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Abstract: β-Ga2O3 has become an ultimate choice of emerging new-generation material for its wide
range of compelling applications in power electronics. In this review, we have explored the available
radiations in the atmosphere and the effects of radiation on the β-Ga2O3 material and devices. The
focus in this review summarizes various studies covering different radiation such as swift heavy
ions, protons, neutrons, electrons, Gamma, and X-rays to understand the radiation-induced effects
on the structure and their reliable performance in harsh environments. In addition, we focused
on the various pre-existing defects in β-Ga2O3 and the emergence of radiation-induced defects
that provoke a severe concern, especially from the device performance point of view. This review
presents the irradiation-induced effects on the devices such as high-power devices such as Schottky
barrier diodes (SBDs), field-effect transistors (FETs), metal-oxide-semiconductor (MOS) devices, and
photodetectors. Some key studies including the changes in carrier concentration with a removal rate,
Schottky barrier height (SBH), ideality factor, defect dynamics dielectric damage, interface charge
trapping, a thermally activated recovery mechanism for charge carriers at elevated temperature, and
diffusion length of minority charge carriers. These reports show that β-Ga2O3-based devices could be
deployable for space or high-radiation terrestrial applications. These results provide/suggest a better
device design based on the radiation degradation studies in the state-of-the-art β-Ga2O3 devices.

Keywords: β-Ga2O3; radiation response; schottky barrier diodes; MOS devices; solar-blind UV
photodetectors

1. Introduction

In recent years in the semiconductor industry, substantial advancements in state-of-
the-art power devices have yielded a new generation of high-power electronics [1,2]. The Si-
based traditional power devices are confronted by high power and high performance [3,4].
In such a scenario, wide bandgap (WBG) semiconductors (bandgap > 3 eV), including
SiC and GaN, have garnered significant interest in the recent past [5–8]. Recently, the
focus on Ga2O3 has increased quite significantly. It is treated as one of the most promising
WBG semiconductors with adequate mass manufacturing as another successful option
due to its conventional melt growth [9,10]. Ga2O3 has phases of α, β, γ, δ, ε, and κ, and
amongst these, β-Ga2O3 is the most stable phase. It has a WBG of 4.8–4.9 eV with a high
breakdown field of 8 MV/cm, exceeding traditional WBG materials such as SiC (3.3 eV)
and GaN (3.4 eV) with a high predicted Baliga’s merit value (BFOM) (see Figure 1) [11,12].
BFOM is a crucial metric for assessing semiconductor materials that can be used in power
devices [13,14]. It is about ~3444 for β-Ga2O3, which is much higher than SiC and GaN [15].
With a high 8 MV/cm breakdown field, β-Ga2O3 aim to hold the ultra-high-power device
market (>1 MW), surpassing the traditional power electronics [16]. Table 1 summarizes
various intrinsic characteristics of β-Ga2O3 and other power device semiconductors.
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Table 1. Material properties of various WBG semiconductors and β-Ga2O3. 
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Relative dielectric constant ε 11.8 12.9 9.7 9.0 10 

Baliga’s FOM, εμEbr3 1 15 340 870 3444 
Thermal conductivity (W/cmK) 1.5 0.55 2.7 2.1 0.27 [010] 

 
Figure 1. The pentagon diagram shows the essential material characteristics of semiconductor 
power devices. Reprinted with permission from Ref. [17], 2018, AIP Publishing.. 

Over the past two decades, SiC and GaN have started dominating the era of power 
devices in industrial power markets [5,18–20]. However, the technological adoption into 
space and terrestrial applications is a matter of seeking consistency [21,22]. GaN and SiC-
based transistors have shown failure susceptibility at ∼50% of their nominal rated voltage 
as per the conclusions of space simulations [6,23–26]. For both SiC and GaN devices, op-
eration in a space environment demonstrated that radiation-induced damage or failure 
occurs with high and unacceptable leakage currents [23,27–29]. In particular, with GaN, 
there are problems with induced radioactivity with neutron irradiation [30] and the for-
mation of disordered regions [31]. In contrast, with high-energy neutrons, there is an in-
crease in the defect states, which are most probably interstitials [32,33]. High doses of 
Gamma radiation have also shown significant changes in the device characteristics [30]. 
In defect test investigations aiming at identifying fundamental material properties, elec-
tron irradiation was frequently employed but was not so popular in the deterioration of 
the devices [34]. Proton irradiation mainly reduces the carrier’s level in GaN owing to the 
trapping of radiation-induced defect levels and carrier mobility [35]. In addition, high-
energy heavy-ion irradiation leads to complex defect formation at the interface and GaN 
layer [36,37]. Coming to SiC, a high threshold displacement energy of the material results 
in a high level of radiation hardness compared to other semiconductor materials [38,39]. 
Photons can produce ionization, generally affecting SiC electronics minimally [40]. In the 
4H-SiC Schottky diode exposed to 60Co Gamma rays even up to 100 Mrad (Si), no apparent 
change was seen in leakage current or signal-to-noise ratio [41]. The experimental results 

Figure 1. The pentagon diagram shows the essential material characteristics of semiconductor power
devices. Reprinted with permission from Ref. [17], 2018, AIP Publishing..

