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Abstract—Experimental data are presented that show low-en-
ergy muons are able to cause single event upsets in 65 nm, 45 nm,
and 40 nm CMOS SRAMs. Energy deposition measurements using
a surface barrier detector are presented to characterize the ki-
netic energy spectra produced by the M20B surface muon beam at
TRIUMF. A Geant4 application is used to simulate the beam and
estimate the energy spectra incident on the memories. Results in-
dicate that the sensitivity to this mechanism will increase for scaled
technologies.

Index Terms—Direct ionization, Geant4, Monte Carlo, muons,
single event upset (SEU), static random access memory (SRAM).

I. INTRODUCTION

T HE composition of terrestrial ionizing radiation is largely
the result of cosmic ray showers in the Earth's atmosphere.

High-energy protons and alphas create secondary particles as
they bombard the atmosphere. After several generations of in-
teractions, the sea level environment consists of neutrons, pro-
tons, pions, and muons, among other particle species. The con-
tributions to the soft error rate (SER) for microelectronic de-
vices due to alpha emission and thermal neutron capture can be
managed, at least to some extent, through careful process con-
trol. Therefore, characterization of a device's response to fast
neutrons, which cannot be mitigated, has provided an adequate
estimation for the field SER. While terrestrial neutrons are quite
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numerous, 13 cm hr above 10 MeV at New York City [1],
they rarely interact with material.

Recently, research has shown that commercial static random
access memories (SRAMs) are now so small and sufficiently
sensitive that single event upsets (SEUs) may be induced from
the electronic stopping of a proton [2]–[6]. This sensitivity ap-
peared near the 65 nm technology node as the critical charge to
upset a cell is on the order of 1 fC; merely 6 000 electrons are re-
quired to cause a change in data state. With continued advance-
ments in process size, this downward trend in critical charge is
expected to continue.

Muons, the most numerous terrestrial species, with a flux of
nearly 60 cm hr for momenta greater than 0.35 GeV/c [7],
are also singly charged. Wallmark and Marcus provided a brief
investigation of the role of these particles as one of the funda-
mental physical limits to continued microelectronic scaling [8].
Ziegler and Lanford provided a much expanded investigation of
cosmic ray induced error rates and predicted the coming of a
dramatic increase in errors with decreased critical charge [9].
The publication provides an excellent survey of the terrestrial
particle environment and interactions that lead to charge gen-
eration in semiconductors. Burst-generation curves are used to
evaluate the frequency of particle events leading to recoils of
a given energy. The analysis of the relative contribution to the
error rate for selected parts included the effects due to electrons,
muons, protons, and neutrons through consideration of the ion-
ization wake, recoils, alpha production, and capture. The authors
predicted, although with limited environmental measurements,
that devices with extremely low critical charge values will be
susceptible to upset from, and errors dominated by, the muon
ionization wake. While the history of process scaling has dra-
matically altered the device geometries, the crossover where this
mechanism was predicted to exceed the neutron contribution
was for devices with critical charges below 5 fC in [10].

Dicello published a series of papers comparing the muon and
pion error counts and contribution to the sea level error rate
[11]–[14]. In [11], the authors report on error counts measured
with a 4K NMOS SRAM at LAMPF. The 164 MeV/c beam
was able to generate nearly 1000 errors, a 109 MeV/c beam
only produced 3 errors, and no errors were observed for the
beam. The errors were attributed to pion contaminants how-
ever. The author concluded that pions may be a major compo-
nent of the sea level error rate. In [12] the authors obtained sim-
ilar data, but used a lucite degrader in the beam line to mod-
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erate the energy. The pion-induced error counts decreased with
increasing degrader thickness until the device entered the stop-
ping region in which the error counts increased over the
by a factor of 7 because of capture.

Dicello provided an estimate of SEU error rates at sea level
and 10 km based on exposure of an NMOS SRAM to pions and
muons [14]. The experiment used a cloud muon beam produced
by pion decay to obtain error counts. By placing the device in
the stopping region, the authors were able to measure three
errors over the course of 24 hours. No errors were observed with

. Based on this experiment, the stopping muon error rate was
estimated at 2% of the total rate from all species. The authors
also state that there are large uncertainties in the relative fluence
of the terrestrial species.

While muon soft errors have been predicted by others, we
present direct experimental evidence that microelectronics are
susceptible to the muon ionization wake. In particular, a low-en-
ergy muon beam line was used to characterize 65 nm, 45 nm, and
40 nm CMOS SRAMs. We describe the beam line and charac-
terization, the device response, and discuss the implications of
low-energy muon sensitivity.

