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ABSTRACT

The  electrical behavior of ceramic system   BaFe Ti O (x= 3%  and 5% )containing coexisting x 1-x 3   

tetragonal and hexagonal  phases was studied by using Impedance Spectroscopy as function of 
temperature  ( 450K – 650K) in the frequency range 20 Hz – 1 MHz .Equivalent circuit model comprising 
four parallel RC's connected in series  corresponding to the two phases, grain boundary region and 
contact electrode represented the data well. When the sample contained predominantly tetragonal 
phase, the time constant for sample - electrode interface showed an Arrhenius type behavior with 
activation energy   (0.58 ± 0.05) eV whereas when the sample contained both tetragonal and hexagonal 
phases no clear trend was observed. These observations are useful in selection of electrodes for 
applications and for developing techniques for dielectric studies of materials when measurements are 
done as function of temperature.
Keywords:  Ceramics; Impedance Spectroscopy; Equivalent Circuit Model; Sample-Electrode 
Interface; CNLS.

Ceramics are inorganic non-metallic solids that 
have been processed and shaped by heating at 
high temperatures.  Modern day ceramics include 
oxides, nitrides, carbides etc. and constitute a 
large fraction of technologically useful materials. 
Ceramics used in electrical and electronics 
industry are broadly termed as electro-ceramics 
and are heavily used in electrical insulators, TV 
balunes, mobile antennas and speakers, substrates 
for electronic circuits, computer memories, 
magnetic recording heads, high temperature 
heating elements, cryogenic sensors etc. By 
utilizing various processing strategies such as  
heating/cooling rates , presence of additives, 
developing certain microstructures, controlling 
the grain sizes etc. ,certain interesting and useful  
properties not so possible  in single crystalline 
form can be imbibed in ceramics . Together with 
this, due to ease in preparation, processing and 
casting in desired shapes and sizes, materials in 

 [1-5]
ceramic form are preferred for applications .

One of the traditional and still popular 
methods of preparation of a ceramic is the so 
called solid state reaction method which involves 

mixing the components in appropriate amounts in 
a mill and then heating the mixture at suitable 
elevated temperature so that reaction takes place 
in solid state. Other methods such as wet chemical 
and sol-gel methods have been developed that are 
used based on various considerations such as 
purity, homogeneity, particle size etc. The as-
prepared ceramics are usually in powder form that 
are processed and shaped for device applications. 
The ceramic piece thus comprises small 
crystallites called grains that are joined together in 
random orientations. The joining region called the 
grain boundary has, due to mismatch, strained 
bonds. Therefore properties of grain boundary are 
different from those of grains and highly depend 
upon the processing variables such as heating/ 
cooling rates and atmosphere. Ceramics prepared 
by controlled crystallization of glass are called 
glass-ceramics. In glass ceramics the grain 
boundary consists of uncrystallized   glassy 

[1,2,6]
matrix .

Usually, it is the interplay of 'grain' and 'grain 
boundary' behaviour that bestows ceramics with 
several technologically useful properties. The 
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understanding and controlling of this interplay 
with the help of processing variables, additives, 
ingredients or reduction in grain size dwelling in 
nanometre range is the subject of intensive 
research activities at present. A ceramic material 
prepared in powder form or as a glass – ceramic is 
processed and fabricated in some shape to which 
usually suitable electrodes are connected for 
device applications. An electronic ceramic 
component may thus be treated as a grain – grain 
boundary – electrode system and the overall 
properties will be influenced by their individual 

[1]contributions . In order to achieve desired and 
reproducible properties these contributions must 
be separated out. For this,the technique of 
impedance spectroscopy has been found to be 

[7,8]
very helpful . This technique essentially 
involves measurement of real and imaginary part 
of the impedance (Z* = Z′ - j Z′′ , j = √(-1) ) as 
function of frequency and representing the system 
by some suitable equivalent circuit model.  Due to 
ease of  measurement and readily available 
versatile impedance analyzers , this technique has 
emerged as a very powerful tool in recent years 
and  is now  being widely used in various areas 
encompassing  material science , electrochemis-
try, biology, agriculture, dairy , fruit production, 

[1,7-25]medical diagnostics etc. .

