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ABSTRACT: The dielectric properties and ac electrical
conductivity of Al/polyindole (Al/PIN) Schottky barrier
diodes (SBDs) were investigated by using admittance spec-
troscopy (capacitance–voltage [C-V] and conductance–
voltage [G/x-V]) method. These C-V and G/x-V character-
izations were performed in the frequency range of 1 kHz
to 10 MHz by applying a small ac signal of 40 mV ampli-
tude from the external pulse generator, whereas the dc
bias voltage was swept from (�10 V) to (þ10 V) at room
temperature. The values of dielectric constant (e0), dielec-
tric loss (e00), dielectric loss tangent (tan d), real and imagi-
nary part of electrical modulus (M0 and M00), ac electrical
conductivity (rac), and series resistance (Rs) of the Al/PIN
SBDs were found to be quite sensitive to frequency and
applied bias voltage at relatively low frequencies.
Although the values of the e0, e00, tan d, and Rs of the de-

vice were observed to decrease with increasing frequen-
cies, the electric modulus and rac increased with
increasing frequency for the high forward bias voltages.
These results revealed that the interfacial polarization can
more easily occur at low frequencies and that the majority
of interface states (Nss) between Al and PIN, consequently,
contribute to deviation of dielectric properties of the Al/
PIN SBDs. Furthermore, the voltage-dependent profile of
both Rs and Nss were obtained from the C-V and G/x-V
characteristics of the Al/PIN SBDs at room temperature.
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INTRODUCTION

Conducting polymers are new materials that have
been studied extensively during the last decade.1

They have been used widely in industrial applica-
tions in various fields, such as electronic and electro-
chromic equipments, photochemical cells, rechargeable
batteries, Schottky barrier diodes (SBDs), light-emitting
diodes, field effect transistor separation membranes,
sensors, and anticorrosive coatings.2–17 Among these
polymers, polyaniline,18 polypyrrole,19 polythiophene,20

and polyindole (PIN)21 have been studied extensively
because of their good conductivity, relatively high
environmental stability, nontoxic properties, easily
adjustable conducting oxidation states, and simple
and economical production routes. PIN is an electro-
active polymer, which can be obtained from electro-
chemical or chemical oxidation of indole monomer
(using a suitable oxidant such as FeCl3 or CuCl2).

22

Vast number of experimental studies in the litera-
ture is reported on metal/polymer/semiconductor
structures or SBDs in recent years,2–16 but limited
information is available on their temperature,17 fre-
quency, and applied bias voltage dependence of
both electric and dielectric properties in the wide
range of frequency and bias voltage. The perform-
ance and reliability of these devices depend on vari-
ous parameters, such as the processing history and
impurity level of the material, barrier inhomogeneity
and density of the interface states at metal–semicon-
ductor (MS) interface, the serial resistance of the de-
vice, device temperature, nature or deposited inter-
facial insulator layer at MS interface and their
homogeneity, and the stability of the polymer used.
Therefore, it is important, especially, to include the
effect of interface states, series resistance, applied
bias voltage, and response of electric and dielectric
properties of these devices. To extract as much infor-
mation as possible, dielectric relaxation spectroscopy
data used electric modulus formalism introduced by
Macedo et al.23 Thus, the evaluation of electric mod-
ulus as a function of frequency permits to detect the
presence of relaxation processes in the studied
dielectric materials. Determination of the electric
modulus of these materials and their variation with
frequency provide a lot of information, which allows
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one to study the relaxation processes for a specific
electronic application.23,24

The change in the frequency is very important for
these structures. In the ideal case, the capacitance of
semiconductor structures is usually frequency inde-
pendent, especially at high-frequency limit (f �
1 MHz). However, depending on the frequency of
the ac signal, there may be a capacitance because of
the interface states in excess to depletion layer ca-
pacitance. The reasons for their existence are the
interruption of the periodic lattice structure at the
surface, surface preparation, formation of the barrier
height at meat–organic interface, and impurity con-
centration of the conducting polymer. In this case,
an excess capacitance may occur because of interface
states, and it leads to an increase in the real capaci-
tance of the structures. Such changes in the meas-
ured capacitance and conductance especially depend
on the frequency and applied voltage.25–29 Also,
interface states can easily follow the external ac sig-
nal at low frequency and yield an excess capacitance
and conductance, which depends on the relaxation
time of the interface state and the frequency of ac
signal.

