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1 Introduction

A solid solution of lead zirconate and lead titanate 
 (PbZrO3–PbTiO3, known as PZT) near the morphotropic 
phase boundary (MPB) is widely used for different applica-
tions (sensors, actuators, printing devices, micropositioning 
systems) due to its exceptional electromechanical and piezo-
electric properties. As lead or lead oxide released during the 
high-temperature processing of the PZT is toxic in nature, it 
creates severe health and environmental problems. Keeping 
in mind the environmental concerns, serious attempts are 
being made to develop lead-free ferroelectric, piezoelectric 
and related materials having potential device characteristics 
(i.e., low dielectric loss, low coercive field, low conductiv-
ity, high dielectric constant and large saturation potential) 
[1–3]. PZTs,  BaTiO3,  BaSrTiO3,  KNbO3,  (Bi1/2Na1/2)TiO3, 
etc. are closely associated with perovskite structure exhibit-
ing co-existence of multiphases [4–6]. Basically, the above 
lead-free piezoelectric ceramics have low piezoelectric coef-
ficients  (d33) (less than 300 pC/N) as compared to that of 
the PZT  (d33 = 300–600 pC/N) [7–9]. The electric properties 
studied by many researchers of these materials are not still 
uniform and intact [10, 11]. The variety of solid solutions 
related to  (Bi1/2Na1/2)TiO3 (BNT) modified with (i)  BiFeO3 
[12], (ii)  CaTiO3 [13], (iii)  BaTiO3 [14] were experimented 
to enhance their electrical characteristics. Most of the past 
investigations show two phase transitions at high tempera-
tures (530 °C: paraelectric cubic phase to paraelectric tetrag-
onal phase) and at low temperature (200 °C: ferroelectric 
rhombohedral phase is present). Due to the existence of 
a rhomobohedral- tetragonal MPB around x = 0.06–0.07, 
among all BNT–BT systems studied,  (Bi1/2Na1/2)1−xBaxTiO3 
(x = concentration) have attracted lots of attention [15]. Still, 
the steady results are far with an approach to device engi-
neering as per the electric characteristics of BNT–BT solid 
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solutions are concerned [16–19]. To enhance any specific 
characteristics, BNT is regarded to be an excellent material. 
As the structural and electrical characterization of BNT–BT 
with 2 wt% of BT reports are not available, we have made 
the A-site and B-site substitutions in BNT to analysis the 
relaxor properties, phase transitions and related properties 
of the material [20]. In the present work, the influence of 
even a small amount (2 wt%) of  Ba2+ ions on physical and 
electrical properties of BNT ceramics at the morphological 
phase boundary has systematically been investigated and 
reported here.

2  Experimental

2.1  Synthesis of BNT–BT-2

The high-purity ingredients/oxides used here are; bismuth 
oxide [purity = 99.99%, Central drug house (P) LTD], 
sodium carbonate (purity = 99.5%, Central drug house (P) 
LTD), barium carbonate [purity = 99.99%, Central drug 
house (P) LTD], titanium oxide [purity = 99.99%, LobaChe-
mie (P) LTD]. A conventional and standard mixed oxide 
route (i.e., high-temperature solid-state reaction method) 
has been used for the synthesis of the desired material. The 
ingredient materials were properly taken in stochiometry, 
and were grounded in agate mortar. Dry grinding was fol-
lowed by wet grinding (acetone) for 4 h each. The calcina-
tion of the homogeneously mixed powder was carried out at 
850 °C for 12 h in a high temperature heat furnace. The fine 
calcined powder was sieved for fabrication of disc-shaped 
pellets of 10 mm diameter of varying thickness under iso-
static pressure of 4 × 106  Nm−2. The binder used was PVA 
for fabrication of pellets. The pellets were sintered for 6 h at 
an optimized temperature of 950 °C.

