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Electric properties of textured (Kg 44Nag 52Li¢.04)(Nbg.g86Ta9.105b0.04)O3
thick film prepared by screen printing method
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Abstract. Textured (K¢ 44Nag 52Lig.04) (Nbg.86Tag.10Sb¢.04)O3 thick film was fabricated by the screen printing
method with plate-like NaNbQO3 particles as template. Thick film with 75% grain orientation was prepared. Rem-
nant polarization and coercive field observed from the P-E loops of textured thick film were 3.6 1C cm~2 and 21 kV
em™ !, respectively. Textured (K¢ 44Nag 52Lig 04) (Nbg.86Tag.10Sbg.04)O3 thick film exhibited diffusion behaviour by
analysing the temperature dependence of permittivity and loss tangent. The result of leakage current density showed
a conduction mechanism of Schottky emission. Piezoelectric (PZT) properties of the thick film were characterized by
the relationship of unipolar strain and applied electric field and the PZT constant d3; of textured thick film reached

to 150 pm V1. Nonlinear PZT property of the thick film was investigated by Rayleigh law.
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1. Introduction

The interest in piezoelectric (PZT) thick films is driven
by various applications including microactuators, microelec-
tromechanical systems (MEMS), high-frequency transduc-
ers, pyroelectric infrared sensors and surface acoustic wave
devices [1-3]. PZT film can offer an attractive option for
MEMS technology owing to its superior PZT properties;
however, the toxic nature of Pb restricts its development.
As a result, a substitute, an environmental-friendly mate-
rial, for PZT becomes an urgent demand. KgsNagsNbOs-
based (KNN) perovskite materials are considered to be one
of the most promising candidates for its high Curie tem-
perature (7, = 420°C) and better PZT property (ds3 is
approximately 80 pC N~! with conventional sintering) [4].
However, its PZT properties is still worse than PZT mate-
rials. Some measurements such as composition modifi-
cation and grain orientation technique were applied to
improve the PZT properties of KNN-based materials [5—8].
The research of lead-free ceramics focus on KNN-based
ceramics specially after Saito et al’s [9] research on tex-
tured (Ko 44Nag 55Li0.04) (Nbg g6 Tag.10Sbo.04)O3 (KNN) cera-
mics. Textured KNN ceramics exhibits an excellent PZT
property which seem to compete with PZT.

Screen printing is a traditional process that is suitable for
fabricating films with thickness of larger than 15 pm and
suitable for MEMS technique. It is a good method to produce
integrated electronics devices [10-13].
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Screen printing method was used to prepare textured KNN
thick film with plate-like NaNbO; particles as template to
obtain a thick film with high PZT properties. The structure
and electric properties of the thick film were investigated
and the nonlinear PZT property was analysed by Rayleigh
law.

2. Experimental

KNN thick film was designed with a textured structure for
improving its PZT property. However, KNN prepared by tra-
ditional method does not exhibit preferential property. Thus,
an anisotropy template is necessary. Nay sBiy sNbsO;5 pos-
sess plate-like shape which is suitable for a template mate-
rial. If Bi in Nay 5Bip sNbsOj5 is eliminated by displacement
reaction, a plate-like NaNbO; was obtained and would act
as a template for KNN thick film. The detailed experimental
process is described below.

First, plate-like Bij sNay sNbsOys particles with a thick-
ness less than 1 wm and a width about 10 wm (as shown in
figure la) were synthesized by heating Bi,O;, NaCO3 and
Nb,Os in NaCl molten salt according to equation (1). Plate-
like NaNbO;3 particles were then prepared by the molten
salt method with plate-like Bi, sNay sNbsO;5 particles and
NaCOj; as raw materials according to equation (2)

5Bi,03+45Na,CO3+-8Nb,0O5 = 4Na;, 5Bi sNbsO5+5CO; 1,

)]
Na2_5B12.5Nb4015 + N32C03 + 0.25Nb205 = 4.5NaNbO3
+ 1.25Bi,03 4+ CO; 1 . (2)
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Figure 1.
particles.

