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ABSTRACT 

du Pont PI-2575-D polyimide films were characterized to determine their suitability for use as an interlevel dielectric 
with a selective tungsten via fill process. Polyimide films cured at 400 ~ and 440~ were found to breakdown at voltages 
greater than 1 • I0 ~ V/cm. The pinhole density, when processed in a non-cleanroom environment, is below 1 per cmz. The 
dielectric constant for 1.6 ~m films is 3.9. Adhesion to thermal oxide is 100% for films in boiling water up to lh. The maxi- 
mum moisture absorption is 1.7 w/o at 90% relative humidity. Perfect tungsten selectivity was achieved in the absence of 
nearby tungsten surfaces at 216~ 0.75-7.5 torr total pressure, 15:1 H~:WFa and times to 210 rain. When the polyimide was 
exposed to adjacent tungsten surfaces, tungsten did deposit on the polyimide, resulting in a moving metal front. The acti- 
vation energy for the rate of progress of the tungsten film front is 16 kcal/mol. 

The microeleetronics industry has demonstrated several 
applications for polyimides in recent years, including al- 
pha-particle barriers in high density memory devices, pas- 
sivation and protection layers, interlevel dielectrics, and 
ion implantation masks (1). As the size of integrated circuit 
elements has decreased, the fraction of chip area taken up 
by interconnect has increased. To reduce chip size and im- 
prove performance, IC researchers have moved toward 
multilevel metal interconnects. MIT's LineoIn Laboratory 
(2), Texas Instruments (3), TRW Inc. (4), Honeywell (5), and 
Nippon Telephone and Telegraph (6) have all reported 
multilevel metal processes that use polyimides, rather 
than inorganic materials, as the interlevel dielectric. 

Additionally, CVD tungsten has recently proven useful 
in microelectronies; applications include contact barriers 
(7), selective via fill (8), and low resistance shunts on MOS 
gate and source/drain areas (9). In the case of seleetive dep- 
osition, tungsten will deposit preferentially on silicon, 
metals, and metal silieides, with no deposition on silicon 
dioxide and other insulators. A selective tungsten deposi- 
tion process is desirable in the case of contact barriers, via 
fill, and MOS shunts because the process is self-patterning 
(i.e., no lithography and etching steps are needed). 

A number  of studies have been carried out to examine 
the selective deposition of tungsten on inorganic dielec- 
trics such as silicon dioxide and silicon nitride (7-11). Since 
polyimides are being introduced as a replacement for inor- 
ganic dielectrics in multilevel IC applications, it follows 
that a selective tungsten process, such as selective fill of 
polyimide vias between metal levels, would be very de- 
sirable. 

The first goal of this research was to characterize a com- 
mercially available polyimide, to assess its suitability for 
use as an interlevel dielectric. The characterization tests 
included film thickness parameters, film adhesion, pinhole 
density, moisture absorption, dielectric constant, and di- 
electric breakdown strength. The second goal was to carry 
out an initial study of LPCVD of tungsten on polyimide, to 
determine whether polyimide can act as a selective surface 
(free of tungsten deposition). Once it was determined that 
the polyimide is selective under certain conditions, factors 
that caused the loss of selectivity were examined. Finally, 
the nonselective tungsten film growth on the polyimide 
was characterized, du Pont 's  PI-2757-D, a new generation 
PI formulation with a built-in aminosilane adhesion pro- 
moter, was chosen for this work. 
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Equipment 
F o r  t he  po ly imide  film p repa ra t ion ,  a Sol i tec  4110 wafer  

s p i n n e r  was  used.  T he  films were  no t  p r e p a r e d  in a 
c leanroom environment;  instead a Plexig las  g love  box  
covered the spinner  to m i n i m i z e  the presence  o f  particles. 
D e s i c c a t e d  air, f i l tered to 1 ~tm, was  p a s s e d  in to  the  cham-  
be r  to keep  the  h u m i d i t y  be low 30% RH. T he  s p i n n e r ' s  ex- 
h a u s t  b l o w e r  was  u s e d  to v e n t  so lven t  f u m e s  a n d  to pre-  
v e n t  f o r m a t i o n  of a n  aerosol  fog of po lyamic  acid 
pa r t i cu l a t e s  a b o v e  the  wafer ' s  surface.  

A h o t  p la te  was  u s e d  in c o n j u n c t i o n  w i th  a B lue  M con-  
vec t i on  o v e n  to sof t  b a k e  t he  po ly imide  films. For  t h e  imi- 
d iza t ion  (cur ing)  s tep  a v a c u u m  cur ing  f u r nace  was  bu i l t  
w h i c h  c o n s i s t e d  of  a 135 m m  ID hor i zon ta l  qua r t z  t u b e  
w i t h  a 30 c m  " h o t  zone."  A Welch  Duo-Sea l  v a c u u m  p u m p  
was  u s e d  to pu l l  h i g h  p u r i t y  n i t r o g e n  t h r o u g h  t he  fu rnace  
whi l e  p r e s s u r e  was  m a n u a l l y  con t ro l l ed  w i t h  a gas ro t ame-  
te r  a t  t he  fu rnace  inlet .  The  fu rnace  t e m p e r a t u r e  was  
r a m p e d  f rom a m b i e n t  to t he  specif ied t e m p e r a t u r e  over  a 
de s i r ed  t i m e  u s i n g  a P I D  t e m p e r a t u r e  control ler .  

