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5̂4)  Method  for  producing  large  grain  semiconductor  ribbons. 
The  present  invention  provides  a  method  for  fabricating 

large  grain  semiconductor  ribbons  (30)  suitable  for  use  in 
solar  cells.  A  molten  semiconductor  material  (12)  is  dis- 
charged  onto  a  rotating  cylindrical  surface  (28)  which  is  rotat- 
ing  with  linear  velocity  of  not  greater  than  36  m/s. 



This  i n v e n t i o n   r e l a t e s   to  the  manufac ture   of  large  gra in   s e m i c o n d u c t o r  

r ibbons  s u i t a b l e   for  so la r   ce l l   a p p l i c a t i o n s .  

Dropwise  d e p o s i t i o n   of  a  s emiconduc to r   l i qu id   into  a  contoured  mold  h a s  

been  employed  to  genera te   homogeneous  bodies .   One  such  pa ten t   teaching  t h i s  

t echn ique   is  U.S.  pa t en t   3 ,367,394  by  M.  Roder  et  al.  J.  Meuleman  et  al  i n  

U.S.  pa t en t   4,124,411  employs  a  dropwise  technique   to  form  on  a  s u b s t r a t e  

a  layer   of  a  semiconductor   m a t e r i a l .   While  the  l a t t e r   technique  allows  t h e  

p r o d u c t i o n   of  layers   of  semiconduc tors   s u i t a b l e   for  so la r   c e l l s ,   the  g e n e r -  
a t ion   of  these  layers   is  slow  and  an  a p p r o p r i a t e   s u b s t r a t e   must  be  p r e p a r e d .  

It  has  been  repor ted   tha t   equipment  c l a s s i c a l l y   employed  to  produce  amor- 

phous  al loy  ribbons  can  be  used  to  genera te   p o l y c r y s t a l l i n e   ribbons  o f  

s i l i c o n   which  can  be  employed  for  s o l a r   c e l l s .   The  c r y s t a l l i n e   s i l i c o n  

r ibbons  so  produced  are  d e p o s i t e d   in  an  evacuated  chamber  and  have  a  s m a l l  

gra in   s i ze .   N.  Tsuya  and  K.I.   Arai ,   r epo r t   in  Solid  Sta te   Physics  ( i n  

Japanese)   13,  237  (1978),  an  average  gra in   s ize  of  s eve ra l   pm.  They  h a v e  

r epo r t ed   the  r e s u l t s   for  the  same  ope ra t i ng   cond i t i ons   in  J.  Applied  P h y s . ,  

18,  207  (1979),  where  the  g ra in   s ize   is  r epo r t ed   as  2  to  3  µm. 

These  small  grains  are  s u b s t a n t i a l l y   smal ler   than  those  which  should  be  

employed  to  mainta in   a  r e a s o n a b l e   e f f i c i e n c y   in  any  r e s u l t i n g   so lar   c e l l .  

In  order  to  obtain  an  e f f i c i e n c y   of  approximate ly   10%  i t   would  be  r e q u i r e d  

tha t   the  grain  size  be  i n c r e a s e d   by  an  o r d e r  o f   magnitude  to  a p p r o x i m a t e l y  

10  to  30  µ m .  

It  is  an  object   of  the  i n v e n t i o n   to  e s t a b l i s h   a  method  for  producing  a 

semiconductor   r ibbon  of  s u i t a b l e   q u a l i t y   for  so la r   c e l l s .  

Another  objec t   of  the  i n v e n t i o n   is  to  e s t a b l i s h   a  method  for  p roduc t ion   o f  

semiconductor   ribbons  with  an  average  gra in   s ize  of  about  20  µm  and 

g r e a t e r .  

S t i l l   another  objec t   of  this   i n v e n t i o n   is  . to   provide  a  method  for  p r o d u c i n g  

semiconductor   ribbons  with  a  coheren t   o x i d e .  

Yet  another   object   of  the  i n v e n t i o n   is  to  provide  a  method  for  the  p r o d u c t -  

ion  of  s u b s t a n t i a l   volumes  of  s i l i c o n   r i b b o n .  



