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Bio5(Napg2Ko.18)o5TiO3 (NKBT) lead-free thick films have been successfully deposited on Pt electroded
alumina substrates using screen printing from the sol-gel derived powders. Fourier transform infrared
(FT-IR) spectroscopy, differential thermal analysis (DTA), thermogravimetric analysis (TG) and X-ray
diffraction (XRD) were used to characterize the process of crystallization. The cubic shape particulates of
the order of 140-260 nm in size can be obtained by calcining the xerogel at 650 °C, and there is no obvious
agglomeration of the NKBT powders. The resulting typical 90 wm thick NKBT films sintered at 1140°C
exhibit relative dielectric constant of 836 (at 10 kHz), dielectric constant of 2.9%, remanent polarization
of 25.6 wC/cm?, coercive field of 69.3 kV/cm, and longitudinal effective piezoelectric coefficient, d3se Of
95 pm/V. The improvement of the electric properties can be attributed to the larger domain wall density
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and less domain wall pinning resulting from the increased film thickness of NKBT thick films.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

The research on lead-free piezoelectric materials has become
more and more concentrated in the last few years due to the envi-
ronmental issues arising from the lead toxicity [1]. Bismuth sodium
titanate, (Big 5sNag 5)TiO3 (NBT), is considered to be an excellent can-
didate as a key lead-free piezoelectric material and discovered by
Smolenskii et al. [2]. NBT exhibits relatively large remanent polar-
ization of P, =38 wC/cm?, and a high coercive field of Ec =73 kV/cm
at room temperature, and the strong ferroelectricity of NBT-based
solid solution is attributed to (Big 5Nag 5)2* ions, especially Bi3* ions,
of A-site on perovskite structure (ABO3) [3,4]. It has been reported
that NBT ceramics modified with BaTiO3 (BT) [5] or Big 5K 5TiO3
(KBT) [6] showed improved dielectric and piezoelectric properties
because there exists the corresponding rhombohedral tetragonal
morphotropic phase boundary (MPB). Many studies have been
conducted to research on the NBT-based binary and ternary sys-
tems with MPB [5,7,8]. Among these systems, the NBT-KBT system
which was first reported by Sasaki et al., [9] show a high piezo-
electric response due to the MPB between rhombohedral NBT and
tetragonal KBT. In previous studies [10,11], we have prepared NKBT
lead-free piezoelectric thick films by screen printing from the solid
state reaction, the high remanent polarization and longitudinal
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effective piezoelectric coefficient, ds3.; have been obtained. How-
ever, NBT-based ceramics or thick films are commonly produced
by the conventional milling of starting oxides followed by the solid
state reaction. The resulting powders prepared by this method usu-
ally have serious agglomeration and inhomogeneous particle size as
aresult of the high temperature reaction. The drawbacks of the solid
state reaction were inhomogeneous mixing, irregular morphology,
larger particle size, broader particle size distribution, and loss of
the volatile Bi, K and Na element, and high energy consumption.
Recently, the so-called “chemical solution method” have been
widely attracting attention [ 12]. The use of precursor solution leads
to more homogeneous and reactive powders that densify at lower
temperatures limiting in this way the loss of volatile Bi, K and Na
element. Several chemical solution methods, such as conventional
sol-gel [12], hydrothermal synthesis [13], stearic acid gel [14],
and mechanochemical synthesis [15] were applied for the prepa-
ration of NBT-based ceramics. Among these methods the sol-gel
process is a popular chemical method for the preparation of fine
powders and ceramic coatings and this process offers low capital
investment cost. In addition, the sol-gel method presents sev-
eral advantages for coatings processing the control of composition,
surface morphology engineering and low-temperature processing,
which allows the use of thermally fragile substrates, are its princi-
pal merits. Therefore, in the present study we employ the sol-gel
process to prepare NKBT powders at lower temperature for limit-
ing the loss of volatile Bi; O3 K,0 and Na, O, which is beneficial for
maintaining of high performance of the NKBT thick films.
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Fig. 1. FT-IR spectra of the NKBT precursors after heat treatment at 100°C (a) and 160°C (b) for 2 h.

