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Abstract— This article validates the terrestrial soft error
rate (SER) estimation method proposed by Abe et al. using
12-nm FinFET and 28- and 65-nm planar static random access
memories (SRAMs). Experimental results demonstrate that the
SERs estimated through simulations coupled with one-time
monoenergetic neutron irradiation are consistent with the SERs
measured using a white neutron beam at the Research Center
for Nuclear Physics (RCNP) within 70% error at the nominal
operation voltage of 1.0 V for 65-nm SRAMs. In addition, the
difference between the experimental results and the estimated
SERs is up to 28% error for 12- and 28-nm SRAMs. Further-
more, we investigate the influence of the dielectric materials in
metal layers. Although they change the energy dependence of
single-event upset (SEU) cross sections, they do not significantly
affect the precision of SER estimation.

Index Terms— Neutrons, particle and heavy-ion transport code
system (PHITS), single-event upsets (SEUs), soft error rates
(SERs), soft errors.

I. INTRODUCTION

NEUTRON-INDUCED soft errors in the terrestrial
environment pose reliability issues for semiconductor

devices. Evaluating the soft error rates (SERs) is crucial to
ensuring the reliability of these devices. JESD89B [1] is one
of the standards for SER testing.

The JESD89B standard lists several methods for estimating
terrestrial SERs. The first method involves the use of white
neutron sources, which can provide neutrons with spectra that
closely resemble those found in the terrestrial environment.
However, such sources are scarce, limiting the availability of
sufficient beam time. Additionally, discrepancies in the neutron
energy spectra between the ground environment and the beam
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facility can introduce errors in SER estimation [2], [3], [4], [5].
The second method involves deriving a Weibull function from
experimental results obtained with several different beams to
determine four unknown parameters. The Weibull function is
expressed as

σ(E) = σL i

(
1 − e−

[
E−E0i

Wi

]Si
)

(1)

where σL i , E0i , Wi , and Si are unknown parameters and σ(E)

represents the single-event upset (SEU) cross section as a
function of E . Then, the SER is calculated by folding the
Weibull function and the flux spectrum as follows:

SER =

∫
φ(E) · σ(E) d E (2)

where φ(E) is the differential flux of particles as a function
of E .

Abe et al. [6] proposed a new method for estimating
terrestrial SERs. This method derives the terrestrial SER using
a one-time irradiation test with an arbitrary neutron source,
coupled with Monte Carlo simulations by tools such as the
particle and heavy-ion transport code system (PHITS) [7] and
Geant4 [8]. They estimated the terrestrial SER for a 65-nm
bulk static random access memories (SRAM) under various
conditions and facilities, confirming that the ratio between
the minimum and maximum estimated terrestrial SERs was
1.8. However, as there is no experimental result at white
neutron sources in [6], the verification of the SER estimation
method in [6] is not enough. Moreover, with the ongoing
progression of process shrinkage and the increasing adoption
of devices fabricated with newer processes, there is a growing
demand for further experimental validation of the terrestrial
SER estimation method for these advanced processes.

This work applies the terrestrial SER estimation method
from [6] to 12-nm 1-fin FinFETs and 28-nm planar SRAMs,
utilizing both monoenergetic and quasimonoenergetic neu-
tron sources. We calculate the terrestrial SER using three
approaches: 1) a white neutron source at the Research Cen-
ter for Nuclear Physics (RCNP), serving as a reference;
2) a Weibull function for comparative analysis; and 3) the
evaluation method of [6]. We then discuss the differences
between these estimation methods. In addition, we conducted
an irradiation experiment on the 65-nm SRAM using the
spallation neutron source at the RCNP at Osaka University [9],
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evaluated the terrestrial SER, and compared with the estimated
SERs reported in [6].

The remainder of this article is organized as follows.
Section II outlines the SER estimation method from [6].
In Section III, the setup for simulations and experiments
related to SER estimation is explained. Section IV presents
the experimental results and discusses the differences between
the SER estimation method in [6] and existing methods.
In Section V, the influence of dielectric materials in metal
layers is investigated. Finally, Section VI concludes with a
brief summary.

II. TERRESTRIAL SER ESTIMATION USING SIMULATIONS
COUPLED WITH ONE-TIME NEUTRON IRRADIATION

We outline the procedure of the terrestrial SER estimation
method described in [6].

1) Experiment: Do the experiment using an unprescribed
neutron source and obtain the number of SEUs NSEU,exp.
The test duration texp is also required.

