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Ab initio piezoelectric properties of wurtzite ZnO-based alloys: Impact of the c/a cell ratio
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The piezoelectric (PE) and stiffness tensors of 32-atom supercells of ZnO-based alloys have been obtained
from ab initio simulations using density functional perturbation theory in the local density approximation. Low
concentration for substituents to Zn, O, or both were considered in unstrained and biaxially strained supercells.
The d33 coefficient for unstrained Zn;sYOsN and Zn;sLaO;sN alloys are, respectively, 17.5 and 18 pC N-I,
whereas e33 is 1.7 C m~2 for both alloys. These values are significantly improved compared to simulated values
for pristine ZnO (ds3 = 11.4 pC N™! and e33 = 1.3 C m~2). Applying 2% tensile strain on Zn;5YO;sN results
in an increase of the es; coefficient to 2.1 C m™2, a 62% increase over the value calculated for pristine ZnO. We
confirm for a variety of ternary and quaternary ZnO-based alloys that a linear relation is verified between the
es3 coefficient and the cell ratio c¢/a, described by a slope ~ —9 C m~2. Our results also indicate that the PE
coefficients follow the same trends with respect to changes in c¢/a caused by variations in chemical composition
or by applying biaxial strain. Based on this correlation, we propose a simple method to identify promising
candidates among piezoelectric alloys in the wurtzite family, effectively reducing the intensive computational
resources needed to obtain optimal PE performance for applications compatible with the many requirements of

thin film growth and processing.
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I. INTRODUCTION

Piezoelectricity is a phenomenon entailing the direct con-
version of mechanical deformation into changes of the electri-
cal polarization and vice versa. It allows for the fabrication of
various devices such as transducers [1], resonators [2], surface
acoustic wave devices (SAW) [3,4], and piezoelectric (PE)
energy harvesters [5]. The most common PE materials for
thin film applications are lead-based (Pb), such as PZT (lead
zirconate titanate) [4,6]. Because of the high toxicity of Pb,
significant efforts have been devoted to develop lead-free PE
materials [7].

Zn0O, a wide band gap semiconductor, is a promising non-
toxic alternative PE material. It possesses one of the strongest
PE strain coefficient d33 among tetrahedrally bonded binary
semi-conductors (12 pC N~!) while magnetron sputtering
allows for the deposition of high crystalline quality films.
The PE performances of ZnO remain, however, one or two
orders of magnitude below that of state of the art PZT fer-
roelectrics. It is therefore critical to find ways to improve
the PE properties of ZnO to extend its range of applications.
Recent experimental [8—12] and theoretical [13,14] studies of
ZnO-based alloys suggest that the PE coefficients increase
with alloying concentration and tensile strain as long as the
materials remains in the wurtzite phase. These studies also
indicate that the nature of the alloying elements also impacts
the PE coefficients. So far, investigation of PE properties of
ZnO alloys relied on DFPT calculations carried out without
a clear consensus nor theoretical predictions to choose the
potential candidates.
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Consequently, we have carried out a systematic inves-
tigation of the PE properties of more than a dozen low-
concentration ternary and quaternary ZnO-based alloys using
the density functional perturbation theory (DFPT) method
[15]. DFPT calculations are able to provide the entire PE
and elastic tensors and therefore allow for a more complete
analysis of these interrelated properties. We focused primarily
on the transverse PE coefficients (ds3 and e3; in the Voigt
notation), often used as the main PE coefficients of interest in
the case of resonators; and structural parameters (in particular
the lattice cell ratio c¢/a). Our results reveal a negative-slope
linear relationship between ess; and the cell ratio c/a for
these low concentration alloys, as was previously shown for
pristine wurtzite materials [13], independent of the nature
of the alloying element. That linear relationship allows for
a rapid qualitative prediction of the PE performances of a
large variety of alloys, with the best performances obtained
for smaller c/a values as was already proposed by Momida
and Oguchi [13].

We also show, using Zn;5YO;sN alloys as a model system,
that the PE coefficients follow the same linear trends with
respect to changes in c¢/a caused by applying biaxial strain. It
was also observed that, for the range of ¢/a values investigated
for this biaxially strained model system, the stiffness coeffi-
cient Cs3 increases almost linearly with increasing c/a values.
Further analysis for higher alloying concentrations suggest
that the PE coefficient becomes largest when approaching the
structural phase transition from wurtzite ton nonpolar hexag-
onal structure. The observed linear relationship between es3
and c/a allows for a rapid systematic screening of ZnO-based
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FIG. 1. Schematic simulated

representation of a
Zn;5X0¢ alloy supercell (X refers to the Zn substituent, depending
on the alloy) rendered with the VESTA software based on structural
parameters calculated following a DFT relaxation process.

typical

alloys of potential interest, through less intensive structural
analysis. Indeed, we calculated and analyzed c/a values for
almost 40 ternary and quaternary alloys using straightforward
DFT calculations and identified the most promising candi-
dates based on their predicted e33 coefficients.

