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ABSTRACT 

The crystalline and electrical properties of W films are studied with regard to their relation to Ar sputtering pres- 
sure. An a-W phase is formed at a pressure below 5 x 10 -~ torr, and its density is 19.2 g/cm 3, independent  of the pressure. 
Above 5 x 10 -2 torr, the fl-W phase and WO:~ are detected by x-ray diffraction, and the oxygen and carbon are detected 
by SIMS. The RIE etching rate is found to be independent  of the pressure for the a-W phase. This rate increases with Ar 
pressure after fi-W phase formation, and the etching characteristic suffers from aging after deposition. Resistivity is 
found to be related to density rather than grain size. The W-GaAs Schottky characteristics are somewhat influenced by 
the pressure. Degradation in carrier density, barrier height, and dark current caused by sputtering damage can be recov- 
ered by annealing. 

Refractory metals such as tungsten are attractive for 
use as interconnections in VLSI's because of their low re- 
sistivity and fine patternability (1-4). Recently, W films 
have also been used as bases embedded in a GaAs 
epitaxial layer, thus facilitating the fabrication of GaAs 
permeable base transistors (PBT) (5, 6). In these papers, 
no changes in W Schottky characteristics were observed 
at MO-CVD growth temperatures of 600~176 (7). Al- 
though W films have received much attention as inter- 
connections for LSI's, only a few studies have been 
carried out on their electrical properties when applied as 
Schottky contacts deposited on GaAs (8, 9). 

Tungsten films have been fabricated by CVD (10, 11), 
electron-beam evaporation (12), and sputtering (13, 14). 
The properties of W films deposited by sputtering are 
known to depend on the sputtering pressure. In the pres- 
ent experiment,  the crystalline and electrical properties of 
W films prepared by RF magnetron sputtering were stud- 
ied, especially the characteristics of W Schottky contacts. 
The observed characteristics were then analyzed in terms 
of their relations to the Ar sputtering pressure. 

Film Deposition and Crystalline Properties 
Film deposition.--The W films were prepared by RF 

magnetron sputtering (ULVAC, SBR-1304E) at an Ar 
pressure ranging from 1 x 10 -2 to 2 x 10 -1 torr. Prior to 

Ar gas introduction, the chamber was evacuated on the 
order of 10-7 torr with a He cryogenic pump. The W target 
was cleaned by presputtering for 30 min at 200W. During 
deposition, the RF power was set at 50W. The substrate 
bias was 0 V, and no substrate was intentionally heated. 

At a 50W input, however, the substrate temperature in- 
creased to about 100~ during the deposition. Film thick- 
nesses were measured with a mechanical stylus. The W 
films on the substrates were partially lifted off by photo- 
lithography in order to measure the thickness. Film thick- 
nesses were in the range of 500-6000•. 

The deposition rate increased with Ar pressure, as 
shown in Fig. la. When the Ar pressure exceeded 1 x 10-' 
torr, the deposition rate increased sharply. This is primar- 
ily due to the increase in the ion flux rather than the re- 
duction in density, because the films deposited above 1 
x 10 -I torr were heavier than those prepared at low pres- 
sures for an identical deposition time. 

It is well known that stress in W fi]ms is compressive at 
low Ar pressures, while being tensile at high pressures (4). 
Cracks are sometimes observed in thick W films depos- 
ited on GaAs substrates due to this stress. The use of 
thick films, however, is required to control the device 
characteristics of a PBT, which has a W Schottky elec- 
trode embedded in the GaAs as described before. The ex- 
istence of cracks was examined in relation to Ar pressure 
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Fig. 1. Deposition rate (a, top left), existence of cracks, (b, top right) 
tering pressure. 

an d  film t h i c k n e s s ,  a n d  t h e  r e su l t s  are s h o w n  in Fig. lb .  
F i lms  t h i c k e r  t h a n  1000s c a n n o t  b e  o b t a i n e d  at  low Ar  
p re s su res ,  wh i l e  t h i c k  f i lms c o n t a i n i n g  no  c racks  can  b e  
d e p o s i t e d  at  h i g h e r  p re s su res .  

