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1. SUMMARY 

S i l i c o n  d e n d r i t i c  web i s  a  ribbon form o f  s i n g l e  c r y s t a l  

s i l i c o n  produced from t h e  melt without d i e  shaping, and capable of  

f a b r i c a t i o n  i n t o  the  second q u a r t e r l y  r epo r t  on Phase I11 o f  a DOE/JPL-  

sponsored e f f o r t  t o  develop s i l i c o n  web process technology f o r  t h e  

product ion  o f  low cos t  t e r r e s t r i a l  s o l a r  c e l l s  and a r r a y s .  

Melt-replenished web growth i s  a  key o b j e c t i v e  o f  t h e  present  

e f f o r t ,  both f o r  t echn ica l  and economic reasons.  During t h i s  q u a r t e r  

we have reproduced, on s e v e r a l  occas ions ,  our  e a r l i e r  achievement o f  a  

four  t o  f i v e  hour per iod o f  web growth with replenishment ,  have extended 

t h e  per iod  o f  web growth with replenishment ,  t o  n e a r l y  f i v e  and a  h a l f  

hours o f  growth. The runs were terminated by f a c t o r s  u n r e l a t e d  t o  t h e  

replenishment technique,  e .g .  t h e  end of a  work s h i f t .  The r e s u l t s  a r e  

very encouraging and t h e  conversion o f  a  second web growth furnace t o  

accomodate melt replenishment equipment w i l l  be completed s h o r t l y .  

We have updated t h e  economic a n a l y s i s  o f  t h e  web process .  

Diminishing r e t u r n s  s e t  i n  f o r  growth cyc le  t imes i n  excess  o f  t h r e e  

days. I n  f a c t ,  ou r  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 t  web output  r a t e s  of  
7 

25cm-/min and a  s i l i c o n  cos t  of  $10/kg, t h e  1986 DOE/JPL wafer plus  

p o l y s i l i c o n  cos t  goal can be met f o r  web with about a  two day cyc le .  As 

p a r t  o f  o u r  economic eva lua t ion  we have cxae~ined t h e  t e c h n i c a l  

f e a s i b i l i t y  of  employing a  p o t e n t i a l l y  lower cos t  s o l i d  s t a t e  power 

supply t o  grow web. Experimentally t h e  u n i t  works q u i t e  wel l  and 

cons ide ra t ion  should be given such equipment a s  a  long run cos t  reduct ion 

a l t e r n a t i v e  t o  power web furnaces .  



2. INTRODUCTION 

S i l i c o n  d e n d r i t i c  web i s  a  ribbon form o f  s i l i c o n  which grows 

d i r e c t l y  from t h e  melt  without  d i e s  and can produce s o l a r  c e l l s  with 

AM1 conversion e f f i c i e n c y  over  15%. The primary o b j e c t i v e  o f  t h i s  

program i s  t o  develop t h e  technology t o  produce s i l i c o n  web a t  a  cos t  

compatible with t h e  n a t i o n a l  goal o f  50 cen t s  per  peak watt  (70  c e n t s  

per  w a t t  i n  1980$) o f  photovol ta ic  output  power. This  i s  t h e  t h i r d  

q u a r t e r l y  r e p o r t  o f  t h e  Phase I11 e f f o r t  under JPL Contract  954654, 

S i l i c o n  Web Process Development. 

I n  Reference 1 we presented  a  d e t a i l e d  d e s c r i p t i o n  of t h e  

major t e c h n i c a l  r e s u l t s  underlying t h e  development o f  s i l i c o n  web f o r  

low c o s t  s o l a r  c e l l s .  B r i e f l y ,  we had shown t h a t  most o f  t h e  

t e c h n i c a l  requirements  t o  meet t h e  1986 c o s t  goals  have now been 

demonstrated. However, t o  s u s t a i n  t h e  necessary  a rea  output  r a t e s ,  

and t o  grow web f o r  per iods  long enough t o  a t t a i n  economic v i a b i l i t y ,  

t h e  development o f  an ope ra t iona l  melt  replenishment system and closed-  

loop growth system c o n t r o l s  were i d e n t i f i e d  a s  necessary.  These two 

developments t hus  form major o b j e c t i v e s  f o r  t h e  Phase 111 e f f o r t .  

Besides t h c  dcvclopmcnt o f  rcplcnishmcnt and con t ro l  

techniques ,  t h e  Phase I11 t echn ica l  e f f o r t  a l s o  c a l l s  f o r  t h e  sys temat ic  

eva lua t ion  of  advanced thermal trimming techniques t o  i nc rease  web width 

and speed s t i l l  f u r t h e r ,  f o r  c o u p l i n ~  o f  ou tput  r a t e  and replenishment 

t echno log ie s ,  design of  a  semi-automated experimental web growth machine, 

f o r  d e t a i l e d  c h a r a c t e r i z a t i o n  of  web ma te r i a l  produced dur ing  t h e  

experimental  program, and f o r  an update  o f  t he  economic a n a l y s i s  t o  

r e f l e c t  new t echn ica l  and cos t  information generated during t h e  program. 



During t h e  per iod  covered by t h i s  r e p o r t  t h e  dominant 

a c t i v i t i e s  were d i r e c t e d  a t  developing methods t o  i n c r e a s e  t h e  per iod 

o f  s imultaneous growth o f  web c r y s t a l  with melt  replenishment .  To 

f u r t h e r  t h i s  work we have designed and t e s t e d  an a d j u s t a b l e  thermal 

trimmer t o  dynamically ba lance  t h e  thermal loads  du r ing  melt  r ep l en i sh -  

ment. The h i g h l i g h t s  o f  t h e  concept and i n i t i a l  t e s t s  a r e  descr ibed  i n  

t h e  t e x t .  I n  a d d i t i o n  we have performed f u r t h e r  s t u d i e s  o f  growth 

geometr ies  t o  enhance web output  r a t e ,  updated t h e  economic a n a l y s i s  f o r  

web growth and t e s t e d  a  p o t e n t i a l l y  lower c o s t  s o l i d  s t a t e  power supply 

f o r  t h e  growth furnace .  

3 TECHNICAL PROGRESS 

3.1 Melt Re~ len i shmen t  Develo~ment  

For background, the b a s i c  f e a t u r e s  f o r  mel t  r ep l en i shed  s i l i c o n  

web growth a r e  shown i n  Figure 1. Recal l  t h a t  i n  t h i s  arrangement 

p e l l e t s  o f  p o l y c r y s t a l l i n e  s i l i c o n  a r e  f ed  i n t o a  compartmented c r u c i b l e  

which c o n t a i n s  a  l a r g e  compartment f o r  web growth and a  smal l  compart- 

ment f o r  melt  replenishment .  An e s s e n t i a l  f e a t u r e  o f  t h e  b a r r i e r  which 

s e p a r a t e s  t h e  two compartments i s  an opening wi th in  t h e  b a r r i e r  a t  a  

p o i n t  below t h e  melt  surfa .ce  which permi ts  t h e  melt  l e v e l  t o  e q u i l i b r a t e  

w i t h i n  t h e  two compartments. Another e s s e n t i a l  f u n c t i o n  o f  t h e  b a r r i e r  

i s  t h a t  i t  prevents  p e l l e t s  from f l o a t i n g  t o  t h e  reg ion  o f  web growth 

t o  i n t c r f c r c  with growth. F i l ia l ly ,  the  b a r r i e r  prevents iripples on t h e  

melt  s u r f a c e ,  caused by t h e  dropping o f  p e l l e t s  i n t o  t h e  mel t ,  from 

reaching  and d i s t u r b i n g  t h e  growing 'web. For lower r a t e s  o f  melt  r e -  

plenishment a  f i x e d  thermal adjustment can be made i n  such a  way. a s  t o  

accommodate t h e  range o f  thermal requirements  necessary  i n  o r d e r  t o  

ach ieve  melt  - r ep l en i shed  growth. Such growth lias been demonstrated f o r  

pe r iods  t.o g r e a t e r  than f ive liours wi th in  a  s i n g l e  growrh run.  A --. f i xed  

s e t  o f  thermal cond i t i ons  has ,  however, been found t o  be  u n s u i t a b l e  f o r  

ach iev ing  melt  replenishment a t  r a t e s  equ iva l en t  t o  h igh  a r e a  throughput 

r a t e s  o f  growth, our  long run o b j e c t i v e .  Adjus tab le  s h i e l d i n g  provides  

a way t n  c.i rciimvent s1.1ch l i m i t a t i o n s  . 
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3.1 .1  Adjustable  Thermal 'Trimming f o r  Melt Replenishment 

The Concept 

Because d i f f e r e n t  s i l i c o n  feed r a t e s  a r e  r equ i r ed  a t  t h e  s t a r t - u p  

o f  web growth and a t  s t e a d y - s t a t e  growth, t h e  amount o f  hea t  t o  melt t h e  

s i l i c o n  may vary with t ime. A f i xed  thermal adjustment does no t  span 

t h i s  range o f  requirements.  Dynamic, o r  a.d j  u s t a b l e ,  theimal  trimming, 

however, provides an e x c e l l e n t  means f o r  a t t a i n i n g  symmetrical thermal 

cond i t i ons  f o r  a l l  s t a g e s  o f  growth ranging from s t a r t - u p  t o  f u l l  

throughput r a t e .  0ne.way t o  accomplish t h i s  i s  by induc t ion  c o i l  p o s i t i o n  

changes. A b e t t e r  way is  by means o f  an a d j u s t a b l e  thermal s h i e l d  l i k e  

t h a t  i l l u s t r a t e d  i n  Figure 2 which i s  a  t o p  view of  t h e  growth suscep to r  

system. 

In  t h i s  scheme, t h e  v e r t i c a l l y  a d j u s t a b l e  thermal s h i e l d  can 

e a s i l y  be  pos i t i oned  t o  provide a  wide range o f '  e f f e c t i v e n e s s .  With t h e  

l a r g e  s k i n  depth o f  10 K H z  induct ion  h e a t i n g  ( a s  i s  used i n  web growth) 

a  t h i n  s h i e l d  l i k e  t h a t  shown i s  hea ted  very l i t t l e  and behaves a s  zn 

e x c e l l e n t  thermal s h i e l d .  Thus a  small  number o f  s h i e l d  p o s i t i o n s  

should be  adequate t o  cover  t h e  f u l l  requi red  range o f  p e l l e t  feed 

r a t e s .  The adjustments  t o  compensate f o r  changes i n  p e l l e t  feed r a t e  

need be made only dur ing  t h e  e a r l y  manual ly-control led per iod  o f  growth 

p r i o r  t o  achiev ing  f u l l  throughput.  We have f ab r i ca t ed  a  mova.ble s h i e l d  

f o r  experimental  t e s t ;  i t  i s  shown with a  suscep to r  i n  Figure 3 .  

