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Chemical Vapor Deposition of Tungsten (CVD W) as Submicron 
Interconnection and Via Stud 
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ABSTRACT 

Blanket-deposited CVD W has been developed and implemented in a 4-Mbit DRAM and equivalent submicron VLSI 
technologies. CVD W was applied as contact stud, interconnect, and interlevel via stud. The technologies have been 
proven reliable under several reliability stress conditions. Major technical problems involved in CVD W processing, such 
as adhesion, contact resistance, etchability, and hole fill will be discussed. A novel technique that uses TiN as a contact 
and adhesion layer will be presented. This technique has lead to the resolution of the above technical problems and signif- 
icantly improved the manufacturability of blanket CVD W processes. 

As circuit density increases in VLSI technology, the lim- 
itations of conventional metallization techniques become 
more apparent. Polysilicon has been widely used as gate 
electrode material, particularly with the assist from low 
pressure chemical vapor deposition (LPCVD) refractory 
metal and metal silicide, which is known as polycide (1). 
The use of polysilicon as back end of line (BEOL) intercon- 
nect is limited by its high resistance capacitance (RC) 
delay. Sputtered or evaporated aluminum-based metallur- 
gies do not present RC delay difficulties, but they-have 
their own concerns. The major concern comes from the 
poor step coverage and conformality in the  conventional 
sputtered or evaporated aluminum. This concern has 
greatly limited the capability to wire high-density VLSI 
that typically requires vertical wiring structure and multi- 
ple levels of interconnect. While LPCVD aluminum proc- 
ess has received much attention (2), other techniques such 
as laser re flow planarization (3) and high heat and high bias 
sputtering aluminum (4) have been investigated to im- 
prove the hole fill capability of aluminum metallurgy. 
However, these processes are yet to be proven manufac- 
turable. Aluminum metallurgies also suffered from low 
electromigration resistance (5), hillock formation (6), and 
creep failure (7). These failures have resulted from the rela- 
tively poor electrical, thermal, and mechanical stability of 
aluminum. 

Because of the above limitations and concerns of the 
conventional metallurgies, a lot of attention was drawn 

into CVD refractory metal and metal silicide, and particu- 
larly CVD W. CVD W has offered several attractive key fea- 
tures. CVD W can be deposited by reducing tungsten 
hexafluoride, tungsten hexachloride, and tungsten car- 
bonyl in the gas phase. The reduction of tungsten hexa- 
fluoride offers convenient handling advantages. Excellent 
step coverage and hole fill can be obtained by carefully 
choosing a process condition. The chemistry of these reac- 
tions can be found in several excellent studies (8). 
Tungsten has been proven to be extremely reliable against 
electromigration in a previous publication (9). In addition, 
the thermal expansion coefficient of tungsten is much 
more compatible to silicon than that of aluminum. The in- 
compatibility of thermal expansion coefficient between 
aluminum and  silicon has resulted in problems such as 
film delayering and hillock formation (6). Furthermore, the 
mechanical  stress induced creep formation has not been 
observed in tungsten metallurgy as in aluminum metal- 
lurgy. 

The CVD W can be deposited either selectively or non- 
selectively. During the past few years, the selective CVD W 
has faced problems such as selectivity, contact resistance, 
encroachment,  growth rate, and device leakage (10). Re- 
cently, promising progress has been made in each of these 
areas (11). The blanket CVD W process has also provided 
its own problems. The major problems include adhesion, 
contact resistance, etchability, and device impact. Each of 
these problems has raised questions of the manufactur- 
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abi l i ty  of  b l a n k e t  C VD W processes .  In  t he  sec t ions  to fol- 
low, we  wil l  f irst  br ief ly  d i scuss  ou r  e x p e r i m e n t a l  condi -  
t i on  a n d  some  h i s to r ica l  b a c k g r o u n d  of  CVD W, a n d  t h e n  
p r e s e n t  ou r  a p p r o a c h  in so lv ing  t he  CVD W p r o b l e m s .  Fi- 
nal ly,  we  wil l  c o n c l u d e  th i s  p a p e r  w i t h  t he  re l iab i l i ty  re- 
su l t s  f r om i n t e g r a t i n g  CVD W in to  a s u b m i c r o n  V L S I  t ech-  
no logy .  

