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Abdtract. Inthisreview, weconsder themain gallium oxide aress of application in e ectronicsand optoe ectronics
with focus on power electronics devices (rectifiers, field effect transistors), solar-blind photodetectors,
luminescent devices, gas sensors, spintronic and memory devices. Asan introduction, we providethevaluable
data on the basic physical properties of the existing Ga,0, polymorphic modifications. We discuss device
design based on variousgallium oxide crystalline formsincluding those exploring Ga,0, singlecrystals, thick
layers, thin films, nanostructures, and Ga,0,-based heterostructures. Then, theinformation on the parameters
and characteristics of electronic and optoel ectronic devices based on gallium oxide is presented. In addition,
recently emerging and requiring additional research Ga,0, application fields such as photocatalysis and

thermomechanical actuating, are briefly addressed.

1. INTRODUCTION

At the moment, in the practice of optoelectronic de-
vicesdesign, agreat number of problemsare being solved
related to improving their characteristics, weight and
dimensions, creating new energy-efficient light-emitting
and photovoltaic devices such as light emitting diodes
(LEDs), laser diodes (LDs), photodetectors, gas sen-
sors, and memory devices. To create optoel ectronic de-
vicesfor different purposes, avariety of semiconductor
materials with band gaps are traditionally used: from
narrow-gap semiconductors like InSb (0.17 eV), InAs
(0.36 eV), Ge (0.67 eV) with semiconductors with
bandgaps near Si(1.12eV)—InP (1.35eV), GaAs(1.4eV)
to wide band gap SiC (3.2 eV), GaN (3.4 eV) and ultra
wideband gap Ga,0, (4.9eV), diamond (5.47 V), AIN
(6.28€V) [1]. Inrecent years, ultrawide band gap semi-
conductors (a band gap of more than 4 eV) are espe-
cialy in demand, because of their potential advantage
toincrease the operating temperature range, breakdown

voltage and radiation resistance. Also the new opportu-
nity of creating ultraviolet and visible spectral range
light-emitting and photosensitive devices emerged.
Among all ultra wide band gap semiconductors, the
most interesting isgallium oxide, which exigtsin 6 known
polymorphic modifications (a., B, v, 8, €, and ) [2,3].
Each of the gallium oxide polymorphshasits own unique
properties and may be utilized asamaterial for the vari-
ous devices manufacturing. In thisreview, the main at-
tention is paid to the prospects for the application of
gdlium oxideinthefield of optod ectronic devicesmanu-
facturing.

2. BASIC PROPERTIES OF Ga 0O,

Currently 6 gallium oxide phases mentioned above have
been described theoretically and experimentally [4—6].
Themost popular of al ismonoclinic -Ga,0,, because
it is stable under normal conditions and can remain sta-
ble up to a temperature of 1800 °C [7]. The results of
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studying the dielectric constant of -Ga,O, in planes
(100), (010), and (001) are known. The experiment meas-
ured values from 25 to 450 K and obtained values for
room temperature 10.2+0.2,10.87+0.08,and 12.4+ 0.4,
respectively. A comparative table of theoretical and ex-
perimental values of the dielectric constant is presented
inref. [8]. Unique characteristics combination of wide
band gap (4.6-4.9 eV) [9], mobility (170 cm?/V-s) [10],
breakdown field strength (8 MV/cm) [11] makes3-Ga,0,
extremely interesting material in power electronics ap-
plications.

The research results indicate the possibility of ob-
taining other polymorphs from gallium beta-oxide with
increasing pressure and temperature. So, inref. [12] itis
shown that monoclinic a-Ga,0, can be converted to
trigonal -Ga,0O, under cold compression at a pressure
of 19.2 GPa. Moreover, such a phase transitionisirre-
versible, and a-Ga,0, itself is the only stable phase of
gallium oxide in the high-pressure region [13].

By merging the semiconducting and magnetic prop-
erties of a-Ga,0, with metals, a promising spintronic
materials were obtained. Thus, Kaneko et al. investi-
gated the magnetization hysteresis of a-(Ga,_Fe),0,
above room temperature [14]. An additional advantage
of a-Ga,0, isthe crystal structure of corundum, similar
to sapphire, which makesit possibletoimprovethe qual-
ity of the grown epitaxial layers.

Defective cubic spinel-type y-Ga,0O, previously
grown by various methods on sapphire substrates are
also of interest for utilization in spintronics, since they
demonstrate ferromagnetism at room temperatures be-
ing Mn-doped [15].

Hexagonal e-Ga,0, has aband gap of about 4.9 eV
(calculated using adirect band gap fitting formula) [ 16],
which iscomparabl e to the band gap of the well-known
GaN and SiC [17]. Various authors have shown
ferroelectric[18] and pyroelectric properties of the epsi-
lon phase, as well as large spontaneous polarization
[19].

The growing interest in the use of gallium oxide in
semiconductor devices is associated with a number of
itscharacteristic features, which include: large bandgap
(from4.6t0 4.9 eV depending on the phase), high critical
electricfield strength (8 MV/ecm[13], whichiscompara-
ble to the results for amuch more expensive diamond),
theradiation [20], chemical and thermal resistance[9].
Gallium oxide hasbeenidentified asapotential material
for working with high-power el ectric fields, despite the
fact that the operating frequency of the devicesis cur-
rently limited to 1 GHz [21]. It is often mentioned the
existence of not 6, but 4 gallium oxide polymorphs,
combining e-, 8- and k-phase into one group, since the
¢-phase probably imitates the k-phase due to the rotat-

ing grains formed on the sapphire, cubic 8-phase are
traditionally considering as a mixture of the - and e-
phases[22].

Detailed description of various polymorphs charac-
teristics, as well as the technologies for their prepara
tionarepresentedinthereviews[9,21,22].

3. GAS SENSORS

Gallium oxide attracted much attention in extensively
advancing applications in detector systems such as gas
sensors. Previously experimentally reported results of
detecting wide range of gases utilizing gallium oxide
based devices: oxygen, hydrogen, carbon monoxide,
nitrogen dioxide, triethylamine, hydrogen sulfide, sulfur
dioxide, anmonia.

There are references to several fundamental ap-
proaches to the creation of various oxygen detectors
based on Ga,0,. Theannealing of the gallium oxidefilm
[23] transform the grain size and surface quality, which
leadsto achangein the O, detection properties. So, at a
higher temperature and duration of annealing, the re-
sponse time decreases. Bartic et al. in ref. [24] also
showed that the sensitivity of the detector does not
depend on the pad types. Ogitaet al. obtained asimilar
result in ref. [25], where, during magnetic sputtering of
the film, arelationship between the gas pressure during
deposition with the film conductivity and sensitivity to
O, was found, along with the detector’s response time.
Baban et al. examined a sensor resistance change to
different concentration of oxygenin gasmixture (Fig. 1)
[26]. Li et al. inref. [27] examined the ability to detect
oxygen by Ga,0, detectors with Ce, W and Zn impuri-
ties, the presence of which reduced the basic resistance
and the operating temperature of the detector.
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Fig. 1. Resistance change to different concentrations
of oxygen inthe O,/N, mixture with atotal flowing rate
of 11/min, adapted from[26].
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Fig. 2. The schematic of core/shell nanowires structure,
adapted from[32].

Although the largest number of results has been
shown for oxygen detectors, studies of the other gases
sensors characteristics are known. Trinchi et al. in ref.
[28] designed an H, sensitive Pt/ Ga,0, / SiC Schottky
diode. The senditivity of such a detector to small frac-
tions of hydrogen (up to 0.06%) in synthetic air and
pure N, atmospheres with 5% O, was shown. The de-
tector relaxation time was al so observed to decrease by
a factor of 4 with an increase in temperature from210 °C
to 630 °C. The investigation results was reported of a
hydrogen detector with high selectivity at an operating
temperature of 700 °C [29]. This selectivity was achieved
by sputtering athin SiO, film on gallium oxide. In the
presence of such a film, the sensitivity to gases with
reducing properties is strongly suppressed, except for
ethanol and acetone, for which the sensitivity is 10 and
4 times lower, respectively. It is shown that SnO, is a
good material for doping gallium oxidefilms, whichin-
creases its conductivity by two orders of magnitude
and, consequently, the sensitivity of the gas detector.
Increased conductivity allows to reduce the size of the
detector.

The modification of gallium oxide by inclusions of
reduced graphene oxide discussed in ref. [30]. Such
modification leads to a greater sensitivity to H,S, rela-
tiveto NH,, SOZ, 002 and CO — at a concentration of 3
ppm, the sengitivity to H,Sis~ 2 timeshigher compared
to other reduced gases. The created detector is capable
to operate at a temperature of 100 °C. It was also shown
that the presence of H,S gasstrongly changesthe ohmic
resistance of the Ga,0, grain boundaries. In order to
increase devices environmental friendlinessPohleet al.
in ref. [31] demonstrated a power consumption reduc-
tion from 900 mW, corresponding to ceramic anal ogs, to
20 mw for the developed gas detector
microelectromechanical system (MEMYS). Thedetector
has also been modified by applying porous ceramicsto
the sensing element so increase in the CO and hydro-
carbons sensitivity is achieved. Thus, resistivity ratio

RO/Rgas for ethanol concentration of 30 ppm was 20 and
for 100 ppmwas45.