II. METHODOLOGY

The DFT and DFPT calculations were carried out using
the ABINIT software [16], in conjunction with the local
density approximation (LDA) since, at present, DFPT calcu-
lations in ABINIT are restricted to this framework under the
PAW formalism. We used in this work the version 8.4.4 of
ABINIT. DFPT calculations using the GGA functional are
implemented in ABINIT for norm conserving pseudopoten-
tials. The LDA functional is simpler and easier to implement
when compared to GGA, an extension to LDA. We used
the JTH library [17] under the PAW formalism [18,19] as
atomic datasets. Wurtzite 2 x 2 x 2 supercells (32 atoms),
some of which were under —1% to +2% in plane strain con-
stituted the simulation domain as represented schematically
in Fig. 1. An energy cutoff of 25 Hartree (~680 eV) and a
4 x 4 x 4 Monkhorst-Pack grid [20] were chosen based on a
convergence study to limit numerical errors under 1% for e3;3
and d33 values. The starting alloy configuration is allowed to
relax following a Broyden-Fletcher-Goldfarb-Shanno (BFGS)
minimization algorithm [21]. For the investigation of the
influence of strain, the supercell is biaxally strained in the
plane (a and b axes), before being allowed to relax along the ¢
axis without imposing any constraint on the cell volume. We
then calculated the band structure, cell parameters, and ground
state energy. The PE and stiffness coefficients were calculated
in the DFPT formalism, implemented in ABINIT as described

TABLE I. Comparison between calculated and experimental val-
ues of lattice constants and band gap energy for wurtzite ZnO.

Present study LDA [25] GGA [13] Experiment [36]

a(A) 3.1838 3.1836 3.29 3.2427
cA) 5.1493 5.1497 5.30 5.1948
c/a 1.617 1.617 1.611 1.602
Volume (A%) 45.203 45202  49.68 47.306
Band gap (eV) 0.793 0.796 0.82 3.44

in Ref. [15], relying on the modern theory of electrical polar-
ization [22] known as the Berry phase approach. '

II1. RESULTS

We have carried out a systematic investigation of the effects
of composition and strain on the computed PE properties
of ZnO-based alloy. We begin by presenting the proper-
ties of pristine ZnO to establish a solid baseline for the
analysis of the results for the alloys.

A. Properties of pristine ZnO

‘We have first determined the properties of pristine wurtzite
ZnO to establish a baseline and validate our calculations. The
lattice parameters and the band gap energy obtained from the
DFT calculations are presented in Table I, whereas the PE
coefficients deduced from DFPT simulations are summarized
in Table II.

Our numerical results for both the lattice parameters and
the band gap energy (Table I) closely match the simulated
values reported by Goh et al. [25], as expected since both sets
of calculations were carried out with the ABINIT software
using the JTH library of datasets under the PAW formal-
ism. The calculated lattice parameters are within 2% of the
experimental values; the c/a ratio and the cell volume are
underestimated by less than 1% and 4.5%, respectively. As
previously pointed out by Goh et al. [25], and consistent with
previous observations on a number of materials systems (see,
e.g., Ref. [26]), DFT calculations using LDA or GGA greatly
underestimate band gap energies.

We want to stress that even though the calculated band
gap is significantly underestimated, its precise value does not

'We have limited our investigation to materials systems that
preserve valence neutrality of the supercells since no theoretical
work has been developed for implementing DFPT calculations for
nonvalence-neutral systems. As described by Bruneval et al. [23],
this approach has been implemented for DFT (not DFPT) calcu-
lations in ABINIT under the PAW formalism. We found, however,
that DFPT calculations performed with ABINIT adding neutralizing
uniform background charges gave nonreliable results [24]. We note
that despite the absence of a solid theoretical framework, Nakamura
et al. [14] used the VASP software for computing the PE properties
of systems requiring the addition of background charges to reach
valence neutrality. Taking into consideration non valence-neutral
systems allows for a broader range of alloys, an approach that should
be investigated in a later study.
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TABLE II. Comparison of calculated and experimental values of nonzero piezoelectric stress e;;, piezoelectric strain d;;, and stiffness C;;

coefficients in the Voigt notation for wurtzite ZnO.

