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Geant4 Monte Carlo simulation results of the single event upset (SEU) induced by protons with energy ranging from
0.3 MeV to 1 GeV are reported. The SEU cross section for planar and three-dimensional (3D) die-stacked SRAM are
calculated. The results show that the SEU cross sections of the planar device and the 3D device are different from each
other under low energy proton direct ionization mechanism, but almost the same for the high energy proton. Besides, the
multi-bit upset (MBU) ratio and pattern are presented and analyzed. The results indicate that the MBU ratio of the 3D
die-stacked device is higher than that of the planar device, and the MBU patterns are more complicated. Finally, the on-
orbit upset rate for the 3D die-stacked device and the planar device are calculated by SPACE RADIATION software. The
calculation results indicate that no matter what the orbital parameters and shielding conditions are, the on-orbit upset rate
of planar device is higher than that of 3D die-stacked device.
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1. Introduction

Although the lithography equipment factory has con-
firmed the feasibility of technological development below
3 nm, it may not be simple if the IC industry relies solely
on extreme ultraviolet lithography to maintain Moore’s law.
Thus, the chipmakers must now seek for the innovation in
different directions in process and packaging technologies.
For example, packaging technology is currently moving to-
ward three-dimensional (3D) stacking. Compared with two-
dimensional (2D) planar devices, 3D-IC no longer pursues the
reduction of transistor size but increase the integration of the
system through 3D stacking and realize the vertical intercon-
nection between layers through through-silicon-via technol-
ogy. Now, the 3D-IC has become one of the industry’s recog-
nized effective means of continuing Moore’s law.[1] The ad-
vantages of high integration, small size and low power con-
sumption of the 3D-IC make it have broad prospects and ap-
plication value in the aerospace field.[2] For example, the 3D
PLUS company’s 3D-IC products are expanding continuously,
and launched into space almost every month for deep space
exploration missions and satellites constellation fleets.[3] It is
also because of the broad application prospects of 3D-IC in
the aerospace field, its irradiation effect has also received the

researcher’s attention.[4–11] Zhang et al. made the first signif-
icant attempt to characterize the microarchitecture soft error
vulnerabilities across the stacked chip layers under 3D inte-
gration technologies.[4] They showcased that alpha particles
induced by package material only affect the top layers of the
3D-IC because the outer layers have a shielding effect on inner
layers. In 2011, Gouker et al. conducted a series of studies on
single event upset (SEU) and single event transient for 3D-IC
fabricated in Silicon-On-Insulator technology.[5,6] Since heavy
ions have a higher linear energy transfer (LET) than proton,
more energy can be deposited in the device, and more electron-
hole pairs are generated, so most of the researches have fo-
cused on single event effect induced by heavy-ion. For exam-
ple, Cao X et al. conducted a Geant4 simulation on heavy ions
induced SEU for 3D integrated SRAM. Their simulated results
show that the sensitivity of 3D SRAMs is not more than that of
planar SRAMs and the 3D structure can have a great potential
application for aerospace and military domain.[11]

In this paper, we construct a 3D die-stacked device model
by using Geant4 simulation tool.[12] A detailed simulation
study of the SEU of this 3D device caused by protons is carried
out. The multi-bit upset (MBU) probability of the device is
studied, and the MBU patterns are also analyzed in this paper.
Finally, the on-orbit SEU rates of these two types of devices
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are also estimated and compared.
The rest of this paper is organized as follows. In Sec-

tion 2, a detailed simulation setup is provided. In Section 3, the
simulated result of proton-induced SEU in the 3D die-stacked
device is presented. In Section 4 the SEU difference between
the planar and 3D die-stacked device are discussed. Finally,
some conclusions are drawn from the present study in Sec-
tion 5.

2. Simulation setup
A single-layered SRAM model is constructed in Geant4

according to Ref. [13]. As shown in Fig. 1, this model includ-
ing a single die with 25× 25 cells in a cube with a size of
12.5 µm×31.25 µm×24 µm, the SEU critical charge of this
device is set to be 0.8 fC. The primary proton energy set dur-
ing the simulation is in a range of 0.3 MeV–100 MeV, and the
energy deposited in the sensitive volume (SV) is recoded. The
critical deposited energy is a minimum energy that causes the
device to upset in the SV. When the deposited energy in SV
exceeds the critical deposited energy, an SEU is recorded and
the position information of the SV cell is given. By setting
the initial energy of the incident proton, the variation of SEU
cross-section of the device with proton energy is obtained and
then compared with previous experimental data.

