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bstract

he ZnO-doped Pb0.98Ca0.01Sr0.01[(Mn1/3Nb2/3)0.06–(Zr0.52Ti0.48)0.94]O3 + 0.15 wt.% CuO for varying amounts of ZnO (x wt.%) ceramics were
repared. Their structure evolutions and electrical properties were systematically investigated. A dc and ac conductivity analysis was conducted. It
emonstrated that the probability of ZnO dopants entered the A and/or B-site of the perovskite structure, which affected the dielectric relaxation,
ctivation energy, and piezoelectric properties. Experimental results showed that the tetragonality of the perovskite structure and electro-mechanical
nergy transformation ratio (k2 value) were increased with increasing the ZnO contents for 0.1� x� 0.5. As ZnO contents increased for 0.1� x� 2,

he diffused phase transition (DPT) characteristic was gradually disappeared. And, the ac activation energy calculated was also decreased due to
he conduction mechanism. In addition, the frequency dependence of the ac conductivity was complied with the Jonscher power law, for x = 0.5,
, and 1.5 at measured temperature.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Piezoelectric lead zirconate titanate (PZT) have been exten-
ively used in piezoelectric devices because of its good
lectro-mechanical properties near the morphotropic phase
oundary (MPB) region.1,2 However, to meet the higher perfor-
ance requirements of piezoelectric devices, many aliovalent

dditions to PZT network system enhance the “soft” or/and
hard” effect to improve the piezoelectric activity. High val-
es for the electro-mechanical coupling factor (k) and the
igh mechanical quality factor (Q) ensure the maximum
lectro-mechanical transformation.1 For the piezoelectric mate-
ial systems, the modified PMnN-PZT piezoelectric material
eets the above-mentioned requirements and its piezoelectric

3,4
roperties are superior to those for Mn-, Nb-doped PZT.
MnN-PZT based piezoelectric material systems are exten-
ively used in motors, transformers, therapeutic transducers,
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ensors and actuators because they are adaptable enough
o allow fabrication of devices with higher performance
haracteristics.5–8

Lead-free NKN and BNT based systems provide an envi-
onmentally friendly alternative to the PZT-based materials.
owever, they are difficult to fabricate, with high k (e.g.

p > 0.50) and Q (e.g. Qm > 1000) as hard piezoelectric ceram-
cs for applications in high power transducers. Therefore, the
evelopment of low-temperature-sintered PZT based piezoelec-
ric materials is becoming important. It is reported in literature
hat CuO, as an additive, lowers the sintering temperature and
ncreases the sintering density of piezoelectric ceramics.9–13

urther lowering of the sintering temperature requires the addi-
ion of greater amounts of CuO, but this causes a corresponding
egradation in the piezoelectric properties. Co-doping using
uO and another metal oxide or dioxide, such as ZnO, Li2CO3,
nO2, etc. to lower the sintering temperature below 1000 ◦C is

sed for the fabrication of low-temperature-sintered piezoelec-

ric ceramics.

In this paper, the ZnO dopant is chosen as the co-doping
lement, based on the findings in literatures. Ha et al. reported

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.022
mailto:chusy@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2011.04.022
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hat the dielectric constant, electro-mechanical coupling factor
nd piezoelectric charge coefficient could be improved by dop-
ng suitable ZnO.14 Ahn et al. showed that ZnO was effective
n reducing the sintering temperature to 950 ◦C, with the reten-
ion of good piezoelectric properties.15 Yoon et al. showed that
nO could increase the piezoelectric voltage output coefficient
nd piezoelectric charge constant.16 Rubio-Marcos et al. inves-
igated the effect of ZnO on structural evolutions and electrical
roperties for the lead-free (K,Na,Li)(Nb,Ta,Sb)O3 system.17

owever, these studies seldom refer to the probability of ZnO
opants entered the A and/or B-site of the perovskite struc-
ure, affecting the dielectric relaxation, activation energy, and
iezoelectric properties of low-temperature sintered piezoelec-
ric ceramics.

