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I n t r o d u c t i o n .  

T h i s  pape r  d e s c r i b e s  t h e  s u c c e z s f u l  development  o f  a  
r a d i a t i o n -  hardened bu lk  CNOS t e c h n o l o g y  and a  new t w o - p o r t  
s t a n d a r d  c e l l  f a m i l y  which u t i l i z e s  a l l  t h e  a d v a n t a g e s  
a f f o r d e d  by a  r a d i a t i o n - h a r d  s e l f - a l i g n e d  f o u r  m i c r o n  11oly- 
s i l i c o n  g a t e  s t r u c 6 u r e .  C h a r a c t e r i s t i c  d a t a . o b t a i n e d  on  t h e  
p r o c e s s ,  and r e s u l t s  o b t a i n e d  from random l o g i d  c i r c u i t s  d e -  
s i g n e d  and l a i d  o u t  u s i n g  t h e  s t a n d a r d  c e l l s  a r e  p r e s e n t e d  t o  
d e m o n s t r a t e  t h c  e l e c t r i c a l  and r a d i a t i o n  pe r fo rmance  o f  t h i s  
techno1 ogy. Des igna ted  t h e  Expanded L i n e a r  A r r a y  (ELA) , t h e  
p r i n c i p a l  o b j e c t i v e s  of t h i s  t e c h n o l o g y  a r e  h i g h e r  p a c k i n g  
d c n s i t y ,  i n c r e a s e d  speed  o f  ope ra t ion ; . t . opo log ica l  d e s i g n  
f l e x i b i l i t y ,  c o m p a t j b i l i t y  with. a u t o m a t e d  l a y o u t  and  r o u t i n g  
t e c h n i q u e s ,  and r a d i a t i o n  h a r d n e s s .  

ELA C e l l  Fami ly  

The s p e c i f i c  d e s i g n ' g o a l s  o f  t h e  ELA c e l l  f a m i l y  i n c l u d e  
minimun~ performance c h a r a c t e r i s t i c s  o f  f i v e  t o  t e n  nanosecond 
g a t e  d c l a y s  and coul l tc r  frequencies o f  20 IrlHZ a t  t c n  v o l e  
o p e r n t i o n .  A t o t a l  dose  harclncss o f  106 Rad ( S i )  and a  
t r a n s i c n t  u p s e t  l c v c l  of 5x10s Rad ( S i ) / s e c .  w i t h  no l a t c h  up 
a t  any l e v e l  have becn d c n ~ o l l s t r a t e d  i n  t h i s  t e c h n o l o g y .  The 
structure and c e l l  l a y o u t  t c c l u l i ~ ~ ~ i c  were tailored t o  a l l o w  new 
c e l l s  t o  be d c s i g n c d  c a s i l y  and cluick1.y and a l s o  t o  p r o v i d e  
t he  c r t l ~ n b i l i t y  {or  cspansi.on and n i o d i f i c a t i o n  o f  e x i s t i n g  
c e l l s  wit11 3 111i1liil1111n c f f o r t  a s  d c s i g i l  r u 1 . c ~ '  improve .  

. . 
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l :untlal~~cl~t.r~l.  ass~1111pt ions  uscd t o  d c r i v c  t h e  comp3.cte s c t  
of  dcr;j.p,~i 1-11.1cs and t11c ~ ~ O I I I ~ I ~ C I I ~  rcs~11t.j . l lg f c a t u r c  s i z c s  a r c  
sunn~r l r l  zc,cl bcl.o\i. 

2 .  Subs t r a t c  Dopj.ng and 
0pc1:ating Vol t n g c  1 0 v  

3 .  bletal. I'a t t e r l i i n g  15p p i t c h ;  81-~ l i n e s  
x  7p s p a c e s  

4 .  Po1.y Patterning 2 ' 0 ~  p i t c h ;  1 4 1 1  1- ines  
x  G p  s y a c c s  ( i n t e r -  
connects), 4p g a t e s  

5. C o n t a c t  Windows Gp x 6p o r  5 1 ~  x  7p 
. ., 

F i g u r e  1 shows t h e  ELA s t r u c t u r e  f o r  a  t y p i c a l  t w o - i n p u t  
g a t e .  - n  and p  t r a n s i s t o r s  a r e  a r r a n g e d  i n  a l i n e a r  a r r a y ;  
v e r t i c a l . ,  f o u r  micron  p o l y s i l i c o r 1  g a t c s  a r e  on a f i x e d  2 0  
mici-011 h o r i z o ~ l t : ~ l  p i t c h ,  and metal. i s  used  t o  i n t e r c o n n e c t  t h e  

. a p p r o p r i a t e  r c g i o l i s .  Tllc stantlal-cl c e l l  I lc igl l t  f o r  . t h i s  cel .1 . . 

