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The large lat t ice cons tant  observed  in the region be- 
yond 40% Sn is inexplicable.  I f  tin atoms are incorpora- 
ted as subst i tut ional  dopants,  the lattice constant  would 
be smal ler  than that  of undoped  sample  because  of the 
smaller  size of Sn ions. One possible explanat ion is that 
tin atoms act as intersti t ial  dopants,  so that  neighbor ing 
ind ium atoms are stretched apart due tQ the repulsion of 
the intersti t ial  tin ions. 

Conclusions 
In this work, a s imple evaporat ion process for produc- 

ing ITO films was developed ,  namely,  depos i t ion  by di- 
rect  co-evapora t ion  of meta l l ic  ind ium and tin. No in- 
dium tin oxide powder  is required. 

Unde r  the fo l lowing depos i t ion  condi t ions :  (i) sub- 
s t ra te  t empera tu re ,  300~ (ii) depos i t ion  rate, 20-40 
A/rain; (iii) oxygen pressure, 1 • 10 -4 torr; (iv) Sn/(Sn + 
In) weight  ratio, 75%; and (v) film thickness ,  1100/~; a 
good qual i ty  ITO film having  the fo l lowing proper t ies  
was produced ,  i.e.: (i) sheet  resis tance,  15 ~/D; (it) aver- 
age t ransmit tance,  90%; (iii) resistivity, 1.8 • 10 -4 s 
(iv) mobility,  30 cm~/V-2; and (v) tarr ier  concentrat ion,  1 
• 1021/cm~. 

The i m p r o v e m e n t  in res is t iv i ty  resul ts  main ly  from 
increas ing  the tin contents  in the evapora t ion  source,  
which  is bel ieved to be a doping process. 

The major advantage of directly evaporat ing metal  in- 
d ium and tin over other methods  (13, 14) is that no elabo- 
rate a r rangement  of In20~ powder  in evaporat ion source 
nor  any expens ive  E-beam equ ipmen t  is needed. The use 
of  the Mo boat  is be t ter  than the use of  the crucible  be- 
cause it does not  have the p rob lem of spi l l ing of In203 
powder,  blocking in the opening of the crucible by In203 
powder,  or cracking during high deposi t ion rate. In addi- 
tion, by control l ing the amount  of metal  indium, the av- 
erage depos i t ion  rate is so stable that  no careful  moni-  
tor ing  of  depos i t ion  rate is r equ i red  dur ing  deposi t ion.  

As a result, direct evaporation of metal indium and tin 
makes  it at tract ive in most  applications. 
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Selective Molybdenum Deposition by LPCVD 
N. Lifshitz, D. S. Williams,* C. D. Capio, and J. M. Brown 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Molybdenum films have been deposited by low pressure chemical vapor deposition (LPCVD) on silicon substrates by 
the reduction of molybdenum hexafluoride in hydrogen and argon atmospheres. The deposition is extremely selective, 
with no Mo observed on silicon dioxide surfaces over the temperature range of 200~176 Reduction by both hydrogen 
and silicon contribute to the deposition, with approximately equal, extremely high deposition rates; no self-limiting thick- 
ness was observed. Extensive TEM and SEM studies were conducted in order to characterize the microstructure of the de- 
posited films. The main feature of the films is their extreme porosity--about 30%, which can explain many unusual proper- 
ties of the process and the films. On the basis of our experiments we propose a model to explain the origin of the porosity 
in the films. Comparat ive  studies of tungsten and molybdenum LPCVD reveal that the difference between the two 
processes lie in the self-limiting mechanism occurring during the silicon reduction of tungsten hexafluoride. 

LPCVD of W employ ing  the fluoride chemis t ry  has 
been a subject  of study because of potential  application 
of W to the needs of VLSI. Similar  chemistry can be pro- 
posed for deposi t ion of Mo from molybdenum hexafluo- 
r ide MoF~. The depos i t ion  of both metals  is though t  to 
evolve around two reactions 

2MF,(g) + 3S t ( s )~  2M(s) + 3SiF4(g) [1] 

MF~(g) + 3H2(g) --* M(s) + 6HF(g) [2] 

where  M stands for W or Mo, and s and g represen t  the 
solid and gas phases,  respect ively .  The first reac t ion  is 
the reduc t ion  of  meta l  f luoride by sil icon. Obviously,  
dur ing formation of the metal  layer some Si is consumed 
[about twice the vo lume of deposi t ion metal  (1)]. The sec- 
ond reaction is the reduct ion of metal  fluoride by hydro- 

* Electrochemical Society Active Member. 

gen. The free energy changes for these reactions are tab- 
ulated below (2): 

T = 400~ Reduction by Si Reduction by H2 

AG W -176 -10 
(kcal/mol) Mo 213 50 

These calculations indicate that reactions la  and b are 
the rmodynamica l ly  favorable and, therefore,  a select ive 
deposi t ion process of Mo is possible in analogy to tung- 
sten deposi t ion.  Also these  ca lcula t ions  show that  the 
driving force for the silicon and hydrogen reduct ions are 
greater  for MoF~ than for WF~ and that  reduct ion by sili- 
con has a greater driving force than reduct ion by hydro- 
gen. 

