32 F 1M
2015 4F 3 H

LS R S 7/ I S

Nuclear Physics Review

Vol. 32, No. 1
Mar. , 2015

Article ID: 1007-4627(2015) 01-0100-05

Impact of Heavy-ion Nuclear Reactions on
Single Event Upset

LIU Tiangi'> 2, LIU Jie!, GENG Chao'' 2, GU Songh 2, XI Kai®* 2,

WANG Bin' 2, YE Bing!> 2
(1. Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China;
2. Unwversity of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: This work investigates the effect of nuclear reactions resulting from the interaction of heavy-
ion with the specific devices on single event upset (SEU), since the traditional application of linear energy
transfer (LET) as an engineering metric may be unsatisfied on SEU characterization or has no ability to

directly present the property of nuclear reaction (including its probability and secondary ions). Using

Monte Carlo simulation and in-depth analysis, this study provides a powerful comparison between direct
ionization processes and the one within nuclear reactions. The different heavy ions have been applied

in simulation to characterize the role of nuclear reactions in SEU occurrence. The results show that

the contribution of heavy-ion nuclear reactions to SEU cross section depends on ion energy with a non-
monotonic relationship. Based on the simulated results, suggestions were put forward that the worst case
of SEU occurrence induced by heavy-ion nuclear reactions should be considered to predict the on-orbit

SEU rate.
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1 Introduction

Heavy-ion test based on the ground accelerator as
an effective method is often used to investigate single
event upset (SEU) in modern integrated circuits!* =%,
Generally, linear energy transfer (LET) of heavy ions
has been considered as an engineering metric to study
the SEU occurrence of electronic devices. The SEU
cross section measured by heavy ions is often described
by ion LET with a Weibull function”~®!. Based on
the model of space radiation environment, the total
on-orbit SEU rate is approximately estimated using
the Weibull curve fitted by the ground experimental
datalt3]. However, many studies revealed that the use
of LET in ground heavy-ion test where the nuclear re-
actions dominate the SEU occurrence is not sufficient
to describe the SEU data®'4. For example, Dodd
et al. presented that the curves of SEU cross section
versus LET for low and high energy heavy ions exhibit
a significant difference below the threshold LET of di-
rect ionization induced upset[m}. Other studies have
shown that the SEU occurrence arising from heavy-
ion nuclear reaction relies on ion energy and species,

Received date: 5 Mar. 2014;

DOI: 10.11804/NuclPhysRev.32.01.100

respectively® 10711 Additionally, Reed et al'?. sug-
gested that the ground heavy-ion test should be carried
out by several types of ions of different energies when
heavy-ion nuclear reactions are a contributing factor
for the event rate of devices. Up to now, little work
has been done to study the specific relationship be-
tween the nuclear reaction induced SEU cross section
and ion energy (or species), which is crucial to the
accurate characterization of SEU in ground heavy-ion
test.

In this paper, the SEU occurrence induced by
heavy-ion nuclear reaction has been studied by Monte
Carlo simulation. The influence of heavy-ion energy
and species on SEU cross section induced by nuclear
reactions was systematically investigated. Finally, for
the prediction of on-orbit SEU rate, the existing risks
from heavy-ion nuclear reactions were discussed.

2 Simulation details

The Cosmic Ray Effects on Microelectronics Code
Monte Carlo (CREME-MC) software package'>~17),
which is a computational tool based on Geant4 li-
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braries, was used to evaluate the rate of SEEs. In
this package, physical processes such as ionization, nu-
clear elastic, nuclear inelastic and screened coulombic
scattering are all considered and programed. This soft-
ware provides a function for calculating the statistical
profile of energy deposition in sensitive volume of de-
Using the spectrum of energy deposition for a
specific device, the SEE rate is performed very well by

vice.

defining the proper critical-deposited energy or critical
charge.

The structure of multilayer stack in a hypotheti-
cal SRAM cell is shown in Fig. 1, which is composed
of 5 um silicon layer and 5 pm overlayers. A sensitive
volume of 2 pmx2 umx2.25 um based on the Rect-
angular Parallelepiped model was centrally arranged
the beneath of overlayers. For modeling the SEU oc-
currence induced by heavy-ion nuclear reactions, the
interconnect layers of the device were simplified as 1.74
pm aluminum layer and 0.4 pm tungsten layer placed
in the middle of SiO2 layers.

143 pm SiO,

1.74 pm Aluminum

0.4 um Tungsten
1.43 um Si0O,

Sensitive Volume
2 pm X 2 pm X 2.25 um

5 pm Silicon

Fig. 1 The frame diagram of one SRAM cell archi-
tecture for simulation, with a surface area of 5
pmx5 pm (Not to scale).