The  r e a s o n  for th i s  is no t  clear.  T he  s u b s t r a t e  t e m p e r a -  
t u r e  rose  to a b o u t  100~ e v e n  w h e n  t he  s u b s t r a t e  was  no t  
i n t e n t i o n a l l y  hea ted .  T h e r m a l  e x p a n s i o n  coeff ic ients  are 
4.2 • 10 -~ a n d  6.0 • 10 -~ ~ -~ for W (15) a n d  GaAs  (16), re- 
spect ively .  S ince  t he  t e m p e r a t u r e  of  t he  s u b s t r a t e  is 
cooled  f rom 100~ to r o o m  t e m p e r a t u r e  af te r  depos i t i on ,  
c o m p r e s s i v e  s t ress ,  c aused  b y  t he  d i f f e rence  in t h e r m a l  
e x p a n s i o n  coef f ic ien ts  b e t w e e n  W a n d  GaAs,  is i n d u c e d  
in t he  W films. The  c o m p r e s s i o n  in i t ia l ly  ex i s t ing  in t he  
W film d e p o s i t e d  at  a low Ar  p ressu re ,  due  to t he  p e e n i n g  
effect,  i n c r e a s e s  d u r i n g  th i s  cool ing  per iod .  However ,  ten-  
s ion in t h e  f i lms p r e p a r e d  at  t he  h i g h e r  p r e s s u r e  was  re- 
d u c e d  af te r  depos i t ion .  T he  W fi lms d e p o s i t e d  at  t h e  
lower  p r e s s u r e s  suf fer  f rom la rge r  c o m p r e s s i v e  s t ress  a n d  
m a y  con t a in  cracks .  T he  dens i t i e s  of  t h e  f i lms d e p o s i t e d  
at  t he  h i g h e r  p r e s s u r e s  we re  sma l l e r  t h a n  t h o s e  for t he  
lower  p ressu re ,  as wil l  be  d e s c r i b e d  in the  fo l lowing  sec- 
t ion.  F i l m s  p r e p a r e d  at  h i g h e r  p r e s s u r e s  m a y  be  po rous  
and  m a y  w i t h s t a n d  g rea te r  s t ress  t h a n  fi lms p r e p a r e d  at  
t he  lower  p re s su re s .  

Density and grain size.--Densities of t h e  W fi lms de- 
pos i t ed  on  glass  p la tes  are  s h o w n  in Fig. l c  as a f u n c t i o n  
of t he  s p u t t e r i n g  p ressure .  T he  dens i t y  was  o b t a i n e d  f rom 
the  w e i g h t  i n c r e a s e  a n d  film v o l u m e  af te r  W depos i t ion .  
Dens i t i e s  we re  19.2 g/era :~ a n d  were  i n d e p e n d e n t  of  t he  Ar  
p r e s s u r e  in  t h e  r a n g e  of  1-5 • 10-=' torr;  howeve r ,  t hey  de-  
c r eased  a b o v e  th i s  range.  T he  W fi lms we re  r evea l ed  to 
be  in t he  a-W p h a s e  for  t he  Ar  p r e s s u r e  of  1-5 • 10 -~ torr,  

60O0 
o< 

u3 u3 LU 
z4ooo 
U 
-r- 

~E 
 2000 

0 

25 

E 

~-I~ 
U3 
Z 
UJ 
a 

I0 

O O 

X 
O 

O 

,I 

10 2 
Ar 

0 

0 

g 
0 

0 
O O 

O 
x ~ 

~o o 
0 0 

0 
0 0 

o o mirror 
X 

i i , I ,,,,I , i 

101 

0 
)r 

PRESSURE (TORR) 

I 

5x161 

8 

I a,+8 

, , . I  , J , I ~ , ,  , ]  i I I 

16 2 161 5X1~ 
Ar PRESSURE (TORR) 

density (c, botton left), and grain size (d, bottom right), as functions of sput- 

whi l e  t he  fl-W p h a s e  was f o r m e d  a b o v e  5 • 10 -5 torr,  as 
s h o w n  in Fig. 2. 

