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Abstract—In harsh radiation environments, it is well known
that the angle of incidence of impinging particles against the
surface of the operating devices has significant effects on their
sensitivity. This paper discusses the sensitivity underestimations
that are made if particle isotropy is not taken into account,
by means of an analytical study made with a single event
upset predictive platform. To achieve this goal, experimental
results carried out with a COTS bulk 130-nm non-volatile
SRAM for various incident angles on 14.2 MeV neutrons are
firstly discussed. Then, a modeling tool called MUSCA-SEP3 is
used to predict the sensitivity of this memory under the same
environmental conditions. Predictions and experimental results
will be cross-checked, therefore the feasibility of this tool will
be demonstrated for testing any other incident angle. Finally, an
isotropic environment and an XY SRAM array will be emulated
with MUSCA in order to demonstrate that the asymmetrical
cross-sections that were observed experimentally for various
incidence angles are due to the underlying asymmetry of the
metalization/passivation layers within the device with respect to
its active silicon. Conclusions will finally be drawn as for the
importance of taking into account particle isotropy in radiation-
ground tests.

Index Terms—COTS, SRAM, Neutron tests, Angle of inci-
dence, SEU, MUSCA SEP3.

I. INTRODUCTION AND RELATED WORK

ADIATION is a notable challenge for semiconductor
Rtechnology. High-tech devices, from transistors to mem-
ories, deal with a plethora of so-called Single Event Upsets
(SEUs), as well as other undesired phenomena [1]. Energetic
particles such as neutrons and protons are the origin of said
effects. These are typically classified as simple and multiple
events. The former are usually known as Single Bit Upsets
(SBUs), which occur when one particle flips only one cell.
Otherwise, if the charge generated by impinging particles is
shared by adjacent cells, this event is known as Multiple Cell
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Upset (MCU) and it is a significant issue resulting in corrupted
data [1]-[3]. If the cells affected by a multiple event belong
to the same word, the phenomenon becomes a Multiple Bit
Upset (MBU) [2], [4].

One of the most important aspects that critically affects the
signature and typology of the events observed under radiation
is the incident angle of the particles against the surface of the
device. Indeed, several studies in the literature have reported
that impinging particles (coming from different sources of
radiation) at large incident angles feature a higher probability
of provoking MCUs and MBUs. Thus, it has been largely
proven that heavy ions [S]-[7], low-energy protons [8]-[10]
and neutrons [11]-[14] produce a strong angular dependence
on SEU cross sections of modern microelectronic devices.

However, there are still limitations that researchers face
when it comes to estimating and interpreting the SEU sen-
sitivity of a device in a realistic environment when carrying
out an accelerated test, some facilities like CERN emulate
environments with isotropic particles, hence any angle of
incidence is possible. However, in many others this is im-
possible, so researchers carry out tests by making particles
hit the device at a single incidence angle, which is usually
normal with respect to the device’s surface [15]. This might
lead to an underestimation of the actual sensitivity of the
device in an actual environment. Thus, this paper proposes
to explore angular effects and their contribution to the total
SEU sensitivity through extensive analytical simulations.

For this purpose, a set of experiments on a Commercial-
Off-The-Shelf (COTS) bulk non-volatile SRAM (nvSRAM),
manufactured in 130-nm process, will be firstly presented as
a case study. Two recent researches also focused on studying
the radiation effects of heavy ions on this very same memory
[16] and on a very similar one manufactured in 28-nm pro-
cess [17]. However, this work focuses on understanding the
above mentioned angular effects in an analytical way. These
experiments involved 14.2 MeV neutrons at different angles of
incidence: normal and grazing. Subsequently, the Multi-Scales
Single Event Phenomena Predictive Platform (MUSCA-SEP3)
[18] will be presented as a valid tool that is able to accurately
predict the effects of various sources of radiation, including
angular effects, on different semiconductor technologies. This
tool can be used for predicting such effects on SRAMs, for
any miniaturization level (not only 130-nm). This platform
was developed by researchers of the Department of Physics
(DPHY) at the ONERA research center, in Toulouse (France),
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and it performs Monte Carlo simulations that emulate the
transport of radiation through matter [19].

The main goal of this research is to give more insight
about the nuclear mechanisms behind this phenomenon, and
to demonstrate that such angular effects can be accurately pre-
dicted with the above mentioned predictive tool. In particular,
the following points will be discussed:

1) An isotropic environment and an XY SRAM array will
be emulated with MUSCA-SEP3. Experiments taken as
a case study will be cross-checked with first-order SEU
sensitivity predictions.

