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ABSTRACT

We have epitaxially stabilized a series of monoclinic (AlxGa12x2yIny)2O3 alloys by careful choice of molecular beam epitaxy growth
conditions, which balance alloy growth with suboxide desorption. The films are pseudomorphic to (010) b-Ga2O3 substrates at thicknesses
up to 150 nm with compositions ranging from (Al0.01Ga0.83In0.16)2O3 to (Al0.24Ga0.75In0.03)2O3. The absorption edge shifts from
approximately 4.62–5.14 eV with coincidently increasing Al and decreasing In mole fractions. J–V measurements reveal an increase in
resistivity over four orders of magnitude with a maximum value of 4.2� 105 X-cm for (Al0.17Ga0.76In0.07)2O3, which has nearly identical lat-
tice parameters (both in-plane and out-of-plane) to the underlying b-Ga2O3. Scanning transmission electron microscopy of this sample
reveals a mostly uniform and single crystalline film, though we identify areas of non-uniform In incorporation and some c-phase inclusions.
This work demonstrates the feasibility of thick layers lattice-matched to b-Ga2O3 with increased bandgap compared to phase-separation lim-
ited (Al,Ga)2O3. These alloys can enable higher bandgap epitaxial dielectrics and high sheet charge density transistors by increasing the con-
duction band offset with respect to b-Ga2O3.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0238259

Gallium oxide (Ga2O3) is an ultra-wide bandgap semiconductor
with potential to displace existing materials such as SiC and GaN for
high power and/or extreme operating environment devices. The stable
monoclinic b-phase with symmetry C2/m has a direct bandgap energy
of 4.76 eV (Ref. 1) and theoretical critical field as high as 8MV/cm
(Refs. 2 and 3) and exhibits controllable n-type doping by Sn, Ge, and
Si4–7 in addition to large area wafer growth from melt.3,4,6,8 Isovalent
alloying of In and Al in b-Ga2O3 tunes the bandgap energy and epi-
layer strain, with theoretically achievable bandgap energies in the range
of 7.2–7.5 eV for monoclinic h-Al2O3 (Refs. 9 and 10) to 2.7 eV for
monoclinic In2O3.

11,12

Band engineering in the (AlxGa12x)2O3 alloy system is challeng-
ing due to the limitations of strain relaxation, with pseudomorphic
layers typically limited to 20% Al mole fraction or less13 to avoid poor
crystal quality and separation into competing phases. This limits the
achievable sheet charge density and therefore channel conductivity of
transistors,5,14 which rely on the large conduction band offset between
a wider bandgap layer (i.e., Al-rich alloy) and a smaller bandgap layer
(i.e., Ga2O3 or In-rich alloy). Solutions to increase the conduction
band offset in the transistor barrier layer, without loss of crystalline

phase or structural quality, could significantly improve the perfor-
mance of Ga2O3 transistors. Likewise, epitaxial dielectric layers with
large conduction band offset and low interface and bulk defect density
are needed for gallium oxide MOS devices.15 Additionally, bandgap
tunability enables Ga2O3-based UV photodetectors16,17 with absorp-
tion onset spanning the entire UVC spectrum (200–280 nm).

Epitaxial growth of ternary monoclinic (AlxGa12x)2O3 and
(InyGa12y)2O3 alloys has been demonstrated by a variety of techniques
including MBE,18,19 MOCVD,20,21 and PLD.22,23 We recently investi-
gated the (InyGa12y)2O3 growth space and identified growth condi-
tions that allow indium incorporation through cyclical growth and
etching.18 Incorporating both Al and In in the quaternary alloy
(AlxGa12x2yIny)2O3 could provide an additional degree of freedom,
permitting independent control of both bandgap energy and epilayer
strain. This would enable growth of nearly lattice matched layers on
b-Ga2O3, which are not limited by strain relaxation or phase separa-
tion. Lattice matched quaternary alloys with increased bandgap energy
have been realized in the (AlGaIn)N/GaN24 and (AlGaIn)As/InP25

systems but have yet to be demonstrated in oxides due to the growth
challenges associated with suboxide kinetics, which make indium
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incorporation difficult at standard growth conditions.18,19 As a result,
there are no experimental demonstrations of monoclinic
(AlxGa12x2yIny)2O3 alloys; however, first-principles calculations of the
electronic properties have been reported.11

