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ORIGINAL PAPER
Towards High-Mobility Heteroepitaxial β-Ga2O3 on
Sapphire � Dependence on The Substrate Off-Axis
Angle
Subrina Rafique, Lu Han, Adam T. Neal, Shin Mou, John Boeckl,
and Hongping Zhao*
This paper presents the heteroepitaxial growth of β-Ga2O3 thin films on off-axis
(0001) c-sapphire substrates by low pressure chemical vapor deposition
(LPCVD). (�201) oriented β-Ga2O3 thin films are grown using high purity
metallic gallium (Ga) and oxygen (O2) as the precursors. N-type conductivity in
silicon doped β-Ga2O3 thin films is demonstrated. It is found that the film
crystalline quality, surface morphology, and electrical conductivity are remarkably
sensitive to the off-axis angles. X-ray phi-scan measurements of the β-Ga2O3

film grown on on-axis c-sapphire indicate the presence of six in-plane rotational
domains due to the substrate symmetry. With the increase of off-axis angle
toward <11–20> of sapphire, one of the in-plane orientations is strongly
favored. The use of off-axis substrate also reduced the X-ray rocking curve full
width at half maximum and increased the intensities of the Raman peaks. The
best electrical properties of the β-Ga2O3 film are exhibited by the film grown on
6� off-axis c-sapphire. The room temperature electron Hall mobility was
106.6 cm2V�1 s�1 with an n-type carrier concentration of 4.83� 1017cm�3. The
results from this study demonstrate high electrical quality β-Ga2O3 thin films
grown on off-axis c-sapphire substrates, which are promising for high power
electronic and short wavelength optoelectronic device applications.
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1. Introduction

Gallium oxide (Ga2O3) was used as a
transparent conducting oxide (TCO),[1] and
only very recently was studied as an
emerging ultrawide band gap (UWBG)
semiconductor with a room temperature
energy gap of�4.5–4.9 eV, larger than those
of the counterparts SiC (�3.2 eV) and GaN
(�3.4 eV). It possesses excellent chemical
and thermal stability up to 1400 �C. Due to
the very large band gap, it has an estimated
breakdown field of�6–8MVcm�1 and high
transparency in the deep ultraviolet (UV)
and visible wavelength region. Another
advantage lies in the feasibility to mass
produce high quality bulk Ga2O3 at low cost
using melting growth techniques such as
edge defined film-fed growth (EFG),[2]

floating zone (FZ),[3] and Czochralski[4]

methods. Ga2O3 can also be used as a
conductive and transparent substrate for
GaNbased lightemittingdiodes (LEDs).The
intrinsic unique properties ofGa2O3make it
a promising candidate for high power
electronic and short wavelength optoelec-
tronic device applications.
Several epitaxial growth techniques for β-Ga2O3 thin films
such as molecular beam epitaxy (MBE),[5] metal organic vapor
phase epitaxy (MOVPE),[6] halide vapor phase epitaxy (HVPE),[7]

and low pressure chemical vapor deposition (LPCVD)[8] have
been reported recently. The current efforts focus on β-Ga2O3

homoepitaxial growth on native substrates as it is expected to
produce high quality materials for device applications.[9–12] At
present, 2-inch diameter β-Ga2O3 wafers are commercially
offered from Tamura, Inc. (Japan), but they are only available in
the (�201) crystal orientation. Wafers with 10�15mm2

dimensions having (010) and (001) crystal orientations are also
available commercially. The wafer sizes of these orientations are
currently limited by the pulling direction of EFG grown β-Ga2O3

bulk single crystal. In addition, the as-grown unintentional
doped (UID) Ga2O3 substrates are conductive due to the
existence of the Si impurity which serves as n-type dopant.
Magnesium (Mg) and iron (Fe) have been used as dopants to
convert the conductive Ga2O3 to semi-insulating substrates.
Nevertheless, studies of heteroepitaxy of β-Ga2O3 thin films on
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Figure 1. Top view SEM images of β-Ga2O3 thin films grown on c-plane (0001) sapphire substrates with different off-angles toward<11–20>. a) Δa¼ 0�.
b) Δa¼ 3.5�. c) Δa¼ 6�. The off-cut directions are indicated by the white arrows. The thin films have a thickness of �6mm.
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low cost and large area foreign substrates such as sapphire are
important both scientifically and technologically.

