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and mechanical and piezoelectric properties of
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The ongoing search for new piezoelectric materials offering adequate balance between piezoelectric
response and other application-relevant properties has led to the investigation of various alloy systems.
In this work we study the alloy of the widely used AIN with SiC for their relative abundance, current use
in other electronic applications and expected phase competition between wurtzite and other
polymorphs, the likes of which has led to some of the most interesting results notably between AIN and
ScN. Here the pseudo-binary (SiC);_,(AIN), alloy is studied from first-principles over the entire
composition range. Relevant crystalline phases are identified using the first-principles random structure
sampling approach which, in accordance with previous bulk experiments, finds wurtzite, zincblende and
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rhombohedral phases to be the only statistically relevant phases of the alloy. Further study of these
phases is done through special quasirandom structures (SQSs) and, in the case of the wurtzite phase,
predictions of the stiffness, piezoelectric and dielectric tensors. Analysis of these tensors is done through
the scope of a bulk acoustic wave (BAW) filter application, where trends and trade-offs between the
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1 Introduction

Alloying has been a common procedure for improving piezoelectric
materials. Notable examples are the AlN-based alloys." The aim has
mostly been towards increasing the relatively low piezoelectric
constant of the wurtzite AIN phase (ds; ~ 5 pC N ') achieved
through alloying with scandium.>? However, the scarcity of Sc has
greatly increased the demand for alternatives, preferably more
affordable and easily implemented with current fabrication techni-
ques such as complementary metal-oxide semiconductors (CMOS).

In this work the choice of exploring alloys between AIN and
SiC is motivated by several factors. First, this alloy has already
been synthesized both in bulk and thin films.*® SiC is also
readily available, relatively inexpensive, already present in
micro-electro-mechanical systems where it is used for its resis-
tance to harsh conditions specifically at high temperatures. It is
also known for its polymorphism and the phase competition
between different crystalline structures. Phase competition in
AlN-based alloys has been synonymous with significant piezo-
electric property evolution and is thought to be at the origin of
the surprising results of the AlScN alloy.'® Finally, while the
piezoelectric response usually takes the focus of materials
development, other properties such as the speed of sound are
of high importance in applications such as resonators.'"'* The

Colorado School of Mines, Golden, CO 80401, USA. E-mail: vstevano@mines.edu

This journal is © The Royal Society of Chemistry 2026

c-axis acoustic velocity and piezoelectric response enable identification of relevant compositions.

choice of SiC is thus also driven by its high acoustic speed?
and its potentially beneficial transfer into the alloy.

This work presents a study of the pseudo-binary alloy
(SiC);_4(AIN), through several steps in the following order:
(i) identification of relevant phases and phase competition analysis,
(ii) mechanical property calculations for the most relevant phase,
(iii) comparison with experimental data, and finally, (iv) the
analysis of the calculated electro-mechanical properties. To identify
the statistically relevant phases of the alloy we perform first-
principles random structure sampling (FPRSS), which consists of
the generation of a large sample of random structures and their
subsequent first-principles relaxations to the closest local minima
on the potential energy surface (PES) of the system. It has been
shown'*" that the frequencies of occurrence of various structure-
types in the random samplings can be used to predict the like-
lihood for experimental realizations of identified phases. The
FPRSS was successfully used to reproduce known polymorphism
in crystalline systems,'*™° create structural models for amorphous
phases'”'® and to elucidate polymorphism-linked phenomena in
thin-films."**°

Using FPRSS in this work, for three different alloy composi-
tions (x = 0.25, 0.5, 0.75) we have identified wurtzite, zincblende
and rhombohedral as the three energetically and statistically
relevant phases, more likely than others to be experimentally
realized. The special quasirandom structures (SQS)*' used to
approximate the random alloy provided the bases for the
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subsequent phase competition analysis, results of which reveal the
wurtzite phase as the thermodynamically most stable phase in
accordance with experimental results. Finally, the stiffness, piezo-
electric and dielectric tensors are evaluated for the wurtzite phase
across the entire composition range. From these tensors we obtain
the chemical trends in the c-axis speed of sound and piezoelectric
response as well as in the electromechanical coupling coefficient.
These properties are of specific interest for BAW filters and allow
the identification of the compositions having the optimal combi-
nation of the piezoelectric properties and the speed of sound.

