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Thie notal gate CMOS  techiolcqy  wr
originully chosen fo radiation=hardening
bocanse required low standhv
power  di ang  the  inheventlw
superior noise marqins allowed
greater radiavion-induced thresheld voit-
age cshifts without “significant perror-

mance deqradation.
the =xetal gate hard-
effort was directed toward hird-
the aqate oxide and relviung upnn
quardrings to” wrevent radia
wduced  inverzion  ef  the  pewell
ori Briefly, the experimental
showed that Lhe gate oxidizing
and temperature,. as well as  the
anneal, had 3 major effcet on the
oxide hardness, The qate metallizaw
tion process was another critical opera-
tion, as e-beam metallization dJdeposition
introdaced unannealable | danaae
resulted large p-channel  thresnold
voltage shif after irratiation.
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paramaters, such as the
silicon orientatjon and surface aualitvy,
preoxidation  clean, and  metallization
sinter ambient, were net as deleteriousn
to the cate hardness, Qne i i

Other process

result of the hardne study was the dise
covery that the radiation-induced threzh-
old voltane shift was prenorticnal to the
cube of the oxide thickrees; thus, sig-
nificant isprovements in hardneoss would
be achirved by reducing the gate thick-
ness, The Sandia  metal gate  nardened
process nod utilizes a 709 &, 10039C-100
percent 02 «ate oxidaticn utan
enncal @ittt an jn-gource alu mreals
lization. "3 The threbold woltane
shift, as function of cotal aAnze for

kl

this process, is jlluctrated in Pigure 1,
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To sur fze the wresent radiation-
hardened ot al CM status, over
custom chi been ¢ ancd and eval-
uated  for  aystems usc, and 4800-cories

sevaer

avaslabie from
rqarad  carability  has
ablished, and  the  pre
dmronstrated an WTBF capabilitv
of 1000 --haurs for a 099C
test, The disadvantage
oGy, however, arc its 1
(5 Miz)  and packing
Lransiateors  in & stan
logic chip confiquration).
tions of the motal gate
the military svstems us ave forcod,
they did in the comtercial world,
develomment  of a hardened silicon
Lechnolagy,
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Hardened Silicon Gate Trzhooloay

The bulk CMOS silicon cate radiation
“hardenina Lechnolouy Il lonment was
built upon Lhe hardened rmetal aate pro-
cesa, in particular, a 1AGJ9C-100 npor-
cear D date oridation with a newinal
600 & thicke is us.4, and all port-
Gate Lhernal re rinimized, e

»sil1con tion is done at 7997

is followed by an 850°C rhosphores
diffusion to abtain a polycilicon chrwt

resistance of 50 /o, After the pol

icon delinention, nt and pt

tions are formed 'y a masked jen ¥
tation, The inplantatian activaz
occurs during the hign tampercoturs
9500C) srlevel oxide deposition,
The high=temnerature oxide, which

{a uvseqd

ves qond stop covarane,
teyer uinge the rali
constraints  areclude

reflow cvclae used to achiove gond intur-
Jevel sten ¢ raae, metallization
in an isductione-zowien 8i-Al alloy, and
after neral Jdelircation the sinter  and

passivation complets the process cycle,
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The other aspect of total -dose hard-
ening i5 the [ield region, which with
megarad  exposurnes, can exhihit negative
threshold valtage shilts in exce: or 100
volts, For typical n-wel) surface con-
centrations, field inyersion will cceur
between $-10%103 rads, causing dramatic
increases in Ipp. For the metal qate
technology, where the nt and pt aif-
fusions are [formed prior to the gate
metallization, guardrings can be imple-
mented at no precarsing expense,  For the
silicon 3ate technology howmver,
ventional quardring formation, which of
necessity is accomplished prior to rhe
polysilicon drposition, requires an addi-
tional photodalineation and diffusion,
The oguardbanding can alno he achieved by
using the C2L layout techaique, which
has no finld oxjide underncath rolysilicon
and diffuced aource planes underneath the
metallization,d fhere is, bhowaver, a
egignificant packing density penalty for
wultiple input gates when C2y,  layout
techiques are utilized,

