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metal -containing materials  having optimal  propert ies  for 
use in high resolut ion l i thography. 
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Reduction of WF6 
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ABSTRACT 

In this paper, we present data on the formation and structure of CVD W films deposited by the Si reduction of WF~. Al- 
though the great majority of CVD W films deposited for IC applications are ostensibly deposited by H~ reduction, the Si re- 
duction of  WF~ always occurs first, even in the presence of copious amounts of H2. Therefore, it is the Si reduction reaction 
that determines the nature of W/St interface, and, in turn, such important properties as contact resistance and leakage cur- 
rent. We have found that Si reduced W films deposi ted be tween 210 ~ and 700~ are porous and discontinuous,  and are 
probably not effective barriers to the further diffusion of WF,~. The discontinuous structure of the films provides a simple 
mechan i sm for the growth of thick W films by Si reduction;  such thick films have been observed with increasing fre- 
quency as of late and have been enigmatic, because the reaction between WF6 and Si was thought  to be self-limiting. An 
unusual  temperature dependence of W film growth is reported. Films deposited below 310~ self-limit at about 0.3 • 1017 
atom/cm 2 coverage ( -60A of full dense W). In the temperature range 320 -450~ film coverages up to 6.1 • 1017 atom/cm 2 
(-950A, at 340~ are observed. In the higher temperature range, 500~176 film covera es of  about 1.5 • 10 I7 atom/cm 2 
(200A) are observed. The temperature dependence and the self-limiting behavior of film gg~wth (regardless of the ultimate 
film thickness  at which the film self-limits), are bel ieved to be control led by some surface-catalyzed reaction. Thus, the 
temperature dependence of the sticking coefficient of a reactive intermediate probably controls the reaction. This kind of 
model  has the potential to explain why minor changes in the Si surface due to cleaning variations, for example, can result 
in radically different W film growth behavior. 

The interest  in chemical  vapor  deposi t ion (CVD) of W 
films for a variety of integrated circuit  (IC) metal l izat ion 
applicat ions has increased steadily in the past five years. 
While most  papers are concerned with the applicat ion of 
select ive CVD W as a diffusion barrier between A1 and Si 
at source /dra in  areas (1-4), other  CVD W appl icat ions ,  
i.e., as an interconnect ,  are also gaining populari ty (5, 6). 
Much of the latest work in the CVD W field is publ ished 
in the p roceed ings  of the 1984 and 1985 A l b u q u e r q u e  
(Sandia) meet ings  on CVD refractory metals (7). 

The chemica l  vapor  depos i t ion  of W on St, us ing WF,, 
as the source,  can involve  two react ions.  The first reac- 
tion, the Si reduct ion of WF,, also known as the displace- 
ment  reaction, involves consumpt ion  of  Si 

2WF, + 3Si--~ 2W + 3SiF4 T [1] 

For  every  angs t rom of W produced ,  app rox ima te ly  two 
angst roms of  Si are consumed (3). Even when hydrogen 
is p resen t  (the H~ reduc t ion  of  WF, will  be descr ibed  
next), this reaction will always occur first. The Si reduc- 
t ion of  WF, can be p reven ted  th rough  the use of  excess  
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SiF4 in the reactor (8), al though it is not  possible to elimi- 
nate  Si r educ t ion  ent i re ly  wi thou t  po isoning  the H~ re- 
duc t ion  react ion.  Jud i c ious  use of SiF4, however ,  can 
minimize  the erosion of  Si due to Si reduction.  

When SiF4 is used, the d i sp l acemen t  react ion usual ly  
stops once W films of about  100-200A have formed, osten- 
s ibly due  to the lack of  contac t  be tween  WF,~ and St. 
Th icke r  W films can be grown on the S t - reduced  W film 
by H2 reduct ion of WF,, according to a second reaction 

WFs + 3H2-o W + 6HF [2] 

It is bel ieved that the rate-l imiting step in this react ion is 
the dissociat ion of H2 into atomic hydrogen (9), which is 
probably catalyzed by the freshly deposi ted displaced W 
film. W films of unl imited thickness  can be deposi ted by 
H2 reduction.  

Al though the great majori ty  of  CVD W films deposi ted 
for IC appl ica t ions  are depos i ted  by H2 reduct ion ,  it is 
impor tant  to emphasize that even in the presence of co- 
pious amounts  of H2 (typical flows for se lec t ive  CVD W 
film deposi t ion are 2000 sccm H2, 10 sccm WF,~). the dis- 
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p lacemen t  reaction,  Eq. [1], will always take place first. 
This fact is dictated by the higher free energy of reaction 
[ 1 ] as compared to reaction [2] (-147 vs -15 kcal/mol of W 
at 327~ and can readily be verified by selectively etch- 
ing the W from source/drain windows and observing the 
erosion of the Si. Therefore, it is the Si r educ t ion  reac- 
t ion,  and not  the H~ reduc t ion  reaction,  that  de te rmines  
the na tu re  of the W/Si interface. In  turn ,  this interface 
will de termine  such impor tan t  device characterist ics as 
contact  res is tance and leakage current ,  and  such  physi- 
cal characterist ics as interfacial c leanl iness and silicide 
formation kinetics. Thus, the purpose of this paper is to 
exclus ively  s tudy the na ture  of the d i sp lacement  reac- 
tion, and the s tructure and properties of the resul tant  W 
films. 

