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Effect of substitution group on dielectric properties of
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H M Zeyada1, F M El-Taweel2, M M El-Nahass3, and M M El-Shabaan1,†

1Department of Physics, Faculty of Science, Damietta University, Damietta 34517, Egypt
2Department of Chemistry, Faculty of Science, Damietta University, Damietta 34517, Egypt
3Department of Physics, Faculty of Education, Ain Shams University, Cairo 11757, Egypt

(Received 20 January 2016; revised manuscript received 4 April 2016; published online 9 June 2016)

The AC electrical conductivity and dielectrical properties of 2-amino-6-ethyl-5-oxo-4-(3-phenoxyphenyl)-5,6-
dihydro-4H-pyrano[3, 2-c]quinoline-3-carbonitrile (Ph-HPQ) and 2-amino-4-(2-chlorophenyl)-6-ethyl-5-oxo-5,6-dihydro-
4H-pyrano [3, 2-c] quinoline-3-carbonitrile (Ch-HPQ) thin films were determined in the frequency range of 0.5 kHz–5 MHz
and the temperature range of 290–443 K. The AC electrical conduction of both compounds in thin film form is governed
by the correlated barrier hopping (CBH) mechanism. Some parameters such as the barrier height, the maximum barrier
height, the density of charges, and the hopping distance were determined as functions of temperature and frequency. The
phenoxyphenyl group has a greater influence on those parameters than the chlorophenyl group. The AC activation energies
were determined at different frequencies and temperatures. The dielectric behaviors of Ph-HPQ and Ch-HPQ were inves-
tigated using the impedance spectroscopy technique. The impedance data are presented in Nyquist diagrams for different
temperatures. The Ch-HPQ films have higher impedance than the Ph-HPQ films. The real dielectric constant and dielectric
loss show a remarkable dependence on the frequency and temperature. The Ph-HPQ has higher dielectric constants than
the Ch-HPQ.
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1. Introduction

In recent years, organic thin films have played an im-
portant role in device fabrication. Thin films of quinoline
derivatives deposited on a solid state substrate are one exam-
ple of such films. Quinoline is a heterocyclic organic com-
pound in which one or more of the ring carbon atoms are
replaced by another element such as nitrogen, oxygen, and
sulfur.[1] Quinoline and its derivatives are π-conjugated semi-
conductor materials with a unique combination of high ther-
mal stability, easy processing, and high photoluminescence
(PL) quantum yield.[2] Quinoline derivatives offer the promise
of wide spread adoption in numerous areas of technology in-
cluding the organic light emitting diode (OLED),[3] informa-
tion storage,[4] non-linear optical material,[4] and optoelec-
tronic devices.[5] Many polyquinolines were developed and
their optical and spectroscopic properties were investigated.[6]

It is well known that the substitution atoms or groups af-
fect the chemical and physical properties of the organic com-
pounds. The structural, thermal, optical, photovoltaic, electri-
cal, and dielectrical properties of the compounds depend on
the type of the substitution atoms or function groups. In the
conjugated organic compounds, such as phthalocyanine and
porphyrins, their electrical and dielectrical properties are im-
proved by inserting a metal at the center of the ring or by at-
taching a substitution group to it.[7–14] The presence of dif-

ferent substitution groups on the quinoline ring (i.e., elec-
tron withdrawing group, electron donating group, and metal
complex) has a great influence on its structural and phys-
ical properties. El-Ghamaz et al.[15] have reported on the
azo dye heterocyclic complexes of Cu (II), Co (II), and Ni
(II). It was found that the type of the metal affects the ther-
mal and dielectrical properties. The presence of NO2, as
a strong electron withdrawing group in the azo quinoline,
increases the AC electrical conductivity and the dielectric
constants.[16] The AC conductivity and dielectrical properties
of ligands (5-(4’-derivatives phenylazo)-2 thioxothiazolidin-
4-one) and their complexes have been investigated.[17,18] The
electrical conductivity was found to be dependent on the struc-
ture of the substitution group. It was found that the change of
the substituent for complexes affects the type of conduction
mechanism.[17]