The  p r e s e n t   i n v e n t i o n   as  claimed  provides   a  method  for  f a b r i c a t i n g   l a r g e  

grain  s emiconduc to r   r i bbons ,   wherein  a  molten  semiconductor   m a t e r i a l   i s  

d i scharged   onto  a  r o t a t i n g   c y l i n d r i c a l   su r face   which  is  r o t a t i n g   with  a 

l i n e a r   v e l o c i t y   of  not  g r e a t e r   than  36  m / s .  

These  and  o ther   o b j e c t s ,   f e a t u r e s  a n d   advantages  of  the  i n v e n t i o n   w i l l  

become  appa ren t   from  the  fo l lowing   d e s c r i p t i o n ,   accompanying  drawings ,   and 

appended  claims  in  which  var ious   novel  f e a t u r e s   of  the  i n v e n t i o n   are  more 

p a r t i c u l a r l y   se t   f o r t h .  

FIG.  1  is   a  schemat ic   r e p r e s e n t a t i o n   of  a  r ibbon  c a s t e r   s u i t a b l e   f o r  

p r a c t i c i n g   the  i n v e n t i o n .  

FIG.  2  is  a  g r a p h i c a l   d e p i c t i o n   of  the  e f f e c t  o f   wheel  speed  and  i n j e c t i o n  

p r e s su re   on  g r a in   s i z e .  

A  device  s u i t a b l e   for  the  implemen ta t ion   of  this   i n v e n t i o n   is  i l l u s t r a t e d  

in  FIG.  1.  A  tube  10  is  employed  for  c o n t a i n i n g   a  molten  s e m i c o n d u c t o r  

m a t e r i a l   12.  The  semiconduc tor   m a t e r i a l   12  is  main ta ined   molten  by  a  

furnace  14  which  surrounds   the  tube  10.  The  tube  10  has  a  nozzle   16  which  

is  employed  to  d i r e c t   a  mol ten   stream  18  of  the  semiconduc tor   m a t e r i a l   12. 

Examples  of  such  semiconductor   m a t e r i a l s   are  S i ,  Ge ,   and  Ga-As.  A  gas 

supply  tube  20  feeds  gas  in to   the  tube  10  via  a  r e g u l a t i n g   valve  22.  The 

r e g u l a t i n g   va lve   22  con t ro l s   p r e s su re   in  the  tube  10  above  the  molten  semi -  

conductor   m a t e r i a l   12.  This  p r e s s u r e   serves  to  d i scha rge   t h e  m o l t e n   s e m i -  

conductor  m a t e r i a l   12  through  the  nozzle   16  and  forms  the  s tream  18.  The 

stream  18  impinges  on  a  r o t a t i n g   wheel  24.  P r e f e r a b l y   the  s t ream  18  impac t s  

the  wheel  24  at  an  angle  6  s u c h  t h a t  t h e r e   is  a  component  of  the  s t r e a m  

d i r e c t i o n   which  is  in  the  d i r e c t i o n   of  a  t angent   to  the  r o t a t i n g   wheel  24 

at  the  po in t   of  con t ac t   25.  This  component  should   be  i n  t h e   d i r e c t i o n   o f  

the  r o t a t i o n .   The  wheel  24  is  dr iven  from  a  power  dr ive   26  such  as  a  mo to r .  

The  wheel  24  should  be  a  conduct ing  m a t e r i a l .   S t a i n l e s s   s t e e l ,   as  well   as 

copper,  have  been  found  to  be  s a t i s f a c t o r y   m a t e r i a l s .   D u r i n g  o p e r a t i o n   t he  

stream  18  impinges  on  the  r o t a t i n g   c y l i n d r i c a l   su r face   28  thereby  g e n e r -  
at ing  a  s emiconduc to r   r ibbon  30. 

In  c a r ry ing   the  i n v e n t i o n   into  p r a c t i c e   a  gas  is  supp l i ed   to  the  gas  s u p p l y  

tube  20  and  p r e s s u r e . ?   in  the  tube  10  is  main ta ined   above  the  s e m i c o n d u c t o r  

m a t e r i a l   by  the  r e g u l a t i n g   valve  22.  T h i s  p r e s s u r e  p   con t ro l s   the  d i s c h a r g e  



of  the  stream  18  from  the  nozzle   16.  The  stream  18  impinges  upon  the  whee l  

24  which  is  r o t a t i n g   as  i l l u s t r a t e d   with  an  a n g u l a r  s p e e d  ω .  

