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The recent progress and development of corundum-structured III-oxide semiconductors are reviewed. They allow bandgap engineering from 3.7 to
>9 eV and function engineering, leading to highly durable electronic devices and deep ultraviolet optical devices as well as multifunctional devices.
Mist chemical vapor deposition can be a simple and safe growth technology and is advantageous for reducing energy and cost for the growth. This
is favorable for the wide commercial use of devices at low cost. The III-oxide semiconductors are promising candidates for new devices
contributing to sustainable social, economic, and technological development for the future. © 2016 The Japan Society of Applied Physics

1. Introduction

The successful and dramatic evolution of wide-bandgap
(WBG) semiconductors1–3) represented by silicon carbide
(SiC) and gallium nitride (GaN) is now followed by
worldwide efforts to explore a new generation of materials,
that is, ultra-wide-bandgap (UWBG) materials with bandgaps
wider than those of SiC and GaN (>3.4 eV).4) Examples of
UWBG materials include aluminum nitride (AlN), aluminum
gallium nitride (AlGaN), diamond, boron nitride (BN), and
gallium oxide (Ga2O3).

Ga2O3 takes five different phases (α, β, γ, ε, and δ ) and
among them, the orthorhombic β-gallia structure (β-Ga2O3) is
thermodynamically the most stable phase.5,6) This has allowed
the growth of single-crystalline β-Ga2O3 bulks, which are
readily available as substrates, by conventional solution-based
technologies such as floating-zone (FZ),7–9) edge-defined
film-fed growth (EFG),10) Czochralski (CZ),11,12) and vertical
Bridgman (VB)13) methods. This has been followed by
successful homoepitaxy and doping of β-Ga2O3 layers14–20)

as well as marked development of β-Ga2O3-based Schottky
barrier diodes (SBDs)17,21) and transistors.17,18,22,23) On
the other hand, rhombohedral corundum-structured Ga2O3

(α-Ga2O3) is thermodynamically a semistable phase and was
synthesized at high pressurs.24,25) Nevertheless, we showed
the growth of α-Ga2O3 thin films on sapphire (α-Al2O3)
substrates under atmospheric pressure at <500 °C.26)

Indium oxide (In2O3) is also a III-oxide semiconductor and
its stable phase is bixbyite.27) The growth of rhombohedral
corundum-structured In2O3 (α-In2O3) had needed extremely
high temperatures and high pressures,28–30) but later α-In2O3

nanocubes31) and nanorods32) were realized at ambient
pressure. There have been a few reports on the growth of
α-In2O3 thin films, but the films had poor crystallinity as
highlighted by the full width at half maximum (FWHM) of
X-ray diffraction (XRD) rocking curves for the (0006)
diffraction of as broad as 1200 arcsec.33) Later, using an
α-Fe2O3 buffer layer on a sapphire substrate the growth of
α-In2O3 thin films with the (0006) XRD rocking curve
FWHM of 182 arcsec was demonstrated.34)

A series of studies achieving α-Ga2O3 and α-In2O3

encouraged the development of bandgap engineering with
an alloy system consisting of α-Al2O3, α-Ga2O3, and α-In2O3.
The density, a-axis length, c-axis length, ionic radii, and

optical bandgap of α-Al2O3,35–37) α-Ga2O3,24,26,37) and
α-In2O3

29,34,37) are summarized in Table I. The relationships
between bandgaps and average bond lengths are shown
in Fig. 1, where those of β-Ga2O3 and several (U)WBG
semiconductors are simultaneously displayed. In this alloy
system, we can expect that bandgap energy is tuned between
3.7 eV (that of α-In2O3) and ∼9 eV (that of α-Al2O3), keeping
the corundum structure. In addition, a variety of hetero-
structures are expected under the conditions of lattice-match-
ing or coherent growth. For β-Ga2O3, on the other hand,
the bandgap energy was increased by partially substituting
Ga with Al, that is, by forming β-(AlxGa1−x)2O3 alloys,38,39)

but the single β-phase was not maintained beyond the Al
composition x of 0.61,39) because Al2O3 is stable in the
α-phase. A similar phenomenon occurred for β-(InxGa1−x)2O3

alloys, with which the bandgap was reduced.40) Since the
β-phase is characteristic to β-Ga2O3, the bandgap tuning is
limited in the range near that of β-Ga2O3 and the crystallinity
might be degraded in alloys owing to their immiscibility.

