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Abstract— Negative and positive muon-induced single-event
upsets (SEUs) are studied in 20-nm bulk planar SRAMs. Muon
irradiation is performed using a mono-energetic source with
varying the muon energy. The energy dependence of the cross
sections (CSs) of SEUs and multiple-cell upsets (MCUs) shows
the significant contribution of muon capture reactions for the
negative muon, as reported in previous studies. Interestingly,
MCU events are found for the positive muon, in contrast to
the previous studies. The CSs for the negative and positive
muons are compared with that for the other terrestrial radiations:
high-energy neutrons, thermal neutrons, and alpha particles. The
voltage dependence of the SEU CS, together with the empirical
model for charge collection, demonstrates the difference in the
contributing secondary ions among the negative muon, the high-
energy neutron, and the thermal neutron. The MCU events are
thoroughly analyzed in terms of their ratio to the total events
and their fail bit patterns. The results reveal that the MCU
characteristics for the negative muon are different from that for
the other terrestrial radiations due to the muon capture reactions,
where parasitic bipolar effects and the isotropic emission of
secondary ions are important factors.

Index Terms— Alpha particle, CMOS, high-energy neutron,
multiple-bit upset (MBU), multiple-cell upset (MCU), negative
muon, parasitic bipolar effect (PBE), positive muon, single-event
upset (SEU), SRAM, thermal neutron.

I. INTRODUCTION
UONS have received increasing attention as a source
of soft errors in the terrestrial environment, where neg-
ative and positive muons are produced as secondary cosmic-
rays through interactions between primary cosmic rays and
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the atmosphere. One reason for this increased attention is
that scaled semiconductor devices have become sensitive to
low-linear energy transfer (LET) particles due to the decreased
critical charge. Another reason is that the muons are the most
abundant particles among terrestrial cosmic-rays [1]. As a
result, there is a growing concern that the negative and positive
muons could become a significant source of the terrestrial soft
errors [2], [3].

Recent irradiation experiments demonstrated that both the
negative and positive muons induce single-event upsets (SEUs)
in deep-submicrometer SRAM devices [4]-[7]. One of the
important observations in these experiments was that the SEU
cross section (CS) is higher for the negative muon than
for the positive muon, although the LET is nearly identical
between the negative and positive muons. This higher CS for
the negative muon was clearly explained by muon capture
reactions, which are absent for the positive muon. Through
the capture reaction, the negative muon can produce secondary
ions with higher LET than the negative muon itself.

In particular, it was shown that the negative muon induces
considerable multiple-cell upsets (MCUs) in 65- and 28-nm
bulk planar SRAMs, while the positive muon does not [4],
[6]. The MCUs are a reliability concern in SRAM devices
because multiple-bit upsets (MBUSs), which are the MCUs with
multiple fail bits in the same logical word, can cause malfunc-
tions even when error correction codes are implemented. The
important points here are that the MCU susceptibility increases
with the shrinkage of the SRAM cells, and that due to the
miniaturization of transistors the MCU mechanism becomes
complicated, such as parasitic bipolar effects (PBEs) induced
by well-potential perturbation [8], [9]. Therefore, it is required
to investigate the muon-induced MCUs in more advanced
devices.

In the terrestrial environment, neutrons and alpha parti-
cles have been recognized as major sources of the SEUs
and MCUs in recent SRAM devices [10]. The neutrons are
secondary cosmic-rays and include high-energy and thermal
components. Unlike the high-energy neutron, the sensitivity
to the thermal neutron depends on the abundance of '°B
atoms in device materials [11]. It has been reported that
recent manufacturing processes cause the introduction of the
0B atoms, which makes SRAM devices sensitive to the
thermal neutron [12]-[14]. The alpha particle is from radioiso-
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Fig. 1. TIrradiation configurations. (a) Neutron irradiation. (b) Muon and
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topic impurities naturally present in device materials, such as
packages.