2.2  Characterization

The X-ray diffraction data and pattern, obtained by 
X-ray diffractometer (Bruker D-8 advance model) with 
CuKα (λ = 0.15406 nm) in a wide range of Bragg’s angle 
(20° ≤ 2θ ≤ 80°), were used to study the formation and 
crystalline nature of the prepared material. Analysis of 
Raman spectra recorded at room temperature by using 
STR-500 Micro Raman, Japan was carried out to under-
stand the molecular structure and symmetry. The surface 
characteristics (grain size, shape, distribution, etc.) of a 
pellet sample were analysis using micrograph obtained 
by scanning electron microscope (SEM) of M/s CARL 
ZEISS. The elemental analysis was carried out by energy 
dispersion analysis of X-ray (EDAX) using the same 
SEM micrograph. The color mapping and distribution 
of elements of the sample were performed by Oxford 

instruments, Japan. Both the surfaces of the pellet were 
polished with fine emery paper to make them smooth and 
parallel. The high-purity silver paste was subsequently 
painted on the parallel surface of the pellet, and then was 
annealed in an oven at 120 °C for 2 h to remove mois-
ture, if any. The phase sensitive LCR or impedance meter 
(model PSM 1735, N4L), in a wide range of frequency 
(1 kHz–1 MHz) and temperature (25–500 °C), was used 
to obtain electrical parameters such as relative permittiv-
ity, energy dissipation factor, electrical impedance (Z), 
conductivity and modulus. A digital multimeter was used 
to measure the temperature. The J–E curve was measured 
by using a keithley electrometer at a frequency of 50 Hz.

3  Results and discussion

3.1  Structure and microstructural analysis

The X-ray diffraction (XRD) pattern (Fig. 1a) was used 
to investigate the structural characteristics of the material 
(BNT–BT-2). To get the detail structural information of the 
sample, Rietveld refinement was carried out using the pat-
terns and software PDXL. The Rietveld refinement fitting 
results are shown in Fig. 1b. Based on best fitting param-
eters  (Rwp ≈ 10.43,  Rp ≈ 8.08, χ2 ≈ 1.5687), all the peaks 
are indexed with a very well matched (the fitted data i.e. 
blue line exactly match with experimental data i.e. red line) 
hexagonal phase [space group file number = 166: (R-3m); 
ICDD Card No. 04-015-0482]. There is an extra peak pre-
sent at 2θ ≈ 31° which corresponds to the tetragonal phase 
(space group 139: I4/mmm; ICDD Card No. 04-010-5863). 
The XRD pattern was fitted with whole powder pattern 
fitting (WPPF) analysis. The lattice parameters have also 
been estimated by Rietveld method: a = b = 5.4867 Å and 
c = 6.7155 Å. Hence c/a ratio in this case is 1.22. The X-ray 
density of the sample was calculated by an available soft-
ware PDXL2 (Rigaku, Japan) and found to be 7.683 gm/
cc. Based on the structural data and the Goldsmith toler-
ance factor, a stable perovskite structure is concluded [21]. 
There is an increase in tetragonal distortion (c/a ratio) as 
compared to that of reported ones [22, 23]. A well known 
Debye–Scherrer equation: D = pλ/β1/2cos θ is utilized to cal-
culate the crystallite size (D) of the sample where the reflec-
tion peak broadening is represented by (β1/2), Bragg angle 
(θ) and wavelength (λ) respectively and p = constant (0.89). 
The calculated average value of D is found to be 100 nm. 
The morphology for one sample of BNT–BT-2 ceramic is 
shown as inset of Fig. 1b. It is visibly enumerated that the 
surface morphology is highly crystalline as enumerated from 
XRD analysis. The grain growth is not uniform, but confirms 
high density packing.
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3.2  Elemental analysis and color mapping

Figure 2 shows the energy dispersive X-ray spectroscopy 
(EDX) spectra and elemental mapping of the sample which 
help to study the chemical composition or content of the 
prepared materials in the sintered ceramic sample. The pres-
ence and amount of bismuth, barium, sodium, titanium and 
oxygen ions of BNT–BT-2 sample have been obtained by 
EDX spectra. The analysis of the spectra shows that all the 
elements are homogeneously and proportionally distributed 
throughout the samples. Especially, the elements such as Bi, 
Na, Ba, Ti and O were seen to be homogeneously distributed 
across the grains and grain boundaries. The main purpose 
of the regional element mapping is to find out an insight 
among the grain and grain boundaries related to elemental 

distribution. The elemental ratios of the samples were nearly 
consistent with the required empirical formula.

