
 

S

mis
cha
dur
unu
pha
crit
stan
mic
mee

 

mis
tim
ope
evi
Cas
the 

mis
pro
reli
197
wit

sele
this
met

 

A.  

eart
fiel
traj
pro
wit
ene
in e
(pa
mic
of a
___

Lab
the 

Space R

Abstract – The
ssion to explore 
allenges.  The sp
ring the transit 
usually high rad
ases.  The abilit
tical for the mis
ndards for flags
croelectronic co
et overall missio

NASA flagshi
ssion to Europa

me in the harsh r
erational rules h
denced by prev
ssini), as well a
Hubble space 
The unusually

ssion affect par
oblem is device
iability and rad
70 and 1980 tec
th high radiatio
This paper dis

ecting suitable 
s unique enviro
thods that can 

II.  JO

Total Dose 
The Jovian tra
th’s radiation b
ld that is about
jectory selected
oton belts; most
th energies up t
ergies require m
earth orbits, lim
articularly spot 
croelectronics i
adding addition
__________ 

The research in
boratory, Califor
National Aerona

Radiatio
the

e proposed Jupi
the Jovian moo

pacecraft must o
time to the vici

diation levels du
y to withstand u

ssion, along with
ship NASA mis

omponents must
on requirement

I.  INTRO

ip missions, su
a, are expected
radiation envir
have been esta
vious deep spa
as in Mars surf
telescope. 

y high total dos
rt performance
e scaling, which
diation effects t
chnologies use

on levels. 
scusses some o
components, t

onment, and in
be used for suc

OVIAN RADIAT

apped belts are
belts, primarily
t 20 times high
d for the propo
t of the radiatio
to several hund
much thicker sh
miting the effec
shielding).  Se
is critically imp
nal shielding. 

n this paper was c
rnia Institute of T
autics and Space

on Effe
e Propo

Jet Propulsi

(1) 81

iter Europa Or
on Europa pose
operate for abo
nity of Jupiter,
uring exploratio
usually high tot
h meeting the h
sions.  Reliabili
t be sufficiently
ts. 

DUCTION 
uch as the propo
d to operate for
ronment of spa
ablished to achi
ace missions (G
face exploratio

se levels of the 
e as well as reli
h introduces ne
that were not im
ed in older flag

of the underlyin
testing and qua
corporating sy
ch a mission. 

TION ENVIRONM

 far more inten
y because Jupit
er than the eart

osed mission av
on is due to tra
dred MeV.  Ele
hielding compa
ctiveness of shi
election of radi
portant becaus

carried out at the
Technology, und
e Administration

ects an
osed Ju

Allan John
ion Laboratory

Pasadena, C
18 354-6425  a

biter (JEO) 
es a number of 
out seven years 
 and then endu
on and orbiting
tal dose levels is

high reliability 
ity of new 
y understood to 

osed JEO 
r long periods o
ace.  Design an
ieve this goal, 

Galileo and 
n missions and

proposed JEO
iability.  A rela
ew issues for 
mportant for th

gship missions 

ng issues in 
alifying them fo
ystem design 

MENT 

nse than the 
ter has a magne
th.  The 
voids the inner 
apped electrons
ectrons with su
ared to electron
ielding 
iation-tolerant 
se of the difficu

e Jet Propulsion 
der contract with
n (NASA). 

1

d Relia
upiter E

nston, Fellow,
y, California In
alifornia  USA

allan.h.johnston
 
 

re 
g 
s 

of 
d 
as 

d 

O 
ated 

he 

for 

etic 

s 
uch 
ns 

ulty 

h 

Figu
orbit as 
specific
Galileo 
environm
Note tha
extende

Fig. 1.  T
mission, 

B.  Gala
Alth

compare
environm
very dif
SEE (su
importa
other sp
discusse
effects b
effects a

C. Disp
Disp

possible
radioiso
environm
location
expected
damage

Elec
displace
because
JEO mis
thicknes

ability 
Europa 

, IEEE 
nstitute of Tech
A  91109 
n@jpl.nasa.gov

ure 1 shows the
a function of a

cation for the pr
environment i
ment after seve
at the Europa r

ed mission envi

Total dose vs. sh
along with the r

actic Cosmic R
hough the solar
ed to regions n
ment that prod

fferent from tha
uch as upset, fu
ant issues for th
pace missions. 
ed only briefly
between SEE s
are discussed in

lacement Dam
placement dam
e sources:  neut
otope power sy
ment. Contribu

n of component
d to be less tha

e requirement, e
ctrons are less e
ement damage,
e of the high en
ssion, the equi
ss of one inch i