The AC conductivity measurements can be used to char-
acterize the electrical properties of various materials. These
measurements provide deep understanding of the nature of
the conduction mechanism, and they also provide information
about the interior of the materials in the region of relatively
low conductivity.[19] Also, these measurements help in distin-
guishing between localized and free band conductions. In case
of localized conduction, the AC conductivity increases with
frequency, while in the free band conduction, the conductivity
decreases with frequency.[20]
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Therefore, in this paper, an extensive investigation com-
paring the effects of two different donor substitution groups,
namely, chlorophenyl and phenoxyphenyl, on the electrical
and dielectrical properties of 4H-pyrano [3, 2-c] quinoline
(HPQ) thin films is performed. For the chlorophenyl case,
the carbon–chlorine bond is enriched with an electron by an
inductive effect.[21] So the chlorophenyl is a donor substitu-
tion group with respect to the HPQ compound. In the phe-
noxyphenyl case, the oxygen as a substitution atom has a lone
pair of electrons that are shared with the aromatic ring. So the
phenoxyphenyl is also a donor substitution group with respect
to the HPQ compound, and phenoxyphenyl is a stronger donor
substitution group than chlorophenyl.
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Fig. 1. Molecular structures of (a) Ph-HPQ and (b) Ch-HPQ compounds.

2. Experimental details
2.1. Preparation of thin films

Ph-HPQ and Ch-HPQ in powder form were synthesized
in accordance with the methods reported earlier in Ref. [22].
Thin films, with different thicknesses were thermally de-
posited by using a high vacuum coating unit (model E 306
A, Edwards Co., England). Ph-HPQ and Ch-HPQ were sub-
limated by using a quartz crucible that was subjected to in-
duction heating by a molybdenum heater in a vacuum of 5×
10−4 Pa. The deposition rate and the films thickness were con-
trolled during the evaporation process by using a quartz crystal
thickness monitor (model, TM-350 Maxtek, Inc.,USA). The
thin films were sandwiched between two gold electrodes for

electrical measurements. The Ohmic contacts of the Au/Ph-
HPQ and Au/Ch-HPQ organic compounds were checked by
studying the I–V characteristics and the results showed that
the contact between Au and Ph-HPQ or Ch-HPQ film is Ohmic
and no hysteresis or rectification occurred even at high temper-
atures. The gold electrodes were thermally evaporated directly
from a boat-shaped molybdenum filament. The film thickness
d is 500 nm and the effective area A is 2.46×10−6 m2 for the
two compounds.

2.2. AC electrical measurements

The two-point probes technique was used in electrical
measurements for the thin films in sandwich structure (Au/Ph-
HPQ/Au) and (Au/Ch-HPQ/Au). The temperature of the sam-
ple was recorded during the electrical measurements by us-
ing a NiCr–NiAl thermocouple. All measurements were per-
formed in the dark at different temperatures in air.

The AC parameters such as capacitance C, conductance
G, and dissipation factor tanδ of the films were measured
using a programmable automatic LCR bridge (model Hioki
3532 Hitester, Japan). The measurements were carried out in
the parallel circuit mode. The measurements were performed
in the temperature and frequency ranges of 290–443 K and
0.5 kHz–5 MHz, respectively. The AC conductivity of the
samples was estimated from the dielectric parameters. As long
as the pure charge transport mechanism is the major contribu-
tor to the loss mechanism, the AC conductivity can be calcu-
lated using the relation[23]

σac (ω,T ) = ε0ωε2, (1)

where ω is the angular frequency, ε2 is the imaginary part of
the dielectric constant, and ε0 is the permittivity of free space.
The dielectric constant ε2 is calculated using the relation

ε2 = ε1tanδ , (2)

where ε1 is the real part of the dielectric constant and is calcu-
lated using the relation

ε1 = c
d

ε0A
. (3)

3. Results and discussion
3.1. Frequency dependence of AC conductivity

The dependence of AC conductivity σac(ω,T ) on fre-
quency for the films of compounds Ph-HPQ and Ch-HPQ at
various temperatures is shown in Fig. 2. The effect of the
phenoxyphenyl substitution group, as a strong electron donat-
ing group, is observed in the σac(ω,T ) of both compounds
and the σac(ω,T ) of Ph-HPQ is greater than its counterpart of
Ch-HPQ. The conductivity curves show two regions: at low
frequencies, the increasing rate of σac(ω,T ) with frequency
is slightly lower, and at high frequencies, σac(ω,T ) increases
rapidly with frequency. Depending on the temperature, the
change occurs at a particular frequency known as the hopping
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frequency ωp. Also, ωp increases with increasing temperature
in both compounds, indicating their semiconductor behavior.
This behavior has been observed in other compounds.[24–26]

