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OBJECTIVE 

The o b j e c t i v e  of  t h i s  work is ' t o  i d e n t i f y  and d e v e l o p  

low-cost  p r o c e s s e s  f o r  f a b r i c a t i n g  l a r g e  g r a i n - s i z e  po ly -  

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

w i l l  i n v o l v e  t h 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  of  s i l i c o n  i n g o t s  

u s i n g  t h e  Heat Exchanger Method (JIEM) . The i n v e s t i g a . t i o n s  

w i l l  exarr~ine t h e  u s e  of  m e t a l l u r g i c a l  g r a d e  s i l i c o n  as t h e  

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

and in situ p u r i f i c a t i o n s  t o  o b t a i n  h i g h  p u r i t y ,  low-cost  

p o l y c r y s t a l l i n e  s i l i c o n  s u b s t r a t e s .  



ABSTRACT 

Plane front solidification and refining of metal- 

lurgical grade silicon (MG-Si) by the Heat Exchanger Method 

(HEM) were examined experimentally and theoretically. 

Better crystallinity .was obtained from the MG-Si if 

melt turbulence occurs during solidification. This was 

also verified by theoretical analyses. 

Experimental measurements indicate that. vacuum puriTica- 

tion of MG-Si can be improved by increasing the holding time 

i ~ n d e s  vacuum, by usjng silica powder and1o.r increasing 

its amount. 

It has been shown that simple directional solidification 

by HEM of commercially available MG-Si can produce material 

for 7.3% conversion efficiency solar cells. 



LOW-COST SILICON SUBSTRATES 

BY DIRECTIONAL SOLIDIFICATION . 

Process development was continued toward the utilization 

of metallurgical grade silicon (MG-Si) for solar cell applica- 

tion. Major emphasis in this quarter was refining of MG-Si 

by directional solidification, vacuum refining.and slagging. 

Significant developments were made in these areas. 

Exper'imen t'al Results 
4 

Direc't iona'l 30'l'i'd'i'fi'c'~t'i'on. Experiments were carried out 

to study the solidification behavior of different grades of 

silicon and to .refine the MG-Si by direc'tional' solidification. 

The experiments are shown in Table I. 

Nearly single crystal structure was achieved in run S1-37. 

A 4 kg ingot was solidified. During growth a medium range of 

turbulence was observed in this run; however, it did not cause 

breakdown of crystallinity. Figure 1 shows the ingot cross- 

sect ion. 

In run S1-42 no seed meltback was achieved; hence, large 

grains were formed. The central portion of this ingot was 

directionally solidified again by HEM in run S1-45. No im- 

provement in resistivity was observed on double solidification. 

This may be due to the columnar solidification achieved in 

the experiments. The effect of double solidification with a 

1 



TABLE I. Tabulation of Solidification Experiments 

Maximum 
Superheat Growth Bulk 

Run During Time Resis- 

Meltdown (Hrs) Structure tivity Remarks 

(Furnace (Q-cm) 

Temp. "c) - -_ 

31-36 > i20 3 ~ u u 1 . 1 ~  s i ~ g l  c 9.240 
crys la1 

S1-37 > 120 5.5 Nearly single 0.090 
cryst a1 

S1-42 > 120 13 Polycrystalline 0.075 No seed meltback. 
4 

S1-43 > 120 10 Polycrystalline 0.040 Fast initial growth. 

S1-45 > 120 10 Polycrystalline 0.055 Double solidifica- 
tion of run S1-42. 

S1-49 3.20 15 Polycrystalline 0.050 Much superheat in 
' the molt caused. 
seed loss. 

S1-51 120 15 50% single 0.040 Lower half of the 
crystal ' ingot is single, 

upper half is 
polycrystalline 

Sl-52 112 31 Polycrystalline 0,180 Seed melted out. 
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s i n g l e  i n t e r f a c e  is under i n v e s t i g a t i o n  t o  v e r i f y  t h i s .  

In  runs  S1-43, 47, 49 and 51, melts tock from t h e  same source  

w a s  used. I n  t h e  f i r s t  run 7 .5  kg mel ts tock  w a s  used and poly- 

c r y s t a l l i n e  s t r u c t u r e  w a s  obta ined .  Th i s  is a t t r i b u t e d  t o  f a s t  

i n i t i a l  growth. Very low superheat  i n  t h e  m e l t  du r ing  growth 

r e s u l t s  i n  f a s t  s o l i d i f i c a t i o n  e a r l y  i n  t h e  growth. In  run S1-47 

superheat  i n  t h e  m e l t  w a s  i nc reased  and growth rate w a s  kept  low. 