Experimental  
The  CVD W was  p r o c e s s e d  in a c o m m e r c i a l  co ldwal l  

b a t c h  reactor .  The  wal l  of  t h e  r eac to r  was  m a i n t a i n e d  
a r o u n d  15~ Mos t  of  t h e  d e p o s i t i o n  was  m a d e  at  wafe r  
c h u c k  t e m p e r a t u r e  of  450 ~ + / -  8~ B o t h  s i lane  a n d  hydro-  
g e n  we re  u s e d  to r e d u c e  t u n g s t e n  hexaf luor ide .  T h e  wafe r  
t e m p e r a t u r e ,  r e ac to r  p ressu re ,  r e a c t a n t  ra t io  ha s  va r i ed  for  
severa l  e x p e r i m e n t s .  T h e  re su l t  will  be  d i s c u s s e d  else- 
where .  He re  in th i s  paper ,  we  will  focus  ou r  d i s c u s s i o n  on  
t h e  a b o v e - m e n t i o n e d  p r o b l e m s  t h a t  h a v e  b e e n  t he  m a j o r  
obs tac leS of  i n t e g r a t i n g  CVD W proces s  in to  V L S I  tech-  
nology.  

Two  a d h e s i o n  t e s t  t e c h n i q u e s  we re  used .  The  first  t e s t  
t e c h n i q u e ,  t h e  a d h e s i v e  t ape  test ,  was  d o n e  b y  first  scr ib-  
ing  t h e  t u n g s t e n  film, a n d  an  a d h e s i v e  t ape  was  app l i ed  
a n d  pu l l ed  ver t i ca l ly  at  r o u g h l y  3 cm/s  speed .  This  tech-  
n i q u e  qua l i t a t ive ly  d e t e r m i n e s  film a d h e r e n c e .  The  s e c o n d  
t e s t  t e c h n i q u e ,  t he  I n s t r o n  pul l  test ,  was  u s e d  to o b t a i n  
s e m i q u a n t i t a t i v e  a d h e s i o n  resul ts .  A s tud  w i t h  sur face  
a rea  of  0.02759 in. 2 was  g lued  to t h e  t u n g s t e n  f i lm b y  e p o x y  
a n d  cured.  T h e  s t u d  was  t h e n  p u l l e d  b y  t h e  I n s t r o n  tester .  
T h e  a d h e s i o n  was  ca l cu la t ed  b y  d iv id ing  t h e  load  at  yield 
p o i n t  b y  sur face  area.  T h e s e  two t e c h n i q u e s  p r o v i d e d  a 
c o m p a r i s o n  for  t h e  re la t ive  a d h e s i o n  of  CVD W u n d e r  dif- 
f e r e n t  e x p e r i m e n t a l  cond i t ions .  

Historical  Background 
T h e  a d h e s i o n  of  CVD W to m o s t  insu la tors ,  s u c h  as sili- 