The sample holder used to house the sample 
in an impedance measurement experiment has 
effect on the measured values. Methods of 
removing the sample holder contributions have 

[26,27]
been proposed .The overall properties of 
ceramic – electrode system are influenced by 
electrodes. By using test circuits in three point 
measurements it was shown that artifacts may 
arise when the reference electrode value 
approaches the analyser impedance. The 
reliability of three electrode measurement is very 
sensi t ive to aspect  rat io and electrode 
configuration. The influence of quality of contact 
was studied by changing the surface roughness of 

[28-38]the sample by polishing . It was found by Basu 
[ 28 ]

et al.   that positive temperature coefficient of 
resistance of ceramics varied to a large extent if 
the connecting electrodes are changed.From the 
impedance spectroscopic studies of glass ceramic 
as function of temperature,it has been recently 
found that the electrode interface of a glass-
ceramic sample behaves in different ways when 

the sample contains single crystalline phase or 
more crystalline phases keeping the electrode 

[39]
same .

It may be mentioned that the sample – 
electrode interface shows its response at lower 
frequencies typically below few tens of cycles per 
second and it is generally believed that the 
electrode contributions are negligible at higher 

[1]
frequen-cies . However, the contact contribution 
may not be negligible at higher temperatures as 
the response times usually decrease (i.e. response 
frequencies rise) as the temperature is raised.  
Therefore, in order to  facilitate better sample 
holder designs and also to  refine the measure-
ment techniques , study of  sample electrode 
interface  behaviour with different types of  
samples, specially at higher  temperatures, would  
be highly useful.

In the work presented in this paper, 
behaviour of sample – electrode interface with  
ceramic sample containing single phase and with 
sample contai-ning  two phases were  studied as 
function of temperature by using the technique of 
impedance spectroscopy .The basics of 
impedance spectros-copy are briefly given in the 
next section for a ready reference followed by 
results and discu-ssions.
BASICS OF IMPEDANCE SPECTROSCOPY
 For Impedance Spectroscopy (or Complex 
Impedance Analysis) the real and imaginary parts 
of the impedance (Z* = Z′-j Z′′) of the ceramic 
sample are measured as function of frequency. 
The values of Z′ and Z′′ are plotted as a function of 
frequency (giving rise to the so called 
spectroscopic plots  or impedance spectra)  and 
also in the complex plane ( i.e. Z′′ vs Z′) giving the 
complex plane plots. The Z′′ vs Z′ plots are usually 
semi-circular or distorted/ overlapping arcs. The 
contributions to the overall behaviour from the 
grain, grain-boundary and electrode processes are 
separated out by representing each of them by 
suitable equivalent circuit models. The most 
suitable and widely used model is a parallel RC 
circuit.  This circuit has one time constant RC and 
thus is readily used to represent one charge 

[7,40]transfer/ polarization process .

The electrical behaviour of a system can be 
expressed in terms of interrelated functions
known as impedance (Z* = Z′-j Z′′), admittance 

-1
(Y* = (Z*) = Y′ +j Y′′),  permittivity
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- 1
(ε* = (j ωC  Z*) = ε′–jε′′ ) and modulus (M* = 0

-1
(ε*) = jωC  Z* = M′ + j M′′  ) where j = √-1 and ω 0

= 2πf, f being the frequency of the AC excitations 
used in the measurement and C , the capacitance 0

of the empty cell used to house the sample. These 
interrelated broadly termed immittance functions 

are conveniently used to extract information 
about the components used in the equivalent 
circuit models developed to represent the 
impedance behaviour of the sample - electrode 

[7,40-42]
system .

Figure 1:A parallel RC circuit Model.

A parallel RC circuit model having a resistance 

R connected in parallel to capacitance C   is shown 

in Fig.1. The expressions for Z′ and Z′′ are given in 

Eqn.(1) and (2).   

which  shows that  Z′′  vs. Z′  plot will be a 
semicircular arc ( since Z′ and Z′′ are positive)  
with centre at point (R/2,0) and radius R/2. Also, 

the values of Z′ at ω → 0 and at ω → ∞ are R and 0 
respectively indicating that the arc will pass 
through origin and will have an intercept on the Z′ 
axis at the point (R,0) on the low frequency 
side.This means that ac measurements can be 
used to estimate the value of R and hence dc 
conductivity. Also the arc shows maximum value 
when ωRC =1. Therefore, by knowing R the value 

of C can be easily calculated by noting the 
frequency where the peak occurs. This indicates 
that if  Z′′  vs. Z′  plot  for  experimental values of 
Z′ and  Z′′  for some system is a semicircular arc, 
then that system may be represented by a parallel 
RC  equivalent circuit model  and may be said to 
have one charge transfer/ polarization process 