Present study  Difference with  LDA [28]  Difference with GGA + U [14]  Difference with  Experiment [37]
experiment experiment experiment
e31 (Cm™?) —0.697 12% —0.67 8% —0.51 18% —0.62
ey (Cm™?) 1.293 35% 1.28 33% 1.04 8% 0.96
e;s (Cm™2) —0.550 49% —0.53 43% —0.38 3% —0.37
Cy1 (GPa) 220 5% 226 8% 203 3% 209
Cy, (GPa) 139 16% 139 16% 110 8% 120
Ci3 (GPa) 124 19% 123 18% 92 11% 104
C3; (GPa) 243 15% 242 15% 210 0.5% 211
Cyy (GPa) 38 14% 40 9% 43 2% 44
dy (pC N7 —5.81 14% -5.5 8% —4.2 18% —5.1
dys (pC N7 114 8% 10.9 11% 8.7 29% 12.3
dis (pC N7 —14.7 75% —13.1 56% —8.8 6% —-8.3

impact the computation of the PE and stiffness tensors as long
as the simulated material exhibits a finite band gap throughout
the entire calculation. Indeed, the polarization (and subse-
quently the piezoelectricity) is defined only for insulators
and semiconductors [27]. However, the DFPT calculation
of the PE and stiffness coefficient relies on a perturbative
method that does not use the band gap value [28]. It is
therefore critical to assess that the calculated band structure
exhibits a finite band gap before proceeding with DFPT
calculations.

Table IT summarizes the most important components of the
PE strain (d;;) and stress (e;;) coefficients as well as the stiff-
ness coefficients (C;;). The PE and stiffness results agree very
well with previous LDA-based calculations [28]. We attribute
the small discrepancies, less than 6% (except for d;s), to the
fact that these authors used norm conserving pseudopotentials
for the simulations (Trouillier-Martins pseudopotentials) [29],
whereas PAW potentials are used in the present study.

A direct comparison with the results of Nakamura et al.
[14], sixth column of Table II, allows for a comparison with
GGA + U results. As reported by Nakamura er al. [14].
the LDA method slightly underperforms compared to the
GGA + U method when compared to the experimental data
with the exception of the ds3 and e3; coefficients where the
LDA values are closer to the experimental data. Those slight
differences are not sufficient, however, to identify a clearly
superior approach. Furthermore, the +U method introduces
more variability to the study since it requires to calculate the
value of the +U parameter for each atom depending on its
environment to correct the limitations of the functional [30].
This parameter effectively changes the atomic potential, thus
modifying the electronic properties of the system [25] such as
the value of the cell ratio c/a, thereby raising concerns when
comparing simulations performed for different alloys using
different +U parameters.

B. Properties of ZnO-based alloys

Our investigation covers a wide range of ZnO-based alloys
to shed light on the physical origin of and mechanism for the
improved PE characteristics in these materials. In all cases, we

first calculate the structural properties and the band structure,
to verify the nonmetallic character of the alloy, which is
necessary for carrying out the DFPT simulations of the PE
properties as described above. For the systems exhibiting
a large enough band gap energy (>0.2 eV), we run DFPT
calculations to obtain the PE and stiffness properties (see the
Supplemental Material for an example of raw data [31]). Since
LDA greatly underestimates band gap energies, it is possible
that some potentially promising systems for which the simula-
tion provides a very small gap cannot be directly investigated.
As will be discussed below, we confirm for a variety of ternary
and quaternary ZnO-based alloys that a linear relation is
verified between e3; and c/a. We can therefore identify which
materials systems, among those having band gap energies too
small to allow DFPT calculations, could be of interest.

As indicated in Sec. II, we focused on materials cor-
responding to valence neutral supercells, starting with
Zn;5CdOj¢ and Zn;sHgO,, which are obvious choices for
Zn substitution. Similarly, Zn;s0sS and Zn;0;sSe were
considered for O substitution. We also investigated ternary
alloys comprising elements of column IIA (the main part of
our data) as well as quaternary alloys in which a Zn atom
is replaced by a column IIIB metal (Sc, Y, and La) whereas
one O atom is replaced by a nitrogen atom to assure that the
system is still semiconducting, i.e., the Fermi energy is in the
band gap.

