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ABSTRACT: Because of growing environmental concerns, the development of lead-free piezoelectric materials with enhanced
properties has become of great interest. Here, we report a giant piezoelectric coefficient (ds;) of 550 pC/N and a high Curie
temperature (T¢) of 237 °C in (1—x—y)K;_,Na,Nb,_,Sb,O;_xBiFeO;_yBi;;Na;;ZrO; (KN, NS,-xBF-yBNZ) ceramics by
optimizing x, ¥, z, and w. Atomic-resolution polarization mapping by Z-contrast imaging reveals the intimate coexistence of
rhombohedral (R) and tetragonal (T) phases inside nanodomains, that is, a structural origin for the R—T phase boundary in the
present KNN system. Hence, the physical origin of high piezoelectric performance can be attributed to a nearly vanishing
polarization anisotropy and thus low domain wall energy, facilitating easy polarization rotation between different states under an

external field.

B INTRODUCTION

Piezoelectric materials interconvert electrical energy into
mechanical energy, and are widely used for electronic
devices.' ™ In the past several decades, lead zirconate titanate
(PZT) ceramics have dominated the piezoelectric market
because of their excellent properties and flexibility in terms of
compositional modifications. However, lead-based piezoceram-
ics will be replaced in the future by their lead-free counterparts
to protect our surviving environment.* ™ Recently, much
attention has been paid to alkali niobate systems because of
their good comprehensive performance.””"” In 2004, Saito et
al. reported that the Li, Ta, and Sb-modified (K, Na)NbO,
ceramics grown by reactive-templated grain growth show a
giant dy; of ~416 pC/N,’ initiating broad interest. However,
KNN-based ceramics still exhibit a poorer piezoelectricity as
compared to most of the lead-based ones. Therefore, it is
necessary to further enhance the piezoelectric properties of
KNN-based ceramics to replace PZT.

Recently, the construction of phase boundaries by the
addition of ions or second compounds has become popular to
promote the electrical properties of KNN-based ce-

-4 ACS Publications  © 2016 American Chemical Society

15459

ramics.”' "> 7** As is known, a ds; of <350 pC/N can be
observed in the KNN-based ceramics with orthorhombic—
tetragonal (O—T) or rhombohedral—orthorhombic (R—O)
phase boundaries, which cannot meet the requirements of
many electronic devices.'””* In 2014, a new KNN-based
ceramic material with dy; & 490 pC/N was obtained by
designing new phase boundaries consisting of rhombohedral
and tetragonal (R—T) phases,'” indicating that the construction
of new phase boundaries is a key factor to determine the
piezoelectric properties of KNN-based ceramics.'”**** Accord-
ing to the previous references, composition also strongly affects
their piezoelectric properties, raising the question of whether a
larger dy; (>490 pC/N) together with a high T¢ (>220 °C)"
can be realized by using both composition design and phase
boundary modification. In addition, the physical origin for high
piezoelectricity of KNN-based ceramics remains unclear.

In this work, we designed a new material system comprising
(1—=x—y)K,_,Na,Nb,_,Sb,0;-xBiFeO;-yBij, sNa, ;ZrO;
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Figure 1. Phase transition of KNNS-xBF-yBNZ ceramics as a function of x and y: (a, b) &,—T curves from low temperature to room temperature; (c,
d) &—T curves from room temperature to high temperature; and (e, f) phase diagrams of KNNS-xBF-yBNZ ceramics.

(KN,NS,-xBF-yBNZ). Both a giant ds; of 550 pC/N and a
high T of 237 °C were realized by constructing an R—T phase
boundary by optimizing x, y, z, and w. In addition, through
atomic-resolution electron microscopy, we demonstrate the
physical origin of such excellent piezoelectric performance.

B EXPERIMENTAL SECTION

(1—x—y)K,_,Na,Nb,_,Sb,0;-xBiFeO;-yBi, sNa, ;ZrO; (0 < x < 0.01,
0.025 <y <£0.035, 0.03 < z < 0.06, and 040 < w < 0.68) ceramics
were prepared by the conventional solid-state reaction process.
Na,CO; (99.8%), K,CO; (99%), Bi,O; (99%), Nb,O (99.5%),
Sb,0; (99%), Fe,O; (99%), and ZrO, (99%) were used as raw
materials. All raw materials of this work were produced by Sinopharm
Chemical Reagent Co., Ltd. All of the stoichiometric raw materials
were ball milled for 24 h with alcohol as the dispersion medium, and
then dried and calcined at 850 °C for 6 h in air. These calcined
powders were mixed with a binder of 8 wt % poly vinyl alcohol (PVA)
and pressed into the pellets with 10 mm diameter and 1 mm thickness
under a pressure of 10 MPa. The PVA was burnt off afterward. All disk
samples were sintered at 1085—1100 °C for 3 h in air after the PVA
binder was burnt out. All of the samples were polarized in a silicone oil
bath at 20 °C under a dc field of 4.0 kV/mm for 20 min.