2 Methods

2.1 First-principles random structure sampling

The creation of the random structures of a given size (number
of atoms) and a given chemical composition is done through
the following three steps: (i) a random cell is created with
random lattice parameters (a, b, ¢, o, f, y), (ii) atoms are
distributed within the cell with an algorithm designed for
distribution homogeneity, and also favoring cation-anion coor-
dination in relevant cases, and (iii) first-principles relaxation of
the structures to the closest local minimum.*

In the relaxations, a standard first-principles setup is employed.
The electron—electron interactions are treated using the PBE*
exchange-correlation functional and the projector augmented
wave (PAW)** method as implemented in the VASP computer
code.”® The automatic generation of the I'-centered k-point grid
is employed with an R; value of 20. All degrees of freedom,
including volume, cell shape and atomic positions, are relaxed
using the conjugate gradient algorithm.*® Volume and cell-shape
relaxations are restarted at least four times for the real-space grid
to be re-created. Structural relaxations are considered converged
when the maximal force on any atom gets below 0.02 eV A™*, the
total energy falls below 10~® eV and the hydrostatic pressure drops
below 0.5 kbar. The obtained structures are understood to be
dynamically stable in the majority of cases, as per previous work by
Jankousky et al.,'® with additionally the high symmetry phases of
interest in the later part of this work shown to be proper local
minima with high transformation barriers.

Following this procedure, the potential energy surface of the
system is probed at three different compositions (x = 0.25, 0.5,
0.75) where ~5000 random structures are generated and relaxed
at each composition for a total of ~15000 structures. The
structures used here contain 24 atoms, per previous FPRSS size
dependence studies™>"®*° which offers a good balance between
capturing statistically and energetically relevant phases and the
computational cost. The three chosen compositions offer integer
number of atoms within each structure while allowing for a
symmetric sampling of the compositional range. To obtain accu-
rate statistics (frequencies of occurrence), one must sort relaxed
random structures into groups with the same structure-type.

Because of the possible Al-Si disorder present in different
structures, the grouping is done based on the symmetry (the
space-group number) of the underlying structure and the local
first-shell coordination. The symmetry of the underlying (parent)
crystal structure is obtained by labeling all cations with the same
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label and using the spglib library*” with a tolerance of 0.6 A. The
first-shell coordination is obtained using the same spatial toler-
ance and a count tolerance of 0.1. For the more frequently
occurring groups, further confirmation of the symmetry of the
structures was done by analyses of simulated powder XRD spectra
as well as a visual inspection. Any structures that would indicate a
possible phase separation would most often be classified as low
symmetry space groups (<10).

2.2 Special quasirandom structures (SQS)

In order to approximate the occupation disorder expected in
random alloys, atomic distributions over the cation and anion
sublattices are obtained using the Monte Carlo special quasir-
andom structures (MC-SQS) program as implemented in the
ATAT package.”® These structures are created with 128 atoms
for the wurtzite or rocksalt phases and 144 atoms for the
rhombohedral phase (see Fig. 1). A step in composition of
Ax =0.125 is used for each phase to sample the whole composition
range of the alloy. For the Monte Carlo procedure, clusters are
considered up to the 5th neighbor for the pair interactions and up
to the 3rd neighbor for the three-body interactions.

The procedure is carried out four times for each instance
with only the best three structures retained. These three
structures are then relaxed through a similar DFT procedure
as that used for the FPRSS structures with a stricter total energy
convergence criterion of 107'° eV, to facilitate the subsequent
mechanical properties calculations.

While the SQSs are created with a specific symmetry, noth-
ing guarantees that it will be conserved throughout their
relaxation. In that regard, the symmetry of the SQSs is deter-
mined again after relaxation following a procedure similar to
that used for FPRSS structures.

Fig. 1 An example of a 128 atom (SiC)g 125(AlN)g 875 SQS relaxed using the
first-principles methods described in Section 2. Light blue, blue, white and
brown spheres represent Al, Si, N and C atoms, respectively.

