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Abstract—This works is a first tentative to explore, by 

simulation, the radiation response of III-V binary compound 
semiconductors subjected to high energy atmospheric neutrons. 
The study focuses on the radiation response of eight III-V 
materials: GaAs, AlAs, InP, InAs, GaSb, InSb, GaN and GaP. For 
each semiconductor, the interaction rates of a bulk material target 
exposed to a neutron source mimicking the atmospheric neutron 
spectrum at sea-level is evaluated both from direct calculation 
using nuclear cross section libraries and by Geant4 simulations. 
These latter are also used to investigate in detail the reaction rates 
per type of reaction (elastic, inelastic, nonelastic) and to classify all 
the neutron-induced secondary products considering their atomic 
number and energy. Implications for single event effects are 
analyzed and discussed, notably in terms of electrical charge 
deposited in the material with respect to the critical charge for 
technologies ranging from 180nm to 14nm. 
 

Index Terms—atmospheric neutrons, binary compound 
semiconductors, III-V materials, neutron cross section, elastic 
scattering, inelastic scattering, nonelastic interactions, nuclear 
data library, Geant4, numerical simulation. 

I.  INTRODUCTION 
Beyond optoelectronics, high-frequency or integrated power 

applications, III-V semiconductor materials are becoming 
attractive materials for advanced CMOS nanoelectronics; they 
are currently extensively investigated in the perspective of 
silicon replacement for both n-channel and p-channel materials 
in CMOS, due to higher carrier mobilities for both electrons 
(GaAs, InAs, InGaAs, InP) and holes (GaSb, InGaSb) with 
respect to Si and compatibility with high-k dielectric-based gate 
stacks [1-3]. A recent work demonstrated that nanowire n-type 
(InAs) and p-type (GaSb) transistors can be co-processed and 
co-integrated in a viable alternative to current CMOS silicon 
technology, offering increased drive-currents up to 1800 
µA/µm for the n-MOS device [4]. 

From a radiation effect point-of-view, total ionizing dose 
(TID), heavy ion and laser responses of III-V MOS transistors 
in modern architectures have been recently studied [5-7]. III-V 
materials and related devices have been also extensively 
investigated from the perspective of the creation mechanisms 
of single event effects (SEEs) [8-11] but relatively little work 
concerns their response to atmospheric neutrons. The aim of 
this work is precisely to examine the radiation response of III-
V binary compound semiconductors subjected to high energy 
atmospheric neutrons (above 1 MeV). The study focuses on  
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eight materials: GaAs, AlAs, InP, InAs, GaSb, InSb, GaN and 
GaP. For each material, we investigated the first steps of the 
production of atmospheric neutron-induced single event effects, 
as illustrated in Fig. 1. These single particle effects are the 
consequences of interactions of neutrons, created in 
atmospheric cascading showers, with a target of bulk material 
exposed at ground level to this natural flux of neutrons. Neutron 
interactions result in the production of secondary charged 
particles that deposit their energy in the material and create 
electron-hole pairs along their path [12]. As we will show in the 
following, quantitative data extracted from these first steps give 
important indications on the susceptibility of such materials to 
natural radiation at ground level, by considering the case of bulk 
silicon as the reference material for systematic comparison 
purpose. 

 
Fig. 1. Synopsis of the production of neutron-induced single event effects 
showing the first steps investigated in this work. LET means linear energy 
transfer. 
 

The paper is organized as follows. Section II presents the 
different compound materials studied and summarizes their 
main physical and electronic properties. Section III details the 
direct and Geant4 calculation of the atmospheric neutron 
reaction rate in a layer of material. Section IV presents a 
complete analysis of neutron-induced secondaries produced in 
these III-V materials using Geant4 [13-14]. Finally, in section 
V, implications for single event effects are discussed in terms 
of electrical charge deposited in the material with respect to the 
critical charge for technologies ranging from 180nm to 14nm. 
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II.  MATERIAL PROPERTIES AND NUCLEAR DATA LIBRARIES 
The III-V binary compounds studied in the following are 