Heteroepitaxial growth of β-Ga2O3 thin films on Al2O3,
[13–16]

Si,[17] MgO,[18,19] and ZrO2:Y
[20] have been reported previously in

the literature. However, it is still challenging to obtain high-
quality Ga2O3 layers on foreign substrates due to their large
lattice mismatches and crystal asymmetry between them. A high
density of defects and dislocations form at the interface, some of
which may thread into the epilayers. These thin films are usually
highly textured and have in-plane rotational domains limiting
their semiconductor material properties. Therefore, there is a
great need for an in-depth investigation of parameters that exert
impacts on the properties of the β-Ga2O3 thin films grown on
foreign substrates such as sapphire.[21]

Small off-angled substrates are often utilized to improve the
crystallinity of epitaxial thin films,[22] because they are usually
believed to enhance step flow growth of thin films and control
domain structures. The atomic stepson the surface of the off-angled
substrates act as the preferential binding sites for the incoming
adatoms promoting the step flow growth. The growth of
heteroepitaxial β-Ga2O3 thin films byHVPE on off-angled sapphire
substrates has been studied and reported previously.[21] However,
electrical properties of thosefilmswere not discussed. In this paper,
Phys. Status Solidi A 2018, 215, 1700467 1700467 (
we present the heteroepitaxial growth of n-type Si doped β-Ga2O3

thin films on c-plane sapphire substrates with different off-axis
angles toward <11–20> direction by LPCVD. Comprehensive
studies of the effects of the sapphire substratemisorientation on the
surface morphology, crystal quality and orientation, and electrical
properties of the as-grown β-Ga2O3 thin films were conducted.
2. Experimental Section

2.1. Growth of β-Ga2O3 Thin Film

The growth of β-Ga2O3 thin films was carried out in a low pressure
chamber equippedwith programmable temperature controller.Off-
axis c-plane sapphire substrates with off-axis angles in the range
between 0� to 10� toward sapphire <11–20> (Δa) were used. The
substrates were cleaned with solvents, rinsed by de-ionized water
and dried with nitrogen flow before growth. High purity gallium
pellets (AlfaAesar, 99.99999%) andoxygen (O2) gaswereusedas the
precursors for gallium and oxygen, respectively. Ultra-high purity
Argon (Ar)wasused as the carrier gas. The growthswere carried out
at 900 �Cat anoxygen volumepercentage of 4.8%. SiCl4wasused as
ann-typedopant gas. The thinfilmdoping concentrationwas varied
by changing the dopant flow rate. For all the above mentioned
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 9)
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Figure 2. a) XRD pattern (2θ scan) of a β-Ga2O3 thin film grown on c-plane (0001) sapphire substrate with no off-angle. b) XRD rocking curves of
symmetric (�402) reflection peaks of β-Ga2O3 thin films grown on c-plane (0001) sapphire substrates with different off-angles toward <11–20>. c)
Dependence of the FWHM values of the symmetric (�402) and asymmetric (�202) diffraction peaks on the off-axis angles. The thin films have a
thickness of �6mm.
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growths, thegrowthpressurewaskept at 4Torr.Controllablegrowth
rates of β-Ga2O3 thin films ranging between 0.5–10mmhr�1 have
been achieved via our developed LPCVD growthmethod by tuning
the growth parameters such as growth temperature, growth
pressure and precursor flow rate. The growth rate and the
crystallinity of the thin films did not show obvious degradation
for the range of the carrier concentration studied here.
2.2. Characterization of β-Ga2O3 Thin Film

