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ABSTRACT

Low-temperature solid-phase epitaxy is a promising route for the synthesis of thin films of
ScAIMgOs4, a compound with lattice spacings close to compound semiconductors for which there
are no practical lattice-matched bulk substrates. Amorphous ScAIMgOs films deposited by
sputtering on c-plane sapphire, (0001) Al2Os, were crystallized by subsequent heating.
Crystallization at 950 °C resulted in the formation of epitaxial SCAIMgO4 from the initially
amorphous layer over a period of 10 h. The epitaxial film exhibits an epitaxial arrangement in
which ScAIMgO4 [0001] is parallel to AbO3; [0001] and ScAIMgO4 [1120] is parallel to AlO3
[1120]. The as-deposited ScAIMgOs films had a non-stoichiometric composition and thus regions
of MgAlO4 were produced during crystallization at 950 °C. Crystallization at a higher
temperature, 1400 °C, resulted in unfavorable solid-state reactions between the thin-film and the

substrate producing MgA1>O4 and ScAlOs.



INTRODUCTION

Crystalline metal oxides have been used extensively as lattice-matched thin-film or bulk
substrates for the synthesis of epitaxial semiconductors.!” Thin-film oxide buffer-layer substrates
are particularly useful because complex oxides that are lattice matched with semiconductors can
in turn be synthesized as thin films on widely available bulk oxide substrates, such as AlO3 and
yttria-stabilized zirconia (YSZ). For instance, SCAIMgO4 on a bulk (111) YSZ substrate has served
as a lattice-matched buffer layer for the epitaxial growth of both GaN and ZnQ.> 1% !! Similarly, a
ZnO thin-film on Al,Os has been used as a lattice-matched buffer layer for the epitaxial growth of
GaN.* In general, these intermediate crystals have a close lattice match to the semiconductor films
and form structurally relaxed layers in which defects arising from the large semiconductor/bulk

substrate lattice mismatch can be confined to the buffer layer.

There are several key challenges in the development of oxide thin-film buffer layer
substrate for semiconductor epitaxy. Reactions between the buffer layer and substrate can lead to
the formation of undesired phases. Solid-state reactions are particularly challenging at high
temperatures, for example an undesired MgAO4 phase can be formed during the epitaxial
crystallization of ScAIMgOys buffer layers used for GaN epitaxy.!? Deposition at high temperatures
favors surface atomic mobility, facilitating epitaxy, but simultaneously also increases bulk
diffusion leading to the transport of atoms to participate in film/substrate interfacial reactions.
Low-temperature epitaxial growth methods can potentially limit the interfacial reaction between
film and substrate, thus can expand the range of available oxide substrates for thin-film
semiconductor growth. The extent of reactions can be somewhat limited by employing diffusion
barriers between the substrate and ScAIMgOs layer, by crystallizing amorphous layers via solid-

phase epitaxy, or co-depositing compounds serving as crystal growth fluxes.> 12 Even with these



steps, however, the use of high temperature processes results in the formation of competing phases.
Here we report the development of epitaxial growth methods for ScCAIMgO4 employing solid-
phase epitaxy (SPE) at reduced temperatures, permitting epitaxial growth of ScAIMgO4 on (0001)

AlOs3 without an intermediate layer and limiting the formation of undesired phases.

Two methods have been investigated so far to grow ScAIMgO; thin films: (i) a variant of
SPE incorporating a specially prepared substrate, termed reactive solid-phase epitaxy (R-SPE) and
(i1) flux-mediated direct epitaxial growth of SCAIMgOs. The R-SPE methods have employed YSZ
substrates and involved the crystallization at 1300 to 1500 °C of an amorphous ScAIMgO4 layer
on oxide buffer layers that are consumed by reaction or evaporation during crystallization.> 10 1
The second method involved direct epitaxial growth on (0001) AlO3 at 840 °C mediated by a
bismuth oxide flux.!? Both of these previous methods face significant challenges. The most
important challenge has been that both R-SPE and the direct flux-mediated epitaxy, MgAl,O4 was
formed due to reactions between the ScCAIMgOj4 film or fluxes and the substrates.> 1%12 The origins

and consequences of these reactions are slightly different and can be addressed by alternative

epitaxial growth strategies.

