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Abstract: Complex Impedance Spectroscopy (CIS) is a powerful experimental tool used for physical 

interpretation of the frequency response of the electrical properties of a wide range of materials at various 

temperatures. With the help of this technique the contribution of electrode- electrolyte interface, grains and grain 

boundaries on the overall electrical behavior of the material under study can be identified and isolated in the 

different frequency domains. 
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1. Introduction 

The fabrication of material and their characterization are the pre-requisites to determine the suitability of the 

material for its device application.  In recent years, many advanced, economical   fabrication and 

characterization methods have been developed to fabricate the technologically desired high-purity materials in 

different forms (i.e., bulk, thin film, single crystal, etc.,). Complex Impedance Spectroscopy (CIS) is a powerful 

experimental tool used for physical interpretation of the frequency response of the electrical properties of a wide 

range of materials [1].  

The Complex Impedance Spectroscopy (CIS) is a non-destructive method to analyze the micro-structural and 

electrical properties of polycrystalline oxides [2]. With the help of this technique, it is possible to identify the 

resistive and capacitive effects of different regions of a polycrystalline ceramic sample [3, 4]. The technique is 

useful to correlate the structural changes brought by temperature and frequency variation and its consequences 

on dielectric and electrical properties of the polycrystalline oxides in a wide frequency and temperature range 

[5]. Generally, the impedance properties of a material are developed due to intra-grain, inter-grain and electrode 

effects. The transportation of charges could occur in various manners, i.e. (i) orientation of existing or induced 

dipoles (ii) space charge separation (iii) relative displacements of charge centers and (iv) free charge 

transportation. The complex impedance formalism is suitable to interpret this charge transportation in bulk, 

grain boundary and at the electrodes. 

The impedance spectroscopy is used to measure complex impedance (𝑍∗), complex admittance (𝑌∗), complex 

electric modulus (𝑀∗), complex dielectric permittivity (𝜀∗) of the materials [6-9]. 

2. Components of cis  

Impedance of a solid electrolyte cell exposed to an ac supply is a vector which magnitude represents 

the resultant of resistance and capacitive reactance of the cell, and the phase angle represents the phase 

difference between the applied voltage and measured output current through the cell. The complex impedance 

𝑍∗  can be defined as the ratio of voltage 𝑉(𝑡) to current 𝐼(𝑡)  in the time domain when a sinusoidal signal of 

low amplitude is applied across a solid electrolyte. If the instantaneous values of voltage & current are defined 

as   𝑉(𝑡) = 𝑉𝑜𝑒𝑥𝑝(𝑖𝜔𝑡)      and    𝐼(𝑡)  =  𝐼𝑜𝑒𝑥𝑝 (𝑖𝜔𝑡 − 𝜃)                   (1) 

Where (𝜑) is the phase angle at which current leads the applied voltage, then complex impedance of the sample 

can be expressed as; 

                                            𝑍∗  = |𝑍|𝑒−𝑖𝜃                                               (Cartesian form) 

                                            =  |𝑍|𝑐𝑜𝑠𝜃 –  𝑖 |𝑍|𝑠𝑖𝑛𝜃                      ( polar form) 
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                                            = 𝑍′ –  𝑖𝑍′′                                                   (2)         

Where 𝑖 =  √−1,  𝑍′  = |𝑍|𝑐𝑜𝑠𝜃    and  𝑍′′  =  |𝑍|𝑠𝑖𝑛𝜃   are the real and imaginary parts of the complex 

impedance 𝑍∗respectively. 

The complex admittance, complex impedance and complex permittivity of the polycrystalline sample can 

respectively be expressed as; 

                                                     𝑌∗ =
1

𝑍∗ = 𝑌′ + 𝑖𝑌′′                                   (3)  

                                                   𝑀∗ = 𝑖𝜔𝐶𝑜𝑍∗ = 𝑀′ + 𝑖𝑀′′                         (4)  

                                                    𝜀∗ =
1

𝑖𝜔𝐶𝑜𝑍∗ = 𝜀 ′ − 𝑖𝜀 ′′                               (5) 

Where 𝐶𝑜 = capacitance when air/vacuum is the dielectric medium between the two electrodes and  𝜔  is the 

angular frequency of applied ac voltage. 

