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Abstract

The Sr(Bio.9Yo.1)2Taz09 ceramic was prepared by standard SSR method at an optimized calcination temperature (1000°C).
Formation of single-phase compound with orthorhombic crystal structure is confirmed from XRD pattern. The temperature
variation of dielectric constant exhibits improved thermal stability (TCC) behaviors useful for MLCC applications. The room
temperature hysteresis loop confirms the ferroelectric property of the material with good remnant polarization applicable for
memory device. Complex impedance spectroscopy is used to determine the distinct components in the corresponding electrical
circuit. The fact that ac conductivity changes with temperature indicates that the conduction mechanism is a thermally triggered
process. Conduction occurs in the ceramics due to the long-range mobility of single -ionized oxygen vacancies. The thermistor
parameters are calculated at higher temperature for NTC thermistor applications.
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1. INTRODUCTION

Ferroelectrics with Bismuth layered structure like SrBi,Ta, 09 (SBT), SrBi;Nb,0q (SBN) are important
materials for temperature stable memory devices (FRAMs) [1-6]. In particular, SBT is widely explored
due to its excellent properties like extended cycling with polarization fatigue reduced or alleviated
polarization fatigue up to 10'* cycles, low switching voltage, good ferroelectric properties (large P.
values) and low leakage current [2]. It is known that by suitable stoichiometric change in both bulk and
thin film of SBT ceramics, the dielectric and ferroelectric properties can be modified [7,8]. Some groups
have attempted to improve the remnant polarization of SBT ceramic by modifying the composition[9,10].
Senthil et al. reported the effect of rare earth Y3* substitutions in Sr2* site on the ferroelectric, electrical
and photocatalytic behavior of SBT ceramics[11]. The improvement of ferroelectric behavior of SBT
ceramics by rare-earth doping in Sr2* and Bi3* is also reported by others [12,13]. In literature it is known
that the ferroelectric and electrical behaviors of BLSF structures are strongly determined by Bi, 0, layers.
The modifications in dielectric and ferroelectric properties of SBT ceramic by appropriate replacement of
Bi3* ions by lanthanide cations are explored earlier [14]. Some efforts are also reported on the rare earth
doping on Bi sites for LED applications [15,16]. So, it is concluded that rare-earth doping in the Bi sites
is effective for improvement of useful properties. This paper discusses the characteristics behaviour of
Yttrium (Y) substituted SBT ceramic. We have adopted a trial method by slowly increasing the
calcination temperature followed by phase conformation after each interval to optimize the minimum
formation temperature.

2. Experimental methods

The high purity oxides (>99.9%): SrCO3, Bi,O3, Y203 and Ta,Os are used as starting raw materials which
are weighed according to the stoichiometric ratio with the Sr(BiooYo.1)2Ta2O9 abbreviated as SBYT and
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ground in an agate mortar for 2 h. The mixed powder is ball milled in a laboratory ball milling machine
using Zr ball in acetone medium. 3 wt% of excess BixO3; is added with calculated precursors to
compensate the loss during sintering. The mixed precursors are calcined at 1273K for 4 h after drying
acetone. Then the calcined powder is ground in agate mortar and mixed with polyvinyl alcohol (PVA)
(Merck KGaA, 64271 Darmstadt.) which act as a binder for preparation of the disk. The powder is
uniaxially pressed into circular disks of 10-12 mm in diameter and 1-1.5 mm in thickness and sintered at
1473K for 1 h with a heating rate of 5SK/min. The end faces of the sintered pellets are made parallel and
flat using fine emery paper. The phase formation of the sintered pellets is structurally characterized using
X-ray diffraction (XRD) (PANalytical, Japan) and surface morphology of the sintered pellet is studied
using Scanning electron microscope, (JEOL, USA). In order to measure the electrical properties, disk
surfaces are polished uniformly and coated with silver paste (Coatex Industries) for electroding purpose.
After electroding the pellet was dried for 1 h at 473K to remove the moisture if present and was cooled to
room temperature before taking any electrical measurement. Temperature dependence dielectric data are
measured from 300K to 673K with the rising temperature of 1K/min using Salatron 1260 gain/phase
analyzer, Germany. The hysteresis is studied using P—E loop tracer (Radient Technology, USA).

