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Thuwal 23955-6900, Saudi Arabia
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Both f-Ga,O; and wurtzite AIN have wide bandgaps of 4.5-4.9 and 6.1¢eV, respectively. We
calculated the in-plane lattice mismatch between the (—201) plane of 5-Ga,O5 and the (0002) plane
of AIN, which was found to be 2.4%. This is the smallest mismatch between [-Ga,Os and binary
III-nitrides which is beneficial for the formation of a high quality -Ga,Os/AIN heterojunction.
However, the valence and conduction band offsets (VBO and CBO) at the 3-Ga,Os/AIN hetero-
junction have not yet been identified. In this study, a very thin (less than 2 nm) f-Ga,0O5 layer was
deposited on an AlN/sapphire template to form the heterojunction by pulsed laser deposition. High-
resolution X-ray photoelectron spectroscopy revealed the core-level (CL) binding energies of Ga
3d and Al 2p with respect to the valence band maximum in individual f-Ga,O3 and AIN layers,
respectively. The separation between Ga 3d and Al 2p CLs at the f-Ga,O3/AIN interface was also
measured. Eventually, the VBO was found to be —0.55 = 0.05eV. Consequently, a staggered-gap
(type II) heterojunction with a CBO of —1.75 = 0.05eV was determined. The identification of the
band alignment of the -Ga,Os/AIN heterojunction could facilitate the design of optical and elec-
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tronic devices based on these and related alloys. Published by AIP Publishing.
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In the past few decades, conventional group-IlI-nitrides
(GaN, AIN, and InN) and their alloys have been widely used
for optoelectronic and power devices because of their tunable
bandgaps and chemical stability.'™ The f-polytype of Ga,O5
has an extremely high breakdown field of ~8 MV/cm, which
is higher than that of SiC (3 MV/cm) and GaN (3.8 MV/cm),
and thus, it has become attractive for power electronics.™®
Recently, over 1 kV of reverse breakdown voltage in a vertical
diode was achieved by using f-Ga,0s.” In addition, because
of its large intrinsic bandgap of 4.5-4.9¢V, it is suitable for
solar-blind deep ultraviolet detection.® Due to its chemical
and thermal stability, it can be utilized in extreme environ-
ment electronics, such as toxic gas sensors.'” Most impor-
tantly, f-Ga,O3 can be obtained in the bulk form from melt
sources. The availability of large-size and high-quality single-
crystal wafers that can be fabricated at low cost from melt-
grown bulk crystals is a remarkable advantage over other con-
ventional substrates such as SiC or GaN for future mass pro-
duction."" This progress ensures that f-Ga,O5 can potentially
meet or exceed the performance of Si and typical wide
bandgap semiconductors such as SiC or GaN for ultrahigh-
voltage power switching devices."

Recently, -Ga,05 epilayers have been grown on differ-
ent substrates by various growth techniques, such as Metal-
Organic Chemical Vapor Deposition (MOCVD), Molecular
Beam Epitaxy (MBE), and Pulsed Laser Deposition (PLD).
These advanced growth techniques offer versatile hetero-
structures with precise control over the interface. Sapphire
(a-Al,0O3) is generally used as a low-cost substrate. In con-
trast to the poor lattice match between sapphire and GaN
(~13.8%),"® the lattice mismatch between p-Ga,O5 and
sapphire is significantly lower. The mismatch in spacing
between the oxygen atoms in the (—201) equivalent plane
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of B-Ga,O5 is about 6.6% for the c-plane sapphire.'*
The lattice mismatch between f-Ga,0O5 and GaN is found to
be smaller. The in-plane lattice mismatch between the
(—=201) plane of -Ga,0O5 and the (0002) plane of GaN is
as low as 4.7%;"° thus, it could be used for high quality
p-Ga,0O3 growth. So far, sapphire, GaN/sapphire template,
and f-Ga,0; native substrate are the most commonly studied
substrates for the growth of -Ga,0O; epilayers. However, the
epilayers suffer from the relatively large lattice mismatch
except when using the native substrates which are too
costly.lfHS Thus, substrates with a lower lattice mismatch
with the (—201) plane of f;-Ga,0Oj3 are needed to facilitate the
integration of -Ga,O5 with nitrides in the formation of heter-
ostructures for device applications.