Using the results of previous research on the
roperties of low-temperature-sintered CuO-doped
b0.98Ca0.01Sr0.01[(Mn1/3Nb2/3)0.06–(Zr0.52Ti0.48)0.94]O3
PMNZT-C) ceramics, they exhibited good dielectric and
iezoelectric properties for making the SAW device substrate,7

ut improvements to electro-mechanical properties are possible
nd the physical properties are worthy of further study. Recently,
combination method, using mixed oxides and wolframite

abbreviated as modified mixed-oxide method), has been used
n PZN–PZT based material systems to improve the dielectric
nd piezoelectric properties, and the elimination of the second
hase as reported in literatures.18,19

This study investigated the characteristics of ZnO addi-
ives into a PMNZT-C piezoelectric ceramics material system,
sing the modified mixed-oxide method, in order to exploit
he physical properties of low sintering temperature (<1000 ◦C)
eramics and to demonstrate, using conductivity analysis, that
nO dopants entering the sites of a crystal structure (i.e. A or/and
site) affect the electrical properties of the material. In addition,

he effect of doping on the dielectric relaxation and conductivity
ehavior by progressively introducing doping amounts of ZnO
nto the PMNZT-C ceramics.

. Experimental

The compositions chosen for the present study were
b0.98Ca0.01Sr0.01[(Mn1/3Nb2/3)0.06–(Zr0.52Ti0.48)0.94]O3 +
.15 wt.% CuO (PMNZT-C) + x wt.% ZnO (0� x� 2) (abbre-
iated as PMNZT-CZ10x). Specimens were prepared with
ifferent compositions to improve the sintering density and to
chieve the optimum piezoelectric properties.

Commercially available oxide powders of PbO, CaCO3,
rCO3, Nb2O5, MnCO3, ZrO2, TiO2, CuO and ZnO with
urity > 99% were used as the starting materials. The perovskite
tructure was prepared using the modified mixed oxides method.
he Wolframite precursor (Zr0.52Ti0.48)O2 was firstly calcined
t 1400 ◦C for 4 h. Then, Nb2O5, MnCO3, CaCO3, SrCO3,
bO, and (Zr0.52Ti0.48)O2 were then weighted by the mole ratio
ccording to the given composition and ball-milled for 24 h.

◦
fter drying, the powders were calcined at 880 C for 3 h. There-
fter, CuO and ZnO were added to the calcined powders, and
hen were ball-milled for 24 h and were dried. After that, the
wt.% of PB72 and 40% distilled water, constituting a binder

3

s

ig. 1. The bulk density of PMNZT-CZ10x specimens versus the different sin-
ering temperature.

olution was added to the dried powders, and the mixture was
ranulated.

The samples were pressed into disc shape 16 mm in diameter
nd 2.2 mm in thickness. Their forming average green density
as 5.6 g/cm3. The samples were sintered at 930–1020 ◦C for
h in a covered alumina crucible. The sintered pellets were pol-

shed into the desired thickness and were screen-printed with
ilver paste on both opposite faces, followed by firing 820 ◦C
or 10 min. Then, the electroded samples were placed in silicon
il bath at 150 ◦C and poled in a DC electric field of 3 kV/mm,
or 30 min.

The bulk densities of the polished pellets were measured
y the Archimedes method. The compositional analyses of the
intered pellets were determined by X-ray diffraction (XRD)
sing a Seimens D-5000 diffractometer. The microstructure
as analyzed by field emission scanning electron microscopy

