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Abstract

The ZnO-doped PbggsCag 1 Sro.01 [(Mn},3Nby/3)0.06—(Z10.52 Tio.48)0.04]03 + 0.15 wt.% CuO for varying amounts of ZnO (x wt.%) ceramics were
prepared. Their structure evolutions and electrical properties were systematically investigated. A dc and ac conductivity analysis was conducted. It
demonstrated that the probability of ZnO dopants entered the A and/or B-site of the perovskite structure, which affected the dielectric relaxation,
activation energy, and piezoelectric properties. Experimental results showed that the tetragonality of the perovskite structure and electro-mechanical
energy transformation ratio (k* value) were increased with increasing the ZnO contents for 0.1 < x < 0.5. As ZnO contents increased for 0.1 <x < 2,
the diffused phase transition (DPT) characteristic was gradually disappeared. And, the ac activation energy calculated was also decreased due to
the conduction mechanism. In addition, the frequency dependence of the ac conductivity was complied with the Jonscher power law, for x=0.5,

1, and 1.5 at measured temperature.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Piezoelectric lead zirconate titanate (PZT) have been exten-
sively used in piezoelectric devices because of its good
electro-mechanical properties near the morphotropic phase
boundary (MPB) region.l*2 However, to meet the higher perfor-
mance requirements of piezoelectric devices, many aliovalent
additions to PZT network system enhance the “soft” or/and
“hard” effect to improve the piezoelectric activity. High val-
ues for the electro-mechanical coupling factor (k) and the
high mechanical quality factor (Q) ensure the maximum
electro-mechanical transformation.! For the piezoelectric mate-
rial systems, the modified PMnN-PZT piezoelectric material
meets the above-mentioned requirements and its piezoelectric
properties are superior to those for Mn-, Nb-doped PZT.>*
PMnN-PZT based piezoelectric material systems are exten-
sively used in motors, transformers, therapeutic transducers,

* Corresponding author. Tel.: +886 6 2757575x62381; fax: +886 6 2345482.
E-mail address: chusy @mail.ncku.edu.tw (S.-Y. Chu).
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sensors and actuators because they are adaptable enough
to allow fabrication of devices with higher performance
characteristics. 8

Lead-free NKN and BNT based systems provide an envi-
ronmentally friendly alternative to the PZT-based materials.
However, they are difficult to fabricate, with high &k (e.g.
kp>0.50) and Q (e.g. Om >1000) as hard piezoelectric ceram-
ics for applications in high power transducers. Therefore, the
development of low-temperature-sintered PZT based piezoelec-
tric materials is becoming important. It is reported in literature
that CuO, as an additive, lowers the sintering temperature and
increases the sintering density of piezoelectric ceramics.” '3
Further lowering of the sintering temperature requires the addi-
tion of greater amounts of CuQ, but this causes a corresponding
degradation in the piezoelectric properties. Co-doping using
CuO and another metal oxide or dioxide, such as ZnO, Li,CO3,
MnO,, etc. to lower the sintering temperature below 1000 °C is
used for the fabrication of low-temperature-sintered piezoelec-
tric ceramics.

In this paper, the ZnO dopant is chosen as the co-doping
element, based on the findings in literatures. Ha et al. reported
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that the dielectric constant, electro-mechanical coupling factor
and piezoelectric charge coefficient could be improved by dop-
ing suitable ZnO.'* Ahn et al. showed that ZnO was effective
in reducing the sintering temperature to 950 °C, with the reten-
tion of good piezoelectric properties.'> Yoon et al. showed that
ZnO could increase the piezoelectric voltage output coefficient
and piezoelectric charge constant.'® Rubio-Marcos et al. inves-
tigated the effect of ZnO on structural evolutions and electrical
properties for the lead-free (K,Na,Li)(Nb,Ta,Sb)O3 system.!”
However, these studies seldom refer to the probability of ZnO
dopants entered the A and/or B-site of the perovskite struc-
ture, affecting the dielectric relaxation, activation energy, and
piezoelectric properties of low-temperature sintered piezoelec-
tric ceramics.