made from seven chemical elements from columns III (Al, Ga, 
In) and V (N, P, As, Sb) of the periodic table. We voluntary 
excluded boron-based compounds (BN, BP, BAs, BSb) from 
this study, due to the thermal neutron sensitivity of these 
materials (if not selective in isotopes) induced by the presence 
of 10B [15-17]. Eight compound materials have thus been 
considered: GaAs, AlAs, InP, InAs, GaSb, InSb, GaN and GaP 
(GaAs and GaN materials have been recently explored in [18]). 
Table I summarizes the main experimental values for these 
materials in terms of bandgap, density, and electron-hole pair 
creation energy. Due to their composition and crystallographic 
structure, all these materials are more dense than Si (2.32 
g/cm3); five materials (GaAs, AlAs, InP, GaN, GaP) exhibit a 
bandgap larger than Si and logically a larger electron-hole pair 
creation energy (3.6 eV for Si), three materials (InAs, GaSb, 
InSb) are low bandgap semiconductors (< 1eV) with lower 
electron-hole pair creation energy than Si. The value of 
electron-hole pair creation energy Eeh is currently missing in 
literature for GaSb and InSb; we used values deduced from the 
Klein’s model [19] linking energy bandgap and energy for e-h 
pair creation in semiconductor materials (Fig. 2). 
 

TABLE I. MAIN PROPERTIES OF THE III-V BINARY COMPOUNDS STUDIED IN 
THIS WORK. VALUES FOR SI ARE ALSO REPORTED. 

III-V binary 
compound 

Bandgap 
@ 300K 
Eg (eV) 

Number 
of atoms 
per cm3 
( ´1022) 

Density 
(g/cm3) 

Electron-hole pair 
creation energy Eeh 

(eV) 
Exp. 
data 

Klein’s 
model 

GaAs 1.42 4.42 5.32 4.8 4.6 

AlAs 2.16 4.42 3.76 6.8 6.7 

InP 1.34 3.96 4.81 4.5 4.4 

InAs 0.36 3.59 5.67 1.8 1.7 

GaSb 0.73 3.53 5.61 - 2.7 

InSb 0.17 2.94 5.78 - 1.1 

GaN 3.39 8.90 6.15 8.9 10.2 

GaP 2.26 4.94 4.138 6.8 7.0 

Si 1.12 5.00 2.32 3.6 3.8 

 

 
Fig. 2. Energy for e-h pair creation as a function of the bandgap energy for the 
III-V binary compound materials studied in this work. 

 

TABLE II. NATURAL ABUNDANCE OF NUCLIDES RELATED TO III-V BINARY 
COMPOUNDS MATERIALS STUDIED IN THIS WORK AND AVAILABILITY OF CROSS 
SECTION IN EDNFB-VII.1 AND TENDL-2017 NUCLEAR DATA LIBRARIES. 

 

Symbol Atomic 
number Nuclide Natural 

abundance 

ENDFB-
VII.1. 

(20 MeV) 

TENDL-
2017              

(200 MeV) 
Al 13 13-Al-27 100.00% ✓* ✓ 

Ga 31 
31-Ga-69 60.10% ✓ ✓ 

31-Ga-71 39.90% ✓ ✓ 

In 49 
49-In-115 95.70% ✓ ✓ 

49-In-113 4.30% ✓ ✓ 

N 7 
7-N-14 99.60% ✓* ✓ 

7-N-15 0.40% ✓ ✓ 

P 15 15-P-31 100.00% ✓* ✓ 

As 33 33-As-75 100.00% ✓ ✓ 

Sb 51 
51-Sb-121 57.40% ✓ ✓ 

51-Sb-123 42.60% ✓ ✓ 

Si 14 

14-Si-28 92.20% ✓* ✓ 

14-Si-29 4.70% ✓* ✓ 

14-Si-30 3.10% ✓* ✓ 
*Extended to 120 MeV 

 

 
Fig. 3. High energy (> 1 MeV) neutron (total) cross sections for the main 
nuclides related to the III-V materials studied. Data from the TENDL-2017 
nuclear data library.  
 

