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. INTRODUCTION effects has evolved over time, improvements to

A great deal of work has been done over the paes)f'St!ng. test methods have heen made.
It is important to note that hardness assurance

20 years to develop reliable, cost-effective hardness

assurance test procedures to assess and assuréeﬁlieéneth()di. aret .us.edhtt(.) tde;me. tesbtshthgt may
radiation hardness of integrated circuits for use pyovice signiticant insight nto device behavior in

space and/or high-energy partile accelerator apdy % TR P PRE) N TR o
cations. Test guidelines have been developed i P u

total dose hardness assurance qualification (e.qg., g.lctgs arfid tICS' Howevg(rj, ithfe rgiichanisdms. for
U. S. test guideline MIL-STD-883, Method 101g2¢!ation EMECLs can vary widely for ditterent device

and the European test guideline BS 22900) and ilglphnologies and for different applications. It is the

single event effects (SEE) hardness assurance quI' ers responsibility to evaluate test results and to
ification (e.g., JESD57 and ASTM F1192). Thes etermine their applicability to part performance in
guidelines depend on laboratory tests that do not |¢ environment of interest. In other words, a test

ways match the exact conditions of the use enviroW—ethOd IS a tool for test engineers, but it provides

ment because of time, cost, and facility limitationg'> gxf;fi']tngotl‘gra”gﬁejsgrea:\jf(;ﬁ”mcfnst f?rrl f%’:rr]y ‘ig‘;‘gs
For example, it is not practical to expose devices f PE, 9y, ' y

years at extremely low dose rates to the total do eespecially those involving specialized device types

levels expected for multiple year space applicationasr.]d rion-stari)dard appli;:attlons),i a tradlagon-fﬁect?
Instead, the total dose response of microelectroni €t may be required to evaate and Interpre

in these types of applications must be bounded D) ;iriioer?tnsure device survivabllity in the use en-
using laboratory radiation sources at moderate do Li-_i ST
ere we will discuss hardness assurance test

rates that can be completed within a reasonable SO
time frame (a few hourspto a few months). In ad! ethods for total dose and SEE qualification. For

dition, heavy ion test facilities cannot produce ion tal dose qualification, the main test methodologies

with energies equivalent to those present in spa&’ged in the U.S. and Europe will be reviewed

Thus, lower energy ions must be used to assess ﬂ%l differences between the guidelines will be dis-
SEE ioerformance of ICs in space environments Ji;gssed. A brief discussion of the fundamental mech-
develop reliable, cost-effective hardness assurarfig>ms that form the foundation for the methodolo-

test methods, a detailed knowledge of the badlEs will also be presented. A more in-depth discus-

mechanisms that control the total dose radiation aﬁ'&m of the mechanisms that control the radiation

SEE response of microelectronics is important. Sponse of microelectronics can be found in the

our knowledge of the basic mechanisms of radiaticWPrk presgntec{ by Schwank as part.of thi; short
course. This will be followed by a discussion of
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to radiation-induced oxide-trapped charge buildup
in n- and p-channel gate-oxide or parasitic field-
oxide transistors. Trapped positive charge in these
oxides causes the threshold voltage of n-channel
gate and parasitic field oxide transistors to shift
toward depletion mode. Large shifts in threshold
voltage will cause excessive leakage current to flow
from the drain to source of n-channel gate-oxide
transistors and can also cause leakage between tran-
sistors [1], [2]. In fact, radiation-induced increases
in this leakage current limits the radiation hardness
Irradiate + 50% Spec Level , of most commercial integrated circuits (ICs). This
0205 redlShe Rt phase of the test procedure requires an irradiation
Biased Anneal _ at 24+6°C to a specified dose at a dose rate of
168 @ 100°6 J/ Flectical Test / 50 to 300 rads(SiQ)/s followed by a room tem-
Elootical Tost | perature electrical test (246°C). The irradiation
< 2hr and electrical testing is done at 28°C because
radiation effects have been shown to be temperature
sensitive [3]-[10]. However, as discussed below, be-
cause of this temperature sensitivity electrical char-
acterization testing should also be performed at the
Fig. 1. Test flow for MIL-STD-883, Method 1019.7. temperature extremes of the system environment.
During irradiation the devices must be biased using

e worst-case bias configuration. This is the bias

) e L . t
device qualification that are not covered in IDres’egll)ndition the induces the most radiation induced

SEE test guidelines. Specifically, we wil OIISCUS3amage in the device. Worst-case bias conditions
proton energy and angular dependence of protof)-

induced single-event latchup (SEL), the impact ; e technology dependent and are discussed in detail

total dose on single-event upset (SEU). and | iter in this section. Between irradiation levels, all
. gie-e up ’ ins of the device should be shorted together to

sues associated with high versus low energy he
i

ion testing. The hard implicati efuce annealing effects. The time from the end of

![ﬁn esting. e." Sr ng('jss assgrance IMPCAonS A irradiation to the start of electrical testing shall

e€se Issues will be addressed. not exceed 1 hour and the start of the next irradiation

Il. TOTAL DOSE HARDNESS ASSURANCE TEsT |cvel must take place within 2 hours of the end of
the prior irradiation.

ISSUES - . .
It is important to point out that for some devices
A. Total dose hardness assurance test methods in a very low dose rate environment, the first phase
There are a number of qualification test method$é TM 1019 is known to be overly conservative and
that define total-dose testing of microelectronicthus the method allows one to perform extended
These include MIL-STD-883, Test Method (TMYyoom temperature anneals to better estimate the
1019 used in the US and its European countgrerformance of devices at low dose rates [11]-
part, ESA/SCC Basic Specification (BS) No. 2290013]. These types of anneals are allowed only
While there are differences between these two tdst parametric failure (parameters that exceed their
methods, both are intended to provide conservatispecification limit) and not for functional failure.
estimates of the total dose response of microeldgeom temperature anneals are usually effective for
tronics for use in low-dose-rate applications. devices whose parametric degradation is associated
Figure 1 shows the main test flow for MOSwith the buildup of oxide-trapped charge and for de-
devices as specified in the latest version of TM 101&ces with fast annealing rates. TM 1019 limits the
(version 7). This test method is broken into twtime for room temperature anneals to the maximum
phases. The first phase of the test method is a céime calculated by dividing the total ionizing dose
servative test for parametric or functional failure dugpecification for the devices by the maximum dose

Electrical Test
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50-300 rad(Si)/s
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rate for the intended use. reason no additional dose is required as part of the
In some cases, a second phase (rebound tests@fond phase of BS 22900 is because BS 22900
TM 1019 is required. The second phase consistseks to accurately identify worst-case conditions
of an additional irradiation equal to 50% of theluring a required evaluation test, which is used
specified dose, followed by a 168-hour anneal dtring the qualification testing. Electrical testing
100°C under worst-case bias conditions. The adds performed before and after the irradiations and
tional irradiation is required because of uncertaintiedter the room/elevated temperature anneals at room
in defining the worst-case bias conditions to usemperature. A more detailed description of the test
during irradiation and anneal [11], [13], [14]. Inphilosophy, similarities, and differences between
addition, this overtest is large enough to account fdM 1019 and BS 22900 are given in Ref. [19].
the observed increase in transistor threshold voltagerhe main test flows of TM 1019 and BS 22900
for transistors irradiated at elevated temperaturesdefine test procedures for MOS devices that pro-
opposed to transistors irradiated at room tempefide significant insight into device behavior in low-
ature and annealed at 1@ for one week [15]. dose-rate space environments. These test procedures
Typically, irradiations and anneals are performedere actually developed based on our fundamen-
under static bias conditions, and do not account ftal understanding of the mechanisms that control
the possibility of enhanced rebound voltages ofteadiation effects (as discovered primarily in the
observed during switched-bias or AC irradiation80s). However, the 90s led to the discovery of a
[5], [16]-[18]. After the 1-week anneal, the devicefew new radiation effects phenomena that are not
should again be characterized at room temperatuseldressed by the main test flow. These include
This phase of the test method is used to boulEl DRS in bipolar linear devices and preirradia-
the degradation that is associated with the buildtipn elevated temperature effects observed in both
of interface-trap charge by maximizing the builduMOS and bipolar devices. While the mechanisms
of interface-trap charge while simultaneously anhat control these effects are not fully understood,
nealing a large amount of oxide-trapped charge.there is enough knowledge about the mechanisms
is a conservative test for parametric or function& define hardness assurance test procedures, which
failures due to the long-term buildup of interfacean assess the impact of these effects. In fact,
traps [7], [11]. At the present time, this test is onlynodifications have been made to TM 1019 to ad-
applied to MOS-like technologies that could exhibdress these relatively new radiation effects. These
time-dependent effects (TDE), e.g., trapped-hofeodifications will be discussed next. In addition,
annealing and interface-trap buildup, over long timteere are a number of issues that can affect the
periods. A device intended for space applicatiaeliability of hardness assurance tests that need to
must pass both phases of TM 10109. be considered when qualifying devices in space
BS 22900 has a similar test flow to that ofadiation environments. These include selecting the
TM 1019. However, there are a few importandptimum laboratory radiation source, determining
differences. During the first phase of the test prevorst-case bias conditions, and understanding the
cedure, the irradiations specified by BS 22900 aimplication of characterization temperature. These
performed in a range of dose-rate windows, i.dssues will also be reviewed.
either between 1 to 10 rads(S)3s or 0.01 to 0.1
rads(SiQ)/s at a temperature of 2(00°C with parts
biased using worst-case bias conditions. Note tHfaxt
both test methods permit testing to be performed atSince the early 1990s, it has been known that
the dose rate of the intended application if agresdme types of bipolar devices exhibit enhanced
to by the customer. During the second phase of tleav-dose-rate sensitivity (ELDRS) at low electric
test procedure, no additional irradiation is requireflelds [21]-[27]. This means that the amount of
only biased anneals. The anneals consist of a 2dtal dose degradation in bipolar transistors and ICs
hour anneal at room temperature followed by a 168at is observed at a given total dose is greater
hour anneal at 10C. Similar to TM 1019, theseat low dose rates than at high dose rates. Note
anneals are used in an effort to account for timdiat ELDRS is more than a simple time dependent
dependent effects in the space environment. Tatect as often observed for MOSFETSs. In ELDRS

