
Vol. 134, No. 9 S I L I C O N  O X I D A T I O N  K I N E T I C S  2339 

7. H. Z. Massoud, Ph.D. Thesis, Stanford University,  
Stanford, CA (1983). 

8. H. Z. Massoud, J. D. Plummer ,  and E. A. Irene, This 
Journal, 132, 2685 (1985). 

9. H. Z. Massoud, J. D. P lummer ,  and E. A. Irene, ibid., 
132, 1745 (1985). 

10. E.A. Irene, H. Z. Massoud, and E. Tierney, ibid., 133, 
1253 (1986). 

11. E. A. Lewis, E. Kobeda, and E. A. Irene, in "Semicon- 
ductor Silicon 1986," H. R. Huff, T. Abe, and B. 
Kolbesen, Editors, p. 416, The Electrochemical Soci- 
ety Softbound Proceedings, Series, Pennington,  NJ 
(1986). 

12. W. A. Pl iskin and G. P. Gnall, This Journal, 111, 872 
(1964). 

13. F. Rochet, B. Agius, and S. Rigo, ibid., 131, 914 (1984). 
14. U. R. Evans, "The Corrosion and Oxidation of Metals," 

pp. 819-859, Edward Arnold and Company, London 
(1960). 

15. B. E. Deal and A. S. Grove, J. Appl. Phys., 36, 3770 
(1965). 

16. R. Ghez and Y. J. van der Meulen, This Journal, 119, 
1100 (1972). 

17. N. F. Mott, Proc. R. Soc. London, Ser. A, 376, 207 (1981). 
18. P. O. Hahn and M. Henzler, J. Vac. Sci. Technol. A, 2, 

574 (1984). 
19. W. A. Tiller, This Journal, 127, 619 (1980). 
20. W. A. Tiller, ibid., 127, 625 (1980). 
21. E. A. Irene, J. Appl. Phys., 54, 5416 (1983). 
22. E. P. EerNisse, Appl. Phys. Lett., 35, 8 (1979). 

23. E. A. Irene, D. W. Dong, and R. J. Zeto, This Journal, 
127, 396 (1980). 

24. E. Kobeda and E. A. Irene~ J. Vac. Sci. Technol., B, 4, 
72O (1986). 

25. E. Kobeda and E. A. Irene, ibid., 5, 15 (1987). 
26. R. H. Doremus, This Solid Films~ 122~ 191 (1984). 
27. A. Fargeix and G. Ghibado, J. Appl. Phys., 54, 153 

(1983). 
28. A, Fargiex and G. Ghibado, ibid. 56, 589 (1984). 
29. R. B. Marcus and T. T. Sheng, ibid., 129, 1278 (1982). 
30. J. K. Srivastava and E. A. Irene, ibid., 132, 2815 (1985). 
31. C. K. Huang, R. J. Jaccodine, and S. R. Butler, Ab- 

stract 394, p. 595, The Electrochemical Society Ex- 
tended Abstracts, Vol. 86-2, San Diego, CA, Oct. 
19-24, 1986. 

32. E. P. EerNisse, Appl. Phys. Lett., 30, 290 (1977). 
33. W. Kern and D. A. Puotinen, RCA Rev., 31, 187 (1970). 
34. F. N. Schwettman, K. L. Chiang, and W. A. Brown, Ab- 

stract 276, p. 688, The Electrochemical Society Ex- 
tended Abstracts, Vol 78-1, Seattle, WA, May 21-26, 
1978. 

35. G. Gould and E. A. Irene, This Journal, 134, 1031 (1987). 
36. Y. J. van der Meulen and N. C. Hien, J. Opt. Soc. Am., 

64, 804 (1974). 
37. S. I. Raider, R. A. Gdula, and J. R. Petrak, Appl. Phys. 

Lett., 27, 150 (1975). 
38. E. A. Irene, Philos. Mag., B, 55, 131 (1987). 
39. K. Ueda and M. Inoue, Surf. Sci., 161, L578 (1985). 
40. B. Z. Olshanetsky and A. A. Shklyaev, ibid., 82, 445 

(1979). 

The Effects of Chemical Oxide on the Deposition of Tungsten by the 
Silicon Reduction of Tungsten Hexafluoride 
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Center for Integrated Systems, Stanford University, Stanford, California 94305 

ABSTRACT 

The effects of thin (chemical) oxide grown during the chemical cleaning of silicon wafers on the silicon reduction of 
tungsten hexafluoride have been investigated. Unlike tungsten deposition on samples without the chemical oxide, deposi- 
tion thickness on those with the chemical oxide was found to be unlimited. Inspection by cross-sectional SEM and TEM 
revealed the existence of microchannels penetrating the tungsten film, reaching all the way from the surface of the film to 
the tungsten/silicon interface. These channels enable tungsten hexafluoride to reach the substrate, thus causing unlimited 
tungsten growth. 