The exist ing l i terature on the LPCVD of Mo is limited. 
In some studies molybdenum pentachlor ide was used as 
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a s o u r c e  of  Mo (3-5). O the r  a u t h o r s  h a v e  u s e d  m o l y b d e -  
n u m  h e x a f l u o r i d e ,  bu t  for  m e t a l l u r g i c a l  a p p l i c a t i o n s  
w h i c h  r e q u i r e  h i g h  d e p o s i t i o n  ra tes  o v e r  l a rge  areas .  
B u l k  Mo or o t h e r  m e t a l s  w e r e  u s e d  as s u b s t r a t e  ma te r i -  
als and  e x p e r i m e n t s  were  car r ied  out  at h igh  depos i t i on  
t e m p e r a t u r e s  and  a t m o s p h e r i c  p r e s s u r e s  (6, 7). F e w  au- 
thors  have  c o n s i d e r e d  L P C V D  of m o l y b d e n u m  t h r o u g h  
MoF~ r e d u c t i o n  for in t eg ra t ed  c i rcu i t  appl ica t ions .  
S c h o t t k y  d iodes  were  f o r m e d  by the  se lec t ive  depos i t i on  
of  800/k t h i c k  Mo layer  in t he  t e m p e r a t u r e  r a n g e  of  
200~176 (8) and  Mo layers  h a v e  b e e n  f o r m e d  on pat-  
t e r n e d  n + po lys i l i con  l ines  (9). The  t e m p e r a t u r e  range  of  
t he  depos i t i on  of  this  p rocess  was 390~176 and  the  pro-  
cess  was  r epo r t ed  to lose se lec t iv i ty  af ter  the  depos i t i on  
o f  0.3 ~m. B o t h  w o r k s  u t i l i z ed  on ly  MoF~ r e d u c t i o n  by  
Si; no h y d r o g e n  r e d u c t i o n  was repor ted .  

In  th i s  s tudy ,  t he  s e l e c t i v e  Mo L P C V D  p r o c e s s  was  
s tud ied  ove r  the  t e m p e r a t u r e  range  of  200~176 Depos-  
i t ed  f i lms w e r e  e x t e n s i v e l y  s t u d i e d  by  s c a n n i n g  and  
t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  and by Auger ,  Ru the r -  
fo rd  b a c k s c a t t e r i n g ,  and  x - ray  p h o t o e l e c t r o n  spec t ros -  
copies .  

E x p e r i m e n t a l  P r o c e d u r e  

The  Mo films w e r e  depos i t ed  in a hot  wa l l ed  t ubu l a r  re- 
a c to r  of  i n - h o u s e  d e s i g n  s h o w n  s c h e m a t i c a l l y  in Fig.  1. 
T h e  reac t ion  t akes  p lace  in a qua r t z  r eac t ion  tube  tha t  is 
13 cm in d i a m e t e r  in a c a l i b r a t e d  u n i f o r m  t e m p e r a t u r e  
zone  of  30 cm. The  f low of  gases  was  r e g u l a t e d  by  mass  
f low c o n t r o l l e r s  and  the  r e a c t a n t  gases  w e r e  of  t he  fol- 
l o w i n g  pur i ty :  a rgon  99.99%, h y d r o g e n  99.99%, and  mo-  
l y b d e n u m  hexa f luo r ide  99.9%. 

