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Abstract

Bandgap engineering of $-Ga>Oz is essential for advancing its electronic and optoelectronic
applications. However, the growth of high-quality heteroepitaxial structures is often hampered by
large lattice mismatches. In this study, we design (AlxScyGai—x-y)203 quaternary alloys in the form of
both polycrystalline powders and heteroepitaxial films and demonstrate their lattice matching to S-
Ga>03. Powder x-ray diffraction (XRD) measurements reveal that the lattice parameters of monoclinic
(AlxScyGaop 8)203 match those of f-Ga,0z when x/y = 1.5-3.2. (AlScyGai-x-y)20s3 thin films are grown
on S-Ga203 (100) substrates by pulsed-laser deposition by varying the composition ratio x/y and the
total substitutional fraction x +y. Nearly perfect lattice-matched epilayers with uniform composition
and crystal structure are obtained up to x +y ~ 0.6, as confirmed by XRD and scanning transmission
electron microscopy. Electron energy loss spectroscopy reveals a tunable bandgap from 4.5t0 5.8 eV.
These results demonstrate that (AlkScyGai-x-y)203/-Ga203 heterostructures are promising platforms

for ultrawide-bandgap semiconductor devices.
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Main text

Monoclinic p-Ga20s is an ultrawide-bandgap semiconductor that has received significant
research interest over the past decades. Its large bandgap (Eg) of 4.4-5.0 eV,? tunable n-type doping
concentration ranging from 10 to 102° cm=3 34 and large melt-grown single-crystal wafers® make it a
promising candidate for high-voltage power devices.® In addition, f-Ga2Os is also promising in
optoelectronic applications such as solar-blind UV detection” and UV-transparent conductive
electrodes® owing to its high transparency down to a wavelength of 280 nm.

Bandgap engineering expands the design space of such devices. For example, the bandgap
widening of f-Ga>O3 can enhance its durability under high electric fields and tune its spectral response
in the UV-C range. Furthermore, heteroepitaxial structures with different Eq enable the control of
charge-carrier profiles in electronic and photonic devices, such as modulation-doped field-effect
transistors (MODFET), resonant tunneling diodes (RTD), and quantum-well infrared photodetectors
(QWIP), which are similar to the applications of 111-V semiconductors.

In analogy with cubic AlxGai-xAs and hexagonal AlxGai-xN, the heteroepitaxy of monoclinic
(AlxGai—«)203 has been investigated since the early stages of 5-Ga.Os research,® although its parent
oxides exhibit different crystal structures. The (010)-oriented (AlxGai-x)203/4-Ga203 heterojunctions
with x up to ~0.2 were implemented in MODFET® and RTD.!* However, the lattice mismatches
between (AlxGai-x).03 and -Ga203 amount to 3.2-4.4% when x = 11213 As a result, heteroepitaxy of
(AlxGai—~)203 on p-Ga203 has faced some constraints depending on the crystal orientation. On the S-
Gap03 (010) substrate, phase transformation to the spinel-like y-phase limits x to less than 0.27,* and
crack formation occurs in epilayers thicker than 100 nm when x > 0.1.2* On the -Ga20s (100)
substrate, strain relaxation proceeds in 50-nm-thick epilayers with x = 0.28,*® while 5-nm-thick
epilayers (AlxGai—)203 can be epitaxially stabilized in the entire composition range.?” On the -Ga20s
(001) substrate, inhomogeneous cation distribution occurs in epilayers with an average x = 0.14.8

Substantially, the tunable Eg4 increment without introducing lattice disorders is approximately 0.4 eV*°,
2
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which is recognized as the upper limit of the design space with (AlxGa;—x)20s.

