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Enhanced electromechanical coupling from cation local structures in (Mg,Zn)O
Junjun Jia
Global Center for Science and Engineering (GCSE), Faculty of Science and Engineering,
Waseda University, 3-4-1 Okubo, Shinjuku, Tokyo 169-8555, Japan

Daiki Kishi and Ningrui Bai

Graduate School of Advanced Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku, Tokyo 169-8555, Japan

Toshihiko Okajima® and Fabio Lesari
Aichi Synchrotron Radiation Center, Seto, Aichi 489-0965, Japan

Takahiko Yanagitani'

Graduate School of Advanced Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku, Tokyo 169-8555, Japan;
Kagami Memorial Research Institute for Materials Science and Technology, Waseda University, 2-8-26 Nishiwaseda, Tokyo 169-0051, Japan;

and JST-CREST, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan
® (Received 27 October 2023; revised 6 February 2024; accepted 23 February 2024; published 1 April 2024)

Experimental measurements for the conversion loss between electric and mechanical energies of (Mg,Zn)O-
based resonators show that Mg substitution can improve the electromechanical coupling of the wurtzite ZnO
films up to the substitution concentration of 35%. Extended x-ray absorption fine structure (EXAFS) experiments
indicate that both Mg and Zn exhibit tetrahedral local structures in (Mg,Zn)O films. With an increase in the Mg
substitution concentration, the Zn-O bond length shows a slight tendency to increase and the Mg-O bond length
practically remains the same. Further analysis of the EXAFS spectra reveals that a MgO, tetrahedron cluster
exists in the oxide alloy. First-principles calculations reproduce the experimental results, suggesting that the
enhanced electromechanical coupling is mainly attributed to a decrease in the dielectric constant due to the Mg
substitution. The enhancement in piezoelectricity caused by Mg substitution originates from an increase in the
Zn-0 bond length along the ¢ axis, which enhances the c-axis-oriented electric dipole moment. Furthermore,
the calculations show that the Mg substitution can reduce the critical transition pressure from the wurtzite phase
to the rocksalt phase. This study shows that combining the EXAFS experiment and theoretical calculation is
a reliable method for understanding the relationship between the electromechanical coupling and local cation

structure in wurtzite alloy systems. This can guide the search for novel piezoelectric materials.

DOI: 10.1103/PhysRevB.109.134101

I. INTRODUCTION

Waurtzite nitride alloys, such as (Sc,Al)N, exhibit an ex-
cellent electromechanical coupling effect with a high quality
factor (Q) and thermal stability [1-3]. This has inspired their
applications in electroacoustic devices, e.g., the film bulk
acoustic resonator in microwave 5G communication. A well-
established guideline for designing such wurtzite piezoelectric
materials is to alloy the wurtzite nitride with a rocksalt-
structured nitride to enhance the longitudinal piezoelectric
constant and elastic softening of the host wurtzite nitride
[4-7]. However, it is important to examine whether such a
guideline is universal for the design of wurtzite piezoelectric
ceramics, for example, by alloying the wurtzite oxide with a
rocksalt oxide.

In a binary wurtzite structure (P63mc, space group 186),
such as AIN, each cation is tetrahedrally coordinated with four

“jia@aoni.waseda.jp
fyanagitani @waseda.jp

2469-9950/2024/109(13)/134101(11)

134101-1

anions, and vice versa, forming a corner-sharing tetrahedral
structure. The center of the cation is displaced with respect
to that of the anion along the ¢ axis. This creates a c-axis-
oriented electric dipole moment in each tetrahedral unit [8].
When a strain is applied along the ¢ axis, the dipole moment
is enhanced by the deformation of the tetrahedral unit, thereby
generating a large piezoelectric response [9]. From the aspect
of geometrical doping, owing to the noncentrosymmetric na-
ture of the wurtzite structure, when a foreign atom has an
ionic size close to that of host cation and is substituted into the
cation site, the wurtzite structure can still maintain its piezo-
electricity [7,10]. However, considering the interplay between
a foreign atom and its local chemical environment, predicting
the piezoelectricity of wurtzite alloys becomes challenging.
For AIN, the sp® hybridization between Al 3s and 3p
and N 2s and 2p orbitals results in a local AIN, tetrahedral
coordination. When Al is substituted by Sc, whose bonds to
N are formed by Sc 3d and 4s orbitals, leading to an ScNg
octahedral coordination in the cubic rocksalt phase, the Sc
atom occupies a tetrahedral site instead of its favored octa-
hedral sites [11]. This results in more displacement than Al

©2024 American Physical Society
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atoms from the regular tetrahedral positions, further forming
a deformed tetrahedron. Such a local displacement causes a
giant piezoelectric response with evident mechanical soften-
ing [4,11], and their synergy enhances the electromechanical
coupling effect [3]. This is also observed in the (Yb,A)N
systems [7]. More experiments have shown that increasing the
concentration of the substitutional element, such as Sc, Yb,
or Cr in AIN [1,6,7], up to the composition-dependent phase
boundary can rapidly improve the piezoelectric response.