Consid
Orbite

hnology 

v 

e total dose for
aluminum shie
revious Galileo

is shown, along
eral extensions
requirement is 
ironment of Ga

hielding thicknes
requirements and

Rays and Solar 
r particle intens
near the earth, t
duces single-ev
at of other deep
unctional interr
he proposed mi
 Therefore sing

y in this paper, 
sensitivity and 
n more detail i

mage 
mage is also a c
utrons from the 
ystem, and elec
utions from neu
ts relative to th
an 1/3 of the ov
except in speci
effective than p
, but that mech
nergy and high 
ivalent neutron
is 5 x 1011 n/cm

deration
r 

r a mission with
eld thickness, a
o mission [1].  
g with the actu
s of the origina
slightly above
alileo. 

ss for the propos
d actual total do

Particles 
sity is lower at
the charged pa

vent effects (SE
p space missio
rupts, and latch
ission, but are 
gle event effec
emphasizing sy
total dose dam

in references 2 

oncern.  There
potential on-b

ctrons from the
utrons depend 

he power system
verall displacem
ial circumstanc
protons in prod

hanism is still im
fluence.  For t

n damage for a 
m2 [1]. Displac

ns for 

h a 105 day 
along with the 

The initial 
al 

al mission.  
 the 

 
ed JEO 
se for Galileo. 

t Jupiter 
article 
EE) is not 
ons.  Various 
hup) remain 
similar to 

cts will be 
ynergistic 

mage.  SEE 
through 4.  

e are two 
board 
 natural 
on the 
m, and are 
ment 
ces.   
ducing 
mportant 
the proposed 
shielding 

cement 



 

dam
con

tran
kra
dam
to s
for 
oxi

Fig
deg

line
tran
refe
wit
mu

Fig
volt

dam
bip
are 
the 
LED

A.  

mis
but
har
ava

mage is particu
nventional com
Figure 2 show

nsistor is affect
ad(Si) ionizatio
mage becomes 
saturation of io
saturation is th

ide as charge ac

. 2.  Effect of ele
gradation. 

Displacement 
ear circuits, wh
nsistors.  Figur
erence voltage 
th gamma rays 
uch more dama

. 3.  Proton and g
tage scales with 

The key point
mage effects in
polar devices.  C

also highly se
Galileo tape re

D displacemen

III.  DEALING

Basic Issues 
The high total

ssion.  It is not 
t is above the m
rdened compon
ailable about w

ularly importan
mponents using 
ws how gain de
ted by displace

on damage dom
more importan

onizing radiatio
he buildup of in
ccumulates nea

ectron displacem

damage is eve
hich typically c
re 3 compares s
of a voltage re
and protons; d
ge [5].  

gamma ray tests
changes in the i

t is to require e
n addition to tot
Certain types o
nsitive to displ
ecorder failed 
nt damage [6]. 

G WITH HIGH R

l dose level is a
only higher th

maximum radia
nents.  Consequ

whether devices

nt for detectors,
bipolar techno
gradation of a 

ement damage.
minates, but dis
nt at higher rad
on damage.  On
nternal electric
ar the silicon-S

ment damage on 

en more import
contain wide-b
shifts in the int
egulator when 
displacement d

s of a voltage reg
nternal bandgap

valuation of di
tal dose damag

of light-emittin
lacement dama
at the end of th

RADIATION REQ

a major issue fo
han that of othe
ation level used
uently, little inf
s will actually f

, but also affec
ology.   
2N2222 
  Below 100 
placement 

diation levels d
ne of the reason
c fields within 
SiO2 interface.

transistor gain 

tant for bipolar
ase pnp 
ternal bandgap
it is irradiated 
amage causes 

 
gulator.  The out
p reference. 

isplacement 
ge for most 
ng diodes (LED
age; for examp
he mission due

QUIREMENTS 

for the proposed
er space missio
d to qualify mo
formation is 
function at tho

2

cts 

due 
ns 
the 

r 

 

tput 

Ds) 
le, 

e to 

d 
ns, 

ost 

se 

levels, i
Other di

a. S
l
s
c

b. T
r
s

c. Q
w
s
r
h
m

B.  Tota
Gen
For 

divide a
generall
radiation
second, 
scaling 
detector

Man
exposed
compare
(enhanc
this effe

Alth
for man
approxim
required
have req
tests at h
converte
requirem
mission
the tests
their po
onset of

