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Abstract

The (1 00)-oriented ferroelectric lead-free (1 — x)Ba(Zro 2 Tigg)O3—xBag7Cag3TiO3 (BZT-xBCT) thin films were grown on Pt(1 1 1)/Ti/SiO,/Si
substrates by sol-gel method, and LaNiO3 (LNO) seed layer was introduced between the film and the substrate. The insertion of LNO seed layer
greatly improves the quality of the films and enhances the piezoelectric properties. Both of the compositions, x=0.50 and x = 0.55, have relatively
higher dz; values around MPB, and the piezoelectric coefficient is 113.6 pm/V and 131.5 pm/V, respectively. The result of &, ~ T spectrum implies
that dielectric permittivity has a weak temperature dependence from 30°C to 150 °C.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The researches on high-performance lead-free piezoelectric
materials,'~® e.g. BaZr, Ti;_,O3 (BZT), Na,K;_NbO3 (KNN),
Bi,Na;_,TiO3 (NBT), etc.,, have attracted much attention
because of the environmental pollution caused by PbO in lead-
based piezoelectric, like PbZr,Ti1_ O3 (PZT).** In particular,
it was reported that 0.5Ba(Zrg 2 Tip.g)O3—0.5(Bag.7Cap 3)TiO3
ceramic shows a surprisingly high piezoelectric coefficient of
d33 ~ 620 pC/N at morphotropic phase boundary (MPB).® This
exciting ds3 value inspires many researchers to study BZT-BCT
thin films. However, it is very difficult to obtain well-crystallized
and dense BZT-BCT thin film without crack. In 2011, Kang
et al.” firstly prepared dense BZT-BCT thin film with ran-
dom orientation by chemical solutions method, in spite of
its relatively small piezoelectric coefficient d33 of 71.7 pm/V.
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At the same year, Piorra et al.® attained the (11 1)-oriented
0.5BZT-0.5BCT thin film with a piezoelectric coefficient of
80 pm/V via pulsed laser deposition method, and a high effec-
tive piezoelectric coefficient dz3 of 100 4+ 5 pm/V was reported
by Luo et al.’

In the research of the BZT-BCT films, the improvement of
the film’s quality, which can be realized by modifying prepara-
tion methods, and the enhancement of piezoelectric properties
of BZT-BCT films become the most important aspects. Unfor-
tunately, the reported ds3 values of BZT-BCT films are smaller
compared with dz3 ~100-250 pm/V of PZT thin films.1%-12
Thus, how to obtain well-crystallized BZT-BCT films with a
high d33 value becomes a crucial point. In addition, the so-called
MPB region, in which thin films or bulk ceramics will exhibit
excellent piezoelectric, dielectric, and ferroelectric properties,
may be quite different in the film and bulk materials even if they
are with the same composition because of the residual stress
existing in films. Therefore, it is worth identifying the MPB of
BZT-BCT films.

Above all, it is wvery necessary to investigate
(1 —x)BZT-xBCT thin films with high quality and excellent
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Fig. 1. The three-dimensional image and thickness of the LNO seed layer. (a)
AFM image of Pt/Si substrate, (b) AFM image of LNO seed layer, and (c) XRR
curve of LNO seed layer.

piezoelectric properties. In this paper, we present a simple but
effective way to improve crystallization quality of the film and
enhance its piezoelectric properties by inserting LNO seed
layer between the film and Pt(1 1 1)/Ti/SiO/Si substrates using
sol-gel method. The microstruture, ferroelectric polarization
hysteresis loops, together with piezoelectric properties of the
(100)-orientated (1 — x)BZT-xBCT thin films were discussed.
At last, the T, was given according to the experiment of
temperature dependence of dielectric permittivity.

