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Impedance spectroscopy analysis
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INTRODUCTION

Organic materials exhibiting semiconducting prop-
erties are technologically important as an alternative to
inorganic semiconductors, e.g. Si, GaAs, etc.[1]. Or-
ganic semiconductors (OSCs) are successfully used in
transistors[2-5], electroluminescence[6], light emitting di-
odes[7], lasers[8], active pixels colour display[1], etc. In
OSCs free electron-hole pairs are generated from ther-
mal and/or photon excitation which allow carrier trans-
port. OSCs show the characteristic feature of being
rich of ð-orbitals. These orbitals give rise to states de-
localized over the single macromolecule. The electron
transport properties in organic compounds are mainly
due to the weak interaction among ð-orbitals of differ-
ent macromolecules. In recent years, the charge carrier
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KEYWORDSABSTRACT
The electrical properties of organic mixture anthraquinone-0.6% alizarin were
investigated by the complex impedance spectroscopy technique. A transi-
tion from semiconducting to conducting state is observed. The dielectric
relaxation is found to be of non-Debye type. Evidences of temperature-
dependent electrical relaxation phenomena and negative temperature coeffi-
cient of resistance (NTCR) character of the sample are observed. The ac
conductivity obeys the power law. AC conductivity analysis indicated the
possibility of hopping mechanism for electrical transport processes in the
system. The activation energy, density of states at Fermi level and minimum
hopping distance are estimated from ac conductivity data.
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transport properties and charge injection mechanisms
in OSCs have received considerable attention as they
follow different aspects of conduction mechanism. Also,
they have capability to support electronic conduction.
This is because transport of the charge carriers at dc or
at very low frequencies requires a kind of percolation
network of transition, in which the weakest links (intra-
chain connection) determine magnitude of the conduc-
tivity[5]. At higher frequencies, the charge carriers be-
come localized in small regions of low energy barrier[9].
Therefore, complex impedance spectroscopy technique
is considered to be an appropriate and effective tool to
understand the charge transport, dielectric relaxation
and conduction mechanisms in OSCs[10]. The charge
transport in OSCs can be due to the charge displace-
ment, dipole reorientation (charge hopping) and space
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charge formation[11]. Charge transport process causes
a number of different polarization mechanisms that re-
sults frequency dispersion or in the materials under an
ac field[12]. Extensive literature survey indicated that only
a few experimental results on electrical impedance study
of OSCs have been reported so far[5,13-18]. In this work,
ac electrical response of organic mixture anthraquinine-
0.6% alizarin (abbreviated hereafter AQAL) has been
reported. The conduction mechanism and dielectric re-
laxation have also been evaluated.

EXPERIMENTAL

The AR grade anthraquinone and 0.6% alizarin
(NBS Biologicals, England) by weight were mixed and
pressed into a circular disc shaped pellets (diameter
9.98 mm and thickness 1.22 mm) under a uniaxial stress
of 5 MPa. The pellets were then heated at 1500C for
2hrs. The electrical measurements were carried out on
a symmetrical cell of type AgAQAL Ag, where Ag is
a conductive paint coated on either side of the pellet.
Electrical impedance (Z), phase angle () and loss tan-
gent (tanä) were measured as a function of frequency
(0.1 kHz-1 MHz) at different temperatures (300C-
1100C) using a computer-controlled LCR Hi-Tester
(HIOKI 3532-50, Japan) with a microprocessor based
low temperature furnace (DPI-1100), Sartech Intl. In-
dia.

RESULTS AND DISCUSSION

Figures 1 and 2 respectively, show the frequency
dependence of dielectric constant () and dielectric loss
(tan) at several temperatures. Plots illustrate the in-
verse dependence of å on frequency. Also, the loss spec-
trum shows a peak at all the temperatures. The room
temperature value of å and tan at 1 kHz were found
respectively to be 214 and 0.63. Further, both the pat-
tern presents the dispersion in the lower frequency. This
is due to the fact that dipoles can no longer follow the
field at high frequencies. Further, it is observed that the
values of both å and tan increases up to 50ºC and

then they decreases (inset figures 1 and 2) i.e. system
shows phase transition, T

c
 from semiconducting to con-

ducting state[19,20]. The gradual fall in the values both å

and tan with temperature may possibly be due to the
electrical conductivity of the materials that modifies the
value of the capacitance as the temperature increases.
Besides, it is known that there are pronounced effect of
frequency as well as temperature on the electrical con-
duction and dielectric relaxations of a material. Also,
the loss tangent in a system is defined as tan  =  / 
where  is real and  is imaginary part of dielectric
constant. It is evident from figure 2 that at loss spec-
trum consists of two components: the conductivity re-
sponse of free charges (i.e.  = /

