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SUMMARY 

A t  t h e  NASA Lewis Research Center  a v a r i e t y  o f  plasma and i o n  beam tech-  
n iques  have been employed t o  genera te  d iamond l i ke  carbon f i l m s .  
i n c l u d e  t h e  use o f  RF s p u t t e r i n g ,  DC g low d i s c h a r g e ,  vacuum a r c ,  plasma gun, 
i o n  beam s p u t t e r i n g ,  and b o t h  s i n g l e  and dual  i o n  beam d e p o s i t i o n .  S ince  t h e  
f i l m s  have been genera ted  u s i n g  a wide v a r i e t y  of techn iques ,  t h e  phys i co -  
chemica l  p r o p e r t i e s  of these f i l m s  v a r y  c o n s i d e r a b l y .  I n  g e n e r a l ,  these f i l m s  
have c h a r a c t e r i s t i c s  t h a t  a r e  d e s i r a b l e  i n  a number o f  a p p l i c a t i o n s .  
example, t h e  f i l m s  genera ted  u s i n g  b o t h  s i n g l e  and dual  i o n  beam systems were 
e v a l u a t e d  f o r  a p p l i c a t i o n s  i n c l u d i n g  power e l e c t r o n i c s  as i n s u l a t e d  ga tes  and 
p r o t e c t i v e  c o a t i n g s  on t r a n s m i t t i n g  windcws. These f i l m s  were imperv ious  t o  
reagen ts  wh ich  d i s s o l v e  g r a p h i t i c  and p o l y m e r i c  carbon s t r u c t u r e s .  Nuc lea r  
r e a c t i o n  and combust ion a n a l y s i s  i n d i c a t e d  hydrogen t o  carbon r a t i o s  t o  be 
1.00, wh ich  a l l o w e d  t h e  f i l m s  t o  have good t r a n s m i t t a n c e  n o t  o n l y  i n  t h e  i n f r a  
r e d ,  b u t  a l s o  i n  t h e  v i s i b l e .  O the r  e v a l u a t e d  p r o p e r t i e s  o f  these f i l m s  
i n c l u d e  band gap, r e s i s t i v i t y ,  adherence, d e n s i t y ,  m ic rohardness ,  and i n t r i n -  
s i c  s t r e s s .  
for d e p o s i t i n g  d iamond l i ke  carbon f i l m s  a r e  p resen ted  i n  t h i s  paper .  

These methods 

For 

The r e s u l t s  o f  these s t u d i e s  and those o f  t h e  o t h e r  techn iques  

INTRODUCTION 

The d e p o s i t i o n  o f  carbon f i l m s  possess ing  d iamond l i ke  p r o p e r t i e s  has been 
r e p o r t e d  by  numerous r e s e a r c h e r s .  A v a r i e t y  o f  plasma and i o n  beam techn iques  
have been employed to  genera te  t h e  carbon f i l m s .  
r e p o r t e d  t o  produce d i a m o n d l i k e  carbon f i l m s  i n c l u d e :  vacuum e v a p o r a t i o n  
( r e f .  1 > ,  RF s p u t t e r i n g  u s i n g  i n e r t  gas and carbon t a r g e t s  ( r e f .  2 > ,  RF plasma 
decompos i t i on  of hydrocarbon gases ( r e f s .  3 t o  61,  DC glow d i s c h a r g e  o f  predom- 
i n a n t l y  hydrocarbon gases w i t h  a smal l  f r a c t i o n  of argon ( r e f .  7 > ,  coaxial 
p u l s e d  plasma a c c e l e r a t i o n  u s i n g  methane gas ( r e f .  8 > ,  vacuum a r c  u s i n g  a 
g r a p h i t e  cathode ( r e f .  9 ) ,  i o n  beam d e p o s i t i o n  w i t h  a rgon and hydrocarbon s c i s -  
s i o n  f ragment i o n s  ( r e f s .  10 to  121,  and d e p o s i t i o n  u s i n g  pu re  carbon i o n  
beams ( r e f .  1 3 ) .  Combinat ions o f  v a r i c u s  techn iques  have 3lso  Seen u t i l i z e d  
such as argon i o n  bombardment o f  evapora ted  carbon f i l m s  ( r e f .  141, vacuum c a r -  
bon a r c  plasma i n  c o n j u n c t i o n  w i t h  DC or RF p o t e n t i a l s  a p p l i e d  t o  t h e  s i l b s t r a t e  
( r e f .  9>, and dua l  i o n  beam d e p o s i t i o n  and s p u t t e r i n g  techn iques  ( r e f s .  1 2 , 1 S ,  
and 1 6 ) .  

Processes wh ich  have been 

These d iamond l i ke  carbon f i l m s  may be ha rd ,  t r a n s p a r e n t ,  c h e m i c a l l y  
i n e r t ,  e l e c t r i c a l l y  i n s u l a t i n g ,  and have been r e p o r t e d  t o  range from amorphous 
t o  p o l y c r y s t a l l i n e  i n  s t r u c t u r e .  Thus t h e y  would f i n d  wide use i n  a number of 
a p p l i c a t i o n s ,  i n c l u d i n g ,  power e l e c t r o n i c s  as i n s u l a t i n g  ga tes  for f i e l d  e f f e c t  
t r a n s i s t o r s  or as doped semiconductors ,  p r o t e c t i v e  c o a t i n g s  f o r  o p t i c a l  compo- 
nen ts ,  i n t e g r a l  c o a t i n g s  f o r  s o l a r  c e l l s  or  l a s e r  windows i n  t h e  i n f r a r e d ,  
e t c .  Success fu l  r e a l i z a t i o n  o f  these a p p l i c a t i o n s  i s  c o n t i n g e n t  on e f f e c t i v e  



p r o d u c t i o n  o f  these f i l m s ,  and t a i l o r i n g  t h e i r  c h a r a c t e r i s t i c s  t o  meet t h e  
needs o f  t h e  p a r t i c u l a r  a p p l i c a t i o n .  T h e r e f o r e ,  NASA Lewis Research Center  
has employed a v a r i e t y  o f  plasma and i o n  beam methods t o  genera te  d i a m o n d l i k e  
carbon (DLC) f i l m s .  These methods i n c l u d e  t h e  use o f  RF s p u t t e r i n g  w i t h  hydro-  
carbons, DC g low d i s c h a r g e ,  vacuum a r c ,  c o a x i a l  carbon plasma gun, i o n  beam 
s p u t t e r i n g ,  and b o t h  s i n g l e  and dua l  i o n  beam d e p o s i t i o n .  T h i s  paper p r e s e n t s  
t h e  process techn iques  and a s s o c i a t e d  c h a r a c t e r i s t i c s  o f  t h e  f i l m s .  F i l m  cha- 
r a c t e r i s t i c s  i n c l u d e  d e n s i t y ,  hydrogen c o n t e n t ,  band gap, r e s i s t i v i t y ,  m i c r o -  
hardness, d i e l e c t r i c  c o n s t a n t ,  adherence, i n t r i n s i c  s t r e s s ,  t r a n s m i t t a n c e ,  and 
chemical  r e s i s t a n c e .  Some a p p l i c a t i o n  e v a l u a t i o n s  w i l l  a l s o  be p resen ted .  

APPARATUS AND PROCEDURE 

D iamond l ike  carbon f i l m s  were i o n  beam s p u t t e r  d e p o s i t e d  u s i n g  an 8 cm 
d iameter  source ( r e f .  17 ) .  A 100 eV, 55 mA a rgon i o n  beam was produced for 
s p u t t e r  c l e a n i n g  and d e p o s i t i o n .  An i o n  beam c u r r e n t  d e n s i t y  of -1 .O rnA/cm2 
r e s u l t e d  i n  t h e  v i c i n i t y  o f  t h e  s p u t t e r  t a r g e t  and s u b s t r a t e s  wh ich  were l o c a -  
t e d  20 cm downstream o f  t h e  i o n  source .  The i o n  source  was o p e r a t e d  w i t h  a 
h o t  f i l a m e n t  n e u t r a l i z e r  i n  a vacuum f a c i l i t y  wh ich  m a i n t a i n e d  a p r e s s u r e  of 
2x10-5 t o r r  d u r i n g  o p e r a t i o n .  The t a r g e t  was made o f  p y r o l y t i c  g r a p h i t e  and 
f i l m s  up t o  0 .15  pm t h i c k  w e r e  d e p o s i t e d  on v a r i o u s  s u b s t r a t e s .  