I n t e r f a c e  breakdown w a s  still  observed e a r l y  a f t e r  i n i t i a t i n g  t h e  

growth. This  i n d i c a t e s  t h a t  temperature g rad ien t  i n  t h e  l i q u i d  

t o  growth rate r a t i o  (G/R) w a s  not  high enough t o  prevent  t h e  con- 

s t i t u t i o n a l  supercool ing .  One important observa t ion  made i n  t h e s e  

experiments us ing  d i f f e r e n t  MG-Si, was t h a t  no tu rbu lence  w a s  

found during growth. A s  it w i l l  be d iscussed  l a t e r  i n  t h e o r e t i c a l  

p o r t i o n s  of t h i s  r e p o r t ,  t h i s  n e c e s s i t a t e s  a h igher  G/R r a t i o .  

In  o rde r  t o  achieve  tu rbu lence  i n  t h e  next run ,  run  S1-49, it w a s  

s t a b i l i z e d  at a h i g h e r  superheat .  However, s i n c e  t h e  superheat  

w a s  h igher  than  in tended ,  it caused seed l o s s .  Hence, po lyc rys ta l -  

l i n e  s t r u c t u r e  w a s  obta ined .  

In  run Sl-51, lower superheat  w a s  used. Mild tu rbu lence  

was observed dur ing  t h e  f i r s t  h a l f  of t h e  growth. I n  t h e  la ter  

p a r t ,  however, tempera ture  w a s  g radua l ly  dropped i n  o r d e r  t o  

s o l i d i f y  t h e  m e l t .  Th i s  d i d  not  r e s u l t  i n  any convect ions i n  t h e  

l i q u i d .  The s t r u c t u r e  of t h i s  ingot  is shown i n  F igure  2. I t  is 

seen t h a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  has  broken approximately 

ha l f  way along t h e  i n g o t .  This  is i n  c l o s e  agreement wi th  theory .  

A s  i t  w i l l  be d i scussed  f u r t h e r ,  more experiments were planned t o  



Figure 1. Cross-section of ingot cast in run S1-37. 

Figure 2. Cross-section of ingot cast in run S1-51. 



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

R e f i n i n g  

The e x p e r i m e n t s  shown i n  T a b l e  I1 w e r e  c a r r i e d  o u t  i n  

o r d e r  t o  d e t e r m i n e  t h e  r e f i n i n g  e f f e c t  of vacuum p r o c e s s i n g  a n d  

s l a g g i n g .  The e f f e c t s  o f  t i m e ,  t e m p e r a t u r e '  a n d  t h e  amount 

o f  s i l i c a  were s t u d i e d .  

Vacuum R e f i n i n g .  D u r i n g  t h e  l a s t  q u a r t e r 1  it was  r e p o r t e d  

t h a t  vacuum r e f i n i n g  w a s  n o t  a s e n s f t i v e  f u n c t i o n  o f  t empera-  

t u r e  i n  t h e  r a n g e  o f  28-70°c s u p e r h e a t  a n d  a h o l d i n g  t i m e  of 

5 h o u r s .  Run S1-44 w a s  h e l d  f o r  24 h o u r s  t o  s t u d y  t h e  e f f e c t  

o f  t i m e  on  vacuum r e f i n i n g .  R e f i n i n g  t e m p e r a t u r e  was  3 5 O ~  a b o v e  

t h e  m e l t i n g , p o i n t .  A s m a l l  amount of- mate r i a l ,  1 7 0  gms f o r  a 

5 k g  i n g o t ,  was  lost. d u r i n g  r e f i n i n g .  N o  s e e d  was u s e d  and  

c o l u m n a r  s o l i d i f i c a t i o n  w a s  a c h i e v e d .  Chemica l  a n a l y s e s  t o g e t h e r  

w i t h  t h e  m e l t s t o c k  a n a l y s e s  are g i v e n  i n  T a b l e  111. T h e s e  h a v e  

b e e n  d e t e r m i n e d  b y  s p a r k  s o u r c e  e m i s s i o n  s p e c t r o s c o p y .  'Two 

s a m p l e s  w e r e  s e l e c t e d  f r o m  t h e  two  d i f f e r e n t  l o c a t i o n s  of t h e  

j . n g o t . f o r  c h e m i c a l  a n a l y s e s .  Sample  # 1  is f r o m  t h e  area a t  

t h e  b o t t o m  of t h e  i n g o t ,  #2 is f r o m  n e a r  t h e  t o p  e d g e  o f  t h e  i n g o t ,  

f i r s t  a n d  l a s t  material t o  s o l i d i f y .  M e l t s t o c k  a n a l y s i s  h a s  b e e n  

d e t e r r r ~ i n e d  t w i c e .  T h e s e  s a m p l e s  were t a k e n  f r o m  t h e  d i f f e r e n t  

l o c a t i o n s  o f  b a t c h .  

R e s u l t s  of c h e m i c a l  a n a l y s e s  i n d i c a t e  t h a t  i m p u r i t i e s  

a f t e r  24 hour s ,vacuum p r o c e s s i n g  are w e l i  be low t h e  m e l t s t o c k .  

I f  t h e s e  r e s u l t s  are compared w i t h  p r e v i o u s l y  r e p o r t e d  a n a l y s e s ,  
1 



TABLE 11. Tabulation of Vacuum Refining Experiments 

Maximum Refining Bulk Run Superheat Time 
No. During Resistivity . 