FESEM) using a Hitachi S-4100 microscope. The Curie tem-
erature (TC) and the dielectric properties of un-poled specimens
ere measured using a HP-4192A impedance analyzer at 1 kHz,
0 kHz, 100 kHz, and a 0.5 Vrms oscillation signal in controlled
urnace with heating rate of 1 ◦C/min from 20 ◦C to 450 ◦C.
imultaneously the temperature-dependent values of dc and ac
onductivity were calculated.20 The dc insulation resistance of
n-poled specimens was measured at room temperature using
n ohm meter (HIOKI SM-8215 super megaohm meter, HIOKI,
agano, Japan) at room temperature.
To measure the piezoelectric properties, the poled speci-

ens were aged for one week to obtain stable values. The
esonance frequency, anti-resonance frequency and resonance
esistance were then measured using an agilent 4294A precision
mpedance analyzer. The mechanical quality factor and electro-

echanical coupling factor were calculated using resonance and
nti-resonance method, according to IEEE standards.21

. Results and discussion
.1. Phase evolution and microstructures

Fig. 1 shows the bulk densities of ZnO-added PMNZT-C
pecimens versus the sintering temperature. The bulk densities
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ig. 2. X-ray diffraction patterns of specimens for PMNZT-CZ10x composition

f ZnO-doped PMNZT-C specimens increase with increasing
he sintering temperature, reaching saturation between 980 ◦C
nd 1020 ◦C. For a given sintering temperature, the bulk density
f ZnO-doped PMNZT-C specimen increases with increasing
he amount of ZnO. It achieves a maximum value at x = 1.5,
nd then decreases. These results indicate that the addition of
nO dopants can lower the sintering temperature and slightly

ncrease the bulk density because the addition of ZnO probably
acilitate the grain growth, resulting in much dense PMNZT-
Z10x specimens for 0 < x < 1.5. However, further increasing

he ZnO dopants will probably segregate at the grain boundary
nd inhibit the grain boundary diffusion, resulting in a grad-
al decrease in the bulk densities of specimens for x > 1.5. As
he sintering temperature is between 980 ◦C and 1020 ◦C, the
ulk densities of ZnO-doped specimens exhibit the maximum
alues between 7.82 and 7.85 g/cm3, which is higher than val-
es for un-doped PMNZT-C specimens. The effective sintering
emperatures are between the range 980 ◦C–1020 ◦C. Thus, a
intering temperature of 980 ◦C is the preferred temperature for
ow temperature sintering (<1000 ◦C) for PMNZT-CZ10x com-
ositions. It is probable that the oxygen vacancies producing are
dvantageous to processing of mass transport diffusion during
intering process or form the low temperature sintering aids to
romote the densification of the specimens as reported in the
iterature.22

Fig. 2 shows the XRD patterns of the ZnO-doped PMNZT-
specimens and enlarged (2 0 0) peak patterns, for sintering

t 980 ◦C. In these patterns, there is no obvious second phase
Pb3Nb4O13), but the crystal structures of the specimens are
lightly modified by the addition of ZnO as shown by the change
f (0 0 2) and (2 0 0) peaks.

The perovskite phase appears to coexist with tetragonal phase
nd rhombohedral phase between 43 ◦C and 48 ◦C. These reflec-
ions of (0 0 2) and (2 0 0) peaks can be fitted to three Gaussian
unctions. The tetragonal phase fraction (FT%) is calculated by
he equation23
T% = {IT(002) + IT(200)}
{IT(002) + IT(200) + IR(200)} × 100%

i
c
g

n the 2θ range of 20–80◦ (b) enlarged (0 0 2) and (2 0 0) peaks within 42–48◦.

here IT(0 0 2) and IT(2 0 0) are the intensities of tetragonal
0 0 2) and (2 0 0) reflections, and IR(2 0 0) is the intensity of
he rhombohedral (2 0 0) reflection, respectively. The c/a ratio
f crystal structures for PMNZT-CZ10x specimens are listed in
able 1. It is seen that the Zn ions exit mainly in Zn2+ state, which
ost likely enters into perovskite structure of BO6 octahedron