It  has  been  found  that   when  the  r ibbon  is  genera ted   in  air   i t   is  p r e f e r r e d  

to  use  a  copper  wheel  24.  When  a  copper  wheel  is  used  i t   is  a d v i s a b l e   t o  

gold  p l a t e   the  c y l i n d r i c a l   su r face   28  of  the  wheel  to  avoid  o x i d a t i o n   o f  

the  copper  d u r i n g  o p e r a t i o n .  

It  has  also  been  f o u n d  t h a t ,   when  the  i n j e c t i o n   p ressure   p  in  the  i n s u l a -  

t ing  tube  is  ma in ta ined   at  or  above  8  psig  (psig  being  def ined  as  pounds 

per  square  inch  gauge  where  r e f e r e n c e   p r e s s u r e   is  the  gas  p r e s s u r e   at  t h e  

wheel;  1  p s i  =  6 , 9   kPa)  and  the  nozzle   18  has  an  opening  of  a  nominal  d i a -  

meter  of  1  mm,  a  s a t i s f a c t o r y   r ibbon  30  can be  mainta ined  when  the  l i n e a r  

v e l o c i t y   of  the  c y l i n d r i c a l   su r f ace   28  is  in  excess  of  8  m/s.  It   is  f u r -  

thermore  p r e f e r r e d  t h a t   the  angle  of  i nc idence   0  of  the  s t ream  18  with  r e s -  

pect  to  the  c y l i n d r i c a l   su r f ace   28  be  from  about  9°  to  15°  when  def ined  w i t h  

r e spec t   to  an  extended  diameter   pass ing   through  the  point   of  con tac t   25. 

In  a d d i t i o n   to  the  lower  l i m i t s   on  the  l i n e a r   v e l o c i t y   of  the  c y l i n d r i c a l  

sur face   28  which  is  r equ i red   to  ma in t a in   a  semiconductor   r ibbon  30,  t h e  

c y l i n d r i c a l   su r face   28  may  not  ob ta in   v e l o c i t i e s   g rea t e r   than  36  m/s  w i t h -  

out  s u b s t a n t i a l l y   reducing  the  u l t i m a t e   average  grain  size  of  the  r e s u l t -  

ing  semiconductor   r ibbon  30. 

FIG..  2  of fers   a  g r a p h i c a l   r e p r e s e n t a t i o n   of  the  e f f e c t   of  wheel  speed  on 
the  average  gra in   s ize .   For  these  curves  semiconductor   m a t e r i a l   r i b b o n s  

were  genera ted   on  a  copper  wheel ,   having  a  diameter  of  7,6  cm.  Curves  A,  B 

and  C  are  for  s i l i c o n   where  the  molten  s i l i c o n   is  heated  to  about  1500 C 

and  the  gas  i n j e c t i o n   p r e s su re   p  was  main ta ined   at  r e s p e c t i v e l y   4  p s i g ,  

8  ps ig ,   and  15  psig  for  a  nozzle   having  a  nominal  opening  1 mm  in  d i a m e t e r .  

As  the  p r e s su re   is  i nc r ea sed   the  r ibbon  becomes  th inner   and  above  about  15 

psig  the  ribbon  becomes  d i s c o n t i n u o u s   and  forms  f l akes .   It   is  apparent   t h a t  

as  one  i nc r ea se s   the  p r e s su re   there   is  an  increase   in  the  u l t i m a t e   g r a i n  

size  which  can  be  o b t a i n e d .  

Wheel  speed  has  a  marked  e f f e c t   on  the  u l t ima te   grain  s ize .   It  can  be  s e e n  
that   at  rpm  ( r e v o l u t i o n s   per  minute)  values   of  about  9000,  i . e .   a  s u r f a c e  

speed of   about  36  m/s,  the  gra in   s ize  has  dropped  to  the  neighborhood  o f  

s l i g h t l y   less  than  10  µm  and  as  the  v e l o c i t y   of  the  wheel  is  f u r t h e r   i n -  



creased   the  change  in  g ra in   s ize   is  not  s u b s t a n t i a l l y   a f f e c t e d .   This  d e -  

crease   in  gra in   s ize  occurs  for  a l l   p ressures   s t u d i e d .   The  drop  is  s h a r p e s t  

for  curves  B and  C. 

