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Abstract

In the present paper, the gallium modified lead zirconate titanate ceramics with Zr/Ti = 48/52 (near the mor-
photropic phase boundary, MPB), having a chemical formula Pb, osGa, ;,(Zr, 45Tiy 55) 99503 was synthesized
by a mixed-oxide reaction method and sintered. Analysis of phase formation confirmed the co-existence of two
phases (tetragonal and monoclinic symmetry) in the system. Microstructural study by scanning electron mi-
croscope showed a non-uniform distribution of large grains over the sample surface and presence of a small
amount of micro-size pores. Modulus and impedance studies were carried out at various frequencies (1 kHz—
1 MHz) and temperatures (300-350 °C) and showed the contributions of grains in capacitive and resistive
properties of the material. The resistance and capacitance of the complex impedance plots are contributed by
grains as observed from the Nyquist plots. The experimental data obtained from the Nyquist plot were imple-
mented in an equivalent electrical circuit (RQC). The value of grain resistance and capacitance were obtained
using fitting steps with precision at all temperatures. It is assumed that increase of dielectric constant at higher
temperatures is due to the substitution of Ga* ions at the Pb-site.
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I. Introduction is formed by combination of ferroelectric PbTiO; (7.
= 490°C) and antiferroelectric PbZrO, (T, = 230°C)
with various ratios of Zr/Ti [8]. The presence of defects,
dipoles and phase boundaries contributes to the extrinsic
characteristics of the materials [9]. The physical proper-
ties of the material are strongly affected by deviations of
many factors, such as, charge neutrality, solubility and
ionic radius. The most important factor among them is
Zr/Ti ratio which strongly affects the physical properties
and the existence of different structural phases (tetrag-
. - onal, rhombohedral and orthorhombic) in PZT at room
belongs to the perovskite strgstural fanﬂly 35 a general oy nerature. Though structural and physical properties
formula ABO; in which Pb™ and Zr™/Ti™ ions oc- ¢ p7T have been tailored by various substitutions at the
cupy the A- and B-sites, respectively, by maintaining 4 /g gjtes. the gallium (Ga) substitution at the Pb-sites
proper electrical neutrality and structural stability. PZT 1.4 to a considerable A-site disordering which fulfils
the vacancies created by Pb*2. The long range ordering
of ferroelectrics gets unsettled due to the occurrence of
two types of defects. The detailed literature survey has

Lead based ferroelectrics belonging to perovskite
structural family are widely used for some industrial
applications, such as, bypass capacitor, micro electric
motors, FeERAM/DRAM capacitors, linear gate arrays,
and other ferroelectric related devices [1-5]. They have
drawn lot of attention of material scientists due to the
existence of their excellent ferroelectric, dielectric and
piezoelectric properties [6,7]. One of the lead based
compounds, lead zirconate titanate Pb(Zr,Ti)O, (PZT)
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shown that the work on gallium-substituted PZT was not
previously conducted. This has attracted us to carry out
the systematic studies on Ga-substituted PZT in MPB
region (Zr/Ti = 48/52), which has not been reported ear-
lier except some work on rare earth ions modified PZT
[10]. Therefore, an initiative attempt has been made to
study the effect of small amounts (2 at.%) of Ga substi-
tution on structural, microstructural, dielectric and elec-
tric properties of Pb osGay 1, (Zr( 45Ti 55), 99503 ceram-
ics.

II. Experimental

2.1. Sample preparation

Lead monoxide (Loba Chemie Pvt. Ltd., India, 99%-
purity), titanium dioxide (Loba Chemie Pvt. Ltd., In-
dia, 99.5%-purity), gallium oxide (OTTO-Chemika-
Biochemica-Reagents, 99.999%-purity) and zirconium
oxide (Himedia Chemie Pvt. Ltd., India, 99%-purity)
were used as raw materials for the synthesis of PGaZT-2
sample.

