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SUMMARY 

The o b j e c t i v e  o f  t h i s  r e s e a r c h  is  t o  i n v e s t i g a t e  t h e  t e c h n i c a l  f e a s i b i l i t y  

o f  p r o d u c i n g  s o l a r - c e l l - q u a l i t y  s h e e t  s i l i c o n  which c o u l d  meet t h e  DOE c o s t  

g o a l s .  The Honeywell approach  is t o  c o a t  one s u r f a c e  o f  c a r b o n i z e d  c e r a m i c  

s u b s t r a t e s  w i t h  a  t h i n  l a y e r  o f  l a r g e - g r a i n  p o l y c r y s t a l l i n e  s i l i c o n  from the .  

m e l t .  R e s u l t s  and accomplishments  which o c c u r r e d  d u r i n g ' t h e  q u a r t e r  can be 

summarized a s  f o l l o w s :  

Seven ty  s u b s t r a t e s  were produced i n  t h e  p r o d u c t i o n  d i p  c o a t e r  

doped a t  5 x  1 0  16cm-3 boron and d e l i v e r e d  t o  JPL .  

At tempts  t o  u s e  h i g h - p u r i t y  g r a p h i t e  s u b s t r a t e s  t o  m o n i t o r  t h e  

p u r i t y  o f  t h e  m e l t  were n o t  s u c c e s s f u l  because  o f  poor  c r y s t a l -  

l i n e  s t r u c t u r e  on ca rbon  s u b s t r a t e s .  

Thermal stress problems i n  t h e  e x p e r i m e n t a l  d i p  c o a t e r  were 

s u c c e s s f u l l y  e l i m i n a t e d  by a d d i n g  an a f t e r h e a t e r  on t h e . c o a t e d  

s i d e  o f  t h e  s u b s t r a t e .  

LargcS g r a n u l e s  of s i l i c o n  were used  i n  p l a c e  of b u l k  s i l i c o n  

t o  c h a r g e  t h e  m e l t ,  i n d i c a t i n g  a  t e c h n i q u e  f o r  m e l t  r e p l e n i s h -  

ment. 

The new SCIM-I1 sys tem was r.:.omplet'ed and p u t  i n t u  opera, t ion.  

The t h e r m a l  model of SCIM I1 was v e r i f i e d  a t  h i g h  s u b s t r a t e  

s p e e d s .  

F o r t y - s i x  SOC c e l l s  were f a b r i c a t e d  and t e s t e d  d u r i n g  t h e  

q u a r t e r .  

C e l l  f a b r i c a t i ' o n  u s i n g  i o n  i m p l a n t a t i o n  and t h e r m a l  a n n e a l i n g  

was s t a r t e d .  A low' a n n e a l i n g .  t e m p e r a t u r e  r e s u l t e d  i n  a  low f i l l  

f a c t o r  and low e f f i c i e n c y .  T h i s  p r o c e s s  is n o t  y e t  o p t i m i z e d .  

Gra in  boundary r e c o m b i n a t i o n  s i g n i f i c a n t l y  r e d u c e s  t h e  d i f f u s i o n  

l e n g t h ,  Ln, i n  SOC m a t e r i a l .  

Measurements o f  d i f f u s i o n  l e n g t h  show t h a t  Ln is  a s t r o n g  func-  
- 0 . 3  t i o n  o f  boron d o p i n g ,  d e c r e a s i n g  a s  N 

A 



At a given doping, Ln and Jsc in aluminum-doped material are 

significantly lower than in boron-doped material. 

Material processed with the Sandia hydrogen plasma treatment 

looks very promising. Recombination at grain boundaries is 

significantly reduced. 



INTRODUCTION 

T h i s  r e s e a r c h  p rog ram began on  2 1  O c t o b e r  1975 .  I t s  p u r p o s e  is  t o  i n v e s t i -  

g a t e  t h e  t e c h n i c a l  a n d  economic  feasibility u f  p r o d u c i n g  s o l a r - c e l l - q u a l i t y  

s h e e t  s i l i c o n  by c o a t i n g  i n e x p e n s i v e  c e r a m i c ' s u b s t r a t e s  w i t h  a t h i n  l a y e r  o f  

p o l y c r y s t a l l i n e  s i l i c o n .  The c o a t i n g  me thods  t o  b e  d e v e l o p e d  are. d i r e c t e d  

t o w a r d  a minimum-cost p r o c e s s  f o r  p r o d u c i n g  s o l a r  c e l l s  w i t h  a t e r res t r ia l  

c o n v e r s i o n  e f f i c i e n c y  o f  11% o r  g r e a t e r .  

By a p p l y i n g  a g r a p h i t e  c o a t i n g  t o  o n e  f a c e  o f  a ceramic s u b s t r a t e ,  m o l t e n  

s i l i c o n  c a n  b e  made t o  wet  o n l y  t h a t  g r a p h i t e - c o a t e d  f a c e  a n d  p r o d u c e  u n i -  

fo rm,  t h i n . l a y e r s  o f  l a r g e - g r a i n  p o l y c r y s t a l l i n e  s i l i c o n ;  t h u s ;  o n l y  a min i -  

m a l  q u a n t i t y  o f  s i l i c o n  i s  consumed.  A d i p - c o a t i n g  method f o r  p u t t i n g  sili- 

con on ceramic (SOC) h a s  been  shown t o  p r o d u c e  s o l a r - c e l l - q u a l i t y  s h e e t  

s i l i c o n .  T h i s  method and  a c o n t i n u o u s - c o a t i n g  p r o c e s s  a l s o  b e i n g  i n v e s t i -  

g a t e d  h a v e  e x c e l l e n t  s c a l e - u p  p o t e n t i a l  wh ich  o f f e r s  a n  o u t s t a n d i n g ,  c o s t -  

e f f . e c t i v e  way to m a n u f a c t u r e  l a r g e - a r e a  s o l a r  ce l l s .  The d i p - c o a t i n g  i n v e s -  

t i g a t i o n  h a s  shown t h a t ,  as t h e  s u b s t r a t e  is p u l l e d  f rom t h e  m o l t e n  s i l i c o n ,  

c r y s t a l l i z a t i o n  c o n t i n u e s  t o  o c c u r  f rom p r e v i o u s l y  grown s i l i c o n .  T h e r e f o r e ,  

as t h e  s u b s t r a t e  l e n g t h  is  i n c r e a s e d  ( a s  would b e  t h e  case i n  a s c a l e d - u p  

p r o c e s s ) ,  t h e  e x p e c t a n c y  f o r  l a r g e r  c r y s t a l l i t e s  i n c r e a s e s .  

A v a r i e t y  o f  ceramic m a t e r i a l s  h a v e  been  d i p - c o a t e d  w i t h  s i l i c o n .  The i n -  

v e s t i g a t i o n  h a s  shown t h a t  m u l l i t e  s u b s t r a t e s  c o n t a i n i n g  a n  e x c e s s  o f  S i 0 2  

b e s t  match  t h e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  s i l i c o n  a n d  h e n c e  p r o d u c e  

t h e  b e s t  SOC layers. With s u c h  s u b s t r a t e s ,  smooth  and  u n i f o r m  s i l i c o n  l a y e r s  
2  

23 c m  i n  area h a v e  been  a c h i e v e d  w i t h  s i n g l e - c r y s t a l  g r a i n s  as l a r g e  as  

4 rnrn i n  w i d t h  and  s e v e r a l  c m  i n  l e n g t h .  The t h i c k n e s s  o f  t h e  c o a t i n g  a n d  

t h e  s i ze  o f  t h e  c r y s t a l l i n e  g r a i n s  are c o n t r o l l e d  by t h e  t e m p e r a t u r e  o f  t h e  

m e l t  a n d  t h e  rate a t  wh ich  t h e  s u b s t r a t e  is wi thd rawn  f rom t h e  m e l t .  

The s o l a r - c e l 1 , p o t e n t i a l  o f  t h i s  SOC s h e e t  s i l i c o n  i s  p r o m i s i n g .  To d a t e ,  

s o l a r  ce l l s  w i t h  areas f r o m  1 t o  1 0  c m 2  h a v e  been  f a b r i c a t e d  f rom material  

w i t h  a n  as-grown s u r f a c e .  C o n v e r s i o n  e f f i c i e n c i e s ,  q , o f  a b o u t  10% w i t h  a n t i -  

r e f l e c t i o n  (AR) c o a t i n g  h a v e  been  a c h i e v e d .  Such ce l l s  t y p i c a l l y  h a v e  open-  

c i r c u i t  v o l t a g e s ,  Voc, a n d  s h o r t - c i r c u i t  c u r r e n t  d e n s i t i e s ,  J sc ,  o f  0.57 V 
2 and  2 3  r n A / c m  , r e s p e c t i v c l y .  



The SOC s o l a r  c e l l  is u n i q u e  i n  t h a t  i ts  t o t a l  a r e a  is l i m i t e d  o n l y  by de- 

v i c e  d e s i g n  c o n s i d e r a t i o n s .  Because it is on an  i n s u l a t i n g  s u b s t r a t e ,  spe -  

c i a l  c o n s i d e r a t i o n  must be g i v e n  t o  e l e c t r i c a l  c o n t a c t  t o  t h e  b a s e  r e g i o n .  

The p r e f e r r e d  method u s e s  s l o t s  i n  t h e  s u b s t r a t e  p e r p e n d i c u l a r  t o  t h e  c r y s -  

t a l l i n e  growth d i r e c t i o n .  E l e c t r i c a l  c o n t a c t  t o  t h e  b a s e  r e g i o n  i s  made by 

m e t a l l i z i n g  t h e  s i l i c o n  exposed t h r o u g h  t h e  s l o t s  on t h e  back s i d e  o f  t h e  

s u b s t r a t e .  Smooth, c o n t i n u o u s  c o a t i n g s  have been o b t a i n e d  on s u b s t r a t e s  

which were s l o t t e d  f n  t he  g r e e n  ? ta t s  p r i o r  t o  h igh- tempera tu re  f i r i n g .  The 

b e s t  s l o t t e d - c e l l  r e s u l t s  t o  d a t e  i n d i c a t e  a 10.1% c o n v e r s i o n  e f f i c i e n c y  

(AR-coated) on a  4-cm2 ( t o t a l  a r e a )  c e l l .  

