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ABSTRACT

The changes of electrical properties and deep trap spectra induced in n-type β-Ga2O3 by 1 GeV protons with a fluence of 4 × 1013 cm−2

were studied. The carrier removal rates were ∼100 cm−1 at this energy. For comparison, for 20MeV proton irradiation at comparable
fluences (5–10 × 1014 cm−2), the removal rate was ∼400 cm−1 for donor concentrations of 3 × 1016 cm−3 and ∼100 cm−1 for concentrations
of <1016 cm−3. These removal rates were in stark contrast with modeling results that predicted the introduction rates of vacancies to be two
orders of magnitude higher for 20MeV protons. Measurements of deep electron and hole traps densities by deep level transient spectro-
scopy with electrical or optical injection (DLTS or ODLTS), and capacitance–voltage profiling under monochromatic light illumination
showed that the 1 GeV proton irradiation resulted in the introduction of deep donors E2*(Ec-0.75 eV) and E3 (Ec-1 eV) and deep acceptors
with optical ionization threshold near 2.3 eV producing a feature near 250 K in ODLTS and 3.1 eV with related ODLTS feature near 450 K.
The total concentration of all deep traps was much lower than that necessary to explain the observed decrease in net donor density upon
irradiation. The donor densities showed a nonuniform distribution in proton irradiated films with the concentration greatly decreased
toward the surface. Possible reasons for the observed performance are discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0068306

I. INTRODUCTION

Recent years have seen an impressive progress in the growth
of high crystalline quality β-Ga2O3 bulk crystals and epilayers and

in the fabrication of high-power devices based on this material.

The interest is stimulated due to the very high critical electric field

near 6–8MV/cm, much higher than the more established

wide-bandgap materials GaN or SiC.1–4 An additional attractive
feature of Ga2O3 is that experiments with protons, neutrons, elec-
trons, and γ-irradiation show that it has a high radiation tolerance
on par with that of GaN or SiC.5,6 This is an important consider-
ation as wide-bandgap power devices are increasingly finding their
way into electronic systems operating in space and avionics where
they supplant Si-based devices due to better performance and
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lighter weight.7 However, so far the bulk of radiation experiments
in Ga2O3 structures was done with moderate energies, such as
protons with energies 1–20MeV, reactor neutrons, and 18MeV
alpha-particles.8–12 There is also interest in the response of Ga2O3

to the very high energy (GeV) protons encountered in galactic
cosmic ray fluxes in deep space applications.5–7

Presently, little is known of the response of Ga2O3 to such
irradiation. In this article, we report the results of electrical and
deep trap studies performed on β-Ga2O3 epi structures subjected to
irradiation with 1 GeV protons and also compare the results to
those with 20MeV protons.

II. EXPERIMENTAL

The samples were β-polytype Si doped n-Ga2O3(Si)
films grown by Halide Vapor Phase Epitaxy (HVPE) on Sn doped
n-Ga2O3(Sn) substrates cut from bulk single crystals grown by
Edge-defined Film-fed Growth (EFG). The structures were acquired
from Tamura/Novel Crystals Co. (Japan). The net electron concen-
tration of the films was approximately 1015–1016 cm−3, and the
thickness was 7–10 μm. The net donor density of the substrates was
3 × 1018 cm−3. The orientation of the structures was (001). Seven
samples were studied. Samples S1, S2, S3, S4, and S5 were epi struc-
tures for which the back Ohmic contacts were prepared by Ti/Au
(20 nm/80 nm) e-beam evaporation with subsequent rapid thermal
annealing at 500 °C for 30 s in nitrogen. Ni Schottky diodes on the
front surface were made by e-beam evaporation of Ni (20 nm)
through a shadow mask. The diameter of the circular diodes was
1 mm.

