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t h e  P r o j e c t  Supervisor .  M. T. Duffy i s  t h e  P r o j e c t  S c i e n t i s t .  Others who 
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The JPL P r o j e c t  Mon,itor is  T. 0 ' ~ o n n e l l .  
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SECTION I 

SUMMARY 

Severa l  r ibbon growth experiments were performed i n  t h e  Mark I1 r ibbon 

growth f a c i l i t y  from V-shaped d i e s  coated wi th  CVD Si3N4. The most s i g n i f i -  

can t  r e s u l t  was t h e  a b i l i t y  t o  perform f i v e  consecut ive  growth "runs" from 

t h e  same d i e  wi thout  mechanical degrada t ipn  of t h e  d i e  through temperature 

cycl ing.  The d i e  was made from v i t r e o u s  carbon coated w i t h  CVD S i  N * 3 4' 
S i l i c o n  oxyn i t r i de ,  "Si2N20," was examined wi th  r e s p e c t  t o  thermal 

s t a b i l i t y  i n  con tac t  w i th  molten s i l i c o n .  The r e s u l t s  of x-ray a n a l y s i s  in- 

d i c a t e  t h a t  t h i s  m a t e r i a l  i s  converted t o  both  a- and B-Si3N4 i n  t h e  presence 

of molten s i l i c o n .  The l a t t e r  phase is  t h e  dominant phase. 

Experiments on t h e  s t a b i l i t y  of CVD SiO N show t h a t  t h i s  ,ma te r i a l  can be  
x Y 

maintained. i n  con tac t  w i t h  molten s i i i c o n  ( s e s s i l e  drop t e s t )  f o r  g r e a t e r  than 

30 h a t  1450°C wi thout  t o t a l  decomposition. These l a y e r s  ar ,e .converted mainly 

t o  8-Si3N4. 

The f a b r i c a t i o n  of coated EFG-type d i e s  is  proving d i f f i c u l t  because of 

thermal expansion mismatch between l a y e r  and s u b s t r a t e  and i n s t a b i l i t y  of sub- 

s t r a t e  m a t e r i a l s  a t  h igh  temperature.  Self-support ing CVD d i e s  have been pre- 

pared on s i l i c o n  s u b s t r a t e s  b u t  t h e  w a l l  t h i ckness  is  n o t  g r e a t e r  than  about 

50 vm. Experiments a r e  continuing. 

Wor ton  Co., Ceramics Div., Worcester, MA. 



SECTION I1 

INTRODUCTION 

The objective of this program is to develop and evaluate die materials 

for use in the growth of silicon ribbons by the inverted ribbon growth process 

(IRG) and for other applications. The major emphasis is on developing CVD 

coatings of S13N4 and SiO N on suitable die materials and studying the sta- 
X Y  

bility and interaction of these layers with molten silicon. The dies are 

being tested in silicon ribbon growth experiments and evaluated analytically, 

The ribbons are being characterized electrically, crystallographically, and 

in solar cells. Both CWcoated dies and crucibleu will be fab~icatcd, and 

deposition parameters will be adjusted, where possible, to favor miniurn cost. 



'SECTION I11 

PROGRESS AND TECHNICAL DISCUSSION 

A* INVERTED RIBBON GROWTH 

Severa l  r ibbon growth experiments were performed i n  t h e  Mark I1 ribbon 

growth f a c i l i t y  from d i e s  coated wi th  CVD Si3N4. These experiments were in-  

tended t o  test, b r i e f l y ,  r ibbon growth c a p a b i l i t y  and, f o r  t h e  f i r s t  t i m e ,  

repeated growth t r i a l s  from t h e  same d i e .  The most s i g n i f i c a n t  r e s u l t  was t h e  

a b i i i t y  t o  perform f i v e  consecut ive growth "runs" from t h e  same d i e  wi thout  . , 
mechanical degrada t ion  of t h e  d i e  through' temperature cycl ing.  The d i e  w a s  

made from v i t r e o u s  carbon coated wi th  CVD S i  N (amorphous) a s  i n  previous ex- 3 4 
periments w i t h  t h e  f i r s t  r ibbon growth f a c i l i t y .  The du ra t ion  of each experi-  

ment a t  t h e  growth temperature was approximately 3 t o  4 hours. The CVD l a y e r  

th ickness  w a s  about 25 pm. A s  expected, t h e  CVD l a y e r  has been eroded..  This  is 

in agreement w i t h  our  prev ious  experiments which i n d i c a t e d  t h a t  amorphous 

S i  N i s  mainly converted t o  a-Si N w i th  s imultaneous decomposition and con- 3 4 3 4 
ve r s ion  t o  B-Si N i n  con tac t  w i t h  molten s i l i c o n .  According t o  prev ious  

3 4 
s e s s i l e  drop experiments ,  4 hou;s i n  con tac t  w i th  molten s i l i c o n  degrades t h e  

mechanical p r o p e r t i e s  of t h e  i n i t i a l  amorphous CVD Si3N4 l a y e r ,  a s  i n d i c a t e d  by 

a s c r a t c h  t e s t  a f t e r  p r e f e r e n t i a l  e t ch ing  t o  remove t h e  s i l i c o n  con tac t  l aye r .  

