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Using a Monte Carlo simulation tool of the multi-functional package for SEEs Analysis (MUFPSA), we study the
temporal characteristics of ion-velocity susceptibility to the single event upset (SEU) effect, including the deposited energy,
traversed time within the device, and profile of the current pulse. The results show that the averaged dposited energy
decreases with the increase of the ion-velocity, and incident ions of 2°°Bi have a wider distribution of energy deposition
than 132Xe at the same ion-velocity. Additionally, the traversed time presents an obvious decreasing trend with the increase
of ion-velocity. Concurrently, ion-velocity certainly has an influence on the current pulse and then it presents a particular
regularity. The detailed discussion is conducted to estimate the relevant linear energy transfer (LET) of incident ions and
the SEU cross section of the testing device from experiment and simulation and to critically consider the metric of LET.
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1. Introduction

Ion species and energy play an important role in induc-
ing the radiation effects in micro-electronics and aerospace
devices. Since single event upset (SEU) was found to be de-
pendent on ion species and energy, major concerns in the ionic
characteristic have been recently explored. For instance, Reed
et al.''l found through experiment and simulation that the
same linear energy transfer (LET) but different ion species and
energy resulted in different SEU probabilities. Dodd e al.!>]
explored and discussed the lack of correlation of the SEU cross
section with the metric of LET. These studies paid little atten-
tion to the ion-velocity on the SEU occurrence. Meanwhile,
ion-velocity was preliminarily studied in the field of damage
effects by using the swift heavy ions.!*% Afterwards, Gaiduk
et al.!”! observed the ion-velocity effect in the semiconductor
materials due to the high-density electron excitation.!”) Addi-
tionally, it was found that the ion-velocity effect can be used as
the complementary evidence to explain the difference caused
by different ion species and energies with the same LET.!8!
Thus, the study of the potential damage from the property of
ion-velocity in the semiconductor device becomes interesting
and meaningful.

The purpose of this work is to investigate the temporal
characteristics through the effect of ion-velocity on the SEU
occurrence. The multi-functional package for SEEs analysis
(MUFPSA) was performed to simulate the SEU probability,
the distribution of deposited energy, the traversed time within
the device, and the relevant current pulse. Additionally, the
SEU cross section is also evaluated through the experiment
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in the Heavy Ion Research Facility in Lanzhou and the HI-
13 Tandem Accelerator. The experimental results support our
simulation results.

2. Description of Monte Carlo simulation tool

In this work, Geant4 version 9.3 is used to establish the
simulation approach, named MUFPSA. To examine its capa-
bility for modeling the SEU characteristics, multiple bit upset
(MBU) and SEU susceptibility to the SRAM exposure in the
radiation environment have been previously studied. A charge
diffusion—collection model and a microscopic model of the
ionic characteristc effect are proposed and discussed in this
approach.

As a result of the complicated physical process between
the ion and materials and according to the previous descrip-
tion of the principle in MUFPSA,®"! we use a boson, lep-
ton, hadron, neutron, ion, and decay to accurately describe the
ion—device interaction. For the observation of temporal infor-
mation, the general particle source in Geant4 has been imple-
mented for setting the initiation and then the corresponding
energy and time are tracked and recorded. For instance, to
characterize the time profile, the equation is given by,

n
t=Y [ti+ (ti1 —1;) X ], (H
i=0
where ¢; is the time for one initial step, ;41 is the time of next

step, and F; is the uniformly distributed random numbers at
[0, 1].
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Moreover, the difference in the dispersion of the de-
posited energy for various ions is used to directly calibrate
and improve the accuracy of MUFPSA. The dispersion of de-
posited energy induced by 13?Xe and 2*?Bi within the sensitive
volume (SV) is shown in Fig. 1. The actual deposited energy
is measured directly from the incident ion with the specific en-
ergy striking on the center of 180-nm Si volume (see the inset).
It is illustrated that incident ions of '3>Xe with 739 MeV have
a wider energy distribution than 2 Bi with 385 MeV. Thus, the
deviation resulting from the dispersion of deposited energy in
terms of different ion species and energy must be absolutely
taken into account for describing and analyzing the SEU char-

acteristics.
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Fig. 1. (color online) Example of the dispersion of deposited energy for
132Xe and 2®Bi. The simulation is performed under the condition of
striking on the 180-nm Si layer at the center of 4-um Si volume after
the 2-pm SiO; layer by the normal incidence (inset).

