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This paper presents the synthesis of wide bandgap Ga2O3 thin
films on differently oriented sapphire substrates by using low
pressure chemical vapor deposition (LPCVD) technique. The
effects of substrate orientation on the Ga2O3 thin film surface
morphology, crystal orientation, growth rate, and optical
properties were studied. The Ga2O3 thin films were synthe-
sized on the c-plane (0001), a-plane (11�20), and r-plane
(1�102) sapphire substrates using high purity metallic Ga and

oxygen (O2) as source materials and argon (Ar) as carrier gas.
The Ga2O3 thin films grown on the c-plane and a-plane
sapphire substrates are composed of pure b-Ga2O3. A mixture
of b-Ga2O3 and a-Ga2O3 phases is observed for the films
grown on r-plane sapphire substrate. Well-distinct transmis-
sion, absorption, and reflectance edge at Eg� 4.6–4.7 eV are
visible for all the films in the optical spectra measured in the
spectral range from 200 to 800 nm.
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1 Introduction Group III–VI semiconductor mate-
rial Ga2O3 has attracted much attention due to its excellent
chemical and thermal stability up to 1400 8C [1]. In addition,
it is a wide bandgap material with direct bandgap of�4.9 eV
at room temperature [2, 3] and exhibits high transparency in
the deep-UV to visible wavelength region. Due to its very
wide bandgap, Ga2O3 is expected to possess larger
breakdown field than GaN (Eg� 3.4 eV) and SiC (Eg� 3.2
eV) which are being used in high power electronics
nowadays [4]. Unintentionally doped Ga2O3 shows n-type
conductivity mainly due to oxygen vacancies which act as
shallow donors [5]. For a precise control of the doping level
in Ga2O3 for device applications, both n-type doping [6, 7]
and p-type doping [8, 9] have been studied previously.
These properties enable the applications of Ga2O3 for
optical emitters at deep-UV [10, 11], transparent conductors
[12], and transparent electronic devices [13]. The excellent
thermal stability has also been utilized for fabricating high
temperature gas sensors [14, 15]. In addition, Ga2O3 thin
films have been applied for field effect transistors [4, 16].
Importantly, Ga2O3 is a promising candidate for solar blind
photodetectors with cut-off wavelength at �250 nm
[17–19]. These photodetectors have vast military and civil

applications such as missile tracking, ozone holes monitor-
ing, and fire detection. Novel nanofunctional devices based
on low dimensional Ga2O3 nanostructures such as nano-
wire-based field effect transistors (FETs) [20, 21] and
nanophotonics switches [22] have been reported recently. In
addition, single crystal b-Ga2O3 are being used as substrates
for epitaxial growth of GaN layer [23–25].

At present Ga2O3 thin films are prepared on different
substrates such as sapphire, GaAs, SiC, andMgO by various
methods: sol gel [26, 27], spray pyrolysis [28], molecular
beam epitaxy (MBE) [29, 30], metal organic chemical vapor
deposition (MOCVD) [31, 32], mist chemical vapor
deposition (CVD) [33, 34], and pulsed laser deposition
(PLD) [35, 36]. However, there are limited studies on the
CVD growth of Ga2O3 thin films [37, 38]. The crystal
structures and properties of the Ga2O3 thin films signifi-
cantly depend on the growth conditions and substrate
selections. Five phases of Ga2O3 are known so far: a, b, g,
d, and e. Grown above 870 8C, b-phase Ga2O3 with
monoclinic crystal structure is the most stable material [39].
The reported growth rates of Ga2O3 thin films are relatively
low. For example, some reported growth rates of Ga2O3 thin
films grown by atmospheric pressure chemical vapor
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deposition (APCVD), MBE, MOCVD, and PLD are 2.3
[38], 0.09 [40], 0.44 [41], and 0.22mmh�1 [42], respec-
tively. It is indispensable to increase the growth rate of
Ga2O3 films for practical device applications.

In this paper, we studied the synthesis of Ga2O3 thin
films on differently oriented sapphire substrates using low
pressure chemical vapor deposition (LPCVD) technique.
The growth rates for the thin films grown on the c-plane
(0001), a-plane (11�20), and r-plane (1�102) sapphire
substrates are estimated as 1.1, 1.8, and 0.4mmh�1,
respectively. The surface morphology, crystal orientation,
and optical properties of the Ga2O3 thin films were studied
in detail. We found that the Ga2O3 thin film grown on the
c-plane sapphire substrate has the smoothest morphology
with single (�201) plane orientation. The thin film grown on
the a-plane sapphire substrate showed dominant (111) plane
orientation and the thin film grown on the r-plane sapphire
substrate showed the presence of a-phase Ga2O3mixed with
b-phase Ga2O3.