The b e s t  e x p e r i m e n t a l  c o a t e d  l a y e r s  have been produced by d i p p i n g  t h e  sub- 

s t r a t e  i n t o  t h e  m e l t .  However, t h e  d i p p i n g  p r o c e s s  h a s  two l i m i t a t i o n s  i f  

s c a l e d  up t o  a  p r o d u c t i o n  method: 1) l'he me11 becomes p r o g r e s s i v e l y  con- 

tamlna,l;ed by t h e  m u l l i t e  s u b s t r a t e .  2 )  The c o a t i n g  t h r o u g h p u t  i n  terms o f  

a r e a  p e r  u n i t  t irne i s  l i m i t e d ,  For  t h e s e  r e a s o n s ,  an  a l t e r n a t i v e  method o f  

a p p l y l n g  t h e  s i l i c o n  i s  b e i n g  d e v e l o p e d ,  which i s  termed SCIM ( f o r  S i l i c o n  

C o a t i n g  by I n v e r t e d  Meniscus ) .  The f i r s t  S C I M - c o a t i n g . f a c i l i t y  h a s  s u c c e s s -  

f u l l y  c o a t e d  5-cm-wide m u l l i t e  s h e e t s  w i t h  un i fo rm s i l i c o n  l a y e r s  by p a s s -  

i n g  t h e  s h e e t s ,  c a r b o n i z e d  s u r f a c e  down, o v e r  a t r o u g h  of  mol ten  s i l i c o n .  

The c u r r e n t  o b j e c t i v e  of t h i s  t a s k  is t o  u n i f o r m l y  c o a t  s l o t t e d  s u b s t r a t e  

s h e e t s  5 i n c h e s  wide.  An improved SCIM c o a t e r  h a s  been d e s i g n e d  and b u i l t  i n  

o r d e r  t o  meet t h e  c o a t i n g  t h r o u g h p u t  g o a l s  o f  t h e  c o n t r a c t .  



TECHNICAL DISCUSSION 

SHEET SILICON GROWTH 

Dip-Coating P r o d u c t i o n  (J .D.  Zook and V.  H a r r i s )  

The purpose  o f  t h e  p r o d u c t i o n  d i p - c o a t i n g  a c t i v i t y  is  t o  r e l i a b l y  p roduce  

SOC m a t e r i a l  f o r  s o l a r - c e l l  f a b r i c a t i o n .  During t h i s  q u a r t e r ,  SOC m a t e r i a l  

was produced and d e l i v e r e d  t o  JPL and s u b s e q u e n t l y  fo rwarded  t o  S p e c t r o l a b  

f o r  p r o c e s s i n g  i n t o  s o l a r  ce l ls .  Seven ty  s u b s t r a t e s  were d e l i v e r e d ,  doped 

a t  5 x  1 0 ' ~ c m - ~  boron.  

The r u n s  made d u r i n g  t h e  l a s t  q u a r t e r  are l i s t e d  i n  T a b l e  1. A number o f  

, h i g h - p u r i t y  g r a p h i t e  s u b s t r a t e s  were d ipped  a t  t h e  b e g i n n i n g  o f  some o f  t h e  

r u n s ,  f o r  t h e  purpose  o f  u s i n g  t h e s e  s u b s t r a t e s  t o  m o n i t o r  t h e  p u r i t y  o f  

t h e  m e l t .  U n f o r t u n a t e l y ,  t h e  s o l a r - c e l l  performance o f  t h e s e  l a y e r s  was 

v e r y  p o o r ,  a s  d i s c u s s e d  below. 

A c o n t i n u i n g  problem i n  p r o d u c t i o n  d i p  c o a t i n g  i s  t h e  o c c a s i o n a l  f o r m a t i o n  

o f  d e n d r i t e s  i n  t h e  midd le  o f  some s u b s t r a t e s .  T h i s  problem is u s u a l l y  

s o l v e d  by r a i s i n g  t h e  t e m p e r a t u r e  of t h e  m e l t ,  which p r o d u c e s  t h i n n e r  l a y e r s .  

Some of  t h e  comments i n  T a b l e  1 i n d i c a t e  v a r i a t i o n s  i n  soak  - t i m e .  A p p a r e n t l y ,  

. l o n g e r  s o a k  t i m e ' r e d u c e s  d e n d r i t e  f o r m a t i o n .  A p a s s i . k l e  e x p l a n a t i o n  is  that 

t h e  l o n g e r  s o a k  i n c r e a s e s  t h e  amount o f  ca rbon  a n d / o r  oxygen d i s s o l v e d  i n  

t h e , m e l t ,  t h u s  r e d u c i n g  d e n d r i t e  f o r m a t i o n .  During t h e  n e x t  q u a r t e r ,  w e  

p l a n  t o  do some e x p e r i m e n t s  t o  a l t e r  t h e  compos i t ion  o f .  t h e  ambient  g a s -  

d u r i n g  growth t o  see i f  d e n d r i t e  f o r m a t i o n  can  be  a v o i d e d .  

' E x p e r i m e n t a l  Dip C o a t i n g  (K.D. McHenry, J . D .  Zook, and D. Sauve)  

During t h e  p a s t  q u a r t e r ,  s e v e r a l  d e s i g n  m o d i f i c a t i o n s  were implemented i n  

t h e  e x p e r i m e n t a l  d i p  c o a t e r .  The maj.or m o d i f i c a t i o n  was t h e  a d d i t i o n  o f  a  

ca rbon  a f t e r h e a t e r  p l a c e d  on one s / d e  o f  t h e  s u b s t r a t e .  Heat is s u p p l i e d  on 

t h e  c o a t e d  s i d e  of t h e  c e r a m i c  s u b s t r a t e ,  w h i l e  f o r c e d  c o o l i n g  is  m a i n t a i n e d  

on t h e  b a c k s i d e  o f  t h e  s u b s t r a t e .  I n  a d d i t i o n ,  t h e  a f t e r h e a t e r  is p l a c e d  a t  

a s l i g h t l y  e l e v a t e d  p o s i t i o n  compared w i t h  t h e  imping ing  g a s  i n  an  a t t e m p t  

t o  r e d u c e  t h e  t h e r m a l  g r a d i e n t  e x p e r i e n c e d  by t h e  s u b s t r a t e .  A d d i t i o n . o f  t h e  

a f t e r h e a t e r  h a s  v i r t u a l l y  e l i m i n a t e d  t h e r m a l  shock  problems w i t h  t h e  sub- 

s t r a t e s .  



Table  1. ~ i ~ - ~ o a t i ' n ~  Product ion  Resul t s .  

Note:  Runs 247 t h r o u g h  251 had nar rower  s u b s t r a t e  h o l d e r ;  s t a n d a r d  h o l d e r  
w i l l  be r e i n s t a l l e d  on n e x t  r u n s  t o  see i f  t h i s  e l i m i n a t e s  c r a c k i n g  
c o n d i t i o n  a t  h o l d e r  c o n n e c t i o n .  

6 

I 

Run 
No. 

230 

231 

232 

233 

234 

235 

236 

237 

238 

239 

240 

24 1 

242 

243 

244 

2/16 

246 

217 

248 

249 

250 

251 

Comments 

E l e c t r i c a l  c o n d u c t i o n  exper iment .  

High Y i e l d .  

Some d e n d r i t e s .  

S u b s t r a t e  no. 10  was "Q" t y p e ,  
s t i l l  shows warpage. 

S u b s t r a t e s  235-2 and 235-5 broke 
and f e l l  i n t o  t h e  m e l t .  

S u b s t r a t e  236-5 broke ;  d e n d r i t e  
p r o b l ~ m s .  

D e n d r i t e  p rob lems ,  rough sub-  
. s t r a t e  s u r f a c e s . ,  

Changed ca rbon  f c l t ,  some 
d e n d r i t e  problems.  

Some d e n d r i t e  f o r m a t i o n .  

15-sec  soak, t i m e ;  fewer  
a e n d r i t e s .  

Rough s u b s t r a t e  s u r f a c e s .  
G r a f e l t  removed from bot tom of 
s u p p o r t .  Not d e s i r a b l e .  

Tuu f a s t  wnrmup, c . r u c i b l e  sagged.  

F i r s t  run  w i t h  nar rower  sub-  
s l r a t e  h o l d e r .  

Some s u b s t r a t e s  had uneven 
s u r f  a c e s .  

New s u b s t r a t e  b a t c h ,  0.004 i n .  
t h i c k e r ,  some c r a c k e d .  

20-sec s o a k i n g .  

"0"-t ype s u b s t r a t e s ,  s e v e r a l  
c r a c k e d .  

I 

Number 
Dipped 

14  

12 

11 

10  

11 

12 

12  

14 

12 

12  

12 

14 . 

12 ~ 

12 

12 

12 

9 

12 

9 

9 

11 

14 

Dopant Level  
boron)  

5 x  1016 

4 . 6 ~ 1 0  16 

4 . 6 ~ 1 0  16 

4 . 6 ~ 1 0  16 

16 4 . 6 ~ 1 0  

4 . 6 ~ 1 0  16 

4 . 6  x 10 
16 

4 . 6  x 1016 

1 . 6 ; u l O  16 

5 x 1016 

5 x 1016 

5 x 1016 

5 x 1016 

5 x .lo16 

5 x 1016: ' 

5 x 1 0  
16 

.5 x 1016 

5 x 10 16 

. 5 x 10 
16 

16 5.  x 10  . 

100 x 1 0 l 6  

5 x 1016 

Growth Speed 
(cm/sec)  

0.06 

0 .06  

0 .06  

0 .06  

0 .06  

0 .06  

0 .06  

0 .06  

0.06 

0 .06  

0 .06  

0 . 0 6  

0 .06  

0 .06  

0.06 

0 .06  

0.06 

0 .06  

. 0.06 

0 .06  

0 . 0 6  

0. UB 

. . 



A second  m o d i f i c a t i o n  became n e c e s s a r y  a s  a  r e s u l t  o f  a s h o r t a g e  o f  b u l k  

s i l i c o n  c h a r g e s .  S e v e r a l  r u n s  were performed u s i n g  l a r g e  g r a n u l e s  o f  sili- 

con o r  s i l i c o n  " n u g g e t s . "  Because  o f  pack ing  l i m i t a t i o n s  o f  t h e s e  g r a n u l e s ,  

a f u l l  c h a r g e  o f  s i l i c o n  c o u l d  n o t  be  p u t  i n t o  t h e  S i 0 2  c r u c i b l e  p r i o r  t o  

heat -up.  A q u a r t z  t u b e  assembly w a s  i n s e r t e d  i n  t h e  d i p  c o a t e r  i n  s u c h  a  

way t h a t  a d d i t i o n a l  s i l i c o n  c o u l d  be  f e d  i n t o  t h e  c r u c i b l e  a s  t h e  o r i g i n a l  

c h a r g e  s t a r t e d  t o  m e l t .  With t h i s  r e p l e n i s h i n g  t e c h n i q u e  i t  was t h e n  pos- 

s i b l e  t o  m a i n t a i n  a  f u l l  c h a r g e  i n  t h e  c r u c i b l e .  