Several reactions can occur between ScAIMgOs4 and bulk oxide substrates at high
temperatures. The formation of epitaxial MgAl>O4 has been observed on (0001) Al,O3 from the
MgO-AlOs reaction.!> 1 As we report below, it is also possible to form an ScAlOs3 phase from a
reaction between ScAIMgO4 and AlOsz at high temperatures. ScAlOs; has previously been
synthesized in the bulk form by a crystallization of amorphous ScAlOs at high pressure and
recovery to ambient conditions.!> 1 Nucleation at the interface in the presence of other crystalline
phases during SPE may make it possible to form ScAlO; via a thin-film reaction. Further reactions

are possible on YSZ substrates. In bulk materials, reactions involving Sc can result in the



incorporation of scandium into zirconia, similar to the addition of yttrium into YSZ.!” The
reduction in the Sc content in the film can lead to the formation of the Sc-deficient phases such as
MgAl>04.!1° Compensation for the loss of Sc¢ by creating a starting amorphous layer with excess
Sc, for example by adding 20% excess Sc into the deposition target, reduced the formation of
MgAl,O4 when crystallizing SCAIMgO4 at 1470 °C.1% ! However, the film/substrate reaction issue
is not solved by this compensation, which only provides enough Sc for both ScAIMgO4
crystallization and the film/substrate reaction so that MgAl>O4 and an Sc-rich YSZ phase are still

formed.

Several indications from previous studies suggest that low-temperature SPE can in
principle lead to the crystallization of epitaxial ScAIMgO4 without unfavorable roughening of the
surface or interfacial reactions. The first indications are that the low-temperature regime of SPE
has not been fully explored in previous studies and that low-temperatures may offer a favorable
combination of reduced reactivity and reduced long-range diffusion. Although the formation of a
crystalline ScAIMgO4 was not observed during direct epitaxy at 700 °C, there was also no interface
reaction at that temperature.® The specific reactions during flux-mediated epitaxy at the slightly
higher temperature 840 °C, apparently involve the flux rather than the substrate and thus also
suggest that the extent of the specific ScAIMgOa/substrate reaction can be reduced at lower
temperatures.'? Crystallization via R-SPE was observed at lowest temperature previously reported,
1300 °C, but was also accompanied by the development of a three-dimensional crystal morphology
at that temperature.!” The surface and bulk diffusion responsible for large-scale morphological
effects and crystal growth can be expected to have different activation energies and it is possible
that diffusion will be suppressed as the temperature is decreased before crystallization slows to an

impractical speed. A second indication that low-temperature methods may yield a route to the



formation of ScAIMgO4 without interfacial reactions is that recent results in other compounds
indicate that crystal growth via SPE can occur in complex oxides at far lower temperatures than
have been previously employed in ScAIMgO4 epitaxy.'® ! SPE in homoepitaxy of SrTiO; on
SrTiO3, for example, occurs at rates on the order of 1 nm min™ at 450 °C.! Slightly higher
temperatures on the order of 800 °C induce heteroepitaxial crystallization in PrAlOs on SrTiO3.!8
Lower temperatures than have previously been employed in the crystallization of ScAIMgO4 can
in principle simultaneously reduce the rate of interfacial reactions and limit the atomic transport

responsible for the development of three-dimensional crystalline morphologies.

We report a low-temperature SPE growth method that enables crystal growth but retains
the as-deposited composition of ScAIMgO4 and alleviates film/substrate interfacial reactions.
Amorphous ScAIMgOy4 layers were deposited on (0001) Al,O3 substrates at room temperature and
crystallized at elevated temperatures in air. Epitaxial ScAIMgOs films in this study were
crystallized at 950 °C, a lower temperature than those described in the previous R-SPE processes.>
10. 11 ' The 950 °C temperature was chosen because an amorphous ScAIMgOs film was fully
crystallized at this temperature within a relatively short duration of 10 h. A comparison between
layers crystallized at 950 °C, and those crystallized at a more conventional temperature 1400 °C,
shows that crystallization at high temperatures produces a film/substrate interface reaction yielding
several competing phases in addition to ScCAIMgQOs. In addition to the phases previously identified
as forming at high temperatures during ScAIMgO4 epitaxy, we further find that ScAIO; was

formed from the film/substrate interfacial reaction.