Furthermore, band offset is one of the most important
electronic parameters in the design of the p-Ga,Os-based
semiconductor heterojunction because it determines the energy
barriers for electron and hole transport, essential for the opera-
tion of electronic and optical devices. In the literature, few
studies show measurements of the band offset of [-Ga,Os
with other semiconductor heterojunctions by X-ray photoemis-
sion spectroscopy (XPS). Chen et al. reported the band align-
ment of -Ga,05/Si heterojunctions grown by PLD and found
that the valence band offset (VBO) was 3.5eV."” On the other
hand, the band offsets of the f-Ga,Os3/GaN and f-Ga,Os/
6H-SiC were found to be 1.4 eV and 2.8eV,*' respectively.
Furthermore, the band discontinuities between [5-Ga,03/Al,03
and f-Ga,05/LaAl,O3 were also identified.?>?*

In this paper, we report the growth of [-Ga,Oz; on
the AlIN/sapphire template by PLD to form a -Ga,Os/AIN
heterojunction. First of all, the lattice mismatch between the
(—201) plane of -Ga,05 and the (0002) plane of AIN is elab-
orated. We find that their lattice mismatch is much smaller by

Published by AIP Publishing.
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comparing with the (—201) $-Ga,O5 grown on a (0002) GaN
template. Then, the determination of the valence and conduc-
tion band offsets (VBO and CBO) is presented and the type of
heterojunction is identified.

Figure 1(a) schematically shows the atomic-arrangement
model for the interface between the (—201) -Ga,O5 on top
of (0002) AIN and its epitaxial relationship (from the cross-
sectional point of view). The projection is along the b-axis of
B-Ga,03 and the [11-20] direction of AIN. In AIN, Al atoms
are present on the surface. The (—201) plane of -Ga,Os is
parallel with the (0002) plane of AIN and the [102] direction
of -Ga,05 with the [-1100] direction of AIN. The O atoms
in the f-Ga,05 are bonded with Ga atoms at the interface, as
shown in Fig. 1(a). Figure 1(b) shows the top view of the
atomic-arrangement of both -Ga,Os and AIN. The Ga and O
atoms in f-Ga,O3 and the Al and N atoms in AIN are both
arranged in a hexagonal pattern but with slightly different
sizes of hexagons. In each hexagon, there are three cations
and three anions. Based on the lattice constants of 3-Ga,0;
and AIN, the side length (marked as “/” in the figure) of the
hexagon in f-Ga,Os is 1.753 A and that of AIN is 1.797 A,
which determined that the lattice mismatch between (—201)
p-Ga,05 along the b-axis and (0002) AIN is around 2.4%.
This value is much smaller than the lattice mismatch between
(—201) p-Ga,O3 on (0002) GaN and (—201) -Ga,O3 on
sapphire which are 4.7%"'> and 6.6%,'* respectively. Thus,
(0002) AIN could be a better template for the (—201)
f-Ga,05 epilayer growth and vice versa.

The AlN/sapphire templates were grown by MOCVD,
and the details of the AIN template growth have been reported
in our previous articles. Prior to the deposition, the AIN/sap-
phire templates were cleaned ultrasonically with acetone
(10min) followed by isopropyl alcohol (Smin) and then
rinsed with deionized water. The f-Ga,0O3 layers on the AIN/
sapphire templates were grown by a Neocera Pioneer 180
PLD using a 1 in. f-Ga,03 ceramic target (99.99% purity). A
KrF excimer laser (1 = 248 nm) was used to ablate the target
at a pulse frequency of 5 Hz and an energy per pulse of ~400
mlJ. The distance between the target and the substrate was
fixed at 5 cm. After the chamber was pumped down to a base
pressure of 5 x 10~® mbar, the substrate was gradually heated
to 625°C. Oxygen gas was introduced into the chamber to
achieve a stable working pressure of 50 mbar during the depo-
sition process. In the deposition, 15000 and 390 pulses were
used to achieve thicknesses of ~140 and ~1.5nm for the f-
Ga, 035 layers, respectively. To determine the band offsets at
the [-Ga,O3/AIN heterointerface, three samples were

