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Abstract Perovskite type Ba0.98Ca0.02Zr0.02Ti0.98O3 (BCZT), 

Ba0.98Ca0.02Zr0.02Ti0.976Cu0.008O3 (BCZTC) and Ba0.9725Bi0.005Ca0.02Zr0.02Ti0.976Cu0.008O3 

(BCZTCB) lead-free ceramics were synthesised via solid-state reaction method at a 

sintering temperature of ~1380 °C. Effects of CuO and Bi2O3/CuO doping on 

structural, microstructural, dielectric, and ferroelectric properties were investigated 

systematically. X-ray diffraction technique confirmed the existence of pure perovskite 

phase with the tetragonal structure in pure and in the doped BCZT ceramics at room 

temperature. The dielectric analysis demonstrated two anomalies around 24 °C and 126 

°C for BCZT, which were identified as orthorhombic to tetragonal (TO-T) and tetragonal 

to cubic (TC) phase transition temperature, respectively. The TO-T temperature shifted to 

below 16 °C, while the TC increased to 132 °C for the BCZTCB sample. The physical 

mechanisms of the conduction processes were investigated through impedance 

spectroscopy and the values of resistance, conductivity, and activation energies 

associated with the grain and grain boundaries were evaluated. The activation energy 

was determined to be higher for doped samples than for pure BCZT. Further, the 

dopant-dependent ferroelectric nature of the ceramic samples was evidenced by the 

analysis of characteristic hysteresis loop, and a value of remnant polarisation (Pr = 4.59 

C/cm2) was obtained for the BCZTCB ceramic sample. Furthermore, the d33 value, 

which was 54 pC/N for pure BCZT, was determined to be 140 pC/N and 64 pC/N for 

BCZTC and BCZTCB, respectively. 
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1 Introduction 

For several decades, the lead-containing perovskite ferroelectric ceramics like Pb(Zr,Ti)O3 

(PZT) have attracted the attention of the scientific community due to their extraordinary 

ferroelectric and piezoelectric properties [110]. The broad range of applications of these 

ceramics in sensors, actuators, and other ferroelectric and memory devices, signifies the 

potential of these materials [913]. However, the main hindrance with the use of these 

materials is the presence of lead (more than 60 wt. %) being toxic, affects human health and 

the environment [59]. Therefore, researchers and scientists are continuously making efforts 

to develop high-performance lead-free or with negligible lead content ferroelectric ceramics, 

which can be safely and efficiently used in different scientific and technological applications 

[913].  

For this purpose, the intensive studies were performed worldwide to enhance the 

properties of lead-free ceramics by using suitable dopants, different synthesis route such as 

solid-state reaction, sol-gel & hydrothermal methods and by optimizing the synthesis 

parameters [13-64]. Among all lead-free ferroelectric ceramics with perovskite structure such 

as (Bi0.5Na0.5)TiO3 (BNT), BaTiO3 (BT) and (K,Na)NbO3 (KNN) based systems; BT-based 

system (especially - Ba0.85Ca0.15Zr0.1Ti0.9O3) has gained more attention because of its high 

piezoelectric coefficient comparable to PZT (~ 660 pc/N) [7]. However, the low Curie 

temperature (TC ~ 90 ºC) restricts its use at a higher temperature. Further, high sintering 

temperature (≥ 1500 ºC) causes energy consumption and fabrication cost issues [8, 9]. 

However, some studies indicate that by changing the stoichiometry composition from 

Ba0.85Ca0.15Zr0.1Ti0.9O3 to Ba0.98Ca0.02Ti0.98Zr0.02O3 or Ba0.99Ca0.01Zr0.02Ti0.98O3, Curie 

temperature can be increased up to 120 ºC [22-25, 27-29, 64-65], but there is still a problem 

of high sintering temperature (≥1500). 

Therefore, more attention has been given to synthesise the BT based BCZT ceramic 

system with enhanced TC temperature, improved ferroelectric and piezoelectric properties at a 

sintering temperature as low as possible [10, 11, 13, 14]. Doping of oxides such as CuO, 

MnO2, Bi2O3, and ZnO as a sintering aid is a better strategy to improve the dense 

microstructure and to decrease the sintering temperature of BCZT ceramics [1528]. Because 

of the low melting point of CuO (1026 ºC) and Bi2O3 (825 ºC), liquid formation occurs 

below the sintering temperature, which facilities the densification process and improves the 

electric properties [20, 24]. 

In literature, the introduction of Cu in BCZT was also reported to shift the orthorhombic 
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to tetragonal (TO–T) phase transition towards lower temperature, while maintaining the Curie 

temperature (TC) [17, 18, 24]. Ba0.98Ca0.02Zr0.02Ti0.98O3-0.8 mole% Cu lead-free ceramic, 

synthesized at a lower sintering temperature (1250 ºC), was reported to have enhanced 

temperature stability range and good electrical properties [24]. The substitution of Bi2O3 was 

also reported to decrease the sintering temperature and to increase the Curie temperature [25]. 

