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Abstract
The demand for high-efficient and robust power semiconductors in harsh environments such as high temperature and high 
voltage has been enlarged with the fast development of the industry. Gallium oxide (Ga2O3) with a larger bandgap energy of 
4.8–5.3 eV than Si, SiC, and GaN is a promising material suitable for next-generation power devices. Among the Ga2O3’s 
phases, corundum structured α-Ga2O3 has attracted much attention, benefiting from the epitaxial growth on cheap sapphire 
substrate and the existence of p-type materials with the same crystal structure. This paper comprehensively reviews the 
progress on the epitaxial growth of α-Ga2O3 thin films and the fabrication of α-Ga2O3-based electronic and optoelectronic 
devices. First, state-of-the-art technologies for improving the crystal quality of α-Ga2O3 depending on growth methods are 
presented. Secondly, the current research level of growth of n-type doped α-Ga2O3 is comprehended. Finally, the recent 
progress of electronic and optoelectronic devices, including Schottky diodes, field-effect transistors, and solar-blind photo-
detectors, is summarized.
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1  Introduction

With the fast development of the industry, energy consump-
tion has remarkably increased [1]. To cope with the rising 
energy consumption, the electricity generation is increasing, 
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but it is inevitably accompanied by combustion of fossil 
fuels. The combustion of the fuels leads to a large amount 
of greenhouse gas emissions, which is the main reason for 
environmental issues such as global warming and climate 
change. One of the strategies for mitigating these issues is 
to minimize the combustion by using electrical energy effi-
ciently. Electrical energy is lost during the continuous con-
version process that happens from generation to consump-
tion, therefore reducing the loss is critical to using energy 
efficiently. Because it is the power device that executes the 
power conversion process through switching or rectifica-
tion, it is important to improve its efficiency. Conventional 
power devices have been generally manufactured of Si, but 
its narrow bandgap results in significant leakage current, 
lowering switching efficiency of the devices. To address 
this issue, researchers began using wide bandgap (WBG) 
materials such as silicon carbide (SiC) [2, 3], and gallium 
nitride (GaN) [4] in power devices. It was reported that SiC 
devices had lower switching losses than Si devices across all 
temperature and frequency ranges due to its large bandgap 
energy [5]. Wide bandgap materials also have large break-
down fields, making it easier to make high-voltage devices 
and helping with miniaturization by reducing the drift layer. 
Researchers’ interest in prospective materials for the devel-
opment of next-generation power devices is expanding as the 
devices made of the WBG materials become commercial-
ized. Gallium oxide (Ga2O3) is known as a representative 
material because it has a larger bandgap energy and break-
down field than commercialized WBG materials [6]. The 
material, especially β-Ga2O3, has a Baliga’s figures of merit 
(BFOM = ε∙μ∙EC

3 where ε: dielectric constant, μ: carrier 
mobility, and EC: breakdown field) value that is 5.6 and 2.2 
times higher than SiC and GaN, respectively [1, 7]. Further-
more, beta gallium oxide allows for n-type doping across a 
wide range of carrier concentrations from 1016 to 1019/cm3, 
making it more favorable for device development than mate-
rials with higher bandgap energies that are harder to dope 
[8]. Therefore, Ga2O3 with high bandgap energy, breakdown 
field, and doping controllability can be the most promising 
candidate for the fabrication of electronic and optoelectronic 
devices, notwithstanding the issues with p-type doping.

Ga2O3 crystals can exist in various polymorphs such as α 
[9], β [10, 11], γ [12], ε [13], κ [13, 14], and δ [15]. Among 
the five polymorphs, β-Ga2O3 is the thermodynamically 
most stable, which can be fabricated as a substrate through 
conventional solution-based technologies such as floating-
zone (FZ) [16], edge-defined film-fed growth (EFG) [17], 
and Czochralski [18] methods. However, the commercial-
ized size of the substrate still remains in 4-inch, and the 
price is higher than other conventional substrates such as 
Si and sapphire. Furthermore, the crystal defects like pits, 
voids, and twin defects still are obstacles to the fabrication 
of large-scale growth techniques [19].

On the other hand, α-Ga2O3 has attracted researchers’ 
interest as it is possible to grow single-crystalline α-Ga2O3 
thin films without any rotational domains on cheap sapphire 
substrates. The epitaxial growth is due to the same rhombo-
hedral corundum crystal structure. Although β-Ga2O3 can 
grow on sapphire epitaxially, it was reported that crystal 
asymmetry between β-Ga2O3 and α-Al2O3 results in two dis-
tinct textures of the ( 201) and (101) planes of the monoclinic 
phase as well as in-plane rotational domains [20, 21]. The 
structural problems can limit the β-Ga2O3 properties. Also, 
the α phase has the largest bandgap energy among the poly-
morphs, ranging from 5.0 to 5.3 eV, resulting in an increased 
BFOM value that is 2.7 times that of β-Ga2O3. Therefore, 
α-Ga2O3 has the potential to be used for low-cost fabrication 
of devices such as high breakdown voltage power devices or 
solar blind photodetectors (SBPD).

Figure 1a depicts a summary of the representative study 
fields of α-Ga2O3. (i) Bandgap engineering of α-Ga2O3, 
which involves tailoring the bandgap energy of α-Ga2O3 
by alloy it with other corundum-structured materials such 
as α-Ti2O3 [22–24], α-Rh2O3 [25–27], α-Fe2O3 [28–32], 
α-Cr2O3 [33–35], α-Ir2O3 [36–39], α-In2O3 [40–42], and 
α-Al2O3 [43–55], is the first topic. The engineering can 
be an important technology for fabricating heterojunction 
devices. Bandgap energies of the alloys based on α-Ga2O3 
are expected to be tunable from 0.1 to 9.0 eV, while con-
ductivities of the alloys are still being studied, except for 
Si-doped α-(AlxGa1−x)2O3 [56]. The second is the techniques 
for enhancing crystal quality of α-Ga2O3, such as (ii) growth 
on buffer layers, (iii) epitaxial lateral overgrowth (ELO), and 
(iv) selective area growth (SAG). It was reported that large 
threading dislocations (TDs) density of ~1010/cm2 exists in 
α-Ga2O3 on sapphire owing to the lattice mismatch and the 
difference of thermal expansion coefficient between the film 
and the substrate [57, 58]. The improved crystal quality of 
α-Ga2O3 with the above techniques have been reported. The 
third topic is (v) the n-type doping with Si [57, 59], and Sn 
[60–63] for securing the conductivity of α-Ga2O3 thin films. 
Although p-type doping is still a challenge, the possibil-
ity of fabricating pn heterojunction with p-type corundum 
materials such as α-Ir2O3 [37–39], and α-Rh2O3 [27] can 
be a unique advantage of the α-phase. The last is the device 
fabrication based on α-Ga2O3 such as (vi) power devices 
and (vii) SBPDs.