Methods t o  Cha rac t e r i ze  t h e  Adjustable  Sh ie ld  Performance 

In orde r  t u  b e s t  u se  an a d j u s t a b l e  thermal s h i e l d  with melt  

r ep l en i shmen t , i t  i s  most expedi t ious  t o  f i r s t  c h a r a c t e r i z e  t h e  e f f e c t  o f  

t h e  s h i e l d  i n  va r ious  p o s i t i o n s  and a l s o  t o  eva lua t e  t h e  thermal e f f e c t  

of  va r ious  r a t e s  o f  melt replenishment.  In  essence,  we need t o  know 

t h e  amount o f  s h i e l d i n g  needed t o  compensate f o r  t h e  thermal e f f e c t  o f  

va r ious  r a t e s  o f  melt replenishment. When t h e  two e f f e c t s  a r e  i n  ba lance ,  

optimal web growth co~idi- t iur ls  w i l l  p r e v a i l .  Three types of  measur.ements 

a r e  a v a i l a b l e  and have been used t o  c h a r a a e r i z e  t h e s e  thermal e f f e c t s .  

Refer r ing  aga in  t o  Figure 2 ,  an i n f r a r e d  pyrometer was used t o  eva lua t e  

t h e  e f f e c t s  i n  t he 'mo l t en  s i l i c o n  along t h e  t r a v e r s e  rou te  shown. - 
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Figure 3 Adjustable thermal shield surrounding feed end of  susceptor used for web growth 



Dendrite probing t o  determine the  t h e m 1  p ro f i l e  under d i f fe ren t  

condit ions along t h e  t raverse  route has a l so  been used. Finally,  

thermocouples were inser ted  i n  the  two r ea r  probe holes shown i n  order t o  

evaluate the  e f f ec t s  within the susceptor i t s e l f .  

Experimental Shield Evaluation 

During t h e  latter par t  o f  t h i s  repor t ing period t h e  emphasis 

of t h e  experimental s tud ies  was on quantifying temperature var ia t ions  

r e su l t i ng  from adjustable  shie lding and feeding r a t e  changes. By 

determining the  e f fec t  on t he  melt temperature of a pa r t i cu l a r  change 

i n  one of e i t h e r  var iable  appropriate compensation can be made. 

As noted,the primary measurement methods were: 

1) Themoesuple measurcaents i n  the  susecptor, 

2) Dendrite "holdv points,  measured i n  the  center  

of t h e  melt, and 

3) Infrared pyrometer determination of melt temperature 

changes. 

Two o f  t h e  thermocouples were located i n  the  back wall o f  t h e  susceptor, 

near  t h e  bottom, 4 1/8" apar t .  A t h i r d  thermocouple was located i n  the  

cen te r  of the susceptor, below the  crucible.  The infrared measurements 

were made by placing t h e  infrared pyrometer e i t h e r  a t  t h e  cen te r  o f  the  

dogbone s l o t ,  o r  one inch t o  e i t h e r  s ide .  For t he  in f ra red  measurements, 

t h e  pyrometer was temporarily mounted above t h e  growth chamber a s  i n  

Figure 4.  

One s e t  of measurements compared the  thermocouple readings 

a s  t h e  end sh ie ld  ; Figure 3, was moved with a dendrite 'lholdvl temperature 

being found a t  each sh ie ld  posit ion t o  maintain a constant melt 

temperature a t  the  center .  These measurements a r e  plot ted i n  Figure 5. 

A s  expected,the ax ia l  thermocouple held essen t ia l ly  constant,  within the  

accuracy of t he  "hold point!' The changes i n  temperature determined 

from the  thermocouples i n  the  susceptor wall indicate  t ha t  t he  shie ld  

s h i f t s  t h e  t o t a l  thermal d i s t r ibu t ion  i n  t h e  susceptor. With the  shie ld  

inser ted 4cm, f o r  example, a temperature change of  over l o 0  compared 

t o  t he  case  with no shie lding was achieved. 



Figure 4 Infrared pyrometer temporarily mounted above growth chamber 
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Since a dendr i t e  could not  be  i n s e r t e d  while t h e  i n f r a r e d  

pyrometer was i n  pos i t ion ,  and s ince  t h e  a x i a l  thermocouple e s s e n t i a l l y  

followed t h e  llholdll temperature, t h e  thermocouple was used t h e r e a f t e r  

as  t h e  control .  The Ircon readings a t  t h e  cen te r  o f  t h e  melt h e l d  

f a i r l y  constant ,  - + % 2/3". Again, a s  th,e s h i e l d  was lowered, t h e  

r e l a t i v e  changes i n  melt temperatures ( a t  t h e  points  one inch from t h e  

center)  became la rge ,  Figure 6 over 10°C with t h e  s h i e l d  lowered 4.8cm. 

Since t h e  measurement points  a r e  c l o s e r  than i n  Figure 5 t h i s  implies t h e  

gradient  i n  t h e  l i q u i d  i s  a c t u a l l y  l a r g e r  than i n  the  susceptor  wall .  

I n  using t h e  Ircon, we found t h a t  temperature f luc tua t ions  

of - + 1/4" a t  a  given point  were general ly present .  This was confirmed 

t o  be i n  t h e  melt r a t h e r  than an instrument problem by s i g h t i n g  t h e  

Ircon onto t h e  l i d  and observing no f luc tua t ions .  Since t h e  magnitude 

o f  t h e  f luc tua t ion  was f a i r l y  constant ,  t h e  Ircon values i n  Figure 6 

a r e  t h e  average o f  t h e  extremes measured a t  a  given point  without e r r o r  

bars .  Also, t h e  Ircon de tec to r  is  q u i t e  s e n s i t i v e  t o  t h e  back/front  

locat ion i n  the  s l o t .  Par t  of t h i s  s e n s i t i v i t y  i s  due t o  "clipping" o f  

t h e  view angle by t h e  chimney through which t h e  Ircon views t h e  melt 

surface.  Although small dimensional va r ia t ions  i n  the  chimney add t o  

alignment d i f f i c u l t i e s  and make ac tua l  temperature measurement along t h e  

s l o t  very d i f f i c u l t ,  r e l a t i v e  temperature changes s t i l l  can be made 

eas i ly .  

In t h e  l a s t  s e t  of  measurements t h e  in f ra red  pyrometer was 

mounted one inch from t h e  cen te r  on t h e  l e f t  o r  feed s ide .  The r e s u l t s  

of t h i s  set of  data, where temperature changes were recorded as t h e  

feed r a t e  was changed f o r  various sh ie ld  pos i t ions ,  can be seen i n  

Figure 7. 

P e l l e t  feed r a t e s  of  2 per minute introduce a neg l ig ib le  

thermal e f f e c t ;  a t  10 p e l l e t s  per minute a depression of  about 1 ° C  was 

observed ( a t  t h e  sensor locat ion one inch t o  the  l e f t  a t  the  melt center ) .  

The temperature depression i n  t h e  feed chamber is ac tua l ly  somewhat 

lower than t h i s  a s  shown i n  o the r  experiments where freezing occurred 

with p a r t i a l  s h i e l d  inse r t ion .  By use of  t h e  movable s h i e l d  we have 
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improved our  understanding o f  t h e  thermal geometry required f o r  p e l l e t  

feeding and a l s o  extended somewhat t h e  period f o r  growth with replenish- 

ment. 

3.1.2 Melt Replenishment Experiments 

Several feed runs have been made recen t ly  i n  which p e l l e t  

feeding was success fu l ly  c a r r i e d  out  f o r  time periods over 4 hours. 

During one run i n  which p e l l e t s  were fed a t  two per  minute, we grew 

f o r  4 1/2 hours with no replenishment-related problems. The next run 

went f o r  5 h r  20 min ( t h e  longest  period t o  date)  a t  4 pel lets/min;  again 

t h e r e  were no feed-re la ted  problems. During both o f  these  runs severa l  

c r y s t a l s  were pulled.  

Feed r a t e s  o f  6 t o  8 pellets/min,which appear q u i t e  f e a s i b l e ,  

w i l l  provide a constant  melt l eve l  f o r  present  c r y s t a l  pu l l  r a t e s .  In 

f u t u r e  runs replenishment f o r  extended times w i l l  be attempted. 

An a n c i l l a r y  s e t  of  experiments was a l s o  conducted t o  counter- 

a c t  t h e  growth of  s i l i c o n  "icet1 i n  t h e  l i q u i d  during web growth. This 

problem had recurred during t h e  end o f  t h e  l a s t  report  period.2 Three 

system changes proved b e n e f i c i a l .  F i r s t ,  small leaks i d e n t i f i e d  by He 

leak de tec t ion  were plugged i n  t h e  furnace envelope. Second, a s e t  of  

alumina and Mo rods were in te r l eaved  with t h e  s h i e l d s  a t  a locat ion 

between t h e  feed hole  and growth s l o t .  This minimized t r anspor t  o f  any 

oxide from t h e  t h e  feed t o  melt chambers. F inal ly ,  accumulation and 

s p a l l i n g  o f  oxide from t h e  web guides (a r a r e  occurrence) was a l s o  

correc ted .  

3.1.3 Liquid Level Sensing System 

Melt l eve l  pos i t ion  sensing i s  required  t o  provide a feedback 

s igna l  which can be used t o  program t h e  proper melt replenishment r a t e .  

Our concept, repor ted  be forezy3  and i l l u s t r a t e d  i n  Figure 8 uses a 2 mW 

He-Ne  l a s e r  which generates a coherent l i g h t  beam t h a t  i s  d i rec ted  

through t h e  furnace growth chamber, r e f l e c t i n g  from t h e  s i l i c o n  melt 

surface ,  and f i n a l l y  s t r i k i n g  t h e  s o l i d  s t a t e  pos i t ion  de tec to r .  This  

system, Figure 9, has  been fabr ica ted  and i n s t a l l e d  on the  RE furnace. 
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F i g ~ r e  9 Laser-sensor System for Melt Level Position De*ction S h a m  
Mounted in Position for Use on the RE Furnace 



Figure 20 Susceptor-Lid System Showing Laser Beam Route Holes t o  t h e  Right 
of the  nagbone-Shaped Growth Slot .  Entry Port f o r  Polycrys ta l l ine  
S i l i con  k l l e t s  is  a t  the Left  o f  t he  Growth S lo t .  



