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A B S T R A C T

In this study, impact of 5 MeV proton irradiation with radiation fluence of 1013 cm− 2 on β-Ga2O3 power diode is
investigated by a β-Ga2O3 Schottky barrier diode (SBD). Via temperature-dependent measurements, carrier
removal rate RC is determined to be 7.26 × 102 cm− 1 at 300 K. Meanwhile, the threshold voltage (Von) and
ideality factor (n) almost remain stable after proton irradiation. A close-to-unity n was observed for a wide
temperature range indicating near-ideal Schottky characteristics. Dynamic degradation was observed at 300K,
but was greatly suppressed at a low temperature of 100K. Meanwhile, two more bulk traps are discovered in
proton irradiated β-Ga2O3 SBD by deep-level transient spectroscopy (DLTS). The larger corrected trap concen-
tration (NTa) in proton irradiated β-Ga2O3 SBD was regarded as the reason behind slightly worsened dynamic on-
resistance instability at 300 K. Furthermore, lower low frequency noise is revealed for proton irradiated device at
room temperature and cryogenic temperature. The study demonstrates the competitive irradiation hardness of
β-Ga2O3 power diodes and paves a solid path for the deployment of β-Ga2O3 in space.

1. Introduction

β-Ga2O3 has gained significant recognition as an ultra-wide bandgap
(4.9 eV) semiconductor material for developing next generation power
electronics owing to its large breakdown electric field of 8 MV/cm and
high-temperature stability [1–3]. Continuous progress in the fabrication
technologies and epitaxial layers have led to implementation of high
performance β-Ga2O3 power devices. An enhancement mode β-Ga2O3
U-shaped gate trench metal-oxide-semiconductor field-effect transistor
has been successfully demonstrated with a positive threshold voltage
(Von = 4.2 V), a high current density (IDS = 702.3 A/cm2), a low
on-resistance (Ron = 10.4 mΩcm2), and a large breakdown voltage (Vbr
= 455 V) [4].

Meanwhile, β-Ga2O3 is anticipated to hold high radiation tolerance
due to its ultra-wide bandgap [5]. In previous reports, β-Ga2O3 is
concluded to possess radiation resistance comparable to or even superior

to GaN or SiC, surpassing GaAs and Si [6,7], demonstrating huge po-
tential of β-Ga2O3 for space applications [8,9]. The influence of various
types of radiation on β-Ga2O3 have been documented, including neutron
irradiation [10–14], proton irradiation [15–18], electron irradiation
[19,20], ion irradiation [21,22], and α-particle irradiation [17].
Degradation of electrical characteristics including Von, reverse current,
Schottky barrier height (ΦB), and ideality factor (n) of electron irradi-
ated β-Ga2O3 were observed [20]. Additionally one trap was identified
in Ge-doped β-Ga2O3 after neutron irradiation [10]. A trap level with
ionization energy around 0.75 eV also emerged in β-Ga2O3 after proton
irradiation, by provoking the generation of intrinsic defect [18].

Despite that some studies on proton irradiated β-Ga2O3 have been
reported, there are still some important issues, waiting to be addressed,
such as study of wide temperature feasibility, dynamic characteristics,
etc. The impact of proton irradiation on characteristics of β-Ga2O3 still
need to be further investigated.
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J. F. McGlone et al. studied the impact of 1.8 MeV proton irradiation
on the electrical properties of β-Ga2O3 SBD at room temperature [23].
However, the research of electrical performance covering a wide tem-
perature range is still missing. The comprehension of electrical charac-
teristics covering a wide temperature range is important for the
low-temperature application of β-Ga2O3-based devices.

The dynamic characteristics are critical for the realistic application
of β-Ga2O3-based devices. The degradation of pristine β-Ga2O3 were
investigated with different forward and reverse stresses [24–26].
Nevertheless, the dynamic characteristics of proton irradiated β-Ga2O3
remains unknown. The causation of degradation after proton irradiation
is unavailable, hindering a complete evaluation of β-Ga2O3 for harsh
environments.

In this paper, the effect of 5 MeV proton irradiation with irradiance
of 1013 cm− 2 on β-Ga2O3 by a large-size (2 × 2 mm2) β-Ga2O3 Schottky
barrier diode (SBD). Temperature-dependent capacitance-voltage (C-V)
and current-density-voltage (J-V) characteristics β-Ga2O3 SBD are re-
ported from 50 K to 350 K. Via on-the-fly measurement, the dynamic
performance induced by the bulk traps is elucidated at 100 K and 300 K.
Deep-level transient spectroscopy (DLTS) is employed to investigate the
impact of proton irradiation on the deep level traps in β-Ga2O3 epilayer,
and two new traps exists after proton irradiation. The low frequency
noise is also applied to discuss the effect of proton irradiation.