P I  film t h i c k n e s s  a n d  t h i c k n e s s  u n i f o r m i t y  were  mea-  
s u r e d  w i t h  a T e n c o r  A l p h a - S t e p  100 prof i lometer .  A Plexi -  
glas c o n s t a n t  h u m i d i t y  c h a m b e r ,  in c o n j u n c t i o n  w i th  a 
s ens i t i ve  M e t t l e r . b a l a n c e  ( readab le  to 0.00001g) was  u s e d  
for m o i s t u r e  a b s o r p t i o n  m e a s u r e m e n t s .  A S T M  m e t h o d  
D-3359 (12) was  u sed  as the  s t a n d a r d  for s e m i q u a n t i t a t i v e  
t ape  peel  a d h e s i o n  tests .  A m e r c u r y  p r o b e  and  capac i t ance  
m e t e r  we re  u sed  to m e a s u r e  die lect r ic  c o n s t a n t  a t  a 1 MHz 
ac signal ,  a n d  d ie lec t r ic  b r e a k d o w n  field s t r e n g t h  was 
m e a s u r e d  u s i n g  a n  I-V c u r v e  t racer .  P i n h o l e d e n s i t y  was  
d e t e r m i n e d  us ing  a m e t h a n o l  b u b b l i n g  a p p a r a t u s  and  a 
s t e r eomic roscope .  The  b u b b l e r  cons i s t ed  of  a 10 c m  glass  
pe t r i  d i sh  With a wire  r ing  e l ec t rode  s u s p e n d e d  a b o v e  an  
a l u m i n u m  pla te  in  m e t h a n o l .  T he  t e s t  wafer  sa t  on  top  of 
t he  p la te  e l ec t rode  a n d  be low t he  wire  r ing.  

Fo r  t he  t u n g s t e n  d e p o s i t i o n  s tudies ,  a low pressure ,  sin- 
gle wafer ,  cold  wal l  CVD reac to r  was  bui l t ;  it is s h o w n  
s c h e m a t i c a l l y  in  Fig. 1. I t  r ep l aced  th  e or ig inal  r e sea r ch  re- 
ac to r  bu i l t  by  K r i s h n a m a n i  (11) and  was d e s i g n e d  to m e e t  
t he  fo l lowing  objec t ives :  (i) u n i f o r m  s u b s t r a t e  hea t ing ,  (ii) 
cool r eac to r  walls  for m i n i m a l  wal l  depos i t ion ,  (iii) 100 m m  
wafe r  capabi l i ty ,  (iv) m o r e  accu ra t e  s u b s t r a t e  t e m p e r a t u r e  
m e a s u r e m e n t ,  (v) no  p o l y m e r  seals  (for h i g h e r  t e m p e r a t u r e  
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Fig. 1, Vertical and side view of flanged reactor. Angle denotes 
angle from inlet at 0 ~ 

opera t ion) ,  (vi) v iew por t  f lange (for v i sua l  wafe r  inspec-  
t i on  d u r i n g  deposi t ion) .  

T h e  r eac to r  was  bu i l t  f rom t h r e e  17.1 c m  304 s ta in less  
s tee l  f langes  bo l t ed  t o g e t h e r  w i t h  OFHC c o p p e r  gaskets .  
The  top.~flange, f i t ted w i t h  a 10 c m  glass v iew por t  and  
K o v a r  seal, se rves  as b o t h  t he  r eac to r  door  and  v i ewing  
w i n d o w .  The  c e n t e r  f lange is ho l low and  a c c o m m o d a t e s  a 
1.0 cm th ick ,  11.4 cm d i a m e t e r  OFHC c o p p e r  hea t i ng  b l o c k  
for  c o n d u c t i v e  s u b s t r a t e  hea t ing .  F o u r  Wat low F i re rod  re- 
s i s t ive  ca r t r idge  hea t e r s  are  f i t ted in to  t he  b lock,  w i t h  a 
u n i f o r m l y  d i s t r i b u t e d  power  o u t p u t  of 530W. A ther -  
m o w e l l  is m a c h i n e d  in to  t he  b o t t o m  of  t he  b lock,  m i d w a y  
b e t w e e n  two  rods.  The  wel l  c o m e s  w i t h i n  0.13 c m  of the  
top  sur face  of  the  hea t i ng  block,  and  a s h e a t h e d  t ype  K 
t h e r m o c o u p l e  fits snug ly  in to  th i s  well. S ince  the  c o p p e r  
b l o c k  c o n t a c t s  t he  r eac to r  walls  on ly  via  t he  poor ly  con-  
duc t i ve  h e a t i n g  rods  a n d  t h e r m o c o u p l e ,  the  wails  are con-  
s i de r ab ly  cooler  t h a n  the  subs t ra te .  The  c o p p e r  b lock  is 
c o m p l e t e l y  coa ted  w i th  t u n g s t e n  f rom the  first few deposi-  
t i on  runs .  R e a c t a n t  gases  flow f rom left  to r igh t  across  the  
reac tor ,  para l le l  to the  subs t ra te .  Ac tua l  wafe r  sur face  tem-  
p e r a t u r e s  were  d e t e r m i n e d  by  c e m e n t i n g  an  O m e g a  t h i n  
f i lm r e s i s t a n c e  t e m p e r a t u r e  de t ec to r  (no. TFD-M) to t he  
p o l y i m i d e  sur face  on  a t e s t  wafer  u n d e r  ac tua l  d e p o s i t i o n  
cond i t ions .  