Most recently, piezoelectric thick films with thickness in the
range of 10-100 pm have attracted significant attention. They have
been widely applied to micropumps, ultrasonic motors, resonators,
microfluidic separators, high frequency transducers, and energy
harvesting [16,17], because they exhibit properties such as larger
displacement and quick response, high frequency, and can be pre-
cisely controlled [17]. However, the thick films are difficult to
produce using lapping and machining bulk ceramics due to the
expense, waste and difficulty in handling the ceramics, on the other
hand, most of the thin film processing, such as sol-gel, sputter-
ing, physical vapour deposition, chemical vapour deposition, and
pulsed laser deposition are not practical due to the slow deposition
rates and high levels of stress generated during processing which
can lead to cracking of the film [18]. The thick film technologies
filled the gap between bulk materials and thin films. Many studies
have been reported on the preparation of piezoelectric thick films
by screen printing, tape casting, composite sol-gel, electrophoretic
deposition, ink-jet printing, and aerosol deposition [16]. Among
these methods, screen printing technology has an advantage in
that it enables low-cost fabrication of a device and device arrays
in desired pattern without a photolithography.

One goal of this work was to establish the better synthesis
parameters to produce NKBT fine powders by sol-gel processing.
Another goal of the present work is preparation and characteriza-
tion of NKBT lead-free piezoelectric thick films by screen printing
from the sol-gel derived NKBT powders. In addition, the dielec-
tric, ferroelectric and piezoelectric properties of the optimum NKBT
thick films sintered at various temperatures are investigated.

2. Experimental procedure

Sodium acetate ((CH3COO)Na-3H,0), potassium acetate ((CH3COO)K), bis-
muth nitrate (Bi(NOs)3-5H,0), tetrabutyl titanate (Ti(OC4Hy)4), glacial acetic acid
(CH3COOH), and triethanolamine (N(C;H40H);) were used as starting materi-
als. Sodium acetate, potassium acetate, and bismuth nitrate were dissolved in
glacial acetic acid (CH3COOH) and triethanolamine was added as a catalyst. Tri-
ethanolamine (TEA, N(C;H4OH);) is an alkanolamine which can complex with
transition metal to form stable complex [19] to avoid any rapid hydrolysis and con-
densation in existence of water [20]. Tetrabutyl titanate was dissolved in glycol
ether and acetylacetone was used to stabilize the solution, all above reagents were
at analytic purity. NKBT precursor solutions were prepared by mixed the above two
solutions according to chemical formula Bip 5(Nag.g2Ko.18 )o5TiO3, and the concentra-
tion of solution was controlled to 0.4-0.6 mol/L by diluting with methoxy ethanol.
The resultant solution was stirred at room temperature for more than 24 h to yield
a clear, stable and homogeneous sol. The PH value of the sol was adjusted with
nitric acid to 10, followed by hydrolysis and polycondensation by slowly adding
water in the sol, the gel was dried at 120°C to produce amorphous crystals, and
the amorphous crystals were crushed into powders using a mortar and pestle. After
the crushed powders were sieved by 120 meshes, the powders were calcinated at
500-850°C using a 6°C/min heating rate and soaked for 4 h. The NKBT powders
which were in order of 80-200 nm were obtained.

The NKBT powders were ball milled for 4 h with the addition of 20-40 wt.% of
organic vehicle. The organic vehicle usually consists of a binder (ethyl cellulose),
a solvent (a-terpineol), a plasticizer (polyethylene glycol) and a dispersing agent
(butoxyethoxyethyl acetate). After the ball milling, the viscosity of the prepared
screen-printable pastes was measured by viscosimeter and adjusted in the range
20-80Pas for shear rate 18" s. NKBT layers were screen-printed with a 320 mesh
screen mask on 96% alumina substrates (20 mm x 15 mm x 0.5 mm), which were
first electroded with an Pt pastes. The bottom electrodes were produced on alumina
substrates by a double print Pt screen printing process with Pt inks and then fired at
1250°C for 30 min. The final electrode was about 5 wm with lateral dimensions of
15 mm x 15 mm. After each NKBT layer deposition, the wet layer was subsequently
leveled for 15 min at room temperature, and then dried at 120°C for 10 min. And
then an uniaxial pressure of 50 MPa was applied on dried films to increase the green
density and improve the densification of NKBT layers. In order to fire the organic
vehicle the layers precalcined at 550 °C for 5 min with a heating rate of 180 °C/min in
rapid thermal processor (RTP). The processes from printing to firing were repeated
several times to obtain the required thickness of the NKBT films. The final firing of
the piezoelectric thick films was performed at 1080-1160 °C for 30 min in air.

