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Vertical geometry Ga2O3 rectifiers were irradiated with 18 MeV alpha particles to fluences of 1–3 × 1013 cm−2 or 10 MeV protons
to fluences of 1–3 × 1014 cm−2 and then annealed to establish the thermal stability of the radiation damage. The rectifiers employed
Au/W rectifying contacts to achieve the requisite thermal stability to allow for annealing studies. The carrier removal rates were
∼900 cm−1 for the α-particles and ∼200 for the protons. Annealing at 500°C was found to restore the carrier concentration in the
α-particle irradiated devices, while 450°C annealing brought substantial recovery of the proton irradiated devices. This is a similar
temperature range as established for annealing of plasma-induced damage in Ga2O3, suggesting a common origin of point defects,
predominantly Ga vacancies and their complexes. The reverse breakdown voltages and diode on/off ratios are also significantly
recovered by annealing after irradiation.
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There has been a tremendous amount of recent interest in the
development of β-Ga2O3 devices1–12 for high power electronics13–30

and solar-blind UV photodetectors.31–39 Initial experiments on the ra-
diation hardness of these structures has shown that they are at least
as resistant to total dose proton, neutron, electron and alpha particle
effects as their GaN-based counterparts.40–48 The ability to operate at
high temperatures and powers in radiation environments is crucial to
applications such as space-borne instrumentation or exploration robots
in harsh environments.49–53 The use of the radiation-hard ultra-wide
bandgap semiconductor devices would mitigate some of the need for
space craft shielding. For low earth orbit (LEO), the primary radi-
ation source are the Van Allen radiation belts, which are primarily
composed of high energy (≤10 MeV) protons and electrons trapped
by the Earth’s magnetic field.53 Additional sources of radiation in-
clude cosmic rays and single solar events, with the primary cosmic
rays, originating outside of Earth’s atmosphere, being composed of
protons (90%) and alpha particles (9%).49,50,53 Single solar events oc-
cur on cycles of four inactive years of low annual fluence, followed
by seven active years with fluences above 5 × 107 particles/cm2 at
energies >10 MeV. Previous reports on vertical geometry Ga2O3 rec-
tifiers subject to 18 MeV alpha particle irradiation at fluences of 1012

-1013 cm−2, simulating space radiation exposure,54 showed the carrier
removal rates were in the range 406–728 cm−1, a factor of 2–3 higher
than for high energy (10 MeV) protons and two orders of magnitude
higher than for 1.5 MeV electron irradiation.53 It is clearly of interest to
establish the thermal stability of the damage from the most commonly
encountered forms of radiation.

In this paper we report on annealing of alpha particle and proton-
induced damage in vertical geometryβ-Ga2O3 rectifiers, as determined
by the restoration of initial carrier density, reverse breakdown voltage,
diode on/off ratio and I-V characteristics. Near-complete recovery in
both cases is obtained by annealing at 450°C for 5 min.

Experimental

The diodes were fabricated on 10 μm Si-doped (2.7 × 1016 cm−3)
epitaxial layers grown by Halide Vapor Epitaxy (HVPE) on (001) ori-
entated 650 μm β-phase Sn-doped (n = 3.6 × 1018 cm−3) Ga2O3 with
edge-defined film-fed growth method (Novel Crystal Technology). A
back side o contact (20 nm/80 nm Ti/Au) was formed using elec-
tron beam (E-beam) evaporation followed by 30 second rapid thermal
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annealing at 550°C in nitrogen ambient using an SSI SOLARIS 150
rapid thermal annealer. The sample surface was then treated in O3 for
20 minutes to remove hydrocarbon and other contamination species.
The samples were patterned again for W deposition. To allow for an-
nealing studies, we need thermally stable rectifying contacts, so W/Au
was employed, instead of the usual Ni/Au.55 20 nm W was deposited
by dc sputtering using a 3-in. target of pure W. The dc power was
200 W and the process pressure was 5 mTorr in pure Ar ambient. Fol-
lowing W deposition, a 340 nm layer of Au was deposited by E-beam
evaporation to reduce the sheet resistance of the contact and prevent
oxidation of the tungsten. The samples were annealed at 500°C for
5 min in N2 to remove sputtering induced damage.