Compared with the sp3-hybridization induced tetrahedron
in III-V wurtzite nitrides, the wurtzite oxide, ZnO, is consid-
ered to exhibit different microscopic formation mechanisms
for local tetrahedron structures owing to the fully filled
noninteracting 3d orbitals from the [Ar] 3d 10452 electronic
configuration of Zn. According to the first-principles calcula-
tion, the formation of the ZnO, tetrahedral coordination was
attributed to the intra-atomic 3d,.-4p, orbital self-mixing of
Zn, followed by an asymmetric hybridization between the Zn
3d2-4p, self-mixed orbital and O 2p, orbital along the c axis,
generating one short and one long bond along the ¢ axis [8],
which is considered as the origin of piezoelectricity. Alloying
ZnO with cubic MgO has been reported to enhance the piezo-
electric response of ZnO [12]. However, this enhancement is
not evident compared with the (Sc,Al)N system [13]. There-
fore, this necessitates a study of the origin of piezoelectricity
in (Mg,Zn)O at the atomic level starting from a local cationic
structure.

In addition to the enhanced piezoelectricity, cation sub-
stitution induces ferroelectricity in wurtzite alloys. Ferri
et al. reported an enormous switchable polarization of >100
uC/cm? in Mg, Zn;_,O with x in the range between ~30%
and ~37% and coercive fields below 3 MV/cm at room
temperature, which encouraged the research on “ferroelectric
everywhere” beyond the traditional perovskite-based mate-
rials [14]. The atomic-level mechanism for this polarization
reversal is frequently conceptualized as the cation at the cen-
ter of a tetrahedron switching to its symmetrical position
along the basal plane, passing through a layered hexagonal
phase under external electric field. Thus, understanding the
local structure of cations in (Mg,Zn)O is also anticipated
to contribute to elucidating polarization reversal in wurtzite
materials.

To address the aforementioned questions, we investigated
the local structures of cations in the (Mg,Zn)O alloy through
extended x-ray absorption fine structure (EXAFS) experi-
ments and measured the electromechanical coupling. Based
on experimental observations, we conducted first-principles
density functional theory (DFT) calculations to reveal the
relationship between the local structures of cations and
macroscopic electromechanical coupling, and examined the
microscopic origin of the enhancement in piezoelectricity of
the (Mg,Zn)O alloy.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The c-axis-oriented (Mg,Zn)O films with thicknesses of 5
to 10 um were deposited on a (0001) Ti electrode film/silica
glass substrate by radio frequency (RF) sputtering, which
was used as a high-overtone bulk acoustic resonator (HBAR),
where the sputtering targets were formed by pressing the

mixture of MgO and ZnO powder (Furuuchi Chemical) with
the varied molar ratio from MgO/[MgO + ZnO] = 0.05 to
0.55 with an interval size of 0.05. The Ar and O, gases were
used as the sputtering gas and reactive gas, respectively, and
their flow ratio (Ar/O,) was 3. The RF sputtering power was
80 W, and the total gas pressure was set at 0.8 Pa. The distance
between the target and the substrate was set to 48 mm. The
electromechanical coupling coefficient (kf) and the acoustic
wave velocity (V}3) were determined by comparing the ex-
perimental and theoretical longitudinal wave conversion loss
curves with the frequencies of the HBAR resonators [3]. The
crystal structures of the (Mg,Zn)O film were characterized
by x-ray diffraction (XRD) with using a Panalytical X’Pert
Pro diffractometer in a 20-w configuration with Cu K¢ radi-
ation (A &~ 1.5405 A). Scanning electron microscopy (SEM;
JRD6500F) was used to characterize the cross-sectional mor-
phology of the films, and the obtained Mg concentrations
in the films were determined from the spectral intensities of
energy-dispersive x-ray spectroscopy (EDS; JED2300F) [15],
where the Mg concentration in the formed oxide alloy was
defined as x = Mg/[Mg + Zn]. Further details can be found
in Supplemental Material [16].

EXAFS measurements were conducted at beamlines
BLIN2 and BL5S1 of the Aichi Light Source for the Mg
K edge and Zn K edge, respectively. The Zn K-edge and
Mg K-edge EXAFS spectra of the (Mg,Zn)O powders and
the reference ZnO powder (standard crystalline powder from
FUJIFILM Wako Pure Chemical Corporation) were recorded
in the transmission and fluorescent yield modes, respectively.
The (Mg,Zn)O powders were fabricated by scraping the
(Mg,Zn)O sputtered films. All the measurements were per-
formed at room temperature. The EXAFS data were processed
and analyzed using the ATHENA and ARTEMIS codes [17].
After the spectra were extracted by removing the background
using the Cook and Sayers method [18], the magnitudes of
the Fourier transforms were obtained within the range of k
= 3.0-82 A~! for the Mg and Zn K edges with the k>
weighting of a Hanning window to obtain radial distribution
functions. The data were fitted in the R space with fit ranges
of R=1.0-2.1 Aand R = 1.0-2.0 A for the Mg K and Zn K
edges, respectively.