The phase structure of the sintered cylindrical pellets was identified
by X-ray diffraction with Cu Ka radiation (DX-2700, Dandong,
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China). The capacitance and dissipation factors of the sintered samples
were measured using an LCR analyzer (HP 4980, Agilent, U.S.) with
temperature varied between —150 to 200 °C and room temperature of
~450 °C. The polarization versus electric field (P—E) hysteresis loops
of the unpoled cylindrical pellets were measured at 10 Hz with a
ferroelectric tester (Radiant Technologies, Inc., Albuquerque, NM).
Their planar electromechanical coupling factor (k,) was measured by a
resonance-antiresonance method with an impedance analyzer
(Impedance Analyzer, PV70A, Beijing, China). The ds; was measured
with a commercial Berlincourt-type d;; meter (ZJ-3A, China) for the
poled samples. Transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) were carried
out using a JEOL ARM200F atomic-resolution analytical electron
microscope equipped with a cold field-emission gun and a new
ASCOR fifth-order aberration corrector.

B RESULTS AND DISCUSSION

All ceramics are of a pure phase, and no secondary phases are
observed in the composition range investigated, indicating that
stable solid solutions among KNNS, BNZ, and BF are formed
(see Figure S1: XRD patterns of KN,NS,-xBF-yBNZ
ceramics). According to the XRD patterns (20 = 43—47°),
we find that mixed phases appear in all ceramics. To further
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Figure 2. Piezoelectric (ds;, kp), dielectric (&, tan &), and ferroelectric (P, E.) properties of (a) KNNS-xBF-BNZ and (b) KNNS-BF-yBNZ ceramics.

analyze the compositions of the mixed phases, the &,—T (—150
to 200 °C) curves of KNNS-xBF-yBNZ (0 < x < 0.01, y =
0.006, z = 0.045, w = 0.6; 0.025 < y < 0.035, x = 0.006, z =
0.04S, w = 0.6) ceramics are shown in Figure 1a,b. Their To_r
(=65 °C) and Ty_o (£—42 °C) transition temperatures were
found in the ceramics with x < 0.002 (Figure 1a), confirming
that they possess an O—T phase boundary. As x increases to
0.004, the two-phase transition peaks (R—O and O-T)
converge together to form one R—T peak. One can see that
Tyt drops from 58 °C at a BF content of 0.004 to —2 °C at a
BF content of 0.010. By using a similar method, we investigated
the influences of y, z, and w contents on the phase structure
(Figure 1b, Figure S3a—d: &,—T curves of KN, NS -BF-BNZ
ceramics). Finally, an R—T phase boundary was formed by
optimizing the x, y, z, and w. In addition, Rietveld powder
diffraction refinement for x = 0.006, y = 0.03, z = 0.045, and w
= 0.6 was carried out using the MAUD program,zg’29 showing
the coexistence of R and T phases (see Figure S2: Rietveld
refinement on XRD patterns of KNNS-BNZ-BF ceramics).

To investigate the effects of x, y, z, and w on T, we plot the
&—T curves, measured at 20—450 °C and f = 100 kHz (Figure
1c,d, Figure S3c,d: &,—T curves of KN, NS,-BF-BNZ ceramics).
We can see that only one dielectric peak is found in all
ceramics, which corresponds to their tetragonal-cubic phase
transition temperature (T = 190—270 °C).

Figure le,f shows the phase diagrams of KNNS-xBF-yBNZ
ceramics, established by the data derived from their &—T
curves (see Figure la—d). Their phase transition temperatures
Tr_o and To_p gradually move to room temperature with
increasing BF content (0 < x < 0.004), when the R—T phase
boundary is formed for x = 0.004, and then with further
increase of x (Figure le), Tr_r decreases. Similar behavior is
found for the BNZ and Sb contents (Figure 1f, Figure S3e:
phase diagram of KNNS_BF-BNZ ceramics). In addition, it
was also found that the K/Na ratio (w) also affects the phase
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structure of the ceramics; ™~ that is, their T_t increases with

increasing w (Figure S3f: phase diagram of KN, NS-BF-BNZ
ceramics). At the same time, their T decreases with increasing
%, y, and z (Figure lef, Figure S3e: phase diagram of KNNS_-
BF-BNZ ceramics), while T almost remains unchanged with
variations of w (Figure S3f: phase diagram of KN, NS-BF-BNZ
ceramics). As a result, the phase structure of KN, NS, -xBF-
yBNZ ceramics is defined here: O—T for 0.00 < x < 0.002, R—
O-T for 0.002 < x < 0.004, 0.025 < y < 0.0275, R—T for 0.004
<x<0.01,0.0275 <y £0.035,0.03 <z < 0.06, and 0.4 <w <
0.68.

