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In this article, influence of He ions irradiation on Ings,Alg4sAs and Ings3Gag 47As materials
with the energies ranging from 50 to 200 keV at normal incidence, including the
distributions of the He ions, ionizing energy loss, vacancy, and backscattering ion number,
is studied through the simulation. The calculated results show that the peak position of He
ion distribution moves to the deeper depth with increasing incident energy and the
distribution curve conforms to Bragg distribution. The distribution of the ionizing energy
loss induced by He ions is almost constant first and then sharply drops with increasing
energy induced by recoil atoms conforms to Bragg distribution. The numbers of vacancies
increase with increasing energy and the As vacancy is the prominent vacancy for these two
materials. The number of phonons induced by recoil atoms is much higher than that
induced by the He ions. The total numbers of the backscattering for the Ings,Alg4sAs and
Ing53Gag 47As all decline as the energy is increases and the value for InGaAs is always
higher than that the He ions. The higher numbers of backscattering ions are obtained for
InAlAs.
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1. Introduction

Because of the high carrier mobility, high breakdown electric field, wide band gap, high
thermal and chemical stability characteristics for the I1I-V compound semiconductor
materials[1-4], it is ideally suitable for high power devices and high frequency devices
applications, such as high-electron-mobility transistor (HEMT), power metal-oxide
-semiconductor field effect transistor (P-MOSFET), Schottky barrier diodes (SBD) etc.,[5-7]. With
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the development of fabrication technologies and novel device structures, the frequency
characteristics of devices with 111-V compound semiconductor materials have made great progress.
For HEMT, the maximum oscillation frequency reaches over 1 THz[8]. Therefore, they are widely
employed in telecommunication, space, and astronomy science.

When semiconductor devices are applied in space radiation environment, the radiation
damage induced by charged ions must be considered[9,10]. The interaction between ions and those
I11-V compound semiconductors can markedly reduce carrier concentration and mobility because
of the carrier removal effect and scattering effect, and thus weaken the device performance,
ultimately shorten the orbital service time of the space equipment[11]. In space radiation
environment, heavy ions, which comes from the galactic cosmic and solar flares, are main source
that affect the operation of space equipment[12]. Thus, study of the damage mechanism in those
I11-V compound semiconductor materials is essentially important for protecting the space
equipment.

InAIAs/InGaAs material system is a typical Il1l-V compound semiconductor, which
possesses super transport characteristics and is widely applied for HEMT, SBD, and other
devices[13-15]. Among them, InAlAs/InGaAs HEMT exhibits much lower noise figure and higher
frequency performance which makes it suitable to apply in high-speed space communication
system[16]. Ajayan et al. has reported a method to produce the InAlAs/InGaAs HEMT with 20 nm
gate length, indicating that the maximum frequency fy.x is up to 1460 GHz[17]. Up to know,
however, most researchers always focus on the improving the work frequency whereas few people
concentrate on investigating the irradiation process between ions and InAlAs/InGaAs materials. In
order to better enable devices in space applications, it is highly desirable to explore the irradiation
effects of the heavy ions onthose materials.

In this paper, the damage mechanism of the low energy He ion on the InAlAs and InGaAs
is studied by Monte Carlo simulation. The effects of incidence energies and angles are discussed.
Our research contributes to promote the 111-V compound semiconductor devices applying in space
environment.

2. Simulations

The irradiation effects of the He ion on InAlAs and InGaAs are studied by SRIM/TRIM
packages. Interaction between the ions and the target material is described by binary-collision
approximation[18]. The motion of the ions in the simulation is regarded as a series of independent
collisions on the atoms, and each independent collision scattering is solved by numerical
integration. The projected range, energy deposition and other parameters can be obtained from the
SRIM package, by adoptings binary-collision approximation. In addition, the ion trajectory in the
target can be imaged by the TRIM program[19,20]. The recoil of atoms, vacancies, and sputtering
a can also be obtained.

In the simulation, the “Detailed Calculation with full Damage Cascades” mode has been
selected to investigate the damage of the InAlAs and InGaAs induced by He ion irradiation.
Energies and angles of the incident He ions are selected with the range from 50 keV to 180
keVand from 0° to 89.9° respectively. Thickness of InAlAs and InGaAs are 2 pum. Density,


file:///D:/Users/SSX/AppData/Local/Youdao/Dict/8.9.8.0/resultui/html/index.html#/javascript:;
file:///D:/Users/SSX/AppData/Local/Youdao/Dict/8.9.8.0/resultui/html/index.html#/javascript:;
file:///D:/Users/SSX/AppData/Local/Youdao/Dict/8.9.8.0/resultui/html/index.html#/javascript:;

751

displacement energy, and other parameters of the InAlAs and InGaAs are shown in Table 1. Total
number of the incident He ions is set to 10" in each simulation.

Table 1. Parameters of the Ings,Alq 48AS and Ing s3Gag 47As materials in this simulation[21].

Ing52Alp.48AS INg 53Gag 47AS
Mass density (g/cm3) 5.409 5.48
Thickness(um) 2 2
Surface binding energy (eV) In:2.45 AlL:3.36 As:1.26 | In:2.45Ga:2.82 As:1.26
Lattice binding energy (eV) In:3 Al:l3 As:3 In:3 Al:l3 As:3
Displacement energy  (eV) In:6.7 Al:24 As:10 In:6.7 Ga:1l0 As:10

3. Results and discussion

Due to energy transfer to the target materials, the velocity of incidence ions gradually
slows down, and ultimately stop at a certain depth in the material[22]. The He ion distributions in
the InAlAs and InGaAs with different incident energies are shown in Fig. 1 (a) and (b). It can be
seen from Fig. 1 that the peak position moves to deeper depth with increasing incident energy.
Such a phenomenon is reasonable because the penetration ability of the He ion gradually enhances
following the increasing incident. In addition, we also find that the He ions prefer to distribute near
the peak position and conform to Bragg distribution.
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Fig. 1. Distribution of the He ions in InAlAs (a) and InGaAs (b) with different incident energies.