The  sma l l e r  d e n s i t y  o b t a i n e d  for t he  h i g h  Ar  p r e s s u r e  is 
r e l a t ed  to t h e  e x i s t e n c e  of  t h e  fi p h a s e  r a t h e r  t h a n  t he  
gra in  size. This  is b e c a u s e  t h e  W fi lms h a v i n g  the  a p h a s e  
a n d  p r e p a r e d  at  1-2 • 10 ~ to r r  s h o w e d  a large  dens i t y  of 
19.2 g /cm :~ e v e n  w h e n  t he  gra in  size was  small ,  as s h o w n  
in Fig. ld .  However ,  t he  e x i s t e n c e  of  t h e  fl p h a s e  a lone  
c a n n o t  e x p l a i n  t he  lower  dens i ty ,  as d e s c r i b e d  below.  The  
a-W p h a s e  ha s  a b o d y - c e n t e r e d  c u b i c  s t r u c t u r e  w i th  a 
3.16~ la t t ice  cons t an t .  The  B-W p h a s e  s t r u c t u r e  is an  
A-15-type s t r u c t u r e  h a v i n g  a 5.04~ la t t ice  cons t an t ,  a n d  is 
b o d y - c e n t e r e d  cub ic  h a v i n g  two  a t o m s  o n  each  of its {100} 
p l anes  (17). Dens i t i e s  ca lcu la ted  f rom the  a b o v e  pa rame-  
ters  for  t he  a a n d  ~ p h a s e s  are qu i t e  s imilar :  19.4 a n d  19.1 
g /cm ~, respec t ive ly .  Thus ,  t he  p r e s e n c e  of the  fl p h a s e  
a lone  c a n n o t  cause  t he  lower  dens i ty .  

S ince  WO;~ ha s  a lower  dens i t y  t h a n  t h a t  of  meta l ,  i t  is 
pos s ib l e  t h a t  t he  WO:, w h i c h  was  a lways  d e t e c t e d  b y  
x-ray d i f f r ac t ion  for  s amp le s  c o n s i s t i n g  m a i n l y  of  t he  fl-W 
phase ,  is r e s p o n s i b l e  for the  low dens i ty .  The  la rger  depo-  
s i t ion  ra te  m a y  also cause  t he  low dens i t y  b y  m a k i n g  t he  
d e p o s i t e d  f i lm porous .  

The  gra in  sizes of  t h e  W fi lms we re  d e t e r m i n e d  f rom 
x-ray l ine  b r o a d e n i n g  ana lys i s  a n d  are  p lo t t ed  in Fig. lc .  
The  (110) a p h a s e  d i f f rac t ion  p a t t e r n s  we re  u s e d  for analy-  
sis. The  g ra in  size b e c a m e  smal l  w h e n  t he  fl-W p h a s e  was  
fo rmed ,  as r e p o r t e d  in  a p r e v i o u s  p a p e r  (14). G r a i n  size, 
howeve r ,  was  also sma l l  for  t h e  f i lms p r e p a r e d  at  1-2 z 
10 -'2 torr,  i n  sp i te  of  t h e  p r e s e n c e  of t he  a-W phase .  T h e  
in f luence  of g r a i n  size on  res i s t iv i ty  wil l  be  d i s c u s s e d  
later.  
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Fig. 3. Impurity profiles measured by SIMS for W films prepared on 
GaAs at 4 • 10 -2 , 5 • 10 -2, 8 • 10 -2 , and 1.5 • 10 -2 torr. 

Orientation and impurity.The x-ray d i f f rac t ion  p a t t e r n  
for t he  W fi lms d e p o s i t e d  on  GaAs  c h a n g e d  w h e n  t he  Ar  
s p u t t e r i n g  p r e s s u r e  was  var ied,  as s h o w n  in Fig. 2. B e l o w  
a 5 • 10 -2 t o r r  Ar  p ressu re ,  d i f f rac t ion  f r o m  the  ~(110), 
~(211) p l a n e s  was  obse rved .  The  i n t e n s i t y  ra t ios  of  ~(211) 
to ~(110) x- ray  d i f f rac t ions  we re  0.08 a n d  0.2 for t he  pres-  
en t  e x p e r i m e n t  a n d  for  t he  A S T M  da ta  on  W powder ,  re- 
spec t ive ly .  This  impl ies  t h a t  the  f i lms d e p o s i t e d  at  b e l o w  
5 • 10 -2 t o r r  we re  wel l  o r i en t ed  in the  <110>  d i rec t ion .  