2. Experimental procedure

The barium acetate [Ba(CH3COQ),], calcium acetate
[Ca(CH3CO0),], zirconium n-propoxide and titanium iso-
propoxide were used as raw materials for fabricating BZT-BCT
thin films. Acetic acid and 2-methoxyethanol were used as the
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Fig. 2. XRD patterns of (1 — x)BZT-xBCT thin film. (a) x = 0.50 thin film with-
out LNO seed layer, (b) XRD patterns of (1 —x)BZT—xBCT thin films with
LNO seed layer. (b1) x=0.40, (b2) x=0.45, (b3) x=0.50, (b4) x=0.55, and
(b5) x=0.60.

solvent. Firstly, [Ba(CH3COO),] and [Ca(CH3COO),] were
dissolved in acetic acid and refluxed at 80 °C for 30 min, and
then zirconium n-propoxide and titanium isopropoxide were
added into the above solution when it cooled down to room
temperature. After refluxing for another 30 min, the concen-
tration of the solution was adjusted to 0.35mol/L by adding
2-methoxyethanol. LaNiO3 (LNO) solution was used for prepar-
ing the seed layer. The raw materials were Lanthanum nitrate
[La(NO3)3] and Nickel acetate [Ni(CH3COQ),]. La(NO3)3
and Ni(CH3COO), were initially dissolved and refluxed for
30min in heated 2-methoxyethanol, and the concentration of
the solution was adjusted to 0.05mol/L. The preparation of
the precursor solutions was carried out in a glove box in Nz
ambient. After aging the precursor solution for 24h, LNO
seed layer and (1 — x)BZT—xBCT thin films were deposited on
Pt(11 1)/Ti/SiO,/Si substrates through a sol-gel process. Firstly,
a thin LNO layer was deposited onto the Pt(1 1 1)/Ti/SiO,/Si
substrate and followed by pyrolysis at 375°C for 3min, and
then the seed layer was annealed at 750 °C for 30 min. Next,
(1 —x)BZT—xBCT, where x is the molar percent of BCT, thin
films were grown on LNO/Pt(1 1 1)/Ti/SiO,/Si with the spin-
coating at 4000 rpm for 15s. Each spin coated thin film was
dried in air at 375 °C for 5 min, and the thickness of the film was
adjusted to approximately 200 nm by repeating coating/heating
cycle. Finally, the resulting films were heated at 750°C for
30 min for crystallization.

The crystalline structures of the thin films were analyzed
by a Philips X’ pert X-ray diffractometer (XRD) with Cu Ka
radiation generated at 40 kV and 40 mA. We proposed a uni-
versal fiber texture on the basis of w-scan XRD. During the
w-scan XRD measurement, the diffraction angle 26,,;; with
respect to the diffracting plane (h k1) was fixed and the inci-
dence angle w of X-ray can be continuously changed from 0 to



W.L. Li et al. / Journal of the European Ceramic Society 35 (2015) 2041-2049

700

- x=0.40

(bl)

600
500 I
400 I
300 I
200 [

Intensity, A.U.

100

0+

1 " | N | L |
10 15 20
w, Degree

600

r x=0.50 (b3)

500
400
300

200

Intensity, A.U.

100

300

250
200
150

100

Intensity, A.U.

50

ob— .1
10 15 20

w, Degree

Intensity, A.U.

2043

1000

[ x=0.45

(b2

800

600

400

200

0

| L | N 1 N 1
10 15 20
o, Degree

000

x=0.55 (b4)

500
400
300

200

Intensity, A.U.

100

85
8.0
75 F

7.0 |

FWHM, Degree

6.5
60 [ /-
55 F ]

50

4_5_|.|.|.|.|
040 045 050 0.55 0.60

xBCT

Fig. 3. The XRD w-scan for the (1 00)-textured (1 — x)BZT—xBCT thin films with LNO seed layer. (b1) x=0.40, (b2) x=0.45, (b3) x=0.50, (b4) x=0.55, and (b5)

x=0.60, (a) FWHM values with x variation.