The primary i n t e r e s t  h e r e  was t h e  use  of CVD SiO N l a y e r s  f o r  coa t ing  
X Y  

d i e s  because our  prev ious  experience i n d i c a t e d  t h a t  t h e s e  l a y e r s  convert  much 

more r e a d i l y  t o  8-Si N i n  con tac t  molten s i l i c o n .  I n i t i a l  r ibbon growth ex- 
3 4 

periments  w i t h  t h i s  m a t e r i a l  show t h a t  t h e r e  i s  an  i n t e r v a l  of about 90 min 

between t h e  t i m e  of s i l i c o n  mel t ing  i n  t h e  d i e  and c a p i l l a r y  flow i n t o  t h e  de- 

f i n i n g  s l o t  a t  t h e  bottom of  t h e  V-shaped d ie .  However, once we t t i ng  occuro, 

r ibbon growth from t h e s e  d i e s  appears  no more d i f f i c u l t  than  from S i  N coated 3 4- 
d ies .  One such d i e  was used i n  two consecut ive growth "runs" wi thout  mechanical 

f a i l u r e .  I n  another  experiment t h e  d i e  p a r t s  were coated w i t h  CVD SiO N 
X Y  

followed by a t h i n  l a y e r  of CVD Si3N4 (1.4000 61). This  d i e  presented  no d i f f i -  

c u l t y  i n  we t t i ng ,  and s i l i c o n  flowed f r e e l y  i n t o  t h e  s l o t .  The evo lu t ion  of 

SiO from t h i s  d i e  was cons iderably  l e s s  than from CVD SiO N a3nn.e. Two con- 
. X Y  

s e c u t i v e  growth runs  were performed w i t h  t h i s  d i e  wi thout  mechanical degrada- 

t ion .  A s i m i l a r  experiment where the .  SiO N i s  coated w i t h  'CVD s i l i c o n  i s  a l s o  
X Y  



planned. One of the  problems encountered here  is thermal expansion mismatch 

between SiO N and v i t r e o u s  carbon. We a r e  l imi ted  t o  very t h i n  ( ~ 6  um) 
X Y  

l a y e r s  on these  d i e s  be fo re  cracking occurs. This complicates assessment of 

the  d ies .  W e  hope ' to  use "Si N 0" s u b s t r a t e  ma te r i a l ,  obtained commercially, 
2 2 

t o  al low us t o  use th icke r  l a y e r s  of  CVD SiO N 
x Y' 

B. SUBSTRATE MATERIALS 

S i l i con  oxyn i t r ide ,  (obtained from Norton Co.), was examined with respect  

t o  i t s  s t a b i l i t y  i n  contac t  with molten s i l i c o n .  The r e s u l t s  of x-ray ana lys i s ,  

both before  and a f t e r  immersion i n  molten s i l i c o n ,  a r e  presented i n  Table 1. 

The d a t a  show t h a t  "Si N 0" i s  converted t o  a- and 6-Si N i n  rhe presence of 2 2 3 4 
molten s i l i c o n ,  and the  r a t e  of conversion of t h e  su r face  region,  i n  d i r e c t  

contac t  with the  s i l i c o n  melt,  i s  more rap id  than t h a t  of the  subsurface region. 

This is s i m i l a r  t o  the  case  of CVD SiO N amorphous l a y e r s  except t h a t  the  * Y 
proport ion of  B- t o  a-phase produced appears t o  b e  g r e a t e r  i n  the  l a t t e r  case. 

However, the  impurity content  of t h e   substrate^ m a t e r i a l  has  not  been determined 

.and may in f luence  the  r e s u l t s .  The trend i s  toward B-Si N a s  the  more s t a b l e  
3 4 

phase i n  contac t  wi th  t h e  s i l i c o n  m e l t .  