A lattice-matched quaternary alloy is an effective approach to address these issues.
Considering the ionic radius, (Al,Ga,In).03 and (Al,Sc,Ga).03 alloys can maintain lattice parameters
close to those of f-Ga,Os under specific Al:In or Al:Sc ratios, since the ionic radii of AP* (Sc3* and
In®*) are smaller (larger) than those of Ga*.?° Recently, (Al,Ga,In).0s; quaternary alloys were
investigated both theoretically?> and experimentally.?>?®>  However, the lattice-matched
(Alo.17Gao.761n0.07)203/4-Ga203 (010) heterostructure exhibited inhomogeneous In incorporation and
local y-phase inclusion. On the other hand, (Al,Sc,Ga).0Oz alloys gain an advantage over (Al,Ga,In)203
since both Al- and Sc-substitutions contribute to the increase in Eg,'%1%242° while co-substitution by
Al and In partially cancels Eq variation.?:2® Additionally, Sc incorporation appears easier than In due
to the absence of competitive suboxide reactions as observed for In.?827 We thus examine the variation
in lattice parameters in polycrystalline (AlxScyGai-x-y)203 powder samples to identify the lattice-
matching composition ratio x/y and fabricate (100)-oriented (AlxScyGai—x-y)203 epilayers with the

appropriate ratios to demonstrate lattice-matched heterostructures with large tunability of Eg.

Polycrystalline (AlxScyGai—x-y)203 powders (Toshima Manufacturing, 3N purity) were
prepared to investigate their crystal structures. For simplicity, the substitutional molar fraction was

fixed at x + y = 0.2, while the x:y ratio was varied as 20:0, 15:5, 10:10, 5:15, and 0:20.

(AlScyGai—x-y)203 epilayers were grown on B-GaOz (100) substrates (Novel Crystal
Technology) by oxygen-radical-assisted pulsed-laser deposition (PLD).2® For all runs, the substrate
temperature, fluence, and frequency of the KrF laser pulses were kept at 750 °C, 0.4 J cm2, and 10
Hz, respectively. Oxygen radicals were supplied from an RF plasma cell operating at 200 W with an
O flow rate of 1.00 sccm, corresponding to a constant pressure of 1.5x107* Torr in the PLD chamber.

The epilayers were grown either by ablating a single target or by alternately ablating two different
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targets, which were ceramics or single crystals. The layer thickness was regulated using the intensity
oscillation period of the reflection high-energy electron diffraction (RHEED) spots. Further details of
the deposition procedure are provided in the supplementary material.

To investigate structural properties, x-ray diffraction (XRD) measurements were carried out
on the polycrystalline powder and the epilayer samples with Cu Ko and Cu Ka radiation, respectively.
The composition of the epilayers was analyzed by Auger electron spectroscopy (AES) using scanning
electron microscopy (JAMP-9500F, JEOL). (AlxGai1-x)203 and (ScyGai-y).03 ceramics were used as
standards for calibrating the composition. To investigate microstructures and composition of the
epilayers, cross-sectional scanning transmission electron microscopy (STEM) observations were
performed using an aberration-corrected STEM (Spectra Ultra, Thermo Fisher Scientific) equipped
with an energy-dispersive x-ray spectroscopy (EDS) detector. A cross-sectional thin-foiled specimen
with a thickness of approximately 100 nm was prepared by focused ion beam process using NB5000
(Hitachi High-Tech) dual-beam system, followed by Ar ion milling using a PIPS 1l (Gatan). The Eq4

values were estimated by reflection electron energy loss spectroscopy (REELS) in the AES apparatus.

Powder-XRD measurement confirmed that all the (AlxScyGaos).03 samples maintained a
pure monoclinic phase (see Fig. S1 in the supplementary material). Table | summarizes their lattice
parameters. As shown in Fig. 1(a), the lattice parameters a, b, and c () increased (decreased) as the
Sc content increased. From linear regression, the x- and y-dependencies of the lattice parameters’
variations with respect to 5-Ga,O3 were formulated to be Aa = —0.47x + 1.1y (A), Ab = —0.13x + 0.26y
(A), Ac=—0.17x + 0.26y (A), and Af = 0.71x — 2.3y (deg). Therefore, the individual lattice parameters
match those of f-Ga>O3z when x/y is between 1.5 and 3.2. This range of x/y values is reasonable, as it
centers on a specific ratio of x/y = 2.4, where the average cation radius of AI** and Sc®* is equal to that
of Ga**. % Although exact lattice matching is unattainable in monoclinic -Ga,Os due to four lattice

parameters varying independently, a nearly perfect lattice-matched (AlxScyGai—x-y)203/$-Ga203
4
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heterostructure is feasible within this compositional range.

