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Abstract

While radiation is known to degrade AlGaN/GaN high-electron-mobility transistors (HEMTs),
the question remains on the extent of damage governed by the presence of an electrical field in
the device. In this study, we induced displacement damage in HEMTs in both ON and OFF
states by irradiating with 2.8 MeV Au** ion to fluence levels ranging from 1.72 x 10'° to

3.745 x 10'3 jons cm~2, or 0.001-2 displacement per atom (dpa). Electrical measurement is
done in situ, and high-resolution transmission electron microscopy (HRTEM), energy dispersive
x-ray (EDX), geometrical phase analysis (GPA), and micro-Raman are performed on the highest
fluence of Au** irradiated devices. The selected heavy ion irradiation causes cascade damage in
the passivation, AlGaN, and GaN layers and at all associated interfaces. After just 0.1 dpa, the
current density in the ON-mode device deteriorates by two orders of magnitude, whereas the
OFF-mode device totally ceases to operate. Moreover, six orders of magnitude increase in
leakage current and loss of gate control over the 2-dimensional electron gas channel are
observed. GPA and Raman analysis reveal strain relaxation after a 2 dpa damage level in
devices. Significant defects and intermixing of atoms near AlGaN/GaN interfaces and GaN
layer are found from HRTEM and EDX analyses, which can substantially alter device
characteristics and result in complete failure.
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1. Introduction

From sea level to outer space, atmospheric neutrons to highly
energetic particles such as protons, electrons, and heavier
particles, constantly bombard electronic devices. They gen-
erate different effects ranging from both soft effects, such as
corruption of the information stored or memory bit flips to
irreversible catastrophic burnout of power transistors [1]. The
radiation-harsh environment is not limited to only space mis-
sions and military applications; in facilities such as nuclear
power plants or particle accelerators, even for standard ter-
restrial operation, radiation can threaten day-to-day operation.
There is a growing tendency to use AIGaN/GaN high electron
mobility transistors (HEMTs) due to the associated potential
in high-power, high-temperature, and high-frequency applic-
ations. HEMTs are also attractive for high-altitude or space
related applications [2], higher threshold energy for atomic
displacement [3], and higher dynamic annealing rate enhance
radiation tolerance [4]. Due to its high-power density, the
presence of thermomechanical stress and high channel tem-
perature are already recognized performance bottlenecks for
GaN HEMTs. A large electric field appears under the gate
edge across the barrier in the AIGaN/GaN HEMTs, adding to
the existing substantial intrinsic tensile strain at the interface
due to lattice mismatch [5]. To make matters worse, ioniz-
ing and non-ionizing radiation may significantly impact the
device’s performance as well [2, 6]. The most common trend
is to study radiation effects on devices at the OFF state, ignor-
ing the stressors originating from the operational conditions
and the combined effect of irradiation. Therefore, a thorough
examination of the combinatorial impact of superimposed
radiation environmental stressors and operating stressors on
devices is required.

GaN is very radiation tolerant and requires high amounts of
exposure to cause alterations, according to preliminary studies
on the impacts of radiation on GaN technology [7]. The liter-
ature contains studies of heavy ion ((starting with Si)) test-
ing using Iron (Fe), Bromine (Br), Neon (Ne), Argon (Ar),
Krypton (Kr), Xenon (Xe), Gold (Au), and Bismuth (Bi) at
energy levels ranging from 1.5 MeV to 1.217 GeV [8-12].
Cosmic rays and solar flares are examples of high-energy
particles, with heavier ions having energies up to 10 GeV
[11]. Damage mechanism by these heavy ions is a function of
radiation type, flux, fluence, energy, and temperature, as well
as the device specifics such as carrier density, bond energy,
material specific heterostructures (AlGaN/GaN, AIN/GaN or
InAIN/GaN), device structure, impurity content, and disloca-
tion density in the GaN-based structure [7, 13, 14]. Due to the
increased surface state density of GaN and the lack of a gate
dielectric in the HEMT structure, ionization effects in GaN are
not as severe as they are in CMOS devices [15]. The degrad-
ation of Al1GaN/GaN HEMT devices under ion radiation was
attributed to displacement damage caused by the nonionizing

