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An understanding of the heterostructural implications on alloying in the aluminum nitride-scandium nitride
system (Al1−xScxN) can highlight opportunities and design principles for enhancing desired material properties by
leveraging nonequilibrium states. The fundamental thermodynamics, and therefore composition- and structure-
dependent mechanisms, underlying property evolution in this system have not been fully described, despite
significant recent efforts driven by interest in enhanced piezoelectric performance. Practical realization of
these enhanced properties, however, is hindered by the strong driving thermodynamic driving force for phase
separation in the system, highlighting the need for increased study into the role of heterostructural alloying on
the thermodynamics and composition-structure-property relationships in this system. With this need in mind,
ab initio computed alloy thermodynamics and properties are compared to combinatorial thin-film synthesis
and characterization to develop a more complete picture of the structure and property evolution across the
Al1−xScxN composition space. The combination of structural frustration and a flattened free-energy landscape
lead to substantial increases in electromechanical response. The energy scale of alloy metastability is found to be
much larger than previously reported, helping to explain difficulties in achieving homogeneous materials with high
scandium concentration. Scandium substitution for aluminum softens the wurtzite crystal lattice, and energetic
proximity to the competing hexagonal boron-nitride structure enhances the piezoelectric stress coefficient.
Overall, this work provides insight into the understanding of the structure-processing-property relationships in the
Al1−xScxN system, suggests material design strategies for even greater property enhancements, and demonstrates
the increased property tunability and underexplored nature of nonequilibrium heterostructural alloys.
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I. INTRODUCTION

Alloys of materials having different crystal structures in
their pure forms (heterostructural alloys) provide enhanced
opportunities for accessing nonequilibrium states and other-
wise inaccessible properties [1]. The Al1−xScxN system is an
interesting case study in heterostructural alloying as a tool for
property improvement. This system, which combines wurtzite-
structured AlN and rocksalt-structured ScN, has been studied
for decades, but the current work frames the system in terms of
a heterostructural alloy, allowing us to focus on the underlying
materials science and associated insights towards the design
and discovery of new materials. The first report of Al1−xScxN
alloys showed no measurable solubility or intermediate com-
pounds between wurtzite AlN and rocksalt ScN, despite the
presence of several stable intermetallic species in N-deficient
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regions of the phase diagram [2]. First-principles calcula-
tions later predicted scandium-nitride polymorph energies and
suggested a metastable wurtzite phase that is 350 meV per
formula unit higher than the ground-state rocksalt phase [3].
Subsequent studies took one of two directions: epitaxial stabi-
lization of the rocksalt structure for x > 0.5 with interest in the
electronic structure [4] or effects of alloying on piezoelectric
properties of the wurtzite phase for x < 0.5 [5]. After increases
in the longitudinal piezoelectric strain coefficient (d33) were
reported by Akiyama et al., the majority of the reported efforts
focused on the effect of deposition parameters on crystal
quality [6–10], residual stress [11,12], dielectric properties
[6,7,13], and overall electromechanical response [11,14,15].
Motivated by industrial interest in the improved performance
in AlN-based piezoelectric microelectromechanical systems
(piezoMEMS) devices, the breadth of this work was focused on
compositions with 0 < x < 0.4, where single-phase textured
wurtzite materials could be synthesized. Recent work has fo-
cused on incorporation of these alloys into devices such as en-
ergy harvesters [16], ultrasonic transducers [17], and primarily
in acoustic resonators [18–25], enabling alternative operation
modes [26–28]. From a deployment perspective, the continued
work on processing conditions highlights the difficulty of
achieving high-quality materials with x > 0.2, where misori-
ented grains degrade the macroscopic piezoelectric response
[29–32]. In parallel with the experimental work, the theory
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community progressed from the previously mentioned first-
principles polymorph energies [3] to first-principles mixing
energies [4,33], lattice calculations [34], property calculations
[35–37], and the effects of cation ordering on performance
[38]. These calculations provided valuable insights but covered
only limited ranges of x with few crystal structures considered,
which we show in this work did not sufficiently account for
the role of heterostructural effects on the thermodynamics of
these alloys and the resulting consequences on structure and
properties.