Using the results of previous research on the
properties of low-temperature-sintered CuO-doped
Pby.9§Cag.01S10.01[(Mn1/3Nb2/3)0.06—(Zr0.52Ti0.48)0.94103
(PMNZT-C) ceramics, they exhibited good dielectric and
piezoelectric properties for making the SAW device substrate,’
but improvements to electro-mechanical properties are possible
and the physical properties are worthy of further study. Recently,
a combination method, using mixed oxides and wolframite
(abbreviated as modified mixed-oxide method), has been used
in PZN-PZT based material systems to improve the dielectric
and piezoelectric properties, and the elimination of the second
phase as reported in literatures.'$1°

This study investigated the characteristics of ZnO addi-
tives into a PMNZT-C piezoelectric ceramics material system,
using the modified mixed-oxide method, in order to exploit
the physical properties of low sintering temperature (<1000 °C)
ceramics and to demonstrate, using conductivity analysis, that
ZnO dopants entering the sites of a crystal structure (i.e. A or/and
B site) affect the electrical properties of the material. In addition,
the effect of doping on the dielectric relaxation and conductivity
behavior by progressively introducing doping amounts of ZnO
into the PMNZT-C ceramics.

2. Experimental

The compositions chosen for the present study were
Pbo.98Cag,01S10.01 [(Mn1/3Nb2/3)0.06—(Zr0.52Ti0.48)0.94103 +
0.15wt.% CuO (PMNZT-C) +xwt.% ZnO (0 < x<2) (abbre-
viated as PMNZT-CZ10x). Specimens were prepared with
different compositions to improve the sintering density and to
achieve the optimum piezoelectric properties.

Commercially available oxide powders of PbO, CaCOs3,
SrCO3, NbyOs5, MnCOj3, ZrO;, TiO,, CuO and ZnO with
purity >99% were used as the starting materials. The perovskite
structure was prepared using the modified mixed oxides method.
The Wolframite precursor (Zrg 5,Tig.4g)O, was firstly calcined
at 1400°C for 4h. Then, Nb,Os5, MnCO3, CaCOs3, SrCO3,
PbO, and (Zrg 57 Tig.43)O2 were then weighted by the mole ratio
according to the given composition and ball-milled for 24 h.
After drying, the powders were calcined at 880 °C for 3 h. There-
after, CuO and ZnO were added to the calcined powders, and
then were ball-milled for 24 h and were dried. After that, the
8wt.% of PB72 and 40% distilled water, constituting a binder
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Fig. 1. The bulk density of PMNZT-CZ10x specimens versus the different sin-
tering temperature.

solution was added to the dried powders, and the mixture was
granulated.

The samples were pressed into disc shape 16 mm in diameter
and 2.2 mm in thickness. Their forming average green density
was 5.6 g/lcm>. The samples were sintered at 930-1020°C for
4hin a covered alumina crucible. The sintered pellets were pol-
ished into the desired thickness and were screen-printed with
silver paste on both opposite faces, followed by firing 820 °C
for 10 min. Then, the electroded samples were placed in silicon
oil bath at 150 °C and poled in a DC electric field of 3 kV/mm,
for 30 min.

The bulk densities of the polished pellets were measured
by the Archimedes method. The compositional analyses of the
sintered pellets were determined by X-ray diffraction (XRD)
using a Seimens D-5000 diffractometer. The microstructure
was analyzed by field emission scanning electron microscopy
(FESEM) using a Hitachi S-4100 microscope. The Curie tem-
perature (T¢) and the dielectric properties of un-poled specimens
were measured using a HP-4192A impedance analyzer at 1 kHz,
10kHz, 100 kHz, and a 0.5 Vs oscillation signal in controlled
furnace with heating rate of 1°C/min from 20°C to 450°C.
Simultaneously the temperature-dependent values of dc and ac
conductivity were calculated.?? The dc insulation resistance of
un-poled specimens was measured at room temperature using
an ohm meter (HIOKI SM-8215 super megaohm meter, HIOKI,
Nagano, Japan) at room temperature.