Table I summarizes the samples and proton irradiation condi-
tions. Sample S1 had a starting net donor concentration established
by room temperature capacitance–voltage profiling of 3 × 1016 cm−3.
This sample was subjected to irradiation with 20MeV protons with

fluences of 5 × 1013 and 1014 cm−2 (designated as S1-5 × 1013 and
S1-1014). Sample S2 had a starting concentration of 1016 cm−3 and
was irradiated with a fluence of 20MeV protons of 1014 cm−2

(sample S2-1014). Sample 3 had a starting concentration of
3 × 1015 cm−3 and was irradiated with a fluence of 4 × 1013 cm−2 of
1 GeV protons (sample S3-4 × 1013GeV). Sample S4 had a starting
concentration of 1.2 × 1016 cm−3 and was irradiated with 20MeV
protons with a fluence of 1014 cm−2 (sample S4-1014). Sample S5 had
a concentration of 1016 cm−3 and was subjected to irradiation with a
fluence of 4 × 1013 cm−2 of 1 GeV protons (sample S5-4 × 1013GeV).

Samples 6 and 7 were processed into rectifier structures with
backside Ti/Au (20 nm/80 nm) deposited by e-beam evaporation
and rapid thermal annealing at 550 °C for 30 s in nitrogen. The
Schottky diodes on the front surface were prepared by first dc sput-
tering of 20 nm W layer and then e-beam evaporation of 340 nm
Au. Then, photolithographic patterning was done to produce
400 μm square diodes and circular diodes with diameters 200 and
150 μm. No dielectric layers surface passivation or plate electrodes
were used. The samples were then mounted on a transistor header
and wire-bonded for subsequent measurements, as illustrated in
Fig. 1S in the supplementary material. Sample S6 was irradiated
with 20MeV protons with a fluence of 1014 cm−2 (sample S6-1014).
Sample S7 was irradiated with a fluence of 4 × 1013 cm−2 of 1 GeV
protons (sample S7-4 × 1013GeV).

Characterization before and after proton irradiation included
capacitance–voltage (C–V) profiling and light C-V (LCV) profiling
spectra measurements13,14 with excitation from high-power (optical
power 250 mW/cm2) light emitting diodes (LEDs) with peak
photon energies ranging from 1.35 to 3.4 eV or with UV LEDs
emitting at 259.4 nm (photon energy 4.8 eV, optical power
1.2 mW/cm2). Deep electron trap spectra were obtained from deep
level transient spectroscopy (DLTS)15,16 measurements in the tem-
perature range 80–500 K using a gas-flow nitrogen cryostat

TABLE I. Changes in net donor density Nd and in carrier removal rate dNd/dF for samples irradiated with 1 GeV or 20 MeV protons with fluences F; for samples S4, S4-1014,
S5, and S5-4 × 1013 GeV also shown are the changes in concentrations of the deep acceptors with optical thresholds 2.3 and 3.1 eV caused by 1 GeV and 20 MeV proton
irradiations.

Sample # Type of proton treatment Nd (cm
−3)

dNd/dF
(cm−1)

2.3 eV concentration
(cm−3)

3.1 eV concentration
(cm−3)

S1 None 3 × 1016 −
S1-5 × 1013 20MeV protons, F = 5 × 1013 cm−2 1016 400
S1-1014 20MeV protons, F = 1014 (5 × 1013 + 5 × 1013) cm−2 1015 200
S2 None 1016 −
S2-1014 20MeV protons, F = 1014 cm−2 3 × 1014 100
S3 None 2 × 1015 −
S3-4 × 1013 1 GeV protons, F = 4 × 1013 cm−2 1014 72.5
S4 None 1.3 × 1016 − 2 × 1014 −
S4-1014 20MeV protons, F = 1014 cm−2 3 × 1013 120 1.2 × 1015 4 × 1014

S5 None 1016 − 3 × 1014 −
S5-4 × 1013GeV 1 GeV protons, F = 4 × 1013 cm−2 4 × 1015 137.5 7.5 × 1014 2.8 × 1014

S6 None 1.3 × 1016 −
S6-1014 20MeV protons, F = 1014 cm−2 4 × 1015 90
S7 None 9 × 1015 −
S7-4 × 1013GeV 1 GeV protons, F = 4 × 1013 cm−2 6 × 1015 75
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(Cryotrade Company, Russia). Hole trap spectra were measured by
DLTS measurements with optical excitation (ODLTS)17,18 with
above-bandgap (4.8 eV LED) LED excitation. A detailed description
of experimental setups can be found in our earlier papers.11,12,16,19