The  gas h a n d l i n g  e q u i p m e n t ,  m a s s  flow cont ro l le rs ,  t em-  
p e r a t u r e  control ler ,  a n d  v a c u u m  p u m p i n g  s t a t ion  for t he  
r e ac to r  were  essen t i a l ly  t he  s ame  as t h o s e  d e s c r i b e d  by  
McCon ica  (13). U l t r a p u r e  t u n g s t e n  hexa f luo r ide  (99.9%), 
d o n a t e d  b y  G e n u s  I n c o r p o r a t e d ,  was  u sed  for th i s  s tudy .  

Experimental Procedure 
P - t y p e  (100) 50 m m  po l i shed  s i l icon wafers  were  u sed  as 

t h e  s u b s t r a t e  for t he  p o l y i m i d e  fi lm p r e p a r a t i o n  a n d  char-  
ac te r iza t ion .  E a c h  wafer  was  first  p u t  t h r o u g h  a d e h y d r a -  
t i on  b a k e  for  30 ra in  at  180~ a n d  t h e n  c e n t e r e d  on  t he  
s p i n n e r  chuck .  PI-2575-D po lyamic  acid so lu t ion  was  
p o u r e d  d i rec t ly  f rom the  bo t t l e  on to  t he  wafe r  surface,  
f o r m i n g  a p u d d l e  t h a t  cove red  ha l f  t he  wafe r  area. Af te r  a 
b r i e f  s p r e a d  cycle  at  500 rpm,  the  s p i n n e r  was  p rog ram-  
m e d  to r a m p  qu i ck ly  to the  des i r ed  sp in  speed  and  main -  
t a i n  t h a t  s p e e d  for 30s. S p i n  s p e e d s  r a n g e d  f rom 2000 to 
8000 rpm.  

T h e  so f t -bake  p r o c e d u r e  t h a t  y ie lded  t he  be s t  overa l l  
f i lm a p p e a r a n c e  a n d  u n i f o r m i t y  was  a 60s/90~ ho t -p la t e  
b a k e  fo l lowed by an  8 min/150~ c o n v e c t i o n  oven  bake.  
The  back- s ide  h e a t i n g  of  the  wafer  (via ho t  plate)  immed i -  
a te ly  fo l lowing  a sp in  a p p e a r e d  to p rov ide  a good  degree  of  
reflow, r e s u l t i n g  in  a m o r e  u n i f o r m  film. 

The  fi lms we re  cu red  by  r a m p i n g  t h e m  f rom a m b i e n t  to 
400~ in 2h, h o l d i n g  at 400~ for 20 rain,  t h e n  r a m p i n g  b a c k  
down.  At  t e m p e r a t u r e s  a b o v e  350~ t he  fi lms were  cu red  
in  a 10 to r r  n i t r o g e n  a t m o s p h e r e .  Fo r  be s t  adhes ion ,  t he  
m a n u f a c t u r e r  r e c o m m e n d s  t h a t  t he  fi lms be  c u r e d  in air  at  
t e m p e r a t u r e s  be low 350~ (14). 

C u r e d  film t h i c k n e s s e s  were  m e a s u r e d  by  m a k i n g  th r ee  
cu ts  in t he  P I  film, 2 cm long  and  1.5 cm apart .  A n  Alpha-  
S t e p  t h i c k n e s s  m e a s u r e m e n t  was  m a d e  nea r  the  e n d s  of 
e a c h  cut.  S ix  m e a s u r e m e n t s  on  each  of  t h r e e  iden t ica l ly  
p r e p a r e d  wafers  were  m a d e  to d e t e r m i n e  t h i c k n e s s  unifor-  
m i t y  across  a g iven  wafe r  a n d  f rom wafer- to-wafer .  

Fo r  t he  m o i s t u r e  a b s o r p t i o n  test ,  a t h i c k  coat  (7.3 ~m) of 
p o l y i m i d e  was app l i ed  to two wafers  d u r i n g  two suc- 
cess ive  2000 r p m  spins.  The  two wafers  we re  p laced  in t he  
c o n s t a n t  h u m i d i t y  c h a m b e r  a n d  a l lowed  to a b s o r b  wa te r  
un t i l  e q u i l i b r i u m  at a g iven  we t  b u l b  t e m p e r a t u r e  (i.e., rel- 
a t ive  h u m i d i t y )  was  reached .  This  was  typ ica l ly  in  less 
t h a n  10 min .  The  wafers  were  t h e n  we ighed  to the  n e a r e s t  
0.00001g a n d  r e t u r n e d  to the  c h a m b e r .  E a c h  wafer  was  
w e i g h e d  t h r e e  t imes  at  e ach  of the  e igh t  h u m i d i t y  levels  
b e t w e e n  0 a n d  85% RH. The  ave rage  ne t  m o i s t u r e  gain  was  
r e p o r t e d  as a p e r c e n t a g e  of  po ly imide  film mass .  

