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Abstract

The PZT-based ceramics with a composition ofi R, (Zros2Tig.48)1-xNbO3; x = 0.02-0.06 were prepared by conventional
mixed-oxide method, with sintering temperature at 125Gor 2 h. Microstructural and compositional analyses of the PZT-based ce-
ramics have been carried out using XRD and SEM. The dielectric constant measured at 1 kHz is about 1500 and the loss factor is sma
than 2%. The maximum planar electromechanical coupling coeffidigris 0.591. It showed that the Nb additives were helpful improve
both of the dielectric and piezoelectric properties. Surface acoustic wave (SAW) filters were fabricated and the property, phase velocity
were measured.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ified lead zirconate titanate piezoelectric ceramics have po-
tential for SAW device applications due to the ability to
Piezoelectric lead zirconate titanate (PZT) has the per- modify the composition to achieve a desirable combina-
ovskite structure (general formula,"B" O3) with the tion of properties, such as high-surface phase velocity and
A-site (PB™) occupying the cubo-octahedral interstices high-electromechanical coupling coefficient. However, the
described by the B@site octahedral. Many aliovalent com-  se of piezoelectric ceramics in SAW devices has been lim-
positional alterations to PZT have been studied either with jieq by the high-propagation loss at high-frequency com-
higher valence substitutions (donors), either with lower va- pared to single crystal materials.
lence ions (acceptor§)—6]. La* is a common substitution Pereira et al[21] reported that the Nb oxide is a good
on PB site, leading to the well-known high-performance sintering aid for PZT (65/35)-based materials (high density,
PLZT materials. Therefore, some of the critical properties of gy )| grain size) and the solubility limit of Nb in PZT mate-
PZT were optimized by the addition of donor dopant ions. ria|s (perovskite structure) is about 7%. Above this concen-
Nb>* can be considered as a donor dopant for PZT materials,tration, a secondary phase is formed, containing also Pb and
since it substitutes Zt/Ti** ions. Using donor dopant such Ti. In this paper, we prepare Phy s,(Zro.52Tio.48)1—«Nb, O3
as NPt on the B-site is one of mechanisms thought to pro- (x = 0.02-0.06) system with additional dopants of Nb to

mote domain wall motion in PZT§,8]. Modified PZT com-  jnyestigate the piezoelectric and dielectric properties. Then,
positions find many applications in plezoelectnc senf@is e fabricate the SAW device using the Nb-doped PZT mate-
actuator§10,11]Jand electromechanical transducgir, 13} rial as the substrate, and measure the surface acoustic wave

High values of piezoelectric coefficierizz (>300 pC/N) responses.
and electromechanical coupling coefficiekg (>0.5) in
poled PZT ceramics are believed to arise from the motion
of domain walls under the action of applied field or stress. o Experimental
Since 1970s, the applications of piezoelectric ceramics
for SAW devices have been investigaf{éd—20] The mod- 2.1. Sample preparation

* Corresponding author. Tek:886-6-2757575; fax:-886-6-2345482. A conventional ceramics preparation procedure was used
E-mail address: chusy@mail.ncku.edu.tw (S.-Y. Chu). to prepare the sample. Raw materials were mixed by pure
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Fig. 1. Flow diagram of the sample preparation procedure.

reagent PbO, Zrg) TiO, and NpOs powders (>99.0% pu-
rity). After 4h ball milling with ZrG, balls, the materi-
als Ph_o,5x(zr0.52Ti0.48)1_xNbx03; x = 0.02-0.06 were
calcined at 900C for 3h. About 2wt.% excess PbO was
added to counteract the volatilization of PbO during fir-
ing, then followed by pulverization. After that, the powders
were dried and milled with 8 wt.% of a 5% PVA solution.
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Table 1

Interdigital transducer (IDT) parameters of the SAW device
Electrode finger pairs 15.5
Electrode width gm) 20
Wavelength gm) 80
Electrode overlapym) 4
Delay-line distance (mm) 1.6

measurement methd@2]. The piezoelectriclss coefficient
was measured with a Berlincowdts-meter.