The increase in the CO and hydrocarbons sensitiv-
ity has been achieved due to sensing element modifica-
tion by using porous ceramics.

Inthefuture, it will be possibleto utilize one-dimen-
sional structures in gas detectors, such as nanorods or
nanowires. So, Bui et al. inref. [32] considered the syn-
thesisof GaN / Ga,0, core/ shell nanowireswith differ-
ent thicknesses of theformed oxidefilmfrom 1to 14 nm
(Fig. 2). Wires utilization allows to increase the detec-
tor’s CO sensitivity, response time and spatial resolu-
tion. The main advantage of one-dimensional structures
is a larger surface area to volume ratio. Their size is
commensurate with gas molecul es, which makesit pos-
sible to create nano-detectors. Also, one-dimensional
structures have the best mechanical properties: flexibil-
ity, reliability and resistance to mechanical stress. Liu et
al. in ref. [33] designed a detector of O, and CO on
Ga,0, nanowires operating at temperatures of 100-500
°C. The peak sensitivity of oxygen is observed at a tem-
perature of 300 °C, carbon monoxide - 200 °C. The detec-
tor selectivity wasfound only for CO sensitivity towhich
is4 timeslarger than other gases with reducing proper-
ties. At thesametime Jin et al. inref. [34] investigated
NO, detection by a Ga,0.-ZnO core / shell based sen-
sor. The resulting nanorods showed a sensitivity 355
times higher than for Ga,0, nanorods without ashell at
a temperature of 300 °C and a concentration of 100 ppm.
Mazeina et al. in ref. [35] reported the first capacitive
gas detector based on Ga,0, nanowire. Moreover, the
surface of the nanowireswas modified with pyruvic acid,
the absorption of which reduces the detector’s sensi-
tivity to nitromethane and acetone (by 5 and 10 times,
respectively), but increases the sensitivity to triethyl-
amine by an order of magnitude. Capacity relation
CO/Cgas of modified andinitial nanowireswere 3-10 and
210" respectively. Itisnoteworthy that Ga,O, wires can
be returned to their original state before exposure to
pyruvic acid by washing in water or heating.

Thus, Ga,0, thin films and one-dimensional struc-
tures can be utilized to create sensors for both oxygen
and other gases with high stability. High temperature
stability was achieved in several gas detector imple-
mentations[28,29,33,34] making sensorsbased on Ga,0,
availablefor useinindustrial furnaces or internal com-
bustion engine. A detailed comparison of the gallium
oxide gas sensors characteristics is presented in ref.
[34].

4. LUMINESCENT DEVICES

Inrecent years, the possibility of gallium oxide utilizing
in order to create displays and fluorescent lamps has
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been actively examined. The various dopants utilization
makesit possibleto achieve emissionin adifferent spec-
tral range, and Ga,0, high electric field strength allows
to apply high electric fieldsto Ga,0,-based |uminescent
devices. To date, the results of the gallium oxide with
various dopants luminescence spectra investigations
and the results of the phosphorous characteristics
studying have been obtained, however, the finished
emitting devices have not yet been reported.

Frodason et al. in ref. [37] calculated the gallium
oxideluminescencelinesand optical transition energies
for acceptor dopants: Mg, Be, Ca, Cd, Zn, Li, and N.
Thus, thelinesfor Mg, Ca, Cd and Zn have amaximum
intherange2.15-2.62 eV (green/ blue), when for Beand
Li the peaksareintheregion of lower energies- 1.71 and
1.56 eV (IR / red), respectively. It was also found that
when the acceptor has a bond with one H, the lumines-
cence band is not passivated, but the intensity peak is
shifted.

Excited by X-rays luminescence of 3-Ga,O, and its
temperature dependence was investigated by Tang et
al. inref. [38]. The recombination of free electrons and
self-trapped holes (STHs) was found responsible for
luminescencein the ultraviolet range. Theresults of the
samples transmission spectrum measurements showed
that the electron concentration decreases. This can be
attributed to an increase in the number of gallium va-
cancies upon annealing in an atmosphere with a high
oxygen concentration. The authors also question the n-
type conductivity of gallium oxide: theversion that oxy-
gen vacancies are responsible for this type of conduc-
tivity is not confirmed, since the calculated ionization
energy exceeding 1 eV cannot contribute to the n-type
conductivity.

Yuetal.inref. [39] studied the effect of Ta-Ga,0O,
crystal transmission increment after annealing. The car-
riers concentration and the band gap after annealing in
an air atmosphere decrease, while after annealing in a
nitrogen atmosphere, on the contrary, they increase.
Additionally, after annealing in air, the intensity of the
blue and ultraviolet lines enhanced.

Huynh et al. inref. [40] discussed in detail the effect
of red luminescence in hydrogen doped gallium oxide.
Inclusion of hydrogenin the 3-Ga,0, structure decreases
layer resistancefrom10° Q) /sq to 4-108 Q2 / sg at 300 K.
A high-valencegallium oxidewith abinding energy 533.4
eV if hydrogen doping is present, H-radicals are ab-
sorbed in 3-Ga,0, and form strong bonds with oxygen
atoms. Cathodoluminescence examination of the sam-
pleledtotheredlineat 1.9 eV.

Luchechko et al. in ref. [41] reported the results of
temperature-stimulated luminescence and conductivity
study of B-Ga,O, crystals. During thework, three peaks
were found at low temperatures. 116, 147, and 165 K.

The trap levels depths for these temperatures are, re-
spectively, 0.15, 0.2, and 0.3 eV. Theselevel swere attrib-
uted to the presence of interstitial gallium atoms. At
high temperatures, 3 peaks were also found - 354, 385,
and 430 K with the corresponding energiesof 0.84, 1.0,
1.1 eV, which associated with the activation energy of
OXygen vacancies.

Polyakov et al. inref. [42] studied theelectrical prop-
erties and luminescence in a bulk Fe:B-Ga,O, crystal.
During thework two linesof 1.78 and 1.8 eV wereregis-
tered for the first time, and were attributed to the ‘spin-
flip’ transition in Fe*. The band gap of about 850 nm
(1.46 eV) istoo large to an intracenter transition so its
nature is not yet completely clear: either strong relaxa-
tion of the lattice or donor-acceptor recombination are
probable.

Latter Polyakov et al. in ref. [43] aso investigated
analogous properties in the Mg:3-Ga,0, Czochralski-
grown crystal. The activation energy for the hole trap
associated with Mgwas determined - 1.05 €V. Themulti-
cathodoluminescence spectrum showed the presence
of'energies of3.1,2.81 and 2.56 eV.

The luminescence of glasses and glass ceramics
MgO-Ga,0,-SiO, doped with Mn* / Eu*" / Er** was ex-
amined in ref. [44]. Peaks corresponding to the excita-
tion of the dopant atoms were found during the lumi-
nescence study of the samples obtained by the sol-gel
method. A two-photon process was also detected for
samples with Er®. Energy transfer from europiumions
to manganese is observed for the sample which con-
tains these two ions. With an increase in the concentra-
tion of the Eu®, this effect is enhanced. Ueda et al. in
ref. [45] examined orange luminescence and
photodarkening, which depend on paramagnetic effects
in undoped CaO Ga,0,-GeO, glass. The orange lumi-
nescence was associated with recombination between
two defects in the glass: a nonbridging oxygen hole
center and an unpaired el ectron at Geion bonding three
oxygen. When a sample isirradiated with 290 nm at a
temperature of 200K, ashallow trap isefficiently gener-
ated. For 400 K, the wavelength for the shallow trap
generation was 260 nm.

Jiang et al. inref. [46] investigated one-dimensional
structures of Ga,0O, doped with Li. The spectrum shift
towards short wavelengths for obtained sample was
found. Also, a highly intense red luminescence line
centered at 692 nm is present for this sample (Fig. 3).
Jangetal.inref. [47] synthesized and studied Zn-doped
Ga,0, nanostructures. The photoluminescence spec-
trum of the doped sample is shifted to longer wave-
lengths (Fig. 4). Doping with zinc to a certain level in-
creases the luminescence intensity; however, when the
threshold value is reached, the intensity declines
strongly, which is associated with a decrease in the
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Fig. 3. The PL spectrum of the Li-doped and “‘undoped”
Ga,0, 1D nanostructures at room temperature, adapted
from[46].
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Fig. 4. Deconvoluted PL spectrum of the Zn-doped
Ga,0, nanostructure using Gaussian function, adapted
from[47].

structure crystallinity and rise in the number of oxygen
vacancies.

Thus, alarge number of results reported for Ga,0,
multicolor emissioninvisibleand IR range with differ-
ent dopants. IR, red and yellow emission obtained for
Be, Li, Cr, Co, Sm, Tm, Ce, Snactivated Ga,0,, greenand
blue — Mn, Tb, Er, Ho, Dy.

