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Abstract - By thermal decomposition o f  W(CO)6 and Mo(CO)6 a t  temperatures 
below 400°C and atmospheric pressure t h i n  f i l m s  on Si wafers were grown. 
This technology i a  shown t o  be an a l t e r n a t i v e  t o  the f l u o t i d e  one which uses 
WFg as a source mater ia l .  Low r e s i s t i v i t i e s  together w i t h  a l a c k  o f  e r ros ion  
o f  S i  substrate are possible. As-deposited f i l m s  conta in  considerable amount 
o f  carbon and oxygen. By proper thermal annealing i n  H2 atmosphere as w e l l  
as by r a p i d  thermal annealing i n  vacuum optimum cond i t ions  were found t o  
ob ta in  low r e s i s t i v e  metal and metal s i l  i c i d e s  f i lms .  Auger e lec t ron  spectro- 
scopy and XRD-studies were used t o  show the connection between the chemical 
composit ion and s t ruc tu re  o f  t he  two kinds o f  f i l m s  on the one hand and t h e i r  
r e s i s t i v i t i e s  on the other.  

1. - Introduction 
The many advantages o f  CVD-tungsten f i lms ,  most notab ly  low r e s i s t i v i t y ,  easy deposi- 
t i on ,  the a b i l i t y  t o  cover surfaces i n  a cornformal way, h igh e lec t rom ig ra t i on  r e s i s -  
tance, make them a key candidate as a mater ia l  which i s  good f o r  contacts, i n t e r -  
connections and m u l t i l e v e l  me ta l l i za t i on .  U n t i l  now, so c a l l e d  f l u o r i d e  CVD-tungsten 
technology has been used f o r  depos i t ion  o f  W-thin f i l m s  f o r  microe lec t ron ics .  
Hydrogen reduct ion  o f  WF6 leads t o  depos i t ion  o f  f i l m s  w i t h  thicknesses over a l a rge  
range. Recent r e s u l t s  however showed some l i m i t a t i o n s  o f  t h i s  technology / 1 / . 
Because WFg reac ts  very s t rong ly  w i t h  s i l i c o n  a considerable damage o f  the  s i l i c o n  
wafer surface appears. An i n t e r  l a y e r  o f  s i l i c i d e s  i s  usua l l y  necessary f o r  deposi- 
t i o n  i n  order  t o  compensate some o f  t he  negative sides o f  t h i s  technology. I n  s p i t e  
of these disadvantages f l u o r i d e  CVD-technology has been r e c e n t l y  commercialized and 
i t  i s  considered t h a t  W-films app l i ca t i on  i n  VLSI devices i s  imminent. 

We present i n  t h i s  paper a study o f  CVD-W and CVD-Mo f i lms ,  t he  two based on another 
technological  process; name1 y thermal decomposition o f  t h e i r  corresponding carbonyl s 
i n  an i n e r t  atmosphere. The absence od a cor ros ive  gas i n  the processing gives the 
p o s s i b i l i t y  o f  avoiding surface damage wi thout  using an intermediate s i l i c i d e  layer .  
From the l i t e r a t u r e  t h i s  process i s  recommended as an a l t e r n a t i v e  t o  the f l u o r i d e  
technology / 1 /. 
We have used i n  these experiments our experience o f  these ma te r ia l s  w i t h  respect  t o  
s o l a r  energy app l i ca t i ons  / 2 - 4 / . We have s tud ied so c a l l e d  black Mo and b lack  W 
s o l a r  se lec t i ve  coat ings which are a c t u a l l y  composite s t ruc tu res  - an oxide ma t r i x  
w i t h  pure metal p a r t i c l e s  embedded i n  it. The basic d i f f e rence  between the  black 
ma te r ia l s  CVD process and the  one s tud ied i n  t h i s  paper i s  t h a t  now we do no t  i n ten -  
t i o n a l  l y  i nvo l ve  an oxygen bleeding. We merely thermal ly  decompose W(CO)6 and Mo(CO)6 
i n  an A r  atmosphere. 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19912103

http://www.edpsciences.org
http://dx.doi.org/10.1051/jp4:19912103


C2-866 JOURNAL DE PHYSIQUE IV 

2. - Deposition and measuring techniques. 

