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Growth and Properties of LPCVD Titanium Nitride as a 
Diffusion Barrier for Silicon Device Technology 
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ABSTRACT 

Chemical vapor deposition has been used to deposit t i tanium nitride (TIN) on silicon wafers at low pressures in a cold- 
wall single-wafer reactor. Experiments are reported for pressures in the range of 100-300 mtorr and temperatures between 
450~176 with titanium tetrachloride and ammonia as reactants. Both hydrogen and nitrogen are evaluated as diluents. 
Deposition rates as high as 1000/~/min have been achieved. The chemical nature of the films are evaluated by Auger and 
RBS techniques, while the morphology is depicted by SEM. For the most part, the films are stoichiometric and contain 
small quantities of oxygen, chlorine, and hydrogen. Film resistivities as low as 50 ~ll-cm are reported. Behavior of the TiN 
film as a diffusion barrier between silicon (boron doped) and aluminum, at annealing temperatures up to 550~ is evalu- 
ated by measurements of contact resistance and diode leakage. 

Coating of various metals with titanium nitride has been 
possible since the discovery in the 1920s of a chemical 
vapor deposition technique using electrically heated wires 
exposed to TIC14 + N2 + H2 gas mixtures (1, 2). In spite of 
the high temperatures required (> 1000~ commercial ap- 
plications for jewelry coating (3) (gold color) and tool 
coating (4) (wear resistance) have seen considerable suc- 
cess. With the advent of reactive physical vapor deposition 
techniques (5-8), where a discharge in nitrogen is created 
with ti tanium atoms either evaporated or sputtered from 
one electrode, low temperature depositions (<500~ be- 
came possible and applications of TiN coatings have be- 
come even more widespread. Other applications have 
been as a transparent heat mirror for architectural win- 
dows (9, 10), and as a high temperature diffusion barrier 
for silicon solar cells (11, 12). 

Of particular interest, in the present paper, is the appli- 
cation of thin TiN films to silicon device technology. Be- 
cause of the concern about exposure of circuits to high 
temperature processes, barrier films deposited by physical 
vapor techniques such as low temperature reactive sput- 
tering (13-22) have been employed. However, as integrated 
circuit feature sizes shrink to submieron dimensions, the 
ability of  physical techniques to uniformly coat high 
aspect ratio vias has become a concern. Accordingly, there 
has been an interest in developing a low temperature CVD 
process for deposition of thin films of TiN. One approach 
has been to explore plasma-enhanced CVD (PECVD) 
using TIC14 plus either nitrogen (23-26) or ammonia (27, 28). 
Another has been to investigate the low temperature ther- 
mal CVD process possible using TIC14 + NH3, where depo- 
sitions are possible at temperatures as low as 450~ One 
recent investigation has focused on a low pressure CVD 
process (LPCVD) where many wafers are coated at one 
t ime in a hot wall tube reactor (29). Two others describe a 
LPCVD process in a cold-wall single-wafer reactor (30, 31). 
In this paper we elaborate on the latter approach. 

Experimental 
The titanium nitride depositions were carried out in a 

single-wafer cold-wall experimental  reactor shown sche- 
matically in Fig. 1 (30). The chamber was stainless steel 
and enclosed a water and air-cooled lamp assembly used 
to heat the wafer. A single 10 kW tungsten halogen lamp 

was employed that can heat a 4 in. wafer to 700~ rapidly. 
A load lock was used to maintain an oxygen and water va- 
por-free deposition environment. 

Reactive gases were introduced through a showerhead 
gas distributor several inches above the wafer. The TiCl4 
and NH3 were introduced through two separate lines and 
mixed for the first t ime in the shower head. As long as 
these two gases are mixed close to the hot wafer on which 
the deposit is to be made, the formation of NH4C1 can be 
avoided as has been demonstrated in another experiment  
similar to this one (31). 

Before beginning TIC14 or NH3 flows, a nitrogen flow was 
established in the TIC14 line downstream of the TIC14 bot- 
tle. Next  the TIC14 flow was initiated, and after it was 
stabilized then the NH3 flow was introduced. This proce- 
dure kept TIC14 and NH3 from mixing in the TIC14 line and 
causing solid deposits there. 

