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Abstract
Gallium oxide (Ga2O3) is rapidly emerging as a material of choice for the development of solar
blind photodetectors and power electronic devices which are particularly suitable in harsh
environment applications, owing to its wide bandgap and extremely high Baliga figure of merit.
The Ga2O3 based devices show robustness against chemical, thermal and radiation
environments. Unfortunately, the current Ga2O3 technology is still not mature for commercial
usage. Thus, extensive research on the growth of various polymorph of Ga2O3 materials has
been carried out. This article aims to provide an overview of the current understanding of
epitaxial growth of different phases of Ga2O3 by various growth techniques including pulsed
laser deposition, molecular beam epitaxy, metal-organic chemical vapor deposition, sputtering,
mist chemical vapor deposition and atomic layer deposition. The review also investigates the
factors such as the growth temperature, pressure, carrier gas, III/V ratio, substrate as well as
doping which would influence the synthesis and the stability of meta stable phases of Ga2O3. In
addition, a thorough discussion of growth window is also provided using phase diagrams for
aforementioned epitaxial deposition methods.

Keywords: gallium oxide, MOCVD, MBE, PLD, sputtering, mist CVD, ALD

(Some figures may appear in color only in the online journal)

1. Introduction

Similar to gallium nitride (GaN) and silicon carbide (SiC)
semiconductors [1–4], gallium oxide (Ga2O3) is being pur-
sued as a viable alternative material for several applica-
tions due to its large bandgap, extremely high Baliga figure
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of merit (BFOM) and relatively inert nature. Moreover,
the Ga2O3 possesses six polymorphs α, β, γ, δ, ε, and
κ depending on the growth conditions [5–11]. In the past
15 years, various devices have been fabricated and demon-
strated using Ga2O3 material that include field effect transist-
ors (FETs) [12–15], metal-oxide-semiconductor field effect
transistors (MOSFETs) [16–19], photodetectors [20–31] and
Schottky barrier diodes [32–37]. These devices are mainly
useful for defense and space applications such as radar,
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Figure 1. (a) Statistical graph of research outcome of Ga2O3 material as a function of number of publications per year. Data extracted from
Scopus with keywords gallium oxide and Ga2O3. (b) The timeline of breakthrough milestones achieved in Ga2O3 material research and
technology.

jamming, countermeasure, missile detection and wireless
communication [38, 39]. Therefore, research on Ga2O3 mater-
ials and devices has been increasing exponentially with time,
as evident from figure 1(a) (statistical data was extracted
from Scopus), exhibiting the growing number of publications
related with Ga2O3 material and its corresponding implement-
ation for various devices as-mentioned above. The timeline
of major milestones achieved in Ga2O3 material research and
development is displayed in figure 1(b) [9, 14, 40–51]. In the
last century, research has been progressed from growth and
stabilization of different phases of Ga2O3 to its realization
of state of the arts high power devices. Large area growth of
single crystal substrates was the most important breakthrough
achievement for advancement of current Ga2O3 technology.

In fact, the Ga2O3 technology has a huge advantage over
GaN due to the availability of large size free standing single
crystals. The Novel Crystal Technologies in Japan has demon-
strated six-inch β-Ga2O3 (001) single crystal substrates using
melt growth methods [48, 52]. However, single crystal sub-
strates of other phases have not been obtained using melt
growth till date and most of them are synthesized via het-
eroepitaxial growth. During the last 2 decades, many growth
techniques or methods have been employed to synthesize bulk
β-Ga2O3 single crystal [47, 48], thin films [53–59], and nano-
structures [60–62]. For bulk single crystal fabrication, well
established melt growth techniques such as Czochralski (CZ),
floating-zone (FZ), and edge-defined film fed growth (EFG)
have been utilized and well established [43, 45, 63–67]. For
the growth of nanostructures various techniques have been
developed, such as physical evaporation in which evapor-
ation of bulk gallium metal target under controlled condi-
tions occurs; laser ablation growth which occurs without for-
eign catalyst [68], arc-discharge by the electrical discharge of
GaN powders mixed with small amount of transition metals
[69, 70], thermal chemical vapor deposition (CVD) by evap-
orating pure gallium metal as Ga vapor source under different
conditions in a tubular furnace [71, 72], carbothermal reduc-
tion [73], metal organic CVD using a single source organo-
metallic precursor at low temperature [74], and microwave
plasma [75] method. This article covers the review of basic
properties of Ga2O3 polymorphs such as crystal structures,

electronic band structure, and electrical and optical proper-
ties. More importantly, various growth techniques of thin
films and epitaxial layers, including metal-organic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE),
pulsed laser deposition (PLD), sputtering, mist chemical vapor
deposition (mist CVD) and atomic layer deposition (ALD)
will be discussed in detail. Finally, the future research oppor-
tunities and the outlook of Ga2O3 related technology will be
described.

2. Material properties of Ga2O3

In this section, a brief introduction of the basic properties
of Ga2O3 polymorphs such as crystal structure, electric and
optical properties are described. The physical properties of all
Ga2O3 polymorphs are shown in table 1.

2.1. Phase conversion and phase stability

Among all the six phases, only β-phase is the most stable
thermodynamically. All the other polymorphs are metastable
and get converted into β-phase upon thermal treatment from
300 ◦C to 870 ◦C [76]. The formation energies of all the phases
follow β > ε >α > δ > γ order [10]. Roy et al reported the inter-
conversion of five polymorphs (α, β, γ, δ and ε) of Ga2O3
using Gallia and its hydrates [41]. The flow chart of these
phases is shown in figure 2. After almost 60 years, Playford
et al have synthesized Ga2O3 polymorphs using solvothermal
process of gallium metal and performed structural investiga-
tion on these phases. In this study, they have found new phase
named as κ-Ga2O3 by thermal treatment of Ga5O7(OH) at
500 ◦C.

In the beginning, single crystals of α-phase were obtained
by applying 4.4 GPa pressure at 1000 ◦C on β-Ga2O3 powder
[77]. The stableα-phase was achieved by quenching it at room
temperature and atmospheric pressure. Again, heating these
crystals above 600 ◦C resulted in transformation to β-phase.
Lee et al also reported α–β phase conversion above 600 ◦C
[78]. Ma et al reported the conversion of β–α phase under cold
compression with higher pressure of 19.2 GPa [79]. Recently,

2



J. Phys. D: Appl. Phys. 54 (2021) 453002 Topical Review

Table 1. Material properties of Ga2O3 polymorphs.

α β γ δ ε κ

Crystal structure Corundum Monoclinic Cubic
defective
spinel

Cubic
subgroup
of ε

Pseudo
hexagonal

Orthorhombic,
subgroup of ε

Lattice parameters
(Å)

a = b = 4.98–
5.04, c = 13.43–
13.62

a = 12.12–
12.34, b = 3.03
and 3.04,
c = 5.80–5.87

a = 8.24–8.30 a = 9.4–10 a = 2.90,
c = 9.25

a = 5.05,
b = 8.69,
c = 9.27

Space group R3̄m C2/m Fd3̄m Ia3 P63mc Pna21
Bandgap (eV) 5.2 and 5.3 4.5–4.9 4.5–5.0 — 4.5–5.0 4.6–4.9
Refractive index (n) 1.74–1.95 1.68–1.89 2.0 and 2.1 1.8 1.6 —
Density (g cm−3) 6.48 5.94 5.76–5.93 4.98–5.18 5.88–6.06 —
Effective mass (me

∗
) 0.276m0 0.342m0 — — 0.24m0 —

Electron mobility
(cm2 V s−1)

24 200 1.6 — — —

Thermal
conductivity
(W cm−1 K)

— 0.27 (010), 0.11
(100)

— — — —

Bulk modulus 185 150 — 160 160 —
Polarization
(µC cm−2)

— — — — 24 26

Doping (cm−3) 1017–1020 1017–1020 1.8 × 1019 — 1017 and
1018

—

Figure 2. Interconversion of Ga2O3 polymorphs and its hydrates. Conversion of Ga2−xAlxO3 occurs only where x < 1.3; where x > 1.3,
α-Al2O3 formation occurs. Reprinted with permission from [41]. Copyright (1952) American Chemical Society. [9] John Wiley & Sons.
Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Jinno et al reported thermal stability of α-(AlxGa1−x)2O3

thin films. The phase transition from α to β was not found
up to 1100 ◦C for x > 0.65. Hence, higher Al composition
thermally stabilizes into the α-phase [80]. For stabilization of
γ-phase, Liu et al reported Cu doping of 12.5 at% in Ga2O3

which resulted in stable crystalline γ-phase at 700 ◦C. Further

increase in temperature to 800 ◦C tend to conversion in stable
β-Ga2O3 [81]. Hayashi et al have also found stable γ-Ga2O3

thin films in 7% Mn doped samples whereas undoped films
showed β-phase structure. Stable epitaxial growth of undoped
γ-Ga2O3 thin films were carried out only on MgAl2O4 (100)
substrate using mist CVD [82].
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2.2. Crystal structures and their physical properties

The crystal structure of β-Ga2O3 was investigated by Geller in
1960 [83]. He found that it has base-centered monoclinic crys-
tal structure with cell dimensions a = 12.12–12.34, b = 3.03
and 3.04 Å, c = 5.80–5.87 Å and β = 103.7◦ ± 0.3◦. Its unit
cell has the space group symmetry of C2/m.

