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SUMMARY 

A v a r i e t y  o f  techn iques  a r e  a v a i l a b l e  t o  a p p l y  p r o t e c t i v e  c o a t i n g s  t o  o x i -  
d a t i o n  s ,uscept ib le  s p a c e c r a f t  components, and each has a s s o c i a t e d  advantages 
and d isadvantages.  f i l m  a p p l i c a t i o n  by means of chemical  vapor d e p o s i t i o n  
(CVD) hals the  advantage o f  b e i n g  a b l e  t o  be a p p l i e d  c o n f o r m a l l y  t o  o b j e c t s  o f  
i r r e g u l a l r  shape. For t h i s  reason,  a s tudy  was made of t h e  oxygen plasma dura- 
b i l i t y  o f  t h i n  f i l m  ( l e s s  than 5000 A )  s i l i c o n  d i o x i d e  c o a t i n g s  a p p l i e d  by CVD. 
I n  t h e  p resen t  exper iments,  such c o a t i n g s  were  a p p l i e d  t o  s i l v e r  m i r r o r s ,  which 
a re  s t r o n g l y  s u b j e c t  t o  o x i d a t i o n ,  and which a re  proposed fo r  use on t h e  space 
s t a t i o n  s o l a r  dynamic power system. 
can p r o v i d e  adequate p r o t e c t i o n  w i t h o u t  a f f e c t i n g  t h e  r e f l e c t a n c e  o f  t h e  m i r -  
ror .  Sc:anning e l e c t r o n  mic rographs  i n d i c a t e d  t h a t  o x i d a t i o n  o f  t h e  s i l v e r  
l a y e r  d i d  occur  a t  s t r e s s  c r a c k  l o c a t i o n s ,  b u t  t h i s  d i d  n o t  a f f e c t  t he  measured 
s o l a r  r e f l e c t a n c e s .  O x i d a t i o n  of t h e  s i l v e r  d i d  n o t  proceed beyond the  immedi- 
a t e  l o c a t i o n  o f  t h e  c rack .  Such s t r e s s  c racks  d i d  n o t  occu r  i n  t h i n n e r  s i l i c a  
f i l m s ,  and hence such f i l m s  would be d e s i r a b l e  f o r  t h i s  a p p l i c a t i o n .  

The r e s u l t s  i n d i c a t e  t h a t  such c o a t i n g s  

INTRODUCTION 

E a r l y  s h u t t l e  f l i g h t s  r e v e a l e d  t h a t  a number o f  m a t e r i a l s  commonly used i n  
s p a c e c r a f t  and proposed f o r  use on t h e  NASA Space S t a t i o n  a r e  s u b j e c t  t o  ox ida -  
t i o n  by t h e  l o w - e a r t h - o r b i t  (LEO) atomic oxygen env i ronment  ( r e f .  1 ) .  One way 
t o  p reven t  o x i d a t i o n  of these m a t e r i a l s  i s  t o  a p p l y  an o x i d a t i o n  r e s i s t a n t ,  
t h i n  f i l m  c o a t i n g .  Such c o a t i n g s  can be a p p l i e d  by any o f  seve ra l  techn iques ,  
i n c l u d i n g  e l e c t r o n  beam e v a p o r a t i o n  and i o n  beam or magnetron s p u t t e r i n g .  
Recent s t u d i e s  have shown t h e  success o f  these c o a t i n g s  i n  the  p r o t e c t i o n  o f  
bo th  s i l v e r  mirrors ( r e f s .  2 and 3) and Kapton ( r e f .  4 ) .  An a l t e r n a t i v e  means 
o f  a p p l y i n g  such c o a t i n g s  i s  chemical  vapor d e p o s i t i o n  (CVD) .  T h i s  techn ique 
has an impor tan t  advantage i n  t h a t  i t  i s  n o t  l i m i t e d  t o  l i n e - o f - s i g h t  deposi -  
t i o n .  Hence conformal  c o a t i n g s  may be a p p l i e d  t o  o b j e c t s  o f  i r r e g u l a r  geome- 
t r y ,  which may make CVD u s e f u l  i n  t h e  a p p l i c a t i o n  o f  p r o t e c t i v e  c o a t i n g s  t o  
o t h e r  k i n d s  o f  s p a c e c r a f t  components. For t h i s  reason, a s tudy  was under taken 
t o  determine the  e f f e c t i v e n e s s  of CVD c o a t i n g s  f o r  o x i d a t i o n  p r o t e c t i o n .  



