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Abstract Polycrystalline  PbTig sZry3(Co;_.Mg,)9 03
(x = 0.00, 0.25, 0.45, 0.65, 0.85) ceramics were synthe-
sized using sol—gel route at 1150 °C for 2 h in air. The final
ceramics were characterized by X-ray diffraction (XRD),
scanning electron microscopy and impedance spec-
troscopy. XRD studies confirmed the tetragonal symmetry
(P4mm) of the sintered ceramics. The dielectric constant
(e;) was found to increase with increasing temperature in
the given temperature regime (30-300 °C). Sample with
x = 0.25 exhibited high magnitude of ¢ (4261) and
dielectric loss (tand = 0.05) over a wide range of tem-
perature at 100 kHz. Magnitude of tand of the sample with
x = 0.65 was recorded to be 0.009 around room tempera-
ture at 100 kHz. Resistance of ceramic samples was
decreased with an increase in temperature demonstrating a
non-Debye type of relaxation process. The AC conductiv-
ity of PbTigsZrp3(Coy_,Mg,)p,05 samples increased
gradually with increasing temperature and frequency.
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1 Introduction

Due to ever increasing demand on electronic devices, lead
zirconate titanate (PbZrTiO; or PZT) based ceramics are
potential candidate materials for microelectronic applica-
tions, such as integrated circuits, transducers and actuators,
because of their good piezoelectric and ferroelectric
properties. For practical device applications thermally
stable materials are required due to abrupt changes in the
dielectric response around transition temperature [1, 2].
The dielectric properties of PZT can be tailored by using
various isovalent and aliovalent dopants on either A-site
(Rb™, K+, Na™) or B-site (Fe*", Fe’, Mg*", S¢**, Co*™).
Various attempts have been reported to improve the elec-
trical properties of PZT [3, 4]. Rai et al. [5] reported dif-
fused phase transition (DPT) for the Fe and Mn co-doped
lead lanthanum zirconate titanate (PLTZ) ceramics in the
temperature regime (300-600 K) at 10 kHz. The phase
transition temperature (T.) was observed to shift toward
high temperature with a decrease in the Zr content. Randall
et al. [6] reported that domain wall contribution in the
donor-doped PZT was strongly influenced by grain size.
Furthermore, an increase in the tand that was observed with
a decrease in the grain size was attributed to an increase in
the domain density. Jiang et al. [7] investigated the effect
of Zr/Sn ratio in the lead lanthanum zirconate stannate
titanate (Pb0.87BaO.1La0.02)(erSn0_95_XTi0_05)03 (PBLZST,
x = 0.6-0.8) ceramic systems. A high saturation polariza-
tion (43.5 pC/cm?) was reported for the sample with
x = 0.675. The Zr/Sn ratio was reported to be effective for
tuning the electrical properties of PBLZST ceramics.
Doped PZT can be prepared by a variety of methods,
such as conventional solid state sintering route, peroxo-
hydroxide method, citrate precursor method, precipitation
method, hydrothermal method and sol-gel method. Solid
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state sintering route suffers from the contaminations due to
the involvement of various steps and subsequent heat
treatment at high temperature. Sol-gel method offers var-
ious advantages over other synthesis procedures, such as
modified doping mechanism, high purity of product, ease
of preparation, good dispersion and control over stoi-
chiometry in the complex solid solution systems [8—10]. In
sol-gel method, macromolecule network of metallic oxide
is formed by hydrolysis and subsequent condensation
reactions, and the coordination of central metallic ion can
be adjusted by various chemical reagents.

In the present study polycrystalline PbTig sZrg3(Co;_,
Mg, )o,05 ceramics were synthesized by sol-gel method.
The effect of Co/Mg ratio on the phase, microstructure and
dielectric properties were investigated in detail. A limited
amount of literature is available on the Co or Mg doped
PZT ceramics but effect of Co and Mg co-doped PZT
ceramics have not been reported previously to the best of
our knowledge. Mg doped PZT ceramics exhibit activation
energy (E, ~ 1.05 eV) which is comparable with the E,
values (1-1.1 eV) associated with doubly ionized oxygen
vacancies (V) common in perovskite oxide ferroelectrics.
Electrical imbalance produced by acceptor dopant, such as
Mg”", is compensated by these anionic defects [11].
Dielectric characterization was conducted on PbTigs
Zr93(Coy_ Mg,)9-,05 ceramic system to understand the
dielectric response of final materials.

