i s  t o  s h i e l d  t h e  growing 

web from t h e  hot  l i d  assembly, a l t e r n a t i v e s  t o  t h e  co ld  trimmer a r e  

modif icat ions.  t o  t h e  . top  s h i e l d i n g  o r  some combination of s h i e l d i n g  

p lus  t h e  cold trimmer. As we show 'bclow,this  approach works and has . . .  
. ,  . 

recent ly .  produced long web c r y s t a l s  4 cm wide with improved s t r u c t u r e .  

F ina l ly ,  t h e  model s t u d i e s  imply t h a t  c o n t r o l  of  t h e  mel t  . 

l e v e l  i n  t h e  web growth system. is important i f  t h e  b e n e f i t s  of low 

s t r e s s  l i d s  and thermal trimmers a r e  t o  be f u l l y  achieved. I f  t h e  mel t  

i s  deple ted  by c r y s t a l  growth, s t r e s s  l e v e l s  . r i s e  and web deformation '  i s  

,expected. . 



3.1.2 Thermal Geometry f o r  Wide Web Growth 

A s  we have pointed out,"4 t h e  shape of t h e  thermai p r o f i l e  

i n  t h e  l i q u i d , c o n t r o l s  web width un le s s  thermal s t r e s s  causes premature 

deformation of t h e  ribbon. The e s s e n t i a l '  f e a t u r e s  of  t h e  process  a r e  

depic ted  i n  Figure 9. Heat l o s s  from t h e  meniscus, pe r tu rbs  t h e  thermal ' 

f i e l d  near  t h e  t i p  of t h e  bordering 'dendr i te  so  t h a t  t h e r e  i s  s l i g h t l y  

more growth on t h e  o u t e r  edge than on t h e  inne r  cdgc. '  T h i s  causes a  

small  dev ia t ion  of t h e  growth d i r e c t i o n  from t h e  p re fe r r ed  [211] 

d i r e c t i o n  and t h e  c r y s t a l  widens. s c  long a s  t h e r e  is  a  uniform temperature 

p r d i  1 F! i n  t h e  me1 r . When rhe wi rlenine web rea.r.hes a- regi nn o f  increasirig a 

mel t  temperature a s  shown i n  the. f i g u r e  , t h e  i n t r i n s i c .  '1.atera.l. temperatlire 

g rad ien t  i n  t h e  l i q u i d  coun te rac t s  t h e  tempera ture  g rad ien t  c r e a t e d  . 

by t h e  meniscus hea t  l o s s .  The web then  ceases  t o  widen and cont inues  

t o  grow a t  a  s t eady  s t a t e ;  

Thus , i f  t h e  melt  p r o f i l e  i s  t o o  s t e e p l y  concave upward wide 

web cannot be grown. Wcb width was l imi t cd  by t h i s  e f f e c t  . a t  t h e  

beginning o f  t h e  development program. Through a  des ign .  program based 

'on experimental development aided by computer s imula t ions ,  susceptor /  

c r u c i b l c l  l i d  dcs igns ,  which dcmonstratcd f l a t  mcit  temperature p ro f i . l e s  

over  reg ions  approximately 60 mm i n  length ,  were achieved (See Appendix 1). 

With s u f f i c i e n t l y  f l a t  melt  p r o f i l e s  ava i l ab l e ,  af ter t r imming elements 

were then app l i ed  t o  t h e  system t o  minimize ribbon deformation. The 

fol lowing two s e c t i o n s  desc r ibe  t h e  general  experimental a spec t s  of 

l i d  design and thermal hf ter t r imming,  r e s p e c t i v e l y .  

3 .1 .2 .1  Lid Design 

To a  l a r g e  ex ten t  t h e  shape and dimensions of t h e - i i d  s l o t  

c o n t r o l s  t h e  temperature p r o f i l e  i n  t h e  l i q u i d .  By proper  design t h i s  

p r o f i l c  can bc made f l a t  t o  .a few t e n t h s  of a  degree over  a ' d i s ' t ance  

corresponding t o  t he  des i red 'web width. While t h e  number o f  p o t e n t i a l  

designs i s  l a r g e , c e r t a i n  - c o n s t r a i n t s  l i m i t  t h e  number o f  p r a c t i c a l  
1 

choices  : 



Position 

Figure D Schematic illustration o f a  growing web compared with 
temperature profile at melt surface. 



(1) The temperature d i f f e r e n c e  (AT) between t h e  c e n t e r  of '  

- t h e  melt  and t h e  c r u c i b l e  wal l  must be l a r g e  enough s o  . 

t h a t  t h e  s i l i c o n - c r u c i b l e  i n t e r f a c e  temperature remains 

above t h e  me l t i ng  p o i n t  of' S i  when t h e  melt  i s  under- 

cooled f o r  growth. , '  

'(2) Convective flow and any r e ~ u l t i n g  ' temperature f l u c t u a t i o n s  

i n  t h e  melt  must be low. ~ h u s ,  the'  c e n t e r  t o  edge AT 

shnu1.d not be s u b ~ t a n t i a l i ~  l a r g e r  than  necessary  t o  

s a t i s f y  (1). 

(3) The growth reg ion  should be  t h e ' c o l d e s t  reg ion  of  t h e  

melt  with a  smoothly vary ing  p r o f i l e  t o  t h e  wa l l s .  

( 4 )  Any oxide generated by t h e  r e a c t i o n  of  t h e  molten 

s i l i c o n  with t h e  qua r t z  c r u c i b l e  must be  managed s o  

t h a t  it does n o t  c i r c u l a t e '  i n  reg ions  'of . the system 

where it can i n t e r f e r e  with growth. 

( 5 )  Convective gas flow should be minirnizcd s o  t h a t  thermal .  

pe r tu rba t ions  remain small  n e a r  t h e  .crystal-meniscus 

i..nt.erfdce region.  

Excessive dev ia t ions  from condit ior is  , ( I )  and (3) promote 

"ice" nuc lea t ion ;  va r i ance  from (2)  and (5) may induce spontaneous p u l l  

o u t ,  while  p o i n t  (4)  i s  s e l f  explanatory.  These cons ide ra t ions  though 

not  ove r r id ing  d o . e n t e r  i n t o  l i d  des ign  cons ide ra t ions .  

There a r e  two major con f igu ra t iona l  a spec t s  o f  l i d  s l o t  

geometry. The f i r s t  i s  t h e  h o r i z o n t a l  two dimensional shape, i . e .  
' 

l ength ,  width, s i z e  of  dogbone ho le s  ( i f  any) e tc .  These p r imar i ly  

d i c t a t e  t h e  d i s t r i b u t i o n  of hea t  l o s s  from t h e  mel t  and , therefore ,  t h e  

melt  temperature d i s t r i b u t i o n .  , T h e  second i s  dimensional shape i n  

t h e  v e r t i c a l  d i r e c t i o n ,  i . e .  l i d  th ickness ,  beve l s ,  e t c .  which c o n t i o l s  

t h e  hea t  l o s s e s  from t h e  web near  t h e  i n t e r f a c e  rsgion and upward, and 

t h e r e f o r e  the, v e r t i c a l  temperature d i s t r i b u t i o n  i n  t h e  growing web. 
. 

This  is  important  s i n c e  t h e  v e r t i c a l  temperature d i s t r i b u t i o n  a f f e c t s ,  

web s t r e s s  l e v e l s ,  and thus  i n d i r e c t l y  i,mpacts web width. 



In add i t i on  t o  s l o t  geometry i t s e l f ,  t h e  con f igu ra t ion  and 

number.of s h i e l d s  above t h e  l i d  a l s o  c o n t r i b u t e  t o  c o n t r o l l i n g  t h e  

v e r t i c a l  and melt  temperature d i s t r i b u t i o n s  (v i z  S e c t i o n 3 . l . l ) a n d  a r e  

i n  a  very  p r a c t i c a l  sense a  p a r t  of t h e  l i d  con f igu ra t ion .  Thus i n  

our terminology; l i d  conf igura t ion  r e f e r s  t o  t h e  combination of  l i d  

and t o p  s h i e l d s .  

From a  width po in t  o f  view t h e  two most succes s fu l  l i d  

conf igura t ions  t e s t e d  s o  f a r  a r e  i l l u s t r a t e d  i n  Figures  4  and 10. 

While t h e  two conf igu ra t ions  a t  f i r s t  appear q u i t e  d i f f e r e n t ,  i n spec t ion  

of  t h e  f i g u r e s  shows t h a t  t h e  two-dimensional s l o t  geometries a r e  

i d e n t i c a l  f o r  each. S p e c i f i c a l l y ,  t h e  s l o t s  measure 80 mm long o v e r a l l ,  

6  mm wide with 12.7 m i  d iameter  dogbone ho le s .  The t h i c k e r ,  beveled 

s l o t  f o r  t he  l i d  i n  Figure 10 has advantages over  t h a t  of  Figure 4 ' in  

terms of  growth speed and s t r e s s  induced deformation, which w i l l  be  

d iscussed  l a t e r .  In  terms of  mel t  temperature p r o f i l e  t h e  l i d s  a r e  

e s s e n t i a l l y  i d e n t i c a l ,  producing a  f l a t  growth zone g r e a t e r  than  5  cm 

wide, v i z  p r o f i l e  A, Figure 11. Webs 3 t o  3.5 cm wide could be  grown 

. . 
repea tab ly  with t h e s e  l i d s ,  web deformation l i m i t i n g  f u r t h e r  widening. 

o t h e r  s l o t  geometry c o n f i g u r a t i o n s  have been t e s t e d  both t o  

.gather  d a t a  f o r  imput t o  t h e  thermal modelihg work and t o  t e s t  , t h e  

e f f e c t  of v a r i a t i o n s i n  l i d  design on growth behavior .  For example, a, 

s t r a i g h t . 8 0 ~ 6  mm s l o t  produced web 2.6 cm wide. The melt  p r o f i l e  was 

dipped seve ra l  degrees over  a  d i s t a n c e  of  '4 .5  cm a s  measured by' a  

d e n d r i t e  probe of tlie mel t '  sur face .  ( p r o f i l c  B ,  Figure 11) .  

Changing t h e  s l o t  t o  83 mrr~ x  6  mm with '9.5 mm d i a ;  dogbone 

ho le s ,  produced a  3 .5  cm web width. . I f  t h e  dogbone ho le s  a r e  made 

too  la rge , '  t h e r e  i s  a  s t r o n g  tendency t o  n u c l e a t e  f r e e  f l oa t i i l g  i c e  i n  

.the, dogbone s ~ g j o n .  For example, when t h e  dogbone ho le s  were increased  

t o  15.9 mm d i a . , t h e r e  were some growth problems i n  t h i s  r e s p e c t .  Melt 

p r o f i l e s  were measured by t h e  d e n d r i t e  probe method! and t h e  r e s u l t s  were 

cons i s t en t  d i t h  t h e  genera l  expec ta t ion ,  i . e .  t h e  f l a t n e s s  i n  t h e  melt  

p r o f i l e  improved'as t h e  s l o t  geometry progressed from no ho le  t o  l a r g e r  

dogbone holes .  
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4 Dimensions i n  m m  

Figure 10 Examples of a growth lid which is beveled to increase 
radiative heat logs .from the web. Mod. 1 and Mod. 2 
depict different shield arrangements. The 2-dimensional 
slot geometry is the same as in Figure 4 and the resulting 
melt temperature profile is essentially the same. 
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Fi gilre: l i  Computed and measurcd melt  temperature p r u f i l e s  f o r  
d i f f e r e n t  l i d ,  s l o t  geometries.. 



Another s l o t  geometry t e s t e d  t o  improve web width was 114 mm ' '  

x 6 mm, wi th  a 3x3 ~i bevel  i n  a 7 . 5  mm t h i c k  l i d .  The r a t i o n a l e  h e r e  

was t o  provide a more uniform environment f o r  t h e  dendr i t e s  a s  t h e  web 

widened (compared with t h e  s h o r t e r  dogboned s l o t )  while  t h e  increased  

s l o t  length compensated f o r  t h e  lack  of  dogbone holes .  Indeed, 

d e n d r i t e  probes ind ica t ed  t h e  melt  p r o f i l e  t o  be f l a t  t o  about 1°C i n  

t h e  growth reg ion ,  although t h e  measurements were snmewha.t. e r r a t i c .  . 

Although h a ~ d c r  t o  grow with than  t h e  aforementioned configi-1ra.t i ons ,  

a 3 cm wide c r y s t a l  was produced. The main d i f f i c u l t y  with t h i s  

con f igu ra t ion  was t h e  nuc lea t ion  of f l o a t i n g  i c e  i n  t h e  mel t .  Overa l l ,  . 

t h i s  con f igu ra t ion  d i d  n o t  seem t o  o f f e r  any advantage over  t h e  

con f igu ra t ions  i n  F igures  4 , a n d  10, s o  t h e  l a t t e r  were chosen a s  base l i n e s  

f o r  t h e  a p p l i c a t i o n  of thermal trimming t o  reduce s t r e s s - induced  

deformation. 

Some importal?t, conclusions can be drawn from these '  experiments.  

F i r s t ,  i n  terms of  melt  p r o f i l e , .  t h e  maximum width c a p a b i l i t i e s  of t h e  

RE-1  type  s l o t  geometry have no t  y e t  been approached.,  I n  a l l  c a ses ,  t h e  

growth of wide webs a r e  te rmina ted  because o f  t h e  onse t  of. s t r e s s - induced  

deformation. ' Modificat ions i n  1i.d and t o p  s h i e l d  configurat . ions , 
I 

discussed  i n  t h e  next  s e c t i o n ,  have moved the  i n i t i a t l u ~ i  uf deforination 

out t o  4 cm, where t h e  web s t i l l  cont inues  t o  widen. Second, ' t h e  

a b i l i t y  t o  c o n t r o l  t h e  melt  temperature p r o f i l e  with small  v a r i a t i o n s  

i n  s l o t  geometry whi le  maintaining h igh  q u a l i t y  growth condi t ions  has  

f u t u r e  implica, t ions wi th  r e spec t  t o  width con t ro l  f o r  long pe r iod ,  . 

continuous growth. (See, f o r  example, d i scuss ion  of width c o n t r o l  i n  I 

S ec t ion  3 . 3 ) .  

3 .1 .2 .2  S t r e s s  Reduction f o r  Web Width Enhancement -- 
I n  t h e  p re sen t  phase of  t h i s  program, a p a r a l l e l  experimental 

and a n a l y t i c a l  approach was taken t.o i d e n t i f y  t h e  sources of and t o  

c o n t r o l  t h e  s t r e s s  i n  d e n d r i t i c  web c r y s t a l s .  The r e s u l t s  of t h e  

modeling s tudy  wer.e presented  i n  Sec t ion  3.1.1:  In  t h i s  s e c t i o n  we 

desc r ibe  t h e  concurrent  experimental work. 



The major f a c t o r  involved i n  s t r e s s  reduct ion  i s  management 

of t h e  temperature p r o f i l e  i n  t h e  growing web. Three approaches have 

been and/or a r e  being t e s t e d  experimental ly:  1)  a f t e r . h e a t e r ,  2) co ld  

a f t e r  trimmer, and 3) l i d  and t o p  s h i e l d  con f igu ra t ions .  Although t h e  

a f t e r h e a t e r  experiments were negat ive  they a r e  covered he re  f o r  sake 

of completeness. The most promising r e s u l t s  have been t h e  a p p l i c a t i o n  

of new l i d / s h i e l d  con f igu ra t ions .  

After  Heater DeveZopment. During t h e  f i r s t  q u a r t e r  of t h e  

present  development .phase, s eve ra l  forms o f  i n t e g r a l  a f t e r h e a t e r s  were 

t r i e d  with l i t t l e  success .* These trimmers were hea ted  b y  induct ion  

. coup l ing  and by conduction from t h e  l i d  t o  which they  were att iched. 

The lack of both independent temperature c o n t r o l  and h e a t e r  p o s i t i o n i n g  

were obvious d e f i c i e n c i e s  with t h e  approach, s o  a  new and more f l e x i b l e  

apparatus  was designed and cons t ruc ted .  This  af terheater ,whose func t ion  
11,12 was based on concepts  developed on o t h e r  r ibbon growth'programs, 

i s  depic ted  schemat ica l ly  i n  Figure 12. . The upper and lower h e a t e r s  

on each s i d e  of  t h e  web a r e  s p e c i a l l y . d e s i g n e d  immersion h e a t e r s  capable 

o f  opera t ion  a t  more than  1000°C. The upper and lower . h e a t e r  a r e  

joined by a  t h i n  nickel/chrome a l l o y  shee t  t o  gene ra t e  a  v e r t i c a l  

temperature g rad ien t  a long t h e  length  of t h e  .web. ~ a c h  of  t h e  fou r  

h e a t e r s  i s  equipped with i t s  own power supply and temperature measure- 

ment and c o n t r o l  s o  . tha t  a  range o f . t empera tu re s  and temperature 

g rad ien t s  car1 be ublained i n  p r a c t i c e .  The v c r t i c a l  p o s i t i o n  of  t h e  

e n t i r e  a s s e m b 1 y . i ~  a l s o  a d j u s t a b l e  t o  supp ly , an  a d d i t i o n a l  c o n t r o l  

parameter f o r  experiments.  A l l  chamber p e n e t r a t i o n s  r equ i r ed  t o  

p o s i t i o n  and power t h e  a f t e r h e a t e r  a r e  vacuum t i g h t .  

The operat ing range o f  t h e  equipment was s u f f i c i e n t  f o r  t h e  

' i n i t i a l  experiments. '  These t e s t s  were c a r r i e d  with t h e  a f t e r h e a t e r  

pos i t ioned  above a  susceptor  with an "RE-1" l i d  assembly (Figure 4 ) .  

This l i d  was chosen a s  a  b a s e l i n e  s i n c e  it produced a  f l a t  melt  

temperature l i k e  Figurel lA and because a  wealth of growth d a t a  had been 

accumulated aga ins t  which t o  compare t h e  performance of t h e  a f t e r h e a t e r s .  
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Figure 1 2  , Schematic drawing of  a f t e r h e a t e r  systern used to .modify v e r t i c a l  p r 3 f i l e  of a  -growing 
web c r y s t z l .  



The most compelling r e s u l t s  o f  t h e  s tudy  were t h a t  s t r e s s e s ,  

e s p e c i a l l y  t h e  r e s idua l  s t r e s s e s ,  i n  t h e  web c r y s t a l s  increased  

markedly f o r  every combination of a f t e r h e a t e r  ope ra t ing  cond i t i ons  t h a t  

was t r i e d .  For example, from previous measurement&, t h e  b h a r a c t e r i ~ t i c  

re 'sidual s t r e s s  f o r  t h e  RE-1  conf igura t ion  was a/w2 = 2.1  + 1 .0  x 10 
7 

- 
dynes/cm, a  f a c t o r  of about 20 g r e a t e r  than without t h e  a f t e r h e a t e r .  

(Table 1 ) .  Some of t he  reasons f o r  t h i s  behaviour-were c l a r i f i e d  by 

t h e  modeling r e s u l t s  which became a v a i l a b l e  about t h e  t ime these  

i n i t i a l  a f t e r h e a t e r  t e s t s  were run,  and a r e  reviewed i n  Sec t ion  3.1.1.  

These r e s u l t s  c l e a r l y  i nd ica t ed  t h a t  t h e  des i r ed  v e r t i c a l  temperature 

p r o f i l e  requi red  a  coo le r  r a t h e r  than h o t t e r  ambient above t h e  growth 

l i d  t o  reduce thermal s t ' ress .  

Cold Aftertrinuner Studies. The - f i r s t  vers ion  of  t he  co ld  

a f te r t r immer ,  'Figu're 13, was comprised of two water  cooied copper 

p l a t e s  about 4x8x.3 cm mounted a t  a  45O angle  above t h e  suscep to r  

assembly. Per fora ted  tub ing  which was brazed t o  t h e  bottom edges o f  

t h e  p l a t e s  provided an argon flow c u r t a i n  t o  prevent  any accumulation 

of oxide on t h e  a f te r t r immer .  

Webs grown i n  t h e  f i r s t  few runs o f  t h i s  appara tus  were 

sub jec t  t o  f requent  p u l l  o u t s ;  and t h e  formation of t h i r d  d e n d r i t e s .  

The temperature d i s t r i b u t i o n  on t h e  melt  su r f ace  was then  c a r e f u l l y  

measured by determining t h e  mel t ing  p o i n t  o f  a  t h i n  d e n d r i t e  a t  . . 

seve ra l  melt  p o s i t i o n s .  This  t e s t  revea led .  t h a t  t h e  temperature p r o f i l e  

had been d r a s t i c a l l y  a l t e r e d  by t h e  presence of t h e  a f t e r t r immer .  S ince  

t h e  a f te r t r immer  i t s e l f  was e s s e n t i a l l y  a t  t h e  chamber wall  temperature,  

t h i s  pe r tu rba t ion '  should no t  have been t h e  r e s u l t  of changes i n  t h e  . 

h e a t  l o s s  from t h e  l i q u i d .  Ra.ther,the presence of t he  copper p l a t e s  

per turbed  t h e  induct ion  hea t ing  f i e l d .  

For t h i s  reason a  second vers ion  of t h e  a f te r t r immer ,  Figure . 

14 was cohs t ruc ted .  In t h i s  design t h e  copper p l a t e s  were arranged . . 

v e r t i c a l l y  above the  suscep to r  t o  have a  much sma l l e r  e f f e c t  on t h e  

induct ion  f i e l d .  Indeed, d e n d r i t e . p r o b e s  ind ica t ed  t h a t ' t h e  mel t  



~ i g u r e  11 , . S&ematic drawing of co ld  a f te r t r immcr  wi th  co ld  h i c l d .  
p la tes  mounted 4 5 O  t o  the  v e r t i c a l  a x i s .  . , 
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Figure 14 Fhotograph of cold aftertrimmer with parallel cold plates. 



temperature p r o f i l e  was f l a t t e r ,  although a s l i g h t  r i gh t - l e f t  asymmetry 

s t i l l  existed.  Reversing the  trimmer support arms so  they no longer 

pa ra l l e l  the  induction power leads (by remounting the  aftertrimmer i n  

the  opposite s ide  of the  chamber), eliminated the  asymmetry. 

The f i r s t  growth experiments with the  cold aftertrimmer were 

very promising. Residual s t r e s s  data from several  

c ry s t a l s  indicate  t ha t  it i s  compatible with the s t r e s se s  found with 

the' RE 1 l i d  alone. Measurements of a ntimber of  web^, Table 1, 
6 2 gave a spec i f ic  res idual  s t r e s s  .a/lli2 = 2.6 - + 7.8 x 10 dynes/cm . 

(The large standard deviation of t h i s  data r e f l ec t s  the  f a c t  t ha t  various 

aftertrimmer conditions, e.g v e r t i c a l  posit ion,  were included i n  t he  

measurements. ) 

These first experiments confirmed a s  predicted by t h e  model, 

t h a t  t he  cold t r i m m e r  produces low residual s t r e s s .  However, considerable 

d i f f i c u l t y  was experiencedin fur ther  experiments aimed a t  producing a 

f l a t  melt temperature p ro f i l e  i n  the  presence of the  aftertrimmer. 

Dendrite probe measurements indicated tha t  the  melt temperature p ro f i l e  

was dipped several  degrees, t h e  amount of d ip  increasing a s  the  

trimmer was positioned c loser  t o  the  l i d .  I n  addit ion,  the  dendrites 

bounding the  web tended t o  be very non uniform i r l  thickness, a 
condition usually associated with convectively induced thermal 

f luctuat ions  i n  the  l iquid.  Attempts were made t o  compensate f o r  the  

melt p ro f i l e  perturbation by increasing the  s i z e  of the  dogbone holes, 

but t h i s  was unsuccessful. Changes i n  susceptor end shielding were 

a l so  onlymarginally helpful. Dendrite probes showed melt temperature 

var ia t ions  and growth conditions remained poor. I t  was f i n a l l y  deduced 

t h a t  t h e  cause of t h e  e r r a t i c  growth behavior was gas convection induced 

by the  chimney-like geometry of the  aftertrimmer. 

A t  t h i s  po in t , t es t s  of t he  cold aftertrimmer were suspended 

so  t h a t  a more favorable design could be formulated. 



Lid/Top Shield Confiqumtions. The s t r e s s  modeling r e s u l t s  

implied t h a t  an a l te rna t ive  way t o  achieve the function performed by the  

cold aftertrimmer is by means of passive shielding. (This approach has 

the  v i r t ue  of s impl ic i ty  but c lea r ly  lacks t he  f l e x i b i l i t y  of the  

positionable trimmer.) By manipulating the  sumber, posit ion,  and 

geometrical shape of the  shie lds  considerable adjustment i n  the  web 

ve r t i ca l  temperature p ro f i l e  (and hence stress)was possible without 

the  convective gas f luctuations attending the  use of the  cold trimmer. 

The i n i t i a l  experiments have been extremely grat i fying.  For 

example, the  addition of a t h i r d  top shie ld  t o  the  l i d  configuration 

i n  Figure 10 increased the web width t o  over 4 cm. This r e su l t  has 

been reproduced several times, v iz  Figures 15 and 16, with a maximum 

width of 4 .2  cm achieved as  of t h i s  writ ing.  

Along with progress i n  width, there  a lso has been an 

impressive improvement i n  the  c rys ta l  qua l i ty  of the  wider web c rys ta l s .  

This is  vividly  i l l u s t r a t e d  i n  Figure 17. The l igh t icg  f o r  t h i s  

photograph was purposely arranged t o  c lear ly  del ineate  the  macrostructure 

of any surface defects. The rippled tex ture  i n  t he  leftmost c ry s t a l  

(here and i n  Figure 15) is typical  of the  deformation mode observed i n  

the  widest webs grown a t  the end of the  Phase I program. The other 

c rys ta l s  shown, besides being wider than the e a r l i e r  webs, a re  a l so  

f r e e  of the  undulating surfacc fcrrturcs, and exhibit  excellent  crysLal 

quali ty.  

Combinations of improved l i d  shielding deployed with a 

redesigned aftertrimmer should increase the  web width beyond the  4 .2  cm 

maximum so f a r  achieved. 



Figure 15 Wide web crystals produced by improvements to  l i d  thermal 
shielding. Lights and laboratory surroundings are reflected 
i n  mirror-like surfaces. 



Figure 16 Close-up view il lustrating smooth surfaces of as-grown 
web crystals.  Faint striations are fine oxide parricles 
deposited during growth. 



F2gure 17 Wile web crystals photogra2hed t o  h ~ ~ h l i g h t  surrace reazures. Rippled structure 
in lefthand crystal is characteristic of wicer webs grow: earlier in the program. 
Recent c-ystals are both wider and ripple free (Striations on remaining crystals 
are due T O  remnant surface oxide formed .durjr.g growth. 



3.1.3 Methods t o  Enhance Web Growth Velocity 

3.1.3.1 Background 

The maximum crys ta l  growth veloci ty  i n  general depends on how 

ef fec t ive ly  t he  l a t en t  heat of fusion can be diss ipated from t h e  c rys ta l -  

l iqu id  in terface .  For dendr i t i c  web, unlike other ribbon techniques, 

t he  l a t en t  heat  can be l ibe ra ted  i n  two ways:ls4 t o  the  supercooled 

l iqu id  from which the  c ry s t a l  grows and t o  the c ry s t a l  i t s e l f .  Thus i n  

p r inc ip le  higher growth speeds may be p rac t ica l  f o r  web growth than f o r  

methods which do not employ l iqu id  supercooling. To da te  growth 

ve loc i t i e s  up t o  10 cm/min have been achieved a l b e i t  on r e l a t i ve ly  t h in  

 ribbon^;^ 4-5 cm/min a r e  more typical  of t he  s t a t e  of t h e  a r t  as  we show 

be 1 ow. 

The experiments described i n  t h i s  sect ion deal  mainly with 

ways t o  improve rad ia t ive  loss  from the  s i l i c o n  web, t h e  most d i r ec t  

route t o  improve prac t ica l  growth speed. We used the  mathematical 

model described i n  Appendix 1 t o  assess the e f f ec t s  of 
furnace parameters, e.g susceptor l i d  thickness, growth s l o t  width, 

shie ld  and aftertrimmer temperatures, on web growth r a t e .  The s i t ua t i on  

can be visual ized with t he  a id  of Figure 18,from an e a r l i e r  repor t .  A s  

t he  model analyses, and i n tu i t i on  would suggest, r ad ia t ive  loss  from 

the  web can be improved i n  t h e  following ways: 

(1) Reduce the  ter~perature  of the  top radia t ion shie ld ,  e.g. 

use ex t ra  radia t ion sh ie lds  above t he  susceptor l i d ;  

(2) Increase the  growth s l o t  width; 

(3) Increase the  view angle i n  t he  susceptor l i d  (bevel t he  

sloL) ; 

(4) Raise the  web-liquid i ~ ~ t e r f a c e  c loser  t o  t he  susceptor 

l i d ,  and 

(5) Reduce the  susceptor l i d  thickness. 
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Figure 18 Paths for heat loss from the web crystal and adjacent 
liquid meniscus. 



We have successfully applied a number of these approaches 

during Phase 11, routes ( I ) ,  (2), and (4) having been most e f fec t ive  so  

fa r .  The thermal model f o r  the  web system predicts  t ha t  f o r  a given 

furnace geometry the  re la t ionship between web thickness and veloci ty  will  

be of the  form: 

where t is  the  web thickness and a and b are  constants spec i f ic  t o  the  

growth configuration ( for  a given t, a system which more e f fec t ive ly  

diss ipates  heat w i l l  produce a higher growth veloci ty) .  Thus by 

measuring the  thickness of webs grown from a f ixed furnace condition 

a s  a function of the  pul l  speed, a velocity-thickness p lo t  is developed 

which is  charac te r i s t i c  of tha t  condition. We used t h i s  method t o  

determine the effectiveness of spec i f ic  growth geometries t o  increase 

web growth speed? The model output was used t o  guide the  choice of the 

i n i t i a l  configuration t o  be tes ted.  The following sect ions  highlight 

the  r e s u l t s  of these s tudies ;  d e t a i l s  of the spec i f ic  runs, most of 

which were carr ied out primarily i n  the  J furnace, a r e  tabulated i n  the  

Appendix 2, and discussed i n  Reference 4. 

I n c r e a ~ i n g  Growth Speed Via Lid S lo t  Desi@ 

We carr ied out a s e r i e s  of experiments t o  evaluate how beveled 

l i d s  and s l o t  width affected growth speed. Melt t o  l i d  height was a l so  

investigated by employing a l i d  which was recessed i n t o  t he  cav i ty  above 

the  melt. 

Briefly,  i f  a th ick (9 mm), f l a t  l i d  is considered a base case 

or slow growth geometry considerable improvement i n  growth speed is 

at ta ined simply by introducing a beveled p ro f i l e  along the  l i d , ( f o r  

example a s  shown i n  the  l e f t  s ide  of Figure 10.) , In  t h i s  way,speed 

increments of 2 t o  3 times the  base case were reached. That i s ,  the  

velocity-thickness curve f o r  a beveled l i d  s h i f t s  ve r t i ca l l y  up the  



speed axis as  t he  amount of bevel section is increased. Speeds up t o  

5 cm/min have been achieved t h i s  way. 

By shielding the hot l i p  of t he  growth s l o t  from the  growing 

web,a fur ther  speed increase is gained. This s i tua t ion  is depicted by 

Mod 2 ( r ight  side) of Figure 10. The drawback t o  t h i s  approach i s  t h a t  

an overhanging l i d  l i k e  that  shown i n  the f igure  can co l lec t  oxide. To 

circumvent t h i s  problem,we introduced a pa i r  of argon flow tubes (a lso 

sllur~in In the  Figuru) y r t ~ a l l e l  to thr grwth  s l o t .  Argm purg~rl het~tten 

the  l i d  and shield  can then be employed t o  prevent oxide deposits. A 

se r i e s  of runs i n  the RE furnace, (Appendix 2) proved the va l id i ty  of 

the  approach (two other  argon flow techniques have also been tes ted  on 

the W furnace, viz.  Section 3.3.3, but the  best  method i s  sti l l  undecidea. 

This now makes possible the use of high speed l i d  configurations 

previously .unfeasible. 1t' a l so  provides a means t o  introduce convective 

cooling of the  web, an approach w e  have not previously explored. 

A fur ther  evolution of the  beveled l i d  concept is shown i n  

Figure 19. The bevel is  recessed with only a small s t ra igh t  l i p  over 

the l iquid.  Radiative transport  was increased s o  tha t  growth rates over 

6 cm/min colild he achieved on webs over 2.5 cm wide. By increasing the 

s l o t  width of t h i s  design growth speed was fur ther  raised t o  7 cm/min, 

While we can achieve speeds commensurate with high overall  

output r a t e s  there  are two d i f f i c u l t i e s  which must be overcome t o  make 

such procedures routine and t o  s t a b i l i z e  growth cosditions for longer 

perfrrds. h~t: u1 these is  t o  b c t t s r  control the  seeding operation for  
tvfasttv l i d s  which provide greater  rad ia t ive  heat transport .  Typically, 

during seeding both m e l t  ~indercaoling and growth speed a re  adjusted 

during a short  t rans ien t  t o  produce the button and i n i t i a t e  web growth. 

The added heat loss i n  a f a s t  l i d  makes t h i s  adjustment more d i f f i c u l t  

f o r  the operator t o  reproduce. Thick buttons may resu l t .  Within these 

buttons, extra  twins (Figure 20) form, causing lineage s t ruc ture  t a  
4 

propagate i n to  the web. Improved parameter readout and control  should 

resolve t h i s  d i f f i cu l ty ;  and t h i s  a c t i v i t y  w i l l  form par t  of the  future  

web development program. 



1.5 Top Shield 

.75 Thick 

+Figure 19 Lid slot design with large radiative view factor. 



Figure 20 Extra twZns fo,med during the seeding process when the 
crystal i s  ex~essively cooled. 



Another way t o  . i nc rease  web growth v e l o c i t y  i s  t o  r a i s e  t h e  

melt  l e v e l  c l o s e r . t o  t h e  l i d  s l o t .  This  may be accomplished by r eces s ing  

the' l i d  i t s e l f  o r  by feeding s i l i c o n  t o  t h e  mel t .  One s e t  of experiments 

conducted with a recessed  l i d  produced speeds over 5 cm/min. 

3.1.4 Combined Output Rate 
' 

. Because techniques t o  i nc rease  web width and growth speed can 

be i n v e s t i g a t e d  i n  tandem, p a r a l l e l  e f f o r t s  have been c a r r i e d  out  a s  

d i scussed  i n  t h e  preceeding s e c t i o n s  i n  order  t o  u t i l i z e  program 
' 2 resources  e f f e c t i v e l y .  By t h i s  approach, speeds '  (8 cm /min) and widths 

'(4.2 cm) have been independently demonstrated and i f  achieved 
2 

s imultaneously,  would exceed t h e  web output  r a t e  goal  of 25 cm /min. 

. Recently we coupled . t h e  developments f o r  width and speed, 

employing l i d  designs with r e l a t i v e l y  f l a t  melt  temperature p r o f i l e s  and 

good r a d i a t i v e  lo s s .  I n  t h i s  way we were a b l e  t o  achieve an output  r a t e  
2 of 23.6 cm /min, ' very c l o s e  t o  t h e  t a r g e t  va lue  f o r  t h e  program. Output 

2 
r a t e s  above 18 cm /min have been reached on a number of  occasions,  

Table 2. These improvements i n  output  r a t e  may be compared with t h e  
2 

maximum value  of 8 cm /min demonstrated by t h e  end o f  t h e  Phase I 

program. 

We have no t  y e t  been a b l e  t o  s u s t a i n  high output  r a t e  growth' 

f o r  ~ r o l o n ~ e d  periods.This  i sbecause  i n  our  i resent 'system, a s  t h e  

web c r y s t a l  grows and widens, s i l i c o n  i s  consumed and t h e  melt  l e v e l  

f a l l s .  There a r e  two s e r i o u s  impac t s . .  F i r s t ,  hea t  l o s s  from t h e  web i s  

reduced causing t h e  web t o  t h i n .  Second, web s t r e s s  , l eve l s  a r e  increased  

s o  t h a t  deformation i s  promoted. ~ h e s e  observat ions.  (which a r e  c o n s i s t e n t  

. . with OIIT c n m p ~ t e r  sImulati .on r e s u l t s )  are descr ibed  i n  d e t a i l  i n  Appendix 

2. The impl ica t ion  i s  t h a t  high grpwth r a t e s  ,and optimum web widths 

obta inable  with proper  l i d  design,  can only be sus t a ined  for.  s h o r t  

per iods  i n  a run un le s s  some con t ro l  a c t i o n  i s  taken.  Melt replenishment ,  

i n  f a c t ;  i s  a f a r  more .e legant  and necessary way t o  so lve  t h e  problem. 

The s t a t u s  of melt  replenishment technology development i s  covered i n  

Sec t ion  3.2.  



TABLE 2 

RECENT WEB OUTPUT RATE RESULTS 

THROUG PUT RATE , Y W I DTH GROWTH VE%LOCITY 
mm RUN NO. cm /min cm/min 

RE- 100 

R E - 1 0 1  

RE- 102 

5.- 135 

R E - 1 0 5  

RE- 107 

RE- 108 

R E - 1 1 3  

R E - 1 2 2  

R E - 1 2 3  

RE- 1 2 4  

RE- 1 2 6  

R E - 1 2 7  

1 4 . 3  
is. 3' 



TABLE 2 (Cont .) 

RECENT WEB OUTPUT RATE RESULTS 

THROUGHPUT RATE WIDTH GROWTH VELOCITY 
RUN NO. cm2/min mm c m h i n  

RE-128 

RE- 130 



. . 
3.1 .5  Summary 

'. 

Web widths over 4 cm have been produced on seve ra l  occasions 

.by employing thermal sh ie ld .des ignswhich  l i m i t  r a d i a t i o n  from t h e  hot  

' growth l i d  t o  t h e  web. The m a t e r i a l  i s  f r e e  from s t r u c t u r a l  r i p p l e s  

encountered i n  t h e  widest web c r y s t a l s  grown previous ly .  . Bending of 

t h e  web s t i l l  remains a n , o b s t a c l e  t o  f u r t h e r  width inc rease ,  a l though 

our  r ecen t  si~'r.r.esses suggest  t he  experimental  d i r e c t i o n s  f o r  f u t u r e  

tlrnprovue~u~~L~ i i i  w i d t h .  

By s u i t a b l e  design of t h e  growth s l o t  width,  s l o t  p r o f i l e ,  

and ndjust.ment. of melt. h e i g h t ,  web growth speeds up t o  8 cm/mi~l 'have 

been achieved although r a t e s  t.'o 5 cm/min a r e  more common. Fur 

snme of t h e  high - speed l i d  conf igura t ions ,  s t a b l e  seeding condi t ions  

a r e  d i f f i c u l t  t o  maintain.  This  s i t u a t i o n  can be improved with s i g n a l  

i n d i c a t o r s  t o  g ive  r e a l  t ime output  o f  undercool ing and p u l l  speed 

during t h e  s e e d i n g . t r a n s i e n t .  With t h i s  in format ion ,  t o  be developed 

during t h e  next  phase of t h e  appr0pria.t.e seeding  cond i t i ons  can 

be c o n t r o l l e d  and reproduced. 

Combining t h e  techniques evolved t o  improve web width and 
2 speed produced a demonstrntcd wob output  r a t e  of 2 3 . 6  cm / I I I ~ I I ,  very 

2 
c l o s e  t o  t h e  goal  of 2 5  cm /min. 'i'hese. r a t e s  are s i g i i i f i c a n t  ia~pruve.,  

2 
mei ts  over  t h e  8 Cm /min accomplished a . y e a r  ago.   he need f o r  a 

cons t an t  mel t  and s t a b l e  thermal  condi t ions  t o  s u s t a i n  h igh  output  

r a t e . o p e r a t i o n  has been c l e a r l y  i d e n t i f i e d .  