In this latter case (quaternary alloys), we chose to study
only one substitutional site for the anion: the nearest neighbor
of the substituted cation along the z axis (site 1 in Fig. 1). It
is to be noted, however, that all anions in the supercell are
not equivalents. If one were to study in depth the quaternary
alloys, a careful determination of the influence of those sites
on the PE properties of the alloys would be necessary, and this
falls outside the scope of this study.

The results for all alloys exhibiting a finite band gap energy
are summarized in Fig. 2. As indicated in Fig. 2(a), c/a
values range from 1.63 for Zn;sBaO¢ to 1.58 for Zn;5YO;sN.
The band gap energy values are presented in Fig. 2(b). An
important reduction of the band gap energy can be observed
for alloy incorporating Cd, Hg, Y(N), La(N), S, and Se.
Alloys incorporating Be, Mg, Ca, Sr, and Ba all exhibit a
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(c) total piezoelectric stress coefficient es3, (d) clamped piezoelectric stress coefficient

%, (e) Born effective charge (dots for the cell average and squares for the substituent), (f) stiffness coefficient Cs3, (g) total piezoelectric
strain coefficient ds3, and (h) absolute value of the total piezoelectric stress coefficient ds;. All calculations were carried out on 2 x 2 x 2
supercells for ternary Zn;5XO¢ (X = substitute element) and quaternary Zn;sXO;sN alloys. (A 16-atom alloy, Zn; YO;N was simulated with
a 1 x 2 x 2 supercell but is not presented here, only in Fig. 3). Data for S and Se are not displayed in (d) and (e) because they are oxygen

substituents. Results are grouped by columns of the periodic table.

band gap energy above the calculated band gap energy of
pristine ZnO.

The PE properties are described in Fig. 2, which shows (c)
the total PE stress coefficient e33, (d) the clamped PE stress
coefficient eg3, (e) the Born effective charge (dots for the
cell average and squares for the substituent), (f) the stiffness
coefficient C33, (g) the total PE strain coefficient ds3, and (h)
the absolute value of the total PE stress coefficient d5;.

The PE performance vary significantly for the different
alloys whether we consider the e33 coefficient [Fig. 2(e)] or
the ds3 coefficient [Fig. 2(d)]. The es3 coefficient improves for
fewer alloys, however, for instance, Cd, Hg, Mg, Y(N), and
La(N). The quaternary alloys incorporating Y(N) and La(N)
offer the best PE performance.

The stiffness coefficient Cs3 [Fig. 2(f)] is significantly
reduced in all alloys except Zn;sBeOj¢. The largest decrease
is observed for the quaternary systems in which we substituted
O with N to maintain charge balance in the supercell for
carrying out the DFPT calculations. A further look into the
Css coefficient for the Zn;5YO 5N alloy indicates that it is
linearly related to the decrease in c¢/a in strained systems (see
Fig. 2 in the Supplemental Material [31]). Most significantly,

the improvement of the ds3 coefficient in these alloys does not
solely arise from a decrease in the stiffness Cs3 coefficient but
also from a clear improvement of the e33 coefficient [Figs. 2(f)
and 2(¢)].

A careful examination of Figs. 2(a) and 2(c) reveals that
variations in es3 and c/a values are correlated, as reported
earlier by Momida and Oguchi [13] for a variety of binary and
ternary materials with a wurtzite structure. The values of e33
are plotted against c/a in Fig. 3. The data is well described by
a linear relationship with a slope & —9 C m~2, with a very
high coefficient of determination (R?> = 0.98 for unstrained
32-atom systems; strain effects are discussed in Sec. II1 C).

This result is qualitatively consistent with the work of Mo-
mida and Oguchi [13], who obtained a slope of &~ —19 C m~2
when considering a variety of wurtzite materials. An analysis
of a subset of their data for Ca,Zn;_,O alloys (x = 0-0.25)
yields a slope of ~ —4 to -6 C m~2. At this point we cannot
establish the origin of the different slope values. It may
be simply related to the wider family of wurtzite materials
considered in Ref. [13]. The discrepancy in slopes for the
Ca,Zn;_,0 alloys may be related to the high concentration of
substituent, taking the system further away from pristine ZnO.
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FIG. 3. Calculated e3; coefficient vs. c¢/a cell ratio for ternary
Zn;5X016 (X = substitute element) and quaternary Zn;sYO;sN al-
loys. The straight dashed line, a least-square fit to the unstrained data,
has a slope of —9 C m~2 with a coefficient of determination of 0.98.
The 32-atom strained supercells are for Zn;5YO;sN alloys and 16
atom- strained supercells refer to Zn;YO;N alloys. As explained in
the text, it is not possible to calculate the piezoelectric coefficient
using DFPT for alloys that do not exhibit a nonzero DFT band gap.
The c/a values for three examples of such alloys are indicated using
dotted lines, namely, Zn;sFeO4, Zn;5RuO6, and Zn;50s0 .

