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Abstract

Lead-free ceramic system (1-x)NaNbO3-xBaTiO3 for x = 0, 0.25, 0.50, 0.75 and 1.0 were prepared by conventional
ceramic technique. The ac conductivity data were found to obey the power law and showed negative temperature
coefficient of resistance behaviour. The ac conductivity data were used to evaluate the activation energy of the
compounds. The correlated barrier hopping model was found to successfully explain the mechanism of charge

transport in this system.
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1. Introduction

Perovskite ABOsz-type materials exhibiting high
dielectric permittivity are of current interest due to
their practical applications in various
electronic/microelectronic devices. Most of the

materials used for these applications are in general,
lead bearing compounds eg. PbTiOs, PbZri«TikOs3,
PbMg/3Nb2/303, PbFe1,2Nb1,203, etc. With an aim of
getting alternatives to the lead-based materials, several
investigations have been carried to study the electrical
properties of Ba(Fei/2Nb1,2)03 (D. Bochenek et al,
2009; S. Eitssayeam et al, 2006; U. Intatha et al, 2007;
S. Ke et al, 2008; S. Bhagat and K. Prasad, 2010),
Ba(Bi1/2Nb1,2)03 (K. Prasad et al, 2009; K. Prasad et al,
2010a) Ba(Aly/2Nb12)03 (K. Prasad et al, 2010b),
Ba(Feq2Ta1,2)03 (W.-H. Jung et al, 2010),
Ba(Biy2Ta12)03 (A,  Mishra et al, 2012),
Bao_06(Nal/zBil/z)0_94TiO3-Ba(Fe1/2Ta1/2)03 (SK Roy et
al, 2017), Ba(Sb1/2Nb1,2)03 (K. Prasad et al, 2011a),
BaYo5Nbos03 [K. Prasad et al, 2010C), Ba(ll’l1/sz1/z)03
(K. Prasad et al, 2011b), Ba(Sm1,2Nb1,2)03-BaTiO3 (K.
Amar Nath and K. Prasad, 2012), Ba(Y1/2Nb1/2)03-
BaTiO3 (K. Prasad et al, 2014), Ba(Fei;2Nb,2)03-
BaTiOs (S. Bhagat et al, 2014), Ba(Bi1/2Ta1/2)03-BaTiOs3
(J. Kumar et al, 2014), etc. for these applications. In
recent years, a number of pure and/or modified forms
of sodium-based solid solutions have been investigated
for their possible applications in electronic devices
(C.K. Suman et al, 2005; S.K. Roy et al, 2016; K. Kumari
et al, 2016; A. Singh et al, 2015; S.K. Roy et al, 2013;
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Lily et al, 2013; U.K. Mahto et al, 2016). One such
ceramic system in this series is perovskite NaNbO3-
BaTiO3. These materials are mechanically tough and
lead-free. Only few reports are available on the
electrical and electromechanical properties of NaNbOs3-
BaTiOs system (].T. Zeng et al, 2006; R. Zuo et al, 2016;
S. Xie et al, 2009; W.Q. Cao et al, 2016). However, the
information about the electrical properties of this
system is still not complete and consistent. The study
of electrical conductivity in the ferroelectric
compounds are very important since the associated
physical properties like pyroelectricity, piezoelectricity
and strategy for poling are dependent on the nature
and magnitude of conductivity in these materials.
Therefore, to have knowledge about the
performance of this ceramic system, it becomes
important to know the carrier transport mechanism
and hence the system deserved further investigation.
An extensive literature survey suggested that no
attempt, to the best of our knowledge, has so far been
made to understand the conduction mechanism in the
system using impedance spectroscopy technique. The
complex impedance spectroscopy technique is being
recognized as a non-destructive powerful technique to
study the electrical properties of solids (C.K. Suman et
al, 2005), where the electrical properties are often
represented in terms of some complex parameters like

complex impedance (z"(w)=2'- jz"=R, — j /aC, ), cOmplex
permittivity (&'(w)=¢'- je"), complex electric modulus
(M (@)=M'+jM") and complex admittance
(Y'(@)=Y'+jY"=1/R, + joc, )- They are interrelated as: M