Background 
A previous  paper  (10) reported on s tudies  of Si-re- 

duced W films as a func t ion  of growth t empera tu re  and  
crystal perfection. Figure 1 illustrates the observed tem- 
perature dependence  of W film growth. The unusua l  tem- 
pera ture  dependence  suggests that  k inet ic  l imita t ions ,  
as opposed to nuc lea t ion  l imitat ions ,  inf luence growth, 
because  even at very low temperatures ,  e.g., 210~176 
W films can nucleate, although they become self-limiting 
at thicknesses of less than 100A. (Assuming full densi ty 
of W, 10 ~ atom/cm 2 coverage equals 159.3/~ of W.) 

Other researchers  have observed similar  t empera tu re  
dependences  of W growth, as is shown in Fig. 2. The data 
of Fig. 1 is shown for compar ison,  replot ted in terms of 
th ickness ,  a s suming  full W density.  Tracy (11) sees a 
peak in W growth at about  the same tempera tu re  as the 
presen t  data, 350~ Tracy's  c leaning  and related pro- 
cessing t echn iques  are the same as in this paper,  al- 
though the deposit ion t ime is only 1 min. I toh's  data (12), 
generated using an unrepor ted cleaning technique , but  a 
protected (N2) wafer in t roduc t ion  technique ,  reveals a 
strong growth peak, but  at 450~ instead of the 350~ ob- 
served here and by Tracy (11). On the other hand, Broad- 
ben t ' s  data (13), generated on samples  that  were intro- 
duced  into a cold furnace and then  heated unde r  
vacuum, show almost no temperature  dependence.  Thin 
films are always observed. They note, however, (14), that 
in t roduct ion into a hot (T > 300~ furnace under  air am- 
bient  results in thicker W films. 

With the exception of I toh's  data (12), whose film thick- 
ness measurement  technique is unknown,  the other data 
on Fig. 2 were deduced from either  RBS or ~-backscat- 
ter ing measurements .  RBS determinat ion of W areal cov- 
erage on Si is accurate  to -+2%. Therefore, the thick- 
nesses  plot ted for these data are derived from the 
measured areal coverage of W and the assumpt ion  of full 
W densi ty.  We will short ly show that  the a s sumpt ion  of 
full densi ty,  and therefore the calculat ion of film thick- 
ness, is often erroneous. 

Figures  1 and 2 present  data that  are in te res t ing  from 
both scientific and technological  s tandpoints .  First,  it 
will be interest ing to unders tand  the temperature  depen- 
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Fig. 2. W film thickness as a function of deposition temperature. 
Data from a variety of sources is ploffed along with the data of Fig. 1. 

dence  of W growth. The widely varying  data of Fig. 2, 
probably due to subtle differences in wafer cleaning and 
loading, suggest that surface condi t ion is critical to film 
growth behavior.  On the other hand,  from a practical  
s tandpoin t ,  th ick  W film growth, such as is observed in 
Fig. 1 at 340~ can be disastrous for devices. 1800A of Si 
were consumed  in the format ion of that  film. Since de- 
vice source/drain junct ions  for micron-scale design rule 
technologies are of this order, such initial W film growth 
would almost completely destroy these junct ions.  

Our previous paper (10) shows that crystal defects due 
to ion- implantat ion can greatly enhance  the Si consump-  
t ion reaction, i.e., shift the peak of Fig. 1 to lower temper- 
atures [see Fig. 5 of (10)]. Residual defects after implant  
anneal  and drive-in, as well as reactive-ion etch damage, 
might  have the same effect. Thus, differences in growth 
behavior  at the same deposit ion temperature,  due to dif- 
ferent  si l icon process ing variables,  can resul t  in en- 
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Fig. 1. W film coverage as a function of deposition temperature for 
lightly doped Si (100) wafers. Assuming full density of W, 1017 
atom/cm 2 coverage equals 159.3~ of W. 

Fig. 3. Two views of Si surfaces near implanted (source or drain) re- 
gions on an actual device. Selective CVD W was deposited in windows 
through SiO2 that defined these regions. (The windows were opened by 
dry etching.) Deposition took place at 290~ with H2 flow = 1500 
sccm, WF~ flow 6 sccm. W and SiO: were then wet chemically removed, 
revealing the erosion of the Si due to the initial stage of the deposition, 
the Si reduction of WF6 (a) P+ region, implanted with BF~ +, 2 • 101"~ 
cm -2 dose, and (b) N § region, implanted with As, 1 • 10 ~6 cm -2 dose. 
Implants were driven in and activated at 950~ for ! h before W 
deposition. 
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Fig. 4. W film coverage and thickness as a function of deposition 
time for deposition temperatures of 290 ~ 340 ~ and SSO~ 

hanced  eros ion  (i.e., th ick  W film format ion)  of device  
features ,  as is i l lus t ra ted  in Fig. 3, also f rom Ref. (10). 
Clearly, the origins of the tempera ture  dependence  of the 
Si reduct ion  reaction must  be understood.  