(Hrs. ) (n-cm) Remarks 
Refining 

No seed; 0.25% silica 
added 

Same as S1-38 

Same as S1-38 

No seed; 0.5% silica 
added 

No seed. Study effect 
of vacuum refining for 
24 hours .' 
Various slag mixtures 
were melted in separate 
crucibles. 

, Develop technique to add 
s i l . ; i . C a ,  pnwdel- a f t e r  
melting s i l l c o n  

Same as S1-48 



TABLE 111. Impurities .in the meltstock and ingot that were purified 
by vacuum processing. All values in ppm. Sample #1 was 
taken at the bottom of. the ingot, #2 near crucible wall 
at che top of the ingot 

S1-29 

#2 

< 5 

200 

< 0.2 

4500 

2030 

2300 

680 

340 

240 

7.3 

34 

< 0.2 

< 50 

109 

< 5 

< 5 

15 

Elemeqt .-.-.-.-.- Meltstock Run No. S1-44 Run No. S1-27 Run No. S1-28 Run No. 

1st 2nd #l #2 #1 #2 #1 #2 #1 

B - 

Mn 

Mg 
Fe 

A1 

V 

Ti 
Cu 

Ni 

Ca 

Cr 

Ba 

P 

Mo 

Sr 

Sn 

Zr 

5 

56 

10.9 

580 

6 610 

323 

107 

32 

145 

60 

9.8 

< 1 
< 50 

13 

23 

10 

5.3 

2.6 

900 

680 

640 

113 

62 

210 

24 

39 

c0.4 

< 50 

7.5 

< 1 

< 5 
12.4 

< 5 

< 4 

2.4 

4.3 

10.9 

< .5 

4.7 

3.8 

.32 

1.9 

2 

(0.2 

< 50 

< 1 

1 5  

< 2 

< 5 

25 

1.1 

330 

220 

98 

45 

26 

620 

14 

6 

< .2 

< 50 

< 6 

< 5 

< 2" 

< 5 

<2r 

0.3 

< 1 

2 
i 

< 0.5 

< 0.5 

2.'6 

< 0.5 

1.7 

< 1 

< 0.2 

< 50 

< 5 

< 5 

< 20 

< 5  

<. 5 

167 

0.8 

3600 

2460 

3300 

1160 

210 

1480 

16 

64 

< 0.2 

2 50 

< 5 

< 5 

, 10 
+ 30 

< 5 

< 2 

0.4 

10 

17 

< 0.5 

< 0.5 

2.8 

1.0 

0.5 

< 1 

< 0.2 

< 50 

< 5 

< 5 

10 

< 5 

< 5 

160 

2 

3800 

2440 

3200 

1280 

210 

1480 

18 

64 

< 0.2 

< 50 

< 5 

< 5 

< 5 

32 

< 5 

< 2 

1.3 

10 

13 

< 0.5 

< 0.5 

1.7 

1.0 

1.5 

< 1 

< 0.2 

< 50 

< 5 

< 5 

< 5 

< 5 



runs S1-27 through S1-29, longer holding time under vacuum shows 

better purification for the last material to solidify. From 

this it can b.e concluded that kinetic aspects.of vacuum process- 

ing have a very important affect of refining. . In this respect, 

more experiments, such as mechanical stirring and purging, are 
5 

planned for the next quarter of this program. Stirring and 

purging will be carried out before and during solj.difications. 

Sl'agging. In order to refine the silicon, high purity silica 

powder was added Lo mtltotook and solidification expepfments were 

carried out at different temperatures. The experiments are 

summarized in Table 11. No seed was used in these experiments 

and the melt was held at temperatures for five hours prior to' 

directional solidif,ication. Columnar type grains were formed. 

In runs.Sl-38, S1-39 and S1-40, silicon powder (0.25% by weight 

of meltstock) was used for refining. During the experiments con- 

siderable turbulence was observed in the.melt indicating 

reactions with the silica puwder. In run S1-38 no loss of melt- 

stock was observed during refining. In run.81-39 no significant 

losses occurred; however, in run S1-40, in the vigorous reaction 

at a high temperature about 25% of tke starting material was 

splattered in the furnace. Using this daCa a tempcrnture close 

to that in run S1-39 was used in run S1-41 and th.e silica 

powder addition was doubled. 

Chemical analyses of the samples from these experiments . 

are shown in Table IV. Comparison of experfmenls 31-36, 81-38 

and S1-40 with S1-27, S1-28 and S1-29 respectively, show that 

8 



Table IV. 1mpurities.in the meltstock and ingots that were purified 
by slagging.. All values in ppm. Sample #1 was taken at 
the bottom of the ingot; #2 near the crucible wall at the 
top of the ingot. 'Meltstock chemistry was determined twice. 