All of the gases were introduced through mass flow con- 
trollers (MFCs), including the TIC14 vapor which was ob- 
tained by heating TIC14 liquid to 40~ The TiCl4 line was 
heated to 50~ to prevent any condensation of this vapor. 
Since the pressure of the TIC14 vapor at 40~ was only 50 
torr, we calibrated our Unit MFC (UFC 1100) by measuring 
the t ime it took for a specified nitrogen mass flow (sup- 
plied at 40 torr) to increase the pressure in our chamber 
from 100 to 200 mtorr. We then repeated this measurement  
when the nitrogen was supplied at 10 psi. By this method 
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we e s t a b l i s h e d  t h a t  w h e n  our  MFC was se t  a t  50% we were  
rea l iz ing  a flow of  42% if  ou r  s u p p l y  p r e s s u r e  was  on ly  40 
torr.  

S i n c e  it  was  felt  t h a t  a n y  na t ive  ox ide  on  t he  s i l icon sur-  
face cou ld  in f luence  t he  c o n t a c t  b e t w e e n  t he  d e p o s i t e d  ti- 
t a n i u m  n i t r i de  a n d  t he  subs t r a t e ,  a d ry  c l ean ing  p r o c e d u r e  
was  i n t r o d u c e d .  E a c h  wafe r  p r io r  to  b e i n g  l o a d e d  in to  t h e  
load  lock  was  e x p o s e d  to ozone  g e n e r a t e d  by  a n  a r ray  of  
m e r c u r y  d i s cha rge  l a m p s  (32), in  o rder  to  r e m o v e  an y  car- 
b o n  t h a t  m i g h t  b e  on  t he  surface.  As has  b e e n  s h o w n  (33), 
r e s idua l  c a r b o n  on  t he  wafe r  su r face  m a k e s  i t  m u c h  m o r e  
di f f icul t  to r e m o v e  oxide.  T h e n  af ter  t he  wafer  was  p l aced  
in  t he  c h a m b e r  a n d  before  it was  hea ted ,  it was  e x p o s e d  to 
h y d r o g e n  a t o m s  to r e d u c e  t he  s i l icon oxide.  A u g e r  meas-  
u r e m e n t s  of  t he  t i t a n i u m  n i t r i de  fi lm ver i f ied  t h a t  t h e r e  
was  no  ox ide  p e a k  at  t he  in terface .  

Wafer  t e m p e r a t u r e  was  m e a s u r e d  w i t h  a L i n e a r  L a b s  
TM1000 p y r o m e t e r  s ens i t i ve  to  l ong  w a v e l e n g t h  in f r a red  
r a d i a t i o n  (4-10 ~tm) in  o rde r  to p e r m i t  m e a s u r e m e n t  of  t em-  
p e r a t u r e s  ove r  t he  200~176 range.  T h e  p y r o m e t e r  was  
se t  u p  to v iew the  b a c k  of  a wafe r  t h r o u g h  a b a r i u m  fluo- 
r ide  w i n d o w  in  t he  r eac to r  c h a m b e r .  Ca l ib ra t ion  was  d o n e  
w i t h  a t h i c k  s i l icon wafe r  (1/4 in.) w h i c h  h a d  a rad ia l  ho le  
dr i l l ed  to i ts  c e n t e r  (0.100 in.) in to  w h i c h  a t h e r m o c o u p l e  
was  placed.  P o w e r  to t he  l a m p  was  con t ro l l ed  b y  a thy-  
r i s te r  p o w e r  con t ro l  u n i t  t h a t  was  r egu l a t ed  by  a Euro-  
t h e r m  808 control ler .  

T u r b o p u m p s  were  u s e d  to e v a c u a t e  t he  load  lock  an d  
t h e  m a i n  c h a m b e r .  Af te r  bakeou t ,  t he  ba se  p r e s s u r e  4n t h e  
m a i n  c h a m b e r  was  3 • 10E-08 torr.  T h e r e  was  no  de tec t -  
ab l e  o x y g e n  a n d  t h e  w a t e r  v a p o r  par t ia l  p r e s s u r e  was  n o  
m o r e  t h a n  1.5 • 10E-09 torr.  D u r i n g  p r o c e s s i n g  r eac t ive  
gases  w e r e  p u m p e d  b y  a Roo t s  b l o w e r  w i t h  a bu t t e r f ly  
va lve  u s e d  to con t ro l  p r e s s u r e  in  t he  c h a m b e r .  P r o c e s s  
p r e s s u r e  was  m e a s u r e d  w i t h  a c apac i t ance  m a n o m e t e r  a n d  
i ts  o u t p u t  was  u s e d  to set  t h e  bu t t e r f ly  valve.  