    The impedance data was calculated from the experimentally observed parallel-equivalent values𝑅𝑝 , 𝐶𝑝(or 

series- equivalent values𝑅𝑠, 𝐶𝑠) represents a complex network. A complex plane is used to represent the real and 

imaginary parts of electrical quantities like𝑍∗ , 𝑀∗ ,𝑌∗, 𝜀∗ . Though all the possible complex plane plots are 

derived from the same measured data, each type of representation has its own advantages in different 

circumstances. In the high frequency region the information can be highlighted by the permittivity and 

admittance plots. Where as in the low frequency range the impedance and electric modulus plots provides better 

information. 

For an ideal series combination of resistance (𝑅𝑠) & capacitance (𝐶𝑠) the complex impedance is given by;      

                                                              𝑍∗ = 𝑍′ − 𝑍′′ = 𝑅𝑠 −
𝑖

𝜔𝐶𝑠
                       (6) 

                                        Where  𝑅𝑒𝑍∗ = 𝑅𝑠   and   𝐼𝑚𝑍∗ =
1

𝜔𝐶𝑠
                (7) 

 Figure 1(a) shows that when 𝑅𝑠 & 𝐶𝑠  are connected in series the resultant impedance can be represented by a 

straight line parallel to the imaginary (𝑍′′ ) axis and intersects the real (𝑍′ ) axis at 𝑅𝑠 . The corresponding 

admittance plot is a semicircle [shown in Figure 1(b)] intersecting the real axis at the origin and at another point 
1

𝑅𝑠
. 

 

 

 

 

 

 

 

 

 

 

For an ideal parallel combination of 𝑅𝑝  and 𝐶𝑝 the complex impedance is given by; 

                                                     
1

𝑍∗ =
1

𝑅𝑝
+ 𝑖𝜔𝐶𝑝                                    (8) 

Hence,                              𝑍∗ =
𝑅𝑝

[1+(𝜔𝑅𝑝𝐶𝑝)
2

]
− 𝑖

𝜔𝐶𝑝𝑅𝑝
2

[1+(𝜔𝑅𝑝𝐶𝑝)
2

]
                       (9) 

                                                  =
𝑅𝑝

1+𝜔2𝜏2 − 𝑖
𝜔𝐶𝑝𝑅𝑝

2

1+𝜔2𝜏2                                      (10) 

                                                   = 𝑍′ − 𝑖𝑍′′                                              (11) 

Here  𝜏 = 𝑅𝑝𝐶𝑝   represents the relaxation time. 

     As shown in Figure 2(a) the complex impedance plot for a parallel combination of 𝑅𝑝 and 𝐶𝑝 represents a 

semicircle, which intersects real 𝑍′ axis at the origin and at another point𝑅𝑝. The difference between the two 

intercept values on the real 𝑍′  axis is equal to the bulk resistance (𝑅 𝑏) of the material. The corresponding 

𝑍′′  

𝑍′ 

Figure 1(a) impedance plot for series RC 

  𝑌′′ 

𝑌′ 

Figure 1(b) admittance plot for series RC 
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complex admittance plot (shown in Figure 2(b)) is a straight line parallel to imaginary 𝑍′′ axis, intersecting the 

real axis at  
𝟏

𝑹𝒑
 

 

 

 

 

 

 

 

For an ideal solid electrolyte (theoretical), the impedance plot is a perfect semicircle (for parallel combination of 

𝑅& 𝐶) or a vertical straight line parallel to 𝑍′′ axis (for series combination of 𝑅 & 𝐶) as shown in Figure 3 

 

 

 

 

 

 

Figure 3: Impedance plots for ideal solid electrolyte for parallel combination of R and C and for series 

combination of R and C 

But for a real solid electrolyte, the impedance plot is an inclined straight line (for series combination) and a 

depressed semicircle (for parallel combination) due to the presence of electrode-electrolyte capacitance (shown 

in Figure 4). The angle of inclination of the straight line and extent of depression of the semicircle depends on 

the microscopic material properties, called constant phase element (CPE) [10]. 

 

 

 

 

 

 

It is a well known fact that the conduction of electrical signal through a series/parallel R&C branched 

transmission line can be well described by the differential equation which describes the diffusion process of 

charge carriers. It was noted that a branched transmission line exhibit constant phase behavior and hence is an 

electrical equivalent of a constant phase element (CPE).  

