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ABSTRACT

Gallium oxide, and in particular its thermodynamically stable β-Ga2O3 phase, is within the most exciting materials in research and technol-
ogy nowadays due to its unique properties. The very high breakdown electric field and the figure of merit rivaled only by diamond have tre-
mendous potential for the next generation “green” electronics enabling efficient distribution, use, and conversion of electrical energy. Ion
implantation is a traditional technological method used in these fields, and its well-known advantages can contribute greatly to the rapid
development of physics and technology of Ga2O3-based materials and devices. Here, the status of ion implantation in β-Ga2O3 nowadays is
reviewed. Attention is mainly paid to the results of experimental study of damage under ion irradiation and the properties of Ga2O3 layers
doped by ion implantation. The results of ab initio theoretical calculations of the impurities and defect parameters are briefly presented,
and the physical principles of a number of analytical methods used to study implanted gallium oxide layers are highlighted. The use of ion
implantation in the development of Ga2O3-based devices, such as metal oxide field-effect transistors, Schottky barrier diodes, and
solar-blind UV detectors, is described together with systematical analysis of the achieved values of their characteristics. Finally, the most
important challenges to be overcome in this field of science and technology are discussed.

Published under license by AVS. https://doi.org/10.1116/6.0000928

I. INTRODUCTION

Gallium oxide (Ga2O3) is an ultrawide bandgap semiconductor
that has attracted enormous attention from the research community
in the field of electronics and optoelectronics. The history of research
on this material goes back over more than 60 years, but only recently
it has acquired the reputation of the main candidate for the next gen-
eration “green” power electronics able to provide efficient distribution,
use, and conversion of electrical energy for sustainable development.

Initially, researchers focused their attention on wide bandgap
materials such as SiC and GaN. However, the situation has

changed after the demonstration of high-quality power field-effect
transistors on the basis of β-Ga2O3, which is the most stable modi-
fication within the various polymorphs of gallium oxide. Since
then, the number of publications devoted to Ga2O3 has a steep
surge (Fig. 1), including several review articles.1–7

The main advantages of this attractive material are the following:

(i) the wide bandgap (4.5–4.9 eV) and the very high breakdown
electric field value (about 8MeV/cm, according to theoretical
calculations), which is larger than the corresponding values
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of SiC and group III-nitride semiconductor compounds
(GaN, AlN, InN, and alloys),

(ii) radiation hardness and chemical resistance, allowing the
devices to remain operational under conditions of ionizing
radiation and in aggressive environment, and

(iii) existence of cost-effective melt growth techniques for large-
diameter ingots in comparison with the expensive methods
of SiC, AlN, and GaN bulk crystals growth.

It is well known that electronics has reached great success
thanks to the development of ion implantation as a key method in
processing of practically all semiconductor devices. The main
advantages of this method include (1) the precise dosage of
dopants, (2) ability to control the spatial distribution of dopants
and to use radiation defects generated by ion irradiation to modify
the material properties—“defect engineering,” and (3) relatively low
temperatures required for the implantation-related technology. All
these advantages and a number of other useful features of the ion
implantation can be exploited to enhance the potential of gallium
oxide in device applications. The significance of ion implantation
additionally increases due to the well-known problem of obtaining
Ga2O3 p-type conductivity under growth conditions close to

thermodynamic equilibrium. The ion implantation as a nonequilib-
rium method seems to be a promising approach to overcome this
challenge.

Investigations on Ga2O3 ion implantation have begun quite
recently, and only a relatively small circle of fundamental or
applied problems has been faced so far. Nevertheless, the advan-
tages of this method have already been demonstrated for a
number of important practical applications. In particular, the
possibility of significant improvement in the properties of
ohmic contacts by ion doping is established, which makes it
possible to enhance the operating parameters of some semicon-
ductor devices. It is also important that the possibility of a con-
trolled increase in the resistivity of n-Ga2O3 by ion doping with
some acceptor impurities and radiation defects incorporation is
discovered. New approaches are developed for the ion synthesis
and ion modification of Ga2O3 nanostructures for optoelec-
tronic devices. Meanwhile, successful developments in material
science and engineering are impossible without theoretical mod-
eling. For research in the area of ion implantation, it is necessary
to use the results of computer calculations regarding the influ-
ence of impurities and point defects on the electronic structure
and properties of β-Ga2O3.

This article is devoted to a systematical review of the main
published results in the field of β-Ga2O3 ion implantation.

The review is organized as follows. After Sec. I, the main
results of computer simulations of the electronic structure of
β-Ga2O3 with dopants and defects are surveyed (Sec. II). Section III
describes the characterization methods employed in the experi-
ments with ion implantation of Ga2O3. This section is intended
predominantly for readers who are not experts in materials charac-
terization. In Sec. IV, the properties of impurities introduced in
β-Ga2O3 by ion implantation are examined. Then, the features of
defect formation upon Ga2O3 irradiation with ions of different
masses and energies are briefly reviewed. In Sec. V, both scientific
and applied aspects related to the development of Ga2O3-based
electronic and optoelectronic devices are highlighted. In Sec. VI, a
general assessment of the state-of-the-art in the field of ion implan-
tation in β-Ga2O3 and the main challenges to be addressed in this
field are given.

II. THEORETICAL CALCULATIONS

The study of physical foundations of ion implantation is gener-
ally aimed to solve the following three problems: (a) radiation
defects: their nature, regularities of formation and annealing, distri-
butions, diffusion rates, and influence on the properties of implanted
layers; (b) ion doping regularities: the implanted impurities activa-
tion processes, energy levels, diffusion rates, distributions, and influ-
ence on electrical, optical and other properties; (c) defect-impurity
interaction: the influence of interaction on the diffusion rates and on
the implanted layer properties. The term “defects,” where this does
not lead to confusion, will be used below to denote exactly both
defects and impurities.

Although the modern arsenal of experimental methods pro-
vides rich opportunities for solving the mentioned problems, some
of them often cannot be reliably solved without theoretical consid-
eration, especially without ab initio methods. Among such

FIG. 1. Number of publications on Ga2O3 from 1960 to 2020 (a) and their distri-
bution over subject areas (b). The papers were searched with the criterion of
containing “Ga2O3” in the title (Data: Scopus).
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problems are the identification of defects and impurities responsi-
ble for one or other experimentally found energy levels and expla-
nation of the observed properties.

At present, almost all ab initio calculations are limited to
the consideration of elementary entities—vacancies, interstitials,
single impurity atoms, and some simple complexes. Of course,
for ion implantation, the list of formed defect types is signifi-
cantly greater and includes complicated complexes, extended
defects, disordered nanoregions, etc. However, in some cases,
e.g., upon irradiation with light ions at not too high doses,
mainly the same types of defects are present as those intro-
duced during crystal growth or epitaxy. Thus, the knowledge of
theoretical approaches and the results of corresponding calcula-
tions are very desirable for researchers dealing with ion implan-
tation in Ga2O3.

The ab initio approach most often used to study β-Ga2O3

materials is the so-called density-function theory (DFT). The
basics of the approach are considered, for example, in Refs. 8 and
9. For a wide bandgap semiconductor (with expressed ionic type
of atomic bonding), there are some peculiarities that need to be
taken into account when using this approach. Thus, the standard
local density approximation and the semilocal generalized gradient
approximation (GGA) are not well adequate.10 In modern works,
to take into account these peculiarities, the so-called hybrid
exchange-density functional is used.11,12 For β-Ga2O3, this is the
HSE06 functional.13–17 The choice of optimal parameters included
in the HSE06 functional is proposed in Ref. 10, although some
other parameters are used too. The alternative ab initio approach
is the (GGA + U) with exchange-correlation energy Perdew-Burke-
Ernzerhof (PBE).18

The DFT-calculated values of levels formed for typical defects
and impurities in β-Ga2O3, as well as respective experimental data,
are presented in Table I. The data of different theoretical works do
not always agree with each other due to the difference in the
parameters used, and, in some cases, because of the different calcu-
lation methods. However, the qualitative conclusions drawn by dif-
ferent authors are generally identical.

The comparison of the calculated and experimental values of
the levels is only possible if they are correctly attributed to one or
other entities. Authors of experimental works usually justify their
attribution by the proximity of the found values of levels to one
or other theoretically calculated values. However, optical or elec-
trical methods do not allow direct attribution by themselves. In
cases where defects and impurities are introduced during growth,
the attribution problem is facilitated by the fact that the resulting
state is often (although not always) close to thermodynamic equi-
librium, so it is possible to take into account the calculated quan-
tity of the defect formation energies: the smaller the formation
energy, the more energetically favorable the formation of a given
defect is. However, in the case of ion implantation, the state of
implanted layers is generally far from equilibrium. Although the
system approaches equilibrium upon annealing, the degree of
approach strongly depends on the implantation and annealing
conditions and is not always known. Thus, for ion implantation,
the attribution of defects is a more difficult task and requires
some additional assumptions, including the estimation of kinetic
factors (see, e.g., Ref. 21).

In addition to defects and impurities, the DFT method was
used to calculate the energy levels of the so-called “self-trapped
holes (STH).” STH appears when the free hole state (in the
valence band) is less energetically favorable than for its localiza-
tion near some lattice positions.16 For β-Ga2O3, according to
calculations, these positions are localized near the oxygen
atoms.16 These atoms OI, OII, and OIII occupy three nonequiva-
lent positions in the unit/cell (Fig. 2), and correspondingly STH
levels in the bandgap are created (although some of them, as
shown in Ref. 27, may be unstable). The localization of a hole at
the STH level causes a strong distortion of the lattice in its vicin-
ity that leads to the formation of the so-called small polaron,33

which, according to the calculations,16 has an extremely low
mobility. This circumstance is considered one (but not single) of
the main challenges on the way to p-type β-Ga2O3. The existence
of STH in β-Ga2O3 was confirmed in Ref. 32 by the photolumi-
nescence (PL) method with polarized light excitation. The STH
levels were calculated by DFT10,16,27,32 and found in the experi-
mental work.34

First-principal calculations were also used to calculate the
migration energies of defects and impurities in β-Ga2O3. Thus, in
Ref. 35, the barriers for migration of VO

2+ and VO
0 were calculated to

be 1.8 and 2.6 eV, respectively. For VGa, lower barrier values were
obtained35 and a conclusion was drawn about their higher mobility
at low temperatures, compared to VO. In Ref. 30, the energies of
Mg migration over interstitial sites (from 0.56 to 0.75 eV) and
migration of N over oxygen vacancies (3.87 eV) were calculated.

The results presented here show that the theoretical study on
defects and impurities in β-Ga2O3 requires further development
and experimental verification. In particular, it is not entirely clear
which value of ϵ (ϵ0 or ϵ∞) gives a more accurate result when
using the HSE functional. With increase in the size of computa-
tional cell, the results calculated with ϵ0 apparently will become
more reliable, but this increase will require a significant elevation in
the computer resources. One more question is also not entirely
resolved: which of the two approaches (HSE or GGA +U) provides
the best agreement with the experimental data. Nevertheless,
already at the present stage, the use of theoretical calculations in
the interpretation of experimental results is very useful and often it
is mandatory.

III. ANALYTICAL METHODS

The analytical methods typically used in Ga2O3 study are dis-
cussed below.

A. Transmission electron microscopy

Transmission electron microscopy (TEM) serves to study the
crystalline structure and defects of thin films or thinned layers of
bulk samples.36 This very powerful method is based on the use of
dual—corpuscular and wave—nature of electrons. The electrons of
the parallel incident beam passing through the sample (with ener-
gies usually of the order of several hundred keV) undergo diffrac-
tion on the crystal lattice (coherent scattering) and/or incoherent
scattering on atoms. Transmitted and scattered electrons are con-
trolled using electronic lens systems and variable aperture
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TABLE I. Values of DFT-calculated and experimentally found energy levels of defects, impurities, and STHs. EC–conduction band edge; EV–valence band edge; ϵ0≈ 10–static
dielectric constant; ϵ∞≈ 3.55–high frequency dielectric constant; ϵcalc–calculated dielectric tensor; V–vacancy; GaI, GaII, OI, OII, OIII correspond to different lattice positions of
Ga and O atoms (Fig. 2), STHOI, STHOII, and STHOIII correspond to the positions of trapped hole (at respective O atoms). The designation of the kind of defects and STH are
placed opposite to the first line of data related to a given kind.

