
J. Electrochem. Soc., Vol. 137, No. 10, October 1990 �9 The Electrochemical Society, Inc. 3213 

the dynamics of oxygen precipitation. It was observed 
that, for short anneals at 700~ the clusters are rapidly dis- 
solved at higher temperatures because of insufficient size. 
An increase of the anneal time at 700~ and raising the 
temperature to 800~ multiplies the number  of stable oxy- 
gen precipitates. However, it was found that the density 
for a given process temperature reaches a maximum that 
is independent  of the nucleation conditions. This maxi- 
mum decreases exponentially with increasing tempera- 
ture, with an activation energy of 3.15 eV. The analysis of 
the bulk precipitate density after a CMOS cycle confirms 
that the max imum measured density of internal gettering 
sites in CZ silicon is determined by the highest process 
temperature to which the wafer is exposed. 
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ABSTRACT 

Tungsten (W) films grown by low-pressure chemical vapor deposition using tungsten hexafluoride (WF6) and silane 
(Sill4) are characterized as a function of the Si content ([Si]) in the films. The electrical resistance, stress, and composition 
of as-deposited films showed a strong dependence on [Si] and could be classified into three groups: [Si] -< 2 atom percent 
(a/o), 2 - [Si] < 20-40 a/o, and [Si] > 40 a/o. When [Si] <- 2 a/o, the electrical resistance is approximately proportional to [Si], 
and is mainly determined by impuri ty scattering of Si. In this [Si] region, W can be selectively deposited on Si. When 
2 -< [Si] < 20-40 a/o, the temperature dependence of electrical resistance is characteristic of semiconductors, and a substan- 
tial increase in superconducting transition temperature (T~ = 4.4 K) is observed. When [Si] > 40 a/o, microcrystals of WSi~ 
begin to form. These results are discussed in terms of a model based on the solubility of Si in W. 

Tungsten (W) and tungsten silicide (WSi2) have been 
used for gate and interconnect  metals in silicon (Si) ultra- 
large scale integration (ULSI) because of their low resistiv- 
ity and high resistance to stress-migration and electro- 
migration (1-3). Low-pressure chemical vapor deposition 
(LPCVD), using tungsten hexafluoride (WF6) and silane 
(Sill4), has been used for deposition of these films (4-6). Re- 
cently, it was discovered that W can be selectively depos- 
ited on Si or metal using LPCVD with an appropriate gas 
flow ratio of WFdSiH4 (7, 8). Since then, selective W deposi- 
tion has been extensively investigated for submicron con- 
tact and/or via filling. In spite of the growing demand for 
this technology in practical applications, little work has 
been performed (9) on the characterization of films depos- 
ited with WF6/SiH4, and there is still no comprehensive un- 
derstanding of the properties of these films. For example, 
issues such as reduction of film resistivity and film stress, 
and control of selective or non-selective W deposition, 
have become serious problems in LPCVD of W and WSiz. 

Present address: Semiconductor Design and Development 
Center, Hitachi, Limited 20-1, Josuihoncho 5 Chome, Kodaira-shi, 
Tokyo 187, Japan. 

The purpose of this study is to clarify the physical fac- 
tors that determine these film properties. In this work, a 
set of tungsten films grown by LPCVD under  various pro- 
cessing parameters is characterized in terms of electrical 
resistance, film stress, film composition, etc. As a result, Si 
content, hereafter denoted by [Si], has been found to corre- 
late strongly with film morphology, electrical resistance, 
and stress. A drastic change in these characteristics is ob. 
served at [Si] ~ 2 a/o. Moreover, deposition of W gradually 
changes from selective to non-selective as [Si] increases. 
The structure of Si in W is examined using scanning elec- 
tron microscopy (SEM), transmission electron microscopy 
(TEM), x-ray diffraction (XRD), and Auger electron spec- 
troscopy (AES). The results are related to film porosity and 
low-temperature electrical resistance. 

