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Abstract: Neutron radiation on advanced integrated circuits (ICs) is becoming important for their
reliable operation. However, a neutron test on ICs is expensive and time-consuming. In this work,
we employ Monte Carlo simulation to examine if a proton test can replace or even accelerate the
neutron test, and we found that 200 MeV protons are the closest to resembling neutron radiation
with five main differences. This 200 MeV concur with the suggestion from National Aeronautics and
Space Administration (NASA, Washington, DC, USA). However, the impacts of the five differences
on single event effects (SEEs) require future work for examination.
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1. Introduction

Technological developments bring smaller and faster devices in integrated circuits that operate
at reduced bias voltages. However, they also suffer from increased susceptibility to neutrons.
These neutrons can cause single event effects (SEEs) on the integrated circuits, rendering their temporary
loss of function. Such temporary loss of function may be a critical issue in many applications, especially
for implanted medical electronics such as pacemakers [1].

Consequently, radiation tests are becoming necessary to ensure reliable applications of these
circuits, especially in applications where their exposure to radiation intensity might be higher.
An example of radiation test can be found in Intel. Seifert et al. reported their radiation test results in
Intel, demonstrating that radiation-induced soft error rate (SER) improvements in the 14 nm generation
high-k+ metal gate as compared to the bulk tri-gate technology [2]. Its taller and narrower structure
minimized the charge collection owing to a smaller, sensitive volume. There are many more reported
radiations tests as can be seen in the annual workshop on soft error Silicon Errors in Logic—System
Effects (SELSE). The SELSE workshop provides a forum for discussion of current research and practice
in system-level error management. Participants from industry and academia explore both current
technologies and future research directions (including nanotechnology). SELSE is soliciting papers
that address the system-level effects of errors from a variety of perspectives: architectural, logical,
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circuit-level, and semiconductor processes where several companies are reporting their radiation tests
in the workshop.

However, a fast neutron test that resembles normal operating conditions is expensive due to the long
test duration, and the test can only be done in limited facilities such as TRIUMF (Vancouver, BC, Canada;
up to 400 MeV neutrons), Los Alamos Neutron Science Center (LANSCE, Los Alamos, NM, USA; up
to 750 MeV neutrons), and ISIS Neutron and Muon Source (Oxford, UK; up to 400 MeV neutrons).
Proton facilities, however, are easier to access worldwide. Another advantage of using protons to
replace neutrons for SEE testing is that the protons are charged particles which can be easily accelerated
and focused. Wei et al. showed the possibility and challenge of using a medical proton facility to
do SEE testing [3]. In fact, the use of protons to study the radiation effect on electronics in various
radiation environments has been practiced. O’Neill et al. proposed that 200 MeV proton can be used
to mimic the radiation environment at low Earth orbit (LEO) [4], and National Aeronautics and Space
Administration (NASA) used 200 MeV proton to perform their SEE tests, and successfully screened
thousands of electronic parts at Indiana University Cyclotron Facility (IUCF, Bloomington, IN, USA)
even though the previously reported SEE failures were due to heavy ions [4].

The SER in integrated circuit can be estimated by dose (or energy deposited) convoluted with
energy-specific linear energy transfer (LET) [5]. In a radiation hardness test, the dose can be controllable
by flux, but the LET is the characteristic of particles with specific energy. LET expresses the characteristics
of a particle’s path through materials. It is defined as the energy being transferred to a material by
an ionizing particle as a function of distance and material density, in units of MeV-cm2/mg. Dodd et
al. showed that LET is the key index of SER in high-speed digital logic integrated circuits (ICs) [6].
Bagatin et al. also showed the correlation of LET and single event upset (SEU) in floating gate cells [7].
In addition to LET, the specific secondary particles can also be important because it can create different
kinds of defect in the materials in integrated circuits [3].