The  h a n d l i n g  of  MoF6 and  its r eac t ion  p r o d u c t s  p r o v e d  
m o r e  diff icul t  t han  many. o the r  L P C V D  chemis t r i es .  The  
r eac t ion  of  MoF6 wi th  air ( p r e s u m a b l y  mois tu re )  fo rms  a 
d a r k  b lue ,  h i g h l y  v i s c o u s  l i q u i d  tha t  r e ad i l y  c logs  mass  
f low c o n t r o l l e r s  and  d ras t i ca l ly  sho r t ens  p u m p  life. The  
de l e t e r ious  ef fec t  on the  L P C V D  e q u i p m e n t  of . the reac- 
t a n t  by-products was far greater when using MoF~ than 
for WF,. Therefore, special precautions were taken to 
protect the parts of the system carrying MoFe, from any 
exposure to the atmosphere. (In Fig. 1 these parts are en- 
closed within a broken line.) The system was equipped 
with two pumps. The process pump P, and the loading 
pump P2 can be separated by a valve V, so that P, is never 
exposed to the air and P2 never has contact with the reac- 
tant gas. The small tube furnace (afterburner) with Ta 
foil inserts was operated at 809~ to reduce the flow of re- 
actant gas MoF6 into P~. The base pressure in the reactor 
was 1.5 mtorr and the leak rate in the system was ~0.3 
retort/rain. The depositions were made by flowing MoF~ 
and either Ar or H2. The pressure in the reactor was 
varied from 0.2 to 0.9 torr and the temperature from 175 ~ 
to 400~ with most experiments carried out at 0.2 torr 
and 250~ The reactor was cooled to 150~ before 
venting to the atmosphere unless otherwise stated. 

The substrates for deposition were of the following 
types: unpatterned Si wafers, Si wafers with patterned 
1000fi_ thick SiO2, and Si wafers with a I ~m deposited 
oxide layer patterned with 1.5 ~m windows. Prior to dep- 
osition, the substrates were cleaned in the mixture of 
H2SO4 and H202 and then immersed in i00:i HF for 2 
rain, followed by a 5 rain rinse in deionized water and a 
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Fig. 2. Dependence of deposited Mo film thickness on time for differ- 
ent process conditions. 

s p i n  dry.  O t h e r  f i lms such  as A1, TiN,  W, Co, CoSi2, and  
TaSi2- d e p o s i t e d  on Si were  also used  as si~bstrates. 

T h e  t h i c k n e s s  of  d e p o s i t e d  f i lms was  m e a s u r e d  by  
S E M  c r o s s - s e c t i o n i n g  and  by  u s i n g  a b e t a - b a c k s c a t t e r  
t h i c k n e s s  m e a s u r i n g  s y s t e m '  c a l i b r a t e d  aga ins t  Mo 
s t a n d a r d s  w h i c h  w e r e  s p u t t e r  d e p o s i t e d ,  c h e m i c a l l y  
e tched ,  and m e a s u r e d  by sur face  prof i lometer .  

Results 
D e p o s i t i o n  r a t e s . - - I n  Fig.  2 we  p lo t  f i lm t h i c k n e s s  vs. 

t i m e  for d i f fe ren t  p rocess  condi t ions .  The  film g rowth  is 
e x t r e m e l y  fas t  and  l i nea r  w i th  t ime.  An  i n t e r e s t i n g  fea- 
t u r e  is t he  i n c u b a t i o n  t i m e  tha t  p r e c e d e s  d e p o s i t i o n .  
P r o b a b l y  this  t i m e  is neces sa ry  for Mo nuc l ea t i on  on Si 
su r face ,  and  it  is s h o r t e r  for h i g h e r  d e p o s i t i o n  t e m p e r a -  
tu res  and  for h y d r o g e n - c o n t a i n i n g  reac tan t  gas s t reams.  
Clear ly  the  depos i t i on  rates  s t rong ly  d e p e n d  on t empe ra -  
t u r e - - t h e  f i lms f o r m e d  at 250~ are  an o r d e r  of  m a g n i -  
t u d e  t h i c k e r  t han  the  fi lms depos i t ed  at 200~ The  incu-  
ba t ion  t i m e  at 200~ is a p p r o x i m a t e l y  3 min,  c o m p a r e d  to 
1 rain at  250~ I t  is also e v i d e n t  tha t  the  depos i t i on  ra te  
d e p e n d s  on the  ambien t :  in h y d r o g e n  the  depos i t i on  ra te  
is a lmos t  a fac tor  of  two h i g h e r  t han  in the  iner t  Ar  a tmo-  
sphere .  This  resu l t  impl i e s  tha t  depos i t i on  in h y d r o g e n  is 
a s u m  of  t he  two  p r o c e s s e s  [1] and  [2]. C o m p a r i n g  the  
d e p o s i t i o n  rates  we  can infer  tha t  bo th  p rocesses  con- 
t r i b u t e  a p p r o x i m a t e l y  equa l ly .  Th is  is q u i t e  d i f f e r e n t  
f r o m  t h e  L P C V D  of  t u n g s t e n  w h e n  t h e  r e d u c t i o n  by Si  

' Micro-Derm MP-800, UPA Technology, Inc., Syosset, New 
York. 
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stops shor t ly  after the beg inn ing  of  the process ,  where-  
upon only the reduct ion by hydrogen takes place. 

