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SEU Induced by Pions in Memories From Different
Generations

S. Duzellier, D. Falguére, M. Tverskoy, E. Ivanov, R. Dufayel, and M.-C. Calvet

Abstract—This paper presents single-event upset cross-sections SC4
obtained with pions for a set of SRAMs/DRAMs from different >
generations. The experimental results show that pions are not more N
efficient than protons in creating upsets. Predictions using the two- I
parameters model are presented and discussed. SC2 §m > TR A

, Y A
Index Terms—Pions, prediction, protons, upsets. e N / .

I. INTRODUCTION

VER the last ten years, single-event effects have become

concern for the avionics systems [1]-[3]. Important work
was done in the early 1990s that established the relation betwe: ;
error rates and altitude and latitude levels of aircrafts [4]. From g~
this study, it was obvious that neutrons are the most importar
contribution for single-event upset (SEU).

These particles originate from the cosmic-ray cascades in the
atmosphere. They are created when primary particles (mostly. 1. Pion line setup (dosimetry and test board).
high-energy protons—galactic particles, solar wind) hit atmo-
spheric atoms, resulting in a shower of secondaries (also called
“cascade particles”). The cascades contain neutrons (nucleor
but also muons, pions, electrons, and photons. Among thes 10000 A
particles, only neutrons and pions can cause major failures i ﬂ
VLSI. =

In fact, it could be anticipated that the important decreaseg 6000 \
of the critical charge associated to a basic memory cell a =,
the increasing integration of modern random-access memc \
ries (RAMs) poses the problem of their sensitivity to pions. 2000 }
Moreover, recent works have shown that due to the specifi 0 N
interaction mode involved in the pidrR-Si interactions (ab- 0 500 1000 1500 2000 2500
sorption mechanism, resonant enhancement of reaction cros. #channel
sections), the effectiveness of pions in inducing upset in dy- _ .
namic R?AM (DRAM) elements cpould be significr?nt cr:)ompr:lret%/I 9 2. Time-offlight spectrum for the 147-Mex™ beam.
to that for proton and neutrons [5], [6]. Therefore, at aircraft
altitude, where the pions exist in sufficient quantities, they Il. TEST CONDITIONS
could contribute greatly to the total event rates.

Little data exists in the literature [5]-[8] on devices’ responsg Tests have been carried out on the accelerator facility at

to pion beams. In this paper, results of pion irradiations realiz Gatchlna (PNPI) [9]. The installation provides a primary

. . -GeV proton beam directed toward Tungsten target. Pions
at the Gatchina facility are presented for a large set of stafic ; L
RAM (SRAM) and DRAM representing the technological eVO(:zlre available as secondary beams. Beam monitoring was made

. P 9 9 using standard nuclear physics instruments such as scintillation
lution over these last ten years.

counters and ionization chambers (Fig. 1).
_ _ Energy spectra of the beams are available (time-of-flight
Manuscript received July 17, 2001. measurements, Fig. 2) and show a sharp spectrum with min-
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TABLE | 1011 g -
DEVICE TYPES AND TECHNOLOGICAL DATA = -
Device Type Process Manufacturer :.E 10-12 -# CY7C199 p+
SRAMs E O CY7C199 pi+
HM65756 256k / Temic ~ —A— HM65756 p+
CYIC199 256k 0.8um Cypress g A HM65756 pi+
MT5C2568 256k high speed/low power CMOS, Micron £ 101 | o MTSC2568 o+
4T cell, double metal/poly layers 3 H (P | p'
MT5C1008  IM high speed/low power CMOS, Micron o ¢ MISC2568 pi+
0.8 pm bulk, 4T cell, = 1014¢ % | & HM628512 p+
double metal/poly layers a E | O HM628512 pi+
TC551001 M / Toshiba P |
KM681000 1M 0.5 pm, advanced CMOS technology ~ Samsung Energy (MeV)
MSMS1008 IM  high performance CMOS, triple poly ~ Mitsubishi 1075 e s e e b
layer, R-load NMOS cell
HM65608 M 0.64m Atmel 0 50 100 150 200 250 300
HM628512  4M 0.54m Hi-CMOS, Hitachi i ) )
stacked PMOS lead transistor Fig. 3. Pion/proton data for the 256-K and 4-Mbit SRAMs.
DRAMs
SMJ416400 16M 0.5pm, trench capacitor T.IL 12
EDI441024  4M / EDI = 1077 T TCSSI00 pr
50G6269 64M 0.35um, trench capacitor IBM ,_'é' 1 0_13_; @ - 4 TCS51001 pit+
) 2 - Ef "7 8- M5M51008 p+
Q
bt 10714 4 D M5M51008 pi+
chambers (Gaussian shape) and the spot size is 3 cm in . er E I _ A &~ HM65608 p+
. . .. . . . 5] 2 > 18
ameter. The counting uses plastic scintillators in size bigg«2 g i EERY) © HM65608 pi+
than the device. Then a correction factor is applied to th 10‘“‘; i x-100 ~- MT5C1008 p+
particle count to get the effective fluence seen by the chip. THR 1017-£ Energy (MeV) = © MTSC1008pic
. . . . . . v E
irradiations were performed with normal incident beams an B e L, T KMEB1000 p

