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ABSTRACT 

B e c a u s e  of  t he  w i d e s p r e a d  po t en t i a l  u se  of  CVD t u n g s t e n  f i lms in  i n t e g r a t e d  c i rcu i t  app l i ca t ions ,  t he  s t r u c t u r a l  p rop-  
e r t i es  of  t h e s e  f i lms were  e x a m i n e d  over  a r a n g e  of  d e p o s i t i o n  c o n d i t i o n s  a n d  w i th  d i f f e ren t  n u c l e a t i n g  layers.  W h e n  tung-  
s t en  is d e p o s i t e d  on  a c h r o m i u m  n u c l e a t i n g  layer  o n  an  ox id i zed  s i l icon wafer ,  t h e  s t ress  is no t  a s t r o n g  f u n c t i o n  of  film 
t h i c k n e s s ,  a n d  m o s t  of  it is c a u s e d  b y  t h e  d i f f e rence  in t he  t h e r m a l  coeff ic ients  of  e x p a n s i o n  of t u n g s t e n  a n d  si l icon.  The  
su r face  r o u g h n e s s  inc reases  a l m o s t  l inear ly  w i t h  i n c r e a s i n g  film th i cknes s .  The  g ra in  size also i nc r ea se s  w i t h  i n c r e a s i n g  
f i lm t h i c k n e s s ,  w i t h  t he  d i a m e t e r s  of  t he  l a rges t  g ra ins  c o m p a r a b l e  to t h e  fi lm t h i c k n e s s .  The  s t r u c t u r e  is equ i axed ,  r a t h e r  
t h a n  c o l u m n a r .  T h e  (100) t e x t u r e  is d o m i n a n t  n e a r  t h e  n o r m a l  d e p o s i t i o n  t e m p e r a t u r e  of  300~ for  d i f f e r e n t  f i lm t h i c k -  
n e s s e s  a n d  n u c l e a t i n g  layers,  b u t  t h e  d o m i n a n t  o r i e n t a t i o n  c h a n g e s  at  h i g h e r  d e p o s i t i o n  t e m p e r a t u r e s .  T h e  s t r u c t u r e  de- 
v e l o p s  as t he  fi lm is depos i t ed ,  r a t h e r  t h a n  b e i n g  d e t e r m i n e d  b y  t he  nuc lea t ion .  

As  t h e  d i m e n s i o n s  o f  i n t e g r a t e d - c i r c u i t  f e a t u r e s  con-  
t i n u e  to  d e c r e a s e ,  t h e  p o t e n t i a l  u s e  of  c h e m i c a l l y  v a p o r -  
d e p o s i t e d  t u n g s t e n  f i lms  in  t h e  m e t a l i z a t i o n  s y s t e m  be-  
c o m e s  i n c r e a s i n g l y  a t t r a c t i v e  for  m a n y  IC a p p l i c a t i o n s  
(1, 2). T h e  r e s i s t i v i t y  of  t u n g s t e n  is m u c h  l o w e r  t h a n  t h a t  
o f  p o l y s i l i c o n  ( a l t h o u g h  s o m e w h a t  h i g h e r  t h a n  t h a t  of  
a l u m i n u m ) ,  a n d  t u n g s t e n  is r e s i s t a n t  to  e l e c t r o m i g r a -  
t ion .  I t  does  n o t  i n t e r a c t  w i t h  s i l i con  at  m o d e r a t e  t e m p e r -  
a t u r e s  (3), so i t  c a n  b e  u s e d  to m a k e  d i r e c t  c o n t a c t  to t h e  
s i l i con  e l e c t r o d e s  of  a dev ice .  S e l e c t i v e  d e p o s i t i o n  c a n  
b e  u s e d  to p r e f e r e n t i a l l y  d e p o s i t  t u n g s t e n  in  c o n t a c t  
h o l e s  to  s e r v e  as  a d i f f u s i o n  b a r r i e r  a n d  c a n  a lso  p r o v i d e  
a n  e t c h  s t op  d u r i n g  f ab r i c a t i on .  I f  t h i c k  e n o u g h ,  i t  c an  fill 
c o n t a c t  ho l e s  b e t w e e n  a m e t a l  l i ne  a n d  s i l i con  or  v ia s  to  a 
l o w e r  l eve l  of  m e t a l i z a t i o n  to p r o v i d e  a m o r e  p l a n a r  sur-  
face.  I t  c a n  a lso  b e  u s e d  to d e p o s i t  m e t a l  s e l ec t i ve l y  o v e r  
t h e  source ,  gate ,  a n d  d r a i n  r e g i o n s  of  M O S  t r a n s i s t o r s .  

To a l l o w  d e v e l o p m e n t  of  a s t a b l e ,  r e p r o d u c i b l e  pro-  
c e s s  for  t h e  d e p o s i t i o n  of  C V D  t u n g s t e n  f i lms,  i n f o r m a -  
t i o n  is n e e d e d  a b o u t  t h e  f i lm p r o p e r t i e s  a n d  t h e  s ens i t i v -  
i t y  of  t h e s e  p r o p e r t i e s  to  v a r i a t i o n s  in  t h e  d e p o s i t i o n  
p a r a m e t e r s .  F o r  e x a m p l e ,  t h e  r e s i s t i v i t y  o f  t h e  f i lm is 
c r i t i c a l  w h e n  t h e  t u n g s t e n  is u s e d  for  l o n g  c o n d u c t i n g  
l ines ;  t h e  s t r u c t u r e  is i m p o r t a n t  for  b a r r i e r  a p p l i c a t i o n s .  
T h e  d e p o s i t i o n  p r o c e s s  s e l e c t e d  s h o u l d  m i n i m i z e  t h e  
s e n s i t i v i t y  of  t h e  f i lm p r o p e r t i e s  to  v a r i a t i o n s  in  t h e  dep-  
o s i t i o n  p a r a m e t e r s .  

