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Impact of incident direction on neutron-induced single-bit and
multiple-cell upsets in 14 nm FinFET and 65 nm planar SRAMs
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Based on the BL09 terminal of China Spallation Neutron Source (CSNS), single event upset (SEU) cross sections of
14 nm fin field-effect transistor (FinFET) and 65 nm quad data rate (QDR) static random-access memories (SRAMs) are
obtained under different incident directions of neutrons: front, back and side. It is found that, for both technology nodes,
the “worst direction” corresponds to the case that neutrons traverse package and metallization before reaching the sensitive
volume. The SEU cross section under the worst direction is 1.7–4.7 times higher than those under other incident directions.
While for multiple-cell upset (MCU) sensitivity, side incidence is the worst direction, with the highest MCU ratio. The
largest MCU for the 14 nm FinFET SRAM involves 8 bits. Monte–Carlo simulations are further performed to reveal the
characteristics of neutron induced secondary ions and understand the inner mechanisms.
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1. Introduction
Atmospheric neutron-induced single event effects (SEE)

in avionics and key ground electronics are gaining increas-
ing attention, due to the fact that the SEE performance
of an integrated circuit (IC) becomes worse as the feature
size shrinks.[1,2] Hence, the evaluation of real-time neutron-
induced SEE sensitivity in the applied environments, espe-
cially for nanometric ICs, can be very important for the system
reliability insurance.

To measure the atmospheric radiation induced soft error
rate (SER), accelerated testing can be conveniently performed
by using the ground-based neutron sources.[3] While clear dif-
ferences exist between neutrons from ground-based neutron
sources and real atmosphere, such as incident direction, energy
spectrum, etc. It can be predicted that single event upset (SEU)
response is affected by the incident direction of neutron, since
that upsets are produced by secondary particles generated by
nuclear reactions between neutrons and their traversing ma-
terials. Consequently, understanding the impact of incident
directions on SEE is critical in several aspects: (1) guiding the
ground-based testing, and (2) selecting the “best incident di-
rection”, which can be conveniently utilized to reduce the SER
by the selection of board orientation during equipment setup.

In the past, angular dependence of neutron-induced SEE
was reported by several research groups.[4–8] In 2019, S.

Abe[9] reported that the number of SEUs in 65 nm static
random-access memory (SRAM) obtained by the board-side
irradiation was approximately 20% to 30% smaller than that
obtained by irradiation on the plastic package side, by using
quasi-monoenergetic neutrons. Tibetan-Plateau based real-
time testing[10] and accelerated testing of 65 nm quad data rate
(QDR) SRAMs[11] were conducted to reveal the SEU charac-
teristics and mechanisms in our previous publications. The
14 nm fin filed-effect transistor (FinFET) SRAMs were also
irradiated by neutrons at normal incidence.[11] However, few
publications focused on the impact of incident direction on
neutron-induced SEE response in advanced FinFET technol-
ogy.

In this work, the impact of incident direction on neutron-
induced single-bit upsets (SBU) and multiple-cell upsets
(MCU) in 14 nm FinFET SRAM and 65 nm QDRII+SRAM
is studied in a comparative way, by experiments at the BL09
terminal of China Spallation Neutron Source (CSNS) and
Monte–Carlo simulations.

2. Experimental setup
2.1. Devices under test

Parameters of the tested SRAM devices are showed in
Table 1. Note that, the 14 nm FinFET SRAM is packaged in
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Table 1. Parameters of the tested SRAM devices.

S/N Technology node Model Capacity Supply voltage (core) Speed (MHz) Package
#1 14 nm FinFET AG35 8 Mb×16 0.8 V 5 BGA, flip-chip
#2 65 nm planar CY7C1663 KV18 8 Mb×18 1.8 V 120 BGA, wire-bonded

flip-chip ball grid array (BGA), with the substrate thinned to
60 µm (designed for previous heavy-ion testing). The 65 nm
SRAM is packaged in wire-bonded BGA, and the plastic pack-
age above the chip was not etched before irradiation.

