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also discussed.

0.94(NagsBig5)TiO3-0.06BaTiOs; thin film was fabricated by metal-organic decomposition, and the
butterfly-shaped piezoelectric response curve was measured by a scanning probe microscopy system.
The remanent polarization 2P, and coercive field E. are 24 uC/cm? and 103 kV/cm under 782 kV/cm, and
the dielectric constant and dielectric loss are 504 and 0.05 at 1 kHz. The average values of effective piezo-
electric coefficient d3, and electrically induced strain are 94 pm/V and 0.3% under the bipolar driving field
of 391 kV/cm, and the mechanisms concerning the dependence of the high piezoelectric properties were

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Piezoelectric Pb(Zr,Ti)O3 (PZT) is widely used in micro-
electro-mechanical systems (MEMS), microactuators, transducers,
micromotors and strain gauges due to the superior piezoelectric
properties [1]. The lead toxicities of producing, using and recy-
cling are problematic for devices associated with PZT and other lead
oxide-based piezoelectrics, therefore lead-free piezoelectric mate-
rials are desired inevitably as candidate materials in place of PZT
for the sake of environmental protection and biocompatibility [2].
Among various lead-free piezoelectric materials (NagsBig5)TiO3
(NBT) ceramic is recognized as one of key materials because of
its relatively large ferroelectric properties at room temperature
[3]. However, pure NBT suffers from its high conductivity and
large coercive field, making it difficult to obtain the desired prop-
erties [4]. To solve this problem, varieties of NBT-based solid
solutions, such as NBT-BaTiO3 [4-6], NBT-SrTiO3 [7], NBT-YMnO3
[8], NBT-Big 5Ko5TiO3 [9] and NBT-Bag 7Sro3TiO3 [10], have been
developed. In contrast with pure NBT, the NBT-based solid solu-
tions show the improved ferroelectric, dielectric and piezoelectric

* Corresponding author at: Faculty of Materials, Optoelectronics and Physics,
Xiangtan University, Xiangtan, Hunan 411105, PR China. Tel.: +86 731 58293648;
fax: +86 731 58298119.

E-mail address: zhengxuejun@xtu.edu.cn (XJ. Zheng).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.05.069

properties. Among them (1 — x)(Nag5Big 5)TiO3-xBaTiO3(NBT-BTx)
solid solution with a composition near rhombohedral-tetragonal
morphotropic phase boundary (MPB, about x=0.06) has attracted
considerable attention on account of the high piezoelectric proper-
ties [6,11-13]. Generally, single crystal and ceramic of NBT-BTx are
focused on the ferroelectric, dielectric and piezoelectric properties
[4-6,11-14]. However the NBT-BTx thin film is only focused on
the ferroelectric and dielectric properties [15-17], and is seldom
involved in the piezoelectric performance. Piezoelectric materi-
als, especially in form of thin film, offer a number of advantages
in MEMS, such as low hysteresis, high available energy density,
high sensitivity with wide dynamic range, and low power require-
ment, therefore it is worth considering the impetus for integrating
piezoelectric thin films into MEMS devices [18]. Nevertheless, one
of the major problems in the design and fabrication of piezoelectric-
based MEMS is that piezoelectric and electrostriction coefficients
that determine the electromechanical strain of microactuators and
sensitivity of microsensors are poorly investigated in typical film
piezoelectrics [19].

Because NBT-BTx single crystal and ceramic show high piezo-
electric performance near MPB [6,11-13], we naturally wonder
whether NBT-BTx thin film near MPB region is of the high piezo-
electric properties. In this study, 0.94(Nag5Big5)TiO3-0.06BaTiO3
(NBT-BT6) thin film was fabricated by metal-organic decomposi-
tion (MOD) method, and by using a scanning probe microscopy
system the butterfly-shaped piezoelectric response curve was
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Fig. 1. Flow chart of preparation process for NBT-BT6 precursor solution.

measured to obtain the electrically induced strain and effective
piezoelectric coefficient dj,. The average value of dj; would be
compared with those of PZT thin films and some lead-free piezo-
electric thin films, and it is expected that the present research may
offer useful guidelines to the design and application of piezoelectric
NBT-based thin films.

