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Piezoelectric behaviour of PZT doped with calcium:
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An experimental and theoretical study on the piezoelectric behaviour of PZT doped with
a range of calcium ion concentrations is presented. A systematic study of the effect on the
piezoelectric properties of PZT doped with various concentrations of CaO at constant
sintering temperature and sintering time was carried out. The remanent polarization, planar
coupling factor and frequency-thickness constant increase with calcium concentration. Ab
initio perturbed ion calculations show that the lattice energy decreases with calcium addition

for both tetragonal and rhombohedral phases of PZT.

1. Introduction

Pb(Zr,Ti)O3 (PZT) is a solid solution of lead zirconate
and lead titanate that presents piezoelectric behaviour
with important technological applications [ 1-7]. This
perovskite structured material presents ferroelectric
properties when its phase has a non-centrosymmetric
structure, ie. tetragonal, rhombohedral or ortho-
rhombic, and they become paraelectric when the crys-
tal structure transforms from tetragonal to cubic at
the Curie temperature. In particular, ferroelectric
properties are known to originate from displacive
transitions [8] of Ti**/Zr** cations between two
stable off-centred sites of TiOgZrOg octahedra,
respectively, in response to an external field. The
remanent polarization, P,, and coercive field, E., are
intimately related to deformation of the lattice [9].
The piezoelectric properties are dependent on the
ratio of the starting materials, synthesis procedure,
processing and doping methods [10-13]. However,
the best piezoelectric properties of PZT (high dielec-
tric constant, €, and planar coupling factor, K,) exist
in the phase boundary between the tetragonal and
rhombohedral phases, known as the morphotropic
phase boundary (MPB) [14, 15].

There is a general agreement that the first step of the
mixed-oxide reaction route for compositions near the
MPB is the reaction of PbO with TiO, to form
PbTiO; [16] and the accepted route to yield the
formation of both PbTiO; and PbZrO; is the sub-
sequent reaction to form PZT solid solution [16-19].
The presence was also reported of an intermediate
tetragonal solid solution of PbO with a small amount
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of TiO, and a trace of ZrO, [20,21]. In this sense,
Kulcsar [22] and Bernard [23] have observed that the
doping process of Sr** and Ca?™ in the Pb* " position
increase the K, value. Recently, Zhang et al. [24],
studying the piezoelectric response in the region of
MPB, proved that below 300 K, the transformation of
piezoelectric and dielectric properties are due to the
change of activity of the wall domains in the material.

Structural investigations of PZT solid solutions
found either a rhombohedral phase or a tetragonal
phase at room temperature, depending on the com-
position ratio Zr/Ti, which are separated by MPB
[25]. Substitutions of Zr** for Ti** in PbTiO; reduce
the tetragonal distortion and ultimately cause the
appearance of another ferroelectric phase of rhombo-
hedral R3m symmetry [26]. Still more Zr** causes the
appearance of the orthorhombic antiferroelectric
PbZrO; phase with some stability of a tetragonal
antiferroelectric phase near the Curie point. In this
sense, Jaffe et al. [9] consider that the tetragonal phase
favours piezoelectric properties in opposition to the
effect caused by the rhombohedral phase. Comes [27],
however, proposed that the polarization is dependent
on crystallographic direction, the tetragonal phase
consists of displacements along four cube diagonals,
giving an average structure with a polarization along
[100] whilst the rhombohedral phase is ordered
along [111].

In this study a combined experimental and
theoretical approach to piezoelectric behaviour of
PZT doped with Ca?* is presented. In the experi-
mental part, a systematic study of the variation of
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piezoelectric properties of PZT with CaO concentra-
tions at constant temperature and sintering time is
carried out. There have been recent achievements in
applying ab initio perturbed ion (aiPI) methodology
[28-30] in order to acquire an understanding of the
physical and chemical properties relevant to conden-
sed matter [31-35]. Following this method we have
investigated, from a theoretical point of view, the
following aspects: (i) the influence of the Ti**/Zr**
displacement along the c-axis on the lattice energies of
Ca**-doped (0.25-1.5mol %) tetragonal and rhom-
bohedral PZT structures, and (ii) the evolution of the
ion—lattice interaction for each of the ions present in
the lattice as a function of the calcium concentration.
A comparison between our experimental and theoret-
ical results is then carried out in order to understand
the piezoelectric behaviour of PZT doped with calcium.

2. Experimental procedure

The purity and origin of the raw materials were as
follows: Pb(NO3), (99.3%, Merck); ZrO, (99.6%,
Merck); TiO, (99.2, Aldrich); Ca(CH3;—Co00), (99.2%,
Reagen). A composition of (Zry s3Tip.47)O, powder
(ZT) was prepared by mixing and grinding zirconia
and titania powders for 24 h in isopropyl alcohol
media. The powder was dried and then calcined at
1450°C for 2 h. After calcination, the material was
deagglomerated in alumina mortar and then charac-
terized by X-ray diffraction (Siemens model D-5000).

