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Abstract

Thin films of Pb12xCaxTiO3 [x = 0:20; 0.24 and 0.28] have been prepared on ITO coated Corning glass substrates by sol gel
technique. The perovskite phase of PCT films is formed at 650 8C with a polycrystalline tetragonal structure. The tetragonal
factor {da) decreases with increasing Ca concentration. Dielectric, pyroelectric and ferroelectric studies have been carried out
on these films. The effects of introduction of Ca ion in PbTiO3 have also been discussed.

PACS: 77.55.+f
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1. Introduction

The unique piezoelectric and pyroelectric properties of
ferroelectric materials, combined with design flexibility and
miniaturization offered by thin film geometry and also
developments in integrated circuitry and electro-optic
technologies have generated great interest in ferroelectric
thin films. A considerable amount of research has been
focused on the growth and device fabrication of ferroelectric
thin films for applications in piezoelectric transducers,
pyroelectric infrared detectors and non-volatile random
access memory devices [1-3]. Lead titanate (PT) has a large
spontaneous polarization and a relatively small dielectric
constant, which allow potentially important applications in
the field of electronics and opto-electronics. However, this
material has poor mechanical properties due to its large
tetragonal strain. Hence, much attention has been focused
on the modification of PbTiO3 by doping, with the purpose
of obtaining improved mechanical and electrical properties.
The properties of PbTiO3 are known to be varied by the

addition of calcium [4]. Ferroelectric films have been
successfully grown by a number of deposition techniques:
pulsed laser deposition [3], sputtering [5], MOCVD [6], sol
gel method [7]. Among these methods, the sol gel technique
has been used in producing high quality thin films [8-12] as
it offers easy way of tailoring the properties by uniform
deposition of several multicomponent oxide films. Calcium
modified lead titanate (PCT) has received some attention,
due to its decreased tetragonality and better pyroelectric
and piezoelectric properties [13-15]. In this paper, the
structural, pyroelectric and ferroelectric properties of
Pb12xCaxTiO3 (PCT) films (with x = 0:20; 0.24 and
0.28) prepared by sol gel method have been discussed.

2. Experimental

PCT films of chemical composition Pb0.80Ca0.20TiO3

(PCT 80/20), Pb0.76Ca0.24TiO3 (PCT 76/24) and
Pb0.72Ca0.28TiO3 (PCT 72/28) have been prepared using
lead acetate trihydrate, calcium acetate hydrate and titanium
isopropoxide (all from Aldrich, USA) as precursors along
with 2-methoxyethanol as solvent and acetic acid as
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catalyst. The sol is prepared by dissolving lead acetate
trihydrate in acetic acid. The solution is refluxed at 110 8C
for 3 h in a three-neck flask assembly to remove water of
crystallization. Excess 10 mol% lead acetate is added in
order to compensate the lead loss during subsequent thermal
treatment. Similarly, calcium acetate hydrate is also
dissolved in acetic acid and refluxed. Both the solutions
are mixed together and refluxed with 2-methoxy ethanol.
Finally, Ti-isopropoxide in stoichiometric ratio is added to
the solution with continuous stirring to prepare PCT sol.
Filtered sol is dispensed from a syringe and spin coated at a
speed of 3000 rpm for 30 s on ITO coated 7059 Corning
glass substrates. Multiple coatings are deposited and after
each coating, the films are pyrolized at 150 8C in air to
remove volatile organics. The final crystallization is
performed at 650 8C for 2 h. The thickness of the films is
determined using taly-step method. The film structures are
characterized with X-ray diffractometer (Rigaku mixiflex,
Japan, Cu Ka radiation, l = 1:5405 A). Aluminum top
electrodes of 1 mm in diameter are deposited in vacuum
through a mask to form the ferroelectric capacitors for
electrical measurements. Dielectric properties at various
frequencies and temperatures are measured using an
impedance analyzer (HP 4192 A). The P-E hysteresis
loop measurements have been conducted using a Sawyer
Tower circuit RT 66A (Radient Technologies Inc.) at a
frequency of 60 Hz at room temperature (RT). The
pyrocurrent has been measured after corona charging the
films at 150 8C for 30 min followed by cooling to RT in
20 min while the sample was still under the corona field.
The corona voltage and current used are 7 kV and 50 mA,
respectively. The pyrocurrent is measured with a heating
rate of 3 8C/min using Keithley electrometer model 610C.

3. Results and discussions

The observed X-ray diffraction (XRD) patterns, which
are presented in Fig. 1, show well resolved peaks. The hkl
values of diffracting planes responsible for the peaks are
identified using the ASTM data. The lattice constants (c and
a) of the unit cell calculated using hkl values for PCT films
(with x = 0:20; 0.24 and 0.28) are 4.03 and 3.83; 4.02 and
3.86, and 3.97 and 3.89, respectively. The XRD study shows
that c value decreases while value of a increases with
calcium concentration. Similar results have also been
observed by others [16]. These results may be explained
on the basis of Ca ions occupying Pb ion sites with smaller
ionic radius (Ca2þ = 0.99 A Pb2+ = 1.20 A). The da ratio
of all the compositions (x = 0:20; 0.24 and 0.28) are 1.05,
1.04 and 1.02 and suggest that the films have perovskite
phase with tetragonal structure. The tetragonality decreases
with increase of the Ca content.