H i g h l y  r e f l e c t i v e ,  l i g h t w e i g h t ,  d u r a b l e  mirrors a r e  r e q u i r e d  f o r  the  con- 

The l a s t  requ i remen t  i s  d i c t a t e d  by t h e  presence o f  h i g h l y  c o r r o s i v e  
For t h e  r e f l e c t i n g  sur -  

Prev ious  

c e n t r a t o r  sur faces  o f  t h e  s o l a r  dynamic power module t o  be used on t h e  space 
s t a t i o n .  
a tomic oxygen a t  t h e  space s t a t i o n  o r b i t a l  a l t i t u d e s .  
f ace ,  s i l v e r  i s  t he  m a t e r i a l  o f  cho ice ,  because i t  o f fe rs  the  h i g h e s t  r e f l e c -  
tance ove r  the  Air-Mass-Zero (AMO) s o l a r  spectrum. Since s i l v e r  i s  h i g h l y  
s u s c e p t i b l e  t o  o x i d a t i o n ,  a s u i t a b l e  p r o t e c t i v e  c o a t i n g  i s  r e q u i r e d .  
work ( r e f s .  2 and 3 )  t o  i d e n t i f y  such c o a t i n g s  has shown t h a t  severa l  m a t e r i a l s  
a re  acceptab le  cand ida tes .  These i n c l u d e  s i l i c o n  d i o x i d e ,  aluminum ox ide ,  mag- 
nesium f l u o r i d e ,  and combina t ions  o f  these .  

For t h i s  s tudy ,  s i l i c o n  d i o x i d e  c o a t i n g s  were a p p l i e d  by CVD t o  s i l v e r  
mirror su r faces .  S ince  s i l v e r  su r faces  a r e  h i g h l y  s u s c e p t i b l e  t o  o x i d a t i o n ,  
they  p r o v i d e  an e x c e l l e n t  means t o  t e s t  t he  o x i d a t i o n  p r o t e c t i o n  a f f o r d e d  by 
these c o a t i n g s .  Also, t h e  r e s u l t s  can be compared to  p rev ious  work i n  which 
coa t ings  were a p p l i e d  by t h e  o t h e r  d e p o s i t i o n  techn iques  mentioned above. 

APPARATUS AND PROCEDURE 

Samples f o r  e v a l u a t i o n  c o n s i s t e d  o f  1000 A of s i l v e r  depos i ted  o n t o  p o l -  
i shed  n i c k e l  wafer  s u b s t r a t e s  i n  an i o n  beam d e p o s i t i o n  s y s t e m  desc r ibed  e l s e -  
where ( r e f .  5 ) ,  f o l l o w e d  by seve ra l  d i f f e r e n t  t h i cknesses  o f  S i02  depos i ted  by 
two d i f f e r e n t  c h e m i c a l  vapor d e p o s i t i o n  techn iques .  

These techn iques  c o n s i s t e d  o f  p r e p a r a t i o n  under e i t h e r  a tmospher ic  p res-  
sure or low (0.55 to  0.2 Torr) p ressu re  c o n d i t i o n s .  I n  bo th  cases, 99 pe rcen t  
pure  t e t r a e t h o x y s i l a n e  ( T E S )  was used as t h e  reagen t .  
sure case, t h e  TES was p laced  i n  a gas s a t u r a t o r  and 300 SCCM o f  argon was 
passed th rough as t h e  c a r r i e r  gas. 
a t  675 "C.  D e p o s i t i o n  r a t e s  were on  t h e  o r d e r  o f  150 t o  200 A/min, and t h e  
r e s u l t i n g  S i02  f i l m s  e x h i b i t e d  a t h i c k n e s s  u n i f o r m i t y  o f  * l o  pe rcen t  o f  the  
average va lue ,  as measured by e l l i p s o m e t r y .  

I n  the  low p ressu re  case, no  c a r r i e r  gas was used, and t h e  d e p o s i t i o n  took 
p l a c e  i n  a tube fu rnace  a t  650 "C. 
and t h i c k n e s s  u n i f o r m i t i e s  were on t h e  o r d e r  o f  *I  p e r c e n t .  Pressures were 
measured w i t h  an MKS B a r a t r o n  capac i tance  manometer. 

