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Abstract

Polycrystalline samples of Ca-modified Pb(SnTi)O; (i.e., Pb; _,Ca,Sng 15Tip 8503, x = 0, 0.03, 0.06 and 0.09) were prepared by the precursor
solution method. X-ray diffraction (XRD) of the compounds suggests that they exhibit single phase with tetragonal crystal structure. SEM
micrograph of the materials shows uniform grain distribution on the surface of the samples. TEM micrographs of the above compounds reveal that
their particle size is less than 30 nm. Detailed dielectric studies of the compounds at different temperature suggest that with increasing Ca
concentration in the compound, the value of the dielectric constant first increases for (x = 0, 0.03 and 0.06) and then decreases for (x = 0.09). The
compounds do not exhibit any ferroelectric relaxor behavior, i.e., they exhibit diffuse phase transition and frequency dependent high permittivity.
Some impedance and electrical properties of the materials were studied using an impedance spectroscopic technique (CIS) in a wide range of
temperature (30-500 °C). The Nyquist plot clearly shows the presence of both bulk and grain boundary effects in all the compounds.

© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Since the discovery of ferroelectric properties in barium
titanate and lead titanate a large number of titanate and doped/
modified compounds described by the general formula ABOj;
(A = monovalent, B = tri/hexavalent ions) have been studied for
solid state devices. Titanates have been studied since last century,
due to their eminent properties such as dielectric [1], ferroelectric
[2], piezoelectric [3] and pyroelectric properties [4]. The
selection of dopants to tailor the physical properties of the
materials is based on many factors including (a) charge
neutrality, (b) tolerance factor (f) where ¢ is defined as
t=(ra+ ro)/\/ 2(rg + r,) where rp and rg are the average radius
of A and B site ions, respectively, and r,, is the ionic radius of
oxygen, (c) ionic radius and (d) solubility/miscibility [5,6]. It is
clearly concluded from the phase diagram of PbTiO3;—PbSnO;
that Pb(SnTi)O; solid solution (PST) can be prepared in various
crystal systems. Literature survey shows that PST in different Sn/
Ti ratios [7] has provided many interesting properties. It has also
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been reported that a higher percentage of Sn (>80%) in PST does
not show a perovskite phase with ferroelectric properties.
Therefore, we have studied the structural and electrical
properties of Ca-modified PST, with small concentration of
Sn (up to 15%). The impedance spectroscopy technique has been
used to separate the grain and grain boundary effect.

2. Experimental procedure

Polycrystalline PCST compounds were synthesized by a
solution based chemical method, which is less cumbersome,
more versatile and cost effective. This technique begins with
the preparation of a precursor solution in which the ions are
well dispersed on a molecular scale along with organic
compounds. A careful control of the removal of the organic
matrix provides the production of ultrafine (nanosized) powder
without agglomeration.

Fine powders of the compounds were prepared using high
purity raw materials: Pb(NO3),, Ca(NOs3),, SnC,04-solution,
EDTA, TEA, and titanium tartarate. As some of the metal
complexes (tin oxalate (SnC,0,4) and titanium tartarate) were
not commercially available, these were first prepared in the
form of solution in our laboratory as follows.
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Fig. 1. XRD pattern of PCST (x =0, 0.03, 0.06 and 0.09) compounds.

Titanium tartarate was prepared by dissolving titanium
oxide (Aldrich, 98%) in HF (Merck, 40% solution) (1:7 mole
ratio) and keeping the mixture in a water bath for 72 h. A clear
solution of titanium fluoro-complex was produced. Addition of
dilute ammonia to that clear solution resulted in the formation
of insoluble hydrous titanium hydroxide (TiO,, nH,O). The
respective hydrous oxide was then separated from the solutions
by filtration and was repeatedly washed with 5% ammonia

PSTIS

Sum x5, 908

Table 1

Comparison of lattice parameters (a and ¢ in A) with the standard deviation of
40.0012 A, volume V (in A), the crystallite size (P) in nm and density (D) in g/
cm? of PCST (x=0, 0.03, 0.06 and 0.09) compounds