TG and DTA analysis for the dried NKBT screen pastes were carried out with Pyris
Diamond TG/DTA thermogravimeter (Perkin-Elmer Instruments, USA) in dynamic
nitrogen atmosphere and at a heating rate of 10°C/min. The crystal phases of the
powders and NKBT thick films were identified by powder X-ray diffraction obtained
by a X’Pert PRO diffractometer (PANalytical B.V., the Netherlands) using Cu K« radi-
ation (A=1.5406A) at voltage and current of 40kV and 30 mA. XRD data were
collected in the range of 20-60° in 6-26 scanning mode with a 0.02° step and
scanning speed of 5°/min. The Fourier transform infrared (FT-IR) spectrum of the
samples was analyzed with Fourier transform infrared spectrometer (VERTEX 70,
Bruker, Germany) equipped with a KBr beamsplitter and a photo-voltaic MCT detec-
tor. The surface micrograph of the NKBT powders and the thick films as well as the
cross-section micrograph of the NKBT thick films were examined by field-emission
scanning electron microscopy (FE-SEM, Sirion 200, FEI, USA). For dielectric, ferro-
electric, and piezoelectric measurements, platinum top electrodes with diameters
of 0.8 mm and thickness of 0.3 wm were sputtered onto the sintered NKBT layers.
The NKBT thick films were poled by using 100-300 kV/cm applied field at 100°C
for 10 min in silicone oil. The films are short-circuited for 24 h after poling in order
to allow the release of excess charges injected during the poling process. Dielec-
tric performance measurements were performed using an LF impedance analyzer
(Model HP 4192A, Hewlett-Packard, USA), a modified Sawyer-Tower circuit for fer-
roelectric hysteresis measurements, and a dual-beam laser interferometer for the
longitudinal piezoelectric charge coefficient, dzs.y measurements.

3. Results and discussion
3.1. Sol-gel characteristics

Fig. 1 shows the FT-IR spectra of the NKBT precursors heat
treated at 100 and 160 °C for 2 h. It can be seen that the peak located
at around 3416.71cm! is related to the stretching vibration of
—OH group [21]. The peaks in the range of 1100-1000cm™! is cor-
responding to the C-O and C-O-C vibration. The strong bands at
615.91 and 615.93 cm~! are assigned to Ti-O asymmetrical stretch-
ing vibration [22]. The peaks at 886.18, 794.89, and 662.22 cm™! are
related to stretching vibration of Bi-0, Na-0, and K-O, respectively.
Moreover, the peaks at 1556.09 cm~! and 1374.93 are correspond-
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Fig. 2. TG-DTA curves of NKBT xerogel.

ing to asymmetrical stretching vibration v45(CO5) and symmetric
stretching vibration v5(CO,) of [COO]~ in the metal acetic com-
plex [12], indicating that Ti(OC4Hg)4 reacted with CH3COOH and
CH3COO0~ replaced the (OC4Hg)~! radical in Ti(OC4Hg)4. The peaks
located at 1650.02, 1266.66, 886.18, and 662.22cm™! related to
asymmetric stretching vibration and symmetric stretching vibra-
tion of NO, in nitrate esters, stretching vibration of NO,-0, and
bending vibration of NO,, respectively. This implies that the sol
has undergone esterification reactions as heated at 100°C for
2h. As shown in Fig. 1(b) the peak of carbonyl C=0 disappeared
when the sols heated at 160°C for 2h, which indicates that
the nucleophilic reaction has accomplished. Furthermore, because
the heat treatment temperature of 160°C is higher than boiling
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temperature (130°C) of glycol monoethyl ether, the intensity of
some peaks of glycol monoethyl ether decreased after 2h heat
treatment.