3.3  Raman analysis

Figure 3 represents the room temperature Raman spectra 
of BNT–BT-2 recorded within the wavelength range from 
132 to 900 cm−1. Bands located below 250 cm−1 are related 
to Na/Bi–O stretching vibrations. The bands present above 
250 cm−1 are mainly related to the Ti–O stretching vibra-
tions. More specifically, the 269 cm− 1 modes involves 
only O–Ti–O bending mode, which is susceptible to the 
phase transition [24]. The oxygen displacements (causing 
vibration) dominate the high-frequency Raman bands [25]. 
The high-frequency modes in the range of 600–850 cm−1 
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Fig. 1  a Room temperature XRD of BNT–BT-2 sample; Inset image shows unit cell structure of BNT–BT-2. b Rietveld refined pattern, inset 
SEM microstructure image
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correspond to the vibrations of the  TiO6 oxygen octahedral 
[26]. The deconvolution of the spectrum, carried out by 
“Origin 8.0 software” using Lorentzian function, shows 
five vibrational modes observed at 269, 514, 581, 759 and 

862 cm−1 which are in a good agreement with the pre-
viously reported ones [27, 28]. The distorted octahedral 
 [BiO6] and  [NaO6] clusters are closely associated with the 
first Raman-active  A1  (TO1) mode at around (146 cm−1). 
The second Raman active E  (TO2) mode at 269 cm−1 can 
be deconvoluted in three Raman peaks. Due the existence 
of octahedral  [TiO6] clusters, this mode corresponds to 
stretching from the bonds. The third Raman-active  (LO2) 
mode with low intensity represents to short-range electro-
static forces because of iconicity of lattice. The  TO3 mode 
located around 581 cm−1 is attributed to the (–O–Ti–O–) 
stretching symmetric vibrations of the octahedral  [TiO6] 
clusters [29]. This mode occurs commonly in the mate-
rials with perovskite structure. Finally, at 862 cm−1, the 
 (LO3) mode is due to the existence of the sites within the 
rhombohedral lattice pre containing octahedral distorted 
 [TiO6] clusters. The two classifications of the modes are 
longitudinal (LO) and transverse (TO) components. The 
reason behind such classification is due to the electronic 
structure with polar character of lattice. The Raman peaks 
are very prominent and detectable in BNT–BT ceramics. 
The distorted octahedral  [TiO6] clusters is present, which 
provoked such behavior.

Fig. 2   EDS (Spectra and table (insert)); Elemental mapping of the BNTBT-2 samples at a marked region. All the constituent elements are pre-
sent over the all surface

Fig. 3  Room temperature RAMAN spectra for BNT–BT-2
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3.4  Analysis of dielectric parameters

Figure 4a, b shows the decrease in the dielectric parameters 
(permittivity and tan δ) with a rise in frequency. It can be 
observed that with increasing frequency (from the low-fre-
quency), there is a rapid decrease in the dielectric constant, 
however, for higher frequency (> 10 kHz) it reaches a satura-
tion limit. In the low-frequency region, dipolar polarization 
and space charge polarization participate most significantly 
to produce high dielectric constant [30]. The interfacial 
polarizations play an important role at low frequencies, but 
it was ineffective at higher frequency. The electronic polari-
zation donates to the permittivity at high frequencies only. 
So, the low-frequency dielectric constant is greater as com-
pared to that of higher frequency [31]. Due to the decrease of 

permittivity on rising frequency, the dipoles fail to maintain 
the exact oscillatory field. The variation in permittivity can 
be observed in the wide temperature range.

The value of tan δ is observed very less (below 0.1) in 
the frequency region of  103–104 Hz. With an increase in 
frequency, the tan δ value decreases, as the charge carriers 
progress does not follow the applied field frequency above 
a certain range of frequency.