The solid solution ZT was diluted in water whilst
stirring. A stoichiometric amount of lead nitrate was
dissolved in this solution. To precipitate Pb(OH), on
the ZT particles, NH,OH was added to the solution
until the pH reached the value of 11. The precipitate
was washed, filtered and dried in oven at 60 °C.

Calcium acetate was diluted in isopropyl alcohol
and mixed with the precipitates ZT + Pb(OH)s,.
The solution was stirred for 2h and then dried,
deagglomerated in mortar and granulated in 200 mesh
screen. The amount of calcium acetate was calculated
to give concentrations of 0.25, 0.50, 1.0 and 1.5 mol %
related to the precipitates.

This material was calcined at 850 °C for 2 h and the
calcium-doped PZT phases analysed by the Rietveld
method [36]. This method consists in a comparison
of the calculated X-ray diffraction spectrum, obtained
from defined crystallographic data, with the experi-
mental X-ray diffraction spectrum. The approxima-
tion is made by the least squares method.

Surface areas measured in the calcium-doped
PZT were determined by the nitrogen adsorption
(model ASAP-2000 Micromeretics) and the value of
0.4 m* g~ ! was found to be independent of the calcium
concentration.

The powders were pressed into pellets 12 mm dia-
meter and about 2 mm thick, by uniaxial pressing of
20 MPa followed by isostatic pressing with 200 M Pa.
All compositions were sintered at 1150 °C for 3 h and
characterized by X-ray diffraction.

The PZT pellets with 0.25, 0.50, 1.0 and 1.5 mol %
calcium were polished up to 1 mm thick. Platinum
electrodes were applied to the samples surfaces by
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sputtering. Electric fields in the range of 1.0 to
3.5kVnm ' were then applied to these samples for
poling. The fundamental resonance frequencies were
obtained by using a complex impedance meter (model
HP 4194 by Hewlett Packard).

3. Theoretical methods and models

3.1. Method

The aiPI method provides an adequate quantum-
mechanical treatment of the atom-in-the-lattice struc-
ture and has been presented by Luafa et al. [29,30];
here we only summarize its main features.

According to the theory of electronic separability
[37,38], if a system can be partitioned into weakly
interacting groups, its electronic wave function can be
written as an antisymmetrized product of wave func-
tions. If W, is the wave function of a particularly
relevant group, i.e. the active (A) group, whose self-
consistent field (SCF) equations are solved in the field
of the remaining (frozen) groups. The contributions of
the A group to the total energy can be collected in the
effective energy

E?ff = Eﬁet + Z Eéxltz = E:et + Eﬁut (1)
R(# 4)
which, by minimization, gives the best W, for a set of
given frozen groups.

The effective energy arises from the contribution of
internal energy of the group, E,, and the interaction
energy, E;,, for this group with each of the ions in
the lattice.

The total energy of the system is not the sum of the
group effective energies. However, we can define the
additive energy of the 4 group as

EMg=Epi+ 3 Eh (2

For an A,B,C.... ionic crystal, the ions (A, B,
C, ...) are stabilized by ion-lattice interaction energy,
and the crystal energy per molecule is

Ecrye = aEfga + bESgg + cESga + ... =
aEf. + bES, + cESy + ... +%(aEf, + bEL,
+ CcEG+ -n) (3)
the lattice energy (E,,,;) in the aiPI method is given by
Eja = Eeryst — (@EG + DEG + cEG + ...) (4

where the subscript 0 stands for free-ion values.

3.2. Basis set representation

Large STO basis sets have been used on each atomic
centre 7s5p on Ca?* and Ti**, 5s5p on O? ™, 10s9p5d
on Zr** [39] and 12s8p6d2f on Pb** [40]. The
optimization of these basis sets was done in order to
minimize the total energy while maintaining SCF
stability. The quantum mechanical contributions to
the interaction energies have been considered for a
large number of neighbouring shells up to attaining
a convergence of 10~ ° Hartrees in the crystal energy.
The crystal energy, on the other hand, includes
correlation estimated by means of the unrelaxed
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Figure I The PZT tetragonal structure.

Coulomb-Hartree—Fock formalism [41]. It is termed
unrelaxed because the aiPI wavefunctions are not
affected by this correction.

The Madelung potential, responsible for the largest
part of the interaction energies, has been analytically
integrated. Layer-by-layer Ewald summation tech-
niques were used accurately to sum long-range
Coulomb potential contributions.