NaNbO; particles have a thickness of about 1 pm and a
width ranging from 5 to 10 pm as shown in figure 1b. Sec-
ond, reagent-grade K,CO3, Na,CO3, Nb,Os, LiSbO; and
Ta,Os powders were mixed and ball-milled with ethanol as
a medium for 24 h. The mixture was dried and annealed at
800°C for 2 h to form matrix powder. A mixture of 80 wt%
matrix powder and 20 wt% plate-like template was milled for
3 h in an agate mortar with ethanol as medium for agitating
and then the organic vehicle was added in the mixture to mill
for another 2 h in the same mortar to form screen printing
paste. A glass rod was placed in the paste and lifted up. If
the paste forms a continues line, then the viscosity of paste
is well-ajusted. The organic vehicle was composed with ter-
pineol and ethyl cellulose in the ratio of 10 : 1. The pre-
pared paste was printed by using a screen with 200 meshes on
the Al O3 substrate with Ag—Pd bottom electrode to form a
green thick film. The green thick film is composed of five lay-
ers as one green layer is too thin (about 6 pm) to get a com-
pact thick film. Green film was dried at 90°C and pressed by
isostatic pressing at 200 MPa. Finally, the film was annealed
at 600°C for 5 h to remove the organic substance and then
sintered at 1150°C for 2 h at the rate of 3°C min~!.

Phase structure of the film was examined by using
X-ray diffraction (XRD, Bruker D8 Advanced, Germany)
with CuK« radiation. Surface and cross-section morpholo-
gies of the film were observed by using scanning electron
microscopy (SEM, JSM EMP-800). Degree of the grain ori-
entation was characterized by using Lotgering’s factor, which
was calculated by the following formula [14]:

F=(P—Py)/(1—- P, 3

where P is the sum I (& 0 0)/sum I (h k [), Py the sum I,
(h 00)/sum Iy (h kI). Sum [ is the summation of XRD peak
intensities of the sintered specimen. Sum I is the summation
of XRD peak intensities of the equiaxed reference powders
(see JCPDS card 19-1221).

To measure the electric properties of the thick film, gold
electrodes with a thickness of 80 nm and diameters of 0.5 mm
and 2 mm (2 mm for measurement of longitudinal displace-
ment field curves) were sputtered. Temperature dependences
of permittivity and loss tangent were measured by using a

SEM image of plate-like (a) Bip 5Nay sNbsOg5 particles and (b) NaNbO3

high-precision LCR meter (HP 4284A). Leakage current
density of the films was measured with Keithley 6517A
Electrometer (Cleveland, OH). P—E hysteresis loops and
longitudinal displacement field curves were evaluated by a
ferroelectric test system (Precision Premier II, USA) con-
nected with a Miniature Plane-mirror Interferometer and
accessory Laser Interferometric Vibrometer (Germany).

3. Results and discussion

3.1 Phase structure and microstructure

Figure 2a—c shows the XRD pattern and SEM images of the
film sintered at 1150°C. The intensities of (200) peaks were
increased relatively strong than those of other peaks when
compared with the XRD patterns of the equiaxed powders
(JCPDS no. 19-1221). This result indicates a grain orienta-
tion along (h00) after treatment at 1150°C. On the basis of
XRD pattern, the degree of grain orientation was calculated,
and Lotgering’s factor is about 75%. This (h00) grain ori-
entation is supposed to form by the guidance of NN tem-
plate. Normally, three key factors are known to determine the
template grain growth (TGG) process in bulk ceramic: tem-
plate content, template size and sintering temperature. The
grain growth of textured ceramics is generally controlled by
three factors, including particle densification, growth along
the printing direction of templates at the expense of matrix
grains, and template thickening after ceasing growth along
printing direction [15,16]. A similar growth behaviour was
also observed in KNN thick film. It is well known that defects
on boundary are high-energy points and easy to deposit other
particles to reduce its surface energy. Therefore, the matrix
grains were absorbed on the defects of template and grow
longitudinally with the defects position. Because of the dif-
ferent sizes of matrix and templates, the matrix with small
size and high-energy grain boundary was absorbed by the
large template grains and finally formed a brick-like mor-
phology as shown in figure 2b and c. The thick film is
composed of two types of grains: irregularly shaped grains
(marked as ‘a’), which are matrix grains, and plate-like grains
arranged parallel to the screen printing direction (marked as
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Figure 2.
the KNN textured thick film.

‘b’). Plate-like grains with the size of ~5 pum were observed.
Pores distributed in thick film are not only resulted by the
large amount of inorganic substance in green film but also by
the volatilization of K and Na in the 1150°C sintering The
thick film was grown on a Ag—Pd electrode (marked as ‘A’)
as shown in figure 2¢ and has a thickness of about ~20 um
(marked as ‘B’).