Enhanced low-dose-rate sensitivity
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Fig. 2. Ig4 versus total dose for LM111s subjected to a @5
300-hr preirradiation elevated temperature stress. Thicek were Dose R ate [rad(SI)/s]
irradiated at 0.01 (triangles) and 50 rad(9)@ (circles) with all
pins shorted. Following the 50 rad(Sijfs irradiation, the devices _ )
were annealed at room temperature with all pins shorted tima  F19- 3. Effect of dose rate on excess base current in thealaed

equivalent to the low dose rate irradiation (open circlgsjter [20].) Substrate PNP bipolar transistors. All data were measurétba =
0.7 V. (After [31].)

devices, degradation at low-dose rates can be sigcuits that exhibit ELDRS can be found in Ref.
nificantly more than at high-dose rates even aftf80].

taking differences in the time of the irradiations into ELDRS is illustrated in Figure 2, which is a plot
account, i.e., ELDRS is a “true” dose-rate effectf the input bias current gl,) for LM111 voltage
(This is discussed in more detail below.) In generalpmparators versus total dose for dose rates of 50
total ionizing dose degradation in bipolar deviceand 0.01 rad(Si¢)/s [20]. The voltage comparators
results from the buildup of radiation-induced chargeere irradiated and annealed with all pins shorted.
in the field oxides used to isolate the base am observed in Figure 2, voltage comparators irra-
emitter contacts and the creation of recombinatialiated at low-dose rates have a much larger increase
centers at the Si/SiQinterface. ELDRS in NPN in input bias current than voltage comparators irra-
transistors has been attributed primarily to increasdihted at high-dose rates with a room temperature
positive oxide-trap charge buildup in the isolatioanneal for an equivalent time to the low-dose-rate
oxide overlying the base-emitter junction [27], [28]irradiation time for the same total dose. At dose
This charge enhances the surface recombination rigieels up to 10 rad(Si§), there are no “true” dose-

in the p-base region. On the other hand, latenalte effects. However, for higher total dose levels,
and substrate PNP transistors are primarily affectdee high-dose-rate irradiation plus room temperature
by increased interface-trap charge buildup in tleneal does not degrade.l nearly as much as
thick isolation oxide over the emitter-base regiotine low-dose-rate irradiation. Thus, the difference
[26], [29]. In most cases, ELDRS effects havebserved at the higher total dose level (shaded
been shown to be more important for lateral aegion in the figure) can be attributed to “true”
substrate PNP transistors than for NPN transistatsse-rate effects. This ELDRS effect can cause
[24]. In fact, Johnston and co-workers [24] showeRilure of ICs in satellite environments not observed
that the relative damage at low dose ratesQ(01 in standard laboratory testing. As such, ELDRS
rad(SiQ)/s) for junction-isolated linear processeseverely complicates hardness assurance testing for
could be greater than a factor of two larger igpace environments.

linear bipolar circuits dominated by PNP transistor Developing an accelerated hardness assurance
response than in those dominated by NPN transistest method to estimate the “true” low-dose-rate
response. A data compendium of bipolar lineaffects in bipolar devices remains a very challenging



issue facing the radiation effects community [32],

[33]. Unfortunately, high-dose-rate irradiation fol- _ 1500
lowed by room temperature annealing, which carg
often accurately estimate the radiation response [
CMOS devices at low dose rates [7], [8], does& 1000
not accurately estimate the low-dose-rate respongg [
of many types of bipolar devices [20], [21], [25]. &
CMOS devices generally exhibit time-dependen@ 500 |
effects rather than “true” dose-rate effects. Times I
dependent effects can also exist in bipolar device
and must not be confused with true dose-rate effects- 0

“True” dose-rate effects make it difficult to develop BT 164 - 165 T o8
quick and accurate total-dose hardness assurance
test methods for predicting the radiation response of
bipolar devices. Currently, the most promising rapid
screen involves the use of elevated temperature irFﬁg—. 4. ; lp+ versus t(lntal dose fordLMlldls v(\;ith and without
diations at relatively low dose rategl rad(SiQ)/s) the njtri e pfassivatipn ayer removed, irradiated at 0.0188.3
[34]-[36]. However, the optimum irradiation tem-rad(s'Q)/S with all pins shorted. (After [40].)
perature for this procedure varies from technology

to technology [30], [35], does not always bound the

low-dose-rate response, and the required dose ratBa§ been observed to saturate at these dose rates.
significantly lower than the current dose rate randdlis is shown in Figure 3 [31]. This figure shows the
(50 to 300 rad(Sig)/s) normally used for qualifying effect of dose rate on excess base current in lateral
CMOS technologies. In addition, it has recenﬂ?nd substrate PNP bipolar transistors. The amount
been suggested that if the radiation-induced chargfedegradation for both lateral PNP and substrate
that is responsible for ELDRS (whether it be intePNP transistors begins to saturate at dose rates
face or border traps) can anneal at 100then ele- below approximately 10 mrad(Sifs. Of course,
vated temperature irradiations may also cause sotigre are always exceptions to this general observa-
annealing of radiation-induced charge [37]. This f#on. Johnston et al. [34] showed enhanced degra-
consistent with previous data on MOS devices th@@tion between 5 mrad(Sifs and 2 mrad(Si¢)/s
show some interface-trap annealing at radiation tef@f & LM324 op-amp manufactured by Motorola.
peratures above 9Q [38] These data he|p exp|air"|owe\-/er, this is the Only known pal’t to exhibit this
why high-dose-rate irradiations at elevated tempdtehavior.

atures, in some cases, underestimate low-dose-rat®n a positive note, researchers have recently
degradation. Whether this occurs likely depends shown that by changing the final chip passivation
the rate-limiting mechanisms of hydrogen interad¢ayers it is possible to significantly reduce or elim-
tions (i.e., passivation and depassivation of interfageate ELDRS in some bipolar linear technologies
traps) at the silicon/silicon dioxide interface [39][40]-[43]. It has been shown that devices fabricated
As a result, manufacturers do not have a reliabhathout passivation layers do not exhibit ELDRS or
laboratory test guideline for timely assessment pfe-irradiation elevated temperature stress (PETS)
the radiation hardness of their bipolar technologiesensitivity (discussed in detail next), while devices
Nevertheless, irradiating at elevated temperaturefiem the same production lot fabricated with other
allowed by TM 1019 if characterization testingpassivation layers are ELDRS and PETS sensitive.
shows that this procedure can bound the low-doKehas also been shown that removing the passiva-
rate induced degradation for bipolar, BICMOS, dion layers on devices that exhibit ELDRS could
mixed-signal devices. Without prior characterizatiomitigate ELDRS and PETS effects, as illustrated
testing, the only test procedure for ELDRS that is Figure 4 [40]. While this is obviously not a
currently allowed by TM 1019, requires that partpractical solution to the ELDRS and PETS problems
be irradiated at dose rates ¢f10 mrad(SiQ)/s. For for ICs to be used in space systems, it does appear to
most devices the amount of enhanced degradatiodicate that ELDRS and PETS effects are probably

No Nitride 0.01 rad/s
No Nitride 83.3 rad/s
Nitride 0.01 rad/s
Nitride 83.3 rad/s

omoe

Total Dose (rad(SiO,))



C. Preirradiation e€levated temperature stress

0.2 (burn-in) effect
H  150°C Burn-In
® No Burn-In

0.0

ICs are exposed to numerous thermal cycles
(e.g., during packaging, reliability testing, system
assembly and system use) during their life time
and prior to their exposure to radiation. It has been

-0.2

AV, (V)

04

Gate Oxide shown that these preirradiation elevated tempera-
06 - ture stresses (PETS) can dramatically change the
total dose radiation response of both MOS [47]-

oghl——onl o pl el [50] and bipolar [51], [52] devices. Examples of
10° 10¢ 10° 10° the effects of preirradiation elevated temperature
Total Dose [rad(SiO,)] anneals are shown in Figures 5 and 6 [47], which

are plots of the threshold-voltage shift for MOS
Fig. 5. Threshold-voltage shift versus total dose for gatiele n- gate_.OXIde (Figure 5) and fleld-ox@e (Flgqre 6)
channel transistors with and without a PETS irradiated wift0 kev  {FansIstors versus total dose. Transistors with and
x-ray source with a 5 V gate-to-source bias. The PETS wasrer owithout a preirradiation 15@, one-week anneal
week at a temperature of 13D. (After [47].) (typical burn-in conditions) were irradiated with
10-keV x rays with a 5-V gate-to-source bias.
At the higher radiation levels, both the gate-oxide
and field-oxide threshold-voltage shifts were larger
for the transistors subjected to the preirradiation
elevated temperature anneal. The larger threshold-
voltage shifts for the transistors subjected to a preir-

not intrinsic to many bipolar process technologigg@diation anneal could be due to either an increase
prior to deposition of the final passivation layefn radiation-induced oxide-trap charge, a decrease
In addition, ELDRS and PETS effects do not agh interface-trap charge, or both. Based on charge-
pear to be inherently related to circuit design gieparation measurements [47], [48], it was shown
layout, but are related to mechanical stress effectdat for these devices the major cause for the larger
hydrogen in the device, or a combination of th#reshold-voltage shifts for the devices subjected to
two. It appears that mechanical stress induced Bypreirradiation anneal was less radiation-induced
the passivation layers might play a critical role ifnterface-trap buildup in gate oxides and more
determining the radiation response of bipolar line&adiation-induced oxide-trapped charge buildup in
ICs. Passivation layers can easily alter mechanidigld oxides. These changes in radiation-induced
stress in the die. The introduction of thermal cyclé®iarge buildup have been shown to lead to larger
and moisture after fabrication have been shown ifecreases in IC static power supply leakage current
further impact the film stress [44], [45]. These tw@uring irradiation, and to a lesser degree increases in
facts are consistent with both changes in radiatiéifning parameters. The functionality of the devices
response between unpassivated and passivatedC@- also be impacted. In addition, It has been
vices at high-dose rates, and the observation $fown that some linear bipolar technologies are
PETS sensitivity in passivated devices. These resi§0 sensitive to PETS [51], [52]. The mechanisms
suggest that proper engineering of the final Chfpr the PETS effect for linear bipolar technologies
passivation layer might eliminate ELDRS and PET&Ppear to be qualitatively similar to those for CMOS
effects in bipolar integrated circuits. In addition, itechnologies.

