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Abstract
This study focuses on the solid-state processing
optimization of SrTi1−xFexO3 (STFO) ceramics
with 0.00 ≤ x ≤ 0.11. X-ray diffraction reveals a
single-phase cubic structure (space group Pm3̄m)
with lattice constant a = b = c = 3.91Å and
a maximum relative density of ∼94%. SEM
confirms well-formed grains in both pure and
Fe3+-doped SrTiO3. TGA/DSC indicates low
weight loss and high thermal stability for the
x = 0.09 composition. Electrical conductivity
increases with frequency, accompanied by higher
dielectric losses for x = 0.09 and x = 0.11. FTIR
verifies the Ti-O octahedral stretching frequency
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at 530 cm−1, consistent with the cubic perovskite
structure. The maximum Seebeck coefficient is
observed at x = 0.09, aligning with electrical data
and confirming semiconducting behavior. Notably,
calcined powders exhibit soft ferromagnetic loops,
whereas sintered solids display antiferromagnetic
loops, revealing intriguing magnetic properties.
Overall, the optimized x = 0.09 composition shows
significant promise for applications requiring
enhanced electrical and magnetic characteristics.

Keywords: eco-friendly, SrTi1−xFexO3 perovskites,
dielectric properties, Seebeck coefficient.

1 Introduction
Fe-doped STO is a p-type semiconductor material
that can be used as a thermoelectric material at
high temperature range. The significant rise in
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research in thermoelectric ceramics has potential to
tackle energy crises issues and miniaturization of
power devices [1–5]. The devices based on these
materials have niche applications and are used in space
exploration devices. STO is an excellent perovskite
having high melting point, a wider range of defect
chemistry and exhibits semiconducting behavior on
donor/acceptor doping [6–8]. Researchers have
concentrated their efforts in the development of
environmental friendly oxide ceramic having potential
of utilization of wasted heat [9, 10]. The wasted energy
(in the form of heat) released by electronics, factories,
automobiles, and power plants is of great interest, and
thermoelectric materials have received a lot of study
for this purpose [11–16]. Particularly, the perovskite
structure of strontium titanate (SrTiO3), lead-free
composition, results in an enhancement of desired
properties, including excellent thermal and chemical
stability, low dielectric loss, and a high dielectric
constant [17]. Subsequently, it has gained widespread
popularity as a versatile ceramic material extensively
employed in diverse applications, including sensors,
actuators, electro-optical devices, random-access
memory, and multilayer capacitors [18, 19]. The
synthesis method employed significantly influences
the composition, structure, particle size distribution,
crystal characteristics, and surface attributes of
powders and ceramics [18]. Cubic SrTiO3 (STO) of
the perovskite-type may be doped to yield compounds
with potential thermoelectric properties across a
broad temperature range [20–24]. The popularity
of SrTiO3-based oxide thermoelectric materials has
increased because of their low cost, non-toxicity, and
high redox flexibility and thermal stability [25, 26].
When SrTiO3 is doped with pentavalent elements at its
B-site cation and trivalent elements at its A-site cation
converts it from an insulator to a semiconductor [17,
22, 26–36]. A donor dopant with a stronger cationic
charge, such as Ta5+ or Nb5+ [29, 36], is replaced
for the host cation titanium (Ti4+), which has a
lower charge, to improve the electrical properties
and overall performance of SrTiO3 ceramics. This
strategic substitution plays a crucial role in tailoring
the electrical behavior of the ceramics for specific
applications.

Polycrystalline ceramics yttrium (Y)-doped Ca3Co4O9

ceramics have shown thermoelectric behavior
even at low temperatures [37]. Heavily La and
Nb-doped SrTiO3 (STO) have shown a change in
Thermoelectric performance (ZT of 0.27 at 1073K and
La doping of 8.4×1020 cm−3) with increasing carrier