5. SCHOTTKY BARRIER DIODES

Schottky barrier diodes (SBD) attracted much attention
as rectifying and switching devices due to fast reverse
recovery and low forward voltage drop. Uniquegallium
oxide wide bandgap and high breakdown voltage pro-
vides SBD manufacturing to meet the modern high
power electronics needs. Thus, the breakdown field of
Ga,0, 8 MV/cm exceeds these values of 4H-SiC and
GaN-2.5 and 3.3 MV/cm consequently. However, dia-
mond surpasses Ga,0, - 10 MV/cm, but today maximum

Ni/Au
SiN

Si-doped Ga,0,
Sn-doped Ga,0,

Ti/Au

Fig. 5. Schematic vertical Ni/Au Schottky rectifier struc-
turewith edge-termination, adapted from [48].

diamond substrate size is about 20 mm when Ga,0, 4-
inch substrates are already available. Devel oping areas
in SBD manufacturing are temperature stability increas-
ing, modernizing devices characteristics on
nanostructures and nanomembranes, investigating the
Schottky barriers parameterswith various contacts. Sche-
matic vertical Ni/Au Schottky rectifier structure [48] is
presented in Fig. 5.

Hou et al. in ref. [49] fabricated aIrO, / B-Ga,0,
Schottky contact, which demonstrates high tempera-
ture stability from 24 to 350 °C, while maintaining a low
leakage current value - 5-10° at 350 °C and -3V and a
high rectification factor of about 10%°. Schottky barrier
height and the ideality factor was 2.05 eV and 1.05, re-
spectively. The thickness of the iridium oxide film ob-
tained by magnetron sputtering was 35 nm. It was noted
that during the first heating, the Schottky barrier height
increases, and the ideality factor shows opposite dy-
namic. After cooling these characteristics remain at the
same level as at 350 °C. This was explained by an in-
creased work function during the oxidation of iridium
oxide, and also, probably, animprovement in the ohmic
contact of thediode. Swinnichetal. inref. [50] reported
flexible Schottky diodes on aplastic substrate (polymide)
using B-Ga,0, nanomembranes. The obtained
nanomembranes have a similar band gap, but different
energy of electron affinity and Raman characteristicsin
comparison with bulk -Ga,0, crystal. Diodes obtained
by micro transfer printing technique demonstrate arecord
breakdown voltage of 1.2 MV/cmwithout elastic stress
and 1.07 MV/cmin bending. A Schottky diodeonaSO,
substrate has a breakdown voltage higher than polymide
substratediode: -136 V and -119V, respectively. Electri-
cal characteristics deterioration can be attributed to
cracksin the crystal structure, which appeared asare-
sult of bending. Original characteristics restoration is
possible with low-temperature annealing. Sasaki et al.
in ref. [51] pioneered the fluted metal -oxide-semicon-
ductor (MOS) Schottky diode (Fig. 6). A Si-doped Ga,0,
layer on a Sn-doped B-Ga,0, substrate was grown by
chloride — hydride gas-phase epitaxy with an HfO, di-
eectric film. The breakdown voltage for the resulting
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Cu/Au/Ni HfO,
I \
Ga,0,
Ga,0; substrate
Ti/Au

Fig. 6. First demonstration of trench MOS-type Schottky
diode, adapted from [51].

structure was 240 V. The ideality factor and the Schottky
barrier height were 1.1 and 1.07 eV, respectively. The
resulting device has a reverse-biased leakage current
several orders of magnitude less than that of a conven-

tional diode without trenches. Harada et al. in ref. [52]

implemented a Schottky diode on the PdCoO,/3-Ga,0,
contact, withabarrier heightof 1.8eV. Thel /I . ratiois
over 10°even at 350 °C. APdCoO, layer 20 nmthick was
obtained by pulsed laser deposition. The created diode
isideal for usein harsh environmentsdueto its stability
at high temperatures (up to 800 °C), resistance to chemi-
cals(acids/bases, pH from 0 to 14) and mechanicd stress.

Huang et al. in ref. [53] developed a Schottky diode
with trencheswith pre-optimized corner radii. The Ssmu-
lation results show that the breakdown voltage up to a
certain moment increases with an increasein the trench
corner radiusand itslength. Variousdielectric materials
influence was aso investigated: Al,O,, HfO,, and SIO,,.
When using thefirst two, the breakdown voltageis 3.49
kV which surpasses most of the known results, when
SiO, reduces this value by more than 2 times. Miiller et
al. inref. [54] obtained high quality Schottky diodeson
SiO, glass substrates. For growth temperatures below
510 °C, the obtained B-Ga,O, films are amorphous and
do not conduct el ectric current. For temperatures above
510 °C, the films become polycrystalline and conduc-
tive. The gallium oxide buffer layer obtained at 20! and
annealed at 1100 °C showed the highest conductivity of
890 S/m. Additional heat treatment increases the grain
size of the polycrystal, leading to higher conductivity,
but also to a greater surface roughness. Thus, the con-
trol of the buffer layer electrical characteristicsprovides
additional opportunities when manufacturing devices
based on 3-Ga,0,.

Farzanaet al. in ref. [55] considered 4 metals as a
Schottky contact with 3-Ga,O,: Pd, Ni, Pt and Au. All
Schottky contacts, 8 nm thick, were deposited by elec-
tron beam sputtering on commercial gallium oxide
substrates. Asaresult of measuring the diodes |-V char-
acterigtics, the ideality factor was determined, which is

10° 3
03 NiAu
10" 3 — W/Au
10° 4
107 4
102
107 4
104

Current density (A/cm?)

10 +
10° o

107+

108

-10 -8 -6 -4 -2 0 2
Voltage (V)
Fig. 7. Current density-voltage characteristics of 200
um diameter Ga,0, based rectifiers fabricated with
Ni/Au and W/Au as Schottky metal contact, adapted
from[57].

Au/W

§Ga,0,

Ti/Au

Fig. 8. Cross-section of the vertical Schottky rectifier
with W contacts, adapted from [58].

intherange from 1.03 to 1.09. Schottky barrier heights
werel1.27V,1.54V,1.58V and 1.71V for used metals,
respectively. For Pd, Ni, Pt, excellent diode properties
are observed, as described by the thermionic theory.
Imperfect Schottky contact was obtained for gold due
to uneven film thickness. Jiang et al. in ref. [56] also
examined various metals for Schottky contact. The W,
Mo, Au, and Ni were deposited onto an n-type 3-Ga,0,
substrate grown by the Czochral ski method. For the di-
odes under study, the | V characteristics were meas-
ured, according to which the barrier height and ideality
coefficient were determined, which amountedto 1.38 eV,
1.21eV,1.02€eV,1.00eV and 1.31, 1.05, 1.23, 1.05for Au,
Ni, W, Mo, respectively. Xianet al. inref. [57] discussed
in detail the effect of annealing W/B-Ga,O, Schottky
diodes (Fig. 7), which turned out to be stable at tem-
peratures up to 500 °C. However, for high temperatures
(550-600°), the leakage current increased by 2 orders of
magnitude. The resulting Schottky W/Au contact
showed excellent switching characteristics at a 300 V
bias: the current flowing through the diode was 1.2 A,
the recovery time — 100 ns. Received device | /I  greater
than 10° at -100 V bias current. The tungsten and nickel
Schottky contactswith 3-Ga,0, were compared by Fares
et al. inref. [58]. Simple vertical geometry of Schottky
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Fig. 9. Temperature dependence of R and rectifica-
tionratio of theAwNi/B-Ga,O, Schottky diode, adapted
from[59].

diodeisimplemented in theresearch (Fig. 8). Gaatoms
were found to migrate across the contact, dightly de-
creasing the Schottky barrier height after each heating.
The Schottky barrier height for W was0.97 eV and 0.39
eV at temperatures of 25 and 500 °C, respectively. Tung-
sten contact turned out to be more stable than nickel at
a temperature 500 °C. In the article a comparative table
for devices with Ni and W contactsis also provided.
Nickel is the most common contact used to create
Schottky contact with gallium oxide, various growth
techniques with different substrates and substrate
crystallographic planes were discussed in detail. The
influence of alfa-radiation and crystal structure defects
were also investigated. Thus, Reddy et al. in ref. [59]
implemented an Aw/Ni/B-Ga,0, Schottky diode (Fig. 9),
which showed a strong temperature dependence of the
Schottky barrier height and ideality coefficient. Experi-
mental measurements have shown the existence of a
double Gaussian distribution of the Schottky barrier
heightswith atransition at 225 K. The Schottky contact
was deposited by electron beam evaporation (EBE) - 30
nm Ni and 250 nmAu. | deality coefficient, barrier height
and rectification coefficient when changing temperature
from 100K to 400K variedfrom2.76t0 1.05; from 0.4 to
1.13 eV; from3.36-10%to 1.35-10". Jianetal. inref. [60]
showed trench Schottky diodes (Ni/B-Ga,0,) obtained
by chloride-hydride gas phase epitaxy, which showed
anl_/I . ratioof 10° at 650K, and 10"at room tempera-
ture. Also, when cooled to room temperature, the -V
characteristic is restored when a similar diode without
trenches remains damaged. For a sample with trenches,
the breakdown voltage was 1084 V. The high tempera-
ture stability of the obtained sampleis attributed to the
fact that when current flows through the trenches, the
degradation of the structure decreases. Li et al. in ref.
[61] implemented Ni/B-Ga,0, Schottky diodeswith re-
verse-biased leakage currents, with the effect of

tunneling through the Schottky barrier dominating over
the entire breakdown voltagesrangefrom 0.8 MV/cmto
3.4 MV/cm. The experimental curves almost perfectly
coincide with the cal culated dependences according to
the thermionic emission model, the value of theideality
coefficient was 1.022. It is also argued that Ga,0, p-n
homojunctions are not necessary, since high-quality p-
n heterojunctions with a high built-in potential are ex-
cellent for manufacturing power elements. Kasuetal. in
ref. [62] investigated the relationship between the de-
fectsof aNi/Awp-Ga,0, (010) crystal and the Schottky
barrier |eakage current. Comparing the leakage current,
dislocation density and void etch pit density, it was
discovered that not all types of vacancies contribute to
the leakage current. The diode leakage current isfound
to berelated with the dislocations: dislocations parallel
to [010] act as the directions of the leakage currentsin
the Schottky diode. Research results also indicate that
unintentional Si doping has no effect on the leakage
current.