In this work, we report synthesis of monoclinic (AlxGa12x2yIny)2O3

epilayers pseudomorphic to Ga2O3 substrate. The structural, chemical,
optical, and electrical properties of the films are investigated by x-ray
diffraction (XRD), x-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), spectroscopic ellipsometry (SE), J–V mea-
surements, scanning transmission electron microscopy (STEM), and
energy-dispersive x-ray spectroscopy (EDS). An absorption edge energy
of 5.14 eV and resistivity of 4.2� 105 X-cm are achieved for
(Al0.17Ga0.76In0.07)2O3 with nearly identical lattice constants as the
underlying b-Ga2O3 substrate. These results should lead to increased
conduction band offset with respect to b-Ga2O3 and enable higher
bandgap epitaxial dielectrics for high sheet charge density transistors.

Four b-(AlxGa12x2yIny)2O3 films were grown on (010) oriented
Fe doped 10� 10mm2 b-Ga2O3 wafers (Novel Crystal Technology).
The details on wafer cleaning, the MBE system, source materials, calibra-
tion, and growth temperature calibration are described in Ref. 18. The
growth temperature was 750 �C for all samples. Ga and In beam equiva-
lent pressures (BEP) were fixed at 5.0� 10�8 and 2.0� 10�7 Torr,
respectively, while Al BEP varied from 1.0� 10�9 to 1.5� 10�8 Torr.
Taking into account the varying oxidation efficiencies and sensitivity
factors18,26 for Ga, Al, and In, the growths are all oxygen-rich with flux
ratio (3/2)(III/O) ranging from 0.45 to 0.67. Further details on flux cal-
culations are provided in the supplementary material.

Figure 1 shows symmetric XRD scans of the (020) plane for the
four samples, illustrating a clear shift in the out-of-plane lattice con-
stant, consistent with epilayer strain to the b-Ga2O3 substrate shifting
from compressive (In-rich) to tensile (Al-rich) as the Al flux increases.
All other growth conditions, including In flux, are held constant. XPS
depth profiling reveals approximately uniform composition in the
growth direction with some variation close to the interface (supple-
mentary material Fig. 7). The thickness-averaged cation compositions
are reported in Table I, with Al mole fractions in the range of 1.4%–
24.4% and In mole fractions in the range of 3.1%–15.5%. The Al mole
fraction increases linearly with Al flux, indicating a unity sticking coef-
ficient consistent with previous reports.13,27 By reducing the Ga flux
and growing under oxygen-rich conditions at 750 �C, significant In
incorporation is achieved.18 In non-equilibrium MBE growth, ener-
getic barriers to Al and Ga adatom migration at typical MBE growth
conditions result in “frozen-in” surface reconstructions28 with net ten-
sile strain. Incorporation of In adatoms is expected to lower the total
surface energy by reducing the tensile strain, and the addition of com-
paratively low Al flux (1� 10�9 Torr BEP) results in greatly enhanced
In incorporation (15% In mole fraction) compared to (InyGa12y)2O3

grown under similar conditions without Al (�5% In mole fraction).18

To analyze strain and composition, reciprocal space maps
(RSMs) of the (420) and (022) planes were measured. Figure 2 shows
RSMs of the (420) plane for each sample, and along with the (022)
RSMs given in the supplementary material, pseudomorphic growth
along both a- and c-axes is confirmed. The films grown with Al
BEP¼ 5� 10�9–1.5� 10�8 are pseudomorphic and coherently

FIG. 1. Coupled x-2h XRD scans of the (020) plane for (AlxGa1�x�yIny)2O3 films
grown on (010) oriented b-Ga2O3 substrates.