Published papers and citations on α-Ga2O3 have increased 
for the last ten years, as shown in Fig. 1b. Although the 
percentage of articles for the α-Ga2O3 to the β-Ga2O3 stays 
around 20% in 2021, but the fact that the number of pub-
lications is gradually increasing shows that researchers 
become more interested in the α-Ga2O3. Furthermore, the 
research fields have expanded from experimental investiga-
tions such as thin film growth and device fabrication process 
like plasma etching [64] to theoretical calculations on the 
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material’s properties. So, we want to provide insight into the 
promising material by summarizing progress on epitaxial 
growth and doping of α-Ga2O3 crystals and their current 
applications such as electronic and optoelectronic devices 
in this review.

2 � Epitaxial Growth

Various growth techniques for growing single-crystalline 
α-Ga2O3 thin films on sapphire substrates have been used, 
such as the halide vapor phase epitaxy (HVPE), the mist 
chemical vapor deposition (mist CVD), the molecular 
beam epitaxy (MBE), the atomic layer deposition (ALD), 
the metalorganic chemical vapor deposition (MOCVD), etc. 
This section will introduce the outcomes of the growth tech-
niques and discuss their benefits and challenges.

2.1 � Halide Vapor Phase Epitaxy

HVPE is a CVD technique known for the high purity of 
resultant thin films with a rapid growth rate. Figure 2a shows 
the schematic of HVPE for epitaxial growth of α-Ga2O3. 
In HVPE, an α-Ga2O3 thin film is synthesized through a 
series of reactions using carbon-free sources such as Ga 
metal, hydrochloric acid (HCl), and oxygen gas typically at 
450–550 °C [65]:

Ga(Liquid) + HCl(Gas) → GaCl(Gas) + 1∕2H
2
(Gas)

 resulting in low impurity concentration. The study on epi-
taxial growth of α-Ga2O3 films on c-plane sapphire sub-
strates with HVPE includes the direct growth and the ELO 
for crystallinity improvement.

2.1.1 � Direct Growth

In 2015, Oshima et al. [66] reported the epitaxial growth 
of twin-free α-Ga2O3 films on c-plane sapphire substrates 
for the first time. They confirmed that the thin films grown 
by HVPE had much lower impurity concentrations, such as 
H, C, Si, than those grown by mist CVD, and demonstrated 
a rapid growth rate as high as approximately 150 μm/h. 
Leach et al. [67] reported that the surface preparation of the 
substrate is the key for high-quality and single-crystalline 
α-Ga2O3 thin films. Since 2019, Jeon’s group has reported 
the growth optimization process by adopting the post-growth 
annealing process and O2 pulsed mode, as shown in Fig. 2b 
[57, 65, 68]. They explicated that the annealing could 
increase the number of Ga-O bonds for the stoichiometric 
ratio [68], and the O2 pulsed mode promoted the diffusion 
length of Ga adatoms longer [57]. In 2020, Lee et al. [69] 
reported the highly crystalline α-Ga2O3 single crystals with 
the full width at half maximum (FWHM) values of XRD 
ω-rocking curves for the 0006 and 101 2 reflections of 61 
and 1016 arcsec, respectively, on bare sapphire substrates. 
Despite the low values, however, the TD density taken from 
plane-view TEM images was still high of low 1010/cm2 in 

2GaCl(Gas) + 3∕2O
2
(Gas) → Ga

2
O

3
(Solid) + Cl

2
(Gas)

Fig. 1   a The outline of research fields on α-Ga2O3. i Bandgap engi-
neering of α-Ga2O3. ii α-Ga2O3 growth on buffer layers. iii Epi-
taxial lateral overgrowth of α-Ga2O3. Reproduced with permission 
[70]. Copyright 2019, American Chemical Society. iv Selective area 
growth of α-Ga2O3. v The graph showing mobility as a function of 
carrier concentration. Reproduced with permission [62]. Copyright 
2019, Wiley–VCH. vi Schematic of α-Ir2O3/α-Ga2O3 heterojunction. 

Reproduced with permission [38]. Copyright 2021, AIP publishing. 
vii Schematic of MSM α-Ga2O3 photodetector. Reproduced with per-
mission [114]. Copyright 2021, AVS. b The number of publications 
and citations on α-Ga2O3 per year conducted since 2011. The publi-
cation search was performed using the web of science [v.5.35]–web 
of sciencecore collection search: keywords of alpha gallium oxide or 
(α-Ga2O3) have been used



116	 Electronic Materials Letters (2022) 18:113–128

1 3

α-Ga2O3, which remains still a critical drawback [57, 58, 
69].

2.1.2 � Epitaxial Lateral Overgrowth

To reduce TD density in an α-Ga2O3 film grown on a sap-
phire substrate, ELO, a technique to block dislocations 
threading from the substrate or substrate/buffer structure 
to the next-grown epitaxial layers, has been adopted in 
HVPE. HVPE is a favorable method to obtain fully coa-
lesced thin films through ELO due to the rapid growth rate. 
Oshima et al. [58] demonstrated the ELO of α-Ga2O3 on 
stripe patterned SiO2 masks and achieved a low TD den-
sity of less than 5 × 106/cm2 in the wing area where the lat-
eral growth was dominant, estimated by plane-view TEM 
images. Son et al. [70] used SiN masks along the α-Ga2O3 
[112 0] and [1100], claiming that the [1100] direction is 
suitable for ELO because of the higher lateral growth rate 
of α-Ga2O3, as shown in Fig. 2c. Cha et al. [71] used Pd 