EXPERIMENTAL DETAILS

Thin-films of amorphous ScAIMgO4 were deposited onto (0001) Al>O3 substrates at room

temperature by on-axis radio-frequency magnetron sputtering from an ScAIMgO, target (AJA



International, Inc.). The amorphous ScAIMgO4 layers were grown at a pressure of 18 mTorr in Ar
gas at a rate of 13 nm h! and had a nominal total thickness of 50 nm. A second set of SCAIMgO4
amorphous layers were deposited on silicon substrates with a thin native oxide layer, termed
Si0o/Si substrates here, under the same deposition conditions in order to measure the composition
of the as-deposited films. The solid-phase crystallization of the amorphous ScAIMgO4 layers was
investigated by heating to 950 °C or 1400 °C in a preheated furnace in still air. After crystallization

the samples were removed from the furnace and cooled in flowing dry No.

Grazing-incidence X-ray scattering and diffraction studies were conducted using an X-ray
diffractometer with Cu Ko radiation at a wavelength of 1.54 A (D8 Discovery, Bruker, Inc.). The
X-ray source was operated at 50 kV with an emission current of 1 mA. Studies of the scattering
from amorphous layers employed a grazing incident angle 1.4°, which was selected in order to
match the X-ray footprint to the overall size of the sample. The distribution of scattered x-rays was
measured using a two-dimensional area detector with a conical opening angle of 32°. The center
of the detector was positioned at 20 = 30° in order to capture the broad distribution of scattered X-
ray intensity from the amorphous layers. Studies of the initially amorphous films employed an
integration along lines at constant 20 in the diffraction pattern. X-ray reflectivity (XRR)
measurements of the thickness and roughness of the amorphous layers were performed on a
diffractometer employing Cu Ko, X-ray radiation at a wavelength of 1.5406 A (Panalytical X’Pert

MRD).

The epitaxial relationships of between the Al,O3 substrate, SCAIMgOs, and other phases
formed through reactions were determined by using the dependence of the diffracted intensity of
thin-film reflections as a function of the rotation of the sample around the surface-normal axis,

normally termed a phi scan. Intensities of reflections with the same 20 scattering angle were



measured as a function of the azimuthal angle of the sample orientation. A separate series of x-ray
measurements were performed on an X-ray diffractometer (Empyrean, Malvern Panalytical, Inc.)
equipped with a Cu Kal x-ray source with wavelength 1.5406 A operated at 40 kV and 40 mA. 6-
20 scans were conducted to identify the crystalline phases formed in the film and to determine the

crystal orientation along the out-of-plane direction.

The composition of the SCAIMgO4 films was probed before crystallization using electron-
probe microanalysis with wavelength dispersive X-ray spectroscopy (EPMA-WDS). ScPO4 and
MgAlO4 were used as reference standards for Sc, Mg, Al and O. Characteristic X-ray intensities
from the ScAIMgO4 thin films and the reference standards were acquired using incident electron
energies of 8 and 15 keV. The composition was determined by fitting the spectra acquired at the

two incident electron energies to the ¢(pz) model.>°

The microstructure of the as-deposited and crystallized ScAIMgO4 layers on AlbO3 was
characterized using STEM. Cross-sectional STEM specimens were prepared using a focused ion
beam (FIB) with a Ga ion source operated at 30 kV (Auriga, Zeiss, Inc.). STEM high-angle annular
dark-field (HAADF) images and energy-dispersive x-ray spectroscopy (EDS) spectra were
collected using an aberration-corrected scanning transmission electron microscope (Titan 80-200,
FEI Inc.) operated at 200 kV with a probe semi-convergence angle of 24.5 mrad and an HAADF
detector in the range of 53.9 to 269.5 mrad. The surface of the crystallized layers was characterized

using atomic force microscopy (MultiMode 8, Brucker, Inc.) in a non-contact imaging mode.