3.3. Model
A schematic representation of the PZT tetragonal struc-
ture is depicted in Fig. 1. The PZT structure has been
optimized by varying the Ti**/Zr** z-fractional coordi-
nate for the rhombohedral (space group R3m) and tet-
ragonal (space group P4mm) structures. The remaining
structural parameters for pure and doped PZT, lattice
and positional parameters, have been kept fixed at
their experimental values obtained from X-ray diffrac-
tion experiments through using the Rietvel method.
We have defined the polarization parameter (PP) as
a measure of lattice stability, related to the variation of
lattice energy for tetragonal, AEy, and rhombohedral,
AEy, corresponding to a displacement Az along the
c-axis from the optimized z-value optimized structures

AEs = Eg(Az) — Es,y  (S=TorR) (5
PP = AE;T(%) + AExR(%) (6)

R(%) and T (%) being the lattice percentage concen-
tration of the rhombohedral and tetrahedral phases,
respectively.

4. Results and discussion
The X-ray diffraction pattern of the Ca-PZT samples
(Fig. 2), prepared by addition of calcium acetate to ZT
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Figure 2 The X-ray diffraction pattern of the Ca-PZT samples.

TABLE 1 Relative density, p/pr, planar coupling factor, K, fre-
quency-thickness constant, N, and fraction of tetragonal phase, F;,
of pure 53/47 and calicium-doped PZT 53/47

Dopant (%) K, p/pr (%) N, (Hzcm) F (%)
Ca-PZT 025 0.48 96.0 2191 63
0.50 0.52 98.4 2299 47
1.00 0.47 92.4 2152 44
1.50 0.52 90.0 2111 50
Pure
PZT 0.00 0.28 65.0 1580 100

and Pb(OH), mixtures in isopropyl alcohol followed
by calcination at 850°C and sintering at 1150 °C,
shows the diffraction peaks as doublets and triples.
The indexing of these peaks as shown in Fig.2 is
consistent with the presence of two phases, one tetra-
gonal (with a higher Ti** ions content) and one
rhombohedral (with a higher Zr** ions content). The
coexistence of these phases can be due to small
variations in the composition during the sample prep-
aration. Lal and Krishan [42] do not observe the
coexistence of these two ferroelectric phases for
materials prepared through the spray-dry process.
This can be attributed to the higher chemical homo-
geneity which restricts composition fluctuations in
sintered ceramics.

According to Kakegwa and Mohri [43], the solu-
tions prepared by solid-state reactions yield to the
coexistence of the tetragonal and rhombohedral
phases for compositions close to the morphotropic
phase boundary (MPB) (0.52 < x < 0.55) with x being
the Zr**/Ti** ratio. This coexistence is due to fluctu-
ations in the composition of the Ti** and Zr*™ ions in
the PZT structure. Monophasic PZT with composi-
tions close to the MPB composition can be prepared
by chemical routes, due to the fact that Ti** and Zr**
ions are homogeneously distributed in the B** sites.

In order to avoid the formation of the antiferroelec-
tric PbZrOj; phase, we have prepared the ferroelectric
PbTiO; material. Table I summarizes the synthesis
results together with the relative density (p/py) of the
various samples (p = bulk density and pr = theoret-
ical density). We observe the formation of a unique
tetragonal phase for composition close to the MPB
region with a low density which disfavours its
piezoelectric properties. The calcium doping of
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Figure 3 Calculated lattice energy. E,, for both (M) tetragonal and
(®) rhombohedral PZT versus the Ca®>* concentration.

TABLE II Remanent polarization, P,, and coercive field, E., for
pure PZT 53/47 and calcium-doped PZT 53/47

Dopant (%)  P,(uCcm™3) E.(kV/em™1')
Ca-PZT 0.25 8.48 7.60

0.50 8.65 8.00

1.00 8.71 10.00

1.50 9.24 10.00
Pure PZT 0.00 3.15 21.00

PZT 53/47 leads to a shift of the MPB towards the
rhombohedral phase. The calcium oxide addition to
the PZT 53/47 changes the phase concentration ratio
due to the formation of an intermediate phase
CaZrOj; which partially modifies the equilibrium to-
wards the formation of the rhombohedral phase. This
effect had already been observed [13], and we do not
appreciate any substantial change regarding phase
ratio (rhombohedral/tetrahedral) for the calcium-
doped samples.

Calculations of lattice energy for both structures
using the aiPI method show that an increase in the
Ca®* concentration produces a decrease in the stabil-
ity of the tetragonal structure while the rhombohedral
phase is stabilized until the concentration of
0.5 mol % for calcium is achieved (see Fig. 3).