3.2. Powders preparation and characteristics

TG and DTA analyses were performed to determine the vapor-
ization temperature of various organic binders and burning
temperature of organic after NKBT xerogel fired in air atmosphere.
Fig. 2 illustrates the TG-DTA curves of NKBT xerogel in the range
of 30-1000 °C. For TG curve, there are three pedestal sits of weight
loss, the first one appears at about 200 °C, and it is due to the evap-
oration of water and part of organic solvent. The second pedestal
sit of weight loss appears in the range of 220-400°C, and it is
caused by the decomposition of organic group and burning of part of
the organic substances. The last pedestal sit of weight loss located
in the range of 460-680°C is resulted from the solid state reac-
tion and the decomposition of nitrate materials such as Bi(NO3)s,
sodium acetate or potassium acetate [23]. There is no weight loss
above 650°C. As shown in DTA curves, there are also three main
exothermic peaks in the range of 30-1000 °C. The first exothermic
peak appears at 276.9 °C which is regarded as the temperature of
the decomposition and the burning of the organic substances. The
second exothermic peak located at 543.7°C is related to the for-
mation of the perovskite phase due to the solid state reaction. The
last one at 610.0°C is caused by the secondary phase of pyrochlore
changing to perovskite phase. These results are in perfect concor-
dance with the XRD analysis of the NKBT xerogel calcined various
temperatures. The XRD patterns are shown in Fig. 4. When the tem-
perature is higher than 700 °C, the TG and DTA curves become very
flat, which indicates that the NKBT perovskite phase has formed
in the range of 460-700 °C. Moreover, from the analysis of Fig. 2,
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Fig. 3. FT-IR spectra of NKBT xerogel fired at different temperatures for 4 h (a) 200°C, (b) 400°C, (c) 550°C, and (d) 750°C.
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Fig. 4. XRD patterns (a) and crystalline size (b) of NKBT powders sintered at various temperatures for 4 h.

all combustion and decomposition of the materials as well as the
crystallization of NKBT have finished by 700°C.

The structure changes during the synthetic process were mon-
itored by FT-IR analysis. Fig. 3 demonstrates the FT-IR spectra of
the NKBT xerogel calcined at different temperatures. It can be seen
that the peaks appearing at 3394 and 1634 cm~! are related to the
stretching vibration and the bending vibration of O-H bond [12]
and the intensity of these two peaks gradually decrease with the
increasing calcining temperature. The peaks located at 2924 and
2866 cm~!, which corresponded to asymmetric stretching vibra-
tion and symmetric stretching vibration of CH,. In addition, with
the increases of the firing temperature of the xerogel, these two
peaks disappeared after the temperature higher than 400°C. As
shown in Fig. 3(a), although the xerogel calcined at 200°C for 2 h,
the stretching vibration peak of associated -OH bond, stretching
vibration peaks (1100-1000 cm~1) of C-0 and C-O-C bonds as well
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as the symmetric stretching vibration peak (1384 cm~1) of 0=C-0
still can be observed. The stretching vibration peaks of -NO, and
-NH; appears in the xerogel calcined at 400 °C as shown in Fig. 3(b).
However, these peaks disappeared as the temperature increases
to 550°C, which is ascribed to the evaporation and burning tem-
perature of C3H;NO. Moreover, as shown in Fig. 3(c) and (d) the
intensity of the peak of Ti-O at 640 cm~"! increase with the increas-
ing calcining temperature [12,22], indicating that the crystallinity
increase with the firing temperature, which is consistent with the
XRD analysis shown in Fig. 4.

XRD analysis was carried out to study the phase evolution of
the xerogels in the calcination process. XRD patterns of xerogels
calcined at 500, 550, 650, 750, and 850°C are shown in Fig. 4.
It can be seen that Bi,Ti;O; cubic pyrochlore phase as reported
in the JCPDS File No. 32-0118 was formed at sintering tempera-
ture of 500°C [24]. When the temperature increased to 550°C, the
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Fig. 5. Aging time dependence of particle size (a), heating rate dependence of average particle size (b), cumulated volume fraction (c), and SEM surface micrographs (d) of