The deposi t ion rates depend strongly on the availabil- 
i ty of  MoF8 in the gas mixture .  This d e p e n d e n c e  is 
plot ted in Fig. 3 for two temperatures ,  200 ~ and 250~ In 
these  e x p e r i m e n t s  the pressure,  the flow of hydrogen,  
and the depos i t ion  t ime  were  kept  cons tant  whi le  the 
MoF~ flow was varied. For low flows, when the growth is 
l imi ted  by the  avai labi l i ty  of MoF6 in the  reactor,  the 
th ickness  of  the films is proport ional  to the flow rate. At 
high flows the growth is l imited by the react ion rate and 
does not  depend on the flow. Note, that  at 250~ one can 
grow 7 ~m Mo film in only 15 min. At 200~ the thickness  
obtained in the same t ime is 0.5 ~m. Even for the thickest  
films the process  always preserves  absolu te  select ivi ty;  
no deposi t ion of Mo on SiO2 was ever  observed. 

Deposition on substrates other than silicon.--We tested 
the process  of Mo LPCVD on si l icon subst ra tes  coated 
with different  materials. These exper iments  were carried 
out  in hydrogen  at 250~ The purpose  of  these  experi-  
ments  was to examine  the in te rac t ion  of  the MoFJH2 
chemis t ry  with substrates other than silicon and, in par- 
t icular,  to de te rmine  condi t ions  for s topping the sil icon 
r educ t ion  reac t ion  by in te rpos ing  a barr ier  layer. The 
MoF6 flow was sustained at 10 cm3/min, and the durat ion 
of  each depos i t ion  was 15 min. The depos i t ion  layers 
were  s tud ied  by Auger  spect roscopy.  Resul t s  of the  ex- 
per iments  are tabulated below: 

Coating material Result 

LPCVD W, 1000A 

Sputtered A1, 1 ~m 

Sputtered TiN, 1000/~ 

Sputtered Co, 400A 

CoSi2, 1200/~ 

Consumes W, deposits Mo after Si sur- 
face is exposed. 

Does not deposit on A1, forms a thin 
layer of A1F3 on surface. 

Consumes TiN, deposits Mo on exposed 
Si surface. 

Forms a brown peeling layer, possibly 
CoF~. 

Deposits Mo on top of CoSi2 by reacting 
with Si of CoSi2. 

Sputtered TaSi~, 5000A Does not deposit on TaSi2, roughens the 
surface. 

Sputtered PtSi Slowly consumes PtSi. 

Note  that  only A1 and TaSi2 were  able to wi ths tand  the 
reac t ion  with  MoFJH2; however ,  no Mo depos i t ion  took 
place on these substrates. When silicon was available, as 
in CoSi2, the Mo deposi t ion cont inued wi thout  measura- 
ble change  in rate. The MoF6/H2 reactants  were  able to 
comple te ly  destroy other films such as TiN and W. 

Impurity content.--XPS and Auger  spectroscopies  re- 
vealed that  all LPCVD Mo films contain large amounts  of 
oxygen,  though this amount  depends  on the tempera ture  
at wh ich  the reac tor  was opened  to air, as shown in the 
table below; 

T air, ~ Oxygen, atom percent 

Fig. 4. SEM micrograph of a Mo film deposited on a flat Si substrate 

Fi lm M o r p h o l o g y  
GeneraL--Scanning e lec t ron  mic rographs  (SEM) of 

typica l  LPCVD Mo films are shown in Fig. 4 and 5. The 
app rox ima te ly  2 ~m film in Fig. 4 was depos i ted  on Si 
substrate .  The Mo-Si in ter face  is rough,  ind ica t ing  that  
Si reduct ion takes place. The film has an open, loose co- 
lumnar  morphology.  Figures 5a and b show the s tructure 
of Mo films at the edge o fa  1000A thick SiO2 pattern. The 
film in Fig. 5a was deposited in Ar atmosphere,  so that no 
hyd rogen  reduc t ion  react ion could  occur.  The film in 
Fig. 5b was formed in H2 atmosphere,  so that  both Si and 
H2 reduc t ion  react ions  con t r ibu ted  to the film growth.  
The most  striking feature of these films is the extens ive  
voids at the SiO2 edge. These voids are a manifestat ion of 
the Si r educ t ion  reaction,  in which  depos i ted  Mo occu- 
pies only half  of the vo lume  of d isplaced Si. As seen in 
Fig, 5a, away from the oxide  pa t te rn  edge  the Mo film 

25 4 
150 8-10 
250 20 

Apparen t ly ,  the exposure  of the films to air at h igher  
t empera tu re s  causes the re ten t ion  of  oxygen  to be 
greater .  Oxygen  was d is t r ibu ted  un i fo rmly  th rough  the 
th ickness  of the layer. This indicates that  oxygen can dif- 
fuse freely through several microns of the film material. 
Even  films exposed  to air at 25~ conta ined  unusua l ly  
h igh  amounts  of  oxygen  (4%). No other  impur i t i es  were  
found in the films. 

