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Bipolar junction transistors (BJTs) are often used in spacecraft due to their excellent working characteristics. However,
the complex space radiation environment induces primary knock-on atoms (PKAs) in BJTs through collisions, resulting in
hard-to-recover displacement damage and affecting the performance of electronic components. In this paper, the properties
of PKAs induced by typical space heavy ions (C, N, O, Fe) in BJTs are investigated using Monte Carlo simulations. The
simulated results show that the energy spectrum of ion-induced PKAs is primarily concentrated in the low-energy range
(17 eV-100 eV) and displays similar features across all tested ions. The PKAs induced by the collision of energetic ions
have large forward scattering angles, mainly around 88°. Moreover, the distribution of PKAs within a transistor as a
function of depth displays a peak characteristic, and the peak position is linearly proportional to the incident energy at a
certain energy range. These simulation outcomes serve as crucial theoretical support for long-term semiconductor material
defect evolution and ground testing of semiconductor devices.

Keywords: Monte Carlo simulation, primary knock-on atom (PKA), space-heavy ion, radiation damage

PACS: 61.82.Fk, 61.80.Jh, 42.88.+h

1. Introduction

The influence of space radiation on electronic compo-
nents is mainly due to the total ionizing dose, displacement
damage and single-event effect.!!] The radiation effects of the
space radiation environment on the electronic components in-
side a spacecraft have attracted extensive attention.!!?! The
above-mentioned radiation effects can lead to abnormality or
failure of electronic devices and eventually the failure of the
mission of the orbiting spacecraft. As silicon-based devices
with good current drive capability, linearity, and other operat-
ing characteristics, bipolar junction transistors (BJTs) are of-
ten used in spacecraft. However, BJTs are sensitive to cos-
mic rays and may suffer displacement damage during on-orbit
missions. >

Displacement damage is caused by energetic particles
colliding with target material atoms, resulting in the dislodg-
ing of atoms from their lattice position.’! Displacement dam-
age is hard to recover, which will seriously affect the electri-
cal performance and lead to the degradation of semiconduc-
tor devices.!®”! Primary knock-on atoms (PKAs), which are
the first atoms to be displaced, usually have a higher energy
level that can result in further cascade damage. Much work
has been done on cascading damage in past studies, mainly
on the microscopic mechanisms of displacement damage, to
replace empirical methods such as non-ionizing energy loss
(NIEL).[3-191 For example, using molecular dynamics (MD)
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simulation, He et al.!%! studied the relationship of tempera-
ture with primary damage and found that temperature could in-
crease the fraction of isolated vacancies in vacancy clusters be-
cause vacancy clusters may be thermally unstable. Hamedani
et al.'"! performed a comparative study of different materi-
als to examine the damage production mechanisms for a rela-
tively wide range of materials and recoil energies. The above-
mentioned MD simulation works were generally to select PKA
incident materials with specific energy artificially to study the
damage process of semiconductors. Researchers are trying to
link the macroscopic electrical effects observed in the experi-
ments with the microscopic damage structures generated at the
atomic level,!'?! and are attempting to combine different sim-
ulation techniques (e.g., Monte Carlo, MD, ab initio). Obtain-
ing a wealth of information on PKAs is crucial in this process.
Researchers have extensively studied the PKAs generated by
irradiated particles in materials. For example, Liu ez al.l'*! in-
vestigated radiation damage in a silicon drift detector (SDD)
and found that the distribution of displacement damage caused
by neutrons in SDDs is uniform. Shen et al.['*l studied the
non-ionization energy loss of protons in silicon carbide and
found that with an increase in incident proton energy the pro-
portion of Si and C particles in the primary recoil atoms grad-
ually decreased, from primary products to secondary products.