energy-loss of nuclear collisions, while electronic energy-loss
processes play a negligible role in defect formation [16].
However, swift, heavy ion radiation with energy in the high
MeV and GeV range typically loses energy through electronic
interactions in the target. This significant ionization spike
acts as a hot electron gas that dumps its energy into lattice
by electron-phonon interaction. Sequeira et al have demon-
strated with 185 MeV gold irradiation that this sudden con-
siderable energy from ionization can induce high temperat-
ures and create a molten tract in the path [16]. Most previous
publications focused on the effects of protons, neutrons, and
low-to-medium energy ions [14]. It is known that 1.8 MeV
light ion (proton) irradiation at ~10'* protons cm~2 fluence
decreases in 2-dimensional electron gas (2DEG) mobility by
>30%, 2DEG sheet carrier density by 10%, transconduct-
ance and saturation current by 68% and 62%, respectively [17,
18]. Gold heavy ions with mid-level energy (1.5 MeV) and
6.5 x 10" gold cm~2 fluence are shown to generate defect
clusters that decrease saturation current by four orders of
magnitude and cause loss of gate control [12]. Some studies
claimed that the presence of an electric field has no impact
on incoming ion radiation [19], whereas others show dissim-
ilar behavior in transport properties between ON and OFF
conditions [20-24]. Ionizing sources, such as X-ray and 60Co,
have been employed to evaluate the influence of irradiation
at various bias conditions in HEMTs. Variations of elec-
trical characteristics during gamma irradiation as a function of
device structure and bias settings (high gate and drain voltage)
have been reported [23]. Another study demonstrated that GaN
HEMTs have less susceptibility to 10 KeV x-ray irradiation
when in the ON-state and exhibited excellent recovery of func-
tionality after 350 Krad total ionizing dose (TID) [22]. These
findings indicate better performance of the HEMTs in the ON-
state compared to the OFF-state. This is due to the influence of
both vertical and horizontal electric field components, which
minimizes the effects of radiation on the dynamics of trapped
charges. The effects of proton and x-ray irradiation, as well as
hot carrier stress, were also studied for TID and displacement
damage effects [24]. The study found that the magnitude of the
effects varied significantly with applied bias during exposure
and that a single worst-case bias condition cannot be defined
for all varieties of AlIGaN/GaN HEMTs. The lack of system-
atic research on heavy ion irradiation that takes into account
the operating state of devices (ON or OFF state) during irra-
diation, which can substantially influence reliability and tol-
erance to incoming irradiation [20], is the primary motivation
for this study.

2. Materials and methods

Commercially available Cree multi-finger HEMTs
(CGH60008D, Wolfspeed, rated at 6 W,18 GHz, and 40 V)
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Figure 1. (a) Schematic (not to scale) of the cross-section of GaN HEMT (b) Range of 2.8 MeV gold ion and stopping power of electronic

and nuclear interactions.

dies are fabricated with metal-org chemical vapor deposition
growth in a high-volume reactor on 100 mm semi-insulating
4 H silicon carbide substrates. Ohmic contacts (Ti/AI/Ni/Au)
are formed directly on the top AlGaN layer, and Schottky
metal gate electrodes are formed by recessing through the first
SiN dielectric to the AlGaN and then depositing Ni/Pt/Au
metallization. The gate electrode is laterally extended with
gate metallization to reshape and redistribute the strong peak
electric fields at the drain-side edge. Further electric field
shaping is achieved by fabricating a source-connected second
field plate (FP2) after the second passivation layer [25]. The
layer structure reported by the manufacturer is depicted in
figure 1(a), which shows a ~20 nm Aly,,Gagp7gN barrier,
~1 nm thick AIN interlayer, 1.4 ym GaN buffer, and 100 pym
4H-SiC substrate with a gate length of Ly = 0.25 pm.