Results  
Thick and thin self-l imiting W fi lms by Si  reduction of  

WF6.--Convent ional  wisdom in the CVD W field has 
stated many t imes that  the Si d isplacement  reaction, Eq. 
[1], resul ts  in th in  (-100A), self- l imit ing films of  W. The 
data of  Fig. 1 and 2 have now complete ly  upset  this sim- 
ple picture.  In addit ion,  Tsao et aL (15) have seen Si- 
reduced  W films as thick as -2000A and Mianowski et al. 
(16) have  seen s imilar  films up to 6000/~ th ick  when  de- 
pos i ted  in a N2 ambien t  at a tmospher ic  pressure.  Also, 
Mo films as thick as several microns have been deposited 
by Si r educ t ion  of MoF~, a reac t ion  analogous to Eq. [1] 
O7). 

The  Si r educ t ion  reac t ion  does in fact  resul t  in self- 
l imi t ing  films, but  not  all films are self- l imit ing at the 
same thickness.  Figure 4, for example,  illustrates the ef- 
fect of  t ime on the growth of various Si-reduced W films. 
Each data point  represents  an individual  deposi t ion run, 
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Fig. 5. W film coveroge and thickness as a function of WE6 flow rate, 
at 290 ~ and 340~ 

and the run-to-run variations can be seen. However,  the 
self-l imiting trend is clear, in that  somewhere  be tween 3 
and 10 min, p robably  closer  to 3 min, the films at tain 
thei r  u l t imate  th ickness .  F i lms  depos i ted  at 340~ self: 
l imit  at t - 1300A. whereas those deposi ted at 290~ self- 
l imit  at t < 100A. Figure 5, which shows the effect of WF, 
flow rate on W film formation,  fur ther  i l lustrates  the 
point. Once a certain flow rate of WF~ is reached, in this 
case somewhere  between 1 and 6 sccm, W film thickness 
reaches its ul t imate value. Fur ther  increases in WF~ flow, 
even  up to 30 sccm, do not s ignif icantly affect the self- 
l imi t ing  behavior ,  whe the r  th ick  films (at 340~ or th in  
films (at 290~ result. 

These new findings, as well as the data in Fig. 1 and 2, 
and the recent  observations in the l i terature (15-17), must  
change the way we think about  the Si d isp lacement  reac- 
tion. First, we must ask how it is possible for thick W 
films to grow by what is supposed to be a diffusion 
controlled reaction that is traditionally thought to self- 
limit when the W thickness is about 10OA. Furthermore, 
now that it is well established that thick W films are a re- 
ality, we must ask why all W films produced by Si reduc- 
tion are not thick, especially those formed at T > 340~ 
Finally, we should ask why the thick W films do not grow 
thicker with increased time and WF6 flow. Why are they 
self-limiting at all? 
One model to explain thick W film growth by Si reduc- 

tion of WF~ is what we will call the pinhole theory of 
growth, illustrated in Fig. 6. Much of this model has been 
proposed by Broadbent et al. (14). It is known that Si sur- 
faces have a thin (-5A) native oxide on them (18), which 
quickly regrows after cleaning. This oxide is assumed to 
be imperfect and therefore has pinholes in it. The Si re- 
duction reaction is assumed to nucleate at these pin- 
holes, and advance into the underlying silicon. The self- 
limiting thickness is the thickness at which the reaction 
stops, which is thought to happen when the growing 
fronts coalesce. The W film thickness at which this hap- 
pens will be related to the original pinhole density. Many 
pinholes should give rise to many small growth fronts, 
and a W film that coalesces quickly, i.e., a thin film. Few 
pinholes, then, should lead to just a few growth fronts, 
which will have to consume a lot of Si before coalescing, 
thereby giving rise to a thick W film. Furthermore, if one 
assumes that pinhole density decreases as oxide thick- 
ness increases (i.e, thicker oxides are more perfect), then 
one should see W film thickness vs. oxide thickness be- 

PINHOLE THEORY OF W FILM GROWTH 

�9 NATIVE, 00 EVEN THIN GROWN OXIDES, HAVE "PINHOLES" IN THEM 
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Fig. 6. The pinhole model of W film growth by Si reduction of WF~ 
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havior  s imilar  to that  depic ted  at the bo t tom of Fig. 6. 
Naturally, when the oxide gets thick enough, no W is de- 
posited by Si reduction. 