To characterize the muon-induced SEUs and MCUs, it
would be beneficial to compare them with those for the other
terrestrial radiations: the high-energy neutron, the thermal
neutron, and the alpha particle. Previous studies estimated that,
in the terrestrial environment, the SEU rates of modern SRAM
devices are significantly lower for the muons than for the
neutrons [15]-[17]. Nevertheless, since the SEU mechanisms
of the neutrons and the alpha particle are well-established,
this comparison will provide a better understanding of the
mechanism of the muon-induced SEUs. Gasiot et al. [16]
experimentally characterized SEUs induced by the positive
muon, the high-energy neutron, the thermal neutron, and the
alpha particle in 28-nm bulk and SOI SRAMs. Liao et al. [18]
experimentally demonstrated the similarity in SEU and MCU
characteristics between the negative muon and the high-energy
neutron in 65-nm bulk SRAMs. However, at the present time,
there have been no experimental studies comparing SEU and
MCU characteristics for the negative and positive muons with
that for all the other terrestrial radiations.

In this context, this work investigates the negative and
positive muon-induced SEUs and MCUs in 20-nm bulk planar
SRAMs, along with a comparison to the high-energy neutron,
the thermal neutron, and the alpha particle. The SEU and
MCU CSs are statistically evaluated by irradiation tests using
mono-energetic muon beams, atmospheric-like neutron beams,
and an alpha-ray source. The CSs for the muons are analyzed
in terms of their energy and supply voltage dependence, and
are then compared with that for the other particles. To explore
the MCU characteristics, the MCU events are thoroughly
analyzed with respect to the multiplicity and the fail bit
pattern. The underlying mechanisms are discussed through the
characterization of the muon-induced SEUs and MCUs.

II. EXPERIMENTAL SETUP
A. Tested Device and Operation

The test vehicle was SRAM chips fabricated in a 20-nm
bulk planar CMOS process. The package type was a standard
plastic quad flat package. As illustrated in Fig. 1, the SRAM
chips were irradiated from the top. The chips for muon and
alpha particle irradiations were decapped [see Fig. 1(b)].

The SRAM operation during the irradiation consisted of
write, hold, and read cycles in this order. This operation was
a static mode with no write and read functions during the hold
cycle. The supply voltage in the hold cycle was varied from
0.35 to 1.0 V to investigate the voltage dependence of the SEU
and MCU CSs. The number and physical addresses of fail bits
were collected in the read cycle.
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Fig. 2.  SRAM node voltages for (a) All0 and (b) CKBO patterns. Rectangular
cells correspond to SRAM cells. Vertical and horizontal directions are
parallel to bit lines (BLs) and word lines (WLs), respectively. Blue and red
rectangular boxes denote internal nodes of low (Vss) and high (Vpp) voltages,
respectively. White and gray regions depict p-wells and n-wells, respectively.

TABLE I
INCIDENT PARTICLES AND IRRADIATION FACILITIES

Incident particle Energy Facility
Negative/Positive muon ~ Monoenergetic MUSE [19]
High-energy neutron Atmospheric-like ~ RCNP [21]
Thermal neutron Atmospheric-like ~ KUR [23]
Alpha particle 5.4 MeV Lab. (**! Am)

In this operation, the SRAM chips were written with two
types of data patterns, labeled as All0 and CKBO. In the case
of the AlI0 pattern, a logical “0” was written in all the bits.
In the case of the CKBO pattern, logical “0” and “1” were
physically arranged in a checkerboard fashion, where “0” was
written in the first bit. The arrangements of node voltages for
the All0 and CKBO patterns are explained in Fig. 2(a) and (b),
respectively. In each figure, a 4 x 4 SRAM array is depicted
with rectangular cells, where blue and red boxes represent low
(Vss) and high (Vpp) states of internal nodes, respectively.

B. Irradiation Testing

Irradiation tests were carried out for the negative muon,
the positive muon, the high-energy neutron, the thermal neu-
tron, and the alpha particle. The incident particles and the
corresponding facilities are summarized in Table 1.