nanoparticles/single-walled carbon nanotubes (Pd-SWC-
NTs) for nanomasks for ELO. They reported that high-
quality ELO α-Ga2O3 on the substrate was achieved, by 
showing the TD density was 6.10 × 109/cm2 evaluated by 
the cross-sectional TEM images and the FWHMs of XRD 
ω-scan for the symmetric 0006 and skew-symmetric 101 4 
reflections were 17 and 879 arcsec, respectively. Figure 2d 
reveals that dislocations were bent, which is the main rea-
son for reducing TDs. Son et al. [72] showed crystallinity 
improvement of α-Ga2O3 thin films on conical frustum 
patterned sapphire substrates also occurred through ELO 
by revealing an average TD density of 8.4 × 109/cm2 from 
the plane-view TEM images. Kawara et al. [73] studied 
on the in-plane anisotropy of dislocation bending in ELO 
α-Ga2O3. They observed that TDs in the ELO region were 
bent toward the < 1010 > directions by applying the etch-
pit method using KOH aqueous solution on the polished 
ELO epilayer. Furthermore, Kawara et al. [74] demon-
strated the double-layered ELO (DLELO) where the ELO 
was performed twice for eliminating TDs propagating on 
the area of the first window, and successfully obtained a 
continuous α-Ga2O3 thin film whose thickness was about 
100 μm, although the surface was bumpy. They estimated 
TD density of 5 × 106/cm2 with the plane-view TEM 
images. If the surface roughness is improved, the DLELO 
process will be helpful for obtaining thick α-Ga2O3 films.

As discussed above, the HVPE is an ideal growth tech-
nique for enhancing the crystal quality of α-Ga2O3 films by 
ELO due to its rapid growth rate. In addition, the ability to 
grow the high purity films is a critical advantage of HVPE. 
As a result, this method is expected to be utilized to pro-
duce freestanding α-Ga2O3 substrates as in case of SiC 
[75], AlN [76], or GaN [77]. The fabrication of freestand-
ing α-Ga2O3 substrates will be an important technique to 
realize homoepitaxial growth of α-Ga2O3.

2.2 � Mist Chemical Vapor Deposition

Mist CVD is atmospheric equipment for growing thin films 
with simplicity, safety, and low-cost characteristics. In the 
mist CVD, an aqueous source with precursors is atom-
ized by ultrasonic vibrators, and then the generated mist 
is transported by carrier and dilution gases to the heated 
substrate surface, as shown in Fig. 3a. The mist reacts on 
the substrate, followed by film formation. The CVD was 
widely used for α-Ga2O3 epitaxial growth on sapphire, 
reporting various results such as the direct growth, the 
alloying with other corundum materials, the techniques for 
crystal-quality improvement, and enhanced thermal stabil-
ity. Recently, the growth mechanism of α-Ga2O3 with mist 
CVD has been also presented.

Fig. 2   a Schematic of HVPE for epitaxial growth of α-Ga2O3. b The 
FWHM values for 101 4 reflections of α-Ga2O3 grown by HVPE as a 
function of the FWHM values for 0006 reflections with optimizing 
growth conditions. c Cross-sectional TEM image of ELO α-Ga2O3 
on buffer layer with Pd-SWCNTs. Reproduced with permission [71]. 
Copyright 2019, AIP Publishing. d Plane-view optical microscope 
images of ELO α-Ga2O3 on SiN masks along [112 0] and [1100] pat-
tern direction depending on the growth time. Reproduced with per-
mission [70]. Copyright 2019, American chemical society
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2.2.1 � Growth Mechanism

Recently, studies supporting the Leidenfrost effect as a 
growth mechanism of mist CVD have been published. The 
Leidenfrost effect is a physical phenomenon where a liquid 
forms an insulating vapor layer near a much hotter surface 
than the liquid's boiling point, preventing the liquid from 
boiling fast. Ha et al. [78] successfully observed the Lei-
denfrost motion of water microdroplets on the substrate 
surface using a high-speed camera, as shown in Fig. 3b. 
Uno et al. [79] elucidated a growth mechanism by using 
acetylacetonated Ga solution. Figure 3c shows the reac-
tion process in which acetylacetonate ligands’ anchoring 
follows a ligand exchange by hydrogen bonding. Also, 
they proved that the oxygen atoms in α-Ga2O3 thin films 
come from water in mist source by examining the 18O/16O 
ratio through secondary ion mass spectroscopy (SIMS), 
as shown in Fig. 3d.

2.2.2 � Direct Growth

In 2008, Shinohara et al. [9] reported the epitaxial growth 
of α-Ga2O3 on sapphire substrates by mist CVD for the first 
time. Hao et al. [80] demonstrated high uniformity with 
deviations less than 3% of α-Ga2O3 single crystal on 2-inch 
sapphire. Ma et al. [81, 82] successfully obtained single-
crystalline 8-μm-thick-α-Ga2O3 films without any crack by 
the slow cooling rate (< 50 K/h). They also observed the 
TD behaviors in the α-Ga2O3 film through the two-beam 
bright field TEM images with different diffraction vectors 
of [0002], [ 2110], and 1/3[2116], as shown in Fig. 4a–c, 
respectively [82]. Figure 4a shows that no recognizable 
pure screw dislocations are observed while Fig. 4b repre-
sents pure edge dislocations that can be distinguished. The 
contrast caused by dislocations in three two-beam images 
is nearly identical, implying that edge dislocations with 
the Burgers vector of be = 1/3⟨211 0⟩ have a high density at 

Fig. 3   a Schematic of mist CVD fop epitaxial growth of α-Ga2O3. 
b Schematic of water droplet motion on substrate surface depend-
ing on surface temperature and a high-speed camera image of the 
water droplet. Reproduced with permission [78]. Copyright 2021, 

Wiley–VCH. c Schematic of the growth mechanism of α-Ga2O3 in 
mist CVD. d Concentration profiles of 18O, 16O, and Ga atoms of the 
α-Ga2O3 thin films grown with mist CVD. Reproduced with permis-
sion [79]. Copyright 2020, AIP publishing
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the film-substrate interface and extend along with the film 
normal.