2.2. Experimental setup

The experiment was conducted at the BL09 terminal of
CSNS. The simulated neutron energy spectrum of BL09 at ir-
radiation position is shown in Fig. 1, which is obtained by sim-
ulation based on the actual setup. The beam flux during the
experiments is fixed, with a total of 2.8×107 n/(cm2·s). The
flux of thermal neutrons (E < 0.4 eV) is 2.7×106 n/(cm2·s),
and the flux of high energy neutrons (E > 10 MeV) is
1.1×105 n/(cm2·s). During the irradiation, the thermal neu-
trons can be selected to be filtered, by inserting cadmium (Cd)
film (∼ 2 mm) into the beam. After passing through the Cd
film, neutrons with energy below 0.4 eV are eliminated. While
the energy spectrum in the E > 10 MeV region is basically un-
changed since Cd film has a cutoff energy of 0.4 eV.[3] Specifi-
cally, for the 14 nm FinFET SRAM, the thermal neutrons were
not filtered during irradiation, since that the irradiated device
under test (DUT) was sensitive to thermal neutrons. While for
the 65 nm QDRII+SRAM, the thermal neutrons were filtered,
since that the irradiated DUT was immune to thermal neutrons,
as reported in our previous publication.[11]
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Fig. 1. The simulated neutron energy spectrum at irradiation position
of the BL09 terminal of CSNS.

Figure 2 illustrates three kinds of incident directions dur-
ing neutron irradiation: front, back and side. Additionally,
Table 2 lists the layers that neutrons penetrate before reach-
ing the sensitive volume (SV), for different incident directions.
Note that, due to the different package of the two DUTs (see
Table 1), the layers that neutrons penetrate before reaching
the SV can be quite different, even under the same incident
direction. For the 14 nm FinFET SRAM, the BGA pack-
age includes solder ball (with a diameter of ∼ 0.8 mm), sub-
strate (∼ 0.7 mm), and small solder ball (with a diameter of
∼ 0.08 mm), along the direction of neutron incidence. The
detailed metallization struture of the 14 nm FinFET SRAM
is shown in Fig. 10(a). Eight layers of metal wiring can be
seen, and the majority of the metal materials are copper. Tung-
sten plugs are found between M0 and the active silicon layer.
The total depth of the mentalizations is about 6.3 µm. For the
65 nm QDRII+SRAM, the BGA package includes solder ball
(with a diameter of ∼ 0.9 mm) and substrate (∼ 0.5 mm), fol-
lowing the direction of neutron incidence. Six layers of metal-
lization are found, and the majority of the metal materials are
copper. Tungsten plugs are found between M0 and the active
silicon layer. The total depth of the mentalizations is about
7.1 µm. As examples, Figs. 3 and 4 show the pictures of the
14 nm FinFET SRAM and the 65 nm QDRII+SRAM under
side direction irradiation, respectively.

DUT

Neutron 

beam

Test board

Back
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Fig. 2. Three kinds of incident directions during neutron irradiation.

Table 2. Layers that neutrons penetrate before reaching the SV, for different incident directions.

DUT
Layers to penetrate before reaching the SV

Front Back Side

14 nm FinFET SRAM Silicon substrate (60 µm) Printed circuit board (PCB)
(two layers)→ BGA
Package→ metallization

Silicon around the central memory
area

65 nm QDRII+SRAM Mold compound→ metallization PCB→ BGA package→
silicon substrate (∼ 350 µm)

Mold compound → silicon around
the central memory area
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14 nm FinFET SRAM under irradiation

Exit of 

neutron beam

DUT

Fig. 3. The 14 nm FinFET SRAM under irradiation (side direction).

65 nm QDRII+SRAM under irradiation

Exit of 

neutron beam

DUT

Fig. 4. The 65 nm QDRII+SRAM under irradiation (side direction).
Note that, the test board was designed also for high-altitude experiment
and only the arrowed DUT of the 18 loaded devices was tested.

Checkerboard pattern was written into the DUT before ir-
radiation, and contents of the DUT were read and compared
with the golden data periodically during the neutron bombard-
ment. The detailed SEU information including the error time,
address and data were reported. In addition, the device cur-
rents were monitored continuously and no single event latchup
(SEL) was observed during all the tests. The ambient temper-
ature was controlled at 25±5 ◦C.