C. Strained systems

We carried out an investigation of the effect of in-plane
biaxial strain on the PE properties of ZnO and Zn;5YOsN, to
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determine, in particular, if variations in c/a caused by strain
follow the same trends as those introduced by changing the
alloying elements as described in Fig. 3. The range of strain
values investigated is within what can be achieved through
heteroepitaxial growth [32].

We have first applied a biaxial in-plane strain on a 32 atoms
ZnO supercell, allowing the systems to relax freely along the
c axis. The results in Fig. 3 show that a tensile (positive) strain
(elongation along the a and b axes) leads to a reduction of the
ZnO cell ratio c/a, and also to an increase in e33. A negative
(compressive) strain leads to an increase in the cell ratio c/a
and to a decrease of the e;33 coefficient. It is crucial to note
that the linear trend identified in the previous section is still
valid for pristine ZnO under strain. The value obtained for
a positive strain follows the same slope as the one obtained
with the substituents, as can be seen in Fig. 3. The negative
strain value deviates slightly from the prediction of the linear
regression, but the difference is small enough to consider that
the linear regression obtained with the substituents remains
valid in the case of applied strain. The improvement of the PE
performance is significant, even for a reasonable 1% strain.

The impact of in-plane strain on the PE properties of
Zn5YO;sN is presented in Figs. 3 and 4. The application
of a 2% biaxial tensile strain results in an es; coefficient
of 2.09 C m~2, an increase of 0.5 C m~2 compared to the
unstrained system. The d33 coefficient is further improved and
reaches 30 pC N~!, an enhancement of 12.6 pC N~!. In con-
trast, a 1% biaxial compressive strain enhances the c/a ratio
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FIG. 4. Evolution of the (a) e3; coefficient, and of its components (b) e23, (c) Zs3, and (d) dii/de3 as a function of applied strain for
Zn;5YOy5N alloys. The circular symbols represent average values over the supercell, while squares refer to local values associated with the

substituent.
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and is associated with a decrease in PE performance. At 1%
biaxial compressive strain, the e33 coefficient for Zn;sYOsN
is reduced to 1.38 C m~2. The linear relationship between
e33 and c¢/a is maintained for these materials systems as was
observed previously for pristine ZnO, even though a small
variation can be observed at the extrema of our simulation
domain as discussed in Sec. IV.

The overall set of results presented in the above subsections
strongly suggests a fundamental relationship between e33 and
c/a. To better understand this relationship, we first decompose
the e33 coefficient as defined under the linear piezoelectricity
formalism [33]. All these quantities are global quantities,
defined on average in the supercell. Equations (1) and (2),

0P; du
e33 = 623 + 3_;8_@’ (1
0 4e ou
ey = ez + WZBS_GS’ @)

introduce the clamped ion coefficient e(3)3 (in C m~?), the Born
effective charge Z33 (dimensionless), and the variation of the
wurtzite parameter, # (dimensionless), with respect to strain
du/des. In these equations, e is the electron charge and a is the
cell parameter. This latter internal relaxation term is a measure
of the relative variation of position of the sublattices (u is
defined as a dimensionless parameter, measuring the length
of the bond between a zinc and an oxygen atom in the ¢
direction) [33].

Introducing the notation (9i/d€3), we can rewrite
Eq. (2) as

e33 = & +Zz3<ﬂ) with it = de U. 3)
3 33 3 9 € \/gaz
In the following analysis, we should keep in mind that this last
term is not formally defined for supercells.

This decomposition permits to analyze the origin of the
variation of the PE coefficient e33 by studying its dif-
ferent components. We summarize the results for strained
Zn;sYOsN alloys in Fig. 4 with (a) the total PE stress
coefficient e33 (in C m~2), (b) the clamped ion coefficient e(3’3
(in C m™2), (c) the Born effective charge Z33 (dimensionless),
and (d) (3ii/de3) (in C m~2).