= 1/¢" = jwCZ" = jwCos(1/Y") and the loss tangent,

438| International Journal of Current Engineering and Technology, Vol.7, No.2 (April 2017)


http://dx.doi.org/10.14741/Ijcet/22774106/7.2.2017.17

P.S. Mishra et al

Electrical conduction in NaNbOs3-BaTiOs ceramics: Impedance Spectroscopy Analysis

tans=¢"/e'=2'/Z"=M"/M', where R,, Cs are the series
resistance and capacitance; R, C, are the parallel
resistance and capacitance. Keeping in view the
growing interest in sodium-based solid solutions, the
present work reports the impedance and ac
conductivity studies on (1-x)NaNbO3-xABO3; 0 < x <1
(abbreviated hereafter as NN-xBT) ceramics. An
attempt has also been made to explain the conduction
mechanism in the system using complex impedance
spectroscopy technique.

2. Experimental details

Polycrystalline ceramics having the nominal chemical
formula (1-x)NaNbO3-xBaTiOs for x = 0, 0.25, 0.50, 0.75
and 1.0 were prepared using a standard solid-state
reaction method. The raw materials used were AR-
grade (purity +99.9%) Na;C0s3, BaCO3, Nb205 and TiO:
in a suitable stoichiometry. Formation of all the
compounds was checked by X-ray diffraction
technique. Measurements of electrical impedance (Z),
phase angle (), loss tangent (tand) and capacitance (C)
were carried out on a symmetrical cell of type
Ag|ceramic|Ag, where Ag is a conductive paint coated
on either side of the pellets as a function of frequency
(20 Hz - 1 MHz) at different temperatures (25°C -
300°C) wusing a computer-controlled Impedance
analyzer (E4990A-120, Keysight Technologies, USA).
The samples were preheated to 100°C to evaporate the
moisture, if any, and then cooled to room temperature
and then experiments were carried out. Ac
conductivity data were obtained using the relations:
Ogc =we,e"; where ¢” is the imaginary part of the

dielectric constant.

3. Results and discussion

The logarithmic frequency dependence of real (Z') and
imaginary (Z") parts of impedance of NN-xBT, at
different temperatures are plotted in Figures 1 and 2,
respectively. It is observed that the values of Z'
decreases monotonically with increasing frequency for
all temperatures. Also, the values of Z' decrease with
the rise of temperature. This indicates the negative
temperature coefficient of resistance (NTCR) character
of NN-xBT ceramics. It is observed that the value of Z'
decreases upon increasing BaTiO3z content. Further, at
lower temperatures, the values of Z" decrease
monotonically suggesting the absence of any
relaxation. This suggests that the relaxation species are
immobile defects and the orientation effect might be
associated. As the temperature increases, the peak in
Z"-f plots starts appearing (Figure 2), which shifts
towards higher frequency side with the increment in
temperature showing the resistance of the bulk
material is decreasing and supports NTCR character of
NN-xBT. Upon further rise in temperature Z"-f plots
exhibited double peaks, which clearly indicated the
introduction of grain boundary effect. Besides the
magnitude of Z" peaks decreases while the width of the

peak increases with increasing temperature and the
peaks are slightly asymmetric in nature for all the
compounds, which suggests that there is a spread of
relaxation times ie. the existence of a temperature
dependent electrical relaxation in the materials (K.
Prasad et al, 2007).

Figure 3 shows the variation of ac conductivity (Gc)
of NN-xBT as a function of frequency at different
temperatures between 25°C and 300°C. The nature of
variation of o, with frequency exhibits dispersion
throughout the chosen range of frequency. Also, the
values of o, increase with rise in frequency as well as
temperature. Such increment in conductivity is due to
the movement of thermal ions (generally comes from
hopping motion of ions) from one preferable site to the
other. The plots get flattened (low frequency plateau)
upon further rise in temperature. The high-frequency
conductivity dispersion may be attributed to ac
conductivity whereas the frequency independent
plateau region of the conductivity pattern corresponds
to the dc conductivity (cq4;) of the material. The switch
from frequency-independent to the frequency-
dependent region shows the onset of the conductivity
relaxation phenomenon which shifts to higher
frequency side with the increase in temperature,
indicates the translation from long range hopping to
the short range ion-motion. Such dependence is
associated with displacement of carriers which move
within the sample by discrete hops of length R between
randomly distributed localized sites. Furthermore, the
ac conductivity, in most of the materials due to
localized states can be expressed as: o, =0(0)+0(w);