II. ENERGY LOSS MECHANISMS

The motivation for muon testing is to examine the ability
of electronic stopping to produce single event upsets. Muons
interact with material through the electromagnetic and weak
forces. Muons may also decay to produce electrons, positrons,
and neutrinos. However, these particles deposit little energy
through electronic stopping or rarely interact. Negatively
charged muons may be captured by a nucleus, however, are
not. Therefore, testing with low-energy will examine the
contribution of electronic stopping to SEU.

Although muons and protons have different masses, they are
both singly-charged particles. The Bethe-Bloch equation for en-
ergy loss through electronic stopping indicates that the effect is
primarily dominated by the charge and velocity of the particle.
Therefore a muon with the same velocity as a proton will cause
the same ionization. Fig. 1 shows the mass stopping power for
a muon and proton in silicon. Whereas the Bragg peak for a
proton in silicon is roughly 55 keV, it is approximately 8 keV
for a muon.

III. EXPERIMENTAL SETUP

To investigate the effects of low-energy muons on the relia-
bility of microelectronics, we performed accelerated tests with
the M20B beam line at TRIUMF [15]. This facility produces
surface muons (positive muons from the decay of stopped pions
near the surface of the production target [16]) for scientific re-
search. A diagram of the beam line is shown in Fig. 2. The
meson production begins with a 100 A 500 MeV proton beam
BL1A focused on the production target 1AT2 consisting of 10
cm of beryllium. Pions are produced within the target and decay
with a lifetime of 26 ns into a muon and neutrino. Although both

and are produced, the are mostly captured within

Fig. 1. Energy loss in silicon for muons compared with protons.

the target and do not decay into . The remaining surface
muons have an initial kinetic energy of 4.1 MeV (30 MeV/c mo-
mentum) and are transported downstream to the beam line. The
facility provides the user control over a dipole magnet (M20B1)
to select particle momentum, followed by variable-width slits
(M20SL1) for refinement. Following a second bending magnet
(M20B2), an electrostatic separator (M20BSEP) provides ve-
locity selection. Finally, a second set of slits (M20BSL2) is used
for collimation and the beam is brought to the final focus.

Given the momentum and velocity selections in the beam
line and the energy deposition in a surface barrier detector (dis-
cussed in Section IV.A), the mass of the accelerated particles is
known to be 106 MeV/c with sufficient certaintly to distinguish
from pions. Positively-charged particles of different mass such
as pions (140 MeV/c ) and protons (938 MeV/c ) are clearly
eliminated. For instance, 420 keV protons match the 28 MeV/c
channel momentum but are deflected away in the electrostatic
separator. Similarly, pions are removed by the separator and
further decay with a mean decay length of about 2 m. After
traversing the 20 m channel length all pions are eliminated.

Positrons, while deflected by the magnets and separators
upstream, are present downstream in the beam from muon
decay. These particles deposit very little energy through elec-
tronic stopping and rarely interact through annihilation. The
fact that the final particles range out as expected and produce
positrons when they decay shows that the beam indeed consists
of . Final confirmation of particle species is provided by
many muon spin rotation experiments [16] that look at the
depolarization pattern of muons using a spectrometer.

To provide dosimetry, a collimator with a 2.5 cm diameter
aperture was placed at the beam line window and a scintillator
positioned 1 cm from the window. At full momentum, a flux of

can be obtained in a 4 cm 3 cm spot size; how-
ever, as the momentum selection is reduced, the flux is reduced.
The presence of the scintillator further lowered the mean beam
energy and broadened the energy distribution as discussed in the
following section. The device under test was placed at normal
incidence 3 cm behind the scintillator.
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Fig. 2. The M20 beam line at TRIUMF selects muons through the use of bending magnets and an electrostatic separator [15]. Inset illustrates the position of test
setup at the end of the beam line.

