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Abstract: This work explains that the Coulomb elastic process on the nucleus is a major source of
single-event effects (SEE) for protons within the energy range of 1–10 MeV. The infinite range of
Coulomb interactions implies an exceptionally high recoil probability. This research seeks to extend
the investigations under which the elastic process becomes significant in the energy deposition
process by providing a simplified methodology to evaluate the elastic contribution impact on the
reliability of electronics. The goal is to derive a method to provide a simple way to calculate and
predict the SEE cross-section. At very low energy, we observe a significant increase in the proton
differential cross-section. The use of a direct Monte Carlo approach would mainly trigger low energy
recoiling ions, and a very long calculation time would be necessary to observe the tail of the spectrum.
In this sense, this work provides a simple methodology to calculate the SEE cross-section. The
single-event upset (SEU) cross-section results demonstrate a good agreement with the experimental
data in terms of shape and order of magnitude for different technological nodes.
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1. Introduction

The downscaling of electronic devices has significantly increased the sensitivity to
low-energy particles such as neutrons and protons [1–5]. These particles belong to the
family of hadrons and can provoke single event effects (SEE) by generating secondary ions
that ionize the silicon in the device. These secondary ions arise from nuclear reactions
initiated by the strong force interactions (hadronic process) [6]. There are similarities
between neutrons and protons, which generally lead us to consider that electronic devices
have the same sensitivity to both types of particles, at least above a few tens of MeV [7].
However, protons can also generate recoil ions through Coulomb interactions [8,9].

Considering SEE, memory devices are one of the most sensitive components, being
prone to single-event upsets (SEU). In this sense, the sensitivity of memory devices to
radiation effects, particularly regarding proton irradiation, has been extensively studied
over the years [10–13]. This analysis reveals two main mechanisms driving single-event
upset (SEU) sensitivity: direct ionization for low-energy protons (1 MeV) [12,13] and
nonelastic nuclear reactions for high-energy protons (>10 MeV) [14,15]. Recent research
has highlighted the significant contribution of the Coulomb elastic process between the 1
and 10 MeV energy range [8,11]. The probability of elastic recoil occurring is exceptionally
high due to the infinite range of the Coulomb interactions.

In [8], a detailed analysis was performed, providing equations to calculate the SEE
cross-section related to the silicon recoils through elastic scattering. However, this approach
becomes complex if the user does not have in-depth knowledge of physics, electronics,
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and particle-matter interaction. In [11], more integrated devices and configurations were
evaluated to investigate the mechanisms induced by proton irradiation. However, this
work used Monte Carlo simulations to model the proton interaction, which is not the
ideal approach. Due to the divergence at low recoil energy (as will be discussed in the
Section 3), a direct MC approach would trigger mainly low-energy recoil ions, and a very
long calculation time would be required to observe the tail of the spectrum.

This work, carried out in the framework of the RADNEXT project [16], details the
mechanisms of the elastic process and extends the analysis by providing an engineering
tool to evaluate the electronics sensitivity to protons at low energy. The goal is to derive a
method to provide a simple way to calculate and predict the SEE cross-section.

The paper is structured as follows: In Section 2, we present the background related
to the nucleon interaction process and the main interaction processes below 10 MeV. In
Section 3, we explain the methodology, modeling, and simulation of the proton cross-
section, establishing the linear energy transfer (LET) distribution of ions reaching the
sensitive region. In Section 4, SEU cross-section results are presented and compared with
experimental data. Finally, in Section 5, we present the conclusions of the work.

2. Particle-Matter Interaction Background

To propose a method that calculates the SEE cross-section, we first need to better
understand the processes that occur during the particle-matter interaction. When a proton
or neutron interacts with a nucleus of an atom, three different processes can occur:

• Capture process—the incident proton or neutron is captured by the target nucleus,
leading to the subsequent emission of gamma radiation to de-excite the resulting
nucleus. Both particles require sufficient energy to initiate capture, and quantum
mechanical effects further influence the probability, often resulting in relatively low
capture probabilities. Additionally, the nuclear shell structure, which dictates the
availability of energy states within the nucleus, can impact the probability of capture.
Competing interactions, resonance effects, and isotope-specific properties contribute
to this phenomenon. The low cross-section for neutron and proton capture results
from intricate interplays between charge considerations, energy thresholds, quantum
mechanics, nuclear structure, and isotope-specific behavior, demanding specific con-
ditions and energies for these capture events to occur [17]. In this sense, we will not
discuss this process in this work.