The bulk CMOS technalogy also requires
hasdening for transjent ionizing radiation
since parasitic S5CRs, which exist in all

the con-’

belk MO8 circuits, can latch-up in a
Oansient  oovigonnent . hnadyse o the
raly  latch-upn phenomenan have,  hogevern,

eral qeneric
1 ooblem, "
control,

ot ed
1ateh.
Tifet

olatinns o

inn o tron jrrad redur
the g Hipatar aa that

ion i cally o bk
attractive !ogtuce with this aporaaeh
thar the parastric aains can o beom
. water o firm  Lrans

cheup Hoth the qold dongng

nniqan and ptron drradiation Lave
boon t falh) inplrcented  an commor -
ctal and offer a well controlle]

sniquae for Tateh=un prevention,*

tron jrcadiation particalarly

ctive since it in a low-temperatnre,

step  Lhag
i normal nra-
The annealing chatacter-
naateon Jdamage Rave  been
fit to cxpnervimental data,
the long-term reliability
To dare, over 13,000
parts and over 6,000
irradiated and sam-

rocessing
acion of

tiecal,
ires no
ing stens,
istics of the
modeled  and
which confitn
of this pr
packaaed wmetril-gate
die have been neulron
pled for latch-up. Parametric and life
tests  indicate no  deleterious  effects
from the ncution irradiation.f

nost

he use of an epitaxial substrats
wil)l also prevent latch-up by shunting
the parasitic SCR and forcing the holding
current to exceed a value that tha chin

will support.3:9 This technique mav be
more atlractive to commercial vendors
than either the gold dopning or neutron
irradiation since it is casicr to iunle~

ment and, moreover, apitaxial circuits do

not exhibit the slightly increased leak-
age current, especially at high tempera-

ture, associated with reduced lifetime,

The first application of the hardenad
bulk CMOS silicon qgate teochnalogv was ta
implement a  hardened version of  an
cxistina miccapracessor family €ar ase i
a satellite system with a severe radia-
tion  environment, Power constraints
required CM0S, and the existing RCA 1R00
family, using the c?y, technoloav,
appeared the most amenable to hardening.
A joint . Sandia-RCA wrogram was ostih-

lished to develop and implement the hard-
ened  technology on the 1800 familv using
the. 1802- microprocessor, TCC-244 256x4
RAM, and 1834 1024x8 ROM,10 As dig-
cussed ecarlier, the first step in thn
tardening effort includod extensive cirvs
cujt simulation te insure that the

cireuits wonld function through the range
of  radiatien-induced threshold voltaan
shifts, ~The sjmulations, confirmed by 1
comprehonsive . test  proqram, indicated
race conditions only in the 256n4 RAM
circuit, which =snbsequently was rede-
signed to elimipate the problems.

radiation
soarce at  an
rads/houc,

irradiated

testing utilized a
expnaure ‘rate  of
The microprocessor

wal with a 10 kHz clack
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The wrimary RAY  radiatinn failare

on=indue
shift, which nrc\i)r* 3
for (he remorv colils

mode is  related
jati

A bhiased 1% i nmnnry
increase the ~ of the
relative to "on" i

leads to the caneration

state vhich increases the write time,

radjation foilure typical
the  device  fails  this
However, for a
cxposure  environn
cells  would  nov
times, this impriatation

ie
whf‘

t

and  the hardness ‘level i3 arcatec than
that attainable in  the static bius
condition.
Table T sumnarizes the pre~ and post-
uxadmtum elrctrical parameters for the
jatton-hardened devi . Presently,
600 hig rel  devices have heen
burned-in  under  bias for 168 hours ot
1509C with a fajlure rate of less than
5 percent,
TASLE 1
TCC~244 ELECTRICAL-RADIATION CHARACIZRISTICH
Pre-Rad  )x10%  5e103 Ix105-
Ing (mA)  6,0-5.0  4,56-5.0 3.0-4,9 2,0-3.0
Inp (PAY  2.3%3,0  2,4-2,9  2.0-2,5 1.0-1.5
Taa (ns) 150-240  150-24 250-352  500-750
T (ns) 40-60 45-65 0-110  150-220
Ipp LAY 550 5550 1.0-310  1,0-100
Data represents raage of 5 lots

ally  be

R\)\' weye
wasch

of

138

vid

erred statoe

to

inverter
averter, ‘thing
of a preferred
and

1y occurs  when

gt!