Table 1. Material properties of various WBG semiconductors and β-Ga2O3.

Si GaAs 4H-SiC GaN β-Ga2O3

Bandgap Eg (eV) 1.1 1.4 3.3 3.4 4.8–4.9
Electron mobility µ (cm2V/s) 1400 8000 1000 1200 300

Breakdown field Ebr (MV/cm) 0.3 0.4 2.5 3.3 8
Relative dielectric constant ε 11.8 12.9 9.7 9.0 10

Baliga’s FOM, εµEbr
3 1 15 340 870 3444

Thermal conductivity (W/cmK) 1.5 0.55 2.7 2.1 0.27 [10]

Over the past two decades, SiC and GaN have started dominating the era of power
devices in industrial power markets [5,18–20]. However, the technological adoption into
space and terrestrial applications is a matter of seeking consistency [21,22]. GaN and
SiC-based transistors have shown failure susceptibility at ∼50% of their nominal rated
voltage as per the conclusions of space simulations [6,23–26]. For both SiC and GaN
devices, operation in a space environment demonstrated that radiation-induced damage or
failure occurs with high and unacceptable leakage currents [23,27–29]. In particular, with
GaN, there are problems with induced radioactivity with neutron irradiation [30] and the
formation of disordered regions [31]. In contrast, with high-energy neutrons, there is an
increase in the defect states, which are most probably interstitials [32,33]. High doses of
Gamma radiation have also shown significant changes in the device characteristics [30]. In
defect test investigations aiming at identifying fundamental material properties, electron
irradiation was frequently employed but was not so popular in the deterioration of the
devices [34]. Proton irradiation mainly reduces the carrier’s level in GaN owing to the
trapping of radiation-induced defect levels and carrier mobility [35]. In addition, high-
energy heavy-ion irradiation leads to complex defect formation at the interface and GaN
layer [36,37]. Coming to SiC, a high threshold displacement energy of the material results
in a high level of radiation hardness compared to other semiconductor materials [38,39].
Photons can produce ionization, generally affecting SiC electronics minimally [40]. In the
4H-SiC Schottky diode exposed to 60Co Gamma rays even up to 100 Mrad (Si), no apparent
change was seen in leakage current or signal-to-noise ratio [41]. The experimental results
of high-energy protons, neutrons, and electrons effectively lead to displacement damage by
creating vacancies, interstitials, and associated defects at high doses [42,43].

Like the extent of SiC and GaN in power electronics, β-Ga2O3 is also becoming a
promising candidate [12,44]. So, one needs to understand this newly emerging technol-
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ogy to the extent of SiC and GaN to use this potential material to the full extent, as the
development device perspective is at a preliminary stage [45]. Despite significant advances
in material development, its unique applications are found in the fabrication of various
devices such as high-power Schottky, metal-oxide-semiconductor (MOS) devices, and
deep-UV photodetectors [46–49].

Simple M-S Schottky barrier diodes (SBDs) became the fundamental building block
for electronic devices. To advance technological breakthroughs, β-Ga2O3 has been used
in certain power devices. Because the Schottky metal and the β-Ga2O3 substrate have
different work functions, the substrate is depleted in the β-Ga2O3 SBD rectification pro-
cess. Thermionic emission (TE) theory governs SBD devices to understand and extract
parameters such as SBH and ideality factor [50].

J = Js

[
exp

(
qVD
ηkbT

)
− 1
]

(1)

Js = A∗T2
[

exp
(
−qϕB
kbT

)]
(2)

ϕB =
kBT

q
ln
[

A∗T2

Js

]
(3)

A∗ =
4πqm∗k2

b
h3 (4)

In this equation, J is the current density, Js is the reverse saturation current density
VD = V − IRs corresponds to the voltage drop across the Schottky junction (V denotes the
bias voltage and Rs stands for the series resistance), η is the ideality factor (a measure of how
closely the diode follows the ideal diode equation), q is the electron charge (1.6 × 10−19 C),
kb is the Boltzmann constant (1.38× 10−23 J/K), T is the temperature, ϕB is the SBH (barrier
height between the metal electrode and semiconductor), A∗ is the Richardson constant, and
m∗ is the effective mass of the β-Ga2O3 material.

In addition to being an essential application of β-Ga2O3, metal-oxide-semiconductor-
field-effect-transistors (MOSFETs) are also a key component of β-Ga2O3 technology. The
heart of the MOSFET is the MOS capacitor. Understanding the interface properties between
the gate dielectrics and the β-Ga2O3 system is critical to designing and fabricating advanced
β-Ga2O3-based MOS devices. In the operation of β-Ga2O3 MOS devices, by applying
a positive bias to a gate metal, electrons from the β-Ga2O3 substrate are drawn to the
dielectric/β-Ga2O3 interface. Minority carriers (holes) are attracted to the gate dielectric by
applying a negative bias. This causes the gate dielectric to change the amount of leakage
current that flows through it. The gate tunneling mechanisms such as direct tunneling,
Poole–Frenkel (PF) emission, Schottky emission (SE), and Fowler–Nordheim (FN) tunneling
processes can be explored. Electrode-limited conduction mechanisms work because of the
electrical properties of the metal-dielectric interface.