T h e  d e p e n d e n c e  of  t h e  s e l e c t i v e  d e p o s i t i o n  o n  t h e  
i n s u l a t i n g  l a y e r s  e x p o s e d  to  t h e  p r o c e s s  g a s e s  d u r i n g  
d e p o s i t i o n  a n d  t h e  i n t e r a c t i o n  of  s i l i c o n  a n d  t u n g s t e n  
a f t e r  d e p o s i t i o n  h a v e  b e e n  p r e v i o u s l y  r e p o r t e d  (4, 3). I n  
t h i s  p a p e r ,  s t r u c t u r a l  p r o p e r t i e s  of  d e p o s i t e d  f i lms  a re  
c o n s i d e r e d  in  m o r e  de ta i l  o v e r  a r a n g e  of  d e p o s i t i o n  con-  
d i t i o n s .  To s e p a r a t e  t h e  e f f e c t s  of  t h e  i n i t i a l  s i l i con-  
r e d u c t i o n  r e a c t i o n ,  w h i c h  o c c u r s  w h e n  t u n g s t e n  is de-  
p o s i t e d  d i r e c t l y  o n  s i l icon,  f r o m  t h o s e  of  t h e  s u b s e q u e n t  
h y d r o g e n  r e d u c t i o n  r e a c t i o n ,  m a n y  of  t h e  f i lms w e r e  de-  
p o s i t e d  o n  c h r o m i u m  n u c l e a t i n g  l aye r s  on  o x i d i z e d  sili- 
c o n  w a f e r s .  T h e  v a r i a t i o n  of  t h e  f i lm p r o p e r t i e s  w i t h  
i n c r e a s i n g  f i lm t h i c k n e s s  w as  e x a m i n e d  in  t h e  g r e a t e s t  
de t a i l .  T h e  s u r f a c e  r o u g h n e s s ,  t h e  s t r e s s ,  a n d  t h e  d e v e l -  
o p m e n t  o f  t h e  s t r u c t u r e  w i t h  i n c r e a s i n g  f i lm t h i c k n e s s  
w e r e  i n v e s t i g a t e d .  T h e  c h a r a c t e r i s t i c s  of  t h e  f i lms  w e r e  
a l so  s t u d i e d  as t h e  d e p o s i t i o n  t e m p e r a t u r e  w a s  v a r i e d  
f r o m  250 ~ to  375~ O t h e r  n u c l e a t i n g  l aye r s ,  i n c l u d i n g  
l i g h t l y  d o p e d  a n d  h e a v i l y  d o p e d  s i ng l e - c r y s t a l  a n d  poly-  
c r y s t a l l i n e  s i l i con ,  w e r e  a lso  i n v e s t i g a t e d .  A l t h o u g h  t h e  
d e p o s i t i o n  p a r a m e t e r s  w e r e  s e l e c t e d  to b e  c o n s i s t e n t  
w i t h  s e l e c t i v e  t u n g s t e n  d e p o s i t i o n ,  t h e  m a t e r i a l  c h a r a c -  
t e r i s t i c s  f o u n d  s h o u l d  b e  r e l e v a n t  to  t u n g s t e n  f i lms 
f o r m e d  b y  e i t h e r  s e l e c t i v e  or  n o n s e l e c t i v e  p r o c e s s e s .  

Film Deposition 
T u n g s t e n  f i lms  w e r e  d e p o s i t e d  in  a t u b e - t y p e  L P C V D  

r e a c t o r  u s i n g  WF6 a n d  h y d r o g e n .  T h e  d e p o s i t i o n  k i n e t i c s  
w e r e  s t u d i e d  a n d  f o u n d  to b e  s i m i l a r  to  t h o s e  r e p o r t e d  
b y  B r o a d b e n t  a n d  R a m i l l e r  (5). M o s t  f i lms  w e r e  d e p o s -  
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i t e d  a t  a t e m p e r a t u r e  of  300~ w i t h  a WF~ f low of  7 cm3/ 
r a i n  a n d  a n  H2:WF~ r a t i o  of  20:1. T h e  t o t a l  p r e s s u r e  w a s  
0.26 t o r r  (35 Pa) .  T h e  d e p o s i t i o n  r a t e  u n d e r  t h e s e  c o n d i -  
t i o n s  was  a b o u t  3 n m / m i n ,  a n d  t h e  d e p o s i t i o n  t i m e  w a s  
v a r i e d  to o b t a i n  t h e  d e s i r e d  f i lm t h i c k n e s s .  I n  s o m e  ex-  
p e r i m e n t s ,  t h e  t e m p e r a t u r e  w a s  v a r i e d  o v e r  t h e  r a n g e  
250~176 w i t h  t h e  gas  f lows k e p t  c o n s t a n t .  

To m i n i m i z e  t h e  i n f l u e n c e  of  t h e  u n d e r l y i n g  s u b s t r a t e  
on  t h e  f i lm p r o p e r t i e s ,  m o s t  f i lms w e r e  d e p o s i t e d  o n  t h i n  
l aye r s  of  c h r o m i u m  s p u t t e r e d  o n t o  l i gh t l y  d o p e d ,  s ing le -  
c rys ta l ,  s i l i con  w a f e r s  o x i d i z e d  at  1000~ in  a TCA/O2 am-  
b i e n t .  T h e  c h r o m i u m  l a y e r  was  n o m i n a l l y  a b o u t  8 n m  
t h i c k  a n d  p r o m o t e d  b o t h  n u c l e a t i o n  of  t h e  t u n g s t e n  a n d  
a d h e s i o n  of  t h e  f i lm to t h e  o x i d e  s u r f a c e .  T h e  e f f e c t  of  
t h e  u n d e r l y i n g  s u b s t r a t e  o n  t h e  f i lm s t r u c t u r e  was  a l so  
c o n s i d e r e d  b y  d e p o s i t i n g  t u n g s t e n  f i lms  o n  s ing le -  
c ry s t a l  s i l i con  w a f e r s  a n d  on  w a f e r s  c o v e r e d  w i t h  one  of  
a n u m b e r  of  d i f f e r e n t  n u c l e a t i n g  l aye r s .  B e f o r e  t h e  wa-  
f e r s  w e r e  l o a d e d  i n t o  t h e  r e a c t o r ,  t h o s e  w i t h  t h i c k e r  
n u c l e a t i n g  l aye r s  w e r e  e t c h e d  in  10:1 H 2 0 : H F  for  15-20s 
to  c l e a n  t h e  s u r f a c e .  W a f e r s  w i t h  v e r y  t h i n  n u c l e a t i n g  
l a y e r s  w e r e  n o t  c l e a n e d  b e t w e e n  f o r m a t i o n  o f  t h e  
n u c l e a t i n g  l aye r  a n d  t u n g s t e n  d e p o s i t i o n .  