TABLE 1. RESULTS OF X-RAY ANALYSIS ON "Si2N2OW BOTH BEFORE 
AND AFTER IMMERSION I N  MOLTEN SILICON 

Sample 
R e g o n  

Treatment 
Approximate Content 

SI2N20 a-3i3M4 p-SijN4 

Bulk A s  received 90% 5% 5% 

Surf ace Af te r  immersion i n  molten s i l i c o n  25% 30% 45% 
f o r  1 h a t  -1440°C i n  A r  

Subsurface A f t e r  immersion aa s t a t e d  70% 10% 20% 

C. STABILITY OF CVD SiO N 
X Y  

In  Quar te r ly  Report  NO.,^, we discussed t h e  conversion of CVD SiO N t o  
X Y  

&Si3N4 i n  contac t  with molten s i l i c o n  ( s e s s i l e  drop experiment) and showed 

t h a t  t h e  converted l a y e r  was s t i l l  present  a f t e r  20 h i n  contac t  with the  

s i l i c o n  melt a t  1 4 5 0 0 ~  i n  He. A sec t ion  view of one such sample a f t e r  a t o t a l  



of 30 h of t e s t i ng  is  shown i n  Fig. 1. In these experiments the  sample was 

thermally cycled each day from room temperature t o  the  test temperature and 

down t o  room temperature again. This caused repeated cracking of the  s i l i c o n  

droplet  and the  supporting layer. Thus, a s  seen i n  Fig. 1, the  layer  has 

several  cracks i n t o  which the  s i l i con  melt has penetrated. This i s  probably a 

more severe t e s t  than continuous operation a t  t he  melt temperature. The sample 

was destroyed a f t e r  about 40 h of t es t ing  due t o  an accident i n  which some 

s i l i con  alloyed with the molybdenum support. We may conclude, however, t ha t  

these CVD coatings may e x i s t  i n  contact with molten s i l i c o n  fo r  prolonged 

periods without complete decomposition. 

SiO N * Y 

Figure 1. Sectional view of Si/CVD SiOxNy a f t e r  about 30 h a t  1450°C 
i n  He. Final  layer  thickness appears s imi l a r  t o  o r ig ina l  
thickness. The layer  has multiple cracks due t o  repeated 
heatlng and coal5ng of  the  eample. 

D. EFG-TYPE DIES 

W e  have continued our e f f o r t s  on the  fabr icat ion of EFEtype dies. Two 

approaches a r e  being tes ted,  namely, t he  fabr icat ion of "self-supporting" C M  

dies  and the  coating of subs t ra te  mater ia ls  which have been su i tab ly  shaped, 

Both approaches a r e  proving d i f f i c u l t ,  



A preferred method of forming a "self-supporting" d i e  would be deposition 

of a CWI coating on a s i l i c o n  subs t ra te  of su i t ab l e  shape and thickness a s  

described i n  our l a s t  quar ter ly  report .  However, only a 50-pm-thick layer  of 

Si3N4 has  been obtained i n  t h i s  way without cracking, and about 25 pm of SiO N 
x Y* 

I n  these  s t ruc tures ,  the  s i l i c o n  core w e t s  t h e  d i e  inner  surface and provides 

a column of s i l i c o n  i n  the  d i e  cap i l l a ry  a t  the  m e l t  temperature. For these 

reasons, we are ,  currently,  experimenting with "self-supporting" CVD d i e s  i n  

which the  s i l i c o n  core is provided by a r e l a t i ve ly  t h in  CVD layer  of s i l i c o n  

t o  reduce s t r a in .  

The fabr ica t ion  of coated d ies  i s  d i f f i c u l t  because of thermal expansion 

rpSgmatch and i n s t a b i l i t y  of avai lable  refractory mater ia ls  a t  molten s i l i c o n  

temperatures. For example, v i t reous  carbon has been thermally s t ab l e  i n  our 

ribbon growth experiments but ,  due t o  thermal expansion problems, only th in  

CVD coatings are possible  ($50-pm Si3N4, $6-pm SiO N ). By contras t ,  couuner- 
x Y 

c i a1  s i l i c o n  oxynitrj.de (described above) is compatible with the  thermal ex- 

pansion proper t ies  of CVD SiO N but t he  composite becomes warped a t  high 
x Y' 

temperature. The impurity content of t h i s  mater ia l  is a l so  high. Hot-pressed 

&Si3N4 and various grades of graphite a r e  a l so  being evaluated fo r  t h i s  pur- 

pose. 

E. CVD AT HIGH TEMPERATURES 

Layers of Si3N4 and SiO N were deposited on d i f f e r en t  substra tes  
X Y 

(RS-Si3N4, "Si2N20," and vi t reous carbon) a t  temperatures up t o  1600°C. The 

eff ic iency of t h e  Si3N4 deposition was b e t t e r  than anticipated,  and r e l a t i ve ly  

t h i ck  layers  ('*250 vm) were obtained on RS-Si N and "Si2N20" substra tes  (but 3 4 
not  on vi t reous carbon which is  a t  tacked by auunonia) . These layers  consisted 

mainly of a-phase Si3N4. The deposition of SiO N was ra ther  inek t ic ien t  be- 
x Y 

cause of gas phase react ions  a t  high temperature &d the  resu l t ing  deposited 

mater ia l  had a powdery texture.  This mater ia l  was amorphous. 



