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A B S T R A C T

AlGaN/GaN high electron mobility transistor (HEMT) devices were irradiated with swift heavy ions at different
fluences. From structural and electrical studies, it was found that SHI irradiation leads to a significant dete-
rioration of structural and electrical properties of the devices. Positive threshold voltage Vth was found to in-
crease by about 85% as a result of irradiation with 1540-MeV 209Bi ions at fluence of 1.7× 1011 ions/cm2, while
this threshold voltage value was increased by 55% after irradiation with 2300-MeV 129Xe at a fluence of
4×1011 ions/cm2. The maximum saturation drain current Ids was decreased by about two orders of magnitude
in the device after irradiation with 209Bi ions. Quasi-continuous tracks were observed visually in the devices after
irradiation with 209Bi ions. The observed defects and disorders induced in the devices by SHI irradiation were
found responsible for the decrease in carrier mobility and sheet carrier density, and finally, these defects resulted
in the degradation of electrical characteristics of HEMTs.

1. Introduction

Gallium nitride (GaN) is a typical wide bandgap semiconductor
material that belongs to III–V group with excellent physical and che-
mical properties. Materials based on GaN are known to be advanta-
geous for the fabrication of high-power electronic devices including
high breakdown voltage diodes, power amplifiers, and power switches
[1]. Moreover, GaN-based devices such as high electron mobility
transistors (HEMTs) and light emitting diodes are promising in the field
of optoelectronics [2–6]. GaN as a third-generation semiconductor can
overcome the limitations of traditional Si electronic devices; it can be
operated widely at high temperatures, pressures, and radiation and
even in more extreme and harsh environments [7–9]. This creates
considerable interest in GaN-based materials to understand the me-
chanisms of various radiation effects and their reliability in the devices.
Several phenomena including hot phonon effects [10], inverse piezo-
electric effects [11], and hot carrier effects [12] were proposed to study
the influence of radiation in GaN-based devices. However, the exact
mechanism remains unclear and needs to be investigated in detail.

It is well understood that the properties of the device are strongly

associated with the characteristics of GaN-based materials. The relia-
bility of the devices is strongly affected by the defects and stresses in the
material that are induced by radiation. As reported by Hazdra et al.
[13], the radiation defects created by 4.5-MeV electrons are responsible
for the decrease in electron concentration and mobility at much higher
doses. In an experiment with 2-MeV proton irradiation, it was indicated
that defects that appeared at AlGaN/GaN interface act as the scattering
centers near the two-dimensional electron gas (2DEG) that resulted in
the reduced mobility of the device [14]. GaN HEMTs exhibit a high
radiation resistance to gamma-rays, although at high fluences, the
gamma-ray irradiation can also induce additional traps that can sig-
nificantly influence the electrical and optical characteristics of the de-
vices [15]. Moreover, it was found that after thermal neutron irradia-
tion, the reverse-bias current of GaN PIN diodes was significantly
increased due to the irradiation-induced defects in GaN and defects
near the metal/GaN interface [16]. To date, the interaction of energetic
ions with GaN and GaN-based devices arises mostly due to the low-
energy ions, when the nuclear energy loss is considered the primary
energy transfer mechanism [17,18]. Thus far, the microstructure da-
mage of GaN-based devices caused by the swift heavy ion (SHI)
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irradiation has not been extensively studied. In this work, we carry out
a series of SHI irradiation experiments to study the irradiation effects on
the structure evolution and electrical properties of GaN-based HEMT
devices, to find an essential correlation between the degradation of
electronical characteristics and damages that occur in the micro-
structure of the devices.

2. Experimental method

AlGaN/GaN HEMT devices were fabricated by metal-organic che-
mical vapor deposition (MOCVD) technique. The heterojunction cross-
sectional diagram of AlGaN/GaN HEMT is shown in Fig. 1. The struc-
ture consist of a 50-nm AlN core layer on a sapphire substrate, 1.3-μm-
thick GaN buffer layer without any dopant, 2-nm AlN insert layer, and
30-nm AlGaN barrier layer with aluminum mole fractions of 25–30%.
Standard lift-off procedure was adopted to form the ohmic metal source
and drain (Ti/Al/Ni/Au) and the gate metal (Ni/Au) contacts. Finally,
all the samples were passivated with SiNx to eliminate the surface state
and increase the surface density of channel carriers [19].

Irradiation experiments were performed at the Heavy Ion Research
Facility in Lanzhou (HIRFL) in which the AlGaN/GaN HEMT devices
were irradiated with 209Bi and 129Xe ions with initial kinetic energies of
9.5 and 19.5MeV/u, respectively. The devices were in off-sate without
bias during the irradiation process. Ion beam scanning was used to
obtain homogeneous irradiation under normal incidence at room tem-
perature in vacuum. The detailed irradiation parameters in GaN ma-
terial calculated by SRIM-2013 code [20,21] are presented in Table 1.
We also calculated the energy loss in the upper layers before the ions
were incident on the GaN layer, and it was found that the maximum
energy loss was lower than 10MeV, while the corresponding electronic
energy loss of the ions was reduced by less than 0.06%. Therefore, the
energy loss of the ions caused by the electrode and the passivation
layers can be neglected. The electrical parameters of the pristine and
irradiated AlGaN/GaN HEMT devices were measured using a semi-
conductor parameter analyzer (4200A-SCS), and then a cross-sectional
transmission electron microscope (TEM, FEI Tecnai G2 TF-20, 200 kV)
was used to investigate the structural damage of the devices. The

cross-sectional images of the devices selected for TEM measurement
were obtained using a focus ion beam system (FIB, FEI Helio 600).