[7,40]present in it .The values of real and imaginary 
parts of electric modulus (M* = M′ + j M′′  = jω C  0

Z*) are given as 

These satisfy the equation 
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showing   that  M′′  vs. M′ plot will be a  
semicircular arc having centre at the point 
(C /2C,0) and radius equal to C /2C.  Also  , the 0 0

values of  M′ at  ω → 0 and at ω → ∞ are  0 and 
C /C respectively indicating that the arc will pass 0

through origin and will have an intercept on the 
high frequency side at the point (C /C,0) . Also   0

the arc shows  maximum when ωRC =1 . 
Therefore by  knowing  C the value of R can be 
easily calculated by noting the frequency where 
the peak occurs. The  M′′  vs. M′ plot    is shown in 

Fig.3. It may be noted that  the arc in Z′′  vs. Z′  
plot  ( Fig. 2)  would traverse from right to left as 
the frequency ω increases and the arc in M′′  vs. 
M′ plot  (Fig. 3 ) will traverse  from left to right as 
ω increases. Therefore, low frequency behaviour 
will be visually highlighted in Z plots whereas 
high frequency response will be highlighted in the 

[40]M plots . The experimental plots having  more 
features yield information in greater detail and are 
conveniently selected for further analysis.

Figure 3:  Normalized plot of  M′′ /
(C /C)  vs.  M′′ / (C /C) for parallel RC0 0

circuit model.

Figure 2:  Normalized plot of  Z′′ / R  vs. 
Z′ / Rfor parallel RC circuit model

Systems having two charge transfer processes, 
such as ceramics with grains and grain –boundary, 
may be represented by a model combining two 
parallel RC's connected in series to start with.  
The ceramic-electrode system then may be 
represented by three parallel RC circuits R C -1 1

R C -R C  connected in series representing grain, 2 2 3 3

grain-boundary and sample-electrode interface. 
Usually the response time for grains are smaller as 
compared to those for grain boundary and sample 
electrode interface which responds at very low 
frequencies.  Therefore,  if    we assume   R C <  1 1  

R C < R C then R C  would correspond to 2 2 3 3 ,  1 1 

grains,   R C to grain boundary  and  R C  to 2 2   3 3  

electrodes. If  the arcs corresponding to individual 
contributions are drawn then the curve in Z′′ vs. Z′ 
plot would have intercepts on the Z′ axis at  points 
(R +R +R ,0) ,   (R +R ,0)    and   (R ,0)  as 1 2 3 1 2 1

frequency increases i.e. as we traverse from  right  

to left on the plot. The values of C , C and C  are 3 2 1

estimated by noting the frequencies where the 
individual arcs would peak. Similarly the 
corresponding M′′ vs. M′ plot would have 
intercepts on the M′ axis at  C /C    ,    C /C  + 0 3 0 3

C /C    and   C /C  + C /C   + C /C    as  frequency 0 2 0 3 0 2 0 1

increases i.e. as we traverse from left to right on 
the  plot and the values of R's can be obtained by 

[43]looking at the peak values . It may be 
remembered that  choice of an equivalent circuit 
model is a difficult process . Also, the models are 
not unique since similar impedance patterns may 

[7,40]
be produced by different models .Therefore,
Other Combinations and circuits may also be used 
but simple circuit models are preferred as they 
help in easy visualization of the processes.
The choice of a model is greatly facilitated by 
comparison of the experimental plots with plots
simulated for various equivalent circuit models'' 
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and keeping in mind the possible charge transfer 
processes that might be present or might emerge 
in the system as some variable,say temperature, is 
varied.  Simulated  immittance patterns for 

[7,40-42,44]
various models are available in literature .
The values of the components used in the model 
are estimated by looking at the experimental plots 
and comparing them with the simulated ones. 
Their values are then  obtained more accurately 
by resorting to complex non linear least square 

[7]procedure .  There are cases where depressed 
arcs appear. These are modelled by considering 
equivalent circuits having more than one RC or 
assuming that there is a distribution in time 
constants of the processes present.  This is 
represented by involving constant phase elements 