The e x p e r i m e n t a l  d i p  c o a t e r  h a s  been r e l o c a t e d  and c u r r e n t l y  o p e r a t e s  from 

a d i f f e r e n t  power s u p p l y .  The u n i t  and t h e  new power s u p p l y  a r e  now s e t  up 

s o  t h a t  t h e  power is  t u r n e d  on d u r i n g  t h e  e a r l y  morning h o u r s ,  t h u s  e n a b l i n g  

the d i p  c o a t e r  t o  bc  r e a d y  f o r  o p e r a t i o n  a t  t h e  b e g i n n i n g  o f  t h e  normal work 

day.  T h i s  p r o c e d u r e  w i l l  a l l o w  f o r  much more e f f i c i e n t  u s e  o f  p e r s o n n e l  t i m e  

and i n c r e a s e  t h e  number o f  s u b s t r a t e s  d ipped  p e r  day.  

Cont inuous  C o a t i n g  (J.D. Zook, D. Heaps,  H.  Burke,  R. Hege l ,  
H .  Wolner,  and E .  Mas te r son)  

The c o n t i n u o u s - c o a t i n g  p r o c e s s  was under  i n t e n s i v e  development d u r i n g  t h e  

q u a r t e r ,  under  Honeywell f u n d i n g .  The main e f f o r t  w a s  t h e  d e s i g n  and con- 

s t r u c t i o n  o f  a  new c o a t i n g  s y s t e m ,  which w e  have d e s i g n a t e d  SCIM I 1  t o  d i s -  

t i n g u i s h . i t  from t h e  f i r s t  SCIM-coating sys tem.  The sys tem is o p e r a t i o n a l ,  

and o p e r a t i o n  under  J P L  f u n d i n g  h a s  begun. 

The d e s i g n  o f  t h e  new c o a t e r  is  shown s c h e m a t i c a l l y  i n  F i g .  1. There  a r e  

s e v e r a l  key f e a t u r e s  which are d i f f e r e n t  from t h e  e a r l i e r  s y s t e m :  

1 )  The t r o u i h - t o - s u b s t r a t e  d i s t a n c e  is  more c o n v e n i e n t l y  a d j u s t a b l e  

d u r i n g  o p e r a t i o n .  T h i s  is impor tan t '  i n  e x p e r i m e n t a l  o p e r a t i o n  t o  

g i v e  t h e  o p e r a t o r  a d d i t i o n a l  v e r s a t i l i t y  i n  c o n t r o l l i n g  meniscus  

s t a b i l i t y .  T h i s  f e a t u r e  was demonstrat .ed s u c c e s s f u l l y  d u r i n g  t h e  

f i r s t  t r i a l  r u n  w i t h  mol ten  s i l i c o n .  The t r o u g h - c r u c i b l e  assembly 

c o u l d  be  r a i s e d  and lowered  w i t h  t h e  t r o u g h  f i l l e d  w i t h  mol ten 

s i l i c o n ,  w i t h o u t  any t endency  towards  s p i l l a g e .  

2 )  There  are two s i d e  h e a t e r s  which a r e  powered by a -  s e p a r a t e l y  con- 

t r o l l e d  power s u p p l y ,  t o  p roduce  t r a n s v e r s e  t e m p e r a t u r e  u n i f o r -  

m i t y .  Tlle i n i t i a 1 , t e s t s  t o  d a t e  i n d i c a t e  t h a t  some m o d i f i c a t i o n s  

o f  t h e s e  h e a t e r s  a r e  needed ,  because  t h e  c r u c i b l e  s i d e  o f  t h e  

sys tem is c o n s i d e r a b l y  h o t t e r  t h a n  t h e  o b s e r v e r  s i d e .  T h i s  was 



Figure 1. Schematic Illustration of Sa;IM-I1 ~ o a i e r  



made p a r t i c u l a r l y  e v i d e n t  d u r i n g  t h e  f i r s t  s i l i c o n  c o a t i n g  run  

where t h e  s i l i c o n  was much t h i c k e r  on one edge o f  a  4-inch-wide 

s u b s t r a t e  t h a n  i t  was on t h e  o t h e r . s i d e .  Once needed modi f i ca -  

t i o n s  a r e  made, t h e  u s e  o f  t h i s  s e p a r a t e  power s u p p l y  w i l l  

g r e a t l y  s i m p l i f y  t h e  problem o f  a t t a i n i n g  t r a n s v e r s e  tempera- 

t u r e  u n i f o r m i t y .  

3 )  The s u b s t r a t e  t r a n s p o r t  u s e s  o n l y  c o l d  r o l l e r s  which a r e  ex- 

t e r n a l  t o  t h e  box c o n t a i n i n g  t h e  i n e r t  a tmosphere  needed f o r  

growth.  T h i s  f e a t u r e  means t h a t '  o n l y  40- inch s u b s t r a t e s  can  

be c o a t e d ,  and t h a t  t h e  s u b s t r a t e s  must e n t e r  t h e  e n c l o s e d  

sys tem c o l d ,  g e t  h e a t e d  t o  t h e  m e l t i n g  p o i n t  o f  s i l i c o n ,  and 

t h e n  c o o l  back t o  n e a r  r o o m . t e m p e r a t u r e  when t h e y  emerge from 

t h e  e n c l o s u r e .  The p r e h e a t e r s  were d e s i g n e d  t o  minimize  t h e  

t h e r m a l  g r a d i e n t s  d u r i n g  h e a t i n g ,  as d e s c r i b e d  i n  S i l i c o n - o n -  

Ceramic P r o c e s s  Q u a r t e r l y  Report  No. 1 3  (P.W. Chapman, e t  a l . ) ,  

p u b l i s h e d  1 5  February  1980. U n f o r t u n a t e l y ,  t h e  d e s i g n  i s  d i f -  

f e r e n t  f o r  e a c h  s u b s t r a t e  s p e e d .  

The p r e s e n t  p r e h e a t e r  w a s  d e s i g n e d  f o r  a  c o a t i n g  s p e e d  o f  0 . 2 5  cm/sec  ( t h e  

JPL c o n t r a c t  g o a l  f o r  1 9 8 0 ) .  S u b s t r a t e s  have p a s s e d  t h r o u g h  t h e  sys tem at  

t h a t  speed  and h i g h e r  (up  t o  0 . 8  cm/sec)  w i t h o u t  warp ing  o r  c r a c k i n g .  A t  

l ower  s p e e d s  ( 0 . 1  c m / s e c ) ,  t h e  s u b s t r a t e s  b i l c k l e d ,  a.nd some of thcm c r a c k e d  

n e a r  t h e  end o f  t h e  s u b s t r a t e .  For c o a t i n g  a t  lower  s p e e d s ,  a p r e h e a t e r  w i t h  

less t h i c k n e s s  w i l l  be u s e d  t o  d e c r e a s k  t h e  i n i t i a l  g r a d i e n t  t h a t  t h e  sub- 

s t r a t e s  see a s  t h e y  e n t e r  t h e  e n c l o s e d  chamber. The t h e r m a l  model ing c a l c u -  

l a t i o n s  used  f o r  h e a t e r  d e s i g n  were d e s c r i b e d  i n  Q u a r t e r l y  Report  No. 1 3 .  

Even a t  t h e  h i g h e s t  s p e e d s ,  t h e  s u b s t r a t e s  have c o o l e d  t o  1 6 0 ' ~  by t h e  t i m e  

t h e y  come i n  c o n t a c t  w i t h  t h e  r u b b e r  r o l l e r s  a t  t h e  e x i t  end .  Thus ,  t h e  

p a s s i v e  a f t e r h e a t e r s . a r e  f u n c t i o n i n g  c o r r e c t l y .  I t  s h o u l d  a l s o  be n o t e d  t h a t  

even w i t h  t h e  b u c k l i n g  and c r a c k i n g . a t  lower  t h a n  t h e  d e s i g n  s p e e d ,  t h e  sub- 

s trates c o n t i n u e d  t o  be  t r a n s p o r t e d .  Thus ,  t h e  s u b s t r a t e  t r a n s p o r t  mechanism 

i 3  s u c c e s s f u l .  ' . 

I n  summary, t h e  SCIM-1.1 sys tem is o p e r a t i o n a l  and c o a t i n g  e x p e r i m e n t s  w i l l  

be conduc ted  under  t h e  JPL program. Minor m o d i f i c a t i o n s  f o r  i n c r e a s e d  t r a n s -  

v e r s e  t e m p e r a t u r e  u n i f o r m i t y  w i l l  be implemented soon.  I t  s h o u l d  a l s o  be 

n o t e d  t h a t  t h e  a u t o m a t i c  t e m p e r a t u r e  c o n t r o l l e r s  have n o t  y e t  a r r i v e d ,  and 

some t l m e  w i l l  be r e q u i r e d  t o  i n s t a l l  them and a s s u r e  t h e i r  p r o p e r  o p e r a t i o n .  



CELL FABRICATION AND DEVELOPMENT (B. Grung, T. H e i s l e r ,  and  
S.  Znameroski ) 

C e l l  Per fo rmance  

Dur ing  $ h i s  q u a r t e r ,  w e  f a b r i c a t e d  46 SOC c e l l s .  Our o b j e c t i v e  w a s  t o  d e t e r -  
1 7  3 mine t h e  e f f e c t s  o f :  ( 1 )  heavy dop ing  ( 2  x  1 0  / c m  ) i n  t h e  b a s e  r e g i o n ,  

( 2 )  m e l t  c u r r e n t  i n  t h e  m e l t ,  ( 3 )  aluminum doping  i n  t h e  b a s e  r e g i o n ,  ( 4 )  no 

d o p i n g  i n  t h e  m e l t ,  and ( 5 )  i o n - i m p l a n t e d l a n n e a l  f o r  t h e  emitter r e g i o n .  

These  e f f e c t s  a r e  d i s c u s s e d  below. The p r imary  c h a r a c t e r i s t i c s  o f  t h e  c e l l s  

are g i v e n  i n  T a b l e s  2  and 3 ,  where t h e  c e l l s ,  a r e  i d e n t i f i e d  by i t e m  numbers. 

