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Abstract
(Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 [BBSTBZ, 0.02 ≤ x ≤ 0.1] ceramics were synthesized by a traditional solid-state reac-
tion technique. The transition from tetragonal phase to pseudocubic phase at 0.06 ≤ x ≤ 0.08 was observed in Raman spectra 
and X-ray diffraction patterns. With adding  (Bi3+,  Sr2+,  Zr4+), the thermal-stability of relative permittivity (Δε/ε25 °C) and 
dielectric loss (tan δ) of ceramics were optimized. Especially,  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 ceramics with small 
Δε/ε25 °C value (≤ ± 15%) in a wide temperature range of − 70 °C to 155 °C, high εr (εr ~ 2088–2116) and tan δ (tan δ ≤ 0.02) 
from − 10 °C to 200 °C were obtained, which indicates that BBSTBZ is suitable for X8R applications. Impedance spectros-
copy was used to analyse the conduction and relaxation processes. The results showed that the relaxation and conduction 
process in the high-temperature region are thermally activated, and the oxygen vacancies are charge carriers.

1 Introduction

In recent years, the demand for multilayer ceramic capaci-
tor (MLCC) has been increased rapidly. MLCC was used 
in modern electronic devices [1, 2]. For the application of 
the modern electronic devices, high working conditions 
demanded that the MLCCs have withstood higher operating 
temperature (~ ≥ 150 °C). However, the ceiling temperature 
(~ 125 °C) of MLCCs for EIA (Electronic Industries Asso-
ciation) X7R(the change of the capacitance is less than 15% 
in the temperature range from − 55 to 125 °C) can not fulfill 
this requirement [3, 4]. Therefore, much attention has been 
paid to barium titanate to meet the needs of the X8R charac-
teristics in which the change of the capacitance is less than 
15% in the temperature range from − 55 to 150 °C [5, 6].

However, pure barium titanate has the noticeable changes 
of permittivity near the Curie temperature (Tc ~ 130 °C), 
which can not meet the temperature stability requirement in 

the working temperature [7]. Generally, doping is an effec-
tive method to improve the performance of materials [8]. 
Many temperature-stable  BaTiO3-based dielectric materials 
have been developed, such as (1 − x)BaTiO3-xBa(Zn0.5Ti0.5)
O3 [9–11]; (1 − x)BaTiO3-xBi(Mg0.5Zr0.5)O3 [12]; (1 − x)
BaTiO3-xLiTaO3 [13]. These solid solution ceramics exhibit 
stable relative permittivity over a wide temperature range, 
which benefits to the high-temperature device applications.

Subsequently, the substitution of Zr for Ti was reported 
to improve the dielectric properties of BT ceramics [14]. 
In our previous work,  BaTiO3-Bi(Mg0.5Zr0.5)O3 and 
 BaTiO3-Bi(Li0.33Zr0.67)O3 showed good thermal stabitily of 
relative permittivity [15, 16]. Therefore,  [Bi3+,  Sr2+,  Zr4+] 
(BSZ) were added to optimize the properties of  BaTiO3 
ceramic to satisfy the X8R characteristics in this work. 
 (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 solid solution was 
designed and prepared by the solid-state reaction method. 
Moreover, the phase evolution, microstructure, impedance, 
and dielectric properties of ceramics were also studied.

2  Experimental

(Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 [BBSTBZ, 
0.02 ≤ x ≤ 0.1] samples were synthesized by the traditional 
solid-state reaction technique as reported in our previous 
works [15, 16]. The samples were sintered at 1280–1380 °C 
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for 2 h in air. X-ray diffraction (XRD) patterns were stud-
ied at room temperature by an X-ray diffractometer (XRD, 
Model X’Pert PRO; PANal ytical, Almelo, the Netherland) 
with CuKα radiation (λ = 0.15406 nm) operated at 40 kV 
and 40 mA with a step size of 0.02°. PanAlytical software 
(X’PertHighscore Plus) was used to analyse the phase 
changes of XRD. Raman spectroscopy was carried out on a 
Thermo Fisher Scientific DXR using a 10 mW laser with a 
wave length of 532 nm. The microstructure of the samples 
sintered at their optimized temperatures was observed using 
a scanning electron microscope (Model JSM6380-LV SEM, 
JEOL, Tokyo, Japan). The silver paste is evenly applied to 
both sides of the sample plate, and heated up to 700 °C for 
30 min at a heating rate of 3°C/min. Dielectric properties 
were measured using a precision impedance analyzer (Model 
E4980AL, Hewlett–Packard Co, Palo Alto, CA) with an 
applied voltage of 500 mV over 100 Hz–1 MHz from − 100 
to 200 °C at a heating rate of 2°C/min.