In our previous work,17 we reported the effect of
temperature on the main electrical parameters of the
Al/PIN-SBDs by using I-V, C-V, and G/x-V charac-
teristics. In this second part of the study, the fre-
quency and voltage dependence of the both electri-
cal and dielectric parameters such as the series
resistance (Rs), interface states (Nss), ac electrical con-
ductivity (rac), dielectric constant (e0), dielectric loss
(e00), loss tangent (tan d), and the real (M0) and imag-
inary (M00) parts of electric modulus of the Al/PIN-
SBDs were investigated. The C-V and G/x-V charac-
teristics were investigated in the frequency range of
1 kHz to 10 MHz by applying a small ac signal of 40
mV amplitude from the external pulse generator,
whereas the dc bias voltage was swept from (�10 V)
to (þ10 V) at room temperature. Furthermore, the
interface states densities (Nss) of the sample were
obtained from the high–low frequency capacitance
measurements. Wide-range temperature and volt-
age-dependent dielectric properties of Al/PIN-SBDs
are also under our investigation and will be pub-
lished soon, as the third part of the study.

EXPERIMENTAL

PIN was chemically synthesized in CHCl3 under a
nitrogen atmosphere using FeCl3 as the oxidizing
agent at 15�C for 5 hr, taking the ratio of FeCl3 to
indole as 3 : 1 with 85% yield and used for fabrica-
tion of the SBDs. The full details of the synthesis of
PIN were given in our previous article.17 Al/PIN-
SBDs were fabricated by using PIN having a thick-
ness of 1 mm and a diameter of 1 cm. Also, the full

details of the fabrication process of this SBDs are
reported in our previous study.17

The dielectric properties of Al/PIN-SBDs were
investigated using C-V and G/x-V measurements
under both reverse and forward bias in the wide fre-
quency range of 1 kHz to 10 MHz. These measure-
ments were performed by using HP 4192A LF im-
pedance analyzer, which operates in the frequency
range of 5 Hz to 13 MHz, and all the measurements
were carried out with the help of a microcomputer
through an IEEE-488 ac/dc converter card at room
temperature. To avoid any contamination on the
samples, all measurements were also carried out in a
vacuum of P � 10�4 mmHg.

RESULTS AND DISCUSSION

Frequency dependence of electrical characteristics

The dielectric properties of materials can be
expressed in various ways, using different represen-
tations. For instance, a comparison of complex
dielectric permittivity (e*) and electric modulus (M*)
representation allows us to distinguish the local
dielectric relation. Therefore, the C-V and G/x-V
characteristics were performed in the frequency
range of 1 kHz to 10 MHz by applying a small ac
signal of 40 mV amplitude from the external pulse
generator, whereas the dc bias voltage was swept
from (�10 V) to (þ10 V), and the results obtained
are given in Figures 1 and 2, respectively.
As seen in Figure 1(a,b), the values of C decrease

with increasing frequency and give a broad peak in
the range of 1 kHz to 10 MHz. The higher values of
C and G/x at low frequency region can be attributed
to the excess capacitance and conductance resulting
from the interface states (Nss) between Al and PIN
in Al/PIN-SBD structure. Because, at low-frequency
region, the Nss can easily follow the ac signal and,
consequently, do contribute appreciably to the diode
capacitance.25–31 However, in the sufficiently high
frequency limit (f � 1 MHz), the Nss almost cannot
follow the ac signal; as a result, they do not contrib-
ute to the measured capacitance and conductance.
As depicted in Figure 2(a,b), the G/x-V character-

istics show similar results in the same frequency
range of 1 kHz to 10 MHz. It is clear that under bias
voltage, the existence of Nss and their magnitude are
responsible for the observed frequency dispersion in
C-V and G/x-V curves. To clarify, voltage-dependent
values of capacitance–frequency (C-f ) and conduct-
ance–frequency (G/x-f) are also given in Figure
3(a,b), at various bias voltages. These very signifi-
cant data show that a special attention has to be
given to the effects of bias voltage on the C-V and
G/x-V characteristics.
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As seen in Figure 3(a,b), both the values of C and
G/x decreased with increasing frequency and
become almost constant at sufficiently high fre-
quency values (f � 106 Hz). It is clear that the
change in C and G/x is very significant especially at
low-frequency region (f � 104 Hz).

Also, the values of series resistance (Rs) are impor-
tant because they can cause a serious error in the
extraction of both electrical and dielectric parameters
of the diode from the C-V and G/x-V characteris-
tics.17,25,26,31 Several methods have been suggested in
the literature25,32,33 for the determination of Rs value
of MS and metal–insulator–semiconductor type SBDs
and metal–oxide–semiconductor capacitors. How-
ever, to extract the series resistance of these struc-
tures, the method developed by Nicollian and
Brews25 is thought to be generally more accurate
than the others. This method provides the determi-
nation of Rs in both reverse and forward bias
regions and is given as:

Rs ¼ Gm

G2
m þ x2C2

m

(1)

Thus, the series resistance values of the Al/PIN-
SBD were calculated from the measured Cm and
Gm/x for each bias voltage in the range of 200 kHz
to 10 MHz, and the results obtained are shown in
Figure 4. It was observed that the value of Rs

decreases with increasing frequency for all the bias
voltages, which may be attributed to the particular
distribution of Nss and other possible chemical
impurities left at Al/PIN interface, during the fabri-
cation. It is clear that the change in Rs is very small
at high-frequency region, and it becomes almost in-
dependent of applied bias voltage. In this high-fre-
quency range, the interface states cannot follow the
ac signal, because the carrier life time (s) is larger
than the measured Cm and Gm/x period (T ¼ 1/2pf).
Therefore, the real series resistance of the sample
can be subtracted from the measured Cm and Gm/x,
especially in the strong accumulation region and at
high frequency (f � 1 MHz).