In this work, we examine the possible use of a medical proton test facility to replace the fast neutron
test at sea level using the Monte Carlo simulation known as Geant4. To evaluate the equivalence of
neutron and proton SEE tests, LET of both primary and secondary particles and secondary particle
yields are examined. The secondary particle yields are also important in SEE evaluation because
the secondary particles, especially for heavy ions, may implant in the silicon crystal and change the
electronic properties.

Subsequent quantitative verification will be performed using our newly constructed proton center
at Chang Gung Memorial Hospital (Linkou District, New Taipei, Taiwan) which is a medical cyclotron
(Sumitomo Heavy Industry, Tokyo, Japan) with a maximum beam current around 300 nA at 230 MeV.
The energy spread is less than 10% for low energy (30 MeV) and 1% for higher energy (110 + MeV).

2. Materials and Methods

In this work, we focus on silicon-based semiconductors. However, there are always back-end
interconnected structures that contain metals with high Z materials, such as copper and refractory
metals. As the spallation cross-sections of neutrons and protons are correlated to Z, the high LET
secondary particles are mostly generated in the back-end structures after neutron and proton radiation,
and these particles can hit the semiconductor region producing SEEs.

Another common silicon-based semiconductor material is silicon-germanium (SiGe). SiGe is an
upcoming advanced silicon-based IC technology as SiGe technology effectively merges the desirable
attributes of conventional silicon-based CMOS manufacturing (high integration levels, at high yield and
low cost) with the extreme levels of transistor performance attainable in classical III–V heterojunction
bipolar transistors (HBTs) through bandgap engineering. This renders SiGe HBTs with several key
merits with respect to operation across a wide variety of so-called “extreme environments”, potentially
with little or no process modification, ultimately providing compelling advantages at the circuit and
system level, and across a wide class of envisioned commercial and defense applications. Thus, both
silicon and SiGe materials are studied in this work.
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Since back-end interconnected structures are the major sources of high LET secondary particles
that can induce SEEs, we need to confirm the hypothesis that the spectra of secondary particles
generated from the back-end structures by protons are similar to those from the fast neutrons in the
LANSCE, as shown in Figure 1 [8]. We performed this hypothesis testing using Geant4 Monte Carlo
simulations [9].
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Figure 1. The Los Alamos Neutron Science Center (LANSCE) broad band neutron spectrum used in
this study [8].

Geant4 is a well benchmarked general-purpose Monte Carlo code for both macroscopic and
microelectronic scales. Intel has used Geant4 to build their “Intel Radiation Tool” for radiation effect
simulation [10]. Weller et al. also established a Monte Carlo approach for estimating SEEs using Geant4
with TCAD [11].

2.1. Monte Carlo Simulation

To simulate the LETs and secondary particle yields in semiconductor devices, Geant4
10.04.p02 was used in this work [12]. The physics list used in this study is QGSP_BIC_HP_EM4
with radioactive decay enabled. In particular, G4EmStandardPhysics_option4 was implemented
for modeling Electromagnetic process, G4HadronElasticPhysics for elastic process of hadrons,
G4HadronPhysicsQGSP_BIC for inelastic process of hadrons, G4RadioactiveDecayPhysics for
radioactive decay, and G4IonBinaryCascadePhysics for inelastic process. The quark-gluon string
precompound (QGSP) model was implemented to handle collision of high-energy hadrons, and the
binary cascade model was used for inelastic process of hadrons. The high precision data were set for
the low-energy neutron and light ions. The details of the hadron interaction and ionization model in
Geant4 can be found in Truscott et al. [13].

Since elastic and inelastic interactions due to the nuclear reactions of radiation particles and
materials are critical to predict secondary particle yields, the Joint Evaluated Fission and Fusion File
(JEFF) 3.3 Nuclear Data Library was added to the neutron simulation, and the G4TENDL data set was
also added for high precision particle transportation.

