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Abstract

In the present study, Na0.329BiolgggBaQ_ozgsro_goTiOg
(NBBST) and its solid solutions with
Nd(Mgo5Tio5)03 (NMT), Nd(Mgy/3Nb,/3)0;3
(NMN), and Nd(Zny/3Nb;/3)O3 (NZN) were
synthesized and investigated. The phase
composition, microstructure, dielectric properties,
and impedance characteristics were analyzed for
their optimized dense sintered forms.  X-ray
diffraction (XRD) confirmed the formation
of a single-phase perovskite structure in all
compositions within the detection limit. All
ceramics exhibited dense microstructures; however,
the doped samples showed a reduced average
grain size compared to pure NBBST. Among the
compositions studied, the 0.98NBBST-0.02NZN
solid solution demonstrated superior dielectric and
electrical performance. This composition exhibited
a low electrical conductivity (~ 3.98 x 1077 S/cm at
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600 °C and at a frequency of 100 Hz), low dielectric
loss (tand < 0.05), and a high dielectric constant
(er ~ 2500), with excellent temperature stability
of capacitance from below room temperature
up to 324°C. Additionally, the Cole-Cole plot
of the 0.98SNBBST-0.02NZN ceramic revealed a
higher resistance at 600 °C compared to the other
investigated compositions.

Keywords: dielectrics, impedance spectroscopy, electrical
conductivity.

1 Introduction

Researchers have been actively investigating
ferroelectric perovskite-based materials since the 1940s
due to their versatile functional properties [1]. In
recent years, interest in these materials has intensified,
particularly in the context of power electronic
applications such as electric vehicles, wind turbine
generators, underground gas and oil exploration, and
advanced propulsion systems. These technologies
often involve environments where temperatures
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exceed 150°C [2, 3], creating a pressing need for
ceramic capacitors capable of stable operation within a
wide temperature range of 200-300 °C [3-5]. Extensive
research has demonstrated this requirement across a
range of perovskite-based dielectric systems [6-10].

To standardize capacitor performance across varying
temperatures, the Electronic Industries Association
(EIA) classifies materials by their temperature
coefficient of capacitance (TCC) using codes such as
X7R, X8R, X9R, and Y9R. Here, “X” and “Y” refer
to minimum operating temperatures of —55°C and
—30°C, respectively, while the digits “7,” “8,” and “9”
represent maximum operating temperatures of 125 °C,
150°C, and 200 °C. The “R” indicates a capacitance
variation within +15% across the specified range [11].
Achieving such thermal stability, particularly at
elevated temperatures, is a key goal in the development
of advanced dielectric materials.

Relaxor ferroelectrics—materials with diffuse phase
transitions and polar nanoregions (PNRs)—are
promising candidates for high-temperature capacitor
applications due to their superior dielectric
stability. ~ Previous studies have demonstrated
that compositional engineering via multiple ion
substitutions at the A- and B-sites of the ABOj;
perovskite lattice is an effective strategy for tailoring
the dielectric response of relaxor ferroelectrics.
Substitutions at the A-site—such as partial
replacement of Bi or Na by other cations—modify
the local polar order and shift the depolarization
temperature, thereby altering the phase evolution and
broadening the ¢,—T profile [12, 20]. Simultaneous
B-site modifications, including the introduction of
complex oxides such as Bi(Zng 5Tig.5)O3 or BiScOs,
promote relaxor behavior by disrupting the long-range
ferroelectric order and fostering the formation of
polar nanoregions (PNRs), which suppress the
sharp Curie-type peak [14, 22]. The role of PNRs
in producing a flattened ¢,~T" response has been
corroborated by nanoscale structural studies [22].
Furthermore, the incorporation of NaNbOs as a
modifier in NBT-based systems has proven particularly
effective in stabilizing the dielectric constant over a
broad temperature range [17, 18]. Through these
strategies, capacitance variation within +£15% has
been achieved over temperature windows exceeding
200 °C in several systems: for example, from —20 °C to
430 °C in BaTiO3-Bi(Mgg.5Zr¢.5)O3 [16], from —60 °C
to 300°C in related NBT-based ceramics [15], and
over comparably wide windows in BCT-BZT and
BCT-BZT-NaNbO; compositions [13]. In addition,
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A-site deficiency and aliovalent co-substitution at both
sites have been shown to generate anomalously high
dielectric constants alongside improved temperature
stability [23, 24]. The relaxor behavior induced
by such substitutions also promotes low remnant
polarization and slim hysteresis loops, which are
simultaneously beneficial for high energy storage
density applications [19, 21]. These materials are
known as temperature-stable relaxors.