Element Meltstock Run No. S1-38 :Run No. S1-39 Run No. S1-40 Run No. '~1-41 



by u s i n g  a s i l i c o n  powder f o r  r e f i n i n g ,  b e t t e r  r e f i n i n g  can be 

ach ieved  a t  t h e  l a t e r  s t a g e  of  s o l i d i f i c a t i o n .  T h i s  may be 

a t t r i b u t e d  t o  t h e  i n c r e a s i n g  e f f e c t  0.f impur i ty  a c t i v i t y  when 

l i q u i d  s i l i c o n  is e n r i c h e d  w i t h  i m p u r i t i e s  by s o l u t e  r e j e c t i o n .  

T h i s  is not  e f f e c t i v e  a t  t h e  beg inn ing  of s o l i d i f i c a t i o n  where 

a c t i v i t y  of i m p u r i t i e s  is low. 

Once a g a i n ,  as  it w a s  mentioned f o r  vacuum p r o c e s s i n g ,  1 

exper iments  S1-38, S1-39 and S1-40 show t h a t  s l a g g i n g  is not  

a v e r y  s e n s i t i v e  f u n c t i o n  of tempera ture .  The e f f e c t  of t e m -  

p e r a t u r e  on r e f i n i n g  I s  f u r t h e r  discussed i l l  t h e  t h e o r e t i c a l  

p o r t i o n  of t h i s  r e p o r t .  

When t h e  s lag amount w a s  doubled,  run  S1-41, g e n e r a l l y  

lower impuri-ty was d e t e c t e d  i n  comparison t o  run  S1-39. T h i s  

is r e a s o n a b l e ,  because  t h e  i n c r e a s e  of t h e  amount of  s i l i c a  

r e s u l t s  i n  lower i m p u r i t y  a c t i v i t i e s ,  hence more impur i ty  a t-  

t r a c t i o n s  from t h e  s i l i c o n .  

I n  t h e  expe r imen t s  ment ioned above, s i l i c a  powder w a s  

added t o  t h e  m e l t s t o c k  i n  the c r u c i b l e  p r i o r  t o  me l t i ng .  I t  

w a s  found t h a t  some o f  t h i s  powder s i n t e r e d  t o  t h e  c r u c i b l e  and,  

t h e r e f o r e ,  w a s  n o t  v e r y  e f f e c t i v e .  I n  run  S1-48 a s y s t e ~ i i  was 

developed t o  add s i l i c a  powder a f t e r  mel't ing t h e  f e e d s t o c k .  

The a d d i t i o n  of powder i n t o  t h e  3 5 O ~  superhea ted  mel t  under  

t h e s e  c o n d i t i o n s  caused  v i g o r o u s  r e a c t i o n  i n  t h e  mel t  and 

approximately  h a l f  t h e  c h a r g e  w a s  s p l a t t e r e d  from t h e  c r u c i b l e .  

In  t h e  next  r u n ,  r u n  S1-50, t h e  same experiment w a s  c a r r i e d  

ou t  f o r  a 1 8 O ~  s u p e r h e a t e d  m e l t .  A n e g l i g i b l e  amount of mel t  



l o s s  occur red  i n  t h i s  c a s e .  

Var ious  s l a g . c o m p o s i t i o n s  w e r e  examined i n  run  S1-46 by 

m e l t i n g  them i n  s i l i c a  c r u c i b l e s .  Oxides such  as S i 0 2 ,  BaO, 

CaO, N a 2 0 ,  MgO and combinat ions  such  as 65Si02/10Mg0/25Ca0, 

75Si02/25Na20, and 45Ba0/55Si02 w e r e  hea t ed  i n  s e p a r a t e  

c r u c i b l e s  t o  about 1 4 3 5 O ~ ,  h e l d  f o r  about 4 hour s  and .  coo led .  

I t  w a s  found t h a t  some of  t h e  o x i d e s  such as Na20 r e a c t e d  wi th  

t h e  c r u c i b l e ;  t h e  c ruc ib l ' e s  w i t h  t h e  o t h e r  s l a g  composi t ions  

d i d  riot show s i g n s  of - d e t e r i o r a t i o n .  

S o l a r  C e l l  Performance. B a r s  of  2 . 5  c m  x 2 . 5  c m  c ros s -  

s e c t i o n  were s e c t i o n e d  o u t  of i n g o t s  from r u n s  14 ,  18, 20,  33,  

34 and 37 s o  t h a t  t h e  g r o w t h . d i r e c t i o n  w a s  p a r a l l e l  t o  t h e  a x i s  

of t h e  b a r .  S o l a r  c e l l s  of 2  c m  x  2  c m  s ize w e r e  f a b r i c a t e d  

from t h i s  material by S p e c t r o l a b ,  I n c . ,  u s i n g  t h e i r  b a s e l i n e  

f a b r i c a t i o n  procedure;  During t h e  i n i t i a l  t e s t i n g  a ve ry  t h i c k :  I 

l a y e r  of AR c o a t i n g  w a s  d e p o s i t e d  . . due t o  i n s t rumen t  mal func t ion .  