To measure the piezoelectric properties, the poled speci-
mens were aged for one week to obtain stable values. The
resonance frequency, anti-resonance frequency and resonance
resistance were then measured using an agilent 4294 A precision
impedance analyzer. The mechanical quality factor and electro-
mechanical coupling factor were calculated using resonance and
anti-resonance method, according to IEEE standards.?!

3. Results and discussion

3.1. Phase evolution and microstructures

Fig. 1 shows the bulk densities of ZnO-added PMNZT-C
specimens versus the sintering temperature. The bulk densities
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Fig. 2. X-ray diffraction patterns of specimens for PMNZT-CZ10x composition (a) in the 26 range of 20-80° (b) enlarged (002) and (2 00) peaks within 42—-48°.

of ZnO-doped PMNZT-C specimens increase with increasing
the sintering temperature, reaching saturation between 980 °C
and 1020 °C. For a given sintering temperature, the bulk density
of ZnO-doped PMNZT-C specimen increases with increasing
the amount of ZnO. It achieves a maximum value at x=1.5,
and then decreases. These results indicate that the addition of
ZnO dopants can lower the sintering temperature and slightly
increase the bulk density because the addition of ZnO probably
facilitate the grain growth, resulting in much dense PMNZT-
CZ10x specimens for 0<x<1.5. However, further increasing
the ZnO dopants will probably segregate at the grain boundary
and inhibit the grain boundary diffusion, resulting in a grad-
ual decrease in the bulk densities of specimens for x>1.5. As
the sintering temperature is between 980 °C and 1020 °C, the
bulk densities of ZnO-doped specimens exhibit the maximum
values between 7.82 and 7.85 g/cm3, which is higher than val-
ues for un-doped PMINZT-C specimens. The effective sintering
temperatures are between the range 980 °C-1020°C. Thus, a
sintering temperature of 980 °C is the preferred temperature for
low temperature sintering (<1000 °C) for PMNZT-CZ10x com-
positions. It is probable that the oxygen vacancies producing are
advantageous to processing of mass transport diffusion during
sintering process or form the low temperature sintering aids to
promote the densification of the specimens as reported in the
literature. >

Fig. 2 shows the XRD patterns of the ZnO-doped PMNZT-
C specimens and enlarged (200) peak patterns, for sintering
at 980 °C. In these patterns, there is no obvious second phase
(Pb3Nb4O13), but the crystal structures of the specimens are
slightly modified by the addition of ZnO as shown by the change
of (002) and (200) peaks.

The perovskite phase appears to coexist with tetragonal phase
and rhombohedral phase between 43 °C and 48 °C. These reflec-
tions of (002) and (2 00) peaks can be fitted to three Gaussian
functions. The tetragonal phase fraction (F1%) is calculated by
the equation?

{11(002) + I7T(200)}
(I1(002) + I7(200) + Ir(200)}

Fr% = x 100%

where IT(002) and IT(200) are the intensities of tetragonal
(002) and (200) reflections, and Ir(200) is the intensity of
the rhombohedral (2 00) reflection, respectively. The c/a ratio
of crystal structures for PMNZT-CZ10x specimens are listed in
Table 1. Itis seen that the Zn ions exit mainly in 7Zn?* state, which
most likely enters into perovskite structure of BOg octahedron
to substitute for the B-site ion of the perovskite structure, cre-
ating the oxygen vacancies and/or may substitute for the A-site
of the perovskite structure to occupy the vacancies left by lead
during the sintering process, resulting in structural deformation.
This leads to the c/a ratio increase, and a slight shift in (00 2)
and (2 00) reflection peaks toward the higher diffraction angle.
Excess ZnO additive (x> 1) may segregate in the grain bound-
ary resulting in a slight decrease in the c/a ratio as shown in
Table 1. And, the reflection peaks (00 2) and (2 0 0) shift toward
the lower diffraction angle as compared to the diffraction pattern
for x=0.5 in Fig. 2(b). The shifts in reflection peaks (00 2) and
(200) directly influence the change in crystal structure. There-
fore, using Goldschmidt’s tolerance factor (r)>*% it is possible
to estimate the amount of ZnO entering the A-site and/or B-site
proportion of the crystal structure. Further investigation of this
inference provides a basis for future study.