In fact, recent  work  (19) has demons t ra t ed  this pre- 
d ic ted  behavior ,  wi th  a peak W film th ickness  of about  
1000A for an oxide  th ickness  of -20A.  In spite of  the 
ag reemen t  be tween  the p red ic ted  and expe r imen ta l ly  
de t e rmined  forms of the growth behavior ,  the p inhole  
theory of growth is rather unsatisfactory. For one thing, 
if growth of the W film is diffusion l imited (by either Si or 
WF6 dif fusion th rough  the growing W film), then  the 
g rowth  along each front  should be sel f - l imited and the 
growing fronts should not coalesce. Growth should only 
proceed laterally under  the native oxide. In other words, 
perhaps  jus t  a few monolayers  of  con t inuous  W should  
be enough to stop the Si reduct ion reaction. The fact that  
this does not  happen  suggests  that  d i scon t inuous  films 
of W form, and that  a p inhole  a rgumen t  may only par- 
t ially expla in  the data of Ref. (19). We will  show short ly  
that  Si-reduced W films are in fact very discontinuous.  

Fur the rmore ,  RBS and spec t roscopic  e l l ipsomet ry  
(20, 21) were used to characterize the surface of clean Si 
wafers that underwent  simulated W deposi t ion runs, i.e., 
were r emoved  from the furnace jus t  prior  to W deposi-  
tion. Figure  7, which illustrates these results, reveals that 
ve ry  l i t t le  change in nat ive  oxide  th ickness  is no ted  in 
the t empe ra tu r e  range 300~176 where,  accord ing  to 
Fig. 1, very significant changes in W deposi t ion behavior  
were noted. That a major change in W deposi t ion behav- 
ior can be precipi tated with only negligible change in ox- 
ide thickness suggests that  the pinhole theory of growth 
does not have much  validity. Note from Fig. 7 that a sim- 
ula t ion t empera tu re  greater  than 350~ is requ i red  be- 
fore signif icant  process- re la ted  oxide  growth  is seen. 
Even then, it is observed that  this oxide growth is not as- 
sociated with enhanced W film growth, as can be seen in 
Fig. 1. W film growth can be greatly diminished by leav- 
ing the samples  in the furnace for 2h before  deposi t ion,  
at e.g., 340~ or by introducing the sample at 700~ and 
slowly cool ing it under  vacuum,  to the depos i t ion  tem- 
pera ture  of, e.g., 290~ In both cases, very thin (~< 100A) 
W films result, due to the presence of a thicker  native ox- 
ide (Fig. 7) and also carbonaceous  layers,  which  are de- 
tectable  by Auger  analysis or spectroscopic e l l ipsometry 
studies. In fact, about  5-10A of carbonaceous material  is 
found on cleaned Si surfaces, and. because of its optical 
similari ty to SiO2, when added to the 5A of real native ox- 
ide, it accounts  for the "15A" of native oxide commonly  
reported for cleaned Si by el l ipsometry measurements .  

A final aspect  of the pinhole theory that is t roublesome 
is its a s sumpt ion  that  the nat ive  SiO2 layer remains  in- 
tact, and that attack of the Si takes place through and un- 
de rnea th  it. In fact, the  nat ive  oxide  is not  s table in the 
presence  of WF, 
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3SIO2 + 2WF~--~ 2WO3 + 3SiF4 [3] 

wi th  AG = -48  kcal /mol  of WO3 at 327~ Due to the de- 
s t ruc t ion  of the SiO2 film, a mode l  as s imple  as the pin- 
hole model  probably only has l imited validity. 

The preceding discussions, and the evidence of Fig. 1, 
sugges t  that  there  is no kinet ic  l imi ta t ion  to the forma- 
t ion of CVD W by Si reduct ion.  That  a very  th ick  film 
forms at 340~ but  not  at 310~ indicates  that  g rowth  is 
not  a di f fus ion l imi ted  process,  s ince it is un l ike ly  that  
the tempera ture  dependence  of the diffusion mechanism 
is that  strong. Even  assuming  it was that  strong, why 
would  growth  sudden ly  decrease  after only a sl ight  fur- 
ther  increase  in t empera tu re  to, e.g., 375~ It is more  
l ikely that  the t empera tu re  dependence  of CVD W film 
growth  by Si reduc t ion  is cont ro l led  by factors such as 
the tempera ture  dependence  of nucleat ion rate, st icking 
coefficient ,  a tomic  reduc t ion  mechan ism,  and other  
mechan i sms .  To s tudy these  effects,  sophis t ica ted  sur- 
face chemis t ry  studies,  pe r fo rmed  in high v a c u u m  with 
very good diagnostic techniques  such as Auger  spectros- 
copy, RHEED,  XPS,  and mass spec t romet ry  need to be 
carried out. 

F i l m  S t ruc ture . - -Tab le  I summarizes  an exper imenta l  ' 
fact  that  was repea ted ly  observed.  W film th icknesses ,  
ca lcula ted  f rom RBS m easu rem en t s  using W full den- 
sity, were  cons is tent ly  smal ler  than actual  film thick- 
nesses as observed by TEM cross section. The ratio of the 
two th ickness  measu remen t s  is equal  to the dens i ty  of  
the W film, as expressed  as a f ract ion of its full density.  
Thus,  CVD W films, depos i ted  at a var ie ty  of tempera-  
tures,  are all less than full density.  It is in te res t ing  to 
note that the W film density peaks at about  the same tem- 
perature as the growth m ax im um  (-340~ and that  it fol- 
lows the behavior  of Fig. 1 in general. The percentage of 
space not occup ied  by W (i.e., t r apped  gases, pores, in- 
clusions) in the CVD W films varies  from 40 to 58.8%. 
Careful scrutiny of the RBS spectra reveals less than 2% 
Si in the W films, the detectabil i ty limit by RBS. 