Improvement in the Curie temperature of BaTiO3 was attained through Cu2+/Bi3+ substitution 

as reported by N. Kumada et al. [26]. X. Wang et al. reported a diffuse phase transition with 

a slight decrease in TC for Cu2+/Bi3+ modified Ba0.85Ca0.15Zr0.1Ti0.9O3 [20]. Similarly, 

Ba0.98Ca0.02Zr0.02Ti0.98O3 ceramics, modified by different dopants were reported with better 

dielectric, ferroelectric and piezoelectric properties [13, 24, 27, 28]. However, the effects of 

simultaneous addition of Cu2+ and Bi3+ on structural, dielectric, and ferroelectric properties of 

Ba0.98Ca0.02Zr0.02Ti0.98O3 ceramics are rarely reported. 

In the present work, we synthesised pure, Cu2+ and Cu2+/Bi3+ modified 

Ba0.98Ca0.02Zr0.02Ti0.98O3 ceramics via a solid-state reaction method at a sintering temperature 

of ~1380  ºC and investigated the structural, dielectric, and ferroelectric properties. Here we 

demonstrated that simultaneous doping of Cu2+/Bi3+ led to significant improvement in the 

Curie temperature and temperature stability range for dielectric properties.  

2 Experimental procedure  

Ba0.98Ca0.02Zr0.02Ti0.98O3 (BCZT), Ba0.98Ca0.02Zr0.02Ti0.976Cu0.008O3 (BCZTC) and 

Ba0.9725Bi0.005Ca0.02Zr0.02Ti0.976Cu0.008O3 (BCZTCB) were synthesised via solid-state reaction 

method (Fig. 1). The raw materials BaCO3 (99 %), CaCO3 (99 %), TiO2 (99.9 %), ZrO2 (99 

%), Bi2O3 (99 %) and CuO (99 %) were dehydrated at 180 ºC for 2 h. To get a homogenous 

mixture, the dehydrated raw materials were ground in an agate mortar and pastel for 5 h and 

then calcined at  1200 ºC for 3 h. After mixing thoroughly with a 6 wt. % polyvinyl alcohol 

(PVA) binder solution, the resulting mixture was pressed into disk samples with ~10 mm 

diameter and ~1 mm thickness. After burning out PVA, pellets were sintered at 1380 ºC for 3 

h at the heating rate of 5 ºC/min. The reaction equation for pure BCZT is as follows. 

0.98BaCO3 + 0.02CaCO3 + 0.02ZrO2 + 0.98TiO2 → Ba0.98Ca0.02Zr0.02Ti0.98O3 + CO2 ↑ 

Further, for electrical measurements, sintered pellets were coated with silver paste on 

both sides and fired at 250 ºC for 1 h to make conductive electrodes. 
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Fig. 1 The schematic diagram showing the different steps of solid-state reaction method followed 

for the synthesis of BCZT based ceramic samples. 

The phase structure was characterized by X-ray diffraction (XRD) technique (Rigaku 

Ultima-IV, Germany) using Cu-Kα radiation in Bragg’s angle ranging from 20° to 80° with a 

step size of 0.02°. After confirming the phase formation, structural analysis was probed by 

the Rietveld refinement method using FULLPROF software, which is a well-established 

technique to evaluate the structural parameters. Scanning Electron Microscope (SEM) (JEOL 

JSM-6390LV) equipped with Energy Dispersive X-ray microscopy (EDX) was used for the 

microstructural and elemental compositional analysis. The bulk density of the sintered pellets 

was determined by the Archimedes method. A precision impedance analyser (Wayne Kerr 

6500B) was employed to characterize the dielectric properties at various frequencies. The 

polarization hysteresis (P–E) loops were measured using a Radiant ferroelectric tester (Model 

no. 609B) at room temperature at 10 Hz. The sintered pellets were poled at ambient 

temperature for 40 min in silicon oil before piezoelectric properties measurements. The 

values of piezoelectric coefficient d33 were measured by using the d33 meter (Model 

YE2730). 

