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The ongoing search for new piezoelectric materials offering adequate balance between piezoelectric
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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 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 c-axis acoustic velocity and piezoelectric response enable identification

of relevant compositions.

1 Introduction

Alloying has been a common procedure for improving piezo-
electric materials. Notable examples are the AIN-based alloys'L.
The aim has mostly been towards increasing the relatively low
piezoelectric constant of the wurtzite AIN phase (d33 ~ 5 pC/N)
achieved through alloying with scandium?3., However, the
scarcity of Sc has greatly increased the demand for alternatives,
preferably more affordable and easily implemented with current
fabrication techniques such as complementary metal-oxide semi-
conductors (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 films4"?. SiC is also readily
available, relatively inexpensive, already present in micro-electro-
mechanical systems where it is used for its resistance 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 AIN-based alloys has
been synonymous with significant piezoelectric property evolu-
tion and is thought to be at the origin of the surprising results of
the AlScN alloy'?. Finally, while the piezoelectric response usu-
ally takes the focus of materials development, other properties
such as the speed of sound are of high importance in applications
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such as resonators 112, The 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);_,(AIN), through several steps in the following order: (i)
identification of relevant phases and phase competition analy-
sis, (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 con-
sists of the generation of a large sample of random structures
and their subsequent first-principles relaxations to the closest lo-
cal minima on the potential energy surface (PES) of the system.
It has been shown 1415 that the frequencies of occurrence of
various structure-types in the random samplings can be used to
predict the likelihood for experimental realizations of identified
phases. The FPRSS was successfully used to reproduce known
polymorphism in crystalline systemsI#1€ create structural mod-
els for amorphous phasesiZ18 and to elucidate polymorphism-
linked phenomena in thin-films12/20,

Using FPRSS in this work, for three different alloy compositions
(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
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special quasirandom structures (SQS)%! used to approximate the
random alloy provided the bases for the subsequent phase com-
petition analysis, results of which reveal the wurtzite phase as
the thermodynamically most stable phase in accordance with ex-
perimental results. Finally, the stiffness, piezoelectric and dielec-
tric 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 prop-
erties are of specific interest for BAW filters and allow the iden-
tification of the compositions having the optimal combination 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 fol-
lowing three steps: (i) a random cell is created with random lat-
tice parameters (a,b,c,a,B,7), (i) atoms are distributed within
the cell with an algorithm designed for distribution homogeneity,
and also favoring cation-anion coordination in relevant cases, and
(iii) first-principles relaxation of the structures to the closest local

minimum®22,

In the relaxations, a standard first-principles setup is employed.
The electron-electron interactions are treated using the PBE23
exchange-correlation functional and the projector augmented
wave (PAW)24 method as implemented in the VASP computer
code??. The automatic generation of the I'-centered k-point grid
is employed with an Ry value of 20. All degrees of freedom, in-
cluding volume, cell shape and atomic positions, are relaxed us-
ing the conjugate gradient algorithm2®, 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 107° 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.1®, 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 studies121920 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 sym-
metric sampling of the compositional range. To obtain accurate
statistics (frequencies of occurrence), one must sort relaxed ran-
dom structures into groups with the same structure-type.

Because of the possible Al-Si disorder present in different struc-
tures, the grouping is done based on the symmetry (the space-
group number) of the underlying structure and the local first-shell
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Fig. 1 An example of a 128 atom (SiC).125(AIN)o 875 SQS relaxed using
the first-principles methods described in Section Light blue, blue, white
and brown spheres represent Al, Si, N and C atoms, respectively.

coordination. The symmetry of the underlying (parent) crystal
structure is obtained by labeling all cations with the same label
and using the spglib library2Z with a tolerance of 0.6 A. The first-
shell coordination is obtained using the same spatial tolerance
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 ran-
dom alloys, atomic distributions over the cation and anion sub-
lattices are obtained using the Monte Carlo special quasirandom
structures (MC-SQS) program as implemented in the ATAT pack-
age?8.  These structures are created with 128 atoms for the
wurtzite or rocksalt phases and 144 atoms for the rhombohedral
phase (see Fig.[I). 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 cri-
terion of 10719 eV, to facilitate the subsequent mechanical prop-
erties calculations.

While the SQSs are created with a specific symmetry, nothing
guarantees that it will be conserved throughout their relaxation.
In that regard, the symmetry of the SQSs is determined again
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after relaxation following a procedure similar to that used for
FPRSS structures.