The low pressure chemical vapor deposit ion (LPCVD) 
of tungs ten  is of interest  for many VLSI applications. Se- 
lect ive deposi t ion  finds appl icat ions  for contact  diffu- 
s ion barr iers  (1, 2), resis tance shunts  for polysi l icon 
gates (3), and via filling for p lanar iza t ion (4). Nonselec-  
t ive depos i t ion  finds appl icat ions  for gate level 
in terconnects  (5) and via filling by etchback (6). 

One of the most  commonly  used vapor deposi t ion  
methods for tungs ten  is the hydrogen reduct ion of tung- 
sten hexafluoride (7, 8) 

WFG + 3H2 = W + 6HF 

Using cross-sect ional  TEM, Stacy et al. (9) observed a 
th in  interfacial  layer, possibly  an oxide, separat ing the 
t u n g s t e n  film into two layers. They conc luded  that  hy- 
drogen reduct ion was responsible for forming the upper  
t u n g s t e n  layer, while the lower layer resul ted from re- 
cessed tungs ten  growth via the silicon reduct ion of tung- 
sten hexafluoride 

2WF6 § 3Si = 2W + 3SiF4 

Thus, even with hydrogen present  in the deposit ion am- 
bient ,  the si l icon reduc t ion  react ion is bel ieved to pro- 
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ceed so rapidly (8) that  it is respons ib le  for forming the 
initial  layer of tungsten,  which interfaces with the silicon 
substrate .  However,  Levy et al. (2) recent ly  demon-  
strated that no tungs ten  growth on silicon would occur if 
a sufficiently large amoun t  of si l icon tetrafluoride was 
present  in the deposition ambient  of hydrogen and tung- 
sten hexafluoride. Since silicon reduct ion is suppressed 
by the presence of silicon tetrafluoride, it follows that hy- 
drogen reduc t ion  cannot  proceed on si l icon in the ab- 
sence of an already existing tungs ten  surface. In thermal  
LPCVD, this t ungs t en  has to be suppl ied  by si l icon re- 
duct ion.  Therefore, the dominance  of si l icon reduc t ion  
over hydrogen  reduc t ion  in the ini t ial  phase of thermal  
LPCVD of tungs ten  may be more than a matter  of faster 
reaction rate. 

If the silicon surface participates actively in the silicon 
reduc t ion  reaction,  it should be expected that  the reac- 
t ion itself be influenced by the method of surface prepa- 
ration. Under  certain deposi t ion condi t ions ,  and for 
proper ly  prepared si l icon surfaces, s i l icon reduc t ion  is 
k n o w n  to resul t  in self- l imit ing t ungs t en  deposi t ion  
(8-12). Recently, Busta et al. (13) investigated the effects 
of native silicon oxide thickness on silicon reduct ion and 
observed a direct proportionali ty between the amount  of 
oxygen at the tungsten/si l icon interface and the amount  
of the native oxide. 

In  the presen t  study, we have invest igated the effects 
of two different  c leaning  procedures  (14) on the si l icon 
reduct ion of tungs ten  hexafluoride. One procedure ends 
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w i t h  a f inal  H F  c l ean ing ,  w h i l e  t h e  o t h e r  does  not .  I f  i t  is 
a s s u m e d  t h a t  t h e  p r i n c i p a l  e f fec t  of  t h e  H F  t r e a t m e n t  is 
to  r e m o v e  t he  c h e m i c a l  o x i d e  g r o w n  d u r i n g  t h e  c l e a n i n g  
b e f o r e  t he  H F  t r e a t m e n t ,  t h e n  a l aye r  of  c h e m i c a l  o x i d e  
w o u l d  h a v e  b e e n  l e f t  o n  t h e  s a m p l e s  w i t h o u t  t h e  H F  
t r e a t m e n t .  