265, 11- The ferroelectric properties were characterized by a Radi-
ant Precision Workstation Ferroelectric Measurement System.
The piezoelectric properties were measured with a piezoelec-
tric force microscopy (PFM) in contact mode and the surface
morphology of the thin films was observed by atomic force
microscopy (AFM) using a commercial setup scanning probe
microscope system (CSPM5600 of Benyuan) equipped with a

lock-in amplifier (model SR530, Stanford Research Systems,
Inc.). The piezoelectric constants of the samples were mea-
sured with poled ahead of time. In the poling process, the
BZT—xBCT thin films were applied a voltage of 500 kV//cm for
10 min. For measurements of converse piezoelectric coefficients
dsz in all films, the top platinum electrodes with the same size
of 3.14 x 10~%cm? were contacted with conductive tip. The
input ac sine wave voltage, amplitude in the range of 0.5-3.5V

and frequency 5kHz which was chosen far away from reso-
nant frequencies of the cantilever and acquiring the piezoelectric
response during each pulse, was applied between the conductive
tip and bottom electrode in the thickness direction. The corre-
sponding vertical deflection signal of the cantilever is recorded
by lock-in amplifier. By multiplying the deflection signal with
the calibration constant of the photodetector sensitivity, the
amplitude of the tip vibration was derived. The details and advan-
tages of the PFM method have been described elsewhere.'® The
cross-section micrograph of the thin film was performed by SEM
(Helios Nanolab600i). As the top electrode, platinum electrodes
with asize 0f 3.14 x 10~ cm? were deposited by DC magnetron
sputtering. Temperature dependence of dielectric properties of
the sample was measured at frequencies ranging from 100 Hz to
100 kHz using an Agilent 4294A precision impedance analyzer.
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Fig. 4. The Lotgering factor f{100) as a function of xBCT content.

The temperature increased from room temperature (30°C) to
150°C by Sigma heating system with the heating rate of
2°C/min.

3. Results and discussion

The three-dimensional image and thickness of the LNO seed
layer were characterized by AFM and X-ray reflectivity (XRR)
techniques. Asshown in Fig. 1, the Pt(1 1 1)/Ti/SiO/Si substrate
shows much denser and finer grains, while the grains of the LNO
seed layer become much coarser. Asshown in Fig. 1(c), a Kissige
fluctuation, characterizing the thickness of the film, can be found
at low angles. According to the XRR result, the thickness of the
LNO seed layer is only about 10 nm, leading to no diffraction
peaks of LNO seed layer in the XRD pattern.

The XRD patterns of (1 — x)BZT-xBCT thin films with dif-
ferent x content on the LNO seed layer are shown in Fig. 2. The
XRD diffraction patterns indicate that all the thin films have a
pure perovskite structure without any trace of secondary phases.
Compared with BZT-0.50BCT thin film without LNO seed
layer (see Fig. 2(a)), (1 —x)BZT—-xBCT films with LNO seed
layer which hereafter is referred as (1 —x)BZT-xBCT/LNO,
have some degree of (100) orientation.

To observe the orientation distribution in the
(1 —x)BZT-xBCT/LNO thin films, we performed XRD
w-scan for the thin films.'*> As revealed in Fig. 3, all the
w-scan patterns show symmetric Gauss distribution, where
the full width at half maximum (FWHM) is less than 8.5°. It
suggests that there exists some degree of (1 00) orientation in
the films. Moreover, with increasing xBCT content, FWHM
values become small first, then increase gradually. Usually, a
smaller FWHM value means a stronger orientation distribution
among the grains with a (1 0 0) orientation. The result indicates
that the BZT-0.45BCT/LNO thin film possesses the strongest
orientation degree. In order to give a more quantitative esti-
mation of films’ orientation, the degree of orientation was
evaluated using the Lotgering orientation factor method®!’
from the intensities of XRD measurement in the range of
20° <26 <60°. As shown in Fig. 4, with the increasing xXBCT
content, the variation of the Lotgering factor {1 0 0) values was
almost consistent with the results of w-scan. The Lotgering
factor {100) was calculated to be 0.94 and 0.41 for the
BZT-0.50BCT/LNO and BZT-0.50BCT film, respectively,
indicating the existence of (100) orientation caused by the
insertion of LNO seed layer.