Having established the lattice-matching x/y range, ~60-nm-thick (AlxScyGai—x-y)20z epilayers
were grown on a 5x10 mm? substrate using a combinatorial approach. A continuous composition
gradient was created such that the x/y ratio varied along the 10-mme-length direction, while the total
substitutional fraction x +y was fixed to 0.45+0.02. This total amount of substitution was beyond the
composition thresholds for strain relaxation in ternary (AlxGai—~)20s3 and (ScyGai-y)203 epilayers
having similar thicknesses.'®?* Figure 1 (b) shows reciprocal space maps (RSMs) around 710
reflections from the selected sample area, corresponding to epilayers with (x, y, x/y) =(0.23, 0.21, 1.1),
(0.30, 0.15, 2.0), (0.35, 0.12, 2.9), and (0.36, 0.07, 5.1), respectively. An increase in Q; of the
reflections from the epilayers reflects the shrinkage of the out-of-plane lattice spacing with increasing
(decreasing) Al (Sc) fraction, as indicated by the a/ao of the powder samples. All of the primary
reflections from the epilayers were found at the same Qx value as the substrate, regardless of the
composition, indicating that the epilayers were coherently strained along the [010] direction. In
addition, the sample with the highest Sc content exhibited a diffuse component, and its centroid shifted
toward a smaller Qx compared to that of the substrate. These features suggest not only partial
relaxation of the compressive strain arising from out of the lattice-matching x/y range but also the
reduction of the lateral coherence length?® along the [010] direction. Similar features were observed
in the sample with the highest Al content. However, the direction of the centroid shift was opposite to
that of the Sc-rich case due to the relaxation of opposite strain, i.e., tensile strain. In contrast, the other
two samples, having x/y = 2.0 and 2.9, showed only sharp reflection spots, indicating an absence of
strain relaxation owing to the compositions within the lattice-matching range (1.5 < x/y < 3.2).

Next, a series of nearly lattice-matched ~20-nm-thick (AlxScyGai—x-y)203 epilayers was grown
using single ceramic targets with fixed x/y = 2 and various x + y values of 0.2, 0.4, and 0.6. The
composition parameters (x, y, x/y) of the epilayers were (0.21, 0.07, 3.0), (0.31, 0.11, 2.8), and (0.48,

0.15, 3.2), respectively. A slight deviation from the target compositions is likely due to differences in
5
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the laser ablation efficiency and/or preferential scattering of constituent cations.*® Figure 2 shows out-
of-plane XRD profiles around the substrates’ 400 reflection for the epilayers. The 400 reflections of
the epilayers overlapped with those of the substrates at 26 ~ 30°. In contrast, oscillatory fringes
appeared in their tails, known as Laue oscillations, indicating structural homogeneity and smooth
surface/interfaces® even at a very high substitutional fraction of x + y = 0.63.

Cross-sectional STEM observations were performed along the [010] zone axis of an
(AlxScyGai-—x-y)203 epilayer. A high-angle annular dark-field (HAADF)-STEM image and the
corresponding EDS chemical maps, presented in Figs. 3(a—d), determined the layer thickness and
average composition parameters to be 73 nm and (x, y, x/y) = (0.38, 0.18, 2.1), respectively. As the
intensity in a HAADF-STEM image correlates with the atomic number of the constituent elements,
the homogeneous, darker contrast of the epilayer informs a higher x + y value without noticeable
segregation of Al and Sc at the observed scale. The homogeneous cation distribution was also
confirmed by the EDS maps of Al, Sc, and Ga, as shown in Figs. 3(b—d), respectively.