Resistivity.--Resistivity of mo lybdenum films was ob- 
ta ined from sheet  res is tance  and th ickness  measure-  
ments.  The sheet resistance of  Mo films was measured by 
the  four-point  probe  me thod  and the th ickness  of  the 
samples  was obta ined from SEM cross-sectioning.  Usu- 
ally the films were cooled to 150~ before exposing them 
to air, and their  resist ivity was measured to be -90  ~ �9 
cm, a factor of 15 higher  than a bulk molybdenum.  If  the 
reac tor  was cooled  to room tempera tu re ,  the  res is t iv i ty  
was found to be -60  ~ �9 cm, still an order of magni tude  
higher  than in bulk Mo. 

Fig. 5. SEM micrographs of the Mo films deposited on the SiO pat- 
terned Si substrate. (a) Deposition of MoF6/Ar atmosphere; (b) deposi- 
tion in MoFJH2 atmosphere. 
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Fig. 6. Planar TEM micrograph of a void at the edge with the SiO2 
pattern. 

surface  is be low the level  of the original  interface.  The 
s t ruc tu re  in Fig. 5b is p roduced  by a depos i t ion  with  
:both the hydrogen  and the si l icon reduc t ion  acting: 
hence  the SiO~ " m a r k e r "  is e m b e d d e d  in the depos i ted  
film. 

The micros t ructure  of the voids at the edge of the SiO2 
pa t te rn  is seen in the planar  TEM mic rograph  in Fig. 6. 
The Mo film in this p ic ture  is re la t ively thin (3000A), so 
that  the void is not extensive.  The sponge-l ike Si surface 
is covered with short tunnels containing a Mo particle at 
the end of each tunnel. 

The deposi ted structures shown in Fig. 7a, b also sup- 
por t  the conc lus ion  that  two react ions  take part  in the 
depos i t ion  process.  The contact  w indow in Fig. 7a was 
exposed  to the  MoF6/Ar a tmosphere .  A large vo lume  of 
the Si substrate has been removed during the deposi t ion 
of the mounds  of Mo. The window in Fig. 7b was exposed 
to MoF~/H2 a tmosphere .  The subst ra te  also shows voids  
s imilar  to Fig. 7a, but  the vo lume  of depos i ted  Mo is 
much  greater, and the window is filled. The difference in 
total Mo vo lume is clearly due to H2 reduction,  while the 
s imilar i ty  in the subs t ra te  eros ion is the resul t  of  the Si 
d i sp lacement  reaction. 

In Fig. 8 a cross-sect ional  TEM micrograph  depic t ing  
the s t ruc ture  of the Mo-Si in terface  is shown. One can 
see microscopic  protrusions  densely  cover ing the inter- 
face. These protrusions contain small particles which are 
e i ther  meta l l ic  or meta l -conta in ing.  Ev idence  for this 
comes from a high resolution TEM of the Mo-Si interface 
(Fig. 9) which  clearly shows per iodic  lat t ice and moire-  
f r inge pat terns.  S imi lar  morpho logy  has been  repor ted  
to exist  at the W-Si interface (10). The analysis of the elec- 
t ron diffract ion pat tern identified the part icles as e i ther  
Mo or MoSi2. An even  more  remarkab le  s imilar i ty  be- 
tween  Mo and W LPCVD processes  is that  the worm- 
holes usually observed at the W-Si interface (1, 11) were 
also observed at the M~)-Si interface (Fig. 10). 

Porosity of Mofilms.--We have discussed some specific 
fea tures  of  Mo films: ex t r eme ly  high depos i t ion  rates, 
unin ter rupted  Si reduction,  uniform oxidation, and high 

Fig. 7. SEM micrographs of 1 I~m windows in PTEOS, subjected to Me 
LPCVD process. (a) In MoF6/Ar atmosphere. (b) in MoFJH~ atmo- 
sphere. 

resist ivi ty of the films. All these propert ies can be readily 
unders tood  by invoking the porosity of the films. 