Previous studies have primarily focused on radiation
damage to materials by neutrons and protons. However, there
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are few reports on the PKAs induced by space heavy ions in
semiconductors, despite heavy ions being common radiation
particles in outer space and ground radiation sources. The
simulation of PKAs induced by space heavy ions in semicon-
ductors has important application scenarios and practical sig-
nificance. In addition, the rich PKA information obtained by
simulations can be used as important MD reference input pa-
rameters. Therefore, this study uses Monte Carlo simulation
to study the PKAs induced by heavy ions in BJTs and quali-
tatively analyzes the radiation damage of typical space heavy
ions in semiconductor materials. This research is of great sig-
nificance as it provides a better understanding of the process of
displacement damage caused by charged heavy ions in semi-
conductors.

2. Models and physical processes
2.1. Model setup

In our previous research,?! we conducted an experimen-
tal study on the NPN BJT 2N2222. The thickness of the base
(p+) and epitaxial layer (n—) of the 2N2222 BJT is about
1.5 um and 10 wm, respectively. In this simulation, we re-
duced the 2N2222 BIJT to bulk Si cubes with dimensions of
10 pm x 10 pm X 10 um, focusing on the simulation of intrin-
sic Si, which is similar to a previous study.!'?! In addition, to
studying the distribution of PKAs in the BJT as a function of
depth, the Si bulk material was divided into 100 parts verti-
cally to count the number of PKAs in each layer. The model

u M
0.1 pm X100

diagram is shown in Fig. 1.

Ton

Fig. 1. The direction of ion incidence and the model of BJTs in this study.
2N2222 BITs were simplified as Si bulk material with 100 layers. The
length and width of each layer is 10 pm and the thickness is 0.1 pm.

2.2. Beam source energy setting

Galactic cosmic rays are mainly composed of light ions
(protons and He) and heavy ions.!”"!3! Heavy ions are found
to decrease considerably in relative abundance after Fe ions
in space. Hence, we conducted our simulations with ions that
have an atomic number lower than Fe. The ions used in the
simulation were 12C, 1N, 10O and °Fe. Energetic ions will
dissipate energy due to electronic excitation and atomic dis-
placement in host materials. Therefore, ion energy selection in
simulations is mainly based on the ion range calculated using

6] The calcu-

SRIM (stopping and range of ions in matter).
lated results for the ion ranges are shown in Fig. 2. Previous
studies have revealed that an increase in the energy of incident
ions tends to weaken the displacement damage dose at the cor-
responding location within a device.!?! Therefore, in the sim-
ulation we only consider ion incidence within a certain energy
range. In other words, we take the total thickness of the model
BJTs (10 wm) as the maximum range of the ion and choose
an appropriate energy as the ion energy used in our simula-
tion. The selected ion kinetic energy parameters are shown in
Table 1.

Range (pm)

0 T T T T T
10 20 30 40 50

Energy (MeV)

Fig. 2. The range of different types of ions (C, N, O and Fe) in Si bulk
material. The horizontal axis represents the incident energies of ions. The
red dotted line represents the total thickness of the BJTs.

Table 1. The types of ions used in the simulation and the
ion energy chosen for this simulation

Ion species Energy (MeV)
H 0.7
C 2 4 6 10
N 2 4 6 13
(0} 2 4 6 14
Fe 2 10 25 37

2.3. Simulation parameters

Our research work uses one module of the software
Extreme-environment Radiation Effect Technology Computer
Aided Design (ERETCAD) developed by the present authors,
which is mainly based on GEANT4 (GEometry ANd Track-
ing). GEANT4!'7! is an open-source simulation toolkit that
offers a wide set of physics models; it has a good performance
in particle transport and is also used in the field of semicon-
ductor irradiation and medical and space applications. 1]

The calculation results of TRIM (transport of ions in mat-
ter) were used as the benchmark in this study.!'®] TRIM is a
computational subroutine of SRIM that employs Monte Carlo
simulations to track the ion trajectory and determine the en-
ergy transferred to each target atom collision. In the follow-
ing discussions we will refer to both SRIM and TRIM inter-
changeably but only use the name SRIM. After considering
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the convergence of the simulations and the storage of the data,
we conducted simulations up to 100000 events in our code and
up to 300 events using SRIM. The number of events remained
unchanged for different types of ions.

