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ABSTRACT 

T u n g s t e n  f i lms h a v e  b e e n  se lec t ively  d e p o s i t e d  on  o x i d e - p a t t e r n e d  s i l icon wafers  u s i n g  two success ive  depos i t i on  
s teps ,  i.e., t h e  Si r e d u c t i o n  of WF6 fol lowed by  t he  H2 r e d u c t i o n  of  WF6. The  d e p o s i t i o n  p roces s  was  p e r f o r m e d  in a hori-  
zonta l  ho t  wal l  L P C V D  reactor .  In  th i s  reactor ,  t he  sur face  of  ver t ica l  wafe rs  was  para l le l  to t he  axis  of  t he  quar t z  t u b e . T h e  
t h i c k n e s s  of  W films o b t a i n e d  for a g iven  d e p o s i t i o n  t i m e  was  f o u n d  to be  d e p e n d e n t  on  the  " h i s t o r y "  (or t he  c leanl iness )  
of  t he  CVD reactor .  T he  t h i c k n e s s  u n i f o r m i t y  across  a wafer  and  f rom wafe r  to wafe r  was  d e t e r m i n e d  as a f u n c t i o n  of the  
wafe r  pos i t i on  in the  CVD reactor .  T he  se lec t iv i ty  of t he  p roces s  was eva lua t ed  by  m e a s u r i n g  t he  W nuc le i  dens i ty  on  t he  
ox ide  (PSG)  m a s k  as a f u n c t i o n  of the  t h i c k n e s s  of  W films. D u r i n g  the  va l id i ty  pe r iod  of t he  CVD reactor ,  t u n g s t e n  f i lms 
of  220 n m  in t h i c k n e s s  were  p r o d u c e d  on  !2 wafers  pe r  r u n  w i t h  u n d e t e c t a b l e  W nuc le i  on  the  m a s k  (per fec t  selectivity).  
T h e  CVD reac to r  appea r s  to be  su i t ab le  for se lec t ive  d e p o s i t i o n  of  W fi lms u s e d  as d i f fus ion  ba r r i e r s  in A1/W/Si c o n t a c t  
s t ruc tu res .  