Eva lua t ion  of  samples showed t h a t .  s amples . f rom run 33,  34 and 37 

w e r e  s u p e r i o r  t o  t h o s e  from 1 4 ,  1 8 ,  and 20. During subsequent  

p r o c e s s i n g  on ly  one ce l l  w a s  p roces sed  from lo t  1 4 ,  18 and 20. 

( i )  Base l ine '  C e l ' l  Fabri'c'atio'n' Proce'du.re 

The c r y s t a l  s e c t i o n s .  w e r e  c u t  i n f o  s l i c e s  of 15 m i l  

t h i c k n e s s  u s i n g  m u l t i b l a d e  s l u r r y  s a w s .  S l i c e s  w e r e  numbered 

acco rd ing  t o  t h e i r  pos . i t i on  i n  t h e .  s e c t  i o n ,  w i t h  incr .eas ing  

numbers going from t o p  t o  bottom of t h e  c r y s t a l  s e c t i o n .  S l i c e s  

w e r e  t hen  s e l e c t e d  from t h e  mid-por t ion of each c r y s t a l  and po1;ish- 

e t ched  i n  an a c i d  so . lu t ion  t o  a t h i c k n e s s  o f  9 m i l s .  T h i s  was 



done t o  remove t h e  s a w  damage and t o  o b t a i n  t h e  b a s e l i n e  cel l  

t h i c k n e s s .  The e t c h e d  wafe r s  w e r e  t hen  c l eaned  t o  remove o r -  

g a n i c  and metallic i m p u r i t i e s  from t h e i r  s u r f a c e s .  Within one 

hour  wafers w e r e  p l a c e d  on a c l e a n  q u a r t z  boa t  and p l a c e d  i n  t h e  

d i f f u s i o n  f u r n a c e .  The w a f e r s  w e r e  d i f f u s e d  i n  a phosphine 

s o u r c e  at 8 5 0 ~ ~  i n  a two-s tep procedure  of pre-dep and d r i v e .  

A f t e r  d i f f u s i o n ,  t h e  wafers w e r e  masked on t h e  f r o n t  

s u r f a c e  and pas sed  - th rough  a s p r a y  e t c h .  T h i s  e t c h  removed 

t h e  n r e g i o n  f r o m  t h e  back s u r f a c e .  The mask w a s  removed and 

t h e  w a f e r s  c l e a n e d  i n  p r e p a r a t i o n  f o r  m e t a l l l z a t l o n .  The c l eaned  

w a f e r s  w e r e  p l a c e d  . in m e t a l  mask f i x t u r e s  and t h e  whole assembly 

w a s  t h e n  p l a c e d  . in  a diffusion-pumped vacuum chamber. 

A f t e r  pumping t h e .  sys tem down t o  1-5 x t o r r  t i t a n i u m ,  

pa l l ad ium s i l v e r  l ayers  w e r e  d e p o s i t e d  s e q u e n t i a l l y  from c r u c i b l e s  

t h a t  had been h e a t e d . b y  e-beam. The l a y e r  t h i c k n e s s e s  f o r  t h e  

t i t a n i u m ,  pa l l ad ium and s i l v e r  w e r e  400#, 200x and 35,000x re- 

s p e c t i v e l y .  Th icknesses  w e r e  moni tored i n  situ by a q u a r t z  

c r y s t a l  s e n s o r .  

Upon comple t ion  o f  metal evapora t ion  (bo th  s i d e s  of  t h e  

w a f e r s ) ,  t h e  w a f e r s  w e r e  p l a c e d  on a q u a r t z  boa t  and s l n t e r e d  
. 0 .. 

i n  a hydrogen a tmosphere  a t  590 C f o r  f o u r  minutes .  The wafe r s  

w e r e  p l aced  i n  f i x t u r e s ,  t h e  f i x t u r e s  p l aced  i n  a h igh  vacuum 

s y s t e m  and an  a n t i r e f l e c t i n g  Ta205 f i l m  d e p o s i t e d f r o m  e-beam 

h e a t e d  s o u r c e .  Upon removal from t h e  AR evapora to r  t h e  wafe r s  

w e r e  annea led  i n  a i r  a t  3 5 0 ~ ~  f o r  one minute.  

The wafe r s  were then  masked on t h e  t o p  and bottom s u r f a c e s ,  



s u c h  t h a t  t h e  e d g e s  w e r e  l e f t  u n c o a t e d .  T h e . w a f e r s  were p a s s e d  

t h r o u g h  an e t c h  t o  remove any s t r a y  metall ic i m p u r i t i e s  t h a t  c o u l d  

c a u s e  l e a k a g e .  A f t e r  r e m o v a l . o f  t h e  edge  e t c h  masks t h e  comple ted  

ce l l s  were .ready f o r  measurement .  

