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ABSTRACT 

The ac impedance and conductivity properties of Ba0.8Sr0.2TiO3 ceramics in a wide frequency range at different temperatures 

have been studied. The compound was prepared by a high-temperature solid-state reaction technique. A preliminary structural 

analysis of the compound by X-ray diffraction technique confirmed its single phase. An ac impedance spectroscopic technique 

was used to correlate between the microstructure and electrical properties of the compound. The presence of both grain (bulk) 

and grain boundary effect in the compound was observed. The frequency-dependent electrical data were used to study the 

conductivity mechanism. An analysis of the electric impedance and modulus with frequency at different temperatures has 

provided some information to support suggested conduction mechanism. Copyright © 2011 VBRI press. 
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Introduction  

Some ferroelectric oxides have been the subject of intense 

research for variety of applications due to their unique 

ferroelectric, piezoelectric, and pyroelectric properties. Out 

of the many applications, potential applications of 

ferroelectric materials are in microwave tunable devices 

such as tunable mixers, delay lines, filters, and phase 

shifters for steerable antennas [1-3]. As single crystal of 

same oxides is difficult to grow at low cost, (Ba,Sr)TiO3 

(barium strontium titanate), in ceramic form, has become a 

leading material system for the above devices due to its 

high dielectric response and easy tunability near the 

ferroelectric phase transition temperature TC [4]. The 

transition temperature and device parameters of the 

materials can be controlled by adjusting their compositions.  

In order to (i) distinguish between grain and grain 

boundary effects, (ii) make an interpretation of the 

microscopic processes that allow discerning between 

dielectric relaxation and long range conductivity processes 

(i.e., localized and nonlocalized conduction etc.) [5] and 

(iii) allow distinguishing between the different 

contributions of the intragrain conductivity, impedance 

spectroscopy has been widely used in last couple of years, 

being a powerful technique for the study of the dielectric 

behavior of crystalline and polycrystalline ceramic 

materials, especially ionic conductors, ferroelectrics and 

ferromagnetics [5-8]. Recent works on Ba1-xSrxTiO3 (BST) 

in both bulk and thin films have provided excellent 
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material properties [9-13]. Detailed literature survey on this 

material exhibit that no work has been reported on the 

frequency dependence of electrical (dielectric constant/loss 

and impedance/conductivity) parameters and to establish 

correlation between the microstructure and physical 

properties of the compound. Out of the many compositions 

of BST, Ba0.8Sr0.2TiO3 possesses a very high degree of 

structural stability and compositional flexibility due to its 

ability to accommodate a wide variety of cations on both A 

and B sites. Further, it is lead free compound on which 

much attention is now paid. Therefore, we have extensively 

studied the frequency dependence of dielectric and 

impedance properties of Ba0.8Sr0.2TiO3 (BST-20) ceramics 

to get better conduction mechanism in it. In this paper we 

report our extensive studies on electrical (impedance and 

conductivity) properties of Ba0.8Sr0.2TiO3 ceramics. 

 

Experimental 

Materials preparation  

Solid-state reaction technique was used for the preparation 

of Ba0.8Sr0.2TiO3 (BST-20). High purity (≥99.9%) 

ingredients carbonates and oxide; BaCO3, SrCO3 (M/s-

Loba Chemie Pvt. Ltd.) and TiO2 (M/s-S.D. fine-Chem Pvt. 

Ltd.) were taken in stoichiometric ratios to synthesize BST-

20. The precursors were mixed thoroughly using mortar 

and pestle, first in an air atmosphere for 1.5 h and then in 

methanol for 1h, so as to make a homogeneous fine 

powder. Solid-state reaction was carried out in an air 

atmosphere. The fine powder was calcined at different 

temperatures/time and finally calcined at optimized 

temperature/time (1050 
0
C, 12 h). The calcined fine powder 

was cold pressed into circular disc shaped pellet of 10 mm 

diameter and 1-2 mm of thickness at a pressure of 5x10
6 

N/m
2
 using a hydraulic press. Polyvinyl alcohol (PVA) was 

used as binder which was burnt out during high 

temperature sintering. These pellets were then sintered at 

1080
 0

C for 6 h (optimized temperature/time) in an alumina 

crucible in air atmosphere by slow cooling process. 