Fig. 1. Sketch of single-layered SRAM model.

As shown in Fig. 2, the SEU cross-section is given as
a function of incident proton energy. Figure 2(a) shows
Geant4 simulations on this single-layered SRAM model and
figure 2(b) displays the precious experimental results of a 65-
nm SRAM cited from Ref. [14]. As can be seen from Fig. 2,
although the feature sizes of the two devices may be incon-
sistent with each other, the proton-induced SEU cross-section
curve of the single-layered SRAM model and the previous 65-
nm SRAM experimental results are still in good agreement.
For example, the SEU cross-section caused by high-energy
protons is about 4–5 orders of magnitude lower than the peak

value of the SEU cross-section caused by low-energy protons
(LEPs). The simulated SEU cross-section peak value caused
by LEP is higher than the experimental result, which should
be caused by the proton beam energy straggling as discussed
in Ref. [15].
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Fig. 2. Proton-induced SEU cross-section curves, showing (a) Geant4 sim-
ulations for single-layered SRAM model in this paper and (b) testing result
for 65-nm SRAM in Ref. [14].
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Fig. 3. Sketches of the three-layered die-stacked SRAM device model used
in simulation: (a) 3D view and (b) Y –Z cross-section view (not scaled).

To further study the proton-induced SEU sensitivity of the
3D die-stacked device, we establish a three-layered stacked
device model based on this single-layered SRAM model. As
shown in Fig. 3, the simulation model is comprised of three
dies in a cube with a size of 12.5 µm×31.25 µm×48 µm, and
each die includes 25× 25 SRAM cells. The first and the sec-
ond layer die are bonded face-to-face structure, and the third
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layer die is boned back-to-face structure with the second layer
die. The size setting of the SV and the setting of the upset crit-
ical charge are the same as those of the single-layered SRAM
model described above.

3. Simulation results
To improve the accuracy of the simulation, at least 100

upsets are recorded in each simulation. The SEU cross-section
is calculated from

σ = N/(F ×625×L),

where N is the number of recorded upsets in each simulation,
F is the total fluence of proton in units protons/cm2, and L
is the number of die layers of the device. L = 1 refers to the
single-layered die device and L = 3 the whole three-layered
die-stacked device model. For each proton incident in this 3D
die-stacked device, if the SEU sensitivity is uniform at each
layer, then the final SEU cross-section of this whole model
and the SEU cross-section of each layer are identical.
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Fig. 4. Proton-induced SEU cross-section versus proton energy for three-
layered die-stacked SRAM device model.

The Geant4 simulated SEU result of this three-layered
die-stacked SRAM device model is shown in Fig. 4. As illus-
trated in this figure, the SEU cross-section of each layer and
the entire device model are calculated, and the overall trend of
the SEU cross-section of this three-layered die-stacked device
is consistent with that of a single-layered die. The SEU cross-
sections of their high-energy proton ranges are almost identi-
cal, and then an SEU cross-section peak appears in the LEP
range, and this cross-section peak is about five orders of mag-
nitude higher than the high-energy proton region. However,
there are also some differences in specific detail, especially
in area where the proton energy is below 4 MeV. The SEU
cross-section for this whole three-layered die-stacked model is
smaller than that for die 1 when proton energy is below 1 MeV,
the specific reason will be discussed in the next section. There
is also a difference in critical proton energy that causes the up-
set for different layers of the die. The critical proton energy
causing the upset of die 1 is about 0.3 MeV, while those of the

die 2 and die 3 are around 0.8 MeV and 1 MeV, respectively.
Finally, for the range with proton energy of 1.2 MeV–4 MeV,
the SEU cross-section values of the three dies are in the or-
der of die 1 > die 2 > die 3, and gradually becomes identical
as the proton energy increases.