In simulation, the sensitive volume was defined as
the region in which the amount of energy deposited
by incident ion is able to influence the performance of
the device. For the calculation of SEU cross section,
the critical charge (the minimum deposited charge in

sensitive volume to induce a SEU occurrence) is given
Byl11:15]

Qoerit (pC) =0.01035 x LETyy X dsv (1)

where Q.it is the critical charge, LETY4y is the thresh-
old LET, and dgv is the depth of sensitive volume. If
the deposited charge in sensitive volume is larger than
Qcrit, then a SEU is considered as occurred. Therefore,
the SEU cross section (o) for a given Qcit, is calculated
using the following equation,

Events S >
=5 oo, (2

1=1(Qerit)

U(chit) =

Fluence/cm?

where S is the surface area of the SRAM cell in Fig. 1,
N is the total number of incident ions on the SRAM
cell. In addition, the i*" ion is assumed to penetrate
into the SRAM cell and create the deposited charge Q);.
And then the number of events n; can be obtained by

0 ) (QZ <chit) ) 3

MEY 1L (Qi > Qenr) )

Utilizing the above mentioned hypothetical

SRAM cell and CREME-MC software package, the de-

tailed mechanism of SEU occurrence induced by heavy-
ion nuclear reactions was analyzed.

3 Results and discussion

To investigate the impact of heavy-ion nuclear re-
actions on SEU, the SEU cross sections were calculated
by two modes of simulation: (1) only direct ionization
included; (2) direct ionization combining with nuclear
reaction included. In simulation, the surface of the
device depicted in Fig. 1 was set perpendicular to the
direction of ion’s penetration. Table 1 shows the main
parameters of ion species, energy, LET, and range in
silicon, which were input into CREME-MC program
to model the upset process. For a given critical charge
of 0.89 pC (equivalent to the threshold LET of 38.21
MeV-cmz-mgfl), the typical curves of SEU cross sec-
tion as a function of LET were obtained, as shown in
Fig. 2. Tt is clear that, in the saturated area of SEU
cross section, the data simulated by the first mode
has a good consistency with that by the second mode.
Therefore, it is inferred that the secondary ions from
heavy-ion interaction with device materials have a less
impact on the saturated area of SEU cross section.

Table 1 Heavy-ion parameters in silicon used in

Monte Carlo simulation for the prediction of
SEU cross section

Ton Energy/MeV / (Me\}j gll;zmgfl) Sfﬁigi;/(:;ﬂ
197 Au 2000 85.37 108.07
195p¢ 4500 67.70 251.89
132Xe 2600 ~ 5800 54.86 ~ 27.90 117.60 ~ 609.63
84Kr 1300 ~ 5500 25.19 ~ 9.90 174.75 ~ 1480
63Cu 2000 ~ 5000 10.07 ~ 5.65 518.63 ~ 2280
40Ar 1500 ~ 3600 4.06 ~ 2.12 970.73 ~ 4260

Nevertheless, below the saturated area of SEU
cross section, the curve simulated by the second mode
with a long tail exhibits a shift to the left of horizontal
coordinate. In contrary, the simulated curve of the first
mode has a sharp decline without dragging a long tail,
and no SEU occurrence was observed below the LET
of 34.03 MeV-cm?-mg~!. It means that the threshold
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LET of SEU occurrence has a big extension to the ori-
gin of coordinate when direct ionization and nuclear
reaction are taken into account together in simulation.
According to Refs. [8,11,14], the extension of thresh-
old LET is attributed to the nuclear reactions between
heavy ions and device materials. In fact, the secondary
ions produced by nuclear interactions are able to trig-
ger the SEU occurrence, which is also proved by our
simulation result. Additionally, the SEU cross section
induced by secondary ions is generally less several or-
ders of magnitude than the counterpart by direct ion-
ization due to the extremely low probability of nuclear
reactions (see in Fig. 2).
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Fig. 2 (color online) The typical curves of SEU

cross section versus LET were obtained by two
different configurations of simulation.

Furthermore, it is noted that the SEU cross sec-
tions at relative low LET (approximately less than 20
MeV-cm?-mg ™) do not display a regular change with
LET but a broadening along to the vertical coordi-
nate. In order to better understand this broadening
of SEU cross section and then accurately describe the
SEU data, *°Ar, °3Cu and 3*Kr ions were employed
to model the contribution of nuclear reactions to SEU
cross section. The simulations were completed by the
second mode with the ion energy from 1000 to 10000
MeV.