A proper physical list is crucial to obtaining accurate re-
sults of the simulation. We use a physical list called stan-
dardNR to simulate the transport of heavy ions in BJTs and
the production of PKAs. A single Coulomb scattering process
is included in standardNR. This physical list also explicitly in-
tegrates the classical equations of motion for scattering events,
resulting in precise tracking of both the projectile and the re-

5.1291 In addition, accurate description of the

coil target nucleu
transport process of heavy ions requires not only electromag-
netic processes but also physical processes such as elastic and
inelastic heavy ions. The physical process of the developed
test application is based on the GEANT4 TestEm7 example.
The NeutronHPphysics list is used to complete some neutron

collision simulation studies. For the simulation of neutrons
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in materials, we refer to Raine er al.’s research work.[12! An
option called ‘detailed calculation with full damage cascades’
was used in this simulation to achieve the accuracy of SRIM
calculation results. This option follows every recoil until its
energy drops below the lowest displacement energy of any tar-
get atom. Hence all collisional damage to the target is ana-
lyzed. For the extraction of PKA information in SRIM in this
study we mainly refer to the research of Liu et al.[*!]

3. Results and analysis
3.1. Energy spectrum of PKAs

The energy distribution of PKAs can provide an impor-
tant parameter for semiconductor defect evolution. The first
parameter extracted from simulations was the energy spectrum
of the PKAs. The results of calculation from SRIM are used as
a reference because of the wide acceptance of SRIM in many
fields. As shown in Fig. 3, all the results are normalized to the
total number of events used in this simulation.

9
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-
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a
S 37
=
2]
A~
O_
_1 T T T T T T
10! 102 103 104 10° 106
Energy (eV)
40
(d —=—2 MeV
35 —e—10 MeV
—A—25 M
—~ 304 5 MeV
.‘é" —v—37 MeV
S5 254 —&— 37 MeV-SRIM
o
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Fig. 3. Energy spectra of PKAs induced by different heavy ions in BJTs: (a) C, (b) N, (c) O, (d) Fe. The simulation results of SRIM are shown
with purple diamonds. The results for 0.7 MeV protons are shown in panel (a). In the inset of each figure, we present the details of the PKA

energy spectrum around the peak position.

As shown in Fig. 3, it is found that PKAs induced by
space ions of different types and energies have a similar en-
ergy spectral distribution trend. The energy spectrum of PKAs
reaches its peak at 17 eV and drops rapidly thereafter. The

variation range of the energy spectrum is mainly 20 eV—
100 eV and the trend of each energy spectrum is consistent
after 1000 eV. PKAs have different cut-off energies according
to different incident energies and types of incident ions. The
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process of producing PKAs is an elastic collision process and
the effects of electron excitation can be basically ignored. This
process can be described by a binary collision approximation
based on the conservation of momentum and energy(>?!

E= 4M7"A/[2En00529, (1)

(M +M)

where M,, and M are the masses of the incident ion and the
target atom, E, is the energy of the incident ion and 6 is the
scattering angle of the recoil atom. As shown in Eq. (1), the
energy attained by PKAs is affected by many factors, which is
the reason why there is a maximum cut-off energy.

The amplitude of the energy spectrum is greatly affected
by the incident energy and ion type. As shown in Fig. 3, we
noted that the y = ax? function can better describe the change
in the energy spectrum in the low-energy region (17 eV-
1000 eV). In this paper, we use fitting parameters to intuitively
analyze the impact of different types and energies of incident
ions on the energy spectrum distribution of PKAs. To obtain a
complete calculation and results analysis, ions with higher en-
ergy have also been considered in this study; the range of these
ions exceeds the thickness of the BJTs (10 um) studied in this
paper. The functional relationship between fitting parameters
and incident ion energy is shown in Fig. 4.

