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Abstract

The series of lead titanate with various concentration of zirconium PbZr, Ti,_ O; (PZTO), where (x=0, 0.2, 0.4 and 0.8),
have been prepared successfully by tartrate precursor method and then annealed at 1273 K in atmospheric pressure. The
results showed that PZTO samples with varying composition (x) have highly phase purity and crystallized perovskite struc-
ture without pyrochlore phase in every composition. The grains of prepared samples are densely packed with few pores and
the grain size increases with Zr content. The results showed also the thermal stability of PbZr ¢Ti,,0; sample is higher
remarkably compared to other samples with lower Zr concentration which is enhanced remarkably with Zr content. The DC
resistivity and dielectric behaviors indicate that the phase transition in all the samples is diffused type. It is observed that
saturation polarization and coercive field have increased with high Zr content samples (x=0.4 and 0.8). On the contrary, the
remanent polarization has decreased slightly with high Zr content samples. Furthermore, there is a remarkable enhancement
of the pyroelectric voltage for PZTO with high Zr content samples (x=0.4 and 0.8). Therefore, it is recommended that these
prepared samples are preferable for use in pyroelectric detector applications such as infrared sensors, infrared thermometers,

and laser energy sensors.

1 Introduction

In the recent times, there is a great interest in the study of
ferroelectric ceramic materials due to its physical properties
such as dielectric and electrocaloric, pyroelectric properties,
as well as its industrial applications such as thermal sensors,
thermal imaging, capacitors and computer [1-8]. Among
these compounds, PbZr Ti,_ O; (PZTO), PbTiO; (PTO)
and PbZrO; ceramics have excellent physical properties
such as piezoelectric, pyroelectric, and innovative charac-
ters [9—14]. Furthermore, this system is strongly dependent
on the crystalline structure and its physical properties can
be improved by doping [15—18]. In addition, it is used in the
components of electronic devices, microelectromechanical
system (MEMS) and hard disk drive [19, 20]. It is expected
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that PZTO is powerful tool for engineering unprecedented
optical properties that may enable future photonics innova-
tions [1]. PZTO powders were synthesized conventionally
via ceramic reaction process for oxides as starting materials
[21]. But this method requires a high temperature and led
to the loss of lead oxides by a large proportion, causing a
reduction in the efficiency of prepared material [22]. In addi-
tion, this method has other defects such as the lack of homo-
geneity of ingredients, the presence of impurities during the
process of grinding and large volume of the particle, which
leads to reduction of the efficiency of the prepared PZTO
powders. There are other ways to prepare PZTO powders
such as hydrothermal, sol-gel and other chemical processes
to obtain a more effective material [23-25]. However, these
methods still have many disadvantages like the formation of
unwanted phases during the process of calcination at high
temperature, leading to the weakness of important char-
acteristics such as dielectric and piezoelectric properties.
The authors have prepared PZTO powders successfully via
tartrate precursor method (TPM), showing that the piezo-
electric effect and coupling factor are enhanced with low
Zr content and decreases with high Zr content, recommend-
ing that the suitability of PbZr, ,Ti, ;O; is for developing
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piezoelectric technology [26]. Therefore, these features
motivate us to investigate the thermal stability, DC resistiv-
ity (py.), dielectric constant (¢') and pyroelectric properties
for PZTO powders that were prepared via TPM in this work.

2 Experimental processing
2.1 Material processing

The TPM was applied for the preparation of PZTO. All
chemicals used in this work, including Pb(NO,),, TiO,,
ZrO, and tartaric acid C,HOq are of analytical grade with
crystallite size 200 nm. The mixtures of Pb—Zr—Ti solutions
were first prepared and then stirred for 15 min on hot plate
magnetic stirrer, followed with addition of an aqueous solu-
tion of tartaric acid to the mixtures with continuous stirring.
The solution was evaporated at 353 K with constant stirring
until dryness and then inserted in a dryer oven at 373 K
overnight. The dried powders were obtained as PTO precur-
sors. Finally, the series perovskite of PZTO samples were
annealed at temperature 1273 K under atmospheric pressure.

2.2 Experimental techniques

The structure properties of PZTO samples were examined by
X-ray diffraction (XRD) using a Philips model (PW-1729)
diffractometer where the powder specimens of the PZTO
samples were exposed to Cu-Ka radiation with the wave-
length (1) = 1.5406 A. The particle size was estimated from
the most intense peaks of the XRD pattern of the PZTO
samples using Scherer’s equation [27, 28]:

kA
Pcosby’ @)

