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Abstract Textured 0.98(0.94Nag sBigsTi05—0.06BaTiO3)—
0.02K sNay sNbO;3 thick film was prepared by reactive
templated grain growth (RTGG) method. The effect of
temperature on ferroelectric and dielectric behaviors of the
thick film was investigated. Its dielectric constant as a
function of temperature displayed typical relaxation
behavior, which was similar to that of NBT-based bulk
ceramics. Remnant polarization, saturation polarization,
and coercive field of the thick film all decreased with
increasing temperature. Dielectric constant and tunability
of the film were also dependent on temperature. Electric
field dependence of dielectric constant of the thick film
suggested a transition from ferroelectric to antiferroelectric
phase at around the depolarization temperature. A strong
increase in leakage current density with increasing tem-
perature was observed, which could be related to the
enhanced activity of conductivity carriers.

Introduction

Piezoelectric thick films draw significant interest in recent
years for their applications in micro-electro-mechanical
system (MEMS). They are widely applied to micropumps,
ultrasonic motors, resonators, high-frequency transducers,
and energy harvestors [1-3]. Thick films on low-cost sub-
strates could be more suitable for commercial applications
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because they do not have the problems of large dielectric
loss observed in thin films and high voltages required by
bulk materials. Lead-containing materials are currently
dominating the market of piezoelectric thick films. How-
ever, lead-containing materials are toxic and thus not
environmental friendly. As a result, there has been a strong
tendency to develop lead free materials because of the
demands for environmental protection [4-7]. Zhang et al.
[8] fabricated lead free piezoelectric ceramics with a com-
position of 0.92NBT-0.06BT-0.02KNN which possessed
very promising dz3. However, information on piezoelectric
properties of lead free thick films is rarely available. Zhang
and Jiang [9] used screen-printing processing and infiltra-
tion route to fabricate Bigs(Nagg:Kop 18)05TiO3 lead free
thick film, which had a longitudinal effective piezoelectric
coefficient dsse¢r of 109 pm/V. This value cannot catch up
with that of PZT thick films (d3; = 210 pm/V [10]).
Recently, we found that 0.98(0.94NBT-0.06BT)-0.02KNN
(NBT-BT-KNN2) textured thick film had improved pie-
zoelectric constant. dsz value of the NBT-BT-KNN2 tex-
tured thick film with 75% grain orientation was 349 pm/V.

However, little is known about temperature stability of
the thick film which is often desirable for practical appli-
cations. Electric devices may need to work at different
temperatures, so it is necessary to evaluate electric behavior
of the materials as a function of temperature. It was reported
that the potential well at ferroelectric domain boundaries
becomes more box-like shaped with decreasing tempera-
ture, where more charged defects can migrate to and be
trapped. The trapped defects play a great role in determin-
ing domain switching. Therefore, macroscopic ferroelectric
responses, such as P, P, and E., are varied with tempera-
ture accordingly [11-15].

In the present study, we investigated temperature
dependences of dielectric constant and loss tangent of a
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NBT-BT-KNN2 textured thick film. The variation in P,,
P, and E. of the material will be discussed in detail.
Dielectric constant as a function of electric field at different
temperatures was measured. Temperature dependence of
leakage current density of the film was also studied.

Experimental

0.98(0.94NBT-0.06BT)-0.02KNN (NBT-BT-KNN2)
textured thick film was fabricated by tape-casting method.
The NBT powders were synthesized via a solid state route
with analytical reagent Bi,O3, NaCOj3, and TiO, powders
as raw materials. The mixture of raw materials was ball
milled in dehydrated alcohol for 24 h and then calcined at
880 °C for 2 h. The KNN powders were also prepared by
solid state reaction method. BT powder was supplied by
Guoteng Functional Materials Limited Company in Shan-
dong province, China. The matrix with a composition of
0.98(0.94NBT-0.06BT)-0.02KNN was prepared with
NBT, KNN, and BT powders. Plate-like Bi;Ti30,, parti-
cles were used as templates. They were synthesized from
Bi,O5 and TiO, via a salt molten method. The mixture of
80 wt% matrix and 20 wt% Bi,TizO;, templates was ball
milled in solvent for 15 h. An organic bonding (LS model,
produced by Lingguang Electric Chemical Materials
Technology Corporation in Zhaoqing city, China) was
added to stabilize the suspension. The stable slurry was
tape cast with a conventional tape-casting equipment. The

dried green film was cut and pressed on platinum substrate
by isostatic pressing at 200 MPa. The sample was annealed
at 550 °C to remove the organic substance and then sin-
tered at 1,250 °C for 2 h.