2) The nuclear mechanisms (neutron-nucleus reactions)
leading to the difference between SEU cross-sections
at different angles will be discussed. Directions and
penetration range of secondary ions will be provided.

3) A thorough SEU sensitivity assessment in environ-
ments with isotropic particles will be finally made with
MUSCA-SEP3.

The remainder of the paper is organized as follows: Section
IT describes the experimental setup and the target device that
was used as a case study. Next, Section III discusses the
experimental results. Section IV uses the MUSCA-SEP3 tool
in order to provide justifications of the angular effects observed
experimentally. An analytical study of the SEU sensitivity of
the device at a plethora of angles of incidence is also presented
in that section. Finally, conclusions are drawn in Section V.

II. EXPERIMENTAL SETUP

Experimental tests were carried out in May 2018 on the
CY14V101QS COTS nvSRAM, which has a capacity of 1
Mbit. This part is manufactured by Cypress semiconductor.
The memory is organized as two layers of 1 Mb, one consisting
of 130-nm CMOS SRAM and the other one, nonvolatile
SONOS' Quantum Trap cells?>. At power down, the data on
the SRAM layer automatically is transferred to the nonvolatile
one. At power up, data are restored to the SRAM from the
nonvolatile layer [20]. During the tests, the device always
operated at nominal voltage. The memory is accessed through
a Serial Peripheral Interface (SPI) and read/write operations
are carried out at a clock frequency that can reach up to
108 MHz. The SRAM layer is manufactured in 130-nm bulk
CMOS technology [20]. This memory features bit interleaving,
which has been unscrambled by using proprietary information
provided by the manufacturer.

The test system (Fig. 1) comprised an Arduino DUE, which
runs the test software, and an extension board with the memory
under test. An additional control computer was responsible
for the data retrieval. The Arduino communicates with the
control computer through a UART, whereas the ARM Cortex-
M3 microcontroller of the Arduino communicates with the
SRAM through the SPI. In order to obtain reliable results, all
the elements of the setup existing in the irradiation chamber
were shielded with thick polyethylene plates except the DUT.

I'Short for Silicon - Oxide - Nitride - Oxide - Silicon
2The embedded nonvolatile elements integrate the so-called "Quantum
Trap" cells, generating reliable storage of data

An USB port
emulating RS232

Arduino DUE

Fig. 1. Experimental setup for the tests
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Fig. 2. Beam incident angles that were tested

The tests were run at the GENEPI2 neutron source, which is
operated at the LPSC (Laboratoire de Physique Subatomique
et de Cosmologie) in Grenoble (France) [21], [22]. This accel-
erator is under operation on the GENESIS platform (GEnerator
of NEutrons for Science and IrradiationS). GENEPI2 is an
electrostatic accelerator producing neutrons by impinging a
deuteron beam onto a fixed target. With a Tritium (T) tar-
get, neutrons are produced via the nuclear fusion reaction
2d+3T —} n+35 He with an average energy of 14.2 MeV. An
ion source, operating at the electronic cyclotronic resonance,
produces an intense and continuous deuterium (d) ion beam.
A series of electrodes shape the beam, which is accelerated
to 220 keV through an electrostatic column. After magnetic
selection by a dipolar electromagnet, deuterons are guided
through a 5 meter long transport line, including focusing
and steering elements. The beam line terminates with the
target made of a tritium compound. From the production
target, neutrons are emitted in all directions. For the radia-
tion tests, the devices under test are set facing directly the
tritium target, at a small distance determined according to the
required neutron flux. The neutron production is monitored
continuously throughout experiments to determine the dose
for each irradiation (accuracy better than 4+15%).