The observed variation of lnσac versus lnω at low frequencies
may be explained by adopting the Summerfield theory for hop-
ping conductivity.[27] The theory predicts a scaling law for the
low-frequency conductivity

σ (ω,T ) = σdc

[
1+
(
ω/ωp

)β
]
, (4)

where β is a factor whose value is smaller than 1. The values
of σdc, ωp, and β are listed in Table 1. At room temperature,
the influence of the chlorophenyl substitution group on σdc

and ωp is greater than that of the phenoxyphenyl substitution
group; the value of β for the phenoxyphenyl substitution group
is larger than that for the chlorophenyl substitution group. In-
creasing the annealing temperature increases both σdc and ωp

and decreases β for both compounds.
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Fig. 2. (color online) Frequency dependence of the AC electrical conductivity for (a) Ph-HPQ and (b) Ch -HPQ at various temperatures.

Table 1. Temperature dependence of various parameters.

T /K
Ph-HPQ Ch-HPQ

σDC/10−11 Ω−1·cm−1 ωp/kHz β σDC/10−11 Ω−1·cm−1 ωp/kHz β

293 0.145 52 0.43 0.602 551 0.38
313 0.32 56 0.36 0.68 638 0.35
333 0.69 64 0.34 0.83 652 0.33
353 1.43 74 0.32 1.02 655 0.32
373 2.6 105 0.3 1.39 659 0.31
393 4.79 112 0.31 2.08 666 0.3
413 13 207 0.36 2.64 670 0.295
423 25 382 0.31 3.42 680 0.29
433 55 464 0.25 4.67 700 0.28
443 113 530 0.245 – – –
453 221 577 0.24 – – –

At high frequencies, it is found that σac(ω,T ) is strongly
frequency dependent. By plotting lnσac(ω) versus lnω at dif-
ferent temperatures, straight lines are obtained, indicating that
the empirical equation[28]

σac (ω,T ) = A′ (T )ω
s(T ) (5)

is the most probable one for describing such a behavior, where
A′ (T ) is a constant and s(T ) is a factor whose magnitude and
dependence on temperature determine the operating conduc-
tion mechanism.

The frequency exponents s for the Ph-HPQ and Ch-HPQ
compounds are calculated from the slopes of the straight lines
of Fig. 2 in the high frequency region. These values are plot-

ted as a function of temperature in Fig. 3. It is clear from
Fig. 3 that s-values for Ph-HPQ and Ch-HPQ decrease with
increasing temperature. According to the correlated barrier
hopping (CBH) model, the frequency exponent s increases to-
wards unity as T tends to 0 K.[29] Therefore, the frequency
dependence of σac(ω,T ) for the studied Ph-HPQ and Ch-HPQ
can be interpreted on the bases of the CBH model. The CBH
model for AC conductivity was developed initially by Pike[30]

for single electron hopping. This model has been extended by
Elliott to a two-electron hopping model.[31,32] For neighboring
sites at a separation Rω , the Coulomb wells overlap, resulting
in lowering the effective barrier from its maximum height WM

to a value W given by[31]
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W =WM−
e2

πε1ε0Rω

, (6)

where e is the electron charge and Rω is the hopping distance
given as

Rω =
e2

πε1ε0 [WM + kBT (ln(ωτ0))]
, (7)

where τ0 is the characteristic relaxation time and is in the or-
der of the atomic vibration period 10−13 s,[33] and kB is the
Boltzmann constant. In the context of this model, σac(ω,T ) is
given by the following expression:[31]

σac (ω,T ) =
π3

24
N2

ε1ε0ωR6
ω , (8)

where N is the density of localized states at which carriers
exist. The frequency exponent s, according to this model, is
evaluated as

s = 1− 6kBT
WM + kBT (ln(ωτ0))

. (9)

Thus, to a first approximation, it reduces to the simple expres-
sion

s = 1− 6kBT
WM

. (10)

