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SECTION 1

1.0 INTRODUCTION

1.1 Purpose

This report presents (1) a comparison of 12L in contrast to

other developing bipolar and MOS LSI technologies , (2) considerations in
the trade-off of electrical performance and radiation hardness with varia-

tion of 12L design parameters , and (3) comments on the probable evolut ion
of semiconductor LSI technologies. This report is a supplement to an

NWSC evaluation of 12L, which includes characterization of advanced

microcircuits and evaluation of hardened system microcircuit performance

requirements.

1.2 Scope

The comparative evaluation is def ined by the technologies
considered and the elec trical performance pa~ravieters selected as
the basis of comparison. Microelectronic technolog ies to be cons idered
include :

transistor-transistor logic (TTL),

Schottky-clamped TTL (S/C TTL),

radiation-hardened TTL (R/H TTL),

emitter-coupled logic (ECL) ,

5
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rad ia  t i on ha rd ue ss .  \ a i ’i a t  1 011 of des i git  pa ramt ’t ers for  inc  i’cas I ng ha rdness

,II’ t’ t’0115 i~Ier ed i l l  t t ’flllS of p o s s i b l e  cOiflI) 1’Oull i SE’ L~t elect i’icii l l)L’rfOifli’al lce

pa t’anie t ers . I ’ I t i  s coup von i se . when P ~~~ sent  • w i I I force  a t rade — of f  bet ween
pe r to rmanc e  and ha rdness  and sug~ es t 5 t he  P055 lb  I l i t  y ot’ di tie rent deS gil
c v i  t e i ’ i a t o t ’  d i  t i e r e i lt  r a d i a t  ion spec i t i t ’at Ioit ~

I \  o l  Ut ~0fl ol semi co nduct  or t e c h n o l  og I es i S J i seussed in  t e rms  ot

t hose t h a t  seem most pl ’oln i s lug  a t  t h e  moment . these  in c  hide II g il denS i t  y

n — MOS ( w h i c h  l eads i n t o  CCP .i r r a v s  , CMO S, 5i,)5 . and advanced V I ,  st r u c t u r e s  .

1.3 Background

l n t e g i ’ a t  ed 1n~ ect ion i . og i c  (or  Merged T r a n s i s t o r  l o g i c )  was

o r i g 1 n ~’ l i v  p roposed  i n  i9 ’.~ b’ researchers  at  I i M — I ~oebl i nge n  io u’ a pp i i c a —
t Ion i l l  a h i g h — d e n s  i t V  , I o w — p o t ~e r memo i’v aiid b” ’ r e s e ar c h e r s  at P h i  11 i p s —

l i i l J I l O V t ’11 t o t ’  ii pp l  t e a t  iOU i l l  l i g h t — p o w e r e d  InS t  rum ent  at  i o n .  P e r t o r i n a u t c e
ch a r a c t e u ’ i s t  i c s  ot  I 1 .1 1’ v .1% - S t~ei’e ex c i us  i v e l v  p u b l i s h e d  i’v I RN and I 1h i  I I  ips

t l lr o t l g h  19’4 i l l  seve ral  t e c h n i c a l  I)itpel’s. ~~ I n  l~Y’,I , t i l t’ f i r s t  papers
i~ crc  p ub ii shed on t i l t’ d e s i gn  coils i d er at  i ons  ait ~l model lug  of Vi. log ic

cc [i s  s 11 , as 1% E’ I I  ~i5 t I C  t i  i’st suggest  1011 b r  p e r t o r n h z i n c e  I nlproVelli t ’ul t

Lw p rocess  mod i f i c ~i t  ion ( o x i d e — i  so l a t  ion )  . ~ R e s u l t s  were  p re sen ted

at  t ilt ’ I l l  F F le c t  ro it l)cv ice Meet in g  tdl I ch e x a m i n e d  t i l e  sCilS it i v i t y  ot t i l t ’

VI. i i l ver t  cv  ga ui to  th e  ci l ar ac t  eI ’ i s t  i c s  of t he  n ’ i s o l a t i o n  c o l l a r  13

and t i l t ’ t t r s t  ma jo r  S t  r t i c tt i r a l  v a r i a t i o n  ot the  St r u c tu r e  ( s u b s t r a t e —

fed — log IL ’) w a s  proposed as a pe r fo rmance  a~iv , i n t  age .  14  i~ar 1  y i l l  1 ~Y’ S

I e x . i s  I n s t  ruilleilt s t ’evea led i t s  maj  or deve lopm ent  e f f o r t  i n  I — i • by t he

~1ulIlouil ceinen t  of t i le  SBP 0400 in i crop i’oces ~~~~~ 
1 ~‘

I ’hcre have been extensive pub 1 1 cat  ions  on I 1. aii~i i t  5 V a r  t a t  i olts

t rout l~
),S t 0 the prese il t  . I ’ilese ptil~ Ii cat  ions  gei~era 11 y t a l l  t i l t  o ca t e g o r i e s

o t’ ( I )  product des i gil ;lild i~~rfo rman ce coits I di’ rat  I 0il~~ 
• I’ • ~ 1
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~~ ) v a r t i l t i o l l s  on the  has it’ s t  u ’u ctu ro  t o  zm p r o l  e e l ect  u - i  ~‘a 1 p e r f o r m a n c e  ~c. g

the  use of Schot t k  d iodes  • ~ ‘ ‘  suh s t  i ’a t c -  feLl-  l o g i c  .‘ ~‘ vet’t  i ca  1 m o e  -

t ion l o gi c . ~ and f o l d e d — c o l l e c t o r  log ic 1 

~~~ • ~~~ model t u g  ot  t i l t’ h a se l  In c
VI s t r u c t u r e . 

1 5 ,  %~~~~~ and (-I ) ch a r a c t e i ’ i : a t  Ion of i’a d i . i t  i on  e f f e c t s  on

availabl e test st r u c t u r t ’s. ~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~‘ 
~~

“ t h e r e  ,t re  a l s o  a few I l ~et’s
t h a t  p r o V i d e  dat  .t i i i  a compti r I son of compet i t  I Vt’ [SI t echuo log i es • 

‘ ‘ ,‘ ‘l • 3 5

as w e l l  as c v i  tel . i a t ha t  c . Iu i  be ii sed j U  C oinj  1,11’ son l 

~~~
‘ lutl  i II~ t iut’ e a r l  e St

Papers , mo st  puh l is iled r e s u l t s  on VI .  c o n s i d er  i t  o n l y  as a di g i t a l  a r r a y

r a t h e r  t han  as a d i g I t a l  pocket  in  a ,unc t  t o n —  i s o l a t e d  d i g i t a l  ana log  a t - r a y

‘11w proct ’ss cons i der a t  t o n s  i l l  c o m b i n e d  LI i g i t  a t  a n a l o g  a r r ay s  a t e  comp I e~ • 
1 1

and have vet to  r e s u l t  in a contnle rc I a 1 product

1101) I 11101 vement in t h e  deve lo l I m eul t  0 t V I . tee  11110 1 og~ has been

~~ I a iv e  l y modest . [CON supported a desi gn s tudy  in an I ~I. f reque n cy

sv n t i i es  i:er dev e  lopnient as w e l l  as a t’o 1 l ow—o n e f t’ort  t o  d e f in e  pt’r f o r m—
i e ld  t rade—ot I s in [SI sh i f t — r t ’g ister arrays. Programs  in  c h a r ~t c —

t e r i za t  ion ot’ rad iat ion effects on a~ a l i a b l e  t e s t  s t r u c t u r e s  have been

supported s inct ’ 1 . -i Lw I1N:\ t h rough  a No rt Ii l’op c o n t r a c t  , ‘ and b t ilt’

N a v a l  Weapon Support Center  w i t  Il N a v a l  Spec i al Project Off ice support
More recent lv . these  s t u d i e s  have been supplemented  by I R~D st t i d i e s  at

Genera l  I l e c t r i c  , Boeing , F a i r c h i  itl , and h art’ i s  S e m i c o n d u c t o r .

1.4 Sumary

Conlpar ISOfl Ot~ two lv  ing [ST t e c h n o l o g i e s  i s tl i  f t ’ I cu l t  beca u se ot’

the wide  va r  i at ion s in the  na tu r e  of coinpet ing t e c h n o l o g i e s  and in requ i re-

ment s of potent ial a p p l i c a t i o n s .  R e s u l t s  LIt compar ing  VI  to  o ther  IS !

technolog ies are sualmari :cd subj ect I ye I y i n  Tab it’ I • I . I’hese result s .11 ,0

supported quant  it at i y e ly in the hotly of t h i s  report  . From tills subject i V L ’

compur i  son • it is  c tear tha t  VL is  a supe r io r  1,51 t e c h n o l o gy  in  t e r m s  of ’

eel 1 dells it v , power di ss pat ion . spt ’e d— power product . and t r ails  ic i l t  l o g i c

upset l C v e l  . I ~1. i s  b e t t e t ’  in  s w i t c h i n g  speed . ou tpu t  di’ I ye cap ab  II i t  v

~~ I —~~~ - .. .
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t empera tu re  range . long- te rm j on i zat ton stiscept ibi I itv , h i g h dose ra te

survix’ ab i I i t y ,  and e l e c t r i c a l  pulsed ovel ’st  ress s u s c e p t i b i l i t  than  most
MOS technolog ies , hu t i~ ce ’ ie r a l lv  we akcr  than  most riipolar technologies

in t h e s e  c a t e g o r i e s .  On ti le o t her  hand , VI, is at a d e f i n i t e  d i s a d v a n t a g e
to both bi polar  and MOS t e chno log i e s  in terms of neut 1’Oil damag e stu scept  i bi  l i t  y
and n o i s e  i m m u n i t y .  A l l  of t i le  m i c r o c i r c u i t  t echnolog ies are ca pable  of ’

per fo i’tnanc ~‘ over the f u l l  ml l i t  a ry oiw rat  i ng tempera ture  range ( — 5 5  t o + 1 ~ S ~ 
C) —

w i t h  t he  excep t  ion of n$IOS . w h i c h  i s  gene ra l l y r e s t r i c t e d  to (1 to ~O °C
operation . In genera l , t i le  t e m p e r a t u r e  des i gt p r o b l e m s  are most er i t  i c a l

fo r bi po la r tech n ol og ie s  a t l ow temperatures and most er  I t  i c a l  for MOS

t ech no log i e s  at h i g h  t emperatures .

I:or the t r a d e — o f f  a n a l y s i s , the ‘‘f our ’’ mask , ep i tax  I a )  form of
1 L can he def ined  as the comlnerc i a l  “base l i ne ” . f lv alu at  ion s have i)een

conducted by many l abora tor ies  to de te rmine  e l e c t r i c a l  performance w i t h

desig n v a r i a t i o n s ,  and some da ta  is a l so  a v a i l a b l e  on r a d i a t i o n  e f f e c t s

of these s t ruc tu res .  Two types  of cons idera t i ons are i d e n t i f i e d . The f i r s t

is an increase  in p re -ir r ad ia t ion  design marg ins for the same degradat ion
w i t h  radi at  ion s t ress .  In t h i s  case , hardness can be increased by the

a d d i t i o n a l  s t r ess  required to consume the  add i t iona l  d e s i g n  m a r g i n .

An increase in des ign  margin  of some paramet er s . however , can deg rade

other perfo rmance parameters of the array and set up tile c o n d i t i o n s  for

a t rade-of f .  For exampl e . a geometry  change to inc rease i f lvc rt er  gil i tl
w i l l  increase tile design margin for neutron damage ; but t ile same change can

decrease sw i t c h i n g  response and speed-power product .  The second case is a

decrease in  Parameter s e n s i t i v i ty  w i t h  r ad ia t ion  s t ress , even for the  sam e

in it  ia l  design marg in .  An example  would be m o d i f i c a t  iOfl ~~ ~~~~~~~ ing  to

harden oxide p a s s iv a t  ion l a y e r s , w h i c h  may reduce long—term iOn i :at ion

t ’f f e c t s  w i t h  l i t t l e  ef fec t on i n i t i a l  des i gn marg ins . It i s  also poss ib l e

to . in the best case, increase i n i t i a l  des ign  marg ins  and decrease r adiat j on
dailtage s e n s i t i v i t y .  An example would be a decrease of npn t r a n s i s t o r  base

w i d t h.

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Table 1.1 Subjective Comparison of LSI
Techr io loqies
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The overall conclusion of the trade-off evaluation is that

radiation hardness improvements can be achieved in”baseline” 12L, some of
which require performance compromises. It is clear , however , that not all
radiation hardness goals can be met by the baseline 12L technology and

advanced 1
2
L structures must be investigated to determine 12L applicability

in most severe application .

Results of the NWSC efforts show substantial promise in advanced

structures obtained from both Harris Semiconductor and Hughes Semi-
conductor. Principal competition in evolving LSI technologies for commer-

cial technologies is n-MOS and its evolution to CCD arrays. Application

of n-MOS/LSI to military systems, however , seems discouraging because of the
trend to optimize for performance rather than temperature range or
radiation hardness. Principal competition to advanced 12L for mi l itary

applications is CMOS/SOS. It remains to be established , however , that
CMOS/SOS is of sufficient commercial LSI base or hardness to long-term

ionization effec ts for hardened system applications. In many ways , ad-
vanced 12L and CMOS/SOS are similar as low-power LSI technologies, but

are quite comp lementary in key aspects of performance limitations and

radiation susceptibility.

1
11
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SECTION 2

2.0 COMPARATIVE E V ALUATION

A de ta i led  quant i tat ive evaluat ion between [SI technologies i s a

complex and demanding task . Perforntance par~ net ei~s of the  p r in c  ip a l  [SI

technologies are reviewed to present a discussion of the  i’e hit i t o  t rends  in

perfo rmance and to f i n a l l y  support ti le subject  ive  compar i  son presented in

the summary .