has recently been shown that hydrogen introducedNote that not all technologies exhibit a PETS
during the packaging cycle can have an impact effect. However, for those technologies that do, the
the radiation response of bipolar linear devices thatagnitude of the PETS effect can be affected by the
exhibit ELDRS [46]. As a result, it is recommendetime and temperature of the preirradiation elevated
that all hardness assurance testing be conductedt@mperature stress but appears to be independent of
devices in their final package configuration. the PETS bias condition [48]. The effects of time are
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. Fig. 8. Maodifications made to MIL-STD-883, TM 1019 to account
Total Dose [rad(SiO,)] for PETS effects. (After [49].)

Fig. 6. Threshold-voltage shift versus total dose for fiekile n-
channel transistors with and without a PETS irradiated wiftd-keV  js associated with a thermally activated process. It

ray Z?Lgctgr\évrl)t:r:tui}evo%altch_)t_oii?grca%l35' The PETS wasrer o been found that the activation energy is 0.38 eV
[48]. This activation energy is close to the activation
energy of 0.41 eV for trapped hole compensation
[7] and the activation energy of 0.45 eV for the
diffusion of molecular hydrogen in bulk fused silica
[53]. The latter suggests that the PETS effect may be
related to the diffusion of molecular hydrogen. The
lack of a strong bias dependence is consistent with
this mechanism. The preirradiation stress could also
T — affect the spatial and energy distribution of hole-trap
- 150°C, 3.3V Stress precursors in the oxide (this may also involve the
; : diffusion of hydrogen related species), leading to
differences in trapped-hole distributions following
irradiation. Clearly, more work needs to be per-
formed to conclusively identify the mechanisms for
the PETS effect.

Fig. 7. Increase in th(? word failure count foracheckerbcpmtﬂe.rn The effect of preirradiation elevated temperature
wrien o 33 Farsdon SRAle versus doselor SRAl " "tresses on IC radiation response s clearly a concern
at 150C. (After [49].) for hardness assurance testing. The U. S. military
test guideline TM 1019 has been modified to ad-
dress PETS effects as illustrated in Figure 8. Before
illustrated in Figure 7 for 3.3-V Paradigm SRAMghe modification, the test guideline permitted manu-
[49]. Figure 7 is a plot of the increase in wordacturers to qualify the total-dose radiation response
(or byte) failure count as a function of total dosprior to elevated temperature reliability screens.
for a complement checkerboard pattern written fhis raised the possibility that the total-dose radia-
the SRAMs. Data for SRAMs with no stress or &on response of ICs sensitive to PETS effects could
24-, 336-, 672-, and 802-hour pre-irradiation 160 be significantly different than the radiation response
stress with nominal values of ), applied during of ICs used for qualification testing. Thus, TM 1019
the elevated temperature biased stress are showas modified to require manufacturers to perform
The SRAMs were irradiated using a Co-60 sourcadiation qualification testing on ICs after burn-in.
in steps up to 100 krad(SKp at a dose rate of Unless it has been shown by prior characterization
64.5 rad(SiQ)/s. As the pre-irradiation stress timer by design that burn-in has negligible effect on
increases, the word failure count curves shift total dose radiation-induced degradation, radiation
lower doses. These data suggest that the PETS eftesting must be performed after subjecting parts
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to burn-in or the manufacturer must develop a ¢
correction factor that accounts for changes in totas 10
dose response resulting from subjecting product té I
burn-in. While these changes to TM 1019 are ¢ 2 0.8 _
step in the right direction, they may underestimate'ié 06 [
the radiation response of PETS sensitive devices ig " f
the end-of-life of system use [49]. As noted above 2 04l
the PETS effect appears to be associated with S [
thermally activated process. Thus, as PETS sensitiv's 5 [
devices continue to be exposed to thermal cycle § [
during system assembly, one would expect that th®& ¢ E U R N
total dose response of the devices could continue t,  0.01 0.1 1 10
degrade. Thus, the estimated degradation measur Electric Field (MV/cm)

on devices after burn-in, as required by TM 1019,
may not be a conservative estimate of the worst-
case degradation observed at the end-of-life. ﬁ;@d
determine the response of PETS sensitive devices
at the end of life, one would need to account for
all thermal cycles that the device is exposed to after
burn-in, including thermal cycles that the devicePserved [13], [57]. Thus, it is important to de-
are exposed to during system assembly and (egmine which radiation source is best suited for
[49]. Otherwise, the amount of radiation-induce@imulating energetic electrons or protons. Recent

degradation may be severely underestimated. ~ Work [58] comparing the radiation-induced response
of pMOSFET dosimeters showed that the radiation-

induced response for high-energy protons (60 to 200
D. Optimum laboratory radiation sources for hard- MeV) was only 65-85% of the Co-60 radiation-
ness assurance testing induced response. This result raises concern that Co-

Total-dose degradation of electronic devices us6f radiation sources may not be the best radiation
in space is caused primar”y by exposure to hi@purce for.SimU|ating device response in proton-riCh
fluences of electrons and protons. However, Co-§0ac€ environments.
gamma and x-ray sources are more cost effectiveTo understand why there might be differences in
for routine evaluation of the radiation hardness difie radiation-induced degradation in devices irra-
electronic devices for these applications. In thiiated with Co-60 or x-ray irradiation, one must
section, we will review which of these two sourcesxamine the differences in charge yield between
are best suited for simulating energetic electrons thre sources. If an electric field exists across the
protons. X-ray sources can operate at higher dasdde of an MOS transistor, once released, electrons
rates than most Co-60 sources and can be usedntdhe conduction band and holes in the valence
irradiate individual die at the wafer level. Becauskeand will immediately begin to transport in opposite
of these properties, x-ray sources are often used thrections. Electrons are extremely mobile in silicon
process development and control [54], while Calioxide and are normally swept out of the silicon
60 gamma sources are normally used for hardnelexide in picoseconds [60], [61]. However, even
assurance testing [55]. The justification for usingefore the electrons can leave the oxide, some
Co-60 gamma sources for hardness assurance tesattion of the electrons will recombine with holes
ing is based primarily on historical practice rathan the oxide valence band. This is referred to as
than on technical grounds. Some work has beamtial recombination. The fraction of holes that do
performed comparing the differences in total-doset recombine is referred to as the charge yield. The
degradation for x-ray and Co-60 irradiations. lamount of initial recombination is highly dependent
some cases, good correlation between Co-60 amd the electric field in the oxide and the energy
x-ray radiation-induced degradation was observedd type of incident particle [59], [62]. In general,
[56]; however, in other cases large differences wes&rongly ionizing particles form dense columns of

9. Fraction of holes that escape recombination for d@-k-ray
Co-60 irradiations as a function of oxide field. (Afte®]5
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Fig. 11. Ratio of x-ray to 41.4-MeV proton and Co-60 gamma
to 41.4-MeV proton radiation-induced back-gate threshalage
Fig. 10. Stopping power versus particle energy for elestrand shifts as a function of total dose for SOI transistors. Tisioss were
protons. Also shown are the average stopping powers fomslecy irradiated with either a 0 V or TG bias configuration. (AfteefR
electrons emitted by 10-keV x rays and 1.2-MeV gamma rayfe(A [67])
[63].)

[66]. The interaction of a 10-keV photon and a 1.25-

charge where the recombination rate is relativeleV photon with a thin layer of Si@produces a
high. On the other hand, weakly ionizing particlesecondary electron spectrum with an average energy
generate relatively isolated charge pairs, and tb& 5.5 keV and 590 keV, respectively. The stop-
recombination rate is lower [62]. Figure 9 is a plgping power of the electrons generated by a 10-keV
of the fraction of unrecombined holes (charge yielghhoton more closely matches the stopping power
versus electric field for Co-60 and x-ray irradiationsf the lower energy protons (20 to 60 MeV) than
[59]. The plot shows that there can be significamite stopping power of electrons generated by a 1.25-
differences in the charge yield between the twdeV photon. On the other hand, the stopping power
sources. In fact, at low fields the relative differencef the electrons generated by a Co-60 photon more
can be very large X50%). Thus, the laboratoryclosely matches the stopping power of the electrons
radiation source, x-ray or Co-60, that best match@gsspace (up to 7 MeV) [65].
proton or electron radiation-induced degradation in as a result, we can expect that for low energy
space may depend on which source gives the bggdtons, the charge yield of the protons is more
match in charge yield. closely matched by the charge yield of the sec-