2.2.3 � Alloying

The studies on the alloying α-Ga2O3 with other corundum 
structured oxide materials by mist CVD have been actively 
underway. Ito et  al. [43] successfully demonstrated the 
epitaxial growth of α-(AlxGa1−x)2O3 on sapphire by using 
distilled (DI) water containing both aluminum acetylace-
tonate (Al(acac)3) and gallium acetylacetonate (Ga(acac)3) 
as a precursor for the first time in 2012. In 2018, Dang 
et  al. [49] synthesized α-(AlxGa1−x)2O3 single crystals 
by introducing a mist CVD two-chamber system to avoid 
side reactions that occurred when Al and Ga sources were 
mixed in one chamber, and succeeded in controlling Al con-
tents by simply changing the Al and Ga carrier gas flow 
rates, as shown in Fig. 4d. In addition, single-crystalline 
α-(InxGa1−x)2O3 whose In contents x increased from 0 to 
0.67 was demonstrated, as shown in Fig. 4e [42]. Figure 4f 
shows that the resistivity and the bandgap decreased by 
increasing In contents [42]. α-(Ga1−xFex)2O3 [31, 35, 83] 
and α-(Ga1−xCrx)2O3 [35] have also been demonstrated by 
mist CVD. Kaneko et al. [31] demonstrated the epitaxial 
growth of α-(Ga1−xFex)2O3 thin films with room-temperature 
magnetism in which there was no phase-separated area con-
firmed by TEM energy-dispersive X-ray spectroscopy.

2.2.4 � Techniques for Crystallinity Improvement

Several trials have enhanced the crystal quality of α-Ga2O3 
thin films on sapphire substrates such as a buffer layer, ELO 
on dielectric patterns, and sapphire nanomembrane. Typi-
cally, α-(AlxGa1−x)2O3 layers have been used for an interme-
diate layer of α-Ga2O3 and α-Al2O3 for growing thick [46] 
and high crystalline[48, 84] α-Ga2O3. α-Fe2O3 was also used 
as a single [85] and a multiple-quantum-well (MQW) [86] 
layer for improving the crystallinity of α-Ga2O3. Especially, 
the results of quasi-graded α-(AlxGa1−x)2O3 layers [48, 87] 
and the MQW [86], which is shown in Fig. 5a, show the 
remarkable growth controllability of mist CVD.

ELO was also demonstrated by using SiO2 [88] and SiOx 
[89] masks. Jinno et al. [88] achieved merged thin films on 
stripe patterned SiO2 masks using a-plane sapphire sub-
strates where α-Ga2O3 can grow in the rectangular facet 
structures with the largest lateral growth rate. Recently, 
Dang et al. [89] demonstrated ELO α-Ga2O3 on stripe pat-
terned SiOx masks with under 600 nm pitch on an α-Ga2O3 
template. Figure 5b is the coalescence α-Ga2O3 image with 
a small thin film thickness on the sub-μm patterns. Lately, 
Yang et al. [90] reported the selective area growth of high-
quality and strain-relaxed α-Ga2O3 on sapphire nanomem-
branes, as shown in Fig. 5c. Stripe-patterned cavity struc-
tures provide thin substrates of 60 nm, which reduce the 
thin films’ strain by sharing the total strain energy. They 
confirmed that the misfit dislocation density in α-Ga2O3 on 

Fig. 4   Cross-sectional TEM images of 8-um-thick α-Ga2O3 thin 
films with different diffraction vectors of a [0002], b [ 2110], and c 
1/3[2116]. Reproduced with permission [82]. Copyright 2019, AIP 
Publishing. d XRD theta-2theta scan of α-(AlxGa1-x)2O3 thin films 
depending on aluminum contents by mist CVD. Reproduced with 

permission [49]. Copyright 2018, AIP Publishing. e XRD theta-
2theta spectra, f resistivity and optical bandgap of α-(InxGa1−x)2O3 
thin films as a function of In contents. Reproduced with permission 
[42]. Copyright 2014, Elsevier B.V
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sapphire nanomembrane was reduced by 13% compared with 
that on the thick substrate by reconstructed TEM images 
through fast Fourier transformation, as shown in Fig. 5d.

2.2.5 � Enhanced Thermal Stability

Due to the metastability of α-Ga2O3, at growth tempera-
tures over 550 °C, β-Ga2O3 [9] or ε-Ga2O3 [87] grow in the 
α phase dominated films. In addition, when α-Ga2O3 was 
annealed at temperatures over 600 °C, β-Ga2O3 started to 
appear in the film [45, 91]. Since the low thermal stability of 
α-Ga2O3 limits the utilization at high temperature, enhanc-
ing the stability is an important issue. Lee et al. [45] were 
the first to show that adding Al to α-Ga2O3 can improve 

the α-phase’s thermal stability. When annealed at tempera-
tures up to 650 °C, the Al doped α-Ga2O3 thin film main-
tained its phase, but the undoped α-Ga2O3 thin film started 
to include β-Ga2O3 at temperatures over 600 °C. In addition, 
α-(Al0.2Ga0.8)2O3 thin films withstand the annealing tem-
perature of 850 °C by retaining the α-phase. In 2020, Jinno 
et al. [92] reported that inverse relationship between thermal 
stability and film thickness of α-Ga2O3. They also showed 
that the thermal stability of SAG α-Ga2O3 on dot patterned 
SiO2 was improved by demonstrating that the phase was 
retained after annealing at 800 °C for 10 h. They explained 
that the findings were due to the reduction of thermal stress 
caused by reducing the film thickness or employing the 
SAG. Thermal stress regulation might be a fundamental 

Fig. 5   Various techniques for 
high-quality α-Ga2O3 by mist 
CVD. TEM images of α-Ga2O3 
on a MQW and b SiOx sub-
micrometer patterns. Repro-
duced with permission [86]. 
Copyright 2016, AIP Publish-
ing. Reproduced with permis-
sion [89]. Copyright 2021, AIP 
Publishing. c SEM images of 
α-Ga2O3 selectively grown on 
sapphire nanomembrane with 
the stipe patterns lying in the 
[112 0] and [1100] directions. 
d Reconstructed TEM images 
of α-Ga2O3 on the bottom and 
top of the pattern lying in the 
[1100] direction. Reproduced 
with permission [90]. Copy-
right 2021, American chemical 
society
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requirement for thermally stable α-Ga2O3 thin films on sap-
phire substrates.

Mist CVD, as previously noted, has played a significant 
part in the research of α-Ga2O3 by yielding diverse results. 
The ability to grow high-quality α-Ga2O3 thin films and the 
ease of alloying are powerful characteristics of mist CVD 
for fabricating α-Ga2O3-based devices. Although the low 
growth rate and purity can be disadvantages, using a chlo-
rine-based source is expected to improve them.