In the unit cell of β-Gallia structure, two crystallograph-
ically non-equivalent Ga atoms are positioned at tetrahedral
and octahedral sites [84]. The oxygen ions are situated in a
distorted cubic closed pack array. Three crystallographically
non-equivalent oxygen atoms are situated at trigonal [O(I) and
O(II)] and tetrahedral [O(III)] sites. This leads to anisotropy
in physical, optical, and electrical properties along different
directions. For example, it has been reported that thermal con-
ductivity along (010) direction is higher than that in (100) dir-
ection [85–87]. Also, the bandgap shows pronounced aniso-
tropy, though not much has been reported on its values along
the a, b, and c crystallographic directions. Ricci et al have
shown a bandgap anisotropy by measuring the absorption
with polarization parallel to three crystallographic axes [88].
They showed that lowest bandgap is 4.54 eV in the direction
E||c, followed by 4.57 eV in E||a, and E||b was at 4.72 eV.
This showed a clear anisotropy in the bandgap of β-Ga2O3.
Alongside the anisotropy, bulk β-Ga2O3 suffers from cleavage
which is another drawback of β-phase. Moreover, homoep-
itaxy in (100) orientation is susceptible to high density of twin
boundaries which limits the electrical properties like conduct-
ivity and mobility.

Epitaxial growth of α-Ga2O3 on sapphire has the possibil-
ity of providing better crystalline quality due to similar crystal
structure of sapphire as well as lower lattice mismatch than
the other phases. The α-Ga2O3 is a corundum (hexagonal)
phase in which all gallium ions are iso-structurally coordin-
ated on octahedral sites [10]. The symmetric structure of α-
phase drives more homogeneous electrical, optical and phys-
ical properties than β-phase. The space group of α-phase
investigated by He et al is R3̄m [89]. The lattice constants
of α-Ga2O3 are a = b= 4.98–5.04 and c = 13.43–13.62 Å.
Unit cell of α-phase is denser than β-phase due to shorter dis-
tance between Ga atoms. The density of α and β phases are
6.48 and 5.94 gm cm−3, respectively. Relatively lower elec-
tron effective mass of α-Ga2O3 (0.276m0) is reported than β-
Ga2O3 (0.342m0) [89]. The bandgap of unintentionally doped
(UID) α-Ga2O3 has been reported to be 5.2 and 5.3 eV.

The crystal structure of γ-Ga2O3 was initially explored by
Playford et al [7]. The unit cell has cubic spinel structure
with Fd3̄m crystal symmetry. Gallium atom in the unit cell
occupies octahedral and tetrahedral positions (ideal spinel and
non-spinel). Oshima et al have investigated the optical prop-
erties of defective spinel γ-phase [82]. They reported refract-
ive index of 2.0 and 2.1 and direct and indirect bandgap of
5.0 and 4.4 eV, respectively. In 2015, authors were successful
to demonstrate n-type conductivity in γ-Ga2O3 using silicon
doping [90]. The thin films grown on spinel MgAl2O4 showed
carrier concentration of 1.8× 1019 cm−3 with Hall mobility of
1.6 cm2 V−1 s−1 at room temperature. Hayashi et al reported

that the 7%Mn doped γ-Ga2O3 films showed ferromagnetism
from room temperature to 350 K [91].

Additionally, the research progress on δ-phase of Ga2O3 is
not so advanced due to difficulty in phase stabilization. The
thin film growth of δ-phase has not been realized till date. Roy
et al suggested bixbyite crystal structure similar to C-type rare
earths with space group of Ia3 [41]. They observed lattice con-
stant a = 10 Å for this phase. However, Yoshioka et al pre-
dicted a = 9.4 Å using density functional theory (DFT) [10].
In the later years, Playford et al have concluded using neutron
diffraction that δ-phase is only the nanocrystalline form of ε-
Ga2O3 [9]. The density of δ-Ga2O3 was reported to be 4.98 and
5.18 gm cm−3 as calculated from x-ray data and pycnometer,
respectively [41].

The real structure of ε-Ga2O3 was investigated by Cora et al
using high resolution TEM and x-ray diffraction (XRD) [8].
The authors concluded that ε-Ga2O3 has orthorhombic crys-
tal structure of P63mc space group. The lattice constants of ε-
phase are a= 5.12, b= 8.79 and c= 9.41. The optical bandgap
of 4.9–5.0 eV is reported for ε-phase and can be engineered
from 4.5 to 5.9 eV using In and Al doping [92–95]. The ε-
phase is one of the most interesting phases of Ga2O3 due to
its piezoelectric, pyroelectric and ferroelectric nature. A large
spontaneous polarization of 24.4 µC cm−2 was theoretically
predicted which is as good as BaTiO3 [96]. Mezzadri et al first
timemeasured the ferroelectricity in ε-phase which makes this
material a unique combination of ferroelectricity and semicon-
ducting properties [11]. A large dielectric constant of 32 was
reported for ε-Ga2O3 which is almost three times higher than
β-Ga2O3 [94]. The first principle calculations were employed
to estimate electron effective mass of ε-phase. Authors repor-
ted an isotropic effective mass of 0.24m0 [97]. Mulazzi et al
have calculated the hole effective mass of 4.2m0 at γ-point
using photoelectron spectroscopy [98].

For the study of other phases, Playford et al published
first report on κ-phase Ga2O3 in 2013 [9]. Authors found κ-
Ga2O3 with the mixture of β-phase and could not succeeded
to get pure phase. The lattice parameters of unit cell were cal-
culated using Le Bail profile refinement. The unit cell pos-
sesses orthorhombic crystal structure having lattice paramet-
ers a = 5.05, b = 8.69 and c = 9.27 Å. It has space group of
Pna21. Later, Cora et al investigated the crystal structure using
HRTEM and confirmed that κ-phase exists as a nanocrystal-
line (5–10 nm domains) form in the ε-phase [8]. The oxygen
atoms were positioned as ABAC type closed packed stacking
and Ga atoms situated at tetrahedral and octahedral sites. The
Ga atoms forms one layer of pure octahedral site and another
layer mixed with both octa and tetrahedral sites. Kim et al have
reported the bandgap of 4.62 eV and spontaneous polarization
of 26.39 µC cm−2 using DFT [96].

3. Growth techniques for Ga2O3 thin films

Advances in large area bulk crystal growth of required dia-
meter and low defect density are the mainly driving aggressive
research for application of this material for power electronics
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Table 2. Epitaxial and melt growth methods for all phases of
Ga2O3.

Phases
Epitaxial growth
methods

Melt grown
bulk substrates References

α Mist CVD,
MOCVD, HVPE,
ALD

No [58, 100–108]

β MBE, MOCVD,
PLD, HVPE,
sputtering, ALD

Up to six inch
(EFG, CZ,
FZ)

[13, 52, 54, 55,
108–119]

γ PLD, mist CVD No [90, 120–122]
δ Chemical

reactions
No [9]

ε Mist CVD,
MOCVD, HVPE,
sputtering

No [59, 123–128]

κ PLD, mist CVD,
HVPE, MOCVD,
ALD

No [108, 129–134]

and solar blind detection. High-quality crystals with required
insulating or semiconducting properties can be grown by EFG,
CZ, or by FZ growth methods. Each method is capable of pro-
ducing large area high-quality crystals with a demonstration of
2′′–6′′ crystal size [13, 52]. Single crystal substrates of only
β-Ga2O3 are available using melt growth method as displayed
in table 2. The low cost of synthesizing Ga2O3 material is
another major criterion for its increased interest in power elec-
tronics in comparison to the SiC and GaN. The grown crystals
can be cut in technologically important orientations like (2̄01),
(010), and (100) which are mostly used in device applications.
In addition, there is also considerable progress in the epilayer
growth using a number of techniques like MOCVD, HVPE,
PLD, mist CVD and MBE. Table 2 summarizes the epitaxial
and melt growth methods to grow all six phases of Ga2O3. In
this section, we will discuss various deposition techniques of
Ga2O3 thin films. The melt-growth methods can be found in
other reports [48, 99].

