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Abstract
A new polycrystalline lead-free 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3) (KBT–NN) composites ceramics have been prepared by 
solid-state reaction method and their structural, optical, dielectric, ferroelectric and impedance properties are investigated. 
X-ray diffraction and Rietveld refinement data reveal that this composites ceramics possesses a perovskite-type orthorhombic 
structure after the diffusion of K0.5Bi0.5TiO3 into the NaNbO3. An appreciable change in its vibrational phonon modes of 
KBT on addition of NaNbO3 is exhibited in the material as observed from Fourier-transform infrared spectroscopy (FT-
IR) spectrum. The optical band gap energy of the sample is determined from the diffused absorbance spectra to be 3.2 eV, 
which may be useful in photo-catalytic application. In the frequency range of 130–900 cm−1, different vibrational modes are 
observed from Raman spectrum. Field emission scanning electron microscopy (FE-SEM) images reveal a well-defined and 
homogeneous morphology. Polarization vs. electric field study confirms the ferroelectricity. Dielectric and complex imped-
ance spectroscopic studies are performed over a wide range of frequency (i.e., 103–106 Hz) and temperature (30°–500 °C) 
and it is found that Jonscher’s power law is well applicable to the alternating current (ac) conductivity spectrum. The direct 
current (dc) conductivity of the material, which depends upon temperature, exhibits the decrease resistance with increase of 
temperature similar to that of semiconductors. The dc conductivity confirms that the conduction mechanism is influenced 
by oxygen vacancies.

1  Introduction

Lead based perovskite oxides have been the most prominent 
candidate of ferroelectric material due to their excellent die-
lectric and ferroelectric properties, ease of processing, and 
low cost. These materials are the complex perovskite oxides 
containing two cation species in which different charges are 

randomly distributed on the A/B site of the ABO3 structure 
[1–4]. The dielectric and ferroelectric properties in the com-
plex perovskite is strongly modified by A/B site cation for 
which these materials establish their superiority over many 
others from application point of view. Out of all the stud-
ied ferroelectric oxides, only lead based ferroelectric oxides 
such as Pb(Zr,Ti)O3 (PZT) and PZT-based multi-component 
ceramics are applied to various solid state devices. Unfor-
tunately, they produce environmental pollutions because of 
the toxic nature [5].To overcome this problems, lead free 
ferroelectric materials are synthesized for applications in 
devices [6]. Several kind of lead-free ferroelectric ceram-
ics such as NBZT [7], Na0.5Bi0.5TiO3 (NBT) [8], BNBLTZ 
[9] are developed. So far lead-based ferroelectric system is 
concerned, Pb2+ has its lone pair effect of 6s valence shell 
electron for which it exhibits high polarization. It is perti-
nent to mention here that Bi3+ possesses similar electronic 
configuration as Pb2+, which motivates scientific community 
to develop the NBT based ceramics in the place of lead-
based material. Potassium Bismuth Titanate Ka0.5Bi0.5TiO3 
(KBT), a perovskite structured material crystallized into 
tetragonal structure, exhibits a second order phase transition 
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(ferroelectric) with a relatively high curie temperature 
(~ 380 °C). KBT is synthesized using different techniques 
[10–12]. Despite large remnant polarization (Pr) of 22.2 µC/
cm2 and high Curie temperature (Tc ~ 380 °C) of KBT, prob-
lem appears in polling process due to high conductivity and 
large coercive field (Ec). To eradicate this problem, other 
ferroelectric materials, such as NBT-BT [13], Mn doped 
NBT-KBT [14], NKBT [15], NBT-KBT [16] are developed.