3  Results and discussion

Figure 1 illustrates the XRD patterns of  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 [BBSTBZ, 0.02 ≤ x ≤ 0.1] ceramics 
sintered at their optimized temperatures. The main crystal 
phases of  (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 ceram-
ics (0.02 ≤ x ≤ 0.1) were similar to the previous reports 
about the  BaTiO3 [17, 18], suggesting that a homogenous 
solid solution was formed between the BSZ and BT. As 
0.02 ≤ x ≤ 0.06, the ceramics exhibited the tetragonal phase. 
With increasing the BSZ contents, the (002) and (200) peaks 
merged into a single (200) peak, indicating a transformation 
from tetragonal phase to pseudocubic phases [18]. As the 

x values further increased, the (200) peak near 45° shifted 
significantly toward lower diffraction angles. This phenom-
enon demonstrated the expansion of lattices. The variation 
in lattice parameters as a function of  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 ceramics is demonstrated in Fig. 2. 
When x ≤ 0.06, the parameter of a increased and c decreased 
with increasing x. As x = 0.08, the parameter of c became 
identical to a. As the x values further increased, the param-
eter of a and c increased. This variation is consistent with the 
shift of the (200) reflection toward lower diffraction angles, 
as illustrated in the enlarged XRD patterns of Fig. 1b.

This may be attributed to the fact that the ionic radii dif-
ference between  (Sr2+ (1.44 Å, 12 coordinate),  Bi3+ (1.32 Å, 
12 coordinate)) and  Ba2+ (1.61 Å, 12 coordinate) are small 
in the A-site [19, 20]. But the B-site  Bi3+ (1.03 Å, 6 coordi-
nate) and  Zr4+ (0.72 Å, 6 coordinate) are considerably larger 
than  Ti4+ (0.605 Å, 6 coordinate) [21]. To further verify the 
occupation problem of Bi ions, the Rietveld refinement was 
carried out with the Pm-3m space group using GASA soft-
ware, as shown in Fig. 3. For the refinements of BBSTBZ 
(x = 0.1) ceramic phase structure, the coordinates of  BaTiO3 
were used as an initial model. The final refined data were 
listed in Table 1. The fitting parameters of Pwp, Rp, and χ2 
values are 9.31%, 5.71%, and 9.4%, respectively, indicating 
that these values are reasonable. Based on the above fitting 
data, it can be also seen that one part of  Bi3+ ions occupied 
A-site and the other part occupied B-site, which was con-
sistent with the original stoichiometric design of the raw 
materials.

To clarify the phase evolution of  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 (0 ≤ x ≤ 0.1) ceramics, Raman spec-
tra in the frequency range of 80–1000 cm− 1 at the room 
temperature are carried out, the results are listed in Fig. 4. 
The modes for x = 0 were assigned as a single crystal 

Fig. 1  a X-ray diffraction patterns of  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 [BBSTBZ, 0.02 ≤ x ≤ 0.1] ceramics, b the 
enlarged XRD patterns of the samples in the range of 2θ from 44° to 
46°