2.3 Mechanical properties calculations

Relevant mechanical properties are calculated using VASP with
similar parameters to the ones used in the previous Section2.2]
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 ra-
tio 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 Gg 221300 ith:

9By = Ci1+Con+C33+2(C1a +C3+C31), €8]
1
E:S”+522+S33+2(S12+S23+S31)7 (2)

I15Gy = C11 +Cpp +C33 —C1p —Co3 — C31+

+3(Ca4+Cs5+Ces) , ®)]

15
Gr 4(S11+S2+8533 =812 — 823 —S31) +

+3(S44 +S55 4 Se6) » 4

where, the S5 are components of the compliance tensor S = cL
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, zz— 3,
yz— 4, xz— 5, xy — 6. In this representation the stiffness tensor C
has components Cyg(a, 8 = 1,...,6). The isotropic Young’s mod-

ulus E and the isotropic Poisson’s ratio v are then obtained from:

_ 3Byra —2GygH

= E =3B 1-2v 5
6By gy +2GyrH vei ( ), (%)

where Byry = L*Z'BR and Gyry = % are averages between
the high and low bounds named the Voigt-Reuss-Hill averages.

The speed of sound along any unit vector n = (ny,ny,n3) is ob-

tained by solving the Christoffel eigenvalue equation®L,

Y [(ancikljnl> - PV251',] 5j=0 (6)
ij |\ K

where i, j, k,I indices run over the three cartesian directions, Cy;
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 = (s,,sy,s;) direction. Solving this eigenvalue equation
offers three solutions two of them corresponding to transversal
modes while the third corresponds to the longitudinal one; the
eigenvectors corresponding to the polarization direction and the
eigenvalue to the associated velocities.

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

el e €3 ey €5 eig
e= |ey exn ex3 eu es ex|- )
e31 ex  e33 ey e3s e

While calculations performed here return the piezoelectric stress
tensor e, the experimentally reported piezoelectric strain tensor d
can be obtained through the compliance tensor $52.

6
y=1

3 Results

3.1 FPRSS identification of relevant phases

Identification of the relevant phases of the (SiC);_,(AIN), al-
loy is done by performing FPRSS at three specific compositions
x = 0.25,0.50,0.75. The resulting space-group-resolved thermo-
dynamic density of states (TDOS) are presented in Fig. [2| Simi-
lar structures are grouped together and referred to by the space
group number of the underlying/parent structure as described in
Section[2.]

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/atom, where the high symmetry structures
dominate, and a high energy region, centered around ~ 0.5 —0.6
eV/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 repre-
senting the amorphous phase of the system1718.

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 crys-
talline phases?? and amorphous systems1823, where the pres-
ence 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 ther-
mal energy per atom at the upper bound of the melting point of
the alloy, Ty (x) = (1 —x) * Ty (SiC) + x* Tys (AIN) denoted in Fig.
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 rhombohedral sym-
metry, respectively.

In addition to their low energies, as shown in Table [1} these
three groups are always the most represented (the most fre-
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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 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.

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
#186 (Wurtzite) 1 10 35
#216 (Zincblende) 11 10 20
#160 (Rhombo.) 9 11 33

quently 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, rhombohe-
dral #160). This conclusion is in accordance with previous exper-
imental results in growing both bulk and films of (SiC);_,(AIN),
alloys =212,

3.2 Mixing thermodynamics from SQS
Once the relevant phases are identified, the special quasirandom
structures (SQSs) are generated for all three phases over a spec-
trum of compositions. Using SQS to model properties of a ran-
dom alloy is more practical than the averaging over the struc-
tures obtained by the FPRSS. While the two methods are shown
to produce very similar results®#, converging ensemble averages
is much more computationally demanding in comparison 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 The results presented in this section are

4] Journal Name, [year], [vol.], 1

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 approximation
of a random alloy.

Fig. [3| shows density (upper) and mixing enthalpy (lower) re-
sults. In the former, one can note a similar bowing of all three
phases. While there is no physical reason to expect a linear evo-
lution of the density or the lattice parameters, it is always inter-
esting to notice departure from the empirical Vegard’s Law. In
experiments, downward bowing of the density or lattice parame-
ters appears in some instances @
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%)=2.

and not in others®. The values

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 compo-
sitions, with significant competition between phases only appear-
ing for SiC-rich compositions x < 0.25. This corroborates exper-
imental results where the wurtzite phase of the (SiC);_,(AIN),
alloy is attainable at virtually any composition and dominates at
most of them (x > 0.2)4"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 im-
portant piezoelectric properties, the likes of which have been of
great interest in multiple applications for both pure compounds
(AINB6-38] gicB9H0y I that regard, the rest of this work will
focus solely on the wurtzite phase and its mechanical properties.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00220j