T h r e e  wafers  were  u sed  for t he  t ape  peel  a d h e s i o n  tests .  
After cure, a grid of six horizontal and six vertical lines 
were cut into the film with a sharp blade and straight edge. 
The lines were about 7 mm long and 1 mm apart, making a 
grid of twenty-five I mm 2 squares. A fresh piece of Scotch 
brand tape no. 104 was applied over the grid, rubbed down 
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Table I. du Pent PI-2575-D test results 
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400~ cure 440~ cure 

Film property Observed Reported Observed 
Silicon Silicon 

dioxide (21) nitride (21) 

Dielectric constant 3.9 4.5 3.7 
Dielectric breakdown > 1.0 2.4 > 1.0 

strength, MV/cm 
Cured film density 1.45 1.41 

g/cm 3 
Thickness loss during 23 22 24 

cure, % 
Film thickness uniformity 

across wafer, % 1 
wafer-to-wafer, % 1 

Adhesion loss, % area nonadherant; 3 wafer samples 
Ambient cond. 0, 0, 0 0 0, 0, 0 
lh boiling H20 0, 2, 0 0 0, 0, 0 
2h boiling H20 0, 77, 0 0 4, 10, 0 

Maximum moisture t.7 -3 
uptake, w/o at 90% RH 

Pinhole density, cm -2 0.9 0.7 

firmly with an eraser, and then slowly peeled back. An esti- 
mate of the percentage of grid area removed by the tape 
was then made. The test was repeated after the wafers sat 
in room temperature DI water for 15 rain. It was repeated 
again after 15 rain, lh, and 2h in boiling DI water. The tests 
were then repeated after the wafers were reeured at 440~ 

Two wafers were used for the pinhole count. After cure, 
each wafer was placed in the methanol bubbler such that 
the wafer's back side made good electrical contact with the 
bottom electrode. A variable voltage was applied between 
the wafers and the ring electrode and was increased slowly 
until microscopic bubbles appeared from pinholes in the 
PI film surface. The pinholes were counted over three dif- 
ferent 3.9 cm 2 areas on each of the two wafers, and the re- 
sults were averaged. The test was repeated after the 440~ 
cure. 

The procedure for the selective tungsten deposition 
study called for isolating the polyimide films from hot 
tungsten surfaces present in the reactor. In the case of sili- 
con dioxide, it has been found that nearby hot tungsten 
acts as a catalyst for tungsten nucleation and eventual fihn 
growth on SiO2 (13, 15). Teflon was chosen as the material 
to isolate the polyimide coated wafers from the tungsten 
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Fig. 2. Moisture gain as e function of relative humidity 
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coa ted  hea t ing  block. U n d e r  the  cond i t ions  of 0.75 torr  
total  p ressure ,  216~ reac tor  (60~ be low signif icant  Teflon 
outgassing) ,  and 15:1 H2:WF6 flow ratio, it has  been  ob- 
s e rved  tha t  t u n g s t e n  does  no t  depos i t  on Teflon. 

P - type  (001) 75 m m  po l i shed  si l icon wafers  were  u sed  as 
t he  subs t r a t e  for the  PI  select ivi ty  s tudy.  The wafers  were  
t he rma l ly  oxid ized  to a t h i cknes s  of  154 n m  so tha t  the re  
were  no e x p o s e d  si l icon surfaces  u p o n  w h i c h  t u n g s t e n  
w o u l d  deposi t .  Thin  po ly imide  films (1.7 ~m after cure) 
were  p r e p a r e d  accord ing  to the  prev ious ly  de sc r ibed  pro- 
c e d u r e  and  t h e n  s tored  in a desiccator .  For  each depos i t ion  
run,  a th in  shee t  of  Teflon (0.0l cm) was  fit ted snugly  over  
t he  t u n g s t e n - c o a t e d  reac tor  hea t ing  block, and  the  PI  
coa ted  wafer  was  then  cen te red  on the  Teflon. For  the  tes ts  
on Teflon, reac tor  t e m p e r a t u r e  was  ma in t a ined  at 216~ 
H2:WF6 flow ratio was  15:1, total  flow was 160 sccm, and  
total  p r e s s u r e  was  e i ther  0.75 or 7.5 torr. Depos i t i on  t imes  
r anged  f rom several  m i n u t e s  to several  hours .  Each  wafer  
was  w e i g h e d  to the  nea res t  0.00001g before  and  after a run  
to d e t e r m i n e  the  e x t e n t  of  t u n g s t e n  depos i t ion .  

For  the  nonse lec t ive  t u n g s t e n  depos i t ion ,  the  Teflon bar- 
r ier  was  no t  used.  A 75 m m  oxid ized  wafer  was  c e n t e r ed  on  
the  t u n g s t e n - c o a t e d  hea t ing  block,  and the  P I -coa ted  tes t  
wafe r  was  p laced  on top  of  the  ox id ized  wafer.  This  s tack- 
ing m i n i m i z e d  the  back-s ide  t u n g s t e n  depos i t ion  tha t  oc- 
curs  w h e n  an oxid ized  wafer  is in con tac t  wi th  the  hea t ing  
block.  H y d r o g e n  was  f lowed t h r o u g h  the  reac tor  at 150 
s c c m  and  the  wafer  t e m p e r a t u r e  (216 ~ 243 ~ 268 ~ 293~ 
and  p r e s s u r e  (0.75 torr) were  a l lowed to stabilize. At  t ime  
zero, WF6 was  m e t e r e d  into the  reactor  at 10 sccm.  The pro- 
gress  of  the  nonse lec t ive  t u n g s t e n  g rowth  s e q u e n c e  was  
p h o t o g r a p h e d  t h r o u g h  the  v iew por t  f lange wi th  a 35 m m  
c a me r a  and  wide  angle  lens. 

Results 
Table  I s u m m a r i z e s  the  resul ts  for the  po ly imide  film 

tes t ing,  as well  as r e p o r t e d  values  f rom the  m a n u f a c t u r e r  
and  equ iva len t  p roper t i e s  of  s i l icon d iox ide  and  si l icon ni- 
tr ide,  w h e r e  appl icable .  