c o n  ox ide  a n d  n i t r ide ,  PSG,  a n d  B P S G ,  is e x t r e m e l y  poor.  
Spec ia l  su r face  p r e p a r a t i o n  t e c h n i q u e s  (12) or u s i n g  a n  ad- 
h e s i v e  layer  (13) h a v e  b e e n  p r o p o s e d  to i m p r o v e  t he  adhe-  
s ion  of  CVD W. The  m e t h o d  of  u s i n g  a n  a d h e s i v e  layer  
s e e m s  to p r o v i d e  m o r e  c o n s i s t e n t  resul ts .  T h e  m o s t  con-  
v e n i e n t  a d h e s i v e  layer  t h a t  was  s u g g e s t e d  b y  t h e  equ ip -  
m e n t  v e n d o r s  is t u n g s t e n  s i l ic ide  (WSix), w h i c h  can  b e  de- 
pos i t ed  in s i tu i n  a CVD W tool. The  t u n g s t e n  s i l ic ide  can  
also b e  app l i ed  as a cap  layer  on  t he  top  of  t u n g s t e n  fi lm to 
p r e v e n t  t u n g s t e n  f rom o x i d a t i o n  at  d e p o s i t i o n  t e m p e r a -  
ture .  In  ou r  s tudy,  we  h a v e  f o u n d  t h a t  t h e  a d h e s i o n  be- 
t w e e n  t u n g s t e n  a n d  a d h e s i v e  layer  t u n g s t e n  s l l ic ide  re l ies  
on  a v e n d o r - s u g g e s t e d  RIE  sur face  t r e a t m e n t  process .  
Th i s  R IE  su r face  t r e a t m e n t  r o u g h e n e d  t he  s i l ic ide  surface ,  
as s h o w n  in  Fig. la ,  to i m p r o v e  t he  adhes ion .  Unfor -  
t una t e ly ,  th i s  t e c h n i q u e  has  b e e n  s h o w n  to cause  d a m a g e  
to t h e  c o n t a c t  region.  F igu re  l b  s h o w s  t he  a d d i t i o n a l  p rob-  
l em  of  u s i n g  t u n g s t e n  s i l ic ide as a n  a d h e s i v e  layer.  S e v e r e  
u n d e r c u t  e t c h i n g  was  o b s e r v e d  w h e n  t h e  WSi~/W/WSi~ 
s t ack  was  p a t t e r n e d  b y  RIE  e t c h i n g  in  SiF4/Oz e tch  c h e m -  
istry.  I t  is k n o w n  t h a t  t he  i so t rop ic  e t c h i n g  in  R IE  can  be  
r e d u c e d  b y  s idewal l  p a s s i v a t i o n  t e c h n i q u e s  (14). Seve ra l  
o t h e r  f l uo r ina t ed  a n d  c h l o r i n a t e d  c h e m i s t r i e s  a n d  s idewal l  
p a s s i v a t i o n  p r o c e s s e s  were  e v a l u a t e d  to r e d u c e  t he  iso- 
t rop ic  e t c h i n g  in t h e  s i l ic ide layer.  L i t t l e  succeSs was  m a d e  
in  p r o d u c i n g  a c o n s i s t e n t l y  m a n u f a c t u r a b l e  an i so t ro p i c  
e t c h i n g  process .  

I n  a d d i t i o n  to t he  a d h e s i o n  a n d  e t chab i l i t y  p r o b l e m s ,  
CVD W u s i n g  t u n g s t e n  s i l ic ide  as a n  a d h e s i v e  layer  h a s  
also r e s u l t e d  in c o n t a c t  r e s i s t a n c e  of  as h i g h  as 5 • 10 -6 
c m  2. 

Etchabil i ty 
I t  is i n e v i t a b l e  to  sea rch  for an  a d h e s i v e  layer  o t h e r  t h a n  

WSix d u e  to e t chab i l i t y  a n d  c o n t a c t  r e s i s t a n c e  p r o b l e m s .  
M a n y  a d h e s i v e  layers  we re  s u g g e s t e d  b y  B r y a n t  (13). How-  
ever ,  t h e  d e p e n d e n c y  of  t he  e t chab i l i t y  a n d  con t ac t  resis-  
t a n c e  o n  a d h e s i v e  layers  ha s  no t  ye t  b e e n  d i scussed .  I t  was  
f o u n d  t h a t  s p u t t e r e d  t u n g s t e n ,  U t a n i u m / t u n g s t e n  alloy, 
a n d  m o l y b e n u m  as an  a d h e s i v e  layer  for  CVD W, h a v e  all 
p r o d u c e d  s o m e  d e g r e e  of  u n d e r c u t  e t c h i n g  on  t h e  ad- 
h e s i v e  layer.  SiF4, C12, SF6, BC13, a n d  CF4 e t ch  c h e m i s t r y  
w i t h  a n  add i t i ve  of  e i t he r  02, Ar,  CHCI~, or  HC1 was  u s e d  

Fig. 1. (a, top) The tungsten silicide adhesive layer after in situ RIE 
surface treatment in the deposition tool. Note that the surface was se- 
verely damaged. (b, bottom} Isotropic etching of CVD tungsten using 
tungsten silicide as adhesive layer. Note the severe undercut etching in 
the tungsten silicide layer. 

for  th i s  i n v e s t i g a t i o n  (15). S p u t t e r  c h r o m i u m  a n d  t i t a n i u m  
as a d h e s i v e  layers  h a v e  c a u s e d  l i t t le  or no  u n d e r c u t  e tch-  
ing  p r o b l e m  in  e i t he r  f luo r ina t ed  or c h l o r i n a t e d  e t ch  
chemis t ry .  B e s t  r e su l t s  we re  o b t a i n e d  b y  u s i n g  s p u t t e r e d  
t i t a n i u m  as a n  a d h e s i v e  layer  a n d  C1JO2 e t ch  c h e m i s t r y  
(15). 