The analogous reseach was held by Kasu et al. in
ref. [63] who studied a Ni/Au Schottky diode based on
(201) B-Ga,0,. No clear relationship wasfound between
thelinear [010] defect, an arrow-shaped defect pointing
in the [102] direction, a pumpkin-shaped defect also
pointing in the [102] direction and the diode leakage
current. The lack of a clear relationship was explained
by the fact that threading dislocations are mainly lo-
cated along [010] and do not pass through the (20 1)
plane. Despite the dislocation density of Schottky di-
odes on the (201) planeis higher than that of diodes on
the (010) plane, the leakage current of diodes (201) is
till less. Oshima et al. in ref. [64] examined a Ni/Au
Schottky diode on (001) B-Ga,0,: leakage current,
ideality factor, and barrier height were considered. The
detected linear defects do not change these character-
istics, since they rarely go out to the (001) plane, being
located along adirection parallel toit [010].Vertical and
horizontal Ni/Au Schottky diodes on 3-Ga,O, were stud-
ied by Khan et al. in ref. [65].The horizontal structure
can handle higher voltages than the vertical structure,
but has a higher series resistance due to the diode ge-
ometry. The measured Schottky barrier height was 1.25
eV. The calculated breakdown field was 2-10° V/cm,
whichisan order of magnitude lessthan that of existing
similar devices. Thisdiscrepancy in the valueswas ex-
plained by thelow quality of the 3-Ga,O, film. Lingaparthi
et al. in ref. [66] examined a Ni/Au vertical Schottky
diode on B-Ga,0,, obtained by chloride-hydride gas-
phase epitaxy, in which the leakage current at reverse
bias was anomalously high. This effect was explained
by introducing a thin surface barrier model, due to the
high density of oxygen vacancies. Annealing in an
N,/O, atmosphere (80:20) lowered the |leakage current
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density by 10? and increased the Schottky barrier height
from1.192eV to1.452¢€V.

The mechanisms of the influence of injected elec-
trons and temperature on the hole mobility in Ni/Au
B-Ga,0, Schottky diodes, which were exposed to apha
irradiation, were investigated by Modak et al. in ref.
[67]. The electron activation energy for an irradiated
sample was 49 meV, while for a sample not exposed to
alpha particles it was 74 meV. Upon o-irradiation the
recombination centers are formed near the conduction
band which decreases activation energy of the sample.
It was assumed that oxygen vacancies function asthese
centers. Konishi et al. inref. [68] manufactured aPt/Ti/
Au vertical Schottky diode based on gallium oxide, the
breakdown voltage of which exceeds 1 kV. Theideality
factor of the device obtained by chloride-hydride gas-
phase epitaxy was 1.03 at 20-200 °C. The obtained
Schottky barrier height exceeds the theoretical value,
which is probably due to the presence of fluorine in
Ga 0, Luetal.inref. [69] investigated PUTi/Au Schottky
diodes with increased breakdown voltage and high
switching speed. The device with an aperture obtained
by ion implantation showed a decrease in the leakage
current by 10° and anincreasein the breakdown voltage
by afactor of 1.5. Reverse recovery time was 14.1 ns,
which is better than a silicon pulse diode (FRD).

The effect of the nitrogen atoms concentration on
the B-Ga,O, thin films electrical and structural charac-
teristicswas studied by Luan et al. inref. [70]. With an
increase in the nitrogen concentration, the crystal struc-
ture degrades, and the formation of a polycrystalline
structure is possible. After annealing in an argon at-
mosphere, the crystal quality is partially restored. The
carrier concentration was measured for Ti/Au Schottky
diodeswhich were obtained on the basis of Ga,0,: N/n-
Ga,0,. Upon nitrogen implantation, the carrier concen-
tration smoothly decreases by 1-2 orders of magnitude.
Luet al. in ref. [71] reported the possibility of X-ray
detection by avertical Pt/Au Schottky diode based ona
bulk B-Ga,0,. The obtained detector photosensitivity
was 1.8 uC/Gy at abiasvoltage of -25.8 V, the response
time — 10 s. It was found that the presence of oxygen
vacancies in the -Ga,0, crystal degrades the detector
sengitivity and response rate. Zhou et al. in ref. [72]
reported about the leakage current in the Pt/B-Ga,0,
Schottky contact at temperaturesfrom 300to 425 K. The
mai n mechanism of theleakage current was determined
by the emission of electrons through charge traps lo-
cated at the metal-semiconductor interface, which is
described by the Poole — Frenkel theory. The energy of
these charge traps is defined as 0.7 eV below the con-
duction band. Raad et al. in ref. [73] showed a high
temperature inertia in a Schottky diode. Such results
were achieved by thermoreflectance-based tomography

of the temperature distribution in vertical Schottky di-
ode on B-Ga,0, Pulse activated temperature distribu-
tion lags behind the shape of the activation pulse which
is associated with the low gallium oxide thermal con-
ductivity. Odaet al. in ref. [74] examined Schottky di-
odes Pt/a-Ga,0,. Gallium oxide layers were grown on
sapphire substrates by gas-phase deposition, after which
they were lifted off from the substrate. The resulting
Schottky diodes showed series resistance and break-
downvoltageof 0.1 mQ-cm?and 531 V for thefirst sam-
ple and 0.4 mQ-cm? and 855 V for the second one, re-
spectively.

Yang et al. inref. [75] created Schottky diodeson a
bulk galliumoxide crystal doped with Sn. Therectifying
contact material was Ni/Au, the contact diameter varied
from 20 umto 0.53 mm. For these diameters, breakdown
voltagesand seriesresistance of 1600V and 25 mQ-cm?,
250V and 1.6 mQ-cm*wereobtained. | /I . ratiofor the
resulting diodes ranged from 3-107to 2.5-108 at abias of
13V.

Schottky diodes based on Ga,0, have already been
described in detail. To achieve Schottky barrier oxides
(SO, HfO,, Ir0,AlLO, and PACoO,) or metals(Pd, Ni, P,
Au, W, Mo and Ti) are used. Current state of Ga,0,
Schottky diodes technology allows to fabricate sam-
ples with ideality coefficient value near 1. Structure
modifications of such diodes are also objects of inter-
est: ion implanted aperture or trench structure increase
breakdown voltage of element. At roomtemperature cre-
ated devices show rectificationratio up to 10'° and break-
down voltage over 1 kV. Comparative tables of metal/
B-Ga,0, and metal oxide/3-Ga,O, compoundsweregiven
in supplementary materials of ref. [52]. The record
achieved ideality factorsarelisted further: Au/Ni with n
equal 1.00and barrier height 1.2 eV, Pt with 1.03and 1.53

eV, Pdwith 1.05 and 1.29, Ni with 1.02 and 1.21 eV, AWW
with 1.04 and 0.97 eV. As for metal oxides, AuO, turns
out to be the contact with the least ideality factor — 1.02
and barrier of 1.69 eV. Next oxidesare RuO, with 1.05and
1.59eV, PtO andIrO, withfactor of 1.08 alongwith 1.06
eV and 1.78 eV consequently.

6. SOLAR-BLIND PHOTODETECTORS

Ga,0, hasattracted much attention recently, and its char-
acteristics of solar-blind UV detection have been dem-
onstrated in various device structures, including metal-
semiconductor-metal (MSM) structure, Schottky junc-
tion, and heterojunction structure. M SM photodetectors
are renowned for its fast response speed due low ca-
pacitance per unit areaand low built-in electric field in
the Schottky junction, as well as design simplicity and
easy preparation. To effectively utilize solar-blind
photodetectors in secure communication and space
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Fig. 10. ThinfilmMSM structure photodetector, adapted from[79].

detection fast response times and self-powered ability
arestrongly required. Thevertical Schottky photodiode
should satisfy thisrequirement. Although great progress
has been made in Ga,0O, photodetectors, the
responsivity remains relatively low [76]. On the other
hand, Schottky photodiodes have many advantages
over MSM photodetectors, such as higher response
speed and possible zero bias operation due to the built-
in electric field, high quantum efficiency, low dark cur-
rent, and high UV/dark current ratio because of the ex-
istence of Schottky barrier [77].