• Elastic process—the incident proton or neutron undergoes scattering by the target
nucleus, resulting in the recoil of the target nucleus due to energy and momentum
transfer. Figure 1 illustrates the elastic mechanism. The elastic scattering process
involves the interaction of a nucleon with a target nucleus without any change in
the system’s internal energy, i.e., the conservation of total kinetic energy [18]. When
a nucleon approaches a nucleus, it experiences a potential energy field due to the
positive charge of the nucleus. If the nucleon has sufficient energy to overcome this
potential barrier, it gets closer to the nucleus. During this interaction, the nucleon
also exchanges energy and momentum with the nucleus, resulting in a change in
direction for both particles. During this recoil, the ion generated can potentially trigger
SEE [19,20].

• Nonelastic process—the incident proton or neutron can excite or fragment the target
nucleus. Unlike the elastic process, there is no conservation of kinetic energy. This
process often leads to the generation of secondary particles, including ions that can
trigger failures in electronic devices [18]. Figure 2 illustrates the nonelastic mechanism.
In this process, the target nucleus may absorb the nucleon, forming a new compound
nucleus or initiating nuclear reactions. Alternatively, the nucleon may induce inelastic
scattering, exciting the nucleus to a higher energy state before being emitted [18,20].
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Figure 2. Nonelastic reaction leading to the production of secondary particles [18]. The secondaries
may ionize the matter and trigger SEE.

However, unlike neutrons, protons are charged particles and can also interact directly
with matter by the Coulomb force [8,11,18]. In this sense, there are two kinds of Coulomb
interactions to consider:

• Coulomb interaction with the electrons—This interaction corresponds to the direct
ionization of the primary proton when it interacts with the electrons of the medium.
The process involves the transfer of energy from the proton to the electrons, leading to
the ionization of the medium and potentially causing SEE in electronic devices [20,21].

• Coulomb interaction with the nuclei—In this elastic process, protons interact with
the nuclei of the medium through the Coulomb force, resulting in the recoil of the
impinged nucleus. This recoil can induce secondary ionization and contribute to the
overall SEE rate in electronic devices. The total elastic process during proton–nucleus
interaction is therefore attributed to the sum of two different processes: the strong
force interaction and the Coulomb interaction [22].

Main Process below 10 MeV

Proton interaction processes are very similar to neutron ones. To understand the
differences between neutrons and protons, identifying the contribution of each process, we
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need to investigate the products of the reactions generated during the interaction of both
particles with matter. For each kind of reaction that can occur, there is a different thresh-
old energy that corresponds to the minimum energy required to generate the secondary
products. Table 1 illustrates the possible reactions for neutrons and protons below 10 MeV.

Table 1. Reaction products as a function of incident energy for neutrons and protons in 28Si below
10 MeV.

Incident Particle Reaction Products Reaction Kind Reaction Threshold (MeV)

N
eu

tr
on

s
29Si + γ capture 0
28Si + n elastic 0
28Si + n

nonelastic

1.78
25Mg + α 2.75
28Al + p 4.00
27Al + d 9.70

Pr
ot

on
s 29Si + γ capture 0

28Si + p elastic 0
25Al + α nonelastic 7.99

Based on Table 1, below 10 MeV, neutrons have four possible nonelastic reactions, while
protons only have one. This is due to the charge of protons, which makes it more challenging
to enter the nucleus and generate secondary ions. Looking at the only product generated
by the proton, the aluminum production, it is insignificant for SEE contribution. This is
shown in Figure 3, in which we plotted the reaction cross-section from the International
Atomic Energy Agency (IAEA) database [23].
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Finally, for protons below 10 MeV, the main process at play is the elastic reaction [8],
which can be due to the strong force (hadronic process) and, at the same time, to the
Coulomb force.

3. SEE Cross-Section Calculation Method

As discussed in the previous section, we know that the elastic reaction is essential for
evaluating low-energy proton interactions. The next step is to develop a methodology to
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calculate the proton SEE cross-section σp
(
Ep

)
. One way to evaluate it is using the heavy-

ions cross-section experimental results σHI(LET) as a basis [24]. To determine σp
(
Ep

)
, we

can write:

σp
(
Ep

)
=

∫ LETmax

0

dP(Eth)

dLET
σHI(LET)dLET (1)

In Equation (1), the dP
dLET is the LET distribution of the recoiling ions and secondary

products that are produced during nucleon transport in matter. The quantity LETmax is
the maximum ion LET generated by the proton interaction with a given energy

(
Ep

)
. To

calculate the LET distribution, we first need to obtain the cumulative probability P(E th)
of a proton crossing a target material with a thickness (∆x), the number of atoms per unit
volume (N), and the nuclear cross-section

(
σ prod

)
. This probability is given by Equation (2) [18]:

P = 1 − eNσprod∆x (2)

where N for silicon is 5 × 1022 atoms/cm3.
To continue with the development of the method, we must further investigate the

nuclear elastic cross-section. At this point, it is important to highlight the difference
between the SEE cross-section, which measures the device’s sensitive area, and the nuclear
cross-section, which expresses the probability of a particle to produce a nuclear reaction.