Kind of defects,
impurities and STH Charge transitions

Energy levels
(eV)

Kind of DFT,
dielectric constant used Reference

Experimental values
(eV)

(technique used)

VGaI −2/−3 EC− 0.67 HSE, ϵ∞ Ref. 10 EC− 0.74
(DLTS)
Ref. 19
EC− 0.82
(DLTS)
Ref. 20

EC− 1.62 HSE, ϵ0 Ref. 15
EC− 1.76 HSE, ϵ0 Ref. 21
EC− 0.69 HSE, ϵ∞
EC− 2.27 ϵ= 12.7 Ref. 22

VGaII −2/−3 EC− 1.16 HSE, ϵ∞ Ref. 10 EC− 1.04
(DLTS)
Ref. 19
EC− 1.00
(DLTS)
Ref. 20

EC− 1.83 HSE, ϵ0 Ref. 15
EC− 1.93 ϵ= 12.7 Ref. 22
EC− 2.17 HSE, ϵ0 Ref. 21
EC− 1.11 HSE, ϵ∞

VOI +2/0 EC− 2.10 HSE, ϵ∞ Ref. 10
EC− 1.52 HSE, ϵ0 Ref. 17
EC− 1.72 PBE, (GGA + U) approach Ref. 23
EC− 1.50 HSE, ϵ0 Ref. 21

VOII +2/0 EC− 2.68 HSE, ϵ∞ Ref. 10
EC− 2.29 HSE, ϵ0 EC− 2.16

(DLOS)
Ref. 20

EC− 2.16 HSE, ϵ0 Ref. 17
EC− 2.42 ϵ= 12.7 Ref. 22
EC− 1.22 PBE, (GGA + U) approach Ref. 23 EC− 1.40

(PL)
Ref. 23

EC− 2.23 HSE, ϵ0 Ref. 21
VOIII +2/0 EC− 1.95 HSE, ϵ∞ Ref. 10

EC− 1.26 HSE, ϵ0 Ref. 17
EC− 1.02 PBE, (GGA + U) approach Ref. 23
EC− 1.36 HSE, ϵ0 Ref. 21
EC− 1.79 HSE, ϵ∞ Ref. 21

MgGaI 0/−1 EV + 1.25 Ref. 24
EV + 1.27 HSE, ϵ0 Ref. 25
EV + 1.62 Ref. 26
EV + 1.30 Ref. 27

MgGaII 0/−1 EV + 1.05 Ref. 24 EV + 1.1
(conductivity)

Ref. 28
EV + 1.06 HSE, ϵ0 Ref. 25
EV + 1.25 HSE, ϵ0 Ref. 29
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diaphragms (Fig. 3). So, the images and the diffraction pattern for
the selected area of a sample can be formed.

The diffraction mode allows determining the nature of the
crystalline structure of the sample studied and identifying the mate-
rial by comparison with reference data. A single-crystalline material
forms a system of point reflections, a polycrystalline one—a system
of narrow rings, and an amorphous film forms a halo or a few
numbers of wide rings.

As electrons pass through the sample, some of the electrons
undergo coherent and incoherent scattering, which makes it possible
to implement two modes of imaging: bright field (BF) and dark field
(DF). In the first mode, the aperture diaphragm of the objective lens
(Fig. 3) transmits the electrons of the incident beam. In this case,
areas with a greater thickness or containing heavier chemical ele-
ments look darker due to the larger proportion of scattered elec-
trons. Amorphous inclusions against the crystalline areas will also

TABLE I. (Continued.)

Kind of defects,
impurities and STH Charge transitions

Energy levels
(eV)

Kind of DFT,
dielectric constant used Reference

Experimental values
(eV)

(technique used)

EV + 1.57 Ref. 26
EV + 1.40 Ref. 27
EV + 1.40 Ref. 30

NOI 0/−1 EV + 3.50 HSE, ϵ0 Ref. 29
EV + 3.50 Ref. 27
EV + 3.40 Ref. 30

NOII 0/−1 EV + 3.40 HSE, ϵ0 Ref. 29
EV + 2.20 Ref. 27
EV + 3.50 Ref. 30

NOIII 0/−1 EV + 2.20 HSE, ϵ0 Ref. 29
EV + 3.40 Ref. 27
EV + 2.20 Ref. 30

VGaI-H +1/0 EC− 0.89 Ref. 31
0/−1 EC− 1.53
−1/−2 EC− 2.21

EC− 1.93 Ref. 15
VGaI-2H +1/0 EC− 1.90 Ref. 31

0/−1 EC− 1.64
−1/−2 EC− 1.77

VGaII-3H +1/0 EC− 1.28 Ref. 31
0/−1 EC− 1.15
−1/−2 EC− 2.25

FeGaI 0/−1 EC− 0.59 Ref. 21
STHOI +1/0 EV + 0.58 HSE, ϵcalc Ref. 27

EC− 4.61 HSE, ϵ∞ Ref. 10
EV + 1.02 pSIC + PBE-GGA Ref. 32

STHOII +1/0 EC− 4.50 HSE, ϵ∞ Ref. 10
EV + 1.02 pSIC + PBE-GGA Ref. 32

STHOIII +1/0 EV + 0.58 HSE, ϵcalc Ref. 27

FIG. 2. Unit cell of β-Ga2O3. Figures I, II, and III indicate different types of Ga
and O sites. GaI and OIII are tetrahedrally, GaII–octahedrally, OI and OII–trigo-
nally coordinated atoms.
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look darker due to a strong incoherent scattering. For polycrystalline
thin films, the grains having different orientations will differ in
brightness due to the difference in the fraction of electrons involved
in the coherent (Bragg) scattering. In the DF mode, the image of the
crystalline sample is built using the selected diffracted beams (with a
DF aperture), while the transmitted beam does not participate in the
image formation. This mode, in particular, allows visualization of a
second phase inclusions and to obtain contrast images of crystalline
inclusions in an amorphous material.

Scanning a sample by a very sharp (less than 0.1 nm in diame-
ter) focused electron beam makes it possible to implement the high
angle annular dark field image mode. For this mode, an image is
formed by those electrons that have been deflected (as a result of
incoherent scattering) at such a large angle that coherent scattering
no longer makes a significant contribution to the signal. Then, the
regions with a less perfect structure appear brighter compared to
the surrounding regions.

Another image mode can be realized at high magnifications
(>106)—high-resolution transmission electron microscopy (HRTEM).
In this mode, the interference of the diffracted beams with the primary
one creates periodic lines corresponding to atomic planes. Measuring
the distances between the lines allows us to find the interplanar dis-
tances and thus to identify the observed phases. The Fourier transform
of the image often facilitate to create such reflections, which are not

seen on the diffraction picture due to their low intensity. HRTEM is a
very powerful method in revealing extended defects such as disloca-
tions, stacking faults, and twin boundaries.

B. Scanning electron microscopy

Scanning electron microscopy (SEM) is based on the registration
of electrons outgoing from the sample surface during its irradiation by
a scanning focused electron beam with a typical energy of several tens
of keV. There are two main modes of SEM. In one of them, a current
caused by secondary electrons (SE) is recorded. The SE are generated
in the near-surface layer of the sample investigated due to the interac-
tion of the beam with weakly bound electrons localized on the atomic
shells and/or in the valence band of the semiconductor. The coeffi-
cient of SE emission depends on the local angle between the surface
and the beam. Thus, by using beam scanning and registering the SE
current, the surface morphology can be observed. Thereby, computer
graphics allows creating its three-dimensional image.

In another SEM mode called backscattering electrons (BSE),
the yield of electrons elastically scattered from the sample surface is
recorded. The BSE yield depends on the mass of the target atoms.
This makes it possible to investigate by scanning the degree of
compositional homogeneity of the sample surface layer.

In addition to SE and BSE modes, modern scanning electron
microscopes are equipped with facilities for recording signals such
as Auger electron emission, characteristic secondary x rays, electron
beam induced current (EBIC), and cathodoluminescence (CL).

SEM can be used both in plan-view geometry and in cross
section of the samples. This, in particular, allows one to visualize
and investigate the interval boundaries of various phases, including
those formed by ion implantation.

C. Energy dispersive spectroscopy

Energy dispersive spectroscopy (EDS) is based on the detec-
tion of characteristic x-ray emission under an electron beam and is
used in analytical electron microscopy. It allows exploring the ele-
mental composition of near-surface layers of samples together with
TEM and SEM images, surface morphology, and other local char-
acteristics. This method is particularly useful for the identification
of nano-objects observed by these techniques. The typical thickness
of the probed layer is from several units to several tens of microme-
ters. EDS is often used to determine the distribution of elemental
composition (elemental maps) over depth by probing the cross
section of a sample.

D. X-ray diffraction

To study the structure of implanted Ga2O3 layers, x-ray dif-
fraction (XRD) is most often used. If a monochromatic x-ray beam
is directed at an angle θ to some family of atomic planes, a dif-
fracted beam occurs under the condition

2d sin θ ¼ nλ, (1)

where d is the interplanar distance, λ is the wavelength, and n is an
integer (the diffraction order). XRD allows one to obtain several
basic characteristics of the investigated samples as follows:

FIG. 3. Diagram of the rays in two basic modes of TEM. Deflection angles in
the figure are much larger than real ones (for better understanding). Only nec-
essary lenses and apertures are shown; the real TEM has many more (that
gives more flexible control). Intermediate lens changes the final picture on the
screen (the ray’s ways after this lens split on two: solid lines are for diffraction
pattern; dotted lines are for image of the sample). BF/DF apertures are used for
the corresponding mode choice. Selected area aperture is used to limit the area
from which the diffraction pattern is obtained.
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(1) If the phase composition of the sample is not known in
advance, then it can be identified using the values of θ at
which the diffraction maxima are observed.

(2) The method makes it possible to establish whether the ana-
lyzed layer of the sample has a single-crystalline, polycrystal-
line, or amorphous structure. In the first case, in the set of
diffraction peaks recorded with variation of the angle θ, there
are only those that correspond to different values of n for the
same family of atomic planes; in the second case, the peaks
corresponding to different families of planes are observed; in
the third case, usually there are no peaks at all.

(3) The intensity and width of the peaks are used to judge the
degree of structural perfection of single-crystalline layers. For this
purpose, a high-resolution x-ray diffraction (HRXRD) is used
with an angular resolution of the order of a few angle seconds.

(4) The value of the shift of the XRD peak positions versus the
reference peak positions are used to determine the changes in
the lattice parameters associated with the presence of the
impurities and defects.

(5) In HRXRD, the presence, character, and magnitude of strain in
single-crystalline layers, in particular, those modified by ion
irradiation, can be determined from the diffraction peaks
positions.

In the case of using XRD to study layers modified by ion
implantation, the analysis of data can be complicated when the
thickness of the analyzed layer is significantly larger than the depth
of ion penetration, as well as when a gradient of parameters over
depth takes place. (The effect of this factor can be reduced by using
small angles between the sample surface and the incident beam.)

E. X-ray absorption fine structure

This method includes two modes: x-ray absorption near edge
spectroscopy (XANES) and extended x-ray absorption fine struc-
ture (EXAFS). In both modes, a monochromatic x-ray beam (from
synchrotron radiation) with varied wavelength (λ) is directed onto
a sample, and the spectra of x-ray absorption are studied. In
XANES, a narrow energy region located below the position of the
absorption edge of the atoms of a given material is studied, and in
EXAFS, a wider energy region located above this edge is investi-
gated. X-ray absorption is usually determined either from the
values of current caused by the x-ray induced electron emission or
from the intensity of x-ray fluorescence.

XANES spectra provide information on the chemical state of a
definite atom, in particular, about its oxidation state, effective
charge, and immediate environment, while the analysis of EXAFS
data allows one to investigate the positions of atoms located not
only in the immediate vicinity of the atom of interest but also at
greater distances, i.e., to determine the radial distribution functions.

F. X-ray photoelectron spectroscopy

This method is based on the phenomenon of external photo-
effect—the emission of electrons under the impact of characteristic
x-ray radiation. Thereby, the kinetic energy (Ekin) spectrum of the
emitted electrons is recorded with an energy analyzer. For the ideal
case of absolutely pure elementary substance, the value of Ekin is

given by the relation

Ekin ¼ hν � Ebind � w, (2)

where hν is the energy of the incident photon, w is the difference
between the work functions of the investigated substance and the
material of the first electrode of analyzer, and Ebind is the “binding
energy” defined as the energy required to remove an electron from
a certain energy level of an atom or from the valence band of a
dielectric or semiconductor to an infinite distance. If the substance
contains atoms of different chemical elements, i.e., for a chemical
compound or a solid solution, the spectral position of the corre-
sponding line in the photoelectron spectrum undergoes the
so-called chemical shift, which makes it possible to determine the
chemical composition of the material. The spectra contain large
amount of information, the detailed consideration of which is
beyond the scope of this article and is described in the specialized
literature (e.g., Ref. 37).

Photoelectrons are emitted by atoms located not only directly
on the surface but also at a certain depth. Usually, the thickness of
the analyzed layer is 2–5 nm. If there are some contaminants on the
surface or a natural oxide, they are removed by sputtering with a
low-energy (∼ 1 keV) ion beam. Ion etching is used also to analyze
the inhomogeneity of the chemical composition over depth.