The first solar-blind photodetector based on Ga,0,
epitaxia layersobtained by metal organic chemical vapor
deposition (MOCVD) was reported by Paves et al. in
ref. [78]. Therise and decay timeswere 2 s. Theimple-
mented detector demonstrated a 3 orders of magnitude
difference between illumination above/ below the band
gap. UsngMBE Guoetaal. inref. [79] grew B-Ga,O, on
sapphire substrates at various oxygen pressures and
ambient temperatures. Structure of implemented solar-
blind detector isshown in Fig. 10. The best sample was
obtained at 5-10" Paand 750°C. Based on this sample, a
MSM photodetector was obtained that showed strong
absorption at wavelengths less than 250 nm. The rise
and decay times of the pulse were 0.86 and 16.61 s, re-
spectively. Zhang et al. in ref. [80] fabricated an amor-
phous gallium oxide solar-blind MSM photodetector
whose characteristics were tuned by the oxygen va-
cancy concentration. The resulting dark current, re-
sponsetime, photosensitivity and high UV-C/UV-A sup-
pression ratios were 1 pA, 243.9 s, 55.5 A/W, and 107,
respectively. Varying the oxygen flow during the film
deposition makes it possible to change the amorphous
gallium oxide conductivity, which subsequently leads
to a change in the type of contact.

Chen et al. in ref. [81] showed a Schottky photo-
detector implemented on an Au/B-Ga,0O, nanowires ar-
ray. At-30V biasthedevice displaysalow dark current
of 10 pA. The estimated ideality factor and seriesresist-
ance were 30 and 10® Ohm, whichisexplained by dam-

age to the structure or by the non-conductive layer at
the interface between the gold contact and gallium ox-
ide. At 0V biasthe photodiode has a sensitivity of about
0.01 mA/W and arejectionratio of 258 nm/280 nmis11,
while at 258 nm/400 nmit is 38. Photosensitivity inthe
non-solar-blind range and the poor quality of epitaxial
structures due to the mismatch of the lattice parameter
areproblemsthat areinherent in existing photodetectors
based on heterojunctionswith gallium oxide. Guoinref.
[82] proposed to solve these problems when manufac-
turing a photodetector based on the phase transition of
a- and B-Ga,0,. Investigation of the resulting nanorods
array with a phase transition showed that
photogenerated carriers can be effectively separated.
Suzuki et al. in ref. [83] increased the Schottky
photodiode sensitivity by 10? for wavelengths that are
lessthan 260 nm by annealing at 400 K. The maximum
photosensitivity was 10° A/W. The suppression coeffi-
cient of 240 nm/350 nmisequa to 10°. Theideality coef-
ficient after annealing approached one. Nakagomi et al.
inref. [84] demonstrated a Schottky photodiode based
onaGa,0,/SiC heterojunction by vaporizing galliumin
an oxygen plasma. Therise and decay timesof the pulse
are1.2 usand 1.5 s, respectively. The suppression ra-
tio of 240 NmY350 Nmis130. Kongetal. inref. [85] showed
a Schottky photodiode based on graphene/gallium ox-
ide heterostructure. Therise and decay timeswere 94.83
sand 219.19 s. The photosensitivity was 39.3 A/W, and
the external quantum efficiency was 1.96-10%
Photodetector based on another heterostructure —
a-Ga,0,/ZnO was fabricated by Chen et al. inref. [86].
An intermediate layer formation at the heterojunction
was hoted - diffused Ga and Zn atoms lead to bending
of the energy bands boundaries, which affects the
Schottky dioderectifying properties. Thel-V character-
istic was also simulated, which repeat the curves ob-
tained by measuring. Also a solar-blind photodetector
based on graphene/B-Ga,0, heterostructure was dem-
onstrated by Chenetal. inref. [87]. Theresulting radia-
tion detector at zero bias voltage has a photosensitivity
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of 10.3mA/W (wavelength 254 nm), aUV /visibleregjec-
tion ratio of 2.28- 102 with rise and decay times of 30 ns
and 2.24 us, respectively. Such alow responsetime was
explained by the high velocity of charge carriers in
graphene and gallium oxide and alow number of defects
at the graphene/B-Ga, O, interface. Theeffect of the oxy-
gen vacancies concentration on the B-Ga,0,/SiC
heterostructure detector photosensitivity was discussed
in detail by An et al. in ref. [88]. Presence of oxygen
vacancies impairs the rectifying properties as well as
the photosensitivity of the device. For the sample with
the lowest oxygen vacancy content, a sensitivity of
6308% [(I|ighl N ird 11 (Wavelength 254 nm) and a
rectification factor of 1900 [forward/reverse currents)
wereobtained. Alemaet al. inref. [89] designed asolar-
blind photodetector based on 3-Ga,0, with MOS-hy-
dride epitaxy, which demonstrates arectification factor
of 108 at 2 V bias. The diode ideality factor and break-
downvoltageare 1.23 and 110 V. Suppression factor 10%
Photosensitivity 0.16 A/W at 222 nmwith abiasvoltage
of 0V, giving an external quantum efficiency of 87.5 %.
Oshimaet al. inref. [90] showed avertical photodetector
grown on a gallium oxide substrate with rectification
coefficientsgreater than 10° at abiasvoltageof 3V.Ata
wavelength of 254 nm, its photosensitivity was 3.1 A/
W. Cui et al. in ref. [91] explored a solar-blind
photodetector based on amorphous gallium oxide grown
on quartz and polyethylene naphthal ate substrates. The
detectors were obtained at various oxygen pressures,
and the optimal value was determined at which a de-
crease in the oxygen vacancies number and an increase
in the Schottky barrier height were observed. The de-
tectors showed apul se decay time of 19.1 usand apho-
tosensitivity of 0.19 A/W. At the same time, deviceson
aflexiblesubstrate do not show degradation under elastic
stresses.

Large values of photosensitivity and EQE can be
achieved by creating solar-blind detectors on 2D nano-
structures. Thus, Tian et al. inref. [92] showed asolar-
blind detector based on Ga,O, nanobands doped with
indium. Theresulting photodetector demonstrated ahigh
photosensitivity of 5.47-102 A/W, aquantum efficiency
of 2.72-10°%, and a shorter rise/decay time of 1/0.6 s
compared with a similar non-doped device based on
Ga,0, nanobands, and also with other doped
photodetectors. Oh et al. in ref. [93] implemented a
photodetector on a gallium oxide film obtained by me-
chanical exfoliation. The Schottky diode implemented
on B-Ga,0, showed a low dark current - 2.8-10"* and
high sensitivity inthe UV Crange - 1.68 A/W. The sup-
pression coefficient of 254 nm/365 nm was 1.92-10% The
time response was 1.76 s for on and 0.53 sfor off. An-
other solar-blind photodetector was obtained using the
same technology Kim et al. in ref. [94], which demon-

strates a sensitivity of 1.8-10° and an external quantum
efficiency of 8.8-10° at abiasvoltage of -30 V. Zhong et
al. in ref. [95] showed the implementation of a solar-
blind photodetector with an average Ga,0O, plate thick-
ness of 63 nm. The resulting device demonstrates high
photosensitivity - 19.31 A/W and external quantum effi-
ciency - 9427%, which surpasssimilar characteristics of
detectors implemented on other nanostructures
(nanowires and nanoribbons). Rise and decay times are
about 20 ms. By magnetron sputtering a thin-film
photodetector based on magnesium-doped Ga,0, was
obtained by Qian et al inref. [96]. The obtained sample
sensitivity is 8.7-10°%, the photosensitivity is23.8 mA/
W, the pulse decay time was 0.02 s. The authors re-
ported that the dark current of the device (4.1 pA) is
three orders of magnitude lower than that of the same
samples of gallium oxide without doping. Also, a 1D
nano-structureswas utilized to avalanche photodetector
fabrication by Zhao et al. inref. [97] who reported about
anZn0O/Ga, 0, core/shell microwiresdevice. The photo-
sensitivity at -10 V bias was 5.18- 102 A/W, and therise
and decay times were 20 pus and 42 us, respectively.
Another avalanche PD was received using MOCVD by
Ahnet al. inref. [98] The thermal dependences of its
characteristics was examined: when changing from 25
to 350 °C, the photocurrent (wavelength 254 nm) varied
from2.5-107 Ato 2.2-108A, photosensitivity - from5to
36 A/W and external quantum efficiency from 2.5-10%to
1.75-10%%. Such high values are explained by the effect
of charge carriers multiplication. Tak et al. in ref. [99]
investigated the effect of gammaradiation on 3-Ga,0,
solar-blind photodetector obtained with PLD. The dark
current decreased from 3.27-107 Ato 1.88-107 A. Onthe
contrary, the Schottky barrier height was increased af-
ter irradiation, which isexplained by animage-forcelow-
ering.

Gallium oxide solar-blind photodetectors spectral
responsivity (Fig. 11) is presented in the review pre-
pared by Xu et al. [100] along with solar-blind
photodetectors technology current state general de-
scription.