A 30 cm d lamete r  i o n  source w i t h  i t s  o p t i c s  masked t o  10 cm i n  d iamete r  
was used t o  d i r e c t l y  d e p o s i t  DLC f i l m s  ( r e f .  1 8 ) .  The i o n  source  used argon 
( A r )  gas i n  t h e  h o l l o w  ca thode,  l o c a t e d  i n  t h e  main d i s c h a r g e  chamber, as w e l l  
as i n  the  n e u t r a l i z e r .  A f t e r  a d i s c h a r g e  was e s t a b l i s h e d  between t h e  ca thode 
and t h e  anode, methane gas (CH4) was i n t r o d u c e d  t h r o u g h  a m a n i f o l d  i n t o  t h e  
d i scha rge  chamber. For t h e  d e p o s i t i o n s  r e p o r t e d ,  t h e  mo la r  r a t i o  o f  CH4 t o  A r  
was 0.28. For t h i s  system, t h e  t o t a l  i o n  beam energy  was t h e  sum of t h e  d i s -  
charge v o l t a g e  and t h e  screen g r i d  v o l t a g e .  T y p i c a l l y ,  c u r r e n t  d e n s i t i e s  were 
1 mA/cm2 a t  a d i s t a n c e  o f  2 . 5  c m  a x i a l l y  downstream o f  t h e  g r i d s .  F i l m s  were 
d e p o s i t e d  a t  r a t e s  as h i g h  as 71 A/min t o  f i l m  t h i c k n e s s e s  as g r e a t  as 1 .5  pm. 

I t  i s  b e l i e v e d  t h a t  t he  amorphous carbon f i l m s  a r e  produced under cond i -  
t i o n s  where b o t h  g rowth  and s p u t t e r i n g  o c c u r  s i m u l t a n e o u s l y ,  whereby i n c r e a s e d  
s p u t t e r i n g  may decrease t h e  number o f  g r a p h i t i c  p r e c u r s o r s  i n c o r p o r a t e d  i n  t h e  
f i l m s  and hence improve t h e  q u a l i t y .  I n  a d d i t i o n ,  Marinow and Dobrew have 
found t h a t  a c t i v e  s i t e s  f o r  n u c l e a t i o n  a r e  c r e a t e d  and t h e  g rowth  and coa les -  
cence o f  t h e  n u c l e i  a r e  enhanced due t o  an i n c r e a s e d  m o b i l i t y  o f  t h e  condens- 
i n g  atoms when f i l m  s t r u c t u r e s  a r e  bombarded by  i n e r t  gas beams ( r e f .  1 9 ) .  
Wi th  these f a c t o r s  i n  mind, a dua l  beam system was c r e a t e d  by  add ing  an 8 cm 
d iameter  a rgon i o n  source ( r e f .  1 8 ) .  T h i s  s y s t e m ,  shown i n  f i g u r e  1 ,  was used 
t o  genera te  ano the r  s e t  o f  DLC f i l m s .  The 8 cm source ,  u s i n g  a f i l a m e n t  ca th -  
ode, was l o c a t e d  a t  a 12" a n g l e  w i t h  r e s p e c t  to  t h e  30 cm source .  T h i s  source 
was used t o  d i r e c t  a beam o f  200-600 eV argon i o n s  w i t h  a c u r r e n t  d e n s i t y  of 
25  pa/cm2 on t h e  s u b s t r a t e  w h i l e  t h e  d e p o s i t i o n  from t h e  30 cm source was 
o c c u r r i n g .  

The plasma gun, shown i n  f i g u r e  2 ,  c o n s i s t e d  o f  two c o a x i a l  carbon e l e c -  
t r o d e s  ( r e f .  2 0 ) .  The o u t e r  e l e c t r o d e  was a h o l l o w  c y l i n d e r  w i t h  a l a r g e  
i n s i d e  d iamete r  a l o n g  one h a l f  of i t s  l e n g t h  and a s m a l l e r  i n s i d e  d iamete r  
a l o n g  t h e  o t h e r  h a l f .  The i n n e r  e l e c t r o d e  was a carbon r o d  o f  s i m i l a r  shape, 

2 



suppor ted  by a p o l y t e t r a f l u o r o e t h y l e n e  c y l i n d e r  wh ich  c e n t e r e d  i t  w i t h i n  t h e  
o u t e r  e l e c t r o d e  and a l l o w e d  i t  t o  s l i d e  a x i a l l y .  To f i r e  t h e  gun, t h e  i n n e r  
e l e c t r o d e  was drawn f o r w a r d  by two so leno ids  u n t i l  t h e  two t a p e r e d  s u r f a c e s  
came i n t o  c o n t a c t .  C u r r e n t  was f e d  i n t o  t h e  s y s t e m  c r e a t i n g  an a r c  wh ich  
caused t h e  r e s u l t i n g  plasma t o  be a c c e l e r a t e d  f o r w a r d  and d e p o s i t e d  o n t o  t h e  
s u b s t r a t e .  D u r i n g  o p e r a t i o n  t h e  b e l l j a r .  p ressu re  was -10-6 t o r r .  
-1800 V produced c u r r e n t s  on t h e  o r d e r  o f  100 kA wh ich  r e s u l t e d  i n  a power 
l e v e l  o f  about  73 MW b e i n g  d i s s i p a t e d  by t h e  gun. One f i r i n g  e v e n t  l a s t e d  
between 0 . 6  and 0.8 msec. 

Vo l tages  of 

F i g u r e  3 i l l u s t r a t e s  a vacuum a r c  u s i n g  a g r a p h i t e  ca thode to  p r o v i d e  a 
source  o f  h i g h  tempera ture  carbon. The cathode, made o f  s p e c t r o s c o p i c  g rade 
g r a p h i t e ,  was h e l d  i n  a water  coo led  copper s leeve .  A t u n g s t e n  t i p p e d  s t r i k e r ,  
s u p p l i e d  w i t h  c u r r e n t  from a 200 A DC we lder  supp ly ,  c o n t a c t e d  t h e  ca thode and 
an a r c  was c r e a t e d .  The r e s u l t i n g  plasma, c o n s i s t i n g  o f  carbon atoms and i o n s ,  
was a c c e l e r a t e d  f o r w a r d  th rough  a water coo led  copper anode and d e p o s i t e d  o n t o  
t h e  s u b s t r a t e  i n  a background p ressu re  of 10-5 t o r r .  

