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Abstract: An amount of 3.0 mol% NaNbOj; seeds was used to align the grains of 0.96(Nag5Kg5)
(Nb0.938b0_07)03-(0.04—X)SrZI’O3-X(Bi0.5Ag0_5)ZI‘O3 [NKNS-(0.04—X)SZ-XBAZ] thick films (00 <x< 004)
along the [001] direction. All the textured thick films had large Lotgering factors (>95%). The textured
NKNS-0.025Z-0.02BAZ thick film has a rhombohedral-orthorhombic-tetragonal (R-O-T) structure
with a large proportion of the R-O structure (>80%) and nanodomains (0.7 nm in width and 6 nm in
length). This thick film exhibited a large d33 value (760 + 20 pC/N), kp value (0.58) and strain (0.16%
at 4.0 kV/mm), with good temperature stability and fatigue properties. The high piezoelectricity
of this thick film can be attributed to its high degree of texturing, optimized domain configuration,
and the presence of nanodomains. The piezoelectric ceramic with a large d15/d33 value showed
a large d33 value after [001] texturing because of the easy rotation of the spontaneous polarizations.
Hence, the d15/d33 value can be used to select piezoelectric ceramics with large d33 values after
[001] texturing.
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1. Introduction

(Nag 5K 5)NbO3 (NKN)-based piezoceramics are the most promising lead-free piezo-
ceramics reported to date because of their high piezoelectricity and high Curie temperature
(Tc), and they have been extensively investigated [1-3]. Although the piezoelectric char-
acteristics of NKN-based piezoelectric ceramics have been significantly improved, their
piezoelectricity must be further improved to facilitate their applications in various indus-
trial electronic devices.

A reactive template grain growth (RTGG) method has been used to enhance the piezo-
electric characteristics of NKN-based piezoceramics [4-6]. The [001]-texturing refers to
the alignment of the grains of NKN-based piezoelectric ceramics along the [001] direction
using NaNbO3 (NN) seeds [4-10]. It has been reported that the piezoelectricity of textured
piezoelectric ceramics is significantly influenced by their structure. The piezoelectric prop-
erties of a [001]-textured thick film are significantly improved when it has an orthorhombic
(O) or rhombohedral (R) structure because the O structure has four [110]-oriented do-
mains and the R structure has four [111]-oriented domains when are poled along the [001]
direction [7,9-11]. However, for the tetragonal (T) structure, the piezoelectricity of the
[001]-textured thick film is small because the T structure has one [001]-oriented domains
when poled along the [001] direction [7,12,13]. Furthermore, [001]-textured NKN-based
thick films with an R-O structure are expected to have excellent piezoelectric properties
because eight domains containing four [110] and four [111] domains are present. How-
ever, according to previous studies, the d33 values of NKN-based piezoelectric ceramics
with R-O structure are low when compared to NKN-based piezoceramics with R-O-T
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structure [14-16]. Therefore, it is considered that the improvement in the piezoelectricity of
[001]-textured NKN-based thick films with R-O structure may be limited. On the other hand,
NKN-based piezoceramics with R-O-T structure generally have large ds3 values [17-19].
Therefore, it has been proposed that textured thick films with the R-O-T structure may
have larger d33 values by controlling the proportion of the R-O structure. It is expected that
textured thick films will have large d33 values when prepared with an R-O-T structure with
a large proportion of the R-O structure. Moreover, the ds3 value of this textured thick film
can be further enhanced by nanodomains. Previously, the 0.96(Nag 5K 5)(INbg 935bg 07)O3-
(0.04—x)SrZrO3-x(Bip 5Agn.5)ZrO3 [NKNS-(0.04—x)SZ-xBAZ] piezoelectric ceramic with
x = 0.0 has an R-O-T structure with a large proportion of the R-O structure (92%) and
a relatively small d33 value (450 pC/N) [20]. The proportion of R-O decreased and d33
increased upon increasing x, and the maximum d33 value (650 pC/N) was obtained
from the piezoelectric ceramic with x = 0.03, in which the R, O, and T structures have
similar proportions [20]. Therefore, [001]-textured NKNS-(0.04—x)SZ-xBAZ thick films
(0.0 < x <0.04) are considered to be good materials for studying the effect of the propor-
tion of the R-O structure on the piezoelectricity of textured NKN-based thick films with
an R-O-T structure.

In this study, a series of NKNS-(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04) were
textured using NN seeds to investigate the effect of the amount of R-O structure on the
piezoelectric properties of the textured thick films. The optimum amount of NN seeds that
induced the highest degree of texturing and largest d33 value was first determined. Finally,
the crystal structure of the textured specimens, including the proportion of the R-O phase,
was controlled to obtain the largest d33 value.

2. Experimental Procedure

The NN seeds were used to texture NKINS-(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04)
using the RTGG method. Topochemical microcrystal conversion and the molten salt method
were used to fabricate the NN seeds. The average size of the NN seeds was ~12 pm X
12 um x 1.0 um with a large aspect ratio of 12. The detailed process of fabrication of the NN
seeds was reported in a previous study [21,22]. NKNS-(0.04—x)SZ-xBAZ ceramic powders
(0.0 < x < 0.04) were prepared using conventional solid-state processes, as described in the
Supporting Information.

