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ABSTRACT

This study investigates the broad-energy-spectrum reactor-neutron irradiation effects on the electrical characteristics of Ni/b-Ga2O3 Schottky
barrier diodes (SBDs), where the irradiated neutron fluence was up to 1� 1016 cm�2. On the one hand, the high neutron fluence of 1016 cm�2

resulted in a reduction in forward current density by two orders of magnitude and an extremely high on-resistance property due to the
radiation-generated considerable series resistance in the SBD. On the other hand, the irradiation brought little influence on the Ni/b-Ga2O3

Schottky contact, since the extracted ideality factor and barrier height from temperature-dependent current–voltage (I–V–T) characteristics
showed no significant changes after the radiation. Moreover, the capacitance–voltage (C–V) characterization revealed that the net carrier den-
sity in the b-Ga2O3 material was only reduced by 25% at the neutron fluence of 1015 cm�2 but a significant reduction by 2–3 orders
at 1016 cm�2. Within the neutron fluence range of 2� 1014 cm�2 up to 1016 cm�2, the carrier removal rates trended to be saturated with the
increased fluences, following an exponential regular. In addition, the C–V measurement on the 1016 cm�2 irradiated sample exhibited an
obvious frequency dispersion, and the extracted carrier distribution was not uniform.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0185271

Electronic devices operating in space require excellent radiation
tolerance and temperature characteristics due to temperature variabil-
ity and high-energy particle irradiation.1–3 Gallium oxide (Ga2O3) pos-
sesses outstanding physical properties, such as a wide bandgap
(4.5–4.9 eV) and a high breakdown electric field (8MV�cm�1), making
it a promising candidate for high-power devices, radiation detectors,
and several other applications.4–8 Although the large bandgap and the
high displacement energies of Ga and O atoms theoretically allow
extending Ga2O3-based devices’ operation to high temperatures and
high radiation environments, the actual radiation tolerance and the
failure mechanism of the devices at high radiation environments still
require to be explored further. Neutrons are the most penetrating par-
ticles among various types of space radiation particles, and even cos-
mic neutron radiation can affect electronic devices on the Earth.

Therefore, studying the tolerance of Ga2O3-based devices to neutron
irradiation is essential for their aerospace and nuclear applica-
tions.2,9–11 Previous research has investigated the neutron irradiation
of Ga2O3-based devices below the neutron fluence of 1015 cm�2 before
destroying the devices and mainly focused on the quantitative change
in the performances. Although a few reports have studied the defects
generation mechanism and the effect of carrier removal of the
b-Ga2O3 material at a high neutron fluence of 1017 cm�2, the relation-
ship between the material parameters and device performances still
needs to be established.1,12–17 Thus, to evaluate the limitation of radia-
tion resistance of the Ga2O3 devices, it is of interest to explore the
study of the neutron irradiation effects on the Ga2O3 devices to a
higher neutron fluence and reveal the critical factors of the degradation
of the devices’ characteristics faced in such an environment.
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This study experimentally investigated the influence of reactor-
neutron irradiation on the performance of b-Ga2O3 Schottky barrier
diodes (SBDs), where the highest irradiation fluence reached
1016 cm�2. The irradiation source is provided by the Xi’an Pulsed
Reactor (XAPR), with neutron energies ranging from 0 to 20MeV.
The paper analyzed the electrical characteristics of b-Ga2O3 SBDs irra-
diated by three fluence levels and focused on the changes at the fluence
of 1016 cm�2 based on I–V–T and C–Vmeasurements.