The Ion Beam Laboratory at Sandia National Laborator-
ies has developed an I’TEM (In situ Ton Irradiation TEM)
system connected to a 6 MV tandem accelerator [26]. In
the beamline, before connecting to the TEM chamber, there
is a small chamber suited for irradiating bulk samples and
heating, biasing for exploring coupled extreme environments.
The devices are irradiated with 2.8 MeV gold ion (Au*t)
at the flux of 1.8 x 10'° ions ecm™2 s~! with or without
an internal electrical field (ON and OFF mode). Two GaN
devices, for ON and OFF states, are wire bonded to a ceramic
chip connecting to external Keithley 2400 SMUs to supply
voltage during ON mode and in situ measurement after spe-
cific 2.8 MeV Au** fluence at both ON and OFF mode opera-
tion. During ON mode, devices are operated at V4 = 2 V and
V, = —2 V with a drain current density of 167 mA mm™'
inside the radiation chamber to get both vertical and hori-
zontal electric fields in the devices. The absence of supple-
mentary thermal packaging for this device necessitates the
selection of this biasing condition to ensure safe operation
within a vacuum chamber without any damage to wire bond
connections. The ex-situ ion irradiation was performed on
both ON and OFF mode devices at seven different fluence
levels: 1.72 x 10'%, 1.72 x 10", 1.72 x 102, 5.18 x 102,
1.21 x 10", 1.72 x 10", and 3.7 x 10" ions cm~2. All the
ions were at a nominally normal incidence, and all the tests

were performed at room temperature. The stopping and range
of ions in matter (SRIM) simulation with the Kinchin—Pease
model [27] has been used to calculate the device’s damage
level. Irradiation damage levels for each fluence level were
0.001, 0.01, 0.1, 0.3, 0.5, 0.7, 1, and 2 displacement per
atom (dpa). We used dpa per volumetric slices as a metric for
vacancy production as a function of depth. However, it does
not take into consideration factors such as time dependence
of defect production, point defect spatial distribution, defect
migration & reaction, and defect clustering. From SRIM,
we see that the ion range is 0.62 pum (figure 1(b)), and the
vacancy/damage peak occurs near the 2DEG layer, the con-
ducting channel of the GaN HEMTs, which is why 2.8 MeV
energy was chosen for the heavy ion irradiation. Previous stud-
ies show that the electrical performance of the HEMT devices
is affected very little when the maximum distribution bom-
barded ions are located deeper than a thin 2DEG layer [28].
Micro-Raman measurements were performed using a Horiba
Vlabinir with a 532 nm ULF (ultra-low frequency) equipped
with a 2048 x 512 pixels back-illuminated liquid nitrogen-
cooled InGaAs array detector. For higher spectral resolution,
an 1800 G mm~! grating is used along with a 100x, NA = 0.9
microscope to focus the laser excitation on the sample and col-
lect the Raman scattered light, resulting in a laser spot size of
~1.0 um. Electron transparent specimens were prepared with
a Gat focused ion beam (FIB), varying the ion beam current
from 21 nA to 72 pA to minimize final FIB damage. TEM
and EDX experiments were performed in a 300 kV Tecnai G2
F30 S-TWIN with scanning transmission electron microscopy
high-angle annular dark field resolution of 0.17 nm.

3. Results and discussion

The forward saturation current (Ipg) starts decreasing from
0.001 dpa during both ON and OFF mode but drastically drops
by two orders of magnitude at ON mode, and devices com-
pletely lose the forward characteristics at OFF mode after
0.1 dpa as shown in figures 2(a) and (b). The Ipg dropped
from 328 mA mm~!-266 mA mm~!, or roughly 19%, when
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Figure 2. (a) In situ I-V characteristics of GaN HEMT at Vgs = 0 V for ON mode device as a function of dpa. (b) Comparison of
saturation current density between ON and OFF mode device operation as a function of dpa.

Vs =0V and Vps = 3 V. Additionally, at low drain voltage,
the initial slope of the current curve likewise decreases. When
the channel electric field is lower than the critical electric field
in AlGaN/GaN HEMT devices, the current at point x in the
2DEG channel is defined as

L =g () pE()