Melt dep le t ion  during, growth s i g n i f i c a n t l y  a l tGrs  hea t  l o s s  

from t h e  weh; high speed growth can then  no longer  be maintained without  

web rhinnirig.  CoiitinuaL 't.hcrmn1 adjustments  a r c  seq~?i  r e d  f o r  thermal 

s t a b i l i t y  a s  t h e  melt  drops.  I f  improperly c a r r i e d  o u t , t h i s  c o r r e c t i v e  

ac t ion  nay a c t u a l l y  des t ab i l ' i z e  growth a t  high output  r a t e s .  An operationa.1 

me3t. replenishment system with l e v e l  c o n t r o l  i s  t h e  most e f f e c t i v e  

s o l u t i o n  t o  t h i s  problem, both f o r  t echn ica l  and economic reasons .  . 



3.2 Melt Replenishment 

3.2.1 Background 
. . 

~t isnow well established that melt replenishment (or some equivalent 
* 

procedure) will be required to achieve process economics' for almost 'all 

of the ingot, sheet,and ribbon .growth technologies if the 1986 'LSA wafer 

cost obj'ectives are to be met. For web growth melt replenishment is 

mandato'ry not only.for cost reasons, but to sustain conditions for 

high; output operation as described in' the foregoing sections of the 

report. 

As part of this' program, our object'ive has been to demonstrate 

the feasibility of simulatneous web growth with melt replenishment. 

Silicon fegdstock in.the form of pellets 2 to 4 mm in diameter was chosen 

for our development because this approach offers several advantages: 

(1) The pellets cause only slight temperature perturbations 

when fed to the melt. 

. . 
(2) Additional system power requirements are small. 

(3) The pel lets are readily metered' with simple, inexpensive 

equipment to replace the silicon consumed in growth. 

(4) The approach lends itself to subsequent automation. 

. ( 5 )  Polycrystalline silicon produced by the LSA Task 1 
13,14 is very 1.ik'ely to be in pellet form. 

Our initial experiments in melt replenishment included tests 

with manual and mechanized pellet feeders, design and test of a pellet 

' injection system, development of a 'compartmented crucible to separate 

. ' the injected pellet from the growing web, and a successful demonst.ra.ti.on . 

of web growth with simultaneous replenishment, The highlights of this 

work are described here; reference 4. may be consulted for further details. 



3.2 .2  Me.lt Replenishment Equipment' 

Two types  o f  feed systems were u t i l i z e d .  I n i t i a l l y , a  manual 

feed  arrangement was employed i n  conjunct ion with an elongated susceptor  

. sys tem (RE furnace)  t o .deve lop  b a s e l i n e  d a t a  on p e l l e t  i n j e c t i o n ,  

c r u c i b l e  ,design, and growth parameters f o r  feeding .  La ter  a  mechanized 

f eede r  was designed,  b u i l t  and operated i n  conjunct ion with a  round 

susceptor  system (W-furnace) . These s t u d i e s  provided information on 

susceptor  s h i e l d i n g ,  l i d  des ign ,  feed tube des ign ,  feed  r a t e s ,  a.nd 

opera t ion  of  t h e  f eede r  i t s e l f  which could then be app l i ed  t o  t h e  

s tandard  elongated susceptor .  This  approach was taken t o  expedi te  

ou tput  r a t e  s t u d i e s  which requi red  t h e  use  of  t h e  elongated suscep to r  

i n  t h e  RE furnace .  

ManuaZZy-activated System. The manual 1 y a c t  i v a t e d  ' p e l l e t  feeder  

i s  depic ted  i n  F igures  21 and 2 2 .  The funct ional .  par . ts  o f  t h e  manual' 
, . 

feed  system a r e  (1) a  ch'amber f o r  s to r ing .  supply o f  s . i l i con  p e l l e t s ,  

(2) a  manipulator  mounted on t o p  of  t h e  s t o r a g e  chamber which ,enables  

t h e  ope ra to r  t o '  drop p e l l e t s  i n t o  a  funne l  topped; ' feed tube ,  and (3) a  

feed  tube assembly. The feed  tube assembly inco rpora t e s  a  va lve  so  

t h a t  t h e  s t o r a g e  chamber may be i so l a t , ed  from t h e  furnace  growth chamber 

Tor r e  loading.. 

A suscep to r  l i d  and s e t  of t o p  s h i e l d s  were modified t o  al low 

pene t r a t ion  of a  qua r t z  feed  t u b e . a t  a  p o s i t i o n  n e a r  one end of t h e  

c r u c i b l e .  A qua r t z  b a r r i e r  was pos i t i oned  16 mm from one end of  t h e  - 
c r u c i b l e  with a nnminal 1  . h  mm spacing from t h e  crucible  bottom so  a s  

t o  provide a  "leaky" replenishment compartment ( s e e  a l s o  Sec t ion  3.2.3). 
. . 

The purpose of t h e  ' b a t r i e r  i s '  t o  prevent  unmelted feed  m a t e r i a l  from 
' 

f l o a t i n g  i n t o  t h e  growth reg ion  of t h e  melt  and i n t e r f e r i n g  with web 

growt hi ~ e e d  s tock  cons i s t ed  of 3  mm po lys i l i con '  cubes. The s i z e  was 

s e l e c t e d  a s  convenient  f o r  manual feeding  a t  a  reasonable r a t e  f o r  

eva lua t ion  purposes,  bu t  n o t  t o  be construed a s  i d e a l  f o r  a  p r a c t i c a l  

automated melt  replenishment  system. 



Figure 2 1  Photograph of manually actuated melt replenishment system. 
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Figure 22 Schematic of manually actuated melt replenishment system. 



. MechanicaZZy-activated Sgstem. A mechanically-operated pellet 

feeder was developed and built to replace the manually operated system. 

The mechanically-activated melt replenishment system provides all of the 

function of the manually operated system and, in addition, pellets can 

be fed on command and at a programmable rate. This improves experiment 

efficiency since the operator is freed from the laborious task of feeding 

individual pellets while monitoring web growth. Since the pellets can 

be fed at a variety of rates it is considerably easier to approximate 

and replenish silicon consumed during growth. Finally, with appropriate 

level sensing a truly operational replenishment system can be implemented 

with this pellet feeder as its basis. 

The heart of the system is a slowly rotating dish called a 

separator, Figure 2 3 .  It is presently made of polished stainless steel 

and is turned at the same rate as the pellets are fed. Its job is to 

separate one pellet from the load of pellets in the dish. The dish is 

inclined at 35 degrees from the horizontal so that the pellets tend to 

flow, not tumble, to the lower side. In the bottom of the dish near 

the vertical wall is a 4.2 mm hole. The hole diameter is just slightly 

larger than the maximum pellet dimension (e.g, the diagonal ofa 2.4mm 

cube is 4.15 m). With the dimensions chosen, only one pellet fits 

into the hole, so that as the dish turns, a pellet falls into the hole, 

and is separated from the mass of pellets remaining. 

The bottom of the hole in the dish is covered with a spring 

loaded gate, actuated by a fixed cam which releases the captured pellet 

once every revolution of the dish. In the present model, the maximum 

rate is 30 pellets/minute. To double the rate a second hole can be 

added, etc. The release puint is determined by the location of the cam. 

The present concept calls for the pellet to be released or dropped i n f o  

a small funnel which leads through a tube directly into the melt. 
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Figure 23 Mechanically-activated pellet reservoir and feeder. 



Some impor~ant  features  of t h i s  system are:  

(1) Capable of feeding both cubes and spheres 

(2) Feed a s ing le  p e l l e t  a t  a constant r a t e  up t o  30 

per minute 

(3) Does not contaminate o r  abrade the  pe l l e t s  

(4) Low vibration level  so t he  growing web and 

surrounding l iquid a re  undisturbed 
- - 

- ( 5  Capable of operation with i n e r t  gas o r  vacuum 

(6) Reservoir can be reloaded without impact on c rys t a l s  

being grown. 

Since the  pe l l e t s  can be fed a t  a var ie ty  of r a t e s  i t  is 

simple t o  balance the  feed r a t e  with the  s i l i con  consumption r a t e  during 

xeb growth. Clearly, with appropriate level  sensing a t r u l y  closed 

loop replenishment system is possible with t h i s  approach. 

Testing of the system commenced using the round susceptor of 

t he  W-furnace. The pe l l e t  feeder i s  shown in s t a l l ed  on the furnace, 

Figure 2 4 ,  a s  it was operated f o r  t he  experimental runs. 

3.2.3 Melt Replenishment Results 

Web G m t h  ' with Manual Feeding. 

The f i r s t  melt replenishment experiments employed the  manual 

feed system i n  the  RE furnace and were largely  concerned with crucible 

ba r r i e r  designs and gas flow management. 

The first s t ep  i n  feeding was the  development of a compartmented 

crucible t o  separate t he  feed and growth chambers, v iz-Figure  25. The 
crucible used a qua r t z -ba r r i e r  which prevents p e l l e t s  in jected i n t o  t h e  

feed chamber from f loa t ing  i n t o  the growth regipn where they may cause 

crysta l  degradation o r  termination of growth. 

The b a r r i e r  must a l so  permit molten s i l i con  t o  pass between 

the feed c h d e r  t o  the growth chamber, so  t h a t  some form of opening was 

required as well. Several designs were t e ~ t e d ; ~  the  most e f fec t ive  was 

a rectangular  nuus use hole" l i ke  t ha t  shown i n  Figure 25. This b a r r i e r  
design was used regularly,but a t  f i r s t  did not give reproducible behavior. 



Figure 24 Mechanicall y-activated feede~ mounted for experinhtal 
operation on the W-furnace, 



Figure 25 Type llC" barrier i n  quartz crucible. 



. I +a 
During several runs t he  feed chamber was observed t o  empty 

completely,but a t  o ther  times it remained f u l l .  I t  was determined empirical1 

t h a t  the proper melt-down procedure was the  key t o  keeping s i l i c o n  i n  

t he  feed chamber of the  ~ r u c i b l e . ~  When the  material  i n  t he  feed 

chamber i s  melted first (by s h i f t i n g  the  c o i l  posi t ion) ,  the feed 

chamber remained f i l l e d  with s i l i con  throughout a run. This procedure 

is reproducible and has been adopted with success i n  a l l  subsequent runs. 

Another d i f f i c u l t y  i n  the  i n i t i a l  replenishment experiments was 
the  clogging of rhe feed Lube with a th?n layer  of s i l i con  monoxide 

which interfered with p e l l e t  in ject ion.  To prevent oxide buildup, 

an argon flow system incorporating a flow meter was i n s t a l l ed  i n  an 

entry  tube. A metered flow of argon then could be maintained down the  
3 feed tube. Tests with flow r a t e s  between 25 and 500 cm /min indicated 

3 
t ha t  a flow r a t e  of about 100 cm /min was adequate t o  prevent feed tube 

clogging. This procedure has a l so  been adopted i n  a l l  subsequent runs. 

Finally, from time t o  time a s  pe l l e t s  a r e  fed, t i n y  pa r t i c l e s  of s i l i con  

nucleate on the  surface of t he  melt, f l o a t  t o  the web, and e i t h e r  

terminate growth o r  impair c ry s t a l  qual i ty .  'I'he occurrence was spo~adic, 

sometimes occurring a t  the  i n i t i a t i o n  of feeding, and sometimes much l a t e r  

i n  a run. This  problem, a l so  cncountered with runs i n ' r h e  W-Amlace, 

has been a l lev ia ted  t o  a large extent by gas flow management and improved 

thermal shie lding as  discussed i n  l a t e r  sections.  

Web Growth with the MechanicaZZy-activated Feeder. Figure 26 

i l l u s t r a t e s  t he  components of t h e  feed system employed on the  W-furnace: 

(1) mechanized feeder with p e l l e t  reservoir ,  (2) feed tube assembly 

(3) compartmented crucible and (4) modified susceptor l i d  and shie lds .  

Tlris figure w i l l  serve as a convenient rcFcrcnce fo r  t h e  discussinn t o  

follow. 

A s  noted above, in termit tent  in terrupt ion of wcb growth by 

f ree-f loat ing s i l i c o n  pa r t i c l e s  occurred during the  f i r s t  

feeding experiments. Two hypotheses were advanced t o  explain the  

behavior: (1) blow over of minute oxide speck3 from material  deposited 

i n  the feed tube and (2) remelting and subsequent f loa t ing  of 
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Fig. 26 SCHEMATIC OF AUTOMATIC FEEDING SYSTEM 
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dendrit ic s i l icon  crystal l ized on the quartz bar r ie r  during temperature 

excursions i n  the system. Each poss ib i l i ty  is depicted i n  Figure 27. 

A s  the  W-furnace is equipped with a ventuxi system (see section 3.3) f o r  

controll ing and direct ing gas flow, it was logical place t o  carry out 

experiments t o  eliminate mechanism number (1) as the cause of the  

sporadic ice  par t ic les .  The venturi e f fec t  produces a counter flow of 

gas away from the  growth region which should hinder pa r t i c l e  carry over. 

(Qne disadvantage we recognized i n  the W-furnace is i ts round susceptor 

system which is  not as well-suited thermally as an elongated susceptor 

is f o r  feeding. The dimensions of the  round susceptor place the  feeding 

chamber very near the growth regfon.) Application s f  thc W furnace t o  

melt replenishment studies also expedited use of the  RE and J furnaces 

for improving web output r a t e  technology 3s described ea r l i e r .  

The f i r s t  replenishment runs were plagued by the formation of 

dendrite spikes which developed as  the melt was supercooled,and grew 

from the crucible edge toward i t s  center. Thus attempts were made a t  

once t o  minimize heat losses from the feed chamber. The f i r s t  such 

experiment involved the addition of a molybdenum heat shield t o  the 

rear of the susceptor. This proved very effect ive far melting of 

pe l l e t s  without the intrusion of ice  fronts .  I n i t f a l  feeding 

periods up t o  35 minutes were obtained. 

Longer runs were hampered by the type of f loat ing i c e  

or iginal ly  observed i n  the manual feeding experiments. The suspected 

cause was oxide earry-over from the  feed tube which usually became coated 

during operation. To reduce oxide accumulation a f lared feed tube, 

raised above the top shielding, Figure 28, was instal led.  This 

signif icant ly reduced the build-up of oxide UII tlze tube md mderlyiag 

shields. For example, compare the  oxide-free condition of thc f l a ~ e d  

feed tubelcenter of Figure28) with tha t  of the s t ra ight  tube a f t e r  a 

days run. 



Figure 27 Mechanisms for the formation of free-floating silicon 
t1icett during melt replenishment. 



Figure 28 Flared feed tube (center)  remains f r e e  from oxide buildup 
a f t e r  one day run; s t r a igh t  tubes contain heavy oxide build-up. 



With t h e  reduct ion  of oxide accumu1,ation t h e  replenishment 

r e s u l t s  again improved considerablyt  simultaneous growth and feeding  f o r  

per iods  up t o  50 minutes being achieved. In t h e s e  experiments web 

growth was again terminated by f l o a t i n g  i c e .  However; t h i s  t ime t h e  

s i l i c o n , p a r t i c l e s  were i n  t he  form of small  d e n d r i t e  sp ikes .  We be l i eve  

t h a t  t hese  s p i k e - l i k e  p a r t i c l e s  were generated by d e n d r i t e  nuc lea t ion  

on t h e  qua r t z  b a r r i e r  a s  depic ted  i n  ' ~ i ~ u r e  .2'7. The dendr i t e s  once 

formed then melt  o f f  a s  t h e  temperature of t h e  feed  chamber cyc l e s  with 

t h e  i n j e c t i o n '  and melt ing of t h e  p e l l e - t s .  

. The use  o f  a tapered  feed  ho le ,  ~ i ~ u r e  29, (which diminished 

r a d i a t i v e  l o s s  i n  t h e  v i c i n . i t y . o f  t h e  ho le  and b a r r i e r  by a f a c t o r  of 

four )  reduced, bu t  d id  no t  completely e l imina te ,  t h e  inc idence  of 

d e n d r i t e  sp ikes .  Growth per iods  with replenishment over  an hour were, 

however., r e a d i l y  a t t a i n e d  be fo re  any s p i k e  formation took p l ace .  

3 . 2 . 4  Summary 

. We have demonstrated t h e  f e a s i b i l i t y  of growing web while  ' 

concurren t ly  r ep l en i sh ing  t h e  consumed s i l i c o n  . The replenishment 

technique,  p e l l e t  feeding,  i s  r e l a t i v e l y  simple, inexpensive and lends 

i t s e l f  t o  c losed  loop c o n t r o l .  A mechanica l ly-ac t iva ted ,  programmable 

p e l l e t  f eede r  has been succes s fu l ly  t e s t e d .  Most important a s  we 

show i n  sec t ion  3 . 4 ,  s o l a r  c e l l s  made on' r ep l en i shed  m a t e r i a l  g ive  

e x c e l l e n t  conversion e f f i c i e n c y .  Apparently t h e  'melt replenishment  

technique w e  employ does 1 1 0 ~  adverse ly  e f f e c t  ma te r i a l  q u a l i t y .  

Sn f a r  replen.ishment f o r  extended per iods  has been hampered 

by t h e  forniation of f r e e - f l o a t i n g  s i l i c o n  p a r t i c l e s ,  o r  i c e ,  which 

a t t a c h  t o  t h e  growing web, te rmina t ing  growth i n  some cases .  Two causes 

f o r  t h e  i c e  were i d e n t i f i e d ,  nuc lea t ion  by oxide from t h e  p e l l e t  ' In jec t ion  

tube and d e n d r i t i c  f r eez ing  from t h e  qua r t z  b a r r i e r  i n  t h e  c r u c i b l e .  The 

former 'was e s s e n t i a l l y  e l imina ted  by means o f  gas flow management 

(ven tu r i  system) and tube design.  The l a t t e r  cond i t i on  could n o t  be 

completely circumvented i n  the'  small ,  round suscep to r  o f  t h e  W-furnace.  . 

We b e l i e v e  t h a t  with proper  thermal s h i e l d i n g  d e n d r i t e  nuc lea t ion  w i l l  be 
* 

e l imina ted  i l l  t h e  elongated suscep to r  system. 

* Experiments conducted a s  t h i s  r e p o r t  was being prepared confirm t h i s  
conclusion. 

67 



Figure 29 Tapsred feed hole employed t o  minimize radiation, l2sses  
near the qmrt z barrier and p e l l s t  entry reg,ion.. . 
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3 . 3  Techniques t o  Improve Process Control  

Besides t h e  improvement i n  web output  r a t e  and t h e  development 

of melt replenishment techniques,  both o f  which a r e  c e n t r a l  to, t h e  

ob jec t ives  of  t h i s  program, we have a l s o  c a r r i e d  out  s t u d i e s  t o  f u r t h e r  

improve our c o n t r o l  over a n c i l l a r y  process  v a r i a b l e s .  These a c t i v i t i e s . .  

have inc luded ,  for '  example, t h e  development of  methods t o  (1) improve 

.run t o  run' r e p r o d u c i b i l i t y ,  (2)  con t ro l  and e l imina te  oxide accumulation 

on furnace components (3) improve web width con t ro l  and (4)  e l imina te  

e x t r a  o r  " th i rd"  dendr i t e s .  .occasional ly formed dur ing  growth. 
\ 

3 .3 .1  F a c t o r s ~ f f e c t i n ~  Run ~ e ~ r o d u c i b i l i t ~ '  

~ x p e r i m e n t a l  runs a r e  designed t o  t e s t  t h e  impact of v a r i a b l e s  

such a s  l i d ,  s h i e l d ,  and af te r t r immer  design on r e s u l t a n t  web width, 

speed and s t r u c t u r e .  I t  is, therefore ,  important t h a t  no hidden v a r i a b l e s  

be inadve r t en t ly  introduced which might mask t h e  t r u e  experimental 

r e s u l t s .  Moreover, i n  a  p r a c t i c a l  sense,day t o  day product ion opera t ions  

when they  begin must be h ighly  reproducib le  i n  o rde r  t o  a s su re  good 

' product y i e l d .  Two f a c t o r s ,  l i d  and c r u c i b l e  p repa ra t ion  were i d e n t i f i e d  

i n  our  s t u d i e s ' a s  r e q u i r i n g  con t ro l  f o r  day t o  day run r e p r o d u c i b i l i t y .  

. Lid Preparation. I t  was discovered t h a t  t h e  s u r f a c e s  of  t h e  

l i d  s l o t  and i t s  edges must have a  s l i g h t l y  d i f f e r e n t  p repa ra t ion  from 

t h e  bottom su r face  o f  t h e  l i d  which is exposed above t h e  l i q u i d  s i l i c o n .  

Nicks o r  scratches on t h e  s l o t  f aces  nuc lea t e  s i l i c o n  monoxide which 

may grow out  changing t h e  thermal d i s t r i b u t i o n  over t h e  mel t ,  o r 'wor se  
. . 

f a l l  i n t o  t h e  melt  t e rmina t ing  web growth. S p a l l i n g  of  oxide occas iona l ly  

c o l l e c t e d  on the  lower l i d  su r f ace  can a l s o  have t h e  same e f f e c t s .  

Empirical l y ,  procedures were developed 'which when implemented 

e l imina te  both t h e s e  problems. The l i d  s l o t  s u r f a c e s  a r e  c a r e f u l l y  

prepared when new to .  remove any machining marks. Between runs  they  a r e  

buffed;  Following th is . . approach  t h e  s l o t s  remain oxide- f ree  i n d e f i n i t e l y .  

1n contrast;the ,bottom su r face  of  t h e  l i d  i s  sandblas ted .  .The roughening 

apparent ly  causes any oxide which forms t o , a d h e r e  t i g h t l y  s'o t h a t  none 

f a l l s  i n t o  t h e  mel t ;  'l'he procedures a r e  simple, not  over ly  t ime -consuming 

and appear s a t i s f a c t o r y .  



I 

Crmcib2.e preparation. Two aspec t s  of  c r u c i b l e  f a b r i c a t i o n :  may 

a f f e c t  r e p r o d u c i b i l i t y  and uni formi ty  o f ' h e a t  t r a n s f e r  from t h e  susceptor  

t o  t h e  c r u c i b l e ,  and t h e r e f o r e  r e p r o d u c i b i l i t y  of  growth behavior  f o r  a  

given l i d  and s h i e l d  con f igu ra t ion .  These a r e  t h e  shape, o r  f i t ,  o f  t h e  c r u c i b l e  

i n  t h e  'susceptor,  and c r u c i b l e  su r f ace ,un i fo rmi ty .  

- - We have found t h a t .  both of  t h e s e  p o t e n t i a l  d i f f i c u l t i e s  could 

be circwnvent&l f a i r l y  simply. F i r s t , p r o p e r  dimensional s p e c i f i c a t i o n  

and q u a l i t y  con t ro l  prnvirted c r ~ l c i h l e s  .which f i t  wel i  i n  t-he susceptor  

c a v i t y  thus  avoiding run  t o  run va r i ance .  .Second,we found t h a t  c r u c i b l e  

su r f ace  f i n i s h ,  whether smooth o r  ground, must be uniform ac ros s  t h e  

c r u c i b l e  bottom i f  hea t  t r a n s p o r t  from susceptor  t o  melt  i s  i t s e l f  t o  

be uniform. Again proper  q u a l i t y  cont ro lmust  b e  implemented t o  e l imina te  

c r u c i b l e  t o  c r u c i b l e  v a r i a t i o n s .  

3 . 3 . 2  - Management o f  Oxide Deposition by Gas Flow Control  

A s  po in ted  ou t  i n  Sec t ion  3 . 1 ,  we found t h a t  some combinations 

, of growth l i d s  and s h i e l d s  gave improvements i n  web width and ' speed ,  hut. 

because of  t h e i r  geometry c o l l e c t e d '  bxide and were thus  ' impract ical  t o  

use .  The i n i t i a l  melt  replenishment work was a l s o  hindered (Sec t ion  3' .2)  

by po te f i t l a l  oxide c o l l e c t i o n  and d i s p e r s a l  problems. .For.  t h i s  reason, 

we carr i .ed out  experiments t o  devise  a  system based on d i r e c r e d  gas 

flows which could be used t o  con t ro l  and minimize oxide c o l l e c t i o n  on 

furnace components. Some of  our r e s u l t s  a r e  a l l uded  t o  e a r l i e r  i n  t h e  . 

r e p o r t ;  d e t a i l s  a r e  given he re  and i n  Reference 4,  

Three types  o f  systems were t e s t e d ;  two employed argdn purged 

d i r c c t l y  over  t h e  l i d  and s h i e l d s ;  t.he t h i r d  was a  novel v e n t u r i  

arrai~gcment  which appcars  very pi.uiiilsing a5pec-i n.11 y i.n con junc t ion  with 

me1 t r,eplenishment hardware. 



Argon J e t  Sys tem.  Cer t a in  con f igu ra t ions  involv ing  s h i e l d s  

I which overhang t h e  , l i p  of t h e  l i d  s l o t ,  e .  g. Figure 10, Se.ction 3 .1 .2 ,  

c o l l e c t  oxide along t h e  edge of t h e  s h i e l d  no mat te r  how c a r e f u l l y  

t he  s h i e l d  edge i s  prepared.  Since these  con f igu ra t ions  a r e  extremely 

a t t r a c t i v e  i n  terms of web s t r e s s  reduct ion  and g rowth .ve loc i ty ,  

e l i m i n a t i o n . o f  t h i s  oxide depos i t ion  assumes cons iderable  importance. 

To'accomplish t h i s ,  an argon j e t  flow system was designed 

f a b r i c a t e d ,  and t e s t e d .  In essence,  t h e  system c o n s i s t s  of a  p a i r  o f  

pe r fo ra t ed  tubes which l i e  on e i t h e r . s i d e  of t h e  s l o t  betwen t h e  l i d  

and t h e  overhanging s h i e l d  (See Figure 10).  A flow meter  i s  used t o  
3 

c o n t r o l  t h e  argon flow. A t o t a l  flow of  about 30 cm /min i s  s u f f i c i e n t  

t o  keep t h e  overhanging s h i e l d  c lean  throughout t he -  run,  and does no t  

i n t e r f e r e  with web growth. (The optimal flow r a t e  v a r i e s  somewhat with 

t h e  p a r t i c u l a r  s h i e l d  con f igu ra t ion ) .  The system appears t o  be very  

use fu l  and has 'been  employed t o  grow web c r y s t a l s  4  cm wide. Some 

p o t e n t i a l  to , improve  web speed by convect ive cool ing  i s  a l s o  l i k e l y .  

Argon Flooding. An a l t e r n a t i v e  t o  t h e  argon je t  system was 

t e s t e d  i n  t h e  W-furnace. The main d i f f e r e n c e  i n  t h e  approach was 

t h a t  t h e  c a v i t y  between l i d  and s h i e l d  was.f looded with a rgon( ra the r  

than i n j e c t i n g  the  argon through ind iv idua l  j  e t s  .) 

The b a s i c  components o f  t h e  f looding  system a r e  dep ic t ed  i n  

Figure 39. Argon i s  introduced a t  t h e  edge of  t h e  c a v i t y  formed between 

. t h e  ho t  susceptor  l i d  and t h e  in te rmedia te  s h i e l d .  The argon flows 

through the  c a v i t y ,  and then  over  t h e  web a s  i nd ica t ed  i n  t h e  f i g u r e .  

A v a r i e t y  o f  p o s i t i o n s  of t h e  feed tube  and gas flow r a t e  were t r i e d .  

Extremely s t a b l e  growth condi t ions  were achieved with t h e  opposed flow 

geometry. I.,engt,hs o f  web seve ra l  meters long with widths c o n t r o l l e d  ,Lo 

+ l m m  were grown. Subsequent c h a r a c t e r i z a t i o n  of t h e  web (Sect ion 3 .4 )  - 
i nd i ca t ed ,  however, t h a t  s o l a r  c e l l  e f f i c i e n c y  was impaired i n  ma te r i a l  

grown t h i s  way. The c h a r a c t e r i z a t i o n  d a t a  suggested t h a t  s u r f a c e  

. contamination had occurred,  probably by Mo t r a n s p o r t  i n  t h e  h o t  argon 

gas . .  This  e f f e c t  was not  s een ,wi th  t h e  j e t  system. Fur ther  work on t h e  

f looding  arrangement was discont inued because of t h e  adverse e f f e c t  on 

ma te r i a l  q u a l i t y  and t h e  h ighly  promising r e s u l t s  with t h e  j e t  and 

. v e ~ ~ L u r l  sysrems . 
7 1 





Venturi ~ ~ s t e m s .  severa l  ven tu r i  designs were t e s t e d  i n  t h e .  
4 W-furnace; t h e  most successful  from the  standpoint  o f '  growth s t a b i l i t y  and 

oxide con t ro l  i s  i l l u s t r a t e d  i n  Figure 31 . In t h e  ven tu r i  method, argon 

gas i s  forced i n t o  a p a i r  o f  ven tu r i  flow tubes. (chimneys). This  

. a s p i r a t o r  e f f e c t ' c r e a t e s  a suct ion  which d ra ins  argon i n t o  t h e  cav i ty  

between the  l i d  and s h i e l d  where it i s  then exhausted out  the  chimneys. 

A flow of clean gas passes over t h e  web drawing oxide w i t h  it.  The ven tu r i  

arrangement is  extremely e f f e c t i v e .  . For example, no oxide deposi ted  

on the  overhanging shi 'elds i n  the  W-furnace even a f t e r  an e igh t  hour 

run. The web surface  i s  a l s o  kept clean' and oxide f r e e  a s  well;  

Figure 32 . Moreover, e f f i c i e n c i e s  measured on t h e  webs grown t h i s  way . . 

a r e  exce l l en t  (11~214%) . 

We bel ieve  the  ventur i '  system has d i r e c t  a p p l i c a b i l i t y  i n  web 

systems designed f o r  melt replenishment. . I n  f a c t ,  'prel iminary experiments 

conducted on a system designed s p e c i f i c a l l y  f o r  t h e  elongated susceptor  . . 
i n  ' the  RE furnace have shown considerable improvement i n  melt replenishment 

and growth time. 

3 . 3 . 3  Web Width Control 

A s  t h e  development of methods t o  grow.web wide and f a s t  ccmes 

t o  f r u i t i o n  it  w i l l  become important t o  con t ro l  width a t  .a f ixed value 

t o  f a c i l i t a t e  melt replenishment automation and to.meet  eventual  s i z e  

spec i f i ca t ion  on devices. some prel iminary experiments have been 

ca r r i ed  out  to^ understand t h e  f a c t o r s  con t ro l l ing  web width. 
. . 

Figure 9 dep ic t s  how t h e  web w i l l  eventual ly  achieve a s teady- 

s t a t e  width d ic ta t ed  by t h e  thermal p r o f i l e  i n  the  m e l t . .  In  o r i n c i p l e ,  ' 

then, by choosing the  co r rec t  l i d  s l o t  design and f i n e  tuning t h e  

temperature,one shbuld be able  t o  con t ro l  web width. In our f i r s t  

experiments a t a r g e t  web width o f  22 t o  25 mm was chosen. For t h i s  

width no web deformation should occur and with proper cont ro l  long 

lengths o f  uniform width could be grown (no replenishment was used i n  

these  t e s t s ) .  



Figure 31 Venturl system used t~ control  oxide accumulation i n  the  W-filmace. 



Figare 32 Web crystals grown with (right) and- without gas flaw coptwol. 
As-grown crystal has mirror like surface when the vent~r? 
system is employ6d. 

I V '  Y 
;-k' . 5 .  



Lid s l o t s  ranging i n  length from 2  inches t o  1.25 were tested 

i n  the W-furnace. Considerable success was achieved with shorter  s lo t s .  

1.25 t o  1.625 inches long. The presence o r  absence of doebone holes 

had re la t ive ly  small ef fec t  on the a b i l i t y  t o  control web width. 

The upper curves i n  Figure 33 i l l u s t r a t e  webswhich were 

controlled t o  1 t o  2  mm on an average width of about 23 mm. The lower 

curve i n  Figure 33 is fo r  a web grown from a wider s l o t ;  the c rys ta l  

widened moontrollably eventually deforming a t  about 3 cm wide. Lengths 

up t o  6 m were grown with good width control by employing short s l o t s  

and u t i l i z ing  an operator t o  view the webs and perform s l igh t  temperature 

adjustments. This manual process appears amenable t o  automation. 

3.3.4 Formation and Elimination of Extra Dendrites 

Occasionally during the growth of  a s i l i con  web anextra  

dendrite or Ifthirdff w i l l  nucleate near the  web edge then grow slowly 

towards i t s  center. The dendrite forms apparently by braching from 

the edge dendrite when the l iquid becomes overly cooled, e.g by a 

temperature excursion. If the extra  dendrite forms a f t e r  a meter o r  

more of growth, time and material may be wasted. The problem is 

al leviated mainly by proper temperature control so tha t  no th i rds  form, 

However, we have also developed an al ternat ive procedure by 

which extra  dendrites can be eliminated a f t e r  they form. The melt 

temperature i s  reduced s l ight ly  and the  web growth speed lowered t o  

about 0.8 cm/min. Slow growth is maintained for  about 15 seconds during 

which the web thickens. A s  the web thickens the  penetration of the 

extra  dendrite diminishes and it decouples fron the l iquid.  The growth 

speed and temperature a re  increased i n  s teps back t o  t h e i r  i n i t i a l  values 

and the 'ex t ra  dendrite is  removed, Figure 3 4 .  



Curve 7161 78-8 
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Figure 33 Variation in  web width with length. Upper curves i l lus trate  
web width control by operator temperature adjustment and 
proper design of growth l i d  s l o t .  Lower curve i 1 lust rates 
behavior of webs which widen uncontrollably. 



Figure 34 Si l icon web i n  which an extra dendrite. Web 
was thickened by reducing pull speed. Extra dendrite 
is eliminated Clower portion of web). 



3.4 Mater ia l  Cha rac t e r i za t ion  

During t h e  course of t h i s  program, , the  ma te r i a l  produced has 

been cha rac t e r i zed  dimensional ly,  mechanically,  e l e c t r i c a l l y ,  and 

s t r u c t u r a l l y .  The dimensional c h a r a c t e r i s t i c s  used t o  c o r r e l a t e  growth 

condi t ion  and output  r a t e  d a t a  a r e  t abu la t ed  with t h e  run  summaries, 

Appendix 2. The p r i n c i p a l  mechanical parameter eva lua t edwas the  r e s i d u a l  

s t r e s s  i n  t h e  . c r y s t a l s  ; t h i s  t o p i c  ' ha s  been covered i n  t h e  s e c t i o n  3 . 1 . 1  

on s t r e s s  measurement. and modeling. In  t h e  p re sen t  s e c t i o n  we d i scuss  

t h e  e l ec t r i cz i l  c h a r a c t e r i z a t i o *  o f ,  t h e  ma te r i a l  i n  terms of  t h e  proper t i , es  

of s o l a r  c e l l s  f a b r i c a t e d  from web and a l s o  some r ecen t  information on 

the  r e l a t i o n s h i p  between t h e  e l e c t r i c a l  r e s i s t i v i t y  d f  t h e  ma te r i a l  and 

the  boron doping added t o  t h e  mel t s .  A b r i e f  d i scuss ion  of t h e  web 

s t r u c t u r a l  p r o p e r t i e s  i n  t h e  context  of  t h e  r e l a t i o n  between r e s i d u a l  

s t r e s s  and t h e  d i s l o c a t i o n  d e n s i t y  i s  a l s o  included f o r  completeness. 

3 .4 .1  S o l a r  C e l l  P rope r t i e s  

The intended a p p l i c a t i o n  of d e n d r i t i c  web i s  photovol ta ic  

devices ,  s o  t h e  most meaningful t e s t  o f  t h e  ma te r i a l  q u a l i t y  i s  t h e  

of  a  s tandard  s o l a r  c e l l .  ~ u r i n ~  Phase I1 of t h e  d e n d r i t i c  

web development program over 200 c r y s t a l s  (more than 800 t e s t  s o l a r  c e l l s )  

have been f a b r i c a t e d  and eva lua ted .  T h e ' d a t a  a r e  compiled i n  Appendix 3. 

Standard Solar Cell :  Desi.gn and Fabrication: Two 25 mm long 

samples a r e  c u t  from each c r y s t a l  t o  be eva lua ted  and two 10x10 mm t e s t  

c e l l s  a r e  then  f ab r i ca t ed  on each p i ece .  The b a s i c  p+pn+ c e l l  des ign ,  

f a b r i c a t i o n  pmcedurs, t e s t i n g  and da t a  a n a l y s i s  were d iscussed  i n  d e t a i l  

i n  t h e  previous annual repor t .  on t h i s  c o n t r a c t .  ' ' For the :  p re sen t  web 

t e s t i n g , ' t h e  same f a b r i c a t i o n  procedure i s  foilowed with some s l i g h t  

modi f ica t ions :  (1) a  c o t t o n  swab with HF i s  used t o  remove any oxide 

depos i t s ;  (2) an H2S04 c leaning  i s  included t o  remove any poss ib l e  

molybdenum depos i t  on t h e  wafer; and ( 3 ) . a  SILOX masking procedure is  

used t o  restrict. the p+ l a y e r  t o  t h e  back o f  t he  wafer and t h e  ~ i +  layer 

' t o  t he  front.. The e n t i r e  processing sequence i s  given i n  Figure 3 5 .  The 

dendr i t e s  a r e  l e f t  on t h e  blanks during processing and t h e  c e l l s  themselves 
2 a r e  def ined  by a  mesa etch.400x.400 i n .  g iv ing  a  t o t a l  c e l l  a r ea  o f  1.032cm ; 

t h e  g r i d  p a t t e r n  reduces t h e  a c t i v e  a r e a  by abolit. 7 . 5 % ;  The t o t a l  c e l l  

a r ea  i s  used f o r  t h e  e f f i c i e n c y  c a l c u l a t i o n s .  



Figure 35 Solar,  c e l l  process sequence fo r  
web charac ter iza t ion  . 
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Page Run o r  Sample 

PROCESSING 
LOG 

. - -. - - - -- - - - - - 

-- .. . . 

, S t a r t    ate: -- --  - 
Mate r i a l :  

Quant i ty :  Engr . 

Datc 
Tech. 

1 
I 
I 
I 

I 
' 

!. 

Process 

IOENTI- . 
FICATION 
CLEAN (1) 

SILOX (2) 

BORON (3) 
OIFF.. 
REMOVE (4) 
OXIDE 

SILOX (5) 

1 ! i H202 - NH4,  H202 - HC1 
I 

i POCl . (7) 1 Diffus ion Temp. 850°C Time 35 min. Source Temp. = O D  Flow Rates ;. 
I / UIPFJSION j 200 cc/min - N Source; 1 5 b ~  L=/.ln - N~ L a w i e l  bi.5 tc/min o 2  
I I 2 

Specia l  I n s t r u c t i o n s ,  Measurements e t c .  . 
------- . 

Scr ibe  s e r i a l  numbers on e i t h e r  s i d e  of web near  
one end t o  i d e n t i f y  P+ s i d e  of s t r u c t u r e  - Swab HF r i n s e  0 . 1 .  H,O 
HF:H 0 (1  t o  10 r a t i o )  d i p  15 s e c .  ( m n .  H2S04 - 160°C 

2 
H20 - N H i ,  H202 - HC1 ------ 
Si lox  s i d e  not numbered 
420°C: 50001( TK: S ~ e e d  = 100 . 
Boron Deposi t ion ,  DBr @ 960°C 2-20-2 min. Numbcrcd s i d e  up. 
Very slow p u l l  (5 mi1172 inches)  
3 : l  (H 0:HF) u n t i l  a l l  oxide  i s  removed 

2 R = R/ ('Target va lue  = 60 Si/U . 

Si lox  numbered s i d e  

I 
I 420°C; 50001( TK; Speed = 100 

CLEAN'  (6) j HF:H20 (1  t o  10 Rat io)  d i p  5 s e c .  

i 
i 

C 

! Slow cool  by pu l l i ng  3 inches /5  min. - i 
I I REMOVE . ( 8 )  S t r i p  depos i t i on  oxide 3 : l  (H20:HF) 

n /  [Target value = G O  n / D )  

I 

i METAL (10) i Top Sidc  ( s idc  not  numbered) only  T i  1500 A 20 A/sec 
Pd 500 fi 10 fi/sec . . 

