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Abstract: Lead-free SryCay4TiO; (SCT) ceramic was prepared by the solid state reaction
route. X-Ray diffraction technique showed the phase purity and identified the orthorhombic
perovskite structure of the material. Scanning Electronic Microscopy observation
evidenced homogeneous morphology and dense microstructure for the ceramic. The
dielectric and conductivity properties of the sample were studied using complex impedance
measurement technique in a wide range of frequencies and temperatures: from 100 Hz to
1.8 GHz and from 25°C to 550°C. The ceramic exhibits a stable dielectric permittivity and
low dielectric losses in frequency and temperature up to 200°C. This is very interesting in
view of developing high-quality lead-free ceramic capacitors for applications requiring
high temperatures; for example, in cars. The increase in dielectric permittivity for
temperatures higher than 200°C may be related to oxygen vacancies that are heat-activated
in the material. Dielectric losses show the existence of a dielectric relaxation at low
temperatures and low frequencies. Conductivity measurement investigated at high
temperatures show on one hand high AC conductivity values attributed to the high
temperature jumping process and on the other hand two electrical conductivity mechanisms
above 400° C in the material.

Keywords: Strontium calcium titanate, Ceramic, Structure, Dielectric properties,
Conductivity.
Introduction

Due to the multiplication of standards and
norms of telecommunication systems and in the
era of miniaturization, an important need for
frequency tunable components and
multifunctional devices appears [1-4]. Many
solutions can be considered, among which is the
introduction of new materials and/or new
structures able to modify the properties of the

devices constituted thereof. In order to do so, we
must use materials presenting low losses and
high dielectric permittivity stable in frequency
and temperature [5]. Most electronic components
contain lead-based materials, because of their
interesting electric and ferroelectric properties.
Among them are pure PbTiO; or doped
(Pb,Zr)Ti0; [6-7]. For environmental reasons, as
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evidenced by the legislation passed by the
European Union in this effect [8-9], all research
turned toward the  environment-friendly
materials. It is now necessary to replace Pb-
based materials with lead-free materials [10].
Barium titanate (BaTiO;) material has good
dielectric properties which make it the most used
base material to elaborate high dielectric
permittivity capacitors [11]. However, the
variations of its dielectric permittivity with
temperature are too important for practical

applications [12]. The strontium titanate
(StTiOs), which is another simple perovskite
ABO; ferroelectric  material, displays a

paraelectric behavior with cubic symmetry at
room temperature [13]. Additionally, this
material presents high dielectric permittivity and
low dielectric losses at high frequency [14],
which  gives advantages for electrical
applications. To improve the electrical properties
of SrTiO; ceramics, it is possible to substitute A-
sites with another divalent cation, such as Ba*',
Mg, Ce*" or Ca®" [15-20]. In particular, the
Sr;..Ca,TiO; solid solution undergoes phase
transition and exhibits different structures and
behaviors, depending on the composition of
calcium. It shows a ferroelectric behavior for the
composition range 0.0018 < x < 0.016, a relaxor
one for 0.016 <x < 0.12 and an anti-ferroelectric
one for 0.12 < x < 0.4 such as for example
around 185 K for x=0.25 [21-22]. Recent studies
conducted at low frequencies have shown that it
is possible to increase the dielectric constant
value of the SrTiO; ceramic by doping with low
calcium rates from 2% to 4% [23] or decreasing
it for rates higher than 12% [24]. In the present
work, we report on the structural and dielectric
properties of strontium calcium titanate
(Sr;«Ca,TiO3) ceramics in which strontium is
substituted by a high rate of calcium, which is
40% to obtain lead-free ferroelectric materials
with improved properties for electronic
radiofrequencies and microwave applications. In
fact, the lowest losses have been measured on
high rates of calcium [25-26]. We have studied
this bulk material both at room temperature in a
large frequency range from 100 Hz to 1.8 GHz
and in a large temperature range from room
temperature to 510°C to evaluate its possible use
in high-temperature and/or high-frequency
environments. The measurement of complex
impedance spectroscopy was used for dielectric
characterization.
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Experimental

