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1 Introduction

Researchers widely use barium titanate (BT) based perovskite ceramics for their
dielectric properties, structural stability, and environmentally friendly nature [1,
2]. The highest value of BT’s dielectric constant is typically found near its Curie
temperature, which is approximately ca. 120 °C [3]. Many modern applications such
as MLCCs (Multi-layer ceramic capacitors), and FeRAM (Ferroelectric Random
Access Memory) require a high dielectric constant over a broad temperature range.
Some researchers have utilized tin (Sn) to lower the transition temperature and
achieve high dielectric constant near RT. [4, 5] The ionic radius of tin in its 6-
coordinate state is larger than that of titanium (Rg;, (69.0 pm) > Ry; (60.5 pm)) [6].
As a result, tin occupies more void space at B-site than the titanium ions, causing
the decrease of structural transition temperature from tetragonal to cubic [7].
Sn-incorporated BT (Ba(Ti;—,Sn,)O3) is a binary solid solution composed of
non-ferroelectric BaSnOj5 (T, = —260 °C) and ferroelectric BaTiO5 (T, = 120 °C).
The transition temperature of the solid solution can be controlled by varying their
concentrations [8]. Besides, the properties of Sn-incorporated BT are expected to
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be tuned by the composition and the processing conditions [9]. Wei et al. (2011)
incorporated tin at B-site in BT and optimized the sintering temperature for the
whole series from 0 to 100 mol% incorporation. It has been reported that a higher
sintering temperature or soaking time is required for tin incorporation at the B-site
with an increase in tin doping due to its relatively large ionic radius and mass as
compared to native titanium ion. Horchidan et al. observed the highest value of
dielectric constant (~10,000) for 10 mol% tin-doped sample, sintered at 1300 °C
for 4 h [7]. Kalyani et al. synthesized different compositions of tin-doped BT using
two-step sintering and studied the variation in phase transition temperatures [10].
Nath et al. investigated the variation in the density of tin-doped BT samples with
varying sintering temperatures from 1150 to 1400 °C and an increase in the density
was observed with an increase in sintering temperature [11]. Wang et al. synthesized
compositions of tin and zirconium doping in BT (Ba(Tig 94Sng 6.xZrx )O3 for 0.00 <
x < 0.00) at sintering temperature from 1450 to 1550 °C [4]. It has been observed
that higher soaking time or sintering temperature is required for tin incorporation at
the B-site with an increase in tin doping [12].

Different sintering temperatures and soaking times have been used to optimize the
dielectric properties for several tin doping compositions but there is a lack of discus-
sion over the centralized idea of morphological development and corresponding
defect concentration. Therefore, the present work emphasizes on these areas along
with other structural and ferroelectric investigations. The EPR has been used to under-
stand the nature of defects and to the best of our knowledge has rarely been investi-
gated for this system. Such investigations provide insights into the process of material
formation and develop an understanding of the structure—property relationship.

2 Experimental Technique

The present study involved synthesizing tin-doped BT powders using a solid-state
ceramic route, with the formula BaTi;_,Sn,03; z = 0, 0.02, 0.05, 0.07, and 0.1. The
samples were given labels BT, BTS2, BTSS5, BTS7, and BTS10, respectively. The
synthesis process involved mixing barium carbonate (Sigma-Aldrich, 99.9% purity),
titanium oxide (Merck, > 99% purity), and stannic oxide (Loba Chemie, 99.8%
purity) in the required stoichiometric proportions. The mixture was then milled for
24 h using a horizontal bar roller ball mill with IPA. The resulting suspension was
subsequently dried for 8 h at 100 °C and then calcined at 1200 °C for 3 h.