For diode DC characteristics, a Tektronix 370-A curve tracer was
used for forward and reverse I-V measurement. Capacitance Voltage
(C-V) characteristics were recorded with an Agilent 4284A Precision
LCR Meter. The on-resistance was obtained from the I-V characteris-
tics according to

RON=WD/qμND= 4(VB)2/εEC
3μ

where VB is the breakdown voltage, q is the electronic charge, WD

is the depletion depth, μ the electron mobility, ND the doping in the
drift region, ɛ the dielectric constant and Ec is the critical field for
avalanche breakdown. The TLM method allows separation of sheet
resistance from contact resistance since The applied current enters
and leaves the sample via the outer probes. The voltmeter used has
high electrical impedance, so no current will flow through the inner
two probes. Only the voltage is measured between the inner probes,
meaning that the probe resistances and the contact resistances do not
contribute to the measurement. This simplifies the sheet resistance
equation, so that only the voltage change and the applied current are
required to find the value of the sheet resistance.

The 18 MeV alpha particle beam was injected into a low-vacuum
chamber, where the β-Ga2O3-based devices were loaded, facing the
beam. Fluences were fixed at 1012 and 1013 cm−2. Since the alpha par-
ticles are known to be more damaging, we employed lower doses than
for the protons. Proton irradiation was performed at the Korean Insti-
tute of Radiological and Medical Sciences using a Scanditronix MC
50 cyclotron. The proton energy leaving the cyclotron was 30 MeV
and adjusted to reach the samples at 10 MeV by using the appropriate
aluminum degraders. The irradiation was performed at two fluences,
1 × 1014 cm−2 and 3 × 1014 cm−2, with the beam current being moni-
tored through a Faraday cup to calculate the flux density. The average
beam-current, measured by Faraday-cup, was 100 nA during the pro-
ton irradiation process. Stopping and Range of Ions in Matter (SRIM)
simulations were performed to assess the electronic and nuclear stop-
ping forces on the proton as it traversed through the devices. The
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Figure 1. SRIM simulation of vacancy distribution in Ga2O3 subject to dif-
ferent fluences of 18 MeV alpha particles or 10 MeV protons. The y-axis is the
relative magnitude of the vacancy density.

projected range of the alpha particle and protons beams was calculated
using the Stopping and Range of Ions in Matter (SRIM) program and
is 85 and 340 μm, respectively, as shown in Figure 1. This means the
alpha particles and protons completely traverse the drift region of the
rectifiers and come to rest in the substrate. In other words, the damage
is mainly beyond the drift region.

To gain some perspective of how much damage remained in the
drift region of the rectifiers, we thinned down some of the samples by
polishing removal of most of the substrate until just 75 μm thickness
remained and then metallized the back side. Schematics of the full
thickness and thinned rectifiers is shown in Figure 2. Table I summa-
rizes the effect of both types of radiation exposure on the Schottky
barrier height, diode ideality factor and on-state resistance for the as-
irradiated and annealed conditions. The differences in these parame-
ters are generally smaller than for the I-V, C-V and on/off ratios of the
rectifiers, so we focus on that data in the subsequent sections.

Results and Discussion

Alpha -particle irradiated rectifiers.—Figure 3 shows the forward
I-V characteristics for the rectifiers before and after the 1013 cm−2 (top)

Figure 2. Schematic of conventional (left) and thinned-down (right) rectifier
structures.
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Figure 3. Rectifier forward I-V characteristics before and after alpha particle
irradiation at a fluence of 1013 cm−2 (top) or 3 × 1013 cm−2 (bottom) and after
subsequent annealing at 400–500°C.