2. Device fabrication

Fig. 1 shows the schematic of the proton irradiated β-Ga2O3 SBD
utilized in this study. The pristine β-Ga2O3 SBD contain a 7 μm-thick
β-Ga2O3 homogeneous epilayer and a β-Ga2O3 substrate. Ti/Au was
deposited on the backside of the substrate to establish the ohmic contact.
To achieve square Schottky contact (2 × 2 mm2), Ni/Au was fabricated
on the homogeneous epilayer. Proton irradiation was conducted by a 5
MeV proton beam with a radiation fluence (Φ) of 1013 cm− 2 to adapt the
environment of Earth’s radiation belts in low-Earth orbit [27]. Mean-
while, the projected range of 5 MeV proton irradiation is sufficient to
influence the whole homogeneous epilayer [8].

3. Result and discussion

3.1. Static characteristics

Fig. 2 (a) illustrates the C-V characteristics of β-Ga2O3 SBD before
and after proton irradiation with a measurement frequency (f) of 1 MHz.
It can be observed that the capacitance of irradiated β-Ga2O3 SBD is
smaller than the pristine one. The capacitance-temperature (C-T) curves
at − 1 V are depicted in Fig. 2 (b). At the bias of − 1 V, the C of irradiated

β-Ga2O3 SBD slightly increases from 15.79 nF/cm2 to 17.43 nF/cm2

when temperature rises from 50 K to 350 K, and the correlation with
temperature of C exhibits similarities before and after proton irradia-
tion. Fig. 2 (c) and (d) show the Ns, Vbi, and ΦB, which can be extracted
from the following equations [28]:

1
C2

=
2

εrε0qA2NS

(

V + Vbi −
kT
q

)

(1)

qΦB = qVbi + EC − EF = qVbi − kTln
(
NS
NC

)

(2)

where εr and ε0 represent relative and vacuum permittivity, respectively,
q represents the elementary charge, A represents the anode area, k
represents the Boltzmann constant, EC represents the conduction band
minimum, EF represents the Femi level, and NC represents the effective
density of states in the conduction band. As shown in Fig. 2 (c), the Ns of
irradiated β-Ga2O3 SBD is extracted to be 6.63 × 1015 cm− 3 at 300 K.
From 50 K to 350 K, the Ns remains almost stable, indicating the
negligible carrier freezing-out issue for β-Ga2O3 SBD [29]. Meanwhile,
the Ns of irradiated β-Ga2O3 SBD is much smaller than the pristine one
due to the carrier removal effect. The carrier removal effects can be
explained by the Fermi-level pinning far from the conduction band
minimum due to lattice defect [6], indicating the increased traps. The
carrier removal rate RC could be determined by the equation [30]:

RC =
ΔNS

Φ
(3)

where △NS is the variation of the carrier concentration before and after
proton irradiation. The RC is derived to be 7.26 × 102 cm− 1 at 300 K,
exhibiting a comparable value with other β-Ga2O3 devices after proton
irradiation, demonstrating a competitive irradiation hardness of
β-Ga2O3 SBD [6,31]. Moreover, the RC reflects weak temperature
dependence, demonstrating the steady irradiation hardness for all
temperatures due to the stable NS for both samples. As exhibited in Fig. 2
(d), the qΦB of irradiated β-Ga2O3 SBD is extracted to be 0.81 eV at 350 K
and 0.85 eV at 50 K. Meanwhile, the qΦB of irradiated β-Ga2O3 SBD
(0.81 eV at 300 K) is larger than the pristine one (0.65 eV at 300 K). The
increase of qΦB is caused by the rapid decrease of Ns after proton irra-
diation due to image force and tunneling effect [32].