The pellets were then pressed using a uniaxial pellet-pressing machine after
grinding the powders with 2% by weight Poly Vinyl Alcohol. Subsequently, the
pellets were sintered at 1300 °C for 3 h. The XRD patterns were obtained using a
Rigaku Ultima-IV X-ray diffractometer, Cu-ka radiation of 1.5418 A. The lattice
parameters were determined through Rietveld refinement. The strain and crystal-
lite sizes were calculated using Williamson Hall plots. The SEM micrographs were
obtained from the fractured portions of the pellets on a Jeol-JSM 6610LYV, and the
particle size was measured using imageJ software. Furthermore, the sintered powder
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was subjected to room temperature (RT) EPR study using a Bruker EMX EPR spec-
trometer. The Lande’s g-factor for a specific resonance peak was calculated using
the formula.

. h.v, 0
&= up.H

where & is Planck’s constant. v, is the operating frequency (9.876 GHz). i g and H are
Bohr Magnetron (9.274 x 1072* J/T) and the corresponding applied magnetic field.
The dielectric measurements were taken on these samples in the temperature range
from RT to 300 °C. The PM-300 piezo-meter was used to measure the piezoelectric
charge coefficient (ds3) of the samples after they were polled at room temperature
for 30 min with 15 kV/cm. Polling aligns the ferroelectric domain in the direction of
the applied electric field. Thereafter, domains give a collective response, whereas, in
an unpolled sample randomly oriented domains generate random electric fields on
applying pressure and as a result, a very low ds3 value is obtained. The P-E hysteresis
loops were obtained at RT using a hysteresis loop tracer based on a modified Sawyer
and Tower circuit provided by M/s Marine India Pvt. Ltd. in Delhi.

3 Results and Discussion
3.1 X-Ray Diffraction

The X-ray diffraction (XRD) patterns in Fig. 1. revealed that the samples had a tetrag-
onal phase formation conforming to JCPDS #83-1875 [3]. A small carbonate peak
at approximately 28°, was observed only in the BTS10 sample [13]. Furthermore, an
observable shift toward lower 26 values was noticed with an increase in the tin doping
concentration, for all the peaks corresponding to different planes. The peak position
of (110) peak has been mentioned below to quantify this effect (Fig. 1ii, Table I).
Lattice strain and crystallite size of these samples are also mentioned in Table 1. The
given samples showed an increase in crystallite size with an increase in tin doping
concentration. Tin substitution expands the lattice structure and its influence can also
be noticed in the increase in the value of lattice volume (Table 1) [5].

As shown in Fig. 1iii, an increase in tin doping level resulted in a decrease in
the splitting of (002) and (200) peaks at approximately 45°. The peak situated at a
lower 26 value indicates the longer c lattice parameter, whereas the shorter a and b
parameters generate a peak at a higher 26 value. Furthermore, the decrease in average
tetragonality was found to be associated with a decrease in the c/a ratio (Table 1) [7].



116 S. Kumar et al.

1w _
(110) (a) BT
] (b) —— BTS2
] (c) -BTS5
_— (d) ——BTS7
= (e) BTS10
2 |
w
S | (1) @002 (=11
E |
d o | (202)
(102) (103)
die * J (201) (212}(3(’“13
{it A "
oy e W Ea— ,-M-._,.—.Ji- —— l,_ ...... S I V| ——

20 30 40 50 60 70 80
20 (degree)
| (ii) (a)— BT 1 Gii) (a)— BT
(b) —— BTS2 (b) —— BTS2
(c)—— BTSS - (c)—— BTSE
i (d) —— BTST (d) ——BTS7
(e} BTS10 (e)  BTS10

Intensity (A.U.)

Intensity (A.U.)

31..0 31..5 320 43 4.4 4’5 4.6 a7
26 (degree) 20 (degree)

Fig. 1 i X-ray diffraction patterns of tin-doped BT (BaTi;.,Sn,03) ii An enlarged plot of the (110)
peak iii An enlarged plot of the splitting of (200) and (002) peaks ca. 45°

3.2 Scanning Electron Microscopy (SEM)

The SEM micrographs of tin-doped BT samples were taken from the fractal portions
of the sintered pellets (Fig. 2). The intra-granular breaking instead of inter-granular
breaking was usually observed while capturing the SEM images for < 5 mol% tin
doping. Therefore, many fractal portions were investigated to obtain SEM images of
grains with clear boundaries. Nath et al. have also shown the SEM micrographs with
intra-granular breaking for tin-doped barium titanate samples [ 11]. The intra-granular
breaking, as well as the grains with clear boundaries, are visible in Fig. 2ii.