4. Discussion
4.1. Planar and 3D die-stacked SRAM

To better understand the intrinsic mechanism of SEU in
3D die-stacked devices, we conduct a comparative analysis of
planar devices and 3D die-stacked devices. Figure 5 shows
the SEU cross-section induced by proton energy in a range
of 0.3 MeV–100 MeV for the single-layered die device and
the three-layered 3D die-stacked device. As the energy of the
incident protons increases from 0.3 MeV to 100 MeV, there
appears a big difference in the performance of the SEU cross-
section between the two devices. In a proton energy range be-
tween 0.3 MeV and 0.9 MeV, the SEU cross-section of the 3D
stacked device is three times lower than the total SEU cross-
section of the planar device. When the primary energy of the
incident proton is greater than 0.9 MeV, the SEU cross-section
of the 3D stacked device first increases to the same level as
the planar device, then exceeds that of the planar device. Fi-
nally, as the incident proton energy continues to increase and
reaches to 4 MeV, it gradually becomes the same as the SEU
cross-section of the planar device.
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Fig. 5. Proton-induced SEU cross-section versus proton energy for 3D
die-stacked and planar single-layered SRAM.

Figure 6 shows the curves of proton LET versus range in
SiO2 for different incident proton energy values. It is clearly
shown that for protons with different initial incident energy
values, the range in SiO2 is also quite different. Of course,
after considering the proton range straggling, the final proton
range may fluctuate, but it has little effect on the analysis of
simulation results. It can be seen from the figure that as the
incident proton energy increases, its range in SiO2 also in-
creases. First, the proton energy can be incident on the die 1
position after the proton energy has been larger than 0.3 MeV,
and then the proton range can be incident on the die 2 posi-
tion when the energy is increased to 0.8 MeV. Finally, when
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the proton energy is greater than 0.9 MeV, the proton range
is enough to pass through all these three layers of die. The
proton’s range difference is reflected in the curve of the SEU
cross-section. When the primary proton energy is in a range of
0.3 MeV–0.8 MeV, only the top layer die of the 3D device can
be incident on the proton and lead to SEU. Comparing with
the single-layered die chip, the storage capacity of the 3D die-
stacked device is increased by a factor of three. Although the
number of upsets is similar, the resulting SEU cross-section
is reduced by about three times. When the proton energy
increases from 0.8 MeV, the proton range is slowly incident
on the second layer and third layer of the three-layered die-
stacked device, so the total SEU cross-section also increases
rapidly. The Bragg peak of the proton in the device is near
the end of its range. When the proton range is sufficient to be
incident on the third layer die, the number of upsets caused by
protons in the second- and third-layer die is greater than that
of the first layer, so the total upset cross-section is larger than
that of a single-layered die. Finally, with the further increase
of proton energy, the proton can completely penetrate the three
layers of dies in the range, and the LET value is similar near
each layer of the die. So, the total SEU cross-section is almost
the same as that of the planar device.
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Fig. 6. Curves of LET versus range in SiO2 for different incident proton
energy values, (calculated by OMERE[16] software).

In addition, through the above analysis, if we want to
reduce the sensitivity of the 3D die-stacked device to SEU
caused by LEPs, then we only need to make the spacing be-
tween the dies of each layer large enough, regardless of the ini-
tial incident proton energy. Then LEP induced SEU through
direct ionization mechanism can only affect one single layer
of the device.

In this paper, the 3D die-stacked device model has a criti-
cal charge of 0.8 fC and the SV has a vertical height of 0.5 µm.
Then the critical LET of the device can be calculated to be
0.155 MeV·cm2/mg. The corresponding proton energy at this
LET is 1.44 MeV, and the proton of this energy has a range
of 35 µm in SiO2, which means that only the spacing of each
layer of die is greater than 35 µm, the influence of LEP direct
ionization can be only in one layer of the device, and it is not

possible to affect other layers at the same time. In summary,
for the 3D die-stacked device model in this paper, it is neces-
sary only to increase the space of each layer of die to more than
35 µm, which can reduce the SEU sensitivity of the device to
LEPs.

4.2. MBU
4.2.1. MBU rate

After analyzing the simulation data, it is found that there
are MBUs in addition to the single-bit upset (SBU) for both
the single-layered die device and the 3D die-stacked device.
For better statistics, we classify the MBU as double-bit up-
set (DBU) and greater than DBU. Through data analysis, it is
found that the highest number of upsets is 4 bits for single-
layered die device, whereas, for 3D device, the maximum
number of upsets is 6 bits. To quantify the MBU probability,
the MBU ratio is calculated from

MBUratio =
MBU
SEU

×100%,

where SEU represents the number of all upset bits, and MBU
is the number of incident proton-induced more than one up-
set. The MBU ratio for the single-layered device and the 3D
die-stacked device are depicted in Fig. 7. The proton-induced
MBU ratio is a function of incident proton energy in a range
from 0.3 MeV to 10 GeV.

