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Abst rac t  

An advanced carbothermic r educ t ion  ( A C R )  p rocess  was developed t o  produce 
solar-grade (SG) s i l i c o n  from high-puri ty  s i l i c a  and carbon. P repa ra t i on  o f  
s t a r t i n g  m a t e r i a l s  and o p e r a t i o n  of t h e  arc-furnace t o  produce h igh-pur i ty  
s i l i c o n  is descr ibed .  So la r  cells  prepared from s i n g l e  c r y s t a l  SG-Si had e f f i -  
c i e n c i e s  of up t o  12.3%, p r a c t i c a l l y  i d e n t i c a l  t o  c e l l s  made from e l e c t r o n i c -  
g rade  (EG)  s i l i c o n .  The ACR process  is now i n  t h e  p i l o t  s t a g e  f o r  f u r t h e r  eva- 
l u a t  ion.  

1 .  I n t roduc t ion  

Commercial s o l a r  c e l l s  p r e s e n t l y  a v a i l a b l e  a r e  manufactured e x c l u s i v e l y  from 
high-puri ty  EG-silicon. For l a r g e  s c a l e  a p p l i c a t i o n  of  photovol ta ic  devices  
t h i s  expensive m a t e r i a l  must be rep laced  by inexpensive SG-silicon. Numerous 
p roces se s  a r e  p r e s e n t l y  under i n v e s t i g a t i o n  and some have a l r e a d y  reached t h e  
p i l o t - s t a g e  / I / .  
Metal lurgical-grade (MG) - s i l i c o n  is commercially a v a i l a b l e  f o r  -1 $/kg but its 
impur i ty  l e v e l  is much t o o  h igh  t o  render  i t  s u i t a b l e  f o r  s o l a r  c e l l  app l i -  
c a t i ons .  MG-Si is produced by carbothermic r educ t ion  (CR) of  q u a r t z i t e  i n  l a r g e  
arc-furnaces ,  a p rocess  e x t e n s i v e l y  employed world-wide. 
The r ea sons  f o r  t h e  CR t o  succeed a s  t h e  most economical Si-process are a s  
fo l lows  : 

Abundance of  inexpensive s t a r t i n g  m a t e r i a l s  ( q u a r t z i t e ,  coke, cha rcoa l )  
Low energy consumption (-11 KWh/kg S i )  and h igh  S i -y i e ld  (-85%) 
High throughput (-1 000 kg/h) 
Inexpensive process  technology 
No t o x i c  by-products a r e  produced 

These favourable  a t t r i b u t e s  of  t h e  CR-process were t h e  b a s i s  o f  our d e c i s i o n  t o  
embark on t h i s  method f o r  t h e  product ion of SG-silicon. 

However, t o  o b t a i n  high-puri ty  s i l i c o n  s u i t a b l e  f o r  s o l a r  c e l l  product ion t h e  
commonly employed CR-process must be modified cons iderab ly .  Fig.  1 shows t h a t  
t h e  h igh  impuri ty  concen t r a t i on  i n  MG-Si is t h e  r e s u l t  of impure s t a r t i n g  
m a t e r i a l s  (mainly carbon)  and process  technology such a s  fu rnace  l i n i n g ,  e l ec -  
t r o d e s ,  poking and tapping  equipment. 



c .  : 200 - 900 ppme 
TI, Mn : 258 - 450 pprna 
Alkall, adlg : "1 - 56 ppma 
V, Cr, ,HI, Gu : 10 ..- 30 pprna 
BS P : 20 - 30 ppma 

F i g .  1 Origin of' impurities in rnstallurglcal(MG)-siliccn 

To e l i m i n a t e  t h e s e  i m p u r i t i e s  we developed a n  advanced ca rbo the rmic  r e d u c t i o n  
(ACR) p r o c e s s ,  u s i n g  h i g h - p u r i t y  s t a r t i n g  m a t e r i a l s  t h a t  a r e  r e a c t e d  under 
h i g h - p u r i t y  c o n d i t i o n s  i n  an  a r c - f u r n a c e  / 2 / .  A s i m i l a r  approach was f i r s t  
adop ted  by L.P.Hunt a t  Dow Corning /3/ and l a t e r  i n  a  j o i n t  Exxon/Elkem r e s e -  
a r c h  p r o j e c t  /4/. I n  t h e  l a t t e r  p r o c e s s  s i l i c o n  produced h a s  t o  be f u r t h e r  
p u r i f i e d  by a c i d - l e a c h i n g ,  a  method n o t  employed i n  our  ACR.  
By combining economy o f  p r o d u c t i o n  w i t h  h i g h - p u r i t y  c o n d i t i o n s  t h e  ACR-process 
h a s  a  l a r g e  p o t e n t i a l  f o r  meet ing c o s t  and p u r i t y  r e q u i r e m e n t s  f o r  SG-s i l i con  
p roduc t  i o n .  

