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Abstract

The displacement damage dose (DDD) is a common index used to predict the life of semi-
conductor devices employed in space-based environments where they will be exposed to
radiation. The DDD is commonly estimated from the non-ionizing energy loss based on the
Norgett-Robinson-Torrens (NRT) model, although a new definition for a so-called effective
DDD considers the molecular dynamic (MD) simulation with the amorphization in semicon-
ductors. The present work developed a new model for calculating the conventional and
effective DDD values for silicon carbide (SiC), indium arsenide (InAs), gallium arsenide
(GaAs) and gallium nitride (GaN) semiconductors. This model was obtained by extending
the displacement per atom tally implemented in the particle and heavy ion transport code
system (PHITS). This new approach suggests that the effective DDD is higher than the con-
ventional DDD for arsenic-based compounds due to the amorphization resulting from direct
impacts, while this relationship is reversed for SiC because of recombination defects. In the
case of SiC and GaN exposed to protons, the effective DDD/conventional DDD ratio
decreases with proton energy. In contrast, for InAs and GaAs, this ratio increases to greater
than 1 at proton energies up to 100 MeV and plateaus because the defect production effi-
ciency, which is the ratio of the number of stable displacements at the end of collision cas-
cade simulated by MD simulations to the number of defects calculated by NRT model, does
not increase at damage energy values above 20 keV. The practical application of this model
was demonstrated by calculating the effective DDD values for semiconductors sandwiched
between a thin glass cover and an aluminum plate in a low-Earth orbit. The results indicated
that the effective DDD could be dramatically reduced by increasing the glass cover thick-
ness to 200 ym, thus confirming the importance of shielding semiconductor devices used in
space. This improved PHITS technique is expected to assist in the design of semiconduc-
tors by allowing the effective DDD values for various semiconductors having complex geom-
etries to be predicted in cosmic ray environments.
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Introduction

The development of space technology and the execution of space missions require materials
that can maintain functional integrity under extreme conditions of heat, shock, and radiation
[1]. There are challenges in materials science related to materials applications in space such as
the design of metallic alloys for space exploration [2]. For semiconductors, high-energy particles
(protons/ions) in space displace Si atoms from their proper positions in the crystal lattice, creat-
ing crystal defects that alter the electrical properties of the device and lead to circuit failure. This
is a particularly critical problem in solar cell panels, as displacement damage causes a gradual
loss of output power. Space missions will also require the use of devices that are not specifically
designed for extraterrestrial environments. As an example, compound semiconductors such as
silicon carbide (SiC), indium arsenide (InAs), gallium arsenide (GaAs) and gallium nitride
(GaN) will be employed in various devices used in spacecraft. The displacement damage dose
(DDD) is a parameter calculated as the product of the non-ionizing energy loss (NIEL) and the
particle fluence and is used as an index to determine the lifetime of semiconductor devices
when exposed to radiation such as might be encountered in space [3-9]. The GEANT4 [10] and
FLUKA codes [11] can be used to calculate DDD values based on the NIEL database and the
expected particle fluences. When employing these simulation codes, the NEIL database for vari-
ous types of radiation obtained from the SR-NIEL calculator [12] is generally adopted. This
database includes contributions from Coulomb scattering cross-sections, nuclear reaction mod-
els and neutron data processing such as performed using the NJOY code [13].

