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ABSTRACT

Balancing the piezoelectric stress coefficient (e33) and the elastic constant (C33) of AlN-based materials is challenging but crucial for its
application in bulk acoustic wave resonators. In this work, via first-principles calculations, we demonstrate that e33 and C33 can be simulta-
neously enhanced by adding boron (B) in the ScxAl1−xN system. Compared with ScxAl1−xN, the large C33 in B0.125Scx−0.125Al1−xN is caused
by the shorter and stiffer B–N bonds, and the enhancement of e33 mainly comes from a larger sensitivity of atomic coordinates with respect
to the strain (jdu/dεj). Further investigation shows that the introduction of B in ScxAl1−xN significantly decreases the ratio of lattice parame-
ter c over a due to the planar coordination preference of bulk BN, which is accompanied by an increased average jdu/dεj and e33. Such a
negative correlation can be attributed to the fact that jdu/dεj of N is proportional to the asymmetry of transversal bond strengths
but inversely proportional to the overall average bond strengths around N atoms. Such a bonding character observed in this work could be
beneficial to the design of wurtzite materials with large piezoelectric coefficients and high elastic constants.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090501

I. INTRODUCTION

The increase in the high frequency band in 5G communication
leads to the demand for superior filters.1,2 As the core component of
the filter, the development of piezoelectric material with large piezo-
electric coefficient and high sound speed is crucial for high-frequency
resonance and filtering. Lead zirconate titanate (PZT) perovskite, as
one of the well-known piezoelectric materials, exhibits excellent elec-
tromechanical coupling performance due to its high piezoelectric
coefficient.3,4 However, toxicity (lead), low Curie temperature, and
low mechanical stability make PZT less attractive. Therefore, it is
necessary to find nontoxic materials with large piezoelectric response
and good thermal stability in a wide temperature range. In this
regard, wurtzite AlN becomes a potential candidate for resonator
application due to high stiffness, high temperature stability, large
sound speed, and good compatibility with complementary metal

oxide semiconductors (CMOS).5–9 However, the main disadvantage
of AlN is the low piezoelectric coefficient, which limits its application
in the broadband communication system. For resonator application,
K2Q is the figure of merit (K is the electromechanical coupling coeffi-
cient and Q is the mechanical quality factor) and proportional to the
piezoelectric strain coefficient (e33) and elastic constant (C33).

10

Therefore, the large e33 and C33 are necessary in microelectrome-
chanical systems (MEMS), such as bulk acoustic wave (BAW) filters
or surface acoustic wave (SAW) filters.

Recent experimental and computational works showed that
the piezoelectric strain coefficient (d33) of scandium (Sc) doped
AlN has a significant increase (about 500%) at ∼50% Sc content
compared to pure AlN.11–14 It has been reported that Sc doping in
AlN increases the sensitivity of atomic coordinates with respect to
the external strain and, hence, the e33. On the other hand, Sc
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doping induces a competition between the wurtzite phase and the
hexagonal phase of the alloy, which leads to elongated energy
surface topology in the c/a direction and, hence, largely decreases
the C33.

12

It appears to be difficult to optimize piezoelectric and elastic
properties simultaneously with single element doping, and the
enhancement of one performance is always accompanied by the
degradation of another. However, it might be feasible to achieve
simultaneous optimization or at least a balance of C33 and e33 with
double elements doping.15–18 Tholander et al.19 studied the piezo-
electric and elastic properties of AlN alloys with group-IIA/IIB and
group-IVB elements, which have a larger C33 but a smaller e33 than
ScxAl1−xN. They concluded that the low e33 was attributed to the
small energy difference between tetrahedral phases and layered hex-
agonal phases of II0.5IV0.5N, resulting in a weak competition between
fourfold and fivefold local coordination geometries and, hence, a
decreased sensitivity of atomic positions with respect to the strain,
du/dε. Manna et al.20 found that doping B or Y alone can increase
C33 or e33, respectively. Thus, they codoped B and Y in AlN and
found that compared with ternary YxAl1−xN, the C33 increased,
while the e33 decreased only slightly. These results inspire us to inves-
tigate the possibility of quaternary AlN-based alloys with a large pie-
zoelectric coefficient and an elastic constant as well as to understand
the underlying mechanism and to obtain the design principles of
advanced AlN-based piezoelectric materials.