I Ag 20000 8 40 A/sec 

t 

--.--:--- 

1 
' ! 

i 

/ PHOTO (11) 
i RESIST 

I ETCH (12) 
; ii46TAL 
I 

1 ' I 

Mask # 1  (contac t  g r i d )  Waycoat IC, 4000 rpm, h = 1.7  vm . !  I I 
Exposure t ime = 3 sec , ( Id  = 0.2  pa) 

I 
I - 

Ag-20-60 H 0 & Ammonium Hydrox.-10-15 s e c .  Pd I 
2 2 . . I  ! 

+ 30 ec HC1 + 10 cc  1WU3-5 sec .  ' I ' i -1b ' J .c~  11 U + bUcc t ~ l  + ~ c t  2 
Ammonium F1. 5 s ec  

I 
I 

i 
! 

. .% 

' CLEAN (13) , H2SOq a t  7S°C - 3 min HF Dip ! 
f I Rinse i n  D.I .  

f 
I : METAL (14) I T i  1500A - Pd 500A Back s i d e  i s  numbered 
I 
I BACK I Ag 20.KA 
: .  i SINTER (15) j Temperature 5 5 0 ° C  Time 15 Min. 

i 
j Atmosphere = H2, S~Oc.c/rnin. I 

1 - - . . - - I 
: PHOTO- (16) : Mask # 2 (Mesa) Waycoat SC,, 7000 rpm, h - .4.0 p m  

RESIST I 1 Exposure t ime = 15 sec  ( I 2  = 0 . 6  p a ) ,  Apiezon wax back s i d e  
I 

: ::::C0N(17) j 44 cc  HF + 26 cc HN03 + 29 cc  Acet ic  Sac ,  Etch t ime = 5-10 sec  . 
Etch s i l i c o n  between 5 t o  8 urn deep, Ta lys t ep  pm.  . 

i : TEST (18) 
I 



The.measurement and analys.is procedures a r e  discussed i n  d e t a i l  

i n  Reference 1 ,  but  may be surnmarized.briefly a s  fo l lows .  A qua r t z -  

iod ine  lamp i s  used t o  s imula te  an AM1 spectrum a t  91.6mw/cm2 a s  , ' . . 

determined by re ference  t o  a  s tandard s o l a r  c e l l .  Five cu r r en t -vo l t age  .. '  

p a i r s  a r e  then  u s e d . t o  eva lua t e  I  R and n i n  t h e  s i n g l e  exponent ial  01' s  
equat ion ,  

and the  c e l l  parameters a r e  ca l cu la t ed  from t h e  equat ion.  The da t a  

management program automat ica l ly .  f l a g s  any c e l l s  no t  having an acceptab le  

. f i t  t o  t h i s  model. 

sw&ary of Results. The s o l a r  c e l l  d a t a  f o r  a l l  t h e  c r y s t a l s  

t e s t e d  i n  t hee repor t  per iod a r e  included a s  Appendix 3. Each e n t r y  

r ep re sen t s  t h e  average of s eve ra l  t e s t  c e l l s ,  t y p i c a l l y  fou r  from each 

c r y s t a l ;  In  some cases ,  a s  noted,  a . p r o c e s s  v a r i a t i o n  such a s  chemically 

po l i sh ing  t h e  samples, was t e s t e d .  The c e l l  e f f i c i e n c y  d a t a  f o r  t h e  

major i ty  o f  t h e  c r y s t a l s  l i s t e d  i n  t h e  appendix are.summarized a s  a 

histogram i n  Figure 36. The.average e f f i c i e n c y  of  t h e s e  c e l l s  (AR 

coated,  'AM-1) has a  mean o f  about 13% with a  few c e l l s  i n  t h e  15 t o  16% 

range. T h i s , v a l u e  can be compared with a  weighted average of about 1 2 %  
(1) f o r  c e l l s  repor ted  i n  t h e  previous annual r e p o r t .  . 

Although t h e  t e s t  c e l 1 s . a r e  only 10x10 mm, they  a r e  a  good 

r ep resen ta t ion  of t h e  performanLC which might be expected from l a r g e r  

devices .  For example Figure '37 p i e s e n t s  t h e  d i s t r i b u t i o n '  o f  c e l l  

e f f i c i e n c i e s  f o r  a  group of c e l l s  16x70 mm which were f a b r i c a t e d  i n  t h e  
,15 

course of  a  r ecen t  Westinghouse funded program. The mean e f f i c i e n c y  f o r  

t h i s  .,group o f  c c l l s  i3 vcry clogc t o  ehc mcnn c f f i k i c n c y  o f  t h c  smal le r  

ce1l.s; a s l i gh t .  downward s h i f t .  i s  .due t o  a  non-uniformity i n  t h e  

, i l l umina t ion  source used t o  t e s t  t h e  devices  which was discovered l a t e r .  
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Not included i n  t he  histogram, Figure 36 ,  a r e  c e l l s  from. a  group 

of c r y s t a l s  which were badly contaminated dur ing  growth; t h e  e f f i c i e n c i e s  

of t h e s e  c e l l s  averaged about 2.5% and they.were c l e a r l y  no t  members of 

t h e  populat ion represented  b y  t h e  o t h e r  d a t a .  These contaminated c r y s t a l s  

were grown fr0m.a geometry i n  which a l a r g e  volume of argon was 'passed 

over  the ho t  molybdenum l i d  assembly and then  flooded on t h e  groving 

web a s ' d e s c r i b e d  i n  Sect ion 3.3.3.  A d e t a i l e d  d iscuss ion  o f  t h i s  
. 

contamination problem, i t s  s o l u t i o n  and a u x i l i a r y  experiments i s  given i n  
4 

a  r ecen t  q u a r t e r l y  r epo r t  on t h i s  c o n t r a c t .  B r i e f l y ,  however, ullce t h e  

gas flow was changed, t h e  same l i d  geometry produced web g iv ing  s o l a r  

c e l l s  o f  normal p r o p e r t i e s .  This  leads  t o  t he  important conclusion t h a t ,  

growing r ibbon c r y s t a l s  can. b e  s e r i o u s l y  degraded .by impur i t i e s  depos i ted  

on the  c r y s t a l  s u r f a c e  .by a gas strealn. 

Melt Replenishment Data. Perhaps one of t he  most s i g n i f i c a n t  

groups o f  c e l l  d a t a  i n  t h e  compilat ion a r e  those from c r y s t a l s  grown . 

while s imvltaneously adding new s i l i c o n  t o  r ep l en i sh  . . t h e  mel t ,  S e c t i o n .  

3 .2 .  Most of t h i s  ma te r i a l  was eva lua ted  i n  t h e  WQ20 f a b r i c a t i o n  run  

a s . n o t e d  by t h e  a s t e r i s k s  i n  Table 3  ( c r y s t a l s  W151-1.2, W154-1.4 and 

W153-2.3). The twelve c e l l s  from t h e s e  c r y s t a l s  had an average e f f i c i e n c y ,  

q . = 12.9% compared with an average il = 12.6% f o r  t h e  32 o the r  c e l l s  
AK AR 

measured i n  t h e  run .  Thus t h e  replenishment of t h e  melt  wi th  small  

p e l l e t s  h a s  no d e l e t e r i o u s  e f f e c t  on t h e  c r y s t a l s .  

3 . 4 . 2  R e s i s t i v i t y .  

A 1  t l~ough ' ~ c g i ~ t  i v i t y  measurements h a m  nnt. hacn made k ~ u t i n e l y  

on webs grown dur ing  the  13re'5ent phase of t h e  c b n t r a c t ,  a  number o f  fou r  

probe measi.1sement.s and re -ana lyses  o f  previous d a t a  have been performed 

r ecen t ly .    his renewed i n t e r e s t  a rose  from the  requirement of  a  knowledge 
4  of NA,for .  DLTS measurements a s  wel l  a s  a  d e s i r e  t o  a s c e r t a i n  t h e  e f f e c t  

of r e s i s t i v i t y  on s o l a r  c e l l  The present  r e s u l t s  i n d i c a t e  

t h a t  some precaut ions  a r e  necessary t o  obta in  accu ra t e  d a t a  f o r  

r ec t angu la r  web samples and a l s o  suggest some poss ib ly  unusual s o l u t e  

p a r t i t i o n i n g  e f f e c t s  i n  d e n d r i t i c  web. growth; 



TABLE 3 . , 

SOLAR CELL DATA FROMTHE WQ20 FABRICATION RUN INCLUDING 
CRYSTALS GROWTH WITH SIMULTANEOUS MELT REPLENISHMENT 

. . .  
, . 

Isc 
CRYSTAL NO. CELLS mA "OC 

' VOLT 
'Lo 

FF ' /O % n ~ ~ +  
~ O C D  
usec 

RE12-3.1 4 22.18 .548 ' .737 9.47 13.5 11.4 

, . 

* Grown with melt -replenishment 

2 2 .  + . AM1 illumination @ 91.6mW/cm ; cell area 1.032~1~1 



An inconsiste.ncy i n  t h e  r e s i t i v i t y  da t a  f i r s t  appeared when 

measurements. .taken a t  d i f f e r e n t  t imes on t h e  same m a t e r i a l ,  and even i n  

t h e  same. sample, gave r e s i s t i v i t i e s  d i f f e r i n g  by 2'0 percent  o r  more. 

A f t e r  some study i t ,became apparent  t h a t  t h e . d i s c r e p a n t  r e s u l t s  a rose  

from the f a c t o r  used t o . c o n v e r t  the,  cur ren t -  and vo l t age  measurements 

t o  r e s i s t i v i t y .  The usual  four-probe r e s i s t i v i t y  appara tus  is  c a l i b r a t e d  

i n  terms. o f  round wafers which a r e  t h e  almost un ive r sa l  sample geometry. 

The d e n d r i t i c  web . . .  samples, however, a r e  r ec t angu la r  a n d , r e q u i r e  a :  

d i f f e r e n t  c a l i b r a t i o n  f a c t o r  which i s  a  func t ion  of  both t h e  length  and 

width. I f  t h e  sample dimensions a r e  l a rge  enough compared with t h e  

probe spacing,  then  t h e  r ec t angu la r  and c i r c u l a r  f a c t o r &  a r e  nea r ly  t h e  

same; t h i s  condi t ion  was met f o r  some web samples. In  o t h e r  ca ses ,  

however, t h e  r ec t angu la r  sample had a  v e r y ' d i f f e r e n t  c o r r e c t i o n  f a c t o r .  

Since the  samples a r e  gene ra l ly  very t h i n  compared with t h e  probe 

spacing,  no c o r r e c t i o n  i s  necessary  f o r  t h e  th i ckness .  

The appropr i a t e  a n a l y s i s  f o r  t h e  four .  probe measurements has 
/ . . 

been given by ~ m i t s . ! ~    he bulk . r e s i s t i v i t y ,  p i s  r e l a t e d  t o  t h e  shee t  . 
B 

r e s i s t i v i t y ,  p by 
S  

where t i s  the  sample th ickness .  The s h e e t . r e s i s t i v i t y .  i n  t u r n  i s  given 

by 

.wheqe V and I  a r e  t he  measured vol tage  and cu r ren t  r e s p e c t i v e l y  and C 

is the correction 'factor. For a rectangular sample, C is given by t he  

equat ion 

0) 

C 2 exp ( - amu) s inh(3.mg)-. s-inh (mu) . + m = l  . - 
m cosh (amu) , , , 

t 



where u = ns /d 'and  a , =  2/s  and where w i s  t h e  sample dimension along t h e  

l i n e  of t h e  probe con tac t s ,  d  i s  t h e  dimension normal t o  t h e  l i n e  of t h e  

probe con tac t s ,  and s  i s  t h e  probe spac ing .  General l y ,  on ly  t h e  . f i r s t  

term of t he  s e r i e s  i s  necessary t o  g ive  an accuracy b e t t e r  than 0 . 1  

percent .  This  equat ion i s  r e a d i l y  programmed on a  hand c a l c u l a t o r  and 

evaluated f o r  each sample. 

One of t h e  reasons f o r  checking t h e  web r e s i s t i v i t y  was t h a t  

values repor ted  dur ing  some c e l l  process'ing experiments,  both a t  t hese  

l a b o r a t o r i e s  and elsewhere1' d i f f e r e d  from t h e v a l u e s  expected on t h e  

b a s i s  o f  t h e  boron doping added t o  t h e  mel t s .  Where a  va lue  of  about 

15 R-cm was a n t i c i p a t e d ,  values o f  20 t o  25 R-cm were r epo r t ed .  The 

more p r e c i s e  eva lua t ion  of t h e  c o r r e c t i o n  f a c t o r  brought t h e  measured 

and a n t i c i p a t e d  r e s i s t i v i t i e s  i n t o  c l o s e r  agreement, however, t h e r e  was 

s t i l l  about a  20% disagreement.  Apparently l e s s  boron was be ing  

incorporated by t h e  c r y s t a l  than expected on t h e  b a s i s  of  a  segrega t ion  
18 c o e f f i c i e n t ,  k  = 0.8 .  

Res i s t ' i v i t y  measurements were then made on a  number of  samples 

grown i n  a  v a r i e t y , o f  furnaces with d i f f e r e n t  s i l i c o n  and doping sources .  

These r e s i s t i v i t y  da t a  were converted t o  acceptor  concent ra t ion  us ing  
19 

t h e  mob i l i t y  equat ion of Antoiadis  e t  a l .  

The boron concent ra t ion  i n  t h e  melt  was determined from t h e  nominal 

doping concent ra t ion- .e i ther  Dopesil p e l l e t s  o r  a mastcr doping a l l o y .  

Using t h i s  d a t a ,  an e f f e c t i v e  segregat ion.  c o e f f i c i e n t  of  k=0.59+.05 - 
was found a s  r e p r e s e n t a t i v e  f o r  boron i n  d e n d r i t i c  web growth. On t h e  

b a s i s  o f  t h e  accuracy of t h e  measurements involved,  t h i s  i s  a s i g n i f i c a n t  

v a r i a t i o n  from the  va lue  commonly accepted f o r  Czochralski  p u l l i n g .  The 

da t a  suggest  some small s h i f t s  i n  k dependin.g on t h e  source of  t h e  boron 



.dope ,  bu t  t h e s e  were genera l ly  l e s s  than  10%. There was a l s o  a t r e n d  f o r  

, t he '  r e s i s t i v i t y  o f  t h e  ma te r i a l  t o  decrease  s l i g h t l y  dur ing  a  given growth 

run and along t h e  1ength .of  a . l o n g  c r y s t a l .  Again, t h i s  e f f e c t  was 

5 t o  10 percent  and was . c o n s i s t e n t  with t h e  bui ldup of  boron i n  t h e  melt .  

due t o  a  k  o f .  about 0.5' t o  0:6. .This f a c t o r  w i l l  have t o  be considered 

even tua l ly  i n  any melt  replenishment p roces s . .  

.Although t h e  appa ren t ly  s i g n i f i c a n t  decrease  of  t h e  p a r t i t i o n  

c o e f f i c i e n t  of  boron i n  s i l i c o n  d e n d r i t i c  web .growth i s  su rp r i s ing , .  it 

i s  not ,  i n c ~ n s i s t s l n t  w i t h  prev.i.ol15 festiits, WS: have already i epo r t ed  

p a r t i o n i n g  experiments i n  which t h e  e f f e c t i v e  s o l u t e  p a r t i t i o n  c o e f f i c i e n t s  

of  s e v e r a l  so l l l t es  were very c l o s e  t o  k  2' In  rhat  paper we slruwerl t h a t  
0 

t h e  geometry o f  t h c  l i q u i d  nea r  . t h e  ,growth f r o n t  was conduct ive t o  
' ,  'L 

dispersalof  the r e j e c t e d  s o l u t e .  Thus it is  reasonable t h a t  keff 'L ko; 

what i s  s u r p r i s i n g  i s  t h a t '  k e f f  < ko 
. We o f f e r  t h e  fo l lowing  s p e c u l a t i v e  

explana t ion  ' f o r  t h i s .  behavior.  

There i s  reason t o  suspec t  t h a t  t h e  growth i n t e r f a c e '  o f  t h e  

web may be f a c e t t e d  with (111) p l anes ; ,  t h i s  f a c e t i n g  provides t h e  s t a b i l i t y  

o f  t h e  i n t e r f a c e  aga ins t  breakdown during growth from t h e  supercooled 

liquid.' I f  . t h i s  is  indeed t h e  case ,  then  t h e  i n t e r f a c e  p a r t i t i o n  

c o e f f i c i e n t  f o r  boron on a  (111) growth f r o n t  may well  d i f f e r  from t h e  

va lue  f o r  a  non-singular  i n t e r f a c e .  Mi lv idsk i i  and berkovaZ1 r e p o r t  

t h a t  boron does no t  e x h i b i t  such a f a c e t  e f f e c t  i n  s i l i c o n ;  however, 

t h e i r  conclusions were based on dzochra lsk i  growth where the .  i n t e r f a c e  

v e l o c i t i e s  a r e  much sma1,ler.  A t  . t h e  f a s t  growth r a t e s  encountered i n  

web growth, a fa .cet  e f f e c t  may ~ 6 . 1 1  e x i s t  f o r  boron i n  s i l i c o n .  

3 . 4 . 3  Micros t ruc tura l .  Evaluat ion 

To b e t t e r  understand t h e  mechanisms ' of Llle s t ~ u c t u r a l  dcgradarion 

of deb c r y s t a l s  by high s t r e s s e s  dur ing  growth s t u d i e s  were made o f ,  . . 

t h e  d i s l o c a t i o n  d e n s i t y  i n  d e n d r i t i c  web c r y s t a l s  having d i f , f e r en t  r e s i d u a l  

s t r e ~ s e s . ~  Etch p i t s  ware rormed by i-nmersing clcaned web, s ~ p l e s  i n  

sirtl e t ch .  This  p repa ra t ion  gave h igh  c o n t r a s t  p i t s  which were e a s i l y  . 

counted usi.ng automatic  q u a n t i t a t i v e  metallography. 



The ac tua l  determination of ' e tch  p i t  dens i ty  was done with a 

Leitz  Classimat automatic image analyzer. The apparatus counted t h e  number 

o f  p i t s .  i n  a 680 pm square area ,  then moved , i n  s t eps  t o  

adjacent areas ;  the  process . repeated  u n t i l  a t o t a l  a rea  6.8x10.2 mm 

i n  s i z e  had been covered. When the  e tch  p i t  d e n s i t y  d i s t r i b u t i o n  across 
' 

the  width of t h e  sample was.examined, it exhibi ted  a d i s t i n c t  c e n t r a l  

maximum.. P l o t t i n g  t h e  value o f . t h i s  maximum (obtained by averaging the  

th ree  highest  indiv idual  values) agains t  t h e  measured res idua l  s . t ress  

i n  the  c r y s t a l  gave a d i r e c t  r e l a t i o n  between the  two'parameters,  Figure 

38. 
. . 

Two important conclusions were drawn from these  r e s u l t s .  

F i r s t ,  d e n d r i t i c  web with small r e s idua l  s t r e s s  a l s o  has very few d i s lo -  

ca t ions ;  i n  f a c t ,  it is  d i s loca t ion  f r e e  over 1a rge .a reas .  Second, the  

d i s loca t ion  dens i ty  i s  ' l a rges t in  t h e  c e n t r a l  regianof the  web where 

the  l a t e r a l  s t r e s s e s  a r e  predic ted  from our thermal model (Section 3.1.1) 

t o  be l a r g e s t .  This provides s t rong evidence t h a t  t h i s  i s  t h e  s t r e s s  ' 

component responsible f o r  the  observed res idual  s t r e s s .  

3.5 Web So la r  Ce l l  and Module Development 

Although not  p a r t  of  the  present  program we have conducted. 
2 2 

f u r t h e r  s o l a r  c e l l  development a c t i v i t y  a s  p a r t  of a companion.LSA program. 

~ a b r i d a t i o n  of web c e l l  demonstration modules has a l s o  been performed 

a s  p a r t  of  t h i s  a c t i v i t y  and on Westinghouse fbnds, a s  well .  For 

completeness we repor t  some of these  r e s u l t s  below a n d . i n  Appendix 1. 

3 .5 .1  Back Surface Fie ld  So la r  Ce l l  Development 

S i l i con  web c r y s t a l s  a s  'grown a r e  t h i n ,  t y p i c a l l y  0.01 t o  0:02 

cm,,,so t h e  e f f i c i ency  of a s o l a r  c e l l  f ab r i ca ted  on web w i l l  be impaired 

unless  , c a r r i e r  recombination a t  the  back surface.  of the  device i s  minimized. 

This can be accomplished by incorpora t ing  an acceptor  gradient  a t  the  

back surface  of the  n-p device t o  ,induce a back su r face  f i e l d  (BSF). The 

acceptor  gradient  promotes (1) an increase  i n  shor t  c i r c u i t  cu r ren t ,  (2) . . . . 

an increase  i n  c e l l  votage, (3) increased long wavelength response, (4) 

reduced c e l l  r c s i s t ancc ,  and (5) increased f i l l  f a c t o r  i n  the  c e l l s .  
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Residual Stress, dynes/cm 2 

Figure 38 Relationship between etch pit (dislocation) density and 
residual stress in web crystals. 



+ + 
Web c e l l s  produced by ou r  s tandard  p pn process  us ing  B B r 3  and 

POCR d i f f u s i o n s  have produced AM1 c e l l  conversion e f f i c i e n c i e s  a s  high 
3 

a s  15.5% (AR coated) .  Although t h e  performance of t hese  devices  i s  q u i t e  

good, we found it sometimes d i f f i c u l t  t o  maint.ain t h e  requi red  high base 

d i f f u s i o n  length with t h e  B B r  d i f f u s i o n  sequence. Var ia t ions  i n  c e l l  
3 

t o  c e l l  performance a r e  o n e . r e s u l t  of t h i s .  

To circumvent t h e  l i m i t a t i o n s  inherent  i n  t h e  B B r  p rocess  we 3 
i n v e s t i g a t e d  another  boron BSF technique,  d i f f u s i o n  from a CVD boron 

* ' 

.oxide, and a l s o  t h e  formation o f  a BSF by aluminum doping. B r i e f l y ,  i n  

the,  f i r s t  case  a 1 pm t h i c k  p+ l a y e r  i s  formed by d i f f u s i o n  a t  1000°C. 

In  t h e  second approach a 15 pm t h i c k  evaporated aluminum l a y e r  i s  hea t  
+ 

t r e a t e d  a t  about 800°C t o  produce a p l a y e r  about 7 u m  t h i c k .  The f r o n t  . 

junc t ions  of  a l l  t h e  c e l l s  were made by POCR d i f f u s i o n  a t  850°C. 
3 

Conventional Ti-Pd-Ag con tac t s  were used on t h e  f r o n t  and back of  t h e  

c e l . 1 ~  which were coated with Ti02-SiO t o  minimize su r f ace  r e f l e c t i o n .  2 
Ce l l  t e s t s  were performed with an AM1 i l luminat ion!  ' *'   he web used was. 

15 Rcm p-type;  a l l  experimental runs  were accompanied by wafers o f  10-12 

Rcm p-type f l o a t  zone wafers f o r  process  c o n t r o l .  

The device 'performance d a t a  (average values f o r  s eve ra l  c e l l s  

i n  a run) ,  Table 4 ,  i n d i c a t e  t h a t  t h e  web s o l a r  c e l l s  behave i n  most 

r e spec t s  l i k e  t h e  b a s e l i n e  c e l l s  made. on f l o a t  zone wafers r e g a r d l e s s  
1 

of which. process  was used,  a r e s u l t  c o n s i s t e n t  with e a r l i e r  s t u d i e s .  

The d a t a  a r e  t o o  l imi t ed  y e t  t o  d i s t i n g u i s h  which process produces t h e  

most e f f i c i e n t  c e l l s . .  The aluminum BSF technique,  because i t  i s  a . 

r e l a t i v e l y  low temperature process ,  ho lds  cons iderable  p o t e n t i a l  f o r  

maintaining good bulk recombination l i f e t i m e  i n  t h e  devices  lead ing  t o  

both  enhanced e f f i c i e n c y  i n  t h e  t h i n  web c e l l s  and improved process  

r e p r o d u c i b i l i t y .  The aluminum technique a l s o  appears amcnable t o  

automated process ing  f o r  c o s t  reduct ion .  Experiments are underway t o  

i n v e s t i g a t e  t h e  d e t a i l e d  t ime-temperat i~re sequences f o r  optimum device  
15 

' performance. 

* 
Work c a r r i e d  out  a s  p a r t ' o f  Contract  954873 (R. B. Camphell, e t  3 1 . )  



TABLE 4 

PERFORMANCE OF WEB BACK SURFACE FIELD (BSF) 
SOLAR CELLS MADE BY DIFFERENT TECHNIQUES 

-- - -- -- 

' SAMPLE J~~ (ma/cm2) . . voc (v) EFF (%) TOCD(V set) 

BBr3 Diff 
X - % 1 1lm web+ 
F$ Baseline . 

Boron oxide CVD 
Drive - X j  - 1 v m  web 
FZ RAseline 

Evap AL Drive 
X -  'L 7 urn wcb 
F$ Baseline 

Web c e l . 1 ~  fabr i ca ted  by i d e n t i c a l  sequences save f o r  the  absence' 
of the  BSF exh ib i t  !eff iciencies lower by about 2%.  

+ X i s  mcta l lurgica l  junction depth. 
j 

NOTE: ' Cel l s  a r e  AR coated and measured under AM1. condit ions 
(91 -6 blw/cm2). 



3.5.2 Module Fabrication 

Several demonstration modules have been fabricated from 1 . 6 ~ 7  cm 

web c e l l s  t o  t e s t  assembly and interconnect techniques. For example, 

Figure 39 i l l u s t r a t e s  one module made on an in te rna l ly  funded e f fo r t .  

I t  i s  comprised of 72 c e l l s ,  s e r i e s  connected by means of s i l v e r  plated 

copper f o i l  stops. The efficiency of the  individual c e l l s  ranged from about 

12% t o  14%, dis t r ibuted a s  indicated by the  histogram of  Figure 39.  

The c e l l s  were mounted i n  an aluminum pla te ,  encapsulated with s i l i cone ,  

and covered withglass .  Despite t he  presence of shorted c e l l s  i n  

one s t r ing ,  the  overall  module conversion eff ic iency was 11.5%. We 

expect the module efficiency t o  improve with fur ther  fabr icat ion experience 

and increased c e l l  efficiency.  





An economic a n a l y s i s  of  t h e  s i l i c o n  web process  was previous ly  
1 

prepared according t o  t h e  JPL Inter im P r i c e  Est imation Guidel ines  (IPEG) . 
This  a n a l y s i s  p r0v ided . a  means t o  eva lua t e  t he  s t a t u s  of  t h e  e f f o r t  a t  

t h a t  t ime and t o  i d e n t i f y  t h e  most product ive  d i r e c t i o n s  f o r  f u r t h e r  

development. An update of t h i s .  a n a l y s i s  r e c e n t l y  has  been performed 

a s  p a r t  of t h e  Phase I 1  program. The r e s u l t s  show both t h e . c u r r e n t  

s t a t e  of development and i t s . r e l a t i o n  t o  t h e  JPZ goa l s .  A s  p a r t  o f  t h e  

a n a l y s i s  we have a l s o  determined, and i l l u s t r a t e  below,.some of t h e  c o s t  

s e n s i t i v i t i e s  of  t h e  process .  

4 .1 S t a t u s  , 

The cu r ren t  s t a t u s  o f  s i l i c o n  web process  development may be 

put  i n t o  pe r spec t ive '  with t h e  a i d  o f  Figure 40 which shows t h e  maximum 
2  demonstrated output  r a t e  ( a r e a  r a t e  of  growth),  23.6 cm /minute , ' and  . , 

t h e  c o s t  s e n s i t i v i t y  a s  r e l a t e d  t o  vary ing  m t p u t  r a t e s .  These curves 

a r e  taken from cos t  d a t a  prepared by the , , JPb  SAMICS IPEG format based 

on 1975 d o l l a r s .  The s i g n i f i c a n c e  o f  t h e  maximum demonstrated a r e a  

r a t e  of  growth i s  c l e a r :  t h e ' i n t e r c e p t  of  t h e  output  r a t e  with t h e  c o s t  

c u r v e  f a l l s  helow t h e  JPL 1986 combined goal  f o r  p o l y s i l i c o n  and wafer  
2  c o s t ,  assuming a  p o l y s i l i c o n  p r i c e ' o f  $lO/Kg. For t h e  2 3 . 6  cm /minute 

r a t e  and'$lO/Kg po lys i I i con  t h e  i n t e r c e p t  occurs  a t  0.128 $/Wpk; f o r  

$25/Kg p o l y s i l i c o n  t h e  i n t e r c e p t  i s  a t  0.170 $/Wpk. T h e s e  f i g u r e s  compare 

with t h e  JPL 1986 goal  of  0.160 $/Wpk f o r  combined p o l y s i l i c o n  and wafer  

c o s t .  'I'hat i s ,  even with $25/Kg s i l i c o n  t h e  p ro j ec t ed  web cos t  i s  wi th in  

$0.02 of t h e  cos t  goal .  
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Several assumptions were o r i g i n a l l y  made i n  der iv ing the  cos t  

curves of F i g u r e 4 0 .  Some of these  es t imates  have been v e r i f i e d  during 

Phase I 1  and should no longer be. considered as  assumptions. For example, 

c e l l  e f f i c i ency  was assumed a t  15% AM1, which has been surpassed, t h e  

maximum demonstrated e f f i c i ency  now being 15.5%. 22 web' ribbon (wafer) 

th ickness  was assumed t o  be 6 m i l s .  In  a c t u a l  growth experience a ribbon 

thickness o f  range of  4 t o  6 m i l s  i s  typ ica l .  Thus the  assumptions f o r  

c e l l  e f f i c i ency  and ribbon thic'kness, a s  represented by t h e  cos t  curve, 

a r e  conservative and overs t a t e  the  cos t  t o  a small degree. For poly- 

s i l i c o n  p r i c e ,  t h e  .JPL 1986 p r i c e  goai was assumed i n  our ana lys i s .  

~ a l c u l a t i o n s  were a l s o  made on. t h e  bas i s  o f  a polys i l icon p r i c e  of $25/Kg.. 

In view of p r i c e  f o r e c a s t s  o f  below $10/Kg by Task 1 con t rac to r s ,  , it 

appears t h a t  our p r i c e  assumption of $10/Kg i s  probably somewhat high.  

Other assumptions represented i n  t h e  curves inc lud ing .cap i t a1  

cos t s  a r e  based on process requirements which i .dent i fy  t h e  required 

fea tu res  of web growth equipment. The labor  content  used i n . t h e  cos t  

analys is  is based on the  b e l i e f  t h a t ,  with t h e  f u l l y  developed process,  

growth w i l l  be automatical ly cont ro l led  and labor  w i l l  thus be l a rge ly  

l imi ted  t o  s t a r t i n g ,  clean-up and reloading a c t i v i t y  within a t h r e e  day . 

' 1  
growth cycle.  

The t h r e e  day growth cycle is t h e  l e a s t  proven assumption . 

included i n  the  economic ana lys i s .  The key development necessary t o  

achieving long cycle automated growth is  continuous melt replenishment 

simultaneous with web growth. D~lring Phase I1 considerable progress was 

made toward t h a t  end. Simultaneous.web growth and melt replenishment 

f o r  periods g rea te r  than one hour produced web and s o l a r  c e l l s  o f  high 

qua l i ty .  However, much longer sus ta ined per iods ,  of  days r a t h e r  than 

hours, a r e  required.  This development w i l l  be a bas ic  p a r t  of  t h e  

continuing program. 



4.2 Cost S e n s i t i v i t i e s .  

Perhaps t h e  f i . r s t  s t e p  t o  p u t t i n g  t h e  var ious  c o s t  f a c t o r s  o f  

t h e  s i l i c o n  -web process  i n t o  pe r spec t ive  i s  t o  review t h e  d i s t r i b u t i o n  

o f  those  ind iv idua l  c o s t s  r e l a t i v ' e  t o  t h e  t o t a l  c o s t s  a s  c a l c u l a t e d b y  

t h e  JPL SAMICS :IPEG fqrmat.  Using growth parameters which, i n  our  . . 

judgement, w i l l  enable  , t h e  s i l i c o n  web process  ' to more than s a t i s f y  t h e  

J P L  1986 combined cos t  goai f o r  p o l y s i l i c o n  and wafers ,  we f i n d  t h e  

fol lowing d i s t r i b u t i o n  of c o s t s :  

TABLE 5 

DISTRIBUTION OF COSTS FOR SILICON WEB PROCESS 

GROWTH 
PARAMETERS 

( J P L  1986 C o ~ ~ b i n e d  Gual f u r  S i l i c o n  and wafers = lb.O#/Wpk) . 

Area Rate 
cm2/min 

Note t h a t  none of  t h e  c o s t s  a r e  dominant. The l a r g e s t  cos t  

I 

c o n t r i b u t o r ,  c a p i t a l  equipment (EQPT) i s  j u s t  26.8% of t h e  t o t a l  c o s t .  

TOTAL 

------------------ r - - - - - - -  . . . . . . . . . . . . . . . . . . . . . . .  COST D I S T R I B U T ~  .ON Q /WE!! - - - -,- - - - - 
S i l i c o n  

$/Kg 

S i l i c o n  and d i r e c t  l abo r  comprfse ano the r  22.5% and 22 .3b , respec t ive ly .  

- - - c?s'r a W P ~  1 

Another cons idera t ion  of cos t  s e n s i t i v i t y  i s  t h e  c h a r a c t e r  o f  

Cycle 
Days 

each c o s t .  For example, does a  p a r t i c u l a r  element of c o s t  have s t r o n g .  

leverage on t h e  t o t a l  cos t  i f  t h e  assumption f o r  t h a t  element of  cos t  i s  

no t '  a t t a i n e d ?  These s e n s i t i v i t i e s  a r e  addressed i n  t h e  following . , . 

discuss ion  and f i g u r e s .  

The s e n s i t i v i t y  of t h e  web cos t  t o  t h e . a r e a  r a t e  of growth 

was i l l u s t r a t e d  i n  Figure 40, d i scussed  e a r l i e r  i n  t h i s  s e c t i o n .  The 

p re sen t  maximum demonstrated r a t e  i s  below t h e  s t e e p  po r t ion  of t h e  curve 

i n  a  region where a  f u r t h e r  improvement i n  output  r a t e  does no t  r e s u l t  

i n  a comparable reduct ion  i n  c o s t .  

S'i EQPT SQFT DLAB MATS UTIL 



The c h a r a c t e r i s t i c  o f  t h e  c a p i t a l  c o s t  o f  equipment i s  seen 
' 

from Figure 41 a s  a n o n - c r i t i c a l  l i n e a r  r e l a t i o n s h i p .  ' ~ o u b l i n ~  o f  t h e  

equipment c o s t  would s t i .11  leave  t h e  t o t a l  c o s t  i n  $/Wpk s l i g h t l y  below 
. . 

t h e  1986 combined goal  f o r  p o l y s i l i c o n  and wafer c o s t  a t  a $10/Kg 

p o l y s i l i c o n  p r i c e .  

; The c o s t  o f  d i r e c t  l abor ,  Figure 42, a l s o  e x h i b i t s  a non- 

c r i t i c a l  c h a r a c . t e r i s t i c .    he' c o s t  o f  l abo r  cou1.d be  more than doubled 
' 

without exceeding t h e  1986 goal  a l l  o t h e r  c o s t s  remaining f i x e d .  The 

c h a r a c t e r i s t i c  c o s t  of  p o l y s i l i c o n ,  Figure 43, i s  non c r i t i c a l  and by 

i t s e l f  could be over  2 , t i m e s  h ighe r  without. exceeding t h e  1986 goa l .  

The shape o f ' c u r v e  r e l a t i n g  web c o s t s  and growth cyc l e  length ,  

Figure 44, i s  very  s i m i l a r  t o  t h a t  f o r  ou tput  r a t e ,  Figure 44. N o t e  t h a t  

t h e  assumed and .expec ted  growth cyc l e  of 3 days f a l l s  below t h e  s t e e p  

p o r t i o n  o f  t h e  curve.  The 1.986 goal  would be  s a t i s f i e d  wi th  a growth 

.cycle reduced t o  l e s s  than  two days. I nc reases  i n  t h e  'growth c y c l e  

length  beyond 3 days r e s u l t  i n  a comparat.ively small  improvement i n  

c o s t .  ' a  

4 .3  Summary. 

The economic a n a l y s i s  f o r  s i l i c o n  web i n d i c a t e s  t h a t  t h e  JPL 

198G combined p o l y s i l i c o n  and wafer  c o s t  goal  can be achieved o r  b e t t e r e d .  

According t o  t h e  a n a l y s i s ,  t h e  maximum demonstrated throughput r a t e  o f  

23.6 cmZ/minute can provide  a c o s t  o f  12.8#/Wpk a s  compared t o  t h e  JPL 

goal  o f  16.0#/Wpk. 

The economic.ana1ysis a l s o  i n d i c a t e s  t h a t  no c o s t  element i s  

dominant and t h a t  none o f  t h e  c o s t  e lements  o r  assumptions have a s t r o n g  

leverage on t o t a l  c o s t .  

F ina l ly ,  t he  iirialysis i n d i c a t e s  t h a t  t h e  requirement f o r  long 

(Q 3 days) cyc l e  gr0wL.P i s  t h e  only l a r g e  c o s t  assumption n o t -  y e t  

completely v e r i f i e d .  Th i s  requirement i s  s t r o n g l y  dependent on t h e  

completion of t h e  development 'of technology f o r .  continuous melt  

replenishment .  



Curve 7 3 5348 - c>  

Figure. 41 s i l i c o n  web combihed po lys i l i con  and wafer cos t ,  do1 l a r s  
per  peak watt vs c a p i t a l  cost per,growlli s t a t i o n ,  f o r  t h r e e  

. . day growth cycle at' 25  cm2/min, $10/kg polys i l icon p r i c e ,  
6 m i l s  thickness and 15% AM1 c e l l  e f f i c i ency .  
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Figure 42 S i l i c o n  web combined polys i l icon and wafer cos t ,  d o l l a r s  p e r  
peak watt vs.  l a b o r h o u r s  per  growth cycle,  f o r  t h r e e  day 
growth cycle a t  25 cm2/minute. 
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Figure 45 Silicon wcb combincd polysilicon and wafer cost,. dollars 
per peak watt vs polysilicon price, for three day growth 
cycle at 25 cm2]minute, 6 mils thickness. 
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cell efficiency. 



. . 
5. SUMMARY AND RECOMMENDATIONS 

5 . 1  Summary of  Phase I1 Progress 

During t h i s  pas t  year  s i g n i f i c a n t ,  advances were made i n  s i l i c o n  

web technology;particularly i n  th ree  areas :  (1) web output r a t e ,  (2) 

' melt replenishment techniques and (3) average s o l a r  c e l l  performance.' 

2 
For example, an output r a t e  o f  23.6cm /min --about t r i .ple t h e  

2 
8cm /min r a t e  demonstrated a t  t h e  end of Phase I --was' r ecen t ly  achieved. 

,This  accomplishment was an outcome of new growth l i d s  and s h i e l d s  designed 

on t h e  bas i s  of  computer s imulat ions of  t h e  web growth process.  This  

approach has made it poss ib le  f o r  the  f i rst  time t o  achieve web widths 

o,ver 4cm on long c r y s t a l s .  

Key developments i n  melt replenishment technnl oey i ncli!~ed 

t h e  design, t e s t  and operat ion of a programmable, mechanically-activated 

p e l l e t  feeder,  a p e l l e t  i n j e c t i o n  system and a compartmented c ruc ib le  

which permits p e l l e t  feeding without d i s tu rb ing  the  growing web c r y s t a l .  