The discontinuous,  porous nature of the Si-reduced W 
films is i l lus t ra ted  in the next  two figures. F igure  8 is a 
plan v iew TEM pho tomic rog raph  of  a W film depos i ted  
on Si. The sample was prepared by thinning it from the 
back (Si) side using wet  chemica l  t echn iques  and ion 
mil l ing.  The hole in the sample  thus created is towards  
the r ight  cen ter  of  the picture.  Therefore ,  the th ickness  
of  the TEM sample decreases from left to right, and two 
types  of poros i ty  become  obvious.  The first is inter- 
granular porosity due to sample thinning. These regions 
are formed between coalescing W grains, during growth, 
and punch  th rough  more  qu ick ly  dur ing  th inn ing  for 
TEM. The second form of porosity is intragranular  and is 
observable in the grains at the right of Fig. 8. This poros- 
ity is finely distributed,  on the order of -25A. Figure 9 il- 
lustrates the intragranular  porosity in more detail. In this 
darkfield TEM photomicrograph,  it can be seen that cer- 
tain W grains are diffract ing strongly.  It  is fur ther  seen 
that  each grain is composed  of t iny par t ic les  separa ted  
by a fine pore network.  The grains are there fore  
"spongy,"  and reminiscent  of a partially sintered mass of 
particles. From Fig. 9, the particles that form the grains 
can be seen to be about  25-200A in size. 

The origin of the porous structure of the W films seems 
qui te  obvious.  Since  a gas (SiF4) is evo lved  dur ing  the 
format ion  of the W deposi ts ,  d i s rupt ion  of the film is t o  
be expected.  For example,  if a nucleat ing SiF4 "bubb le"  

Table I. Volume percent W in Si reduced W films 

(100)Si wafers exposed to WF~ for 10 min 
with 6 sccm WF~ and 1000 sccm Ar 

Deposition tTEM, ]~ tR~s/tTEM = % full 
temperature, ~ tR~s, A (avg) density of film 

290 59 129 45.9 
350 741 1236 60.0 
550 392 737 53.2 
700 200 485 41.2 
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Fig: 8. Brighffield (BF) TEM photomicrograph of a Si-reduced W film, 
in plan view. W deposited on an amorphized Si layer, caused by implan- 
tation of As, 1 • 10 TM cm -2 dose, at 100 keV. W film coverage is equal 
to 2.96 • 101T atom/cm 2, as measured by RBS. W film was deposited at 
290~ Ar = 3500 sccm, WF6 = S sccm, 4.5 min. 

is occupy ing  a site on the growing  W film, somewhere  
near  the W/Si interface, another  W particle cannot  nucle- 
ate there.  The pores,  therefore ,  may be the r emnan t s  of 
bubbles  of SiF4. 

These  new observa t ions  of  mic roporos i ty  in Si-re- 
duced  W films are cons i s ten t  wi th  two other  observa-  
t ions made on these films. First, since the porous W film 
may not be a barrier to further WF6 in-diffusion, the po- 
rosity provides a mechanism for the growth of thick Si- 
reduced  W films. In other words, such films are not  self- 
l imi t ing  at small  W coverages  because  they are not  
barr iers  to fur ther  reaction.  The t empera tu re  depen- 
dence of W growth (Fig. 1) may then  be dominated  by W 
film pore structure more than anything else. Second, we 
have  observed  very high film res is t iv i t ies  (50-200 • 10-" 
~-cm,  10-40 t imes  the bulk W value) for S i - reduced  W 
films. A significant  por t ion  of  this increase  is exp la ined  
by the lack of in terconnect iv i ty  of the porous W films. 

Knowledge  of CVD W film morphology as a function of 
t ime  migh t  offer some ins ight  into the format ion  of the 
porosi ty,  and also an unde r s t and ing  of  the t empera tu re  
d e p e n d e n c e  of  growth.  F igures  10-13 i l lustrate,  in TEM 
cross section,  the morpho logy  of films depos i t ed  for 5s 
(a), and for 10 min (b), at tempera tures  of 290 ~ 350 ~ 550 ~ 
and 700~ The TEM samples  were  t i l ted  in the  micro- 
scope to var ious  degrees,  to reveal  more  of  the surface 
detail  of the W films. Figure 10a shows that at 290~ the W 
film nuc lea tes  he te rogeneous ly  on the Si as small,  fac- 
e ted W particles.  As is ind ica ted  in Table  II, these  
particles are of the order of 124A. It is interest ing to note 
that  the d i s t r ibu t ion  of  part icles  is a m app ing  of  what- 
ever  nuc lea t ion  sites (i.e., pinholes ,  carbon contamina-  
tion, spaces be tween  oxide  patches,  etc.) ex i s ted  on the 
Si surface.  After  10 min  of growth,  Fig. 10b, the struc- 
tural  details of the film are no longer distinct. The origi- 
nal par t ic les  appear  to have  merged,  and some smal ler  
particles, that  perhaps nucleated in be tween the original 
part icles ,  can be d is t inguished.  It  is obvious  f rom the 
dens i ty  var ia t ions  in the pho tomic rog raph  that  the W 
film is not  fully dense. 