Unfortunately, there is presently limited data imndary electrons generated by a 10-keV photon (x-
the literature for the charge yield of electrons andy) than the secondary electrons generated by a
protons for the energy range of these particles In25-MeV photon (Co-60 gamma). This suggests
space [64]. To gain insight into which laboratoryhat, at least for lower energy protons, a 10-keV
radiation source gives the best match in chargeray source may better simulate the radiation-
yield to electrons and protons, one can examine timeluced degradation caused by protons than a Co-
stopping power for electrons and protons in $iO60 radiation source. This was indeed found to be
Figure 10 is a plot of the stopping power in SiOthe case [67]. Figure 11 shows the ratio of the
for electrons and protons versus particle energy [6Black-gate transistor threshold-voltage shift for x-
The energy range shown for protons and electroragy and proton irradiations and the ratio for Co-60
covers that typically found in space [65]. Alsggamma and proton irradiations for SOI transistors
shown in the figure are the calculated average valugadiated in the 0 V and transmission-gate (TG)
of stopping power for secondary electrons generateids configurations. The x-ray and proton data were
by 10-keV x rays and 1.25-MeV Co0-60 gammeaken at a dose rate of 270 rad($j)8 and the
rays. These values are based on calculations usthgr60 gamma data were taken at a dose rate of
the Sandia radiation transport code CEPXS/ONELRD rad(SiQ)/s. X-ray data taken at 270 and 50
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00 widely with orbit altitude and inclination. For ex-

3 OFF Bias ampl_e, for low earth orbits (espgcially for orbits
10, Q{ CEANMOS/SOI Transistors passing through the Sou.th Atlantic Anomaly), the
\ proton flux can be very high compared to the elec-

E D\ tron flux. In contrast, for higher orbits, the proton
2 -20- X) flux can be very low in comparison to the electron
< l\ flux [65]. Based on the results of Schwank et al.
% -30- \‘) [67], for SOI and bulk-silicon transistors, labora-
tory x-ray irradiations may more closely simulate
40 —-—1MeVEIectrc>K.'\O proton-ric_h environments such as low-earth orbits
—o— Co-60 Gamma-Rays (at least in the energy range of 20 to 200 MeV)

— T T T T T than laboratory Co-60 gamma irradiations. This
0 100 200 300_ 400 500 contradicts the commonly accepted tenet that Co-
Dose(krad(SIOZ)) 60 gamma sources should be used for all hardness
assurance qualification. As previously discussed, the
: . . better match between x-ray and proton radiation-
Fig. 12. Back-gate transistor threshold voltage shift wertotal . .
dose for CEA SOl transistors irradiated with Co-60 gamma rayd induced damage 1S “kely due to a closer match
1-MeV electrons with the OFF bias configuration. (After [§4] of the initial charge yield at low electric fields.
However, this does not preclude the use of Co-
60 gamma radiation sources for device qualifica-
rad(SiQ)/s showed no noticeable differences ition in proton-rich environments. Co-60 gamma
back-gate threshold-voltage shift for the differentidiation sources may overestimate the total dose
dose rates for devices irradiated to total doses updegradation and, therefore, are a more conservative
500 krad(SiQ). Hence, the fact that the data wereadiation source. In contrast, we note from Fig-
taken at somewhat different dose rates should not afe 10 that Co-60 gamma irradiation more closely
fect the conclusions. Within experimental uncertaimatches the stopping power (and hence, the charge
ties, the x-ray and proton radiation-induced backield) of electrons than x-ray irradiation. Thus,
gate threshold-voltage shifts are nearly equal fas simulate total dose degradation in electron-rich
all total dose levels and bias conditions examineginvironments such as geosynchronous orbits, Co-
However, the ratio of Co-60 gamma and proto®0 gamma sources are probably still the optimum
back-gate threshold shifts varies widely, especiallgboratory radiation source for device qualification,
for low total doses. The fact that there is agreemes$ shown in Figure 12 [64]. Figure 12 is a plot
in the back-gate threshold-voltage shifts at high totef the back-gate threshold voltage shift versus total
doses is not surprising. At this point, the thresholdiose for transistors irradiated to total doses up to
voltage shift is significant and therefore the intern8l00 krad(SiQ) with Co-60 gamma rays and 1 MeV
field in the oxide is also significant. Thus, a low fielélectrons in the OFF bias configuration. The 1-MeV
condition in the oxide is no longer satisfied. Notelectron data are in very good agreement with the
that this is due to the size of the threshold voltageo-60 data; the differences are within experimental
shift in these devices, not the total dose. Devicesicertainties due to errors in dosimetry or to part-to-
that shift more or less with dose will therefore reagbart variations. This observation is consistent with
this point at different dose levels. For this protothe similarity observed between the charge yield of
energy, these total dose levels, and these devic€e;60 gammas and 1-MeV electrons in thermal gate
x-ray irradiations simulate proton radiation-inducedxides as discussed above.
degradation much better than Co-60 gamma irradi-
ations. Good correlation between x-ray and proton
radiation-induced degradation has been observed For
proton energies between 20 and 200 MeV and alsoThe worst-case radiation and anneal bias con-
in the radiation-induced degradation of field oxideditions for ICs should be determined through an
in bulk-silicon technologies [67]. analysis of the system application and character-
The flux of electrons and protons in space variggtion testing. As will be discussed below, the

Worst-case bias
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Fig. 13. \oltage shift due to oxide and interface-trap chargrsus
electric field for n-channel transistors irradiated to 508KSiG).
(After [68].)

Fig. 14. Flatband voltage shift and the threshold-voltagjé slue
to oxide and interface-trap charge versus applied fieldnduxiray
irradiation for capacitors fabricated using a traditiofigld oxide
insulator as the gate dielectric. (After [2].)

worst-case bias condition will depend on the failure

mechanism(s), which can vary as a function of . . .

circuit parameters, dose rate, and temperature. ABédd oxide leakage current is the highest operat-
result, characterization testing should be done oJB@ Voltage of the technology. The worst-case bias
the full range of system operating conditions. condition for radiation-induced charge buildup in

1) S bulk devices: It is well known that bias field oxides is the bias condition that maximizes the
conditions can have a large effect on the amou@lectric field across the field oxide. This is clearly
of radiation-induced degradation. For gate oxide¥hown in Figure 14, which is a plot of the flat-
the maximum threshold-voltage shift for oxideDand, oxide-trap charge, and interface-trap charge
trap and interface-trap charge occurs at interm¢eltage shifts versus applied field for capacitors
diate values of electric field. This is illustratedradiated with 10-keV x rays to a total dose of 10
in Figure 13, which is a plot of the measurefrad(SiQ) [2]. The capacitors were fabricated using
radiation induced voltage shift due to oxide an@ traditional field oxide as the gate dielectric. The
interface-trap charge for polysilicon gate transistof€lectric was deposited using a traditional shallow-
irradiated to 500 krad(Si€) [68]. At high electric trénch isolation (STI) process. For these bias and
fields, the threshold-voltage shifts due to oxide-trdffadiation conditions, there is no significant buildup
and interface-trap charge decrease with increasiiginterface-trap charge in the field oxide. How-
electric field strength because the capture crd@¥er. at high electric fields, there is a very large
section for holes decreases with increasing electf@diation-induced buildup of oxide-trapped charge,
field [69]-[73]. At low electric fields, the threshold-Which causes a very large threshold-voltage shift
voltage shifts due to oxide-trap and interface_trég the field oxide trgnsstor. After irradiation, the
charge are small because the number of radiatidAreshold-voltage shift was greater than 25 V for
induced electron/hole pairs which escape initial rélectric fields greater than 2 MV/cm. Depending
combination (charge yield) is small (see Figure 99N the initial threshold voltage of the field oxide
Thus, the maximum threshold-voltage shifts dugansistor, this radiation-induced threshold-voltage
to oxide-trap and interface-trap charge occur @bift may be large enough to cause large increases
moderate electric fields (1 to 2 MV/cm). in transistor leakage current.

For advanced IC technologies with very thin gate While the electric field across the majority of field
oxides 10 nm), radiation-induced oxide-trappedxides are generally very low for most advanced
charge buildup in field oxides and in SOI burietechnologies having operating voltages less than
oxides normally dominates the radiation-inducesl V, this is not the case for all areas of the field
degradation of ICs. The worst-case bias for parasitgides. For example, very high electric fields can
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bias for an IC is that which maximizes parasitic field

oxide leakage, i.e., the maximum operating voltage.
. Ideally, an IC should be irradiated in the state that
ncreasing produces the most radiation-induced degradation
Field and the IC should be tested post-irradiation in the
condition that shows the most electrical degradation.
For example, a transistor can be irradiated in the
ON state to produce the largest radiation-induced
leakage current and measured in its lowest current
state (the OFF state), which will show the largest
increase in leakage current. Similarly, to observe the
Trench Isolation largest increase in current in an SRAM, one often
irradiates the IC in a checkerboard pattern and then
measures the IC leakage current post-irradiation in
| . [ | the complement checkerboard pattern [47], [54],

[74].
E(I)ect;'lic Fizeld I\:I,I’agn‘ittud:(M\Gllcm) 2) SOI devices. Worst case bias conditions for