These components comprise t h e  h e a r t  of a system by which it should be 

poss ib le  t o  feed s i l i c o n  a t  a r a t e  needed t o  r ep lace  t h e  s i l i c o n  

transformed t o  web c r y s t a l  during growth. So f a r  s o l a r  c e l l s  made on 

replenished mater ia l  have exhibi ted  excel lent  c e l l  conversion e f f i c i ency .  

A3 p a r t  of thc program, a l l  web rung are subjected to ~ a m e  

type of.dimensiona1, mechanical, e l e c t r i c a l  and s o l a r  c e l l  t e s t i n g ,  o r  

combination thereof .  More than 700 so la r .  c e l l s  f ab r i ca ted  on c r y s t a l s  

grown under a v a r i e t y  of experimental condi t ions  have been t e s t e d .  The , 

average web c e l l .  conversion e f f i c i ency  on t h i s  experimental ma te r i a l  

was 13% h1, AR coated. This is a f u l l  percentage point  above the  12% 

average e f f i c i ency  of  phase I ma te r i a l .  Moeover, a maximum c e l l  

e f f i c i ency  o f  15.5% was demonstrated on a second program devoted 
- - 

t o  c e l l  a r ray  d e i r e l ~ p m e n t . ~ ~  This is t h e  h ighes t  e f f i c i ency  so  f a r  

achieved f o r  a ribbon mater ia l  and i s  comparable t o  t h a t  f o r  c e l l s  made 

on Czochralski s i l icon. .  . . 



Put in the perspective of .our updated economic analysis, these 

results indicate that most of the key technology elements required to 

reach the 1986 JPL wafer cost goal fiave now been demonstrated for web; 

The following section outlines our recommendations with respect to 

future d&velopm.ent that must take place if the full potential of web 

for low cost solar cells is to be realized in a timely manner. 

5.2 Recommendations for Future Technology Development 

2 
As a consequence of the demonstrated web output rate of 23.6cm /min 

we project from .our economic analysis, Section 4, that web wafer cost for 

.a' fully developed web process will fall well below the JPL 1986 goal. 

A sensitivity analysis ,indicates that no cost element, is dominant with 

respect to web wafer cost. However, for the projected cost to be 

realized in actual production, high output rate must be attained on a 

sustained basis under the conditions assumed in the analysis. 

. critical' future devklopments have been identified and given 

priority on the basis of results from the economic model.' Probably, the 

most obvious need is to develop continuous melt replenishment since it 

is a key component of sustained long terh growth: Equally important, it 

has also been demonstrated that a specific, maintainable melt level 

position is critical to the attainment of maximum width and speed (hence 

output rate) and minimum thermally generated stress. Clearly, 'the 

development of continuous melt replenishment is of thc highest priority. 

Furthermore, as this development is the prerequisite to the continued 

development of optimized thermal conditions for high throughput and low 

stress, it should take place first, chronologically. 

The primary development and demonstration ,of simultaneous melt 
. . 

replenishment and growth is now complete. Continuing development should 

consist of two parts which at first can proceed independently. The 

development of thermal design and pellet injection already underway 

should.continue as a sub-task in parallel with a new sub-task ,for the 

d,evelopment of melt level sensing. Later, the results of the two sub- 

tasks wo111.d be joined for simultaneous opefat ion. 



Concurrently with work on melt replenishment, 

improvements in the thermal conditions to sustain high output rate should 

be continued. A large portion of this activity can take place pending 

the availability of an operational melt replenishment system. However, 

completion of.the development will take place under conditions of 

optimal and sustained melt level control provided by melt replenishment. 

When combined melt replenishment and melt level sensing have 

bee11 dem0n9t tat f?d ,  t .he l a s t .  major obstacle to automated web growth will 
have been removed. At this point implementation of closed loop controls 

for semi-automated web growth should be developed and demonstrated. In 

this context, semi-automated'is defined as' requiring some minimal operator 

intervention during the growth' portion of the total start-to-finish web 

growth cycle . 

At the completion of this next development phase semi-automated 

growth of silicon web for extended periods, a requisite for meeting the 

long run economic objectives, should be demonstrated. Coupled with high 

output rate operation and.some improvements in average cell performance 

all key technology elements for pilot production development will have, 

been, we believe, shown feas ib le .  



6 .  NEW TECHNOLOGY 

During Phase I1 of t h i s  program, two i tems of new technclogy 
, 4' 

were i d e n t i f i e d  and repor ted  t o  JPL. 

The f i r s t  i tem was t h e  thermal design f o r  growing wide 

d e n d r i t i c  web from s i l i c o n  me l t s .  I n  order  t o  grow w i d e , w e b ~ c r y s t a l s ,  

i t  i s  necessary  t h a t  t h e  melt  be uniformly supercooled over  a  reg ion  

commensurate with . the  width of  t h e  c r y s t a l .  Previous p r a c t i c e  i n  web 

c r y s t a l  growth was t o  use  a  round c r u c i b l e  system and t o  achieve t h e  

uni formi ty  o f  t h e  temperature d i s t r i b u t i o n  by a  s u i t a b l e  s l o t  shape i n  

t h e  c r u c i b l e  cover .  This  approach was ' s u i t a b l e  f o r '  c r y s t a l s  up t o  

about 25 mm wide, however it is  d i f f i c u l t  t o  achievk thermal geometries 

s u i t a b l e  f o r  wider 'growth t h i s  way. The new technology repor ted  was 

t h e  use  o f  an .e longated  system where t h e  whole /susceptor / l id  system was 

compatable with t h e  e s s e n t i a l l y  two dimensional n a t u r e  o f . t h e  c r y s t a l .  

With t h i s  s o r t  o f  geometry, f l a t  temperature d i s t r i b u t i o n s  6 t o  7 cm 

long could be e s t a b l i s h e d  on t h e  melt  s u r f a c e  thus  removing t h i s  

l i m i t a t i o n  t o  t h e  growth of  wide d e n d r i t i c  web c r y s t a l s .  

The second i tem developed dur ing  t h i s  program was a new 

apparatus  f o r  t h e  growth o f  s i l i c o n  d e n d r i t i c  web .' In .  o rder  . t o  s a t i s f y  

t h e  goa ls  o f  t h e  program it was necessary  t o  provide a  web growth 

apparatus  having g r e a t e r  width c a p a b i l i t y  than  e x i s t e d  i n  p r i o r  

technology. In  a d d i t i o n  t o  t h e  width c a p a b i l i t y  it was f u r t h e r  

necessary  t o  incorpora te  o t h e r  new concepts  which contained p rov i s ions  

f o r  t h e  develnpment and demonstration of high throughput ,  economical 

web growth; 
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SILICON RIBBON GROWTH BY THE DENDRITIC WEB PROCESS 

R .  G.  Se idens t i cke r  and R .  H .  Hopkins 
Westinghouse Research Center  ' 

Pi t t sbu rgh ,  PA 15235 

ABSTRACT 

S i l i c o n  d e n d r i t i c  web i s  a  unique mode of  r ibbon growth i n  

which c r y s t a l l o g r a p h i c  and s u r f a c e  t ens ion  fo rces ,  r a t h e r  than shaping 

d i e s ,  a r e  u s e d ,  t o  c o n t r o l  c r y s t a l  form. The s ingl ' e  c r y s t a l  webs, t y p i c a l l y  

2-4 cm wideyhave'been made i n t o  s o l a r  c e l l s  which e x h i b i t  AM1 conversion 

e f f i c i e n c i e s  a s  high a s  15.5%. During c r y s t a l l i z a t i o n ,  s i l i c o n  webs 

e f f e c t i v e l y  seg rega te  metal '  impur i t i e s  t o  t h e  melt  (keff % lo-') s o  

t h a t  t h e  u s e  o f  cheaper ,  l e s s  pure s i l i c o n  a s  feedstock f o r  c r y s t a l  growth 

appears  f e a s i b l e .  Recent s t u d i e s  descr ibed  h e r e  i n d i c a t e  t h a t ' h i g h e r  

growth output  r a t e s  .can be achieved by con t ro l  o f . t h e  thermal p r o f i l e s  i n  

t h e  web i t . s e l f . a n d  i n  t h e  mclt  'from whicll Lhe crystal  grows. The improvements 

stem from an enhancement. i n  t h e  d i s s i p a t i o n  o f  l a t e n t  hea t  and a  r educ t ion  

i n . s t r e s s  wi th in  t h e  c r y s t a l s .  To s u s t a i n  h igh  output  r a t e s  f o r  prolonged 

per iods  w i l l  r equ i r e '  melt replenishment dur ing  growth. 



1. INTRODUCTION 

The d e n d r i t i c  web growth mode .produces,  a  ribbon c r y s t a l  whose 

form i s  c o n t r o l l e d  by c rys t a l log raphy  and su r f ace  t e n s i o r ~  fu rces  r a t h e r  

than shape-defining d i e s .  Ribbons of  indium a n t i r n b i ~ l d k ' ~ ,  

5 2 
a r sen ide  , germaniua'4 and s i l i c o n  have been produced t h i s  way, though 

s i l i c o n  has  a t t r a c t e d  t h e  g r e a t e s t  i n t e r e s t  due t.o i t s  p o t e n t i a l  

a s  base ma te r i a l  f o r  e f f i c i e n r ,  low cost bu la r  Le l la6 . '  In thc l n t t c r  

contex t  t h e  over id ing  concern i s  t o  produce l a r g e  a reas  o f  e f f i c i e n t  

devices  a s  cheaply a s  p o s s i b l e .  Thus t h e  t h r u s t  o f  r e c e n t  s i l i c o n . w e b  

r e sea rch  has been t o  develop ways t o  (1) i nc rease  web output  r a t e  ( t h e  

product of  web width and grdwth speed) ,  (2 )  minimize raw ma te r i a l  c o s t  

and ( 3 )  r a i s e  so lar  cell. conversi.on efficiency.as high as p o s s i b l e .  The 

r e s u l t s  o f  s e v e r a l  o f  t h e s e  s t u d i e s  a r e  repor ted  i n  t h i s  paper .  

2 ,  THE llENDRITIC WEB PROCESS 

Deta i led  d e s c r i p t i o n s  of  web growth have.been given elsewhere 5,6 

but it i s  worth reviewing h e r e  t h e  b a s i c  f e a t u r e s  o f  t h e  process .  'I'his 

sail be acr .nm~l ishcd  with t h e  a i d  of  F j g ~ ~ r e  1 which i l l u s t r a t e s  what 

happens when t h e  l i q u i d  surrounding a  f i n e  s i l i c o n  d e n d r i t e  seed i s  . 

'supercooled by a  few degrees .  A s  t h e  melt  teniperature f a l l s ,  t h e  seed 

f i r s t  spreads l a t e r a l l y  t o  form a  bu t ton ;  when t h e  seed i s  then  r a i s e d ,  

two secondary d e n d r i t e s  propagate  from each. end of t h e  but ton  i n t o  t h e  

mel t .  The bu t ton  and d e n d r i t e s  form a  frame' suppor t ing  a  l i q u i d  f i lm  



which c r y s t a l l i z e s  t o  form a s i l i c o n  web t y p i c a l l y  0 . 1  t o '  0 . 2  mm th ick . -  

The twins shown i n  t h e  f i g u r e  provide r e e n t r a n t  corners  f o r  d e n d r i t e  

6 .  growth but  do not  appear necessary  f o r  growth o f  t h e  web i t s e l f  . 

. The web and border ing  d e n d r i t e s  can. be propagated i n d e f i n i t e l y  

by r ep len i sh ing  t h e  l i q u i d  s i l i c o n  a s  it i s  transformed t o  c r y s t a l .  As 
. . 

we w i l l  s ee .be low, the  u l t i m a t e  web width and growth v e l o c i t y  a r e  de- ,: 

termined by t h e  thermal cond i t i ons  i n  t h e  surrounding melt  and furnace 

'ambient.. 

3. SILICON WEB GROWTH 

Figure 2 d e p i c t s  t h e  e s s e n t i a l  f e a t u r e s  o f  a s i l i c o n  web . , 

growth furnace .  Heat i s  introduced t o  t h e  system by induc t ion  coupling 

t o .  a molybdenum suscep to r .  The outflow o f  hea t  is. c o n t r o l l e d  by a , .  

s l o t t e d  molybdenum susceptor  l i d  and hea t  s h i e l d s  through which t h e  growing *.. 

web a l s o  passes .  The l i d  and s h i e l d s  shape t h e  isotherms i n  t h e  l i q u i d  so t h c  , , . . :;. 
, . 

c e n t e r  reg ion  i s  supercooled while  t h e  per iphery  remains hot  enough t o  

prevent f r eez ing  a t  t h e  qua r t z  c ruc ib le -mel t  i n t e r f a c e .  

3 .1  Web. Output F.at e 
. . 

The r a t e  a t .wh ich  l i q u i d  s i l i c o n  i s  converted t o  web s i n g l e  

c r y s t a l  i s  determined by t h e  a t t a i n a b l e  web width and' growth v e l o c i t y .  

Crys t a l  width depends" dominantly on t h e  l a t e r a l  t 'emperature p r o f i l e  i n  

t h e  l i qu id ,wh i l e  t h e  d i s s i p a t i o n  of t h e  l a t e n t  hea t  of  fus ion  c o n t r o l s  

t h e  growth v e l o c i t y .  'Both processes  a r e  influenced s t r o n g l y  by system 

hea t  flow, but  . in d i f f e r e n t  ways. For example, t h e  growth s l o t  width, 

bevel  angle  and l i d  t h i ckness  have profound e f f e c t s  on web growth 



v e l o c i t y ,  while t h e  s l o t  l ength ,  a r e a  and ho le  s i z e  a r e  more important 

f o r  c o n t r o l l i n g  t h e  melt temperature p r o f i l e .  For p r a c t i c a l  purposes,  

t h e  two problems, (1) hea t  flow i n  t h e  me l t / c ruc ib l e / suscep to r  system 

and (2) h e a t .  l o s s  from t h e  web and meniscus, can be d e c o u ~ l e d  and 

t r e a t e d  s e p a r a t e l y .  We have done t h i s  by means o f  two thermal  models 

which were u s e d . t o  guide t h e  design of  furnace  geometries f o r . h i g h e r  

web output  r a t e s .  

3 .1.1 Web Width 

Figure 3  sugges ts  t h e  way i n  which t h e  temperature d i s t r i b u t i o n  

ac ros s  t h e  melt  s u r f a c e  f i x e s  t h e  u l t i m a t e  web width.  The web grows 

froma meniscus 6 o r  7 mm above t h e  melt  sur face ;  'however, 

t h e  high l i qu id .  cu rva tu re  requi red  a t  t h e  edges o f  t h e  bounding d e n d r i t e s  
, 

l i m i t s  t h e  meniscus he ight  t h e r e  t o  only  1 o r  2 mrn. 

C rys t a l log raph ic  and hea t  flow f a c t o r s  cause t h e  growth d i r e c t i o n  o f  

t h e  d e n d r i t e s  t o  be very n e a r l y  a  [211;1 d i r e c t i o n .  lleat l o s s  from 
& - 

t h e  meniscus, however, pe r tu rbs  t h e  thermal f i e l d  n e a r  t h e  t i p  of  t h e  

d e n d r i t e  so  t h a t  t h e r e  i s  s l i g h t l y  more growth on t h e  o u t e r  edge than  on 

t h e  inne r  edge. This  causes a  s h a l l  d e v i a t i o n  o f  t h e  growth d i r e c t i o n  

from [211] and , the'  c r y s t a l  widens s o  long a s  t h e r e  i s  a  uniform tempera- 

t u r e  p r o f i l e  i n  t h e  mel t .  When t h e  widening web reaches a  reg ion  o f  

i nc reas ing  me1.t t empera ture ,as  shown i n  t h e  f i g u r e ,  t h e  i n t r i n s i c . l a t e r a 1  

temperature g rad ien t  i n  t h e  l i q u i d  coun te rac t s  t h e  temperature g rad ien t  

c r ea t ed  by . the meniscus hea t  l o s s .  The web then  ceases  t o  widen and 

cont inues  t o  grow a t  s teady  s t a t e .  



Thus a  necessary  dondi t ion  f o r  growing wide'web i s  a  

temperature p r o f i l e  on t h e  melt  s u r f a c e  which i s  e s s e n t i a l l y  f l a t  over 

a  d i s t a n c e  commensurate w i t h ' t h e  d e s i r e d  width of t h e  web. This  

s u r f a c e  temperature d i s t r i b u t i o n  i s  a  s t rong  func t ion  of t h e  shape of  

t h e  s l o t  i n  t h e  suscep to r  cover .  As t h e  number of  p o t e n t i a l  s l o t  

geometries which could be t r i e d  experimental ly  t o  ob ta in  a  f l a t  tempera- 

t u r e  p r o f i l e  i s  large,computer a n a l y s i s  was einployed t o  guide t h e  empir i -  

c a l  e f f o r t .  

To compute t h e  temperature d i s t r i b u t i o n  i n  t h e  susceptor -  

c ruc ib le -mel t  assembly, we cons t ruc t ed  a  t h r e e  dimensional f i n i t e  element 

model 'of  t h e  system. Most o f  t h e  4184 elements i n  t h e  model a r e  t h r e e  

dimensional and r ep resen t  conduct ive hea t  t r a n s f e r  i n  t h e  s o l i d  o r  

l i q u i d  reg ions  o f  t h e  assembly; however, a  number o f  one dimensional 

l i n k s  a r e  used t o  r ep re sen t  r a d i a t i v e  hea t  t r a n s f e r  from t h e  l i q u i d  t o  

t h e  surroundings.  Each node on t h e  melt  su r f ace  i s  r a d i a t i v e l y  connected 

with t h e  s l o t ,  t h e  l i d  and t h e  exposed susceptor  v i a  l inkages  'which 

account f o r  t h e  var ious .v iew f a c t o r s  and e m i s s i v i t i e s .  In a  usual 
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network, r e p r e s e n t a t i o n  o f  a  r a d i a t i v e  t r a n s f e r  problem , s e ~ a r a ' t e  e l e -  

ments a r e  used t o  r ep re sen t  t h e  e m i s s i v i t y  and view f a c t o r ;  i n  t h e  present  

model some e f f i c i e n c y  i n  computation was achieved by a  wye-delta l i k e  

t ransformat ion  s o  thae  only t h r e e  d i r e c t  l inkages  r e s u l t  a t  each meit 

su r f ace  nodc:one t o  ~ l l e  s l o t ,  one t o  t h e  l i d  and one t o  t h e  wa l l .  

Figure 4 schemat ica l ly  i l l u s t r a t e s  t h e  t y ~ e  of model used. The model 
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was evaluated us ing  a  genera l  purpose computer code. 



Numerous s l o t  p r o f i l e s  were modeled i n  t h i s  way and t h e  most 

promis.ing were subjec ted  t o  experimental v e r i f i c a t i o n . .  An example of  

t h e  r e s u l t s  f o r  two s i" i1ar  des igns  i s  shown i n  Figure 5 ;  a  long s t r a i g h t  

. s l o t ' a n d  a  s i m i l a r  s l o t  terminated by end ho le s  (sometimes c a l l e d  a  

"dog-bone" . . s l o t ) .  The a d d i t i o n  of  t h e  end ho le s  has  almost doubled 

t h c  lcngth  of t h e  thermal ly  f l a t  r eg ion .   he d a t a  p o i n t s  i n  t h e  f i g u r e ,  

obtaincd by determining r e i a t i , v e  t e m ~ e r a t u r e s  t n r  &qui.libi'ium betweer1 

t h e  melt  s u r f a c e  and a  f i n e  s i l i c o n  d e n d r i t e ,  a r e  i n  -good agreement 

with t h e  model p r e d i c t i o n s .  

Perhaps f h e  mosr srrlkirig v e r i  PicaLivri 0 C the model's Fre- 

d i c t i o n s  i s  t h e  inc rkase  i n  web width with success ive  i t e r a t i o n s  i n  t h e  

s l o t  geometry. Figure 6 i l l u s t r a t e s  webs grown f r o m . s l o t s . t y p i c a 1  of  
. . 

t h e  geometries i n  Figure 5 ; s l o t  A with a  f l a t  p r o f i l e  over  6 cm long 

produced webs up t o  4 . 2  cm wide. Fur ther  i nc rease  . i n  width was 'no t  . 

l imi t ed  by t h e  . f la t .ness  o f -  t h e  melt  temperature but  by thermal s t r e s s e s  

which deformed t h e  c r y s t a l s ,  a  sub jec t  d i scussed  l a t e r . .  

3 1 Growth Veloc i ty  

Thermal t r a n s p o r t  a l s o  p lays  a  domili.ant r o l e  i n  t h e  r e -  

l a t i o n s h i p s  between t h e  web growth v e l o c i t y ,  web th i ckness  and' t h e  

furnace geometry. A5 wit.h.any s o l i d i f i c a t i o n  p roces s ,  t h z  c r i t i c a l  

f a c t o r  i n  such a . r e l a t i o n s h i p  i s  t he ' d i s s ip ' a t i on  of t h e  l a t e n t  h e a t .  

For d e n d r i t i c  web, t h e r e  a r e  - two niodes of  h e a t  l o s s  from t h e  i n t e r f a c e :  
. . 

6 
t o  t h e  s o l i d  r ibbon and t o  t h e  supercooled me l t .  Since t h e  growth 

f r o n t  i s  a t  a  cons t an t  , t empera ture ,  presumably t h e  melt ing temperature,  

t h e  a n a l y s i s  can be ,broken  i n t o  two problems which can be solved 

sepa ra t e ly .  



Both t h e  web c r y s t a l  and t h e  meniscus a r e  r e l a t i v e l y  long , 

and wide compared with t h e  thickness;  t h e  problem reduces t o  a  one 

dimensional ana lys i s  so  numerical in teg ra t ion  r a t h e r  than f i n i t e  element 

techniques were used f o r  t h e  s o l u t i o n . .  A d e t a i l e d  ana lys i s  of  t h e  

approach i s  given i n  Reference27. Br ief ly ,  a t  any point  along t h e  length 

of t h e  c r y s t a l  (or  meniscus), s eve ra l  heat  t r a n s f e r '  Drocesses must be 

evaluated as  suggested i n  Figure 7 .  Expressions were developed f o r  t h e  

. r a d i a t i o n  .view factors  used f o r  t h e  heat  t r a n s f e r  term i n  t h e  moving 

frame heat  f low'equation.  This d i f f e r e n t i a l  equat.ion was then solved 

numerically using a 500 s t e p ,  four th  o rde r ,  Runge-Kutta procedure. In  

the .case  of t h e  r ibbon,  t h e  melt.ing temperature of  s i l i c o n  a t  t h e  

growth f r o n t  provided one boundary condi t ion ,  w h i l e ' a  second boundary 
. , 

condit ion was supplied by requ i r ing  t h e  numerical so lu t ion  t o  match an . 

a n a l y t i c a l  so lu t ion  f a r  from t h e  growth f r o n t .  A somewhat s i m i l a r ,  

8 
s impl i f ied  approach'has been reported by H a r r i l l  e t  a l .  

. . The model has been used t o  a s sess  d i r e c t l y  t h e  e f f e c t s  of  

furnace parameters such a s  susceptor  l i d  thicknesg,  growth s l o t  width, 

heat  sh ie ld  temperature and melt dep th '  ( i n t e r f a c e  ~ o s ' i t i o n )  on t h e  web 
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growth r a t e .  A s e t  of  t y p i c a l  temperature p r o f i l e s  i s  shown i n  Figure 8 

which i l l u s t r a t e s  t h e  e f f e c t  bf i n t e r f a c e  pos i t ion  on web temperature 
. \ 

f o r  a  given growth geometry. . Data l i k e  t h i s  can a l s o  be used a s  input 

information t o  c a l c u l a t e  thermal s t r e s s  f i e l d s  i n ' t h e  growing web c r y s t a l s  
, 

. . 
(Sec t ion .  3 . 2 ) .  



I n  g e n e r a l , t h e  t r e n d s  p r e d i c t e d  by our  c a l c u l a t i o n s  a r e  
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i n  agreement t h o s e  o f  H a r r i l l  e t  a l .  A s  F i g u r e  7 and i n t u i t i o n  would 

s u g g e s t , .  growth v e l o c i t y  can be  i n c r e a s e d  by i n c r e a s i n g  t h e  r a d i a t i v e  

h e a t  l o s s  from t h e  web. Th is  can be  accomplished i n  s e v e r a l  ways: 

(1) . Lower t h e  t e m p e r a t u r e  o f  t h e  t o p  o f  t h e  r a d i a t i o n  s h i e l d ,  

e . g .  by u s i n g  s t a c k s  o f  r a d i a t i o n  s h i e l d s  above t h e  

s u s c e p t o r  l i d ;  

(2)  ~ n c r e a s e  t h e  wid th  o f  t h e  'growth s l o t ;  

( 3 )  ~ a i ; e  t h e  ' p o s i t i o n  o f  t h e  growth f r o n t  c l o s e r  t o  t h e  

s u s c e p t o r  1  i d  ; 

(4 )  ' I n c r e a s e  t h e ' v i e w  ang1.e i n  t h e  s u s c e p t o r  l i d ,  
' 1  

e.:g. by b e v e l i n g  t h e  s l . o t ;  and , ' 

(5)   educe t h e  t h i c k n e s s  ' o f  ' t h e '  s u s c e p t o r  l i d  

Exper imenta l ly ,  approach ( 2 )  i s  somewhat l e s s  v i a b l e  t h a n  

t h c  o t h e r s  because  i t  may induc.e u n d e s i r a b l e  secondary e f f e c t s .  For 

example,  i f  t h e  growth s l o t  i's too '  wi.de (> 7 mm) t h e  mel t  t e m p e r a t u r e  

. , 

p r o f i l e  s t e e p e n s  and web widening i s  r e s t r i c t e d .  

~ x a m ~ l e s  o f  t h e  c a l c u l a t ' e d  and measured . v e l o c i t y - t h i c k n e s s s  

r e l a t i o n s h i p s  f o r  two o f  t h e  numerous s l o t  geomet r ies  s t u d i e d  a r e  

d e p i c t e d  i n  F i g u r e  3 .  Agreement bctween t h e o r y  -and exper iment  i s  

e x c e l l e n t .  The d a t a  were o b t a i n e d  by measuring t h e  t h i c k e s s  o f  webs 
. . 

grown .from a  f i x e d  f u r n a c e  c o n d i t i o n  b u t  wi th  i n c r e m e n t a l l y  v a r i e d  

growth' speed .  Growth v e l o c i t i e s  i n  e x c e s s  o f  5  cm/min ca.n be o b t a i n e d  

wi th  r a t h e r  s i m p l e  combinat ions  o f  b e v e l  a n g l e  and l i d  t h i c k n e s s .  
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As H a r r i l l ,  e t  a l . sugges ted  and our c a l c u l a t i o n s  confirm, 

a  given growth r a t e  can only be sus t a ined  so  long a s  t h e  melt  l eve l  

remains f i xed .  As l i q u i d  s i l i c o n  i s  removed by c r y s t a l  growth t h e  

f r eez ing  f r o n t  drops lower i n t o  t h e  hot c a v i t y  below t h e  susceptor  l i d .  

Less hea t  can be d i s s i p a t e d . s o  t h a t  t h e  web must t h i n  i f  t h e  v e l o c i t y  

remains-cons tan t .  The experimental d a t a  from a tlslow" growth l i d ,  

Figure 10, demons t r a t e , t ha t  t h i s  p r c d i c i t o n  i s  i n  

f a c t  r e a l i s t i c .  In  t h e  f i g u r e ,  we p l o t  web th i ckness  a s  a  f u n c t i o n  of 

growth time (which i s  i n v e r s e l y  . p ropor t iona l  t o  melt he igh t )  . A s  . t he  

melt i s  deple ted  t h e  web becomes t h i n n e r  and t h i n n e r .  

One can compensate f o r  t h i s  e f f e c t  .somewhat by a d j u s t i n g  

t h e  melt  temperature and hence supercool ing.  This  i s  because,unl i .ke 

o the r  ribbon p r o c e s s e s , l a t e n t  hea t  o f .  fus ion  can be d iss i 'pa ted  t o  t h e  

melt a s  wel l  a s  t h e  surroundings dur ing  web growth. O f  course  growth 

v e l o c i t y  v a r i a t i o n s ,  which change t h e  l a t e n t  hea t  ou tpu t ,  can a l s o  be 
. . 

used t o  .maintain cons tan t  t h i ckness .  Nei ther  approach i s  e n t i r e l y  

s a t i s f a c t o r y  s i n c e  c a r e f u l  a t t e n t i o n  by a . s k i l l e d  ope ra to r  would be 

requi red  f o r  prolonged growth pe r iods ,  and a l s o  because adverse s t r e s s e s  

develop i n  the.web a s  t h e  melt l e v e l  , f a l l s .  Melt replenishment i n  f a c t  

i s  a  f a r  more e l egan t  and p r a c t i c a l  s o l u t i o n  t o  t h e  problem. 



3 . 2  Generation and Control o f  Themal s t r e s s  During' Web Growth 

A s  t h e  m e l t  temperature p r o f i l e  became f l a t t e r  making poss ib le  

t h e  growth of wide webs, deformation o f  t h e ' c r y s t a l s  by twis t ing  o r  

c u r l i n g  was encountered. S imi lar  e f f e c t s  have been observed f o r  o the r  

ribbon growth techniques such a s  EFG and laser-melted ribbon t o  ribbon 

c r y s t a l s  where t h e  p r inc ipa l  cause o f  t h i s  deformation .. . was reported t o  

be thcrmal s t r e s s  generated by Cujrvarure uf Llle v t r t i e a l  tomporature 
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p r o f i l e  i n  t h e  ribbon. . Even when observable deformation of  t h e  

c r y s t a l s  d i d  not  occur during .growth, r e s idua l  s t r e s s e s  sometimes . re-  
' .  

mnined making it d i f f i c u l t  t o  handle during subsequent device f ab r i ca -  
. & 

t i o n  s teps . .  : . 

. .. . .. . .  I . 

Residual . s t r e s s e s  . can be measured i n  r ibbons by s p l i t t i n g  t h e  

c r y s t a l s  lengthwise and measuring t h e  split  divergence a s  a function of  
. '  ' 

length. By analogy with t h e  s t r e s s  d i s t r i b u t i o n  i n  a uniformly curved 

beam, the  res idua l  s t r e s s  i n  t h e  ribbon c r y s t a l  i s  given by 

2 EW d:. rl 
0 = - 2 -  r e s  8 dS 

2 
where E is ~ o u n ~ ' s  modulus (1 .9r10I2 dynes/cm -1, W is t h e  width o f  t h e  

c r y s t a l  before  s p l i t t i n g ,  rl i s  t h e  s p l i t  width and 5 f s  t h e  d i s t ance  
. 

nlong the .  c rys ta l  . Tn . p r a c t i c e ,  . with '  t h e  web crysf  a l s ,  measurements 

of n were made with a microscope.eyepiece micrometer every centimeter  

f o r  15 t o  25 cm. The r e s u l t i n g  d a t a  was then used to'. generate a 

l e a s t  squares value f o r  t h e  c o e f f i c i e n t s  i n  a quadra t ic  equation;  

2 2 
d q/dS was computed from t h e  quadra t ic  c o e f f i c i e n t .  This procedure 

g ives  a good f i t  t o  t h e  d a t a  and has a s e n s i t i v i t y  . l i m i t  o f  &out 

6 2 
1x10 dynes/cm (% 15 p s i ) .  



Residual s t r e s s e s  i n  t h e ' d e n d r i t . i c  web c r y s t a l s  were found 

8 2 2 
t o .  vary  from a s  'much a s  2 t o  3x10 dynes/cm t o <  l o 6  dynes/cm , de- 

- .  

pending on t h e  s p e c i f i c  s l o t  and. .shield con f igu ra t ion .  The pre l iminary  

d a t a  sugges'ted t h a t '  wider s l o t s  tended t o  genera te  lower s t r e s s e s  than '  

t h e  narrower s l o t s ,  however t h e  d a t a  was s c a t t e r e d  and hard  t o  i n t e r p r e t .  

Rather than  fol low a pure ly  empir ica l  development approach, a n a l y t i c a l  

modeling was used t o  i d e n t i f y  t h e  source  of  s t r e s s e s  and guide t h e  

development of l i d  des igns  which would genera te  low s t r e s s  m a t e r i a l .  

S ince  t h e  o r i g i n  of t h e  thermal  s t r e s s  was t h e  

r ibbon temperature p r o f i l e ,  t h e  thermal  model deve loped ' fo r  t h e  th i ckness -  

v e l o c i t y  a n a l y s i s  (Sect ion 3.1.2) was used t o  provide .an Tnput t o  a 

f i n i t . e  element . s t r e s s  moSe.1: --:The. s t r e s s  model was then  eva lua ted  'us ing  

. . 
t h e  WE CAN^ code. . The output  of  t h i s  a n a l y s i s  was an 'evaluat ion of . . 

nzz ( t h e  long i tud ina l  s t r e s s ) ,  oyy ( l a t e r a l  s t r e s s )  and %y ( shear  s t r e s s )  
. . 

a s  well  a s  p r i n c i p a l  s t r e s s e s  and s t r e s s  i n t e n s i t y  f o r  each element,  . 
. 

both numerical ly  and a s  i s o s t r e s s  p l o t s . '  

. '. 

Severa l  i n t e r e s t i n g  r e s u l t s  were  obtained 'from t e s t  ca ses  used 

t o  v e r i f y  t h e  s t r e s s  model. F i r s t ;  no thermal s t r e s s e s  r e s u l t  from a 

l i n e a r  tempera ture  p r o f i l e  i n  t h e  web i f  t h e  thermal expansion c o e f f i c i e n t  

is  cons t an t .  Second, a s  expected', on ly  long i tud ina l  s t r e s s e s  of  cons t an t  

magnitude were p re sen t  away froiii L11e gruwth f r o n t  when a pa rabo l i c  . . 

tempefature p r o f i l e  was imposed. l1 T h i r d ,  s i g n i f i c a n t  thermal s t r e s s e s  

were present  even with a l i n e a r  p r o f i l e ,  when a temperature dependent 
I 

. . . . 
i 

expansion c o e f f i c i e n t  was used i n  t h e  c a l c u l a t i o n .  F i n a l l y ,  t h e  
. . 

t r a c t i o n - f r e e  bo~mdary  c o n d i t i o n s  ' a t  t h e  growth f r o n t  and a t  t h e  r ibbon 



edges were important .  Longitudinal  s t r e s s e s  (a ) were s i g n i f i c a n t  zz 
s e v e r a l c e n t i m e t e r s  away from t h e  growth f r o n t ,  bu t  t hey  were small  , in 

t h e  hot ,  p l a s t i c ,  reg ion  near  t h e  l i q u i d .  Conversely, t h e  l a t e r a l  

s t r e s s e s  (oyy) were l a r g e s t  i n  t h i s  p l a s t i c  reg ion  and decreased away 

from t h e  growth f r o n t .  

Fpr p r a c t i c a l  reasons, q u a n t i t a t i v e  r e s u l t s  were des i r ed  

from t h i s  a n a l y s i s ;  however we r e a l i z e d  t h a t  u n c e r t a i n t i e s  i n  t h e  

physical  parameters.  p rec lude  a s t r i c t  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  

2 2 
The da t a ' u sed  f o r  t h e  a n a l y s i s  were Young's modulus, E = 1 . 9 ~ 1 0  

2 12 
.dynes/cm, Poisson ' s  r a t i o ,  v = -20 

12 
and thermal expansion 

-6 -1ST2 13  c o e f f i c i e n t  a = 2 . 5 5 2 ~ 1 0  + 1 . 9 5 ~ 1 0 - ~ ~  - 9 . 0 ~ 1 0  . .Of s eve ra l  

choices  f o r  a ,  t h i s  d a t a  i s  i n  b e s t  agreement w i t h - t h e  independent 

l a t t i c e  parameter measurements o f  Logan andBond.  l4 A f i n a l  parameter . ' 

needed f o r  i n t e r p r e t a t i o n s  o f  t h e  r e s i d u a l  s t r e s s  measurements i s  an 

e s t ima te  o f  t h e  e f f e c t i v e  y i e l d  s t r e s s ;  an ope ra t iona l  e s t ima te  can be 

1 s  
obtained 'from t h e  r e s u l t s  o f  Graham e t  a l .  ' l 'heir r e s u l t s  f o r  visco-  

e l a s t i c  flow can be  expressed a-s 

2 
"Y P 

= 2 . 5 7 ~ 1 n - ~  exp (49459/T) dyneslcm . 

The i n i t i a l  a n a l y s i s  o f  s eve ra l  s l o t  p r o f i l e s  i nd ica t ed  t h a t  . 

the lateral  s t r e s s  components a r e  prohahly r e s p n n s i h l e  f o r  most o f  t h c  

r e s i d u a l  s t r e s s e s  found i n  d e n d r i t i c  web c r y s t a l s .  Figure 11 shows . 

o o and o f o r  one such des ign ,  and al though t h e  long i tud ina l  YY' ZZ '  Y P 

s t r e s s e s  reach  l a r g e r  va lues  t han  t h e  lateral s t r e s s e s ,  t h e  r ibbon 

temperature drops s o  r a p i d l y  t h a t  o n l y ' t h e  l a t e r a l  s t r e s s e . ~  exceed t h e  

est imated y i e l d  s t r e s s .  The a n a l y s i s  i s  suppo'rted by experimental  r e s u l t s :  



c r y s t a l s  grown from t h i s  l i d  gene ra l ly  have small  r e s i d u a l  . s t r e s s e s  i n  

6 ' 2 t h e  range of 1  t o  3x10 dynes/cm , al though t h e  s t r e s s  i s  occas iona l ly  

l a r g e r  a s  noted below. 

Because t h e  l i q u i d  l eve l  f a l l s  dur ing  growth without  melt  

replenishment,  we inves t iga t ed  what e f f e c t  t h e  changing p o s i t i o n  of  t h e  
. . 

growth f r o n t  would have i n  t h e  r e s i d u a l  s t r e s s  i n  t h e  web. The .most . . 

s i p i f i c a n t  change was i n  t h e  l a t e r a l  s t r e s s  i n  t h e  s e n s i t i v e  reg ion  

near  t h e  growth f r o n t .  Figure 1 2  i l l u s t r a t e s  t h e  magnitude of  t h e  

l a t e r a l  s t r e s s  when t h e  i n t e r f a c e  i s  a t  t h e  l i d ,  and 1, 2 and 4 mm below 

t h e  l i d .  In two cases ,  a i s  exceeded and p l a s t i c  deformation might Y P 

be expected; i n  t h e  o the r  two cases  l i t t l e  r e s i d u a l  s t r e s s  should r e s u l t .  

This  i s  c o n s i s t e n t  with ,our observa t ion  t h a t  t h e  r e s i d u a l  s t r e s s  

increased  a f t e r  s e v e r a l  meters  o f  c r y s t a l  were grown from t h i s  furnace  

geometry without melt  replenishment .  

When growth geometries' g iv ing  low r e s i d u a l  s t r e s s  were employed, 

t h e  width o f  uncleformed c r y s t a l s  increased  from about 20 t o  uvsr 35 rnm. 

However, deformation was s t i l l  observed a t  g r e a t e r  widths.  Samples taken  

j u s t  before  t h e  deformed r eg ions  showed t y p i c a l  low s t r e s s  va lues  and 

3 -2 
c o n c o m i t a n t  low d i s l o c a t i o n  d e n s i t i e s ,  t y p i c a l l y  l o 2  t o  10 . cm . 

After  t h e  deformat ion~ever i t ,  t h e  r e s i d u a l  s t r e s s  and d i s l o c a t i o n  dens i ty  

increased  by s e v e r a l  o rde r s  o f  magnitude. These p r e c i p i t o u s  changes 

, 
suggested t h a t  web bending was due t o  e l a s t i c  buckl ing of t h e  r ibbon by 

l a r g e  long i tud ina l  s t r e s s  f i e l d s  wel l  above t h e  growth f r o n t .  



The proposed process  i s  i l l u s t r a t e d  schemat ica l ly  i n  Figure. 13. 