Figure 2i shows the SEM micrograph of the undoped BT, whose average grain
size was ca. 6 wm. Figure 2ii and iii show the microstructure of BTS2 and BTS5
having an average grain size of ca. 16 and ca. 58 pwm, respectively. An increase in the
grain size with the tin doping to a certain level has been noticed by researchers [14].
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Table 1 The (110) peak position, lattice strain, crystallite size, lattice parameters, volume, and c/
a ratio of the samples under investigation

Sr. | Sample | (110) Lattice | Crystallite | Lattice Lattice Lattice |c/a
no Peak Strain size (nm) parameter, | parameter, | volume
position aorb(A) |c(A) A

1 BT 31.46 291 x |52.34 3.9934 4.0301 64.2690 | 1.0092
1073

2 BTS2 31.44 3.19 x | 56.64 3.9990 4.0300 64.4470 | 1.0077
1073

3 BTSS 31.43 3.88 x |67.68 4.0045 4.0202 64.4682 | 1.0039
1073

4 | BTS7 31.42 5.82 x 99.83 4.0131 4.0177 64.7041 |1.0012
107

5 BTS10 |31.40 5.31 x |92.51 4.0148 4.0187 64.7756 | 1.0010
1073

This can be attributed to the liquid phase formed due to the isovalent substitution of
tin for titanium which forms a eutectic in BaTiO3 and BaSnOj systems [15, 16].

The SEM micrographs of BTS7 are shown in Fig. 3. at different magnifications.
These figures provide information about the formation process of bigger particles by
the combination of smaller grains. In the case of synthesis via a solid-state method,
the grain size depends upon the sintering temperature [4], sintering time [17], and
diffusion length[18] of the contributing ions at that temperature. In Fig. 3i, the micro-
graph was taken at alower magnification to get a broader view of surface morphology.
It can be observed from the morphology (Fig. 3i) that the small grains are fusing
among each other to form a bigger particle. The representative white lines are marked
along the tentative grain boundary. Figure 3ii is a higher magnification of the same
morphology at the position of that white line rectangular box as shown in Fig. 3i.
Figure 3ii shows the micrograph of these grain boundaries. Furthermore, in Fig. 3iii
the image at even higher magnification shows that the small grains are 0.96 pm in
size. The basic difference between the accumulation and the grain boundary is that
the grains across the boundary are not diffusing into each other.

3.3 Electron Paramagnetic Resonance (EPR)

The EPR patterns of the undoped and tin-doped barium titanate samples are given in
Fig. 4. The EPR signals corresponding to barium and titanium vacancies are observed
at g = 1.974 and g = 2.004, respectively [19, 20]. The undoped BT showed a minor
bump dedicated to barium vacancies at g = 1.974. In the case of tin-doped samples,
an intense barium vacancy peak was observed for BTS2 and its intensity reduced
with an increase in tin doping concentration. Barium vacancies are shallow defects
at the grain surface [21]. While the signal for titanium vacancy at g = 2.004 was
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Fig. 3 SEM images of BTS7 at i 500, ii 2000, and iii 5000 magnifications
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found to increase with the increase in tin doping concentration. The increase in the
number of defects like B-site vacancy could be attributed to the fact that tin is a
relatively heavier element than titanium and tin ions were not able to diffuse up to
the required length and occupy all the stoichiometrically available titanium sites.
Therefore, the intensity of titanium vacancy peak increases with an increase in tin-
doping concentration. The partial substitution of tin at B-site in barium titanate has
also been addressed by Veselivonic et al. by Rietveld refinement of the XRD data
and XRF (X-ray Fluorescence) spectroscopy [8].