The structure, crystal quality and electrical properties of the β-
Ga2O3 thin films were characterized by using scanning electron
microscopy (SEM), X-ray diffraction (XRD), and van der Pauw/
Hallmeasurement.TheSEMimageswere takenwithTescanVega-
3. XRD spectra and phi scans were collected on a Bruker Discover
D8 X-Ray Diffractometer with Cu Kα radiation (1.54 Å). The
Raman spectra were taken at room temperature using a 532nm
laser at a power of 300mW. The beam was focused using a 100x
microscope objective and typical spot size was�1mm. Transmis-
sion electron microscopy (TEM) samples were prepared using a
focused ion beam (FIB) lift-out technique. Prior to ionmilling, the
Phys. Status Solidi A 2018, 215, 1700467 1700467 (
samples were protected with a Pt cap of �2μm to preserve the
initial surface integrity. The samples were then prepared by FIB
milling with a Ga ion beam to a thickness of �1 μm and then
polishedusing anAr ionbeamto remove theGa iondamageand to
obtain electron transparency for high resolution imaging. TEM
characterization of the film was performed using an aberration
corrected (image) Titan 80–300 TEM operated at an accelerating
voltage of 300 kV. The carrier concentration and electron Hall
mobility were measured with HMS 3000 Hall measurement
system. Temperature dependent Hall measurement was carried
out using two custom built systems. An electromagnet with a
vacuum cryostat with closed-cycle He refrigerator was used for
below room temperature measurement. For above room temper-
ature measurement, an electromagnet with a quartz tube and
siliconcarbideheaterwasused.Nitrogengaswasused topurge the
quartz tube during high temperature measurements.
3. Results and Discussion

To illustrate the effect of off-axis c-plane sapphire substrate on
the surface topography of β-Ga2O3 thin films, SEM was
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 9)
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Figure 3. Schematic illustrations of the proposed growth mechanisms of β-Ga2O3 thin films grown on (0001) c-plane sapphire substrates: (a) without
off-axis; and (b) with off-axis angles.
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conducted. The images are shown in Figure 1. For the sapphire
substrate with 0� off-axis angle, the thin film is composed of
small pseudo hexagonal rotational domains. In the case of
sapphire substrates with off-axis angles (3.5� and 6�), the
domains are well aligned along the direction of off-cut as can be
seen in Figure 1b and c which is due to the step flow growth
mode promoted by substrate misorientation.

The influence of off-axis c-plane sapphire substrate on the
crystal quality of the Si-doped β-Ga2O3 thin films was
characterized by XRD and rocking curve measurement.
Figure 2a shows the XRD θ-2θ scan spectrum of the thin film
grown on c-sapphire substrate with 0� off-axis angle. Besides the
diffraction peaks of the substrate, primary reflections from
{�201} family of planes of β-Ga2O3 are present in the spectrum.
Some other very low intensity (2–3 orders lower) diffraction
peaks observed in Figure 2a are negligible. This indicates that the
Figure 4. Top view SEM images of β-Ga2O3 thin films grown on c-plane (
different growth times. (a–c) for 1.5min. (d–f) for 5min. The thicknesses o

Phys. Status Solidi A 2018, 215, 1700467 1700467 (
as-grown thin film is phase pure with [�201] as the preferred
growth orientation. This is because the oxygen atoms of (0001)
plane of sapphire substrate has a similar atomic arrangement as
the (�201) equivalent plane of β-Ga2O3.

[23] It has been reported
previously for III-nitride epitaxial films that the full width at half
maximum (FWHM) values of the symmetric and asymmetric
diffraction peaks are associated with screw and edge dislocations
respectively.[24,25] In this study, we have performed the XRD
rocking curve measurements for both symmetric (�402) and
asymmetric (�202) diffraction peaks. Figure 2b shows the XRD
rocking curves of the symmetric (-402) diffraction peaks. The
FWHM of the rocking curves are measured as 1.633� (Δa¼ 0�),
0.485� (Δa¼ 3.5�), and 0.47� (Δa¼ 6�), respectively.
Figure 2c plots the FWHM values of the symmetric and
asymmetric diffraction peaks as a function of the off-axis angle.
The FWHM values for both the peaks decreased significantly
0001) sapphire substrates with different off-angles toward <11–20> for
f the thin films for (a–c) and (d–f) are �150 and �500 nm, respectively.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 9)