Fig. 4.   E
at low do

This
parts un

imposing addit
ifficulties inclu
Substantial shi
level to lower l
shielding to fur
components is 
The actual tota
requirement, w
space missions
Qualification m
with tests at hig
step which is a
rate, but may n
higher dose rat
mission during

al Dose and Di
neral Concerns
initial design c

active compone
ly less concern
n-hardened com
because total d
[7].  The most 
rs, analog circu
ny analog circu
d at the low do
ed to tests at hi

ced low-dose ra
ect [8]. 
hough the ELD
ny devices, mos
mately 50 krad
d for irradiation
quirements abo
high and low d
er, used on the
ment].  Althoug
n, catastrophic f
s were extende
tential use for 
f catastrophic f

Evaluation of a r
ose rate in the re

s illustrates the
nder low-dose r

tional risk for c
ude: 
elding is plann
levels.  Conseq
rther reduce th
a costly and w

al dose will be 
with reduced ma
s. 
methods used b
gh dose rate, fo

applicable to m
not be appropri
te conditions o
g the orbiting p

isplacement Da

concept purpos
ents into basic 
n about digital d
mponents are r
dose hardness 
critical compo

uits, and power
uits exhibit mor
se rates in typi
igh dose rate; t
ate sensitivity) 

DRS phenomen
st tests are not 
d(SiO2) becaus
n, and the fact 
ove 100 krad(S
dose rate for an
e Juno program
gh this part wa
failure occurre

ed to higher lev
JEO.  No prec

failure from the

radiation-toleran
egion above 50 k

e importance of
rate conditions

component sele

ned to reduce th
quently, adding
he total dose for
weight-penalizin

close to the de
argins compare

by manufacture
ollowed by an 

missions with ve
iate for the som
f the proposed 
hase. 

amage 

ses, it is conven
categories.  Th
devices, first b
readily availab
generally incre

onent families 
r control devic
re damage whe
ical space envir
the term “ELD
 is often use to

non has been in
carried out abo

se of the length
that few space

SiO2).  Figure 4
n analog-to-dig

m [50 krad(SiO2

as acceptable fo
ed for unbiased
vels in order to 
cursor was obse
e tests at 50 kra

nt analog-to-digi
krad(SiO2).   
f evaluating an
s at high radiati

ection   

he total dose 
g additional 
r problem 
ng option. 
sign 
ed to typical 

ers begin 
annealing 
ery low dose 

mewhat 
JEO 

nient to 
here is 
because 
ble; and 
eases with 
are 
es. 
en they are 
ronments 

DRS” 
o describe 

nvestigated 
ove 

hy time 
e missions 
4 compares 
gital 
2) 
or that 

d parts when 
evaluate 

erved for the 
ad(SiO2). 

 
ital converter 

nalog bipolar 
ion levels, 



 

des
JEO
mag
wh

tren
of 0
thic
effe
dam
Fig
ray

Fig
a CM
inve
resu

CM
less
rela
incr
cha
betw

diff
for 
tota
on 
mo
for 
exc
vol
pow
far 
to g
fun

Eve
rela
satu
Fig

spite the long te
O orbiting phas
gnitude higher
ich reduces the
ELDRS in Sca

CMOS device
nch isolation (S
0.08 to 0.25 m
ckness in bipol
ect similar to E
mage taking pla
gure 5 illustrate
ys, which furthe

. 5.  Increase in d
MOS process w
ersion is signific
ults at high dose 

This result wa
MOS devices ty
s damage shou
ated to the long
reased recomb

arge that is actu
ween the STI a
Lot Variability
There can be l

ferent producti
a voltage regu

al dose hardnes
the load condit
nths; and secon
applications o

ceeds the curren
ltage will take p
wered by the re
more difficult 

gradual parame
nctioning with s

Displacement 
en though the d
atively low, it c
uration of total

g. 2); displacem

esting times.  F
se is ~ 40 mrad
r than that of co
e overall test ti
aled CMOS 

es with feature 
STI).  STI oxid
m, a distance th
lar oxides.  Rec
ELDRS occurs 
ace when tests 
es this, along w
er overestimate

drain current vs.
ith 180 nm featu

cantly lower at lo
rate. 

as unexpected b
ypically anneal
uld occur at low
g transport time
bination at high
ually transporte
and the body re
y 
large differenc
ion lots [10].  A
ulator.  Two po
ss differs by a 
tions) for devic
nd, short circu
f this type of d
nt drive capabi
place that usua
egulator unless
to deal with th

etric shifts that
some degradat
Damage 

displacement d
can still be imp
l dose damage 

ment damage do

Fortunately, the
d(SiO2)/s [1], a
onventional spa
me.  