Subsequently, the pellets were polished by a fine emery 

paper to make their faces smooth and parallel. The pellets 

were finally coated with conductive silver paint and dried 

at 150
0 

C for 4 h to remove moisture, if any, and then 

cooled to room temperature before carrying out electrical 

measurements.  

 

Materials characterization  

X-ray diffraction analysis of the calcined powder was 

studied at room temperature using a diffractometer 

(Rigaku, Miniflex, Japan) in the range of Bragg angle (20° 

≤ 2θ ≤80°) on being irradiated by using CuKα (1.5405 Å) 

with a scanning speed of 3
0
min

-1
. The surface morphology 

or microstructure (i.e., grain size, grain-distribution and 

voids) of sintered BST-20 sample were recorded by 

scanning electron microscopy (SEM, JEOL: model JSM-

5800F). A pellet sample was gold coated prior to being 

scanned under high resolution field emission gun of SEM. 

Electrical impedance (Z), phase angle (θ), tangent loss 

(tanδ) and capacitance (Cp) were measured as a function of 

frequency (10
3
-10

6
 Hz) at different temperatures (31-

425 
0
C) using a computer-controlled frequency response 

analyzer (HIOKI LCR HI Tester, Model: 3532) in 

conjunction with a laboratory-made sample holder and 

heating arrangement with an ac signal of 1.2V. 

 

Results and discussion 

Fig. 1 compares the XRD pattern of calcined BaTiO3 and 

Ba0.8Sr0.2TiO3 powders at room temperature to confirm the 

formation of the Sr modified BaTiO3. All the reflection 

peaks were indexed in different crystal systems and unit 

cell configurations using a standard computer program 

package ‘‘POWD’’ [14]. Finally, a tetragonal unit cell was 

selected on the basis of good agreement between observed 

and calculated interplanar spacing d[∑(dobs-dcal) = 

minimum]. The XRD pattern confirmed the single phase 

formation of the compound.  

Fig. 1(inset) shows the room temperature scanning 

electron micrograph of the sintered compound at 5 K 

magnifications describing their surface property and 

microstructure. The grains are uniformly distributed 

throughout the surface of the sample showing its high 

compactness and polycrystallinity. The density of the 

ceramics was found to be around 93% of the theoretical 

density. The average grain size of the compound is ~ 1.3 

μm. The presence of voids of irregular dimensions 

indicates that the sample pellet has certain amount of 

porosity. 

 Fig. 1. Room temperature (i) XRD pattern of BaTiO3 and BST-20 and (ii) 
(Inset) SEM micrograph of the sintered compound.  

 

Fig. 2 shows the frequency dependence of the dielectric 

constant (ε') and the loss tangent (tanδ) respectively at 

different temperatures. It is observed that ε' gradually 

decreases with increasing frequency in a given temperature 

range. On increasing temperature, ε' increases apparently, 

which becomes even more significant at low frequency. 

The decrease in ε' is due to the space charges, which leads 

to the high dielectric constant and significant frequency 

dispersion [15, 16]. This indicates the thermally activated 

nature of the dielectric relaxation of the system [5]. In Fig. 

2, the loss tangent peak is also found above temperature 

250 
0
C, and showed a continuous trend of shifting towards 

high frequencies. The decrease in the value of tanδ at high 
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temperatures indicates the presence of dielectric relaxation 

in BST-20 [16].  

The electrical behavior of the sample was studied over a 

wide range of frequency and temperature using a complex 

impedance spectroscopy (CIS) technique. This technique 

enables us to separate the real and imaginary components 

of the complex impedance and related parameters, and 

hence provides information of the structure-property 

relationship of the sample. The polycrystalline materials 

usually have grain and grain boundary properties. 