From a structural point of view, the addition of
Ca’™ to the PZT causes a decrease of the tetrahedral
cell parameter, a,, and an increase of the ¢, tetrahedral
cell parameter. Consequently, one would expect
higher dipolar moments, when electromechanically
stretched, for the Ca-PZT 53/47 structure with a (c/a),
ratio of 1.033 than for the Ca-PZT with a (c/a), ratio of
1.022. These variations in cell parameters can be due
to a stronger repulsion of the Ca?* cations with the
Zr** and Ti** ions, which causes a more compact
packing of the structure. The rhombohedral cell
parameters change very little, a, =407.1 pm and
o = 89.75° when the doping agent is added.

The remanent polarization, P,, and the coercive
field of the materials reported in this work are present-
ed in Table II. We observe an increase in the remanent
polarization and the coercive field of the Ca-PZT
53/57 when the dopant concentration is increased.
The higher P, values are obtained for calcium molar
concentrations of 1.5%. This implies important
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Figure 4 Variation of ion-lattice interaction energy, E;,. for each
of the ions in the lattice as a function of the Ca?* concentration for
the (a) tetrahedral and (b) rhombohedral phases (1) O, (2) Zr**,
(3) Ti**, (4) Pb?*, (5) Ba?!.

changes in the electrical properties of the material
when CaO is added. The remanent polarization values
for the calcium-doped PZT 53/57 samples are higher
than those of the undoped PZT 53/57 while the oppo-
site trend has been observed for the coercive field
measurements. The addition of calcium to PbZrO;
causes an increase in the antiferroelectric character
[26]. However, this phase can be redirectioned by
strong electric fields ( > 3 kVmm ™ !) which results in
no increase of the remanent polarization.

Fig. 4 represents the ion—lattice interaction energy,
E,., for each of the ions in the lattice as a function of
the Ca?* concentration for the tetrahedral and rhom-
bohedral phases. An increase on the Ca*?* concentra-
tion produces an opposite trend in these two phases.
The lower repulsion has been calculated for 0.25%
calcium concentration for the rhombohedral struc-
ture.

Fig. 5 shows a representation of the polarization
parameter versus the molar calcium concentration
(%). The PZT, calcium doping increases in a signifi-
cant way the remanent polarization and the theoret-
ical results represented in Fig. 5 indicate this effect. An
increase of the doping agent concentration produces
a higher polarization degree, favouring the remanent
polarization.

The lower coercive field, E,, values of the calcium-
doped PZT 53/47 can be attributed to the higher
vibrational frequencies of the doped structure which
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Figure 5 Representation of the polarization parameter, PP, versus
the molar calcium concentration.

Figure 6 The pure PZT 53/47 sample microstructure.

results in lower energy requirement for dipole inver-
sion [44].

Table I lists the planar coupling factors, K,,, and
frequency-thickness constants, N,, for the pure and
doped structures. The K, and N, values, as well as
the densities, are higher for the doped structures. The
K, measurements are the results of a bulk effect.

The coercive field can be related with the stretching
of the oxygen—metal bond in the structure. In that
sense, the PZT transductor effect or reverse effect can
be attributed to the interplanar displacement under
electrical stretching.

The planar coupling factor changes very little with
the dopant concentration. This result agrees with an
increase in the remanent polarization and coercive
field. However, K, is very small for undoped PZT.

We observe an imbalance between the polarization
effect in regard to the coercive field because the trans-
ductor effect or reverse effect energy requirements
increase when the calcium concentration is increased.

The K, values are independent of the density of the
samples and, as a consequence, K, depends only on
the network or lattice.

Kulcsar et al. [22] have studied calcium doped
PZT structures prepared from the oxides mixture
and have reported K, and density values of 0.44 and
7.26 gcm 3, respectively. Both measurements are
close to the ones reported in this work.

i (d)L ] m

Figure 7 The Ca-PZT 53/47 doped samples microstructure. Cal-
cium molar concentration: (a) 0.25%, (b) 0.50%, (c) 1.00% and (d)
1.50%.

The wave propagation on the material depends on
the structure. Frequency—thickness constant values
increase when the density increases. This fact shows
that there is a direct relationship between the wave
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propagation speed in the material and its micro-
structure.

The calcium-doped PZT microstructures show that
calcium addition improves the densification. The pure
PZT microstructure (Fig. 6) shows a broad particle
grain-size distribution while the calcium-doped PZT
microstructure (Fig. 7) presents a more homogeneous
distribution (between 1.5 and 4.0 um). These data con-
firm our electrical measurements results for pure and
calcium-doped PZT 53/47 structures in the sense that
higher K,, N, and density values are obtained for the
doped structures.

5. Conclusion
The remanent polarization increases with calcium
concentration due to the polarization of the unit cell
promoted by the calcium ion. Both the planar coup-
ling factor and the frequency—thickness constant in-
crease with calcium concentration in relation to pure
PZT, mainly due to an increase in relative density.
The lattice energy decreases with calcium addition
on both tetragonal and rhombohedral phases, as
determined theoretically.
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