As pointed out by Momida and Oguchi [13], it is clear in
Fig. 4(b) that the variations due to strain of the clamped ion
coefficient €9 are not important enough (about 20% of the e33
variations) to explain alone the observed improvement in e33.
More interestingly, we observe that the average Born effective
charge does not vary with strain, even though the local Born
effective charge does. We propose that this can be interpreted
as a reorganization of the charge distribution in the supercell
due to the substitution of a Zn atom or to strain. Thus, the
main factor of improvement for PE performance resides in
the second term of Eq. (3), which can be understood as the
relative movement of the two sublattices under the effect of
strain as explained by Dal Corso et al. [33].

D. Effect of concentration

To further assess the universality of the linear relationship
between e33 and c/a observed for substitution and strain, we

investigated the impact of concentration of substituents in
Zn;_,Y,0;_;N; alloys.

In a first set of simulations, the substituent (Y and N)
concentration was doubled by reducing the number of atoms
in the supercell down to half (16 atoms instead of 32). We
chose to reduce the number of atoms in the supercell to
avoid taking into considerations the different configurations
accessible for a 32 atoms supercell with four substituents (2 Y
and 2 N). This approach may not be as accurate, but it renders
the calculations more tractable. The relaxation stage for this
Zn7Y 07N alloy led to a nonpolar hexagonal structure (with
inversion symmetry), which yields no PE properties.

In an attempt to maintain the wurtzite structure at higher
concentrations for these material systems, we applied a com-
pressive biaxial strain of —0.5 and —1.0% to Zn;Y;0;N;
alloys. In both cases, the system with applied strain converged
to a wurtzite structure. The results of the es3 versus cell
ratio c¢/a for these systems are also indicated in Fig. 3 as
red squares. They follow the overall trend of the Zn;sYO;sN
alloy (displayed in Fig. 3 as filled red circles). This behavior
supports the assumption that an enhanced PE performance is
to be expected in a wurtzite structure when c/a is reduced
and approaching a phase transition as Momida and Oguchi
suggested [13]. Moreover, it reveals that the linear relation no
longer holds, a result that can be compared to the calculations
in Ref. [14].

IV. DISCUSSION

The overall set of results presented in Sec. III indicates
that to fully optimize the PE response of ZnO-based alloys,
one has to consider the nature of the substituents, their
concentration, and the in-plane strain value. We also high-
lighted that the PE properties increase when approaching
the wurtzite to hexagonal phase transitions by varying these
parameters.

A. Potential PE performance estimation by structural
calculations

The results in Fig. 3 clearly demonstrate a linear rela-
tionship between e3; and c¢/a values, independent of the
nature of the substituents, their concentration, and the strain
value as long as the system is not too close to the wurtzite
to hexagonal phase transition. This result is in line with
the observations of Momida and Oguchi [13] for other
wurtzite systems.

This observation allows for the rapid screening of poten-
tially interesting ZnO-based alloys, thereby reducing the need
for time consuming DFPT calculations. It also enables one
to “predict” the properties of alloys that do not exhibit a
DFT band gap. Indeed, straightforward DFT calculations are
sufficient to determine c/a values which can then be reported
on the graph in Fig. 3 to establish a first estimate for e3s.
The most promising system could then be further investigated
using full DFPT calculations and, eventually, experiments.

We have computed the 2 x 2 x 2 supercell cell ratio c¢/a
for transition metals substitutions, as described in our method-
ology. The obtained cell ratios were then used to estimate the
PE performance of the alloys. The procedure is illustrated
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1 18
Cell ratio c/a

2 13 14 15 16 17

1.621 Caleulated/Estimated

1.283 e/ ex

1.614

1.339 4 5 6 7 8 9 10 11 12

1.615 1.610|/1.610 | 1.619 || 1.610 | 1.610 || 1.620 ||| 1.620 | 1.620 | 1.617

1.293 1.363||| 1.363 || 1.281 [ 1.365 || 1.365 1.273W1.273 1.273 1.293

1.623 1.613 || 1.579 | 1.587 |[ 1.590 || 1.566 || 1.616 || 1.646 || 1.623 ||| 1.618

1.220 1.341 || 1.637 || 1.562 |[| 1.543 || 1.745|| 1.308 | 1.045 ||| 1.270 ||| 1.361

1.630 1.613 ||1.582 | - |[1.587([1.563|| - |[1.636 |[1.635 |1.624

1.149 1.341 ||1.620 | - |[1.574||2.765|] - |[z2.165 | 1.165 | 1.393
1.611 |[1.614 ][ 1.615 |[1.614 |[[1.614 |1.614 ||1.613 [[1.613 |[[1.613 ||| 1.613 ||| 1.614 |[[1.613 [[|1.613 ||| 1.610
1.354 [ 1.327 || 1.317 || 1.327 |[| 1.327 | 1.327 | 1.336 ||1.336 |[|2.336 ||| 1.336 || 1.327 ||| 1.336 ||| 1.336 ||| 1.363