http://www.advancedsciencenews.com
http://www.pss-a.com


Figure 5. XRD phi scans of (�401) reflections of β-Ga2O3 thin films
grown on c-plane (0001) sapphire substrates with different off-angles
toward<11–20>. a) Δa¼ 0�. b) Δa¼ 3.5�. c) Δa¼ 6�. The thin films have a
thickness of �6mm.
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with increasing off-axis angle indicating larger off-cut improves
the crystal quality of the β-Ga2O3 thin films. Note that additional
crystallographic peaks other than (�402) were shown in
Figure 2b, which is due to the asymmetric in-plane surfaces
of the off-axis c-plane sapphire substrates. Proper optimization
Phys. Status Solidi A 2018, 215, 1700467 1700467 (
of the sample tilt angle during rocking curve measurement can
help to get rid of such undesired peaks. However, as we further
increased the off-axis angles to 8� and 10�, we observed
broadening of the FWHM values to 0.56� and 0.61�, respectively.
Such broadening might have occurred due to the step bunching
and indicates degradation of thematerial quality of the thin films
for off-axis angle larger than 6�. Based on these results, we
concluded that for our LPCVD growth condition, 6� is the
preferred off-axis angle for high quality thin film growth on c-
sapphire substrate. For comparison, the reported representative
FWHMs of heteroepitaxial β-Ga2O3 thin films grown on c-plane
sapphire substrates were 0.9� (MBE, (�201) diffraction peak),[26]

0.6� (MOCVD, (�201) diffraction peak)[27] and 2.42� (MOVPE,
(�402) diffraction peak).[28]

The average grain size (D) of the β-Ga2O3 thin films can be
estimated from the FWHM of the (�402) peaks by using the
Scherrer’s formula[29]:

D ¼ 0:9λ
B cos θ

ð1Þ

where λ is the X-ray wavelength, B is the FWHMof the XRD peak
and θ is the diffraction angle. With increasing the off-axis angle,
the estimated grain size of the β-Ga2O3 thin films increased from
5.1 nm (Δa¼ 0�) to 17.9 nm (Δa¼ 6�).

The schematic of gallium (Ga) localizationmechanism during
the growth of β-Ga2O3 thin films is shown in Figure 3. The thin
film growth followed step flow growth mechanism on off-axis
substrates. Thin film growth on vicinal substrates for other
material systems have been reported previously.[30,31] Surface
diffusion of adatoms and step incorporation kinetics were
considered to be two key factors. For thin film growth on
substrate with 0� off-axis angle, there are no preferential sites on
the substrate surface for Ga adatoms to incorporate into. On the
other hand, when off-axis substrate is used, steps act as the
preferred incorporation sites for the Ga adatoms. This
suppresses the random nucleation on the surface and step flow
growth occurs along the off-cut direction. Note that the surface
diffusion length of Ga which depends on the growth condition;
needs to be comparable to the step terrace-width in order to
sustain stable stepmorphology. If the step terrace-width is longer
than Ga adatom surface diffusion length, island nucleation
occurs on the terrace since the Ga adatoms cannot reach the step
edge. The surface mobility of the adatoms might also be affected
by the accommodation of the lattice mismatch between Ga2O3

and sapphire with the use of off-axis substrates. It has been
reported previously for homoepitaxial growth of Ga2O3 thin
films on (100) native substrates with different miscut-angles that
the prevalence of the step flow growth depends on the miscut-
angle for given growth conditions (temperature, flux of
adatoms).[6] The step terrace-width is inversely proportional to
the tangent of off-axis angle. With the increase of off-axis angle,
step terrace-width decreases. As a result, Ga adatoms can easily
reach the step edge and step flow growth occurs. To verify the
growthmechanism of β-Ga2O3 thin films, growth was conducted
for various dwell times. Figure 4 shows the top view SEM images
of the β-Ga2O3 thin films grown for 1.5 and 5min. The results
corroborate the step flow growth of the β-Ga2O3 thin films on the
off-axis sapphire substrates.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 9)
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Figure 6. Micro Raman spectra of β-Ga2O3 thin films grown on c-plane
(0001) sapphire substrates with different off-angles toward<11–20>. The
thin films have a thickness of �6mm.
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To characterize the in-plane domain properties, the XRD phi
(φ) scan spectra were taken. From Figure 5a, for the thin film
grown on 0� off-axis substrate, six strong diffraction peaks with
similar intensity were measured. The peaks are separated by 60�.
The origin of these six peaks is due to the diploid symmetry of
monoclinic β-Ga2O3 and three kinds of equivalent in-plane
orientations of Ga2O3 grains on the substrate.[27] With the
introduction of off-axis substrates, the domain structure changed
dramatically. A 3.5� off-axis substrate promotes three orienta-
tions and suppresses the other three orientations as can be seen
from Figure 5b. Increasing off-cut angle from 3.5� to 6� further
strengthens the preferential orientation. For the thin film grown
on 6� off-axis substrate, only one peak appears in the phi scan
(Figure 5c). Such change in domain structure occurs because off-
cut substrates introduce steps along a specified direction and
breaks the equivalency on the substrate surface.