Projected range of the He ion in InAlAs and InGaAs with different incident energies is
shown in Fig. 2. It can be seen that the projected ranges of both InAlAs and InGaAs grow up as
the energy is increased from 50 keV to 200 keV. Moreover, the projected range for InGaAs is
higher than that for InAlAs in the whole studied incident energies. This is mainly due to the
displacement energy of the Al atom is much higher than that of the Ga atom, implying that the Al
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atoms absorb more energy from the incident ions than the Ga atom for the same incident energy.
Thus, InAlAs slows the velocity of ions
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Fig. 2. Projected range of the He ions in InAlAs and InGaAs with different energies.

Figure 3 and 4 present the ionizing energy loss induced by He ion and recoil atom in
InAlAs and InGaAs for different energies. The ionizing energy loss directly caused by the He ion
is two orders of magnitude greater than that of the recoil atom for both InAlAs and InGaAs, and
the distribution also moves to deeper depth with increasing incident energy. However, the incident
depth dependent distributions of the ionizing energy loss induced by He ion and recoil atom show
different behaviors. The distribution of ionizing energy loss induced by He ion is almost constant
at lower depth and then rapidly drops, whereas that induced by recoil-atom conforms to Bragg
distribution. Such a phenomenon is because that the ionizing energy loss directly caused by He ion
mainly occurs in the proton transport process and drops sharply at the end of the He ion path,

while that caused by recoil atoms mainly depends on the deposition position of the protons in the
target.
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Fig. 3. lonizing energy loss of InAlAs caused by (a) He ion and (b) recoil atom.
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Hence, the peak position is near the projected range and also satisfies the Bragg peak
distribution. In addition, we also notice that the ionizing energy loss of the InAlAs is slightly
higher than that of the InGaAs.
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Fig. 4. lonizing energy loss of InGaAs caused by (a) He ion and (b) recoil atom.

In addition to the ionizing energy loss, influence of the non-ionizing energy loss cannot be
ignored. When He ions with different energies incident into the material, displacement damage
will occur accompanied by the generation of irreversible vacancy defects in the material. Figures
5 and 6 show the relationship of vacancy defects with the target depth for Ings,Alg4sAs and
Ing53Gag 47AS at different energies. As can be seen from the figures, the distribution of the vacancy
defects produced by He ion in the two materials is almost similar, which has a modest growth till
reaches a summit and then rapidly falls with further depth increasing. This is because that the
energy of the He ions gently decreases with penetrating into the deeper depth, whereas the As He
ions penetrate deeper and deeper into the material, its energy slowly decreases, the nuclear
stopping power gradually increases, and then reaches a peak. On the other hand, part of He ions
will stop in the material, which will lead to a gradual decrease in the number of vacancies.
Therefore, the change of vacancy with incident depth is the trend of increasing first and then
decreasing.

Energy dependences of the vacancy numbers for each atom and total vacancies are shown
in Figures 5(d) and 6(d). The vacancy numbers increase with increasing of energy. This is because
that the projected range of the ions enlarges with energy, resulting in the gradual increase of the
collision probability among ions and target atoms. It also can be seen from these two Figures that
different atoms in one material show distinctive vacancy numbers and the As vacancy is always
prominent.
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Fig. 5. Distribution of In vacancy (a), Al vacancy (b), As vacancy (c), and total vacancies (d) for InAlAs.
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Figures 7 and 8 show the phonons distribution in InAlAs and InGaAs versus the depth at
different energies. They show almost similar tendencies with depth. In addition, the phonon
number induced by recoil atoms is much higher than that induced by He ions. Energy required for
phonon production is very low and mainly distributes at the end of the path, but phonons are
vibrations of the atoms themselves, so recoil atoms should produce more phonons than protons for
the same energy.
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Fig. 7. Phonon distribution for recoil atoms (a) and He ions (b) in InAlAs versus the depth at different

energies.
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Fig. 9. Backscattering ion number for InAlAs and InGaAs at different energies.

Figure 9 shows the total numbers of the backscattering ions for InAlAs and InGaAs with
the energies ranging from 50 to 200 keV. They all decline with increasing energy for these two
materials. Also, the number of the backscattering ions for InAlAs is always higher than that for
InGaAs in the whole studied energy range. At high energies, the ions travel deeper in materials
and transfer more energies to the atoms far away from the surface of the material. In this case, the
ions cannot obtain enough energy to escape from the surrounding atomic potential field, resulting
in the decrease of the backscattering ion number at high energies.

4. Conclusions

In conclusion, influence of the He ions irradiations with different energies on InAlAs and
InGaAs is comprehensively explored, including the He ion distribution, ionizing energy loss
distribution, vacancies distribution and backscattering ion number. Our results show that the peak
position of He ion distribution moves to deeper depth with increasing incidence energy and the
distribution curve conforms to Bragg distribution. For both the InAlAs and InGaAs, the
distribution of ionizing energy loss, induced by He ions is two orders of magnitude greater than
that of the recoil atoms.

In addition, the former is almost constant first and then shows a sharp drop at high
energies, while the latter conforms to Bragg distribution. The number of the vacancy first modestly
increases and then declines rapidly with the increasing depth. It also increases with increasing
energy and the As vacancy are dominating vacancy for two materials. The number of phonons
induced by recoil atoms is much higher than that induced by He ions. The total numbers of the
backscattering ions for these two materials all decline with increasing erengy and the value of the
InGaAs is always higher than that of the InAlAs.
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