sizes  0.25 m
des extend later
hat is comparab
cent work has s
in STI oxides,
are done at low

with test results
es radiation har

. total dose for te
ure size [9].  The
ow dose rate com

because leakag
s, leading to th

w dose rate.  Th
e for holes in th

her dose rates d
ed to the interf
egion of the M

es in the radiat
An example is 
oints are import
factor of 2.2 to
ces produced w
it current is a c

device.  If the d
ility, large chan
ally disable circ
s the load can b
his type of resp
t often allow ci
ion in perform

damage require
portant.  One re
at higher radia
oes not saturate

e dose rate for 
about an order o
ace missions, 

m use shallow 
rally for distan
ble to the oxide
shown that an 
, with more 
w dose rate [9]
 for 10-keV X-
rdness.     

 
est transistors fro
e total dose for 
mpared to test 

ge current in 
he conclusion th
he mechanism 
hick oxides; 

decreases the 
face region 

MOS transistor.

tion hardness o
shown in Fig. 
tant:  first, the 
o 3.5 (dependin
within about 15
critical parame
device load 
nges in output 
cuits that are 
be reduced.  It i
ponse compared
ircuits to contin

mance. 

ement for JEO 
eason for this i
ation levels (see
e, and can 

3

the 
of 

nce 
e 

].  
-

om 

hat 
is 

of 
6 

ng 
5 
ter 

is 
d 
nue 

is 
is 
e 

potentia
compon

Fig. 6.  L
of a volta

It is 
exact ty
environm
are prod
effects a
of test a
displace
dose dam
expected
perform

Fort
enough 
Table 1 
potentia
displace
It can us
circuits 

Tabl

Device 

Detecto

Light-em
diode 

Bipolar 
circuit 

Discrete

 
IV

Seve
reliabili
high rel
to show
Howeve
designed

ally affect the o
nents. 

Lot variability of
age regulator. 

usually imprac
ype of particle a
ment.  Althoug

duced simultan
are generally c
and qualificatio
ement damage 
mage is to pre-
d displacemen

med.   
tunately, the di
for JEO so tha
lists the devic

ally important. 
ement damage 
sually be consi
and discrete tr

le 1.  Componen

Type 
1

or 

mitting 

linear 

e transistor 

V.  RELIABILITY

eral steps are n
ity needed for s
liability of earl

w the effectiven
er, the compon
d and fabricate

overall hardnes

f radiation degra

ctical to perfor
and energy ran
gh total dose an
neously in the r
considered sepa
on.  One approa
effects are exp
-irradiate quali

nt dose before t

isplacement da
at relatively few
e types where 
 For detectors 
is often the do
idered as secon
ransistors. 

nts Affected by D

-MeV Fluence D
Threshold (n/c

109 to 1010

2 x 1010 

4 x 1010 

3 x 1011 to 1

Y STRATEGIES 

necessary in ord
space missions
ier flagship mi

ness of existing
nents used in th
ed quite differe

ss of some type

adation of short-c

rm radiation tes
nge that occurs 
nd displacemen
real space envi
arately from th
ach that can be
pected to be les
ification sampl
total dose tests 

amage fluence i
w components 
displacement d
and light-emit

ominant source
nd-order for bip

Displacement Da

Damage 
cm2) 

Com

0 
Depe
techn

Dom
mode

TID 
displ
effec
impo

012 
Main
low f
trans

FOR SPACE MI

der to obtain th
s such as JEO.
issions is frequ
g practices for r
hose missions w
ently from pres

es of 

 
circuit current 

sts with the 
in the 

nt damage 
ronment, the 

he standpoint 
e used when 
ss than total 
les to the 
are 

is low 
are affected.  

damage is 
tting diodes, 

e of damage.  
polar linear 

amage 

mments 

ends on 
nology 

minant failure 
e 

and 
lacement 
cts are both 
ortant 

nly effects 
frequency 
sistors  

ISSIONS 
he high 
 The very 

uently cited 
reliability.  
were 
sent-day 



 

dev
sca
reli
imp
lim
fab

acc
as t
(M
test
pro
und
env
A.  

bur
trac
par
app
com
in i

adv
con
thre
bre
mo
des
reli
is p
sing
fluc
dop
def
ind
mar
Alt
com
tech
New
issu
lim
lev

pre
the 
foc
bal
dig
of p
wit
typ
for 

mo
pac
cau

vices.  New rel
aling and comp
iability method
pose additional

mited history (ot
brication techno

The specific e
count for reliab
those involved 
artian) daily te
ts based on the

oposed JEO mi
dergo extreme 
vironment after
Component Te
The first reliab

rn-in of all com
cking devices a
rametric data b
proach was hig
mponents used 
its effectivenes
CMOS reliabi

vances in manu
ntinue to evalua
eshold shifts fr

eakdown, and e
st effective wa

sign rules and m
iability.  Other 
probably the ex
gle die.  Perfor
ctuations in thr
pant atoms in e
fects, including
dividual transist
rgins when we
though “outlier
mpleted device
hnology and ge
w approaches n
ues.  Note that 