Figure 3(e) shows a HAADF-STEM image near the substrate/epilayer interface, revealing an
atomically flat and compositionally abrupt interface. In the epilayer, however, the cation arrangement
is partially altered, which is attributed to twinning along the [001] direction, as illustrated in Fig. 3(f).
Such twinning has been reported during the epitaxial growth of (100)-oriented f-Ga2Os and
(AlGa;x)203.32%  The observed stacking sequence in Fig. 3(f) can be described as follows: (i)
stacking of one and a half unit cells along the [100] direction, (ii) stacking of a half twinned unit cell
with a displacement of ¢/2, forming a twin boundary on the (100)A plane [TBo0)a],* (iii) stacking of
one twinned unit cell that coalesces with untwinned regions, forming a second TBo0)a and twin
boundaries on the (102) plane [TB102)]* arranged with a spacing of ¢, and (iv) stacking of two or
more unit cells on a third TBo0a. TBoo)a can be readily formed due to its low formation energy,
whereas TB(102) has a much higher formation energy,®* which likely causes TBi02) to terminate

within one unit cell along the growth direction, being consistent with the STEM observations. Among
6
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the observed TBs, TB(-10) is classified as an incoherent TB that deteriorates the electrical transport
properties.®? Generally, growth on miscut substrates is effective for eliminating stacking faults and/or
TBs. Indeed, the use of a 6°-off (100) substrate along the [001] direction has enabled TB-free step
flow growth in homoepitaxy.**%

Figure 4 (a) shows the room-temperature energy loss spectra measured for ~20-nm-thick
(AlScyGai—x-y)203 epilayers (which are identical to those shown in Fig. 2) together with a reference
homoepitaxial f-Ga203 (100) film. In the spectra, the energy of the intensity onset (Eonset) shifts to the
higher loss-energy side, and the intensity above 8 eV increases with increasing x +y value. The former
reflects an increase in Eg, while the latter is attributed to an increase in the unoccupied Sc 3d density
of states. The Eonset Values were determined by extrapolating the linear portions of the slopes to the
background level. Since the Eonset Value of f-Ga>O3 (4.5 eV) agrees with the lowest direct optical
bandgap (4.48 eV) of a bulk single crystal,! it can be regarded as a proxy for Eq. Figure 4(b) compares
Eonset Values of quaternary (AlxScyGai—x-y)203 epilayers as a function of out-of-plane lattice spacing
d1oo With those of ~20-nm-thick ternary (AlxGai-x)203 and (ScyGai-y)203 epilayers. The dioo values
for the ternary epilayers were determined from the 26 peak positions of the 400 reflections in the XRD
profiles, whereas for the quaternary epilayers, the dioo value of the f-Ga>Oz substrate was used. An
attainable Eonset Value of the lattice-matched (AlxScyGai—x-y)203 epilayers was up to 5.8 eV, whereas
that of the coherently strained (AlxGai—x)203 and (ScyGai-y)203 epilayers was limited to 5.3 eV and 5.2
eV, respectively, due to the strain relaxation.

The Eonset range between £-Ga»0s3 and (AlxScyGai-x-y)203 spans 4.5-5.8 eV, which is larger
in both absolute energy and energy width than those reported for conventional lattice-matched
heterojunctions [Fig. 4(c)]. Furthermore, since the valence band maximum of 5-Ga;Os is primarily
composed of O 2p states, a small valence-band offset, and consequently, a large conduction-band offset
(AEc) are anticipated at the (AlSc,Ga;-xy)2055-Ga,0s heterojunction. These features enable the

formation of lattice-matched ultrawide-bandgap heterostructures with high structural quality and wide
7
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tunability of Eq and AE.. Such wide tunability is particularly advantageous for high-temperature and
high-voltage device operation of MODFETs and RTDs, where both high breakdown field and carrier

confinement are required.