Exper imenta l  
P h o s p h o r u s  d o p e d  5-10 ~ - c m ,  (100)-or iented ,  3 in. sili- 

c o n  w a f e r s  w e r e  u s e d .  T h e  w a f e r s  w e r e  c l e a n e d  in  
f r e s h l y  p r e p a r e d  s o l u t i o n s  as fo l lows:  10 m i n  in  3:1 mix -  
t u r e  of  H2SO4/H20~ at  90~ 4 m i n  of  d e i o n i z e d  (DI) w a t e r  
r i n s e ;  10 m i n  in  1:1:5 m i x t u r e  of  HC1/H202(30%)/H20 a t  
70~ 4 m i n  DI  w a t e r  r i n s e ;  10 m i n  in  1:1:5 m i x t u r e  o f  
NH4OH(30%)/H202(30%)/H20 at  70~ 4 m i n  of  DI  w a t e r  
r i n s e .  T h e  w a f e r s  w e r e  s p l i t  a t  t h i s  p o i n t  w i t h  h a l f  of  
t h e m  r e c e i v i n g  a 30s d i p  in  50:1 H~O/HF. All  w a f e r s  w e r e  
i m m e d i a t e l y  l o a d e d  i n to  t h e  r e a c t o r  a f t e r  a f inal  DI  w a t e r  
r i n s e  a n d  h e a t e d  n i t r o g e n  s p i n  dry.  

T u n g s t e n  d e p o s i t i o n  w a s  d o n e  in  a t u b u l a r  h o t  wa l l  
l ow p r e s s u r e  r e a c t o r  (15) at  a p r e s s u r e  of  300 m t o r r ,  a n d  a 
t e m p e r a t u r e  o f  305~ T h e  w a f e r s  w e r e  p l a c e d  w i t h  t h e  
s u r f a c e s  p e r p e n d i c u l a r  to  t h e  d i r e c t i o n  o f  t h e  gas  flow. 
A f t e r  t h e  w a f e r s  w e r e  loaded ,  r o u g h l y  l h  was  a l l o w e d  for  
t h e  r e a c t o r  to  r e a c h  s t a b l e  d e p o s i t i o n  c o n d i t i o n s .  T h e  
a m b i e n t  d u r i n g  t h e  s t a b i l i z a t i o n  p e r i o d  w as  h i g h  p u r i t y  
n i t r o g e n  a t  a f low r a t e  of  500 cm:L T u n g s t e n  h e x a f l u o r i d e  
a t  10 c m  3 was  t h e n  i n j e c t e d  to i n i t i a t e  t h e  r eac t i on .  F i v e  
d i f f e r e n t  d e p o s i t i o n  t i m e s  w e r e  c h o s e n :  3, 6, 12, 24, a n d  
36 m i n .  

Results 
T h e  t h i c k n e s s  of  t h e  c h e m i c a l  o x i d e  o n  t h e  s a m p l e s  

w i t h o u t  t h e  H F  t r e a t m e n t  w a s  m e a s u r e d  d i r e c t l y  u s i n g  
c r o s s - s e c t i o n a l  T E M  a n d  f o u n d  to b e  a b o u t  17A. T h e  na-  
t i v e  o x i d e  t h i c k n e s s  o n  t h e  s a m p l e s  w i t h  t h e  H F  t r e a t -  
m e n t ,  e s t i m a t e d  u s i n g  a n  e l l i p s o m e t e r ,  w as  c o n s i s t e n t l y  
less  t h a n  5A. 

ElectricaL--Sheet r e s i s t a n c e  m a p s  w e r e  g e n e r a t e d  
u s i n g  a P r o m e t r i x  f o u r - p o i n t  p r o b e  s e t u p .  T h e  a v e r a g e  
s h e e t  r e s i s t a n c e  in  t h e  c e n t e r  r e g i o n s  o f  t h e  w a f e r s  is 
p l o t t 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  Fig. 1. 

F o r  s a m p l e s  w i t h  t h e  H F  t r e a t m e n t  ( w i t h o u t  t h e  c h e m -  
i ca l  ox ide ) ,  t h e  s h e e t  r e s i s t a n c e  v a l u e s  s h o w e d  n o  sys-  
t e m a t i c  c h a n g e  for  t h e  v a r i o u s . r u n  t i m e s .  T h e  s h e e t  re-  
s i s t a n c e  w a s  c o n s i s t e n t l y  l o w e r  a t  t h e  c e n t e r s  of  t h e  
w a f e r s  a n d  i n c r e a s e d  t o w a r d s  t h e  e d g e s .  T h i s  m i g h t  b e  
c a u s e d  b y  t h e  n o n u n i f o r m i t y  in  t h e  g a s - p h a s e  d i s t r i b u -  
t i o n  of  r e a c t a n t s  a n d  p r o d u c t s .  S h e e t  r e s i s t a n c e  u n i f o r m -  
i ty  i m p r o v e d  w i t h  l o n g e r  r u n  t ime ,  w i t h  t h e  s t a n d a r d  de-  
v i a t i o n  d r o p p i n g  f r o m  23% for  t h e  3 r a i n  r u n  to  12% for  
t h e  36 m i n  run .  T h e  t h i c k n e s s  of  t h e  t u n g s t e n  f i lms was  
e s t i m a t e d  u s i n g  A u g e r  d e p t h  p ro f i l i ng ,  a n d  a t h i c k n e s s  
o f  a b o u t  l l 0 A  was  c o n s i s t e n t l y  o b t a i n e d  fo r  al l  o f  t h e  
s a m p l e s .  U s i n g  a n  a v e r a g e  m e a s u r e d  s h e e t  r e s i s t a n c e  of  
20 ~/[1,  o n e  c a n  e s t i m a t e  t h e  r e s i s t i v i t y  to  b e  30 ~ 2 - c m .  
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Fig. 2. Tungsten thickness of samples without the HF treatment vs. 