To further support the  well-crystallization  of
(1 —x)BZT—xBCT/LNO thin film, AFM surface observa-
tion was carried out for BCT-0.50BZT thin film, the one with
LNO seed layer and the other one without LNO seed layer.
As can be seen in Fig. 5, compared with the one without LNO
seed layer, BZT-0.50BCT/LNO exhibits a more uniform and
denser surface structure with a more homogeneous grain size,

Fig. 5. AFM images of BZT-0.50BCT thin films (a) without LNO seed layer and (b) with LNO seed layer.



W.L. Li et al. / Journal of the European Ceramic Society 35 (2015) 2041-2049 2045

Fig. 6. SEM micrographs of BZT-0.50BCT thin film. (a) Surface micrograph of thin film with LNO seed layer, (b) cross-section micrograph of thin film with LNO
seed layer, (c) surface micrograph of thin film without LNO seed layer, and (d) cross-section micrograph of thin film without LNO seed layer.
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Fig. 7. P—E loops for BZT-xBCT/LNO thin film. (a) x=0.40, (b) x=0.45, (c)

x=0.50, (d) x=0.55, and (e) x=0.60.

Fig. 8. +dP response of BZT-xBCT/LNO thin films obtained from the PUND
measurement.

the grain size of BZT-0.50BCT/LNO film is 140 nm which
is bigger than the 130nm for the film without LNO seed
layer. In addition, LNO seed layer has an obvious influence
on the surface roughness of the thin films, the roughness
value is 5nm for the film with LNO seed layer and 8 nm
for the one without LNO seed layer, respectively. The SEM
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Fig. 9. Converse piezoelectric coefficients dzz of (1 —x)BZT-xBCT/LNO thin films. (a) Linear fit of experimental data for (1 —x)BZT-xBCT films, and (b) d33

values for different BCT content.

micrographs of the surface and cross-section of BZT-0.50BCT
thin films were given in Fig. 6. The cross-section micrographs
of SEM show that the thickness of the films is approximately
200nm, there are not significant differences between the
BZT-0.50BCT/LNO and BZT-0.50BCT thin films. However,
the surface of BZT-0.50BCT thin film had some cracks as
shown in surface microgragh of Fig. 6(c). To a great extent,
the quality of the films was improved by the insertion of LNO
seed layer. The LNO/Pt(1 1 1) substrate may provide nucleation
sites and reduce the activation energy for the crystallization
of (100)-oriented BZT—xBCT thin films, resulting in the
formation of stoichiometric perovskite structure and better
crystallinity. Zhai et al.'® introduced LNO seed layer to enhance
the electrical properties of BZT thin films and Li et al.*® tried to
obtain PMN-PT films of high quality on Si substrate buffered
LNO seed layer.

The ferroelectric hysteresis loops provide another good evi-
dence for the well-crystallized (1 —x)BZT—xBCT/LNO thin
films, asshowninFig. 7. In order to avoid the apparent opening in
the loops which could be due to dielectric loss, the 1000 kV/cm
electric field was applied for the measurement. The shifts PE
hysteresis loops in the electrical fields axes were noted, which
may be caused by the presence of one polarization state over the
other. The shifts in the polarization are due to the asymmetry of
the top electrode and bottom electrode.?® In order to eliminate
the influence of leakage current to actual switchable component

of the polarization in P(E) loops,’* PUND (positive-up negative-
down) measurement with a PA (pulse amplitude) of 10V, PW
(pulse width) =1 ms and PD (pulse delay) =10ms was carried
out using a Radiant Precision Workstation Ferroelectric Mea-
surement System. Fig. 8 shows +dP as a function of xBCT, and
the peak dP value appears in the BZT-0.45BCT thin film which
has the maximum orientation degree. It is worth noting that the
variation of the true remanent polarization is strongly correlated
with the (10 0)-orientation degree of thin films.