I n i t i a l l y  t h e  c r y s t a l  grows without deformation a s  i n  Figure 13a, a l though 

s t r e s s  f i e l d s  a r e  p re sen t .  The l a r g e s t  l a t e r a l  s t r e s s e s  a r e  a t  "P" 

where p l a s t i c  flow can occur ,  and t h e  l a r g e s t '  l ong i tud ina l  s t r e s s  i s  

a t  E where only e l a s t i c  deformation i s  poss ib l e .  A s  t h e  c r y s t a l  widens, . 

t h e  magnitude of  t h e  s t r e s s e s  increases1'  and t h e  r e s i s t a n c e  of t h e  r ibbon 

t o  buckl ing decreases  so ehzir a t  some c r i , L i ~ a l  p ~ i i ~ t  i n  g ~ o w t h  (Figuro 13b) 

t.he r ibbon buckles  with t h e  g r e a t e s t  ( e l a s t i c )  deformation a t  "E", and 

with some l e s s e r  deformation a t  "P"; i n  add i t i on  t o  t h e  curva ture  sliown 

Sy t h e  s e c t i o n s ,  t h e r e  woulsd a l s o  be a  curva ture  out  of t h e  p lane  of 

t h e  f i g u r e .  

A t  t h i s  po in t ,  t h e  deformation may be pure ly  e l a s t i c ;  o r  some 

p l a s t i c  flow may a l s o  occur  a t  "PI1 . I n  any case,  tht:,,,Cwin p lanes  i n  

t h e  ma te r i a l  mus ta l so  curve and remain l o c a l l y  p a r a l l e l  t o  t h e  c r y s t a l  

f a c e s .  However, a s  t h e  r ibbon cunt inues  t o  propagate ,  t h e  new mate r i a l  

w i l l  tend t o  grow i n  a  s t r a i g h t  l i n e  between the~bound ing  dc'ncll-ites d u e  

t o  s u r f a c e  fo rces  i n  t h e  meniscus a s  shown i n  Figure 13c. Th.is new 
.. . 

" m a t e r i a l  cannot conta in  t h e  twin plane which w i l l  emerge a s  a  roughly 

pa rabo l i c  t r a c e  on t h e  r ibbon su r f ace  a s  shown i n  F igure  13d; t h e  

dislnc.at.ion d e n s i t y  and s l i p  w i l l  a l s o  inc rease .  These "wishbone" . . 

conf igu ra t ions  a r e  i n  f a c t  f requeri t ly  ubserved i n  Jeformcd wcb crystals . 

a s  i s  t h e  inc rease  i n  d i s l o c a t i o n  d e n s i t y  and s l i p .  Fu r the r ,  once t h e  

d i s l o c a t i o n  pinning e f f e c t  of t hk  twin .p lanes  i s  gone, t h e  deformation 

mode of t h e  ribbon f r equen t ly  changes t o  t h e  r ipp led  morphology shown 

i n  Figure 14.  Other modes.which a r e  seen inc lude  a  t w i s t ,  probably t h e  

r e s u l t  of l a t e r a l  thermal asymmetry, and a  long period waviness. 



Current  design s t u d i e s  a r e .  d i r e c t e d  t o  develop growth conf igu ra t ions  

having lower long i tud ina l  s t r e s ' s e s  away from t h e  i n t e r f a c e  a s  wel l  a s  low. 

l a t e r a l  s t r e s s e s .  Qua l i t a t i ve ly ;  t h i s  w i l l  r e q u i r e  " s t r a i g h t e r "  tempera- 

t u r e  p r o f i l e s  i n  t h e  c r y s t a l  f o r  s eve ra l  cen t imeters  above t h e  growth 

f r o n t ;  appara tus  f o r  t h i s  purpose i s  being t e s t e d .  

4 .  FEEDSTOCK PURITY CONSIDERATIONS FOR WEB GROWTH 

. . 

The development o f  product ion methods f o r  a  cheaper ,  l e s s  pure 

"solar" grade of  s i l i c o n  i s  underway i n  a  number of  places!6 This  

ma te r i a l  used a s  feedstock f o r  c r y s t a l  growth could reduce s i . g n i f i c a n t l y  

t h e  o v e r a l l  c o s t  o f  s i l i c o n  s o l a r  c e l l s .  S ince  it is l i k e l y  t h a t  s o l a r  

grade s i l i c o n  w i l l  have contaminant l e v e l s  ' h ighe r  than  usual  , o r  

accep tab le  i n  c u r r e n t  semiconductor s i l i c o n ,  we c a r r i e d  out  a  s e r i e s  of 

experiments t o  a s s e s s  t h e  t o l e r a b l e  impur i ty  l e v e l s  f o r  (1) t h e  web 

growth process  i t s e l f  and (2) s o l a r  c e l l s  made on webs grown from 

contaminated feedstock.  (Analogous s t u d i e s  were c a r r i e d  out  e a r l i e r  f o r  

17 
Czochralski  growth. ) 

4.1 S t a b i l i t y  of  ~ r ~ s t a l - ~ i q u i . d  Tnter face  

I t  i s  well  known f o r  ingot  ''that under f i xed  growth 

condi t ions  a  p l ana r  c r y s t a l - l i q u i d  i n t e r f a c e  cannot be sus t a ined  when 
t .. * 

t h e  l i q u i d  impuri ty  concent ra t ion  exceeds a  c r i t i c a l  va lue  C The 
R ' 

' phenomenon, c a l l e d  c o n s t i t u t i o n a l  supercool ' ing, l eads  t o  i n c l u s i o n  en- 

trapment and t h e  te rmina t ion  of s i n g l e  c r y s t a l  growth. No such phenomenon 

has been experimental ly  ' i d e n t i f i e d  f o i  ' s i l i c o n  web,although it has  been 



postu la ted  t h a t  s u f f i c i e n t  'contaminant. l e v e l s  might' promote some form of 

20 
i n c t a b i l i t y  during web growth. 

To search f o r  such e f f e c t s  s i l i c o n  webs were grown from melts  

purposely doped with 1 t o  6 ~ 1 0 ~ ~ c r n - ~  (20 t o  120 ~ p m )  . . of e i t h e r  Cu, N i ,  ' 

C r ,  Mn, F e , . T i ,  V o r  Mo, impur i t ies  expected t o  be encountered' i n  s o l a r  

g r a d e  Inaterial T1 Tho elemental mer. 1 9  (> 99.99% pure) were d issolved 
. . 

15 - 3  - i n  s i l i c o n  along with 4x10 cm boron t n  provide .suBsequi~~L e l e i t g i c a l  

a c t i v i r y .  Webs were. then pulled from a crucib le /susceptor  arrangement 

l i k e  Figure 2 a t  r a t e s  between 1.5 and 5 cm/min (web deformation, viz.  

sect ion3-2 precluded meaningful ana lys i s  o f  c r y s t a l s  grown a t  speeds 

above 3 cm/min f o r  t h e  thermal geometry of  t h e s e  experiments).  

Br ief ly ,  t h e  key r e s u l t s  of  t h e  experiments were a s  follows: 

ne i ther  t h e  N i ,  Cu o r  Mn-doped specimens showed any unusual micro- 

s t r u c t u r a l  f e a t u r e s .  Etch p i t  d e n s i t i e s  f e l l  i n  t h e . r a n g e  normally 

encountered f o r  uncontaminated matercal .  In c o n t r a s t ,  when t h e  o t h e r  
" .  . .  " . , . . . . . . a  .,----.*...,. - - . -  

metals were present  i n  t h e  mel t ,  numerous outcrops of  roughened surface  
. . 

' formed i n t e r m i t t e n t l y  along t h e  length of otherwise smooth webs: The 

morphology df  t h e  outcrops,  a system of nea r ly  p a r a l l e l  r idges  and 

va l l eys  ( i l l u s t r a t e d  f o r  a Ti-doped web i n  Figurc 15&as a common 

f e a t u r e  of a l l  t h e  i ~ ~ i p u r i t i e s  which induced s t r u c t u r a l  degradation.  

Material  near  t h e  outcrops etched p r e f e r e n t i a l l y  with r e s p e c t '  

t o  t h e  adjacent smooth face  of  the  web. Inf rared  micrographs and x-ray 

topographs, Figure 16, confirmed t h e  presence of seco~ld phase inc lus ions  

i n  t h e  web beneath t h e  outcrops.  Perhaps t h e  most s t r i k i n g  aspect  of 

growth from t h e  impure l i q u i d s  was t h e  complete breakdown of t h e  smooth 



web-liquid i n t e r f a c e  t o  an a r r a y  o'f ~ a r a l l e l  . d e n d r i t e s  . f o r  t h e  h ighe r  

v e l o c i t i e s  and impur i ty  concent ra t ions ,  Figure 17. A s  i n  Figure 15 t h e  

d e n d r i t e  a r r a y  a p p e a r s ' t o  ' i n i t i a t e  immediately below a  r idged  outcrop.  

The exact  o r i g i n  of  t h e ' s u r f a c e  co r ruga t ions  i s  ye t  obscure but  t h e  

d e n d r i t i c  breakdown i n  t h e  mater ial '  appears  t o  be a  t r u e  case  of  i n t e r -  

* 
f a c e  - i n s t a b i l i t y .  The approximate concent ra t ions  . a t C  ( s t r u c t )  a t  which 

R 

outcrops developed f o r  each' impur i ty  a r e  l i s t e d  i n  Table 1. 

4.2 E f f e c t  o f  Impur i t i e s  on Web S o l a r  C e l l s  

Ten t o  f i f t e e n  specimens from each doped web were processed 

t o  lcm x lcm s o l a r  c e l l s  v i a  t h e  s tandard  f a b r i c a t i o n  sequence de-  

. s c ~ i b e d  elsewhere?' (Samples f r o m  t h e m a f  e r i a l  which exh ib i t ed  out -  

cropped s t r u c t u r e  were avoided).. Webs conta in ing  no added contaminant 

were processed concurren t ly  t o  o b t a i n  b a s e l i n e  va lues .  

' . The performance of  s o l a r . c e l l s  can be r e l a t e d  d i r e c t l y  t o  t h e  
. . 

contaminant l e v e l  i n  t h e  ~ i l i c o n ! ~ '  21 The impuri ty  concen t r a t ion  i n  

t h e  s i l i c o n  i s  determined by t h e  l i q u i d  impur i ty  concen t r a t ion  C p  and 

t h e  e f f e c t i v e  d i s t r i b u t i o n  c o e f f i r i e n t , k e f f ,  f o r  impurity p a l L i e h i i n g  

d u r i n g .  c r y s t a l  growth. We have shown f o r  web growth t h a t  k depends on 
. e f f .  

growth v e l o c i t y  (v ) and th i ckness  ( t )  a c c o r d i n g . t o  t h e  r e l a t i o n  
2 2  

0 

. . 



where k' i s  t h e  equi l ibr ium p a r t i t i o n  c o e f f i c i e n t ,  D i s  t h e  s o l u t e  
0 

d i f f u s i v i t y  i n  t h e  l i q u i d ,  and 8 approximates t h e  meniscus h a l f  angle .  

. We used t h e  growth cond i t i ons  and l i q u i d  impur i ty  concent ra t ions  f o r  

t h e s e  experiments t o  c a l c u l a t e  k 
' 

and hence C S .  With Cs  and t h e  
ef  f 

2 1 
p rev ious ly  determined impuri ty  concen t r a t ion -ce l l  performance r e l a t i o n s ,  

we est imated t h e  expected performance o f  c e l l s  made on t h e  doped webs. 

These d a t a  a r c  compi i ed , in  Table  Z a'lnng w i t h  rhe measured v a l u e 3  of 

c e l l  performance. 

, The measured .and ca l cu la t ed  va lues  o f  c e l l  .performance a r e  

i n  e x c e l l e n t  agreeiiielir. O f  a l l  Ll~e ililpiiritics' 3tudiod T i ,  V ,  and Mo 

a r e  most de t r imen ta l  t o  t h e  dev ice3  made upon contaminated web. This  

' r e s u l t  i s  c o n s i s t e n t  with d a t a  gathered . o n ' s o l a r  c e l l s  f a b r i c a t e d  from 
~. 17,21 

metal-doped Czochralski  c r y s t a l s .  

4 . 3  Impuri ty  Tolerance f o r  Continuous Web Growth 

. The t o l e r a b l e  feedstock contaminant l e v e l  f o r  web growth w i l l  

' 

be determined by t h e ,  l i q u i d  impur i ty  concen t r a t ion  a t  which e f t h e r  

(a)  ~ t r ~ c t u r a l  breakdown 6r' (b) c e l l '  performance degrada t ion  f i r s t  occurs .  

* *. 
We denote t h e s e  impuri ty .  l e v e l s  by Ca ( s t r u c t )  and C . ( c e l l ) ,  

R 

r e s p e c t i v e l y .  . By comparing t h e  breakdown d a t a  and c e l l  performance 
* 

r e s u l t s  wc mny..deduce f o r  each metal s p e c i e s  which impuri ty  l e v e l ,  *c !t 
* 

( s t r u c t ) .  o r  C R  ( c e l l )  w i l l  c o n t r o l  t h e  feedstock p u r i t y .  For web 
.* * 

growth t h e  d a t a  i n ~ a b l e  l i n d i c a t e  t h a t  CQ ( c e l l )  c C Q  ( s t r u c t )  f o r  a l l  

impur i t i e s  (save perhaps Cu and Ni) a  r e s u l t  s i m i l a r  t o  t h e  previous 

a n a l y s i s  of Czochralski  growth. I f  however, t h e  c e l l  performance 

requirements  were r e l a x e d ,  e .  g.  i f  one allowed t h e  contaminated devices  



t o  be  90% a s  e f f i c i e n t  a s  t h e  b a s e l i n e  c e l l s  (TI = 0.9  nB) th.en f o r  some 

impur i t i e s  l i k e  Fe s t r u c t u r a l  breakdown would be  t h e  c r i t i c a l ,  cons ider -  

a t i o n  d i c t a t i n g  feedstock p u r i t y .  

In  r e a l i t y  t h e  " c r i t i c a l "  concen t r a t ion  va lues  i n  Table 1 de- 

f i n e  an upper boundary f o r  melt  impur i ty  con ten t .  I n  a p r a c t i c a l  

s i t u a t i o n  some form o f  melt  replenishment w i l l  be  requi red  t o  e f f e c t  
. . 

. process  economics and t o  maintain s t a b l e  growth cond i t i ons  f o r  prolanged 

per iods  ( see  s e c t i o n  3 ) .  Under . these  cond i t i ons  impur i t i e s  w i l l  be  

c o n t i n u a l l y  r e j e c t e d  from t h e  . c r y s t a l  t o , t h e  l i q u i d  a s  growth,proceeds,  

and melt  impur i ty  concent ra t ion  w i l l  r i s e  a s  t h e  amount of c r y s t a l  

grown inc reases .  . n u s  t h e  i n i t i a l  feedstock impur i ty  concen t r a t ion  Co 
* 

must be  l e s s  than  CQ.  How much sma l l e r  C must b e  depends on t h e  
0 

ma te r i a l  throughput and whether t h e  mel t  i s  s e q u e n t i a l l y  o r  cont inuous ly  

rep len ished .  

We expect t o  adopt cont inuous replenishment f o r  web growth. 

For t h i s  approach t h e  ins tan taneous  melt  impur i ty  concen t r a t ion  when. s 

voliime of c r y s t a l  V has  bekn grown i s  giveii by 
17 

C 

when k < - 10 '~ .  In  equat ion 3,  C i s  t h e  i n i t i a l  o r  feedstock impurify ' 

0 

content  and Vo i s  t h e  melt volume. Thus we may determine t h e  feedstock 
* 

impuri ty  content  corresponding t o  C = C from Eq. 3 by spec i fy ing  t h e  
!L R 

throughput r a t e  and t h e  ~ r o w t h  cyc le  per iod .     or example, i f  5 cmwide 

by '0.015. cm t h i c k  web. grows a t  5 'cm/min about 52 ..4 gm of s i l i c o n  web 



will be in an hour. Then for a three day growth cycle (65 hours 

of actual growth),as now looks attractive from an economic standpoint, 

V / V  'L 17 when ,the melt volume .V % 200g. From Equation 3 
c .o 0 

I 

ni 

'1'hus if the values of C (cell) are assumed to define the maximum im- 
R 

purity content t h a t  may be reached by the end of the run, then 

L 
R (cell) - 

Co - 18 

for a three day cycle. The values of C caiculated this way appear in 
0 

the last column of Table 1 . 

From the table it is evident that with continuous replenishment 

under the conditions assumed above,most imvurities can be tolerated in 

.the web feedstock at a 1 to 3 ppma level. Major exceptions are Ti and V 

whose concentrations must be considerably lower if cell performance is 

,to remain completely unimpaired. Again these results are similar to 

the Czochralski growth case .  

In our calculation we assumed no reduction in celd performance . . 

would be rolerable. RelaxaLiu~~ crl '  these rcquircmcnrs tu s'ay 1 1  = 0 .911  B 

increases impurity tolerance by factors from about . 2  to 10 depending 

on the impurity. Further,, if.melt volume were increased above that 

assumed, impurity buildup would be slower and larger Cols would be 

acceptable. 



Typical  semiconductor grade feedstock con ta ins  i m p u r i t i e s  a t  

concent ra t ions  o f  p a r t s  pe r  b i l l i o n  o r  less . .  We e s t ima te  t h a t  p a r t s  per.  

mi l l i on  concent ra t ions  of  impuri ty  w i l l  be  t o l e r a b l e  for .web growth. 

Thus t h e  use of a cheap s o l a r  grade feedstock a p p e a r s . q u i t e  f e a s i b l e  f o r  

continuous web growth. 



* 
5. SILICON WEB BACK SURFACE FIELD SOLAR CELLS 

. S i l i c o n  web c r y s t a l s  as'grown a r e  t h i n ,  t y p i c a l l y  0.01 t o  

' 0.02 cm, so t h e  e f f i c i ency  bf a s o l a r  c e l l  f ab r i ca ted  on .web w i l l  be 

impaired unless  c a r r i e r  recbmbinat,ion. a t  tthe back s u ~ f a c e  of the device 

is  minim.ized. This can be accomplished by incorporat ing an acceptor  

gradient  a t  t h e  back surface .  of  the  n-p device t o  induce a back surface  

f i e l d  (BSF). 2 3 y 2 4  T~; acceptor  gradient  promotes (1) an increase  i n  
. . 

shor t  c i r c u i t  cu r ren t ,  (2) an increase  i n  c e l l  vol tage ,  (3) increased 

long wavelength response, (4) reduced c e l l  r e s i s t a n c e ,  and (5) increased 

f i l . 1  f a c t o r  i n  ' the c e l l s .  

I n  our i n i t i a l  s tud ies  a . s t a n d a r d  B B r  d i f f u s i o n  a t  960°C was . 
3 

+ 
employed t o  form t h e  p p back junction of t h e  cc i l l s .  The nt f r o n t  

junction was then introduced by POCR d i f fus ion  a t  8 5 0 ' ~ .  ,The process 
3 

sequence and geometry o f  the  t e s t  c e l l s  has been described 

previously.25 Web s ~ l a r  c e l l s  produced t h i s  way have exhibi ted  AM1 

conversion e f f i c i e n c i e s  a s  high. a s  15.5% with 12.5% being average f o r  

t h e  a n t i - r e f l e c t i o n  coated devices.26 Although t h e  performance of these  
' 

devices i s  q u i t e  good, we found it sometimes d i f f i c u l t  t o  maintain rhe 

required high base d i f fus ion  length with t h e  B B r 3  d i f fus ion  sequence. 

Variat ions i n  c e l l  t o  c e l l  perfoimance.are one r e s u l t  of t h i s .  

* 
These s t u d i e s  were c a r r i e d  'out by R. B. Campbell, E .  J .  Semen, 
P. Rai-Choudhury and 3'. R .  Davis. 



To circumvent t h e  l i m i t a t i o n s  inhe ren t  .in, t h e  B B r  process, 
3  

we have r e c e n t l y , i n v e s t i g a t e d  t h e  u t i l i t y  o f  another  boron BSF technique ,  

d i f f u s i o n  f r0m.a  CVD boron 'oxide, and a l s o  t h e  formation of a  BSF. 

+ 
by aluminum doping. B r i e f l y ,  kn t h e  f i r s t  case  a ' l  u m  t h i c k  p  l a y e r  

i s  formed b y ' d i f f u s i o n  a t  1 0 0 0 " ~ .  In  t h e  second approach a  15 u m  

t h i c k  evaporated aluminum l a y e r  i s  hea t  . t r e a t e d  a t  about 8 0 0 " ~  t o  

+ 
produce a  p  l aye r  about 7 u m  t h i c k .  The f r o n t  j unc t ions  of  a l l  t h e  

c e l l s  were made a s  descr ibed  above. Conventional Ti-Pd-Ag c o n t a c t s ,  

were used on t h e  f r o n t  and back of t h e  c e l l s  which were c o a t e d ' w i t h  Ti02- 

S ~ O  t o  minimize. s u r f a c e  r e f l e c t i o n .  Ce l l  t e s t s  were performed wi th  2  . . 

an AM1 spectrum s imula tor  , ( see  r e f e rence  25 f o r  d e t a i l s ) .  The web 

used was 15 Qcm p-type; a l l  e.xperimenta1, runs  were accompanied by 

wafers of 10-12 Qcm'p-type f l o a t  zone wafers f o r  process  c o n t r o l .  

The device  performance d a t a  (average va lues  f o r  s eve ra l  

c e l l s  i n  a  r u n ) , , T a b l e  3 ,  i n d i c a t e  t h a t  t h e  web s o l a r  c e l l s  behave i n  

most r e s p e c t s  l i k e  t h e . b a s e l i n e  c e l l s  made on f l o a t  zone wafers  
. . 

r e g a r d l e s s  .o f 'which  process  was used. This  r e s u l t  i s  c o n s i s t e n t  wi th  

e a r l i e r  s t u d i e s  which found web devices  comparable i n  perfbrmance t o  

6 
con t rd l  samples made on Czochralski  .wafers.  The d a t a  a r e  t o o  l imi t ed  

y e t  t o  d i s t i n g d s h  which process  produces t h e  most e f f i c i e n t  c e l l s .  

However, t h e  CVD oxide technique o f f e r s  an advantage over t h e  B B r 3  

d i f f u s i o n  f o r  process  automation. The aluminum BSF technique  ;because 

it i s  a  r e l a t i v e l y  low temperature process ,holds  cons ide rab le  p o t e n t i a l  

f o r  maintaining good bulk re,combination l i f e t i m e  i n  t h e  devices  lead ing  . 

t o  both enhanced e f f i c i e n c y  i n  t h e  t h i n  web c e l l s  and improved process  



r e p r o d u c i b i l i t y .  The aluminum technique a l s o  appears  amenable t o  

automated process ing .  Future experiments w i l l  i n v e s t i g a t e '  t h e  de t a i l ed .  

t ime-tempeature sequences t o  achieve  optimum device  performance. . 

6. CONCLUSIONS 

The d e n d r i t i c  web technique i s  a  unique. method to.  grow r ibbon 

s i n g l e  c r y s t a l s  o f  diamond l i t t i c  semiconductors.  The method app l i ed  

t o  s i l i c o n ,  produces high p u r i t y ,  low d i s loca t io r i  dens i ty  c r y s t a l s  

which a r e  e x c e l l e n t  s u b s t r a t e s  f o r  t h e  f a b r i c a t i o n  of  e f f i c i e n t  . s o l a r  

c e l l s .  For example, e f f i c i e n c i e s  up t o  iS.5% AM1 ( t h e  h ighes t  repor ted  

va lue . . fo r  r ibbon c r y s t a l )  have been achieved wi th  c e l l  s t r u c t u r e s  

employing a  BBr3-diffused back s u r f a c e  f i e l d .  Back s u r f a c e  f i e l d s  

produced by aluminum a l l o y i n g  o r  CVD oxide d i f f u s i o n '  appear t o  work 

equa l ly  we l l  and show advantages f o r  c o s t  reduct ion  v i a  process  

automation. 

For commonly encountered metal i m p u r i t i e s  t h e  e f f e c t i v e  
. . 

. seg rega t ion  c o e f f i c i e n t s  dur ing  web growth a r e  smal l ,  t y p i c a l l y  wi th in  

a  f a c t o r  o f  two t o  t h r e e  of ko. Thus t h e  use  of  a  cheaper ,  s o l a r  grade 

s i l i c o n  con ta in ing  on t h e  o rde r  of .a p a r t  per  m i l l i o n  of impur i ty ,  
. . 

appears  f e a s i b l e  f o r  w?b growth even .with melt  replenishment .  , ' 

Web output  r a t e s  can be enhanced by manipulation of t h e  thermal 

environment of  t h e  growth system. . For example, extending the susceptor  

l i d  s l o t  and i n t r o d u c t i n g  "dogbone" ho le s  f l a t t e n s  t h e  melt  p r o f i l e  s o  

t h a t  web widths over 4 cm can b e  achieved.  By inc reas ing  t h e  r a d i a t i o n  

loss .  from t h e  web h ighe r  growth v e l o c i t i e s  can be a t t a i n e d .  ,By reducing 



t h e  t o p  hea t  s h i e l d  temperatures  and bevel ing  t h e  l i d  s l o t s ,  growth 

speeds of  5 cm/min a r e  r e a d i l y  produced. Sustained .growth a t  high 

output r a t e s ,  however, has been hampered by d e p l e t i o n  of  t h e  melt  

which (1) reduces l a t e n t  hea t  d i s s i p a t i o n  and t h u s  speed and ( 2 )  i nc reases  

ribbon thermal s t r e s s  causing deformation of t h e  r ibbon.  A t  low 

output r a t e s  melt, dep le t ionevo lves  slowly enough t h a t  temperature 

c o r r e c t i o n s  can be made by t h e  ope ra to r .  Ribbons 6 t o  8 meters long . . 

have commonly been grown. t h i s  way. 

To s u s t a i n  high ou'tput r a t e s  f o r  long growth per iods  w i l l  

r e q u i r e  mel t ' rep len ishment  t o  maintain t h e  melt  l e v e l ,  and hence 

thermal cond i t i ons  i n v a r i a n t .  .We have r e c e n t l y  demonstrated a  system 

by which p e l l e t i z e d  s i l i c o n  can be fed t o  maintain a  uniform melt 

l e v e l  while  web s imultaneously grows. Future  development w i l l  combine 

melt  replenishment wi th  thermal t r imming ' to  grow low s t r e s s  ma te r i a l .  a t  

l a r g e r  ou tput  r a t e s .  
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TABLE 1 

FEEDSTOCK IMPURITY CONCENTRATIONS FOR WEB GROWTH 
(see text for nomenclature) 

* 
C (struct) 

*  cell^, n/nB: 1.0 '18 -3 
L. 

18 -3 JmI&xht 10 cm ppma 10 cm ppma 18 -30 10 cm ppma 

Cu >1.4+ . 28 1.1 (est) 2 2 .06 (est) 1.2 (est) 

Ni > 1.0 . > 20 ' ,l.l - > 22 - >.06 . - >1.2 - 
Cr 4 120 - 32 - >.09 - . .l.S - 
MI > 2.6 : 52 > 2 . 6  - > 52 - >.I4 - >2.8 - 
F e 3 6 [! >1.3 - > 26 - >.07 - j 1 . 4  - 
Ti. 4 80 0.05 1 .003 .06 

+ > indicates no breakdown observed at this concentration 

L indicates nn measured ':ell degradation at t h i ~  - 
concentratzn 

1'6 -3 * 1 pprna1b5x 10 cm 
. , 



TABLE 2 

PERFORMANCE OF CONTAMINATED SILICON WEB 

SOLAR CELLS 

Impurity . 
18 -3 13  -3 

k e f f  (web*) C k  (10 c m  ) CS (10 cm n / o i  ( ca l c )  ~ / n i  (meas) 

Mo . . 1.2  2.5 , .03  .91 0.85 

2 * Calculated &om Equation 2 with D = ~ x 1 0 - ~  c~ / a r c ,  0 - 20' . ' '  . ' 

(.See Ref. 22) . 
+ i s  t h e  e f f i c i e n c y  o f  an uncontaminated device ,  about 

12.5% AM1 wi th  AR coa t ings  i n  t h e s e  s t u d i e s .  



TABLE 3 

-- 

SAMPLE Jsc(ma/cm 2 ) voc (v) EFF (%) T ~ ~ ~ ( P  set) 

* Web cells fabricated by identical sequences save for the 
n.h?encc or t l l w  BSP cxhibfe  efficie~icies lower by about 2%. 

+ Xi is metallurgical junction depth. 
J 

NOTES: 1) AR Coated 

2 2) Measured at AM1 (91.4 MW/cm ) 

.- . 

BBr3 Diff 
X .  % 1 r.lm web+ 
F$ Baseline 

* 
B u r u ~ ~  oxide CVll 
Drive - X j  % 1 um web 
F.Z Baselil~e 

Evap AL Drive 
X j % 7 vrrl web 
FZ Baseline 

. -.-. . . -- 

31 .,5 
30.7 

31.5 
31.2 

31.8 
31.5 

-573 
.580 

.566 

.570 

.571 

.5?7 

* 
. 14.2 

14.2 

* '  
13.8 
'14.3 

* 
. 14.6 

15.3 

3 6 
35 

3 5 
1 s 

3 4 
4 2 



Figure 1 ~ ' chema t i c  dep ic t ion  of d e n d r i t i c  web growth. Seed bu t ton ,  
bounding d e n d r i t e s  and c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of t h e  
ribbon a r e  i 1 l u s  t r a t  ed . 



Dwg. 7686A17 . . 

Figure 2 Sectional view of susceptor-crucible-lid assembly for dendritic 
weh growth; low frequency induction coil not shown. 



Dwg. 6438A24 

end rites 

Position 
Figure 3 Illustration of the way the lateral temperature 'distribution 

in melt and lateral heat loss from the ribbon influence the . 

.dendritic web, widening process. 



Dwg. 7686A16 

Figure 4 Schematic representation of' finite .element model for susceptor- 
crucible-m'elt assembly. 



Curve 71 4929-A 
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Figure 5 Lateral melt temperature profiles computed for a long slot 
terminated by end holes (A) and a similar straight slot 
(B) Data points were determined from the melting temperature 
of a fine dendrite seed. 



. . . ,. ,.." . i.. i . .  ., :. . . , ,. ,-..-:&:, .; 
i=:,4&;+pk\ , b*!%,< 

Figure 6 Increase in  actual web width obtained with successively 
f lat ter  melt temperature profiles.  The 4 cm wide crystal 
was grown with s lo t  A illustrated in Figure 5 .  



. . 

Dwg. 6439A08 
. . .  

' Figure'  7 Heat t r a n s f e r  pa th s  f o r  modeling temperature  p r o f i l e s  i n  t h e  
meniscus and i n  t h e  web. , . . 



Curve 71 4927-A 
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Lin : 

Length Along Web, Z ( c m  ) 

Figure 8 Calculated long i tud ina l  temperature p r o f i l e s  i n  a  150 pm thick 
web c r y s t a l  grown from t h e  l i d  i n  Figure 2 .  The exac t  p r o f i d e  
depends on the  d i s t a n c e  of  t h e  c r y s t a l - l i q u i d ,  i n t e r f a c e  below 

' . t h e  l i d ,  i d e n t i f i e d  by L I N  i n  t h e  F igure .  



Curve 71 4924-A- 
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Thickness ( urn 

Figure 9 ' Growth v e l o c i t y  a s  a  func t ion  of web t h i c k n e s s  f o r  d i f f e r e n t  
l i d  s l o t  p r o f i l e s .  Curves a r e  c a l c u l a t e d  from theory,  d a t a  
from th ickness  measurements on web c r y s t a l s .  



' Curve 714925-A 
. . 

Figure 10 . Web thickness as a functiorl of growth ,time. The decrease 
in  thickness a t  constant speed i.s caused.by the drop in 
melt l e v e l .  



Figure 11 Calculated variation of longi.tudina1 (a ) and lateral  
s tress  (ow) components along rhe lengriiZof a ribbon 
grown from the s l o t  i l lustrated i n  Figure 2 .  



Curve 71 4928-A 
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1 2 3 
Distance f rom Interface, Z ( cm ) 

Figure 1 2  La te ra l  ' s t r e s s  (uyy) a t  c e n t e r  of 25 mm wide web f o r  d i f f e r e n t  
c r y s t a l . - l i q u i d  i n t e r f a c e  loca t ions  below t h e  l i d ;  s e e  Figure 8 
f o r  corresponding temperature p r o f i l e .  



Dwg. 7686A18 

-Twin Plane 
Traces 

Figure 13 Model for  e las t ic  deformation process: a) i n i t i a l  condition; 
b] start of deformation; c) continued growth with straight 
growth front; d) web surface i l lustrat ing twin planes traces 
and s l i p  bands after  outcrop on surface. 
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Figure 15 Patches of corrugated surface which developed in webs grown 
from a melt containing 4~1018cm-~ titanium. Extra 
dendrites often nucleate in the vicinity of such patches as 
indicated in the figure. 



Figure 16 x-ray topograph of  a s i l i con  web grown from a heavily metal- 
doped melt. Individual bright spots i n  the typograph are 
strain f i e lds  surrounding the positions o f  inclusions 
entrapped within the crystal  during growth. 



Figure 17 Breakdown o f  the smooth web-liquid interface t o  a dendritic 
array. Melt contained about 3xl018cm-3 of molybdenum. 



8 . 2  APPENDIX 2 

GROWTH RUN SUMMARIES 



GROWTH RUN SUMMARY 

' Preface  t o  RE Furnace Runs. 

The maj.ority of runs  i n  t h e  RE-furnace f a l l  i n t o  t h r e e  broad 

ca t egor i e s :  1 )  ex t ens ive  repeated runs  us ing  a f ixed  . con f igu ra t ion  i n  

order  t o  e s t a b l i s h  base l i n e  growth c h a r a c t e r i s t i c s ,  ' s t udy  r e p r o d u c i b i l i t . ~ ,  

develop ope ra to r  technique,  opt imize growth procedures and supply web 

material fo r .  c h a r a c t e r i z a t i o n  and c e l l  f a b r i c a t i o n .  2) Develop mel t  

replenishment techniques and hardware. 3) Combine width and 'speed 

technology f o r  high output  r a t e s .  I n  a d d i t i o n ,  sane  runs  were devoted 

: t o  t e s t i n g  l i d  des igns  f o r  width o r  speed and an  argon flow system f o r  

.ox ide .  con t ro l .  

The f i r s t  31  runs  i n  t h e  RE furnace  (aucept.RE-19) used t h e  

same gene ra l  con f igu ra t ion  ( t h e  "RE-1" l i d s ) .  Problems a s s o c i a t e d  'with 

c r u c i b l e  f i t ,  oxide depos i t i on ,  and l i d  p repa ra t ion  were i d e n t i f i e d  and .  

s t e p s  w e r e  taken t o  understand and ' cont ro l  t h e s e  :va r i ab l e s .  

. . 
Feed system tests w e r e  begun wi th  run RE-38 and cont inued,  w i t h  

a few i n t e r r u p t i o n s ,  through run RE-79. A v a r i e t y  of c r u c i b l e  b a r r i e r  

'designs and s l o t  con f igu ra t ions  were t e s t e d .  Problens r equ i r ing  f u r t h e r  , 

s tudy  wer.e i d e n t i f i e d ,  i d  t h i s  work w a s  continued i n  t h e  W-furnace.' 

A t  t h i s .  po in t ,  t h e  RE furnace  was l a r g e l y  dedica ted  t o  s t u d i e s  

t o  o b t a i n  h igher  output  r a t e s , .  t e s t i n g  conf igu ra t ions  f o r  h igher  growth 

speed and g r e a t e r  web width. 



r 
GROWTH RUN 3 W R Y  

NO. OF LENGTH MAX. WffiTH MAX. VELOCITY 
RUN CRYSTALS (cm) . (T? (cm/min) 

-.-- - P- 

R E - 1  2.  278 . 28.0. 2.2 R-furnace modified t o  u s ~  elongated susceptor 
(J-type) ! 6;3 nun th ick  l i d ,  80x6 mm s l o t ,  12.7 mm 
dogbone' holes.  Two t o p  shields,  lower shortened. 
Configura-ion grows well i n  both furnace f a c i l i t i e s .  

RE-2 ' 3 .  3 B 5 28.9 1 . 3  To pre a r e  n-type' base rn-terial fo r  c e l l  fabr ica t ion.  P 1 . 2 ~ 1 0  8 ?hosphorus d o p i ~ g  c0.86 gms) RE-1 
configurarion.  

.RE-3 7 459 22.6 2.4 Rerun RE-L configuration.. After some problems i n  
morning, grew well i n  afternoon. 

RE-4 i 69 156 2.4 Repeat RE-1  configuratioo.  Di f f i cu l t  t o  s t a r t  growth. 
Concern a->out argon pur i ty .  Change i n  operator.  . . 

RE-5 3 170 20.8 2.1 .. Argon pur i f i ca t ion  ' t r a i n  i n s t a l l e d .  Same configuration 
. . 

, a s  RE-1.  Some problems with th i rd ing  and i c e .  

R E - 1  configuration. Melr unstable i n  a.m., some 
f l o a t i n g  i c e .  

RE-1  configuration.  Problems with oxide deposit ion on 
l.id. 

RE-1 configuration.  Some oxide and i c e  probl.ems. 

RE-1  configuration.  Mos: c r y s t a l s  terminated by 
pul lout .  

R E - 1  configuration.  g e r s r a l l y  good growth behavior. . . 
One c r y s t a l  was 290 cm long.'  

RE-1  configuration.  Som=.floating i c e  i n  a.m. 

RE-1 configuration.  Soms ~r0blemS with oxide growth 
on l i d  s l o t .  

RE-13 7 5 30 24.7 ' 1.- RE-1 configuration;  Unstable melt, oxide. 

RE-14 . 3 532 30.4 , 1 . E  RE-1  configuration;  S r u t f n g  problems i n  a.m.. b e t t e r  
i n  p.m. - 

RE-15 3 645 35.8 3 .Cis 2 RE-1 configuration. .  285 cm long c r y s t a l .  10.9 cm /min. 
thruput . 



GROWTH RUN SUMMARY 

NO. OF  LEN^ MAX. WIDTH MAX. VELOCITY 
RUN CRYSTALS. ( cm) . (m) (cm/min) DESCRIPTION/RESULT. 

. . 
.- 

RE-16 3 103 16.7 1.8 . RE-1  con f igu ra t ion .  Plagued by oxide i n  s l o t  , 

f a l l i n g  i n t o  mel t ,  t e rmina t ing  growth. 

RE-17 - 2 8 3 16 .1  . 1.7 RE-1 conf igura t ion .  . I c e  problems. 

RE-18 3 410 23.5 1 .7  R E - 1  con f igu ra t ion .  Doped t o  produce lower 
r e s i s t i v i t y  than normal.. 

RE-19 Not Product ive of  Web Tes t  new l i d  con f igu ra t ion .  Lid 8 .7  mm t h i c k ,  
s l o t  80x6 nun, 12.7 mm dogbanes, 5x5 mm bevel  a i l  
around. Two t o p  s h i e l d s .  Large p i ece  o$ oxide 
f e l l  i n t o  melt e a r l y  and went t o  c r u c i b l e  wa l l ,  
caused i c e  problems a l l  day. 

Repeat RE-19. Take t h k k n e s s - v e l o c i t y  d a t a .  
Growth behavior  gene ra l ly  good. 

Same conf igura t ion  a s  RE-19. Many s h o r t  c r y s t a l s  
decanted because they  went poly e a r l y .  

R E - 1  con f igu ra t ion ;  Cruc ib le  bottom ground f l a t  i n  
hopes of improving r e p r o d u c i b i l i t y .  

R E - 1  configura. t ion.  Cruc ib le  bottom groynd f l a t .  

RE-1 .conf igura t ion .  Cruc ib le  bottom ground f l a t ,  
now becoming s tandard  procedure. 

RE-1 con f igu ra t ion .  Melt pu l l ed  f r e e  from c r u c i b l e  
wall  dur ing  growth o f  l a s t  c r y s t a l .  