3.1. Nuclear Elastic Cross-Section Analysis

To investigate the nuclear elastic cross-section σprod below 10 MeV, we simulated the
interaction of neutrons and protons with a silicon nucleus using the DHORIN code [25].
DHORIN uses a spherical optical model and computes angular differential cross-section
by using the ECIS code [26]. Then, by using basic equations of relativistic kinematics,
DHORIN calculates the differential cross-section as a function of kinetic energy of the
silicon recoil. Figures 4 and 5 present the resulting calculations for protons at 5 MeV and
10 MeV, respectively. For comparison, we represented the results together for neutrons in
the same energy.
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Figure 5. Differential cross-section for incident neutrons and protons at 10 MeV and as a function of
recoiling energy.

Above 100 keV, neutrons and protons give two shapes that are very close as well as the
order of magnitude of the differential cross-section. However, below 100 keV, we observe
a very significant increase in the proton cross-section. This important difference is due to
the Coulomb collision, which only exists for protons. At very low energies, the differential
cross-section for protons is a million times greater than that of neutrons.

As the objective of this work is to estimate the proton SEE cross-section, it is crucial
to determine a threshold energy (Eth) beyond which the recoil ion can trigger a fault in
the device. If we compare proton and silicon ions, the threshold energy is expected to
be similar for both. For technologies that are sensitive to the direct ionization of protons,
we can consider, in a first approximation, that the Eth is around the proton energy near
the Bragg peak (Eth = 50 keV), which corresponds to the maximum of the linear energy
transfer (LET). In this sense, the recoil ion can trigger a fault if the energy is higher than the
Eth. Figure 6 plots the elastic cross-section results for different values of threshold energy
and as a function of the incident proton energy. Table 2 presents typical values of Eth for
different technologies.
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Table 2. Typical critical charge (Qc), LETth, and Eth for different technologies [4].

Gate Length (nm) Qc (fC) LETth (MeV·cm2/mg) Eth (keV)

250 8 1.99 180

130 2.5 1.34 56

90 1.2 0.87 27

65 0.8 0.82 18

This analysis shows that low-energy proton interactions play a crucial role in the
energy deposition in silicon, not just through direct ionization but also because of elastic
reactions. However, this first approach does not account for the fact that recoils are not
always produced in the sensitive volume (the Si substrate layer of the device) and can
release some energy before reaching it, e.g., in the back-end of line (BEOL). As a result, we
must consider that the differential cross-section is not the same at any point of the track.

3.2. Typical Ion Recoiling Ranges

To better understand the impact of the track, Table 3 summarizes the typical ranges
of proton and silicon ions in silicon. The first line gives the values of the incident proton
energy that we have considered. The second line gives the ranges of protons in silicon using
the SRIM code [27]. The third line gives the maximum kinetic energy that a silicon recoil
can have, which is calculated based on the differential cross-section results obtained with
DHORIN. The last two lines were obtained using SRIM. Our methodology calculates the
differential cross-section, which allows us to establish the relationship between the energy
and nucleon diffusion angle. Since 180◦ is the highest angle that can be achieved, we can
determine the maximum energy and calculate the maximum LET and range associated
with this recoil.

Table 3. Typical recoiling ranges of ions in silicon.

Proton energy (MeV) 1 5 10

Proton range in Si (µm) 16 200 700

Maximum recoiling energy of Si (MeV) 0.13 0.68 1.30

Maximum LET of the recoil in Si (MeV·cm2/mg) 2.8 4.1 6.2

Maximum range of recoiling Si in Si (µm) 0.18 2.70 3.50

The main conclusion is that the recoiling ions must be generated in a small layer of
BEOL before reaching the sensitive region. As an example, at 10 MeV, the recoiling silicon
may have an energy up to 1.3 MeV and thus must be generated no further than 3.5 µm
from the sensitive region to be able to reach the sensitive area. As the range of a proton is
comparable to the BEOL thickness at low energy (a few MeV), it means that it is necessary
to consider the energy loss of the primary proton before the elastic collision responsible for
a recoiling Si that will provoke an SEE.