This journal is © The Royal Society of Chemistry 2026
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2.3 Mechanical properties calculations

Relevant mechanical properties are calculated using VASP with
similar parameters than the ones used in the previous Section 2.2.
The stiffness tensor is obtained through strain finite differences
with the default step of 0.015 A while the piezoelectric tensor is
calculated from density functional perturbation theory (DFPT).
The isotropic Young’s modulus and the isotropic Poisson’s
ratio are used for comparison with experimental measurements
on bulk. These isotropic properties are obtained from the
stiffness tensor through the Voigt and Reuss averages (upper
and lower bounds) of the bulk modulus By and Bg and the

shear modulus Gy and Gz>°° with:
9By = Cyq + Cyp + C33 + 2(Cyp + Caz + C3y), (1)
1
B_:Sll + 82 + 833 + 2(Si2 + Sa3 + S31), (2)
R

15Gy = Cy1 + Cap + C33 — Cyp — Co3 — C3q + 3(Cyq + Cs5 + Ceg),

(3)
15
Gr 4(S11 + S + S33 — Si2 — S23 — S31) + 3(Sas + Ss5 + See),
(4)

where, the S, are components of the compliance tensor $ =C . In
the above equations the stiffness tensor is represented by a 6 x 6
matrix through the Voigt notation such that xx — 1,yy — 2,2z — 3,
yz — 4,x2 — 5,xy — 6. In this representation the stiffness tensor C
has components C,4(a,f = 1,...,6). The isotropic Young’s modulus E
and the isotropic Poisson’s ratio v are then obtained from:

__ 3Bvru — 2Gvru

v=—————— FE=3B 1 - 2V7 5
6Bvru + 2GvrH v ) ©)

Bv + Br Gy + Gr
2
between the high and low bounds named the Voigt-Reuss-Hill

averages.

where Byry = and Gvyry = are averages
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The speed of sound along any unit vector n = (n5,n,,13) is
obtained by solving the Christoffel eigenvalue equation,*"

Z [(Z nkCi/d,-m) — pvzéij} 5;=0

ij ki

(6)

where i, j, k, [ indices run over the three Cartesian directions,
Cixj is a 4-index element of the stiffness tensor, v = |v| is the
norm of the phase velocity of the monochromatic plane wave
polarized along s = (sy, s, s;) direction. Solving this eigenvalue
equation offers three solutions two of them corresponding
to transversal modes while the third corresponds to the long-
itudinal one; the eigenvectors corresponding to the polariza-
tion direction and the eigenvalue to the associated velocities.

The piezoelectric stress tensor e is a 3 x 6 matrix that follows
the same Voigt notation as the stiffness tensor.

el e ez ey es e
e=| ey exn exn ey exs ex (7)
e31 exn e eyw e ey

While calculations performed here return the piezoelectric
stress tensor e, the experimentally reported piezoelectric strain
tensor d can be obtained through the compliance tensor S.*”

6
dip =Y exSip. (®)
y=1

3 Results

3.1 FPRSS identification of relevant phases

Identification of the relevant phases of the (SiC); _,(AIN), alloy is
done by performing FPRSS at three specific compositions x = 0.25,
0.50, 0.75. The resulting space-group-resolved thermodynamic
density of states (TDOS) are presented in Fig. 2. Similar structures
are grouped together and referred to by the space group number of
the underlying/parent structure as described in Section 2.1.
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Fig. 2 Space group resolved thermodynamic density of states of the (SiC);_,(AIN), alloy for x = 0.25, 0.50 and 0.75. Each plot is derived from ~5000
structures obtained from random structure sampling. Groups of structures with the same underlying/parent structure (see Section 2.1 for details) are
designated by their parent-structure space group numbers and are ordered in ascending (minimal) total energy in each legend. For clarity low symmetry
structures (space group # < 10) have been grouped together. For better visualization, a Gaussian broadening of 0.005 eV has been applied to the data.