mited effectiven
els of metalliza
Packaging is a

evious flagship 
general appro

cused on such p
l grid or colum

gital parts with 
pins.  For the ty
th most failure 
es of packages
long life appli
Reliability of 
st important is

ckage technolo
uses cracks to f

iability challen
lexity are not n

ds [11,12].  Com
l reliability diff
ther than GaAs
ologies [13,14]
environment fo
bility evaluation

in Mars surfac
emperature cyc
ermal cycling a
ssion is quite d
vibration durin
r launch is rela
esting and Qua
bility step is th

mponents.  In th
at individual w
efore and after

ghly successful 
in earlier miss

ss for newer tec
ility mechanism
ufacturing tech
ate fundamenta
rom hot carrier
electromigratio
ay to deal with 
methods used i
issues are mor

xtremely large 
rmance variatio
reshold voltage
each transistor)
g mask misalign
tors to function

e consider the v
rs” can often be
es, statistical flu
enerally canno
need to be dev
older methods

ness, particularl
ation. 
another concer
missions have
ach towards te

package types. 
mn grid arrays) 

high frequency
ypical range of
mechanisms, b

s are too low to
ications. 
complex packa
sues [17,18].  M
gies has empha

form in BGA a

nges introduced
necessarily solv
mpound semic

fficulties becau
s MESFETs) a
]. 
or JEO must be
n.  Some space
ce exploration)
cles; consequen
are heavily emp
different. The s
ng launch, but 
atively benign. 
alification 
horough electric
he past this has

wafer levels, as 
r burn-in.  Alth
for the less co

sions, there ma
chnologies. 
ms are heavily 
nology [15].  M
al mechanisms
rs, time-depend
on.  From a use

these topics is
in manufacturin
re difficult.  Th
number of tran
ons are caused 
e (due to the sm
) [16] along wit
nment, that ma
n during initial
very long opera
e identified by 
uctuations are i

ot be eliminated
eloped to deal 

s (such as Iddq te
ly for processe

n.  Nearly all c
e used hermetic
sting and quali
 Non-hermetic
may be the on

y response and
f activation ene
burn-in temper
o establish relia

ages is likely to
Much of the w
asized thermal

and CGA packa

d by device 
ved by older 

conductors 
use of their 
and use of new 

 taken into 
e missions (suc
) must endure 
ntly, reliability 
phasized.  The 
spacecraft will 
the thermal 
  

cal testing and
s included 
well as logging

hough this 
omplex 
ay be limitation

influenced by 
Manufacturers 
s such as 
dent dielectric 
r standpoint, th
 to review the 
ng to verify 
he most import
nsistors on a 
by statistical 

mall number of
th manufacturi
ay allow 
l tests, but redu
ational life.  
testing 

inherent in the
d by testing.  
with these 
esting) have 

es with many 

components in 
c packages, and
ification is 
c packages (e.g
nly option for 
d large numbers
ergies associate
ratures for thes
ability threshol

o be one of the
work on emergin

 cycling, which
ages [19].  

4

ch 

d 

g 

ns 

he 

tant 

f 
ing 

uce 

 

d 

g., 

s 
ed 
e 
lds 

e 
ng 
h 

Althoug
tempera
of therm

An e
by Lall,
intermet
aging as
expected
sectioni
interval
shown i
a diffusi

Fig. 7.  T
arrays (a

B.  Dera
The 

importa
compon
tempera
are muc
in older 
tempera
maximu
maximu
the man
single-e

Thes
operatin
attempt 
approac
likely be
inherent

C.  Syste
The 

combine
tempera
Althoug
accomm
For JEO
actual re
approac
- - - - - -
1The mil
but narro

gh appropriate 
ature of electro
mal cycling.   
example of ong
, et al., [20].  T
tallic compoun
s a reliability in
d.  Thickness w
ing some of the
s, using a SEM
in Fig. 7, the da

�

ion-controlled 

Time dependenc
after Lall, et al. [

ating 
second reliabi

ant, is compone
nents are design
ature range1, te
ch narrower.  A
r flagship missi
ature, current a
um values allow
um application 
nufacturer’s rat
event gate ruptu
se derating me
ng stress of ind
is made to qua

ch appears satis
e beneficial for
t difficulties as

em Design 
typical approa

e worst-case va
ature, and radia
gh it is somewh
modated by sys
O, the inherent 
equirement tha

ch. 
- - - - - - - - - - -

litary temperatur
ower ranges may

for some missi
onics on JEO di

going work on 
They proposed 
nds in BGA tes
ndicator when 
was evaluated 
e samples from

