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ABSTRACT

Self-activated growth of ScN was recently reported owing to the ability of scandium to self-catalyze N, bond breaking, facilitating nitride
film growth from molecular N, without plasma. In this report, we expand this novel synthesis method to explore the possibility of self-acti-
vated growth of aluminum-scandium-nitride, an emerging ternary nitride system with enhanced functionalities. We find that the rock salt
AlScN film growth of low Al composition from 0% to 48% is possible by self-activated growth. The cubic rock salt AIScN films are phase
pure up to 21% Al, whereas mixed rock salt AIScN and intermetallic cubic Al,Sc phases appear in films with 28% to 48% Al. Self-activated
nitride crystal growth was not observed for films grown with high Al content of 93.7% and 100% Al, which showed cubic Al,Sc and FCC
a-Al phases, respectively, without any sign of nitrogen incorporation. Lattice parameters of crystalline rock salt AIScN films decrease with
increasing Al composition. The self-activated AIScN films, as well as cubic Al,Sc and FCC a-Al phase, exhibit twinning and are epitaxial to
the 6H-SiC substrate. The findings open up new avenues for the ultralow-energy synthesis of ternary nitrides and beyond.

© 2026 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/10.1063/5.0322931

I. INTRODUCTION

Group III-A nitride semiconductors, such as AIN, GaN, and
InN, and their alloys have revolutionized solid-state lighting, acous-
tic devices, and high-power electronics in recent decades.'™
Transition metal nitrides are also of tremendous technological sig-
nificance due to their mechanical, thermal, magnetic, metallic, and
superconducting properties.” Alloying of group III-A nitride with
transition metals further enhances their properties and imparts
new functionalities."”™ For instance, ternary alloys of transition
metal and group III-A metal nitrides such as TiAIN, CrAIN exhibit
excellent wear and high-temperature oxidation resistance and are
well-known as protective coating materials.”””"' Adding isovalent
group III-B Sc to GaN, AIN, InN electronics and photonics family

introduces new properties that were previously absent, including
thermoelectric,'>'” plasmonic,'* lattice matching,'”™"” extraordi-
narily high piezoelectric,'® ferroelectric,”*' and high dielectric
constant” ™" characteristics.

Traditional non-ammonia based inorganic synthesis of these
nitrides from N, gas mainly relies on energetic plasma to break the
dinitrogen N=N triple bonds that have a bond strength of 9.8 eV/
molecule.”” Scandium, a group III-B transition metal, has recently
been reported to have a strong scavenging effect on gettering/cap-
turing gas species.”® Utilizing the ability of scandium to self-
catalyze N, bond breaking, it was found that binary ScN films
could be epitaxially grown from molecular N, without plasma over
a wide range of temperatures.”® Earlier studies have also
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demonstrated that Sc can react with and activate molecular N,
under plasma-free conditions, including nitridation of Sc metal
with N, gas,”””® molecular N, cleavage by Sc-Sc species forming
Sc,Ny clusters,” thin-film ScN growth directly from molecular N,
at elevated temperatures,”’ and catalytic effect of Sc during N,
plasma-assisted AIScN and ScGaN growth.”’™** Can ternary Al-Sc
nitride films be grown without plasma as well?

This report evaluates the feasibility of plasma-free self-
activated growth of AIScN films from molecular N, at varying
aluminum compositions. The phase, crystal structure, and epitaxial
registry of the Al,Sc;_,N, films grown on the (0001) 6H-SiC sub-
strate are measured. The Al composition is varied from 0% to
100% (x = 0-1) to determine various crystal phases formed. The
structural lattice parameters of self-activated cubic rock salt AISCN
films, cubic Al,Sc, and FCC a-Al are reported in this work. The
range of Al compositions where the self-activated growth of ternary
Al-Sc nitride films is feasible is determined.

Il. EXPERIMENTAL

All growths in this study were performed using a Veeco
GenXplor molecular beam epitaxy (MBE) system with an idle base
pressure of 5x 1071 Torr. A solid scandium source of 99.9%
purity on a rare earth element basis obtained from Ames
Laboratory was loaded in a tungsten crucible and evaporated using
an effusion cell. An aluminum source of 99.9999% purity obtained
from United Mineral & Chemical Corp. (UMC) was loaded into a
pyrolytic boron nitride (PBN) crucible and evaporated using an
effusion cell. A 99.999 95% purity N, gas was supplied without
striking plasma during all growths in this study. A kSA
Instruments reflection high-energy electron diffraction (RHEED)
apparatus with a Staib electron gun operating at 14.5kV and 1.45 A
was used to monitor the film growth. The RHEED diffraction
images were acquired along the [1120] zone axes of the 6H-SiC
substrates during the MBE growth.