2) Simulation: Reproduce device under test (DUT) boards
roughly in the simulation environment and run the
Monte Carlo simulation to obtain the SEU cross section
σSEU(En, Qfit) as a function of neutron energy En and
Qfit. Qfit represents the charge amount necessary to
cause SEUs, and it is used as a calibration parameter
between simulation and measurement.

3) Decision on Qfit: Determine the value of Qfit in order
that the number of SEUs in simulation NSEU,calc(Qfit)

corresponds to that in the experiment NSEU,exp. The num-
ber of SEUs in simulation NSEU,calc(Qfit) is calculated
by the following equation:

NSEU,calc(Qfit)

= texp Nbit

∫
φfacility(En)σSEU(En, Qfit) d En (3)

where Nbit is the amount of SRAM bits, and φfacility is the
differential flux of the facility at which the experiment
was conducted as a function of En .

4) Calculation of Terrestrial SERs: Finally, calculate the
terrestrial SER SE RGND using the following equation:

SERGND =

∫
φGND(En)σSEU(En, Qfit) d En (4)

where φGND is the differential flux at the ground as a
function of En .

III. EXPERIMENTAL SETUP

A. Estimation Setup

We use 12-nm FinFET and 28-nm planar SRAM chips for
the evaluation, which are the same as those used in [2]. The
configuration of the 12-nm SRAM board for the simulation is
shown in Fig. 1, and the configuration of the 28-nm SRAM
board is shown in Fig. 2. The thickness parameters of some
layers are often confidential; however, reference information
can be found, for example, in [10] and [11]. The 12-nm
FinFET SRAM chip has four types of cells: 1-fin L/S and
2-fin L/S, where L/S stands for large/small cell area. Only 1-fin
L cells are used in this article, and analyzing the other cell

Fig. 1. Constitution of the 12-nm SRAM board in PHITS simulation.

Fig. 2. Constitution of the 28-nm SRAM board in PHITS simulation.

types remains as future work. The 28-nm planar SRAM chip
has two types of cells: SRAM and register file (RF). The only
difference between the two in the simulation configuration is
cell size. The single-sensitive volume (SSV) model [12] is
utilized to calculate the amount of charge collected. For the
28-nm planar SRAM, the sensitive volume (SV) is positioned
around the OFF-state nMOS drain [13], with a depth of 0.5 µm.
Conversely, for the 12-nm FinFET SRAM, the SV encom-
passes the entire OFF-state nMOS fin beneath the gate and the
fin encased by shallow trench isolation (STI) under the drain,
as depicted in Fig. 3. Although we reviewed various papers
to allocate the SV in the FinFET SRAM, we could not find
sufficient information on the SV location. Therefore, this SV
geometry was determined through technology computer-aided
design (TCAD) simulations with hyper environment for explo-
ration of semiconductor simulation (HyENEXSS) [14], which
assessed the collected charge by depositing a point charge
of 0.5 fC at various locations supposing a 0.8-V operation.
The region where the charge collection efficiency exceeds 0.4,
as depicted in Fig. 4, is identified as the SV.

Irradiation of monoenergetic neutrons from the package
side of the DUT board is simulated by PHITS to obtain
σSEU(En, Qfit). The neutron energy range for the irradiation
simulation spans from 0.1 to 1000 MeV, as referred to in [6].
For each neutron energy, the number of events that induce
the charge whose amount is larger than Qfit is evaluated from
PHITS ver. 3.29 simulation with Event Generator Mode Ver. 2,
which is converted into σSEU(En, Qfit). Then, we determine
the fitting parameter Qfit and compute the terrestrial SER,
following the procedure described in Section II. The terrestrial
neutron energy spectrum at the ground, φGND, was calculated
by excel-based program for calculating atmospheric cosmic-
ray spectrum (EXPACS) [15], [16].
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Fig. 3. Location of SV in the 12-nm FinFET SRAM for PHITS simulation.

Fig. 4. Charge correction efficiency around the OFF-state nMOS transistor
in the 12-nm FinFET SRAM obtained by TCAD simulation.

Figs. 5–7 present the SEU cross sections for various Qfit
values of 12-nm SRAM, 28-nm SRAM, and 12-nm RF,
respectively. The black circles in Figs. 5–7 denote the experi-
mental results obtained at the National Institute of Advanced
Industrial Science and Technology (AIST) and the Research
Center for Accelerator and Radioisotope Science (RARIS)1 at
Tohoku University [17]. All results from PHITS simulations
and experiments at AIST and RARIS include error bars
representing one standard deviation. The fit curves for the
Weibull function are also illustrated in Figs. 5 and 6. The
parameters of the Weibull function are detailed in Table I.
σL i was set to the experimental cross section at an energy
of 70 MeV, and E0i was determined to be 6 MeV, referring
to [3].