In order to measure the SAW properties, the plates were
polished to a mirror finish on one side with surface roughness
below 0.1um. Then, aluminum electrode patterns, @8
thick in the form of interdigital transducers (IDTs), were ap-
plied onto the polished surface using the lift-off photolitho-
graphic process. The IDT pattern parameters are shown in
Table 1 The IDT pattern of 2@.m width leads to a wave-
length of 80um. The frequency response of SAW device was
measured by using a network analyzer (HP8714ES). The
experimental phase velocity was obtained from the equation
Vo = fok, wherefq is center frequency and is the wave-
length.

3. Results and discussion
Fig. 2shows the bulk density as a function of the amount

of Nb dopants. The density increases at first with the in-
creasing Nb substitutions; it reaches the maximum value as

Then, the powders were pressed into plates with dimensions;* = 0-055, and then dropped. In other words, dopingNb

20 mmx 20 mmx 1 mm, for SAW measurements, and discs
of 12 mm diameter and 1 mm thickness, for bulk measure-
ments, using a pressure of 25 kgfkrBpecimens were sin-
tered isothermally at a heating rate of“I@Ymin at 1250C

is helpful increase the density of PZT ceramics as the con-
centrate of Nb dopant is smaller than 5.5 mol%. The X-ray
diffraction patterns of Ph g5,(Zros2Tio.48)1—xNb,O3 ce-
ramics are shown ifrig. 3 The X-ray analyses indicate

powder to minimize the lead loss during sintering. The flow With major peak at (10 1), and all of them belong to tetrago-

Fig. 1 change in the adding conditions does not change the phase

relations of the sintered bodies. In addition, it is worthy to
note that, from 2 to 6 mol% Nb, all spectra show no evidence
of pyrochlore phase.

The bulk densities of sintered bodies were measured by
the Archimedes method. The compositional analyses for the

2.2. Measurements

sintered bodies were determined using an X-ray diffraction 79

(XRD) and microstructures were observed using a scan- < 78l

ning electron microscope (SEM). The mean grain size was ]

obtained from the observation of the SEM by the line in- i

tercept method. In order to measure the electrical proper- Z

ties, silver paste was coated to form electrodes on both ] 767

sides of the sample with thickness of 0.8 mm, then subse- 75 : , ,

quently fired at 750C for 30 min. The dielectric (measured
at 1kHz) and piezoelectric properties were measured us-
ing an impedance analyzer (HP4294A) after poling under
30kv/em bias at 150C in a silicone oil bath for 15min.  rig 5 pependence of the bulk density ofyPbs,(Zros2Tio.4g)1_xNby O3
Piezoelectric properties were calculated from the resonanceceramics on the amount of Nb additives.

3 4 5
Amount of Nb (mol%)
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Fig. 3. The XRD patterns of Rbgs,(Zros2Tio.a8)1—xNb,O3 samples.

Fig. 4. The SEM photographs of B¥r25(Zro.52Tio.48)0.945Nb0.05503
(bar=1pm).

The SEM pattern of the BB725(Zro52Tio.48)0.945
Nbo.os503 sample is shown ifrig. 4, and it shows that the
microstructure of our sample is very denség. 5 shows
the grain size as a function of the amount of Nb. It shows

4
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0 ! . ! . .
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Amount of Nb (mol%)

Grain size (4 m)

Fig. 5. Dependence of the grain size of1P§s,(Zros2Tio.48)1-xNb,O3
ceramics on the amount of Nb additives.

that a decrease in grain size as the Nb additives increasing
(<5mol%), and then changes little about 8. Atkin
et al. [23] reported that sintering kinetics of the undoped
PZT ceramics can be described by lattice diffusion of va-
cancies from pores to grain boundaries (Coble’s model),
and the Nb doping reduces the diffusion coefficient: the va-
cancies as created by this doping are supposed to be bound
to the impurity (Nb), so that they inhibit the mass trans-
port. Considering the grain growth, doping with Nb keeps
the grain size small, i.e. Nb is an effective grain growth
inhibitor. Rahamarj24] reported that pores, second phase
inclusions, or solid solution impurities inhibited the grain
growth. So that, the doping ions (Nb) can concentrate near
the grain boundaries and reduce their mobility. In addition,
a reduced grain size, i.e. remaining reactive, these powders
based on Nb-doped PZT are more effective in accelerating
sintering.