To obtain more accurate secondary yields, the nuclear decay model was enabled with the function
DO_NOT_ADJUST_FINAL_STATE. This is a function in Geant4 which instructs the simulation
software not to generate artificial gamma rays for the purpose of satisfying the energy and momentum
conservation in some nuclear reactions. The simulation will follow the ENDF-6 libraries [14]. Moreover,
the cut-off range for secondary particles was set to 0.01 nm, so that all the secondary particles can
continuously slow down to an approximation range longer than 0.01 nm [15].

The studied primary incident particles are the LANSCE broad band neutron and protons with
selected energies. These particles were generated using the Geant4 general particle source (GPS). For
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neutrons, a spectrum from LANSCE was converted to a probability distribution (Figure 1) and inputted
to the GPS. For protons, eight monoenergetic protons of 10, 30, 50, 63, 105, 150, 200, and 230 MeV
respectively were generated, and only one of the above energies was simulated at a time. In each
simulation case, the number of histories was 109. History in the context of Monte Carlo simulation
refers to a record of a primary particle from being generated to being stopped.

All the primary particles were generated on the top of the structure and transported by the Geant4
process class with the physics list mentioned above. The secondary particle species generated due to
the interactions between the primary particles and materials was recorded by the Geant4 stepping
class when the particles entered the detection layer. To prevent the partial volume effect, which usually
happens when the scoring volume overlaps two or more materials at the geometry boundary [16],
the energy deposition was calculated by the Geant4 tracking class which sums up all the energy
deposition in each step from the track passing through the detection layer. The details of the Monte
Carlo technique used in this work and the associated issues can be found in a study by Chiang and
colleagues [17].

Since there is no method to measure the LET spectrum in an actual integrated circuit, our simulation
is benchmarked with the simulation results of O’Neill for pure silicon [16], and good agreement was
obtained. In fact, the same simulation setup has been used for simulating the microdosimetry property
of protons and photons in biological targets with 1 µm diameter and again good agreement was
obtained. This work was reported by Hsing et al. [18].

2.2. Material Structure

The material examined in this work is a back-end structure modified from Zhang et al. [12].
The aluminum layer is replaced by copper and the detection layer is 100 nm thick, as shown in Figure 2a.
No titanium layer is included in the simulation of this work. Figure 2b shows the same structure but
with an additional thin SiGe layer to evaluate the effect of SiGe on SEE events due to neutron and
proton radiation. Other metallization structures will be examined in our other work.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 13 

The studied primary incident particles are the LANSCE broad band neutron and protons with 
selected energies. These particles were generated using the Geant4 general particle source (GPS). For 
neutrons, a spectrum from LANSCE was converted to a probability distribution (Figure 1) and 
inputted to the GPS. For protons, eight monoenergetic protons of 10, 30, 50, 63, 105, 150, 200, and 230 
MeV respectively were generated, and only one of the above energies was simulated at a time. In 
each simulation case, the number of histories was 109. History in the context of Monte Carlo 
simulation refers to a record of a primary particle from being generated to being stopped. 

All the primary particles were generated on the top of the structure and transported by the 
Geant4 process class with the physics list mentioned above. The secondary particle species generated 
due to the interactions between the primary particles and materials was recorded by the Geant4 
stepping class when the particles entered the detection layer. To prevent the partial volume effect, 
which usually happens when the scoring volume overlaps two or more materials at the geometry 
boundary [16], the energy deposition was calculated by the Geant4 tracking class which sums up all 
the energy deposition in each step from the track passing through the detection layer. The details of 
the Monte Carlo technique used in this work and the associated issues can be found in a study by 
Chiang and colleagues [17]. 

Since there is no method to measure the LET spectrum in an actual integrated circuit, our 
simulation is benchmarked with the simulation results of O’Neill for pure silicon [16], and good 
agreement was obtained. In fact, the same simulation setup has been used for simulating the 
microdosimetry property of protons and photons in biological targets with 1 µm diameter and again 
good agreement was obtained. This work was reported by Hsing et al. [18]. 