2.  P r e p a r a t i o n  of  h i g h - p u r i t y  s t a r t i n g  m a t e r i a l s  

For t h e  ACR h i g h - p u r i t y  s i l i c o n d i o x i d e  and h i g h - p u r i t y  ca rbon  a r e  employed. 
To meet t h e  c o s t  g o a l  t h e s e  m a t e r i a l s  s h o u l d  be i n e x p e n s i v e  and a b u n d e n t l y  
a v a i l a b l e .  I n  a d d i t i o n ,  s i n c e  i m p u r i t i e s  p r e s e n t  i n  t h e  s t a r t i n g  m a t e r i a l s  w i l l  
be i n c o r p o r a t e d  i n t o  t h e  s i l i c o n  produced,  i t  is ex t remely  impor tan t  t o  a v o i d  
t h o s e  i m p u r i t i e s  d i f f i c u l t  t o  remove from s i l i c o n  by t h e  subsequent  c r y s t a l l i -  
z a t i o n  p r o c e s s  f o r  s h e e t  p r o d u c t i o n  / I  /. I n  p a r t i c u l a r ,  t h e  c o n c e n t r a t  i o n  o f  
i m p u r i t i e s  such  a s  boron and phosphorous w i t h  a  l a r g e  d i s t r i b u t i o n  c o e f f i c i e n t  
of  0.8 and 0 .2  r e s p .  shou ld  be below 0 . 2  ppmw. 

a )  High-pur i ty  s i l i c a  
The r e q u i r e m e n t s  mentioned above l e a v e  o n l y  a  s m a l l  number of  s i l i c a  s o u r c e s  t o  
be c o n s i d e r e d  f o r  t h e  ACR.  
High-pur i ty  q u a r t z  mined from v a r i o u s  d e p o s i t s  l o c a t e d  i n  B r a z i l ,  t h e  USA o r  
Canada is t o o  expens ive  and because  i t  is  a  n a t u r a l  p r o d u c t ,  i t  is l i k e l y  t o  
vary  i n  p u r i t y .  



S y n t h e t i c  s i l i c a  produced i n  l a r g e  q u a n t i t i e s  by f lame h y d r o l y s i s  from s i l i c o n  
t e t r a c h l o r i d e  c o n t a i n s  s e v e r a l  ppm of  B and P and is t o o  e x p e n s i v e  a s  w e l l .  An 
i n e x p e n s i v e  m a t e r i a l  is  t h e  s i l i c a  produced from w a t e r g l a s s ,  However, because  
of i t s  h i g h  i m p u r i t y  c o n t e n t  i t  c a n  n o t  be employed f o r  t h e  A C R ,  
S i n c e  n e i t h e r  n a t u r a l  q u a r t z  nor  s y n t h e t i c  s i l i c a  meet o u r  s p e c i f i c a t i o n s  we 
deve loped  a  p r o c e s s  i n  which i n e x p e n s i v e  q u a r t z  sand  is p u r i f i e d  u s i n g  a  
combined g l a s s  m e l t i n g / f i b e r  l e a c h i n g  (FL)-process  /5 / .  
The q u a r t z  sand we u s e  is mined from d e p o s i t s  i n  Germany and c o n t a i n s  a  h i g h  
c o n c e n t r a t i o n  o f  i m p u r i t i e s  such  as A l ,  Fe ,  T i  e t c .  To remove t h e s e  i m p u r i t i e s  
i n c o r p o r a t e d  i n  t h e  b u l k  m a t e r i a l ,  t h e  sand  is f u s e d  w i t h  g l a s s  forming o x i d e s  
such  a s  sodium o x i d e  and ca lc ium o x i d e  t o  form a  mult icomponent g l a s s .  The 
g l a s s  m e l t  is c o n v e r t e d  i n t o  f i b e r s  o r  g r a n u l e s  t o  o b t a i n  a  p roduc t  w i t h  a  
l a r g e  s u r f a c e  a r e a .  Treatment  w i t h  h o t  HCL l e a c h e s  o u t  a l l  m e t a l  o x i d e s  and 
i m p u r i t i e s  and h i g h - p u r i t y  s i l i c a  is o b t a i n e d  as a  r e s u l t  (Tab.1) .  B a s i c a l l y ,  
t h e  g l a s s  forming o x i d e s  merely  s e r v e  as a n  a c i d - s o l u b l e  s o l v e n t  f o r  t h e  i m -  
p u r i t i e s  p r e s e n t  i n  t h e  q u a r t z  sand.  