fluxes ranging from 3 to 8.F0particles/cm .s. The parts were 10 + KM681000 pi+
irradiated lid-on. 0 50 100 150 200 250 300

Because of this “low” flux, the time needed to perform 8Rig. 4. Pion/proton data for the 1-Mbit SRAM's. Cross-sections for the
irradiation run is long (on the order of 1/2-1 h). However, atT5C1008 and KM681000 have been divided by 100 to improve the
least 20 upsets were detected for each part to limit the statistitgpapility of the graph.
uncertainties of measured cross-sections.

The components tested were a set of SRAMs and DRAM _
(see Table 1) previously fully characterized with protons (ancg 13+
heavy ions) [10]-[15]. Some of them were parts from the fligh1“§ m
lot of the EXEQ test bench (MIR Space Station [15]) or theZ 10
SPICA/ICARE experiment (also onboard the MIR Station anc‘é 107154
SAC-C Argentinean satellite). When available, process detai
are given. 10707

. 2
The components are scrubbed under exposure with th& 174

10712

—4—EDI441024 p+

T T TTTm T rT

2 EDI441024 pit+
& SMI416400 p+
D SMI416400 pi+
|~ 50G6269 p+

O 50G6269 pi+

T

memory plan filled with a checkerboard pattern and the bia ' Eflergy (MeV) k
level is 5 V, save for the DRAM 64 Mbits from IBM (3.3 V). 10718 ‘ ‘ ’
Only one or two devices per types were irradiated. In order t. 0 100 200 300

compare pion and proton data, we chose devices from the S3MEs.  pion/proton data for all the DRAM devices.
date code as those that have been characterized with protons.
Sometimes, because we had a limited humber of components,
the same parts irradiated at PNPI have also experienced several

irradiations (high-energy heavy ions or/and protons).

cross-section increases showing a plateau or a linear fea-
ture with energy. The greatest value is for the 237-MeV
measurement,

2) Only two devices, the M5M51008 1-Mbit SRAM and the
I1l. EXPERIMENTAL RESULTS 50G6269 64-Mbit DRAM in a lower extent, exhibit a

o ] slight <bumps near E~ 150 MeV in theirr* sensi-
The results are presented in Figs. 3-5. Pion measurements are ity curves.

compared with proton data obtained for the same parts or dat@\s reported in point 1), the features of the device sensitivity

code. and reaction cross-sections are not similar and the sensitivity
The Y-error bars are shown for the pion measurements bgsonance expected is not observed (it should be centered on

cause of the “low” statistics of events (related to the “low” fluxyearly 150 MeV). As a matter of fact, the hypothesis of an elec-

available). No multiple-bit upsets were detected. _ tronic energy loss that would be at the origin of the events cannot
As shown in the figures, two main features exist for the pioge supported regarding the very low linear energy transfer of
curves. the pions for the energy range used (about’1BleV/mg-cnt).