As shown in Fig. 3, the SEU cross section is plot-
ted as a function of ion LET and energy, respectively.
It is revealed that the SEU cross sections for “°Ar and
63Cu ions all display a parabolic relationship at two
kinds of coordinate systems. But for 84Kr ions, excep-
tion of a parabolic shape observed in Fig. 3(a), the
SEU cross section also exhibits a rising trend as the
LET is larger than about 20 MeV-cm?-mg~'. Simi-
larly, such a variation trend for *Kr ions is also ob-
served in Fig. 3(b). From 2000 to 10000 MeV, the
LET of 3*Kr ions decreases slowly with ion energy and
the maximum LET is about 19.32 MeV.cm?-mg ™! at

2000 MeV, which is far smaller than the threshold LET
of SEU. In this case, the SEU occurrence is mainly
induced by the secondary ions from nuclear reaction.
But from 1000 to 2000 MeV, the LET of 3Kr ions
decreases rapidly from 28.89 to 19.32 MeV-cm?-mg~*,
which is close to the threshold LET of SEU. As a re-
sult, the direct ionization may gradually dominate the
SEU occurrence. Thus, the SEU cross section induced
by 8*Kr ions shows an increasing trend when the LET
is larger than about 20 MeV-cm?-mg~!. According to
the description above, it is concluded that, even for
the same ion species, the SEU cross section dose not
vary monotonously with ion energy (or LET).
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Fig. 3 (color online) Contribution of **Cu, *°Ar and

84Kr ions nuclear reactions to the SEU cross
section.

Fig. 4 shows the curves of integral cross section
versus deposited charge in sensitive volume for calcu-
lating the SEU cross sections induced by 8*Kr ions. In
the light of the critical charge of a specific device, the
corresponding SEU cross section can be derived from
Fig. 4. For our simulated device, the critical charge has
been set as 0.89 pC. Obviously, around the deposited
charge of 0.89 pC, the variation trend of cross section
with ion energy has a good agreement with the result
in Fig. 3(b). However, at different range of deposited
charge in Fig. 4, it is noted that the cross section has
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different variation relationships with ion energy. Thus,
to some extent, the relationship between SEU cross sec-
tion and ion energy also depends on what the critical
charge is chosen.
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Fig. 4 (color online) The curves of integral cross

section as a function of deposited charge in
sensitive volume were plotted by considering
direct ionization and nuclear reaction of 3*Kr
ions.

For the same critical-charge, the SEU cross section
induced by secondary ions may be related to the prob-
ability of nuclear reactions of the particular reaction
channels. In the literature of Ref. [18], it is mentioned
that only the LET of secondary ions larger than the
threshold LET is able to induce the device error. For
a specific secondary ions, the corresponding cross sec-
tion of nuclear reaction is generally as a function of ion

)[197201' In

energy (be known as Excitation Function
essence, the rate of SEU occurrence induced by heavy-
ion nuclear reaction should depend on ion energy and
species rather than ion LET, which may dominate the
broadening of SEU cross section in Fig. 2.

As mentioned above, the SEU cross section in-
duced by secondary ions does not have a gradient re-
lationship with LET, for the same LET value but dif-
ferent heavy ions, the value of SEU cross section will
be scattered to same extent, as shown in Fig. 2 and
Fig. 3(a). On the other hand, even we take the SEU
cross section as a function of ion energy in Fig. 3(b),
the SEU data measured using different ions is still not
described by ion energy due to the SEU cross section
also depending on ion species.

In addition, ion energies and species provided by
ground facilities are very limited, and it’s not possible
for us to measure the SEU cross section induced by
nuclear reactions using all kinds of heavy ions with a
large energy range. Therefore, there may not be an
effective method to accurately characterize the SEU
data induced by heavy-ion nuclear reactions,

However, based on the limited experimental data,
as well as the computational simulation, it is still possi-
ble to give an approximate estimation for the SEU rate
prediction. It is recommended that, researchers had
better take the worst case to predict the on-orbit SEU
rate. For instance, the peak value of each parabolic
curve in Fig. 3(a) is considered as the worst case to
calculate the SEU rate in space, which method will at
least greatly ensure the reliability of prediction. Thus,
the more ion species and the wider range of ion energy
used in ground test, the prediction of the rate of SEU
occurrence induced by heavy-ion nuclear reactions will
be more accurate.

4 Conclusion

The SEU occurrence induced by heavy-ion direct
ionization and indirect ionization were systematically
studied by Monte Carlo simulation in a hypothetic
SRAM cell. The simulation was carried out under
the mode of only considering direct ionization and
the mode of considering both direct ionization and nu-
clear reaction, respectively. The results show that, the
typical curve of SEU cross section versus LET simu-
lated by the second mode displays a shift to the left
of horizontal coordinate with a long tail. Meanwhile,
it is found that the SEU cross section simulated at
the LET value less than about 20 MeV-cm?-mg ™" has
a broadening along to the vertical coordinate. The
further analysis indicates that, the non-monotonic re-
lationship between the heavy-ion nuclear reactions in-
duced SEU cross section and ion energy is responsible
for this broadening. According to the results above,
it is suggested that the worst case of SEU occurrence
induced by heavy-ion nuclear reactions should be con-
sidered to predict the on-orbit SEU rate.
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