This journal is © The Royal Society of Chemistry 2026
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When analyzing the TDOSs in the three different compositions,
one can observe two distinct regions. A low energy region, from
0.0 eV to ~0.3 eV per atom, where the high symmetry structures
dominate, and a high energy region, centered around ~ 0.5-0.6 eV
per atom, dominated by the low symmetry structures. One can
associate the high symmetry structures with different crystalline
phases of the two parent compounds, while the low symmetry
structures (s.g. # < 10) collectively can be thought of as represent-
ing the amorphous phase of the system."”'®

The noticeable energy difference between the high-symmetry
structures and the amorphous phase is an indication of the
system’s preference to crystallize rather than grow amorphous.
This conclusion is supported by previous studies of both crystal-
line phases®® and amorphous systems,'®** where the presence of
relatively large energy separation between low-energy, high-
symmetry (ordered) phases and low-symmetry states has been
associated with a system favoring high symmetry crystalline
phases. This can be further supported by estimating the thermal
energy per atom at the upper bound of the melting point of the
alloy, Ty(x) = (1 — x) X Tm(SiC) + x x Ty(AIN) denoted in Fig. 2 by
the vertical dashed lines. Considering the system under some
processing conditions at temperatures close to Ty, structures far
above the dashed lines (the majority of the low-symmetry ones)
would not be easily accessible. This is in contrast to the high-
symmetry structures presenting energies per atom lower than the
expected kinetic energy of the system at that point, thus further
demonstrating the preference of the system to crystallize.

Upon closer inspection of the low energy region of each plot
in Fig. 2 the lowest energy structure groups are consistently
those with space group numbers #186, #216 and #160, that is,
those with the underlying wurtzite, zincblende, and rhombohe-
dral symmetry, respectively.

In addition to their low energies, as shown in Table 1, these
three groups are always the most represented (the most frequently
occurring) in the FPRSS, except for the #186 structures at 25% AIN.
The combination of these two arguments leads to the conclusion
that experimental growth of the three different compositions
studied here will most likely crystallize in one of the three phases
identified (hexagonal #186, cubic #216, rhombohedral #160). This
conclusion is in accordance with previous experimental results in
growing both bulk and films of (SiC);_(AIN), alloys.»>°

3.2 Mixing thermodynamics from SQS

Once the relevant phases are identified, the special quasiran-
dom structures (SQSs) are generated for all three phases over a
spectrum of compositions. Using SQS to model properties of a

Table 1 Frequency of occurrence of high symmetry structures in the
random structure sampling over different %AIN stoichiometry. High-
symmetry structure groups not present in this table appear significantly
less than the 3 groups presented here

25% AIN 50% AIN 75% AIN
1186 (Wurtzite) 1 10 35
#216 (Zincblende) 11 10 20
#160 (Rhombo.) 9 11 33
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random alloy is more practical than the averaging over the
structures obtained by the FPRSS. While the two methods are
shown to produce very similar results,* converging ensemble
averages is much more computationally demanding in compar-
ison to the phase identification. Hence in this work the FPRSS
is used to identify the relevant phases and the tendency for
crystallization, whereas the SQSs are employed to evaluate
relevant properties of a random alloy.

Large supercells reproducing the occupation-disorder of the
(SiC),_«(AIN), alloys are created through the SQS procedure as
detailed in Section 2.2. The results presented in this section are
averages over the three SQSs obtained at each instance. Unless
indicated otherwise, the deviation between the three SQSs was
found to be negligible, showcasing a good overall approxi-
mation of a random alloy.

Fig. 3 shows density (upper) and mixing enthalpy (lower)
results. In the former, one can note a similar bowing of all three
phases. While there is no physical reason to expect a linear
evolution of the density or the lattice parameters, it is always
interesting to notice departure from the empirical Vegard’s law.
In experiments, downward bowing of the density or lattice
parameters appears in some instances®® and not in others.®
The values of the density however, when compared to our
results, do not go beyond 2%, which when brought back to
linear dimensions (1%) is within the expected error from the
PBE functional (1-2%).>

In the lower plot, the mixing enthalpies are calculated
relative to the wurtzite and the zincblende ground states of
AIN and SiC, respectively. Here the wurtzite phase is favored at
most compositions, with significant competition between
phases only appearing for SiC-rich compositions x < 0.25. This
corroborates experimental results where the wurtzite phase of
the (SiC), _(AIN), alloy is attainable at virtually any composition
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Fig. 3 Density and mixing enthalpy evolution over the entire range of the

pseudo-binary (SiC);_,(AIN), alloy using 128 atoms SQSs in both wurtzite

(orange) and zincblende (blue) phases and 144 atoms SQSs for the 9R

phase.
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and dominates at most of them (x > 0.2).*° These experimental
results also show the importance of the growth parameters on
the resulting alloy phase, supporting the predicted relatively
tight thermodynamic competition between phases.