1) For most of the devices tested (save for the M5M51008herefore, it is clear that nuclear reactions with Si nucleus is the
and the 50G6269) and over the energy range used, tlmminant mechanism.
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From point 2), it seems that the energy dependence of th L
SEU cross-section behaves similarly to the reaction and absor o |
tion cross-sections for—Si interactions. The SEU cross-section 107
reflects merely the pion enhancement in the reaction cross seg i
tion. But it is not demonstrated that pions are more effective § 104
than protons in creating upsets. Moreover, for the two device »
with which we are concerned, pion and proton measuremen g g5,
lie within the statistical error. From these observations, it may™ [ _ : | E=237Mey |
be concluded that the absorption mechanism at resonance dc 16k N SO I B
not dominate at inducing upsets for these devices. 1016 1015 1014 I 1012

Concerning the relative effectiveness at inducing soft errors, Pion X-Section (cn?/bi0)
at first we consider the 1-Mbit SRAM case. Mainly two dif-rig. 6. comparison of pion and proton data at 237 MeV. The/g-
ferent behaviors are observed. The Mitsubishi and Toshiba pksnsitivity ratio ranges from 0.6 to 1.9.
data lie close to the proton measurements (within a factor of
two). The pion measurements at 237 MeV for the Samsung anc 102
Micron devices fit quite well the proton cross-section, but the
straight-line feature of the characteristic leads to a much lower
sensitivity of the devices with pions for 147 and 58 MeV. ‘

The pion and proton cross-sections are compared ong 10"
Figs. 6-8 (the line indicates equal cross-sections for both pions>§
and protons). To make these comparisons, proton cross-sectior g 10
at the three pions’ energies were extrapolated from the proton™
sensitivity curves. For the 237- and 147-MeV measurements, 177~ s o o
the saturation part of the curve is reached; therefore the date Pion X-Section (cm/bit)
points can be directly compared with saturation cross-section.

The 58-MeV points are compared to the closer data (62 MeWiyy. 7. Comparison of pion and proton data at 147 MeV. The/gi+
or to the average sensitivity calculated from surroundiri§nsitivity ratio ranges from 0.6 to 3.6.
energies (in the 40-60 MeV range).

*
A KM681000

® MT5C1008

O HM628512

+ 8MJ416400

X ED1441024

- —50G6269 ; ——
OMT5C2568
< HM65756
ACYTC199

on (cm?/bit)
-
>
<

1

E=147MeV |

For all of the devices, the greater cross-section measuredwi 10" ¥ :xng;ggg ' a
pions (for the range of energy used) is of the same order cg Lo 13 OHM5628512 1o . /
magnitude as the one measured with protons. The maximumg |+ SMJ416400 M
value is generally observed forE 237 MeV (see Fig. 6). g 1014 fg’éz;gu

For the lower energies (147 then 58 MeV), the protons ar g [ OMT5C2568
always more efficient at inducing errors (see Figs. 7 and 8). w1018 1 Zg‘(‘fgﬁg

Considering the DRAMs, Hoffman in [5] has observed a§ 1016 |
better < efficiency> for pions to create upsets across thes 2 ‘ E=58MeV |
50-300 MeV range. For example, it was shown that for a s¢ o1 ey I

of 16- and 64-Mbit memories, the cross-section for 150-Me\ 1017 1016 B 1013 1012
pions is larger than those with protons by a mean factor of threc Pion X-Section (cm*/bit)

except for two devices: On_e 16-Mbit and_one 64-Mbit dewc%_ig. 8. Comparison of pion and proton data at 58 MeV. Thép+ sensitivity
Both parts used a trench internal capacity technology, andréifio ranges from 0.8 to 15.

both cases they were the most robust parts.

In the framework of this study, for the three DRAM compore ¢ at different energies). So the volume where reactions occur

nents tested and whichever the energy, pion and proton Crogsondaries generation) is taken equal to the sensitive volume
sections do not differ strongly and proton cross-sections are gfhe gevice. In practice, it is suitable to use the linear dimen-

ways slightly greater than pion ones. sion d of the sensitive volumé’¢/3).
Then, the error rate is calculated from the following equation:

IV. PREDICTION OF THEPION SEU (ROSSSECTIONS
Tgeu = O—in-n-VE (Ethr) (1)

We tried to calculate the pion cross-sections using the ap-
proach described in [16]. The two-parameters model (TPMheree (£}, ) represents the proportion of nuclear reactions
was originally developed to predict proton SEU cross-sectiatihat actually leads to an event,is the number of Si nuclei
This method is based on the assumption that energy depositiorl cn? (n = 5.10%2 for Si), andoy, is the p-—Si inelastic
from nuclear fragments in the sensitive volume (SV) is the magmoss-section. In a previous paper [17], it was shown that the re-
reason for upsets. sults of the presented Monte Carlo code could be used for this