A good log-log corre la t ion  b e t w e e n  cured  film th i cknes s  
and  sp in  speed  was o b s e r v e d  for this  material .  Po ly imide  
mo i s t u r e  gain was  f o u n d  to be l inearly d e p e n d e n t  on  rela- 
t ive humid i ty ;  the  resul ts  are s h o w n  in Fig. 2. 

F r o m  the  se lec t ive  depos i t ion  s tudy,  it was  found  tha t  no 
t u n g s t e n  depos i t ed  on the  po ly imide  for depos i t ion  t imes  
of  90-210 rain at 0.75 torr  total  p r e s s u r e  and  216~ Addi-  
t ionally,  the re  was  no depos i t ion  after  93 rain at  7.5 torr. 
N o n e  of  the  wafers  exh ib i t ed  any mass  change.  There  were  
no c h a n g e s  in the  dark  g reen  PI  film or in t he  royal b lue  
SiO2 film on the  back  s ides  of  the  wafers.  

Un l ike  the  runs  m a d e  wi th  the  Teflon hea t ing  b lock 
cover,  t u n g s t e n  readi ly depos i t ed  on  the  PI  films once  the  
Teflon was  removed .  Dur ing  each  of  the  four  runs ,  no vis- 
ible depos i t i on  was  o b s e r v e d  i m m e d i a t e l y  af ter  the  star t  of  
the  react ion.  Af ter  a p p r o x i ma t e l y  1 (293~ min  (216~ 
t u n g s t e n  began  to appea r  on  the  PI  surface  at the  wafer  
e d g e  neares t  the  reactor inlet  ~:0~ The t u n g s t e n  film 
e d g e  s ta r ted  mo v i n g  radially i nward  f rom 0 ~ and  covered  
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Fig. 3. Tungsten front distance from wafer edge at inlet side (0 ~ and 
exit side (180 ~ as a function of time and temperature. 

the wafer edge from 270 ~ to 90 ~ Within a few minutes, a 
complete ring of tungsten had formed around the wafer 
edge. This ring continued to grow radially inward over the 
PI surface until a small circular area of tungsten-free PI re- 
mained. At this point the reaction was stopped. In each 
case the circular area of PI was located to the right of cen- 
ter (toward the reactor outlet) by about 1 cm. Plots of the 
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Fig. 4. Tungsten front distance v s .  time at 90 ~ (perpendicular to the 
direction of flow). 

tungsten film progress as a function of time and tempera- 
ture are shown in Fig. 3 for both the upstream wafer edge 
(0 ~ and the downstream edge (180~ At 90 ~ the film growth 
direction is perpendicular to the direction of flow. These 
growth progress results are shown in Fig. 4. Tungsten was 
never observed near the wafer center, inside of the advanc- 
ing film front, during any of the runs. The set of 
photographs showing this deposition sequence for the 
268~ run is shown in Fig. 5. A paper tracing/weighing 
technique was used to determine the fractional area of PI 
remaining at a given time during the deposition sequence. 
The fractional area covered by tungsten as a function of 
time is shown in Fig. 6. 

Four-point probe sheet resistance measurements were 
made at numerous locations across the tungsten film on 
each wafer. The sheet resistance is lowest near the wafer 
edge and increases rapidly only near the tungsten/PI inter- 
face. The results of a set of measurements along an imagi- 

Fig. 5. Photographs of tungsten film growth on polyimide at 268~ 
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Fig. 6. Fractional wafer area covered by tungsten as a function of 
time and temperature. 

nary x-axis from the 0 ~ edge to the 180 ~ edge (-3.8 to +3.8 
cm) are shown graphically for the 243~ run in Fig. 7. 

Discuss ion  

The measured properties of the PI-2575-D cured films 
agree fairly well with values obtained from the manufac- 
turer. The PI dielectric constant compares favorably with 
that of silicon dioxide, and is about half that of silicon ni- 
tride. 

Although there are no reported values for PI-2575-D 
properties in th e literature, Jensen (5), Senturia (16, 17), 
and Cech (18) have also observed linear relationships be- 
tween moisture gain (or dielectric constant) and relative 
humidity for other polyimides. Senturia (17) reported a 
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Fig. 7. Tungsten sheet resistance vs. location on wafer 
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slope of the moisture gain-RH line of 0.021 weight percent 
(w/o) H20/%RH for a chemically similar du Pont PI, vs. 
0.019 w/o H20/%RH for the PI-2575-D. 

During the adhesion testing, one sample exhibited ex- 
tensive adhesion loss after 2h in boiling water, whereas 
two other identically prepared samples did not. The one 
sample that exhibited this adhesion loss may have been 
anomalous. There appeared to be a small degree of adhe- 
sion loss after 2h in boiling water for the films cured at 
440~ Linde (19) studied the chemical bonding of APS 
aminosilane between polyimide and silicon dioxide. He 
found that APS begins to decompose at temperatures 
above approximately 400~ 

The PI-2575-D film appearance was excellent, with no 
color variations, striations, or fish eyes. Film thickness uni- 
formity was also excellent. Thickness variations were al- 
most within the limit of measurement on the Alpha-Step. 

Based on the zero detectable mass gain of each polyi- 
mide-coated wafer in the selectivity experiments, it can be 
concluded that PI-2575-D polyimide films exhibit good se- 
lectivity from tungsten deposition. In other words, at 
216~ in the absence of silicon or tungsten metal surfaces 
immediately adjacent to the polyimide film, tungsten will 
not deposit on PL2575-D under a wide range of deposition 
times and pressures. The presence of hot tungsten sur- 
faces more than 2 cm away from the PI film (e.g., tungsten 
coated heating rods, underside of heating block) did not 
appear to affect selectivity. 