Despite an enormous volume of research from academic
and industrial laboratories in the past decade, many ques-
tions remain about the properties and associated fundamental
mechanisms of Al1−xScxN films across the entire composition
range. Here the authors report a heterostructural alloy phase
diagram and comprehensive view of the structure-processing-
property relationships across this thin-film system, and present
this system as a case study in the value of heterostructural
alloying for increased control and tunability of properties by
accessing nonequilibrium states.

Density functional theory (DFT) calculations allow in-
vestigation into the origins of piezoelectric strain coefficient
enhancement while complementary combinatorial synthesis
enables the rapid experimental exploration of compositional
space for structure, phase, optical, electrical, and mechanical
properties for comparison to DFT results. The Al1−xScxN
system serves as an excellent example of the opportunity
for property enhancement available through nonequilibrium
states in heterostructural alloys that are accessible via en-
ergetic fabrication processes. This study provides a theory-
driven understanding of the fundamental materials science
concepts underlying this behavior in addition to experimental
realization of predicted property enhancements. Additionally,
it provides an opportunity to revisit the results of earlier
studies on Al1−xScxN as well as other Al1−xRxN such as R =
vanadium [39], tantalum [39,40], erbium [41], or chromium
[42] in a different context, providing fundamental insights to
guide future studies of these and other heterostructural alloy
systems.

II. METHODS

High-throughput experimentation (HTE) in combination
with ab initio computation represents a robust tool set for
screening and understanding materials systems and has found
success in many fields, including transparent contacts for
solar-cell applications [43] as well as interface analysis [44]
and thermoelectrics [45]. These methods are uniquely capable
of quickly screening compositional and/or process spaces as
guides to materials selection, development, understanding, and
process optimization [46]. The very features that enable HTE
also limit the perfection that can be achieved for the specific
region of material representing each data point. Combining
HTE with computation, however, provides insight into the
energy scale of alloy stability, assists with interpretation of mi-
crostructures and measured properties, and informs materials
design by providing a quantitative measure of the instability of
metastable structures and feasible deviations from equilibrium
for practical applications.

A. Computation

Ab initio calculations were performed to computationally
model the alloys. Mixing enthalpies were calculated using 72-
atom supercells with random cation configurations generated
using the special quasirandom structures method [47] for each
composition and phase. Alloy interaction parameters (�) for
each polymorph were determined by fitting �Hm(x) using a
second-order polynomial. The free energy of mixing �Gm,
which was used to construct the T (x) phase diagram, was
calculated as�Gm(x) = �Hm(x) − T �Sm(x), where�Sm(x)
is the configuration entropy of the alloy in the regular solution
model and given by�Sm(x) = −kb[xlnx + (1 − x)ln(1 − x)].
The miscibility gap (binodal line) was obtained from the
common tangent construction in �Gm(x,t), while the spin-
odal gap was found from the condition δ2�G(x)/δx2 = 0.
Four Al1−xScxN polymorphs were considered for this study;
wurtzite (WZ), hexagonal boron nitride (HBN), zinc blende
(ZB), and rocksalt (RS), as shown in Fig. 1. The mixing

FIG. 1. Polymorphs of the AlxSc1−xN alloy system computed (all) and observed (left and right only) in this work; shown as ball-and-stick
arrays of anions and cations to highlight the specific symmetry, coordination, and stacking arrangements.
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enthalpies �Hm were computed for each of these four struc-
tures across the entire composition range.