b

re  the
cycled
will not occor,

i
veowontinuous

clivueits
yrradiat
within
anhealing

biau~-dopendent,
woltase

cjficatiot.
long-trra
memory
many

nroqr.nn
Liie dempiao
haly OMOsS
faranros
Lardnrss amder wore
raadsoand  trannioent 3
sied 1 odsfuer, with no lateh- my
1nvel, bhas been achie o over
48] hll,u teliability, rad: «Lm'l—“n {or

5 and 19345 have  boen
in navellite

tems,

vd for

In parallel  with  the  radig
Wlermt Si-Gatn buly CU08 procens G
conplete  npew  stamdard
i alt the  advantarges
J-atiagned ovolviilicoea
beon develor
Linnar Arcav
ives o the tochnols
sed sneed
don

fate
fgnated
the princinil objee
aqy are higher Jdeasity, incre
of opmating, greoater  tap>lagis:
flexibi and radiation hardn
ar ng  deno s of 1,000 waten’d
3-8 ns  gate 4 l‘ws and 200 MHz pounter
oparation are the aoals of  this FLA
technolony.

W

In designina  the Si-Gate standard
cell family, prime consideration. wis
qiven o topolegical flexihilit Past
pxperjence with a metil gate O
dard cell family dictated cell Lavout
techninues  and denign rules  that woutd
allow new cells to be designed casily and
quickly with a mininum amount of design
experience,  Additionally, existine cells
can  be modified to take advantage of
design  rule shrinking without a large
investment in manpower,

To accomplish these goals, cells are
acranged in a lincar array whore atl =
and p tranzistors have equa)  chananl
length-to-width ratios, This illun-~
trated in Piyure 3, which depicts an FLA
struclure for a two-innul gate, The ver-
tical glysilicon gate lines are on a
fixed horizontal pilch of 20 microne, and
metal intercohnects  tie the cavpropriate
regions to  one anothar, The standard
cell height {150 microns) was determined

. by parforming exteasive simulations te

arrive av a reasonable compromise bhetween
cell performance: (drive and sneed) and
deasity. This conmprowise results in a
cell height that is 30 percent lacger
than the ninimum pousihle height dictatad
only t¢ layout design rules. Bricfly,
the cell height was adjusted so that che
inherent 1lavout capacitance of a two-
input gale egualled the {nput cavacitance
rasulting from a fan-out of wvo for simi-
tar gates, The n and p dovices have
channel widths of 38 .m and 77 .m, rtea-
pectively, to account for the difference
in mobility for the two typen of silicaon.
It should be npoted that {ncreasing the
device nizes to attain higher drive capae
bilivy =nimply requires a satraightforward
verticsl streteh of all eells,




aivantaae  of

Another important

the 14 ot anprach anparent
from Figure that ccll inputs and
aut pats are aceersivle 1rom Loth the ton
and bhottom of each cell; thi dual-nort
anproach yiclds irom i

standard cell chis

cell ily partieular

use with computer an

automated ayour proyrda. avouts.
can be generated with a nealigible BNt
of end-around wirine channels character=
istic of layouts accormplished with single
port cells. additionally, the énd cap of
most colls can ba utilizmed an an inter-
cell row feedthrouqh to further minimize

end-around wiring channels.  An austopated

laynut program naned 51CLOPS, 1 ¢ i3
capable of taking full advantage of the
two-ported  cell structure to  produce
aptimized random logic Lavouts, is

presently under development at Sandia,

In addition
hard processing techniques

to utilizing radiation-
which minimize

charae buildup in oxides, the ELA cell
fami,y layout technique completely iso-
lates all devices. This is accomplished,

as illugtrated in Fiqure 3, by:

1. roviding a continuous pt uardhand
g

alonqg the p-well perimeter of the
cell arcay, and
2. a vertical, polysilicon finld shield

whose gate js tied either
¥ for the roquired lateral

to Vgg or
isolation,

The n-channel field =ohield extends
from the bottom p* gquardband to the top
guarbhand, Thia field «shiesld lateral
isolation is much more efficient in area
than  a  diffused quardband; thuz, the
linear arrav  layout technique provid
complete device isalation with a minimum

effcet on cell dinensions,  The diffused
guardband causes less than a 10 percenc
penalty in cell height,

Afi BLA tent chip was desianed, fabri-
caled, and evaluated to provide an exper-
imental verification test vehbicle for the
cell family, The test chip contains a
range of test devicens to provide the

proce amlt cell

In  alMition  to

devices  (Van der Paw

patlers nf 1 poly  resintors,
ote,}, there are:

1, typical noand o transistors on hoth
gate and field oxides,

2. rewre tative cells,

3, parr de strinas of inverters, twn
fneat RAND dates and two iaput AND
galed,

4, Jdohnnen counters with different
flip-{lop elewents,

5. bhinary counter, and

6, arrays of devigces (4050 aa,) of n and
» dievices with ving agate lenglhs.