By using Eq. (10), the average value of the maximum bar-
rier height WM is determined to be 1.13 eV and 1.68 eV for
the Ph-HPQ and Ch-HPQ compounds, respectively. The phe-
noxyphenyl substitution group has a greater reducing effect on
the maximum barrier height than the chlorophenyl group. The
values of WM are less than the energy gaps of Ph-HPQ and
Ch-HPQ. The determined energy gaps from the optical mea-
surements for Ph-HPQ and Ch-HPQ are 2.65 eV and 2.95 eV,
respectively.[34] El-Nahass et al.[35] attributed the variation in
the maximum barrier height to the structural characteristics of
the material such as the average grain size, orientation, defect
distribution, phase content, and charge carrier density in the
organic semiconductors. In this work, the difference in the
maximum barrier height is attributed to the influence of the
substitution group. The phenoxyphenyl group has a different
molecular structure from the chlorophenyl group as shown in
Fig. 1, and it is a stronger donating group; therefore, it in-
fluences the charge carriers’ density and the defect distribu-
tion in the matrix. The XRD patterns and AFM images of
both compounds in pristine thin film forms showed that they
are nanocrystallites dispersed in an amorphous matrix[34] and
they differ only in the volume of crystallite size and the vol-
ume fraction; the crystallite size and the volume fraction are
greater in the Ph-HPQ compound than those in the Ch-HPQ
compound.

Figures 4 and 5 illustrate the dependence of the barrier
height W on the frequency and temperature for the Ph-HPQ

and Ch-HPQ compounds. Both compounds have the same re-
sponse to the frequency and temperature, where W decreases
with increasing frequency but increases with increasing tem-
perature. The dependence of hopping distance Rω on the fre-
quency for the Ph-HPQ and Ch-HPQ films at various tem-
peratures is shown in Figs. 6 and 7. The hopping distance
in both compounds decreases with increasing frequency and
temperature. Figures 8 and 9 show the dependence of N on
the frequency and temperature for the Ph-HPQ and Ch-HPQ
films, respectively. The Rω behavior is in good agreement
with the increment of N as the frequency and temperature
increase, such a behavior has been observed in many other
compounds.[26,36,37]
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Fig. 3. (color online) Variation of the frequency exponent s with tem-
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for (a) Ph-HPQ and (b) Ch-HPQ at various frequencies.
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It is obvious that increasing the frequency increases the
density of the charges N and decreases the barrier height W ;
consequently, the charges can jump easily to the nearest neigh-
bor sites in agreement with the results in Refs. [36] and [38];
hence σac(ω,T ) is increased. Table 2 shows a comparison of
those parameters for a given temperature and frequency for the
Ph-HPQ and Ch-HPQ films. The density of the charges N as
well as σac(ω,T ) for the Ph-HPQ film at room temperature

and frequencies of 10 kHz and 5 MHz is greater than that for

the Ch-HPQ film. This can be attributed to the effect of the

structure and the strong donation of the phenoxyphenyl group.

The presence of the phenyl ring reduces W and Rω , causing

the charges to jump easily to the nearest neighbor sites. In-

creasing the frequency to 5 MHz increases the values of σac,

W , Rω , and N.

Table 2. The AC conductivity σac(ω,T ), barrier height W , hopping distance Rω , and the density of the charges N of the Ph-HPQ and
Ch-HPQ compounds films for given temperatures and frequencies.

Compound
at 10 kHz & 300 K at 5000 kHz & 300 K

σac/10−10 Ω−1·cm−1 W /eV Rω/10−9 cm N/eV·cm−3 σac/10−8 Ω−1·cm−1 W /eV Rω /10−9 cm N/eV·cm−3

Ph-PHQ 2.2 0.4 2.371 4.4×1024 1.4 0.3 2 4.72×1024

Ch-PHQ 1 0.41 469 0.54×1020 1 0.32 435 1.76×1020

3.2. Temperature dependence of AC conductivity

The dependence of AC conductivity σac(ω,T ) on the
temperature of the Ph-HPQ and Ch-HPQ thin films at dif-
ferent frequencies is shown in Fig. 10. The DC conductivity
(ln(σdc)) is also included in Fig. 10 for comparison. It is clear
from this figure that the logarithm of the electrical conduc-
tivity increases linearly with increasing temperature, demon-
strating a typical semiconductor behavior. When σdc of the
films is compared to σac(ω) at certain temperature, it is seen
that σac(ω,T ) is higher than σdc. This is due to the charge
carriers in the DC conduction choose the easiest paths which
include some large jumps, while this is not so important in the
AC conduction.[39] The temperature dependence of AC con-
ductivity σac(ω,T ) is larger at high frequencies than that at
relatively low frequencies. For the two compounds, the re-
lation exhibits two distinct regions separated by a transition
temperature; each region has its own slope.