concentration [38]. Iron (Fe) or silver (Ag)-doped
NaTaO3 ceramics have shownmodified thermoelectric
properties compared to pure NaTaO3 [39]. Perovskite
is an extraordinarily versatile structured material is
an integral part of future developments in integrated
technology [3, 15, 18, 30, 40–43]. This structure
diversity of perovskites provides an extreme range of
electrical, magnetic, optical, andmechanical properties
over awide temperature range [44]. Thermo-analytical
measurements of perovskite, CaTiO3, BaTiO3, and
SrTiO3 have shown good thermal stability in the
temperature range of 1000–1200°C [45]. Among these,
the perovskites (ABO3) structured materials exhibit
an excellent ferroelectric response [46]. BiSbTe p-type,
Ag-Sb, and K-doped PbTe p-type, SiGe, have been
prepared by different methods having thermoelectric
performance <1 but their optimum temperature of
operation is low [47]. Fe-doped strontium titanate
and the Sr(Fe0.5Ti0.5) perovskite have been prepared
using the combustion synthesis method and sintered
at 1250°C with no study of electrical and magnetic
properties [17, 22–24, 27, 29, 31, 33–35, 48–56]. The
transition metallic induction at A/B-site cations
position in perovskite structure compound causes
properties variation [21]. The devices based on
these materials have various applications and are
mostly used in space technologies [57–63]. STO is
an excellent perovskite with a high melting point
( 2600◦C), and a wider range of defect chemistry and
exhibits semiconducting behavior on donor/acceptor
doping [25, 68].

At room temperature, STO exists in the cubic
perovskite structure with a lattice parameter of 0.3905
nm and a good insulator with a 3.2 eV band gap
(at T= 10K) separating the valence band from the
conduction band and density of 5.12 g/cm3 [65].
This alteration changes the electrical conductivity in
bulk STO single crystals [35]. The rapidly growing
field of thermoelectric developed heavily doped
semiconductor materials for commercial uses [66].
The electrical properties of perovskite structured
ceramic oxide ‘STO’ can be tuned by the induction
of heavy metal ions [35]. Recent research reveals that
the electronic performance of STOmay be enhanced by
A or B site substitution [67] but none of it relates it to
the magnetic properties and study the ferromagnetic
behavior of the STO-based ceramics. Theoretical
studies on Fe-doped SrTiO3 have also revealed
significant modifications in the electronic structure
near the Fermi level, providing insight into the origin
of its semiconducting behavior [64]. However, a
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comprehensive experimental investigation linking
microstructural evolution, electrical transport, and
magnetic properties in SrTi1−xFexO3 ceramics remains
limited. The rationale of this work is to compare
the microstructural, electrical, thermal, and magnetic
properties by doping the STO compound with Fe,
i.e., SrTi1−xFexO3 (STFO) prepared by conventional
solid-state sintering method. Substitution of Fe
into STO reveals the promising thermoelectric (TE)
material, promotes the structural changes in the
STO, modify the magnetic properties, and enhances
the electrical behavior as well. Solid-state energy
conversion devices have smart features of long life,
no moving parts and no toxic emission compared with
conventional devices [68, 69].

2 Materials and Methods
The powder compositions of pure and doped
SrTi1−xFexO3, where 0.00 ≤ x ≤ 0.11, were prepared
by the conventional solid-state synthesis method.
The precursors with high purity Strontium carbonate
(SrCO3) (Chemosavers, 99.8%, fine powder), Titanium
oxide (TiO2) (LOUDWOLF, 99.9%, 44-micron size),
and Iron oxide (Fe2O3) (Eisen Golden Laboratories,
99.7%, fine powder size) were dried for 3 hrs at
300 °C following the by-weight batch calculation
and mixing of 50 gm batches for each composition.
Yttrium Stabilized Zirconia balls of different diameters
were used as grinding media [70]. The powder
compositions were mixed in ethanol and subjected
to ball milling for 1 hr both before and after calcination
to ensure homogeneous mixing. Subsequently, the
mixture was dried at 80 °C to remove ethanol. The
alcohol-free mixture was calcined at 900 °C using
an alumina crucible by placing the crucible in a
“Protherm Box Furnace” for 4 hrs to remove volatile
impurities and formation of phases among the
precursors. Approximately 2% of Polyvinyl Alcohol
(PVA) solution was utilized as the organic binder,
relative to the weight of the ceramic powder. Green
pellets with a diameter of 12.7 mm and a weight of
one gram were prepared by pressing the calcined
powder at 200 MPa for 2 minutes. The green pellets
were subjected to high temperature (600 °C for 80
minutes) to evaporate the binder in the furnace
followed by sintering at 1390 °C for 2hrs holding
times (with 5 °C min−1 heating rate and 5 °C min−1