As can be seen in Fig. 7, when the incident proton energy
is less than 0.7 MeV, the MBU ratio for the single-layered de-
vice and the 3D die-stacked device are the same. This phe-
nomenon is attributed to the range limit of incident protons.
As shown in Fig. 6, when the incident proton energy is less
than 0.7 MeV, its range is insufficient to be incident on the
second- or third-layer die of the device. As the incident pro-
ton energy increases, when the proton energy is in a range
of 0.7 MeV–4 MeV, there is a significant difference in MBU
probability between the single-layered die device and the 3D
die-stacked device. The single-layered device has almost no
MBU, while the MBU probability of 3D device suddenly in-
creases and a peak appears, and the DBU probability increases
up to 20.07%. Before the proton incident simulation, we label
each SV of the device model, which means that the positional
relationship of each error can be easily known when MBU oc-
curs. After analyzing the MBU position information of the 3D
device, we find that in this energy segment, the contribution of
the MBU mainly comes from the MBU in the incident direc-
tion of the particles between the layers, and the MBU of the
single layer is very small and can almost be ignored. Also, a
large proportion of MBU (> 2) is found in this proton energy
range, and the maximum number of upset bits found is four,
with a maximum ratio of 4.15% (when the initial proton en-
ergy is 1.5 MeV). When the incident proton energy is greater
than 4 MeV and continues upward, the trend of the probabil-
ity of MBU is consistent regardless of whether it is a single-
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layered die device or a 3D die-stacked device. As the pro-
ton energy increases from 4 MeV, the ratio of MBU increases
first for both the single-layered device and the 3D device, then
reaches a saturation value, which rarely changes as the proton
energy continues to increase. As can be seen from Fig. 7, for
the DBU, the saturated MBU (= 2) ratio (16%) appears near
the proton energy of 30 MeV, while for the MBU (> 2), the
incident proton energy reaching the saturation ratio (7.6%) is
higher, around 1000 MeV.

4.2.2. MBU patterns

To analyze the MBU characteristics in more detail, the
MBU patterns under different simulation conditions are fur-
ther studied. The first thing that needs to explain is that the an-
alyzing of MBU patterns is a very complicated job. No matter
which energy the proton is incident on the 3D die-stacked de-
vice, there are a lot of types of MBU patterns, and when the in-
cident proton fluence increases, some new MBU patterns may
appear. Therefore, it is impossible to fully analyze all possi-
ble MBU patterns at all incident proton energy values. Several
common DBU and triple bit upset (TBU) patterns observed
in the simulation for the 3D die-stacked SRAM are shown in
Fig. 8. When the incident proton energy is less than 0.9 MeV,
since the incident proton range is not enough to be incident on
the second layer die of the 3D device, only the DBU appears,
and the MBU patterns have only patterns 1 and 4.
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Fig. 8. Example of proton-induced DBU and TBU patterns in 3D die-stacked SRAM, with red box denoting upset cell, and blue box representing normal cell.
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Moreover, most of the MBU patterns are pattern 1, and
patterns 2–4 appear just occasionally, less than 1% in total.
Another interesting result is that when the proton range is suf-
ficient to be incident on multiple layers, the MBU between
layers is much higher than that of a single layer. For example,
when the incident proton energy is 1.3 MeV, the number of
DBUs recorded in the simulation is 123261, and the number
of recorded DBUs that occur just in a single layer is just 42.
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Fig. 9. (a) Schematic diagram of proton and heavy-ion incident into 3D
device (not scaled); (b) curves of charge density versus radial distance for
different initial proton energy values.