JDT = AE2 exp

{
−4

3

√
2m∗∗ φ

3/2
B

h̄qE

[
1−

(
1− qV

φB

)3/2
]}

(5)

where, JDT is the current density under direct tunneling, E is the electric field across the
oxide, m** is the effective electron mass in the oxide, φB is the barrier height between
conduction bands at the β-Ga2O3-oxide interface, h̄ is the reduced Planck constant, and V
is the voltage across the oxide.

JPF = BEexp

−q
(

φt −
√

qE/(πε0εr

)
kbT

 (6)
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where JPF is the current density under PF emission, the trap energy level qφt (=φt), kb
(constant), ε0, and εr represent standard symbols defined as the Boltzmann’s constant,
temperature, the permittivity in the vacuum, and the dynamic dielectric constant.

JSE = A∗T2

−q
(

φB −
√

qE/(4πε0εr

)
kbT

 (7)

where JSE is the current density under SE, A∗ is the effective Richardson constant.

JFN = CE2exp
[

D
E

]
(8)

with, C
(

A
V2

)
= q2

8πhφB

( m0
m∗∗
)

and D
(

V
cm

)
=

8π
√

2qm∗∗

3h φB
3/2 are known as pre-exponential

and exponential factors and have their usual definitions in all other terms.
One of the most important things about these conduction mechanisms, like SE or

thermionic emission and FN tunneling, is the height of the metal-dielectric interface barrier
(BH). On the other hand, the bulk-limited conduction methods use the dielectric’s electrical
properties to help them work. Dielectric films are essential for this conduction process, like
PF emission. Therefore, the trap energy level in these films is essential. These methods can
be used to obtain information about the trap energy level from dielectric films.

The high critical electric field of β-Ga2O3 enables these devices to function with mini-
mal leakage current at elevated voltages [51]. Understanding irradiation effects on β-Ga2O3
is vital to appraise the device performance and reliability in radiation environments by
considering the potential space application of β-Ga2O3-based devices [52,53]. Subsequently,
if exposed to space radiation, the performance of devices may deteriorate or even fail; it is
imperative to study exploration with a wide range of space radiation. Hence, in this review,
we have discussed the radiation-induced effects of radiation in β-Ga2O3 materials and
devices, such as swift heavy ions, protons, neutrons, electrons, Gamma, and X-rays [52,53].

2. Defects and Radiation-Induced Defects

Defects in semiconductors play a crucial role and significantly affect the material
properties and device characteristics [48]. Most defects are generated during the growth of
materials, and some others are induced due to external exposure such as irradiation, ion
implantation, etc. [52]. Therefore, an in-depth understanding of β-Ga2O3 defects chemistry
and their possible origins is crucial in the single crystal or epitaxial growth scenario to
utilize its excellent properties for power device applications.

β-Ga2O3, with a monoclinic crystal structure, has two Ga and three kinds of O lattice
sites [44]. The issues of self-compensation, solubility, and defects make it hard todoping
in Ga2O3. Experimentally, oxygen vacancies are the deep donors and are not responsible
for intrinsic n-type doping in β-Ga2O3 [54]. It has been observed that annealing in an
oxygen environment decreases the free-electron density. In contrast, annealing in a nitrogen
environment increases the free electron density and improves the n-type conductivity [1].
Hydrogen impurities in interstitial or substitutional oxygen sites are observed as donors
and are trapped by acceptor impurities [55]. Theoretically and experimentally, Si, Ge, Sn on
the Ga site and F, Cl on the oxygen site are potential shallow donors responsible for intrinsic
n-type conductivity [55]. The Sn, Si, and Ge are the widespread dopants for β-Ga2O3 in
molecular beam epitaxy (MBE), metal organic chemical vapor phase deposition (MOCVD),
and hydride vapor phase epitaxy (HVPE) growth techniques [15,56].

Holes in β-Ga2O3 are self-trapped [54,55]. Theoretically, Zn, Cu, N, and Mg are
predicated as acceptors, but they do not increase the p-type conductivity because they are
deep defects and do not increase the free holes [57]. Ga vacancies compensate for the n-type
conductivity of β-Ga2O3. It has also been observed that O vacancies and Ga vacancies
are also responsible for Fermi-level pinning and tuning the work function of β-Ga2O3 in
oxygen-deficient and oxygen-rich conditions [58].
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The point defects (impurities, doping, impurity-related complexes), native defects
(Ga and O vacancies), and extended structural defects (dislocations, voids, defects orig-
inating from voids such as hollow nano-pipes, line-shaped grooves, twin and stacking
faults, etc.) are related to the poor device performance [54]. The point defects, impurities,
dislocations, and complexes are accountable for poor responsivity, large dark current, noise,
and decreases in the efficacy which ultimately shorten the operational lifetime of the UV
photodetector devices [59]. In addition, in Schottky barrier diodes (SBDs), it has been
found that dislocations and their surroundings are the reason for the undesirable leakage
currents [44].