3. Experimental results and analysis
3.1. SEU cross sections

Figure 5 shows the neutron-induced SEU cross sections in
the 14 nm FinFET SRAM under different incident directions.
Obviously, back incidence is the “worst case”, with SEU cross
section 1.7–4.7 times higher than those of front and side inci-
dences. The reason that side incidence exhibits the lowest SEU
cross section is discussed here. In the 14 nm FinFET SRAM,
neutron-induced electron–hole pairs are collected by both drift
and diffusion processes. For side incidence, the generated sec-
ondary particles by high energy neutron tend to traverse the fin
from the side. Hence, for most cases, the generated electron–
hole pairs are collected by drift or diffusion process, depend-
ing on the location of the ion trajectory (in the fin or in the

substrate). However, for front and back incidences, the trajec-
tory of secondary particle tends to cross both the fin and the
substrate. Electron–hole pairs can be collected by both drift
and diffusion processes, resulting into higher SEU cross sec-
tions.

Note that, the SEU cross section is calculated by counting
the MCU as separate soft errors and using the total neutron flux
of 2.8× 107 n/(cm2·s). It should be noted that the SEU cross
sections include the contribution of thermal neutrons.
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Fig. 5. Neutron-induced SEU cross sections in the 14 nm FinFET
SRAM under different incident directions.

Figure 6 shows the neutron-induced SEU cross sections
in the 65 nm QDRII+SRAM under different incident direc-
tions. Differently, front incidence is the “worst case”, with
SEU cross section 1.7–1.8 times higher than those of back and
side incidences. Note that, the SEU cross sections are cal-
culated by using the high energy neutron (E > 10 MeV) flux
of 1.05×105 n/(cm2·s). The reasons are that: (1) the 65 nm
QDRII+SRAM is immune to thermal neutron, as reported
in our previous publication,[11] and (2) high energy neutrons
(E > 10 MeV) are the main contribution of soft error rate, as
specified in the JESD89A standard.[3]
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Fig. 6. Neutron-induced SEU cross sections in the 65 nm QDRII+
SRAM under different incident directions.

Comparing Figs. 5 and 6, it seems that the worst incident
direction for the 14 nm FinFET technology and the 65 nm pla-
nar technology is opposite. However, combining the above
results with Table 2, it can be found that the worst incident di-
rection corresponds to the case that neutrons traverse package
and metallization before reaching the SV. In order to further
reveal the underlying mechanisms, Monte–Carlo simulations
are conducted, which are shown in Section 4.
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3.2. MCU characteristics

MCU ratios of 14 nm FinFET SRAM and 65 nm QDRII+
SRAM under different incident directions are shown in Figs. 7
and 8, respectively. Obviously, most of the MCU events are
double-bit upsets (i.e., MCU2). The largest MCU for the
14 nm FinFET SRAM involves 8 bits, while the largest MCU
for the 65 nm QDRII+ SRAM involves 4 bits. For MCU re-
sponse, side incidence is the “worst case”. Here, “worst case”
corresponds to the case with highest MCU ratio, because more
MCU events mean more bit-flips, and more error correcting
code (ECC) resource must be used to eliminate them. The phe-
nomenon can be explained by that neutrons at side incidence
are most likely to traverse and affect multiple SVs, since that
majority of the secondary particles generated by the interac-
tions between spallation neutrons and DUT are moving for-
ward. Since that large MCU event is relatively rare, the proba-
bility of MCU≥4 under back incidence in Fig. 7 is higher than
that under side incidence, due to the poor statistics.
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Fig. 7. MCU ratios of the 14 nm FinFET SRAM under different inci-
dent directions.
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Fig. 8. MCU ratios of the 65 nm QDRII+ SRAM under different inci-
dent directions.

4. Monte–Carlo simulations
Aims of Monte–Carlo simulations of the neutron trans-

port are investigating the characteristics of secondary ions in
the device SV, including ion species, LET, range and mak-
ing comparisons between different incident directions. This
part mainly focuses on the research of 14 nm FinFET SRAM,
since that Abe’s paper[9] can be referred to for the inner mech-
anisms of results of the 65 nm SRAM in the previous section.