2 Experimental
2.1 Growth of Ga2O3 thin films on sapphire

substrates of different orientations A single zone
tube furnace with programmable temperature controller was
used for the synthesis of the monoclinic b-Ga2O3 thin films.
c-plane (0001), a-plane (11�20), and r-plane (1�102)
sapphire were used as the substrates for the growths. Prior to
the CVD growth, the substrates were cleaned with acetone
and isopropanol, rinsed by de-ionized water, and dried with
nitrogen flow. High purity gallium pellets (Alfa Aesar,
99.99999%) was used as the source material. The source
was put in a quartz crucible, which was placed inside a
quartz tube of diameter 100 and length 2800 in such a way that
the source was located at the center of the furnace. The
substrates were placed horizontally at the downstream of the
tube. Then the chamber was pumped down to a base
pressure of�1mTorr. Prior to heating up the chamber to the
desired growth temperature, the chamber was purged with
argon (100 sccm) for 30min. The chamber was then heated
up to 900 8C under the flow of argon. The growth was then
carried out at pressure of 1 Torr by flowing 5 sccm of oxygen
and 100 sccm of argon. The samples were taken out after
cooling down to room temperature under argon flow.

2.2 Material characterization The crystal struc-
ture, morphology, crystal orientation and composition of the
Ga2O3 thin films were characterized by using X-ray
diffraction (XRD), field emission scanning electron
microscopy (FESEM), and energy dispersive spectroscopy
(EDS). XRD spectra were collected on a Rigaku D/Max
2200 with CuKa radiation (1.54 Å). EDS spectra and
FESEM images were taken with the Helios 650. For
photoluminescence study, a xenon lamp with an output
power of 450W was used as the excitation source for the
emission spectra. The selected excitation wavelength was at
300 nm. The transmission, reflectance, and absorbance
spectra were taken with Cary 6000i UV-VIS-NIR

spectrophotometer in the spectral range from 188 to
1800 nm. The Raman spectra were taken at room tempera-
ture using a linearly polarized laser beam of 532 nm. The
beam was focused on the sample by a 100X objective. The
laser power and the beam diameter were �200mW and
�1mm, respectively.

3 Results and discussions
3.1 Ga2O3 thin films grown on sapphire

substrates of different orientations Figure 1 shows
the top view FESEM images of Ga2O3 thin films grown on
differently oriented sapphire substrates at 900 8C for 40min.

Figure 1 Top view FESEM images of the Ga2O3 thin films grown
on: (a) c-plane (0001) sapphire, (b) a-plane (11�20) sapphire, and
(c) r-plane (1�102) sapphire. Insets show the high magnification
top view FESEM images of the Ga2O3 thin films.
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The dependence of the surface morphology of Ga2O3 thin
films on sapphire substrate orientation is clearly visible in all
the images. The Ga2O3 film grown on the c-plane (0001)
sapphire substrate is composed of small pseudo hexagonal
domains. The well-defined grain boundaries are clearly
visible in the image. The Ga2O3 film grown on the a-plane
(11�20) sapphire substrate is formed by elongated and
isometric crystals of different orientations. The Ga2O3 film
grown on the r-plane (1�102) sapphire substrate is also
composed of well-oriented isometric crystals. All the SEM

images show the representative morphologies of the
samples grown on different substrates.

The EDS spectra of the Ga2O3 thin films grown on the
c-, a-, and r-plane sapphire substrates at 900 8C for 40min
are shown in Fig. 2. Note that EDS has been widely
employed as a characterization method to estimate the
atomic percentage for Ga2O3 materials [43–45]. The atomic
percentages of Ga and O for the thin film grown on c-plane
sapphire substrate are 42 and 58%. For the thin film grown
on the a-plane sapphire substrate, the atomic percentages are

Figure 2 EDS spectra of the Ga2O3 thin films grown on: (a) c-plane (0001), (b) a-plane (11�20), and (c) r-plane (1�102) sapphire
substrates.
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Figure 3 XRD patterns of the Ga2O3 thin films grown on (a) c-plane (0001), (b) a-plane (11�20), and (c) r-plane (1�102) sapphire
substrates.
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41.67 and 55. 82%. In case of the thin film grown on the
r-plane sapphire substrate, the atomic percentages of Ga and
O are 39.84 and 56.61%. The quantitative analysis reveals
that for all the three films, the Ga/O atomic ratio is very close
to the ideal 2/3. The results revealed that all the Ga2O3 films
have the stoichiometric chemical composition irrespective
of the growth substrates.