Screw dislocations on the (010) plane and edge dislocation on the (-201) plane of
β-Ga2O3 have been reported [60]. The dislocations further produced minor defects, such
as arrow-shaped etch pits and gourd-shaped etch pits [61]. The void defects have been
observed, including hollow nano-pipes, platelike nano-pipes, nanometer-sized grooves,
and line-shaped grooves on different crystal planes of β-Ga2O3 [62].

The point defects, native defects, extended structural defects, and related deep-level
defects were investigated by various characterization techniques such as thermally stim-
ulated currents (TSC), deep-level transient spectroscopy (DLTS), and deep-level optical
spectroscopy (DLOS). The physical origin of these defects was identified by secondary ion
mass spectrometry (SIMS), photoluminescence (PL) and cathodoluminescence (CL), and
electron paramagnetic resonance (EPR). In the n-type β-Ga2O3 bulk single crystals grown
by Czochralski (CZ), film-fed growth (FEG), etc., various deep-level defects were observed
with different concentrations [63]. Their origins were attributed to FeGa, CoGa, and VO and
varied impurity incorporation during the growth process. Similar to single bulk crystals,
deep-level defects were also observed in epilayers grown by plasma-assisted molecular
beam epitaxy (PAMBE), MBE, MOCVD, and HVPE [64]. Their physical origin is attributed
to intrinsic defects, vacancies, self-interstitials, and complexes [60]. Various defects and/or
radiation-induced defects are shown in Figure 2.
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3. Space Radiation

Space radiation is prevalent in the universe exterior to the defensive casing of the
Earth’s atmosphere. The radiation we undergo here on Earth is not identical to the radiation
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in space [65]. Cosmic radiation is composed of particles trapped in the Earth’s magnetic
field, and solar flares launched into space and galactic cosmic rays, protons of high energy
and heavy ions outside our solar system, which the Earth has captured, as shown in
Figure 3 [53]. These sorts of space radiation address ionizing radiation. Inside massive
spacecraft constructions, for example, the International Space Station, the primary cosmic
beam of around 85% protons and 15% heavy nuclei is partly changed over into secondary
neutrons by collisions with the several-grams-each square centimeter of material areal
density [53,65]. These secondary neutrons can introduce an extra hazard through electronic
materials’ single-event effects (SEEs).
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cessed date 29 January 2022).

Although the Sun generates various types of electromagnetic radiation, the more signif-
icant one encompasses visible, infrared, and UV radiation. Incidentally, massive explosions
termed solar flares happen outside the Sun and deliver an enormous amount of energy out
into space as X-rays, Gamma rays, and surges of protons and electrons. Such highly intense
solar flares can severely affect space travellers and their gear. Usually, the dose rate in
the space environment ranges from ~10−4 to 10−2 rad/s (1 gray = 1 J/kg = 100 rad), which
is low compared to the dose rates considered on the lab scale. However, the materials
exposed to such a space environment for years may cause total ionizing dose (TID) levels
in 105 rad. The ionizing doses absorbed by the semiconductor materials such as Si, GaAs,
and Ga2O3 are measured in rad or gray (Gy). The radiation particles primarily consist of
neutrons, protons, and electrons, which cause the atoms or ions displacement from the
crystal lattice of the materials [66], as shown in Figure 4.
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4. Radiation Damage in Ga2O3

4.1. Heavy Ions (Protons and SHI)
4.1.1. Heavy Ions

The literature is relatively sparse about the irradiation effects on β-Ga2O3 using
swift heavy ions (SHIs) [67,68]. The SHI irradiation-induced effects are pertinently dif-
ferent from electrons, protons, neutrons, X-rays, and γ-rays [69–71]. Tracy et al. inves-
tigated radiation response through in situ X-ray diffraction of β-Ga2O3 using 946 MeV
Au ions up to 1 × 1013 ions/cm2 with the latent track cross-sectional area estimated as
54 ± 5 nm2 [72]. The energy loss mechanisms are quite important to understand the inter-
action of the energetic ion when traversed through any target substance. The electronic (Se)
and nuclear energy (Sn) loss mechanisms are liable for the irradiation-induced effects. In
these two mechanisms, Se governs when the energy of the ion is >1 MeV/u, whereas Sn
leads at <1 keV/u [73]. Ion-solid interactions generate defects predominantly via atomic
displacement within any material because of atomic excitation and ionization [74]. Nev-
ertheless, the following relaxation of these atomic displacements happens in picoseconds
time [36]. With an increase in the fluence of the ion, the enhancement in the creation of
defects leads to increasing the number of trapping centers, ultimately resulting in variation
of electrical parameters.