DFT calculations were performed within the Vienna Ab
initio Simulation Package [48] (VASP) using the projector
augmented-wave method [49]. Calculations were conducted
at 19 compositions across the phase space for each crys-
tal structure. Calculations utilized a �-centered 2 × 2 × 2
k-point mesh with an energy cutoff of 620 eV. Geometry
relaxations were conducted using the conjugate gradient al-
gorithm and converged to within 10−7 eV with an elec-
tronic self-consistency (SC) loop converged within 10−8 eV.
For calculations of AlxSc1−xN alloy energetics, the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
exchange-correlation functional [50] was used with an approx-
imate van der Waals correction using the D2 method of Grimme
[51]. An accurate description of the energy differences between
polymorphs is necessary to correctly predict the heterostruc-
tural alloy phase diagram and identify critical compositions
where structural transitions would be expected to occur. The
van der Waals corrected method was chosen by benchmarking
to accurate total energies of the AlN and ScN polymorphs
computed using the random phase approximation within the
adiabatic-connection fluctuation-dissipation theorem (RPA-
ACFDT) [52]. The computed end-member polymorph energies
using PBE+D2 were found to reproduce the polymorph energy
differences computed using the RPA to within 49 meV/atom
magnetocrystalline anisotropy energy (MAE) across all end-
member polymorphs. Without the van der Waals correc-
tion, the PBE computed polymorph energy differences are
90 meV/atom MAE, justifying the use of this correction (see
SI for validation of the computational results using the optPBE
van der Waals functional [53]). The elastic coefficients (Cijkl)
and piezoelectric stress tensors (eij ) were evaluated from
phonon and dielectric response calculations performed using
finite differences and density functional perturbation theory
[54], respectively. For comparison to experimental results, the
piezoelectric strain tensors (dij ) are computed using the tensor
relation (eij = ∑

k,l dijCijkl).

B. Experiment

HTE comprises high-throughput synthesis, characteriza-
tion, and analysis. As described below, the combinatorial
methods employed here include simultaneous synthesis of
compositionally graded thin films atop substrates of either
uniform or graded temperatures as well as spatially resolved
screening across the graded films.

Thin-film combinatorial sample libraries were produced
by radio-frequency (rf) reactive cosputtering from
two-inch-diameter elemental aluminum and scandium metallic
targets, each >99.99% pure. Additionally, a nitrogen cracker
introduced a reactive nitrogen plasma to the deposition
environment. Oxygen contamination was minimized by
use of a cryogenic shroud surrounding the local deposition
region. A radiative-heated substrate platen regulated the
substrate temperature. For samples deposited on substrates
with low thermal conductivity (Corning EagleXG), one
quarter of the substrate was clamped to the platen, and
the remaining three quarters hung in free space, creating a
substrate temperature gradient in a direction perpendicular

FIG. 2. Configuration of the combinatorial film deposition cham-
ber used in this study. Shown are the three plasma sources, sample
heater, cryogenic shroud, and resulting material library. The library
is a 25 cm2 square that is binned into four rows and 11 columns,
each capable of possessing a composition gradient and/or gradient in
substrate deposition temperature.

to the composition gradient. Libraries deposited on p-type
silicon were heated uniformly. A schematic of the deposition
chamber and resulting combinatorial library is shown in
Fig. 2. The libraries were subdivided into four rows and 11
columns in which the composition varied across columns
and the substrate deposition temperature varied across rows.
More information about the deposition chamber used in these
experiments can be found in prior publications [55].

The processing conditions that were modified among the
individual libraries are shown in Table I and include the sputter-
ing power delivered to each target, substrate temperature, and
substrate material. For all libraries, the vacuum base pressure
was 10−7 torr, the processing pressure was 3 × 10−3 torr, and
the processing gas consisted of 6 sccm argon in addition to a
350 W nitrogen plasma flowing at 4 sccm.

X-ray diffraction was used to characterize the structures and
textures of the thin films deposited by combinatorial methods.
The diffraction pattern of each point was collected using a
Bruker D8 Discovery diffractometer with a two-dimensional
(2θ and χ ) area detector and collimated CuKα radiation.
The intensity counts were integrated across the detector in
different dimensions, resulting in an intensity vs 2θ pattern
for χ integration across the detector range and an intensity
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TABLE I. Processing parameters for growth of AlxSc1−xN thin-
film libraries. Some parameters remained constant during all deposi-
tions, while others varied among libraries.

Power to Power to Substrate
Library Al target Sc target temperature Substrate
No. (W/cm2) (W/cm2) (◦C) type

1 4.6 0 410 pSi(100)
2 0 4.6 410 pSi(100)
3 4.6 1.2 410 pSi(100)
4 4.6 2.3 410 pSi(100)
5 4.6 3.5 410 pSi(100)
6 4.6 4.6 410 pSi(100)
7 4.6 3.5 100–200 EagleXG SiO2