3.3. Energy Loss Modeling

To model the loss of energy, we simulate a structure composed of two layers of silicon.
The first one represents the BEOL, and the second one represents the sensitive region
located in the bulk. This is a first approximation, as the real BEOL is composed not only
of silicon but of several different materials. However, the real composition of the BEOL
is generally confidential, and here, we use a simplified structure. The thickness of the
sensitive region is generally assumed to be of the order of magnitude of 1–2 µm, consistent
with the diffusion process of the charges during the ionization. If a silicon ion recoils inside
the sensitive region, we can estimate its initial LET by calculating the recoiling energy of
the reaction. However, if the recoil is generated outside the sensitive region, we need to
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take into account that the recoiling ion will lose energy before it reaches the sensitive region.
This means that the effective LET value will be different from the initial one. Figure 7
illustrates the way a recoiling silicon can be generated at a distance x of the sensitive region.
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Figure 7. Illustration of an elastic collision in the BEOL. The recoiling silicon loses energy along its
track and can reach the sensitive region with different LET.

The aim of our modeling is to determine the LET distribution of secondary ions that
reach the sensitive region. Even if a Monte Carlo approach seems to be appropriate for this
kind of calculation, it is not the optimal approach. Indeed, because of the divergence at
low recoil energy (shown in Figures 4 and 5), a direct Monte Carlo approach would mainly
trigger low-energy recoiling ions, and a very long calculation time would be necessary to
observe the tail of the spectrum. To prevent this, we adopt an analytical approach in which
we consider that, to reach the sensitive region with a LET greater than a given value, it can
be produced in many positions in the structure. By using the SRIM code, it is then possible
to calculate the nuclear cross-section for producing this kind of ion at any position and,
thus, the probability to create it in a small layer. To run this analysis, we need to define the
three input parameters, which are the incident proton energy (Ep), the BEOL layer thickness
(tBEOL), and the sensitive region thickness (tSR).

Based on this methodology, we extract the range functions of protons in silicon and
silicon in silicon. Let Rp(Ep) be the range function of the proton and RSi(ESi) the range
function of the Si ion. These functions depend on the particle energy and can be easily
determined with the SRIM code [28]. We also need the reciprocal functions Rp

−1 and
RSi

−1 that give the energy of a particle, knowing its range. The proton energy can thus be
determined anywhere along the d-axis:

Ep(x) = R−1
p

(
Rp

(
Ep(tBEOL)

)
− (tBEOL − x)

)
(3)

Now, for an ion produced at the position (x) with an energy ESi(x) to reach the sensitive
region with an energy greater than the energy threshold (Eth), we need to have:

ESi(x; LETth) = R−1
Si (RSi(Eth(LETth )) + x) (4)

The Eth is calculated for different LETth values based on the maximum LET of the recoil
in Si. The next step is to calculate the cross-section (σprod) to produce an ion at the position
x with high enough energy to reach the sensitive region. We obtained it by integrating the
recoiling distribution at Ep(x) between ESi (x; LETth1) and ESi (x; LETth2). The probability
that such an ion is created in the ∆x layer is given by the Equation (2), as was presented at
the beginning of this section.

By integrating over all the values of x, we can determine the initial probability. Finally,
for short thickness, most protons would cross the silicon layer and reach the sensitive
region with an energy given by Equation (3). This then needs to be added to the initial
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probability to obtain the cumulative probability. Then we must determine the LET of these
primary protons appearing in the LET distribution as the direct ionization peak.

3.4. Cumulative Probability Calculation

Using our approach, we are then able to determine the cumulative probability of
ions reaching the sensitive region. This quantity gives the probability that an ion reaches
the sensitive region with an LET greater than a given value. Figure 8 plots these distri-
butions for incident protons with energies ranging from 1 to 10 MeV. For a LET greater
than 2 MeV·cm2/mg, we observe that the probability to trigger an SEE increases with
proton energy. Nevertheless, below 2 MeV·cm2/mg, the lowest energies become the main
contributors to the cumulative probability. At a very low LET, below 0.2 MeV·cm2/mg,
the direct ionization peak is the main contributor, and the probability is 3–4 orders of
magnitude higher.
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energies. In this example, the BEOL thickness is 10 µm. The sensitive region layer is 1 µm.

