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Irradiation effects of proton and Ni ions on a gallium 
nitride high electron mobility transistor (GaN HEMT) 
were investigated. The device characteristics did not 
degrade until 1 × 1013 protons/cm2 for 3 MeV proton 
irradiation. The devices irradiated with high radiance of 
Ni ions had no increase in leakage current or electric field 
intensity, indicating there was no critical damage to the 
devices. These results demonstrate the device has a 
high radiation tolerance for space application. 

 
1. Introduction 

GaN HEMTs are suitable for constituting high-
efficiency, high frequency, and high-power devices due 
to their high carrier mobility and high breakdown voltage. 
To obtain the advantage of high efficiency, lightweight 
and high reliability properties, GaN HEMTs are expected 
to be applied to solid-state power amplifiers (SSPAs) to 
be mounted on satellites (1). 

In space environments, devices mounted on 
satellites are exposed to space radiation consisting of 
high-energy electrons, protons, and heavy ions due to 
supernova explosions and solar activity, as well as X-
rays and gamma rays generated due to the interaction of 
highly energetic ions with shielding. To quantify the 
device's tolerance to a space-specific high-radiation 
environment, a radiation tolerance assessment is 
required. Testing of the displacement damage dose 
(DDD) effect, single event effect (SEE), and total ionizing 
dose (TID) effect are the main evaluation methods of 
radiation tolerance. 

In this study, we investigated the displacement 
damage produced by irradiation of protons and Ni ions 
on GaN HEMTs by using several optical analysis 
methods, ultra-high voltage electron microscopy (HVEM) 
and device characteristic measurements. 

 
2. Ion Irradiation Test 

Conventional GaN HEMTs were grown on a 4H-SiC 
substrate. A Schottky gate electrode was formed using 
sputtered TaN and Au layers(1). 3 MeV protons and 
18 MeV Ni were irradiated using an ion accelerator 
system(2) at the National Institutes for Quantum and 
Radiological Science and Technology. Protons were 
irradiated on the entire surface of one of the GaN HEMTs 
and Ni ions were irradiated in a selected area of the 
GaN HEMT by using a focused ion beam.  

3. Proton Ion Irradiation Effect 
Before and after proton irradiation, the DC 

characteristics of the devices were measured. Figure 1 
shows changes in the maximum drain current (Imax) with 
proton irradiation. At a low irradiation fluence of up to 
1 × 1012 protons/cm2, we found a slight increase of 
approximately 1% in Imax. This increase was recoverable, 
because the increased Imax decreased to the original 
value after annealing at 150°C. This result means that 
positive charges were trapped in the devices by proton 
irradiation in the low fluence region. No deterioration of 
Imax was found until the irradiation fluence exceeded 
1 × 1013 protons/cm2. 

With further irradiation of 1 × 1014 protons/cm2, Imax 
decreased. Even in this case, critical failure such as a 
significant increase in gate leakage current and device 
breakdown did not occur. The cumulative proton 
irradiation amount on a satellite in geostationary orbit for 
10 years is equivalent to approximately 7 × 1011 
protons/cm2 of 3 MeV protons. The influence on a device 
located inside the satellite is even smaller. This result 
indicates that GaN HEMT has sufficient resistance to 
protons in space environments. 

 
4. Ni ion Irradiation Effect 

In order to investigate the influence of displacement 
damage induced by ion irradiation on devices in more 
detail, we applied 18 MeV Ni ions as the irradiation 
particles. 

Figure 2 shows changes in Imax with Ni ion irradiation. 
Imax was stable up to 1 × 1011 ions/cm2 and started to 
decrease more than 2 × 1011 ions/cm2 irradiation. 

Fig. 1 Change in maximum drain current (Imax) 
with proton irradiation 
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Compared with the proton test results in Fig. 1, Imax in 
Fig. 2 started changing at a low irradiation fluence. The 
result indicates that the irradiation of 18 MeV Ni ions 
induced larger displaced damage than 3 MeV proton 
irradiation. 