FIG. 5. Periodic table indicating the calculated cell ratios c/a (upper value) and e3; coefficient in C m~2 (lower value) for ternary Zn;5XO
alloys at the position of element X. The estimated e3; coefficient values for alloys which do not exhibit a sufficiently large DFT bandgap have
been interpolated as shown in Fig. 3 and are indicated in italics in the table. For visibility purposes, the alloys for which e33 has been estimated
display a green background and those corresponding to calculated es; display a blue background.

in Fig. 3 for the eighth column of the periodic table (Fe,
Ru, and Os), as indicated by the dotted lines. The very low
cell ratio calculated for Zn;sRuO;¢ and Zn;50sO;¢ points to
an es3 coefficient in the range of e33 ~ 1.75 C m2, a large
(37%) improvement over the equivalent coefficient calculated
for pristine ZnO. The cell ratio remains above c/a = 1.5,
indicating that the data is in the linear regime described by
Momida and Oguchi [13].

Figure 5 presents a synthesis, in a form reproducing the
periodic table of elements, of the computed c/a and predicted
e33 values for ternary alloys incorporating corresponding ele-
ments. In each cell of this periodic table, the upper number is
the computed c/a value while the predicted e33 (in C m™2) is
depicted at the bottom. All data correspond to the substitution
of one atom in 32-atom supercells. For example, the substitu-
tion of one Zn atom with Ti yields a c¢/a value of 1.61 which
corresponds, after interpolation using Fig. 3, to a predicted e33
of 1.363 Cm~2.

The general trend among the transition metals shows a
small improvement in the e33 coefficient for the 10 elements
at the top full row of the periodic table. However, the second
and third rows underneath display more variations, with some
alloys exhibiting little to no performance improvement as in
the case of Zn;5ZrO;¢ and ZnsHfO¢. At the opposite range
of the spectrum, Zn;sRuOj¢ (eighth column, second row)
and Zn;5s0sOj¢ (directly underneath) display the smallest
cell ratio in all calculated unstrained alloys (c/a = 1.563)
corresponding to e33 ~ 1.765 C m~2.

According to our computations on strained Zn;sYO;sN,
these values remain in the linear domain, which gives
us confidence that they are experimentally attainable. The

relatively poor performance of Zn;sVO4 is consistent with
the conclusions of Nakamura et al. conclusions concerning
relaxed compounds [14]. The same can be said of the signifi-
cant improvement concerning the cell ratio of Zn;sNbO¢ and
Zn5sTaOy¢ (fifth column, second and third row, respectively)
pointing to high PE coefficients e33, as reported once again by
Nakamura et al. [14].

We also compiled in Fig. 5 the results of our simulations
for alloys incorporating lanthanides. The lanthanides substitu-
tions did not reveal any noticeable difference concerning the
cell ratio ¢/a most likely because the variability between the
lanthanides is mainly on the 4f shell of electrons as well as
the lanthanides contraction. However, the possibility remains
that the description of the f electron in the JTH Library might
be a source of error, as these 4 f electrons are delocalized and
treated as plane waves. We chose to use them nonetheless for
the sake of allowing comparison between datasets of the same
library on the assumption that the f electrons should not have
a major impact on the structural parameters. Further studies
would benefit from investigating this localization effect of the
f electrons.

In Sec. Il B we remarked that for Zn;sYO;sN alloys a
linear (positive) correlation has been established between the
stiffness coefficient Cs3 and the cell ratio c¢/a (see Fig. 2 in
the Supplemental Material [31]). This observation, should it
be verified for other conditions (concentration, substituent,
higher strain), would allow for the same strategy as the
one proposed above to estimate the Cs3 coefficient of alloys
without the need of a DFPT calculation.

If such an estimation is indeed possible, it would also allow
us to estimate the effective ds3 o coefficient, a lower bound of

053601-7



A. PY-RENAUDIE et al.

PHYSICAL REVIEW MATERIALS 4, 053601 (2020)

ds3 useful for thin film applications and defined by [34]
4)

d3zeft = —
Bell = 3
complementing our proposed approach to provide a quick in-
sight on the PE performances of candidate alloys. It would be
particularly interesting for further studies to investigate more
in depth these linear relations, for instance by investigating at
higher substituents concentrations or with bigger systems.