The diffusion lengths of nonequilibrium charge carriers were
calculated from the electron beam energy dependence of the nor-
malized electron beam induced current (EBIC) of a scanning elec-
tron microscope.20,21

20MeV proton irradiations were performed on linear accelerator
I-2 at the Center of Collective Use “Kamiks” of ITEP (Russia) that
has been used successfully to control the switching characteristics of
Si power devices.22,23 The fluences used were 5 × 1013 or 1014 cm−2

with a flux of 1011 cm−2 s−1. High energy 1 GeV proton irradiation
was performed on the synchrocyclotron SC-100024–26 at the PNPI
accelerator department (Russia). The total fluence was 4 × 1013 cm−2

at a flux of 3 × 1010 cm−2 s−1.
The damage profiles were obtained from the Stopping-

and-Range-of-Ions-in-Matter (SRIM) code,27,28 which calculates
the screened Coulombic collision rate between an incoming ion
and the atoms in the target. An ion traversing Ga2O3 undergoes
collisions with the target atoms. The total energy loss per unit dis-
tance is determined by electronic stopping and nuclear stopping. In
the former, ion energy is lost by excitation and ionization of atoms,
dissipating as heat, and not creating atomic displacements. Nuclear
stopping occurs through elastic collisions of ions with nuclei or
atoms, with part of the kinetic energy of the incoming ion trans-
ferred to displace nuclei, creating deep-level compensating defects.

III. RESULTS AND DISCUSSION

C-V characteristics of the Ni Schottky diodes before and after
irradiation causing relatively low changes in net donor density were
in good agreement with the previously published data. The
Schottky barrier heights obtained from the built-in voltage of the
1/C2 vs V plots were close to 1 eV, and the plots were reasonably
linear [e.g., Fig. 2S(a) in the supplementary material depicts data
for S4, S5, and S5-4 × 1013GeV]. These samples showed ideality
factors close to 1 and low reverse leakage currents of the Schottky
diodes that allowed DLTS spectra measurements at high reverse
voltages even at 500 K. For the samples with refractive W Schottky
diodes, the Schottky barrier heights were 0.6 eV [Fig. 2S(b) in the
supplementary material shows data for S7 and S7-4e13 GeV]. The
lower Schottky barrier height resulted in higher reverse leakage at
500 K and restricted the reverse biases in DLTS to voltages below
∼2 V, although, at 300 K, the reverse current in I-V characteristics
was still low.

However, in general, proton irradiated samples showed the
nonuniform distribution of net donor densities that often demon-
strated a decrease in concentration toward the surface of the films
so that concentration profiles had to be built by differentiating the
1/C2 vs voltage characteristics by voltage.29 Panels (a) of Figs. 1–3
present such room temperature concentration profiles for all
samples, while panels (b) of these figures depict the changes in
concentration close to the surface and give the estimates of the
carrier removal rates induced by irradiation for particular fluences
and proton energies. The data of Figs. 1–3 are summarized in

Table I that also specifies the starting concentrations of the samples
and the energy and fluence of the protons used.

Several points are clear from Figs. 1–3. First, as the proton flu-
ences increase, the net donor concentrations tend to become more
nonuniform and more depleted toward the surface. For example, in
samples S1-1014, S2-1014, and S4-1014 irradiated with 1014 cm−2 of
20 MeV protons, and sample S3-4 × 1013GeV irradiated with
4 × 1013 cm−2 1 GeV protons, the concentrations strongly decrease
toward the surface and the sample S4-1014 is depleted almost down
to the interface with the n+ substrate (the thickness of this film is
7 μm). SRIM modeling predicts a uniform distribution of primary
vacancies across the thickness of the film [the results for calculated
vacancies concentration vs thickness for 20MeV and 1 GeV are
shown in Figs. 4(a) and 4(b) together with the distribution of
hydrogen ions]. This suggests a marked redistribution of primary
defects in the irradiated samples. Since the concentration of
primary hydrogen ions within the n-Ga2O3 films of ∼10 μm thick-
ness is negligible (see Fig. 4) and since it is known that hydrogen
out-diffusion in proton-irradiated β-Ga2O3 does not start for

