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Thin f i l m  technology h a  been vc l l - e s t ab l i shed  
a a  a v i a b l e  and necessary  p a r t  o f  modem microelec- 
t ronics .  Extendinn the technololly of  t h i n  f i l m  f o r  
rue  at  high t e q e r a t u r e s  has  required t h e  development 
of ncu w t e r i a l o  and processes  i n  o r d e r  t o  meet t h e  
required electrical s p e c i f i c a t i o n s  a t  e l eva ted  tem- 
pera tures .  By developing t h i n  f i l v  coaponents f o r  
hinh temperature a p p l i c a t i o n s  such a s  geothermal well- 
lo&ing,- a i r c r a f t  ehgine i n s t r w x n t a t i 6 n .  and nuclear  
r e a c t o r  monitoring, it w i l l  be p o ~ s i b l e  t o  provide 
high c i r c u i t  d e n s i t y  and improved r e l i a b i l i t y .  

One of  t h e  major o b j e c t i v e s  i n  developing t h i n  
f i e  m a t e r i a l s  and processes  has  been t o  ensure  t h a t  
they would be f u l l y  compatible wi th  s tandard s i l i c o n  
in t eg ra t ed  c i r c u i t  technology. This  w u l d  l ead  t o  
the  a b i l i t y  t o  adapt  one o r  -re o f  t h e  processes  in- 
t o  e x i s t i n g  processing l i n e s  wi th  minimum dis turbance.  
The pass ive  c a p o n e n t s  must a l s o  be  compatible wi th  
hybrid c i r c u i t  f a b r i c a t i o n  and. i f  poss ib l e ,  In t e -  
gra ted  Themionic  C i rcu i t s .  

Research and d e v r l o p ~ e n t  work a t  The Univers i ty  
of Arizona his been d i r e c t e d  toward r e s i s t o r s ,  capa- 
c i t o r s ,  and in terconnect  n ? t a l i z a t i o n s .  The use of  
Low Pressure  Chemical Vapor &pos i t ion  (LPCVD) has  
been used i n  ma te r i a l  development and component fab- 
r i c a t i o n .  This is a major depar ture  from t h e  s tan-  
dard t h i n  f i lm  depos i t ion  method o f  s p u t t e r i n g  and 
thermal evaporation. LPCVD by its very na tu re  is a 
process  which ;illows t h e  passfve  components t o  be 
f ab r i ca t ed  a t  t empera tu r sh ighe r  than t h e i r  h ighes t  
required ope ra t ing  temperature. 

The deposi t ion o f  t h i n  f i lms  by LPCVD is accom- 
pl ished by r eac t ing  one o r  l u r e  gases  on t h e  su r face  
of a heated subs t r a t e .  The major compc-ents of an  
LPDVD r e a c t o r  a r e  i l1 : ; s t ra ted  i n  Fippre  1. 
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Figure 1. P i c t o r a l  r ep resen ta t ion  of  the  mnjor in- 
t e r n a l  components of  t he  LPCVD reac to r .  

The s u b s t r a t e s  t o  be coated a r e  placed on t h e  
g raph i t e  susceptor  and than loaded i n t o  t h e  c e n t e r  of 
t h e  q u r t r  r e a c t i o n  tube. IIP power is app l i ed  t o  t h e  
c o i l  an t h e  ou ta ide  of t h e  r eac t ion  tube which i n  t u r n  

is coupled i n t o  the  g raph i t e  auaceptor  cauaing it t o  
heat. T e a p a r a t u n  o f  t h e  susceptor  is measured wi th  
a type-lt thermocouple. 

The vacuum pump is a s p e c i a l  chemical-grade r 0 ~ B b .  
i c j  pump designed LU withs tand t h e  p w i n ~  o f  corzosive  
gases.  P r i o r  t o  t h e  a p p l i c a t i o n  of RF power, t h e  a t -  
mospheric p res su re  is reduced t o  the  p res su re  l i m i t  of 
t h e  pump; t h e  c a r r i e r  Ras is turned on, and the  pres- 
s u r e  s e t .  P res su res  nf s eve ra l  t o r r  o r  less 
are t y p i c a l ,  w i th  c a r r i e r - f l o w  r a t e s  of  0.1 t o  2.0 
liters/m:tn. Nitrogen, hydrogen and helium a r e  t y p i c a l  
c a r r i e r  $:ases. These a r e  con t ro l l ed  wi th  mass flow 
c o n t r o l l r ~ r s  and the  p res su re  is cont inuously  monitored 
wi th  a c a p a c i t i v e  manoaccer. 