TABLE I. Cation atomic concentrations (cation mole fractions) in (AlxGa1�x�yIny)2O3. Methods include (i) thickness-averaged XPS depth profiles and (ii) self-consistent solution
of Vegard’s law and strained lattice constants identified in (420) and (022) RSMs with Al concentration fixed to XPS value. Long-range crystal quality is demonstrated by rocking
curve FWHM values from on-axis (020) and off-axis (420) reflections—broad and narrow indicate where two peaks were used to fit the rocking curve. The lattice constants for
b-Ga2O3 are listed for comparison.

29

Al BEP (Torr) Method

Atomic concentration (mole fraction) (%) Lattice constant (Å) Rocking curve FWHM (arc sec)

Al Ga In a b c (020) (420)

1� 10�9 XPS 0.6 (1.4) 33.2 (83.1) 6.3 (15.5) 12.261 3.090 5.861 Broad: 3390 3100
RSM 34.3 (85.8) 5.1 (12.8) Narrow: 253

5� 10�9 XPS 3.4 (8.5) 32.7 (81.7) 4.0 (9.8) 12.245 3.058 5.823 Broad: 2180 1990
RSM 33.2 (82.9) 3.4 (8.6) Narrow: 207

1.0� 10�8 XPS 6.8 (16.8) 30.6 (76.5) 2.7 (6.7) 12.214 3.037 5.798 � � � 1300
RSM 30.9 (77.3) 2.4 (5.9) 174

1.5� 10�8 XPS 9.7 (24.4) 29.0 (72.5) 1.2 (3.1) 12.220 3.024 5.810 � � � 352
RSM 27.7 (69.2) 2.6 (6.4) 122

� � � Ref. 29 b-Ga2O3 12.214 3.0371 5.7981
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strained to the b-Ga2O3 substrate, while the most compressively
strained film grown with Al BEP¼ 1� 10�9 is partially relaxed.
Pendell€osung fringes in the (022) RSM indicate good structural quality
and a thickness of 130 nm for the most Al-rich (In-poor) film. Long-
range crystal quality was investigated by symmetric and asymmetric
rocking curves (Table I) showing a reduction in FWHM for increasing
(decreasing) aluminum (indium). Coincidentally, the films with a
higher crystalline quality show a decreased RMS roughness as mea-
sured by AFM. The strained lattice constants are directly identified
from the RSMs using a custom Python 2D peak finding routine and
reported in Table I. Notably, the film grown with Al
BEP¼ 1.0� 10�8 Torr has nominally identical lattice parameters to
b-Ga2O3 despite large Al and In compositions.

Assuming Al mole fraction given by the XPS measurements in
Table I, the In mole fraction can be calculated from these lattice con-
stants by self-consistently solving Vegard’s law and the elastic strain
equations as described in the supplementary material. The resulting In
mole fractions match those measured by XPS to within 3% mole frac-
tion across the entire composition range, confirming the validity of
Vegard’s law interpolation of binary monoclinic Al2O3 and In2O3 lat-
tice constants. Table I reports these compositions, showing good agree-
ment for the In mole fraction for both methods.

Figure 3(a) shows the absorption onset measured by SE for the
four (AlxGa12x2yIny)2O3 samples and reference (010) oriented Fe-
doped b-Ga2O3. The Tauc plot shows the quantity a � h�ð Þ1=c, which
is proportional to the absorption coefficient a assuming direct dipole-
allowed optical transitions with power law c¼ 1/2 dependence on
photon energy h�. The most In-rich (Al-poor) sample exhibits signifi-
cant sub-bandgap absorption below 4.3 eV. The sub-gap absorption
may be the result of a variety of factors including localized strain,