FIG. 1. (a) Concentration profiles measured before and after irradiation with
20 MeV protons for samples S1, S1-5 × 1013, S1-1014, S2, S2-1014 and sample
S3 before irradiation with 1 GeV protons and sample S3-4 × 1013 GeV after irra-
diation with a fluence of 4 × 1013 cm−2 1 GeV protons; (b) concentration
changes near the surface and estimated carrier removal rates.
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temperatures <∼500 °C,30 it appears that the moving species should
be native point defects. Moreover, in our DLTS measurements, we
observed that the charge redistribution occurs already during DLTS
spectra collection at high temperatures [see Figs. 2(a) and 3(a)].

Some preliminary experiments carried out by us show that
measurable changes in observed concentration profiles start for
temperatures higher than 400 K and are accelerated when reverse
bias is applied (see Fig. 3S in the supplementary material; the
figure was obtained for sample S1-1014 after DLTS measurement
up to 400 K and subsequent annealing between 320 and 420 K for
20 min). Second, the removal rates for protons with energies
20MeV and 1 GeV are not different, whereas modeling predicts
more than two orders of magnitude difference in the concentration
of primary native defects (Fig. 4). Third, the removal rates tend to
decrease with a decrease in the starting net donor concentration.
These features require a better understanding. The results suggest
that compensating (or passivating) native defects tend to gravitate
toward the surface of irradiated films, and the degree of compensa-
tion or passivation becomes higher for higher net donor densities.

The effect of this compensation/passivation is partially annealed at
temperatures as low as ∼400 K.

Somewhat similar behavior has been previously reported for
β-Ga2O3 irradiated with (0.6–2) MeV protons.9,31 This compensa-
tion has been attributed to the formation of split Ga vacancy
defects VGa

i (Refs. 9 and 31–34) and their partial passivation with
hydrogen. These split vacancies VGa

i are believed to give rise to a
dominant photocapacitance band with an optical threshold near
2.3 eV and a rather high (∼0.5 eV) barrier for the capture of elec-
trons, causing a prominent persistent photocapacitance that cannot
be quenched by the application of the forward bias.13,14,32 Such
centers are routinely observed in our β-Ga2O3 films alongside other
deep acceptor defects with an optical threshold near 3.1 eV whose
origin is not clear, but has been tentatively attributed to VGa accep-
tors8,11,12 or VGa–VO divacancies.32 We measured their concentra-
tion before and after proton irradiation for sample S4 irradiated
with 20MeV protons and sample S5 irradiated with 1 GeV
protons. These concentrations are presented in Table I for samples
S4, S4-1014, S5, and S5-4 × 1013GeV. Compensating acceptors of
that kind are indeed introduced by 20MeV and 1 GeV protons at
similar rates, but their densities are too low to account for the
observed carrier removal rates in irradiated samples.

Other deep level spectra studies using DLTS and ODLTS also
have not revealed the proton-induced formation of deep acceptors

FIG. 2. (a) Concentration profiles measured before and after irradiation with
20 MeV protons for samples S4, S1-1e14, and sample S5 before irradiation with
1 GeV protons and sample S3-4e13 GeV after irradiation with a fluence of
4 × 1013 cm−2 1 GeV protons; (b) estimated concentration changes and carrier
removal rates.