The SEM images of the fracture samples of ZnO-doped
PMNZT-C are shown in Fig. 3. They demonstrate that the
microstructures of ZnO doped PMNZT-C specimens become
denser as the amount of ZnO increases, and the grain size
increases with increasing the ZnO amount from 1.3-1.8 pm
for x=0, to 2.2-3.2 pm for x=2. The distributions of grain
size for PMNZT-CZ10x specimens are shown in Fig. 4. From
Figs. 3 and 4, they show that the suitable ZnO additives (x < 0.5)
will facilitate the grain growth, but excess amounts of ZnO addi-
tive (x>0.5) will probably segregate at the grain boundary and
inhibit local grain growth leading to a broader distribution of
grain size.

The grain boundary evolution presents intergranula for
x=0-0.5, intergranula and intragranula for x=0.5-1.5, and
intragranula for x = 2. In other words, a homogeneous structure
can be observed for x £ 0.5, and inhomogeneous structures are
gradually formed as x> 0.5 due to the more ZnO amounts pos-
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Fig. 3. The SEM image of the fracture samples of PMNZT-CZ10x composition with ZnO contents (x wt.%) (a) x=0 (b) x=0.1 (¢) x=0.5(d) x=1(e) x=1.5 (f) x=2.

sibly segregating at the grain boundary to form a liquid phase
of a mixture of CuO and ZnO or CuO, ZnO, MnO and Nb,O5
resulting in the abnormal grain growth. This phenomenon is
consistent with the results reported by Park et al. and Li et al. in
literatures.?%%’

3.2. Dielectric properties

The dielectric constant and dielectric loss for PMNZT-CZ10x
specimens as a function of the amount of ZnO additive, using the
modified mixed oxide method, measured at a frequency of 1 kHz
and at room temperature are listed in Table 2. It can be seen that
the dielectric constant increases with increasing ZnO content

Meanwhile, the dielectric loss increases with increasing ZnO
content.

The trend of dielectric constant as a function of ZnO dopants
is consistent with that of grain growth. It can be attributed to
the two factors: (1) the increase of grain size as the amount of
ZnO additive increases, causing increased polarization and easy
domain wall motion shift, resulting in increases in both dielec-
tric constant and dielectric loss and (2) increased dc conductivity
leading to increases in both the dielectric constant and dielec-
tric loss due to the intrinsic effect (volume effect).232° As the
amount of ZnO exceeds the solubility limit, it will segregate
at grain boundary, hindering the domain wall switching, which
results in a decrease in the dielectric constant due to the extrinsic

and achieves the maximum value at x=0.5, and then decrease. contribution in the dielectric constant decrease.””

Table 1

The fraction of tetragonal phase (Fr%) calculated and the c/a ratio of crystal structure of PMNZT-CZ10x specimens.

Parameters ZnO (x) additive

x (wt.%) 0 0.5 1 2
Fraction of the tetragonal phase (F1%) 70.6 79.6 79.5 78.8

c/a ratio of the crystal structure 1.019

1.020 1.0213

1.0212 1.0206
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Table 2

Comparisons of emax, Tc and y for the amount of ZnO in the PMNZT-CZ10x specimens.

Parameters ZnO (x) additive
x (Wt.%) 0 0.1 0.5 1 2
Emax 8058.6 12261.5 19516.3 18255.6 17131.7
Tc (°C) 342 348 329 320 338
y 1.95 1.56 1.30 1.28 1.06
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Fig. 4. The grain size distribution of specimens for PMNZT-CZ10x composition
as a function of ZnO amounts.

Fig. 5 shows the temperature dependence of the dielectric
constant, measured at a frequency of 10 kHz for PMNZT-CZ10x
specimens sintered at 980 °C. For the PMNZT-CZ10x spec-
imens, the dielectric constant peak increase with increasing
the amount of ZnO additive, reaching a maximum value at
x=0.5. The dielectric peak at the Curie point also increases.
These results demonstrate that the improved densification and
increased grain size, caused by the ZnO doping, contribute to
the dielectric peak.!32?° In addition, the change in the Curie
temperature for the specimens evidences the deformation of
crystal structure (i.e. c¢/a ratio variation) and material compo-
sition dependence, which affects the Curie point and dielectric
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Fig. 5. Temperature dependence of dielectric constant versus the amount of ZnO
additive for PMNZT-CZ10x specimens at measured frequency of 1 kHz.
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Fig. 6. Temperature dependence of dielectric constant at different measurement
frequency for PMNZT-CZ10x specimens at x=0.1.