This study presents structural and electronic properties of quaternary (AlxScyGai—x-y)203
lattice matched to f-Ga.Os3. Monoclinic (AlxScyGao.s).03 polycrystals were successfully synthesized,
and their lattice parameters varied by x and y, reflecting the differences in ionic radii. The four
independent lattice parameters were found to match those of f-Ga>Os in the x/y range of 1.5-3.2.
Epitaxial growth of (AlxScyGai—x-y)203 on -Ga203 (100) substrates, as confirmed by RSM
measurements, yielded coherently strained epilayers with x +y ~ 0.45, exceeding the critical
composition achievable in ternary (AlxGai—x)203 and (ScyGai-y)203 epilayers. Additionally, a high
substitutional fraction up to x +y = 0.63 was achieved in nearly lattice-matched (AlxScyGai—x-y)203
epilayers. STEM and EDS measurements of the (Alo.38SCo.18Ga0.44)203 epilayer revealed its
homogeneous cation distribution and a compositionally abrupt substrate/epilayer interface. The
formation of twin boundaries was also observed due to the specific substrate orientation, which could
be eliminated by the use of miscut substrates. The REELS spectra of the quaternary epilayers
exhibited an increase in Eonset from 4.5eV (x =y =0)to 5.8 eV (x = 0.48, y = 0.15). Therefore, this
quaternary system uniquely realizes wide Eq4 tunability while maintaining near lattice-matching to /-
Ga203, which is not achievable with ternary alloys. Furthermore, the large Eg and its wide tunability
are exceptional among lattice-matched heterojunctions. These capabilities open a pathway to /-
Ga»0s-based bandgap-engineered ultrawide-bandgap power electronic and optoelectronic devices,

particularly those relying on high-quality heterojunctions.

See the supplementary material for detailed descriptions of the epitaxial growth and XRD

patterns of the (AlxScyGai—x-y)203 powder samples available online.
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TABLE 1. Lattice parameters of (AlxScyGai—~x-y)203 powder samples calculated from powder XRD

data.
X y a(A) b (A) c(A) p (deg)
0 0 12.22 3.04 5.81 103.84
0 0.20 12.44 3.09 5.86 103.39
0.05 0.15 12.37 3.07 5.84 103.55
0.10 0.10 12.29 3.05 5.82 103.68
0.15 0.05 12.21 3.03 5.80 103.84
0.20 0 12.13 3.01 5.78 103.99
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FIG. 1. (a) Lattice parameters of (AlkScyGai—«-y)203 powder samples having x +y = 0.2 with respect

to those of f-Ga>0Oz. Individual lattice parameters match those of 5-Ga>,Os within the highlighted

region.

(b) Reciprocal space maps around 710 reflections for ~60-nm-thick (AlxScyGai—x -y)203

epilayers having x +y ~ 0.45 grown on -Ga.0O3 (100) substrates.
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FIG. 2. Out-of-plane XRD profiles around substrates’ 400 reflections for ~20-nm-thick

(AlLScyGai—x-y)203 epilayers. The inset shows  scans of substrates’ 400 reflections. Particularly

broad peak shapes that are observed in the upper (red) and middle (blue) profiles stem from substrate

bending confirmed in the corresponding w scans. The substrate bending is sometimes initiated by the

cutting process and/or clamping during the growth.
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FIG. 3. Cross-sectional HAADF-STEM images and EDS maps of 73-nm-thick (Alo.38Sco.18Ga0.44)203
epilayer. The solid lines in (a—e) indicate interfaces between the epilayer and $-GaOs substrate. The
atomic model in (f) shows one and a half cells of twinned and untwinned -GaOs, where overlaid
light- and deep-green balls represent cations at the oxygen tetrahedral and octahedral sites, respectively.
The models were generated by VESTA.3" These data were acquired at an acceleration voltage of 200
kV.
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FIG. 4. (a) Energy loss spectra near the onset of loss peaks measured for ~20-nm-thick
(AlScyGai-x-y)203 epilayers. The intercepts of the dashed lines correspond to Eonset. (D) Eonset as a
function of out-of-plane lattice spacing dioo. Error bars along the x-axis for (AlxScyGai—x-y).0z and the
y-axis correspond to the full width at half-maximum of substrates’ 400 reflection in XRD and standard
deviations of the intercept by linear fits in (a), respectively. The solid and open symbols represent
coherently-strained and partially-relaxed epilayers, respectively. (c) Eq values vs. average bond length
of selected semiconductors that can construct lattice-matched heterojunctions.®3° Subscripts denoting

the chemical composition are omitted. In AlScGaO/GaO, Eg is replaced with Eonset.
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