In addition, the MBU patterns’ formation mainly come
from three factors. The first is that when the proton energy is
not enough to be incident on the second layer die and is not
sufficient to produce a nuclear reaction, it is seen that there are
some DBUs of patterns 1 and 4 in the simulation result. As
can be seen from Fig. 9, this part of the MBU is caused by
the charge sharing induced by LEP direct ionization mecha-
nism. When the proton energy increases, the MBU patterns

such as patterns 5 and 6 appear. The source of this partial
MBU pattern is mainly the result of the combination of LEP
lateral charge sharing and longitudinal proton range influence.
The type of MBU patterns caused by the above two reasons
is not complicated, but the MBU ratio caused by them is rela-
tively high. Finally, with the further increase of proton energy,
the secondary heavy ions generated by the proton nuclear re-
action will be the main factor leading to SEU in the 3D de-
vice. The difference between secondary heavy ions and inci-
dent initial protons mainly lies in the fact that the secondary
heavy ion’s LET value is higher, while the flux is much lower
due to the lower proton nuclear reaction cross-section. It is
precise for the above two causes that the SEU of the 3D die-
stacked device induced by high-energy protons shows that the
total SEU cross section is very low, but the ratio of MBU is
high. Moreover, due to the high LET characteristics of the
secondary heavy ions and the uncertainty of the direction, the
MBU patterns become more diverse.

4.3. On-orbit upset rate analysis

According to the simulation result shown in Fig. 5, the
on-orbit upset rate induced by proton for the planar and 3D
die-stacked SRAM are predicted by using SPACE RADIA-
TION 7.0.[17] As shown in Table 1, the on-orbit SEU rates
under different conditions are calculated for the single-layered
device and the 3D die-stacked device. The “ratio” here in the
table represents the on-orbit upset rate value of the planar de-
vice, divided by the on-orbit upset rate value of the 3D die-
stacked device. In order to make the results more credible,
MBUs are considered in the calculation process. Obviously,
variations in orbit height and Al shielding thickness have a
great influence on the on-orbit SEU rate both for the single-
layered device and the 3D die-stacked device. Although the
orbit height has a great influence on the on-orbit SEU rate,
caused by protons, there is no simple linear relationship.

Table 1. On-orbit SEU rate of planar device and 3D die-stacked device. The unit 1 mile = 1.609344 km.

Orbit Al shield thickness/mile Proton model
On-orbit upset rate/(errors/device/day)

Ratio
Planar device 3D die stacked device

ISS 500 km
100

AP8MIN 2.76×10−3 2.19×10−3 1.260

AP8MAX 1.01×10−3 8.02×10−4 1.259

500
AP8MIN 7.44×10−4 5.93×10−4 1.255

AP8MAX 3.06×10−4 2.44×10−4 1.254

LEO 1200 km
100

AP8MIN 8.82×10−2 7.00×10−2 1.260

AP8MAX 7.01×10−2 5.56×10−2 1.261

500
AP8MIN 1.89×10−2 1.51×10−2 1.252

AP8MAX 1.43×10−2 1.14×10−2 1.254

GEO 35786 km
100 JPL 1991 5.62×10−1 4.45×10−1 1.263

500 JPL 1991 4.60×10−2 3.65×10−2 1.260
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In addition, the proton model used in the calculation has
a very large influence on the calculation result. Although the
calculation of the proton-induced on-orbit SEU rate of the de-
vice is so complicated and has various factors, we can still
draw a very useful conclusion after analysis. Regardless of the
calculated parameters, the on-orbit SEU rate of the planar de-
vice is higher than that of the 3D die-stacked device, and the
ratio is maintained at around 1.26.

5. Conclusions
In this work, we build a planar device model and a 3D die-

stacked device model, then proton-induced SEU in the planar
device and 3D die-stacked device are investigated by toolkit
Geant4. The difference in SEU cross-section between these
two types of the devices, caused by proton, is discussed. The
MBU and on-orbit SEU rate of these two types of devices are
also analyzed.

The results show that there is a difference in proton
caused SEU cross-section between the two types of devices
in an LEP area. The main reason for this difference is that the
upper die has a certain shielding effect on the lower die. Af-
ter analyzing the simulation results, it is found that the MBU
ratio of the 3D die-stacked device is higher than that of the
single-layered device, and the MBU pattern is more compli-
cated. Finally, through the software SPACE RADIATION 7.0
calculation, it is found that regardless of the orbital parameters,
the proton-caused on-orbit error rate of the 3D die-stacked de-
vice will be lower than that of the planar device. The result
is of significance for aerospace applications of these 3D die-
stacked devices.
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