3.1. PLD

In this process, laser pulses are used to ablate the material from
a target. Cylindrical sintered pellets are used as a target. As
the laser beam is incident on target, a plasma plume is created
which is directed normally towards the substrate. Substrate is
situated in front of target at a distance of a few 10 mm. It is
very easy to tailor the content in deposited films by changing
its amount in target material. PLD is a promising technique
for the deposition of high-quality films at low growth tem-
peratures of 200 ◦C–800 ◦C. The crystalline quality of PLD
grown thin films depends on various parameters such as laser
energy, growth temperature and growth pressure. Therefore,
an optimum combination of all these parameters is essential to
grow high quality thin films. Generally, PLD does not require
an ultrahigh vacuum (UHV) atmosphere. Typically, KrF exci-
mer (λ = 248 nm) and Nd:YAG (λ = 266 nm) lasers are used
for the ablation of Ga2O3 targets. In the past, only β-phase of

gallium oxide was possible to be grown using PLD. However,
Grundman et al has been successful to grow orthorhombic κ-
phase using tin-assisted PLDmethod [130, 135, 136]. Authors
proposed surfactant mediated epitaxy growth mechanism for
κ-Ga2O3 growth.

Moreover, the Ga2O3 thin films have been deposited on
various rigid as well as flexible substrates using PLD. In
case of heteroepitaxy on c-plane sapphire, the lowest repor-
ted FWHM of rocking curve for (2̄01) plane is 359 arcsec
[137]. This film was grown at 800 ◦C substrate temperature
using 2.4 J cm−2 laser energy. Similarly, the lowest achieved
FWHM of rocking curve for homoepitaxial β-Ga2O3 (010) is
21 arcsec [138]. This homoepitaxial growth was performed
with 3 J cm−2 laser energy at 550 ◦C substrate temperature.
On flexible substrates, a few PLD growths of Ga2O3 have also
been reported. Amorphous Ga2O3 thin film growth on mus-
covite was recently reported by Tak et al [139]. In their fur-
ther work, authors have also demonstrated the epitaxial growth
of β-Ga2O3 thin films on muscovite substrate which is the
first time epitaxial growth on any flexible substrate [53]. Both
the growths were performed at 600 ◦C substrate temperature.
In comparison to amorphous film, authors increased the laser
energy from 1.2 J cm−2 to 1.5 J cm−2 and decreased the laser
frequency from 10 Hz to 5 Hz to fabricate epitaxial β-Ga2O3.
Figure 3(a) shows (2̄01) orientation of β-Ga2O3 thin films fab-
ricated on muscovite mica. The rocking curve measurement of
(2̄01) plane was also recorded. The FWHM of 1.3◦ was repor-
ted for flexible β-Ga2O3 thin films.

Previously, Yu et al [137] and Ou et al [140] deposited epi-
taxial β-Ga2O3 thin films on c-sapphire (0001) under oxygen
partial pressure of 200 mT and 50 mT, respectively. Both the
groups have used KrF excimer laser (λ = 248 nm and fre-
quency = 10 Hz) with pulse energy density 2.4 J cm−2 as a
laser source. The epitaxial nature of pulsed laser deposited
β-Ga2O3 thin films substantially depends on substrate tem-
perature and pressure conditions. They concluded that films
grown up to 400 ◦C substrate temperature were amorphous.
As substrate temperature increased from 400 ◦C to 850 ◦C,
the ad-atoms get enough thermal energy for surface migration
which leads to growth of (2̄01) oriented films. Further increas-
ing temperature to 1000 ◦C, the atomic arrangement gets des-
troyed. The XRD pattern shows some extra peaks of (400) and
(8̄01) planes which are the indication of polycrystalline phase
of β-Ga2O3. In [140], Ou et al found the highest crystalline
quality film at substrate temperature of 850 ◦C as shown in
figure 3(c). An abrupt absorption edge at a deep UV region
(around 250 nm) was also observed for the films grown at tem-
perature 550 ◦C–1000 ◦C as shown in figure 3(d).

Recently, Tak et al have reported the effect of point defects
on structural, optical and electrical properties of Ga2O3 thin
films [54]. They have investigated that Lorentzian width of
thin films grown at varying oxygen pressure shows a min-
imum value at intermediate pressure. Variation of Lorentzian
width with oxygen growth pressure is shown in figure 4(a).
Hence, an intermediate oxygen growth pressure is required to
grow high quality β-Ga2O3 thin films. Authors also evaluated
that high density of point defects led to Fermi level pinning in
thin films. Similar kind of work has been reported in the other

5



J. Phys. D: Appl. Phys. 54 (2021) 453002 Topical Review

Figure 3. (a) XRD 2θ-scan of flexible β-Ga2O3/muscovite epitaxial film grown by PLD and (b) rocking curve of (2̄01)-plane of β-Ga2O3

thin film. Reproduced from [53]. CC BY 4.0. (c) XRD patterns and (d) transmittance spectra of the Ga2O3 films grown on c-plane sapphire
substrate at various substrate temperatures (400 ◦C–1000 ◦C). Reprinted from [140], Copyright (2012), with permission from Elsevier.

Figure 4. (a) Variation of Lorentzian width in UID β-Ga2O3 (2̄01) films as a function of oxygen pressure, displaying relative change in
point defects. The high-quality films were grown at intermediate growth pressure condition. Reprinted from [54], Copyright (2019), with
permission from Elsevier. (b) Conductivity of Si-doped β-Ga2O3 with oxygen growth pressure for different growth temperatures. [141]
John Wiley & Sons. Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

articles where a maximum conductivity of Si-doped Ga2O3

thin films were achieved at intermediate oxygen growth pres-
sure as well as growth temperature as shown in figure 4(b)
[138, 141].

Earlier, the variation in conductivity has been investig-
ated by Orita et al in the case of Sn doped Ga2O3 thin films
[142]. They suggested that the decrease in conductivity was
due to phase change from β-phase to ε-phase of Ga2O3. The

conductivity of 5 mol% SnO2 doped β-Ga2O3 thin films was
about 8.2 S cm−1. Goyal et al studied the annealing effect
on β-Ga2O3 thin films grown by PLD [143]. They found an
increase in bandgap with increasing annealing temperature
and they suggested that diffusion of Al content from sap-
phire toGa2O3 increaseswith increasing substrate temperature
which resulted in bandgap tuning. Authors observed highest
bandgap of 5.15 eV for the films annealed at 1000 ◦C for 36 h.
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Figure 5. Carrier density in the films with <1% Si content variation
in PLD target of β-Ga2O3. Reprinted from [144], with the
permission of AIP Publishing.

Consequently, these annealed films can be used for deep UV
device applications.

There are few reports related to the doping aspect of
β-Ga2O3 thin films grown using PLD technique. Stefan
et al measured the conductivity of (2̄01) oriented monoclinic
Ga2O3 thin films with 1 wt% SiO2 content grown on c-
sapphire [141]. The maximum conductivity of 0.2 S cm−1

was obtained for the films grown at 650 ◦C substrate tem-
perature with 6 × 10−3 mbar oxygen pressure. However, in
[145], Zhang et al have obtained the highest conductivity of
about 2 S cm−1 for 1.1 at% Si-doped film. The observed car-
rier density of this film was 9.1 × 1019 cm3. The decrease in
carrier density was observed for further increment in Si dop-
ing. In the later work, authors demonstrated variation of carrier
concentration of Si-doped Ga2O3 films by precisely varying Si
content less than 1% in the target [144]. The variation of car-
rier density in Si-doped Ga2O3 is depicted in figure 5. The Si
was observed to be an efficient dopant in Ga2O3 material to
achieve carrier density up to 1020 cm−3.

Later on, Zhang et al investigated the effect of Indium
(In) doping on Ga2O3 thin films on c-plane sapphire [146].
They found two phases i.e. monoclinic and cubic of Ga2O3

corresponding to In content between 0.16 at% and 0.33 at%.
The bandgap engineering of these films from 3.8 to 5.1 eV
was achieved by tuning In content in the films as plotted in
figure 6(a). Stable In doping in κ-(InxGa1−x)2O3 was achieved
up to x = 0.28 by Kneiß et al and further increase in In con-
tent resulted in phase segregation [148]. Hassa et al depos-
ited κ-(AlxGa1−x)2O3 with Al content 0.7 ⩽ x ⩽ 0.45 and
corresponding bandgap was engineered from 5.03 to 5.85 eV
[136]. In case of β-phase, the maximum bandgap of 5.75 eV
was reported with 0.53% Al content [147]. The variation in
optical bandgap of Al doped Ga2O3 is depicted in figure 6(b).
Wakabayashi Ryo et al demonstrated the effect of oxygen
radical atmosphere for PLD deposited β-(AlxGa1−x)2O3 films
on (010) oriented β-Ga2O3 substrate [149]. It was found that
heterostructures based on β-Ga2O3 could be fabricated more

efficiently using oxygen radical assisted PLD rather than con-
ventional oxygen atmosphere.