It  is  f e l t   tha t   one  p l a u s i b l e   e x p l a n a t i o n   for  the  r e l a t i v e l y   large  g r a i n  

s izes   produced  at  the  h i g h e r   r o t a t i o n a l   speed  of  the  wheel  24  when  compared 

to  the  e a r l i e r   r epo r t ed   work  of  N.  Tsuya  and  K.I.  Arai  is  that   in  t h e  

p r e s e n t   study  a  sma l l e r   wheel  24  was  employed.  To  o b t a i n   the  same  s u r f a c e  

v e l o c i t y   with  a  smal le r   wheel  r equ i r e s   a  g r e a t e r   r o t a t i o n a l   speed.  G r e a t e r  

r o t a t i o n a l   speed  wi l l   r e s u l t   in  a  g r ea t e r   c e n t r i f u g a l   force  act ing  on  t h e  

r ibbon.   The  c e n t r i f u g a l   force   may  act  to  reduce  con t ac t   with  the  wheel  and 

thereby  l e s sen   the  cool ing   e f f e c t   of  the  wheel  and  thereby  reduce  t h e  

coo l ing   ra te   of  the  r ibbon .   A  slower  cooling  ra te   may  account  for  t h e  

l a r g e r   g ra in   s i z e .  

It  is  also  apparent   t h a t ,   once  the  v e l o c i t y   has  been  slowed  s u f f i c i e n t l y   t o  

produce  a  l a rge   g ra in   s i z e ,   f u r t h e r   r educ t ion   in  the  wheel  v e l o c i t y   does 

not  s u b s t a n t i a l l y   change  the  gra in   s ize .   The  data  used  to  genera te   t h e s e  

curves  of  FIG.  2  is  con ta ined   in  Table  I .  

The  v e l o c i t y   of  the  wheel  is  p re sen ted   both  in  terms  of  r o t a t i o n a l   speed  

(rpm)  and  the  l i n e a r   v e l o c i t y   (m/s)  of  the  c y l i n d r i c a l   su r face   28.  The 

p r e s s u r e s   are  given  in  terms  of  the  gas  e j e c t i o n   p r e s s u r e   for  the  r e s u l t i n g  

semiconduc to r   stream  18.  It  was  found  that   changing  the  o r i f i c e   d i a m e t e r  

from  0,5  mm  to  1,5  mm  did  not  n o t i c e a b l y   a f f e c t   the  g ra in   size  of  t h e  

r e s u l t i n g   r ibbons .   Fu r the rmore ,   i t   should  be  a p p r e c i a t e d   that   the  l i n e a r  

v e l o c i t y   of  the  su r f ace   of  the  wheel  as  well  as  e j e c t i o n  p r e s s u r e   are  t h e  

a p p r o p r i a t e   pa rameters   for  the  con t ro l   of  r e l a t i v e   g ra in   s ize   of  t h e  

r e s u l t i n g   r ibbon.   These  pa ramete r s   can  be  ma in ta ined   independent   of  t h e  

geometry  of  the  equipment  employed.  

Curve  D  of  FIG.  2  i l l u s t r a t e s   the  e f f e c t   of  v e l o c i t y   on  the  grain  s ize   o f  

germanium  semiconductor   r ibbons .   These  ribbons  were  genera ted   from  m o l t e n  

germanium  which  was  hea ted   to  about  10000C  and  e j e c t e d   at  a  p r e s su re   of  15 

psig  through  a  nozzle  having  a  nominal  d iameter   of  1  mm.  As  can  be  seen  by 

comparing  curves  C  and  D,  the  germanium  data  as  is  the  case  for  the  s i l i c o n  

data  show  l i t t l e   dependence  of  s ize   or  speed  at  low  speeds.   The  t a b u l a r  

data  used  to  gene ra te   curve  D  has  been  i n c o r p o r a t e d   in to   Table  I .  



Both  germanium  and  s i l i c o n   form  oxides  on  the  su r face   of  the  r e s u l t i n g   r i b -  

bons  when  the  r ibbons  are  genera ted   in  an  atmosphere  of  a i r .   These  o x i d e s  

are  s u f f i c i e n t   to  provide  an  i n t e r m e d i a t e   layer   between  the  s i l i c o n   and  a  
metal  depos i ted   thereon .   The  r e s u l t i n g   metal  s i l i c o n   junc t ions   form 

Schottky  b a r r i e r s .  