In each of the deposition runs without the Teflon barrier, 
the nonselective tungsten deposition exhibited a definite 
radial dependence, with deposition moving in from the 
wafer edge with time. Based on this observation, the re- 
sults from the selective depositions, and the findings of 
McConica (13), it is clear that the deposition of tungsten on 
a dielectric such as polyimide or SiO2 is catalyzed by the 
presence of tungsten near the dielectric surface. An inter- 
mediate with a short diffusion length may possibly be 
formed from WF0 and/or hydrogen on hot tungsten surface 
sites. This intermediate then diffuses to the PI surface, ad- 
sorbs or reacts, and creates a nucleation site for tungsten 
deposition. 

It was observed that the area coverage rate of tungsten 
deposition on PI decreased with time. In the case of the 
front progress at 90 ~ (Fig. 4) it can be seen that the plots can 
be fit with two lines. At distances less than 1 cm from the 
tungsten block the rate of progress of the front is much 
greater than at distances greater than 1 cm from the wafer 
edge. There is also a tendency for the slope change to move 
further in on the wafer as the temperature increases 
(Fig. 4). Plots of the fractional area covered with time show 
this same behavior (Fig. 6), with the center of slope change 
moving from 30% coverage at 216~ to 60% coverage at 
293~ 

These observations can be explained by assuming that 
the progress of the front is due to an intermediate diffusing 
from the hot tungsten surface to the polyimide and then 
creating a new site for tungsten film growth. The fact that 
the upstream (0 ~ front rate is so much more rapid than the 
downstream rate (180 ~ ) is simply due to the intermediate 
having a gas phase lifetime and being carried by the con- 
vective flow. Depletioh of the reactants is a minor effect at 
these temperatures since conversions are less than 1%. The 
fact that the intermediate is equally influenced by its local 
concentration gradient and convective flow is supported 
by a calculated Peclet number near unity for WF6 at the re- 
action conditions. 

The plots of fractional area covered should average out 
the convective effect because one-half of the wafer will ex- 
perience enhanced front progress while the other half ex- 
periences retarded front progress. 

The change in slope is due to the large temperature dif- 
ference between the block and the wafer. At early times or 
coverages the primary source of the intermediate is the 
tungsten-covered substrate heater. At later times and cov- 
erages the front is moving due to intermediate created by 
the tungsten on the wafer which is 40~176 cooler than the 
block, depending upon the reaction conditions. Because 
the gas phase diffusivity and the rate of creation of the in- 
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termediate both increase with temperature, it is expected 
that the rate of front progress and the influence of the 
block intermediate generation on the wafer would in- 
crease with increasing temperature. An Arrhenius plot of 
the final tungsten coverage rates was made for the cali- 
brated wafer temperatures (Fig. 8). An activation energy of 
16 kcal/mol was measured (regression coefficient r ~ = 
0.992). This activation energy is curiously close to the value 
of 17 kcal/mol reported by McConica (ii) for the hydrogen 
reduction of WF6. It is also well below the 25 kcal/mol re- 
ported by McConica and Cooper (13) for the creation of 
small tungsten nucleation sites on thermal oxide. The acti- 
vation energy for film front progress is not expected to 
match that for nucleation, for they are not the same phe- 
nomena. Film progress inherently contains the diffusive 
effect of the intermediate which initiates nucleation. 

The reactive intermediate which results in nucleation 
and film growth has a short lifetime as evidenced by the ra- 
dial film growth. Its effect is not observed more than 
0.5-1.0 cm from a hot tungsten surface. If nucleation occurs 
in the gas phase, it may be due to a subfluoride of tungsten 
(WFx) disproportionating and giving a nonvolatile 
tungsten subfluoride (WFx-~,) which then condenses upon 
the polyimide creating a surface site for the hydrogen re- 
duction reaction. These results on polyimide support the 
mechanism proposed by Creighton (22). 

The shift of the remaining PI area became more pro- 
nounced at higher temperatures, ranging from 0.6 (260~ 
to. 1.3 cm (383~C). To differentiate between a depletion ef- 
fect of the intermediate and a convective effect upon the 
displacement of the remaining PI area, the mass, mo- 
mentum, and energy continuity equations would need to 
be solved. If a momentum boundary layer were present, 
the increased diffusivity of the reactive intermediate at 
higher temperature could allow it to further penetrate the 
f low field. Th i s  wou ld  re su l t  in  a n  inc rease  in t he  convec-  
t ive  effect  at  h i g h e r  t e m p e r a t u r e s .  

The  o b s e r v e d  radia l  i nc rease  in t u n g s t e n  film shee t  resis-  
t a n c e  t o w a r d  t he  wafer  center ,  as s h o w n  in Fig. 7, is m o s t  
l ike ly  d u e  to a rad ia l  dec rea se  in t u n g s t e n  fi lm th i cknes s .  
B e i n g l a s s  (7) o b s e r v e d  an  inve r se  log-log r e l a t i onsh ip  be- 
t w e e n  CVD t u n g s t e n  shee t  r e s i s t ance  a n d  film th i cknes s .  
F i g u r e  5 i l lus t ra tes  t h a t  the  t u n g s t e n  fi lm is of  u n i f o r m  
t h i c k n e s s  un t i l  t h e  las t  0.5-1.0 crn n e a r  the  fi lm front .  The  
ra te  of  t u n g s t e n  fi lm f ron t  g r o w t h  is five o rders  of  magn i -  
t u d e  h i g h e r  t h a n  the  ver t ica l  depos i t i on  rate. This  m e a n s  
t h a t  t he  d e p o s i t i o n  p roces s  is c lear ly due  to t u n g s t e n  nu-  
c l ea t ion  on  t he  po ly imide ,  r a t h e r  t h a n  j u s t  t he  la teral  
g r o w t h  of  t u n g s t e n  on  t ungs t en .  