FIG. 3. (a) Concentration profiles measured before and after irradiation with
20 MeV protons for samples S6, S6-1e14, and sample S7 before irradiation with
1 GeV protons and sample S7-4 × 1013GeV after irradiation with a fluence of
4 × 1013 cm−2 1 GeV protons; (b) estimated concentration changes and carrier
removal rates.
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that could be responsible for the observed carrier removal rates.
DLTS measurements for the starting samples were dominated by
the common features due to the well-known electron traps near
Ec-0.5 eV (E1 centers5,9), Ec-0.8 eV (E2), a low temperature shoulder
near 270 K that could be distinguished by fitting the individual
capacitance relaxation curves or by Laplace DLTS analysis11,19 as
belonging to the Ec-0.7 eV centers known in the literature as the E2*
traps,9 and, at the highest measurement temperatures, traps near
Ec-1 eV known in the literature as the E3 traps5,9 [Figs. 5(a)–5(c)].

The E2 defects have been reliably attributed to substitutional
Fe acceptors on the Ga sites35 on the strength of a clear correlation
between their density and the density of Fe determined by

secondary ion mass spectrometry,35 the behavior of the DLTS peak
emission rate on electric field strength,19,36 comparison with the
features of the dominant compensating center in Fe-doped semi-
insulating β-Ga2O3,

37,38 and finally on theoretical calculations.35

The E3 traps are known to be deep donors, judging by the electric
field dependence of the DLTS emission rate,19,36 as also is the case
with the E2* center.39 The E3 traps have been attributed to
Ir-related donors,36 but have also been associated with native
defects introduced by irradiation.5 The E2* traps are known to be
native point defects. Their density increases under irradiation with
high energy particles,5 and they could be responsible for lifetime
degradation in β-Ga2O3.

8,12,31,39 Recently, some arguments have
been advanced in favor of these centers being related to gallium
vacancies–oxygen vacancy VGa–VO complexes (divacancies).31,39

Proton irradiation with high fluences led in most cases to a
strong compensation and a marked nonuniformity of net donor
densities not conducive to accurate determination of deep trap den-
sities (Figs. 1–3). However, in the cases where the donor densities
changes were not so strong, DLTS was reliable. Figures 5(a)–5(c)
show the evolution of DLTS spectra after proton irradiation. The y
axes in the figures are taken to be the product of the DLTS signal
ΔC/C, 2 Nd, and F−1, 2Nd × ΔC/C × F−1. Here, ΔC is the difference
in transient capacitances measured at time windows t1 and t2,
ΔC = C(t1)−C(t2), C is the stationary capacitance at the tempera-
ture of measurements, and F−1 is the DLTS spectrometer function
converting the ΔC signal into the full capacitance relaxation
amplitude.15

For the temperatures corresponding to the peaks in DLTS
spectra, the peak amplitudes in such coordinates give the concen-
trations of respective traps without the so-called λ-correction that
accounts for the fact that the deep traps are not recharged in the
entire space charge region by the bias pulse in DLTS.15 The data of
Fig. 5 show that when the deep electron trap concentrations can be
reliably determined in DLTS [for sample S1 irradiated with
5 × 1013 and 1014 cm−2 20MeV protons (Fig. 5(a)), for sample S5
irradiated with 4 × 1013 cm−2 1 GeV protons (Fig. 5(b)), for sample
S6 irradiated with 1014 cm−2 20MeV protons and sample S7 irradi-
ated with 4 × 1013 cm−2 1 GeV protons (Fig. 5(c))], proton irradia-
tion introduces new electron traps with level near Ec-(0.25–0.3) eV
(E8),5 slightly increases the concentration of the Ec-0.5 eV (E1)
trap, increases the density of the E2* trap, does not change the con-
centration of the E2 trap due to Fe acceptors, and strongly increases
the concentration of the E3 centers. For the irradiated S7 sample,
we also observe the introduction of a prominent trap near
Ec-1.3 eV (E4 trap).9,11,12

These latter traps are also prominent in the spectra of the S3
sample after irradiation with 4 × 1013 cm−2 1 GeV protons although
the peak amplitudes are not easily converted into concentrations
because of the strong nonuniformity of net donor concentration
(see Fig. 4S in the supplementary material). The general conclusion
is that, even with the λ-correction to the deep electron trap concen-
trations taken into account, the centers observed after proton irra-
diation cannot explain the observed carrier removal rates or the
nonuniformity of concentration profiles in irradiated samples.