RESULTS AND D I S C U S S I O N  

Compos i t i ona l  c h a r a c t e r i s t i c s .  - Auger a n a l y s i s  o f  b o t h  t h e  s i n g l e  and 
dua l  i o n  beam d e p o s i t e d  DLC f i l m s  showed no ev idence o f  any e lements  o t h e r  
t h a n  carbon and smal l  amounts o f  argon and oxygen. A f t e r  a rgon i o n  s p u t t e r -  
i n g ,  t h e  oxygen s i g n a l  d isappeared,  b u t  t h e  argon s i g n a l  was enhanced. H igh  
r e s o l u t i o n  Auger s p e c t r a  o b t a i n e d  from a s i n g l e  c r y s t a l  o f  p y r o l y t i c  g r a p h i t e ,  
an i o n  beam d e p o s i t e d  carbon f i l m ,  and n a t u r a l  diamond a r e  shown i n  f i g u r e  4. 
The l i n e s h a p e  fo r  t h e  carbon f i l m  l i e s  somewhere between those  of p y r o l y t i c  
g r a p h i t e  and diamond. The shou lde r  i n  t h e  g r a p h i t e  spec t rum a t  250 eV i s  
p r e s e n t  i n  t h e  f i l m  spectrum, b u t  n o t  so pronounced, whereas n a t u r a l  diamond 
shows no s h o u l d e r .  I t  shou ld  a l s o  be no ted  t h a t  due t o  t h e  escape d e p t h  o f  
t h e  270 e V  Auger e l e c t r o n s ,  o n l y  t h e  ou te rmos t  s u r f a c e  l a y e r s  were sampled i n  
a l l  cases. These would be t h e  most prone t o  g r a p h i t i z a t i o n .  There fove ,  i t  
was s i g n i f i c a n t  t h a t  d i f f e r e n c e s  between t h e  i o n  beam d e p o s i t e d  f i l m  and graph- 
i t e  were obse rvab le .  

An example o f  a Secondary I o n  Mass Spect roscopy  (SIMS) spec t rum from a 
s i n g l e  i o n  beam d e p o s i t e d  DLC f i l m  on a s i l i c o n  s u b s t r a t e  i s  g i v e n  i n  f i g -  
u r e  5. Note t h e  c l u s t e r  o f  peaks a t  12, 13, 14 and 15 AMU from t h e  hyd roca r -  
bon f ragments  C+, CH+, CH2+ and CH3+.  
ass igned  t o  N+, however, Auger a n a l y s i s  i n d i c a t e d  no n i t r o g e n .  There i s  a 
s t r o n g  H+ peak a t  1 AMU and a c l u s t e r  o f  hydrocarbon peaks a t  26, 27, 28, and 
29 AMU. I t  i s  b e l i e v e d  t h a t  when m u l t i a t o m i c  i o n i c  c l u s t e r s  a r e  e m i t t e d  from 
t h e  s u r f a c e ,  e . g . ,  CH2+, these atoms were bound t o g e t h e r  i n  t h e  o r i g i n a l  s o l i d  
( r e f .  2 1 ) .  T h e r e f o r e  i t  appears l i k e l y  t h a t  t h e  i o n  beam d e p o s i t e d  DLC f i l m s  
c o n t a i n e d  c h e m i c a l l y  combined hydrogen. 

The peak a t  14 AMU c o u l d  a l s o  be 

Nuc lea r  r e a c t i o n  and combust ion a n a l y s i s  f o r  hydrogen was a l s o  pe r fo rmed  
on t h e  DLC f i l m s  ( r e f .  22 ) .  There was a v a r i a t i o n  i n  hydrogen c o n t e n t  wh ich  
depended upon t h e  method used f o r  d e p o s i t i o n  o f  the  DLC f i l m  as i n d i c a t e d  by 
t h e  r a t i o s  l i s t e d  i n  t a b l e  I .  A hydrogen t o  carbon ( H / C )  r a t i o  o f  0 .91  e x i s t e d  
f o r  DLC f i l m s  made by s i n g l e  i o n  beam d e p o s i t i o n .  
second i o n  source  ( d u a l  beam) t h i s  r a t i o  was reduced t o  0 .62 .  Thus, t h e  sec- 
ond source removed some o f  t h e  hydrogen. The f i l m s  genera ted  by  i o n  beam spu t -  
t e r  d e p o s i t i o n  from a g r a p h i t e  t a r g e t  had a H / C  r a t i o  o f  0 .22 .  

By add ing  t h e  energy  o f  t h e  

I t  has been 
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shown t h a t  fo r  t h e  i o n  beam d e p o s i t e d  DLC f i l m s ,  u s i n g  s e m i q u a n t i t a t i v e  i n f r a -  
r e d  spec t roscopy ,  t h e  r a t i o  o f  c h e m i c a l l y  bonded hydrogen t o  carbon was 
between 0.03 and 0.44 ( r e f .  1 6 ) .  The d i f f e r e n c e  between t h e  two hydrogen 
a n a l y s i s  techn iques  i n d i c a t e d  t h e  presence o f  nonbonded hydrogen i n  t h e  f i l m s .  

The e l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  t h e  DLC f i l m s  genera ted  u s i n g  e i t h e r  
s i n g l e  or dua l  i o n  beam d e p o s i t i o n  was found  to  be c h a r a c t e r i s t i c  o f  an amor- 
phous s o l i d .  F i l m s  d e p o s i t e d  by  t h e  c o a x i a l  carbon plasma gun method were 
a l s o  p r i m a r i l y  amorphous as de termined by x-ray d i f f r a c t i o n .  

O p t i c a l  p r o p e r t i e s .  - The t r a n s m i t t a n c e ,  r e f l e c t a n c e  and absorp tance o f  
t h e  DLC f i l m s  on  f u s e d  s i l i c a  w e r e  o b t a i n e d  u s i n g  an i n t e g r a t i n g  sphere and 
t h e  techn ique  d e s c r i b e d  i n  r e f e r e n c e  23. Shown i n  f i g u r e  6(a> i s  t h e  s p e c t r a l  
t r a n s m i t t a n c e  for  DLC f i l m s  v a r y i n g  i n  t h i c k n e s s  from 0.08 t o  0.33 pm. These 
f i l m s  were genera ted  u s i n g  dua l  i o n  beam d e p o s i t i o n .  F i g u r e s  6(b)  and 6 ( c >  
show t h e  c o r r e s p o n d i n g  s p e c t r a l  r e f l e c t a n c e  and absorp tance.  A t  s h o r t  wave- 
l e n g t h s  t h e  f i l m s  a l l  show a l a r g e  decrease i n  t r a n s m i t t a n c e  w h i l e  t h e r e  i s  a 
l a r g e  i n c r e a s e  i n  abso rp tance .  For f i l m  t h i c k n e s s e s  between 0.08 and 0.15 pm 
t h e r e  a r e  o n l y  sma l l  d i f f e r e n c e s  i n  t r a n s m i t t a n c e  a t  a l l  wave lengths .  I n c r e a s -  
i n g  t h e  DLC f i l m  t h i c k n e s s  t o  0 . 3 3  pm has o n l y  a smal l  e f f e c t  on  t h e  t r a n s m i t -  
t ance  f o r  wave lengths  g r e a t e r  t h a n  0 . 8  pm, b u t  reduces t h e  t r a n s m i t t a n c e  t o  as 
low as 10 p e r c e n t  a t  0 .4  pm. Most of t h i s  t r a n s m i t t a n c e  loss for t h e  0 .33  pm 
t h i c k  f i l m  i s  due t o  t h e  co r respond ing  i n c r e a s e  i n  absorp tance.  The t h i n n e r  
f i l m s  l ooked  c l e a r  t o  y e l l o w l i k e  i n  appearance, w h i l e  t h e  t h i c k e r  DLC f i l m  was 
brown. 