RESULTS

X-ray scattering studies showed that the as-deposited ScAIMgOs films were amorphous.
Fig. 1(a) shows X-ray scattering patterns from an as-deposited ScCAIMgQO4 layer on Al,O3 and from

an AlbO; substrate without a thin film layer. Two broad intensity maxima at 26 = 32° and 42° arise



from the as-deposited ScAIMgOs thin layer, consistent with an amorphous structure. The angular
widths of the two amorphous intensity maxima in Fig. 1(a) differ because these two peaks arise
from cation-oxygen and cation-cation pairs, respectively, and the range of ionic separations in
these pairs is different. The spacings can be estimated using the structure of crystalline ScCAIMgO4
phase, in which the cation-oxygen spacing to the next-neighbor varies from Al (or Mg)-O 1.89 A
to Sc-O 2.15 A. The cation-cation spacing to the next neighbor varies in a larger range: from Al
(or Mg)-Al (or Mg) 3.03 A to Sc-Al (or Mg) 3.53 A2' The larger spread of cation-cation
separations gives rise to a broader amorphous peak at 26 = 32° and the cation-oxygen separations
produce the narrower peak at 26 = 42°. The Al>O3 substrate exhibits a featureless low-intensity
distribution of scattered x-ray intensity. The XRR intensity distribution measured with the as-
deposited ScAIMgOs4 layer is shown in Fig. 1(b). The fit of a single-layer x-ray reflectivity model
gives an as-deposited thickness of 48 nm and root-mean-square roughness of 1.6 nm. The EPMA-
WDS analysis reveals that the as-deposited ScAIMgOs layers are non-stochiometric. The
ScAIMgO4 thin film deposited on an SiO»/Si substrate does not exhibit Al signal that would
otherwise arise from an ALO; substrate, allowing the Al composition to be measured more

precisely. The ScAIMgO4/Si02/Si sample has an Sc:Al:Mg atomic ratio of 1.0:1.1:1.2.
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Figure 1. (a) Grazing-incidence X-ray scattering patterns of an as-deposited ScAIMgOs layer on
(0001) AlbOs3 (red) and an (0001) Al,O3 substrate without a film (black). The broad scattering
intensity maxima at 32° and 42° arise from the amorphous ScAIMgOs film. (b) X-ray reflectivity
distribution from the as-deposited amorphous ScAIMgO, film (black) and fit of a single-layer x-
ray reflectivity model with thickness 48 nm and root-mean-square roughness 1.6 nm.

We hypothesize that the formation of ScAIMgOs during the crystallization of the
amorphous layer consumes all of the available Sc. The remaining materials would then correspond
to a composition ratio Mg:Al 2:1. This composition lies in the MgO plus MgAl>O4 phase field of
the equilibrium Mg-Al-O phase diagram for temperatures in the range 950 °C to 1400 °C.?? In this
composition range, MgO can also react with the Al,O3 substrate to form MgAl,04.22 We thus
expect that the phase formed in addition to ScCAIMgOs in the layers with the composition we have

deposited will be MgAl,O4, the Mg-Al spinel phase.

A 0-29 diffraction pattern of an ScAIMgO4 thin film crystallized at 950 °C for 10 h is