The l a s e r ,  windows, condensing l ens  and de tec to r  have been 

o p t i c a l l y  a l igned such t h a t  t h e  l i g h t  beam passes through t h e  growth 

chamber and s t r i k e s  t h e  d e t e c t o r  as intended. The l i g h t  beam passes 

through t h e  susceptor  l i d  and sh ie lds ,  a s  s h w n  i n  Figure 10, then 

r e f l e c t  s from t h e  su r face  o f  t h e  s i l i c o n  melt. Full  operat ion o f  t h e  

sensor  system has  been temporarily delayed because o f  a f a u l t  i n  t h e  

output  ampl i f i e r  o f  t h e  pos i t ion  detec tor .  The u n i t  has  been returned 

t o  t h e  vendor,and we expect t h i s  problem t o  be  cor rec ted  i n  January 

1980. The system then w i l l  be operable with meter readout f o r  manual 

c o n t r o l  of t h e  melt replenishment feed r a t e  and melt l eve l .  Closed loop 

con t ro l  w i l l  be  added i n  t h e  fu ture .  

3.1.4 Modification t o  Melt Replenishment System 

P e l l e t  Feeder Re-Design 

Experience with t h e  motor driven polys i l icon p e l l e t  feeder 1 

used with t h e  RE furnace melt replenishment system has revealed some 

occasional mis-operation. Although t h e  occurence is infrequent ,  t h e  feeder 

has been observed t o  drop two o r  more p e l l e t s  simultaneously. Because 

w e  b e l i e v e  t h e  concept o f  t h e  design i t s e l f  t o  b e  feas ib le ,  we have 

undertaken a re-design of  t h e  feeder  p r i n c i p a l l y  t o  e l iminate  mul t ip le  

p e l l e t  feeding. The feeding o f  mul t ip le  p e l l e t s  can thermally over- 

burden t h e  melt wi th in  t h e  melt replenishment compartment o f  t h e  c ruc ib le .  - 
If such a condit ion continues a blockage o f  s o l i d  p e l l e t s  can c l o s e  t h e  

feed system and prevent f u r t h e r  m e l t  replenishment during t h a t  web growth 

rtul 

We a r e  us ing t h i s  opportunity, a l s o ,  t o  b r i n g  about some o the r  

design improvements, The r e  designed po l lo t  feeder is  expected t o  have 

t h e  following improvements: 1) e l iminat ion o f  mul t ip le  p e l l e t  feeding, 

2) four  times g r e a t e r  range of  p e l l e t  feed r a t e s ,  3) c a p a b i l i t y  t o  handle 

p e l l e t s  with less r i s k  of contamination, 4) improved provision f o r  re-  

loading,  5) improved s h a f t  s e a l .  Detailed design drawings f o r  t h e  

modifications a r e  i d e n t i f i e d  by design spec i f i ca t ion  D903149 and a r e  

included i n  t h e  Appendix. 
L 



Conversion o f  J Furnace t o  Melt Replenishment 

The i n i t i a l  deve1opme;it o f  high throughput melt replenishment 

was c a r r i e d  out  i n  t h e  RE web growth furnace.  This  development has 

progressed s u f f i c i e n t l y  t h a t  t h e  dec is ion  has been made t o  i n s t a l l  

e s s e n t i a l l y  i d e n t i c a l  melt replenishment hardware i n  t h e  J web growth 

furnace.  This  w i l l  permit continued development o f  melt  replenishment 

t o  proceed more quick ly  and w i l l  a l s o  double our  capac i ty  f o r  u t i l i z a t i o n  

of melt  replenishment i n  conjunct ion with o t h e r  developmental a c t i v i t y ,  

e s p e c i a l l y  o f  high output  r a t e s .  The d e t a i l e d  design drawing 6 9 9 ~ 5 7 6  

which covers  only  t h e  d i f f e r ences  between t h e  J and RE melt  r ep l en i sh -  

ment hardware, i s  included i n  t h e  appendix. Otherwise t h e  melt r ep l en i sh -  

ment systems a r e  i d e n t i c a l .  Conversion o f  t h e  J . f u r n a c e  i s  expected t o  

be completed i n  January 1980. 

3 . 2  Output Rate Technology Development 

Over f i f t y  experimental runs were made during t h i s  per iod  i n  t h e  

J and WA f a c i l i t i e s  t o  i n v e s t i g a t e  parameters c o n t r o l l i n g  web width and 

speed. De ta i l s  a r e  given i n  t h e  Appendix. There were two p r i n c i p a l  

o b j e c t i v e s :  1) t o  genera te  q u a n t i a t i v e  growth d a t a  f o r  input  t o  and 

c o r r e l a t i o n  with t h e  thermal modeling and design e f f o r t ,  and 2)  t o  t e s t  

the  e f f e c t s  o f  t o p  s h i e l d  and l i d  geometry v a r i a t i o n s  on o v e r a l l  growth 

behavior .  The former p r i n c i p a l l y  involved t h e  genera t ion  o f  th ickness-  

v e l o c i t y  and web s t r e s s  d a t a ,  while  t h e  l a t t e r  encompassed a  v a r i e t y  o'f 

behavioral  phenomena inc lud ing  f n r  example ,  ease of growth i n i t i a t i o n ,  

c r y s t a l  q u a l i t y ,  growth s t a b i l i t y  (ease o f  maintaining growth), oxide 

accumulation, i f  any, e t c .  Thus,the o b j e c t i v e s  were t o  expand t h e  da t a  

base of r e l a t i n g  var ious  system parameters t o  i nc rease  web width and 

output  r a t e .  

Two p r i n c i p a l  l i d  designs were used a s  base l i n e s  i n  work t o  

evol.ve wider. WL'IJ, Llle .J-181, Figure 11, and a nore open-lipped s l o t  

geometry l i k e  t h a t  i l l u s t r a t e d  i n  Figure 12. Var ia t ions  t e s t e d  included 

modi f ica t ions  i n  t h e  con f igu ra t ion  o f  t he  top  shields-number,  geometry 

and spacing.  The 5-181 modi f ica t ions  were i n  general  good growth 
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conf igu ra t ions ;  growth i n i t i a t e d  e a s i l y , a n d  was very  s t a b l e  once underway. 

In p a r t i c u l a r ,  wi th  t h e  a d d i t i o n  of  a  four th  s h i e l d  with s l i t t e d  per iphery  
2 

( s e e  l a s t  q u a r t e r l y  r e p o r t  ) c r y s t a l s  o f  good q u a l i t y  can be s t a r t e d  a t  

t h e  i n i t i a l  (high) melt  l e v e l  (high r a d i a t i v e  lo s s )  which has p o s i t i v e  

imp l i ca t ions  i n  terms of  i nc reas ing  growth v e l o c i t y  when melt l e v e l  

maintenance is  achieved t i a  t h e  replenishment system. This  i s  because 

t h e  growth v e l o c i t y  f o r  a  given c r y s t a l  t h i ckness  decreases  with t h e  

lowering of  t h e  melt  l e v e l ,  as has been d iscussed  i l l  d e t a i l  i n  previous 
1 

r e p o r t s .  This  behavior  is  .In c o n t r a s t  t o  e a r l i e r  s R l . e l A  cwnfigurat.iuns 

we t e s t e d  i n  which e a r l y  c r y s t a l s  ( a t  high melt  l e v e l )  tended t o  go 

p o l y c r y s t a l l i n e  u n t i l  t h e  i e v e i  was lowered somewhat. 

With t h i s  background, f u r t h e r  modi f ica t ions  were made i n  which 

t h e  ove r l ap  of  t h e  lower formed s h i e l d  was irlcreased by about l m m  and 

then  t h e  s h i e l d  spac ing  was decreased.  These modi f ica t ions  were under- 

taken on t h e  b a s i s  t h a t  both v e l o c i t y  and s t r e s s  a r e  both g r e a t l y  a f f e c t e d  

by t h e  thermal environment i n  t h e  f i r s t  cm o r  s o  above t h e  i n t e r f a c e ,  

i . e .  w i t h i n  t h e  reg ion  of  r h e  l i d  and s h i e l d  stack.  Systematic  comprcssion 

of t h e  s h i e l d  s t a c k  r e s u l t e d  i n  a  p rog res s ive  in-crease i n  oxide depos i t i on  

on t h e  edge of t h e  formed s h i e l d ,  t o  t h e  po in t  t h a t  t h e  oxide accumulation 

i n t e r f e r r e d  with t h e  o therwise  very s t a b l e  grow,th. With t h e s e  c l o s e  

spaced s h i e l d  con f igu ra t ions ,  t h e  use  o f  b a r r i e r  type  s e p a r a t o r s  between 

t h e  s h i e l d s  ( i n s t e a d  o f  washers) ,  t o  i n h i b i t  gas flow between t h e  

s h i e l d s  seemed t o  reduce t h e  r a t e  of  ox ide  depos i t i on ,  bu t  d i d  not  

extend t h e  a v a i l a b l e  growing time s u f f i c i e n t l y  t o  f u l l y  eva lua t e  t h e  

e f f e c t s  on growth behavior  o f  c l o s e  spaced t o p  s h i e l d s .  Asp i r a to r  o r  

o t h e r  convect ive gas flow management techniques t o  con t ro l  oxide 

depos i t i on  thus appear  necessary  t o  u t i l i z e  t h e  close-spaced arrangements.  