D u r i n g  the  las t  few years ,  c o n t i n u o u s  in t e r e s t  has  b e e n  
s h o w n  in t he  se lec t ive  low p r e s s u r e  c h e m i c a l  v a p o r  depo-  
s i t ion  (LPCVD)  of  t u n g s t e n  fi lms for me ta l l i za t ion  of ve ry  
large-scale  i n t e g r a t e d  (VLSI)  c i rcui t s  (1). A m o n g  m a n y  
p r o m i s i n g  app l i ca t i ons  of  the  W d e p o s i t i o n  process ,  t he  
use  of  se lec t ive  W films for con t ac t  a n d  d i f fus ion  ba r r i e r s  
b e t w e e n  a l u m i n u m  a n d  s i l icon appea r s  to be  a ve ry  a t t rac-  
t ive  me ta l l i za t ion  s c h e m e  (2). T u n g s t e n  hexaf luor ide -  
h y d r o g e n  m i x t u r e s  are  cu r r en t l y  u sed  as s ta r t ing  ma te r i a l s  
in  t he  se lec t ive  W depos i t ion .  T he  g r o w t h  of  W fi lms on  
areas  of  ba re  s i l icon d i s t r i b u t e d  over  o x i d e - p a t t e r n e d  sili- 
con  wafers  s tar ts  w i th  the  Si r e d u c t i o n  of  WF6, in sp i te  of 
t he  p r e s e n c e  of h y d r o g e n  in t he  gas phase ,  a n d  th i s  reduc-  
t ion  r eac t ion  p roceeds  r ap id ly  un t i l  a W t h i c k n e s s  l imi t  is 
r e a c h e d  (3). Once  th i s  l imi ted  layer  is depos i t ed ,  W fi lms 
c o n t i n u e  to grow by  t h e  H2 r e d u c t i o n  of WF6. T h e  deposi -  
t i on  ra te  of  W fi lms p r o d u c e d  by  t he  Si r e d u c t i o n  of  WF6 
(first depos i t i on  step), as wel l  as t he  me ta l  t h i c k n e s s  a n d  
c o n s u m p t i o n  of  s i l icon subs t ra t e s ,  can  be  diff icul t  to con-  
trol. T h e  t h i c k n e s s e s  of  t he  W fi lms a n d  of t he  Si c o n s u m e d  
h a v e  b e e n  f o u n d  to be  d e p e n d e n t  on  the  c rys ta l  pe r f ec t ion  
of  the  Si s u b s t r a t e s  (4), t he  na t ive  ox ide  t h i c k n e s s  on  t he  Si 
su r face  (5), and  t he  i m p l a n t  dose  a n d  t ype  of  d o p a n t  in  t he  
c o n t a c t  areas  (2). D u r i n g  th i s  first d e p o s i t i o n  step,  va r ious  
o t h e r  p r o b l e m s  can  appear ,  such  as e n c r o a c h m e n t  of t he  
t u n g s t e n  at  the  Si-SiO2 in te r face  (ha lo ing  effect), t u n n e l  
f o r m a t i o n  in  t he  s i l icon (wormholes) ,  and  p re fe ren t i a l  ero- 
s ion  of  t he  A s - d o p e d  n § c o n t a c t  areas  as o p p o s e d  to t he  B- 
d o p e d  con t ac t  areas  (2). Fo l lowing  th i s  first d e p o s i t i o n  
stage,  t he  g r o w t h  of  W films occurs  by  t he  H2 r e d u c t i o n  of 
WF6. Af ter  severa l  success ive  depos i t i on  r u n s  p e r f o r m e d  
in  the  L P C V D  reactor ,  t he  qua r t z  tube ,  qua r t z  boat ,  a n d  
ox id ized  d u m m y  wafers  are cove red  w i th  a W depos i t ,  a n d  
t h e  d e p o s i t i o n  ra te  of  se lec t ive  W films dec rea se s  signifi- 
can t ly  (6). This  d e p e n d e n c e  of  t he  depos i t i on  ra te  on  t he  
" c l e a n l i n e s s "  of the  q u a r t z w a r e  leads  to a poor  r ep rodu -  
c ib i l i ty  of  t he  t h i c k n e s s  of W fi lms p r o d u c e d  for a g iven  
d e p o s i t i o n  t ime.  A l t h o u g h  t h e s e  r ep r oduc i b i l i t y  p r o b l e m s  
in t h e  se lec t ive  W d e p o s i t i o n  p rocess  u s i n g  e i t he r  ho t  wal l  
(7) or cold  wal l  r eac to rs  (8) are k n o w n  to exist ,  t hey  are  no t  
c lear ly  d i s c u s s e d  in t he  l i te ra ture .  Also, va r ious  c ruc ia l  fea- 
t u r e s  of  the  se lec t ive  W d e p o s i t i o n  b y  t he  H2 r e d u c t i o n  of  
WF6, s u c h  as t he  u n i f o r m i t y  of  W t h i c k n e s s  a n d  wafe r  
t h r o u g h p u t ,  h a v e  no t  ye t  b e e n  repor ted .  However ,  t h e s e  
e x p e r i m e n t a l  cha rac te r i s t i c s  are of grea t  i n t e r e s t  w h e n  
u s i n g  th i s  p roces s  in  t he  m a n u f a c t u r i n g  of V L S I  circui ts .  

In  t he  p r e s e n t  s tudy,  W fi lms are se lec t ive ly  d e p o s i t e d  on  
o x i d e - p a t t e r n e d  Si wafe rs  u s i n g  a two s tep  d e p o s i t i o n  pro- 
cess  u n d e r  f ixed e x p e r i m e n t a l  c o n d i t i o n s  ( subs t r a t e  t em-  
p e r a t u r e  a n d  c o m p o s i t i o n  of  r e a c t a n t  gas mixture) .  The  W 
t h i c k n e s s  is m e a s u r e d  as a f u n c t i o n  of t h e  d e p o s i t i o n  t i m e  
in  o rde r  to i nves t i ga t e  the  r ep r oduc i b i l i t y  of  t he  CVD pro- 
cess. The  t h i c k n e s s  u n i f o r m i t y  of  W fi lms w i t h i n  a wafe r  is 
i n v e s t i g a t e d  as a f u n c t i o n  of t he  pos i t i on  of wafe rs  in  t he  
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CVD reactor .  The  e x p e r i m e n t a l  da ta  on  the  se lec t iv i ty  of 
t he  p roces s  o b t a i n e d  b y  m e a s u r i n g  t he  dens i t y  of  W nuc le i  
on  t he  SiO2 sur face  are also p r e s e n t e d  in th i s  paper .  

Experimental Method 
The  s u b s t r a t e s  cons i s t ed  of  (100)-oriented s ing le-crys ta l  