Figure 1 The variation of (a) low- and (b) high-frequency
C-V characteristics.

Figure 2 The variation of (a) low- and (b) high-frequency
G/x-V characteristics.
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In addition, the distribution of interface states (Nss)
profile dependent on the bias voltage was obtained
from the measured experimental low–high frequency
capacitance (CLF-CHF) method as following27,28:

Nss ¼ 1

qA

1

CLF
� 1

CPIN

� ��1

� 1

CHF
� 1

Cox

� ��1
" #

(2)

where, CLF and CHF are the measured capacitance at
low frequency (1 kHz) and at high frequency
(1 MHz), respectively, Cox is the interfacial oxide ca-
pacitance, A is the area of rectifier contact, and q is
the electronic charge. The advantage of this method
comes from the fact that it permits determination of
many properties of the interfacial insulating or poly-
mer layer very rapidly and accurately. In this
method,25,29 the Nss is extracted from its capacitance
contribution to the measured experimental C-V curve.
In the equivalent circuit of MS or metal–insulator–
semiconductor type SBDs, the oxide or polymer ca-
pacitance is in series with the parallel combination of
the interface trap or surface state capacitance (Cit)
and the space charge capacitance (Csc). In general, in

dark and at high frequency, interface states cannot
respond to the ac excitation; thus, they do not con-
tribute to the total capacitance and conductance
directly. The density distribution of interface states
profile as a function of bias voltage was calculated
from eq. (2), and data obtained are shown in Figure 5.
The profile of Nss shows U-shape behavior, and
the magnitude of Nss is in the order of about 1012

eV cm�2, which is not high enough for device
applications.

Frequency dependence of the dielectric properties

The values of e0, e00, tan d, rac, and the real and
imaginary parts of electric modulus (M0 and M00) of
Al/PIN-SBDs were investigated using the C-V and
G/x-V characteristics in the range 1 kHz to 10 MHz,

Figure 3 The frequency dependence of (a) C and (b) G/x
for various bias voltages.

Figure 4 The frequency dependence of Rs.

Figure 5 The voltage-dependence profile of Nss.
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at room temperature. The complex permittivity (e*)
can be written34–36 as:

e� ¼ e0 � je00 (3)

where, e0 and e00 are the real and imaginary parts of
e*, respectively, and j is the imaginary root of �1. In
the formulation of e*, in the case of admittance (Y*)
measurements, the following relation holds:

e� ¼ Y�

jxC0

¼ Cm

C0
� j

Gm

xCoi
(4)

where, Cm and Gm are the measured capacitance
and conductance of the sample, and x is the angular
frequency (x ¼ 2pf). Thus, the frequency-dependent
e0 and e00 for various bias voltages can be calculated
using the measured Cm and Gm/x, respectively,
from the relation34–36:

e0 ¼ C

Co
¼ Cd

eoA
(5a)

e00 ¼ G

xCi
¼ Gdi

eoxA
(5b)

where, Co is the capacitance of an empty capacitor,
A is the rectifier contact area of the structure in cm�2,
d is the interfacial layer thickness, and eo is the per-
mittivity of free space charge (e0 ¼ 8.85 � 10�14

F cm�1). In the strong accumulation region, the maxi-
mal capacitance of the structure corresponds to the
insulator capacitance (Cac ¼ Ci ¼ e0e0A=d). The tan d
can be expressed as34–39:

tan d ¼ e00

e0
(6)

Figure 6(a–c) shows the frequency-dependent val-
ues of e0, e00, and tan d curves of the Al/PIN-SBDs at
various bias voltages. It was observed that the val-
ues of e0 [Fig. 6(a)] and e00 [Fig. 6(b)] decreased with
increasing frequency, whereas they remained almost
constant for all bias voltages at sufficiently high fre-
quency. It is clear that both the values e0 and e00 are
greater at low frequency because of the possible
interface polarization mechanism since Nss cannot
follow the ac signal at high frequency. Interface
polarization reaches a constant value because
beyond a certain frequency of external field the elec-
tron hopping cannot follow the alternative field.