2.2. Material Structure 

The material examined in this work is a back-end structure modified from Zhang et al. [12]. The 
aluminum layer is replaced by copper and the detection layer is 100 nm thick, as shown in Figure 2a. 
No titanium layer is included in the simulation of this work. Figure 2b shows the same structure but 
with an additional thin SiGe layer to evaluate the effect of SiGe on SEE events due to neutron and 
proton radiation. Other metallization structures will be examined in our other work. 

  
Figure 2. The layer structure (a) without SiGe and (b) with SiGe used in this simulation (not to 

scale). 

To achieve a charged-particle equilibrium (CPE) and maintain simulation efficiency, the 
diameter of the structure is set to 1 mm, which is much larger than the secondary particle range. 
Monte Carlo simulation may have boundary crossing problems when particles transport from a large 
volume to a small volume. To minimize this effect, the step size in this study is limited by a stepping 
function that each step cannot be longer than 0.01% of its calculated range. The final step cannot be 
bigger than 0.1 nm. In addition, the skin parameter in this study is set to three, which means that 
single scattering mode will activate three elastic mean free paths before the boundary. 

Figure 2. The layer structure (a) without SiGe and (b) with SiGe used in this simulation (not to scale).

To achieve a charged-particle equilibrium (CPE) and maintain simulation efficiency, the diameter
of the structure is set to 1 mm, which is much larger than the secondary particle range. Monte Carlo
simulation may have boundary crossing problems when particles transport from a large volume to a
small volume. To minimize this effect, the step size in this study is limited by a stepping function that
each step cannot be longer than 0.01% of its calculated range. The final step cannot be bigger than
0.1 nm. In addition, the skin parameter in this study is set to three, which means that single scattering
mode will activate three elastic mean free paths before the boundary.
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2.3. Data Analysis

LET is calculated from the energy deposited in the detection layer divided by its thickness (100 nm)
and the density of silicon (2330 mg/cm3). The energy deposited is calculated by the sum of the energy
imparted by all the events from all the tracks passed through the detection layer.

To compare the similarity of each LET curve or compare the similarity of the secondary particle
yields, an evaluation index (EI) is defined for ith LET bins or i-types of secondary particles, as given
in Equation (1). In the EI definitions, LETi is the differential fluence in the ith LET bin and Yi is the
secondary particle yield at the test condition. Are f ,i is the corresponding quantity at the reference
condition, which is simulated from the LANSCE broad band neutron spectrum. To prevent dividing by
zero, any Atest, i with Are f ,i = 0 is ignored. In LET cases, the bin size for analysis was 0.2 MeV-cm2/mg
and the counts were analyzed using a log scale.

EI is defined as the root mean square of relative error as follows:

EI =

√√√√∑N
i=1

[
(Atest, i−Are f ,i)

Are f ,i

]2

N
(1)

here Ai is either LETi or Yi. The smaller EI will indicate better equivalency between two sets of
data. The EI will be zero if the test protons generate identical LET differential fluences compared to
those generated by the LANSCE neutron, that is, (Atest, i −Are f ,i) = 0, the same for secondary particle
yield comparisons.

3. Results and Discussions

To compare the equivalence of neutrons and protons in SEE testing for the layer structure. LET,
secondary yield, and energy deposited are evaluated in this work. Additionally, the effects of SiGe are
also considered.

3.1. LET Difference between Neutrons and Protons

To examine if protons can be used to replace neutrons for SEE testing, the most important
consideration is the equivalence of the LET spectrum as LET is a key determining parameter for the SEE.
Figure 3 shows the LET spectra of the structure without SiGe being irradiated by protons and neutrons.
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The LET spectra of the examined geometry irradiated with LANSCE neutron and selected
monoenergetic protons were plotted in Figure 3. The largest visible difference in the LET spectra is
below 1 MeV-cm2/mg, where protons generated 1000 times more events than neutrons did. Due to the
low LET, this visible difference has minimal impact on single event effects, whilst it could cause the
total ionization dose (TID) effects under prolonged radiation exposure. However, the cross section of
the SEE can be altered by TID as described by Schwank et al. [19] and Lorne et al. [20].