3. Result and Discussion

3.1. Structural and morphological analysis

The XRD pattern of the sintered pellet of SBYT ceramic is presented in Figure 1. The observed
peaks and lattice parameter were redefined using X’Pert high score computer Software program. The
XRD analysis reveal the grown materials have single-phase Bi-layered (m = 2) Aurivillius compounds
with A2;am orthorhombic symmetry, which is consistent with standard XRD database (JCPDS: 49-
0609). The sharp and distinguished peaks confirm the formation of new single-phase material. The
derived lattice parameters are a = 5.6208A, b = 5.5263A and ¢ = 25.0232A. In the XRD patterns, a
strong (115) diffraction line at about 20 ~ 28.39° is detected, which indicates polarization along the a-
axis direction [11].
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Figure 4.1: XRD patterns of the SBYT ceramic (x=0.1)

3.2 Microstructural Analysis

Figure 2 gives the surface morphology of the sintered pellet of Y substituted SBT ceramic. The
distinctive features of bismuth layer compounds are clearly observed from the grain
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morphologies of the ceramic. The sample exhibits anisotropy, and the grains have a rod-like
shape with minimal porosity. The bulk density of sintered pellets is found to be 95-97% of the
theoretical density. The SEM micrographs manifest the polycrystalline nature of the SBYT
ceramics.
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Figure 2: Surface morphology of the SBYT ceramic
3.3. Dielectric properties

The dielectric permittivity (&.) of SBYT ceramic varies with temperature (Figure 3) at selected
frequencies in a similar behaviour of other Bismuth layered structure ferroelectrics [17-20]. The reduction
in both dielectric constant and ferroelectric phase transition with the substitution excess amount of
Yttrium is an indication of the development of ionic bond (Y-O) from covalent bond (Bi—O) in the Bi,0,
layer [21] . Additionally, the lowering of both the dielectric parameters (&, and T¢) is explained in terms
of reduction of TaOg octahedron distortion of SBT ceramics. The unit cell dimension and lattice deviation
of the parent SBT ceramic increases because of incorporation of the cation Y3* having a larger covalent
radius as compared to Bi3*. The lone pair of 6s” electrons present in Bi®* ion actively participate in
induction of dipole moment (polarization) in the perovskite layers of SBT structure as compared to
bonded electron pairs. Consequently, the absenteeism of lone pair of electrons in the lanthanide cation
(Y3*) reduces the net induced polarization and B site octahedral distortion. Again, according to Shannon
(1993) the room temperature polarizability for Bi3* is more than Y3*. From Clausius- Mossotti relation
the lower polarizability will shift the T, and T lower temperature site. Again, it is also stated that doping
with small cationic radius in A site of SBT ceramics creates more rattling space resulting more dielectric
constant with high transition temperature although amalgamation of large ionic radius fallouts a converse
effect [22,23]. So, both the maximum dielectric constant (&,,) and transition temperatures (T¢) fall down
with substitution of Y. Lowering of maximum dielectric constant values with doping has a noteworthy
effect on improvement of remnant polarization in SBT based ceramics useful for memory applications.
The frequency dependent T or strict relaxor behaviour is not observed in the composition because of
absence of nano sized polar regions (PNR) in them resulting from their large grain size. As it is known
that this PNR are responsible for relaxor behavior in Bi based perovskites [24]
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Figure 3: Temperature variation of dielectric constant at various frequency
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Figure 4: Variation of TCC of SBYT ceramic with temperature at 50 KHz

The dielectric constant of the Y modified ceramic shows negligible variation with temperature up to
300°C indicating excellent thermal stability. The thermal stability of the materials is related to the
capacitance (C) and is expressed by the temperature coefficient of capacitance (TCC). The temperature
coefficient of dielectric constant TCC (1) is calculated using the formula
Te = (ér — €rr)/ErrAT

where AT =measuring temperature (T)-room temperature (RT) and ey is the room temperature dielectric
constant. The units of TCC is parts per million (ppm)°C" and TCC = 0 indicates high thermal stability of
the materials as capacitors. The TCC was calculated for the sample within temperature range (25-300)°C
and presented in Fig. 4. In the above temperature range the values of 1. are close to zero which reflects the
suitability of the materials for microwave resonators and MLCC application.
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The broad dielectric peaks specify the presence of second order phase transitions in these materials with
broadening confirmed by conniving the degree of diffuseness (y) from the temperature variation of
dielectric constant using the modified Curie—Weiss law [25]:
—T Y
%—éz% (@tT > T,) 4.1)
where C' is a constant, y has values between 1 and 2. The values of y indicate classical Curie Weiss law
and an ample diffuse phase transition respectively. The corresponding y values are calculated from the

slopes of the plot between logarithm of (1/& — 1/&p,) and logarithm of (T — T¢) at 50 kHz (Figure 5).

& x=0.1 (4=1.47741)
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Figure 5: Relationship between logarithm of (1/¢ — 1/¢&y,) and logarithm of (T — T¢) at 50 kHz
for SBYT ceramic.