All the oxides were weighed (according to the stoi-
chiometry), and thoroughly mixed in an agate mortar.
The homogeneous mixture was obtained by dry grind-
ing, followed by wet grinding in methanol until the
methanol evaporated from the agate mortar. The mixed
powder was put into a high-temperature furnace us-
ing an alumina crucible with alumina cover and cal-
cined at 1000°C for 12h. To maintain desired stoi-
chiometry, Pb loss was compensated by initially adding
2 wt.% excess of PbO, and heating the material in cov-
ered crucible. The disc shaped pellets were fabricated
from the calcined powder uni-axially compacted at pres-
sure of 4x10° N/m?. The pellets were sized to a diam-
eter of 12mm and thickness of 0.1-0.2cm. Polyvinyl
alcohol (PVA) was used as a binder to facilitate the
compactness of the powder. The sintering was carried
out through a conventional, but a cost effective sin-
tering process at 970 °C for 4h. The prepared sample
(Pby 9gGay 0, (Zr( 45Tij 55) 995O3) hereafter is referred as
PGaZT-2.

The surface of the sintered discs was polished and
painted with high-conductive silver paint. The con-
ductive silver paste was applied to both parallel sur-
faces of pellets for carrying out electrical (dielectric,
impedance, conductivity and modulus characteristics)
measurements. The silver coated samples were dried in
a high temperature oven at 150 °C for 2 h before electri-
cal measurements.

2.2. Characterization

X-ray diffraction data of the sample were collected
with Bruker D8 Advance diffractometer with increment
of 0.052° and measuring time of 0.75 s using CuKa ra-
diation in Bragg’s angle range 20° < 260 < 80°. A
gold-coated sample was used to investigate the texture
and microstructure of the material surface at different
magnifications, using field emission scanning electron

microscope (FESEM, ZEISS SUPRA 40) operated at
5kV. The electrode was connected to the samples us-
ing a silver paint with zero contact resistance for di-
electric and loss analysis. The measurements of elec-
tric and dielectric properties were performed using a
computer-controlled phase sensitive meter (PSM LCR
4NL: 1735, UK) at variable frequency (1 kHz to 1 MHz)
and in temperature range 300-350 °C. A thermocouple
coupled with sample holder was placed in a laboratory-
fabricated furnace.

II1. Results and discussion

3.1. Structural and microstructural analysis

Figure 1 shows a room temperature XRD pattern of
the powder sample which indicates the formation of two
phases (major tetragonal symmetry and minor mono-
clinic symmetry). The matched PZT peaks correspond
to the tetragonal phase and extra prominent peaks rep-
resent minor monoclinic phases. The PZT peaks were
compared with reference ones by using “Match Pow-
der Diffraction” software. The reflection peaks of the
pattern were indexed by using available commercial
software called “POWD- MULT” [11]. As expected,
the high intensity peak of the sample is observed at
around 32°. The co-existence of two phases observed
in the XRD pattern might be due to many reasons like
metastable coexistence, solubility gap, fluctuation in the
composition (rate of diffusion of Ti is much higher than
the rate of diffusion of Zr) [12-14].

Figure 2 shows the micrograph image of the PGaZT-
2 pellet recorded with field emission scanning electron
microscope at room temperature. Some pores are found
in the sample due to the improper treatment of the PVA
binder. The surface texture has non-uniform distribution
with polycrystalline grains of different shape and size.
Thus, microstructure also highlights formation of two-
phase system. It also clearly confirms a high-density
grain growth and a small degree of porosity in the sam-
ple.
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Figure 1. XRD pattern of PGaZT-2 sample
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Figure 2. FESEM micrographs of sintered PGaZT-2 sample
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Figure 3. Variation of Z’ vs Z” at various temperatures
(Nyquist plot)

3.2. Impedance spectroscopy

Complex impedance spectroscopy (CIS), a non-
destructive method, is used to study the electrical be-
haviour of the material at various temperatures and fre-
quencies. The real (Z’) and imaginary (Z”) compo-
nents of complex impedance can easily be separated by
this method, and the material properties are truly high-
lighted. By using the CIS method, symmetric and asym-
metric (depressed) arcs might generally be observed in
the Z”-Z’ plots. In the case of asymmetric arcs the ideal
capacitor (Debye type) cannot be used for fitting the
data and modified formula should be applied [16].