Elec t r i ca l  performance data on tile LS I technologies was obta ined

from that pubi i si-ted in standard product cata1og s L
~ 2 5 1 and t e c h n i c a l  rev I ow

articles. ~ Radia t ion  effec t s data were obta ined front  p u b l I s h e d  r e s u l t s

of s tudies  on commerc ial LS 1 array s , ” t  ~~ ~ hardened microc i rcuit s 5” and

LSI test c e l l s . 4 1 ’52

2.1 Cell Dens ity

Cell density is a critical [SI parametet ’  w h i c h  r e f l e c t s  component

y ie ld .  For a wafer  w i t h  s p a c i a l l y— d i s t r i b u t e d  d et e c t s  
* 

i llc l’eaS il tg c e l l

den s i ty  can a)  low arrays of g iven  coitipi eXi ty  to be real i Zt ’LI at gr e a t e r

yield.

Two c r i t e r i a  can he COnS idered as r epre sentat  i t o  of cL ’ 11 d e n s i t y

for a g iven IS I tec ilno logy . The fi t’s t is the  geomet ry ol a has i c l o g i c

ce l l  for s t a t e — o f — t h e — a r t  mask— l ayou t  vu 1 es. ‘i’yp i cal  I y t h i s  wou Id be a

basic  inver te r  of nominal  f a n — o u t  c a p a b i l i t y .  A second c r i t et ’ i a t’epresen—
a

1 -,1~~
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tative of cell density is the maximum comp l e x i t y  of availai)le arrays. This

has t u e advantage tllat practical limitat i ons due to layout prob lems and

o v e r a l l  p r o c e s s i n g  c o m p l e x i t i e s  are i m p l i c i t l y  i n c l u d e d .  ‘i’he disadvantage

of using maximum c o m p l e xi t y  of ar rays  as a c r i t e r i a  is the  d i f f i c u l t y  in

d e f i n i n g  an accurate  measure it t ent of clement  complexi ty  for arrays of d i f -

ferent  fun ct  ions  and technology.  As a pract  i c a l  m a t t e r , t h e n , t he  comparison

must be made of memory a r ray s  of common f u n c t i o n  w h i c h g i v es a su bt l e

advan tage’ to thos e technolog ies t h a t  lend themsel  VI ’S to a 1 urger  number

of i’egul ar 
* 

s imp le ccl Is .  This , the n , nay not be comp l etc!) r ep l ’es ent a—
t i v e  of i rregular [SI l o g i c  a r r ay s .

Logic  ce l l  geometr ies  for severa l of tile [SI t e c h n o l o g i e s  w h i c h
are def ined in Fi gure ~ 1 15 are represen ta t ive  of the  log ic c e l l  cr i t e r i a .
‘l’yp ica 1 memory array complex i t  i es present l y ava i i  ai )  1 e are su nul t iti ’ i zed i l l

Tab l e  2. 1 as repr esent at  ice  ot ’ the  a l t e r n a t e  c r i t e r i a .  Even for tile

menior i i’s , however , there  are van at ions in coding and decoding,  as w e l l  as 
—

van ions in y i e l d  t h a t  are cons ide red accep tab le  at a market  ai)1 e pr ice  •

C o n s i d e r i n g  these c r i t er i a , i 1 .  o f fers  the h ig hest c e l l  dens i ty

of a l l  b ipo l~it ’ t echnolog ies and is  conlparai ) le to t i-tat of sil  i con—ga te  n—M OS

and CMOS/SOS W h i c i l  are  con -parable as the  h i  gho st c e l l  de n s i t v  of the  MOS

t e c h n o l o g I e s .  S p e c i f i c  var i at i 0115 between 1 L , n-MOS , and CMOS/ SOS w i  11

depend p r i n c i p a l l y on th e  c leve rness  of the des ign , a l l owab le  desi gn m a r g i n s

in  c i rcu i t  and process I ng p~ ran leters 
* 

and t i le sever i ty  of CIIV iron m ent a l

requ i rem e i l t s .  i t  i s  i n t e r e s t  j u g  to note  that  each of these h i g h — d e n s i t y

technologies  are based on comiuerc ia 1 products , and each , in tu rn , are

h i g h l y su scep tib l e  to i’ad j u t  ion e f f e c t s .

For o the r  h i  p o l a r  t e c h n o l o g i e s , Sc h o t t k y — c l ~tinped I’l l i s  of

il i gh est  c c l i  d e n s i t y  w I t h  a sl i gilt edge over PCI , convent ional ‘I’TL and

r a d i a t i o n  — hardened I”ft . The pr Inc  i pal rca SOIl t h~it t hose 11 i 1)0 1 ar

13
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Table 2.1. Comparison of Cell Density from Memory

Array Comp lexit ies.

Relative Uensity
Stat i c Dynamic RUM Array Cell

________ 

RAM RAM 
__________ 

S ize Size 
—

IlL ~ ‘ 64 no data 1.024 0.05 0.1

S/ C TTL 5’ 256 no data 2 ,048 0.2 0.2

ECL ”6 128 no data 256 0.1 —

I2L 2s no data 4 ,096 no data 1.0 1.0

p-MOS ”5 no data 1.024 16 ,384 0.5 0.45

n-MOS”5 1 ,024 4 ,096 8,196 1.0 0.8

CMOS”8 256 no data no data 0.25 0.1

CMOS/SOS5 1 ,024 no data no data 1 .0 -

*No R/H IlL memory array is presently available as a standard product.
It is assumed that the density would be slightly less than that of
S/ C TTL.

p
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technologies are an order -ot’-niagn itude less dense than 1 L  i s  the area
required by diffused or thin-film resistor elements. This is compounded

in overall performance considerations by tile increase in resistor geoulet i’y

generally necessary in low-power designs mak i ng both object ives in  con t ra s t

Improved ccl 1 dens i t  I es in  MOS technologies are t u e result of

replacing load resistors I)) small —geometry act ive  ci eulent S. In  a~ldi t ion ,

CMOS/SOS elements can be closed—spaced on a dielectric substrate. The

advantage of silicon—gate n—MOS is the exclusive ’ use of i1~ gh iiiobi lit)- I l—M O S
transistor elements and an effective two— l ay er  cel l j i l t  ez ’coIlne ct io it  cap—
abilit y . The relative decrease in d e n s i t y  for  p—MOS is t i t lC to the r e l a t i v e 1~
low channel mobility. The cell dells i ty of bu 1k CMOS is I m i  t eel i~v the re—

1 at ive ly large number of’ elements requi red as well as the  neces sit>’ of gua rd

bands to prevent paras i t  ic trailsi  s tor  e f fec t s .  t ii general , howe v er , a l l  MOS

technologies offer a subst ant i a I advantage  i it cell dells it y compared to h i  —

polar technology with the recent except iOn of I ~L. This advan tage  in cell

densit y has been a Iuaj or fac tor  LII tile rapid development of MOS/ I,S l

2 .2 Electrical Switch ing Speed

The e l e c t r i c a l  swi t ch ing  speed of an array i s  det eniu i ileel by t i le

sig nal  propagation delay of tIle i I lt ernal  logic cells and by tite’ t j ute re-

quired to dr ive  an ex te rna l  load . In addi t ion , the  na ture  of sw itci ling

speed , as i n f l u e n c e d  by oper ilt ing conelit ions 
* 

var i e s  betweel l I SI  t e c h n o —

log ies. This  variation w i t h  test condition can be de f ined  i l l t o  t hr ee

categories :

1 . f ixed supply vo l tage, s w i t c h i n g  i’esponse such i ts  l i t . ,

S/C ‘ll’l, , E d ,  p—MOS , Il—MOS ,

2. variat i on of s w i t c h i n g  t i m e  w i t h  supply v o l t a g e  such as

CMOS , CMOS! SOS, and It

16
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3 . va r i a t  loll of swi tch ing  t lut e w i t h  b i a s  current  such as
FL where in addit  t on in each case, there is a variation

in each case with specitied load .

Typical  s w i t c h i n g  t ilues ( i . e. , propagat ton delay) are sununar i zed

in Table 1.2 for the variety of LSI technolog ies. For the TTL technolog ies

the switching time varies  w i t h  the design parameters as reflected by the

nominal , -L and -Il standard series . Similarly, the switching response

of PCI arrays is a function of circui t design. The value quoted in  Table

2. 2 is representative of the Motorola 10 , 000 series whicil is a compromise

between the fastest switching speed anti power dissipation.

Electric al switching response of MOS/LS1 arrays  is a function of

design for single-polarity (p- or n— MO S) or design and supply voltage for
cMOS. In  general , the s w i t c h i n g  t i m e  deci ’eases with increasing supply

vol tage, but the na tu re  of the circuit operat ion reqttires specific voltages

for p-/n-MOS while CMOS can be operated over a wide range in supply voltage.
Increasing the supply voltage also increases the output drive capability

of a CMOS array ; however, the supply voltage is limited by drain-source

punchthrough of individual transistor elements.

Electrical switching response of I Th is a func t ion  of t u e  in-

jector bias current. At low currents the speed-power produc t is constant .

Therefo re , 1 pJ FL wi 11 have a propagation delay of approximately 100 IlS

at a bias current of 1 ~A per stage. At high b i a s  cu r ren t s , the switching

response is limited by carrier storage time in the 111)11 transjstor element .

The minimum propagation delay is on the  order of 10 ns for “bas el ine” I I .

technology .

From the data P resented j fl Table 2 .2 , bipolar technology

generally has a switching speed advantage over the MOS technology. The

overlapped exceptions are FL which is  a r e l a t i v e l y slow bipolar tech-

nology and CMOS/SOS which is the f as tes t  of the MOS t echno log ies .

17
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Table 2.2 Sun~iary of LSI switching response.

Propagat ion lest
Technology Delay Load Conditions

a. IlL : 54L 33 ns 50 pF/4k12 V cc = 
~ V

III: 54 10 ns 15 pF/400c2 Vcc = 
~ V

IlL: 54H 6 ns 25 pF/280l~ Vcc = 
~ V

S/C IlL: 54LS 10 ns 15 pF/2k11 V cc = 5 V
S/C IlL: 54S 3 ns 15 pF/280kQ ~~ = 5 V

R/H TTL: R54L 45 ns 50 pF/4kQ V~~ 
= 

~ V

R/H IlL: R54 10 ns 15 pF/400i2 V cc = 
~ V

R/H IlL: R54H 8 ns 25 pF/280l~ V~~ 
= 

~ V

ECL 2 ns VEE = -5.2 V

12L 1 ~s C = 10 pF ‘EE = 1 i~A
1 1 20 ns CL = 10 pF ‘FE = 50 1iA
12L iO ns CL 

= lO pE 1EE = 1 mA

b. p-MOS 250 ns CL 
= 20 pF +5 V/-12 V

n-MOS 100 ns

c. CMOS 70 ns CL = 20 pF V DD = 5 V
CMOS 30 ns CL = 20 pF V DD = 10 V
CMOS 25 ns CL = 20 pF V DD = 15 V - 

-

d. CMOS/SOS 2 ns ring counter VOD = 10 V

CD4007 4 ns CL = 2.8 pF V DD = 12 V

CD4007 25 ns CL = 30 pF V DD = 10 V

a. 1.1. III Data Book for Design Engineers 5’
b. Intel Standard Products Catalog ”5
c. RCA COS/MOS Data Book”9
d. NRTC CMOS System Study Report5”

0
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2 .3  Power Dissipation

i iit’ powe I ’ d i ss i pat  L O l l  ill ~Lll LS I a r r ay is to var i otis degrees a

t t i n c t  ton  of c o i l  t ies i t z i t  , c lock r a t e  (o r  f r equency  ot opt ’ rat  i o n )  ant i out put —

load  t i ~g .  }:~~i. b i p o l a r  t e c hn o  log it’s the pow ’t’ d i  Ssi pat ion is  genera l 1) the  - -

s lUR ’ tor o i t i i t ’ r s t  ,t t ic  1 t i vnan  1¼ opera t j o l t  au~i det  er iti i Ilet i h> e i t i lel ’ t h e

I i  xed c t r c u i t  des ig i l  or h i t s  t’lii ’ r el lt  . l o t ’  p -- / ll— ~’K)5 t e t ’I t n o l a g y  , t i l e  l)o~~’i’
d t s s  I p a t  ion i llc t ’e, tses w i t i l  i l l c t ’ e a s i l I g  f r equency  of ’ opet’ at  loll , but t h e
st .it 1 ¼  pOw o i’ d t s s t p a t  ion  cxc 1 ud it l g  dyuait t I C —ot~1 a r r a y s )  i s  a s i gil t t’i ¼-an t

t r a c t  ion ot t h e  t o t a l .  CMOS , i t ’ t ’a v s , ott t h e  o t h e r  hand , exhi b it ~¼’rv low

~ t .1 t 1 
~

- pow e ~ d i  ss i pa t  i oil , h ut a st i.oi~g v a r  i a t  OI l 0 t tl > ’ l lZlIf l  i t ’ d i  Ss hR~t t  1 O t t

w i t i  t 1-equenc 01 opt’ 1 , 1  t i Oil and out put load

l o g i c  ¼-e l  I po wer  t i i s s i p a t  ion  to t ’  t h e  151  t e t ’i~n o l o g i t ’s a re  s t i n t —

m a r t  . t ’tt i n  lab Ic  1. -~ t’o t ’ s t a t  i ~
‘ o h ) ¼ ’l ’ a t t o i t  and opt ’ t a t  ion at  .1 C lock i’at e

of 1 ~ll I : .