DDD values for semiconductors can be estimated using the displacement per atom (DPA)
method. The DPA is the average number of displaced atoms per atom of a material based on
the Norgett-Robinson-Torrens (NRT) model [14]. The DPA is widely used as an index of the
displacement damage of materials exposed to radiation in nuclear power, fusion and accelera-
tor facilities, and is expected to be proportional to the DDD value. The difference between the
definitions of DDD and DPA is that DDD is based on damage energy whereas the DPA value
is calculated using the number of Frenkel pairs of vacancies and interstitial atoms, equivalent
to the ratio of the damage energy to the threshold energy of atomic displacement based on the
NRT model. Over the last two decades, molecular dynamics (MD) simulations have been used
to study defect formation in various materials. As an example, to consider the actual displace-
ment damage, in 2018 Nordlund et al. reported that a lot of Frenkel pairs in metals recombine
in a short time (about 107 seconds) calculated using MD simulations [15]. It is called the
athermal-recombination-correction (arc). Here, we define the defect production efficiency as
the ratio of the number of stable displacements at the end of collision cascade simulated by
MD simulations to the number of defects calculated by NRT model. Gao et al. obtained the
defect production efficiencies of compound semiconductors such as SiC [16], GaAs [17], GaN
[18] and InAs [19] based on MD simulations and found that these efficiencies varied with the
damage energies in the semiconductors. Thus, realistic estimations of radiation damage to
semiconductors in space will require the calculation of the effective DDD (DDD.g) values
obtained by the product of DDD_,,,, and the defect production efficiency, rather than the
DDD,oyy values obtained from the SR-NIEL calculator. Our own group developed a method
to calculate arc-DPA values, corresponding to the DDD.;, for all metals and for incident parti-
cles such as neutrons, protons, electrons and heavy ions over a wide energy range. This method
incorporates the results of the arc model while using Monte Carlo (MC) particle transport
codes such as the particle and heavy-ion transport code system (PHITS) [20, 21]. In this man-
ner, more realistic displacement damage values for metals were obtained compared with those
generated using the conventional DPA process based on the NRT model (NRT-DPA), corre-
sponding to the DDD .
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In the present work, we improved the arc-DPA calculation method in conjunction with the
PHITS code to calculate DDD . values for semiconductors, taking into account the defect pro-
duction efficiencies of SiC, GaAs, InAs and GaN. To highlight the practical applications of this
improved method, we calculated DDD . values for 300 um thick specimens of these semicon-
ductors with a cover glass made of silicon dioxide and an aluminum base plate in low-Earth
orbit (400 km) and in deep space using the cosmic ray source mode in the PHITS code. We
assumed protons for Trapped Particles (TP) [22] and almost all charged particles for Galactic
Cosmic Rays (GCR) [23] in low-Earth orbit, and charged particles for GCR in deep space.

Calculation methods

The techniques used to calculate DDD values via the MC particle transport method were
developed in the PHITS code. This section describes three aspects of these calculations: nuclear
scattering and reactions, approximation of displacement damage, and implementation of
defect production efficiencies, together with applications to space irradiation.

Nuclear scattering and reactions

In calculations involving incident hadrons (protons and heavy ions) with energies greater than
approximately 10 MeV/nucleon, the contributions of nuclear elastic and inelastic scatterings
to the DDD were considered in the PHITS physics models. Details of the physics models in the
PHITS code have been previously reported [24, 25].

Approximation of displacement damage

In our previous studies, a DPA calculation method was developed and implemented in the
PHITS code [24-27]. This process is briefly described here. The NRT-dpa cross-section in
PHITS can be expressed based on the coulomb scattering cross-section as

max

! dG oul ti
wran®) = 0, [ Ny () 0
tg i

where i is the type of charged particle, ¢ is a dimensionless collision parameter related to the
recoil energy [28], t4 is the dimensionless energy of the average threshold energy, Eq, ™" is

. . . ds . .
the dimensionless energy of the maximal transferred energy, and ”CT“I(” is the universal one-
i

parameter differential scattering cross-section in reduced notation as reported by Lindhard
et al. [28].

The differential scattering cross-section, do/dt, of charged particles is described based on
classical scattering theory using the screening function f(t"/?). The equation developed by

Lindhard et al. referred to above can be written as

doc,u(t)  mag f(#'°)
d 2 PR (2)

where arg is the screening distance. The screening function, f{t'/?), can be generalized to pro-

vide a one parameter universal differential scattering cross-section equation for interatomic
potentials such as screened and unscreened Coulomb potentials. The general form of this
equation is

F(7) = a1+ (220 ()

where A, m and g are constants for each metal. Nyrr_apa in Eq 1 is the average number of
defects based on the NRT-dpa model using the phenomenological approach. Nygr is a
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function of the damage energy and is given as

0, T, <E
1 E, < T, <2ta
Ny (Ty) = 7 ¢ 1708 (4)
8T 2E
08 4 )
2F, 0.8

where Ty is the damage energy. This value is the energy available to generate atomic displace-
ments by elastic collisions [14].