o substitute for the B-site ion of the perovskite structure, cre-
ting the oxygen vacancies and/or may substitute for the A-site
f the perovskite structure to occupy the vacancies left by lead
uring the sintering process, resulting in structural deformation.
his leads to the c/a ratio increase, and a slight shift in (0 0 2)
nd (2 0 0) reflection peaks toward the higher diffraction angle.
xcess ZnO additive (x > 1) may segregate in the grain bound-
ry resulting in a slight decrease in the c/a ratio as shown in
able 1. And, the reflection peaks (0 0 2) and (2 0 0) shift toward

he lower diffraction angle as compared to the diffraction pattern
or x = 0.5 in Fig. 2(b). The shifts in reflection peaks (0 0 2) and
2 0 0) directly influence the change in crystal structure. There-
ore, using Goldschmidt’s tolerance factor (t)24,25 it is possible
o estimate the amount of ZnO entering the A-site and/or B-site
roportion of the crystal structure. Further investigation of this
nference provides a basis for future study.

The SEM images of the fracture samples of ZnO-doped
MNZT-C are shown in Fig. 3. They demonstrate that the
icrostructures of ZnO doped PMNZT-C specimens become

enser as the amount of ZnO increases, and the grain size
ncreases with increasing the ZnO amount from 1.3–1.8 �m
or x = 0, to 2.2–3.2 �m for x = 2. The distributions of grain
ize for PMNZT-CZ10x specimens are shown in Fig. 4. From
igs. 3 and 4, they show that the suitable ZnO additives (x� 0.5)
ill facilitate the grain growth, but excess amounts of ZnO addi-

ive (x > 0.5) will probably segregate at the grain boundary and
nhibit local grain growth leading to a broader distribution of
rain size.

The grain boundary evolution presents intergranula for
= 0–0.5, intergranula and intragranula for x = 0.5–1.5, and
ntragranula for x = 2. In other words, a homogeneous structure
an be observed for x� 0.5, and inhomogeneous structures are
radually formed as x > 0.5 due to the more ZnO amounts pos-
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ig. 3. The SEM image of the fracture samples of PMNZT-CZ10x composition

ibly segregating at the grain boundary to form a liquid phase
f a mixture of CuO and ZnO or CuO, ZnO, MnO and Nb2O5
esulting in the abnormal grain growth. This phenomenon is
onsistent with the results reported by Park et al. and Li et al. in
iteratures.26,27

.2. Dielectric properties

The dielectric constant and dielectric loss for PMNZT-CZ10x
pecimens as a function of the amount of ZnO additive, using the

odified mixed oxide method, measured at a frequency of 1 kHz

nd at room temperature are listed in Table 2. It can be seen that
he dielectric constant increases with increasing ZnO content
nd achieves the maximum value at x = 0.5, and then decrease.

a
r
c

able 1
he fraction of tetragonal phase (FT%) calculated and the c/a ratio of crystal structur

arameters ZnO (x) additive

(wt.%) 0 0.1
raction of the tetragonal phase (FT%) 70.6 75.3
/a ratio of the crystal structure 1.019 1.02
nO contents (x wt.%) (a) x = 0 (b) x = 0.1 (c) x = 0.5 (d) x = 1 (e) x = 1.5 (f) x = 2.

eanwhile, the dielectric loss increases with increasing ZnO
ontent.

The trend of dielectric constant as a function of ZnO dopants
s consistent with that of grain growth. It can be attributed to
he two factors: (1) the increase of grain size as the amount of
nO additive increases, causing increased polarization and easy
omain wall motion shift, resulting in increases in both dielec-
ric constant and dielectric loss and (2) increased dc conductivity
eading to increases in both the dielectric constant and dielec-
ric loss due to the intrinsic effect (volume effect).28,29 As the
mount of ZnO exceeds the solubility limit, it will segregate

t grain boundary, hindering the domain wall switching, which
esults in a decrease in the dielectric constant due to the extrinsic
ontribution in the dielectric constant decrease.29,30

e of PMNZT-CZ10x specimens.