Temperature-stable relaxors can be grouped based
on their dielectric constant and operational range.
Materials with medium dielectric constant values
(e, ~ 1000-1200) can typically withstand upper
temperature limits of 300-400 °C; however, their lower
limit is often above —55°C, failing to meet EIA
standards. In contrast, materials with modest ¢, (~
450-500) can satisfy the full target range from —55 °C
to 300 °C but may compromise on volumetric efficiency
due to their lower dielectric constant. Moreover,
several reported systems suffer from high dielectric
loss, which limits their practical applicability [3].

To address these limitations, recent research has
focused on compositional engineering of lead-free
perovskites such as Nag 5Bip 5 TiOs (NBT). NBT has
a high Curie temperature (T ~ 320°C) [25,26] and a
rhombohedral R3c structure at room temperature [27],
making it a suitable base material. However, in its pure
form, NBT exhibits a limited working temperature
range. Solid solutions of NBT with BaTiO3 (BT),
particularly in the morphotropic phase boundary
(MPB) region for x = 0.06-0.07 in (1-z)NBT-zBT,
show enhanced piezoelectric responses but with a
narrow thermal operating window. Similarly, ternary
systems such as NBT-Big 5K, 5TiO3-BiCrO3 have
been explored to further tune the piezoelectric and
dielectric properties, though they also face challenges
in achieving broad thermal stability [28].

To broaden the temperature range, various
compositional modifications have been introduced.
For example, Su et al. [29] reported a composition of
(1—2)(0.94NBT — 0.06BT) — zKTaO3 (z = 0.30) that
achieves a high ¢, of 1094 at 25 °C and a TCC within
+15% from —70°C to 200 °C. Similarly, the addition
of SrTiOs in (1 — )[0.94NBT — 0.06BT] — 2SrTiOs
led to a broadened ¢,-1" curve for x = 0.30 [30]. Pan
et al. [31] demonstrated that Nd(Mg,/3Nb; /3)O3 can
effectively flatten the &,-7" response in NBT-based
ceramics by promoting relaxor behavior through
the development of PNRs. Li et al. [32] further
showed that Nd(Zny/3Nb;/3)O3 could suppress
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the sharp Curie peak in BiFeOs3-BaTiO3 systems.
Other rare-earth-based complex perovskites such
as Sm(MgU.g)Tio,g))Og and Nd(Mg0,5Tio,5)Og, which
exhibit low dielectric constants (~25-26), have also
been employed as chemical modifiers to broaden the
er-T characteristics in perovskite systems [33, 35, 36].
These chemical modifiers induced relaxor behavior
by disrupting the long-range ferroelectric order and
promoted PNRs formation, ultimately leading to
improved temperature stability. It is well established
that the microstructural characteristics—including
grain size, grain boundary density, and defect
distribution—play a critical role in determining the
dielectric and electrical properties of perovskite
ceramics [34].

In the present study, Nd(Mgy5TiOp5)O03
(NMT), Nd(Mgy/3Nb;/3)O3  (NMN), and
Nd(Zny/3Nb; /3)O3 (NZN) are employed as chemical
modifiers to enhance the relaxor characteristics
of Na0,329Bio,329Ba0,0428r0,30T103 (NBBST) The
objective is to develop lead-free, low-loss, and
temperature-stable  perovskite ceramics with
high dielectric constants, suitable for wuse in
high-temperature power electronic applications.

2 Experimental procedure

In the present study, all ceramic compositions
were synthesized via the conventional solid-state
reaction method. High-purity raw materials
were used as starting reagents: BipOsz (99.9%,
Sigma-Aldrich), Nay;CO3 (99.99%, Sigma-Aldrich),
SrCO3 (99.95%, Sigma-Aldrich), BaCOs3 (99.99%,
Sigma-Aldrich), MgO (99.99%, Sigma-Aldrich),
TiO2 (99+%, Sigma-Aldrich), Nd2Os3 (99.99%,
Sigma-Aldrich), NbyOs (99.9%, Sigma-Aldrich), and
ZnO (99.99%, Sigma-Aldrich). Prior to weighing,
all powders were preheated at 200°C to remove
any adsorbed moisture. The compositions prepared
included the base Na().329Bi()_3293&0_04251‘0.30'1‘103
(NBBST) and its solid solutions with 2 mol% of
Nd(Mg, s Tio.5)0s  (NMT),  Nd(Mg, 3Nb;/3)O3
(NMN), and Nd(Zn2/3Nb1/3)03 (NZN)