clustering of In atoms, or c-phase (InGa)2O3 or bixbyite In2O3 phase
inclusions.30 The other (AlxGa12x)2O3 samples exhibit a sharp absorp-
tion edge that increases in photon energy with increasing (decreasing)
Al (In) content. Fits to the linear portion of the Tauc plot absorption
spectra determine the direct dipole-allowed optical gap energy of
the (AlxGa12x2yIny)2O3 samples. Here, we distinguish between the
bandgap energy, which is the lowest transition energy between
the valence and conduction bands in a perfectly ordered crystal, and
the optical gap energy measured by SE, which is influenced by a variety
of factors including strain,9 defects,31 cation site disorder and/or clus-
tering, free carriers,32 and phase inclusions.30 The polarization of light
in the SE measurements of the (010) oriented films contains compo-
nents parallel to the z axis33 and therefore is sensitive to direct transi-
tions at the C point approximately 30meV higher than the
fundamental indirect transition in b-Ga2O3 (see the supplementary
material for further discussion).32–34

Figure 3(b) shows the optical gap energy vs pseudocubic lattice
constant, calculated as the cube root of the strained unit cell volume
obtained from the RSMs. First-principles calculations11 of the direct
bandgap energy of relaxed (AlGaIn)2O3 interpolated to the experimen-
tal compositions are shown by open squares. Bandgap bowing
curves are shown by dashed black lines with lattice-matched
(AlxGa12x2yIny)2O3 shown by the dotted gray line. The monoclinic
Al2O3 and In2O3 bandgap energies are 7.34 (Ref. 9) and 2.78 eV,12

respectively, with lattice parameters listed in the supplementary mate-
rial. The (AlGa)2O3 and (InGa)2O3 bandgap bowing parameters are
0.64 (Ref. 9) and 0.36 eV,30 respectively. The nearly lattice-matched
(Al0.17Ga0.76In0.07)2O3 sample grown with Al BEP¼ 1.0� 10�8 Torr
exhibits an optical gap of 5.07 eV and an increase of 0.13 eV with
respect to Ga2O3. The measured optical gap is in good agreement with

FIG. 2. (420) plane reciprocal space maps of (AlxGa1�x�yIny)2O3 alloys grown at 750 �C, Ga BEP¼ 5.0� 10�8 Torr, and In BEP¼ 2.0� 10�7 Torr. Al BEP is labeled for
each map.
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first-principles calculations showing a direct bandgap energy of
5.08 eV for a relaxed alloy of the same composition.11 Assuming a
type-II staggered band offset with 89% of band offset due to the con-
duction band discontinuity as in (AlxGa12x)2O3,

35 the conduction
band offset of this lattice-matched sample is approximately 0.12 eV, or
4.5�kBT at room temperature. First-principles calculations predict a
conduction band offset of 0.45 eV for (Al0.2Ga0.8)2O3 with respect to
Ga2O3.

35 Larger Al mole fractions in (AlGaIn)2O3 are required to
match or exceed the conduction band offset in (AlGa)2O3;
however, the absence of strain relaxation or competing crystal phases

in lattice-matched (AlGaIn)2O3 recommend the quaternary alloy for
high structural quality heterojunctions in HEMTs or gate dielectrics in
FETs.

Annular electrical test structures were fabricated on the sample
surfaces with an inner Ni/Au anode and outer Ti/Au cathode sepa-
rated by a 10lm gap. Figure 4(a) shows the current–voltage character-
istics of the structures with 300lm diameter Ni/Au anode. Figure 4(b)
shows the bulk resistivity as a function of Al flux for five different
anode diameters in the range of 50–300lm. The device resistance is
calculated from the differential resistance at þ10V bias, and the bulk
resistivity is determined from the sheet resistance, which can be related

FIG. 3. Absorption onset for (AlxGa1�x�yIny)2O3 alloys. (a) Tauc plot of a � h�ð Þ2
vs photon energy h�. Fits to linear portion of spectra are shown by dashed lines.
Reference (010) b-Ga2O3 shown by black curve. (b) Optical gap energy (filled
circles) extrapolated from Tauc plot fits vs strained pseudocubic lattice constant,
with fit error shown by bars. First-principles calculations11 of direct bandgap energy
of relaxed (AlGaIn)2O3 shown by open squares. Bandgap bowing for (AlxGa1�x)2O3

and (InyGa1�y)2O3 shown by dashed black lines. Al BEP in Torr labeled for each
sample.