DLTS spectra measured with optical excitation with 259-nm
LEDs are shown for the S1 sample after irradiation with 20MeV
protons in Fig. 6(a), and the spectra for the S4 sample irradiated

FIG. 4. (a) Hydrogen ion concentrations and total vacancy concentration profiles
calculated by SRIM for the 20 MeV proton fluence of 1014 cm−2 (mean introduc-
tion rate of vacancies in the top 10 μm of 500 cm−1); (b) the same for 1 GeV
protons with a fluence of 4 × 1013 cm−2 (mean introduction rate ∼10 cm−1).
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with 1014 cm−2 20MeV protons and S5 sample irradiated with
4 × 1013 cm−2 1 GeV protons are shown in Fig. 6(b) (the spectra in
samples S4 and S5 before irradiation were similar, and only the
spectrum for sample S5 is shown). The y axis in the figures is, as
with DLTS spectra mentioned earlier, taken as 2Nd×ΔC/C×F

−1, but
it is additionally multiplied by the ratio of squared space charge
region (SCR) widths in the dark and under illumination (Wdark/
Wlight)

2. This reflects the fact that, for deep acceptors with levels
below the Fermi level, these acceptors are only recharged in the
SCR region where the light is effectively absorbed.17 As with DLTS,
in such coordinates, the amplitudes of ODLTS peaks approximately

correspond to the density of deep acceptors.17 The width of the
SCR down to which the light affects the space charge distribution
was obtained by C-V profiling under illumination and was found
to be ∼0.5 μm. All ODLTS measurements were done with applied
bias −1 V and the corresponding values of Wdark, as well as the net
donor densities were taken from the C-V profiling.

As shown in Fig. 6(a), the spectra consist of a prominent
doublet feature near 100 K with activation energies 0.2 and 0.3 eV.
This doublet was attributed18,40 to transitions from the self-trapped
polaronic hole (STH) states located near the oxygen sites O1 and
O2 into the proper valence hole states. Such STH states are pre-
dicted by theory, and their existence is a hindrance to hole conduc-
tion in Ga2O3.

9,33,34 The peak near 250 K has the activation energy
of 0.5 eV. No acceptor states with levels so close to the valence
band have been predicted by theory41 or detected in
experiments.1–3 The value of the activation energy is close to the
barrier height for changing the charge state of the split Ga vacan-
cies VGa

i from −2 to −1 as determined by deep level optical spec-
troscopy (DLOS).13,14 This transition persistently increases the
charge and the measured capacitance in the SCR after illumination,
so the capacitance transient after the light is switched off will be
hole-trap-like (the capacitance decreases with time after the light
pulse and the amplitude of the peak is the measure of the concen-
tration of the centers recharged by light).

FIG. 5. (a) DLTS spectra changes induced in sample S1 by 20 MeV protons
irradiation with fluences 5 × 1013 and 1014 cm−2; (b) the same for sample S5
irradiated with 4 × 1013 cm−2 1 GeV protons; (c) DLTS spectra changes induced
in samples S6 and S7 by irradiations with 1014 cm−2 20 MeV protons and
4 × 1013 cm−2 1 GeV protons (the starting spectrum is shown only for sample
S7, and for sample S6, the spectrum was the same, with the main feature due
to the E2 Fe-related trap); the conditions of DLTS spectra acquisition are shown
in the figures; for the S6 and S7 samples in (c), the reverse bias was −2 V
instead of −5 V because of the lower Schottky barrier height of W compared to
Ni and consequently higher leakage at high temperatures.