The AlSc;_«xN, films in this study were grown on [0001] ori-
ented Si-face 6H-SiC substrates to assess the reactivity of Sc and Al
with molecular nitrogen. Before growth, the SiC substrates were
solvent cleaned by sonication for 10 min each in acetone, methanol,
and isopropyl alcohol (IPA). Thereafter, the substrates were outgassed
at 200°C, 1 x 1077 Torr for 8 h and were then in situ transferred to
the growth module without a vacuum break. The feasibility of self-
activated growth of Al,Sc; 4N, films over the entire Al composition
range from 0% to 100% was assessed by varying the Al/(Al+Sc) flux
ratio from 0 to 1 while keeping the total Al+Sc flux at
~2.4 x 1078 Torr. All growths were performed using a nitrogen gas
flow rate of 1.8 SCCM and the growth chamber pressure of approxi-
mately 4.4 x 107> Torr. AlSc;_«N, films of ~135-210 nm thickness
were grown at a substrate thermocouple temperature of 550 °C. The
actual substrate temperature, as calibrated by Ga droplet desorption
test,” is about 50 °C higher than the reported substrate thermocouple
temperature of 550 °C, with details provided in our earlier work.™

X-ray diffraction (XRD) 26 — @ spectra were collected using a
Panalytical Empyrean diffractometer with a 1.5406 A Cu Ko x-ray
source operated at 45kV, 40 mA to characterize the phase, crystal
structure, and orientation of the Al,Sc,_,N, films. The compositions
of the grown Al,Sc; N, films were analyzed with energy-dispersive
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x-ray spectroscopy (EDS/ EDAX) using a Zeiss Supra SEM (scanning
electron microscope) operated at 20keV and using a Bruker energy
dispersive x-ray spectroscopy (EDS) silicon drift detector (SDD).
Characteristic x-ray energy peaks corresponding to N Ko
(0.3924 keV), Al Ko (1.486 keV), and Sc Ka (4.091 keV)™ were used
to determine Al,Sc;_,N, film composition, with Al composition
expressed as x = [Al]/([Al]+[Sc]) ratio and N composition expressed
as y = [N]/([Al]+[Sc]) ratio.

I1l. RESULTS AND DISCUSSION

Figure 1(a) shows the schematic of Al,Sc; N, films grown
on a 6H-SiC substrate in this study from molecular N, without
striking plasma. Figures 1(b)-1(f) show the in situ reflection high-
energy electron diffraction (RHEED) patterns of Al,Sc;_xN, films
grown with increasing Al/(Al+Sc) composition from 0% to 100%.
Figure 1(b) shows the RHEED diffraction pattern of a self-activated
twin-cubic rock salt ScN film, i.e., the 0% Al-containing stoichio-
metric ScN film grown using an Al/(Al+Sc) flux ratio, x = 0%. A
similar self-activated growth of ScN film was recently reported
using molecular nitrogen without plasma, owing to the strong scav-
enging effect of Sc on gettering residual gas species in the

a] IS Moleecular N,

®\\ /0

é]‘ ALSc,,N,

6H-SiC substrate

0% [AI]
AIScN +AlSc

21.1% [Al] 28.2% [Al]

93.7% [A]

100% [AI]

FIG. 1. (a) Heterostructure schematic of the self-activated AlSc_,N, films
grown from molecular N, on the [0001] oriented Si-face 6H-SiC substrate at
550 °C and reflection high-energy electron diffraction (RHEED) patterns collected
at 550 °C substrate temperature for (b) twin-cubic rock salt ScN film with 0% Al
(c) twin-cubic rock salt AIScN film with 21.1% Al (d) mixed twin-cubic rock salt
AIScN + intermetallic Al,Sc film with 28.2% A, (e) intermetallic Al,Sc film with
93.7% Al, and (f) face-centered cubic (FCC) aluminum film with 100% Al.
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chamber.”® Ab initio calculations identified a possible energetic

pathway for the self-activated growth of crystalline ScN films from
molecular nitrogen.”