where £k =0.89, g is the full width at half maximum
(FWHM), and 6y is the diffraction angle. The morphology
of samples was characterized by JEOL JSM-5600 scan-
ning electron microscope (SEM). Differential and thermo-
gravimetric analysis (DTA and TG) characterizations were
done by Perkin Elmer, Top-Loading Series STA-6000, and
a 5 mg sample was heated in an alumina crucible with a
heating rate of 10 K/min at N, atmosphere. For dielectric
measurements, the two surfaces of each pellet were polished
and coated with silver paste. The two-terminal method was
used to measure p,. and ¢’ for prepared samples at different
temperatures using RLC bridge of type 815 B. The tem-
perature is controlled by thermostat control heater. The
dielectric hysteresis loops were measured using a modified
Sawyer—Tower circuit. The samples behave as a current gen-
erator in parallel with its own resistance and capacitance. A
high input impedance Keithley electrometer type shunted
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by a calibrated resistor is used for measuring pyroelectric
volt in the circuit. Before measuring the pyroelectric volt,
the samples were poled using 2 kV potential source for 2 h.
After removing the applied field, the polarized sample is
ready for measurements.

3 Results and discussion
3.1 Structure properties

Figure 1 shows XRD patterns collected on annealed disks of
PZTO with varying composition (x), showing highly crys-
tallized perovskite structure, indicating the rhombohedral
compositions with x=0.0 and 0.2, the tetragonal composi-
tion with x=0.80, and a two-phase mixture of tetragonal
and rhombohedral phases with x=0.4. Furthermore, there
is no pyrochlore phase in every composition, which is usu-
ally caused by off-stoichiometric precursor solution or the
volatilization of PbO during the heating process. Therefore,
PZTO samples prepared by tartrate method have high qual-
ity and the actual composition would be favored for ferro-
electric properties. This means that the PZTO powders with
high phase purity can be obtained by tartrate method. On
the other hand, the relative intensities of (101) peak, which
correspond to the inclined c-axis orientation is higher than
other peaks. The FWHM of (101) peak shows a jump at
composition with x=0.40 due to the combination effects of
crystallite size and micro-strains.

It can be seen that peak (002) at angle 260 =45° splits
into two lines which is signature of tetragonal phase. The
peak (200) at 260=47° becomes lower intensity by increasing
Zr content which completely disappeared when tetragonal
phase is completely formed. The PZTO shows a two-phase
coexistence characteristic, and leads to two spontaneous
strains which contribute to the PZTO at around morpho-
tropic phase boundary (MPB). However, the volume fraction
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Fig.1 The XRD patterns of PTO and PZTO samples
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Fig.2 The average crystallite size vs. Zr content for PZTO samples

of two phases cannot be quantified precisely due to the res-
olution limits of the diffractometer. The domain structure
miniaturize to nano-scale could be another reason to broaden
the peak width. This combination effect of crystallite size,
nano-domains and micro-strains could be the reason that the
FWHM at composition with x=0.40 is almost double the
size than the rest of the compositions. These results indicate
that for PZTO samples have polycrystalline structure with
random grain orientation. Figure 2 shows that the average
crystallite size decreases with Zr content due to increase in
lattice strain because of ionic size mismatch as ionic size of
the Zr*? (0.89 A) is more than that of Ti** (0.67 A) [29].

3.2 Scanning electron microscope (SEM)

Figure 3 shows SEM images of the surface morphology of
PZTO samples with different Zr contents (x=0, 0.2 and 0.8).
It is clear from the nature of micrograph for each sample that
the grains are densely packed with few pores and are irregu-
lar in shape and different in size. Furthermore, the grain size
increases with Zr content.

3.3 Thermal analysis

Figure 4 shows that the DTA and TGA curves for the PTO
and PZTO samples are performed at heating rate 10 °C/min.

The DTA curve for the pure PTO shows an endothermic
peak at about 753 K which corresponds to the structural
phase transition from the tetragonal to cubic phase as shown
in Fig. 4a. Figure 4b shows main stages in the decomposi-
tion reaction. The first weight loss below 473 K corresponds
to the decomposition of tartrate nitrate hydroxides and the
formation of PbO groups [30]. After that there was a slight
weight loss due to burning of the residual organic groups and
carbon decomposition. The second stage is at about 643 K,
indicating the elimination of the last organic residues, such
as hydroxyls, with a simultaneous onset of the formation
of PZTO and the crystallization process. Thus, the (DTA,
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Fig.3 SEM images of the surface morphology of PTO and PZTO
samples

TGA) curves confirm the formation of PZTO perovskite
structure by tartrate methods at about 673 K. The third stage
around 1073 K corresponds to the decomposition of PZTO
and PbO [30]. Moreover, Fig. 4b shows that the temperature
of the degradation and thermal stability of PbZr, ¢Ti,,0;
sample are higher remarkably compared to other samples
with lower Zr concentration.

3.4 DCelectrical resistivity (p4.)
Figure 5 shows the variations of logarithmic pg4, vs. recip-
rocal of temperature (10°/T) for PTO and PZTO samples.