For theoretical calculations, in order to model the random
distribution of Mg atoms in the wurtzite (Mg,Zn)O structure,
we first generated a 3 x 3 x 2 supercell for the wurtzite ZnO,
which consists of 36 Zn atoms and 36 O atoms. Then, a
given number of Mg atoms were randomly substituted into
Zn sites to form (Mg,Zn)O alloy with a composition x. For
example, x = 0.06 means that two Mg atoms were randomly
substituted into two of 36 Zn sites. For a given x, we gen-
erated ~100 random structures in total, and then relaxed
them to determine the lowest-energy configuration for fur-
ther calculations by using the Vienna ab initio Simulation
Package (VASP) [19,20] based on density functional theory
[21]. The electronic exchange correlation interactions were
treated by the generalized gradient approximation (GGA)
in the parametrization scheme of Perdew, Burke, and Ernz-
erhof (PBE) [22]. A plane wave basis set with an energy
cutoff of 450 eV and a Monkhorst-Pack k-point mesh of
3 x 3 x 3 were used. The Gaussian smearing method with
a 0.05 eV smearing width was used for the Brillouin-zone
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FIG. 1. (a) Diffraction pattern of (Mg,Zn)O films with different
Mg concentrations, which were measured based on the 26 /w config-
uration. The Mg concentration of the formed oxide alloy is defined as
x = Mg/[Mg + Zn]. The dashed lines indicate the diffraction peaks
of standard ZnO, MgO, and Ti powders [29-31]. (b) Rocking curves
of (Mg,Zn)O films with different Mg concentrations, which were
measured by w scanning as indicated in the inset.

integration in the geometry optimization. The total energy for
each random structure was converged to less than 107¢eV. To
understand the tendency of lattice spacing to change with Mg
concentration in the wurtzite (Mg,Zn)O, we also relaxed the
lowest-energy configurations by using the LDA functional,
PBE functional with the Mg ,, potential (PBE-Mg ,,) [23], and
PBEO hybrid functional [24]. Moreover, the lowest-energy
configuration was used to calculate the elastic and piezoelec-
tric tensors using the density-functional perturbation theory
[25-28], where a plane wave basis set with a cutoff energy of
450 eV was adopted after the cutoff test, and the total energy
was converged to less than 1078 eV. The Monkhorst-Pack k-
point grids were set to 3 x 3 x 3. Note that the Mg ,, potential
with the p orbitals as valence orbitals is more accurate than the
regular Mg potential [23].

III. RESULTS AND DISCUSSION

Structural characteristics. Figure 1(a) shows the 26/w
XRD patterns of the (Mg, Zn)O films at various Mg
concentrations. The peaks observed around 31.52°, 34.46°,
36.08°, and 38.54° correspond to diffractions from the
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FIG. 2. (a) Cross-sectional SEM images at x = 0.19. (b)-
(d) Compositional mappings for Zn, Mg, and O elements (Zn =
green, Mg = red, O = blue) from the selected area (red rectangular).

Zn0(100), ZnO(002), ZnO(101), and Ti(002) planes, respec-
tively (JCPDS card no. 36-1451, 05-0682, 04-0829) [29-31].
For x below 0.38, the films exhibited high ¢ orientation along
the thickness direction [32]. Figure 1(b) shows the rocking
curve of the ZnO(002) reflection by rotating the (Mg,Zn) film
around the normal of the film. The FWHM widths of the rock-
ing curves are less than 2.8°, confirming a high ¢ orientation
along the thickness direction. The introduction of MgO into
ZnO resulted in a degradation in the film crystallinity. The
peak around 26 = 42.38° became evident above x = 0.19,
which was attributed to the diffraction from the MgO(200)
plane [31]. Its broad FWHM suggested the presence of a
nanocrystalline MgO phase in the film, which possibly relates
to the Mg-related segregation or MgO precipitation on grain
boundaries above a certain substitution concentration [33].
Based on the Scherrer formula, the MgO nanocrystallites were
estimated to have medium-range correlations of a size scale of
8 nmat x = 0.19. Consequently, we conducted cross-sectional
SEM observations with the EDS analysis to examine the
distribution of Mg and Zn. The cross-sectional SEM image
[Fig. 2(a)] reveals that the (Mg,Zn)O film at x = 0.19 has a
polycrystalline nature with columnar structure, and composi-
tional mapping on a selected area [Figs. 2(b)-2(d)] shows no
noticeable pattern of Mg accumulation corresponding to the
grain structure.

The maximum incorporation concentration of Mg in
Mg,Zn)O was reported as x = 0.17, achieved through
a solution-based growth method under approximate ther-
modynamic equilibrium conditions [33]. Considering the
nonequilibrium nature of sputtering deposition, it is antici-
pated that the maximum incorporation concentration of Mg
in (Mg,Zn)O can surpass that achieved by the solution-based
growth method. This expectation arises from the fact that the
supercooling of sputtered atoms on the substrate and a high
deposition rate could kinetically limit the diffusion-controlled
spinodal decomposition at high substitution concentrations
[10]. This hypothesis of a larger maximum incorporation
concentration in sputtered (Mg,Zn)O films can be exam-
ined by calculating the change of lattice spacing with the
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FIG. 3. The measured a (a) and c (b) lattice spacings are com-
pared with those obtained from theoretical calculations using various
functionals. The solid squares (blue) denote the measured lattice
spacings from the XRD pattern of the (Mg,Zn)O films, while the
solid squares (pink) represent the measured lattice spacings from
the XRD pattern of the (Mg,Zn)O powder obtained by scraping
the (Mg,Zn)O films. The black solid circles represent experimental
data published in Ref. [14]. The remaining data points illustrate the
calculated values using various functionals.