In comparison to ferroelectric materials, anti-ferroelec-
tric materials exhibit better dielectric properties and high 
energy-storage density as reported [17]. NaNbO3(NN) hav-
ing an orthorhombic distorted perovskite structure, exhib-
its anti-ferroelectric property at room temperature [18]. 
Because of its ability to undergo successive phase transi-
tions, it attracts the attention of a number of researchers to 
synthesize NN-based lead-free systems [19]. Consequently, 
the investigation on structural and dielectric characteristics 
of NN-based materials such as NaNbO3–ATiO3 (A = Ba, Ca, 
Sr) [20–23], NaNbO3–BaSnO3 [24], NaNbO3–Li SbO3 [25] 
are carried out.

A solid solution of anti-ferroelectric and ferroelectric 
material usually results the formation of a new material. It 
reflects good ferroelectric and piezoelectric behavior. Hence, 
it is expected that the addition of KBT on NN can enrich 
the ferroelectric properties. Structural, dielectric and ferro-
electric properties of KBT-NN solid solutions are reported 
[26]. The electrical properties and relaxation processes in 
the materials are obtained using impedance spectroscopy 
(IS). In this technique, analysis is done from the ac response 
to a sinusoidal perturbation. At different temperatures, the 
impedance and related parameters are calculated as a func-
tion of frequency [27]. The Curie temperature of ferroelec-
tric materials has also been calculated from ac conductivity 
analysis [28]. From the literature survey, it is found that the 
electrical, optical properties and conduction mechanism in 
0.05(KBT)–0.95(NN) are not studied using impedance spec-
troscopy. Therefore, in the present paper, we investigate the 
influence of NaNbO3 on the structural, optical and dielectric 
properties of 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3) compos-
ites. We prepare 0.05(KBT)–0.95(NN) sample by taking all 
the ingredients at a time using stoichiometry, which is not 
done till date, to the best of our knowledge. Our study exhib-
its better structural and electrical properties of the sample.

2 � Experimental details

The solid solution of 0.05(KBT)–0.95(NN) was synthe-
sized via solid-state reaction method taking precursor 
materials: K2CO3 (> 99.9%), Na2CO3 (> 99.9%), TiO2 
(> 99.9%) (M/s. Merck Specialties Pvt. Ltd., Mumbai, 
India), Bi2O3 (> 99.9%) (Central Drug House Pvt. Ltd., 
New Delhi) and, Nb2O5 (> 99.9%) (M/s Finar Chemicals 

Pvt. Ltd., Ahmadabad, India) in proper stoichiometry. The 
precursor materials were mixed thoroughly in air using an 
agate mortar for 2 h. Subsequently, adding methanol, the 
mixture was grinded for 2 h to have a homogenous mix-
ture. Thermal cycle is as follows; first 300 °C is attained in 
2 h, this temperature is maintained for 0.5 h, then the tem-
perature is increased to 600 °C in 2 h and kept for 30 min 
at this temperature. Then temperature increased to 900 °C 
by 2 h, keeping 30 min in this temperature and finally 
raised to 1115 °C in 2 h. At this temperature, this mixture 
is placed for 4 h and the mixture is calcinated. The cylin-
drical pellets of diameter 12 mm and thickness 1–2 mm 
were compacted using hydraulic press at an isostatic 
pressure of 3.6 × 106 N/m2, taking polyvinyl alcohol as 
binder, followed by sintering at a temperature of 1130 °C 
for 4 h in air atmosphere. X-ray diffraction (XRD) data is 
obtained in a powder diffractometer (RIGAKU ULTIMA 
IV, JAPAN) using CuKαradiation (λ = 1.5405  Å) with 
Bragg angles 2θ ranging from 20° to 80° at a scanning rate 
of 1o/min. To know molecular vibrations of the studied 
sample, Fourier transformed infrared spectroscopy (FTIR) 
was carried out using a JASCO, Model-FTIR-4100 FTIR 
spectrometer. The optical band gap was determined from 
absorbance spectra obtained from UV–Visible (UV–Vis) 
spectroscopy, by using a SHIMADZU-2600 double beam 
UV–Vis spectrometer. Raman spectra were collected in the 
frequency range of 130–1400 cm−1, using 532 nm excita-
tion solid state diode laser source, a neutral density (ND) 
filter, TE cooled Solid Czerny-Turner type spectrometer, 
a high performance UV enhanced state detector and a 
50X objective in a microscope. The spectrometer has a 
focal length of 550 mm with the spectral resolution of 
1 cm−1. The microstructure of the gold plated sintered 
pellet was imaged using Field Emission Scanning Elec-
tron Microscope (FESEM) (Carl Zeiss, NTS Ltd., UK), 
at room temperature. The pellets were polished by sand 
paper for smoothening its faces and then, silver paint on 
both surfaces were coated to measure electrical param-
eters. The moisture was removed by drying the pellets at 
150 °C with a duration of 2 h. The dielectric and imped-
ance parameters were recorded in a temperature range 
30 °C-500 °C, at the interval of 5 °C, with frequency vari-
ation ranging from 1 kHz to 1 MHz by the help of a LCR 
meter (PSM 4NL;Model1735,UK), controlled by com-
puter. The sample holder was designed in our laboratory 
and a Chromel–Alumel thermo-couple and a digital milli-
voltmeter (KUSAM MECO 108) was used for monitoring 
the temperature. A P-E loop tracer (M/S Marine India, 
New Delhi) was used to trace the PE loop of our poled 
pellet (electric field 6 kV/cm for a time duration of 8 h) at 
room temperature. The piezoelectric coefficient (d33) of 
the studied material was obtained by using Sinoceramics 
piezo d33 test system (Model YE2730A d33 METER).
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3 � Results and discussion