where g, ny(x), w, 1, and E(x) denote the mobility, gate’s width,
the concentration of 2DEG, electron charge, and intensity of
the electric field, respectively. Therefore, the declines in ini-
tial output curve slope and saturation current reflect a drop
in 2DEG density and mobility [29]. The final current density
does not scale exactly with the dpa, due to variations in defect
recombination rate. The SRIM calculation shows that from
the onset of 0.1 dpa (fluence 1.72 x 10'?ions cm™2), satur-
ation current decreases significantly because of the increased
inelastic interaction with the lattice resulting from the heavy
ion strike, which generates a higher amount of intrinsic lattice
defects per ion. The drop in current is a clear sign that there
are traps present at the surface and interface of the AlGaN and
GaN layers and displacement damage in the vicinity of the
active device region. The generated vacancy concentration is
8.85 x 10?° vacancies cm™3 per unit depth according to SRIM
simulation (figure 1(b)), and they can function as electron traps
and cause the carrier density in 2DEG to decrease. Moreover,
heavy atoms like gold can function as impurities and create
deep traps if the final position happens to be in the active part
of the device. From figure 2(b), we notice that there is a slight
recovery of saturation current after 0.7 dpa and 0.1 dpa for ON
and OFF mode, respectively. This similar behavior has been
observed before with °°Co irradiation in OFF mode [30]. This
has been attributed to the fact that the entrapment dynamics of
charges generated by irradiation eventually attain equilibrium
and compete with the recombination of charge pairs, causing
the system to return to its initial state. The current density in
the ON-mode device degrades two orders of magnitude after
0.1 dpa whereas the OFF-mode device completely loses its

functionality. It suggests that ON mode operation is more tol-
erant to irradiation effects than OFF mode, probably due to a
more extended annealing period by self-heating during the ON
state, providing a way of self-recovery during irradiation [20].
Furthermore, the application of both drain and gate voltage
during irradiation can lead to a modification in the behavior of
trapped charges due to the presence of horizontal and vertical
electric fields. This phenomenon can enhance the robustness of
ON mode devices compared to OFF mode devices [22]. The
moving electron during ON state can interact with the incom-
ing ion differently than OFF state which can shift the gold ions
peak damage depth away from the AlIGaN/GaN layer, leading
to an improvement in the radiation hardness of the material.
The ON mode device loses the gate control over forward
current after 0.1 dpa, which means negative gate voltage
(—3.2 V) can no longer turn off the channel of this GaN HEMT
device. The forward resistance of Schottky contact increased
by two orders of magnitude after a 2 dpa damage level, as illus-
trated in figure 3(a). This phenomenon and the complete dys-
functionality of the OFF-state device can be attributed to the
sudden increase of leakage current after 0.1 dpa (figure 3(b)).
To extract change in Schottky barrier height (SBH) and ideal-
ity factor, the thermionic emission model is used for forward

current density, which is given by,
) (i)

where Js is saturation current density, J is current density,
A** is Richardson constant for the metal/semiconductor inter-
face (26.4 A cm™2K~?2 [31]) and @y, is SBH. Taking log on
both sides should produce a line plot for thermionic emission,
which can be used to extract the barrier height, ideality factor,
and saturation current density. The y-intercept of the In J-V
curve gives the value of the saturation current density, J; from

which @y, is calculated | @y, = %Tln ’%

factor, n, can be extracted from the slope using the equation

qV

_ q@bn 4qv
nkT

kT

q

v 1) :A**Tzexp(

nkT

J:Jsexp<

) and the ideality
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Figure 3. (a) Degradation of Schottky gate forward voltage as a function of operation mode and damage level. (b) Relative increase
(compared to pristine condition) of leakage current at ON and OFF mode as a function of damage levels.

n=4 (%). The extracted values are tabulated below in
table 1.

The forward current keeps decreasing with higher fluences
as shown in figure 3(a). Initial steady value in the SBH and
subsequent decrease after 0.7 dpa is observed from the for-
ward I-V curve. The ON and OFF mode devices show similar
n and @y, values except for 1 dpa. The heavy gold ion irra-
diation introduces interface states at the metal/semiconductor
interface, influencing the SBH. A reduction in the height of the
barrier suggests an alteration in the electrical characteristics of
the interface. These changes may include chemical intermix-
ing that can shift the Fermi energy level pinning for the Schot-
tky contact [32]. The large ideality factor and change SBH
indicate various non-idealities, including impurities from gold
irradiation at the interface, radiation-induced trap-assisted tun-
neling current in addition to a thermionic current which even-
tually leads towards an inhomogeneous metal-semiconductor
interface [33]. Gate leakage current exhibited the most sig-
nificant increase, rising by around six orders of magnitude
after 0.1 dpa. Such increase usually occurs for swift heavy
ions, which leave latent tracks that act as a leakage path [34].
These results indicate that the Schottky contact has signific-
antly degraded after the ion irradiation. Due to the interfa-
cial trap states and strain-induced defects, such as disloca-
tions and cracks from significant lattice mismatches, the gate
reverse leakage current still represents a substantial threat
to the stability of GaN-HEMTs, even in pristine conditions
[35, 36]. Without causing any radiation damage, the ON-state
of a device with a high gate voltage can also contribute to leak-
age current. By hopping conduction from trap to trap induced
by irradiation, tunneling electrons from the gate can produce
a leakage current from the gate to the drain. Alternatively, the
electrons can travel through the AlGaN layer to the conduct-
ing channel or gather on the surface near the gate [37]. The
trap-assisted tunneling effects will be enhanced by the nonion-
izing energy loss (NIEL) of heavy ion-induced defects in the