2. Experimental procedures

NBT-BT6 thin film was grown on Pt/Ti/SiO,/Si(100) substrate by MOD
method using a repeated coating/drying cycle. Barium acetate (Ba(CH3;COO),),
bismuth acetate (Bi(CH3CO0)3), sodium acetate (CH3COONa) and tetrabutyl tita-
nium (Ti(OCH,CH,CH,CH3)4) were used as starting materials for the preparation
of NBT-BT6 precursor solution with concentration of 0.2 M. Acetic acid (CH;COOH)
and 2-methoxyethanol (CH30CH,CH,OH) with volume ratio of 1:1 were chosen
as co-solvent. The flow chart of synthesis process for NBT-BT6 precursor solution is
shown in Fig. 1. During the preparation, the tetrabutyl titanium was at first dissolved
in acetylacetone (CH3COCH,COCHj3) in order to avoid the hydrolysis of tetrabutyl
titanium caused by the moisture in air. A 10% excess amount of bismuth acetate was
added to compensate for possible Bi loss during high temperature annealing. The
mixture of A and B solutions was constantly stirred about 24 h until a transparent
and stable yellow precursor solution was obtained. After placing about five days
and filtering, the precursor solution was spun on the substrate at 400 rpm for 10s
and 4000 rpm for 40 s, dried at 200 °C for 5 min, and pyrolyzed at 450 °C for 5 min to
remove residual organic ingredients. The coating/drying cycle was repeated eight
times to gain the desired film thickness. After the eight cycles, the prebaked thin film
was annealed at 750 °C for 1200 s in oxygen atmosphere to promote crystallization
by rapid thermal annealing process.

Phase identification and crystalline orientation of NBT-BT6 thin film were char-
acterized by an X-ray diffractometer (XRD, D/Max 2550 VB, Rigaku, Japan) with
Cu K, radiation. The chemical composition of the thin film was analyzed by an
energy-dispersive X-ray spectroscopy (EDS, INCA, Oxford, England), where the
accelerating voltage of EDS electron beam was 20 kV. Surface morphology, grain size
and surface roughness of the thin film were identified by an atomic force microscopy
(AFM, Nanoscope Multimode NS-3D, DI, USA), and the cross-sectional micrograph
and film thickness were obtained by a field emission scanning electron microscopy
(FE-SEM, 1525, LEO, Germany). In order to measure ferroelectric and dielectric prop-
erties, circular Pt top electrodes with radius of 0.1 mm were deposited on the thin
film using a shadow mask by dc magnetron sputtering. The polarization-electric field
(P-E) hysteresis loops were measured at the frequency of 1 kHz by a ferroelectric test
module (TF 2000 analyzer, axiACCT, Germany) under the various applied voltages in
the range of 6-18 V, and the dielectric constant and dielectric loss were measured by
an impedance analyzer (HP4194A, Hewlett Packard, USA) in the frequency range of
100 Hz-100 kHz at room temperature. The local piezoelectric properties of the thin
film without top electrodes were characterized by a commercially available scan-
ning probe microscopy system (SPM, SPI4000&SPA300HYV, Seiko, Japan), which is
equipped with a conductive Rh-coated silicon cantilever (SI-DF3, Seiko, Japan) with
a spring constant of 1.9 N/m, a resonant frequency of 28 kHz, and an integrated tip
of about 10 nm in diameter. A first cycle piezoelectric displacement-voltage (D-V)
curve induced by converse piezoelectric effect was recorded by keeping SPM tip
fixed on an interesting point of thin film and applying a dc voltage between —9V
and 9V [20]. Since the intersection of D-V curve has an unexpected shift from the
origin, the D-V curve can be converted to a piezoelectric hysteresis (d3, — V) loop
via the modified equation of converse piezoelectric effect [21].

D - Dy

d§3: V*Vl

—_

As for D-V curve, D and V are piezoelectric displacement and applied voltage for
each point, while D; and V; are piezoelectric displacement and applied voltage for
the intersection. Considering the local method of piezoelectric characterization for
SPM [22,23], the first cycle piezoelectric measurement was repeatedly conducted
on 29 points within the scanned scope of 300 nm x 300 nm area on thin film surface.