Based on the conventional DPA calculation method using NIEL values, the conventional
NIEL, NIEL,y,, value related to the NRT-dpa cross-section of a material can be written as

pmax

i doc,.(t, 2E
NiEt, (0 =03 [ 1) Ty - o200 )
ta i .

where p is the atomic density of the semiconductor. To obtain a universal one parameter dif-
ferential scattering cross-section, the Ziegler-Biersack-Littmark (ZBL) screening potential [29]
(A=5.01, m=0.203 and q = 0.413) used in the SR-NIEL calculator was employed in Eq 5. The
relativistic and quantum mechanical cross-section derived by McKinley and Feshbach [30]
was used for the coulomb scattering cross-section of electrons. In this manner, the PHITS
model was able to calculate NIEL and DDD values on an event-by-event basis for all incident
particles and target semiconductors without the NIEL database.

Fig 1 plots the NIEL values for the proton, neutron and electron irradiation of silicon as
determined using the PHITS model and numerical data obtained from the SR-NIEL calculator
[12]. The displacement energy of silicon was 21 eV [31]. The energy range of the neutrons in
this work was from 10™* MeV to 10 GeV, that of protons from 10~* MeV to 10 GeV and that of
electrons from 10" MeV to 200 MeV. This plot confirms that the NIEL values calculated
using the PHITS model were in good agreement with the data obtained from the SR-
calculator.

Implementation of defect production efficiencies

When determining the NIELconv values for semiconductors as well as the NRT-dpa cross-sec-
tions, the number of defects produced by a recoil will be directly proportional to the recoil
energy. Consequently, the NIELconv will be proportional to the number of defects produced
by the irradiation. However, it has been recognized that the NIEL value is not proportional to
the number of defects because of the non-linear processes that take place in semiconductors
that are associated with the formation of amorphous pockets [16-19]. Therefore, it is impor-
tant to adopt NIEL values for semiconductors using MD simulations with amorphization
models; Gao et al. [16-19] adopted the direct impact/defect stimulation model [32] as an
amorphization model. Note that although MD simulations use realistic damage models, the
accuracy of MD simulations in semiconductors is not clear due to the lack of experimental
data. Further measurements are needed to benchmark the simulation in the future.

Fig 2 plots defect production efficiencies as functions of the cascade damage energy for SiC
[16], GaAs [17], GaN [18] and InAs [19] as calculated by MD simulations. In the case of dpa
calculations involving metals, the arc model has been applied to the NRT-dpa technique and
the defect production efficiency when fitted based on the results of MD simulations can be
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Fig 1. NIEL values for the proton, neutron and electron irradiation of silicon. This plot confirms that the NIEL
values calculated using the PHITS model were in good agreement with the data obtained from the SR-calculator [12].

https://doi.org/10.1371/journal.pone.0276364.9001

expressed as [15]

(@yp = C\p) b
= e 0
0Ly

where k is the defect production efficiency as a function of the damage energy, Ty, and ayp,
bups cmp and Eq are constants that must be determined for a given material from MD simula-
tions. In this work, the results calculated using an MD code for the semiconductors were fitted
with Eq 6 to obtain values for ayp, byp and cyp (see Table 1). The effective NIEL value, NIE-
L.s, was calculated as

pmax

i do . (t 2E
NiE (0 =3, [ k)T e < 2 o)
tq i

From Fig 2, it is evident that the GaAs and InAs data exhibit the same trend but the values
for GaN and SiC show the opposite behavior. The surviving probabilities of defects for the
arsenic compounds GaAs and InAs evidently increase along with the damage energy and this
increase is nonlinear over the energy range from 1 to 20 keV. According to prior MD calcula-
tions [16-19], this nonlinear behavior can be explained by direct impact amorphization
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Fig 2. Defect production efficiencies as functions of the cascade damage energy for SiC, GaAs, GaN and InAs. The surviving
probabilities of defects for the arsenic compounds GaAs and InAs evidently increase along with the damage energy and this increase is
nonlinear over the energy range from 1 to 20 keV.

https://doi.org/10.1371/journal.pone.0276364.9002

because the formation of these disordered regions will be exaggerated at higher energies for
both InAs and GaAs. Conversely, the defect production efficiency decreases as the damage
energy increases for GaN and SiC.