The main conclusions of Abe’s paper are that the atomic com-
position of the material placed in front of the memory chip
has a considerable influence on the SER because production
yields and angular distributions of secondary hydrogen (H)
and helium (He) ions (the main causes of SEUs) depend on the
composition. In particular, the existence of hydrides, such as
plastic, considerably increases the SER because of the higher
production yields of secondary H ions that are generated via
elastic scattering of neutrons with hydrogen atoms.

4.1. The 3D simulation model of DUT

Simulation model of the 14 nm FinFET SRAM is built
based on the reverse-technique result of DUT (see Fig. 9)
and experimental setup. Reverse-technique processes include
cross-section analysis and layer-grinding analysis. Cross-
section analysis is used to obtain Fig. 9(a), by cutting the
DUT and observing by scanning electron microscopy (SEM).
Layer-grinding analysis is used to obtained Fig. 9(b), by grind-
ing the DUT to polysilicon layer and observing by SEM. In
Fig. 9(a), eight layers of metallization can be seen, and the ma-
jority of the metal materials are copper. Tungsten (W) plugs
are found between M0 and the active silicon layer. On the top
of the Fin, high-K metal gate (HKMG) exists. Material of the
high-K gate oxide is HfO2 with a depth of 1.9 nm. Material of
the metal gate is TiN with a depth of 4.6 nm. The total depth
of the mentalizations is about 6.3 µm.

Table 3 shows the memory cell sizes and SV parameters
of the 14 nm FinFET SRAM. The drain of the off-state N-
channel metal oxide semiconductor (NMOS) transistor is con-
sidered to be the SV of one memory cell. The depth of the SV
is set as the fin height. Importantly, note that the LET thresh-
old of the DUT is smaller than 0.5 MeV·cm2/mg, making it
sensitive to proton direct-ionization effect.

(a)

(b)

Fig. 9. (a) Cross section and (b) polysilicon layer images of the 14 nm
FinFET SRAM.
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Table 3. Memory cell sizes and SV parameters for the 14 nm FinFET SRAM.

DUT Size of memory cell Size of SV Depth of SV Critical charge LET threshold
14 nm FinFET SRAM 0.37 µm×0.18 µm 0.08 µm×0.03 µm 45 nm 0.05 fC[11] 0.1 MeV·cm2/mg[11]

4.2. Neutron transport simulations

Neutron transport process is simulated by the Geant4
toolkit.[12] The x× y scale of the device model is set as scales
of the SV, in order to improve the simulation efficiency. A to-
tal number of 109 neutrons strike the surface of device model
normally. Typical neutron energies are selected in the sim-
ulation, including 5 MeV, 100 MeV, 500 MeV, and 1 GeV.
The reasons are that for the 14 nm FinFET SRAM, upsets are
mainly induced by thermal neutrons and high energy neutrons.
Considering the low critical charge of the device, 5 MeV neu-
trons are also simulated. Thermal neutrons are not simulated
because that thermal neutrons induce upsets by the products
of the 10B(n, α)7Li reaction. In this reaction, the alpha parti-
cle and the lithium (Li) nucleus are emitted in roughly oppo-
site directions to conserve momentum.[13] The outgoing direc-
tions of the products exhibit random distribution. Thus, under
different incident directions of thermal neutrons, characteris-
tics of the reaction products in the device SV are basically the
same.

The characteristics of secondary ions in the device SV,
including ion species, LET, and range under different inci-
dent directions are obtained. Note that, side incidence is not
simulated in this paper and will be investigated in the future,

because that under side incidence, neutrons traverse different
depths of silicon before reaching the SVs of the DUT, which
means that the situations for all the SVs are not same. Never-
theless, as can be seen in Table 2, front incidence is similar to
side incidence for the 14 nm FinFET SRAM, and the simula-
tion results can be referred to.

5. Simulation results
Figures 1 and 11 compare the secondary ion species in

SV of the 14 nm FinFET SRAM induced by incident neutrons
with various energies, for front incidence and back incidence,
respectively. The impact of incident direction is obviously
shown. The total yield of secondary ions for back incidence
is clearly higher than that for front incidence, by about 6×.
Note the log-scale of Y -axis in Figs. 1 and 11, majority of the
reaction products are n, p, α , Si, Al, etc. The p and α are capa-
ble of inducing soft errors in the 14 nm FinFET SRAM, with
a critical charge of 0.05 fC (see Table 3). This explains the
phenomenon in Fig. 5 that neutron-induced SEU cross section
in the 14 nm FinFET SRAM under back incidence is higher,
since that neutrons at back incidence are capable of creating
more “useful” secondary ions in the device SV, and thus more
upsets are induced.
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Fig. 10. Secondary ion species in the SV induced by incident neutrons with various energies (front incidence).
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Fig. 11. Secondary ion species in the SV induced by incident neutrons with various energies (back incidence).

