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Abstract
Lead-free (1-x)SrTiO3-xCaZrO3 solid-solution
ceramics (x= 0.05, 0.10, 0.15, 0.20) were synthesized
via the conventional solid-state route to investigate
structure-microstructure-dielectric relationships.
X-ray diffraction patterns of the samples confirmed
single-phase formation for all compositions,
forming cubic perovskite structure (space group
Pm − 3m). Raman spectra were consistent with
the perovskite lattice and local vibrational features,
confirming perovskite structure. SEM micrographs
revealed noticeable porosity for lower CaZrO3

contents (x = 0.05-0.15) and a more compact
morphology at higher CaZrO3 content, with a slight
decrease in grain size as x increases (average grain
size ≈ 0.49µm). Dielectric measurements show
pronounced frequency dispersion: the relative
permittivity decreases with increasing frequency,
consistent with dielectric relaxation behavior.
Increasing CaZrO3 content decreases the relative
permittivity and decreases dielectric loss. The
x = 0.20 sample showed reduced low-frequency
loss, consistent with improved resistivity and
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densification. These results show that composition
control in the SrTiO3-CaZrO3 system provides
a practical route to tailor dielectric response in
lead-free perovskite ceramics.
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1 Introduction
Perovskite oxides with the general formula ABO3

are widely studied as dielectric ceramics because
their crystal framework is chemically stable and can
accommodate extensive compositional tuning [1, 2].
This flexibility enables the optimization of dielectric
constant, dielectric loss, and electrical resistivity
required for multilayer ceramic capacitors, sensors,
actuators, and microwave components. Among
the perovskite structures, SrTiO3 (STO) has been
widely investigated for microwave and high-voltage
dielectric applications because it can combine a
relatively high permittivity with low loss when
processed appropriately [3–5]. Its dielectric response
is strongly influenced by defect chemistry and
processing history. In particular, oxygen vacancies
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can produce low-frequency dielectric relaxation
and can contribute to electrical conduction and
loss, while aliovalent doping can further tune these
behaviors [6, 7]. Such defect-related relaxation has
been reported in modified STO-based ceramics, where
the relaxation and conductivity trends are often linked
to oxygen-vacancy migration and related transport
processes [8, 9]. Because leakage and dielectric loss
typically increase under conditions that promote defect
conduction, controlling defects and microstructure is
central when STO-based ceramics are considered for
energy-storage dielectrics. Similarly, CaZrO3 (CZO)
is another perovskite oxide of interest for dielectric
applications due to its high thermal and chemical
stability and its potential for low-loss dielectric
performance [10]. Structural studies describe CZO
as a perovskite system with temperature-dependent
polymorphism and perovskite-type octahedral
frameworks that can host defects and dopants
relevant to electrical transport [11, 12]. CZO ceramics
have also been investigated as dielectric materials
for multilayer capacitor concepts and microwave
dielectrics, supporting its use as a functional
component in perovskite dielectric design [13, 14].
Within this context, combining STO and CZO
through a solid-solution or composite approach
provides a route to tune lattice chemistry, defect
sites, and microstructure together. Recent work on
CZO-STO-based ceramics reports high-temperature
dielectric relaxation and energy-storage-relevant
dielectric behavior, indicating that composition
can be used to modify dielectric response and loss
characteristics [15]. Therefore, in this study, lead-free
(1-x)STO-xCZO ceramics with x = 0.05, 0.10,
0.15, and 0.20 were fabricated by a conventional
solid-state route and examined to establish
composition-structure-microstructure-dielectric
relationships relevant to dielectric and energy-storage
applications.

2 Experimental procedure
Lead-free (1-x)STO-xCZO ceramics with x = 0.05,
0.10, 0.15, and 0.20 were synthesized using a
conventional solid-state route. Reagent-grade SrCO3,
TiO2, CaCO3, and ZrO2 powders (> 99.0%, Sigma
Aldrich) were dried at 200 °C to remove absorbed
moisture and then weighed according to the required
stoichiometry. The weighed batches were mixed and
milled in acetone for 1 h using an agate mortar and
pestle to limit contamination. Themixed powderswere
calcined at 1000 °C for 6 h in an alumina crucible to
complete the reaction and remove carbonate species,

followed by re-milling to break agglomerates. The
calcined powders were uniaxially pressed into pellets
using an 8 mm die (typical pellet thickness ≈ 1 mm
and diameter ≈ 7 mm) at a nominal pressure of 100
MPa and then sintered in an alumina (corundum)
crucible using a muffle furnace. The sintering
schedule is reported as 1375–1400 °C for 8 h, with
the principal set sintered at 1400 °C for 8 h to densify
the ceramics through diffusion-driven mass transport
during electro-ceramic sintering.

Figure 1. X-ray diffraction patterns of (1-x)STO–xCZO with
x = 0.05, 0.10, 0.15, and 0.20 ceramics.

Figure 2. Raman spectra of (1-x)STO–xCZO with x = 0.05,
0.10, 0.15, and 0.20 ceramics samples.