[7,42]
or distributions . It has been observed that for 

[7,40]
usual dielectrics combinations of RC's suffice .  
For magnetic or piezoelectric materials inductive 

[41,44]
component L is included . For situations where 
the experimentalZ′′ vs. Z′ plot has a steeply rising 
low frequency branch and the corresponding M′′ 
vs. M′ plot has a shift towards right, presence of 
series capacitance in the model is indicated.  
Similarly presence of a steeply rising high 
frequency branch in M′′ vs. M′ plot and a shift in 
the corresponding Z′′ vs. Z′ plot presence of a 
series R  in the equivalent circuit is indicated 
[40].The most important hints that are extremely 
useful in developing equivalent circuit models are  

[42]given by  Pandey  et al. .

MATERIALS  AND  METHODS
The samples  BaFe Ti O ( x = 3%  and 5% )  x 1-x 3  

were prepared by solid state reaction method 
using  BaCO , Fe O  and TiO  (Merck , all 99.5 %)  3 2 3 2

as raw materials by calcining and the mixtures at 
0

1100 C.Pellets  of  12 mm diameter and 1.5 mm 
thickness  were  made by using uniaxial hydraulic 

0
press with 60 kN pressure  and sintered at 1250 C 
for 10 hours.  XRD analysis  revealed  that the 
system with x=3%  possessed  predominantly 
tetragonal  phase whereas in the system with 
x=5%  both the tetragonal  and hexagonal phases  
of  BaTiO  were  present in almost equal 3

proportion. Samples were then electroded on both 
parallel sides and cured. The real  and imaginary 
parts of the impedance ( Z* = Z′ - j Z′′ )  were 
measured  by  using Novocontrol Alpha – A  
analyser  as a function of frequency  in the range 

20 Hz -1 MHz and  temperature in the  range 450 
K to 650 K. These Z values were used to calculate 
other immitance functions particularly M* (M* = 
1/Z* = M′ + j M′′ ). Equivalent circuit models 
were  developed  as described in the next section.
RESULTS  AND  DISCUSSION
Figs. 4 (a-b)  show M′ vs.log f , M′′ vs.log f  and 
M′′ vs.M′  plots for  BaFe Ti O ( x = 3 %)  at   x 1-x 3   

600 K .The  curve  of  M′′  vs.  M′   plot   of  Fig. 
4(b)     passes through origin , has a high 
frequency intercept  and is not a clear semicircular 
arc. Similarly the arc in corresponding  Z′′  vs.  Z′  
plot  ( not shown for brevity)  passes through 
origin , has a low frequency intercept and is not a  
clear semicircular arc. Keeping in mind the details 
given in earlier section and  the fact that the 
system has grains of  tetragonal and hexagonal 
phases, grain boundary and contact electrodes, an 
equivalent circuit model having four parallel RC's 
, say R C -R C -R C -R C , connected in series 1 1 2 2 3 3 4 4

may be chosen to represent the behaviour of the 
sample – electrode system. The values of   R ,C1 1 

,R ,C ,R ,C ,R and C were  obtained by  the 2 2 3 3 4 4  

intercepts on the M ′  axis  and the frequencies 
where M′′  peaks. By drawing tentative 
semicircular arcs representing contributions from 
individual RC's( as shown by dotted lines in  Fig.4 

[40](b) )  and comparing with simulated plots we see 
that  intercepts of the M′′  vs.  M′   curve on the M′ 
axis will be at    C /C   ,    C /C  + C /C ,  C /C0 4 0 4 0 3 0 4 

+C /C  + C /C   and   C /C +C /C  + C /C  + C /C    0 3 0 2 0 4 0 3 0 2 0 1

as we traverse from left to right on the plot.  As 
discussed earlier, we have assumed that R C <  1 1

R C < R C < R C  i.e. R C  and  R C represent 2 2 3 3 4 4  1 1  2 2     

the    two crystalline phases ,   R C    represents 3 3

the grain boundary and   R C  represents the 4 4  

electrodes.  From the intercepts in Fig. 4(b),   we 
-3 -3

get   C /C  = 1.4 *10 ,    C /C  + C /C  = 2.8 *10    , 0 4 0 4 0 3
-3

C /C +C /C  + C /C    = 4.2 *10        and   C /C0 4 0 3 0 2 0 4 
-3

+C /C  + C /C  + C /C  =   5.6 *10         which 0 3 0 2 0 1
-10

give    C  = 4.88*10 F.  Values of   C    , C     and   4 3 2

C  are equal to this and C = 0.6832 pF.1 0 

By noting the frequencies where the tentative arcs 
peak we get   R =  9944.42  Ω , R =  32613.72  Ω    4     3  