Static tests were carried out: the memory was initialized
to a pattern, then it was irradiated while keeping it idle and
finally errors were checked after having stopped the radiation
beam. Rounds from 1 to 10 minutes were carried out, at fluxes
that ranged from 1.04 x 107 to 9.70 x 10’n-cm~2 - s~ 1. The
memory was irradiated with 2 different incident angles (normal
and grazing) and for each one of them, two directions were
tested. These are depicted in Fig. 2: horizontal (H) and vertical
(V) for grazing angles; and the front and back of the memory
for normal incidence.
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TABLE I
ROUNDS OF IRRADIATION PERFORMED ON STATIC EXPERIMENTS
Distance Fluence Number of
Ne Angle test Pattern (x1019) affected
(cm) (n/cm?) addresses
1 1.9 0x55 2.34 902
2 1.9 0x55 2.34 914
3 1.9 0x55 4.65 1810
4 Normal 1.9 O0xFF 2.33 938
5 incidence 1.9 OxFF 2.34 899
6 (Front) 1.9 0x00 232 904
7 1.9 0x00 2.32 860
8 1.9 0xAA 2.33 949
9 1.9 0xAA 2.32 955
10 2.6 0x55 1.24 588
11 Grazing 2.6 OxFF 1.24 649
12 angle (H) 2.6 0xAA 1.23 574
13 2.6 0x00 1.25 626
14 32 0x55 0.818 338
15 Grazing 32 OxFF 0.818 378
16 angle (V) 3.2 0xAA 0.818 335
17 32 0x00 0.826 339
18 5.2 0x55 0.62 177
19 Normal 5.2 0x55 0.78 221
20 incidence 52 0xAA 0.776 226
21 (Back) 52 OxFF 0.777 239
22 52 0x00 0.778 241

In Section IV, MUSCA-SEP3 [18] will be used to validate
and to give a further interpretation of these results. This tool
has as input a XY floorplan of memory cells, without taking
into account any other on-chip architectural module, such as
I/0 buffers, row/column decoders, sense amplifiers, etc. Static
tests will only be considered for this reason. Besides, the
study of the sensitivity during dynamic tests due to angular
effects would require profound modifications in MUSCA,
which unfortunately is not possible now, so it will not studied
in this paper.

III. EXPERIMENTAL RESULTS
A. Discussion of SBUs and MCUs

Tests with different patterns written in the memory were
made (0x00, OxFF, 0x55 and OxAA). Such different patterns
were used in order to check whether or not there is any
correlation between the MCU abundance and said pattern, for
any of the tested angles.

Table I shows the rounds of irradiation that were carried
out, grouped into 16 different types of experiments (4 patterns
x 2 incident angles x 2 directions). Each round of reading
had its particular flux, distance and exposure time. For the
grazing angles, the distance was calculated to the center of
the chip. These are different because the extension board was
not symmetric, hence these numbers are actually forced and
not chosen. Roughly, it can be observed that the number of
affected addresses is similar in all the rounds of irradiation
that had similar fluence. They also seem to scale accordingly
with said fluence. The errors discussed in this section will
correspond to the bulk CMOS layer of the nvSRAM.

6.0x101

4.0x1014

2.0x1014

SBU Cross Section (cm?/bit)

0.0

Back H \%

Fig. 3. Experimental SBU cross sections obtained at different incident angles
and patterns

Subsequently, SBUs and MCUs must be extracted from the
set of detected SEUs in order to carry out a correct analysis
of the SEU sensitivities depending on the multiplicity of the
events. This was done by using unscrambling proprietary in-
formation provided by Cypress Semiconductor, which allowed
translating the logical addresses into physical ones. This made
possible to find the physical XY cell placement of the errors in
the SRAM. Once the placement was found, it was postulated
that bitflips in two different cells were provoked by the impact
of the same particle (and thus, they were part of the same
multiple event) if the Manhattan distance [23] between both
of them is less than or equal to Dyrax. This parameter must
be selected by the researchers (in this case, this value was 2).
In addition, according to Table I, in some rounds of reading
the number of recorded bitflips was high, hence the probability
of a multiple event being the result of 2 simple ones is not
negligible. For this reason, the equations presented by the
authors in [24] were used to correct the numbers of MCUs
that were primarily found. These equations were also used to
discuss the so-called false MBUs, which will be discussed in
the next subsection.

Fig. 3 shows the SBU cross sections for different patterns
and angles, the error margins of which have been calculated
with 95% confidence, as explained in [25], [26]. It is observed
that the SBU sensitivity increases at grazing angles, and that
the H direction showed to be more prone against SBUs for all
the patterns. It can be observed that, for a normal incidence,
the irradiation from the back yielded fewer errors (therefore,
a lower sensitivity) than from the front. The physical mech-
anisms leading to this phenomenon will be deeply discussed
in Section IV.