I m p u r i t y  c o n t e n t  of FL-Si02 
Tab. 1 

b )  High-pur i ty  ca rbon  
The ca rbon  m a t e r i a l s  commonly used f o r  producing MG-Si such  a s  c o a l ,  coke and 
c h a r c o a l ,  have a v e r y  h i g h  i m p u r i t y  c o n t e n t  and can  n o t  be employed i n  t h e  ACR.  
High-pur i ty  m a t e r i a l s  such  a s  g r a p h i t e  can n o t  be used e i t h e r  s i n c e  t h e i r  
r e a c t i v i t y  i s  t o o  low t o  o b t a i n  s i l i c o n  w i t h  h i g h  y i e l d .  
Carbon o f  s u f f i c i e n t  r e a c t i v i t y  is commercia l ly  a v a i l a b l e  i n  t h e  form o f  v a r i -  
ous carbon b l a c k s .  These m a t e r i a l s  a r e  produced on a n  i n d u s t r i a l  s c a l e  by 
the rmal  decomposi t ion of  C-H-compounds. A commonly a p p l i e d  method u s e s  c r u d e  



o i l  a s  a  s t a r t i n g  m a t e r i a l  which is burned i n  a n  oxygen l e a n  f l a m e ;  t h e  h o t  g a s  
m i x t u r e  c o n t a i n i n g  t h e  ca rbon  b l a c k  p a r t i c l e s  is s u b s e q u e n t l y  quenched by wa te r  
s p r a y i n g  , 
The m a t e r i a l  produced u s u a l l y  h a s  a n  i m p u r i t y  c o n t e n t  of  s e v e r a l  hundred ppm, 
t o o  h i g h  t o  be used d i r e c t l y  f o r  t h e  A C R .  
Carbon b l a c k s  much h i g h e r  i n  p u r i t y  can be o b t a i n e d  by decomposing a c e t y l e n e  o r  
n a t u r a l  g a s ,  bu t  t h e  h i g h  p r i c e  r e n d e r s  t h i s  p roduc t  u n s u i t a b l e  f o r  o u r  pro- 
c e s s .  

To o b t a i n  h i g h - p u r i t y  carbon from i n e x p e n s i v e  carbon b l a c k  we t r e a t  commer- 
c i a l l y  a v a i l a b l e  p r o d u c t s  w i t h  ho t  HC1-solution t o  l e a c h  o u t  harmful  impuri -  
t i e s .  The p u r i t y  o f  t h e  m a t e r i a l  produced is comparable t o  t h e  h i g h - p u r i t y  
s i l i c a .  

3. G r a n u l a t i o n  o f  s i l i c a  and carbon 

I n  an  MG-Si producing f u r n a c e  s t a r t i n g  m a t e r i a l s  a r e  commonly employed a s  
chunks up t o  10 cm i n  s i z e .  I n  our  p r o c e s s ,  t h e  s i l i c a  and ca rbon  p r e p a r e d  a r e  
f i n e l y  powdered m a t e r i a l s  and must t h e r e f o r e  be g r a n u l a t e d  b e f o r e  be ing  used i n  
t h e  a r c - f u r n a c e .  T h i s  may be a c h i e v e d  by b r i k e t t i n g  o r  by p e l l e t i z i n g  w i t h  t h e  
a i d  of  s p e c i a l  b i n d e r s .  Regard less  o f  t h e  method employed, no i m p u r i t i e s  s h o u l d  
be i n t r o d u c e d  by t h i s  p r o c e s s  and g r a n u l e s  produced must e x h i b i t  t h e  f o l l o w i n g  
p r o p e r t i e s :  
* High mechanical  i n t e g r i t y  up t o  t e m p e r a t u r e s  o f  -700°C 

t o  p r e v e n t  p remature  d i s i n t e g r a t i o n  and  l o s s  o f  m a t e r i a l  
* High r e a c t i v i t y  t o  i n s u r e  h i g h  s i l i c o n  y i e l d  

Optimal g r a i n  s i z e  f o r  smooth f u r n a c e  o p e r a t i o n  - S u f f i c i e n t  e l e c t r i c a l  c o n d u c t i v i t y  t o  o b t a i n  p roper  t e m p e r a t u r e  
d i s t r i b u t i o n  i n  t h e  r e g i o n  o f  t h e  e l e c t r o d e s .  