2.3 � Molecular‑Beam Epitaxy

MBE is a growth technique that is useful for synthesizing 
high-crystalline thin films with atomically sharp surfaces 
and managing precise doping profiles in the films. The 
results of epitaxial growth of α-Ga2O3 alloys as well as ter-
nary alloys on sapphire substrates have been reported.

2.3.1 � Epitaxial Growth of α‑Ga2O3

The reports on MBE-grown-α-Ga2O3 have been published 
since 2016 [93–96]. Guo et al. [93] firstly obtained single-
crystalline α-Ga2O3 on m-plane sapphire substrate by MBE. 
Oshima et al. [94] fabricated α-Al2O3/Ga2O3 superlattices 
with epitaxial structures coherently grown on r-plane sap-
phire substrates and verified that the critical thickness of 
α-Ga2O3 on α-Al2O3 was as small as ~1 nm due to the large 
lattice mismatch. Cheng et al. [96] investigated critical thick-
ness of an α-Ga2O3 layer at which β-Ga2O3 formed to be 
14.4 nm on a-plane substrates. In 2018, Kracht et al. [95] 
demonstrated, on a r-plane sapphire substrate, growth of an 
α-Ga2O3 film stabilized up to a thickness of 217 nm, and 
observed c-plane facets of α-Ga2O3 on surface facilitated the 
formation of β-Ga2O3 in MBE growth condition.

2.3.2 � Alloying

Studies on alloying α-Ga2O3 with α-Al2O3 were achieved by 
MBE. [54, 55, 97] Jinno et al. [54] grew single-crystalline 
α-(AlxGa1−x)2O3 layers whose Al composition was from 0 
to 1 with MBE. They used m-plane sapphire substrates as 
templates for epitaxial growth of α-Ga2O3 because the sub-
strates are beneficial for growing the alpha phase by sup-
pressing c-plane formation perpendicular to growth front. 
McCandless et al. [55] grew α-(AlxGa1−x)2O3 films with 
the aluminum composition of 0, 46, and 100% on m-plane 
sapphires, and annealed the samples to explore the ther-
mal stability. They observed that the pristine α-Ga2O3 was 
converted to the β phase upon the post-growth annealing at 
temperatures above 800 °C, whereas α-(AlxGa1−x)2O3 sam-
ples with Al composition of 46 and 100% were maintained 
without phase transition up to the temperature 900 °C. In 
addition, they deposited an Al2O3 cap layer on an α-Ga2O3, 

which improved the film thermal stability up to 900 °C by 
suppressing decomposition of the film and allowing Al to 
diffuse into the film.

As previously stated, the crystalline orientation of the 
wafer was critical for growing single-crystalline α-Ga2O3 on 
sapphire using MBE, resulting in r-plane sapphire substrates 
being appropriate templates. Furthermore, results on alloy-
ing α-Ga2O3 with other materials or fabricating heterostruc-
tures with α-Ga2O3 will be expected based on MBE’s precise 
alloying controllability.

2.4 � Atomic Layer Deposition

ALD is a deposition technique characterized by its precise 
thickness controllability, wafer-scale uniformity, and tunable 
film composition. Most studies have reported the deposition 
of amorphous Ga2O3 films, however, the results of α-Ga2O3 
have been reported since 2018 [22, 98–103].

Roberts et al. [98] was the first to succeed in growing a 
Ga2O3 thin film with a dominant α phase with some ε and 
amorphous phases on a c-plane sapphire substrate at 250 °C. 
The α phase in the film showed an epitaxial relationship with 
the substrate of 

[

1120

]

Ga2O3

∥
[

1120

]

Al2O3

 , (0001)Ga2O3
∥(0001)Al2O3 , and a low FWHM of 22 arcsec for 0006 reflec-
tion of α-Ga2O3 despite the inclusion of other phases. In 
2020, Wheeler et al. [101] successfully controlled the phase 
of Ga2O3 by tuning growth conditions such as growth tem-
perature, pressure, and total gas flow, and succeeded in epi-
taxial growth of an α-Ga2O3 film with thickness of 45 nm on 
a c-plane sapphire substrate at 295 °C under a plasma gener-
ated in 40 sccm pure O2 at low pressures. Moloney et al. 
[102] found the α-Ga2O3 films were stable up to 400 °C dur-
ing post-growth annealing and confirmed the thermal 
annealing enhanced the crystalline quality due to the strain 
relaxation. Finally, Barthel reported the synthesis of 
α-(TixGa1−x)2O3 spanning x from 0 to 5.3% although degra-
dation of crystalline quality was observed over 3.7%, how-
ever, the alloy has a potential for bandgap engineering rang-
ing from 0.1 to 5.3 eV.

As previously mentioned, ALD was used to grow 
α-Ga2O3 films at low temperatures, and single-crystalline 
α-Ga2O3 thin films were successfully demonstrated. ALD-
grown α-Ga2O3 has a low thermal budget, which might be 
beneficial for overlayer growth and fabricating cost-effective 
devices.

2.5 � Metalorganic Chemical Vapor Deposition

MOCVD is a thin film growth technique based on a chemi-
cal reaction of organometallic and gaseous sources. This 
method is well-known for the large-scale and fast deposi-
tion of nitride and oxide thin films. However, results on 
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α-Ga2O3 by MOCVD have been limited to direct growth on 
sapphire substrates due to an extremely tight growth window 
of single-crystalline α-Ga2O3. In 2015, Schewski et al. [104] 
firstly found that α-Ga2O3 consisting of only three monolay-
ers epitaxially grown at 850 °C with MOCVD at the inter-
face between c-plane sapphire substrate and the β-Ga2O3. 
Reports on a mixture α- and ε-Ga2O3 film with a dominant 
α phase, not single-crystalline α-Ga2O3 with MOCVD by 
increasing HCl flow have been reported since 2018 [105, 
106]. Sun et al. [105] proposed that the HCl acts as a cata-
lyst during the phase transformation in MOCVD. In 2020, 
Egyenes-Pörsök et al. [107] successfully grew single-crys-
talline α-Ga2O3 thin films on m-plane sapphire substrates at 
700 °C using liquid-injection MOCVD under high O2 flow 
condition (170 sccm).