Next, Fig. 4 shows the experimental 2-bit MCU cross
sections. In this case, fewer events were observed. This figure
shows a similar trend to Fig. 3. On the one hand, the higher
error rates observed at grazing angles (H and V) are consistent
with the experimental results presented by Harada et al. [27],
Hirokawa et al. [13] and Kato et al. [12], where it is also
pointed out that the sensitivity for 2-bit MCUs increases at
grazing angles. On the other hand, again in this figure it is
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Fig. 4. Experimental 2-bit MCU cross sections obtained at different incident
angles and patterns. Arrows indicate the uppermost possible values for cross
section in this memory if no events were observed. These were calculated
assuming that 3.69 is the uppermost possible number of events with 95%
confidence if no event was observed [25]

observed that the number of events increases when irradiating
from the front of the SRAM, in comparison with receiving the
radiation from the back. It should be mentioned that very few
MCUs were observed at normal incidence (Front & Back).
However, the abundance of these was considerably higher for
grazing ones (H & V).

Section IV will provide a detailed justification of why
this happens, by using the MUSCA-SEP3 prediction tool.
Finally, the large confidence margins make it difficult to reach
further conclusions, particularly regarding the dependence on
the pattern (constant or checkerboard).

B. Discussion of MBUs

Due to the large number of observed bitflips, as well as
the relatively small size of the memory (only 1 Mb), the
chance of observing pairs of nearby but independent SBUs
and of confusing them with multiple events is not negligible.
Since the DUT implemented bit interleaving, it is not possible
that a single particle provokes an MBU. However, during the
experiments, several 2-bit MBUs were observed, presumably
due to the accumulation of 2 SBUs in the same word.

Let us apply techniques to predict the number of false
MBUs. For that purpose, we will use a model developed by
the authors in a previous work [28], to estimate the expected
number of so-called "false” 2-bit MBUs by accumulation. It is
compatible with the well-known birthday statistics model [29]
and this is a good opportunity to back it up with more
experimental data. Thus, the expected number of false 2-bit
MBUs would be ((9) in [28]):

N i = —.

F_2bit MBU = 5 ;7 In In

W being the wordwidth (8 bits), m the number of bitflips and
L 4 the memory size in words. The second study was done by
Tausch’s prediction [30] on Error Detection And Correction
(EDAC) techniques.

1 W—l.m~(m—1).<1m—2> 0

—— Probability of occurrence of MBUs (Eq. 2)
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Fig. 5. Experimental and estimated number of 2-bit MBUs (dots and (1) -
dashed line). The continuous line indicates the probability of occurrence of
2-bit MBUs according to (2)

Fig. 5 shows the number of experimental 2-bit MBUs (dots
and confidence margins) in comparison with the predictions
issued by (1) (dashed line). Dots refer to the different rounds
that were made (Table I). The prediction reasonably matches
all the experimental occurrences that were noticed, which
allows reaching the conclusion that the experimental MBUs
were actually false ones. The figure also includes the proba-
bility of occurrence of such multiple events continuous line,
which obviously tends to 1 as the number of affected addresses
increases. This probability was taken from (17) in [30] and it
can be modeled as follows:

—1)-(2k—-1)
2n

m-(m
( )

2)

where n is the memory size in bits (in this case, 22°), m is
the number of bitflips and k is a value postulated by the authors
to be set to % Note that both lines (continuous and dashed)
refer to different vertical scales (right and left, respectively).

PROBy(n, m)abit_mpu ~ 1 —exp(—

IV. SEU SENSITIVITY ASSESSMENT WITH MUSCA SEP3

In this section, the SEU predictive platform MUSCA-
SEP3 [18], [31], [32] will be used for understanding the
nuclear mechanisms that explain the angular effects in the
experimental cross-sections presented in Section III. More
specifically, energies and directions of secondary ions pro-
duced by the neutron-nucleus reactions will be discussed.
Finally, this tool will be used to extrapolate to a realistic
environment, where a plethora of angles of incidence is
possible.

MUSCA-SEP3 is a Monte Carlo prediction tool that, work-
ing with databases, is able to simulate the radiation effects of
different kinds of particles (protons, neutrons, heavy ions...) on
memories implemented with diverse semiconductor manufac-
turing technologies (bulk CMOS, SOI, Fin-FET, etc), taking
into account the miniaturization of the technological node.
It provides a complete simulation environment that models
the interaction of the radioactive particles with the matter,
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Fig. 6. Comparison of 2-bit MCU cross sections issued from MUSCA SEP3
vs. experimental results for different incidence angles and patterns.

which allows performing estimations of the SEU sensitivity,
from the overall system down to the semiconductor level.
MUSCA SEP3 receives as inputs a device description, the
semiconductor active zones, and critical charge of the bit cells
without the need for any particular experimental data [18].