Figure 1(a) presents a schematic diagram of the b-Ga2O3 SBD
fabricated in this study. Vertical SBDs were fabricated using a (010)
UID b-Ga2O3 substrate grown by the edge-defined film-fed growth
(EFG) method with an effective carrier density of 1� 1017–2� 1017 cm�3.
The substrate was about 1mm thick and 10� 15mm2 in size and was
treated by a double-side chemical mechanical polishing (CMP) process.
Initially, the substrate was cleaned with acetone and isopropanol, followed
by a four-cycle de-ionized (DI) water rinse and N2 blow drying. After that,
a Ti/Al/Ni/Au (15nm/80nm/20nm/60nm) metal stack was electron
beam evaporated on the backside of the substrate, followed by a 40-s rapid
annealing at 700 �C in a N2 ambient to form an Ohmic contact between
Ti and b-Ga2O3. Subsequently, a circular Schottky anode electrode with a
radius of 300 lm was created on the front side of the substrate through
standard photolithography, electron beam evaporation of Ni/Au (20nm/
60nm) metal layers, and liftoff. Finally, four pieces of samples were cut
from the substrate, and three of them were used for the reactor-neutron
radiation with the fluence of 2� 1014, 1015, and 1016 cm�2, respectively, in
Xi’an pulsed reactor (XAPR). The electric characteristics of each sample
were measured using Keysight 1500 and a Lakeshore probe station with a
temperature range from 75 to 325K.

Figure 1(b) shows the current–voltage (I–V) characteristics of
SBDs with and without reactor-neutron irradiation at room tempera-
ture (300K). The forward current density remained nearly unchanged
at the fluences of 2� 1014 and 1015 cm�2. However, when the fluence
reached 1016 cm�2, a significant reduction in the forward current den-
sity was observed, decreasing by approximately two orders of magni-
tude compared to the pre-irradiation state. Moreover, the reverse
current density decreased as fluence increased, with a maximum
reduction of roughly four orders of magnitude at the fluence of
1016 cm�2. To further investigate the influence of the reactor-neutron
irradiation on the SBDs characteristics of the Ni/b-Ga2O3 SBDs, the
critical parameters such as ideality factor (g) and Schottky barrier
height (UB) were derived from the thermionic emission equation,12

and the special on-resistance (Ron,sp) was defined by (dV/dJ),

J ¼ A�T2exp � q/B

kT

� �
exp

qV
gkT

� �
� 1

� �
; (1)

where A is the area of the SBDs, T is temperature, k is Boltzmann con-
stant, and q is elementary charge. A� stands for the Richardson con-
stant of 33.7A�(cm K)�2.18

Specifically, the extracted g and UB for the irradiated samples at
fluences of 2� 1014, 1015, and 1016 cm�2 were 1.21, 1.07, 1.00 and
1.07, 1.12, 1.17V, respectively, showing comparable values to the pris-
tine sample of 1.08 and 1.15V. In contrast, the trend of Ron,sp at differ-
ent neutron influences dramatically increased when the fluence
reached 1016 cm�2. As shown in Fig. 1(c), the forward Ron,sp exhibited
a slight increase from 29 to 33 mX cm2 below the neutron fluence of
1016 cm�2. However, at the fluence of 1016 cm�2, the Ron,sp rapidly
increased to around 12 000 mX cm2, which was responsible for the
simultaneous deduction of both forward current and reverse current of
the SBDs. These results indicated that reactor-neutron irradiation had
a suppressive effect on the current of the Ni/b-Ga2O3 SBD associated
with resistance of the b-Ga2O3 material and the Ohmic contact, and
especially significant impact occurred within the neutron fluence range
from 1015 to 1016 cm�2.

The temperature-dependent I–V characteristics were measured
further to study the neutron-irradiated effects on the SBDs. Figures
2(a)–2(d) depict the forward I–V–T characteristics of the pristine sam-
ple and irradiated samples at different neutron fluences and Figs.
2(e)–2(h) show the extracted Ron,sp of each sample. When the neutron
fluences were below 1016 cm�2, the forward current density of the
devices increased monotonically with the rising temperatures from 75
to 325K, and the extracted Ron,sp were concentrated within the range
of 20–40 mX cm2. However, for the higher irradiated (fluence of
1016 cm�2) sample, the I–V curves below 200K were hardly measured,
and the Ron,sp experienced a regular deduction against the temperature.
This phenomenon was explained by the high series resistance at a flu-
ence of 1016 cm�2, rather than the Schottky contact, which dominated
the Ron,sp of the SBDs.