At AIST, we repeated 30-min static tests for the 12-nm
boards and 15-min tests for the 28-nm boards. All SRAM
cells were preset to 1, and the operating voltage was set
to 0.68 V for 12-nm boards and 0.75 V for 28-nm boards
throughout the experiments. The preset value of SRAMs and
the operating voltage are common through all the experiments
at AIST, RARIS, and RCNP. Detailed descriptions of the DUT

1The former name is Cyclotron and Radioisotope Center (CYRIC).

Fig. 5. SEU cross sections for various values of Qfit of 12-nm SRAMs. The
vertical error bar is with one standard deviation. The black circles represent
the experimental results at AIST and RARIS.

Fig. 6. SEU cross sections for various values of Qfit of 28-nm SRAMs.

board configurations and the experimental setup at AIST can
be found in [2]. It is important to note that although the
experimental results at AIST are primarily sourced from [2],
the fluence from the experiments has been reevaluated for
improved precision, and the number of error events was
counted separately for each SRAM cell type.

Regarding RARIS, while the same DUT boards were
employed, the experimental setup was different. The DUT
boards were positioned 20 cm from the beam exit, with
neutrons injected from the package side. This setup underwent
12-min static tests repeatedly. The SEU cross sections at
RARIS were computed using [6, eq. (2)]. The energy spectra
of the quasimonoenergetic beam at RARIS are depicted in
[6, Fig. 1].

To accurately calculate the SEU cross section, it is essential
to distinguish multicell upsets (MCUs) from single-bit upsets
(SBUs), as neutron-induced MCUs have been observed even
in FinFET devices [18], [19], [20]. For the experimental data,
when flipped bits are adjacent to each other, we consider them
as an MCU event. For the simulation data, when more than one
bit exceeds the critical charge in the same event, we classify
it as an MCU.

B. Irradiation Experimental Setup for White Neutron Beams

To validate the estimation method described in [6], neutron
irradiation tests were conducted on 12-nm FinFET SRAMs,
28-nm planar SRAMs, and 65-nm planar SRAMs using a
white neutron beam at RCNP. These tests provided reference
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Fig. 7. SEU cross sections for various values of Qfit of 28-nm RF.

TABLE I
PARAMETERS IN WEIBULL FUNCTION IN (1)

Fig. 8. Experimental setup at RCNP.

SERs for evaluating accuracy. Details of the 65-nm SRAM
board configuration can be found in [21]. The DUT boards
were placed 80 cm away from the collimator, as depicted in
Fig. 8. Neutrons were irradiated from the package side of the
boards for 12- and 28-nm SRAMs, and both sides of the boards
for 65-nm SRAMs. We conducted repeated 12-min static tests
until over 100 error events were obtained.

We calculated the terrestrial SER for reference, SERref
GND

using (5) and the accelerating factor at RCNP, AccRCNP, given
by (6)

SERref
GND =

SERRCNP

AccRCNP
=

Nerrors

texp · Nbit · AccRCNP
(5)

AccRCNP =

∫
∞

Emin
φRCNP(En) d En∫

∞

Emin
φGND(En) d En

. (6)

The minimum energy of neutrons considered in the accelera-
tion factor at RCNP, Emin, was set to 0.1 MeV to align with the
energy range of neutrons used in the computation of SERGND
in (4). Note that Emin of 10 MeV found in JESD89B [1] is not
appropriate here since the SEU cross section is not negligibly
small compared with that of >10 MeV.

Fig. 9. Comparison of SERs estimated by Abe et al. [6] from SERs estimated
by accelerating tests in 65-nm SRAMs. Vertical yellowish-green broken lines
represent experimental results at RCNP. VDD indicates the operating voltage
of SRAMs during hold.

IV. RESULTS AND DISCUSSION

A. Experimental Results for 65-nm SRAMs

We calculated SERref
GND for 65 nm using (5). Fig. 9 shows the

experimental results at RCNP. The SERs estimated by the SER
estimation method in [6] were extracted from [6]. The “back”
side represents estimated SERs when the chips are irradiated
from PCB sides, and the “front” side represents ones when
the chips are irradiated from package sides. Since the package
of the chip can generate secondary H ions due to abundant
hydrogen atoms in the package material, there is a difference
between the SER for the front side and that for the back side
as described in [6].

For the back side, the maximum absolute errors between
the experimental results at RCNP and the estimated SERs are
156% for 0.4 V and 70% for 1.0 V. If the SER estimated by
“J-PARC BL10, Front” is excluded, they are 55% for 0.4 V.
In addition, the ratio of the measured SER at RCNP to the
calculated SER by the Weibull function is 1.07 for 0.4 V and
1.04 for 1.0 V for the back side.