The data in Fig. 10 implies that σac is related to the tem-
perature by the Arrhenius law[40]

σ = σ0 exp(−∆E/kBT ) , (11)

where σ0 is the pre-exponential factor. The activation energies

∆EI and ∆EII at low and relatively high temperatures respec-

tively for selected frequencies are calculated from the slopes

of the linear portions in Fig. 10 together with Eq. (11). Fig-

ure 11 depicts the activation energy as a function of temper-

ature for both compounds. The activation energy for the Ph-

PHQ compound is greater than its counterpart for the Ch-PHQ

compound. The small values of the activation energy confirm

that the hopping conduction is the dominant current transport

mechanism.[41] It is found that ∆E decreases with increasing

frequency as illustrated in Fig. 11. Okutan et al.[18] suggested

that the applied frequency enhances the electronic jumps be-

tween the localized states, and that is why the activation en-

ergy decreases with increasing frequency. This result is in

good agreement with the decrease in barrier height W and the

increase in N with increasing frequency, as demonstrated in

Figs. 4 and 8.
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3.3. Complex impedance spectroscopy

The complex impedance Z∗(ω) is given by

Z∗ (ω) = Z′ (ω)− jZ
′′
(ω) , (12)

where Z′(ω) and Z′′(ω) are the real and imaginary parts of the
complex impedance and are expressed as[42]

Z′ =
G

G2 +ω2C2 , (13)

Z′′ =
ωC

G2 +ω2C2 , (14)

where G and C are the measured parallel conductance and
the capacitance, respectively. The impedance data of the Ph-
HPQ and Ch-HPQ thin films are presented in the Nyquist di-
agram (Z′ vs Z′′), as shown in Fig. 12. In this figure, the
shapes of the plots tend to be straight lines at low tempera-
tures. The slopes of the lines decrease upon increasing tem-
perature. An arc semicircle behavior is observed at relatively
high temperatures. The intersection of the curves with the Z′′

axis at low temperatures and the arc semicircle behavior indi-
cate the presence of both localized and non-localized conduc-
tion processes.[42–46] The Nyquist diagrams of the two com-
pounds have the same behavior. Table 3 shows a comparison
of the real and imaginary impedances at the same frequency
and temperature for the two compounds. The only difference
is that the Ch-HPQ compound has higher real and imaginary
impedances than the Ph-HPQ compound.
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Fig. 12. (color online) Complex impedance plane plots for (a) Ph-HPQ
and (b) Ch-HPQ at different temperatures.
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Table 3. The complex impedance and the dielectric parameters of the Ph-HPQ and Ch-HPQ films at the same condition of temperature
and frequency.

Compound
at 0.5 kHz & 293 K at 10 kHz & 293 K at 5000 kHz & 293 K

Z′ 105 Z′′/106 ε1 ε2 Z′/104 Z′′/105 ε1 ε2/102 Z′ Z′′/103 ε1 ε2/103

Ph-PHQ 1.47 6.49 3.92 0.19 0.39 5.22 2.2 3 6.5 1.44 2 9
Ch-PHQ 112 17 0.29 0.09 34 18 0.18 1 36 4.98 0.16 1

3.4. Frequency and temperature dependence of dielectric
constant

The dielectric properties of the Ph-HPQ and Ch-HPQ thin
films were investigated in the frequency range 0.5–5000 kHz.
The frequency and temperature dependences of ε1 for Ph-
HPQ and Ch-HPQ were measured nearly in the same temper-
ature and frequency ranges. These dependencies are shown
in Fig. 13, which shows that ε1 decreases with increasing fre-
quency at a constant temperature. Increasing the applied field
frequency decreases the orientation polarization, since it takes
a longer time than the electronic and ionic polarizations. Such
a decrease reduces the dielectric constant ε1 with increasing
frequency.[41] The ε1 increases with increasing temperature
at a constant frequency. The increase of ε1 with tempera-
ture is due to the fact that dipoles in polar materials cannot
orient themselves in the direction of the applied field at low
temperatures.[47] When the temperature is increased, the ori-
entation of the dipoles is facilitated and thus the orientation
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Fig. 13. (color online) Frequency dependence of the real part of the dielectric
constant, ε1, for (a) Ph-HPQ and (b) Ch-HPQ at different temperatures.

polarization increases, which increases ε1.[47,48] Table 3 and
figure 13 illustrate that the values of ε1 for Ph-HPQ are higher
than those for Ch-HPQ at the same condition of temperature
and frequency.
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Fig. 14. (color online) Frequency dependence of the imaginary part
of dielectric constant, ε2, for (a) Ph-HPQ and (b) Ch-HPQ at different
temperatures.