constant. These physical properties listed in Tables 2—4 are sim-
ilar to our reported paper'? and other related literatures.!>-16

To investigate the frequency dispersion, the dielectric con-
stant as a function of the temperature, at different frequency,
for x=0.1 specimens shown in Fig. 6. The maximum dielec-
tric constant peaks do not show an obvious shift at frequencies
100 Hz, 1 kHz, 10 kHz, and 100 kHz. The same phenomenon is
also observed for other PMNZT-CZ10x specimens.

However, with the exception of x =2, the dielectric peak in
composition PMNZT-CZ10x is found to be broader, indicating
the existence of diffuse phase transition (DPT). Increasing the
amount of ZnO additive, the characteristics of the phase tran-
sition changes from the diffuse phase (x=0) with a typical of
short range order (SRO) to a normal ferroelectrics (x=2) with
long range order (LRO) characteristic, as seen in Fig. 5.

The degree of disorder or diffusiveness exponent (y) for
PMNZTC-Z10x specimens is estimated using an empirical for-

mula proposed by Uchino and Nomura as follows>!:

1 1 (T—Ty

£ & C

where y and C are assumed to be constants independent of tem-
perature, and the value of y is common between 1 and 2. The
limit of y = 1 make the equation fit the conventional Curie—Weiss
law for normal ferroelectrics, and y = 2 makes the equation fit the
quadratic valid for the complete diffuse phase transition. While
the y value between 1 and 2 corresponds a so-called incom-
plete diffuse phase transition where the correlated ferroelectric
clusters are hypothesized.
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ZnO additive for PMNZT-CZ10x specimens.

Fig. 7 shows the In(1/¢ — 1/ey,) as a function of In(7T — Ty,)
at different ZnO additives of specimens for PMNZT-CZ10x
composition. It can be observed that the diffusiveness exponent
(y) decreases with increasing the ZnO amount, which presents
the PMNZTC-Z100x specimens from the broader distribution
around the dielectric peak (y =1.95) at x=0 to the normal fer-
roelectrics (y =1.05) at x=2. It can be deduced that increased
ZnO additive cause a decrease in the diffusiveness exponent
(y), inducing more ferroelectric clusters. This is evidenced by
the enlarged (002) and (200) peaks in XRD patterns, which
reveal the ZnO dopants have a tendency to stabilize the tetrago-
nal structure. In addition, the maximum dielectric constant peak
of the PMNZT-CZ10x specimens doesn’t shift toward a higher
temperature with increasing frequency. This result characterizes
the phase transition as a DPT.

3.3. Electrical conductivity properties

The o4. (dc conductivity) and o, (ac conductivity) of the
PMNZT6-CZ10x specimens with respect to temperature and
measured frequency can be calculated using the following

relation??:

t
0ac(T, w) = Zw Cp(w, T)tan§(w, T)

ot
 (RpA)

where ¢ is the thickness of the specimen, A is the electrode area,
w is the measured angular frequency, C,, is the capacitance and
tan § is the dielectric loss. Ry, is the measured bulk resistance of
specimen.

Fig. 8 shows the dc conductivity with the amount of ZnO
additive for PMNZT-CZ10x specimens at room temperature. It
can be seen that the dc conductivity at first decreases in region I
(below 0.1 wt.%) because most of ZnO contents possibly enter
the A-site of perovskite structure to occupy Pb vacancies, which
results in the decreased conductivity of p-type ceramics. In this

Odc
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Fig. 8. dc conductivity as a function of ZnO amounts for PMNZT-CZ10x spec-
imens at room temperature.