1) Negative and Positive Muons: The negative and positive
muon irradiations were performed using a monoenergetic
muon beam at the D2 beamline of the muon science facility
(MUSE) in the Materials and Life Science Experimental
Facility of the J-PARC [19]. The energy distribution was
Gaussian with a standard deviation of ~ 5%. To minimize
muon scattering that occurs before the muons reach the Si
die, the irradiations were conducted in helium gas and the
mold resin above the Si die was removed [see Fig. 1(b)]. To
investigate the energy dependence of the SEU and MCU CSs,
the muon energy was varied from 0.84 to 1.46 MeV, which
corresponds to the momentum range from 13.4 to 17.7 MeV/c.
The muon flux was estimated for each energy by measuring
muon decay electrons and positrons, and also by analyzing
muonic X-rays using a graphite specimen [20]. The estimated
flux at 1.46 MeV, for example, was ~ 1 x 10%/cm?/s.

2) High-Energy Neutron: The high-energy neutron irradia-
tion was performed using a spallation neutron beam at the WN
course of the Research Center for Nuclear Physics (RCNP),
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Fig. 3. Energy spectra of the terrestrial neutron [24], the spallation neutron
beam at RCNP [21], and the thermal neutron beam at KUR [23].

Osaka University [21]. The energy spectrum of this beam was
similar to that of the terrestrial neutron in the energy range
from 1 to 300 MeV, as shown in Fig. 3. The integrated neutron
flux above 10 MeV was ~7.0 x 10°/cm?/s. Note that the most
of data for the high-energy neutron irradiation was obtained
from our previous work [22].

3) Thermal Neutron: The thermal neutron irradiation was
performed using a neutron irradiation field at the Heavy Water
Neutron Irradiation Facility (HWNIF) of the Kyoto University
Research Reactor (KUR) [23]. The energy spectrum of this
beam was similar to that of the terrestrial neutron in the
thermal energy range, as presented in Fig. 3. The integrated
neutron flux below 0.5 eV, which was measured using gold
activation wires, was ~2.0 x 108/cm?/s. The thermal neutron
sensitivity of the test chip was confirmed by performing the
irradiations with and without boron shields.

4) Alpha Particle: The alpha particle irradiation was per-
formed using an 2*! Am source in our laboratory. The nominal
energy of the emitted alpha particles was 5.4 MeV. The source
was placed above the decapped chip [see Fig. 1(b)]. The
particle flux at the surface of the Si die was estimated as
~2.9 x 10*/cm?/s.

C. CS Calculation

The single-bit upset (SBU) and MCU events were extracted
separately according to the spatial distribution of the fail bits.
In addition, we analyzed the MBU events which correspond
to the MCU events with multiple fail bits in the same WL.
It should be noted that the number of the fail bits accumu-
lated during one hold cycle was kept small enough to avoid
misinterpreting multiple SBU events as an MCU event.

The SEU, SBU, MCU, and MBU CSs were calculated as
Nevent/ (@ X Npi), where @ and Ny are the incident particle
fluence and the number of SRAM bits irradiated, respectively.
Nevent 18 the number of observed events for the SEUs, SBUs,
MCUs, and MBUs. Here, the SEU events correspond to the
sum of the SBU and MCU events.

III. RESULTS AND DISCUSSION

A. Muon Energy Dependence of SEU, SBU, and MCU CSs

The muon irradiation with varying the incident energy
confirmed the strong energy dependence of the CSs for the
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negative and positive muons. Fig. 4(a)—(c) present the energy
dependence of the SEU, SBU, and MCU CSs, respectively. In
this investigation, to maximize the SEU response to the energy
change, the supply voltage was set to 0.35 V, which was much
lower than the typical operation range. The data pattern was
the AllO pattern.

The SEU CS showed a clear peak at 1.02 MeV for both
the negative and positive muons, as seen in Fig. 4(a). This
CS-peak energy probably corresponds to the case where the
position of the Bragg peak of the muon beam is close to
the position of the transistors of the SRAM cells. In this
case, the charge deposition due to the direct ionization of
the muons becomes maximum at the transistors, and hence
the SEU events are more likely to occur. Our results clearly
demonstrated the coincidence of the CS-peak energy between
the negative and positive muons. This reflects the almost
identical ranges and LETs of these muons. A similar energy
dependence was observed in the previous studies [4], [5].