For the case of modeling a SRAM with MUSCA-SEP3, the
elementary cell is firstly described, so the rules of translation
are applied to all the memory. For modeling the elementary
cell, several volumes are used to represent physical sensi-
tive drains; i.e., their sizes, and positions. To illustrate the
methodology of modeling of the studied SRAM (planar bulk
technology), the active zones (drains and sources) and the
Shallow-Trench Isolation (STI) topology are designated. In
this technique, a General Design Specification (GDS) extractor
is used to get these details from GDSII files. Reverse engi-
neering leads to the detailed knowledge of the elementary cell
topology. Furthermore, this reverse analysis obtains the crucial
physical parameters of the device such as NMOS and PMOS
drains implantation and the metallization and the passivation
layers [33].

A. SEU Sensitivity Trends vs. Pattern and Angle

In order to validate the pertinence of MUSCA-SEP3, sim-
ulations issued from this tool are compared with the ex-
perimental ones. Fig. 6 shows such comparison, for 2-bit
MCUs. Since the experimental results were not conclusive
about the correlation between the pattern and the device SEU
sensitivity, the figure only displays averaged results regarding
both checkerboard and the "Constant 0" patterns ("Constant
1" is not shown for simplicity). Columns display predictions,
whereas dots do likewise with experimental results (again, with
95% confidence margins). Two conclusions can be drawn:

o Predictions show a good concordance with the experi-
mental results, including a lower sensitivity in neutron
tests made from the back of the device.

o Predictions do depict a slight dependence on the pattern
(the sensitivity seems to be lower for the "Constant 0"
pattern). As discussed above, this point could not be
confirmed by just looking at the experimental results.
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Fig. 7. Emission angle frequency of secondary ions induced by a 14.2 MeV
neutron interaction with Silicon, Tungsten and Copper ion nuclei. The
incidence (or direction) vector of neutrons in this simulation is normal with
respect to the device’s surface

B. MUSCA-SEP3 Analytical Study of Angular Effects

The objective of this subsection is to further understand the
nuclear mechanisms leading to the difference between SBU
and MCU cross sections observed both experimentally and in
MUSCA-SEP3 simulations, regarding the different angles of
incidence that were tested in the experiments.

For 14.2 MeV neutrons, the impact in semiconductor de-
vices is predominantly caused by nuclear neutron scatter-
ing processes. Recoil atoms, commonly referred to as "pri-
mary knock-on atoms" (PKAs) are produced through neutron-
nucleus interactions and they traverse the device materials, in-
cluding passivation, metallization and the active semiconduc-
tor. Secondary ions are characterized by their atomic numbers,
mass numbers, energies and directions.

From the strict point of view of nuclear interaction, back-
side or front-side irradiations imply the same secondary ion
productions, with very similar characteristics. These, in turn,
create electron-hole pairs in the active silicon that participate
in the transport and charge collection mechanisms. However,
the metallization and the passivation layers of the device are
asymmetrically distributed with respect to the active silicon
substrate (i.e., they exist in the front side, but not in the back
side), whereas the active silicon is symmetrically distributed
with respect to itself. Thus, angular properties may be sus-
pected of having a significant impact on the SEU occurrence,
and in particular, for 14.2 MeV neutrons.

In order to get a deeper insight about this, the character-
istics of secondary particles including elastic and non-elastic
reactions in Silicon (Si), Tungsten (W) and Copper (Cu) have
been investigated using Geant4 simulations [34]. In silicon,
secondary ions can range from H to P with several isotopes.
In this work, on the order of 10* interactions were considered
for these three species. Simulations provide the secondary
ions count, atomic and mass numbers, their energies and
directions. Fig. 7 presents the emission angle frequency for the
three species, which is measured with respect to the neutron
direction vector (featuring normal incidence with respect to
the device’s surface). The figure only shows the abundance
of secondary ions whose energy is high enough to participate
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Fig. 8. Distribution of secondary ion range (Z > 11) and alpha particles, for
which the LET value is greater than 0.1MeV - cm?/mg

in the SEE generation process (a minimum threshold value
of 0.1MeV was considered for this purpose). Angle values
ranging 0° to 90° correspond to secondary ions emitted in the
direction of the incident vector, whereas angles greater than
90° imply secondary ions emitted in the opposite direction.
Results presented in the figure show that, for 14.2 MeV
neutron interactions, secondary ions are mainly emitted in the
direction of the neutron incident vector. This is especially true
for n-W and n-Cu interactions, which reinforces the idea that
the secondary ions emitted by these reactions explain the dif-
ferences between SEE sensitivities in front neutron incidence
vs. back. Complementary analyses show that secondary alpha
and proton angular emission is close to an isotropic one.