Textured NKNS-(0.04—x)SZ-xBAZ + y mol% NN thick films (0.0 < x < 0.04,
0.0 <y <5.0) were produced using a tape-casting method. The calcined NKNS-(0.04—x)SZ-
xBAZ powders were ball-milled for 12 h with a dispersant (SN-dispersant 9228, San Nopco,
Republic of Korea) and a solvent composed of ethanol and toluene, using yttria-stabilized
zirconia balls in a Nalgene bottle. A PVB binder and phthalate plasticizer were added
at a later stage of the ball milling, which was performed for 24 h (first slurry). The first
slurry was filtered, and 3.0 mol% NN templates and the dispersant were added to the
first slurry and mixed via milling without balls (second slurry). This slurry was defoamed
under vacuum to remove internal microbubbles and to control the viscosity. Textured
NKNS-(0.04—x)SZ-xBAZ green sheets were produced using these slurries by the tape
casting method and dried at 65 °C. The dried and rolled sheets were then cut and laminated
at 65 °C. Dense thick films were produced by applying an isostatic pressure of 20 MPa
to the laminated green sheets at 65 °C. The thick film was heated at 330 and 550 °C for
48 h to remove the organic binder. Cold isostatic pressing was performed at 200 MPa
for 10 min to minimize the voids. Finally, the thick NKNS-(0.04—x)SZ-xBAZ films were
densified at 1090 °C for 6 h in air. Ag electrodes were formed on the top and bottom
surfaces of the thick films to evaluate the electrical properties. They were then poled at
RT and 4.0 kV/mm. The structural, piezoelectric, dielectric, and ferroelectric properties of
the NKNS-(0.04—x)SZ-xBAZ + y mol% NN thick films were measured, as described in the
Supporting Information.
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3. Results and Discussion

Figure 1a shows the XRD patterns obtained for the NKNS-0.025Z-0.02BAZ + y mol%
NN thick films (x = 0.02, 0.0 < y < 5.0) sintered at 1090 °C for 3 h. The untextured thick
film (v = 0.0) shows a high-intensity (110) peak and the intensities of the other peaks were
relatively low, indicating that the grains of this thick film are randomly oriented. The
intensities of the (001) and (002) peaks increase, while that of the (110) peak decreases with
an increase in y. The thick film with y = 3.0 shows high intensity (001) and (002) peaks with
a very low intensity (110) peak, implying that this thick film (y = 3.0) was textured along
the [001] direction. However, the intensities of the (001) and (002) peaks were reduced in
the thick film with y = 5.0. The Lotgering factor (LF) provides the degree of [001] texturing
and can be calculated using Equation (S1) in Supplementary Material Section S1. The XRD
patterns were used to calculate the LFs of the thick films (Figure 1b). The thick film with
y = 1.0 shows a relatively large LF (93.7%), which further increases to 97.9% for the thick
film prepared with y = 3.0. However, it slightly decreases to 95.5% for the thick film with
y = 5.0. Therefore, it can be concluded that 3.0 mol% NN seeds was an appropriate amount
for [001]-texturing the NKINS-0.025Z-0.02BAZ thick film. Figure 1c shows the EBSD image
of the top surface of the textured thick film. Most of the grains in the top surface are
orientated in the [001] direction (red-colored areas) and the black-colored areas in Figure 1c
indicate the defects formed on the top surface. Furthermore, a very high intensity was
observed at the center of the (001) pole figure (Figure 1d), confirming that the NKNS-0.025Z-
0.02BAZ thick film was textured along the [001] direction using 3.0 mol% of NN seeds.
Rietveld analysis was conducted to identify the crystal structures of the textured thick
films. Figure 1le shows the XRD pattern analyzed using the Rietveld method for the thick
film with y = 3.0, which has an R-O-T structure consisting of R3m rhombohedral (25.9%),
Amm?2 orthorhombic (54.7%), and P4mm tetragonal (19.4%) structures. The parameters
calculated from the Rietveld refinement of the XRD data of this thick film are listed in
Table 1. The NKNS-0.025Z-0.02BAZ + y mol% NN thick films (y = 0.0 and 5.0) also have
identical structures (Figures S1 and S2). Hence, all the thick films have the same R-O-T
structure and the NKNS-0.025Z-0.02BAZ piezoelectric ceramic has been reported to have
an R-O-T multi-structure [20]. Therefore, it can be concluded that the crystal structure
of the NKNS-0.025Z-0.02BAZ piezoelectric ceramic was not altered during the texturing
process. An HRTEM study was performed on the thick film with y = 3.0 to study its domain
structure, as shown in Figure 1f. Nanodomains with an average size of 0.7 nm X 6 nm were
formed in this thick film. Nanodomains are frequently developed in textured NKN-based
and (Ba, Ca)(Ti, Zr)O3 piezoelectric thick films and the formation of these nanodomains can
be related to the stress produced in the presence of the NN (or BaTiO3) seeds [7,11,23]. The
domain boundary energy was low for the nanodomains and thus, domain rotation easily
occurs upon the application of an electric field, resulting in high piezoelectric properties.
Therefore, the textured thick film with ¥ = 3.0 can be expected to exhibit good piezoelectric
characteristics, which will be discussed later.