deposition time. 

All  o f  t h e s e  r e s u l t s  a g r e e  w i t h  t h e  s e l f - l i m i t i n g  r e a c t i o n  
m e c h a n i s m  (8, 10, 11). 

F o r  s a m p l e s  w i t h o u t  t h e  H F  t r e a t m e n t  (wi th  t h e  c h e m -  
ica l  ox ide ) ,  t h e  s h e e t  r e s i s t a n c e  d r o p p e d  q u i t e  a b r u p t l y  
f r o m  t h e  3 m i n  r u n  to t h e  6 m i n  run ,  a n d  d e c r e a s e d  grad-  
u a l l y  t h e r e a f t e r .  T h e  s h e e t  r e s i s t a n c e  for  t h e  3 m i n  r u n  
w a s  a l m o s t  t h e  s a m e  as  t h a t  o f  t h e  o r i g i n a l  s i l i c o n  sub -  
s t r a t e ,  i n d i c a t i n g  t h e  a b s e n c e  o f  a c o n t i n u o u s  t u n g s t e n  
f i lm. S E M  o b s e r v a t i o n  c o n f i r m e d  t h a t  s e l e c t i v e  n u c l e a -  
t i o n  h a d  o c c u r r e d  w i t h o u t  c o n t i n u o u s  f i lm f o r m a t i o n .  
F u r t h e r  d e p o s i t i o n  c a u s e d  t h e  g r o w t h  a n d  c o a l e s c e n c e  
of  t h e  n u c l e a t e d  t u n g s t e n ,  r e s u l t i n g  in a n  a b r u p t  d r o p  in  
s h e e t  r e s i s t a n c e .  D e p o s i t i o n  c o n t i n u e d  e v e n  a f t e r  t h e  nu -  
clei  c o a l e s c e d  a n d  s h e e t  r e s i s t a n c e  as low as 2.65 ~ / 5  was  
m e a s u r e d  for  t h e  36 ra in  run .  T h o u g h  t h e r e  was  st i l l  t h e  
t e n d e n c y  for  t h e  s h e e t  r e s i s t a n c e  to i n c r e a s e  t o w a r d s  t h e  
e d g e s  of  t h e  wafers ,  t h e  u n i f o r m i t y  was  b e t t e r  t h a n  t h a t  
fo r  t h e  s a m p l e s  w i t h  t h e  H F  t r e a t m e n t .  T h e  l a r g e s t  
s t a n d a r d  d e v i a t i o n  was  12% for t h e  24 m i n  run .  

T u n g s t e n  t h i c k n e s s  (Fig. 2) was  e s t i m a t e d  u s i n g  a 
D e k t a k  s u r f a c e  p r o f i l o m e t e r .  V e r y  t h i c k  f i lms  w e r e  ob-  
t a i n e d ,  s t a r t i n g  w i t h  1200A for  t h e  6 m i n  r u n  a n d  
i n c r e a s i n g  t o  2500A for  t h e  36 m i n  run .  I t  is c l e a r  t h a t  
s e l f - l i m i t i n g  g r o w t h  d id  n o t  o c c u r  in  t h e s e  s a m p l e s .  

O u r  w o r k  a g r e e s  w i t h  p r e v i o u s  o b s e r v a t i o n s  (13) t h a t  
t h e  p r e s e n c e  of  a t h i n  l aye r  of  s i l i con  o x i d e  w o u l d  r e s u l t  
in  t h i c k  f i lm d e p o s i t i o n  v ia  s i l i con  r e d u c t i o n .  T h e  r e a s o n  
fo r  t h e  u n l i m i t e d  g r o w t h  h a s  n o t  b e e n  e x p l a i n e d  p r e v i -  
o u s l y  a n d  wil l  be  t h e  s u b j e c t  m a t t e r  of  t h i s  pape r .  