IV. EXPERIMENTAL DATA

A. Surface Barrier Detector

To characterize the beam, a 500 m thick fully-depleted sur-
face barrier detector (SBD) was used in a pulse height analysis
to measure the energy of the particles. The pulse height spec-
trum was calibrated with an alpha source. The detector was en-
closed within an aluminum box 3 cm downstream of the scin-
tillator with a 4 m aluminized mylar window in the beam line.
The detector was thick enough to stop all of the muons after the
scintillator, so the SBD was an effective tool in characterizing
the muon kinetic energy spectra. The dipole magnet M20B1 was
adjusted to select muons with momentum lower than 28 MeV/c
and the M20SL1 slits were opened to 20 mm. The M20BSL2
slits were not used during the test. The resulting energy deposi-
tion provides an adequate characterization of the kinetic energy
as well as energy loss and straggling of the beam in the scintil-
lator and other materials.

The top plot in Fig. 3 shows the deposited energy spectra
as measured with the SBD at various momentum selections.
At full momentum, the mean energy deposition in the SBD is
slightly greater than 3 MeV whereas the initial kinetic energy
is 3.6 MeV for a 28 MeV/c muon. This indicates that some
energy has been lost in the passage through the materials be-
tween the final velocity selection and the device. As the mo-
mentum is decreased, the corresponding peak energy deposited
by the stopping particles decreases. The low-energy contribu-
tion below 500 keV, which is seen in each spectrum, is most

Fig. 3. Experimental (top) and simulated (bottom) energy deposition counts in
500 �m surface barrier detector.

likely produced by positrons from decay. With the magnet
settings set to 21.6 MeV/c, the muon peak is barely distinguish-
able from the positron peak, and by 20 MeV/c the muon peak
was completely indistinguishable. It is important to note that
even though there are positrons in the beam, positrons cause
significantly less energy deposition per unit path length than
muons.

A Geant4 application was used to investigate the energy de-
position of muons in the detector. A muon beam with a 4% stan-
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TABLE I
BASELINE ERROR COUNTS CHARACTERIZED VERSUS BIAS FOR 65 NM SRAM

dard deviation in momentum was transported through a scintil-
lator layer of CH with an assumed thickness of 250 m. Air
gaps, the mylar window, and the SBD were included. Fig. 3
shows the results of the simulation compared with experimental
data. Reducing the initial kinetic energy to the respective exper-
imental condition and simulating the energy deposition in the
SBD yields good agreement with measurements. The centroids
shift appropriately and the positron contribution can be see in the
low energy bins. The agreement of simulation results provides
final confirmation that energy deposition at final beam focus is
caused by the stopping of muons. This virtual beam line was
used to interpret the SRAM results.

B. Static Random Access Memories

Two SRAMs used in this experiment were 8 Mbit test arrays
fabricated in 65 nm and 45 nm commercial bulk CMOS pro-
cesses. The third was a 5 Mbit array fabricated in a 40 nm bulk
CMOS process. The 65 nm device overlayers were approxi-
mately 5 m thick and the device was bonded as a chip-on-board
to allow for front side testing. The 45 nm overlayers were ap-
proximately 7.5 m. The 40 nm device overlayers were un-
known. All SRAMs have been shown to upset with low-energy
protons either in previous work [5] or in the Proton Irradiation
Facility at TRIUMF. The 65 nm and 45 nm test boards are nom-
inally biased at 1.2 V and operated by a “low cost” digital tester
(LCDT) designed by the NASA Goddard Space Flight Center.
The 40 nm test board was designed by Marvell and operated
at 1.0 V. The 65 nm SRAM was characterized versus supply
voltage with the beam off to establish a baseline for background
errors. For each bias, the mean and standard deviation
are reported in Table I. The other SRAMs did not experience
background errors when operated at 1.0 V.

Data were collected over interspersed reads with the beam
on and off to monitor any drift in the background errors. This
baseline error count was verified to be independent of exposure
time and is thought to be the result of unstable bits being op-
erated below the recommended bias. Error counts in Table II
are presented as the number of incorrect bits read exceeding the
baseline errors. Error bars in Figs. 4 and 5 represent the stan-
dard deviation of the upset count after removing the measured
distribution of baseline errors according to (1).

(1)

A second set of Geant4 simulations was performed to char-
acterize the muon kinetic energy spectra for the experimental
momentum selections. In these simulations muons were trans-
ported through the scintillator and positrons were destroyed
upon creation. The kinetic energy spectra at the surface of the
SRAMs are shown in the bottom plot in Fig. 4. Given the prior

TABLE II
SINGLE EVENT UPSET COUNTS FOR 65 NM SRAM

Fig. 4. Simulated muon kinetic energy distributions, as seen at the front of the
part, corresponding to experimental momenta including upstream energy losses
and straggling (bottom). Error counts for 65 nm, 45 nm, and 40 nm SRAMs
versus estimated muon kinetic energy at 1.0 V bias (top). Dashed horizontal
line represents an approximate muon-induced SEU cross section for reference.

agreement with the data acquired with the SBD, the simulation
results provide a reasonable estimate of the incident beam.