3. Ion-velocity characterization

The ion-velocity is an intrinsic parameter involved with

(45,101 1 this work, ion-velocity has

ion species and energy.
been calculated within the framework of relativistic theory us-
ing the LISE++ and Mathematica, and in the calculation, the
initial energy of the incident ions is used. The ion-velocities
of 132Xe and 2*Bi are calculated and the results are plotted

in Fig. 2, each as a function of ion energy. According to the
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Fig. 2. (color online) Ion-velocities versus the incident ion energy for
209Bi and '3 Xe.

curves in Fig. 2, the ion-velocity increases nonlinearly with
the increment of ion energy. It is noted that the energy dis-
crepancy at the same ion-velocity becomes larger with the in-
crease of ion-velocity. It may be attributed to the fact that the
heavier ions with a higher energy have the same ion-velocity
as the lighter ions with the lower energy. Consequently, the
investigation on the effect of the ionic characteristics on the
SEU occurrence is necessary to consider the ion-velocity as a
significant representational factor.

4. Results

According to Refs. [11]-[13], the hypothetical device is
comprised of an over-layer and substrate. The SVs are prop-
erly located at the center of the substrate. The surface area and
thickness of silicon film are 2.5 pumx2.0 um and 0.18 pm,
respectively. The way of incidence is defined as randomly
striking on the surface of the hypothetical device. The MUF-
PSA simulation is conducted for 10* incident ions to induce
the SEU occurrence. The LET of the engineering metric is
obtained based on the illustration of Fig. 2, irrespective of the
error from the stopping and range of ions in matter (SRIM)
professional version calculation. The single errors of '3?Xe
and 2% Bi extracted from the MUFPSA simulation are reported
in Table 1. It is shown that the single error basically keeps
constant even in the case of the different LETs for different
ion species. Thus, no obvious difference in erorr is found for
different ion velocities.

Table 1. LET values and SEU errors from '32Xe and 209Bi.

Ion-velocity 132Xe 209B;

/(cm/ns)  LET/(MeV-cm?/mg) Newor LET/(MeV-cm?/mg) Nerror
2 66.4 2569 93.1 2531
4 61.8 2448 93.4 2565
6 44.9 2351 76.6 2494

The unchanged SEU occurrence is probably explained
by the fact that the incident ions with these LET values al-
ready have the ability to induce the saturated SEU cross sec-
tion, which will be further analyzed in Section 5. Because
there is no obvious difference in Neror, it is promptly demon-
strated that the temporal information about the interaction be-
tween incident ions and the device, including the distribu-
tion of deposited energy, traversed time within the device,
and the profile of the current pulse, are of particular impor-
tance in assessing the SEU characteristics. Consequently, the
above-mentioned temporal information is obtained to expose
the micro-differences resulting from the ion-velocity effect.

The results of calculated deposited energy in the hypo-
thetical device on irradiation with the different ion energies
are shown in Fig. 3. The relative probability of counts of ions
(the vertical axis) is only indicative, since it depends on the
histogram representations such as the number of bins setting.
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Although the above results of SEU cross sections show no sig-
nificant difference, the distributions of deposited energy on the
same device present a marked difference, even for the incident
ions with the same velocity or almost equal value of LET.
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Fig. 3. (color online) Curves of relative probability of count of ions ver-

sus measured deposited energy for all the ion energies with 132Xe and
209p;.