3.1 � Structural and microstructural analysis

Figure 1a reflects X-rays diffraction (XRD) patterns of 
0.05(KBT)–0.95(NN). The single and sharp diffraction 
lines indicate that compound is formed, as the lines are 
different from ingredients. The analysis of this XRD pat-
tern is performed by Rietveld refinement technique, using 
FullProof Programme [29]. Thomson-Cox-Hasting pro-
file function has been used for the refinement of observed 
diffraction pattern. The linear interpolation method is 
adopted here for the suitable background. Other important 
parameters such as zero correction, displacement, scale 
factor, background, cell parameters, and Wyckoff positions 
are also refined. The occupancy of the atomic sites are 
calculated and kept fixed during refinement. The refined 

Rietveld patterns such as Rp, Rwp and χ2 suggest the good 
fit between experimental and simulated data. All the struc-
tural parameters of the sample are reflected in Table 1. 
However, the refinement becomes reliable by ensuring 
the parameters i.e. Rwp (13.9) and χ2 (2.324). The fitting 
between the experimental and simulated data with their 
difference is well reflected from Fig. 1. From the Riet-
veld analysis, the studied sample shows an orthorhombic 
structure with space group Pmc21, withthe lattice param-
eters, a = 7.7835 (8) Å, b = 5.5132 (7) Å, c = 5.5599 (7) Å 
and Volume = 238.5877Å3 error bars. From the Scherrer’s 
equation [30],

the average particle size (D) of the crystallites is determined 
as 30 nm.The other terms in Scherrer’s equation is defined 

(1)Dhkl =
K�

�1∕2 cos �hkl
,

Fig. 1   a, b (XRD) pattern of 0.05(K0.5Bi0.5TiO3)-0.95(NaNbO3) at room temperature and the unit cell of its crystal structure using VESTA soft-
ware

Table 1   Rietveld 
refined parameters of 
the 0.05(K0.5Bi0.5TiO3)-
0.95(NaNbO3)

Atoms Positions x y z B Occ.