2 Experimental
2.1 Sample preparation

Polycrystalline  PbTig 5Zrg3(Co;_,Mg,)p205; (x = 0.00,
0.25, 0.45, 0.65, 0.85) powders and ceramics were prepared
by sol-gel route. Reagent grade lead acetate (>99.5 %),
cobalt acetate tetra-hydrate (99.5 %), magnesium acetate
tetra-hydrate (98 %), zirconium n-butoxide80 % in n-bu-
tanol, titanium isopropoxide (95 %), acetyl-acetone
(99.5 %) and isopropanol were used as the starting mate-
rials. Stoichiometric amount of titanium isopropoxide was
dissolved in isopropanol at room temperature. Acetylace-
tone was added to the solution to make a stable Ti-solution.
Zirconium n-butoxide was added to the stable Ti-solution.
Lead acetate tetra-hydrate, cobalt acetate tetra-hydrate and
magnesium acetate tetra-hydrate were dissolved in a mix-
ture of acetic acid and water at 80 °C for 2 h. Mixed metal
ion (Pb, Co, Mg) solution was slowly added to Ti/Zr-so-
lution. In a subsequent step 5 ml of water was added to
above mixture to form a clear sol. The solution was stirred
for 2 h at 80 °C until a stable sol was obtained. The sol was
dried at 120 °C overnight in order to make xerogel. The
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xerogel was calcined at 750 °C for 2 h to obtain PbTij 5
Zro3(Co;_,Mg,)9,03; powders. Polyvinyl butyral (PVB)
binder was added in 5 wt% to the resultant powders and
mix-milled in agate and mortar for 15 min. The powders
were then pressed into pellets and binder was burned out at
600 °C for 30 min with a heating step size of 5 °C/min and
subsequently sintered at 1150 °C for 2 h to get dense
ceramics. The ceramic samples were used for further
characterization.

2.2 Characterization

X-ray diffraction (XRD) measurements were carried out at
room temperature in order to investigate phase purity with
a DMAX 2200 (Rigaku Corp, Japan) X-ray diffractometer
using Ni-filtered Cu-K, radiation (A = 1.5418 A) for
20 = 20°-70° with step size of 0.02°. Scanning electron
microscopy (SEM) was used in order to investigate the
microstructure of sintered ceramics using a XL30 (FEI Co.,
USA) scanning electron microscope operating at 15 keV.
The electrical measurements were performed on parallel-
plate capacitor configuration using an Agilent, HP 4194A
LCR-meter. Polished surfaces of the sintered pellets were
coated with Ag-paste and fired at 600 °C for 30 min in
order to make the electrodes. Impedance of the samples
was monitored between 30 and 300 °C, with accuracy
better than 0.1 °C by using NOVOTHERM Temperature
Control System.

3 Results and discussion
Figure 1 shows TG/DTA curves recorded in air for the

PbTig 5Zr3(Co_,Mg,)0205 precursor gel. A continuous
decrease in the dried gel TG trace due to weight loss was
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Fig. 1 TG/DTA for the PbTigsZr3(Co;_Mg,)9,03 xero-gel syn-
thesized by sol-gel method
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observed up to 820 °C. This curve can be divided into three
major regions; 80-200 °C, 210-450 °C and 480-820 °C.
The first step weight loss in the temperature regime from
80 to 200 °C was associated with the removal of residual
water and low boiling point organic solvents. A fraction of
organic matter also decomposes in this temperature range.
This step was accompanied by another small endothermic
dip on the DTA curve around 130 °C [12]. The second step
weight loss (210-450 °C) was attributed to the more
complex reactions which involved both exothermic and
endothermic reactions. This step involves the pyrolysis of
acetates, removal of high boiling point organic compounds
and rearrangement of chemical bonds, where gel is con-
verted into a polymer. This step was accompanied by
endothermic (211.6 °C) peak and exothermic (329.9;
479.3 °C) peaks on DTA curve [13]. The third step
involved continuous weight loss in the temperature regime
from 480 to 820 °C. This step corresponds to the decar-
burization and the formation of the new phase. Various
polymeric networks in the gel are decomposed and metal
oxides formed subsequently reacts in this temperature
regime to form the final product [14, 15]. This step is
accompanied by broad endothermic (650; 770 °C) and
exothermic (600; 700; 810 °C) peaks on DTA curve.
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Fig. 2 XRD patterns for the PbTijsZrg3(Co;_Mg,)9,03 ceramic
samples

Beyond 820 °C no changes could be traced in the TG curve
which confirmed the formation of the final product.