3.3 Mechanical properties of the wurtzite phase

Compared to the other two phases of the alloy, the wurtzite phase
not only prevails thermodynamically but also presents important
piezoelectric properties, the likes of which have been of great
interest in multiple applications for both pure compounds
(AIN,*°78 5iC?*%), In that regard, the rest of this work will focus
solely on the wurtzite phase and its mechanical properties.

X-ray diffraction (XRD) data are simulated for all wurtzite
SQS structures. The (100) and (002) peak positions are used to
derive the wurtzite lattice parameters following the procedure
from the experimental data®® used for comparison in the left
panels of Fig. 4. The lattice parameters of the SQSs behave
similarly to experimental results throughout the different compo-
sitions. The apparent absolute value discrepancy is still within the
expected error from the PBE functional and is consistent with the
linear dimension uncertainty obtained from the density (1%).
Similarly, it is interesting to correlate the bowing of the density
from Fig. 3 to the uncoupled bowing of the lattice parameters
seen here.

The isotropic Young’s modulus and Poisson’s ratio are pre-
sented in the right panels of Fig. 4 alongside experimental results
from ref. 6 and 8. These quantities are obtained from the stiffness
tensor following the procedure presented in Section 2. As
observed in the plots, both the Poisson’s ratio and Young’s
modulus show very good agreement between the computational
results and experiments, where once again, the non-linear trends
are reproduced between the two. Quantitatively the Poisson’s
ratio data are in excellent concordance, while the Young’s
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4 = 450 = Exp.l
3.12F ’ B § - ¢+ Exp.2
3400 * 8
= E ¢
< L] k]
© 3.10F { 2 k
’ . » 350 5 s
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> g~ wenl
3.08F . el , , 6oy
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Fig. 4 Evolution of lattice parameters a and ¢ as well as the isotropic
Young's modulus and Poisson’s ratio of the wurtzite phase of the pseudo-
binary (SiC);_,(AIN), alloy over compositions. Experimental data taken from
Lubis et al.® and Rafaniello et al.®
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modulus results show more variations with a relative difference
of at most 8% which is still within the expected error of 11% for
similar mechanical material moduli obtained from the PBE
functional.*®

Overall, the agreement between the computed and experi-
mental data shown in Fig. 4 demonstrates the reliability of the
theoretical methodology used to model the pseudo-binary
wurtzite alloy (SiC);_,(AIN), and warrants confidence in the
subsequent quantities presented in this work.

As a platform for discussion, further analyses and calcula-
tions are aimed towards properties relevant to the use of
piezoelectric materials in bulk acoustic wave (BAW) filters. In
that context we present in Fig. 5 results for the longitudinal
speed of sound v, (green), the piezoelectric strain constant ds;
(blue) and the electromechanical coupling coefficient k337, all of
which are taken along the ¢ direction of the wurtzite lattice, see
Section 2 for definitions. The electromechanical coupling coef-
ficient presented here is defined as>*!

PESI 9
BT el ey ©)
where ¢33 is a component of the total dielectric tensor ¢ while
C;; and ez; are components respectively of the stiffness and
piezoelectric stress tensor. In the plot each point corresponds
to an average between the calculated values of 3 different SQSs
generated at that chemical composition while the error bars
show maximum and minimum values of the sample. For pure
compounds presenting no occupational disorder, a single
structure is used in those cases and one can already notice
the adequate reproduction of the presented properties for AIN
(V133 =~ 10500 m s~ (ref. 3) and ds3 ~ 5.5 pC N~ " (ref. 42)).