Only t h r e e  c e l l s  ( i t e m s  1 ,  4 ,  a n d ' 5 )  have been AR c o a t e d  s o  f a r  and t h e  

b e s t  c e l l  h a s  a  c o n v e r s i o n  e f f i c i e n c y ,  n ,  of 8.9% (AMl), f o r  a c e l l  a r e a  o f  
2 5 cm . For  the r e m a i n i n g  43 non-AR-coated c e l . l o ,  t h e  h i g h e s t  c o n v e r s i o n  

e f f i c i e n c y  was 6 .95%. 

Heavy Doping Experiment -- ' F ive  s o l a r  c e l l s  ( i t e m s  1 t h r o u g h  5 )  were f a b r i -  
1 7  3 c a t e d  u s i n g  SOC m a t e r i a l  w i t h a b o r o n  c o n c e n t r a t i o n  o f  2 x  1 0  /cm , a s  com- 

1 6  3 p a r e d  w i t h  t h e  normal c o n c e n t r a t i o n  o f  5  x  1 0  /cm . The t h r e e  AR-coated 

c e l l s  have an  a v e r a g e  o p e n - c i r c u i t  v o l t a g e  (Voc) o f  0 . 5 8  V, a n ' a v e r a g e  
C)  

s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  ( J  ) of  2 1 . 4  m ~ / c m & ,  and an  a v e r a g e  0 of 
S C  

8 .6%.  The performance o f  t h e s e  h e a v i l y  doped SOC c e l l s  is  l i m i t e d  p r i m a r i l y  

by low v a l u e s  o f  Jsc. 

Melt  C u r r e n t  Experiment -- E i g h t  SOC c e l l s  ( i t e m s  6 t h r o u g h  1 3 )  were f a b r i -  

c a t e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  an  e l c c t r i c  c u r r e n t  t h r o u g h  t h e  m e l t  d u r i n g  

d i p  c o a t i n g .  I t  was hoped t h a t  t h i s  c u r r e n t  might r c d u c e  me11 con ta r f~ i l l a t ion  

by i n f l u e n c i n g  t h e  t r a n s p o r t  o f  i m p u r i t i e s  from t h e  s u b s t r a t e  i n t o  t h e  m e l t .  

Bnsed on t h e  r e s i . l l t s  o f  t h e  e i g h t  c e l l s ,  t h e  e l e c t r i c  c u r r e n t  d o e s  n o t  seem 

t o  have an e f f e c t  on m e l t  c o n t a m i n a t i o n .  

Aluminum-Doping Experiment -- Eleven SOC c e l l s  ( i t e m s  1 4  t h r o u g h  2 4 )  were 

f a b r i c a t e d  t o  d e t e r m i n e  i f  aluminum doping  c o u l d  p roduce  h i g h e r  v a l u e s  o f  

J s c ,  f o r  a  g i v e n  dop ing  c o n c e n t r a t i o n .  The h i g h e s t  Jsc is  1 4 . 6 8  mA/cm 2  ' 

16 3 (AM1, no AR) f o r  an aluminum-doping c o n c e n t r a t i o n  o f  2 . 2  x  1 0  /cm . T h i s  

v a l u e  is low compared w i t h  an  a v e r a g e  v a l u e  o f  1 7  m ~ / c m ~  f o r  boron-doped 

samples .  Thus ,  aluminum doping  d o e s  n o t  p roduce  h i g h  v a l u e s  o f  Jsc. 

No-Doping Experiment - -- Four SOC ce l l s  ( i t e m s  25 t h r o u g h  28) were f a b r i c a t e d  

t o  d e t e r m i n e  t h e  e f f e c t s  o f  p r o g r e s s i v e  m e l t  c o n t a m i n a t i o n  on t h e  s h e e t  re- 
s i s t a n c e  o f  t h e  d i p - c o a t e d  SOC m a t e r i a l .  For  t h e  n i n t h  and t w e l f t h  s u b s t r a t e s  



Notes: 

4 
C 

Table 2. Conversion Efficiencies of Recent 
Slotted-Substrate SOC Cells 

rota1 brea 
Cell P-type Dip R k  base Co7~crsiar. Eff:ci.?ac i e i  

Nunber Doping Speed Product Sheet i3efore k3 A f t e r  CF: 
(atows/cc) (rn/soc) (ohms-sq cn)Resistance ( X )  (Z) 

~ = Z D : r i E : = 1 D I 8 = = = 3 0 O = C : X = ~ 8 8 C D 8 L O O ~ C D D 5 3 = ~ S O Y C ~ ~ a D t ~ = Z D ~ Z C S ~ L = = D L X S Z : ? E E . ~ ~ = = = = = ' i  

225 - 3-103 2.0e+017 0.06 0.7 5 5.44 8.54 
225 - 4-111 2.0e4017 0.06 0.5 6 4.26 
225 - 5-11! 2.0e401? 0.06 0.6 6 3.47 
225 - 6-111 2.0e401: 0.06 0.7 6 5.70 P ,. i 0 
229 - 6-211 2.0e4017 0.06 - '0.6 6 6.24 e.71 
226 - 3-1 1 1  4.704016 . 0.06 0.7 24 6.45 
226 - 3-211 4.7e+016 0.06 0.7 24 6.93 
226 - 8-111 4.7e4016 0.06 0.7 26 5.36 
226 - 6-21! 4:7e*016 0.06 0.6 26 3.38 
226 - 9-111 4.7e4016 0.06 0.8 JS 6.11 
226 - 9-211 4.704016 0.06 0.7 3 5 5.77 
226 -10-Ill 4.7et016 0.06 0.7 34 5.69 
226 -10-211 4.7~4016 0.06 0.6 3 4 5.84 
227 - 5-1 1 1  2.2e4016 0.06 0.8 24 5.73 
227 - 5-21 1 2.2~4016 -0.06 0.6 24 5.57 
227 - 7-111 2.2~*016 0.06 0.7 2 6 5.43 
227 - ?-211 2.2e'+016 0.06 0.7 2 6 3-40 
227 - 8-111 2.2e4016 0.06 0.9 28 2.51 
227 - 0-211 2.20+016 0.06 0.0 28 5.62 
227 - 9-111 2.?e*016 9.06 0.8 2 6 2.:: 
22?-9-211 2.2e4016 ' 0.06 0.8 26 4.75 
227 -!I-I11 2.2e4016 0.06 0.7 16 5-25 
227 -1;-211 2.2et016 0.06 0.7 16 5.55 
227 -12-111 2.2e4016 0.06 1.1 2 0 4-06 
228 - 9- 1 1  1 O.Oe+OOO 0.06 1.6 771 6.06 
228 - 9-211 0.3etOOO 0.06 1.7 77 1 JV39 
2 2 8  -12-11 i 0.Ue+000 0.0b 1.5 498 4.54 
228 - 1  :-211 0.0et300 0.06 I .8 4V8 4.26 
233 - 2-111 4.?r+016 0.06 0.6 0 1.78 
234 - 3-211 4.7e4016 0.06 0.6 0 4.15 
234-7-111 4.7e4016 0.06 0.6 C 4. O? 
234 - 7-21! 4.7et016 3.06 0.5 0 4.36 
234 - @-!I I ' 4.7e4016 . 0.06 0.5 3 4.68 
234 - 8-211 4.;e*016 6.06 0.5 0 4.29 
235 - 3-111 4.7e*016 0.06 0.5 13 6.74 
235 - 3-211 4.7e4016 3.06 0.6 13 6.72 
235 -. 4-11! ' 4.7~4016 0.06 0.4 0 5.53 
235 : 4-21 1 4.704016 0.06 0.5 0 5.67 
236 .-10-111 4.7~4016 0.06 0.6 29 5.45 
237 - 4-111 4.7~+016 0.06 0.8 0 4.30 
237 - 4-211 4.7e4016 0.06 0.8 0 4.27 
232 -10-111 4.7~1016 0.06 , 0.6 32 4.69 
238 - &-Ill 5.0e+016 0.06 0.9 2 9 6.95 
238 - 8-211 S.Oet016 0.06 0.7 2 9 5.95 
240 - 3-111 5.0e+016 0.06 0.6 ? 0 6.6L 
240 - 3-211 5.0e401b 0.06 0.6 3 0 6.53 

Notes : @ Heavy-doping experiment. 

@ Conduct ion experiment. 

@ Aluminum-doping experiment. 

@ No-doping experiment. 

@ Ion-implantation experiment. 



T a b l e  3 .  C h a r a c t e r i s t i c s  o f  Recen t  S l o t t e d  SOC C e l l s  
a n d  T h e i r  C o r r e s p o n d i n g  S i n g l e - C r y s t a l  
C o n t r o l  C e l l s  

Total-Area 
Cell Isc Voc Fill Jsc E f t . .  

Number ( f i A  ( V )  F a c t o r  (mA/sacn)  ( X J  
i t e m  =====EII====l==:=IZ=======EEEt:=t:t==IE===E===z=========~===z== 

1  2 2 5  - 3-103-0  142.30 0 . 5 7 5  0.665 14.23 5 . 4 4  
I 225 - 3-133-1 217 .00  0.584 0 . 6 7 4  21.70 6 . 5 4  r ~ h ' j  

t o n t i n t i e d  n e x t  page  



T a b l e  3 .  C h a r a c t e r i s t i c s  o f  Recent S l o t t e d  SOC C e l l s  
and T h e i r  Cor responding  S i n g l e - C r y s t a l  
C o n t r o l  C e l l s  ( C o n t i n u e d )  

T ~ t a l - A r e a  
Cell I sc .Voc Fl l l  Jsc Eft.  

Nunber ( s A )  ( V )  F a c t o r  (n4?sqcm) ( 1 )  
item - - - - - - - -=- - - - - - - - - - - '05- -  -------- ----------- - - 0 = ~ ~ = 5 1 1 1 0 = ' = = 2 a ~ = = = = = = O = = X = = = : ~ = a s = ~ =  

24 227 -12-111-0 67.30 0 .521 '  0.A92 13.46 4.86 

c c n t r n u e d  next page 



T a b l e  3. C h a r a c t e r i s t i c s  o f  Recent S l o t t e d  SOC C e l l s  
and T h e i r  Cor responding  S i n g l e - C r y s t a l  
C o n t r o l  C e l l s  (Conc luded) .  

Tota l -Area  
C 1 . 1 1  I 5 c  Voc Fi l l  Jsc Eft.  