In case of rare earth doping, Wellenius et al demonstrated
Eu doping in β-Ga2O3 thin films on the sapphire substrate
with a substrate temperature of 850 ◦C [150]. They reported
5 mol%–10 mol% optimized Eu doping in Ga2O3 thin films
for optoelectronic device applications. These films were poly-
crystalline, while, Chen et al successfully deposited (2̄01) ori-
ented Ga2O3 thin films with maximum Eu doping of 1.2 at%
even at a low temperature of 500 ◦C [151]. Further, authors
reported the effect of Er doping on the properties of β-Ga2O3

on the sapphire substrate. The enhancement of Er content in β-
Ga2O3 led to shifting in diffraction peaks to the lower angle.
It was suggested that shifting was attributed to an increase in
the lattice constant because Ga+3 had smaller ionic radii than
Er+3. It was observed that surface roughness increased with
an increase in Er doping into the films. Authors observed the
highest roughness of thin film below 9 nm and it was clearly
obvious that the film surface was smooth. Bandgap of the films
decreased from 4.96 eV for an undoped film to 4.77 eV for
Er doping of 7 at%. The reduction in band gap was attrib-
uted to the appearance of new unoccupied electron states (Er
ions sitting at substitutional sites of Ga2O3) below the conduc-
tion band. The transmission spectrum having sharp absorption
edge at 250 nm was observed, which shifted toward longer
wavelength side with increasing Er content. Moreover, a few
other reports are also available related to the growth of β-
Ga2O3 thin films using PLD and are used for different applic-
ations [152–158].

3.2. MBE

The precise control over growth parameters under an UHV
condition is the main advantage of MBE growth. Dif-
ferent type of devices such as FETs, photodetectors and
Schottky diodes are reported on MBE grown Ga2O3 films
[14, 159–162]. Two-dimensional electron gas (2DEG) has
also been demonstrated in β-AlxGa1−xO3/Ga2O3 heterostruc-
tures using this growth technique which is useful for the fab-
rication of high performance FETs [163].

Growth kinetics of Ga2O3 thin film deposition using plasma
assisted MBE is displayed as a function of growth temperat-
ure (TG) in figure 7 [164]. The symbols ΦGa, ΦO and rGa were
defined as Ga flux, oxygen flux and ratio of Ga to O respect-
ively. Authors proposed that the MBE growth is governed
by competition between volatile Ga2O desorption and Ga2O3

accumulation. At high TG and rGa, volatile Ga2O desorption is
more favored which results in lower growth rates. The growth
diagram (GD) provided a growth window for MBE of Ga2O3

films.
In the beginning, Wong et al observed a parasitic conduc-

tion in theMOSFET devices fabricated onMBE grown Ga2O3

epilayer [165]. The epilayer was grown at 560 ◦C on Fe-doped
β-Ga2O3 (010) substrates. Using secondary ion mass spectro-
scopy, it was observed that the epilayer interface possesses
unintentional silicon concentration of 1019 cm−3. Further, the
reduction in Si content was performed by heating the substrate
above 650 ◦C. Seven orders of reduction in leakage current
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Figure 6. (αhν)2 versus hν plot of (a) β-(GaxIn1−x)2O3 films with variation of indium contents from x = 0 to x = 1 and β-(AlxGa1−x)2O3

films with varying Al content up to x = 0.53. Reprinted from [146], Copyright (2014), with permission from Elsevier. (b) The wide bandgap
engineering is achieved from 3.8 to 5.75 eV using In and Al doping in PLD films. Reprinted from [147], Copyright (2018), with permission
from Elsevier.

Figure 7. A GD for the Ga2O3 MBE growth including all
experimental parameters (ΦGa; ΦO) and TG. It is divided into two
major regimes: O-rich and Ga-rich. The GD illustrates regimes of
complete (i), partial (ii), (iii), (iii′), and no Ga-incorporation (iv) as a
function of TG and rGa. Reprinted from [164], with the permission
of AIP Publishing.

was observed for high temperature treated MOSFETs. High
temperature treatment possibly resulted in either reduction in
Si activation or charge compensation at the interface. Ahmadi
et al have suggested a different approach to reduce the inter-
face dopants [166]. They performed Ga polishing of substrate
to reduce the Si content at the interface. However, Asel et al
identified that Si dopant cell and RF oxygen plasma are the
major sources of unintentional Si-doping [167]. The effect of
dopant cell can be lessened by reducing the cell temperature
when system is idle. Further, decreasing plasma power also
resulted in lower background Si-doping. In another report, the
reduction in SiO flux with decreasing Si-cell temperature is
also reported [114].

Other than the β-phase, growth of ε-Ga2O3 has also been
achieved using MBE method [168]. Kracht et al proposed the

Figure 8. Comparison of the growth rates of series B (red triangles)
and A (black squares) as a function of beam equivalent pressure
(BEP)Ga. No Sn was supplied in series A, whereas,
1.17 × 10−11 mbar BEPSn was used in series B. An attenuation of
etching and an expansion of growth window with the presence of tin
is observed. Reprinted (figure) with permission from [168],
Copyright (2017) by the American Physical Society.

phase diagram as a function of BEP of Ga and Sn source which
shown in figure 8. The metal (Ga and Sn) rich environment is
favorable for ε-phase growth. Authors suggested that the pres-
ence of Sn in Ga2O3 may promote more octahedral Ga posi-
tion which stabilizes the ε-phase. The growth of α-Ga2O3 thin
films on a-plane sapphire substrate was also reported [169].

In 2013, Higashiwaki et al reported on growth of Ga2O3

thin films using the MBE technique for power device applic-
ations [32]. Figure 9(a) revealed morphologies of Ga2O3 thin
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Figure 9. (a) Surface morphologies MBE Ga2O3 thin films grown at various temperatures and (b) RMS surface roughness of the Ga2O3

film as a function of growth temperature (500 ◦C–800 ◦C). The films grown at 550 ◦C–650 ◦C showed lowest roughness (<1 nm). [32] John
Wiley & Sons. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

film at various temperatures range 500 ◦C–800 ◦C. Figure 9(b)
showed RMS roughness of Ga2O3 thin film at various tem-
peratures range 500 ◦C–800 ◦C. Authors found the smoothest
films at growth temperatures of 550 ◦C–650 ◦C.

Further, Yu et al deposited Ga2O3 thin films on GaAs (001)
substrates at a temperature of 420 ◦C–450 ◦C using MBE
[170]. The as-grown films were amorphous in nature. The
RMS roughness was found to be about 2 and 3 Å. The Ga2O3–
GaAs interface was found atomically flat. Guo et al have
deposited (2̄01) oriented β-Ga2O3 thin films on c-sapphire by
laser MBE [160, 171]. In [160], they measured grain size of
150 nm film which is deposited at 5 × 10−3 Pa and 750 ◦C.
The RMS roughness of thin film was about 3.42 nm. In addi-
tion, bandgap of 5.02 eV was observed for the film from UV
absorption spectrum. A sharp absorption edge at 254 nm indic-
ated that the photodetector fabricated from this film can be
used for solar blind photodetectors.

The effect of buffer layers on MBE growth of β-Ga2O3

thin films were also investigated [161, 172]. Liu et al depos-
ited (−201) oriented β-Ga2O3 thin films on c-sapphire with
the homo-self-template buffer layer. They noticed enhance-
ment in the crystal quality of film with buffer layer treat-
ment. The FWHM of rocking curve decreased from 1.9◦ to
0.9◦ by applying buffer layer. A photodetector was fabricated
using this film. The observed dark current and photorespons-
ivity were 0.04 nA and 259 A W−1, respectively. This device
had a quantum efficiency of 7.9 × 104% at the bias voltage
of 20 V. Recently, the homoepitaxial growth of β-Ga2O3 on
different substrate orientations that is (001), (010), (100) with
6◦ offcut and (2̄01) were investigated by Mazzolini et al [55].
The growth rate, crystalline quality and surface roughness was
studied. The growth rate was found to increase with respect
to surface free energy enhancement of different orientations
that follows: Γ(100) < Γ(2̄01) < Γ(001) and Γ(010). In other
report, Cheng et al investigated the growth mode evaluation on
homoepitaxial β-Ga2O3 (100) substrates [173]. Researchers

have found 2D layer by layer growth of (100) planes which
makes this orientation a good candidate for 2D electronics.