RT variation of dielectric constant with frequency is
shown in Fig. 2. The observed values of RT dielectric
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Fig. 1. X-ray diffractograms of PCTfilms(x = 0:20; 0.24 and 0.28).

constant ð1rÞ and loss tangent ðtan dÞ of PCT films measured
respectively at 100 Hz are given in Table 1. Decrease in
dielectric constant is observed with increase in frequency.
The fall in dielectric constant arises from the fact that
polarization does not occur instantaneously with the
application of the electric field because of inertia. The
delay in response towards the impressed alternating electric
field leads to loss and decline in dielectric constant. At
low frequencies, all the polarizations contribute. As
frequency is increased, those with large relaxation times
cease to respond and hence the decrease in dielectric
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Fig. 2. RT variation of dielectric constant with frequency of PCT
films (x = 0:20; 0.24 and 0.28).
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Table 1
Various parameters of lead calcium titanate thin films

Parameters Composition

Pb0.80Ca0.20TiO3 Pb0.76Ca0.24TiO3 Pb0.72Ca0.28TiO3

Structure
c(A)
a (A)

=a
Unit cell vol. (A)3

Tc (8C)
1r

tan d
Pi (nC/cm2 K)
Fi (10211 Am/W)
Fv (V cm2/J)
Fd (1025 Pa21/2)
Ps (mC/cm2)
Pr (mC/cm2)
Ec (kV/cm)

Tetragonal
4.03
3.83
1.05

59.12
190
83
0.0755

33
13.2

1796
1.77
3.70
2.16

189

Tetragonal
4.02
3.86
1.04

59.90
135
87
0.0411

43
17.2

2233
3.06

25.80
21.60

369

Tetragonal
3.97
3.89
1.02

60.07
120
99

0.1345
46
18.4

2099
1.69

40.25
28.12

110

constant. The same type of frequency dependent dielectric
behaviour is found in many ferroelectric ceramics [17,18].

RT variation of loss tangent with frequency is shown in
Fig. 3. The initial decrease of tan d with increasing
frequency may be described on the basis of Koops
phenomenological model [19]. Subsequently, tan d
increases with further rise in frequency and shows
maximum in the 1-10 MHz region because the active
component (ohmic) of the current increases more rapidly
than its reactive component (capacitive). At higher
frequencies ($MHz), tan d decreases with increasing
frequency because the active component of the current is
practically independent of frequency and the reactive
component increases in proportion to the frequency. This
type of variation has been observed in some of the
dielectrics [20]. As is clear from Fig. 3, the loss tangent
decreases initially with increasing frequency, followed by
the appearance of a resonance peak. This is also in
agreement with the theoretically predicted result on the
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Fig. 3. RT variation of loss tangent with frequency of PCT films
(x = 0:20; 0.24 and 0.28).

basis of Debye equation. The appearance of the resonance
peak can be explained as follows. If an ion has more than
one equilibrium positions, say two positions A and B, of
equal potential energies, separated by a potential barrier, the
probabilities of jump of ion from A to B and from B to A are
the same. Depending upon this probability, the ion
exchanges position between the two states with some
frequency, called the natural frequency of jump between the
two positions. When an external alternating electric field of
the same frequency is applied, maximum electrical energy is
transferred to the oscillating ions and power loss shoots up,
resulting thereby in resonance.

The Debye equation for the loss tangent [21] is:

tan 8 = (s s — £M)&)T/(£S + £M(&>T) ),

where 1s and 1v are the d.c. and high frequency dielectric
constants, T is the relaxation time equal to the reciprocal of
jump frequency in the absence of external electric field, and
co is the angular frequency of the applied field. In order to
know the value of frequency fm corresponding to the peak,
tan d is differentiated with respect to v and equated to zero.
This gives:

co = (es/e J 1 / 2 1 / T .

In the present work the loss tangent peak, for all the samples
at RT, is observed at frequencies in the range 1-10 MHz.
Since the value of 1s and 1v are almost the same at these
frequencies, it follows from the above equation that loss
factor exhibits a maximum for VT = 1 giving a value of
1=2PT for fm:

The observed variations of dielectric constant with
temperature for all the compositions are shown in Fig. 4.
Dielectric constant increases with temperature due to
interfacial polarization becoming more dominant compared
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Fig. 4. Variation of dielectric constant with temperature of PCT
films (x = 0:20; 0.24 and 0.28) at 1 KHz.