Although the SBU CS was comparable between the negative
and positive muons, the MCU CS for the negative muon was
significantly higher than that for the positive muon, as seen
in Fig. 4(b) and (c). This difference stems from the muon
capture reactions of the negative muon, as discussed in [4]. The
capture reactions can produce secondary ions whose LETSs are
higher than that of the primary muons. This results in a large
amount of charge deposition on the transistors. Furthermore,
the produced ions are emitted isotropically regardless of the
incident direction of the negative muons. In this case, some of
these ions travel along the plane of the SRAM array, and hence
their tracks can cover the multiple SRAM cells. Therefore, the
higher MCU CS for the negative muon than for the positive
muon obviously indicates the considerable contribution of the
capture reactions for the negative muon.

An interesting observation was that MCU events were found
in the positive muon irradiation, as confirmed in Fig. 4(c).
In Liao’s results previously reported for 65-nm bulk planar
SRAMs, no MCU events were observed even at the low
voltage condition of 0.4 V [4]. In our results for the 20-nm
bulk planar SRAMs, on the other hand, the MCU events
were observed at 0.35 and 0.6 V [see also Fig. 5(b)]. This
discrepancy can be understood as the scaling effect of the
SRAM cells, where the smaller cells are more susceptible to
the MCUs induced by charge sharing [25]. Our results thus
suggest that the positive muon becomes a possible source of
the MCUs in highly-scaled SRAM devices.

In the following investigations, the muon energy was fixed
to the CS-peak energy, 1.02 MeV, for both the negative and
positive muons. This aims to fully capture the muon-specific
characteristics and to consider the worst case situation for
the SEU and MCU occurrence. In other words, the following
investigations do not focus on the assessment of SEU rates in
the terrestrial environment, which requires the consideration
of the broad energy spectrum of terrestrial muons [15]-[17].

B. Supply Voltage Dependence of SEU, MCU, and MBU CSs

The comparison of the CSs among the incident parti-
cles demonstrated similarities and differences in the voltage
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(a) SEU, (b) MCU, and (c) MBU CSs as a function of supply voltage. Blue and red symbols are for negative and positive muons, respectively. Yellow

and green symbols are for high-energy and thermal neutrons, respectively. Gray symbols are for alpha particles. Open circles are for the difference between
the negative and positive muons: CS(negative muon) — CS(positive muon). The CSs are normalized in each particle by the respective CS value at 0.6 V. The
muon energy is 1.02 MeV. The data pattern is All0. Error bars represent one standard error. Note that the CS for the high-energy neutron is mostly from [22].

dependence. Fig. 5(a)—(c) present the voltage dependence of
the SEU, MCU, and MBU CSs, respectively. Each graph
includes the CSs for the particles listed in Table I. The data
pattern was the AllO pattern. To emphasize the similarities and
differences, the CSs were normalized in each particle by the
respective CS value at 0.6 V.

For all the particles, the SEU CS exhibited an exponential
decrease with the voltage, as seen in Fig. 5(a). Such exponen-
tial dependence has been represented in the empirical model

SEU CS o exp(—Qerit/ Qo) ey

where Qg and Q.o denote critical charge and collected
charge, respectively [26]. With a first-order approximation,
the critical charge can be expressed as the product of
the supply voltage and the capacitance of internal nodes:
Qerit Vbp X Chode- Hence, the difference in the charge
collection among the incident particles can be evaluated by
comparing the slope of the voltage dependence: the steeper the
slope, the smaller the collected charge. Note that, since this
empirical model is a simplified equation, subtle differences in
designing and manufacturing conditions can disturb the com-
parative evaluation of the particle-specific charge collection
based on the slope. In this work, all the irradiation tests
were performed using the SRAM chips with identical design

from the same manufacturing lot. In this case, the difference
in the slope is supposed to reflect the difference in the
particle-specific charge collection, which increases with the
amount of charge deposition and its collection efficiency.
The SEU CS for the positive muon drastically decreased
with the voltage, which was significantly different from the
other particles, as observed in Fig. 5(a). The charge deposition
by the positive muon is solely due to the direct ionization,
in which the LET is low. This obviously results in the small
collected charge compared to the other particles. From (1),
this leads to a steeper slope for the positive muon than for the
other particles, which is consistent with the observed result.
In the case of the negative muon, the voltage dependence
of the SEU CS was very similar to that for the high-energy
neutron, as confirmed in Fig. 5(a). The muon energy in this
investigation was the CS-peak energy at which the contribution
of the muon capture reactions is significant, as discussed in
the previous section. In this case, the variety of the produced
secondary ions and their LETs probably results in the broad
distribution of the charge deposition and of the resulting
collection, which is completely different from the positive
muon case. From (1), the similarity in the slope can be inter-
preted as a similar charge collection. Therefore, it is indicated
that the distribution of the charge collection caused by the
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negative muon is similar to that caused by the high-energy
neutron.