S ince  it  t ook  a b o u t  30s to 1 m i n  for  a wafer  to  h e a t  u p  to 
i ts  d e p o s i t i o n  t e m p e r a t u r e ,  a n d  a s imi la r  t i m e  pe r iod  was  
n e c e s s a r y  for  t he  TIC14 flow to b e  s tabi l ized,  a specif ic  se- 
q u e n c e  of  e v e n t s  was  fo l lowed for e ach  depos i t ion .  At  first, 
wafe r  h e a t i n g  was  b e g u n  u n d e r  v a c u u m  a n d  t h e n  n i t r o g e n  
f low was  s t a r t ed  in  t he  TIC14 man i fo ld .  Then ,  w h e n  t h e  
wafe r  was  at  t e m p e r a t u r e ,  t he  TIC14 flow was  b e g u n  a n d  
m o n i t o r e d  w i t h  a m a s s  spec t rome te r .  As soon  as t he  flow 
was  s tabi l ized,  t he  NH3 flow was  in i t i a t ed  a n d  d e p o s i t i o n  
b e g u n .  

Af te r  e a c h  depos i t ion ,  c rys ta l l ine  g rowths  a lways  ap- 
p e a r e d  on  t he  wafe r  sur face  af te r  t he  coa ted  wafe r  was  ex- 
p o s e d  to r o o m  air  for m o r e  t h a n  15 min .  A typ ica l  crystal-  
l ine  g r o w t h  a p p r o x i m a t e l y  25 ~tm across  is s h o w n  in  Fig. 2, 
a n d  it  con t a in s  s o m e  t i t an ium,  oxygen ,  ch lor ine ,  a n d  ni t ro-  
gen. A de ion ized  w a t e r  r inse  i m m e d i a t e l y  af te r  e ach  depo-  
s i t ion  r e m o v e d  w h a t e v e r  sur face  layer  was  caus ing  t h e s e  
g rowths ,  a n d  t h e y  d id  no t  r eappear .  A p p a r e n t l y ,  t hey  ap- 
p e a r e d  as a r e su l t  of  i n t e r ac t i on  of  a sur face  layer  r ema i n -  
ing  o n  t h e  f i lm w i t h  r o o m  air  mo i s tu re .  S i n c e  no  in situ di- 
agnos t i c s  we re  avai lable ,  i t  was  n o t  poss ib l e  to  eva lua t e  
t h i s  su r face  film. 

I n  t h e  cou r se  of  t h e  p r e s e n t  s tudy ,  depos i t i on  cha rac te r -  
is t ics  were  eva lua t ed  b y  d e p o s i t i n g  b l a n k e t  f i lms on  
100 m m  s i l icon wafers .  S h e e t  r e s i s t a n c e  was  m e a s u r e d  
w i t h  a P r o m e t r i x  fou r -po in t  probe .  D e p o s i t i o n  ra tes  we re  

d e t e r m i n e d  by  e t c h i n g  po r t i ons  of  a film away  a n d  t h e n  
u s i n g  a D e k t a k  p ro f i lome te r  to m e a s u r e  s tep  he ight .  
K n o w i n g  the  film th i cknes s ,  res i s t iv i ty  was  also calcu-  
lated.  C h e m i c a l  e v a l u a t i o n  of  t h e s e  fi lms was  ca r r ied  ou t  
w i t h  a c o m b i n a t i o n  of  A u g e r  s p e c t r o s c o p y  a n d  R u t h e r f o r d  
b a c k  s c a t t e r i n g  (RBS). T h e  la t te r  p r o v i d e d  accu ra t e  va lues  
o f  t h e  Ti/N rat ios ,  b u t  w e  cou ld  n o t  d e t e r m i n e  t h e  o x y g e n  
or  c a r b o n  c o n c e n t r a t i o n s  b y  th i s  t e c h n i q u e .  Therefore ,  ox- 
y g e n  a n d  c a r b o n  c o n t e n t s  we re  m e a s u r e d  b y  Auger .  The  
c h l o r i n e  level  was  d e t e r m i n e d  b y  b o t h  m e t h o d s .  