Na1 2a 0.00000 0.22448 0.77156 0.1000 0.47500
Na2 2b 0.50000 0.28065 0.75858 0.1000 0.47500
Nb1 4c 0.74900 0.74781 0.79134 0.1000 0.95000
O1 2a 0.00000 0.29863 0.30778 0.1000 0.50000
O2 2b 0.50000 0.28944 0.33116 0.1000 0.50000
O3 4c 0.22000 0.50503 0.07566 0.1000 1.00000
O4 4c 0.27200 0.94768 0.49986 0.1000 1.00000
K1 2a 0.00000 0.22448 0.77156 0.1000 0.02500
Bi1 2b 0.50000 0.28065 0.75858 0.1000 0.02500
Ti 4c 0.00000 0.74781 0.79134 0.1000 0.05000

Residuals Rp = 13.1 Rwp = 13.9 RExpected = 9.12; χ2 = 2.324
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as k (constant) = 0.89, λ = 1.5405 Å, β1/2 = full width at half 
maximum (in radians).

Figure 1b represents the unit cell of 0.05K0.5Bi0.5TiO3-
0.95NaNbO3 using VESTA software.

Figure 2a shows micrograph of FESEM of the studied 
sample, at room temperature, revealing the homogeneous 
distribution of grains of different sizes, throughout the sam-
ple surface with a very few pores. No microscopic defects 
appeared in form of cracks or micro cracks are detected. The 
grain sizes range between 0.5 and 2 µm. The presence of 
TiO2, Bi2O3 and Nb2O5 in the solid solution dominates the 
oxygen vacancies which may be responsible to improve grain 
growth. In present context, the major contribution to oxygen 
vacancies may be occurred due to volatilization of Bi atoms 
along with valency fluctuations (Ti4+–Ti3+, Nb5+–Nb4+). 
The identification of the elements in current investigated 
system is performed by EDS method. Figure 2b reflects the 
EDS spectra obtained from the sinteredpellet suggests that 
all the cationic elements are present. The absence of foreign 
element confirms the purity of the sample.

3.2 � Optical properties

3.2.1 � Raman spectroscopy

Figure 3 represents Raman spectra of the studied pellet. 
The fitting to the Raman spectra is carried out by using 
peak-fit software, which is represented by red line [31] 
for finding out the FWHM and the peak positions. The 
Raman modes at 143, 181, 214, 248,279, 329, 406, 485, 
522,550,586, 622, 656, 703 and 858 cm−1 are observed 
which are de-convoluted from three Raman modes located 
at 215.7,585.7 and 859.3 cm−1. After doping of NaNbO3 
in KBT it is expected that few Nb and Na are placed in 

place of K and Bi. The ionic radii of K, Bi are greater than 
Nb and Na due to their atomic masses. The Raman spectra 
is affected as compressive stress is developed inside the 
KBT-NN lattice by doping of NaNbO3. From Hou et al. 
report [32], Raman bands are located at 150, 201, 276, 
332, 529 and 633 cm−1 which are very close to the our 
observed Raman mode of 143, 214, 279, 522 and 622 
cm−1. These negligible variations are due to the compres-
sive stress caused after doping of Na and Nb. Apart from 
the above modes, the other bands are correspond to the 
NN doping. Raman modes below 200 cm−1 are related to 
Bi–O and K–O bonds. In the lower frequency region of 
200–300 cm−1, the peaks are characteristics of tetrago-
nal phase of KBT [33].The crystal structure changes to 

Fig. 2   FE-SEM of 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)

Fig. 3   Raman spectra of 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)
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orthorhombic phase after doping with NaNbO3. Rusty 
et al. [34] has been observed band between 800 and 880 
i.e. 858 for Nb2O5/TiO2 structure which are related to col-
linear bonds of Nb–O–Nb bands. We observed similar 
bands in that range at 858 cm−1 in the KBT-NN samples 
of orthorhombic phase and attributed as the Nb–O–Nb 
related bands. The different position compared to them 
might be due to the possibilities of Nb2O5 structure along 
with the Na inclusion. The weaker satellite bands exist 
around the main Raman modes of Nb–Bi, Nb–K, Na–Bi 
and Na–K bonds due to the Nb–O and Na–O vibrational 
modes.