GQ 4 ?\;;}y }\:}y f-Ga,0,
i L}‘);)::;\:};%?‘ ri [102?1,

e +n fY“r + n fﬁ

! 1100]

[11-20]

(a) (b)

1=1.797A

\ ; ’_\—ngtam—

Appl. Phys. Lett. 111, 162105 (2017)

investigated: thick (~140nm) f-Ga,O5 on the AIN/sapphire
template (sample A), AIN/sapphire template (sample B), and
thin (~1.5nm) -Ga,0O5 on the AIN/sapphire template (sam-
ple C).

The structural properties of these samples were exam-
ined by using a Bruker D8 Advance X-ray diffractometer
(XRD) using Cu Ko (4 = 1.5405 A) radiation and a Horiba
Aramis Micro-Raman system with a backscattering geome-
try. The samples were excited using a 325 nm He-Cd laser,
and the Raman signal was collected using a monochromator
equipped with a 2400 lines/mm grating.

From the XRD pattern of sample A, as shown in Fig.
2(a), we notice that besides the substrate diffraction peaks at
36.1° and 41.1° from (0002) AIN and c-plane sapphire sub-
strate, there are three other peaks at 18.9°, 38.3°, and 59.1°
which corresponds to (—201), (—402), and (—603) planes of
B-Ga,05, respectively.”* Figure 2(b) displays the micro-
Raman spectra, confirming the f(-Ga,Oz layer on AIN/
sapphire by observing the Raman peaks at 168 and 201 cm ™'
where the phonon modes are in good agreement with the pre-
vious report.”> These two peaks are not observed in sample
C due to the extreme thin f-Ga,O5 layer (~1.5 nm). Raman
peaks originating from the AIN and sapphire substrate are
also displayed.?®

Furthermore, high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) was applied to
investigate sample C by operating a probe corrected FEI Titan
at an acceleration voltage of 300 kV. The TEM specimens were
prepared by using FEI's Helios dual beam focused ion beam
(FIB)/SEM equipped with an Omniprobe. Energy-dispersive
X-ray spectroscopy (EDX) acquisition was performed to detect
the elemental distribution at the interface. Figure 3(a) shows
the cross-sectional STEM image of the interface between the
p-Ga,0O5 and AIN layers. Figure 3(b) presents the elemental
distribution from the EDX scan of Ir, N, Al, Ga, and O across
the interface, confirming a uniform distribution of the elements
in the grown layer. Ir was sputtered on the surface to act as a
conductive layer to prevent severe surface charging during the
TEM sample preparation. An extremely thin layer (~1.5nm)
of f-Ga,05 was observed based on the Ga mapping result. Due
to the monoclinic structure of $-Ga,O3 with lattice parameters
a=1223A,b=3.04A, c=580A, and = 103.7° (the angle
between “a” and “c” axes),”’ we may only have a total of 2-3

unit cells of ﬁ—Ga203 in the grown layer vertically. The signifi-
cant presence of O atoms in the deposited Ir layer indicated the
formation of IrO,. Due to the extreme thin [-Ga,Os layer
(~1.5nm),

it was difficult to measure its crystallinity.

; { 201) plane
\ FIG. 1. (a) Atomic arrangement model
ﬁ T_, [102] of the interface between (—201) -Ga,03

and (0002) AIN. (b) The hexagonal pat-
tern of the atomic arrangement in both
the (—201) plane of 5-Ga,O5 and (0002)
plane of AIN.
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FIG. 2. (a) XRD 260-w scan of on-axis reflections of samples A, B, and C and sapphire substrate. (b) Micro-Raman spectra of samples A, B, and C and sapphire

substrate.

