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ABSTRACT

NiO/Ga2O3 heterojunction rectifiers were exposed to 1Mrad fluences of Co-60 -rays either with or without reverse biases. While there is a
small component of Compton electrons (600 keV), generated via the interaction of 1.17 and 1.33MeV gamma photons with the semicon-
ductor, which in turn can lead to displacement damage, most of the energy is lost to ionization. The effect of the exposure to radiation is a
1000× reduction in forward current and a 100× increase in reverse current in the rectifiers, which is independent of whether the devices
were biased during this step. The on–off ratio is also reduced by almost five orders of magnitude. There is a slight reduction in carrier con-
centration in the Ga2O3 drift region, with an effective carrier removal rate of <4 cm−1. The changes in electrical characteristics are reversible
by application of short forward current pulses during repeated measurement of the current–voltage characteristics at room temperature.
There are no permanent total ionizing dose effects present in the rectifiers to 1 Mad fluences, which along with their resistance to displace-
ment damage effects indicate that these devices may be well-suited to harsh terrestrial and space radiation applications if appropriate bias
sequences are implemented to reverse the radiation-induced changes.
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INTRODUCTION

There is increasing interest in ultra-wide bandgap semicon-
ductors for their use in power electronic switching systems with
improved efficiency and, hence, lower resistive losses.1–5 There are
also advantages in terms of operation at higher temperatures,
higher breakdown voltages, and the ability to sustain larger and
faster switching transients than Si devices. Examples of these
potential applications include traction inverter and motor control
systems, which are critical components in optimizing electric vehi-
cles performance and maximizing the available driving range by
reducing power losses and improving system efficiency. In addition,
power switching transistors are needed for DC charging stations for
electrical vehicles. Ultra-wide bandgap semiconductor devices,
including Ga2O3, diamond, AlN, and BN, are targeted for >10 kV
power electronics, providing the foundation for smart power grids

and future 5G/6G wireless communications and radar systems. The
strong atomic bonding and high defect recombination rates at
room temperature are reasons why these materials also display
strong resistance to radiation damage displacement effects and
highlights their potential for operation in harsh space or terrestrial
environments.

However, there is still much to understand in terms of the
response of these materials to various radiation environments,
including total ionizing dose conditions where ionization energy
deposition dominates and single event upsets during heavy ion
strikes.6–10 For example, SiC power MOSFETs exhibit latent heavy
ion damage to the gate oxide at drain to source bias voltages much
lower than the rated breakdown voltages.6–8

There has been significant interest in heterojunction power
rectifiers of NiO/Ga2O3 to overcome the lack of native p-type
doping capability in Ga2O3, and promising results have been
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reported.11–26 However, the presence of the oxide rather than a
conventional Schottky contact raises the question of the possible
susceptibility of such devices to ionizing radiation, which can be
conveniently studied using gamma rays.27 Total ionizing dose
(TID) testing using Co-60  sources remains the standard test
method.28

Gamma rays interact with semiconductors by three mecha-
nisms.29 The photoelectric effect dominates for energies <1MeV,
while pair production dominates at >10MeV. At the intermediate
energies of Co-60 -rays, Compton scattering is the main energy
loss mechanism. This can lead to secondary electrons produced by
incident gammas, which are also able to displace lattice atoms.29–31

The primary displacement defects created in Ga2O3 by gamma irra-
diation are Frenkel pairs, produced by these Compton electrons.
The non-ionizing energy loss (NIEL) for gamma rays is much less
than for ions, with only a few percent of the gamma photon flux
creating secondary Compton electrons. In MOS-type devices, the
passage of ionizing radiation through the oxide leads to changes in
trapped and interface charges, which significantly affects device
performance.31–35 The e–h pair production, subsequent charge
transport, and formation of interface and border traps in the insu-
lating oxide is well-established as dominating the radiation
response of Si MOS electronics.31–35 However, we are using a
highly conducting p-type oxide (NiO) to form a p–n heterojunc-
tion with Ga2O3, and little is known about charging and discharg-
ing processes in this system.

In this paper, we report on the response of NiO/Ga2O3 rectifi-
ers to Co-60 gamma rays and show that there are no issues with
charging within the NiO and that reductions in forward and
reverse current after high doses of gamma rays can be reversed by
biasing during resting of the devices. While introduction of trapped
charges and their annihilation via carrier injection has been well
known in Si-oxide structures for a long period,31–35 there is much
less known about the response to ionizing radiation of the type of
highly conducting p-type oxides used here to form p–n heterojunc-
tions with a newly emerging semiconductor, Ga2O3.