Figure 2a—e display the SEM images of the cross-sectional fractured surface of the
NKNS-0.025Z-0.02BAZ + y mol% NN thick films (0.0 <y < 5.0). The untextured thick film
(v = 0.0) has randomly oriented grains with an average grain size of 7.4 um (Figure 2a). The
grains begin to align along the [001] direction when 1.0 mol% NN seeds (y = 1.0) was used
for texturing, but many of the grains were randomly oriented, as indicated by the arrows
shown in Figure 2b. For the thick film with y = 2.0, many of the grains were textured, but
a few remain untextured, as indicated by the arrows in Figure 2c, implying that the thick
films (y = 1.0 and 2.0) have not been completely textured, although they show relatively
large LF values close to 95%. All grains were well textured in the thick film with y = 3.0
(Figure 2d). The average grain size of this thick film was ~23 pm, implying that the NN
seeds align the grains as well as increasing the grain size in the thick films. For the thick film
with y = 5.0, most of the grains were textured, but the grain size slightly decreased, resulting
in a decrease in the intensity of the (001) peak (Figure 1a), which induced a slight decrease
in the LF (Figure 1b). The NN seeds behave as nuclei for grain growth and the formation of
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[001]-textured grains. As numerous NN seeds are present, the grains impinge each other
during the growth process and inhibit the growth of the grains resulting in the formation
of small grains. Therefore, the reduction in the grain size of the thick film with y = 5.0 can
be attributed to the presence of a large amount of NN seeds. The SEM results confirm
that 3.0 mol% NN seeds was the optimum quantity to texture the NKNS-0.025Z-0.02BAZ
thick film and that they can be used to texture other NKNS-(0.04—x)SZ-xBAZ thick films
(0.0 < x <0.04). In addition, rectangular-shaped holes were observed in the textured thick
films, as indicated by the arrowheads shown in Figure 2c—e. These holes could be formed
due to the diffusion of the NN seeds into the matrix. Similar results have been frequently
observed in NKN-based thick films textured using NN seeds [8-10,24]. However, more
study is required to clearly identify the formation mechanism of these holes.
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Figure 1. (a) XRD patterns and (b) Lotgering factors of the NKNS-0.025Z-0.02BAZ + y mol% NN thick
films (0.0 <y < 5.0) sintered at 1090 °C for 3 h. (c) EBSD image, (d) (001) pole figure of the top surface,
(e) Rietveld refinement of the XRD pattern, and (f) HRTEM image of the NKNS-0.025Z-0.02BAZ + y
mol% NN thick film with y = 3.0.

RD

Table 1. Parameters calculated from the Rietveld refinement of the XRD data of the NKNS-0.025Z-
0.02BAZ + y mol% NN thick film with x = 0.02 and y = 3.0.

Structural Site Label N 2 Lattice . R Factor
Model (SG) y Parameter [A] [%]
. K/Na/Sr/Bi/Ag 0(-) 0(-) 0(-) a=39738(3)  Rp/Rwp/Rexp
Ort{f;hnj;‘)‘bm Nb/Sb/Zr 0.500(-) 0(-) 0.590(18) b = 5.6400(3) Ry/R;
5170 o1 0() 0(-) 0.600(19) c=5.6409(3)  3.99/5.31/3.14
e o2 0.500(-) 0.308(11) 0.250(17) x=p=vy=90° 3.66/2.71
Rhombohedral ~ K/Na/Sr/Bi/Ag 0() 0() 04s12) 2P =563130)  Rp/Rwp/Rexy
¢ = 6.9095(6) Ry/R;
(R3m) Nb/Sb/Zr 06) 0C) 0¢) a=p=90° 3.99/5.31/3.14
25.9% o) 0.511(-) —0.511() 0.484(-) = 1208 200277
K/Na/Sr/Bi/Ag 0(-) 0(-) 0(-) e Rp/Rwp/Rexp
Te(tlfﬁ‘;:)al Nb/Sb/ Zr 0.500(-) 0.500() 051716) 7 b ;;?2752;2) Ry /R
194 o1 0.500(-) 0.500(-) 0.055(27) wepovooge  399/531/314
e o2 0.500(-) 0(-) 0.612(27) =b=7= 3.75/2.70
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Figure 2. SEM images of the cross-sectional fractured surface of the NKNS-0.025Z-0.02BAZ + y mol%
NN thick films with (a) y = 0.0, (b) y = 1.0, (¢) y = 2.0, (d) y = 3.0, and (e) y = 5.0.