T h e  fact  t h a t  h y d r o g e n  ex i s t ed  in t h e s e  f i lms was  
p o i n t e d  ou t  m a n y  years  ago (34). S ince  n e i t h e r  A u g e r  n o r  
R B S  can  de tec t  hyd rogen ,  we  u s e d  a fo rward  s ca t t e r ing  
t e c h n i q u e  or ig inal ly  d e v e l o p e d  at  L o c k h e e d  R e s e a r c h  
L a b o r a t o r i e s  (35) t h a t  is b e i n g  f u r t h e r  re f ined  at  Char l e s  
E v a n s  Labora to r ies .  In  th i s  p rocedure ,  h e l i u m  ions  accel- 
e r a t ed  to 2.275 MeV  i m p a c t  a t h i n  film on  a s u b s t r a t e  at  a 
g raz ing  ang le  of  15 ~ a n d  fo rward  sca t t e r  h y d r o g e n  a t o m s  
o u t  of  t h e  film. A de t ec to r  pos i t i oned  d o w n s t r e a m  at  15 ~ 
f rom t h e  s a m p l e  sur face  can  i n t e r c e p t  t h e  h e l i u m  a n d  hy- 
d r o g e n  beam.  A t h i n  a l u m i n u m  foil is p l aced  over  t h e  de- 
t ec to r  to fi l ter o u t  t h e  h e l i u m  a t o m s  so t h a t  on ly  t h e  hydro-  
g en  is de tec ted .  

T h e  film dens i t i e s  were  m e a s u r e d  b y  u s i n g  a mic roba l -  
ance  to we igh  a sma l l  p iece  of  coa ted  s u b s t r a t e  (approxi -  
m a t e l y  1 c m  2) before  a n d  af te r  t h e  t i t a n i u m  n i t r i d e  was  
e t c h e d  off. 

C o n t a c t  r e s i s t ance  a n d  d iode  l eakage  s tud ies  we re  car- 
r i ed  ou t  on  p a t t e r n e d  wafe r s  w i t h  p§ (boron)  dop ing .  Fo r  
c o n t a c t  to  t h e s e  d i f fus ions ,  n - d o p e d  wafers  we re  t h e r m a l l y  
ox id ized  to a t h i c k n e s s  of  1 ~ m  a n d  t h e n  w e t  e t c h e d  to 
o p e n  c o n t a c t  ho les  to  t h e  si l icon.  Af te r  th is ,  b o r o n  ions  
we re  i m p l a n t e d  at  30 k eV  a n d  a dose  of  5 • 10E15/cm ~. Im-  
p l a n t  ac t iva t ion  was  ca r r ied  o u t  at  1000~ for  30 ra in  in  d ry  
oxygen .  This  p r o d u c e d  a n u m b e r  d en s i t y  of  ac t iva t ed  
b o r o n  a t o m s  n e a r  t h e  sur face  of  5.5 • 10E19/cm 2. N e x t  
1 ~ m  of  P S G  (phosphos i l i c a t e  glass) was  d e p o s i t e d  a n d  re- 
ac t ive  ion e t c h e d  to def ine  t h e  co n t ac t  holes  to t h e  d i f fused  
si l icon.  Final ly ,  a 500A CVD TiN layer  was  depos i t ed ,  a n d  
t h e n  1 ~ m  of  a l u m i n u m  (1% si l icon) was  s p u t t e r e d  on to  t he  
wafe r  a n d  we t  e t c h e d  to c o m p l e t e  t h e  p a t t e r n  de l inea t ion .  

C o n t a c t  r e s i s t ance  was  m e a s u r e d  u s i n g  cross  b r i d g e  
K e l v i n  s t r u c t u r e s  on  t h e  p a t t e r n e d  wafers .  Co n t ac t  ho les  
we re  5 ~ m  in  d i a m e t e r  a n d  d i f fus ion  l ines  we re  15 ~ m  
wide.  Diode  in teg r i ty  was  eva lua ted  b y  r eve r se  b i a s ing  
la rge  d iodes  (95 b y  395 ~m) w i t h  e i t he r  few [7], or m a n y  
[702] 5 ~tm d i a m  contac t s ,  a n d  m e a s u r i n g  t he i r  l eakage  
cu r ren t .  

Fo r  all of  t h e  m e a s u r e m e n t s  to b e  r epor ted ,  t h e  da ta  
p o i n t s  p r e s e n t e d  r e p r e s e n t  all of  t h e  da ta  t h a t  was  t aken .  
Suf f i c ien t  da ta  we re  n o t  ava i lab le  to p e r m i t  e v a l u a t i o n  of  
e r ro r  levels  in  t h e  m e a s u r e d  values .  