Corundum-structured III-oxide semiconductors based on
α-Ga2O3 are promising for the wide design of heterostructure
devices, and therefore research on their growth, properties,
and devices is accelerating. In this paper, we briefly review
the milestones in the evolution of this system from its dawn
to the present day.

2. Growth of corundum III-oxides

2.1 Growth technologies
Corundum-structured α-Ga2O3 is mostly obtained on a
sapphire (α-Al2O3) substrate, and this is probably due to
the similarity in lattice structure between the epilayer and the
substrate, despite the lattice mismatch (3.5 and 4.8% along
the c- and a-axes, respectively). Interestingly for the growth,
many of the studies on α-Ga2O3 have used mist chemical

Table I. Basic physical parameters of α-Al2O3, α-Ga2O3, and α-In2O3.

Crystal
Density
(g=cm3)

a-axis
length
(Å)

c-axis
length
(Å)

Ionic
radii
(Å)

Optical
bandgap
(eV)

α-Al2O3 3.9956 4.754 12.99 0.535 8.75

α-Ga2O3 6.4666 4.9825 13.433 0.62 5.3

α-In2O3 7.3115 5.487 14.51 0.8 3.7
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vapor deposition (CVD),24,41,42) whose details will be
given in the following section, except for several works by
molecular beam epitaxy (MBE)43) and halide vapor phase
epitaxy (HVPE).44)

It is natural that the crystal structure of the epilayer tends
to follow that of the underlying layer and this has controlled
the crystal structure of alloys constituted with binary com-
pounds possessing different crystal structures, as discussed
for ZnCdS45) and ZnMgO.46) Nevertheless, many studies
have shown the growth of β-Ga2O3 on sapphire by MBE,47)

pulsed laser deposition (PLD),48) and metalorganic CVD
(MOCVD).49) One of the reasons for this discrepancy may be
the difference in growth temperature, that is, the growth by
MBE, PLD, and MOCVD has generally been carried out at
high temperatures such as 700–800 °C in order to realize a
more highly crystallized single phase. This naturally led to
the growth of stable β-Ga2O3. However, dominant β-phase
was shown for Ga2O3 grown on sapphire by MBE even at
500 °C,47) at which α-Ga2O3 is naturally grown by mist CVD.
It is plausible that the low kinetic energy of precursors
impinging onto the growth surface is one of the key factors
for the grown films to follow the underlying crystal structure
rather than to form a thermally stable phase.

For the growth of α-In2O3 on sapphire, the lattice
mismatch is too large (∼15%) to be overcome for the growth
of a metastable phase. It has been reported that the use of
α-Fe2O3

34) or α-Ga2O3
50) buffer layers, whose lattice con-

stants are between those of α-In2O3 and sapphire, was
effective for the growth of α-In2O3 on sapphire.

2.2 Mist CVD method
Mist CVD is a safe, cost-effective, and low-energy-con-
sumption technology for the growth of oxide materials.51–56)

An example of the growth system is shown in Fig. 2. In the
growth of a metal oxide, water or alcohol solutions of safe
and inexpensive chemicals containing the metal, for example,
acetate or acetylacetonate, have been used as the source. By
atomizing the source solution ultrasonically, it turns into mist

particles (diameter of ∼3 µm at an ultrasonic frequency of
2.4MHz applied in our research), which are then transferred
by a carrier gas to a reaction chamber. In this way, metal
elements are supplied without the use of organometallic
sources. They react with an oxygen source, which may be
water, alcohol, or oxygen gas.

Mist CVD is effective in reducing the number of oxygen
vacancies, which have been one of the serious issues in the
growth of oxides. For example, room-temperature photolumi-
nescence from ZnO layers grown by mist CVD is dominated
by bandedge emission at ∼3.3 eV; we scarcely observed
green emission at ∼2.3 eV, which is associated with oxygen
vacancies, even when the ZnO layers were polycrystalline57)

or grown at low temperatures.58) The growth is carried out
under a sufficient supply of an oxygen source, that is, water
or alcohol. This offers sufficient overpressure of oxygen with
respect to the metal source and prevents the formation of
oxygen vacancies.