Therefore, at high temperatures, two successive semicircles 

may occur due to these properties. These contributions can 

conventionally be displayed in a complex plane plots 

(Nyquist diagram) in terms of the same formalism:  

 

Complex impedance:  

 

Z*(ω) (= Z′- jZ″) 

 

Complex permittivity:  

 

ε*(ω) (= ε′ - jε″)  

 

Complex modulus:  

 

M*(ω) (= 1/ε*(ω) = M′ + jM″) 

tanδ =







=

M

M




=-

Z

Z




 

 

where Z′ =|Z|cosθ and Z″ =|Z|sinθ 

 

The frequency dependence of impedance Z″ (loss 

spectrum) for BST-20 at various temperatures is shown in 

Fig. 3. It is observed that peaks are found at temperature ≥ 

375 
0
C. The position of the Z″ peak shifts to higher 

frequency side on increasing temperature, and then a strong 

dispersion of Z″ exists. The width of the peak (Fig. 3) 

points toward the possibility of a distribution of relaxation 

times [17]. In such a situation, one can determine the 

relaxation time τ (= 1/ωmax) from the position of the peak. 

 

 

  
 

 

Fig. 2. Frequency dependence of the dielectric constant (ε') and the loss 

tangent (tan δ) at different temperatures.  

 
Fig. 3. Frequency dependence of the impedance (Z″) at different 
temperatures. 

 

Fig. 4 shows a set of Nyquist plots (Z′ vs. Z″) over a 

wide range of frequency (1 kHz - 1 MHz) at different 

temperatures. The effect of temperature on impedance and 

related parameters of materials becomes clearly visible 

with rise in temperature. On increasing temperature, the 

slope of the lines decreases, and hence they bend towards 

Z′-axis by which semicircle could be formed. At 

temperature up to 250 
0
C, the absence of second arc in 

BST-20 confirmed that the polarization mechanism 

corresponds to the bulk effect arising in semi conductive 

grains. The intercept of the semicircle on the real axis is the 

bulk resistance (Rb) of the sample. At higher temperatures 

(≥250 
0
C), it was possible to trace two semicircles [Fig. 4]. 

The appearance of two semicircles suggests the presence of 

both bulk (grain) as well as grain boundary effects in the 

studied sample. Each semicircle is a representative of an 

RC circuit that corresponds to individual component of the 

material [18]. 

 
Fig. 4. Nyquist plots (Z′ vs. Z″) of BST-20 at different temperatures.    

       

Fig. 5 shows the dc conductivity (σdc) vs. 10
3
/T plot of 

BST-20 at different temperatures. It indicates a pattern in 

which conductivity increases gradually with rise in 

temperature suggesting a thermally activated process in the 

materials [19]. The value of dc bulk conductivity has been 

calculated from the impedance data using the relation, σdc = 

t/RbA, where Rb is the bulk resistance, t is the thickness, 

and A is the area of the electrode deposited on the sample. 
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Fig. 5(inset) shows the temperature variation of grain 

boundary conductivity (σgb). Both the dc bulk and grain 

boundary conductivity graphs follow the Arrhenius law, 

and the activation energies evaluated from the slope of the 

linear portion of the plots are 0.55 and 0.56 eV 

respectively.         

          We have adopted the impedance as well as the 

modulus formalism to study the relaxation mechanism in 

BST-20. Here the imaginary impedance (Z″) and modulus 

(M″) are plotted as a function of frequency. The peak is 

observed in these plots corresponding to a relaxation 

process. The peak height in Z″ against frequency plot is 

proportional to the resistance of that process, while the 

peak height in M″ against frequency plot is inversely 

proportional to the capacitance.  

Fig. 6(a-b) show the frequency dependence of dielectric 

modulus (M′ and M″) over a wide range of frequency at 

different temperatures. Here M′ shows a dispersion tending 

toward M∞ (the asymptotic value of M′ at higher 

frequencies (Fig. 6(a)), while M″ exhibits a maximum 

M″max which shifts to higher frequencies with increase in 

temperature (Fig. 6(b)). The frequency region below peak 

maximum M″ determines the range in which charge 

carriers are mobile on long distances. At frequency above 

peak maximum M″, the carriers are confined to potential 

wells, being mobile on short distances. The frequency ωmax 

(corresponding to M″max) gives the relaxation time τ from 

the condition ωmaxτ = 1.    

 
              
Fig. 5 Variation of dc conductivity and grain boundary conductivity 
(inset) as a function of temperature. 