3000

(a) —a-C N
95001 —4—-0O —wvFe
2000+
S 1500
1000+
500+
0 10 20 30 40 50 60
Energy (MeV)

0 (b) -2 C - N
_0.51 —4—-0O —v—Fe
—1.01

< —1.5-%&7\'\'
—2.0-
—2.51
-3.0 . . . . . ;

0 10 20 30 40 50 60
Energy (MeV)

Fig. 4. The relationship between the fitting parameters obtained by fit-
ting the PKA energy spectrum with functions and the incident ions en-
ergy (in the PKA energy range of 17 eV-1000 eV). (a) The fitting pa-
rameter a. (b) The fitting parameter b as a function of the initial energy
of the incident ions.

Coefficient a determines the amplitude height of the func-
tion and coefficient b determines the steepness of the function.

As shown in Fig. 4(a), at the same incident energy coefficient
a is positively correlated with the atomic number (the mass of
the incident ion), which means that the amplitude height of the
PKA energy spectrum increases. The increase in atomic num-
ber will directly lead to an increase in the number of PKAs.
This is mainly because the elastic scattering cross section of
ions in a material is related to the ion mass.!”) When the range
of ions is close to the size of the BJT, and reaches its maximum
value, the peak height of the PKA energy spectrum reaches its
maximum. However, when the ion range is larger than the size
of the BJT, the number of PKAs begins to reduce. The main
reason for this phenomenon is that the energy obtained by the
target atom is negatively correlated with the velocity or energy
of the incident ions.[?3 The increase in the incident velocity of
ions means that the reaction time between ions and the target
decreases. Thus, the number of PKAs induced by high-energy
ion incidence decreases. As shown in Fig. 4(b), the value of b
is less affected by the type of incident ion and its energy; the
value of b is maintained at a value of around —1.5. The mag-
nitude of b also determines the profile and trend of the energy
spectrum, therefore the PKAs produced in BJTs by different
types of ions have a similar energy spectrum distribution.

The energy spectrum of space ion-induced PKAs is
mainly in the low-energy region, and PKAs with low energy
will not produce cascading damage. Therefore, we believe
that the characteristics of PKAs can be used to quickly and
qualitatively analyze the displacement damage of space ions
in BJTs. Previous MD studies have shown that larger atomic-
scale structural damage is often caused by PKAs with greater
energy.[%?* In our simulation, information about high-energy
PKAs was also recorded, but the probability of their gener-
ation is relatively small. Therefore, we believe that through
the local simulation of these PKAs with fewer occurrences but
higher energy we can complete a more complete theoretical
analysis of displacement damage to semiconductor materials
or devices. Finally, as shown in Fig. 3, the result of the sim-
ulation is close to those of SRIM, so we believe that the code
of the simulation in this study is effective; this allows us to
further investigate the nature of PKAs induced by space ions
in BJTs. We attribute the variation seen between our code and
SRIM in the incident scenarios of 13 MeV N ions in Fig. 3(b)
and 37 MeV Fe ions in Fig. 3(c) to the distinct principles of the
two calculation methods: SRIM employs the binary collision
approximation method while GEANT4 is more reliant on the
collision cross section.

3.2. PKA angle distribution

Another important characteristic of PKAs, the angle
distribution, is also worthy of attention. In previous MD
studies!®!!l the PKAs were mostly chosen to fall vertically.

However, previous reported studies have also shown that the
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incidence direction and distance of PKA may have a certain
impact on the damage yield.[*>? Therefore, the angle distri-
bution of PKAs induced by heavy ions in BJTs was also stud-
ied in this paper. The scattering angle of PKAs was defined to
be the angle between the velocity direction of the PKA and the
initial direction of the incident ion. The results of the simula-
tion are shown in Fig. 5.