Table II indicates the isotope composition of the elements 
related to the III-V compounds studied in this work and their 
natural abundance. The study of atmospheric neutron 
interactions with the compounds of Table I requires: i) the 
availability of neutron cross-sections for all nuclides listed in 
Table II and ii) if possible, an extended energy range above 1 
MeV, due to the nature of the atmospheric neutron spectrum 
[20]. Even if the US standard evaluated nuclear data library 
ENDF/B (ENDFB-VII.1) [21] responds well to the first point 
(in particular for In and Sb that are not included in all nuclear 
data libraries), however, the upper energy limit is only 20 MeV 
for Ga, In, Sb and As. After checking of several nuclear data 
libraries, we choose the new release of the TENDL library 
(TENDL-2017) [22] that offers availability of all neutron cross-
sections up to 200 MeV. Fig. 3 shows the total cross sections 
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for the most abundant nuclides for the seven elements and also 
for 14-Si-28 for comparison. These data are used in the next 
section to evaluate the neutron reaction rate in a layer of the 
different compound materials. 

III.  NEUTRON REACTION RATES IN A LAYER OF MATERIAL 
The susceptibility of the studied materials to atmospheric 

neutron has been roughly evaluated by a direct calculation of 
the reaction rate in a target representative of a microelectronic 
circuit, following a method introduced by Wrobel et al [23].  

According to [23], we first calculated the number of nuclear 
reactions Rn in a material layer with an area of S=1 mm2, a 
thickness of e=1 µm and an atomic density equal to that of 
silicon (N=5 ´1022 at./cm3). Rn is simply given by: 

𝑅! = 𝑁𝑒 ∫ 𝜎(𝐸) "#
"$

$%&'
$%(! 𝑑𝐸 (1) 

where s(E) is the neutron cross section of the considered 
element constituting the material, dj/dE is the differential 
neutron flux, Emin and Emax are the limits of the energy domain 
considered (in the following, Emin = 1 MeV and Emax = 200 
MeV). 

To evaluate Eq. (1), we considered in our calculation the 
differential neutron flux shown in Fig. 4 measured by 
Goldhagen et al. [24] and modeled by Gordon et al. [20] under 
the form of an analytical fitting function given by: 

"#
"$
= 𝐴 × 𝑒𝑥𝑝[𝐵(𝑙𝑛𝐸)) + 𝐶𝑙𝑛(𝐸)] + 𝐷 ×

𝑒𝑥𝑝[𝐹(𝑙𝑛𝐸)) + 𝐺𝑙𝑛(𝐸)] + (2) 

with A = 1.006´10-6, B = -0.35, C = 2.1451, D = 1.011´10-3,  
F = -0.4106 and G = -0.667. 
 

 
Fig. 4. Differential atmospheric neutron flux as a function of neutron energy 
measured by Goldhagen et al. [24] and modeled by Gordon et al. [20] in the 
energy range above 1 MeV and under reference conditions (sea level, New York 
City, mid-level solar activity, outdoors). 
 

Fig. 5 shows the results of our calculations using Eq. (1) 
applied to “materials” constituted by a single element of Table 
II with an isotope composition mimicking the natural 
abundance. In order to compare with Wrobel’s data, nuclear 
rates are expressed for a duration of 109 h and for a neutron flux 
corresponding to 12 km altitude. Our results shown in Fig. 5 are 
in very good agreement with Wrobel’s data. For each element, 
we give in addition the number of elastic and nonelastic events 

 
Fig. 5. Calculated number of nuclear interactions in 109 h induced by high 
energy (>1 MeV) atmospheric neutrons in a layer of material of 1 mm2. Data 
are compared to previous results published in [16]. 

 
Fig. 6. Calculated number of nuclear interactions induced by atmospheric 
neutrons in different III-V binary compound materials (exact composition with 
natural abundance of nuclides) deduced from Eq. (1) for ENDFB-VII.1 and 
TENDL-2017 nuclear data libraries and from Monte Carlo simulations using 
Geant4. 
 