F igure  11, films depos i ted  at 350~ i l lustrates  a film 
m o r p h o l o g y  that  is very  d i f ferent  f rom that  observed  at 
290~ This could have been anticipated by the tempera-  
ture data, Fig. 1, which shows that  at 350~ the W cover- 
age is about  ten t imes  greater  than at 290~ Even  after 
only 5s deposi t ion time, a significant W film has formed. 
This film exis ts  as b lo tchy  patches  cover ing  the Si sur- 
face, about  204A average size. The patches are composed 

Fig. 9. Darkfield (DF) TEM photomicrograph of a Si-reduced W film, 
in plan view. W film was deposited at 340~ Ar = 1000 sccm, WF6 = 
5 sccm, t = 5s. 

Fig. 10. Brightfield (BF) TEM cross-sectional photomicrographs of a 
Si-reduced W film, deposited at 290~ on a (100) Si wafer. Ar = 1000 
sccm, WF6 = 5 sccm, (a) tdep = 5s and (b) tdep = 10 rain. 
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Table II. Average sizes of features observed in TEM 
cross sections of CVD W films 

T, ~ ta~, = 5s ta~, = 10 min 

290 124A nuclei Internal features of film 
(faceted) are not distinct 

350 Blotches, Blotches, 457A, 
204A composed of 

37fl particles 
550 57A nuclei 158A particles 
700 98.~ nuclei 218A particles 

(very few) (grain formation) 

of smaller W particles, and both the inter and intrapatch 
poros i ty  are evident .  The f i lm(af te r  10 rain o f  growth,  
looks remarkably  similar to the initial stages of growth. 
The film is porous, the blotchy patches have enlarged to 
457A average size, and the par t ic les  compr i s ing  the 
pa tches  are now discernable  and are 37A average  size 
(Table II). 

After deposi t ion at 550~ Fig. 12, the films begin to ex- 
hibit  very dist inct  features. Five seconds exposure,  Fig. 
12a, resul ts ' in  a distr ibution of W nuclei  on Si, 57/~ aver- 
age size, evenly  d ispersed  on the  Si surface. In cont ras t  
to the nuclei  observed at 290~ these are not faceted and 
appear to be very thin and planar. It is possible that  these 
are at an earlier stage of growth than those at 290~ The 
film that results after 10 min exposure,  Fig. 12b, seems to 
have evolved by growth of the original particles, as well 
as secondary  nuc lea t ion  and growth  to consume  the Si 
be tween  the original  particles.  What resul ts  is a h ighly  
d i scon t inuous  (porous) film composed  of par t ic les  of  
155A average size. 

Nucleat ing particles were hard to observe on the 700~ 
sample, Fig. 13a. The few that were observed were simi- 
lar to those seen at 550~ After 10 min at 700~ Fig. 13b, 
the film that  is depos i ted  is s imilar  to that  of 550~ ex- 
cept  that  some  s inter ing of  the film can be observed  
through the formation of distinct W grains, 210A average 
size. No silicide formation was observed by electron dif- 
fraction analysis. 

We have  also observed  that  under  cer ta in  condi t ions ,  
the W films nuclea te  as ~-W, the A15 cubic  form, ra ther  
than a-W, the more  c o m m o n  bcc form. F igure  14 illus- 
trates the electron diffraction patterns of ~-W (a), and 

Fig. 12. Brightfield (BF) TEM cross-sectional photomicrographs of a 
Si-reduced W film, deposited at 550~ on a (100) Si wafer. Ar = 1000 
sccm, WF6 = 5 sccm, (a) toep = 5s and (b) t~p = 10 min. 

a-W, (b). The ~-W films were  observed  to form on amor- 
phized Si (as-implanted) substrates, and only then when 
the  W film coverage  was less than about  5 • 10 TM 

a tom/cm 2. Thicker  W films were always observed to con- 
sist of  the a-W phase. Fur thermore ,  in s i tu  TEM heating 
exper iments  showed that  the ~-W phase was stable up to 
a tempera ture  of 425~ ~-W has been observed to form as 
a result  of a variety of nonequi l ib r ium and energetic film 
depos i t ion  processes  (22, 23). It  is also known to be sta- 
bil ized by F and other impurities.  Therefore, its presence 
in thin CVD W films is consis tent  with previous observa- 
tions. 