When studying chemical compounds or solid solutions, the
peaks in the x-ray photoelectron spectroscopy spectrum are often
asymmetric, including the cases of overlapping of maxima corre-
sponding to atoms of one and the same element in different chemi-
cal states. So, in β-Ga2O3, some gallium atoms are bonded to four
neighboring oxygen atoms, while others are bonded to six (tetrahe-
dral and octahedral Ga configurations, respectively) (Fig. 2). It is cus-
tomary for oxides to use the term “oxidation state,” meaning the
number of oxygen atoms associated with a given one. To find the
fraction of atoms in a particular oxidation state, the peak is decom-
posed into the functions that combine Gaussian and Lorentzian
(deconvolution procedure). Interpretation of the resulting set of such
functions is not always easy due to the ambiguity of the deconvolu-
tion procedure (this often requires some additional information or
ab initio modeling). Another difficulty is that the asymmetric form
of peak may be caused also by the inhomogeneity of phase composi-
tion in the analyzed layer. For example, in the case of Ga2O3, the
phases of α-Ga2O3 and β-Ga2O3 may be present, as well as the inclu-
sions of elemental gallium and nonstoichiometric oxides

G. Secondary ion mass spectrometry

This method is designed to reveal the chemical composition
and incorporated species in the material studied. It allows measur-
ing the distribution of impurity atoms over depth with a concentra-
tion sensitivity approaching 1013–1014 cm−3. Secondary ion mass
spectrometry (SIMS) is based on the phenomenon of sputtering of
solids by an ion beam. Although most of the sputtered atoms are
electrically neutral, some of them are emitted in a charged state
(secondary ions). With the help of electric and magnetic fields,
these ions are separated according to their mass to charge ratio. In
modern time-of-flight mass-analyzers, the separation is carried out
according to their drift time in some space of the spectrometer.
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The use of the focused probing ion beam in conjunction with
the surface scanning makes it possible to determine the impurity
concentration at different areas of the surface with a lateral resolu-
tion reaching 50–100 nm. To obtain depth concentration profiles,
ion etching is performed either by the probe beam itself or with
the help of a separate ion beam.

It should be noted that when using the SIMS technique, some
difficulties are encountered, especially for high impurity concentra-
tion, when the sputtering coefficient may be concentration-
depended, (e.g., see Ref. 38).

H. Scanning probe microscopy

Scanning probe microscopy (SPM) includes several methods
or modes, the common feature of which is raster scanning of the
sample surface with a sharpened probe, machine recording, and
processing of the data. The advantage of SPM is its relative simplic-
ity (unlike TEM, it does not require a complex procedure for the
sample preparation), the large amount of information received, and
very high maximal resolution. The two most commonly used SPM
methods are atomic force microscopy (AFM) and scanning tunnel-
ing microscopy (STM).

AFM is most often used to study the surface morphology
(although its capabilities are much higher). It is based on the fact
that, at small distances, the force of interaction between atoms
located on the surface of the sample and on the tip of the probe
strongly depends on this distance. Precise movements of the
probe (or sample) in the horizontal and vertical directions are
carried out using piezomotors. The feedback arrangement, which
includes a laser beam, a mirror fixed on the probe mount (“canti-
lever”), and a photodetector, ensures the maintenance of a given
distance between the probe and the sample surface. With the use
of an analog-to-digital converter and computer graphics, a 3D
image of the relief is created. The typical resolution is of the
order of a few nanometers.

STM is based on the phenomenon of electron tunneling
through a potential barrier in the presence of a vacuum gap
between the sample and the tip of the probe. At a given applied
voltage between the sample and the probe, the value of tunneling
current depends both on the local electrophysical properties of the
sample surface and on the size of the vacuum gap. The feedback
system uses the deviation of the tunneling current. In the surface
relief mode, the system tracks and digitizes the vertical movement
of the probe during scanning.

There is an additional mode of scanning tunneling spectro-
scopy (STS), which provides information on the local properties of
the sample, such as the work function, the position of the Fermi
level in the bandgap, I–V, and C–V characteristics. The values of
spatial resolution in STS could be as high as of atomic scale, espe-
cially in ultrahigh vacuum. Such a high resolution is possible due
to the exponential dependence of tunneling current on the size of
the vacuum gap.

Scanning probe microscopy can be used (in combination with
other methods) to study many processes during ion implantation: a
change in conductivity of local areas due to the activation of
implanted impurities, formation/annealing of disordered regions
and defect clusters, synthesis of phase inclusions, etc.

I. Rutherford backscattering spectrometry with
channeling

This method is based on measuring the energy spectrum of
high-energy light ions (most often it is He+ with E∼ 1MeV), after
Rutherford scattering from a crystalline sample. A well-collimated
ion beam falls on the sample surface, and the yield of ions scattered
at angles close to 180° is recorded.39–41 Let us consider the
Rutherford backscattering spectrometry with channeling (RBS/C)
application in radiation damage under ion irradiation study. In this
case, the energy spectra of unimplanted samples are measured first.
(As a rule, crystals with a surface oriented perpendicular to the
family of planes with low indices are used, since in this case the
structural channels are wider, so the effect of ion channeling is
better expressed.) The RBS spectrum is recorded with two orienta-
tions of the sample relative to the incident beam: with high misori-
entation (usually 7°) and with no misorientation (“random” and
“channeling” spectra, respectively). In the first case, there is no
channeling, and the spectrum coincides with the spectrum of the
amorphous state. This spectrum has a steep drop on the high-
energy edge. For a clean surface, this edge corresponds to the loss
of ion energy due to the scattering from atoms located immediately
on the surface. In the second case (“channeling” spectra), most of
the incident ions move along the channels only with seldom scat-
tering. In this case, the yield from ions that have not entered the
channels, as well as those that left the channeling mode due to the
nonideal structural perfection of the crystal, plus the yield from
ions scattered from defects blocking the channels, are dominating
in the spectrum of backscattered ions. For structurally perfect
samples, the yield of ions backscattered in the near-surface region
is very small. For the crystals having less structurally perfect layers,
the channeling spectrum is characterized by the presence of a
region with an increased value of the yield. The energy width of
such regions is defined by the thickness of the layer with a
damaged structure, and the yield value characterizes the degree of
damage. Spectra processing using a special software39–41 allows
determination of the degree of damage as a function of depth. If an
amorphous layer exists near the surface, then the yield of backscat-
tered ions from it is equal to the yield of random spectra.

Thus, the RBS/C method allows studying the processes of
accumulation and annealing of damage, including the process of
solid-phase recrystallization of amorphous layers. In addition, the
existence of isolated disordered regions (clusters) or extended
defects that cause local stresses and, as a consequence, distortion of
atomic rows forming the channel “walls,” leads to increased yield
from the layers located deeper than the implanted one. This allows
revealing the presence of such objects.

In the case when implantation causes a transition of a sub-
stance to another crystalline phase (i.e., a polymorphic transforma-
tion), the most careful analysis of the RBS spectrum is required,
since such a transformation can lead to a similar effect as that of
accumulation of radiation defects or amorphization.

Another application of the RBS/C method is to study the con-
centration profiles of implanted impurities with atomic masses
exceeding the atomic mass of the material studied. This is possible
due to the fact that the energies of the ions scattered from such
impurities lie in the region of higher energies in comparison with
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the energy of the ions scattered from the intrinsic target’s atoms, so
that the corresponding peak in the RBS spectrum is separated by a
certain gap from the main spectrum of substance. In addition to
the determination of concentration profiles for such impurities, the
RBS method makes it possible to determine the fraction of impu-
rity atoms located on the lattice sites. Indeed, if an impurity atom
is on a lattice site, this atom turns out to be screened by intrinsic
lattice atoms located in the same atomic row, while atoms located
in random positions or interstitial ones are not screened and give
contribution to the yield of backscattered ions.

Thus, the RBS method provides important insights into the
degree and kinetics of disordering, the lattice positions of heavy
impurities and their distributions, as well as into the kinetics of
damage annealing. However, the sensitivity of the method is
limited to a few percent of the total concentration of atoms. In
addition, this method, as a rule, does not provide direct informa-
tion on the defect’s types.

J. Electron beam induced current

The method is based on the generation of electron-hole (e-h)
pairs in a semiconductor by an electron beam. The e-h pairs are
separated in the space-charge region of a p-n junction or a
Schottky barrier and induce a current. Electron beam scanning
permits one to search a change of current over a surface. In partic-
ular, when the electron beam (in the SEM method) probes a region
near the extended defect, the current is decreased due to an
increased rate of e-h pairs recombination, and a respective contrast
appears in the image. The same effect occurs in the cross-sectional
mode of SEM. As it was demonstrated,42 the EBIC also allows
determining the diffusion length of minority charge carriers.

K. Deep level transient spectroscopy

Deep level transient spectroscopy (DLTS) allows determina-
tion of energy levels located in the semiconductor bandgap at
large distances from the band edges.43 The method is based on
measuring the transient capacity of the Schottky barrier or p-n
junction after the application of a voltage pulse providing non-
equilibrium filling of deep energy levels by carriers. After the
end of the pulse, the capacitance relaxes to its initial value due
to the thermal ejection of the trapped charge carriers into the
allowed band. The relaxation rate depends on temperature
according to the Arrhenius law, which makes it possible to
determine the spectrum of energy levels and their concentration
by computer data processing.

One of the varieties of this method is the optical deep level
transient spectroscopy, when filling of deep levels by carriers is per-
formed not by electric but by optical pulse.44,45

Another variation of this method is the deep level optical
spectroscopy (DLOS), which differs from the conventional DLTS
method in that after filling the levels not the temperature but the
energy of incident photons is changed.20 DLOS has the following
advantage over the conventional DLTS method: the levels can be
determined across the entire bandgap, while the traditional DLTS is
applicable to deep levels only.

L. PL and CL spectroscopy

PL spectroscopy is based on the analysis of photolumines-
cence spectrum arising from radiative electron transitions from
higher to lower levels in the semiconductor bandgap, as well as
from interband transitions. For PL excitation, usually monochro-
matic light sources (lasers) are used.

By using continuous spectrum light sources and a monochro-
mator, the photoluminescence excitation (PLE) spectra can be mea-
sured, which provide information about the PL mechanisms. A
pulsed excitation is used to determine the PL kinetics. It allows
measuring the rate of nonradiative recombination associated with
defects. Such information is important particularly to study the
annealing processes of the damage accumulated under ion irradia-
tion. The PL method is also used to determine the emission param-
eters of impurity centers.

In the method of cathodoluminescence spectroscopy, the exci-
tation is carried out by irradiating the sample with electrons. This
method is especially often used to study wide bandgap semicon-
ductors, for which the PL spectroscopy requires the use of sources
of hard ultraviolet (UV) radiation. An important advantage of CL
spectroscopy is also the ability to estimate the depth (distance from
the sample surface) at which the majority of certain luminescent
centers are located. For this aim, the energy of incident electrons,
and hence the thickness of the probed layer, is varied. When study-
ing the samples subjected to ion implantation, this variation makes
it possible to distinguish the contributions to luminescence of
intrinsic impurities or defects, which are located uniformly (over all
sample depths), and that of extrinsic ones introduced by ion
implantation into the near-surface layer of the semiconductor only.

M. Electron paramagnetic resonance

For semiconductors, electron paramagnetic resonance (EPR)
provides important information about the nature (configuration,
elemental composition) of impurities and defects and their behav-
ior when external conditions change, e.g., when irradiated samples
are annealed. This method is based on the Zeeman effect—the
splitting of energy levels of paramagnetic centers in a magnetic
field. Paramagnetic centers contain unpaired electrons with spin.
When a magnetic field with induction B is applied, the spin-
degenerate energy levels are split. The difference ΔE of energy
levels with and without a field is proportional to B and the coeffi-
cient of proportionality “g” is called the Lande factor g (g-factor).
In a crystal, the electric fields of neighboring atoms (ions) sur-
rounding a given impurity atom or defect affect the value of the
g-factor. As the intracrystalline field is generally anisotropic, the
g-factor is a tensor.

When measuring the EPR spectrum, in addition to the constant
magnetic field, an ultrahigh-frequency electromagnetic field with a
frequency ν is applied to the sample. This field undergoes a reso-
nance absorption when the value of its quantum hν of energy coin-
cides with the value of ΔE. (In real situations, the resonance is usually
achieved by varying the magnetic field B at a fixed value of ν.)

Thus, by measuring the EPR spectrum and performing calcu-
lations in accordance with certain models, one can get insights into
the structure of paramagnetic defect centers and their orientation
with respect to the crystal axes. The paramagnetic defect centers
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concentration is determined by using reference samples with a well-
known number of centers.

N. Hall effect measurements

When current flows through the sample, the Lorentz force
acts on the movement of charge carriers in a magnetic field,
deflecting their trajectories and resulting in an additional electric
field. This phenomenon is named the Hall effect, which, together
with the measurement of electrical conductivity, is used to deter-
mine the type of conductivity, concentration, and mobility of
charge carriers in semiconductors. In the case when the analyzed
layer is located on an insulating substrate, the layer concentration
of charge carriers ns is determined from the relation connecting
this parameter with the voltage between the measuring contacts,
current, magnetic field, and geometry of contacts. The average
value of charge carrier’s mobility μ is determined from the relation
σs = q ⋅ nsμ, where σs is the layer conductivity and q is the charge of
the electron. The type of conductivity can be found from the sign
of the Hall voltage for a certain direction of the magnetic field. The
ionization energies of impurities or defect centers are found from
the temperature dependence of the charge carriers’ concentration.
To determine the depth distribution of specific conductivity and
charge carrier’s concentration, σs and ns measurements should be
provided together with step-by-step etching.