8 4.6 3.5 350–650 EagleXG SiO2

9 4.6 4.6 100–200 EagleXG SiO2

10 4.6 4.6 350–650 EagleXG SiO2

vs χ pattern for 2θ integration in the range associated with a
specific reflection [wurtzite (002) in this case]. For the case of
SiO2 substrates, a background subtraction was used to remove
the broad amorphous hump from the pattern. Each of the 2θ

patterns was fit with a linear combination of Gaussian peaks to
analyze the fraction of total diffracted intensity resulting from
the wurtzite and rocksalt phases; this technique is often referred
to as the disappearing-phase method [46]. An illustration
of this method can be found in the Supplemental Material
[56]. Each of the χ patterns was fit with a Gaussian peak to
determine the full width at half maximum (FWHM) of the
wurtzite (002) peak, producing a metric for the quality of the
c-axis texture in the films which is equivalent to a typical ω

rocking curve. The composition of each point on the material
libraries was determined by x-ray fluorescence (XRF) using
a Fischerscope X-ray XUV 773 vacuum tool and analysis
software with calibration by end-member compositions of
known thicknesses.

Transmission electron microscopy (TEM) micrographs
were acquired with an FEI Talos F200X transmission electron
microscope with scanning capabilities operating at an acceler-
ating voltage of 200 keV. Specimens for TEM were prepared
from deposited films via in situ focused ion-beam lift-out
methods [57] using an FEI Helios Nanolab 600i SEM/FIB
DualBeam workstation. Specimens were ion milled at 2 keV
and 77 pA to remove Ga ion-beam damage and achieve a final
thickness of approximately 80 nm. Structural characterization
was conducted by acquiring selected area electron-diffraction
(SAED) patterns on an FEI Ceta 16M pixel CMOS camera at

TABLE II. Heater set point and resulting substrate temperature
for the two substrates used in this study.

Substrate Heater set Hot Middle Cold
type point (◦C) (◦C) (◦C) (◦C)

EagleXG SiO2 150 150 130 100
EagleXG SiO2 350 400 345 265
EagleXG SiO2 420 450 391 305
pSi(100) 286 410 410 410

FIG. 3. Calculated mixing enthalpy [�Hm(x)] for Al1−xScxN
alloy polymorphs considered in this study.

a camera length of 410 mm. Platinum from the FIB was used
to calibrate the camera constant, allowing SAED reflections to
be accurately measured and indexed. Chemical mapping was
performed in the TEM using the Super-X energy-dispersive
x-ray spectroscopy (EDS) system equipped with four window-
less silicon drift detectors, allowing for high count rates and
chemical sensitivity (down to 0.5–1.0 atomic percent).

III. RESULTS

A. Computation

Thermochemical calculations of the alloy end members and
mixing enthalpies (shown in Fig. 3) predict that wurtzite is the
ground-state structure for AlN and Al-rich Al1−xScxN, while
rocksalt is the ground-state structure for ScN and ScN-rich
materials with a critical composition at x = 0.64 (see Fig. 3).
This is different from the critical composition reported by
Zhang et al. of x = 0.56, where the van der Waals correction
was not employed and energy crossover points were incorrectly
identified. This agrees with the results found by Höglund et al.
[33]. Near this phase transition, the HBN structure—which
is related to the wurtzite structure through a decrease in the
c/a ratio and increase in the internal u parameter—is found
to be very close in energy to that of the wurtzite and rocksalt
structures and becomes degenerate at a composition of x =
0.80. This is reflected in the calculated lattice parameters of
the wurtzite structure shifting towards the lattice parameters
of the HBN structure near this composition (see Fig. 8 and
associated discussion).

The T (x) phase diagram shown in Fig. 4 is constructed
from the free energy of mixing given by�Gm(x) = �Hm(x) −
T �Sm(x). We note that for the reported alloy phase diagram,
the state-of-matter phase transitions from the solid state that
will occur within the plotted temperature range are not included
in this evaluation. However, the scale of metastability deter-
mined using this regular solution model remains correct and
the single-phase alloys achieved at experimentally accessible
temperatures require highly nonequilibrium conditions. The
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FIG. 4. Calculated temperature-composition phase diagram for
Al1−xScxN alloy with spinodal (green) and binodal (black) lines
separating the regions of stability, metastability, and instability.

single-phase alloys grown in this work are achieved at ther-
modynamic conditions deep within the spinodal region (gray
region in Fig. 4). In this region, the single-phase alloys are
thermodynamically unstable towards phase separation into the
end-member compounds and towards composition fluctuations
that increase the composition modulation of the material
(spinodal decomposition). This decomposition pathway has
been experimentally observed by Höglund et al. by annealing
metastable cubic Al0.43Sc0.57N to enhance the decomposition
kinetics. Deng et al. determined the same thing at x = 0.4
and, when deposited with substrate temperatures greater than
400◦ C, this process is observable at x = 0.3 [6].