FIG. 6. (a) ODLTS spectra measured for the S1 sample before proton irradia-
tion (black line) and after 20 MeV proton irradiation with fluences 5 × 1013 cm−2

(red line) and 1014 cm−2 (blue line); (b) ODLTS spectra measured for sample
S4 before and after irradiation with 1014 cm−2 20 MeV protons (red line) and for
sample S5 after irradiation with 4 × 1013 cm−2 1 GeV protons (blue line) (the
starting spectrum for sample S5 is very similar to S4); measurements condi-
tions: reverse bias −1 V, excitation pulse by 259 nm wavelength LED (5-s-long,
optical power 1.2 mW/cm2), time windows 1.75 s/17.5 s.
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For sample S3 irradiated with 4 × 1013 cm−2 1 GeV protons,
we observed in ODLTS spectra additional peaks with activation
energies 1.1 and 1.4 eV (see Fig. 5S in the supplementary material).
ODLTS spectra for samples S4 irradiated with 1014 cm−2 20 MeV
protons and S5 irradiated with 4 × 1013 cm−2 1 GeV protons are
shown in Fig. 6(b) (for technical reasons, the lowest temperature
part of the spectra with self-trapped holes peaks was not measured
for this set). In addition to the 0.5 eV peak, we also observed at
high temperatures, peaks with activation energies 0.9, 1.1, and
1.4 eV. The amplitudes of the 0.5 eV peak are close to the density
of deep acceptor traps with the optical threshold near 2.3 eV in
LCV spectra, while the concentration of the 1.4 eV center in

ODLTS is close to the density of the acceptor traps with optical
ionization threshold 3.1 eV in LCV (see Table I), which suggests
that in both measurements one is dealing with similar centers (see
Table I).

It was interesting to compare the effects of proton irradiation
on I-V characteristics. The results are summarized in Figs. 7(a)
and 7(b). For the samples with W Schottky diodes, the effect
mainly consisted of an increase in reverse current and series resist-
ance. Figure 7(a) shows the changes induced by 1014 cm−2 20 MeV
protons in the low voltage current density of sample S6 and by
4 × 1013 cm−2 1 GeV protons for sample S7 (for both samples with
W Schottky diodes, the starting I-V characteristics were similar).
The 20MeV proton irradiation increased the reverse current by
about two times, while the 1 GeV irradiation increased the current
by about six times, while respective series resistances increased
from 4.8to 6.2 Ω (1 GeV) and to 49 Ω (20MeV). At −50 V, the
reverse current after 20MeV 1014 cm−2 irradiation increased from
5 × 10−5 to 7.5 × 10−5A/cm2, while the 4 × 1013 cm−2 1 GeV irradi-
ation increased the reverse current to 4 × 10−4A/cm2.

For sample S4, 20 MeV proton irradiation with a fluence of
1014 cm−2 depleted the film almost to the n+ substrate [Fig. 2(a)].
As a result, the current at low voltages became considerably lower
than before irradiation, but once the space charge region boundary
passed the n-Ga2O3(film)/ n+Ga2O3 (substrate) interface, the
current grew rapidly [Fig. 7(b)]. Irradiation with 4 × 1013 cm−2

1 GeV protons led to a more moderate decrease in the net donor
concentration [Fig. 2(a)] and, consequently, to only a moderate
decrease in reverse current density by about three times and no
change in reverse current slope for voltages up to −50 V [Fig. 7(b)].
The series resistance increased after 1 GeV protons irradiation from
10.8to 17.7 Ω because of the reduced net donor density. With the
20MeV proton irradiation, we observed that even moderate
heating during DLTS runs could significantly change the net donor
density. It was readily converted into respective changes of the
series resistance that was very high right after irradiation
(2.6 × 105Ω), but after the first DLTS, run decreased to 430Ω, and
after the second DLTS, run decreased to 24Ω (see Fig. 6S in the
supplementary material).

We have also seen that, for the S4 and S5 samples, proton
irradiation significantly increased the density of deep compensat-
ing acceptors in the lower half of the bandgap, stronger for
20 MeV protons (Table I). Hole trapping on these deep acceptors
is instrumental in increasing the photocurrent of the diodes
under above-bandgap illumination because of the decrease in the
Schottky barrier height and respective photocurrent amplifica-
tion.42,43 We observed that proton irradiation strongly enhances
photocurrent, considerably stronger for 20 MeV protons creating
a higher density of deep acceptors than the 1 GeV protons
[Fig. 7(b)].