It is worth mentioning here that the similarity in the voltage
dependence of the CSs between the negative muon and the
high-energy neutron was reported in [18], where the experi-
ments were performed mostly using a monoenergetic neutron
source. Our experiments, on the other hand, demonstrated
the similarity using the spallation neutron source with the
atmospheric-like energy spectrum.

In contrast to this similarity, the voltage dependence of the
SEU CS for the negative muon was different from that for
the thermal neutron and the alpha particle. This would be
explained by the difference in the charge collection. Here,
the similarity between the thermal neutron and the alpha
particle is reasonable because the LET of the alpha particle
is comparable to that of the secondary ions produced by the
thermal neutron, where an alpha particle and a Li ion are
produced through a neutron capture reaction of '°B atoms.
The key observation was that the slope for the negative muon
was steeper than that for the thermal neutron and the alpha
particle. Since the steeper slope corresponds to the smaller
collected charge as indicated by (1), this result suggests that,
in the case of the negative muon, the observed SEU events
include the events induced by the smaller charge collection
than the alpha particle.

To understand the steeper slope for the negative muon
than for the thermal neutron and the alpha particle, the
CS difference between the negative and positive muons was
analyzed. In Fig. 5(a), the voltage dependence of the CS
difference between the muons is shown with open circles,
where the CS for the positive muon was subtracted from that
for the negative muon. Since the LET of direct ionization is
almost identical between the negative and positive muons, the
CS difference between the muons can be considered as the
contribution of the capture reactions for the negative muon.
As confirmed in Fig. 5(a), the voltage dependence for this CS
difference was similar to that for the thermal neutron and the
alpha particle. This clearly demonstrates that the muon direct
ionization differentiated the voltage dependence of the SEU
CS for the negative muon from that for the thermal neutron
and the alpha particle, which is consistent with the above
suggestion.

It is also interesting that the slope for the high-energy
neutron was steeper than that for the CS difference between
the negative and positive muons. The key observations here
are that the slope for the CS difference between the muons
was similar to that for the alpha particle and that the slope
for the high-energy neutron was steeper than that for the
alpha particle. It can be deduced from these observations
and (1) that the steeper slope for the high-energy neutron
than for the CS difference between the muons is caused by
lower-LET ions than the alpha particle, i.e. protons which
lead to events with small charge collection. This is consistent
with spallation reactions induced by the high-energy neutron,
where the proton is the most abundant secondary ion. This
result therefore indicates that the voltage dependence of the
SEU CS induced by the muon capture reactions is different
from that induced by the high-energy neutron due to this
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correspond to linear fitted curves, where the values of the slopes are noted.

proton contribution. In other words, the observed similarity
in the voltage dependence between the negative muon and the
high-energy neutron possibly stems from the compensation
between the proton contribution for the high-energy neutron
and the direct ionization contribution for the negative muon.
This view seems reasonable because the LET of the muon is
similar to that of the proton [27].

Regarding the MCU and MBU CSs shown in
Fig. 5(b) and (c), their voltage dependence was apparently
different from the SEU CS and also between the MCU and
MBU CSs. For example, the slope for the alpha particle was
steeper than that for the negative muon, in contrast to the
case of the SEU CS. These results indicate that the difference
in the MCU and MBU responses among the particles cannot
be explained simply by the difference in the charge collection
evaluated based with (1). This is obvious because this
empirical model cannot capture the differences in the range
and emission direction of secondary ions and the resulting
spatial distribution of charge collection, which are key factors
determining the MCU and MBU responses. Moreover, since
the MBU events are the MCU events with a specific fail bit
patterns, the observed difference between the MCU and MBU
responses implies the difference in the effects of these factors
among the particles. This point is discussed in the following
sections.