The two parameters used for the calculation are the sensitoadculation. The ability of this code to calculate the energy de-
volumeV and the threshold enerd¥. .. These parameters areposition in thin slabs of Siirradiated by protons was also demon-
determined from at least two experimental proton cross-secti®igated in [16].
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TABLE I 900 7
PARAMETERS EXTRACTED FROM THE PROTON DATA FOR THE PION > 800 *
CALCULATIONS €700 b\\o
i g 600
Device type Parameter d (pum)  Ey (MeV) Process 5 .
HM65756 83 3.55 / % 500 Py B
CY7C199 4.65 1.7 0.8um < 400 1 &0 T
MT5C2568 6.45 3.85 / g 300 &
MT5C1008 325 345 0.8um 2 200 —TM L
TC551001 1.55 1.5 / ~ 4 Gelderloos [6]
HM65608 325 29 0.6um 100 © NUSPA [16]
KM681000 3.85 4.5 0.5um 0 i i T !
M5M51008 22 1.85 / 0 100 200 300 400 500 600 700 800 900
HM628512 245 1.75 0.5um Energy (MeV)
SMJ416400 29 34 0.5um
EDI441024 . . . . . .
375 31 ! Fig. 11. Inelastic¥+-Si cross-sections. The TPM data are compared to
Gelderloos [6] and NUSPA calculations [18].
10" g
_ e — ™ -TPMHM65756 10%
5 - ’,6—- | © Exp. HM65756 - ion 60
S el S N { —TPM CY7C199 L TR g e s TTrpeno® L
o E 10 e i
g8 : Q/ég A | A Exp.CYIC199 N e pion 200
= oy - = “TPM KM681000 £ 1wt 2 T_protméd
b 13 5 --—— proton 200
2 10" by O Dy 4 Exp. KM681000 2
o e FEL v Ay [
I3 /’f— ® — TPM HM628512 K N e
N e | O Exp.HM628512 g g =
5 | = TPM MSMS1008 g o
g5 fer | & Exp. M5M51008 & 107 o
Proton Energy (MeV) 10° I '
) . ) ; F Deposited energy (MeV)
10’6 L i L L L L i L L n n 1 L L
100 150 200 250 300
0 5 10 15 20
Fig. 9. Prediction of the proton cross-section using TPM for the CY7C199, o .
HM65756, KM681000, M5M51008, and HM628 512 devices. Fig. 12. Integral spectra of energy deposited in the M5M51008 sensitive

volume @ = 2.2 um).

E | --- TPM SMJ416400
r + Exp. SMJ416400
[ . —TPM EDI441024
| X Exp. EDI441024
y :‘?;"i TPM HM65608
L TTITTIT ITIO ST ST T T T ¢ Exp. HM65608
' TPM MT5C1008
Exp. MT5C1008
“TPM TC551001
Exp. TC551001

Inelasticr t—Si cross-sections calculated by our code are pre-
sented in Fig. 11 along with other results [5], [18]. Gelderloos
et al. [6] showed that their calculated curve fits some of the
existing experimental pion-nuclei inelastic cross-sections. This
fact supports the use of an actual variant of the Monte Carlo
code for the SEU cross-section analysis.

For calculation of pion interactions, we used the same code
as in [16] and [17]. This code deals with elastic and inelastic
modes in nucleon—nucleon and pion—nucleon interactions. The
absorption of pions by nucleon pairs in nucleus is included. The
Fig. 10. Prediction of the proton cross-section using TPM for the HM65608r0ss-sections for the different mechanisms were taken as for
TC551001, MT5C1008, EDI441 024, and SMJ416 400 devices. :

free particles.
The first (cascade) stage of the reaction provides the fastest

Parameterd and E},, found for the set of devices in which products including pions. They could be absorbed by a nucleon
we are interested are presented in Table Il. Experimental datir inside the nucleus or leave it. Then less energetic particles,
in the interval 15-1000 MeV of proton energies were used farcluding nuclear fragments, escape from the excited nucleus.
analysis. These values are obtained from the best fit for the preOn the next stage of the calculation, we trace the “fate” of the
diction of proton error rates (Figs. 9 and 10). particle in the volumé&” where charged particles deposit part