A s  a  consequence o f  t h e  experiments we d id  i d e n t i f y  t h e  

p o t e n t i a l  u t i l i t y  of  hot  pressed molybdenum s h i e l d  elements f o r  long 

tcrm growth s t a b i l i t y .  Some months ago, w e  swit.ched from a r c  c a s t  

molybdenum shee t  t o  pressed and s i n t e r e d  shee t  f o r  s h i e l d  mat.erial i n  

o r d e r  t o  ob ta in  a s u b s t a n t i a l  c o s t  sav ings .  We have discovered t h a t  

t h e  pressed ma te r i a l  does not  warp even with repea ted  h e a t i n g .  Sh ie lds  



made froin a r c  c a s t  ma te r i a l  warped badly  a f t e r  only a  few runs .  Thus 

s h i e l d  spacings a s  c l o s e  a s  h a l f  a mi l l ime te r  now can be configured 

reproducib ly ,  i n  sha rp  c o n t r a s t  t o  t h e  s h i e l d s  made from a r c  c a s t  molybdenum. 

A second l i d  geometry under eva lua t ion  i n  t h e  J furnace ,  

Figure 12, because o f  i t s  s u b s t a n t i a l l y  wider view f a c t o r ,  o f f e r s  t h e  

p o t e n t i a l  f o r  cons iderably  enhanced growth v e l o c i t y  provided t h e  view 

t o  t h e  hot  l i d  bevel  can be minimized. Although recent  experiments have 

been encouraging with regard t o  speed, oxide accumulation on t h e  lower 

edge o f  t h e  formed s h i e l d  has h indered  widening of  t h e  web. 

F ina l ly  a  few runs were made with a  t h i n  ( 3  mm ) l i d ,  a s  a  

method o f  b r ing ing  t h e  t o t a l  l i d  p lus  s h i e l d  s t ack  c l o s e r  t o  t he  growth 

i n t e r f a c e .  I t  was hoped t h a t  t h e  increased  number o f  t o p  s h i e l d s  would 

keep t h e  t h i n  l i d  hot  enough t o  prevent oxide accumulation i n  the  s l o t .  

(Thick l i d s  a r e  hea ted  s u f f i c i e n t l y  by r . f .  coupl ing t h a t  t h e  l i d  s l o t  

i t s e l f  normally remains oxide f r e e . ) .  Although a  marked inc rease  :~n growth 

v e l o c i t y  was observed, t h e . e d g e  of  t h e  l i d  s l o t  was not  hot enough a s  

p r e s e n t l y  configured.  Oxide d id  c o l l e c t  even tua l ly  blocking t h e  s l o t .  

Further  modif icat ions a r e  thus  r equ i r ed  t o  u se  t h i s  conf igura t ion .  

During t h e  next per iod ,  e f f o r t s  w i l l  be made t o  con t ro l  t h e  

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  web n e a r  t h e  growth i n t e r f a c e  

by vary ing  s l o t  shape i n  t h e  t o p  s h i e l d s ,  p a r t i c u l a r l y  t h e  width, while  

using spacings conducive t o  growth without i n t e r f e r e n c e  from oxide 

accumulation. 'I'he 3 -furnace w i l l  then  'be converted f o r  melt replenishment 

s t u d i e s  a s  descr ibed  i n  t h e  l a s t  s e c t i o n .  

In t he  WA furnace,most o f  t h e  experiments c e n t e r  on techniques 

t o  i nc rease  r a d i a t i v e  t r a n s p o r t  from t h e  web and hence t o  i nc rease  growth 

v e l o c i t y .  A d i r e c t  approach i s  t o  i nc rease  t h e  view angle  between t h e  
7 

growing web and the  hot  suscep to r  l i d . -  This  can be accomplished by 

tlecreasing the  bevel angle  on t h e  l i d .  Figure 11, shows t h e  s tandard  

5-181 l i d  s h i e l d  con f igu ra t ion  employs a 45" beveled l i d .  In 13 g u r e  13 

we show hoh t h e  .J-181 top  s h i e l d i n g  can be combined with a  l i d  t h a t  

has a  decreased bevel  angle  of  30" (WA-17). With t h e  decreased bevel  t h e  



Dwy. . 7 7 1 2 ~ 9 1  

Figure 13 Schematic Depict ion o f  a Growth Geometry i n  Which t h e  
Standard 5-181 Top Sh ie ld ing  i s  Combined with a 3 ~ '  
Reveled Lid (WA-17) 



amount o f  r a d i a t i o n  leaving  t h e  hot  l i d  and i n t e r s e c t i n g  t h e  web i s  

decreased.  This  a l lows more h e a t  t o  r a d i a t e  from t h e  web and a l s o  

r a d i a t e s  l e s s  hea t  back-in.  

Another technique being used a t  t h i s  t ime involves  t h e  use  

o f  a  t h i n  s h i e l d  t o  cover  up t h e  bevel  on the  ho t  l i d ,  thus  reducing 

r a d i a t i o n  back t o  t h e  web. For example,Figure 14 d i sp l ays  a  30" 

beveled l i d  with a  c lo sed  over  t o p  s h i e l d  f o r  t h i s  purpose.(WA-36) 

In  con t r a s t ,  Figure 15 shows a  con f igu ra t ion  with "open" s h i e l d i n g .  

(WA-32). This  arrangement permits  r a d i a t i o n  t o  leave  the  web with very 

l i t t l e  i n t e r f e r e n c e  o r  back r e f l e c t i o n ,  and is  be ing  run f o r  comparative 

purposes . 
During t h e  p a s t  q u a r t e r  a l l  f o u r  of  t h e s e  con f igu ra t ions  have 

been run and comparable t h i ckness -ve loc i ty  d a t a  has  been obta ined .  There 

were no d a t a  obta ined  f o r  t h e  c lo sed  ove r  con f igu ra t ion  (Figure 14 (WA-36)) 

because of  growth r e l a t e d  problems, p a r t i c u l a r l y  oxide formation on 

s h i e l d i n g .  

These d a t a  were analyzed us ing  t h e  assumption t h a t  t h e r e  i s  

an inve r se  l i n e a r  r e l a t i on ibe tween  t h e  p u l l  speed and th ickness  parameteps. 

(See Reference 2 f o r  t h e  thermal model). This  r e l a t i o n  can be expressed: 

where v  i s  t he  web growth v e l o c i t y  ( p u l l  speed) ,  t i s  t h e  web th ickness  

and a  and b  a r e  cons t an t s  from f i t t i n g  t h e  experimental da t a .  

Using l i n e a r  regress ion  a n a l y s i s , t h e  a  and b  terms f o r  var ious  

con f igu ra t ions  were c a l c u l a t e d .  The des i r ed  r e s u l t  i s  o f  course t o  , 

i nc rease  both t h e  a and b  terms, so  t h a t  t h e  v e l o c i t y  i s  increased  f o r  

a  given th ickness  va lue .  Pul l  speed parameters f o r  t h r e e  of  t h e  

con f igu ra t ions  d iscussed  a r e  shown i n  Table 1. 

The da t a  i n d i c a t e  t h a t  t h e  \\]A-17 conf igura t ion  r a i s e s  t h c  n partlm'eter 

r e l a t i v e  t o  t he  b a s e l i n e  case  but  a t  t h e  s a c r i f i c e  o f  lowering t h e  b par-  

ameter.  The major b e n e f i t  thus  f a l l s  a t  t he  lower end of t he  speed 

range r a t h e r  than a t  t h e  higher  end. The WA 8 2  conf iguru t ion  produces 



Dwy. 7712A89 

F i g u r e  1 4  A 30° Beveled  Lid w i t h  "Closed  Over" Top S h i e l d s  (WA-36) 



Dwg. 7712A90 

Figure 15 A - 3 0 "  Beveled LId with Open Top Shielding (WA-32  Configurat ion)  



TABLE 1 

PULLSPEED PARAMETERS FOR VARIOUS LID SHIELD 

CONFIGURATIONS IN THE WA-FURNACE 

2 
cm cm - 

Conf igura t ion  a (a)  h ( min j 

J-181 (Base l ine)  0.760 0.0120 

WA-17 (F igure  13) 1.135 0.0089 

WA-32 (F igure  15) 1.010 0.0122 

c m v = p u l l  speed (4 
min 

t = t.kic.kness of web Icm) 

* This  d a t a  assumes a s t r a i g h t  l i n e  approximation and was ob ta ined  
through l i n e a r  r e g r e s s i o n  a n a l y s i s .  



an i n c r e a s e  i n  a, and a small  i n c r e a s e  i n  b ,  o v e r a l l  a ' d e s i r a b l e  r e s u l t  

and sugges t s  a d i r e c t i o n  f o r  f u t u r e  experiments.  

During t h e  next  q u a r t e r  we expect  t o  beg in  combining melt  

replenishment  and output  r a t e  technologies  t o  provide f o r  s t e a d y - s t a t e  

h igh  output  r a t e  growth. 

3 .3  Ma te r i a l  C h a r a c t e r i z a t i o n  

The averaged d i a g n o s t i c  s o l a r  c e l l  d a t a  f o r  a number o f  c r y s t a l s  

grown du r ing  t h e  pe r iod  a r e  given i n  t h e  Appendix. The number o f  

c r y s t a l s  and c e l l  runs  a r e  somewhat reduced ove r  previous q u a r t e r s  due 

t o  s h i f t s  i n  emphasis toward melt  replenishment  s t u d i e s  du r ing  t h e  per iod .  

The feed  run  experiments tended t o  produce fewer l a r g e  c r y s t a l s  

u sua l  when thermal  adjustment  techniques  were b e i n g  developed. 

Two sets o f  d a t a  i n  t h e  t a b l e  a r e  w o r t h . p a r t i c u l a r  mention: 

W180-1.3 and W185-1.4. The f i r s t  r e p r e s e n t s  a c r y s t a l  grown from t h e  

experimental  B a t t e l l e  m a t e r i a l  and t h e  c e l l  d a t a  reproduces very  well 

t h e  p re l imina ry  d a t a  given i n  t h e  prev ious  r e p o r t  f o r  a second c r y s t a l  
2 

i n  t h e  run.  The m a t e r i a l  r ep re sen t ed  by  W185-1.4 was grown from a melt 

i n t e n t i o n a l l y  h e a v i l y  doped wi th  boron. Even though t h e  r e s i s t i v i t y  i s  

on ly  0 .022-cm,  t h e r e  was no problem i n  growth, and t h e  c e l l  e f f i c i e n c y  

was almost  6%. The . l a rge  OCD l i f e t i m e  i n  i n c o n s i s t e n t . w i t h  t h e  low 

I s c  and is be ing  rechecked. 

