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Effect of C ion irradiation on AlGaAs/InGaAs HEMT
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In this paper, the damage caused by C ion irradiation on AlGaAs/InGaAs HEMT was
investigated. The projection ranges of C ions with varying energies in AlGaAs and InGaAs
materials were calculated using Monte Carlo simulation. Additionally, simulations were
conducted to study the radiation-induced damage caused by 50 keV, 70 keV, and 100 keV
C ions incident on the basic structure of the AlGaAs/InGaAs heterojunction.The results
showed that when using 70 keV energy for C ions, a higher number of vacancy defects
were generated. Based on these findings, the influence of defects introduced by different
irradiation doses of 70 keV C ions on the DC and RF characteristics of the device was

analyzed.
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1. Introduction

In recent years, the utilization of microelectronic systems in key fields such as satellite
radar, astronomical observation, and space communication has significantly increased due to the
advancement of space exploration activities [1-3]. Integrated circuits play a crucial role in
microelectronic systems, with semiconductor devices serving as the core components that
determine their performance [4]. Among these devices, High Electron Mobility Transistors
(HEMTs) based on AlGaAs/InGaAs have demonstrated exceptional advantages and immense
potential for applications requiring high frequencies, low noise, and high power capabilities [5-7].

However, electronic devices operating in space are subjected to an extremely complex
radiation environment consisting of solar wind, galactic cosmic rays, and radiation belts [8].
Prolonged exposure to ionizing radiation can result in functional degradation and even failure of
device performance [9-11]. Therefore, understanding the influence of space radiation on
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semiconductor devices is crucial, and investigating the impact of space particles on these devices
has become imperative [12]. Although there have been numerous studies conducted by research
teams worldwide on the effects of particle irradiation on HEMTs, most of the research has focused
on the effects of protons, electrons, and neutrons [13], while the effects of heavy ions on devices
remain to be thoroughly investigated. Given that carbon ion (C ion) constitute a significant portion
of heavy ions in the space radiation environment, this paper aims to investigate the damage caused
by C ion irradiation on AlGaAs/InGaAs HEMTs using SRIM software. The relationship between
vacancy defects and the electrical parameters of the devices is established to provide a theoretical
foundation for the development of radiation-hardened devices.

2. Simulations

The structure of the AlGaAs/GaAs HEMT devices is illustrated in Table 1. Starting from
the bottom, the device comprises a 1.5 pm GaAs substrate, a 10 nm Ing»5Gag 75As channel layer, a
34.5 nm Alo3Gao7As isolation layer, a 30 nm GaAs cap layer, and a 50 nm Si3Ny4 passivation layer.
The inclusion of InGaAs, with its narrower band gap compared to AlGaAs and GaAs, leads to the
formation of a two-dimensional electron gas (2DEG). This introduces an additional layer of
constraints on conventional HEMTs.The presence of the 2DEG contributes to a reduction in output
conductance and an enhancement in power conversion efficiency when compared to traditional
HEMTs.

Table 1. Structure of AlGaAs/InGaAs HEMT.

Material Thickness
Si3Ny 50 nm
GaAs 30 nm

Alo3GagsAs 34.5 nm
Ing25Gag 75As 10 nm
GaAs 1.5 um

The SRIM software is widely recognized and utilized internationally as a program based
on the Monte Carlo method[14,15]. It calculates parameters such as incident incidence, energy
transfer, and defect damage caused by charged particles in target materials. In this paper, the
simulation of radiation damage zones and the underlying damage mechanisms in devices resulting
from low-energy C ions is conducted using SRIM. To ensure efficient simulation speed and
minimize errors, a total of 10° ions are utilized in this study. The threshold displacement energy for
In, Ga, As and Al were set as 6.7 eV, 10 eV, 10 eV and 25 eV[16], respectively. The “Detailed
Calculation with full Damage Cascades” mode was selected.
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3. Results and discussion

3.1. Irradiation damage of Aly3Gao;As and Ing25Gao.;sAs materials by C ions with
different energies

The study focuses on examining the microscopic interaction between C ions of different
energies and materials. The average projection range and termination position of incident ions in
the target material directly reflect the extent of radiation damage in the materials. Hence, the
projection range of C ions with varying energies in Alp3Gao7As and Ing2sGag7sAs materials was
initially calculated. The obtained results were further subjected to linear regression analysis, as
depicted in Fig. 1. As observed in the Fig., the projection range increases as the ion energy rises
within the range of 10 KeV to 1 MeV, exhibiting an approximately linear relationship.
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Fig. 1. Projection of C ions with different energies in the material, (a) Alo3Gao7As; (b) Ing25Gag 75As.

Fig. 2 presents the final stopping position of a 100keV C ion within the target material. It
illustrates the discrete distribution of the incident ions within the material. Fig. 3 provides a
three-dimensional representation of the C ion distribution within the target, allowing for a more
intuitive visualization of the transverse and longitudinal distributions of the incident ions. Both Fig.
2 and Fig. 3 highlight that the final distribution of the incident ions is not solely confined to the
initial direction of incidence. This indicates that during collisions with target atoms, incident ions
are scattered in multiple directions, leading to cascade damage within the material. Consequently,
this cascade effect increases the longitudinal damage distribution within the material or device.
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Fig. 2. Dispersion distribution of 100keV C ions in different targets, (a) Alp3Gag.:4s; (b) Ing2sGag.75As.
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Fig. 3. Three-dimensional distribution of C ions at 100keV in different targets, (a) Aly3GagA4s; (b)

Ing.25Gayg.754s.