R e s u l t s  a n d  D i s c u s s i o n  
Film chemistry.~The t i t a n i u m  n i t r i d e  f i lms d e p o s i t e d  

exhibited a -60A thick oxide on the surface [oxygen - 15 
atomic percent a/o)], but were otherwise uniform chemi- 
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cally. T h e  lack of  a m e a s u r a b l e  ox ide  layer  at  t he  TiN/Si  in- 
t e r face  is i l lus t ra ted  in t h e  A u g e r  d e p t h  profi le  p r e s e n t e d  
in  Fig. 3. D e p e n d i n g  on  t he  r eac t ing  gas m i x t u r e  a n d  depo-  
s i t ion  cond i t ions ,  t h e r e  are f o u n d  v a r y i n g  a m o u n t s  of oxy- 
gen,  ch lor ine ,  a n d  h y d r o g e n  in t h e s e  f i lms a n d  the i r  stoi- 
c h i o m e t r y  can  c h a n g e  (TIN= w h e r e  x < 1 or x > 1). T h e  
b e h a v i o r  of  t h e  oxygen ,  ch lor ine ,  a n d  h y d r o g e n  c o n c e n t r a -  
t ions  for  d i f fe ren t  p r e s su re s  a n d  t e m p e r a t u r e s  are s h o w n  
in  Fig. 4-6. The  o x y g e n  c o n c e n t r a t i o n s  were  o b s e r v e d  to in- 
c rease  as t e m p e r a t u r e  was  inc reased ,  as wel l  as w i th  
h i g h e r  c h a m b e r  p ressures .  However ,  t h e y  are c o m p a r a b l e  
to t he  levels  typ ica l ly  f o u n d  in reac t ive ly  s p u t t e r e d  f i lms 
(17), a n d  va lues  as low as 1-2% are feasible.  The  ch lo r ine  
c o n t e n t  c lear ly  is r e d u c e d  at t he  h i g h e r  depos i t i on  t em-  
p e r a t u r e s  (<0.5% at  T > 600~176 b u t  t h e  t r e n d  w i th  
p r e s s u r e  is no t  clear.  I t  is i n t e r e s t i ng  to obse rve  t h a t  ou r  
ch lo r ine  c o n c e n t r a t i o n s  are subs t an t i a l l y  lower  t h a n  o t h e r  
r ecen t l y  r e p o r t e d  m e a s u r e m e n t s  [7.6% at 300 m t o r r  an d  
500~ (31), 50% at  1 a t m  a n d  450~ (10), 15% at  150 m t o r r  
a n d  500~ (29)]. The  h y d r o g e n  c o n t e n t  of  t he  f i lms in- 
c reases  w i t h  t e m p e r a t u r e .  Va lues  ove r  10% are  s een  in t h e  
f i lms d e p o s i t e d  a t  t h e  h i g h e s t  t e m p e r a t u r e s .  I n c r e a s i n g  t h e  
d e p o s i t i o n  p r e s s u r e  a p p e a r s  to  lower  t h e  h y d r o g e n  con-  
cen t ra t ion .  Final ly ,  t h e  Ti/N rat io was  c lose  to one  e x c e p t  
for  t he  450~ film. A t  th i s  l owes t  t e m p e r a t u r e  we o b s e r v e d  
a n i t r o g e n - r i c h  f i lm w i t h  Ti/N r a n g i n g  f rom 0.84-0.92. 

I n  a d d i t i o n  to t he  flow cond i t i ons  d e s c r i b e d  in Fig. 4-6, 
a d d i t i o n a l  e x p e r i m e n t s  were  d o n e  for d i f fe ren t  mass  flows 
i n c l u d i n g  t h e  add i t i on  of  h y d r o g e n  as a d i luent .  No clear  
t r end ,  as far  as c h e m i c a l  c o m p o s i t i o n  of  t h e s e  f i lms ap- 
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Fig. 6.  Hydrogen vs. p and T 

peared ,  o the r  t h a n  a t e n d e n c y  to fo rm t i t a n i u m  r i ch  f i lms 
w h e n  t h e  NHJTiC14 ra t io  was  r e d u c e d  f rom 20:1 to 10:1. 
F o r  example ,  we o b t a i n e d  a va lue  of  Ti/N = 1.4 for t h e  fol- 
l owing  c o n d i t i o n s  