0.5 1 2
79.6 79.5 78.8

0 1.0213 1.0212 1.0206
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Table 2
Comparisons of εmax, TC and γ for the amount of ZnO in the PMNZT-CZ10x specimens.

Parameters ZnO (x) additive

x (wt.%) 0 0.1 0.5 1 2
εmax 8058.6 12261.5 19516.3 18255.6 17131.7
TC (◦C) 342 348 329 320 338
γ 1.95 1.56 1.30 1.28 1.06
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ig. 4. The grain size distribution of specimens for PMNZT-CZ10x composition
s a function of ZnO amounts.

Fig. 5 shows the temperature dependence of the dielectric
onstant, measured at a frequency of 10 kHz for PMNZT-CZ10x
pecimens sintered at 980 ◦C. For the PMNZT-CZ10x spec-
mens, the dielectric constant peak increase with increasing
he amount of ZnO additive, reaching a maximum value at
= 0.5. The dielectric peak at the Curie point also increases.
hese results demonstrate that the improved densification and

ncreased grain size, caused by the ZnO doping, contribute to
he dielectric peak.13,29 In addition, the change in the Curie

emperature for the specimens evidences the deformation of
rystal structure (i.e. c/a ratio variation) and material compo-
ition dependence, which affects the Curie point and dielectric

ig. 5. Temperature dependence of dielectric constant versus the amount of ZnO
dditive for PMNZT-CZ10x specimens at measured frequency of 1 kHz.

c
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ig. 6. Temperature dependence of dielectric constant at different measurement
requency for PMNZT-CZ10x specimens at x = 0.1.

onstant. These physical properties listed in Tables 2–4 are sim-
lar to our reported paper12 and other related literatures.15,16

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

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

The degree of disorder or diffusiveness exponent (γ) for
MNZTC-Z10x specimens is estimated using an empirical for-
ula proposed by Uchino and Nomura as follows31:

1

ε
− 1

εm

= (T − Tm)γ

C

here γ and C are assumed to be constants independent of tem-
erature, and the value of γ is common between 1 and 2. The
imit of γ = 1 make the equation fit the conventional Curie–Weiss
aw for normal ferroelectrics, and γ = 2 makes the equation fit the
uadratic valid for the complete diffuse phase transition. While

he γ value between 1 and 2 corresponds a so-called incom-
lete diffuse phase transition where the correlated ferroelectric
lusters are hypothesized.
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ig. 7. The ln(1/ε − 1/εm) as a function of ln(T − Tm) at different amounts of
nO additive for PMNZT-CZ10x specimens.

Fig. 7 shows the ln(1/ε − 1/εm) as a function of ln(T − Tm)
t different ZnO additives of specimens for PMNZT-CZ10x
omposition. It can be observed that the diffusiveness exponent
γ) decreases with increasing the ZnO amount, which presents
he PMNZTC-Z100x specimens from the broader distribution
round the dielectric peak (γ = 1.95) at x = 0 to the normal fer-
oelectrics (γ = 1.05) at x = 2. It can be deduced that increased
nO additive cause a decrease in the diffusiveness exponent
γ), inducing more ferroelectric clusters. This is evidenced by
he enlarged (0 0 2) and (2 0 0) peaks in XRD patterns, which
eveal the ZnO dopants have a tendency to stabilize the tetrago-
al structure. In addition, the maximum dielectric constant peak
f the PMNZT-CZ10x specimens doesn’t shift toward a higher
emperature with increasing frequency. This result characterizes
he phase transition as a DPT.

.3. Electrical conductivity properties

The σdc (dc conductivity) and σac (ac conductivity) of the
MNZT6-CZ10x specimens with respect to temperature and
easured frequency can be calculated using the following

elation20:

ac(T, ω) = t

A
ω Cp(ω, T ) tan δ(ω, T )

dc = t

(RbA)

here t is the thickness of the specimen, A is the electrode area,
is the measured angular frequency, Cp is the capacitance and

an δ is the dielectric loss. Rb is the measured bulk resistance of
pecimen.