T h e  s h e e t  r e s i s t a n c e  was  m e a s u r e d  w i t h  a f o u r - p o i n t  
p r o b e  a n d  was  u n i f o r m  o v e r  t h e  s a m p l e  w i t h i n  b e t t e r  
t h a n  5% for  all e x c e p t  t h e  v e r y  t h i n n e s t  f i lms.  T h e  res i s -  
t i v i t y  w a s  13.9 ~12-cm for  f i lms  a b o u t  162 n m  t h i c k  a n d  
d e c r e a s e d  to 10.5 ~l-l-cm for  f i lms a b o u t  430 n m  t h i c k ,  in  
r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  r e s i s t i v i t i e s  r e p o r t e d  in  
t h e  l i t e r a t u r e  (6, 7, 8). T h e  a c t u a l  r e s i s t i v i t y  m a y  b e  l e s s  
t h a n  t h a t  i n d i c a t e d ,  s i n c e  s u r f a c e  r o u g h n e s s  m a y  in-  
c r e a s e  t h e  a p p a r e n t  f i lm t h i c k n e s s  m e a s u r e d  w i t h  a 
p r o f i l o m e t e r  o n  a s t ep  e t c h e d  t h r o u g h  t h e  t u n g s t e n .  

Stress 
T h e  s t r e s s  was  d e t e r m i n e d  b y  m e a s u r i n g  t h e  w a f e r  

c u r v a t u r e  b e f o r e  a n d  a f t e r  t u n g s t e n  d e p o s i t i o n  w i t h  a 
C a n o n  M o d e l  LSF-500  l a s e r - s c a n n i n g  f l a t n e s s  t e s t e r  
( w i t h  n o  v a c u u m  a p p l i e d ) .  T h e  c h a n g e  in  w a f e r  c u r v a -  
t u r e  (i.e., t h e  d e f o r m a t i o n  r e s u l t i n g  f r o m  t h e  t u n g s t e n  
f i lm d e p o s i t i o n )  i n c r e a s e d  a p p r o x i m a t e l y  l i n e a r l y  w i t h  
i n c r e a s i n g  t u n g s t e n  t h i c k n e s s  (Fig.  1), a l t h o u g h  t h e r e  
w a s  s i g n i f i c a n t  s c a t t e r  in  t h e  data .  T h e  s t r e s s  c a u s e d  t h e  
w a f e r  to  b e c o m e  c o n c a v e  u p w a r d ,  i n d i c a t i n g  t h a t  t h e  
s t r e s s  in  t h e  t u n g s t e n  fi lm was  t ens i l e .  B a s e d  on  t h e  l in-  
e a r  i n c r e a s e  o f  w a f e r  d e f o r m a t i o n  w i t h  i n c r e a s i n g  f i lm 
t h i c k n e s s ,  t h e  s t r e s s  was  c a l c u l a t e d  (91 10) to  b e  a p p r o x i -  
m a t e l y  2 • 109 d y n / c m  2, in  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  
v a l u e  o f  1.4 • 109 d y n / c m  2 e x p e c t e d  f r o m  t h e  d i f f e r e n c e  
in  t h e  l i n e a r  c o e f f i c i e n t s  of  e x p a n s i o n  of  t u n g s t e n  a n d  
s i l i c o n  a n d  t h e  d e p o s i t i o n  t e m p e r a t u r e  o f  30O~ [ T h e  
s t r e s s  was  c a l c u l a t e d  u s i n g  v a l u e s  of  1.13 • 1012 a n d  3.4 • 
1012 d y n / c m  2 for  Y o u n g ' s  m o d u l u s  o f  s i l i c o n  a n d  t u n g -  
s ten ,  r e s p e c t i v e l y  (11), a n d  3 x 10 -6 a n d  4.5 x 10-6/~ for  
t h e  c o r r e s p o n d i n g  l i n e a r  c o e f f i c i e n t s  o f  t h e r m a l  e x p a n -  
s i o n  (11, 12).] A l t h o u g h  t h e  r a n g e  o f  v a l u e s  r e p o r t e d  fo r  
t h e  coe f f i c i en t s  u s e d  in  t h e  c a l c u l a t i o n s  m a k e s  t h e  v a l u e  
of  s t r e s s  g i v e n  h e r e  s o m e w h a t  u n c e r t a i n ,  t h e  m a j o r  
p o r t i o n  of  t h e  s t r e s s  p r o b a b l y  a r i s e s  f r o m  t h e  d i f f e r e n c e  
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Fig. 3. Surface roughness as o function of tungsten film thickness 

in  t h e  t h e r m a l  coe f f i c i en t s  of  e x p a n s i o n  of  t u n g s t e n  a n d  
s i l icon.  

T h e  v a l u e  f o u n d  in t h i s  s t u d y  is of  t h e  s a m e  sense ,  b u t  
m a r k e d l y  l e s s  in  m a g n i t u d e ,  t h a n  t h o s e  r e p o r t e d  b y  
G r e e n  a n d  L e v y  (8). W h i l e  G r e e n  a n d  L e v y  d e p o s i t e d  
t u n g s t e n  o n  s i l i con ,  in  t h e  p r e s e n t  s t u d y  t h e  f i lms  w e r e  
d e p o s i t e d  on  a c h r o m i u m  n u c l e a t i n g  l aye r  so t h a t  t h e  ini-  
t ia l  s i l i con  r e d u c t i o n  r e a c t i o n  was  s u p p r e s s e d .  Th i s  sug-  
g e s t s  t h a t  a s i g n i f i c a n t  c o n t r i b u t i o n  to t h e  s t r e s s  c a n  
a r i se  f r o m  t h e  in i t i a l  r e a c t i o n  a n d  l i t t l e  i n t r i n s i c  s t r e s s  is 
a d d e d  d u r i n g  t h e  h y d r o g e n  r e d u c t i o n  r e a c t i o n  (13). 