I n  t h e  atmospher ic  p res-  

The d e p o s i t i o n  took p l a c e  i n  an oven h e l d  

D e p o s i t i o n  r a t e s  were t y p i c a l l y  60 A/min 

The LEO atomic oxygen env i ronment  was s imu la ted  u s i n g  an S P I  Plasma Prep 
I1 RF plasma r e a c t o r  opera ted  w i t h  ambient  a i r  as t h e  c a r r i e r  gas ( r e f .  6 ) .  
For comparison urposes,  1 h r  o f  exposure i n  t h i s  r e a c t o r  i s  e q u i v a l e n t  to  

s h u t t l e  f l i g h t s .  
e q u i v a l e n t  to  1 year  exposure i n  space. 
w i t h  a Perk in-Elmer Lambda-9 U V / V I S / N I R  spect rophotometer  equipped w i t h  a 
60-mm d iameter  i n t e g r a t i n g  sphere. The o p e r a t i o n  o f  t h i s  i ns t rumen t  and the  
c a l c u l a t i o n  of the  i n t e g r a t e d  s o l a r  r e f l e c t a n c e s  r e p o r t e d  here a re  desc r ibed  
elsewhere ( r e f .  2 ) .  Specular  r e f l e c t a n c e  va lues  a re  f o r  a 0.1 s t e r a d i a n  s o l i d  
ang le .  Measured r e f l e c t a n c e s  c a r r i e d  an u n c e r t a i n t y  o f  * 1  percentage p o i n t .  

l x1019  atoms/cm ! e q u i v a l e n t  f l u e n c e  as measured by Kapton e r o s i o n  from e a r l y  
For Kapton, 26 h r  o f  exposure i n  t h e  r e a c t o r  produces e r o s i o n  

Re f lec tance  measurements were made 

A f t e r  p r e p a r a t i o n ,  t h e  s o l a r  r e f l e c t a n c e  o f  each sample was measured p r i o r  
t o  and then a t  r e g u l a r  i n t e r v a l s  d u r i n g  plasma exposure. 
p l e s  were subsequent ly  examined w i t h  scanning e l e c t r o n  microscopy.  

Severa l  o f  the  sam- 
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RESULTS AND DISCUSSION 

F i g u r e  1 p resen ts  t h e  e f f e c t  o f  the  RF plasma envi ronment  on t h e  v a r i o u s  
samples ]prepared f o r  t h i s  s tudy .  O v e r a l l ,  no s i g n i f i c a n t  e f f e c t s  o f  t h e  plasma 
envi ronment  on r e f l e c t a n c e  d u r a b i l i t y  w e r e  no ted  for any o f  t h e  samples. 
appeared adequate t o  p r o t e c t  a s i l v e r  sur face from o x i d a t i o n .  D i f f e r e n c e s  w e r e  
noted,  however, i n  terms o f  a b s o l u t e  r e f l e c t a n c e ,  v i s u a l  appearance, and 
appearance under SEM. 

Each 

Atmospheric Pressure CVD 

I n  ' v isua l  appearance among t h e  atmospher ic  p ressu re  CVD samples, t h e  
2000 A S i 0 2  sample f a r e d  b e t t e r  than t h e  t h i c k e r  ones (4000 t o  4700 A )  d u r i n g  
plasma exposure. The t h i c k e r  samples showed a s i g n i f i c a n t  degree o f  c r a c k i n g ,  
p r i n c i p a l l y  a long  one a x i s .  The 2000 A sample showed no c r a c k i n g .  The c racks  
w e r e  apparent  even b e f o r e  plasma exposure; however t h e  degree o f  c r a c k i n g  
inc reased somewhat d u r i n g  exposure (z5  p e r c e n t ) .  