Polarization versus electric field (P-E) hysteresis curves were obtained for the NKNS-
0.025Z-0.02BAZ + y mol% NN thick films (0.0 <y < 5.0) to study the effect of texturing on
the ferroelectric properties. Figure 3a,b show the P-E hysteresis curves obtained for the thick
films with y = 0.0 and 3.0, respectively. The P-E hysteresis curves of the other thick films are
displayed in Figure S3a—c. The spontaneous polarization (Ps), remnant polarization (Py),
and coercive electric field (Ec) of the thick film with y = 0.0 are 16.2 uC/cm?, 11.1 uC/cm?,
and 0.59 kV/mm, respectively (Figure 3a). The Pgs value slightly increases to 16.7 nC/ cm?
upon increasing y for the thick film with y = 3.0 (Figure 3b,c). The P; value also increases
with y, and the thick film with y = 3.0 showed a maximum P; value of 13 uC/cm?. The
increased P, value can often be observed in textured piezoelectric ceramics due to the easy
alignment of the polar vectors in textured thick films, which contributes to the increase in
the piezoelectric properties of the textured thick films because the piezoelectric constant is
proportional to the polarizability [7,11,25]. The increased grain size of the textured thick
film also contributes to the increase in the Ps and P; values because the clamping of the
domain walls decreases with an increase in the grain size due to the decrease in the grain
boundary [26]. Moreover, the Ec value was slightly reduced with an increase in y, as shown
in Figure 3c, and the reduced Ec was beneficial for the poling process. Therefore, the P-E
curves indicate that the piezoelectric properties can be improved in the textured thick films;
identical results have also been reported in previous studies [7,10,11]. In addition, the
variation in the current density with respect to the electric field (J-E) was measured for the
NKNS-0.025Z-0.02BAZ + y mol% NN thick films (0.0 < y < 5.0) and Figure 3a,b show the
J-E curves obtained for the thick films with y = 0.0 and 3.0, respectively. The J-E loops of the
other thick films are also displayed in Figure S3a—c. All of the thick films show two peaks
because of the conventional domain changing with the supply of an electric field. Hence,
it can be proposed that they have normal ferroelectric properties. The & values of the
NKNS-0.025Z-0.02BAZ + y mol% NN thick films (0.0 < y < 5.0) were measured at various
temperatures. Figure 3d,e show the ¢, versus temperature plots obtained for the samples
with y = 0.0 and 3.0, respectively. Furthermore, the ¢ versus temperature plots obtained
for the other samples are shown in Figure S4a—c. The untextured thick film exhibits Tc
and To.7 peaks at 161 and 46 °C, respectively (Figure 3d), which slightly decrease upon
increasing y, as shown in Figure 3e and Figure S4a—c, but this decrease was not significant.
The slight decrease in T¢c and To.1 with an increase in the amount of NN seeds may be
attributed to the slight difference in the chemical composition of the thick films because
the NN seeds may not be completely and homogeneously diffused into the matrix of the
thick films. In addition, the T¢ peak was slightly broadened after texturing because the
relaxor properties increase with y, as shown in Figure S4d-h. A similar result has been
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observed in previous studies and attributed to the presence of stress between the NN seeds
and matrix inducing the relaxor properties [8,11]. The dielectric loss (tan 6) curves of the
thick films with y = 0.0 and 3.0 are similar, as shown in Figure 3d,e. However, the sample
(y = 0.0) showed a relatively sharp peak near T compared to that of the sample (y = 3.0)
because the ¢, curve had a sharp peak near Tc. Moreover, the tan § values of the sample
(y = 3.0) were slightly larger than those of the sample (y = 0.0) because of the presence of
rectangular holes in the sample with y = 3.0.
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Figure 3. P-E hysteresis curves obtained for the NKNS-0.025Z-0.02BAZ + y mol% NN thick films
with (a) ¥y = 0.0, (b) y = 3.0. (c) Ps, Pr, and E¢ of the NKNS-0.02SZ-0.02BAZ + y mol% NN thick films.
The &, versus temperature curves obtained for the thick films with (d) y = 0.0 and (e) y = 3.0.

The relative densities, €133/ ¢, tan &, kp, and dz3 values of the NKNS-0.025Z-0.02BAZ +
y mol% NN thick films (0.0 <y < 5.0) are shown in Figure 4a. The relative densities slightly
decrease upon increasing y, which was attributed to the rectangular holes formed in the
textured thick films. However, the thick film with y = 3.0 has a comparatively high relative
density of 93.5% of the theoretical density. A decrease in the density was occasionally
observed in the textured thick films, but its effect on the piezoelectric properties was not
significant [8-10,27]. The el33/¢g value of the untextured thick film (y = 0.0) was ~1803,
which was enhanced upon increasing y for the thick film with y = 3.0 (eTa3/¢9 = 2171)
and a slightly reduced e'33/¢y value of 2158 was observed in the thick film with y = 5.0.
The variation in the £'33/e9 value was similar to that of the grain size, indicating that the
increased grain size may be responsible for the slight increase in the €'33/ey value observed
for the textured thick films. The tan J value of the untextured sample (y = 0.0) was ~3.3%,
which slightly increased to 3.5-3.7% for the textured thick films, because of the existence of
the rectangular holes produced via the diffusion of the NN seeds. However, the increase
in the tan ¢ value was not significant and has been frequently observed in textured thick
films [28-30]. The kp, value of the untextured thick film was small (0.48) and increased upon
increasing y. A maximum kp value of 0.58 was observed for the thick film with y = 3.0,
which shows the highest degree of texture. However, the k;, value decreased by 0.52 for the
thick film with y = 5.0. The variation in the d33 value as a function of y was similar to that
of the k, value; the d33 value of the untextured thick film was ~478 pC/N and a maximum
dz3 value of 760 =+ 20 pC/N was observed for the thick film with y = 3.0. Figure 4b shows
the d33 values of NKN-based piezoceramics reported in the literature and the maximum
d33 value of the textured NKN-based thick film is 805 pC/N [8]. Hence, the d3; value of the
textured NKNS-0.025Z-0.02BAZ thick film developed in this study is similar to or slightly
less than the largest d33 value. The above-mentioned results clearly show that the k, and d33
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values were significantly improved when the thick film was textured. The thermal stability
of the d33 value of the thick film with y = 3.0 was investigated and Figure 4c shows the ds3
values measured at various temperatures. The d33 value slightly decreased upon increasing
the temperature, but a comparatively large ds3 value of 610 pC/N was observed at 110 °C.
However, this value decreased significantly at temperatures >110 °C, possibly due to the
Tc of the thick film being close to 151 °C (Figure 3e). Therefore, the piezoelectricity of this
thick film was stable up to 110 °C. Figure 4d shows the strain produced by an electric field
in the untextured NKNS-0.025Z-0.02BAZ and textured NKNS-0.025Z-0.02BAZ + 3.0 mol%
NN thick films. The untextured thick film exhibits low strain (0.12% at 4.0 kV/mm) and
the textured thick film exhibits increased strain (0.16% at 4.0 kV/mm), indicating that
texturing also increases the electric field-induced strain. The fatigue properties of the
NKNS-0.025Z-0.02BAZ + 3.0 mol% NN thick film were also investigated and the unipolar
strain versus electric field (S-E) plots of the thick film were obtained after the application of
different electric field cycles, as shown in Figure 4e. The inset of Figure 4e shows the electric
field applied to the thick film. Because the maximum electric field (1.0 kV/mm) was larger
than the Ec of the thick film (~0.55 kV/mm), the applied electric field was large enough
for the fatigue test [31]. Moreover, this strain was maintained after 10° cycles (Figure 4e).
Therefore, it can be concluded that this thick film exhibits good fatigue properties.
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Figure 4. (a) Relative densities, ¢33 /¢, tan 6, kp, and d33 values of the NKNS-0.025Z-0.02BAZ + y
mol% NN thick films (0.0 < y < 5.0). (b) d33 values of NKN-based lead-free piezoceramics reported
in the literature. (c) The d33 values measured at various temperatures for the thick film with y = 3.0.
(d) Unipolar S-E curves obtained for the thick films with y = 0.0 and y = 3.0. (e) Unipolar S-E curves
obtained for the thick film with y = 3.0 measured after the application of the electric field cycles.