The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  o f  t h e  ce l l s  were 

measured a t  AMO, 2 8 ' ~  on a S p e c t r o l a b ,  Xenon-source, solar  

s i m u l a t o r .  S p e c t r a l  r e s p o n s e  measurements  w e r e  made o v e r  t h e  

r a n g e  o f  410 nm t o  1050 nm u s i n g  a f i l t e r  wheel  c o n t a i n i n g  narrow- 

band p a s s  f i l t e r s .  D u r i n g  t h e s e  measurements  t h e  t e x t  f i x t u r e  

w a s  ma in ta ined .  a t  28OC. 

Throughout  t h e  p r o c e s s i n g  and measurement e a c h  l o t  i n c l u d e d  

s i x  c o n t r o l  wafers. C o n t r o l  w a f e r s  are nomina l ly  2 Q - c m ,  p t y p e ,  

(loo), CZ - s i l i c o n .  

There  is a d e c l i n e  i n  e f f . i c i e n c y  f o r  ce l l s  made f rom e a c h  

c r y s t a l ,  and t h i s  d e c l i n e  f o l l o w s  t h e  o r d e r :  37 ,  34 ,  33, 18, 

20  and 14.  T h i s  dec , l . i 'ne .  i n  e f f i c i e n c y  c a n  b e  c o r r e l a t e d  w i t h  

t h e  d e c l i n e  i n  s h o r t  c i r c u i t  c u r r e n t  and open c i r c u i t  v o l t a g e .  

The reduced  s h o r t  c i r c u i t  c u r r e n t  is i n d i c a t i v e  of  s h o r t  m i n o r i t y  

carrier d i f f u s i o n  l e n g t h s  i n  t h e  b a s e .  O n e ' c a n  a l s o  o b s e r v e  a 

s imi la r  g r o u p i n g  f o r  c u r v e  f i l l  f a c t o r s .  I n  many c a s e s  t h e  l o w  

f i l l  f a c t o r  is c a u s e d  by low s h u n t  r e s i s t a n c e  ( l e a k a g e ) .  T h i s  

c o u l d  b e  a s s o c i a t e d  w i t h  p r e c i p i t a t e s  t h a t  might  b e  found  i n  t h e  

j u n c t i o n  r e g i o n  o f  t h e  ce l l .  T h i s  l a t t e r  s t a t e m e n t  is h i g h l y  

s p e c u l a t i v e  and is b a s e d , u p o n  t h e  ef fect  one  e x p e c t s  t o  f i n d  when 

metal p r e c i p i t a t e s  are p r e s e n t  and ' t h e  f a c t  t h a t  t h e  s i l i c o n  

m a t e r i a l  is n o t  h i g h l y  p u r i f i e d .  



The encouraging aspect of these measurements is that by 

a simple directional solidification of commercially available 

MG-Si by HEM it has been demonstrated that. 7.2%'efficient solar 

cells can be fabricated. In comparison,. the best solar cell 

reported in literature after single CZ pulling of .MG-Si is 2%. 
2 

The improved performance may be due'to the submerged interface 

that is stable enough to produce a.single crystal structure and 

better purification. Additional purification of material, such 

as slagging, purging, stirring, etc., can also be c.arrded out 

during HEM processing to improve the qualiLy of the cast silicon. 

(ii) Results 

The solar cell (2 cm x 2 cm, AR coated) results . 

were measured under AM0 illumination and data' are shown in 

Table V and the spectral response of the same cells is shown 

in F i g i ~ r e  3. 



TABLE V. Results of 2 cm x 2 cm, ARcoated s o l a r  c e l l s  
measured under AM0 i l lumination 

Run # Cell  # Voc I 
S C  cf f AM0 AM1 

t Remarks 
mV mA rl rl 

14 C e l l  broken 

34 E-54 534 76 0.529 4.0 4.7 
E-55 581 75 0.690 5.6 6.6 
E-56 581 78 0.660 5.5 6.5 
E-64 581 76 0.682 5.6 6.6 
F-65 582 76 0.683 5.6 6.6 
E-66 541 73 0.180 1.3 1 .5  Chipped c e l l  

37 F-58 470 79 0.442 3.0 3 .5  
F-60 588 79 0.683 5.9 7.0 
F-61 587 78 0.718 6.1 7.2 
F-62 563 73 0.444 3.4 4.0 Chipped c e l l  
F-63 559 78 0.555 4.5 5.3 Chipped c e l l  

Control X-1 540 127 0.771 9.8 11.6 
X-2 592 135 0.772 11.4 13.5 
X-3 586 135 0.767 11.2 13.2 
X-4 584 134 0.697 10.1 11.9 
X-5 585 134 0.760 11.0 13.0 
X-6 587 132 0.757 10.8 12.7 

  st irnat ed. 



A ,  IJm 

Figure 3. 



THEORETICAL ANALYSIS 

D i re c t i'o.n'a'l 'S ol'i'd i 'f 'i'da't 'i'on 

The MG-Si can  b e  grown i n t o  n e a r l y  s i n g l e  c r y s t a l  s t r u c t u r e  

by t h e  HEM; h.owever, i n  some cases, a f t e r  some growth  h a s  been  

a c h i e v e d ,  t h e r e  is breakdown i n  t h e .  s i n g l e  c r y s t a l l i n i t y .  