Surface Roughness 
T h e  s u r f a c e  r o u g h n e s s  was  o b s e r v e d  u n d e r  a n  op t i ca l  

m i c r o s c o p e  to i n c r e a s e  w i t h  i n c r e a s i n g  f i lm t h i c k n e s s  
(Fig.  2). Q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  t h e  s u r f a c e  
r o u g h n e s s  a n d  i t s  v a r i a t i o n  w i t h  f i lm t h i c k n e s s  was  ob-  
t a i n e d  b y  m e a s u r i n g  t h e  a b s o l u t e  s a m p l e  r e f l e c t a n c e  
o v e r  t h e  2004800 n m  w a v e l e n g t h  r a n g e  w i t h  a H e w l e t t -  
P a c k a r d  8450A s p e c t r o p h o t o m e t e r .  

To o b t a i n  t h e  s u r f a c e  r o u g h n e s s  f r o m  t h e  r e f l e c t a n c e  
da t a ,  t h e  o p t i c a l  c o n s t a n t s  of  t u n g s t e n  o v e r  t h e  
w a v e l e n g t h  r a n g e  f r o m  450 to 800 n m  (14) w e r e  u s e d  to  
c a l c u l a t e  t h e  e x p e c t e d  r e f l ec t iv i ty  R ( a s s u m i n g  a 

s m o o t h ,  i n f in i t e ly  t h i c k  t u n g s t e n  sample ) .  T h e  d i f f e r e n c e  
(on  a log  scale)  b e t w e e n  t h e  c a l c u l a t e d  v a l u e  a n d  t h e  ob- 
s e r v e d  r e f l ec t iv i ty  was  t a k e n  as a m e a s u r e  of  t h e  s u r f ace  
r o u g h n e s s .  

T h e  s u r f a c e  r o u g h n e s s  w as  t h e n  c a l c u l a t e d  f r o m  t h e  
f o r m u l a  (15) 

~o = 0.14 X ~/A - Ao 

w h e r e  t h e  m e a s u r e d  q u a n t i t y  A is - 2  log10 R. T h e  s u r f ace  
r o u g h n e s s  c a l c u l a t e d  f r o m  t h e  r e f l ec t iv i ty  is p l o t t e d  as a 
f u n c t i o n  of  f i lm t h i c k n e s s  in  Fig.  3. I t  i n c r e a s e s  a l m o s t  
l i n e a r l y  w i t h  i n c r e a s i n g  t h i c k n e s s ,  c o n s i s t e n t  w i t h  t h e  
i n c r e a s i n g  s u r f a c e  r o u g h n e s s  s e e n  u n d e r  t h e  o p t i c a l  mi-  
c r o s c o p e ,  a n d  a p p e a r s  to b e  a b o u t  12% of  t h e  f i lm t h i c k -  
ness .  T h e  s u r f a c e  r o u g h n e s s  c a l c u l a t e d  f r o m  da t a  a t  four  
d i f f e r e n t  w a v e l e n g t h s  w i t h i n  t h e  r a n g e  472-622 n m  
a g r e e d  well ,  w i t h  a s t a n d a r d  d e v i a t i o n  of  3% or  less ,  l end-  
ing  c o n f i d e n c e  to t h e  t e c h n i q u e  used .  

T h e  s u r f a c e  r o u g h n e s s  w a s  a lso  o b s e r v e d  o n  s a m p l e s  
d e p o s i t e d  o v e r  t h e  t e m p e r a t u r e  r a n g e  f r o m  250 ~ to 375~ 
u s i n g  e i t h e r  c h r o m i u m  or  b u l k  s i l i con  to p r o m o t e  nuc le -  
a t i o n  of  t h e  depos i t .  F i g u r e  4 s h o w s  t h e  m e a s u r e d  s igna l  
A = - 2  log10 R at  X = 450 n m  as a f u n c t i o n  of  f i lm t h i c k -  
n e s s  fo r  s a m p l e s  d e p o s i t e d  a t  d i f f e r e n t  t e m p e r a t u r e s .  
T h e  d e p o s i t i o n  t e m p e r a t u r e  is i n d i c a t e d  for  e a c h  s amp le .  
T h i s  f i gu re  s h o w s  t h a t  t h e  s u r f a c e  r o u g h n e s s  is d o m i -  
n a t e d  b y  t h i c k n e s s  v a r i a t i o n s  b e t w e e n  s a m p l e s  a n d  in-  
c r e a s e s  o n l y  s l i gh t ly  w i t h  i n c r e a s i n g  d e p o s i t i o n  t e m p e r -  
a t u r e  o v e r  t h i s  l i m i t e d  t e m p e r a t u r e  r ange .  No s i g n i f i c an t  
d i f f e r e n c e  in  s u r f a c e  r o u g h n e s s  is a p p a r e n t  b e t w e e n  t he  
t w o  d i f f e r e n t  s u b s t r a t e s .  
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Fig. 2. Effect of tungsten film thickness on surface roughness; 300~ Fig. 4. Effect of deposition temperature on surface roughness, show- 
deposition temperature; Nomarskl optical micrographs, ing that film thickness is the more important variable. 
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Transmission Electron Microscopy 
Grain size by plan-view TEM.--Plan-view t r a n s m i s -  

