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ABSTRACT

In this study, monoclinic gallium oxide (f-Gay03) epilayer was successfully grown on c-plane, (0001),
sapphire substrate by metalorganic chemical vapor deposition (MOCVD) with interplaying growth
temperature, TEGa flow rate, and growth time. X-ray diffraction 26 scans show only three narrow
diffraction peaks referred to p-Gap03(2 01), (4 02), and (6 03) in all epilayers, indicating a superior
crystalline quality. Current-voltage (I-V) measurement reveals that these f-Ga,0j3 films are insulating
and exhibit high resistance in a range of 10'>—10'* Q. The crystallization characteristics of the epilayers
can be effectively improved with thickness through increasing TEGa flow rate and growth time, which
was evidenced by X-ray rocking curves and I-V measurements. However, the surface roughness of -
Gay0s film increases with growth time and TEGa flow rate. When the growth temperature increases
above 825 °C, the thickness of B-Ga,Os film decreases clearly. Furthermore, it can be found that the
growth rate decreased as the growth time increasing. The growth mechanism based on first-principles
calculation was proposed as that 3D growth induced by the lattice mismatch between B-Ga;03 and
sapphire starts at nucleation stage, and follows up a lateral growth promoting a 2D growth after the thick
epilayer being grown. In addition, the complex chemical reaction between TEGa and oxygen precursors

was unraveled by density function theory calculation.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

(~4.9 eV), a high melting point (~1800 °C), a high breakdown
electric field of 8 MV/cm, a high electron mobility of around

Gallium oxide (Ga,03) has several polymorphisms (including a,
B, v, 9, e and k) that have been reported by many researches [1—22].
The monoclinic f-Ga,;03 possesses the most stable crystal structure
and most widely applications among these polymorphisms.
Because of its superior materials properties, such as a wide bandgap
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300 cm?/Vs [2,3], a long-term chemical and thermal stability,
nontoxicity, and ideal biocompatible properties [23—25], it has
received increasing attention as a viable candidate for solar blind/
UV photodetectors [3,16,19—21], high power devices [13,26], field-
effect transistors [13,14], and sensors [2,23—25,27]. In particular,
the extremely high critical field of B-Ga;03 would provide a very
high Baliga figure of merit (BFOM) up to about 3444, which yields a
nearly tenfold higher than that of 4H—SiC (BFOM of 4H—SiC = 300)
[15]. As compared with the high thermal budget for SiC power
device processing, it is not necessary using high ion implantation
temperature at 500 °C and process temperatures over 1000 °C. This
indicated that the Gay03 has a high potential to instead of SiC for
power device's applications.
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The Gay03 materials can be obtained via various methods, such
as pulsed laser deposition (PLD) [4,5], magnetron sputtering [6],
mist-chemical vapor deposition (mist-CVD) [7—9], vapor phase
epitaxy (VPE) [10,11], molecular beam epitaxy (MBE) [12,13], met-
alorganic chemical vapor deposition (MOCVD) [14—16], hydro-
thermal processes [17,18], sol-gel [19,20], chemical bath deposition
(CBD) [21,22], and so on. Among them, MOCVD is the most prom-
ising growth technology because MOCVD can be used to mass
produce the epilayers.

In the past decade years, $-Ga;03 had been grown on various
substrates by MOCVD [28—37], such as MgO [28], Si [29], GaAs [30],
MgAl,04 [31], SrTiO3 [32], B-Ga03 [33], sapphire [26,34—37].
Because the sapphire substrates possess low cost, easy to obtain,
high thermal, and small mismatches in lattice and thermal
expansion coefficient to f-Ga,0s, it was attractive more researchers
to grow the Ga,03 epilayer on sapphire substrate. F. Alema et al.
[35] grew epitaxial B-Ga;0s3 thin films on sapphire substrates using
Ga(DPM)3 (DPM, dipivaloylmethanate), triethylgallium (TEGa) and
trimethylgallium (TMGa) precursors that films grown from each of
the Ga sources had high growth rates. The highest growth rate can
achieve to 10 pm/h using a TMGa precursor at a substrate tem-
perature of 900 °C [35]. T. Zhang Ma et al. [36] reported high-
quality B-Gap03 were heteroepitaxially grown on off-angled c-
plane sapphire substrates following step-flow growth mode at the
lower growth pressure (20—40 Torr). Grains size and growth rate
decreased with the increasing growth pressure, and f—Ga,Os film
became more compact at higher growth pressure [37]. Moreover,
the B-Gay03-based photodetectors (PDs) fabricated on 6° off-axis
sapphire substrate showed excellent optical performance.