the NKBT powders.
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height of the diffraction peaks belonging to Bi,Ti;O7 decreased.
It means that part of the Bi,Ti,O7 cubic pyrochlore phase trans-
form to perovskite phase as the powders calcined at 550 °C. When
the temperature raised to 650°C, all of the characteristic peaks of
perovskite NKBT crystal appeared at 22.94°, 32.58°, 40.16°, 46.70°,
52.61°, and 58.02°, and all of the pyrochlore phase changed to per-
ovskite phase. This transition temperature is lower than that of the
KBT powders prepared by sol-gel method reported by Zhu et al.
[25]. This can be attributed to the decrease of the forming temper-
ature of the NKBT perovskite solid solution system caused by the
addition of NBT to KBT. After further increasing of the temperature
to 750 °Cand above, only diffractions belonging to perovskite NKBT
were observed and there was no evidence of a second phase. The
full width at half maximum of the (10 1) diffraction peak of NKBT
powders changed from 0.217° at 650°C to 0.167° at 850 °C, respec-
tively. It means that the average grain size increased from 48 to
71 nm according to Scherrer’s equation.

It has been believed that the aging time of the sol strongly influ-
ences the particle size of the powders prepared by sol-gel method
[26,27]. Fig. 5(a) shows the dependence of the average particle size
of NKBT powders on aging time of precursor solution. The average
particle size increases with the increasing aging time, when the
NKBT precursor sol aged 36 h, the average particle size of 196 nm
can be observed. The increased particle size can be attributed to
polycondensation of the sol in the aging procedure. During this pro-
cedure the polymer cluster cross-linked to form bigger cluster, and
the liquid phase were wrapped in the solid skeletons. Moreover,
in this procedure the differences in curvature radius of the parti-
cle clusters can lead to its different solubility, resulting in different
rates of growth of the cluster particles in the progress of Ostward
ripening [28]. It is believed that chemical reaction-limited aggre-
gation (RLA) was responsible for most of the sol aging, followed
by diffusion-limited aggregation in the later stage [27]. Since the
shape and size of NKBT powder present strong dependence on the
aging time, the precursor solution must be aged for proper time
evading inhomogeneous particle size resulting short aging time and
oversize particle resulting from long time aging.

The heating rate also significantly influences the average par-
ticle size of NKBT powders. Fig. 5(b) illustrates the heating rate
dependence of average particle size of the NKBT xerogel calcined
at 650°C for 4h. It can be seen that the average particle size of
NKBT powders decreases with the heating rate. This means that
finer NKBT powder can be obtained from the xerogel calcined at
certain temperature with a higher heating rate. However, the dwell
time of 4 h is not enough for the formation of complete perovskite
NKBT phases at the higher heating rate. Therefore, the relative low
heating rate of 6 °C/min was chose for the calcining of NKBT pow-

dersat650°Cfor4 hinpresentstudy. Fig. 5(c) and (d) demonstrates
the cumulated volume fraction and SEM surface micrographs of the
NKBT powders calcined at 650°C for 4 h with the heating rate of
6 °C/min, respectively. It can be seen that cubic shape particulates
with the order of 140-260 nm in size can be obtained from the xero-
gel calcined at 650 °C. Moreover, there is no obvious agglomeration
of the NKBT powders, which is favourable for the preparation of
NKBT screen printing pastes with optimal rheological properties.

3.3. Thick film preparation and characterization

Fig. 6 exhibits the scanning electron microscopic surface and
cross-section micrographs of the NKBT thick films sintered at
1140°C for 30 min, and the XRD patterns of the NKBT thick films
sintered at 1080, 1100, 1120, 1140, and 1160°C for 30 min. The
NKBT thick films demonstrate a reasonably dense microstructure
although there exits a small amount of pores resulting from the
burning of the residual organic vehicle in green films as shown in
Fig. 6(a). Moreover, the grain size of NKBT thick film is rather reg-
ular and without obvious presence of secondary phase. The grain
size was approximately 1.1 wm, which was much larger than the
grain in NKBT thin film [29]. The small grain size is caused not only
by the rather short time for annealing process and low sintering
temperature but also resulted from the constrained sintering by
substrate. A slight interdiffusion between the NKBT film and the
Pt/alumina substrate can be observed. The general mechanisms of
densification and grain growth were similar in bulk samples and
thick films, but the maximum of densification occurred at lower
temperature for the thick films.