,R =  1087.12  Ω and  R =  362.37  Ω  . The 2  1     

values of these components were obtained more 
accurately by  running  the CNLS program 
IMPSPEC.BAS   routinely being  utilized in our 
laboratory by using these values as  initial 

[43]guesses . The  values are   R =  (0.34±0.01) kΩ,  1
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C  =  ( 0.53 ±0.01) nF,   R  =  (4.53 ± 0.04) k Ω   ,     1 2

C  =  (  0.23± 0.01) nF,   R  =  ( 5.36±0.05) k Ω,   2 3

C  =  (      6.7±0.14 )  nF , R  =  ( 6.79± 0.41 ) kΩ  3 4

and C  = ( 0.64±0.01) nF.  The data for  4

temperatures  of  450 K ,500 K, 550 K  and 650 K   
showed  similar  behaviour and  the values of the 
components were obtained in the same way as 

described above. The M′ vs. log f , M′′ vs. log f  
and M′′ vs M′  plots for  BaFe Ti O ( x = 5% )  x 1-x 3   

were similar to that shown in Fig.4  ( not shown 
here for brevity) and were analysed in the same 
way and the values of the components were 
obtained.

Figure 4: Plots showing   experimental and fitted data for the system    BaFex i  O   ( x = 0.03 ) at T 1-x 3 

600K  (a)    M′′  and  M′  vs.log f    (b ) M′′  vs.  M′   .  Equivalent circuit 
model is also shown in (b).
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Fig 5:  Variation of  ln(R C )  as function of  1000/T    (a) x = 3% ,  the  solid line shows the linear 4 4

fit  (b) x = 5% , the dotted line is only for guide to eye.

As was discussed in the previous section, the 
sample-electrode interface contribution may not 
be negligible at higher temperatures. Also, the 
sample with x=3% has tetragonal phase in larger 
proportion as compared to the sample with x=5% 
and   the tetragonal BaTiO  is ferroelectric having 3

a ferroelectric to paraelectric phase transition at 
393 K.   So in order to keep the number of 
variables to a minimum , immittance behaviour at 
temperatures above 400 K were analysed.  It is 
convenient   to understand   behaviour of an 
electrical circuit in terms of time constant as its 
inverse may be treated as response frequency. 
Therefore, we look at the values of the time 
constant R C that corresponds to the electrodes.  4 4 

Fig. 5(a)    and Fig. 5(b) show   the variation of 
ln(R C )  vs. 1000/T for the samples with x=3% 4 4

and x=5%  respectively.
It may be noticed that the plot for the sample with 
x= 3 % (sample containing    predominantly one 
phase) is almost a straight line showing an 
Arrhenius type behaviour with activation energy   
(0.58 ± 0.05) eV whereas in the plot for x = 5% no 
such trend is seen.  We note that sample with x= 
3% contains predominantly one phase whereas 
sample with x= 5 %  contains  two phases of 
almost equal amount. This means that the sample- 
electrode interface behaviour as function of 
temperature is not the same for the two
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cases though the same electrodes have been used. 
This is in agreement with the findings for the 

[39]glass- ceramics samples reported earlier . It was 
found there that the sample electrode interface 
shows an Arrhenius behaviour when the glass 
ceramic sample contained only one crystalline 
phase  and no clear cut trend emerged for the 
samples containing more crystalline phases.  
Studies on the sample-electrode behaviour taking 
other type of samples would be useful for further 
verification of this conclusion.
CONCLUSIONS
Behaviour of ceramic sample –electrode interface 
was studied by using Impedance Spectroscopy. 
The ceramic samples utilized were (i) BaFe Tix 1-x 