The CPE impedance is defined as;   

                                                                              𝑍𝐶𝑃𝐸 =  𝑍𝑜 (𝑖𝜔)−𝛼                                  (12) 

𝑌′′ 

𝑌′ 

𝑍′′ 

𝑍′ 

Figure 2(a) impedance plot for parallel RC  Figure 2(b) admittance plot for parallel RC 

 

 

𝑍′ 

𝑍′′    For parallel RC 

 For series RC 

𝑍′′ 

𝑍′ 

Figure 4:  impedance plot for real solid electrolyte 
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Where 𝑍𝑜 & 𝛼 are frequency independent but temperature dependent real parameters, such that 𝑍𝑜 determines 

the magnitude of dispersion and the value of 𝛼 lies between 0 to 1 i.e 0≤ α≤ 1. For a pure resistive circuit α =0 

i.e 𝑍𝐶𝑃𝐸 = 𝑅, where as for a pure capacitive circuit 𝛼 = 1 i.e 𝑍𝐶𝑃𝐸 = 𝐶  [11, 12]. The fractional value of 𝛼 

represents the non Debye type capacitor or the existence of a constant phase angle element [13]. 

When an ac signal is applied as input perturbation to the polycrystalline solid electrolyte, the complex plot is 

represented by three depressed semicircles (Figure 5), one corresponds to resistance inside grains of the 

material, the second one corresponds to grain boundary resistance (resulted due to the complete or partial 

blocking of charge carriers at the boundary) and the third one is due to electrode-material (electrolyte) interface 

phenomenon [14]. Thus the equivalent circuit for a polycrystalline sample is represented by the parallel 

grouping of (𝑍𝐶𝑃𝐸) with bulk resistance(𝑅𝑏) connected in series with another parallel combination of (𝑍𝐶𝑃𝐸) 

with grain boundary resistance(𝑅𝑔𝑏)  and then in series with 𝑍𝐶𝑃𝐸 of the interface. (as shown in Figure 6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

The 𝑍′′~ 𝑍′ complex plane plots [cole-cole (1941)] and frequency explicit plots are very useful in separating the 

various contributions to the dielectric and electrical conductivity of a polycrystalline sample. (Putley,1970). As 

shown in Figure 2.8, the semicircles in the complex plane plot intersects the 𝑍′axis at different points i.e., ideal 

Debye type behaviour. The intercept of the first semicircle on 𝑍′axis in the high frequency region is due to the 

bulk effect of grains and represents the bulk resistance (𝑅𝑏). The second semicircle at the middle frequency is 

due to grain boundary and gives the value of 𝑅𝑔𝑏 , whereas the third one in the low frequency region is due to 

the effect of electrode-electrolyte interface [15,16]. The value of the relaxation frequency (𝑓𝑚𝑎𝑥) and relaxation 

time (𝜏) of the bulk material can be calculated by using the following relation (from the peak of semicircular arc 

corresponding to bulk effect at high frequency); 

                                                                 𝑓𝑚𝑎𝑥 =
1

2𝜋𝑅𝑏𝐶𝑏
                                (13) 

                                                     and    𝜏 =
1

2𝜋𝑓𝑚𝑎𝑥
                                (14) 

Where 𝑅 𝑏  and  𝐶 𝑏 are the bulk resistance and bulk capacitance of the specimen respectively. 

 

 

Figure 5: Complex impedance plot for a polycrystalline solid electrolyte 

Figure 6:  Proposed electrical equivalent circuit in complex impedance plane. 
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3. Conclusion 

The complex impedance (Z*) and complex modulus (M*) analysis is quite reliable to investigate the electrical 

and relaxation behavior in the materials. The Z* formalism was found suitable to analyze the resistive and 

capacitive effects of grain and grain boundary when long range conductivity is dominating while M* formalism 

was found suitable when localized relaxation is dominating. The complex impedance spectra helps to predict the 

contribution of both bulk (grain) and grain boundary to the electrical conductivity at higher temperatures and 

also indicates whether the  temperature dependent non- Debye type relaxation phenomena exist in the material 

or not. The effects of structural modification due to substitution, on the physical properties of studied 

compounds were explained by relevant electrical equivalent circuit models in CIS technology. 
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