3. Growth and properties of α-Ga2O3

3.1 Initial growth characteristics
Figure 3 shows the cross-sectional transmission electron
microscopy (TEM) images at the α-Ga2O3=sapphire interface
observed along the ½11�20�59) and ½10�10� zone axes. In both
images, it seems that the lattice mismatch is overcome within
the several layers on the sapphire substrate, and defects are
confined in these areas. Marked generation of dislocation
lines penetrating into the α-Ga2O3 layer is hardly seen.
Periodic structures were seen at the interface with the periods
of 8.6 and 4.9 nm along 10�10 and 11�20, respectively. Since
the lattice constants of α-Ga2O3 and sapphire are respectively
0.43 and 0.41 nm along 10�10, and 0.249 and 0.238 nm along
11�20, the periods of the structure coincide with 20 lattices of
α-Ga2O3 and 21 lattices of α-Al2O3 both for 10�10 and 11�20.
This suggests domain matching epitaxy60) in the growth of
α-Ga2O3 on sapphire.59)

Figure 4 shows the reciprocal space map for X-ray 10�110

diffraction of a thin (estimated to be 6 nm from the growth
rate) α-Ga2O3=sapphire sample. Peaks A and B correspond
to diffractions from sapphire and α-Ga2O3, respectively. It is
worth noting that the reciprocal space coordinate ðQx;QzÞ
for peak B (α-Ga2O3) was almost the same as that
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Fig. 1. (Color online) Relationships between bandgaps and average bond
lengths of corundum-structured III-oxide semiconductors together with
β-Ga2O3 and several (U)WBG semiconductors.
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Fig. 2. (Color online) Example of mist CVD growth system for
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ð0:232; 0:744ÞÅ−1 calculated from the lattice constants of
strain-free α-Ga2O3 shown in Table I. This means that the
lattice mismatch between α-Ga2O3 and sapphire is overcome
at the very initial stage of the growth, supporting the TEM
observation.

3.2 Structural properties
α-Ga2O3 on sapphire exhibits a very narrow spectrum in
(0006) symmetric X-ray ω-scan diffraction. Typical FWHMs
were as small as 30–60 arcsec. However, for antisymmetric
ð10�14Þ X-ray ω-scan diffraction, the FWHMs were as large
as ∼2000 arcsec for the α-Ga2O3 thicknesses of 300–2500 nm.

From the TEM observation shown in Fig. 3, the edge
dislocation density was assessed as 7 × 1010 cm−2 while
the screw dislocation density was below the detection limit
(<107 cm−2).59) Because the lattice constant of α-Ga2O3 is
larger than that of α-Al2O3, the α-Ga2O3 film is subjected to be
in-plane compressive strain and strongly rocked by the
α-Al2O3 crystal at the beginning of the growth. Therefore, it
is necessary to introduce extra half-planes along f�2110g in
the film to escape from the strain and successively grown. As
a result, α-Ga2O3 thin films were grown as a semi-coherent

mode.59) The large FWHMs of XRD ω-scanning for anti-
symmetric ð10�14Þ and high density of edge dislocations can
be explained by the introduction of the extra half-planes. The
XRD profiles of antisymmetric planes contain information of
crystal alignment of the out-of-planes and in-planes. Out-of-
planes in α-Ga2O3 can easily keep parallel positions with
respect to those in the substrate because α-Ga2O3 is rocked
by the substrates. However, a disarray of crystals attributed to
the existence of extra half-planes appears as an disorder of
in-planes, resulting in huge FWHMs in in-plane XRD.

Impurities in α-Ga2O3 grown by mist CVD have been
eliminated by careful modification of sources and growth
equipment.61) Note that one can choose carbon-free sources,
in mist CVD in contrast to MOCVD, such as gallium halides.
With the use of these sources, carbon contamination level in
the film was successfully decreased to be below the detection
limit in secondary ion mass spectroscopy (SIMS), as shown
in Fig. 5.

3.3 Electrical properties
Unintentionally doped (UID) α-Ga2O3 showed very high
resistivity, but doping of Sn achieved n-type conductiv-
ity.41,62) At an early stage, it was difficult to control the carrier
(electron) concentration in terms of Sn concentration, and the
carrier concentration obtained was limited to 7 × 1018

(Ref. 41) or 2.7 × 1019 (Ref. 62) cm−3. Later, by improving
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0.78

0.76

0.74

0.72

Q
z
[A
-1
]

0.77

0.75

0.73

Qx [A-1]

0.2
2

0.2
3

0.2
4

0.2
5

0.2
6

0.2
1

A

B

Fig. 4. (Color online) Reciprocal space map for X-ray 10�110 diffraction
of thin (estimated to be 6 nm from the growth rate) α-Ga2O3=sapphire
sample.