i ae i1 .y  i s  1.50,u111. An advan tage  of t h i s  1.nyout approac l l  i s  t h a t  
f ecd t - . h~ :o~~ghs  a r c  a v a i l . n b l c  , and e:~r,h cc l .1  input .  311d o u t l ~ u t  i s  
acccssj . l) l :e from 11otl1 s j . d c s .  These c l i a . r n c f e r j . s t i c s  a r e  ' s ig r l i f  - 
i c a . n t  i l l  a t t a i n j . n g  n~j.nimum a r c a  sta.nclard ce l .1  c1li.p l a y o u t s  
w i t 1 1  nutolllntcd p I . n c c ~ r c ~ i t .  and r o u t i n g  tecl lni .qucs.  1 . 9  2 

A c o n t i n u o u s  p+ 'guardband surrou.ntls ' t h e  p -we l l .  c o n t a i n i n g  
t h e  n - c h a n ~ ~ e l .  d c v i c c s  t o  a s s u r e  r a d i a t i o n  h a r d n e s s .  TIlc r e -  

. .  . q u i r c d  l.;1tera3. i . s o l a f i o ~ ~  o f  d e v i c e s  r c s u l t s  froill t h e  u s e  o f  
f i e l d  s h i e l d s .  I n  t h i s  l a y o u t  approach  t h e  gua rdband  a r e a  
pena l . ty  i s  abou t  f i v e  p e r c e n t .  

ELA Proc.ess  

The p r o c e s s  u s e d  t o  f a b r i c a t e  t h e  ELA s t r u c t u r e  i n v o l v e s  
n i n e  masks.  A p - w e l l  i s  i m p l a n t e d  i n t o  a  3 - 6  R-cm C100) 
s u b s t r a t e  and d r i v e n  i n  t o  6 p M .  J u s t  a f t e r  the p +  guardband 
d i f f u s i o n ,  a  n o n s e l e c t i v e  phosphorous  i m p l a n t  i s  s e d  t o  
i n c r e a s e  t h e  p - c h a n n e l  f i e 1  t h r e s h o l d .  An 8000 f i e l d  

1 
R 

#ox ide  i s  formed;  t h e n  a  550 g a t e  i s  grown i n  d r y  oxygen.  
A f t e r  d - e p o s i t i n g  , d o p i n g ,  and p lasma e t c h i n g  t h e  p o l y s i l i c o n ,  
a n  alumilium ~ n a s k  i s  r l e l ~ o s i  Led aucl p a ~ t e r r l e d ,  a11d the  11+ 

s o u r c e s  and d r a i n s  a r e  i m p l a n t e d .  The p+  r e g i o n s  a r e  i i np lan ted  
u s i n g  a  p h o t o r e s i s t  mask. The i n t e r ~ i ~ e d i a t e  d i e l e c t r i c  i s  t h e n  
d e p o s i t e d ;  t h i s  a c t i v a t e s  t h e  i m p l a n t s .  C o n t a c t  windows a r e  
c u t  n e x t  and an  a l u m i n u m - s i l i c o n  i n t e r c o n n e c t  m e t a l i z a t i o n  
a p p l i e d .  



I n  01:d.cr t o  a s s u r e  rad ia t j .011  ha rd .ness ,  t h e  ELA E a b r i c a -  
t i o n  secl~icncc has  s c v c r a l  f e a t u r e s  i n c o r p o r a t e d  f rom e a r l i e r  
\iorlc on r n d i t l t i o n - l l t ~ r d  hIOS processing. 3 l'lio. a s p e c t s  i n  
p a r t i c u l a r  s h o u l d  be n o t e d .  F i r s t ,  t h e  g a t e  c1 ie l . ec t r i c  i s  
k e p t  a s  t h i n  ns  possib1.e  ( ~ s o K )  t o  r e d u c e  r a d i a t i o n -  i n d u c e d  
threshold s h i f t s .  And s e c o n ~ l l . y ,  t h e r m a l  t r e a t m e n t s  a f t e r  g a t e  
o x i d a t i o n  a r c  k e p t  t o  a  inini.mum. . 

T e s t  V e h i c l e s  

To t l loroughly  c v a l u a t e  and c h a r a c t e r i z e  b o t h  t h e  e l . e c t r i -  
c a l  and pcr formancc  of  t h e  ELA t e c h n o l o g y ,  a  t e s t  
c h i p  conta j .n ing  a  r ange  o f  p h y s i c s  d c v i c e s ,  t e s t  t r a n s i s t o r s  
on bo th  g a t c  and f i e l d  o x i d e s ,  s t a n d a r d  c e l l s ,  and c i r c u i t s  
for~l ied  w i t h  t h c s e  c e l l s  was designed. The 8 - b i t  A r i t h m e t i c  
Logic Unic (ALU) used  a s  t h e  t c s t  c i r c u i t  i n  t h e  t ec l lno logy  
and d e s i g n  e v n l ~ i a t i o n  s t u d y  of  t h e  A i r  Force  F a u l t  T o l e r a n t  
Computcr Program was a l s o  implemented i n  t h i s  t e c h n o l o g y . .  A 
p l ~ o t o i n i c r o g r a p l ~  of  t h c  ALU i s  shown i n  F i g u r e  2 .  

R e s u l t s  

A r e p r e s e n t a t i v e  sample of  e x p e r i m e n t a l l y  d e r i v e d  e l e c t r i -  
c a l  p a r a m e t e r s  f o r  t h e  c e l l  f a m i l y  a r e  shown below. 