The results of the thicknesk) and planarKp) coupling
factors as a function of Nb dopants are showikiig. 6. As
Nb additives increasd; value increases at first and reaches
its maximum value of 0.51 as N& 5.5mol%. It is wor-
thy thatk; values forx = 0.05 and 0.055 compositions are
larger than 0.5. Thé, values of all Nb-doped samples are
larger than 0.5; the maximum valuk, = 0.591, occurs
as Nb= 5.5 mol%, which is higher than the previously re-
ported data for PZT-based systemdable 2 According to
the results ofig. 6, it shows that the increasing Nb dopant
is helpful to improve the electromechanical coupling factors
of both modes as Nk 5.5 mol%. Fig. 7 shows frequency
constant versus the amount of Nb additives. The thickness
frequency constanf\) and planar frequency constamiy)
of the studied samples changed little as Nb dopants increas-
ing and their values are about 2000 and 2100 Hz m, respec-
tively. The piezoelectric coefficiemlsz as a function of the
amount of Nb additives is shown iRig. 8 It shows that
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Fig. 6. Dependence of (&) and (b)kp of Pby_o.5:(Zro52Tio.48)1-xNb, O3
ceramics on the amount of Nb additives.

ds3 increases with the increase of the amount of Nb dopants
till Nb = 0.055. The values of all samples are larger than

330pC/N, and the maximum value, 386 pC/N, occurs as
Nb = 5.5 mol%.

Fig. 9a and Ishows the dielectric constant and loss factor
of samples versus the amount of Nb, respectively. It shows
that dielectric constant increases with the increasing Nb
dopant and the maximum value 1529 occurs as 0.055,
then dropped. The loss factors change little as Nb dopant

increasing, and loss factors are about 2% of all components.
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Fig. 10shows the dielectric constant as a function of tem- Fig. 8. Dependence of piezoelectric coefficients of Phi_gs.

perature measured at 1 kHz foe= 0.055. The Curie—Weiss
behavior in the curves is well observed. It shows that the
Curie point {[[¢) of sample is about 44.

Fig. 11shows the frequency response of the SAW device
as Nb= 0.055 with impedance matching. The center fre-

Table 2

The study ofk, and e, in different PZT-based system
Compositions Ko & Reference
Pure PZT (52/48) 0.47 707 [3]

PZT:Sr 0.44 973 [3]

PZT:Sr 0.52 1300 [1]
PZT:Ca 0.49 729 [3]

PZTY 0.34 841 [4]
PZT:.La 0.53 1483 [4]
PZT:Nd 0.49 1395 [4]
PZT:(Nd4-Sr) 0.49 1776  [4]
PZT:Nb 0.54 1242  [4]
PZT:(Lat+Nb) 0.57 1377  [4]
PZT:Ta 0.5 1230 [4]
PZT:Fe 0.59 820 [5]

PZT:Al 0.2 1078 [6]
PZT:Mg 0.381 983 [6]

PZT:Zr 0.446 1396 [6]
Phy.9725(Zr0.52Ti0.48)0.945Nbo,05503 0.591 1529 Our sample

2000

(Zro52Tip.48)1—xNb, O3 ceramics on the amount of Nb additives.
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Fig. 9. Dependence of (a) dielectric constant and (b) loss factor of
Pbi_0.5x(Zro52Tio.48)1-xNbyO3 ceramics on the amount of Nb additives.
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4. Conclusions
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keeps smaller than 0.02. For Nb 5.5mol% doped sam-
ple gave the following datap = 7.8g/cn?, & = 1529,
loss factor= 0.016, k&t = 0.51, kK, = 0.591, T, = 443°C
and V, = 2102m/s. The Nb-doped modified lead zir-
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pling coefficients that make them suitable for piezoelectric
transformers, actuators, transducers, and broad-band SA
devices applications.
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