71Ga

12C

Depth  [nm]

In
te

ns
ity

  [
co

un
t]

Fig. 5. (Color online) SIMS depth profiles of Ga and C.

Jpn. J. Appl. Phys. 55, 1202A3 (2016) STAP REVIEW

1202A3-3 © 2016 The Japan Society of Applied Physics



the crystal quality, the carrier concentration was successfully
controlled to be in the range of 1017–1019 cm−3 with respect
to the Sn source concentration in the source solution, as
shown in Fig. 6.63) Here, the thickness of the n-type α-Ga2O3

layer was 600 nm. However, the electron mobility was lower
than 24 cm2V−1 s−1 and crystal defects such as dislocations
severely restricted the mobility. Improvement of crystallinity
is necessary for better electrical properties. On the other
hand, the crystal quality becomes better with thickness and
therefore in SBD structure, that is, n- on thick n+-layers,
the n-type layer will have better electrical properties than the
results shown above.

3.4 Buffer layers for defect control
In order to reduce the dislocation density in α-Ga2O3

layers, the use of strained buffer layers is reasonable. As
an example, quasi-graded buffer layers, constituted of
α-(Al0.9Ga0.1)2O3=(Al0.2Ga0.8)2O3 multilayers, as shown in
Fig. 7, were investigated.64) Here, by changing the thick-
nesses of the (Al0.9Ga0.1)2O3 and (Al0.2Ga0.8)2O3 layers, the
average composition was gradually changed from (Al0.9-
Ga0.1)2O3 to (Al0.2Ga0.8)2O3. The TEM image shown in
Fig. 7 demonstrates that dislocation defects tend to be
confined in the buffer layers. The edge dislocation density
was 6 × 108 cm−2, which was two order of magnitude lower
than that without buffer layers (7 × 1010 cm−2, as shown
above). However, screw dislocations were evident with a

density of 3 × 108 cm−2, which seemed to be due to the
residual strain in the α-Ga2O3 layer as an effect of buffer
layers. Further optimization of the buffer layer structures
may lead to greater improvement of the quality.

3.5 Thermal stability
Since α-Ga2O3 takes a metastable phase, the inclusion of
the β-phase was seen at growth temperatures higher than
550 °C26) and at successive annealing temperatures higher
than 600 °C.65) This seriously limits the growth and process
windows. However, it was found that slight (∼1%) doping
of Al markedly improved thermal stability. For example,
single-phase α-Ga2O3:Al was grown at 550 °C and stable at
650 °C.66) Inclusion of more (∼2.5%) inclusion of Al led to
more stable films, that is, the α-phase was kept up to 750 °C,
without marked widening of the bandgap. These phenomena
may be similar to the solution hardening reported for GaAs
doped with In,67) and can be applied as a useful technology
to maintain the α-phase of Ga2O3 in the successive high
temperature processes.

4. Growth and properties of α-In2O3

4.1 Buffer layers on sapphire substrates
The bandgap of α-In2O3 is 3.7 eV, which is reasonably high
for power device applications. The electron effective mass in
α-In2O3 is reported to be 0.16m0,68) which is smaller than that
of α-Ga2O3 (0.276 m0).69) Here, m0 denotes the electron mass
in vacuum. Then, the mobility in α-In2O3 may be higher than
that in α-Ga2O3, which is also an advantage for electron
device applications.

However, the stable phase of In2O3 is bixbyite, and the
lattice mismatch between α-In2O3 and sapphire, ∼15%, is too
large for α-In2O3 to take a corundum structure. Therefore,
attempts have been made to use buffer layers for the growth of
α-In2O3 on sapphire. As buffer layers, α-Fe2O3,34) α-Ga2O3,50)

and α-(Al,Ga)2O3,70) whose lattice constants are between those
of α-In2O3 and sapphire, are candidates.