Fig. 9 shows the converse piezoelectric coefficients da3
of (1 —x)BZT-xBCT/LNO thin films. The linear relationship
between strain and applied voltage is shown in Fig. 9(a) and
the slope, extracted from Fig. 9(a), represents the converse
piezoelectric coefficient. As shown in Fig. 9(b), the maximum
dz3 ~131.5 pm/V appears at the composition of x = 0.55, higher
than other compositions including x=0.50 (113.6 pm/V) and
71.7pm/V of the random oriented BZT-0.55BCT thin film’
together with 80 pm/V and 100 &+ 5 pm/V of the (11 1) oriented
BZT-0.50BCT thin film.®°

It is very reasonable that the compositions at both x=0.5
and x=0.55 around MPB have relatively higher d33 values. This
may be attributed to the existence of the residual stress in the
BZT-BCT thin films, which may lead to diffuse ferroelectric
phase transition from R phase to 7 phase which broaden the MPB
region. The diffuse phase transition caused by the distribution
of stress was predicted by Wang.?
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Fig. 10. PFM images of (1 — x)BZT—xBCT thin film without LNO and with LNO seed layer. (a) x=0.50 thin film without LNO seed layer, (b) x=0.40, (c) x=0.45,

(d) x=0.50, (e) x=0.55, and (f) x=0.60 thin films with LNO seed layer.

Additionally, as for the greatly enhanced piezoelectric prop-
erties compared with the reported d33 values’ and our result
of da3 ~ 45 pm/V for the BZT-0.50BCT film without LNO seed
layer (see Fig. 9(b)), we attribute these results to the insertion
of LNO seed layer, which influences the nucleation and growth
dynamics of BZT-BCT films, and then improve the quality of
the thin films with a more homogeneous grain size, smaller
roughness, and some degree of (100) orientation. Moreover,
the domain structure may play an important role on the piezo-
electric property.®?® The PFM images were given in Fig. 10. In
order to obtain the PFM images, the probing ac voltage (2'V,
frequency 20 kHz) was applied between the conducting tip and
bottom electrode of the thin films. The regions with a nonzero
polarization could be visualized as areas with “black” or “white”
contrast depending on the polarization orientation. There are
obvious piezoelectric response at the compositions of x=0.50

and x=0.55 thin films as shown in Fig. 10(d) and (e) respec-
tively. The weaker piezoelectric activity was observed in others
composition thin films, especially the BZT-0.50BCT thin film
without LNO seed layer as shown in Fig. 10(a).

Temperature dependence of dielectric properties for
BZT—xBCT/LNO thin films at different frequencies were given
in Fig. 11. The curve of &,~ T hints that the dielectric per-
mittivity has a weak dependence temperature from 30°C to
150 °C. According to the earlier research on BZT ceramics?42°
and lead-free relaxor ferroelectrics,?® a broad dielectric permit-
tivity peak is achieved at the temperature Ty, which does not
correspond to a phase transition from a paraelectric to a long-
range-ordered ferroelectric state, instead, this phenomenon is
related to relaxor dynamics. As x increases, it is apparent that
the Ty, of BZT-xBCT/LNO thin films shifts to a higher temper-
ature from 65°C to 120°C. The Ty, is about 115°C at x=0.55
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Fig. 11. Temperature dependence of the dielectric properties at different frequencies for BZT-xBCT/LNO thin films. (a) x=0.40, (b) x=0.45, (c) x=0.50, (d)
x=0.55, (e) x=0.60, and (f) T values for different BCT content obtained from the ¢, ~ T'at 1 kHz.

(d33 ~131.5pm/V). This change of Ty, is properly attributed
to the phase structure caused by the variation of composition
in the films. The diffuse transition peaks at different frequen-
cies are broader and shift toward higher temperatures slightly
with increasing frequencies, which imply that the films exhibit
relaxor behavior such as BZT thin film.?/.?

4. Conclusion

Insummary, the (1 0 0)-oriented (1 — x)BZT—xBCT thin films
were fabricated by sol-gel method, and an improvement in
piezoelectric property was successfully achieved by the inser-
tion of LaNiOg3 seed layer between the (1 —x)BZT—xBCT thin
films and substrates. Furthermore, the microstructure and elec-
trical properties of the thin films were also studied. The films
with LNO seed layer show promising ferroelectric, piezoelec-
tric and dielectric properties. A notable piezoelectric constant
of 0.45BZT-0.55BCT thin films reached 131.5 pm/V, which is
higher than other films under the same system and close to the
values of PZT films. These films are potential candidates for the
lead-free piezoelectric applications.
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