The g r a n u l e s  may e i t h e r  c o n t a i n  o n l y  one component o r  may be composed o f  a  
Si02/C-mixture.  Recen t ly  ~ i ~ ~ / ~ - b r i k e t t s  were s u c c e s s f u l l y  employed i n  l a r g e  
i n d u s t r i a l  f u r n a c e s  r e s u l t i n g  i n  lower energy  consumption and h i g h e r  S i - y i e l d  
when compared t o  t h e  c o n v e n t i o n a l  cha rge .  I n  our  exper iments  both  p e l l e t s  and 
b r i k e t t s  were s u c c e s s f u l l y  t e s t e d ;  a s  a  b i n d e r  a  phenol  r e s i n  was used .  

4 .  Carbothermic  r e d u c t i o n  of  s i l i c a  

The p r o d u c t i o n  o f  s i l i c o n  i n  a n  a r c - f u r n a c e  may be d e s c r i b e d  by t h e  o v e r a l l  
r e a c t  ion 

The s i m p l i c i t y  o f  t h i s  r e a c t i o n  is d e c e p t i v e ,  however, f o r  t h e  v a r i o u s  r e a c -  
t i o n s  a c t u a l l y  t a k i n g  p l a c e  i n  a n  a rc - fu rnace  a r e  much more complex. I n  t h e  
h i g h  t e m p e r a t u r e  zone i n  t h e  r e g i o n  o f  t h e  a r c  a l a r g e  number o f  r e a c t i o n s  a r e  
thermodynamically f e a s i b l e  between t h e  p r i n c i p l e  s p e c i e s  S i 0 2 ,  SiO, S i ,  S i c ,  C 
and CO / 6 / .  Although a q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e s e  r e a c t i o n s  is no t  
p o s s i b l e  a t  p r e s e n t ,  a  compara t ive ly  s i m p l e  model can be used t o  d e s c r i b e  t h e  
p r o c e s s e s  o c c u r i n g  i n  t h e  f u r n a c e  ( F i g . 2 ) .  
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I n  t h e  r e g i o n  of  t h e  a r c  a t  a  t e m p e r a t u r e  of more t h a n  2000°C S i 0 2  and S i c  
r e a c t  t o  form v o l a t i l e  p r o d u c t s  (SiO,  C O )  and l i q u i d  s i l i c o n .  T h i s  r e a c t i o n  
l e a d s  t o  t h e  f o r m a t i o n  of  a  c a v i t y  ( 1 )  f i l l e d  w i t h  SiO- and CO-gas. R i s i n g  
SiO-gas r e a c t s  w i t h  carbon t o  form S i c  which,  t o g e t h e r  wi th  t h e  S i 0 2  t r a v e l s  
i n t o  t h e  h o t  zone ,  r e p l a c i n g  t h e  m a t e r i a l  t h a t  h a s  a l r e a d y  been r e a c t e d  t o  
l i q u i d  s i l i c o n .  F i g .  2  shows t h a t  t h i s  r e a c t i o n  o c c u r s  p r i m a r i l y  a t  t h e  c a v i t y  
w a l l ,  w i t h  l i q u i d  s i l i c o n  accumula t ing  a t  t h e  bottom o f  t h e  f u r n a c e .  The CO-gas 
formed as a  by-product r i s e s  th rough  t h e  r e a c t i o n  m i x t u r e  and r e a c t s  w i t h  a t -  
mospher ic  oxygen t o  C02 a t  t h e  s u r f a c e .  

To t e s t  our  high-pur i t y  s t a r t i n g  m a t e r i a l s  and t o  de te rmine  c o n d i t i o n s  neces-  
s a r y  f o r  SG-Si p r o d u c t i o n  a  70 kW s i n g l e - e l e c t r o d e  r e d u c t i o n  f u r n a c e  was s e t  up 
( F i g . 3 ) .  
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Fig. 3 Schematic of the 70  KW-Reduction furnace 
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A l l  p a r t s  t h a t  come i n t o  c o n t a c t  w i t h  t h e  s t a r t i n g  m a t e r i a l s  and t h e  s i l i c o n  
produced a r e  made o f  high-pur it y  g r a p h i t e  , i n c l u d i n g  t h e  e l e c t r o d e  which supp- 
l i e s  abou t  10% o f  t h e  ca rbon  n e c e s s a r y  f o r  t h e  r e d u c t i o n .  To moni tor  t h e  tem- 
p e r a t u r e  n e a r  t h e  r e a c t i o n  zone,  a  h o l e  was d r i l l e d  th rough  t h e  lower  e l e c t r o d e  
and t h e  t e m p e r a t u r e  measured a t  t h e  bottom of  t h e  g r a p h i t e  c r u c i b l e  u s i n g  a  
pyrometer .  
Car ry ing  o u t  r e d u c t i o n  exper iments  w i t h  v a r i o u s  Si02-sources  and ac id - l eached  
ca rbon  b l a c k  p e l l e t s ,  s i l i c o n  o f  p-type was o b t a i n e d  i n  e v e r y  c a s e  (Tab .2 ) .  The 
p r o d u c t i o n  r a t e  was -2kg/h,  and t h e  s i l i c o n  was t apped  c o n t i n o u s l y  o r  e v e r y  1 
t o  2  hours .  