The  oxide  may  be  p revented   by  g e n e r a t i n g   the  ribbon  under  a  p r o t e c t i v e  

atmosphere.   Argon  and  helium  have  been  found  to  be  e f f e c t i v e   atmospheres  i n  

which  to  gene ra te   the  r ibbons .   In  the  event  that   a  p r o t e c t i v e   a t smophe re  

is  sought ,   the  wheel  24  and  nozzle   16  should  be  placed  in  a  chamber  32  as  

i l l u s t r a t e d   by  the  broken  l ine   in  FIG.  1.  This  chamber  w i l l   allow  t h e  

atmosphere  to  be  c o n t r o l l e d .  

The  p re sen t   i n v e n t i o n   w i l l   be  of  use  in  the  semiconductor   i n d u s t r y   and  i n  

p a r t i c u l a r   in  s o l a r   ce l l   p r o d u c t i o n .  

While  the  p r e s e n t   i n v e n t i o n   has  been  i l l u s t r a t e d   and  desc r ibed   in  terms  o f  

p r e f e r r e d   modes,  i t   is  to  be  under s tood   tha t   these  modes  are  by  way  o f  

i l l u s t r a t i o n   and  not  l i m i t a t i o n   and  the  r i g h t   is  r e se rved   to  a l l   changes  

and  m o d i f i c a t i o n s   coming  w i th in   the  scope  of  the  i n v e n t i o n   as  def ined  i n  

the  appended  c l a i m s .  



1.  A  method  of  f a b r i c a t i n g   ribbons  of  semiconductor   m a t e r i a l   c h a r a c t e r -  

ized  in  tha t   the  semiconduc tor   m a t e r i a l   in  a  molten  s t a t e   (12)  i s  

d i scha rged   (18)  umder  c o n t r o l l e d   p r e s su re   onto  the  su r f ace   (28)  of  a 

r o t a t i n g   c y l i n d e r   (24)  to  form  said  r ibbon  (30),  while  r o t a t i n g   s a i d  

c y l i n d e r   (24)  at  a  l i nea r   v e l o c i t y   not  g r e a t e r   than  36  m/s,  whereby 

semiconductor   r ibbons   e x h i b i t i n g   large  grain  s izes  are  o b t a i n e d .  

2.  The  method  of  c la im  1,  wherein  the  method  is  c a r r i e d   out  in  an 

a t m o s p h e r e .  

3.  The  method  of  c la im  1  or  2,  wherein  said  semiconductor   m a t e r i a l   i s  

s e l e c t e d   from  the  group  of  s i l i c o n   and  germanium. 

4.  The  method  of  any  of  claims  1-3,  wherein  said  c o n t r o l l e d   i n j e c t i o n  

p r e s su re   is  between  about  4  and  15  psig  (about  28  to  104  k P a ) .  

5.  The  method of   any  of  claims  1-4,  wherein  said  l i n e a r   v e l o c i t y   i s  

between  about  8  m/s  and  36  m / s .  

6.  The  method  of  c la im  1  or  5,  wherein  said  molten  semiconductor   is  d i s -  

charged  through  a  nozzle   having  a  nominal  diameter   of  about  1  mm 

opening  by  app ly ing   an  i n j e c t i o n   p r e s su re   of  between  about  4  and  15 

psig  to  said  semiconductor   m a t e r i a l   and  said  r o t a t i n g   c y l i n d r i c a l  

sur face   is  the  s u r f a c e   of  a  m e t a l l i c   wheel  (24),  said  wheel  having  a 

diameter   not  g r e a t e r   than  about  7,6  cm. 

7.  The  method  of  claim  6,  wherein  said  molten  semiconductor   m a t e r i a l  

is  s i l i c o n .  

8.  The  method  of  any  previous   claim,  wherein  the  method  is  c a r r i e d   o u t  

in  a i r .  

9.  The  method  of  claim  6,  7  or  8,  wherein  the  r o t a t i o n a l   speed  of  s a i d  

wheel  (24)  is  between  about  2000  rpm  and  9000  rpm. 

10.  The  method  of  claim  9,  wherein  the  tempera ture   of  the  molten  s i l i c o n  

,  is  about  1500  °C,  the  i n j e c t i o n   p r e s s u r e   is  between  about  8  psig  and 

15  ps ig ,   and  the  r o t a t i o n a l   speed  of  said  wheel  (24)  is  between  about  

2000  rpm  and  7000  rpm. 
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