Si wafers ,  w i th  a p- or n - type  conduc t iv i ty ,  a res i s t iv i ty  of  
20-40 [~-cm, a n d  a d i a m e t e r  of 100 ram.  The  Si wafers  were  
c o v e r e d  w i th  a 25 n m  th i ck  t h e r m a l  ox ide  layer  a n d  re- 
ce ived  e i t he r  an  As + or B § ion imp lan t a t i on .  The  i m p l a n t  
e n e r g y  a n d  dose  are g iven  in Tab le  I. These  i o n - i m p l a n t e d  
wafe r s  we re  coa ted  w i th  a 500-600 n m  t h i c k  phosphos i l -  
ica te  glass  (PSG)  layer  d e p o s i t e d  by  L P C V D  at  430~ 
Af te r  dens i f i ca t ion  of  t he  P S G  layer  by  a n n e a l i n g  at  650~ 
for 30 rain,  t he  As a n d  B i m p l a n t s  were  ac t iva ted  by  rap id  
t h e r m a l  p rocess ing .  The  va lues  of  j u n c t i o n  dep th ,  shee t  re- 
s i s tance ,  a n d  sur face  d o p i n g  c o n c e n t r a t i o n  l i s ted  in Tab le  
I we re  ca lcu la ted  by  s i m u l a t i o n  of  the  p r o c e s s i n g  condi-  
t ions .  T h e  tes t  p a t t e r n  for se lec t ive  W depos i t i on  (Fig. 1) 
d e l i n e a t e d  by  s t a n d a r d  p h o t o l i t h o g r a p h i c  m e t h o d s  con- 
s is ts  of  a n e t w o r k  of  200 ixm wide  p e r p e n d i c u l a r  s t r ips  de- 
l im i t i ng  48 squares .  Wi th in  each  square ,  16 w i n d o w s  of  
va r ious  sizes (600, 400, 200, a n d  100 txm) are o p e n e d  by  re- 
ac t ive  ion  e tch ing .  The  tota l  sur face  area  for se lec t ive  W 
d e p o s i t i o n  on  each  wafer  is a b o u t  3 c m  2. Af ter  p h o t o r e s i s t  
s t r ipp ing ,  t he  tes t  wafers  were  c l eaned  in a m i x t u r e  of  
(2.5:1) H2SO4:H202 for 15 rain,  r i n sed  in de ion ized  water ,  
a n d  n i t r o g e n  sp in  dr ied  before  s torage  in d u s t p r o o f  con-  
ta iners .  

P r i o r  to the  m e t a l  depos i t ion ,  t he  tes t  wafe rs  were  
e t c h e d  in  a (10:1) H F  so lu t ion  for 20s to r e m o v e  t he  na t ive  
ox ide  layer  on  t he  Si regions ,  r i n sed  in de ion ized  water ,  
a n d  n i t r o g e n  sp in  dried.  These  wafers  a n d  t h e r m a l l y  oxi- 
d ized  d u m m y  wafers  were  t h e n  p l aced  in t he  qua r t z  boa t  
a n d  i m m e d i a t e l y  l oaded  in to  t he  reactor .  The  quar t z  boa t  
c o n t a i n e d  8 rows  (A to H) of 10 wafers  (Fig. 2). The  b a t c h  
size of  t he  CVD reac to r  was  12 tes t  wafe rs  pe r  run.  The  
CVD s y s t e m  has  b e e n  d e s c r i b e d  in deta i l  in  a p r ev ious  
p a p e r  (6). The  W fi lms we re  d e p o s i t e d  at  285~ via two  suc- 
cess ive  d e p o s i t i o n  steps.  D u r i n g  t he  first  d e p o s i t i o n  step,  
on ly  WF6 a n d  a rgon  u sed  as a car r ie r  gas  were  i n j ec t ed  in to  
t he  r eac to r  for a few minu te s .  The  flow ra tes  of WF6 a n d  Ar  
we re  20 a n d  750 cm3/min a n d  t he  par t ia l  p r e s s u r e s  of  t he se  
gases  were  3 a n d  200 mtorr ,  respec t ive ly .  A b o u t  15 n m  
t h i c k  W fi lms were  g r o w n  on t he  tes t  wafe rs  via t he  Si re- 
d u c t i o n  of WF~. Af ter  th i s  first  d e p o s i t i o n  s tep,  t he  reac tor  
was  p u r g e d  b y  a p u r e  a rgon  s t r e a m  for 2 ra in  and,  then ,  
d u r i n g  t he  s e c o n d  d e p o s i t i o n  s tep,  t he  g r o w t h  of  W fi lms 
p r o c e e d e d  via the  H2 r e d u c t i o n  of  WF6. The  flow ra te  a n d  
par t ia l  p r e s s u r e  of  WF6 were  90 cm3/min and  16 mtorr ,  re- 
spec t ive ly .  T h e s e  depos i t i on  e x p e r i m e n t s  were  p e r f o r m e d  
at  an  H2 par t ia l  p r e s su re  of 700 and  350 r e t o r t  c o r r e s p o n d -  
ing  to an  H2 flow ra te  of  3.75 a n d  1.86 l/rain, respec t ive ly .  
The  f low ra te  of a rgon  was  ad ju s t ed  to m a i n t a i n  the  to ta l  
p r e s s u r e  at  1.4 torr.  The  to ta l  flow ra te  of  t he  gas m i x t u r e  
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Table I. Values calculated by simulation of the processing conditions 

Junction Sheet Surface doping 
Dose Energy depth resistance concentration 

Implant (cm-2) (keV) (~m) (~Ysq) (cm-3) 

B § 2 • 101~ 30 0.57 60 9.5 • 1019 
As + 4 • 10 t5 130 0.25 34.6 2.9 • 1020 

was  a b o u t  75 1/min. Af te r  a ser ies  of d e p o s i t i o n  exper -  
imen t s ,  t he  qua r t z  t u b e  and  boa t  were  c l e aned  by  d i p p i n g  
in  a HNO3-HF solu t ion .  