In this work, the piezoelectric coefficient and the elastic cons-
tant of B0.125Scx−0.125Al1−xN (BSAN) were investigated via density
functional theory (DFT) calculations. Among AlN-based materials,
ScxAl1−xN (SAN) has the largest piezoelectric response observed in
the experiment so far. Therefore, the e33 and other relative proper-
ties of BSAN were compared with SAN in the present study. First,
the formation energy and elastic tensor of SAN and BSAN were
calculated to determine the phase and mechanical stability. Second,
different contribution factors affecting piezoelectric response were
discussed in details. Finally, the underlying mechanism behind the
large piezoelectric response of BSAN was clarified in terms of bond
strengths in SAN and BSAN and also verified in ScxGayAl1−x−yN
systems. These findings offer a new design method to optimize
both the piezoelectric coefficient and the elastic constant, which
might be beneficial for the fundamental research and practical
applications of wurtzite structure-based resonators.

II. COMPUTATIONAL DETAILS

First-principles calculations based on the density functional
theory (DFT) were performed within the Vienna Ab initio
Simulation Package (VASP) using the projector augmented-wave
(PAW) method.21,22 The wave functions were expanded in a
plane-wave basis set with a kinetic energy cutoff of 520 eV.
The exchange-correlation interaction was treated within the
generalized gradient approximation (GGA) in the form of
Perdew–Burke–Ernzerhof (PBE) format.23 All computations and
data analyses were performed using the Materials Project high-
throughput softwares: pymatgen,24 FireWorks,25 and MPWorks
(available at http://www.github.com/materialsproject).

For all calculations, the Γ-centered k-point meshes with a grid
density of 5000 per atom were adopted. All structures are fully

relaxed until the total energy is less than 10−6 eV and the force on
each atom is no more than 0.01 eV/Å. van der Waals interactions
are not included in our calculation due to the slight impact
(see Table S1 in the supplementary material for details). The piezo-
electric tensors were calculated using the density functional pertur-
bation theory (DFPT), and elastic tensors were computed using the
stress–strain methodology26,27 by performing six independent com-
ponents of the Green–Lagrange strain tensor with four magnitudes
(±0.5%, ±1%) for the original structure. Chemical bonding strength
analyses were performed by the crystal orbital Hamilton population
(COHP) method, which is implemented in the LOBSTER code.28

The experimental work showed that the single-phase wurtzite
BAlN film with 14.4% B content can be prepared successfully by
MOCVD.29 Therefore, considering the solubility of B in AlN, we
adopted two alloyed AlN systems, namely, B0.125Scx−0.125Al1−xN
and ScxAl1−xN with x changing from 0.125 to 1 in an interval of
0.125 to better understand the doping effects of B and Sc.
According to our calculation, the e33 and C33 fluctuate largely for
different configurations at a particular doping concentration. Thus,
we think the effect of atomic distributions on piezoelectric and
stability properties is important but will be difficult to be compre-
hensively studied using a large supercell, especially considering the
large number of configurations associated with the large supercell.
To obtain a comprehensive understanding about configuration-
dependent stability and piezoelectric properties, we use 2 × 2 × 1
wurtzite and hexagonal supercells (16 atoms) for the following
calculation, while for rocksalt structures, 2 × 2 × 2 supercells (16 atoms)
were applied. For each doping concentration of x, all possible configu-
rations within the supercell used in this work are considered and the
probabilities of each configuration (i) are further determined following
the below equation:30

pi ¼ nie
�βΔHi

.X
j
nje

�βΔHj , (1)

where pi is the probability of configuration i for a given concentration,
β is the Boltzmann factor and equals to 1/kBT , ΔHi is the formation
energy, and ni is the multiplicities of configuration i. We further calcu-
late the ensemble averaged property �O over the configuration i with
property Oi based on the equation �O ¼ P

i
piOi. For ΔHi, P3, i, C33,i,

and e33,i, Oi is the corresponding value at configuration i. P3 is the
spontaneous polarization and calculated by P3 ¼ e/V