Figure 4c, d shows the temperature dependence of the 
dielectric parameters (permittivity and tan δ) at selected fre-
quencies (1–500 kHz).  Td (depolarization temperature) and 
 Tc are considered to be the two dielectric anomalies present 
in most BNT–BT based materials. Around 200 °C, as repre-
sented by  Td (depolarization temperature) shows the transi-
tion from ferroelectric to antiferroelectric whereas around 

Fig. 4  a and b Shows (permittivity and tan δ) Increasing frequency at various temperature zones. c and d Temperature dependence of dielectric 
constant and loss at various frequencies (1–500 kHz)
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340 °C (represented by  Tc) (Curie temperature/maximum 
temperature) corresponds to the antiferroelectric to parae-
lectric phase transitions. In the tan δ vs. temperature curve, 
 Td is represented by the temperature of the first peak of tan 
δ whereas  Tc is relatively broad suggesting a diffused phase 
transition [32, 33]. With a rise in the frequency, the two 
dielectric anomalies  (Td and  Tc) move towards the higher 
temperature side representing the characteristics of typical 
relaxor behaviour (TRB). The TRB is determined by vari-
ous phase transitions with the increasing shift of transition 
temperature with the rise in the frequency. The tan δ loss 
increases with rise in temperature caused when the dipole 
movement reaches maximum at a certain temperature.

3.5  AC conductivity analysis

Figure 5a, b exhibits the study of the electrical conduction 
mechanism which helps to understand the behaviour of 
charge carriers, temperature and field effect of the motion 
of charges and function of domain structure. The transport 
properties of the materials can also be examined by this 
analysis. The material processing conditions (calcinations 
and sintering temperature, time, atmosphere, etc) lead to 
the creation of oxygen vacancies, defects and charge car-
riers production in oxides together with perovskite is a 
well established fact [34]. From the AC conductivity vs. 
frequency graph, it is clearly seen that frequency depend-
ence of AC conductivity is explained by an equation �AC = 
Aωn where A corresponds to constant depending on tem-
perature, ω represents to angular frequency and n as the fre-
quency exponent. The value of n rises with an increase in 
the temperature, which represent a small polaron hopping 
model [35]. Thermal effect on the conductivity of the studied 
material at selected frequencies is illustrated in Fig. 5b. The 

calculated value of the activation energy from slope was 
seen to enhance from 0.55 eV (1 kHz) to 0.68 eV (100 kHz) 
in the high-temperature region. The activation energies for 
the high temperature region were calculated using well 
known Arrhenius relation [36].

3.6  Impedance spectral analysis

Nowadays, complex impedance spectroscopy (CIS) mech-
anism is widely used to study structure-properties, bond-
ing of the different types of materials, which comprises of 
ionic insulator, ferroelectric and linked ceramics in various 
experimental conditions [37]. In this mechanism, the cor-
responding phase shifted current response is obtained by an 
alternating voltage signal applied to a sample. The complex 
electrical parameters [real (′) and imaginary (″) parts] of 
impedance (Z), modulus (M), and permittivity (ε) can be 
determined with the help of the CIS technique.

Figure 6a, b exhibits the variation of Z′ and Z″ vs. fre-
quency at various temperatures. The real (′) and imaginary 
(″) part of complex impedance can be drafted by following 
equation [38]: 

where R represents resistance, ω represents angular 
frequency and the relaxation time is given by τ = RC 
(C = capacitance). The Z′ magnitude decreases with increas-
ing temperature at low frequencies. The semiconductor 
behavior of material is indicated [39]. The presence and 
release of space charge depict the temperature dependent 
spectra are merged into one above a critical frequency [40]. 
With the increase in the temperature, Z″ decreases, showing 

(1)Z
� =

R

(1 + ��)
2
and Z

�� =
�R�

1 + (��)
2

Fig. 5  a AC conductivity vs. frequency and b AC conductivity vs. temperature plot
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the presence of relaxation process in the material due to low-
temperature immobility of species [41].

Figure 7 shows a temperature dependence of Nyquist plot 
(Z′ vs. Z″ plot) of the material studied. The relation at low 
temperatures between above components is linear which 
gradually converts to depressed semicircle with an increase 
in the temperature. The relaxation process is non-ideal or 
non-Debye type in the present sample, as the asymmetric arc 
center is depressed under the x-axis (Z′ axis) [42]. The fac-
tors responsible for the happening of non-Debye relaxation 
is size distribution grains, defect distribution, grain bound-
aries and orientation, the stress–strain phenomenon at the 
atomic level [43]. We add a constant phase element (CPE) 
in the model equivalent circuit for understanding the asym-
metric or depressed nature of the semicircle and electrical 

response of materials. The fitting curves (solid line) and 
numerical data of different equivalent circuit model elements 
were obtained using commercially available ZSIMP WIN 
version 2 software. It indicates that there is occurrence of 
grain effect. The value of resistance of the grain  (Rg), the 
capacitance of grain  (Cg) and DC conductivity was obtained 
and compared in Table 1 with the help of the fitted curve at 
various temperatures. From Table 1, we observed that there 
is both increase and decrease in the value of  Rg with rise in 
temperature so in some temperature region it shows NTCR 
whereas in temperature region it shows PCTR behaviour 
[44].