The dependence of dielectric loss ε2 on frequency at dif-
ferent temperatures for the Ph-HPQ and Ch-HPQ thin films is
shown in Fig. 14. It shows that ε2 increases with increasing
temperature. The imaginary part, ε2, of the dielectric constant
corresponds to a current density within the dielectric that is no
longer exactly π/2 out of phase with the electric field. It is re-
sponsible for the dissipation in the dielectric at the specific fre-
quencies as depicted in Fig. 14. The losses that are attributed
to conduction presumably involve the migration of ions over
large distances. This motion is the same as that occurring un-
der DC conditions where the ions jump over the highest barrier
in the network. As the ions move, they dissipate some of their
energy to the lattice as heat.[49] Table 3 and figure 14 illustrate
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that ε2 of Ph-HPQ is higher than that of Ch-HPQ for a given
temperature and frequency.
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Fig. 15. (color online) Plot of ln(ε2) versus lnω at different tempera-
tures for (a) Ph-HPQ and (b) Ch-HPQ thin films. Inset shows the varia-
tion of m with temperature.

Figure 14 shows that ε2 decreases with increasing fre-
quency. The decrease in ε2 with increasing frequency can be
interpreted as follows. At low frequencies, ε2 is due to the mi-
gration of the ions in the material. At moderate frequencies
ε2 is due to the contribution of ion jump, conduction loss of
ion migration, and ion polarization loss. At high frequencies,
the ion vibrations may be the only source of the dielectric loss,
so ε2 is frequency independent.[50] The variation of lnε2 with
lnω at different temperatures for the Ph-HPQ and Ch-HPQ
thin films is shown in Fig. 15. The relation exhibits a series
of straight lines with different slopes. The behavior of ε2 as
a function of both frequency and temperature can be analyzed
according to the Giuntini model.[51] According to this model,
the imaginary part of the dielectric constant is expressed as

ε2 = Aωm, (15)

with

m =−4kBT
WM

, (16)

where A is a constant and m is a power factor calculated from
the slopes of the straight lines in Fig. 15. The inset of Fig. 15
illustrates the variation of m with temperature. It is clear from
this figure that m decreases linearly with increasing tempera-
ture. The maximum barrier height WM is calculated from the
m values at different temperatures using Eq. (16). The aver-
age values of WM are 1.28 eV and 0.9 eV for Ph-HPQ and
Ch-HPQ, respectively.

4. Conclusions
The substitution group influences the AC conductivity

and the dielectric properties of the HPQ compound thin films.
The AC conductivity increases with both increasing frequency
(0.5 kHz–5 MHz) and temperature (290–443 K). The variation
of the AC conductivity of both compounds with frequency is
explained in the light of the Summerfield theory for hopping
conductivity at low temperatures. Some temperature depen-
dent parameters are calculated. The results also prove that the
CBH conduction mechanism is dominant in both compounds.
This result is also confirmed by impedance spectroscopy. It is
found that the average maximum barrier height is 1.38 eV and
1.68 eV for Ph-HPQ and Ch-HPQ, respectively. The barrier
height in both compounds decreases with increasing frequency
but increases with increasing temperature. The hopping dis-
tance in both compounds decreases with increasing frequency
and temperature. The temperature dependence of the AC con-
ductivity shows two activation energies. The variation of the
real and imaginary parts of the dielectric constant with temper-
ature and frequency is discussed in the light of the polarization
mechanism in the materials. The calculated average maximum
barrier height WM is 1.28 eV and 0.9 eV for Ph-HPQ and Ch-
HPQ, respectively. In summary, the AC conductivity and the
dielectric properties of the HPQ compound thin films depend
on the substitution group.

References
[1] Correia F C, Santos T C F, Garcia J R, Peres L O and Wang S H 2015

J. Braz. Chem. Soc. 26 84
[2] Li X C, Jia Y and Li S 1991 Eur. Polym. J. 27 1345
[3] Maguire M P, Sheets K R, Vety K M, Spada A P and Zilberstein A 1994

J. Med. Chem 37 2129
[4] Park Y, Seok C H, Lee J H and Park 2010 J. Synthetic Met. 160 845
[5] Arun V, Mathew S, Robinson P P, Jose M, Nampoori V P N and Yusuff

K K M 2010 Dyes and Pigments 87 149
[6] Hamada Y, Sano T, Fujita M, Fujii T, Nishio Y and Shibata K 1993

Jpn. J. Appl. Phys. 32 L511
[7] Zeyada H M and El-Nahass M M 2008 Appl. Surf. Sci. 254 1852
[8] EL-Nahass M M, EL-Deeb A F and Abd-El-Salam F 2006 Org. Elec-

tron. 7 261
[9] Zeyada H M, El-Nahass M M and Makhlouf M M 2011 Curr. Appl.