O  (x=3%, containing predominant tetragonal 3

phase and a small amount of hexagonal phase) 
and (ii) BaFe Ti  O , (x =5%,containing almost x 1-x 3

equal amounts of hexagonal and tetragonal 
phases). Impedance data taken over the 
temperature range 450 K to 650 K (above the 
ferroelectric to paraelectric transition temperature 
of 393 K for BaTiO ) were analysed and 3

equivalent circuit models were developed. The 
data could be well represented by equivalent 
circuit model comprising parallel RC combina-
tions R C ,R C ,R C and R C  connected in series 1 1 2 2 3 3 4 4  

where R C  and R C represented the two phases, 1 1  2 2 

R C represented the grain boundary and R C  the 3 3 4 4

sample-electrode interface. It was found that 
when the ceramic sample contained predomi-
nantly tetragonal BaTiO  (i.e. almost a single 3

phase) the ceramic –electrode interface showed 
an Arrhenius type of behaviour with activation 
energy (0.58 ± 0.05) eVwhereas when the ceramic 
contained tetragonal as well as hexagonal phases 
of equal amounts (i.e. two phases) no clear trend 
appeared.  This is in agreement with the findings 
with glass-ceramic samples where the electrode-
glass ceramic interface shows an Arrhenius 
behaviour when the glass ceramic contains a 
single crystalline phase and no clear trend when 
the glass ceramic has many crystalline phases.
ACKNOWLEDGEMENTS
The financial support received by one of the 
authors (SP) from Indian Institute of  Technology 
,Banaras  Hindu  University , Varanasi, Uttar 
Pradesh, India  in the form of institute fellowship 
is gratefully acknowledged.

REFERENCES
1.  Moulson  A.J., Herbert J.M., Electrocera-

ndmics, 2   ed., John Wiley & Sons Ltd., 
Chichester (UK), 2003.

2.  Callister W.D. Jr., Materials Science and 
thEngineering : An Introduction, 7  ed.,   John     

     Wiley & Sons, Inc, (New York),   2007.
3.  Jaffe B., Cook R. Jr., Jaffe H., Piezoelectric 

Ceramics , Academic Press, (New York),    
      1971.
4.  Kingery W.D., Bowen H.K., Ublmann D.R., 

nd
Introduction to Ceramics,   2  Edition,  , 
John Wiley & Sons , (New York), 1976.

5.  Valenzuela R., Magnetic ceramics, Camb-
ridge University  Press , (Cambridge, UK),  
1994.

nd6.  McMillan P.W., Glass Ceramics, 2  Edition, 
Academic Press, (London), 1979.

7.  Barsoukov E., Macdonald J.R., Impedance 
Spectroscopy Theory, Experiment, and 

nd     Applications. 2  edition, John Wiley & 
Sons, (New Jersey), 2005.

8.  Jonscher A.K., Dielectric Relaxation in 
Solids, Chelsea Dielectric Press, (London) 
1983.

9. Irvine  J.T.S., Sinclair D.C., and West A.R., 
Electroceramics: Characterization by 

    Impedance Spectroscopy, Advanced Mate-
rials, 1990; 2(3):132-138.

10.  Shin D.M., Choi J., Oh J.W., Kim H.K., Han 
D.W., Kim K., Hwang Y.H.,  Exploring the           

       Use of Impedance Spectroscopy in 
Relaxation and Electrochemical Studies, 
Applied       Spectroscopy Reviews , 2018; 
53(2-4): 157- 176.

11. Dean  D.A., Ramanathan T., Machado D., 
Sundararajan R., Electrical Impedance   

       Spectroscopy Study of Bbiological  Tissues , 
Journal of Electrostatics, 2008;66: 165–177.

12. K'Owino I. O., Sadik  O. A. ,   Impedance 
Spectroscopy: A Powerful Tool for Rapid 

 Biomolecular Screening and Cell Culture 
Monitoring ,Electroanalysis, 2005; 17(23) : 

  2101 – 2113.
13. Dalmay C., Cheray  M.,  Pothier  A.,  

Lalloue F., Jauberteau M. O., and Blondy    
P., Ultra sensitive Biosensor based on 
Impedance Spectroscopy at Microwave 
frequencies for  Cell Scale Analysis, Sensors 
and Actuators A:Physical ,  2010 ; 62 (2): 

50 www.ijsir.co.in

International Journal of Scientific and Innovative Research 2018; 6(1) : 43 ‐ 52
P‐ISSN 2347‐2189, E‐ ISSN 2347‐4971



189–197. 
14. Li M., Li J., Wei X., Zhu W., Early Diagnosis

and Monitoring of Nitrogen Nutrition Stress 
in Tomato Leaves using electrical Impe-
dance Spectroscopy, Int.  J. Agric & Biol 
Eng,  2017 ;  10 (3):,194-205.