and 3 × 1013 cm−2 (bottom) fluences and after subsequent annealing.
The main effect of the irradiation is to reduce the forward current.
Since the total forward current is proportional to eμnnE, where e is
the electronic charge, μn is the electron mobility, n is the carrier con-
centration and E is the electric field strength at a given bias voltage,
then the reduction in forward current is due to a reduction in both mo-
bility and carrier concentration,2,6 the latter through formation of deep
trapping states that remove electrons from the conduction band. This is
consistent with previous work in other wide bandgap semiconductors,
where both mobility and carrier density are observed to diminish as a
result of the introduction of radiation damage.48–53 The thinned diodes
suffer less current reduction for the low dose, but the higher dose sup-
presses current to a similar level as in the regular thickness devices
since the damage is basically saturated. It is noteworthy that annealing
at 500°C for 5 min is basically sufficient to restore the forward current.
Previous reports have shown that plasma-induced damage in Ga2O3

also anneals in this temperature range,44 suggesting a common origin
of point defects. In particular, Gav acceptors are among the dominant
defects present in Ga2O3, even in the as-grown state.56–58 The elec-
trical compensation in n-type Ga2O3 is found to be dominated by the
presence of Ga vacancies, with VGa.59–61

Figure 4 shows the reverse current characteristics for the higher
dose samples. Assuming a one-sided abrupt diode, the correspond-
ing breakdown voltage, VB is proportional to EB

2.ɛ/2en, where E
is the electric field at breakdown, and ɛ is the permittivity of the
semiconductor.6 Thus, the reduction in carrier density will cause an
increase in breakdown voltage. Once again, annealing at 500°C is
sufficient to restore the initial breakdown characteristics.

The recovery in carrier concentration as a function of annealing was
obtained from C-V measurements, with the results shown in Figure 5
in the form of C−2-V plots. The drift layer became fully depleted
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Table I. Summary of barrier heights, ideality factors and on-state resistances.

Irradiation Dose Sample Schottky Barrier Height (eV) Ideality Factor (-) On Resistance (m�∗cm2)

Reference Reference 0.77 1.15 4.9
Alpha 1013 Irradiated 0.68 1.23 17.8

450°C 5 min anneal 0.7 1.2 6.3
400°C 5 min anneal 0.65 1.29 6.3

Thinned down 0.74 1.12 745
Alpha 3 × 1013 Irradiated 0.66 1.28 19.0

450°C 5 min anneal 0.79 1.12 8.6
500°C 5 min anneal 0.79 1.12 6.9

Proton 1014 Irradiated 0.74 1.12 16.9
450°C 5 min anneal 0.76 1.09 6.4

Proton 3 × 1014 Irradiated 0.74 1.13 13.1
450°C 5 min anneal 0.82 1.09 7

for both the alpha fluences, but recovered with annealing. Consistent
with the I-V data, the carrier concentration is seen to be restored to
essentially its initial level after 500°C annealing. The starting carrier
concentration in the drift region of the as-fabricated diodes was 2.69
× 1016 cm−3 and in the higher dose samples, this recovered to 1.33
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Figure 4. Reverse I-V characteristics before and after alpha particle irradiation
at a fluence of 3 × 1013 cm−2 and after subsequent annealing at 450–500°C.
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Figure 5. C−2-V plots for rectifiers before and after alpha particle irradiation
and subsequent annealing.

× 1016 cm−3 for annealing at 450°C and 2.67 × 1016cm−3 for 500°C
annealing.

The diode on/off ratio is another figure-of-merit. Figure 6 shows
this ratio when switching from 2V forward to the reverse bias shown on
the x-axis for the 1013 (top) and 3 × 1013 cm−2 (bottom) fluences ad the
recovery with annealing. The on/off ratio is particularly susceptible to
change with the introduction of radiation damage, decreasing by 6–8
orders of magnitude depending on the alpha particle fluence. However,
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Figure 6. On/off ratio when switching from 2 V forward bias to the reverse
biases shown on the x-axes, for alpha particle fluences of 1013 (top) or 3 ×
1013 cm−2 (bottom).
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Figure 7. Time response of alpha irradiated (1013 cm−2 fluence) rectifiers
when switching from 18 mA forward current to −6 V, showing a reverse re-
covery time τrr, of ∼20 nsec.

the annealing treatments are effective in restoring the original values.
Figure 7 shows the time response of the rectifiers62,63 when switched
from ∼18 mA forward current to a reverse bias of -6V. There was little
change as a result of irradiation with alpha particles or subsequent
annealing and the only measurable differences are observed with the
thinned down sample because of its lower capacitance.