Various doping elements such as Si, Al, Zn, In Ge, Mn and
Fe have been realized to engineer the electrical and optical
properties of Ga2O3 films using MBE [114, 147, 166, 174–
176]. Kaun et al deposited Al-doped β-Ga2O3 thin films on
(010) oriented β-Ga2O3 substrates by plasma-assisted MBE
[162]. The β-Ga2O3 phase was stable for Al content less than
18% at 600 ◦C substrate temperature. This heterostructure
grown at 650 ◦C demonstrated a sharp interface. Recently,
α-(AlxGa1−x)2O3 thin films on m-plane sapphire were grown
using MBE to achieve full span bandgap by tunning Al con-
tent [80]. Authors reported that no phase segregation with Al
doping (0 ⩽ x ⩽ 1). The optical bandgap of thin films was
also investigated and found to vary from 5.4 to 8.6 eV. In-
doped Ga2O3 thin films were deposited by Oshima et al on
c-sapphire [175]. They noticed that these films are (2̄01) ori-
ented for Ga2O3 doped up to 35% In content. The bandgap of
these films could be tuned from 5 eV to 4 eV with enhanced
In content. The low temperature growth was preferable for
lesser phase separation. In a more recent study by Ahmadi
et al, investigations on Ge doped β-Ga2O3 thin films using
plasma-assisted MBE has been carried out [175]. The authors
obtained highest mobility of 97 cm2 V−1 s−1 corresponding
to carrier concentration of 1.6× 1018 cm−3. The mobility was
double than the Sn-doped film with same carrier concentra-
tion. In another report [177], Zhao et al deposited Zn doped
β-Ga2O3 thin films via MBE. The authors found shrinkage of
the bandgap with increasing Zn concentration. They have also
fabricated photodetector based on these doped thin films. The
unintentional extra charge carriers induced by oxygen vacan-
cies can be suppressed by doping of valence change element
Mn in Ga2O3 as reported by Guo et al [178]. They observed
two orders of enhancement in the resistance of Ga2O3 thin
films after incorporation of Mn ions. XPS measurement of the
O 1S peak showed that the oxygen vacancy peak got reduced
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Figure 10. (a) Schematic illustration of homogeneous nucleation under low pressure and heterogeneous nucleation under high pressure in
MOCVD system, homogeneous nuclei are formed above the substrate in vapor phase but heterogeneous nuclei are formed on the surface of
substrate; (b) growth rate, crystal phase and nucleation change with respect to growth pressure. Pure ε-phase was obtained at 35 mbar and
pure β-Ga2O3 was grown above 100 mbar pressure. Reprinted with permission from [188]. Copyright (2018) American Chemical Society.

after Mn doping. Hence the semi-insulating Ga2O3 could be
grown by Mn doping. They also demonstrated that MSM pho-
todetectors based on Mn-doped Ga2O3 have a much faster
photoresponse time than bare Ga2O3. Similarly, Fe doping has
also been investigated to obtain semi-insulating Ga2O3 films
[176].

3.3. MOCVD

In recent years, there are some research groups around the
world that are working towards the growth of Ga2O3 thin film
using MOCVD technique. The maximum growth rate of β-
Ga2O3 films of about 10 µm h−1 is reported in the MOCVD
system where showerhead was coupled very close to the sub-
strate [179]. Such a high growth rate is favorable for industrial
application of the material.

MOCVD growth of Ga3O3 thin films have been repor-
ted on different substrates to achieve different epitaxial ori-
entations. Deposition of (2̄01) oriented β-Ga2O3 films was
achieved on sapphire (0001), MgO (111) and homoepitaxial
β-Ga2O3 (2̄01) single crystals [111, 180, 181]. However, β-
Ga2O3 (100) growth was performed on various substrates such
as GaN (0001)/sapphire, MgAl6O10 (100), gadolinium gal-
lium garnet (Gd3Ga5O12) (110), KTaO3 (100) and SrTiO3

(100) [115, 182–185]. The (2̄01) orientation was also reported
on MgO (110) substrate [186]. Deposition of another import-
ant phase i.e. ε-Ga2O3 was obtained on 3C-SiC (111), 3C-SiC
(001), GaN (0001) and sapphire (0001) as reported in the lit-
erature [119, 187]. The α-phase growth using MOCVD was
only reported on sapphire (0001) substrate [101]. The change
in substrates and their orientations was found to useful to grow
different orientations of Ga2O3. Porsok et al obtained the α
and β phase of Ga2O3 on m- and c-plane sapphire, respect-
ively in liquid injected MOCVD reactor [101]. Authors found
that the choice of growth pressure also influenced the phase
selection. Relatively lower growth pressure was required
for α-phase growth on m-plane than β-phase on c-plane
sapphire.

The different phases can be grown using MOCVD by tail-
oring growth conditions like precursors, pressure and temper-
ature. Zhuo et al have reported that growth of β and ε phases
are the function of growth temperature and VI/III ratio [119].
Authors successfully obtained phase transition from β to ε
phase by reducing both parameters. Similarly, Chen et al have
grown pure β and ε phases of Ga2O3 by controlling the growth
pressure at constant growth temperature of 500 ◦C [188]. The
lower biaxial stress of ε than β phase with sapphire induced by
lattice mismatch promotes ε-Ga2O3 growth at heterogeneous
nucleation sites. The phase diagram as a function of growth
pressure for both phases is shown in figure 10(b). The optimum
growth pressure for pure phase ε-Ga2O3 was 35 mbar. The
mix phase Ga2O3 at lower growth pressures (<20 mbar) was
obtained due to β-Ga2O3 nucleation on carbon sites on the
surface of substrate. At high growth pressures, nuclei formed
in homogeneous vapor phase resulted in the most stable
β-Ga2O3.

Recently, Sun et al have precisely controlled the α, β and ε
phases of Ga2O3 by tuning HCl flow rate in MOCVD reactor
and fabricated high performance solar-blind photodetectors
based on these α and ε phases of Ga2O3 films [111, 189–191].
Authors have achieved almost three-fold increase in the
growth rate of β-Ga2O3 by insertion of 5 sccm HCl flow in
reactor. Further increase in HCl flow at 10 sccm promoted mix
phase β + ε growth and further transformed in pure ε-phase
at 30 sccm. Later on, α+ εmix phase was obtained with con-
tinuous increase in HCl flow rate. The HCl flow rate dependent
XRD of all the thin films is depicted in figure 11.

For the first time, in 1996, Battiston et al showed the growth
of Ga2O3 thin films on alumina as well as TiO2 substrates via
MOCVD [42]. They used gallium trishexafluoroaeetylaceton-
ate as a precursor in the presence of oxygen. The deposition
temperature was 470 ◦C with a deposition rate of 0.7 µm h−1.
As grown Ga2O3 films were amorphous. The phase modific-
ation has been observed from 600 ◦C to 1000 ◦C. Thereafter,
in a few reports, Kim et al have also prepared Ga2O3 thin
films using MOCVD [192–195]. In [192], authors have grown
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Figure 11. XRD patterns of Ga2O3 films grown under different flow rates of HCl. The β, ε and α phase was obtained with increasing HCl
flow respectively. Reprinted with permission from [111]. Copyright (2018) American Chemical Society.

Ga2O3 thin film on Si (100) substrates and utilizing gallium
isopropoxide, as a single precursor.

In [193, 194], Kim et al showed growth of Ga2O3 thin
films on sapphire substrates using the same technique, and
this time they used trimethylgallium (TMGa) as gallium pre-
cursor. The reaction was simply between TMGa and oxygen
precursors. They have also investigated the effect of depos-
ition temperature (750 ◦C–1050 ◦C) on structural and mor-
phological properties of thin films using plan-view and cross-
sectional scanning electron microscopy, XRD analysis, and
atomic force microscopy (AFM). The RMS surface roughness
of as-deposited and 1050 ◦C annealed Ga2O3 films were 1.15
and 2.28 nm, respectively. The AFM analysis indicates that
RMS surface roughness increased by increasing the anneal-
ing temperature. In addition, Photoluminescence (PL) meas-
urement revealed that the emission intensity in blue-green and
UV region becomes stronger by the thermal annealing. Cho
et al have reported the growth of β-Ga2O3 thin films using a
new volatile source such as dimethylgallium isopropoxide for
ALD andMOCVD technique [195]. MOCVD growth temper-
ature was in the range of 450 ◦C–625 ◦C with reacting gas. In
their studies, they used Si (001) substrates to grow thin films.
In another article, Lv et al also studied the growth and charac-
terization of β-Ga2O3 thin films on sapphire (0001) at different
substrate temperatures by MOCVD [196]. They also used tri-
methylgallium (TMGa) and pure oxygen/water as precursors
for gallium and oxygen, respectively.

Recently, Guo et al studied the growth characteristics and
device properties of MOCVD derived β-Ga2O3 films [197].
They investigated the effect of growth temperature on struc-
tural, morphological, and optical properties of the thin film. It
was noted that the (2̄01) peak intensity increased with increas-
ing temperature which indicates the improvement in crystal-
line quality of β-Ga2O3 films. The optical band gap was found
within 4.8–4.9 eV at various growth temperatures.