Fig. 8 shows the dc conductivity with the amount of ZnO
dditive for PMNZT-CZ10x specimens at room temperature. It
an be seen that the dc conductivity at first decreases in region I

below 0.1 wt.%) because most of ZnO contents possibly enter
he A-site of perovskite structure to occupy Pb vacancies, which
esults in the decreased conductivity of p-type ceramics. In this

σ

w
t

ig. 8. dc conductivity as a function of ZnO amounts for PMNZT-CZ10x spec-
mens at room temperature.

rocess, the number of lead vacancies is decreased, leading to
decrease in number of holes and a corresponding decrease,
hich transform neutral type ceramics. As the amount of ZnO

s increased to 1 wt.% in region II, the conductivity is increased
ecause most of the ZnO enters the B-site to produce the oxy-
en vacancies. This causes increased release of electrons to
ompensate for the valence deficiency of the B-site ions that
re substituted by the ZnO additive, which increases the con-
uctivity of the n-type. This reaction can be depicted using the
rogner–Vink symbolism as follows:

O → 1

2
O2(g) + Vx

O; Vx
O → VO

• + e−; VO
•→VO

••+e−

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

n2+ + e− → Zn+

hich shows electron capture center and O−2 is attracted
etween the grain boundaries. This means that the grain bound-
ry exhibits strong p-type conductivity, which counteracts the
-type conductivity, leading to a conductivity decrease. Fur-
her increasing the amounts of ZnO to more than 1.5 wt.% in
egion IV, more Zn ions aggregate in the grain boundary and
lay the role of p-type conductivity, resulting in an increase in
onductivity. A similar phenomenon has been reported in the
iteratures.32,33

The change in the slope of conductivity versus temperature
lot will reflect a change in the activation energy. Thus, their
ctivation energy can be calculated from the slope of the con-
uctivity versus temperature by Arrhenius law34:
= σ0 exp(−Ea/kBT )

here σ is the conductivity, σ0 is the pre-exponential fac-
or, Ea is the activation energy, kB is the Boltzmann constant
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Fig. 9. dc conductivity as a function of 1000/T variation ranging from 300 ◦K
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Fig. 10. ac conductivity versus the ZnO amounts as a function of 1000/T
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o 600 ◦K for PMNZT-CZ10x specimens (symbols and dash line representing
he experimental data and least square fit curve, respectively).

8.617 × 10−5 eV K−1), and T is the absolute temperature. For
MNZT-CZ10x, the temperature (103/T) dependence of σdc in

he temperature range 30–280 ◦C is shown in Fig. 9.
The dc conductivity increases with increasing the tempera-

ure. Its value at the lower temperature depends on a hopping
harge model, while at the medium temperature it depends
n the polaron and oxygen vacancy conduction model. The
lope of the curve represents the different dc activation ener-
ies and can be broadly divided into two regions 30–100 ◦C
lower temperature range) and 120–300 ◦C medium tempera-
ure range). The value of the dc activation energy (Ea), listed
n Table 3, is calculated by the Matlab software using the least
quare approximation compared with Arrhenius law. It can be
een that the dc activation energy increases with the amount
f ZnO additive in temperature range 30–100 ◦C, except for
= 0.1, while in the temperature range 120–300 ◦C, the dc acti-
ation energy increases with the increase in the amount of ZnO,
nd achieves the maximum value at x = 0.1, then decreases as
> 0.1. It can be seen that the dc activation energy with tem-
erature for PMNZT-CZ10x specimens exhibits different trends
n two separate temperature range 30–100 ◦C and 120–280 ◦C.
t is speculated the variation in activation energy with tem-
erature depends on the conduction mechanism and material
omposition.