3.2.2 � FTIR spectroscopy

Figure  4 shows FTIR spectrum of powdered sample. 
To study the vibrational properties of the sample, FTIR 
spectroscopy is an important tool. At room temperature 
FTIR spectra is taken where the wave number ranges from 
4000 to 400 cm−1. Three different spectral vibrations are 
observed at 452, 1142 and 2363 cm−1. The well-defined 
bands within 900–400 cm−1 are associated with lattice/
phonon mode of vibrations identifying the phase of the 
perovskites [35, 36]. The band 452 cm−1 is attributed to 
vibration of NaNbO3 frame work including Nb–O stretch-
ing, Nb–O–Nb bending and lattice vibrations [35]. The 
strongest band at 1142 cm−1 is attributed to anti symmetric 
stretching mode of vibration related to oxygen octahedral 
like NbO6, TiO6 etc. [37]. The small peak at 2363 cm−1 
is ascribed to both symmetric as well as anti-symmetric 
mode of vibration.

3.2.3 � UV–Vis spectroscopy

Whenever electromagnetic radiation is incident on the 
sample, it absorbs a part of the radiation leaving the 
remaining part transmitted. The electrons are excited from 
occupied valence band to unoccupied conduction band by 
this absorbed energy by virtue of which the electronic and 
optical properties of the material can be analyzed. This is 
known as UV–Vis absorption spectroscopy. By using this 
analysis, the energy required to overcome band gap in the 
material can be found out.

3.2.4 � Diffuse reflectance and absorbance

In the present study, absorbance A of the material can 
be measured using the formula A = − log10 T, where the 
transmittance T = I/I0, I and I0 being the number of pho-
tons incident and transmitted. Figure 5a shows that near 
ultraviolet region, the absorbance of the sample is mini-
mum leading to maximum transmittance, but, the reverse 
phenomenon is observed in the visible region. The band 
gap energy can be calculated using the Kubelka–Munk 
Equation,

here symbols have their usual meanings. As direct transition 
is allowed for Perovskites, the value of the index n is taken 
to be 1/2. Figure 5b shows the graph of (αhν)2 against hν 
[38–40]. The tangent line drawn extrapolating (αhν)2 = 0 
gives the band-gap energy as 3.2 eV.

3.3 � Polarization study

Figure 6 reflects the P–E loop of the material, at room 
temperature. The remnant polarization is found to be 
2Pr = 3.356 µ C/cm2 and Ec = 74.88 kv/c at 30 °C confirm-
ing the ferroelectric behavior of the material. The present 
material exhibits high conductivity due to volatile nature 
of bismuth and valency fluctuation (Ti4+ to Ti3+ and Nb5+ 
to Nb4+). The P–E loop traced is of rounded corner [40]. 
However, the sample exhibits high conducting behavior as 
tanδ attains high values studied in above section.

3.4 � Dielectric study

The dependence of relative permittivity (εr) and loss tan-
gent (tanδ) of 0.05(KBT)–0.95(NN) upon temperature at 
some particular frequencies is represented in Fig. 7a, b. 
The εr decreases with increase of frequency which indi-
cates characteristics of dielectric materials. Again, εr 
increases to its maximum value (εmax) slowly with sub-
sequent rise of temperature and then falls. A dielectric 

(2)�E = A(E − Eg)
n,

Fig. 4   FTIR spectrum of the 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)
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anomaly is observed around 470 °C which corresponds to 
phase transition of the ferroelectric to paraelectric and is 
confirmed from P–E loop. Another peak located around 
300 °C for all selected frequencies may be attributed to 
structural phase transition. Beyond the transition tempera-
ture, the value of εr decreases subsequent increase of tem-
perature. The mobility of ions and/or imperfections in the 
material are responsible for appearance of the space polar-
ization which may be the reason for the further decrease 
in relative permittivity. The dielectric loss first decreases 
with increase of temperature, then increases sharply.