The above-mentioned results show that 3.0 mol% NN seeds was an appropriate
amount to produce the [001]-textured NKNS-0.025Z-0.02BAZ thick film. Therefore, it was
used to texture a series of NKNS-(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04) along the
[001] direction. All of the NKNS-(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04) have a pure
perovskite structure with high intensity (001) and (002) peaks (Figure 5a). Thus, the thick
films have large LF values ranging between 95 and 98%, as shown in Figure 5b. Therefore,
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all of the thick films were textured using 3.0 mol% NN seeds. The SEM images of the thick
films with x = 0.015 and 0.03 are shown in Figure 5c,d, respectively. The grains of these
thick films were aligned along the [001] orientation with an average grain size of ~23 pm
and also have dense microstructures. Similar microstructures were observed for the other
thick films, as shown in Figure S5a—d and Figure 2d. Therefore, all of the thick films were
textured using 3.0 mol% NN seeds with similar microstructures.

(a) (b)

— —————— 100

g & §8 ¢| - 3 3
1S T k=004 JS 8 SR g5 ¢ 3 \$
3 : =
3 | x=003 | § o
2 | x=0.025 | 8
2 1] x=0.015 | 2 %
g £
£ x=0.01_} o 807

x=0 l 3 45+
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BAZ content (x mol)
S e car .y

e

Figure 5. (a) XRD patterns and (b) Lotgering factors of the textured NKNS-(0.04—x)SZ-xBAZ
thick films (0.0 < x < 0.04). SEM images of the textured NKNS-(0.04—x)SZ-xBAZ thick films with
(c) x=0.015 and (d) x = 0.03.

The crystal structures of the textured NKNS-(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04)
were investigated and the results of the Rietveld refinement of their XRD patterns are
shown in Figure 6a—d. Table 2 lists the parameters calculated from the Rietveld refinement
of the XRD data of the thick films. The textured thick film with x = 0.0 shows an R-O-T
structure consisting of R3m rhombohedral (26.2%), Amm?2 orthorhombic (65.7%), and P4mm
tetragonal (8.1%) structures (Figure 6a). Because the proportion of the P4mm tetragonal
structure was small, the crystal structure of the thick film was close to that of the R-O
structure. In addition, the Ry, value of the R-O model was slightly larger than that of the
R-O-T model (Figure S6). Therefore, the structure of the thick film with x = 0.0 was very
similar to the R-O structure. The R-O-T structure was also observed in the textured thick
films with x = 0.01, 0.03, and 0.02, as shown in Figure 6b,c, and Figure le, respectively. As
x increases, the proportion of the T structure increases, whereas that of the O structure
decreases. However, the change in the proportion of the R structure was not significant.
Finally, the O structure disappears in the thick film with x = 0.04 and an R-T structure with
R3m rhombohedral (27.9%) and P4mm tetragonal (72.1%) structures was formed, as shown
in Figure 6d. The proportions of the R, O, and T structures for each textured thick film are
listed in Table 3.
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(a) Amm2 (Orthorhombic) = 65.7% (b) Amm2 (Orthorhombic) = 59.5%
Ry = 3.76%, R;=2.40%, R,,=537% R, =3.31%, Ry=1.75%, R,,=735.21%
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Figure 6. Rietveld refinement of the XRD patterns obtained for the textured NKNS-(0.04—x)SZ-xBAZ
thick films with (a) x = 0.0, (b) x = 0.01, (c) x = 0.03, and (d) x = 0.04.

Table 2. Parameters calculated from Rietveld refinement of the XRD data of the textured NKINS-
(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04).