substitution concentrations. Figure 1(a) shows that the
Zn0(002) peak position exhibited an evident shift toward the
high angle side with the Mg concentration up to x = 0.35,
suggesting a decrease in the c-lattice spacing based on Bragg’s
law. Such a decrease is attributed to the substitution of Mg
atoms with small ionic radius (0.57 A) into the host Zn sites
(ionic radius: 0.60 A) up to x = 0.35 [34]. However, the
ZnO(100) peak position almost remains constant, suggesting
a constant a-lattice spacing with varied x, which seems contra-
dictory to the observation in the c-lattice spacing. It is worth
noting that the a- and c-lattice spacings derived from the XRD
patterns of the (Mg,Zn)O films exhibit a close agreement with
those obtained from the XRD patterns of (Mg,Zn)O powders,
which were acquired by scraping the (Mg,Zn)O films, as
shown in Fig. 3.

To elucidate the experimentally observed difference be-
tween a- and c-lattice spacings with x, we performed a series
of structural optimization calculations to validate the vari-
ations in lattice spacing with x in wurtzite (Mg,Zn)O by
using the LDA, PBE, and PBE-Mg , functionals, as well as
PBEO hybrid functionals. Figure 3 illustrates a comparison
between the calculated a- and c-lattice spacings with the
experimentally derived values from the XRD measurements.
Additionally, the reported experimental values from another
group [14] are also provided for comparison. The observed
trend in the lattice constant to change with x is consistent
with Ref. [14], and the difference can be attributed to the
energetic bombardment during sputtering [14,35]. The LDA
functional underestimates both a- and c-lattice spacings, as
reported in other calculations [36]. The PBEO functional also
underestimates the a-lattice spacings, but gives the c-lattice
spacings close to experimental values. In contrast, the a-lattice
spacings with the PBE or PBE-Mg , potential are close to

FIG. 4. FT EXAFS spectra measured without phase correction
for the Zn K edge (a) and Mg K edge (b) in the (Mg,Zn)O films. The
inset shows a schematic for the first and second EXAFS shells of the
wurtzite structure (green: center atom; red: the first shell comprising
four oxygen atoms; blue: the second shell comprising 12 Mg or Zn
atoms).

the experimental values, and the c-lattice spacings with PBE
or PBE-Mg,,, functionals are larger than the experimental
values. However, all the calculations using different func-
tionals show the same trend with experimental observations;
i.e., with an increase in x, the a-lattice spacing slightly in-
creased, and the c-lattice spacing monotonically decreased.
This agreement between our experimental and computa-
tional trends confirmed that Mg?* can be substituted into the
host Zn site up to x & 0.35 under nonequilibrium sputtering
deposition.

Local structure of cations. The local structures of the
cations (Mg and Zn) were investigated by EXAFS. Figure 4
shows the Fourier-transformed (FT) EXAFS spectra of the Zn
and Mg K edges of the (Mg,Zn)O films and the standard ZnO
powder, as a function of the interatomic distance. Compared
with the EXAFS spectra of the standard ZnO power, the Zn
local structures in the (Mg,Zn)O films were in a short-range
order up to the fourth-nearest neighbor. On the other hand,
the EXAFS spectral characteristics of the Mg K edge were
similar to those of the Zn K edge up to the second-nearest
neighbor, suggesting that Mg was substituted into the Zn site
and had a local MgO, configuration. It is worth mentioning
that although the MgO phase was observed in the (Mg,Zn)O
film above x = 0.17, its content was considerably less because
of the weak XRD intensity compared with that of the ZnO
phase.

The bond length between the cation and anion in (Mg,Zn)O
films was evaluated by first-shell EXAFS fittings. Indeed,
instead of a MgO, octahedral structure in the cubic MgO, a
MgO, tetrahedral structure can fit the EXAFS spectra well.
Table I shows the bond lengths of the fitted Zn-O and Mg-O.
The Zn-O bond length shows a slight tendency to increase
with x up to 0.19. In comparison, the Mg-O bond length
almost remains unchanged, suggesting a stable MgO, tetra-
hedral structure without a change in x.
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TABLE I. Bond lengths of Zn-O and Mg-O in the (Mg,Zn)O
films, evaluated by the first-shell EXAFS fittings. Here, r is the
phase-corrected interatomic distance in units of A, and DW is the
Debye-Waller factor in units of A2,

Zn-O bond Mg-O bond
r DW (x107%) r DW (x1073)
ZnO 1.95(4) 5.2(29) - -
x=0.13 1.97(4) 8.9(56) 1.98(1) 7.4(8)
x=0.19 1.98(8) 9.9(49) 1.99(2) 7.7(11)
x=0.28 1.95(1) 8.6(7) 1.99(1) 7.3(9)

In addition to the bond length, the EXAFS spectra pro-
vide the information regarding the coordination number. From
the crystallographic perspective, the atoms are arranged with
a tetrahedral symmetry in a binary wurtzite structure; i.e.,
any one cation (anion) has four first-nearest-neighbor anions
(cations) and 12 second-nearest-neighbor cations (anions).
For the investigated wurtzite structured oxide alloy systems,
the only difference between the cationic and anionic sub-
lattices is that, for the anionic sublattice, 12 atoms around
each O atom are O atoms, but for the cationic sublattice
both Zn and Mg atoms are present around any Zn or Mg
atom [37]. As shown in Fig. 4, the first peak around 1.8 A
corresponds to four first-nearest oxygen atoms, and the second
peak around 3.0 A is associated with 12 second-nearest Mg
and/or Zn atoms. For the Mg K-edge spectra, the first peak
almost remains the same, and the peak position of the second
shell shifts with x, suggesting a change in the cation type and
number with x. This further suggests the formation of a MgO,
cluster with a short-range order in the (Mg,Zn)O alloy.