0
) and the fre-

quency dependent polarization loss response of dipoles
(relaxation part). Therefore, the complete dielectric re-
sponse in such case, can be expressed as:

)/(i o 

Figures 3 and 4 respectively, show respectively the
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Figure 1: Frequency dependence of dielectric constant of
anthraquinone-0.6% alizarin at different temperatures.
Inset: Variation of  with temperature at 1kHz and 1MHz



Figure 2: Frequency dependence of tan of anthraquinone-
0.6% alizarin at different temperatures. Inset: Variation
of tanä with temperature at 1kHz and 1MHz
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variation of the real (Z) and imaginary (Z) part of im-
pedance with frequency at different temperature. It is
observed that the magnitude of Z decreases on increas-
ing frequency. Inset of figures 3 and 4 respectively, dis-
play that the value of Z decreases with temperature up
to 500C and afterwards it increases. This indicates a
transition form the semiconducting state to the conduct-
ing state. This result is in consistent with the dielectric
studies. The value of Z decreases with rise in tempera-
ture show negative temperature coefficient of resistance
(NTCR) type behavior of AQAL. In other words,
curves display an increase in ac conductivity with the
increase in temperature (up to 500C) and frequency.
This result may be related to the release of space charge
as a result of reduction in the barrier properties of ma-
terial with the rise in temperature and may be a respon-
sible factor for the enhancement of ac conductivity of
material with temperature at higher frequencies. The loss
spectrum (Figure 4) is characterized by some impor-
tant features in the pattern, such as (i) a decrease in Z
without any peak in the investigated frequency range at
high temperatures ( 600C), (ii) appearance of small
peak (Z

max
) in the loss spectrum (up to 600C), (iii)

typical asymmetric peak broadening with the rise in tem-
perature and (iv) the values of Z

max
 decrease and shift

to higher frequencies with the increasing temperature.
The asymmetric broadening of peaks in frequency ex-
plicit plots of Z suggests that there is a spread of re-
laxation times i.e. the existence of a temperature de-
pendent electrical relaxation phenomenon in the mate-
rial[13]. The spreading is indicated by the width of the
curves. The merger of Z (Figure 3) as well as Z (Fig-
ure 4) values in the high frequency region may possibly
be an indication of the accumulation of space charge in
the material.

Figure 5 shows the complex impedance spectrum
of AQAL measured at different temperature. It is ob-
served that the complex impedance data is represented
by depressed semicircle (i.e. centers of semicircle lie
below the abscissa axis) in semiconducting region (solid
symbols). The Debye�s expression is modified in such

situation by introducing a factor n. This modification
leads to the Cole-Cole empirical behaviour described
by the following equation[14]:

])/i(1/[RZiZ)(Z n1
o

* 
 (1)
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Figure 3: Frequency dependence of real part of impedance
of anthraquinone-0.6% alizarin at different temperatures.
Inset: Temperature dependence of real part of impedance
at 1kHz and 1MHz

Figure 4: Frequency dependence of imaginary part of im-
pedance of anthraquinone-0.6% alizarin at different tem-
peratures. Inset: Temperature dependence of imaginary
part of impedance at 1kHz and 1MHz

Figure 5: Complex impedance plots of anthraquinone-
0.6% alizarin at different temperatures. Inset 1: Varia-
tion of R

b
 and C

b
 with temperature. Inset 2: Appropriate

equivalent electrical circuit
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where n represents the magnitude of the departure of
the electrical response from an ideal condition and can
be determined from the location of the center of the
Cole-Cole circles. This equation shows that the center
of the semicircle obtained by data plotting in the com-
plex plane is located below the real axis indicates the
polydispersive non-Debye type dielectric relaxation.
When n goes to zero {i.e. (1-n)1}, Eqn.(1) reduces
to the classical Debye�s formalism where center of the

semicircle should lie on the real Z- axis. Least squares
fitting to the complex impedance data give the value of
n>0 at all the temperatures, suggesting the dielectric
relaxation to be of non-Debye type. This may happens
due to the presence of distributed elements in the mate-
rial-electrode system[11] that results in the deviation from
the pure semicircle in complex impedance plots. This
indicates that AgAQALAg structure behaves as non-
ideal at these temperatures. Further, from 600C on-
wards, the slope of the curves increases and bend to-
wards Z-axis indicating decrease in conductivity with
the rise in temperature. The resistance of bulk (R

b
) can

directly be obtained from the intercept on the Z- axis.
The bulk capacitances (C

b
) can be calculated using the

relation:
 

b
 = R

b
 C

b
 = 1 (2)

where  is the angular frequency at the maxima of the
semicircle and 

b
 is the bulk relaxation time. It is seen

from inset 1 of figure 5 that the value of R
b
 decreases

increase in temperature indicating NTCR character of
AQAL while C

b
 riches a maxima. The impedance data

at low temperature are represented by a semicircle
which do not starts with origin (1k).