Iii gent’ i’a 1 • the MOS t e~- h t n o  log  i es hay  e an , ij v a n t  ,t~:e i l l  p Ohei ’

d is s i pat i Oil 01 Ci’ t he  h I pol at’  t t’cllilo log i es , w i t  Ii tilt’ ti r~tnia t c cx t’e pt iOn o f ’

F t . .  I h e  low pOl* t’1’ t i t s s i pat ion o f ’ Fl  anti illS a t  low c l o c k  r a t e ’s i s

p ar t  i cut  a r t Y  i mp r e s s  I C ,  Ilit ’ pi ’ in c  i pa I d i  t f e l ’ el lc e  i s , howe v er 
* 

t h a t  t I le

1 ow pow el’ opt’ rat ion o t~ 1 2 t, must be oht  ~t j ned by low hi .is and long sw i t  cI~ i ilg

times must  he spec i f i e d . W i t h  CMO S. the  sw i t c h  i t i g  t r a n s ist o r  t inc

rena il ls  C O I l S  t a t t t  , b u t  t i l e  t o t  al  av t ’I’~igt’ p owel ’ ¼I 155  i pat ion dec t ’ t’dsCs t~ i t  It
dee r eas i ng ¼’ lock t r e q u e n c v

2.4 Speed-Power Product

Rt ’~-au se  0 t t h e  coin~ 1 cx i t j e ’S i n  t’ontpa 1.1 ti g sw i t  ci, i ng speed and

1’¼~~~’i d i  551 pa t  lOll bet i~een v a r  io n s  I S  I t t’cilllO l o g u e s  , t ito produc t ot power

di  ss i pa t  ion anti s w i t c h i n g  speed ll , I s  been used as a f i gur e’ 01 u te r i  t . For

most 1,5 1 t e chno l  og les . t hi s 15 ,t st r~l i g ht  forward product  of ’ t i t e  s tat  I c

p owe r ¼1 155 ip a t  1011 and log i e c e l l  pr opagat  ion dcl .ty .
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Table 2.3. Summary of LSI Power Dissipation .

Power Dissi pation per Gate Test
Stat ic Dynaiiiic Conditions

III: 541 1 iiiW 
~~ 

= 5 V

(ref.51) 10 m W  V cc = 
~ V

5411 22 miiW V
cc ~ V

S/C IlL : 54LS 2 mW V~~ 
= 

~ V

(ref.51) 54S 19 mW 
~~ 

= 5 V

R/H TTL: R54L 1 iiiW Vcc = 5 V

(ref. 51) R 54 10 iiiW Vcc = 5 V
R54H 23 mW V cc = 5 V

ECL (ref.46) 25 iiiW VEE = -5.2 V

121 (ref. 24) 0.7 i’W = 1 tA
40 ~iW = 50 ~tA

800 IIW 1EE = 1 IIIA

p-MOS (ref.45) 1 mW

n-MOS(ref.45) 0.3 mW Intel 2104

CMOS ( CD4000B) 5 ~‘W 1.5 IiW / kHz V OD 5 V

(ref. 48) 10 pW 6 iiW/kHz VDD 10 V
15 11W 16 IIW/ki- i z V 00 

= 15 V

CMOS/SOS 12 11W 15 liW/kHz VDD = 12 V

(ref. 54)

0
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‘I’lle cal cu I at i ou becomes more cotup It’ ~ * however • when t he dvn anu ~~t
’

powe r d i ss t pat i Oil doiti Lil a t t’S the  s t a t  Ic pow’e’r d i  ss i  pa t i on .  An add i t  ioi ta  1
que s t io n • coituton to . i l l  new low — powe i’ LS 1 , i s accou n t i ng for t h e energy
wil l cli must he commit ted to t he externa l capac i t  i r e  1 oatl . I-or a I t)g i C

sw i iig o t :‘ I o t t  s antI a IL) p l: Ou t  put c .tpat ’ i t ai~ce , t h t’ load ellei’g v i s  ISO pJ
h ’hiis is a it ’i ’V  s i g u t i t l t ’~i i i t CtlC1’~~V l i t  an 151 t e ’t’hll t o l o g v  whlt ’re ti tt ’ i n t e r n a l
energy fo i’ 11110 i ’mat I oti st  o t’ .i~:e ’ t s cot upa r a b i e ’ t o  or I t ’S 5 t h a n  the  1 oad energy

Speeti power produc s for the 1 ,51 t cc liuto log i i’S a t’t’ su mmz ir i  ed ii~
l a b l e  2. —I.

Output Drive

i ’o i t s t  dei ’at ion o t’ 0111 p ut di’ u~ e and t ’ont pal ’ i son ot 151 is  a t to t  her
cOltip 1 cx s i t  u . l t  I Oi l .  In  gt ’Ite ’t’a I , c i t  he r ~K)S - r hi  Pt) 1 at’ e 1 et t ie l l t  5 t’a n he’

i gitetl to d ri le ’ v I t’t ILl 11 V all > ’ iti t c roci et’ t t~0il i t ’ 1 t’,tt l . h u t ’ pi’~i ¼ ’ t i Cal  i ’e—
St I’ i et  tO i l  , how ev e r • i s t i l t ’  t o t a l  e 1 e’tl t etl t geolnet i >  t hat  can be comm i t t  etl

to  t he Out put  i nt  ci’ f ac e  t l et ’ t’ ssar v . i n  MOS t echno I og t i’s 
* 

t he  out put tir a i t t

c u rr e nt of ’ a t rai ls i s t  or ci enleil t  can he expt ’es sed up t o  P i t l c l l — t )  f t  as -

- 
-

= ~~ [2(V - V t )V ds - v
~ ] (2.1)

h i t  Ii t h e  it i i i  in tu in 1 engt ii o t~ t h e  channe l  i’es t V l  ct eel by ma sk to  1 ei ’aitces and
coils t dt ’i ’a I I oils of ’ > 0  I t  age b rt’ak dow n • t h e’ out put  e’onduc t alIce’ is  then  pro —
port  i ouial to tilt’ cilail i le 1 w ij t h .  1 n cr e as  i ng tilt ’ channel  w i t i t h  , l towe ’vet’ ,
i ui c i-eases  the ga t e c ,ip at ’ i t  ant ’e Of  tilt’ out put St age and inc  t’ea ses the  t’a pac i —

t anc e I oa~i on t h e  lilt ci’uta 1 log I t ’ c e l l  . l I t i ~ I ilC I ’e,ise’ in c apac i t  ailce has
.i fit’ s t -o t-dei ’ e f f ec t  on c e l l  e l e c t r i c a l  sw i t  ci~ i ng respoi lse  t line .

i’hc out p i tt  Coilduc t 1111cc o Mt)S t ra i ls  i s  t or clement  s is pt’opot ’t i omit 1
to  the  cha ilne 1 m o b I l  i t y  . I ’hus , I I— t’ha t l i l e’ 1 e 1 eltlt’ilt 5 ha v e’ an Z t d V a t l t  age of ’ abo ut
a t . i c t O t ’ —~~t —  t h re e ’  o~ ei- p — d I a n n e  1 e I eu ttent s due to  the  i’d at i >  e Va h i t’ o t ’ ci  c c—

t ro it and h o l e  ni ohi  l i t >  in  b u l k  s i t  i c on .  l’he decrease in  c a r r i e t ’  m o b i l  i t ’  0

____________________________________________________________________ ___________________________________ ,—
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Table 2.4 Summary of LSI Speed-Power Products

TlL :~’ 54L 33 p3 
~~ 

= 5 V
54 - lOO pJ V cc = S V
54HH 132 p3 V~~ = 

~~ V

S/C TTL~’54LS 19 pJ V cc 
= ~ V

54S 57 pJ V
~~~~

5 V

R/H lTL~
t R54L 45 p3 V cc = 

~ V

R54 lOO pJ ~~ 5 V
R54H 173 p3 V~~ = 5 V

ECL ”t 50 pJ V EE = -5.2 V

12L
24 0.5 p3 1EE = 1 ~iA

1.0 p3 1EE = 50 itA

5.0 p3 1 EE = 1 mA

p-MOS ”5 100 p3

n-MOS”5 10 pJ

CMOS* ”8 125 pJ V 00 
= 5 V , C1 

= 0

500 p3 V DD 1 O V , C
L

O

2400 p3 V DD = 15 V , CL 
= 0

750 p3 V 00~~~5 V , C1 50 pF
3000 p3 V DD = 10 V , CL = 50 pF
8000 p3 V DD = 15 V , CL 

= 50 pE 
,

CMOS/SOS*S~ 72000 p3 V DD 
= 12 V

*

Energy per switchi ng transition

0
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w i t h  increas ing temperature is a si gn i f i can t  design consideration for MOS

arrays.

The output conductance of MOS elements on sapphire is somewhat

less than that of bulk silicon due to a decrease in carrier mobi l i ty .  This

decrease in mobility may be as great as a factor-of-three for thin silicon

films on a sapphire wafer. Research is still underway to improve the semi-

conductor quality of the silicon film.

For bipolar transistors , the output drive is typ ically that of a

common-emitter collector current which can be expressed as,

= ~~~ [ es
be 

- 1) + jcs e
OVbc 

- 1)]. (2.2)

The output current , again , is proportional to the area of tile

transistor within limits of sustaining current gain at the required current

density and limitations of current crowding and high-level injection.

In general , for elements of comparable geometry, the output drive

capability of bipolar elements is substantially greater than that of MOS

elements. Of the bipolar technolog ies , 12L is at a principal disadvantage

because of the relatively low gain of the output inverter. Alternative

output networks have been suggested which take advantage of high transistor

gain, but these networks may involve isolation techniques that may intro- •

duce the possibility of latch-up . Also , as opposed to MOS technologies ,

the worst-case for bipolar elements is at low temperature where tran-

sistor gain is m inimum.

For MOS technologies , n-MOS is most favorable for output
conductance and CMOS/SOS the least favorable.

0
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2.6 Noise Immunity

No i Se in i tnun it  V i s  One ot t i l e  most  contp I cx pli rantete l ’s to t i e f i  ne
for  any t e c h n o l o g y  

* 
as we l  1 115 di f f i  c u l t  to  coitip are be tween  t e c h nol  og i Cs

I t  cat i  be defined in  a v a r i e t y  of w a y s  and shou ld  he re ferenced  to both

ti le i npu t  t e r m i n a l  of a log ic ce l l  as w e l l  as to t i le  power supp l y.

Referred  to  tile i nput , t i le pe r fo rmance  it t easure is t i le v o l t a g e ,

ciii ’ i’ent 
* 

and/o r  e n e r g y  i.equi red to  it lduc e a log ic error w i t h  t h e  l o g i c

ele t t ie t it  at t i le most s e n s i t i v e  bias of tile 0— or 1— l o g ic  s t a t e .  A s im i l a r

d e f i n i t i o n  can a lso  be used at tile p ower—supp l y t e r m i n a l  of t i le  a r r a y .

Regula t ion  requirenlents at the  power supply te rmina l  should a lso  be consid-

ered (b ut almost never are). That is , in a technology :,u t c h It S TTL , and

ther e  is a si  gii i t i c a it t  pO wer  s u p p l y ctu ’r cnt tr ans  i cut  t iui ’ing s wi t  c lung .

Tile r e th u i  ret itent for  vo l t age  r e g u l a t i o n  t itu st  t i l e- I-i be cotis i Ste t it  w i t li P°’~’”
supp l y f i l t e r i n g  to minit t l i :e  tile effects of tile S l~ t1It 1 - induced c u r r e n t

slli ’ ges .  I t  is sugge sted t h a t  for  LSI a r rays , p ower / sup p l y ground n o i s e

itiutiUfli tv i S more cr i t i c a l  t i lan inp tt t  llOi se imtt iwli ty  . J to t as foi ’ ou tput

conductance , i t  is necessary to s p e c i a l l y  t iesi gn t i le  i i lt e l ’f, i - : e c e l l s  of

an array, even with trade—o tfs in e l ement  gooitictr> ’ and ~~0ts ’t t h i  ssi  p~t t  10 1 1 .

l eIlcral ly , i n t e r f a c e  ne twor k s  for  botil n—M O S and I — I are des i go ‘d t o  h e

e s s e n t i a l ly those of ‘I ’ lL  and i t  is  expected t ha t  i n t e r f a c e  Ii , ) Sc i imn un i  t y

would  be coinparab le.  Power  suppl y /ground  no i se  in tmuni  t y  
* 

i lOw eVe i ’ , is

common to a l l  in te rna l  log ic ce l l s of tile LSI array .

In terttts of v o l t a g e  noise It larg itl , as sul mt t a r i  :ed in ‘tab le  2.  ~~~,

CMOS ( e i t h e r  i )u lk  or SOS ) 
* 

wi thi a noise tuarg in approx imate l y equ al to  45

percent of , has a c lear  advan tage  over  other b ipo la r  anti NtIS techno-

logies. The noise  marg ins of n-MOS are e s s e n t i a l l y  tile same as t h a t  of

TTL-compat ible  in t e r f aces .  For bi polar  tech lnologie s , t i l e  v o l t a g e  no i se

marg in of ECL is somewilat less than that  of TTL. There is  110 exp ei ’ i u l t e i lt al

data  on the  in te r faced  vo l t age  noise margins  of FL.  Ca lcu l a t ed  r e s u l t s

24
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indi t’;itt ’ t h e ’ wot ’St— t’as e’ n o i s e  tit a rg in  as appz’ o~ i t n a t t ’ I y  ~0 tnV , wh it ’it Is s igil i —

t i ~ -a tlt Iv  less t han I’ l l. and su b st a n t  in  l i v  less t h a n  CMo S.

N t ’ . 1 Se’ LflhlflLifl  i t  V C O l t s  i e I t’ i’ii t  ions  at t ile power stip h’ .  I y 0 t ’ i’lit n i s i ton Id  l il-

t’ I utk ’ hot ii t h e  t’a uge ot  i o I t  age oi’ c i i i ’  t ’en t wh I ~‘h t a l l  be ace’oiiittio da 0 ed ar id 0 1w’

r e g u l n t  toil requ i r e m e’i lt s  r e s u l t  i i tg  I’ro m t’tit ’re ’ nt  01’ v o l t a g e ’  p u I ’~’s . l i t  t h i s  t’act - .

fl’l, . I C I , 1’ .—MO S and i t — M U S , i i ’ i ’ ,i~~’~ i’ t ’~~o i  i’e w et I t ’ t ’t~t i l  i t  eel supp I~ v o l  t a ~~c ’ — ~ ( t o t , t  I

a t ’ i . i i ’.  t o i l  I e~- w t hai t  ofle’ t o I t  I . l i i  t w I a S I gil t I i  can t  t’ e’~~u I I’eit ient t o t ’  I t  I.  i ’ec . i t i ’~e-

t ’ .t tile’ power  st i I ’ . i ’ . lv  t’ t I I ’ t’ eiit  ‘~ui’g e’w t h a t  oct’Ii i ’  d u r i n g  a -.i%i t c h i n g  I I ’ans i e i i t  . On

t he o t h e r  hand , hot  ii i~~tOS antI  Ft  have ’ ,i i i i  t~h t o l  e’i’ance t o t ’  v i i ’  1.0 I o t t ’ - i n  i~~ w i ’

suppl ~ t o l l  t~~~- 01 ’ ct i i’i’ e’i i t  . l i t  t Mfts , a de ’ci’ e’a st’ i i i  sii 1 t i ’ .l\ t t ’ . h t , i c’ t’ ewt i l t s I I ,

a dec i’ea -~e i n  sw t t  c l i i  ng ‘~I ’ t ’ed and no i Se’ ma i ’ t~ i n  b i t t  tl~ e- . i lo t  i’ t ’- — l i  I t  i i i  op t ’ r a t  0 1 1 , 1

i l i i  t’e’ . lvi’. t t ~ all . t he’ ~‘~l0S 51111111 v t o I t  age’ c,i it  he ~‘e ’ I Ce’ t ed t eon ~‘ t o I ~. . l i i

i i i  I — I .t I’i’.i\ . t ’.~~’.t
’ r a t  lOl l is C i’eel t I ’ .  I t ’  Ot’e’I’ .1 is I tIe ’ i’;ille ~t’ ot  h Ois t ’ 1 ‘~t l ~’.~~ I l~ i i  ~ t’ t i i

i’ent s (1  v 1i c , i l  h I ~ i \  t o  I m\  i~ ’r gal t ’)  . A s  t ile’ ifl ’.we’i’ St i l ’ . i ’ .t~ C i i i ’t ’ t’il l i~~ de

e~ i’e’;i Se’cI . ilOis e’t’ t’ I’ • t ile’ e lee t i t  e’a I ,~5 t cii i t iC, t l ilt’ I ‘~ L i l t ’ i~t ’ ,l SCs I

N o t  se’ i I t t n u i p t i t ~ i t  s i g n a l  jn tei ’ t ,ict ’-~ ca ll  a l s o  be’ e ti,ir , i ct t ’i’ t .‘ e~t t o

t’i’it tS ot  t itt’ lit ) I we C’i t ( ’ i’ l \  I’t’(~tii ’ IcCl 0 t) CIiLi5C ~ ,i I t ’.g L c ~ ‘ i ’ror i - a t  Ile ’t’ t han t lie ’

i t O  I 5t ’ oh  t ;1g ’ I eve’ I . l’h i 5 ito i st’ e’ne i’gy t’ . I t i  he tie’ t’ i h e ’d as

~N 
= 1N 

• ~p ( ;‘ . 3)

t s i i t  Fe’ \ aitd t~ .1 i’e’ t ilt’ 110 1 Se ’ t o  I t  age ’ a ilti t’ii~~t’e’nt t o t ’  ;i I Ve ’lt p it  1st’ w i  cIt it .

* at  til e ’ lilt er tat’t’ node ’ as  shown iii i 1  gti t ’ e 2 , 2