P
k Z

*
k,33Δuk,3,

where Z*
k,33 is the c-direction components of the Born effective charge

in the unit of e, Δuk,3 is the displacement along the c-direction of the
kth atom with respect to the ideal nonpolar hexagonal configuration,
and V is the polar supercell’s volume. For Born effective charge Z33,i

and sensitivity of atomic positions with respect to strain du/dεi, Oi is
defined as Oi ¼ 1/nk

P
nk
Onk , where nk runs over all of the k-type

atoms in a supercell (e.g., in 2 × 2 × 1 supercells, nSc, nAl, and nN are 2,
6, and 8 for Sc0.25Al0.75N, respectively). Unless otherwise specified, the
following properties are ensemble averaged value of all configurations
at the corresponding concentration.

III. RESULTS

Formation energies of wurtzite (w-), hexagonal (h-), and rocksalt
(rs-) ScxAl1−xN (SAN) and B0.125Scx−0.125Al1−xN (BSAN) with respect

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 131, 245108 (2022); doi: 10.1063/5.0090501 131, 245108-2

Published under an exclusive license by AIP Publishing

http://www.github.com/materialsproject
http://www.github.com/materialsproject
https://www.scitation.org/doi/suppl/10.1063/5.0090501
https://aip.scitation.org/journal/jap


to wurtzite AlN, hexagnal BN, and rocksalt ScN according to

ΔH(x) ¼ EB0:125Scx�0:125Al1�xN � 0:125EBN � (x � 0:125)EScN

� (1� x)EAlN, (2)

where EB0:125Scx�0:125Al1�xN, EBN, EScN, and EAlN are the total energies per
formula of BSAN, BN, ScN, and AlN, respectively, and results are
shown in Fig. 1. Figure 1(a) shows w-SAN is energetically favorable
up to x∼ 0.6, above which the rocksalt phase is stable. Unlike SAN,
the w-BSAN is the most stable phase in the whole doping concentra-
tion range, as shown in Fig. 1(b).

We found that the formation energies of SAN and BSAN
systems in Fig. 1 are all positive, which is similar to the result of
others.30,32 Thus, the formation of SAN and BSAN is not spontane-
ous through thermodynamic equilibrium synthesis routes.33

However, the non-equilibrium process, such as radio frequency
magnetron reactive co-sputtering, can overcome the solubility
limits to synthesize supersaturated metastable alloys and has been
successfully implemented for ScxAl1−xN alloys.34–37 From the struc-
tural point of view, the wurtzite structure with point group 6 mm
exhibits spontaneous polarization and three nonvanishing indepen-
dent piezoelectric components, while the rock salt structure with
point group m�3m has the centrosymmetric point and no polariza-
tion. Thus, only the structures with Sc doping concentration
below 0.5 will be considered in the following calculations.
Table S2 in the supplementary material provides the formation
energy of SAN doped with other concentrations of boron (25%,
37.5%, and 50%), and the corresponding value is larger than that
in the same doping concentration of the B0.125Scx−0.125Al1−xN
system and is likely to be difficult to be synthesized
experimentally.

We further checked the mechanical stability of
B0.125Scx−0.125Al1−xN (x≤ 0.5) according to the Born criteria, and it
requires that all eigenvalues of Cij are positive.38 Except
B1Sc2Al5N8-2, all models we considered are mechanically stable.