The complex impedance components can be written
as [16]:

Z'=7+j-7" (D)
, R
‘ S (l+w-1)? @
yo w-R-1

S (4w 12 )

In CIS technique, we apply an alternating voltage
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signal to the sample, and obtain corresponding phase
shifted current response. The real (Z’) and imaginary
(Z") components of the complex (¥) electrical param-
eters, such as Z (impedance), modulus (M), and dielec-
tric constant (&) , can be separated by the CIS technique.
Impedance data containing capacitance, resistance and
angular frequency can be analysed by using Nyquist
plots leading to corresponding semicircles. An equiv-
alent circuit traced with impedance and modulus data
collected in different experimental conditions (temper-
ature, frequency) is used to understand a physical pro-
cess and mechanism in the material. The presence of
frequency peaks on semicircles can be explained on the
basis of following equation 27 - f,. - T = 1, where 7
is the mean relaxation time. The non-Debye condition
can also be clearly detected and is characterized with
presence of imperfect semicircular arcs [17,18].

Figure 3 shows the complex impedance spectra
(Nyquist plot), at various temperatures (300-350 °C), of
the sintered PGaZT-2 sample. It seems that the spectra
show a depressed arc whose evolution pattern changes
upon a rise in the temperature. By using ZSIMP WIN
Version 2 software, the observed data are compared with
a theoretically fitted data (solid line) and the fitted pa-
rameters of the bulk resistance (R,), bulk capacitance
(C,) along with bulk DC conductivity (o pc) are shown
in Table 1.

Figure 4a determines the variation of the real part of
impedance as a function of frequency at different tem-
peratures (300-350°C) for the sintered PGaZT-2 sam-
ple. It can be seen that Z’ decreases with a rise in tem-
perature, which clearly indicates the negative temper-
ature coeflicient of resistance (NTCR) in the sample.
The variation of the imaginary part of the impedance
with frequency at various temperatures (300-350°C),
presented in Fig. 4b, shows that there is continues de-
crease of Z” with frequency without any distinguishable
peak. In general, the presence of a peak suggests that the
relaxation process is associated with the material. The
decrease in Z” with rise in temperature is caused due to
the absence of mobile electrons at the investigated tem-
peratures [19].
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Table 1. Values of grain capacitance (C,), grain resistance (R;) and bulk conductivity (o pc) for sintered PGaZT-2 sample at
various temperatures

Temperature [°C] R, [Q] C, [F] opc [Q'm )¢

300 1.381x10%  1.667x10°'°  8.200x1078

310 7.430x107 1.683x10710  1.444x1077

320 1.279x107  1.695x107'  8.601x1077

330 5.851x10% 1.707x107'°  1.835x107°

340 4.329%10° 1.730x107'0  2.481x10°°

350 2.490x10° 1.756x107'0  4.314x107°
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Figure 4. Variation of Z’ (a) and Z” (b) with frequency at different temperatures for sintered PGaZT-2 sample

3.3. Dielectric properties

Figure 5 exhibits the variation of relative dielectric
constant &, with temperature at various frequencies (1,
10 and 100kHz) for the sintered PGaZT-2 sample. It
clearly shows that there is almost constant &, value up
to ~200°C, and an increase in the dielectric constant
with further rise in temperature to its maximum value.
Behera er al. [20] observed the ferroelectric to para-
electric phase transition for PZT ceramics at around
432°C at frequency of 100kHz. The trend of disap-
pearance of T, at MPB or its movement towards higher
temperature is considered, as the elementary dipoles
merge with each other giving rise to an internal field
which aligns dipoles. Moreover, the non-occurrence of
ferroelectric-paraelectric phase transition is accompa-
nied by the polar/non-polar symmetry change with crys-
tal polarization loss. Though this observation is contro-
versial, it can be restructured by the reconstructive tran-
sitional characteristics and by the structural hindrances
in the low-temperature phase [21].