In general, at low frequencies, all the four types of
polarization processes, i.e., the electronic, ionic,
dipolar, and interfacial or surface polarization con-
tribute to the values of e0 and e00. With increasing fre-
quency, the contributions of the interfacial, dipolar,
or ionic polarization become ineffective by leaving

behind only the electronic part. Furthermore, the
decrease in e0 and e00 with increasing frequency is
explained by the fact that as the frequency is raised,
the interfacial dipoles have less time to orient them-
selves in the direction of the alternating field.40,41 In
addition, at high frequencies, the values of e0 become
closer to the values of e00 because interface states
(Nss) at Al/polyindole interface cannot follow the

Figure 6 The variation of (a) e0-f, (b) e00-f, and (c) tan d-f
for various bias voltages.
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external ac signal. Therefore, the dispersion in e0 and
e00 at low frequencies can be attributed to Maxwell–
Wagner-type interfacial polarization, i.e., the fact
that inhomogeneities give rise to a frequency de-
pendence of the conductivity because charge carriers
accumulate at the boundaries of less-conducting
regions, thereby creating interfacial polarization.40

These dispersions in e0 and e00 with frequency can
be attributed to Maxwell–Wagner42 and space–charge
polarization.41 As shown in Figure 6(c), the value of
tan d gives a peak especially for the low bias voltages
at about 2 kHz, and, at high frequency, it becomes
voltage independent. This behavior of tan d depends
on various parameters such as Nss, Rs, and the thick-
ness of interfacial layer. In the light of experimental
results, it can be concluded that the change in fre-
quency and applied bias voltage substantially alters
the dielectric parameters of the Al/PIN-SBDs.

The conductivity measured at a particular fre-
quency and temperature is the total conductivity,
rtotal(x), of the sample and can be written as43:

rtotalðxÞ ¼ racðxÞ þ rdc (7a)

where rdc and r(x) correspond to the respective dc
and frequency-dependent ac conductivities. Here, it
is assumed that the dc and ac conductivities are due
to completely different processes. If the ac and dc
conductivities arise because of the same process and
rdc is simply rac(x) in the limit x! 0, then the sepa-
ration in the above equation is no longer useful.
Therefore, the frequency-dependent rac of the Al/
PIN-SBDs was obtained from eq. (7b),36–39 for vari-
ous voltages, and the results obtained are shown in
Figure 7.

rac ¼ xC tan d
d

A

� �
¼ e

00
xe0 (7b)

The value of rac was observed to increase with
increasing frequency. This result is also in accord-
ance with the literature and attributed to the Rs

effect.41 The increase in rac with increasing f leads to
an increase in the eddy current, which in turn
increases in the tan d.
The complex impedance (Z*) and complex electric

modulus (M*) formulations were discussed by various
authors with regard to the analysis of dielectric materi-
als.37–41 They preferred to describe the dielectric prop-
erties of these devices by using the electric modulus
formulation. The complex impedance or the complex
permittivity (e� ¼ 1=M�) data are transformed into the
M* formulation using the following relation37–41:

M� ¼ 1

e� ¼ M0 þ jM00 ¼ e0

e02 þ e002
þ j

e00

e02 þ e002 (8)
Figure 7 The frequency dependence of rac for various
bias voltages.

Figure 8 (a) The real part (M0) and (b) the imaginary part
(M00) of electric modulus vs. frequency for various bias
voltages.
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The variation of M0 and M00 of the Al/PIN-SBDs
as a function of frequency at various bias voltages
are given in Figure 8. It is evident that for each bias
voltage, both the values of M0 and M00 do not reach
a maximum value even at higher frequency (f ¼ 10
MHz). In other words, M0 and M00 reach a maximum
constant value corresponding to M1 ¼ 1/e1 because
of the relaxation process. On the other hand, the val-
ues of both M0 and M00 approach almost to zero at
low frequency. These results are also consistent with
the literature.36,37,42,44

CONCLUSIONS

Both the electrical and dielectric parameters such as
Rs, Nss, rac, e0, e00, tan d, M0, and M00 of Al/PIN-SBDs
were investigated using frequency-dependent C-V
and G/x-V characteristics in the range of 1 kHz to 10
MHz at room temperature. From analysis of the ex-
perimental results it was concluded that the values
of e0 and e00 show a steep decrease with increasing
frequency for each bias voltage, whereas the tan d
values show a peak. The interfacial polarization can
more easily occur at low frequencies. The values of
rac were observed to increase with increasing fre-
quency because of the accumulation of charge car-
riers at the boundaries. Also, the values of M0 were
found to increase with increasing frequency. These
results show that the interfacial polarization can
more easily occur at low frequencies and that the
majority of Nss at Al/PIN interface, consequently,
contribute to the deviation of dielectric properties of
the Al/PIN-SBDs. The final remark is that, in the
Al/PIN-SBDs, both electrical and dielectric parame-
ters are strongly dependent on both the frequency
and applied bias voltage.
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