process, the number of lead vacancies is decreased, leading to
a decrease in number of holes and a corresponding decrease,
which transform neutral type ceramics. As the amount of ZnO
is increased to 1 wt.% in region II, the conductivity is increased
because most of the ZnO enters the B-site to produce the oxy-
gen vacancies. This causes increased release of electrons to
compensate for the valence deficiency of the B-site ions that
are substituted by the ZnO additive, which increases the con-
ductivity of the n-type. This reaction can be depicted using the
Krogner—Vink symbolism as follows:

1
Op — EOZ(g) +Vy: Vo= Vo*+e™; Vo*—>Vo''+e™

For amounts of ZnO additive below 1 wt.%, it can be spec-
ulated that ceramics that are originally p-type ceramics will
transform into neutral type and then to n-type ceramics. As the
amount of ZnO rises to between 1 wt.% and 1.5 wt.% in region
III, it is possible that the excess Zn ions aggregate in the grain
boundaries and change from the high valence to low valence.
The reaction form can be depicted as:

Zn?*t +e — Znt

which shows electron capture center and O~2 is attracted
between the grain boundaries. This means that the grain bound-
ary exhibits strong p-type conductivity, which counteracts the
n-type conductivity, leading to a conductivity decrease. Fur-
ther increasing the amounts of ZnO to more than 1.5 wt.% in
region IV, more Zn ions aggregate in the grain boundary and
play the role of p-type conductivity, resulting in an increase in
conductivity. A similar phenomenon has been reported in the
literatures.3>33

The change in the slope of conductivity versus temperature
plot will reflect a change in the activation energy. Thus, their
activation energy can be calculated from the slope of the con-
ductivity versus temperature by Arrhenius law3*:

o = op exp(—Ea/ksT)

where o is the conductivity, og is the pre-exponential fac-
tor, E, is the activation energy, kg is the Boltzmann constant
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the experimental data and least square fit curve, respectively).

(8.617 x 1073 eVK™"), and T is the absolute temperature. For
PMNZT-CZ10x, the temperature (103/T) dependence of o4 in
the temperature range 30-280 °C is shown in Fig. 9.

The dc conductivity increases with increasing the tempera-
ture. Its value at the lower temperature depends on a hopping
charge model, while at the medium temperature it depends
on the polaron and oxygen vacancy conduction model. The
slope of the curve represents the different dc activation ener-
gies and can be broadly divided into two regions 30-100°C
(lower temperature range) and 120-300 °C medium tempera-
ture range). The value of the dc activation energy (E,), listed
in Table 3, is calculated by the Matlab software using the least
square approximation compared with Arrhenius law. It can be
seen that the dc activation energy increases with the amount
of ZnO additive in temperature range 30-100°C, except for
x=0.1, while in the temperature range 120-300 °C, the dc acti-
vation energy increases with the increase in the amount of ZnO,
and achieves the maximum value at x=0.1, then decreases as
x>0.1. It can be seen that the dc activation energy with tem-
perature for PMNZT-CZ10x specimens exhibits different trends
in two separate temperature range 30—100 °C and 120-280 °C.
It is speculated the variation in activation energy with tem-
perature depends on the conduction mechanism and material
composition.

Fig. 10 shows that the variation in ac conductivity with
temperature for PMNZT-CZ10x specimens at a measurement
frequency of 1kHz. It can be broadly into four regions, which
are 30-100 °C, 120-280 °C, 280-350 °C and above 350 °C.

In the lower temperature range of 20-100°C, the p-type
and/or n-type hopping charge will be dominant factor in ac con-
ductivity, which gradually increase due to the lower activation
energy from 0.07eV (x=0) to 0.03eV (x=2) and is insensi-
tive to temperature. As the temperature rises from 120°C to
280 °C, the polarons from electron and phonon interactions,
and oxygen vacancies conduction (cation migration) result in a
rapid increase in conductivity with the activation energy is from
0.14eV (x=0)t00.10eV (x=2). Table 3 also lists the activation

7

84

[}
©
" 1 "

104
1]
42
43

144

In(ac conductivity) (sm™)

-154

1000/T (°K)"

Fig. 10. ac conductivity versus the ZnO amounts as a function of 1000/T
variation ranging from 300 °K to 600 °K for PMNZT-CZ10x specimens at mea-
surement frequency of 10 kHz.

energy of PMNZT-CZ10x specimens at a frequency of 100 Hz,
for the temperature ranges 30—100 °C and 120-280 °C. The vari-
ation in E, with respect to both frequency and temperature shows
similar results.