15. Ozier-Lafontaine H., Bajazet T., Analysis of
Root Growth by Impedance Spectroscopy

       (EIS), Plant and Soil, (2005);   277 : 299–313
16. Jamaludin  D., Aziz   S.A.,  Ahmad D.,

Application of  Impedance Spectroscopy
Sensing for Leaf  Water Status, in the
Proceedings International Conference of
Agricultural Engineering, Zurich,  2014 ,
July06-10 ,Pages 1-8 , Ref :  CO521

17. Rehman  M.,  Izneid  BA.J.A.A., Abdullah
M. Z. , Arshad M. R. ,Assessment of Quality 
of Fruits using Impedance Spectroscopy, 
International Journal of Food Science and 

       Technology, 2011; 46 : 1303–1309 .  
18. Juansah  J., Budiastra  I. W.,  Dahlan  K.,

Seminar  K. B. , The Prospect of Electrical
Impedance  Spec t ro scopy  a s  Non-
destructive Evaluation of Citrus Fruits
Acidity,  International Journal of
Emerging Technology and Advanced
Engineering,   2012; 2 (11):  58–63 .

19. Lopes   A.M. , Machado  J. A. T. , Ramalho
E. , Silva V.,Milk Characterization Using
Electrical Impedance Spectroscopy and
Fractional Models, Food Analytical
Methods ,
Published on line 16 Oct 2017  Springer.

20. Perini  N.,  Prado A.R. ,  Sad C.M.S. ,  Castro
E.V.R. ,  Freitas M.B.J.G., Electrochemical
Impedance Spectroscopy for in situ
Petroleum Analysis and Water-in-Oil Emul-
sion Characterization, Fuel , 2012 ; 91 : 224–
228.

21. Estrela S. J.  ,  Marques S.J.P. , Jossinet J. ,
Classification of Breast Tissue by Electrical 
Impedance Spectroscopy, Medical & Biolo-
gical Engineering & Computing,  2000; 38 
(1) : 26–30.

22. Du  Z., Wan H., Chen Y., Pu  Y., Wang X.,
Bioimpedance Spectroscopy can Precisely
Discriminate Human Breast Carcinoma
from Benign Tumors,  Medicine , 2017 ;
96(4) : 5970.

23. Braun  R.P., Electrical Impedance Spectros-

copy in Skin Cancer Diagnosis, Derma-
tologic Clinics,  2017 ; 35 (4):   489-493 .

24. “Arpaira P., Cesaro U., Moccaldo N.,
Nonin-vasive Measurement of Transdermal
Drug Delivery by Impedance Spectroscopy,
Sci. Rep., 2017; 7: 44647.

25. Wenwen G. and Yi Z., Cellular Electrical
Impedance Spectroscopy:  An Emerging
Technology of   Microscale  Biosensors ,
Expert Rev. Med. Devices, 2010;7(6) :
767–779.

26. Pandey  L.,   Parkash O. ,  Kumar  D.,  On
Sample Holder Corrections in the Complex
Impedance Analysis of Electronic  Ceramics
,Indian Journal of Pure & Applied Physics,
1996;  34   (1): 28-33 .

27. Edwards D.D.,  Hwang J.-H. ,  Ford  S.J. ,
Mason T.O. , Experimental Limitations in 
Impedance Spectroscopy: Part V. Apparatus 
Contributions and Corrections Solid State 
Ionics,  1997;  99 : 85–93.

28. Basu R. N., Maiti  H.S.,  PTC Behaviour of
Semiconducting BaTiO3 Ceramics,
Transactions of the Indian Ceramic Society,
1986; 45 (6) : 140-146.

29. Deguin A. ,Moretti  P.,  Boyeaux  J.P.,
Electrical Properties of Nb doped BaTi03
Crystal with Special Emphasis on Contact
Influence,  Ferroelectncs,1980; 26: 761 -
764.

30. Serghei  A., Tress M., Sangoro J.R. ,  Kremer
F., Electrode Polarization and Charge
Transport at Solid Interfaces, Physical
Review B, 2009;  80: 184301-5.