4.2 Structural properties
With the use of buffer layers, single-phase corundum-
structured α-In2O3 was successfully grown on sapphire.
An example of a 2θ=ω-scan XRD pattern is shown in
Fig. 8.50) The (0006) XRD ω-scan FWHM was, for example,
110 arcsec.
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4.3 Electrical properties
UID α-In2O3 showed n-type conductivity with an electron
concentration and a Hall mobility at room temperature of,
for example, 3.1 × 1018 cm−3 and 143 cm2V−1 s−1, respec-
tively.70) The origin of donors is considered to be oxygen
vacancies, speculated in analogy to other oxide semi-
conductors. As expected from the effective mass, the mobility
is higher than that of α-Ga2O3, suggesting the potential of
α-In2O3 for electrical device applications.

4.4 Thermal stability
Owing to the phase transition of α-Ga2O3 to the β-phase
occuring at the annealing temperature of 650 °C, as shown
above, α-In2O3 should be grown on an α-Ga2O3 buffer layer
below 650 °C. This was overcome by the use of α-(Al,Ga)2O3

as a buffer layer, resulting in the growth of α-In2O3 at
temperatures as high as 850 °C.70) It can be concluded that
α-In2O3 is more thermally stable than α-Ga2O3.

5. Growth and properties of corundum-structured III-
oxide alloys

5.1 Bandgap engineering
The successful growth of α-Ga2O3 and α-In2O3 leads to
bandgap engineering from 3.7 to ∼9 eV by alloying α-Al2O3,
α-Ga2O3, and α-In2O3. Figure 9 shows the bandgaps
achieved by α-(Al,Ga)2O3 and α-(In,Ga)2O3 alloys.71) The
bandgap can be tuned in almost the entire range except for
4.1–4.7 eV, where the phase separation of α-(In,Ga)2O3 was
recognized. Interestingly, this phenomenon is similar to that
in InGaN.

The growth of alloys over a wide compositional range can
be followed by the fabrication of heterostructures. Figure 10
illustrates the reciprocal space maps for X-ray 11�29 diffrac-
tion of α-(AlxGa1−x)2O3 (thickness of ∼100 nm) on α-Ga2O3

for different compositions of x.72) On the basis of the
lattice constant, α-Ga2O3 was found to be completely lattice-
relaxed. (AlxGa1−x)2O3 layers, on the other hand, were
coherently grown for x = 0.03 and 0.11, and that of x =

0.38 was slightly subjected to lattice relaxation. The sample
of x = 0.71 was almost completely lattice-relaxed. According
to the People–Bean model,73) the critical thicknesses were
2600, 210, 12, and 0.39 nm for x = 0.03, 0.11, 0.38, and 0.71.
The results shown in Fig. 10 are totally explained by the
People–Bean model.

Noted that uniform single-phase β-(AlxGa1−x)2O3 is not
grown for high Al compositions of x, because of the inclusion
of the α-phase, which is the stable structure for Al2O3.39) It is
a crucial advantage that the entire compositional range can be
covered by α-(AlxGa1−x)2O3. X-ray photoemission spec-
troscopy (XPS) revealed that the β-(AlxGa1−x)2O3=Ga2O3

heterostructure takes the type-I band lineup,74) which is
favorable for applications to heterostructure transistors and
multiple quantum wells.

5.2 Function engineering
There are a variety of corundum-structured transition-metal
oxides such as α-Fe2O3, α-Cr2O3, and α-V2O3, whose lattice
constants (bond lengths) are within those of α-Al2O3,
α-Ga2O3, and α-In2O3. It is expected that alloying semi-
conductors with such oxides results in multifunctional prop-
erties on semiconductors. For example, above-room-tem-
perature ferromagnetic properties together with semiconduc-
tor properties are demonstrated for α-(Ga,Fe)2O3

75) and
α-(In,Fe)2O3.76) This may lead to lattice-matched spintronic
devices that are not severely affected by interface states
between magnetic and semiconductor layers.

6. Devices with α-Ga2O3

6.1 Potential of SBDs
Table II summarizes the expected performance of α-Ga2O3

SBDs calculated from the well-known formula. Here, the
breakdown field and relative permittivity were assumed to be
8MV=cm and 10, respectively. Since the present controllable
lower limit of donor concentration was estimated to be
1 × 1017 cm−3, the calculation was carried out for this con-
dition as well as with the assumption of a donor ionization
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Fig. 10. (Color online) Reciprocal space maps for X-ray 11�29 diffraction
of α-(AlxGa1−x)2O3 (thickness of ∼100 nm) on α-Ga2O3 for different
compositions of x.72)
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rate of 100%. As the mobility, 300 or 50 cm2V−1 s−1 was
temporarily applied. Owing to the donor concentration, the
breakdown voltage cannot be higher than 1800V, but the
devices with that of ∼1000V are within the target under the
present technology.