Ou tpu t  D r i v e s  (ma) . 

Gate  13ropaga.tion De3.ays 2 V o l t s  Off Rail. - 

I n v e r t e r  7-11. n s  3 -5  n s  

2 - i n p u t  N01t 13-19 n s  6-8  ns '  Ou tpu t  B u f f e r  7  5 1 4  9 

2-input NAND 14-2011s 6 - 8 n s  S t a n d a r d . C e l l s  1 0 . 8  1 . 7  1 . 0  

The c e l l  f a i n i . 1 ~  can  be g e n e r a l l y  c h a r a c t e r i z e d  a s  h a v i n g  5 -10  n s  
g a t e  clclays a t  10 v o l t s  and 1.0-20 n s  g a t e  d e l a y s  a t  5 v o l t s .  
Counter  o p e r a t i o n  of  20 h11-IZ i s  p o s s i b l e  a t  10 v o l t s .  

R a d i a t i o n  r e s u l t s  on b o t h  d i s c r e t c  t e s t  t r a n s i s t o r s  and  on 
ALU'  s f a b r i  c a t c d  w i t 1 1  t l lc 1;LA p r o c e s s  show v e r y  c o n s i s t e n t  
r e s u l  t s .  1:igLirc 3 sho\is t h e  11- and p - c h a n n e l  c h n r a c t c r i s t i c  
t h r c s l ~ o l d  s l i i f t s  a s  a f u n c t i o n  of  t o t a l  d o s e  f o r  t l lc  two b i a s  
c o ~ l d i t i o i ~ s  of  i n t c r c s t  . Tile, i r o r s t  c n s c  t l l r c s h o l d  s h i f t  (A\Ttl,) 

undcr  gan1111a r a d i a t i o n  i s  o b s e r v e d  f o r  t h c  o f f  ( u n b i a s e d )  p -  
chrlllncl t r a n s i s t o r .  'I'llc n -ch ;~nneI . s  s h i f t  s l i g h t l y  t o \ i a r d  
d e p l c t i o l l  a t  n~odci -a tc  d o s c s  and tllcll t o ~ a r d  i lccuinula t ion  at 
a b o u t  3  t o  5 x l o 5  Ilacls. . . 

. . 



' Sy l~ ica l  g a t c  del.ays a s  a  f u l l c t i o n  o f  gcllluna close a r e  shown 
i n  Figure 4 f o r  5 and 3.0-vo1.t o p c r a t i o n . .  A t  t h e  1 0 - v o l t  d e -  
si n v o l t a g e ,  d c l a y  t i m e s  t y p i c a l l y  i n c r e a s e  by 1 0  p e r c e n t  a t  ! 1 0  r ~ d ; A d ~ l ~ o u t  50 p c r c c n t  a t  3  x 1 . 0 ~  r a d s  and a  f a c t o r  o f  3  
at. 1.0 . O f  p a r t i c u l . a r  i n t e r e s t  i n  t h e  e v a l u a t i o n  o f  ALU 
l ~ e r f o r m a n c c  i s  one c r i t i c a l  d c l a y  pat11 c o n t a i n i n g  14  s e r i e s  
g a t c s .  F i g u r e  5 shows t h e  increased d e l a y  i n  t h l s  p a t h ;  r e -  
s u l t s  ng rec  wel.1 wit11  t h a t  quo ted  f o r  i n d i v i d u a l  c e l l s .  T e s t  
c i r c u i t s  have a l s o  d e ~ l ~ o n s t k a t e d  t r a n s i e n t  u p s e t  1 .eve ls  o f  
5 x 108 Rads ( S i ) / s e c .  w i t 1 1  no l a t c h  up a t  any l e v e l .  

Sumrn jr  y  

A r a d i a t j - o n - h a r d e n e d  bull< s i l i c o n  g a t e  CMOS t e c h n o l o g y  
and a  t o p o l o g i c a l l y  simpl.e,  h . igh-per formance  d u a l - p o r t  c e l l  
f a m i l y  u t i l i z i n g  t h i s  p r o c e s s  have been  d e ~ n o n s t r a t e d .  Addi -  
t i o n a l  . c i r c u i t s ,  i n c l u d i n g  a  random l o g i c  c i r c u i t  c o n t a i n i n g  
4 8 0 0 . t r a n s i s t o r s  on a  236 x 236 m i l  d i e ,  a r e  p r e s e n t l y .  b e i n g  
d e s i g n c d  and p r o c e s s e d .  F i n a l l y ,  a  j o i n t  d e s i g n - p r o c e s s .  
e f f o r t  i s  underliay t o  r e d e s i g n  t h e  c e l l  f a m i l y  i n  r e d u c e d  
d e s i g n  r u l e s ;  t h i s  r e s u l t s  i n  a  f a c t o r . o f  2 .5  ce l .1  s i z e  r e -  
d u c t i o n  and a  f a c t o r  of  3  d e c r e a s e  i n  c h i p  i n t e r c o n n e c t  a r e a . '  
C e l l  per formance  i s  c o r r e s p o n d i n g l y  . improved.  
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