Proton irradiated rectifiers.—The effects of proton irradiation
were much less pronounced than for the alpha particle irradiation.
Figure 8 shows the forward I-V characteristics for the 1014 (top) and
3 × 1014 (center) fluences, as well as the reverse characteristics (bot-
tom). There are only small reductions in forward current, which was
restored by annealing at 450°C. Similar trends are seen in the reverse
current.

Figure 9 shows the C−2-V plots for the proton irradiated samples
and their change with annealing. The carrier concentration recovered
to 2.1 ±0.5 × 1016 cm−3 for annealing at 450°C, which within the
error of the initial value prior to irradiation.

The carrier removal rate NR was calculated from the change in
sheet carrier density as a result of irradiation with fluence �, according
to49,50

NR = ns0 − ns

�

The results are summarized in Figure 10 for both the protons and
alpha particle irradiations performed in this work, as well as a col-
lection of the previously reported values.53 The trend is that alpha
particles are the most damaging form of radiation, as measured by
carrier removal rate, followed by protons and then neutrons, electrons
and gamma rays. We obtained removal rates of 897 cm−1 for 18 MeV
alpha particle and 203 for 10 MeV protons, consistent with previous
reports. For annealing, we obtained typical recoveries of ∼50% for
annealing of both proton and alpha particle-induced damage at 450°C
and 100% for annealing at 500°C.

Figure 11 shows the on/off ratios when switching from 1 V forward
bias to the reverse biases shown on the x-axes, for proton fluences of
1014 or 3 × 1013 cm−2. The degradation in this ratio is much smaller
than for alpha particles, with less than an order of magnitude decrease
over most of the reverse bias range investigated. Annealing at 450°C
does not fully restore the pre-irradiated values but they are back to
>90% of these values.

Finally, we looked at the time-dependent current recovery switch-
ing characteristics when switching from forward current to reverse
bias.62,63 Figure 12 shows the rectifier switching response when
switched from 18 mA forward current to a reverse voltage of −6 V.
The recovery time was ∼20 ns with a dI/dt of 6 A/μs for both the
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Figure 8. Rectifier forward I-V characteristics before and after proton irra-
diation at a fluence of 1014 cm−2 (top) or 3 × 1014 cm−2 (center) and after
subsequent annealing at 450°C, as well as the reverse I-Vs under similar con-
ditions (bottom).

reference and irradiated/annealed rectifiers. The high proton dose did
reduce the forward current under these conditions.

Conclusions

The thermal stability of radiation damage in Ga2O3 vertical rec-
tifiers was established for alpha and proton-irradiation. The I-V, C-
V and on/off ratios are all significantly degraded by moderate flu-
ences of these forms of radiation, but can be essentially recov-
ered by annealing at 450°C for 5 mins. Other parameters such as
Schottky barrier height, ideality factor and reverse recovery char-
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Figure 9. C−2-V plots for rectifiers before and after proton irradiation and
subsequent annealing.

acteristics are less affected by radiation damage. The commonal-
ity of annealing stages between these ionizing forms of radiation
and plasma -induced damage in Ga2O3 suggest a common origin
of point defects. In the vertical geometry devices studied here, the
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Figure 11. On/off ratio when switching from 2V forward bias to the reverse
biases shown on the x-axes, for proton fluences of 1014 or 3 × 1013 cm−2.
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Figure 12. Time response of proton irradiated rectifiers when switching from
18 mA forward current to −6 V, showing a reverse recovery time τrr, of
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damage created in the drift region is most important in determin-
ing the relative degradation of device performance, as evidenced by
our experiments where were removed the end-of-range damage in the
substrate.
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