Examinat ion o f  t h e  two t h i c k e r  samples under scanning e l e c t r o n  microscopy 
revea led  t h a t ,  i n  most i n s t a n c e s ,  t h e  c racks  extended down t o  t h e  s i l v e r  l a y e r .  
F i g u r e  2 shows a t y p i c a l  r e g i o n  o f  the  s u r f a c e  of t h e  sample w i t h  t h e  4700 A 
t h i c k  Si02 c o a t i n g .  A t  most l o c a t i o n s  a l o n g  t h e  c racks ,  s i l v e r  o x i d e  can be 
seen p r o t r u d i n g  th rough t h e  c o a t i n g .  F i g u r e  3 i s  an enlargement  o f  a p o r t i o n  
o f  f i g u r l ?  2, and c l e a r l y  shows t h e  p r o t r u d i n g  o x i d e .  The growth  o f  t h i s  o x i d e ,  
however, d i d  n o t  have an e f f e c t  on specu lar  r e f l e c t a n c e ,  which i n d i c a t e s  t h a t  
t h e  su r face  area  of t h e  c racks  was smal l  compared t o  t h e  t o t a l  sample su r face  
area.  Also v i s i b l e  i s  ev idence o f  m u l t i p l e  f r a c t u r e s  a l o n g  a c r a c k  l i n e .  
These f r a c t u r e s  suggest t h a t  t he  c racks  a r e  a r e s u l t  of compressive s t r e s s e s  i n  
the  f i l m  which a r i s e  from t h e  g r e a t e r  degree o f  c o n t r a c t i o n  o f  t h e  n i c k e l  sub- 
s t r a t e  r l e l a t i v e  t o  t h e  c o a t i n g  a f t e r  t he  h e a t i n g  o c c u r r i n g  d u r i n g  d e p o s i t i o n .  
Th is  can a l s o  e x p l a i n  t h e  s l i g h t l y  i nc reased  degree o f  c r a c k i n g  observed d u r i n g  
plasma exposure ment ioned above. A s  a s i d e  e f f e c t ,  t h e  samples a r e  heated t o  
approx ima te l y  60 "C d u r i n g  oxygen plasma exposure, and the  c o n t i n u a l  h e a t i n g  
and c o o l i n g  from repeated  exposures con t inues  t o  s t r e s s  c y c l e  the  f i l m  and 
r e s u l t s  i n  a d d i t i o n a l  c r a c k s .  No ev idence i s  seen, however, o f  any under- 
c u t t i n g  o f  the  p r o t e c t i v e  c o a t i n g  by the  oxygen plasma. Th is  would have been 
expected t o  appear as a f r o n t  o f  d i s c o l o r a t i o n  su r round ing  t h e  c r a c k  edges, 
which i s  behav io r  seen p r e v i o u s l y  ( r e f .  6) on p r o t e c t e d  s i l v e r  l a y e r s  on non- 
o x i d i z a b l e  s u b s t r a t e s .  The p rev ious  work suggested t h a t  t h e  o x i d a t i o n  process 
would ev ien tua l l y  cease, due t o  t h e  i n a b i l i t y  o f  t h e  oxygen atoms t o  d i f f u s e  
th rough the s i l v e r  o x i d e  t o  reach f resh ,  u n o x i d i z e d  s i l v e r .  Th i s  appears t o  be 
t h e  case here .  

A s  w i t h  the  4700 A c o a t i n g ,  t h e  4000 A Si02 c o a t i n g  showed a s i g n i f i c a n t  
degree o f  s t r e s s  c r a c k i n g .  F i g u r e  4 i s  an SEM photo  o f  one o f  these f i s s u r e s  
and, s i m i l a r  t o  f i g u r e  3 ,  shows a h i g h  degree o f  l o c a l  " s h a t t e r i n g "  o f  t h e  
c o a t i n g .  A t  t he  l o c a t i o n  o f  f i g u r e  4, however, no o x i d a t i o n  o f  s i l v e r  i s  e v i -  
den t ,  i n d i c a t i n g  t h a t  t h e  c rack  d i d  n o t  ex tend t o  t h e  s i l v e r  l a y e r .  Th is  i s  
n o t  t r u e  i n  f i g u r e  5, which i s  an SEM pho to  o f  a d i f f e r e n t  l o c a t i o n  on  t h e  sur-  
f a c e  o f  the sample i n  f i g u r e  4. Here a s i g n i f i c a n t  degree o f  o x i d a t i o n  a long  a 
c rack  cain be seen. 
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I n  comparison w i t h  the  S iOz /Ag /n i cke l  s u b s t r a t e  samples desc r ibed  i n  r e f -  
erence 2 ,  t he  atmospher ic  p ressu re  samples prepared here  e x h i b i t e d  n e a r l y  iden-  
t i c a l  s o l a r  r e f l e c t a n c e  va lues .  A l l  were i n  t h e  90 p e r c e n t  range,  

Low Pressure  CVD 

A s  s t a t e d  above, t he  r e f l e c t a n c e  o f  t h e  low p ressu re  CVD sample (2000 A o f  
O v e r a l l ,  however, t he  a b s o l u t e  S i02)  a l s o  was u n a f f e c t e d  by t h e  oxygen plasma. 

r e f l e c t a n c e  o f  t h i s  sample was c o n s i d e r a b l y  lower  (10 to  1 5  p e r c e n t )  than t h a t  
o f  t h e  atmospher ic  p ressure  CVD samples. 
sample; however, on t h e  whole t h e  sample had a somewhat c loudy  w h i t e  appear- 
ance, which accounts fo r  t h e  lower  r e f l e c t a n c e .  The cause o f  t h i s  was n o t  
known, and needs t o  be i n v e s t i g a t e d .  