shown in Fig. 2(a). The thin-film diffraction peaks observed in Fig. 2(a) can be indexed using the
reported structures of ScAIMgO4 and MgA1,04.2! 23 The ScAIMgO4 (0009) reflection at 20 = 32°
in Fig. 2(a) corresponds to a ¢ lattice parameter of 25.2 A, matching the reported bulk ScAIMgO4
lattice parameter ¢ = 25.15 A.2! The MgAlL,O4 111 and 311 reflections in Fig. 2(a) indicate that
MgAlLO4 crystalizes in two different orientations: (i) with MgAl,O4 [111] parallel to Al,O3 [0001]
and (i1)) MgALbO4 [311] parallel to ALbO3 [0001]. The stronger MgAl,O4 004 reflection is not
observed in Fig. 2(a), indicating that the MgAl:O4 film has a crystalline texture with these
preferred orientations. The X-ray 0-20 scan pattern in Fig. 2(a) shows that the ScCAIMgO4 [0001]
direction is aligned with the [0001] direction of the Al,O3 substrate. The rocking curve of the
ScAIMgO4 0009 reflection has a full-width at half-maximum (FWHM) of 0.9°, as shown in Fig.
2(b). Heating to 950 °C for 5 h resulted in the partial crystallization of SCAIMgO4. Heating to 900

°C for a longer duration, 48 h, also resulted a fully crystallized ScAIMgOg4 layer.

Further information about the epitaxial relationship between ScAIMgO4 and the AlLO;
substrate was obtained using azimuthal X-ray diffraction scans. Fig. 2(c) shows the azimuthal
angle dependence of the intensities of reflection in three families of planes: ALO; {1123},
ScAIMgOs {1126}, and ScAIMgO4 {0115}. As illustrated in Fig. 2(c), all of these have six-fold
symmetry and the ScAIMgOs {1126} reflections appear at the same azimuthal angles as the AO3
{1123} reflections. The ScAIMgOs4 {0115} reflections are rotated by 30° in the azimuthal angle
from the Al,O3 {1123} reflections. The epitaxial relationship between the ScAIMgOs4 film and the
ALOs substrate is thus ScAIMgO4 [0001] is parallel to Al,O; [0001] and ScAIMgO4 [1120]

parallel to AlL,O3 [1120].
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Figure 2. (a) X-ray 0-20 diffraction pattern of an ScCAIMgO4 film crystallized at 950 °C for 10 h.
The Al,O3 0006 reflection is marked with an asterisk. (b) Rocking curve (black) of the ScCAIMgO4
0009 reflection with FWHM of 0.9° derived from the Gaussian fit (red). (c) Azimuthal angle
dependence of the diffracted X-ray intensity from AlLOs {1123}, ScAIMgOs {1126} and
ScAIMgOs4 {0115}.
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A cross-sectional STEM-HAADF image of an ScCAIMgOq4 layer crystallized at 950 °C for
10 h is shown in Fig. 3(b). The absolute scattered electron intensity in the STEM-HAADF
measurement is approximately proportional to the square of the atomic number (Z) averaged along
the column illuminated by the scanning electron beam.?* To identify the phases from the STEM-
HAADF image, it is useful to consider the volume-averaged values of Z? for the compounds
appearing in the x-ray diffraction patterns: ScAIMgO4, AlO3, and MgAl,Os. We exclude the
oxygen atoms from these calculations because their small atomic number leads to very low
scattered electron intensities. The volume averaged values of Z? (excluding oxygen) based on the
reported structures of these compounds are 9.9 e->/A3 for ScAIMgO4, 8.0 e-%/A3 for AO3, and 7.3
e-2/A> for MgAl,04.2" 225 Assuming constant specimen thickness, regions of ScCAIMgO4 produce

higher scattered electron intensity than Al>O3, which in turn is slightly more intense than MgALOs.
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The intensity contrast between the substrate and the film in Fig. 3(b) indicates that the composition
of the thin film crystallized at 950 °C is predominantly ScCAIMgO4 and that there is an abrupt
boundary between ScAIMgO4 layer and the Al,Os substrate. No clear film/substrate reaction is

found in the intensity analysis at the film/substrate interface.

(a) As-deposited
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Figure 3. STEM-HAADF images of (a) the as-deposited amorphous ScAIMgOs film and (b) the
ScAIMgOq film crystallized at 950 °C for 10 h. The film/substrate interfaces are indicated by
arrows.