H o l l a n d  et al. (15) h a v e  also r e p o r t e d  t h a t  t h e  C 1 J Q  e t ch  
c h e m i s t r y  h a s  r e su l t ed  i n  a severe  res i s t  e ros ion  p r o b l e m .  
There fore ,  a m u l t i l a y e r  m a s k  is r e q u i r e d  w h e n  u s i n g  C1JO2 
e t c h  chemis t ry .  Recen t ly ,  K a a n t a  et aL (9) h a v e  r e p o r t e d  
t h a t  u s i n g  s i l icon n i t r i d e  or ox ide  as a n  i n o r g a n i c  m a s k  
e l i m i n a t e d  t h e  res i s t  e ros ion  concerns .  

Adhesion 
A l t h o u g h  s p u t t e r e d  t i t a n i u m  as an  a d h e s i v e  layer  pro- 

d u c e s  t h e  b e s t  e t c h i n g  resul t ,  t h e  a d h e s i o n  of  CVD W 
u s i n g  t i t a n i u m  as an  a d h e s i v e  layer  is ve ry  poor.  In  addi-  
t ion,  t h e  CVD W u s i n g  s p u t t e r e d  t i t a n i u m  as a n  a d h e s i v e  
layer  has  r e s u l t e d  in  e x t r e m e l y  poor  c o n t a c t  r e s i s t a n c e  a n d  
wil l  b e  d i s c u s s e d  in  t h e  fo l lowing  sect ion.  R e a s o n a b l e  ad- 
h e s i o n  was  o b s e r v e d  b e t w e e n  s p u t t e r e d  t u n g s t e n  a n d  
s p u t t e r e d  t i t a n i u m .  T h e  poor  a d h e s i o n  b e t w e e n  CVD W 
a n d  s p u t t e r  t i t a n i u m  a d h e s i v e  layer  was  s u s p e c t e d  to b e  
c a u s e d  b y  t h e  u n i q u e  s i tua t ion  of  CVD W processes .  Mass  
s p e c t r o s c o p y  was  u s e d  to s t u d y  t h e  b a c k g r o u n d  gas in  t h e  
CVD W d e p o s i t i o n  tool  a f te r  a d e p o s i t i o n  r u n  was  made .  A 
h i g h  c o n c e n t r a t i o n  of  f luo r ina t ed  spec ies  c an  be  d e t e c t e d  
e v e n  w i t h o u t  i n t r o d u c t i o n  of  r eac t ive  gases.  I t  is s u s p e c t e d  
t h a t  t h e  f luor ina ted  species  p lay  a m a j o r  role  in  t h e  adhe-  
s ion  a n d  co n t ac t  r e s i s t ance  of  CVD W. 

A d u m m y  e x p e r i m e n t  was  ca r r ied  ou t  to  t e s t  t h e  e f fec t  
of  d e p o s i t i o n  a m b i e n t  b y  load ing  wafe r s  w i t h  Ti a d h e s i v e  
layer  in to  t h e  d e p o s i t i o n  tool  at  severa l  c h u c k  t e m p e r a -  
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Fig. 2. SIMS depth profile of CVD W using sputter titanium as ad- 
hesive layer. Note the high fluorine concentration in the titanium ad- 
hesive layer. 