In recent years, Mi and his co-workers have reported vari-
ous studies related to the growth of undoped and doped β-
Ga2O3 films using MOCVD and MOVPE techniques [180,
183, 186, 198–206]. In [198], the authors have investig-
ated Sn doping in β-Ga2O3 films with different tin con-
centrations which were grown on MgO (110) substrates by
MOCVD at 700 ◦C. Effect of Sn doping on the structural,
electrical, and optical properties of films was investigated.
The cross sectional HRTEM and SAED image displayed in
figure 12(a) confirms the β-Ga2O3 (100)||MgO (110) with β-
Ga2O3 (201)||MgO (111) relationship. It was observed that
10% Sn doped film exhibited the best electrical conductivity
properties with the lowest resistivity about 5.21× 10−2 Ω cm.
This resistivity was ten orders of magnitude lower as com-
pared to the undoped film as shown in figure 12(b). The optical
transmittance spectra for Sn doped β-Ga2O3 film as a func-
tion of wavelength in the range of 200–800 nm are shown
in figure 12(c). The average transmittance of all the films in
visible rage exceeded 87%. The bandgap of these Sn-doped
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Figure 12. (a) Cross-sectional HRTEM and SAED micrographs of the interface between 10% Sn-doped β-Ga2O3 film and the MgO
substrate. (b) Resistivity (r), carrier concentration (n) and Hall mobility (m) of β-Ga2O3 films with 10% Sn doped as a function of reciprocal
temperature. (c) The optical transmittance spectra of β-Ga2O3:Sn samples. The plot of (αhν)2 as a function of photon energy hν are shown
in the inset (d) Eg of the β-Ga2O3:Sn films as a function of Sn content. (a)–(d) Reproduced from [198] with permission of The Royal
Society of Chemistry.

Ga2O3 thin films was tuned between 4.1 and 4.8 eV which is
depicted in figure 12(d).

3.4. Sputtering

Sputtering is a physical vapor deposition technique in which
atoms are ejected from the target material by positively
charged ions. The momentum transfer mechanism is respons-
ible for ejection of atoms from the material. In the case of
magnetron sputtering, magnetic field is used to create plasma
at a lower pressure as compared to a normal sputtering pro-
cess. Generally, Ar or mixture of Ar and O2 ambient is util-
ized for the deposition of β-Ga2O3 thin films. In addition, the
pre-sputtering of target is required to remove the target con-
tamination from film.

The crystalline quality of sputter deposited thin films
depends on growth temperature, sputtering power and growth
pressure of the chamber. Effect of sputtering power on struc-
tural, optical and morphological properties were studied by
Li and coauthors [207]. The crystalline quality of β-Ga2O3

films were improved with increasing sputtering power from
160 to 200 W. Figure 13 shows the FWHM and peak intens-
ity of (4̄02) plan as a function of sputtering power. A red
shift in the blue and green emission of PL spectra was also
observed with increase in sputter power. This red shift was
ascribed to enlarged grain size in the films. Shurig et al also
optimized all the growth parameters to obtain stoichiomet-
ric Ga2O3 thin films [208]. Authors found that the refractive
index got highly deviated for the case of nonstoichiometric

Figure 13. β (4̄02) peak intensity and FWHM as a function of
sputtering power displays improvement in crystalline quality of
film. Reprinted from [207], Copyright (2018), with permission from
Elsevier.

films which is useful information to tailor antireflecting phe-
nomenon in Ga2O3. The sputtering growth of Ga2O3 thin
films have been grown on various substrates like Si (100),
GaN, sapphire (0001), MgO (100), MgAl2O4 (100) and SiC
(6H) [113, 117, 209, 210]. MgO (100) substrate possesses
lowest lattice mismatch with β-Ga2O3. The structural and
optoelectronic properties of Ga2O3 thin films on multilayer
substrates such as ITO (indium tin oxide)/quartz glass [211,
212], Cu/ITO/polyethylene terephthalate [213], SiO2/Si [214],
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Figure 14. (a) Phase diagram summarizing the microstructure evolution of Ga2O3 films as a function of temperature. (b) Variation of grain
size of Ga2O3 films with substrate temperature. (c) Variation of oxygen to gallium ratio in the Ga-oxide films as a function of Ts. The ratio
was determined from RBS measurements. Slightly higher values than expected for films grown at RT indicate excess oxygen in the films. (d)
Variation of bandgap with Ts for Ga2O3 films. (a)–(d) Reprinted with permission from [218]. Copyright (2013) American Chemical Society.

CIGS soda-lime glass [215], Cu2O3/ITO/quartz glass [216]
were also investigated. The effect of homo buffer layer on
growth of β-Ga2O3 thin films were studied [210]. The use of
high temperature (700 ◦C) grown buffer layer resulted in crys-
tallinity improvement of films. Authors also reported that pho-
todetectors fabricated on filmswith buffer layers demonstrated
relatively high performance than films without buffer layer.

In [211], Jianjun et al observed that the thickness of
ITO film in Ga2O3/ITO structure tuned the electrical and
optical properties. The low sheet resistance of 323 Ω sq−1

and high transmittance of 77.6% was observed for β-
Ga2O3 (50 nm)/ITO (23 nm) at 280 nm. In [212], Chengy-
ang et al deposited the alternating multilayers of Ga2O3

(25 nm)/ITO (11 nm). They found the lowest sheet resistance
of 225.5 Ω sq−1 and the highest transmittance of 62.9% at
300 nm wavelength for two periods with a thickness of 72 nm.

In one report, Shigetoshi et al studied the electrical and
optical properties of β-Ga2O3 films (100 nm thick) on the
sapphire (0001) substrate [217]. The substrate temperature
and working pressure during deposition were kept at 500 ◦C
and 0.03 Pa, respectively. The films with orientation of (2̄01)
were obtained without an oxygen atmosphere. Further increas-
ing oxygen pressure, polycrystalline Ga2O3 thin films were
observed. The authors found the optical transmittance of as-
grown films was more than 80%. In this study, the electrical

resistivity was also measured. They obtained the resistiv-
ity of films with (0.03 Pa) and without oxygen pressure as
5 × 107 Ω cm and 2 × 103 Ω cm, respectively.

The growth temperature and pressure play a crucial role to
deposit thin films. In 2013, Kumar et al prepared β-Ga2O3 thin
films on Si (100) substrate using magnetron sputtering [218].
The authors varied substrate temperatures in the range of
25 ◦C–800 ◦C. It can be seen clearly that the as-deposited films
are amorphous below 500 ◦C and has polycrystalline nature
above 500 ◦C as shown in figure 14(a). Figure 14(b) shows
an exponential incensement in the grain size with increas-
ing substrate temperature. Stoichiometry of the film improved
approaching the exact O/Ga ratio as shown in figure 14(c).
A decrease in the bandgap of films was observed from 5.17
to 4.96 eV with enhancement in temperature (as depicted in
figure 14(d)). In the most recent study by Akazawa et al, the
effect of substrate and deposition ambient on crystal struc-
ture of Ga2O3 films was investigated [219]. Authors used dif-
ferent substrates such as c- and a-planes sapphire, and Si
(100). When the deposition was performed under O2 ambi-
ent, β-phase of Ga2O3 formed on Si (100) at 600 ◦C and c-
sapphire at 300 ◦C whereas the films deposited on a-sapphire
at 600 ◦C was obtained α-Ga2O3. However, deposition under
H2O vapors resulted in the appearance of γ-phase on c-
sapphire and coexistence α and γ-phase on a-sapphire above
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800 ◦C. The β-phase of Ga2O3 films were deposited on Si
(100) under H2O vapors.

In one report, effect of thickness on the crystalline qual-
ity of β-Ga2O3/SiO2 thin films was carried out by Ishibashi
et al [220]. They found that crystalline quality improved
whereas absorption coefficient decreased with increasing the
film thickness from 100 to 400 nm. In 2014, Ramana et al
deposited Ga2O3 thin films of thickness about 40 nm on Si
(100) substrate at the temperature ranging from 25 ◦C to
600 ◦C [221]. The Ga2O3 films deposited below 500 ◦C were
amorphous. Further, increasing temperature above 500 ◦C res-
ulted in the appearance of crystalline phase. The RMS rough-
ness of these films increased from 0.5 nm to 3 nm with
enhancement in substrate temperature. The stoichiometry of
these films was in good agreement with Ga2O3, since gal-
lium was in its highest chemical state (Ga+3). Refractive
index of these films also increased with temperature due to
improvement in the crystal structure and packing fraction.
The electrical resistivity of amorphous film grown at 300 ◦C
was 200 Ω cm whereas the value for crystalline film grown
at 600 ◦C was 1 Ω cm. A sharp decrease in resistivity was
observed with the appearance of amorphous to the crystalline
phase. In [214], Chang et al grew 800 nm thick Ga2O3 thin
film on SiO2/Si substrate. They found that the photocurrent
for 900 ◦C annealed film at zero bias was three orders of mag-
nitude larger than dark current. Authors suggested that these
films could be a good photocathode for hydrogen generation
due to its good thermal stability.