The required raw materials were weighed in
stoichiometric proportions and thoroughly mixed
using ball milling for 24 hours in ethanol to ensure
homogeneity. The resulting slurry was dried and the
powders were calcined at 800 °C for 2 hours in air. The
calcined powders were manually ground using an
agate mortar and pestle to obtain fine powders. These
were then pressed into cylindrical pellets of 10 mm
diameter and approximately 1 mm thickness using a

uniaxial hydraulic press (MTIL, EQ-HP-88V-LD) at an
applied pressure of 100 MPa.

The green pellets were placed on a bed of alumina
powder and sintered at 1200°C for 2 hours in
a box-type muffle furnace to achieve dense
microstructures.  After sintering, both faces of
the pellets were polished to obtain smooth surfaces.
A portion of the sintered pellets was crushed into
powder form and analyzed using X-ray diffraction
(XRD, PANalytical) over a 26 range of 20° to 80° to
identify the crystalline phases and verify the formation
of the perovskite structure.

To observe the surface morphology, selected sintered
samples were thermally etched at 1080°C for 30
minutes and analyzed using a scanning electron
microscope (SEM). For dielectric measurements, the
flat surfaces of the polished pellets were coated
with silver paste and fired at 550 °C for 1 hour to
form conductive electrodes. The dielectric constant
(er) and dielectric loss (tan d) were measured using
an impedance analyzer (Microtest-6632, Taiwan) at
frequencies of 1 kHz, 100 kHz, 250 kHz, and 1 MHz
across the temperature range of interest.

Further, the real (¢') and imaginary (¢”) parts of
the dielectric permittivity were recorded over a
frequency range of 100 Hz to 1 MHz at elevated
temperatures between 500 °C and 600 °C. Based on
these measurements, additional properties such as
electrical conductivity (o), complex impedance (Z),
and electric modulus (M) were calculated to assess
the electrical behavior of each composition in detail.

3 Results and Discussions

3.1 Phase Analysis

Figure 1 presents the room-temperature X-ray
diffraction (XRD) patterns of the NBBST,
0.98NBBST-0.02NMT, 0.98NBBST-0.02NMN, and
0.98NBBST-0.02NZN ceramics. All compositions
exhibit similar diffraction patterns, with peaks well
matched to the standard JCPDS card no. 46-0001,
corresponding to the perovskite phase of NBT-BT
ceramics. No secondary or impurity phases were
detected within the resolution limit of the XRD,
confirming the successful formation of a single-phase
perovskite structure in all compositions.

A magnified view of the (200) diffraction peak, located
around 46°-47° (20), reveals a slight peak shift among
the doped samples, indicating subtle changes in the
lattice structure due to cationic substitutions. In these
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Figure 1. XRD patterns of sintered NBBST,
0.98NBBST-0.02NMT, 0.98NBBST-0.02NMN, and
0.98NBBST-0.02NZN ceramics, confirming the formation of
a single-phase perovskite structure.

compositions, substitutions occur simultaneously at
both the A-site and B-site of the ABO3 perovskite
structure. The A-site substitutions involve Nd3* (r =
1.27A), which has a smaller ionic radius than the
average A-site ionic radius in the base composition
[(Nagse + Bigsz + Bagos + Sro_29)2+], r ~ 1.43A.
This tends to contract the unit cell. Conversely, B-site
substitutions involve larger effective ionic radii:

(Mg, s Tio5)*"  (r = 0.66 A),
(Mg, 5Nby/5)*"  (r~ 0.684),
and (Zny 3Nby /3)* (r = 0.69 A),

compared to the radius of Ti*t (r = 0.60A) [37],
which would normally promote lattice expansion.

However, the observed peak shifts are toward higher
20 angles, which suggests an overall contraction of the
unit cell. This indicates that the effect of the A-site
substitution by smaller Nd** ions dominates over
the slight expansion introduced by the larger B-site
substituents. Additionally, no splitting of the (200)
peak is observed—apart from the minor contribution
from Cu K,2 radiation—implying that the samples
retain a pseudo-cubic structure [38, 39].