Af te r  W depos i t ion ,  t h e  wafe rs  we re  par t ia l ly  cove red  
w i t h  a wax  mask ,  a n d  t u n g s t e n  s t eps  were  e t c h e d  in 200 
~ m  wide  s t r ipes  b y  d i p p i n g  t he  s a m p l e s  in to  a f e r r i cyan ide  
so lu t ion  (9). The  t h i c k n e s s  of  t he  W fi lms was  m e a s u r e d  in 
zones  1 to 9 of  e ach  t e s t  wafe r  (Fig. 2) by  u s i n g  a s ty lus  pro- 
f i lomete r  a n d  t he  m e a n  t h i c k n e s s  in each  zone  was  calcu- 
l a t ed  to d e t e r m i n e  t he  r ep r oduc i b i l i t y  of t he  p roces s  as 
wel l  as t he  fi lm t h i c k n e s s  u n i f o r m i t y  across  a wafer ,  f rom 
wafer - to -wafer  a n d  f rom run- to- run .  To eva lua t e  the  selec- 
t iv i ty  of t he  CVD process ,  t he  dens i t y  of W nuc le i  on  the  
ox ide  m a s k  was  d e t e r m i n e d  on  t he  tes t  wafe rs  a n d  on  t he  
t h e r m a l l y  ox id ized  d u m m y  wafers  p o s i t i o n e d  in l ane  4, 
i.e., oppos i t e  to t he  t e s t  wafers .  T he  n u m b e r  of  W nuc le i  on  
t e s t  wafe r s  was  c o u n t e d  w i t h i n  areas  of  2500 ~ m  2 in  t he  
c e n t e r  of  t he  wafe r s  (zone 5) u s i n g  an  opt ica l  m i c r o s c o p e  at  
a m a g n i f i c a t i o n  of  1000. T he  d e n s i t y  of  W nuc le i  g r o w n  on 
d u m m y  wafe r s  was  d e t e r m i n e d  w i t h i n  a sur face  a rea  of  
15,000 ~ m  2 b y  v i ewing  t he  s a m p l e  w i th  a n  opt ica l  mic ro-  
s cope  c o u p l e d  to an  image  analyzer .  T he  n u m b e r  of  nuc le i  
was  c o u n t e d  at  d i f f e ren t  pos i t i ons  0.5 c m  apa r t  a long  a di- 
a m e t e r  of  t he  d u m m y  wafers  w h i c h  was  para l le l  to t he  hor-  
izonta l  axis  of  t he  qua r t z  t u b e  d u r i n g  d e p o s i t i o n  of t he  W 
films. 
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Fig. 1. Test pattern for selective deposition of W films on Si wafers. 
Si (dark areas); Si02 (light areas); square windows of different sizes 
(600, 400, 200, and 100 p~m). 

Experimental  Results 
Growth kinetics of selective tungsten fi lms.--The Si re- 

d u c t i o n  of  WF6 leads  to t he  f o r m a t i o n  of  a b o u t  15 n m  t h i c k  
W fi lms w i t h  a good  r ep roduc ib i l i t y  r ega rd less  of  t he  depo-  
s i t ion  c o n d i t i o n s  inves t iga ted .  As  t he  d e p o s i t i o n  r u n s  pro- 
ceed,  t he  sur face  of  qua r t z  tube ,  boat ,  a n d  ox id ized  
d u m m y  wafers  are p rogres s ive ly  cove red  w i t h  W nucle i .  
The  d e p o s i t i o n  ra te  of  W fi lms p r o d u c e d  by  t he  H2 reduc-  
t i on  bf  WF6 a p p e a r s  to b e  af fec ted  b y  t he  d e n s i t y  of  W nu-  
clei  o n  the  quar t z  surface,  i.e., by  t h e  " c l e a n l i n e s s "  of  t he  
CVD reactor .  To inves t i ga t e  t he  effect  of  t he  c l ean l ines s  of  
t he  q u a r t z w a r e  on  t he  r e p r o d u c i b i l i t y  of  t he  se lec t ive  W 
d e p o s i t i o n  via t he  H2 r e d u c t i o n  of  WF6, the  t h i c k n e s s  of  W 
fi lms in t he  c e n t e r  of  the  t e s t  wafe rs  p o s i t i o n e d  in  rows  C, 
D, a n d  E was  d e t e r m i n e d  as a f u n c t i o n  of  t he  d e p o s i t i o n  
t i m e  for t he  ser ies  Of e x p e r i m e n t s  car r ied  ou t  at  a n  H2 par-  
t ial  p r e s s u r e  of  700 a n d  350 m t o r r  (Fig. 3). The  film th ick-  
ness  g iven  in Fig. 3 is o b t a i n e d  af te r  d e d u c t i o n  of  15 n m  
f rom the  to ta l  W t h i c k n e s s  d e t e r m i n e d  by  s ty lus  profil- 
o m e t e r  m e a s u r e m e n t s ,  a n d  t he  d e p o s i t i o n  t i m e  is t he  dura-  
t ion  of  t he  s e c o n d  d e p o s i t i o n  s tep  (H2 r e d u c t i o n  of  WF~). 