4 Discussion

The properties presented in Fig. 5 are of particular interest for
applications in bulk acoustic wave (BAW) filters, which initially
gained interest in the early 2000s,*® where the acoustic resona-
tors were based on an AIN piezoelectric layer. Improvements to
these filters were achieved in part through modifications of the
piezoelectric material, a domain that saw a significant push
from the 2010s onward with the introduction of the AlScN
alloy** and its large increase in the piezoelectric response.
Improvement of the piezoelectric layer has generally two
routes, the first one is to improve the piezoelectric response of
the material which will improve several parameters such as
broadening the bandwidth or increasing the efficiency of the
filter, as can be seen from eqn (9). On the other hand one can
improve the speed of sound in the piezoelectric material which
will lead to higher working frequencies for the filter, allow for
thicker films and lower the acoustic loss. These two approaches
are usually understood as mutually exclusive, since the piezo-
electricity is understood as benefiting from a more “malleable”
material where atoms can more easily move and create
dipoles** while on the other hand acoustic velocities are under-
stood to take advantage of more “stiff” materials with more
correlated interatomic displacements. The equations presented

J. Mater. Chem. C
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Fig. 5 Composition dependence of the longitudinal speed of sound along the c-axis (in green) and of the piezoelectric strain constant dss as defined in
Section 2.3 (in blue) for the wurtzite pseudo-binary alloy (SiC);_(AIN),. The inset shows the evolution of the electromechanical coupling coefficient ksz2.
Error bars show maximal and minimal values of the sample while markers are averages. Complete stiffness, piezoelectric stress and dielectric tensors can

be found in the SI.

in Section 2 can further be approximated to also reveal this
inverse relationship where the speed of sound can be v3; ~

v/C33/p and the piezoelectric strain response dz; X €33/Cs;.
Here the presence of the stiffness tensor coefficient C3;; on
different sides of the fraction clearly shows the opposition
between these two properties.

The curves in Fig. 5 support this understanding, where ds;
and vy 33 clearly have an inverse relationship. The choice of the
composition will then be dependent on the desired improvement
to AIN. A small increase in the piezoelectric response can be
obtained by introducing small amounts of SiC in AIN (x = 0.875).
Conversely, going to x = 0.500, the speed of sound increases by
about 5% but that lowers the piezoelectric response by about
40%. Simultaneously, the efficiency of the material measured by
ks3> diminishes for x < 0.875 compositions. As indicated the
variations in these different properties will open choices in
optimizations of the material stoichiometry for applications but
will largely be limited by the evolution of the k;;> parameter.

0.3821 1
0.3801 1

0.3781 1

Internal parameter u

0.376f 1

0.00 0.25 0.50 0.75 1.00
Composition x (SiC); — x(AIN)

Fig. 6 Evolution of the wurtzite internal parameter u of the pseudo-
binary (SiC);_x(AIN), alloy over compositions.
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Trying to elucidate a microscopic origin to these trends,
Fig. 6 presents the evolution of the wurtzite internal parameter
throughout the composition range. From the slight increase in
u at x = 0.875 we can understand that small incorporation of SiC
in AIN initially distorts the wurtzite. Similar distortions have
been reported in other AlN-alloys'®*® and related to greater
atomic displacement and increase of the piezoelectricity. How-
ever the distortion is here on a smaller scale and further
incorporation of SiC lowers the u value bringing the wurtzite
structure closer to its pristine state. This lowering of the
distortion accompanied with the lower bond polarity of SiC
can explain the fall in the piezoelectric properties of the alloy.

5 Conclusion

In this work we presented a first-principles study of the pseudo-
binary (SiC);_.(AIN), alloy. First we performed first-principles
random structure sampling (FPRSS) at select compositions in
order to get an understanding of the relevant phases of the alloy.
Waurtzite, zincblende and rhombohedral (9R) were found to be the
three phases of importance as in previous bulk material results.
We continued by creating large cells (128 or 144 atoms) through
the use of SQSs which after DFT-PBE relaxation offered an analysis
of the enthalpy of mixing competition between them. The wurtzite
phase was shown to either be prevailing (x > 0.25) or not
significantly higher than the other phases. Stiffness, piezoelectric
response and dielectric tensors of all the wurtzite structures were
then calculated in order to obtain properties relevant to the BAW
filter application. The data show the known inverse relation
between the piezoelectric strain d; and the acoustic velocity v,
with an interesting peak of the former for x = 0.875 and an overall
downward bowing of the latter, allowing for different optimization
of the piezoelectric material with regards to the BAW filter

This journal is © The Royal Society of Chemistry 2026
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application. The complete tensor data is also made available,
enabling further property calculation for other MEMS applications
or as parameters for lower theory level simulations.
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