3 Results and Discussion 

3.1 Phase structure analysis 

X-ray diffraction patterns (Fig. 2), confirm the presence of pure perovskite phase without any 

trace of impurity. This indicates that doped ions successfully diffuse into the crystal lattice of 

host BCZT to form a homogeneous solution [29, 30], while the narrow and intense XRD 
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peaks indicate good crystallinity of the samples. The appearance of peaks (002) and (200) at 

around 2θ = 45° (inset of Fig. 2) indicates the tetragonal structure for all samples [25, 30, 

31]. Further, a shift of peaks has been observed after doping, which may be either due to 

ionic size or valency effect. According to the tolerance factor, smaller ions (radii < 0.87 Å) 

will occupy the B-site, larger ions (radii > 0.94 Å) occupy A-site while intermediate ions can 

occupy both sites [24]. From this viewpoint, Cu2+ would be substituted at the B-site due to a 

lower ionic radius (0.73 Å).  If we consider the ionic size effect, lattice expansion should 

occur due to the large ionic radius of Cu2+ compared to Ti4+ (0.68 Å) and Zr4+ (0.72 Å) and 

should cause a lower angle shift of peaks in XRD. However, contrary to this lower angle 

shifting, a higher angle shifting of (200) peaks has been observed in XRD patterns. The 

higher angle shifting of the peaks and the decrease in the value of the unit cell volume in the 

case of BCZTC compared to BCZT ceramic (Table. 1), indicates the shrinkage of the lattice, 

which can be attributed to the generated oxygen vacancies due to the lower valence state of 

Cu2+ compared to Ti4+/Zr4+ [24].  

 
Fig. 2 XRD patterns of sintered BCZT, BCZTC and BCZTCB ceramic samples (inset shows the 

enlarged region for 2θ = 44.5º - 46º). 

However, in case of Bi3+ substitution in BCZTC, the observed higher angle shifting of 

peaks (Fig. 2) can be attributed to the fact that Bi3+ (1.17 Å) having a smaller ionic radius 

compared to Ba2+ (1.61 Å) and Ca2+ (1.34 Å), in accordance with the tolerance factor, 

substitutes at the A-site [32, 33]. 
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Fig. 3 Rietveld refinement fitting for (a) BCZT, (b) BCZTC and (c) BCZTCB ceramic samples.  

Table 1 Rietveld refinement parameters for BCZT, BCZTC and BCZTCB ceramic samples 

Parameters BCZT BCZTC BCZTCB 
a=b (Å) 3.9948 3.9919 3.9932 

c (Å) 4.0317 4.0290 4.0316 

α = β = γ 90° 90° 90° 
c/a 1.0092 1.0092 1.0096 

Direct cell volume (Å)3 64.3407 64.2031 64.2882 

Density (g/cc) 5.991 6.012 6.050 

 3.91 4.27 3.60 

Atomic Coordinates x y z x y z x Y z 

 Ba 0 0 -0.26029 0 0 -0.03219 0 0 0.43545 
Ca 0 0 -0.26029 0 0 -0.03219 0 0 0.43545 
Zr 1/2 1/2 0.27764 1/2 1/2 0.42942 1/2 1/2 0.93178 
Ti 1/2 1/2 0.27764 1/2 1/2 0.42942 1/2 1/2 0.93178 
O(1) 1/2 1/2 -0.22545 1/2 1/2 -0.07182 1/2 1/2 0.39558 
O(2) 1/2 0 0.25963 1/2 0 0.56385 1/2 0 0.96209 
Cu - - - 1/2 1/2 0.42942 1/2 1/2 0.93178 
Bi - - - - - - 0 0 0.43545 

Space group P 4 m m P 4 m m P 4 m m 
Crystallite size (nm) 37.90 40.24 36.81 
Exp. density (g/cc) 5.40 5.42 5.57 

Grain size (m) 19.73 16.14 10.81 
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 To find the precise value of the lattice parameters and to confirm the crystal structure, 

XRD spectra of all samples are further analysed by Rietveld refinement using the Fullprof 

software (Fig. 3) [37]. The refinement is done using the pseudo-Voigt profile function. In the 

first step, the global parameters (background and scale factors) are refined. In the next step, 

the structural parameters such as cell parameters, profile shape, asymmetry parameters, 

preferred orientation, atomic positions, and site occupancies are refined sequentially. The 

fitting quality of the experimental data has been evaluated by computing the parameters such 

as the “goodness of fit” χ2 and the R-factors [38]. The solid red line is the best fit to the 

scattered data (Fig. 3), the vertical lines represent the Bragg positions for the space group, 

and the lower curve shows the difference between the observed and the calculated profiles. 

The refined XRD patterns indicate that the samples have a tetragonal structure with the 

P4mm space group. The values of refinement parameters such as χ2, lattice constant 

parameters, direct cell volume, atomic coordinates, and space group for all the ceramic 

samples are listed in Table 1. The crystallite size has been calculated by taking the data 

corresponding to the maximum intensity diffraction peak [110] by Scherrer’s equation (Eq. 1) 

[35-36]. 

D = 𝐾∗𝜆𝛽∗ 𝐶𝑂𝑆𝜃                                    (1) 

Where, K = Scherrer’s constant (0.9), λ = wavelength of X-ray (1.54 Å), β = full width at half 

maxima (FWHM), θ = Bragg’s diffraction angle, D = crystallite size. 