Nunber (nA ( V )  F a c t o r  (sA/sqcn)  ( X I  
- - - - - - - - - - = = = S ~ = = ¶ ¶ I ~ t t f S S = = ~ 8 ~ 3 D O X ~ = I f I ¶ = = : ~ = = ~ ~ = ~ = = = ~ = =  

R38 - 0-211-0 104.10 0.580 0.764 20.92 9.23 
k38 - 0 - ? I ! - !  146.10 0.587 0.751 29.22 12.88 (hR) 

k i t  - 3-111-0 101.00 0.578 0.717 20.20 8.37 

clipped i n  r u n  no.. 228, t h e  s h e e t  r e s i s t a n c e  was 770 and 500 Q / 0  , r e s p e c -  

t i v e l y .  C e l l s  f a b r i c a t e d  u s i n g  t h e s e  SOC s u b s t r a t e s  had e f f i c i e n c i e s  i n  t h e  

r a n g e  from 4 .3  t o  6.1% (AM1, no A R ) .  T h i s  i n d i c a t e s  t h a t  t h e  m u l l i t e  pro-  

g r e s s i v e l y  c o n t a m i n a t e s  t h e  m e l t  w i t h  a p - type  d o p a n t ,  Shown t u  be aluaiini.lrn 

i n  e a r l i e r  e x p e r i m e n t s .  Such c o n t a m i n a t i o n  is a  b a s i c  problem for t h e  d i p -  

c o a t i n g  t e c h n i q u e .  A s i m i l a r  problem s h o u l d  n o t  e x i s t  f o r  t h e  SCIM-coaring 

t e c h n i q u e ,  s i n c e  the .  r n u l l i t e  w i l l  n o t  be  i n  d i r e c t  c o n t a c t  w i t h  t h e  s i l i c o n  

m e l t .  

Ion-Implant  Experiment -- E i g h t  SOC c e l l s  ( i t c m s  20 t h r o u g h  3 4 ,  and  37 and -- 

3 8 )  were f a b r i c a t e d  u s i n g  i o n  i m p l a n t a t i o n  and t h e r m a l  a n n e a l  t o  for111 t h e  
+ 

n  e m i t t e r  r e g i o n .  Ars 'enic w a s  u s e d  as t h e  dopan t .  For  one set o f  c e l l s ,  

t h e  a n n e a l i n g  t e m p e r a t u r e  c o n d i t i o n s .  were 6 0 0 ' ~  f o r  30 m i n u t e s  i n  f l o w i n g  

n i t r o g e n .  The s h e e t  r e s i s t a n c e  w a s  % 35 R / O  , which is t y p i c a l  f o r  o u r  

p h o s p h i n e - d i f f u s e d  c e l l s .  The r e s u l t i n g  c e l l  e f f i c i e n c i e s  were low, p r imar -  

i l y  because  o f  low f i l l  f a c t o r s ,  a s  shown i n  F i g .  2 .  For a second  s e t  o f  

c e l l s ,  t h e  a n n e a l i n g  t e m p e r a t u r e  was 850C f o r  60 m i n u t e s ,  which are t h e  



SLOTTED SOC CELL 

NO. 234-8-111 
(ION IMPLANT) 

AREA = 5.0 cm 
COVERAGE = 8.0% 1 

VOLTAGE (V) 

Figure 2. Current-Vo1tage.Charnc.teristics of an Ion-Implanted 
SOC Cell Thermally Annealed at 600°C for 30 Minutes 



same c o n d i t i o n s  u s e d  f o r  o u r  phosph ine  d i f f u s i o n .  The e m i t t e r  s h e e t  r e s i s -  

t a n c e  w a s  % 32 R / O ,  which is e s s e n t i a l l y  t h e  same as t h a t  o b t a i n e d  a t  t h e  

l o w e r  t e m p e r a t u r e .  However, t h e  e f f i c i e n c y  v a l u e s  were much h i g h e r .  F ig -  

u r e  3  shows one  c e l l  a n n e a l e d  a t  850C a l o n g  w i t h  a  c o n t r o l  c e l l  f a b r i c a t e d  

u s i n g  t h e  s t a n d a r d  phosph ine  d i f f u s i o n .  The e f f i c i e n c . ~  o f  t h e  i o n - i m p l a n t /  .. 

a n n e a l  c e l l  i s  5 .6%,  as compared w i t h  t h e  6 . 7 %  e f f i c i e n c y  of t h e  d i f f u s e d  

c e l l .  C l e a r l y ,  more work needs  t o  be done t o  d e t e r m i n e  t h e  p r o p e r  a n n e a l -  

i n g  c o n d i t i o n s .  

E m p i r i c a l  E x p r e s s i o n s  

I n  F i g .  23 o f  Si l icon-on-Ceramic P r o c e s s  No. 4 ,  p u b l i s h e d . 3 1  October  1979 ,  

e x p e r i m e n t a l  r e s u l t s  were g i v e n  showing cel l  per fo rmance  as a  f u n c t i o n  o f  

t h e  b a s e  dop ing  c o n c e n t r a t i o n .  These  r e s u l t s  have been u p d a t e d  and  t h e  new 

r e s u l t s  a r e  shown i n  F i g .  4 ,  which r e p r e s e n t s  a t o t a l  o f  136 completed 

SOC c e l l s .  The p r i m a r y  c h a r a c t e r i s t i c s  of a l l  c e l l s  are l i s t e d  i n  S i l i c o n -  

on-Ceramic P r o c e s s  Monthly Report  No. 36.  The c e 1 . l ~  are d i v i d e d  i n t o  10 

g r o u p s ,  where e a c h  group c o r r e s p o n d s  t o  a  g i v e n  b a s e  dop ing  c o n c e n t r a t i o n  

(,NB). I n  F i g .  4 ,  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  i n d i c a t e d  by t h e  v e r t i c a l  

l i n e s .  The s o l i d  c u r v e s  can be c a l c u l a t e d  as f o l l o w s .  F i r s t ,  l i n e a r  r e g r e s -  

s i o n  is used  t o  d e t e r m i n e  an e m p i r i c a l  r e l a t i o n s h i p  between J and NB. The 
S C  

r e s u l t  i .s 

- 3  whcrc Jsc is i n  i.lnil:s o f  r n ~ / c m ~  and  NI1 is  i n  u n i t s  of c m  . Second,  l i n e a r  

r e g r e s s i o n  is  u s e d  t o  d e t e r m i n e  an e m p i r i c a l  r e l a t i o n s h i p  between JO1 and 

NB. For  t h e  d a t a  g iven  i n  T a b l e  4  o f  Monthly Report  No. 34 ,  t h e  r e s u l t  is 

2  where JO1 is i n  u n i t s  o f  m A / c m  . T h i r d ,  t h e  t h e o r e t i c a l  e x p r e s s i o n  f o r  t h e  

s p e c i f i c  s e r i e s  r e s i s t a n c e ,  RsA, a s . g i v e n  i n  Q u a r t e r l y  Report  No: 12 pub- 

l i s h e d  3 1  J u l y  1979 ,  is  u s e d ,  w i t h  an e r r ~ p i r i c a l  c o n s t a n t  of 1 . 7 5  added t o  

approx imate  t h e  measured r e s u l t s .  The r e s u l t i n g  e x p r e s s i o n  is 



SLOTTED SOC CELLS 

NO. 240-3 -111  (WITHOUT ION IMPLANT) 
NO. 235-4-211 (WITH ION IMPLANT) 

C BOTH CELLS: 9 1 
TOTAL AREA = 5 . 0  cmL I METALcovERAGE=8.0'/.1 - 

= 81.7 mA J 

WITHOUT ION IMPLANT 

VOLTAGE (V) 

Figure 3. Current-Voltage Characteristics of an Ion-Implanted 
SOC Cell and a Diffused SOC Cell. The ion-implant 
cell was thermally annealed at 850°C for 30 minutes. 
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Z 
where R A i s  i n  u n i t s  o f  ohm-cm . For  Eq. ( 3 ) ,  a growth v e l o c i t y  o f  0 . 0 6  

S 

c.m/sec is  assumed. F i n a l l y ,  t h e  c u r r e n t  d e n s i t y  is  assumed t o  be  g i v e n  by 

where JO2 is loe4 m ~ / c m ~  and  n  is  2 .  E q u a t i o n s  ( 1 )  t h r o u g h  ( 4 )  g i v e  t h e  

e m p i r i c a l  c u r v e s  o f  F i g .  3 .  C l e a r l y ,  t h e  e m p i r i c a l  c u r v e s  approx imate  t h e  

e x p e r i m e n t a l  r e c u l t .  

The e f f e c t s  o f  chang ing  some of  t h e  p a r a m e t e r s  i n  Eqs.  ( 1 )  t h r o u g h  ( 3 )  a r e  

shown i n  F i g s .  5  t h r o u g h  8 .  F i g u r e  5  shows t h e  e f f e c t s  o f  r e p l a c i n g  JO1 and 

JO1'+ S ,  where s is t h e  s t a n d a r d  d e v i a t i o n  o f  JO1 a s  d e t e r m i n e d  by t h e  

l i n e a r  r e g r e s s i o n  o f  t h e  JO1 d a t a ,  D e c r e a s i n g  JO1 by s i n c r e a s e s  Voc by 
1 6  3  

% 0 .005  V and i n c r e a s e s  q by % 0 .1%,  f o r  NB = 2  x  1 0  /cm . The p a r a m e t e r  

JO1 h a s  n e g l i g i b l e  e f f e c t  on f i l l  f a c t o r  and Jsc. F i g u r e  6 shows t h e  e f f e c t s  

o f  r e p l a c i n g  RsA w i t h  RsA'+ A 1 . 7 5 .  For  R A - 1 . 7 5 ,  t h e  s p e c i f i c  s e r i e s  r e -  
S 

s i s t a n c e  is  e q u a l  t o  t h e  t h e o r e t i c a l  v a l u e  p r e d i c t e d  by E q .  ( 7 )  of Q u a r t e r l y  

Report  No. 12.  For  t h i s  t h e o r e t i c a l  l i m i t ,  t h e  f i l l  f a c t o r  i s  0 . 7 7  and is 
3.6; 3 

9.8%, f o r  NB = 2 x 10 /cm . The s p e c i f i c  s e r i e s  r e s i s t a n c e  h a s  l i t t l e  

e f f e c t  on Voc and Jsc! as e x p e c t e d .  F i g u r e  7  shows t h e  e f f e c t s  o f  r e p l a c i n g  

Jsc w i t h  Jsc f- S ,  where s is  t h e  s t a n d a r d  d e v i a t i o n  o f  J '  a s  d e t e r m i n e d  by 
S C  

t h e  l i n e a r  r e g r e s s i o n  o f  t h e  Jsc d a t a .  I n c r e a s i n g  Jsc by s i n c r e a s e s  s l i g h t l y  
1 6  t h e  f i l l  f a c t o r  and i n c r e a s e s  a p p r o x i m a t e l y  by abou t  0 . 2 % ,  f o r  NB = 2 x  1 0  / 

3  cm . F i g u r e  8  shows t h e  combined e f f e c t s  o f  d e c r e a s i n g  JO1 by i ts  s t a n d a r d  

d e v i a t i o n ,  d e c r e a s i n g  R ~ A  by 1 . 7 5 ,  and i n c r e a s i n g  J by i t s  s t a n d a r d  d e v i -  
S C  

a t i o n .  For  t h e s e  t h r e e  c h a n g e s ,  t h e  maximum c o n v e r s i o n  e f f i c i e n c y ,  0 ,  is 
1.6 3 c a l c u l a t e d  t o  be  10 .3%,  for NB = 2 x  10 /cm . 