Auger electron spectroscopy (AES).--AES s p u t t e r  p ro-  
f i l ing  u s i n g  a X e  ion  b e a m  was  d o n e  in  a V a r i a n  s y s t e m  
(14). A s q u a r e  a r e a  of  a b o u t  0.25 m m  ~ w a s  p r o b e d  a n d  a 
400A t h i c k  t u n g s t e n  f i lm s t a n d a r d  was  u s e d  to d e t e r m i n e  
t h e  s p u t t e r i n g  rate .  
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Fig. 1. Sheet resistance of samples with and without the HF treat- 
ment vs. deposition time. 
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Fig. 4. (a, left) Auger sputtering profile of samples without the HF treatment. (b, right) Surface Auger spectrum of samples without the HF 
treatment. 

For  samples  wi th  the HF t rea tment ,  the Auger  depth  
profi le for the 36 min  sample  (Fig. 3) shows a very  thin  
(100A) tungs t en  film, thus conf i rming sel f - l imit ing 
growth. The oxygen Auger  signal is qui te  low in the film, 
ind ica t ing  a low level  of  oxygen  con tamina t ion  der ived  
from the deposition. On the other hand, the Auger  spec- 
t rum of the surface before  spu t te r ing  indica tes  a high 
level  of  oxygen  contamina t ion ,  p robab ly  caused by at- 
mosphe r i c  con tamina t ion  (e.g., oxygen,  mois ture ,  and 
carbon dioxide adsorption) on the surface when the sam- 
ple was exposed  to air. No de tec tab le  s i l icon Auger  sig- 
nal was observed on the surface. 

The Auger  depth profile (Fig. 4a) for the 12 min sample 
w i thou t  the HF t r ea tmen t  shows th ick  tungs ten  deposi-  
t ion, in ag reemen t  wi th  the surface prof i lometer  mea- 
su rement  results. The oxygen Auger  signal shows a sur- 
face peak, which again is probably caused by atmo- 
spheric contaminat ion when the sample was exposed to 
air. Below the surface, the oxygen signal level drops and 
then  rises before  d ropp ing  aga in  as the s i l icon signal  
level begins to rise. Integrat ing the oxygen signal for this 
sample  indicates the presence of a large amount  of oxy- 
gen in the film, almost  equivalent  to the oxygen content  
in 100A of silicon dioxide. It is impossible  to obtain such 
a th ick  layer of oxide with the prescr ibed cleaning proce- 
dure. Unl ike  the case for samples with the HF treatment ,  
Auger  spectra for samples wi thout  the HF t rea tment  in- 
d ica ted  the p resence  of s i l icon (Fig. 4b) on the surface.  

This silicon signal disappeared after 1 min of  sputtering. 
The  origin of  the large amount  of oxygen  in the film 

and of the silicon on the surface will be discussed in the 
Discussion section. 

Scanning electron microscopy (SEM).--SEM observa- 
tions of the samples wi thout  the HF t rea tment  will be de- 
scribed. 

The plan-view micrograph (Fig. 5a) of the 3 min sample 
clear ly  shows tungs ten  nuclei  d i s t r ibu ted  over  the  sur- 
face. The nuclei  show a range in size from the l imit  of the 
SEM resolut ion (20-30A) to an upper  diameter  of several 
thousand angstroms. The larger nuclei  appeared to have 
a granular  texture ,  some with  center  voids  su r rounded  
by tungs t en  with  a spiral ing s t ructure .  Si l icon was de- 
tected inside these voids by scanning AES (16). When the 
sample was observed at an oblique angle (Fig. 5b), these 
larger  nucle i  tu rned  out to be depress ions  in the  s i l icon 
surface with  some granular  edge features  p ro t rud ing  
above the substrate surface. 

The 6, 12, 24, and 36 min  samples will be considered as 
a group.  All surfaces (Fig. 6a-d) are decora ted  with  nu- 
merous  spots  wi th  darker  contrast ,  the  densi t ies  and 
sizes of which  change  very  l i t t le  among  the samples .  
F rom micrographs  of h igher  magnif icat ion (Fig. 7a), the 
d iamete rs  of  these  spots can be es t imated  to be a round 
1000A. A cross-sectional micrograph (Fig. 7b) shows that 

Fig. 5. (a, left) SEM micrograph of the 3 min sample showing disjointed nucleation. (b, right) SEM micrograph taken at an oblique angle. Dis- 
jointed nuclei correspond to depressions on the silicon surface. 
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Fig. 6. (a, top left) Plan-view SEM micrograph of the 6 min sample. (b, top right) Plan-view SEM micrograph of the 12 min sample. (c, bottom 
left) Plan-view SEM micrograph of the 24 min sample. (d, bottom right) Plan-view SEM micrograph of the 36 min sample. 