The NKBT thick films present the pure perovskite structures and
the coexistence of rhombohedral and tetragonal MPB phases at
room temperature are shown in Fig. 6(b). The high temperature sin-
tering does not change the crystalline structure of NKBT thick films
and no second phase was observed. The rhombohedral symmetry
and tetragonal symmetry of the NKBT thick films at room temper-
ature are characterized by a (002)/(200) peak splitting near 46°
and a (211)/(112) peak splitting near 58°, respectively [30]. The
existence of the MPB between rhombohedral NBT and tetragonal
KBT phases of the NKBT thick films is beneficial to the high piezo-
electric and ferroelectric properties. It is noteworthy that the XRD
patterns still exhibit the splitting for the (200) and (211)/(112)
peaks even the NKBT sintered at 1160 °C. This indicates that the
symmetry of NKBT thick films did not become rhombohedral when
the sintering temperature increased to 1160°C. However, Zhang
et al. [8] found that the perovskite structure transform from the
coexistence of rhombohedral and tetragonal MPB phases to rhom-
bohedral phase when the NKBT ceramics sintered at 1170 °C for 3 h.



178 H. Zhang et al. / Journal of Alloys and Compounds 495 (2010) 173-180

O, 124
800 - / \ ]
o @] 420
g ooy /5@ N ®
z 70 £ {16 2
<@ ’52000' ‘ | =
6001 O 5 . 2
=R 21500 ; 112 3
|51 - s Frequency ]
L L T increases -~
< 500 \_." Sto0¢t _ s A
5 L Sintered at 1140 °C
i 100 200 300 400 50
400 - -...___Te\mpew. -4
1 1 1 - 1
1080 1100 1120 1140 1160

Sintering temperature (°C)
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tered at different temperatures, the insert figure shows the dielectric constant as
functions of temperature at 1, 10, and 100 kHz.

They attributed the phase transition to the accelerated volatiliza-
tion of K element and the change of Na/K ratio of NKBT ceramics
at higher sintering temperature (1170 °C). This implies that com-
pared to the ceramics the relative shorter sintering-time for NKBT
thick films would be propitious to maintain of the MPB phases and
to improve of the electrical properties.

3.4. Dielectric properties

Fig. 7 shows the room-temperature dielectric properties
(10kHz) of NKBT thick films sintered at different temperatures.
As the sintering temperature increases, the dielectric constant
increases due to the improvement of the density with the sin-
tering temperature, and the NKBT thick films sintered at 1140°C
exhibit the maximum dielectric constant of 836 and the minimum
dielectric loss of 2.9%. This dielectric constant is higher than the
dielectric constant of 703.5 of the PZW-PZT thick films deposited
by screen printing [31] but is much lower than that of the NBT-
based ceramics. Compared with the ceramics, the low-dielectric
constant can be attributed to several effects, including a larger
porosity of the films, clamping with the substrate, or interfacial
layer between the film and bottom electrode. For PZT thick films,
about 1/3 of dielectric constant bulk value is obtained by Simon
et al. [32]. Compared to the NBT-based thin films, however, this
dielectric constant is about twice higher than that reported for
NBT-KBT15 thin film fabricated by sol-gel spin coating, which the
highest dielectric constant of 360 is measured at 100 kHz [29]. It
is noteworthy that the relatively high dielectric constant respect
to that of conventional thin films just demonstrates the advanta-
geous of piezoelectric thick films. As has been demonstrated by Xu
et al. [33], there are both intrinsic and extrinsic contributions to
the dielectric and ferroelectric responses of ferroelectric materials
atroom temperature. It is believed that about 25-50% of the dielec-
tric response of ferroelectric films at room temperature was from
extrinsic sources [33]. The extrinsic contribution to the dielectric
constant of NKBT thick films was mainly related to 180° domain
wall motion, which increased with the film thickness. This indicates
that the enhanced domain wall activity is responsible for increased
dielectric constant at room temperature as the NKBT film thick-
ness increases. Moreover, because the thickness of the interfacial
low-dielectric layer between film and substrate is supposed to be
in dependent of the total film thickness [34], the decrease of the
thickness ratio of interfacial layer to total thick films is also respon-
sible for the high dielectric constant and low-dielectric loss of the
NKBT thick films. The insert figure shows the dielectric constant as
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Fig. 8. Remanent polarization and coercive field of the NKBT thick films sintered at
different temperatures, the insert figure shows the P-E loops of the NKBT thick films
sintered at 1140°C.

functions of temperature for NKBT thick films sintered at 1, 10, and
100 kHz.