The upset probabilities measured versus momenta are pre-
sented in the top plot of Fig. 4. The abscissa is related to the
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Fig. 5. Error counts for 65 nm SRAM versus supply voltage for approximately
400 keV muons produced by 21 MeV/c momenum selection. Dashed horizontal
line represents an approximate muon-induced SEU cross section for reference.

kinetic energy by associating the upsets at the mode value of
the simulated energy distribution. An approximate event cross
section is indicated based on an estimate of the beam fluence.
All SRAMs were operated at a supply voltage of 1.0 V. This
bias was chosen because it produced a statistically significant
error count.

At the highest energy, 3 MeV, the upset count was indistin-
guishable from the baseline for the 65 nm device. This was
because muons pass through the device without generating suf-
ficient charge to result in an SEU. Additionally, this measure-
ment confirms that reported upsets cannot be attributed to noise
sources while the beam is in operation. Near 700 keV the range
of the beam through the metallization is such that a large portion
of the muons traversing the active silicon are close to the Bragg
peak and the collected charge is sufficient to exceed the critical
charge. As the mean energy is further decreased, the beam be-
gins to range out and the error counts return to the baseline. The
45 nm and 40 nm devices were spot checked and also exhibited
muon sensitivities.

Fig. 5 shows the 65 nm device SEU response versus supply
voltage for a distribution centered around 400 keV. At the nom-
inal operating voltage of 1.2 V, few errors are attributed to muon
upsets. However, as the voltage is reduced, the number of muon-
induced upsets increases. The reduction in voltage corresponds
to a reduction in critical charge. Therefore we expect that a
greater range of muon energies are capable of inducing SEU
at reduced bias.

V. DISCUSSION

Accelerated testing with muons presents unique experimental
challenges. First there are few high-energy facilities in the world
that produce muon beams. Among these facilities, those that
produce a surface muon beam are preferable to a cloud muon
beam for observing a muon ionization effect. Surface muons
are lower in energy since the pion decays within a production
target and the construction of the following beam line reduces
the possibility of contaminants reaching the device. Cloud and
decay muons are produced by the decay of pions as they are

transported down the beam line and can be either positive or
negative polarity, but are typically higher energy. The range of
the surface muons is limited because of the initial kinetic energy.
Therefore, the amount of material encountered by muons must
be reduced. This may require that a device be de-lidded and
de-passivated for test. In addition to any kinetic energy spread,
straggling causes a distribution of kinetic energies to reach the
active device area.

Fortunately, if the part is insensitive to proton direct ioniza-
tion, there is high confidence that it is also immune to muon
direct ionization. Proton testing, unlike that for muons, is easier
and accelerators are more readily available. If the device is
sensitive to proton direct ionization, though, it is possibly also
susceptible to muon ionization. The critical charge of present
technologies is less than the muon ionization threshold. It is
important to determine when (and if) muons will contribute a
significant portion of the overall error rate. Testing a technology
at reduced bias is a leading indicator for a sensitivity in scaled
technologies.

VI. SUMMARY

In this work, we report on measurements of single event up-
sets induced by muon electronic stopping. Accelerated testing
shows an SEU error count that varies over beam energy in a
manner that is consistent with the energy loss curve.

Accelerated neutron testing and soft error rate predictions are
standard practices for terrestrial microelectronics applications
with high reliability requirements. The data presented here,
however, suggest that the SER of future technologies also may
be affected by muons. Whereas neutrons only rarely interact
with nuclei, both protons and muons are able to generate charge
through the electromagnetic force. Therefore, the low-energy
muon and protons fluxes have the potential to be a significant
component of the SER for sensitive devices.

Our results suggest muon-induced upsets do not affect the
soft error rate for 65 nm and 45 nm SRAMs operated at nom-
inal supply voltage, but they are likely to have a greater im-
pact for circuits fabricated in smaller process technologies with
lower critical charge values. Ultimately, SRAMs, flip-flops, and
combinational logic may become sensitive to the low-energy
muon spectrum. Future terrestrial error rate predictions will re-
quire characterization of the device LET threshold, considera-
tion of the muon environment, and advanced radiation transport
computations.
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