. C o n s t i t u t i o n a l  s u p e r c o o l i n g  a c c o u n t s  f o r  breakdown i n  s i n g l e  

c r y s t a l l i n i t y  a t  t h e  i n t e r f a c e  as i m p u r i t i e s  b u i l d  up.  I t  c a n  be 

p r e v e n t e d  by k e e p i n g  h i g h  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  l i q u i d  a t  

t h e  i n t e r f a c e , .  GL , a n d / o r  b y  l o w e r i n g  t h e  growth  r a t e ,  R.  

Accord ing  t o  t h e  theor: i t  i s  r e q u i r e d  t h a t  

w h e r e  m is t h e  s l o p e  o f  t h e  l i q u i d u s  l i n e ,  C: is t h e  compo- 
L 

s i t f o n  o f  s o l i d  a t  t h e  i n t e r f a c e ,  k is  t h e  e q u i l i b r i u m  p a r t i t i o n  

r a t i o  and  DL is t h e  d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  i n  t h e  l i q u i d .  

E q u a t i o n  ( 1 )  is  v a l i d  r e g a r d l e s s  of t h e  p r e s e n c e  o r  a b s e n c e  o f  

c o n v e c t i o n .  I f  t h e r e  is  no c o n v e c t i o n ,  a t  t h e  s t e a d y  s ta te  
* 

C = C , where  Co is t h e  i n i t i a l  c r y s t a l  c o m p o s i t i o n .  Hence,  
s 0 

e q u a t i o n  ( 1 )  can be w r i t t e n  as  



* 
If t h e r e  is s t r o n g  enough c o n v e c t i o n  CL = CL , whcre CL 

i.,s the h ~ l k  l i q u i d  c o m p o s i t i o n .  C o n s i d e r i n g  t h a t  C* = k E  , 
s 

from e q u a t i o n  ( 1 )  it  can b e  w r i t t e n  , t h a t  

The r i g h t  s i d e  o f  e q u a t i o n  ( 3 )  is always  s m a l l e r  t h a n  t h e  

r i g h t  side of c q u n t i o n  ( 2 )  h ~ n a n s n  CL is a lways  smaller than 

C  /k as shown below: 
0 

From S c h e i l  e q u a t i o n ,  

where t h i s  e q u a t i o n  i s  v a l i d  i f  t h e r e  is  comple te  d i f f u s i o n  i n  

t h e  l i q u i d .  F o r  fs = o ,  CL = C < C /k , and for P s  - 1, 
0 0 

CL 
= U ( C 113 , wllei-e k i 3  tllwayc cmaller than 3 . .  

0 

Thus ,  t h e o r y  shows t h a t  i f  c o n v e c t i o n  i s  a c h i e v e d ,  a lower 

g r a d i e n t  is r e q u i r e d  t o  m a i n t a i n  t h e  p l a n a r  i n t e r f a c e .  Any 

k i n d  of c o n v e c t i o n ,  s u c h  as u b l a i ~ l e d  t h e r m a l l y  o r  mechanically 

(by s t i r r i n g  o r  by  p u r g i n g )  s h o u l d  h e l p  t b  achfeve s i l l g l e  crystal 

s t r u c t u r e .  

Vacuum R e f i n i n g  

A s  men t ioned  i n  t h e  experfn1ent;al r e s h l t s  vacuum p r o c e s s i n g  

is e f f e c t i v e  i n  r e f i n i n g  t h e  MG-Si. However, c h e m i c a l  a n a l y s i s  



r e s u l t s  do n o t  c l e a r l y  i n d i . c a t e  t h e  e f f e c t  of t e m p e r a t u r e  on 

p u r i f i c a t i o n .  T h i s  problem is f u r t h e r  d i s c u s s e d  below. 

The r e q u i r e m e n t  f o r  p u r i f i c a t i o n  was e x p r e s s e d  as 

P u r i f i c a t i o n  u n d e r  vacuum o c c u r s  i f  t h e  r a t i o  o f  i m p u r i t y  t o  

s i l i c o n  ' i n  t h e  g a s  p h a s e  is  h i g h e r  t h a n  i n  t h e  l i q u i d ,  i,e., 

where B Y  and 
p: 

a r e  t h e  s t a n d a r d  p a r t i a l  p r e s s u r e  of 

i m p u r i t y  and s o l v e n t ,  r e s p e c t i v e l y ,  yi = a c t i v i t y  c o e f f i c i e n t  

of  i m p u r i t y  a t  i n f i n i t e  d i l u t i o n ,  Ni and Ns are t h e  mole 

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

and xi and x s  a r e  t h e  mole f r a c t i o n  o f  i m p u r i t y  and s o l v e n t  

i n  t h e  g a s  p h a s e ,  r e s p e c t i v e l y .  I n  e q u a t i o n  (5)  t h e  v a r i a b l e s  

0 t o  a f f e c t  p u r i f i c a t i o n  are y i ,  pi and -pO. The dependence  
S 

of Yi on t o t a l  p r e s s u r e  is ext l -er~le ly  s m a l i ;  however,  its v a l u e  

is a  s t r o n g  f u n c t i o n  of t e m p e r a t u r e .  The v a l u e s  o f  p  and p 

are a l s o  dependent  on t e m p e r a t u r e .  T h e r e f o r e ,  p u r i f i c a t i o n  is 

a f f e c . t e d  by t e m p e r a t u r e  and t h e  change o f  i s  a measure  

of t h e  e f f e c t  o f  t e m p e r a t u r e  on p u r i f i c a t i o n .  