Fig. 3 (a) plots the forward current conduction characteristics of both
samples. The Von of irradiated β-Ga2O3 SBD, which is defined at 1 A/cm2

is extracted to be 0.77 V at 300 K. The detailed results of Von are dis-
played as red squares in Fig. 3 (b). As shown in Fig. 3 (b), the Von de-
creases from 1.20 V at 50 K to 0.71 V at 350 K. Meanwhile, the
temperature-dependent Von before and after proton irradiation is close
to each other. To further study the forward conduction mechanism, the
thermionic emission model is used to describe the forward J-V curves
[33]:

J = JS
(

e
qV
nkT − 1

)

(4)

From the linear fitting, n and Js can be extracted from the slope and
intercept. As shown in Fig. 3 (b), the n of irradiated β-Ga2O3 SBD de-
creases from 1.58 to 1.00 as temperature rises from 50 K to 350 K, which
is the result of temperature-enhanced current conduction occurring at
the interface of metal and semiconductor [34] and the inhomogeneity
caused by the physical defects between metal and semiconductor [35].
Meanwhile, the close-to-unity n demonstrates the near-ideal Schottky
characteristics, indicating the huge potential of β-Ga2O3 SBD for appli-
cations across a wide temperature range. At the same time, the
close-to-unity n remains almost unchanged before (1.02 at 300 K) and
after (1.05 at 300 K) proton irradiation. The negligible variation of Von
and n indicate that proton irradiation has less influence on the forward
conduction of β-Ga2O3 SBD.Fig. 1. The schematic of the proton irradiated β-Ga2O3 SBD.
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Fig. 2. (a) Temperature-dependent C-V curves before and after proton irradiation. (b) Capacitance at − 1 V from 50 K to 350 K. (c) Net donor concentration (Ns) and
carrier removal rate (RC). (d) Temperature-dependent built-in voltage (Vbi) and ΦB.

Fig. 3. (a) Temperature-dependent forward J-V curves before and after proton
irradiation in the logarithmic scale. (b) Von and n.

Fig. 4. (a) Temperature-dependent reverse J-V curves before and after proton
irradiation. (b) ln(J/E) versus E1/2 at 300 K and 350 K after proton irradiation.
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Fig. 4 (a) exhibits the reverse J-V characteristics of both samples. The
J of irradiated β-Ga2O3 SBD climbs from 2.65 × 10− 10 A/cm2 to 7.82 ×

10− 8 A/cm2 with the increased temperature from 50 K to 350 K at the
bias of –60 V, inferring an excellent off-state performance at cryogenic
temperature. Furthermore, the J values of pristine and irradiated
β-Ga2O3 SBD at -60 V bias are extracted to be 4.00 × 10− 8 A/cm2 and
8.40 × 10− 9 A/cm2 at 300 K, respectively. The J shows a smaller value
after proton irradiation, indicating an improved off-state performance.
The leakage current of β-Ga2O3 SBD around room temperature can be
modelled by Poole-Frenkel emission (PFE) model [36]:

J = CʹEe
−
q
kT

(

ΦT −

̅̅̅̅̅̅̅̅
qE

πεrε0

√ )

(5)

where C′ represents a constant, E represents the electric field and ΦT
represents the effective barrier height of electron emission from trap
state. As shown in Fig. 4 (b), the ln(J/E) versus E1/2 exhibits an
outstanding linearity for proton irradiation β-Ga2O3 SBD, indicating the.

perfect performance of PFE model to describe the leakage charac-
teristics around room temperature.

3.2. Dynamic characteristics

On-the-fly measurement is also performed to investigate the dynamic
performance of the β-Ga2O3 SBD. Fig. 5 (a) shows the dynamic on-
resistance ratio of irradiated β-Ga2O3 SBD, which is defined as Ron,d/
Ron,s, where Ron,d and Ron,s represent the on-resistance at the on-the-fly
measurement and fresh state, respectively. The brown plane repre-
sents the situation that the ratio is 1. When the sample is exposed to
different reverse stressing voltage (Us), the depletion region becomes
wider, and bulk traps in the depletion region are unfilled due to the

emission of bulk traps, leading to the rising dynamic on-resistance ratio
[37]. When the stressing time is 500 s, the ratio with Us of -50 V, -70 V,
and -100 V reach 1.08, 1.10, and 1.11, respectively. When Us enlarges,
the depletion region widens, leading to the rising number of empty bulk
traps, resulting in the variation of the ratio. Meanwhile, during the re-
covery stage, the ratio approaches unity with the increasing recovery
time. As exhibited in Fig. 5 (b), different from the increase at 300 K, the
dynamic on-resistance ratio of irradiated β-Ga2O3 SBD stabilized around
unity during stressing stage at 100 K. Although the dynamic
on-resistance ratio with Us of –50 V and–70 V at 100 K is smaller than
unity, the value closed to unity is acceptable. The stable dynamic
on-resistance ratio indicates the outstanding dynamic performance at
100 K.