Lattice
BAZ Structural . R Factor
Content Model (SG) Site Label X y z Par:ilgaeter [%]
. K/Na/Sr/Bl/Ag 0(-) 0(-) 0(-) a= 39758(3) Rp /pr /Rexp
Ort(}[lqo;}]}’%n)lblc Nb/Sb/Zr 0.500(-) 0(-) 0.500(5) b =5.6392(2) Ry, /R¢
65.7% 01 0(-) 0(-) 0.470(9) ¢ =5.6407(2) 4.13/5.37/3.25
ST 02 0.500(-) 0.333(10) 0.254(12) x=p=y=90° 3.76,/2.40
Rhombohedral K/Na/St/Bi/Ag  0() 0() 047513 2TPESEI0E) K / ISW%RGXP
oo S N/vz w0 00 ST st
=0. 2% 0 511¢-)  -0511() 484(-) y =120° 3/.07 /2/.40
K/Na/Sr/Bi/Ag 0(-) 0(-) 0(-) o Rp/Rwp/Rexp
Te(gzg‘m)al Nb/Sb/Zr 0500 0500() 062415 TP I3IOAD Ry /R
3 i”/m 01 0.500(-) 0.500(-) 0.105(25) a=p=y=90° 4.13/5.37/3.25
Ao o2 0.500(-) 0(-) 0.578(25) =h=yY= 4.31/2.66
. K/Na/Sr/Bi/Ag 0(-) 0(-) 0(-) a =3.9755(3) Rp/Rwp/Rexp
Ort(}Aog]fglblc Nb /Sb/ Zr 0.500(-) 0(-) 0.465(9) b =5.6376(3) Ry, /R¢
59.5% 01 0(-) 0(-) 0.399(15) c =5.6443(3) 4.02/5.21/3.24
27 02 0.500(-) 0.335(7) 0.231(11) x=p=y=90° 3.31/1.75
Rhombohedral K/Na/Sr/Bi/Ag 00) 00) 04s08) 230 ggi%(g)(z) Rp/ gwplg Rexp
(R3m) Nb/Sb/Zr 06) o) 0¢) o= = 90° 402 /%1 V3.4
=001 27.6% 0 0.511(-) -0.511(-) 0.484(-) Y= 120° 2547151
K/Na/Sr/Bl/Ag 0(—) 0(-) 0(-) T Rp /pr/ReXp
Te(tlﬁzgon)al Nb/Sb/Zr 0.500(-) 0.500(-) 05478)  2%P 55’892769(5)(3) o/ R
19.0% o1 0.500(-) 0.500(-) 0.062(22) aopoyoo0c  402/521/324
o o2 0.500(-) 0(-) 0.589(22) =P=Y= 3.10/1.55
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Table 2. Cont.

Lattice
BAZ Structural . R Factor
Content Model (SG) Site Label X y z Paraligl]eter [%]
R e K/Eﬁfglro//]szlr/ A8 0.5000) o) 05106) TS o /f?;“ }DzéfR o
28.3% 01 0(-) 0(- 0.523(13) ¢ =5.6453(3) 3.63/4.80/3.18
e 02 0.500(-) 0.238(17) 0.278(15) a=pf=y=90° 2.77/1.71
Rhombohedral K/Na/Sr/Bi/Ag 0(-) 0(-) 0.529(5) a j 1:3 g50€>1216(2)(3) Rp /ﬁ:}gléfexp
g;sSq;) Nb/(S)b/Zr . 501(1) ] " g(n) ] 0 501(i) . a=p=90° 3.63/4.80/3.18
x=0.03 5% S5110) S5110) S11(6) y = 120° 1.78/1.58
K/Na/St/Bi/Ag 0() 00) 00) Rp/Rup/ Rex
Tetragonal a=b=3.9762(2) piowWPp P
Phom) Nb/Sb/Zr 0500()  0500()  0542(4) e 2 3.08570) Ry /Ry
i o1 0.500(-) 0.500(-) 0.101(8) Mo By oot  363/480/318
e 02 0.500(-) 0(-) 0.598(8) 2.46/1.59
Rhombohedral K/Na/Sr/Bi/Ag 0(-) 0(-) 0.458(2) a j E (=) 50%276(2)(2) Rp/ 11{{:7 Ié fReXp
oo, o/ 2 085 049 048206 o= =90° 3.33/4.37/3.03
9% o) 495(-) 495(-) 482(6) v =120° 1.84/1.01
x=0.04 K/Na/Sr/Bi/Ag 0(-) 0(-) 0(-) Rp/Rwp/Rex
Tetragonal a=b=3.9739(1) prowp P
(Phonm) Nb/Sb/Zr 0.500(-) 0.500(-) 0.529(4) by Rp/Rs
7219 01 0.500(-) 0.500(-) 0.064(9) ®=PB=v=90° 3.33/4.37/3.03
e 02 0.500(-) 0(-) 0.550(9) 2.25/1.35

Table 3. Proportions of the R, O, and T structures in the textured NKNS-(0.04—x)SZ-xBAZ thick films
(0.0 < x <0.04).

Proportions of the R, O, and T Structures (%)

BAZ Content Structure Rhombohedral ~ Orthorhombic Tetragonal
(R3m) (Amm?2) (P4mm)
x=00 R-O-T 26.2 65.7 8.1
x=0.01 R-O-T 27.6 59.5 12.9
x=0.02 R-O-T 259 54.7 194
x=0.03 R-O-T 27.5 28.3 442
x=0.04 R-T 279 - 72.1