Fig. 10 shows that the variation in ac conductivity with
emperature for PMNZT-CZ10x specimens at a measurement
requency of 1 kHz. It can be broadly into four regions, which
re 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
nd/or n-type hopping charge will be dominant factor in ac con-
uctivity, which gradually increase due to the lower activation
nergy from 0.07 eV (x = 0) to 0.03 eV (x = 2) and is insensi-
ive to temperature. As the temperature rises from 120 ◦C to
80 ◦C, the polarons from electron and phonon interactions,

nd oxygen vacancies conduction (cation migration) result in a
apid increase in conductivity with the activation energy is from
.14 eV (x = 0) to 0.10 eV (x = 2). Table 3 also lists the activation

e
o
c

ariation ranging from 300 K to 600 K for PMNZT-CZ10x specimens at mea-
urement frequency of 10 kHz.

nergy of PMNZT-CZ10x specimens at a frequency of 100 Hz,
or the temperature ranges 30–100 ◦C and 120–280 ◦C. The vari-
tion in Ea with respect to both frequency and temperature shows
imilar results.

As temperature further increases between 280 ◦C and 350 ◦C
nd approaches to the Curie temperature, there is a phase tran-
ition, from ferroelectric structure to paraelectric structure. As
ould be expected from the conduction models and structural
eformations already discussed, this leads to a sharp increase.
s the further temperature exceeds 350 ◦C, the PMNZT-CZ10x

pecimens are beyond the Curie temperature and the conductivi-
ies rapidly enter the paraelectric region, resulting in the negative
emperature conductance. These results agree with reported
iteratures.20,35,36

From Table 3 and Fig. 10, the ac conduction activation energy
f the ZnO doped PMNZT-C specimens are lower at high fre-
uency than at lower frequency. This is attributable to the fact
hat at the lower frequency, the conductivity is mainly due to the

obility or transportation over long distance, rather than relax-
tion or orientation. The energy required for the relaxation or
rientation process is lower than that required for transport of a
harge carrier over longer distance. The lower activation energy
btained at high temperatures is attributable to the thermal
otion of the oxygen vacancies, or the formation of associ-

tions between oxygen vacancies and residual cations, at the
rain boundary.37

From Figs. 9 and 10, it can be concluded that in the lower
emperature region, ac conductivity is substantially higher than
he dc conductivity due to a lower activation energy. The varia-
ion in conductivity shows that the great doping amount of ZnO

ainly enters the B-site of the perovskite structure and affects
he electrical properties of specimens by inducing the formation
f oxygen vacancies for the charge compensation. However, the

xact amounts of ZnO entering the A and/or B site of the per-
vskite structure will be investigated in the future, using the
onductivity analysis.
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Table 3
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 = lnσ, x = 1000/T and m = −Ea/(1000 KT) from Arrhenius equation.

Parameters Temperature range ZnO (x wt.%) additive

Ea (eV) 0 0.1 0.5 1 2

dc 30–100 ◦C 0.14 0.13 0.30 0.34 0.35
dc 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
a ◦
a

(
1
a
p
d
a
d
v
r
t
(
t
t

i
b
f

σ

w
n
h
m

F
3
1

W
h
o

t
u
I
Z
1
p
r

3
i

s
I
y
i
m

c (1 kHz) 30–100 C 0.08
c (1 kHz) 120–280 ◦C 0.16

Fig. 11 shows the dc and ac conductivity of PMNZT-CZ10
x = 0.1) at measurement frequencies of 0.1 k, 1 k, 10 k, and
00 kHz. It can be seen that in the higher temperature region
bove Curie temperature, the ac conductivity shows strong tem-
erature dependence but is almost frequency independence. The
c conductivity gradually approximate to the ac conductivity
nd then will be merged together. The behavior of dc con-
uctivity in the higher temperature region is explained by the
ery short relaxation time, which allows the ac conductivity to
emain independent of frequency variation.20 The ac conduc-
ivity is almost independent of temperature in the lower region
<200 ◦C), but it markedly increases in the high temperature due
o the phase structure transformation occurred (tetragonal phase
o cubic phase).