SOl devices can be more difficult to determine
than for bulk Si devices. For SOI devices, the
Fig. 15. The cross sections illustrate the electric field mtage radiation response is controlled by charge buildup
near the corner of the shallow-_trench isolation for th_e o'asmhich in the SOI buried oxides in addition to charge
the tre.nch insulator is plaljarW|th the 13-nm gate omdepﬂ)statlc buildup in the gate and field oxides. Similar to
potential in the trench region was simulated with the pdilysn gate
that extends over the STI (not shown) biased at 5 V and allrothield oxides as discussed above, the buildup of
regions grounded. (After [2].) radiation-induced charge in SOI buried oxides is
dominated by positive oxide-trapped charge. There-
fore, the electric field condition that results in the
occur at the corners of STI oxides, as illustrated faximum back-gate threshold-voltage shift in an
Figure 15 [2]. In this figure, simulations show thagQl transistor is the bias condition that causes
the electric field can be as high a6 MV/cm at the most radiation-induced hole trapping near the
the Si corner of the n+ region (source/drain regidtack Si/SiQ interface. This will be the bias con-
of an n-channel gate oxide transistor). Althoughition that results in the maximum electric field
the electric field decreases rapidly with distanggrength in the buried oxide underneath the channel
from the trench corner (down the trench sidewalbgion. For typical gate lengths and buried oxide
or into the trench region), the electric field stilthicknesses, the bias condition that produces the
remains relatively high>%1 MV/cm) for the first largest electric fields underneath the channel and
20 nm. Thus, the bias condition that will resulthe most hole trapping is the transmission gate
in the maximum electric field across the STI igias configuration for partially-depleted transistors.
the bias condition that gives the maximum voltagehe transmission gate (TG) bias configuration is
drop between the gate and the substrate. This biRslined as source and drain biased giVwhile the
condition is normally the ON bias condition, whergate and body contacts (if available) are grounded.
the gate is at the bias supply voltage, %, and the Simulations and data [75] have also shown that the
source, drain, and substrate are grounded. Althou@FF bias condition (drain at ), and all other
these results were demonstrated for STI, similapntacts grounded) can result in very large back-
results are obtained for ICs with LOCOS isolatiomyate threshold-voltage shifts. The bias configuration
Conceptually, selecting a worst-case bias fdinat results in the largest back-gate threshold-voltage
bulk-silicon ICs can be difficult because the worsshifts depends on the ratio of the transistor gate
case bias for gate and field oxides may be differetgngth and the buried oxide thickness [75]. These
However, for advanced technologies where the irrsimulations have been experimentally verified [57],
diation response is dominated by radiation-inducéds], [76]. Figure 16 is a plot of the measured
parasitic leakage current, the optimum worst-caback-gate threshold-voltage shifts versus gate length

n+
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parasitic field oxide leakage and transistor leakage

-60 induced by radiation-induced charge trapping in
50 L 1 Mrad(Si0,) the buried oxide can be very large. Thus, both
must be accounted for. This is especially important
S Aor when estimating IC hardness from transistor testing.
2 a0k o000 o0 Both radiation-induced field oxide and buried oxide
g ON T leakage will contribute to the leakage current of
1 20 . gate-oxide transistors. Radiation-induced field oxide
0k exemal leakage will also contribute to the leakage current of
b°dly°°”lta°tls i o the back-gate transistor. To ensure worst-case condi-
00.1 1 10 tions are satisfied, SOI transistors should be irradi-

ated in the ON and TG or OFF bias configurations.
For ICs, the different worst-case bias configuration
is less problematic. For instance, regardless of the
Fig. 16. Back-gate threshold-voltage shift versus gatgttefor an  input bias conditions, in an SRAM approximately
a0 Pt whe Baned e on. oF i 7o sl Of the transistors will be iadiated in the ON
configurations. (After [75].) ias configuration and the other half will be irradi-
ated in the OFF bias configuration. Some transistors
will also be irradiated in the TG bias configuration.
for partially-depleted n-channel SOI transistors ifFherefore, worst-case bias conditions in an SRAM
radiated with 10-keV x rays to a total dose of &re automatically probed using standard input bias
Mrad(SiG) [75]. The buried oxide thickness wagonditions. However, for SOI circuit types where the
413 nm. The largest back-gate threshold-voltagember of OFF (or TG) and ON biased transistors
shifts observed were in transistors irradiated an be considerably different, ICs may require test-
the TG bias configuration. However, for transistoiag in multiple bias configurations to ensure worst-
with gate lengths near the standard technology gatese conditions are satisfied.
length of 0.25:m, the back-gate threshold-voltage
shifts were approximately the same for transistors ir-
radiated in the TG and OFF bias configurations. The
smallest back-gate threshold-voltage shifts were for3) Bipolar devices: In contrast to MOS devices
transistors irradiated in the ON bias configuratioim which the worst-case bias condition is typically
These results for the worst-case bias configuratianDC bias condition at the maximum operating
for partially-depleted SOI transistors are just theoltage of the device, the worst-case bias condition
opposite of that for the worst-case bias configuratidor some bipolar devices can actually occur at low
for radiation-induced charge buildup in field oxideslectric fields. Specifically, this applies to bipolar
discussed above. devices that exhibit ELDRS, where the amount of
For fully-depleted SOI transistors, the worstdegradation was observed to be maximum at low
case bias is not as well defined as for partiallypias levels (i.e., all pins grounded) [27]. The worst-
depleted SOI transistors. Similar to the case foase bias condition for a bipolar IC that exhibits
partially-depleted SOI transistors, Jenkins and LELDRS will depend on the circuit parameter that
[77] showed that for some SOI technologies, the most sensitive to low-dose-rate irradiation. In
worst-case bias for radiation-induced charge trageneral, the worst-case bias condition for changes
ping in the buried oxide was the transmission gate input bias current of a bipolar linear IC is all pins
bias configuration. However, for other technologiegrounded; whereas the worst-case bias condition for
the worst-case bias was determined to be the @Ranges in offset voltage is for devices biased in a
bias configuration [78]. DC bias condition. While these are general obser-
Because the worst-case bias configuration feations, it is a good practice to do characterization
radiation-induced charge buildup in field oxides angsting to determine the worst-case radiation bias
SOl buried oxides may be different, hardness assaonditions for ICs before performing qualification
ance testing of SOI devices can be difficult. Bottesting.

Gate Length (um)
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F. Implication of characterization temperature

ICs are often required to operate over a wide
range of temperatures in many system application:
For example, military hardened devices are ofter— '
specified to operate from -56 to 125C, whereas € '
COTS devices might be required to operate over avg

smaller temperature range, e.g.,*@@o 85C. It is 0.1 1-Mbit SRAM
well known that device characteristics are impactec i 95-MeV Protons
by operation temperature. Whatever the temperatut I Voo =5V
range specified, manufacturers typically guarante  o.01 T

30 50 100 200

that their devices will operate within limits specified
in the product specification over this temperature Total Dose (krad(SiO,))
range. The manufacturer establishes these limits by
routinely characterizing devices as a function Q{g. 17. Static supply leakage current versus temperaiorel f
temperature before irradiation. However, the samm®it SRAMs irradiated with 95-MeV protons at a dose rate of
device characteristics affected by operation tempéf-rad(SiQ)/s at room temperature (26) with Vpp =5V and
ature (e.g., threshold voltages, leakage currents, SAgacteized at room temperature and@0(After [83].)
carrier mobilities) are also affected by ionizing radi-
ation. [54], [74], [79]-[82]. Unfortunately, because
the annealing of radiation induced oxide-trappdtigher total dose level. As is evident from the figure,
charge can be enhanced by increasing temperatinggeasing the measurement temperature resulted in
[3]-[8], the current total ionizing dose test guidean increase in post-irradiatiop . For example, at a
lines (TM 1019 and BS 22900) require devices total dose of 72 krad(Si9) the leakage current mea-
be kept at room temperature during irradiation arsired at 25C was 2.5 mA and at 8C was 5.1 mA.
pre- and post-irradiation electrical characterizatidn addition to an increase in leakage current, in-
to minimize temperature-induced annealing effect&reasing the measurement temperature also caused
Because of this, the radiation response of devicd®e SRAMs to functionally fail at lower total dose
are often not characterized over the full systefavels. At the highest total dose level investigated,
temperature range. However, it has recently be#fl krad(SiQ), the SRAMs were still functional
shown that by not characterizing the radiation ravhen characterized at 26. However, when the
sponse of devices over the full system temperatUs&®AMs were characterized at&Dthey failed func-
range, the total-dose hardness of some devices tanally at total dose levels above 72 krad($O
be overestimated [83]. These results show the impact of characterization
This is illustrated in Figure 17, where largdémperature on SRAM parametric and functional

increases in static power supply current,) Performance.

with temperature were observed for 1M (128K Ref. [83] also showed that transistors and a
CMOS SRAMs fabricated by Cypress Semicondumixed-signal ASIC could exhibit significantly more
tor. These SRAMs were fabricated using a O2B- post-irradiation parametric degradation when char-
5-V bulk silicon technology with a 6-transistor cellacterized at elevated temperatures. The results sug-
design. Figure 17 is a plot of,|, versus temperaturegest that if elevated temperature operation is re-
for the SRAMs irradiated with 95-MeV protons atjuired for system application, it is imperative that
TRIUMF [84] at a dose rate of14 rad(SiQ)/s. devices be characterized at elevated temperatures, as
The devices were irradiated at “Z5 with Vpp = well as at lower temperatures. The data of Figure 17
5V and characterized at 26 and 80C. SRAMs demonstrate a case where elevated temperature char-
were first irradiated to a given total dose and thecterization caused increased parametric degrada-
characterized at room temperature and then at #bn and functional failure at lower total dose levels
evated temperature. After the elevated temperattinan room temperature characterization. It is possi-
characterizations, the SRAMs were cooled to roobie that for other device types and/or technologies
temperature and then irradiated with protons tothat enhanced parametric degradation and functional
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1019 remains conservative. It has been shown
that the annealing rate (or neutralization) of oxide

1 trapped charge can increase with temperature for
Irradiate - Step Stess some technologies [7], [8], [12], [85]. In addition,
50-300 rad(Si)'s the buildup of interface traps also depends on tem-

perature [9], [10]. Thus, because the purpose of

Phase 1 of TM 1019 is to bound the degradation

that is associated with the buildup of oxide-trapped

charge, the most conservative approach to hardness
VL ee—= T e ' assurance testing is to not increase the tempera-
\ . ture until after the completion of the irradiation

. sequence, unless it is known via characterization

: Biased Anneal ,  testing that the annealing of oxide-trapped charge

168 hr @ 100°C Phase 2 and the buildup of interface-trap charge is insignif-

! 1 ' icant for the parts being characterized. After the

Irradiate + 50% Spec Level
50-300 rad(Si)/s

] |

final total dose exposure of Phase 1, the devices
should be characterized at room temperature and at
the low and high temperature extremes. Note that
the sequence for testing should be started at low
or room temperature and end at high temperature.
Fig. 18.  Technique for integrating post irradiation tengpere Again this will reduce the.amount of OXIde-,trapped
effects in a hardness assurance plan based on TM 1019. Tdecsh&harge annealing that might occur. For high tem-
boxes highlight steps in the test procedure that could beiffedd peratures above 100, there is a possibility that
tgsensure device hardness over the system temperature (@it some annealing of interface-trap charge might also
1831) occur [3]-[6]. However, the amount of annealing (if
any) will be related to the amount of time that the