These results confirm that all substituted cations
are effectively incorporated into the host lattice,
forming complete solid solutions with the NBBST
matrix. The absence of secondary phases and the
consistent peak shifts validate the structural integrity
and compositional homogeneity of the synthesized
ceramics.
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3.2 Microstructural study

Figure 2 displays the surface morphologies of
thermally etched NBBST, 0.98NBBST-0.02NMT,
0.98NBBST-0.02NMN, and 0.98NBBST-0.02NZN
ceramics sintered at 1200°C.  All compositions
exhibit dense microstructures with well-defined
grain boundaries and minimal visible porosity,
indicating effective densification during sintering. The
corresponding grain size distribution curves, obtained
using Image] software, are also provided for each
sample.

SN 0.98NBBST-0.02NMT |

2.095 pm

0.98NBBST-0.02NZN
2.10 pm

Figure 2. SEM micrographs of (a) NBBST, (b)
0.98NBBST-0.02NMT, (c) 0.98NBBST-0.02NMN, and (d)
0.98NBBST-0.02NZN ceramics, illustrating dense

microstructures and grain morphology.

The average grain sizes were found to be 2.27 ym
for NBBST, 2.09pum for 0.98NBBST-0.02NMT,
2.25um for 0.98NBBST-0.02NMN, and 2.10 ym for
0.98NBBST-0.02NZN. These results indicate a modest
reduction in grain size in the doped samples compared
to the undoped NBBST. The grain growth suppression
can be attributed to the effect of cationic substitutions
at both A- and B-sites, which introduce lattice strain
and disrupt the diffusion-driven grain growth process.
The finer and more uniform microstructure in the
doped samples is beneficial for improving dielectric
and electrical properties, particularly in reducing
leakage current and enhancing resistivity.

3.3 Dielectric Properties

Figure 3(a—d) shows the dielectric constant (¢, ) and
dielectric loss (tan¢) as a function of temperature for
NBBST, 0.98NBBST-0.02NMT, 0.98NBBST-0.02NMN,
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Figure 3. Temperature dependence of dielectric constant (¢,) and dielectric loss (tand) at various frequencies for (a)
NBBST, (b) 0.98NBBST-0.02NMT, (c) 0.98NBBST-0.02NMN, and (d) 0.98NBBST-0.02NZN ceramics.

and 0.98NBBST-0.02NZN ceramics, measured in the
frequency range of 1 kHz to 1 MHz over a temperature
range of 30 °C to 450 °C. For all compositions, the ¢,
initially increases with increasing temperature, reaches
a broad maximum (forming a plateau), and then
decreases at higher temperatures. This behavior is
attributed to increased thermal vibrations of the lattice
and enhanced phonon-dipole interactions, which
reduce the overall dipolar alignment capability at
elevated temperatures [40].

A noticeable frequency dispersion is observed in the
dielectric constant peaks, i.e., shifts toward higher
temperatures occurred with increasing frequency.
This is a characteristic signature of relaxor-type
ferroelectrics [41, 42]. In such materials, multiple
polarization mechanisms—electronic, ionic, dipolar,
and space-charge—contribute to the total polarization
at low frequencies. However, as the frequency
increases, the slower mechanisms (particularly
space-charge and dipolar polarization) fail to respond,

resulting in a reduced dielectric constant. Among
these mechanisms, electronic and ionic polarization
respond almost instantaneously at frequencies up
to optical range, while dipolar and space-charge
polarization are significantly slower and cease to
contribute at sufficiently high frequencies [41, 42].
Consequently, the decrease in ¢, with increasing
frequency reflects the inability of slower mechanisms
to follow the alternating electric field.

Importantly, no distinct dielectric anomaly (commonly
referred to as the depolarization temperature,
Ty) was observed at low temperatures in any
of the compositions, suggesting a transition
into a highly frustrated, ergodic relaxor state
dominated by polar nanoregions (PNRs) in all
investigated compositions [44]. Such relaxor-type
compositions with suppressed long-range polar
order typically exhibit reduced remnant polarization
and slimmer hysteresis loops compared to normal
ferroelectrics, which is advantageous for capacitor
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applications requiring low dielectric loss and stable
charge—discharge behavior [48].