Therefore, the front-side irradiation is characterized by the
contribution to the SEU cross sections of secondary ions
produced in the active silicon and the passivation/metallization
layers. However, in the case of the back-side irradiation,
secondary ions produced in the passivation/metallization layers
participate sparsely to the generation of electron-hole pairs
in the active silicon. In fact, only 0.48% and 33.5% of
secondaries are emitted backwards from n-Cu and n-Si reac-
tions, respectively. This explains the significant difference that
was observed (both experimentally and through simulations)
between the SEU sensitivities of both kinds of tests.

In the case of lateral irradiation, the interpretation is more
complex. When a neutron traverses the active zones of the
device from the front or the back, the effective thickness that
participates to the SEU occurrence via the nuclear processes
is in the order of 10 to 20 um. However, in the case of lateral
incidence, the sensitive areas correspond to the whole SRAM
array.

In Fig. 7, an analysis of secondary ions induced by
14.2 MeV neutron interactions showed that they are mainly
emitted in the direction of the neutron incidence angle. In the
case of front/back incidence, the occurrence of MCUSs is due to
the proximity of the carrier deposition on adjacent cells and/or
the carrier diffusion mechanism. However, in the case of lateral
incidence, the path of the particle may impact a larger number
of cells, which strongly depends on the coupled secondary ion
range and carrier density. Thus, Fig. 8 presents the distribution
of secondary ion range for which the LET value is greater than

LV
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()
6 =0rads 6= rads
¢ =m/2 rads/ » Metallization / Passivation \

T T L T 1
Active silicon

T

0 =m/2 rads

(b)

Fig. 9. a) Spherical coordinate system and b) passivation / metallization
layers. € and ¢ are the tilt angles of the incident particles with respect to the
Z and H axis, respectively

0.1MeV -cm? /mg (i.e. ~ 1fC/um corresponding to the order
of magnitude of the upset threshold). Results are presented
for heavy ions (Z > 11) and alpha particles. Concerning the
latter, range values are on the order of few tens of micrometers
(note the logarithmic scale), which confirm that the track of
the particle can match, or be very similar to, the thickness of
the plane of the SRAM array. Obviously, this is only possible
in the case of a lateral incidence. For heavy secondary ions,
the range value can be greater than 1 pm, with a significant
carrier generation in several adjacent cells. In any case, this
figure shows that the lateral incidence is more favorable to the
occurrence of multiple events.

C. Assessment of SEU Sensitivity in Environments with
Isotropic Particles

This subsection investigates the influence of the angular
properties on the SEU sensitivity. The previous subsection
has shown that the SBU and MCU cross sections issued by
MUSCA-SEP3 are accurate in comparison to the the experi-
mental ones, considering the front, back, and lateral incidence.
Thus, simulations can be applied for other incidences, using a
spherical description based on the 6 and ¢ angles, as depicted
in the spherical coordinate system of Fig. 9(a). Vector ?
defines the direction and sense of incidence of the radiation
beam, whereas 6 is the angle with respect to the Z axis, and ¢
is the angle of the projection of 7 on the HV plane concerning
the H axis. Note that the H and V axes are consistent with
the simplified description of the directions given in Fig. 2.
Fig. 9(b) depicts the position of the passivation / metallization
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TABLE II
2-BIT MCU CROSS SECTIONS (cm? /bit), OBTAINED WITH
MUSCA-SEP3, AS A FUNCTION OF 6 AND ¢ (SEE FIG. 9), WITH AN
ANGULAR RESOLUTION OF g AND g, RESPECTIVELY. IN LIGHT-GRAY
CELLS, THE FRONT, BACK AND GRAZING INCIDENCES DISCUSSED IN
SECTION III. THE DARK-GRAY CELL IS THE HIGHEST VALUE

¢ (rads)

0 i3 3 3. 3

8 4 8 2
0 5.61 5.61 5.61 5.61 5.61

T 7.2 7.93 9.83 8.36 7.9

0 (rads) 5 38.3 | 457 62.3 56.8 51.1
33Tﬂ 10.5 11.5 14.3 12.2 11.5
T 8.16 | 8.16 8.16 8.16 8.16

x10~17cm? /bit

layers over the sensitive volume of silicon. It should be said
that = 0 makes 7 point to the back of the board and 6 = 7
corresponds to the front of the board.