. devices are at temperatures above°T0rhus, this
failure could be observed at cold temperatures. Asige should be minimized.

result, to ensure system functionality, it is essential pyase 2 of Method 1019 then requires a 50%
that devices be characterized over the the fU|ISySt%%rtest, followed by a 168 hour, 10D biased
temperature range pre- and post-irradiation. anneal. As such, any annealing of oxide-trapped
We now illustrate how characterization tests ov@harge that occurred during the last high temper-
the temperature range of the system can be incor@ure electrical test that was part of Phase 1 will
rated into TM 1019 (similar changes could be madgyve no negative impact on Phase 2 results. After
to BS 22900). Figure 18 is a flow diagram based @Re 1-week anneal, the devices should again be
TM 1019. We have added steps to the flow diagragharacterized at room temperature and at the low
that could be used to ensure device hardness o¥fif| high temperature extremes.
the system temperature range. The devices shoul@sing this revised hardness assurance test method
be characterized at room temperature and at @ can better ensure that ICs will operate over the
low and high temperature extremes of the systespecified system temperature range in a given ra-
environment before irradiation. All devices shouldiation environment. This is a more comprehensive
then be irradiated to the total dose specifications afet procedure compared to irradiating and testing
dose rate between 50 and 300 rad(3if) followed devices only at room temperature. However, this test
by electrical testing (Phase 1). If this is a step stresfocedure does not take into account the fact that
irradiation, the electrical testing should be done onji an actual system application a device could also
at room temperature between each irradiation ste jrradiated at any temperature within the system
This is to ensure that minimal annealing of oxidesnvironment specification. The effect of irradiating
trapped charge occurs during the step stress.  at a temperature other than room temperature and
Minimization of elevated temperature annealingubsequently characterizing over the entire operat-
can be very important to ensure that test Methaadg temperature range was not investigated in [83].
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Thus, more work needs to done to fully investigat#&lso, the secondary particles produced by proton-
these effects to determine if the revised test methothterial interactions can be emitted in any direction
will bound the worst-case irradiation response d¢f.e., in general, they do not follow the path of
devices irradiated and operated over the entire spdwe proton). These properties can lead to complex
ified temperature range, which should be the mamechanisms for proton SEE and make hardness
objective of any test method. As is the case with tlessurance testing difficult.
current test method, this revised test method mayThere are a number of documents available in the
be overly conservative for predicting the radiatiod.S. on single event effects (SEE) testing. These
response of devices for some scenarios; howeveiinitlude JEDEC Solid State Technology Associa-
is impossible to develop a generic test method th#n and ASTM (American Society for Testing and
is not overly conservative for some scenarios whiMaterials) documents. JESD57 covers test proce-
still bounding the worst-case radiation response fdures for the measurement of single-event effects in
devices that are specified to operate in a radiatieemiconductor devices from heavy-ion irradiation,
environment over a wide range of temperatures (i.dESD89 covers the measurement of alpha particle
-55°C to 125C) and dose rates. and terrestrial cosmic ray-induced soft errors in
The above discussion applies primarily to ICsemiconductor devices, and ASTM F1192 covers
with MOS elements. However, many bipolar devicetandard guidelines for the measurement of single-
are used in both space and weapons applicatioegent phenomena (SEP) induced by heavy-ion irra-
Total dose radiation-induced degradation in thesgé@tion of semiconductor devices. These documents
devices can also be attributed to the buildup db a good job at defining the required procedures to
both oxide- and interface-trap charge in isolatidiollow for SEE testing. However, there have been a
oxides over the base-emitter junctions [28], [3Gjumber of emerging issues relevant to SEE device
and emitter-base regions [29], [51]. Thus, it igualification that are not covered in these docu-
not difficult to imagine that the radiation-inducednents. Specifically, these include proton energy and
degradation of bipolar devices can also be enhanaetular dependence of single event latchup (SEL),
by testing at extreme temperatures. However, dtie impact of total dose on single-event upset (SEU),
ditional investigations will need to be conductednd issues associated with high versus low energy
to determine if and to what extent the combinedeavy-ion testing. In the following sections, these
environment (radiation and temperature) will impadssues will be reviewed and the hardness assurance
the radiation response of these device types. Untiiplications will be addressed.
additional tests can be performed, it is recom-
mended that bipolar devices also be characterized
over the expected application temperature ran
after irradiation. Of course, as discussed above, thisOne of the most problematic single-event effects
should be done at the end of the irradiation cyclés single-event latchup (SEL) [87]. When a latchup
to minimize annealing effects. occurs, the latchup state can be cleared only by
removing power from the device. SEL can also
lead to destructive IC failure. Thus, it is critical
that hardness assurance tests for SEL be capable of
accurately determining IC susceptibility to single-
The harsh environments of space can indueeent latchup. The effects of bias and temperature
single-event effects (SEE) in ICs. Both heavy ionsn proton and heavy-ion induced SEL have been
and protons can cause SEE. Heavy ions induce S&plored in detail [86]-[90]. Based on these works,
primarily by depositing charge by direct ionizatiorit is known that the worst-case bias condition and
along the path of the ions. Proton-induced SEE ctamperature for both heavy-ion and proton-induced
be much more complex. The linear energy transf8EL are maximum power supply voltage and maxi-
(LET) of protons is not high enough to cause SEEsum system temperature. This is illustrated in Fig-
by direct ionization in most devices. Instead, protonses 19 and 20. Figure 19 is a plot of the SEL cross
induce SEE by generating secondary particles wisection versus bias voltage for 4M SRAMs with a
much higher LETs, but with relatively low energiesnominal operating voltage of 3.3 V irradiated with

Sngle event latchup

[1l. EMERGING SEEHARDNESS ASSURANCE
ISSUES
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Fig. 19. SEL cross section versus bias voltage for SRAMsliatad
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Fig. 21. Latchup cross section versus proton energy for fiferdnt
SRAMSs. SEL measurements were taken at a temperature °@.85
(After [86].)

threshold and cross section is a strong function of
the proton energy and can vary significantly be-
tween devices, ranging from SRAMs with low SEL

thresholds and high cross sections to SRAMs with
high SEL thresholds and low cross sections. In fact
for vendor D and E SRAMs, the minimum proton

energy required to observe SEL was 225 MeV and
495 MeV, respectively. These proton energies are

100 200 300 400 500
Proton Energy (MeV)

Latchup Cross Section (cm2)

higher than the energies available at many proton
test facilities (typically between 60 and 200 MeV)
used in the past to evaluate the SEL response of
ICs. However, trapped protons in Earths radiation
hgelts can have energies as high as 400 MeV [65]
and galactic protons can have energies as high as
1 GeV. Thus, for systems where latchups cannot be
tolerated, latchup testing should be performed using
105-MeV protons. As the voltage is increased frofprotons with energies at least equal to the maximum
1.5V to 3.6 V, there is approximately a three ordegroton energy of the system environment. Although
of magnitude increase in the latchup cross sectidhe proton fluence levels required to observe latchup
Figure 20 is a plot of the latchup cross section fon vendor D and E SRAMs would be much higher
SRAMs measured at 26 (room temperature) andthan obtainable in most systems, if many of these
at 85'C. For these SRAMs, the SEL maximum crosSRAMs were used in a system, in aggregate, the
section is much higher at 86 than at 25C (three total cross section would be much higher and could
to four times higher at the highest proton energyyesult in realistic latchup probabilities for some
More recently, it has been shown that the probapace environments [91]. Conclusively excluding
bility of observing SEL during proton SEE testinghe possibility of latchup in such systems would
can be a strong function of the proton energgquire irradiating SRAMs to still higher fluence
used for testing [86]. This is clearly illustrated ilevels, probably necessitating the characterization
Figure 21 [86]. Figure 21 is a plot of the SEL crosef many SRAMs to avoid total dose damage of
section as a function of proton energy for SRAMidividual SRAMs.
manufactured by different commercial vendors mea-These results strongly suggest that proton SEL
sured at 85C. As illustrated in the figure, the SELhardness assurance testing should be performed at

-
<
o

600

Fig. 20.  SEL cross section versus proton energy for SRA
characterized at temperatures of 25 and@5After [86].)
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the maximum proton energy of the system environ. _ .
ment. If no proton test facilities are available with g 10
proton energies at least equal to the maximum proc £

ton energy of the system environment, SEL testing § 10°
can be done using heavy ions with LETs greate ‘g
than those expected from nuclear recoils generate ® ;.10 |
by proton interactions. Remember that protons in @ 3
duce single-event effects through the generation c 5