All %he samples under t h i s  study are deposited i n  horizontal CVD-reactor. The subli- 
mator i s  immersed in a s i l icon o i l  bath, whose temperature i s  maintained with an 
accuracy of f l °C.  The gas l ines  in the CVD system are  PFA - Gatek type teflon tubes 
and f i t t i n g s  wrapped in heating tapes t o  keep the temperature of the vapour on the 
way to the reactor chamber equal o r  higher than the sublimator temperature. Silicon 
wafers with diameters of 50,8 mm and thickness of (330 f 15) Mm and p = (42,5+62) n.cm 
were placed on a graphite susceptor and inductively heated by a high-frequency 
generator. Substrate temperature i s  measured by a P t  - P t / R h  thermocouple, held in a 
channel in the susceptor. A thermoregulator, periodically switching off one of the 
three phases of the generator supply gives the possibi l i ty  fo r  the substrate tempera- 
ture  t o  be controlled with an accuracy of f 10°C. 

The source materials are of the type "for synthesis" purity ( 98 % ,). The gases used 
are  Ar ( 99,95 % ) and H2 , used in the annealing process ( 99,99 % ). All of them 
are additionally cleaned, using standard purifying and drying systems. 

Thermal decomposition of W(CO)6 and Mo(CO)6 in an Ar atmosphere leads t o  a deposition 
of thin films on a heated substrate.  The overall reactions can be written / 5 / : 

W(CO)6 - W + 6 (CO) ; 
Mo(CO)6 - MO + 6 (CO) . 

The deposition temperature fo r  the two materials were in the range ( 300 - 400 )"C. 
The deposition rates  were about 2 W/sec, the to ta l  gas flow - about 1500 cc/min. 
The r e s i s t i v i t y  of the films was controlled by four-point probe techniques, using an 
automatic device FPP-100. Thickness of the films was measured by Talystep profilo- 
meter. Auger electron spectrometry and X-ray diffractometry were used f o r  the compo- 
s i t ion  and s tructure study. 

3. - Results and discussions. 

Decomposition of W(CO)6 and Mo(C0)6 below 400°C i s  incomplete and considerable amount 
of carbon and oxygen are usually found in the films besides the basic element W or  Mo. 
If  the process i s  carried out a t  a temperature above 400°C, powdery non-adherent 
films are deposited / 5 / . So, our samples were deposited below 400°C and carbides 
o r  oxycarbides rather than pure metal films were found to  be deposited. As Auger 
analysis resu l t s  show on Fig. 1 ( a )  and (b ) ,  about 30 % C and 20 % F are  embedded in 
the film. For the Mo samples the oxygen content i s  higher than carbon content. I t  i s  
seen, tha t  films are homogeneous in composition through the film thickness, since 
atomic concentration versus sputtering time l ines  are almost f l a t  through the depth 
of the films. 



Fig. 1. Auger electron spectrometry analysis of as-deposited 
carbonyl CVD-W fi lm ( a )  and CVD-Mo film (b) ,  obtained by thermal 

decomposition of W(CO)6 and Mo(CO)6 a t  340° - 400°C. 

Auger l ines  shapes and the known react ivi ty ,  especially fo r  molybdenum with respect 
t o  oxygen and carbon, indicate tha t  carbon and oxygen are probably bonded in the Mo 
l a t t i c e  rather than being present i n  the film as molecular CO. In order t o  confirm 
t h i s  we studied the crystal phase s t ructure of the films by X-ray diffractometry, 
using a copper tube and a proportional counter. Results f o r  XRD spectra are  presented 
on Fig. 2. - fo r  as-deposited W ( a )  and Mo (b)  films. 