The  n o n s e l e c t i v e  t u n g s t e n  fi lms'  a d h e s i o n  to po ly imide  
a p p e a r e d  to be  exce l len t ,  b u t  film s t ress  was  h i g h  e n o u g h  
to cause  c rack ing ,  espec ia l ly  in the  268 ~ a n d  293~ depos-  
i ted  films. This  c r a c k i n g  was more  p r o n o u n c e d  nea r  the  

wafer edge, especially near the 0 ~ edge where the tungsten 
is thickest, due to long deposition times. SEM analysis of 
one such crack showed that the tungsten film was so 
strongly adherent to the polyimide that the PI film was 
sheared as the tungsten film cracked. As a result, it ap- 
pears that polyimide alone may not be a suitable dielectric 
for blanket tungsten deposition. 

Conclusions 
From the results of the physical and electrical property 

testing of the du Pont PI-2575-D, it can be stated that this 
material exhibits many of the desired properties of an in- 
terlevel dielectric: ease of processing; uniform film thick- 
ness; low dielectric constant and sufficiently high 
breakdown strength; and generally good adhesion to the 
underlying substrate. Its degree of water absorption is 
comparable to that of other PI's reported in the literature. 

Under the conditions of 216~ and 0.75-7.5 torr total pres- 
sure, PI-2575-D films exhibit perfect selectivity in the ab- 
sence of nearby tungsten surfaces. With the Teflon barrier 
removed, tungsten deposition was observed within a few 
minutes. This deposition exhibited a radial dependence; 
tungsten first appeared at the wafer edge, and the tungsten 
film front grew radially inward toward the center. An 
asymmetric behavior was observed during the deposition, 
i.e., the moving tungsten film front was shifted toward the 
reactor outlet. 

It was concluded that the deposition of tungsten on PI is 
catalyzed by nearby tungsten surfaces. The tungsten sur- 
face creates a gas phase reactive intermediate which dif- 
fuses to nearby polyimide surfaces creating a site for nu- 
cleation to occur, allowing film growth. The rate of film 
progress increases with temperature, as evidenced by an 
activation energy of 16 kcal/mol. Before a mechanism for 
tungsten nucleation and film growth can be proposed, 
these results will be modeled in terms of mass and mo- 
mentum transfer. The current objective of this research 
group is to model tungsten film progress on polyimide and 
thermal oxide in terms of a traveling wave in order to find 
the real kinetic activation energy, with decoupled diffu- 
sive and convective effects. 

The loss of selectivity on polyimide is similar to that ob- 
served on SiO2; it results from a by-product of the hydro- 
gen reduction reaction on tungsten rather than a reaction 
between the insulator, WF6 and H2. Like SiO2, polyimide is 
inherently nonreactive and would be selective if the reac- 
tion creating the nucleating intermediate could be iden- 
tified and suppressed. Examination of the selectivity of 
other polyimide materials and further characterization of 
the nonselective deposition is the subject of future work in 
th i s  l abora to ry .  
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Low Pressure Chemical Vapor Deposition of Tantalum Silicide 
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A B S T R A C T  

A single wafer,  cold wall, load- locked v a c u u m  chamber  wi th  au tomated  wafer  hand l ing  capabi l i ty  was cons t ruc ted  for 
low pressure  chemica l  vapor  depos i t ion  of  t an ta lum silicide. TaSi~. was depos i ted  at pressures  be tween  100 mtor r  and 1 
torr  over  the  t empera tu re  range 620~176 us ing  mix tu res  of  Sill4, TaC15, H2, HC1, and Ar. S to i ch iomet ry  could  be con- 
t ro l led  by adjus t ing  tempera ture ,  pressure,  and the partial  pressures  of reactant  gases. Good  adhes ion  on Si and SIO2, and 
as-deposi ted  resis t ivi ty values  as low as 55 #ft-cm were  achieved.  F i lms  were  analyzed by SEM, AES,  RBS,  and au tomated  
four-point  probe.  Impur i ty  concent ra t ions  were  be low 0.5%, and depos i t ion  rates of 300-400 A/min  were  observed.  

Severa l  t ransi t ion meta l  silicides have  been  proposed  for 
meta l l iza t ion  in s emiconduc to r  applicat ions.  Of these,  four  
ref rac tory  meta l  silicides, WSi2, MoSi2, TaSi2, and TiSi2 
have  rece ived  signif icant  a t tent ion  as candida te  intercon-  
nec t  meta ls  and in polyc ide  gates (1). 

The  t rend  toward  ever  larger scale in tegrat ion has been  
a c c o m p a n i e d  by a concomi tan t  decrease  in feature  sizes, 
and it has b e c o m e  increas ingly  difficult  for l ine-of-sight 
depos i t ion  me thods  such as sput te r ing  or evapora t ion  to 
adequa te ly  cover  ver t ical  sidewalls.  Consequent ly ,  atten- 
t ion has been  d i rec ted  toward  chemica l  vapor  depos i t ion  
as a means  of  ach iev ing  i m p r o v e d  step coverage.  There  
have  been  m a n y  reports  in the  l i terature of chemica l  vapor  
depos i t ion  of  refractory meta l  sil icides (2, 3), and commer -  
cial reactors  are avai lable for low pressure  CVD of both  
WSi~. (4) and TiSi~ (5). 