Table 1. Material constants used for the calculation of damage production. E, values for SiC [16], GaAs [17], GaN
[18] and InAs [19] were obtained from the literature.

SiC InAs GaAs GaN
Eq (eV) 25 15 14 50
amp 1.0 1.5 1.0 1.5
bvp -0.03 -0.04 -3 -0.059
cMD 0.38 12 10 0.99

https://doi.org/10.1371/journal.pone.0276364.t001
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Effects of irradiation on semiconductors in space

The displacement damage of semiconductors intended for used in solar panels in space was
evaluated by determining DDD values for these materials in response to exposure to cosmic
rays. These calculations employed the cosmic ray source mode in the PHITS code. This source
mode reproduces the cosmic ray energy and angular distributions in space and in Earth’s
atmosphere based on four environments. These include GCR related to radiation in space
[23], the atmosphere [32, 33], solar energetic particle (SEP) [34, 35] and TP [22] in low-Earth
orbit. In this work, we calculated DDD values for semiconductors in low-Earth orbit (altitude
of 400 km) using the GCR and TP fluxes as source terms and also in deep space using the GCR
fluxes. The solar modulation potential (the so-called W-index) was set to zero to reproduce the
solar minimum condition. Fig 3 shows the particle energy spectra of space radiation sources
for a low-Earth orbit and for deep space as obtained using the cosmic ray source mode. The
main radiation source in low Earth orbit is TP protons. The GCR flux includes almost all the
charged particles found in space, including protons and He, Li, Be, B, C, N, O, F, Ne, Na, Mg,
AL Si, P, Cl, Ar, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co and Ni ions. Note that trapped electrons were
not considered as a component of space radiation in this work because the electron NIEL
value is smaller than that of protons.

Fig 4 shows the DDD geometry calculated for a semiconductor device exposed to cosmic
rays in the PHITS code. In this scenario, the semiconductor is placed at the center of a sphere
having a radius of 50 cm and irradiated with cosmic rays originating from the surface of the
sphere. The device comprises a glass cover made of silicon dioxide (SiO,), a semiconductor
and an aluminum plate. The semiconductor is 300 pum thick while the aluminum plate has a
thickness of 40 mm, which is sufficient to stop 100 MeV protons. The thickness of the glass
cover was varied from 0 to 800 um. The DDD value for InAs with a glass cover was also calcu-
lated to investigate the shielding of low-energy (below approximately 10 MeV) protons in a
low-Earth orbit. The density of the glass cover was 2.5 g/cm’ while that of the aluminum plate
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Fig 3. Particle energy spectra of radiation sources for a low-Earth orbit (left) and for deep space (right). The GCR and TP fluxes are included in low-Earth orbit and the
GCR fluxes are included in deep space. Note that electrons in space-based radiation are ignored in the current version of PHITS.

https://doi.org/10.1371/journal.pone.0276364.9003
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Fig 4. Calculated DDD geometry for a semiconductor exposed to cosmic rays as determined in the PHITS code. In this diagram, space-based radiation is emitted

from the surface of the sphere towards the center.
cover was varied from 0 to 800 um.

The device comprises a glass cover made of SiO,, a semiconductor and an aluminum plate. The thickness of the glass

https:/doi.org/10.1371/journal.pone.0276364.9004

was 2.7 g/cm’. The densities of the semiconductors were 3.21 g/cm® for SiC, 5.67 g/cm” for
InAs, 5.32 g/cm’ for GaAs and 6.15 g/cm” for GaN.