MATERIAL EVALUATION ( J .  D. Zook, R .  Hege l ,  and C .  Wensman ) 

The emphasis  i n  t h e  material e v a l u a t i o n  e f f o r t  c o n t i n u e s  t o  be t h e  measure- 

ment o f  m i n o r i t y - c a r r i e r  d i f f u s i o n  l e n g t h s ,  Ln, and e v a l u a t i o n  of g r a i n  

boundary r e c o m b i n a t i o n .  We have measured d i f f u s i o n  l e n g t h s  o v e r  a  r a n g e  of 



1015 1016 1017 

BASE DOPING CONCENTRATION 

F i g u r e  5.  E f f e c t s  o f  c h a n g e s  i n  t h e  Va lues  of 
e h e  Parame.ter JO1 



BASE DOPING CONVENTRATION ( C ~ I I - ~ E  

10l5 10'16 10'17 

BASE DOPING CONCENTRATION (u,'~) 

F i g u r e  6 .  E f f e c t s  of Changes i n  t h e  S p e c i f i c  S e r i e s  R e s i s t a n c e  



Figure 7. Effects of Changes in Short-Circuit Current Density 
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s u b s t r a t e  d o p i n g s  from 1015 boron/cm3 t o  2  x  1017 boron/cm3 and f i n d  t h a t  

Ln d e c r e a s e s  r a p i d l y  a s  t h e  dop ing  i n c r e a s e s .  We a l s o  have v e r i f i e d  t h a t  

hydrogen p a s s i v a t i o n  d o e s  improve t h e  g r a i n  boundary per fo rmance .  

A summary o f  o u r  r e c e n t  measurements is shown i n  F i g .  9  as a f u n c t i o n  o f  

dop ing .  The t h r e e  l i n e s  r e p r e s e n t  approx imate  f i t s  f o r  t h e  d i f f u s i o n  l e n g t h  

w i t h i n  g r a i n s ,  a v e r a g e  d i f f u s i o n  l e n g t h s ,  and d i f f u s i o n  l e n g t h s  a t  g r a i n  

b o u n d a r i e s ,  r e s p e c t i v e l y .  I n  s p i t e  o f  t h e  l a r g e  s c a t t e r  i n  t h e  d a t a ,  t h e r e  

is  a  c l e a r  t e n d e n c y  f o r  t h e  d i f f u s i o n  l e n g t h  t o  d e c r e a s e  w i t h  dop ing .  The 

r e a s o n  f o r  t h i s  d e c r e a s e  i s  n o t  c l e a r ,  s i n c e  t h e  boron i t s e l f  d o e s  n o t  pro-  

duce  r e c o m b i n a t i o n  c e n t e r s .  However, s i n g l e - c r y s t a l  s i l i c o n  d o e s  show 

b e h a v i o r  t h a t  is c o n s i s t e n 1  w i t h  t h e  b e h a v i o r  w i t h i n  a  g r a i n .  The s o l i d  l i n e  

is  an a v e r a g e  d i f f u s i o n  l e n g t h  f o r  C z o c h r a l s k i  c e l l s  t a k e n  from t h e  l i t e r -  

a t u r e .  1 

The d e c r e a s e  w i t h  dop ing  i s  n o t  u n d e r s t o o d .  A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  

d e c r e a s e  is  Auger r e c o m b i n a t i o n I 2  b u t  t h i s  mechanism would o n l y  become 

s i g n i f i c a n t  a t  h i g h e r  dop ing  l e v e l s .  An a l t e r n a t i v e  e x p l a n a t i o n  is t h a t  

boron forms complexes w i t h  ca rbon  o r  oxygen,  and t h a t  t h e s e  f u n c t i o n  a s  

r e c o m b i n a t i o n  c e n t e r s .  I f  t h i s  e f f e c t  c o u l d  be p r e v e n t e d ,  t h e  d i f f u s i o n  

l e n g t h ,  and t h e r e f o r e  t h e  s h o r t - c i r c u i t  c u r r e n t ,  would b c  s i g n i f i c a n t l y  

h i g h e r  a t  a  dop ing  l e v e l  o f  5 x  1016, and t h e  e f f i c i e n c y  o f  SOC c e l l s  would 

bc  a b o u t  10% h i g h e r .  

The l ight-haam-induced c u r r e n t  (LBIC) measurements o f  Ln made d u r i n g  t h e  

p a s t  q u a r t c r  a r o  eumrnsriued i i i  Tal:~le 4 .  T h i s  table also i nc ludes  t h e  msa- 

s u r e m e n t s  o f  t h e  aluminum-doped samples .  The d i f f u s i o n  l e n g t h  is  s i g n i f i -  

c a n t l y  lower  i n  t h e s e  s a m p l e s ,  compared w i t h  boron-doped samples  a t  t h e  

same dop ing  l e v e l .  The t a b l e  a l s o  i n c l u d e s  d a t a  f o r  s e v e r a l  edge-fed growth 

(EFG)  d i o d e s  t h a t  were f a b r i c a t e d  a t  Honeywell u s i n g  samples  s u p p l i e d  by 

JPL. The p r o c e s s i n g  was i d e n t i c a l  t o  t h a t  used  f o r  o u r  SOC c e l l s  and i t  i s  

c l e a r  t h a t  t h e  r e s u l t s  are comparab le .  The EFG m a t e r i a l  c o n t a i n e d  s i g n i f i -  

c a n t  m a t e r i a l  i n h ~ m o ~ e n e i t i e s . ,  a s  d o e s  SOC m a t e r i a l .  The s t r a n g e  f e a t u r e  o f  

-- 

'c- R .  Fang and J.  R. H a u s e r ,  1 3 t h  IEEE P h o t o v o l t a i c  S p e c i a l i s t s  Conf.  (1978)  ,' 
p .  1318. The o r i g i n a l  d a t a  a r e  from S . I .  S o c l o f  and P.  I l e s ,  1 1 t h  IEEE 
P h o t o v o l t a i c  S p e c i a l i s t s  Conf.  ( 1 9 7 5 ) ,  p .  56. 

Dziewior  and W.  Schmid, Appl. Phys .  L e t t s .  



Figure 9. Diffusion Length as a Function of Doping 



T a b l e  4 .  LBIC M e a s u r e m e n t s  of D i f f u s i o n  L e n g t h  

Comments 

H-plasm% annealed. 

. 

AR coated.  C e l l s  were 
shunted;  small-area diodes 
were etched f o r  LBIC. 

E l e c t r o l y t e  technique a f t e r  
e tch ing  o f f  junc t ion .  

ARcoated.  

Arsen ic i6n impla i r l . .  

(EFG numbers r e f e r  t o  EFG 
m a t e r i a l  supp l ied  by JPL.)  

nrsenlc lull i taplant,  8606 
anneal .  

Areenic ion implant ,  600C 
anneal .  

Low doping, end of run.  

Aluminum doped: 
' 

0 .2  cm/sec growth, impure 
carbon. 

Reused melt .  

T o p o f  sample, poor 
s t r u c t u r e .  

Lmin 
cum) 

L 
(w)  

J~~ 

(mA/cm2) 

C e l l  
No. 

Lmax 
Cum) 

AL/L 
Base 

Doping 
(cm-3 ) 

19.4 

9 . 1  

13 .3  

18.2 

5 . 2  

9 .9  

7.4 

5 . 4  

26.0 

10.9 

15 .3  

1 8 . 1  

15 .9  

18 .5  

22.9 

13.5 

27.9 

8 . 6  

8 . 3  

6 . 1  

11 .8  

12.6 

6 . 9  

5 . 0  

6 . 2  

8 . 2  

13 .0  

5 . 6  

5.8 

5 . 9  

4 .8  

9 . 1  

7 . 7  

1 - R 

17.40 

16.00 

15.66 

16.98 

21.5 

--- 

20.4 

--- 

24.7 

1 2 . 7 8 .  

16.88 

15.0 

16.2 

14.57 

14.35 

13.20 

16.10 

1.2.20 

12.80 

12.20 

14.12 

13.80 

12.80 

11.20 

12.6 

17.26 

16 .3  

13.66 

14.12 

--- 

--- 
--- 

13.95 

193-15-1-4 

217-6-211 

217-5-111 

202-8-111 

225-6-111A 

225-6,111B 

225-6-211D 

225-6-lllA 

185-1-102 

234-8-111 

240-3-211 

240-3-D7 

240-3-D5 

EFG-57-B3 

EFG-57-B7 

EFG-57-B6 

EFG57-A7 

EFG-57-A6 

EFG-57-A5 

EFG-57-A2 

'235.-4-211 

237-4-111 

EFG58-A5 

EFG-58-A6 

EFG-58-B6 

199-3-111 

185-24-202 

227-11-211 

227-5-111 

456-2 

465-4 

191-21 

239-1-TB 

0 . 9  x 10 

3 x 1016 

3 x 1 0 1 6  

1 x 1016 

2 x 1017 

--- 

2 x 1017 

2 x 1017 ' 