The  fl(200) d i f f rac t ion  was  o b s e r v e d  for f i lms p r e p a r e d  
at  a b o v e  5 • 10 -2 torr,  a n d  WO:~ d i f f rac t ion  also was ob- 
served.  The  WO:~ was  a lways  d e t e c t e d  w h e n  t he  fl-W 
p h a s e  was  fo rmed .  These  r e su l t s  are  c o n s i s t e n t  wi th  pre-  
v ious  r epor t s  s u g g e s t i n g  t h a t  o x y g e n  s tabi l izes  t he  fl 
p h a s e  (12, 13, 18). E t c h i n g  charac te r i s t i cs ,  dens i ty ,  g ra in  
size, a n d  i m p u r i t y  c o n t e n t  c h a n g e d  owing  to t he  exist-  
ence  of  the /3-W phase ,  as will be  d e s c r i b e d  below.  

I m p u r i t i e s  in t he  W fi lms d e p o s i t e d  on  t he  GaAs  s u c h  
as o x y g e n  a n d  c a r b o n  were  ana lyzed  by  s e c o n d a r y  ion 
mass  s p e c t r o s c o p y  (SIMS), a n d  t he  f i lms were  bom-  
b a r d e d  b y  a Cs ~ ion  beam.  The  b o m b a r d e d  area  was  60 
/~m in d iamete r .  The  resu l t s  are  s h o w n  in Fig. 3. The  W 
films w i t h  a 2000-6000~ t h i c k n e s s  we re  s p u t t e r e d  b y  Cs* 
ions.  Da ta  on  t he  W-GaAs in t e r f ace  we re  no t  ve ry  accu-  
rate,  b e c a u s e  t he  W film surface,  s p u t t e r e d  by  t he  Cs ~ 
ions,  b e c a m e  r o u g h  d u r i n g  t he  s p u t t e r  e tch ing .  W h e n  t he  
W film was  d e p o s i t e d  a t  a h i g h  Ar  p ressu re ,  o x y g e n  a n d  
c a r b o n  c o n t e n t s  inc reased .  In  par t i cu la r ,  o x y g e n  in- 
c reased  r ap id ly  w i th  an  i nc r ea se  in t he  Ar  p ressure .  The  
e x i s t e n c e  of  o x y g e n  was  also d e t e c t e d  b y  t he  x-ray dif- 
f rac t ion  as a pa r t  of  t he  WO:~. 

At  t h e  W-GaAs in ter face ,  C a n d  O c o n c e n t r a t i o n s  we re  
large, as in t he  case  for  GaAs  ep i t ax ia l  layers  g r o w n  on a 
GaAs  subs t ra t e .  They  are p r o b a b l y  due  to the  e x i s t e n c e  of 
the  GaAs  sur face  ox ide  layer  a n d  also due  to C con tami -  
n a t i o n  be fo re  W depos i t ion .  

For  t he  a p p l i c a t i o n  to dev ice  fabr ica t ion ,  the  e t ch ing  
ra te  for  r eac t ive  ion e t ch ing  (RIE) u s i n g  CF~ was  s t ud i ed  
wi th  r e spec t  to t he  W d e p o s i t i o n  p r e s s u r e  d e p e n d e n c e .  
The  e t ch ing  ra te  for  RIE  is s h o w n  in Fig. 4 as a f u n c t i o n  
of  p ressu re .  The  W fi lms we re  e t c h e d  u n d e r  t he  condi-  
t ions  of 50W a n d  10 P a  (7.5 • 10 -2 torr). The  e t c h i n g  ra te  
was  c o n s t a n t  for the  W fi lms d e p o s i t e d  at  b e l o w  5 • 10 -2 
to r r  Ar  p r e s s u r e  a n d  was  i n d e p e n d e n t  of  t i m e  af te r  depo-  
si t ion.  On  t h e  o t h e r  h a n d ,  the  e t c h i n g  ra te  i n c r e a s e d  w i t h  
an  i nc r ea se  in  t he  s p u t t e r i n g  p r e s s u r e  a b o v e  5 • 10 -~ torr.  
This  e t c h i n g  rate,  howeve r ,  d e c r e a s e d  a f te r  2 m o n t h s .  The  
e t ch ing  ra te  i n c r e a s e d  w h e n  the  fi-W p h a s e  was  f o r m e d  
a n d  t he  f i lm d e n s i t y  decreased .  A l t h o u g h  the  r e a s o n  for 
t he  r e d u c t i o n  in the  e t c h i n g  ra te  a f te r  2 m o n t h s  is no t  
clear,  it s e e m s  to be  re la ted  to t he  e x i s t e n c e  of  t h e  fi-W 
phase .  
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Fig. 4. Etching rates of RIE measured immediately after and 2 months 
after W deposition and resistivity, as functions of sputtering pressure. 
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Fig. 5. Resistivity as o function of density and grain size 