 

Fig. 7 shows the modulus master curve of the sample at 

various temperatures. The capacitance values are calculated 

at the maximum frequency (fmax) using the relation M″ = 

ε0/2C. The modulus peak maximum shifts to higher 

frequencies as temperature increases but the shape and full-

width at half-maximum (FWHM) of M″/M″max vs. f/fmax do 

not change in the temperature range considered. The 

overlap of the curves for all the temperatures indicates that 

the dynamical processes are nearly temperature 

independent [20]. It is also observed that the M″/M″max 

curves are not symmetric, implying a non-exponential 

behavior of the conductivity relaxation. The FWHM of the 

M″/M″max spectra is wider than the breath of a Debye peak 

(1.14 decade), which suggests the presence of non-Debye 

type of relaxation phenomenon [19]. 
 

 
Fig. 6.  Frequency dependence of (a) imaginary part of dielectric modulus 

(M″) and (b) real part of dielectric modulus (M′) at different temperatures.  

 of temperature.         

 

 

Fig. 7. Scaling behavior of dielectric modulus (i.e., M″/ M″max vs. f/fmax) 

and master curve of BST-20 at different temperatures.  

 
Fig. 8. Variation of relaxation time (calculated from impedance and 

modulus plot) with temperature.  
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Fig. 8 shows the variation of relaxation time (calculated 

from loss and modulus spectrum) as a function of 

temperature. The relaxation time in both the cases follows 

the Arrhenius law given by τ = τ0 exp (Ea/KBT) where τ0 is 

the pre-exponential factor, KB is the Boltzmann constant 

and Ea is the activation energy. The typical pattern suggests 

a temperature dependent relaxation process with spread of 

relaxation time in the range of 10
−7

-10
−5

 sec suggesting 

enhancement in the process dynamics (i.e., charge/carrier 

transport) in the material with rise in temperature [21]. 

Fitting of these data to Arrhenius equation yields the 

activation energy Ea as 0.70 and 0.59 eV respectively. The 

small difference in activation energy calculated from 

relaxation and conductivity studies suggests that both the 

process may be attributed to the same type of charge 

carriers. 

Fig. 9 shows the frequency dependence of ac 

conductivity (σac) at different temperatures. At lower 

temperatures, low frequency plateau and high frequency 

dispersion of conductivity appear to be observed. Above 

250 
0
C, a significant change in the conductivity pattern 

occurs with rise in temperature. In this temperature range, a 

broader plateau region is observed in the low frequency 

region and a dispersive behavior of conductivity spectrum 

appears in the high frequency region irrespective of 

temperature. The hopping frequency (ωp) occurs at the 

point where the slope changes in the conductivity 

spectrum. The frequency dependent conductivity of the 

material follows the Jonscher’s law [22]; ζac = ζdc + Aω
n
, 

where n is the frequency exponent in the range of 0 ≤ n ≤ 1. 

It is confirmed by a typical fit of the above equation to the 

experimental data (shown in figure). The estimated value 

of n is 0.55. The conductivity behavior (Fig. 9) is governed 

by a relation; ζ α ω
n
 for all temperatures (≥250 

0
C). The 

plateau region corresponds to the frequency independent dc 

conductivity (i.e., ζdc) and dispersive region corresponds to 

the frequency dependent part. Further, a rise in the value of 

conductivity with temperature indicates that the electrical 

conduction in the material is a thermally activated process. 

 

 
 

Fig. 9. Frequency variation of ac conductivity (σac) at different 

temperatures. 

 

Conclusion 

 
The frequency-dependent dielectric dispersion of 

Ba0.8Sr0.2TiO3 prepared by the solid-state reaction 

technique has been studied. The phase formation of the 

sample is confirmed by XRD technique. The presence of 

space charge polarization at higher temperature arises only 

due to the mobility of ions and imperfections in the 

material. A better correlation and understanding of the 

sample electrical properties with its microstructure in terms 

of bulk and grain-boundary contribution have been 

described. Dc conductivity (ζdc) shows typical Arrhenius 

behavior when observed as a function of temperature. The 

frequency dependence of normalized M and Z shows that 

all dynamic processes occurring at different frequencies 

exhibit the same thermal activation process. Modulus 

analysis has been carried out to understand the mechanism 

of electrical transport process and this indicates non-Debye 

type conductivity relaxation in the material. 
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