F low of  NH3 = 16.5 s ccm p = 100 m t o r r  
F low of  TiC14 = 1.65 s c c m  T = 550~ 
F low of  N2 = 20 s ccm 

Thi s  las t  t i t a n i u m - r i c h  fi lm h a d  a dec ided ly  s i lver-gold  
color,  b u t  it was  t h e  excep t ion .  All t h e  o t h e r  f i lms were  a 
typ ica l ly  gold  color  as long  as t hey  were  t h i n n e r  t h a n  
-800A.  T h e  t h i c k e r  f i lms (1000-2000A) were  a da rk  rose- 
go ld  color,  a l t h o u g h  t h e r e  was  no  c h a n g e  in  t he i r  c h e m i c a l  
compos i t i on .  On t h e  o the r  h a n d ,  of  t h e  f i lms d e p o s i t e d  in  
t h e  a t m o s p h e r i c  p r e s s u r e  cold-wal l  r eac to r  (10) n o n e  we re  
r e p o r t e d  to h a v e  a gold  color. 

Physical characteristics of film.--The phys ica l  n a t u r e  of  
t h e  f i lms was  e x a m i n e d  b y  SEM. In  eve ry  case  t hey  ap- 
p e a r e d  to be  c rys ta l l ine  w i t h  c o l u m n a r  g ra in  s t ruc ture .  As  
can  b e  s een  in Fig. 7, for  f i lms <1000/L t h e  crys ta l  d i ame-  
t e r s  are  -500A.  

As n o t e d  earlier,  a k ey  i s sue  is h o w  co n fo rma l l y  will  
t h e s e  f i lms cover  ve ry  smal l  (<1 ~ m  diam)  a n d  ve ry  deep  
(>1 ~m) co n t ac t  holes.  Accord ing ly ,  we p a t t e r n e d  some  
P S G - c o a t e d  wafers  w i th  co n t ac t  l i t h o g r a p h y  a n d  dry- 
e t c h e d  co n t ac t  holes.  In  Fig. 8 we show a 2 ~ m  d i am con-  
t a c t  ho le  a p p r o x i m a t e l y  I ~ m  deep ,  a n d  i t  a p p e a r s  to  h a v e  

Fig. 7.  SEM of  T i N  f i lm 
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Fig. 8. SEM showing conformal i ty  of coverage 
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Fig. 10.  Resistivity vs. fi lm thickness 

a very conformal coating. Excellent  coverage on even 
smaller geometries has recently been reported (29, 31). 

In order to evaluate quantitatively film stress, it would 
be necessary to deposit a film of uniform thickness over an 
entire unpatterned 4 in. wafer. Unfortunately, with the 
present lamp heater design the films were only uniform 
over the central 2 in. diam of the wafer, so that no measure- 
ments of film stress were possible. However, all of the 
films were very adherent to both silicon and silicon diox- 
ide and could not be removed by the scotch tape test. 
Therefore, for the thin films studied here (<2000A) ad- 
herence of the films does not appear to be a limitation. 

Film resistivity.--In general, the resistivity of low tem- 
perature CVD TiN thin films has been reported to be quite 
high compared to bulk material (18 ~ - c m )  as well as films 
prepared by reactive sputtering with substantial ion bom- 
bardment  (36 ~ - c m  at 100V bias). Atmospheric pressure 
CVD films (10) were reported to have values on the order of 
300 ~ - c m  when deposited at 650~ and a recent low pres- 
sure study (35) gave a value of 525 ~m-cm for a 500~ pro- 
cess. The lowest value, 47 ~ - c m ,  has been reported for a 
low-pressure process (29) operated at 750~ In the present 
study, measurements of resistivity have been made over a 
range of pressures, temperatures, and reactant mass flows. 
Two effects have been observed. One, as shown in Fig. 9, is 
that the higher the temperature and pressure the lower the 
resistivity. Two, the thicker the film the higher the resistiv- 
ity. To illustrate this phenomena, we show in Fig. 10 how 
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Fig. 9. Resistivity vs. p and T for 8 0 0 A  films 

the measured resistivity changes with film thickness for 
two separate flow conditions. Within the accuracy avail- 
able, the chemical composition of all of these films were 
the same, so this could not explain the measured results. 
Careful determination of the film density did show a sys- 
tematic lowering of this parameter as the films grew 
thicker (Fig. 11), and this apparently is the cause of the 
lowered resistivity. Presumably, this could also explain 
the change in color as the films grow thicker. A similar 
phenomena has been described for reactively sputtered 
TiN films (17). 