The s p e c t r a l  t ransmi  t t a n c e ,  r e f  1 ec tance and absorp tance f o r  t h e  DLC f i l m s  
o b t a i n e d  from t h e  s i n g l e  i o n  beam d e p o s i t i o n  method a r e  s i m i l a r  t o  those gener-  
a t e d  u s i n g  t h e  dua l  beam source ,  b u t  have lower  s p e c t r a l  t r a n s m i t t a n c e  for 
f i l m s  g r e a t e r  t h a n  0.12 pm t h i c k .  Th is  i s  e v i d e n t  i n  f i g u r e  7 where t h e  spec- 
t r a l  t r a n s m i t t a n c e ’ i s  shown fo r  DLC f i l m s ,  0 .15  pm t h i c k ,  genera ted  u s i n g  b o t h  
methods. The 0 . 1 5  pm t h i c k  dua l  beam f i l m  has g r e a t e r  t r a n s m i t t a n c e  a t  a l l  
wave lengths  when compared t o  t h e  s i n g l e  beam f i l m  o f  t h e  same t h i c k n e s s .  The 
i n c r e a s e d  a b s o r p t i o n  most l i k e l y  a r i s e s  from t h e  presence o f  s y s t e m s  of con ju -  
ga ted  doub le  bonds w i t h i n  t h e  f i l m ,  a l t h o u g h  t h e  presence o f  oxygen c o u l d  p l a y  
a r o l e .  Bo th  t h e  g r a p h i t i c  p r e c u r s o r s  and oxygen would be expec ted  t o  be 
reduced by  t h e  i n c r e a s e d  s p u t t e r i n g  from t h e  second source .  A dua l  i o n  beam 
d e p o s i t e d  DLC f i l m ,  0 .05  pm t h i c k  d i s p l a y s  s p e c t r a l  t r a n s m i t t a n c e  va lues  
g r e a t e r  t han  90 p e r c e n t  a t  wave lengths  g r e a t e r  t h a n  0.7 pm. Also shown i n  f i g -  
u r e  7 i s  t h e  s p e c t r a l  d a t a  f o r  an i o n  beam s p u t t e r  d e p o s i t e d  DLC f i l m  0.17 pm 
t h i c k .  The t r a n s m i t t a n c e  was measured o n l y  between 0 .4  and 0 . 8  pm fo r  t h i s  
f i l m ,  and i s  v e r y  low when compared t o  t h e  DLC f i l m s  which w e r e  d i r e c t  
d e p o s i t e d .  The low t r a n s m i t t a n c e  o f  t h e  s p u t t e r e d  f i l m  may be due t o  i t s  low 
hydrogen c o n t e n t .  

Chemical and p h y s i c a l  p r o p e r t i e s .  - A s o l u t i o n  o f  3 p a r t s  H2SO4 and 1 
p a r t  “03 ( c o n c e n t r a t e d  a c i d s ,  by volume) a t  80°C was used as t h e  s o l v e n t  i n  
t h e  chemical  d i s s o l u t i o n  s t u d i e s .  T h i s  r e a g e n t  r a p i d l y  d i s s o l v e s  g r a p h i t i c  
and p o l y m e r i c  m a t e r i a l s ,  b u t  does n o t  d i s s o l v e  diamond. D iamond l ike  carbon 
f i l m s  from t h e  s i n g l e  and dua l  i o n  beam d e p o s i t i o n  methods were s u b j e c t e d  t o  
t h e  r e a g e n t  a t  80°C f o r  p e r i o d s  up t o  20 h r .  The f i l m s  on s i l i c o n  were una f -  
f e c t e d .  However, t h e  f i l m s  on f u s e d  s i l i c a  showed v a r i e d  b e h a v i o r .  I n  some 
cases t h e y  were untouched, i n  o t h e r s  t h e  f i l m  was removed from t h e  s u b s t r a t e ,  
b u t  n o t  f u l l y  d i s s o l v e d .  These r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  t h e  DLC f i l m s  
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genera ted  by d i r e c t  d e p o s i t i o n ,  e s p e c i a l l y  on s i l i c o n ,  were f a r  more r e s i s t a n t  
t o  chemical  e t c h i n g  t h a n  normal p o l y m e r i c  hydrocarbons or g r a p h i t e .  

Scanning t r a n s m i s s i o n  e l e c t r o n  mic roscopy  (STEM) showed t h e  s i n g l e  and 
dua l  i o n  beam d e p o s i t e d  DLC f i l m s  to  be smooth and e s s e n t i a l l y  f r e e  o f  f e a -  
t u r e s .  For t h e  vacuum a r c  and 
c o a x i a l  carbon plasma gun d e p o s i t e d  f i l m s ,  STEM showed t h a t  p a r t i c l e s  and 
i n c l u s i o n s  were randomly d i s p e r s e d  th roughou t  t h e  f i l m .  

No p i n h o l e s  or o t h e r  d e f e c t s  were observed.  

The d e n s i t i e s  o f  t h e  DLC f i l m s  were measured by e i t h e r  t h e  s i n k  or f l o a t  
measurement o f  f l a k e s  or by d i r e c t  d e t e r m i n a t i o n  o f  t h i c k n e s s ,  a rea  and mass. 
The d e n s i t y  o f  t h e  s p u t t e r  d e p o s i t e d  f i l m s  was 2 . 1  g/cm3, and 1.8 g/cm3 for  
t h e  dua l  i o n  beam d e p o s i t e d  DLC f i l m s .  The d e n s i t i e s  were l e s s  than  e i t h e r  
diamond (3.51 g/cm3> or g r a p h i t e  (2 .26  g/cm3>. I t  i s  c l e a r  from these  r e s u l t s  
t h a t  t h e  l o n g  range s t r u c t u r e  o f  t h e  f i l m s  was n o t  t h a t  o f  diamond. However, 
s i n c e  t h e  f i l m s  were  t y p i c a l l y  amorphous, one would expec t  t o  observe  d e n s i -  
t i e s  much below 2.26 g/cm3. There fo re ,  t h e r e  must be a reasonab le  f r a c t i o n  o f  
t e t r a g o n a l  bonded carbon. The observed h i g h  d e n s i t i e s  were  an i n d i c a t o r  o f  
t h e  degree t o  which t h e  f i l m s  w e r e  d iamond l i ke .  The d e n s i t i e s  were a l s o  meas- 
u r e d  for  t h e  DLC f i l m s  d e p o s i t e d  by t h e  o t h e r  methods and a r e  l i s t e d  i n  
t a b l e  I .  On t h e  average t h e  d e n s i t i e s  were 2 .0  g/cm3 for  these  methods. 

The DLC f i l m s  were d e p o s i t e d  on s i l i c o n  ( S i )  and i n t r i n s i c  s t r e s s  measure- 
ments w e r e  made u s i n g  a s t r e s s  gauge. A l l  o f  t h e  DLC f i l m s  e x h i b i t e d  a corn- 
p r e s s i v e  s t r e s s  which v a r i e d  depending on t h e  d e p o s i t i o n  method. 
shows t h a t  t h e  s t r e s s  i n  t h e  CH4 s i n g l e  beam f i l m s  can be reduced t o  v a l u e s  as 
low as 4x109 dynelcm2 by d e c r e a s i n g  t h e  d e p o s i t i o n  energy t o  90 eV.  
p r e s s i v e  s t r e s s  f o r  an i o n  beam s p u t t e r  d e p o s i t e d  f i l m  was 1 .6x1O10 dyne/cm2 
which was h i g h e r  than  t h a t  o f  d i r e c t  i o n  beam d e p o s i t i o n ,  s i n g l e  or d u a l ,  w i t h  
CH4. L i s t e d  i n  t a b l e  I a r e  t h e  s t r e s s  l e v e l s  f o r  t h e  v a r i o u s  DLC f i l m s .  The 
d a t a  i n d i c a t e s  t h a t  t h e  f i l m  s t r e s s  does n o t  depend on t h e ' h y d r o g e n  c o n t e n t ,  
b u t  on o t h e r  parameters such as d e p o s i t i o n  techn ique  and c o n d i t i o n s .  