Fig. 12 shows the frequency dependence of the ac conductiv-
ty as a function of ZnO contents, at room temperature. As can
e observed, the ac conductivity in a specific temperature and
requency range obeys the Jonscher power law as followed38

ac(T, ω) = A(T ) ωs

here A is a temperature-dependent constant, and s is the expo-

ent within 0 < s� 1. Funke39 explained that the value of s might
ave a physical meaning. As s� 1, it means that the hopping
otion involved is a translational motion with a sudden hopping.

ig. 11. dc and ac conductivity as a function of 1000/T variation ranging from
00 ◦K to 600 ◦K for PMNZT-CZ10x specimens at measured frequency 0.1 k,
k, 10 k, 100 kHz.

a
a
(

F
c
r

0.10 0.05 0.04 0.03
0.24 0.20 0.19 0.17

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

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

.4. Piezoelectric properties and electrical conductivity
nterrelation

The electro-mechanical properties of the PMNZT-CZ10x
pecimens, taken from previous studies12, are listed in Table 4.
t can be seen that as the suitable amount of ZnO additive
ields improved piezoelectric properties in kp, kt by the mod-
fied mixed-oxide method over the conventional mixed-oxide

ethod. These improved piezoelectric performance is possibly

ttributable to the deformation in the crystal structure (Table 1),
nd the chemical homogeneity.7 The ac conductivity analyses
Figs. 10 and 11) and piezoelectric properties (Table 4) of the

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

composition Dielectric constant
(εr) at 1 kHz

Dielectric loss
(tan δ) at 1 kHz

Sintering temperature
(◦C)

Kp Kt Qm ac conductivity
×10−7 (s m−1)

PMNZT-Ca 900 0.6 1020 0.54 0.47 850 3.5

PMNZT-CZ10xb

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

ramit

s
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R

a Represents mixed-oxide method.
b Represents modified mixed-oxide method (combined mixed-oxide and wolf

pecimens show that the ac conductivity of specimens is higher
han that of un-doped specimens, the Qm, is markably degraded,
ut the kp and kt are improved due to the increase in space
olarization increasing, when x < 1. Further increasing x beyond
wt.%, the values of kp and kt decrease because the ZnO segre-
ation at the grain boundary decreases the piezoelectric activity.

In order to produce high performance in piezoelectric power
evices, it is important to give careful consideration to the
elationship between the ac conductivity and the piezoelectric
ctivity and mechanical quality factor. As a result, the preferred
evel of ZnO doping for PMNZT-CZ10x specimens is for the
alue, x = 0.1. This concentration suggests that the low ac con-
uctivity is another important factor for use in the high power
pplications.

. Conclusion

The low-temperature sintered piezoelectric ceramics with
ompositions of PMNZT-CZ10x (0� x� 2) were prepared,
sing the modified mixed-oxide method. As the amount of ZnO
ncreases, the phase transformation in the perovskite structure
radually exhibits more tetragonal phase. The diffusiveness γ (or
egree of disorder) of dielectric constant distribution decreases
ith increasing the amount of ZnO additive from 1.95 (x = 0) in

he DPT to 1.06 (x = 2) in the normal ferroelectrics. There is not
bvious frequency dispersion at the maximum dielectric peak
emperatures for the ZnO-doped PMNZT-C specimens.

The variation in conductivity with temperature obeys the
rrhenius law, and the ac conductivity complies with the Jon-

cher power law for x = 0.5, 1, and 1.5. As x < 1, the ac activation
nergy is decreased with increasing the amount of ZnO for the
nO-doped PMNZT-C specimens. The corresponding conduc-

ivity and electro-mechanical properties are increased, while the
echanical quality factor is reduced. In addition, the correlation

etween conductivity and piezoelectric properties suggests that
he lower ac conductivity of specimens is the critical factor for
igh power applications.
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