The piezoelectric coefficient along the c direction, e33, can be
written as

e33 ¼ eclamped
33 þ enon�clamped

33 , (3)

in which the eclamped
33 term is electronic polarization caused by the

strain along the c direction without relaxation of internal atoms in
the supercell. The enon�clamped

33 term describes the ionic polarization
(P) due to the displacement of internal atoms (u) with respect to
the macroscopic strain (ε) and can be determined by39

enon�clamped
33 ¼ dP

du
du
dε

¼ 4eZ33ffiffiffi
3

p
a2

du
dε

, (4)

where e is the electronic charge, Z33 represents the c-direction com-
ponent of the Born effective charge in the unit of e, a is the equilib-
rium lattice parameter, and du/dε is the sensitivity of atomic
coordinates with respect to the external strain in the c-axis.

Figures 2(a) and 2(b) show the variation of e33 and C33 of
SAN and BSAN with different Sc concentrations; detailed results
are listed in supplementary materials. With the increase in Sc, e33
shows a monotonic increasing trend, while C33 decreases monoto-
nously, when x = 0.5, d33 (≈e33/C33) of SAN increases nearly six
times, this is consistent with the previous experimental and compu-
tational results of the SAN system.11,12,30 The detailed d33 for SAN
and BSAN is shown in Table S1 in the supplementary material.
Similar results of C33 of SAN are also reported in the previous
work.19,30,31 In Fig. 2(a), the e33 of BSAN is larger than SAN for

FIG. 1. Calculated formation energies (ΔH) of the wurtzite (w-), hexagonal (h-), and rocksalt (rs-) phases of (a) ScxAl1−xN and (b) B0.125Scx−0.125Al1−xN as a function of
doping concentration x.
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x≥ 0.25. When x equals to 0.5, the e33 values of BSAN and SAN
are 2.42 times and 2.22 times larger than pure AlN, respectively.
Figure 2(b) shows that C33 of BSAN is larger than that of SAN in
all doping concentrations, and the difference in C33 between BSAN
and SAN is almost a constant. In particular, the C33 of
B0.125Al0.875N is even larger than that of AlN, and this confirm the
stronger bond strength of B–N than Al–N. Compared with SAN,
the increase in C33 is greater than e33 of BSAN at the same doping
concentration x, resulting in that d33 of SAN is slightly larger than
that of BSAN, as shown in Fig. 2(c). Although we mainly focus on
B0.125Scx−0.125Al1−xN, to give a comprehensive result, we also
provide the piezoelectric coefficient of other doping concentrations
of B and Sc in Table S1 in the supplementary material.

It is worthwhile to compare the performance of BSAN with
other AlN-based wurtzite materials. As shown in Table I,
Yb0.43Al0.57N and Mg0.25Ti0.25Al0.5N have a relatively large C33 but
small e33, and Mg0.25Hf0.25Al0.5N is the opposite. B and Sc codoped
AlN is promising because it provides a large enhancement of e33
and relatively large C33, though d33 may be slightly lower than pure
Sc doping. The polarization P3 (0.94 C/m2) for B0.125Sc0.375Al0.5N
is similar to pure Sc doping and slightly larger than that of
well-known ferroelectric PbTiO3 (0.81 C/m

2).40 Hence, the possibil-
ity of polarization switching could make BSAN a promising candi-
date for ferroelectricity (detailed polarization results are displayed
in Table S3 in the supplementary material). Ferroelectric properties
will be further thoroughly studied in the future work. In this
article, the origin of the e33 enhancement is comprehensively
investigated.