Growth window for α-Ga2O3 growth on sapphire with 
MOCVD is narrow. However, as liquid-injection MOCVD 
succeeded in single-crystalline α-Ga2O3 growth, we antici-
pate being able to enlarge the window adopting various 
approaches based on experimental and theoretical inquiry.

3 � Doping

The n-type conductivity of α-Ga2O3 has been controlled by 
doping with Sn, Si, and F by the mist CVD and the HVPE. 
Table 1 summarizes electrical properties such as carrier 
concentration and hall mobility of α-Ga2O3 crystal depend-
ing on dopants. Also, we will briefly cover the electrical 
properties of p-type corundum structures such as α-Ru2O3 

and α-Ir2O3, which can form pn heterojunction with n-type 
α-Ga2O3.

In mist CVD, Sn doping was achieved by adding a tin (II) 
chloride dehydrate in Ga source solution. Akaiwa et al. [61, 
62] confirmed that the crystallinity of epilayer is the main 
factor in obtaining high electron mobility and successfully 
growing the Sn-doped α-Ga2O3 with electron mobility of 
24 and 65 cm2/V s on average c-plane and m-plane sapphire 
substrate by inserting buffer layer. In HVPE, Polyakov et al. 
[108] grew Sn-doped α-Ga2O3 films on sapphire substrates, 
which has shallow donor concentration from 1.1 × 1017 to 
4.8 × 1019/cm3.

Si-doped α-Ga2O3 epilayers have been grown using 
C6H12ClNSi as a Si precursor in mist CVD. Uchida et al. 
[59] proved thermal annealing deteriorates conductivity of 
Sn-doped α-Ga2O3 due to the bonding change and out-dif-
fusion of Sn via hard X-ray photoelectron spectroscopy and 
X-ray photoemission spectroscopy. They successfully grew 
Si-doped α-Ga2O3, whose maximum carrier mobility was 
31.5 cm2/V s in mist CVD after thermal annealing, unlike 
Sn doping. Even conductive Si-doped α-(AlxGa1−x)2O3 thin 
films with high thermal resistance were reported [56]. In 
HVPE, Son et al. [57] obtained Si-doped α-Ga2O3 epilayers 
of the maximum electron mobility value of 51.57 cm2/V s 
with carrier concentration of 2 × 1018/cm3 in O2 pulsed 
mode.

Morimoto et  al. [109] demonstrated the growth of 
F-doped α-Ga2O3 with a low electrical resistivity of 
6.2 × 10−2 Ω cm on sapphire substrates by mist CVD. How-
ever, a low activation ratio of 10% remains one of the chal-
lenges due to the high impurity level.

Table 1   Summary of properties of α-Ga2O3 depending on dopant materials

Dopant Dopant
source

Ga source Growth
technique

Carrier 
concentration
[cm−3]

Mobility
[cm2/V s]

Thickness
[nm]

FWHM [arcsec]
0006

FWHM [arcsec]
1014

Ref.

Sn SnCl2
(dihydrate)

Ga (acac)3 Mist CVD Low 1018  ~ 0.6  ~ 200 70 – [63]
7 × 1018 0.23  ~ 200 64 –
 ~ 7 × 1016  ~ 0.6  ~ 275 60 –
Low 1019 19 2500 20 1000 [61]
High 1018 5 600 – 1500
High 1018 15 1200 – 1100
2 × 1018 24 1200 – 1000
 ~ 5 × 1018  ~ 45 1000 – 1450 [62]
1.2 × 1018 65 2000 – 1230

Si C6H12ClNSi Ga (acac)3 Mist CVD 3 × 1018 31.5 – – – [59]
2.5 × 1019 0.7 293 – – [56]

SiH4 Ga HVPE 2 × 1018 20 1080  ~ 28 2011 [57]
Low 1018 2.5 960  ~ 35 3202
2 × 1018 51.57 1430  ~ 35 1306

F NH4F GaCl3 Mist CVD 1.3 × 1019 4.6 1560  ~ 100 – [109]
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Although p-doping has not been achieved in α-Ga2O3, 
the epitaxial growth of p-type corundum-structured α-Rh2O3 
[26, 27] and α-Ir2O3 [38, 39] were reported. Kaneko et al. 
[26] firstly reported p-type α-Rh2O3 with a hole mobility 
of 4 × 10−5 cm2/V s in 1992. In 2018, Kaneko et al. [27] 
fabricated p-type α-Rh2O3 thin films on c-plane sapphire 
substrates with mist CVD, but theirs conductivity was 
extremely low because the films are semimetals in which 
electrons and holes coexist. They overcame the issue by 
alloying α-Ga2O3 to reduce the electron concentration in 
α-Rh2O3, and successfully obtained an α-(Rh0.918Ga0.082)2O3 
film whose hole density and mobility were 7.6 × 1017/cm3 
and 1.0 cm2/V s. In addition, Kaneko et al. [39] recently suc-
ceeded in obtaining p-type α-(Ir1−xGax)2O3 films with a hole 
concentration of 9.9 × 1018 to 8.1 × 1019/cm3 and a mobility 
of 0.13–0.92 cm2/V s.

Recently, Sharma et al. [110] for the first time, reported 
the fundamental electron transport mechanism in α-Ga2O3. 
They proposed that the polar optical phonon (POP) scatter-
ing is the dominant scattering mechanism in α-Ga2O3 and 
estimated the low field isotropic average electron mobility 
is about 220 cm2/V s predominantly limited by the POP 
scattering already at a doping concentration of 1.0 × 1015/
cm3. Therefore, it is necessary to increase the carrier mobil-
ity to the desired level by increasing the crystallinity of the 
α-Ga2O3 thin films and optimizing the doping conditions.

4 � Device Applications

Based on the various growth and doping techniques for high-
quality α-Ga2O3, device applications in power devices, solar-
blind photodetectors have been reported. The large bandgap 
energy of α-Ga2O3 is essential for the development of power 
devices used for precisely controlling and converting electri-
cal energy. Typically, these devices have been fabricated in 
the form of Schottky barrier diode (SBD) [111] and field-
effect transistor (FET) [112]. Furthermore, benefiting from 
a wide bandgap of 5.0–5.3 eV with intrinsic solar-blindness 
and absorption cut-off wavelength 260–280 nm, α-Ga2O3 
is suitable for SBPDs whose potential applications contain 
early missile threat warning, environmental monitoring, and 
short-range communications [113]. In this section, the cur-
rent advances of α-Ga2O3-based power devices and SBPDs 
will be reviewed.