We further compared the LET spectra of 200 MeV proton and the LANSCE neutron for LET
larger than 1 MeV-cm2/mg. The differential fluence was in good agreement in LETs between 1 to
10 MeV-cm2/mg but was slightly deviated in LETs larger than 10 MeV-cm2/mg. This phenomenon
can be explained with the help of Figure 4, in which the LET was plotted for several major secondary
particles. In parentheses, the first symbol represents incident particles and the second symbol represents
particles that contribute to the LET. For example, (n, He) means that the helium is generated by the
LANSCE neutron.
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neutron. In parentheses, the first symbol represents incident particles and the second symbol represents
particles that contribute to the LET.

In the LETs between 1 to 10 MeV-cm2/mg, events were mainly caused by helium ions, which were
mostly due to the elastic interactions of high-energy particles, regardless of whether they were neutrons
or protons. For LETs more than 10 MeV-cm2/mg, 200 MeV protons gave a higher differential fluence
than the LANSCE neutron because protons generate more heavy secondary ions such as aluminum
and magnesium. The LANSCE neutron produces very few of these secondary particles because most
of the LANSCE neutron shown in Figure 1 is less than 10 MeV which is below the threshold energy of
these nuclear interactions.

The LET spectra from the studied structure irradiated by lower proton energy are rarely used, but
we included them in our work (see Figure 5). In these low-energy proton irradiations, the differential
fluence in LET is 10,000 times higher than neutrons for LET lower than 0.5 MeV-cm2/mg and five times
higher for LETs between 1 to 10 MeV-cm2/mg. On the other hand, for LETs larger than 10 MeV-cm2/mg,
low-energy protons give less events. Therefore, from the above results, our further evaluation will
focus on the protons with energy higher than 63 MeV.
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In comparison to the results from Hiemstra et al. [21], the LET distribution in our work was much
wider because the simulation of all secondary particles was performed in our study, which means that
both the ionization energy loss and the nuclear interactions were simulated. Therefore, our simulations
are expected to be more accurate, but it is time-consuming (takes 2–3 days per energy per condition in
a computer with Intel I9-9900k CPU working at 4600 MHz and two dual channels 8 GB RAM working
at 3000 MHz). The uncertainty in our simulation for the LET spectra shown in Figures 3 and 4, is
quantified using the coefficient of variation (Cv). We found that the Cv is less than 10% for LETs lower
than 6 MeV-cm2/mg. However, if the LET is greater than 40 MeV-cm2/mg, Cv is between 30% and 70%,
due to the small number of events with these LETs. To be noted, compared pair with high Cv may
contribute more to the EI calculation, so that the LETs larger than 6 MeV-cm2/mg will dominate our
conclusion about beam equivalency.

Another comparison is with the work from Turflinger et al. [22]; our results and theirs agree well
for LETs lower than 15 MeV-cm2/mg. For higher LETs, no comparison can be made because the work
of Turflinger et al. has a 5 µm Pb/Au layer which is not present in this study.

The EI evaluation of the LET spectra is shown in Table 1, which shows that the 200 MeV proton
has a LET spectrum with the best equivalence compared to the LANSCE neutron. The EI decreases
with increasing proton energy, reaching the minimum at 200 MeV and increased at 230 MeV, with the
exception for the 150 MeV proton, which may be questionable owing to the presence of a switch point
for the hadron interaction around 150 MeV [14] in Geant4. The results shown in Table 1 are consistent
with Figure 5 where 63 MeV proton gives higher differential fluence than the neutron, and 200 MeV
proton gives lower differential fluence than the neutron in LETs < 10 MeV-cm2/mg. Of course, it is
also possible that the best proton to replace the LANSCE neutron is with an energy between 105 and
200 MeV. Alternatively, a mix of different proton energies could also provide a better equivalence. All
these possibilities are explored later.