Results and discussion
NIEL values

Fig 5 plots the NIEL,,, values calculated using Eq 5 and the NIEL.¢ values calculated using Eq
7 for SiC, InAs, GaAs and GaN in the case of proton and neutron irradiation. These calcula-
tions used a neutron energy range of 10"'' MeV to 10 GeV and a proton energy range from
10~ MeV to 10 GeV. In the case of the neutron-based NIEL values in the energy range below
107* MeV, the values for GaN are larger than those for GaAs, InAs and SiC by factors of 90, 50
and 845, respectively. In this neutron energy range, recoils produced by the neutron capture
(n,y) reaction are dominant for all nuclei. In addition, the "*N(n,p)**C nuclear reaction is also
dominant for nitrogen. Fig 6 presents the recoil energy spectra based on the reactions of inci-
dent 107" MeV neutrons with '*N as calculated using the PHITS code. This reaction produces
not only "°N atoms with energies below 5 keV via the '*N(n,y) reaction but also 30 keV *C
atoms and 0.58 MeV protons via the '*N(n, p) reaction. In the case of GaN, 30 keV '*C atoms
make the greatest contribution to the displacement damage. Therefore, GaN is the most sensi-
tive to low-energy neutron irradiation environments (such as in spacecraft) among these semi-
conductors. In these environments, secondary neutrons are generated by neutron-based
elastic and inelastic reactions between radiation and various materials. In the case of proton
irradiation, Coulomb scattering between incident protons and the target is responsible for the
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Fig 5. NIEL.¢ and NIEL,,,, values for the proton and neutron irradiation of semiconductors as calculated using the PHITS code.

https://doi.org/10.1371/journal.pone.0276364.9005

majority of radiation-induced damage below 10 MeV while secondary particles produced by
nuclear reactions are dominant in the high-energy range above 10 MeV.

Fig 7 shows the NIEL¢/ NIEL,,, ratios for SiC, InAs, GaAs and GaN in response to pro-
ton and neutron irradiation. With the exception of SiC, this ratio is greater than 1 over the
entire energy range for both protons and neutrons because the ratio of the defect production

efficiency to the damage energy remains higher than 1, as demonstrated in Fig 2. For SiC and
GaN exposed to proton irradiation, this ratio decreases with increases in proton energy. In
contrast, the results for InAs and GaAs indicate that the ratio increases along with the proton
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energy up to 100 MeV and then plateaus because the defect production efficiency at damage
energies remained constant above 20 keV.

DDD values of semiconductors in space

Table 2 summarizes the DDD.g DDDy,,y and DDD.g/ DDD,,,, values for SiC, InAs, GaAs and
GaN exposed to cosmic rays in low-Earth orbit and in deep space. Fig 8 provides a graph of the
DDD.gand DDD,,,, data while Fig 9 shows the DDD,g/ DDD,,,,, ratios for these same materials.

A comparison of the DDD ¢ values associated with low-Earth orbit and deep space demon-
strates that TP radiation in the former scenario makes the largest contribution to the displace-
ment damage. This occurs because the NIEL value of protons increases with decreasing energy
as a consequence of the significant contribution of Coulomb scattering between the proton
and the target atom (see Fig 5). The ratio of DDD. for low-Earth orbit to DDD. for deep
space was found to be 13.0 for SiC, 2.92 for InAs, 3.48 for GaAs and 4.43 for GaN.
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Fig 7. NIEL.s / NIEL,,,, ratios for semiconductors in response to proton and neutron irradiation.
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Because the TP fluence for a low-Earth orbit, which is mainly composed of low-energy
(below 10 MeV) protons, is about 10*~10° times higher than the GCR fluence (as shown in Fig
3), it is important to prevent low-energy protons from directly entering the semiconductor in
low-Earth orbit. Therefore, a 100 um thick glass cover can be used as a shielding material as
shown in Fig 4. The radiation shielding ability of this cover was evaluated by calculating the
DDD. values for semiconductors in association with a TP radiation component while varying
the cover thickness. Fig 10 plots the DDD. values for InAs in conjunction with the TP com-
ponent for a low-Earth orbit as a function of the glass cover thickness. The values are seen to
be dramatically reduced as the cover thickness is increased to 200 pm and gradually decrease
thereafter. The ratio of DDD. with a thick glass cover to DDD.¢ without a glass cover was
determined to be 0.35 for a 200 um thickness and 0.26 for an 800 um thickness. Calculations
for the other semiconductors showed the same trend. Therefore, a glass cover with a thickness
of approximately 200 um is sufficient to decrease the effect of low-energy protons and so
reduce displacement damage in semiconductors.