Nonetheless, there was rarely studies on the growth mechanism
and the effect of growth parameters on the properties f—Gay03
hetero-epilayers grown on the c-plane sapphire substrate. Thermal
dissociation of appropriate molar amounts of TEGa precursors react
with O, to produce approximate transition states (TSs), which are
complex chemical reactions that needs to be determined along a
reaction coordinate. In this work, we therefore present a compre-
hensive study dedicated to the growth of high-quality monoclinic
B-Gay03 epilayer on c-plane sapphire substrates by MOCVD in
terms of varying growth parameters, such as growth time, TEGa
flow rate, and temperature. The thickness, surface morphology and
roughness, crystallinity, and electrical conductivity of B-GayOs3/
sapphire were investigated using scanning electron microscopy
(SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), and
four-probe current-voltage (I-V) measurement, respectively. With
interplaying growth parameters, p-Ga,0O3 epilayers with greatly
crystalline and high resistance properties were obtained. Further-
more, the growth mechanism and chemical reaction of precursors
were discussed through modelling and simulation by First princi-
ples calculation.

2. Experimental

In this work, the $-Ga,03 epilayer was grown on c-plane (0001)
sapphire substrates by MOCVD. The equipment model of the used
MOCVD is the remodel of THOMAS SWAN 2”x19 GaN MOCVD
system and the size of the sapphire substrates were 2 inch. The
TEGa and high purity O, (99.999%) were used as the precursors for
Ga and O, respectively. High purity Ar (99.999%) was used as the
carrier gas for TEGa. The O3 flow rate and growth pressure were 500
sccm and 25 torr, respectively. Afterwards, the growth parameters
were adjusted at different growth time, different TEGa flow rate,
and different growth temperature. The crystal structure and
orientation were determined by using X-ray diffraction (XRD,
PANalytical, and X'Pert Pro MRD). In addition, the surface
morphology and thickness of B-Ga;03 epilayers were observed by
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scanning electron microscopy (SEM, JEOL JSM-7800F). The film
thickness was calculated using the average from the 5 positions
thickness. The root-mean-square (RMS) surface roughness of f-
Gay03 epilayer was measured by atomic force microscope (AFM,
Dimension 5000). Electrical conductivities were evaluated by
current-voltage (I-V) measurement with four-point probe and
semiconductor parameter analysis instruments.

3. Results and discussion

3.1. Grown Gay03 epilayer on sapphire at different growth
temperature

It is well known that there are two kinds of growth mechanism
for the MOCVD; one is kinetic and the other is mass transfer. For the
first one, the growth rate depends on the growth temperature. For
the mass transfer, the growth rate is independent with growth
temperature. In order to obtain the relations of growth rate and
growth temperature, the TEGa and O, flow rates were 100 and 500
sccm, respectively. The growth time was maintained at 30 min. The
growth temperature was controlled at 800, 825, 850, 875 and
900 °C, respectively. Fig. 1 showed the diffraction spectra of the
epilayers grown at 800, 825, 850, 875 and 900 °C. Obviously, all the
epilayers presented the $-Ga,0O3; phase. Not only, they were single
crystal with (2 01), (4 02) and (6 03) diffraction planes at 18.9°,
38.3° and 59.0°, respectively. The diffraction peak (26) and full
width of half maximum (FWHM) of (4 02) for the B-GapO3 grown at
800, 825, 850, 875 and 900 °C were shown in the inset Table of
Fig. 1. It was found that the diffraction peaks of (4 02) and the
corresponding FWHM were 38.35, 38.31, 38.32, 38.34, 38.35° and
0.290, 0.286, 0.284, 0.278, 0.268° for the p-Ga,03 grown at 800,
825, 850, 875 and 900 °C. Obviously, there were a little different
diffraction peaks for these epilayers. The FWHM of (4 02) decreased
and showed the better crystallinity as the growth temperature
increasing. As compared with the diffraction peak (38.437°) of (4
02) B-Gay03 (JCPDS card: No.43—1012), the peak of heteroepitxial
layer showed the lower diffraction peaks. It could be resulted from
the different of thermal expansion coefficients between the Ga;03
and sapphire.