New perspectives from heterostructural considerations are
needed to understand this behavior as the atomistic mecha-
nisms for these two different decomposition pathways differ
and, therefore, result in different kinetic barriers and metasta-
bilities. At conditions above the binodal line, the alloy is stable
and thermodynamically miscible in a single phase. Between
the binodal and spinodal lines, the alloy is metastable towards
composition fluctuations. The unusual behavior observed in the
phase diagram of the decoupling of the binodal and spinodal
miscibility gap temperatures and discontinuous spinodal line
is in contrast to traditional isostructural alloy diagrams. This
behavior is due to the incommensurate lattices of wurtzite and
rocksalt, which require a reconstructive phase transformation
at the boundary between the two phases, as demonstrated for a
similar wurtzite-rocksalt heterostructure alloy Mn1−xZnxO by
Holder et al. and seen in the Al1−xScxN alloy by Höglund et al.
where the decomposition of metastable wurtzite with x = 0.43
decomposed into two phases near 1100◦ C.

The lattice parameter calculations shown in Fig. 5 are
consistent with results of x-ray diffraction (XRD) and SAED
(see experimental results) and reported structural changes in
other literature [58–60]; however, they contradict the findings
of Höglund et al. [34]. Of particular note is the rapid decrease
in the c/a ratio of the wurtzite structure (and its approach
to the hexagonal boron-nitride c/a ratio) when approaching
the critical composition where the rocksalt structure becomes
the lowest energy. The lattice is calculated to behave with an
alloying-induced expansion similar to the HBN phase below

FIG. 5. Top: Calculated lattice vector ratio c/a for the polymorphs
considered in this study. Zinc blende and rocksalt are both unity
as cubic structures. Wurtzite and hexagonal (referring to the HBN
structure) are seen as compositionally dependent, where wurtzite
trends towards a decreased vector ratio due to a decrease in c and
an increase in a. Bottom: Calculated volume per atom in the wurtzite
and hexagonal phases compared to a linear prediction of Vegard’s
law [61]. In the wurtzite phase, the calculations predict a change in
density which has similar behavior to the HBN Vegard relationship,
resulting in a higher-volume, more-compliant wurtzite phase, finally
densifying and transitioning to the hexagonal lattice in the range of
0.60 < x < 0.80.

the critical composition; above x = 0.64, the rapid densifica-
tion occurs until x = 0.80, i.e., the critical composition for
transition to the HBN structure from the wurtzite phase. This
structural densification occurs with increasing x because the
anisotropic (polar-)covalent bonding of AlN that supports the
larger-volume wurtzite structure is overcome by the isotropic
ionic bonding of ScN that facilitates the close packing of the
denser HBN phase. The crossover in bond character of the alloy
has important ramifications on the predicted electromechanical
properties and design of piezoelectric heterostructural alloys
(vide infra). The volume changes in the lattice explain why the
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FIG. 6. Calculated (bottom) piezoelectric strain coefficient (d33)
resulting from (top) elastic constant (C33) and piezoelectric stress
coefficient (e33) for Al1−xScxN wurtzite and rocksalt structures. The
piezoelectric stress coefficient increases with increased x, with a
maximum corresponding to the wurtzite-to-hexagonal boron-nitride
critical composition. The elastic stress-strain coefficient along the
polar axis has a minimum at the wurtzite-to-rocksalt critical compo-
sition. As a result, the piezoelectric strain has a maximum between
the two critical compositions.

ability to achieve single-phase wurtzite alloys improves under
epitaxial tensile strain, as reported by Žukauskaitė et al.