 Further, we ascertain that density of BCZT ceramic increases after Cu2+ and 

simultaneous Cu2+/Bi3+ addition (Table 1), which may be credited to the liquid phase 

sintering. During the sintering process, the liquid formation occurs due to the low melting 

point of CuO (1026 ºC) and Bi2O3 (825 ºC) in comparison to sintering temperature, which 

pulls the grains to come closer by providing capillary force [20-21, 24, 34]. 

3.2 Microstructural analysis  

Figure 4 (a-c) demonstrates the SEM micrograph and corresponding EDX spectra of pure 

BCZT, BCZTC, and BCZTCB ceramics, respectively. Analysis of Fig. 4(a) shows the non-

uniform grain size distribution, which indicates the anisotropic process of grain growth in 

pure BCZT. The Cu2+ addition has relatively improved the uniformity of grains for BCZTC 

and exhibit distinct grain boundaries with an increase in porosity compared to pure BCZT. 

However, a denser microstructure with increased anisotropy in grain size has been observed 

for BCZTCB (Fig. 4c). Further, the average grain size calculated using ImageJ software has 
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decreased from 19.73 m (BCZT) to 10.81 m (BCZTCB) (Table 1), which shows that 

Cu2+/Bi3+ acts as a grain growth inhibitor. Similar observations were also reported in 

literature for Bi modified Ba(Zr,Ti)O3 and Bi2O3/CuO doped Ba0.85Ca0.15Zr0.1Ti0.9O3 [20, 32]. 

The observed decrease in grain size can be correlated with the accumulation of additives 

around grain boundaries when the content of doping was beyond their solubility limit in the 

host matrix (BCZT) and inhibit the growth of grains [22, 24, 34, 39]. The small grain size 

also suggests that the present ceramic has a high dielectric breakdown strength, and is 

desirable [40]. Thus, it can be concluded that a small amount of copper and bismuth can 

affect the surface morphology and grain size of BCZT ceramics. 

 
Fig. 4 SEM images and EDX spectra of (a) BCZT (b) BCZTC (c) BCZTCB ceramic samples (Inset: 

grain size distribution and Comparison of atomic % detected by EDX). 
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To ascertain the elemental distribution, Energy Dispersive X-Ray (EDX) technique was 

performed and the corresponding distribution of elements is shown in Fig. 4. The EDX 

analysis reveals the presence of all elements in an appropriate amount in arbitrarily selected 

regions and no impurity elements have been detected. A deviation in the theoretical and 

experimental elemental compositions has been observed (given in the inset tables in EDX 

spectra), which may be attributed either due to the adopted synthesis process or to the 

accuracy of the EDX technique [41]. 

3.3 Temperature-dependent dielectric analysis 

Figure 5(a) depicts the variation of dielectric properties (dielectric permittivity-r and 

dielectric loss-tan) with the temperature at 1 kHz. Two dielectric anomalies corresponding 

to the orthorhombic-tetragonal (TO-T) and tetragonal to cubic (TC) phase transitions have been 

observed at 24 ºC and 126 ºC, respectively, for BCZT ceramic sample [18]. The presence of 

the tetragonal phase at room temperature is also supported by the analysis of XRD spectra 

(Fig. 2). After the introduction of copper into BCZT, the TO-T transition shifts to a slightly 

lower temperature (22 ºC), while no effect has been detected on TC [24]. However, 

simultaneous doping of Cu2+ and Bi3+ strongly improves the temperature stability range by 

shifting the TO-T further to lower temperature even below the starting temperature of the 

studied range (i.e. 16 ºC)  and TC at a higher temperature (132 ºC) in comparison of pure 

BCZT, which makes it a promising candidate for electrical devices [42]. Such an 

improvement in the Curie temperature may be correlated with the small grains as the inner 

stress is large in small grains and reduces the space-charge field strength [43]. 

 These phase transition temperatures (TO-T & TC) for BCZTC & BCZTCB ceramics 

are significantly improved compared to other CuO and Bi2O3 modified 

Ba0.98Ca0.02Zr0.02Ti0.98O3 ceramics reported in literature [13, 20, 27]. Further studies are in 

progress to investigate the dependence of TC and other properties on different combinations 

of Cu2+ and Bi3+ doping in Ba0.98Ca0.02Zr0.02Ti0.98O3 ceramics. 