Fig. 7. (a, left) Plan-view SEM micrograph of the 12 min sample at a higher magnification showing size and density of the spots of darker con- 
trast. (b, right) Cross-sectional SEM micrograph of a channel through the tungsten film. 
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Fig. 8. (a, left) Roughness contrast between tungsten surface and tungsten/silicon interface. (b, right) Cross-sectional SEM micrograph of rough 
silicon surface with the tungsten partly removed. 

such spots cor respond  to channels  going from the sur- 
face, th rough  the fungs ten  film, and t e rmina t ing  in the 
s i l icon substrate .  I t  is also apparen t  f rom the  cross- 
sec t ional  mic rograph  (Fig. 8a) that  the tungs ten /s i l i con  
interface is much  rougher  than the tungsten surface. Fig- 
ure  8b shows the rough si l icon surface when the tung- 
sten film was partly removed.  

The th ickness  of the tungs ten  films (Fig. 2) was esti- 
mated  using cross-sectional SEM and plotted along with 
that  measu red  us ing the surface prof i lometer .  The sur- 
face profi lometer  measurements  were smaller because of 
the large radius (12.5 ~m) of its p robe  tip and there fore  
not  as accurate as those obtained using SEM. 

Transmission electron microscopy (TEM).--As ex- 
pected for a self-limiting film, the plan-view TEM micro- 
graph (Fig. 9) of a sample with the HF t rea tment  shows a 
con t inuous  fihn of  tungs ten  with  no gross poros i ty  l ike 
the voids observed in the tungsten films wi thout  the HF 
treatment .  

For  a sample  wi thou t  the HF t rea tment ,  a cross-sec- 
t ional  TEM mic rograph  (Fig. 10a) of  a nuc lea t ion  site 
shows a void in the silicon substrate half  filled with tung- 
sten. The recessed  tungs ten  nuc leus  is a l igned to one 
side of the void with a small overgrowth above the origi- 
nal silicon surface. The presence of this overgrowth is an 
ind ica t ion  that  some chemica l  species mus t  be mobi le  
enough  to migra te  on top of  the nucleus  dur ing the nu- 
c lea t ion process.  The cross-sect ional  TEM micrograph  
(Fig. 10b) of a more developed nucleat ion site shows the 
porous nature of the boundary  be tween the tungsten nu- 
c leus  and the  s i l icon substrate.  Tungs ten  hexaf luor ide  
can di f fuse  along this porous  per iphery  and react  with 
exposed silicon, causing the nucleus to grow. 

Discussion 
The silicon reduct ion reaction results in the removal  of 

s l ight ly  less than  two uni t  vo lumes  of  s i l icon for every  
uni t  v o l u m e  of tungs ten  depos i ted  (8). Depend ing  on 
how this extra vo lume of void is displaced, the character  
of the deposi t ion can be very different. 

S ince  sel f - l imit ing depos i t ion  was obta ined  for sam- 
ples with the HF t rea tment  (without the chemical  oxide), 
the v o l u m e  of void  mus t  have  been  d isp laced  most ly  in 
the direct ion normal  to the wafer surface (Fig. l la) .  The 
si l icon surface is sealed and the depos i t ion  is self-limit- 
ing. 

The  s i tuat ion is more  compl i ca t ed  for the  samples  
wi thout  the HF t rea tment  (with the chemical  oxide). As 
indicated in the section on AES, the amount  of oxygen in 
the  tungs ten  film could not be total ly ascr ibed to the 
chemica l  oxide.  Besides,  it would  be surpr is ing  to ob-  

serve tungsten nucleat ion and growth on silicon covered 
with such a thick oxide (13). In fact, no tungsten was ob~ 
served on samples with 1000A of thermal ly  grown oxide, 
even  after  36 rain of  exposure  to tungs t en  hexaf iuor ide  
under  identical  deposi t ion conditions.  This implies that  
the reac t ion  be tween  tungs ten  hexaf luor ide  and si l icon 
dioxide,  though thermodynamica l ly  favorable (17), must  
be kinetically very slow at this deposi t ion condition. We 
be l ieve  the init ial  se lec t ive  tungs ten  nuc lea t ion  s tar ted 
in "weak"  spots (8, 18) of  the chemical  oxide, e.g., physi- 
cal weak spots such as pin holes or chemical  weak spots 
such as s i l icon-rich si l icon oxide.  This reac t ion  con- 
sumes  silicon, deposi ts  tungsten ,  and genera tes  a void.  
In the presence of the chemical  oxide, not  all of the void 
v o l u m e  is d isp laced  away from the subs t ra te  surface. 
Lateral  vo lume  d i sp lacemen t  leaves the tungs ten  film 
punc tua t ed  with  channels  (Fig. l lb ) .  Such  channels ,  
penetra t ing all the way from the surface of  the tungs ten  
to the tungs ten /s i l i con  interface,  al low tungs ten  hexa- 
fluoride to reach the silicon substrate and enable silicon 
reduc t ion  to proceed  con t inuous ly  along the tungs ten/  
silicon interface. 