W t r r i a ?  se l cc t io l l  is o f  primary ilrpor:ance i n  
des igning hiph tamperature pass ive  components. A l l  of 
t he  m a t e r i a l s  mst have the  d e s i r e d  2 l e c t r i c a l  proper- 
ties, and they must a l s o  hsve compatible mechanical 
p rope r t i e s  including c o e f f i c i e n t  of  expansion, stress, 
and afl:c,rence. Without t.-- required mechanical proper- 
ties, t h e  components would no t  su rv ive  long enough t o  
t e s t .  A group o f  m a t e r i a l s  t h a t  can be  deposi ted  by 
L P W  and which a l s o  a r e  e l e c t r i c a l l y ,  chc.mically, and 
mechanically well-matched are :  

(1) Tungsten 
(2) Tungsten-sil icon 
(3) S i l i c o n  :. : t r i d e  

Subs t r a t e  m a t e r i a l s  a r e  equa l ly  important f o r  che same 
reasons; the  two s u b s t r a t e s  recommended a re :  

(1) Oxidized s i l i c o n  wafers  
(2) Sapphire. 

The r eac t tons  t o  f o m  the  m a t e r i a l s  a r e :  

Not only must t h e  m a t e r i a l s  be compatible,  but  s o  a l s o  
must the  deposi t ion r eac t ions  a t  e l eva ted  temperatures 
s o  t h a t  t he  depos i t ion  of  one m a t e r i a l  does n o t  d e s t r o y  
the  previously  deposi ted  t h i n  f i l m  l aye r s .  

Del ineat ion of the  m a t e r i a l s  is accomplished wi th  
s tandard equipment and processt., used i n  s i l i c o n  I C  
f ab r i ca t ion .  The t h i n  f i lms  can be  e tched by wet chem- 
i c a l  e tches ,  o r  by plasma e tching.  Negative photore- 
sist has been used s i n c e  the  developers  f o r  p o s i t i v e  
p h o t o r e s i s t s  a r e  bas i c  and t h e r e f o r e  tend t o  e t c h  t h e  
tungsten. 

Spec i f i ca t ions  f o r  t h i n  f i l m  r e s i s t o r s  required 
s t a b l e  ope ra t ion  to 500° C. w i th  temperature c o e f f i c i e n t s  
of r e s i s t a n c e  (TCR) l e s s  than 50 p p r n / O ~ .  ove r  t h e  e n t i r e  
teziperature range. The a a t e r i a l  s e l e c t e d  f o r  t h e  re- 
s i s t o r s  was tungsten-s i l icon deposi ted  by LPCVD. The 
c h a r a c t e r i s t i c s  o f  t h e  tungsten-s i l icon can be ad jus t ed  
t o  meet t h e  r e q u i r c ~ l e a t s  o f  h igh  temperature ops-=:ion, 
s t a b i l i t y ,  and low TCR. 

tungsten-s i l icon is grown from the  r eac t ion  of 
tungsten hexaf luor ide ,  s i l i c o n e ,  and hydrogen: 

The r a t i o  of  tungsten t o  s i l i c o n  can be var ied .  The 
TCR can b e  made both p o s i t i v e  o r  nega t ive  depending on 
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tbr ptoc*sr parmters umed. Figure 2 is a repistance 
w. taperature curve for a V-Si rcsistor. Typical re- 
rirtivity of the tungsten-silicon used for the resis- 
tors is 2,500 ~n.cm. Sheet resistors range from 50 to 
1000 R/O and TCR valtten from -50 to 50 ppd0C. The 
prucesa is compatible vith silicon IC fabrication and 
t!dn film capacitor proccases. 

The electrodes are turgsten and the dielectric 111yer 
and passivation are silicon nitride. Bonding prds are 
themlly evaporated aluminur. 

With LPCM depoaition of the layers, pinhole prob- 
lems in the nitride have not b m  encountered. .ad it 
has therefore heen possible to fabricate capacitors 
vith several square centimeters area. Typical capaci- 
tance is 0.02 u~/cm.~; areas as large as 4 cr. have 
been used. 

The relative dielectric constant of the silicon 
nitride is 8.6 and the dissipation factor due solely 
to the silicon nitride is 0.0002. Forhrge value ca- 
pacitors, the serfes resistance term becomes the d d -  
nant factor in increasing the dissipation factor. The 
total dissipation factor is generally less :han 0.W3 
at 350° C. and 2.0 I@z. 
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In order to meet the DC resistance requirements, 
it is necessary that the silicon nitride have very low 
conductivity. The conductivity is a function of both 
the temperature and the applied electric field so both 
must be considered d e n  designine a capacitor. Capac- 
itors which vere fabricated exhibited a temperatrre co- 
efficient of capacitance of approximately +70 ppd0C. ; 
a typical capacitance-temperature relationship is shovn 
in Figure 4. 

Figure 2: Resistance versus temperaLure curve for a 
W-Si thin film resistor TCR - +6 ppm/oC. 

The thin film capacitors are designed to operate 
from room temperature to 350" C. and to fill the need 
for high temperature capacitor vith capacitance up to 
0.1 uF. Work voltage is specified at two points: 

With a 20-volt bias applied across a capacitor 
at 350' C., the DC resistance must be greater than 
i x 107 Q. 

Dissipation fact~r is required to be less than 
0.010 at 1 KHz. over the above temperature range. 

Capacitors are parallel plate structures using 
oxidized silicon vafers as substrates;hovever, sapphire 
could be used. A cross-section is illustrated in 
Figure 3. 