Dielectric losses (tand) are influenced by intrinsic
material conductivity and energy dissipation due
to atomic, molecular, and electronic vibrations,
particularly at high frequencies. Various cation
substitutions in NBBST resulted in a downward
shift of the Curie peak along with reduced e,
and tané values, as shown in Figure 3(d). The
maximum dielectric constants (emax) recorded
were approximately 3100 for NBBST, 2581 for
0.98NBBST-0.02NMT, 2606 for 0.98NBBST-0.02NMN,
and 2500 for 0.98NBBST-0.02NZN. This reduction
in €, can be linked to the lower ionic polarizabilities
of the substituted cations. In particular,
0.98NBBST-0.02NZN exhibits the lowest &, and
tan § among all compositions, which is attributed to

the lower dielectric polarizabilities of Zn (2.04 AS) and

Mg (1.32 AS) compared to Ti (2.93 A3) [43]. These
differences in ionic polarizability have similarly been
invoked to rationalize dielectric property variations in
other lead-free perovskite systems [45, 46].

To evaluate the temperature stability of the ceramics,
the normalized capacitance variation for NBBST,
0.98NBBST-0.02NMT, 0.98NBBST-0.02NMN, and
0.98NBBST-0.02NZN ceramics was measured at 1 kHz.
The temperature range within which the capacitance
variation remains within +15% defines the operating
window for stable dielectric performance.

The upper operating temperature limits (i.e., the
temperatures at which TCC exceeds £15%) were
determined to be approximately 123°C, 105°C,
333 °C, and 324 °C for NBBST, 0.98NBBST-0.02NMT,
0.98NBBST-0.02NMN, and 0.98NBBST-0.02NZN,
respectively, as shown in Figure 4. In all cases, the
lower operating limit was found to be below room
temperature (RT), indicating stable performance
in sub-ambient conditions. These results clearly
demonstrate that the introduction of various
cationic substitutions at both A- and B-sites of the
NBBST perovskite matrix significantly enhances the

-@ NBBST

@ (0.98NBBST-0.02NMT)
(0.98NBBST-0.02NMN)

Q@ (0.98NBBST-0.02NNZ)

AC/Czgoc (%)

&
)

T T — ‘
200 300 400 500

Temperature (°C)

0 100

Figure 4. Temperature-dependent variation of normalized
capacitance (AC/Csgoc) measured at 1 kHz for NBBST,
0.98NBBST-0.02NMT, 0.98NBBST-0.02NMN, and
0.98NBBST-0.02NZN ceramics.

temperature stability of capacitance. The broader
temperature stability window, especially in the NMN
and NZN doped compositions, suggests enhanced
relaxor behavior due to the formation of polar
nano-regions (PNRs).

Among all compositions, 0.98NBBST-0.02NZN
exhibited the widest temperature stability range
(<RT to 324 °C) along with a high dielectric constant
(e > 1800), surpassing many relaxor-type NBT-based
ceramics reported in literature [29, 47, 49]. This makes
it a promising candidate for high-temperature

capacitor applications, particularly in power
electronics. A comparative summary of the
temperature coefficient of capacitance (TCC)

performance of 0.98NBBST-0.02NZN with other
reported NBT-based relaxor materials is provided in
Table 1.

Figure 5(a—e) presents the Nyquist (Cole-Cole) plots
of —Z" versus Z' for NBBST, 0.98NBBST-0.02NMT,
0.98NBBST-0.02NMN, and 0.98NBBST-0.02NZN
ceramics, measured over the temperature range of
500 — — 600 °C in the frequency range of 100 Hz

Table 1. Comparison of the temperature coefficient of capacitance (TCC) within £15% of the 0.98NBBST-0.02NZN with
the literature.