AlGaN layer that has trapped positive charges and radiation-
induced electron traps. They serve as trap-assisted tunneling
centers, which eventually cause the gate leakage current to
grow. As shown in figure 4(a), the HEMT’s transfer prop-
erties were assessed with Vpg = 2 V both before and after
being exposed to gold ions. The peak position of the transcon-
ductance curve shifts after irradiation, which implies threshold
voltage shift has occurred. The deterioration of the transfer
characteristics and the positive shift of the threshold voltage
address the lowering of the 2DEG density and mobility caused
by gold ion radiation-induced defects such as Ga vacancies
or N interstitials [38, 39]. At the lowest fluence (0.001 dpa),
we observe Vy, shift from —2.8 V to —2.68 V and 40.14%
decrease in transconductance (gp). After 0.01 dpa, Vy, shif-
ted further positive to —2.6 V, but transconductance increased
by 17% compared to 0.001 dpa. The increase in the transcon-
ductance can be attributed to the irradiation-induced strain
relaxation AIGaN/GaN HEMTSs, which occur at lower fluence
[6, 28, 40]. During ion irradiation, both donor and acceptor
trap creation had been reported [24, 28, 41]. The increase in
acceptor-like trap density is responsible for the positive Vy,
shift at low gold ion fluence. Both ON and OFF mode oper-
ations show similar degradation at low fluences, and after
0.01 dpa, gate control over the channel is completely lost,
hence no Vy, or g, is available.

The typical Raman scattering spectra of the pristine and
gold ion-irradiated samples that are collected at room tem-
perature are shown in figure 4(b). No significant distinction
has been observed in the Raman spectra between devices
operating in ON and OFF modes. In the experiment, the
E;(High) and A;(LO) modes for GaN were observed using
the z(-, -)z back scattering geometry. Comparing the irradi-
ation sample to the pristine samples, the peak intensities were
lesser for the irradiated samples. The frequency of E,(High)
phonon mode did not change after irradiation; however, there
is a slight shift in the frequency position towards the lower
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Figure 4. (a) Transfer characteristics and transconductance and (b) Raman spectra of the pristine and 2 dpa irradiated samples (ON/OFF).

Table 1. Ideality factor and SBH as function of dpa of Ni/Au Schottky contact in AlIGaN/GaN HEMT. Gate area is 1.2 mm x 0.25 pm.

Pristine  0.001 dpa 0.01dpa 0.1dpa 0.7 dpa 1 dpa 2 dpa

ON/OFF ON/OFF ON/OFF ON/OFF ON/OFF ON OFF ON/OFF
Ideality factor 1.44 1.37 1.44 1.24 1.34 634 544 12.24
Barrier height (eV) 1.15 1.18 1.15 1.21 1.16 045 058 0.45

wavenumber (from 733.38 cm™~! to 733.02 cm~!) and a slight
increase (from 6.11 cm™! to 6.6 cm™") in the full width at
half maximum (FWHM) of irradiated samples in reference to
the pristine sample for A;(LO) modes. The A;(LO) peak is
fitted with Lorentzian fit assuming negligible spectrometer-
induced broadening. It can be assumed that 2.8 MeV Au*t
irradiation has caused a strain relaxation in the heterostructure
based on the slight shift of the Raman phonon mode to a lower
wavenumber [42]. The broadening of FWHM of A;(LO) sug-
gests a decrease in phonon lifetime according to energy-time
uncertainty principle. The phonon lifetimes are primarily reg-
ulated by two mechanisms, namely the anharmonic interac-
tions among phonons resulting in the decay of a phonon into
other phonons and the scattering of phonons at impurity or
defect centers. As the experiment is done at room temperature,
phonon-phonon interaction will have less effect on phonon
lifetime. Defects created by gold irradiation can function as
scattering centers for phonons, which disrupts their propaga-
tion and causes them to decay more quickly.