s i o n  e l e c t r o n  m i c r o g r a p h s  w e r e  p r e p a r e d  f r o m  C V D  
t u n g s t e n  f i lms  w i t h  d i f f e r e n t  t h i c k n e s s e s  d e p o s i t e d  a t  
300~ o n t o  o x i d i z e d  s i l i c o n  w a f e r s  c o v e r e d  w i t h  a t h i n ,  
s p u t t e r e d  c h r o m i u m  layer .  T h e  f i lms  w e r e  p r e p a r e d  for  
T E M  a n a l y s i s  b y  c h e m i c a l l y  r e m o v i n g  t h e  s i l i c o n  sub -  
s t r a t e s  f r o m  t h e  b a c k s  of  t h e  t u n g s t e n  f i lms,  b u t  t h e  
t u n g s t e n  f i lms  w e r e  n o t  t h i n n e d .  T h e r e f o r e ,  t h e  g r a i n  
s izes  a re  a v e r a g e s  f r o m  t h e  e n t i r e  t h i c k n e s s  of  t h e  t u n g -  
s t e n  f i lm. ( H o w e v e r ,  r e g i o n s  w i t h  m a n y  s u p e r p o s e d  
s m a l l  g r a i n s  a re  l e s s  t r a n s p a r e n t ,  a n d  t h e  l a r g e r  g r a i n s  
m a y  b e  m o r e  r e a d i l y  seen. )  

I n  p l a n - v i e w ,  t h e  g r a i n s  a p p e a r  to  b e  a p p r o x i m a t e l y  
e q u i - a x e d  w i t h  s i gn i f i c an t  n u m b e r s  of  t w i n s  a n d  d i s loca-  
t i o n s  w i t h i n  t h e  g r a i n s  (Fig. 5). T h e  g r a i n  size is s h o w n  as 
a f u n c t i o n  of  f i lm t h i c k n e s s  in  Fig.  6 u s i n g  t h e  a v e r a g e  
a n d  m e d i a n  of  t h e  g r a i n  s izes  m e a s u r e d .  T h e  g r a i n  s ize  
i n c r e a s e d  as t h e  f i lm b e c a m e  t h i c k e r  a n d  w a s  a p p r o x i -  
m a t e l y  e q u a l  to  3/4 of  t h e  f i lm t h i c k n e s s .  T h e  l a r g e s t  
g r a i n s  c a n  h a v e  a d i a m e t e r  g r e a t e r  t h a n  t h e  f i lm t h i c k -  
n e s s .  T h e  i n c r e a s e  in  g r a i n  s ize  w i t h  i n c r e a s i n g  f i lm 
t h i c k n e s s  is c o n s i s t e n t  w i t h  t h e  i n c r e a s e  of  s u r f a c e  
r o u g h n e s s  w i t h  t h i c k n e s s .  I n  a s i m i l a r  s t u d y  of  C V D  
t u n g s t e n  f i lms (16), L e a r n  a n d  F o s t e r  a lso  f o u n d  t h a t  t h e  
g r a i n  size i n c r e a s e d  w i t h  i n c r e a s i n g  f i lm t h i c k n e s s .  How-  
ever ,  t h e  g r a i n  s izes  t h e y  r e p o r t  a re  on ly  a b o u t  h a l f  t h o s e  
o b s e r v e d  in  t h e  p r e s e n t  s tudy .  

T r a n s m i s s i o n  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 s  d i d  n o t  in- 
d i c a t e  a n y  s t r o n g  p r e f e r r e d  o r i e n t a t i o n .  (The  x- ray  mea -  
s u r e m e n t s  to  b e  d i s c u s s e d  b e l o w  are  s e n s i t i v e  to  s m a l l e r  
va r i a t i ons . )  S i g n i f i c a n t  n u m b e r s  of  c ry s t a l  de f ec t s  ( twins  
a n d  d i s l o c a t i o n s )  w e r e  s e e n ' w i t h i n  s o m e  g ra ins ,  b u t  t h e  
i n c i d e n c e  w a s  less  p r o n o u n c e d  t h a n  in  o t h e r  m a t e r i a l s  
[e.g., p o l y s i l i c o n  (17)]. I n  t h e  t h i n n e s t  s amp le ,  s o m e  s m a l l  
( < < 1 0  rim) n u c l e i  w e r e  s een ;  t h e s e  w e r e  p r o b a b l y  f r o m  
t h e  c h r o m i u m  n u c l e a t i n g  l ayer .  T h e s e  n u c l e i  w e r e  n o t  
a p p a r e n t  on  t h e  t h i c k e r  f i lms b u t  m a y  b e  o b s c u r e d  b y  t h e  
l a r g e r  a m o u n t  o f  m a t e r i a l  t h r o u g h  w h i c h  t h e  e l e c t r o n  
b e a m  m u s t  p e n e t r a t e .  
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Fig. 6. Grain size as a function of tungsten film thickness 

Cross-sectional TEM.--In p r e v i o u s  s t u d i e s  of  CVD 
t u n g s t e n  f i lms,  a c o l u m n a r  g ra in  s t r u c t u r e  d e v e l o p e d  as 
t h e  f i lm b e c a m e  t h i c k e r  (18). A c o l u m n a r  s t r u c t u r e  c o u l d  
l e a d  to d e l e t e r i o u s  e l e c t r i c a l  a n d  c h e m i c a l  e f fec t s ,  s u c h  
as r e s i s t i v i t y  a n i s o t r o p y  a n d  r a p i d  i m p u r i t y  d i f f u s i o n  
a l o n g  t h e  g r a i n  b o u n d a r i e s  t h r o u g h  t h e  t h i c k n e s s  of  t h e  
film, as s e e n  in  p o l y s i l i c o n  (19). In  o n e  s tudy ,  w h e r e  t h e  
c o l u m n a r  g r a i n s  w e r e  o b s e r v e d  (18), t h e  f i lms  w e r e  de-  
p o s i t e d  a t  a m u c h  h i g h e r  t e m p e r a t u r e  ( a b o u t  500~ t h a n  
u s e d  in  t h e  p r e s e n t  s t u d y ,  a n d  t h e y  w e r e  m u c h  t h i c k e r  
( a b o u t  0.65 cm).  