It can also be observed that neutrons with higher energy
are capable of creating more diverse secondary ion species,
for both front and back incidences. Besides, for the front in-
cidence, the heaviest secondary ion is Si. While for the back
incidence, the heaviest secondary ion is W. Compared to the
neutrons at front incidence, neutrons at back incidence cre-

ate more various secondary ions in the SV, ranging from p to
W. The inner reasons can be found in Table 2, which lists the
layers that neutrons penetrate before reaching the SV of the
14 nm FinFET SRAM, for different incident directions. For
the front incidence, the material that neutrons traverse before
reaching the SV is Si substrate, while for the back incidence,
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the intermediates are more complicated and contain various
materials with high-Z elements, such as W plugs and Hf in the
high-K gate oxide. It can be confirmed that secondary ions
heavier than Si are induced by nuclear reactions between in-
cident neutrons and the metallization & HKMG on the top of
the fins. This explains the phenomenon in Fig. 7 that MCU
ratio of the 14 nm FinFET SRAM under back incidence is
higher than that under front incidence, since (1) the total yield
of secondary ions for back incidence is clearly higher than that
for front incidence, including both light and heavy secondary
ions, and (2) light secondary ions with long range and heavy
secondary ions with enough range are both capable of induc-
ing MCU events.

Figures 12 and 13 show the LET and range of secondary
ions in the SV of the 14 nm FinFET SRAM induced by in-
cident neutrons with various energies, for front incidence and
back incidence, respectively. One symbol in the figure repre-
sents one secondary ion in the SV. It is obvious that neutrons
with higher energy are capable of generating secondary ions
with larger LET values, longer ranges, and thus more gener-
ated charges in the SV, with also higher probability. Moreover,
clear differences can be seen between the front incidence and
the back incidence. For the back incidence, the LET and range
of secondary ions in the SV are showing wider distribution
than that of the front incidence case, which is consistent with
the previous experimental results.
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Fig. 12. LET and range of secondary ions in the SV induced by incident
neutrons with various energies (front incidence).
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6. Implications for application
In the previous sections, we find that for both technology

nodes, the “worst direction” corresponds to the case that neu-
trons traverse package and metallization before reaching the
SV of the DUT. The SEU cross section under the worst direc-
tion is 1.7–4.7 times higher than those under other incidences.
While for the MCU sensitivity, side incidence is the worst di-
rection, with the highest MCU ratio.

This information can be conveniently utilized to reduce
the SER by the selection of board orientation during equip-
ment setup. Specially, for avionic or ground application, at-
mospheric neutrons are mainly flying from top to down. Thus,
for most boards, placing in a reverse way (i.e., with front side
downward) seems to be a good choice since most of the ICs
are not in flip-chip package. Moreover, upright setup of the
board should be avoided, especially for MCU-sensitive ICs.

7. Conclusions
In this work, the impact of incident direction on neutron-

induced SBUs and MCUs in 14 nm FinFET SRAM and 65 nm
QDRII+SRAM is studied, by both irradiation experiment and
Monte–Carlo simulation. It is found that, for both technology
nodes, the “worst direction” corresponds to the case that neu-
trons traverse package and metallization before reaching the
SV of the DUT. The SEU cross section under the worst direc-
tion is 1.7–4.7 times higher than those under other incidences.
While for the MCU sensitivity, side incidence is the worst di-
rection, with the highest MCU ratio. Further, Monte–Carlo
simulations show that the presence of package and metalliza-
tion results into high amount of diverse secondary ions in the
device SV, and thus higher SEU and MCU cross sections. Ma-
jority of the reaction products are p, α , Si, and Al.

It seems that side incidence of neutron is the “best direc-
tion”, but the MCUs should be paid special attention to.
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