Table 1. Evaluation index (EI) for LET in layer structure without SiGe.

LANSCE
Neutron

63 MeV
Proton

105 MeV
Proton

150 MeV
Proton

200 MeV
Proton

230 MeV
Proton

EI 0 0.290 0.274 0.296 0.250 * 0.285

* Indicates the best choice.
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3.2. Secondary Particle Yield Difference between Neutron and Proton

The secondary particle species can not only produce a different LET but also change the
semiconductor properties. In this study, the secondary particles with Z = 2–80 were analyzed.
Figure 6 shows the secondary particle yields in structures without SiGe when it is irradiated by 63, 105,
150, 200, and 230 MeV protons and LANSCE neutron, respectively.
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230 MeV protons and LANSCE neutron.

In Figure 6, five groups can clearly be identified, namely alpha group, O group, Si group, Cu
group, and W group, from left to right. Between copper and tungsten groups, there are some events
from the cleavage fragments of W. In the secondary particle yields, the highest peak is at Z = 2, which
is helium or alpha particles resulting from elastic interaction. The next two peaks, at Z = 6 and 14, are
from SiO2.

It can be seen in Figure 6 that the secondary particles distribution of the neutrons is narrower
than that of the protons. The reason is that the energy of most neutrons is too low to have a spallation
event. Another difference is that for Z > 14, 200 MeV protons generate more secondary particles than
neutrons, but for 8 < Z < 14, neutrons give more events. The difference is mostly from the last layer of
the structure, which is SiO2. In the Z = ~70, which are made of tungsten, high-energy protons have
much higher potential to generate secondary particles than the low-energy protons or even neutrons.
For secondary particle yields, the Cv is dependent on the secondary particle species. For Z < 14, the
Cv is less than 10%, but for heaver ions, some yields are less than 10 counts per 109 incidents, and
this makes the Cv go up to 60%. For a few channels, the Cv is even 100% because only one count
is observed.

EI evaluation of the secondary particles yield is shown in Table 2, and again 200 MeV protons
and the LANSCE neutron have the most similar secondary particle yields. Similar to the case of LETs,
63 MeV proton has the worst EI in secondary particle yields. In Figure 6, the 63 MeV proton in the Z
range between 18 and 25 contributed fewer secondary ions, which are copper spallation fragments.
In Z between 65 and 70, the 63 MeV proton also has fewer secondary yields. Rummana et al. reported
that secondary particle yields are higher for protons with higher energy [23].
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Table 2. EI for secondary particle yields in layer structure without SiGe.

LANSCE
Neutron

63 MeV
Proton

105 MeV
Proton

150 MeV
Proton

200 MeV
Proton

230 MeV
Proton

EI 0 0.560 0.544 0.543 0.405 * 0.443

* Indicates the best choice.

In Figure 6, 200 and 230 MeV protons typically gave more yields than the LANSCE neutron, but
63, 105, and 150 MeV protons gave less. It is possible that mixing different proton energies could lead
to better neutron equivalence.

Therefore, from both Tables 1 and 2, 200 MeV proton radiation is closer to neutron radiation, and
this concurs with suggestions from NASA (Washington, DC, USA).

3.3. LET Difference between Layer Structures with and without SiGe

The LET spectra for the LANSCE neutron and 63 and 230 MeV protons with and without SiGe
were plotted in Figure 7. The difference in the overall spectra between the structures with and without
SiGe is insignificant except for the LET value greater than 20 MeV-cm2/mg. LANSCE neutron and
63 MeV proton give lower differential fluence when the SiGe layer is added, but 230 MeV proton gives
a larger differential fluence. This is because with high-energy protons, the yields of alpha and light
ions correlate with the Z of an incident target. Since Ge has a larger Z than most of the materials in our
structures, being four times larger than the Z of O and 2.3 times larger than the Z of Si, we observed
more counts for the structure with SiGe in the lower LET. With low-energy protons, however, it is
difficult to have spallation and generate secondary ions [24]. In addition, Ge has a larger neutron
absorption coefficient than silicon [25,26], hence some neutrons were absorbed by the SiGe layer.
Therefore, in the case of the LANSCE neutron, the events with LETs less than 0.1 MeV-cm2/mg are
somewhat lower when SiGe is added.
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3.4. Secondary Particle Yields Difference between Layer Structure with and without SiGe