Quant i ta t ive ly  the poros i ty  was de t e rmined  by com- 
paring the geometr ical  thickness of the film with the pro- 
jec ted  thickness  of theoretical ly dense material. The geo- 
metr ic  thickness was determined by SEM cross-section- 
ing, and the th ickness  of theore t ica l ly  dense  mater ia l  
was calculated from an RBS spect rum of the same sam- 
ple, taking into account  the oxygen content  of the films. 
The ratio of bulk to geometr ic  thickness was found to be 

Fig. 8. Cross-sectional TEM micrograph of Mo-Si interface 
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Fig. 9. High magnification cross-sectional TEM micrograph of Mo-Si 
interface. 

0.7, mean ing  that  the densi ty  of  the depos i ted  films is 
only 0.7 of  the density of  bulk Mo. Such ex t remely  high 
poros i ty  of  the films allows reactants  and produc t s  to 
move  freely to and from the sil icon/metal interface, and 
can explain the unusual  propert ies of the deposi t ion pro- 
cess and the deposi ted film structure. In a random three- 
d imens ional  two-phase  s t ructure  the percola t ion of one 
phase  occurs when it occupies more than approximate ly  
25% of  the v o l u m e  (12) (percola t ion indica tes  a path  
through a cont inuous two-phase body lying entirely 
wi th in  one phase). This means  that  both  phases  can be 
mutua l ly  perco la t ing  if one phase  occupies  be tween  25 
and 75% of the  vo lume,  a condi t ion  fulfilled in LPCVD 
Mo films in which bulk metal  occupies 70% and voids oc- 
cupy  30% of the bulk. Moreover ,  the i ncomple t e ly  
randomized  s t ructure  of  the voids with vert ical  channels  

Fig. 10. Cross-sectional TEM micrograph of Mo-Si interface showing 
the wormholes at the interface. 

between the grains, as shown in Fig. 4, further facilitates 
percola t ion.  This mode l  can account  for the uninter-  
rupted react ion of Si with MoF6--both reactant  and prod- 
uct  gases can easily diffuse th rough  the open porous  
s t ructure .  The poros i ty  is also respons ib le  for the uni- 
form oxidation across the film thickness and the high re- 
sist ivity of  the films. 

Fig. 11. Planar TEM micrograph of 2000~ thick Mo film. (a) 25,000 magnification. (b) 350,000 magnification. 
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Strong evidence of the ext reme porosity of Mo films is 
given in Fig. l l a ,  b. Here we show a TEM planar view of a 
2000A film. These  micrographs  were  made  us ing a 300 
keV electron beam. The Si substrate under  the Mo layer 
was th inned  but  r emained  intact.  The Mo film was also 
p ro tec ted  f rom the  top by sample  moun t ing  mater ia l  so 
that  the observed voids are not artifacts of sample prepa- 
ration. In Fig. l l a  one can d is t inguish  small  crysta l l i tes  
wh ich  col lec t ive ly  form into large loose clusters.  These  
clusters are only locally connected and form large voids. 
The voids appear as long fissures in the microstructure,  
typically -0 .5  i~m wide and several microns long. Higher  
reso lu t ion  TEM (Fig. l l b )  suggests  that  the poros i ty  of  
smal ler  d imens ions  (<1000A) is also present .  One can 
dist inguish in the figure small clusters less than 100A in 
size which are loosely connected into larger clusters. In 
fact the  film forms a lmost  a fractal- l ike s t ruc ture  wi th  
porosity occurr ing at all scales. However,  the presence of 
diffuse rings on the electron diffraction patterns (Fig. 1 la  
insert) indicates that  the film is polycrystalline. Most in- 
teres t ingly ,  s imilar  porous  t ex tu re  was recent ly  discov- 
ered in W films deposi ted by silicon reduct ion (13). Obvi- 
ously the two processes have much  in common.  

The morpho logy  of the films evolves  dur ing film 
growth, as i l lustrated by the SEM micrographs in Fig. 12. 
The  surface of a very  thin  (~100A) film is shown in Fig. 
12a. One can dis t inct ly  see a dense  ne twork  of fissures, 
s imilar  to that  shown in Fig. 11. The dens i ty  of the 
fissures decreases  and their  scale increases  as the film 
grows thicker  (Fig. 12b, 0.2 ~m). The surface of very thick 
films (Fig. 12c, 4 ixm) looks absolute ly  smoo th - - a l l  the 
fissures have  disappeared.  However ,  this does not  slow 
down the further  growth, indicating that  the main trans- 
port  of  the reactant  mater ia l  occurs  not  th rough  the 
fissures but  through the smaller pores. 