M to measure in
ata fit a t  dep
mechanism.   

e of inter-metall
[20]). 

ility step, whic
ent derating.  A
ned and tested 

emperature rang
Additional dera
ions, where po

and voltage are 
wed by manufa
voltage of a p

ting, with an ad
ure. 

ethods provide 
dividual compo
antify the impr
sfactory for old
r new technolo
ssociated with 

ach used to eva
alues for initia
ation damage in
hat conservativ
stems with less
hardness of so

at it becomes v

re range (-55 to 
y be necessary fo

ions, the relativ
iminishes the i

n package reliab
using the grow
st structures du
limited therma
by (destructive

m a larger group
ntermetallic thi
pendence, cons

lic compounds in

h is probably t
Although indivi

to work over a
ges in typical a

ating factors ha
ower dissipation
 reduced from 
acturers.  For e
ower MOSFET
dditional derati

significant ma
onents.  Althou
rovement in rel
der component
ogies as well (i
advanced pack

aluate compone
al parameters, r
n an additive m
ve, it can usual
s stringent requ
ome parts is so 
very difficult to

125 C) was use
or large-scale de

vely constant 
importance 

bility is work 
wth of 
uring thermal 
al cycling is 
ely) 
p at periodic 
ickness.  As 
sistence with 

 
n ball grid 

the most 
idual 
an extended 
applications 
ave been used 
n, chip 
the 

example, the 
T is 75% of 
ing factor for 

argins in the 
ugh no 
liability, the 
ts and will 
including the 
kaging). 

ents is to 
reliability, 
mode.  
ly be 

uirements.  
close to the 

o use such an 

ed in the past, 
evices. 



 

that
rep
tem
illu
out
dist
mis
illu

Fig
syst

D.  

me
and
rule
kno
con
on 
me
man
may
tho

that
pro
new
larg

(pa
tech

tem
we 
unu
me
pro

thre
test
leak
neg
cha
are 
fun

A statistical d
t reduces some

presentations of
mperature, and 
ustrated in Fig. 
t statistical ana
tribution is cha
ssion lifetime c
ustrated in the f

. 8.  Relationship
tem lifetime. 

Concerns and
Identification 
Reliability is a
chanisms are u

d nearly always
es for complex
ow why device
ncentrate on wa
manufacturers
chanisms that h
nufacturing lev
y be helpful in

ough the condit
When we con
t are likely to b

obably intercon
w approaches w
ge-scale device
Other areas of

articularly comp
hnologies used
Synergistic Ef
Restricting op

mperature gener
have to consid

usually high ra
chanisms that 

oblem worse [2
One example 

eshold voltage 
ts of highly sca
kage and leaka
gligible [25], th
annel widths, su

designed with
nction with “5 s

esign approach
e of the conserv
f radiation degr
initial paramet
8, recognizing
lyses to the po
aracterized.  A 
can be obtained
figure. 

p between worst

d Synergistic Ef
of Key Proble

a complex topi
usually evaluat
s are taken into

x circuits. For a
es really fail in 
ays to decrease
 to deal with th
have to be dea
vel.  Field failu

n identifying th
tions may diffe
sider the desig
be imposed by 
nnects and pack
will have to be 
es.  
f concern for re
pound semicon

d in instrument
ffects 
perating conditi
rally improve o
der possible int
diation environ
can potentially

23,34]. 
is the effect of
of SRAMs wi

aled CMOS ha
age through the
hat is not the ca
uch as those us

h very narrow c
sigma” parame

h is being cons
vatism by usin
radation, reliab
ter values.  The
g that it is not p
int where the a
significant imp

d with this app

t-case and statist

ffects for JEO 
m Areas 
ic.  Fundament
ed using specia

o account in est
a mission like J
field applicatio

e the actual fail
he more fundam
lt with at the ro

ure data from m
e key failure m

er from those u
n and thermal 
JEO, the main

kaging.  As dis
identified for t

eliability are ne
nductors), and 
s, particularly 

ions, power dis
overall reliabil
teractions betw
nment and relia
y make the ove

f small changes
th small featur
ve shown that 

e STI isolation 
ase for devices
sed in SRAMs
changes, and m
eter valuations 

idered for JEO
g statistical 
bility, 
e concept is 
practical to carr
actual statistica
provement in 
roach, as 

 
tical approaches 

tal reliability 
al test structure
tablishing desi
JEO, we need t
ons, and 
lure rate, relyin
mental 
oot 

manufacturers 
mechanisms, ev
sed in space. 
derating metho

n concerns are 
scussed earlier,
those factors in

ew technologie
special device 
detectors [21,2

ssipation and 
ity.  However,

ween the 
ability 
rall reliability 

s in the interna
re size.  Althou
gate threshold 
regions are 

s with narrow 
; cache memor

must be able to 
at the 90 nm 

5

O 

ry 
al 

for 

es, 
ign 
to 

ng 

ven 

ods 

 
n 

es 

22]. 