F i g u r e  8 

The com- 

The adherence o f  t h e  DLC f i l m s  on fused  s i l i c a  ( S i 0 2 1  was measured fo l low- 
i n g  t h e  procedure used by M i r t i c h  ( r e f .  15 ) .  Methane f i l m s  up t o  1.0 pm 
t h i c k ,  d e p o s i t e d  u s i n g  e i t h e r  s i n g l e  or dual  beam systems, were a t  l e a s t  as 
adheren t  as t h e  maximum m e a s u r a b l e  adherence o f  t h e  adherence t e s t e r ,  namely, 
5 . 5 ~ 1 0 ~  N/m2 o r  8000 p s i .  These f i l m s  were  so adheren t  t h a t ,  f o r  some o f  t h e  
f i l m s ,  p o r t i o n s  o f  t h e  S i 0 2  gave way w i t h  t h e  f i l m  s t i l l  i n t a c t .  F i l m s  wh ich  
w e r e  s p u t t e r  d e p o s i t e d  from a g r a p h i t e  t a r g e t  began t o  spa11 a t  0 . 2  pm, i n d i -  
c a t i n g  an upper l i m i t  o f  a l l o w a b l e  t h i c k n e s s  o f  t h e  f i l m .  T h i s  was expec- 
t e d ,  s i n c e  t h e  s t r e s s  l e v e l  o f  t h i s  t y p e  o f  f i l m  was g r e a t e r  t han  those  made 
by d i r e c t  i o n  beam d e p o s i t i o n .  
t h e  DLC f i l m s  from t h e  v a r i o u s  methods a r e  l i s t e d  i n  t a b l e  I. 

A q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  adherences of 

Some DLC f i l m s  d e p o s i t e d  by t h e  dua l  i o n  beam system on S i  have shown no 
v i s i b l e  s i g n s  o f  d e t e r i o r a t i o n ,  even a f t e r  4 y e a r s .  However, a f i l m  1.75 pm 
t h i c k  d e p o s i t e d  u s i n g  t h e  s i n g l e  i o n  beam source s p a l l e d  w i t h i n  s e v e r a l  weeks. 

Mic rohardness  was measured by t h e  V i c k e r s  diamond i n d e n t a t i o n  method 
( r e f .  24) .  The DLC f i l m s  were  e i t h e r  s i n g l e  or dual  i o n  beam d e p o s i t e d ,  vacuum 
a r c  or RF s p u t t e r  d e p o s i t e d  on (100)  s i l i c o n  s u b s t r a t e s .  F i g u r e  9 shows t h e  
mic rohardness  as a f u n c t i o n  o f  l o a d  and t h i c k n e s s  f o r  RF s p u t t e r e d  DLC f i l m s .  
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The f i l m  hardness Inc reases  w i t h  dec reas ing  i n d e n t o r  l oad ,  and i n d i c a t e s  a 
s l i g h t  i nc rease  w i t h  i n c r e a s i n g  f i l m  t h i c k n e s s .  The DLC f i l m s  d e p o s i t e d  by  
t h e  vacuum a r c  techn ique  had many i n c l u s i o n s ,  b u t  mic rohardness  d a t a  c o l l e c t e d  
from the  c l e a r  r e g i o n s  i n d i c a t e d  a comparable hardness t o  the  RF s p u t t e r e d  
f i l m s .  I t  was found t h a t  t h e  s i n g l e  or dua l  i o n  beam depos i ted  DLC f i l m s  had 
a hardness h a l f  t h a t  o f  diamond. 

E l e c t r o n i c  p r o p e r t i e s .  - L i s t e d  i n  t a b l e  I a r e  t h e  va lues  for t h e  o p t i -  
c a l  band gap o f  t h e  DLC f i l m s  from t h e  v a r i o u s  methods. The DLC f i l m s  from 
the  s i n g l e  and dual  i o n  beam systems have s i m i l a r  band gaps, b u t  t h e  f i l m s  
which were i o n  beam s p u t t e r e d  from a g r a p h i t e  t a r g e t  had a h i g h e r  band gap. 
D iamond l ike  carbon f i l m s  wh ich  were R f  s p u t t e r e d  or d e p o s i t e d  by DC g low d i s -  
charge had even h i g h e r  band gaps wh ich  were i n  t h e  range o f  1 .5  to  3.0 e V .  
The c o a x i a l  carbon plasma gun f i l m s  had a band gap o f  -0 eV, wh ich  was i n d i c a -  
t i v e  o f  a g r a p h i t i c  (0 eV) as opposed to  a diamond (5 .0  eV> s t r u c t u r e .  The 
d i f f e r e n c e s  i n  the  band gaps between t h e  f i l m s  was most l i k e l y  due t o  t h e  d i f -  
f e rence  i n  hydrogen c o n t e n t  of t h e  f i l m s .  

The r e s i s t i v i t y  o f  t h e  v a r i o u s  DLC f i l m s  on s i l i c o n  was measured and i s  
a l s o  l i s t e d  i n  t a b l e  I .  E l e c t r i c a l  c o n t a c t s  t o  t h e  f i l m  were made w i t h  spu t -  
t e r e d  g o l d  and s i l v e r  p a i n t .  The r e s i s t i v i t i e s  for DLC f i l m s  wh ich  were i o n  
beam s p u t t e r e d ,  d i r e c t  i o n  beam d e p o s i t e d  o r  c o a x i a l  carbon plasma gun depo- 
s i t e d  were a l l  on t h e  o r d e r  o f  106 SZ-cm. The DLC f i l m s  which were RF s p u t t e r  
or DC g low  d i s c h a r g e  d e p o s i t e d  had r e s i s t i v i t i e s  i n  t h e  range o f  lo8 t o  10l2 
Q-cm. However, a l l  of t h e  DLC f i l m s  had r e s i s t i v i t i e s  h i g h e r  than  g r a p h i t e  
(0.017 SZ-cm), b u t  l ower  t h a n  diamond Q - c m ) .  

A p p l i c a t i o n s .  - Two o f  t h e  m a t e r i a l s  most o f t e n  used as o p t i c a l  windows 
due t o  t h e i r  h i g h  t r a n s m i t t a n c e  a t  i n f r a r e d  ( I R )  wavelengths a r e  z i n c  s e l e n i d e  
(ZnSe) and z i n c  s u l f i d e  (ZnS).  However, t hese  m a t e r i a l s  a re  sof t  and o f t e n  
degrade when s u b j e c t e d  t o  a p a r t i c l e - i m p a c t i n g  env i ronment  ( r e f .  2 5 ) .  DLC . 
f i l m s  have t h e  p o t e n t i a l  t o  p r o t e c t  t hese  window m a t e r i a l s  from r a i n  and p a r t i -  
c l e  e r o s i o n  as w e l l  as chemica l  a t t a c k .  T h e r e f o r e ,  DLC f i l m s  were i o n  beam 
s p u t t e r  d e p o s i t e d  and a l s o  d i r e c t  d e p o s i t e d  w i t h  e i t h e r  t h e  s i n g l e  or  dua l  i o n  
beam on ZnS and ZnSe. The DLC coa ted  window s u r f a c e s  were then  exposed t o  a l u -  
minum o x i d e  (A12031 p a r t i c l e s  i n  a m i c r o s a n d b l a s t e r ,  and water  d r o p l e t s  a t  
speeds up t o  400 mph. 

I n  o r d e r  t o  improve t h e  adherence o f  t h e  DLC f i l m s  on ZnS and ZnSe, a 
t h i n  i n t e r m e d i a t e  c o a t i n g  o f  germanium (Ge l  was used p r i o r  to  d e p o s i t i o n  of 
the  DLC f i l m  ( r e f .  2 6 ) .  I o n  i m p l a n t a t i o n  o f  t h e  ZnS and ZnSe s u r f a c e s  w i t h  
h e l i u m  (He) a t  ene rg ies  o f  100 keV and a t  doses t o  2x1017 p a r t i c l e s / c m 2  p r i o r  
t o  the  d e p o s i t i o n  o f  t h e  DLC/Ge f i l m  a l s o  he lped  t o  improve t h e  adherence b u t  
as a bonus improved t h e  p h y s i c a l  hardness o f  t h e  s u b s t r a t e .  The DLC f i l m s  
p l u s  an i n t e r m e d i a t e  c o a t i n g  o f  0.05 pm Ge d e p o s i t e d  on the  window m a t e r i a l s  
and a l s o  windows He i o n  i m p l a n t e d  showed adherence va lues  equal t o  t h e  
s t r e n g t h  o f  t h e  s u b s t r a t e .  