~~~~~~~~~~~~ Ico~~ 
R IN~~~~~~~~~~~~~~~~~~~~~~~

F i g u r e  2.2. Gate Noise Ininunity Characterization .
I
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I
l’Ile d r i v i n g  po in t  impe ’dance at t h e  in t e r t a c e  notl e is  esse i lt  I a l l y

t h t ’ pai’al le’l combi nut ion of the  res i s t ances  anti t h e  sum of t i t e  n o n — l i  n ea t ’

capac it at i c  C’s . I t ’ t ite con duc ta i l ces  are 1 at ’ge coitipa red to  t lie c i ipac  i t  i t e

s l i scept a i lecs  , t h e  express  ion t’or tlO isC energy c ;ii i be apj )i’ t )x lh i i a t ed  115

V2

E
N 

= 
R ‘ t (2.4)
0 p

w i ie i ’ e I~ is ti lt ’ combined  ti l ’ j V  I ii g— j )O l il t l’e’S iS t Ililce. C I l i c l i l l i t  i O f l S  iii a

Not ~it’ o l . t  .1 1) 1) 1 t e j t  iou n O t e ’ u i~ iii g t lie ’ i’ e’s i St i t e  foi’t t t  t)t t l t c  e n e rg y  et h i l l i t  toil

lli ’ e’ s h u o w ~ t oi’ I I l  . in~i ( ‘Nil S te -c it itul ogi e’s i i i  ‘Fable  2 . ~s • (‘o I’ l ’esp oilel iitg c a l —
c u h , i t  e d  s, , i l i i e ’s t ’ot’ l ’ I ,it’ ~ sltoisii a n d are’ h aset l  Oil a I pJ s l ) t ’t’ei — powei ’ p i ’o_

tItle 0 t t~~~
’ hi i io  1 og~

Co ii~ i d~’rcel 111  t e  flits of ito se e’I t c ’r gv  , t li e ci’ i t i cli i ci te  t’ gy i s

~tj p i ’ o \ i i t t a t e I v  t h a t  e’ O i t t i t i i t t e t i  t o  t h e ’ storage ’ ot ’ d i g i t a l  in t o n t i a t j o l t  i l l  n i t

ar r . i v • wi t  i t ’ll is r e t !  cc t eel by ti lt ’ sp e e d—  ~~~ er pro d uc t  t ) t  a t t ’cililo log)’ .

:\ low—power  t Ce ’ inology w i l l  tend to low 1101 5C iii tiitUil i ty  , and i nput and

output  in te r faces  must be t r ail st ’o rit lctl to i l igh energy l e v e l s  (such Its

‘I”I’L or CMOS) . This has been t h e ’  case’ i l l  tile ’ ev olut  ion of s i  I iCOIl —

ga t e  n — MOS tutett io r I es wi l e’ i’e j i l t  e r i t a  1 110 Sc ’ t t tlt t ’g i l l s  lLi’C le’s s t h a n  201) ti\

l in t  l i l p i t / O l t p u t  i i t t e t ’t  aces ;u-e ,it I ’ l l , levt ’ls .

Tempera ture Range

A l l  h i  po l lil ’ 1,5 1 t e c it i t o  log i e’s , t i tc  1 t id i ilg I I • c , t t t  In’ t j t i a  11 t ’i eti

o v e r  t o e ’ f u l l  m i  I t t a i ’ ~- t emilj )t ’ i ’a t t i i ’ t ’ r a ng e  ( —
~~~

.° o : t o  ÷12 5 ° C) • S i t i i i l a t ’ i v

al l Mo)S t e c it i t o l og ie ’ s can  I i. ,’ qu I l l  i l l  ed o t e r  t h e  liii I r amt ge ’. hu t  there’ is

a t t’ i t t h t ’ i t L ’> te) tIe ’s I ~it MOS / I S I  t o i ’  L’e) imtme ’ i’c i~i1 l’li t h t ei ’ t h ILi l  m it i 11 t at ’~ . equ I Fe’ —

ment  s . \s a re’sti it , V I r t  Un 1 l y II I l  s i i i  c o il— gate ’ il—MOS alit1 CMOS/SOS ,i i- i- ,i~ s

presen t i v  ~it’ a I l ab  it’ are’ spec i t ’ i eel toi’ oh )e ’l’at toi l e )te ’t’ t h e  I ti t t i t e’eI range’ 01

0° C t o  70° C.
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Design prob l ems for MOS arrays  are severe at 111gb temperatures

due to increases in junc t io n  leakage currents  and the decrease in carr ier

mobility. Conversely- , the design prol)leins for bipolar technolog ies arc

most severe at low temperatures because of the decrease i n  transistor gait).

2.8 Radiat ion Effects

Quantitative comparison of LSI radiation suscept ibil I t y  is

contp l icated by var ia t  ions  in fa I l u r e  criteria i ittpl ic it in av~t i lab le data.

I t  is f a i r l y ea sy ,  however 
* 

to idenl t  i t’y tile relat i t  e st rengths  nile1 w eak -

nesses for each technology for each aspect of the nuc l ea r  env i ronment . A sum-
mary of approximate fa i lu re  levels  for each ISI technology is  presented in

‘liable 2 .6 .

Neutron displacement damage i s  a significant concern for a l l  bi polar
technolog ies and is of l i t t l e  concern for MOS technolog ie s . The p r e d o m i n an t

effect  in MOS damage w i l l  be iOn iz ing  rad iut  ion ra t  hen ’ t h a n  h t e ’Ut t’ t ’n eli 5 1 ) 1 11CC —

inent daniage alone. This is p a r t i c u l a r l y  t rue in  CMOS ’ SOS wh v r e  the Seitt i —

conductor material  i s  qu i te  disordered i n i t i a l l y and nua ~ ht’ less valid for

advanced ~~S technologies that  rely on h i g h  q u a l i t y  h u l k  semic onduc tor  for

low thermal leakage currents.

Of the bipolar technologies , neut ron damage a f f e c t s  Id , ‘I FL ,

S/C TTL and 1 L  in increasing order. The v a r i a t i o n s  i n  suscept i t ’i l  i t y ’

for ECL , TI’L , and S/C TI’L are small  compared to potent t a O  d e s i g n  t rade-

o f f s .  Each can be designed for acceptable performance ’ :it neut ron le ’v e i w
14 15 “ , .  ,between 10 and 10 n/cm - The neutron damage s u s c e p t i b i l i t y -  ot F l ,  i s

subs tant ia l ly  greater with probable f a i l u r e  between 10 ) 1.) and 10 1.1 n / cm
for the baseline process. Detai led considera t ions  for i 2 i. t leut ron damage

effects  and hardening techniques are presented in Sect l oll 3 of t h i s  re’port .
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Table 2.6 Summary of LSI Radiation Hardness ’t

Critical Neutron Critica l Total Logic Upset Electrical Pulse
,Fluence Ionization Level Overstress

n/cm2 (1 MeV ) rads(Si) rads(Si)/s ~tJ @ 1 pS

TTL 5 x 1O~~ 1 x 10~ (1 - 5) x 108 13

S/C TTL 2 x l O  3 x l O b ‘t~ 2 x l 0  5
7 **

C’ 5 x 10

R/H TTL 1 x io 15 1 x 10~ 5 x io8 no data

ECL 2 x 1015 1 x ~~ 
-
~~ 2 x iod 

- ‘-  8

12L 3 x iü~~ (0 .1  - 1) x io6 (0.1 - 1) x l0~ no data

p-MOS ~~l5 (0.01 - 10) x 106 2 x io8 
-
~~- 12

n-MOS > io~~ (1 - 100) x 1O 3 “ti 1 x 108 no data

CMOS > io 15 (0.01 - 5) x io 6 -
~~- 1 x l0~ 

* 
-‘-  190

7 **‘t ’ 5 x 10

CMOS/SOS 1016 (0.01 - 1) ~ io
6 

( 0 5  - 10) x l&0 - ‘-  0. 1

*narrow pulse )
possibility of radiation-induced latch-up

wide pulse 1

I
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For the effects of long-term ionization , all MOS technologies have

an intrinsic susceptibility substantially greater than bi polar technologies.

Long-term ionization effects can be significant in low-power , hig h-perform-

ance bipolar microcircuits such as operational  am p l i f i e r s , S/C ‘fl’L array’s

without guard bands, and J [, at low bias currents. In general , productiotl-

leve l bipolar technologies can withstand greater than 1 Mrad(Si) and hardened

structures can perfortit well after an exposure of 10 Mrad(Si).

The genera l threshold of concern for comittercial MOS is on the

order of l0~ rads( Si) .  Harden ed bu lk CMO S, Ca tl i)e cons i s t en t ly  produced w i t h
high performance after a 1 Mrad(Si) exposure. Effort in the development

of hardened CMOS/SOS has resul ted in laboratory arrays  of h ig h perforutance

for exposures of up to 1 Mrad(S i ) .  On the other hand , commercial  CMOS/SOS
and n-MOS IS! s t i l l  hav e high long-term ioniza t ion  suscep t ib i l i ty  beca u se

of design t r ade-of f s  which enhance e l e c t r i c a l  performance but compromise

hardness.

Tile long-term ioniz~ttion susceptibility of FL has not beeil i~ell-

defined . Some data on test s t ruc tures  suggests s u b s t a n t i a l  s u sc ep t i 1) i l i t ~~

at exposure levels less than 100 krad(Si) at low bias currents , and - -

other data on test s t ructures  suggests high  per forntance at exposure levels

of grea ter  than 1 Mrad ( S i )

‘l’rans ient  log ic upset suscept i b i l i  ty of 1St is genera ] ly determined

by the elentent isolation technique . Bipolar and static MOS array’s usitlg

j  - action isolation of elements on higil lifet imtte (i.e., non—gold doped ) sub-

strates generally have logic upset levels on tile order of S x 10 ’ to l0 ’~
rads ( S i )/ s  for n a r r o w - p u l s e  exposure (~ 

30) n s)  , w I til a decrease of ci ’i t t e a l

1
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dose r a t e  with increasing pulse w i d t h  to about an o r d e r - o f - m a g n i t u d e  lower

.nt w i d e  pulse  w i d t h s  (,~ 2 ils ) . These tec hno log i es are a l so  p o t e n t i a l l y sus-

ce p t i b l e  to r a d i a t i o n — i n d u c e d  l a t c h - u p .

Tile l og i c  upset  l e v e l  is  inc reased  s u b s t a n t i a l ly  b y d i e l e c t r i c

i s o l a t  ion  of tile active ele tt tents. I l l b i p o l a r  TTL , t he log ic upset l e v e l
ca n he’ increased to above lO~ rads (Si )/s ith decreased  pu l se  w i d t h  sen-

s i t i v i t y ’ . D i e l e c t r i c  i so l a t i on  in CMOS/SOS f u r t h e r  reduced t i l e  a c t i v e

volu itte for pilotocu r r ent s .  Log ic u p set le v e l s  of g t’eater thatl 10 10 rael s ~S i )/ s

have been r e a li : e d  for CMos/sos arrays.

Tile structure of FL , as w ell as some test  da ta , suggests  super io r

log ic upset ilardness for a lIon—el i electric isolated a t ’ r z ty .  Log ic  upse t  l e v e l s

of lO~ to  io bo 
rails (Si)/s hav e  been ob served Oil f l i p - f  1op t e s t  c e l l s .

These da ta , i lowevet ’ , are incons I stent with the S x l0~ rads (Si) Is upset

level measured by the  ‘l’ . I .  micropr ocessor .  I t  i s  suggested that good logic

upset l eve ls  can he rea I i  zed in an I — L a r r a y , hut  i t  w i 11 not nieces sa ri  l y’

happen ~c i t i lout  d e s i gn coils i derat ion . Siitt i  l a r l y ,  i 2i , should be latcil-Up free

in a non- i so la ted , comp i etel y I L s t r u c t u r e , but t i l e  U50 of ’ hi  g il Vt ) it ag e

(Tn or CMOS) m t  e rface ne tworks  and/ o r  sui ) st  ra te  i sol at ion tt lay be of con-

ce rn.

E l e c t r i c a l  pulse  overstress  suscept ih i  l i  t y  of 151 arrays  is gen-

er al  l y t h a t  o f t h e i n te rf ace n etwo rk s and the power suppl y /g round  t er i i i ina l s .

At ti le input/output i n t e r f a c e s , t h e overst t ’ess  s i t scept  ib i l  1 t~ gene ra l l y

increases with decreasing semiconductor volume avai lable for etlel ’gy d is s t -

pat ion . Thus , minimufl l  sin sce 1) t ib i l  i t y  is ohsei’ved for  l a r g e — g e o n t e t r y ,

jiiflCtiO il— i so la ted  in t e r f aces , and mli x iitt Ufll suscept i h)i lit > is observed for

min imum—geomet ry  d i e l e c t r i c  i s o l a t e d  interfaces . Measured failure levels

for some of the technolog ies are summarized in Table 2 .6 .  There i s

no data on e l ec t ri ca l  overstrcss  s u s c e p t i b i l i t y  of 1 L , but the wors t -

case would he a minimum geometry output with a failure energy’
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on the order of I iii for a 1 ~ts pul se. ‘l’his is  contparab le ’ to  that of
other  low—power  bi polar  t echno log ies  and is  somewhat be t t e r  t i lan that of

CMOS/SOS. Harder i npu t / ou tpu t  prot  e’ct ion networds cant he iitipl eltient eel in

the CMOS/SOS a r r a y ,  but at a penal t y - of ch ip  area and swi tch i l lg  response’

t ime .

II
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SECTION 3

3.0 PERFORMANCE /HARDNESS TRADE-OFF EVALUATION

No forma l Del) program has been funded , at this time , to develop

ha rdened ITh .  However , an \FA1 , procurement is lint ic ipated to be started

earl y in l9~~’. There have been many ’ suggest ions for FL hardening based

on results of DNA and NO ’ SC program s in the  char ac te r i  :at ion of r ad ia t ion

effects on available test cells. This discussion will review possible - -

hardening techni ques in t erms  of poss ib le  perfo nilailce gains  or t r ade-of fs .

Yie ld  and p roduc ib i l i ty  are critical considerations , but cannot he inc luded

i n t h i s  b r i e f  theoret ical  r ev iew.  It  is g e n l e r a l lv  true , howe v er , t i t a t  y i e l d

and p roduc ib i l i t y -  decrease w i t h  the nuittber and co i t ip l ex i t y  of t ile processing

steps. - -

3.1 Neutron Displacement Damage

Fi le p r inc ipa l  considerat ion in neutron damage s u s c e p t i b i l i ty  of
FL is tile ef fect  on inverter  fan— out . It is the nature  of FL tha t  tile

inverter can operate successfu l ly  at low current gain , but perf ormance

stops abruptly when the gain degrades below tile fan-out . Ill l) ascline ,

commercial FL , the c r i t i c a l  f a i l u r e  level has been reported as between
1’ 13

L 

5 x 10 to S x 10 n/cm , depending on tile b ias  current leve l  and f an -

out requirement. 2 3 ’2 1’’ 2 °  FL is more susceptible than other  bil)olltr

or MOS LSI technologies  to neutron damage .

1
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l’he iil ~en’tei’ gain (B) of the I i  g at e  i s  a coinpo~~l t t ’ e f f e c t  of

t ilt ’ ii~~— ga l i t 0 f t he  il e)il— 0 ra ils i sO on . e 1 e’nteil t l i i l d t i lt ’ t t V t ’  i ’Sd ’ ga 111 0 t t h e

late’ral pup tr a i lststoi ’ . As a f i  i - s t — o r d e t  lt~~~i - 0 X t l t t ~~t l o l l , i t  ca l l  be :i~~siiitte ’d

th at the re’c i prt )ca 1 ot the t u v e r t  e’r ga h I  ( 1/B) I ~tc re’ases 11 itear 1 w I t it

ile’Ut 1 01l t l : i i t t a ge I L ist as t h a t  ot  Ii d i s c r e t e ’ trai ts st or (as sh own t ill F t  f t l I ’ t ’ - 1)  .

I ilvt ’rt e’ i- ha rdeit  i i~g cail  be accotup t i sited by (Ii i tic i’d’as i ng t he’ uil I r r a d  I at  ed

ga i ll for t ltt ’ sa ute i~l B) ~a in  degr ada t  t oll rate • or 0, 2 )  by decre’as tug t ilt ’

ga il l de ’gr atlat  toil i’;l t e’ • 01’ ( l I t  t i le ’ i) e ’ s t ca ~.t ’ ) i)> b o t h .  ‘ 

-

UNHARi)ENED\ ,-
.

________ __________ _____ - _  C R I T I CAL

— 

— FAN - OUT

K DECREASED

~T .-“ RATE OF DEGRAD4TION

B
,-‘ INCREASED

- 
-‘ DESIGN MARGIN

1 —  
____________________  ______________  _________  ______

0 F1 F1 F2
~~~ , n/cm2 (1 MeV equivalent)