(see definitions in IV.A) directly evaluated from TENDL-2017 
(MF=3, MT=2 for elastic cross section). From data of Fig. 5, 
the reaction rates for all the III-V materials of Table I can be 
deduced, taken into account the exact number of atoms per cm3 
and the binary nature of the compounds. In order to compare 
with our previously published results on Si [25], Ge and SiC 
[18], we change in the following the normalization factors 
introduced for the expression of the nuclear rates, choosing 
now: S = 1 cm2, e = 20 µm, duration of 5x106 h and neutron 
flux at sea level. With respect to Wrobel’s conditions 
previously used in Fig. 5, these differences result in new 
reaction rates equal to Wrobel’s ones exactly divided by a 
numerical factor of 50. 

Fig. 6 shows the results of these calculations for nuclear 
interaction rates evaluated from ENDFB-VII.1 and TENDL-
2017 nuclear data libraries and from Monte Carlo simulations 
using Geant4 version 4.9.4 patch 01 (eight separate runs for 
each compound as the target material). The list of physical 
processes employed in these simulations is based on the 
standard package of physics lists QGSP_BIC_HP [26]. Details 
are given in Appendix A. Other simulation details can be found 
in Ref. [18].  
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With respect to Fig. 5, the neutron reaction rates considering 
the exact number of atoms per volume unit leads to significantly 
narrow the range of values: almost all materials, GaN excepted, 
exhibit similar global reaction rates, between 15,000 and 20,000 
(Geant4 values) for the 1 cm2x 20 µm target exposed during 
5´106 h. These values respectively correspond to interaction 
rates equal to 7.5´105 and 1´106 for 1mm2 ´ 1µm target 
exposed during 109 h. Geant4 values are logically found greater 
to those derived from ENDFB-VII.1 (limited to 20 MeV in 
energy) and in good agreement with those obtained with 
TENDL-2017. In the next section, Geant4 databases are 
analyzed in order to examine in detail the production of 
secondaries for the different binary compounds. 

IV.  DETAILED ANALYSIS OF INTERACTIONS AND SECONDARIES 

A.  Geant4 database analysis 
Geant4 databases have been computed for the eight III-V 

compound materials and for Si exactly with the same 
compilation rules: i) the Geant4 code eliminates in the output 
file (raw data) all secondaries below 1 keV of energy; ii) a post-
treatment script compiles the final database from raw data by 
eliminating all g photons, p0, e+, e- and h particles, not able to 
induce significant single event effects in such materials. The 
energy cutoff of 1 keV corresponds, for each material, to an 
amount of deposited electrical charge equal to 1 keV/Eeh (Eeh 
given Table I) well below the minimal critical charge of the 
current and future technologies (see paragraph IV.B). Its value 
is thus sufficiently low to guarantee that all products susceptible 
to play a significant role at electronic circuit level and for all 
materials are taking into account in our analysis. 

Fig. 7 shows the distributions of elastic, inelastic and 
nonelastic events for the different III-V compound materials 
and for Si, as obtained from the analysis of the computed 
databases with the energy cutoff of 1 keV previously defined. 
For memory, interactions of neutrons with atomic nuclei can be 
divided in two major mechanisms: scattering (elastic, inelastic) 
and capture (or non-elastic) [27-28]. In the elastic scattering, 
the nature of the interacting particles is not modified; the recoil 
nucleus is then the same as the target nuclei A or B in the case 
of a binary compound material AB. The inelastic scattering is 
similar to the elastic scattering except that the impacted target 
nucleus A or B undergoes an internal rearrangement into an 
excited state from which it eventually releases radiation. Instead 
of being scattered, an incident neutron may be absorbed or 
captured by a target material nucleus A or B. Many reactions 
are possible and a large variety of particles can be emitted. This 
type of interaction is also called nonelastic interaction. 