A spec t rophotometer  was used t o  measure t h e  I R  t r a n s m i t t a n c e  o f  t h e  DLC 
f i l m s  d e p o s i t e d  on t h e  ZnS and ZnSe s u b s t r a t e s .  for  t h e  DLC f i l m s ,  0 .1  pm 
t h i c k ,  d e p o s i t e d  on ZnS or ZnSe and measured between 2 . 5  and 25  pm, t h e  spec- 
t r a l  t r a n s m i t t a n c e  o f  t h e  m a t e r i a l  d i d  n o t  change i n  t h i s  wavelength r e g i o n .  
The use of an i n t e r m e d i a t e  Ge c o a t i n g  or i o n  i m p l a n t a t i o n  a l s o  d i d  n o t  seem 
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t o  a l t e r  t h e  I R  t r a n s m i t t a n c e  o f  t h e  ZnS and ZnSe. Shown i n  f i g u r e  10 i s  t h e  
I R  s p e c u l a r  t r a n s m i t t a n c e  o f  a ZnSe s u b s t r a t e  coa ted  w i t h  a 0.1 pm t h i c k  DLC 
f i l m  from t h e  s i n g l e  beam p l u s  an i n t e r m e d i a t e  l a y e r  o f  0.03 pm Ge a l o n g  w i t h  
t h e  t r a n s m i t t a n c e  o f  an uncoated ZnSe. A l though  t h e r e  i s  a r e d u c t i o n  i n  t h e  
I R  s p e c u l a r  t r a n s m i t t a n c e  due t o  t h e  DLC/Ge f i l m  a t  s h o r t e r  wave lengths ,  o n l y  
a 1 p e r c e n t  loss occu rs  a t  10 pm. 

I n  o r d e r  t o  de te rm ine  t h e  p r o t e c t i o n  t h e  DLC f i l m s  a f f o r d e d  t h e  ZnS and 
ZnSe, t h e  s u r f a c e s  were f i r s t  exposed t o  27-pm-diam A1203 p a r t i c l e s  w i t h  an 
e s t i m a t e d  s t ream v e l o c i t y  o f  1100 f t / s e c  i n  a m i c r o s a n d b l a s t e r  ( r e f .  27) .  The 
p r o t e c t i v e  q u a l i t y  of t h e  f i l m  was then  c h a r a c t e r i z e d  by t h e  change i n  specu- 
l a r  t r a n s m i t t a n c e  due t o  t h e  p a r t i c l e  e r o s i o n  w i t h  t h e  Perk in -E lmer  spec t ropho-  
tomete r  between 2.5 and 50 pm. F i g u r e  1 1  i n d i c a t e s  t h e  change i n  s p e c u l a r  
t r a n s m i t t a n c e  a t  10 pm due t o  t o t a l  e r o s i o n  t i m e  fo r  v a r i o u s  s u r f a c e s  o f  ZnS 
coa ted  w i t h  t h e  DLC/Ge f i l m s .  I n  t h e  f i g u r e  t h e r e  i s  an enve lope wh ich  p o r -  
t r a y s  t h e  e r o s i o n  r a t e  o f  t h e  uncoated  sur face ,  wh ich  i s  necessary  because 
each ZnS s u b s t r a t e  had a s l i g h t l y  d i f f e r e n t  i n i t i a l  t r a n s m i t t a n c e  due t o  t h e  
s u b s t r a t e  t h i c k n e s s .  A s  t h e  f i g u r e  i n d i c a t e s ,  n e i t h e r  t h e  DLC/Ge f i l m s  or i o n  
i m p l a n t a t i o n  p l u s  t h e  DLC/Ge f i l m s  a f f o r d e d  t h e  ZnS s u r f a c e s  any e x t e n s i o n  i n  
p a r t i c l e  e r o s i o n  l i f e t i m e  a f t e r  exposure t o  t h e  A1203 p a r t i c l e s .  The same was 
t r u e  for t h e  ZnSe s u r f a c e s .  

The ZnS s u r f a c e s  were a l s o  e v a l u a t e d  f o r  r a i n  e r o s i o n  per fo rmance a t  
W r i g h t  P a t t e r s o n  A i r  Force Base. 
r o t a t i n g  arm appara tus  w i t h  speeds t o  470 mph and a s i m u l a t e d  r a i n f a l l  o f  
1 i n . / h r .  Z i n c  s u l f i d e ,  DLC/Ge coa ted  ZnS, and ZnS f i r s t  i m p l a n t e d  w i t h  He 
i o n s  a t  doses t o  2x1017 p a r t i c l e s / c m 2  and then  coated  w i t h  t h e  DLC/Ge f i l m s  
were s u b j e c t e d  t o  t h e  r a i n  e r o s i o n .  I t  was apparen t  from o p t i c a l l y  v i e w i n g  
t h e  ZnS s u r f a c e s  exposed t o  t h e  wa te r  d r o p l e t s  a t  400 mph, t h a t  t h e r e  was an 
improvement i n  t h e  per fo rmance i n  t h e  ZnS s u r f a c e  wh ich  was i o n  i m p l a n t e d  and 
coa ted  w i t h  a 0.1 pm DLC f i l m  f r o m ' t h e  s i n g l e  beam p l u s  an i n t e r m e d i a t e  l a y e r  
o f  0.04 pm Ge. The i o n  i m p l a n t a t i o n  p l u s  t h e  DLC/Ge c o a t i n g  r e s u l t e d  i n  a 
decrease i n  t h e  number o f  new p i t s  i n  t h e  ZnS sur face ,  and an i n c r e a s e  i n  
r e s i s t a n c e  t o  t h e  f o r m a t i o n  o f  subsurface r i n g  f r a c t u r e s .  T h i s  c o u l d  be 
expec ted  s i n c e  t h e  i o n  i m p l a n t a t i o n  improved t h e  p h y s i c a l  hardness a t  t h e  
sur face  t o  a dep th  of -1.0 p m  o f  t h e  ZnS ( r e f .  26 ) .  There were no changes i n  
t h e  IR s p e c u l a r  t r a n s m i t t a n c e  f o r  t h e  ZnS s u r f a c e  ion  i m p l a n t e d  and DLC/Ge 
coa ted  a f t e r  exposure t o  t h e  r a i n  e r o s i o n .  

The r a i n  e r o s i o n  f a c i l i t y  c o n s i s t e d  o f  a 

A l though  He i o n  i m p l a n t a t i o n  p l u s  a DLC/Ge f i l m  d i d  n o t  a f f o r d  any p r o t e c -  
t i o n  t o  t h e  ZnS and ZnSe windows exposed t o  t h e  s i m u l a t e d  p a r t i c l e  e r o s i o n ,  i t  
d i d  however, improve t h e  per fo rmance o f  ZnS exposed t o  r a i n  e r o s i o n .  Harden- 
i n g  o f  t he  window s u r f a c e  by i o n  i m p l a n t a t i o n  p l u s  t h e  a d d i t i o n  o f  a t h i c k  
s t r e s s - f r e e  DLC f i l m ,  may be a s u r f a c e  wh ich  would p r o t e c t ,  t h e r e b y  i n c r e a s i n g  
t h e  l i f e t i m e  o f  i n f r a r e d  t r a n s m i t t i n g  windows from b o t h  r a i n  and l e s s  severe  
p a r t i c l e  e r o s i o n .  