Figure 8 shows the difference in secondary yields between the structure with and without SiGe
layer. At Z between 30 and 32, which mostly come from Ge (Z = 32), the cases with SiGe give much
higher yields than the cases without SiGe. The reason is that in cases without Ge, these secondary
particles with Z between 30 and 32 can only be generated in the W layer (Z = 74) with a very low
probability, thus the yield is much lower compared to the number of secondary particles of another
Z. In Z between 35 and 45, the cases without SiGe give higher yields because the Ge can stop the
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movement of the heavy secondary particles due to the high Z and density of Ge. In comparison to the
particle yields with Z < 30, however, the difference in secondary yield cannot be recognized, since
these particles only make up less than a thousandth of all secondary particles.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 13 
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Figure 8. The secondary particle yields in the structure with and without SiGe irradiated by 63 and
230 MeV protons and LANSCE neutron.

Tables 3 and 4 giving the EI evaluation on LETs and secondary particle yields of the structure
with SiGe layer irradiated by the LANSCE neutron and selected monoenergetic protons. Similar to
the results shown in Tables 1 and 2, the 200 MeV proton gives the lowest EI which means the best
neutron equivalence.

Table 3. EI for LET in layer structure with SiGe.

LANSCE
Neutron

63 MeV
Proton

105 MeV
Proton

150 MeV
Proton

200 MeV
Proton

230 MeV
Proton

EI 0 0.237 0.256 0.258 0.228 * 0.257

* Indicates the best choice.

Table 4. EI for secondary particle yields in layer structure with SiGe.

LANSCE
Neutron

63 MeV
Proton

105 MeV
Proton

150 MeV
Proton

200 MeV
Proton

230 MeV
Proton

EI 0 0.550 0.541 0.524 0.381 * 0.533

* Indicates the best choice.

3.5. Energy Deposited Difference between Neutrons and Protons

In addition to LET, the energy deposition in the total devices is important for the study of SEE.
Since a proton is an ionizing radiation, it releases energy when it passes the target. The energy
deposited in the detection layer was calculated and shown in Tables 5 and 6 for structures with and
without SiGe.
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Table 5. Energy deposition analysis results for the layer structure without SiGe for 1010

neutron/proton incident.

LANSCE
Neutron

63 MeV
Proton

105 MeV
Proton

150 MeV
Proton

200 MeV
Proton

230 MeV
Proton

Energy deposited (GeV)
Cv <0.01% 2.7019 15,910 10,680 8213.4 6750.3 6165.4

LET >1 (counts)
Cv <0.7% 28,570 38,260 30,070 25,730 31,500 29,960

LET >10 (counts)
Cv <3% 1200 2500 1680 1370 2310 1920

Energy deposited/LET >1 (keV)
Cv <3% 94.6 41,500 35,500 31,900 21,400 20,500

Energy deposited/LET >10
(MeV) Cv <4.2% 2.25 636 635 599 292 321

LET is in unit of MeV-cm2/mg.

Table 6. Energy deposition analysis results for the layer structure with SiGe for 1010

neutron/proton incident.