The XRD spectra of Ga2O3 thin films grown on
differently oriented sapphire substrates at 900 8C are shown
in Fig. 3. For the thin film grown on the c-plane sapphire
substrate, all diffraction peaks were indexed as (�201) and
higher order diffraction peaks of b-Ga2O3. This indicates
that (�201) plane is the preferred growth orientation for the
thin film grown on c-plane sapphire substrate. The film is
composed of pure b-Ga2O3 with single (�201) plane
orientation. This is likely due to the fact that the oxygen
atoms of (0001) plane of sapphire substrate has the similar
atomic arrangement as the (�201) equivalent plane of b-
Ga2O3 [46]. This orientation of Ga2O3 thin films grown on
the c-plane sapphire substrate was reported previously
grown by gallium evaporation in oxygen plasma and
MOVPE [46, 47]. Nakagomi and Kokubun [46] synthesized
Ga2O3 thin films on c-plane and a-plane sapphire substrates
using metallic gallium as source in oxygen plasma. The
substrate temperature and the growth pressure were 600–
800 8C and 0.5mTorr, respectively. From pole figure
measurement, they concluded that the [�201] direction of
b-Ga2O3 is along the [0001] direction of sapphire and
(�201) plane of b-Ga2O3 is parallel to the surface of c-plane
sapphire. For the thin film grown on the a-plane sapphire
substrate, the dominant crystal orientation is (111) plane.
Besides this peak, one additional peak appeared at 31.88
which corresponds to (002) plane of b-Ga2O3. From the 2u
data of the (002) peak, the lattice parameter c is calculated as
5.78 Å which is in good agreement with that of the bulk
Ga2O3 (c¼ 5.8 Å) [48]. However, the intensity of the (111)
peak is�50 times higher than that of the (002) peak. Maslov
et al. [49] has reported (111) plane-oriented Ga2O3 thin film
synthesized on the a-plane sapphire substrate by sublima-
tion method. Our result differs from Ref. [46] in which they
have synthesized (�201) plane-oriented Ga2O3 thin film on
the a-plane sapphire substrate by gallium evaporation in
oxygen plasma. For the thin film grown on the r-plane

sapphire substrate, in addition to the (�203) diffraction peak
of b-Ga2O3, one additional peak appeared at 23.28 which
corresponds to (01�12) diffraction peak of a-Ga2O3. Such
presence of a-Ga2O3 phase in thin film grown on the r-plane
sapphire substrate by MOVPE was also reported previously
[47]. Diffraction peaks corresponding to sapphire substrates
are present in all the XRD spectra.

To determine the growth rates of Ga2O3 thin films
grown on differently oriented sapphire substrates, cross-
sectional SEM was performed. The corresponding images
are shown in Fig. 4. The films grown on the c-plane and
r-plane sapphire substrates were grown for 90min at 900 8C.
The film thicknesses are estimated as 1.65 and 0.6mm,
respectively. Thus, the growth rates of Ga2O3 on c-plane and
r-plane sapphire substrates are estimated as 1.1 and
0.4mmh�1. On the other hand, the film grown on the
a-plane sapphire substrate was synthesized at 900 8C for
40min. The film thickness is 1.2mmwhich corresponds to a
growth rate of 1.8mmh�1. We found that the growth rates of
the Ga2O3 thin films via LPCVD are much higher than those
synthesized by MBE, PLD, MOCVD, or mist CVD. The
recently reported plasma-assisted MBE grown b-Ga2O3

(010) thin film has the highest MBE growth rate of
2.2 nmmin�1 [50].

Figure 4 Cross-sectional FESEM images of the Ga2O3 thin films grown on differently oriented sapphire substrates: (a) c-plane sapphire,
(b) a-plane sapphire, and (c) r-plane sapphire.
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Figure 5 Room temperature PL spectra of the Ga2O3 thin films
grown on c-plane (0001), a-plane (11�20), and r-plane (1�102)
sapphire substrates.
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3.2 Optical properties Figure 5 shows the room
temperature PL spectra of the Ga2O3 thin films grown on
differently oriented sapphire substrates. The spectra mainly
consist of a strong blue emission broad band at �420 nm
(2.95 eV). A shoulder peak at �343 nm (3.62 eV) corre-
sponding to the UV emission is also present in all three
spectra. The UV emission peak likely originated from the
recombination of self-trapped excitons, as predicted from

previous studies [51–53]. These excitons are created when
an electron at the donor level (formed by oxygen vacancies)
recombines with a hole at the acceptor level (formed by
either gallium vacancy (VGa) or gallium–oxygen vacancy
pair (VO–VGa)) [51–53]. The blue emission is originated
from the recombination of a donor–acceptor pair (DAP)
through tunneling [51, 54–57]. In this study, the Ga2O3 thin
films were synthesized at a relatively high temperature of
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Figure 6 Top view schematics of the optical measurement setup for: (a) transmission, (b) reflectance, and (c) absorbance.
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Figure 7 Transmission (T), reflectance (R) and absorbance (A) spectra of the Ga2O3 thin films grown on sapphire substrates of different
orientations: (a) c-plane (0001), (b) a-plane (11�20), and (c) r-plane (1�102).
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900 8C, thus it is likely that VGa or VO–VGa are formed
during the material synthesis.