Electromechanical coupling. The LDA and PBE-Mg,
functionals were used to calculate the electromechanical
coupling coefficients of (Mg,Zn)O. Theoretically, the exper-
imentally measured k? can be compared with the calculated
k3y based on k? ~ k33 = €3;/€33¢33, where e33, €33, and ¢33 are
the piezoelectric, dielectric, and elastic constants, respectively
[7,38]. Figure 5(a) shows that the k2, values with PBE-Mg ,

reproduced the experiments for k? up to approximately x ~
0.35. In the experiments, k- exhibited a tendency to increase
with x up to 0.35, and the maximal kl2 was 9.61% at x = 0.32,
as shown in Fig. 5(a). This result corresponded with a reduc-
tion in ds3 above x > 0.35, as reported by Kang ez al. [12].

Moreover, V3 was measured by using acoustic wave reso-
nance spectra [39]. As shown in Fig. 5(b), the calculated V33
exhibited a similar tendency with experimentally measured
V2 with x up to 0.19, which is a synergistic effect due to
the decrease of both ¢33 and the film density. However, Vg
rapidly decreased above x = 0.35 as kt2 did. Such a destruction
in electromechanical coupling or piezoelectricity should be
attributed to the phase separation of cubic MgO and wurtzite
ZnO phases due to the thermodynamic driving force, as re-
vealed by the XRD pattern in Fig. 1(a). Herein, x = 0.35 was
considered as the critical point of structural stability for the
wurtzite phase [12].

Based on the quantitative agreement between the calcula-
tion and experimental results up to x = 0.25, we investigated
the microscopic mechanism of the change in k> with the Mg
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FIG. 5. Calculated k§3 (a) and Vi3 (b) values compared with
the experimentally determined k> and V3 for the (Mg,Zn)O films,
respectively. The squares and triangles represent the calculated k%
using the LDA and PBE-Mg,,, functionals, respectively. The circles
indicate the measured k.

concentration. Table II lists the calculated dielectric constants,
piezoelectric constants, and elastic moduli for (Mg,Zn)O with
different x compared with the experiments [40-42]. With an
increase in x up to 0.25, €33 decreased by 30% from 14.24
to 9.85, c33 slightly decreased by 9% from 247 to 224 GPa,
and es3 increased by 9% from 1.11 to 1.21 C/m?. For €33,
experimental measurements indicate that it decreases from
~12.6 in ZnO to 9.5 in (Mg,Zn)O with x = 0.35 [12,40,43],
which is almost consistent with the present calculations. Fol-
lowing kl2 ~ e§3 /€33¢33, 2 30% decrease in €33 was considered
to dominate the increase in k> together with mechanical soft-
ening and enhanced piezoelectricity.

Mechanical softening. Table 11 shows that as x increases
from 0.00 to 0.50, c33 decreases from 247 to 216 GPa, in-
dicating mechanical softening in (Mg,Zn)O. For ZnO, the
PBE functional generally overestimates ¢33 compared to the
experimental values [44]. The present calculation shows that
the PBE-Mg,,, functional is 17% higher than the experimental
value for ZnO. Due to the lack of experimental data for c33 in
(Mg,Zn)O0, it is challenging to directly compare the calculated
c33 with the experiments. However, Vi3 calculated from cs3
and the density p of (Mg,Zn)O based on V33 = c33/p is in
agreement with the measured V33, especially for (Mg,Zn)O
with x ranging from 0.17 to 0.35. Compared with the evident
mechanical softening from 368.2 GPa in AIN to 131.8 GPa in
Alp 5ScosN [4], introducing MgO into ZnO only gave rise to
a slight decrease in c33.

Intuitively, when the packing is much denser in the ¢
direction of the wurtzite structure, the material should be sig-
nificantly harder in this direction [45]. This holds for (Sc,A)N
or (Yb,Al)N since their ¢33 decreases as the ¢ lattice spacing
increases. However, for the (Mg,Zn)O system, when the ¢
lattice spacing decreases with an increase in x, c33 decreases.
Such a difference between (Sc,Al)N and (Mg,Zn)O can be un-
derstood as a superposition of the geometrical effect of cation
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TABLE II. Dielectric (e33), elastic (c;;), and piezoelectric (e;;) constants as well as electromechanical coupling coefficient (k33) of
(Mg,Zn)O at varied x, where €33 is the 33 component of the dielectric tensor. Elastic and piezoelectric constants are expressed in GPa and
C/m?, respectively. The measured ¢;; and ¢;; values for ZnO from other groups were provided for comparison.