3.5. Mist CVD

Mist CVD is a simple and cost-effective growth method which
uses ultrasonic transducers to create mist particle from the
source. The gallium acetylacetonate is widely used as a gal-
lium source [46]. These mist vapors are transferred in fur-
nace using carrier gas where thin film growth takes place. The
mist CVD is commonly used method to grow corundum struc-
tured α-Ga2O3. Currently, high crystalline quality growth of
α-Ga2O3 on two-inch sapphire substrate have been achieved
[222, 223]. In both the articles, different system designs were
adopted to achieve large area growth. Kim et al have used
rear flow to control the growth. The film thickness was vary-
ing from 400 to 800 nm in the wafer. However, Hao et al
have used vertical hot wall mist CVD. The camera image of
two-inch wafer is depicted in figure 15(a). Authors achieved
highly uniform films with thickness variation less than 3% as
shown in figure 15(b). The FWHM of (0006) plane was vary-
ing between 295 and 307 arcsec recorded at different points
P1–P6 (figure 15(c)). The rocking curve of (101̄4) is presented
in figure 15(d) whose FWHM varied from 526 to 737 arcsec.

In 2008, Fujita et al reported the high quality α-Ga2O3 thin
films using mist CVD [46]. The thin films grown at 470 ◦C
substrate temperature showed FWHM of 60 arcsec. Authors
suggested that both low temperature as well as unique growth
method are responsible for stable α-phase growth. Recently,
Uno et al have proposed the growth mechanism for α-Ga2O3

which is shown in figure 16 [58]. The oxygen atom in the α-
phasewas found to originate fromwater vapors. The formation

Figure 15. Photograph (a) and thickness distribution (b) of the
α-Ga2O3 epilayer grown at 530 ◦C on two-inch sapphire substrate.
(c) and (d) Showing the rocking curves of α-Ga2O3 (0006) and
(101̄4) planes, respectively, were recorded from six different points
(P1–P6) as indicated in (b). (a)–(d) Reprinted from [223], Copyright
(2020), with permission from Elsevier.

of thin film takes place via ligand exchange mechanism. The
acetylacetone leaves as a ligand as depicted in step 4 of
figure 16.

Other than the α-phase, β, γ, ε and κ-phases of Ga2O3 was
also reported using mist CVDmethod [82, 127, 224, 225]. Lee
et al have reported the enhanced thermal stability of α-Ga2O3

by Al doping [226]. Authors have used different Al compos-
ition to stabilize the α-phase at high temperatures. Figure 17
shows the transition temperature from α to β phase as a func-
tion of Al composition. A slight doping of Al (x = 0.2) in
Ga2O3 films can enhance thermal stability of α-phase about
300 ◦C with a small change in the optical bandgap.

Despite growth temperature, the choice of substrate was
also proven to control the different kind of phases of Ga2O3

in these reports. Oshima et al found that pure α and γ phases
were grown on sapphire (0001) andMgAl2O4 (100) substrates
respectively [82]. Authors reported the refractive index of
about 2.0 and bandgap of 5.0 eV for γ-Ga2O3. The thermally
stable ε-Ga2O3 up to 800 ◦C was achieved on c-plane AlN
substrates by Tahara et al [225]. Nishinaka et al investig-
ated the crystal structure of ε-Ga2O3 films grown on GaN
(0001) and SrTiO3 (111) templates [127]. In another report,
authors have used α-Fe2O3 buffer layer to grow α-Ga2O3 on
a-, m-, and r-plane sapphire substrates [227]. Authors have
also achieved real breakthrough results in successfully grow-
ing single domain κ-Ga2O3 thin films using mist CVD [51].
The atomically flat single domain films were facilitated due
to isostructural FZ grown ε-GaFeO3 substrates. The in-plane
rotational domains were absent in the x-rayϕ-scan which con-
firms the single domain of κ-phase. Jinno et al have used α-
(Al0.4Ga0.6)2O3 buffer layer to effectively control the ε and α
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Figure 16. Proposed growth mechanism for α-Ga2O3 using mist CVD. Reprinted from [58], with the permission of AIP Publishing.

Figure 17. The temperature of phase transition to the β-phase as a
function of Al ratio in the α-phase films. Reproduced from [226].
© 2015 The Japan Society of Applied Physics. All rights reserved.

phases [224]. The lattice mismatch between buffer layer and
α-phase was 2.2% while 1.2% in case of ε-phase. Authors
have reported highly stable ε-Ga2O3 below 600 ◦C and α-
Ga2O3 films above 600 ◦C. Shimazoe et al have epitaxially
grown κ-Ga2O3 on LiNbO3 (0001) and LiTiO3 (0001) sub-
strates [133]. Further, authors have used α-Fe2O3 buffer layer
to grow α-Ga2O3 films on the same substrates.

The bandgap engineering of Ga2O3 films were reported
using mist CVD. In-doping in the ε-Ga2O3 was performed by
Nishinaka et al [92]. Authors have observed phase segregation
for x > 0.2 in (InxGa1−x)2O3 films. The optical bandgap was
reduced from 5.0 to 4.5 eV by In incorporation up to x = 0.2.
However, Ito et al have reported Al composition with x= 0.81
to grow α-(AlxGa1−x)2O3 without phase segregation [228].
The optical bandgap was 7.8 eV corresponding to aforemen-
tioned Al composition. Electric properties of α-Ga2O3 were
also tuned using Sn doping [229–231]. The maximum carrier
concentration of 1 × 1020 cm−3 was achieved corresponding
to 0.4% Sn in the source material [230]. Recently, Akaiwa et al
have reported the maximum hall mobility of 65 cm2 V−1 s−1

corresponding to 1.2 × 1018 cm−3 carrier concentration in α-
Ga2O3 films grown on m-plane sapphire substrate [229].

Table 3. Different combination of precursors used for atomic layer
deposition of Ga2O3 thin films.

Ga precursor Oxygen precursor References

Pentamethylcyclopentadienyl
gallium (GaCp∗)

H2O + O2 plasma [57]

Trimethyl gallium(TMGa) H2O [187]
Trimethyl gallium (TMGa) 30% H2O2 with

70% H2O
[232]

Trimethyl gallium (TMGa) O2 plasma [108, 233–238]
Triethyl gallium (TEGa) Dry oxygen [239]
Tris(dimethylamino) gal-
lium (III)

DI water [240]

TMGa Ozone [241]
Dimethylgallium amide Oxygen [242]
Tris (2,2,6,6-tetramethyl-3,5
heptanedionato) gallium
(III), (Ga(TMHD)3)

O2 plasma [243]

3.6. ALD

In the ALD method, precursor gases are selected in such a
manner that surface is passivated after the deposition of one
atomic layer. Further, these passivated atoms must be removed
before deposition of the next layer by various methods (chem-
ical reactions, thermal spikes, etc). Therefore, ALD is a highly
advantageous technique for control of film thickness up to one
atomic layer with large area uniformity. Recently, Plasma-
enhancedALD (PEALD) is used to grow thin filmswhich have
the benefit of better-quality film deposition at a lower temper-
ature than conventional thermal ALD system.

Various reported precursors for ALD growth of Ga2O3

thin films are shown in table 3. In one study, Ramachandran
et al have used new precursors tris (2,2,6,6-tetramethyl 3,5-
heptanedionato) gallium (III) (Ga(TMHD)3) as a gallium
source and O2 plasma as an oxidant for PEALD of Ga2O3

thin films [243]. They deposited amorphous Ga2O3 thin films
on SiO2/Si substrate at substrate temperature ranging from
200 ◦C to 400 ◦C. They have also studied thickness depend-
ence on the number of reaction cycles without any nucleation
delay at 200 ◦C.

It was observed that thickness varied linearly with the num-
ber of cycles as shown in figure 18(a). The growth rate was
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Figure 18. (a) Thickness of Ga2O3 films deposited at 200 ◦C on SiO2/Si substrates versus the number of ALD cycles. Reproduced from
[243] with permission of The Royal Society of Chemistry. (b) A schematic diagram of thin film deposition via ALD method. One deposition
cycle consisted of four pulses: ((CH2)2GaNH2)3 vapor pulse with 100 SCCM Ar carrier gas for 0.1 s, an Ar purge gas pulse for 2 s, an O2

plasma gas pulse for 1 s, and an Ar purge gas pulse for 0.4 s. The period cycle was repeated until the desired thickness. Reprinted from
[242], with the permission of AIP Publishing.

Figure 19. Cross-sectional (a) TEM and (b) SEAD (insets) of different phases of Ga2O3 deposited using ALD at the film-substrate
interface. (c) Small area FFT across the high-resolution image was used to identifying the different phases for various grains. (a)–(c)
Reprinted with permission from [108]. Copyright (2020) American Chemical Society.

constant during the complete process. These films showed
RMS roughness in the range of 0.15–0.51 nm.