Fig. 5 (c) and (d) compare the dynamic on-resistance ratio before and
after proton irradiation. As shown in Fig. 5 (c), with the fixed Us, the
variation of ratio of irradiated β-Ga2O3 SBD is larger than the pristine
one, which is caused by the larger number of bulk traps after proton
irradiation. As plotted in Fig. 5 (d), with the fixed Us, the dynamic on-
resistance ratio of irradiated β-Ga2O3 SBD needs more time to
approach unity than the pristine one.

3.3. Trap characteristics

In order to compare the traps in pristine and irradiated β-Ga2O3 SBD,
DLTS are employed from 40 K to 350 K due to the upper limitation of the
temperature tolerance of equipment. The results of temperature-
scanning DLTS are presented in Fig. 6 (a) with a reverse bias UR =

− 20 V, a filling pulse UP = − 0.5 V, a filling pulse width tP = 0.1 s, and a
measurement period TW = 4 s. Three majority carrier (electron) traps
(E1, E2 and E3) are observed after irradiation while only one majority
carrier (electron) trap (E2) is found before irradiation. The Arrhenius

Fig. 5. (a) Dynamic on-resistance ratio of irradiated β-Ga2O3 SBD with measurement voltage (Um) of 0.67 V at 300 K during the stressing process and recovery
process. (b) Dynamic on-resistance ratio of irradiated β-Ga2O3 SBD at 100 K and 300 K during the stressing process. Dynamic on-resistance ratio with Um of 0.67 V at
300 K during (c) the stressing process and (d) the recovery process before and after proton irradiation.
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plot of traps is shown in Fig. 6 (b), the activation energy for emission
(Eemi) and the capture cross section (σn) are summarized in Table 1.
Fig. 6 (c) displays NT of traps versus wR. The corrected trap concentra-
tion (NTa) can be calculated by considering lambda effect [38]:

NT = NTa
(

1 −
λ
wR

)2
(6)

where λ donates non-emission region width. The fitting results are also
summarized in Table 1.

As shown in Table 1, more traps are observed in irradiated β-Ga2O3
SBD, which is caused by the lattice damage resulting from the high
energy protons [8]. The complex structure of β-Ga2O3 also provides the
possibility to form more traps after proton irradiation. The increased
number of traps leads to the carrier removal effect, while the rise of NTa
is smaller than the decrease of NS. The possible reason might be that
there are more traps located in the middle of bandgap not being
detected. The increase in the number of traps also matches well with the
dramatic decrease of NS after proton irradiation. Meanwhile, the high
NTa after proton irradiation leads to an increasing number of empty
traps, resulting in the larger variation, as shown in Fig. 5 (c). Otherwise,
three bulk traps are observed above 200 K, explaining the outstanding
dynamic performance at 100 K. E1 was found only after proton irradi-
ation with a relatively small NTa. According to other researches, E1 is
considered to be generated by proton irradiation, which is related to VGa
or GaO [15,18]. Meanwhile, E1 is found to have larger σn than E2 [15,
18], which is consistent with our results. Around 305 K, E2 is found in
both samples in this work, while it has a smaller σn and a larger NTa in
irradiated β-Ga2O3 SBD. E2 is also observed in other samples before and

Fig. 6. (a) Temperature-scanning DLTS before and after proton irradiation. (b) Arrhenius plot of the traps before and after proton irradiation. (c) Trap concentration
(NT) versus depletion region width with reverse bias (wR).

Table 1
The summary of the traps before and after proton irradiation.

Trap Eemi (eV) σn (cm2) NTa (cm− 3)

E1 (after irradiation) 0.74 2.26 × 10− 12 1.21 × 1013

E2 (before irradiation) 0.82 1.32 × 10− 13 5.32 × 1013

E2 (after irradiation) 0.81 6.42 × 10− 14 1.05 × 1014

E3 (after irradiation) 1.04 9.18 × 10− 12 8.56 × 1013

Fig. 7. Contour map of isothermal DLTS of traps in irradiated SBD for (a) E1, (b) E2 and (c) E3. (d) Emission time constant (τe) of traps before and after proton
irradiation. (e) Peak temperature of traps at different UR before and after proton irradiation. (f) Peak DLTS amplitude of traps with different tP before and after proton
irradiation.
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after proton irradiation [16], demonstrating that the origin of E2 is not
related to the proton irradiation. Due to the absence of Fe in our devices,
E2 is considered to be associated with complexes involving native de-
fects in β-Ga2O3 [16,39]. E3 has been observed both in pristine and
irradiated β-Ga2O3 SBD in previous works [16,17], while it could only be
found in pristine β-Ga2O3 SBD in our work. The possible reason for the
absence of E3 in pristine β-Ga2O3 SBD may be that E3 is located at the
temperature above 350 K. An increase is recorded around 340 K before
irradiation in Fig. 6(a), which may be the rising edge of E3. According to
the energy level, E3 may be oxygen vacancy VO donors which is
responsible for the lifetime degradation of irradiated β-Ga2O3 [17].