Ceramic samples with 3 mm of diameter and
3 mm of thickness were prepared by the
conventional  solid-state  reaction  method.
Sry6Cag4TiO; samples (SCT) were prepared
using stoichiometric proportions of high-purity
powders of strontium carbonate (SrCO;) (Fluka,
98%), calcium carbonate (CaCO;) (Fluka, 98%),
and titanium oxide (TiO,) (Prolabo, 99%).
Appropriate quantities of these precursors were
then weighed, thoroughly mixed and pestled in
an agate mortar and subsequently calcined at
1250°C in alumina crucibles under an air
atmosphere for 15 hours. After cooling, the
obtained powder was ground and then pressed
under a load of 0.5 ton into pellets of 3-mm
diameter and 3-mm thickness. The pellets were
subsequently sintered at 1400° C for 5 hours in
air. X-ray diffraction (XRD) analysis was
performed at room temperature on the powdered
samples, in a Philips X’PERT system, with a Ka
radiation (A=1.54056 A) at 40 kV and 30 mA,
with a step of 0.05° and a time per step of 1
second. Microstructures were examined by
Scanning Electronic Microscopy (SEM). Silver-
paint electrodes were deposited on the samples
for electrical measurements. Temperature and
frequency dependences of the dielectric
permittivity and loss-tangent of the ceramics
were investigated from 80 K to 800 K and from
20 Hz to 1 MHz using an Agilent 4284A LCR
meter.

Results and Discussion

Fig. 1 shows the XRD patterns of the SCT
powder at room temperature. All the peaks of the
XRD diagrams were indexed to the pure
perovskite phase. The peaks are intense and very
narrow, showing good crystallinity of the
samples. No peaks were detected which could be
assigned to secondary phases or unreacted
oxides. The observed peaks are characteristic of
an orthorhombic structure [22] according to
International Center Diffraction Data (ICDD)
files Ref. 01-089—8032. The lattice parameters
are calculated using the unit-cell refinement
software Celref [27]. The (a, b, ¢) dimensions
and unit cell volume values are respectively:
5.4960 A, 5.4881 A, 7.7418 A and 233.51 A,
The average crystallite size calculated by the
Scherrer’s Eq. (1) is about 42 nm.
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FIG. 1. XRD patterns of Sry4Cag4Ti05 powders.

ka2
- B.cos O (1)

B: Peak width at half maximum height (FWHM)
(rad);

0: Bragg diffraction angle;

\: X-ray wavelength (1.5406 A);

k: Dimensionless shape factor (0.9).

; where:

Fig. 2 shows the SEM microphotograph of
the SCT ceramic. The microphotograph shows a
homogeneous microstructure and well-developed
grain morphologies. The average grain size is
estimated using the MagniSci software and is
about 2 pm which is about 45 times the average
crystallite size. The average grain boundary size
is about 0.05 pm. The compactness of the SCT
ceramic is about 93%.

FIG. 2. SEM microphotograph of the Sry¢Cag 4TiO; ceramic.

Fig. 3 presents the frequency dependence of
the dielectric permittivity & of SCT ceramic
from 100 Hz to 1 GHz at room temperature. The
dielectric permittivity shows a good stability all
over the frequency range (¢’ = 200). This is an
advantage for high-frequency components. This

¢’ value is lower than that reported for low
calcium rates (x = 0.02 and ¢ = 310) [23]. In
fact, doping with Ca rates higher than 12%
decreases the dielectric permittivity value, as
shown in recent studies [24].
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FIG. 3. Dielectric permittivity (g’) of the SrysCag 4TiO; ceramic in frequency at room temperature.

The frequency dependence of the dielectric
loss tangent (tgd) of SCT ceramic from 100 Hz
to 1 GHz at room temperature is shown in Fig. 4.
The dielectric loss tangent decreases from 100
Hz to 1 MHz down to 3.10™ due to space-charge
polarization losses and increases from 10 MHz
to 1 GHz up to 6.107 due to intrinsic losses [28].

radiofrequency and microwave applications,
especially as the dielectric permittivity of the
ceramic is stable over the whole frequency
range. It was not possible to collect accurate data
from 1 MHz to 12 MHz, because the pellet
resistance was too high and definitely out of the
measurement range for the HP4291A.
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FIG. 4. Dielectric loss tangent (tgd) of the Sry 4Cag4Ti0;5 ceramic in frequency at room temperature.