 

al 
ugh 

ries 

feature s
internal 
[26].   T
only aff
has not 
likely af
From to
effects w
krad(SiO

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  In
from tota
nm featu
(compare
compare

Othe
effect of
consum
during t
distribut
compon
reliabili

The 
fundame
of total 
most rad
hardene
reliabili
meet the

The 
technolo
not nece
and inte
between
where th
maintain

We 
used in 
scanner
mission
successf
propose
compon
requirem

size node.   Fig
 switching poin

This particular 
fected at radiat
been investiga
ffect devices m

otal dose scalin
would become 
O2) at that nod

Influence of sma
al dose degradat
ure size [26].  Th
ed to the bit line

ed to an unirradia

er synergistic e
f gradual incre

mption for bipol
the mission.  T

ution systems, b
nents on condu
ity as well as p

proposed JEO
ental reliability
ionizing dose, 
diation-harden
ed part technolo
ity of older flag
e demanding re
main areas of 

ogies, where o
essarily apply. 
erconnect reliab
n reliability and
he approaches 
n reliability wi
also have to be
detectors for s

rs), as well as th
ns (including th
fully with thos

ed JEO mission
nents of this typ
ments of the m

gure 9 shows h
nt affect the w
case is for 90 n

tion levels > 1 M
ated for larger f
manufactured a
ng studies [27],
 important betw

de. 

all changes in the
tion on the SEU 
he margin is redu
e NOT line), incr
ated device. 

effects are mor
eases in standby
lar devices) as 

This not only in
but may increa
uction-cooled c
erformance ch

CONCLUSIO

O mission to Eu
y issues as wel
beyond the no

ned component
ogy combined 
gship missions
equirements of
concern are th
lder methods o
 Additional w

bility, as well a
d radiation dam
used by device

ill not necessar
e concerned ab
spacecraft contr
hose used in in

he Galileo miss
se components.
n is to ensure th
pe could also m

mission. 

how small chan
rite margin of 
nm cache cells
Mrad(SiO2).  T
feature sizes, b

at the 130 nm a
, we expect tha
ween 200 and 

e internal switch
response of an S

uced for the norm
reasing the SEU

re obvious, incl
y leakage (or o
the total dose 

ncreases the loa
ase the tempera
ircuit boards, a

haracteristics.   

ONS 
uropa must dea
ll as an usually
ormal range con
s.  Improveme
with the very h

s show that it is
f this mission.

hose related to n
of design and r
ork is needed o
as on synergist
mage for advan
e manufacturer
rily apply. 
bout the special
rol (including 

nstruments.  Ea
sion) were able
.  The challeng
hat more advan
meet the deman

nges in the 
an SRAM 

s, which are 
The effect 
but it will 
as well.  
at such 
500 

hing margin 
SRAM with 45 
mal bit line 

U rate 

luding the 
overall power 
increases 
ad on power 
ature of other 
affecting 
 

al with 
y high level 
nsidered for 
nts in 
high 
s possible to 
  
new 

reliability do 
on packaging 
tic effects 
nced devices, 
rs to 

l components 
star 
arlier 
e to deal 
ge for the 
nced 
nding 



 6

REFERENCES 

[1] Jupiter Europa Mission Study 2008:  Final Report, Feb. 12, 2009 
(available on line through the NASA website). 

[2] L. W. Massengill, “Cosmic Ray and Terrestrial Effects in 
Dynamic Random Access Memories,” IEEE Trans. Nucl. Sci., 
43(2), pp. 576-593 (1996). 

[3] P. E. Dodd, “Basic Mechanisms and Modeling of Singe-Event 
Upset in Digital Microelectronics,” IEEE Trans. Nucl. Sci., 
50(3), pp. 583-602 (2003). 

[4] F. W. Sexton, “Destructive Single-Event Effects in 
Semiconductor Devices and ICs,” IEEE Trans. Nucl. Sci., 50(3), 
pp. 603-621 (2003). 

[5] B. G. Rax, et al., “Proton Damage Effects in Linear Integrated 
Circuits,”  IEEE Trans. Nucl. Sci., 45(6), pp. 2632-2637 (1998). 

[6] G. M. Swift, et al., “In Flight Annealing of Displacement 
Damage in LEDs:  A Galileo Story,” IEEE Trans. Nucl. Sci., 
50(6), pp. 1991-1997 (2003). 