Electr ical  Propert ies 
Resistivity.--The res i s t iv i ty  of W fi lms depos i t ed  on  

s emi - in su l a t i ng  GaAs  is also s h o w n  in  Fig. 4. A four -po in t  
p r o b e  was u s e d  for  t he  m e a s u r e m e n t .  T h e s e  r e su l t s  were  
s imi la r  to t h o s e  for  W fi lms p r e p a r e d  on  glass  plates.  The  
a-W films e x h i b i t e d  lower  res i s t iv i ty  t h a n  t h o s e  in  t he  
fl-W p h a s e  (14, 19). Res i s t iv i ty  d e c r e a s e d  s l ight ly  w h e n  t he  
depos i t i on  p r e s s u r e  i n c r e a s e d  in  t he  r a n g e  of  1-2 • 10 -2 
torr.  This  was  p r o b a b l y  due  to t he  smal l e r  g ra in  size as 
s h o w n  in  Fig. Ic. 

Res i s t iv i ty  is p l o t t e d  in Fig. 5 as a f u n c t i o n  of W fi lm 
dens i ty .  I t  c an  be  s een  t h a t  r es i s t iv i ty  is r e la ted  to t he  
fi lm d e n s i t y  as wel l  as v o l u m e  f r ac t ions  of fl- a n d  ~-W 
phases .  

F igu re  5 s h o w s  res i s t iv i ty  as a f u n c t i o n  of g ra in  size cal- 
cu la t ed  f rom the  x- ray  d i f f rac t ion  pa t t e rn .  Da ta  for t he  
a-W p h a s e  are s o m e w h a t  i n f l u e n c e d  b y  the  gra in  size, 
c o n t r a r y  to a p r e v i o u s  r epo r t  (14). T he  res i s t iv i ty  is 5 x 
10 -5 ~l-cm w h e n  g ra in  size is e x t r a p o l a t e d  to zero. S ince  
th i s  va lue  is la rger  b y  a b o u t  one  o rde r  of  m a g n i t u d e  t h a n  
t ha t  for the  bu lk ,  i t  is c o n c l u d e d  t h a t  s ca t t e r i ng  r e su l t i ng  
f rom i m p u r i t i e s  a n d  defec ts  is la rger  t h a n  t h a t  caused  by  
the  g ra in  b o u n d a r y .  

Schottky characteristics.--When t h e  W film is app l i ed  
to dev ices  s u c h  as a PBT,  S c h o t t k y  cha rac t e r i s t i c s  are im- 
p o r t a n t  Zor rea l iz ing  good - dev i ce  p e r f o r m a n c e .  T u n g s t e n  
fi lm was  d e p o s i t e d  on  a GaAs  ep i t ax ia l  layer  g r o w n  on  a 
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Fig. 6. Ideality factor and barrier height as a function of sputtering 
pressure. 