4.1 � Power Devices

Although notable results have been published on the epi-
taxial growth of α-Ga2O3 thin films on sapphire substrates, 
there are only a few published results on α-Ga2O3 power 
devices based on used on mist CVD, as shown in Table 2. In 
2015, Dang et al. [112] reported the cost-effective α-Ga2O3 
based metal–semiconductor FET (MESFET), as shown in 
Fig. 6a. The Sn-doped α-Ga2O3 thin films were etched using 
HCl solution to fabricate the AgOx Schottky contacts. This 
MESFET showed that the rectification ratio and the reverse 
breakdown voltage were 6 × 106 and 19.6 V, respectively, as 
shown in Fig. 6b and c. For the first time, Oda et al. [111] 

Table 2   Summary of α-Ga2O3 
power devices

Device structure Growth method Ron
[Ω cm2]

Break-
down 
voltage
[V]

On/off ratio Ref.

Sn:α-Ga2O3 film Schottky junction
(Pt/Ti/Au)

Mist CVD 0.1 × 10−3 531 – [111]

Schottky junction
(Pt/Ti/Au)

0.4 × 10−3 855

Sn:α-Ga2O3 film MESFET
(AgOx)

Mist CVD – 19.6 6 × 106 [112]

Sn:α-Ga2O3 film Schottky junction
(PtOx)

Mist CVD  ~ 1 × 10  ~ 260 5 × 107 [84]

Schottky junction
(AgOx)

–  ~ 110 2 × 107

Si:α-Ga2O3 film Schottky junction
(AgOx)

Mist CVD 0.11–0.18 245 – [56]

MESFET
(AgOx)

– – 2 × 105

α-Ir2O3/Sn:α-Ga2O3 pn junction Mist CVD – – – [38]
α-(Ir, Ga)2O3/Sn:α-

Ga2O3

pn junction Mist CVD 4.3 × 10–3  ~ 100 5 × 105 [39]
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in FLOSFIA reported that they fabricated vertical SBDs 
with α-Ga2O3 films lifted off of the sapphire substrates, 
and that the transferred film helped reduce series resist-
ance and transfer heat to the mounted heat sink. The SBDs 
showed low on-resistance and high breakdown voltage of 
0.1 mΩ cm2 and 531 V (SBD1) or 0.4 mΩ cm2 and 855 V 
(SBD2), respectively.

As other trials on the fabrication of power devices with 
α-Ga2O3, researchers reported pn heterojunction with 
corundum-structured p-type oxides such as α-Rh2O3 [27] 
or α-Ir2O3 [37–39] epitaxially grown on n-type α-Ga2O3. In 
2018, Kan et al. [37] reported the band alignment of α-Ir2O3/
α-Ga2O3 pn heterojunction at first. The current–voltage (I-V) 
characteristics and the band alignment at the α-Ir2O3/α-
Ga2O3 showed the turn-on voltage of 2.0 V and the total 
barrier height for electrons of 2.4 eV. Hao et al. [38] dem-
onstrated the epitaxy of lattice-matched α-Ir2O3/α-Ga2O3 pn 
heterojunction, as shown in Fig. 6d. From the energy band 
diagram of α-Ir2O3/α-Ga2O3 heterojunction and the I-V char-
acteristics, the dominant electron transport mechanism was 
identified to space-charge-limited current conduction. They 
also found the thermal treatment in oxygen ambient resulted 
in the reduced reverse leakage current due to the suppression 
of interfacial traps and activation of acceptors, as shown in 
Fig. 6e. Recently, Kaneko et al. [39] thought α-Ir2O3 was not 
suitable for fabricating heterojunction devices by forming pn 
junction with α-Ga2O3 due to its relatively narrow bandgap 
of 3.0 eV and proposed α-(IrxGa1−x)2O3 ternary alloy for 
higher bandgap energy. Figure 6f shows an α-(Ir0.4Ga0.6)2O3/
α-Ga2O3 pn heterojunction with the reduced lattice mismatch 

of 0.12% at interface and corresponding bandgap energy 
of about 4 eV. The device exhibited that the catastrophic 
breakdown did not occur until 100 V, but the reverse current 
gradually rose with increasing bias, and had the current on/
off ratio of 5 × 105, as shown in Fig. 6g.

However, despite α-Ga2O3’s great potential, there are 
obstacles such as low thermal conductivity of α-Ga2O3 to 
developing high-performance devices. For reliable opera-
tion of α-Ga2O3 devices in high voltage, it is necessary to 
replace sapphire substrates with high thermal conductivity 
substrates, such as SiC or diamond. Kaneko et al. [27] dem-
onstrated the ability to lifted off the α-Ga2O3 films due to 
the interfacial misfit dislocations and accumulated strain, 
and successfully fabricated an α-Ga2O3 SBD mounted on 
the TO220 package, exhibiting small thermal resistance of 
13.9 °C/W. Recently, Yang et al. [90] demonstrated the SAG 
α-Ga2O3 on thin sapphire nanomembrane, which expects a 
mechanical lift-off of α-Ga2O3 films by breaking the side-
walls to be realized. The transfer results, on the other hand, 
have yet to be published. Lift-off technologies, which are 
anticipated to improve heat dissipation by transferring onto 
other substrates, will become a key for fabricating high-
performance α-Ga2O3-based devices.

4.2 � Solar‑Blind Photodetectors

The structure of α-Ga2O3 SBPDs usually reported in the lit-
erature is the metal–semiconductor-metal (MSM) structure 
based on the interdigitated electrode, which has advantages 
of the large photosensitive area, low response time, and 

Fig. 6   Device structures and I-V characteristics of α-Ga2O3-based 
power devices. a The device structure of AgOx Schottky contact 
MESFET corresponding to b output characteristics and c an I-V 
curve measured in the extended reverse bias range. Reproduced with 
permission [112]. Copyright 2015, IEEE. d The device  schematic, 
band structure, and e I-V characteristics pn heterojunction with 