The thickness and growth rate of f-Ga;0s3 epilayer as function of
growth temperature were illustrated in Fig. 2. The thickness is 108,
119, 114,101 and 95 nm for the Ga;03 were grown at 800, 825, 850,
875 and 900 °C, respectively. It was found that the thickness of -
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Fig. 1. Diffraction spectra of the epilayers grown at 800, 825, 850, and 900 °C. The inset
table showed the (4 02) peak position and corresponding FWHM of Ga,03 grown at
800, 825, 850, 875 and 900 °C.
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Fig. 2. Thickness and growth rate of B-GayOs; epilayer as function of growth
temperature.

Ga,03 increase first, then decreasing as the temperature increasing.
The thickest f-Ga,03 epilayer can be obtained and grown at 825 °C.
After that, as the temperature increases, the thickness of the -
Gay03 epitaxial layer gradually decrease. In addition, it can be
found that the growth rate is 3.6, 4.0, 3.8, 3.4 and 3.2 nm/min,
respectively. It could be the kinetic domination for the Gay03
growth as the growth temperature lower than 825 °C. The growth
temperature from 825 to 850 °C could be the mass transferred
domination. However, it was found that the growth rate decreasing
again as the growth temperature increasing (>850 °C). It could be
resulted from the formation and desorption of volatile gallium
suboxide, Gap0 [9].

The surface morphology for the Ga;03 grown at 800, 825, 850,
and 900 °C were measured by SEM and shown in Fig. 3. Obviously,
all the epilayers presented regular shaped crystals and well-defined

Materials Today Advances 16 (2022) 100320

boundaries. As the growth temperature increasing, more compact
surfaces and larger regular boundaries are exhibited. These results
imply an improved crystal quality with increasing the growth
temperature. The obtained results are in accordance with the re-
sults of XRD. Noted that although there existed the most regular
shapes crystals, it presented more steps on the surface as the epi-
layer grown at 900 °C. It indicates that the surface is rougher as
compared those of epilayers grown at 825 and 850 °C. Because the
epilayer grown at 825 °C presents the smoothest surface and pre-
serves the highest growth rate, other parameters used in the
follow-up depositions will be optimized under the 825 °C.

3.2. Grown Gay03 epilayer on sapphire at different TEGa flow rate

In general, the growth rate of the epilayer grown by MOCVD is
dominated by the flow rate of metalorganic source. In order to
examine the behavior for the Ga;0s3;, the TEGa flow rate was
changed. The growth temperature, growth time and O, flow rate
were maintained to be 825 °C, 60 min and 500 sccm. The $-Ga;03
epilayers were grown by adjusting the TEGa flow rates to be 100,
200 and 300 sccm. According to the cross-sectional SEM image, it
can be found that the thickness of $-Ga,0Os3 epilayer increases with
the TEGa flow rates increasing. The thicknesses of $-Ga,03 epilayer
grown using TEGa flow rates of 100, 200 and 300 sccm are 216.3,
297.4 and 378.4 nm, which yields corresponding growth rates of
3.60, 4.96 and 6.31 nm/min, respectively. Fig. 4 showed the thick-
ness and growth rate as function of TEGa flow rate. The thickness
and growth rate of epilayers has a linear relation with the TEGs flow
rate, which is in good agreement with the results of Ref. [38]. The
obtained results indicated that the TEGa can be totally decomposed
and reacted with O, to form the Ga;03 at 825 °C.

The surface morphology and roughness of -Ga;0O3 grown at the
different TEGa flow rate were shown in Fig. 5. The experimental
results found that the surface morphology has obvious stacking
phenomenon, flaky and block structure, that shown in Fig. 5(a)—(c).
In addition, the high TEGa flow rates resulted in the surface

Fig. 3. Surface morphologies measured by SEM of f-Ga,03 epilayer grown at (a) 800, (b) 825, (c) 850 and (d) 900 °C.

3
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Fig. 4. Thickness and growth rate as function of TEGa flow rate. The growth temper-
ature was 825 °C.

roughness of epilayer increasing slightly. In Fig. 5(d)—(f), the RMS of
surface roughness with various TEGa flow rates of 100, 200 and 300
sccm is 6.12 nm, 7.28 nm, and 7.93 nm, respectively. Note, all these
B-Gay03 films were heteroepitaxially grown on sapphire. It means
that the initial growth is very important. If the growth rate was too
high, it could result in the 3D growth and also result in the surface
becoming rough. As concerning this point, the TEGa flow rate was
not further increased for increasing growth rate.