Recently, Manikanthababu et al. reported in situ 120 MeV Ag7+ SHI irradiation on
Ni/β-Ga2O3 vertical SBDs [75] (as shown in Figure 5). The stopping and range of ions in
matter (SRIM) simulations show that the Se value dominated the Sn value by two orders
(see Figure 5 (inset)). The irradiation-induced degradation at the ion fluences ranges from
1 × 1010 ions/cm2 to 1 × 1012 ions/cm2, as was observed. The leakage current density is
four orders higher between the pristine and highest fluence at −1 V, whereas the series
resistance value increased from 3.38 × 103 to 1.15 × 104 Ω. The estimated ΦB decreases
from 1.11 to 0.93 eV, and the η rises from 1.16 to 2.06. XPS measurements of Ga 3d core
levels revealed that Ga3+ and Ga2+ peak positions are at around 20.2 eV and 19.9 eV, which
remain the same before and after ion irradiation, except there was a variation in the intensity
and width. Conversely, the changes observed in the intensity and peak width of O(II) are
substantial at the highest fluence. These results show that the surface adsorbed or lattice
oxygen increases, which leads to the formation of GaO.

Crystals 2022, 12, x FOR PEER REVIEW  8 of 19 
 

 

 
Figure 5. In situ current−voltage characteristics of Ni/β-Ga2O3 SBD; inset: variations of Se and Sn of 
120 MeV Ag7+ ion beam with a function of depth. Reprinted/adapted with permission from Ref. 
[75],2020, AIP Publishing. 

4.1.2. Protons 
M. E. Ingebrigtsen et al. studied proton irradiation on β-Ga2O3 with energies 0.6 and 

1.9 MeV at 5 × 109 ions/cm2 to 6 × 1014 ions/cm2 ion fluences to understand the effect on 
carrier concentration and defects dynamics [76]. At 2 × 1013 ions/cm2 and above fluences, 
there was a comprehensive elimination of free charge carriers, while less or no impact was 
found under 6×1012 ions/cm2 fluence. Studies at higher temperatures showed a thermally 
activated recovery mechanism for charge carriers. The recovery energy activation takes 
place in second order at ~1.2 eV. Experimental observations and theoretical calculations 
suggested that Ga interstitial, vacancy, and antisite may explain the removal from the 
charge carrier of Fermi-level pinning from the conduction band minimum (CBM). Migra-
tion can, however, be owing to subsequent VGa passivation using H-derived or VO defects 
accountable for recovery. The DLTS indicated that two deep levels are generated at energy 
locations of approximately 0.75 and 1.4 eV below the CBM. The latter vanishes from these 
two levels following the initial DLTS measurements, whereas the former rises in concen-
tration. These findings concluded that these levels’ formation is more probable because of 
a defect complex. 

Sushrut Modak et al. reported the impact of protons with an energy of 10 MeV Si-
doped β-Ga2O3 Schottky diodes at a fluence of 1 × 1014 ions/cm2 [77]. The diffusion length 
(L) of minority charge carriers decreases from 330 nm at 21 °C to 289 nm at 120 °C within 
a range of ~26 meV activation energies corresponding to a low Si trap level (see Figure 6). 
A more extended electron beam exposure period improves L at room temperature from 
330 nm to 726 nm. L’s rise is reduced with an activated energy of ~43 meV at higher tem-
peratures. 

Figure 5. In situ current−voltage characteristics of Ni/β-Ga2O3 SBD; inset: variations of Se and Sn of
120 MeV Ag7+ ion beam with a function of depth. Reprinted/adapted with permission from Ref. [75],
2020, AIP Publishing.



Crystals 2022, 12, 1009 8 of 18

4.1.2. Protons

M. E. Ingebrigtsen et al. studied proton irradiation on β-Ga2O3 with energies 0.6
and 1.9 MeV at 5 × 109 ions/cm2 to 6 × 1014 ions/cm2 ion fluences to understand the
effect on carrier concentration and defects dynamics [76]. At 2 × 1013 ions/cm2 and above
fluences, there was a comprehensive elimination of free charge carriers, while less or
no impact was found under 6 × 1012 ions/cm2 fluence. Studies at higher temperatures
showed a thermally activated recovery mechanism for charge carriers. The recovery energy
activation takes place in second order at ~1.2 eV. Experimental observations and theoretical
calculations suggested that Ga interstitial, vacancy, and antisite may explain the removal
from the charge carrier of Fermi-level pinning from the conduction band minimum (CBM).
Migration can, however, be owing to subsequent VGa passivation using H-derived or VO
defects accountable for recovery. The DLTS indicated that two deep levels are generated
at energy locations of approximately 0.75 and 1.4 eV below the CBM. The latter vanishes
from these two levels following the initial DLTS measurements, whereas the former rises
in concentration. These findings concluded that these levels’ formation is more probable
because of a defect complex.

Sushrut Modak et al. reported the impact of protons with an energy of 10 MeV Si-
doped β-Ga2O3 Schottky diodes at a fluence of 1 × 1014 ions/cm2 [77]. The diffusion
length (L) of minority charge carriers decreases from 330 nm at 21 ◦C to 289 nm at 120 ◦C
within a range of ~26 meV activation energies corresponding to a low Si trap level (see
Figure 6). A more extended electron beam exposure period improves L at room temperature
from 330 nm to 726 nm. L’s rise is reduced with an activated energy of ~43 meV at
higher temperatures.
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4.2. Neutrons