Figure 7a—d exhibit the &, versus temperature plots obtained for the NKNS-(0.04—x)SZ-
xBAZ thick films (0.0 < x < 0.04). The thick film with x = 0.0 shows Tr.0 and To.T at
approximately 0 and 75 °C, respectively (Figure 7a). The To.T decreases and Tr.o slightly
increases with an increase in x, as shown in Figure 7b—d, and they encounter at ~29 °C
in the thick film with x = 0.03 and form the Tr.o.1, as shown in Figure 7c. Therefore, the
above-mentioned results also imply that the thick films (0.0 < x < 0.03) have an R-O-T
structure. Finally, the Tr.o.T changes to Tr.t for the thick film with x = 0.04 due to the
disappearance of the O structure (Figure 7d), suggesting that this thick film has an R-T
structure. The T of the thick film with x = 0 was ~144 °C, which increases upon increasing
x to 171 °C for the thick film with x = 0.04. The results of the & versus temperature curves
also suggest that as x increases, the T structure increases and the O structure decreases,
but the change in the R structure was not significant. Hence, the crystal structure of the
thick films changes from R-O-T to R-T upon increasing x. The P-E hysteresis curves and
J-E loops obtained for the thick films were also studied (Figure S7a—f). The variations in
the P; and Ec values were not significant for the thick films with x < 0.02, but the P, value
decreased and the Ec value increased upon increasing x for the thick films with x > 0.02,
as shown in Figure S7g, which can be attributed to the increase in the proportion of the T
structure. In addition, all of the thick films exhibit two peaks in the J-E loops, confirming
that they have normal ferroelectric characteristics. Figure 8a shows the relative densities,
ela3 /€0, tan 9, kp, and d33 values of the textured NKNS-(0.04—x)SZ-xBAZ thick films
(0.0 < x < 0.04). The relative densities of the thick films were slightly low, which are
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~93-94% of the theoretical density, possibly due to the presence of rectangular holes.
The eT33 /¢y value of the thick film with x = 0.0 was 1915, which slightly increased upon
increasing x to 2312 for the thick film with x = 0.04, which can be attributed to the decrease
in To.r with an increase in x, leading to the presence of Tr.o.r (or Tr.T) near RT. The
tan 6 values of the thick films with (0.0 < x < 0.025) were similar (3.5-3.8%) and slightly
increased to 4.5-5.0% for the thick films with x = 0.03 and 0.04, but this increase was not
significant. The k;, value of the thick film (x = 0.0) was 0.5, which increased upon increasing
x. The largest kp, value (0.58) was obtained for the thick film with x = 0.02, which decreased
when x was > 0.02. The variation in the ds3 value is shown in Figure 8a. The thick film with
x = 0.0 showed a d33 value of 535 pC/N, which increased with increasing x to 760 & 20 pC/N
for the thick film with x = 0.02.
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Figure 7. The ¢, versus temperature curves obtained for the textured NKNS-(0.04—x)SZ-xBAZ thick
films with (a) x = 0.0, (b) x = 0.01, (c) x = 0.03, and (d) x = 0.04.

However, the d33 value decreased when x was > 0.02. Hence, it can be proposed that
the variation in d33 with respect to x was similar to the k;, value. Moreover, the highest
piezoelectricity (d33 = 760 4= 20 pC/N and k;, = 0.58) was observed for the textured thick
film with x = 0.02. According to a previous study, an untextured piezoelectric ceramic with
x = 0.03 showed the largest piezoelectricity (d33 = 650 pC/N and k;, = 0.5) [20]. However,
the textured thick film with x = 0.03 showed a slightly reduced ds3 value of ~638 pC/N
with a slightly increased k, value of 0.52, indicating that the increase in the piezoelectricity
of this thick film was not significant after texturing. The increase in the piezoelectricity after
texturing was investigated for the NKNS-(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04).
Figure 8b shows the ds3 values of the textured NKNS-(0.04—x)SZ-xBAZ thick films and
untextured piezoelectric ceramics with 0.0 < x < 0.04. The d33 values of the textured thick
films were much larger than those of untextured piezoelectric ceramics for the samples with
0.0 < x < 0.02; the d33 values of the textured thick films were ~1.55 times larger than those
of the untextured piezoelectric ceramics. However, the ds3 values of the textured thick films
were similar to those of the untextured piezoelectric ceramics for the samples with x = 0.03
and 0.04, indicating that the d33 value was not improved after texturing. The kp, values of
the textured thick films and untextured piezoelectric ceramics were also studied (Figure 8c).
The kp values of the textured thick films were much larger than those of the untextured
piezoelectric ceramics for the samples with 0.0 < x < 0.02. However, for the samples with
x =0.03 and 0.04, the enhancement in the k;, value after texturing was not significant. Hence,
the d33 and kp, values show a similar trend; the effect of texturing on the piezoelectricity
was very large for thick films with 0.0 < x < 0.02, but it was insignificant when x was
>0.02. In general, the piezoelectricity of the [001]-textured thick film was significantly
improved when it had an O or R structure [7,8,11,32]. However, when the [001]-textured
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thick film had a T structure, the effect of texturing on its piezoelectricity was small [11-13].
Figure 8d shows the proportion of the O and R structures in the textured thick films and the
da3 T /d33YT values, where ds3T and ds3UT are the das values of the textured thick films and
the untextured piezoelectric ceramics, respectively. The proportion of the R-O structure
was > 80% in the thick films with 0.0 < x < 0.02, which show a large dss3T /dss YT value
of ~1.55. However, a small d33 /d33UT value (<1.0) was observed for the thick films with
x =0.03 and 0.04, which was attributed to the proportion of the R-O structure being small
(<56%) or the proportion of the T structure being large. Identical results were observed for
the kp, values (Figure S8). According to previous studies, the d33 value of an NKN-based
piezoelectric ceramic with a R-O structure is ~300 pC/N (or 355 pC/N), which increased to
700 pC/N (or 620 pC/N) after texturing, indicating that the da3T/ds3UT value is ~2.3 (or
1.7) [7,10]. Therefore, the ds3T/d33YT value of the textured NKNS-0.02SZ-0.02BAZ thick
film (~1.55), which has an R-O-T multi-structure and a large proportion of the R-O structure
(81%), was slightly smaller than that of the textured thick films with the R-O structure.
However, the ds3 value of the NKNS-0.025Z-0.02BAZ untextured ceramic with R-O-T
structure (~478 pC/N) was much larger than those of the untextured ceramics with R-O
structures (300-355 pC/N). Therefore, the d33 value of the textured NKNS-0.025Z-0.02BAZ
thick film (760 + 20 pC/N) was larger than those of the textured thick films with R-O
structures (620-700 pC/N) [7,10], although the ds3T /d33UT value of the former thick film
with the R-O-T structure was slightly smaller than that of the latter thick film with an R-O
multi-structure. Therefore, it can be proposed that NKN-based piezoelectric ceramics with
R-O-T structures with a large proportion of the R-O phase (>80%) may be optimal lead-free
piezoelectric ceramics to increase the piezoelectricity using the RTGG method.
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Figure 8. (a) Relative densities, e 33/¢g, tan J, kp and d33 values of the textured NKNS-(0.04—x)SZ-
xBAZ. thick films (0.0 < x < 0.04). (b) The d33 values and (c) k, values of the textured NKNS-
(0.04—x)SZ-xBAZ thick films and untextured piezoelectric ceramics with 0.0 < x < 0.04. (d) Pro-
portion of the R-O structure and d33T /d33YT values of the NKNS-(0.04—x)SZ-xBAZ thick films
(0.0 < x <0.04). (e) d15/d33 of the NKNS-(0.04—x)SZ-xBAZ piezoelectric ceramics and ds3T /d33YT of
the NKNS-(0.04—x)SZ-xBAZ thick films (0.0 < x < 0.04).

