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ABSTRACT 

T h e  c u r r e n t  phase of t he  p r o j e c t  is d i r e c t e d  t o w a r d  a s s e m b l i n g  

a d e q u a t e  knowlt*dge to p e r m i t  the t echn ica l  and  e c o n o m i c  f e a s i b i l  t t y  

a s s e s s n i e n t  of z o m p e t i n g  p r o c e s s  approachrBs wh ich  are expec ted  t o  

o p t i m a l l y  f i t  i n t o  a n  e x t r e m e l y  low cost. l a r g e  volcme p r o c e s s  

s e q u e n c e  l e a d i n g  to high e f f i c i e n c y  s o l a r  a r r a y s  ( F i g .  1) .  

e n d e a v o r ,  o n e  of t h e  a p p r o a c h e s  i n v e s t i g a t e d  i n  t h e  s i l 'con r educ t ion  

and  p u r i f i c a t i o n  area, n a m e l y  t h e  upgraded  arc  - f u r n a c e  p r o c e s s ,  h a s  

bo th  a m u c h  l a r g e r  backgro i ind  of a v a i l a b l e  i n f o r m a t i o n  and  a p p e a r s  

t e c h n i c a l l y  and  e c o n o m i c a l l y  e x c e e d i n g l y  a t t r a c t i v e ,  so t ha t  i t  h a s  

now r e a c h e d  t h e  z t a g e  of t r a n s i t i o n  f r o m  p r e l i m i n a r y  f e a s i b i l i t y  

s t u d i e s  to advanced  e x p e r i m e n t a t i o n .  w i th  s ign i f i can t ly  l a r g e r  re- 

q u i r e m e n t s  for e q u i p m e n t  and  funding.  

In  t h i s  

T h e  e m p h a s i s  h a s  con t inued  on  :he 2 areas of Si r e d u c t i o n  and  

p u r i f i c a t i o n  and  of s h e e t  g e n e r a t i o n .  However ,  t h e  w o r k  h a s  r e c e n t l y  

b e e n  c o n c e n t r a t e d  o n  gainii ig i n f o r m a t i o n  a b o u t  o n e  r e d u c t i o n  p r o c e s s  

c o m b i n e d  w i t h  pu r i f i ca t ion  ( h i g h e r  p u r i t y  a r c  f u r n a c e  wi th  g a s  blow- 

. i ng  and  g r a d i e n t  f r e e z i n g :  Dow-Corn ing)  3 . 2  t r a n s p o r t  p r o c e s s  wi th  

. p u r i f i c a t i o n  and  p o l y c r y s t a l  s h e e t  g r o w t h  poten t ia l  (SiF ), on  p l a s t i c  

d e f o r m a t i o n  f o r  s h e e t  g e n e r a t i o n ,  and  on f l o a t  z o n e  s h e e t  r e c r y s t a l -  

l i z a t i o n .  

2 

T h e  p r e v i o u s l y  unexp lo red  Si t r a n s p o r t  p r o p e r t i e s  oi the  SiF2 

r e a c t i o n  a t  a t m o s p h e r i c  p r e s s u r e  have  b e e n  f , i r t h e r  i n v e s t i g a t e d .  

h a s  b e e n  f i r m l y  e s t a b l i s h e d  tha t  t h e  SiFZ g a s  c a n  b e  moved wi thout  

It 
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d e c o m p o s i t i o n  a t  c o n s t a n t  t e m p e r a t u r e  both a b o v e  1000" C (see clear 

z o n e  in  d e p o s i t i o n  tube shown i n  F i g .  4) and below lOO"C, with Si 

d e p o s t i o n  o c c u r i n g  a t  t h e  i n t e r m e d i a t e  t e m p e r a t u r e s .  S i n c e  t h e  r a t e  

l i m i t i n g  s t e p  h a s  b e e n  found t o  b e  t h e  SiF f o r m a t i o n  r e a c t i o n ,  which 

is c u r r e n t l y  c a r r i e d  out  at 1 1  50" C, e x t r a p o l a t i o n  through t h e r m o -  

d y n a m i c  c o n s i d e r a t i o n s  i n d i c a t e s  t h e  poss ib i l i ty  of obtaining i n c r e a s e d  

t r a n s p o r t  rates ( u p  to 0 . 7 5  g Si p e r  

s y s t e m )  b y  r a i s i n g  t h e  r e a c t i o n  t e m p e r a t u r e  a b o v e  t h e  Si m e l t i n g  

point. C o n s i d e r a b l e  e f f o r t  w a s  s p e n t  i n  purifying t h e  S i F  

w a s  found t o  c o n t a i n  0 and o t h e r  i m p u r i t y  g a s e s ,  as p u r c h a s e d .  T h i s  

pur i f ica t ion  e l i m i n a t e d  the  f o r m a t i o n  of f l u o r o s i l i c a t e  byproduc  t s  

which  have  b e e n  d e p o s i t i n g  i n  t h e  piping s y s t e m ,  but  did not  o t h e r w i s e  

s ign i f icant ly  affect t h e  t r a n s p o r t  r e a c t i o n .  