C. Analysis of MCU Ratio

MCU ratios, which were calculated by dividing the MCU
CS with the SEU CS, were compared among the incident
particles to investigate the difference in the MCU mechanism.
The voltage dependence is compared in Fig. 6, where the data
pattern was the AllQ pattern. The data pattern dependence is
then examined in Fig. 7. Note that the result for the positive
muon is omitted because its MCU CS was significantly low.

The MCU ratio for the negative muon was larger than that
for the high-energy neutron over the entire voltage range, as
seen in Fig. 6. This probably reflects the difference in the
emission direction of secondary ions between the muon cap-
ture reactions and the neutron spallation reactions. In the case
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of the muon capture reactions, the secondary ions are emitted
isotropically [28].! In contrast, in the case of the neutron
spallation reactions, the secondary ions tend to be emitted
in the forward direction [29]. Since the high-energy neutron
irradiation was conducted at normal incidence, the tracks of
the secondary ions in the plane of the SRAM array should
be shorter for the high-energy neutron than for the negative
muon, which results in less chance to cause MCU events for
the high-energy neutron. This leads to a higher MCU ratio for
the negative muon than for the high-energy neutron, which
agrees with the observed difference.

At the same time, the MCU ratio for the negative muon
was lower than that for the thermal neutron over the entire
voltage range. In the case of the neutron capture reaction in
0B atoms, the secondary ions are emitted isotropically, as in
the case of the muon capture reactions. One important point
here is the location of the B atoms. It was reported that,
in advanced technologies, the '°B atoms are introduced during
the manufacturing process of W plugs, and hence the '°B
atoms are localized on the transistors within the depth range of
a few hundred nanometers [13], [14], [30]. Another important
point is the position of the muon stopping because the muon
capture reactions can occur when the negative muon stops.
Due to the energy spread of the muon beam, which includes
the effect of scattering by the metal layer, the depth range
of the stopping position was estimated to be larger than that
of the "B atom position. It is geometrically obvious that the
isotropic emissions occurred near the plane of the SRAM array
are more likely to invoke the ion tracks covering the multiple
SRAM cells. Therefore, the localized distribution of the '°B
atoms results in the higher MCU ratio for the thermal neutron
compared to the negative muon, as observed in Fig. 6.

Another important finding in the voltage dependence of the
MCU ratio was the difference in the slopes, the values of

'"When a negative muon is injected into matter and loses its kinetic energy,
the muon is captured by the Coulomb field of the nucleus, forming a muonic
atom. After the muon reaches the 1s state of the muonic atom, it is most likely
captured by a bound proton. This reaction excites the nucleus and results in
the production of secondary particles which are emitted isotropically.
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which are noted in Fig. 6. The slope for the negative muon was
similar to that for the high-energy neutron and was ~0. On the
other hand, the slopes for the thermal neutron and the alpha
particle were large negative values. The possible reason for this
difference is the different contribution of the PBE. It is known
that the PBE increases the MCU ratio and becomes more
effective with increasing the voltage [31]. Hence, in terms
of the slope of this voltage dependence, the negative slope
can be interpreted as the small contribution of the PBE. From
our results, it is speculated that the PBE contribution for the
thermal neutron and the alpha particle is less significant than
that for the negative muon and the high-energy neutron. This
is consistent with the PBE mechanism, where relatively large
charge deposition is required for well-potential perturbation.
Since the muon capture reactions produce the secondary ions
with higher-LET than alpha particles and Li ions, the PBE
contribution can be larger for the negative muon than for the
thermal neutron and the alpha particle. At the same time,
the similarity in the slope between the negative muon and
the high-energy neutron indicates that the PBE contribution is
comparable between them.