To obtain further physical evidence of GaN HEMT device
degradation, we performed high-resolution transmission elec-
tron microscopy (HRTEM) analysis close to the interface of
AlGaN/GaN in both ON and OFF mode devices. SRIM meas-
urements indicate that the range of a 2.8 MeV gold ion in bulk
GaN HEMT is only 0.62 pum, which does not entirely penet-
rate the device structure. All gold ions remain in the GaN layer
to function as trap states. The energetic gold ions displace Al,
Ga, and N atoms, and the recoil energy of the displaced atoms
translates to a certain knock-on distance. This suggests that

an inherent intermixing is expected at the 2DEG layer. SRIM
simulation also shows that the Al, Ga, and N profile in the
AlGaN barrier layer is broadened by almost 20 nm, and this
broadening is expected to contribute to the irradiated HEMT’s
interfacial roughening which also leads to electrical prop-
erty degradation [43]. This radiation-induced atomic inter-
mixing is demonstrated in figures 5(a) and (b) by compar-
ing HRTEM images of pristine and OFF mode ion irradiated
samples, respectively. The AlIGaN/GaN interface is abrupt in
pristine condition, as seen in figure 5(a), which is a require-
ment for HEMT to maintain a piezoelectric field at the inter-
face. Without the piezoelectric effect, the HEMT is depleted
near the interfaces, preventing it from attaining high electron
mobility and sheet carrier density [44]. After 2 dpa irradiation
damage, both ON and OFF mode devices show less abrupt
AlGaN/GaN interfaces due to interfacial roughening and inter-
mixing, as shown in figure 5(b). This atomic disorder in the
crystalline interface also associates point defects which can
scatter carriers or act like acceptors (such as Al vacancies) in
the 2DEG layer and degrade electrical performance [32]. This
similar kind of interface roughening is also observed in proton
irradiation with energy close to 2 MeV [45]. They found sub-
stantially less broadening of the Al peak because proton ions
cannot create large, kinematically favored cascades like gold
ions. Geometrical phase analysis offers mapping of strain at
nanoscale precision from HRTEM images of pristine and irra-
diated samples. This method highlights the extent of radiation
damage in atoms that are slightly away from equilibrium com-
pared to the regular lattice in the AlGaN or GaN layers. We
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Figure 5. High-resolution STEM image of the GaN/AlGaN interface of pristine (a) and ion irradiated (c) of 3.745x 10" ions em™2 (2 dpa
OFF mode). The interface is less abrupt after irradiation. (b) and (d) are the GPA analysis of GaN HEMT’s HRTEM of pristine and ion
irradiated with Si3N4/AlGaN/GaN interfaces. The scale bar represents strain value in percent (the value range of the scale bar is different for

each image).

(a)
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Figure 6. ON mode GaN HEMT (a) cross-sectional TEM image near gate terminal (b) and (c) show the interface region where

irradiation-induced defects are primarily formed.

find atomic defects in both pristine and irradiated interfaces.
However, the AlGaN-GaN interface experiences strain relax-
ation and higher defect concentration after irradiation. Defects
propagated into the GaN layer after irradiation as displacement
damage occurs primarily at the end of the 2.8 MeV Au** range
in the device. The ON mode device shows further degradation

(figure 6(a)) near the gate edge, where the highest electric field
is generated when the gate voltage is applied. This implies
that the highly stressed region is more vulnerable to incoming
radiation [6]. The degradation observed in figures 6(b) and (c)
for the interface in the ON-mode device is also similar to that
observed in the OFF-mode device.
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Figure 7. (a) EDS box scan through a cross-section of the HEMT before and after the highest dose of Au** radiation in this study.
(b) HAADF image of the GaN/AlGaN interface after the highest fluence of Au** radiation. The yellow box is where the box scan is
performed to get the Al profile. The bottom shows an overlay EDX image near the interface.