As temperature further increases between 280 °C and 350 °C
and approaches to the Curie temperature, there is a phase tran-
sition, from ferroelectric structure to paraelectric structure. As
would be expected from the conduction models and structural
deformations already discussed, this leads to a sharp increase.
As the further temperature exceeds 350 °C, the PMNZT-CZ10x
specimens are beyond the Curie temperature and the conductivi-
ties rapidly enter the paraelectric region, resulting in the negative
temperature conductance. These results agree with reported
literatures.?0-33-36

From Table 3 and Fig. 10, the ac conduction activation energy
of the ZnO doped PMNZT-C specimens are lower at high fre-
quency than at lower frequency. This is attributable to the fact
that at the lower frequency, the conductivity is mainly due to the
mobility or transportation over long distance, rather than relax-
ation or orientation. The energy required for the relaxation or
orientation process is lower than that required for transport of a
charge carrier over longer distance. The lower activation energy
obtained at high temperatures is attributable to the thermal
motion of the oxygen vacancies, or the formation of associ-
ations between oxygen vacancies and residual cations, at the
grain boundary.?’

From Figs. 9 and 10, it can be concluded that in the lower
temperature region, ac conductivity is substantially higher than
the dc conductivity due to a lower activation energy. The varia-
tion in conductivity shows that the great doping amount of ZnO
mainly enters the B-site of the perovskite structure and affects
the electrical properties of specimens by inducing the formation
of oxygen vacancies for the charge compensation. However, the
exact amounts of ZnO entering the A and/or B site of the per-
ovskite structure will be investigated in the future, using the
conductivity analysis.
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dc and ac activation energy versus temperature (30-280 °C) for the PMNZT-CZ10x specimens, using the least square fit by the linear approximation equation
y=mx+b (where y=Ino, x=1000/T and m = —E,/(1000 KT) from Arrhenius equation.

Parameters Temperature range ZnO (x wt.%) additive

Ea (eV) 0 0.1 0.5 1 2

de 30-100°C 0.14 0.13 0.30 0.34 0.35
de 120-280°C 0.67 0.75 0.67 0.65 0.66
ac (100 Hz) 30-100°C 0.12 0.14 0.06 0.06 0.05
ac (100 Hz) 120-280°C 0.26 0.35 0.32 0.31 0.30
ac (1 kHz) 30-100°C 0.08 0.10 0.05 0.04 0.03
ac (1kHz) 120-280°C 0.16 0.24 0.20 0.19 0.17

Fig. 11 shows the dc and ac conductivity of PMNZT-CZ10
(x=0.1) at measurement frequencies of 0.1k, 1k, 10k, and
100kHz. It can be seen that in the higher temperature region
above Curie temperature, the ac conductivity shows strong tem-
perature dependence but is almost frequency independence. The
dc conductivity gradually approximate to the ac conductivity
and then will be merged together. The behavior of dc con-
ductivity in the higher temperature region is explained by the
very short relaxation time, which allows the ac conductivity to
remain independent of frequency variation.”’ The ac conduc-
tivity is almost independent of temperature in the lower region
(<200 °C), but it markedly increases in the high temperature due
to the phase structure transformation occurred (tetragonal phase
to cubic phase).

Fig. 12 shows the frequency dependence of the ac conductiv-
ity as a function of ZnO contents, at room temperature. As can
be observed, the ac conductivity in a specific temperature and
frequency range obeys the Jonscher power law as followed?®

oac(T, w) = A(T) &°

where A is a temperature-dependent constant, and s is the expo-
nent within 0 < s < 1. Funke® explained that the value of s might
have a physical meaning. As s < 1, it means that the hopping
motion involved is a translational motion with a sudden hopping.

While as s > 1, it means that the motion involved is a localized
hopping of the species with a small hopping without movement
outside the neighborhood.