(a)

1-5

PCT (80/20)

to the dipolar polarization. After Curie temperature is
reached, the dielectric constant decreases due to the phase
transition from ferroelectric phase to the paraelectric phase.
The increase in dielectric constant with calcium addition is
due to the decrease of tetragonality and ease of 908 domain
orientation. Dielectric peaks observed indicate that the
Curie temperature Tc of PCT 80/20, PCT 76/24 and PCT 72/
28 to be about 190, 135 and 120 8C, respectively. It turns out
that Tc decreases with increase in calcium doping and this is
in agreement with the results reported by others [22]. The
dielectric peaks are fairly broad as commonly observed in
ferroelectric ceramics in thin films form and the broadening
can mainly be attributed to the compositional fluctuations
and structural disorders. Most of the diffuse phase
transitions studied in oxide ferroelectrics have occurred at
temperature ( ,400 8C) where the disorders are likely to be
frozen [23]. Thus one would not expect to find this type of
behaviour at high temperature where the defects are more
mobile in the lattice.

In all the films, ferroelectric polarization vs. electric
field loops have been observed and are shown in Fig.
5(a)-(c). The remanent polarization ðPrÞ increases with
increase in Ca content while the coercive field ðEcÞ first
increases for x = 0:24 and then decreases for x = 0:28:

Generally the Pr and Ec values observed in thin films
are known to depend strongly on the grain size and
internal stress [24]. It has been found from literature
survey [25] that grain size decreases with increase in
calcium doping. Water and solvent loss, organic
decomposition and pyrolysis of non-volatile species
occurring during heating result in constrained shrinkage
and residual tensile stress in the films. Additionally,
thermal mismatch effects between the substrate and the
film and phase transformations can also alter the
residual stress state. The combined effect of grain size
and internal stress may lead to increase in coercive field
in PCT (76/24). However, further decrease in coercive
field in PCT (72/28) might be because of the internal
stress effect becoming more pronounced as compared to
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Fig. 5. (a) Polarization-electric field hysteresis loop of PCT (80/20)
film. (b) Polarization-electric field hysteresis loop of PCT (76/24) film.
(c) Polarization-electric field hysteresis loop of PCT (72/28) film.

that due to grain size effect. The values of spontaneous
polarization and remanent polarization for PCT (72/28)
are found to be more, in comparison with the values
obtained by Tsuzuki et al. [26].
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The pyroelectric coefficient ðPiÞ is calculated using the
relation

applications as high impedance amplifier when the pyro-
electric element is the main noise source [30].

Pl=IIA{dTldt) 2

where I is the pyroelectric current measured during the third
heating cycle when it shows reproducible values, A is the
electrode area and dT=dt is the heating rate. The variation of
/>; with temperature is shown in Fig. 6. The pyrocoefficient
increases linearly with temperature in uniform manner for
all the compositions. Lead calcium titanate is both pyro-
electric and piezoelectric [14,27] and the strain resulting
from the thermal expansion will result in the development of
surface charges, thereby increasing Pi: As reported
earlier [28], calcium addition increases the piezoelectric
parameters and development of more surface charges takes
place. This increases the pyroelectric current and the
pyrocoefficient. The corresponding Curie temperatures
from the peak values of Pi are nearly equal to those
determined in the dielectric studies of the materials. The
observed values of pyroelectric coefficient Pi of PCT films
are given in Table 1.

The efficiency or figure of merit of a pyroelectric sensor
is evaluated in several ways; for example, voltage
responsivity [Fw = Pi/Cws'], current responsivity [F{ =
PJC^ and detectivity [FA = Pi=Cvð10 tan S)1/2]. Here Cv is
the specific heat of the ceramic at constant volume and is
taken as 2.5 J/cm3 K and 10 = 101R: AS explained by
Whatmore et al. [29], the figures of merit have been
calculated at 100 Hz. The calculated values of Fv; Fi and Fd

at 100 Hz of PCT films are also compared in Table 1. It can
be seen that PCT (76/24) shows fairly high voltage
responsivity and appreciable detectivity. Fv is a useful
figure of merit because the temperature change of the
sample is larger for smaller specific heat ðCvÞ material under
constant heating and the voltage generated by a certain
amount of pyrocharge becomes larger for smaller dielectric
constant material. Thus it may be inferred that PCT (76/24)
may be utilized for pyroelectric sensor device with its
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4. Conclusions

Thin films in the (Pb,Ca)TiO3 system have been
successfully prepared by sol gel processing on ITO coated
6059 glass substrates. The perovskite phase of PCT is
formed at 650 8C with a polycrystalline tetragonal structure.
The electrical properties of these films have been charac-
terized and ferroelectric hysteresis loops have been
observed. The pyrocoefficient and figures of merit have
been calculated and it is observed that PCT films show quite
good pyroelectric properties. PCT (76/24) is expected to
give high infrared detector performance due to its high value
of voltage responsivity and detectivity along with smaller
value of dielectric constant and loss tangent.
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