X a c 1% P (XRD) P (TEM) D

0 4.0283 4.0072 65.02 18 22 3.63
0.03 4.0140 4.0039 64.34 16 27 3.56
0.06 4.0128 3.9953 64.33 14 19 4.01
0.09 3.9975 3.8824 62.04 20 25 3.98

solution to yield hydrous titanium oxide free from chloride
ions. After estimating the amount of TiO, present in TiO,-nH,O
by heating a small amount of it at 1000 °C for 2 h, the hydrous
TiO, was dissolved in tartaric acid (Quest, 99%) (1:4 mol) with
constant stirring at 60 °C for about 8 h to obtain titanium
tartarate.

Stannous oxalate (SnC,0,4) was prepared by mixing aqueous
solution of stannous chloride ions (Merck, 95%), ammonium
oxalate (SRL, 99%) and oxalic acid (SRL, 99.5%) in
1:1:1 mole ratio. The mixture was then kept in water bath
for 2 h, resulting in a white stannous oxalate residue. Clear
aqueous solution of stannous oxalate was obtained by treating it
with ammonical aqueous solution of nitrilotriacetic acid (Loba,
99%) (1:1 mol) at pH 5. The pH of the solution was adjusted
using dilute ammonia and formic acid solution. Lead nitrate
(Pb(NO3),) (BDH, 99%) (excess 1%) was added to ammonical
solution of ethylenediaminetetracetic acid (EDTA) (SRL 99%)
in 1:1 ratio in order to form Pb—EDTA complex and then
required amount of calcium nitrate (Ca(NO3),) (BDH, 99%)

eee3

r4-14%

Sum x5, 009

Fig. 2. SEM micrographs of PCST (x =0, 0.03, 0.06 and 0.09) compounds.
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Fig. 3. (a) TEM micrograph of PCST (x =0) compound. (b) Corresponding
SAED patterns.

was added to it to get Pb-EDTA and Ca-EDTA complex. EDTA
acts as hexadentate ligand in which, if any metal ion is added, it
forms a negatively charged metal complex, which prevents the
possibility of precipitation of the metal ions. Stoichiometric
amount of Pb-EDTA, Ca-EDTA, Sn-oxalate and Ti-tartarate
were mixed followed by addition of triethleyene amine (TEA)
(Merck, >97%) (5 mol of the total metal ion) resulting in a
clear precursor solution. The complexing agents helps to keep
the metal ions uniformly distributed throughout the solution at
the time of evaporation without undergoing precipitation or
segregation of the cations from the solution. Also, the
carbonaceous material generated from the complete evapora-
tion of the complexing agents provides heat through combus-
tion and facilitates the reaction at reduced external temperature
to get the desired fine powders. A fluffy, mesoporous-carbon
rich precursor mass was formed by complete evaporation of the
precursor solution by heating it at 200 °C. This was due to the
decomposition of the metal complexes, EDTA and TEA with
simultaneous evolution of dense fumes. The voluminous, fluffy
black carbonaceous mass was heated at 800 °C for 4 h to
produce the desired compounds in single phase which was
confirmed by X-ray diffraction using Cu Ko target
(A=1.5418 A) for a wide range of Bragg angles 26

(20° <20 < 80°) at a scanning rate of 2°/min. The calcined
powder was then used to make cylindrical pellets of 10 mm
diameter and a thickness of 1-2 mm using a hydraulic press at a
pressure of 6 x 107 N/m?. Polyvinyl alcohol (PVA) was used as
a binder to reduce the brittleness of the pellets. The pellets were
sintered at 1000 °C for 10 h in air. In order to prevent lead loss
(from the pellets) during sintering at high temperature, the
pellets were covered by lead zirconate. The sintered unpolished
flat surface of the pellet was gold coated by sputtering in order
to study the surface morphology of the pellets. The surface
morphology of the pellets was studied by means of a scanning
electron microscope (JEOL JSM-5800). To investigate the
quality of the samples and to estimate the particle size more
accurately, selected area diffraction patterns (SAED) were
taken by transmission electron microscopy (HITACHI-H 600).