One can note that the behavior of reverse voltage with proton
irradiation is different for samples with Ni Schottky diodes and
samples S6 and S7 with W Schottky diodes. For the former, the
reverse current decreased after irradiation until the space charge
region in the film extended down to the film/substrate interface.
For the latter, the reverse current increased with irradiation, consid-
erably faster for the 1 GeV protons. Possible reasons for such
differences in behavior are under study.

FIG. 7. (a) I-V changes induced for samples 6 and 7 by proton irradiations with
20 MeV and 1 GeV; (b) changes in the reverse current of samples S4 and S5 in
the dark and under illumination with 259 nm wavelength LED as a result of
proton irradiation with energy 20 MeV and 1 GeV.
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Finally, the changes induced by proton irradiation in the diffu-
sion lengths of nonequilibrium charge carriers were estimated by
EBIC. These were performed for sample S4 before and after irradia-
tion with 1014 cm−2 20 MeV protons, for sample S5 before and
after irradiation with 4 × 1013 cm−2 1 GeV protons, for sample S6
before and after irradiation with 1014 cm−2 20 MeV protons, and
for sample S7 before and after irradiation with 4 × 1013 cm−2 1 GeV
protons. For all starting samples, the diffusion length was close to
0.2 μm and decreased to 0.1–0.12 μm after irradiation due to the
increase in the concentration of deep electron traps. The effects of
20MeV and 1 GeV proton irradiations were not radically different.

IV. CONCLUSIONS

Proton irradiation at 1 GeV and 20MeV of n-type
β-Ga2O3(Si) films grown on n+-Ga2O3 substrates leads to carrier
removal rate between ∼400 and ∼100 cm−1, higher for starting
donor densities 3 × 1016 cm−3 than for donor densities below
∼1016 cm−3 and comparable for both proton energies, in contrast
to SRIM modeling predicting primary defects introduction rates to
be more than two orders of magnitude higher for the 20MeV
protons. The overall concentrations of deep electron and hole traps
fall far short of the densities required to account for observed
carrier removal rates if they are due to compensation. This suggests
the formation of neutral complexes between shallow donors and
native point defects produced by irradiation as a cause of carrier
removal. The formation of the complexes proceeds more efficiently
closer to the surface.

The results of C-V profiling carried out after irradiation and
after high-temperature treatments indicate that defects rearrange-
ments begin at ∼400 K and are enhanced in the presence of high
electric fields. The nature of defects responsible for donor “passiv-
ation” needs further study. The participation of hydrogen in the
process seems to be unlikely because of the very low density of
primary hydrogen atoms introduced by protons44 and the necessity
of relatively high temperatures ∼500 °C for the onset of hydrogen
diffusion in β-Ga2O3.

30,31 For some of the native defects in Ga2O3

known to be deep acceptors, the defect movement at room temper-
ature has been reported.36 More effective carrier removal in the
case of 1 GeV protons when taking into account the number of
primary native defects could be a consequence of a lower rate
of recombination of primary defects for higher starting energy of
recoil atoms and possibly the enhanced radiation diffusion rate
of defects in the presence of high densities of electrons and holes
created by protons imparting their energy to the lattice.

The changes induced in reverse currents of irradiated diodes
depend on the type of Schottky diodes used. For W Schottky
diodes, the reverse current increases with irradiation and the
increase is more pronounced for GeV irradiation. With Ni
Schottky diodes, the reverse currents tend to decrease with irradia-
tion, but, for strong radiation changes of donor density, the reverse
current at high reverse voltages can increase when the space charge
region extends beyond the entire thickness of the film. The series
resistance of heavily irradiated films gradually increases with the
decrease in donor density. For heavily compensated films in which
the space charge region extends to the full width of the film, the
series resistance can become very high and show a strong decrease

after high-temperature treatments. The 1 GeV irradiation is more
benign because of the lower carrier removal rate. More understand-
ing could be obtained by measurements performed for a wider
range of donor densities, irradiations performed at low tempera-
tures, and for samples irradiated without the Schottky diodes
already deposited.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional electrical char-
acterization results for the proton-irradiated material to support
the main conclusions in this paper.
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