3.3. Grown Gay03 epilayer on sapphire at different growth time

In order to understand whether the film's growth rate varies
with time, various GaOs epilayers were grown with different
growth time. TEGa and O, flow rates were kept at 100 and 500
sccm, respectively, and the growth temperature was 825 °C. It is
well known that the initial stage is very important for the epitaxial
layer growth. The surface morphology of Ga,03; grown with 5, 10
and 30 min were shown in Fig. 6. It was found that the Ga;03

(a) 100 sccm

o gy
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presented the islands distributed shown in Fig. 6 (a) on the sap-
phire substrate as the initial stage growth. As the growth time upto
10 min, the islands merged together and almost become Ga;0s3 film,
shown in Fig. 6(b). Even though, there existed some gaps in the
epilayer, which were presented by red circles in Fig. 6(b). After
30 min growth, these islands totally merged together and formed
the Ga,03 epilayer, shown in Fig. 6(c). Thus, the growth time of 30,
60, and 120 min was controlled to evaluate the growth rate varia-
tion of B-Ga,0s epilayer. The cross-section of Ga;03 grown with 30,
60 and 120 min were shown in the inset of Fig. 7. The corresponding
measured thickness of the MOCVD-deposited B-GayOs epilayer
were 108.13, 221.65 and 386.56 nm. The experimental results found
that the thickness of B-Gay03 epilayer increases as the growth time
increased. Fig. 7 shows that the thickness and growth rate of f-
Gay03 film as function of growth time. Inset figures show the
thickness of epilayer grown with 30—120 min measured by SEM.
The B-Gay0s3 epitaxial layer becomes thicker as the growth time
increases. The thickness of f-Gay03 films showed a tendency of
linear with growth time. However, the growth rates of B-Gay03
epilayer was calculated to be3.875, 3.604 and 3.199 nm/min,
respectively. It can be found that the growth rate decreased as the
growth time increasing.

In Fig. 8, B-Ga,03 epilayer possess three main diffraction peaks
and crystalline orientations, that is, 18.91°(2 01), 38.33°(4 02), and
59.00°(6 03) can be observed on the XRD spectra (JCPDS
N0.43—1012) [33,39]. Although the Ga,03 grown with 5 min which
presented the islands distribution, there still existed the (2 01)
preferred orientation. It indicated that these thin films consisted of
pure B-Gay0s3 and the crystalline structure with a single orientation
along the (2 01) direction. Considering the effect of angle factor, (4
02) reflection was selected for rocking curve measurement (not
shown the data). According to XRD spectrum, the crystalline
characteristic of epilayer grown at 120 min is superior than those of
grown at 60 and 30 min. It can be found that the intensity of XRD
spectra and the FWHM of -Ga,0s3 also improved with the increase
of the growth time. According to Fig. 8, the FWHM of (4 02) B-Ga;03
epilayer was grown at 30, 60, and 120 min growth time is 1037, 947,
and 886 arcsec, respectively. Thus, the growth time increases, the
FWHM of B-Gay03 epilayer becomes narrower and the crystallinity

(c) 300 secm

Fig. 5. Surface morphology and roughness of -Ga,03 grown at the different TEGa flow rate.
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(b) 10 min
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(c) 30 min

Fig. 6. Surface morphologies of Ga,03 grown with (a) 5, (b) 10 and (c) 30 min.
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Fig. 8. Diffraction spectra of Ga,05 epilayers grown with 5, 10, 30, 60 and 120 min.

characteristics of -Ga,O3; becomes better. By varying the growth
parameters, the crystalline quality of the films was effectively
improved.

In general, the growth rate should be constant for the epitaxy
growth. Due to the lattice mismatch between the B-Ga,Os and
sapphire, it could be 3D growth at first, then lateral growth and 2D
growth after the thick epilayer being grown. The growth

mechanism is proposed and the plot was shown in Fig. 9, first
revealing the Volmer—Weber growth mode (3D). The 3D small
islands then merge slightly together to form a two-dimensional
(2D) layer structure, the so-called Frank—van der Merwe-like
growth mode. Note that in the extension of 2D layers, the misfit
dislocations in the films are created when the film exceeds the
critical thickness. Finally, the film structures were completed by the
Stranski-Krastanow growth mode consisting of 2D growth followed
by the formation of 3D islands. This outcome is consistent with the
observation of the initial stage growth, shown in Fig. 6 and RMS
surface roughness of 4.9 nm, 6.12 nm, and 9.06 nm at the growth

Volmer-Weber growth mode

Fig. 9. Schematic diagram of the growth mechanism of $-Ga,03 grown on the (0001)
sapphire substrate. The atoms are represented by spheres: Ga (brown, large), Al (light-
purple, medium-sized), and O (red, small). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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time of 30, 60, and 120 min, respectively. As increasing the growth
time, surface roughness become the worst resulting the SK growth
mode.