However, we have confirmed the single crystallinity of the /-
Ga,05 layer under the same growth condition in a thick f-
Ga,0; layer by comparing its epitaxial relationship with the
substrates, similar to earlier reports in which the single-crystal
f-Ga,05 layers were also obtained by using the same growth
technique.”®*

Lastly, the band offset measurement for this heterojunc-
tion was performed. All core levels (CLs) and valence band
photoemission spectra of the -Ga,O5; and AIN/sapphire sub-
strate  were measured by using a high-resolution XPS
(HR-XPS) method. The HR-XPS measurements were carried
out using a Kratos Axis Ultra DLD spectrometer equipped
with a monochromatic Al Ko X-ray source (hv = 1486.6eV)
operating at 150 W, a multi-channel plate, and a delay line
detector under a vacuum of ~10~° mbar. The binding energy
of the C Is peak (284.8 eV) was used as a standard reference.
The details of the XPS setup have been described in previous
studies on different heterojunctions.’>*! To evaluate the VBO
at the /-Ga,O3/AIN interface, we need to determine the energy
difference between the Ga and Al CLs from sample C and also
the energy of CLs relative to the respective VBMs of samples
A and B. Also, the CLs of Ga 3d and Al 2p were chosen in the
analysis. From the theory first introduced by Kraut, for the f3-
Ga,05/wurtzite AIN heterojunction, the VBO (AE,) can be
calculated from the following formula:**

_ (rGa203 Ga203 AIN AIN
AE, = (EGa3d —Evim ) - (EAIZp - EVBM)

+ (B3 —EA, )- M

AIN / B-Ga,0; interface

The first term on the right side of the equation is the CL
energy of Ga 3d determined with respect to the VBM of sam-
ple A.

Figure 4(a) shows the Ga 3d CL spectrum collected
from the f-Ga,O;3 layer which indicates a single peak at
20.33eV, corresponding to the Ga-O bond. Figure 4(b)
depicts the valence band spectrum where the VBM of the
sample is obtained by linearly extrapolating the leading edge
to the baseline of the respective valence band photoelectron
spectrum. The VBM of the [-Ga,Os3 is measured to be
3.35eV. Thereby, the separation between the CL energies of
Ga 3d and VBM [AE = (EZ%3® — EG20%)] for f-Ga,05 is
16.98 eV, which is in accordance with the results reported by
Chang et al.*!

To calculate the term in the second bracket in Eq. (1),
the XPS spectrum of sample B was collected. We observe
that the CL of Al 2p is located at 73.08 eV from the AIN layer
[Fig. 5(a)], while the VBM is measured to be 2.4eV [Fig.
5(b)]. Thereby, the separation between the CL energy of Al
2p and the VBM [AE = (Eﬁ}gp — E4INy)] for the AIN layer is
determined to be 70.68 eV. The last term in Eq. (1) represents
the CL separation between the Ga 3d and Al 2p peaks that
was measured from the XPS spectrum of sample C. Figures
6(a) and 6(b) show the Ga 3d and Al 2p CLs which originated
from sample C, respectively. Figure 6(a) demonstrates a sin-
gle peak in the Ga 3d CL spectrum, showing the Ga 3d chem-
ical state at 20.45eV. The Al 2p CL is located at 73.60eV
[Fig. 6(b)]. The energy difference between the CLs of Ga 3d
and Al 2p [AE = (EG30° — EAD,)] is —53.15¢eV. Thus, the

FIG. 3. (a) Cross-sectional HAADF-
STEM [11-20] image of sample C at
the heterojunction interface. (b) The
EDX elemental map of Iridium (Ir), N,
Al, Ga, and O from the white dashed
area in (a). The white dashed line
marks the interface of f-Ga,O5;/AIN
and f-Ga,0O; with the Ir layer.
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VBO can be determined to be AEv = —0.55%+0.05eV using
Eq. (1).