A s y s t e m a t i c  a t t e m p t  t o  s t u d y  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  DLC 
f i l m s  on compound semiconductors  and t o  e x p l o r e  t h e i r  p o t e n t i a l  as a g a t e  
d i e l e c t r i c  f o r  i n s u l a t e d - g a t e  t e c h n o l o g y  f o r  v e r y  h i g h  ( 1  to  00 GHz) speed 
i n t e g r a t e d  c i r c u i t s  was a l s o  per fo rmed ( r e f .  2 8 ) .  The DLC f i  ms w e r e  d i r e c t  
d e p o s i t e d  on  i n d i u m  phosphide ( I n P ) ,  g a l l i u m  a r s e n i d e  (GaAs), and S i  semicon- 
d u c t o r  wafers  t o  e v a l u a t e  t h e i r  p o t e n t i a l  as a new e l e c t r o n i c  m a t e r i a l  i n  a 
m e t a l - i n s u l a t o r  (carbon>-semiconductor  ( M I S )  d e v i c e  c o n f i g u r a  i o n  f o r  s o l i d  
s t a t e  power dev i ces  f o r  space a p p l i c a t i o n s .  
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A f t e r  d i r e c t l y  d e p o s i t i n g  t h e  DLC f i l m s ,  u s i n g  b o t h  s i n g l e  and dua l  i o n  
beams, on t h e  p- type wa fe rs ,  c i r c u l a r  0.5 pm aluminum ( A l )  ga te  e l e c t r o d e s  were 
d e p o s i t e d  on the  DLC f i l m s  from a r e s i s t a n c e  heated  b o a t  a t  10-6 t o r r  t o  form 
t h e  M I S  system. Ohmic c o n t a c t s  were formed by d e p o s i t i n g  0.5 pm A 1  on  t h e  S i  
back s u r f a c e  and 0.5 pm 5 p e r c e n t  Au-Zn a l l o y  on fhe I n P  and GaAs back s u r f a c e s  
The c o n t a c t  m e t a l i z a t i o n  was then  s i n t e r e d  a t  375 C f o r  5 min .  i n  f o r m i n g  gas. 

The f i x e d  i n s u l a t o r  charge number d e n s i t y  o f  t h e  M I S  system was e v a l u a t e d  
The a n a l y s i s  of 

T h i s  f i g u r e  d i s p l a y s  t h e  v a r i a t i o n  o f  f i x e d  i n s u l a t o r  charge number 

by  h i g h  f requency  1 MHz c a p a c i t a n c e - v o l t a g e  C-V measurements. 
t h e  C-V d a t a  i s  shown i n  f i g u r e  12 f o r  DLC f i l m s  on InP ,  S i ,  and GaAs sub- 
s t r a t e s .  
d e n s i t y  as a f u n c t i o n  o f  t h e  i o n  beam energy  a t  wh ich  t h e  DLC f i l m  was d e p o s i t e d  
on the  s u b s t r a t e s .  The lower  x -ax is  shows t h e  energy  o f  t h e  s i n g l e  i o n  beam 
system, w h i l e  t h e  upper x -ax i s  shows t h e  energy  o f  t h e  dua l  i o n  beam system. 
The r e s u l t s  show t h a t  t h e  f i x e d  i n s u l a t o r  charge number d e n s i t y  i nc reases  w i t h  
ion beam d e p o s i t i o n  energy  f o r  a l l  o f  t h e  InP ,  GaAs, and S i  s u b s t r a t e s .  

A n a l y s i s  o f  t h e  q u a s i s t a t i c  C-V d a t a  y i e l d e d  a U-shaped d i s t r i b u t i o n  o f  
i n t e r f a c e  s t a t e  d e n s i t y  f o r  InP ,  GaAs, and S i  s u b s t r a t e s .  F i g u r e  13 shows t h e  
minimum i n t e r f a c e  s t a t e  d e n s i t y  i n  t h e  m i d d l e  o f  t h e  band gap o f  t h e  s u b s t r a t e  
as a f u n c t i o n  o f  i o n  beam energy  o f  t h e  d e p o s i t i o n  source .  The lower  and t h e  
upper x -ax i s  a r e  t h e  same as i n  f i g u r e  12. The i n t e r f a c e  s t a t e  d e n s i t y  as a 
f u n c t i o n  o f  i o n  beam d e p o s i t i o n  energy i n c r e a s e s  d r a m a t i c a l l y  f o r  DLC f i l m s  
d e p o s i t e d  on GaAs, i nc reases  s l i g h t l y  f o r  DLC f i l m s  d e p o s i t e d  on  InP ,  and 
remains  e s s e n t i a l l y  unchanged f o r  DLC f i l m s  d e p o s i t e d  on S i  s u b s t r a t e s .  

D iamond l ike  carbon f i l m s  do n o t  appear t o  be a p r o m i s i n g  new e l e c t r o n i c  
m a t e r i a l  as a g a t e  d i e l e c t r i c  for i n s u l a t e d - g a t e  t e c h n o l o g y  f o r  a p p l i c a t i o n  i n  
m i c r o e l e c t r o n i c s .  T h i s  i s  due t o  low o p t i c a l  band gaps, low r e s i s t i v i t y ,  v e r y  
h i g h  f i x e d  i n s u l a t o r  charge number d e n s i t y ,  and h i g h  i n t e r f a c e  s t a t e  d e a s i t y .  
I n  a d d i t i o n ,  these f i l m s  g e n e r a l l y  decomposed a t  tempera tures  above 450 C, and 
t h e r e f o r e  a r e  n o t  s u i t a b l e  f o r  use i n  m i c r o e l e c t r o n i c s  p r o c e s s i n g .  

CONCLUSIONS 

A v a r i e t y  o f  plasma and i o n  beam methods were employed t o  genera te  diamond- 
l i k e  carbon f i l m s .  These methods i n c l u d e d  RF s p u t t e r i n g ,  DC g low d i s c h a r g e ,  
vacuum a r c ,  c o a x i a l  carbon plasma gun, i o n  beam s p u t t e r i n g ,  and b o t h  s i n g l e  and 
dua l  i o n  beam d e p o s i t i o n .  Auger a n a l y s i s  o f  t h e  s i n g l e  and dua l  i o n  beam depos- 
i t e d  DLC f i l m s  showed no ev idence o f  any e lements  o t h e r  than  carbon and smal l  
amounts o f  argon and oxygen. S I M S  a n a l y s i s  i n d i c a t e d  t h a t  these i o n  beam depos- 
i t e d  DLC f i l m s  c o n t a i n e d  c h e m i c a l l y  combined hydrogen. Nuc lea r  r e a c t i o n  and 
combust ion a n a l y s i s  f o r  hydrogen showed t h e r e  was a v a r i a t i o n  i n  hydrogen con- 
t e n t  which depended upon t h e  method used f o r  d e p o s i t i o n  o f  t h e  DLC f i l m .  
hydrogen t o  carbon r a t i o  of n e a r l y  one e x i s t e d  f o r  s i n g l e  i o n  beam d e p o s i t e d  
f i l m s ,  w h i l e  the  r a t i o  was reduced t o  0 .62  f o r  t h e  dua l  i o n  beam f i l m s .  F i l m s  
genera ted  by i o n  beam or RF s p u t t e r i n g  though, had low H / C  r a t i o s .  The spec- 
t r a l  t r a n s m i t t a n c e  f o r  DLC f i l m s  o b t a i n e d  from t h e  s i n g l e  i o n  beam d e p o s i t i o n  
method was s i m i l a r  t o  those genera ted  u s i n g  t h e  dua l  beam source ,  whereas, t h e  
s p e c t r a l  t r a n s m i t t a n c e  o f  t h e  i o n  beam s p u t t e r e d  DLC f i l m s  was much lower  than  
t h e  d i r e c t  d e p o s i t e d  f i l m s .  The low t r a n s m i t t a n c e  o f  t h e  s p u t t e r e d  f i l m s  may 
be due t o  t s  low hydrogen c o n t e n t .  E l e c t r o n  and x - ray  d i f f r a c t i o n  p a t t e r n s  
were found  t o  be c h a r a c t e r i s t i c  o f  an amorphous s o l i d  f o r  DLC f i l m s  e i t h e r  s i n -  
g l e  or  dua i o n  beam d e p o s i t e d ,  and f o r  those  f i l m s  wh ich  were plasma gun 
depos i t e d .  