cooling rate). The structural characterization was
done using the X-RayDiffraction (XRD) peaks analysis
on an X-Pert PRO diffractometer system equipped
with Cu-Kα radiation (λ = 1.5406Å) in the 2θ
range from 10° to 80° working at 40 kV and 30 mA

with the step size of 0.02° or similar and continuous
scan time was carried out on sintered pellets. The
microstructural characterization was evaluated using
the Scanning Electron Microscope (SEM) analysis (by
using the JEOL JSM 6380L model) on the plane and
fractured surfaces were performed. Fourier Transform
Infrared (FTIR) analysis, model no. NICOLET IS50
was carried out using sintered powder compositions
to evaluate the bonding between the metal-oxygen
by the IR spectra concerning the wave number
with the transmittance (%). To study the thermal
properties, transition, and weight loss behavior of the
compounds, TGA/DSC analysis (by using the model
SDT/Q600, USA) was performed on pure STO and
STFO powder compositions. Sample preparation for
electrical measurements was done by applying silver
electrodes on both sides of sintered polished pellets.
The dielectric properties were studied using the
Inductance, Capacitance, and Resistance (LCR) meter
(by using the Tonghui, TH2826 model) to calculate
the permittivity and conductance of the samples.
Conductance and capacitance values of sintered pellets
were obtained at a wider frequency range (25 kHz to 1
MHz). Electrical conductivity and relative permittivity
were calculated using corresponding formulations.
The thermoelectric (TE) properties were studied
using the Seebeck coefficient measurements of p-type
compositions and were performed using a Keithley
voltmeter. Sintered samples were placed in locally
developed ceramic devices open at both ends for
smooth heat flow and having cylindrical diameter with
a size comparable to the size of sintered pellets. A stack
of four pellets was placed inside the device. K-type
thermocouples were used to measure by creating a
temperature gradient (hot and cold), respectively.
High-temperature readings were obtained from the
Keithley voltmeter and low-temperature readingswere
obtained using a Digital voltmeter. Voltage readings
were obtained from the Keithley voltmeter in mV.
Vibrating-Sample-Magnetometer (VSM) was used (by
using the Microsense EZ-9) to generate magnetic
hysteresis loops at −23 to +23 kOe applied magnetic
field.

3 Results and Discussion
Figure 1 shows the structural analysis of STFO ceramic,
where 0.00 ≤ x ≤ 0.11, sintered compositions via
XRD profiles. The characteristic peaks corresponding
to planes shown in the figure indicate the formation
of a cubic perovskite. The weak interaction between
induced Fe3+ ions and O2− ions as compared to Ti4+
and O2− ions is evident from characteristic peaks as
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Table 1. The density and lattice parameters of SrTi1−xFexO3 calcined powder compositions using Rietveld Refinement by
Highscore Plus (PDF4+ - 2022).

Composition
(Value of x)

ICDD No. (used for
Rietveld Analysis)

Crystal Structure/
Space Group

Lattice
Parameters

(Å)
The Volume of
the Cell (Å3)

Theoretical
Density (g/cm3)

Bulk
Density (g/cm3)

Relative
Density (%)

0.00 04-012-6379

Cubic / Pm-3m

3.91 59.776 5.0981 4.3546 85.41
0.01 04-010-2592 3.9090 59.731 5.1097 4.4055 86.208
0.03 04-010-2592 3.905 59.547 5.1232 4.5500 88.811
0.05 04-010-2592 3.901 59.365 5.1391 4.7241 91.92
0.07 04-010-2592 3.8950 59.091 5.1736 4.8647 94.029
0.09 04-010-2592 3.87 57.961 5.2831 4.9463 93.624
0.11 04-010-2592 3.85 57.067 5.3648 4.9737 92.709

Figure 1. (a) X-ray diffraction patterns for sintered
SrTi1−xFexO3 ceramics (b) 45º peak (c) Crystallographic

phase structure of pure SrTiFeO3 and Fe doped
composition (a)-(f).