2 . 3  x 1015 

4 . 6 x 1 0 1 6  

4 . 8 ~ 1 0 ' ~  

4 . 6  x 1016 

4 .6  x 1016 

--- 

--- 
--- 
--- 
--- 
--- 
--- 

4 . 6  x 10 

4.6 x lo1' - 

--- 
--- 
--- 

1 x 1 0 ' ~  

2 . 3  x 1015 

5 x 1016 AL 

5 x 1016 AL 

2 x lo t6  

2 x 1016 

1 x 1016 

5 .6  x 1016 

33.3 

37.4 

42.4 

47.6 

17 .7  

24.9 

29.8 

13.8 

36.7 

37 .9  

43.4 

26.3 

53.8 

71.2 

49.7 

56 .1  

38.8 

38.9 

38.4 

36.2 

3 7 . 5  

20.0 

12.5 

22.8 

40.9 

30.3 

8 . 9  

14.5 

1 1 . 7  

8 . 8  

14 .3  

62 .9  

6 . 5  

2 . 9  

2 . 9  

4 .7  

2 . 0  

2 .3  

1 . 3  

2 .6  

1 . 0 7 4 . 2  

3 . 3  

2 . 6 1  

3 . 5  

2 .4  

2 . 3  

3 . 2  

2 . 9  

7 . 2  

2 .4  

2 . 3  

1 . 4  

3 . 1  

4.7 

2 .2  

3 . 6  

3 .2  

4.80 

5 . 1  

3 .2  

2 . 5  

3 . 1  

3 . 1  

5 . 0  

1 .8  

0.04 

0.04 

0.05 

0.05 

0.04 

0.04 

0.05 

0.07 

0.11 

0.06' 

0.06 

0.06 

0.06 

0 .07  

0.05 

0.05 

0.07 

0.05 

0.04 

0.04 

6.05 

. 0.05 

0 .03  

0 .03  

0.04 

0.07 

0.04 

0 .03  

0 .03  

0.04 

0.04 

0.10 

0 . 0 4  

0.758 

0.770 

0.738 

0.741 

1.08 

1 0.96 

0.93 

0.83 

0.98 

0.68 

0.75 

0.75 

0.80 

0.65 

0.64- 

0.69 

0.66 

0 .71  

0.68 

0.68 

0.68 

0.68 

0.62 

0.62. 

0 .70 

0.82 

'0.78 

0.90 

0.87 

0.96 

1.02 

0.95 

0 . 7 2 '  



T a b l e  4 .  LBIC Measurements o f  D i f f u s i o n  Length (Concluded)  

EFG m a t e r i a l  w a s  t h a t  Lhe LBIC was v e r y  low i n  c e r t a i n  l a r g e  r e g i o n s  o f  t h e  

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

m a t e r i a l ,  t h e  r e g i o n s  of low Ln 
a lways  c o r r e l a t e  w i t h  s m a l l e r  g r a i n  

s t r u c t u r e .  

No. 

EFG-59-B1 

EFG-59-B2 

EFG-60-A5 

EFG60-A6 

210-1-Dl . 

211-1-Dl 

The H-plasma a n n e a l e d  samples  a r e  d i o d e s  t h a t  were p r e p a r e d  a t  Honeywell 

and t r e a t e d  i n  an H-plasma a t  S a n d i a . 3  The s u b s t r a t e s  were d i f f u s e d  and a 
back cu11LacL was a p p l i e d .  The ce l l s  t h e n  went t o  S a n d i a  L a b o r a t o r i e s  f o r  

t r e a t m e n t  a t  v a r i o u s  t e m p e r a t u r e s .  They were t h e n  r e t u r n e d  t o  Honeywell and 

t h e  c e l l  f a b r i c a t i o n  w a s  completed.  The r e s u l t s ,  shown i n  T a b l e  4 and 

l a b e l e d  H ' i n  F i g .  9 ,  show t h a t  hydrogen p a s s i v a t i o n  a t  g r a i n  b o u n d a r i e s  

d o e s  i n d e e d  o c c u r .  The d i f f u s i o n  l e n g t h s  a t  t h e  g r a i n  b o u n d a r i e s  a r e  i n -  

c r e a s e d  c o n s i d e r a b l y .  

A second  b a t c h  o f  samples  was r e c e n t l y  r e t u r n e d  from S a n d i a  and is s t i l l  

b e i n g  e v a l u a t e d .  These  samples  were m e t a l l i z e d  w i t h  a t u n g s t e n  c o n t a c t  be- 

f o r e  b e i n g  s e n t  t o  S a n d i a ,  s o  t h a t  t h e  LBIC d a t a  c o u l d  be  t a k e n  b e f o r e  and  

a f t e r ' t h e  h y d r o g e n a t i o n  t r e a t m e n t .  I n  t h e s e  s a m p l e s ,  t h e  plasma a n n e a l i n g  

was l o n g e r ,  and t h e  LBIC s c a n s  look  much improved, w i t h i n  g r a i n s ,  as w e l l  

a s  a t  g r a i n  b o u n d a r i e s .  The r e s u l t s  l o o k  v e r y  p r o m i s i n g ,  and  t h i s  e f f o r t  

w i l l  be c o n t i n u e d .  

Base 
Doping 
(cm-3) 

--- 
--- 

--- 
--- 

1 x 1016 

1 x 1016 

3 ~ . ~ .  S e a g a r  and D.S. G i n l e y ,  Appl. Phys .  L e t t s .  34 ,  337 ( 1 9 7 9 ) ;  a l s o  
C.H. S e a g e r ,  D.S. G i n l e y ,  and  J . D .  Zook, s u b m i t t e d  t o  Appl.  Phys .  L e t t s .  

Jsc  

(mA,cm2) 

14.06 

14.20 

16.4 

16.0 

--- 

19.78 

--- 

20.44 

( ~ m )  

10 .9  

13 .2  

25.8 

23.8 

14.8 

36 .9  

17 .3  

29.8 

h a x  
( ~ m )  

4 7 . 1  

46.7 

5 6 . 3  

64.2 

46.0 

6 5 . 1  

46 .3  

67.6 

b i n  
( w )  

1 . 5  

2 . 8  

2 .7  

4.82 

4.4 

9 .8  

4 . 3  

8 . 5  

1 - R 

0.58 

0.56 

0 .61  I 0.66 

0 . 7 3  

0.75 

0.74 

0.82 

A L / L  

0.03 

0.05 

0.04 

0.06 

0.06 

0.06 

0.08 

0.08 

Comments 

Best EFG diodes.  

Tungsten diode,  before  
H-plasma anneal .  

T u n g s t e n d i o d e , a f t e r  
H-plasma anneal .  

Tungsten diode,  be fore  
H-plasma anneal .  

Tungsten diode,  a f t e r  
H-plasma anneal .  



ECONOMIC ANALYSIS (S.  B. S c h u l d t  ) 

Cos t  e s t i m a t e s  f o r  SOC p a n e l s  were r e c e n t l y  r e c a l c u l a t e d  i n  1980 d o l l a r s .  

S e p a r a t e  c a l c u l a t i o n s  were made f o r  o u r  t a r g e t  t e c h n o l o g y  and f o r  p r o g r e s s  

t o  d a t e ,  t h e  main d i f f e r e n c e  b e i n g  c o a t i n g  speed .  P r e s e n t  c o a t i n g  s p e e d  is 

0 .6  rnrnlsec and t a r g e t  s p e e d  is  2 . 5  mm/sec. The f i g u r e s  i n  T a b l e s  5 and 6 

are t h e  d i r e c t  c o s t s  i n  t h e  f i v e  major  I n t e r m e d i a t e  P r i c i n g  E v a l u a t i o n  

Guide (IPEG) c a t e g o r i e s .  A l l  t h e  f i g u r e s  a r e  b a s e d  on an  a n n u a l  p r o d u c t i o n  

of 5 m i l l i o n  s q u a r e  m e t e r s  o f  s h e e t  s i l i c o ~ i  i n  uucombled mndiiles. EQPT 

r e p r e s e n t s  7 -year  rep lacement  c o s t s  o f  p , roduc t ion  equ ipment ,  i n c l u d i n g  pur- 

c h a s e  p r i c e ,  i n s t a l l a t i o n / r e r n o v a l ,  and s a l v a g e ;  SQFT is d i r e c t  p r o d u c t i o n  

a r e a  in s q u a r e  f e e t ;  DLAB is d i r e c t  . p r o d u c t i o n  l a b o r  c o s t  p e r  y e a r ;  MATS is 

d i r e c t  m a t e r i a l s  c o s t  p e r  y e a r ;  UTIL is  a n n u a l  cost of e l e c t r i c i t y  used  

d i r e c t l y  i n  p r o d u c t i o n .  I t  is i m p o r t a n t  t o  r e a l i z e  t h a t  a l l  q u a n t i t i e s  r e f e r  

t o  t h e  a n n u a l  p r o d u c t i o n  q u o t e  i n  assembled  modules ,  and  t h e r e f o r e ' a r e  

y i e l d e d  through c e l l  f a b r i c a t i o n  and  module f a b r i c a t i o n  p r o c e s s  s t e p s .  

T a b l e  5. Cos t  Da ta  f o r  T a r g e t  Technology.  See  t e x t  f o r  
e x p l a n a t i o n  o f  column h e a d i n g s .  

Major Assurnpt ions : 

5 million m2 per year production (yielded through solar 
cell module). 

83% yield (ceramic pancl to module). 

4-mil polysilicon thickness. 
2 2.25 m /hr silicon sheet grown each machine. 

$50,800 cost of silicon coCLc111g ~ ~ ~ a u l i i n s .  

(a)carbon, (b)substrates, (c)argon, (d)crucibles, furnaces, insulation 

(e)polysilicon, )excluding silicon, (~)includin~ silicon. 

. UTIL 

24,000 

428,530 

12,400 

464,930 

LILAR 

67,000 

1,842,900 

1,867,000 

3,716,600 

OQFT 

1,440 

8,800 

5,310 

15,550 

Task 

Carbon coating 

Silicon coating 

Inspect 

Total 

MATS 

1,334,000(~) 

23,914,000(~) 

1,353,300(~) 

2,673,000(~) 

19,683,900(~) 

--- 

29,274,300'~) 

48,958,200'~) 

EQPT 

66,600 

18,620,840 

1,111,000 

19,798,440 



T a b l e  6. Cost  Da ta  f o r  Progress - to -Date  Technology.  See  
t e x t  f o r  e x p l a n a t i o n  o f  column h e a d i n g s .  

Major Assumptions: 
2 0.54 m /hr silicon sheet grown each machine. 

Other assumptions as for Target Technology. 

(a)carbon, (b)substrates, (')argon, (d)crucibles, furnaces, insulation, 

(e)polysilicon, (f )excluding silicon, (g)including silicon. 