Gold electrode with a thickness of 80 nm and a diameter
of 0.5 mm was coated on surface of the thick film for
electric characterization. Temperature dependence of
dielectric constant and loss tangent of the sample were
measured from 50 to 350 °C at different frequencies using
a high-precision LCR meter (HP 4284A). P-E hysteresis
loops of the thick film were measured at different tem-
peratures by using a ferroelectric test system (Precision
Premierll, made in USA). Tunability was measured up to
100 kV/cm by using a Keithley model 2410 electrometer
coupled with a TH2613A LCR meter. Leakage current
density of the thick film was tested with a Keithley 6517A
Electrometer (Cleveland, OH).

Results and discussion

Figure 1a shows XRD patterns of the NBT-BT-KNN2
thick film. The thick film possesses perovskite structure. Its
grain orientation degree is characterized by Lotgering’s
factor [16] which reaches to 75%. SEM image of the film
is shown in Fig. 1b. The sample has proximately 6 pm
cubic grains. Thickness of the thick film is about 20 pm as
shown in Fig. lc. Figure 1d shows unipolar electric field-
induced strain curves of the NBT-BT-KNN?2 thick film.

Fig. 1 XRD pattern (a), surface
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Fig. 2 Temperature dependence of dielectric constant and loss
tangent of the NBT-BT-KNN?2 thick film

Piezoelectric constant d33 can be calculated by the formula
d33 = Smax/Emax, Where Sp.x and E... represent the
maximum values of strain and electric field. The value of
ds3 reaches to 349 pm/V which is higher than that of PZT
thick film.

Figure 2 shows temperature dependence of dielectric
constant (&) and loss tangent (zgd) of the NBT-BT-KNN?2
thick film at 1, 10, 100, and 1,000 kHz. Two abnormal
dielectric peaks are observed over 50-350 °C. The tem-
perature of the first peak is called depolarization temper-
ature (T4), which corresponds to the phase transition from
ferroelectric to antiferroelectric. The temperature corre-
sponding to the maximum value of dielectric constant is
Curie temperature (7,,). The frequency dependence and
dispersion indicate typical relaxor behavior of the thick
film. The dielectric constant decreases with increasing
frequency in a way similar to that observed in relaxed-like
materials, such as (BigsNags)TiOsz—(BigsKys)TiO3; and
[BIOS(Nal—x—nyLly)O5]T103 [17’ 18]

A modified empirical expression Curie—Weiss law pro-
posed by Uchino and Nomura [19] was used to quantify the
diffuseness of a phase transition:

1 1 (T —Tn)"
&  &m C

= )
where ¢, and ¢, are the dielectric constant at temperature
T and the maximum permittivity at Curie temperature 7T,,,,
respectively. The parameter o is called diffusion exponent
ranging from 1 to 2. The value of « can be obtained from
slope of linear relationship between In (1/e; — 1/¢,,) and In
(T — Ty,) as shown in Fig. 3. The diffusion exponent o
increases with increasing frequency. This behavior is sig-
nificant for a relaxation process and could be ascribed to
the compositional fluctuation or structural disordering of
the thick film. The loss tangent increases rapidly as a result
of the strong conductivity at high temperature.

Figure 4a—c shows P—E hysteresis loops of the NBT—
BT-KNN2 textured thick film at different temperatures.