19

Moreover, Figs. 2(i) and 2(j) illustrate the extracted values of the
g and UB for all the devices according to the thermionic emission
model. It can be observed that the g decreased monotonically with
the temperatures, while the UB increased monotonically. This
temperature-dependent behavior aligns with the non-uniformity of
the barrier height at the Schottky interface.20–22 The thermionic emis-
sion model assumes the presence of non-uniform regions at the

FIG. 1. (a) Schematic of the irradiated Ni/b-Ga2O3 Schottky barrier diodes (SBDs). (b) Typical I–V characteristics of the pristine sample and irradiated samples at neutron fluen-
ces of 2� 1014, 1015, and 1016 cm�2 at 300 K; inset shows the forward I–V characteristics. (c) Typical Ron,sp of the samples at 300 K; inset shows the results under neutron flu-
ence of 1016 cm�2.
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metal–semiconductor interface, manifesting as patches with different
barrier heights on the nanoscale.20 At lower temperatures, carrier con-
duction is dominated by those flowing through regions with relatively
low barrier heights. Conversely, at higher temperatures, carrier con-
duction is dominated by those flowing through regions with relatively
higher barrier heights.23 This temperature-dependent anomalous
behavior of g andUB can be described by the following model:

/ ¼ �/0 �
qr2

2kT
; (2)

1
g
� 1 ¼ �q2 þ

qq3
2kT

: (3)

In this model, r represents the zero-bias standard deviation of the
SBH distribution, which quantifies the degree of non-uniformity at the

metal–semiconductor interface. �/0 is the average zero-bias barrier
height. q2 and q3 are the voltage-related coefficients for SBH and r,
respectively.

According to Figs. 2(c) and 2(d), the non-uniformity of the
Schottky barrier height has no significant changes after irradiation.
Notably, despite remarkable changes in the I–V characteristics of the
devices occurring at a fluence of 1016 cm�2, the value of the ideality
factor remained very close to 1, which is still suitable for the therm-
ionic emission model. This indicates that the Ni/b-Ga2O3 Schottky
contact maintained well radiation tolerance even under high-fluence
neutron irradiation.

To verify the origin of the high resistance of the samples under
the reactor-neutron irradiation, the C–V characteristics analysis of the
Ni/b-Ga2O3 SBDs was performed at 300K with a frequency of 100

FIG. 2. (a)–(d) I–V–T characteristics and (e)–(h) on-resistance property of the irradiated Ni/b-Ga2O3 SBDs for the pristine sample and irradiated samples at neutron fluences
of, 2� 1014, 1015, and 1016 cm�2; temperature-dependence, (i) ideality factor, and (j) barrier height curves of the irradiated SBDs.
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kHz on both irradiated and non-irradiated devices shown in Fig. 3(a).
A reduction in capacitance after neutron irradiation was observed, and
especially at the fluence of 1016 cm�3, the capacitance of the SBD
degraded two to three orders of magnitude more than others. The net
carrier density (ND–NA) in the b-Ga2O3 can be extracted from the
1/C2 curves in Fig. 3(b) using the following formula:

ND � NA ¼ � 2
qee0A2

� 1
dC�2

dV

; (4)

where A is the area of the SBD, e is the relative dielectric constant, e0 is
the vacuum dielectric constant, ND is the donor density, and NA is the
acceptor density.

Figure 3(c) shows the detailed carrier distribution along the depth
in the UID b-Ga2O3. The uniform net carrier density of the pristine
sample and irradiated samples at fluences of 2� 1014 and 1015 cm�2

were 1.833� 1017, 1.524� 1017, and 1.334� 1017 cm�3, respectively.
The drop in the net carrier density unveiled the reason for the capaci-
tance reduction earlier. Associated with the degradation of forward
current density in irradiated devices, the removal of net carrier density
derived from the neutron irradiation on Ni/b-Ga2O3 SBD contributed
to the increasing resistance, for the neutron irradiation could generate
deep-level defects in the semiconductor and capture free carriers.14