3. Results and discussion

The formation of NBT-BT6 thin film by MOD method can be
conceptually divided into two regimes [24]. One corresponds to the
decomposition of the metal-organic precursor and to the formation
of the inorganic phase by decomposition and solid-state reaction,
occurring for the pyrolysis temperature about 450 °C. The second
regime corresponds to the crystallization of the inorganic com-
pound by the nucleation and growth of randomly oriented NBT-BT6

Fig. 2. (a) XRD pattern, and (b) EDS spectrum of NBT-BT6 thin film deposited on
Pt/Ti/SiO,/Si substrate.
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Fig. 3. (a) Surface morphology, (b) line profile analysis of morphology, and (c) three-dimensional image measured by AFM. (d) Cross-sectional FE-SEM micrograph.

crystallites, occurring for annealing temperature about 750 °C. The
XRD pattern of NBT-BT6 thin film is given in Fig. 2(a). According
to the Scherrer formulae L=0.9)1/(Bcos#), the average crystallite
size 28 nm can be calculated from XRD pattern, where L, A, B and
0 are the crystallite size, the wavelength of the Cu K, radiation,
the full width at half maximum (FWHM) of the diffraction peak,
and the Prague diffraction angle, respectively. From the Fig. 2(a),
it is easy to read that the thin film is of polycrystalline structure
without any preferred orientation, and exhibits dominant ABO3
perovskite phase and minor pyrochlore phase. It is consistent with
the existences of pyrochlore phase for the NBT thin films reported
[18,25,26]. Additionally, the crystallization of NBT powder starts at
about 600°C and is completed at 900 °C through evaporation and
condensation processes [25], therefore there may be the pyrochlore
phase in the NBT-BT®6 thin film annealed at 750 °C. In order to elim-
inate the minor pyrochlore phase, one could introduce the excess
of volatile Na and Bi for precursor solution [27] and anneal at an
appropriate temperature in oxygen atmosphere after each layer
of coating [18]. A typical EDS spectrum of the NBT-BT6 thin film
is given in Fig. 2(b), and the Na, Bi, Ba, Ti, and O peaks, which
originate from the thin film, are detected obviously. The chemi-
cal composition of the thin film is analyzed, and the atomic ratio of
Na:Bi:Ba:Ti is 0.43:0.37:0.05:1.00. Taking instrumental error into
consideration, the contents of Na, Ba and Ti are close to the stoi-
chiometry of NBT-BT6, but the Bi content is relatively low due to
the possible Bi loss during high temperature annealing. For ABO3
perovskite structure, the volatilization of A-site element, e.g. Bi in
(Nag5Big5)TiO3 based solid solutions, will result in the deficiency
in A-site cation, and thereafter the generation of oxygen vacancies
due to the valence balance [28].

The surface morphology, line profile analysis of morphology,
and three-dimensional image in 1 m x 1 wm area are given in
Fig. 3(a)-(c) for NBT-BT6 thin film, respectively. From the Fig. 3(a),
the crack-free thin film exhibits a smooth and homogeneous
microstructure with a few intergranular porosities. As shown in
Fig. 3(b), the grain size marked by two arrows, as an example, is
82 nm and the average grain size is approximately 85 nm. In the
Fig. 3(c), the gains are spherical, and the root-mean-square value

of surface roughness is about 5 nm. The cross-sectional micrograph
and film thickness are illustrated in Fig. 3(d), and the multiple-layer
structure is obviously composed of NBT-BT®6 thin film, Pt/Ti bottom
electrode, SiO, oxide layer, and Si substrate. The dense film is cru-
cial for MEMS application, and the film thickness 230 nm implies
that the thickness of a coating/drying cycle is about 30 nm.

The experimental P-E hysteresis loops of NBT-BT6 thin film are
shown in Fig. 4(a). The P-E loops are not fully saturated under high
electric field, and they are consistent with the P-E loops of the pre-
vious NBT-BT6 thin films [15,29]. The localized oxygen vacancies
trapped at grain boundaries can pin domains and result in large
leakage current and polarization degradation [30]. In order to cor-
rect the measured P-E loop, the experimental P-E loop measured
under the applied voltage of 18 V and the corresponding pure ferro-
electric switching P-E loop after compensation of capacitance and
conductivity, using a modified model to simulate P-E loop [31],
are also depicted in Fig. 4(b). In comparison with the experimen-
tal loop, the pure loop is more saturated under high electric field
and is of stronger spontaneous polarization. From the pure loop,
the remanent polarization 2P, and coercive field E. are 24 pLC/cm2
and 103 kV/cm under 782 kV/cm, respectively. The 2P, is compara-
ble to that of reported NBT-BT6 thin film (about 17 uC/cm? under
500 kV/cm) [29].