To d e t e r m i n e  i f  a s i m i l a r  c o l u m n a r  s t r u c t u r e  ( s u c h  as  
t h a t  s h o w n  s c h e m a t i c a l l y  in  Fig. 7a) d e v e l o p s  u n d e r  t h e  
d e p o s i t i o n  c o n d i t i o n s  u s e d  here ,  a t t e m p t s  w e r e  m a d e  to 
p r e p a r e  c r o s s - s e c t i o n a l  s a m p l e s  for  t r a n s m i s s i o n  e lec-  
t r o n  m i c r o s c o p y .  T h e  t h i c k e r  CV D  t u n g s t e n  f i lms d e p o s -  
i t ed  o n  Cr  n u c l e a t i n g  l aye r s  w e r e  i n v e s t i g a t e d .  H o w e v e r ,  
t h e  m a r k e d l y  d i f f e r e n t  s p u t t e r i n g  a n d  c h e m i c a l  e t c h i n g  
r a t e s  of  t h e  CV D  t u n g s t e n  f i lm a n d  t h e  s i l i con  s u b s t r a t e  
m a d e  s a m p l e  p r e p a r a t i o n  dif f icul t .  

W i t h i n  t h e  l i m i t e d  a r e a  a v a i l a b l e  for  a n a l y s i s ,  s o m e  
g r a i n s  w e r e  s e e n  to e x t e n d  c o m p l e t e l y  t h r o u g h  t h e  400 
n m  t h i c k n e s s  of  t h e  s a m p l e s .  T h e  g r a i n s  w e r e  a p p r o x i -  
m a t e l y  e q u i - a x e d  (as s h o w n  s c h e m a t i c a l l y  in  Fig.  7b) 
w i t h  t h e i r  h e i g h t  on ly  a b o u t  t w i c e  t h e i r  w i d t h .  T h e  t ops  
of  t h e  g r a i n s  w e r e  h i g h l y  face ted .  No o b v i o u s  c o l u m n a r  
s t r u c t u r e  w as  f o u n d .  H o w e v e r ,  a c o l u m n a r  s t r u c t u r e  
s i m i l a r  to  t h a t  s e e n  in t h e  p r e v i o u s  s t u d y  c o u l d  d e v e l o p  
in  v e r y  t h i c k  f i lms.  T h e  p r e s e n t  f i lms  m a y  b e  m u c h  t oo  
t h i n  for  a c o l u m n a r  s t r u c t u r e  to  d e v e l o p ,  or  t h e  l o w e r  
d e p o s i t i o n  t e m p e r a t u r e  m a y  i n h i b i t  f o r m a t i o n  of  t h i s  
s t r u c t u r e .  

T h e  i n f o r m a t i o n  o b t a i n e d  f r o m  t h e  c r o s s - s e c t i o n a l  
T E M ' s  is c o n s i s t e n t  w i t h  t h a t  f r o m  t h e  o t h e r  s t r u c t u r a l  

Fig. 5. Plan-view transmission electron micrographs of tungsten films 
42, 240, and 420 nm thick. 

COLUMNAR STRUCTURE 

(a) ] 

EQUI-AXED STRUCTURE 

J (b) 
Fig. 7. Schematic cross-sectional views of (a) columnar and (b) equi- 

axed structures. 
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s t u d i e s .  T h e  g r a i n s  a re  a p p r o x i m a t e l y  e q u i - a x e d ,  r a t h e r  
t h a n  c o l u m n a r ,  a n d  i n c r e a s e  in  size as t h e  f i lm b e c o m e s  
t h i c k e r .  T h e  l a r g e r  g r a i n s  lead  to a r o u g h e r  s u r f ace  in  t h e  
t h i c k e r  fi lms. 

Preferred Orientation by X-Ray Analysis 
T h e  d i f f r a c t e d  x - ray  s igna l  w as  m e a s u r e d  as a f u n c t i o n  

o f  t h e  a n g l e  o f  t h e  i n c i d e n t  x - r a y  b e a m  u s i n g  a G e n e r a l  
E l e c t r i c  0-20 x - r ay  d i f f r a c t o m e t e r  to  p r o v i d e  a q u a n t i t a -  
t i ve  c o m p a r i s o n  of  t h e  r e l a t i ve  p r e v a l e n c e  of  g r a i n s  w i t h  
n o r m a l s  in  d i f f e r e n t  l o w - i n d e x  d i r e c t i o n s .  C o m p a r i s o n  
of  da t a  f r o m  d i f f e r e n t  s a m p l e s  s h o w e d  h o w  th i s  t e x t u r e  
v a r i e d  as t h e  d e p o s i t i o n  c o n d i t i o n s  w e r e  c h a n g e d .  To al- 
l ow  t h i s  c o m p a r i s o n ,  al l  x - r a y  d a t a  w e r e  n o r m a l i z e d  b y  
t h e  p o w d e r - p a t t e r n  i n t e n s i t i e s  e x p e c t e d  f r o m  a r an -  
d o m l y  o r i e n t e d ,  i n f i n i t e l y  t h i c k ,  t u n g s t e n  s a m p l e  (20). 
T h e  x - ray  da t a  w e r e  a lso c o r r e c t e d  for  f i lm t h i c k n e s s  var-  
i a t i o n s  f r o m  one  s a m p l e  to a n o t h e r  (21) to  r e m o v e  t h e  dif-  
f e r e n c e s  in  x - r a y  s i g n a l  s t r e n g t h  a r i s i n g  f r o m  t h e  dif-  
f e r i n g  a m o u n t s  of  t u n g s t e n  i n t e r c e p t e d  in  s a m p l e s  w i t h  
d i f f e r e n t  t h i c k n e s s e s .  T h e  r e s u l t i n g  d a t a  a re  a m e a s u r e  
of  t h e  r e l a t i ve  p r e v a l e n c e  of  g r a i n s  w i t h  t h e i r  n o r m a l s  in  
t h e  i n d i c a t e d  d i r e c t i o n  (i.e., t h e  f i lm " t e x t u r e " ) .  