Fig. 5 shows the temperature dependence of
the dielectric permittivity of SCT ceramic from
room temperature to 510°C at different
frequencies from 100 Hz to 1 MHz The
dielectric permittivity is constant (¢’= 200) in
temperature up to 200°C for all the frequencies
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and no phase transition is observed. This
stability of the dielectric permittivity in
frequency and temperature up to 200°C is very
interesting and shows that SCT could be used in
ceramic capacitors applied to high-temperature
environments, such as the automotive or military
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field for example [29]. The dielectric
permittivity is stable over a temperature range
which is all the more so as the frequency
increases. Indeed, it is almost stable from room
temperature to about 300°C for f = 1 kHz, to
about 375°C for f= 10 kHz and above 500°C for
f = 1 MHz. For each temperature, there is
therefore a threshold frequency F,, since at this
frequency, the dielectric permittivity starts to rise
at this temperature. It can be noted that above
450°C, a peak can be seen clearly for example at

1 GHz and about 500°C with &' = 4000. Its origin
may be a relaxation, but more probably an
extrinsic effect of Maxwell-Wagner interfacial
polarization between the grains (semiconductors)
and the grain boundaries (electrical insulators).
The maximal amplitude of the peak decreases as
the measurement frequency increases. At a given
g', for example 1000, it is observed that the
frequency increases as the temperature increases,
which means that the Maxwell-Wagner
polarization is thermally activated [30].
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FIG. 5. Dielectric permittivity (g”) of the Srq ¢Cag 4TiO; ceramic in frequency and temperature.

The temperature dependence of the threshold
frequency is shown in Fig. 6. The threshold
frequency increases with increasing temperature.
The calculated activation energy (1.74 eV)

4?6 410 3?3

shows that the increase in dielectric permittivity
with temperature may be related to oxygen
vacancies that are heat-activated in the material
[31].
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FIG. 6. Threshold frequency (Fr) of the Sry¢Ca(4TiO; ceramic in temperature.
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The temperature dependence of the dielectric
losses of SCT ceramic from room temperature to
510°C at different frequencies from 100 Hz to 1
MHz (Fig. 7) shows that the dielectric losses
remain smaller than 10 up to 200°C from 100 Hz
to 1 MHz. The minimum ¢’’ value obtained is
107 at 10 kHz and 100°C. These low of values
are very interesting for the development of high-
quality factor lead-free ceramic capacitors for
applications requiring high temperatures. For
frequencies lower than 1 MHz, &’ shows a

minimum around 100°C, which could indicate
the existence of dielectric relaxation at low
temperatures and low frequencies. Fig. 4
illustrates tgd as a function of frequency. The
sharp increase in dielectric losses above about
200°C may be attributed to impurities and
thermally activated charge carriers and possible
high  electrical conductivity at theses
temperatures in the material [32].
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FIG. 7: Dielectric losses (¢’”) of the Sry¢Cag4Ti0; ceramic in frequency and temperature.

Fig. 8 presents the frequency dependences of
dielectric permittivity and dielectric losses at
450°C from 100 Hz to 1 MHz. The dielectric
permittivity & decreases significantly as the
measuring frequency increases. This is due to
charging mechanisms at the electrodes [33].
Indeed, at low frequencies, ions have enough
time to accumulate at the interface of the
conductive regions, but at high frequency, they

cannot accumulate at the interface and therefore
cannot be polarized. Dielectric losses &’
decrease as the measurement frequency
increases, like €’. This frequency effect at high
temperature on dielectric losses is attributed to
the formation of a space charge region at the
electrode-sample interface (contribution on ¢g'),
explained in terms of oxygen vacancies diffusion
[34].
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FIG. 8. Dielectric permittivity (&”) and dielectric losses (g”’) of the Sry¢Ca4Ti05 ceramic in frequency at 450°C.

206



Electrical Properties in Large Frequency and Temperature Ranges of Sr; ¢Cag 4TiO3 Ceramics

Electrical conductivity makes it possible to
explain the phenomenon of ion transport in the
material. The real part of the electrical
conductivity ¢’ of a material is given by the
formula: 0’ = w.€y. €

According to Jonscher, the origin of the
evolution of the conductivity as a function of
frequency is due to ionic relaxation in the
material [35]. The temperature dependence of

the conductivity of the SCT ceramic is shown in
Fig. 9, from room temperature to 510°C and at
different frequencies from 100 Hz to 1 MHz. At
a given frequency, the conductivity has the same
temperature-dependent  appearance as the
dielectric losses (Fig. 7), which shows that the
dielectric losses are also due to the electrical
conductivity in the material.
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FIG. 9. Conductivity (c”) of the Sr(¢Ca(4TiO; ceramic in frequency and temperature.