Experimental 
Phosphorus-doped, (100)-oriented, 4-in. Si wafers with a 

resistivity of 10-15 fl-cm were used for blanket LPCVD 
deposition of W. Prior to W deposition, native oxide on the 
Si substrates was removed by etching in a hydrofluoric 
acid (HF) solution. The blanket  films thus produced were 
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Table I. Summary of the CVD conditions and film characteristics of the W CVD films 

Sample WF6 Sill4 Ar 
120, 

1 40 40 170 
2 40 20 190 
3 40 30 180 
4 40 60 150 
5 40 80 130 
6 40 120 90 
7 40 40 170 
8 40 40 170 
9 40 40 170 

10 40 40 170 
11 40 15 195 
12 40 20 190 
13 40 30 180 
14 40 40 170 
15 40 60 150 
16 40 80 130 
17 40 120 90 
18 40 4O 70 
19 40 20 90 
20 40 40 70 
21 4O 80 30 
22 4O 40 7O 

CVD conditions Si content 
N2 H2 Temperature (AES) Resistivity Detected phases 

mtorr (~ a/o (~[~cm) (XRD) 

400 O 228 3.5 118 ~-W 
400 O 236 1.5 60.2 ~=W 
400 0 236 1.6 64.7 a-W 
400 0 236 3.5 217 a-W 
400 0 236 16.1 214 a-W + [~-W 
400 0 236 43.8 163 a-W + B-W + (WSi2) 
400 0 266 L4 73.6 a-W 
400 0 281 1.1 75.5 a-W 
400 0 295 0.65 40.8 c~-W 
400 0 324 0.45 26.0 a-W 
400 0 354 0.20 10.0 ~-W 
400 0 354 0.27 13.8 a-W 
400 0 354 0.29 16.1 a-W 
400 0 354 0.40 16.8 ~-W 
400 O 354 4.0 365 ~-W + [~-W 
400 0 354 13.6 205 ~-W + B-W 
400 0 354 43.1 257 a-W + B-W + (WSiz) 

0 200 286 1.1 61.2 ~-W 
0 200 350 0.22 18.0 ~-W 
0 200 350 0.58 28.2 ~-W 
0 200 350 6.2 325 a-W + [3-W 
0 200 404 0.38 16.4 ~-W 

u s e d  to p e r f o r m  e lec t r ica l  r es i s t iv i ty  m e a s u r e m e n t s  a n d  
c h a r a c t e r i z a t i o n  s tudies .  On  t h e  o t h e r  h a n d ,  wafe rs  w i t h  
p a t t e r n e d  ox ides  we re  p r e p a r e d  to eva lua t e  the  se lec t iv i ty  
of  W depos i t ion .  S u b m i c r o n  c o n t a c t s  we re  def ined  on  
CVD o x i d e  d e p o s i t e d  on-Si  wafers .  W CVD was  p e r f o r m e d  
in  a co ld -wal l - type  L P C V D  reac tor ,  u s i n g  WF~, Sill4, N2, 
Ar, a n d  H2 at  t e m p e r a t u r e s  in  t he  r a n g e  228~176 I n  th i s  
a p p a r a t u s ,  t h e  t e m p e r a t u r e  of  t h e  wafe r  s u s c e p t o r  was  
m o n i t o r e d  b y  a n  i n f r a r ed  p y r o m e t e r .  T h e  in le t  gas  flows of  
WF~ a n d  Sil l4 w e r e  80 a n d  30-240 cm~/min,  respec t ive ly .  
T h e s e  gases  w e r e  d i lu t ed  w i t h  Ar, a n d N 2  or  He, so t h a t  t he  
to ta l  p r e s s u r e  a n d  to ta l  gas  f low were  fixed. T he  d e p o s i t i o n  
t i m e  r a n g e d  f rom 6 to 12 min .  T h e  CVD c o n d i t i o n s  a n d  
f i lm cha rac t e r i s t i c s  are  s u m m a r i z e d  in Tab le  I. 