Phase formation and crystal structure were examined
by powder X-ray diffraction using Cu Kα radiation
over 2θ = 20◦–80◦ on an AXRD LPD Proto Powder
X-ray diffractometer (GIKI, Pakistan), and d-spacings
were evaluated using Bragg’s law. Raman spectra
were recorded at room temperature using aMultiRAM
FT-Raman spectrometer (Bruker, Germany) with 1064
nm Nd:YAG excitation and a spectral resolution of 4
cm−1. Microstructures were examined on polished
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Figure 3. SEM images of the (1-x)STO–xCZO (x = 0.05 0.20) ceramic samples sintered at 140°C.

Figure 4. Relative permittivity of ceramic sample (1-x)STO–xCZO (x = 0.05, 0.10, 0.15, 0.20).

and thermally etched surfaces using SEM (Carl
Zeiss EVO 15, W-filament; GIKI, Pakistan). For
dielectric measurements through impedance analyzer

(microstate), both sides of each pellet were coated
with silver to form parallel-plate capacitors. The
relative permittivity εr was calculated from εr =
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Figure 5. Tan δ function of ceramic sample (1-x)STO–xCZO (x = 0.05, 0.10, 0.15, 0.20).

Ct/(ε0A), where C is the measured capacitance, t is
the sample thickness, A is the electrode area, and
ε0 = 8.854 19× 10−12 F/m.

3 Results and Discussion
X-ray diffraction patterns of (1-x)STO–xCZO ceramics
(x = 0.05, 0.10, 0.15, 0.20) measured at room
temperature are shown in Figure 1. All compositions
exhibit sharp reflections, indicating good crystallinity.
Within the detection limit of the available XRD setup,
no secondary phases are reported, supporting the
formation of a single-phase solid solution across the
studied composition range. The patterns are indexed
to a cubic perovskite structure, consistent with the
reference pattern used, and the lattice constant is
reported as a = b = c ≈ 3.92Å for the cubic phase.
Room-temperature Raman spectra recorded in the
range 0–1200 cm−1 are presented in Figure 2.
Multiple bands are observed and discussed in the
source document in terms of three spectral regions,
including low-wavenumber features associated with
A-site-related vibrations and modes linked with B–O
bonding and BO6 octahedral units. In the assignments
given, the low-frequency band in the 0–190 cm−1

region is attributed to Zr–O vibrations, while bands
in the 200–300 cm−1 region are attributed to Zr–O

bending. The bands in the A-site regions A1 and
B-mode are assigned to A–O vibrations, which are
influenced by the mismatch in the valence of the
cations. The presence of these Raman features is used
in the manuscript to support local structural effects
associatedwith CZO incorporation into the STO lattice.

SEM micrographs of polished and thermally etched
ceramics are shown in Figure 3. For x = 0.05, 0.10, and
0.15, the microstructure is described as porous, with
a reported average grain size of 0.51, 0.50, 0.48µm,
respectively. With increasing CZO content, the
grain size is reported to decrease slightly, and the
microstructure becomes more compact; the x = 0.20
composition is described as comparatively denser with
average grain size of about 0.47µm, with reduced
visible porosity relative to lower-x samples. This
densification trend is consistent with the improved
dielectric-loss behavior noted for the highest CZO
content.

The frequency dependence of relative permittivity
εr for all compositions is shown in Figure 4. For
each sample, εr decreases with increasing frequency,
consistent with dielectric relaxation behavior and the
reduced ability of polarization mechanisms to follow
the alternating field at higher frequencies. Increasing
the concentration of CZO decreases εr overall and
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modifies the loss response: loss tangent (tan δ) is
reported to be higher at low frequencies and then
to decrease with increasing frequency as shown in
Figure 5. Compared with the lower-x samples, x =
0.20 shows a clearer reduction in low-frequency loss.
This reduced low-frequency tan δ for x = 0.20 is
interpreted in this article as indicating improved
electrical resistivity and is discussed together with
the more compact microstructure observed for this
composition.

4 Conclusion
Lead-free (1-x)STO-xCZO ceramics with x =
0.05, 0.10, 0.15, and 0.20 were fabricated using a
conventional solid-state route with calcination at
1000 °C and high-temperature sintering (reported
up to 1400 °C). X-ray diffraction confirms formation
of a single-phase cubic perovskite structure for
all compositions within the detection limit of the
instrument, indicating incorporation of CZO into the
STO lattice over the studied range. Raman spectra
show composition-dependent vibrational features
consistent with the perovskite lattice and Zr-O-related
modes, supporting local structural changes associated
with CZO addition. SEM analysis shows porous
microstructures at lower CZO contents (x =
0.05–0.15), while increasing CZO content slightly
reduces grain size and produces a more compact
microstructure, most evident for x = 0.20. Dielectric
measurements show clear frequency dispersion for all
samples, with εr decreasing as frequency increases.
Overall, CZO addition slightly decreases εr with the
decreasing dielectric-loss behavior at higher x; in
particular, x = 0.20 shows reduced low-frequency tanδ,
consistent with enhanced resistivity and improved
densification (95% of the theoretical density). These
results show that composition control in the STO-CZO
system can be used to tune microstructure and
dielectric response in lead-free perovskite ceramics
for dielectric and energy-storage-relevant applications.
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