the ionic radii of Fe3+ (0.645Å) are larger than that
of Ti4+ (0.605Å). The obtained structures exhibit
the peak characteristics of the perovskite phase of
strontium iron titanate. The crystallographic data were
obtained, summarized in Table 1, as cubic symmetry
space group Pm3̄m [24]. The lattice parameters
and unit-cell volume for STO were obtained from
Rietveld refinement using Highscore Plus, and these
values were used in CrystalMaker (CM) software
to calculate the theoretical density. The slight

change in lattice constant with Fe3+ content confirms
the successful substitution of Ti4+ by Fe3+ ions
without changing the crystal structure. Also, Table 1
represents the theoretical and bulk densities of the
STO ceramics and shows themaximum relative density
on increasing doping level, indicating the increment
of Fe3+ content in STO compound is increasing the
relative densities [12, 36, 71–74]. The increase in
relative density indicates better densification during
sintering. This suggests that Fe substitution improves
diffusion and packing of grains, resulting in more
compact and stable ceramic structure.

The crystal structures shown in Figure 1(a–f) were
modeled using CrystalMaker software based on the
refined lattice parameters, illustrating the gradual
substitution of Fe3+ ions at Ti4+ sites without
distortion of the cubic perovskite framework. The
simulated structures clearly confirm that increasing Fe
concentration (0.00 ≤ x ≤ 0.09) preserves the Pm3̄m
cubic symmetry while slightly modifying the lattice
dimensions, supporting the XRD results.

The microstructural morphology of Fe3+ doped
STO ceramics was observed using SEM at 5000X
magnification. SEM images for all STFO compositions
are shown in Figure 2(a–f). All compositions show
smooth surface morphology and densified structure
with increasing Fe3+ content in the STO-based
ceramics. Fe3+ doped SrTiO3 compositions exhibit
prominent grain structures [75]. The lighter-colored
region in 9% and 11% compositions reveals the
presence of perovskite matrix grains. Fe3+ doped
compositions show increased grain size by Fe3+
induction as the particles diffused into each other from
the 10µm to 16µm range.

Thermal analysis TGA/DSC for pure SrTiO3 and Fe3+
doped SrTiO3 powder compositions was performed
using the Universal V4.4A program. Thermal
gravimetric analysis (TGA) depicting weight loss
for all compositions from room temperature up to
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Figure 2. SEM micrographs of SrTi1−xFexO3 ceramics for (a) x = 0.00, (b) x = 0.01, (c) x = 0.03, (d) x = 0.05, (e)
x = 0.07, and (f) x = 0.09.

Figure 3. Results of SrTi1−xFexO3 ceramics (a) TGA of calcined powder (b) DSC of calcined powder (c) Electrical
conductivity vs frequency of sintered pellets (d) Relative permittivity vs Frequency of sintered pellets (e) Dielectric

Losses vs Frequency of sintered pellets.

1000 °C is shown in Figure 3(a). A weight loss
of 10–25% was observed in prepared compositions

up to 1000 °C. 9% STFO ceramic exhibited the
least and 5% STFO composition the most thermal
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Figure 4. Results of SrTi1−xFexO3 ceramics (a) FTIR (calcined powder) (b) Seebeck coefficient (c) Magnetization vs
applied magnetic field (calcined powder) (d) Magnetization vs applied magnetic field.

decomposition showing the weak endothermic peak at
around 830 °C. The heat flow in powder compositions
is shown in the Differential Scanning calorimetry
(DSC) curve in Figure 3(b). The presence of peaks
at 100 °C to 120 °C reveals dehydration weight loss [74,
76] and phase transition [20]. The peaks between
800 °C to 1000 °C attributed to organic compound
decomposition indicating that this composition isn’t
reacting up to 830 °C [77–81].

Electrical conductance versus frequency response for
sintered pellet SrTi1−xFexO3 compositions obtained
from 400 Hz to 3 MHz using LCR meter. Formulated
electrical conductivity (σ) vs frequency for all
compositions is shown in Figure 3(c). Controlled
composition SrTiO3 (x = 0.00) and 11% Fe3+ (x =
0.11) doped SrTiO3 results in the ∼1.0 µS.cm−1 and
∼0.6 µS.cm−1 at 1.5 MHz respectively. Electrical
conductivity at lower frequencies exhibited less
increase whereas higher values of conductivity were

observed in higher values frequencies (in MHz) [35].