85 degrees

0 degrees

oML Vendor B

secondary particles with much higher LETs than 2 ! Vo = 3.6/1.6V
those of the protons themselves. The maximum LE™ § C 75°C

of secondary particles generated by proton-silicorﬁ 102 1
interactions is approximately 11 MeV-émg [92]. 40 €0 80 100 120 140 160 180 200 220
However, nuclear scattering cross section calculs Proton Energy (MeV)

tions for proton collisions with three high-Z ma-

terials (Cu, Ti, and W) common in many presentig. 22. Latchup cross section versus proton energy for SRAM
day high-density ICs show that secondary particlearacterized at 7& at angles of incidence of 0 and 85 degrees.
have a maximum LET of approximately 34 Me\/{After 931)

cn?/mg for 500 MeV protons [86]. These data

would suggest that if no SELs can be induced q}éing the maximum power supply voltage, maxi-
heavy ions with LETS abov_eAO MeV-cnt/ mg, N0 mym proton energy of expected environment, max-
SELs should be observed in a proton enwronme&

of high-7 material i : um system temperature, and at grazing angle.
COUrSE, as new high-2 materials are INCorporatgll -, se of practical concerns of proton energy loss

into technologies, nuclear scattering cross sectign ,qong transport through the sides of packages,
calculations will need to be updated to ensure t['}?}stem boards, etc., it is recommended that testing

ggnzfggarédary particles with higher LETs can e performed at both grazing and normal angles of

aring overall system reliability requirements in

plot of the SEL cross section versus proton energy.,4 tiardness assurance decisions should take into

for SRAMs irradiated at a temperature of°Zoat ccount issues such as the flux of high-energy pro-

angle_s of incidence of 0 (normal angle) and ns in the system environment and the probability
(grazing angle) degrees [93]. At each proton ener SEL that can be tolerated
the SEL cross section is larger for an angle o '

incidence of 85 degrees than for O degrees. This
difference in SEL cross section between 0 and & mpact of total dose on SEU
degrees varies with proton energy. The differencelt has been shown that the SEU sensitivity of
in SEL cross section between low and high angleeme devices can degrade be exposing them to
could easily affect the probability for detecting aotal ionizing dose [94]-[99]. This is illustrated
latchup. Based on nuclear scattering calculatioms Figure 23 [94], which is a plot of the SEU
combined with 3-D device simulations, it has beetross section for 4M SRAMs irradiated with 35.4-
suggested that the mechanism for the effect of andleeV protons versus total dose. The cross section
of incidence on SEL hardness is a consequencewsds determined from the incremental nhumber of
the LET and range distributions of secondary ioresrors divided by the incremental fluence at each
produced by proton-material interactions, coupleddiation level. These results show that the proton-
with an increase in SEL sensitivity (decrease in LEinduced SEU hardness of ICs can be significantly
threshold) as angle of incidence is increased [93Rffected by total dose. For the total dose range
These results clearly show that proton-inducexkamined, the upset cross section increases expo-
SEL hardness assurance testing should be performedtially with total dose. The cross section increased
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devices were irradiated with 35.4-MeV protons withh¥ = 4.5 V. Mbit SRAMs. The devices were irradiated with 50-MeV protaevith

(After [94].) Vpp = 3.3-V in a checkerboard pattern and characterized in reithe
a checkerboard or checkerboard complement pattern. (fF€3r)

from 7.9x10- cm? at a total dose of 1.1 krad(SipD
to 4.7x1078 cn? at a total dose of 35.5 krad(Sjpp the static power supply leakage current.

For older technologies with relatively thick ox- This correlation of total dose degradation to SEU
ides, the observed increased SEU sensitivity ha@nsitivity has important implications for space ap-
been attributed to ionizing radiation-induced imbaplications where the total dose is due to either
ances in the threshold voltages of the transistagtectrons or protons. From a hardness assurance
within the memory cell [97]. The magnitude ofoerspective, it is important that devices that exhibit
the radiation-induced threshold voltage shifts cdhis type of enhanced SEU sensitivity with ionizing
be considerably different for ON and OFF biasedose be SEU characterized at the maximum total
transistors, leading to large imbalances in the thregtpse level expected during mission lifetime.
old voltages. This mechanism is not expected toThe first step in a hardness assurance test program
be a major problem for most present-day teckhould be to determine via characterization testing
nologies that have very thin gate oxides wherghether or not a device exhibits a correlation of total
there should be no significant amount of radiatiomtose degradation to SEU sensitivity. To determine
induced charge buildup in these oxides. For thetlgs, total-dose irradiations can be performed by
technologies (specifically for SRAMS), it has beeimradiating devices using Co-60 gamma rays, X rays,
suggested that the enhanced SEU sensitivity wiglectrons, or protons prior to proton or heavy-ion
total dose is consistent with radiation-induced cu8EU testing. If protons are used, care should be
rents originating in the memory cells affecting théaken to ensure that the proton energy is below the
output bias levels of bias level shift circuitry use@EU proton threshold for the devices to prevent
to control the voltage levels to the memory cellthe devices from changing bias states. It has been
and/or due to the lowering of the noise margin of irshown that the SEU sensitivity will depend on the
dividual memory cells caused by radiation-inducddadiation bias configuration [99]. For example, the
leakage currents [94]. In addition, all SRAMs thaworst-case response for an SRAM could be with the
showed an enhanced SEU sensitivity, also showedevice irradiated and characterized with the same
radiation-induced increase in the static power suppghattern written to the memory array or with the
leakage current [99]. Thus, it may be possible wevices irradiated with one pattern and characterized
screen SRAMs for enhanced SEU sensitivity witlvith the complement pattern. This is illustrated
total dose by monitoring changes in the static power Figure 24 [99]. This figure is a plot of the
supply leakage current with radiation. For otheé8EU cross section versus total dose for commercial
device types, the optimum parameter that needsSBAMs. All total-dose irradiations were performed
be monitored with irradiation may be different thamwith a checkerboard pattern written to the memory
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array. The SEU cross section was measured wphase of TM-1019 is known to be overly conserva-
either a checkerboard or checkerboard complemére for estimating the response of the device and
pattern. The data show that the effect of totéhus the method allows one to perform extended
dose on SEU cross section depends strongly mom temperature anneals to better estimate the
the pattern written to the memory array duringarametric performance of devices at low-dose rates
irradiation and SEU measurement. For these devig&4]-[13]. The time for room temperature anneals
and test conditions, the memory pattern written tre limited to the maximum time calculated by
the memory array made more than two orders dividing the total ionizing dose specification for the
magnitude difference in cross section at the highestvices by the maximum dose rate for the intended
total dose level. In addition, the time between totalise. Following the room temperature anneals, the
dose irradiation and SEU characterization should B&U response of the device can then be evaluated.
kept as short as possible to minimize possible roomExtreme caution must be used if devices are
temperature annealing effects. (For some SRAMsbjected to the second phase of TM 1019 (rebound
[99], the mechanism for the total dose sensitivity hasst) prior to SEU characterization. While there
been related to radiation-induced increases in stati@y be some device types that have a total dose
power supply leakage current. Hence, because sainsitivity due to variations in interface-trap buildup
annealing effects, for the SRAMs tested in [99], thaffecting SEU hardness, to date, the total dose sen-
most conservative test will be that which minimizesitivity for present-day SRAMs has been related to
the time between total dose irradiation and SEldcreases in static power supply leakage current. For
characterization, i.e., maximizes static power suppWOS devices, increases in static power supply leak-
leakage current.) For proton SEU characterizatioregge current are due to radiation-induced increases in
total-dose irradiating devices with protons can easibxide-trapped charge. The part of TM 1019 which
meet this condition. For heavy-ion SEU charactelbounds the degradation due to the radiation-induced
izations, this condition may be difficult to meebuildup of oxide-trapped charge is phase one. The
for heavy-ion facilities without available total-doselevated temperature anneals associated with phase
facilities. During the SEU characterization phaséwo can significantly over anneal the amount of
if the SEU sensitivity of a device is found to beoxide-trapped charge and hence, greatly underesti-
total dose sensitive, it will be necessary to evaluateate the increase in radiation-induced power supply
the SEU response of the device after exposuemakage current even at low dose rates. Therefore,
to ionizing irradiation to the maximum total doseinless it is known that the total dose sensitivity is
levels of the system application. due to the radiation-induced buildup of interface
If hardness assurance qualification needs to tvaps, it is highly recommended that devices be
done on devices that show increased SEU sermitbjected only to phase one of TM 1019 prior to
tivity with ionizing dose, the irradiations prior toSEU characterization.
SEU characterization should be conducted usingA second option is to just irradiate the devices
the irradiation conditions that bound the total dosgsing the worst-case bias condition at low-dose rate
degradation expected in the system environmehefore SEU characterization. While the exact rate
This can be done by following the basic principle® use is not known, a reasonable dose rate might
of TM 1019 (see section 2.1). As specified bie less than or equal to 10 mrad($)3. This is
the first phase of TM 1019, the devices could ktbe dose rate required to test bipolar devices that
irradiated using worst-case bias conditions to tmeight have ELDRS. While there are currently no
maximum total dose at a moderate dose rate of 50data available on the impact of total dose on the
300 rad(SiQ)/s. Of course this part of TM 1019 isSEU sensitivity of bipolar devices, it is known that
a conservative test for parametric or functional faithe enhanced degradation (due to ELDRS) appears
ure due to radiation-induced oxide-trapped charg¢e saturate at dose rates of below approximately
buildup, which can induce increases in static pow&0 mrad(SiQ)/s [31]. For MOS devices, this dose
supply leakage current. As such, this phase of thete also seems reasonable. It is still significantly
test will bound the radiation-induced increase ihigher than the rate expected for most space ap-
static power supply leakage current at moderate-bcations and if increases in static power supply
low-dose rates. However, as indicated above, tlaarrents are observed at these dose rates, they will
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most likely exist at even lower dose rates. °a
& 100 b A TAMU L ]
E @ BNL @ T
C. High vs low energy heavy ion testing g rorp Y TAMDCewE) ¥z
Heavy-ion testing at accelerator facilities is fre- FRRLE Y pms gr:fljll(asilicon ‘TT
quently used to study mechanisms of single-event, .| 128K SRAM ’
effects (SEE), estimate on-orbit error rates, andg »
qualify parts for use in space-based systems. Most "*'[ 4
facilities used for such SEE testing provide particles 1o:| ¢ ¢ % % 4 ﬁ 779
whose energies are on the order of a few (1-10) L L
MeV per nucleon (or equivalently, MeV/amu). Un- o 10 100