€3 cn i c13 €33 Caq e €33 k33 (%)
Computational results in this study:
x = 0.00 (ZnO) 14.24 195 104 107 247 43 —0.58 1.11 3.99
x =0.06 12.51 194 104 103 240 44 —0.58 1.13 4.78
x=0.14 11.00 196 104 102 233 45 —0.58 1.16 5.62
x=0.25 9.85 203 108 102 224 47 —0.58 1.21 7.02
x=0.33 9.19 208 110 101 216 48 —0.58 1.26 9.07
x=0.44 8.58 213 112 102 208 51 —0.59 1.32 11.02
x=0.50 8.21 216 113 102 203 52 —0.63 1.43 13.88
Experimental results from other groups:
ZnO 9.2-12.6* 210° 121° 105° 211° 42° — 1.32¢ —
Mg,Zn)O (x = 0.25) 10.3¢ — — — — — — — —

#Polycrystalline thin films fabricated by RF sputtering [40], and the static dielectric constant for ZnO nanoparticle is ~13.0 [43].
ZnO single crystals measured using the ultrasonic pulse technique [41].

‘Reference [42].

dMoreover, €33 = 9.6 at x = 0.30 and €33 = 9.5 at x = 0.35 from Ref. [12].

substitution and chemical interactions between substitutional
and host atoms. From the geometrical aspect, a smaller ionic
size of Mg?" compared with that of Zn?* gave rise to a
decrease in the c¢ lattice spacing, which is expected to lead to
mechanical hardening. Therefore, the interatomic interactions
between the substitutional Mg and its local chemical environ-
ment should have dominated the mechanical softening.

Enhanced piezoelectricity. Table II shows that es; in-
creased by 9% from 1.11 to 1.21 C/m? with an increasing
in x from 0.00 to 0.25. Such a weak dependence on the Mg
concentration for the piezoelectric response in (Mg,Zn)O is
also confirmed by the first-principles calculations with the
PBEO hybrid functional [13]. Microscopically, e33 can be di-
vided into two main contributions: (1) an electronic response
to the strain of the crystal structure (clamped-ion term) and (2)
the effect of internal strain on piezoelectric polarization [46],
which is formulated as follows:

4€Z33 ()C) du
V3a(x do’

where e is the elementary charge, a represents the equilib-
rium lattice parameter, Z represents the dynamical Born or
transverse charge in units of e, o is the macroscopic applied
strain, and u is the wurtzite internal parameter defined as the
anion-cation bond length along the (0001) axis in units of
the c-lattice spacing. As shown in Fig. 6(a), a monotonic in-
crease was observed for the clamped-ion term. In comparison,
the second term, representing the strain-induced piezoelec-
tric contribution, practically remained unchanged with x in
Fig. 6(b). Thus, an increased piezoelectric response was con-
sidered from the clamped-ion term. Note that the enhanced
piezoelectric response in the well-established (Sc,Al)N [4] or
(Yb,AD)N [7] is mainly dominated by the effect of internal
strain, as shown by the comparison between (Yb, AN and
(Mg,Zn)O in Fig. 6.

To reveal the physical mechanism of the enhanced es3,
we examined the local structure of the Mg and Zn atoms

clamped-ion
e3(x) = €33 P (x) +

ey

lengths were 2.005 and 1.998 A, respectively, where apical
and basal oxygens are depicted in Fig. 7(a). Table III shows
that the basal Zn-O bond lengths almost remained the same
at different substitution concentrations. This suggested that
the local distortions were not evident on the basal plane of
wurtzite (Mg,Zn)O, as shown by the dispersion of the legs
of the tetrahedral bonds in Fig. 7(b). This differed from the
clear local structural distortions on the basal plane in the
well-studied (Sc,AD)N [2] or the relaxed (Yb,Al)N shown in
the inset of Fig. 7(b). These observations were confirmed by
further calculations regarding the bond angles between the
basal Zn-O bonds or between the basal Mg-O bonds. Even
when more Mg was substituted, the bond angle slightly var-
ied from 108.82° to 107.93° between the basal Zn-O bonds,
and changed from 109.94° to 110.53° between the basal
Mg-O bonds. This suggested that the enhanced piezoelectric
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FIG. 6. Calculated contributions of es; introduced in Eq. (1).
(a) Clamped-ion contribution. (b) Internal strain contribution. The
black squares are calculation results data taken from Ref. [7].

in the (Mg,Zn)O alloy, which were fixed in the calculation.
In the ideal ZnO structure, the apical and basal Zn-O bond
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FIG. 7. (a) Local tetrahedral environment of cations in the
wurtzite structure. The definitions of apical and basal oxygen atoms
in the local structure are given. (b) Relaxed (Mg,Zn)O structure
(x = 0.33), and the inset shows evident local structural distortions
around the cations in the relaxed (Yb,AI)N structure with Yb/[Yb +
Al] = 0.33, which was obtained by DFT calculation with the PBE
functional using the same calculation procedures as described in
Sec. II.

response was not due to the deformed tetrahedron as that in
(Sc,ADN [11].