Phys. 11 1326
[10] El-Nahass M M, Farag A A M, Abu-Samaha F S H and Elesh E 2014

Vacuum 99 153
[11] Zeyada H M, El-Nahass M M and Ali M A 2011 Eur. Phys. J. Appl.

Phys. 56 10201
[12] Gould R D and Ibrahim N A 2001 Thin Solid Films 398–399 432

077701-9

http://dx.doi.org/10.5935/0103-5053.20140217
http://dx.doi.org/10.5935/0103-5053.20140217
http://dx.doi.org/10.1016/0014-3057(91)90233-E
http://dx.doi.org/10.1021/jm00040a003
http://dx.doi.org/10.1021/jm00040a003
http://dx.doi.org/10.1016/j.synthmet.2010.01.031
http://dx.doi.org/10.1016/j.dyepig.2010.03.012
http://dx.doi.org/10.1143/JJAP.32.L511
http://dx.doi.org/10.1143/JJAP.32.L511
http://dx.doi.org/10.1016/j.apsusc.2007.07.175
http://dx.doi.org/10.1016/j.orgel.2006.03.007
http://dx.doi.org/10.1016/j.orgel.2006.03.007
http://dx.doi.org/10.1016/j.cap.2011.03.074
http://dx.doi.org/10.1016/j.cap.2011.03.074
http://dx.doi.org/10.1016/j.vacuum.2013.05.012
http://dx.doi.org/10.1016/j.vacuum.2013.05.012
http://dx.doi.org/10.1051/epjap/2011110010
http://dx.doi.org/10.1051/epjap/2011110010
http://dx.doi.org/10.1016/S0040-6090(01)01381-5


Chin. Phys. B Vol. 25, No. 7 (2016) 077701

[13] Cavalcante L S, Sczancoski J C, Li M Siu, Longo E and Varela J A
2012 Colloids and Surfaces A: Physicochem. Eng. Aspects 396 346

[14] Roca R A, Sczancoski J C, Nogueira I C, Fabbro M T, Alves H C, Gra-
cia L, Santos L P S, de Sousa C P, Andrés J, Luz Jr G E, Longo E and
Cavalcante L S 2015 Catal. Sci. Technol 5 4091

[15] El-Ghamaz N A, El-Sonbati A Z, Diab M A, El-Bindary A A, Mo-
hamed G G and Morgan S M 2015 Spectro. Chim. Acta A 147 200

[16] El-Ghamaz N A, El-Menyawy E M, Diab M A, El-Bindary A A, El-
Sonbati A Z and Nozha S G 2014 Solid State Sci. 30 44

[17] El-Ghamaz N A, El-Sonbati A Z, Diab M A, El-Bindary A A, Awad M
K and Morgan Sh M 2014 Mater. Sci. Semicond. Process. 19 150

[18] El-Ghamaz N A, El-Sonbati A Z, Diab M A, El-Bindary A A and Mor-
gan Sh M 2015 Mater. Res. Bull 65 293

[19] Okutan M, Basaran E, Bakan H I and Yakuphanoglu F 2005 Physica B
364 300

[20] Tewari S, Bhattacharjee A and Sahay PP 2010 Assam University Jour-
nal of Science and Technology 5 216

[21] Todres Z V 2003 Organic Ion Radicals Chemistry and Applications
(New York: Marcel Dekker, Inc)

[22] El-Taweel F M, Elagamey A A and Khalil M M 2013 American Chem-
ical Science Journal 3 532

[23] El-Menyawy E M, Zeyada H M and El-Nahass M M 2010 Solid State
Sci. 12 2182

[24] El-Nahass M M, Metwally H S, El-Sayed H E A and Hassanien A M
2012 Physica B 407 4453

[25] Rajarajan A K, Yusuf S M, Balaya P and Kulkarni R G 2002 Pramana
J. Phys. 58 787

[26] El-Nahass M M, El-Barry A M A and Abd el Rahman S 2006 Phys.
Stat. Sol. (a) 203 317