3.2 Electrical properties

Electrical properties of the thick film were investigated and
are depicted in figure 3. Figure 3a shows the plots of polar-
ization vs. electric field of the textured film. Its behaviour
is different from that of bulk ceramic which exhibits typi-
cal saturated polarization behaviour. The hysteresis loops of
the film were represented by an unsaturation curve with a
remanent polarization of 3.6 uC cm™2 and a coercive field
of 21 kV ¢cm~!. These values are much lower than those
of the bulk ceramic. It is possibly resulted by the exis-
tence of high porosity which observed from SEM image
This porosity microstructure caused a high leakage cur-
rent indicated by arc sharp of P—E loop. Further, this
film will breakdown with the application of higher electric
field.

Figure 3b shows the temperature dependence of the per-
mittivity at different frequencies (1-1000 kHz). The tem-
perature dependences of permittivity depict a typical phase
diffusion behaviour with a broaden peak. A modified empir-
ical expression, Curie—Weiss law, which was proposed by

(a) XRD pattern, (b) surface microstructure photographs and (c) cross-section of

Uchino et al [17] has been applied to quantify the diffuseness
of a phase transition:

1 1 (T-T)

& & C

, “

where ¢, and ¢, are the permittivity at temperature 7 and the
maximum permittivity at Curie temperature 7, respectively.
The parameter « is called a diffusion exponent ranging from
1 to 2 for the materials with a diffuse phase transition. The
value of o can be obtained from the slope of the linear rela-
tionship between In (1/e,— 1/¢;) and In (T — T¢.) as shown in
the inset of figure 3b. The diffusion exponent o was 1.56 at
100 kHz. The phase diffusion of the thick film may ascribe to
the compositional fluctuation or structural disorder due to the
introduction of LiSbO3; and Ta,Os. Substitution with LiSbOj3
and Ta,Os can originate lattice distortion of perovskite struc-
ture [18,19]. In addition, the volatilization of K and Na also
contributed to the compositional fluctuation. The permittivity
of the film is lower than that of the bulk ceramics, which pos-
sibly caused by the poor microstructure of the film. The pores
distributed in the thick film as shown in figure 2b can be con-
sidered as a second phase, thus, the permittivity was diluted
by this low-permittivity phase and consequently resulted in
the lower permittivity compared with the bulk ceramics.
Figure 3c shows the relationship between leakage current
density and applied electric field of the thick film. Leakage
current density of KNN thick film at 50 kV cm™! less than
5 x 107® A cm™2. The literature identifies three possible
leakage current limiting mechanisms: Schottky emission,
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(a) P—FE hysteresis loops of the thick films, (b) temperature dependences of

permittivity and loss of the thick film, (c) relationship between leakage current density
and applied electric field and (d) relationship of the unipolar strain and the applied

electric field.

Poole-Frenkel effect and space charge limited current
(SCLC). Schottky emission is interface-limited, while both
Poole—Frenkel effect and SCLC are bulk-limited. The Schottky
emission current density for insulators, in which the elec-
tronic mean-free path is less than the insulator thickness, is
given by

&)

—q(py — JGE Ao
J=AT2exp[ q(pp — g /77808)]’

kT

where J is the leakage current density, A the Richardson con-
stant, T the absolute temperature, ¢ and &; the permittivity
of free space and the optical permittivity of the film, respec-
tively, k Boltzmann’s constant, @y, the height of the Schottky
barrier and E the electric field at the interface. A linear rela-
tionship was observed by plotting In(J) vs. E!/? for Schottky
emission mechanism. Similarly, SCLC mechanism and
Poole—Frenkel emission can also be characterized by a linear
relationship of J vs. E 2 and In(J) vs. E'/? [20-23]. The curve
of current density J vs. E does not follow a straight line,
which indicates that the thick film is not ruled out by SCLC
mechanism here. The straight lines are obtained by plotting
In(J) vs. E'/?, which agrees well with equation (2). How-
ever, the linear relationship of In(J) vs. E'/? presented both
for Schottky emission and Poole-Frenkel effect. The
Poole-Frenkel mechanism was resulted from defects and
irrelevant with the type of electrode and Schottky emission
was controlled by the surface of electrode and thick film.
Because of the different heights of Schottky barrier for top
golden electrode and bottom Ag—Pd electrode, the J vs. E
curve should present in an asymmetric fashion for Schottky

emission. The J vs. E curve of the thick film showed an
asymmetric sharp as shown in figure 3c, which indicated the
Schottky emission conduction mechanism for the textured
thick film.