The incommensurate relationship between the parent struc-
tures results in a substantial amount of lattice frustration
near this phase boundary, and the (energetic) proximity of
the HBN structure results in a relatively flat free-energy
landscape. These two criteria (structural frustration and flat
free energy) have long been seen as desired characteristics in
the search for high-strain piezoelectric materials. The compu-
tationally predicted electromechanical properties for this alloy
system are shown in Fig. 6. The calculated wurtzite d33 value
increases nonlinearly from 5 pC/N at x = 0 to >100 pC/N
above the critical composition from wurtzite to rocksalt. The
structural frustration that arises from scandium substitutions in
combination with the increased number of scandium-nitrogen
bonds causes the lattice to soften C and the piezoelectric stress
coefficient e to increase, resulting in the commonly observed
piezoelectric strain (d) coefficient increase as d = e/C.

FIG. 7. Rocksalt phase fraction as a function of composition and
substrate temperature during film growth. The orange points (left) are
the compositions where the rocksalt phase begins to form. Similarly
the black points (right) indicate the wurtzite phase-disappearance
points. All samples shown are on SiO2 substrates, except the high-
lighted row which is on pSi(100). The structural trend is monotonic,
suggesting that there is no observable influence from substrate effects,
as expected with the amorphous surface of SiO2 and large lattice
mismatch with crystalline silicon.

The C33 elastic constant decreases, which is minimized
near the critical composition for wurtzite to rocksalt, are
attributed to the higher-volume wurtzite structure, while the
piezoelectric stress constant e33 increases with a maximum
corresponding to the wurtzite-to-HBN critical composition.
The results qualitatively agree with previous calculations of
the elastic properties [35,37,62,63] and piezoelectric properties
[35,37], while simultaneously extending the range of alloy
space examined, which is necessary to accurately determine the
decoupled nature of the responses. The results agree with the
observed softening [22,64] and enhanced piezoelectric strain
values [31,65–67] of compositions studied in the literature.
It should be noted that many methods are used in these
measurements and reliable methods are just now being devel-
oped [63,64,68]. The predicted property behavior motivates
the targeting of materials that exhibit this flattened energy
landscape for enabling the decoupled tuning of the material
compliance and piezoelectric properties for different target
applications.

B. Experiment

Figure 7 summarizes the phase fraction analysis carried
out on all sample libraries described in Table I. For substrate
temperatures at or below 400◦ C, films with less than roughly
40% ScN content exhibit a single-phase wurtzite structure,
while those with greater than roughly 65% ScN exhibit a
single-phase rocksalt structure, in agreement with previous
studies [4,67,69,70]. Films of intermediate compositions con-
tain a mixture of both wurtzite and rocksalt phases. At higher
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FIG. 8. Experimental x-ray diffraction profiles for a majority of
the alloying space compared to the end-member peak positions of
AlN [73] and ScN [74]. All films shown were deposited on pSi(100)
with a substrate temperature of approximately 410◦ C.

substrate temperatures, the wurtzite+rocksalt mixed-phase re-
gion expands slightly towards lower ScN alloying levels, sug-
gesting that for these compositions, the single-phase wurtzite
state is kinetically incapable of overcoming the barriers to
phase separation and that with adequate thermal energy and
diffusion time, decomposition would result in a mixture of
wurtzite and rocksalt phases. This is agreement with rapid
thermal annealing (RTA) experiments performed by Wu et al.
but unseen for x = 0.27 by Mayrhofer et al. in short RTA
processes. This explains the early claims that these materials
were thermally stable when annealed at low temperatures [5].
There is no such obvious relationship on the ScN-rich side
of the two-phase region, suggesting either that the rocksalt
phase over these composition regions is more stable or that the
energetic and/or kinetic barriers to decomposition are higher.

Additionally, the phase evolution of thin films deposited on
p-type (100) oriented silicon is in agreement with that observed
on amorphous SiO2 substrates, indicating that these results are
not strongly dependent upon substrate choice. No changes are
observed between films of different thicknesses and similar
compositions, suggesting the film thickness has no impact on
the phase or texture over the thickness range studied here,
although the film thickness is reported elsewhere to have an
effect on film stress [11], which can result in a shift in the
energy landscape not accounted for within this study.