Table la. The adhesion of CVD W using titanium as adhesive layers 

Instron 
Scotch tape pull test 

Substrate Preclean Ti nitridation pull test (lb/in. 2) 

TiSi= No No Peeled 580 
BHF No Peeled 650 
C/P No Peeled 510 

BDE No Peeled 590 
TOX No No Peeled 540 
BPSG No No Peeled 600 

Table lb. The adhesion of CVD W using titanium nitride as 
adhesive layers 

Instron 
Scotch tape pull test 

Substrate Preclean Ti nitridation pull test (lb/in. 2) 

TiSi= No Yes Adhered >950 
BHF Yes Adhered >950 
C/P Yes Adhered >950 

BDE Yes Adhered >950 
TOX No Yes Adhered >950 
BPSG No Yes Adhered >950 

tures .  The  wafe r s  we re  i m m e d i a t e l y  u n ] o a d e d  w i t h o u t  a n y  
depos i t ion ,  i .e. ,  n o  gas  was  i n t r oduced .  S ign i f i can t  in- 
c rease  in t he  s h e e t  r e s i s t ance  of  t i t a n i u m  was  f o u n d  af te r  
u n l o a d i n g  t h e s e  t e s t  wafe r s  f rom t he  d e p o s i t i o n  tool. The  
s h e e t  r e s i s t a n c e  i n c r e a s e d  as t he  tool  c h u c k  t e m p e r a t u r e  
inc reased .  

T h e  re su l t  f r om t h e  a b o v e  d u m m y  e x p e r i m e n t  c lear ly  
s h o w s  t h e  i m p a c t  of  d e p o s i t i o n  a m b i e n t  on  s p u t t e r e d  ti- 
t a n i u m ,  e v e n  be fo re  CVD W was  depos i t ed .  However ,  it 
d i d  n o t  con f i rm  the  i m p a c t  h a d  r e s u l t e d  f r o m  f luo r ina t ed  
spec ies  in  t h e  d e p o s i t i o n  tool. S e c o n d a r y  ion  m a s s  spec-  
t r o s c o p y  (SIMS) d e p t h  profi le  ana lys i s  on  a CVD W film 
u s i n g  s p u t t e r e d  t i t a n i u m  as a n  a d h e s i v e  layer  is s h o w n  in  
Fig. 2. E l e m e n t s  of  t u n g s t e n ,  sil icon, t i t a n i u m ,  f luorine,  
a n d  o x y g e n  were  de tec ted .  Sma l l  a m o u n t s  of  o x y g e n  were  
d e t e c t e d  on  t h e  in te r faces  b e t w e e n  each  layer,  b u t  l i t t le  ox- 
y g e n  was  de t ec t ed  in t h e  t u n g s t e n  b u l k  layer. Th i s  indi-  
ca tes  t h a t  t he  sur face  t u n g s t e n  s i l ic ide layer  h a d  effec- 
t ive ly  p r e v e n t e d  t u n g s t e n  f rom b e i n g  oxidized.  
S ign i f i can t ly  h i g h  f luor ine  c o n c e n t r a t i o n  was  d e t e c t e d  in  
t h e  t i t a n i u m  a d h e s i v e  layer.  T he  p e n e t r a t i o n  of  f luor ine  
can  b e  deep  in to  s i l icon subs t ra t e s .  F/Ti  ra t io  of  as h i g h  as 1 
in  t he  t i t a n i u m  layer  ha s  b e e n  obse rved .  Th i s  f luor ine  was  
s u s p e c t e d  of  w e a k e n i n g  t he  t i t a n i u m  a n d  i n s u l a t o r  inter-  
face b y  b r e a k i n g  t he  Ti-O-Si b o n d i n g  a n d  r e su l t ed  in  poo r  
adhes ion .  I t  is also s u s p e c t e d  t h a t  t he  f o r m a t i o n  of  vola t i le  
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Fig. 3. The fluorine content in the titanium adhesive layer as a func- 
tion of titanium nitridation temperature. The fluorine content de- 
creases as the nitridation temperature is increased. 

t i t a n i u m  f luor ide  or sub f luo r ide  m a y  also p lay  a role  in  
w e a k e n i n g  t he  adhes ion .  