I n  o r d e r  t o  make c a l c u l a t i o n s ,  t h e  a c t i v i t y  c o e f f i c i e n t  of  

i m p u r i t i e s  h a s  t o  b e  known. U n f o r t u n a t e l y  t h e r e  is n o t  a d e q u a t e  



i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  r e l a t e d  w i t h  t h e  a c t i v i t y  c o e f -  

f i c i e n t s  of  i m p u r i t i e s  i n  s i l i c o n .  The o n l y  a v a i l a b l e  i n f  orma- 

t i o n 5 '  is r e l a t e d  w i t h  Fe and Mn. A t  1437 and 1 4 8 2 O ~ ,  

r e s p e c t i v e l y ,  is 7 . 0 1  x and 7 . 5 8  x  yFe 6 
'~n 

is 1 . 5 7 2  x  and 7 . 5 8  x and t h e  s t a n d a r d  vapor  p r e s s u r e s  7 

0 0 
are PMn is 8 x  and 1 0  x  pFe is 2 . 7  x and 

5 . 3  x  and 0 

PS i is  8 x and 1 . 7 5  x  atm. The c a l c u l a -  

t i o n s  of . y i p ~ / g ~  a t  1437 and 1 4 8 2 O ~ ,  r e s p e c t i v e l y ,  a r e  0 . 7 0 1  

and  0 . 4 3 3  ( f o r  Mn) and  5 . 3 1  x 1 0  and b . 0 2  x (for Fo). Tt is 

s e e n  t h a t  t h e  v a l u e  o f  t h e  r a t i o  o f  y i p ~ / p ~  i n c r e a s e s  by 

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

u n i t y  i.n b o t h  t e m p e r a t u r e s . ,  no  p u r i f i c a t i o n  is e x p e c t e d  f o r  Fe 

and  Mn. 

The Mn c o n t e n t  i n  MG s i l i c o n  is n o t  h i g h ,  u s u a l l y  3-300 

ppm and t h e  t w o  samples  a n a l y z e d  f r o m  t h e  Fame m e l t s t o c k  

showed v a l u e s  o f  5.3 and 56 ppm ( T a b l e  111). However, t h s  l?e 

c o n t e n t  is q u i t e  h i g h .  The e x p e r i m e n t a l  d a t a  shows t h a t  d u r i n g  

HEM p r o c e s s i n g  c o n s i d e r a b l e  p u r i f i c a t i o n  o f  Fe  is a c h i e v e d  ( e . g . ,  

T a b l e  111) which is c o n t r a d i c t o r y  t o  t h e  above t h e o r e t i c a l  

a n a l y s i s .  The c a u s e  f o r  t h i s  d i s c r e p a n c y  may be associated 

w i t h  p a r a m e t e r s  s u c h  as l i m i t e d  d a t a  a v a i l a b l e  i n  l i t e r a t u r e  Tor 

a c L i v i t y  c o c f f i c i e n t s ,  t h e  i n t e r a c t i o n  of  o t h e r  i m p u r i t i e s  a f l e c t -  

i n g ' t h e v a l u e s o f  F e ,  f o r m a t i o n  of  complexes i n s t e a d  o f  v a p o r i z a -  

t i o n  o f  e l e m e n t a l  F e ,  v a r i a t i o n  o f  l o c a l i z e d  p r e s s u r e  c o n d i t i o n s  

i n  e x p e r i m e n t a l  a r rangement  compared t o  u n i f o r m  d i s p e r s i o n  

assumed i n  t h e o r e t i c a l  a n a l y s i s .  
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. SUMMARY 

1. It has been shown that simple directional solidification 

by HEM of commercially available MG-Si can produce material 

for 7.2% conversion efficiency solar cells. 

2. Columnar solidification following the vacuum treatment of 

MG-Si shows that: (a) longer holding times under vacuum 

gives better purification; (b) the use of silica powder 

helps the refining, especially for the later solidified 

portion of the ingot; (c) the increase in the amount of 

silica powder results in better.refining; (d) vacuum 

processing with slagging does not seem a sensitive function 

of temperature. 

-3. Theoretical analyses of the solidification of MG-Si by HEM 

as a single crystal shows that lower temperature gradient 

to growth rate ratio can be allowed if turbulence is achieved 

in the melt. 

4. Theoretical analysis of vacuum refining shows that purifica- 

tion is a st.rong function u1 temperature. 
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