T h e  W t h i c k n e s s  o b t a i n e d  by  t he  H2 r e d u c t i o n  of  WF~ for  
a g i v e n  depos i t i on  t i m e  b e t w e e n  two  c l ean ing  s e q u e n c e s  
of  t h e  CVD reac to r  va r ies  w i t h  the  c l ean l ines s  of  t he  
qua r t zware .  T h r e e  d i f fe ren t  pe r iods  can  be  d i s t i n g u i s h e d  
in t he  evo lu t i on  of  t he  CVD reactor .  J u s t  a f te r  c l ean ing  of  
t h e  qua r t z  t u b e  a n d  boat ,  t h e  d e p o s i t i o n  ra te  of  t he  f i lms is 
neg l ig ib l e  or ve ry  low a n d  i nc r ea se s  p rog re s s ive ly  as t h e  
d e p o s i t i o n  t i m e  increases .  This  first per iod,  or "s tabi l iza-  
t ion  pe r iod , "  of  t he  CVD reac to r  can  be  as long  as 2 or 3h. 
B e y o n d  th i s  pe r iod  of  t ime,  the  t h i c k n e s s  of  W fi lms pro- 
d u c e d  by  success ive  r u n s  for iden t i ca l  d e p o s i t i o n  t i m e  be- 
c o m e  m o r e  r ep roduc ib le .  The  r e p r o d u c i b i l i t y  of  the  W 
t h i c k n e s s  is a c c e p t a b l e  d u r i n g  a s e c o n d  per iod,  or "val id-  
i ty per iod ,"  of  t he  CVD reactor .  The  c u m u l a t i v e  t h i c k n e s s  
of  m e t a l  w h i c h  can  be  d e p o s i t e d  on  tes t  wafe rs  w i t h  an  ac- 
c ep t ab l e  r ep roduc ib i l i t y  is a b o u t  4-5 ~m. The  H2 r e d u c t i o n  
of  WF6 t akes  p lace  on  the  sur face  of  W layers  g r o w n  via  the  
Si r e d u c t i o n  of  WF6 a n d  s tar ts  af ter  a n  i n d u c t i o n  or i ncuba -  
t ion  t i m e  of  3 to  12 ra in  (Fig. 3). S ince  th is  i n d u c t i o n  t i m e  
var ies  erra t ical ly ,  t he  to ta l  t h i c k n e s s  of W fi lms p r o d u c e d  
for a g iven  depos i t i on  t i m e  lies w i t h i n  a 75 or 50 n m  wide  
r a n g e  (Fig. 3), d e p e n d i n g  u p o n  t he  H2 par t ia l  p r e s s u r e  
used.  The  i n d u c t i o n  t i m e  is o b s e r v e d  to be  s h o r t e r  on  B- 
d o p e d  t h a n  on  A s - d o p e d  s i l icon wafers .  Also, t he  in- 
d u c t i o n  t i m e  ( m e a s u r e d  in t he  c e n t e r  of  t he  t e s t  wafe rs )  is 

GAS FLOW 
( 

OXIDIZED T E S T  WAFERS OXIDIZED 
DUMMY WAFERS DUMMY WAFERS 

Fig. 2. Position of Si wafers in the CVD reactor and different zones 
on wafers considered for W thickness measurements. 
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found to be independent of the position of the test wafers 
in the CVD reactor. The deposition rate of W films deduced 
from the slope of straight lines given in Fig. 3 is 8 and 5.5 
nm/min at 700 and 350 mtorr of hydrogen, respectively. In 
other words, the deposition rate is proportional to the 
square root of the H2 partial pressure. This result is in good 
agreement with the deposition rate dependence on H2 par- 
tial pressure already reported in the literature (3, 6, 10). 
After deposition of a cumulative W thickness of about 4-5 
~m on the test wafers, a W deposit formed and spread rap- 
idly over the surface of the quartzware, especially over the 
part of the quartz boat in the vicinity of the test wafers. The 
adhesion of this W deposit was rather poor, and W flakes 
can appear in the quartz tube. The validity period is fol- 
lowed by a third period or "decline period" of the CVD re- 
aqtor. As previously mentioned (6), during this decline pe- 
riod, the deposition rate of W films decreases significantly. 