Page 50f 9

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

_ Wurtzite mmm Zinc-blende s 9R
@ 3.20 el
IS .
& F
= L
a 3.18 N /::;, -
> L \:¢::\ /;,:4,
= S3ga.
£ 3161 S, e 4
[J] “@-Szg---@-------0""" ____ o7
[a] t TSs@oooooooo@eIiio--- A
| | | Il Il | | | |
T T T T T T T T T T T T T T T T T
L P
S-S X
0.4+ - B
L ENCY
303F RN 1
§
3 t ‘
x0.2F | b
£ y
T L y
J N\
01 / -
/ |
0.0/

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000
Composition x (SiC)1 — x(AIN)x

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 zinc blende (blue) phases and 144 atoms SQSs for
the 9R phase.
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Young's modulus and Poisson’s ratio of the wurtzite phase of the pseudo-
binary (SiC);_x(AIN), alloy over compositions. Experimental data taken
from Lubis et al.© and Rafaniello et al.l.
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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. The lattice parameters of the SQSs behave similarly to
experimental results throughout the different compositions. 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.
to the uncoupled bowing of the lattice parameters seen here.

The isotropic Young’s modulus and Poisson’s ratio are presented
in the right panels of Fig. [4] alongside experimental results from
Refs.®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 experi-
ments, 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 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 experimen-
tal data shown in Fig. [4] demonstrates the reliability of the the-
oretical 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 calculations
are aimed towards properties relevant to the use of piezoelectric
materials in bulk acoustic wave (BAW) filters.
we present in Fig. [5| results for the longitudinal speed of sound
vy, (green), the piezoelectric strain constant ds3 (blue) and the
electromechanical coupling coefficient k3;, all of which are taken
along the ¢ direction of the wurtzite lattice, see Section [2] for
definitions. The electromechanical coupling coefficient presented
here is defined as’41

In that context

By= 2, ©)

where &33 is a component of the total dielectric tensor € while Cs3
and e33 are components respectively of the stiffness and piezo-
electric stress tensor. In the plot each point corresponds to an av-
erage 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 present-
ing no occupational disorder, a single structure is used and one
can already notice the adequate reproduction of the presented
properties for AIN (v, 33 ~ 10500 m/s* and ds3 ~ 5.5pC/N“2).

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%2, where the acoustic res-
onators were based on an AIN piezoelectric layer. Improvements
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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 ds3 as defined in
Section (in blue) for the wurtzite pseudo-binary alloy (SiC);_x(AIN),. The inset shows the evolution of the electromechanical coupling coefficient
k§3. 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 Supplementary Information
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Fig. 6 Evolution of the wurtzite internal parameter u of the pseudo-
binary (SiC);_x(AIN); alloy over compositions.

to these filters were achieved in part through modifications of the
piezoelectric material, a domain that saw significant push from
the 2010s onward with the introduction of the AlScN alloy®2 and
its large increase of 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 broad-
ening the bandwidth or increasing the efficiency of the filter, as
can be seen from Eq[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 piezoelectricity is un-
derstood as benefiting from a more “malleable” material where
atoms can more easily move and create dipoles** while on the
other hand acoustic velocities are understood to take advantage
of more “stiff” materials with more correlated interatomic dis-

6| Journal Name, [year], [vol.], 1

placements. The equations presented in Section [2| can further be
approximated to also reveal this inverse relationship where the
speed of sound can be v33 = \/C33/p and the piezoelectric strain
response di3 ~ e33/Cs3. Here the presence of the stiffness tensor
coefficient C33 on different sides of the fraction clearly shows the
opposition between these two properties.

The curves in Fig. |5|support this understanding, where d33 and
v; 33 clearly have an inverse relationship. The choice of the com-
position will then be dependent on the desired improvement to
AIN. A small increase in the piezoelectric response can be ob-
tained 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 k§3 di-
minishes 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.

Trying to elucidate a microscopic origin to these trends, Fig-
ure [6] presents the evolution of the wurtzite internal parameter
throughout the composition range. From the slight increase of u
at x = 0.875 we can understand that small incorporation of SiC in
AN initially distorts the wurtzite. Similar distortions have been
reported in other AlN-alloys1%42 and related to greater atomic
displacement and increase of the piezoelectricity. However 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 of the piezo-
electric properties of the alloy.
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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 or-
der to get an understanding of the relevant phases of the alloy.
Wurtzite, zincblende and rhombohedral (9R) were found to be
the three phases of importance as in previous bulk material re-
sults. 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, piezo-
electric response and dielectric tensors of all the wurtzite struc-
tures 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 d33 and the acoustic ve-
locity v;, with an interesting peak of the former for x = 0.875
and an overall downward bowing of the latter, allowing for dif-
ferent optimization of the piezoelectric material with regards to
the BAW filter 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.

Data availability

The data that support the findings of this study are available in the
published manuscript and its supporting information. Moreover,
additional information and results are available from the authors
upon reasonable request.
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