In Fig. 7, materials have been ordered according to the 
increasing number of interactions: all III-V materials exhibit a 
higher interaction rate than the one of Si. Between all materials, 
GaSb, AlAs and InSb show the number of interaction events the 
closest from the one of Si. GaN show the highest number of 
interactions, mainly due to the number of atoms per volume unit 
for this compound semiconductor which is almost double with 
respect to all other materials (see Table I). 
The proportion of elastic events is clearly predominant for Si 

(68%), GaP, GaN (55%), AlAs (54%) and InP (53%) whereas 
inelastic+nonelastic events are the majority products for GaAs 
(56%), InAs, InSb (54%) and GaSb (53%). For Si, 
inelastic+nonelastic events are around 32%, which is lower than 
40% found in previous studies [25]. But we have to remember 
that, in the present case, all recoils and secondaries with 
energies as low as 1 keV were taken into account in the 
databases, contrary to the case of previous studies for which a 
cutoff energy of 40 keV was used. As we will see in the next 
paragraph (IV.B), such proportions of elastic and inelastic+ 
nonelastic events depend of the product energy cutoff fixed to 
conserve or reject products as soon as they are pertinent or not 
to induce SEEs with respect to a given technological node. It is 
the reason why these percentages may vary. 

 
Fig. 7. Number of elastic, inelastic and nonelastic interactions induced by 
atmospheric neutrons in the different III-V binary compound materials obtained 
from Geant4 simulations. 

 
Fig. 8. Distribution of products resulting from the interactions of atmospheric 
neutrons with the different III-V binary compound materials obtained from 
Geant4 simulations. The horizontal line corresponds to the total in the case of 
silicon for eye guide. 
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Fig. 8 shows the distribution of all secondaries produced in 
these interactions between atmospheric neutrons and the 
different targets of III-V binary compound materials; Fig. 9 
gives their energy distribution. Four groups of particles have 
been defined in Fig. 8: i) protons, deuterons and tritons (Z=1), 
ii) alpha particles and He-3 (Z=2), iii) nuclei corresponding to 
target atoms (named recoils #1 and #2 for binary compounds) 
and iv) other nuclei. Similar distributions of these particle 
groups are found for all materials, GaN excepted, with 
approximately 20-25% of protons+alphas, 60% of target nuclei 
and the remaining 15% of other nuclei. For GaN, a higher 
proportion of protons and alpha particles is observed (more than 
two times the quantity observed in Si), due to significant cross 
sections for 14N(n,p)14C and 14N(n,a)11B reactions. For this 
material, the combined effects of a high density and the 
presence of nitrogen leads to such a large difference with 
respect to other III-V materials in terms of a higher number of 
interactions, of secondaries produced and of alphas and protons. 
Histograms of Fig. 9 show that, with respect to Si, interactions 
in III-V compound materials generate more low energy 
products (typically below 0.1 MeV) and more high energy 
products (above 10 MeV). On contrary, in the energy domain 
between 0.1 MeV and 10 MeV, more products are observed for 
Si with respect to the other materials, except for GaN which 
exhibits the largest distribution above 0.1 MeV.  

Such energy product distributions can be explained by 
resolving the respective distributions of protons, alpha particles, 
target nucleus recoils and other ions, shown in Fig. 10 for GaN 
and InSb (the two extreme cases evidenced in Fig. 9) and also 
for the reference Si. Below 0.1 MeV, the greater number of 
recoils for InSb and GaN than for Si is the direct consequence 
of higher elastic cross sections for these higher-Z atoms (Ga, In, 
Sb) than those for Si and of a higher number of atoms per 
volume unit for GaN. Around and above 1 MeV, important 
difference in alpha and proton distributions (total numbers and 
positions of the maxima) for these three materials explain the 
respective positions of the distributions observed in Fig. 9. In 
particular, alpha particles are found to be produced with higher 
energies (up to 100 MeV) in all III-V materials than in Si 
(maximum 35 MeV), due to the nature of nuclear reaction 
channels for such higher-Z atoms.  

 
Fig. 9. Energy histograms (100 bins) of all secondary products induced by 
atmospheric neutron interactions in the different III-V material targets (also 
including silicon for comparison). 

 

 

 
Fig. 10. Energy histograms (100 bins) of protons, alphas, target nucleus recoils 
and other ions produced by atmospheric neutron interactions in Si, InSb and 
GaN targets. 
 