B. Impact of concentration and strain on tensor symmetries

A careful analysis of the stiffness and PE tensors for
the higher concentration Zn;YO;N alloys reveal that the
expected symmetries are not respected, in sharp contrast with
our results for the other materials systems and substituent
concentration. More specifically, some coefficients had finite
values while null values were expected.

This result indicates that the combination of substitution
and strain drives the alloy too far from pristine ZnO for
it to entirely retain its crystalline wurtzite symmetry. As
we explained before, the Zn;YO;N alloy naturally relax in
a hexagonal structure; it only displays PE properties when
maintained in a wurtzite structure by an applied biaxial in
plane strain. Therefore, investigating higher concentrations of
Y and N substituents should not yield interesting results as the
growing concentration of substituents would take us further
away from the phase transition and the wurtzite structure. In
the specific case of Zn;YO;N alloy, the interest of further
increasing the concentration is probably meager. However, it
should not necessarily be the case for other substituents.

C. Nonlinearity close to the wurtzite/hexagonal phase transition

We demonstrated in Fig. 3 that the Zn;YO,N alloy (which
relaxes in the hexagonal structure for the unstrained system)
can be maintained in a wurtzite structure by applying a
compressive biaxial strain. Moreover, this proximity with a
phase transition gave rise to the largest PE coefficients e33
reported in this study.

Indeed, Fig. 3 indicates that the relationship between e3;3
and c/a becomes superlinear at low c/a values, close to the
wurtzite-to-hexagonal phase transition. The nonlinear part of
the e33 versus c/a graph could perhaps be described with
an approach similar to critical exponents [35]. This theory
predicts the behavior of systems close to a phase transition,
more specifically the evolution of physical properties (here the
es3 coefficient) versus a control parameter (here analogous to
the cell ratio c¢/a). In the context of this theory, the physical
properties follow a power law of the control parameter in
the vicinity of the phase transition. This would explain the
behavior observed by Nakamura et al. [14], who attributed
the sharp decline in PE performance at strain values in the
vicinity of 6-7% to a transition from a wurtzite structure to
a hexagonal structure. The steep increase of e33 versus the
applied strain near 6-7% could be explained by a critical
exponent approach. The abrupt drop to zero in e33; observed
in Ref. [14] above a threshold strain value coincides with a
materials system occurs because we reach a structure with

an inversion symmetry due to the phase transition. Because
of this symmetry, the obtained system cannot display any net
PE properties. This is coherent with Momida and Oguchi’s
Fig. 2 that highlights a phase transition between wurtzite and
hexagonal phases below a certain cell ratio (systematically
smaller than the ones studied here). The effect of large strain
values on the PE coefficient e33 seems to depend, according
to Nakamura et al. [14], on the nature of the substituent (see
again Fig. 9 of Ref. [14]), with the best results obtained for
Zn;5VOs. This substituent dependence can be explained by
the proximity of the phase transition, where minor parametric
changes can significantly impact the properties of the material.

V. CONCLUSION

We have calculated the piezoelectric and stiffness tensors
of 32-atom supercells for a large number of ZnO-based
alloys using ab initio DFPT simulations with the LDA
functional. Low concentration for substituents to either Zn, O
or both were considered on unstrained and biaxially strained
systems. The dis3 coefficient for unstrained Zn;5YO;s5N and
Zn;sLaO;sN alloys are, respectively, 17.5 and 18 pC N7,
whereas e33 is 1.7 C m~2 for both alloys. These values are
significantly improved compared to simulated values for
pristine ZnO (ds3 = 11.4pCN~! and e33 =13 Cm™?).
Applying 2% tensile strain on Zn;sYO;sN results in an
increase of the es3 coefficient to 2.1 C m~2, a 60% increase
over pristine ZnO.

We confirm for a variety of ternary and quaternary ZnO-
based alloys that a linear relationship between the e33 coef-
ficient and the cell ratio c/a is verified, with a slope of ~
—9 C m™2. Our results also indicate that the PE coefficients
follow the same trends with respect to changes in c¢/a caused
by variations in chemical composition or by applying biaxial
strain. Based on this correlation, we proposed a simple method
to identify promising candidates among PE alloys in the
wurtzite family, effectively reducing the intensive computa-
tional resources needed to obtain optimal PE performance for
applications compatible with the many requirements of thin
film growth and processing.
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