An artifact linked to the deposition of the SCAIMgOys is apparent in both the as-deposited
layer in Fig. 3(a) and the crystallized layer in Fig. 3(b). A line of isolated regions of low scattered
electron intensity appears at a distance of 4 nm from the film/substrate interface in the as-deposited
film in Fig. 3(a). The intensity analysis shows the scattered intensity from this dark line is 10%
lower than the AlOj3 substrate, which suggests that this region is composed of a layer enriched in
in Mg and Al. The same layer is also apparent as a region of darker contrast within the film after
crystallization at 950 °C for 10 h in Fig. 3(b). The presence of the light elements rich layer in the
as-deposited film could in principle be related to variation in the deposition parameters during the

sputtering of the amorphous layer.
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Figure 4. AFM image of an ScAIMgO; film crystallized at 950 °C for 10 h. The root-mean-square
surface roughness is 2.95 nm.

The surface morphology of the ScAIMgO4 film crystallized at 950 °C for 10 h was
characterized using AFM. As apparent in the AFM image in Fig. 4, the surface has features
consistent with the existence of many crystallites with nm-scale surface-height differences. The
surface has a root-mean-square roughness of 2.95 nm. The distribution of the crystallites is
consistent with the formation of the MgAl,O4 phase during crystallization due to the non-

stoichiometry of the as-deposited amorphous ScCAIMgOs.
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Figure 5. X-ray 0-29 diffraction pattern of an ScCAIMgOs film crystallized at 1400 °C for 30 min.

The ALlLOj3 substrate 0006 reflection is marked with an asterisk. Angles of possible weak reflections
from ScAlOs3 are indicated with “x”.
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Crystallization at a higher temperature, 1400 °C, results in several solid-state reactions. The
0-26 X-ray diffraction pattern of SCAIMgO4 crystallized at 1400 °C is shown in Fig. 5. As was the
case following crystallization at 950 °C, both ScAlMgOs and MgAlO4 are observed in the
diffraction pattern. Crystallization at 1400 °C produces stronger MgALO4 {111}-family x-ray
reflections than were observed in the layer crystallized at 950 °C. The cross-sectional STEM-
HAADF image of the sample crystalized at 1400 °C in Fig. 6(a) provides information about the
extent of the solid-state reaction. Regions of higher scattered electron intensity in Fig. 6(a) extend
into the substrate in spatially isolated areas. EDS measurements indicate that the intensity variation
in Fig. 6(a) arises from compositional differences within the crystallized film after heating to 1400
°C. EDS spectra acquired at two locations are shown in Figs. 6(b) and (c¢). The spectrum acquired
from an area of high scattered electron intensity, Fig. 6(b), exhibits peaks from the fluorescence of
Sc, Al and O but not Mg. The quantification of this EDS spectrum shows an approximate
composition of Sc 21 at%, Al 34 at% and O 45 at%, consistent with the formation of ScAlO3
within the measurement uncertainty given the unknown contribution of Al,O3 substrate to the EDS
spectrum. Bulk ScAlOj; has an orthorhombic crystal structure with a = 4.935 A, b =5.230 A, and
c = 7.201 A.'® The locations of possible weak x-ray reflections at angles corresponding to the
ScAlOj3 orthorhombic structures are indicated in the X-ray 0-20 diffraction pattern in Fig. 5. The
second region of the film analyzed with EDS exhibits the spectrum shown in Fig. 6(c) and has
approximate composition Mg 15 at%, Al 53 at%, and O 32 at%, consistent with the MgA1>,O4

phase, again within the uncertainty arising due to the proximity of the Al2O3 substrate.
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Figure 6. (a) STEM-HAADF image of an ScCAIMgO; film after crystallization at 1400°C for 30
min. EDS spectra collected points (b) 1 and (c) 2. EDS artifacts arise from the Be sample holder
(*) and Cu in the STEM specimen grid (**).
DISCUSSION