Fig. 2  The variation in lattice parameters of  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 ceramics as a function of x values
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 BaTiO3. When 0 ≤ x ≤ 0.06, the main spectral features of 
 (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 ceramics con-
tained asymmetrically broad peaks at 184 cm− 1, 268 cm− 1, 
304  cm− 1, 712  cm− 1 and symmetrically sharp peak at 
515 cm− 1, which correspond to the  BaTiO3 tetragonal phase 
[22, 23]. According to the previous reports [24, 25]. The 
Raman peak with positive intensity at 180 cm− 1 is charac-
teristic of the tetragonal phase. Besides, the other one around 
180 cm− 1 (apperceived for x = 0.08, 0.1) is indicative of the 
orthorhombic phase. These results are in good agreement 
with the XRD analysis. In addition, spectral characteristics 
have undergone tremendous changes in this range. The one 
at 180 cm− 1 vanished and a new Model 3 appeared in its 
position. The vibrations of A-O could explain the Model 1 
and Model 3, indicating the presence of  Ba2+ or  Bi3+ nano-
sized regions [26]. The different sizes of octahedral interac-
tions in the lattice would induce the appearance of Model 
2 at low frequency.

Figure 5 illustrates the SEM images of the natural surface 
for  (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 (x = 0.02, 0.04, 
0.08, 0.1) ceramics sintered at their optimized temperatures. 
There were no significant differences for all compositions. 
As the BSZ contents increased, the grain size increased 
slightly, which indicates that BSZ could enhance the grain 
growth of the BBSTBZ ceramics. To elucidate the dielectric 
behavior of  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 ceramic, 
the high-temperature dielectric relaxation was studied by an 
impedance spectroscopy.

Figure 6 shows the Nyquist plots of the  (Ba0.9Bi0.05Sr0.05)
(Ti0.9Bi0.05Zr0.05)O3 ceramic at six temperatures. By increas-
ing the measured temperature, the impedance decreases. 
Moreover, it is clearly observed that the center of the semi-
circles is not located on the real axis, showing that the die-
lectric response of the  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)
O3 ceramic is slightly deviated from the pure Debye type 
relaxation. As the temperature increases, the resistance of 
the sample decreases, demonstrating that the conductivity 
increases.

Real (Z′) and imaginary (Z″) parts of the impedance 
as a function of the frequency and temperature for the 
 (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 ceramic are illustrated 
in Fig. 7. The effects of the frequency and temperature on the 
Z′ and Z″ behaviors of the samples become clearly visible 
with increasing the frequency and temperature. With rising 
the frequency and temperature, the reduction of the Z′ and 
Z″ could be observed. And the values of these two parts 
at different temperatures are combined separately in high-
frequency region, showing that the decrease in the barrier 
properties of the samples could lead to the release of the 
space charge with rising the measured temperature, which 
is the dominant factor in the increase of ac conductivity 
for samples at high temperatures [27]. At lower frequency, 
higher impedance value is a characteristic of the space 

Table 1  Final refined structural parameters of  (Ba0.9Bi0.05Sr0.05)
(Ti0.9Bi0.05Zr0.05)O3

Reliability factor: Rwp =8.31%, Rp = 5.71%, χ2 = 9.4%. Space group: 
Pm-3m

Atoms (Wyck.) Occupancy x y z Biso (Å2)

Ba(1a) 0.9 0 0 0 0.013
Bi(1a) 0.05 0 0 0 0.025
Sr(1a) 0.05 0 0 0 0.001
Ti(1b) 0.9 0.5 0.5 0.5 0.015
Bi(1b) 0.05 0.5 0.5 0.5 0.02
Zr(1b) 0.05 0.5 0.5 0.5 0.8
O(3c) 1 0 0.5 0.5 0.014

Fig. 3  Rietveld refinement for  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 
ceramic at room temperature

Fig. 4  Room temperature Raman spectra of  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 [BBSTBZ, 0 ≤ x ≤ 0.1] ceramics
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charge polarization for the materials, as shown in Fig. 7a. 
The low-frequency dispersion may be the thermally assisted 
electronic or ionic relaxation. By increasing the measured 
temperature, the value of Z″ increases to a maximum, moves 
to a high frequency and becomes wide and generalized. 
The widened peak indicates the existence of temperature-
dependent relaxation processes in the material, which may 
be due to the defects under high-temperature sintering [28].