E lec t r ica l  r e s i s t a n c e  was  m e a s u r e d  w i t h  t he  fou r -po in t  
p r o b e  m e t h o d  in t h e  t e m p e r a t u r e  r eg ion  2.1-300 K. The  
s a m p l e s  we re  cu t  in to  a p p r o x i m a t e l y  3-m.m • 10-mm 
chips ,  a n d  c o p p e r  lead wi res  we re  a t t a c h e d  to t he  W film 
sur faces  u s i n g  i n d i u m  ingots .  E lec t r ica l  res i s t iv i ty  was  cal- 
cu !a ted  f rom fi lm t h i c k n e s s  a n d  s h e e t  res i s tance .  T h e  W 
film t h i c k n e s s  was  m e a s u r e d  b y  c ross - sec t iona l  SEM. T h e  
film s t ress  g was  ca l cu la t ed  f rom t h e  ver t i ca l  d i s p l a c e m e n t  
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Fig. 1. Dependence of deposition rate of W film on partial pressure 
of Sill4. Inlet gases were diluted with Ar and Nz. Open and solid circles 
represent data of W deposition at 354~ and 236~ respectively. 

of t h e  s u b s t r a t e  5 at  a d i s t a n c e  L f rom the  c e n t e r  of  t h e  sub-  
s t r a t e  a n d  t he  W fi lm t h i c k n e s s ,  d, u s i n g  t he  fo l lowing  
e q u a t i o n  

cr = E t ~ / { 6 ( 1 - v ) L 2 d }  [1] 

w h e r e  E is Y o u n g ' s  m o d u l u s ,  v is P o i s s o n ' s  ratio,  a n d  t is 
t he  s u b s t r a t e  t h i c k n e s s ,  all for t h e  Si subs t r a t e .  T h e  curva-  
t u r e  of  t h e  wafe r  was  m e a s u r e d  b y  a l a s e r - s c a n n i n g  curva-  
t u r e  m e a s u r e m e n t  a p p a r a t u s .  

T h e  W fi lms we re  ana lyzed  b y  TEM, AES,  a n d  XRD.  T h e  
c ross - sec t iona l  T E M  o b s e r v a t i o n  of  W fi lms was  e x e c u t e d  
w i t h  a n  acce l e r a t i ng  vo l t age  of  200 keV  (Hi tachi  H-800). 
The  c rys ta l  p h a s e  was  iden t i f i ed  b y  X R D  ana lys i s  
( R e g a k u - d e n k i  R A D  Type-3 d i f f r ac tome te r )  u s i n g  the  
CuK~ line.  T h e  Si c o n t e n t  was  m e a s u r e d  by  A E S  af ter  Ar  
s p u t t e r i n g  of  t h e  W surfaces ,  b e c a u s e  t h e  W sur face  was  
c o n t a m i n a t e d  w i t h  o x y g e n  a n d  ca rbon ,  a n d  Si gene ra l ly  
seg rega te s  at  t h e  surface .  T h e  A E S  ana lys i s  was  p e r f o r m e d  
u s i n g  a cy l ind r i ca l  m i r r o r  A u g e r  s p e c t r o m e t e r  (PHI,  M o d e l  
10-155, P e r k i n - E l m e r )  w i t h  a n  acce l e r a t i ng  vo l t age  of  
5 keV.  T h e  W f i lms w e r e  s p u t t e r e d  u s i n g  Ar  ions  w i t h  a pri-  
m a r y  e n e r g y  of  3.5 keV.  T h e  typ ica l  s p u t t e r i n g  ra te  of  W 
was  3 n m / m i n .  T h e  Si c o n t e n t  a n d  o t h e r  i m p u r i t y  concen -  
t r a t i ons  we re  o b t a i n e d  u s i n g  A E S  sens i t i v i ty  coeff ic ients .  
The  sens i t i v i ty  coeff ic ient  of  SiLw was  r e c a l i b r a t e d  u s i n g  
s t a n d a r d  s a m p l e s  of  WSix (x = 2.3 a n d  2.5), w h e r e  t h e  x 