In order to study the electrical properties, both the flat
surfaces of the samples were polished and covered with high
purity silver paint. All the silver painted samples were dried at
180 °C for 4h to remove moisture, if any. The electrical
measurements were carried out using a computer controlled
impedance analyzer (HIOKI 3532 LCR HITESTER) in the
frequency range of 100 Hz—1 MHz.

3. Results and discussion
3.1. Structure and microstructure

The formation of single-phase compounds was checked by
studying some aspects of structural analysis by X-ray diffraction
(XRD). The XRD patterns of all the four compounds
Pbl,XCaxSn0_15Tio_g5O3 (PCST with x = O, 003, 0.06 and
0.09) are shown in Fig. 1. This involves a reconstructive
molecular decomposition and spontaneous combustion of
polymer precursor from a high energy amorphous state [8].
As a consequence controlled nucleation growth of nanoparticles
has taken place at this temperature. All the reflection peaks were
indexed and the lattice parameters were determined in various
crystal systems using a computer program package ‘“powdmult”
[9]. On the basis of the best agreement between calculated (cal)
and observed (obs) interplanar d-spacings (dops and d.q), a
suitable unit cell of the compounds in the tetragonal system was
selected. The lattice parameters were refined by least-squares
fitting technique. The refined lattice parameters are given in
Table 1. The crystallite size was estimated from the broadening of
reflection peaks using the Scherrer’s equation, P = 0.89A/B,,
cosf [10,11] where B/, is the half peak width. Since powder
samples were used in taking XRD pattern, the broadening due to
mechanical strain and instrument errors was ignored.

The SEM micrographs of the sintered pellets are shown in
Fig. 2. The addition of excess Pb during sintering enhances the
densification of pellets. It leads to a liquid phase formation on the
grain boundaries in the initial stage of sintering, and thus
promotes a rapid densification process. This effect decreases the
residual porosity that occurs on microstructure. It is observed that
the shape of the grains been changed with the increasing doping
Caconcentration in PCST. Thus, doping has produced significant
effect on the microstructure of the samples.
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Fig. 4. Plot of variation of dielectric constant and tangent loss of PCST (x =0, 0.03, 0.06 and 0.09) compounds.

The TEM micrographs along with the SAED patterns are
shown in Fig. 3. The small spots can be identified as particle/
crystallite agglomerates. The particles are spherical in shape,
with average diameter of 20-30 nm. The corresponding
selected area electron diffraction of the samples was taken
some of which showed distinct rings (Fig. 3(b)), which are the
characteristics of assembly of crystallite/particle agglomerate.
The particle size calculated from TEM micrographs are given in
Table 1. It is seen that the crystallite size calculated from TEM
micrographs is larger than the calculated one using Scherrer’s
equation, due to the obvious fact that all the errors are not
eliminated while calculating the crystallite size.

3.2. Electrical properties

3.2.1. Dielectric properties

The temperature variation of dielectric constant of all the Ca
doped PST compounds is shown in Fig. 4. It has been noticed
that the transition temperature shifts towards higher tempera-
tures and that the value of the dielectric constant first increases

with increasing Ca concentration (up to 6%) but decreases (for
9% Ca-doped) in PST compounds. These compounds undergo a
phase transition from the ferroelectric to the paraelectric state at
382, 318, 386 and 414 °C for x=0, 0.03, 0.06 and 0.09,
respectively. This change may be related to several factors such
as (1) effect of doping, (2) domain reorientation and (3) stress
boundary condition on the individual crystallites [12]. For all
the frequencies 10, 50 and 100 kHz the dielectric constant (¢)
reaches a maximum at the same Curie temperature and the
value of ¢ at the transition temperature are 1210, 1583, 2093 and
1863 for x=0, 0.03, 0.06 and 0.09, respectively. The
compounds do not show frequency dispersion and hence
exhibit non-relaxor property, which means that there is no shift
in the transition temperature with frequency.