The presence of more than two no of cations in the A site of the perovskite layers is responsible for such
type of phase transition in it. It is also reported earlier that doping of rare earths in Bi-site of BLSF
structure predisposed the dielectric constant with wide peak because of the nonuniform dispersal of rare
earths in layered structure [26,27]. The presence of diffuse phase transition in the material is confirmed
from the values of y (degree of diffusivity) as 1.47 (between 1 to 2).

3.4 Ferroelectric properties

The assumed ferroelectric behaviour of the Yttrium modified SBT ceramic is confirmed from the
polarization reversal curves (hysteresis loop) shown in Figure 6. The closed hysteresis loop in this figure
confirms the assumed ferroelectric nature in the dielectric plot. The observed good remnant polarization
(P,) in the material aligns it for memory applications. In the process of high temperature sintering
stoichiometric loss occurs in the pure SBT material due to volatilization of Bi, 03 leaving some oxygen
vacancies in terms of inherent defects [28]. Substituting an isovalent lanthanoid cation for Bi®* at the A-
site reduces bismuth vacancies and stabilises oxygen ions in the perovskite layers [29]. These oxygen
vacancies (V) work as space charge resulting strong pinning of the domains causing less F. values
[30,31]. With the addition of the trivalent ion (Y3%), to maintain the structure's overall charge neutrality,
cation vacancies are produced in the A-site. Hence the dopant ion behaves as a donor reducing the oxygen
vacancies and the pinning effect on the domain walls with a larger contribution of P to the parent
materials [32]. It is also anticipated that the polarization increases due to Y3* doping as a result of
increase of no of switchable domain in the presence of electric field [6].
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Figure 6: The P—E hysteresis loops of SBYT ceramic.

3.5 AC conductivity

The AC conductivity of SBYT ceramic as function of frequency (SkHz-1MHz) at different temperatures
is shown in Figure 7. The graph is divided into three sections with varying slopes: (i) low frequency
dispersion, (ii) intermediate frequency (plateau) dispersion, and (iii) high frequency conductivity
dispersion. In the low frequency (space-charge) region, the polarisation effect causes variations in
conductivity. The long-range translational motion of ions contributing to dc conductivity (a4.) is ascribed
to the frequency independent plateau at moderate frequency [33]. The charts show that the material's
conductivity increases as the temperature rises. Also, the dispersion is readily evident at lower
frequencies, while the curves blend at higher frequencies. In the high frequency range, however,
conductivity rises at all temperatures when the slope changes. The hopping frequency is the rate at which
the slope varies. With rising temperature, the hopping frequency changes to the upper side, as seen in the
graph [34].As the temperature rises, a frequency independent zone (plateau region) stretches to the higher
frequency and relaxes into a strong dispersive region. The plateau zone results from long-range charge
carrier movement, while the dispersive region results from localised or short-range charge carrier
movement, resulting in ac conduction. As a result, the relaxation frequency is determined by the point at
which dc to ac conduction occurs [35]. Jonscher's power law [36] governs this kind of frequency
dependent conductivity s(u) spectrum:

Ogc = Ogc + Aw™ (4.2)

where o4, is the DC conductivity (corresponding to the frequency-independent plateau in the low-
frequency region), A is a frequency pre-exponential factor which depends on temperature, and n is the
power-law exponent (0 < n <1). The preexponential factor (A) controls the intensity of the
polarizability, whereas the power n denotes the degree of interaction between mobile ions and the lattice
surrounding them. It is clear that g, rises with frequency, although it is practically independent in the
low-frequency area. g, is obtained by extrapolating this component towards the lower frequency side.
The rising tendency of o, with increasing frequency (in the low frequency area) might be explained by
cation disorder between surrounding sites or the existence of space charge [37]. The curves approach each
other in the high-frequency area. A low-frequency dispersion phenomenon following Jonscher's power
law is shown by the conductivity charts. The origin of the frequency dependence of conductivity,
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according to Jonscher, is related to relaxation events caused by mobile charge carriers. A mobile charge
carrier stays in a condition of displacement between two potential energy minima as it hops to a
new site from its initial location.
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Figure 7: Frequency dependence AC conductivity at different temperature for SBYT ceramic.