Figure 3 shows (a) reverse and (b) forward Schottky 
contact characteristics of the devices before and after 
the Ni ion irradiation. Imax decreased significantly by the 
Ni ion irradiation at a fluence of 5.5 × 1013 ions/cm2 as 
shown in Fig. 1; however, the change of gate leakage 
current after the irradiation is negligibly small. These 
results indicate that the irradiations had no significant 
effects on the device reliability. 

In order to examine the microscopic influence of Ni 
ion irradiation, we applied optical measurements such as 
photoemission microscopy (PEM), optical beam induced 
resistance change (OBIRCH) imaging, and 
photoluminescence (PL)(3). Electric field intensity, 
leakage current, and crystal quality can be observed by 

these methods. Figure 4 shows PEM, OBIRCH, and PL 
images before and after Ni ion irradiation of 
7 × 10 12 ions/cm2. The irradiation area was located in 
the region indicated by the dotted square in Fig. 4. For 
the gate bias, −70 V was applied during the PEM 
observation and −10 V was applied during the OBIRCH 
observation. In all intensity distribution images after the 
Ni ion irradiation, the signal intensity uniformly 
decreased in the Ni-irradiated region. The decrease in 
each signal intensity indicates a reduction in the electric 
field intensity, a reduction in the leakage current and an 
increase in the recombination center, respectively. A 
spot-like signal, typically found in a device with a gate 
leakage current increase, cannot be found in the 
irradiated region. This indicates that no locally 
concentrated electric field or gate leakage was caused 
by the irradiation. This is consistent with the fact that no 
increase in the gate leakage current was observed in 
Fig. 3. Therefore, the results described above suggest 
that the Ni ion irradiation caused a uniform reduction in 
the carrier concentration, preventing a concentrated 
electric field that would lead to a significant increase in 
the gate leakage current. 

We investigated the influence of ion irradiation on 
the GaN HEMT microscopically. When a semiconductor 
device is irradiated with high-energy ions, irradiation 
damage occurs due to the displacement of crystal atoms 
from regular lattice positions. Figure 5 shows a cross-
sectional transmission electron microscopy (TEM) image 
taken after irradiation; for the observation, we irradiated 
the GaN HEMT with 2.8 × 1013 ions/cm2 of Ni ions at 
18 MeV. A sample thickness of 1.5 μm was observed by Fig. 2 Change in Imax with proton irradiation 
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Fig. 3 (a) Reverse and (b) forward Schottky contact characteristics before and 
after 18 MeV Ni ion irradiation 

(a) Reverse direction (b) Forward direction 
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an acceleration voltage of 2 MV using an ultra-high 
voltage electron microscope (H-3000)(5). A darker shape 
was observed in the SiC substrate region below the 
AlGaN/GaN layer, corresponding to the irradiation 
damage. The damage reached a depth of approximately 
4 μm in the SiC substrate. The damage was also found 
under the gate electrode, although the damage slightly 
shifted to the gate electrode. The shift indicates that the 
energy of Ni ions is decreased by the gate electrode. 

The lattice defects were supposed to be created 
near the AlGaN/GaN channel layer, causing a decrease 
in the carrier concentration and mobility. This is likely to 
have caused a decrease in the drain current. Figure 5 
shows no line-type defects caused along the ion track. It 
is consistent with the results of no increase in gate 
leakage current and electric field concentration. 

5. Conclusion 
Irradiation experiments of ions to GaN HEMTs 

indicate that the device would be stable up to a fluence 
of 1 × 1013 protons/cm2 for 3 MeV proton and 1 × 1011 
ions/cm2 for 18 MeV Ni ions. Excessive ion irradiation 
caused a decrease in the drain current, but did not cause 
a concentrated electric field or an increase in the gate 
leakage current. GaN HEMTs had sufficient radiation 
tolerance in space environments. 
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Fig. 5 Cross-sectional TEM image of the AlGaN/GaN 
HEMT after Ni ion irradiation 

Fig. 4 PEM, OBIRCH and PL images before and after Ni 
ion irradiation 