where o(0) and o(w) are respectively the frequency

independent and dependent part of conductivity. Also,
o(w) found to obey universal behaviour in the
frequency sensitive region: o(w) = Awswith0<s<1, w
is angular frequency of applied ac field and A [=
nmN2e2/6ksT (2a)] is a constant, e is the electronic
charge, T-temperature, a-polarizability of a pair of
sites, and N-the number of sites per unit volume among
which hopping takes place. Such variation is associated
with displacement of carriers which move within the
sample by discrete hops of length R between randomly
distributed localized sites. The term Aw* can often be
explained on the basis of two distinct mechanisms for
carrier conduction: (i) quantum mechanical tunneling
(QMT) through the barrier separating the localized
sites; and (ii) correlated barrier hopping (CBH) over
the same barrier. The values of the index s were
obtained from the slopes of the plots in the low
frequency region, which always comes out to be less
than 1 and are decreasing with the rise in temperature.
This observation is consistent with correlated barrier
hopping model (S. Bhagat and K. Prasad, 2010).
Therefore, the electrical conduction in the system may
be considered due to the short range translational type
hopping of charge carriers. Besides, the value of s
approaching to zero at higher temperatures indicates
that the dc conductivity dominates at higher
temperatures in the low frequency region following the
Jonscher’s power law.
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Fig. 1 Frequency dependence of real part of impedance of NaNbO3-BaTiO3 ceramics at different temperatures
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Fig. 2 Frequency dependence of imaginary part of impedance of NaNb03-BaTiO3 ceramics at different
temperatures
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Fig. 3 Frequency dependence of ac conductivity of NaNbO3-BaTiO3 ceramics at different temperatures
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It can be seen that the slope of the curves change with
changing temperature, which clearly indicates that the
conduction process is dependent on both temperature
as well as on frequency. Further, a decrease in the
values of oq is observed with the rise in temperature
for all the compounds, thereby indicating the negative
temperature coefficient of resistance (NTCR) character
of the samples like that of semiconductors. This may
happen due to the accumulation of charge species at
the barriers (grain boundaries) which get thermally
activated, that plays a dominant role at elevated
temperature showing NTCR characteristics. With the
rise in temperature, these charge species have
sufficient energy to jump over the barrier, responsible
for increasing the conductivity and hence the grain

boundary resistance decreases beyond these
temperatures.
Hopping conduction mechanism is generally

consistent with the existence of a high density of states
in the materials having band gap like that of
semiconductor. Due to localization of charge carriers,
formation of polarons takes place and the hopping
conduction may occur between the nearest
neighboring sites. Figure 4 shows the variation of ac
conductivity versus 103/T. The activation energy for
conduction was obtained wusing the Arrhenius
relationship: o, =o, exp(-E, /kzT); wWhere E, is the
activation energy of conduction and T is the absolute
temperature. The nature of variation shows the
negative temperature coefficient of resistance (NTCR)
behaviour of NN-xBT. A linear least squares fitting of
the conductivity data to this equation gives the value of
the activation energy, E.. It can be seen that the value
of o4, in general, deccreases with the increment in x
and is minimum for x = 0.75. The minimum and
maximum values of E, are observed in case of x = 0.75
and 1.0, respectively. The low values of E, might be due
to the transport of charge carriers through hopping
between localized states in a disordered manner (K.
Prasad et al, 2006). Further, the increase in
conductivity with temperature may be considered on
the basis that within the bulk, the oxygen vacancies
due to the loss of oxygen are usually created during
sintering and the charge compensation follows the
reaction: 0, >10, T+V;" +2¢7, which may leave behind

free electrons making them n-type (K. Prasad et al,
2005).

Conclusions

Polycrystalline (1-x)NaNbO3-xBaTiOs; (0 < x < 1) were
prepared using a high-temperature solid-state reaction
technique The ac conductivity is found to obey the
universal power law and showed the NTCR character.
The correlated barrier hopping model is found to
successfully explain the mechanism of charge transport
in the system. Further, the frequency dependent ac
conductivity at different temperatures indicated that
the conduction process is thermally activated process.

References

AmarNath, K, and Prasad, K. (2012), Structural and electric
properties of perovskite = Ba(Smi/2Nb1/2)03-BaTiO3
ceramic, Adv. Mater. Res., 1, 115-128.