Fig. 10 shows the Arrhenius plots of Inc’
versus 1/T for the ceramic at different
frequencies: from 100 Hz to 1 MHz. The
conductivity ¢’ increases strongly  with
temperature from 127°C for frequencies between

100 Hz and 100 kHz and from 400°C for 1 MHz.

225
1

This variation is attributed to the charge carriers
hopping due to the high temperature jumping
process [36]. At 1 MHz, ¢’ is constant up to
300°C with a value of about 3x10™* S/m. Above
400°C, the conductivity is thermally activated
with the Arrhenius formula (2).
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FIG. 10. Conductivity (c”) of the SryCa(4TiO; ceramic in frequency and temperature.
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Fig. 11 shows the Arrhenius plots of In ¢’
from 400°C to 510°C and at different

frequencies from 100 Hz to 1 MHz The
calculated activation energy E, decreases with
the increase of frequency: from 1.38 eV at 100
Hz to 0.86 ¢V at 5 kHz. For frequencies higher
than 5 kHz, the activation energy increases

slightly until 0.93 eV at 100 kHz and then
decreases to 0.84 eV at 1 MHz. The activation
energy is due to the movement of the charge
carriers and to jumps of oxygen vacancies as
well as to structural defects at high temperatures
[36-37]. The values obtained show that the
activation energy is due to the clustering and
dissociating processes of the oxygen vacancies
[38].
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FIG. 11. Arrhenius plots of the conductivity of the Sry¢Cay4TiO; ceramic from 400°C to 510°C given for
frequencies ranging from 100 Hz to 1 MHz.

Fig. 12 shows the frequency dependence from
100 Hz to 1 MHz of the conductivity activation
energy E,. All E, values have been extracted
from Fig. 11, where the temperature ranges from
400°C to 510°C. This curve shows two distinct
regions: The first in low frequency from 100 Hz
to 5 kHz and the second in medium frequency
from 5 kHz to 1 MHz. In the first region, the
activation energy decreases significantly with the
increase of frequency, while in the second, it
increases slightly. The low frequency region
could first concern continuous conductivity and
then grain boundaries. In fact, at low frequency,
the continuous conductivity is sensitive to long-
range ion transport usually determined by much
higher activation energies [39]. In addition, in
grain boundaries, the activation energy is higher

208

than that in grains due to potential barriers in
grain boundaries. The second region could
mainly concern oxygen vacancies in the ceramic
grains. The activation energy is lower in this
region due to short-range ordering of oxygen
vacancies [40]. The respective contributions of
grains and grain boundaries to the electrical
conductivity of the ceramic, at low frequency for
grain boundaries and at high frequency for
grains, are proven by complex impedance
measurement results obtained otherwise [41].
The slight increase in activation energy at high
frequency may be due to the creation of charge
carriers, such as the formation of doubly-ionized
oxygen vacancies [36, 42-47].
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FIG. 12. Conductivity activation energy (E,) of the Sr¢Ca(4TiO; ceramic as a function of frequency. All E,
values are related to temperatures ranging from 400 to 510°C.

Conclusion

SryCag4Ti0; ceramic was prepared using the
solid-state reaction route. XRD analysis revealed
an orthorhombic perovskite structure of the
material. The ceramic presents homogeneous
morphology and dense microstructure. The
ceramic exhibits stable dielectric permittivity
and low dielectric losses in a wide frequency
range from 100 Hz to 1.8 GHz and at
temperatures up to 200°C, which shows that the
ceramic is a good candidate for the development
of monolithic ceramic capacitors dedicated to

high-frequency lead-free components and/or to
extremely  high-temperature  environments.
Increasing the temperature beyond 200°C
resulted in an increase of the oxygen vacancy
concentration and thermally activated charge
carriers, which led to an increase of both the
dielectric permittivity and dielectric losses. The
evolution of the conductivity activation energy
as a function of frequency above 400°C can be
linked to the existence of two conduction
mechanisms in the material.
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