As shown in Fig. 3(a) and 3(b), the increase in e33 in BSAN
and SAN with Sc doping concentration is dominated by
enon�clamped
33 , whose magnitude and variation are much larger than
those of eclamped

33 . To better understand the variation of enon�clamped
33 ,

we plot the average and atom decomposed du/dε and Z33 in
Figs. 3(c)–3(f ). The average jdu/dεj appears to play a key role in

enhancing the piezoelectric coefficient upon Sc doping, while the
variation of the Born effective charge is much smaller. For
example, when x equals to 0.5, the average jdu/dεj of BSAN is
more than twice that of pure AlN, whereas jZ33j only increases by
12.7%. Moreover, we notice that although jdu/dεj and jZ33j associ-
ated with B atoms are small, the addition of B doping will greatly
enhance jdu/dεj for Sc and Al cations, leading to larger average
jdu/dεj in BSAN compared to SAN for x≥ 0.25.

IV. DISCUSSION

The increased e33 of BSAN compared to SAN for x≥ 0.25 is
found mainly comes from the larger atomic coordinate variation
with respect to external strain upon the introduction of B, espe-
cially associated with Sc and Al cations. To better understand the
underlying mechanism, we further investigated the crystal

FIG. 2. The (a) piezoelectric stress coefficient e33, (b) elastic constant C33, and (c) piezoelectric strain coefficient d33 of wurtzite ScxAl1−xN and B0.125Scx−0.125Al1−xN. The
dashed line corresponds to the values of pure AlN.

TABLE I. Piezoelectric stress coefficient e33 (C/m
2), piezoelectric strain coefficient

d33 (pC/N), elastic constant C33 (GPa), and spontaneous polarization P3 (C/m
2) of

BSAN and a few other AlN-based alloys.

Materials e33 d33 C33 (GPa) P3 Reference

B0.125Sc0.375Al0.5N 3.53 20.69 173 0.94 This work
Sc0.5Al0.5N 3.10 24.86 129 0.92 This work
Yb0.43Al0.57N 2.12 … 182 … 41
Cr0.3Al0.7N 2.59 19.52 … … 42
Y0.5Al0.5N 3.0 18.75 160 … 20
Mg0.25Ti0.25Al0.5N 2.2 12.5 175 … 19
Mg0.25Zr0.25Al0.5N 2.7 19 142 … 19
Mg0.25Hf0.25Al0.5N 3 23 130 … 19
Li0.1875Ta0.1875Al0.625N 2.8 17.5 160 0.80 18
Li0.1875Nb0.1875Al0.625N 2.6 15.7 165 0.84 18
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structure and bonding characters in BSAN and SAN. Figures 4(a)
and 4(b) display the structures of B0.125Sc0.375Al0.5N with the
lowest energy before and after structural optimization. (Similar
plots for other concentrations of BSAN and SAN are shown in
Fig. S2 in the supplementary material.) We note that after the
structural optimization of BSAN, the N atoms around B atom
changed from tetrahedral coordination (sp3) to planar coordina-
tion (sp2), while the latter is the most stable coordination mode
for bulk BN. At the same time, the N atoms around Sc atom
change from tetrahedral coordination to the fivefold coordina-
tion, whereas this change is not obvious in SAN. The direct influ-
ence of these structural changes is shown in Fig. 4(c). Compared
with SAN, the breaking of B–N bond in BSAN leads to the lattice
parameter a similar to that of SAN. The lattice parameter c of
BSAN is much smaller than SAN, and the value of c remains
almost unchanged with the increase in doping concentration.
This can be attributed to two reasons: first and foremost, the

atomic radius of B is smaller than Sc and the bond length
between B and N is shorter, which lead to the lattice parameter c
of BSAN being shorter than that of SAN. Second, the introduc-
tion of B accelerates the lattice instability and the tetrahedral
coordination of N around Sc degenerates into fivefold coordina-
tion, resulting in the lattice parameter c that remains to be almost
a constant. A detailed analysis is shown in the supplementary
material and Fig. S3 in the supplementary material. To demon-
strate the relationship between the structural change and the pie-
zoelectric coefficient, the e33 of all configurations of BSAN and
SAN as a function of c/a is plotted in Fig. 4(d). It can be seen
that e33 has a negative linear correlation with the c/a ratio, which
is consistent with the previous literature.43 Since jdu/dεj plays a
key role in enhancing the e33 [shown in Fig. 3(c)], the average
and atom decomposed jdu/dεj of anion N at each c/a is plotted
in Fig. S4 in the supplementary material, and results are consis-
tent with the trend in Fig. 4(d).