fortL_mater, heavy-ion_energies_in the actu:_:tl space Effective LET (MeV-cm?/mg)
environment are considerably higher, reaching hun-
dreds of GeV/amu with a peak flux at a few hundr . 25. Measured SEU cross section for 128-Kbit Sandia SRAM
MeV/amu [100]. The lack of accelerators capable @lken with low-energy (BNL) and high-energy (TAMU) heavy
providing such relativistic ions has raised conceriigs.(After [110].)
about the fidelity of accelerator-based tests for sim-
ulating the response of parts to the real high-energy
ion environment found in space [101]. Studies hae a significant contributor to on-orbit error rates
in some cases shown differences in single-evdaf1].
upset (SEU) response with ion energy [102]-[104], Figure 25 shows the results of recent low- and
while in other cases little difference has been sebigh-energy SEU characterization of a bulk sili-
[105]-[107]. con 128-Kbit radiation-hardened SRAM [110]. Data
Recently, an additional concern regarding highvere taken using low-energy~(-10 MeV/amu)
energy heavy ions has been raised, namely, thati@fis at Brookhaven National Laboratory (BNL) and
nuclear interactions between high-energy ions ahih-energy (15-40 MeV/amu) ions at Texas A&M
the materials in integrated circuits [106], [108]University (TAMU). Data points with a downward-
[110]. Typically, SEUs due to heavy ions are agpointing arrow indicate the upper bounds on the
sumed to result from direct ionization caused b$EU cross section for LETs at which no upsets were
the release of electron-hole pairs along the path aftually observed. The SEU threshold LET of these
an energetic charged patrticle incident on a devi&&RAMs measured using standard low-energy ions is
or integrated circuit (IC). This is in contrast to~28 MeV-cnt/mg. In tests at BNL, no upsets were
proton and neutron SEU, where upsets are attributglaserved below an LET of-28 MeV-cnt/mg, in-
to ionization by reaction products (e.g., spallatiosluding repeated irradiations at an LET of 24 MeV-
products and Si recoils) produced indirectly bgm?/mg with a cumulative fluence for all parts tested
nuclear interactions between an incident energetitexcess of 210° ions/cnt. These low-energy data
particle and the materials in the IC. In [106], Kogéndicate that if nuclear reaction-induced upsets in
theorized that for heavy ions with very low LETthis technology exist, their cross section is less than
(< 1 MeV-cn¥/mg), upsets caused by nuclear inl5x10~? cn? at LETSs less than 27.5 MeV-citmg.
teractions might be observable if the threshold LEffowever, SEU data taken at TAMU indicate upsets
for upsets caused by direct ionization was high (fstill occur in these SRAMs with high-energy ions
example, as would be the case for SEU-hardendawn to an LET of 12 MeV-cffimg. In fact, at
SRAMs). Recent experiments [108] on hardened dn LET of 12 MeV-cnri/mg the high-energy SEU
Mbit SRAMs support this mechanism, with highcross section isv4x10~® cn?, nearly a factor of
energy heavy-ion upsets observed for LETs less tht@m higher than thepper bound for the low-energy
2 MeV-cn?/mg in an SRAM that otherwise appearSEU cross section dwice this LET! At an LET of
to have a primary upset threshold LET of great@0 MeV-cn¥/mg, the high-energy SEU cross section
than 20 MeV-cri/mg. While the SEU cross sectioris two orders of magnitude higher than the low-
for this mechanism is very low( 102 cm?/bit), it energy upper bound.
has been predicted that this mechanism could stillFor LETs below the direct ionization upset
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threshold region, it appears that at least in sorfar radiation-hardened devices that otherwise have
cases high-energy ions can lead to higher crdssv radiation-induced failure rates, and for SEL
sections than low-energy ions [108], [110]. Thigmn commercial SRAMs that can often have higher
increase in SEU cross sections may be attributaltteeshold LETs for SEL than for SEU [86]. Detailed
to nuclear reaction-induced upsets, however, weeror rate analyses including the effects of nuclear
cannot rule out the possibility that ion track strudnteractions are necessary to accurately determine
ture plays a role. In general, it appears that idhe significance of such effects. In addition, for sys-
energy effects will be very difficult to observe irtems utilizing a very large number of ICs, it should
commercial (SEU-soft) devices [106], [108]. Evelbe remembered that even a small SEE cross section
in hardened devices, testing must be performed withn have important system ramifications [91], and
very high fluences (we suggest5x10” ions/cnf) in such cases it is important to perform high-fluence
of heavy ions to observe this mechanism. Similarlgneasurements taking into consideration a system’s
some evidence exists to support the occurrenigal error rate requirements.
of nuclear reaction-induced SEL from high-energy
heavy ions in commercial (non-hardened) SRAMs
[110]. Further tests are required to definitively prove
the mechanisms for nuclear reaction-induced heavyTo ensure device survivability in radiation envi-
ion SEU and SEL, and that such anomalies are monments, devices must be tested in the laboratory
simply due to unexpected design sensitivities or iarsing radiation sources that, at best, only approxi-
beam contamination [106]. mate the system radiation environment. As a guide
If it can be conclusively shown that difference$o users, test methods have been defined that provide
in SEE response with ion energy are indeed dueusers with viable test procedures for defining lab-
secondary particles, many of our existing conceptsatory tests for ensuring part performance in use
for understanding and analyzing SEE must be calledvironments. Two such test methods are the U.
into question. For example, the usefulness of ti% test guideline, TM 1019, and the European test
primary incident particle LET as a parameter againguideline, BS 22900. While there are fundamen-
which SEU cross sections are plotted will be drdal differences between TM 1019 and BS 22900,
matically reduced. Because upsets may be caudmih methods provide reasonable estimates of IC
by secondary particles with higher LET than theesponse in low-dose-rate space applications. These
primary incident ion, plotting such secondary patest methods were developed based on our un-
ticle upsets against the incident ion LET is largelgerstanding of the basic mechanisms that control
meaningless. In addition, the concept of effectiibe radiation response of devices. By understanding
LET will break down as secondary particles donthese basic mechanisms, one should be able to un-
follow an inverse cosine law based on the angterstand the limitations of these hardness assurance
of incidence of the primary particle. Finally, manyest procedures, and be able to more accurately
error rate prediction methods are implicitly based dnterpret the data obtained using these test methods.
charge deposition along path lengths of a primalyis important to note that while these test methods
ionizing particle passing through a sensitive volumprovide excellent insight into device behavior at
New methods based on an understanding of nucléaw-dose rates, it is the users responsibility to eval-
reaction cross sections will be required for caseste test results and to determine their applicability
where such reactions are important [109]. Testirig part performance in the environment of interest.
at energies both above and below that required forAs is expected, these test methods must evolve
nuclear reactions will likely be required to furthewith time to account for recently discovered radi-
refine these models [109]. ation effects phenomena and improvements in our
Of course, one must consider whether such smatiderstanding of the basic mechanisms that control
upset or latchup cross sections contribute signifhe radiation response of devices. For example,
cantly to the overall on-orbit radiation-induced failTM 1019 has been modified to address both ELDRS
ure rates of ICs. For soft commercial devices wand PETS effects. Without prior characterization
may expect direct ionization-induced SEU to domtesting, TM 1019 now requires that devices that
nate failure rates, however the situation is less cleayuld show ELDRS be irradiated at dose rates of

IV. SUMMARY AND CONCLUSIONS
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< 10 mrad(SiQ)/s. For PETS effects, TM 1019event upset, and the effects of heavy-ion energy
requires manufacturers to perform radiation quadn single-event upset and latchup. These phenom-
ification testing on ICs after burn-in. Unless iena make SEE hardness assurance testing more
has been shown by prior characterization or lomplex. Proton-induced SEL hardness assurance
design that burn-in has a negligible effect on tot&sting should be performed using the maximum
dose radiation-induced degradation, radiation testipgwer supply voltage, maximum proton energy of
must be performed after subjecting parts to burn-expected environment, maximum system tempera-
or the manufacturer must develop a correction factture, and at grazing angle. Because of practical
that accounts for changes in total dose resporgmcerns of proton energy loss as protons transport
resulting from subjecting product to burn-in. through the sides of packages, system boards, etc.,
There are a number of issues that can affdattis recommended that testing be performed at
the reliability of hardness assurance tests that ndmath grazing and normal angles of incidence. For
to be considered when qualifying devices in spadevices that show increased SEU sensitivity with
radiation environments. These include selecting te&posure to ionizing dose, SEU qualification should
optimum laboratory radiation source, determininge performed on devices exposed to the maximum
worst-case bias conditions, and understanding these expected in the system application. Because
implication of characterization temperature. Whilef the creation of high LET secondary particles
Co-60 gamma radiation sources can be used fiwe to the interaction of heavy ions or protons
device qualification in both electron- and protorwith semiconductor materials (especially high Z
rich environments. Co-60 gamma radiation sourcesaterials), it is important to conduct SEU and SEL
may overestimate the total dose degradation testing using high energy heavy ions and protons.
proton-rich environments and, therefore, are a moféis can limit the number of facilities available
conservative radiation source than x-ray radiatidar SEU and SEL testing. In addition, new error
sources. Selecting the worst-case bias conditions fate calculation methods based on an understanding
hardness assurance qualification can be challengiofynuclear reaction cross sections are required to
They will depend on the failure mechanism(s) thaiccurately predict SEU and SEL error rates in space
cause device degradation, which can vary aseavironments. However, by accounting for these
function of device technology, circuit parametersssues into a comprehensive test plan, the user will
dose rate, and temperature. As a result, the worstprove overall reliability of space systems.
case radiation and anneal bias conditions for ICs
should be determined through an analysis of the ACKNOWLEDGEMENTS
system application and characterization testing. In : : ,
addition, ICs are often required to operate over aThe author is greatly indebted to numerous dis-

wide range of temperatures in many system app ussions and suggestions from his colleagues at

cations. However, TM 1019 and BS 22900 onl andia National Laboratories and especially James

require characterization testing at room temperatu$8hwank’ Paul Dodd, and James Felix.

following irradiation. This might not bound the
worst-case response of an IC that could operate
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