Deposition rates.--In the single-wafer reactor format 
being studied here, high deposition rates are necessary to 
enable acceptable wafer through puts. Compared to depo- 
sition rates of 30-65 A]min obtained in a hot-wall low- 
pressure system (29), we have observed rates as high as 
1000A/min. In addition, we have found that there is an "in- 
cubation" time before noticeable deposition begins. As 
shown in Fig. 12, at 100 mtorr deposition pressure this in- 
cubation time can be over 1 min. Similar phenomena have 
been known for the deposition of tungsten from tungsten 
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hexa f luo r ide  a n d  hyd rogen ,  d e p e n d i n g  on  t he  t ype  of  sur-  
face on to  w h i c h  t he  depos i t i on  is b e i n g  d o n e  (36). P r e s u m -  
ably,  t h e  i n c u b a t i o n  t i m e  p h e n o m e n o n  occurs  in  our  ex- 
p e r i m e n t s  b e c a u s e  our  r eac t ion  is no t  ve ry  wel l  ca ta lyzed  
b y  a s i l icon surface.  In  fact,  depos i t i ons  on  wafers  t h a t  h a d  
a n  in i t ia l  T iN film ( spu t te red)  d id  no t  e x h i b i t  any  incuba -  
t ion  t ime.  

As  can  b e  seen,  t he  lower  p r e s s u r e  d e p o s i t i o n  is ve ry  
m u c h  sur face  con t ro l l ed  a n d  an  inc rease  of  t e m p e r a t u r e  of  
100~ causes  a n  a l m o s t  300% inc rease  in d e p o s i t i o n  rate.  
T h e  h i g h e r  p r e s su re  case  a p p e a r s  to b e  m o r e  d i f fus ion  con-  
t ro l l ed  so a s imi la r  100~ t e m p e r a t u r e  r ise  on ly  causes  a 
20% r ise  in  rate.  However ,  b e c a u s e  of  the  sho r t e r  i ncu b a -  
t ion  per iod ,  a t  550~ a n d  300 m t o r r  a 1000A film can  b e  de- 
pos i t ed  in  2 min ,  b u t  w o u l d  t ake  4 ra in  at  100 mtorr .  W h e n  
t h e  p r e s s u r e  a n d  t e m p e r a t u r e  as wel l  as t he  f lows of  t he  re- 
ac t ive  gases  (TIC14, NH3) were  he ld  c o n s t a n t  i t  was  f o u n d  
t h a t  d o u b l i n g  t he  N2 flow inc rea sed  t he  d e p o s i t i o n  ra te  
f r o m  320 to 500_~min. Final ly ,  r e d u c i n g  t he  f low ra te  of  
NH3 b y  a fac to r  of  two  s e e m e d  to i nc r ea se  t he  l e n g t h  of  t h e  
i n c u b a t i o n  t i m e  by  t he  s a m e  factor.  

Diffusion barrier behavior.--A good d i f fus ion  ba r r i e r  
m u s t  first  of  all p r e v e n t  i n t e r m i x i n g  of  a l u m i n u m  a n d  sili- 
con  e v e n  at  e leva ted  t e m p e r a t u r e s .  Second ,  i t  w o u l d  b e  de-  
s i r ab l e  i f  it also e x h i b i t e d  a low con t ac t  res i s tance .  