Figure 6 shows that the dielectric constant of the
doped PZT sample decreases with a rise in frequency
at selected temperatures. The polarizations at lower fre-
quency occur due to interfacial, ionic, dipolar and elec-
tronic contributions, and cause the observed high val-
ues of g, [22]. The dielectric constant decreases with

decrease in frequency, as some of the polarizations be-
come ineffective. Thus, the interfacial polarizations play
an important role at low frequencies, but it was ineffec-
tive at higher frequencies.
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Figure 5. Variation of dielectric constant &, with
temperature at frequencies 1, 10 and 100 kHz
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Figure 6. Variation of dielectric constant &, with frequency
at different temperatures (300-350 °C)

3.4. AC conductivity analysis

Variation of AC conductivity (determined by follo-
wing relation oqpc = w - & - & - tand) with frequen-
cy at some preferred temperatures is presented in Fig.
7. AC conductivity progressively rises with tempera-
ture increase. The rise of AC conductivity can be ex-
plained with a thermally-activated electrical conduction
of charge carriers. It is well known that the oxygen va-
cancies created during material processing decrease ac-
tivation energy in ceramic technology. In perovskite fer-
roelectrics, oxygen vacancies are usually considered as
primary mobile charge carriers [23,24]. The Jonscher’s
equation: o4¢ = A - " was used to fit the frequency re-
sponse of AC conductivity data. The parameters (A, n)
fitted at various temperatures of the sintered PGaZT-2
sample are given in Table 2.
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Figure 7. Deviation of AC conductivity with frequency at
different temperatures for sintered PGaZT-2 sample

Table 2. Jonscher’s universal law, AC conductivity fitting

parameters of PGaZT-2
Temperature [°C] n A
300 0.51177 7.892x1078
325 0.42052 3.926x1077
350 0.39537  9.014x1077

3.5. Modulus characteristics

The materials which inherit the same resistance, but
varying capacitances can be determined by electrical
modulus spectroscopy plots. The other reason of this
formalism is to verify the effect of electrode, which
should be suppressed in our material. Due to these rea-
sons, the complex electric modulus has been chosen.
Study on complex modulus M* formalism also gives
us the idea about the relaxation process associated with
the material. The variations of real (M) and imaginary
(M"") parts of the electric modulus as a function of fre-
quency at various temperatures are shown in Fig. 8. As
shown in Fig. 8a, at higher frequencies, M’ achieves
a steady value. It confirms the presence of possible
ionic polarization as at lower frequencies M’ reaches 0.
The variation of M’ from low-frequency limit to high-
frequency limit increases. As temperature increases, the
dispersion shifts towards higher frequencies [25].

It was also found that M”" decreases with frequency
and attains a constant value at higher frequency at all
investigated temperatures (Fig. 8b). The position of
M" curve moves towards the higher frequency and the
nature of dielectric relaxation suggests that the hop-
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Figure 8. Variation of M’ (a) and M"” (b) with frequency at
different temperatures (300-350 °C) for sintered
PGaZT-2 sample
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ping mechanism of charge carriers seizes intrinsically at
higher temperature. The spread of relaxation with dif-
ferent time constants indicates the asymmetric nature,
highlighting the existence of the non-Debye type relax-
ation process in the material [26].

IV. Conclusions

Gallium modified lead zirconate titanate
(Pbg 93 Gay 5 (Zrg 45Tl 50) 995O3) ceramics, with Zr/Ti
near the morphotropic phase boundary, was synthesized
by the mixed oxide reaction route and conventionally
sintered. The study of crystal structure, surface mor-
phology, dielectric and electrical characteristics of the
material were carried out thoroughly. The structural
analysis confirmed the co-existence of two phases
(tetragonal and monoclinic symmetry), non-uniform
distribution of large grains over the sample surface
and presence of a small amount of micro-size pores.
The complex impedance spectroscopy showed the
semiconducting behaviour of the sintered Ga-modified
PZT ceramics. The analysis of impedance and modulus
characteristics indicated on non-Debye relaxation
and significant contributions of grains on electrical
properties. The frequency and temperature response of
conductivity was also analysed by Jonscher’s power
law and Arrhenius relation, respectively.
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