n+-GaAs subs t r a t e .  The  ep i t ax ia l  layer  was  2.6 ~ m  th ick ,  
a n d  its car r ie r  c o n c e n t r a t i o n  was  1 • 10 '7 cm-: ' .  O h m i c  
con t ac t s  (a l loyed Au-Ge-Ni)  w e r e  f o r m e d  on  the  n+-GaAs 
subs t ra t e s .  A W S c h o t t k y  c o n t a c t  of  200 ~ m  d i am was  de- 
pos i t ed  t h r o u g h  me ta l  mask .  Idea l i t y  factor ,  n ,  a n d  ba r r i e r  
he igh t ,  @Bn, o b t a i n e d  f rom the  fo rwa rd  c u r r e n t  a n d  volt-  
age cha rac t e r i s t i c s  (20), are s h o w n  in Fig. 6. The  ideal i ty  
fac tor  i n c r e a s e d  f r o m  1.03 to 1.06 w h e n  the  s p u t t e r i n g  
p r e s su re  was  va r i ed  f rom 1 • 10 -2 to 2 • 10- '  torr.  How- 
ever,  t he  b a r r i e r  h e i g h t  was  0.6 eV, a n d  was c o n s t a n t  in  
t he  r a n g e  of  1-5 • 10 -2 torr,  w h e r e  t he  ~-W p h a s e  ex is ted .  
The  ba r r i e r  h e i g h t  i n c r e a s e d  to 0.64 eV for  a 2 • 10 - '  t o r r  
Ar  p ressu re .  

L e a k a g e  c u r r e n t s  for  d iodes  w e r e  l a rger  at  a r eve r s e  
b ias  vo l t age  b y  severa l  o rders  of  m a g n i t u d e  t h a n  t h o s e  for  
d iodes  w i t h  a Au  S c h o t t k y  c o n t a c t  p r e p a r e d  by  A u  vac- 
u u m  evapora t ion .  The  ca r r i e r  c o n c e n t r a t i o n  profile,  
ca lcu la ted  f rom the  C-V charac te r i s t i c s ,  s h o w e d  t h a t  t he  
car r ie r  d e n s i t y  d e c r e a s e d  a t  t he  W-GaAs in t e r f ace  as a re- 
su l t  of  s p u t t e r i n g  d a m a g e  to t he  ep i t ax ia l  layer  su r face  
d u r i n g  t he  depos i t ion .  I n  o rde r  to i m p r o v e  t h e  crys ta l  
qual i ty ,  an  a t t e m p t  to a n n e a l  GaAs  d e p o s i t e d  w i t h  W fi lm 
was ca r r i ed  ou t  at  430~ 

Annealing.--The GaAs  d iodes  h a v i n g  W S c h o t t k y  con- 
t ac t s  we re  a n n e a l e d  at  430~ in  a 10% H2-90% He  gas flow. 

Carr ier  c o n c e n t r a t i o n  prof i les  o b t a i n e d  f rom the  C-V 
cha rac t e r i s t i c s  are  s h o w n  in  Fig. 7. A s a m p l e  was  an- 
n e a l e d  for  3 ra in  at  430~ The  ca r r i e r  d e n s i t y  was  r e d u c e d  
at  t he  W-GaAs in t e r f ace  b y  s p u t t e r i n g  d a m a g e  for the  as- 
d e p o s i t e d  diodes .  Af te r  annea l ing ,  t he  r e d u c t i o n  in t he  
car r ie r  was  r e c o v e r e d  by  p e r f o r m i n g  a re la t ive ly  s h o r t  an-  
nea l ing  process .  

Da rk  c u r r e n t s  for d iodes  w i t h  a s -depos i t ed  a n d  an- 
n e a l e d  (2 min)  W con tac t s  as wel l  as a r e fe rence  (Au 
S c h o t t k y )  c o n t a c t  are  s h o w n  in Fig. 8a as a f u n c t i o n  of  re- 
ve r se  b ias  vol tage .  T h e  d a r k  c u r r e n t  can  be  r e d u c e d  b y  
a b o u t  one  o rde r  of m a g n i t u d e  as a r e su l t  of  annea l ing .  
However ,  no  f u r t h e r  d a r k  c u r r e n t  r e d u c t i o n  was  o b s e r v e d  
for a n n e a l i n g  of  ove r  2 rain.  T h e  d a r k  c u r r e n t s  for  an- 
nea l ed  diodes ,  howeve r ,  were  sti l l  l a rger  t h a n  t h o s e  for  
t he  re fe rence .  