TEM observat ions  confirmed the lateral  d i sp lacement  
of  void  vo lume  (Fig. 10a) in the ini t ial  stage of  tungs ten  
nucleation.  It would seem that  the voids at the centers of 
the  nuc lea t ion  sites (Fig. 5a), which  are su r rounded  by 
spiraling structures as observed by SEM and TEM, are 
to be associated with the channels ir~ the thicker  films. 

Fig. 9. Plan-view bright-field TEM micrograph of self-limiting film 
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Fig. 10. (a, left) Cross-sectional TEM micrograph of a tungsten nucleus. (b, right) Cross-sectional TEM micrograph showing porous periphery 

Many of these channels show similar spiraling effects 
(Fig. 7a). As the nuclei  grew sideways, the chemical  ox- 
ide would  be weakened and new nucleat ion sites would 
be genera ted .  The por t ions  of  the film resul t ing  f rom 
these  new sites would  be th inner ,  thus  exp la in ing  the 
roughness  of  the tungs ten /s i l i con  interface.  Therefore ,  
the  apparen t  compos i t iona l  gradient  ind ica ted  by the 
tungs ten  Auger  signal (Fig. 4a) is caused by the nonuni-  
formi ty  (Fig. 8a) in the tungs ten  thickness .  Converse ly ,  
s ince the tungs ten / s i l i con  interface  is the actual  g rowth  
front,  the tungs ten  surface remains  more  or less at the 
leve l  of  the or iginal  s i l icon surface and retains  its 
smoothness.  

The surface si l icon Auger  signal  should be due to the 
or iginal  chemica l  oxide  sca t te red  on the surface.  This 
chemical  oxide will not be scattered throughout  the film 
as long as the tungsten/si l icon interface can be identified 
as the growth  front. S ince  there  was no chemica l  ox ide  
on the  samples  wi th  the HF t rea tment ,  surface si l icon 
Auger  signal was not detected in these samples. 

The large amount  of oxygen in the film can also be ex- 
p la ined in t e rms  of a tmospher ic  con tamina t ion  on the 
s idewal ls  of  the channels ,  when  the s amp le s  were  ex- 
posed  to air. The concur ren t  r is ing of  the si l icon Auger  
signal (Fig. 4a) with the peaking of the oxygen Auger  sig- 
nal is an indication of the depth below the tungsten sur- 
face where a large number  of channels terminate.  Sil icon 

at the end of these channels provides additional area for 
oxygen or moisture adsorption. Therefore, the amount  of 
oxygen  should be correlated with the surface area avail- 
able for adsorpt ion,  ra ther  than be corre la ted  with  the 
amount  of silicon oxide originally present  on the silicon 
surface  (13). The h igher  res is t iv i ty  (greater than  60 
~ - c m )  of the thick films should be explained in terms of 
the  porous  and granular  na ture  of the film. Oxygen,  
mos t ly  or ig inated  f rom a tmospher ic  adsorp t ion  on ex:  
posed tungsten surfaces and hence not being incorpora- 
ted in the  film, is not  expec ted  to be a major  factor in 
causing the higher  resistivity. 

I f  t ungs ten  nuc lea t ion  and growth  requi re  the pres- 
ence of silicon, and silicon can only be found at the end 
of  the channels,  it is obvious why the densit ies and sizes 
of the dark spots observed in the plan-view SEM micro- 
graphs  did not  change with depos i t ion  t ime. The chan- 
nels would  not  close if  no tungs ten  growth  could take 
place on the sidewalls. 

Finally, the presence of tungsten overgrowth (Fig. 10a) 
above  the s i l icon surface is an indica t ion  that  some 
chemical  species must  be mobile. One possibil i ty is that 
tungs ten  atoms, once formed on the silicon surface, mi- 
grated around until  at taching to an exis t ing tungsten nu- 
cleus.  The a toms remained  mobi le  on the surface of  the 
tungs t en  nuc leus  before  finally being captured  in suita- 
ble incorporat ion sites and became part of the nucleus.  