I 
I 

Quartz I Selected I Synthetic 

I 

Tab. 2 Impurity content of SiO -sources and acid-leached carbon 
2 

To de te rmine  t h e  l i m i t  o f  t h e  ca rbo the rmic  r e d u c t i o n  p r o c e s s  w i t h  r e s p e c t  t o  
t h e  p u r i t y  o f  t h e  s i l i c o n  produced a n  exper iment  was c a r r i e d  o u t  u s i n g  syn the -  
t i c  S i 0 2  of t h e  h i g h e s t  p u r i t y  commercial ly a v a i l a b l e  (Tab.2 Nr .3)  and 1 ached 
ca rbon  p e l l e t s .  High-pur i ty  s i l i c o n  wi th  a 8 - c o n c e n t r a t i o n  below 101ga/cm3 
(SIMS-measurement) was produced,  t h e  h i g h e s t  p u r i t y  e v e r  o b t a i n e d  i n  t h i s  pro- 
c e s s  / 7 / .  T h i s  shows t h a t  under s u i t a b l e  c o n d i t i o n s  t h e  ACR p r o c e s s  can be 
c a r r i e d  o u t  under h i g h - p u r i t y  c o n d i t i o n s  s o  t h a t  p u r i t y  o f  s t a r t i n g  m a t e r i a l s  
can be main ta ined .  



On accoun t  of t h e  promis ing r e s u l t s  o b t a i n e d  i n  t h e  p r e p a r a t i o n  o f  s t a r t i n g  
m a t e r i a l s  and s m a l l  s c a l e  r e d u c t i o n ,  a 550 kVA f u r n a c e  was b u i l t  for p i l o t  
p r o d u c t i o n  o f  SG-Si. T h i s  3 - e l e c t r o d e  f u r n a c e  h a s  a n  i n s i d e  d iamete r  o f  1,2m 
and a c a p a c i t y  f o r  f i l l i n g  i t  wi th  1 . 2 t  o f  s i l i c a  and ca rbon  / 2 / ,  The e l e c t r o d e  
arrangement  and t h e  e l e c t r o n i c s  f o r  f u r n a c e  o p e r a t i o n  a r e  s i m i l a r  t o  t h o s e  
commonly used i n  l a r g e  i n d u s t r i a l  f u r n a c e s ,  A l l  p a r t s  of  t h e  f u r n a c e  t h a t  come 
i n t o  c o n t a c t  w i t h  raw m a t e r i a l s  o r  l i q u i d  s i l i c o n  a r e  made from h i g h - p u r i t y  
g r a p h i t e  t o  p r e v e n t  con tamina t ion  o f  t h e  s i l i c o n  produced.  Using s p e c i a l l y  
s e l e c t e d  s i l i c a  and carbon b l a c k  b r i k e t t s  s i l i c o n  was produced a t  a r a t e  o f  
-15kg/h. T h i s  f u r n a c e  w i l l  be used t o  e s t i m a t e  t h e  o v e r a l l  c o s t  o f  o u r  SG-Si 
p r o c e s s .  

5. P r o c e s s i n g  o f  s i l i c o n  

A t  1750°C, t h e  t e m p e r a t u r e  l i q u i d  s i l i c o n  l e a v e s  t h e  f u r n a c e ,  abou t  500ppmw 
of  ca rbon  may be d i s s o l v e d  i n  t h e  s i l i c o n  m e l t  /8 / .  I n  a d d i t i o n  s o l i d  SiC- 
p a r t i c l e s  may a l s o  be p r e s e n t .  Upon s o l i d i f i c a t i o n  ca rbon  w i l l  p r e c i p i t a t e  and 
numerous S i c - p a r t i c l e s  may be  d e t e c t e d .  When u s i n g  t h i s  m a t e r i a l  a s  f e e d s t o c k  
f o r  Czochralski -growth,  a t  t e m p e r a t u r e s  o f  1 420°C o n l y  25-30ppmw carbon  w i l l  
d i s s o l v e  t h e  remainder  be ing  s o l i d  S i c - p a r t i c l e s  f l o a t i n g  i n  t h e  mel t  preven- 
t i n g  s i n g l e  c r y s t a l  growth.  Consequent ly ,  t o  o b t a i n  f i r s t  g e n e r a t i o n  s i n g l e  
c r y s t a l  r o d s  t h e  ca rbon  c o n t e n t  o f  t h e  s i l i c o n  produced h a s  t o  be reduced  down 
t o  v a l u e s  below 25-30ppmw. 
I n  p r i n c i p l e ,  t h i s  can  be ach ieved  by p h y s i c a l  o r  chemica l  methods:  