Al content in the self-activated Al,Sc; N, films was increased
by increasing the Al/(Al+Sc) flux ratio. Figure 1(c) shows the
RHEED diffraction pattern of self-activated Al,Sc;_,N, film with
21.1% Al. The self-activated AIScN films grown without plasma
with compositions from 0% Al to 21.1% Al show a similar RHEED
diffraction pattern (Figs. SI and S2 in the supplementary material)
corresponding to twin-cubic rock salt AIScN films. No additional
diffraction spots were observed in the films grown with 0%-21.1%
Al, suggesting phase-pure twin-cubic rock salt AIScN films. The
RHEED diffraction patterns in Figs. 1(b) and 1(c) (Figs. S1 and S2
in the supplementary material) signify self-activated epitaxial
growth of [111] oriented twin-cubic rock salt AIScN films on an
[0001] oriented 6H-SiC substrate. These diffraction patterns indi-
cate 60° rotated domains with two separate overlaid [110] zone
axes, with pairs of {111} and {002} families of planes as indexed in
Fig. S1 in the supplementary material.”®

For the films containing 28.2% to 47.8% Al, RHEED diffrac-
tion spots corresponding to an intermetallic AL, Sc phase appear in
addition to the twin cubic rock salt AIScN phase. This indicates that
the self-activated films grown between 28.2% Al and 47.8% Al have
mixed twin-cubic rock salt AIScN and intermetallic Al,Sc phases.
Due to the thermodynamic stability of the cubic rock salt structure
of AlScN for compositions from 0% to ~ 47.8% Al, (111) oriented
rock salt AIScN phase forms instead of wurtzite or zinc blende
phases of AIScN.”**® Figure 1(e) shows the RHEED diffraction
pattern for the film with ~ 93.7% Al wherein only the intermetallic
Al,Sc phase was observed. The diffraction spots corresponding to
twin-cubic rock salt AIScN were absent. Figure 1(f) shows a streaky
RHEED pattern for 100% Al-containing film sample corresponding
to the FCC a-Al film.”

ARTICLE pubs.aip.org/aip/jap

The RHEED diffraction patterns shown in Fig. 1 and Figs S1
and S2 in the supplementary material are measured/captured at a
0° ¢ rotation of the sample corresponding to the [1120] zone axis
of the 6H-SiC substrate and [011] zone axis of grown cubic
phases.”>***" This suggests that the twin-cubic phases grow with
their in-plane [011] and [211] directions || [1120] and [1010] direc-
tions, respectively, of the 6H-SiC substrate and their out-of-plane
[111] direction || [0001] direction of the 6H-SiC substrate. The
RHEED diffraction patterns observed for all the films grown in this
study repeat at +60°, 120°, 180° ¢ rotations, suggesting a sixfold
symmetry of the twin-cubic rock salt AIScN, intermetallic Al,Sc,
and FCC a-Al phases observed. Twin domains of the cubic phase
are expected as a result of symmetry constraints imposed upon
growing a threefold symmetric cubic crystal on a sixfold symmetric
hexagonal substrate.”*

Figure 2 shows the x-ray diffraction (XRD) 26 — w spectra col-
lected for AlLSc;_.N, films grown in this study with increasing Al
composition from bottom to the top curves. All films showed XRD
peaks corresponding to 006 Bragg reflection of the 6H-SiC sub-
strate. For films with 0% to 21.1% Al, only 111 (and 222) Bragg
reflections from cubic rock salt AIScN and the 6H-SiC substrate
were observed,””"” with the AIScN 111 Bragg peak shifting from
34.42° t0 36.66° in 20 as Al content is increased.

At higher Al concentrations from 28.2% to 47.8%, additional
x-ray diffraction peaks corresponding to 111 Bragg reflections from
cubic intermetallic Al,Sc appear at ~37.5° to 38° 26 in addition to
cubic rock salt AIScN 111 Bragg reflections.”” This suggests that the
films grown with Al concentrations from 0% to 21.1% Al composi-
tion are phase-pure cubic rock salt AIScN. In contrast, the films
grown with Al compositions from 28.2% to 47.8% Al composition
have mixed phases of cubic rock salt AIScN and cubic intermetallic
Al,Sc. This further validates the single-phase RHEED diffraction
patterns observed for the films with 0% to 21.1% Al and mixed-
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salt AIScN and 111 Al,Sc Bragg reflec-
tions, indicating a change in lattice
parameters of rock salt AIScN and 111
Al,Sc with increasing Al composition.
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phase RHEED diffraction patterns observed for the films with
28.2% to 47.8% Al. Cubic rock salt AlScN and intermetallic Al,Sc
both grow with their (111) direction parallel to the (0001) direction
of the 6H-SiC substrate. The relative ratios of 111 Bragg reflection
peaks for intermetallic Al,Sc to that of rock salt AIScN increases
with increasing Al content from 28.2% Al to 93.7%, suggesting an
increase in the amount of intermetallic AL, Sc phase separation.