R E - 1  &onf igura t ion .  Melt p a r t i a l l y  rep len ished  with 
~i rods .  . Oxide i n  s l o t  l a t e  i n  day. 

R E - 1  con 'f igurat ion.  Some ox ide ,  pob lems  l a t e  i n  day. 

RE-1  con f igu ra t ion .  Occasional i c e .  

RE-1  con f igu ra t ion .  Oxide i n  dogbone ho le .  

RE-1 configurat ion.  Oxide .in dogbone ho le ;  

RE-I con f igu ra t ion .  I c e  problems a l l  day.  



GRONTH RUN SUMMARY 

NO. OF LENCM MAX. WIDTH MAX. VELOCITY 
CRYSTALS (cm) (m) (cm/min) RUN 

- 
.5 326 , ' 25,.2 1.9 Change configuration.  80x6 mm dogboned s l o t  

with 5x5 mm b e v e l ' a l l  around i n  thick l i d ,  3 
top  sh ie lds ,  2 lm5r formed t o  l ap  bevel 3 mm. , 

E X C ~ S F ~ V ~  oxide bui ld  up on l i p  of  formed sh ie lds  
prevented growth of 'long c r y s t a l s .  

RE-32 l i d ,  3 top  s ' i ie lds ,  only lower one formed 
over l i d  bevel .  k c h  b e t t e r  growth behavior. 

6 448 23.2 

Not Praductive of Web Crysta ls  

Repeat' RE-33 configuration.  Some oxide. 

RE-32 l i d  with 3 f l a t  top  shie lds .  Excessive oxide 
and i c e  problems. Melt too cold, a t  ends. 

Not productive of Web Crysta ls  RE-32 l i d ,  2 f u l l  ,top sh ie lds ,  plus one over ends 
only. Crysta ls  c m s i s t e n t l y  s t a r t e d  poly. Melt 
too  ' hot a t  ends. 

Not Prcductive of Web Crysta ls  RE-36 l i d  -and sh ie ld  configuration,  -except lower 
h a l f  ~f susceptor s i d e  shields.removed i n  e f f o r t  t o  
t r i m  melt p r o f i l e  consis tent  poly s t a r t s .  

Not Productive of Web F i r s t  t e s t  of manual feed system. Lid 66.6x6.3 mm 
dogboned s l o t  with feed hole,  2 top sh id lds .  Crucible 
with b a r r i e r  t o  separa te  feed and growth regions.  
Bottom. of feed tube became blocked with oxide. 

Not. 'productive of Web Test use of argon flow through feed tube t o  prevent 
oxide deposit ion in .tube. problem with f l o a t i n g  i c e .  

RE-1 configuratio3.  Oxide problems. 

Test behavior of  l i d  with s t r a i g h t . s l o t  beveled 
5x5 mm, 2 top shield.; Ice  repeated nucleated by . 
oxide. apparently s p a l l i n g  o f f  bottom. .of l i d .  

Feed system t e s t ,  RE-38 configuration.  Feed. tube . . 

blocked ear ly .  Insuf f i c i en t  oxide flow i n  feed 
tube. 



GROWTH - RUN S W R Y  
& 

NO. OF LENGTH MAX. WIDTH MAX. VELOCIW. 
RUN CRYSTALS ( 4  (mm) . . . (cm/min) DESCRIPTION/RESULT 

- 
5 RE-44 255 17.8 . ' . . 2.1 Feed system t e s t ,  RE-38 configuration.  Fed 

pel  l e t s  fo r  8 .min. and il  min., while growing 
then-  f loa t ing  .ice ,pa r t i c l e  observed, whith 
at tached t o  web causing breakdown. After  run,  
crucible  feed compartment empty .except f o r  a . 

few frozen drops. 

6 7 RE-45 . 1  16.8 Repeat RE144. Feed tube clogged with oxide before 
' feeding i n i t i a t e d .  Crucible feed compartment empt; 
a f t e r  run. . 

2 RE-46 169 17.2 Repeat'RE-33 configuration.  Oxide bui ld  up .on 
lower sh ie ld .  Ic ing.  

RE-47 1 90 23.3 Feed system t e s t .  RE-38 configuration.  oxide 'and 
i c e  problems, even without feeding p e l l e t s .  

RE-=48 .Not productive ,' RE-1 configuration.  Aborted during melt down. S i  

F touched l i d ,  immediate a n d . c a t a s t r o f i c  react ion.  
QI . . 
!" RE-L9 , .4 5 77 25.0 1.9 New susceptor and new l i d  configuration t e s t ed  

50x4 mm s t r a i g h t  s l o t  beveled 5x6 mm, 2 top sh ie lds  
Test behavior of shor te r  s l o t ,  t o  be l a t e r  used 
i n  feed experiments.. Crystal  went poly a t  about 
2 meters. 



CRCWTH RUN SUMMARY 

. . 

NO. OF LENGTH 
RUN CRYSTALS ( =m) DESCRIPTION/RESULT ---- - -- P. 

- 

RE50 2 170 Feed system t e s t .  Run t o  e v a l u a t e  Type A cruci':.le b a r r i e r .  ( v e r t i c a l ,  narrow 
s l o t ) .  Fed and grew web simultaneously.  . Growt- t e h i n a t e d  by f l o a t i n g  i c e  
i n  melt .  Noted melt  r i p p l i n g  dur ing  feed ing;  d i d  no t  d i s t u r b  growth. S i l i c o n  
remained i n  feed r e s e r v o i r .  

RE5 1 4 473 Tes t  e f f e c t  o f  narrow s t r a i g h t  (80x4 mm) s l o t  Dn web s t r e s s .  Two. f u l l  t op  

. . s h i e l d s  5mm x 5mm beve l .  Web deformed a t  about 2 cm maximum width and went 
p o l y c r y s t a l i i n e .  

RE52 3 170 Feed system t e s t .  Tes t  s h o r t e r  growth s l o t ( 5 0 x ~ n m )  t o  r a i s e  temperature 
a t  f e e d  p o s i t i o n .  Type A b a r r i e r  i n  feed r e s e r v 3 i r .  Oxide c o l l e c t e d  on 
r i g h t  of growth s l o t .  Argon feed  r a t e  appeared t oc  h igh ;  reduce flow reduced 
oxide depos i t i on .  S i l i c o n  remained i n  feed r e s ~  r v o i r .  

c., 
m 
m RE5 3 3 2 14 Feed System T e s t .  I n i t i a l l y  no s i l i c o n  i n  feed chamber t o  t e s t :  (1) thermal  

symmetq- i n  system (2 )  mel t ing  behavior  o f  p e l l e ~ s .  Type A b a r r i e r .  Dendr i te  
probe i n d i c a t e d  thermal asymmetry-feed s i d e  h o t .  h l l e t s  melted i n  empty 
r e s e r v o i r  and some flowed over  t o  growth chamber 

XE54 4 4 70 T e s t  new R E - 1  l i d  t o  r e p l a c e  damaged l i d .  Buttonine and growth behavior  
normal f o r  t5is l i d .  Widths 23-28 mm easy  t o  ac!!i-e. Lid appears  u seab l e  . . 
i n  f u t u r e  ex?eriments . 

.RE5 5 3 162 Test  e f f e c t s  o f  8Ox6rnm s l o t ,  5x5mm bevel  (12.7 ma dogbone) on melt p r o f i l e ,  
. . .web s t r e s s  and width. . Dendri te  p r o f i l e  indicate;;  temperature i s  s l i q h t l y  

C' 

humped i n  = e n t e r  o f  melt  and some .asymmetric. C rys t a l s  widened poo r ly  20m. 
max. Oxide c o l l e c t e d  on s h i e l d  assembly caused i c e  i n  mel t .  



GROWTH RUN SUMMARY 

NO. #OF LENGTH 
RUN. .CRY ST ALS ' ( 4  DESCRIPTION/RESULT 

V e r i f i c a t i o n  run on new RE-1 l i d .  Flaximum width 28.5 mm.  Melt 
p r o f i l e  r e l a t i v e l y  f l a t  a s  expected.  Plan t o  run l i d  i n  a f t e r -  
trimmer experiments.  

Tes t  e f f e c t  o f  v e r t i c a l  c o i l  posi t ion- .on seeding and growth with 
RE-1 l i d .  . Pr'oblems with i c e  formation negated expe r imen t . '  Note 
oxide on bottom o f  l i d  a f t e r  run. Apparently s p a l l e d  du r ing  run 
Tes t  new l i d  c lean ing  procedure i n s t a l  l e d .  

30 5 Tes t  e f f e c t  o f  d i r e c t e d  argon Flow t o  minimize oxide bu i ldup  on 
overlapping s h i e l d s .  Beveled l i d ,  80mm s l o t .  Considerably reduced 
oxide l a i d  down on s h i e l d .  Harder t o s e e d a t  high. flow r a t e s - t h i r d  
d e n d r i t e s .  

V e r i f i c a t i o n  t e s t  o f  d i r e c t e d  argon flow system. Good oxide c o n t r o l .  
Grew maximum width o f  28mm; Good seeding.  

3 89 Tes t  5cm, beveled l i d  f o r  subsequent feeding runs .  Dendri te  p robe '  
f a i r l y  f l a t  over  c e n t e r  2-3cms. Feed ho le  clogged i n  absence'  o f  
argon flow. Flow i s  mandatory f o r  t h i s  con f igu ra t i on .  

Not Product ive o f  Web Feed sys t emtes t .w i th  RE60 l i d .  Type B b a r r i e ' r  no s i l i c o n  i n  feed 
chamber. Large amounts o f  i c e .  Sh i e ld s  oxidized suspec t  system 
leak.  Clean and t i g h t e n  f i t t i n g s  be fo re  next  run.  

Tes t  RE58 l i d  con f igu ra t i bn .  Lid overhang extended t'o reduce 
r a d i a t i o n  from ho t  l i d  t o  web. Used argon flow between s h i e l d s .  
Excessive oxide accumulation . 

88 Feed system t e s t . '  Reveled l i d ,  5cm s l o t ,  dopbones. Addition o f  
argon flow tubes  t o  minimize oxide accumulation. Type B c r u c i b l e  . 

. b a r r i e r ' ( 6 0 °  s l a n t ) .  No s i l i c o n  i n  feed r e s e r v o i r .  Fed and grew 
web; growth te rmina ted  by f l o a t i n g  i c e .  



CROWTH RUN SUMMARY 

NO. OF LEh'GTH 
RUN CRYSTALS (cm) ' DESCRIPTIONJRES-JLT 

Retes t  RE62 con f igu ra t i on  (80mm s l o t ,  beveled l a r g e  over lapping  
s h i e l d s )  without argon flow tubes ;  Excessive oxide.  Conclude 
cannot run t h i s  amangement without argon purge. 

325 Feed System T e s t .  ~ e i e l e d  l i d ,  5cm s l o t ,  dogbones (RE63) without  
argon purge through shie ' lds .  Large (6mm) 'gap below feed b a r r i e r .  
Assess containment. c h a r a c t e r i s t ~ c s .  Got i c e  when feed ing  p e l l e t s . .  
Some ,ox ide  toward end oppos i te  feed tube .  S i l i c o n  remained i n  
feed . reservoi . r .  

T e s t  dished growth. l i d  (design t o  vary r a d i a t i o n  view ang le  a long 
s l o t  l ength)  two t o p . s h i e l d s .  Evaluated widening c h a r a c t e r i s t i c s  . 

Only 21mm width. Excessive oxide on s h i e l d  made r e s u l t  ambiguous. 

264 Feed system ~ e s t  . 5cm, beveled s l o t  with dogbones. (RE63). Tes t  use 
o f  All 03 ceramic argon flow tubes  , unde r ,  s h i e l d  t o  r ep l ace  Mo tubes .  
Type A b a r r i e r .  E d  p e l l e t s  without  p e r t u r b i n g  growth. Feed chambe: 
empty o f  s i l i c o n  a f t e r  run. Growth s l o t  f r e e  a f  oxide.  

88 . ~ e &  t e s t  of  d i shsd  l i d  (RE66:l.. S t i l l  have problem with oxide 
. .. depos i t i on  on s h i e l d s .  Conclude must a l t e r  s h i e l d  con f igu ra t i on  o r  

use argon pur.ge. 



GROWTH RUN SUMMARY 

I .  

N O . .  OF LENGTH . 

RUN CRYSTALS cm --. DJSCRIPTTON/RESlJLT - 

' R E 6 9  . 5 282 . ' Feed system t e s t .  T e s t  t y p e  C b a r r i e r  (6x10 mm h o l e )  a s  p a r t i t i o n  
f o r  feed r e s . e r v o i r .  C r y s t a l  growth t e rmina ted  r e p e a t l y  by fo rmat ion  
o f  iceinmeltduring'feeding. 

R E 7 0  3 203 Feed sys tem t e s t .  Feed t u b e  i t s e l f  submerged i n  mel t  t o  a c t  a s  
p e l l e t  i n s e r t i o n  mechanism a s  we l l  a s  i n  s i t u  b a r r i e r . ,  Feed a n d i n  s i t u  
grow f o r  p e r i o d s  up t o  10 min. P e l l e t s  o n l y  p a r t i a l l y  melted 
and blocked t u b e  t o  f u r t h e r  f e e d i n g .  

R E 7 1  3 158 Feed syst.em t e s t .  R e t e s t  o f  submerged t u b e  wi th  argon flow ad jus ted .  
P Both ox ide  and unmel ted  p e l l e t s  t e rmina ted  feed ing  e v e n t u a l l y .  Conclude 

' a  
CD submerged t u b e  i n e f f e c t i v e  feed ing  t echn ique .  

R E 7 2  4 228 Feed system t e s t .  ' ~ e s t  t y p e  C b a r r i e r  wi th  extended h e i g h t  . t o  minimize 
ox ide  t r a n s p o r t  t o g r o w t h  charnbe~.l \gain grew and fed f o r  s h o r t  p e r i o d s  

. but  i c e  formation t e rmina ted  growth. Conclude h i g h e r  b a r r i e r  i n e f f e c t i v e  
. . s o l u t i o n  t o  oxide  problem. 

Unproductive T e s t  o f  r eversed  a r g o n . f l o w  through l i d  s h i e l d s  (away from s l o t )  t o  
minimize ox ide .  Produced t empera tu re  f l u c t u a t i o n s .  Seeding and growth 
. d i f f . i c u l t  t o  c o n t r o l .  Abort run .  

R E 7 4  Unproductive Feed system t e s t .  Typc'C b a r r i e r .  Sys temat ic  t e s t  of argon purge  r a t e  
through f e e d , t u b e . t o  c o n t r o l  ox ide  bu i ldup .  Unable t o  grow due  t o  i c e  
throughout  run .  ~ u s p e c t  f u r n a c e  l e a k .  A f t e r  run found t h a t  no s i l i c o n  - 
remained i n  feed chamber. 



G R O W 4  RLN .SUMMARY 
L '  

. NO. OF LENGTH . . 

RUN CRYSTALS . . DJSCR1PTIQN;J'~SULT - . -- ---- - - - . - - - - - . -. -- cm --,- - - --- - - -: - - 

Rli75 5 350 Feed system t e s t .  Repeat o f  previous  run a f t e r  furnace  checkout.  
No major i c e  problem. Grew and fed s i n u l t a n e o u s l y  f o r  pe r iods  over  
1 hour. Growth o f l o n g c r  c r y s t a l  terminated by oxide  speck. ' 

RE76 3 98 Feed system t e s t .  . T e s L o f  methods t o  e- l iminate  outflow of  s i l i c o n  ' 

f rom fee6  chamber dur ing  run: l a r g e r  b l e  (7x15 mm) i n  type  C .  b a r r i e r .  
Result  ambiguous due t o  oxide .  t l e i ~ h t  of  ho le  t o o  clos'e t o  melt  
s u r f a c e  t o  a c t  RS  e f f e c ~ i v e  h a r r i e r .  . 

C 

Fecd system t e s t .  Tes t  e f f e c t s '  of  melt clown procedure t o  prevent  
outflow o f  s i l i c o n  from feed chamber. Melt charge from feed end 
toward c e n t e r .  S i l i c o n  i n  feed chamber a t  end of  .run. Oxide and 
i c c  in  melt made run un2roductivc f o r  growth. 

Feed 'sysyern t e s t .  VeriFicat . ion of e f  Eects of d i r e c t i o n a l  charge  
melt down procedure. Mslt from ccnte.u t o  feed end by r e p o s i t i o n i n g  
coil. Fecd r e s e r v o i r  empty a t  end of run.  Conclude must melt  
maitcsinl i n  f e e d  chambcs f i r s t  dur ing s t a r t  up t o  keep s i l i c o n  
t h c ~  d u ~ i n g  run.  Fed' and grew dur ing run;  



GROWTH RUN SUMMARY . 

RIJN 
NO. OF LENGTH 
CRYSTALS (cm) DESCRI PTION/RESULT 

273 Feed Run Tes t .  . E v a l u a t e  melt down procedure on s i l i c o n  r e t e n t i o n  
i n  feed chamber. RE-1 type, l i d .  Melt down from feed  end f i r s t .  
S i l i c o n  remained i n  feed  r e s e r v o i r  throughout run .  Web width 
up t o  24mm. 

Not ?reductive of  Web Tes t  l i d  f o r  h igh  speed growth. Recessed beve l ,  Q 3mm t h i n  l i p  
( s e e  t e x t ,  s e c t i o n  3 .1 .3) .  Speed t o  6cm/min i n  s h o r t  l eng ths .  
Excessive oxide accumulation on sh ie lds . .  Oxide f e l l  i n ,  run abo r t ed .  

RE81 7 471 Retes t  h igh  speed l i d  o f  RE80 but  with argon purge t o  reduce 
oxide.  Speeds up t o  4.5 cm/min..Widths 12.3-17.5mm. Lineage. 

2 123 

1 42 

Not Product ive o f  Web 

Run abor ted  . 

. . 

Retes t  high speed l i d  (RE81). Evaluate  k f f e c t  o f  c o i l  he igh t  on 
seeding and growth. Max. speed 3.5cmI.min; Max. width 15mm. 
Problem with l i neage  s t r u c t u r e  formed dur ing  seeding;  limits widening. 

Tes t  e f f e c t  o f  l i d -me l t  d i s t a n c e  on speed. Fu l l  beveled,  dogboned 
l i d  recessed  2mm t o  b r i n g  melt l e v e l  c l o s e  t o  growth s l o t .  C o l l e c t  
t h i cknes s  v e l o c i t y  data.. t.!aximum speed Scm/min. Hard t o  c o n t r o l  seed ing .  

Tes t  e f f e c t  o f  s l o t  width on speed and seeding .  S l o t  con f igu ra t i on .  
a s  i n  RE81. S l o t  widened from 4.6 t o  5.5mm. Tendency f o r  web t o  
go p o l y c r y s t a l l i n e  nea r  s t a r t  o f  seed ing .  Harder t o  c o n t r o l  seed in^. 

Rerun RE84 con f igu ra t i on .  Obtained t h i cknes s -ve loc i t y  d a t a  h u t ' n o  
long web lengths  (due t o  v i b r a t i o n  i n  me l t ) .  Speeds t o  Scm/min. 

280 ~ e s t ' e f f e c t  o f  melt  he igh t  on growth v e l o c i t y .   educed melt he igh t  wi th  
RE84 l i d  con f igu ra t i on .  B e t t e r  c o n t r o l  of seeding bu t  growth speed 
reduced. . 

Tes tbeve l ed ,  recessed  l i d  a s  used i n  RE83. Argon flow tubes  t o  minimize 
oxide.  'Melt  wet ted l i d ;  run abor ted .  



GROWTH RUN SUMVARY 

NO. OF 
RUN CPYSTALS 
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RE88 Not pro.dcctive of Web Clean u p  l i d  wetted i n  RE87. Attempt rerun of  . t h a t  conf igura t ion .  
' 

Vibrat ion .on melt s u r f a c e  prevented s t ~ b l e  growth. 

Retes t  of conf igura t ion  at tempted i n  RE87 and 88. ' Lower i n i t i a l  
mel t  l e v e l  t o  improve mel't s t a b i l i t y .  Growth s t a b i i i t y  good. ' Width 

RE90 1 6 8 Gmu c r y s t a l  f o r  r e s i s t i v i t y  check; doping l e v e l  3x1017 DOPESIL 
compared t o  1 x 1 0 ~ 7  u s u a l l y  employed. 



GROWTH RUN SUMMARY 

NO. OF LENGTH ,MAX. WIDTH MAX. VELOCITY 
RUN CRYSTALS. (cm) (m) (cm/min) DESCRIPTTON/RESULT 

RE-91 4 407 30 .8  2.0 The purpose o f  t h i s  run was t o  provide c r y s t a l s  
. . ' with  double t h e  usua l  doping l e v e l  f o r  c h a r a c t e r -  

i z a t i o n  s t u d i e s .  R E - 1  type  l i d  and t o p  s h i e l d  
conf igura t ion .  

RE-92 Not Productive o f  Web Purpose: web' . f o r  c h a r a c t e r i z a t i o n  s t u d i e s .  Very 
e r r a t i c  bu t ton ing .  behavior and temperature d r i f t s .  
A f t e r  run,  s h i e l d s  were found t o  be oxidized.  
Leaks were found i n  t h e  growth chamber and r e p a i r s  
made. 

RE-94 Not Product ive  , o f  Web . 

1.9  . .  Test  of  new s e t  o f  R E - 1  Type r i d s  f o r  a f t e r t r immer  
experiments.  Top s h i e l d s  and s i d e  s h i e l d s .  I c i n g  
problems a l l  day. Growth i n i t i a t i o n  d i f f i c u l t .  
Some. leaking may s t i l l  be occur r ing .  

Tes t  o f  l i d  conf igura t ions  f o r  high speed growth. 
Tes t  f u l l  beveled l i d ,  recessed 2mm i n  o r d e r ' b r i n g  
l i d  c l o s e r  t o  mel t  su r face .  Purpose, h igher  speed.  
S t a r t s  were c o n s i s t e n t l y  poly.  Conclude view f a c t o r  
t o o  open, i . e .  excess ive  hea t  l o s s  a t  s t a r t .  

1 . 9  Feed system t e s t .  Attempt t o  prevent i c e  nuc lea t ion  
i n  growth region by modif ica t ion of  feed conf igura t io r  
RE-1 type  l i d  and t o p  s h i e l d s  with feed ho les .  . 

Bottom .o f  feed tube  1 cm above s h i e l d s  s o  t h a t  gas  
flow is decoupled from mel t .  Feeding caused f r e e z i n g  
i n  c r u c i b l e  feed compartment because of excess ive  
hea t  lo'ss. Oxide b u i l d  up o i s h i e l d  feed ho les .  Not 
a  v i a b l e  feed c ,onf igurat ion.  



GROWTFI RUN SUMMARY 

NO. OF LENGTH MAX. WIDTH MAX.  VELOCITY 
RUN CRYSTALS I cm) (m) ( cm/min) DESCFIPTION/RESULT - 
RE-96 3  193 24.0 2.0 Tes t  behavior  consis tency o f  R E - 1  conf igura t ion  

i n  RE f a c i l i t y .  There has a  tendency t o  e i t h e r  
t h i r d  o r  p u l l o u t ,  u n s t a b l e  melt  cond i t ion .  

RE-97 Not Product ive  of Keb Repeat previous experiment. E r r a t i c  bu t ton ing  
behavior 'and tendency t o  t h i r d  r e a d i l y ;  even though 
melt  probe ind ica ted  a r e l a t i v e l y  f l a t  p r o f i l e .  . . 

5 . 0  Tes t  t h i c k  ' l i d  k i t h  s t r a i g h t ' s l o t . ,  beveled 4S0x4mm, 
80mm long.  Try high speed growth, and wide (>2.5cm) 
s t a r t s .  Reached thruput .  r a t e  b f  12.7cm2/min. 
Easy t o  s t . a r t  a t  2 . 5 m  o r  l e s s ;  d i f f i c u l t  t o  drop 
d e n d r i t e s  with longer  bu t tons .  Melt p r o f i l e  dipped. 
% 1°C over  3cm. 

5 .5  Attempt t o  achieve h igher  t h r u p u t .  R E - 1  t y  e  'Z conf igura t ion .  Maximm -thrupout of '14.8 cm /min. 

6 .0  Attempt a t  h igh . speed ir.owth. 6mm t h i c k  l i d ,  80mm 
dogboned s l o t ,  3mmx45"bevel, RE-1  t o p  s h i e l d s  
c r y s t a l s  cons i s t en t ly"  poly.  This  s l o t  geometry has  
h igh ly  unfavorable  thermal geometry f o r  s t a r t i n g  
'and mainta ining high c r y s t a l  q u a l i t y .  

3.8 Attempt t o  f l a t t e n  m e l t  p r o f i l e  by a d d i t i o n  o f  2nd 
p a r t i a l  top  s h i e l d  t o  RE-1 c o n f i g u r a t i o n .  Melt 
probe. i n d i c a t e d  e x t r a  s h i e l d  not  e f f e c t i v ' e  - m e l t  

2 dipped i n  c e n t e r . '  M&. th rupu t  only 9.5cm /min. 

5 .5  Run purpose was t o  provide  d a t a  f o r  thermal modeling. 
Lid with s t r a i g h t  6x83mm s l o t ,  6.2mm t h i c k .  R E - 1  
t o p  s h i e l d  c o n f i g u r a t i o n .  Melt p r o f i l e  measured. 
and th ickness  v e l o  i t y  d a t a  obta ined.  Reached 5 th rupu t  o f  13.4 cm /f in. .  



GROWTH RUN SUMMARY 

NO. OF LENGTH ' M A X .  WIDTH MAX. VELOCITY 
RUN CRYSTALS (cm) (mm) . (cm/min) DESCRI PTION/RESULT 

-- -- --- - 
RE-103 ' 2 .  125 .U8.1 1.6 Purpose: confirm behavior o f  s t r a i g h t  s l o t  

l i d  of RE-102. Slow melt down and high c o i l  
vo l t age  suggested suscep tor  s h i e l d s  p a r t i a l l y  
oxidized; conftrmed a f t e r  run'. Poor growth 
behavior,  choppy dendr i t es ,  melt . p r o f i l e  dipped. 

.* 

RE- 104 ' 3 149 23.6 1 .9  Purpose : increased th iupu t  . RE- 1 ~ 0 n f i ' ~ u r a t i o n .  
Excess ive .nucleat ion of f l p a t i n g  i c e  caused growtl~ 
terminat ion before  widths of s i g n i f i c a n c e  f o r  
thruput  purposes could be achieved. 

RE-105 3 248 33.0 6.0 Purpose: Increased thn lpu t .  RE-1  conf igura t ion .  
I c i n g  problems i n  l a t e  af ternoon.  Reached thruput  
o f  19.8 cm2/min. 

RE- 1-06 Not product ive  o f  web Purpose: Test  modified f a s t  l i d  conf igura t ion .  
Lid shown i n  Figure 18, Dec. 1978 q u a r t e r l y  with 
1ower.top s h i e l d  modified with 5 m i l  moly v e r t i c a l  
s h i e l d  along s l o t ,  8 mm separa t ion .  Attempt t o  
improve q u a l i t y .  o f '  growth i n i t i a t i o n '  with small 
s a c r i f i c e  i n  growth 'veloci ty .  Rapid oxide buildup 
on edges o f  . th in  shi'elds prevented growth o f  web. 

Purpose: Data f o r  thermal modeling and t e s t  growth 
behavior. 9.5 mm' d i a .  dogbone ho le  added t o  l i d  
o f  RE-102, 103, S l o t  83x6 mm, RE-1  type top  s h i e l d :  
Melt p r o f i l e  s t i l l  dipped, but l e s s  than s t r a i g h t  
s l o t .  ' Max. thiwput 15 .1  cmZ/min. 



. . 
GROWTH RUN S W R Y  

NO. OF LENGTH MAX. WIDTH MAX. 'JELOCITY 
RUN CRYSTALS (cm).  . (mm) (cn!min) 

RE- 108 3  . 3 3 5 .  . 31.6 5 .2  Repeat PI-107 configuration attempt increased 1 thmput  max thmput  16.4 cm /min. 

RE-109 . Not Productive of  Web Argon blow tubes added t o  RE-106 configuration i n  
e f f o r t  t o  control  oxide. Not effective.. Oxide. 
grew too f a s t  to. permit! ' ~ e b - ~ r o w t h .  Growth 
potential-.  of l i d  cannot be assessed unless oxide 
can be contrpl led  i n  t t . i s  geometry. 

Check basel ine  RE-1 corf igura t ion.  Some problems 
with f loa t ing  i c e .  

, Purpose: obtain thermal and thickness ve loc i ty  data  
On modified s l o t .  1 ~ m x 4 5 ~  bevel added t o  RE-107 
l i d .  Max. thruput 10.6 cm2/min. 

Repeat RE-111, gather addit ional  thermal data 
Max. thruput 12.5 c m 2 / ~ n .  

Purpose: addi t ional  thmput  data R E - i  configuration.  
Max t h q p u t  i4.3.cm2/min. ' .  

Repeat RE-111 configuration,  attempt high speed 
growth. Max thmput  11.3 cm2/min. Conclusions : 
The small bevel on t h i s  l i d  does not  i n t e r f e r e  with 
seeding, and y ie lds  a  small gain i n  growth veloci ty .  
The melt p r o f i l e  i s  s i g n i f i c a n t l y  dipped, , r e s t r i c t i n g  
web width. In fu ture  experiments the  dogbone holes . 

and.beve1 w i l l  be sys tena t i ca l ly  increased and 
width and growth ve loc i ty  r e la ted  t o  both measured 
and - theore t i ca l  thermal 'configurations. 



GROWTH RUN SUMMARY 

 LEN^ r+. WIMH . MAX. v E L o c I n  NO. O F  
RUN CRYSTALS (cm) . (mm) (cm/min) DESCRI PTION/RESULT 

RE-115 3 .  198 16.4 3 .1  . Tes t  new l i d  c o n f i g u r a t i o n  with. e longated s l o t .  
114x6 mm s t r a i g h t  s l o t ,  3x3 mm beve l ,  7.5 mm t h i c k  
l i d .  Melt p r o f i l e  f l a t  t o  1 ° C .  ' v e loc i t y - t h i cknes s  
d a t a .  Ice problems a l l  day .' Oxide s p a l l i n g  from 
bottom of l i d .  Underside of l i d  roughened by sand- 
b l a s t i n g  i n  p r epa ra t i on  f o r  nex t  run .  , 

RE-116 6 513 29.8 ' . 3.8 Repeat RE-115 con£ i g u r a t  ion.  A£ ter e a r l y  po ly  s t a r t s  
and t h i r d i n g  problems, grew w e l l  i n  a f te rnoon .  

RE-117 1 46 . 17.5 - To o b t a i n  b a s e l i n e  d a t a  o n '  suscep tbr  and m e l t  p r o f i l e s .  
RE-1 t y p e  l i d s ,  no end s h i e l d s .  Suscep tor  ends down 
16OC. Melt p r o f i l e  dipped about  lo over  4.4 c m .  

w 
.l RE-118 1 60 - . 14.3 3.2 Tes t  new l i d  and s h i e l d i n g  con f igu ra t i on . .  RE-102, 103 
.I . l i d  h a s  dogbone h o l e s  increased  .from 9.5 mm t o  14.3 mm. 

Pe r fo r a t ed  su scep to r  end s h i e l d s ,  75% coverage.  

RE-11'9 No S i g n i f i c a n t  Web Product  i on  Continue t o  g a t h e r  t empera ture  d a t a  w i th  v a r i a t i o n s  on 
l i d  and su scep to r  s h i e l d  conf igura t ' ions .  Dogbone h o l e s  
i n  RE-118 l i d  opened t o  15.9 mm d i a .  Pe r fo r a t ed  su scep to r  
end s h i e l d s .  Susceptor  p r o f i l e  f l a t  end t o  end t o  about  
3OC. Melt p r o f i l e . d i p p e d  about  2O over  4.cm. 



GR0WTi-I RUN S W R Y  

NO. OF iENGTH MAX. WIDTH MAX. VELOCITY 
RUN CRYSTALS (cm) (mm) (cm/min) DESCRIPTION/RESULT 

RE-120 2  28 6  25.1 5.85 ~ e ~ e a t  RE-119 conf i g u r a t  For; without end s h i e l d s .  
Some f l o a t i n g  i c e  problems e a r l y  i n  day. .Melt 
p r o f i l e  dipped about 1.5O.'cver 4  cm. Max. th ruput  of 
14.7 cm2 /min . 

No Signi f  i r a n t  Web Product ion Tes t  tbrmal e f f e c t s  of  114 mrn long s t r a i g h t -  s l o t  wi th  
. ,bevel  on bottom, wi th  su'sceptor end s h i e l d s .  Susceptor 

, p r o f i l e .  . f l a t  t o  + 2', but  n e l t  p ro5 i l e  badly dipped. 
Thermal measurements took mst of day. 

3  361 . . 27.5 5.0 R e p k t  G-121 conf i g i r a t  iom t o  clieck growth'behaiiior . 
Some i c  %ng . Reached thruput  13.5 cm2/min. 

5  635 35.2 5.0 Change Ln' l i d .  conf igura t ion .  80x6 mm s l o t ,  12.7 mm 
dogbone holes ,  5x5 mm bevel  a l l  around. 9.5 mm t h i c k  l i d .  . 

Lower of two top  s h i e l d s  l ~ p s  l i d  bevel  s l i g h t l y .  (F igure  . 
17,  ,Dee. 1978 Quar te r ly  R e p r t ) .  Argon flow tubes  i n  
place.  Max. th ruput  of 14.3 cm2/min. This  con f igu ra t ion  
w i l l  be repeated seve ra l  t imes , i n  order  t o  t e s t  maximum 

. thruput  c a p a b i l i t i e s .  

348 31.7 5.35 2  Repeat RE-123 con f igu ra t io r .  Reached thruput  of 17.0 cm / 
minute. 

220 '23.6 5.35 ' ~ e ~ e a t  RE-123 configurat ' ion.  Some oxida t ion  of s h i e l d s  
e a r l y  i n  day d e l e t e r i o u s  t o  growth behavior .  I c e  
problems. Max. th ruput  12 -6 cm2/min. 

29.2 . 5.7 . Repeat EE-125, wi th  system l e a k s  r paired:  some i c e  B 
problems. Thruput r a t e  of 14.3 cm / m i &  reached. 



GROWTH RUN SUMMARY 

NO. OF LENGTH MAX. WIDTH MAX:VEL&ITY 
RUN CRYSTALS .( cm) (tmm) ( cm/min) 

. . 
. RE-127 2  325 90.5 6.15 . Repeat RE-123 con f igu ra t ion  at tempt high thruput  

r a t e s .  .Rached thruput  r a t e .  o f  18.75 cm2/min. 

RE-128 5  377 51.1 5.0 Re e a t  RE-123 conf igura t ion .  Max. t hn ipu t  12.4 
. cms/min. . . 

RE- 129 6  470 17.. 4  5.75 Repeat RE-123 con f igu ra t ion . . '  I c e  problems e a r l y  
i n  day. 

RE-130 2  419 34.5 5.75 Repeat RE-123 conf igura t ion .  Thruput r a t e s  o f  18.7 
and 12.8 cm2/min. 

RE-131 ' 4 584 34.2 6.4 ' ~ e ~ e a t  RE-123 conf igura t ion .  Thruput r a t e s  o f  . 
16.7 and 21.9 cm2/min. 

RE-132 2  388 36.65 5.5 'Repeat RE0123 con f igu ra t ion .  Oxide and i c e  problems 
u r t i l  l a t e  i n  day. 19.96 cm2/min. max. t h rupu t .  

RE-133 2  421 . 40.6 5 .8  Repeat RE0123.. con f igu ra t ion  wi th  e d i t i o n  of  t h i r d  
. t o p  s h i e l d  max thruput  23.55 cm2/min. Third 

+- 
-J 

s h i e l d  seems t o  reduce s t r e s s  b u i l d  up, al lowing 
ID . i nc rease  i n  .web width. . 

RE- 134 2  372 39,9 4.15 Repeat RE-133 ' con f igu ra t ion .  Max thruput  16 .6  
' ' cm2/min. 

RE- 135 3  550 3.9 Repeat RE-133 con f igu ra t ion .  Early s t a r t s  po ly ,  
grew well i n  a f te rnoon.  

4 .5  Repeat RE0133 con f igu ra t ion .  Tendency t o  p u l l ,  o u t .  
Thickness v e l o c i t y  d a t a  obta ined .  

. . . 
RE-137 3  315 28.5 4.0 ~ e s t  add i t i on  o f  fou r th  s h i e l d  t o  RE-133 con f igu ra t ion  

. . d i d  no t  groC a s  we l l .  F loa t ing  i c e  during af te rnoon.  



GROWTH RUN SUMMARY 

Preface  t o  5-Furnace Runs 

The ma jo r i t y  of runs i n  t h e  5-furnace.were devoted t o  t e s t i n g '  

a v a r i e t y  of l i d  and s h i e l d  ' con f igu ra t ions  t o  'improve width and speed 

and co reduce stress. ~ x i e n s i v e  measurements o t  melt  and suceptor  

temperature p r o f i l e s  were made. Some t e s t s  of output  c a p a b i l i t i e s  

were a l s o  c a r r i e d  ou t .  

Severa l  types  of anc . i l l a ry  hardware were t e s t e d '  i n  an e f f o r t  

t o  reduce stress l eve l ?  i n  t h e  web c r y s t a l s  so  that g r e a t e r  web width 

could be achieved. p a s s i v e  a f t e r h e a t e r s  proved t o t a l l y  u n s a t i s f a c t o r y .  

A dynamic a f t e r h e a t e r  system was cons t ruc ted  and t e s t e d ,  beginning w i t h  

. r u n  5-69. The a f t e r h e a t e r  had d e l e t r r i o u s  e f f e c t s  on thermal geometry 

and increased .  web stress l e v e l s .  T e s t s  wi th  a cold a f t e r  trimmer were 

begun i n  run  5-106. The co ld  trimmer produced low r e s i d u a l  s t r e s s  but 

i n  i t s  p re sen t  des ign  comprom.ises t h e  growth . . system. 

A s c r i e o  of runs  largely dedicated t o  ga ther ing  thermal data,  , . 
m e l t  p r o f i l e s ,  and t e s t i n g  t h e  e f f e c t s  of susceptor  sh i e ld ing  

mod i f i ca t ions  were begun wi th  run  5-141. Th i s  d a t a  was used t o  c o r r e l a t e  

growth behavior w i th  thermal behavior .  Web growth was no t  a primary 

o b j e c t i v e  i n  t h e s e  runs  and output  was gene ra l ly  low. 



GROWTH RUN SUMMARY 

NO. OF LENGTH MAX. WIDTH : MAX. '.VELOCITY 
RUN CRYSTALS, ( cm) (m) (cm/min). DESCRIPTlON/RESULT 

5-29 Not Productive of Web Test th ick  passive a f t e rhea te r s ,  5.2 cm long x 
3.8 cm x .63 cm thick,, Placed..lcm apar t  p a r a l l e l  
t o  s l o t ;  1 .3  cm radia t ion gap above l i d .  S lo t  has 
3 x 3 . m  bevel. Single Top Shield.  Oxide Deposition. 
Afterheater  ef fec ted.  thermal .geometry, web poly, . 

t h i r d s .  

Repeat 5-29 with second top sh ie ld .  Oxide problems,. 
growing . from . afterheat ,er-  l i d  in te r face .  

277 26.6 5-31 3 .  1 1.9 To produce material  f o r  evaluation. R E - 1  conf.iguration. 

5-32 6 490 23.8 2 .1  Report 5-31, s l o t  .not polished. Some oxide growth 
on s l o t .  

I 

. 2.3 Test new l i d  with shor te r  s l o t ,  66.1x6.3 mm, 12.7mm 
. d i a .  dogbone holes,  6.3mm thick,  s ing le  top sh ie ld .  
Poor growth, dendrites choppy, pul louts .  