The capacitance versus frequency response for sintered
and coated with silver electrode pellet SrTi1−xFexO3

compositions obtained from 1 kHz to 100 kHz.
Formulated relative permittivity (εr) vs frequency for
all compositions is shown in Figure 3(d). The dielectric
property of compositions remains linear up to 1.5
MHz [82]. The relative permittivity of Fe3+ doped
SrTiO3 decreased from ∼120 (for x = 0.00) to ∼50
(for x = 0.09) with a maximum of ∼16% of dielectric
losses in SrTiO3 dopedwith 9% of Fe3+. The increasing
doping (Fe3+) concentration in the base compound
(STO) decreases the dielectric behavior [83]. There
is a linear relationship between the frequency and
the dielectric constant and dielectric loss tangent.
The dielectric constant and the dielectric loss tangent
decrease as the Fe doping level increases [26, 34,
73]. High dielectric characteristics are seen at low
frequencies. The resistance drops with increasing

13



Journal of Advanced Electronic Materials

temperature, proving that the produced samples
are semiconductors. Due to the rise in Fe carrier
concentration, the conductivity of the entire series
decreased.
Furthermore, FTIR spectroscopy for SrTi1−xFexO3

calcined powder compositions was done for analysis
of crystal lattices vibration at a wide frequency range.
The variation in absorption peaks from 500 cm−1 to
600 cm−1 reveals Ti-O vibrations in STFO ceramics
shown in Figure 4(a). Each peak has its own unique
set of constraints (amplitude, FWHM, and spectral
peak locations) that correspond to the precise type
of vibration it represents within a certain structural
group/spectral area. In all STFO samples, Ti-O bond
vibrations occur within 500 cm−1 to 550 cm−1 in the
STO perovskite structure material [84]. This minor
change can be attributed by the random grain sizes
and boundaries alignments [78, 85–88] relating it to
phonon wave vector which in results providing the
crystallographic axis arbitrarily dissemination.
Moreover, the potential gradient of sintered
SrTi1−xFexO3 compositions was measured using
a Keithley voltmeter up to 370 K temperature.
Positive voltages were observed for all compositions
confirming p-type behavior [89]. The graph of
thermoelectric volt measured from 280 K to 370
K temperature for pure and Fe3+ doped SrTiO3 is
shown in Figure 4(b). In the study, pure SrTiO3

compositions exhibited the lowest voltage of 90 µV/K
at a temperature of 358 K. On the other hand, the
composition with 9% Fe3+ doping demonstrated
the highest voltage of 270 µV/K at a temperature
of 370 K. The graphical analysis reveals an intrinsic
conducting behavior in Fe3+ doped compositions as
the temperature increases.

4 Conclusion
In this study, we investigated SrTi1−xFexO3 ceramics
with varying Fe3+ content (0.00 ≤ x ≤ 0.11)
prepared through conventional sintering at an
optimized temperature of approximately 1390 °C. The
XRD analysis confirmed the successful synthesis of
single-phase cubic structures for all the SrTi1−xFexO3

compositions, while SEM analysis revealed distinct
morphological variations due to Fe3+ doping. Thermal
analysis using TGA and DSC demonstrated the
exceptional thermal stability of the prepared samples
across a wide range from room temperature to
1000 °C. Furthermore, FTIR analysis confirmed the
presence of perovskite structures in the SrTi1−xFexO3

ceramics, evident from absorption peaks at wave

number 530 cm−1. In addition, Seebeck measurements
revealed an enhancement in thermoelectric potential
with rising temperatures. Moreover, the magnetic
properties exhibited significant variations due to Fe3+
doping in SrTiO3, with the maximummagnetic values
observed when Fe3+ was doped at x = 0.11 in
SrTi1−xFexO3 ceramics.
Overall, the present findings suggest that
SrTi1−xFexO3 ceramic system holds tremendous
potential for the development of high-performance,
lead-free ceramics. These materials effectively address
the co-existence of electrical and magnetic properties
while enhancing densification without compromising
existing properties. This study contributes valuable
insights to the materials science and engineering
field, paving the way for advanced applications
and functional devices based on these engineered
ceramics.
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