The circuit equivalent to this can be approximated
by a parallel arrangement of R

b
 and C

b
 with a series

resistance (inset 2 figure 5). Also, it is observed that the
value of 

m
 increases while 

b
 decreases with the rise in

temperature (inset Figure 6). The bulk dc conductivity
was calculated using the relation:


dc
 = l / S R

b
(3)

where l is the thickness and S is the surface area of the
specimen. The activation energy is estimated from the
variation of ó

dc
 as a function of 103/T (Figure 6). The

conductivity of an organic semiconductor is expressed
as[21]:


dc
 = 

o 
exp(-E

g
/2k

B
T) (4)

where 
o
 is a constant, E

g
 is the difference in energy

between the highest point in the valance band and the
lowest point of conduction band, k

B
 is the Boltzmann

constant and T is the absolute temperature. A leaner
least squares fitting of the experimental data to Eq.(4)
given the value of E

g
 = 0.57 eV.

        Figure 7 shows the variation of scaled parameters
(Z/ Z

max
, /

max
 and M/M

max
) with frequency at

50ºC, where  is the imaginary part of dielectric con-
stant. It can be seen that the peaks are not occurring at
the same frequency (fz<f<fM). The magnitude of mis-
match between the peaks of these parameters repre-
sents a change in the apparent polarization. The over-
lapping of peaks is an evidence of long-range conduc-
tivity whereas the difference is an indicative of short-
range conductivity (via hopping type of mechanism)[22].
The value of FWHM (full width at half maximum) is
found to be > 1.14 decades. These observations indi-
cate that the distribution function for relaxation times is
nearly temperature independent with non-exponential

ln


dc
 ( 

S/
m

 )

1000/T (K-1)
Figure 6: Temperature dependence of bulk dc conductivity
of anthraquinone-0.6% alizarin. Inset: Variation of ù

m

and 
b
 with temperature Inset: Variation of  with tempera-

ture at 1kHz and 1MHz

Figure 7: Normalized Z,  and M with frequency for
anthraquinone-0.6% alizarin at 50ºC
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conductivity relaxation. This phenomenon is well de-
fined by a non-Debye type relaxation governed by the
relation:

])/t(exp[)t( m


  ; (0 <  <1) (5)

where  (t) stands for time evaluation of electric field
within sample, 

m
 the conductivity relaxation time,  is

the Kohlrausch exponent. The smaller the value of 
larger the deviation of relaxation with respect to Debye
type relaxation ( = 1).

A non-exponential type conductivity relaxation gov-
erned by the Eq.(5) suggests the possibility of ion mi-
gration that takes place via hopping accompanied by a
consequential time-dependent mobility of other charge
carriers of the same type in the vicinity occurs.
        The ac electrical conductivity was obtained in ac-
cordance with the following relation:

)(G).S/l(ac  (6)

where G() is the conductance. The log-log plot of
electrical conductivity versus frequency at different tem-
perature (Figure 8) shows strong dependence on fre-
quency as well as temperature. Also, the plots show an
onset in semiconducting state with two different posi-
tive slopes (region I and II) indicating that 

ac
 increases

with frequency. The total ac conductivity of the com-
pound can therefore, be written as 

ac
 = 

I
() + 

II
().

These are due to two different conduction mecha-
nisms, described by ó

I
 (prevailing in region I) and 

II

(prevailing in region II). Also, the onset shifts towards
higher side with the rise in temperature. The frequency
variation of ó

ac
 found to obey universal behaviour:


ac

 = As (7)

With 0  s  1 and ù is angular frequency of ap-

plied ac field, in the frequency sensitive region. We find
the value of s to decrease with the increasing tempera-
ture in semiconducting state and then it increases (inset
figure 8). The model based on classical hopping of elec-
trons over barrier[23] predicts a decrease in the value of
the index s with the increase in temperature and so found
to be consistent with the experimental results. Thus, the
classical hopping of electrons may be the dominating
mechanism in the system. This indicates that the con-
duction process is a thermally activated process.