3.6 Complex impedance analysis

Impedance spectroscopy is a good way to link the electrical properties of heterogeneous
polycrystalline materials to their microstructure. The complex impedance (Z) is generally expressed as:

Z=27+jz" (1)

where Z' and Z"' are the resistive and the reactive part of the impedance. This section describes the
frequency and temperature dependent components of impedance for the material. The numerous
contributions made in the system can be quantified by fitting the impedance data with an analogous
electrical circuit. Figures 8(a &b) demonstrate the frequency dependent real impedance (Z') and
imaginary impedance (Z'") for SBYT ceramic at the temperature range of 450-550°C. Because of the
release of space charge induced by a decrease in barrier characteristics as temperature rises, the Z' values
for all temperatures blend at a high frequency. It could also explain why ac conductivity rises with
temperature at high frequencies. When the frequency (log f) is increased, the Z' falls, suggesting an
increase in AC conductivity. Furthermore, the nonlinear behaviour of Z' values as a function of
temperature is evident. The asymmetric fluctuation in the broadness of the Z" peaks pointed to an
electrical process with a relaxation time spread [38]. The presence of temperature dependent relaxation
phenomenon is explained by the shifting of Z" max towards the high frequency side. The reduction in Z"
with temperature shows increased conductivity due to the material's space charge. Because it takes less
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time for space charges to relax and recombine at high frequencies, space charge polarization decreases as
frequency rises and seems to merge at high frequencies for all temperatures.
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Figure 8: Variation of impedance with frequency at different temperatures for SBYT (a) imaginary value
of impedance (Z") (b) real value of impedance (Z').

For polycrystalline materials, complex impedance spectroscopy is utilized to investigate frequency
domain features (such as grain, grain boundary, and interface effects). The qualitative information
regarding the contribution of grain, grain boundary, and interface effects is provided over a wide range of
frequencies and temperatures. Utilizing applicable equations, one can anticipate the theoretical values of a
material by using a parallel combination of resistance (R) and capacitance (C) in an equivalent electrical
circuit. The fitting of impedance spectroscopy data to an equivalent electrical circuit can reveal how the
system's various contributions evolved. In an analogous circuit, each parallel combination of R — C must

be considered for its own relaxation process.

The complex impedance spectrum (Z' vs Z") of SBYT ceramic is shown in Figure 9. The sample
fits best with a series of two parallel components RC — RQ or RQ — RC, where 'R' is resistance, 'C' is
capacitance, and 'Q' is the constant phase element (CPE) indicating the electrical contributions from both
grain and grain boundary[39-40] (equivalent circuit is drawn on the graph). The term CPE refers to a
relaxation mechanism that is not Debye, in which the centre of a semicircle is dislocated below the axis.
With increasing temperature, the radius of the semicircle shrinks, confirming the negative temperature
coefficient of resistance of the material. Fig 10 shows the fitting parameters (bulk resistance) as a function

of temperature for the complex impedance spectrum using SBYT ceramics equivalent circuits.
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Figure 9: Complex impedance spectrum (Z' vs Z") of SBYT ceramic (Solid line represents

respective circuit fitting).
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Figure 10: Variation of bulk resistance with temperature of the ceramic.

3.7 Thermistor Constant beta () or Sensitivity

It is noticed from the temperature variation of bulk resistance (Fig.10) graph that resistance follows
semiconductor behavior with increasing temperature by the following exponential equation.

-Eg 1 1
R = ROEXP(KTT) or R = Roexpﬁ(; _T_o) (1)
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Where R and Ry are the resistance of the compound at the temperature T (K) and fixed temperature To(K)
respectively and 3 is material characteristic properties known as the NTC thermistor parameter.

The following equation is used to get the 3 value

R
In (L)
RT2

)
Ty T2

Where Ry; and Ry, are the resistances at two different temperature T, and T, respectively. The thermistor

B = )

specification and components are decided from the values of § [41]. The variation of f with temperature
is shown in fig.11 and it directly varies with the temperature. In literature it is open that § should ranges
between 4000K-15000K for use as good thermal sensor [42]. The values of [ calculated for the material
remain between 6000K-116000K and concludes the use of the material as high temperature NTC
thermistor.
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Fig.11: Variation of § with temperature.
4. Conclusion

The Sr(BiosYo.1)2Ta;09 ceramic was prepared by standard SSR method. Formation of single-phase
compound with orthorhombic structure is confirmed from XRD pattern. The temperature variation of
dielectric constant exhibits improved dielectric behaviors with lower transition temperature values near
room temperature device applications. The room temperature hysteresis loop confirms the ferroelectric
property of the material with good remnant polarization applicable for memory device. Complex
impedance spectroscopy is used to determine the distinct components in the corresponding electrical
circuit. Conduction occurs in doped ceramics due to the long-range mobility of single -ionized oxygen
vacancies. The study of temperature-dependent resistance supports SBYT as a good candidate for NTC
thermistor-related device applications. The frequency variation of ac conductivity follows Josher’s power
law. The negligible TCC value of the material is promising for a tunable microwave device.
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