Effect of film thickness.--Considering f i lms  of  v a r y i n g  
t h i c k n e s s  a l l o w e d  t h e  d e v e l o p m e n t  of  p r e f e r r e d  o r i en t a -  
t i o n  to  b e  i n v e s t i g a t e d  as  t h e  f i lm b e c o m e s  t h i c k e r .  
U s i n g  a c h r o m i u m  n u c l e a t i n g  l a y e r  r e m o v e d  t h e  poss i -  
b i l i t y  o f  t h e  s t r u c t u r e  b e i n g  i n f l u e n c e d  b y  t h e  i n i t i a l  re-  
a c t i o n  b e t w e e n  WF6 a n d  s i l i con  f r o m  t h e  s u b s t r a t e .  

F i g u r e  8 s h o w s  t h a t  t h e  (100) t e x t u r e  w as  d o m i n a n t  
o v e r  t h e  e n t i r e  r a n g e  of  f i lm t h i c k n e s s e s  i n v e s t i g a t e d .  
T h e  r e l a t i v e  i m p o r t a n c e  of  t h e  (100) t e x t u r e  ( a f t e r  cor-  
r e c t i n g  for  t h e  f i lm t h i c k n e s s )  i n c r e a s e d  c o n t i n u o u s l y  
w i t h  i n c r e a s i n g  t h i c k n e s s ,  i n d i c a t i n g  t h a t  t h e  s t r u c t u r a l  
d e v e l o p m e n t  is p r i m a r i l y  d o m i n a t e d  by  t h e  g r o w t h  pro-  
cess ,  r a t h e r  t h a n  b y  n u c l e a t i o n .  T h e  (100) t e x t u r e  d i d  
s h o w  a t e n d e n c y  to s a t u r a t e  in  t h e  t h i c k e r  fi lms. T h e  in- 
c r e a s e  in  (100) t e x t u r e  w i t h  i n c r e a s i n g  f i lm t h i c k n e s s  cor-  
r e l a t e s  w i t h  t h e  i n c r e a s e  in  g ra in  size s e e n  b y  T E M  as t h e  
f i lm b e c o m e s  t h i c k e r ,  i m p l y i n g  t h a t  t h e  ( 100 ) - o r i en t ed  
g r a i n s  g r o w  a t  t h e  e x p e n s e  of  t h o s e  w i t h  o t h e r  o r i e n t a -  
t ions .  

M o s t  o f  t h e  o t h e r  t e x t u r e s  r e m a i n e d  c o n s t a n t  w i t h  
i n c r e a s i n g  f i lm t h i c k n e s s  a f t e r  a n  i n i t i a l  i n c r e a s e  fo r  
f i lms  less  t h a n  170 n m  th ick .  T h e  w e a k  x- ray  s igna l s  ob-  
s e r v e d  in  t h e  t h i n n e s t  f i lm m a y  ref lec t  l im i t s  o n  t h e  sens i -  
t i v i t y  o f  t h e  x - r a y  e q u i p m e n t ,  or  t h e y  m a y  b e  r e l a t e d  to 
t h e  s t r u c t u r e  in  t h e  f i rs t  p a r t s  of  t h e  f i lm d e p o s i t e d ,  
w h i c h  c o n t a i n s  s m a l l  g r a i n s  t h a t  m a y  h a v e  m a n y  dif fer-  
e n t  o r i e n t a t i o n s .  T h e  (310), (110), a n d  (211) t e x t u r e s  ap-  
p e a r e d  to b e  of  s i m i l a r  i n t e n s i t y  a n d  w e r e  al l  m u c h  l e s s  
i m p o r t a n t  t h a n  w a s  t h e  (100) t e x t u r e .  T h e  (310) t e x t u r e  
i n c r e a s e d  w i t h  i n c r e a s i n g  f i lm t h i c k n e s s ,  w h i l e  t h e  o t h e r  
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Fig. 8. Normalized x-ray texture as a function of film thickness; 
300~ deposition temperature. 
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s e c o n d a r y  t e x t u r e s  d id  not .  T h e  (111) t e x t u r e  was  m u c h  
w e a k e r  a n d  a l so  t e n d e d  to r e m a i n  c o n s t a n t  a f t e r  a n  ini-  
t ia l  i n c r e a s e  for  t he  t h i n n e s t  f i lms.  

Effect of deposition temperature.--CVD t u n g s t e n  f i lms 
w e r e  d e p o s i t e d  o v e r  t h e  d e p o s i t i o n  t e m p e r a t u r e  r a n g e  
f r o m  250 ~ to 375~ w i t h  t h i c k n e s s e s  g e n e r a l l y  b e t w e e n  
100 a n d  150 nm.  F i l m s  w e r e  d e p o s i t e d  on  b o t h  b a r e  sili- 
c o n  w a f e r s  a n d  o n  t h i n  c h r o m i u m  n u c l e a t i n g  l a y e r s  o n  
o x i d i z e d  s i l i c o n  wa fe r s .  T h e  n o r m a l i z e d  x - r a y  d a t a  ob-  
t a i n e d  f r o m  t u n g s t e n  f i lms  d e p o s i t e d  o n  Cr  n u c l e a t i n g  
l aye r s  a re  s h o w n  in  Fig. 9. 

B e t w e e n  250 ~ a n d  325~ t h e  m o s t  i m p o r t a n t  t e x t u r e s  
d i d  n o t  v a r y  s i g n i f i c a n t l y  w i t h  t e m p e r a t u r e .  T h e  (111) 
t e x t u r e  a p p e a r e d  to b e  q u i t e  l a r g e  in  t h e  250~ s a m p l e .  
Th i s  f i lm was  s o m e w h a t  t h i c k e r  t h a n  t h e  o the r s ,  b u t  Fig. 
8 s u g g e s t s  t h a t  t h i s  t h i c k n e s s  d i f f e r e n c e  s h o u l d  n o t  h a v e  
g r e a t l y  i n f l u e n c e d  t h e  r e su l t s .  A b o v e  300~ t h e  (111) tex-  
t u r e  i n c r e a s e d  also,  b u t  i t  was  n o t  d o m i n a n t  in  a n y  case.  
At  375~ t h e  (100) t e x t u r e  a p p e a r e d  to d e c r e a s e  d r a m a t i -  
ca l ly ,  w i t h  t h e  (110) a n d  (211) t e x t u r e s  b e c o m i n g  m o r e  
i m p o r t a n t .  