Figure 3.1. Assumed Nature of Gain Degradation.

Ass u lilin Ig t h a t  t ile i i lv ert e ’r g a i n  i s  dont l i l a t e’d by tile ’ i i l t r I I t s i c

Up — ~~ll ill o f t ile’ npn t r a i l s  i st 01’ ( i . e’ • , hack— iil)ec t io il  of 1)111) t rails i stor I s

Ile’g i n  g ib 1 c ) , t h e  t lam lLt ~e’ rat  e eti t he’ rec I P roc ,i 1 g~n ill ~ 3il l)e’ de’t i lIed as t i t t ’

i n c r t ’ase’ in c a r i ’ i e’r reconhinat ion iii t ile’ e’ilt ifl ’ act ive e m i t t e t -  anld b a se ’
reg 1 0115 ot t ilt’ t r a i t ’ . I s tor .  For t h e  npn t r a i l S  1st or i il the  iii)—motle , t h  i s
Vt ) I i i i t t e ’ iS Csse ’llt j ail s t h a t  ot  t i le’ ent i  I t  en’ it— rt ’g io i l  , t he ’ e ’itt t t t e’t ’— b l i S e ’ did ’—

p let ion lay er , and tile ’ act  ive ’  and ina ct  i Vt ’ r eg ion ot t he  p— hli St’ re’g t o l l ,

In  pract  i ce , c a r r i e r  r ec ombina t  ion in t he  act  ly e  base ot ’ the  t r a i l s  i st o r

is  a y e n - v  sma 11 t r a c t  ion of the  t o t  ~t l ca rt ’  i c r  t’ecomhinat t t)t\ .
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This qualitative model can also be supported i)y a first-order

analytical expression of gain in terms of geometrical l’nd bulk semicon—

ductor parameters which is , 
-

A .D /W
B —  j cn BN

- 

(~~0/n~0) A~5 • + Aje 
• + Ajc ~~~

where , A .  = npn collector area
ic

A. = npn emitter area

A. = pnp base cross-sectional area

p 0 = minority carrier density’ in tile npn p-base region

n = minority carrier density’ in tile tI ep i t ax ia l  layer

= npn t rans is tor  base width

= lateral pap transistor base width

= minority carrier lifetime ill a epitaxial layer

t = minority carrier lifetime in p-base region.

Many of the principal mechanisms determining gain are represented in equation

3.1 , but two dimensional effects , carrier transport in the npn overlap diode

base region and injection level dependencies , are not in’ iuded . On balance ,

the expression is a best-case representat ion of inverter gain.

With this qualitative model and first-order anal ytical expression .

two means can be suggested to increase tile initial gain while not affecting

the rate of gain degradation . These are the effects of the t r an s i s t o r

base width and n~ coll ars around the periphery of the transistor. The

inverter gain decreases with decreasing base width of the transistor.

The presence of a retarding electric field in  the base (typical

35 
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of the baseline process) effectively increases t h e base w idt h over the geo-
m e t r i c a l  va lue . Conver se ly ,  n e u t r a l iz i n g  the  opposing base f i e l d  (or Creatii lg

an aiding field for the up—gain) will e f f e c t i v e l y  decrease  tile t r a it s i st o r  base

w i d t h .  1’he rate of gaui  degrada t ion  w i l l  not be i n f l u e n c e d , however , because

only’ a s m a l l  f rac t  ion of the c a r r i e r  recotub ina t  iOn is in tile act he  base r e—

~ion . The t rade—off ill this hardelling approach is r el a t  i v e l y si I g ilt . I f  a

sub s t a n t i a l  aiel ing f i e l d  is estab i ished fo r  the  u p — g a i n , t here w i l l  he a de-
crease ill tile down ga in .  A r e a sonab l e  value of down— gai il ( t y p  i call >’ great cx’

t han 10) is necessary to mal ntai n low oti— state output voltage. An increase

in the  O i l — s t a t e  out put v o l t  age w i l l  1 cad tO dec i’eased noise ltlItrgill litid tile

p ossibility of current ilogging . ‘l ’hi s t r a d e — o f f  is  s l i git t  b ecause t i le down-

ga in  o f an unix ’ra d ia te d  inver te r  is t y p i c a l ly  grea ter  than  100 and a si gn i —
f i c a n l t n t a r g I n  is a v a i l a b l e .

+‘l’he it c o l l a rs used to ilt iprove FL in v et -t et -  gll i ll are i l l u s t r a t e d

i n F i g u r e  3 .2 . C o l l a r s  a re  used to reduce the ho le  i l lj ec t i on  front the side—

wa l l s  of the in v e r t e r  the the subs t ra te .  T h i s  cu r ren t  is a loss for botil

the npn and the P~ P t r a n s i s t o r  ga ins .  The co l la r  extends around the peri-

phery of t he  inver te i - , except at the  i titerface of t i le i nj e c t o r  alIt! tl~ il

p—base regions .  There lire three  poss ible options in the use of collars :

(1)  no c o l l a r s  at a l l , (2)  co l la r s  d i f f u s e d  to  tile depth of t he  c o l l e c t o r

diffusion and realized at the  same t ime  as ti1e collector diffusion (i.e.,

no additional mask), and (3) collars diffused down to tile e m i t t e r / i n j ec tor

junction (which requires an a d d i t i o n a l  mesh and diffusion s tep ). I t  has

been shown tha t  the i t lve r t er  ga in  increases w i t h  tile use of an n 4’ c o l l a r ,

and the deeper co l la r  has the greatest  e f f e c t .  13  Tile use of tile n c o l l a r

w i l l  be p r i n c i p a l l y  to increase the  ga in  marg in but w i l l  a l s o  have  a less

dramatic  e f fec t  on the rate of gain degradat ion.

The t rade-off  in the  use of n~ col l~nrs is the increase  in e m i t t e r

dep le t ion capaci tance ot the  npn t r a n s i s t o r .  At low h i  as l e v e l s , t ile speed-

power product of the inverter is directl y proportiot lal to the emitte r 0
36
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depletion capacitance; In the limit , the use of the n~
’ collars could

be extended by increas ing  the doping level of the emitter n-region. The

popularity of the n-n~ epitaxial structures , howev er , suggests that tilis

increase in the depletion capacitance is less than acceptable. Use of

the n~
’ collars also introduces the possiblity of collector-substrate

shorts through tnask nisalignments. This problem becomes most severe for

the  deep n ’
~ co l la r  st ructure .

An alternate solution to eliminating sidewall injection is the

use of oxide isolation around the periphery of the inverter. This is

employed in the Fairchild isoplanar process 2 5
’

26  and v-groove oxide isola-

tion. 12 It is expected that this technique would increase gain margin

with minimum electrical performance trade-off , but may introduce problems

in long-term ionization susceptibility. Extensive research in hardened

CMOS development has demonsfrated relative hardness of oxides grown of

1-0-0 orientation silicon as opposed to 1-1-1 orientation. In collar

dielectric isolation , the basic crystal is of 1-0-0 orientation , but tile

oxide over the interface periphery is not. Therefore, there may be an

enhanced effect of trapped charge over the lateral oxide interface , over

that expected from the surface oxide interface. Preliminary data is con-

sistent w i t h  th is  observation , but no quantitative analysis has clearly

identified a problem .

Considering other limiting factors in the inverter gain , the

forward-biased current of the parasitic emitter-base diode is a

significant effect. Similarl y’, the emitter efficiency of the npn

transistor up-gain is a significant effect. For the former , tite invcrtt’r

gain can be increased by increasing the relative areas of the collector

and emitter junctions of the npn transistor. In the limit , tile effect of

L 

the parasitic diode would be minimized if the collector area were a!no~ t

equal to the emitter area . The problem is , however , that it is desit-ahie’

to minimize transistor area to increase cell density, yield , and effective ’

38
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injectiot-n level for a givenl bias current. An additional consideration is

tile use of an extended base region to allow for ineta lli zat ion cross-overs.
in  a Ilardened design , tilat is one in whicil parasitic diode area is itiini iitized ,

the use of extended base reg ions for cross-overs ntust a lso  ~c flli n i i t t i z e d
w i t i l  a corresponding increase in tile Cilip area required to r e a l i z e  a given
IS! func t ion .

l ilec t r ica l  performance of the  FL inver te r  cart also he improved

by tuininlizing tile width of tile n — ep i t ax i al  layer under the iipn e m i t t e r .