31. Sato H., Manghna  M.H.,  Lienert B.R.,
Weiner A., Effects of Sample-Electrode
Interface Polarization on the Electrical
Properties of Partially Molten Rock  ,
Journal of Geophysical Research, 1986;  91(
B9):9325-9332.

32. Pizzitutti  F., Bruni  F., Electrode and
Interfacial Polarization in Broadband
Dielectric Spectroscopy Measurements ,
Review of Scientific Instruments, 2001;  72(
5):   2502 – 2504.

33. Ahmed R., Reifsnider K., Study of Influence
of Electrode Geometry on Impedance
Spectroscopy, Int. J. Electrochem. Sci.,2011
; 6 : 1159 – 1174.

www.ijsir.co.in 51

International Journal of Scientific and Innovative Research 2018; 6(1) : 43 ‐ 52
P‐ISSN 2347‐2189, E‐ ISSN 2347‐4971



34. Costa M.E.V. , Mantas P.Q. , Baptista J.L.,
Effect of Electrode Alterations on the a.c.
behaviour of  Li2O –ZnO  Humidity sensors,
Sensors and Actuators  B ,1995;  26-27:
312-314.

35. Hsieh G.,  Ford S.J.,  Mason T.O., Pederson
L.R., Experimental Limitations in Impe-
dance Spectroscopy: Part I - Simula-tion of
Reference Electrode Artifacts in Three- point
Measurements, Solid State Ionics , 1996; 91:
191-201.

36. Hsieh G., Mason T.O., Pederson L.R., Expe-
r imental  Limita t ions  in  Impedance
Spectroscopy: Part II - Electrode Artifacts in
Three-point Measurements on Pt/YSZ
Solid State Ionics , 1996;  91: 203-212.

37. Hsieh G., Mason T.O., Garboczi E.J.,
Pederson L.R., Experimental Limitations in
Impedance Spectroscopy: Part III. Effect of
Reference Electrode Geometry/Position,
Solid State Ionics  ,  1997 ; 96 : 153-172.

38. Hwang Jin-Ha  ,  Kirkpatrick  K.S. , Mason
T.O. ,  Garboczi  E.J.  Experimental
Limitations in Impedance Spectroscopy:
Part IV. Electrode Contact Effects, Solid
State Ionics, 1997;  98: 93–104.

39. Chaitanya  P ,  Mishra R,  Ahirwal P.K.,
Shukla  A,  Thakur O.P. ,  Pandey L.,
Parkash O.,   Kumar D.,   Study of
Temperature Dependence of  Electrode-

Glass ceramic    
Interface Using Impedance Spectroscopy,   
Integrated Ferroelctrics, 2015; 159 (1): 121-
126.

40.  Pandey L., Parkash O., Katare R.K.,  Kumar
D., Equivalent Circuit Models for Electronic
Ceramics, Bulletin of Materials Science,
1995;  18 (5): 563-576.

41. Chaitanya P., Shukla A., Pandey  L.Determi-
nation of Equivalent Circuit Model Compo-
nents of  Piezoelectric Materials by Using
Impedance Spectroscopy, Integrated Ferro- 
electrics , 2014; 150 (1): 88-95.

42. Pandey S.,  Kumar D.,  Parkash O.,  Pandey
L., Equivalent Circuit Models using CPE for
Impedance Spectroscopy of Electronic
Ceramics, Integrated Ferroelectrics, 2017;
183 (1)  :141-162.

43. Thakur O.P., Kumar D., Parkash O., Pandey
L.,  Electrical characterization of strontium
titanate borosilicate glass ceramics system
with  bismuth oxide addi t ion us ing
impedance spectroscopy, Materials Chemi-
stry and Physics, 2003; 78: 751–759.

44. Katare R.K.,  Pandey L., Dwivedi R.K.,
Parkash O., Kumar D., A Novel Approach
Based on Impedance Spectroscopy for
Measurement of Magnetic Permeability of
Ceramics, Indian Journal of   Engineering
and  Material Science, 1999; 6(1): 34-42.

52 www.ijsir.co.in

International Journal of Scientific and Innovative Research 2018; 6(1) : 43 ‐ 52
P‐ISSN 2347‐2189, E‐ ISSN 2347‐4971