A group of 6 equidistant peaks (sextet) can also be seen emerging with increasing
doping concentration because of the increase in cubic nature in the system [22, 23].
This has been reported in the literature as the hyperfine structure of Manganese ion
[22]. In the present study, the separation between the consequent peaks in the present
work is close to 83 Gauss. This confirms that the observed peaks are because of the
presence of Mn?* ions in the sample having a spin of 5/2 [23].

Fig. 4 The EPR data of
undoped and tin-doped
barium titanate samples
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3.4 Dielectric Properties

Figure 5i shows the plots of dielectric constant with respect to temperature at 1 kHz
frequency. Figure 5ii and iii represent the dielectric constant vs temperature curves
of BTS2 and BTS10 samples at different frequencies.

A composition-dependent variation in T, and dielectric constant is observed. The
maximum value of the dielectric constant has been observed for BTS2 at a transition
temperature of 106 °C. The values of the T, and the respective dielectric constants
are shown in Table 2 for various samples. It has been noticed from the XRD pattern
that Sn incorporation decreases the average tetragonality of the material (Fig. liii).

This infers a decrease in the polarization density of the material with tin doping,
which is contrary to the enhancement in its dielectric constant. Shi et al. have investi-
gated the enhancement of dielectric constant in BT because of tin incorporation and
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Fig. 5 i Dielectric constant with respect to temperature for different doping concentrations
ii dielectric constant vs. temperature curves for BTS2 and iii BTS10 at different frequencies
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Table 2 The values of the transition temperature, dielectric constant at 40 °C and T, (1 kHz), and
diffusivity coefficient of the samples under investigation

Sr. | Sample | Transition temperature | Dielectric const. at | Dielectric (y) Diffusivity
no | name (T.) (°C) 40 °C (1 kHz) const. at T, | coefficient
(1 kHz)

1 BT 120 837 2637 1.083 £ 0.009
2 BTS2 106 1352 5533 1.187 £ 0.019
3 BTS5 86 2224 4625 1.230 +0.014
4 BTS7 70 2903 4086 1.342 £ 0.016
5 BTS10 |50 1934 2099 1.807 £ 0.048

it was observed that besides the increase in an average symmetry, tin doping distorts
the lattice structure and increases the local polarization forming polar regions [24].
Therefore, the increase in the dielectric constant of BTS2 could be attributed to
doping-induced structural distortions. The extent of the enhancement in local polar-
ization with tin doping is a temperature-dependent process as it can be generalized
from the literature that different tin doping compositions show their optimum values
of dielectric constant for different sintering temperatures [19, 25, 26]. The maximum
value of dielectric constant was observed for 2 mol% tin-doping levels when the
samples were sintered at 1300 °C.

For doping concentrations above 2 mol%, the decrease in tetragonality becomes
more significant than local polarization, causing the dielectric constant to decrease
at its transition temperature. The sample BTS7 demonstrated the highest value of
dielectric constant near room temperature (at 40 °C) due to its transition temperature
being closer to room temperature, combined with an optimal sintering temperature.

The data was analyzed using the Modified Curie-Weiss Law [26]. A gradual
increase in diffusivity from BT (y = 1.08) to BTS7 (y = 1.34) was observed, but
its value increases high for BTS10 samples (y = 1.80). This sample also showed a
low dielectric constant. With the increase in tin content, the peak of the dielectric
permittivity becomes progressively more diffused (BTS10), but the peak position
doesn’t change (Fig. 5iii). Therefore, the high value of diffusivity coefficient (y =
1.80) and broad transition in BTS10 sample (Fig. 5iii) manifests DPT (Diffuse Phase
Transition) behavior [27]. The incorporation of dopant ions such as tin in the place of
a native titanium ion distorts the long-range uniformity and gives rise to the increase
in diffusivity [28]. The increasing number of B-site vacancy defects has also been
discussed in the EPR investigation, which can also be a contributing factor to the
increasing diffusivity with an increase in tin doping concentration.
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3.5 P-E Hysteresis Loop