3.7  Modulus analysis

Figure 8a indicates the change of M′ with frequency for 
BNT–BT-2 in a wide temperature region (280–360 °C). 
It is observed that in the low-frequency region, M′ 
approaches to zero and on increasing the frequency, there 
is a continuous dispersion. The reason behind such occur-
rence is the charge carriers with short range mobility and 
it contributed to the conduction mechanism. Under the 

Fig. 6  a Z′ vs. frequency and b Z″ vs. frequency at various temperatures (280–360 °C)

Fig. 7  Nyquist plots through experimental and fitted data along with 
inset equivalent circuit fitted in model

Table 1  Value of grain capacitance  (Cg), grain resistance  (Rg) and 
apparent bulk conductivity (σdc) for sample BNT–BT-2  at various 
temperatures

Temperature 
(°C)

Rg Cg σdc = t/(RbA)

100 17.3 × 108 6.11 × 10−16 1.14 × 10−8

150 7.4 × 107 2.84 × 10−15 2.66 × 10−7

200 1.0 × 1015 1.00 × 10−20 1.97 × 10−14

250 4.44 × 105 4.01 × 10−20 4.44 × 10−5

300 6.59 × 106 2.32 × 10−10 2.99 × 10−6

350 5.8 × 106 2.35 × 10−10 3.40 × 10−6

400 1.5 × 106 1.95 × 10−10 1.31 × 10−5
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effect of steady electric field, it shows lack of restoring 
force for charge flow [45]. The removal of electrode effect 
in the sample is confirmed.

It is observed in Fig. 8b with increase in temperature 
that the M″ shifts to the higher frequency. The asym-
metric peak broadening ascribes non-Debye type relaxa-
tion that shows the distribution of relaxation times with 
various time constant. The movement of ions over a long 
distance is observed from low frequency peaks, whereas 
the high frequency peaks merge to ion confinement in a 
potential well. The existence of a hopping mechanism 
of conduction in material is depicted from the plot [46].

3.8  J–E characterization

Figure 9 indicates that with increase in E at various tem-
peratures (200–290 °C), the value of J increases. The 
value of enhanced leakage current under higher electric 
field suggests the presence of a thermally assisted con-
duction process in the material. The above plot is nonlin-
ear in nature which exhibits non-Ohmic characteristics 
like semiconductor [47]. This is mainly due to the rea-
son of thermionic emission of electrons over barrier or 
may be the movement of electrons through barrier with 
decreasing width. Such type of characteristics cannot be 
explained by means of the Rose theory of exponential 
trap distribution and the Poole–Frenkel effect respec-
tively. Hence, Parakht et al. [48] reported the non-Ohmic 
conduction in polycrystalline ceramics on basis of Rose 
theory of space charge limited currents (sclc) in defect 
insulators with shallow traps.

4  Conclusions

A lead-free BNT–BT-2 system at MPB was prepared by 
a mixed oxide route. The structure and electrical analy-
sis have offered co-existence of hexagonal and tetrago-
nal phases with high density non-uniform grain growth. 
The peak width, peak location and intensity were detected 
by Raman spectroscopy. The dielectric constant attains 
maximum limit with rise in temperature, and with further 
rise in temperature, it decreases. The temperature varia-
tion of two sharp anomalies near to 200 and 340 °C, are 
linked to the motion of domain walls. Due to the decrease 
in the porosity and dielectric loss, it highlights to a low 
loss material. The diffused parameter values also represent 

Fig. 8  a shows M′ vs. frequency and b M″ vs. frequency of BNT–BT-2 at various temperatures

Fig. 9  J–E Characterization at various temperature zones
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relaxor type behavior in the sample. The non-Ohmic type 
conduction is basically obtained from J–E characteristics.
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