120 

E 
E 

v 

.o 
~  

o D. 
0~ 

100 

80 

60 

40 

20 

I SiH :40mTorr 
WF 6:40mTorr 1 

0 i i i T r i i 

200 300 400 

D e p o s i t i o n  t e m p e r a t u r e - ( ~  

Fig. 2. Dependence of deposition rate of W film an temperature (in 
selective deposition of W). Inlet gases were diluted with Ar and N2. 
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Fig. 5. Relation between electrical resistivity of W film and Si con- 
tent. Solid and open circles represent the electrical resistivity at 300 K 
and 77 K, respectively. 

values were determined from Rutherford backscattering 
(RBS) measurement.  The x values obtained by AES were 
about 5% lower than the RBS results. For small Si content 
(<5%), some AES results were compared with correspond- 
ing secondary ion mass spectroscopy (SIMS) profiles of 
the samples. As a result, a linear relationship between the 
two data was obtained within an experimental error of 
20%. Carbon and nitrogen were detected only at W Sur- 
faces. A small amount  of oxygen and fluorine (<0.5 a/o), in 
addition to Si, were detected in the films. The AES peak of 
fluorine was observed to decrease during primary electron 
beam irradiation on the W surface. Thus, we do not believe 
that a fluorine concentration of less than 0.5 a/o is rigidly 
correct. 

The grain sizes of W polycrystals, D, were estimated 
from the peak width of a-W (110) XRD spectra using 
Sherrer's formula (10) 

D = 0.94h/(B-b) cos 0 [2] 
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Fig. 4. Dependence of Si content in W film on partial pressure of 
Sill 4. The horizontal axis above represents the inlet gas flow ratio of 
SiH4/WF6. Inlet gases were diluted with Ar and N2. 

where X, 0, B, and b are the x-ray wavelength, the Bragg 
angle, the line breadth, and the instrumental  broadening, 
respectively. The value of b was estimated from the 
breadth of the diffraction peaks for the Si single crystal. 
The mass density was measured from the film thickness 
and weight of W films. 

Results 
Deposition ra te . - -The  dependence of deposition rate on 

the partial pressure of Sill4 (Psi~4) is shown in Fig. 1. The 
deposition rate is propOrtional to Ps,~ when the flow ratio 
of WFJSiH4 is less than 1. W can be deposited selectively 
on Si in this WF#SiH4 region. When WF6/SiH4 exceeds 1, 
the deposition rate is a max imum at around WF0/SiH4 = 
1.5, and decreases with increasing PSiH4. The dependence 
of deposition rate on temperature is shown in Fig. 2. At 
WF6/SiH4 = 1, where selective W deposition occurs, the 
deposition rate is only slightly affected by temperature. 
These results show that the W growth is limited by mass 
transfer of Sill4. 

Electrical resist ivi ty and  Si  content . - -The dependence 
of electrical resistivity (p) on Psin4 is shown in Fig. 3. The 
growth temperatures ranges from 236 ~ to 354~ One notes 
that p is strongly affected by temperature when WF#SiH4 

1.4 iiiiiiiiii 
> x . x . :  

1.2-- SELECTIVE~(m !i!iiiiii! i ~ NON SELECTIVE 

iiiiiiiiiii . _L------e- 
.......................,.... ~:::!i!.!~- ----- - ~ .... Y-:- ................. 

o ii~iiiiiii �9 o 

v �9 iiiiiiiiiil 
0.8 - , iiii~ili~ii 

, iiiiiiiiili 
O.6 

0.4 iiiiiii!i~i 
:'2::::::: 
::L::::::: 
::::::::::: 