Task 

Carbon coating 

Silicon coating 

Inspect 

Total 

P r i c e  p e r  s q u a r e  m e t e r  is  o b t a i n e d  from t h e  IPEG f o r m u l a  

PRICE = 0 . 4 9  EQPT + 1 3 5 . 8  SQFT + 2 . 1  DLAB + 1 . 3  MATS + 1 . 3  UTILIQUAN 

The SQFT c o e f f i c i e n t  is  b a s e d ' o n  1980 d o l l a r s  and is  t h e r e f o r e  40% l a r g e r  

t h a n  t h e  1975 d o l l a r  v e r s i o n .  According t o  t h i s  f o r m u l a ,  t h e  p r i c e ,  assum- 

i n g  t a r g e t  t e c h n o l o g y ,  is  $11.65/m2 added v a l u e  and $16. 77/m2 i n c l u d i n g  

UTIL 

24,000 

428,530 

, 12,400 

464,930 

EQPT 

66,600 

77,587,000 

1,111,000 

78,765,000 

hardened  s i l i c o n  c o s t s .  Assuming p r o g r e s s - t o - d a t e  t e c h n o l o g y ,  t h e  p r i c e  

wo'uld be  $23.99/m2 added v a l u e  and $29. 10/m2 i n c l u d i n g  s i l i c o n .  

MATS 

1,334,000(~) 

23,914,000(~) 

5,637,900(~) 

11,136,000(~) 

19,683,900(~) 

--- 

42,021,900(~) 

61,705,800'~' 

SQFT 

1,440 

36,660 

5,310 

43 ;410 

T 

DLAB 

67,000 

7,680,500 

1,867,000 

9,614,500 



CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

I t  w a s  found t h a t  d e n d r i t e  f o r m u l a t i o n  c o u l d  be  l e s s e n e d  by 

i n c r e a s i n g  t h e  s o a k - t i m e .  T h i s  s u g g e s t s  t h a t  a  h i g h e r  ca rbon  

a n d / o r  oxygen c o n c e n t r a t i o n  i n  t h e  m e l t  may be  t h e  key t o  

a v o i d i n g  d e n d r i t e s .  

17  3 C e l l s  w i t h  heavy ( 2  x  1 0  / c m  ) boron dop ing  e x h i b i t e d  an 

a v e r a g e  c o n v e r s i o n  e f f i c i e n c y ,  0 ,  o f  8 . 6 2 ,  w i t h  a  low Jsc 

. a s  t h e  l i m i t i n g  f a c t o r .  

In  a n  e f f o r t  t o  r e d u c e  m e l t  c o n t a m i n a t i o n ,  an  e l e c t r i c  c u r r e n t  

was p a s s e d  t h r o u g h  t h e  melt d u r i n g  d i p  c o a t i n g .  The r e s u l t i n g  

c e l l s  d i d  n o t  show a s i g n i f i c a n t  improvement i n  pe r fo rmance .  

Aluminum doping  r e s u l t e d  i n  lower  J t h a n  boron dop ing  (14 .7% 
S C  

v e r s u s  17%) f o r  s i m i l a r  dop ing  c o n c e n t r a t i o n s .  

The p r o g r e s s i v e  c o n t a m i n a t i o n  o f  t h e  m e l t  by t h e  m u l l i t e  sub- 

s t ra te  w a s  e s t a b l i s h e d .  The c o n t a m i n a t i o n  is a  p - type  d o p a n t ,  

p r o b a b l y  aluaiinum. 

E m p i r i c a l  e x p r e s s i o n s  were found which r e l a t e  Jsc ,  JO1, HsA, 

t o  NR. These  e x p r e s s i o n s  p r o v i d e  a  model which,  when o p t i m i z e d ,  
' 

p r e d i c t s  a maximum c o n v e r s i o n  e f f l c l e n c y  uf 10.376, f o r  
1 6  3 NG = 2 x  10 / c m  . 

D i f f u s i o n  l e n g t h s  a r e  found t o  d e c r e a s e  r a p i d l y  as dop ing  

i n c r e a s e s .  

r Hydrogen p a s s i v a t i o n  r e d u c e s  t h e  g r a i n  boundary r e c o m b i n a t i o n  

a s  shown by t h e  s i g n i f i c a n t  i n c r e a s e  i n  d i f f u s i o n  l e n g t h s .  

A p r o j e c t i o n  o f  p r o d u c t i o n  c o s t s  o f  modules b a s e d  on c u r r e n t  

t e c h n o l o g y  (114 t a r g e t  s p e e d  f o r  c o a t i n g )  y i e l d e d  c o s t s  t h a t  

were 1 . 7  t i m e s  t h e  t a r g e t  f o r  added v a l u e  and 2 . 0  t i m e s  t h e .  

t a r g e t  i n c l u d i n g  s i l i c o n .  

RECOMMENDATIONS 

S e t  up a sys tem f o r  p e r f o r m i n g  in -house  hydrogen plasma p r o c e s s -  

. i n g  t o  p a s s i v a t e  g r a i n  b o u n d a r i e s .  



PROJECTION OF FUTURE ACTIVITIES 

With regard to future SOC activities, we plan to: 

Fabricate dip-coated cells to use in efficiency investigation 

tests by evaluating processing variations. 

Achieve improved uniformity at high speed in the dip coater by 

improving the thermal profiles and the geometry of the liquid- 

.solid interface. 

Achieve highly uniform temperature gradients in SCIM 11. 

Demonstrate uniform coating at 0.06 cm/sec in SCIM 11. 

Demonstrate uniform coating on slotted substrates. 

Fabricate cells in which the diffusion is followed by a slow 

controlled cool. 

Fabricate cells using hydrogen-passivated SOC. 

Use a two-step diffusion for preferential grain-boundary doping. 

Investigate the effect of various atmospheres during growth. 

Continue to evaluate diffusion lengths within grains using LBIC. 

Use finite-difference mcthod to 111vdel thermal profiles and pro- 

cesses in SCIM 11. 



NEW TECHNOLOGY 

T h e r e  were no r e p o r t a b l e  Itnew t e c h n o l o g y t t  i t e m s  uncovered d u r i n g  t h i s  re- 

p o r t i n g  p e r i o d .  



PROGRAM STATUS UPDATE 

Updated v e r s i o n s  o f  t h e  Program P l a n ,  Program Labor Summary, and  Program 

Cost  Summary are p r e s e n t e d  i n  F i g u r e s  1 0 ,  1 1 ,  and 1 2 ,  r e s p e c t i v e l y .  

F i g u r e  10. Updated Program P l a n  

\ 

TASK/MILESTONE 

A. SClM COATING. 

1. SClM I. 

A) OPERATE SClM I AS REQUIRED TO PROVIDE 
MATERIAL NECESSARY FOR CELL PROCESSIN6 
AN0 MATERIAL EVALUATION. 

B) OPTIMIZE SClM I TEMPERATURE GRADIENTS. 
OPTIMUM SClM COATING ANGLE DETERMINED 

1 9 8 0  

B. DIP-COATING. 

1. OPERATE DIP COATER AS REQUIRED TO PROVIDE 
MATERIAL FOR SOLAR-CELL PROCESS IMPROVE- 
MENT ACTIVITIES. 
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C) MAXIMUM USEFUL SClM GROWTH SPEED 
DETERMINED. 

2. 5ClM 11. 

1~ 

A) SClM II ON LINE. 

B) REPRODUCIBLE COATINGS OBTAINED. 

C) SClM COATING OF SLOTTED SUBSTRATES 
OBTAINED. 

D) SIMULTANEOUS COATING OF SIDE-BY-SIDE 

11 

2 

SUBSTRATES OBTAINED. 

C) 0.25 un/sec SOC COAl INGS (100 to 2 0 0  urn 
THICK OBTAINED). 

F) DEMONSTRATE 350-cm2 THROUGHPUT 

rn 
m 

t I\ 

CAPABILITY 

G) DEMONSTRATE CONTINUOUS 350-cm2 
THROUGHPUT CAPABILITY (1 HOUR) 

3. ANALYTICAL SUPPORT: 

A) PROVIDE ANALYTICAL SUPPORT TO SCIM- 
PP 

COATING ACTIVITY AS REQUIRED. 



F i g u r e  10.  Updated Program plan (Concluded) 

L 

TASK/MILESTONE 1 

C. CERAMIC,SUBSTRATES: 

1. SELECT, PURCHASE/FABRICATE SUITABLE 
CERAMIC SUBSTRATES FOR SILICON COATING. 

D. MATERIAL CHARACTERIZATION: 

1. DETERMINE RELATIVE IMPORTANCE OF 

2 

1 9 8 0  
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IMPURITIES VS STRUCTURE ON SOC SOLAR 
CELL PERFORMANCE: 

A) GRAIN BOUNDARY PASSlVATlON A 
EXPERIMENTS COMPLETE. 

B) EFFECT OF THERMAL ANNEALING ON SOC 
MATERIAL PROPERTIES DETERMINED. 

E. SOLAR CELL FABRICA'116N: 

1. FAORICA'I'E AND EVALUATE SOI-AR C t L L S  
FROM RESIDUAL SOC MATERIAL: 

A) SUBMIT SOC CELLS AND DATA TO JPL 
A9 RLQUE3TCD. 

F .  SOC SOLAR CELL PERFORMANCE: 

1. MAXIMIZE PERFORMANCE OF SLOTTED SOC 
SOLAR CELLS: 

A) DETERMINE EFFECTS OF ION-IMPLANTED 
JUNCTION. 

B) PRODUCE 9.8% CONVERSION EFFICIENCY 
CELLS ON SClM MATERIAL. 

C) 11% CONVERSION EFFICIENCY IN SOC 
MA.I~EKIAL ACHIEVED (10 cm2 TOTAL 
AREA). 

G: MATERIAL DISBURSEMENT: 

1. PROVIDE SOU SPUPCFS WIIH IDENTIFYING A A L A A L L A  h A L 1  
DATA AS AVAILABLE AND AS SELECTED 
AT JPL OF UP TO 50% OF THE SOC 
SAMPLES (MINIMUM OF 4 0 0  c r n 2 / ~ 0 ~ ~ H ) .  

. . 
H. ECONOMIC PROJECTION: 

1. REVIEW AND REVISE THE ECONOMIC PROJECTIONS - 
OF SOC COSTS AS REQUIRED., 

I. REVIEW OF PERFORMANCE TECHNOLOGY 
READINESS GOALS: 

1. CONDUCT CRITICAL REVIEW OF SIMULTANEOUS 41 
ACHIEVEMENT OF SOC COATING/CELL PERFOR- 
MANCE GOALS (PHASE V). 

1 



Figu re  11. Updated 
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Program Labor Summary 
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Figu re  1 2 .  Updated Program Cost Supnary 
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