In order to directly compare the results for the measured
deposited energy, the full width at half maximum (FWHM)
value and absolute difference with respect to the average en-
ergy are provided in Table 2. The ratio (R) of the difference be-
tween FWHM values of 2%Bi and '3?Xe to the FWHM value
of 132Xe is given as

FWHMa2op; — FWHMisy,
FWHMisy,

R= x 100%. 2)

As indicated in Table 2, the average deposited energy
decreases with the increase of the ion-velocity. This trend
results from the integrated effect of the corresponding LET
value and the geometrical dimension of the SV. Generally, the
higher LET can lead to a higher deposited energy, on condi-
tion that the dimensions of volumes are large enough. How-
ever, it is probable that the lower LET incident ions induce
higher deposited energy within the finite SVs due to the lower
ion-velocity and higher initial energy density. For instance, the
average deposited energies induced by incident ions 2°°Bi with
the LET of 93.1 MeV-cm?/mg and 93.4 MeV-cm?/mg (shown
in Table 1) are 3.62 MeV and 3.43 MeV, respectively. On the
other hand, the FWHM here is an expression for the extent of
the dispersion in the deposited energy. As can be seen from
Table 2, considering only one ion species, the FWHM value
seems to increase with the augment of ion-velocity. This may
be the reason for the fact that the energy loss is reduced by the

higher ion-velocity with short traversed time. Additionally,
it is inferred that under the condition of the same ion-velocity,
the distribution of deposited energies induced by 2*°Bi is more
discrete than by '3>Xe. Similarly, the parameter R in Table 2
confirms that the heavier the ion, the larger the distribution
of deposited energy is. In our case, the values of R for the
132Xe and 2%Bi both can reach a maximum value of 43.6%
even with the same ion-velocity. This is also supported by the
experimental data.!'*! In consequence, ion-velocity dominates
the average deposited energy, FWHM, as well as the ratio of
FWHM values.

Figure 4 shows the plots of the time of the incident ions
transportation within the device and the corresponding de-
posited energy versus ion-velocity. Overall, a decrease in tra-
versed time is inevitable since ion-velocity plays a crucial role
in determining the time in the case of limited distance, and
this has already been used for explaining the general trends of
variation in average deposited energy and FWHM. In addition,
as explained above (see Table 2), the deposited energy is sus-
ceptible mainly to the LET value of the incident ion and the
volume for collection. Here the regularity of the temporal de-
posited energy within the SV is recognized as a consequence
from the dominant effect of the LET and the strike probability
of the Monte Carlo simulation.

— e - - 3.0
0.45 —m—maximum of traversed time
—w—deposited energy within one SV42.8
0.40
12.6
Z 0.35 loa 2
2 0.30 <
= 12.2 %
'qg 0.25 12.0 °
o
% 0.20 132X o 11.8 =
Z 015 = {16 =
o 1 1 1 1 g
= . 4.0 4
5 0.6 413.8 =
g v g
5 13.6 ©
g 0.5 °
g 43.4 g
< n
S 04 43.2 8
)
413.0 A
0.3 128
0.2 20934 126
t 2.4

Fig. 4. (color online) Plots of maximum of traversed time and the cor-
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responding deposited energy within the SV versus ion-velocity.

Table 2. The values of average deposited energy Eaye, the FWHM, and R obtained through the Gaussian function fitting on Fig. 3.

132y 209p;
Ion-velocity/(cm/ns) N ! R/%
Ene/MeV  FWHM/MeV  (FWHM/Ey.)/%  Ene/MeV  FWHM/MeV  (FWHM/E,.)/%
2 2.59 0.31 11.97 3.62 0.44 12.15 419
4 2.03 0.74 36.45 3.43 0.99 28.86 33.8
6 1.48 1.17 79.05 2.72 1.68 61.76 43.6
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Additionally, according to Ref. [15], the theoretical
method of calculating the amount of charge collection, trans-
porting time of the incident ion, and ion track established time,
is a good approach to evaluating the current pulse. The tran-
sient currents and the integrated charge collection induced by
132Xe and 2%Bi are obtained each as a function of time in
Fig. 5. For both ¥?Xe and 2B, the smaller the ion-velocity
of incident ions, the larger the width variation is. Also, the
transient current induced by heavy ions falls after the peak of
the current, the regularity shows that the current at ion-velocity
2 (cm/ns)> that at ion-velocity 4 (cm/ns)> that at ion-velocity
6 (cm/ns). This phenomenon may result from the higher ion-
velocity generated higher propagation of initial electron—hole
pairs, and then lead to there being less width variation. More-
over, the saturation of collected charge is also consistent with
the result of Table 2, showing the relationship as follows: the
Eqye ation-velocity 2 (cm/ns)> that at ion-velocity 4 (cm/ns)>
that at ion-velocity 6 (cm/ns). The above result is attributed
probably to the higher ion-velocity-induced lower concentra-
tion of charge initialization, hence the collected charge quan-
tity in limited dimensions of volumes is less. Consequently,
from the evaluations of transient current and the relevant col-
lected charge quantity, it is concluded that the ion-velocity
does indeed affect the width variation of pulse shape and col-
lected charge quantity due to the ion track profile.
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Fig. 5. (color online) Variations of transient current and relevant col-
lected charge quantity with time for several different velocities of the
incident ions of '¥2Xe and 2%Bi.