S i m i l a r  t r e n d s  in  t he  p r e f e r r e d  o r i e n t a t i o n  w e r e  s e e n  in  
t u n g s t e n  f i lms d e p o s i t e d  o n  b u l k  s i l i con  w a f e r s  as t h e  
d e p o s i t i o n  t e m p e r a t u r e  was  c h a n g e d ,  a g a i n  s u g g e s t i n g  
t h a t  t h e  c r y s t a l  s t r u c t u r e  is d o m i n a t e d  b y  t h e  g r o w t h  
m e c h a n i s m s ,  r a t h e r  t h a n  b y  t h e  in i t i a l  n u c l e a t i o n .  

T h i s  i n v e s t i g a t i o n  of  t h e  t e m p e r a t u r e  v a r i a t i o n  of  t h e  
s t r u c t u r e  s h o w s  t h a t ,  n e a r  t h e  s t a n d a r d  o p e r a t i n g  t e m -  
p e r a t u r e  of  300~ t h e  s t r u c t u r e  is n o t  a s e n s i t i v e  func -  
t i o n  of  t h e  d e p o s i t i o n  t e m p e r a t u r e ,  m a k i n g  t e m p e r a t u r e  
c o n t r o l  less  c r i t i ca l  n e a r  300~ t h a n  in  o t h e r  t e m p e r a t u r e  
r a n g e s  to  o b t a i n  a r e p r o d u c i b l e  f i lm s t r u c t u r e .  (The  dep -  
o s i t i o n  r a t e  is s t i l l  a s e n s i t i v e  f u n c t i o n  of  t e m p e r a t u r e ,  
h o w e v e r . )  

Effect of nucleating layer.--To o b t a i n  m o r e  d i r e c t  in-  
f o r m a t i o n  a b o u t  t h e  e f f e c t  of  t h e  u n d e r l y i n g  l a y e r s  o n  
t h e  g r o w t h  a n d  d e v e l o p m e n t  of  t h e  s t r u c t u r e  in  C V D  
t u n g s t e n  f i lms,  f i lms w e r e  d e p o s i t e d  o n  s e v e r a l  d i f f e r e n t  
n u c l e a t i n g  l a y e r s  (Tab le  I). 

T h e  r e l a t i ve  a m o u n t s  of  t h e  low i n d e x  c ry s t a l  o r i en t a -  
t i o n s  a re  s h o w n  in  Fig.  10 for  al l  e x c e p t  t h e  s p u t t e r e d  

Table I. Substrates used for CVD tungsten deposition 

Oxidized Si wafer + thin sputtered Cr film 
(nominally 8 nm thick) 

Oxidized Si wafer + thin sputtered Si film 
(nominally 8 nm thick) 

Oxidized Si wafer § 560 nm LPCVD amorphous silicon 
Oxidized Si wafer § 410 nm undoped LPCVD polysilicon 
Oxidized Si wafer + 370 n + LPCVD polysilicon 
Oxidized Si wafer + 100 nm sputtered W 
n- bulk Si wafer 
n + bulk Si wafer (doped using POC13) 
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Fig. 10. Effect of nucleating layer on x-ray texture 

tungsten nucleating layer. Excluding the latter, the ob- 
served orientations did not differ significantly except for 
the sputtered silicon nucleating layer. The (1O0) texture 
was dominant in all cases (again excluding the sputtered 
tungsten). The small differences seen for most of the 
nucleating layers again suggests that the growth process 
dominates the development of structure in the films; that 
is, the texture is primarily a growth texture, rather than a 
nucleation texture. 

The effect of the thick sputtered tungsten nucleating 
layer appeared to be more significant. In this case, the 
(Ii0) texture was dominant, instead of the (i00) texture. 
The (211) texture was second, followed by the (310) tex- 
ture. The (i00) texture was less significant than the other 
three. Although the sputtered tungsten nucleating layer 
appeared to suppress the (I00) texture, the nucleating 
layer in this case was almost as thick as the CVD tung- 
sten layer, so the x-ray signal sampled the texture in both 
the sputtered and CVD tungsten layers. In addition to 
contributing to the measured signal, the structure in the 
fine-grain sputtered tungsten should influence the struc- 
ture in the subsequently deposited CVD tungsten film. 
The other nucleating layers may have structures that are 
not commensurate with the tungsten structure and, 
therefore, may not influence the structure of the CVD 
tungsten as significantly. 

Summary 
The properties of CVD tungs ten  films have been exam- 

ined over a range of deposit ion condit ions and with vary- 
ing nuclea t ing  layers. When the tungs ten  is deposited on 
a ch romium nuc lea t ing  layer on an oxidized sil icon wa- 
fer, the stress does not depend strongly on film thickness 
and is close to that  expected  from the different  coeffi- 
cients of thermal  expansion of tungs ten  and silicon. The 
surface roughness  increases almost  l inearly with 
increas ing  film thickness .  The grain size increases with 

increas ing  film thickness ,  with the diameters  of the 
largest  grains bein'g comparable  to the film thickness.  
The (100) texture is dominant  near the normal deposit ion 
t empera tu re  of 300~ for different  film th icknesses  and 
nucleat ing layers, but  the dominant  orientation changes 
at higher deposi t ion temperatures.  The structure devel- 
ops as the film grows, rather  than  being de te rmined  by 
the nucleation.  

The control lable  film propert ies  should allow repro- 
ducib le  deposi t ion  of LPCVD tungs t en  films for a vari- 
ety of integrated circuit applications. 
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