3.5 � Complex impedance spectroscopy analysis

Complex impedance spectroscopy (CIS) enables us for the 
characterization of electrical behavior in a ceramic. This 
technique reflects the response of the material to a sinusoi-
dal disturbance. From the plot of Zʹ~ Zʹʹ, semicircles are 

Fig. 5   UV spectra of the 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3) for absorbance

Fig. 6   Hysteresis loop of the 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)

Fig. 7   Dielectric constant 
and dielectric loss vs. tem-
perature at different frequen-
cies of 0.05(K0.5Bi0.5TiO3)–
0.95(NaNbO3)
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observed. The bulk or grain boundary or interface either 
alone all a time influences the electrical properties which is 
inferred from these semicircles. The electrical properties of 
a material is characterized by the parameters such as com-
plex impedance (Z*), complex modulus (M*) and dielectric 
loss (tanδ). These parameters are obtained from the relations 
given below:

Complex impedance

Complex electrical modulus

here symbols have their usual meanings. The relaxation 
frequency (ωmax) of the bulk material is obtained from the 
relation:

where Rb = bulk resistance and Cb = bulk capacitance.
Figure 8 reflects the plot of Zʹ against frequency at dif-

ferent temperatures of the ceramic. The plot indicates the 
large values of Zʹ in low frequency region. But, it decreases 
monotonously while increasing frequency, for all observed 
temperatures. The material shows semiconducting behavior 
as resistance decreases with increase of temperature. The 
barrier properties reduce as temperature increases which 
results the increase of the ac conductivity provided that fre-
quency is high [41–43]. In the high frequency region, all the 
curves merge at one point revealing the independence of Zʹ 
from the frequency so also temperature. This is happened 
due to release of space charge [44].

(3)Z(ω) = Z� − jZ�� = Rs −
j

ωCs

,

(4)M(ω) =
1

ϵ(ω)
= M� + jM�� = jωCoZ,

(5)ωmaxτ = ωmaxRbCb
= 1 ⇒ ωmax = 1∕RbCb,

Figure 9 represents the graph of the Z″ versus frequency 
under selected temperatures. The loss spectrum (Z″ vs f) 
shows relaxation behavior above 250  °C. The type and 
strength of the electrical relaxation occurred in the material 
is obtained from the peaks at a particular frequency [45].The 
shifting of Z″max towards the higher frequency with rise of 
temperature indicates the increase of the tangent loss. With 
increase of temperature, the peaks are broadened indicating 
the presence of the relaxation in the material which depends 
upon temperature. In low temperature region, the presence 
of electrons/immobile species is responsible for relaxation 
process where as in high temperature region, the responsibil-
ity goes to defects/vacancies. The spread of relaxation time 
with two equilibrium positions is suggested from asymmet-
ric broadening of the peaks. From the plot of Z″~ f and using 
the relation [Z″ = Rb{ωτ/(1 + ω2τ2)}],the proportional of the 
bulk resistance (Rb) to peak heights is explained. More ever, 
the monotonus decrease of Z″ high frequencies reveals that 
space charge is accumulated in these materials [44].

Figure 10 reflects the plot of relaxation time (τb) against 
1000/T validating the Arrhenius relation given by the rela-
tion τb = τoexp(− Ea/KBT). Here, the symbols carry their 
own meanings. By fitting the curve linearly, the activation 
energy is found as 0.41 eV following the aforesaid relation.

Figure  11 shows the Nyquist plots plotted at some 
temperatures. In low temperature region, the curves are 
straight lines, inferring the high insulating behavior. As 
temperature rises, then the curves form semi-circular 
arcs. The radii of these semi-circular arcs become smaller 
and smaller with increase of temperature. It results the 
decrease in the values of bulk resistance. The single semi-
circles observed in all the temperatures confirm the effect 

Fig. 8   Variation of Z′ with log of frequency of 0.05(K0.5Bi0.5TiO3)–
0.95(NaNbO3) at different temperatures