[7] T. R. Oldham and F. B. McLean, “Total Ionizing Dose Effects in 
MOS Oxides and Devices,” IEEE Trans. Nucl. Sci., 50(3), pp. 
483-499 (2003). 

[8] R. L. Pease, R. D. Schrimpf and D. M. Fleetwood, “ELDRS in 
Bipolar Linear Circuits:  A Review”, EEE Trans. Nucl. Sci., 
56(4), pp. 1894-1908 (2009). 

[9] A. H. Johnston, R. T. Swimm and T. F. Miyahira, “Low Dose 
Rate Effects in Shallow Trench Isolation Regions,”IEEE Trans. 
Nucl. Sci., 57(3), pp. 3279-3287 (2010). 

 [10] D. M. Fleetwood and H. A. Eisen, “Total-Dose Radiation 
Hardness Assurance,” IEEE Trans. Nucl. Sci., 50(3), pp.  552-
564 (2003). 

[11] D. A. Southerland, “Qualification Issues and Pitfalls for 
Advanced Semiconductor Devices in Space,” 2009 IEEE 
Reliability Physics Symposium, pp. 221-246. 

[12] A. H. Johnston, “Space Radiation Effects and Reliability 
Considerations for Micro- and Optoelectronic Devices”, IEEE 
Trans. on Device and Materials Reliability (in press). 

[13] P. C. Chao, M. Y. Kao, K. Nordheden and A. W. Swanson, 
“HEMT Degradation in Hydrogen Gas”, IEEE Elect. Dev. Lett., 
15(5), pp. 151–153 (1994). 

 [14]  A. H. Johnston, “Reliability and Radiation Effects in Compound 
Semiconductors,” World Scientific: New Jersey (2010). 

 [15] D. L. Crook, “Evolution of VLSI Reliability Engineering,” 1990 
IEEE Internat.  Reliability Physics Symposium,  pp. 2-11. 

[16] K. Takeuchi, R. Koh and Tohru Mogami, “A Study of the 
Threshold Voltage Variation for Ultra-Small Bulk and SOI 
CMOS,” IEEE Trans. Elect. Dev., 48(9), pp. 1995-2000 (2001). 

[17] S. Stoyanov, et al., “Lifetime Assessment of Electronic 
Components for High Reliability Aerospace Applications,” 2004 
IEEE Electronics Packaging Conference, pp. 324-329. 

[18] H. Qi, M Osterman and M. Pecht, “Plastic Ball Grid Array 
Solder Joint Reliability for Avionics Applications,” IEEE Trans. 
on Components and Packaging Technologies, 30(2), pp. 242-247 
(2007). 

 

[19] R. Ghaffarian, “Thermal Cycle Reliability and Failure 
Mechanisms of CCGA and PBGA Assemblies with and without 
Corner Staking”, IEEE Trans. Comp. and Packaging Tech. 
31(2), pp. 285-296 (2008). 

[20] P. Lall, et al., “Leading Indicators of Failure for Prognostication 
of Leaded and Lead-Free Electronics in Harsh Environments”, 
IEEE Trans. Comp. and Packaging Tech. 32(1), pp. 135-144 
(2009). 

[21] J. C. Pickel, et al., “Radiation Effects on Photonics Imagers – A 
Historical Perspective,” IEEE Trans. Nucl. Sci., 50(3), pp. 671-
688 (2003). 

 [22] G. R. Hopkinson, et al., “Radiation Effects in InGaAs and 
Microbolometer Infrared Sensor Arrays for Space Applications,” 
IEEE Trans. Nucl. Sci., 55(6), pp. 3483-3493 (2008). 

[23] D. M. Fleetwood, et al., “Effects of Device Aging on 
Microelectronics Radiation Response and Reliability,” 
Microelectron. Reliability, 47, pp. 1075-1085 (2007). 

[24] R. D. Schrimpf, et al., “Reliability and Radiation Effects in IC 
Technologies,” 2008 IEEE Reliability Physics Symposium, pp. 
97-106. 

[25] R. LaCoe, et al., “Improving Integrated Circuit Performance 
Through the Application of Hardness-by-Design Methodology,” 
IEEE Trans. Nucl. Sci., 55(4), pp. 1903-1925 (2008). 

[26] X. Yao, et al., “The Impact of Total Ionizing Dose on 
Unhardened SRAM Cell Margins”, IEEE Trans. Nucl. Sci., 
55(6), pp. 3280-3287 (2008). 

[27] P. E. Dodd, et al., “Current and Future Challenges in Radiation 
Effects on CMOS Electronics”, IEEE Trans. Nucl. Sci., 57(4), 
pp. 1747-1763 (2010). 

 

 

 

 

 