Fig. 5  SEM micrographs of  (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 ceramic sintered at their optimized temperatures: a x = 0.02, 1360  °C, b 
x = 0.04, 1340 °C, c x = 0.08, 1300 °C, d x = 0.1, 1280°C

Fig. 6  Nyquist plots of impedance of the  (Ba0.9Bi0.05Sr0.05)
(Ti0.9Bi0.05Zr0.05)O3 ceramics at selected temperatures

Fig. 7  Frequency dependences of real part Z′ (a) and imaginary 
part Z″ (b) of impedance for  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 
ceramics at selected temperatures [Insert shows the Arrhenius plot 
for relaxation time. The dotted line through the data is a linear fit to 
Eq. (2)]



Excellent thermal stability and low dielectric loss of  (Ba1 − xBi0.5xSr0.5x)(Ti1 − x…

1 3

Page 5 of 7 771

Figure 7b shows the change in relaxation time as a func-
tion of the absolute temperature. In the relaxation system, 
the relaxation time (τ) can be calculated from the imagi-
nary part (Z″) and the frequency (f) curve of the impedance 
(Fig. 7b). The following relationship was used:

where fmax is the relaxation frequency. According to Eq. (1), 
the value of τ decreases with increasing temperature, which 
indicates a typical semiconductor behavior. The activa-
tion energy (Ea) of this compound was calculated from the 
Arrhenius relation:

where τ0 is the preexponential factor, kB is the Boltzmann 
constant, Ea is the activation energy of relaxation, and T is 
the absolute temperature. From the slope of logτ vs  103  T− 1, 
the activation energy of relaxation (Ea) was 1.64 eV.

Figure 8 illustrates the normalized imaginary part of 
the impedance Z″/Z″max as a function of the frequency and 
temperature. With the increase of temperature, the peaks of 
Z″/Z″max move to high frequency. And the different positions 
of these peaks represent the significant charge polarization. 
The change in the apparent polarization is represented by the 
magnitude of mismatch between the peaks of the normal-
ized parameters [29]. The localized conduction of multiple 
carriers would cause the polarization process, showing the 
presence of multiple relaxation process in materials. The 
different positions and the poor symmetry peaks of normal-
ized parameters indicated the presence of short-range con-
ductance [30]. As the temperature increases, the symmetry 
increases, indicating that the charge carriers migrate from 
short distance to long distance. As the temperature increases, 

(1)� =
1

�

=
1

2�fmax
,

(2)� = �0 exp(Ea∕kBT),

the increase in long-distance conductivity is evidenced by 
the reduction of the volume resistance for materials, which 
is more clearly understood from the Nyquist curve.

The frequency dependence of the ac conductivity (σac) at 
six temperatures for  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 is 
shown in Fig. 9a. It can be seen that the σac increases with 
increasing the frequency and temperature. With decreas-
ing frequency, the σac decreases and keeps a stable constant 
as the frequency increases to a certain value. Thence, the 
direct-current conductivity (σdc) can be generated by extrap-
olating this part towards lower frequency. Moreover, it could 
be expressed through the universal dielectric response law 
[31]:

where σdc is the dc conductivity, ω is the angular frequency 
of ac field. The A and n (0 < n < 1) are two temperature-
dependent adjusting constants. The temperature dependence 
of the σdc was obtained by the Arrhenius law:

where σ0 is the pre-exponential factor, Edc is the activation 
energy of conduction and will be calculated from the slope 
of log(σ) vs 1000/T. The value is 1.26 eV. The dc conduc-
tivity increases with decreasing temperature. The activation 
energy of conduction is smaller than the activation energy 
of relaxation, which is consistent with previous reports [32]. 

(3)�ac = �dc + A�n,

(4)�dc = �0 exp(−Edc∕�BT),

Fig. 8  Normalized imaginary parts, Z″/Z″max of impedance as a func-
tion of frequency