For the films with 93.7% Al and 100% Al the Bragg reflections
corresponding to rock salt AISCN were not observed in XRD
spectra shown in Fig. 2. The film with 93.7% Al exhibits 111 (and
222) Bragg reflections corresponding to intermetallic Al,Sc, con-
firming Al,Sc growth as observed in RHEED. Bragg reflection cor-
responding to 111 face-centered cubic (FCC) a-Al metal was
observed at 260 ~38.53° for the film grown with only Al flux
(without Sc). Cubic intermetallic Al,Sc and FCC a-Al films also
grow with their (111) crystallographic axis along the 6H-SiC
(0001) axis.

The shift in 260 —  positions of 111 AIScN and 111 Al,Sc
Bragg reflections marked by arrows in Fig. 2 indicates the change
in lattice parameter with Al composition. The lattice parameters
for the cubic rock salt AIScN extracted from 111 and 222 Bragg
reflections are plotted in Fig. 3 in red circles. The self-activated
cubic rock salt ScN film (ie., 0% Al-containing film) has a lattice
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FIG. 3. Lattice constants of cubic rock salt AIScN (red circles), intermetallic
Al,Sc (blue squares), and FCC a-Al (black diamond) phases as a function of Al
compositions from 0% to 100%. With increasing Al content, the lattice constants
of cubic rock salt AIScN, and Al,Sc decrease. An increase in the lattice constant
of cubic rock salt AIScN with increasing Al composition from 21.1% to 28.2%
coincides with the emergence of the intermetallic Al,Sc phase.
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parameter of 4.504 A, comparable to the reported values of 4.50-
4,51 A.'7%*04% With increasing Al composition from 0% to
21.1%, the lattice parameter of cubic rock salt AIScN film decreases
from 4.504 A for 0% Al to 4.476 A for 21.1% Al composition. This
is expected considering the smaller lattice parameter of cubic rock
salt AIN ~4.060-4.085A compared to that of ScN ~4.50-
4.51 A.'>72%42474 The shift in 111 AIScN Bragg reflection peaks
and decrease in lattice constants of rock salt AIScN films thus
confirm the incorporation of aluminum in nitrided form into the
AlScN ternary nitride films.*

An increase in the lattice parameter of cubic rock salt AISCN
from 4.476 A for 21.1% Al to 4.900 A for 28.2% Al could be due to
the intermetallic Al,Sc phase separation from the cubic rock salt
AlScN films, as evident in RHEED and XRD diffraction. The films
with a net 28.8% Al composition could have Al-rich intermetallic
Al,Sc phase and Al-deficient rock salt AIScN phase with a lower
lattice constant. Furthermore, increasing the Al composition from
28.2% Al to 47.8% Al again decreases the lattice parameter of the
rock salt AIScN phase from 4.900 to 4.471 A, likely due to increas-
ing Al content in the rock salt AIScN phase. The lattice parameters
for the cubic intermetallic Al,Sc extracted from 111 Bragg reflec-
tions are plotted in Fig. 3 in blue squares. With increasing Al com-
position from 28.2% to 93.7%, the intermetallic Al.Sc Bragg
reflection peaks also shift to higher 26 values from 37.576° for
28.2% Al to 38.021° for 93.7% Al, corresponding to a decrease in
lattice constant from 4.136 to 4.093 A. As marked by the black
diamond in Fig. 3, the lattice parameter of metallic FCC a-Al mea-
sured from 111 and 222Bragg reflections for the 100%
Al-containing film is 4.040 A, comparable to reported values of
~4.049 A"