- P h y s i c a l  methods 
Si-samples o b t a i n e d  from t h e  f u r n a c e  u s u a l l y  c o n t a i n  S i c - p a r t i c l e s  10-20pm i n  
s i z e .  Remelt ing t h i s  m a t e r i a l  i n  a c r u c i b l e  and h o l d i n g  t h e  t e m p e r a t u r e  c l o s e  
t o  t h e  m e l t i n g  p o i n t  S i c - p a r t i c l e s  w i l l  grow and ,  due t o  i ts l a r g e r  d e n s i t y  
compared t o  t h e  m e l t ,  s i n k  t o  t h e  bottom o f  t h e  c r u c i b l e .  The s u p e r n a t a n t  me l t  
may be removed and used f o r  c r , y s t a l  growth.  S i c - p a r t i c l e s  may a l s o  be removed 
by p a s s i n g  t h e  m e l t  th rough  a s u i t a b l e  f i l t e r  made from a n  i n e r t  m a t e r i a l  such  
a s  S i 0 2  o r  S i c .  F i n a l l y ,  by c o l l e c t i n g  t h e  l i q u i d  s i l i c o n  from t h e  f u r n a c e  i n  
s u i t a b l e  moulds and  c a r r y i n g  o u t  a s i m p l e  d i r e c t i o n a l  s o l i d i f i c a t i o n  c a r b o n  and 
S i c - p a r t i c l e s  can  a l s o  be s e g r e g a t e d  e f f e c t i v e l y .  

- Chemical methods 
These t e c h n i q u e s  r e l y  on t h e  r e a c t i o n  o f  ca rbon  and S i c  w i t h  o x i d i z i n g  a g e n t s ,  
i . e .  S i c  + 2 S i 0 2  + 3 SiO + CO ( 2 ) .  Whether t h i s  r e a c t i o n  is f e a s i b l e  is d e t e r -  
mined by thermodynamics. Neg lec t ing  t h e  i n f l u e n c e  o f  t h e  s i l i c o n  m e l t ,  t h e  
vapor p r e s s u r e  of  CO a t  a  t e m p e r a t u r e  of  7500°C is =0 ,15  Tor r  and = l  T o r r  a t  
1 600°C (PSiU = 3 PCO).  Removing CO c o n t i n o u s l y  by pumping o r  by working under 
f l o w i n g  i n e r t  g a s ,  r e a c t i o n  ( 2 )  is s h i f t e d  t o  t h e  r i g h t  r e s u l t i n g  i n  a r educed  
carbon c o n t e n t .  

Using m e t a l l u r g i c a l  s i l i c o n  w i t h  a h i g h  ca rbon  c o n t e n t  a s  w e l l  a s  our  own SG-Si 
and employing methods d i s c u s s e d  above s i l i c o n  was produced t h a t  cou ld  be  con- 
v e r t e d  i n t o  s i n g l e  c r y s t a l  r o d s  us ing  one Cz-pull o n l y .  More work is n e c e s s a r y  
t o  de te rmine  t h e  most economical  t e c h n i q u e  t o  remove carbon.  



6 ,  S o l a r  c e l l  p r e p a r t a t i o n  

S i l i c o n  o b t a i n e d  by our  ACR-process was c o n v e r t e d  i n t o  s i n g l e  c r y s t a l  mate- 
r i a l  u s i n g  Cz-technique.  Second g e n e r a t i o n  i n g o t s  hav ing  a  d iamete r  of I O O m m  
and 125mm and f r e e  of  d i s l o c a t i o n s  were s l i c e d  u s i n g  ID-saw, Wafers o b t a i n e d  
hav ing  a  r e s i s t i v i t y  of 0 , 5  - 0 , 4  Rcm and d i f f u s i o n  l e n g t h  of? -50pm (SPV-method) 
were c o n v e r t e d  i n t o  s o l a r  c e l l s  u s i n g  c o n v e n t i o n a l  t e c h n i q u e  / 7 , 9 / .  Best  v a l u e s  
o b t a i n e d  (AMI) were 11.1% f o r  100mm 0 c e l l s .  
S i m i l a r  r e s u l t s  were o b t a i n e d  when comparing c e l l s  made from EG-Si ( 0 . 5 ~ c m ) .  