A 
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Diamond l ike  carbon f i l m s  from t h e  s i n g l e  or  dua l  i o n  beam d e p o s i t i o n  meth- 
ods were imperv ious  t o  reagen ts  which d i s s o l v e  g r a p h i t i c  and p o l y m e r i c  m a t e r i -  
a l s .  
o t h e r  d e f e c t s  as de termined by STEM. 
f i l m s  though, STEM showed t h a t  p a r t i c l e s  and i n c l u s i o n s  were randomly  d i s p e r s e d  
th roughou t  t h e  f i l m s .  
e i t h e r  diamond or g r a p h i t e ,  t h e r e f o r e  i n d i c a t i n g  t h a t  t h e  l o n g  range s t r u c t u r e  
o f  t h e  f i l m s  was n o t  t h a t  o f  diamond. The i o n  beam s p u t t e r e d  and d e p o s i t e d  
f i l m s  b o t h  e x h i b i t e d  a compressive s t r e s s ,  wh ich  d i d  n o t  depend on hydrogen con- 
t e n t ,  b u t  on o t h e r  parameters  such as d e p o s i t i o n  techn ique  and c o n d i t i o n s .  
The adherence o f  most o f  t h e  DLC f i l m s  was very good, b u t  t h e  f i l m s  genera ted  
by  the  vacuum a r c  and plasma gun had poor  adherences wh ich  was most l i k e l y  due 
t o  t h e  poor s u r f a c e  q u a l i t y  o f  these f i l m s .  The mic rohardness  o f  t h e  RF spu t -  
t e r e d  and vacuum a r c  DLC f i l m s  was comparable, b u t  l ower  than  t h e  d i r e c t  depos- 
i t e d  f i l m s .  A l l  o f  t h e  mic rohardness  va lues  were l ower  than  diamond. The band 
gaps f o r  t h e  s i n g l e  and dua l  i o n  beam d e p o s i t e d  DLC f i l m s  were s i m i l a r ,  w h i l e  
t h e  RF s p u t t e r e d ,  DC g low d i s c h a r g e ,  and i o n  beam s p u t t e r e d  f i l m s  had band gaps 
wh ich  were h i g h e r .  The c o a x i a l  carbon plasma gun DLC f i l m s  had a band gap o f  
-0 eV which was i n d i c a t i v e  o f  a g r a p h i t i c  s t r u c t u r e .  The DLC f i l m s  had s i m i l a r  
r e s i s t i v i t i e s  w i t h  t h e  RF s p u t t e r e d  and DC g low d i s c h a r g e  f i l m s  somewhat h i g h e r ,  
b u t  a l l  s t i l l  l ower  than  t h e  r e s i s t i v i t y  o f  diamond. 

These d i r e c t  d e p o s i t e d  f i l m s  were a l s o  smooth and f r e e  o f  p i n h o l e s  or 
For the  vacuum a r c  and plasma gun DLC 

The d e n s i t i e s  o f  the  v a r i o u s  DLC f i l m s  were l e s s  than  

A l though  t h e  phys ico-chemica l  p r o p e r t i e s  o f  t h e  DLC f i l m s  v a r i e d ,  t h e  
f i l m s  i n  genera l  had c h a r a c t e r i s t i c s  wh ich  were d e s i r a b l e  f o r  c e r t a i n  a p p l i c a -  
t i o n s .  There fo re ,  t h e  DLC f i l m s  were e v a l u a t e d  as p r o t e c t i v e  c o a t i n g s  f o r  o p t i -  
c a l  windows, and as a g a t e  d i e l e c t r i c  f o r  i n s u l a t e d - g a t e  t e c h n o l o g y .  The DLC 
f i l m  d i d  n o t  a f f o r d  any p r o t e c t i o n  t o  t h e  i n f r a r e d  windows exposed to  s i m u l a t e d  
p a r t i c l e  e r o s i o n ,  however, t h e y  improved t h e  performance o f  ZnS exposed t o  r a i n  
e r o s i o n .  There fo re ,  a t h i c k  s t r e s s - f r e e  DLC f i l m  may have t h e  p o t e n t i a l  t o  
i n c r e a s e  t h e  l i f e t i m e  o f  an I R  t r a n s m i t t i n g  window. I n  t h e  second a p p l i c a t i o n  
e v a l u a t i o n  t h e  DLC f i l m s  were found t o  be d e f i c i e n t  i n  e l e c t r i c a l  p r o p e r t i e s  
conduc ive  t o  m i c r o e l e c t r o n i c s .  I t  can be seen from t h e  p r o p e r t i e s ,  as w e l l  as 
t h e  advantages and d isadvantages  o f  each DLC f i l m  d e p o s i t i o n  techn ique ,  t h e r e  
i s  t he  p o t e n t i a l  t o  t a i l o r  t h e  c h a r a c t e r i s t i c s  o f  t h e  DLC f i l m  t o  meet t h e  
needs of a p a r t i c u l a r  a p p l i c a t i o n .  
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TABLE I .  - EVALUATION OF DIAMONDLIKE CARBON FILM DEPOSITION TECHNIQUES 

Proper t y  

Adherence 

H/C r a t i o  

Dens i t y ,  g/cm3 

Band gap, eV 

S t ress ,  dyne/cm2 

Microhardness, 
k g/rnn? 

ohm-cm 
R e s i s t i v i t y ,  

D e p o s i t i o n  r a t e ,  
ithi n 

Major  advantages 

Major  
disadvantages 

I o n  beam 
s p u t t e r  

Very good 

0.22 

2.1 

0.909 

1 .6x1010 

5 . 2 9 ~ 1 0 ~  

20 

Un i fo rm f i l m s ,  
good adhesion 

Low d e p o s i t i o n  
r a t e  

S ing le  i o n  
beam 

Very good 

0.91 

1.8 

0.382 

0.9x1010 

5000 

8 .66x106 

60 

Uni form f i l m s ,  
good adhesion 

Low d e p o s i t i o n  
r a t e  

Depos i t i on  technique 

Dual i o n  
beam 

Very good 

0.62 

1.8 

0.343 

0.9x 1010 

5000 

3 . 3 5 ~ 1 0 ~  

60 

Uni form f i l m s ,  
good adhesion 

Low d e p o s i t i o n  
r a t e  

Vacuum 
a rc  

Very poor  

1 ow 

2.75 

1050 

----______ 

-10,000 

Rapid 
d e p o s i t i o n  

r a t e  

I n c l u s i o n s  

RF s p u t t e r  

108 t o  1012 

-1000 

Uni form f i l m s ,  
s i m p l i c i t y  

Poor adhesion 
on me ta l s  

ArI,A 
ION SOURCE 

!I Ar+*Ar - 

7 
\ 
\ 
\ 
\ 
\ 
\ 

I 

dc Glow 
d ischarge 

-600 

S i m p l i c i t y  

Nonuniform 
f i l m s  

P1 ama 
Gun 

-- 
Figure I. - Schematic of dual ion beam deposition system. 

1 1  



-+ TO INSTRUMENTATION 
CURRENT-TRANSFORMER' 7 
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REVERSAL L SOLENOID-OPERATED RELAY CONTACTS 
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Flgure 2. - Bask elements of coaxial carbon plasma gun deposition system. 
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Figure 3. - Vaarum arc deposition system. 
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Figure 6. - Transmittance, reflectance and absorptance as a function 
of wavelength for various thicknesses of DLC films from the dual 
ion beam deposition system. 
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Figure 7. - Transmittance as a function of wavelength for 
DLC films deposited with the single or dual ion beam 
system and sputtered from a graphite target. 
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Figure 9. - Microhardness as a function of film thickness 
and load for DLC films RF sputter deposited. 
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Figure 10. - Specular transmittance of a DLC film from the single ion beam deposition system plus an intermediate layer of Ge on ZnSe and uncoated ZnSe. 
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Figure 11. - Change in specular transmitrance at 10 pm due to total 
erosion time for various surfaces of ZnS coated with DLClGe films. 
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