Fipure 4: Capacitance as a function of temperature 
for a thin film capacitor. 

The processing needed to form high temperature 
capacitors vith areas up to 4.9 em.* and capacitance 
values to 0.1 pF has been developed to the point where 
it can be transferred to cormwrcial production. 
Table I shows the salient features of the process. 

By extending the use of the LPCM tunesten, inter- 
connects between passive components can be formed. If 
the tungsten is deposited directly sver the surface of 
a silicon wafer that has been processed to the point 
where it is ready for the metalUzaUon, tungsten can 
be substituted for the normal a l d n m  interconnect 
netallizntion. 

Figure 3: Cross-section of thin film capacitor. 
Tungsten is used for the parallel plate Aluminum as an interconnect metal on silicon inte- 
electrodes, and Silicon nitride is used for *rated circuits ha# a number of problems whra h i ~ h  cur- 
the dielectric layer and the paasivation. rent deneitiss and high operating temperatures are 
All =teriala the exception Of the al- present. Under those conditions, electrorigratioll 
u;niaum bonding pads are deposited by LPCM. 
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of tha aluminum can occur, cauring the physical trans- 
port of ailicon out of the contact region8 of the sili- 
con. 

TABLE I 

HIGH TFNPERANRE CAPACITOR MANUFACTURING PROCESS 

1. LF'CVD TUNGSTEN - 2,000 A. 

2. PHOTOLITIIOCRAPHY - BOTl'W ELECTRODE 

3. LPO'D - Si3N4 (3500 A) FOLLOWED BY LPCC'D TUNGSTEN (2000 A, TOP ELECTRODE) 

4. PHOTOLITHOGRAPHY - TOP ELECTRODE 
5. LPCVD - Si3N4 (1,000 A, PASSIVATION) AND LPCM TUNGSTEN (2,000 A, USED AS ETCH MASK) 

6. PHOTOLITHOGRAPHY - CONTACT WINDOW IN TUNGSTEN ETCH MASK. 

7. €TCH Si3N4 

8. PHOTOLITHOGRAPW - REMOLT ETCH MASK 
9. ALUtiING4 CONTACT EVAPORATION 

10. P H O ~ L I T H O C R A P ~  - ALUMINUM CONTACTS. 
11. TEST. 

Failure of the interconnect ther occurs; the failure 
rate is accelerated as the temperature is increased. 
Failure can also occur because of poor step coverage 
of the aluminum used in silicon IC. Tapered r~gions 
in the interconnects often form in the bottom oi the 
steps during the deposition process. 

Tungsten was investigated as a possible material 
for use with high temperature silicon IC to e ~ f d  the 
problem of premature failure of the metallization at 
elevated temperatures. 

The contact regions between tne tungsten inter- 
connect a d  the silicon must form ohmic contacts. 
This was investigated as a function of silicon doping, 
process parameters in the tungsten deposition agd tem- 
perature. Ohmic contacts were formed in both n- and 
p- type silicon for hosphorus doping levels of 4 x 
lola to 5 x 10'0 and boron levels of 2 x 
10'' to 1.0 x 1gZ0 ~m.'~. The ohmi: character- 
istic of the contact is seen in the linear I-V rela- 
tionship for a 10 um r: 10 urn contact shown ?n Figure 5. 

Figure 5: I-V .3rves for ohmic contacts to n- and p- 
type silicon. The solid line represents tungsten met- 
allization, and for the comparison, the dashed line is 
for an aluminumlsilicon contact to n-type material. 

Tests for electromigration were made using two 
metallization strips; each strip was 10 um-wide and 
0.5 urn thick. They e r e  designed so that the current 
coirld be injected into or brought out of th, cuagsten 
throu.eh a silicon contact or through the tunqsten alone. 
One sttip was designdto traverse .5 Dm of oxide strips. 
The contapt resistance between the silicon and tungsten 
could also be monitored separately. 

No evidence of electromigration wan seen in the 
tungsten at current densities of 4 x lo6 ~/cm.? for 72 
hours. Tests were run at substrate temperature from 
2S0 C. to 300° C. The actual temperature of the inter- 
connect was somewhat higher due to the power dissipated 
by the test current. 

Critical current densities (current density at 
point of interconnect failure) were 4.5 x lo6 ~/cm.~for 
SisNt, passivated tungsten. and 5.7 x lo6 ~ / c m . ~  for 
hydrogen-annealed tungsten. 

SEM microphotographs of the tungsten over oxide 
steps indicated excellent step coverage. No failures 
due to exceeding the critical current densities occur- 
red in the step regionn. 

Schottky diodes were also formed between the tung- 
sten and the silicon wafer; however, they were leaky. 
It is now felt that the leakage current was the result 
of improper diode design rather than an inherdnt prob- 
lem in forming good Schottky diodes betwe-n silicon and 
LPCVD tungeten. 

1 Thir work war rponrored by Department of Energy, 
3 Civirion of Geotheml Energy. 