IV. PROPERTIES OF IMPLANTED Ga2O3 LAYERS

A. Properties of impurities in β-Ga2O3 introduced by
ion implantation

Ion implantation is a well-established technique, widely used
for the introduction of impurities and defects in solid materials
since the early 1960s. In this technique, positive or negative ions
extracted from solid or gaseous sources are accelerated through a
potential difference and attain high kinetic energies. The acceler-
ated ions usually pass through an electromagnet to select the
desired kind of ions and are directed to the target (sample).
Colliding with the atoms of the sample, the ions transfer part of
their kinetic energy to them, displacing them from the lattice sites.
Displaced atoms (recoils), acquiring sufficient kinetic energy, dis-
place other atoms, and so on. Vacancies remain on the sites of dis-
placed atoms. This process leads to the formation of radiation
defects (discussed in more detail in Sec. IV B). When the implanted
ion slows down to the energy at which it cannot produce recoils, it
substitutes the vacancy becoming a substitutional atom, or stops at
the nearest interstitial site becoming an interstitial atom.

This process enables introducing ions of any impurity (“ion”
doping), including donors and acceptors, into semiconductors.
However, due to the presence of radiation defects, the donor and
acceptor properties of the introduced impurities usually appear only
after annealing at sufficiently high temperatures, which eliminates
defects or reduce their concentration. Annealing is carried out most
often either in special furnaces for a long time from several minutes
to several hours (“furnace annealing”) or by lamp heating for several
seconds (“rapid thermal annealing,” RTA), less often—by other
methods (current pulse, pulsed laser irradiation, etc.).

Nowadays, countless research groups around the world make
regular use of this technique for modification of all sorts of materi-
als, including semiconductors, metals, and insulators, in the form
of bulk crystals, thin films, and nanostructures. Ion implantation is
the key process of modern electronic technology.

The impurities introduced into β-Ga2O3 by ion implantation
can be grouped into three main categories in accordance with the
application of Ga2O3. The first category includes donor and acceptor
impurities used to increase or decrease the majority charge carriers
concentration—electrons: for creating Ohmic contacts, forming
metal–oxide–semiconductor field-effect transistor (MOSFET) chan-
nels, producing high-resistance regions in order to reduce the edge
leakage currents, and increase breakdown voltages. The second cate-
gory includes impurities of rare earth elements and some transition
metals used to create light-emitting centers. The third category
includes light gaseous species—hydrogen (H), deuterium (D), and
helium. Hydrogen impurity is used for the passivation of defect
centers and also acts as a shallow donor. In addition, hydrogen and
helium are used for the exfoliation of thin layers of Ga2O3.

The most often used impurities of the first category are the tet-
ravalent elements of the fourth group of the periodic table—Si, Ge,
and Sn. They replace the trivalent gallium atoms in gallium oxide
and create shallow donor levels.

The electrical activation of Si implanted into an unintentionally
doped (UID) float zone β-Ga2O3 crystals with surface orientation
(010) was studied in Ref. 46. Using multiple-energy implantation of
Si+ with the maximum ion energy E of 175 keV, a 150 nm-deep
doped layer was formed having a boxlike depth profile with Si con-
centrations in the range of 1 × 1019–1 × 1020 cm−3. Postimplantation
isochronous annealing was carried out in a nitrogen atmosphere at
temperatures Tann = 700–1100 °C with a step of 100 °C (30min at
each Tann). Depth distributions of electron concentration were deter-
mined by electrochemical capacitance-voltage (ECV) measurements.
The Si concentration profiles were also measured by the SIMS
method. It was shown that, up to Tann = 1000 °C, the Si profiles are
almost the same as in the as-implanted sample. At Tann = 1100 °C,
the profile becomes nonmonotonous: near Rp (mean projected range
of ions), there is a sharp increase in concentration, and in the region
close to the surface, a similarly sharp decrease takes place. It is
assumed that the Si redistribution is a consequence of the impurity
diffusion to the region of maximum damage (i.e., segregation due to
the interaction of impurities and defects).

Figure 4 shows the dependencies of estimated (by ECV mea-
surements of Nd−Na) concentrations of electrons in Si-implanted
β-Ga2O3. The activation of the implanted impurity begins at 800 °C
and reaches a maximum value at 1000 °C, decreasing with a further
increase in Tann, except for the case of the maximum Si dose, for
which the dependence of electron concentration on Tann is monot-
onous, but the fraction of activated impurity is very small (does not
exceed 10%). The decrease in electrical activity of the impurity at
high doses is apparently due to an increase in the fraction of Si
atoms forming complexes with unannealed radiation defects (the
concentration of the latter increases with the dose). The nonmonot-
onous behavior of the concentration of charge carriers with Tann is
possibly related to the outdiffusion of Si. However, the refinement
of the mechanism of this impurity behavior requires further
investigations.
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The diffusion behavior of silicon implanted in β-Ga2O3

during RTA (Tann = 1100 °C, annealing time of 10–120 s) was
studied by the SIMS method.47 As in Ref. 46, the Si boxlike profile
was created by multienergy implantation (maximum ion energy
E = 120 keV). Unlike Ref. 46, the surface orientation of the samples
was (−201). It was found out that the annealing atmosphere had a
significant effect on the Si diffusion: upon annealing in oxygen, the
redistribution of impurities was much more pronounced than upon
annealing in nitrogen. Moreover, in the case of oxygen annealing,
there was a significant loss (outdiffusion) of silicon, which was not
observed during annealing in nitrogen. According to the model
proposed by the authors, this difference is due to the fact that
annealing in nitrogen creates an increased concentration of gallium
vacancies, which capture interstitial Si atoms and thereby slow
down their diffusion.

In Ref. 48 of the same research group, the Si diffusion at
1150 °C was calculated on the basis of a simple (phenomenological)
model that takes into account the concentration dependence of the
diffusion coefficient. By comparing the experimental profile with
the calculated one for different doses, the “low-concentration” dif-
fusion coefficient at 1150 °C and the coefficient characterizing the
concentration dependence of outdiffusion were determined.
However, the use of only one Tann for comparison and the phe-
nomenological nature of the model do not allow judging on the
applicability of the results obtained for other experimental
conditions. In addition, the results may depend on the surface ori-
entation due to the anisotropic structure of the monoclinic modifi-
cation (β-phase) of Ga2O3.

Similar results were reported by this group for the implantation
of two other (heavy) donor impurities of the fourth group—Ge+ and
Sn+ (Refs. 48 and 49) and RTA with Tann = 1100 °С. In the case of
as-implanted samples, unlike the case of Si+ ions, extended

end-of-range defects were revealed by the cross-sectional TEM
method. The authors discuss the difference in the diffusion mobility of
Ge and Sn in terms of the difference in atomic radii, which is responsi-
ble for the local strains arising in the lattice around the substitutional
atoms, and come to the conclusion that there is no correlation: the
observed faster diffusion of Ge compared to Sn and Si cannot be
explained by the difference of atomic radii of these impurities.

The diffusion behavior of implanted acceptor impurities like
nitrogen and magnesium was studied by SIMS.50 Mg+ was
implanted into a β-Ga2O3 (001) substrate doped with Sn at a con-
centration of 2 × 1018 cm−3, and N+ into a UID β-Ga2O3 (001) sub-
strate with a charge carrier concentration of 2 × 1017 cm−3. The
maximum concentration of magnesium in the implanted samples
was ∼1019 cm−3 and of nitrogen was ∼1018 cm−3. The Rp values for
Mg+ and Si+ ions were approximately the same (∼0.5 μm).
Postimplantation annealing was carried out for 30 min at
Tann≥ 600 °C with a step of 100 °C in a nitrogen atmosphere.

It was found out that the redistribution of magnesium began
at Tann = 900 °C, while a significant redistribution of nitrogen
occurred only at Tann as high as 1100 °C. This circumstance is
important, since it allows one, when using nitrogen ions, to
increase the annealing temperature to higher values in order to
provide more complete activation of the implanted impurity.

Interestingly, on the concentration profiles of Mg and N
reported in Ref. 50, the regions exist where the concentration of
these impurities practically coincides with the concentration of the
impurity (silicon) in the initial samples. This indicates the forma-
tion of complexes consisting of the implanted and the original
impurities due to donor-acceptor pairing: (Mg−–Si+), (Mg−–Sn+),
and (N−–Si+). A similar phenomenon was observed for ion doping
of Si and GaAs.51–54 However, the effect of complex formation on
the diffusion of impurities in β-Ga2O3 has not been studied. Thus,
the physical nature of the difference in the diffusion behavior of
Mg and N is not entirely clear. The difference may be due to the
greater degree of radiation damage during the implantation of
heavier ions (Mg), which was experimentally established in Ref. 50
using XRD. However, theoretical calculations performed by the
DFT method30 showed that even in the absence of implantation,
the effective activation energy of Mg diffusion is lower than that for
N. This may be explained30 by the fact that nitrogen diffusion is
dominantly assisted by oxygen vacancies, while magnesium diffu-
sion is assisted by Ga interstitials.

In contrast to shallow donor impurities, acceptor impurities in
β-Ga2O3 introduce deep levels into the bandgap.23,29 Therefore,
their activation during annealing and, accordingly, the compensa-
tion of donors leads to an increase in the resistivity, which was
experimentally confirmed by in situ doping during the β-Ga2O3

growth process.55,56

In the case of ion implantation, defects such as gallium vacan-
cies can also have a compensating effect.10,15 In Ref. 57, nitrogen
ions were implanted into epitaxial β-Ga2O3 layers with an initial
electron concentration of 2 × 1018 cm−3, and a boxlike profile of
generated vacancies with a concentration of ∼ 1021 cm−3 was
created. Measurements of the layer conductivity and the Hall effect
of the N+ irradiated samples demonstrate the formation of a semi-
insulating layer, the resistivity of which remains practically
unchanged up to Tann = 600 °C. An increase in Tann to 800 °C

FIG. 4. Annealing temperature dependencies of electron concentration in the
Si-implanted UID β-Ga2O3 layers. Reprinted with permission from Sasaki et al.,
Appl. Phys. Express 6, 086502 (2013) Copyright 2013, The Japan Society of
Applied Physics.
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causes the recovery of conductivity almost to its original level. This
behavior indicates that the compensation of conductivity was
caused not by the acceptor properties of nitrogen, but by the radia-
tion defects. However, in Ref. 50, by measuring the leakage currents
of the Schottky barrier, it was revealed that at Tann≥ 800 °C, the
resistivity of the nitrogen-implanted layer increases with the
annealing temperature.

In Ref. 58, the compensating effect of implanted nitrogen in
β-Ga2O3 (with a silicon concentration of 3.9 × 1017 cm−3) after
annealing at 900 °C was established by measuring the C–V charac-
teristics of the Schottky barrier. However, despite the fact that the
concentration of implanted nitrogen was as high as 1020 cm−3, the
electron concentration decreased as a result of N+ implantation
only to the level of 5 × 1016 cm−3. This apparently was due to the
low degree of nitrogen activation at such Tann and indicates the
need to use higher annealing temperatures. All these experiments
prove that the mechanism of compensation by N+ implantation
depends on the nitrogen dose and annealing conditions.

In the case of Mg+ implantation, the behavior of the leakage
current with annealing temperature was nonmonotonous:50 the
leakage current increased in the range 600 °C≤ Tann≤ 900 °C and
decreased at Tann≥ 1000 °C. Note, that in this publication for mag-
nesium and in Ref. 58 for nitrogen, the leakage current after
annealing became higher than that before annealing (when the
compensation was caused apparently not by the impurity Mg or N
atoms, but by the radiation defects).

Let us now consider the implantation of impurities belonging
to the second category, i.e., the rare earth elements Eu, Er, Gd, and
transition metals. The behavior of these impurities was studied
dominantly in connection with their luminescence properties.59–63

Implantation was carried out into bulk β-Ga2O3 and nanowires of
β-Ga2O3. For Eu+ implanted into bulk β-Ga2O3,

60 the correlation
between the implantation temperature, the temperature of postim-
plantation annealing, and the Eu concentration in the +3 charge
state, on the one hand, and the cathodoluminescence spectra and
intensity, on the other hand, were investigated. It was demonstrated
that the radiation defects played a key role in the luminescence
properties and charge state of Eu.

In Ref. 64, the features of Raman scattering spectra and CL of
β-Ga2O3 nanowires and bulk crystals implanted with Cr+ and Mn+

ions with E = 150 keV and D = 1015 cm−2 were studied. The mea-
surement of Raman peaks linewidth showed that improving the
structure during rapid thermal annealing of ion-irradiated nano-
wires began at 700 °C and finished at 1000 °C. The behavior of
Cr-related cathodoluminescence at annealing was correlated with
the structure improvement, and it was the same for nanowires and
bulk samples, while in the case of Mn+ implantation, the behavior
in these objects was different. The physical reasons for the similar-
ity or differences in the impurity’s properties for implantation in
bulk samples and in nano-objects are not yet clear.