Figure 9 shows the temperature dependence of ac
conductivity. The nature of variation is almost linear, in
semiconducting region and the value of E

a
 = 0.42 eV at

1kHz obtained by least squares fitting of the data in
semiconducting region using Eq.(4). Also, a decrease
in the value of E

a
 (= 0.052 eV at 1MHz) has been ob-

served. The low value of activation energy may be due
to the carrier transport through hopping between local-
ized states in disordered manner. These localized states
may be the clusters of impurity ions and/or structural
defects.
        Using correlated barrier hopping (CBH) model[24],
the binding energy has been calculated according to the
following equation:
s = 1 �  (8)

where
 = 6k

B
T / W

m
(9)

where W
m
 is the binding energy, which is defined as the

energy required to remove an electron completely from
one site to the another site. The characteristic decrease
in slope (inset figure 8) with the rise in temperature is
due to the decrease in binding energy as illustrated in
inset figure 8. From the values of the binding energy


ac

 ( 
S/

m
 )

Frequency (kHz)
Figure 8: Variation of ac conductivity with frequency at
different temperatures for anthraquinone-0.6% alizarin.
Inset: Variation of index �s� and W

m
 with temperature

Figure 9: Temperature dependence of ac conductivity of
anthraquinone-0.6% alizarin at 1kHz
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minimum hopping distance R
min

 is calculated[25]:
R

min
 = 2 e2 /  

o
  Wm (10)

where 
o
 is the permittivity of free space and e is the

electronic charge. Figure 10 illustrates that R
min

 increases
with the increase in frequency at all the temperatures.
Figure 11 shows the variation of R

min
 with temperature

at various frequencies. It is observed that the values of
R

min
 decreases up to transition temperature and then it

starts increasing and at higher temperatures R
min

 again
decreases.

In the hopping models ac conductivity behaviour in
the higher frequency region where the conductivity in-
creases the charge transport is dominated by contribu-
tion from hopping in finite clusters.

The ac conductivity data have been used to evalu-
ate the density of states at Fermi level N(E

f
) using the

relation[26]:
4

o
52

fB
2

ac )}/f{ln()}E(N{Tke)3/()( 
 (11)

where f
o
 the photon frequency and á is the localized

wave function, assuming f
o
 = 1013 Hz,  = 1010 m-1 at

various operating frequencies and temperatures. Fig-
ure 12 shows the Frequency dependence of N(E

f
) at

different temperature. It can be seen that the value of
N(E

f
) decreases with the increase in operating frequency

in semiconducting region and afterwards plots show
minima which ultimately vanishes at higher temperatures
and starts increasing with the increase in frequency. Fig-
ure 13 illustrates the variation of N(E

f
) with tempera-

ture at different frequency. It is seen that the plots show

R
m
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 ( 
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 )
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Figure 10: Frequency dependence of R

min
 of anthraquinone-

0.6% alizarin at different temperatures

Figure 11: Temperature dependence of R
min

 of anthraquinone-0.6% alizarin at different frequencies
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Figure 12: Variation of density of states at Fermi level with frequency at different temperatures for anthraquinone-
0.6% alizarin



K.Prasad et al. 35

Full Paper
MSAIJ, 5(1) January 2009

An Indian Journal
Materials ScienceMaterials Science

Figure 13: Temperature dependence of density of state at
Fermi level of anthraquinone-0.6% alizarin at different
temperatures

transition i.e. the value of N(E
f
) increases with the rise

in temperature in semiconducting region and then it de-
creases. This result is in consistent with the dielectric
and impedance studies.

CONCLUSIONS

This work reports the results of our investigation
on the electrical properties of organic mixture an-
thraquinone-0.6% alizarin, a -conjugated organic semi-
conductor, using complex impedance spectroscopy
technique. The experimental results indicate that the
compound exhibits (i) the NTCR character, (ii) a tran-
sition from semiconducting to conducting state, (iii) tem-
perature-dependent relaxation phenomena, and (iv) non-
Debye type dielectric relaxation. The ac conductivity
obeys the power law and the dispersion in conductivity
was observed in the lower frequency region. Also, the
frequency dependent ac conductivity at different tem-
peratures indicated that the conduction process is ther-
mally activated process. The activation energy and den-
sity of states at Fermi level have been estimated from
ac conductivity. Also, the system supports correlated
barrier hopping model. Modulus analysis has indicated
the possibility of hopping mechanism for electrical trans-
port processes in the system with non-exponential-type
conductivity relaxation.
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