EXPERIMENTAL

The NiO layers were deposited by magnetron sputtering in a
Kurt Lesker system at 3 mTorr working pressure and 150W of
13.56MHz power using two targets to achieve a deposition rate
around 2 Å s−1.25 The O2/Ar gas ratio was 1/10 or 1/3 producing
polycrystalline films with a bandgap of 3.75 eV and a density of 5.6
g cm−3. The device structure was a 10 μm thick epitaxial layer
(2 × 1016 cm−3) grown by halide vapor phase epitaxy (HVPE) on a
(001) surface orientation n+ -Ga2O3 single crystal substrate (Novel
Crystal Technology, Japan). The backside Ti/Au Ohmic contact
was deposited by e-beam evaporation and annealed at 550 °C for
60 s under N2. The carrier concentration in the NiO bilayer
(10 nm/10 nm) structure was controlled by the Ar/O2 ratio during
sputtering at levels of 2 × 1018–3 × 1019 cm−3, with mobility <1 cm2

V−1 s−1. This structure was to optimize both breakdown voltage
and contact resistance.25 An Ni/Au contact metal (200–1000 μm
diameter) was deposited onto the NiO layer after annealing at
300 °C under O2 ambient. Figure 1 shows both (a) schematic of the
device structure and (b) an optical image of the completed device.

The current–voltage (I–V) characteristics were recorded with a
Tektronix 370-A curve tracer and a 371-B curve tracer, and an
Agilent 4156C parameter analyzer was used for forward and
reverse current and capacitance–voltage (C–V) measurements.

The samples were irradiated with Co-60 -rays in the Penn
State Radiation Science and Engineering Center (RSEC) in a 1MW
Training, Research, Isotopes, and General Atomics (TRIGA)
reactor core with associated dry-lead shield gamma testing facility.
The National Institute of Standards and Technology (NIST)

FIG. 1. (a) Schematic of the NiO/Ga2O3 heterojunction rectifier. (b) Optical
microscope image of a wire-bonded completed device.
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traceable certified dose rate≈ 180 krad/h (±∼10%), with the
samples irradiated to 1Mrad fluence (Φ), the number of particles
per unit area. This is well beyond the existing generic requirement
for radiation hardened military electronics of 300 krad (Si) but is
equal to the “stretch” goal of 1 Mrad (Si).35 60Co sources surround
the samples during irradiation, and because of the way the sources
are arranged, there is a region within the irradiator, where there is
little variation in the dose rate, called the isodose region. As a
result, the samples receive an isotropic gamma dose. The main 60
Co-60 gamma-photon lines are at 1.17 and 1.33MeV. The effective
gamma-ray fluence can be calculated from the total ionizing dose
using the relation 1 rad (Si) = 2.0 × 109 photons/cm2.25 The TID is
the energy lost to ionization/mass, which in turn is the linear
energy loss (LET) ×Φ. The LET is the energy deposited per unit
path length due to ionization. No secondary irradiation is induced

by irradiation of the Ga2O3 with Co-60 gamma rays, and therefore,
the samples can be safely handled after the irradiation. The genera-
tion rate in NiO is ∼1015 e–h pairs/Gy1 cm3 and ∼2 × 1015 e–h
pairs/Gy1 cm3 based on the reported threshold energies for pair
creation.36,37 The rectifiers were either unbiased or biased to 10 or
30 V during the radiation exposure of approximately 6 h.

RESULTS AND DISCUSSION

Figure 2 (a) shows the forward current density and associated
on-state resistance RON for the unirradiated reference and devices
irradiated either with or without bias. There are several points
arising from these data. First, the forward current decreases by
approximately three orders of magnitude after the irradiation.
Second, this decrease is independent of bias. Normally, the applica-
tion of bias has a strong influence on the radiation response and
may occur at larger biases than we were able to apply in our experi-
ments. Third, the on-resistance increases by three orders of magni-
tude as a result of irradiation. Figure 2 (b) shows that the forward
current is fully restored by subsequent re-measurement of the I–V
characteristics. This suggests that the initial changes are due to
filling of existing traps and not due to creation of stable lattice
defects. Notice that there was also no shift of the I–V characteris-
tics, indicating that there are no additional charges trapped in the
NiO.

Figure 3 shows the reverse I–V characteristics from the hetero-
junction rectifiers before and after gamma irradiation and then
subsequent re-measurement of the forward I–V characteristics.
Note that there is a two order of magnitude increase in reverse
current as a result of the radiation exposure. However, this is fully
restored by the process of putting the devices into a forward bias
during re-measurement of the forward I–V characteristics. In our

FIG. 2. (a) Forward current density and an on-state resistance before and after
biased or unbiased irradiation with -radiation and (b) after subsequent repeated
re-measurement of the forward I–V characteristics.

FIG. 3. Reverse I–V characteristics before and after biased irradiation with
-radiation and after subsequent repeated re-measurement of the forward I–V
characteristics.
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devices, this full restoration of the initial reverse current occurs
after ten re-measurements of the forward I–V characteristics.