3.4 Economic ~ o n s i d ~ r a t  i o n s  f o r  Web Growth 
. .- ~ 

---. - , 
3.4.1 Update o f  Previous Economic Analysis  

Economic a n a l y s i s  i n d i c a t e s  a melt rep len ished  growth per iod  

o f  t h e  o r d e r  o f  two days i s  necessary  t o  s a t i s f y  t h e  DOE/JPL 1986 cost. 

goal  f o r  s i l i c o n  wafers. '  The dependence of  t h e  t ime l eng th  o f  t h e  

growth pe r iod ,  Figure 16, a l s o  shows t h a t  t h e  c o s t  improvement diminishes  

r a p i d l y  a s  t h e  growth per iod  ex tends  beyond :1 period o f  t h r e e  days.  'No te  

t h a t  t h e  growth cyc l e  c o n s i s t s ,  i n  a l l  c a s e s ,  o f  seven hours o f  non- 

growth time which i s  r equ i r ed  f o r  such a c t i v i t i e s  a s  furnace  load ing ,  

heat-up,  s t a r t  o f  growth, cool-down and c l ean ing .  Thus, f o r  example, 
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t h e  a c t u a l  time ava i l ab le  f o r  growth i n  a one day cycle is  24-7 = 17 hours. 

The growth period o f  a two day cycle  would be 41 hours. 

2 Including t h e  key assumptions f o r  t h i s  ana lys i s ,  25 cm /minute 

throughput r a t e  and $10/kg polys i l icon pr ice ,  t h e  economic ana lys i s  

p red ic t s  t h a t  t h e  s i l i c o n  web process can produce wafers a t  a cos t  below 

t h e  DOE/JPL 1986 goal. 

3.4.2 Evaluation o f  Po ten t i a l ly  Low Cost Al ternat ive  Power Supply 

Because it o f f e r s  important unique fea tu res ,  10 k i loher tz  

in t roduct ion heat ing is used with t h e  s i l i c o n  web process. Since i t s  

incept ion,  10 Khz induction heat ing f o r  a l l  app l i ca t ions  has employed 

almost exclus ively  motor-generator r o t a t i n g  machines. As these  machines 

a r e  a s u b s t a n t i a l  por t ion  of  the  web growth c a p i t a l  cos t ,  a lower cos t  

a l t e r n a t i v e  would, of  course, be welcome. For t h i s  reason, we have 

evaluated t h e  technical  f e a s i b i l i t y  of  using a s o l i d  s t a t e  e lec t ron ics  

high frequency generator  developed by Westinghouse a t - i t s  Defense Center. 

A bread-board version o f  t h i s  generator ,  Figure 17, was 
A 

connected t o  a s i l i c o n  web furnace. In  t h i s  f igure  t h e  generator  components 

a r e  shown i n  the  foreground mounted on a labora tory  c a r t ;  t h e  furnace 

and c o n t r o l l e r  a r e  v i s i b l e  i n  t h e  background. 

We found t h e  s o l i d  s t a t e  generator  functioned well i n  the s i l i c o n  

web appl ica t ion.  The q u a l i t y  of  control  and t h e  web growth behavior 

were undist inguishable from t h e  behavior normal with motor-generators. 

No e f f o r t  has been made a t  t h i s  time t o  p red ic t  t h e  cos t  of s o l i d  s t a t e  

u n i t s  designed especia l ly  f o r  web growth and produced i n  volume. Rough 

order  of  magnitude est imates of  cos t  ind ica te  t h a t  t h e  s o l i d  s t a t e  u n i t s  

would, a t  t h e  wors t ,  be competitive. We be l i eve  t h a t  cos t  of s o l i d  

s t a t e  generators should be thoroughly s tudied p r i o r  t o  any l a rge  s c a l e  

i n s t a l l a t i o n  of  web growth furnaces. 



Figure 17 Components o f  a Sol id  State  Electmnic Low Frequency 
(10 kHz) Generator (foreground) 



4. CONCLUSIONS 
- 

We have dup l i ca t ed  e a r l i e r  r e s u l t s  o f  extended web growth 

period wi th  melt replenishment and increased  t h e  rep len ished  growth per iod  

t o  n e a r l y  5 1/2 hours.  I n  t h e  l a t t e r  case  t h e  end o f  t h e  work s h i f t  

t e rmina ted  t h e  experiment.  The r e s u l t s  a r e  encouraging and t h e  conversion 

o f  a  second web growth furnace  t o  melt replenishment w i l l  be  completed 

s h o r t l y .  An update o f  t h e  economic a n a l y s i s  i n d i c a t e s  t h a t  d iminish ing  

r e t u r n s  s e t  i n  with growth c y c l e  t imes over  3 days. For sus t a ined  high 
2 

output  r a t e  ope ra t ion  (25  cm /min) t h e  DOE/JPL wafer  c o s t  goal could be  

met with approximately a  two day growth cyc le ,  assuming $10/kg s i l i c o n .  

The use of p o t e n t i a l l y  lower c o s t  s o l i d  s t a t e  power sources  is  t e c h n i c a l l y  

f e a s i b l e  and should be considered a s  a l o n g  run c o s t  reduct ion  a l t e r n a t i v e .  

5. FUTURE ACTIVITY 

Fur ther  developments t o  extend t h e  t ime per iod  f o r  rep len ished  

growth w i l l  be  emphasized dur ing  t h e  next  q u a r t e r .  Both . the RE and J 

furnaces w i l l  be  used t o  implement t h e  work. The melt l e v e l  s enso r  

now under r e p a i r  by t h e  vendor w i l l  b e  t e s t e d  and used f o r  manual con t ro l  

o f  t h e  feeding  ope ra t ion .  Fur ther  op t imiza t ion  o f  parameters t o  con t ro l  

web width and output  r a t e  w i l l  cont inue.  

6 .  NEW TECHNOLOGY 

No new technology is  r e p o r t a b l e  f o r  t h e  per iod  covered. 
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Appendix 9 .1  Growth Run Summaries 

A 1  1 melt replenishment experiments were performed . i n  t h e  RE 

furnace .  S t u d i e s  designed p r imar i ly  t o  enhance web width were conducted 

i n  t h e  J - fu rnace .  The major a c t i v i t i e s  i n  t h e  WA furnace  were s t u d i e s  

t o  opt imize  web growth v e l o c i t y  f o r  high output  r a t e  ope ra t ion .  



GROWTH RUN SUMM4RY 

NO. OF LEt4,GTI.I Y A X  . W 1'3TH MAX . \rEI,OCIN 
RIIN CRY STA1,S (cm) (mm) (cm,'nin) DESCRT PTION/RESULT 
- - - - - - ~ . : - = o  I - = = =  ..--.-.: -.=- = =;-==.------' 

.J-217 4 4 i 7 2 2 . 6  

-7-218 Not pr0ducti.b.e o f  w e 8  

.J- 220 4 494 3 6 . 2  

.J- 22 1 No s i ~ n i f i c a n t  web p r o d u c t i o n  

.J-222 No s i e n i f i c a n t  web 7 r o d u c t i o n  

5 . 3  5-181 m o d i f i c a t i o n  w i t h  added s h i e l d ,  T o t a l  4 ,  
upper  two s l i t t e d .  Overhang o f  lower  formed 
s h i e l d  i n c r e a s e d  bv l m m .  V - 7  d a t a .  Easy growth 
i n i t i a t i o n ,  s t a b l e  qrowth.  Oxide f o r c e d  t e r m i n a t i o n  
o f  growth.  

3 . 3  5-216 modi f i ed  by b r i n q i n ?  s h i e l d  s t a c k  1.5mrn c l o s e r  
t o  l i d .  V-T d a t a .  Oxide problems.  

Lid and s h i e l d  c o n f i g u r a t i o n  shown i n  F i g u r e  2 .  mod i f i ed  
by  add ing  two a d d i t i o n a l  t o n  s h i e l d s  i n  e f f o r t  t o  
improve ~ r o w t h  b e h a v i o r .  Oxide accomulated  i n  s l o t  . 

growing from bot tom e d e e  ~ f  Folded o v e r  ( lower)  s h i e l d .  

3 . 3  Same l i d  a s  .J-218, b u t  the ,J-181 s h i e l d  s t a c k ,  u p p e r  
two s l i t t e d  was used .  Cx5de d e p o s i t i o n  minimal ,  a h l e  
t o  grow most of d a y ,  a l t h o u q i  e a r l y  s t a r t s  (h igh  m e l t )  
were p o i v .  

3 . 3  Repeat  5-219 c o n f i g u r a t i c n .  Very s i m i l a r , g r o w t h  
b e h a v i o r .  

T e s t  RE-1 c o n f i m r a t i o n  k i t h  t o p  s h i e l d  s l i t t e d  t o  
n r o v i d e  c o o l e r  view t o  web. V-T d a t a  i n d i c a t e d  t h i s  
c o n f i , p u r a t i o n  f a s t e r  thar.  o t h e r s  t e s t e d ,  b u t  o x i d e  
d e p o s i t i o n  and i c i n e  p re l - en ted  any s i g n i f i c a n t  web 
growth . 

M o d i f i c a t i o n  o f  5-218 i n  a t t e m p t  t o  a l t e r  c o n v e c t i v e  
pas f l o w  p a t t e r n s .  .T-18: s h i e l d  s t a c k   laced d i r e c t l v  
on f u l l  formed s h i e l d .  E x c e s s i v e ,  o x i d e  b u i l d  up  
p r e v e n t e d  growth.  



GROWTH RUN SUMMARY 

NO.  O F  L E N G T H  M A X .  WIDTH MAX. VEI.OCITY 
RUN CR'iST,lI,S (cm) (m) (cm/min) 

3 . 3  T e s t  o f  t h e  4 s h i e l d  5-181 mod., w i t h  s t a c k  
'ondensedbv s p a c i n p  between s h i e l d s  s t  0.5mm i n s t e a d  
o f  1.5mm. T-V d a t a .  G e n e r a l l y  s t a b l e  ~ r o w t h .  Oxide 
d e p o s i t e d  on lower s h i e l d .  

1 . 7  Repeat 5-223. Good ~ r o w t h ,  excep t  f o r  o x i d e  
d e p o s i t i o n  on lower s h i e l d .  

3 . 3  T e s t  .J-218 l i d .  Gap between formed s h i e l d  and l i d  
l i p  i n c r e a s e d  i n  e f f o r t  t o  reduce  o x i d e  b u i l d  up.  
Three f u l l  ton  s h i e l d s ,  unner  two s l i t t e d .  E a r l v  
c r y s t a l s  p o l y ,  ox ide  growth on lower s h i e l d ,  fall in^ 
i n t o  m e l t .  