The c e l l s  (5cm x 5cm) made from SG-Si and EG-Si (1.9Qcm) having a n  improved 
g r i d  s t r u c t u r e  had t h e  f o l l o w i n g  c e l l  pa ramete r :  n = 12.2% (EG-Si = 1 3 . 0 )  ; Is, 
= 690mA (720mA); VOc = 596 mV (593mV); FF = 74.3 ( 7 6 . 0 ) .  I n  our  o p i n i o n ,  t h e  
lower  v a l u e s  f o r  SG-Si c e l l s  a r e  mainly  due t o  t h e  h i g h e r  B-concen t ra t ion  of  
SG-Si ( 5  x 1 a s  compared t o  EG-Si ( 7  x 1 0I5cm-3). 

I n  g e n e r a l ,  f o r  Cz-mater ia l  s o l a r  c e l l  e f f i c i e n c y  and d i f f u s i o n  l e n g t h  d e c r e a s e  
f o r  B-concentra t ion > 5 x and l i t t l e  d i f f e r e n c e  is obse rved  between 
SG-Si and EG-Si o f  t h e  same r e s i s t i v i t y  / l o / .  S i m i l a r  f i n d i n g s  were r e p o r t e d  by 
Amick e t  a l .  /4/. 
To produce s o l a r  c e l l s  o f  h i g h e r  e f f i c i e n c y  t h e  B-concen t ra t ion  o f  our  SG-Si 
s h o u l d  be lowered t o  -2-3 x 1 0 I ~ c m - ~ .  
T h i s  was demonstra ted  by u s i n g  h i g h - p u r i t y  s i l i c a  (Nr.3 i n  Tab.2) and l e a c h e d  
carbon p e l l e t s  i n  o u r  ACR p r o c e s s .  S i l i c o n  o b t a i n e d  was c o n v e r t e d  i n t o  a  3" 
s i n g l e  c r y s t a l  by Cz-technique r o d .  
S o l a r  c e l l s  wi th  c o n v e n t i o n a l  g r i d  s t r u c t u r e  o b t a i n e d  from w a f e r s  (p-type 
In=cm) had an e f f i c i e n c y  of  12.3$,  Is, = 2 8 3 m ~ c m - ~ ,  Voc = 593mV and FF = 748, 
i d e n t i c a l  t o  t h e  r e f e r e n c e  c e l l  made from EG-Si (IRcm). 

7 .  Conc lus ions  

Using our  ACR-process s i l i c o n  was o b t a i n e d  t h a t  c o u l d  be c o n v e r t e d  i n t o  
s o l a r  c e l l s  hav ing  a n  e f f i c i e n c y  o f  up t o  12.2%.  Carbon and S i c - p a r t i c l e s  were 
s u c c e s s f u l l y  removed from t h e  tapped s i l i c o n  u s i n g  s i m p l e  s e p a r a t i o n  methods t o  
o b t a i n  a  f e e d s t o c k  s u i t a b l e  f o r  s i n g l e  c r y s t a l s  growth.  
The p r o c e s s  is  now i n  t h e  p i l o t  s t a g e  t o  e s t i m a t e  c o s t  o f  SG-Si p r o d u c t i o n .  
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DISCUSSION 

WYCOCK: Is Lkte pre-chemical purification skep  a l s o  sca led  up t o  the pilot 
plant level? 

AULPCM: We are in the process of doing that. En other words, we are setting 
up pilot plant level production for high-purity silica. 

SCHMID: It seems that you have achieved some very impressive results with 
respect to getting the impurities like boron, phosphorus, and others d o m  
to low levels. The one situation that you did mention was the presence of 
silicon carbide, which is involved in the reaction. You mentioned a 
number of ways of reducing the silicon-carbide concentration. What do you 
believe is the most feasible way of doing this on a production scale? 

AULICH: I believe a good way would be to use an inexpensive directional 
solidification process in which the ingot quality with respect to 
mechanical properties and its use for slicing, and so on, are not the 
primary objectives. That is, the procedure is used simply as a separation 
method. We know that this procedure works, but it must also be low cost 
because if this process is expensive, it is prohibitive. Me have two 
possibilities now, and we are evaluating the economics of these processes. 

CALLAGHAN: What are the schedules for the completion of the economic analysis 
of the pilot plant scale operation and for the installation of large-scale 
production that would provide $10/kg silicon? 