7.MEMORY DEVICES

In the next generation nonvolatile memory, great atten-
tionisbeing paid to the resistive random access memory
(RRAM) technology development gradually replacing
the more traditional dynamic random access memory
and flash memory. Resi stance switching effect observed
in RRAM consists in the appearance of conductive
structures in the material, that can also be observed in
galium oxide. So, Leeet al. inref. [101] implemented
resistance switching of a Ga,O, film doped with chro-
mium, which create oxygen vacancies during diffusion
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Fig. 11. Responsivity of Ga,0, photodetector, adapted

from[100].

into the structure. Varying the film size and the anneal -
ing temperature changes the structure resistance The
films conductivity changing mechanism was associated
with the formati on/destruction of conducting objects at
theinterface between Ti and the Cr: Ga,0, film. Hou et
al. inref. [102] investigated oxygen vacancies conduct-
ing filaments in $-Ga,0,. Three types of oxygen leaks
have been found, which form filaments with different
resistance values, which suggests the use of gallium
oxide in multilevel memory cells. It was found that the
conductivefilamentsareformed preferably inthedirec-
tion[010].

Panetal.inref. [103] investigated ITO/Ga,0O,: ITO/
TiN structure resistance switching. The conduction
mechanism can be realized both at the contact surface
and during the formation of conducting fibers inside
the structure. The obtained states with low and high
conductivity are stable for 10* s at 85 °C, which, when
extrapolated, gives 10 years of operation at room tem-
perature. The presence of an additional Pt contact sup-
pressed oxygen ions release which changed the resist-
ance switching mechanism in the device. Yan et al. in
ref. [104] showed bipolar resistance switchingintheln-
Ga-Zn-0/Ga,0,/In-Ga-Zn-O structure. The resulting
device hasatransmission of 91.7% in thevisible range.
With 200 switching cycles, the resistance value is till
distinguishable for high and low conductivity modes -
280 and 20 kQ, respectively. Zhi et al. inref. [105] showed
bipolar and unipolar changesin resistance in the Cu,0/
Ga, 0, structure and a controlled mechanism of transi-
tion between them (Fig. 12, Fig. 13). The voltages SET
and RESET arearound 4 and -6 V for bipolar switching.
High resistance valuesare 10* Q, whilelow valuesfluc-
tuate between 46 and 210 Q. Bothresistances are stable
for morethan 10*s. Yang et al. inref. [ 106] examined the
oxygen concentration influence on the operation of re-
sistive memory devices with random access Al/Ga,0,/

Current (mA)

87 6543210102345 6 78
Voltage (V)

Fig. 12. Typical current-voltage curves for the bipolar

resistive switching (blue curve) and unipolar switching

(red curve), adapted from[105].
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Fig. 13. Endurance property of the device in bipolar
resistive switching mode, adapted from [105].
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Fig. 14. RRAM device schematic structure, adapted
from[109].

ITO. As aresult, the sample with 25% oxygen showed
the best result with the number of switching cyclesequal
t0220. Thel /1 , ratio was 5-10% the stability timewas
104, and the high/low resistance ratio of the device was
about 7-10° The SET and RESET voltages for the de-
vicewere-1.68and 0.45V. Gan etal. inref.[107] inves-
tigated the effect of temperature and annealing atmos-
phere on the switching properties of the Cu/Tiw/Ga,0,/

Pt memory deviceresistance. Annealing in nitrogen and
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oxygen atmospheres decreases the values of the SET
and RESET voltages. After annealing inapure nitrogen
(N,) atmosphere, the devices showed an increase in
memory area and an increase in stability when switch-
ing states. Zheng et al. in ref. [108] implemented are-
sistance switching memory device on the GZO-Ga,0,-
Zn0-Ga,0,-GZO structure obtained by chemical vapor
deposition of organometallic compounds. The manu-
factured deviceis 92% transparent in the visible range.
The SET and RESET voltages for the device were -12
and 14 V. The high/low resistance ratio of the device
was 10% and both statesare stablefor 10°s. Ganetal. in
ref. [109] showed aresistance switching device (Fig. 14)
withaCu/TiW/IGZO/Ga,0,/Pt structure. The high/low
resistance ratio exceeds 10° the stability of states is
observed for 10%s at 85 °C. The SET and RESET voltages
for suchadevicewere2.5and -2V, respectively. Gan et
al. inref. [107] examined theinfluence of annealing pa-
rameters on a memory device based on an amorphous
galiumoxidelayer. Annealing in anitrogen atmosphere
improves the device parameters. The high/low resist-
anceratio was 10°, with the number of switchings 750 at
a temperature of 85 °C. The voltages SET and RESET
ranged from2.2to4V and from-0.5t0-2V, respectively.
Shenetal. inref. [110] showed bipolar resistance switch-
inginthe P/Ga,0, /SiC/Pt structure. Thevoltages SET
and RESET were0.82-1.92V and from-1.3t0-0.408 V,
respectively, whichisal.2V thememory area, whichis
determined by the difference between the SET and RE-
SET voltages, where there is no overlap between these
states. The ratio of resistances in two states exceeds
107, and their stability isobserved for atime exceeding
10*s. The article also provides a quick table comparing
the different types of resistance switching devices.

There are also implementations of RRAM based on
nanostructures. Thus, Weng et al. in ref. [111] showed
resistance switching in 3-Ga,0, nanowires grown on a
Si substrate. The average diameter of the resulting struc-
turewas 127 nm. The measurementswere carried out for
pure nanowires and for partially gold-plated ones. For
thefirst, the SET and RESET voltageswere3.1and -3.25
V, when, with partial gold plating, these valuesdecrease
t01.87and-1.9V. Hsuet al. inref.[112] showed bipolar
resistance switching on a single Au-Ga,0, nanowire
(core/shell). The ratio of high and low resistance is
greater than 103 the SET-RESET voltages are 6 and
-85 V. Tsa et al. in ref. [113] demonstrated the rapid
synthesis of amemory device using local anodic oxida
tion under atomic force microscopy. For the obtained
gallium oxide nanodots with atypical size of 300 nm,
states with high and low resistance values were ob-
tained, which amounted to 9.19 MQ and 2.97 kQ, re-
spectively, which gives a difference of three orders of
magnitude.

The capacitance memory device can also be based
on the charge trap effect. So, Weng et al. in ref. [114]
implemented a charge trap memory device based on
Ga,0, layers. The Au/Ga,0,/SIO,/Si structure was ob-
tained by magnetron sputtering and high-temperature
annealing. Moreover, at different annealing tempera-
tures, wasdifferent. So, the memory areawas 1.6, 3, 4.8
and 1.5V for annealing temperatures of 600, 680, 760
and 780 °C, respectively. The degradation of high and
low capacitance states was 1% and 1.7% after 10*s.

Thus, multilevel memory cells on Ga,0, based
heterostructures, nanodots and nanowires were shown
recently with high/low resistance ratio ~ 103, SET &
RESET voltages not exeeding +5V and stability over
10* s. Most of the structures described were created by
rf-magnetron sputtering. Promising areain RRAM manu-
facturing is transparent device construction with trans-
mittance factor exceeding 90%.

8. FIELD EFFECT TRANSISTORS

There areresults mentioned of variousfield-effect tran-
sistors producing: MOSFETs, MISFETs, MESFETson
different gallium oxide polymorphsand heterostructures.
To meet the demands of the modern power electronics
application areas, the high breakdown voltage with
I/l ratio and low leakage current is of great interest.
The largest number of reports is aimed at improving
these characterigtics, increasing the FETS technologi-
cal performance, modernizing thetechnol ogy for grow-
ing gallium oxide layers and devices manufacturing. For
example, Madadi et al. inref. [115] carried out modeling
of transistorsin order to optimize the carriers distribu-
tion in the structure and increase a breakdown voltage,
structure self-heating, parasitic capacitance and charge
carriers concentration.

Implementing a tunnel diode to change the carrier
distribution reduced the leakage current in the transis-
tor saturation region. Tetzner et al. inref. [116] studied
the possibility of creating transistors with alarge elec-
tric breakdownfield. The devices demonstrated athresh-
oldvoltage, I /I , and asubthreshold dopeof -3.6 V, 10°
and 200 mV/dec, respectively. The breakdown voltage
reached a record value among similar devices and was
about 1200 V. The main factor that lowers the break-
down voltage was the increased Si concentration be-
tweenthe -Ga,O, epitaxial layer and the substrate. Green
etal.inref. [117] implemented aM OSFET with arecord
transconductance of 21 mS/mm (Fig. 15, Fig. 16). Extrin-
sic cutoff frequency and maximum oscill ating frequency
were 3.3 and 12.9 GHz, respectively; | /1 was10°. Op-
eration in the radio frequency range is achieved by re-
ducing the contact resistance by heavy doping in the
contact area.
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At the research initial stage, one often resorts to
computer simulation of device performance, the results
of which are widely reported. So, Kotechaet al. in ref.
[118] simulated and analyzed a vertical MOSFET on
B-Ga,0,. The study showed an inverse relationship be-
tween the threshold voltage and the current amplifica-
tion, and their dependence on the device geometry and
the acceptor concentration in the crystal. Also, the tem-
perature dependences areinvestigated, and the released
power during a short circuit failure of the transistor is
studied. Lv etal. inref. [119] performed asimulation and
implemented a two field electrodes transistor with a
breakdown voltage above 3000 V after the device an-
nealing in an oxygen atmosphere. The developed
MOSFET was grown using organometallic gas-phase
epitaxy. The device threshold voltage was 4.1 V, | /I .

about 108, Park et al. inref. [120] conducted a vertical
transistor on Ga,0, simulation. In particular, the source
geometry was analyzed in detail and its significant in-
fluence on the device characteristics was found. The
maximum drain current was 750 A/cm? with agate bias of
3 V. For an optimized structure, |_/I . exceeds 10°, the
breakdown voltageisabout 400 V.