FIG. 4. Electrical characteristics of annular test structures. (a) Current–voltage char-
acteristics of 300 lm pad diameter devices and (b) bulk resistivity q as a function of
Al flux evaluated at þ10 V bias for all pad diameters. Boxes and whiskers indicate
interquartile and maximum/minimum ranges, respectively. Circular markers indicate
outliers greater than 1.5� the interquartile range. Typical resistivity of MBE-grown
b-Ga2O3 shown by dashed horizontal line.
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to specific resistivity by a geometric factor assuming negligibly small
transfer length. This is a valid assumption when the epilayer sheet
resistance is much greater than the contact sheet resistance (details in
the supplementary material).36

The most Al-rich sample exhibits weakly rectifying behavior, while
the other three samples display high reverse leakage current and approx-
imately Ohmic behavior. The mean resistivity increases with increasing
(decreasing) Al (In) content from 1.3 X-cm to a maximum of 4.2� 105

X-cm for the lattice-matched (Al0.17Ga0.76In0.07)2O3 sample. Despite its
larger bandgap energy, the Al-rich (Al0.24Ga0.73In0.03)2O3 sample is less
resistive than the lattice-matched sample, possibly due to an increased
defect density caused by lattice mismatch to the Ga2O3 substrate. The
resistivity of the (Al0.17Ga0.76In0.07)2O3 sample is significantly larger than
the �3 X-cm resistivity typical of unintentionally doped b-Ga2O3

grown by MBE.15 Additional processing and characterization including
Hall effect, transfer length measurements, and temperature-dependent
J–V are needed to fully understand the electrical properties of the
(AlGaIn)2O3 layers.

STEM imaging of the nearly lattice-matched (Al0.17Ga0.76In0.07)2O3

sample grown with Al BEP¼ 1.0� 10�8Torr reveals the alloy’s micro-
structure. Figure 5(a) shows a high angle annular dark field (HAADF)
STEM image of the growth interface, confirming pseudomorphic

growth of monoclinic (AlGaIn)2O3. Facets along the [110] direction
with an approximate angle of 14� with respect to the interface are
due to the preparatory Ga etch step prior to film growth and have
been reported on (010) oriented b-Ga2O3 surfaces.37 The faceting
gives rise to a diagonal contrast motif that is particularly pronounced
in the HAADF STEM image in Fig. 5(b). This motif is less pro-
nounced in medium-angle annular dark-field (MAADF) images (not
shown), indicating that the contrast is due to compositional variation
rather than local strain. As (AlGaIn)2O3 growth progresses in the
[010] direction, bright columnar contrast regions develop, suggesting
lateral composition non-uniformity. This is evident in EDS maps of
Ga, Al, and In in Figs. 5(c)–5(e), which show approximately uniform
Al incorporation and enhanced In incorporation in the bright
columnar regions that is anticorrelated to Ga. In incorporation is
locally enhanced in the troughs of the [110] oriented facets near the
wafer/epilayer interface; however, the origin of the extended colum-
nar regions does not show a clear relation to the facets. Uniform Al
incorporation is consistent with reported MBE growth of
(AlxGa12x)2O3 where all Al flux incorporates,13,27 while the non-
uniform In distribution points to the possible role that localized
strain38 and kinetically inhibited adatom mobility due to the high
oxidation efficiency of In39 may play in its incorporation.