A recent report investigated the impact of near-surface plasma processing and neutron
irradiation on the defects present at the surface of low-pressure chemical vapor deposition
(LPCVD)-grown β-Ga2O3 samples. These samples were analyzed using depth-resolved
cathodoluminescence spectroscopy (DRCLS) and surface photovoltage spectroscopy [78].
The studies from the aforementioned optical techniques facilitated the analysis of spectral
changes correlated with the removal or creation of defects due to O and Ga vacancies
associated with energy levels in β-Ga2O3. In addition, various doses of neutrons at different
temperatures in forming gas atmospheres were also studied on pulsed laser deposition
(PLD) and LPCVD-grown β-Ga2O3. The spectral changes at three deep level defects,
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such as 3.5 to 2.5 eV, were observed by DRCLS and correlated with electrical properties
measured using the temperature-dependent Hall system. FG anneal studies revealed that
the VGa defect passivation can be conducted without dissociating VGa-H complexes at
higher temperatures, which furnished an approach to recover the induced damage. In
Figure 7, the peaks 2.4 to 3.0 eV are highlighted for both LPCVD- and PLD-grown Ga2O3
samples [79].
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An investigation was reported on the effects of neutron irradiation on β-Ga2O3
SBDs [80]. Using DLOS and DLTS analysis, a decrease was found in the carrier con-
centration due to irradiation, which formed the defects in the bandgap. The pulsed neutron
irradiation effect on HVPE-grown Si-doped n-type β-Ga2O3 films on bulk Sn-doped n+

β-Ga2O3 substrates resulted in linear increment with neutron fluence and the trap con-
centration. The density of deep electron traps was as follows: E2* (Ec—0.74 eV), E3
(Ec—1.05 eV), and E4 (Ec—1.2 eV), with an acquaintance rate close to 0.4—0.6 cm−1, while
the density of the E2 traps (Ec—0.8 eV) identified with Fe was essentially unaltered. There
was a decrement in diffusion length from 0.16 µm to 0.12 µm due to irradiation-induced
recombination-active electron and hole traps. This was not very effective in β-Ga2O3 when
compared to GaN. The E2* and E3 centers are associated with O or Ga vacancies [80].

4.3. Electrons

The impact of electron injection on Si-doped MOCVD-grown β-Ga2O3 and Si-doped
HVPE-grown β-Ga2O3 epilayers was studied using electron beam irradiation in a scanning
electron microscope (SEM) [78]. The Si-doped MOCVD-grown β-Ga2O3 epilayer was
irradiated upon electron injection using a 30 kV electron beam of SEM. The near band
emission (NBE) was observed using variable temperature CL characteristics attributed
to non-equilibrium carrier recombination. In the case of electron beam irradiation on
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Si-doped HVPE-grown β-Ga2O3 epilayer, using 10 kV electron of SEM and in situ electron
beam-induced current (EBIC) and cathodoluminescence (CL) techniques revealed non-
equilibrium electron-hole pair generation in β-Ga2O3. An increment in minority carrier
diffusion length and minority carrier transport was observed and attributed to increased
non-equilibrium hole lifetimes in the valence band of n-type Ga2O3.

The diodes were fabricated using Si-doped n-type Ga2O3 grown on β-phase Ga2O3
single crystal substrate by HVPE [81]. The fabricated Ga2O3-based diodes underwent
electron irradiation for different fluence, and the beam current was maintained close
to 10−3 A. The electrical properties were studied, which showed a decrease in carrier
concentration with a removal rate of 4.9 cm−1. An increment in the η of ~8% at the
highest fluence is observed when carrying out the 2 kT region of the forward I-V data,
whereas a decrement for reverse bias current with respect to electron fluence is observed.
The increment in ideality factor of the diode and Ron with ascending electron fluence is
observed (see Figure 8). There is little change in the reverse recovery characteristics even at
the highest fluences, whereas the on/off ratio is diminished [81].
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J. Lee et al. reported on a vertical Schottky rectifier irradiated with 1.5 MeV electrons
at various fluences [82]. As a function of temperature, the minority hole diffusion was
found by utilizing the electron-beam-induced current technique for each irradiation dose.
The results for diffusion length vs. temperature according to fluences are shown in Figure 9.
The activation energy (Ea) is reduced by 18.1 meV and is reduced further to 13.6 meV
for higher irradiation doses, whereas for non-irradiated samples, the Ea is 40.9 meV. In
response to the irradiation, there is a rise in recombination rate, and it is also confirmed
by the decay lifetime of the sample using time-resolved cathodoluminescence. The decay
lifetime for non-irradiated samples is 210 ps, which is reduced for irradiated samples to
151 and 138 ps [82].
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4.4. Gamma and X-rays
4.4.1. Gamma