Discussion 
The ques t ion  of  the origin of the poros i ty  in the Mo 

films became especially challenging and problemat ic  re- 
cently when similar texture  was found in tungsten films 
deposi ted by Si reduct ion (13). In this section we propose 
a mode l  for the format ion  of such porous  texture ,  sup- 

Fig. 12. Surface morphology of Mo films of different thicknesses 

Fig. 13. Morphology of Mo films deposited with SiF4 in the reactive 
atmosphere. 

ported by exper iments  in which silicon tetrafluoride SiF4 
was added to the reactive atmosphere.  

Effect of silicon tetrafluoride SiF4. Model for formation 
of porosity in Mo and W films.--The addi t ion  of SiF4 to 
the reac tan t  gases in W depos i t ion  was a t t empted  in 
s tudy (1) wi th  the in tent  of min imiz ing  Si eros ion by 
shift ing the chemical  equi l ibr ium of reaction [1]. The au- 
thors observed that  the sheet resistance of deposi ted ma- 
terial increased with SiF~ partial pressure and concluded 
that  Si consumpt ion  was indeed suppressed. We carried 
out similar exper iments  in Mo deposi t ion and observed a 
s imilar  increase  in sheet  resis tance.  H ow eve r  we ob- 
served that  while the SiF4 curtails the Mo growth it does 
no th ing  to decrease  the Si consumpt ion .  In Fig. 13 we 
show SEM cross sect ions of s i l icon wafers  pa t t e rned  
wi th  SiO~ that  were  exposed  to the reac tant  gases wi th  
SiF4 added.  It  is obvious  f rom the p ic ture  that  the 
a m o u n t  of depos i ted  m o l y b d e n u m  depends  on the SiF4 
f low-- the  h igher  the flow, the smal ler  the depos i t ed  
volume.  At some SiF4 flows no metal  is formed, but  sili- 
con is still consumed,  as indicated by the craters formed 
in the Si substrate .  It is clear that  addi t ion  of SiF4 does 
not  p reven t  Si erosion,  but  it e f fec t ive ly  p reven ts  meta l  
deposi t ion.  In teres t ingly ,  for comple t e  Mo removal ,  the  
flow of SiF4 should be a factor  of two h igher  in the 
hydrogen/MoF6 a tmosphere  than in the Ar/MoF6 atmo- 
sphere. This is clearly due to the difference in the deposi- 
t ion rates in hydrogen  and argon a tmospheres  (see Fig. 
2). 

F rom our evidence,  the mechanism of this effect is not 
clear. However ,  we can specula te  that  both  W and Mo 
LPCVD are more  com plex  than ind ica ted  by react ions  
[1] and [2]. Ins tead  of  [1] a genera l ized equa t ion  may be 
wri t ten 

MF,, + SiF,, --~ MF~_I + SiF,,+I [3] 

where  n runs from 6 to 0 and m from 0 to 4. The interme- 
diate  reac t ion  products  may  have  very short  l i fe t imes  
(only SiF2, SiF3, MoF4, MoF~, and WF5 are known to be 
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stable and volatile) but  it may be suff icient  to spat ia l ly  
and temporal ly  separate the event  of  Si removal  at M/Si 
interface (m changes from 0 to 1) from the event  of M for- 
mat ion (n changes from 1 to 0). The addit ion of SiF4 may 
affect one of the in termediate  reactions leading to metal  
a tom formation and hence decrease the M deposi t ion 
rate, but  still have no impact  on the reaction of Si subli- 
mation. Given this assumption the next  step is to specu- 
late that  since SiF4 is a final product  of the Si reduct ion 
react ion,  it is always present  in the film dur ing the pro- 
cess and may locally impede  meta l  depos i t ion  causing 
poros i ty  in both Mo and W. However ,  there  is a signifi- 
cant  d i f fe rence  be tween  the two materials :  whereas  Mo 
has the same porous s tructure whether  deposi ted in hy- 
drogen  or argon, W exhib i t s  porosi ty  only when  depos- 
i ted in an Ar a tmosphe re  (13). This d i f fe rence  still  re- 
qu i res  fur ther  inves t iga t ion  a l though some factors can 
be poin ted  out: Mo has two lower fluorides, MoF3 and 
MoF4, which  are both  volat i le  and stable, whi le  for W 
only WF5 is known to have these properties;  also, MoF~ in 
H2 a tmosphere  is known to etch metal  Mo (7) which may 
result  in fractional removal  of Mo deposi ted by hydrogen 
reduction.  