.T -  126 1 9 3 21 .7  2 . 7  Repeat .T-225 w i t h  t h e  a d d i t o n  of  a l u n ~ i n a  h a r r i e r s  
between !id and lower s h i e l d  i n  e f f o r t  r o  chanee 
qas  flow and reduce  o x i d e  accumula t ion .  Not 
s u c c e s s f u l . ,  o x i d e ,  poor  erowth.  



NO. OF LENCM MAX. WIMH MAX.  LELOCITY 
RUN CRYSTALS ( 4  (m) (cm/mi n) -- - -. - - 

5-227 2 I, 20C - 3.3 Four s h i e l d  modi f ica t ion  of  5-181 with compressed 
s h i e l d  spac ings .  1.Em between l i d  and formed s h i e l d ,  
0.5mm between r e s t .  Top two s h i e l d s  s l i t t e d .  Oxide 
grew r a p i d l y  from edge of formed s h i e l d  fo rc ing  
premature t e n n i n a t i o r  of  growth. Thickness v e l o c i t y  
d a t a .  

5-229 4 360 23.8 

P 
0 

- .  
5-230 No s i g n i  Cicant c r y s t a l  product ion. 

5 .0  Repeat 5-227 except  E s a l i d  b a r r i e r  was used a s  
spacer  between l i d  a rd  fiormed s h i e l d  i n  at tempt t o  
i n h i b i t  gas flow. Oxide s t i l l  grew from lower s h i e l d ,  
i n h i b i t i n g  growth amc f a r c ing  e a r l y  te rmina t ion .  
Grew 105 cm a t  c o n s t a t  5 cmlmin. be fo re  c r y s t a l  
t e rmina ted  by oxide  grohth.  

3.3 Tes t  J-98B conf igura t ion  f o r  widening c h a r a c t e r i s t i c s  
and th i ckness -ve loc i ty  behavior .  C r y s t a l s  picked up 
i c e  p a r t i c l e s  and degenerated.  I c e  caused by oxide  
s p a l l i n g  from bottom o f  l i d .  

Repeat 5-229, with e x t r z  c a r e  with l i d  prepara t ion .  
Simi 1 z.r i c e  prob 1 ems. 

5.0 Repeat 5-228 con f igu ra t ion .  Oxide growth from lower 
s h i e l c  i n h i b i t e d  growth. Overa l l  growth behavior  
poor. V-T da t a .  

3 . 3  Repeat 5-228 except  overhang o f  lower t o p  s h i e l d  
decrezsed.  Growth behavior  poor, even though oxide 
l e s s .  

/f 

1 .8  J-98B ( s h o r t  s l o t )  con f igu ra t ion .  Tes t  f o r  width con t ro l .  
Feed I-.ole plugged. Lid ups ide  down t o  p re sen t  d i f f e r e n t  
su r f ace  t o  melt i n  e f f o r t  t o  con t ro l  s p a l l i n g .  I c e  i n  
a f te rnoon,  due t o  s p a l l i n g .  



GROWTI1 RUN SUMMARY 

NO. OF LENCM MAX. WIDTH M A X .  L ~ ~ I , o ( : T ' ~ Y  
RUN C R Y S T A L S  (cm) (m) (cm/min) DESCRT PTI  O N / R E S U L T  

5-235 Mot product ive of web c r y s t a l s .  

Modify 5 -228  conf igura t ion  us ing  0.5mm b a r r i e r s  ins tead  
o f  washers a s  spacers  between s h i e l d s .  B e t t e r  growth. 
Oxide growth on r i g h t  end l imi t ed  ~ r o w t h  du ra t ion  t o  
about 1 . 5  hours per  c r y s t a l .  T-\I d a t a .  

Modification of  5-234, i n  which l i d  i s  ported on lower 
edge around periphery,  i n  e f f o r t  t o  modify convect ive 
gas flow and oxide depos i t i on .  Oxide depcs i t i on  and i c e  
format ion prevented growth. 



GROWTH RUN SUMMARY 

NO. OF LENGllI MAX. WIDT).: M A X .  VELOCITY 
RUN CRYSTALS (cm)l (m) (cmimin) 

5-236 2 172 22.7 2.0 Tes t  J98B con f igu ra t i on  with new l i d .  P a r t i a l  lower 
s h i e l d .  Growth ham?ered a l l  day by i c e  f r o n t s  moving 
i n  from l e f t .  

5-237 No s i g n i f i c a n t  veb grovth 

5-239 No s i g n i f i c a n t  web growth 

5-242 No s i g n i f i c a n t  growth 

Tes t  new t h i n  l i d .  3mm t h i c k ,  RE-1 s l o t  geometry, RE-1 
lower s h i e l d  + 3 J-181 s h i e l d s ,  upper two s l i t t e d .  
Fast  growth conf igura t ic -n ,  bu t  f l o a t i n g  i c e  prevented 
s i g n i f i c a n t  we3 growth. 

2.4  Repeat 5-237, ~xcep :  narrower s l o t  i n  lower s h i e l d  i n  
e f f o r t  t o  make l i d  s l o t  h o t t e r .  Severe and r ap id  
ox ide  accumulation i n  s l o t  p revented .  s i g n i f i c a n t  growth. 

3mm t h i c k  l i d  wi th  3 f u l l  t o p  s h i e l d s .  T-V d a t a .  
Rapid'oxi.de d e ? o s i t l m  along s l o t  i n h i b i t e d  growth. 

- 5-181 c o n f i e r a t  ion .  Repeated i c e  nuc l ea t i on  prevented 
growth. Post-morten shcwed heavy s p a l l i n g  on bottom 
o f  l i d .  

1.9 Repeat 5-240. I c e  p a r t i c l e s  i n  morning. Good growth 
dur ing  aftern-a on. 

Repeat 5-240. I ce  nuz l ea t i on  a l l  day prevented growth. 



GROWTH RUN SUMMARY 

NO. O F  LENGTH MAX; WIDTH 
RUN CRYSTALS ( cm) (mm) 

RE198 Nonproductive 

RE201 Nonproductive 

RE202 Nonproductive 

RE204 ' 1 172 

RE205 Nonproductive 

5-181 l i d  with melted bottom; s o l i d  end s h i e l d ;  b a r r i e r  made 
with 2mm rod and microscope s l i d e .  I ce  occurred seve ra l  t imes ;  
o t h e r  times poor s t a r t s  led t o  p o l y c r y s t a l l i n e  qrowth. 

5-181 l i d  f o r  feeding ,  s o l i d  end s h i e l d .  The run purpose was 
t o  determine whether i c e  occurred without  feed in^; i t  d i d .  
However a f t e r  t h e  run i t  was seen t h a t  t he  feed chamber was 
empty, which made t h e  presence of i c e  inconclus ive .  

5-181 feed l i d  and s h i e l d s ;  no b a r r i e r .  Run purpose aga in  was 
t o  determine whether i c e  occurred without feeding.  Severa l  
specks of  i c e  were picked up. 

Repeat s e t  up of RE-200 t o  v e r i f y  problem. Again i c e  was a problem, 
preventing c r y s t a l  growth. 

5-181 l i d  and s h i e l d s  used from J- furnace .  ?'his was done t o  
e l imina t e  t h e  feed l i d  a s  t h e  cause of  t h e  i c e  ~ r o h l e m s .  

.J-181 l i d  and s h i e l d s .  I c e  was not  a problem. Before t h i s  run 
t h e  furnace was leak t e s t e d  and seve ra l  leaks  were r epa i r ed .  

2 2 . 9  Repeat of  RE-203'to v e r i f y  r e s u l t s .  I c e  was not  a problem. 

5-181 feed l i d  and s h i e l d s .  I c e  was a problem from a leak i n  
t h e  pe l  l e t  feeder .  

18.9 5-181 feed l i d .  I ce  was a problem; t h e r e  was s t rong  evidence 
of s p a l l i n ~ .  

39.0 5-181 feed l i d  arrangement. A misalignment of  t h e  Peed tube 
prevented replenishment experiments. One speck of  i c e  
occurred,  bu t  d id  no damnpe t o  t h e  c r y s t a l  uhich picked i t  up. 



G2OKTH RUN SUMMARY 

NO. OF LENGTH MAX. WIDTH 
RUN C R Y S T A L S  (cm) tm) 

RE208 Nonproductive 

R E 2 0 9  Nonproductive 

RE210 Nonproductive 

RE211 Nonproductive 

5-181 feed  l i d ,  s t r a i g h t  feed tube .  The b a r r i e r  end o f  t h e  
c r u c i b l e  was reworked-this  may hawe caused t h e  problem of  
an emptv feed  chamber. 

J-181 feed l i d ,  s t r a i g h t  feed tube. Again t h e  feed chamber was 
empty. 

5-181 feed  l i d  and s h i e l d $ .  I c e  va s  a problem; suspec t  
p a r t i c u l a t e  b l ~ w  over  from betweex s h i e l d s .  

5-181 feed l i d  and s h i e l d s .  A p i s c e  of molbvdenum tub ing  was 
p laced  o n , t h e  l i d  around t h e  feed  h o l e  t o  t r y  t o  prevent  i c e .  



GROWTH RUN SUMMARY 

NO. OF LENGTH M A X .  WIDTH 
RUN CRYSTALS (cm) (m) DESCRI PTION/RESULT 

RE212 Nonproductive o f  Web F i r s t  run with movable end s h i e l d .  Run purpose was p r imar i l y  
f o r  measurement o f  e f f e c t s  o f  var ious  s h i e l d  pos i t i ons .  

RE213 2 359 29.7 5-181 feed se t -up ,  low b a r r i e r  i n  c ruc ib l e ,  movable end s h i e l d .  
The end o f  t h e  feed  tube  was below t h e  l e v e l  o f  t h e  t o p  s h i e l d  
and was quick ly  blocked with oxide. This  prevented melt 
replenishment. 

R E 2  14 Nonprod~ct ive  o f  Web 

RE215 Nonproductive o f  Web 

RE219 Nonproductive o f  Web 

RE220 Nonproductive o f  Web 

5-181 feed s e t  up. The run purpose was t o  measure temperatures  
along t h e  s l o t  with var ious  end s h i e l d  p o s i t i o n s  us ing  I rcon .  