Bhagat, S., AmarNath, K,, Chandra, K.P., Singh, R.K,, Kulkarni,
AR, and Prasad, K. (2014), The Structural, electrical and
magnetic properties of perovskite (1-x)Ba(Fe1/2Nb1/2)03-
xBaTiOs ceramics, Adv. Mater. Lett., 5, 117-121.

Bhagat, S., and Prasad, K. (2010), Structural and impedance
spectroscopy analysis of Ba(Fe1/2Nb1,2)03 ceramic, Physica
Status Solidi A, 207, 1232-1239.

Bochenek, D., Surowiak, Z., and Poltierova-Vejpravova, J.
(2009), Producing the lead-free BaFeosNbosO3 ceramics
with multiferroic properties, J. Alloys Comp., 487, 572-576.

Cao, W.Q., Xu, L.F, Ismail, M.M,, and Huang, L.L. (2016),
Colossal dielectric constant of NaNbOs doped BaTiO3
ceramics, Mater. Sci-Poland, online available. DOI:
10.1515/msp-2016-0065.

Eitssayeam, S., Intatha, U. Pengpat, K, and Tunkasiri, T.
(2006), Preparation and characterization of barium iron
niobate (BaFeosNbos03) ceramics, Curr. Appl. Phys., 6, 316-
318.

Intatha, U., Eitssayeam, S., Wang, J., and Tunkasiri, T. (2010),
Impedance study of giant dielectric permittivity in
BaFeosNbosO3 perovskite ceramic, Curr. Appl. Phys., 10, 21-
25.

Ke, S., Huang, H., Fan, H., Chan, H.L.W,, and Zhou, L.M. (2008),
Colossal dielectric response in barium iron niobate
ceramics obtained by different precursors Ceram. Int., 34,
1059-1062.

Kumar, J., Choudhary, S.N., Prasad, K., and Choudhary, R.N.P.
(2014), Electrical Properties of 0.25Ba(Bi1/2Ta1/2)0s-
0.75BaTi0s3, Adv. Mater. Lett., 5, 106-110.

Kumari, K., Prasad, A, and Prasad, K, (2016), Dielectric,
impedance/modulus and conductivity studies on
[Bio.s(Na1-xKx)o.5]0.94Bao.0sTiOs, (0.16 < x < 0.20) lead-free
ceramics, Amer. J. Mater. Sci., 6, 1-18.

Lily, Yadav, K.L., and Prasad, K. (2013), Electrical properties
of (NaosBios)(Zro7sTio2s)03 ceramic, Adv. Mater. Res., 2, 1-
13.

Mahto, U.K,, Roy, S.K.,, AmarNath, K., and Prasad, K. (2016),
Effect of high-energy ball milling on the electrical
properties of NaTaOs ceramic, Process. Appln. Ceram., 10,
143-152.

Mishra, A., Choudhary, S.N,, Prasad, K., Choudhary, R.N.P., and
Murthy, V.RK. (2012), Dielectric relaxation in complex
perovskite Ba(Bi1/2Ta1/2)0s, /. Mater. Sci.: Mater. Electron.,
23,185-192.

Prasad, K., Suman, C.K,, and Choudhary, R.N.P. (2005), Studies
on dielectric responses of Pb2Bi3RTisO1s (R = La, Nd, Sm,
Gd, Dy) ceramics, Ferroelectrics, 324, 89-94

Prasad, K, Suman, CK, and Choudhary, RN.P. (2006),
Electrical characterization of Pb2Bi3SmTisO1s ceramic
using impedance spectroscopy, Adv. Appl Ceram., 105,
258-264.

Prasad, K, Lily, Kumari, K., Chandra, K.P., Yadav, K.L., and Sen,
S. (2007), Electrical properties of a lead-free perovskite
ceramic: (NaosSbo.s)TiO3, Appl. Phys. A, 88, 377-383.

Prasad, K., Bhagat, S, Amar Nath, K, Choudhary, S.N., and
Yadav, K.L. (2009), Dielectric relaxation in lead-free
perovskite Ba(Bi1/2Nb1,2)03, Physica Status Solidi (a), 206,
316-320.