B.  Low energy threshold versus technological nodes 
In previous studies and for standardization purposes [18,25], 

we systematically eliminated for the database analysis all 
secondary particles not able to deposit an electrical charge in 
the target material above a certain threshold quantity, arbitrary 
fixed to 1.8 fC [25]. This criterion mechanically decreased the 
number of less energetic events and potentially eliminates 
secondary products that may induce significant SEEs in the 
most integrated technologies. In this paragraph, we would like 
to evaluate the impact of such a criterion on the database 
analysis and to extend the range-of-interest of our results to 
more integrated technological nodes (initially, 1.8fC has been 
chosen as it corresponded in 2010 to the typical critical charge 
of a bulk silicon 65nm SRAM technology).  

For this purpose, we consider the current values of the 
minimum critical charge for standard SRAM memory cells as a 
function of the technological node, as given by Table III (after 
Seifert et al. [29]). For each semiconductor material, this value 
is converted into a threshold energy (that corresponds to the 
energy necessary to create the critical charge when totally 
absorbed and converted into e-h pairs) considering the value of 
the electron-hole pair creation energy Eeh given in Table I. For 
example, a critical charge of 0.9 fC (that corresponds to the 
45nm node) corresponds to a threshold energy value of 20.2 
keV in the case of silicon and to 50 keV in the case of GaN, etc. 
Doing this for each node and each material, we applied a post-
treatment script on the computed Geant4 databases to eliminate 
all interactions giving secondary products with energies below 
this threshold. Results of these processing are shown in Fig. 11. 
The number of interactions dramatically decreases for all 
materials, primarily eliminating the less energetic elastic events 
and, to a lesser extent, the number of inelastic events.  
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Fig. 12. Percentage of elastic interactions in the total number of atmospheric neutron-material target interactions of Fig. 7 as a function of technological node for 
the different III-V compounds and for the reference Si. The decrease of the critical charge versus technology integration requires to take into account more and 
more low energy elastic events susceptible to induce SEEs when decreasing from 180 nm to 14 nm nodes. 
 

 
TABLE III. MINIMUM CRITICAL CHARGE VERSUS TECHNOLOGICAL NODES FOR 
STANDARD SRAM MEMORY CELLS. AFTER [29]. 
 
Technological 

node (nm) 180 130 90 65 45 32 22 14 

Critical charge 
Qcrit (fC) 3.5 2.9 1.9 1.3 0.9 0.85 0.8 0.7 

 
Fig. 11. Remaining number of interactions in III-V and Si material targets 
giving secondary products above a certain energy threshold calculating from 
the critical charges of Table III for technological nodes ranging from 180 nm to 
14 nm. 1 keV data correspond to the number of interactions contained in Geant4 
databases before event rejection considering this energy threshold per node. 
 

These decreases are, logically, the most important for the 180 
nm (characterized by the highest critical charge of 3.5 fC) and 
reaches minimum values for the 14 nm node (minimum critical 
charge of 0.7 fC) for which more elastic events produce recoils 
with energies above the threshold limit. Note that, in the same 
time, the number of nonelastic events are not impacted by this 
filtering criterion because all the threshold values are well 
below the energies of produced secondaries, typically in the 
order of a few MeV. 

The decrease of the critical charge versus technology 
integration thus requires considering more and more low energy 
elastic events susceptible to induce SEEs when decreasing from 
180 nm to 14 nm nodes. The continuous lines in Fig. 11 
graphically represents these two extreme cases for all studied 
materials: the passage from 180 nm to 14nm requires to take 