Figure 2 presents XRD pattern for the PbTigsZry3
(Co0.2)1-xMgx)0203 (x = 0.00, 0.25, 0.45, 0.65, 0.85)
ceramic samples. Observed increase in the intensity as well
as sharpness of the XRD peaks for sintered samples indi-
cated well Crystallized PbTio_sZrog(CO(O.z)l,ngX)()VQOg)
material and no secondary phases were observed in all
samples, which confirmed the incorporation of Co and Mg
in the PZT crystal structure. The XRD peaks could be
indexed according to the tetragonal symmetry (P4mm, PDF
# = 00-050-0346) as splitting around 20 ~ 45° was
observed in all ceramic samples [16]. The crystallite sizes
calculated from the XRD data are given in the Table 1. The
intensity of Mg doped samples is low compared to undoped
sample. These variations in relative peak intensity and the
corresponding shifts in the peak positions are associated
with the presence of strains (uniform and no-uniform) in
the crystal lattice due to the increase content of different
ionic radii (i.e., Mg”, Co® +) compared to Ti*.

Figure 3 shows the SEM micrographs for the polished
surface of PbTigsZry3(Co;_Mg,)903 ceramics at high
resolution. SEM micrographs of the surface showed well
connected grain microstructure with limited porosity,
which is often associated with PbO based ceramics. A
considerable decrease in the average grain size was
observed in the compositions doped with high Mg content,
which acted as grain growth inhibitor. Increasing concen-
tration of Mg resulted in at more homogeneous particle
morphology and the density of ceramics was increased
with an increase in Mg content.

Figure 4a shows temperature dependent dielectric
response of PbTigsZry3(Co;_Mg,)9,03 ceramics mea-
sured at 100 kHz. Magnitude of ¢, increased gradually with
increasing temperature. Phase transition temperature was
not observed in the current experimental setup. The T, for
the doped-PZT ceramics can be predicted beyond 300 °C,
which can be observed from the current dielectric curve
trend with temperature. Due to the dominant behavior of
the interfacial polarization compared to dipolar polariza-
tion the magnitude of ¢, increases with temperature [17,
18]. Magnitude of €, (4261) for the sample with x = 0.25
was high at room temperature which decreased gradually

Table 1 Crystallite size calculated from FWHM and room temperature dielectric properties of PbTig 571 3(C0o(0.2)1—.Mgy)0203 at 100 kHz

Sample FWHM Crystallite size (nm) Room T°g, (100 kHz) Room T* tand (100 kHz)
x =0.00 0.42752 20 2804 0.15

x =025 0.4315 20 4261 0.05

x =045 0.3197 26 3342 0.004

x = 0.65 0.3137 27 3011 0.009

x =0.85 0.3920 21 2515 0.01
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Fig. 3 SEM micrographs of the thermally etched surface of PbTig sZrg3(Co;_,Mg,)0,05 ceramics
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with an increase in Mg content up to 2444 for the sample
with x = 0.85 at 100 kHz.

Figure 4b shows variation of tand with temperature
measured at 100 kHz. The tand was constant to a wide
range of temperature and then tempted to increase with
further increase in temperature. This increase in tand is
associated with various factors; such as % porosity,
inherent defects in the material and defects developed
during processing [19, 20]. The magnitude of tand was
decreased with an increase in Mg content. It has been
reported that the magnitude of tand for the MgTiO; is very
low, so an increase in Mg content was responsible for a
decrease in the net tand in the PbTig 571 3(Co_,Mg,)0,05
ceramics. The magnitude of tand for the sample with
x =0.00 was measured as tand = 0.1 around room
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temperature, which was decreased to 0.01 for the x = 0.65
composition around room temperature.

The conduction mechanism of the PbTigsZrg3(Co;_,
Mg, )o,05 ceramic samples were evaluated by measuring
the AC conductivity at 100 kHz in the temperature regime
from room temperature to 300 °C. The results are pre-
sented in the Fig. 5. AC conductivity of the x = 0.00
composition was independent of the temperature in the low
temperature regime up to 250 °C which then gradually
increased with further increase in temperature. Mg doping
resulted in an increase in the conductivity which was
gradually decreased for the high doped Mg content. Sample

Fig. 6 AC conductivity of the

with x = (.25 exhibited high magnitude of conductivity in
the given temperature regime.