0.2 i!i!!i~i~ 

:iii:i:i:i: 
__ i , i I lIIll i:i:ii:i:! ~ i i ,iIll ~ I ~ , i;lJ 

0.1 1 I0 100 
Si CONTENT (arm~176 

Fig. 6. Relation between the resistivity ratio, p(77 K)Ip(300 K), and 
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50 

is less than 1. However, it is only slightly affected when 
WFdSiH 4 is higher than 1, although p increases slightly 
with Psis4. The Si content in the films varied with the depo- 
sition conditions, as shown in Table I. The Si contents of 
the same samples are plotted in Fig. 4. It should be noted 
that dependence of [Si] on Psm4 coincides fairly well with 
that of p, as shown in Fig.  3 and 4. This result indicates that 
electrical resistivity p is well characterized with respect to 
[Si]. In fact, there is a strong dependence of p on [Si], as 
shown in Fig. 5. When [Si] -< 2 a/o, p is almost proportional 
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Fig. 8. XRD spectra of W films with various Si contents 

to [Si] and W could be selectively deposited on Si. On the 
other hand, when [Si] -> 2 a/o, most of the selectivity is lost, 
and p is only slightly affected by [Si]. 

The temperature dependence of p also differs appre- 
ciably in the [Si] -< 2 a/o region vs. the [Si] -> 2 a/o region. In 
all the samples, the electrical resistivity at 77 K, p(77 K), 
equaled a residual resistivity, because p saturated around 
77 K. The resistivity ratio of p(77 K)/p(300 K) is plotted as a 
function of [Si] in Fig. 6. When [Si] ~ 2 a/o, the ratio is less 
than 1 (i.e., p decreases with decreasing temperature), and 
the residual resistivity was proportional to [Si]. When 
[Si] -> 2 a/o, the ratio is higher than 1 (i.e., p increases with 
decreasing temperature). This temperature dependence is 
characteristic of semiconductors rather than metals. The 
W films with [Si] = 3.5, 13.6, and 16.1 a/o showed super- 
conducting behavior at 4.4 K (11). The superconducting 
transition temperature (To) of 4.4 K is much higher than 
that of the bulk W (0.012 K) reported in the literature (12). 
Also, the superconducting transition was not observed 
until  2 K for samples with [Si] <-- 2 a]o or [Si] > 40 a/o. 

Film stress.--The film stress ~ also depends on [Si], as 
shown in Fig. 7. For [Si] -< 2 a/o, ~ is tensile stress and it in- 
creases with [Si], whereas, when [Si] >-2 a/o, ~ becomes 
low. The maximum stress was at around [Si] ~ 2 a/o. 

Phase identification in the films.--The XRD spectra of 
the W films are shown as a function of [Si] in Fig. 8. The 
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Fig. 11. SEM micrographs of W films with various Si contents 

X R D  analysis  shows  tha t  the  films wi th  [Si] -< 2 a/o consis t  
of  a-W polycrystals .  When  [Si] -> 2 a/o, a-W peaks  b e c o m e  
broad  and n e w  ~-W peaks  appear .  The  ~-W phase  is k n o w n  
to be  a me tas tab le  phase  of  W. When [Si] > 40 a/o, b road  
WSi2 peaks  appear  toge the r  wi th  a-W and 13-W peaks.  To 
analyze the  crystal  s t ruc ture  of  W in more  detail,  the  lat t ice 
cons tan t  and gra in  size of  a-W were  measu red  f rom the  
Bragg angle  and  the  peak  w id th  of  a-W (110), respect ively .  
The  la t t ice  cons tan ts  and  the  gra in  sizes are p lo t ted  against  
[Si] in Fig. 9 and Fig. 10, respec t ive ly .  The  lat t ice cons tan t  
of  ~-W decreased  f rom 0.316 n m  to 0.314 nm, and grain 
sizes rapid ly  dec reased  wi th  increas ing  [Si] f rom 0.27 to 
1.6 a/o. In  Fig. 9, the  b roken  l ine represen t s  the  lat t ice con- 
stants of  the  W films free f rom stress. These  values  were  
ca lcula ted  f rom the  expe r imen t a l  data  by subt rac t ing  the  
effect  of  tens i le  s t ress  on the  la t t ice  constant .  The  lat t ice 
cons tan t  as wel l  as grain size decreased  slightly, wi th  
[Si] -> 2 a/o. In  this region,  the  lat t ice cons tants  of  ~-W de- 
creased  f rom 0.500 to 0.495 n m  wi th  increas ing  [Si] f rom 4.0 
to 16.1 a/o. 