This is a very important result since it is generally assumed that when the sensitivity
increases (i.e., the threshold LET decreases), the probability to have a recoil decreases,
and one must only consider the direct ionization peak. Here, we can clearly see that the
decrease in incident energy is associated with an increase in the probability of low-LET
recoiling particles. Using this result, we can finally apply Equation (1) and calculate the
SEE cross-section.

4. Results and Discussion

To validate our method, we took the single-event upset (SEU) experimental results for
the 90 nm, 65 nm, and 40 nm SRAMs [28,29] as a reference. We fit the σHI(LET) with a power
law, which can be an alternative of the Weibull shape [30]. Figures 9–11 plot this power
law in comparison with experimental σHI(LET) results. We developed a tool to calculate
the SEE cross-section with the methodology presented in the previous section and using
Equation (1). These results are plotted in Figures 12–14 together with the experimental SEU
cross-section.
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For 90 nm, the input parameters are a BEOL thickness of 10 µm, a sensitive region
thickness of 2 µm, and a heavy-ion LETth of 0.5 MeV·cm2/mg. At 65 nm, we are us-
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ing a BEOL thickness of 15 µm, a sensitive region of 2 µm, and a heavy-ion LETth of
0.3 MeV·cm2/mg. For 40 nm, the BEOL is 6 µm, the sensitive region thickness is 1 µm,
and the heavy-ion LETth is 0.5 MeV·cm2/mg. The BEOL thickness was approximated
considering the energy loss of the proton in the Si, thus making it possible to estimate the
energy value of occurrence of the direct ionization peak.

The obtained results consistently align with the experimental data, though not achiev-
ing perfect agreement. Nevertheless, our evaluation of the SEU cross-section stands as
robust. Our simulation requires only four input parameters, and despite the necessary
simplifications in our calculations, including approximations in dimensions for each tech-
nology node and composition of the device structure, our results demonstrate a remarkable
degree of consistency when compared to the experimental data. Notable, we observe a
direct ionization peak around 1 MeV as well as a significant cross-section between 1 and
10 MeV.

Again, below 10 MeV, we have a major contribution of elastic scattering. The results
could be improved if we would have had more data about the technology, in particular:

• More information about the BEOL thickness;
• More details about the BEOL composition;
• More experimental data points for heavy ions, especially between 0.2 and 0.8 MeV·cm2/mg.

When dealing with the calculation of the SEE cross-section, there are a few crucial
points to consider:

• To calculate the differential cross-section, we used the DHORIN code, but other tools
may be available; however, it is mandatory to consider the Coulomb scattering.

• It is very important to account for the loss of energy of the primary proton, as it will
determine the secondary ion energy distribution.

• We must account for the distance that the secondaries will travel before reaching the
sensitive region.

• The calculation of the SEE cross-section for protons should not be calculated with a
simple-step function, as it may lead to a major discrepancy.

5. Conclusions

In modern technologies, the susceptibility for SEE can be very high at a low incident
proton energy (below 10 MeV). The main contribution at around 1 MeV is attributed to
the direct ionization peak. However, between 1 and 10 MeV, there is also a significant
cross-section which should be considered. This cross-section is associated with elastic
collisions between incident protons and the nuclei of the matter. The main contribution to
this is the Coulomb interaction, which does not occur for neutrons.

We have used a specific optical model to calculate the differential cross-section of the
interaction of protons with a silicon nucleus. Results showed that, because the cross-section
exhibits a divergence, this will have a significant impact on the LET distribution of ions
that reach the sensitive region. Additionally, through a simplified modeling approach
using only four input parameters (BEOL layer thickness, sensitive region thickness, tech-
nology LETth, and HI cross-section data), we were able to compute the SEE cross-section
for incident protons. The calculated results demonstrate a good agreement with the experi-
mental data in terms of shape and order of magnitude for different technological nodes.
The divergences in concern to the experimental data are related to the simplifications in
our calculations, including approximations in the dimensions of each technological node
and the composition of the device structure. This agreement provides insights into the
underlying mechanisms involved in SEE triggering.

For accurate calculations of the SEE cross-section for protons, we showed that it is
important to consider the Coulomb scattering, which can result in significant recoil events.
This is especially critical at low energies when the BEOL thickness cannot be negligible in
comparison to the range of primary protons. The energy loss of primary protons is a key
factor, as it determines the distribution of secondary ion energies. In addition, it is crucial
to avoid using a simple-step function to calculate the SEE cross-section; in this work, we



Eng 2024, 5 331

suggest a power or a Weibull law based on experimental data from heavy-ion analysis.
It should be noted that the results may vary depending on the amount of heavy-ion
data available.
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