Fig 9 provides a comparison between DDD,¢and DDD,,,, for a low-Earth orbit and for
deep space. It is apparent that the DDD. values for InAs and GaAs are higher than the
DDD oy values by factors of 2.0-2.6. This effect is attributed to the increase in defect

Table 2. DDD,gf, DDD,,,y and DDD,g / DDD,,,, for SiC, InAs, GaAs and GaN exposed to cosmic rays in low-Earth orbit and deep space.

Component SiC InAs GaAs GaN
DDD.¢ (MeV/g/day) Low-earth orbit 2.45E+03 9.31E+03 8.77E+03 3.54E+03
Deep space 1.89E+02 3.19E+03 2.52E+03 7.99E+02
DDD,,,, (MeV/g/day) Low-earth orbit 3.52E+03 3.88E+03 4.04E+03 3.16E+03
Deep space 3.05E+02 1.30E+03 9.81E+02 7.61E+02
DDD.gs/ DDDopy Low-earth orbit 6.97E-01 2.40E+00 2.17E+00 1.12E+00
Deep space 6.19E-01 2.46E+00 2.57E+00 1.05E+00

https://doi.org/10.1371/journal.pone.0276364.t1002
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production efficiencies with increases in the damage energy because of direct impact amorphi-
zation in the InAs and GaAs. In contrast, the DDD.¢ value for SiC was lower than DDD .y, by
a factor of 0.7 because the defect production efficiency decreased with increases in the damage
energy based on the recombination of defects in this material. The DDD,,, values calculated
by the conventional method are quite different than the DDD. values calculated based on a
more realistic displacement damage effect, confirming the importance of estimating realistic
displacement damage. As the development of semiconductors continues, it will be desirable to
investigate the defect production efficiency of new semiconductors using MD simulations and
to implement this effect in MC particle transport codes in future.

Conclusion

The DDD is a common index used to determine the life time of semiconductor devices used in
space radiation environments. DDD values are typically estimated from NIEL but a new defi-
nition of DDD, the so-called effective DDD, was recently proposed that takes into account the
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defect production efficiency obtained from MD simulations. The present work developed a
new model for calculating both conventional and effective DDD values for SiC, InAs, GaAs
and GaN semiconductors, by extending the DPA tally implemented in the PHITS code. The
results suggest that the effective DDD will be higher than the conventional DDD for arsenic
compounds as a consequence of amorphization resulting from direct impacts, while the oppo-
site is true in the case of SiC because of recombination effects of defects. Data for SiC and GaN
exposed to proton irradiation indicate that the ratio of the effective DDD to the conventional
DDD decreases with proton energy. However, the results obtained for InAs and GaAs show
that this ratio exceeds 1 for proton energies up to 100 MeV and eventually plateaus. This effect
occurs because the defect production efficiency was constant at energies over 20 keV. The
practical application of this approach was assessed by calculating the effective DDD values for
these same semiconductors sandwiched between a thin glass cover and an aluminum plate and
placed in a low-Earth orbit. This analysis established that the effective DDD could be dramati-
cally reduced by increasing the thickness of the glass cover to 200 pm. This result confirms the
importance of the shielding applied to semiconductor devices intended for use in space. The
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improved PHITS code is expected to contribute to the design of semiconductors in future by
allowing effective DDD values to be calculated for various semiconductors having complex
geometries and potential exposure to cosmic ray environments. In future work, we intend to
include electrons in the space source function in the PHITS code and to calculate DDD values
for electrons.
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