Among light gas ions (belonging to the third category of
implanted impurities), the most important is hydrogen.3 It can
penetrate as an unintended impurity during the growth of both
films and bulk crystals. It is believed3 that one of the main reasons
for the commonly observed n-type conductivity in UID β-Ga2O3

may be the presence of residual hydrogen in the growth ambient.
The donor properties of hydrogen were supported by theoretical

calculations in the work.17 It can also passivate deep acceptor
impurity centers, reducing their efficiency.25 However, it should be
taken into account that hydrogen is a rapidly diffusing impurity
and can escape from the semiconductor even at relatively low
annealing temperatures (see below).

Interest with regard to the hydrogen impurity has been partic-
ularly increased after the exciting report in Ref. 65, where the
authors claim that they have fabricated a low-resistive β-Ga2O3 of
p-type by diffusion of this impurity.

To study the diffusion behavior of H, it is convenient to use
its isotope D, because deuterium is easier to be detected than
H. The relationship between the diffusion coefficients of H and D
is defined by the relation DH/DD = (MD/MH)

1/2, where M is the
mass of the corresponding atom.66 The diffusion of deuterium
introduced into β-Ga2O3 (−201) by ion implantation was studied
in Refs. 67 and 68. Deuterium concentration profiles were mea-
sured by SIMS before annealing and after isochronous annealing
(5 min each) at Tann = 450–650 °C. Comparison with the case of
doping by plasma exposure (i.e., without ion implantation) allowed
revealing the role of trapping hydrogen (or deuterium) by radiation
defects (vacancies) in the diffusion mechanism. By comparing the
experimental profiles with the calculated ones, the activation ener-
gies of various processes involved in H and D diffusion were
determined.68

In Ref. 69, the structural and vibration properties of O-H
centers in β-Ga2O3 were investigated by infrared polarized absorp-
tion spectroscopy. Hydrogen and deuterium were introduced into
β-Ga2O3 (−201) samples by two ways: (a) by implantation and
postannealing up to 400 °C; (b) without implantation—by anneal-
ing in H2 and D2 atmospheres. Infrared absorption spectra were
measured at two different light polarizations. By comparing the
spectra for the cases of doping with only hydrogen, only deuterium,
as well as with hydrogen and deuterium together and using the
results of DFT calculations, the authors of Ref. 69 concluded that
the dominant O-H center in Ga2O3 hydrogenated by annealing in
a hydrogen-containing atmosphere or by implantation was a
relaxed VGa-2H complex. In Refs. 67 and 68, it was shown that
hydrogen introduced in Ga2O3 without ion implantation undergoes
outdiffusion at lower temperatures than the implanted hydrogen.
This difference may be caused by trapping of hydrogen by the radi-
ation defects generated by ion implantation.

The implantation of light gas impurities (H+, He+) was used
for the exfoliation of thin Ga2O3 layers70 (as it will be pointed
below, this technique is needed to solve the problem of the low
thermal conductivity of Ga2O3).

In Ref. 71, the formation of bubbles in β-Ga2O3 (010) upon
implantation of He+ ions with Е = 160 keV and D = 5 × 1016 cm−2

followed by annealing at 200 °С and then at 500 °С was studied
using XRD, TEM, and AFM. The growth of bubbles known as blis-
tering and the formation of cracks were the main processes leading
to the exfoliation of the implanted Ga2O3 layer.

Summarizing the existing knowledge concerning the physical
aspects of ion doping of β-Ga2O3, it is obvious that this field is still
at the initial stage of development. In particular, the role of radia-
tion defects in the activation of implanted impurities during
annealing should be more thoroughly studied. What is most impor-
tant for practical application is to gain a deeper insight into the
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properties of impurities introduced by ion implantation in Ga2O3

samples fabricated by different methods.

B. Ion-induced damage in Ga2O3

The generation of damage is one of the most important fea-
tures of the ion implantation method. This can be used in many
cases as a tool for material modification, while in other cases, the
damage can have a detrimental impact on some of the material’s
properties.

When energetic ions penetrate through a substance, they
transfer their energy to electrons and nuclei of the target. The type
of ion-substance interaction depends on the ion energy and on the
mass of the target atoms and impinging ions. The energy lost by
the ions can be transferred to the nucleus [the so-called nuclear
stopping power (Sn)], to the electrons [called electronic stopping
power (Se)], and to the phonons (thermal loss). When the energy
transferred to the atomic nucleus by incident ion exceeds a certain
threshold value (Ed), a recoil atom and a vacancy are formed. The
energetic recoils in turn can produce additional recoils and vacan-
cies, and so on. As a result, each incident ion creates one or more
groups of point defects, consisting of interstitial atoms and vacan-
cies. Such groups of defects are called “displacement cascades.”

In Table II, the calculated parameters that characterize the
interaction of three types of ions—H+, Ga+, and Au+ (“light,”
“intermediate,” and “heavy,” respectively)—with different energies
are presented as examples. Calculations were carried out using the
SRIM code.72

The influence of mass and energy of ions on the type of ion
trajectory and on the defect formation for the same examples is
illustrated in Fig. 5.

Figure 5 clearly shows the drastic differences between the
damage induced by irradiation with ions of different masses and
energy. While the protons with the indicated energies penetrate
through the subsurface layer (∼100 nm thick) practically without
producing recoil cascades and with very small nuclear energy loss
(hence, with a negligible damage), the heavy ion (here it is Au+)
with typical energy E≤ 1MeV produces large cascades near the
surface. With an increase in the energy of heavy ions, the value of
Sn decreases, while Se increases, so the degree of damage in the
∼100 nm subsurface layer decreases. [However, at very high ener-
gies (not shown in Fig. 5) of the so-called “swift ions,” the role of
electron losses becomes dominant in damage.) The behavior of
ions with intermediate masses (e.g., Ga+) is similar to the behavior
of Au+ ions with higher energy, as seen in Fig. 5.

Experimental investigations of damage in β-Ga2O3 under ion
irradiation (excluding the case of swift ions) can be conditionally
divided into three types. The investigations of the first type are
devoted to the study of the damage degree and its distribution over
depth, as well as to the study of the structure recovery caused by
thermal postirradiation annealing. The main research method used
in these works is RBS/C. The second type of investigations concerns
mainly the point radiation defects—vacancies, intrinsic interstitials,
and simple complexes. The main methods for identifying such
defects are luminescence spectroscopy and DLTS (with their vari-
eties). These methods make it possible to determine the energy
levels of point defects and to compare them with the results of the-
oretical modeling. Such studies are possible mainly under the con-
ditions of a sufficiently low degree of damage, which occurs
typically for low doses of irradiation with relatively light ions.

In the studies of the third type, attention mainly is paid to the
behavior of implanted impurities, while the damage is of interest
mainly insofar as it affects the activation of implanted impurities.

TABLE II. Parameters characterizing the interaction of ions with β-Ga2O3 target. “Straggling” means a root-mean-square scatter of ranges. Range and straggling refer to the
semi-infinite target; vacancies of Ga (VGa) and O (VO) and their numbers in the 100 nm subsurface layer are indicated.

Ion type
Energy
(MeV)

Range
(μm)

Straggling
(μm)

Numbers of vacancies in the 100
nm layer subsurface per ion

VGa VO

H 0.01 0.09 0.04 3 3
0.1 0.59 0.09 <1 <1
1 8.74 0.37 <1 <1
10 3.34 × 102 8.06 <1 <1
100 1.89 × 104 3.76 × 102 <1 <1

Ga 0.01 0.01 0.03 × 10−1 8.03 × 101 9.10 × 101

0.1 0.04 0.02 6.89 × 102 7.82 × 102

1 0.39 0.12 6.06 × 102 6.83 × 102

10 2.63 0.33 1.12 × 102 1.22 × 102

100 9.62 0.42 1.64 × 101 1.71 × 101

Au 0.01 0.01 0.02 × 10−1 8.27 × 101 9.38 × 101

0.1 0.02 0.01 7.13 × 102 8.08 × 102

1 0.13 0.04 2.99 × 103 3.36 × 103

10 1.38 0.27 8.57 × 102 9.67 × 102

100 8.44 0.66 1.76 × 102 1.93 × 102
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These studies are considered in the Sec. IV A. The works devoted
to irradiation by swift ions are considered, in brief, at the end of
Sec. IV B.

Let us first examine the studies of the first type. In Ref. 73, the
RBS/C method was used to study the dose dependence of the
damage degree in β-Ga2O3 upon irradiation with P+, Ar+, and Sn+

ions. Single-crystalline bulk β-Ga2O3 (010) was used. Energies
(240–700 keV) were chosen so that the thickness of the implanted
layer was the same for different ions—about 250 nm; the doses D
were varied in the range of 1 × 1011–2 × 1015 cm−2. To minimize
the channeling effect during implantation, the ion beam was 7° off
axis. It was found out that the depth distributions of damage
approximately corresponded to those calculated using the SRIM

code.72 In contrast to the behavior typical of semiconductors such
as Si, Ge, and GaAs, the damage concentration did not reach 100%
(the level of amorphization) with increasing dose, but reached a
saturation value of ∼90% (see Fig. 6).

A similar behavior was previously observed in some other
wide bandgap semiconductors with a high degree of ionicity, such
as ZnO and GaN.74,75 For β-Ga2O3, the degree of ionicity is lower
than that of ZnO and GaN, and the saturation level is higher. In
addition, for ZnO and GaN, the dose dependence of damage was
characterized by the presence of two plateaus (intermediate and
final), while for Ga2O3, the intermediate plateau was less pro-
nounced and not in all cases (e.g., it was absent for Ar+). The
authors interpret the data obtained for the dose dependence of
damage employing the model considered in Ref. 76. The latter is
based on the assumption that upon ion irradiation, two types of
primary defects are simultaneously generated: (a) elementary—
single Frenkel pairs, which at each stage of irradiation partially
recombine with defects generated at the previous stages, and (b)
clusters. If the clusters are not amorphous, the model predicts the
saturation of damage at a level less than 100%. The authors of Ref.
73 concluded that for a correct interpretation of the RBS/C data on

the distribution of damage over depth, it is necessary to take into
account also the bending of the channels due to the strains pro-
duced by defect clusters. It would be interesting to apply for the
interpretation of the experimental results reported in Ref. 73 the
models previously used in studies of damage under ion irradiation
of other wide bandgap semiconductors, e.g., GaN and ZnO.77–81

The RBS/C method was also used in Ref. 59 to study the
damage in β-Ga2O3 with (−201) surface orientation upon ion
implantation of the rare earth element Eu (atomic mass M = 152).
These results are somewhat different compared to Ref. 73. The dif-
ference, as noted in Ref. 73, is maybe due to two factors: a different
surface orientation and a difference in the thickness of implanted
layer. These factors are important when the surface serves as a
drain for mobile defects. The energy of Eu+ ion utilized was
300 keV, the doses (D) were 1 × 1013, 1 × 1014, 1 × 1015, and
4 × 1015 cm−2. The mean projected range Rp of Eu+ was about
50 nm. It was found that, at the minimal dose used, the distribution
of damage practically coincided with the vacancy distribution cal-
culated using the SRIM code,72 but it differs significantly at higher
doses (illustrated in Fig. 7). For D = 1 × 1014 cm−2, the damage
decreases monotonically with depth and, for D = 1 × 1015 cm−2, the
distribution acquires a two-peak shape: the first peak is adjacent to
the surface, and the second one (bulk peak) is located at a depth
exceeding Rp. Moreover, in the area of the first peak, in contrast to
the data,73 the degree of damage reaches the amorphization level.
With a further increase in the dose to 4 × 1015 cm−2, the near-
surface peak expands, then it merges with the bulk one, and the
total layer thickness with the level of damage corresponding to
amorphization reaches a value close to Rp.

These regularities are similar to those observed in the case of
irradiation of GaN with heavy ions:79,80 a two-peak distribution of
damage and an increase in the thickness of the near-surface
amorphized layer with increasing dose were also observed. The
authors of Refs. 79 and 80 attribute the presence of the near-surface

FIG. 5. SRIM simulations of damage induced in β-Ga2O3 by irradiation with H+, Ga+, and Au+ ions at different energies. The ion trajectories are shown as continuous
(red) lines while the Ga and O atoms displaced from their lattice positions (recoils) are shown as dots (green and blue, respectively).
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peak to the diffusion of mobile point defects from the bulk peak to
the surface or to the boundary of the amorphous region (after
amorphization near the surface). This explanation later supported
by Ref. 60 may apparently be valid also for β-Ga2O3. As noted in
Refs. 79 and 80, the presence of two damage maxima in the case of
GaN is typical of heavy ions (the Eu+ used in Ref. 59 also corre-
sponds to the type of heavy ions). Possibly, in the case of GaN and
β-Ga2O3 (−201), the drift of point defects in the field of elastic
stresses plays a role: the latter grows with increasing ion mass.