LANSCE
Neutron

63 MeV
Proton

105 MeV
Proton

150 MeV
Proton

200 MeV
Proton

230 MeV
Proton

Energy deposited (GeV)
Cv <0.01% 2.4761 15,956 10,706 8232.0 6765.3 6181.3

LET >1 (counts)
Cv <0.7% 27,460 36,700 30,350 26,010 32,040 31,510

LET >10 (counts)
Cv <3.2% 980 2360 1680 1280 2160 2360

Energy deposited/LET >1
(keV) Cv <3.3% 90.2 43,500 35,300 31,600 21,100 19,600

Energy deposited/LET >10 (MeV)
Cv <4.6% 2.52 676 637 643 313 261

LET is in unit of MeV-cm2/mg.

For the case without SiGe, Table 5 shows that 63 MeV protons are found to have more events
with LET > 1 and 10 MeV-cm2/mg than other incident particles, and they also cause the most energy
deposition. This is expected as the lower energy will result in higher deposited energy since the
stopping power is inversely proportional to the kinetic energy [24]. Calculating the energy deposited
for generating an event, 200 MeV and 230 MeV give better efficiency (i.e., lower dose with higher LET
counts). In comparison to neutrons, proton irradiation gives off over 200 times more energy deposited.

Compared to the results of structures with (Table 5) and without (Table 6) SiGe, both
LANSCE neutron and protons show the differences on energy deposited and event number.
For LET > 1 MeV-cm2/mg, a decrease of 4% in the secondary particle yields is observed, and
for LET > 0 MeV-cm2/mg, the decrease is 20% in the LANSCE neutron case. These decreases are due to
the presence of germanium which has a larger neutron absorption cross-section than other materials in
this study [25,26].

In the proton cases, 63 MeV proton also has a 4% decrease in secondary yields from
LET > 1 MeV-cm2/mg and a 6% decrease for LET > 10 MeV-cm2/mg. For 230 MeV proton, however, the
secondary yield does not lead to a decrease, but rather to an increase both with LET > 1 MeV-cm2/mg
and LET > 10 MeV-cm2/mg. This is because of the spallation which generates heavy secondary ions in
the cases of proton irradiation. This spallation has its cross-section positively correlate to the incident
energy and the Z of the target [19].
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4. Conclusions

From the Monte Carlo studies in this work, in comparing the LET spectra and secondary particles
yield from the proton and neutron radiation, we found that 200 MeV proton radiation has the closest
resemblance to the neutron radiation, which concurs with suggestions from NASA. However, even
with this close proton radiation, several differences present between proton and neutron radiation are
as follows: First, proton radiation produces high secondary particles yield for LET > 15 MeV-cm2/mg,
and neutron hardly has LET > 10 MeV-cm2/mg. Second, the secondary particles distribution is broader
for the case of proton radiation. Third, proton radiation produces more secondary particles with
Z > 14 whilst neutron radiation produces more secondary particles with 8 < Z < 14. Fourth, the energy
deposited from proton radiation is around 300 times higher than neutron in the same flux. Fifth, the
presence of SiGe does not affect the secondary particles yield for proton radiation, but it is decreased
for neutron radiation. This implies that the strengthen of radiation robustness with the addition of
SiGe cannot be seen with proton radiation.

In this study, we only focus on some commonly used monoenergetic protons in several testing
protocols. As presented in the results, no monoenergetic proton can reproduce exactly the secondary
particle LET and yield spectra to that of the LANSCE broad band neutron. However, it may be possible
that mixing energies of protons can create better equivalence. Further study using range (energy)
modulation technique to generate wider proton spectrum will be conducted to explore this possibility.

As LET and secondary particles yield can affect SEE testing, how the above-mentioned five
differences will affect the SEE testing results are as of yet unknown. The answers can only be known
through either subsequent proton or neutron testing or SEE simulation on semiconductor devices with
LET and secondary particles yield distribution as obtained from the Geant4 simulation. On the other
hand, as proton radiation seems to be more stringent than neutron radiation, one may use proton
radiation tests as a higher calling to the radiation robustness of integrated circuits, with the expense
of possibly higher design and fabrication costs. All these future works will be necessary in order to
ascertain the equivalence or acceleration of neutron and protons radiation for SEE testing.
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