Fig. 5 presents dielectric constant & and dielectric loss tané
vs frequency curves measured at room temperature for NBT-BT6
thin film. The typical values of dielectric constant and dielectric
loss are 504 and 0.05 at 1kHz, which are less than the previous
results (&, =710 and tan § =0.08 at 1 kHz) of NBT-BT6 thin film [15].
With the increase from 100 Hz to 100 kHz, the dielectric constant
steadily decreases, and the dielectric loss slightly decreases at first,
and then quickly increases. This phenomenon has been observed in
many ferroelectric films [15,18], and the reasons may be the hop-
ping of oxygen vacancies [30] and the extrinsic resonance behavior
resulting from the microstructure deficiency [15].

A typical butterfly-shaped first cycle D-V curve (black) and
the corresponding first cycle dj; — V (blue) loop are described in
Fig. 6. The shift of the intersection for the D-V curve toward pos-
itive voltage direction is due to the bottom electrode/ferroelectric
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Fig. 4. (a) Experimental P-E hysteresis loops measured under applied voltage
6-18V and 1kHz by TF 2000 analyzer, (b) the experimental P-E loop measured
under 18V and the corresponding pure ferroelectric switching P-E loop after com-
pensation of capacitance and conductivity.

interface and the asymmetry electrode structure [20], where the
top conductive material is Rh while the bottom electrode is Pt.
From the D-V curve, the piezoelectric displacement maximum is
982.9pm at —8.7V, and the corresponding electrically induced
strain is as high as 0.39%. From the dj; — V loop, the maximum
value of dj, is estimated as 90.4 pm/V under the bipolar driving field
of 391 kV/cm. For the 29 piezoelectric measurements, the average
values of d§, and strain are 94 pm/V and 0.3%. The average value of
d3, is comparable with the piezoelectric response of 80-100 pm/V
for PZT thin films obtained by using a laser scanning vibrome-
ter or a double-beam interferometer [32,33], however it is still
much lower than 115-180 pm/V for NBT-BT6 ceramics measured

Fig. 5. Frequency dependences of the dielectric constant and dielectric loss at room
temperature.

Fig. 6. The typical first cycle D-V curve (black) and the corresponding first cycle
d;; — V loop (blue) measured by SPM. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

by a resonance-antiresonance method or a quasistatic d33-meter
[6,12-14] because of clamping effect of the substrate, porosity, and
small grain size [34]. In comparison with some lead-free piezo-
electric thin films, the average value of d%, is higher than 40 pm/V
for NBT thin film measured by using a combination of a SPM and
a ferroelectric tester [35], 50 pm/V for BaTiO3 thin film measured
by using an AFM in combination with a lock-in amplifier [36], and
64 pm/V for Big 5(Nag 7Kg Lig.1)o.5TiO3 thin film measured by using
an AFM in PFM mode [37]. Therefore the environment-friendly
NBT-BT6 thin film may be considered as a promising alternate film
material to PZT in piezoelectric devices such as MEMS, microactu-
ators, transducers and micromotors.

The mechanisms concerning the dependence of the high piezo-
electric performance for NBT-BT6 thin film with the composition
near MPB are interpreted as follows. Firstly, electric field will be
quite easy to tilt the polar vector of domain, and it may give rise to
very strong piezoelectric activity [1]. Secondly, the increase in the
number of possible spontaneous polarization direction may result
in large coupling factors and high piezoelectric properties [38].

4. Conclusions

In summary, NBT-BT6 lead-free thin film is of the homogeneous
and polycrystalline microstructure. The thin film shows the satu-
rated pure ferroelectric switching P-E loop, and the values of 2P
and E. are 24 wC/cm? and 103 kV/cm under 782 kV/cm. The typical
values of dielectric constant and dielectric loss are 504 and 0.05 at
1kHz. The NBT-BT6 thin film exhibits high piezoelectric proper-
ties with the average dj, of 94 pm/V and the average strain of 0.3%
under the bipolar driving field of 391kV/cm, and the average d3,
is comparable to those of PZT thin films and higher than those of
some lead-free thin films reported. Therefore NBT-BT6 thin film
is one of promising candidates for lead-free piezoelectric thin film
applications.
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