The local maximum dielectric constant and dielectric loss locate
at 130°C(Ty) and 350 °C (Tm), respectively. A phase transition from
the ferroelectric to the antiferroelectric phase for NKBT thick films
is observed at about 130°C, which is consistent with a previous
report [6]. The remarkable increase of the dielectric constant at
high temperature and low frequencies is significant of space charge
polarization and associated ionic conductivity. The value of dielec-
tric constant in the local maximum decreases and its temperature
is shifted upward with frequency in a way similar to that observed
for typical relaxor materials.

3.5. Ferroelectric properties

Fig. 8 illustrates the ferroelectric properties of NKBT thick films
sintered at different temperatures. When the sintering temperature
is lower than 1140 °C, the remanent polarization and the coercive
field increase with the increasing sintering temperature, which is
result from the increasing density with the sintering temperature.
The optimal ferroelectric properties of the NKBT thick films sintered
at 1140°C reaches as high as 25.6 .C/cm?2 which is about two times
larger than that of the NBT-KBT15 thin film (Pr=13.8 wC/cm?)[29].
Compared to conventional ferroelectric thin films (with thickness
lower than 1 wm), the larger remanent polarization can be ascribed
to the larger domain wall density and less domain wall pinning
resulting from the increasing film thickness of NKBT thick films.
Moreover, it can be seen from the insert figure that the NKBT thick
film fired at 1140 °C shows a well-behaved and slight slanting shape
hysteresis loops under an electric field of 0.2 MV/cm. The slight
slanting shape of the loops could originate from a lateral clamp-
ing effect of the substrate during poling treatment. The coercive
field of 69.3 kV/cm of the NKBT thick film is much higher than that
in the NKBT bulk ceramics (about 25 kV/cm) [35]. The higher coer-
cive field in thick film is probably determined by the conditions
of domain nucleation at the surfaces of the film, which is differ-
ent from the bulk ceramic. Compared with ceramics, owing to the
dielectric nature of the interfacial layer between ferroelectric and
electrode, the electric field within this layer is much larger than
the average field throughout the film. Thus, the existing interfacial
layer is responsible for the increase of the coercive filed Gao and
Wang [36] also found that the existence of an interfacial dead layer,
which leads to an increases in coercive field and a slight reduction
in relative dielectric constant. Besides the interfacial layer and the
depolarization field, the residual stress is also an important factor to
influence the ferroelectric properties [37]. The comparatively large
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Fig. 9. Piezoelectric properties of the NKBT thick films sintered at different tem-
peratures, the insert figure shows the longitudinal piezoelectric coefficient dss of
the NKBT thick films measured as a function of ac driving electric field amplitude at
5kHz.

residual stress in the NKBT thick films could prohibit the domain
wall motion and result in the increase of the coercive field of the
films.

3.6. Piezoelectric properties

As shown in Fig. 9, the effective longitudinal piezoelectric coef-
ficient d33 increases with the sintering temperature, this is result
from the increasing density. Moreover, the piezoelectric coeffi-
cient of the pressed NKBT thick films is larger than that of the
unpressed NKBT thick films, indicating that the applying axial press
is an efficient method to improve the density and the piezoelectric
properties of the screen printing thick films. It can be seen that
the pressed NKBT thick films sintered at 1140 °C exhibit excellent
piezoelectric properties with an effective longitudinal piezoelec-
tric coefficient d33e5 of 95 pm/V. This value is much higher than
that of the PZT thin films [38]. There have been several reports that
effective dssqq increases with film thickness [33,39]. The increased
contribution of non-180° domain wall motion with increasing film
thickness is used as a general statement for submicron films. The
effective longitudinal of piezoelectric thick films have been mea-
sured to be much smaller that those of their bulk counterparts. Two
main factors are considered to be responsible for this, one is the
clamping effect of the substrate and the other is limited extrinsic
contributions to the piezoelectric properties due to the inability to
activate the non-180° domain wall motion. The clamping by sub-
strate and the pining of the domain wall could be weakened due to
the increased film thickness [40]. Therefore, the reduced clamping
effect and the enhanced domain wall motion were liable for the
increase of the effective longitudinal piezoelectric coefficient with
increasing film thickness.