When compared with the process length paramgtene can of their energy. The probability of secondary interactions of fast
see that as\ decreases] and £, also tend slightly to lower particles with Si nuclei is calculated (for protons, neutrons, and
values. pions). The contribution of all charged secondaries is taken into

As one can see, in every case and for the 20-300 MeV etcount in the calculation of the deposited energy in vollime
ergy range, the cross-section at saturation and the thresholdseally 1¢ interactions are modeled to obtain thg.,, distri-
predicted with reasonable accuracy. At the same time, it seelugion. Analysis of this spectrum provides the fact@,),, ),
that TPM tends to overestimate the SEU cross-section slighlgd so the SEU cross-sections can be calculated for different
at higher energies. projectiles. For example, Fig. 12 presents integral spectra of the

For the 64-Mbit DRAM 50G6269, we were not able to esenergy deposited in the cell of the M5M51008 £ 2.2 ;um)
timate TPM parameters. The experimental SEU cross-sectidos60 and 200 MeV pion/proton irradiations.
were very low, providing/ of less than k.m. That quantity was  The two pion spectra are very closed, but the proton spectra
determined as the lower limit of the model validity [17]. are quite different for the two energies chosen. This reflects the

3
v
&

SEU X-section (cm?/bit)

o

Proton Energy (MeV) |

10 . .
0 50 100 150 200

250 300
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10 0 - =TPM EDI441024
; s ST, M HAM6575
e — TPM HM65756 % Exp. EDI441204

< Exp. HM65756

o e L TPM HME5608
L 2 T S TPMCYICT9Y

X Exp. HM65608
A Exp. CY7C199

! = TPMMITECI008
SL o B e nmmnm i e e e TPM KMOS1000

®  Exp, MT5C1008

A Exp. KM6§1000 14 = TPM SM 16400

= = “TPM HMG628512 +  Exp. SMJ416400

=
’/
fl
SEU X-Section (cm¥/bit)

10 O Exp. HM628512 e TPM TCS31001

SEU X-Section {cm¥/bit)

A e P MEME 1008 W Exp. TC351001

H ¢ Exp. M3MS1008 ity
S S S 0 o 200 300 200
[ 100 200 300 400 Pion Energy (MeV)
Pion Energy (MeV)
Fig. 14. TPM cross-section fort compared to the experimental data for
Fig. 13. TPM cross-section far+ compared to the experimental data forSMJ416400, EDI441024, HM65608, MT5C1008, and TC551 001.
HM65756, CY7C199, KM681000, HM628 512, and M5M51008.

fact that there is no pion production in proton collisions at 60
MeV, but it can occur at 200 MeV.

The absorption of pion by nucleon pair provides two addi-
tional fast nucleons (with total energy about 140 MeV) inside
nuclei. These nucleons are the origin of a new cascade process
making the picture of interaction more complicated. This fact is :
reflected in the slopes of the curves presented in Fig. 14. M Energy (MeV) * Experitnent

Figs. 13 and 14 present the calculated curves using TPM ~ '© . ' '5'0‘ - ‘]00”' '1;0 - 200 - 250 - '300
along with experimental data.

The best agreement between experimental and calculatedrig-15. Comparison of experimental and calculated pion cross-sections for
sults was obtained for the 1-Mbit SRAM M5M51008. For théhe MT5C1008. Standard TPM data are compared with TPM results obtained
other parts, the 237-MeV experimental SEU cross-section 4Ky parameters deduced from heavy-ion experiments.
be predicted within a factor of 2—3, but the calculations do not
fit the measurements at low energies. For the latter, the predic- 3.45 MeV). Calculations for two “directions of the pion
tions greatly overestimate the experimental results. beam” are also performed.