3.4. Relationship between epilayer's quality and electrical property

In addition, the electrical properties of f-GaOs film were also
measured at the above parameters. It can be seen that these as-
grown B-Gay0j3 films exhibit high resistance characteristics in the
range of 1.1 x 10*-9.5 x 10'3 Q, as listed in Table 1. In addition, the
resistance of the films decreases as the growth temperature
increasing. It could be resulted from oxygen vacancy increasing as
the epilayer grown at high temperature. On the other hand, the
resistance increases with the growth rate and growth time as the
epilayer grown at 825 °C. They were 1.5 x 103 to 5.2 x 101 Q,
which corresponding the resistivity 3.24 x 10 Q cm to 1.97 x
10° Q cm as growth rate from 100 sccm to 300 sccm. As the growth
time increasing from 30 min to 120 min, the resistance increased
from 1.5 x 10'3 t0 9.5 x 10'3 Q, which corresponding the resistivity
3.24 x 10® Q cm to 3.67x 10° Q cm as growth rate from 100 sccm to
300 sccm. These indicates that the intrinsic Ga,03 epilayers have
high insulating properties. In addition, no matter how the experi-
mental parameters are adjusted, the B-GaOs films possess good
crystalline structure, high resistance characteristics, all f-Gay03
films are insulating and the resistance range is about 10>—10'* Q.

3.5. Structures along the reaction coordinate for TEGa

The growth of B-Ga,03 thin films was conducted using TEGa and
0, as the source of Ga and O, respectively, and synthesized using
MOCVD. Thermal dissociation of appropriate molar amounts of
TEGa precursors react with O, to produce approximate transition
states (TSs), which are complex chemical reactions that needs to be
determined along a reaction coordinate. As a source of Ga atoms,
TEGa molecules combine with O, to generate derivatives, such as
Ga, Ga0y, Ga04, Gaz0y, and Gay01p, which are further brought to
the surface of $-Ga,03 by releasing ethyl groups (C2Hs-). Note that
an ethyl radical is an active molecule and two ethyl radicals could
form a stable butane molecule. The proposed decomposition
mechanism involves elimination of C;Hs- as illustrated in Fig. 10. A
series of density functional theory (DFT) simulations were per-
formed to determine the structural and ground-state electronic
properties of reactants and products depicted in Fig. 11. The Vienna
ab initio simulation package was applied at the generalized gradient
approximation (GGA) with the Perdew—Wang (PW91) correction
[40—43] using the valence electrons of H: 1s!, C: 25%2p?, O: 2s22p*,
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Fig. 10. Decomposition reaction of Ga(C;Hs)s showing structural models of reactants
and products. Values indicate the reaction energies AE (eV). The atoms are represented
by spheres: H (white, large), C(gray, large), O (red, middle), and Ga (brown, small). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

products. Based on the reaction energies AE of decomposition re-
actions of TEGa in Fig. 10, the favorable equations in terms of
magnitude follow the order:

. . . . 2(Ga(CH — 2Ga + 3(C4Hq10) AE = —1.67 1

and Ga: 4s%4p’ in all reactions. The reaction energies AE can be (Ga(GoHs)s) (Cathro) M
obtained by using the ground state energies of reactants and
Table 1
Electrical properties of f-Ga,05 films were grown at various growth parameters.

TEGa Flow Rate: 100 sccm, Growth Time: 30 min

Growth Temp (°C) 800 825 850 900

Resistance (Q) 13 x 103 1.5 x 10"3 9.5 x 102 7.6 x 1012

Resistivity (Q.cm) 1.40 x 108 1.78 x 108 1.08 x 108 8.89 x 107

Growth Temp: 825°C, Growth Time: 60 min

TEGa Flow Rate (sccm) 100 200 300

Resistance (Q) 1.5 x 10"3 1.7 x 103 52 x 10"

Resistivity (Q.cm) 3.24 x 108 5.06 x 108 1.97 x 10°

TEGa Flow Rate: 100 sccm, Growth Temp: 825°C

Growth Time (min) 30 60 120

Resistance (Q) 1.5 x 10" 2.1 x 1013 9.5 x 10"

Resistivity (Q.cm) 1.78 x 108 4.66 x 10® 3.67 x 10°
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Ga(CzHs)s 20