The relation between resistivity and temperature can be
expressed by the relation

o= p. elinr) o)

>
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Fig.4 Thermal analysis curves of PTO and PZTO samples a DTA and b TGA
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Fig.5 Ln(py.) vs. reciprocal of temperature for PTO and PZTO sam-
ples

where p, is the pure exponent factor, E, is the activation
energy and kg is Boltzmann constant.

From Fig. 5, it is observed that the conduction mecha-
nism changes from low-temperature to high-temperature
regions. The decrease in py, is observed sharply at high-
temperature region due to the presence of hopping elec-
trons which is thermally activated. The p,. at low tem-
perature < 600 K is due to impurities whereas at higher
temperature due to polaron hopping between Ti** — Ti*>.
Furthermore, at low temperature, the crystal structure of
the samples has tetragonal phase whereas at high tem-
perature after Tc between 700 and 770 K, the structure
becomes cubic phase. The calculated E, values are around
0.58 eV which clearly suggests that the conduction is due
to polaron hopping [31].
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3.5 Dielectric constant (&)

Figure 6 shows the temperature dependence of ¢’ for PTO
and PZTO samples. As in normal ferroelectrics, ¢’ increases
gradually to a maximum value (¢',,,) with increase of tem-
perature up to T, due to its high resistivity, the presence of
impurities and defects in the materials, and then it decreases
for all samples, indicating the phase transition in PZTO
between 700 and 750 K. Qualitatively, the broadened peaks
indicate that the phase transition in all the cases is diffused
type. Furthermore, T, and &', of the PZTO monotonically
decrease with the increase of ionic concentration of Zr. This
is due to the increase in the grain size with concentration
of Zr, leading to low space charges and defects that impede
the domain wall mobility [32, 33]. At 1 kHz frequency, ¢’ is
higher than corresponding values at 10 kHz frequency. This
due to the fact of that as the frequency increases, the dipole
polarization effect will be lower and then the polarization is
more dependent on the electronic polarization [34].

3.6 The ferroelectric hysteresis-loop

Figure 7 shows the room temperature ferroelectric hysteresis
loops for PTO and PZTO samples, indicating an excellent
ferroelectric behavior. Beginning from PTO, it is observed
that saturation polarization (Ps) and coercive field (Ec) have
increased with high Zr content samples (x=0.4 and 0.8). On
the contrary, remanent polarization (P,) has decreased with
high Zr content samples.

The higher value of Ps and Ec for high Zr content sam-
ples as compared to undoped PTO ceramics can be attrib-
uted to Ti vacancies formed due to Zr ion substitution.
These Ti vacancies are negatively charged and these get
paired with Zr** ions to form defect poles. These defect
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Fig.7 Ferroelectric hysteresis-loop for PTO and PZTO samples
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Fig.8 Pyroelectric voltage vs. temperature for PTO and PZTO sam-
ples

poles can be aligned when there is an applied electric field.
This creates a larger polarization and hence can explain
why highly doped PZTO has larger Ps than PTO, as
observed in our samples. The low decrease of P, in highly
doped PZTO samples can be attributed to increase in grain
size as it is indicated in SEM. Moreover, there are rhombo-
hedral compositions with x=0.1 and 0.2 and the tetrago-
nal composition with x=0.80, and a two-phase mixture
of tetragonal and rhombohedral phases with x=0.4 as it
is indicated in XRD.

3.7 Pyroelectric voltage

Figure 8 shows the pyroelectric voltage for PTO and PZTO
samples. The pyroelectric voltage increases with increase
of temperature up to T, due to the displacement of ion
under thermal agitation leading to the increase in ionic
distance and dipole moment resulting in the increase on
polarization at T, and then it decreases for all samples
due to the structural phase transition from tetragonal to
cubic phase. Furthermore, there is a remarkable enhance-
ment of the pyroelectric voltage for PZTO with high Zr
content samples (x=0.4 and 0.8). Therefore, it is recom-
mended that these prepared samples are preferable for use
in pyroelectric detector applications with excellent long-
term stability like powerful thermal infrared detectors for
detection the typical spectral emission of burning material.
Furthermore, it can be used in passive infrared sensors,
infrared thermometers, laser energy sensors and sensitive
elements based on MEMS technology.
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4 Conclusion

TPM is a simple and effective method to prepare PZTO
highly phase purity and crystallized perovskite structure
without pyrochlore phase in every composition. The ther-
mal stability of PbZr sTi, ,0; sample is higher remarkably
compared to other samples with lower Zr concentration.
The phase transition in all the samples is diffused type.
The high Zr content improves Ps and Ec while P, has been
reduced slightly with Zr content. Furthermore, there is a
remarkable enhancement of the pyroelectric voltage for
PZTO with high Zr content samples, recommending that
high Zr content samples are useful in pyroelectric detector
applications.
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