AULICH: We intend to evaluate the pilot plant operation in the next few 
years and, within this time frame, we will produce silicon, solar cells, 
and modules. Thus, we will evaluate the whole process from the starting 
material to the finished module. This decision for building a larger 
furnace should be reached in the next 3 years or so. 

KOINUMA: I fear that the fiber purification of silica is poor in productivity, 
and I wonder if your process is really practical. 

AULICH: Why do you think the productivity is poor? 

KOLNUMA: Because the amount of fiber is small. 

AULICH: Oh, no. There is no problem in producing hundreds of thousands of 
tons of glass fiber. This is an established technology which is used in 
the building industry and, as I showed, leaching is done within a few 
minutes. Therefore, enormous amounts of high-purity silica can be 
produced with the correct technology. It is no problem, 

SCHWTTKE: I find it very surprising and rewarding that your baseline process 
gives you the same solar-cell efficiency as the use of boron-doped 
semiconductor-grade silicon of the same resistivity. This is very 
encouraging, I would like to propose that it would be worthwhile to use 
this type of material as a substrate for epitaxial deposition for 
integrated circuits. 



AULICH: Yes, we have done t h i s .  The results are  q u i t e  good, 

SCNWTTKE: 1 would assume so, 

WRIGHT: m a t  was the base resistivity of the material used for the high 
efficiency cells? 

AULICH: The cells prepared by our process had a resistivity of about 0.5 to 
0.6 ohm-cm, and this was compared with 0.5 to 0.6 ohm-cm Czochralski 
material. 

WRIGHT: I assume you use a carbon plug in the furnace tapping operation. How 
did you remove the carbon plug without introducing metal contaminants? 

AULICH: We used the conventional technique. In the industrial process, an arc 
is produced between a graphite rod and the closure point. The temperature 
becomes high enough to melt the solidified silicon and molten silicon runs 
out. To produce high-purity silicon, the graphite rod must be of high 
purity. Of course, this can be done and it is our procedure. 

RUSTIONI: We also have used similar electrode techniques for tapping the 
furnace. You mentioned a system for obtaining amorphous silica from 
fluosilicic acid, but this process is not expensive because a byproduct of 
the industrial production of phosphoric acid can be used. The process 
involves the precipitation of the sodium salt of fluosilicic acid. Can 
you comment on this? 

AULICH: We looked at this process very carefully because fluosilicic acid is 
relatively inexpensive. The sodium salt can be produced without any 
problem, but there are a large number of problems involved in the 
decomposition step to produce, silicon tetrafluoride. If this reaction is 
not carried out correctly, some compounds of boron and other elements 
remain in the silicon tetrafluoride, and other separation methods must be 
used. We looked at the large-scale production of silicon dioxide using 
this process, and we concluded that the environmental hazards using the 
fluorine compounds are very severe, at least in Germany. That makes the 
processing cost very high. On the other hand, there are no such problems 
melting glass and leaching with hydrogen chloride. Almost all the 
technology for leaching is available from the chemical industry. We 
concluded that it was much better to use our approach than to use silicon 
tetrafluoride. 

RUSTIONI: What is the temperature used for the production of the glass fibers? 

AULICH: It is the conventional glass-melting process. The temperature used is 
about 1300 to 1400°C. Window glass is produced in the same way. We don't 
spin the fibers. We melt and let the melt run into water producing the 
glass fibers. 

RUSTIONI: During the purification of carbon black, you first prepared the 
pellets or briquettes and then the leaching was done. Do the pellets or 
the briquettes remain intact during the process? 



I 

I 

AULICH: It i s  important t h a t  they remain intact because i f  it is not  done 
correctly, the product is a high-surface area carbon black which has to be 
filtered and t h i s  i s  a cumbersome procedure. We make pellets that remain 
intact d u r i n g  the leaching process and after leaching they are, of course, 
much purer. 

RUSTIONI: After leaching, are you obliged to dry the pellets before feeding 
the arc furnace? 

AULICH: Some drying must be done, but it doesn't have to be super dry. 

RUSTIONI: Do you use three-electrode, three-phase in the pilot plant? 

AULICH: It's a three-electrode, three-phase furnace. 

1"LAYCOCK: When do you think this process will be commercial? 

AULICH: As in my answer to Dr. Callaghan, we will develop this process in the 
next few years and also evaluate the economics. During this time, we will 
use the product silicon for our own purposes. In a few years, based on 
the evaluation as a technically sound, economic process, the decision will 
be made concerning large-scale production by us or licensing the process. 
I can't tell you exactly when this will occur, but it will take a few 
years. 