Comparison  o f  the W and Mo LPCVD processes.--In 
this sec t ion  we present  a paral lel  analysis of the main  
features of the W and Mo LPCVD processes: 

1. Depos i t ion  kinetics.  DepositiQn of W by si l icon re- 
duct ion exhibits  the self-limiting effect. This is different 
for Mo, where the deposit ion by both silicon and hydro- 
gen reduct ions  is l inear with time. 

2. Select iv i ty .  Whereas the Mo LPCVD always yields 
se lec t ive  deposits ,  the process  for W is s t r ic t ly  se lec t ive  
only pr ior  to the onset  of the self- l imit ing mechan i sm,  
i.e., during Si reduction.  

3. Porosi ty .  While Mo films are always porous,  tung- 
s ten films are porous  only when  depos i ted  by Si reduc- 
tion. 

4. Morphology of the metal-sil icon interface. There is a 
str iking similarity between the interfaces of both metals 
with silicon. Both interfaces are rough, with characteris- 
tic protrusions and wormholes.  

The above observat ions led us to the following conclu- 
sion: the W deposi t ion process is identical to the Mo pro- 
cess unti l  the onset of the self-limiting mechan ism for Si 
r educ t ion  w h e r e u p o n  only hydrogen  reduc t ion  of  WF6 
occurs, with dramatic changes in the texture  of the films 
(large, densely packed grains). Before that moment ,  how- 
ever,  the two processes  yield s imilar ly  porous  se lec t ive  
deposits.  The similarity of the interfaces with Si also sug- 
gests  that  in the beg inn ing  both processes  run a very 
similar course. 

In te res t ing ly ,  unde r  cer ta in  condi t ions  the self-limit- 
ing mechan ism in WF6 reduct ion by silicon does not oc- 
cur. E x p e r i m e n t s  wi th  W CVD at a tmospher ic  pressure  
in a ni t rogen ambient  yielded results very similar to Mo 
process:  the growth  of  tungs ten  deposi ts  is l inear  wi th  
time, the films are porous and the deposi t ion is selective 
(14, 15). The d i sappearance  of the self- l imit ing effect  is 
not  understood.  However,  it is clear that  the processes of 
Mo and W CVD exhibi t  consistent  similarities, while the 
difference in the kinetics and appearance of the films is 
en t i re ly  due to the self- l imit ing effect  which  occurs  in 
the silicon reduct ion of WF6. 

Conclusions 
We have s tudied  LPCVD of m o l y b d e n u m  on Si sub- 

strates us ing the reduc t ion  of MoF6. Two react ions  con- 
t r ibute  to the film growth: reduct ion by Si and reduct ion 
by H2. We demonst ra ted  that both reactions occur simul- 
taneously  at approximate ly  equal, ex t remely  high depo- 

sition rates. The film growth is proport ional  to the depo- 
s i t ion t ime,  and there  is no sel f - l imit ing th ickness  at 
which  e i ther  of the react ions  stop. No nuc lea t ion  of Mo 
was observed  on SiO2, even  for the th ickes t  films. The 
depos i t ion  rates depend  on tempera tu re ,  ambient ,  and 
MoF6 flow. 

The main feature of the deposits is their  ex t reme por- 
o s i t y - a b o u t  30%. The films grow in a loose, open struc- 
ture which is easily penetrated by the reactant  gases. The 
porosi ty can explain such specifics of the process as the 
high deposi t ion rates and the ever-cont inuing reaction of 
Si with the molybdenum reactants. 

The deposi ted films have a resist ivity which is an order 
of magni tude  higher  than that of the bulk molybdenum 
because of the ex t reme porosity of the films. The oxygen 
con ten t  in the films varies  from 4 to 20%, depend ing  on 
the t empe ra tu r e  of  exposu re  of  the films to oxygen.  No 
other impuri t ies  were found in the films. 

The morpho logy  of the f i lms- - rough  interface,  poor  
barr ier  propert ies ,  ex tens ive  vo ids - -makes  this process 
an unl ikely  candidate  for exis t ing contact  metal l izat ion 
requ i rements .  However ,  the resul ts  of the s tudy are of 
considerable  importance because they shed light on the 
nature of the widely used W CVD process. On the basis of 
our exper iments  in which SiF4 was added to the react ive 
ambient  we proposed a model  explaining the porosity in 
both W and Mo films. We demons t r a t ed  that  the differ- 
ence  be tween  the two processes  lies in the self- l imit ing 
mechan ism of WF6 reduct ion by Si, whose nature is not  
unders tood and poses a challenge for future research. 
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