Figure 3d shows the curves of displacement vs. voltage for
the textured thick film at room temperature. Nonlinear strain
as a function of electric field is observed. The PZT strain
constant can be calculated by the formula d33 = Siax/Emax
in which Spax and En,x represent as the maximum value
of strain (displacement) and electric field (voltage), respec-
tively. The calculated value was 150 pm V! for the textured
film which can compare with PZT thick film (~180 pm V')
[24]. This high PZT characteristic may be related to the pre-
ferred grain orientation in the film. However, this value is
substantially lower than that of the bulk ceramic. One pos-
sible reason is the clamping effect of the substrate. Another
possibility is large quantity of defects which reflected by
large hysteresis in figure 3d. The domain boundary motion
might be partially pinned, which contribute to high levels of
hysteresis as shown in figure 3d.

3.3 Nonlinear dielectric properties

Effects of the domain-wall pinning on dielectric properties
are of substantial interest in recent years. A detailed theoret-
ical study of the domain-wall pinning named Rayleigh law
was developed to describe the nonlinear induced magnetic
response of ferromagnetic materials due an applied magnetic
field [25,26]. Hall [27] expanded the use of Rayleigh model
in ferroelectrics to consider the nonlinearity of the dielectric
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Figure 4. Displacement for the thick film measured as a function
of applied field.

response under an applied electric field and evaluated the
real and imaginary contributions to the dielectric and PZT
responses.

In the Rayleigh region, the displacement will increase lin-
early with the amplitude of the applied electric field, Ej.

d(Eo) = dinyy + a Eo, (6)

where the Rayleigh parameter is djn;, which is the initial
reversible PZT response at zero electric field, including the
intrinsic and reversible internal interface motion; the PZT
Rayleigh coefficient « is the irreversible motion of internal
interfaces. At a fixed field, o E represents the irreversible
extrinsic contribution and the ratio of aEy/(dini; + aEp)
quantifies the ratio of irreversible response to total PZT
response [28,29].

The field dependence PZT responses of textured KNN
thick film were quantified using the method mentioned above
as shown in figure 4. The thick film obeys Rayleigh law
within suitable field regions (generally, 0 < E < E./2).
Rayleigh parameters for PZT responses were calculated from
fits to the linear portions of the data. The thick film exhib-
ited linear Rayleigh behaviour over the range of 1< E <
6 kV cm™! The ratio of ¢ E/(diniy + «E) was found to
be 28-75% with E = 1-6 kV cm~' This value indi-
cated that irreversible response, which induced a large hys-
teresis in S—FE curve as shown in figure 3d, dominates
PZT response in textured thick film with E increase The
irreversible component mainly ascribed to the interaction
between pinning centres and domain walls. The value of
aEy/(dinix + @Ep) presents the irreversible extrinsic con-
tributions to the thick film PZT response, which conse-
quently resulted from clamping effect of substrate and high
defect concentration of the thick films. As a volatile ele-
ment, KNN-based materials may leave the samples to form
vacancies in the lattice during sintering at high tempera-
ture. The volatilization of K and Na in textured KNN thick
films can cause a deviation of chemical stoichiometry and
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defect/domain interaction, which consequently influences
the defect states. The dipolar defects can be assumed to be K
and Na vacancies—oxygen vacancies defects. These dipolar
defects lead to a clamping of the domain walls by anisotropic
centres.

4. Conclusions

(h00)-textured KNN thick film was successfully fabricated
on Ag-Pd buffer Al,O; substrates by the screen printing
method. Lotgering’s factor of the thick film reached 75%.
Remanent polarization and coercive field of the textured
thick film were 3.6 uC cm~2 and 21 kV cm™!, respectively.
A diffusion behaviour was observed in the thick films and the
diffusion exponent was calculated as 1.56. Conduction
mechanism displays the transition of Schottky emission.
PZT constant dj; of the thick film was 150 pm vl
which can be compared with PZT thick film. Finally, the
ratio of awEy/(dinir + @ Ep) was found to be 28-75% with
Ey = 1-6 kV cm™!, which indicated that the dominated
PZT response in textured thick film was irreversible extrinsic
contribution on large electric field.
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