A few authors examined the Gamma-ray tolerance of β-Ga2O3 devices, including
solar-blind photodetector, MOSCAP, MOSFET, and Schottky barrier diodes [53]. Yang
et al. observed minimal changes in Schottky barrier diode parameters on exposure of
100 kGy (Si) dose of Gamma-ray irradiation on Schottky barrier diodes fabricated on
HVPE-grown Ga2O3 epilayer [83]. The changes in carrier concentration at the doses
employed are small enough that the rectifier properties do not degrade very much. These
experimental evidences were found to be in line with fabricated Ga2O3 MOSFETs [83]. In
2018, Wong et al. reported that epitaxial Ga2O3 MOSFET exhibited little change in output
current and threshold voltage and high radiation tolerance to bulk defect generation at a
very high dose of 1.6 MGy (SiO2) [84]. These changes were attributed to dielectric damage
and interface charge trapping rather than any difference in intrinsic radiation hardness
of the Ga2O3 epilayer [84]. Tak et al. studied the Gamma-ray irradiation on a solar-blind
photodetector fabricated on PLD-grown β-Ga2O3 thin film on the sapphire substrate [85].
The dark current was found to be increased with the increase of exposure up to 100 kGy. In
contrast, the photo-to-dark current ratio and Schottky barrier height (SBH) were raised with
exposure up to 100 kGy. In 2020, Manikanthababu et al. studied the Gamma-ray exposure
on HfO2/β-Ga2O3 MOSCAPs fabricated on HVPE-grown β-Ga2O3 to reveal the effect on
HfO2-based gate dielectrics in MOS devices [86]. It was observed that SBH decreased and
leakage current increased upon exposure up to 200 kGy as shown in Figure 10. Schottky
emission may be caused by the charging trapping in HfO2. The calculated SBH values were
estimated as 0.95 eV, 0.86 eV, and 0.83 eV for the pristine, 1 kGy, and 200 kGy, respectively
(see Figure 10a). The increase in leakage current ascribed to an increase in oxide traps
and interface traps caused the charge-trapping and the trap-assisted Poole–Frenkel (PF)
tunneling mechanism (see Fitted ln(J/E) vs. E1/2 plot in Figure 10(inset 10b)). So, the
changes that occurred in β-Ga2O3-based devices are owing to a process dependent on
fabricating devices and the quality of the dielectrics, which implies high radiation hardness
of single crystal β-Ga2O3.
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4.4.2. X-rays

X. Lu et al. demonstrated the SBDs-based X-ray detector fabricated on (100) EFG-
grown β-Ga2O3 single crystal [4]. The X-ray detector exhibited a high photo-to-dark current
ratio of 800 at the reverse bias of -15 V and a dose rate of 1.5 Gy/s at a 1 cm distance from
the source. It was attributed to the low leakage current of the SBD. The detector showed
an excellent transient response with different X-ray dose rates. Due to the significant
penetration depth of X-ray in β-Ga2O3 over 100 µm, two other mechanisms, photovoltaic
in the space charge region and photoconductive in the natural region, were attributed to
the fast and slow response of the X-ray detection at a reverse bias of −15 V. However, at
zero bias, the detector showed perfect photovoltaic characteristics. Bhuiyan et al. explored
the effect of X-ray irradiation in Al2O3/β-Ga2O3-based MOS capacitors [87]. Increased
hole traps were observed under positive bias conditions for devices irradiated with 10 kV
X-rays at a dose rate of 31.5 krad min−1 (SiO2). A shift in flat-band voltage under 10 kV
X-ray irradiation was attributed to the oxygen vacancies in Al2O3. The annealing in N2
ambient was extremely useful in reducing defect density and improving device reliability
and radiation response. The influence of high-energy X-rays radiation on mechanically
exfoliated quasi-2D β-Ga2O3 nanoflake FETs was investigated [88]. It was observed that
at low ionizing doses (<240 krad), the photo-effect affected the device’s performance, and
the subsequent persistent photocurrent effect was attributed to the pre-existing electron
traps in the oxides far away from the SiO2/β-Ga2O3 interface. At higher doses of more
than 240 krad, the X-ray irradiation-induced structural or compositional deterioration, and
newly generated electron traps exist at the interface of SiO2/β-Ga2O3.

5. Future Perspectives

Since β-Ga2O3-based power electronics are still in the infancy stage, a thorough
investigation is further essential to tune the material properties to use the full extent of
this material, which aids the effective device design in harsh environments. A reasonable
amount of work on the radiation hardness of β-phase Ga2O3 is reported. As a result, many
efforts may be devoted to the other stable phases such as α, γ, δ, ε, and κ. Therefore, the
device perspective of these phases is essential to begin with, and later must be devoted to
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the radiation hardness of these Ga2O3 phases. A more in-depth study of these phases is
required in order to investigate the physical, electrical, and thermal properties of Ga2O3
since there is still a great deal of potential remaining in Ga2O3.

p-type doping in Ga2O3 has been deemed difficult, due to its wide bandgap even
though some reports are available in the literature. Only deep acceptors (activation energies
more than 1 eV) have been reported for undoped and doped materials where acceptor ion-
ization has been significantly low at room temperature. In such a consequence, monoatomic
H with low formation energy looks to be promising, as it has the capability of occupying
both the interstitial and substitutional sites to be had as a donor. On the other hand, Cu and
N impurities that were predicted to cause defect levels deep in the Ga2O3 bandgap act like
p-type dopants. A thorough and experimental realization of these theoretical predictions is
necessary to explore the maximum potential of Ga2O3.