Thereby, by substituting the VBO (AE,) and the elec-
tronic bandgap values of f-Ga,O5; (E;=4.9 eV)* and AIN
(Eg=6.1 eV)l in Eq. (2), we can measure the CBO (AE,) for
the -Ga,Os/AIN heterostructure

AE, = (Ef;f1203 + AE, — EQ'N). 2)

Hence, based on Eq. (2), the resultant CBO (i.e., AE.) is
—1.75*0.05¢eV. Inevitably, there was tensile strain in the
B-Ga,05 epilayer due to the heteroepitaxial growth. However,
studies have shown that the effect of strain on both CBO
and VBO was almost negligible by comparing the strained
and unstrain heterojunctions, generally less than 0.1eV.3*%
Furthermore, considering the fact that the bandgap values of
f-Ga,0; thin film range widely between 4.5 and 4.9 eV grown
by different techniques and conditions,***” we must calibrate

75

7 13 712 T

Binding Energy (eV)

70

its bandgap value and the band offset values under specific
growth conditions while designing the f-Ga,Os-containing het-
erojunction for device application.

The experimentally determined parameters from this study
are incorporated into a band alignment diagram as shown in
Fig. 7. This figure suggests that the f,-Ga,O5/AIN heterostruc-
ture is a type-II heterostructure. This unique bandgap alignment
between [-Ga,O5/AIN could aid the development of power
devices. By using the band alignment of GaN and AIN at room
temperature reported by Van de Walle and Neugebauer,' we
also plot the band alignment of -Ga,O3/AIN along with GaN
in Fig. 7. The VBO of AIN/GaN is 1.12eV.*® Based on the dia-
gram, we obtain the VBO and CBO of the 3-Ga,03/GaN heter-
ojunction of 1.35 and 0.15 eV, respectively. These results are in
good agreement with the experimental results of band offset
parameters reported earlier by Wei et al. in which they showed
that the VBO and CBO of f8-Ga,05/GaN are 1.40 and 0.10eV,
and also a type-I heterojunction can be formed in the -Ga,Os/
GaN heterojunction. These characteristics could offer numerous
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FIG. 7. The band alignment diagram of the f-Ga,O5/AIN heterojunction,
along with that of GaN.

degrees of freedom and provide further guidance for designing
power devices by using a combination of -Ga,O5; with con-
ventional III-nitrides. For example, the Al,Ga;_,N/f-Ga,05
(0 <x < 1)-based heterojunction can be designed and grown.
With the addition of Ga in AIN, the CBO would gradually
reduce, easing the electron transport and eventually reach zero
at the Ga composition of around 92% assuming the Vegard’s
law with no bowing. With the higher composition of Ga in
Al,Ga; 4N, the heterojunction finally turns into the type-I
heterojunction as mentioned above. Thus, the Al;Ga;_,N/
B-Ga,Os5 heterojunction can be potentially employed for ultra-
violet (UV) detectors or light emitting diodes because the
f-Ga, 03 is a transparent material in the UV region due to the
fact that it has a wide bandgap and high-quality n-type Ga,0O;
bulk crystals are commercially available.

In summary, we have deposited -Ga,05 layers by PLD
on the MOCVD-grown AlN/sapphire templates to form a
heterojunction. The lattice mismatch between [-Ga,O5 and
wurtzite AIN is only 2.4% which is the smallest value com-
pared to other binary nitride materials such as GaN, BN, and
InN. The determination of the band offset parameters at the
f-Ga,05/AIN heterostructure was carried out by using the
HR-XPS. We determined the VBO and CBO to be —0.55eV
and —1.75eV, respectively, with a type-II heterostructure
band alignment. We also plotted the band alignment of the
B-Ga,O3/AIN heterojunction along with the GaN which
could provide valuable support in the design of [-Ga,Os-
based heterostructures for future device applications.

The KAUST authors would like to acknowledge the
support of Baseline BAS/1/1664-01-01 and Professor
Russell D. Dupuis from the Georgia Institute of Technology
for supplying the AIN/sapphire template.
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