Interestingly, as seen in Fig. 7, the tendency to saturation of
damage is noticeable at certain depth. Another interesting feature
observed in Ref. 59 is the nonmonotonic dose dependence of
RBS/C yield for high depths (deeper than the implanted layer). The
RBS/C level at these depths is significantly lower at doses at which

amorphization occurs. The authors of Ref. 59 explain this by the
fact that, while extended defects appear at comparatively low doses,
causing dechanneling of He+ ions, such defects are absent upon
amorphization.

The study of annealing effect on the distribution of damage in
β-Ga2O3 implanted by Eu+ ions (4 × 1015 cm−2)59 also revealed a
number of interesting features. RTA was carried out in an argon
flow within the temperature range Tann = 500–1200 °С. After
annealing at 500 °C, there is a slight decrease of damage at all
depths (except for the tail section, where the occurrence of
extended defects is assumed). A more significant recovery of the
crystalline quality occurs at Tann = 700 °C and Tann = 900 °C when
the distribution of damage has a two-peak character. Apparently, at
such temperatures, a fraction of defect complexes decomposes into

FIG. 6. Relative damage level nda vs depth z for β-Ga2O3 implanted at room temperature with (a) 240 keV P, (b) 300 keV Ar, (c) 700 keV Sn, and (d) 330 keV Sn ions. For
clarity, only selected ion fluences are indicated. The thick solid line is the depth distribution of primary displacements as calculated by SRIM given in arbitrary units for com-
parison. Reprinted with permission from Wendler et al., Nucl. Instrum., Methods Phys. Res., Sect. B 379, 85 (2016). Copyright 2016, Elsevier.
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simpler mobile defects, which diffuse to the surface, while other
fraction interacts with the Eu atoms and forms impurity-defect
complexes. It can be noted that, at Tann = 700–1000 °C, the damage
increases with temperature at the depths where the maximum con-
centration of Eu is located. This is consistent with the authors’
assumption that the defects and Eu impurity stabilize each other.
Finally, at Tann = 1100 °C, an almost complete recovery of the crys-
talline quality of β-Ga2O3 takes place, and this is accompanied by a
redistribution of Eu atoms—they move toward the surface.

In Ref. 60, the RBS/C method was used to study the effect of
temperature during the implantation (Timp) on the crystalline
quality of β-Ga2O3 (−201), as well as the impact of postimplanta-
tion annealing after “hot” implantation by Eu+ (E = 300 keV,
D = 1 × 1015 cm−2). It is demonstrated that the crystalline quality
nonmonotonically depends on Timp and Tann. At Timp = 400 °C and
Timp = 600 °C, the quality is significantly higher than that at
Timp = 20 °C, while it decreases with elevation of Timp to 800 °C
and increases again only at Timp = 1000 °C. A similar dependence
was observed for the annealing of samples irradiated at
Timp = 300 °C and Timp = 600 °C in the range of Tann = 700–1000 °C.
In this case, as the Tann increases, the fraction of Eu atoms replacing
the lattice sites decreases. This behavior additionally confirms the
conclusions of Ref. 59, according to which defects and impurities
mutually stabilize each other. Apparently, the interaction between
them may be enhanced by local elastic stresses around impurity
atoms. As in Ref. 73, the RBS/C data presented in Ref. 60 indicate
the existence of extended defects.

The TEM and SEM methods were applied in Ref. 82 to inves-
tigate thermally evaporated Ga2O3 nanowires irradiated with Eu3+

and Gd3+ ions. It is found by SEM that nanowires have a complex
shape and are oriented randomly in projection onto the substrate

plane. The presence of an amorphous phase after irradiation is
proven by TEM. A correlation between the structural changes
(revealed by TEM) and CL is established. The recovery of crystal-
line quality upon annealing was investigated by Raman spectro-
scopy, which demonstrated the recovery started at Tann = 500 °C
and finished at 1100 °C. Study on β-Ga2O3 nanowires irradiated
with Eu+, Gd+, and ions of some transition metals was performed
in Refs. 62, 63, and 83, where similar results were reported.

In Ref. 84, a detailed electron microscopy examination of epi-
taxial β-Ga2O3 layer irradiated by Ge+ ions with doses and energies
of 3 × 1013 cm−2/60 keV, 5 × 1013 cm−2/100 keV, and 7 × 1013 cm−2/
200 keV was performed. It is found out that the damaged layer
undergoes a phase transition from the β-phase to the κ-phase
during irradiation. Postimplantation annealing at 1150 °C for 60 s
in an O2 atmosphere leads to the reverse transformation of κ-phase
into β-phase, except for a thin layer (∼ 17 nm), which keeps the
structure of the k-phase. In addition, a change of oxygen environ-
ment extended deeper than the implanted zone was discovered.
These results show that the conclusions about damage accumula-
tion and amorphization, which are based on RBS/C data, should be
proven by direct structural methods, such as electron microscopy
or XRD. In addition, they show the need for a thorough study of
the starting material and the irradiation conditions influences, as
well as the conditions of postimplantation annealing, on the nature
of damage and structural-phase transformations under ion irradia-
tion using various methods of analysis.

Let us now consider the investigations of the second type,
where the point defects generated by ion irradiation are considered.
In Ref. 85, the samples of β-Ga2O3 were irradiated by О+ ions with
E = 25MeV and D = 1.5 × 1011, 5 × 1011 and 1.5 × 1012 cm−2. The
main information was obtained by PL spectroscopy. It is estab-
lished that the PL spectra of irradiated samples are similar to the
spectra of nonirradiated ones; however, the emission intensity is
significantly higher. With increasing dose, the PL intensity
decreases, apparently due to the accumulation of defects serving as
the centers of nonradiative recombination. Considering the PL
spectroscopy data, as well as the results of ab initio calculations,86

the authors identified the deconvoluted PL peaks with divacancies
(VGa + VO), gallium vacancies (VGa), and interstitial oxygen atoms
(Oi). The PL in this work was excited at a photon energy of 3.8 eV,
which is lower than the bandgap of β-Ga2O3. The peak at 3.8 eV
was found in the PLE spectrum.

In Ref. 87, β-Ga2O3 layers with an initial electron concentra-
tion of 4.8 × 1017 cm−3 grown on an MgO substrate were irradiated
at 35 K by C+ ions with E = 1.5 MeV and various doses up to
1014 cm−2. The resistivity of films increased by more than 8 orders
of magnitude, which was explained by the generation of defects
that introduced deep levels into the bandgap. The quantitative
interpretation of the results was carried out on the basis of charge
neutrality level theory88 (see also Refs. 89–91).

The formation of defects under high-energy irradiation with
light ions was studied in Refs. 92 and 93. Epitaxial β-Ga2O3 (010)
layers with an Si concentration of ∼1016 cm−2 were irradiated with
protons with E = 10 and E = 20MeV at D≈ 1014 cm−2. The samples
were characterized by the C–V method, C–V profiling under illumi-
nation, photocapacitance, DLTS with electrical and optical excita-
tions, as well as by DLOS. It is found that irradiation introduces

FIG. 7. Relative defect concentration as a function of depth for Ga2O3

implanted by Eu+ to different fluences. The profiles of defects and Eu atoms cal-
culated using the SRIM code are also shown (in arbitrary units) as well as the
Eu-profile extracted from the RBS spectra of the sample implanted with
D = 4 × 1015 cm−2. Reprinted with permission from Lorenz et al., Proc. SPIE
8987, 89870M (2014) Copyright 2014, Society of Photo-Optical Instrumentation
Engineers (SPIE).
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several deep levels (traps) located both in the upper half of the
bandgap (Ec− 0.6 eV, Ec− 0.75 eV, Ec − 1.05 eV, Ec− 2.16 eV) and
in its lower half (Ev + 0.2 eV, Ev + 0.4 eV, Ev +1.3 eV). The level
(Ev + 1.3 eV) is attributed to gallium vacancies, while the levels
(Ec− 1.2 eV) and (Ec− 2.3 eV) are close to the charge transfer
levels of two types of oxygen vacancies predicted by the first-
principle calculation in Ref. 17. The authors associate the level
(Ev + 0.2 eV) with the STH state. (After being trapped at the STH
level the hole should become immobile.) According to DFT calcu-
lations,16 the transition of a hole from the valence band to the STH
level and thus their immobilization is an energetically favorable
process. This is one of the main factors making it difficult to obtain
p-type β-Ga2O3.

3 However, the authors of Refs. 42, 92, and 93
come to the conclusion that holes generated by light or by electron
beam may be mobile. The conclusion about the existence of
β-Ga2O3 with mobile holes, i.e., having p-type conductivity, was
also made in Refs. 94, and 95. Note, however, that the conclusion
concerning the excited holes cannot be automatically transferred to
the case of an equilibrium state of β-Ga2O3 doped with acceptor
impurities.

In Ref. 21 single crystals and epitaxial layers of β-Ga2O3 were
irradiated with protons at E = 0.6 and E = 1.9 MeV and
D = 5 × 109–6 × 1013 cm−2. The irradiated samples with Schottky
barrier were studied by DLTS and C–V methods, as well as by mea-
suring the capacity recovery during heating. To interpret the
obtained results, a series of ab initio calculations of the energy
levels of various types of elementary point defects and complexes
were performed. Some of the complexes considered contain hydro-
gen. In addition, the barriers for defect migration and recombina-
tion (trapping) were calculated. It was argued that the identification
of experimental data of electron transitions requires taking into
account all these factors, as well as shift of Fermi level and its
pinning. Therefore, not only statistics but also defect kinetics and
temperature factors are important. The conclusion was made that
the compensation of electronic conductivity under proton irradia-
tion could be explained by the presence of Ga interstitials, gallium
vacancies, and GaO antisites, and that the migration and subse-
quent passivation of VGa with hydrogen might be responsible for
the thermal recovery process.

Electrical and optical methods provide information on the
energy levels, but they do not give the answer on the nature of
defects. More informative for paramagnetic point defects is the
method of EPR, used in Ref. 34. The UID β-Ga2O3 samples with a
carrier concentration of 2 × 1017 cm−3 and semi-insulating β-Ga2O3

samples doped with Fe were irradiated by protons at E = 12MeV
and D = 1016 cm−2. It is concluded that the assumption about the
presence of single gallium vacancies in the irradiated samples is
inconsistent with experimental data and that more probable is the
VGa-Gai-VGa complex predicted in Ref. 15.

A special type of damage is generated during irradiation by
swift heavy ions, when the formation of ion tracks occurs. The
tracks can be considered as cylindrical straight regions around the
ion path when the energy Se deposited by the ion exceeds the value
required for melting of the material. The rapid quenching freezes
the defects resulting in the formation of cylindrical regions with
significantly changed atomic density and structure.96–98 For some
materials, the ion tracks may be amorphous,99 while for others, the

swift ion irradiation induces the recrystallization of an amorphous
matrix100 or forms the crystalline tracks with a different density
and structure compared to the surrounding matrix.

The irradiation of β-Ga2O3 by swift ions was investigated also
in Refs. 101 and 102. In Ref. 101, the case of irradiation by Au+ at
E = 946MeV and D up to 1 × 1013 cm−2 was considered. Using
XRD, the amorphous structure of tracks was established. Their
diameter was estimated to be 8.3 nm using the model of “inelastic
thermal spike” (i-TS).103–105 In Ref. 102, TEM was utilized to study
the tracks formed in β-Ga2O3 (100) under irradiation by swift ions
of 86Kr and 181Ta. The authors confirmed the amorphous structure
of the tracks and found that with an increase in electron losses Se
from 18.3 to 41.8 keV/nm, the average track diameter increased
from 2.2 to 8.8 nm. The data on the track diameters and the thresh-
old value of Se for the track formation were in good agreement
with the i-TS model.

V. Ga2O3-BASED DEVICES

A. Power electronic devices: MOSFET and SBD

The need to improve the efficiency of communication systems
and some types of electrical equipment, such as inductive motor
controllers and power supplies, requires the development of power
electronics components with the parameters unattainable for previ-
ously used semiconductors. As a base material for such devices,
β-Ga2O3 is of particular interest

3,7 due to its large bandgap, which
provides a high breakdown voltage Vbr, the ability to withstand
high temperatures, as well as the possibility to change the conduc-
tivity over a very wide range by doping. When choosing a material
for the power devices fabrication, a very important criterion is the
Baliga figure of merit (BFOM),106 which determines the power
losses during device operation: the higher the BFOM is, the lower
power losses are. The relation BFOM=Vbr

2 /Ron is based on the
assumption that power losses are due to energy dissipation in the
“on-state” resistance Ron. (It should be noted that BFOM can be
used for devices operating at low frequencies or at direct
current.106)

Ion implantation of β-Ga2O3 was investigated for the develop-
ment of two types of power devices—MOSFET and Schottky
barrier diode (SBD). In particular, the implantation of Si+ ions into
β-Ga2O3 layers was used to form ohmic contacts for SBD,46,50,107

contact regions of the source/drain, and the channels of
MOSFET.108–117 By Mg+ or N+ implantation into β-Ga2O3 layers, a
current blocking layer (CBL) in vertical-type MOSFET devices was
created,113–115 as well as high-resistance regions and guard rings
(GR) near the SBD anode.107,118 In Ref. 119, the possibility to
create both low-resistance regions for the formation of ohmic con-
tacts and high-resistance layers near the edges of the SBD anode by
Ar+ implantation was shown. For the formation of MOSFETs on
heterogeneous structures, a method of exfoliation and bonding was
developed, based on irradiation with H+ and Ar+.120,121 Let us con-
sider these works in more detail.