The extension of crystallization to lower temperatures appears to be enabled by the
differences in the reported activation energies of key kinetic steps.?® Precise measurements and
theoretical predictions are not yet available for the kinetics of ScCAIMgO;4 crystallization, atomic
transport on ScAIMgOs, or reactions in the Sc-Al-Mg-O system. Some insight can be gained,
however, by considering the reported activation energies of the relevant processes in similar
systems. The activation energy for crystallization has been previously reported for SrTiOs, a
prototypical complex oxide. These studies indicate that the crystallization process occurs with an
activation energy of 0.7 to 1 eV and that the precise value of the energy depends on the gas
environment.!®-27-?° The rate of chemical reaction at interfaces depends on the detailed rate of the
specific reaction and on diffusive flux of reacting atoms to the interface. The high-temperature
results here, and in previous studies,> ! !! show that the interface reaction is favorable and thus

suggest that limiting atomic diffusion is crucial in reducing the formation of competing phases.

Although self-diffusion rates have not yet been measured for SCAIMgOs, activation energies for
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diffusion in other compounds are available for comparison. The activation energies for self-
diffusion of Al and O in Al>Os are both higher than 1 eV .*° The evolution of the crystal morphology
towards the complex structures previously reported for SCAIMgO4 depends on surface diffusion.
Activation energies for surface diffusion have been reported for the compounds SrRuOs, SrTiOs3,
and YBa,Cu3Oy are all higher than 1 eV .*!32 The relative importance of bulk and surface diffusion
can thus be expected to decrease faster than crystallization as the temperature is decreased. This
favorable combination of activation energies is consistent with the experimental results reported
here and also suggests that SPE can in principle reduce the impact of interfacial reactions and

morphologies leading to rough surfaces in other chemically complex oxides.

The low-temperature process alleviates film/substrate reactions that have been previously
observed in the ScAIMgO4 growth at high-temperature.> '% ' In addition to the previously reported
formation of MgAl,O4 phase, the STEM micrographs indicate that ScA1O3 can be formed at high
temperature via reactions during ScCAIMgO4 SPE. Previous studies of ScAlO3; with bulk synthesis
at atmospheric pressure have produced amorphous ScAlOz and have required high-pressure
processing to yield the crystalline phase.*® The development of regions of ScAlO; in reactions with
ScAIMgO4 shows that this phase must also be considered in the analysis of the phenomena limiting
the temperature regime available for SPE. More generally, the formation of ScAlOs in this study
shows that SPE can lead to the nucleation of compounds that that are otherwise not accessible

through bulk ambient-pressure synthesis.

The c-axis lattice parameter of ScCAIMgOs layers crystallized at 950 °C is very close to the
value reported for bulk ScAIMgOs crystals. The epitaxial strain due to the large lattice mismatch
between ScAIMgO4 and AlxO; layers is thus relaxed, leaving the ScCAIMgO4 with a surface lattice

parameter favorable for the subsequent growth of GaN and other lattice-matched semiconductors.
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CONCLUSION

These results indicate that there is a temperature regime in which ScCAIMgO4 thin films can
be crystallized via SPE without the interfacial reactions and complex crystalline morphologies that
emerge at high temperatures. The discovery of this regime of crystallization is consistent with the
differences among activation energies for crystallization, bulk diffusion, and surface diffusion.
The temperature dependence of the crystallization and reaction processes can in principle be used
to measure the relevant activation energies of several important kinetic phenomena and establish
the precise regime in which ScAIMgO4 can be crystallized while avoiding interfacial reactions.
The expanded temperature range applicable to the formation of ScAIMgO4 shows that processes
incorporating SPE can be optimized to yield ScAIMgOs buffer layers with structure and

morphology compatible with the subsequent epitaxial growth of semiconductors.
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Synopsis:

Crystallization at a relatively low temperature allows ScAIMgOs4 epitaxial thin films to be
synthesized by solid-phase epitaxy, avoiding a film/substrate reaction observed at higher
temperatures. Epitaxial ScCAIMgO4 was formed on AlOs substrates at 950 °C, while interface
reactions are observed during high-temperature crystallization processes. The layers hold promise

as lattice-matched substrates for semiconductor epitaxy.
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