Raman spectroscopy was carried out to investigate the effect
of substrate misorientation angle on the crystal quality of the β-
Ga2O3 thin films. Figure 6 shows the Raman spectra of the β-
Ga2O3 thin films. Eight Raman peaks were observed for each
sample. The peaks appearing at 114.2, 144.3, 169, 200.9, 347.6,
416.7, 659.5, and 768.4 cm�1 were blue-shifted by 0.3–2.5 cm�1

as compared to the bulk Raman peaks.[30] This indicates that all
the films were under slight compressive strain which can be due
to the lattice mismatch between Ga2O3 and sapphire. The
strongest low frequency peak located at 200.9 cm�1 is the
Phys. Status Solidi A 2018, 215, 1700467 1700467 (
characteristic translation and libration mode of Ga-O chains [32].
The intensity of this peak is the strongest and its FWHM is the
narrowest for the thin film grown on 6� off-axis compared with
the ones on 3.5� and 0� off-axis substrates. This indirectly
demonstrates that the thin film grown on 6� off-axis sapphire has
the best crystalline quality.

Cross sectional TEM characterization were performed to
investigate the effect of substrate misorientation angle on the
defects of the β-Ga2O3 thin films. Figure 7 shows the cross
sectional TEM images of the β-Ga2O3 thin films. The thin film
grown on 0� off-axis substrate has a high density of defects,
which propagate all the way from the interface to the top of the
film along the growth direction. These defects could be planar
defects such as grain boundaries. However, to identify the
defects accurately, further TEM studies are required. With the
increase of the off-axis angle, the defects became fewer and
tilted with respect to the interface. This could be due to the
reduction of in plane rotational domains seen from the XRD
phi scan of Figure 5. With the increase of the off-axis angle, the
growth directions of the thin films were no longer perpendicu-
lar to the substrate surface and the defects became tilted with
respect to the interface. For the thin film grown on 6� off-axis
substrate, the defects propagate for �2.7mm inside the film
from the interface and then stopped. The rest of the film does
not show obvious defects. Such phenomena have been
previously observed for GaN thin films grown on vicinal
sapphire substrates by MBE.[25] Based on the above-mentioned
results, the usage of well-controlled off-axis substrates can be an
effective method for reducing defect density in heteroepitaxial
β-Ga2O3 thin films.

Room temperature Hall measurements were carried out on
the as-grown β-Ga2O3 thin films. Van der Pauw configuration
with indium-tin eutectic electrodes was used for the measure-
ment. Indium and indium-gallium eutectic have been used
previously as ohmic electrodes for Hall measurements of
Ga2O3.

[33,34] The applied magnetic field was 0.975 T. Figure 8
plots the Hall mobility as a function of the n-type carrier
concentration for the Si-doped β-Ga2O3 thin films. By keeping
the growth condition (temperature, pressure, Ar and O2 flow
rate) fixed and varying the doping source flow rate from 0.005–
0.4 sccm, the carrier concentration can be broadly tuned between
low-1017 to low-1020 cm�3 range. The background doping
concentration for an unintentionally doped β-Ga2O3 film grown
on c-sapphire substrate was measured at �3� 1016 cm�3. Our
results show that improved electrical properties of the thin films
were obtained by using the off-axis substrates. The best electrical
properties were exhibited by the thin films grown on 6� off-axis
sapphire using an oxygen volume percentage of 4.8%. The
measured room temperature Hall mobility was 106.6 cm�2 V�1

s�1 with an n-type carrier concentration of 4.83� 1017 cm�3.
Under the same growth condition, the measured room
temperature Hall mobility for the thin films on 3.5� and 0�

off-axis sapphire were 64.45 and 12.26 cm�2 V�1 s�1, respec-
tively. The Hall mobility of the thin film grown on 6� off-axis
substrate was�9 times higher compared to the one grown on 0�

off-angled substrate. The higher mobility was observed due to
the reduction of the defect densities for the thin films grown on
off-axis sapphire substrates. To the best of our knowledge, the
electrical properties of the LPCVD grown heteroepitaxial β-Ga
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6 of 9)
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Figure 7. Cross sectional TEM images of β-Ga2O3 thin films grown on c-plane (0001) sapphire substrates with different off-angles toward<11–20>. a)
Δa¼ 0�. b) Δa¼ 3.5�. c) Δa¼ 6�. The thin films have a thickness of �6mm.