The temperature variation of the tangent loss of all the Ca
doped PST compounds are shown in Fig. 3. The sharp rise in
tan § may be due to the scattering of thermally activated charge
carriers and some defects in the samples. At higher temperature
the conductivity begins to dominate, which in turn responsible
for the rise in tand (i.e., o o< tan ). At high temperature
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(paraelectric phase) the contribution of ferroelctric domain
walls to tan § decreases, which is also responsible factor for the
rise in tan § at high temperature [13].

3.2.2. Impedance analysis

Impedance spectroscopy is a useful technique to analyze the
electrical properties of low conductivity materials and
electroceramics [14]. It helps in determining the relaxation
frequency and separation of grain and grain boundary effects.
This is particularly relevant for polycrystalline ferroelectric
materials in which the temperature-dependent variation of the
capacitance associated with the ferroelectric component
explains high value of the dielectric constant at Curie
temperature with Curie—Weiss decay above it. A polycrystal-
line material usually presents grain and grain boundary
properties with different time constants leading to two
successive semicircles. The second intercept of the high

-25
x=0
20 0 425°C
& 450°C
0 475°C
T ® 500°C
£
=
(=]
¥
= .10
N
54 mﬁﬁj:oOOODQ 0 °
(o] ¢ o]
(o]
0 .
T T T T T T T T T T
0 5 10 15 20 25
(a) Z'(Kohm)
70 84 -1000
-800
x=0.06 0 325°C
800 0 350°C
064 | o0 425°C| 5 viore
& 450°C| R
E 0 475°C 200 E00800 0 g
E o
-0.44 ® 500°C
< S
'N o 200 4§ICEKDh:5r?;) 800 1000
0.2 0000000
© o]
o]
0.0 m oy
T T T T T T T T T
0.0 0.2 0.4 0.6 0.8
(c) Z'(Kohm)

frequency semicircle with the real axis is the bulk resistance
(Rp) of the sample. The electrical properties are often
represented in terms of some complex parameters like complex
dielectric constant (8*), complex impedance (Z*), electric
modulus (M*) and tangent loss (tan §). They are related to each
other as Z*=27 —jZ'=Rs—1/jwC,, ¢ =¢ —jé',
M =M + jM" = jwe,Z*, tan§=¢"/e/ where ¢, is the
permittivity in free space, Ry and C, are the resistance and
capacitance in series and j = \/ —1 is the imaginary operator.
The above four expressions offer a wide scope for graphical
representation. In all ferroelectrics, in general the study of
electrical conductivity that is calculated from impedance
formalism since the associated physical properties like piezo-
electricity, pyroelectricity are dependent on the order and
nature of conductivity in the materials [15]. The plot of Z' with
Z" at various temperature is shown in Fig. 5. The presences of
two semicircles in all the plots show the presence of both bulk
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Fig. 5. Plot of real part of impedance (Z') with imaginary part of impedance (Z”) of PCST (x =0, 0.03, 0.06 and 0.09) compounds.
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property and non-homogeneous electrical behavior of grain
boundaries. Each semicircle is represented by a parallel RC
circuit that corresponds to individual components of the
material. The variation of real part of impedance (Z') with
frequency at different temperature and various concentration of
Ca is shown in Fig. 6. The magnitude of Z decreases on
increasing temperature, which indicates the increase in a.c.
conductivity. Large value of Z' at low frequency and
temperature clearly shows the effect of polarization in the
samples under present study. At higher frequency the value of Z/
merges for all temperature for PCST (x =0 and 0.09) ions
which clearly indicates the presence of space charge polariza-
tion [16] due to which there must be a reduction in the barrier
properties of the material with rise in temperature and this may
be a responsible factor for the enhancement of a.c. conductivity
of the material with temperature at higher frequencies. The
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nature of the curves implies that complex impedance of
electrode-material-electrode capacitor could be demonstrated
as the sum of the single RC circuit with parallel combination
[17]. Therefore,