The values of dielectric permittivity (𝜖𝑟) plotted in Fig. 5, were calculated by using the 
following formula [44]: 𝜖𝑟 = (𝐶 ∗ 𝑑) (𝐴 ∗ 𝜖0)⁄                             (2)  

Where 𝜖0 = 0.0885 pF/cm is the permittivity in vacuum, C is the capacitance of the specimen, 

d is the sample thickness and A is the cross-sectional area of the specimen in cm2.  
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Fig. 5 Temperature dependence of dielectric permittivity and loss (a) at 1 kHz, (b-d) at different 

frequencies (e) frequency dependence of room temperature dielectric permittivity (Inset shows 

maximum dielectric permittivity vs. frequency). 

All the samples show high value of dielectric permittivity (εmax and εr -at room 

temperature) and a low value of dielectric loss (tanδ), with a decreasing trend in the dielectric 

permittivity (𝜖𝑟) and increment in dielectric loss (Fig. 5(a) & Table 2) after doping of Cu2+ 

and simultaneous doping of Cu2+/Bi3+ in BCZT ceramic. The decrease in permittivity may be 

due to the difficulty of the polarisation reversal process of domains in small grains [24, 45]. 

Such types of results for phase transition temperatures and dielectric permittivity for Cu2+ and 

Bi3+ modified BT based ceramics have also been reported in the literature [21, 22, 2426, 
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46]. BCZTCB shows more temperature stability for dielectric properties in comparison to 

BCZT and BCZTC which makes it suitable for a high dielectric constant capacitor within a 

long temperature range [47]. 

 Further analysis of the plots of variation of dielectric permittivity with temperature 

measured at different frequencies (Fig. 5 (b - d)), demonstrates that the Curie temperature 

(TC) is independent of frequency variations for all samples. It is also worth noting from Fig. 5 

(e) that the dielectric permittivity at room temperature as well as at TC (r and max 

respectively) shows a weak dependence on frequency variation for BCZT sample 

simultaneously doped with Cu2+ & Bi3+. 

 
Table 2 Dielectric properties of synthesized samples measured at 1 kHz 

Samples TC  
(°C) 

TO-T 
(°C) 

max  tan 

(At Tc) 
Tcw 

(°C) 
r ( at RT)  ∆𝑇m 

(°C) 

BCZT 126 24 5305 0.021 114 1520 1.25 21 
BCZTC 126 22 4803 0.034 116 1434 1.35 31 

BCZTCB 132 < 16 3377 0.030 91 1102 1.29 14 

 
Above Curie temperature, Dielectric permittivity follows the Curie Weiss law [48] as 

given below, 𝜖𝑟 = 𝐶𝑇−𝑇𝑐𝑤                              (3) 

Where C is the curie Weiss constant and 𝑇𝑐𝑤 is the Curie Weiss temperature. Plots of the 

reciprocal of dielectric permittivity versus temperature demonstrate the deviation of 𝜖𝑟 from 

the Curie Weiss law as shown in Fig. 6. 

To evaluate the phase transition behaviour, modified Curie Weiss law was used [48], 1𝜖 − 1𝜖𝑚 = (𝑇−𝑇𝑚)𝛾𝐶           (1 < 𝛾 < 2)           (4) 

Where C is the Curie-Weiss constant, 𝜖m is the maximum permittivity, 𝑇𝑚 (= TC) is the 

temperature corresponding to maximum permittivity. The value of  provides information 

about the degree of diffuseness, and it ranges from 1 (normal ferroelectrics, Curie-Weiss law) 

to 2 (ideal relaxor ferroelectrics, Smolenskii–Isupov law), while the materials with the value 

from 1 to 2 show diffuse characteristics [12, 35]. 

 The values of  have been determined from the plot of ln(1/  1/m) vs. ln(T  Tm) 

(insets in Fig. 6) and are presented in Table 2. The values of  reveal that ceramic samples 

prepared either with Cu2+ or Cu2+/Bi3+ have diffuse phase transition behaviour. 
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Fig. 6 Temperature dependence of inverse dielectric constant (a) BCZT, (b) BCZTC,(c) BCZTCB 

and Insets; Plot of ln(1/  1/m) vs. ln(TTm) at 1 kHz. 

 To understand the contribution of grains and grain boundaries in the impedance and 

correlated properties of prepared ceramics, we have measured electrical properties via the 

impedance spectroscopy. Ceramics consists of randomly oriented grains (g) that are joined 

together and this joining region is called grain boundaries (gb). This technique gives the 

measurement of electrical impedance, which is a combination of resistance and reactance as a 

function of frequency [49]. The Impedance is given by Z = Z'-j Z"; where Z' and Z" are the 

real and imaginary parts of the complex impedance Z. The impedance data Z and θ were 

taken from the impedance analyser and then the values of Z' and Z" were calculated as Z' = 

Zcosθ, Z" = Z sinθ [50]. 