Fig. 11. Brightfleld (BF) TEM cross-sectlonal photomicrographs of a 
Si-reduced W film, deposited at 350~ on a (100) Si wafer. Ar = 1000 
sccm, WF6 = 5 sccm, (a) taep = 5s and (b) tdep = 10 min. 

Fig. 13. Brightfield (BF) TEM cross-sectional photomicrographs of a 
Si-reduced W film, deposited at 700~ on a (100) Si wafer. Ar = 1000 
sccm, WF6 = 5 sccm, (a) toep = 5s and (b) taep = 10 min; The fuzzy 
band at the top of Fig. 13a is the mounting epoxy for the TEM sample. 
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Fi:g. 14. Selected area diffraction patterns and computer simulations 
for (a) I~-W, and (b) c~-W. 

Discussion 
The observa t ion  that  S i - reduced  W films are porous  

and d i scon t inuous  provides  an obvious  mode l  for th ick  
W film growth.  The W film, p rev ious ly  t hough t  to be a 
bar r ie r  to fur ther  contac t  be tween  Si and WF6, may  not  
be a barr ier  at all. Fu r the rmore ,  in spite of the morpho-  
logical  d i f fe rences  in film s t ruc ture  be tween  the films 
grown at various temperatures ,  Fig. i0b-13b, they are, ac- 
cord ing  to Table  I, about  equal ly  porous  and probab ly  
p e r m e a b l e  to WF6 to about  the same extent .  Upon  first 
cons ide r ing  the data of  Fig. 1, the  ques t ion  one asks is 
how, unde r  cer ta in  condi t ions ,  can such th ick  W films 
grow? However ,  given the discontinuous,  porous nature 
of these films, one should ask why  all Si-reduced W films 
are not  thick, like the Mo films produced by Si reduct ion 
of MoF6. These films (17) have been found to be porous to 
about  the same extent  as the present  W films, and are ca- 
pab le  of  fo rming  to a th ickness  of  several  microns.  We 
bel ieve that  both W and Mo films form by the same mech-  
anism,  that  of  f luoride perco la t ion  th rough  the porous  
meta l  film. Why the  Mo films tend  to grow an order  of  
magni tude  greater  than the W films is not understood.  

We bel ieve that  the answer  to this quest ion will  not  be 
reso lved  unt i l  the  deta i led  m e c h a n i s m  of the  WF6-Si re- 
act ion is understood.  The tempera ture  dependence  of  W 
film growth, as observed in Fig. 1, is probably due to the 
t e m p e r a t u r e  d e p e n d e n c e  of  the s t ick ing  coefficient ,  de- 
sorpt ion coefficient, etc., of one of the react ion interme- 
diates. The appeal of such a catalytic model  is that  it has 
the po ten t ia l  to expla in  the effects  of  minor  surface 

modif ica t ions  on W growth  behavior ,  Fig. 2, and also to 
exp la in  the data of  Fig. 1 in te rms  of  " p o i s o n i n g "  phe- 
nomena .  Sel f - l imi t ing  behavior ,  i n d e p e n d e n t  of the W 
film thickness  at which it occurs, is consistent  with such 
a mechanism.  

Studies are now underway (24) to unders tand the reac- 
t ion of  WF6 with Si clusters of various sizes. Such studies 
may eventual ly  lead to the determinat ion of the rate lim- 
i t ing step of the reaction be tween WF6 and bulk Si. High 
vacuum, in situ react ion studies on carefully cleaned and 
charac te r ized  Si surfaces are also needed  to solve this 
problem. High vacuum diagnostics such as RHEED, Au- 
ger spec t roscopy,  mass  spec t romet ry ,  and x-ray photo- 
electron spectroscopy are needed to unders tand the ini- 
tial stages of  the WF6-Si reaction. 

That  the W films are probably  pe rmeab le  to WF6 dis- 
credi ts  the a l ready weakened  p inhole  theory  of  growth.  
Of course, as is observed in, e.g., Fig. 10a, growth starts at 
some sort  of nuclei .  The na ture  of  the nuc lea t ion  site is 
not  known  now, but  it is un l ike ly  to be a p inhole  in the 
na t ive  oxide,  s ince the nat ive  oxide  is only about  5A 
th ick  and mos t  p robab ly  exists  as pa tches  of oxide  on 
the Si surface. The nucleat ion sites may be Si areas in be- 
tween the oxide patches, or discontinuit ies  in the carbon 
naceous  layer that  is known to exis t  on the Si surface 
along with the oxide. 