In 1981, Murarka  (6) expressed  a p re fe rence  for t an ta lum 
dis i l ic ide over  the  three  o ther  c o m m o n l y  used  refractory 
meta l  disil icides.  Shor t ly  thereafter ,  Lehre r  et al. (7, 8) de-.  
scr ibed  a hot  wall  ba tch  process  for L P C V D  of t an ta lum 
silicide. Here,  TaC15 and Sill4 were  reac ted  over  the  tem- 
pera tu re  range  of  600~176 to yield a si l icide close in stoi- 
ch iome t ry  to TasSi3. This  layer was then  annealed  above  
800~ in order  to cause react ion with  an under ly ing  prede-  
pos i t ed  polys i l icon film. Si l icon diffused f rom the  polysili-  
con into the  t an ta lum silicide, eventua l ly  conver t ing  it to 
the  pure  disil icide, TaSi2. However ,  a TEM cross sect ion of  
an annea led  polysil icon/TaSi2 bi layer  film showed  that  the  
unde r ly ing  polysi l icon layer  had  been  a lmos t  total ly con- 
s u m e d  in conver t ing  the  metalqrich film to the  disil icide. 
Fu r the rmore ,  the  si l icon had diffused f rom the  polys i l icon 
to the  t an ta lum sil icide in a nonun i fo rm manner ;  both  the  
u p p e r  surface of  the  sil icide and the  s i l ic ide/polysi l icon in- 
ter face  appeared  rough.  The  authors  conc luded  that  a pro- 
cess  to depos i t  s to ichiometr ic  TaSi2 was required.  

More  recent ly,  workers  f rom S iemens  have  successful ly  
depos i t ed  TaSix, x -> 2.0. Two such processes  were  de- 
scr ibed;  the  first, a p l a sma-enhanced  deposi t ion,  used  
TaCI~ and SiH2C12 (9), and the second,  a pure ly  the rmal ly  
ac t iva ted  process,  used  TaC15 and Sill4 (10). Both  processes  
were  carr ied out  in cold wall, s ingle-wafer  reactors.  Other  
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workers ,  us ing hot  wall  batch sys tems (11, 12), were  unable  
to depos i t  the  s to ichiometr ic  disil icide, in accordance  wi th  
the  earl ier  work  of  Lehre r  and co-workers  (7, 8). 

In  1984, Murarka  (13) l isted the advantages  and disad- 
vantages  of si l icide depos i t ion  by chemica l  vapor  deposi-  
t ion and indica ted  that  CVD would  be  his preferred depo- 
si t ion m e t h o d  if it was technica l ly  feasible. Briefly, the  
advantages  that  he  perce ived  for CVD silicides over  their  
spu t te red  analogues  were  as follows: (i) good step cover-  
age; (ii) high th roughput ;  (iii) possible  to depos i t  polysili- 
con and meta l  si l icide in the  same run; (iv) clean polysili- 
con/s i l ic ide interface;  (v) lower  process ing  tempera ture .  
He also l isted several  d isadvantages ;  namely:  (i) possible  
con tamina t ion  f rom meta l  vapor;  (ii) e tch ing  of  the  sil icide 
wh ich  is a l ready formed;  (iii) rough surfaces. 

The  objec t ive  of  this work  was to depos i t  device-qual i ty  
t an t a lum sil icide films onto sil icon or oxid ized  sil icon sub- 
s trates  by LPCVD.  Expe r imen ta l  appara tus  was con- 
s t ruc ted  to al low repl icat ion of the  cold wall, s ingle-wafer  
process  repor ted  by Wieczorek (10), whe reby  TaC15 and 
Sill4 react  in the  p resence  of hydrogen  on a heated  sub- 
strate to yield TaSix. Specia l  a t tent ion  was given to provide  
a m e d i u m  high v a c u u m  sys tem equ ipped  wi th  a load-lock, 
au toma ted  wafer  hand l ing  and a tu rbomolecu la r  p u m p  
which  enab led  base pressures  be low 10 _6 torr  to be at- 
tained. 

Experimental 
A block  d iagram of the  e q u i p m e n t  used is shown in Fig. 

1. The  wafer  t ranspor t  sys tem was der ived  f rom the  Var- 
ian-Gar tek  XM-8 sput ter  coat ing system. The react ion 
c h a m b e r  and v a c u u m  manifo ld  were  cons t ruc ted  f rom 304 
stainless  steel, and Vi ton O-rings or gaskets  were  used  
th roughout .  The  Edwards  Roots  b lower/ rotary  vane  p u m p  
combina t i on  had a p u m p i n g  speed  of  600 cfm. The tur- 
bomolecu l a r  p u m p  was a Leybold-Heraeus  corrosion re- 
s is tant  450C Model,  wi th  a p u m p i n g  speed of  500 l/s, and 
was backed  by an Alcatel  rotary vane  p u m p  (27 cfm pump-  
ing speed). Both  roughing  p u m p s  were  equ ipped  wi th  
Motor  Guard  oil fi l tration systems,  and perf luor inated 
po lye the r  v a c u u m  p u m p  fluids were  used  throughout .  Ei- 
the r  p u m p i n g  package  could be used  for process ing,  al- 
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