 Fig. 7 shows the variation of the real part (Z') and imaginary part (Z") of impedance 

(Nyquist plots) of the prepared ceramic samples measured at 350 ºC, 400 ºC, 450 ºC and 500 

ºC as a function of frequency in the range 100 Hz to 1 MHz. The presence of two semicircles 

in the spectra confirms that both grain and grain boundaries contribute to the conduction 

mechanism (Fig. 7 a-c). The high-frequency semi-circle is attributed to the contribution of the 

grain while the low-frequency semi-circle is associated with the grain boundary.  All the 

impedance plots have been simulated with an electrical equivalent circuit by ZSimpWin 

software (Fig. 7). The equivalent circuit consists of a parallel combination of resistance (Rg) 
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and constant phase element (CPE1) in series with another parallel combination of resistance 

(Rgb) and constant phase element (CPE2). The presence of two semi-circles is a signature of 

electrically heterogeneous behaviour of ceramic samples in the measured range of 

temperature [20]. The Inset in Fig. 7 a-c shows the Nyquist plot at 350 ºC, 400 ºC, and solid 

line is the fitted plot.  

 

Fig. 7 Nyquist plots of (a) BCZT, (b) BCZTC and (c) BCZTCB eramics at temperatures (450 Cº & 
500 ºC). Insets: Nyquist plots of (a) BCZT, (b) BCZTC and (c) BCZTCB at temperatures (350 Cº & 

400 ºC). 

 In the low-frequency region, the radius of the semicircles decreases with the increase 

in temperature, which characterises the negative temperature coefficient of resistance 

(NTCR) type behaviour of the samples [20, 51-53]. Such type of behaviour can be attributed 

to the decrease in grain and grain boundary resistances with increasing temperature (Table 3) 

as these resistances are related to the diameter of the semicircles. For all samples the grain 

boundary resistance value is higher compared to grain resistance because the grain 

boundaries are normally more insulating and capacitive than grains [54]. With the increase in 

temperature, grain boundary resistance decreases and conductivity increases and can be 

attributed to the ionisation of oxygen vacancies at high temperatures [55]. 
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Fig. 8 Frequency dependent imaginary part of impedance at different temperatures, (a) 
BCZT, (b) BCZTC, and (c) BCZCB. (d-f) plots of ln(σg) vs 1000/T for BCZT, BCZTC, and 

BCZCB respectively. 

 Fig. 8(a-c) displays the variation of the imaginary part (Z'') of impedance with 

frequency on a log scale at various temperatures. The impedance peaks are shifted towards 

higher frequencies as the temperature increases, indicating the relaxation behaviour for all 

samples [51]. Z'' follows a decreasing trend with increase in temperature and frequency, 

which may be attributed to the rise in conductivity as the temperature and frequency increases 

[53]. Two peaks that appear at lower and higher frequency regions can be attributed to the 

relaxation process associated with grain boundary and grains, respectively. The high-

frequency peaks become weak for BCZTCB, which is consistent with the Nyquist plot (Z'' vs 

Z') indicating the decrease in electrical heterogeneity. This may be due to the melting of 

CuO/Bi2O3 during the high sintering process and improve the transfer of mass and energy 

between reactants [20]. The decrease in peak heights with an increase of temperature suggests 

the close relationship between the impedance relaxation time and the electrical (DC) 

conductivity. 

(a)

(c)

(e)
(b)

(d)

(f)
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 The values of DC conductivity for the grain and the grain boundaries were calculated 

from the fitted data obtained from the Nyquist plot and the following formula: 

 𝜎 = 𝑡𝑅.𝐴             (5) 

Where, t-thickness of the sample, R- resistance (Rg for grain and Rgb for grain boundary) and 

A is the surface area of the electrode. 

 Further, it is clear from Table 3 that conductivity increases with the rise in 

temperature for both grain and grain boundaries. The plots of ln(σg) vs 1000/T (Fig. 8d-f) are 

fitted with the Arrhenius equation (Eq. 6); 𝜎 = 𝜎0exp (−𝐸𝑎𝑘𝐵𝑇)           (6) 

where, σ0 - pre-exponential factor, kB- Boltzmann’s constant, T- measured temperature and 

Ea is the activation energy. 

 The values of activation energy of the relaxation processes in grains have been 

evaluated from the slope of the fitted line (Fig. 8d-f). The values of the resistance, 

conductivity, and the activation energies associated with the grain and grain boundaries are 

listed in Table 3. The value of activation energy has been determined to be higher for doped 

samples compared to pure BCZT ceramics (Table 3), which indicates the difficult movement 

of oxygen vacancies. 