‘t h i s  increases the gain of the inverter , reduces the switching delay time
at i l ig il i) il is  cu r r en t s, and could reduce the rate of gain elegradat ion. 3 8

l’he trade—of f in n t i n i t u i z i n g  tile epitaxial width is ltritl cipall y one of pro-
cess control . Contact of the II~ substrate would result in inverters of

hi gh emitter depletion capacitance and high speed—power product. This it iay

be a c r i tical problem in real I z i ng  coitip I cx (g rea te r  than 1 , 0 0 0 — g a t e )  array’s.

Some of the hardened l,S I s t ructures have proposed i t l i i l i l n i z i l l g  t h e

l a t e r al pnp base wid th  to Itl in i n t i z e  tile gau l degradat ion of the laterlt l pup

t r ans i s to r .  ‘I’iie b a se l ine  s t ruc ture , however , r e f l ec t s  tile mergeei e f f e c t s

of the pnp t r ans i s to r  in tile inverter gain. When the npn transistor is

forward—bias , a coinportert t of base current is injected frotn the nipn base—

emitter junction to the  illjeCtor-grOltflel junction. Titis can be refl ected

ill tile ga ill equat ion (Equat ion 2. 1). Decreas ing  t i le l a t e r a l  pnp base wie ltit

increases tile initial gaitl of the pup device hut  decreases the  i nv e ’r t e r

g a i n .  The effects of invers e pup t r an s  I s t o r  gliitl , part iciil ax’ly as a fuilc—

t ton of itlj ect ion leve l lint1 di sp lacetneilt damage , have ilot beell accuratel y

defined .

Al I the ha rden ing  techni ques ci iscussed to th is po i  lit are i’d at ive l y

stra ig ilt forward var t a t  ions of t he base ! inc “cotnmerc Ia  1” i 2 i. technolog y .

iechn i ((lieS Sl iC il Its d eep il CO lIlt i’s , ox iel e iso! at ion , (11)-el i ffus i Oil (to x’e

verse  t i-ne npII base e l e c t r i c  11 d el) , and d o u b l e — d i  E fus lO il  ( t o  mill ilil i :~e’
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lateral pnp base width) all add additional processing steps with a probable

increase in fabrication complexity and decrease in overall yield. Ti-ne

specific ilitpact of any of these tecilniques Ilas yet to be determined in

ti-ne structure of an 1.51 array. Tile app lication of oxide isolation ill t i le

Fairchild lsoplanar 4096-bit dynamic RAM do es , however , demonstrate

feasibility as a commercial LSI product.

An alternative approach to 1~~ L i lard ei l ing is to make I)aSic changes
in the structure of ti-ne device. Olle of these pi eserltly proposed is sub-