3. Results and discussion

3.1. Transfer characteristics and output characteristics

The pristine and irradiated HEMT devices were tested with a drain-
source voltage of 10 V and gate voltage Vgs that was increased from
−6 V to 2 V. The transfer characteristics showed significant changes
after irradiation of the devices. The results for the two devices are
shown in Fig. 2. It is seen that, the threshold voltage Vth increased
from−5.4 V to−0.8 V, thereby showing an increase of 85% in Vth

value for the devices irradiated with 1540-MeV 209Bi ions, whereas the
drain current decreased to 1% of its initial value [Fig. 2(a)]. A similar
phenomenon was observed in the devices irradiated with 2300-MeV
129Xe ions at a high fluence. In this case, Vth increased from −5.5 V to
−2.5 V showing around 55% increase, and the corresponding drain
current was decreased by about 60% as compared to the pristine HEMT
devices [Fig. 2(b)]. To ensure that the unirradiated devices were of the
same quality as compared to the devices irradiated with 129Xe ions, the
former devices were exposed to 209Bi ions with higher (dE/dx)e but with
lower fluence. From the corresponding irradiation parameters, we
suggest that the degradation of electrical properties is closely related to
(dE/dx)e of the incident ions.

Fig. 3 shows the output characteristics of the devices for different
Vgs values. The results for the two devices are shown in Fig. 3(a) and
(b). It is seen in Fig. 3(b) that Ids increased with the increase in Vds

values, achieved a saturation value at Vds= 4V, and finally adopted a
linear trend at Vds= 2 V for the device irradiated with 209Bi ions. The
maximum saturation current Ids decreased by almost two orders of
magnitude at Vgs=−1 V. Moreover, reverse leakage current was de-
tected, and it was found that it reached 3mA when Vgs was set to−4 V
and then decreased with the increase in Vgs values as shown in Fig. 3(b);
this is marked with a red circle. Ids remained nearly constant and was
approximately the same for all negative Vgs values in the saturation
region. Although the saturation current Ids was controlled by Vgs, the
ability to adjust Ids was found to be weakened in this case. This implies
that additional traps were induced under the gate area as a result of the
SHI irradiation. Fig. 3(c) and (d) display the variation in Ids for the
devices irradiated with 129Xe ions. In the case of Vgs= 0 V and drain-
source voltage Vds= 10 V, Ids was found to decrease mainly from
290mA to 100mA. However, no reverse leakage current was detected
in 129Xe ion-irradiated devices (see the inset in Fig. 3(d)). These results
confirmed that the degradation in electrical properties of the devices
was more significantly induced by irradiation with 209Bi ion than that
with 129Xe ions.

3.2. Transmission electron microscopy (TEM) analysis

The cross-sectional imaging of the devices was performed by TEM
characterization. Fig. 4 shows the images of the devices irradiated with
1540-MeV 209Bi ions at a fluence of 1.7× 1011 ions/cm2. The ion tracks
were first visualized in TEM passing through the whole gate and het-
erogeneous junction thickness as shown in Fig. 4(a). The high-resolu-
tion images of the tracks presented in Fig. 4(a) are marked with dotted
rectangular areas shown in Fig. 4(b) and (c). It is interesting to note that
the bubble-like tracks formed near the AlGaN barrier layer are quasi-
continuous with an external diameter of approximately 5.8 nm, and the
continuity of the tracks reduced sharply with the increase in depth of
the buffer layer. In GaN layer, the tracks were visualized as indicated by
the brighter area with a maximum diameter of about 4.3 nm at a depth
of 500 nm from the surface of the devices, where some parts in the
image seem to be even amorphous. We also observed the tracks through
the entire drain layer in the device as shown in Fig. 4(d). It is seen that
these tracks are quasi-continuous at a depth of 500 nm in GaN layer as

Fig. 1. Heterojunction cross-sectional diagram of AlGaN/GaN HEMT.

Table 1
Irradiation parameters in the experiment, (dE/dx)e and (dE/dx)n denote the
electronic and nuclear energy losses in GaN, respectively, as calculated using
SRIM-2013 code [20,21].

Ion Energy/
(MeV)

(dE/dx)e/
(keV/nm)

(dE/dx)n/
(10−2 keV/nm)

Projected
range/(μm)

Fluence
/(ions/cm2)

209Bi31+ 1540 45.9 6.5 40.9 1.7× 1011
129Xe27+ 2300 22.9 1.4 86.7 4× 1011
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