Figure 2 shows the composition dependence of piezoelectric,
dielectric, and ferroelectric properties in the ceramics. One can
find that there is a similar change for both dy; and k,, first
increasing and then decreasing with the increasing «, y, z, and
w, reaching a peak value of d3; ~ 550 pC/N and k, ~ 53.3% for
x = 0.006, y = 0.03, z = 0.045, and w = 0.6 (Figure 2, Figure S4:
piezoelectric (ds;, k,), dielectric (e, tan §), and ferroelectric (P,
E.) properties of KN, NS,-BF-BNZ ceramics). To explore the
relationship among dielectric, piezoelectric, and ferroelectric
properties, we plot the curves of both &P, and d;; versus x, y, z,
and w (Figure SS: di; and &P, of KN,NS,-xBF-yBNZ
ceramics). All exhibit a similar trend. Both maximum dy; and
maximum &P, could be achieved in the region where the O—T
and R—O phase boundaries coexist, implying that enhanced dj;
may result from the increase of £P.'”"* In addition, their
dielectric properties show a strong compositional dependence;
that is, &, sharply increases for 0 < x < 0.002 and then
fluctuates for 0.002 < x < 0.01, as shown in Figure 2a. A similar
trend in &, was also observed in the ceramics with different y
contents (see Figure 2b). As for z, their &, first increases and
then drops for z > 0.045, reaching a maximum value for z =
0.045, as w does (Figure S4: piezoelectric (ds3 k,), dielectric
(&, tan §), and ferroelectric (P, E_) properties of KN, NS,-BF-
BNZ ceramics). In addition, tan & of all ceramics keeps a
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Figure 3. d;; as a function of T of (a) KNN-based with different phase boundaries, and (b) PZT, BT, BNT, and KNN-based ceramics.

relatively low value of 0.035—0.06 (Figure 2, Figure S4:
piezoelectric (ds3, k), dielectric (&, tan §), and ferroelectric (P,
E.) properties of KN, NS, -BF-BNZ ceramics). As a result,
optimum dielectric properties (¢, &~ 2641 and tan § = 0.04) can
be obtained in the ceramics with x = 0.006, y = 0.03, z = 0.045,
and w = 0.6. To further show the variations of ferroelectric
properties with x, y, z, and w, their P, and E obtained from
their P—E loops are shown in Figures 2 and S4 (Figure S4:
piezoelectric (ds, k,), dielectric (e, tan §), and ferroelectric (P,
E_) properties of KN,NS,-BF-BNZ ceramics). We find that a
higher P, and a lower E can be simultaneously observed in the
R—T phase boundary region (0.004 < x < 0.010, 0.0275 < y <
0.035, 0.03 < z < 0.06, and 0.40 < w < 0.68) because the R—T
phase boundary promotes the rotation of polarization vectors.

To clearly compare piezoelectric properties of this work with
other reported values, we show both d;; and T values for other
piezoelectric ceramics (Figure 3). One can see that a large d;;
of 550 pC/N and a high T¢ of 237 °C can be attained by
careful composition design, and the comprehensive perform-
ance of dy; and T of this work is superior to those of reported
KNN-based ceramics regardless of phase boundary types,
representing a significant breakthrough (Figure 32).! 7195 In
addition, such a result is also superior to those of BT and BNT-
based lead-free ceramics, and is almost comparable to the best
PZT-based ceramics,™® as shown in Figure 3b.

In this work, we attained a high piezoelectricity (d;; & 550
pC/N) in KNN-based ceramics by tuning composition and the
location of the R—T phase boundary. To reveal the underlying
mechanisms of high piezoelectric performance at the R—T
phase boundary, atomic-resolution analytical (S)TEM was
employed to characterize the domain morphology and
structure. Figure 4a and b shows representative low-
magnification TEM bright-field images of ferroelectric domains,
observed along [100] and [110] directions. As compared to the
traditional microscale herringbone-like or lamellar domains in
pure R or T ferroelectric phases,”"” the domains at the R—T
phase boundary are nanoscale in width, quite similar to those
found at the morphotropic phase boundary (MPB) composi-
tion in PbTiO;-based and BaTiO;-based systems.”>™*° The
electron diffraction patterns inserted in Figure 4a and b exhibit
streaking at high-order reflections along the (100) or (110)
directions, perpendicular to the elongation direction of the
nanodomains in the images. Detailed analysis of the electron
diffraction patterns is shown in Figure 4c—h. Three low-index
zone axes, [100], [110], and [111], are selected, in which
superlattices can be observed (Figure 4c—e) under strong
exposure. However, the respective simulated electron diffrac-
tion patterns (Figure 4f—h) based on pure R or T phases of
KNN only exhibit the main reflections without any superlattice,
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Figure 4. Morphology and diffraction of nanodomains: (a, b) Low-
magnification TEM images showing nanodomains; the insets are
electron diffraction patterns along [001] and [110] zone axes. The
streaking corresponds to the nanodomain elongation direction. (c—e)
Experimental electron diffraction patterns along [001], [110], and
[111] zone axis, revealing superlattices, which suggest local ordering
(symmetry) inside the nanodomains. (f—h) Simulated electron
diffraction patterns along [001], [110], and [111] zone axes of
KNN, showing no superlattices.