On the other hand, the apical tetrahedral bond length in-
creased with x in tetrahedral ZnQOy4, as shown in Table III.
It is expected to improve the bond polarization along the ¢
axis, thereby increasing the piezoelectric response. In com-
parison, Table III shows that the calculated bond lengths for
the tetrahedral MgO, almost remained constant, which was
consistent with the EXAFS observations as shown by the
first peaks in Fig. 4(b). In addition to the bond lengths, the
bond angle between the basal Mg-O bonds, or the bond angle
between the apical and basal Mg-O bonds, slightly changed
within 0.5°. These results suggested that the MgO, tetrahedral
configuration was fairly stable at a varied x. Taking all into
account, the enhanced piezoelectric response was considered
to mainly originate from the increased apical Zn-O bond along
the ¢ axis, which enhanced the c-axis-oriented electric dipole
moment in each tetrahedral unit, leading to an increase in the
piezoelectric coefficient.

Composition-driven morphotropic phase boundary. For
piezoelectric materials, morphotropic phase boundaries
(MPBs) represent a transition region in the phase diagram
in the vicinity of which crystal structures become highly
susceptible to external stimuli [47]. Under external stimulus,
piezoelectric films can be reversibly transformed between

TABLE III. Local structural parameters (apical and basal Zn-O
bonds) of (Mg,Zn)O with different x from first-principles calcula-
tions, where the Mg, potential was used.

Zn-0 (A) Mg-O (A)
a(A) c(A) Apical Basal Apical Basal

ZnO 3.2859 5.3034  2.005 1.998 — -
x=0.06 3.2787 52851 2.006 1.998 1.991 1.982
x=0.14 32793 52749 2.007 1999 1.991 1.982
x=0.25 32807 52629 2.009 1999 1989 1.983
x=0.33 32835 52465 2.010 2.000 1.993 1.981
x=044 32836 52289 2012 2.001 1.994  1.982
x=0.50 3.2867 52212 2.016 2.001 1.992  1.982

-8.8 ——————— -8.4 r

(a) (b)
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FIG. 8. (a) Total energy-volume curves calculated for the rock-
salt and wurtzite (Mg,Zn)O phases at x = 0.25. The scattered points
are the calculated total energies at the give volume, and the solid lines
are the Birch-Murnaghan fitting curves. (b) Critical phase transition
pressure determined from the enthalpy versus pressure plot. Note
that the “unit” refers to one “cation-oxygen” formula unit present
in the corresponding phases. Full details for the calculations can be
found in Supplemental Material [53] (see also Refs. [11,13,15,17,18]
therein).

competing structural polymorphs due to their similar free
energies in a flattened free-energy landscape, as revealed in
(Sc,ADN through first-principles calculations [4]. Significant
enhancements in the electromechanical properties have been
observed in piezoelectric materials near the MPBs [48], such
as (Sc,ADN films [1,3]. Tailoring MPBs to achieve high piezo-
electric response has been described for composition-driven
morphotropic systems [49]. Considering a possible transfor-
mation from the wurtzite to rocksalt (Mg,Zn)O phase as
implied in Fig. 1(a), we further investigate the phase boundary
between wurtzite and rocksalt (Mg,Zn)O to understand the
enhanced k? observed in experiments.

Figure 8(a) shows that the total energy of the wurtzite
and rocksalt (Mg,Zn)O phases was calculated as a function
of the unit volume, where the unit refers to one “cation-
oxygen” formula unit present in the corresponding rocksalt
and wurtzite phase. The calculated total energies were fit-
ted to the Birch-Murnaghan equation of state to determine
the structural parameters [50-52]. Such total energy-volume
curves can provide an indication of which of the structures
are the best candidate as the more stable phase. Generally, the
structure with the lowest equilibrium energy is considered to
be the more stable phase. Thus, the wurtzite phase is consid-
ered more stable than the rocksalt phase at x = 0.25. However,
the difference between the lowest equilibrium energies of
wurtzite and rocksalt (Mg,Zn)O decreases with x increas-
ing, as seen in Supplemental Material [53], implying the
existence of the phase boundary between the wurtzite to rock-
salt phases. As discussed above, our sputtering experiments
indicate that (Mg,Zn)O films exhibit a composition-driven
phase boundary between wurtzite and rocksalt phases around
x ~ 0.35. This further suggests that the maximal k§3 around
x = 0.35 observed in the experiments was possibly related to
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the composition-driven MPBs phenomenon owing to the alloy
physics of the wurtzite (Mg,Zn)O phase, which generates a
piezoelectric response to an external mechanical strain (and
vice versa).

Further calculation for the pressure-enthalpy relation
[54,55] indicates that (Mg,Zn)O at x = 0.25 undergoes a
structural phase transition from the wurtzite to rocksalt phases
around 6.9 GPa, as can be seen from Fig. 8(b). This critical
pressure is below 11.1 GPa of pure ZnO [56-58], which
was calculated using the same procedure and closely corre-
sponded with the reported experimental values of 8.7 GPa
[59], 9.0 GPa [60], and 10.1 GPa [61]. Note that the present
PBE result (11.1 GPa) is well in agreement with other PBE
values of 11.51 GPa [62] and 11.8 GPa [63] from other
groups. Therefore, substituting Mg atoms into ZnO is con-
sidered to lead to a decrease in the critical pressure. This
deduction is consistent with the experimental observation
that the single rocksalt (Mg,Zn)O with any compositions is
observed when the external pressure is 6.5 GPa [64]. More-
over, Seko et al. employed the cluster expansion and cluster
variation method to calculate the phase diagram of the ZnO-
MgO system [65], and drew a similar conclusion. See more
details about the composition dependence of critical pressure
in Supplemental Material [53]. This fact, that the critical pres-
sure can be adjusted by chemical composition of (Mg,Zn)O,
opens new perspectives for designing novel wurtzite piezo-
electric alloys with tunable piezoelectric response and thus an
electromechanical coupling response driven by the external
pressure.