The Al;Sc phase could have a definite L1, ordering of Sc
atoms in the FCC Al lattice or be a random substitutional solid sol-
ution of Sc atoms in the FCC Al lattice.*” It should be noted that
the calculated lattice parameters of Al,Sc phases with L1, ordering
of Sc atoms in FCC Al lattice varies from 4.040 A for 100% Al to
4.070 A for 92.6% Al (ie., AljgoScs) to 4.101 A for 75% Al (ie.,
Al;3Sc) and the lattice parameters for Sc-substitutional solid solu-
tion in FCC Al lattice linearly increases from 4.040 A for 0% Al to
~4.085 A for ~93.7% Al to 4.178 A for 75% Al."* The measured
lattice parameter of 4.093 A for ~93.7% Al-containing Al,Sc film is
comparable to the calculated lattice parameter of ~4.085A for
Sc-substitutional solid solution with ~93.7% Al than the lattice
parameter of 4.070 A for L1, ordered structure (i.e., AljpoScg)."”
This suggests that the film grown with 93.7% Al is likely a
Sc-substitutional solid solution with FCC Al lattice.

The chemical composition of the Al,Sc;_;N, films grown in
this study was measured by EDAX. The EDAX N Ka characteris-
tics x-ray spectra in Fig. 4(a) confirm the presence of nitrogen in
the AlL:Sc;_«N, films with Al compositions of x = 0%-47.8%.
Figure 4(b) shows the [N]/([Al]+[Sc]) ratio plotted as a function of
Al composition in the Al:Sc;_«N, films. A comparable [N]/([Al]
+[Sc]) ratio of ~1 to 1.2 is observed for the phase-pure Al,Sc; N,
films samples with 0%-21.1% Al. With increasing Al composition,
the [N]/([Al]+[Sc]) ratio decreases from 1.04 for 28.2% Al to 0.44,
0.50 for 41.5%, 47.8% Al-containing films and to 0 for 93.7% and
100% Al-containing Al,Sc; N, films. N Ka characteristics x-ray
peak was not evident in the AlLSc; ,N, film samples with
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FIG. 4. (a) EDAX C Ka, N Ker, and O Ka characteristics x-ray spectra, and (b)
N composition, expressed as y = [NJ/([Al]+[Sc]) ratio for Al,Sci_,N, fim
samples with different Al compositions grown without plasma. The presence of
N is evident in the films with 0%—47.8% Al, confirming the self-activated growth
of AIScN from molecular Ny. The [N]/([AI]+[Sc]) ratio of films with 0%-21.1% Al
is 1-1.2, and it decreases with increasing Al composition of the films.

>93.7 Al, ie., [N]/([Al]+[Sc]) ratio was 0, suggesting that the self-
activated growth of cubic rock salt AISCN was only feasible at high
Sc and low Al compositions. AFM micrographs taken over
2 x 2um? area shown in Fig. S3 in the supplementary material,
suggest a Volmer-Weber (3D) growth mode for the self-activated
AlScN films with 0%-100% Al composition.

Scandium, a group III-B element, exhibits a strong scavenging
effect on gettering/capturing residual gas species in the growth
chamber; thus, self-activated growth of ScN films is feasible as Sc
facilitates N, bond breaking and incorporates nitrogen in the
nitride films. One of the possible reaction pathways for this self-
activated growth of ScN films from molecular N, is calculated to be
energy efficient and without any energy barriers. Such a scaveng-
ing/gettering effect is not observed for the group III-A elements
such as aluminum. Thus, it is not surprising that self-activated

ARTICLE pubs.aip.org/aip/jap

growth of binary AIN films was not observed from molecular N,
and the film grows as FCC a-Al, the thermodynamically stable
phase of Al at temperatures <660 °C.

Thermodynamically, active nitrogen has a greater affinity to
bond to aluminum than to scandium. The Gibbs free energy of for-
mation of AIN is more negative than that of ScN.*”*® Thus, if
active nitrogen species are available (either from plasma generation
or from N, bond breaking by scandium), then Al could get
nitrided, incorporated in the lattice, and it would be feasible to
grow ternary Al-Sc-N nitride. Not surprisingly, we observe the
self-activated growth of rock salt AIScN films for Al compositions
from 0% to 47.8%, i.e., only at high Sc compositions of more than
7% to 52%. However, no nitride phase was observed for films with
high Al compositions of >93%, suggesting that a nitride phase was
below the detection limit or absent. This indicates that as long as
large enough scandium is available to facilitate the N, bond break-
ing, Al gets nitrided and incorporated in the ternary AIScN films.
However, at scandium compositions of less than 7% Sc, self-
activated growth of ternary nitride films was not feasible in this
study. In GaN, AIN, and AlGaN, growth is sustained mainly by
plasma-generated nitrogen radicals, whereas in AIScN, Sc not only
consumes these radicals but also self-catalyzes N, bond breaking,
boosting the supply of reactive nitrogen species.”””' Consequently,
while the AIN, GaN, and AlGaN growth rates remain unchanged
with varying metal fluxes under metal-rich conditions, AIScN
exhibits increased growth rates with higher Sc flux due to this cata-
Iytic effect.’’>””