J-34 4 504 26.4 2.0 ,Repeat 5-33 configuration with the  addi t ion of a 
. second, p a r t i a l  top  sh ie ld .  Second 'shield improved 

growth subs tan t i a l ly .  W i l l  repeat  several  times t o  
. . e s t a b l i s h  reproducibi l i ty  of growth behavior. 

J;35 7 ' 618 22.1 " 2.3 Repeat 5-34.. Good growth. 

5-36 2 13 1 23.0 1.9' Repeat 5-34, new operator.. 

5-37 Not Productive of Web Repeat 5-34. Severe problem with oxide growth on 
s l o t ,  f a l l i n g  i n t o  melt and causing ic ing.  . 

2.0 Repeat 5-34. Good growth behavior. 

1 .9  , . Repeat 5-34. Trouble s t a r t i n g  growth during afternoon. 

1.9 ' Repeat 5-34. Most c r y s t a l s  terminated by pul lout  a f t e r  
beginning t o  twis t .  

1.6 Repeat 5-34. 3 cm wide c r y s t a l  decanted because of 
twis t ing . 

1.9 Test of th ick  passive a f t e rhea te r s .  New l i d ,  8Ox6mm 
s l o t ,  12.7 mm dogbone holes,  6.3 mm thi,ck. Two top 
shie lds .  Oxide col lec ted on lower top sh ie ld .  Problems 
wi th ,pu l l  out. 



GRCWTH RUN SUMMARY 

NO. OF LENGTH MAX. 'qIDTH MA:(. VELOCITY 
RUN CRYSTALS (cm) (mm) (cn/riin) 

--- -- -- - 
5-43 1 4 1 12.7 1 . 9  . Repeat 5-42. Severe a i d e  c o l l e c t i o n  on lower 

t o p  s h i e l d  forced e a r l y  shutdown. 

5-44 2 88 15.2 2 . 0 .  5-42 conf igura t ion  w i i 5  lower t o p  s h i e l d  s e t  back 
on a d d i t i o n a l  1 . 5  mm. This  e l imina ted  oxide 
depos i t i on  on lower t c p  s h i e l d ,  bu t  oxide '  c o l l e c t e d  
on l i d  s l o t .  Melt p r c f i l e  dipped i n  c e n t e r .  

5.-45 2 9  3 15.1 (6 .7 Repeat 5-44 con f igu rz t lon .  

Conclusion on pas s ive  a f t e r h e i t e r :  In t roduces  such 
severe  pe r tu rba t ions  in thermal geometry t h a t  t h e  
e f f e c t  i f  any, on stress can no t  be assessed .  

5-46 Mot ProductLve of  Web Return. t o  5-34 con f igu ra t ion .  Melt uns t ab l e ,  d i f f i c u l t  
t o  s t a r t .  

2-47 4 195 17.1 1.7 Repeat 5-46 conf igure t ion ,  New Tank Argon. Problems 
with oxide and i c e .  

F '. 3-48 1 33 19.2 1 .9  Repeat 5-46, c r u c i b l e ,  bottom ground f l a t .  D i f f i c u l t y  
03 
IU dropping d e n d r i t e s , '  c m s i s t e n t  p u l l  o u t .  I c e  during 

af te rnoon.  

5-49 4 487 28.8 1 . 6  . Repeat 5-46,  c r u c i b l e  bottom ground f l a t  c r y s t a l s  
te rmina ted  by decant ing  bscause of  t w i s t i n g .  

J-50 ? 

L 31.3 24.0 1 . 8  Repeat 5-46 con f igu ra t ion .  Growth terminated by 
t w i s t i n g  and p u l l  ou t .  

5-51 4 207 14.8 2 .9  Tes t  new conf igu ra t i cn .  5 .3 mm t h i c k  l i d ,  80x6 mm 
s l o t ,  12.7 m dogbones. 3x3 mm bevel  along s l o t .  
S ing le  t o p  s h i e l d  w i th  2 .5  cm wide s l o t .  To t e s t  
e f f e c t  on growing weh ~f  s o r e  exposure t o  h o t  l i d .  
This  is  t o  p a r t i a l l y  s imula te  e f f e c t  on web o f  hot  
a f te r - t r immer .  Web very  th ick  ( t o  400 pm) , tendency 
t o  t h i r d .  



GROWTH RUN. SUMMARY 

NO. OF. LENGTH MAX. WIDTH 'MAX. VELOCITY 
RUN CRYSTALS ( cm), (mm) (cm/min) 

5-52 Not Productive of Web Repeat 5-51 with higher c o i l  pos i t ion.  Thick web, 
pul louts  and t h i r d s .  

5-53. 4 391 27.0 2.0 New l i d  configuration.  Lid 8 mm t h i c k ,  80x6 mm s l o t ,  
12.7 mm d ia .  dogbones. 3 top  sh ie lds ,  lower two 
.5mm thick bent t o  p a r t i a l l y  l a p  s l ~ t  bevel. Upper 
shie ld  f l a t  1 .5  mm th ick .  Oxide deposit ion caus.ed 
some growth d i f f i c u l t i e s ,  but growth behavior i s  
encouraging. 

5-54 2 224 23.9 2.0 Repeat 5-53, t o  fu r the r  evaluate growth c h a r a c t e r i s t i c s ,  
oxide. 

Not Productive of Web 

Not Productive, run aborted during melt down 

Not Productive of web. 

Repeat 5-53. Growth behavior good, 'but  problems with 
oxide on s l o t  region a l l  day. 

Repeat 5-53, except one of formed top sh ie lds  removed 
A i r  got i n t o  system when t ry ing  t o  remove oxide. Run 
aborted . 
Repeat 3-53. Oxide problems. This type of config- 
u ra t ion  appears promising i f  oxide deposit ion on top 
sh ie lds  and s l o t  can be el iminated.  

RE-1  configuration,  t o  produce web mater ia l .  

Test  behavior with no Top shie lds ;  t o  p a r t i a l l y  
simulate e f fec t  of hot  aftertr immer on web. Could not 
grow; i c e  formed near ends of s l o t .  Dendrite probe 
indicated center  of  melt p r o f i l e  hot by a t  l e a s t  2°C. 
Susceptor p r o f i l e  a l s o  hot  i n  center .  

Try 5-59 configuration with susceptor s i d e  sh ie lds  
removed c o i l  water boi led  when attempting melt down. 

Same as  5-59, except s ing le  top shie ld  open over e n t i r e  
c ruc ib le  area.  Could not  grow. Oxide deposit ion on 
s l o t  a constant  problem. Conclusion: configurations 
with largely  unshielded l i d s  cause subs tan t i a l  problems 
with no redeeming v i r t u e s .  



GROWTH !RUN S W R Y  

RUN 
= 

5-62 

NO. OF LZNmH MAX. WIDTH MAX. VELOCITY 
CRYSTALS I cm) (mm) (cm/min) DESCRIPT 1 ON!RESULT 

Not Productive of Web 

Test 80A'. 1 mm dogbonel s l o t ,  two iden t i ca l  top  
sh ie lds  with 4.7 mm s e t  back. Di f f i cu l t  t o  i n i t i a t e -  
growth, p u l l  ou t .  

Al ter  5 4 2  configuraticn by increasing s e t  back of 
upper t q p  sh ie ld .  Hard t o  grow,choppy dendr i t e s ,  

. pul l  out.. 

New l i d ;  S t ra igh t  s l o t  (no dogbones) 80x4 mm 5x5mm 
bevel a l l  around, 8 m th ick .  Two top sh ie lds  with 
1 mm s e t  backs. Webs terminated' because of twis t ing 
and going poly. Otherwi'se, growth easy and s t a b l e .  

Repeat 5-64 configuration.  Similar  growth. behavior. 

Repeat 5-64 configuration'. Ice. ~ r o b l e m s  a l l  afternoon. 

Repeat 5-74 conf igurat ian .  Ice  problems a l l  day. 

Repeat 5-64 configuration.  Ice  nucleated a l l  day. 
S0urc.e o f . i c e  nucleation not c l e a r .  Problem seems t o  
have gotten worse with each run of 5-64 l i d .  

F i r s t  t e s t  of dynamic a f t e r h e a t e r s ,  bottbm of heater  23 
mm above lid.,With. no i n ~ u t  power, heaters  '170°C bottom, 
550°C to?,  100% power, lower only.,930°C bottom, 570°C 
top.  RE-1  type l i d  configuration.  

Repeat 5-69 conf igurat isn .  Consistent problems with 
f l o a t i n g  i ce .  

Repeat 5-69 configuratiam. Ice  problems. Apparently, 
oxide is f laking from a f t e rhea te r ,  f a l l i n g  i n t o  ,melt. ' 

Test 5-64 l i d  configurazion with a f t e r h e a t e r .  Excessive 
oxide depos i t ionand  i c e  nucleation prevented growth. 

Test crucible  from new suppl ier .  RE-1  configuration,  
no a f t e rhea te r .  Crystaxs terminated by pul lout .  

~ e p e a t  5-64 configuration.  Crysta ls  twis t  and go poly. 

Change configuration. by addit ion of 12.7 mm dogbone 
holes t o  5-64 l i d  geometry, 2 f u l l  top Shields.  . 

Crysta ls  tended t o  go poly. 



GROWTH RUN SUMMARY 

NO. OF. L E N m .  . MAX. WIDTH ' MAX. VELOCITY 
RUN CRYSTALS (cm) ('m) (cm/min), 

Test  5-75 con f igu ra t i on  with a f t e r h e a t e r s  25 mm 
above l i d .  Vary a f t e r h e a t e r  t empera tures .  . Crys t a l  
went poly.  . S.imilar t o  5-75 growth behavior .  



I - 
GROWTH RUN1 S W R Y  

. * .  

NO. OF LEVGTH MAX.. WIDTH MAX lELOCITY - 
RW CRYSTALS I cm) (mm) crnlmrn) DESCRIPTPON/RESULT 

- - -- --- - - - 
, . 

J77  2 70 18 .1  2 .1  Af t e rhea t e r  Tes t .  F u l l  beveled l i d ,  8Ox6mm . C I 

s l o t ,  dagbones, 5xSmm beve l .  Continue t e s t  
of a f t e r h e a t e r .  v e r t i c a l  posit . ion : 1 .  Scm above . . 

l i d .  Limeage s t r u c t u r e  l i ini ted widening. 
Oxide c o l l e c t i o n  on l i d  s h i e l d s .  

Tes t  e 'ffect o f  s h i e l d  cn m i d i  acchmulation f o r  . 
l i d  used i n  577. Lower s h i e l d  bent  upward. 
Widening f a i r  bu t  s t i l l  some oxide accumulation. 

Retes t  a f  s h i e l d  con f igu ra t i on  i n  578. S i m i l a r '  
r e s u l t .  Conclude no  impro:vement i n  oxide c o n t r o l ,  
web speed o r  width wi th  t h i s  s h i e l d  arrangement.  A 

J80 5 5.38 30 2 -10 Tes t  behavior  of,  new PE-1 l i d .  f o r  l a t e r  experiments 
P 
01 with  a f t e r h e a t e r .  Base l ine  behavior  v e r i f i e d .  
01 

581 2 148 16.1 2 . 3  Tes t  s h i e l d  arrangement t o  minimize oxide accumulation 
on long beveled,  growth s l o t .  Lower t o p  s h i e l d  
bent  up a l o n ~  s l o t .  Nerv t o p  s h i e l d . !  Oxide wel l  
c o n t r o l l e d  bu t  d i f f i c u l ~  t o  seed without  t h i r d  
d e n d r i t i e s  o r  p u l l  o u t .  Conclude n o t  a u se fu l  
conf igurn t ion .  

2 .0  A f t e r h e a e r  t e s t  wi th  ME-1 l i d .  Evaluate  e f f e c t  of 
h e a t e r  v e r t i c a l  p o s i t i a  on growth: 2.5cm above l i d .  
Denc r i t e  probe r evea l ed  s l i g h t l y  cupped p r o f i l e  i n  
l i q u i d  l i m i t e d  widenirg 



GROWTH RUN SUMMARY 

NO. OF LENGTH MAX. W I D T H .  MAX. VELOCITY 
RUN CRYSTALS (cm) Cmm) (cm/min) ' 

Test  e f f e c t  o f  3rd t o p  s h i e l d  t o  f l a t t e n  melt  
temperature p r o f i l e  with long,  beveled l i d .  
P r o f i l e  f l a t t e n e d  but  not  s u f f i c i e n t l y  t o  i n -  
c r ease  width. Adjust s h i e l d i n g .  

3 ,  

2.. 0  . . . Retes ted  3  s h i e l d  conf igura t ion  used i n  583. 
Produced web t o . 3 4 . 7  mm. 

1 .9  Af t e rhea t e r  t e s t .  RE-1 b a s e l i n e  l i d .  Heater  1.5cm 
above. Remove ou t s ide  s h i e l d s  on a f t e r h e a t e r  t o  
r a i s e  a v a i l a b l e  AT. Very l i t t l e  improvement i n  AT 
o r  widening of  web. 

1 .9  Af te rhea ter  t e s t .  RE-1 l id ' .  Lower h e a t e r  
, ,  temperature rai 'sed ( increase '  AT by 2, 100°C) 

Web d i d  not  widen. . Run terminated by oxide 
c o l l e c t i o n  on a f t e r h e a t e r .  ! 

14.5 1 .9  Ran RE-1  l i d  without a f t e r h e a t e r  t o  check i t  melt 
p r o f i l e  was f l a t .  . 'Conclude p r o f i l e  f l a t  enough t o  
ge t  wide web: Fa i lu re  of  a f r ' e rhea ter  not  due t o  

' e f f e c t  i n  R E - 1  l i d .  Ic ing  terminated run.  

2.7 Test  of  dished l i d  (va r i ab l e  bevel  angle  ac ros s  
s l o t  length)  8mm t h i c k .  76x5mm s l o t ,  12.7mm 
dogbones. Center o f  l i d  dished t o  4mm th i ckness .  
Evaluate e f f e c t  o f  l i d  on web widening. Width 
up t o  24mm. Dendrite probe gave f l a t  p r o f i l e .  
Webs deformed due t o  s t r e s s .  

3 

2.0 Test  o f  dished l i d  (588) with 2  t o p  s h i e l d s  i n s t e a d  
o f  t h r e e .  Attempt t o  reduce web s t r e s s .  Dendrite 
p r o f i l e  showed asymmetric temperature p r o f i l e .  
Could not  widen. 



GROWTF PUN SUMMARY 

NO. OF LENGTH MAX. KIDTI1 V4.X. VEL.OCITY 
RUN CRYSTALS (cm) (m> (cm/min) DESl~RIPTION/RESULT 

2 Output > 12cm /min. 

5 .4  Test-,  s h o r t e r .  l i d  s l o t  f o r  width con t ro l  i n  
feeding experiments.  Co l l ec t  ve loc i ty - th i ckness  
d a t a .  Dendrite probe r evea l s  dished p r o f i l e .  
Width- kept b.elow 20mm. Some, oxide accumulation. 

1.9 Retes t  o f  dished l i d .  Use narrower s l o t s  i n  t o p  
s h i e l d  t o  reduce .s:reis i n  web and t e s t  widening 
behavior .  Web s t  i 11 deformed. 

1 . 7  . ' Retes t  s h o r t  s l o t  of Run J90: ' ~ r g o n  flow added 
t o  reduce oxide.  Unstable growth: Tended t o  
produce t h i r d  . d e n d r i t G ~ s '  on s e e d i n g .  

2 . 0  8Ox6mm, beveled,  dogbane l i d .  Two top  s h i e l d s ,  
bottom l a rge  overhang. Argon flow a lon  s l o t .  Test 4 e f f e c t  of  argon flow r a t e  (30 t o  100 cm /min) on 
oxide accumulatio3. -4igher flow r a t e  gave b e t t e r  
r e s u l t s .  

2 . 0  Retes t  o f  s h o r t  s l o t  f o r  feed  runs .  D i f f i c u l t  t o  
con t ro l  growth : 31~1 lou t  o r  t h i r d  dendr i t e s  

5 .5  . Retest  o f  beveled Lid. f o r  high speed growth." 
Less overhang on lower t o p  s h i e l d  t o  reduce oxide. 
No oxide problems. Com'3ined output  r a t e  over . 
1 2  cm*/min. 

. . 



GROWTCI RUN SUMMARY 

NO. OF LENmH ' MAX. WTI)TII MAX. VELOCITY 
RUN CKYSTA1.S (cm) (mm ) (cm/min) DESCRTPTIONIRESULT 

2 . 7  Test new 1 id bevel.. several  ' c r y s t a l s  run 
' t o  get velocity-thickness c h a r a c t e r i s t i c s .  
Lid employs di rec ted argon flow t o  
minimize oxide accumulation in  overhanging 
sh ie ld ;  Data col lec ted;  No oxide 
accumulation. 

> 5 cm/min Use snmc s lo t - sh ie ld  configuration as  previous 
run. Raise melt level  t o  improve speed. 
cha rac te r i s t i c s .  Take velocity-thickness . 

. , data  t o  character ize  thermal geometry. 
Crysta ls  conssstent  with increased speed 
a t ta ined.  

2 . 7  (Runs 98 t o  100 were t e s t s '  of .a s h o r t e r  
s l o t  length designed t g  keep the  width 
smaller f o r  subsequent feed experiments i n  
RE f a c i l i t y ) .  Test 3.8 cm long s lo t .  f o r  
width control  in  feeding-target  width 2.5cm. 
Crysta ls  did not widen well enough. 
Dendrite probe revealed s t eep  d i p  in  
melt.temperature p r o f i l e .  

4 
Test of . 3 . 8  cm s l o t  with lower melt level  t o  
f la t te 'n  melt p r o f i l e .  . Melt temperature 
prof i ' le  showed some improvement gut s t  i l l  
not enough t o  get t o  desired 'constant width. 
Some temperature f luctuat ions  during growth 
run. 



GROhXtI RUN SUMMARY 

* 
NO. OF . . LZNGTl1 M A X .  WIDTH M A X .  VELOCITI 

RUN CRYSTALS :(cm) (ma ) (cm/min) 

JlOO No S i g n i f i c a n t  Web Product ion.  Tes t  -of 3.8  cm s l o t .  Argon flow t o  t o p  
s h i e 1 . d ~  reduced t o  minimi'ze any temperature 

' f l u c t u a t i o n s .  Temp p r o f i l e  remained dipped.  
Conclude t h i s  l i d  ,desigri i n e f f e c t i v e  f o r  
wid th 'cont ro l ,  i n  feeding experiments ., 

9 38 2 5 '7 Test  new l i d  -bevel with argon flow under 
2 'top. sh.ields' f o r  increased growth speed'. 

( > 12 cm /min output)  Achieved 7 cn/min maximum v e l o c i t y .  Some 
i n s t a b i l i t y  i n  s,eeding c o n t r o l ,  r e p e a t a b i l i t y  . . .  

Retes t  of l i d  used i n  101 with s l . i gh t ly  
lower melt Level t o  improve seedin:g. Run 
r e l a t i v e l y  'urtproductive. . Vibra t ion  i n  me1 t 
(cause  undetermfned). and some temperature 
con t ro l  problems. 

I- 
a 
0 .  . 5103 2 882 2 1 2.0 Replace thermocouple i n  system. , Reran 

con f igu ra t ion  of  5102 with l a r g e r  s h i e l d  
overhang ( c o o l e r . s h i e l d s  improve hea t  t r a n s f e  
T e s t s  r e s t r i c t e d . b y  f r e e  f l o a t i n g  i c e  i n  melt . . 
Retes t  o f  l a r g e =  s h i e l d  overhang a s  pe r  5102 
and 5103. Width! improved. Melt pu l led  
away from cr r ic ib lc  before  speed t e s t  complet 

Raised melt I eve1 to .  more. s t a b l e  regime. 
Retes t  s h i e l d s  used i n  5102-5104. Some oxide 
c o l l e c t i o n  and i c ing .  Conclude s h i e l d  l i d  
conf igura t ion .  improves speed and output  r a t e  
but  r e s u l t s  &re  not  su f f i c i en t ly ' r ep roduc ib le  
t o  ach.i eve goa l s  . ' . 



GROWTH RUN ,SUbMI\RY 

NO 01: L.liNGTI i MAX. WIDTH MAX.  VELOCTTY 

R U N  
CRY ST,ILS (cml Imm 1 (cm/min) DESCRI'PTION/IIESIILT 
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,J106 3 4 7 7  2 7 . 7  2 . 1  ; F i r s t  t e s t  o f  co ld  a f t e r  t r immer 'dcsigned 
t o  r educe  e l a s t i c  bending o f  web. l 'cs t  , '  

conducted with RE-1 , l . id ,  a  bas'el i ne  , 

con f igu ra t i on .  . I n i t i a l  .trimmer pos.it ion 2.5 
.cm above l.id.. Widest c r y s t a l  decanted . .  
snontaneouslv. ,No bending: . 

4 4  2 ' 19 . 1 .9  , Second t e s t  of -cold a f t e r ;  trimmer. Pos i t i on  . '  

2.0 cm above l i d .  Oxide - c o l l e c t i o n  on 
trimmer l a t e r .  i n  day ,reduced3 run ' e f fec t ivenes :  

. . 

" ,  " . .  - 

. , , . . . .  . . .  . . , . 



GROWTH ' RUN SUMMARY 

NO. OF LENmH WAX. W1D'TI-I MAX. VELOCITY 
RUN CRYSTALS (cm) (m) (cm/min) DES3RI PTI ON/RESULT 

- _.--r---.S---.-.--..--.-.---=-.----==~-- -.-- 

5108 3 190 23 2.0 Tes t  r epea i  5106 Cold a f t e r t r immer  (angled 
plates,4S0:l Evalc-ate .any e f f e c t s  o f  a f te r t r immer  
melt temperature p r o f i l e  with R E - 1  l i d .  Mounting of 
trimmer moili f i e d  to improve v i s i o n  dur ing  seeding.  
Melt probe i n d i c ~ O e d  temperature dipped i n  l i q u i d ,  
a s p m e t r i c  a l s o .  

J l l l  

5113 Not product ive  of  web 

Tes t  co ld  a f t e r t ~ i n m e r .  Evaluate  e f f e c t  o f  trimmer 
v e r t i c a l  p o s i t i o n  on melt p r o f i l e .  Melt dipped w i t h '  
trimmer a t  extreme lower and h ighe r  p o s i t i o n .  Also 
asymmetric. 

Tes t  co ld  a f t e r t r b e r .  Evaluate  e f f e c t  of c o i l  
p o s i t i o n  on melt  p r o f i l e  with a f t e r h e a t e r  1.6cm. 
Temperature p r o f i l s  dipped and asymmetric i n  low 
p o s i t i a n .  S l i g h t l f  dipped i n  high p o s i t i o n .  

Evaluate  melt  profile f o r  RE-1 l i d  with co ld  a f t e r - .  
trimmer removed. ulelt p r o f i l e  f l a t .  Melt v i b r a t i o n  
l im i t ed  growth. 

~ e t e s t '  m e l t  profi1.e and growth with RE-1' l i d ,  
a f te r t r immer  removed. ~ l a t  p r o f i l e .  Concluded angled 
p l a t e s  on a f t e r t r l n m e r  i n t e r a c t  with induc t ion  f i e l d  
and p e r t u r b  melt temperature p r o f i l e .  

. . ' .  
. Cold. a f t e r  trimmer modified t o .  v e r t i c a l  p a r a l l e l  

p l a t e  c o n f i g u r a t i m  t o  reduce i nduc t ive  e f f e c t s .  
Probe melt a s  a  Function of c o i l  he igh t  . '  P r o f i l e  
f l a t t e r  b c t  asymmetric a t c o i l . p o s i t i o n s  t e s t e d .  
Conclude trimmer should be i n s e r t e d  a t  end o f  furnace  
oppos i te  c .c i l  l e s d s .  



GROWTH RUN SUMMARY 

NO. OF , L E N ~ T I ~  MAX. WIDTH ' MAX. VELOCITY 
RUN CRYSTALS . (cm) (m) (cm/min) DESCRI PTI ON/RESULT 

I-' 
a 
W 

5114 3 125 19.8 . 2 .1  Cold a f te r t r immer  tes t . .  Trimmer i n s e r t e d  a t  end 
of  furnace  oppos i te  cool  t o  reduce i nduc t ive  e f f e c t s  
f u r t h e r ;  Melt p r o f i l e  n e a r l y  f l a t  'and symmetric. 

5115 3 : .  464' 23.7 1 .9  Cold a f te r t r immer  t e s t .  Evaluate  p o s i t i o n  of trimmer 
. . ' above l i d  on melt p r o f i l e  and growth. ,Trimmer 2.lcm 

above RE-1 l i d .  C rys t a l s  under b e t t e r  than previous'  
. run.  ' Growth ended by p u l l o u t .  

5 433 26.4 2.0 . : Cold a f te r t r immer  t e s t .  . Trimmer s e t  1 .0  cm above 
RE-1. l i d .  ' Width .improved: Lineage i n  widest  c r y s t a l  
due t o  bad s t a r t .  

3 247 23.4 1 .9  ' , co ld  aftertr ' immer t e s t .  Re t e s t  cond i t i ons  o f  run 5116 
t r immer 1.0 cm above l i d .  Run dend r i t e  probe a t  

. low and. medium c o i l  p o s i t i o n s .  S l i g h t  asymmetry a t  
medium p o s i t i o n ;  s l i g h t  d i p  no asymmetry a t  low 
p o s i t i o n .  Conclude s l i ~ h t  d i p  s t i l l  1.imiting widening. 

2 2 76 ' 24.1.  2.0 . Cold a f t e r t r i m n e r  t e s t .  Run a t  h igher  c o i l  p o s i t i o n  
t o  reduce thermal d ip .  

. . 

Abort run Cold a f te r t r immer  t e s t .  Continue eva lua t ion  o f  
af ter t ' r immer v e r t i c a l  p o s i t i o n  on m e l t ' p r o f i l e  and 
web growth. Melt wet l i d .  

2 .0 Cold a f te r t r immer  t e s t  with new RE-1 l i d .  
cont inue  eva lua t ion  o f  trimmer v e r t i c a l  p o s i t i o n .  
Triinmer 1.6cm ' t o  2.  lcm above l i d .  



GROWTH RUN SUMMARY 

NO. OF LENmH MAX. WIDTH lM4X. '/ELOCITY 
RUN CRYSTALS (cm) (mm) (cm!min) 

- - _- - --- 
5-121 a z 194 16,. 7  1 . 9  Test  of co ld  a f te r t r immer .  RE-1  type l i d  and s h i e l d  

. . . conf igu ra t ion .  Trimmer s e t  1.3cm above l i d .  
Th i rd ing ,pu l l  ou t  and i c i n g  problems aga in  c o n s i s t e n t  
with dipped melt temperature ' p r o f i l e .  

5-122 2 242 24.9 1 .9  Tes t  of  co ld  a f t e r  trimmer. RE-1 type  l i d  and s h i e l d  
con f igu ra t ion .  Trimmer s e t  1.8cm above l i d .  There 
were some i c i n g  problems and a  d r i f t i n g  thermal 
p r o f i l e .  Axial thermocouple exhib i ted  e r r a t i c  
behavior .  Check out  thermocouple and e l e c t r o n i c s .  

J- 124 Not Product ive of  Web 

Tes t  o f  t h ~ p u t  c a p a b i l i t i e s ,  o f  RE-1 type  l i d  and 
s h i e l d  c o n f i g u r a t i o n .  C ~ l d  a f te r t r immer  1.5cm above 
l i d .  Thruput r a t e  o f  11,. 4cm2/min reached. 

Repeat o f  5-123 conf igurs t ion :  This run was no t  
product ive because of.ven-y e r r a t i c  seeding behavior ,  
which was not. c o n s i s t e n t  with t h e  r e s u l t s  of  a  
dendr i t e  p r o f i l e  of  t h e  n e l t  su r f ace .  'Bu t ton  symmetry 
was only obta ined  when i z e  Formed on t h e  r i g h t .  

Another t e s t  of th ruput  c a p a b i l i t i e s  of RE-1 conf ig-  
u r a t i o n  with co ld  a f t e r t r i m n e r .  Unsuccessful a t tempts  
were made t o  s t a r t  with l o n g ' b u t t o n s  (3  t o  4  cm). 
Growth speed up t o  5.9 an/min was ob ta ined . .  A th ruput  
of 14.7cm2/min was a t t a i n e d  i n  s h o r t  l engths .  I t  
was noted t h a t  some d e f a c t s  had developed i n ,  t h e  susceptcr . . 



GROWTH RUN SUMMARY 

NO. OF LENGTH MAX. WIDTH MAX. VELOCITY 
RUN CRYSTALS (cm) (mm) (cmlmin) DESCRI PTION/RESULT 

-- -- 

132 ' 19.0 8 .2  Tes t  of  co ld  a f t e r t r immer  with RE-1 l i d  conf igurat i 'on ,  
f o r  th rupu t  c a p a b i l i t i e s .  E r r a t i c  s t a r t i n g  behavior  
was a  problem. A growth v e l o c i t y  o f  8.2cm/min was 
reached on one c r y s t a l .  

5- 127 Not product ive  of  web . Repeat previous  run conf igura t ion .  F r e e - f l o a t i n g  
i c e  nuc lea t ion  was a  problem a l l  day, even though l i d  
and s h i e l d s  remained f r e e  o f  oxide .  

5-128 " 1 50 .  15.9 2.0 There has  been a  problem of  r e p r o d u c i b i l i t y  and e r r a t i c  
behavior  i n  t h e  above s e r i e s  o f  runs with t h e  co ld  
a f t e r  trimmer. In  o rde r  t o  determine whether t h i s  i s  

. . due only t o  t h e  trimmer conf igura t ion  o r  t o  o t h e r  cause ,  
a  s e r i e s  o f  runs wi th  t h e  RE-1 type  c o n f i g u r a t i o n ,  but  
without t h e  a f t e r  trimmer was begun., This  run was 
t o  t e s t  growth behavior  a s  a  func t ion  of c o i l  h e i g h t .  
Oxide depos i t ion  on t h e  s l o t .  and f a l l i n g  i n t o  t h e  me,lt 
prevented ' s i g n i f i c a n t  c r y s t a l  growth. 

5 . 1  Repeat o f  above run.  Tes t  th rupu t  c a p a b i l i t i e s .  Melt 
jumpy,.but no oxide  o r  i c i n g .  Attempts t o  s t a r t  wide 
bu t tons  no t  success fu l  due t o  e r r a t i c  d r i f t  i n  thermal 
symmetry. Dendrite probe of  melt s u r f a c e  eave d i p  of 
about 1°C over  4cm. Reached th rupu t  of 12 .3cm2/min. 



GROWTH RUN . SUMMARY ' 

NO. OF LENGTH MAX. WIDTH MAX. VELOCITY 
RUN CRYSTALS ( cm) (mm) (cm/min) . DESCRIPTION/RESULT 

-- . -. 

5-130 2 7 2 22.9 6.8 The susceptor was reglaced i n  e f f o r t  t o  reduce 
e r r a t i c  run t o  run growth behavior . ,  RE-1 l i d  
configuration. Buttoning behavior 'continued t o  

. . be var iab le ,  and there  was. some problem with i c e .  
nucleation. 12cm of c rys t a l  were grown a t  6.8cm/min. 
before i ce  caused pul l  out .  

Suspect var iab le  thelmal t ranspor t  between susceptor 
and cruc ib le .  T h e ~ e f o r e  t o  improve growth behavior 
reproducib i l i ty  t he  ground surfaces of the  c ruc ib le  
were f i r e  polished i n  hopes o f '  improving uniformity 
of heat  t r ans fe r .  RE-1  type l i d s .  Behavior improved 
. s ign i f icant ly  thrupu: r a t e s  of 12.6, 12.7, 13.7, and 
14:3 cm2/min wer.2 reached on four  c r y s t a l s .  Dendrite 
probe- indicated. f l a t  melt temp. prof i le :  

Repeat previous ran. Crucible f i t  not qu i t e  uniform 
on bottom.' Some ic ing .  Melt p r o f i l e  dipped. 
Conclusion: Both bottom surface preparation and 
f l a tnes s  a r e  important t o  uniform and reproducible 
heat  t r ans fe r .  , 



. . GROWTH RUN SUMMARY 

NO. OF LENGTH MAX. WIDTH MAX. .VELOCITY 
. .RUN CRYSTALS (cm) (m) (cm/min) 

J-133 2 313 32.3 5.4 Run purpose: increased  th rupu t .  R E - 1  type  conf igura t ion  
with f i r e  ,pol ished c r u c i b l e .  Reached thruput .  o f  
15.7 cm2/min. 

5-134 3 386 32.4 1 .6  Tes t  of  co ld  a f t e r  .trimmer. R E - 1  type  l i d  con f igu ra t ion  
Trimmer 1.1 cm above l i d .  General ly easy t o  -grow. 
Crys t a l  t e rmina t ion  by pul lout , .  Dendri te  probe 
ind i ca t ed  melt dipped 1.7"C over  4 cm, while  . 
susceptor  probe ind i ca t ed  ends of  susceptor  14OC 
lower than cen te r .  

5 .1  Purpose : measure melt  temperature p r o f i l e  a t  d i f f e r e n t  
co ld  a f t e r . t r i m m e r  h e i g h t s .  Melt dipped 1.4.OC over  
4 cm with trimmer 1.1' cm above l i d ;  1. l°C a t  2 .1 cm . 

above l i d .  Appears t h a t  some f i n e  tun ing  of sh i e ld ing  
needed t o  minimize temperature d i p ;  Maximum thruput  . 

12.2 cm2/min: 

5-136 3 97. 1.6 Purpose:,  t e s t  e f f e c t  of a d d i t i o n a l  susceptor  s i d e  
sh i e ld ing  on melt su r f ace  temperature p r o f i l e  i n  
presence of co ld  a f t e r  trimmer. Addit ional  s i d e  
sh ie lds .  5 cm wide. added. a t ,  c e n t e r  o f  susceptor .  
Dendri te  probe gave l e s s  than lo  d i p  over  4 cm. Growth 
terminated by oxide nuc l ea t ion  a t  one po in t  on l i d  
s l o t ,  then f a l l i n g  i n t o  me l t ,  causing i c e  nuc l ea t ion .  

5-137 ' 1 . 25 15.2 2 Repeat 5-136. Same oxide. and i c i n g  problems a s  5-136. ' 

Subsequently, a very small  crack was discovered on l i d ,  
which ac ted  a s  nuc l ea t ion  s i t e .  W i l l  b e  co r r ec t ed  f o r  
f u t u r e  runs .  However, dur ing  t h i s  run t h e r e  were 
a d d i t i o n a l  i c i n g  problems independent of oxide.  

J-138 No s i g n i f i c a n t . c r y s t a 1  product ion due t o  ic ' ing. Repeat 5-137 i n  at tempt t o  pin down causes of  i c i n g .  
Dendrite probe ind i ca t ed  ends co lde r ,  no t  c o n s i s t e n t  

. with 5-136 probe r e s u l t s .  



GROWTH RLN SUMMARY 

NO. OF ' LENG171 MAX. WIDTH 'WX. VELOCITY 
RUN CRYSTALS (zm) (mm: (ca/min) DESCRI PTION/RESULT 

5-139 Not productive of web due to repeated icing,. . Repeat 5-138 in effort to resolve inconsistencies. , 

.. Melt probe erratic. Zonclude 5 cm extra side 
.shields not effective in improving 'growth 

I bkhavior. 

. 5-140 3 24 3 27.5 , 2.3 'Purpose: recheck base line RE-1 configuration with 
respect to growth behavior. Conclusi'on : Though 
melt was somewhat "jumpy" and unstable, icing was 
not a problem. Suspect -hat added central shielding 
causes cold regions ix crucible.corners not 
accessible to the dkdrires used for thermal probing. 

The purpose of the following series of runs is to 
.flatten the temperatu?e profile in the susceptor 

, . by modifications in the susceptor shielding. 
Subsequently, lid slo: modifications will be made 
to improve melt profile. This will. facilitate use 
of the after trimmer for the growth of wider web 
crystals. Web producrion is secondary to the 
thzrmal measurements. 

2.0 RE-1 lid .configuration with the addition of 
susceptor end shields slotted to give 50% shield 
co-~erage. Susceptor probe measurements indicate 
susceptor still cold at ends relative to center, 
bur not symmetrical because of offset coil 
position. Melt profile cipped. 

Repeat 5-141, adjustir2g coil until thermal symmetry 
is reached. Susceptor ends cold by about '4OC, 
center dipped about I C C .  Melt profile dipped. 



GROWTH RUN SUMMARY 

NO. OF LENGTH . '  MAX.' WIDTH MAX. VELOCITY 
RUN CRYSTALS ( cm) (m) (cm/min) 

J 1'14 3 No s i g n i f i c a n t  web growth. Test  s h i e l d i n g  modif icat ion.  Ends of s i d e  s h i e l d s  
pe r fo ra ted  t o  i n c r e a s e  l o s s e s  i n  e f f o r t  t o  e l i m i n a t e  
c e n t r a l  d i p  i n  suscep tor  p r o f i l e  noted ' in  previous 
run. Same end s h i e l d s .  Measurements showed t h a t  

.. . t h i s  modif icat ion overcompensated, inc reas ing  end 
drop and producing Q 4 O C  hump i n  c e n t e r .  



NO. OF LENGTH MAX. KIDTH MAX. VELOCITY 
RUN tS (cml f mm) fcm/minl . . 

DESCRIPTION/RESULT 

5-144 . n o t  Product ive  o f  Web ' c r y s t a l s  ~ e s t  ousceptor  shieldiyig modi f i ca t ion .  End' s h i e l d  
.' coverage increased t o  ;'O%. RE-1 t y p e  l i d  c o n f i g u r a t i o n  

su'sceptor p r o f i l e  f a i r l y  f l a t ,  s l i g h t l y  asymmetr'ic. 
Melt p r o f i l e  dipped an5 very  asymmetric. Very choppy 

, / d e n d r i t e s .  

5 6 1 2 . 4 ,  2 .3  Tes t  suscep to r  shie1,ding.  rnodif i c a t  ion.  P e r f o r a t e d  
s i d e  s h i e l d s  r ep laced  by so ' l id  ones .  Susceptor  ends 
hot  by about  5°C. Mzlt profile very 
dipped. 'and asymmetric. 

1.9' Tes t  suscep to r  s h i e l d i n g  .modif ica t ion;  ': 4 A  d i a  . 
h o l e s  each end o f . s i d e  s h i e l d s . .  114x6 mm s t r a i g h t  s l o t ,  
3 mm bevel .  Suscep to r  ends c o l d  by 5OC. Melt f l a t  t o  
w i t h i n  about  lo. End s h i e l d s  deformed; suspec t  
r e p r o d u c i b i l i t y  o £  s h i e l d i n g  n o t  good enough. 

4 .0  Tes t  new end s h i e l d s ,  p e r f o r a t e d  t o  provide  75% 
coverage.  114 mm s t r e g h t  s l o t .  S h i e l d s  a r e  much 
s t r o n g e r  mechanically t h a n  s l o t t e d  sh iClds  used ~ r e v Y o u s l v  
susceDtor ~ r o f i l e  f l a t  t o  + 0.7OC. Melt d i ~ o e d  and 
a s m e t r i c .  

2 .O Repeat 5-147 w i t h  a d d i t i o n  of co ld  a f t e r t r i m m e r '  1.1 cm 
.above  l i d .  114 mm s t r a i g h t  s l o t .  Susceptor  p r o f i l e  
f l a t .  Melt f l a t  t o  a b u t  1°C. Considerable  ox ide  
d e p o s i t i o n  on af  tertrimmer . 

- Repeat 5-148. Problems w i t h  ox ide  on af  tertrimmer and 
i c e  format ion.  Oxide accumulation is  much g r e a t e r  than 
observed i n  p a s t .  w i t h  RE71 l i d s .  



GROWTH RUN SUMMARY 

NO. OF LENGTII. MAX. WIDTH MAX. V E L O C I ~  
RUN CRYSTALS (cm) '(m) (cm/min) DESCRI PTI ON/RESULT 

5-150 2 138 15.7. - ~ e s t  l i d  w i th  enlarged dogbone, w i th  a f t e r t r immer .  
S l o t  83x6 mm, 15.9 mm d i a .  dogbone ho l e s .  I c i n g  and 
oxide problems. Melt p r o f i l e  f l a t .  