Previous studies [6,15,71,72] have indicated that substrate
temperatures at or near 400◦ C result in the highest film quality
for reactively sputtered Al1−xScxN, so more detailed diffrac-
tion results are shown in Fig. 8 for sample libraries deposited
with a substrate temperature near 400◦ C. AlN with <20%
ScN exhibits a well-defined (00l) texture in which the material
grows with the hexagonal close-packed planes parallel to the
substrate, as described by Xu et al. Between approximately
20% and 40% ScN, the material exists in a single wurtzite
phase, but grows with an increasingly polycrystalline (reduced-
texture) microstructure. Above approximately 40% ScN, both

FIG. 9. Full width at half maximum and position of the wurtzite
(002) peak in χ dimension, equivalent to a traditional ω rocking curve.
The quality of the film texture is limited by the off-normal sputtering
conditions of the combinatorial experiment seen in Fig. 2, and not by
the ScN alloying content. The position of the peak shows a consistent
tilting of the grains from the c-axis normal also linked to the plasma
angle.

wurtzite and rocksalt phases coexist (as shown in Fig. 7), and
the wurtzite phase again exhibits a strong (00l) texture. Above
65% ScN, the films are untextured, single-phase rocksalt.
Over the entire composition range, the peak positions shift
to smaller 2θ values with increased ScN content, indicating
that the larger Sc atoms cause an expansion of the lattice
as they replace smaller Al atoms. The shift of the wurtzite
(010) peak is more dramatic than the shifting of the (002)
peak, indicating a decreased c/a ratio with increased ScN
content. Experimentally observed structural changes agree
with calculations of the increased c/a lattice vector ratio as the
structure expands in the close-packed (100) directions more
than in the (001) direction. This suggests that the structure is
trending towards the HBN structure depicted in Fig. 1, though
no evidence of a complete phase transition to the HBN phase
is observed.

For piezoelectric applications, a strong (002) texture is
desired for Al1−xScxN films. Figure 9 shows the full width at
half maximum (FWHM) results from fits to the 2θ integration
of the wurtzite (002) diffraction peak. The FWHM ranges from
2.5 to 4.5 degrees in χ . The variation in FWHM does not appear
to have a compositional dependence, but rather a dependence
on the sputtering incident angle inherent to the combinatorial
sputtering technique. In addition to the wurtzite (002) peak
broadening quantified by this FWHM, Fig. 9 shows that the
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position of the peak deviates from 90 degrees in χ , indicating
that the crystallographic c axis tilts increasingly away from the
substrate normal with increased incident plasma angle. Thus,
while the overall phase(s) and degree of texture of the films
are driven by composition (and to a lesser extent, substrate
temperature), the quality of the texture, as represented by the
peak widths and alignment with the substrate, is more strongly
related to deposition geometry.

The findings represented in Fig. 4 beg further investigation
into the phase-separation process noted earlier in relation to
Figs. 8 and 9. TEM was therefore employed to investigate
whether the phases identified by XRD at multimicron length
scales are representative of the phases present at submicron
length scales and to provide insight into the film microstruc-
ture. Three compositions were chosen for investigation: 31%
and 35% ScN represented compositions approaching the multi-
phase regions but for which no rocksalt phase was observed by
XRD, and 57% ScN represented the two-phase region where
wurtzite and rocksalt were both well defined in XRD patterns.
Note that all three of these compositions fall under the spinodal
dome of Fig. 4 if considering only the substrate temperature;
however, since reactive sputtering is a highly energetic and
dynamic process, assigning a specific effective temperature
can be misleading.

As seen in Fig. 10, at 31% ScN alloying, a pure wurtzite
structure is observed in selected area electron diffraction
(SAED), with cell volume 6% greater than that of AlN [74],
indicating an expansion of the lattice to accommodate the scan-
dium substitutions. At a slightly higher alloying of 35% ScN,
the wurtzite lattice expands further to 12% larger than AlN, and
a single diffraction spot that could be attributed to the rocksalt
structure is observed via SAED. The position of the rocksalt
diffraction spot shows a rocksalt structure with a volume that
is 6% smaller than the volume of ScN [75,76], suggesting
aluminum incorporation in the rocksalt structure. At 57% ScN
alloying, the wurtzite lattice is essentially unchanged from that
observed for the 35% ScN composition; however, a stronger
intensity is seen for the rocksalt structure.