The data pattern dependence of the MCU ratio also showed
interesting differences among the incident particles. Fig. 7
presents the MCU ratios for the All0 and CKBO patterns at
0.6 V. For all the particles, the MCU ratio for the All0 pattern
was higher than that for the CKBO pattern. This reflects the dif-
ference in the arrangement of node voltages between the data
patterns [see Fig. 2]. Since SEU occurrence in SRAM cells is
basically dominated by charge collection in nMOS transistors
of high nodes, a smaller distance between neighboring high
nodes results in a higher probability in MCU occurrence.
In this case, the distance between the neighboring high nodes
is smaller for the AlIO pattern than for the CKBO pattern,
leading to the higher MCU ratio for the AllO pattern.

The key observation in this data pattern dependence was the
difference in the relative magnitude between the MCU ratios
for the All0 and CKBO patterns. In the case of the negative
muon, the MCU ratio for the CKBO pattern was approximately
half that for the AIIO pattern, which was almost the same as
the case of the thermal neutron. In the case of the high-energy
neutron, the ratio for the CKBO pattern was less than half
that for the AllO pattern. In the case of the alpha particle,
the ratio for the CKBO pattern was significantly low. From
the comparison between the thermal neutron and the alpha
particle, it can be deduced that, for the thermal neutron, the
relatively high MCU ratio for the CKBO pattern is due to
the isotropic emission of the secondary ions because the LET
of the alpha particle is comparable to that of the secondary
ions produced by the thermal neutron. Therefore, the similarity
between the negative muon and the thermal neutron possibly
indicates the impact of the isotropic ion emission of the muon
capture reactions on the MCU response.

D. Analysis of MCU Characteristics

In the previous section, it is indicated that the contributing
factors for the negative muon-induced MCUs are the PBE and
the isotropic emission of the secondary ions. To explore these
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Fig. 8. Multiplicity distribution of MCU events. Blue bars are for negative
muons. Yellow and green bars are for high-energy and thermal neutrons,
respectively. Gray bars are for alpha particles. All ratios are the values
averaged in the voltage range >0.6 V. 100% corresponds to the total MCU
events. The data pattern is All0. Error bars represent one standard error.

factors in more detail, the MCU events were analyzed in terms
of the multiplicity and the fail bit pattern. This analysis was
conducted for the All0 pattern.

In the multiplicity distribution shown in Fig. 8, the negative
muon exhibited a similar trend with the high-energy neutron
and the thermal neutron, where the MCU events with high
multiplicities were found. In the case of the alpha particle,
almost all the MCU events were with the multiplicity of 2. This
result clearly demonstrates that the high-multiplicity events
for the negative muon were induced by the secondary ions
produced through the muon capture reactions.

When focusing on the difference between the high-energy
neutron and the thermal neutron, the ratios at the multiplicities
of 3 and 4 were higher for the thermal neutron, whereas
the ratio at the multiplicity of >5 is similar between them.
This can be explained by the larger contribution of the PBE
for the high-energy neutron because the PBE increases the
multiplicity of MCU events [9]. For the negative muon,
the PBE contribution is indicated to be comparable to that for
the high-energy neutron in the previous section. On the other
hand, no distinguishable difference was observed in the multi-
plicity distribution between the negative muon and the thermal
neutron. To elucidate this point, the fail bit patterns were
compared.

The fail bit patterns of the MCU events were analyzed
according to the classification shown in Fig. 9, where the five
groups were named as “BL-range x WL-range(multiplicity).”
The ratios of these MCU groups for the incident particles are
presented in Fig. 10.

The ratio of the 2 x 1(2) group was the highest for all
the particles. This is obvious from the physical range of the
pattern. As illustrated in Fig. 9, due to the rectangular shape
of the SRAM cells, the physical range of the 2 x 1(2) group
is the shortest among the five groups. In the case of the alpha
particle, the ratio of this 2 x 1(2) group was approximately
98%. As discussed in Fig. 7, the difference between the
thermal neutron and the alpha particle can be considered as
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Fig. 9.  Groups of fail bit patterns. Rectangular cells are SRAM cells.
Gray cells represent fail bits. Vertical and horizontal directions are parallel to
BL and WL directions, respectively. The mirror images of each pattern are
included in the same group.
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Fig. 10. Ratios for MCU groups shown in Fig. 9. The color for each particle
is the same as used in Fig. 8. All ratios are the values averaged in the voltage
range >0.6 V. 100% corresponds to the total MCU events. The data pattern
is All0. Error bars represent one standard error.

the impact of the isotropic ion emission. Therefore, for the
thermal neutron, the relatively high ratios in the other four
groups are very likely due to the isotropic ion emission.