Fig. 9   Variation of Z″with log of frequency of 0.05(K0.5Bi0.5TiO3)–
0.95(NaNbO3) at different temperatures
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of grain resistance (bulk property). By using “ZSimpWin” 
software, the simulation is made with complex impedance 
data. The equivalent circuit contains one resistor joined 
in parallel to a constant phase element (CPE). The CPE 
is given by:

here n is a parameter of Jonscher’s power law which does not 
depend upon frequency. The value of which lies in between 
0 and 1. If n = 0 or 1, then an ideal resistor or an capacitor 
is represented. The experimental data are well fitted with 
the simulations made. The fitting parameters for grains (Rg, 
Cg, n) are imputed in Table 2. As obtained from the fitting 
parameters, the grain resistances decrease with increase of 
temperature indicating semiconducting behavior.

(6)Z∗Q = 1∕(iω)nC,

The resistance and temperature of the material exhibiting 
semiconducting behavior are related by,

here symbols have their usual meanings. The thermistor 
characteristic parameter can be expressed as:

The temperature coefficient of resistance (α) is expressed 
by thermistor parameter β as:

The values of thermistor parameters are imputed in 
Table 3. The values of β obtained are better than earlier 
reported data [45–47]. Hence, this high values of β endorse 
the material for designing thermistor devices.

(7)RT = RNexp

[

β(TN − T)

TTN

]

,

(8)β =

[

TTN

TN − T

]

In
RT

RN

,

(9)α =
(

1

R

)

[

d(R)

dT

]

= −
β

T2
,

Fig. 10   Variation of relaxation time (τ) as a function of reciprocal of 
absolute temperature of 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)

Fig. 11   Variation of Z″ with Z′ of 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3) at different temperatures (Nyquist Plot)

Table 2   Comparison of bulk (grain) and grain boundary resistance 
and capacitance at different temperatures

Tempera-
ture (°C)

Rb (in ohm) Cb (in F) CPE (Q) n

250 2.575E6 3.993E−10 5.467E−8 0.24
275 1.584E6 4.665E−10 1.686E−7 0.20
300 1.255E6 5.066E−10 1.349E−9 0.24
350 7.961E5 4.608E−10 7.5E−8 0.26
375 7.053E5 4.28E−10 1.739E−7 0.20
475 5.79E5 1.04E−10 1.637E−9 0.84
500 1.443E5 1.449E−10 3.5331E−9 0.76
525 9.504E4 1.635E−10 8.69E−9 0.68
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Figure 12 shows the plot of Z″ and M″ ~ f. This com-
bined plot detects the presence of the smallest capacitance 
and the largest resistance as reported by Sinclair et al. [48]. 
Either short range or long range motion of charge carriers is 
responsible to cause relaxation process that can be suggested 
from this plot of Z″ and M″ ~ f. When the peaks of Z″ and 
M″ versus frequency occur at different frequencies, then the 
relaxation process is caused due to short range motion. The 
peaks occurring at same frequency is attributed to long range 
motion [49]. In the studied material, the peaks obtained at 
different temperatures mismatch suggesting that the short 
range motion of charge carriers is responsible to cause relax-
ation process. It is of Non-Debye type [50].

3.6 � Complex electric modulus analysis

To differentiate the effect of electrode polarization from 
grain boundary conduction process and detect bulk proper-
ties as apparent with conductivity relaxation times, complex 
electric modulus technique is adopted [51].

Figure 13a represents the plot of M′ ~f at some selected 
temperatures. M′ becomes nearly zeroat lower frequencies. 
M′ attains a maximum asymptotic value with the rise of fre-
quency, for all the selected temperatures. This phenomenon 
occurs because restoring force is absent. This force governs 
the mobility of the charge carriers, by applying an induced 
electric field. It confirms the short range mobility of charge 
carriers which is already decided from Fig. 11. In high fre-
quency region, M′ is constant revealing the fact of absence 
of electrode polarization [52].