FIG. 3. Different contribution factors of the e33 of ScxAl1−xN and B0.125Scx−0.125Al1−xN. (a) shows the eclamped33 term, (b) gives the eno�clamped
33 term, (c) and (d) are the

average jdu/dεj and jZ33j of cations (anions), and (e) and (f ) are the atom decomposed du/dε and Z33. It should be noted that the average du/dε (Z33) of cations and
anions has the same value but opposite sign.
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To better understand this collective behavior of various atoms
in the quaternary system, we next try to identify how the atomic
jdu/dεj is associated with local bonding characters. For simplicity,
jdu/dεj and bond strengths (-ICOHP values44) around N atoms are
studied in details. It should be noted that the more positive the
-ICOHP, the stronger the bond strength. To visualize these data,
four bonds around N are classified into two types, i.e., three trans-
versal bonds and one longitudinal bond, we define the average
-ICOHP value of four bonds around N as Bave, the average
-ICOHP of three transverse bonds around N as Bt�ave, and the cor-
responding maximum absolute value of the difference of ICOHP of
these three transversal bonds as Bdiff , and all these values are
positive and are used to represent bond strength. Figure S5 in the
supplementary material displays all atomic environments around N
in B0.125Sc0.375Al0.5N, and the corresponding jdu/dεj of N and cor-
responding -ICOHP values around N are listed in Table S4 in the
supplementary material. We find that bond strengths increase from
Sc–N and Al–N to B–N.

In Fig. 5, we use the obtained jdu/dεj of N and corresponding
bond strength in the most stable structures for each concentration
of SAN and BSAN to make a statistical analysis. As shown in

Fig. 5(a), a weak Bt�ave and Bave will have a large jdu/dεj, and heat
map of different bond strengths and jdu/dεj with each other is
shown in Fig. S6 in the supplementary material. Then, three bond
strength features, namely, Bt�ave, Bave, and Bdiff , are considered to
perform linear regression. The regression results and expressions of
jdu/dεj are displayed in Fig. 5(b). The schematic diagram in
Fig. 5(b) shows that N atoms with a broken B–N bond have a
larger jdu/dεj, while the jdu/dεj is smaller for tetrahedral coordina-
tion. Thus, we conclude that a crystal with a weak overall average
and average transversal bond strengths but a large absolute value of
transversal bond strength difference can result in large jdu/dεj.

An average value of jdu/dεj could better represent e33 accord-
ing to the definition of the piezoelectric coefficient. In Fig. 5(c), we
show average jdu/dεj of N in each configuration in Fig. 5(b), which
is defined as jdu/dεjave ¼ 1

n

P
i
dui/dε, where i runs over all the N

atoms in a supercell and n is the number of N in a supercell.
Moreover, to verify the generality of the design criteria we obtained,
we predicted the jdu/dεj and jdu/dεjave of 11 B and Sc co-doped
AlN with larger supercells (namely, five configurations of
B0.0625Sc0.625Al0.875N and five configurations of B0.125Sc0.125Al0.75N
in 2 × 2 × 2 supercells and one configuration of B0.125Sc0.125Al0.75N