In(T-T) (°C)

Fig. 3 Ln(l/e; — 1/ey,) as a function of In(T — T,,,) of the NBT-BT-
KNN2 thick film

The P-E loop at room temperature exhibits typical ferro-
electric characterization. The loops become slimmer toge-
ther with the reduction of P, and E. with increasing
temperature. The pinched shape of the P-E loops above
70 °C indicates the transition from a ferroelectric phase to
an antiferroelectric one. Afterward, the P—E loops are
deformed, having a strong asymmetry at temperature above
150 °C. Hagh et al. [20] suggested that the area enclosed
by a hysteresis loop corresponds to the amount of energy
dissipated in the form of heat. This result indicated that the
deformed P—-E loops of the thick film should be attributed
to its strong loss tangent at high temperature. The trans-
formation of P—E loops from a ferroelectric to an antifer-
roelectric one is the result of the electromechanical
interaction between the ferroelectric and antiferroelectric
regions that coexisted in the thick film at high tempera-
tures, according to Lin et al. [4]. The depolarization tem-
perature of the thick film determined from P-E loops
suggests a range approximately from 110 to 130 °C, which
also confirmed the coexistence of ferroelectric phase and
antiferroelectric phase.

P, is determined by the spontaneously polarized
domains which are unswitchable at an applied electric
field, whereas the Pg is determined by the total polarized
domains including switchable ones. In general, the volume
of swichable domains V., is related to the value of
PP,. Temperature dependence of PP, is plotted in
Fig. 5. We selected the temperature range of 15-50 °C
which is below the phase transition temperature. Viyicn
shows a tendency of reduction with increasing temperature.
PP, versus temperature is plotted in Fig. 5. The Arrhe-
nius law is defined as

Py, —P. =Py GXP(_E/kBT)v

where E is the average activation energy of switchable
domains, kg is the Boltzmann’s constant, and P, is a
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Fig. 4 P-E hysteresis loops of 30
the NBT-BT-KNN2 thick film

at different temperatures 20 4
(a) 15-50 °C, (b) 70-130 °C, 10 4
(¢) 150-190 °C, (d) remnant
polarization and the coercive
field as a function of
temperature
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Fig. 5 Relationship between PP, and temperature of the NBT-BT—
KNN?2 thick film

constant. The relationship of P.—P, and temperature obeys
the Arrhenius law. The slope of In(P; — P,)—1/T can be
used to estimate the average activation energy of domain
switching.

Dielectric constants as a function of electric field mea-
sured at different temperature are shown in Fig. 6a, b.
The strong domain pinning at lower temperature depressed
the contribution of the domain wall motion to dielectric
constant and consequently reduced the dielectric constant.
Furthermore, the tunability (defined as (&nmax — €min)/€max)s
which indicates the ferroelectric domain switching contri-
bution to dielectric constant, decreases with decreasing
temperature. It is reasonable because the number of
switchable domains is decreased at low temperature [21].
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The relationship between dielectric constant and electric
field at different temperatures qualitatively indicates a
temperature-dependent domain switching behavior of the
thick film. The ¢-E curves deformed at temperatures above
130 °C, which suggest the phase transition from a ferro-
electric phase to an antiferroelectric one.

Figure 7 shows relationship between leakage current
density and applied electric field at different temperatures.
The leakage current density increases with increasing
temperature. The value at 50 kV/cm increases from
1.4 x 107> A/lem® at 40 °C to 2.1 x 107> A/em® at
100 °C and reaches to 3.8 x 107> A/em® at 150 °C.
Thermal energy generated at high temperature is provided
for exciting the carriers, making them jump out from
ground state and freely move in the material. The increase
in the number of free carriers results in the large leakage
current density. As a result, the conductivity at high tem-
perature strongly improves, which is also responsible for
the large loss tangent and the distortion of P—FE loops at
high temperatures in Figs. 2, 4c.

Conclusions

Dielectric and ferroelectric properties of a NBT-BT-
KNN2 thick film as a function of temperature were
investigated. Its temperature dependence of dielectric
constant and loss tangent had relaxor characteristics. The
diffusion exponent o increased with increasing frequency.
P, P, and E_ all decreased with increasing temperature
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Fig. 7 Relationship between leakage current density and applied
electric field at different temperatures

below Ty. The pinched sharp of the P—FE loops at around the
depolarization temperature indicated the transition from a
ferroelectric phase to an antiferroelectric one. The P-E
loops further deformed above depolarization temperature
because of the strong leakage current density. Tunability
increased with increasing temperature. Leakage current
density also had a tendency of increase with increasing
temperature because of the enhanced activity of the free
carriers.
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