In  o rde r  to r e d u c e  f luor ine  f rom d i f fus ing  in to  t he  ti- 
t a n i u m  a d h e s i v e  layer  a n d  devices ,  an  e f fec t ive  d i f fus ion  
ba r r i e r  is r equ i red .  TiN was  f o u n d  to b e  one  of  t he  m o s t  ef- 
f ec t ive  d i f fus ion  ba r r i e r s  in  a CVD W d e p o s i t i o n  a m b i e n t .  
T iN was  also f o u n d  to p rov ide  an  exce l l en t  an i so t rop i c  
e t c h i n g  profi le  for t he  CVD W/TiN stack.  TiN can  b e  m a d e  
b y  t h e r m a l l y  n i t r id i z ing  t i t a n i u m  in  a n i t r o g e n  or f o r m i n g  
gas  a m b i e n t .  TiN can  also be  m a d e  by  r e a c t i v e - s p u t t e r e d  
t i t a n i u m  in a n i t r o g e n / a r g o n  a m b i e n t  or by  s p u t t e r i n g  
f rom a TiN target .  T h e r m a l l y  a n n e a l e d  TiN has  p r o v i d e d  
m o r e  c o n s i s t e n t  r e su l t s  as far  as a d h e s i o n  a n d  c o n t a c t  re- 
s i s t ance  are c o n c e r n e d .  F i g u r e  3 s h o w s  t h e  f luor ine  c o u n t s  
in  t h e  a d h e s i v e  layer  u s i n g  e i t h e r  t i t a n i u m  or  t h e r m a l l y  ni-  
t r id i zed  TiN as a n  a d h e s i v e  layer.  Dras t ic  r e d u c t i o n  o n  t he  
f luor ine  c o u n t  in  t h e  a d h e s i v e  layer  was  o b s e r v e d  w h e n  
TiN was  u s e d  as a n  a d h e s i v e  layer.  The  f luor ine  c o u n t s  de- 
c r ease  as t h e  n i t r i d a t i o n  t e m p e r a t u r e  is inc reased .  

T a b l e  I shows  t h e  a d h e s i o n  of  CVD W u s i n g  e i t h e r  spu t -  
t e r e d  t i t a n i u m  or n i t r id ized  TiN as an  a d h e s i v e  layer.  
T h r e e  s u b s t r a t e s  were  used:  t i t a n i u m  si l ie ide  (TiSix), the r -  
ma l  ox ide  (TOX), a n d  b o r o p h o s p h o r o  s i l icon glass  
(BPSG) .  The  s u b s t r a t e s  were  p r e c l e a n e d  e i the r  b y  50:1 
bu f f e r ed  H F  (BHF),  50:50 c h r o m i c / p h o s p h o r i c  (C/P), or 
a m m o n i u m  f luor ide  (BDE), or  w i t h o u t  p rec lean .  Af ter  pro- 
c lean,  t he  s u b s t r a t e  was  d e p o s i t e d  w i t h  s p u t t e r  t i t a n i u m  
w i t h i n  a 2h  t i m e  window.  Ha l f  of  t he  wafers  was  t h e n  de- 
pos i t ed  w i t h  CVD W w i t h o u t  n i t r ida t ion .  T h e  o the r  ha l f  
was  n i t r id i zed  b y  t h e r m a l  a n n e a l i n g  be fo re  CVD W. Two 
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Fig. 4. Typical RBS of a nitridized titanium. The titanium was nitri- 
dized by thermally annealing pure titanium in a nitrogen ambient at 
650~ 
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Table II. A comparison of the contact resistance of CVD W using 
titanium as adhesive layers v s .  using titanium nitride as 

adhesive layers 

Nitridation Contact 
Contact Contact temperature resistance 
substrate size (~ (ll) 

N § diffusion 0.8 No anneal >1,300 
P+ diffusion 0.8 No anneal >1,300 
Polysilicon 0.8 No anneal > 1,300 
N§ 0.8 450 0.5 to 9.0 
N+/P*/poly 0.8 650 0.4 to 1_9 