2 

of g a s  (STP) moved t h r o u g h  t h e  

g a s  which 4 

2 

C o n s i d e r a b l e  p r o g r e s s  w a s  m a d e  i n  t h e  e x p l o r a t i o n  of the  high 

t e m p e r a t u r e  m e c h a n i c a l  p r o p e r t i e s  of p o l y c r y s t a l l i n e  Si, with the  

o b j e c t i v e  of a s s e s s i n g  t h e  f e a s i b i l i t y  of p l a s t i c  d e f o r m a t i o n ,  s u c h  as 

ro l l ing .  D a t a  are be ing  a c c u m u l a t e d  t o  g e n e r a t e  ! ' forming l i m i t  d i a -  

g r a m s "  w i t h  t e m p e r a t u r e  and s t r a i n  r a t e  as p a r a m e t e r s .  

g r a m s  ha\-e b e e n  r e c e n t l y  i n t r o d u c e d  as d e s i g n  tools i n  m e t a l  f o r m i n g  

( F i g .  6). 
c y l i n d e r s  a t  t e m p e r a t u r e s  from 1250 t o  1 3 5 0 ° C  have  shown t h a t  t h e  

method of f o r m i n g  l i m i t  d i a g r a m s  is a l s o  a p p l i c a b l e  to s i l i c o n .  

f o r m a t i o n s  by u p  t o  700b at s t r a i n  r a t e s  up  t o  l % / ~  have  ind ica ted  tha t  

p l a s t i c  d e f o r m a t i o n  of Si m a y  b e  a s u i t a b l e  f o r m i n g  method ( F i g .  ';). 

Earlier p r o b l e m s  with the  a n i s o t r o p i c  c r y s t a l  s t r u c t u r e s  i n  the  

"polyrods" r e s u l t i n g  from the  SiHC13 pur i f ica t ion  p r o c e s s  ( F i g .  8) 
have  b e e n  overcome by r a i s i n g  t e m p e r a t u r e  and s t r a i n .  Also.  c r y -  

s t a l l i z a t i o n  h a s  b e e n  o b s e r v s d  t o  tahe  p lace ,  including g r a i n  growih  

by a n  o r d e r  of m a g n i t u d e  ( F i g u r e s  9 and 10). 

Such d i a -  

T h e  e x p e r i m e n t s  c a r r i e d  out  by a x i a l  c o m p r e s s i o n  of Si 

D e -  

T h e  f l o a t  z o n e  r e c r y s t a l l i z a t i o n  e q u i p m e n t  t o  b e  u s e d  f o r  the  

e x p l o r a t i o n  of the  convc-rsion of p o l y c r y s t a l l i n e  s h e e t  t o  s i n g l e  crystal  

s h e e t  by, heat ing wi th  a p l a n a r  e l e c t r o n  b e a m  i s  now c o m p l e t e d ,  with 

e x p e r i m e n t a t i o n  scheduled  to  begin ( F i g .  12).  
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T h e  inves t iga t ion  of so lu t ion  growth  p r o c e s s e s  h a s  b e e n  

ten ta t ive ly  t e r m i n a t e d  wi th  t h e  finding that  t h e  known s o l v e n t s  for 

p r o p e r t i e s  which  do not  a p p e a r  t o  be conducive  t o  f a s t  g r o w t h  r a t e s  

of s h e e t s  of high s e m i c o n d u c t o r  qua l i ty  ( F i g .  14) .  