into account +36% of interactions in the case of Si, +40% for 
InAs, +52% for InSb, +56% for InP, +57% for GaN, +61% for 
GaSb, +66% for GaAs, +75% for GaP and finally +77% for 
AlAs. In case of numerical simulations of SEEs in a given 
technology, this should represent a nonnegligible numerical 
cost to properly take into account all low energy interaction 
events in the simulation flow. The direct consequence of such 
increases of the number of pertinent interaction events with 
technology downscaling is the evolution of the percentages, on 
one hand of elastic interactions, and on the other hand, of 
(inelastic+nonelastic) reactions in the global number of 
interactions. This is illustrated in Figs 12 and 13. Fig. 12 
quantifies the increase with downscaling of the percentage of 
elastic interactions for the different target materials and Fig. 13 
gives the percentage of inelastic+noneleastic reactions for the 
two extreme cases corresponding to 180 nm and 14 nm nodes. 
In Fig. 13, we can see that for silicon, the value of 40% of 
inelastic+nonelastic events commonly reported in literature 
[25] correspond in fact to a median value for current 
technologies, but this proportion varies from 45% to 35% when 
downscaling technologies from 180 to 14 nm.  
 

 
Fig. 13. Percentage of inelastic+nonelastic interactions in the total number of 
interactions per material defined in Fig. 7 for the limit cases corresponding to 
technological nodes 180 nm and 14 nm. 
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Fig. 14. Averaged values of the deposited energy per interaction and 
corresponding amounts of created e-h pairs for the different III-V material and 
Si targets. Values have been evaluated considering for each material the e-h pair 
creation energy given in Table I. 
 

Fig. 13 also shows that, for all III-V materials, the percentage 
of inelastic+nonelastic events is clearly higher that for Si, well 
above 50% in all cases and above 60% for GaSb, AlAs, InAs 
and InSb; it is extremely high for GaSb and reaches the value 
of 80% when low energy elastic events are not considered (180 
nm node).  

V.  IMPLICATIONS FOR THE SEES 
The conversion of the deposited energy into electrical free 

charge, via the formation of electron-hole pairs, is also an 
essential mechanism in the creation of single event effects (see 
Fig. 1). In the present approach that is limited to only provide a 
global view from the analysis of interaction databases, two 
interesting metrics can be evaluated: i) the averaged value of 
deposited energy per interaction and ii) the corresponding 
amount of created e-h pairs. These two metrics have been 
calculated, in Fig. 14, for all materials. The averaged deposited 
energy per interaction is found to vary from approximatively 9 
MeV for Si to 14 MeV for GaAs. Atmospheric neutron 
interactions deposit, in average, more energy in III-V materials 
than in Si. This result is certainly due to the higher number of 
nonelastic interactions in the III-V materials than in Si.  

Concerning the number of e-h pairs created per interaction, 
we compare this number of pairs with respect to the value 
obtained for silicon (relative factor). Three groups of materials 
can be distinguished in Fig. 14: 1) GaAs, AlAs, InP, GaN and 
GaP that are finally found very similar to Si (relative factor 
close to 1 with respect to Si); 2) InAs and GaSb which exhibit 
a relative factor between 1.5 and 2.5 and, finally, 3) InSb 
characterized by the highest factor, close to 4. For the first 
group of materials, everything happens as if the higher 
atmospheric neutron sensitivity of these materials in terms of 
number of interactions is counterbalanced by a higher e-h pair 
creation energy at semiconductor level, due to their large 
bandgap. On the contrary, for the three last materials that 
correspond to the lower bandgap semiconductors (see Table I), 
their susceptibility to atmospheric neutrons is finally more 
important at material electrical response level due to the 
relatively low values of the e-h pair creation energy. 

This preliminary exploration of III-V binary compound 

materials should be now completed by the evaluation of the 
impact of carrier mobilities and lifetimes on the formation of 
single-event transients at device level (typically in reversely 
biased junctions) to more quantitatively conclude at electrical 
level on their level of vulnerability to natural neutron radiation 
at ground level. 