For the front side, the maximum absolute errors between
the experimental results at RCNP and the estimated SERs are
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Fig. 10. Comparison of SERs estimated by Abe et al. [6] from SERs
estimated by accelerating tests in 12- and 28-nm SRAMs and a 28-nm RF. Red
broken lines represent experimental results at RCNP, and the black squares
correspond to SER estimation results. Pale red backgrounds show the ranges
between 50% of test results and double ones. (a) 12-nm SRAM at 0.68 V.
(b) 28-nm SRAM at 0.75 V. (c) 28-nm RF at 0.75 V.

66% for 0.4 V and 35% for 1.0 V. Here, due to the insufficient
number of experimental data at quasimonoenergetic neutron
sources, the SER estimated by the Weibull function is not
included in Fig. 9 for the front side. In contrast with the back
side, almost all the estimated SERs by Abe et al. [6] are lower
than the results at RCNP for 0.4 V.

B. Experimental and Estimated Results
for 12- and 28-nm SRAMs

We estimated terrestrial SERs SERGND using the evaluation
method described in Section II and [6], based on the measured
data of 14.8-, 8-, 6-, and 70-MeV quasimonoenergetic neu-
trons. It is important to note that each SER estimate utilizes the
result from a single-neutron source. Fig. 10 shows the results
of accelerated tests and SER estimations. The estimated SERs,
along with the Weibull fitting, are also illustrated in Fig. 10
for comparison. The maximum absolute differences between
the experimental results at RCNP and the estimated SERs are
21% for the 12-nm SRAM, 28% for the 28-nm SRAM, and
24% for the 28-nm RF. Furthermore, the ratio of the maximum
estimated values to the minimum ones is 1.52 for the 12-nm
SRAM, 1.30 for the 28-nm SRAM, and 1.29 for the 28-nm RF.
These outcomes indicate that the estimation method described
in [6] is valuable for future use.

Meanwhile, the SERs estimated with the Weibull function
are found to be underestimated for both types of SRAMs. This
discrepancy is believed to stem from differences in the SEU
cross sections below 6 MeV, as observed between the PHITS
simulations and the Weibull function estimations. Given that
Abe et al. [22] have indicated hydride materials near the
transistors can impact the SEU cross section at energies of
several MeV, reliance on the original Weibull function for SER
estimation may not yield the expected accuracy.

Fig. 11. Cumulative plots of the contribution to the 12-nm SRAM SER at
0.68 V as a function of neutron energy. The blue line indicates the results
obtained from the terrestrial spectrum, and the orange line shows the results
obtained from the RCNP spectrum.

C. Discussion

So far, the SER obtained from the RCNP irradiation test
and its acceleration factor is regarded as a golden reference.
However, the energy spectrum of RCNP does not perfectly
match that of the terrestrial environment. Fig. 11 shows cumu-
lative plots of the contribution to the 12-nm SRAM SER at
0.68 V as a function of neutron energy, comparing the RCNP
spectrum with the terrestrial spectrum. A clear difference is
observed in the low-energy range of less than 1 MeV. Due
to the larger portion of low-energy neutrons at RCNP, SEUs
induced by low-energy neutrons are expected to be counted
more frequently at RCNP than in the terrestrial environment.

We applied the cross section of the 12-nm SRAM obtained
by PHITS with Qfit = 0.39 fC for both the RCNP and
terrestrial energy spectra and computed the SERs. The SER
for the RCNP spectrum is 4.94 FIT/Mb, while that for the
terrestrial spectrum is 7.15 FIT/Mb, indicating a 45% dif-
ference. Considering this uncertainty of 45%, the difference
between the measured SERs at RCNP and the estimated SERs,
as discussed in Sections IV-A and IV-B, is not a significant
issue.

V. INFLUENCE OF DIELECTRIC MATERIAL IN
METAL LAYERS

In advanced technologies, low-k materials, such as SiCOH,
are used as dielectric materials in metal layers for the reduction
of parasitic capacitance [23]. Following this trend, in the
previous section, we adopted SiCOH instead of SiO2 on
PHITS simulation (so-called SiCOH model) for 12- and 28-nm
devices. Also, Ta, used as a barrier metal, was embedded into
the simulation configuration. However, it is usually difficult to
obtain the details of materials in chips since semiconductor
chip fabricators rarely disclose their secrets. Consequently,
missing material information could affect soft error simulation
and SER estimation.