P-E hysteresis loops of the tin-doped BT samples are shown in Fig. 6. The maximum
remnant polarization (2P,) was observed to be 11.56 L.C/cm? for BTS2. However, the
value of remnant polarization was found to decrease with an increase in tin doping.
However, Horchidan et al. have observed an increase in remnant polarization up to
5 mol% tin doping in BT which decreases afterward [27]. Besides, the minimum
value of coercivity was also observed for BTS2. Its value increased for BTSS and
started decreasing thereafter. It can also be noticed that the saturation polarization is
also found to be the maximum for BTS2 sample (Table 3), which can be correlated
with the highest value of the dielectric constant obtained for this sample.

As the tin content increased, a reduction in both the maximum and remnant
polarization was observed. This can be attributed to the non-ferroelectric nature
of BaSnQOs, leading to a decrease in polarization [29]. Furthermore, increased Sn
doping caused BaTiOj; to transition to DPT and then relaxor behavior, resulting in

Fig. 6 Plots demonstrating I I
the P-E hysteresis loops of | —BT

the undoped and tin-doped || —— BTS2
BT samples [ BTS5
| —— BTS7
. ——BTS10

E (kV/cm)
4 ] 4 |
10 15

P (uClem?) e

Table 3 The 2P; (remanence), 2E. (coercivity), Ps (saturation polarization), and piezoelectric
coefficient (d33) of the samples under investigation

Sr. Sample (2P;) Remanence (2E;) Coercivity Saturation Polarization ds3

No (nClem?) (kV/em) (Py) (LClem?) (pC/
N)

1 BT 5.9 5.54 10.6 79

2 BTS2 11.56 3.08 11.64 114

3 BTS5 9.88 5.36 11.26 48

4 BTS7 7.00 5.04 11.22 26

5 BTS10 5.17 1.26 8.19 16
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slender hysteresis loops with lower polarization and coercive field, values given in
Table 3.

3.6 Piezoelectric Coefficient (d33)

The maximum value of ds3 was observed for BTS2 sample. It decreases after 2 mol%
doping because of the dominance of cubic nature. It has been stated by researchers
that the switching of dipoles is more accessible and quicker if the energy barrier for
polarization switching is low [30, 31]. It has also been established that the energy
barrier for polarization switching decreases with an increase in tin content in BT [31].
The high value of the piezoelectric coefficient (ds3) can be correlated with the lower
value of coercivity for BTS2 than the coercivity of its adjoining samples (Table 3).
High saturation polarization from the P-E hysteresis loop (Fig. 6) and high dielectric
constant observed for BTS2 sample suggest the existence of enhanced polarization
for this composition and could be a reason for its high piezoelectric coefficient.

4 Conclusion

The tetragonal structure of these samples was confirmed using XRD. Moreover, in
SEM micrographs the particle size increased till 5 mol% tin-doping and small grain
microstructure forming big accumulations was observed for 7 mol% tin doping.
EPR data exhibited an increase in titanium vacancies with tin doping because of
the diffusion-limited substitution process. The intensity of Mn?* hyperfine peaks
was also found to increase with an increase in tin doping. The diffusion-limited
substitution can be supported by the increase in vacancy defects with the increase in
tin doping concentration. The BTS2 sample showed the highest value of the dielectric
constant at its transition temperature because of an increase in polarization initiated
by doping-induced distortions. It is also evident from the P-E hysteresis loop of
BTS2 showing the highest value of saturation (Ps), remnant polarization (2P;) and
the lowest value of coercive field (2E.). Tin-doped samples achieved their saturation
polarization at a lower electric field than undoped BT because of the decrease in
domain switching energy. The piezoelectric coefficient (ds3) of BTS2 was also found
to be the maximum because of faster domain switching and enhanced polarization.
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