We see from figure 1(b) that electronic stopping
powers (ionizing energy loss) are much larger than the
nuclear-stopping power (non-ionizing energy loss) of 2.8 MeV
gold ions in the GaN HEMT structure. Therefore, electronic
energy loss processes have minimal impact on the formation
of defects in GaN during gold ion bombardment. Most defects
were generated by the NIEL events which are recorded as
vacancies, interstitials, and multiple defect complexes. As
those defects build up, they start to move or diffuse. They can
be transported ballistically by more incoming ion bombard-
ment or move by diffusion mechanisms and eventually find
each other, forming clusters. The vacancy production is pro-
portional to irradiation fluence (figure 2(b)), and Ga vacancies
are produced in maximum number in GaN HEMT devices
after 2.8 MeV Au*t irradiation according to the SRIM sim-
ulations. The findings of SRIM only consider the creation of
defects, not the immediate relaxation or long-term evolution.
Because of very high formation energy, many defect structures
produced by irradiation are unstable [46]. GaN HEMT exhib-
its a powerful dynamic annealing effect, suggesting that most
defects may be eliminated or recombined with vacant sites.
One MD simulation findings show 96% of defects recombine
with vacancies after 30 MeV fluorine ion irradiation [47].
Hence, it is difficult to find significant signs of defects in
HRTEM analysis.

Energy dispersive x-ray (EDX) box scan (figure 7(b))
perpendicular to the AlGaN/GaN interface further reveals
radiation-induced atomic intermixing/disorder. As illustrated
in figure 7(a), we found the Al profile broadening (~20 nm)
into the GaN layer after irradiation. Al broadening is expec-
ted to be accompanied by a broadening of the Ga and N.
The broadening of Ga and N cannot be resolved because the

AlGaN layer is next to a GaN layer. Still, it is anticipated that
this broadening will also contribute to the interfacial roughen-
ing and deterioration of the electrical characteristics of the irra-
diated HEMT [43]. As a result of the gold ion impact, atoms
in the device that experience strong recoil energies will be
knocked off the original lattice site causing a chain reaction of
more collisions and hence, more atomic intermixing. Kinchin—
Peace formula-based model (SRIM) also predicted elemental
broadening in the AlGaN layer and N atom form Si3Ny into the
AlGaN layer. Both occurrences have the potential to drastic-
ally change the properties of AlGaN, resulting in a decrease in
transport properties.

Due to inadequate knowledge of the process of defect
nucleation and propagation because of applied and inherent
stress in the devices, long-term device reliability for post-
irradiated electronics remains a challenge. The wide vari-
ety of applications for GaN HEMTs may be ensured by
a more thorough investigation opening the door to under-
standing the damage physics under radiation and various loc-
alized stressors including operating conditions (ON, semi—
ON, pinched off), temperature and electrically pre-stressed
conditions. This study investigated these effects on GaN
HEMTs with field plates that mitigate highly localized elec-
tric fields. We believe that the fundamental understanding
could still be extrapolated to the devices without field plates.
Our hypothesis is that the absence of field plates will induce
more sensitivity to radiation damage. This is because high
electrical field over time nucleates atomic scale structural
defects. These defects function as ‘pre-existing conditions’
upon incoming radiation. Since the local lattice is already dis-
torted, it is easier for the energetic particles to inflict more
damage.
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4. Conclusion

In conclusion, 2.8 MeV Au*t radiation damage in
AlGaN/GaN HEMTs has been systematically investigated
as a function of radiation dose or dpa and two operating con-
ditions: ON and OFF. When irradiated up to a fluence of
1.72 x 10" ions cm~2 (0.01 dpa), gate control over the chan-
nel is retained; however, decreases in saturation drain current,
maximum transconductance, a shift in threshold voltage, and
an increased leakage current are observed in both ON and
OFF modes. These are contributed to the decline of carrier
density or mobility, displacement damage close to the active
device region, and an increase in acceptor-like trap density.
The devices degraded severely from 1.72 x 10'? ions cm™—2
fluence with high gate leakage, increased forward current
resistance, and lost Schottky behavior of the gate contact.
Atomic disorder in AlGaN/GaN interface and higher defects
in the GaN layer associated with strain relaxation have been
attributed to the failure of these devices. ON devices show
higher radiation tolerance than OFF modes due to a more
extended annealing period by self-heating, providing a way
of self-recovery during irradiation. Micro-Raman confirmed
reduced crustal quality and strain modification after irradi-
ation. HRTEM and EDX are used to analyze the sample’s
interfacial roughening caused by displacement damage after
the highest irradiation fluence for the experiment.
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