To estimate the optical bandgap of the Ga2O3 thin films
grown on the c-, a-, and r-plane sapphire substrates, the
transmission, reflectance, and absorbance measurements
were conducted. The optical properties were characterized
by using Cary 6000i UV-VIS-NIR spectrophotometer in the
broad wavelength range from 188 to 1800 nm at an 88 angle
of incidence. Figure 6 shows the schematics of the top view
measurement set up for (a) transmission, (b) reflectance, and

(c) absorbance, collected into an integrating sphere. By
loading the samples in the transmission port or reflectance
port as shown in Fig. 6(a) and (b), the integrating sphere
collects the transmitted or reflected signals and then
calibrates themwith the reference signal. For the absorbance
measurement, the samples were loaded at the center of the
integrating sphere as shown in Fig. 6(c).

The measured spectra are shown in Fig. 7. All the films
exhibit high optical transmittance (�60% for Ga2O3 on
c-sapphire, �70% for Ga2O3 on a-sapphire, and �80% for
Ga2O3 on r-sapphire) in the near UV and visible wavelength
region. We observe an abrupt change in the slope of the
transmission and absorption spectra at the bandgap energy
for all the films. The estimated optical bandgaps from
the Tauc plot (Fig. 8) are Eg (c-plane)¼ 4.64 eV, Eg

(a-plane)¼ 4.64 eV, and Eg (r-plane)¼ 4.68 eV. The
bandgap energies for all the films are within the range of
4.2–4.9 eV reported previously [58, 59]. The surface
reflectance measurements show the consistent results with
the distinct reflectance edges occurring at 255–265 nm for
the films grown on the c-plane, a-plane, and r-plane
sapphire substrates. The clear interference fringes in the
visible wavelength for the film grown on the c-plane
sapphire are an indication of a relative smooth surface.

Room temperature Raman spectra of the Ga2O3 thin
films grown on c-plane (0001), a-plane (11�20), and
r-plane (1�102) sapphire substrates are shown in Fig. 9. The
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Figure 9 Micro Raman spectra of the as-grown Ga2O3 thin films grown on sapphire substrates of different orientations with: (a) c-plane
(0001), (b) a-plane (11�20), and (c) r-plane (1�102).

Phys. Status Solidi A 213, No. 4 (2016) 1007

www.pss-a.com � 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Original

Paper



Raman active modes in Ga2O3 are classified into three
categories: low (200 cm�1), mid (�480–310 cm�1), and
high (�770–500 cm�1) frequency modes [1]. The low
frequency modes are associated with the translation and
liberation of tetrahedra–octahedra chains. The mid fre-
quency modes are assigned to the deformation of Ga2O6

octahedra. The high frequency modes are associated with
the bending and stretching of GaO4 tetrahedra. For the thin
film grown on c-plane (0001) sapphire substrate, the peaks
are blueshifted by 0.5–8.2 cm�1 compared to the bulk
Raman peaks [60]. In case of the thin film grown on a-plane
(11�20) sapphire substrate, the peaks are blueshifted by
0.4–7 cm�1. For the film grown on r-plane (1�102) sapphire
substrate, the peaks are blueshifted by 0.4–8.2 cm�1. The
Raman peak shift of the grown Ga2O3 thin films ranging
within 0.4–8.2 cm�1 in comparison to that of the bulk Ga2O3

powder is very small.

4 Conclusions In summary, we have synthesized and
compared the Ga2O3 thin films on sapphire substrates of
different orientations using LPCVD technique. EDS
analysis indicates that the chemical composition of all the
films correspond to stoichiometric Ga2O3 independent of the
growth substrate. XRD measurements show that the film
formed on the c-plane sapphire substrate is pure monoclinic
b-Ga2O3 with single (�201) plane orientation. On the other
hand, the thin film grown on the a-plane sapphire substrate is
composed of b-Ga2O3 phase exhibiting dominant (111)
plane orientation. For the thin film grown on the r-plane
sapphire substrate, the presence of a-phase mixed with
b-phase Ga2O3 was observed. Room temperature PL
measurement revealed the presence of two emission bands
with their peaks at �343 and �420 nm. Optical transmis-
sion, reflectance, and absorption spectra consistently
indicated the bandgaps of all the Ga2O3 films range
between 4.6 and 4.7 eV.
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