The observed maxima in ( a )  correspond t o  a c rys ta l l ine  phase w i t h  d-spacing of: 2,37; 
2,05; 1,46 which are l ines  of modified Wz(C0) phase, f o r  which the theoretical data 
are  respectively 2,44; 2,12; 1,49. In the case of as-deposited Mo film we see a weak 
diffract ion pattern of probably a crystal phase of MoC with dis t tored d-spacing of 
2,34; 2,25; 2,10, compared t o  the theoretical data: 2,44; 2,29; 2,12. Further we 
obtained d i f fe ren t  s e t s  of samples from W and Mo with different  thicknesses in order 
to  study the influence of the post deposition annealing on the e lec t r ica l  resistance 
of the films. The measured sheet resistance of as-deposited W and Mo films for  
different  thicknesses i a  of the order of 25 t o  250 n/a . In order t o  decrease the 
resistance of these films we performed a post deposition annealing, using our CVD 
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Fig. 2. XRD - analysis of as-deposited carbonyl 
CVD-W ( a )  and CVD-Mo (b).  Cu K radiation. 

system reactor and the same way of heating, merely increasing the generator power and 
reaction temperature close t o  800°C. In f ac t  we did a solid phase reduction of as- 
deposited films in H2 atmosphere. An optimized duration o f  10 min and the total  flow- 
ra te  of 880 cc/min argon and hydrogen were established. Together with the composi- 
tional and structural studies we measured the sheet resistance as well as  the resis-  
t i v i t y  of the films in order t o  find the influence of the annealin process. The 
resul ts  are  shown in Table 1 for  two kinds of material ( w and Mo 7 and f o r  different  
thicknesses of the films. 

TABLE 1. Electrical sheet resistance and r e s i s t i v i t y  of as-deposited and annealed 
carbonyl CVD-W and CVD-Mo thin films. 

T U N G S T E N  F I L M S  

Annealed in Hp Rapid thermal annealed films 
800°C 1200°C 1300°C 

d R s P Rs P Rs P Rs P Rs P 
~ / a  n.cm n / c  0. cm Q/u s.cm Q/a Q.cm n/n a.cm 

0,6 14,7 8.8x10-~ 0,559 0,34~10-4 - - - - - - 
0,3 17,3 5,2x10'4 0,575 0,17~10-4 - - - - - - 
0,21 22,8 4,8x10-4 - - 12,15 2,55x10-4 1,08 0,173~10-4 - - 
0,16 26 4,3x10-4 - - 14 2,3x10-4 1,0150,163~10-4 - - 
0,12 134 16,lxlo-4 3,23 0,39x10'4 - - - - - - 

M O L Y B D E N U M  F I L M S  

A t  present, the conclusions which we make on the basis of the table data are  as 
f 01 1 ows : 

The two kinds of as-deposited films have r e s i s t i v i t i e s  of the order of several 
hundred microohms per cm. After annealing in H z  atmosphere, the r e s i s t i v i t y  f a l l s  
markedly and in some cases t o  l e s s  than 20 pn.cm; the lowest for  W was 17 11Sl.c~ and 
fo r  Mo - about 16 ~n.cm. Going to a higher annealing temperature in vacuum we succeed- 
ed in decreasing the r e s i s t i v i t y  of Mo films to the value of 7,7 pa.cm, compared with 
the bulk value fo r  Mo of p = 5,77 m.cm . We should note tha t  films annealed a t  
1300°C in vacuum look perfect,  compared t o  ones, heated in Hz. The high sheet resis-  
tance and the corresponding r e s i s t i v i t y  fo r  as-deposited films can be considered 