In  p r e p a r a t i o n  for t h e  u l t i m a t e  e c o n o m i c  a n a l y s i s  of c o m p e t i n g  

processes, a thorough e c o n o m i c  evaluat ion.  with evolu t ion  f o r e c a s t .  

of t h e  C z o c h r a l s k i  p r o c e s s  as a b a s e l i n e  h a s  b e e n  c a r r i e d  out,  with 

t h e  r e s u l t  t h a t  t h e  p r i m a r y  l i m i t i n g  i t e m  is the  c r u c i b l e  cost d u e  to 

t h e  c u r r e n t  o n e  t i m e  use. R e - u s e  potent ia l  m a y  l e a d  t o  a n  u l t i m a t e  
2 s i n g l e  c r y s t a l  cost n e a r  $13. - / m  

i n g  costs, i n  l i e u  of a p p r o x i m a t e l y  $25. - / m  

c r u c i b l e .  T h i s  a s s u m e s  t h e  ava i lab i l i ty  of $4. - / k g  p o l y c r y s t a l  Si 

( F i g .  15). 

without  cu t t ing  or d e v i c e  p r o c e s s -  

wi th  o n e  t i m e  u s e  of t h e  2 
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ATTRiDUTE 

CRYSTAL DIAMETER, 
INCHES 

W -4 FER THICKNESS, 
MM 

K E R F ,  MM 

QUARTZ CRUCIBLE 
COST, $/KG 

REPLACEMENT 
PARTS, $/KG 

CAPITAL COSTS, 
$/KG 

ALL OTHER DIXECT 
COSTS, $/KG 

SILICON A T  $4/KG 

COST O F  CYL. SILI- 
CON, AFTGR 20% 
G&A 

WAFER COST, 
.$/M2 

CUiIRENT 
DATA 

3 

0.4 

0.28 

19.19 

11.96 

9.81 

6.68 

5.50 

62.79 

113.65 
- 

PROJECTED DATA 

4 

0.24 

0. 16 

12.00 

5.60 

4.68 

3. 78 

9.50 

36.77 

42.44 
- 

-- 
6 

0.20 

0. 12 

12.00 

3.60 

3.00 

1. 96 

5.50 

30.17 

25.64 

8 

0.20 

0.12 

12.00 

3.45 

2.87 

1.43 

5.50 

29.20 

24.82 

FIGURE 15. CZOCHRALSKI GROWTH COST SUMMARY 
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1 8 1 t l  PRELIMINARY EVALUATION COMPLETED: 

COMMERCIAL MG-SI PROCESS SELECTED FOR UPGRADING 

'S1F2 POTENTIALLY USEFUL WITH &-SI UPGRADING 
FOR TRANSPORT/PUR J F ICATI ON 

~ A L  REDUCTION OF SI% AND SIO REACTIONS 
POTENTIALLY FEASIBLE ROUTES 

1 D 2 D 1  SIF~ TRANSPORTABLE AT ATMOSPHERIC PRESSURE 
W/O DECOMPOSITION ABOVE llooOc AND BELOW 
loOOC. 

1.2.2 SILICON IRANSPORT RATE DETERMINED BY S1F2 

12.4 E - ~ s  UPGRADED 

FORMATION REACTION. 

USING GAS BLOWING 

e USING UNIDIRECTIONAL S O L I D I F I C A T I O N  

10D7% (AIIO) EFFICIENT CELL PRODUCED 

2.1,: EQUIPMENT FOR WOLTEN ZONE RECRYSTALLIZATiON 
COMPLETED m 

2.2.1 MATERIALS FOR BINARY MELT SOLUTION GROWTH TABULATED 
AN0 GROUPE30 

2.2.2 SILICCN PLASTICALLY DEFORMED 2 125OoC UP TO 70% 

2.3.1 STRAIN-ANNEALING OBSERVED, GRAIN GROWTH BY 

AT DEFORMATION RATES 5 1%. 

FACTOR - 10 TO h DIA. 

192 



ED ACTIVITY - NFXT 6 MONTHS 

1. S I F ~  TRANSPORT PROCESS: 

A) COMPLETE PRELIMINARY INVESTIGATION OF TRANSPORT 
PARAMETERS, 

I N I T I A T E  STUDY OF REACTION KINETICS.  

B) EVALUATE IMPURITY SEPARATION C A P A B I L I T I E S ,  

2, EXPERIMENTAL STUDY OF FLOATING MOLTEN ZONE PROCESS 
I N  T H I N  SI SHEETS, 

3, CONTINUE CHARACTERIZATION OF HIGH TEMPERATURE MECHANICAL 

COMPLETE AT LEAST ONE FORMING LIMIT DIAGRAM, 

PROPERT L ES OF S 1 L I  CON 

4, EXTEND PROCESS EVALUATION METHOD AND ECONOMIC ANALYSIS, 
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