Table 3 Impedance fitted circuit parameters for BCZT, BCZTC and BCZTCB samples 

 T (°C) Rg (kΩ) Rgb (kΩ) σg (S. m-1) σgb (S. m-1) Eg (eV) Egb (eV) 

BCZT 350 29.4 584 0.00053 0.0000268 0.59 0.33 

400 11.4 389 0.00138 0.0000402 
450 5.1 69 0.00307 0.000228 
500 9.7 82 0.00161 0.000192 

BCZTC 350 24.4 137 0.00048 0.000086 0.81 2.061 

400 5.1 60 0.00234 0.000198 
450 1.4 19 0.00848 0.000627 
500 0.8 8 0.0146 0.00147 

BCZTCB 350 28.3 289 0.00048 0.0000468 0.64 1.332 

400 7.0 185 0.00194 0.0000731 
450 2.3 62 0.00601 0.000220 
500 1.6 22 0.00843 0.000613 

3.4 Ferroelectric properties 

This section is devoted to the study of the effects of dopants on the ferroelectric properties of 

BCZT ceramics. Fig. 9(a) depicts the room temperature polarisation-electric field (P-E) 

hysteresis loops for synthesised samples under a maximum electric field of 20kV/cm at 10 Hz 
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and the calculated values from P-E loops are summarised in Table 4. The P-E loop exhibits a 

decrease in remnant polarization (Pr) and coercive field (Ec) for BZCTC ceramic, while an 

improvement in Pr has been observed for Cu2+/Bi3+ co-doped BCZT. The ferroelectric 

properties are highly dependent on size, shape & distribution of grains, the porosity of the 

material, the generation of oxygen vacancies, etc. [40-46].  As the remnant polarization is 

also affected by the porosity of the samples and reported to decrease with the increase in 

porosity [56, 57]. Therefore, the decrease in the value of Pr for BCZTC in comparison of 

BCZT may be correlated to the presence of more porosity in BCZTC as compared to BCZT 

ceramic (Fig. 4 a, b). Further, the increase in the value of Pr for BCZTCB ceramic may be 

attributed to its relatively denser microstructure (Fig. 4c). It should also be noted that these 

properties can be tailored further by increasing the applied electric field as P-E loop is not 

completely saturated under 20kV/cm [58]. 

 

Fig. 9 (a) P-E Hysteresis loop at 10 Hz for BCZT, BCZTC and BCZTCB ceramics (b) schematic 
representation of the areas representing the recoverable energy density, Energy loss density and 

total energy. 

For the investigation of energy storage performance of these BCZT based ceramic 

samples, the recoverable energy storage density (Wrec) and efficiency (η) (listed in Table 4) 

have been evaluated from the P-E hysteresis loops according to the following relations [59]: 𝑊𝑟𝑒𝑐 =  ∫ 𝐸𝑑𝑃𝑃𝑚𝑎𝑥𝑃𝑟     (7) 

𝑊𝑡 =  ∫ 𝐸𝑑𝑃𝑃𝑚𝑎𝑥0     (8) 

𝜂 =  𝑊𝑟𝑒𝑐𝑊𝑡 × 100%    (9) 
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Where, Wrec, Wt, and η are recoverable energy density, total energy density and energy 

efficiency (Fig. 9b), while Pmax, Pr, E and P represent maximum polarization, remnant 

polarization, electric field and polarization, respectively. 

Table 4 The values of various parameters calculated from P-E hysteresis loops 

Sample            Pmax 
(C/cm2) 

+Pr 
(C/cm2) 

+Ec 
(kV/cm) 

Wrec 

(mJ/cm3) 
Wt 

(mJ/cm3) 
 

(%) 
BCZT 16.1 3.58 2.58 82 159 51.5 

BCZTC 14.2 3.34 2.49 66 130 50.7 

BCZTCB 14.0 4.59 3.47 60 152 39.5 

It is clear from Table 4 that the value of efficiency (η) declined from ~51.5 (for BCZT) 

to ~39.5 (for BCZTCB), which may be due to the relatively high value of Pr and leakage 

current [60, 61]. Furthermore, the d33 value, which is 54 pC/N for pure BCZT, has been 

determined to be 140 pC/N and 64 pC/N for BCZTC and BCZTCB, respectively. 

Table 5 compares the dielectric and ferroelectric properties of our samples with other 

reported results of BT based ceramics modified by various dopants and synthesized by the 

solid-state method. 

Table 5 A Comparison of the dielectric and ferroelectric properties of lead-free BT based ceramics 
Composition Dopant Sintering TO-T 

(ºC) 
TC 

(ºC) 
εm εr Pmax 

(C/cm2) 
Pr 

(C/cm2) 
EC  

(kV/cm) 
Ref. 