Fig. 11. (a, left) Vertical volume reduction. (b, right) Horizontal volume reduction 
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Summary 
Thick tungsten deposit ion via the silicon reduct ion of 

tungs ten  hexaf luor ide  was obta ined  when a layer of 
chemica l  oxide  was de l ibera te ly  left  on the s i l icon sur- 
face. The th ick  films are punc tu red  with mic rochanne l s  
penetrat ing all the way from the tungsten surface to the 
tungsten/si l icon interface. We bel ieve the chemical  oxide 
causes horizontal vo lume reduct ion to occur, thus gener- 
ating the microchannels .  Tungsten hexafluoride can eas- 
ily diffuse along these channels to reach the silicon sub- 
strate, causing unl imited tungsten growth. 
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Impurity Doping during Si Epitaxy by Means of C02 Laser CVD 
T. Meguro, 10. Okabayashi, and T. Itoh* 

School of  Science and Engineering, Waseda University, Ohkubo, Shinjuku-ku,  Tokyo 160, Japan 

ABSTRACT 

Impuri ty doping during the Si epitaxial growth by means of CO., laser CVD is reported. We have grown n-type single 
crystalline Si on (100) Si substrate using Sill4 as a Si source and PH:~ as a donor impurity at growth temperatures % be- 
tween 550 ~ and 750~ The electron mobil i t ies  at room tempera ture  of  Si films grown at 600~ were near values of bulk 
crystal for the corresponding carrier concentrations, while the electron mobilities of Si films grown at 700~ were about 
10% of the bulk values. From the transmission electron microscope (TEM) observation, it was clarified that the degrada- 
tion of the electron mobility at 700~ was caused by the segregation of P atoms in the Si epilayer. 

Severa l  researchers  (1-7) have inves t iga ted  thin film 
format ion by means of CO2 laser CVD method.  Bilenchi  
et al. (6) have reported on the successful growth of doped 
a-Si:H films. In our previous report  (7), the low tempera-  
ture undoped  Si epitaxial  growth using SiH~ by COs laser 
CVD was descr ibed.  There  is a s t rong advantage  in de- 
c reas ing  T~ to p reven t  impur i ty  red is t r ibu t ion  by in- 
diffusion across the interface. In the case of convent ional  
low tempera ture  Si epi taxy by CVD, however,  there was 
a t e n d e n c y  of  poor  dopant  act ivat ion,  genera l ly  caused  
by the dopan t  a toms which  were  p laced o f f t h e  prefera- 
ble surface sites due to the vo lume reaction. It is advan- 
tageous to promote  the surface reaction and to el iminate 
the v o l u m e  react ion for the epi taxia l  g rowth  by CVD. 
S ince  the decompos i t i on  of  source  gas p roceeds  on the 
surface  in the case of CO~ laser  CVD (7), it is expec t ed  
that  doped Si epitaxial  growth will occur at low tempera-  
ture. 

In this paper we discuss low tempera ture  Si epi taxy of 
P doped n-type single crystall ine Si by means of  the COs 
laser CVD using Sill4 containing PH.d. 
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search (RIKEN), Wako-shi, Saitama 351-01, Japan. 

Experiment 
The CO2 laser epi taxy system used in this s tudy was 

desc r ibed  in detai l  in the previous  repor t  (7). A p-polar- 
ized 50W cw CO2 laser beam 25 mm in diam was directed 
on the Si subs t ra te  at a 45 ~ angle  of  inc idence  and the 
wave leng th  of CO2 laser was fixed at 10P(20) in the pre- 
sent work. 

Substrates  were n-type (100) oriented single crystall ine 
Si wafers  with the res is t iv i ty  above 100 t2-cm for Hall 
measurement s .  The part ial  pressure  of  100% PH:~ con- 
ta ined in the Sill4 was var ied be tween  1 • 10 '~ and 1 • 
10 -.4 torr, co r respond ing  to a pressure  ratio of PH:/SiH~ 
from 20 to 2000 ppm. Substrates were heated by a resist- 
ive heated carbon plate and Si films were grown at T~ be- 
tween 550 ~ and 750~ The single crystall ine films grown 
at 650~ had a growth rate of 1.5 nm/s us ing 0.05 torr  of 
100% Sill4 pressure. 

The carrier concentrat ion and the electron mobil i ty of 
films were  obta ined  by the Hall m e a s u r e m e n t  with van 
tier Pauw method at room temperature.  The growth rate 
was measu red  opt ical ly on angle lapped samples  after 
s ta in ing 30s in HNO:~ conta in ing  a sl ight  amount  of  HF. 
The crystall ine quality and the surface morphology were 
observed by means of refiection high energy electron dif- 