5-151 1 2 0 22.0 7.3 . Tes t  J-150 con f igu ra t i on  without  cold, a f t e r t r immer  i n  . 
orde r  t o  determine i f  trimmer is source  of problems. 
I c ing  problems a l l  day. F loa t i ng  i c e  from l e f t ,  w h i l e .  
bu t t ons  long t o  r i g h t .  Dendr i te  probe i n d i c a t e s  melt  
co ld  l e f t ,  c o n s i s t e n t  wi th  i c e  l o c a t i o n ,  but  i n c o n s i s t e n t  
wi th  but toning behavior .  : sugges t s  non-unif o m  hea t  

' 

t r a n s f e r  i n  c ruc ib l e .  

11.6 6.75 Cold a f te r t r immer  modified so  t h a t  argon blows o u t s i d e  
r a t h e r  than  between v e r t i c a l  co ld ,  p l a t e s .  F loa t i ng  i c e ,  
choppy dend r i t e s .  Melt probe i nd i ca t ed  melt  s u r f a c e  . 
s l . i g h t l y ,  crowned i n  c e n t e r .  Unstable  melt and s t a r t i n g  
behavior .  

21.4 - Repeat J-152 ' con f igu ra t i on .  Choppy d e n d r i t e s ,  s u s c e p t i b l e  
t o  pu l l ou t .  

. 24 .5  . . 1.6 Repeat 5-152 con f igu ra t i on ,  w i th  t h e  a d d i t i o n  of end 
s h i e l d s  on t h e .  susceptor  i n  e f f o r t  t o  improve m e l t  
s t a b i l i t y  and reduce thermal convect ion.  End s h i e l d s  
a r e  pe r fo ra t ed  t o  g i v e  76% s h i e l d  a r e a  coverage. Melt 
p r o f i l e  dipped about  1.5OC over  4.5 cm. 

17.2 1.9 Repeat 5-154 w i th  .susceptbr  end s h i e l d  coverap; i . reduced 
t o  60%. S t i l l  d i f f i c u l t y  with, p u l l  o u t .  



G R O W 3  RUN SUMMARY 

NO. OF LENGTH MAX. WTDTH :MA):. VELOCITY 
RUN . CRYSTALS (sm) (m) (cm/min) DESCRI PTIDN/RESULT 

5-156 3 286 19.6 2 .0  Modify .J-155 confie;uraci.on by removing 0 . 8  cm from 
bottom of  end s h i e l d s .  Grcwth behavior  improved. 

5-157 4 160 25.7 1 .i Modify 5-156 con f igu ra t i ons  by 'removing an a d d i t i o n a l  
0 .8  cm from bottom of er.d s h i e l d s .  Choppy d e n d r i t e s ,  
p u l l o u t s .  

An addi tLonal  0 .8  cm was removed from t h e  bottom of 
t h e  end s h i e l d s  a s  modi f ica t ion  of 5-157 con f igu ra t i on  
d i f f i c u l t  t o  i n i t i a t e  growth. 

Repeat 5-158; with v a r y h g  c o i l  he igh t s .  D i f f i c u l t  
t o  i n i t i a t e  gruwth c h o p p  d e n d r i t e s .  

J - 160 2 2116 18.5 2.0 Repeat J-159 with co ld  d t e r t r i m m e r  r a i s e d  t o  1 . 3  cm 
above l i d .  Hard t o  g row ,  choppy d e n d r i t e s ,  p u l l o u t s .  

N 
o J-161 No Signif ican:  Web Product ion - Repeat J-150,  h igher  c o i l  p o s i t i o n .  Dendr i tes  very 
N choppy, p l l l  o u t .  Dendri te  probe i nd i ca t ed  melt  

p r o f i l e  f l a t  t o  O.S°C. 

3 -  162 .1 . 62 17 .5  Same l i d  3nd s h i e l d i n g  arra2gement a s  5-161, except  
co ld  a f te r t r immer  removej. Tes t  whether, choppy 
dendri ' te caused by chimnzy e f f e c t  o f  trimmer. 
Dendri tes  s t i l l  'choppy, l u t  n o t  a s  bad a s  with trimmer. 
However melt p r o f i l e  now dipped n e a r l y  2OC. Conclude 

. . t h a t  trjmmer i n  i ts  p r e s m t  con f igu ra t i ons  i n t e r f e r e s  
excess ive ly  with a b i l i t y  t o  grow. 



GROWTH RUN SUMMARY 

PREFACE TO W-FURNACE RUNS 

'In large measure the W-fu'rnace experiments fall into three 

catagories (1) experiments to develpp run to run reproducibility . ( 2 )  

design and test of systems to minimize oxide deposi:ion during growth 

(thus facilitating, long cycle growth) and (3) evaluation of melt 

.replenishment concepts. Subheadins within the summaries indicate the 

various stages of the w.ork. 



GROWTH F.UN SUMMARY 

Runs 21 through 39 were used t o  determine . the  e f f e c t s  of mzlt  he ight  and l i d  
s h i e l d  conf igura t ions , ,  on growth cor .di t ions such a s  widenin? r a t e s ,  t o t a l  l e n s t h ,  
maximum width, s t r e s s  l e v e l s ,  e t c .  Some runs  were not prolluctive 'as new, i n -  
experienced opera tors  were t r a ined  and a l s o  some ma l func t ims  i n  t h e  furnace  con t ro l s  
occurred.  

.MAX: WIDTH TOTAL LENGTH 

RUN (mm- ( C ~ I  :IESCRI PTION/RESJLT -- - 

W-21 16.4 . 88.9 195.3 gm S i ,  1x1017 DOPESIL Lid 3U. Shie ld  4 .  

W-22 26 i: 2 11 Purpose: s tudy eFPect of melt l2ve l  on s t r e s s e s  120.2 
gm S i ,  1 . ~ 1 0 ~ 7  DO?ESIL LID 3U, S l i e l d  4 .  

Not Product ive 'of Web 

350 

30.7 207 

hot  Product ive of Web 

Not Product ive of Web 

22.1 103 

Not Product ive of Web 

Not Product ive of Web 

Not Product ive of  Web 

2 30 

Nct Product ive of Web 

Not Produc.tive of Web. . 

Purpose: eva lua t e  melt l eve l  121.4 gm S i ,  1 x 1 0 ~ ~  
DOPESIL Lid 3U, Sh ie ld  4 .  

Lid 3U, Shie ld  4 Low argon flow ra:e 120.3 gm S i ;  
1x1017 DOPESIL. . . 

Repeat W-23. 

Repeat W-23 120.5 gm S i ;  1 . ~ 1 0 ' ~  'DOPESIL 

Repeat W-23 121.0 p S i ;  1 . ~ 1 0 1 ~  BORON 

New Lid 8U s h i e l d  4 

Repeat W-23. 

Lid 8U, Shie ld  4 120 gm S i ;  1 x 1 1 1 ~ ~  DOPESIL. 

Lid BU, Sh ie ld  1 120 gm S i ;  lx lo17  DOPESIL 
Lower Coi 1 .  

Lid SU, Sh ie ld  1 120.8 .gm S i ;  1 x 1 0 ' ~  DOPESIL. 

Lid SU, Shie ld  1 Lower c o i l  p o s i t i o n  119.8 gm S i ;  
1 ~ 1 0 ~ ~  DOPESIL. 

Repsat W-33 119.0 gm S i ;  1 x 1 0 ' ~  DOPESIL 

Lid SU, Shie ld  1 Lower Coi l  

L id  SU, Sh ie ld  1 space between l i d  and suscep to r ;  r a i s e d  
c o i l  121.8 gm s i :  1x1017 DOPESIL. 



GROWTH RUN SUMMARY 

MAX. WIDTH TOTAL LENGTH 
RUN (mm). (cm) DESCRIPTION/RESULT 

W-37 . 20.2 18 1 Repeat W-36 122.8 gm, S i ;  1 x 1 0 ~ ~  DOPESIL. 

W-38 Not Product ive of Web . Repeat Lids of W-36 c losed  ho le s  i n  susceptor  119 
gm si:  1x1017 DOPESIL. 

W-39 Not Product ive of Web Lid 8U Shie ld  2 Shie ld  1 119.2 gm S i ;  1 x 1 0 ~ ~  DOPESIL. 

Runs 40 through 72 were designed t o  determine . e f f ec t s  of l i d  conf igura t ion  mel t  . . 

height  and c o i l  p o s i t i o n . o n  va r ious  growth parameters such a s  s t r e s s  l e v e l s ,  
width, speed, wideniag r a t e s ,  e t c  . Experiments i n  width c o n t r o l  were a l s o  performed. 

106 W-40 16.4 Evaluate Lid 8U with. sh i e lds -S  (1+2) 119.2 gm S i ;  
1x1017 DOPESIL. 

Not Product ive of Web 

.Evaluate  Lid. 8U and s h i e l d s  S(1+2) a t  lower c o i l e d  
he igh t .  119.8 gm S i ;  1x1017 DOPESIL. 

Repeat Run W-4.1 

Repeat Run W-41 123 gm S i ;  1 x 1 0 ~ '  DOPESIL. 

Repeat Run W-41 119.1 gm. S i ;  1 x 1 0 ~ ~  DOPESIL. 

Evaluate s h o r t ,  unbeveled s l o t  ' l i d  14S, s h i e l d  S 
(1+3) 121.8 gm S i ;  1~1.017 DOPESIL; 

Repeat Run W45 120.6 gm S i ;  1x1017 DOPESIL. 

Repeat Run W45. Web S p l i t  when unreeled 118.9 gm S i ;  
1x1017 DOPESIL. 

Repeat W-45 120.6 gm S i ;  1x1017 DOPESIL. 

Repeat W-45 120.7 gm.Si;  1x1017 DOPESIL. 

Evaluate Lid 14T with s h i e l d s  S (1+3) 121.8 gm S i ;  
1x1017 DOPESIL. 

~ e ~ e a t  W-50'122.6 gm S i ;  1x1017 DOPESIL. 

Repeat W-50 119.7 gm S i ;  1x1017 DOPESIL.. 



M4X. W I D E  T0TP.L LENGTH 
RUN (mm) (cm) DESCRIPTION/RESULT 

W-53 Not Product ive  of  l e b  Evaluate  l i d  3U with S (1 and 51, oxide problems on l i d s .  

W-54 Not Psod;ctive of  web Repeat W-53, had oxide problems,. 

W-55 22.6 305 Repeat W-50 126.7 gm.Si;  1x10''' DOPESIL. 

W-56 22.5 450 Repeat W-50 124.2 gm S i ;  1 x 1 0 ~ ~  DOPESIL. 

~ e ~ e a t  W-50 127.1 gm S i ;  . l x l ~ l '  DOPESIL. 

Repeat W-50 127.1 gm S i ;  1x10." DOPESIL. 

W-59 14.0 187 Repeat W-50 127.1 gm S i ;  1 x 1 0 ~ ;  DOPESIL. 

W-60 21.9 : . 210 Repeat W-50 131.1 gm Si; .  lxlol;' DOPESIL., 
- -. 

W-61 18.6  340 Repeat W-50 127.1 gm S i ;  lxlO1' DOPESIL. 

W-62 Not Froduetilre of Keb Lid 14+ S h i e l d s  1 and 3.  

W-63 Not Froduct ive  of  heb 

W-64 21.9 583 

Lid 14+ S h i e l d s  E and 3 .  

Lid 14+ S h i e l d s  1 and 3 125.1 gn S i ;  1 x 1 0 ~ ~  DOPESIL. 

W-65 Not ~ r o d u c t i v e  of  Web Repeat W-64, had problems with 3xide i n  m e l t .  

W-66 . 21.4 270 Lid 14U Sh ie lds  P and 3 121.5 gn S i ;  l x l ~ l . ~  DOPESIL. 

W-67 22'. 0 640 Lid 14U S h i e l d s  1 and 3 118.1 ETI S i ;  1 x 1 0 ' ~  DOPESIL. 

110 Repeat W-67, determine e f f e c t s  3f b igger  bevel  on s t r e s s  l e v e l s .  

W-69 11.6 8 5 Repeat W-67 us ing  a lower . c o i l  .?os i t i o n .  

' W-70 Not ~ ~ o d u c ' t i v e '  of Web Repeat W-67, temperature c o n t r ~ i l  problems r e s u l t e d  i n  e a r l y  
shu t  down. 

W-71 22.0 720 Lid 14T + S (1+3) , using , a  'smal l e r  'bevel t o  determine e f f e c t s  
on s t r e s s  l e v e l s .  

W- 72 16.2  200 Repeat W-71 with c o i l  moved tow.ar6 r e a r  o f  suscep to r .  



GROWTH RUN SUMMARY 

Runs W-73 - through 97.were used t o  experiment with gas flow 
r e d i r e c t i o n  and oxide management. D i f f i c u l t i e s  wi th  temperature 
c 'ontrol  and oxide management r e s u l t e d  i n  'some non-productive runs .  

MAX. WIDTH TOTAL LENGTH 
RUN (mm) (cm) DESCRIPTION/RESULT . 

W-73 Lid-4mm s l o t ,  beveled;  s h i e l d s  163. 

W-74 . 16.7 221 Lid-4mm s l o t ,  beveled;  s h i e l d s ' l 6 3 .  

W-75 18.2 279 . Lid-4mm s l o t ,  beveled;  s h i e l d s  163. 

21.4 139 

Not Product ive  o f  Web 

Not Productive o f  Web 

Not Productive o f  Web 

Not Product ive  o f  Web 

Not product ive  o f  Web 

Not Productive o f  Web 

Not Productive o f  Web 

17.2 82 

Not Productive o f  Web 

22.7 400 

22.0 320 

16 .,O 9  2 

21.2 270 

Not Productive o f  Web 

24.7 154 

22.4 353 

Not Product ive  ,of Web 

Lid 8U, 'shields 165. 

Lid 8U, s h i e l d s  162. 

 id 8U, s h i e l d s  162. . . 

Lid 8U, s h i e l d s  164. / 

Lid 8U, s h i e l d s  164. 

Lid 8U with chimney, s h i e l d s  162. 

Lid 8U with chimney, . sh ie lds  162. 

Lid 8U wi th  chimney, s h i e l d s  162. 

Lid 8U with chimney, s h i e l d s  162. 

Lid 8U with chimney, s h i e l d s  162. 

Lid 8U with chimney, c lo sed .  

. L i d  8U with chimney, s h i e l d s  166. 

Lid ' 8 ~ ;  l/4'! r i n g ;  L I D  8U wi th  chimney. 

Lid 8U; 1/4" r i n g ;  c u t  back chimney l i d .  

Lid 8U; 1/41! r i n g ;  s h i e l d  6; cu t  back chimney l i d .  

A s  i n  W-90. 

Sh ie ld  5 ,  114" r i n g ;  s h i e l d  6 ,  c u t  back chimney. 

A s .  i n  W-90, except  1 / 8 T r i n g .  

A s  i n  W-93. 

Lid 8U, 1/811 r i n g ;  s h i e l d s  162. 

As i n  W-95 . 



GROWTH RUN SUMMARY 

MAX. WIDTH TOTAL LENGTH 
RUN (rm) (cm) 
----- ------ 

W107 Unproductive o f  Web 

W108 24.1 403 . 

Test argon f looding  system t o  keep s h i e l d s  c lean .  Syst.em c lean  
throughout run.  Width o f  web maintained cons tan t  t o  2 1 mm over 
220 cm length .  

Tes t  argon f looding  system. Examine flow r a t e  e f f e c t s .  System c l ean  
throughout run.  Good width c o n t r o l .  

Test  argon f looding system and c o n t r o l s .  Severe v ib ra t i on  i n  melt 
prgc lud ed good growth. 

Test  of  argon f looding system with i nne r  qua r t z  b a f f l e  removed t o  
monitor e f f e c t s  on t o t a l  system flow (0bser;ration o f  asymmetric 
oxide depos i t i on  on webs a f t e r  l a s t  runs)  ? e s u l t :  no e f f e c t  on oxide 
on web but produced oxide accumulation on s - l ie lds .  Higher c o i l  
pos i t i on  needed f o r  grcwth but s t a b i l i t y  maintained. 

Tes t  a rgon .  f looding  system. Quar tz  ba ffle rep laced;  s h i e l d s  remain c lean .  
Conclude b a f f l e  requi red  f o r  system c l ean l ines s .  

Argon f looding system; Longer s l o t  i n  l i d  used t o  i nc rease  t a r g e t  width 
f o r  cons tan t  growth. Oxide accumulated a t  s t a r t  o f  run .  I t  was removed 
and s h i e l d s  s tayed c l ean .  

A~gon f looding  system. Attempt t o  i n t roduce  width con t ro l  with 
1c.nger l i d  s l o t .  Width con t ro l l ed  f o r  one meter. Sh i e ld s  remained 
c ll ean . . . 

Argon f looding system. .Returned t o  s h o r t e r  s l o t  t o  ob t a in  more experience 
with procedures t o  con t ro l  width. Width con t ro l  more d i f f i c u l t  with 
longer s l o t .  

Argon f looding t e s t .  Increase  gap i n  f low-cavi ty  between s h i e l d s  from 
1,'8" t o  1/4" t o  reduce f l ow.ve loc i ty .  Oxide co l l ec t ed  on lower s h i e l d s .  

Argon f looding system. Return t o  1/8" c a v i t y -  Shie lds  c lean  but  i c i n g  
problem throughout run. 

Rcpeated run W107. Tested e f f e c t  .of tank  argon supply vs.  l i q u i d  argon 
f o r  f looding.  Oxide c o l l e c t e d  on s h i e l d s  dur ing  run although growth 
was s t a b l e .  



MAX. WIDTH TOTAL LENGTH 
RUN (mm) ( 4  

Wlll 16.8 ' 116 

W112 Unproductive of  Web 
,- 

W115 Unproductive of Web 

. . 
. . 

GROWTtI RUN SUMMARY 

', DESCRI PTION/RESlJLT 
: : . .. _ _ _ = = : : ;-.= : .=.: ===.=- :.:: =-: =..: :- = =~.z.==,.L.-...~-...77.= :..-- -:= ?---:=.--=-,== '=.=.=:=.:=.: r' . . 

Argon f looding  system; 1/8" gap, sho r t  s l o t .  Return t o  l i q u i d  argon supply.  
Width con t ro l  d i f f i c u l t  because of poor v i s i b i l i t y  through new qua r t z  
tube  used t o  r ep l ace  one brokcn a f t e r .  a  previous run'. 

Argon f looding  system. Tes t  e f f e c t s  o f  c o i l  p o s i t i o n  on growth r a t e  and 
width c o n t r o l .  Lower c o i l  p o s i t i o n s  caused f r eezou t .  Return t o . h i g h e r  
p o s i t i o n s .  

Argon f looding  system'. Fur ther  t e s t  d f  c o i l  p o s i t i o n .  llnpermbst p o s i t i o n s  . 
eva lua ted .  . Tendency t o  e x t r a  d e n d r i t e s  a t  extreme p o s i t i o n s .  Coi l  
pos i t i on  optimized a t  mid range f o r  t h i s  system. 

New v e n t u r i ,  system ( 2  in .  a s p i r a t o r )  t e s t e d  .for f i r s t  t ime.  Flooding system 
worked well  f o r  growth but s u r f a c e  contamination o f  web reduced c e l l  
e f f i c i e n c y .  Reversal o f  gas f low'with ven tu r i  should keep s h i e l d s  c l e a n  
but leave web unaf fec ted .  F i r s t  run t o  debug flow system; l i t t l e  growth. 

. . 
.Vcnturi  system t e s t .  Short  growth l i d .  Small amount of oxide 
on s h i e l d .  I n i t i a l  c o n d i t i o r , ~  f o r  web growth i d e n t i f i e d . .  

Venturi system t e s t .  Tes t  e f f e c t  of c o i l  p o s i t i o n  on a b i l i t y  
t o  con t ro l  web growth. Some oxide c o l l e c t e d  and i n h i b i t e d  growth. 

Venturi system t e s t .  Leak i n  p ip ing  caused oxida t ion  of . fu rnace  
p a r t s .  Run abor tcd .  

Venturi svstem t e s t .  Retest  of svstem em~loved  i n  W115 The l i d  .and 
s h i e l d s  remained c l a n .  'Some tendency f o r  web p u l l o u t .  



GROWTH RlRJ SUMMARY 

MAX. WIDTH TOTAL LENGTH 
RUN (mm) (cm) 

Venturi  system t e s t .  The l i d  and zh i e ld s  a s  i n  W115. 
P a r t s  remained c l e a a .  The c o i l  war r a i s e d  t o  improve 
s t a b i l i t y  o f  c r y s t a l  growth. 

Venturi system t c s t .  The s e t u p  wa5. t h e  same a s  i n  W-115. 
Continue t h e .  s tudy  3f cool  p o s i t i o n  02 growth. Lower 
p o s i t i o n .  S t a b l e  growth. 

Venturi  system t e s t ;  s e t  up a s  i n  Y-115 with t h e  s h o r t  
dogbone ' l2d and t h e  usua l  s h i e l d s .  Run t o . v e r i f y  
prev iaus  r e s u l t s .  The l i d  and s h i k l d s  remained c l ean  and 
t h e  c r y s t a l  grew we l l .  Run t e r m i m t e d  by p u l l o u t .  

Venturi  system t e s t ,  s e t u p  a s  i n  W-115. ~ e s t  flow r a t e  i n  
a s p i r a t o r .  The l i d  and s h i e l d  remained c l ean .  / 

V e n ~ u r i  system t e s t ,  s e t u p  as. i n  It-115. Tes t  flow r a t e '  i n  
a s p i r a t o r .  The l i d  and s h i e l d s  remained c l ean .  

V e n ~ u r i  system t e s t ,  s e t u p  a s  i n  H-115. Tes t  argon flow r a t e .  
Decreased f low-thrcugh a s p i r a t o r s  ., The s h i e l d s  remained 
c l ean  t o  f a i r l y  low argon flow. *en argon was t o t a l l y  
tu rned  o f f ,  oxide accumulation s l c v l y  i n i t i a t e d .  

Venturi  system t e s t ; s e t u p  a s  i n  W-115. There was some oxide 
c o l l e c t i o n  on ' t h e  s h i e l d .  

. ~ 

Venturi  s y s t e m . t e s t ; s e t u p  a s  i n  W-115. Tes t  a b i l i t y  t o  c o n t r o l  
'web width. The s h i e l d s  remained c l ean .  

Venturi  system t e s t ;  s e t u p  a s  i n  W815. Tes t  a b i l i t y  t o  c o n t r o l  
width.  There was some oxide c o l l e c t i o n  on' t h e  s h i e l d s ,  bu t  
it d i d  n o t  p resen t  a  growth hazard.. Temperature c o n t r o l  was 
extremely s t a b l e .  



GROWTH RUN SUMMARY 

IMAX. WIDTH TOTAL LENGTH 
RUN ( mm) (cm) DESCRIPTION/RESULT 

Ventur i  system t e s t ;  s e t u p  a s  i n  W115.. T e s t  a b i l i t y  
t o  c o n t r o l  web wid th .  There  was some ox ide  growth on 
t h e  s h i e l d s .  Genera l ly  good c o n t r o l .  

System t e s t ;  s e t u p  a s  i n  W115. T e s t  a b i l i t y  t o  c o n t r o l  
width .  Trouble  wi th  e x t r a  d e n d r i t e s .  

A s p i r a t o r  system t e s t  u s i n g  long dogbone l i d  t o  i n c r e a s e  . 
web t a r g e t  wid th .  Width c o n t r o l  was d i f f i c u l t .  E i t h e r  
p u l l o u t . o r  t h i r d  d e n d r i t e s  wi th  t h i s  l i d ,  b u t  wider  c r y s t a l s  
grow e a s i l y .  

A s p i r a t o r  system, s e t  up a s  i n  W128. There  was some ox ide  
c o l l e c t i o n  on t h e  s h i e l d .  

. A s p i r a t o r  s y s t e m , ' u s i n g  s h o r t  dogbone l i d .  There  was a  
s i g n i f i c a n t  amount o f , o x i d e -  c o l l e c t i o n  on t h e  s h i e l d .  

A s p i r a t o r  system u s i n g  s h o r t  dogbone l i d .  The 2" chimneys 
have been, r e p l a c e d  wi th  2  3/4"' long chimneys t o  t r y  t o  
improve v e n t u r i  e f f e c t .  Both s h i e l d s  and .web were c l e a n  
i n  t h i s  run .  



GROWTH RWJ SUMMARY 

RUN . 

Two types of  experiments were c a r r i e d  out i n  runs W132 t o  150: 
(1) f u r t h e r  t e s t s  o f  parameters e f f e c t i n g  growth stability with ven tu r i  l i d  
configurat ions (argon flow, slo: length,  s h i e l d  arrangement c o i l  pos i t ion ,  e t c . )  
and (2)  i n s t a l l a t i o n  and prel iminary t e s t i n g  of a  melt replenishment system with 
mechanized feeder.  Growth r a t e  s e t  a t  % 2 cm/min. Target width about 2.5cm. 

MAX. WIDTH TOTAL LENGTH 
(mm) (cm) 'DESCRI PTION/RESULT 

130 'Venturi  system t e s t .  Evaluate. a s p i r a t o r  i n  conjunction with 
short 'dogbone s l o t  plus two s h i e l d s .  Test s t a b . i l i t y  of 
growth condit ions.  Problems.with oxide on sh ie lds  and forma- 
t i o n  of  e x t r a  dendr i tes  and polygrowth. Temperature' s t a b i l i t y  
poor. Conclude need f o r  higher argon f l o w ' r a t e  i n  a s p i r a t o r  
t o  reduce oxide accumulation. 

Venturi system t e s t .  Rerun of 132 a t  higher argon flow r a t e .  
Clean s h i e l d s .  Temperature f luc tua t ions  s t i l l '  l a rge  and ex t ra  
d e n d r i t i e s  form. Possible flow r a t e  e f f e c t s  due t o  a s p i r a t o r  
.are inducing v a r i a t i o n s  with shorr  s l o t .  Try longer (medium) 
s l o t .  

Venturi system t e s t .  Evaluate medium length growth s l o t .  Also 
t e s t  e f f e c t  of lower c o i l  pos i t ion  on seed.ing.. Web grew wider 
withour.problem of e x t r a  dendr i t e s .  E l a s t i c  bending of  widest 
webs. 

310 Venturi system t e s t ;  Repeat of W154 t o  v e r i f y  improved r e s u l t s .  
Seeding well cont.rol led;  no e x t r a  dendr i tes .  .Longer c r y s t a l .  pulled . 

o u t  e n e r a l l y  improved growth stability. Lower c o i l  pos i t ion  
b e n e f i c i a l .  

320 Venturi system t e s t .  Same conf igura t ion  a s  W134. Verify , 

r e p e a t a b i l i t y  and t e s t  e f f e c t  of spstem.parameters f o r  rou t ine  
. operat ion.  Crys ta ls  widen u n t i l  e l a s t i c  bending occurs. D i f f i c u l t  

t o  grow long lengths due t o  p u l l  oa t  but system otherwise very 
clean and well be'haved. 



GROWTH RUN sUMMA~Y. 

- MAX. WIDTH 
RUN (mm) 

TOTAL LENGTH 
(cm) 

Not Productive of Web 

.Venturi system t e s t .  Continue evaluation of  ,medium length 
growth s l o t .  Crysta ls  widen n ice ly  but bend a t  width around 27mm.. 
Dif f i cu l t  t o  sus ta in  long p u l l s  with argon flow a t  4.0  s e t t i n g .  . ' 

Venturi system t e s t .  .Continue evaluation of flow r a t e  e f f e c t s  . 
i n  medium dogbone. Pul l  out o r  overthinning of  dendr i t e s 'h inders  
growth of long,wide c r y s t a l s .  Some temperature.fluctuations. 

Venturi system t e s t .  Evaluation of g60wth parameters f o r  rou t ine  
o p e r a t i o n , h l l  out and choppy dendr i tes  a t  most c o i l  pos i t ions .  
Conclude need t o  f u r t h e r  reduce argon flow through asp i ra to r s .  

Venturi system t e s t .  Evaluate lower argon flow r a t e  on growth 
. s t a b i l i t y  with medium length s l o t .  Oxide col lec ted,  dendr i tes  
remain choppy with tendency f o r  p u l l  out .  Conditions somewhat 
more s t a b l e  but  oxide buildup obscures r e s u l t .  

Venturi system t e s t .  Continue evaluation of flow r a t e  e f f e c t s  
i n  a sp i ra to r s .  Again lower flow resu l t ed  i n  oxide co l l ec t ion .  
Some improvement .in s t a b i l i t y ;  dendr i tes  smoother and l e s s  
tendency t o  pu l l  out .  Conclude need f o r  more data on flow r a t e  
e f f e c t s .  

Venturi system t e s t .  Attempt t o  control  width a t  27mm. 
S t i l l  same tendency t o  pu l l  out .  E l a s t i c  bend in^ of wide c r y s t a l s  
consis tent  with r e s u l t s  i n  RE and J furnaces when no aftertr immer 
used. Continue flow r a t e  and s l o t  geometry experiments. 

Melt replenishment system t e s t .  I n s t a l l  mechanized feeder,  feed 
in jec t ion  system and modified growth l i d s .  T e s t . p e l l e t  in jec t ion .  
Ice grew i n  l iqu id  when pe l l e t s '  fed.  Argon s e t t i n g  of 4.0 kept 
feed tube clean.' Conclude need f o r  more heat t o  melt p e l l e t s  during' 
feeding. 



GROWTH RUN SUMMARY 

MAX. WIDTH TOTAL LENGTH 
RUN (mm:~ (cm) DESCRI PTION/RESULT 

-- - - - -- -- - .. - 
W143b 24.41 '185 Melt replenishment run.  Test  e f f e c t s  of b a r r i e r  c r u c i b l e  on 

a b i l i t y  t o  grow web. No feed t d e .  Observe normal growth; 
no i c e .  Conclude i c i n g  i n  previous  run due t o  p e l l . e t  feeding 
n o t  b a r r i e r .  Test  c o i l  p o s i t i o n  c h m g e s  i n  .next  runs t o  c o n t r o l  
p e l l e t  mel t ing.  . 

125 Melt replenishment run. Try t o  feed and grow without argon i n  
feed tube.  T e s t . r a t e  o f  p l l e t  ~ e l t i n g .  Oxide c o l l e c t i o n  blocked 
f e e d . t u b e ,  stoppec. p e l l e t  i n j e c t i o n .  Growth normal. Conclude 
need f o r  argon flow t o  keep. fee2 t cbe  c lean .  

W145 Not P r ~ d u c t i v e  of Web Melt replenishment. .system t e s t .  Purpose ' t o  t e s t  whether .0 .4  
s e t t i n g  o f  flow w i  11 permit feec.ing. Test  t ime t o  melt p e l l e t s  
and e f f e c t  o f  c o i l  he igh t  changes i n  melt ing.  Feed. tube c lean .  
I c e  when p e l l e t s  fed.  Could not m e l t o u t e a s i l y .  Rais ing c o i l  no t  
e f f e c t i v e .  .Some oxide;  suspec t ' sys tem leak.  ' 

Not Product ive  o f  Web Melt replenishment system t e s t .  Evaluate c o i l  posit i ,on t o  q e l t  
p e l l e t s  and.grow. "loving c o l l  0.2 i n .  increased a b i l i t y  t o  melt 
p e l l e t s  without changiny growth cond i t ions .  Could melt 
p e l l e t s  fe,d a t  2 n i n .  i n t e r v a l s .  had i c i n g  due t o  oxide which 
terminated growth. Performed system leak check. Crack i n  t e f l o n  
feed tube.  Replaced f o r  next Tun. 

W147 Not Producti-ve of Web Melt replenishment system t e s t .  Purpose t o  eva lua te  minimum time 
t o  melt p e l l e t s .  Coi l  .0.3 inches  forward. Check e f f e c t s  o f  
f i x i n g  t e f l o n  tube.  Run c lean  and oxide f r e e .  No i c i n g  with 
p e l l e t s  f ed  a t  1 min. i n t e r v a l s  f o r  10 min t o t a l .  Growth d i f f i c u l t  
with c o i l  displacement s o  r e a t . .  Extra d e n d r i t e s  Cgn melt  p e l l e t s  
bu t  hard t o  grow. Teflon tube Functioned OK. 



GROWTH RUN SUMMARY 

M A X .  WIDTH TOTAL ' LENGTH 
RUN (mm) (cm> 

W148 Not "reductive o f  Web Melt replenishment system t e s t .  Added semi c y l i n d r i c a l  h\;at 
s h i e l d  behind p e l l e t  feed chamber. Evaluate  e f f e c t s  on mel t ing  
and growth. Feed a t  20 sec .  i n t e r v a l s .  Easy t o  melt  with 
s h i e l d .  Front t o o  cold and i c i n g  occured t h e r e .  D i f f i c u l t  t o  
grow i n  asymmetric thermal p r o f i l e .  Conclude s h i e l d i n g  over- 
compensated. Try smal le r  s h i e l d .  

Melt replenishment systeln t e s t .  Evaluate  s h o r t e r  s e h i  c y l i n d r i c a l  
s h i e l d .  F loa t ing  i c e  poss ib ly ' nuc lea t ed  by oxide.  D i f f i c u l t  
t o  grow without i c e .  Source of  i'cing must be deterniined. 

Melt replenishment system t e s t .  Evalua te  h ighe r  c o i l  p o s i t i o n s  t o  
a i d  p e l l e t  melt ing:  Fed'and grew web; p e l l e t s  i n j e c t e d  2 min. 
i n t e r v a l s .  I c ing  when 1 min i n t e r v a l s  used. Higher c o i l  improved 
growth s t a b i l i t y  and a b i l i t y  t o  feed/  Conclude need. t o  r e p e a t  
experiments with assessment of  o r i g i n  of  i c i n g .  



8.3 APPENDIX 3 

AVERAGED.SOLAR 'CELL DATA FOR WEB CRYSTALS 

The t a b l e s  i n  t h i s  appendix g ive  t h e  averaged s o l a r  c e l l  

. performance for c e l l s  f ab r i ca ted   fro^^^, tlie c r y s l a l s  l i s t e d .  Each en t ry  

i n  t h e  t a b l e  represents  t h e  average value f o r  approximately four  c e l l s .  

Measurement conditiolis were a simulat ion of a11 AM1 i l l m l i n a t i o n  a t  a 

power dens i ty  of 91.6 *w/cm2 as  determined by a s tandardized s o l a r  c e l l .  
2  

The c e l l s  were nominally 10x10 mm square ( ac tua l  a r e a  1.032 cm ), and had 

an ac t ive  a rea  of  about 92.5%. The c e l l  e f f i c i ency  with an a n t i - r e f l e c t i v e  

coat ing  TI is an estimated value based on an average improvement f a c t o r  AR' 
of 1.43, t y p i c a l  o f  t h e  r e s u l t s  w e  obta in  .in p r a c t i c e  w i t h . a  Ti02-Si02 

coat ing  . 



"oc 
Volt 

11 O A R  ' ?OCD , P 
FF 0 % ILS n-cm NOTES Crys ta l  R u n  

RE28-5.1 "JQ6 22.8 .567 .749 10..2 . 14.6 36.1 18 S t d .  Matl. 
WQl5 . 20.3 .554 .739 8.8 12.6 21.8 . 11 

WQ16 22.6 .564 . .736 . 9.9 14.2 29.9 I I 

. WQ17 22.3 .557 ,729 9.6 13.7 21.9 . 11  

Std .  M a t l  
1 1  

I I 

I t  

I I 



RE CRYSTALS (Cont .) 

Run 
"OC rl noAR TOCD P 
Volt F F g. a US $2-cm NOTES 

RE49-3.5 WQlO 20.4 .526 .7 17 8.1 11.6 5.5 

~ ~ 4 9 - 4 . 4  WQlO 20.. 3 .SO6 .708 7.7 11.0 3.6 

RE50- 1.3 WQlO 20.5 . $22 .7 19 8.1 11.6 3.9 

RESO-2.1 . WQlO 20.3 .519 .702 7.8 11.1 ' 2.8 

RE54- 1.2. WQ13 23.0 , .550 .740 9.9 14.2 19.5 

RE54- 1.3 WQlO 22.3 .555 .735. 9.6 13.7 22.6 

WQlO 

wQlo 

WQl5 

WQl5 

WQ16 . 

WQ17 

WQ18 



Crystal 
Is, 

Run mA 
0 QAR ?OCD P 

FF . 8  %. . us n-cm NOTES 

WQ7 . 

WQ7- 

WQ 7 

WQ7 

WQ7 

WQlO 

WQlO 

WQl 1 

WQ 10 

WQlO 

, WQlO 

, WQl5 
WQlS 

WQlS 

WQlS 

WQ16 

WQlS 

WQlS ' 

WQl5 



5-CRYSTALS (Cont . ) 

Run NOTES 

8.9 , 12..7 13..7 

8.9 12.7 13.1 

8.3 1 . 9  . 5.5 24.3 

9.8 ' 14.0 25.1 20.2 

9.8 14.0 19.5 

9.3 13.3 5.8 6 .1  

8.4 12.0 2.9 6 ; 3  

8.2 11.7 3.4 6.3 C h e m .  Pol. 

'1 .2  lU.3 1.3 6.4 

7.4 10.6 1.4 6.4 C h e m .  Pol. 

9.0. 12.9 12.4 . 20.0 

8.9 12.7 6.3 8.4 

7.7 11.0 2.8 9.7 

'1.8 11.2 2.5 10.6 

9.2 13.2 6.7 10.7 

9.3 13.3 6.1 , 



AVERAGED SOLAR CELL CHARACTERISTICS 
W-CRYSTALS 

Isc "OC qAR =OCD P 
Crystal Run mA Volt FF '0 . us n-cn NOTES 

WQ5 W26-2 21.7 .543 .746 9.3 13.3 ' '8.0 

W27-5 WQS. 22.1 .539 .751. 9.5 13.6 16.3 ' 

W37-2.4 WQg 22.6 .548 .743 9.7 13.9 27.3 

W37-2.4 wQ8 21.6 .539 .728 ' 8.7 11.4 7.6 Chem. Polished 

WQ8 

WQ7 

WQ7 

WQ8 

WQ13 

WQ11 

WQll 

WQ11 

WQll 

WQll 

WQ11 

WQll 

WQll 

WQl5 

wQl5 

W Q ~  i 
WQ13 

WQ13 

WQ13 

WQ13 

WQ13 

WQ13 

WQ13 

WQ1.3 

. WQ13 

WQ13 

WQ13 

WQ13 

Chem. Polished 

Chem. Polished 

Std. Clean , . 

No, HF 

25 urn CP 
"Clean" Web 

Std. Clean 

No HF ' 

25 urn CP 

Jcn on clean side 
I t  II 11 I I 

11 11 11 11 

11 I 1  11 I 1  

11 I t  II. 11 



W-CRYSTALS (Cont . ) 

Run 
IsC 
mA 

voc 
Volt 



W-CRYSTALS .(Cant. 1 

Is, Q 
C r y s t a l  Run mA FF 8 a A R  TOCD P 

4 U s  ?-cm NOTES 

.746 8 . 6  1 2 . 3  4 . 6  10 .4  

.677 8 .4  1 2 . 0  6 . 5  13 .2  

.735 9 . 4  .13.4  8 ; 6  1 0 . 3  FEED' 

.722 8 . 9  1 2 . 7  7 . 5  ,12.2  ' FEED 

- 7  34 8 . 8  12.6  5 . 4  10.9  .FEED 

.558 1 . 7  2 .4  1 .0  FLOOD 

; 713 7.9  1 1 . 3  2 . 6  

.729 . 8 . 4  12 .0  5 . 7  

.732 8 . 5  12 .2  4 . 2  9 . 4  

.719 8 . 1  11.6  3 . 7  , 10 .2  

U.S. G O V E H N M t i N T  PKIN'I'INC; OI*'FICE: IY80-ti40-25X/15:14 