VI.  CONCLUSION 
In this work, we explored by simulation the radiation 

response of III-V binary compound semiconductors subjected 
to high energy atmospheric neutrons. Eight III-V materials have 
been considered: GaAs, AlAs, InP, InAs, GaSb, InSb, GaN and 
GaP. The susceptibility of these materials to atmospheric 
neutron has been firstly evaluated by a direct calculation of the 
interaction rates from neutron cross-sections in a target 
representative of a circuit. We showed that all materials, GaN 
excepted, exhibit similar global reaction rates, between 7.5´105 

and 1´106 for 1mm2 ´ 1µm target exposed during 109 h to 
atmospheric neutrons. GaN is distinguished by a much higher 
rate of events, of the order of ´2 with respect to Si, than can be 
relied to a similar factor in the number of atoms per volume unit 
for this very dense material. From the exploitation of Geant4 
databases computed for the eight III-V compound materials and 
for Si, we carefully analyzed the distributions of events and of 
secondary products, highlighting significant differences in the 
atmospheric neutron radiation response of such materials in 
terms of elastic, inelastic and nonelastic interaction rates, and 
also in terms of respective weights of protons, alphas and 
recoils in the production of secondaries. Database analysis has 
been then conducted by introducing an energy cutoff related to 
the typical value of the critical charge for technology nodes 
ranging from 180 to 14 nm. We showed that the decrease of the 
critical charge versus technology integration requires to take 
into account more and more low energy elastic events 
susceptible to induce single event effects. This aspect has been 
quantified, showing its importance for all III-V materials. 
Finally, the conversion of the deposited energy into electrical 
free charge allowed us to quantify the averaged values of the 
deposited energy per interaction and the corresponding amounts 
of created e-h pairs for the different III-V material and Si 
targets. The results suggest that the atmospheric neutron 
sensitivity of large band-gap materials (GaAs, AlAs, InP, GaN 
and GaP), evidenced by the numbers of interactions and 
secondary products, is largely counterbalanced by a higher e-h 
pair creation energy at semiconductor level that leads to 
amounts of free charge comparable to the one of silicon. On the 
contrary for low bandgap semiconductors (InAs, GaSb, InSb), 
their susceptibility is amplified due to the relatively low values 
for e-h pair creation energies that lead to larger amounts of free 
charges with respect to Si. This preliminary exploration of III-
V binary compound materials will have to be continued to 
evaluate the next steps of creation of single events effects in 
such materials related to the formation of current transients at 
device levels, in order to study the impact of transport and 
carrier properties on the atmospheric radiation response of III-
V material-based electronics. 
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VII.  APPENDIX 
The list of physical processes employed in the reported 

Geant4 simulations is based on the standard package of physics 
lists QGSP_BIC_HP [26]. Concerning the hadronic 
interactions, in QGSP group of physics lists the quark gluon 
string model is applied for high-energy (above ~12 GeV) 
interactions of protons, neutrons, pions, kaons and nuclei. The 
high-energy interaction creates an excited nucleus, which is 
passed to the precompound model describing the nuclear de-
excitation. Nuclear capture of negative particles is simulated 
within the Chiral Invariant Phase Space (CHIPS) model. 
QGSP_BIC_HP list includes binary cascade for primary 
protons and neutrons with energies below ~10 GeV, and also 
uses binary light ion cascade for inelastic interaction of ions up 
to few GeV/nucleon with matter. The complete list of the 
Geant4 classes that we considered for our neutron simulations 
is summarized in Table IV below. 

 
TABLE IV. LIST OF THE DIFFERENT GEANT4 CLASSES CONSIDERED IN THE 
PRESENT SIMULATION FLOW FOR THE DESCRIPTION OF NEUTRON-MATTER 
INTERACTIONS. 

Neutron 
process Energy Geant4 model Dataset 

Elastic < 20 MeV 
> 20 MeV 

G4NeutronHPElastic 
G4LElastic 

G4NeutronHP
ElasticData 

Inelastic 

< 20 MeV 
 

[20 MeV, 
10 GeV] 

 

G4NeutronHPInelastic 
 

G4BinaryCascade 
G4LENeutronInelastic 

QGSP 
 

G4NeutronHPI
nelasticData 

Fission 
< 20 MeV 
> 20 MeV 

 

G4NeutronHPFission 
G4LFission 

 

G4NeutronHPF
issionData 

 

Capture < 20 MeV 
> 20 MeV 

G4NeutronHPCapture 
G4LCapture 

G4NeutronHP
CaptureData 
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