Fig. 9  a Frequency dependence of ac conductivity of the 
 (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 ceramics at selected tempera-
tures. b Arrhenius plot of dc conductivity for the  (Ba0.9Bi0.05Sr0.05)
(Ti0.9Bi0.05Zr0.05)O3. Squares are experimental points and the dotted 
line is a linear fit to Eq. (4)
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The activation energy of conduction includes the generation 
of carriers and the migration at a long distance, whereas the 
activation energy required for the relaxation of the carriers 
is due to the migration and jumping in adjacent lattice sites 
on the carriers. According to Steinsvik’s investigation [33], 
the changes of the activation energy for  ABO3 perovskite 
structure with the concentration of oxygen vacancies and the 
movement of the oxygen vacancies are considered to be a 
moving charge carrier in perovskite ferroelectrics [34]. And 
the charge compensation follows reaction [35]: VO = VO″ + 
2e′ or VO′ = VO″ + e′. Double charge oxygen vacancies are 
considered most mobile charge and play an important role 
in conduction. And the direct-current conductivity is gener-
ated by the long-range movement of the double ionization 
oxygen vacancy [36].

Figure 10 demonstrates the temperature dependences 
of the relative permittivity (εr) and dielectric loss (tan δ) 
for  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 (0.02 ≤ x ≤ 0.1) 
ceramics in the measured temperature range from − 100 
to 200 °C at 1 kHz, 10 kHz, 100 kHz and 1 MHz. With 
increasing the BSZ contents, the peak values of εr reduced 
from ~ 9636 (x = 0.02, 10 kHz) to ~ 2116 (x = 0.1, 10 kHz). 
In addition, the ∆ε/ε25 °C and the tan δ of  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 (0.02 ≤ x ≤ 0.1) ceramics from − 100 
to 200 °C at 10 kHz are illustrated in Fig. 11. As the BSZ 
contents increased, the ∆ε/ε25 °C and tan δ got the ideal 
optimization. When x = 0.1, the ceramics with the out-
standing performances of small Δε/ε25 °C values (± 15%) 
in the temperature range from − 70 to 155 °C and tan 
δ ≤ 0.02 in the temperature range from − 10 to 200 °C were 
obtained. Therefore, the ∆ε/ε25 °C, temperature dependence 

of εr and tan δ for  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 
ceramics at 1, 10, and 100 kHz from − 100 to 200 °C are 
shown in Fig. 12. The  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)
O3 ceramics with small Δε/ε25 °C values (± 15%) in the 
wide temperature range of − 70 to 155 °C at the frequency 
range from 1 kHz to 10 kHz, tan δ ≤ 0.02 from − 10 to 
200 °C, and high εr (~ 2088–2116) were obtained, showing 

Fig. 10  Temperature depend-
ence of relative permit-
tivity and dielectric loss 
for  (Ba1 − xBi0.5xSr0.5x)
(Ti1 − xBi0.5xZr0.5x)O3 [BBSTBZ, 
0.02 ≤ x ≤ 0.1] ceramics meas-
ured at 1 kHz, 10 kHz, 100 kHz 
and 1 MHz

Fig. 11  a ∆ε/ε25  °C of  (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 
[BBSTBZ, 0.02 ≤ x ≤ 0.1] ceramics at 10  kHz, b dielectric loss of 
 (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 [BBSTBZ, 0.02 ≤ x ≤ 0.1] 
ceramics at 10 kHz
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that  (Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 ceramics can 
be used in X8R MLCCs.

4  Conclusions

(Ba1 − xBi0.5xSr0.5x)(Ti1 − xBi0.5xZr0.5x)O3 (0.02 ≤ x ≤ 0.1) 
lead-free ceramics have been investigated using the con-
ventional solid-state processing techniques. The system-
atically structural transformation from tetragonal to pseudo 
cubic phase occurred at 0.06 ≤ x ≤ 0.08. As the BSZ con-
tents increased, the peak εm values with the broadening of 
tetragonal-cubic transition peaks were significantly reduced. 
The  (Ba0.9Bi0.05Sr0.05)(Ti0.9Bi0.05Zr0.05)O3 ceramics showed 
the outstanding dielectric performances with small Δε/ε25 °C 
values (± 15%) in the temperature range of − 70 to 155 °C, 
high εr (~ 2088–2116) and tan δ ≤ 0.02 from − 10 to 200 °C. 
The impedance spectroscopy showed that the relaxation and 
the conduction process in the high-temperature region are 
thermally activated, and the oxygen vacancies are charge 
carriers.
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