6.2 Evolution of SBDs
Marked progress is going on for α-Ga2O3 SBDs at FLOSFIA,
which are grown by mist CVD (MIST EPITAXY®). Because
sapphire is an insulator, lateral structure SBDs as shown in
Fig. 11 were investigated at the earliest stage.77) However,
as shown later, the series resistance due to lateral current
flow in the n+-layer was a serious problem. Then, an attempt
was made to lift-off an α-Ga2O3 layer from sapphire,
allowing the formation of vertical SBDs, as shown in
Fig. 12.61,78)

The forward current density versus voltage (J–V ) charac-
teristics of α-Ga2O3 SBDs are summarized in Fig. 13 for (a) a
lateral SBD,77) (b) a vertical SBD (an initial device),78) and
(c) vertical SBDs (advanced devices).61) A marked increase
of current density together with a reduction in on resistance
was seen from (a) to (c). Table III summarizes the device
structure and electrical properties of the SBDs. For the
vertical SBDs, efforts had been made to improve the growth
processes and device structures from the initial devices to the
up-to-date devices. Among them, one of the keys was to

change the Schottky contact metal from Au to Pt=Ti=Au,
which reduces the built-in potential by more than 0.2V.

Figure 14 compares the J–V characteristics of the four
SBDs in a logarithmic plot of J. The lateral SBD (a) exhibited
a large n value, suggesting large series resistance. It is worth
noting that the vertical SBDs (b) and (c) showed nearly ideal
n values (∼1) but the linear regions in Fig. 14 are nearly
parallel to each other with respect to the voltage. It is well
known that the ideal relationship between J and V under
thermionic emission theory is expressed as

J ¼ A � T2 � exp � q�m

kBT

� �
� exp

qV

nkBT

� �
� 1

� �
; ð1Þ

where ϕm, q, kB, and T denote the Schottky barrier height,
electronic charge, Boltzmann constant, and absolute temper-
ature, respectively. A is a constant. When the ideality factors
are the same, the parallel relationships in the plot between
log J and V are attributable to the difference in exp(−qϕm=
kBT ), that is, ϕm. If the reduction in built-in voltage,

Table II. Expected performance of α-Ga2O3 SBDs. Donor concentration was fixed at 1 × 1017 cm−3. For the on resistance of the n-layer, values were
calculated assuming the mobility of 300 or 50 cm2V−1 s−1, and displayed in upper or lower lines, respectively.

Thickness of n-layer
(µm)

Breakdown voltage
(V)

On resistance
(mΩ cm2)

Donor concentration
(cm−3)

1 710
0.021 (300 cm2V−1 s−1)
0.125 (50 cm2V−1 s−1)

1 × 1017

2 1238
0.042 (300 cm2V−1 s−1)
0.250 (50 cm2V−1 s−1)

1 × 1017

3 1586
0.062 (300 cm2V−1 s−1)
0.375 (50 cm2V−1 s−1)

1 × 1017

4 1752
0.083 (300 cm2V−1 s−1)
0.499 (50 cm2V−1 s−1)

1 × 1017

5 1768
0.104 (300 cm2V−1 s−1)
0.624 (50 cm2V−1 s−1)

1 × 1017

c-plane sapphire

α-Ga2O3 (n+)

Schottky
(Au)

α-Ga2O3 (n−)

Ohmic
(Ti/Au)

Ohmic
(Ti/Au)

(b)

(a)

Φ120 μm

Fig. 11. (Color online) Schematic cross section of lateral-structure
α-Ga2O3 SBDs.77)

α-Ga2O3 (n+)

α-Ga2O3 (n−)

Ohmic (Ti/Au)

Schottky

(a)

(b)

Ohmic (Ti/Au)
electrode on 
the bottom 
surface

Schottky electrodes 
on the top surface

Ga2O3 layers

Fig. 12. (Color online) (a) Schematic cross section and (b) plain-view
photograph of vertical-structure α-Ga2O3 SBDs.61,78) In (b), note that the
α-Ga2O3 layers are transparent in the visible region; the back ohmic contact
is seen from the top.
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measured from capacitance–voltage measurements, by 0.2 eV
is due to the reduction in ϕm by 0.2 eV, this results in an
increase in J by more than three orders of magnitude.