In the 1 x 2(2) and 2 x 2(2) groups, the ratio for the
negative muon was similar to that for the thermal neutron,
rather than that for the high-energy neutron. This indicates
that, for the negative muon, these MCU groups were mainly
due to the isotropic emission of the secondary ions. Similarly,
the impact of the isotropic emission was suggested in the data
pattern dependence of the MCU ratio in Fig. 7, where the
MCU ratio for the CKBO pattern was relatively high. This is
consistent with this pattern analysis because the 2 x 2(2) group
corresponds to the pattern of neighboring high nodes in the
CKBO pattern [see Fig. 2(b)].

In the 2 x 2(3,4) and 3 x 2(4,5,6) groups, on the other hand,
the ratio for the negative muon was comparable to that for the
high-energy neutron. In particular, in the 3 x 2(4,5,6) group,
the ratio for the thermal neutron was apparently lower than
that for the negative muon and the high-energy neutron. The
common feature of the 2 x 2(3,4) and 3 x 2(4,5,6) groups
is the non-linear shape of the fail bit patterns, which cannot
be explained by linear ion tracks. The key point here is
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that this type of patterns increases with increasing the PBE
contribution because the PBE is activated by well-potential
perturbation and multiple nodes in the same well can be
simultaneously affected by the PBE [32]. The observed ratios
of these groups therefore indicate that the PBE contribution
is higher for the negative muon and the high-energy neutron
than for the thermal neutron. This agrees with the discussion
in the previous section, where the higher PBE contribution for
the negative muon and the high-energy neutron was indicated
in the voltage dependence of the MCU ratio in Fig. 6.

From our results, it is probable that, for the negative muon,
the MCU characteristics are dominated by the nature of the
muon capture reactions, where both the isotropic ion emission
and the PBE triggered by high-LET ions are important fac-
tors. The high-energy neutron does not possess the isotropic
emission of the secondary ions. The thermal neutron does not
produce the secondary ions with LET enough for triggering
the PBE. For these reasons, the MCU response to the negative
muon is different from that to the high-energy neutron and the
thermal neutron, as observed in this study.

IV. CONCLUSION

We have experimentally investigated the muon-induced
SEUs in the 20-nm bulk planar SRAMs. The SEU, MCU,
and MBU CSs for the negative and positive muons have been
compared with those for the high-energy neutron, the thermal
neutron, and the alpha particle. The MCU events have been
characterized in terms of the multiplicity and the fail bit
pattern. The mechanisms of the muon-induced SEUs and
MCUs have been explored through the comparison of the SEU
and MCU responses among the incident particles.

The muon energy dependence of the CSs has clearly
confirmed the Bragg peak effect for both the negative and
positive muons and the significant contribution of the muon
capture reactions to the MCU CS for the negative muon, as
similarly reported in the previous studies. We have found that
the positive muon induces the MCU events in the 20-nm
planar SRAMs, whereas no MCU events were observed in
the previous studies of the 65- and 28-nm planar SRAMs.
This difference has been attributed to the scaling of the
SRAM cells, which suggests that the positive muon-induced
MCUs may increase in more advanced technologies. On the
basis of the empirical relation between the SEU CS and
the charge collection, the similarities and differences in the
voltage dependence of the SEU CS among the particles have
been explained by the contributing secondary ions and their
LETs. The detailed analyses of the MCU ratio and the fail
bit patterns have revealed that both the PBE and the isotropic
emission of the secondary ions have an important role for the
characteristics of the negative muon-induced MCUs.

In conclusion, we have demonstrated that the SEU and
MCU responses to the negative and positive muons are essen-
tially different from that to the other terrestrial radiations:
the high-energy neutron, the thermal neutron, and the alpha
particle. In particular, we have determined that the unique
nature of the muon capture reactions, i.e. the high-LET ion
production and the isotropic ion emission, differentiates the
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MCU characteristics for the negative muon from that for the
high-energy neutron and the thermal neutron.
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