Thickness uniformity of tungsten films.--The mean W 
thickness was determined in zones 1 to 9 on the test wafers 
processed during the validity period of the CVD reactor. 
The mean deposition rate of W i n  each zone calculated 
from the W thickness and total deposition time (including 
induction time) is plotted as a function of wafer position in 
the quartz boat (Fig. 4). The deposition rate is found to be 
independent  of the type of dopant implanted in the Si sub- 
strates. For each data point reported in Fig. 4 (a, top), the 
deposition rate corresponds to a mean value obtained for 
two successive deposition runs performed at an H2 partial 
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Fig. 3. Tungsten thickness vs .  deposition time at a H2 partial pres- 
sure of: (a) 700  mtorr; (b) 350 retort. Stabilization period of the CVD 
reactor: diamond-shaped symbols. Validity period of the CVD reactor: 
W films deposited on boron doped (circular symbols) and arsenic doped 
(triangular symbols) silicon substrates. 

pressure  of 700 mtorr.  The un i formi ty  of the deposi t ion  
rate wi th in  the  wafers p laced in rows D and E is exce l len t  
for the  W depos i t ion  pe r fo rmed  at the  beg inn ing  of  the  va- 
l idi ty per iod (curves in dashed line). For  wafers  pos i t ioned 
in row C (ups t ream side in the CVD reactor), the  uniform- 
ity is good wi th in  the wafer  excep t  in zone 1, where  the 
depos i t ion  rate is d iv ided by a factor of 2. At  the  end of  the 
val idi ty  per iod (curves in solid line), the deposi t ion  rate de- 
creases progress ively  wi thin  the wafers f rom the upper  
zone to the  lower  zone. In addit ion,  the  depos i t ion  rate is 
lowered  on wafers  p laced in row E (downs t ream side in the  
CVD reactor). The  va lue  of  the depos i t ion  rate g iven  in Fig. 
4 (b, top) cor responds  to a m e a n  va lue  calculated for five 
success ive  depos i t ion  runs carried out  at the end of  the  va- 
l idi ty period. The  un i fo rmi ty  of the  depos i t ion  rate of  these  
films p roduced  at an He partial  pressure  of  350 mtorr  is ac- 
cep tab le  wi th in  wafers  pos i t ioned  in rows C and D excep t  
in upper  zones 1 and 2. In  addit ion,  for wafers placed in 
row C, a sl ightly lower  deposi t ion  rate is also observed  in 
zone 4. 

Selectivity of the tungsten deposition process.--The den- 
sity of W nuclei  g rown  on the  surface of  a P S G  mask  for 
the  test  wafers  placed in rows C and D was inves t iga ted  as 
a func t ion  of  the  th ickness  of W films. The  curves  in Fig. 5 
exh ib i t  an exponen t i a l  re la t ionship be tween  the  dens i ty  of  
W nuclei  and the  th ickness  of W films. The  d e v e l o p m e n t  of  
W nucle i  on  the  surface of downs t r eam wafers  (posit ion D) 
is observed  to be  faster than  on ups t r eam wafers: (positiOn 
C) regardless  of  the type  of  dopan t  implan ted  in the  Si sub- 
strates. In  addit ion,  the  nucle i  dens i ty  i s  i n d e p e n d e n t  of  
the  part ial  pressure  of  hydrogen  or of the  depos i t ion  rate of  
W films. U n d e r  the expe r imen ta l  condi t ions  invest igated,  
W films up to 220 n m  in th ickness  were  p roduced  wi th  a 
per fec t  select ivi ty (less than  one W nucle i  wi th in  a surface 
area of 2500 ~m2). 

The  nuclei  dens i ty  was de te rmined  on the rmal ly  oxi- 
dized d u m m y  wafers placed in rows C, D, E, and F along 
lane 4 in the  oppos i te  posi t ion to the test  wafers.  The  num-  
ber  of  W nuclei  was measu red  on the ox ide  surface after 
five success ive  depos i t ion  runs carried out  dur ing  the  va- 
l idi ty per iod of the CVD reactor.  The  cumula t ive  th ickness  
of  W films depos i ted  on the test  wafers  was about  900 nm. 
The  dens i ty  of  W nuclei  on the oxid ized  d u m m y  wafers  
measu red  along the  d iameter  of wafers  parallel  to the axis 
of  the  quar tz  tube  was found to be d e p e n d e n t  on the  wafer  
posi t ion (Fig. 6). The  m a x i m u m  nuclei  densitY on each 
d u m m y  wafer  sl ightly shifts towards  the  downs t r eam side. 
Fur the rmore ,  this m a x i m u m  n u m b e r  of  W nuclei  on the 
ox ide  m a s k  increases  cons iderably  f rom posi t ion C to po- 
si t ion F in the  CVD reactor.  