From the analysis of data reported,46,50,107,108,110,112–115 it is
possible to trace the evolution of the purposes for which the ion
implantation was used over the past few years. In the early work of
this group,46 the electrical properties of β-Ga2O3 layers upon
implantation of Si+ ions followed by annealing were investigated,
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and the possibility of creating ohmic contacts by Si+ implantation
into the near-contact regions of devices was for the first time
shown [Fig. 8(a)]. Multiple Si+ ion implantation was performed at
energies E = 10–175 keV. The total implantation dose D varied
from 2 × 1014 to 2 × 1015 cm−2. The activation annealing was
carried out at temperatures of 900–1000 °C in an N2 atmosphere
for 30 min. Ti (50 nm)/Au (300 nm) layers were used as ohmic
contacts. At the concentration of implanted Si of 5 × 1019 cm−3,
the authors achieved the specific contact resistance
ρc = 4.6 × 10−6Ω cm2, which was an order of magnitude lower than
in the case of Sn diffusion122 and lower than in Refs. 124 and 124.
In Refs. 124 and 124, Si+ implantation was provided at E = 30 keV
and D = 1 × 1015 cm−2, activation annealing was carried out at a
temperature of 950 °C, and ohmic contacts were created by the dep-
osition of indium tin oxide or aluminum zinc oxide films with sub-
sequent deposition of a Ti/Au film (the values of ρc were 6.3 × 10−5

and 2.8 × 10−5Ω cm2, respectively).
In subsequent works,108–110,112 ion implantation was used in

the development of a depleted-mode MOSFET (D-mode
MOSFET). At the initial stage, Si+ implantation was used only for
the formation of ohmic n++ contact regions to the source/drain,108

while the channel was created by Sn doping during the growth of
Ga2O3 film. Si+ ions were implanted to a depth of 150 nm. The Si
concentration in the implanted regions was 5 × 1019 cm−3. The acti-
vation annealing was carried out at a temperature of 925 °C in an
N2 atmosphere for 30 min. The ρc value was 8.1 × 10−6Ω cm2.
Since the Si concentration near the surface was lower than in the
region of the distribution maximum (due to the Gaussian profile of
the impurity during ion implantation), a 13-nm-deep recess in the
source and drain regions was made before metallization by reactive

ion etching. The Ti(20 nm)/Au(230 nm) films were used as con-
tacts. In this way, devices were created with the following character-
istics: a gate length Lg = 2 μm; drain current Id = 39 mA/mm at gate
voltage Vg = +4 V; breakdown voltage Vbr = 404 V at Vg = –20 V;
the ratio of currents in open and closed states Idon/Idoff > 10

10. The
MOSFET characteristics remain stable over the operating tempera-
ture range (20–250 °С).

In continuation of this series of works, Si+ implantation was
used not only to improve the ohmic contacts but also to form the
MOSFET channels. For this purpose, a 300-nm-deep n-type region
was created by implantation of Si+ into a β-Ga2O3 film grown by
molecular beam epitaxy on a semi-insulating gallium oxide sub-
strate [exhibited in Fig. 8(b)].109 Implantation conditions during
the channel formation109,110 were E = 10–330 keV and
D = 1.1 × 1013 cm−2. Annealing was carried out under the condi-
tions specified in Ref. 108. The average concentration of charge car-
riers in the channel was 3 × 1017 cm−3. The authors also noticed
the advantage of the channels formation by Si+ implantation as
compared to Sn doping during the epitaxy of a Ga2O3 layer when
the Sn impurity segregation took place.112 The creation of a
channel by Si+ ion implantation made it possible to improve the
characteristics of the MOSFET in comparison with Ref. 108 and to
obtain a MOSFET with the following parameters: Id = 65 mA/mm
at Vg = +6 V; Vbr = 415 V at Vg =−30 V; Idon/Idoff > 1010.

In Refs. 108 and 109, a β-Ga2O3 wafer with a Fe concentration
of ∼1018 cm−3 was used as a semi-insulating substrate. However,
subsequent studies110 showed that in this case there was an
enhanced diffusion of Fe atoms from the semi-insulating substrate
into the implanted semiconductor layer due to defects formed
upon Si+ implantation. This diffusion leads to deterioration in the

FIG. 8. D-mode MOSFET designs with regions created
by Si+ implantation: (a) with n++ near-contact source/drain
regions; (b) the same as (a), but with a channel formed
by Si+ ion implantation; (c) the same as (b), but with an
additional buffer layer; (d) the same as (c), but with an
additional FP electrode.
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MOSFET performance. However, the formation of a buffer UID
β-Ga2O3 layer between a semi-insulating substrate and an Si+

implanted channel [Fig. 8(c)] effectively eliminates the penetration
of Fe into the channel region.110

In Ref. 111, an additional field-plate (FP) electrode
[FP-MOSFET mode, Fig. 8(d)] was introduced into the device
design, which made it possible to achieve the following device
parameters: Vbr = 755 V at Vg =−55 V; Id = 78 mA/mm at
Vg = +4 V. It should be noted111 that there was practically no varia-
tion of the drain current with the stability of characteristics up to
operating temperatures of 300 °C.

So far, D-mode MOSFETs were discussed. However, the
enhanced-mode (E-mode) MOSFETs are widely used in digital and
power electronics. In Ref. 126, Si+ implantation was used for the
development of devices with n++ contact regions of the source/
drain (Fig. 9). The devices were characterized by a low parasitic
resistance between the source and drain (2.2Ωmm) and a small
specific contact resistivity (ρc = 7.5 × 10–6Ω cm2).

Even better characteristics of MOSFETs with n++ source and
drain contact regions formed by Si+ implantation were achieved in
Refs. 116, 117, and 126, where a higher implantation dose
(1.5 × 1015 cm–2) was used. Ion energies during multiple implanta-
tions were 10, 30, 60, and 100 keV. The total implantation depth
was 210 nm, and the average silicon concentration was 1020 cm−3.
For the D-mode FP-MOSFET, the following parameters were
achieved: Vbr = 720 V, when the devices operated in air, and
Vbr = 2360 V, when operated in a mixture of inert gas with fluorine.
In Ref. 127, the values of Vbr = 2900 V and BFOM = 182MW cm−2

were obtained for devices of this type (at the distance between the
gate and drain LGD = 17.8 μm) using a T-shaped gate and Al2O3/
HfO2 layers as a gate dielectric. For the E-mode FP-MOSFET,127

the use of Si+ implantation for the source and drain formation
made it possible to achieve the following values of Vbr, BFOM, and
contact resistance Rc: 3000 V, 94MW cm−2, and 2Ωmm, respec-
tively. Finally, in Ref. 129, Si+ implantation was used to form a
source and drain, a self-aligned gate (SAG), and a thin channel
(22 nm). A record value of the maximum transconductance of
35 mS/mm was obtained. The Rc value was 1.5Ωmm.

The β-Ga2O3 disadvantage is its very low thermal conductiv-
ity, which creates certain problems in the development of power
electronic devices based on this material. To improve the condi-
tions for heat dissipation, it seems that it would be sufficient to
deposit thin films of gallium oxide on materials with a higher
thermal conductivity, e.g., on Si or SiC.120,121 However, due to the
large lattice mismatch, the synthesis of β-Ga2O3 films with high-
quality on such substrates is problematic. In Refs. 119–121, the ion-
cutting (exfoliation) technique was used to eliminate this disadvan-
tage. Bulk β-Ga2O3 was implanted with high-dose H+. After that,
an interface layer was formed on the wafer surface by deposition of
Al2O3 or amorphization of β-Ga2O3 by irradiation with Ar+ ions,
and the resulting structure was bonded with an Si or SiC substrate.
During the subsequent annealing, the implanted hydrogen
migrated and accumulated at a certain depth, creating a high level
of stress. As a result of this stress, the exfoliation of β-Ga2O3 thin
layer occurred. Since the conductivity of Ga2O3 film was deterio-
rated upon H+ implantation, the obtained heterogeneous structure
was doped by Si+ implantation at E = 15 keV and
D = 5 × 1013 cm−2, after which D-mode and E-mode MOSFETs
were fabricated on the gallium oxide film. The source and drain
areas were doped using additional silicon implantation. The
authors noted the high stability of the obtained devices characteris-
tics in comparison with the devices fabricated on β-Ga2O3 sub-
strates. The breakdown voltage Vbr was 570 V at 300 K and
increased to 605 V at 500 K.

Now, let us consider the use of Mg+ and N+ acceptor impuri-
ties implantation for the development of power electronic devices.
In Ref. 50, the effect of Mg+ and N+ implantation as well as the
subsequent activation annealing temperature was investigated in
order to establish which of the conditions were more efficient for
the development of high-voltage SBDs. The conditions for Mg+

implantation into β-Ga2O3 (grown by the EFG method) were the
following: Е = 560 keV and D = 6 × 1014 cm−2. The magnesium con-
centration at a depth of 0.5–0.6 μm was 1.5 × 1019 cm−3.
Subsequent annealing was carried out at temperatures of 600–
1000 °C for 30 min in an N2 atmosphere. N+ implantation was
carried out into UID β-Ga2O3 at E = 480 keV and
D = 4 × 1013 cm−2. The nitrogen concentration at a depth of 0.5–
0.6 μm was 1.5 × 1018 cm−3, and postimplantation annealing was
performed at 800–1200 °С. Due to the insufficiently high concen-
tration of charge carriers in the UID β-Ga2O3 substrate, ohmic con-
tacts were formed using Si+ implantation. It is found that, in
contrast to the layers with N+ implantation, defect clusters are
formed in β-Ga2O3 layers implanted by Mg+. As a result, with an
increase in annealing temperature, the leakage current increases.
For the samples with N+ implantation, the leakage current, on the
contrary, decreases. Therefore, using N+ ions gives better results.

In Refs. 113–115, the results of Ref. 50 are used to design a ver-
tical mode MOSFET (Fig. 10), in which the gate and source are
located on one side of the crystal, and the drain is formed on the
opposite side. It is noted113 that for high-voltage and high-power
devices, vertical mode is highly desirable since it allows superior field
termination and current drives. For such MOSFETs, it becomes nec-
essary to form areas of charge carrier drift by creating a CBL. This
layer was formed by Mg+ and N+ ion implantation into gallium
oxide layers grown by the halid vapour phase epitaxy (HVPE)

FIG. 9. E-mode MOSFET design with n++ ion-implanted source/drain contact
regions.
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method [Fig. 10(a)]. The conditions for Mg+ implantation114 were as
follows: E = 560 keV and D = 8 × 1012 cm–2; the conditions for N+

implantation were the same as in Ref. 50. The magnesium and nitro-
gen concentrations at a depth of 0.5–0.6 μm were 2 × 1017 and
1.5 × 1018 cm−3, respectively. After the activation annealing for
30min in N2 at 1000 °C for Mg+ (Ref. 114) and 1100 °C for N+,115

these impurities served as compensating acceptors, and signifi-
cantly reduced the electron concentration in CBL. Transistor
structures with CBL formed by Mg+ implantation were charac-
terized by a significant leakage current (exceeding 10 A/cm2 at a
voltage of 1 V). The reason for this was explained by the Mg dif-
fusion confirmed by the SIMS. Nitrogen has a significantly
lower diffusion coefficient, which makes it possible to use higher
annealing temperatures required for the efficient activation of
embedded ions.115 Thus, N+ implantation for the CBL forma-
tion is preferred. It should be noted that, according to Refs. 114
and 115, the characteristics of vertical mode MOSFETs were still
inferior compared to lateral mode.

For the development of an E-mode MOSFET of vertical
type,113 in addition to the formation of n+ channel by Si+ implanta-
tion and n++ contact regions and CBL by N+ implantation, an
access region was formed that differed from the contact regions by
a higher concentration of Si+ [Fig. 10(b)]. The characteristics of the
E-mode MOSFET of vertical type in Ref. 113 were also inferior to
the characteristics of the MOSFET of lateral type, but the authors
of Ref. 113 expected that, with improved dielectric quality and opti-
mized doping schemes, their work promises a transformational
impact. However, in Ref. 130, the record values of Vbr = 2633 V and
a BFOM= 280MW cm−2 were demonstrated for the vertical multi-
fin E-mode MOSFET among all types of power Ga2O3 MOSFETs,

in which ion implantation was used to create ohmic contacts to
source. The authors noticed the effect of postdeposition annealing
at 350 °C for 1 min in N2 to achieve a record low specific
on-resistance = 5.2 mΩ cm2 and a high channel mobility of
∼130 cm2/(V s).