S.No Composition Er TCC Reference
1 (0.90)[0.85NBT-0.15BaCTi;—yZr,O3]-0.10NaNbO3 2000 50 to 320 °C 49
2 0.85[0.94NBT-0.06BaTiO3]-0.15KTaO3 2070 0to 282°C 29
3 (0.94)(Ko.sLag.5)0.1Bag.054 (Bio.sNao.5)0.846 Tio.05(Cro.5Tag.5)0.003-0.06NaNbO3 1800 58 to 338 °C 50
4 0.98Na()_329810_329830'0428r0.30T103—0.02Nd(Zl’lz/ngl/g)03 2500 <RT to 324°C This work
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Figure 5. Nyquist (—Z" vs Z’) plots for (a) NBBST, (b) 0.98NBBST-0.02NMT, (c) 0.98NBBST-0.02NMN, (d)
0.98NBBST-0.02NZN ceramics measured in the frequency range 100 Hz-1 MHz and temperature range of
500 — — 600 °C. (e) Nyquist (—Z" vs Z') plot of all compositions at 600 °C.

to 1 MHz. All compositions exhibit characteristic
semicircular arcs whose diameters progressively
decrease with increasing temperature, indicating
enhanced electrical conductivity due to thermally
activated charge carriers.

Typically, the observed Nyquist plots display
initially arcs at temperature but becomes semicircles
with increasing temperature. Only one arc or
semicircle appeared at each temperature and
for each composition, demonstrating that the
resistance contribution is predominantly from
grains only, consistent with impedance spectroscopy
observations in other NBT-based perovskite ceramic
systems [51, 52].

Importantly, the centers of these arcs or semicircles
lie below the real axis, indicating non-ideal or
non-Debye-type relaxation behavior. Such deviation
from ideal Debye behavior is commonly observed
across a wide range of functional oxide ceramics,
including both ferroelectric perovskites and ferrite
systems [53, 54]. This deviation from ideality
is commonly associated with microstructural
inhomogeneity, including grain size variations,
random grain orientation, defect distributions,
and internal stress—strain fields [55, 56]. Similar
dielectric and impedance characterization approaches
have been applied to related lead-free perovskite

systems, including BaTiO3-based ceramics modified
with complex Bi-based oxides, further validating
the analytical framework employed in the present
study [50].

Further insight is provided in Figure 5(e), which
compares the Nyquist plots of all compositions at
600°C. Among them, the 0.98NBBST-0.02NZN
ceramic exhibits the largest semicircular arc,
implying the highest resistive behavior. In contrast,
0.98NBBST-0.02NMT and 0.98NBBST-0.02NMN
ceramics display complete semicircles of smaller radii,
while NBBST shows the smallest arc, corresponding to
the lowest resistance. This comparative analysis clearly
reveals that the 0.98NBBST-0.02NZN composition
possesses superior resistivity at elevated temperatures,
making it a promising candidate for high-temperature
dielectric applications. =~ The large semicircle of
NZN-modified NBBST ceramics suggests maximum
resistance arises from the unique 3d'° outer electronic
configuration of Zn?* cation, forming highly covalent
chemical hybridizations with surrounding oxygen
2p orbitals, resulting in stabilizing the lattice and
increasing the activation energy barrier for vacancy
migration. Concurrently, the shift of lower-frequency
apex shift (fmax) for the NZN arc signals that its
large ionic radius generates strong localized structural
distortions that act as deeper electrostatic trapping
centers.
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Furthermore, this reduction can be attributed to the
substitution of Nb°" as a donor dopant at the B-site,
which helps to compensate for oxygen vacancies
and effectively suppresses their formation, thereby
reducing the overall conductivity of the material.

Another critical electrical property to be evaluated for
dielectric materials is their electrical conductivity (o),
which arises from the movement of charge carriers
within the material. Understanding this behavior
is essential for assessing a material’s suitability
in electronic applications. Temperature-dependent
conductivity measurements offer insights into the
conduction behavior of thermally activated charge
carriers, whereas frequency-dependent conductivity
(04c) studies help elucidate the mechanisms of charge
transport—particularly hopping conduction [57].

In perovskite oxide ceramics, the conduction
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characteristics are intrinsically related to the
mobility and density of charge carriers—particularly
oxygen vacancies, whose migration and interaction
with domain walls critically govern the overall
electrical behavior [58]. In this study, the electrical
conductivity (o) of the NBBST, 0.98NBBST-0.02NMT,
0.98NBBST-0.02NMN, and 0.98NBBST-0.02NZN
ceramics was determined using dielectric data, as
shown in Figure 6, and calculated using the following
relation [57]:

0 = epgowtand (1)
In Equation (1), g9 denotes the permittivity of free
space, ¢, is the relative dielectric constant of the
material, w represents the angular frequency (v =
27 f), and tand is the dielectric loss. The electrical
conductivity of the ceramics generally increases with
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rising temperature, which can be attributed to the of resistance (NTCR) behavior typical of

enhanced mobility of oxygen vacancies. These
vacancies are often associated with the presence of
highly polarizable Bi** ions and the relatively weak
Bi-O bonds in BNT-based systems, which facilitate
oxide ion conduction [60].