MgO, tetrahedron in (Mg,Zn)O. The EXAFS experiments
confirmed the presence of a tetrahedral MgO, local structure
in the (Mg,Zn)O films. They indicated that the bond length of
the average first-nearest neighbor did not change with x. The
DFT calculations reproduced the experiments, suggesting that
MgO, had a stable configuration at different x values, where
three bond lengths on the ab plane and one bond length along
the ¢ axis almost remained constant at varied x values. Thus,
a question arises as to why the MgO, tetrahedron is stable at
different x values.

From the aspect of orbital interaction, the covalent-bonding
interaction between Zn 3d and O 2p orbitals has been pro-
posed as a cause of piezoelectricity [66]. However, the fully
filled Zn 3d orbitals were considered not capable of forming
hybridized orbitals with the axial O 2p, orbitals. A new bond-
ing mechanism responsible for triggering piezoelectricity in
the wurtzite ZnO was attributed to a self-mixing of Zn 3d,.
and Zn 4p, orbitals [8], as shown in Fig. 9(a). Such mixing
resulted in an orbital characterized by an asymmetric shape
along the ¢ axis and generated one short and one long bond
along the ¢ axis, which was considered as the microscopic
origin of ZnO piezoelectricity. Conversely, Mg has a [Ne]
3s? electronic configuration, and thus lacks the hybridization
between d and p orbitals. This removes the possibility of
forming a tetrahedral MgO, coordination, as in ZnO. Here, the
sp® hybridization between Mg 35, 2p and O 2p was considered
to generate a local MgO, tetrahedral coordination, as shown
by the states around 1.5 eV below the Fermi level in Fig. 9(b).
Moreover, the Mg p, states were slightly higher than its p,
and p, states, implying that the apical bond length along the

PDOS

PDOS

-5 -4 -3 -2 -1 0

Energy (eV

FIG. 9. (a) Projected density of states (PDOS) in wurtzite
(Mg, Zn)O with x = 0.33 calculated from PBE calculations. The
dashed line shows the mixing of Zn 3d> and Zn 4p, orbitals inter-
acting with the O 2p, orbital. (b) PDOS of Mg in wurtzite (Mg,Zn)O
alloy. The Fermi level is set to 0.

¢ axis was longer than ones on the basal plane in tetrahedral
MgO,.

Noteworthily, MgO was reported to be unstable to main-
tain the wurtzite structure under ambient pressure [67], and
its stable phase was rocksalt with the MgOq local structure.
Contrarily, our EXAFS experiments suggested a stable MgO,
local structure in the sputtered (Mg,Zn)O films, as revealed
by the EXAFS spectra shown in Fig. 4(b). This may be as-
sociated with the spatial distribution of MgO, tetrahedrons in
the (Mg,Zn)O solid solution. The DFT calculations revealed
the existence of a MgO, cluster in the relaxed alloy structure
beginning from x = 0.14, as revealed by EXAFS experiments.
In addition, the states related to Mg p, and p, orbitals were
approximately 0.5 eV lower than the Zn-O bonding states.
This implied that the MgO, tetrahedron was more stable than
the ZnOy tetrahedron in the (Mg,Zn)O alloy, originating from
the fact that MgO has considerably stronger ionic bonds than
ZnO [13].

IV. CONCLUSIONS

The experiments showed that alloying cubic MgO into
wurtzite ZnO enhanced the electromechanical coupling,
where k2 is improved from 5.52% to 9.61%. Based on the
EXAFS measurements, Mg was considered to be substituted
into the Zn sites in the wurtzite ZnO structure. Moreover,
fitting the EXAFS spectra indicated an increased Zn-O bond
length and an unchanged Mg-O bond length at up to 25%
Mg substitution concentration. The DFT calculations agree
well with the experiments, including the tendency of k> and
the bond length with the Mg substitution, suggesting that
the enhanced electromechanical coupling was dominated by
a decrease in the dielectric constant due to Mg substitution.
Compared with the Sc substitution in AIN, which produced a
deformed tetrahedron and thus a giant increase in piezoelec-
tricity, the Mg substitution in ZnO only slightly enhanced the
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e33 of (Mg,Zn)O. This was because although the Mg substitu-
tion induced an increased Zn-O bond length along the c axis,
it had a low influence on the tetrahedral configuration, such as
the bond angles. Moreover, the calculations indicated that the
Mg substitution in ZnO lowers the critical transition pressure
from the wurtzite to rocksalt phases. The critical transition
pressure is reduced from 11.1 GPa for ZnO to 6.9 GPa for
(Mg,Zn)O with x = 0.25.

Overall, the EXAFS experiments can provide reliable in-
formation on the local structure of constituent elements in the
wurtzite alloy, enabling us understand the dispersion of sub-
stitutional elements in the host material and the microscopic
origin of piezoelectricity. Combining EXAFS experiments
and theoretical calculation also represents a reliable approach
for understanding alloy-based piezoelectric materials, advanc-
ing the research on novel piezoelectric materials.
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