5-181 feed s e t  up. P e l l e t  feeding was done wi th  end s h i e l d  not  
i n  sh i e ld ing  pos i t i on .  A s  a r e s u l t ,  t h e  feed chamber f r o z e  and 
t h e  run was ended. 

5-181 feed arrangement. The run purpose was t o  make thermal 
measurements i n  melt and i n  suscep to r  a t  var ious  end s h i e l d  
pos i t  ions.  

3 5 . 6  5-181 l i d  and sh i e ld s , .  not a feed run.  

- 5-181 feed l i d  ai-rangement. Thermal measurements o f  t h e  melt 
were made with var ied  end s h i e l d  pos i t i ons .  

5-181 feed l i d  arrangement. 

5-181 feed l i d  arrangement. Thermal measurements were recorded 
a s  end s h i e l d  pos i t i on  and feed r a t e s  were var ied .  

20.5 5-181 feed arrangement, high b a r r i e r  i n  c r u c i b l e ,  movable end 
s h i e l d .  When argon was blown through t h e  feed tube,  i c e  occurred 
both with and without feeding.  When t h i s  flow was stopped t h e r e  
were no i c e  problems. 



GROWTH RUN SUMMARY 

R U N  

.-,::..; 

RE-222 

NO. OF LENmH MAX. WIDTH 
CRYSTALS (cm) (m) 

Nonproiucrive o f  Web 

Nonpro2uctive o f  Web 

5-181 feed l i d  and s h i e l d s ;  b a r r i e r s  between s h i e l d s ,  movable 
end s h i e l d ,  Abou.: 1  1/2 h r .  o€c=ss€ul  feed ing  was achieved 
be fo re  a  f a i l u r e  in  t he  s eede r  o tcured  

S e t  up l i k e  RE-222. The feed chambzr d i d  no t  wet,  r e s u l t i n g  i n  a  
poor  thermal  s i t u 3 t i o n  and prevent ing  succes s fu l  feed experiments .  

S e t  up l i k e  RE222. Again t h e  feed  chamber d id  n o t  wet .  

5-181 feed l i d  and s h i e l d s  wi th  i a s a r  ho ldes ;  movable end s h i e l d .  
Feeding.was done For 1  h ~ .  a t  a 2 pz l l e t /m in  r a t e ;  t h e  r a t e  was 
then  i nc rea sed ,  f r e e z i n g  t h e  feed chamber. 

Same se t -up  a s  i n  RE--725, s h i e l d  i n  a  lower p o s i t i o n .  Severa l  
hours  o f  feed ing  were achieved a s  s11ort c r y s t a l s  were grown. A 
source  o f  i c e  was seen t.3 be  oxi3e on t h e  web guides.  The web 
rubbe,d oxide o f f  :he guides,  dropping i t  i n t o  t h e  melt where it 
nuc lea ted  i c e .  E l i s  c o n r r i b u t e d  t o  t h e  absence of long c r y s t a l s .  

5-181 feed l i d  a n i  s h i e l d s  wi th  l a s s r  h o l e s ;  f i x e d  s o l i d  end 
s h i e l d ;  high b a r r i e r .  Fed a t  E pe l l e t s /min  f o r  ove r  4 1/2 hours  
with no feed r e l a t e d  prohlems. 5ev=ra l  c r y s t a l  s t a r t s  were made 
dur ing  t h i s  perio.3. 

Se t  up of  RE227. Fed a t  4 pe l l e t s /min  f o r  5 h r  20 min. 



CROWTI1 RUN SUMMARY 

f4AX. WIDTH TOTAL LENGTH 
RUN (mm) (cm) DESCRI PTION/RESULT 

WA- 22 3 . 5 0  

11A- 23  Not Produc t ive  o f  Web 

kVA- 24 Not Produc t ive  o f  Web 

WA25 Not Produc t ive  o f  Web 

WA26 Run Aborted 

WX27 3 .30  256 

L!A 2  t j  3.45 293 

W A F )  Not P r o l l ~ c t i v e  o f  Web 

Running a  30' beve led  l i d  wi th  5-181 t o p  s h i e l d s  t o  eet. 
th ickness - -ve loc i ty  p r o f i l e .  Had some d i f f i c u l t v  w i t h  
p o l y c r y s t a l l i n e  growth e a r l y  i n  t h e  run .  T h i s  run  i s  t o  
r e p e a t  WA- 17.  

Repeat ing WA-17 t o  g e t  t h i c k n e s s  v e l o c i t y  d a t a .  F i r s t  run  
u s i n g  t h e  new s o l i d  s t a t e  g e n e r a t o r .  Furnace was c l e a n  and 
f r e e  o f  o x i d e .  

Repeat ing WA-17 t o  s e t  a d d i t i o n a l  t h i c k n e s s  v e l o c i t y  d a t a .  
Run was s h u t  down e a r l y  when web f e l l  i n  mel t  and caused 
f r e e z e  o u t .  

Repeat ing W.4-17 t o  ye t  th ickness -ve loc i ty  d a t a .  Had problems 
wi th  p o l v c r y s t a l l i n e  growth t h r o u y h o ~ l t  t h e  r u n .  New o p e r a t o r  
was b e i n a  t r a i n e d  t o  run .  

Repeat ing WA-17 w i t h  f i r s t  s h i e l d  lowered 1/16" t o  c u t  down 
on view between l i d  and web. T h i s  r u n  had d i f f i c u l t y  wi th  
o x i d e  and i c i n p .  New o p e r a t o r  was b e i n g  t r a i n e d .  

Run was t e r m i n a t e d  d u r i n g  mel t  down when t h e  g e n e r a t o r  
mal func t ioned .  

Repeat ing WA-17 w i t h  f i r s t  s h i e l d  lowered 1/16!'. Oxide arip 
i c e  fo rmat ion  were a g a i n  a  problem b u t  some d a t a  was ~ b t a i n e d .  

Repeat iny IVA-25 and W.4-26 t o  g e t  a d d i t i o n a l  ~ h i c k n e s s - v e l o c i t y  
d a t a .  New o n e r a t o r  had some d i f f i c u l t v  erowiny b u t  d a t a  was 
o b t a i n e d .  

Repea t i  ny WA- 23 t o  o b t a i n  a d d i t i o n a l  t h i c k n e s s  v e l o c j  t y  d a ~ a  . 
Oxide and ic inw problems l i m i t e d  g r ~ w t h  h u t  some da:a was o b t a i n e d .  



GROWTH F:bN SUMMARY 

M A X .  WIiDTH TOTAL LENGTH 
RUN (mm) Ccm) 

- .-. -- --- -- --- _--=.-- - -  - = _ - - i . z _ - -  - 

WA-30 3.65 324 Using 5-181 conf igura t ion  t o  o b t a i n  th ickness  v e l o c i t y  d a t a  
f o r  comparison with YA-17 conf igu la t i on .  This run was c l ean  
and f r e e  o f  oxide.  

Problems were incur red  dur ing  meltdcwn and t h e  run was te rmina ted .  
Susceptor  was damaged by s i l i c o n  an:. had t o  be rep laced .  



GROWTH RUN SUMMARY 

MAX. WIDTH TCtTAL LENCTII 
RUN (mm) (cm) 

DESCRI PTION/RESIII,T 

NA-37 

WA- 38 

Not Product ive o f  Web 

260 l'he 1111rposc nt' t h i s  run was t o  o b t a i n  t h i cknes s -ve loc i t y  d a t a  
f o r  t h e  olwn c o n f i g ~ l r a t i o n ,  with a 30° beve l ,  shown i n  Figure 1 
This  run had d i f f i c u l t i e s  with p o l y ~ r o w t h  but some d a t a  was 
ob ta ined .  

265 310 

3 1'0 290 

N o t  Product ive o f  Web 

Not Product ive o f  Web 

Mot Product ive o f  Web 

Not Product ive o f  Web 

This  run was t o  repea t  KA-32 t o  o b t a i n  a d d i t i o n a l  T-V d a t a .  
S i l i c o n  dewet a  po r t i on  o f  t h e  c r u c i b l e  dur ing  t h i s  run ,  
r e s u l t i n g  i n  polygrowth throughout t h e  run .  Th i s  run w i l l  be  
repea ted .  

This  was a  r epea t  o f  WA-32. Growth dur ing  t h i s  run was r e l a t i v e l y  
qood and T-V d a t a  was ob t a inab l e .  These pre l iminary  r e s u l t s  
show t h a t  t h e  open con f igu ra t i ons  ha s  s i g n i f i c a n t  e f f e c t s  on 
improving t h i cknes s  a t  r e l a t i v e l y  h igh  growth speeds.  

Repeating WA-32 f o r  a d d i t i o n a l  T-V d a t a .  This  run was good and 
T-V da t a  was ob ta ined .  The r e s u l t s  c o r r e l a t e d  wi th  t hose  f o r  t h e  
previous run and pre l iminary  f i nd ings  were supported.  More work at  
h i g h e r  speed should be  performed wi th  t h i s  con f igu ra t i on .  

Th i s  run involved t h e  u se  o f  an over lapping  s h i e l d  on t h e  30' 
beveled l i d  a s  shown i n  Figure 2. I c ing  from t h e  r i g h t  s i d e  of t h e  
c r u c i b l e  was a  con t inua l  problem dur ing  t h i s  run and no T-V d a t a  
could be  ob ta ined .  

Repeat WA-36 t o  ob t a in  T-V d a t a  f o r  new l i d - s h i e l d  con f igu ra t i on .  
This  run had r e c u r r i n g  problems with oxide on t h e  s h i e l d s  and wi th  
poly growth. This  run w i l l  be repea ted .  

Repeating WA-36, t h i s  run aga in  had problems with ox ide  and poly 
growth throughout t h e  day. This  run w i l l  b e  repea ted .  No 
evidence of  c r u c i b l e  dewett ing was found and t h e  source  of po ly  
growth i s  not  c l e a r .  

Repeating WA-36, problems were aga in  a s soc i a t ed  wi th  oxide formation 
and with poly. growth i n  p a r t i c u l a r .  A ,J-181 con f igu ra t i on  w i l l  be 
run t o  h e l p  i s o l a t e  t h e  source  o f  po ly  growth. Malfunctions i n  t he  
temperature c o n t r o l  system may b e  c o n t r i b u t i n g  t o  t h l s  problem. 