Ba0.98Ca0.02Zr0.02Ti0.98O3 --- 1380℃/3 h 24 126 5305 1520 16.1 3.58 2.58 Present 
work 

Ba0.98Ca0.02Zr0.02Ti0.98O3 Cu 1380℃/3 h 22 126 4803 1434 14.2 3.34 2.49 Present 
work 

Ba0.98Ca0.02Zr0.02Ti0.98O3 Cu/Bi 1380℃/3 h < 16 132 3377 1102 14 4.59 3.47 Present 
work 

Ba0.85Ca0.15Ti0.9Zr0.1O3 Cu/Y 1400 ºC/4 h 25 100 10175 4546 20 10.82 2.33 [18] 

Ba0.85Ca0.15Ti0.9Zr0.1O3 Bi 1350 ºC/4 h 20 94 ~9200 3125 17 10.4 3.5 [21] 

Ba0.98Ca0.02Zr0.02Ti0.98O3 Cu 1250 ºC/4 h 25 120 ~8500 ~2000 20 11.6 3.7 [24] 

Ba0.98Ca0.02Zr0.02Ti0.98O3 Co 1400 ºC/4 h 22 107 ~10000 2675 ~20 11.5 3.1 [27] 

Ba0.98Ca0.02Zr0.02Ti0.98O3 Pr 1350 ºC/2 h - - - - 17.7 6.5 1.1 [28] 

Ba0.85Ca0.15Ti0.9Zr0.1O3 Cu/Nb 1400 ºC/4 h - 75 20000 6056 23 12.6 0.25 [62] 

Ba0.85Ca0.15Ti0.9Zr0.1O3 Sr/Cu/Ta 1350 ºC/4 h - 97 ~11500 4569 19 13.39 - [63] 

Ba0.98Ca0.02Zr0.05Ti0.95O3 Sr 1450 ºC/2 h < RT 84 ~6370 - - 13.45 7.96 [64] 

Ba0.98Ca0.02Zr0.02Ti0.98O3 Mn 1400 ºC/4 h ~27 ~120 ~11000 1800 ~19 15.7 1.8 [65] 
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4 Conclusions 

The pure Ba0.98Ca0.02Zr0.02Ti0.98O3 and Cu2+, Cu2+/Bi3+ modified Ba0.98Ca0.02Zr0.02Ti0.98O3 

lead-free ceramics have been synthesised via solid-state reaction method and their structural, 

microstructural and electrical properties have been investigated systematically. The pure 

perovskite phase with a tetragonal structure has been revealed through XRD pattern, which 

further supports the results of dielectric measurements. The Nyquist plots from impedance 

spectroscopy indicate the contribution of grain and grain boundary in conduction. The main 

contribution of dopants reflected from the enhancement in temperature stability range and the 

observed optimum properties; TO-T = below 16 °C, TC = 132 °C, m ~ 4803, tan ~ 3.4 %, 

Pmax = 14 C/cm2, Pr = 4.59 C/cm2 and Ec = 3.47 kV/cm for Cu2+/Bi3+ co-doped BCZT 

ceramics. Here, we have demonstrated that an appropriate amount of copper and bismuth can 

prove to be an effective way to further improve the temperature stability range, dielectric and 

ferroelectric properties to meet specific requirements for practical applications.   
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Figures

Figure 1

The schematic diagram showing the different steps of solid-state reaction method followed for the
synthesis of BCZT based ceramic samples.



Figure 2

XRD patterns of sintered BCZT, BCZTC and BCZTCB ceramic samples (inset shows the enlarged region
for 2θ = 44.5º - 46º).



Figure 3

Rietveld re�nement �tting for (a) BCZT, (b) BCZTC and (c) BCZTCB ceramic samples.



Figure 4

SEM images and EDX spectra of (a) BCZT (b) BCZTC (c) BCZTCB ceramic samples (Inset: grain size
distribution and Comparison of atomic % detected by EDX).



Figure 5

Temperature dependence of dielectric permittivity and loss (a) at 1 kHz, (b-d) at different frequencies (e)
frequency dependence of room temperature dielectric permittivity (Inset shows maximum dielectric
permittivity vs. frequency).



Figure 6

Temperature dependence of inverse dielectric constant (a) BCZT, (b) BCZTC,(c) BCZTCB and Insets; Plot
of ln(1/  1/m) vs. ln(TTm) at 1 kHz.



Figure 7

Nyquist plots of (a) BCZT, (b) BCZTC and (c) BCZTCB eramics at temperatures (450 Cº & 500 ºC). Insets:
Nyquist plots of (a) BCZT, (b) BCZTC and (c) BCZTCB at temperatures (350 Cº & 400 ºC).



Figure 8

Frequency dependent imaginary part of impedance at different temperatures, (a) BCZT, (b) BCZTC, and
(c) BCZCB. (d-f) plots of ln(σg) vs 1000/T for BCZT, BCZTC, and BCZCB respectively.



Figure 9

(a) P-E Hysteresis loop at 10 Hz for BCZT, BCZTC and BCZTCB ceramics (b) schematic representation of
the areas representing the recoverable energy density, Energy loss density and total energy.