Figure 13b represents the plot of M″ ~ f at some specific 
temperatures. The observed asymmetric relaxation behavior 
obtained from this plot suggests that electrical relaxation 

Table 3   The thermistor 
parameter α and β for the 
compound at different 
temperatures

Tempera-
ture (°C)

α β

250 0.00554 1514
275 0.00529 587
300 0.00506 660
350 0.00465 1805
375 0.00447 878
475 0.00388 2168
500 0.00325 2242
525 0.00364 2315

Fig. 12   Variation of M″ and Z″ with frequency at different tempera-
tures of 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)

Fig. 13   a, b Variation of M′ & M″ with frequency at different temperatures of 0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)
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phenomena in the material is exhibited. Dielectric relaxation 
is a thermally activated process due to shifting of peaks of 
M″ towards higher frequency with increase of temperature. 
Asymmetric broadening of the peak ascribes the spread of 
relaxation with different time constants which suggests this 
relaxation in the material is ascribed to be Non-Debye type 
[53], the same inference is also obtained from Z″ and M″ 
~f plot.

3.7 � Ac conductivity analysis

Figure 14 represents the plot of σac ~ f, at some selected tem-
peratures. σac is obtained from the empirical formula,

where the symbols have their usual meanings. Jonscher’s 
power law [50] given by:

here n is the frequency exponent which varies from 0 to 
1, is well applicable to ac conductivity. As A and n are 
temperature dependent. The degree of interaction between 
mobile ions with the lattice around them is represented by n, 
whereas the strength of the polarizability is represented by 
A. From this plot, σac is nearly independent of frequency, at 
lower frequencies and increases with rise of frequency. So, 
σdc is obtained from the extrapolation of this part towards 
the lower frequency side. In the high-frequency region, the 
ac conductivity curves approach each other and increases 
with increase in frequencies. As n < 1, it infers that the hop-
ping process involves translational motion with sudden hop-
ping of charge carriers. The frequency, at where the slope 

(10)σac = ωεrε0tan δ,

(11)σac = σdc + Aωn,

changes, is called as the hopping frequency (ωp) of polaron. 
It depends on temperature.

3.8 � Dc conductivity

Figure 15 represents the plot of dc conductivity with 1000/T. 
The dc conductivity is obtained from the formula: σdc = t/
RbA, Rb, A and t being bulk resistance, surface area and 
thickness of the material respectively. Dc conductivity rises 
with increase of temperature confirming again semiconduct-
ing behavior of the material following the Arrhenius relation 
[51]:

The activation energy obtained is 0.40 eV, nearly same 
as estimated from the relaxation time plot. This establishes 
the fact that the conduction so also relaxation in the material 
occur due to same charge carriers.

4 � Conclusions

In summary, we have prepared polycrystalline lead free 
ceramic 0.05(KBT)-0.95(NN) using solid state reaction 
method and demonstrated its modified structure and supe-
rior electrical performance. Our structural studies using 
FESEM, XRD and Raman spectroscopy have revealed the 
a homogeneous surface morphology with 0.5–2 µm and 
the orthorhombic structure with space group Pmc21. FTIR 
investigations has shown the hygroscopic nature of the 
sample while the Band Gap of 3.2 eV is determined using 
UV–Vis. Spectroscopy. A phase transition from ferroelectric 

(12)σdc = σoe
−

Ea

KBT .

Fig. 14   Variation of σac with log of frequency at different tempera-
tures

Fig. 15   Variation of σdc as a function of temperature of 
0.05(K0.5Bi0.5TiO3)–0.95(NaNbO3)
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to paraelectric material has been inferred from the dielec-
tric and polarization studies. The dc conductivity is found 
to follow the Arrhenius principle and also confirms semi-
conducting behavior of the material. The material exhibits 
non-Debye type of relaxation as envisaged from complex 
impedance and modulus analysis. From ac conductivity 
spectrum, the ceramic is shown to follow Jonscher’s uni-
versal power law.
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