GROWTH RUN SUMMARY 

MAX. WIDTH TOTAL LENGTH 
RUN (m) (cm) DESCRI PTION/RESULT 

- 
WA-40 Not Froduct i.ve o f  Web This  i s  a  b a s e l i n e  5-181 con f igu ra t ion  f o r  furnace shakedown 

t e s t s .  This  run was u n s u c c e s s f d  because o f  temperature 
i n s t a b i l i t y  i n  t h s  furnace.  The c o n t r o l l e r  appears  t o  be  
ma1 funct  ioning.  

WA-4 1 Not Product ive of  Web 

Not Froductive of Web 

Not Product ive ~f Keb 

Not Product ive sf Heb 

Not Product ive o f  Web 

This  i s  a  repea t  o f  t h e  5-181 b a s e l i n e  run.  Temperature 
c o n t r o l l e r  problems prevented long term growth. Some ma te r i a l  
was grown t h a t  was not  p o l y c r y s t 3 l l i n e ,  bu t  only i n  s h o r t  l engths .  
This  run was not  conclus ive  and d i l l  be  repea ted .  

Repeating t h e  5-131 b a s e l i n e  ccnbign-a t ion .  Reset ing and 
a d j u s t i n g  t h e  tem.?erature c o n t m l l e s  system d i d  not  c o r r e c t  t h e  
temperature s t a b i l i t y  problems. More checking of  t h e  c o n t r o l l e r  
must be performed. 

This  i s  another  r l p e a t  o f  t h e  5-181 b a s e l i n e  run.  The source  o f  
temperature i n s t a - 3 i l i t y  i s  still .  not  c l e a r .  Growth was s t i l l  
unsuccessful  beca-lse o f  t h i s  p r d l e m .  

This  o b j e c t i v e  o f  t h i s  run is  t o  t r y  and i s o l a t e  t h e  source o f  
temperature i n s t a j i l i t y  w i th in  &e c o n t r o l  network. Adjustments . 

were made t o  atternpt t o  improve s t a b i l i t y ,  bu t  were not  succes s fu l .  

This  run i s  t o  f u r t h e r  i s o l a t e  t,emperature con t ro l  problems wi th in  
t h e  con t ro l  s y s t m .  -4djustments t o  t h e  c o n t r o l l e r  have n o t  
co r r ec t ed  t h e  problem. The c o i l  i t s e l f  appeared t o  move dur ing  
t h i s  run and may be e f f e c t i n g  t anpe ra tu re  s t a b i l i t y .  



APPENDIX 9 .2  

AVERAGED SOLAR CELL DATA FOR NEB 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 f o r  c e l l s  f a b r i c a t e d  from t h e  c r y s t a l s  l i s t e d .  Each e n t r y  

i n  t h e  t a b l e  r e p r e s e n t s  t h e  average va lue  f o r  approximately fou r  c e l l s .  

Measurement cond i t i ons  were a  simulakion of an EuV1 i l l umina t ion  a t  a  
2 

power d e n s i t y  o f  91.6 mW/cm a s  determined by a s tandard ized  s o l a r  c e l l .  
L 

The c e l l s  were nominally 10x10 nun square ( ac tua l  a r e a  1.032 cm ) ,  and 

had an a c t i v e  a r e a  o f  about 92 .5%.  The c e l l  e f f i c i e n c y  with an a n t i -  

r e f l e c t i v e  coa t ing  r, i s  an es t imated  va lue  based on an average 
AR ' 

improvement f a c t o r  o f  1 .43,  t y p i c a l  of t h e  r e s u l t s  we ob ta in  i n  p r a c t i c e  

with a  Ti02-SiO coa t ing .  2  



SUMMARY OF DIAGNOSTIC SOLAR CELL DATA 

5-, R E - ,  and W -  CRYSTALS 

l s c  
Run mA 

v o ~  
Volt NOTES 

~180-1.3 \VQ4 S 18.2 .587 . 7 9 3  8 , 9  12.8 1 , l  - 2 5  B a t t e l l e  S i  

W185-1.4 WQ4 5 11 .5  .594 .791 5.7 8.2 1 .5  .02 HeavilyDoped 

W186-1.6 WQ3 5 "L.I .553 .7G7 3 .3  1 3 , 3  7 . 5  5 1 



Appendix 9 . 3  Updated Program Plan 



9.3.1 
MILESTONE CHART 

JPL CONTRACT 954654 

PHASE I11 

TASKShI LESTONES 

1.  Develop Melt Replenishment (MR) System 
With Liquid Level Sensor 

2.  Develop Advanced Thermal Trimming 'with 
MR to Grow Wide Low Stress Webs at 

3. Combine the Developments of 1 and 2. 
Demonstrate Repeatable 25 cm2/mjn 
Growth Output Rate 

4 .  Develop Closed Loop Controls for Semi- 
Automated (S.4) Web Growth 

5.  Operate the SA Web Growth and Evaluate 
Its Feasibility to Attain Throughput 

6 .  Prepare a Complete Design of a 
Totally Automated Experimental Web 
Growth Machine with all Functional 
Feature Assumed in Economic Analysis 

7. Perform Characterization of Selected 
Neb Samples and Demonstrate Solar 
Cells will1 Efficiency of 15% Ah11 

8. Provide a Minimum of 10 Solar Cells 
per month, with Data, Fabricated 
From Representative Web Ribbons 

9. Provide an AveraRe of 2 Meters per 
Month of Web simples of f.5c111 ur 
Greater Width 

10. Update Economic Analysis not 
Later Than 

11. Provide Personnel to Support 
Required Meetings 

12. Provide Documentation 



Curve 71 7097A 
80 

/ - Planned Hours 
Incurred Hours 

9 . 3 . 2  Program Labor Summary JPL 954654, Pha se 111 



9 . 3 . 3  Program Cost Summary J PL 954654. Phase I11 
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Appendix 9 .4  Engineering Drawings 



z_ - 

W 
NDEX 5 T I  TLE OF DRAWING I CHECKED I C ; ~ , ,  

FIREPROOF VAULT  

I I I I I - 
3 

2 
I I I I 1 

DRAWING LIST 

I E C K L L '  HI &NU l I A 1  1 

S I G N  S P E C .  

D 903145 
~ T I H C H O U S E  F O R M  6541 J . 

S U B .  L E T T E R  

S U B .  L E T I F R  P A G E  

I OF I 

S U H .  L E T T E R  

S U B -  L E T T E R  

S U A .  L L T T E R  

S U O .  L E T T E R  

S U B .  L E T T E R  

S U B .  L E T T E R  

- 

SUB'. L E l T E R  

S U B .  L E T T E R  



. - 
. -. . 

- - -.- 

I 
..... L 

\ \  . 
'. \ 

i 

1 
I . S l - l C O  P l u C  LEE' 
e..-OT, IW -=-.51 r .e . z  r.. ,.. r a.rs. mu-s , r . r , r  r u ; s  i L.W-?. c.w.a5 =.. *a- .z .:- :,-- .,:... .t-c-U LL,-k . . . - . z  Lc- :--\- .e,i : -.. ,.-:-. :A.lc ,,..,.? u. ,.,oa. 
I.I..%!.: 5 ' )  .-- c~I. .~E-:c csr. a- 2 . c  . . ,~_\LL_~ 9- 

u c w ,  w., ,-,a, 

................ - 3 - 5 C . W  . I 
.YcTIo..I A -A  

.'--I:, 













. - - - - + - . & I  REF. 

I I 

A-ELASTIC S T O P  UUT OIV. AMERACE ESNA CORF! 
2330 VAUXCIALL ROAD, LjNlON, N. J. G7C83 

8- SUPPLIED B Y  EMGINEER. 

REF. 

P 

-4 
Westinghouse Electric Corporation 

. . . . . . .  
..... 

i 

.............. ............... 
i 

.. 

' : 
-. 



\I...e. *.O .*..... r.. 
-0- LO... U.. ... 

. 'I....... -..a. 

- 1  -- - -- 
O I . O . ' P * . .  .,. 1 .,so,. *..a 
-q - ~ o r c r r r *  FL olr 0,. o u 7 . . . . . . . .  . . . . . . . . . .  

- ,*, 
.,6.01.. --. 

7.. , ... i., 
... ... - . z a  ,, ...- I.,. W .., , -<. 

- ....... , . - S.O.., .-. I, c- - 
8 ">LC. - .-,.. i 
7.. I-..'.. .... w O. P... -... - -- .. 1 

i . -- .OD. 

- w.. .Lr  mar -... ,..- .)I, a 7.. .:so. - ... 
u -  ..p . 4- A. .-#.I. ' ... .. / , " O t L I  .: .- ....- 

! - - -, 5. 0. . l.., 3.. Y . .- - a11 Ol- . I IUu-u  ( --.I.. 

..I L.O. DL *L \ 
I- . nss. 

- 
I".., --. ., i. - !€ / ! I  O .a. D.... -L, 
I 'OL,. 

DO 5.- >.... -r.. - l L  

. ........... 
/.. 

. 4.r. .a \... r e -  ?-- . '  ,n . 2 *rs ll. 

6 m 7% 
7. " 

I -- O ..*. 
..D . . .  - .  

r-. .. 

. . .  --4.-. 

I 
- ..... 

.5' . ., '-.o...,. - .1* OI 
1-31. - ,,- L I.. 

DO - -I. .I1 

-c- on.. --.' "\ '.- 

4 
C " 
0 

'? - 
5 
L 
? 
D .  - z 
i5 
2 

d4r. \U1" 3.. . " ._ 
- 0 - 0 5 & * . L  ., 3-- ; -.a 

. 
: 5.- . '.-. '..- &.& 

,..' - , 
*" 

,w.,z 7". me-- . . . \ L--....c.,.., 
.4. O Y U S O - .  ' 

m .  ...1 0.. .C 
-4-1.- , - P L - - D L I  

i - ' - . * . . a .  N 

- 
szcroor A.L. 

LC0 0. 7-4 0- 

/-- -'- 

, 
-..... OC I. UI. 

-7~ ,$+. ., - ... 
r,r*.,,\. \:.\.. . \ . . - \  ..\ 

'\ 

accT8oh  8-0  

I *. .  : , 

' . ,'I i :: I . , 
L 