Table II and Fig. 10 present the MCU cross sections for
14.2 MeV neutrons as a function of ¢ and ¢, with an angular
resolution of 7/4 and /8, respectively by means of MUSCA
SEP3. For simplicity, # ranges from 0 to 7 and ¢ ranges from
0 to 7/2. Therefore, only a quarter of the possible angles of
0 and ¢ has been simulated, which corresponds to the sector
that is facing the reader in Fig. 9(a).

In this case, it is interesting to note that the worst con-
figuration was obtained for § = 7/2 and ¢ = w/4, i.e. an
oblique grazing direction (see Fig. 10 in between H and V)
that maximizes the SEE sensitivity (both off-state transistors
simultaneously impacted by the charge deposition). In fact, this
maximum value (6.23 x 10~¢cm? /bit) and the minimum one
(5.61 x 10~'7cm? /bit) differ by one order of magnitude.

It also has to be noted that the grazing incidences discussed
in the previous section are amongst the highest sensitivities
simulated in this study, albeit none of them is the absolute
highest one. They correspond to the cells (0 = 7/2, ¢ = 0)
and (6 = 7/2, ¢ = 7/2). These ones, as well as the front and
back incidences, have been highlighted in light-gray color in
the table for the sake of clarity. Also, note that, when keeping
6 constant to 7/2 (grazing direction always parallel to the
HV plane), changing ¢ leads to an asymmetrical variation of
the MCU sensitivity, which is higher towards the V direction
O=0¢=m/2).

Thus, for instance, for 2-bit MCUs, the device sensitivity
can be calculated considering two hypotheses:

o Front normal incidence of the neutrons with an MCU
cross-section of 5.61 x 10~!7cm?/bit. This is a clear
underestimation when considering the results of Table II
and Fig. 10.

« Isotropic incidence of the neutrons. This case implies
integrating the product of neutron fluence and 2-bit
MCU cross section over the solid angle. In this case,
considering that 1) these results can be extrapolated to
the rest of possible incident angles (6 = {m---27} and
¢ = {m/2---27}), 2) all the possible incident angles
have the same probability, and 3) keeping the angular
resolution of Table II, the estimated sensitivity would be
around 1.70 x 10~ 16¢m? /bit, which more than doubles

g7~ 0T M0/ WD U093 S5010 ND

Fig. 10. 2-bit MCU cross sections (cm? /bit), obtained with MUSCA-SEP3,
of the tested technology (130-nm bulk CMOS), as a function of 6 and ¢
angles of incidence. Graphical representation of the data of Table II

the one that would be considered in an anisotropic
environment where only normal incidence is taken into
account.

Of course, this approach is valid for any other technologies
(Fin-FET, Sol, etc...) and miniaturization nodes. Additionally,
this study remains valid for non-interleaved architectures (such
as old FPGAs), where part of the MCUs will actually be
MBUs provoked by a single particle. These conclusions can
be considered as a first step towards the analysis of other
memories operating in harsh environments.

V. CONCLUSIONS

This paper has provided an interpretation of the nuclear
mechanisms (neutron-nucleus) that explain the SEU sensi-
tivity differences in nanoscale devices when they are hit by
particles impinging at different angles of incidence. For this
purpose, the predictive platftorm MUSCA-SEP3 has been used.
Firstly, the accuracy of this tool to predict cross-sections
taking angular effects into account has been discussed. To
attain this objective, first-order simulations were cross-checked
with experimental results obtained with 14.2 MeV neutrons
on a bulk 130-nm SRAM. Both simulations and predictions
showed good concordance. Then, this tool was used to provide
more insight about the physical reasons that explain this
phenomenon, namely the directions and penetration range
of secondary ions produced in the nuclear reactions, and
the asymmetry of the metalization/passivation layers of the
device with respect to its active silicon. Finally, an isotropic
environment on an XY SRAM array was thoroughly emulated,
thereby quantifying the SEU sensitivity divergence among
different neutron incident angles.
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