Discuss ion  

The Si reduc t ion  of  WF6 or first depos i t ion  step was 
found  to occur  on test  wafers  regardless  of the  n u m b e r  of 
depos i t ion  runs already pe r fo rmed  in the  reactor.  In  o ther  
words ,  this first step of  W depos i t ion  is i ndependen t  of  the  
his tory  of the  CVD reactor  or of the  cleanl iness  of the  
quar tzware .  Moreover ,  the  th ickness  of  these  W films eval- 
ua ted  at about  15 n m  from prof i lometer  m e a s u r e m e n t s  is 
ident ical  to that  obta ined  on undoped  Si substra tes  (6). An 
excess ive  Silicon eros ion which  can occur  on heavi ly  
doped  Si subst ra tes  (2) or  wi th  traces o f  oxygen  in WF~-H2 
mix tu res  (7) was not  observed  unde r  our  expe r imen ta l  
condit ions.  

The  onset  of the  H2 reduc t ion  of WF~ on W films pro- 
duced  dur ing  the  first depos i t ion  step can be de layed f rom 
a few minu tes  to several  hours  depend ing  upon  the 
c leanl iness  of  the  CVD reactor.  The  induc t ion  t ime  of 3-12 
rain occurr ing  dur ing  the  val idi ty  per iod of  the  reactor  was 
no t  observed  on undoped  si l icon wafers  (6). The  mecha-  
n i sm of this reduc t ion  react ion of WF6 involves  several  ele- 
men t a ry  surface react ions such  as the  dissociat ive  ad- 
sorpt ion of  molecu la r  hydrogen  and the react ion be tween  
the  adsorbed  hydrogen  and fluorine atoms. The  induc t ion  
t ime  reveals  an inhibi t ion of the  surface react ions caused 
by  the  po isoning  of  the  W surface by dopan t  a toms  or  na- 
t ive sil icon ox ide  residue.  This  incuba t ion  per iod for the  
H2 reduc t ion  is par t icular ly long us ing  a freshly c leaned 
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qua r t z  reactor .  D u r i n g  t he  s tab i l i za t ion  pe r iod  of  t he  CVD 
reac tor ,  w a t e r  v a p o r  is p r o b a b l y  g iven  off  by  t he  quar t z  
su r face  a n d  a n a t i v e  s i l icon ox ide  layer  c an  g row on  Si wa- 
fers. Af te r  f lush ing  the  WF6-H2 m i x t u r e  for severa l  h o u r s  
t h r o u g h  t h e  CVD reac to r  at  d e p o s i t i o n  t e m p e r a t u r e  
(285~ t he  o u t g a s s i n g  p roces s  of  wa te r  v a p o r  c an  be  el imi-  
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Fig. 5. Density of W nuclei vs. W thickness on test wafers placed in 
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n a t e d  a n d  t he  g r o w t h  of  an  ac t ive  ox ide  layer  can  be  
avoided .  The  i n d u c t i o n  or i n c u b a t i o n  t ime  is e r ra t ic  and  
diff icul t  to control .  Fo r  30 ra in  of  depos i t ion ,  a m e a n  th ick-  
ness  of  W fi lms of  a b o u t  200 n m  can  be  o b t a i n e d  w i t h  a dis- 
p e r s i o n  of  _+ 37 and  -+ 25 n m  for  depos i t i on  r u n s  p e r f o r m e d  
at  700 a n d  350 m t o r r  of  hyd rogen ,  respec t ive ly .  In  o t h e r  
words ,  t he  r ep roduc ib i l i t y  of  th i s  se lec t ive  W d e p o s i t i o n  
p roce s s  in  t e r m s  of  W t h i c k n e s s  is on ly  -+ 18 or • 12%, de- 
p e n d i n g  u p o n  t he  H2 par t ia l  p r e s s u r e  used.  However ,  th i s  
poo r  r e p r o d u c i b i l i t y  is p r o b a b l y  n o t  a crucia l  p r o b l e m  for  
t e c h n o l o g i c a l  app l i ca t i ons  of  t h e s e  W fi lms as d i f fus ion  
ba r r i e r s  b e t w e e n  a l u m i n u m  and  si l icon.  The  dec l ine  pe- 
r iod  of  t he  CVD reac to r  c o r r e s p o n d i n g  to t he  p r e s e n c e  of 
a quas i  c o n t i n u o u s  W depos i t  on  t he  q u a r t z w a r e  has  also 