a d h e s i o n  t es t  t e c h n i q u e s  d e s c r i b e d  in the  p rev ious  sec t ion  
w e r e  u s e d  to tes t  t he  adhes ion  of  CVD W wi th  adhes ive  
layers.  In  t he  adhes ion  t ape  peel  test ,  it was  in te res t ing  to 
no te  t ha t  all t he  wafers  w i thou t  t i t an ium ni t r ida t ion  had  
pee led ,  and  all the  wafers  wi th  n i t r ida t ion  had  adhered .  
P r e l ean  t e c h n i q u e s  s h o w e d  s l ight  effect  on the  adhes i o n  
resu l t  f rom In s t ron  pull  test.  The effect  o f  t he rma l  nitri- 
da t ion  m a k e s  the  m o s t  no t iceab le  dif ference.  Very  signifi- 
can t  i m p r o v e m e n t  in adhes ion  for t he  wafers  wi th  ni tr id-  
a t ion were  also not iced.  In  the  In s t ron  pull  test ,  m o s t  
wafe r s  wi th  n i t r ida t ion  s h o w e d  e p o x y  fail or subs t r a t e  fail 
at y ie ld  point .  We also no t i ced  tha t  the  n i t r ida t ion  t empera -  
tu re  b e t w e e n  450 ~ and  850~ all p rov ided  i m p r o v e m e n t s  on 
adhes ion .  The  d i f fe rence  in TiN as a func t ion  of  n i t r ida t ion  
t e m p e r a t u r e  will be  d i s cus sed  in t he  fo l lowing sect ion.  

C o n t a c t  Resistance 
TiN has  b e e n  s h o w n  to r educe  f luorine con t en t  and  im- 

p rove  adhes ion  significantly.  Table  II shows  a c o m p a r i s o n  
of  the  con tac t  r e s i s t ance  of  CVD W us ing  e i ther  Ti or TiN 
as an adhes ive  layer. N § and  P+ j unc t i on  and  polys i l icon  
wi th  a t i t an ium sil icide surface  layer was  con tac t ed  by  
CVD W. The  CVD W was  pa t t e rned  by  the  RIE t e c h n i q u e  
d e s c r i b e d  in the  p rev ious  sect ion.  The con tac t  r e s i s t ance  
was  eva lua ted  on a Kelv in  four -poin t  s t ructure .  The  ad- 
hes ive  layer  was  f o u n d  to be  a d o m i n a t i n g  factor  on the  
con tac t  res is tance .  It was  no t i ced  tha t  the  CVD W us ing  Ti 
a s  an  adhes ive  layer  had  con tac t  r e s i s t ance  as h igh  as 
130012 per  contact ,  w h i c h  is equ iva len t  to 8.3 x 10 .8 12 cm 2. 
There  are t h ree  orders  of  m a g n i t u d e  i m p r o v e m e n t  in con- 
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Fig. 5. Normalized nitrogen to titanium ratio (N/ri)  as a function of 
titanium nitridation temperature. The ratio was normalized to the data 
point at 850~ nitridation temperature. Note that the N/Ti ratio in- 
creases as the nitridation temperature is increased. 

t ac t  r e s i s t a n c e  for CVD W us ing  TiN as adhes ive  layer. The  
con tac t  r e s i s t ance  of as low as 2.6 x I0 -9 t l  cm 2 has  rou- 
t ine ly  b e e n  achieved.  Bo th  t h e rma l  n i t r ida t ion  at 450 ~ and  
650~ have  s h o w n  s ignif icant  i m p r o v e m e n t  in con tac t  re- 
s is tance.  The rma l  n i t r ida t ion  at h ighe r  t e m p e r a t u r e s  
s e e m s  to p rov ide  t igh te r  cont ro l  on the  range  of  con tac t  re- 
s is tance.  

I t  is indica t ive  in Fig: 3 and  Table  II tha t  the  h ighe r  ni- 
t r ida t ion  t e m p e r a t u r e s  favor lower  f luorine pene t r a t i on  
and  be t t e r  con tac t  res is tance.  The TiN wi th  several  nitri- 
da t ion  t e m p e r a t u r e s  was  analyzed wi th  Ru the r fo rd  back-  
sca t te r ing  s p e c t r o s c o p y  (RBS). F igure  4 s h o w s  the  typical  
R B S  s p e c t r u m  on a TiN wi th  650~ ni t r idat ion.  Relat ive ni- 
t rogen- to - t i t an ium ratios (N/Ti) w e r e  ca lcu la ted  by  the  
a tomic  c o m p o s i t i o n  in t he  TiN layer. F igure  5 s h o w s  the  
N/Ti ratio as a func t ion  of  n i t r ida t ion  t empera tu re .  The  