Piezoelectric single crystals with O and R structures, which are grown along polar
directions, generally show large dy5/d33 values (or shear piezoelectric constants) when sub-
jected to an applied electric field along the polar direction [33]. When these single crystals
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are grown along the [001] direction, they showed a large d33 value when the electric field
was supplied along the [001] direction due to the large shear piezoelectric constant (d15/d33
value), which induces the easy rotation of Pss (Figure S9a,b) [13,34-36]. In addition, the
di15/ds3 value of a single crystal with a T structure is relatively small [37]. This concept can
be applied to [001]-textured piezoelectric thick films with multi-structures because the [001]-
textured thick films are similar to single crystals grown along the [001] direction. When
the piezoelectric ceramic with a multi-structure has a large dq5/d33 value, the proportion of
O and R structures can be large in this piezoelectric ceramic. Furthermore, a piezoelectric
ceramic with a large dy5/ds3 value is expected to have a large d33 value when it is textured
along the [001] direction because of the easy rotation of the Pss (Figure S9a,b) [38]. To
confirm this hypothesis, the dy5/d33 values of the NKNS-(0.04—x)SZ-xBAZ piezoelectric
ceramics (0.0 < x < 0.04) have been measured and compared with the dasT /ds3YT values,
as shown in Figure 8e. The variation in d15/ds3 was very similar to that of das T /ds3UT.
Therefore, it can be concluded that piezoelectric ceramics with large dq5/d33 values can
have large ds3 T /d33YT values after the texturing process. Moreover, the dy5/d33 value can
be used to prepare piezoelectric ceramics, which can have large d33T values after texturing.

4. Conclusions

The NKNS-0.025Z-0.02BAZ thick film was textured using 3.0 mol% NN seeds with a
high LF of 98%. This thick film had an R-O-T structure with a large proportion of the R-O
structure (>80%) and a dense microstructure with large grains (~23 pm). Nanodomains
(0.7 nm in width and 6 nm in length) were developed in this thick film after texturing. The
ds3 and kp values of the untextured NKNS-0.025Z-0.02BAZ thick film were 478 pC/N and
0.48, respectively, and the textured thick film obtained using 3.0 mol% NN seeds showed
increased d33 (760 &= 20 pC/N) and kj, (0.58) values. A large d33 value of 610 pC/N was
maintained at 110 °C because the T¢ of the thick film was relatively high (151 °C), indicating
that the piezoelectricity of the thick film was stable up to 110 °C. This thick film showed
a large electric-field-induced strain of 0.16% at 4.0 kV/mm, which was maintained after
10° electric field cycles, indicating that the textured thick film has good fatigue properties.
Then, 3.0 mol% NN seeds were added to texture a series of NKNS-(0.04—x)SZ-xBAZ thick
films with 0.0 < x < 0.04. After texturing, the increases in the d33 and k;, values of the
thick films were significant when x < 0.02, because the resulting thick films had an R-O-T
structure with a large proportion of the R-O structure (>80%). However, the increases in
the d33 and k;, values after texturing were insignificant because of the presence of a small
proportion of the R-O structure (<56%) or a large proportion of the T structure (>44%)
when x > 0.02. Thus, the large d33 (760 & 20 pC/N) and kp (0.58) values obtained in the
textured NKNS-0.0257-0.02BAZ thick film can be explained by the large crystallographic
texturing, the R-O-T structure with a large proportion of the R-O structure, which results in
four <110> and four <111> domain configurations, and the presence of nanodomains. In
addition, the piezoelectric ceramic with a large d15/d33 value shows a large d33 value after
[001] texturing because of the easy rotation of the spontaneous polarizations. Hence, the
d15/d33 value can be used to select piezoelectric ceramics that yield large ds3 values after
[001] texturing.
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