where superlattice here reflects local ordering existing inside the
nanodomains. This phenomenon has been widely found in
complex perovskite relaxor ferroelectrics, for example, Pb-
(Mg, 3Nb,3)05. "

To further probe into the local crystal ordering or
symmetries inside nanodomains, we employed spherical
aberration (Cs) corrected STEM to directly observe the atom
displacement inside each unit cell, which can convincingly
reflect the polarization direction or symmetry.***” Figure Sa is a
STEM HAADF (high angle annular dark field) lattice image
obtained from a domain boundary. STEM HAADF has been
proved to be an effective structure imaging mode especially at
the atomic scale, producing contrast interpretable by mass-
thickness (the signal is proportional to the number of atoms) or
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Figure S. Local symmetry inside nanodomians. (a) STEM HAADF lattice image at a domain boundary; (b) peak finding on (a), revealing R and T
regions; (c) enlarged image of the region in (a) within the blue box, showing T symmetry; (d) enlarged image, of the region in (a) within the yellow
box, showing R symmetry; (e) schematic showing T symmetry with B (Nb/Sb/Fe/Zr) atom displacement Ax along pseudocubic axes with respect
to A (Na/K/Bi) atoms; (f) schematic figure showing R symmetry with B atom displacement along the cube diagonal (\/ Ax* + Ay?), which can be
decomposed into displacements along x and y axes; (g, h) displacement along x and y axes, showing inhomogeneous displacement; the region
exhibiting displacement along only one axis reflects T symmetry, while the region exhibiting displacement along both x and y axes reflects R
symmetry; and (i, j) 2D and 3D images showing displacement along diagonal direction (\/ Ax* + Ay?) reflecting different regions with T and R

symmetries.

Z contrast (the signal is roughly proportional to the atomic
number squared).”*>** The center and corner atoms of the
perovskite ABOj; lattice structure can be easily differentiated
through the Z-contrast difference between A and B. In the
present sample, the center B site atoms (Nb) are much heavier
than the corner A site atoms (Na/K); thus the brighter spots
are center atom columns (Figure 5a). To accurately locate the
position of each atom column, the peak finder method was
used,” as shown in Figure Sb. Figure Sc and d shows enlarged
areas from Figure Sb, showing that the displacement direction
of the center atoms with respect to the corners is different; one
is along (100), while the other is along (111). Figure Se and f
shows schematic figures of the T and R unit cells with the
center atom displacements along (100) and (111}, respectively,
consistent with the experimental observations. As the position
of each atom column has been identified in Figure Sb, the
magnitude of the projected displacement can be calculated via
the position difference, as shown in Figure Sg—j. The calculated
displacements along x and y axes of the whole area are shown in
Figure Sg and h: the region exhibiting displacement along only
one axis (Ax or Ay) reflects T symmetry, while the region
exhibiting displacement along both x and y axes (Ax and Ay)
reflects R symmetry. Figure Si and j shows 2D and 3D images
with the displacement of \/ Ax® + Ay, differentiating regions of

T symmetry (smaller \/Ax> + Ay* values) from those of R
symmetry (larger \/Ax® + Ay? values).

It is evident that the local symmetries inside the nano-
domains represent the coexistence of R and T phases, which is
quite similar to the case of the MPB composition in lead-based,
and the BaTiOj-based/BiFeO;-based lead-free sys-
tems.****?** ‘We believe the structural origin of all piezo-
electric materials with the composition at R—T phase boundary
is such nanodomains with phase coexistence. Derived from
such nanoscale/atomic-scale structural coexistence, the physical
origin of the high piezoelectric performance of the present
KNN system at the R—T phase boundary can therefore be
attributed to a nearly vanishing polarization anisotropy and thus
low domain wall energy, which facilitates easy polarization
rotation between different states under an external field.”"*'

H CONCLUSION

We systematically studied the physical origin of giant
piezoelectricity (d;; =~ 550 pC/N) for (1—x—y)-
K,_,Na,Nb,_,Sb,O;-xBiFeO;-yBiysNaysZrO; ceramics. Such
a good comprehensive performance in nontextured KNN-based
ceramics is attributed to nearly vanishing polarization
anisotropy and thus low domain wall energy. This discovery
is a successful example of piezoelectricity enhancement using
phase engineering. We believe that it will certainly be of great
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value for further exploration of high performance lead-free
piezoceramics.
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