E x p e r i e n c e  ha s  s h o w n  t h a t  good  o h m i c  con tac t s  are  
h a r d e s t  to a ch i eve  on  p+ d o p e d  sil icon. M e a s u r e m e n t s  
we re  t h e r e f o r e  m a d e  of  con t ac t  r e s i s t ance  to p+ d o p e d  sub-  
s t ra tes .  Af ter  a n n e a l i n g  a wafe r  w i t h  Cross  b r idge  Ke lv in  
res i s to r  p a t t e r n s  a n d  Si(p+)/TiN/A1 con tac t s  for 30 m i n  in  
f o r m i n g  gas (10% H2 in N2) at  500~ we m e a s u r e d  13fl on  
t he  5 ~ m  d i a m  contac ts .  T a k i n g  in to  a c c o u n t  a n  accu ra t e  
m o d e l  of  t he  Cross  b r idge  res i s to r  (37), t h i s  va lue  c o n v e r t s  
in to  a con t ac t  res i s t iv i ty  of  2.4 • 10E-06 ~ - c m  2. In  general ,  
r eac t ive ly  s p u t t e r e d  TiN fi lms b e t w e e n  Si a n d  A1 are  re- 
p o r t e d  to g ive  ve ry  h i g h  con t ac t  r e s i s t ance  va lues  (19) (i.e., 
1-3 • 10E-05 ~-cm2). The  p r e s e n t  m e a s u r e m e n t ,  however ,  
is c o n s i s t e n t  w i t h  r epo r t ed  va lues  of  2 • 10E-07--  
1 • 10E-06 ~ - c m  2 for  p+ d o p e d  con t ac t s  w i t h  2 • 10E20/ 
c m  3 ac t ive  b o r o n  a t o m  c o n c e n t r a t i o n  (38), i f  we  recogn ize  
t he  e x p o n e n t i a l  d e p e n d e n c e  of  con t ac t  r e s i s t ance  on  dop-  
ing  level  (39). The  ve ry  h i g h  con t ac t  r e s i s t a n c e  n o r m a l l y  
o b s e r v e d  for t h e s e  fi lms m a y  be  due  to a na t ive  ox ide  layer  
b e t w e e n  t he  TiN a n d  Si w h i c h  we h a v e  avo ided  by  our  
in situ c l ean ing  p rocedure .  

A m e a s u r e  of  t h e  qua l i ty  of  the  d i f fus ion  ba r r i e r  b e h a v -  
ior  of  t he  TiN fi lms was o b t a i n e d  b y  e x a m i n i n g  d iode  in- 
t eg r i ty  w h e n  r eve r se  b i a sed  at  10V. I f  i t  e x h i b i t e d  less t h a n  
1 ~A leakage  it  was  c o n s i d e r e d  accep tab le .  All  t he  d iodes  
t h a t  we re  a n n e a l e d  at  450 ~ a n d  500~ p a s s e d  th i s  test .  N o n e  
of  t he  d iodes  t h a t  we re  a n n e a l e d  at  550~ surv ived .  Th e  de- 
g ree  of  i n t e r a c t i o n  b e t w e e n  t h e  a l u m i n u m  a n d  s i l icon was  
e v a l u a t e d  b y  s t r i p p i n g  of  the  a l u m i n u m ,  TiN, a n d  ox ide  
layers.  A n  S E M  p h o t o g r a p h  of a con tac t  a n n e a l e d  at  500~ 

Fig. 13. SEM of silicon TiN contact surface after annealing at SO0~ 
for 30 min. 

is s h o w n  in  Fig. 13, w h e r e  t h e  n o d u l e s  r e m a i n i n g  on  t h e  
sur face  are  s imp ly  s i l icon left  over  f rom t h e  1% s i l icon dop-  
ing  of  t h e  a l u m i n u m  film. No e v i d e n c e  of  a t t ack  is seen.  
W h e n  a n n e a l e d  at  550~ however ,  t h e  co n t ac t  is com- 
p le te ly  c o n s u m e d  as s h o w n  in Fig. 14. 

Fig. 14. SEM of silicon TiN contact surface after annealing at 550~ 
for 30 min. 
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Summary and Conclusions 
The feasibility of deposi t ing a thin film of TiN in a low 

temperature-low pressure cold-wall single-wafer reactor 
has been demonstrated.  The chemical  nature of the film 
has been explored,  and we conclude that  the films are 
largely stoichiometric and contain small quantit ies of oxy- 
gen, chlorine, and hydrogen. Physically, the films are crys- 
tall ine (columnar crystals), conformal, and adherent.  Their 
resist ivity ranges from 50-320 ~ll-cm, with the lowest  
values being obtained for the thinnest  (-500A) films. High 
deposi t ion rates are observed (-1000~Jmin), and there is 
an incubat ion period before deposi t ion begins. 

The suitabil i ty of these films as diffusion barriers be- 
tween silicon and a luminum has been examined briefly for 
p+ (boron) on n diodes. First  indications are that  diodes an- 
nealed at 500~ yield contact  resistivities of -2 .4  • 10E-06 
12-cm 2 and exhibit  less than 1 ~A leakage current  when bi- 
ased 10V. 
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