SECTION I V  

CONCLUSIONS AND FUTURE PLANS 

It i s  p o s s i b l e  t o  perform consecut ive ribbon-growth "runs" from a given 

V-shaped d i e  wi thout  mechanical degradat ion of t h e  d i e ,  The we t t i ng  problem 

as soc ia t ed  w i t h  SiO N coa t ings  on t h e s e  d i e s  can be  overcome by depos i t i ng  a 
X Y  

very t h i n  l a y e r  of S i  N over t h e  o x y n i t r i d e  l aye r .  S i l i c o n  oxyn i t r i de  l a y e r s  
3 4 

(converted t o  B-Si N ), a few thousandths of an inch  i n  th ickness ,  can b e  
3 4 

maintained i n  con tac t  w i th  molten s i l i c o n  a t  1450°C f o r  per iods  i n  excess  of 

30 h wi thout  complete e ros ion .  

The f a b r i c a t i o n  of EFGtype CVD d i e s  i s  causing some problems a t  p resent .  

Among t h e  approaches t r i e d ,  each has  i t s  own s e t  of problems. For example, 

a t tempts  t o  form a "self-supporting" CVD d i e  r e q u i r e  a s u b s t r a t e  f o r  shaped 

formation and methods of conversion and detachment from t h e  s u b s t r a t e  t o  y i e l d  

a f ree-s tanding  d i e ,  Problems wi th  each s t e p  a r i s e .  This  has  a l r eady  been 

done i n  t h e  case  of r e l a t i v e l y  t h i n  CVD l a y e r s  (up t o  50 'pm). D i f f e r e n t i a l  

expansion becomes a problem f o r  t h i c k e r  l a y e r s  because of cracking. In  b r i e f ,  

t he  problem is  t h a t  we have a r e l a t i v e l y  i n e r t  and pure m a t e r i a l  i n  B-Si N 
3 4 

coa t ings  (formed from CVD SiO N l a y e r s )  bu t  wi thout  a u s e f u l  means of forming 
X Y  

free-standing CVD d i e s  o r  coated-wall  d i e s .  We w i l l  concen t r a t e  ou r  e f f o r t s  

in t h i s  a r ea .  
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'APPENDIX A 

NEW TECHNOLOGY 

There are no new technology items for this reporting period. 



A P P E N D I X  B 

MILESTONES FOR D I E  AND CONTAINER DEVELOPMENT 

Key Tasks - Malor Roblems 

1. Development and Evaluation of CVD-Si3N4-Si&Ny Systems 
odegradation and erosion r a t e  of CVD-Si3b i n  con tac t  with 

molten S i  
.optimization of CVDSi3N4 as  r e l a t e d  t o  preparat ive 

condit ions and post-deposition annealing 
.composition of  as-deposited CVD-SI&N layers  and i d e n t i -  

f i c a t i o n  of phases present  a f t e r  c r y s r a l l i z a t i o n  above the 
lnelting point of S i  

,degradation and erosion r a t e  of CVDSI&Ny i n  contact  with 
molten 81 

.optimization with respec t  t o  preparat ive and annealing 
conrlt t ions  

odeposi t  above CVD l ayers  on vAribw d i e  m ~ e r l a l s  l o r  the 
growth of s i l i c o n  ribbon 

. fabricate  self-support ing CVD d i e s  and c ruc ib les  and t e s t  i n  
contact with molten S i  

2 .  Evaluation of Other CVD Coatin88 
. ident ify o ther  p o t e n t i a l l y  use fu l  coat ings 
.prepare CVD coat ings 
. t e s t  erosion i n  con tac t  with molten S i  

3. Reaction and Ressure-Sintered Mat&ials f o r  Use as  CVD 
Subs t ra tes  
.Si3N,j with various d e n s i f i c s t i o n  a i d s  

.=&%$ 

.l41lli e 

4. Charac te r iza t ion  
amate r ia l s  c h a r a c t e r i z a t i o n  s t u d i e s  w i l l  be conducted 

according t o  t h a t  ou t l iped  i n  A r t i c l e s  1 and 2 of 
'.Task Order No. RD-152 

5 .  Inverted Ribbon Growth w/CVD Dies 
.Growth Rata 

50 cmlh 
100 cmlh 
150 cmlh 
200 cmlh 

. ' lhichess  (25 mil) 
LO mi1 
30 mil 
20 mil 
15 mil 

.Ribbon Length (cm) 
10 cm 
15 cm 
20 cm 
30 cm 

.Operation of Mark 1 Fuller 

.Operation of Mark 11 Pul le r  
I---! 

I . .  . . . . . . 

-- 
.- 

i-- 

b I 



'APPENDIX C 

MANHOURS AND COSTS 

Manhours and cost totals to the end of November 1978 were 6,466 and 

$233,545,  respectively.. 