The insert figure shows the longitudinal piezoelectric coefficient
d33¢ of the NKBT thick films measured as a function of ac driv-
ing electric field amplitude at 5 kHz. The strong field dependence
of d33 suggests active contribution of non-180° domain walls in
the film [41]. The effective longitudinal piezoelectric coefficients
ds3¢55 of the pressed and unpressed NKBT thick film at zero bias
are around 95 and 78 pm/V, respectively. This value is comparable
to that in PZT thick films produced by screen printing [42]. It has
been reported for a number of ferroelectric ceramics and thin films
that the piezoelectric coefficient increased with the increasing the
applied field’s amplitude when the applied field beyond a certain
threshold field Ey;, [43,44]. The longitudinal piezoelectric coefficient

becomes a function of the applied field’s amplitude, which are usu-
ally referred to as piezoelectric nonlinearity. The linear dependence
of the longitudinal piezoelectric coefficient on the applied ac elec-
tric field indicates domain wall contribution to the polarization and
piezoelectric strain, as observed in bulk ceramics [41].

4. Conclusions

NKBT lead-free thick films have been successfully deposited
on Pt electroded alumina substrate using screen printing from
the sol-gel derived powders. In this study, the sol-gel process
was employed to prepare NKBT powders at lower temperature
for limiting the loss of volatile Bi;O3, K;0 and Na,O. The tran-
sition mechanism of NKBT sol to gel was studied. Moreover, the
effects of aging time, calcining temperature, dwell time, and heat-
ing rate on NKBT particle size and particle shape were system
investigated. Our results demonstrate that part of the Bi,Ti,O;
cubic pyrochlore phase transform to perovskite phase as the pow-
ders calcined at 550 °C. When the temperature increases to 650 °C,
all of the characteristic peaks of perovskite NKBT crystal appeared
at 22.94°, 32.58°, 40.16°, 46.70°, 52.61°, and 58.02°, and all of the
pyrochlore phase changed to perovskite phase. The average particle
size increases with the increasing aging time, when the NKBT pre-
cursor sol aged 36 h, NKBT with the average particle size of 196 nm
can be observed. Furthermore, the cubic shape particulates of the
order of 140-260 nm in size can be obtained from the xerogel cal-
cined at 650 °C, and there is no obvious agglomeration of the NKBT
powders, which is favourable for the preparation of NKBT screen
printing pastes with optimal rheological properties.

In addition, the dielectric, ferroelectric and piezoelectric proper-
ties of the NKBT thick films sintered at various temperatures were
studied. Our results show that the dielectric constant, remanent
polarization, and longitudinal piezoelectric coefficient of NKBT
thick films increased with the increasing sintering temperature due
to the improvement of the density with the sintering temperature.
Moreover, compared to conventional ferroelectric thin films, the
improvement of the electric properties can be attributed to the
larger domain wall density and less domain wall pinning resulting
from the increasing film thickness of NKBT thick films. The result-
ing typical 90 wm thick films exhibit relative dielectric constant
of 836 (at 10kHz), dielectric constant of 2.9%, remnant polariza-
tion of 25.6 wC/cm?, coercive field of 69.3 kV/cm, and longitudinal
effective piezoelectric coefficient, d3sz.; 0f 95 pm/V. Compared with
NBT-based piezoelectric ceramics, the smaller longitudinal piezo-
electric coefficient results from the clamping effect of the substrate
and the limited extrinsic contributions to the piezoelectric prop-
erties due to the inability to activate the non-180° domain wall
motion. However, the performance of these NKBT lead-free piezo-
electric thick films could comparable to the lead based piezoelectric
thick films. The thick films are expected to be a new and promis-
ing candidate for lead-free piezoelectric micro-devices especially
the micro-actuators applications. In addition, this work furthers
the understanding the mechanism of sol-gel derived perovskite
ferroelectric powders and screen printing processing from sol-gel
derived powders of piezoelectric thick films.
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