To assess the impact of dielectric materials, we replaced
SiCOH with SiO2 in the existing PHITS simulation configu-
ration (so-called SiO2 model), where SiO2 had been used as
the dielectric material for a long time. Additionally, Ta was
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Fig. 12. SEU cross sections for various values of Qfit of 12-nm SRAMs
(SiO2 model). The vertical error bar is with one standard deviation. The black
circles represent the experimental results at AIST and RARIS.

Fig. 13. SEU cross sections for various values of Qfit of 28-nm SRAMs
(SiO2 model).

removed from the simulation constitution. Figs. 12 and 13
show the SEU cross sections for various Qfit values of
12- and 28-nm SRAMs with SiO2, respectively. The black
circles and gray broken lines are the same as Figs. 5 and 6.

We estimated terrestrial SERs in the same way as
Section IV, using the simulation configuration with SiO2 as
dielectric materials. Fig. 14 shows the results of accelerated
tests and SER estimations. The measured data at RCNP and
the estimated data by the Weibull function are the same
as Fig. 10. The maximum absolute differences between the
experimental results at RCNP and the estimated SERs are 50%
for 12-nm SRAMs and 34% for 28-nm SRAMs. For both 12-
and 28-nm SRAMs, the estimated SERs from the measured
data of AIST 14.8 MeV are the worst in terms of accuracy.
In addition, the ratio of the maximum estimated values to the
minimum ones is 2.38 for 12-nm SRAMs and 1.32 for 28-nm
SRAMs, which are larger than those discussed in the previous
section with the SiCOH model.

It is considered that this outcome originates from the differ-
ence between the SEU cross sections at high energies and ones
at low energies (see Figs. 5 and 12 for the 12-nm SRAM, and
Figs. 6 and 13). For instance, in the 12-nm SRAM, the ratio of
the SEU cross section at 14.8 MeV to that at 8 MeV is 1.65 for
the SiCOH simulation model with 0.3 fC. However, for the
SiO2 simulation model with 0.4 fC, the ratio is 2.39. This
significant drop in the SEU cross section for the SiO2 model
leads to the underestimation of terrestrial SERs.

Fig. 14. Comparison of SERs estimated by Abe et al. [6] from SERs
estimated by accelerating tests, using the SiO2 model. Red broken lines
represent experimental results at RCNP, and the black squares correspond
to SER estimation results. Pale red backgrounds show the ranges between
50% of test results and double ones. Estimated data (SiCOH model) are the
same as Fig. 10. (a) 12-nm SRAM at 0.68 V. (b) 28-nm SRAM at 0.75 V.

As mentioned in Section IV, hydride materials near the SV
contribute to the SEU cross section for low-energy (<10 MeV)
neutrons [22], which explains the underestimation of the SEU
cross section in the SiO2 model. Furthermore, compared with
the SiCOH model, the SEU cross sections for the SiO2 model
with 0.4 fC at around 100 MeV are smaller than those at
14.8 MeV.

On the other hand, the estimated terrestrial SERs from
the other measured data do not show a significant difference
compared to those obtained with the SiCOH model. It is
believed that because the AIST 6 and 8 MeV and RARIS
70-MeV sources contain many low-energy neutrons, the esti-
mated SERs from these data are rarely affected.

The discussion above indicates that modeling hydride mate-
rials near the SV is important for improving the accuracy of
SER estimation, whereas differences in dielectric materials
do not introduce critical errors. Since dielectric materials
change with advancing technology, it is crucial to monitor
these changes carefully and incorporate them into simulations
performed with Monte Carlo radiation transport codes.

VI. CONCLUSION

The SERs for 12- and 28-nm SRAMs were estimated
through simulations combined with a one-time irradiation
experiment. The estimation method proposed by Abe et al.
produced acceptable terrestrial SERs with a deviation of up to
28% across two SRAM fabrication technologies and various
facilities where the irradiation tests were conducted. This
outcome indicates that the method applies to both planar and
FinFET SRAMs. In addition, the SERs for 65-nm SRAMs
were measured using a white neutron source. The absolute
errors between the experimental results at RCNP and the
estimated SERs by Abe et al. [6] are up to 70% for 1.0 V.

The influence of dielectric materials on SER estimation was
also evaluated. The accuracy of SER estimation deteriorated by
up to 26%, highlighting that modeling hydride materials near
the SV in Monte Carlo simulations improves accuracy. On the
other hand, this result does not undermine the value of the
method in [6]. The method in [6] provides results equivalent
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to existing SER evaluation standards in terms of accuracy,
regardless of the dielectric materials.
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