5. Discussion

It is studied in this work that the influence of the ion-
velocity on the SEU occurrences may not be reflected directly
in the SEU cross section but mainly in the different temporal
characteristics, in terms of the distribution of deposited en-
ergy, the traversed time on the device, and the profile of the
transient current. This approach to the observation of the ef-
fect of ion-velocity is also applicable for other devices in the
study of ionic characteristics. However, the investigation of
the SEU susceptibility to the intrinsic property of ion-velocity

should certainly include the quantificational metric of LET and
a typical curve of LET versus SEU cross section.

The relevant LET of a heavy ion beam as a function of
the ion energy is calculated by SRIM professional version as
illustrated in Fig. 6. According to Table 1 and Fig. 2, the cor-
responding LET values used in this simulation are marked (see
the vertical lines in Fig. 6 to characterize the influence of ion
energy on the SEU occurrence. It is suggested according to
Tables 1 and 2 that LET is a vital factor in inducing the SEU
occurrences under the condition of quite different LETs. How-
ever, if the corresponding LETs are similar, the peak of LET
induced by ion energy should be taken as a basic criterion
and then thereby analyze the initial energy density or e /h™

recombination. [8-16]
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Fig. 6. (color online) Graphical representations of LET values as a func-
tion of ion energy for 132Xe and 209Bi in silicon.

Now, we directly evidence the assumption and expla-
nation about there being no obvious difference in magni-
tude between single errors. The SEU cross section val-
ues of the testing device are simultaneously obtained from
the experiment and the MUFPSA simulation, which are
further fitted by a classic Weibull function, as shown in
Fig. 7. The results reveal that the SEU cross-section in-
creases with the increase of LET, and gradually extends
to saturation. The Weibull fitting curve indicates that the

threshold value of LET inducing the SEU occurrence is about
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Fig. 7. (color online) Measured and simulated SEU cross sections ver-
sus LET of normal incident ions.
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12 MeV-cm?/mg and the saturation of SEU cross section is ap-
proximately 1.45 x 10™> cm~2, which are in good agreement
with the results in Table 1. It is reasoned that the LETs of
all the incident ions in Table 1 are greater than the threshold
LET and then the difference between all resulting SEU cross
sections can be taken as being limited.

6. Conclusion

The temporal characteristics from ion-velocity for the
SEU occurrences in a specific device are investigated by
Monte Carlo simulation. The results display that when the
LET of incident ions is greater than the threshold LET, the
SEU cross section is slightly influenced by the ion-velocity,
which is also confirmed by an experimental result and a sim-
ulation result. Meanwhile, the distribution of deposited ener-
gies, traversed time, and characterization of the current pulse
are shown to depend mainly on the ion-velocity. It is illustrated
that the incident ions with larger ion mass values have a larger
distribution of deposited energies in the case of the same ion-
velocity, the traversed time in the device decreases with the
increase of the ion-velocity, and the width variation of the cur-
rent pulse increases as the ion-velocity decreases. Therefore,
as a primary microscopic mechanism of SEU, ion-velocity is
non-ignorable for studying in depth the SEU susceptibility to
the ionic characteristic.
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