F o r w a r d  c u r r e n t s  for d iodes  w i t h  a s - s p u t t e r e d  a n d  an- 
n e a l e d  W con tac t s  are  s h o w n  in Fig. 8b. The  W film was  
p r e p a r e d  at  4 • 10 -2 torr.  Da t a  for  t h e  d iode  h a v i n g  the  
Au  e v a p o r a t e d  S c h o t t k y  con t ac t  are  also s h o w n  for refer-  
ence.  The  ba r r i e r  h e i g h t  i n c r e a s e d  f r o m  0.55 to 0.61 eV 
owing  to annea l ing .  A s imi la r  i m p r o v e m e n t  in ba r r i e r  
h e i g h t  ha s  b e e n  r e p o r t e d  b y  S i n h a  (9). The  ba r r i e r  h e i g h t  
o b t a i n e d  f rom t h e  I-V cha rac t e r i s t i c s  a g r e e d  w i th  t h a t  cal- 
cu la t ed  f rom the  C-V charac te r i s t i c s .  However ,  ba r r i e r  
h e i g h t  for  a s -depos i t ed  d iodes  ca l cu la t ed  f rom the  C-V 
cha rac t e r i s t i c s  (0.66 eV) was  h i g h e r  t h a n  t h a t  o b t a i n e d  
f rom t h e  I-V cha rac t e r i s t i c s  (0.55 eV). The  va lues  o b t a i n e d  
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Fig. 7. Carrier concentration profiles for GoAs diodes with as- 
sputtered and annealed W contacts. 
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from the C-V measurement  became much larger than 
those for the C-V characteristics when the damage was se- 
riously increased. This suggests that an insulator layer 
was formed by sputtering deposition (21). 

The ideality factor decreased slightly from 1.08 to 1.04 
owing to annealing. No further improvement  in the ideal- 
ity factor or barrier height was observed for a heat- 
treatment of longer than 3 rain, as shown in Fig. 9. 

Conclusion 
Properties of W films deposited by RF magnetron sput- 

tering were investigated in terms of their relation to Ar 
sputtering pressure, which ranged from 1 x 10 -2 to 3 x 
10-' torr. Below 5 • 10 -~ torr, an a-W phase was formed 
and the density was 19.2 g/cm 3, independent  of the Ar 
pressure. The fl-W phase and WO:~ were detected by x-ray 
diffraction for films prepared at pressures above 5 • 10 -3 
tort. Oxygen and carbon contained in the W films as im- 
purities increased with the pressure. The RIE etching rate 
was found to be independent  of the pressure for the a-W 
film. This rate increased with an increase in ~-W phase 
content in W films and was dependent  on time after 
deposition. 

Resistivity increased sharply when the volume frac- 
tions for the fi-W phase and WO3 were increased. Density 
rather than grain size was found to affect the resistivity. 

The Schottky characteristics of W-GaAs diodes were 
studied. The barrier he igh t  and ideality factor were in- 

fluenced somewhat  by the sputtering pressure. Degrada- 
tion of barrier height, carrier concentration, as well as the 
increase in dark current due to sputtering damage, can be 
recovered by carrying out annealing at 430~ for 2-3 rain. 
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An Experimental and Theoretical Study of the Infrared Reflectance 
of Thin Oxide Films on Metals 

David K. Ottesen 

Sandia National Laboratories, Livermore, California 94550 

ABSTRACT 

External reflectance infrared spectroscopy has been used to study the formation of oxide films on chromium and 
iron alloys. Experimental  data have been acquired with an FTIR spectrometer using a polarized beam at high angles of 
incidence to the surface normal. Theoretical calculations have been made for these systems and are compared with the 
experimental  results. Particular attention is given to the quantitative calculation of film thickness. Complications which 
arise from distortions in band shape, frequency shifts, the appearance of additional reflectance minima, and beam di- 
vergence and state of polarization are discussed in detail. 

This paper presents an experimental  and theoretical 
study on the applicability of Fourier transform infrared 
(FTIR) reflectance spectroscopy for the study of oxide 
films formed on binary iron-chromium alloys. A thor- 
ough understanding of these results is a vital step leading 
to the study of more complex ferrous alloys, such as the 
stainless steels. The quantitative study of metal alloy oxi- 
dation and corrosion using this technique requires a de- 
tailed understanding of the physical processes governing 
the optical properties of such layered systems. We have 
also sought to determine the effect of nonidealities, such 
as the roughness of films and substrate, and variations in 
experimental  parameters, such as the angle of incidence, 
beam divergence, and state of polarization. 