From 4 desiaqner's paint of view, the tost

chin provides structures f{rom

complete  watrd dnling v

can ha abtaine well circui

Lizina the basic cell qstes which

anal d and tested to verify the

ity and accuracy of nodel paranm

A1l crll and circuit respons were

lated . using the SPICE circuit analy

program.

tally
the cell

N representalive samole of experimen-
derived electric: parameters  for
family shown in ‘able T1.

are

Included are:

1.

2,

typical cell delay times for various

combinational logic gates,

maximunm clocking frequency of counter
circuits, and

n- and p-drive current data tabu-
lated for & and 10 volts at room tea-
perasture. The crll  family can be
grnerally characterizoed as having
5-10 ns gate delavs at 10 vnlis and
10-20 ns qale delavs at 5 wvolts,
Counter operation in the 10 to- 20 Mix
ranqe is possible at 10 volts,

TABLE 11

TYPICAL ELA CELI FAMILY
ELECTRICAL CHARRCTERISTICS

Fraquency of Ring Counters
J-5 Mi{z A 5V
8=->10 Maz 010 v

Gate Propagation Delays
o
7-11 ns

13-19 ns
14-20 ns 6~

Inverter
2-input %OR
2-input NAND

Output Drives (mAY 2 V OFf
U 4 n B

Output Bulfer 7 Y| 9
Standard Cells 1 0.8 1.7 1.0
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Although work is continuing in opli-
mizing the ILA Si-Gate vracess far elec-
trical properties and in extending the
radiation talerance, the data k
dernnstrate thot the
technology a highi-perfornance  hulk
asilicon Llachnology capible of aperating
after high radiation dates,

o futiher deaonstrate the capability
of  the LA cell family, an Wit Arith-
wetic Logic Umit (AL rd yith
the approptiate standard colls.  This ALY
wir the test circuit choren an a technnd-
g and Jdesign evaluation vohicle for the
Alr Yoroo Merant Ty ror Progran,,
The chin contair 172 stundacd cells (i
Yy ranging froa inverters to
gates and a specially designed mualt

Chip atisties of interest can be
doas tollaws:

1346 n and p device:n,

6.69 K mils? actual eel) arva,

a

K omi
wils),

tatal chip area (175 ¥

and
40 1/0 pads,

of particular interest in the evalua-
tion of ALY nerforwance is ane critieal
delav path containing 14 gates whi i
used an a fiqure-of-merit for thae
Lechnoloav-~lavout combarison, Pinally,
iqure & depicts the itical path dealay
a function of ionization dose,

3.
e
.
¥ L07 AL, SATEUIR
P Foow Teud
e e 3 e o e e g ey e
* W

&
1o (K 4D

FRURE-
CRITICAL PATH LLLAY VS UOSE, vDO4IOV

cHOS-iinrdened Techinolooy Comparison

while C¥0S5 has been eslablished as a
technoloeay to meet the power, per-
ance, and radiatinon requirements foc
many spaca~borne applicacinns, the choici
whether to uss bulk or S0S has not beep
resolved,  Historically, the $0S tech:
nology appearcd to offer the only guar-
antend solutinn  to the CMOS latch-ug
phenomenon.  Aluso, hecause of its reduced
junctian and interconneect capacitance, it
promised hiqgher performance, although the
performance aspact {3 somewhat opnen aince
tke S08 technology has a significant
lower mability than the hul% technoloqw,
The trade-offs [or these asnets were the
vrequirad naterial  understandina of  the
silicon-sapphire structure and the dis-
advantaqe of not utilizing a mainstream
DINCEesS, Since bhoth  technologies  have
heen in developmont [or several years, it
in  now appropriate to evatuate their
relative meries,
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tn of latch-un, both the balk
and technolag have  aene
tutic the laten- problon,
the baly hovever, oither opi
Titori- o coutral