In addition, a decrease in grain size and texture is observed
across the transition region from single-phase wurtzite to
single-phase rocksalt. This composition is near the transition
where the wurtzite phase disappears altogether. Chemical
mapping of the film cross sections using energy dispersive
x-ray spectroscopy (EDS) shows only the very early stages
of chemical segregation at 31% ScN alloying. Although the
chemical segregation is more pronounced at 35% ScN, the
sample appears to remain structurally homogeneous. With 57%
ScN alloying, the chemical segregation is strongly defined and
corresponds to the observed structural heterogeneity in SAED
and XRD.

The mechanical properties of films prepared for this study
are discussed in detail elsewhere by Wu et al., but it is
worth noting here that the compositional region over which
chemical heterogeneity is observed and which appears to
represent the early stages of phase separation corresponds to
the compositional region in which measured elastic values fall
between the values computed via DFT for pure wurtzite and
pure rocksalt phases of the respective compositions. The TEM
results shown in Fig. 10 confirm that this deviation corresponds
to separation into two distinct phases.

FIG. 10. Transmission electron microscopy selected area electron
diffraction images (left) and corresponding Al1−xScxN film cross
sections with elemental mapping from energy-dispersive x-ray spec-
troscopy (right) at three select compositions, x = 0.31, 0.35, and 0.57
(top to bottom) as determined by the global average of the elemental
mapping of the film. The lowest composition (x = 0.31) shows only
wurtzite. A small diffraction spot (blue arrow) is observed for rocksalt
at x = 0.35; however, it is primarily wurtzite. At x = 0.57, a mix of
both structures is observed.

IV. DISCUSSION

The aluminum nitride-scandium nitride heterostructure al-
loy benefits from the frustration induced by these competing
phases (see Fig. 5 and discussion). As the alloy incorporates
larger scandium 3+ ions in place of smaller 3+ aluminum
ions, the lattice is strained and the unit cell increases in
volume. The scandium ions adopt a fourfold coordination in
the wurtzite structure, increasing the enthalpy of mixing as
seen in Fig. 3. The increase is found to be a minimum for
the wurtzite structure with competing phases of zinc blende
and hexagonal boron nitride at low and mid ScN alloying
concentrations, respectively. The entropy of mixing enables
a solid solution only at very low alloying concentrations
or very high temperatures. More importantly, the flattening
of the collective free-energy landscape leads to a broader
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thermodynamically miscible single-phase region extending
further into alloy space; while not thermodynamically stable,
single-phase materials can be achieved within this composition
space via energetic deposition and kinetic hindrance. The
energy scale of this metastability is shown to be greater than
predicted previously when calculated with the optPDE van
der Waals functional. It is expected that the majority of the
AlN-ScN alloy system is subject to phase separation in the
form of nucleation and growth at grain boundaries [34].

Large mixing enthalpies and alloy interaction parameters
require highly nonequilibrium growth and subsequent kinetic
hindrance to realize solid solutions, as evidenced by the high-
stability temperatures in the phase diagram. The difficulty of
achieving high crystal quality Al1−xScxN alloys with x > 0.2
is explained by this, higher than previously understood, driving
force for phase separation.

The combinatorial study on thin films also suggests that
improved properties are seen in a region of metastability
(Fig. 7), resulting in observed decomposition lines determined
to be at approximately 40% and 65% for the wurtzite and
rocksalt regions, respectively, at 400◦ C or less. The films
exhibit compositional fluctuations and second phase forma-
tion consistent with spinodal decomposition. Combinatorial
synthesis is demonstrated to be a powerful tool for validating
computational insights and exploring the metastability possi-
ble through high-energy deposition processes.

V. CONCLUSIONS

In the case of the Al1−xScxN alloy system, gains in per-
formance are enabled by the energetic similarity of the HBN,
rocksalt, and wurtzite phases where a single competing phase
is insufficient. The kinetics required for the reconstructive
phase transition required for phase separation enable synthesis
of highly metastable materials and leveraging of properties
affected in the process. The increased electromechanical re-

sponse which spurred interest in this system reflects contribu-
tions from both an increase in the intrinsic piezoelectric coeffi-
cients and a decrease in the stiffness components. Decoupling
of the piezoelectric and stiffness modifications to the influence
of the HBN and rocksalt variants, respectively, offers valuable
insight to the structure-property relationships in this emerging
material system.
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