as a func t i on  o f  two fac tors :  impur i t i es  i n  the  g r a i n  boundaries and the g r a i n  
s i ze  / 6,7 /. Our as-deposited f i l m s  are small grained, po l yc rys ta l l i ne ,  w i t h  g r a i n  
s i ze  about 500 1. During the annealing, dependent on 0 and C contents, sometimes 
gra ins  can grow considerably. The in f luence o f  t he  impur i t i es  i n  carbonyl f i l m s  on 
s t ruc tu re  and e l e c t r i c a l  p roper t ies  has been s tud ied i n  d e t a i l  / 8 /. Auger ana lys is  
o f  the  annealed f i l m s  were performed and the r e s u l t s  are shown on Fig. 3. - (a) f o r  
tungsten f i l m s  and (b) f o r  molybdenum ones. Even though most of the carbon and 
oxygen leaves the f i lm, from Fig. 3. i t  i s  seen t h a t  f i l m s  s t i l l  conta in  carbon and 
oxygen. This i s  important  s ince a p r a c t i c a l  process must t o l e r a t e  some i m p u r i t i e s  i n  
a s t rong ly  reac t i ve  mater ia l ,  such as W and Mo. It i s  encouraging t h a t  the  low r e s i s -  
t i v i t y  of CVD-W and CVD-Mo f i l m s  i s  n o t  a f fec ted  by excessive p u r i t y .  Although n o t  
measured, chemical composit ion o f  such f i l m s  may s t i l l  conta in  some impur i r ies ,  s ince 
a f u l l y  annealed Mo f i l m  contains 3 1 0  and 1 % C, besides 96 % Mo / 8 / . We see 
t h a t  i n  annealed f i l m s  a considerable amount o f  S i  has appeared, obviously comimg 
f r o m  the  S i  substrate, dur ing the h igh temperature annealing. On Fig. 4 (a)  and (b)  

Fig. 3. Auger e lec t ron  spectrometry ana lys is  o f  annealed a t  780°C 
carbohyl CVD-W f i l m  ( a )  and carbonyl CVD-Mo f i l m  (b)  i n  H2 
atmosphere. 
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Fig, 4. XRD - analysis of annealed carbonyl CVD-W ( a )  and 
CVD-Mo (b)  films a t  temperature of 780°C fo r  10 min. 

we have shown the resul ts  from X R D  analysis of annealed films and we see that  
although a great amount of Si i s  found in the W film, no peaks in the XRD spectrum 
other than of pure metallic W are found. A t  the same time in the case of Mo we see 
besides some of the pure Mo l ines  ( 2,23; 1,57; 1,29 ) an other strong peak ( 1,34 ) 
of MogSi ( 2,19; 2,00; 1,36 ). Probably Mo i s  e a s i e r> to  al loy with Si than W. We 
t r ied  to  study higher temperature annealing fo r  our films and t o  find the temperature 
a t  which W s i l i c i de s  would appear. Very recent XRD - study of W films, annealed a t  
1200°C in vacuum for  30 sec showed tha t  a t  t h i s  temperature alloying of W and S i  i s  
possible. This will be a subject f o r  future detai l  study. 

We have also studied by replica electron microscopy techniques the Si surface, on 
which carbonyl W film has been deposited and fur ther  chemically etched. As the study 
showed besides some non-etched points, probably of the W f i lm, no other defects 
could be noticed - Fig. 5. 

5. - Conclusions 
By thermal decomposition of W(CO)6 and Mo(CO)~ and by fur ther  optimum anneafing,it i s  
possible t o  obtain low-resistive materials. One important advantage of the carbonyl 



Fig. 5. EM r e p l i c a  o f  S i  surface, on which W f i l m  has been 
deposited and f u r t h e r  etched. ?Magni f icat ion 100 000 X. 

CVD-process i s  the  l a c k  o f  a t tack  on the S i  surface. The fac t ,  t h a t  s i l i c i d e s  are 
formed a t  annealing temperature may be useful i n  decreasing the contact  res is tance 
o f  the  metal f i l m s  t o  p+ and n+ o f  S i .  I n  add i t i on  an annealing temperature o f  l e s s  
t h a n  800°C i s  compatible w i t h  microe lec t ron ics  technology. 
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