Figure 6 shows variation of AC conductivity of the
PbTig 5Zr3(Coy_,Mg,)0,05 ceramic samples with fre-
quency at various temperatures. There is no remarkable
difference in the conductivity of the x = 0.00-0.85 com-
positions in the low frequency regime (up to ~ 10° Hz),
which increased abruptly with further increase in frequency
for all the ceramic samples. Moreover, this behavior was
observed at low frequency with an increase in temperature.
The variation of conductivity with frequency can be asso-
ciated with the fact that at low frequency the charged
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species are mobile for long distances as opposed to the
charge relaxation which becomes operative at high fre-
quencies. The low magnitude of conductivity at wide range
of frequency can be associated with the production of
oxygen vacancies by acceptor doped Co”" and Mg for
Ti**/Zr*" site in PZT perovskite crystal structure. Oxygen
vacancies created in the PZT structure by these dopants
acts as electron trap sites, which can be activated thermally
and results in an increase in the AC conductivity [21].
Figure 7 shows Cole—Cole (Nyquist plots), obtained by
plotting Z' versus Z" at various temperatures for the
PbTig 5sZrg3(Co;_,Mg,)9,03 ceramic samples. The plot
showed single semicircular arcs (at 300 °C) throughout the
investigated frequency range (100 Hz—1 MHz) for all the
ceramic samples. A complete semicircle was not obtained
for the x = 0.85 composition at 300 °C. The semicircles
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are depressed to certain degrees which showed deviation
from ideal behavior. Such behavior can be associated with
the overlapping of two or more semicircles which could not
be resolved in the current experimental setup. The semi-
circle at low frequency is associated with the grain
boundary contributions and at high frequency corresponds
to the bulk (grain) contribution [22]. Total resistance (Rt)
was calculated from a polynomial fit to the semicircles and
the magnitude was obtained from the intercept along
x-axis. Magnitude of the resistance was observed to
decease with an increase in temperature.

Figure 8 shows variation of Z' with frequency at
selected temperatures. Magnitude of Z' decreased mono-
tonically with increasing frequency and became indepen-
dent of frequency after certain values and merges to some
low values. This trend of attaining the consistent values
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also shifted gradually toward low frequency regime with an
increase in temperature. This effect might be due to the
increasing of barrier properties associated with the possible
trapping of space charge [23]. The inset figures present the
variation of Z” with frequency at selected temperatures.
Magnitude of Z"” was decreased with increasing frequency
and temperature and became independent of both temper-
ature and frequency in the high frequency regime. The
magnitude of Z” was decreased with an increase in
temperature.

Figure 9 shows variation of M” versus frequency for the
PbTig 5Zr3(Co_,Mg,)o,05 ceramics at various tempera-
tures. Only one peak was observed for M” at high fre-
quency which might be due to the bulk contribution. Both
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7" and M” highlight different features of the materials.
Since height of the Z" peak (Z" ,.x) is equal to R/2 for that
particular element, the Z" plot is associated with the most
resistive elements of the material. M” plots are associated
to the smallest capacitance since M” peak maximum is
given by e,/2C (e, is the permittivity of free space,
8.854 x 107" Fecm™") for that particular element. Mate-
rials which are electrically inhomogeneous (i.e. have dif-
ferent bulk, grain boundary and electrode characteristics)
require more than one RC elements for their description,
and as a result the Z” and M” plot looks different [24].
Such variation in the Z"” and M” plots confirmed both grain
boundary and bulk contribution in the PbTij sZrg3(Coy_,
Mg,)0,0O5 ceramics.
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Fig. 9 M” with frequency
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4 Conclusion

Polycrystalline  PbTig sZrp 3(Co;_Mg,)9,03 ceramics
were successfully synthesized at 1150 °C for 2 h in air by
using sol-gel route. Microstructure of ceramic samples was
found to be dependent on Mg doping content. Magnitude of
tand and g, of PbTig5Zry3(Co;_Mg,)9,05 ceramic sam-
ples was decreased with an increase in Mg content. Sample
with x = 0.25 was found to exhibit a high ¢, (4261) and
tand (0.05) around room temperature at 100 kHz. Complex
impedance spectroscopic analysis revealed that PbTig s
Zro3(Co1_Mg,)9,03 (x = 0.00-0.85) exhibited both grain
boundary and bulk contributions, which could not be
confirmed from Cole-Cole plots. Total resistance was
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decreased with increasing temperature showing a typical

ceramic behavior. AC conductivity was increased with

increasing temperature due to the production of oxygen

vacancies associated with doping of aliovalent dopants
3+ 24 . Aty At

(Co™™, Mg"™) on B-site (Ti""/Zr"™ sites).
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