FIG. 5. STEM images and EDS maps along [001] zone axis of nearly lattice-matched 158 nm thick (AlGaIn)2O3 with Al BEP¼ 1.0� 10�8 Torr. (a) HAADF-STEM image show-
ing interface between b-Ga2O3 wafer and (AlGaIn)2O3 epilayer. Atomic model of b-Ga2O3 overlaid. [110] oriented facet due to Ga etch at the wafer–epilayer interface shown
by white lines. (b) HAADF-STEM image highlighting diagonal mass-contrast motif near interface. (c)–(e) EDS maps of cation composition for the field of view shown in (b). (f)
[110] oriented c-Ga2O3 phase inclusion. Atomic model shown with c-Ga2O3 hexagonal motifs highlighted in yellow.
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Inclusions of c-(AlGaIn)2O3 (space group Fd �3 m) is observed
sporadically throughout the film. Figure 5(f) shows one such phase
inclusion with an atomic model overlaid. The c-phase [110] direction
is parallel to the b-Ga2O3 [001] zone axis, with angle of approximately
36� between the c-phase [001] direction and b-phase [010] growth
direction. Similar c-phase inclusions were reported in Ref. 34 with
identical orientation. c-phase inclusions have been reported in the
growth of the ternary alloy (AlxGa12x)2O3 by methods including
MBE28,40 and MOCVD.28 The observed c-phase inclusions are irregu-
larly shaped and do not show a clear relationship with compositional
inhomogeneity or extended defects, making identification of a phase
transformation mechanism difficult. Chang et al.40 suggested a high
concentration of Ga interstitials may be responsible for c-phase forma-
tion on the b-Ga2O3 (010) surface. In contrast, Johnson et al.28 found
planar defects that resemble the c-phase and consist of split vacancies
and displaced octahedrally coordinated (Al,Ga) atoms. Al incorpora-
tion is increased in the vicinity of these planar defects.28 The picture is
complicated by the addition of In. Significant energy barriers to ada-
tom migration occur in non-equilibrium MBE growth,28 and therefore
in the absence of extended defects, we may speculate that local surface
reconstruction changes drive the formation of the c-phase in
(AlGaIn)2O3 where the local strain environment can vary greatly.

This work presents growth of pseudomorphic monoclinic
(AlxGa12x2yIny)2O3 on b-Ga2O3. MBE growth at 750 �C, oxygen rich
growth, and Ga-limited fluxes are critical for both Al and In incorpora-
tion in the monoclinic structure. The Al and In mole fractions are in
the range of 1.4%–24.4% and 3.1%–15.5%, respectively. Reciprocal
space maps confirm pseudomorphic growth, and lattice-match to
b-Ga2O3 is achieved for (Al0.17Ga0.76In0.07)2O3 where we observe a-, b-
, and c-parameters nearly identical to b-Ga2O3. A sharp optical
absorption edge is observed for the three samples with highest Al con-
tent, and the optical gap energy increases monotonically with increas-
ing Al mole fraction in the range of 4.62–5.14 eV. Lateral electrical
devices exhibit approximately Ohmic behavior with an increase in
bulk resistivity at forward bias by five orders of magnitude up to
4.2� 105 X-cm for lattice-matched (Al0.17Ga0.76In0.07)2O3. STEM
images of this lattice-matched sample indicate uniform Al incorpora-
tion but inhomogeneous In incorporation, which is presented as a
diagonal motif along [110] facets and progresses to columnar regions
along the [010] growth direction. Scattered c-(AlGaIn)2O3 phase inclu-
sions are observed, but their volume density is insufficient to signifi-
cantly affect the bulk properties measured by XRD and SE. The work
establishes an MBE growth window for future synthesis of thick
monoclinic (AlxGa12x2yIny)2O3 layers and their possible applications
in HEMTs, MOS devices, and UV photodetectors.

See the supplementary material for the details of characterization
methods, MBE flux calculations, determination of (AlxGa12x2yIny)2O3

composition from RSMs and XPS, optical constants and Tauc plot fits,
and current–voltage characteristics available online.
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