To validate the above mechanism, the inset of Fig. 12 shows
the s values for specimens with various ZnO contents calculated
using the Jonscher relation with least square fitting of the data.
It can be seen that the s value slightly increases with increasing
ZnO contents except specimens for x=0 and 0.01 (s=1.52 and
1.08, respectively). Other specimens comply with the Jonscher
power law within the range 0<s < 1 for x=0.5, 1.0, and 1.5 at
room temperature.

3.4. Piezoelectric properties and electrical conductivity
interrelation

The electro-mechanical properties of the PMNZT-CZ10x
specimens, taken from previous studies!?, are listed in Table 4.
It can be seen that as the suitable amount of ZnO additive
yields improved piezoelectric properties in kp, ki by the mod-
ified mixed-oxide method over the conventional mixed-oxide
method. These improved piezoelectric performance is possibly
attributable to the deformation in the crystal structure (Table 1),
and the chemical homogeneity.” The ac conductivity analyses
(Figs. 10 and 11) and piezoelectric properties (Table 4) of the
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Fig. 11. dc and ac conductivity as a function of 1000/7 variation ranging from
300 °K to 600 °K for PMNZT-CZ10x specimens at measured frequency 0.1k,
1k, 10k, 100 kHz.

Frequency (Hz)

Fig. 12. Frequency dependence of the ac conductivity as a function of ZnO
contents at room temperature for x=0, 0.1, 0.5, 1, 1.5 in the measured frequency
range of 1k—100kHz.
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Table 4
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Properties of the piezoelectric ceramics for PMNZT-CZ10x composition sintered at 980 °C.

composition Dielectric constant Dielectric loss Sintering temperature Kp K: Om ac conductivity
(er) at 1 kHz (tan 8) at 1 kHz (°C) x1077 (sm™)

PMNZT-C? 900 0.6 1020 0.54 0.47 850 35
PMNZT-CZ10x°

x=0 780 0.45 980 0.48 0.47 1450 2.48

x=0.1 960 0.47 980 0.54 0.51 1280 2.45

x=0.5 970 0.80 980 0.56 0.55 820 4.72

x=1 980 1.85 980 0.53 0.53 680 6.88

x=2 940 1.8 980 0.52 0.50 635 11.05

4 Represents mixed-oxide method.

b Represents modified mixed-oxide method (combined mixed-oxide and wolframite method), ac conductivity measured at frequency of 10 kHZ.

specimens show that the ac conductivity of specimens is higher
than that of un-doped specimens, the Oy, is markably degraded,
but the k, and k; are improved due to the increase in space
polarization increasing, when x < 1. Further increasing x beyond
1 wt.%, the values of k, and k; decrease because the ZnO segre-
gation at the grain boundary decreases the piezoelectric activity.

In order to produce high performance in piezoelectric power
devices, it is important to give careful consideration to the
relationship between the ac conductivity and the piezoelectric
activity and mechanical quality factor. As a result, the preferred
level of ZnO doping for PMNZT-CZ10x specimens is for the
value, x=0.1. This concentration suggests that the low ac con-
ductivity is another important factor for use in the high power
applications.

4. Conclusion

The low-temperature sintered piezoelectric ceramics with
compositions of PMNZT-CZ10x (0 < x<2) were prepared,
using the modified mixed-oxide method. As the amount of ZnO
increases, the phase transformation in the perovskite structure
gradually exhibits more tetragonal phase. The diffusiveness y (or
degree of disorder) of dielectric constant distribution decreases
with increasing the amount of ZnO additive from 1.95 (x=0) in
the DPT to 1.06 (x=2) in the normal ferroelectrics. There is not
obvious frequency dispersion at the maximum dielectric peak
temperatures for the ZnO-doped PMNZT-C specimens.

The variation in conductivity with temperature obeys the
Arrhenius law, and the ac conductivity complies with the Jon-
scher power law for x=0.5, 1, and 1.5. As x< 1, the ac activation
energy is decreased with increasing the amount of ZnO for the
ZnO-doped PMNZT-C specimens. The corresponding conduc-
tivity and electro-mechanical properties are increased, while the
mechanical quality factor is reduced. In addition, the correlation
between conductivity and piezoelectric properties suggests that
the lower ac conductivity of specimens is the critical factor for
high power applications.
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