For gallium oxide based heterostructures various
resultspresented. Kimet al. inref. [121] reported afield-
effect transistor with atransition gateonthe WSe -Ga,0,
heterostructure. A WSe, thin layer was deposited on a
mechanically separated 3-Ga,0, plate, resultinginahigh
quality heterointerface. Thel /I . ratio was 10%, the sub-
threshold slope - 133 mV/dec, the three-contact break-
downvoltage- 144V.Danget al. inref. [122] obtained a
MESFET on n type a-Ga,0, Schottky diode and AgO,
by chemical vapor deposition. The rectification factor
of a typical device and the breakdown voltage - 6-10°
and 19.6 V. Also, the transistors capable of withstand-
ing voltages up to 48 V were implemented. The | /1
ratio was 2-107. The resulting device is transparent in
thevisiblerange. Kimet al. inref. [123] studied MISFET
onthe h BN/B-Ga,0O, heterostructure. h-BN hasaclean
and smooth surface and does not introduce
discontinuities in the charge density at the interface
with gallium oxide, which alows to obtain better tran-
sistor characteristics such as | /I . ratio, subthreshold
slope and threshold voltage. These values for the de-
vicewere respectively 108, 502 mV/dec and -48 V. Tadjer
etal.inref. [10] showed thefirs MOSFET with 3-Ga,0,
epitaxial layers obtained at high growth rates during
MOCVD. For the devices obtained, arecord carrier mo-
bility was 170 cm/(V-s), which is superior to the results
previously shown for Ga,0,-based devices. | /I  value
was 108, threshold voltage -15 V. Yadava et al. in ref.
[124] was the first to propose a transistor device on a
B-Ga,0, /black phosphorus heterostructure. MOSFET
was tested for operation at high frequencies. The maxi-
mum drain current was 43.15 mA/mm, the power gain
was 15.3 dB, the output power was 15.11 dBm, and the
efficiency was 3%. Thel /I . ratio is greater than 10%.
Higashiwaki et al. inref. [11] showed atransistor grown
on aGa,0, (010) substrate by molecular beam epitaxy.
Thedevicethree-contact breakdown voltage was greater
than 250 V when the leakage current was 3 pA. The
I,/ ratioisapproximately 10%. Xiaet al. inref. [125]
obtained aMESFET on 3-Ga,O, with ohmic contactson
an additionally grown B-Ga,O, layer, leading to reduce
the longitudinal contact resistance to 1.5 Q/mm. The
resulting transistor has a peak drain current of 140
mA/mm, a three-contact breakdown voltage of 170 V.
I/l was10°. Kimet al. inref. [126] investigated the
propertiesof MESFET on annealed -Ga,0, with PYAu
Schottky contacts. The resulting transistor on a micro-
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layer of gallium oxide showed performance up to 700 °C,
after which the Schottky contact breakdown begins.
Above 800 °C, the Pt/Au contact exhibits the ohmic
contact properties. Authors also obtained the depend-
encies of the I_/I , ratio, the Schottky barrier height,
and thetransmissibility from the annealing temperature.
Matsuzaki et al. inref. [127] examined aMISFET ona
galliumoxideepitaxial layer. Thegrown filmswith aband
gap of 4.9 eV aretransparent fromthe near-IR to far-Uv
ranges. Crystaline structure of epitaxial filmwasdiffer-
ent from B-Ga,0, and showed high conductivity. The
resulting transistor has a threshold voltage of -6.7 V
and a drift mobility of 5-102 cm?(V-s). Zhang et al. in
ref. [128] demonstrated afiel d-effect transistor on adou-
ble heterostructure B-(Al Ga, ),0,/Ga,0, with a quan-
tumwell. The device hasamaximum leakage current of
257 mA/mm, a transconductance of 39 mS/mm, and a
breakdown voltage of 428 V. Ahmadi et al. inref. [129]
showed a transistor on the B-(Al Ga, ),0,/B-Ga,0,/
(Al Ga,),0, heterostructure obtained by molecular
beam epitaxy. Authorsal so investigated the effect of Ga
polishing on the surface morphology and the concen-
tration of unintentionally doped Si atoms. The maximum
current density was 20 mA/mm and the
transconductance was 4 mS'mm. | /1  ratio exceeded
10° for polished and unpolished samples. Higashiwaki
et al. inref. [130] grew aMOSFET by molecular beam
epitaxy on aa-Ga,0, (010) substrate and examined the
resulting device performance at different temperatures.
To obtain ohmic contacts, gallium oxidewas doped with
Si. Thel /1 . ratiofor thetransistor isgreater than 10%;
the three-pin breakdown voltage was 370 V; the maxi-
mum drain current at 4 V bias was 39 mA/mm. There-
sulting devices can operate up to 250 °C without perma-
nent changes in structure and characteristics. Moser et
al.inref. [131] designed a 3-Ga,0, based transistor with
arecord current density exceeding 450 mA/mm. The
carrier concentration influence on the resulting MOSFET
electrical parameters was investigated. An analytical
model with voltage correction factor that accurately pre-
dicted the performance for all doping variations was
built. Thel /1  ratiowas 10°°. Later, Moser etal. inref.
[132] showed a Ge-doped 3-Ga,0, transistor grown by
molecular beamepitaxy. Thel /I  ratiowas 10%, thedrain
current exceeded 75 mA/mm at zero bias(Vg =0),andthe
breakdown voltage was 479 V. The measured carrier
mobility was 111 cm?(V-s). Also, the work presents a
short table comparing the parameters of existing
MOSFET. Recently, Moser et al. inref. [133] received a
MOSFET with an L-shaped contact with a maximum
transducer gai n, maximum output power, and peak power
added efficiency of 13 dB (15 dB), 715 mW/mm (487
mW/mm), and 23.4% (21.2%), respectively, at frequen-
ciesof 1 GHz (2 GHz). Thetransconductance of thede-
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Fig. 17. Semi-log transfer characteristics measured at
V=30V of the FPMOSFET, adapted from [134].
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Fig. 18. Cross-section of vertical MOSFET with current
blocking layer (CBL), adapted from[136].

viceand|_/l  were40 mSmmand 10°. Munetal. inref.
[134] manufactured a3-Ga,0, MOSFET with afield elec-
trode at the source contact and a breakdown voltage -
2.32kV (Fig. 17). Thisdevicewasobtained by molecular
beam epitaxy on an Fe-doped substrate. Thel /I . ratio
was 107. Theinvestigated dependence of the breakdown
voltage from the distance between the drain and the
gate turned out to be directly proportional. Liddy et al.
inref. [135] implemented a 3-Ga,0, MOSFET withre-
fractory metals as contacts and a self-aligned gate. The
resulting device hasatransconductance of 35 mS/mm, a
drain current density of 140 mA/mm and an | /I . of
more than 108, subthreshold slope - 121 mV/dec. Also,
the authors suggested that changing the size of the
gate contact would increase the transconductance to
60 mS/mm. Wong et al. in ref. [ 136] manufactured aver-
tical transistor on Ga,O, with acurrent aperture obtained
by Mg ion implantation (Fig. 18). The diffusion of Mg
atoms led to a high leakage current between the drain
and the source, due to which the characteristics of the
device turned out to be lower than those obtained in
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computer simulations. The transconductance of the
devicewas 1.25 mS/mmwith adrain displacement of 8 V.
Later Wong et al. inref. [137] showed an improvement
in the transistor characteristics upon implantation of Si
ionsin the drain and source contacts region. The maxi-
mum drain current was 1.4 mA/mmwhenthel /I . ratio
is10°.

Researchers often resort to structural modifications
to improvethe device performance. For example, Maet
al.inref. [138] investigated aM ESFET with two asym-
metric bases on $-Ga,0, nanomembrane. The device
characterigtics: threshold voltage-57.7V, Thel /I . ra-
tio 1.7-108, subthreshold slope - 470 mV/dec. Chabak et
al. inref. [139] grew atransistor with a buried gate by
molecular beam epitaxy. The current fromthedrainis40
mA/mm, | /I . isabout 10°. The maximum breakdown
voltage for theresulting devicesis 505 V, the subthresh-
old dopeis 200 mV/dec. Sasaki et al. in ref. [140] ob-
tained a vertical trench MOSFET on a (001) Ga,0,
substrate by chloride-hydride gas-phase epitaxy. | /I .
isabout 103, the switched-on resistanceis 3.7 mQ-cm?
The device performed good static characteristics, how-
ever turn-off characteristics are negligible due to high
|eakage current.