Fig. 6. (a, top left) The comparison of void formation in a submicron 
via using various deposition chemistry. Note the severe void formation 
in Sill4 reduction reactions. (b, top right) No void formation in H2 re- 
duction reactions. (c, bottom) No void formation for two-step process, 
i.e., Sill4 reduction followed by H2 reduction reactions. 
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Fig. 7. Two-level submicron interconnection technology featuring 
CVD W and complete planarization. Note that CVD W provides excel- 
lent via fill for vertical contact and vias. 

ratio was normalized to 850~ nitridation temperature. The 
N/Ti ratio increases as the nitridation temperature is in- 
creased. Further supplemental analysis by Auger electron 
spectroscopy (AES) and SIMS have indicated that the 
higher N/Ti may have resulted from the thicker TiN 
formed from the surface. 

Several follow-on experiments were carried out to verify 
that t i tanium nitridation is essential for contact resistance 
improvement.  At the first experiment,  a t i tanium adhesive 
layer was thermally annealed in an inert argon ambient be- 
fore CVD W deposition. At the second experiment,  the 
CVD W using titanium as an adhesive layer was thermally 
annealed in an inert argon ambient after CVD W deposi- 
tion. Neither of these two experiments showed improve- 
ment  on contact resistance. It was also found that the reac- 
tive-sputtered TiN could also improve the adhesion and 
contact resistance. However, relatively scattered contact 
resistance results were obtained. It is suspected that the 
reactive-sputtered TiN may not be effective as a diffusion 
layer as the thermally nitridized TiN~ This might have been 
the result of the narrow process window on producing the 
reactive-sputtered TiN in our sputtering equipment.  

Via Fill 
Step coverage of CVD W is known to be better than alu- 

minum metallurgy. Typical step coverage of CVD W is 
greater than 80%. However, submicron via fill of CVD W 
can be challenging. The reasons can be explained by fun- 
damental chemical reaction engineering theories (16). 
Void formation may result when a CVD W process is oper- 
ated under mass-transfer control region. Complete via fill 
can be achieved when a CVD W is operated under kinetic 
control region. Reactor design, process parameter (pres- 
sure, temperature, gas ratio, flow rate), process reactant se- 
lection; and reaction kinetics are among the key factors 
that determine these operational regions. Detailed discus- 
sion of the above reaction engineering theory is beyond 
the scope of our paper. Further discussions can be found 
in several excellent reviews (16). 

In order to achieve the reasonable via fill in our commer- 
cial reactor, the above process parameter was optimized. 
In addition to the process parameter optimization, we 
found that the selection of process chemistry played an 
important role in determining via fill capability. For silane 
and hydrogen mixture as reducing agents, the CVD W dep- 
osition rate is 27+/-3  ,~Js at 450~ Void size of 0.3 ~m may 
result since this process is operated under mass transfer 
control. On the other hand, for pure hydrogen as a reduc- 
ing agent, the CVD W deposition rate is 7+/-1  A/s at 450~ 
and excellent via fill can be obtained. SIMS analysis shows 
that there is no measurable difference between these two 
films. A two-step process using both silane and hydrogen 
reduction reactions was developed to achieve both reason- 
able throughput  and via fill. Comparison via fill results 
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using (a) Sill4 reduction reactions, (b) H2 reduction reac- 
tions, and (c) a two-step process is shown in Fig. 6. 

Process Integration 
Kaanta et al. (9) have described a multilevel submicron 

VLSI interconnect technology that features blanket CVD 
W. Figure 7 shows the double-level metal implementation 
of the interconnect technology that he described. The 
CVDW was applied as contact stud, M1 interconnect, and 
interlevel via stud. Notice that CVD W provides excellent 
vertical wiring capability, which greatly improves the wir- 
ing density. This was made possible by the resolution of 
the above-mentioned technical problems, namely, the 
problems of adhesion, etchability, contact resistance, and 
via fill. In combination with the excellent insulator proc- 
essing, the overall technology has been proven to be ex- 
tremely reliable against electromigration stress, thermal/ 
humidity stress, thermal cycle stress, and thermal voltage 
stress. The detail of this reliability result was discussed by 
Kaanta (9). 
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