Infrared spectroscopy has played an increasingly im- 
portant role over the past few years in the chemical char- 
acterization of surfaces. In particular, external reflection 
spectroscopy at large angles of incidence has been of spe- 
cial value in examining thin, dielectric films on metallic 
substrates. The usefulness of this technique was first 
noted by Berreman (1) and later popularized by Greenler 
under the name "reflection-absorption spectroscopy" 
(2-4). 

Reflection-absorption spectroscopy has much in com- 
mon with ellipsometry, another surface-sensitive optical 
technique. While both approaches utilize linearly polar- 
ized light, visible wavelength ellipsometry has generally 
been acknowledged to be the more sensitive technique to 
small changes in surface coverage. This is due to the 
clearly observed changes in phase angle of light reflected 
from a substrate covered by a dielectric film only a few 
angstroms thick. This advantage, however, has been off- 
set somewhat by recent developments in double-modula- 
tion FTIR reflectance spectroscopy (5). 

The outstanding advantage of reflection-absorption 
spectroscopy lies in the positive identification of chemi- 
cal species in surface films through the spectral structure 
in the observed reflectance. In general, ellipsometry suf- 
fers from the lack of spectral data in single wavelength 
measurements,  with the consequent  assumption of sur- 
face species and their optical constants. Even scanning 
ellipsometric measurements in the visible region can be 
relatively featureless, resulting in unavoidable ambigui- 
ties in the determination of surface species (6). 

Reflection-absorption spectroscopy has been success- 
ful in a large number  of recent qualitative investigations. 
Interest has centered primarily on the characterization of 
chemisorbed gases (5, 7) and thin layers of organic com- 
pounds deposited on metals (7-13). Reference (7) is a par- 
ticularly useful review article of results up to 1976. 

Investigations of inorganic thin films on metallic sub- 
strates have also been numerous (1, 4, 14-24). These re- 
sults are qualitatively quite different from the studies of 
chemisorption and thin organic films. The interpretation 
of the resulting reflectance spectra for these systems is 
complicated by distorted band shapes and frequency 
shifts for thin films when compared to absorption spec- 
tra of the pure, bulk material. This behavior is generally 
caused by the large values of refractive index and absorp- 
tion coefficient associated with the absorbing film and 
the metallic substrate and the complex interaction of 
these optical properties with the electric field of the inci- 
dent infrared beam. In addition to our own experimental  
work on metal oxides, we will draw on earlier spectro- 
scopic studies of the high temperature oxidation of iron 
(14, 18) and chromium (24). 

Theoretical 
We will adopt the nomenclature of Heavens (25) in our 

treatment of the interaction of light r  a thin film on a 
bulk substrate. This is shown for an n-layer film in Fig. 1. 
Here n,n and k,,, are the refractive index and absorption 
coefficient, respectively, d,,, is the thickness of the layer, 
and @o is the angle of incidence, while @,, (m > 0) is the 
angle of refraction within a layer, m. For absorbing media, 
we also note that the refractive index and angle of refrac- 
tion are in general complex. In this case, the so-called 
complex refractive index is defined as 

~i,,, = n,, - ik,, [1] 

The amplitude of the electric field both incident and 
reflected from this system of layers can be expressed by 
solving Maxwell 's equations in terms of these quantities. 
Using the boundary conditions that the tangential compo- 
nents of both the electric and magnetic vectors be contin- 
uous at each layer interface, we arrive at the expression 
shown in Eq. [2] and [3] for the ratio of the electric field 
amplitudes in the plane where layer m is in contact with 
layer m + 1 

E-,,,/E+~, = [(~/~, cos q~m + ,) - 0i,,, +, cos qb,,)]/[(r~m cos qbm + ,) 

+ (r~,, + , cos ~Pm )] [2] 

E-,nJE%~ = [(,/m cos ~,,) - (~/,n + , cos ~,,, + ,)]/[(~m cos era) 

+ (~m + ~ cos r + ,)] [3] 

These ratios are more commonly known as the Fresnel 
reflection coefficients, rm, and r~, where P and S refer to 
the polarization of the light. The change in phase of the 
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