Film morphology.--SEM mic rog raphs  of  the  fi lms are 
shown in Fig. 11. The  film m o r p h o l o g y  drast ical ly  changed  
a round  [Si] ~ 2 a/o. The  W films wi th  [Si] -< 2 a/o had an 
equ i -axed  s t ruc tu re  wi th  large grains. On the  o ther  hand,  
w h e n  [Si] -> 2 a/o, t he  W films had a fine co lumnar  s t ruc ture  
wi th  smal l  grains.  

The  W films wi th  [Si] -< 2 a/o had  a sl ightly lower  mass  
dens i ty  (17-18g/cm a) t han  bu lk  W(19.2g/cm3). When 
[Si] -> 2 a/o, the  mass  dens i ty  was 13-15 g/cm 3, and the  po- 
rosi ty of  these  films was recognized  in SEM. The  cross sec- 
t ional  T E M  mic rog raphs  wi th  e lec t ron  dif f ract ion pat terns  
of  the  sample  wi th  [Si] = 1.3 and  13.6 a/o are  shown  in 
Fig. 12. As s h o w n  in the  T E M  micrographs ,  the  large W 
grains were  obse rved  in the  sample  wi th  [Si] = 1.3 a/o. On 
the  o ther  hand,  mic ro -channe l s  were  obse rved  be tween  
the  fine co lumnar s  in the  sample  wi th  [Si] = 13.6 a/o. The  
ex i s tence  of  mic ro -channe l s  in the  films can  exp la in  the  
poros i ty  of  the  films wi th  [Si] -> 2 aJo. 

Discussion 
The electr ical  res i s tance  and o ther  film proper t ies  can be 

ca tegor ized  by [Si] into three  groups:  [S i ] -<2a/o ,  
2 -< [Si] < 20-40 a/o, and  [Si] > 40 a/o. The  character is t ics  o f  
each  g roup  are  s ummar i zed  in Table  II. When  [Si] -< 2 a/o, p 

Fig. 12. Cross-sectional TEM micrographs with electron diffraction 
patterns of W films with Si content of 1.3 and 13.6. 

decreased  wi th  [Si] and  the  res idual  res is t iv i ty  was propor-  
t ional  to [Si]. The  X R D  analysis  showed  that  the  films con- 
sist of  a-W polycrystals ,  and tha t  a lat t ice cons tan t  of  W de- 
creased  wi th  increas ing  [Si]. These  resul ts  indica te  that  for 
[Si] -< 2 a/o, Si dissolves substi tut ionally in W, and that  p is 
mainly  de termined  by the impur i ty  scattering of St. In  the 
selective deposi t ion of  W, one possible chemical  reaction is 

Sill4 ~ Si + 4H [3] 

2WF6 + 3St --> 2W + 3SiF4 [4] 

WF~ + 6H ---> W + 6HF [5] 

In  this [Si] region,  the  depos i t ion  rate of  W was propor-  
t ional  to PSiH4. This  resul t  indica tes  that  the  g rowth  kinet-  
ics are  l imi ted  th rough  the  r educ t ion  of  WF6 by St-con- 
ta in ing  species.  The  mos t  p robab le  represen ta t ion  of  this 
resul t  is chemica l  reac t ion  [4]. The  catalyt ic  act ion of  the W 
surface  for the  decompos i t i on  of  Sill4 has been  d iscussed  
by several  au thors  (9, 13, 14). They  repor t ed  that  a mono-  
layer  of  Si was fo rmed  on the  W surface  after the  W film 
was exposed  to Sill4 at a round  300~ A clear exp lana t ion  
of  the  decompos i t i on  m e c h a n i s m  has no t  been  obtained.  
However ,  our  e x p e r i m e n t a l  resul ts  s t rongly  indica te  tha t  
the  decompos i t i on  of  Sill4 (3) occurs  preferent ia l ly  at W 

Table II. Summary of film characteristics with respect to Si content in the W CVD films 

Si Electrical Identified Film 
content Selectivity resistance Superconductivity Stress phases morphology 