No s t r e s s  c racks  were no ted  i n  t h i s  

CONCLUSIONS 

S i l i c a  c o a t i n g s  prepared by  a tmospher ic  p ressu re  and low p ressu re  chemical  
vapor d e p o s i t i o n  techn iques  a r e  s u i t a b l e  f o r  use as p r o t e c t i v e  c o a t i n g s  on 
s o l a r  mirrors. The s i l v e r  l a y e r  was p r o t e c t e d  from t h e  l a b o r a t o r y  oxygen 
plasma envi ronment ,  and measured r e f l e c t a n c e s  were as h i g h  as has been measured 
f o r  p r o t e c t i v e - c o a t i  n g / r e f l e c t o r  systems prepared by o t h e r  techn iques .  
problem o f  cracking can be addressed by use o f  a thinner layer o f  Si02, and 
c o u l d  p o s s i b l y  be reduced or e l i m i n a t e d  i f  a s u b s t r a t e  were used whose c o e f f i -  
c i e n t  o f  thermal  expansion more c l o s e l y  matched t h a t  o f  s i l i c a .  

The 

Use o f  CVD f o r  o x i d a t i o n  r e s i s t a n t  p r o t e c t i v e  c o a t i n g s  would n o t  be 
l i m i t e d  t o  p r o t e c t i o n  o f  s i l v e r  mirrors. 
i s  t h a t  t he  d e p o s i t i o n  process i s  n o t  l i n e - o f - s i g h t  and hence t h e r e  e x i s t s  t h e  
a b i l i t y  t o  c o a t  o b j e c t s  o f  w i d e l y  v a r y i n g  s i z e s  and shapes w i t h  c o a t i n g s  o f  
u n i f o r m  t h i c k n e s s .  Such an a b i l i t y  would be of g r e a t  u t i l i t y  i n  a tomic  oxygen 
p r o t e c t i o n  o f  o t h e r  l o w - e a r t h - o r b i t  s p a c e c r a f t  components, such as t r u s s  and 
boom suppor t  s t r u c t u r e s ,  and t e x t u r e d  r a d i a t o r  su r faces .  The d isadvantage o f  
CVD i s  t he  requ i rement  t h a t  t h e  o b j e c t  b e i n g  coated  be heated,  which may pre-  
c lude  i t s  use i n  a p p l i c a t i o n s  where t h e  s u b s t r a t e  has a low m e l t i n g  p o i n t  or 
would be o t h e r w i s e  adve rse l y  a f f e c t e d  by  h e a t .  

One o f  t h e  g r e a t  advantages o f  CVD 
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FIGURE 2, - EXAMPLE OF CRACKING OBSERVED ON SAMPLES WITH THICKER 
(4700 A) SI02 COATINGS. PROTRUSION OF SILVER OXIDE THROUGH 
CRACKS IS EVIDENT. RF P L A S M  EXPOSURE TINE WAS 190 HR. 

FIGURE 3. - DIFFERENT REGION OF SAME SAMPLE SHOWN I N  FIG. 2, BUT 
AT HIGHER MAGNIFICATION. MULTIPLE FRACTURES ALONG THE CRACK 
INDICATE STRESS DUE TO DIFFERENT COEFFICIENTS OF THERMAL EX- 
PANSION BETWEEN THE SUBSTRATE AND COATING, 



FIGURE 4 .  - AN EXAMPLE OF A CRACK WHICH DID NOT PENETRATE 
THROUGH TO THE SILVER LAYER, A$ EVIDENCED BY ABSENCE OF SILVER 

TIME WAS 190 HR. 

OXIDE. S102 COATING WAS 4000 A THICK, RF PLASMA EXPOSURE 

FIGURE 5 .  - DIFFERENT REGION OF SAME SAMPLE SHOWN I N  FIG. 4 
SHOWING A CRACK WHICH DID PENETRATE THROUGH TO SILVER LAYER. 
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