strate-fed—logic. 2 0 ’36 Tile basic structure of tile substrate-ted 1 L  inver-

ter is shown in Figure 3.3. Tile pri ncipal Cilange 15 tile USC of a p-substrate

as the injector. This allows an increltse in  t i le in j  ector area facing the

npn emitter junction and allows tile potential for a narrow—base ~mp struc-

ture . A f i rs t -order  analysis of the struc ’ure l eads to

B = w 
Dn/WBN 

w (3.2)
je BN~~ 

1
~nE 1L + _ ~!~

~~~ ‘~pB W BP 21 p

as an expression for  i n v e r t e r  g a i n .  Parante te rs  are as defined prev i ousl y

in Equation 3.1 for the baseline s t r u c t u r e .  Tills expression inc ludes tile

effect of the one-dintensional inverter and the parasitic pnp transistor.

Eac h semiconductor region is considered as uniformly doped (i.e., effects

of b u i l t — i n  e l e c t r i c  f i e l d s  are not i n c l u d e d ) .

To get an ana ly t  i c~i 1 es t i ntate of neut ron t lant age sucept u i  i i i  t y ,

lifetime degradation can be induced b y ass uming ,

= + c~Kl
~ 

T~~ fl

and

40
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‘ ‘  + ~K (3.3)

p 
t
p~ 

p

where K
11 

and K are the  11 fet Inc damage’ co i l s tan t  s - Subst i t u t  i ng

E qua t ion  3.3 in t o  Eqnia t ion 3 .2 , t ite ’ dama g e— i n c l u s i v e  i nve ’rt ei’ g a i n  cai~
be expressed •s

(~~~~) 
= + 

W~~K~ 
+ . 

W W ~~K~ 
• 1’ (3.4)

where

2
= . + +B1 ~pB 

WBP °p 2

p W W
2D~ T pi 

(3 . 5)

Numerical  eva lua t ion  of the analyt  i ca l  expreSsio ll  Suggests  a

Sensitivity to tile r e l a t i v e doping l ev e ls  itl tile emitter and base r eg io n s ,

as well a~ to the pnp transistor base width. However , as the  i n v e r t e r

gait -n is improved by d o!) ing t he emitter more he ’av i ly t ilatl ti-ne ha se , t i te
rate cf gain degradation decreases , supplementing ti-ne increase in d e s ig n

marg in. For example , if the emitter is doped ntore h e a v i l y  by It f a c t o r
of 10, the  un irradiated i nverter gain i s approx imlit el y 7C’ and i s l tpp t - ox—

1-I
uinately 24 after exposu re to 10 n/cm .

Substrate—fe el I 
2
~ logic cells have been tabt’ i cateti by l l a r r  i s

Semiconductor. Results of ch ar a ct e r i  za t  ion on t h ese test cells i rid icint e’

i n i t i a l  ii tv er ter ga i ils of 25 , and ga ins  i t ’ 5, Following exposure to

3 x 1 0 1’ n/ cnt~ . 36 ‘I’lle feas i hi  lit y of t Ilese St r u c t t i r e s  hil ls  y et  t o  lie
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demonstrated , however , as M SI/ LS I  array-s. Questions of performance ar-nd

y i e l d  h -nave yet to be answered . In ti -ne r esu l t s  pr eser -ntcd , there was also
a subs t an t i a l  decrease in ga i n  wi th  increas ing  i n j e c t i o n  l evel . 36

Short- term ar i t l ea l ing e f f e c t s  f o l l o w i n g  pulsed neutron exposure

have not been w e l l  defined in terms of LSI performance e f f e c t s .  From

basic semi condu c to r dev ice  s t u d i e s , t h e e f fec t i v e  d amag e i s  g rea tes t  at

silort t imes  and low carr ier  i n j e c t i o n  l e v e l s .  Cons ider ing  tile illject ion

level  dependence , it i s  ex pec ted t h at eff ects  in  1 L  would be approximately

t i-ne same as ti-nose in ‘I’lL , S/C TTL , or ECL. Operation of 1 L  lit low i) i lts

currents should be considered carefully, however , because of l ow a v erage

i n j e c t i o n l ev el , re la t iv el y - long s w i t c h i n g  t int es ard r e l a t i v e l y narrow

itt a rg ins  in  t rans i s tor  gai t -n .

3.2 Long-term Ionization Damage

Long- t e riti j ot-n i zat  ion daittage et ’fec t 5 illnve l)eerl chat’act en zed on

t e s t  s t ruc tures  of severa l manufac tu re r s  by severa l i n v e s t  ig l it or s . Re-
- - t ’l , ’ l , ’ 14ported r e su l t s  however , a re somewhat t t c o n s l s t c l l t  - 

‘ ‘ ftc h a s t e  i ezt son

for these i n c o n s i s t e n c i e s  has not been ident i f i e d . it  seems reasol lable to

assume that the ef fec t t itust be an i llc rease iii su r face  r ecombina t  j ol t

v e l o c i t y -  caused by - rInd t a t  j o l t— i l lduced p o s i t  i ye charge  t rapped at the

s i l i c o n — s i  I i co i l — diox ide  i t lt e r facc .  Tile observed Sells I t  iv  i t \ ’  at  low b i a s

cur remts  suggests add i t  to lla I recott ib m a t  iOn at  t he  Sui’ftiCe of the e m i t  t e r —

base d e p l e t i o n  reg i on .

In eva luat j olt etf t ile UVC rt en g a i n , one of t 1-ne pr i ilc 1111 1 Lit leel ’ —

t a i n t  ics i s  the recomb i nat ion at t i t e  unn t e ta l  eel s u r f a c e  of t i -nc  111)11 base and

I n j  ec tor  p — r e g i o n s .  Numer i ca l  111111 1 ys is  b y Jaeger . ‘0 suggests  t hat the itoit—

uni form dop ing of t ile p - reg ion  as formed by di f fu s ion e s tab i  I siles a b u i l t  - i n

I I
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base field that restraitls carriers away from the surface. As a result ,

tle surface recombination has little effect on inverter gain. It is

possible , then that shallow , sharply- not-n-linearly- doped structures would be

less susceptible to long-ternt ionization effects ti all deeper , more uniform l y-

doped structures. Substantial effort is necessary’ to clearly’ understand

long-term ionization effects for bipolar technology in gcllera l at-nd

for 1 L  specifically’ .

Structures and modifications of baseline 1 L  suggested for  harden-

ing are exc lus ive l y cotlcerned w i t h  neutron damage e f f ec t s .  Those
m o d i f i c a t i o n s  to increase ti -ne i n i t i a l  desi gn marg in  w i l l  gen era l l y itt ip i -ove

overall  hardness.  One exception to t i lis  may be oxide- iso la ted  l~~L , as 
- 

-

suggested from limited data on F a i r c h i l d  test  c e l ls . 5 2  in  oxide i s o l a t i o n

the oxide sidewalls result in art oxide layer over tIle junction depletion

layer at a 1-1-1 silico n orientation . Results or-n studies of MOS struc-

tures suggest  a hi giler s u s c e p t i b i l i t y  for  oxides grown over 1- 1- 1 s i l i c o n
as opposed to ti -nose grown over 1-0-0 s i l i con -n  as on the  sur face  of t i le  c i l ip .

Exper imenta l  resu l t s  on-n ti -ne isoplanar  t est  chips a l so  show a suscept i h i l i t y

somewhat greater than ti -nat observed on base l ine  test c e l l s .

Conversely, substrate-fed 1 L  should be sonlewhat less s u s c e p t i bl e

to long—term ion iza t ion  effects than base l ine  1 L .  There would he little

difference in the inverter gain degradation , hut , l)ecattse ti’nc i l l j e c t or

junction is essential ly’ buried , ti-ne degradat ion-n in pup g~t in Si lould be

less severe . L i m i t e d  data p u b l i s h e d  suggests t i l i s  r e s u l t .  ‘6

3.3 Transient Photoresponse

There i s  l i t t l e  data a v a i l a b l e  on the  l o g i c  upset level  of

i2i, logic cells , and n-no quarltitat iv e  a n a l y s i s  to i t lent  i fy ’ ti-ne ’ fzi i lu re

mechan i sm in observed results. Ti-ne fit-st -order effect i s

0
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addition -n of junction photocurrents to the normal injector bias current.

Logic upset , il t h i s  case , would he approximately the same as that of
logic failure at high bias currents. At I-nigh -n bias currents , ti-ne inverter

and latera l pnp gains ten-nd to decrease due to high-injection level effects

and/or vol tage  drops in the bulk semiconductor. If th is is ti-ne case, the

baseline structure could be hardened by optimizing design parameters for

ili gi l -current  operation . As usual , however , there w i l l  he t rade-offs  in-
volved . For exantple , increasing doping levels will increase junction

capacitances at-nd will decrease ti-ne speed-power product that reflects opera-

tion at low hil ts  cur ren ts .

In a practical baseline 12L LSI array , operation-n at high bias

currents can also be limited by the voltage drop along ti-ne injector rails.

h ardening, then , would require constraints in layout to limit ti-ne length

of the rails and would probably increase the size of ti-ne cl-nip required for

ti-ne same function.

No data is available on the transient photoresponse of substrate-

fed logic arrays . TI-ne change in structure will substantially reduce ti-ne

ennitter-base photocurrent of ti-ne npn transistor , but the net result of

this is not clear. The logic upset level could be reduced from that

observed in baseline test structures.

3.4 Electrical Pulsed Overstress Damage

The princi pal concern for e lec t r ica l  damage is at tile input and

output signal interfaces . Ti-ne power supply and ground terminals should

not he p a r t i c u l a r l y  suscept ib le  because of ti -ne large number of elements

connected to the  common p in , sitar ing ti -n e e l ec t r i ca l  overstress energy .

For the input/output terminals , noise immunity and current drive

requirements will require special interface network design , as

discussed in Section 2. The signa l in ter faces  w i l l  be ‘fl’ L compa t ib l e
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in vol tage level , noise margin and overstress susceptibility. ‘ri-ne trade-
off  involved is ti -ne cl-nip area.  In t i-n e wors t -case , each input and output

would require the cl-ni p area of a sing le input TTL gate (probably on the
order of 20 mi l s  from Figure 2 .1)  and w i l l  r equire a significant increase
in overall  chip s i ze  necessary to rea l ize  an LSI funct ion .

Assuming ti-ne use of minimum-geometry TTL interfaces on tuie 1 L

array , ti-ne critical damage level would be on ti-ne order of l iiJ for a

1 ~is pulse-width. Increasing ti-ne geometry of the interface elements

would r ea l i ze  fu r the r  hardening.

3.5 General 12L Des ign  Cons idera t ions

- - -1
Tile design of I L is subs t an t i a l l y  more d i f f i c u l t  in -n an LSI

array than ti -nat of test cell  inverters and r ing counters . Ti-ne pr incipal
d i f f i c u l t y  is ti -nat  cel l performance depends c r i t i c a l l y  or -n ti -ne dop ing

pro f i l e  (ve r t i ca l  des ign)  and the geometr ica l  l ayou t  ( h o r i z o n t a l  des ign -n) .

This is in contrast to MOS layout which is essentially just horizontal

desi gn , or other bi polar technolog ies which are e s s e n t i a l ly -  j u s t  ve r t i c a l

design-n . Relativel y simple MOS des ign-n rules , based on j u st geometry scaling ,

can readi ly  be incorporated into computer-aided design  programs and are of

substantial advantage in standard cell design an-nd LSI desi gn-n verification .

Many of ti-ne one-dimensional vertical design -n considerations have

been discussed (e.g. , npn base width -n , n ep i- layer thickness , and base

doping profile). Carrier transport in ti-ne Pill) t ranl si s tor  base is a ver-

tical design-n prob l em for substrate-fed logic , and a geometrical design

problem for “basel ine” 1 L.

Design considerations which must be considered in p r a c t i c a l  1 L

LSI des ign include:
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1. l ayou t  of inver t e i -  co l l ec to r  output s ,

2. i n j ector r a i l  l ayou t ,

3. gail -n v a r i a t  ion -n w ith ilig h l— lev e l inj ec to r e ff ec t s ,

4. curt -e n - nt p a r t it  ion i ng betweell cotrutto~-n— input  i n lve r te r s

5 - to len-alIce requi t-etntent s t o  avoid  su i face  breakdown -

Desig n o f t e s t  ch i ps t or  I I , ev alit at ion and development mus t  c o n l t a  in - n  s t r u c —

tures repre’s cut at i ye’ of those’ in  an ES I a r r a y  in  orde’t - to elet erinni ne i’e 1 ev:tnt

per formance’ and rInd ~ at ion harelnes 5 c apah i i i  t I es and ii tn t i tIlt 10115 - L~tt ci-al

voltage drops limi t tile base current available to remote collectors of ti-ne

L nve r -t e r  Itt -nd 1 i t nt i t  ti -ne e f f ec t  i y e ’ i i j  ec tor  cu r r en t  at t u i e  enel of a l ong

injec tor rail. ‘l’iie Ct )  i t  age’ dro p mi long ti -n e i n j  ectot ’ FI ll 1 is pr obabl y’ t he
mo re c’ eX i i -ng d e s i g n  prob l eini . I t  is t empt ing  to  si tnp 1~ ’ t t t i 11 i  lii i :e ti - n e’ v o l t a g e

drop b y’ cont inuous  I y- rLtnm ing itiet a 1 i :at i on over tie l’lli 1 . lb is , h owev en’,

i nc reas i i g  e lect  l’onl currei l t  fr oit t t i’ie inj ector—subst 1-Itt C’ j unlct ion to t i l e’

coit t ac - t arI d reduces the p u p cur ren t  ga i n .  As an a It erna t i c e , t h e’ if l )  ect or

can be’ broken in to  snia 11 se’ginnent s , but tha t  re’qu I ies an 1 i-nc 1’L~It 5t’ il l  ti le’

metal  L.~at ion -n con tac t s  w h i c h  is a potei lti :tl V clii loss .

Ga in  t oss ti t r a it s  i st on- ci en ti ent t 5 t hUe to t e s  I St y e ’ t o  I t  age d top s

is cottt potiilded at hi gh hi as cu r ren t s  by cmt i-t’ i e’r h - ni g h i i j  cc t ion e f f e ’ct s -

Because of t ite small geoutet i’> useel in -n ti-ne trails St on ’ elements * hi  git i n —

j  ector 1 e’vel 5 ( i  . e • , tile curI-enl t whicit e’stahi 1 isiles a itt i i lt i l i  t y  d i n ’ I

d e n s i t y -  contparah Ic  to t he  m a j  or i ty’ can - r l e t . dop i n g  I e v e  I) c a r t  lie at ii ias

cu rt ’e’n t s betwee n 1 ) iA aitd 100 iA Il _ i e’d t dii~ current  pe’ 1. ga t e’ . i ’itt’

et~’c i-ease in - n in lve r te r  ga u t  at ‘‘11 i gil ’’ ii i as cut-rd -nt 5 i s  a ci’ i t i ca l  ties i gn

parameter  i n  t ha t  m i n i  i i tt til tt Sw I t c i l in g  t tit leS dull  be obt a i ned on I v  i t ’ s u f f i  ~
‘ i ent

ga in  is  r e t a i n e d  at h i g her b i a s  c u r r e n t s

‘i’he t i  i lal  des i gnt  prob 1 em is t i l at  ndt Iei - n results when two ol’ tllot ’&’
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inverterS are driven from a common voltage source. in t h i s  case , The input

current w i l l  he p re fer e f l t i aU Y part i t ioned to t i -ne inver ter  of lower input

vo l t age  and away from inver ter s  of hig her input vol tage . The ict result

is a decrease ~rt the worst-case gain -n c a p a b i l i tY  of the overa l l  inv er t er

cha in.

An additional  d i f f ic u l t y  of 1 L  des ig n - n  is the r e l a ti v e l y  uncOil- 

*

trollt~d 
lateral diffusion of impuritieS 

laterallY from a oxide cut. 
‘l’ilis

un der_ d i f fus i0~ 
determineS the ef fec t ive  spacing of t i -n e i n jec tor  and p -base

reg ions as we l l  as t i-n e spacing ot’ ti -ne n~ collectors  and t i-ne n~ col la r

around the inverter• P~s a prac t ica l  matter , one of ti-ne major y ield_ lim i ting

- 
- f a i l ur e  modes in 1 L  is low breakdown voltage between the n

4 coll ec to r

and ti-ne n~ 
collar . By design , ti-ne n~ 

collar must be in contact with

ti -n e p-base reg ion. l~xces5iVe un der_ d it tU 5 t~Ofl , by either  the collar or

collector w ill reduce the ~0~ jector_ground breakdown voltage 
tO less ti -nan

and will result in a functional failure.
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SECT I ON 4

4.0 TRENDS IN LSI TECH NOLOGY EVOLUTION

Developments in LSI technology ’ are inevitabl y motivated to improve

performance, increase functional complexity, and decrease ar -ay’ co s t ,  i t

has general ly  been -n the nature of t h i s  e v o l u t i o n  dur ing the past t el-n ye :trs ,

th at’ the progress has also resulted in improving microcircuit hardness.

There are indications now , however , ti-nat this is n-no longer true .5 7  li-n

this discuss ion, some of the trends in LSI technolog~’ will be presented in

terms of performance and radiation hardness.

4.1 n/MOS , CCD Technolo gies

The use of sint a 1 1— geotntet n-s ’ ch l a r g e— c o n t  rolled ci eiitent 5 is a It tl t _t 01’

influence in tile real i :ltt ion -n of ve ry  comp lex  LS I am Ity’s - Si 1 icon—gate

nl—MOS transistor elements w i t h  low t i -nr e ’s i -no Id voltage (typically 0.5 to

1 - 5 volts) o f f e r  h i g h  perforiltance for inlinimun it geoln iet rv .  Us ing i t — M ~)S

technology is p ar t i c u l a r l y  e f f e c t i v e  in r e a l iz i n g  coitnp lex random—access

mdntorj e s . Mentor > ’ comple x i t  I es of lb k — h i t s  ai-e at  the  st~it e’— o f — t h l e — a r t

and 4 k — b i t  ini ennt o i~i es a.e expect ed Il l t u e  near future.

CCI) t edilno logy uses c I) ~ rge t i’~tns fe r between h igh  dells i t  y e’ I ement 5

e i t he r  at or just be 1 OI~ t h e  semiconductor  s u n - l a c e .  The n a t u r e ’ o f CCI) at’r ay’

i s  part  i cu l a n l y a t t r a c t  i ve ’ for  long se’n i a l  i tt en lor i e s , con l ’e lat o l ’ s , ~flel i titage