Have

oan

ey

yield rebiability For troncrent
fardnoes f05 civeart will
have  an 1Ix  abow s
Baly s cir-

cuits P fon,  batk
withoat oo my Fea-
Lures tvecally  Logve Uy irnt unnet
Teve S-10%10"  rhas/ (20 n»
A performancespacking  density  com-
patison tween 508 and balk radiations
hardenced 3 3r availobie a resulb of
the stun cell AL desiign agr the
Fanlt-to? epaci-horne  camputer pro-
gram  pre nent oned, Sandia  and
another a gurplicr desiqned the
part with S trchnolagy; two other
cormercial pplicrs  used  the S/508
technoloyy, Table JIT  sommarizes  the
performance and density characteristics

for the Lour desigus,

TABLE 111*%

FT ALU CMOG COMPARISON

Total Area Chip

Cells __of Cells Area
(wils?y (K mil2y
Dulk CMOS
Supplicr A 227 14,1365 16,1
Sandia 172 6,691 21.7
CHOS/S05
Supplier B 169 5,628 22,8
Supplicr ¢ 107 6,151 19,9

rerformance~Critical Path

Bulk
Supplicr A 95-132 no
Sandja 75~)10 ns

CHI5/508
Suppliar B
Supplier C

140-290 ns
60-130 ns

*Data from M, Seavey, Raytheon

It should be painted out that with
the cexcoption of suvplier A, the parks
were designed to opecate at 10 yoles,
(Supplier A did 4 S-volt design  whics

+d the packing density,
C%05 desiqn is quite com~
packing  density  and

radversely compro:
{The Sandia bulk
bet{itive in  both
performance,

technology still conlinues to

Toprohten such an the

Fae Leakaae,

1pl n-, B |n| slvaatige ol th
Wnology its 1w static R

bl o

bardened

extiibit

crrcaits Ty dscrease

fanetion of total CROS/805 cireeit
snieally  exhibit Ty iner

1y adlition, atiom=hardenes

the v
‘I sten cover o

Lunolongy
temporature,  interlews
i a pajor §oanact
woyield and retiabitive,  Althouas it
probabliy b HBle to role 4 proh-
1, the cont=pr{eotivena: doing 1o,
light of the well estdd hardened
CMNS cLachnolony, sorions
ion,

tehnoloay

low seduenc,

in
bal

aum

the

Future evolutionary  wends  in
bulx COMOS  technolos i build
upon  the mainstraan o

nologe, will Tuetd

ty and  peartoreanee

use  of g hardensd field oxi
will eliminate tha nead for guardbands,
and  self-aligning the w-well ke source-
draing will e the Palk OMOS toboloay
virtually identical Lo the CHOA/sOR,
Reduced polvsilicon resi will nir
mize the RC interconnect makine the
carrier mobility a more anificant faer-
tor in ecirceit perfor ce. Baseit  on
present data concernina old, roliabil-
icy, deliverability, nerformance, and
future treonds, tha radiation-hardened

bul% CMOS techrnology is
technolony for  systems
environments.

clearly the best
With  radiation
Conclusions

bulk
proven t

The radiation-hardencd
qate CMOS tcehnology kas a
record for megarad hardnese, high re
bility, availability, and no  latch-an,
Thisa boen extonded to a hard-
encd s 5 applied
Lo a familv,
which led to the nn
and delivery high-relialiility,
radjation-hardrnnd microurocvessors, 2%46x4
RANS and 1 A hardened crll
family was developad that offers
jecantly improved performance
denaity over its metal nate
and maintajns low static wower
in a radiation envirorrent, This topoe
logically sirnlae, high-purformance, duale-
ported cell fasily was used jn a brelx
design comparison and exhibited compnti-
Live perforasnce and packing donsity while
offering deronstrated vield and reliahii-

sot
suzeesaful Cabri
of

connercial

siqnif=

lr"ll‘l)n

ity advantaaes, Presently, a radiation-
hardened, 1024x1 RAM and 1024x0 ROM are
being designed in the hardened bulk €

technolony, Future ongning evatutinnar
duveloprents will provide even greator
performanze far this versatile technology.
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