FIG. 4. Crystal structures of B0.125Sc0.375Al0.5N (a) before and (b) after structure optimization. (c) The lattice parameter (a, c, c/a) of SAN and BSAN at different doping
concentrations. (d) The piezoelectric coefficient as a function of c/a ratio.
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in the 4 × 4 × 2 supercell) based on the regression model obtained
within 2 × 2 × 1 supercells, and the result shows that the local bond
strength-related expression is also applicable to the larger supercell.
All configurations and jdu/dεj of each N atom in 4 × 4 × 2 and
2 × 2 × 2 supercells are displayed in Fig. 5(c) and Figs. S7 and S8 in
the supplementary material. As an extension, to give a more com-
prehensive study and testify our bond strength rules other than
boron, we choose Sc and Ga co-doped AlN for further investiga-
tion, and results are demonstrated in Figs. S9 and S10 in the
supplementary material. Each subplot of Fig. S9 in the
supplementary material shows that at a fixed concentration of Ga,
e33 of ScxGayAl1−x−yN increased with the increase in Sc. However,
all e33 values are smaller than that of SAN with the same doping
concentration, while the formation energy is also lower. Figure S10
in the supplementary material shows the correlations between the
DFT calculated jdu/dεj and predicted jdu/dεj of ScxGayAl1−x−yN and
B0.125Scx−0.125Al1−xN with the regression expression obtained from
SAN and BSAN, and we found that ScxGayAl1−x−yN obeys the bond
strength design rules. These extensions further prove that we can use
bond strength as a useful descriptor for further high-throughput
search of high piezoelectric coefficient materials in the future.

V. CONCLUSION

In this work, the phase and mechanical stability of wurtzite
B0.125Scx−0.125Al1−xN were determined by calculating the formation
energy and the elastic tensor. Then, the piezoelectric and elastic
properties of wurtzite B0.125Scx−0.125Al1−xN alloys were studied in
detail. Comparing to ScxAl1−xN, B0.125Scx−0.125Al1−xN shows a
larger e33 when x≥ 0.25 and a larger C33 in the whole range of cal-
culation. We found that the larger e33 of BSAN compared to SAN
at the same concentration mainly comes from the larger atomic
coordinate variation with respect to external strain upon the

introduction of B, especially associated with Sc and Al cations.
Further crystal structure and bonding characters analysis indicate
that the introduction of B in ScxAl1−xN significantly decreases the
ratio of lattice parameter c to a, which is accompanied by an
increased average jdu/dεj and e33. This correlation can be attributed
to the fact that a weak overall average and transversal average bond
strength but a large absolute value of transversal bond strength
difference can result in a large jdu/dεj, hence a higher
piezoelectric coefficient. Thus, the weak but asymmetric bonds in
B0.125Scx−0.125Al1−xN increase the e33, while the formed B–N bonds
also increase the C33. Such a bonding mode in BSAN is the key to
realize high piezoelectric response and low mechanical loss in wurtzite
compounds.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the structure
information; formation energy, bandgap, polarization, and piezo-
electric coefficients, ICOHP values around N; the atom averaged
and atom decomposed jdu/dεj; correlations between the DFT cal-
culated jdu/dεj and predicted jdu/dεj in Ga, Sc co-doped AlN; and
heat map of features (bond strengths, jdu/dεj) with each other.
The elastic tensor of SAN and BSAN and structure files of
ScxGayAl1−x−yN are freely available on GitHub (https://github.com/
jinghuirong/BScAlN).
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FIG. 5. (a) Correlations between the atom decomposed jdu/dεj of N and bond strength descriptors Bave and Bt�ave in BSAN and SAN. The color of circle represents
jdu/dεj. (b) Correlations between the DFT calculated jdu/dεj and predicted jdu/dεj. Insets show the coordination of N with the surrounding cations; green atom is B, light
gray atoms are N, and dark gray atoms represent uncertain elements. The regression expression is jdu/dεj ¼ �0:046Bave � 0:074Bt�ave þ 0:012Bdiff þ 0:674. (c)
Correlations between the DFT calculated average jdu/dεj and expression predicted average jdu/dεj of N in 2 × 2 × 1, 2 × 2 × 2, and 4 × 4 × 2 supercells with different
configurations.
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