A possible way to FETs modification is to study
individual characteristics and the defects influence in-
vestigation. So, McGlone et al. in ref. [141] examined
trapsinthe Si 5-doped 3-Ga,0, MESFET intermediate
layer. Two traps with energies of -0.7 €V and -0.8 eV
were found, which leads to threshold voltage and turn-
onseriesresistancedeterioration. The-0.8eV level was
attributed to defects associated with Fe, while -0.7 eV
was attributed to the point defect of the 3-Ga,0, crystal.
Polyakov et al. in ref. [142] investigated the levels of
defectsin atransistor onap-Ga,0, nanoplate. The need
for passivation layers to prevent current collapse is
shown, since the device characteristics are influenced
by the moleculesthat are absorbed on the surface of the
galium oxide. Therate of | Yy change, thedelay inthe
transi stor opening and the current collapsein the pulsed
mode depend on surface acceptors density with an en-
ergy of 1 eV. Reducing the acceptors concentration may
improve the dynamic characteristics of the device. Wong
et al. inref. [143] examined the main charge carriers mo-
bility inaMOSFET with abuffer layer that protectsthe
channel from charge compensation by suppressing the
Fe atomsdiffusion and enhance thetransistor electrical
performance. When growth temperatureincreased from
560 to 650 °C, the leakage current through the buffer
layer decreased 107 times. The main negative effect of
buffer insertion is parasitic conduction at the buffer/
substrate heterointerface.

Different types of FET based on different gallium
oxide polymorphs heterostructures were reported, but

|
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Fig. 19. EPR spectrum of Co** in 3-Ga,0, measured at 6
K with B||a’, adapted from [145].

most common (or more investigated) typeis MOSFET.
For all types avertical realization of transistor is more
frequent dueto easier fabrication. It was shown that the
device structure should be modified (ion implanted ap-
erture/trenches) to achieve theoretical breakdown elec-
trical fieldvalue8 MV/cm. Thel /I .for al devicesare
in 105-10% range, smaller values were obtained due to
structurd or interface defects. 3-Ga,O, highthermal sta-
bility provides FET steady operation with temperatures

up to 250 °C.

9. SPINTRONIC APPLICATIONS

Alongwiththeelectrical, thermal, and chemical proper-
ties, in recent years, much attention has been paid to
the gallium oxide magnetic properties study for usein
spintronic devices. Thus, a number of research groups
have investigated the magnetic properties of various
Ga,0, polymorphic modifications.

Luan et al. in ref. [144] investigated the structural,
elagtic and electronic properties of the 4-Ga,0, crystal
at pressuresfrom0to 30 GPa. Calculations have shown
that with pressure increasing, the band gap increases
monotonically. It was also determined that the a lattice
parameter compression occurs more easily than b, c.
The calculated results of the change in the lattice con-
stants are in agreement with the experimental results of
X-ray structural analysis.

Stehr et al. in ref. [145] first measured the electron
paramagnetic resonance spectrafor Co* and Cu* in a
B-Ga,0, crystal (Fig. 19). It was shown that Co and Cu
are present in the 2* state in the 3d7 and 3d9 configura-
tions, respectively. Atomswith alargeionic radius pref-
erably take the place of octahedral Gainthe crystal lat-
tice.

Wang et al. in ref. [146] investigated the electronic
structure and magnetic properties of 3-Ga,O, doped
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the Si doped 3-Ga,0, thin films grown on c-plane sap-

phire substrates with different off angles toward

<1120>, adapted from[151].

with Mn. Pure gallium oxide band structure and the ef-
fect of Mn atomsincorporation was studied. Thus, dop-
ing leads to the formation of additional bands, which
reduces the gallium oxide band gap. A crystal turns out
to have the most stable structure and ferromagnetism if
Mn atoms replace only the sites of octahedral Gainthe
crystal lattice. For such a case, the calculation shows a
Curietemperature of 421 K.

Shi et al. in ref. [147] described the production of
high quality CuGa,0, layers by copper layer evapora-
tion at 1050 °C. The obtained samples were studied on a
diffractometer, the measurements results showed an
epitaxial bond between the CuGa,0O, layer and the
B-Ga,0, (201) substrate. The CuGa,0, epitaxial layer
(222) FWHM was 0.228°. The discrepancy in the lattice
constants was 8.71%.

Hsieh et al. inref. [148] got a metal -insul ator-semi-
conductor (MIS) diode with athin layer of a-Ga,0, as
aninsulator. Gallium oxide was obtained by liquid-phase
epitaxy and subsequent annealing at 400 °C. The manu-

N\ N
P~°\P

factured Ni/a-Ga,0,/Si MISdiodehasanl /1  ratio 100
times better than Ni/Si Schottky diode. L eakage current
at-2 'V bias was 1.07-10°A/cm?, breakdown voltage-166
V, barrier height 1.085 eV.

The results shown indicate the possibility of using
gallium oxide to create spintronic devices - computer
and track memory, spin transistors, and logic circuits.
At the sametime, the magnetic propertieshave not been
fully investigated, and the topic remains relevant and
requires further study.

10. OTHER DEVICES

Technological applicationsof gallium oxideinanumber
of areas are studied less intensively, but the results ob-
tained allows to judge its prospects and high potential.
For example, Kumar et al. in ref. [149] reported a brief
review about the properties of gallium oxide
nanostructures and nanowires. Also, applications of
such nanotechnology was described.

Huang et al. inref. [150] investigated the structural
and photoelectric propertiesof 4 Ga,0,/SIC multilayers
grown by molecular beam epitaxy on sapphire (0001)
substrates. Several samples were obtained with differ-
ent annealing conditions, all of them exhibit a photo-
electric responseto the 254 nm UV radiation. Additional
annealing of the SIC layer affects its crystallinity and
leads to adecrease in carrier concentration. In turn, the
sensitivity to UV radiation completely depends on the
annealing conditions of the Ga,0, layer.

Rafique et al. in ref. [151] examined the
heteroepitaxia growth of B-Ga,0, on sapphire (0001)
substrates with an off-axis angle of up to 10° in the <11-
20> direction (Fig. 20). Thin filmswere obtained using
chemical vapor deposition at low pressure. The crystal
structure and surface quality, as well as the electrical
conductivity, strongly depend on the angle of deflec-
tion relative to the substrate axis. Such substrates utili-
zation led to a decrease in the FWHM and an increase
of the Raman peaks intensity relative to the layers ob-

Fig. 21. Thermal actuator schematic, adapted from[154].
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tained on flat substrates. The best performance was
obtained with a substrate with a deflection of 6°.

Sun et al. in ref. [152] conducted the energy bands
study of the B-Ga,O,/AIN heterojunction. A gallium ox-
ide layer of no more than 2 nm was deposited on AIN/
sapphire by pulsed laser deposition. For the obtained
heterojunction, the shifts of the valence and conduc-
tion bandswere measured, which amounted to -0.55 and
-1.75eV, respectively.

Rodriguez et al. inref. [153] used a-Ga,0, asapho-
tocatalyst for the decomposition of malachitegreen. The
study of gallium oxide on adiffractometer after the cata-
Iytic reaction showed no phase transition in the mate-
rid.

Pereset al. inref. [154] showed thefirst Ga,0,-based
temperature activated mechanical actuator (Fig. 21). The
device works on the principle of thermal expansion of
the material during self-heating while passing current
through the plate. The maximum valuethat the drive has
risenis42.38 microns.

Galliumoxideisapromising material, but the current
research results are still insufficient realize its full po-
tential. Thus, the absence of anormal substrate for gal-
lium oxide makes it necessary to investigate the ability
of growing epitaxial layers on materials with which the
lattice constant is very different. Also, the applications
of Ga,0, as a mechanical micro-piston or as a photo-
catalyst are also interesting to consider. Further studies
of such amaterial asgallium oxidewill allow to under-
stand its potential more accurately for creating various
devices and, probably, will make it possible to achieve
itsmaximumtheoretical characteristics.

11. SUMMARY AND CONCLUSIONS

Thereview considers both the gallium oxide main appli-
cation areas and areas that are at the initial stage of
development and require additional large-scaleinvesti-
gations to study the proposed solutions effectiveness.
The unique Ga,0, physical propertiesallowittore-
main one of the most interesting and promising wide
band gap semiconductors for quite a long time. At the
moment, six of its polymorphic modifications have been
investigated, among which the B-Ga,0, attracts re-
searchers special attention dueto its high stability. The
increased interest is confirmed by a large number of
reports devoted to both the study of the B-Ga,O, growth
technology and 4-Ga,O, based device manufacturing.
The wide band gap, high breakdown voltage, and
sufficiently high mobility determine the gallium oxide
main application areas: solar-blind photodetectors,
power rectifiers and transistors, resistive memory de-
vices. The most significant results have been shown in
these areasto date. Meanwhile, afairly large number of

reportsare devoted to the Ga,0, luminescent properties
investigation, and the development of multi-colored
phosphors based on it, as well as the study of the mag-
netic propertiesin the case of doping with various met-
als for spintronic devices. The poorly studied applica-
tion areas described at the separated review section are
no lessinteresting in the future development of gallium
oxide technology.
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