As in te res t ing  as the origin of th ick  W film growth  is 
f rom a scientific s tandpoint ,  it mus t  be avoided  f rom a 
practical  standpoint.  Al though the growth of  W films by 
Si reduct ion of WF6, in the presence of Hz, has not  been 
extens ive ly  studied, it is at least known, from e.g., Fig. 3, 
that  under  certain circumstances,  thick W growth is pos- 
sible. Severa l  solut ions  now exis t  to ensure  that  exces-  
sive consumpt ion  of Si does not  occur. First, film growth 
can be l imited to the tempera ture  regime below 300 ~ and 
above 500~ thus avoiding the enhanced growth temper-  
a ture  regime.  One drawback  to this solut ion is the fact 
that  select ive growth may be hampered  at tempera tures  
of 500~ and above. A second solution would involve the 
use of excess SiF4 (8) to suppress the Si reduct ion of WF6. 
This  has been  shown to min imize  Si consumpt ion ,  and, 
as a bonus,  decrease  contac t  res i s tance  to Si, but  o ther  
effects,  such as leakage cur ren t  in devices  p repared  in 
that  way, have to be studied further. A final solution, sug- 
ges ted  by (13), involves  the in t roduc t ion  of  the wafers  
into a cold furnace. This solution is not  practical for the 
hot  walt, mul t ip le  wafer  reactors  used today,  but  is cer- 
tainly applicable for the cold wall, single wafer CVD re- 
actors that  may dominate  in the future. 

Final ly,  we would  l ike to c o m m e n t  on the lack of 
" w o r m h o l e , "  or " t u n n e l "  defects  (3, 4, 25) in the Si- 
reduced W films. Due to their  similarity with defects gen- 
era ted  dur ing the catalyt ic hydrogena t ion  (26) or oxida- 
t ion (27) of graphite, we have ascribed (4) the product ion 
of these defects to the catalytic gasification of Si by HF 

Si + 4HF---> SiF4 + 2H2 [4] 

for which hG = -90  kcal/mol of Si at 300~ Since HF is 
necessary for this reaction to occur, and since HF is a by- 
p roduc t  of  the H2 reduc t ion  of  WF6, one should  not  ex- 
pec t  to see wormho le  defects  in S i - reduced  W films. 
S tacy  et al. (25) c la im to see them in such films, but  the 
feature  they  observe  may be no th ing  more  than  a W 
particle formed by Si reduct ion  and embedded  in the Si 
matrix.  

Summary 
We have studied the formation and structure of CVD W 

films depos i ted  by the Si r educ t ion  of  WF6, in the tem- 
pera tu re  range 210~176 Ruther fo rd  backsca t te r ing  
spec t roscopy  and t r ansmiss ion  e lec t ron  mic roscopy  
were  the pr imary diagnostic techniques  used. Al though 
the great  majori ty o fCVD W films deposi ted for IC appli- 
cations are deposi ted by H2 reduction,  the Si reduct ion of 
WF6 always occurs first, even in the presence of copious 
amounts  of H2. Therefore,  it is the Si reduct ion reaction 
that  de termines  the nature of the W/Si interface, and, in 
turn,  such impor t an t  p roper t ies  as contac t  res i s tance  
and leakage current. 
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We had previously  reported that  in this t empera tu re  
range, the growth of the films exhibited an unusua l  tem- 
perature dependence.  Between 210 ~ and 310~ the films 
self-limit at about  0.3 • 1017 atom/cm 2 (-60A, a s suming  
full dense  W) coverage of W. In  the t empera tu re  range 
320~176 coverages up to 6.1 • 10 I7 atom/cm 2 (-950A at 
340~ are observed. In  the higher tempera ture  range, 
500~176 film coverages of about  1.5 • 1017 atom/cm 2 
(200A) are observed. All films, thick or thin, are found to 
be self-l imiting. That  is, once a certain deposi t ion  t ime 
(about 3 min) is past, or a certain WF~ flow rate (about 6 
sccm) is establ ished,  the films achieve their  u l t imate  
th ickness ;  fur ther  increases in deposi t ion  t ime or WF~ 
flow rate cause negligible changes in film thickness. 

TEM and RBS results  show that  the films are discon- 
t inuous  and porous, regardless of the deposit ion temper- 
ature. The d i scon t inuous  na ture  of the films provides a 
simple mechanism for the growth of thick W films by Si 
reduct ion,  i.e., the percolat ion of WF~ to the Si. Such 
thick films have been observed with increas ing fre- 
quency as of late and have been enigmatic, because it has 
long been assumed that a thin W film (-100A) could pre- 
vent  Si and WF~ from reacting, thus self-limiting the film. 
The lack of interconnect ivi ty of these films also explains 
their high resistivity. 

It is suggested that since thick W films by Si reduct ion 
of WF~ are a reality, and that the discont inuous nature  
of the W films is a l ikely mechan i sm for the growth of 
such films, that  the t empera ture  dependence  of W film 
growth is controlled by some surface catalyzed reaction. 
Thus,  the tempera ture  dependence  of the s t icking 
coefficient of some reactive in te rmedia te  probably  con- 
trols the reactions. Such a model has the potential  to ex- 
plain the self- l imit ing behavior  of the reaction,  e.g., by 
catalytic poisoning at some stage of film growth, and the 
dramatic effects of minor  changes of the Si surface (i.e., 
due to c leaning variat ions) on W film growth behavior.  
We believe that  h igh-vacuum,  in situ react ion studies  
have to be carried out using a variety of diagnostic tech- 
n iques  before an u n d e r s t a n d i n g  of the react ion mecha- 
n i sm will be reached. 
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