The results of the simulation demonstrated that the veloc-
ity distribution of PKAs is from 0° to 180°. This is mainly
because incident ions are kinds of charged particles that will
be deflected by the Coulomb interaction of the target atoms
during the ion transport process. Therefore, the PKAs induced
by ions have the entire spatial distribution. The PKAs in-
duced by typical heavy ions and protons in BJTs (Fig. 5(a))
had a distinct single-peak feature with a peak position around
88° and were not affected by ion type and energy. This also
means that within a certain range of incident energies, the
PKAs generated by the collision of heavy ions have a larger

40
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forward scattering angle. In addition, our proton irradiation re-
sults are very close to previous research conclusions. Whitlow
and Nakagawa!?! calculated the angle distribution of PKAs
produced by 1 MeV protons incident in Si, and their results
showed that the peak position of the PKAs was around 89°.
According to the binary collision theory (Eq. (1)), in the case
of a larger scattering angle the energy obtained by PKAs is
smaller, which is consistent with the energy spectrum distribu-
tion of PKAs obtained in our simulation. In addition, for this
single-peak feature of PKA angle distribution, we have also
done further research to explore whether other particle types
can produce similar phenomena in BJTs. Previous studies!??!
have shown that neutrons, as a typical neutral particle, can pro-
duce large displacement damage. Therefore, we investigated
the neutron-induced angular distribution of PKAs in BJT. In
our neutron simulation, the energy of incident neutrons can
cover all physical reactions between neutrons and matter, and
the simulation results are shown in Fig. 6.

50
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Fig. 5. Scattering angle distribution of PKAs induced by different heavy ions in BJTs: (a) C, (b) N, (c¢) O, (d) Fe. In (a) the purple symbols
represent the PKA angle distribution induced by proton incidence. The red dotted line indicates that the scattering angle is 90°.

It is important to note that we did not apply the same
normalization to the neutron calculations when comparing the
properties of neutron and space ion-induced PKAs. This is
mainly because the charged particles and neutrons use differ-
ent physical models in the simulation so they can only be qual-
itatively compared. As shown in Fig. 6, the angular distribu-
tion of PKAs induced by neutrons can also be distributed in the
entire spatial angle range. When low-energy neutrons are inci-
dent (1 MeV), the simulation results show that the angular dis-
tribution of PKAs has a wide range of peaks, and the peak po-

sition is about 64°. When neutrons with an energy of 15 MeV
are incident, three angular peaks appear. The number of peaks
is affected by the neutron energy. A similar phenomenon also
appeared in the simulation by Cai ef al.”?*! when simulating
neutron-induced PKAs in Zr-based alloys. The main reason
for this phenomenon is that the interaction between neutrons
and matter is accompanied by a nuclear reaction, resulting in
a variety of nuclear fragments. For charged ions, the trans-
port process of 1 MeV protons in SiC materials predicted by
Shen et al.'"*l showed that PKAs generated from nuclear re-
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actions accounted for a small proportion of all PKAs. The
fragmentation cross section of heavy ions is affected by the
energy of the incident ions. In this study, the simulated en-
ergy of incident ions is small, and the PKAs generated come
mostly from the elastic scattering process. The contribution of
nuclear reactions can be ignored. Therefore, there is no multi-
peak phenomenon in the angular distribution of PKAs induced
by heavy ions.

1.40
—=—1 MeV
i ——2 MeV
— 1.20 —4—5 MeV
8 —v—10 MeV
g 1.007 —+-15 MeV
"E: 0.80+
3
<
= 0.60+
g
=5 0.404
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]
0.204
0-
0 30 60 90 120 150 180
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Fig. 6. Scattering angle distribution of PKAs induced by neutron in BJTs.
A large neutron energy range is used for incidence on the BJTs, covering
most of the reaction processes of neutrons and materials.

From the simulation results, it can be seen that both
charged ions and neutral particles have similar scattering angle
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distributions in Si-based BJTs, and the PKAs have a large for-
ward scattering angle. Therefore, we believe that when using
MD to study the evolution of defects induced by heavy ions in
BIJTs we can choose a certain angle for the PKA incidence di-
rection instead of just vertical incidence. In addition, it can be
seen from Fig. 6 that neutron-induced PKAs in BJTs also have
a large scattering angle (61°-81°). The main reason for this
may be that the probability of head to head collision of par-
ticles with target atoms in the process of transmission of par-
ticles in the material is small. Charged ions are also affected
by the Coulomb force, so the PKA angle induced by ions is
larger. Neutral particles can produce more forward scattering.