At lower temperatures, the electrical conductivity
exhibits significant frequency dispersion, particularly
in the low-frequency region. However, within
this region, the conductivity tends to be nearly
frequency-independent and is referred to as DC
conductivity.  As the temperature increases, a
frequency-independent plateau becomes evident in
the mid-frequency range, indicating the dominance of
thermally activated conduction. In contrast, at high
frequencies (above 1 x 10° Hz), a strong frequency
dispersion is observed, and the conductivity curves
for different temperatures tend to converge.

This temperature-dependent increase in conductivity
reflects the negative temperature coefficient

semiconducting oxide ceramics, as has been observed
in various perovskite-based systems including
both single-phase and compositionally complex
compositions [59, 61]. The conduction mechanism
in the frequency-independent region is governed
by the hopping of charge carriers, such as ions,
between adjacent vacant lattice sites. This process
assumes that the carriers move through a lattice
composed of equivalent potential wells. Additionally,
the occurrence of charge hopping is characterized by
a specific hopping frequency, beyond which carriers
no longer respond effectively to the alternating field;
this frequency-dependent conduction behavior has
been documented in Nd (Mg 5Tig.5)O3-containing
perovskite systems across a wide frequency range [62].

During the high-temperature processing of NBT-based
ceramics, the volatility of Bi;Os often leads to
its loss, which in turn creates oxygen vacancies
within the material [61]. These vacancies act
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as charge carriers and contribute to increased
electrical conductivity. In the present study, the
DC electrical conductivity at 600°C was found to
be approximately 1.67 x 1075S/cm for NBBST. In
contrast, a significantly lower electrical conductivity
of approximately 3.98 x 10~7 S /cm was observed for
the 0.98NBBST-0.02NZN ceramic at 600 °C.

Figure 7 presents the variation of the imaginary
part of impedance (—Z") as a function of frequency
for all compositions at different temperatures. In
all cases, —Z" increases initially with frequency,
reaches a maximum, and then decreases. As
temperature increases, the peak of —Z” shifts toward
higher frequencies, suggesting a decrease in bulk
resistance and a faster relaxation process. The
convergence of the curves at high frequencies further
confirms this behavior. Additionally, the broadening
and asymmetry of the Z” peaks with increasing
temperature reflect the presence of multiple relaxation
mechanisms. This is attributed to cationic disorder
arising from the non-uniform distribution of A-site
and B-site cations, which leads to a deviation from
ideal Debye-type behavior. Among all compositions,
the 0.98NBBST-0.02NZN ceramic exhibited higher
—Z" values and a slight shift of the peak to higher
frequencies, indicating a higher resistive nature and
slower relaxation dynamics compared to the other
samples.

4 Conclusion

NBBST, 0.98NBBST-0.02NMT, 0.98NBBST-0.02NMN,
and 0.98NBBST-0.02NZN ceramics were successfully
synthesized wusing the conventional solid-state
sintering method. The phase formation,
microstructural features, dielectric  behavior,
and complex impedance characteristics of these
compositions were systematically investigated. X-ray
diffraction (XRD) analysis confirmed the formation
of a single-phase perovskite structure for all samples.
Scanning electron microscopy revealed a highly dense
microstructure with suppressed grain growth in
the doped compositions compared to the undoped
NBBST. Among the investigated compositions,
0.98NBBST-0.02NZN demonstrated superior dielectric
performance, exhibiting a high relative permittivity
(er) of ~ 2500, low dielectric loss (tand < 0.05),
reduced electrical conductivity ~ 3.98 x 1077 S/cm
measured at a frequency of 100 Hz and at 600°C,
and stable capacitance over a broad temperature
range (below RT to 324 °C). Furthermore, impedance
spectroscopy and Cole—Cole plot analysis indicated a
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higher resistance for the 0.98NBBST-0.02NZN ceramic
at elevated temperatures, confirming its enhanced
resistive nature. These findings suggest that the
incorporation of suitable cationic dopants into the
NBBST matrix significantly enhances its dielectric and
thermal stability characteristics, making it a promising
candidate for high-temperature capacitor applications.
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