Figure 8. Electron Hall mobility as a function of carrier concentration for
Si doped β-Ga2O3 thin films grown on c-plane (0001) sapphire substrates
with different off-angles toward<11–20>. The thin films have a thickness
of �6mm.
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2O3 thin films on the off-axis sapphire substrates represent the
best electrical quality among the reported ones.

The temperature dependence of the n-type carrier concentra-
tion and mobility for the Si doped β-Ga2O3 thin films are shown
in Figure 9a and b, respectively. Ti/Au was used as the ohmic
electrode for the temperature dependent Hall measure-
ment.[33,35] The electrodes maintained ohmic property through-
out the entire temperature range. The room temperature carrier
concentrations of the thin films grown on 6�, 3.5�, and 0� off-axis
c-sapphire at the same growth condition with doping source flow
rate of 0.01 sccm were 5� 1017, 3� 1017, and 1.5� 1017 cm�3,
respectively. The thin film on 6� off-axis c-sapphire has the
highest carrier concentration which can be due to the presence of
lowest compensating acceptor centers or efficient incorporation
of Si in the thin films grown on off-axis substrates. However
further studies are needed to support our hypothesis and is
beyond the scope of this paper. The estimated activation energy
for Si ranges between 13.6meVand 23meV, which are similar to
the reported values.[36,37] For the thin film grown on 6� off-axis
substrate, the peak mobility of �238 cm�2 V�1 s�1 occurred at
87K, which decreased to �85 cm�2 V�1 s�1 at room tempera-
ture. The peak mobility for the thin films grown on 3.5� and 0�

off-axis substrates occurring at 94 and 95K were �155 and
�21 cm�2 V�1 s�1, respectively. The nonobvious temperature
dependence of carrier concentration at low temperatures
(T< 28K) for the three thin films could be due to the conduction
Phys. Status Solidi A 2018, 215, 1700467 1700467 (
in an impurity band formed by donors in the bandgap. The
donor band is formed by the wave functions overlap of
neighboring electrons in relatively high doped semiconduc-
tors.[38] The electrons move slowly within this band by tunneling
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim7 of 9)
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Figure 9. Temperature dependent Hall measurements for the Si doped
β-Ga2O3 thin films grown on c-plane (0001) sapphire substrates with
different off-angles toward <11–20>. a) Carrier concentration.
b) Mobility. The thin films have a thickness of �6mm.
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or hopping. The conduction mechanism is dominated by donor
band conduction at low temperatures resulting in weak increase
in carrier concentration. Optical phonon scattering at high
temperatures and ionized impurity scattering at low temper-
atures also limit the electron mobility in these thin films.[39] The
thin films with the higher carrier concentrations exhibited a
similar trend for the temperature dependence of the carrier,
mobility and resistivity. Temperature dependence of carrier
concentration and electron mobility were reported previously for
Ge doped homoepitaxial (010) β-Ga2O3 thin film grown by
MBE,[40] as well as for unintentionally doped β-Ga2O3 single
crystal grown by EFG.[2] Temperature dependence of carrier
mobility for heteroepitaxial β-Ga2O3 film was not reported
previously.
4. Conclusion

In summary, we demonstrated fast growth rate and orientation
controlled growth of heteroepitaxial β-Ga2O3 thin films on off-
axis c-sapphire substrates by LPCVD. Effective n-type doping
Phys. Status Solidi A 2018, 215, 1700467 1700467 (
and doping control using Si as the dopant was achieved. The
crystal orientation and phase purity of the thin films grown on
sapphire substrates with different off-axis angles were estab-
lished by X-ray phi scan and Raman spectroscopy measure-
ments. Our results indicate that improved crystalline material
quality and electrical properties of β-Ga2O3 can be achieved by
using off-axis sapphire substrates. The improvement can be
attributed to the strong in-plane orientation enhancement.
Room temperature electron Hall mobility of 106.6 cm�2 V�1 s�1

was obtained for a Si-doped heteroepitaxial thin film with a
doping concentration of 4.83� 1017 cm�3 grown on 6�off-axis c-
sapphire substrate. Cost-effective production of such high
quality β-Ga2O3 thin films by LPCVD technique will pave the
way for future device applications.
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