Heavy ion irradiation, especially dealing with a few MeV to hundreds of MeV on the
β-Ga2O3 devices, needs to be greatly explored. There are very few reports investigating
the device perspective. Moreover, the well-known Ni/Au Schottky contacts were used so
far. However, these contacts degraded, and the barrier height was tremendously lowered.
So, these contacts can be replaced with other contacts with a larger barrier height. This step
increases the barrier heights and limits the reverse leakage currents. In addition, low-energy
(few keV) ions can also be used to tune the material properties without changing the phase
of the Ga2O3. More investigations are required with different ion species, and induced
defect dynamics can be explored.

The proton-irradiation-induced vacancies, point defects, and interstitials significantly
impact the structural and electrical characteristics of the Ga2O3 devices. The M-S interface
is confronted with the problem of Fermi level pinning in such a process. To control such
kinds of effects is a challenge. It requires some investigation to learn how to manage such
an impact so that the consequences of pure proton irradiation can be investigated. To
properly identify the numerous individual defect levels or defect complex levels caused by
proton irradiation, rigorous theoretical estimates and experimental confirmation must be
followed by further investigation.

Neutron irradiation causes substantial carrier reduction due to defects within the
Ga2O3 conduction band. Neutron-irradiation-induced defect annealing is also possible in
the Ga2O3-based devices. Exploring this effect with low fluences or low energy irradiation
in optimized conditions enables the essential step of lowering the pre-existing defect states.
This may improve the device’s performance.

The limited literature on electron irradiation of Ga2O3 devices can be extended with
various dopants. The existence of shallow donor levels with traditional Si dopants should
be minimized. These shallow donor levels definitely aid the leakage current and reduction
of the efficient device properties. This can be achieved by optimizing the growth techniques
with certain dopants to properly tune the activation energies and minimize the carrier re-
duction. Similar to neutron irradiation, the irradiation-induced annealing may be carefully
investigated to understand the repair process of irradiation-induced defect dynamics.

Gamma-ray irradiation on various β-Ga2O3 devices was explored. The Gamma doses
of a few Mega gray could not degrade the performance of β-Ga2O3 devices. However, the
Gamma-irradiation-induced defects within the β-Ga2O3-based MOS devices have pertinent
effects, as the dielectric was greatly affected. The gate dielectric with more efficient radiation
resistance than SiO2 may be used to obtain more radiation tolerance.

The critical doses can be tested and optimized with various X-ray energies. It helps to
find out the X-ray-irradiation-induced structural effects and emerging traps. The newly
generated defects may affect mobility. These traps at the β-Ga2O3/gate dielectric interface
can increase coulomb scattering and thus lower mobility. Such degradation can significantly
impact the device/circuit performance and therefore needs to be minimized through
the optimization process in the future. So, it is quite necessary to reduce the coulomb
scattering so that the mobility of the conduction electrons can be increased. Consequently,
a discontinuity of the conduction band is needed to create a thin channel where the
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high-density electrons can exist, and the electrons in the channel can be separated from
their donor atoms, which reduces coulomb scattering and increases the mobility of the
conducting electrons. Therefore, many electrons can accumulate within a thin channel with
high mobility.

Finally, understanding the effects of radiation on Ga2O3 materials and devices is very
important from the technological and fundamental study point of view. The response of
Ga2O3 devices towards different types of radiation will govern the application of these
devices in radiation environments such as outer space, nuclear reactors, and accelerator
laboratories. So, in the future, more detailed investigations need to be carried out in this
direction so that the radiation hardness of Ga2O3 materials and devices can be ascertained
and established. Using theoretical and experimental approaches, it will also be helpful to
understand various defects created in Ga2O3 due to irradiation and their electronic, optical,
and structural properties. So, studying the effect of irradiation on Ga2O3 materials and
devices will be a vibrant and dynamic area of research in the coming years and holds a lot
of potential from the application standpoint.

6. Conclusions

In this review, we have presented a brief account of recent studies related to radiation
effects such as swift heavy ions, protons, neutrons, electrons, Gamma, and X-rays on β-
Ga2O3-based devices. SHI-irradiation-induced degradation reflects four significant orders
of increased leakage current density, SBH decrease, and the ideality factor rise in Ni/ β-
Ga2O3 vertical Schottky diodes. XPS measurements of Ga 3d and O 1s core levels revealed
that there is an increase in the Ga and O defects after SHI ion irradiation. Proton irradiation
on both bulk and epitaxial layers of β-Ga2O3 above a fluence of 2× 1013 ions/cm2 exhibited
a complete removal of free charge carriers, and there was less impact on the lower fluences.
Coming to neutron irradiation, there was a decrease in diffusion length from 0.16 µm
to 0.12 µm due to irradiation-induced recombination-active electron. SBD and MOSFET
devices on exposure to 100 kGy (Si) dose of Gamma-ray irradiation showed small carrier
concentration changes, and the device degradation was not very significant. The X-ray
detector with a high photo-to-dark current ratio of 800 at the reverse bias −15 V and low
leakage currents implies an excellent transient response. In Al2O3/β-Ga2O3 MOS devices,
a shift in flat band voltage under 10 kV X-ray irradiation was credited to the O vacancies
in Al2O3. Reduced defect density and improved device durability and radiation response
were enhanced by annealing in N2 ambient.
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