Considering the most integrated devices, as the sensitive3) Here we use the volume determined by TPM for that part
volume associated is very small, it is obvious that the validity ~ but take the thickness from HI measurements. Therefore,
of the method is doubtful. In fact, additional analysis was @ =c=83um,d =0.5um, andEy, = 3.45 MeV.
made for two parts (the MT5C1008 and HM628 512 devices) It can be seen that the incidence direction has no influence on
to determine whether the assumption of the cubic feature the result; therefore the shape, cubic, or parallelepiped rectangle
the sensitive volume is valid and whether tBg,. parameter Of the volume is not important for the calculation.
values are also consistent with the technology used. As aAtthe opposite, thets,,, value strongly affects the result of
matter of fact, the SV lateral dimensions can be deduced #§€ calculation. A decade of difference is observed and a much
the heavy-ion (HI) cross-section at saturation. Moreover, ti§éeater overestimation obtained withy,, = 0.14.
sensitive depth as well as the critical energy can be determined\s @ matter of fact, the set of parameters that gives the best
from other methods. For some devices testighd E}, values resultsisa = ¢ =83 um,d = 0.5 um, andEy,, = 3.45. But
have been proposed [19]. in any case, the 58- and 147-MeV measurements are badly pre-

In Fig. 15, we present detailed results for the MT5C1008 oBlicted. We have no clear explanation about these large discrep-
tained from additional calculations. Three cases are shown atfies. Considering possible uncertainties on the experimental
compared to the TPM results previously presented in Fig. 14measurements, the fluence of pions was in the interval where

1) Dimensions of the sensitive volume and the threshold esgintillations counters have efficiency near 100%. Moreover, the

ergy are estimated from HI data. The lateral dimengiongrror in positioning the chip would result in a lower receive flu-
a = ¢ = 10 pm, the thickness d = 0.5um, and ©€NCe and therefore a higher cross-section.

E.. — 0.14 MeV. Calculations are made for two “direc- At least considering the calculations, the prediction of proton

tions of the pion beam” normal incidence (10-10-0. EU cross-section gives results with sufficiently good accuracy.
or grazing incidence (10-0.5-10). To model these two dYl0reover, we have seen that the inelastic pion cross-section is

rections, the depth is alternately considered as a IateraF&”eCtly described. Therefore, one can conclude that the code
vertical dimension (the volume remains the same) successfully treats the main features of inelastic nuclear cas-

2) The SV dimensions are the same as previously but tﬁgdes. The.possml_e mechanism that is not taken into account is
E.. parameter is taken from the proton dafé,, — the absorption of pions by nuclear structure more cqmplex than
two nucleons. Such processes could provide additional frag-

1L ateral dimensions were calculated from the saturation cross-section. ments depositing energy in the voluriie On the other hand,

°The sensitive thickness and threshold energy are deduced from the “deé&@-ee_ms reasonable to suppose tha_-t the probability of pion ab-
volution” method [17]. sorption by three or more nucleons is much less than by two.

1012 W‘ X HI_10-0.5-10_0.14

——HI_10-10-0.5_0.14

L~ = TPM_3.25-3.45

HI_10-0.5-10_3.45
~——HI_10-10-0.5_3.45

SEU X-section (cm?/bit)
S
@

——HI_83-83-0.5_3.45
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Additional experiments including measurements of the en-[4]
ergy deposited in thin Si slabs irradiated by pions would help to
shed light on this problem. [5]
V. CONCLUSIONS

Experimentalr+-induced SEU cross-sections for a large set [6]
of modern memories were measured at the Gatchina facility for
58-, 147-,and 247-MeV beams. Obtained results show that, savg]
for two devices, the cross-section increases as a function of the
pion energy in the investigated interval. (8]

For the range of energy used, the greater cross-section mea-
sured with pions is the same order of magnitude as the protorjg
sensitivity at saturation. The maximumvalue is generally ob-
served forE = 237 MeV, and for the set of tested devices, it is
not demonstrated that pions are more effective than protons in
creating upsets. [10]

From the sensitivity curves, it is clear that nuclear reaction
with Si nucleus is the dominant mechanism, but the SE
cross-section rarely reflects the pion enhancement in th
reaction cross-section. From these observations, it may be
concluded that the absorption mechanism at resonance doéal
not dominate at inducing upsets for these devices.

The two-parameter model has been applied for calculating s
the pion SEU cross-sections. It has been demonstrated that the
shape—cubic or parallelepiped rectangle—of the volume is not
important for the calculation. The sensitive depth and criticaP4]
energy seem to drive the results of the calculations.

The results at “low” energies (58 and 147 MeV) generally[15]
overestimate the experimental data while the 237-MeV cross-
section can be predicted within a 2—-3 factor. [16]

11]
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