3.3. The depth distribution of PKAs

The ranges of space ions with different energies vary in
materials, resulting in displacement damage in varied areas of
BJTs by charged ions. The localized defect evolution of BJTs
can help us gain invaluable insights into the defect distribution
in real irradiation environments. If the relationship between
ion energy and PKA distribution in the device is established
it can be used to guide ground experiments to study the effect
of displacement damage in specific regions of the BJT on its
electrical performance. The simulation results of PKA depth—
count curves in a BJT chip are plotted in Fig. 7.

—&—2 MeV —@—4 MeV
10° o —4—6 MeV —¥— 13 MeV
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Fig. 7. PKA depth—count curves induced by different heavy ions in BJTs: (a) C, (b) N, (c¢) O, (d) Fe. The pink diamonds represent the PKAs

distribution of 0.7 MeV protons in BJTs.
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From the results of the simulation, it can be seen that the
distribution of PKAs along the direction of the incident ions
exhibits an obvious peak characteristic. The peak initially in-
creases with increase in depth, and then decreases rapidly af-
ter reaching the peak. The displacement damage area is not
evenly distributed. More displacement damage occurs near
the peak position. This is because the energy loss of charged
particles is characterized primarily by the square of the nu-
clear charge and the inverse square of the projectile velocity.
Space ions are slower at the end of their range and therefore
produce more PKAs. Similarly, this phenomenon also occurs
at the incident position, and the number of PKAs decreases
with increase in the incident particle energy. At the end of the
ion range, the ion energy is not sufficient to induce PKAs, so
the number of PKAs decreases rapidly.

The relationship between the peak position of PKAs and
the incident ion energy is shown in Fig. 8. It can be seen from
the calculation results that the depth position of the PKA peak
is a linear function of the incident ion energy for the same in-
cident ion. However, it should be noted that the peak position
should occur within a certain energy range, that is, the range
of ions is smaller than the thickness of the BJT. The peak po-
sition is affected by many factors, mainly the atomic number
and the energy of the incident ion. At the same ion incident
energy, the atomic number has a negative correlation with the
peak of the incident depth.

10+ v
E 9
=
o 64
=
o)
[
T 4
% = C-ion
A 24 ® N-ion
2 v 4 O-ion
v Fe-ior]
0 T T T T T T T
0 5 10 15 20 25 30 35 40

Energy (MeV)

Fig. 8. PKA depth—count curves induced by different heavy ions in BJTs:
(@) C, (b)N, (¢) O, (d) Fe.

4. Conclusion

Monte Carlo simulation was used to compute the dis-
placement damage induced by space ions, focusing on the
properties of primary knock-on atoms (PKAs). Our results
demonstrate that the properties of PKAs are mainly affected by
the type and energy of incident ions. The energy spectrum of
PKAs is mainly concentrated in the low-energy region, which
is insufficient to cause further cascade damage. Hence the
PKAs generated by ions can effectively qualitatively describe
the displacement damage in a BJT. Within a certain range of
ion incident energies, the distribution of ion-induced PKAs

in BJT is inhomogeneous, with an objective peak distribution
trend. Our calculation results show that the peak position is
a function of the incident ion and energy, which allows us to
study the influence of displacement damage in specific areas of
BIJTs on their electrical performance by adjusting the type of
incident ion and incident energy. Additionally, the research re-
sults reveal that PKA chooses a certain angle of incidence and
localized defect evolution to confirm the displacement dam-
age in each area of BJT can be more consistent with the real
radiation damage scenario. In summary, our work supports the
investigation of displacement damage induced by space ions in
BIJTs and the simulation of defect evolution in semiconductor
materials.
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