The inset of Fig. 3(c) displays a much lower net carrier density with an
average value of around 5� 1014 cm�3 at a fluence of 1016 cm�2, about
two to three orders of the pre-irradiation level decreased due to the
high density of deep-level traps caused by neutron irradiation. To qual-
ify the reduction of the net carrier density under different neutron flu-
ences, the carrier removal rates1 of the irradiated SBDs were calculated
to be 154.5, 49.9, and 18.28 cm�1 for the fluences of 2� 1014, 1015, and
1016 cm�2. Notably, the carrier removal rates of the irradiated SBDs
exhibited a decreasing trend and might have already reached a rela-
tively limiting point at the neutron fluence of 1016 cm�2. Thus, it can

be postulated that the carrier removal quantity may adhere to an expo-
nential model before the device is not severely damaged by irradiation,
because the reduction of net carrier density cannot be beyond the ini-
tial value of the material. Figure 3(d) shows the fitted curve of the car-
rier removal quantity using an exponential model,

y ¼ y0 1� exp � x
t0

� �� �
; (5)

where x is the neutron fluence, y is the reduction of net carrier density
corresponding to the neutron fluence of x, y0 is the initial net carrier
density of the material, t0 is a coefficient related to the material prop-
erty, and the slope of the curve (dy/dx) is the carrier removal rate.

According to the fitting curve in Fig. 3(d), the y0 was extracted to
be (1.8496 0.263)�1017 cm�3, which was consistent with the net car-
rier density (1.833� 1017 cm�3) of the pristine sample. This nonlinear
carrier removal rate has rarely been reported, because the nonlinearity
property will occur at a much high neutron fluence. More in-depth
investigations are needed to understand the fundamental physics of
the nonlinear neutron radiation effect on the Ga2O3 material and devi-
ces, which will provide more instruments for designing the devices in
aerospace and radiation applications.

To determine the non-uniform carrier distribution of the
1016 cm�2 irradiated sample shown in the inset of Fig. 3(c), the
frequency-dependent C–V characteristics were measured at 1, 10, 100,
and 500 kHz. Figure 4(d) showed an obvious frequency dispersion at a
low frequency of 1016 cm�2 sample, which was not found in other
samples [Figs. 4(a)–4(c)]. Figure 4(e) presents the carrier distribution
with depth at different frequencies, showing the increased net carrier
density with the frequency below 100 kHz and un-uniform distribu-
tions at each frequency. The abnormal C–V results at the high neutron
fluence of 1016 cm�2 were attributed to the high density of radiation-
generated deep-level traps in the b-Ga2O3 material.12 In general, many
deep-level traps were generated and captured the free electron causing

FIG. 3. (a) C–V characteristics in 100
kHz. (b) 1/C2 in 100 kHz. (c) Distribution
of the net carrier density (ND–NA) of pris-
tine sample and irradiated samples at
neutron fluences of 2� 1014, 1015 at
300 K; all the insets show the results
under neutron fluence of 1016 cm�2. (d)
Carrier reduction against the neutron
fluences.
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the reduction in the net carrier density. Then the occupied deep-level
traps had a long time constant to release and capture the electron,24

and the captured electrons were excited under a high applied electric
field. Thus, the C–V-measured net carrier density increased with the
bias voltage (or the depth of depletion region) and decreased with
applied frequency.

In summary, the effects of reactor-neutron irradiation with differ-
ent fluences on the electrical performances of the Ni/b-Ga2O3 SBDs
have been studied in this work. At low neutron fluences of 2� 1014

and 1015 cm�2, the I–V and C–V characteristics of the SBDs were
slightly influenced by the fluence of the reactor neutron. However, at
the neutron fluence of 1016 cm�2, both the forward current density
and the reverse current density decreased rapidly due to the extremely
high resistance caused by the net carrier density reduction. In addition,
the Schottky barrier inhomogeneity of the SBDs showed no significant
change under the reactor-neutron irradiation up to the fluence range
of 1016 cm�2. According to the C–Vmeasurement, the net carrier den-
sity for the pristine and irradiated devices at low fluences showed a
uniform distribution but a non-uniform distribution at the high neu-
tron fluence of 1016 cm�2. These phenomena and the frequency dis-
persion of the SBDs indicated that the high density of the deep-level
traps was generated at high neutron fluence of 1016 cm�2, and a signifi-
cant impact occurred during the neutron fluence from 1015 to
1016 cm�2. In addition, the carrier removal rates under the neutron
irradiation were discovered to be well-fitted in the exponential model
but not a constant in the b-Ga2O3.
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