The deceleration and energy loss experienced by incident ions primarily result from the
interaction between the incident ions and the external electrons. The stopping power, denoted by
the energy loss of the incident ion per unit path length (-dE/dX), characterizes the ability of the
target nucleus and electrons to decelerate the incident ions. The electron stopping power and
nuclear stopping power of Alp3Gag;As and Ing»sGag 7sAs are depicted in Fig. 4.From the Fig., it is
evident that the electron stopping power increases with the energy of the incident ions, whereas the
nuclear stopping power decreases with increasing ion energy. Furthermore, the electron stopping
power significantly exceeds the nuclear stopping power.
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Fig. 4. Electron stopping power and nuclear stopping power of (a) Aly3Gag 7As and (b) Ing.2sGag.75As.

3.2. Irradiation damage of AlGaAs/InGaAs HEMTs by C ion

The ionization damage in the device generates electron-hole pairs, which can recombine

rapidly and do not have a permanent impact on the device. High-energy ions tend to penetrate

through the device, while low-energy ions are more likely to remain within it. As a result, it is

crucial to prioritize the investigation of radiation damage caused by low-energy ions in the device.

Furthermore, particular attention should be given to defects at the heterojunction interface since

they have the most significant impact on the device's performance. Specifically, defects in the

barrier layer and channel layer of the device should be the focus of attention and analysis.

Therefore, the device structure in Table 1 is adopted for simulation, and the vacancies induced by

different energy C ions is calculated, as shown in Fig. 5.
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Fig. 5. The number of vacancies generated by C ions with different energies on both sides of the
heterojunction, (a)50 keV; (b) 70 keV; (c) 100 keV.

As shown in Fig. 5, when the energy of the incident C ion is 50 keV, the generated

vacancies are measured at 638 vacancies per Angstrom-lon. When the ion energy increases to 70

keV, the number of vacancies rises to 707 vacancies per Angstrom-lon. However, with a further
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increase in ion energy to 100 keV, the number of vacancies decreases to 590 vacancies per
Angstrom-lon. This observation indicates that the vacancy generation initially increases and then
decreases as the incident ion energy is raised. It is noteworthy that around 70 keV, the irradiation
damage in the barrier layer and channel layer of the device is most severe, resulting in the highest
number of generated vacancy defects. Fig. 6 displays the types of vacancies induced by 70 keV C
ions on both sides of the AlGaAs/InGaAs heterojunction. The analysis reveals a significantly
higher number of As and Ga vacancies in the AlGaAs barrier layer compared to the InGaAs
channel layer. Moreover, the number of In vacancies exceeds that of Ga and As vacancies. This
discrepancy can be attributed to the smaller displacement threshold energy of In atoms relative to
As and Ga atoms, and notably smaller than that of Al atoms. The lower the displacement threshold
energy of atoms, the higher the likelihood of their ejection from the lattice, leading to the
formation of vacancy defects. The variation of vacancy with depth is shown in Fig. 7. It can be
seen that the atomic vacancy generated on both sides of the heterojunction changes little with
depth.

COLLISION EVENTS COLLISION EVENTS
- — . .
o = In Target Vacancies
=] [} Ga Target Vacancies
T As Target Vacancies T As Target Vacancies
=] 30 [+}
- -
= = 30
w s n
&l = &l 25
a =] -
-1, 20 -1
— — 20
™~ ™~
- 15 -
v - w 15
=1 =
E .10 E " .10
B s B @
Zz 05 z <9 0
<L
0
E= =
—Target Depth - 500A ~Target Depth - 1500 A
(@) (b)

Fig. 6. Number of vacancies generated by C ions at 70keV on both sides of the heterojunction, (a)
Alo3Gao.74s and (b) Ing.25Gap.75A4s.
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Fig. 7. Vacancy changes with target depth.
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Fig. 8 depicts the relationship between vacancy concentration and ion dose when incident
70 keV C ions are utilized. It is evident from the Fig. that the concentration of various vacancies
on both sides of the heterojunction displays a linear relationship with the increasing dose of C ion
implantation. This observation indicates that a higher dose of ion implantation results in the
formation of a greater number of vacancy defects.
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Fig. 8. Variation of vacancy concentration with incident ion dose, (a) Alp3Gap.As and (b) Ing25Gag 754s.

To verify the impact of irradiation-induced vacancies on the device, the vacancy
concentrations induced by 70 keV with the ion doses of 5% 10'® and 1 X 10'7 were introduced into
the device model established using TCAD software. The variation of device characteristics with
the ion injection amount was subsequently calculated and depicted in Fig. 9. As observed in the
Fig. 9, the saturated drain current and transconductance gradually decrease as the ion dose
increases. This decline can be attributed to the generation of more defects with increasing dose.
The increased defects capture more charge carriers, resulting in a more pronounced degradation of
device performance.
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Fig. 9. Variation of (a) output characteristics and (b) transfer characteristics with incident ion dose.
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4. Conclusions

In summary, the effects of C ion irradiation on AlGaAs/InGaAs HEMTs were investigated
through numerical simulation. The results showed that the projection range increases as the ion
energy rises within the range of 10 KeV to 1 MeV, exhibiting an approximately linear relationship.
Incident ions are scattered in multiple directions, leading to cascade damage within the material. It
is noteworthy that around 70 keV, the irradiation damage in the barrier layer and channel layer of
the device is most severe, resulting in the highest number of generated vacancy defects. Moreover,
the saturated drain current and transconductance gradually decrease as the ion dose increases.
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