E 107~ - -ANALYZER SATURATION 

F . . . . . . . . . . .  : ~ , -  . . . . .  ; ~ ' : C  . . . . . . . . . . . .  \ 
OLD61 

~,o~ 
\ \ 

LLIMIT OF DETECTION 

F E D C 

W A F E R  D I A M E T E R  A N D  W A F E R  P O S I T I O N  

Fig. 6. Density of W nuclei vs. wafer diameter and wafer position on 
thermally oxidized dummy wafers after deposition of a W cumulative 
thickness of about 900 nm on test wafers placed in the opposite posi- 
tion to dummy wafers. 
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been mentioned in a previous paper (6). The significant de- 
crease in deposition rate was attributed to the effect of HF 
on the surface reaction which can appear under WF6 par- 
tial pressures as low as those used for the selective W depo- 
sition process. 

During the validity period of the CVD reactor, the thick- 
ness uniformity of W films across a wafer and from wafer 
to wafer can be excellent (+_ 3%) for test wafers placed in 
rows D and E. The reduction in W thickness observed in 
zone 1 of the test wafers placed in row C (upstream side in 
the CVD reactor) results probably from a longer induction 
t ime of the H2 reduction reaction in this deposition area. 
To minimize this loss of uniformity, the W deposition must 
be performed under 700 mtorr of H2 instead of 350 mtorr. 
The deterioration in thickness uniformity on the lower 
part of the test wafers at the end of the validity period of 
the CVD reactor can result from a decrease in deposition 
rate of W films caused by the effect of HF on the deposition 
process according to the deposition mechanism previ- 
ously proposed (6). 

Very few attempts at a quantitative evaluation of the se- 
lectivity have been published (11-13). The results obtained 
on the evaluation of the density of W nuclei on the oxide 
mask depend on the method used for observing and count- 
ing the nuclei present on a part of the surface. The de- 
tection limit (Fig. 5) corresponds to one nuclei of tungsten 
in a square of 50 ~m which is observed by optical micros- 
copy at a magnification of 1000. Tungsten nuclei 0.5 ~.m in 
size can be observed easily. This detection limit was con- 
sidered acceptable for a first approach to applications of 
the selective W deposition process in VLSI technology. 
Under  these conditions, 220 nm thick W films were pro- 
duced with a perfect selectivity. Beyond this W thickness, 
the density of W nuclei increases exponentially as the W 
thickness increases. An exponential relationship between 
the density of W nuclei and deposition time has recently 
been mentioned (ii). Furthermore, this study of the nucle- 
ation rate of tungsten on different oxides shows that the 
best selectivity is achieved from the use of a PSG mask. 
However, these results were obtained by observing the 
surface using scanning electron microscopy and cannot be 
compared directly with those reported in Fig. 5. In a previ- 
ous study (6), the maximum W thickness able to be pro- 
duced with a perfect selectivity was only ii0 nm. The im- 
provement in selectivity comes from a reduction in the 
deposition surface area by a factor of 10 and the use of a 
PSG mask instead of a LTO (SiO2) mask. 

The results reported in Fig. 6 suggest that the attack of 
the oxide mask by HF vapor may be the major factor re- 
sponsible for the loss of selectivity. The HF partial pressure 
increases progressively from the upstream to downstream 
side in the CVD reactor and, consequently, the nucleation 
rate of W nuclei increases in the same way. The HF vapor 
emitted from the W layer grown on dummy wafers can ad- 
versely affect both selectivity and deposition rate on the 
test wafers. To avoid this drawback, the dummy wafers 
can be changed once or twice during the validity period of 
the CVD reactor. With the wafers parallel to the gas 
stream, the residence time of HF vapor in the reactor is re- 
duced to a minimum; this experimental  configuration is 

very favorable to the preservation of the selectivity of the 
deposition process. 

Conclusion 
This study has demonstrated that 220 nm thick W films 

can be deposited with a perfect selectivity on 12 test wa- 
fers simultaneously. During the validity period of the CVD 
reactor, the reproducibility on the W thickness is difficult 
to control due to an erratic induction time occurring at the 
onset of the H2 reduction of WF~. However, the thickness 
uniformity of W films across a wafer and from wafer to 
wafer is as good as -+3%, which is suitable for the use of W 
films as contact and diffusion barriers in VLSI technology. 
The cumulative W thickness which can be deposited dur- 
ing the validity period of the reactor is estimated to be 
about 4-5 ~m. In other words, 20 successive deposition 
runs with 12 wafers per run can be performed between 
each two cleaning sequences of the CVD reactor. 

Manuscript submitted May 4, 1987; revised manuscript 
received Nov. 20, 1987. 
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