This work reports the first demonstration of self-activated
growth of a ternary nitride film directly from molecular nitrogen.
Aluminum is chosen as the alloying element in ScN for this study
because of the extensive interest in the AI-Sc-N ternary alloy
system. The wurtzite phase of AIScN has been extensively studied
for its piezoelectric, high-K, ferroelectric properties, and lattice
matching to wurtzite GaN;'>'”'%*>*” while the rock salt phase of
AIScN  has been theoretically explored for its potential for
energy-efficient, power electronic devices due to their outstanding
elastic, mechanical, and thermodynamic properties above room
temperature such as high Young’s modulus, shear modulus,
melting temperature, Debye temperature, heat capacity, and
minimum heat conduction.”’ Rock salt AIScN with lattice constants
of 4.50-4.06 A for 0%-100% Al has been predicted to be lattice
matched to wurtzite AISCN’*" as well as to multiple conducting
and superconducting transition metal nitrides, such as TiN
(ariy = 4.24 A), NDN (anpny = 4.39A), and TaN (ar.n = 4.34A)
at ~54%, 12%, and 25% Al, respectively.”” Lattice-matched rock
salt AIScN and TiN heterostructures, in particular, were developed
for Josephson junctions and plasmonic hyperbolic metamaterials,"*
enhanced thermoelectrics,”' and hard coating applications.”” Al-Sc
alloys represent an emerging category of high-strength, lightweight
structural materials, serving as viable candidates for aerospace and
automotive applications.”” Moreover, alloying ultrawide bandgap
AIN and ScN allows for bandgap engineering and tunability from
the infrared regime to the UV regime within the same material
system.”” (111) rock salt AIScN with a lattice constant of ~4.40 A
is expected to have an in-plane lattice parameter of 3.11 A lattice
matched to wurtzite (0001) AIN, opening interesting opportunities
for novel heterostructures and devices.
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IV. CONCLUSION

Our report of the self-activated synthesis of crystalline ternary
AIScN nitride films directly from molecular N, bypasses the need for
energetic plasma discharge to break N, bonds necessary in conven-
tional inorganic synthesis of nitrides. These findings present an
energy-efficient method for synthesizing ternary nitrides, which could
decrease production costs and lessen environmental impact. The self-
activated growth of ternary nitrides employs molecular N, a resource
readily available in the atmosphere, thus it may be possible to remove
the necessity for expensive precursors like NHj, hydrazine, and
methyl amines. This finding can be extended to the self-activated
growth of other ternary nitrides formed by combining nitrides for
transition metals, like Ti, Nb, Y, W, Mo, Zr, La, etc,”* that show
scavenging effects and group III-A nitrides of Al, Ga, In, etc.

The ternary group-III nitride of rock salt AIScN can be grown
directly from molecular N, without plasma. Such self-activated epi-
taxial growth of rock salt AIScN films is feasible at low Al and high
Sc compositions, possibly because the scavenging nature of Sc facil-
itates N, bond breaking. At high Al and low Sc compositions, the
self-activated growth of the ternary nitride was not feasible in this
study. The lattice parameters of self-activated rock salt AIScN films
decrease with increasing Al composition. The self-activated cubic
rock salt AIScN films, as well as intermetallic Al,Sc and FCC a-Al
phases, exhibit twinning and are epitaxial to the substrate with
their [111]/[011] || 6H-SiC [0001]/[1120]. The findings open new
avenues for the ultralow-energy synthesis of ternary nitrides and
devices with enhanced functionalities of transition, rare-earth metal
nitrides, and group III-A metal nitrides.

SUPPLEMENTARY MATERIAL

See the supplementary material for the reflection high-energy
electron diffraction (RHEED) patterns of Al,Sc;_.N, films with Al
composition from 0% to 100%.
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