Shan et al have deposited Ga2O3 thin films on Si (100)
and sapphire (0001) substrates using PEALD technique [242].
They have used two precursors such as dimethylgallium amide
((CH2)2GaNH2)3 and O2 plasma for the growth. During thin
film growth, one growth cycle consisted of four pulses in
sequence: ((CH2)2GaNH2)3 vapor pulse with 100 sccm. Ar
carrier gas for 0.1 s, an Ar purge gas pulse for 2 s, an O2 plasma
gas pulse for 1 s, and an Ar purge gas pulse for 0.4 s. These
four pulses were defined as one deposition cycle. Figure 18(b)
depicts a schematic diagram related to the deposition process.
Thickness of film is controlled by the number of cycles. In their
study, they used 1000 cycles on Si (100) and sapphire (001)
substrates by PEALD. They observed significant improvement
in the insulating properties of films with rapid thermal anneal-
ing at 700 ◦C and 900 ◦C for 1 min under O2 atmosphere. The
estimated bandgap of annealed thin films was in between 5.0
and 5.24 eV.

In their later studies, Shan et al have deposited amorphous
Ga2O3 thin film on p-Si (100) [244–246]. In [244], authors
have investigated the effect of different growth temperatures
on the properties of thin films. They obtained bandgap of
5.0, 5.1, 5.3 eV at 50 ◦C, 150 ◦C, and 250 ◦C, respect-
ively. In addition, the RMS roughness of thin films was 0.27,

0.20, 0.49 nm for growth temperature of 50 ◦C, 150 ◦C, and
250 ◦C, respectively. They have observed the decrease in
dielectric constant of Pt/Ga2O3/Si structured thin film with
a raise in temperature due to the formation of a low dielec-
tric constant layer (SiO2). In other reports [245, 246], authors
prepared Ga2O3 and Ga2O3-Ti2O3 (GTO) nano mixed thin
films using PEALD method and GTO films revealed improve
dielectric constant than Ga2O3 thin films. In some recent
works by Allen et al [247–249], trimethylgallium (TMGa) and
((CH2)2GaNH2) were used as Ga source while oxygen plasma
was used as an oxygen source for atomic layer deposition
of thin films in PEALD. In [250], authors demonstrated the
passivation of crystalline silicon (100) by Ga2O3 thin films.
The effective passivation was observed with post annealing of
samples at 350 ◦C for 180 min [243]. They have successfully
demonstrated the uniform passivation for four-inch p-type and
n-type Si wafers. The observed activation energy for passiva-
tion and de-passivation was 0.5 and 1.9 eV, respectively.

Recently, growth of different crystalline phases of Ga2O3

on c-plane sapphire have been reported using ALD [108, 239].
α, β, ε and κ phases were controlled using different para-
meters such as composition of plasma gas, gas flow, growth
temperature and growth pressure [108]. The ε-phase was
obtained with the β and κ phases. Crystal structure of all four
phases were confirmed using TEM as shown in figure 19.
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Table 4. Growth parameter dependent different phases of Ga2O3

thin films and their material properties. Reprinted with permission
from [108]. Copyright (2020) American Chemical Society.

β α ε (κ)

Growth temperature (◦C) 295 295 ⩾365
Growth pressure (mTorr) ⩽10 ⩽10 ⩾100
Gas type Ar/O2 O2 O2
Total gas flow (sccm) 5 40 100
XRD FWHM (arcsec) 268 250 2250
RMS roughness (nm) 0.3 0.1 1.0
Bandgap (eV) 4.8 5.0 4.8

All the phases dependent on these parameters are tabulated in
table 4.

In a few reports, the post annealing effect under N2 ambi-
ent on PEALD deposited Ga2O3 thin films were investigated
by Altuntas et al [238, 251], Dezelah et al [252] and Don-
mez et al [253]. The β-Ga2O3 films were annealed at 700 ◦C,
800 ◦C, and 900 ◦C for 30minwhich underwent the crystalline
phase. Further, Altuntas et al have fabricated Al/β-Ga2O3/p-Si
metal oxide semiconductor capacitors [238] and it was noticed
that effective dielectric constant decreased whereas the leak-
age current improved with the increase in annealing temper-
ature. In this study, they measured the oxide breakdown field
for the PEALD grown β-Ga2O3 thin films and mentioned that
its highest value than previously reported values. The highest
reverse breakdown voltage about 18 MV cm−1 was observed
for 800 ◦C annealed films. Post annealing effects on Ga2O3

films in oxygen atmosphere were also investigated [234]. The
thin films annealed at 1000 ◦C for 2 h showed good crystal-
line quality with (2̄01) preferred orientation. The bandgap of
annealed film increased from 4.56 eV to 4.97 eV as compared
to as grown film.

4. Summary and future perspectives

Currently the single crystal substrates are available forβ-phase
of Ga2O3 only. Therefore, thin film and epitaxial growth meth-
ods play important role for the development of research and
technology of other phases of Ga2O3. In this review, recent
advances on the development of the epitaxial growth of differ-
ent Ga2O3 polymorphs, with an emphasis on growth methods
such as PLD, MBE,MOCVD, mist CVD, sputtering and ALD
are summarized. Figure 20 displays the radar chart of current
research status of Ga2O3 polymorphs with respect to the epi-
taxial growth, availability of single crystal substrates, doping,
physical properties and device applications. The widest circle
indicates that the majority of research progress is made on the
investigation of β-Ga2O3 phase. The α-phase Ga2O3 is being
heavily studied well, mainly on the epitaxy rather on the bulk
substrates.

It is also observed that the epitaxial growth of different
polymorphs depends on growth conditions like temperature,
pressure, carrier gas, III/V ratio, substrate as well as doping.
Additionally, the phase changes of Ga2O3 were also highly

Figure 20. Radar chart of recent development status of Ga2O3

polymorphs with respect to availability of bulk substrates,
exploration of physical properties and progress in epitaxial growth,
doping and device applications.

related to growth technique/tool. Interestingly, the phase trans-
ition temperature can also be tuned by doping condition while
the physical origin of doping induced phase stability requires
further investigation.

Challenges, perspective and future opportunities:

(a) The majority of research on gallium oxide has been car-
ried out on α and β phases. Thus, limited physical proper-
ties of other phases are known. Therefore, more efforts are
needed to explore other phases of Ga2O3. The investiga-
tion of key physical properties such as electron mobility,
effective mass, electrical and thermal conductivities are
the need of the hour for future development of Ga2O3 tech-
nology. The existence of polarization in ε- and κ-Ga2O3

has been theoretically predicted but still not been realized
experimentally in epilayers. The further understanding of
polar behavior of theses phases will be helpful to obtain
high 2DEG in Ga2O3 based power electronics, especially
ε-(Al1−xGax)2O3/Ga2O3 HEMTs [254].

(b) The δ- and κ-Ga2O3 are the least explored phases due to
their phase instability. Only structural information is avail-
able for δ-Ga2O3. Therefore, lots of research opportunities
are available in this direction but how to achieve pure phase
of δ-Ga2O3 could be big challenge.

(c) The electrical breakdown of β-Ga2O3 materials was found
to depend on thematerial thickness. A thicker film can sus-
tain high breakdown voltage but requires a better thermal
optimization during the device implementation. The entire
community is still looking for a better thermal manage-
ment strategy of Ga2O3 which is another challenge. We
can possibly explore different technologies such as het-
eroepitaxy or wafer bonding the Ga2O3 films with high
thermal conductivity substrates to resolve the thermal
issues. Furthermore, thermal conductivities of different
phases other than β-phase have not been reported yet.

17



J. Phys. D: Appl. Phys. 54 (2021) 453002 Topical Review

(d) The stability of different polymorphs of Ga2O3 were found
to depend on growth substrates and doping. Importantly,
different substrates and their off-cut angles have strong
impact on the material growth which can also be investig-
ated in future by the possible establishment of the growth
kinetics of the films grown on different substrates with dif-
ferent doping condition.

(e) The insertion of buffer layer technology to achieve high
crystalline quality of Ga2O3 epilayer is rarely investigated.
The reduced lattice mismatch using buffer layer may result
in better quality films with improved electrical and optical
properties. Efforts should be continued to control defect,
doping, phase stability and phase transition. For example,
exploring n-type and p-type doping in different epitaxial
layers with various phase could be quite interesting from
fundamental as well as application point of view. Also, for
the PLD-related growth of Ga2O3 material, the effect of
laser energy on growth kinetics of Ga2O3 thin films has not
been optimized in details. Integration of epitaxial Ga2O3

on flexible substrates has great potential for future of smart
and flexible devices since the epitaxial growth of Ga2O3

on flexible substrates is at the early stage of research. In
the end, the etching and surface treatments of Ga2O3 poly-
morphs is also critical to obtain high performance devices.
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