Z'(T) = Z(T) /0 ) yi(ff;i(:)
which gives:
Z(0.7) - () [T

0 1 +w2r2

where 7 = RC, relaxation time. y(z, T) determines the distribu-
tion of relaxation times. In case of a broad spectrum
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Fig. 6. Plot of real part of impedance (Z') with frequency of PCST (x =0, 0.03, 0.06 and 0.09) compounds.
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Fig. 7. Plot of imaginary part of impedance (Z") with frequency of PCST (x =0, 0.03, 0.06 and 0.09) compounds.

(i.., Tmin < T < Tmax)» Z” could be approximated as discussed
by others [18]: Z" (w, T) =2 KZy(Dy(r, T) where K is a
constant.

Fig. 7 provides a plot of the imaginary part of impedance
(Z") with frequency. This representation is most suitable to
evaluate the relaxation frequency, which provides an indication
about the presence of space charge polarization. There was a
clear dispersion of the resultant curves in the low frequency
region at different temperature, which merges at higher
frequency irrespective of temperature in the entire sample.
The broadening of peaks suggests that there is a spread of
relaxation times, involving more than two equilibrium
positions. The significant broadening of peaks on increasing
temperature suggests the presence of a temperature-dependent
relaxation process in the materials. The relaxation process may
be due to the presence of electrons/immobile species at low
temperature and defects at higher temperature [19]. The a.c.

conductivity was calculated using the relation o,. = weeytand,
where w is the angular frequency, tan § is the dissipation factor,
¢ is the relative dielectric constant and &, is the permitivitty in
free space.

The plot of a.c. conductivity with different frequencies for
all the compounds is shown in Fig. 8. The power law
dependence of a.c. conductivity is of a universal nature and
corresponds to a short range hopping of charge carriers
through trap sites separated by energy barriers of varied
heights. Each pair of potential well corresponds to a certain
time constant of transition from one site to another. The
conductivity o(w) can be written as o(w) = o4. + Aw" known
as Jonscher’s power law [20] where n is the frequency
exponent in the range of 0 <n < 1. According to Jonscher,
the origin of frequency dependence of conductivity lies in the
relaxation phenomena arising due to mobile charge carriers.
The low frequency dispersion has been attributed to the a.c.
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Fig. 8. Plot of a.c. conductivity with frequency of PCST (x =0, 0.03, 0.06 and 0.09) compounds.

conductivity whereas the frequency independent plateau
region in he conductivity pattern corresponds to the d.c.
conductivity of the materials sample. The temperature at
which the grain resistance dominates over grain boundary
resistance is marked by a change in slope of a.c. conductivity
with frequency. The frequency at which the slope change
takes place is known as the hopping frequency, which
corresponds to polaron hopping of charged species [21]. The
hopping frequency shifts to higher frequency side with
temperature. The charged species that have been accumu-
lated at the grain boundaries have sufficient energy to jump
over the barrier with increasing temperature and hence
increase the conductivity.

4. Conclusion

The nanosized powders were prepared by calcination of
precursors obtained after complete dehydration of a solution
comprising the ions complexed with TEA and EDTA. The low
temperature exothermic decomposition of the organic based
precursor materials resulted in high local temperatures,
facilitating a solid—solid phase reaction between constituent
ions and resulting in the formation of single-phase material at
relatively low temperature. Studies of the electrical behavior for
all the four compounds using complex impedance analysis
(CIS) provide the presence of both bulk and grain boundary
effects. A temperature-dependent relaxation phenomenon was
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also clearly observed. The compounds exhibit a negative
temperature coefficient of resistance (NTCR) behavior.
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