Let us now consider the works in which ion implantation was
used to create β-Ga2O3-based power SBDs. In Refs. 107 and 118, it
was found that the use of implantation for the formation of high-
resistance regions or GR at the anode allows reducing the reverse
current and significantly increasing Vbr in the vertical mode SBD
(Fig. 11). In Ref. 107, the GR was formed by N+ ion implantation
to the 0.8 μm depth with a concentration of 1.0 × 1017 cm−3. The
activation annealing was carried out at 1100 °C for 30 min in an N2

atmosphere. The GR formation increased Vbr from 750 to 860 V.
The authors used GR also to create an SBD with a field-plated elec-
trode and found that in this case Vbr increased from 1380 to
1430 V. In Ref. 118, Mg+ implantation with the energy/dose ratios
50 keV/1.4 × 1014 cm−2, 125 keV/2 × 1014 cm−2, and 250 keV/
9.8 × 1014 cm−2 was used to create a high-resistance region in SBD.
The doping region depth was 0.8 μm, and the implanted impurity
concentration was (2–3) × 1019 cm–3. Annealing after implantation
was not carried out, so the increase in resistivity was associated
apparently not with the Mg acceptor properties but with the donor
compensation by radiation defects. The use of high-resistance
region reduced the reverse current and increased Vbr from 500 to
1550 V.

In Ref. 119, as mentioned above, the possibility of using Ar+

ion implantation to form both low-resistance regions under ohmic
contacts and a high-resistance region at the edges of the anode was
shown as well. The implantation conditions used for the ohmic

FIG. 10. Vertical-type MOSFET designs with active
regions created by ion implantation: (a) with n++ contact
source/drain regions and CBL region doped by N+ or
Mg+; (b) the same as (a), but with access area.

FIG. 11. SBD structures based on β-Ga2O3 with regions
formed by N+ or Mg+ implantation: (a) with a high-
resistance region near the anode; (b) with GR
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TABLE III. β-Ga2O3-based MOSFET and SBD characteristics.

Ions
Purpose of
implantation Type of device Substrate

Vbr

(V)
BFOM

(MW cm−2) Ion/Ioff
ρc

(Ω cm2) Reference

Si+ Ohmic contacts Lateral
D-mode
MOSFET

β-Ga2O3 (010) 404 — >1010 8.1 × 10−6 Ref. 108

Si+ Ohmic contacts Lateral
D-mode
MOSFET

β-Ga2O3 (010) 415 — >1010 8 × 10−6 Ref. 109

Si+ Ohmic contacts Lateral
D-mode

FP-MOSFET

UID Ga2O3,
buffer
layer

755 — >109 — Ref. 111

Si+ Ohmic contacts Lateral
E-mode
MOSFET

UID Ga2O3,
buffer layer

— — 9 ×
105

7.5 × 10−6 Ref. 126

Si+ Channel, Ohmic
contacts

Vertical
D-mode

FP-MOSFET

Ga2O3(001) — — — — Ref. 114

Mg+ CBL
Si+ Ohmic contacts,

channel
Lateral
D-mode
MOSFET

UID Ga2O3,
buffer layer

480 for “air
annealing,” 1340 for
“fluorine annealing”

— 105 — Ref. 116

Lateral
D-mode

FP-MOSFET

720 for “air
annealing,” 2360 for
“fluorine annealing”

8.8

Si+ Ohmic contacts Lateral
D-mode

FP-MOSFET

UID Ga2O3,
buffer layer

480 50.4 105 4.6 × 10−3 Ref. 117

Si+ Ohmic contacts Lateral
SAG MOSFET

Ga2O3 (010) — — 108 — Ref. 129

Si+ Channel, Ohmic
contacts,

Vertical D-mode
FP-MOSFET

β-Ga2O3 (001) — — 108 — Ref. 115

N+ CBL
Si+ Ohmic contacts Vertical multifin

E-mode
MOSFET

Ga2O3 (001) 2655 280 109 — Ref. 130

Si+ Ohmic contacts Lateral
D-mode

FP-MOSFET

UID Ga2O3,
buffer layer

2900 for LGD = 17.8
μm;

1400 for LGD = 4.8
μm

182 for LGD =
17.8 μm;

277 for LGD =
4.8 μm

109 — Ref. 127

Si+ Ohmic contacts Lateral
E-mode

FP-MOSFET

UID Ga2O3,
buffer layer

3000 94 108 — Ref. 128

Si+ Ohmic contacts Lateral
D-mode and
E-mode
MOSFETs

β-Ga2O3 on SiC
and Si(001); bulk

Ga2O3

570; 605 — 107 — Refs. 120
and 121H+ Ohmic contacts

Ar+ Exfoliation of
β-Ga2O3 thin

film
Si+ Channel, Ohmic

contacts
Vertical
E-mode
MOSFET

β-Ga2O3 (001) 263 — 2 ×
107

— Ref. 113

N+ CBL
N+ CBL SBD Ga2O3 (001) 860 for GR, 1430

for GR and FP
electrode

150 for GR,
400 for GR
and FP
electrode

— — Ref. 107

Mg+ GR SBD β-Ga2O3 (001) 1550 470 — — Ref. 118
Ar+ Edge

termination
SBD β-Ga2O3 (001) 451 61.5 — — Ref. 119
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contacts formation were the following: Е = 50 keV and
D = 2.5 × 1014 cm−2. Annealing after irradiation was carried out at
Tann = 950 °C for 60min in an N2 atmosphere. To form the high-
resistance region, two irradiation doses of 5 × 1014 and 1 × 1016 cm−2

were used, and annealing was performed at Tann = 400 °С for 60 s in
an N2 atmosphere too. Increasing the dose led to an increase in Vbr

from 252 to 451 V. These devices demonstrated thermal stability of
characteristics in the range from room temperature to 150 °C.
Theoretical calculations aimed to reveal the role of defects formed
upon Ar+ irradiation are presented in Ref. 131.

The characteristics of β-Ga2O3-based MOSFETs and SBDs
processed by ion implantation are summarized in Table III. The
developed devices demonstrate high breakdown voltages, low
leakage currents, low resistance of ohmic contacts, and stability of
parameters in a wide temperature range. It is remarkable that
almost every new publication reports new achievements in terms of
device characteristics improvement. Apparently, the use of ion
implantation has not yet reached the limits of its capabilities in
improving the characteristics of these devices.

B. Solar-blind UV detectors

Photodetectors with selective sensitivity to UV radiation with
λ≤ 280 nm are commonly called “solar-blind,” as they can function
in sunlight conditions.131 They find applications in various fields,
such as detection of laser UV radiation, detection of cruise missile
tracks, investigations of the Earth’s atmosphere (e.g., detection of
ozone holes), astrophysics, space investigations, biology, and medicine.

Solar-blind UV detectors should have high values of photo-
sensitivity Rph, detectivity Dph, high performance, and low dark
current Id. The Rph value is determined from the expression

Rph ¼ (I � Id)/P, (3)

where I is the total current when detector is exposed to radiation
and P is the radiation power. The detectivity Dph characterizes the
ability of device to detect small UV signals and is determined by
the ratio132

Dph ¼ [S/(2qId)]
1/2 � Rph, (4)

where S is the effective area of the photodetector and q is the elec-
tron charge. The performance of detector is characterized by the
time of photoresponse under pulsed radiation.

Recently, a fairly large number of articles have appeared
devoted to the research and development of solar-blind photode-
tectors based on β-Ga2O3.

131,132 Most attention is paid to the detec-
tors of metal/β-Ga2O3/metal (Me/β-Ga2O3/Me) type, where the
metal is used to create an ohmic contact or a Schottky barrier. UV
detectors with ohmic contacts are characterized by high sensitivity,
but at the same time, they have high values of the dark current.131

The Schottky barrier detectors have lower dark currents and better
response times due to the presence of the barrier electric field;
however, they tend to have lower sensitivity than devices with
ohmic contacts. It should be noted that high sensitivity is not
always the main characteristic; for some applications, high perfor-
mance is more important.

So far, only a few works have been devoted to the use of ion
implantation for the creation and modification of the
β-Ga2O3-based UV detectors properties. In Ref. 134, a β-Ga2O3

layer epitaxially grown by the MOCVD method on a sapphire
(0001) substrate was implanted by Si+ with an energy of 30 keV
and a dose of 1 × 1015 cm−2, after which the samples were
annealed at 900 °C for 30–120 s in an Ar atmosphere. The depth
corresponding to the maximum concentration of implanted ions
was 25 nm. Si+ implantation and an increase in the annealing
duration from 30 to 90 s led to a significant decrease in the
surface resistance of the film. Ti/Au films were used as ohmic
contacts. The Rph value of the structures upon exposure to UV
radiation with λ = 254 nm was 1.45 A/W. The samples response
was characterized by significant inertia due to the presence of a
deep level in the β-Ga2O3 bandgap. Unfortunately, the authors
did not compare the characteristics of the obtained detectors with
the characteristics of detectors fabricated without Si+ implanta-
tion. (It is worth noting that a decrease in the contact resistance
due to implantation can lead to an increase in the dark current
and, accordingly, a decrease in Dph.)

133 was continued by the study of characteristics in a wide
temperature (T) range—from room temperature to 350 °C.134 The
near-surface region of the β-Ga2O3 layer was implanted by Si+ and
then the samples were annealed under the conditions described
above. The detectors showed stable performance over the entire
studied temperature range, and at Т = 400 °С, the Ti/Au contacts
degradation occurred. An increase in the rejection ratio
[Iph(λ = 254 nm)/Iph(λ = 365 nm)] from 9 at room temperature to
216 at 350 °C was noted (the rejection ratio parameter characterizes
the degree of the detector suitability for the use as a “solar-blind”
detector). With an increase in T from room temperature to 350 °C,
the difference between the photocurrent at λ = 254 nm and the
dark current increased by about a factor of 7, and the Rph value
increased from 5 to 36 A/W.

In Ref. 136, the sensitivity of Ga2O3 nanowires synthesized
employing plasma immersion ion implantation (PIII) of GaAs with
С2Н2

+ ions to pulsed nitrogen laser emission with a wavelength of
337 nm was studied. The lack of nanowire sensitivity to emission
with i = 488 nm was noted. It is concluded that the method is
promising for UV detectors and for the fabrication of integrated
optical circuits.

VI. SUMMARY AND CONCLUSIONS

More than half a century history of research and development
in the field of semiconductor electronics shows that technologies
relevant to industrial application can hardly do without ion
implantation due to its many advantages. This fully applies to the
case of Ga2O3 as a material for advanced electronic and optoelec-
tronic devices. Hence, it follows that research on ion implantation
of this semiconductor should be given a scale comparable to those
of the well-developed “classical” semiconductors.

Comprehensive considerations of all the aspects in this field
are beyond the scope of the present review. Here, the topics and
aspects that seem to be the most important are considered.

To date, gallium oxide-based MOSFET devices for power elec-
tronics have been developed. Such devices can serve as a basis for
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the development of integrated circuits operating at high tempera-
tures. In order to meet the requirements for high performance and
high degree of integration, a microminiaturization of circuits is nec-
essary—decreasing the sizes of the active and passive regions. From
this point of view, ion implantation is the most appropriate techni-
que. However, as experience in the development of silicon inte-
grated circuits shows, further extensive studies are required to
implement this task. Among them are problems such as super-
shallow doping (by implantation of low-energy ions), studying the
regularities of radiation-stimulated diffusion, and finding innova-
tive ways to suppress it (by co-implantation of two and more impu-
rities, irradiation with molecular and cluster ions, use of impurity
gettering, etc.). Additional research is also required in the field of
“defect engineering”—the regularities of accumulation and anneal-
ing of radiation defects, the interaction of impurities and defects,
the effect of elastic stresses on diffusion, the influence of crystal
surface and its orientation on the distribution of implanted atoms,
etc. These problems are either not yet investigated for Ga2O3 or
their study is in its infancy.

One of the significant drawbacks of Ga2O3, limiting its appli-
cation, is the difficulty of producing p-type conductivity. This is
due to the fundamental features of the energy structure of this
material at the conditions close to thermodynamic equilibrium. A
promising way to solve this problem is to realize nonequilibrium
but relatively stable (metastable) states by means of ion implanta-
tion. Perhaps, such an approach (using ion implantation), as the
introduction of a “third player” into the game (the first two
“players” are the semiconductor matrix and an impurity or a
defect), would also be fruitful. The third “player” can be, for
example, a surface, the role of which increases in the case of using
low-energy ions or new ion-synthesized phases, including nano-
crystals and interfaces. Ion synthesis of ternary compounds with
the aim of modifying the energy structure of a semiconductor is
also a promising area of research.

All these problems require not only extensive experimental
research but also the intensification of theoretical developments.

Although this review refers to the β-phase of Ga2O3, possible
applications of gallium oxide are not limited to this phase.
Therefore, it is of interest to synthesize epitaxial layers of the
α-phase (with a wider bandgap than the β-phase). The problem
with ion implantation of the α-phase would arise in connection
with the lower thermal stability of this phase.

Further research in the area of Ga2O3 ion implantation is very
important from both scientific and practical points of view.
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