GaO4C:2Hs

CaH1o

Sapphire

CHO®C®O00Ga

Fig. 11. Schematic illustration of the proposed B-Ga,O; epitaxial layers grown on
sapphire substrates. The enlarged view indicates fourfold-coordinated Ga with four
0—Ga bonds embedded within the B-Ga,05 thin films denoted by a dotted circle. This
outcome is consistent with theoretical simulations of a decomposition reaction of
Ga(CyHs)s3 involving interlinking transition states of GaO4C;Hs and O, molecules. The
atoms are represented by spheres: H (white, large), C(gray, large), O (red, middle), and
Ga (brown, small). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

2(Ga(CaHs)3) + 202 — 2(Ga0y(CoHs)y) + C4Hip AE = —7.50  (2)
2(Ga(C2H5)3) + 20, — 2(Ga02) + 3(C4H10) AE = -794 (3)
2(Ga(CaHs)3) + 02 — Gax02(CzHs)g + C4Hyp AE = —8.10 (4)

2(Ga(CoHs)3) + 405 — 2(Ga04CoHs) + 2(C4Hig) AE = —11.00  (5)

2(Ga(CaHs)3) + 405 — 2(GaOy) + 3(C4H1o) AE = —11.49 (6)
2(Ga(C2H5)3) + 307 — GayOg + 3(C4H10) AE = —-11.72 (7)
2(Ga(C2H5)3) + 502 — Ga0qg + 3(C4H10) AE = —-12.85 (8)

Our results show Ga;01g molecules consisted of six O—Ga bonds
have the lowest overall energy in Eq. (8), which closely matches the
sixfold-coordinated Ga with six O—Ga bonds in the bulk of B-Ga,0s.
Equations (5)—(7) indicate that GaO4C;Hs, GaOy4, and GazOg mole-
cules consisted of four O—Ga bonds are the second energetically
favorable configurations, respectively, which are very similar to the
fourfold-coordinated Ga with four O—Ga bonds in the bulk of B-
Gay03. The other three molecules, i.e., GaOy(C;Hs),, GaO,, and
Gay0,(CaHs)4 in Egs. (2)—(4), respectively, are the same higher
reaction energy with the twofold-coordinated Ga with two 0O—Ga
bonds, do not exhibit in the bulk of B-Ga;0s. In Eq. (1), a trie-
thylgallium pulls ethyl groups away from the growth front, leaving
pure Ga and providing Ga sources of B-Ga;03, which is unfavorable
in all cases. In the high-temperature regime, we speculate that
highly reactive pure Ga readily nucleates through the facile reaction
of O, to form gallium oxide, which is consistent with a significant
increase of film roughness observed above about 825 °C and the
morphologies of Ga;03 grown with 5, 10 and 30 min, shown in
Fig. 6. Furthermore, in the low-temperature regime, the low-
reactivity Ga;O1p molecules adsorb from the growth front and
limit lateral diffusion, thereby promoting layer-by-layer growth.
The nucleation on the B-Gap03 surfaces with TEGa and oxide
molecules is the assembly of the proposed product structures via
interlinking GaO4CoHs, GaOy4, GapOg, or GayOq19p molecules. The
plausible model described by Eq. (5) is consistent with the presence
fourfold-coordinated Ga with four O—Ga bonds in the bulk of B-
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Gay03 as shown in Fig. 11. In general, the growth of B-Gay03 thin
films composed of the GaOg octahedra and the GaO,4 tetrahedral
would be required to release energy from the transition states of
the TEGa decomposition reactions, in agreement with the evidence
of the bonding arrangements of the bulk of f-Ga,0s.

4. Conclusions

We have grown epitaxial B-Gay0s3 films on the (0001) sapphire
substrate through manipulating different parameters by MOCVD.
The important experimental results can be summarized as the
followings: i) All B-Ga,0s3 films possess excellent quality crystalline
structure. ii) These films are insulating with a resistance range of
10'2-10" Q ii) The thickness and surface roughness of epitaxial f-
Gay0s films increases with increasing growth time and TEGa flow
rate while the film growth rate decreases slightly with increasing
growth time. iv) The growth rate is more sensitive to the deposition
temperature above 825 °C. In addition, we proposed a three-step
growth mechanism to elucidate the heteroepitaxy of B-Ga,0s3 film
on c-plane sapphire. The complex chemical reaction between TEGa
and oxygen precursors was unraveled by density function theory
calculation. This work reveals the remarkable advantages of (-
Gay03 grown on sapphire substrates by MOCVD technology and
provides a significant reference for boosting the performance of
electronic devices application.
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