α-Ir2O3/α-Ga2O3. Reproduced with permission [38]. Copyright 2021, 
AIP Publishing. f The device structure of Mg-doped α-(Ir, Ga)2O3/α-
Ga2O3 pn heterostructure diodes and corresponding g I-V characteris-
tics. Reproduced with permission [39]. Copyright 2021, AIP Publish-
ing
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simple fabrication process. Unlike power devices, SBPDs 
have been fabricated with various growth methods, as shown 
in Table 3. Guo et al. [93] reported the SBPD based on a 
100-nm-thick single-crystalline α-Ga2O3 on an m-plane 
sapphire substrate using laser-MBE. However, the ultravio-
let (UV) responsivity was as low as 3–15 mA/W. Lee et al. 
[69] reported that performance of device fabricated with a 
high-quality α-Ga2O3 film on a c-plane sapphire by HVPE 
showed the photo-responsivity of 0.19 A/W and detectivity 
of 4.19 × 1011 Jones, and the rise and fall response time were 
evaluated be 23 and 204 μsec, respectively. This outstanding 
fast response time was attributed to electron–hole separa-
tion without trapping in defect levels and sufficient carrier 
lifetime due to the high crystalline-quality of α-Ga2O3. Fig-
ure 7a shows the schematic of MSM type α-Ga2O3 SBPDs 
using ALD [103]. The device showed a high detectivity with 

deep UV range and the maximized responsivity of 0.76 A/W 
at λ = 253 nm, as shown in Fig. 7b. The low dark current and 
the signal-to-noise ratio were also estimated to be 0.5 pA at 
10 V, and 104, respectively.

For improving the SBPD performance, Qiao et  al. 
[113] used the Al nanoparticles (NPs) with surface plas-
mon effect to enhance light absorption and scattering, as 
shown in Fig. 7c. The SBPDs fabricated with Al NP deco-
rated α-Ga2O3 thin films grown by mist CVD showed the 
enhanced responsivity of 3.36 A/W at λ = 244 nm, and sup-
pressed the surface leakage currents, compared with those 
without Al NP exceeding an order of magnitude, as shown 
in Fig. 7d and e. As another way, Bae et al. [114] demon-
strated Si-doped-α-Ga2O3-based MSM-typed SBPDs using 
HVPE, as shown in Fig. 7f. Based on the high crystallinity 
Si-doped-α-Ga2O3 epitaxial thin film with the FWHM for 

Table 3   Summary of α-Ga2O3 photodetectors

Photodetector Growth method R
[A/W]

D*
[Jones]

EQE
[%]

Response time Ref.

Rise
[τ]

Decay
[τ]

α-Ga2O3 film ALD + Annealing (Ar) 1.17 @ 10 V; 240 nm – – – – [102]
α-Ga2O3 film ALD 0.76 @ 10 V; 253 nm – – 539 ns – [103]
α-Ga2O3 film HVPE 0.19 @ 30 V 4.19 × 1011 – 23 μs 204 μs [69]
Si:α-Ga2O3 film HVPE 4.24 × 104 @ 5 V; 254 nm 1.77 × 1011 2.07 × 105 – – [114]
Al NPs decorated
α-Ga2O3 film

Mist CVD 3.36 @ 5 V; 244 nm – 656 – [113]

Fig. 7   Device structures and performance of α-Ga2O3 MSM SBPDs. 
a Device schematic based on  α-Ga2O3 grown with low-temperature 
ALD, b Spectral responsivity as a function of wavelengths. Repro-
duced with permission [103]. Copyright 2018, Elsevier B.V. c 
Device structure and XRD theta/2theta spectrum of Al NPs decorated 
α-Ga2O3 grown by mist CVD, d Spectral responsivity of the Al NP-

enhanced photodetectors, and e the comparison of dark current char-
acteristics of devices with and without Al NPs. Reproduced with per-
mission [113]. Copyright 2019, American chemical society. f MSM 
detector based on Si-doped α-Ga2O3 grown by HVPE, g photo-to-
dark current ratio and EQE (%) under UV regime at 5 V. Reproduced 
with permission [114]. Copyright 2021, AVS
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0006 reflection of 79.8 arcsec, the device showed the high 
responsivity of 4.24 × 104 A/W with reasonable values of 
detectivity (1.77 × 1011 Jones) and external quantum effi-
ciency (EQE) (2.07 × 105) under UVC region, as shown in 
Fig. 7g.

Although enhancing the α-Ga2O3’s crystallinity is 
required to improve photo-responsivity, there is also the 
option of controlling the incident light path. Fresnel reflec-
tion, which happens when a refractive index contrast exists 
between the ambient medium (air) and the photodetector 
(semiconductor), is a phenomenon that degraded the overall 
conversion efficiency of the photodetector. Anti-reflection 
(AR) coatings can be a breakthrough for improving perfor-
mance by lowering or eliminating Fresnel reflection losses 
and increasing the amount of light entering the device. For 
candidate materials for UV-AR coating, fluorides such as 
MgF2, AlF3, LaF3, and oxides such as HfO2, Al2O3, SiO2, 
and UV fused silica are suitable [115]. Single or multi-layer 
thin film or even nanostructures can efficiently increase the 
amount of light entering the SBPD. Therefore, results for 
high-performance SBPDs incorporating the AR technology 
are expected.

5 � Conclusion and Perspective

This review covers the progress on growth and devices of 
α-Ga2O3. In HVPE, high-purity and high-quality α-Ga2O3 
thin films were demonstrated via ELO process. The HVPE 
is expected to realize freestanding α-Ga2O3 wafers like AlN 
[76] and GaN [77]. The mist CVD in α-Ga2O3 research 
fields is characterized by easy alloying of α-Ga2O3 with 
various materials, high-quality epitaxial growth based on 
various techniques. Also, the possibility of growing p-type 
corundum structured materials increases the value of mist 
CVD. Studies on growth and doping of α-Ga2O3 with vari-
ous growth methods will enrich the database of α-Ga2O3, 
which is fundamental to the development of the devices.

Though a few results on fabricating power devices exist, 
the assorted devices were covered, such as the MESFET, the 
vertical SBDs, and the heterojunction diodes with p-type 
materials. The increase of thin film quality and doping 
control abilities based on improved growth technologies 
is predicted to result in an α-Ga2O3-based power device 
with a high breakdown voltage. In SBPDs, improvement of 
responsivity for weak solar-blind signals has been achieved 
by using Al nanoparticles with surface plasmon effects and 
doping engineering. The evolving technologies will achieve 
further advances the performance regarding all parameter 
such as higher responsivity, detectivity, and response time, 
rather than focusing on specific one116.
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