Prasad, K., Bhagat, S, AmarNath, K., Choudhary, S.N., and
Yadav, KL. (2010a), Electrical conduction in
Ba(BiosNbos)Os  ceramic: Impedance  spectroscopy
analysis, Mater. Sci. - Poland, 28, 317-325.

442| International Journal of Current Engineering and Technology, Vol.7, No.2 (April 2017)



P.S. Mishra et al

Electrical conduction in NaNbOs3-BaTiOs ceramics: Impedance Spectroscopy Analysis

Prasad, K, Chandra, K.P., Bhagat, S, Choudhary, S.N., and
Kulkarni, A.R. (2010b), Structural and electrical properties
of lead-free perovskite Ba(Ali1/2Nb1,2)03, /. Amer. Ceram.
Soc., 93, 190-196.

Prasad, K, Bhagat, S., Priyanka, AmarNath, K., Chandra, K.P.,
and Kulkarni, AR, (2010c), Electrical properties of
BaYosNbosOs ceramic: Impedance spectroscopy analysis,
Physica B: Conden. Matter, 405, 3564-3571.

Prasad, K, Chandra, K.P. Priyanka, and Kulkarni, AR,
(2011a), Structural and electrical properties of
Ba(Sb1/2Nb1,2)03 ceramic, . Mater. Sci., 46,2077-2084.

Prasad, K, Priyanka, Chandra, K.P.,, and Kulkarni, A.R.
(2011b), Structural and electrical properties of lead-free
perovskite ceramic: Ba(Ini/2Nb1/2)0s, J. Non-Cryst. Solids,
357,1209-1217.

Prasad, K., Priyanka, AmarNath, K., Chandra, K.P. and
Kulkarni, A.R, (2014), Dielectric relaxation in
Ba(Y1/2Nb1/2)03-BaTiOs ceramics, J. Mater. Sci: Mater.
Electron., 25, 4856-4866.

Roy, S.K, Singh, S.N., Mukherjee, S.K., and Prasad, K. (2017),
Bao.os(Na1/2Bi1/2)0.94Ti03-Ba(Fe1/2Ta1/2)03: Giant
permittivity lead-free ceramics, J Mater. Sci: Mater.
Electron., 28,4763-4771.

Roy, S.K,, Chaudhuri, S., Kotnala, R.K, Singh, D.K,, Singh, B.P,,
Singh, S.N., Chandra K.P., and Prasad K. (2016), Dielectric
and Raman studies of Bao.os(Na1/2Bi1/2)0.94TiO3-NaNbO3
ceramics, Mater. Sci.-Poland, 34, 437-445.

Roy, S.K., Singh, S.N.,, Kumar K, and Prasad, K. (2013),
Structural, FTIR and ac conductivity studies of NaMeO3
(Me = Nb, Ta) ceramics, Adv. Mater. Res., 2, 173-180.

Singh, A, Prasad, K, and Prasad, A. (2015), Effects of Sr2+
doping on the electrical properties of
(Bio.sNaos)0.94Bao.osTiO3 ceramics, Process. Appln. Ceram., 9,
33-42.

Suman, C.K, Prasad, K, and Choudhary, RN.P. (2005),
Impedance spectroscopic studies of ferroelectric
Pb2Sb3DyTis01s ceramic, Adv. Appl. Ceram., 104, 294-299

Wang, Z., Chen, X.M,, Ni, L, Liu, Y.Y, and Liu, X.Q. (2007),
Dielectric relaxations in Ba(Fe1/2Ta1/2)03 giant dielectric
constant ceramics, Appl. Phys. Lett., 90, 102905-3.

Xie, S., Zhuy, K,, Qiu J., and Guo, H. (2009), Microstructure and

properties of NaNbO3-BaTiOs,
piezoelectric ceramics, Front. Mech. Eng. China, 4, 345-349.

Zeng, ].T., Kwok, K.W., and Chan, H.L.W. (2006), Piezoelectric
properties of NaNbO3-BaTiOs ceramics, J. Am. Ceram. Soc.,
89, 2828-2832.

Zuo, R, Qi, H,, Fu, J,, Li, ], Shi, M,, and Xu, Y. (2016), Giant
electrostrictive effects of NaNbO3-BaTiOs lead-free relaxor
ferroelectrics, Appl. Phys. Lett., 108, 232904-5.

electrical lead-free

443| International Journal of Current Engineering and Technology, Vol.7, No.2 (April 2017)