[Si] -< 2 a/o Yes p = [Si] Tc < 2 K ~ > 101~ dyrgcm 2 ~-W equi-axed 
"metallic" increase with [Si] with large grain 

2 -< [Si] < 20-40 Tc = 4.4 K ~-W 
a-W + ~-W columnar 

[Si] > 40 No p ~ const cr < 10 l~ dyn/cm 2 with small grain 
"semiconductor" Tc < 2 K a-W + 13-W + WSi2 
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surfaces, rather than at oxide surfaces. This follows from 
our experimental  results showing that selective W deposi- 
tion leads to Si incorporation in the W film, and Si is sub- 
stitutionally dissolved in W in the film. Therefore, in the se- 
lective deposition of W, Sill4 is decomposed at W surfaces 
to the extent that it can dissolve in W. Otherwise, when de- 
composed Si at W surfaces exceeds the solubility in W, un- 
dissolved Si can form a reactive species such as radicals, 
which make W nuclei even on the oxide (i.e:, selectivity 
loss). 

On the other hand, when 2 <- [Si] < 20-40 a/o, most of the 
selectivity was lost, and p was only slightly affected by [Si]. 
It should be noted that a superconducting transition tem- 
perature, To, increased markedly. The temperature de- 
pendence of p is characteristic of semiconductors rather 
than metals. In  this [Si] region, the films consist of ~-W and 
~-W microcrystals, and film morphology is characterized 
by a fine columnar structure with small grains. The grain 
sizes, estimated by the XRD peak width of a-W (110) using 
Sherrer's relation, were 12, 2, and 3 nm in the W films with 
concentrations of 3.5, 13.6, and 16.1 a/o, respectively. The 
mass density of these films was 13-15 g/cm 3, which is 
smaller than the bulk value. Silicides of WsSi3 and WSi2, 
which are thermodynamically stable in this region, were 
not detected in the films, which strongly indicates that un- 
dissolved Si segregates at grain boundaries. This interpre- 
tation is supported by the experimental results of Si solu- 
bility in W (5.5 a/o at 1800~ (15). 

The stresses of the W films were tensile, and they de- 
creased when [Si] -> 2 a/o. This stress relaxation is proba- 
bly related to a small-grain and to fine columnar W film 
structures with Si segregation at W grain boundaries. 
When [Si] > 40 aJo, XRD analysis of the films showed 
broad peaks of WSi2 along with a-W and ~-W. The peaks of 
WSi~ were very broad in as-deposited films, as shown in 
Fig. 8. However, the existence of WSi2 was clarified by the 
sharp XRD peaks of WSi2 in the films when annealed in H2 
at 500~ for lb. These results indicate that as-deposited 
films contain microcrystals of WSi2. This is the important 
difference between these films and the films with 
2 <- [Si] < 20-40 a/o. 

Conclusion 
W films grown by LPCVD using WF6 and Sill4 were 

characterized as a function of Si content in the films. Film 
electrical resistance, stress, and morphology are strongly 
dependent  on [Si]. The films can be categorized as a func- 
tion of [Si] into three groups: [Si] -< 2 a/o, 2 -< [Si] < 
20-40 a/o, and [Si] > 40 a/o. When [Si] -< 2 a/o, Si dissolves 
substitutionally in a-W, and the electrical resistivity is de- 
termined by the impurity scattering of Si. In this region, 
selective deposition of W can be achieved. When 
2 -< [Si] < 20-40 a/o, the films consist of ~-W in addition to 
s-W, and undissolved Si can segregate at the grain bound- 
ary of the W polycrystal. The selectivity loss of W CVD is 
probably related to the solubility limit of Si in W. The film 
morphology is characterized by a fine columnar structure 
with small grains. The tensile stress of the films was large 
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(>101~ dyne/cm2), and decreased with increasing [Si]. A 
high Tr of 4.4 K was observed, and the temperature de- 
pendence of electrical resistance is characteristic of semi- 
conductors. Finally, when [Si] > 40 a/o, microcrystals of 
WSi2 began to form in the films. A high Tc was not ob- 
served in these samples. 
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