sensors. The app l i c a t i o n  of CCI)’ 5 as corre la tors  I -nt -nd image sensors shows
g reat promise.

0
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In terms of radiation effec ts, however , ti-ne evolution of

n-MOS and CCD technology has decreased hardness. Research-n in develop-

men-nt of hardened CMOS is directl y- applicable , but involves trade-offs w h i c h

are not generally considered in “commercial’ LSI arrays. This is particu -

larlv apparel-nt in presently available dynamic n-MOS 4k memor ies .  These

arrays are specifi ed for operation over a l i m i t e d  ten t tperatu me range (0 to
70° C) an-nd damage susceptibility to long-term ionization -n effects consis-

tent ly falls below 10 krads(Si). Unfortunately these linn ti ts restrict ap-

plication of this commercial technology to military systems of ntiodest

radiation level requirements. This situation will probably continue for

some time because, based on array complexity’, n-MOS and CCI) technologies

are the leaders in commercial LSI technol ogy.

4.2 Silicon-gate Bulk CMOS

Elect r ical  performance of bu lk  CMOS cat -n be unproved  with the

use of amorphous silicon gate electrodes and mini nnunnt channel widths foi

the transistor elements. Ti-ne use of silicon -n gates allows decreased

threshold’ voltages for ti-ne elements an-nd an overall increase in  c e l l  den-

sity because of reduced geometry and more flexibility - it cell intercoll-

nection . Becatnse of ti-ne nature of s i l i con  gate processing , however , i~
is necessary’ to expose ti -ne c r i t i c a l  gate Si-SilL, int er face  to  mor e h i gh

temperature processing ti -nan -n t i -nat of alum inu t i t  gate CMOS . These hi gh

temperature processing steps tend to increase the threshold v o l t a g e  s h if t s

resu l t ing  from long—term ion iza t ion  exposure. M i n h i n i : i n l g  t i -ne  r a d i at  ion -

induced threshold vo l tage  s h i f t  is p a r t i c u l a r l y  d r i t  i c a l  because of t i - n e

low initial threshold voltage.

Low i n i t i a l  threshold  vo l t ages  an-c a lso necessary  ii  t l a t ’ i’ot~—

channel  CMOS because of rest i’i c t i ons on th e’ max in nu n t t  st ipp 1 y ‘o I t  age. l\ n t i

the narrow channel , the t ran s is tor e l e tn t en t s  arc I t ioFe ’ s u s c e p t i b l e  to v o l t a g e

breakdown by d r a in—source  p u n c h - t h r o u g h . A l s o  w i t i l  t i -ne  i n c rea s e  1l c e l l

0
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d ells i t v  , t l e  1)0 t cut  i Il l  fo i’ e l e c t  r i cal  and r ind i at i o n - n — i  n lduce d 1 a t c h —  up becomes
nt -no me si gni ~ i cant  - Gold — elop i ng c li l t  he used to reduc e the  b u l k  semi cot -nduct or

i i  fet  it t -n e to n t i n i i t t i : c  t i -n e  l a t c h — u p  susd ep t  i b i l  i t > . ~ The g o l d — d o p i n g , how—

even’ , w i l l  dec reuse t i - ne j unc t ion  breakdow n v o l t a g e  and caus e l’ui- t her concern

for opex’at loll at tntax i t t nu i t n seq-np 1 ~ vo l t age .

I it sut t tnt t a r-y’ , itat -row channel  s i l i c o n  gate  CMOS 0 t t c  I’S po ten t  ill 1
l’oi- p e r to -mance i lnt pr ovett t enl t  w i t h  tttore sop h i s t  i d a t  ed p rocess ing .  Because
of t i -nc n a t u - e  of the s i l i c o n — g a t e  I ’od’~~~ i ilg , t igh t e i -  g lt te  t h r e s h o l d  v o l t —

age requ l  rentents , u i-n d breakdown v o l t  age’ e f f e c t s , ti le i la rdenung e f fo n ’ t

requ i red w i l l  be subs t ant i a 11>- g rea te r  th z t n  t ha t  requi red  of a l u i n t i n u m — g a t  e

h u l k  CMOS .

4.3 CMOS/SOS

- - 
Cons i dci- t u g  a l l  MOS i S I  t e chn iques  , ltt li X l tt -nult t pel for i t t l i i lce in  t erntt s

of s w i t c h i n g  speed , speed-power product , and power d i s s i pation has been

denn onst t - Int ed b> CMOS / SOS . Ev o l u t  ion of CMOS/ SOS ilas been It ca~ i 1> s iippot’t e ’tl

by- 1)01) for p otential ap I-n I icat loll it  iii 1 i ta i - v avio i i i c , s~t t e1  l i t e . t itan-pac k
communication and n l issi le  syst ems ;  however , cottunercial  evo lu t ion  of t i -ne tech-

nology does n-not i-nave a w i d e  base in ti-nc semiconductor indus t ry .  Mltx intuj u perform-
ar t ce  in n  CMOS ,-SOS can be rca i i  :cd w i t  Ii t h e  use of t ti i  n in ntnti t t  gcot tn et n ’v el ennent s ,

S i  1 i con  5at e  conduc to r s , and t r a l l s n n i s sj e ) i l  ~a t  ~,‘S .  Th i s  e’vo lut  lo t - n  is in -i-

cons  i s t e n l t  w ith maxim uz i lt g t i l e  I - n a t - d r -n e s s  01 arrays. Tile na tuz - e of si 1 icOn

f l a t e  pi -ocess ing exposes t i - n e  g a t e ’ o x i d e  to  h ig il t e l ltp er lt t i i t ’e St n’e ss Its  ~l i s —

cussed for na r row — ch ann e’I b u l k  s i I i  c o n —  gat  e CMOS . i I l C  Ci Sc’ ot  t r I t l IS t i t i  SIC I on

~,tt es I cads to un tovorab  1 c b i a s  on ti -ne i — c h a n n e l  t ran -n s i s tot ’  . i~h I S hi  It s

condi t io n can be rd ieved by h i l t S  in g  ti le’ both y of t l e ’  t r a n s i s t o r . but  w i t h

a sacrifice jr- n gate elensi tv .

Spec i f ic a  l i v  comparing CMOS/ SOS to 1 1  as ev o lvin g 151 technolog Ies

a pr inc I pa I quest ion i s  cons i den ll~ pot e’i t i l l  1 support ot’ hl tn’de ned I — h , .  ‘l’he’
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princ ipal strengths of CMOS/SOS are:

1. e lec t r i ca l  switc il ing response ,

2 low static power dissipation ,

3. small logic cell area ,

4. read i ly  def ined desi gn-n rules for conniputer- aided desi gn

S. low neutron damage s u s c e p t i b i l i t y -  and

6. low photocurrent s u s c e p t i b i l i t y .

The principal weaknesses of CMOS/SOS are:

1. expense of the starting material ,

2.  h i g h defect density of ti-ne thin silicon film ,

3. lintited output drive c a p a b i l i t y ,  - 
-

4. high suscep t ib i l i ty  to  l ong - t e rm  i o n i z a t i o n  e f f e c t s , an-n d

5. high suscept ib i l i ty  to e l e c t r i c a l  pulse  overstress  dwnlagc .

On the other hand, the principal s t reng ths  of l~~L lire:

1. low power operation,

2. low speed-power product ,

3. i-ni gh-n cell density,

4. l~w cost , i-nig h-n y-ield at LSI complexities ,

5. low long-term jollization damage susceptibility, an-nd

b. low photocurrent susceptibility.

The pr inc ipal weaknesses of I L  are :
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I . contp l cx d i d ’S i git ru l e’s wi -n ich comp l ic-a te  c o m p u t e r — a i d e d  desi gn

app l i d l t t  iou ,

2 . l i m i t e d  e l e c t i - i c a l  s w i t c h i n g  speed ,

3. low e l e c t r i c a l  ito j Se’ l l t i t r g in , and

-I . high suscept i b i l i  t y t t) ileut ron di  sp ll i cefl tC nt dant iage e f f e c t s .

En term s of tni 1 itary appl  icat 1 0115 , t i-ne ’ l)riilc 1 1)11 1 concerl l  of

CMOS/SOS i s  the  l o n g — t e r m  ion i zat  ion damage Suscept ibi lit > - , and ti-ne ln’in—

cipal concern of l L  is lleut ron damage suscel)t ib  i i i  ty . W i t h  some d e v e l o p —
ulent il -n l)~ 0~ CS5 sen-n 5 i t  iv i t  y eva luzt t iou and hardness a ssurance , hot Ii
t echnolog ies are al)I) 1 i c a b l e  for  systems of modest r a d i at  i o n — h a  n-den ing

requi rements  - For sy -st  e’tnt requ I renient s of hi gh ion I ZI ’ t ion and low neut ion

1 eve’ Es , i t would seem t h a t  ef f o r t i n I 2 i ha t ’deri i rig coin Id i-ca i i  ze sat i s -

factory arrays  of minor  v a r i a t  ion -n froit i t i-ne broad—based comniterci al pr oduct
For very’  severe -n-lid ill t ion ilarden i ng re qin  i reintent 5 , t h e  t c  lat i ~‘e effort i n

CMOS/SOS hardening  front t h i s  i-no t n t  (blt seel on till Ii Iready ’ s ub s t a n t i a l  e f f o r t )

i s  probabl y less  than  t I -nat  r equ i red  for j 2 i~ At this ti lt -ne, ti-ne l o n g — t e r m
l o t -n i :  ing s u s c e p t i b i l i t y  of CMOS/SOS has been dec r ea sed b y two orders of

muagn it m e  ti rougit I)NA Itmte l SAMSO harden i ng .  It seems rca sonltb 1 e to expee’ t
t i -na t  research -n e f fo r t  il l  I L can reduce ‘ [  neutron l  damage su scept i b i l  i t y  -

Re lIlt i ye ’ commere’ i l l  1 support for  CMOS/SOS Ill -nd i 2 i, t e chno log ie s

will he det cnn i ned h> forces mudil broader t han  l)oi) P loceir etlt eflt  . The opt ions

for l i i i !  i t a l -y  sy stems a r e  genen-a 11 >’ the s e l e c t i o n  of ti-ne best aV~t i l ab l e

from ti -n e o v e r a l l  t e chno logy  resource.  Mid I l te f l I tn eC of It spec i f i  c LS I t e c h —

nology e x c l u s i v e l y for hardened sys te mn t s  i s  a v i a b l e , m i t  e x p e n s i v e , Opt i on -n

at-nd should be in in int i zed .
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SECTION 5

5.0 CONCLUSIONS

Integrated-injection logic is a real , evolv ing LSI technology
of suff icient performance , cos t, and realizability in very complex func-
tions to assure potential military system applications . The present state-

of-the-art is still one of unrealized potential, and the broad commercial

technology base expected is probable, but not obvious . It is extremely

unlikely that 12L will displace many of the existing bipolar and MOS LSI

technologies. Emitter-coupled logic and CMOS/SOS technologies are ti-ne

principal competitors for high-speed arrays . The principal competitor

for very dynamic large memories is n-MOS and CCD technology. CMOS is
of particular advantage in systems that can exploit the very low static

power dissipation. Application for 12L seems particularly strong in
very comp l ex digital LSI arrays which must operate at low chip power

dissipation at moderate, continuous clock rates. - -

1
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TEMPO-Center for Advanced Studies
Control Data Corp. AIIM: M. Espiq

AIIN: J, Meehan AIIM: W. McNamara
AIIM: R. Rutherford

Cutler-Hammer . Inc. AIIM: OASIAC
A lL Division

ATTN: Central Tech. Files. A , Anthony General Electric Company
Aircraft Eng ine Business Group

University of Denver AIIM : E 2, J.  Ellerhor st
Colorado Seminary

AIIM: Sec . Off. for F. Vend itti General Electric Company
Aerospace Electronics Systems

Dikewood Industries, Inc. AIIM: Drop 624 . C , Hewison
ATTN: L. Oavis

General Electric Company
E-Systems, In c. ATIN: Drop 160 0. Pepin
Greenville Division

AIIM: Library , 8-50100 General Research Corporation
Santa Barbara Division

Effects Technology, Inc. AIIM : R. Hill
AIIM: E. Steele

Georg ia Institute of Technology
Exp. & Math Physics Consultants Georgia Tech. Research Institute

AIIM: I. Jordan AIIM : R. Curry

Fairchild Camera & Instrument Corp . Grumman Aerospace Corporation
AIIM: Sec. Dept . for 2-233. 0. Myers AIIM: 3. Rogers - -

Fairchild Industries, Inc. GTE Sylvania , Inc .
Sherman Fairchild Technology Center Electronics Systems Grp-Eastern Div.

AIIM: Mgr. Config. Data & Standards AIIM: Librarian , C. Ihornhill
AIIM: 3, Waldon

University of Florida AIIM: 1. Blaisde ll
An Institution of Education

ATTN: P. Rambo for 0. Kennedy GTE Sylvania. I nc.
AIIM : 3. Waldron

Ford Aerospace & Communications Corp. AIIM : P. Fredrickson - 

-AIIM: Tech. Info. Section AIIM: H. Ullman
AIIM : K. Att inger AIIM : H&V Group
AIIM : E. Poncelet , Jr. AIIM: C. Ramsbottom

Ford Aerospace & Communications Corp. Gulton Industries , Inc.
AIIM: MS 030, D. McMorrow Engineered Magnetic Division
AIIM: MS X22. E. Hahn AIIM : Enqn, Magnetics Div.
AIIM: MS 531, S. Crawford
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Harris Corporation Litton Systems, Inc .
Harris Semiconductor Division Guidance & Control Systems Division

AIIM : I. Clark AIIM: R. Mauglimer
AIIM: J. Retz ler

Hazelt i ne Corporatio n AIIM: V.  Ashby
AIIM: Tech. Info . Ctr. • H. Waite AIIM: W. Mras

Honeywell Incorporated Litton Systems. Inc .
Av ionics Divis ion Electron Tube Division

ATTM : A1622. R, Johnson AIIM: F. McCarthy
AIIM: MS S2572, R. Kell

Lockheed Missiles & Space Co., Inc.
Honeywell Incorporated AIIM: Dept. 81-14. B. Kiniura
Avionics Division AIIM: [1/81-14 . G. Heath

AIIM: MS 725-SA, H. Noble AIIM : Dept. 85-85, E. Smith
AIIM: MS 725-5. S. Graff AIIM : Dept. 85-85, S. Taimuty

AIIM: Dept. 81-64, L. Rossi
Honeywell Incorporated
R a d i a t i o n  Center Lockheed Miss iles & Space Co., inc.

AIIN: Tech. Lib. AIIM: Tech. Info. Ctr. , 0/CoIl. , -

Hughes Aircraft Company MIT Lincoln Laboratory
AIIM: MS 0157 . K. Walker AIIM: A-082 Libra rian. L. Lough lin
AIIM : MS 6-E-110, B. Campbell
AIIM: MS 5-0147, 0. Binder Martin Marietta Corporation
AIIM: MS 6.-D133, 3. Singletary Orlando Division

AIIM: MP-537 , J. Ashford
Hughes Aircraft Company , El Segundo Site AIIM: Lib. MP-30. N . Griffith

ATIN: MS A620, E. Smith
AIIM: MS A1080, W . Scott Martin Marietta Corporation

Denver Division
IBM Corporation AIIM: 6617 Research Li b .  - S. Mckee

AIIM : F. Frankovsky ATIM : MS0452, J, Goodwin
AIIM: H. Mathers AIIM: MS8203, P. Kase

AIIM : MSPD4S4, 8. Graham
III Research Institute

AIIM: I. Minde l McDonnel l Doug las Corporation
AIIM : I. Ender

Intl. Tel , & Telegraph Corporation AIIM: lech. Lib.
ATIN: A , Richardson

McDonnell Douglas Corporation
Ion Physics Corporation AIIM: S. Schneider

AIIM: R, Evans
McDonnell Doug las Corporation

IRI Corporation AIIM: C1-290/36-84, Tech. Lib.
AIIM: R. Hertz
AIIM: MDC Mission Research Corporation
AIIM: L. Cotter AIIM: W. Hart

5 cy AIIM: Tech. Lib.
Jaycor -

AIIM : E~ Wenaas Miss ion Research Corporation
EM System Applications Division

Jaycor AIIM: 0. Merewether I -

AIIM: C~ luresko . —

AIIM : R. Sullivan Mission Research Corporation-Sa n Diego
AIIM: 3. Raymond

Johns Hopkins University AIIM: V.  Van Lint
Applied Physics Laboratory

AIIM- P. Partridge The MITRE Corporation
AIIM: M, Fitzgerald —

Kaman Sciences Corporation
AIIM: A , Bridges National Academy of Sciences
AIIM: J. Hoffman National Mater ials Advisory Board
AIIM: 0. Bryce AIIM: Nat. Materials Advsy. for R. Shanc
AIIM: J . Lubell
AIIM: W. Rich University of New Mexico
AIIM: W. Ware Electrical Engineering & Computer Science Dept.

AIIM: H. Southward
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Northrop Corporation Science App lications , Inc .
Electronic Division AIIM: R. Beyster

AIIM: G. lowne ’
AIIM : J. Srour Science App lications . I nc.
AIIM : B. Ahlport Huntsv ille Divis ion

AIIM: N. tlyrn
Northrop Corporation
Electronic Divis i O n Science Appl icat ions , Inc.

AIIM: V. Demartino AIIM: R, H i ll
AIIM: J. Russo
AIIM: J. Reynolds The Singer Company (Data Systems )

AIIM: Tech. Info . Center
Palisades Inst. for Rsch. services . Inc.

AIIM ’ Records Supervisor The Singer Company
AIIM : Sec . Manager for I. Goldman

Physics International Company
AT T~ : Doc. Con , for C. Stal l ings Sperry Flight Systems Division
AIIM: Doc . Con. for J. Huntington Sperry Rand Corporation

AIIM: A. Schow
R& D Assoc ia tes

AIIM: S. Rogers Sperry Rand Corporation
Speri-y Division

The Rand Corporation AIIM: P. Maraffino
ATI N: C. Cra m AIIM: 1. Crai g

Raytheon Company Sperry Univac
AIIM: Radar Sys, Lab., G. Joshi AIIM: MS 41125, J. In da

Raytheon Company SRI International
AIIM : H. Flescher AIIM: P. Dolan

- AITN: A. Whitson
RCA Corporation
Government Systems Division SRI International
Astro Electronics AIIM : N. Morgan

AIIM: G. Brucker
Suridstrand Corporation

RCA Corporation AIIM: C, White
Camden Complex - -

AIIM: E. Van Keuren Systron-Donner Corporation
AIIM: G. Dean

Rensselaer Polytechnic Institute AIIM: H. Morris —

AIIM: R. Gutmann
Texas Instruments, Inc.

Research Triang le Institute AIIM: MS72 . [1. Manus
AIIM- Sec . Off. for Enq. Div. ,  N. Simons , Jr.

lexas Tech. University
Rockwell  In t e rna t iona l  Corporation AIIM: I. Simpson

ATIN: K. Hull
AIIM : 0. Stevens TRW Defense & Space Sys . Group
AIIM: N. Rudie 2 cy ATIN: R1-2078, R. Plebuch
AIIM: G. Messenger AIIM: R1-2036 , H. Holloway
AIIM : 3. Bell AIIN: S-1930, Tech. Info. Center

2 cy AIIM: R1-1144 , 0, Adams
Rockwell International Corporation

AIIM : I. Yates  TRW Defense & Space Sys. Group
San Bernardino Operations

Rockwell International Corporation AIIM: F. ray - I
Collins Division AIIM: R. Kitter

AIIM: A. Langenfeld
United lechnologies Corporation

Sanders Associates. Inc . AIIM: R, Giquere
AIIM: NCA 1-3236. N. Aite l

Vought Corporation
Science App lications , Inc. AIIM: Tech. Data Ctr.

AIIM: W . Chadsey
Westinghouse Electric Corporation

Science Applications. Inc Defense & Electronic Systems Ctr ,
AIIM: F. Iesche AIIM: MS 3525 , H, Kalapac a
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