A very low on resistance and high reverse breakdown
voltage were apparently obtained. In the plot showing the
relationship between the on resistance and the breakdown
voltage, the data for the samples appeared close to or below
the SiC limit. The use of mist CVD and sapphire substrates is

advantageous to reduce the device cost, leading to the supply
of practical power devices to the market. Figure 15 is a
photograph of the SBD in a transistor outline (TO) package.

6.3 Transistors
For transistors, on the other hand, metal–semiconductor field
effect transistors (MESFETs) have been demonstrated.56,63)

Their characteristics have not reached the standard of
β-Ga2O3, but we shall expect further evolution as well as
the demonstration of high-performance MOSFETs.

7. Devices with α-In2O3

Owing to the mobility of higher than 100 cm2V−1 s−1 together
with a wide bandgap of 3.7 eV, α-In2O3 can be considered as
a candidate for electrical device applications. Preliminary
MOSFETs have already been reported in the literature,50) and
efforts have been taken to improve their properties.

Since the electron concentration in UID α-In2O3 is
3.1 × 1018 cm−3 or higher, it seems desirable to reduce it in
order to fabricate MOSFETs with higher performance. This
will be achieved in the future with the progress of growth
technologies, but at the present stage the doping of Mg,
which is expected to compensate for residual donors, was
examined in a preliminary investigation. As a result, the
carrier concentration was reduced to 1.2 × 1018 cm−3 but the
mobility was also reduced to 95 cm2V−1 s−1. However, the
MOSFETs fabricated using amorphous Al2O3 as a gate
insulator showed saturation and pinch-off behavior in drain
characteristics and an on=off ratio of 105 in gate character-
istics, as shown in Figs. 16(a) and 16(b), respectively.70)

The electrical properties were a subthreshold swing of 1.83
V=dec, a field-effect mobility of 187 cm2V−1 s−1, and an
effective mobility of 240 cm2V−1 s−1. The relatively high
mobilities are attractive for high-performance devices.

8. Summary and conclusions

In parallel to the recent progress of a variety of oxide
semiconductors, corundum-structured III-oxide semiconduc-

Table III. Summary of SBD device properties.

Device Configuration Schottky contact
Built-in potential

(eV)
n value

On resistance
(mΩ cm2)

Breakdown voltage
(V)

(a) Lateral Au 2.3 >500

(b) Vertical Au 1.7–2.0 1.1 270

(c) #1 Vertical Pt=Ti=Au ∼1.5 1.1 0.1 531

(c) #2 Vertical Pt=Ti=Au ∼1.5 1.1 0.4 855

0 1 2 3
10-10

10-8

10-6

10-4

10-2

100

102

104

Voltage [V]

C
ur

re
nt

 d
en

si
ty

 [A
/c

m
2 ]

#1

(a)(b)

(c)

#2

Fig. 14. (Color online) Comparison of forward J–V characteristics of a
series of SBDs in logarithmic plot of J. (a) Lateral SBD,77) (b) vertical SBD
(initial device),78) and (c) vertical SBDs (advanced devices).61)

Voltage [V]

C
ur

re
nt

 d
en

si
ty

 [A
/c

m
2 ]

0 1 2 3
0

0.1

0.2

0.3
(b)

0 1 2 3
0

1000

2000

3000

Voltage [V]

C
ur

re
nt

 d
en

si
ty

 [A
/c

m
2 ] (c)

#1

#2

Voltage [V]

C
ur

re
nt

 d
en

si
ty

 [A
/c

m
2 ]

0 1 2 3 4 5
0

0.02

0.04

0.06

0.08

0.1
(a)

Fig. 13. (Color online) Forward J–V characteristics of α-Ga2O3 SBDs. (a)
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Fig. 15. (Color online) Photograph of the SBD in a TO package.
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tors offer opportunities for bandgap engineering in the
(U)WBG region from 3.7 to ∼9 eV and function engineering,
leading to highly durable electronic devices and deep
ultraviolet optical devices as well as multifunctional devices.
The availability of simple and safe growth technologies such
as mist CVD is also advantageous for reducing the energy
and cost required for growth. We conclude that the recent
marked progress in the fabrication of III-oxide semiconduc-
tors will be bloom for exploring sustainable social, economic,
and technological development for the future.
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