Fig. 7(a) and (b) and (c) display the contour map of isothermal DLTS
of three traps in the irradiated SBD to investigate the temperature-
dependent emission process of traps. The black region in each figure
represents the positive peak of traps. The τe of traps extracted from the
positive peak of isothermal DLTS is shown in Fig. 7 (d). As exhibited in
Fig. 7 (d), the τe of traps before and after proton irradiation decrease
with increasing temperature. For instance, from 305 K to 345 K, the τe of
E3 decreases from 16.56 s to 0.55 s. The increase in τe indicates that the
emission process of traps can be accelerated by higher temperature.
From 290 K to 315 K, the τe of E2 after proton irradiation is longer than
before irradiation, demonstrating that proton irradiation decelerates the
emission process within this temperature range.

Fig. 7 (e) exhibits the peak temperature of traps at different condi-
tions. The peak temperature is barely shifted for all traps at different UR,
supporting the conclusion that all the traps are more likely to be bulk
traps instead of interface traps, and their emission processes are inde-
pendent of electric field [40].

Fig. 7 (f) depicts the peak DLTS amplitude of traps from tP of 0.05 s to
1 s. The peak DLTS amplitudes of E1 and E3 remain unchanged, thereby
concluding that most of the traps are filled within 0.05 s. The peak DLTS
amplitude of E2 in irradiated SBD increases with a longer tP when tP is
shorter than 0.5 s, comparing to the stability in pristine one, indicating
that E2 needs more time to be filled after proton irradiation.

3.4. Low frequency noise characteristics

The low frequency noise spectra of both samples are investigated at
100 K and 300 K. Fig. 8 (a) depicts SI spectra for both samples at different
biases at 300 K. For irradiated β-Ga2O3 SBD, SI increases from 2.59 ×

10− 21 A2/Hz to 2.48× 10− 19 A2/Hz with the increasing bias from 0.55 V
to 0.75 V with f of 105 Hz owing to the higher current. For all biases, the
irradiated β-Ga2O3 SBD exhibits lower noise level than the pristine one
at 300 K, demonstrating better noise performance of irradiated β-Ga2O3
SBD at forward bias. The low frequency noise is often influenced by the
current of devices and the generation-recombination centers rather than
all deep levels. The better low frequency noise performance with
increasing NTa after proton irradiation indicates that E1 and E3 may not
produce the generation-recombination noise. Fig. 8 (b) shows the noise
spectra at 0.65 V at 100 K and 300 K. When the temperature climbs from
100 K to 300 K, SI of irradiated β-Ga2O3 SBD increases from 8.88× 10− 29

A2/Hz to 7.52 × 10− 20 A2/Hz with f of 105 Hz due to the rising current.
At 100 K, SI of irradiated β-Ga2O3 SBD is about one order of magnitude
smaller than the pristine one, and the difference extend to three to four
orders of magnitude smaller at 300 K, reflecting that the irradiated
β-Ga2O3 SBD exhibits outstanding noise performance at all
temperatures.

4. Conclusion

In summary, the impact of 5 MeV proton irradiation on β-Ga2O3
power diode is investigated. From temperature-dependent C-V charac-
teristics, the carrier removal effect exists in the irradiated β-Ga2O3 SBD.
Meanwhile, temperature-dependent J-V characteristics demonstrate
that the irradiation has less influence on Von and n. The close-to-unity n
indicates the near-ideal Schottky characteristics of β-Ga2O3 SBD and the

great potential of β-Ga2O3 SBD for wide temperature range application.
Via on-the-fly measurement, the dynamic on-resistance ratio of irradi-
ated β-Ga2O3 SBD induced by the bulk traps is larger than the pristine
one at 300 K. Besides E2 in the pristine β-Ga2O3 SBD, two more bulk
traps called E1 and E3 are observed in irradiated β-Ga2O3 SBD. The due
to the larger NTa in irradiated β-Ga2O3 SBD leads to the slightly wors-
ened dynamic performance at 300 K. Furthermore, the irradiated
β-Ga2O3 SBD has outstanding noise performance at both room and
cryogenic temperatures.
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