We have to make clear that this is not due to any bias-
stressing effects where traps may be created by the bias application
during the period of the irradiation. Figure 4 shows the reverse
current at a −30 V bias as a function of the bias application time
for the reference sample. This is basically stable. However, the
current measured at the end of the 6-h irradiation period for a
companion device biased during the irradiation shows a large jump
in reverse current. This excess current is removed by the
re-measurement cycling.

Figure 5 shows the capacitance–voltage (C–V) data, also
plotted as 1/C2–V to obtain the carrier concentration in the Ga2O3

drift region. The carrier removal rates were extracted from9

Rc ¼
ns0  ns

Φ
,

where Φ is the photon fluence, ns0 is the initial carrier concentra-
tion, and ns is the irradiated carrier concentration. The values were
normalized to volume density to place them in units of cm−1. The
results are summarized in Table I, where it is seen that the carrier
concentration shows a small reduction after irradiation, corre-
sponding to a carrier removal rate of <4 cm−1 per gamma ray
photon. This is consistent with previous reports for Co-60 -ray
irradiation of Ga2O3 and cannot account for the large changes seen
in forward and reverse current.38,39 After the forward current
re-measurement, part of the carrier concentration loss is restored.

The on–off ratio showed the same trends as the forward and
reverse currents, as shown in Fig. 6. Since the reduction in forward
current is much larger than that of the reverse current, the on–off
ratio, measured for 2 V forward to the reverse bias noted on the x
axis of Fig. 6, shows a large reduction. However, this reduction is

FIG. 4. Time dependence of reverse current density at a −30 V bias prior to
irradiation, along with current values after irradiation for the same period.

FIG. 5. C−2–V characteristics before and after -irradiation and after subse-
quent repeated re-measurement of the forward I–V characteristics.

TABLE I. Changes in carrier concentration, depletion depth, and built-in voltage of
NiO/Ga2O3= rectifiers as a result of 1 Mrad Co-60 -irradiation.

ND (Ga2O3) (cm
−3) Wn (nm) Vbi (V)

Reference 2.0 × 1016 208 1.83
Irradiated 1.2 × 1016 345 1.35
After ten runs 1.4 × 1016 265 1.8

FIG. 6. On–off ratio measured from a 5 V forward bias to the reverse bias
shown on the x axis before and after biased irradiation with -radiation and after
subsequent repeated re-measurement of the forward I–V characteristics.
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restored by the re-measurement of the forward I–V characteristics.
Note that powering down a device can sometimes improve the
radiation response, and we did not see a difference between zero
bias and reverse biases up to −30 V. It will be interesting to test the
devices at higher biases during irradiation.

What is the mechanism of the restoration of current in the
rectifiers? The forward biasing injects holes from the NiO into the
Ga2O3 and electrons into the NiO. These carriers can fill traps in
the respective layer induced by the -radiation and restore the
initial electrical properties.40,41 Since the NiO is highly conducting,
it is not expected that stored charge in that layer is a contributor.
The minority carrier diffusion length in Ga2O3 is 330 nm for
similar structures as used here,42 consistent with the depletion
lengths in Table I. The minority carrier lifetime is ∼215 ps, which
is found to decrease with radiation exposure.40,41 Modak et al.42–45

reported that electron injection also increased the minority carrier
lifetime by more than a factor of 2 in both n- and p-type Ga2O3 In
that case, the mechanism was suggested to be non-equilibrium elec-
tron trapping on native defects (VGa) and a consequent increase in
minority carrier lifetime in the conduction band of Ga2O3.

43 Before
radiation-generated electrons leave the NiO, some fraction will
recombine with holes and this fraction depends on the oxide elec-
tric field and the type and energy of incident radiation. While this
fraction is unknown for NiO, it is <20% for -irradiation of SiO2 at
similar electric field values used here.46 It is worth re-emphasizing
that the effect of fixed or trapped charges in the highly conducting
NiO is not an analogous situation to insulating oxides on Si MOS
devices, which are sensitive to radiation-induced changes and in
which the mechanisms are well-established.47–55

SUMMARY AND CONCLUSIONS

The damage created by gamma irradiation in NiO/Ga2O3 rec-
tifiers can be recovered at room temperature by a non-thermal
annealing scheme that can be easily implemented for devices. In its
simplest form, this involves putting the device into a forward bias
for a short period. Rasel et al.55 have shown that an electron wind
annealing process offers similar athermal annealing benefits in
-irradiated GaN high electron mobility transistors. In that case,
carriers were supplied by applying high current density electrical
pulses with a low duty cycle. These types of athermal annealing
approaches are intriguing for in situ regeneration of radiation-
damaged wide and ultra-wide bandgap semiconductor power
devices employed in harsh and remote environments. While the
introduction of trapped charges and their annihilation via carrier
injection is well understood in insulating oxide structures, more
work is needed in these p–n heterojunctions involving conducting
p-type oxides. Future work will include how dose rate, temperature,
and biases relevant to device operation affect the response.
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