[27] Summerfield S 1985 Philos. Mag. B 52 9
[28] Pollak M and Geballe T H 1961 Phys. Rev. 22 1742
[29] Elliott S R 1978 Philos. Mag. B 37 553
[30] Allen P B 1983 Phys. Mag. B States Solidi B 120 529
[31] Elliott S R 1987 Adv. Phys. 36 135
[32] Cardona M, Christensen N E and Fasol G 1986 Phys. Rev. Lett. 56 2831

[33] Abu-Hilal A O, Saleh A M and Gould R D 2005 Mater. Chem. Phys.
94 165

[34] Zeyada H M, El-Nahass M M and El-Shabaan M M 2016 Philosophical
Magazine 96 1150

[35] El-Nahass M M, Metwally H S, El-Sayed H E A and Hassanien A M
2012 Mater. Chem. Phys. 133 649

[36] Parashar S K S, Chaudhuri S, Singh S N and Ghoranneviss M 2013 J.
Theo. Appl. Phys. 7 26

[37] Yakuphanoglu F, Evin E and Okutan M 2006 Physica B 382 285
[38] Kahouli A, Sylvestre A, Jomni F, Yangui B and Legrand J 2012 J. Phys.

Chem. A 116 1051
[39] Kwan C K and Wei H 1981 Electrical Transport in Solids with Partic-

ular Reference to Organic Semiconductors (Bristol: Pergamon Press)
[40] Badapanda T, Senthil V, Rout S K, Cavalcante L S, Simões A Z, Sinha

T P, Panigrahi S, de Jesus M M, Longo E and Varela J A 2011 Curr.
Appl. Phys. 11 1282

[41] Seyam M A M 2001 Appl. Surf. Sci. 181 128
[42] Mariappan C R, Govindaraj G and Roling B 2005 Solid State Ionics

176 723
[43] Saidia K, Kamoun S, Ayedi H F and Arous M 2013 J. Phys. Chem.

Solids 74 1560
[44] El-Nahass M M, Ali H A M and El-Zaidia E F M 2013 Physica B 431

54
[45] Dasari M P, Sambasiva Rao K, Murali Krishna P and Gopala Krishnaa

G 2011 Acta. Physica. Polonica. A 119 387
[46] Cheng P F Li S T and Wang H 2013 Chin. Phys. B 22 107701
[47] Hegab N A, Afifi M A, Atyia H E and Farid A S 2009 J. Alloys Compd.

477 925
[48] Uzma G 2014 Chin. Phys. B 23 057502.
[49] Madelung O, Lidiard A B, Stevels J M and Darmois E 1957 Handbuch

der Physik (Berlin: Springer) p. 350
[50] El-Menyawy E M, Zedan I T and Nawar H H 2014 Physica B 437 58
[51] Giuntini J C, Zanchetta J V, Jullien D, Eholie R and Houenou P 1981

J. Non-Cryst. Solids 45 57

077701-10

http://dx.doi.org/10.1016/j.colsurfa.2011.12.021
http://dx.doi.org/10.1039/C5CY00331H
http://dx.doi.org/10.1016/j.saa.2015.03.040
http://dx.doi.org/10.1016/j.solidstatesciences.2014.02.005
http://dx.doi.org/10.1016/j.mssp.2013.12.005
http://dx.doi.org/10.1016/j.materresbull.2015.01.063
http://dx.doi.org/10.1016/j.physb.2005.04.027
http://dx.doi.org/10.1016/j.physb.2005.04.027
http://dx.doi.org/10.9734/ACSJ
http://dx.doi.org/10.9734/ACSJ
http://dx.doi.org/10.1016/j.solidstatesciences.2010.10.001
http://dx.doi.org/10.1016/j.solidstatesciences.2010.10.001
http://dx.doi.org/10.1016/j.physb.2012.07.043
http://dx.doi.org/10.1007/s12043-002-0172-7
http://dx.doi.org/10.1007/s12043-002-0172-7
http://dx.doi.org/10.1002/pssa.v203:2
http://dx.doi.org/10.1002/pssa.v203:2
http://dx.doi.org/10.1080/13642818508243162
http://dx.doi.org/10.1080/01418637808226448
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1080/00018738700101971
http://dx.doi.org/10.1103/PhysRevLett.56.2831
http://dx.doi.org/10.1016/j.matchemphys.2005.04.027
http://dx.doi.org/10.1016/j.matchemphys.2005.04.027
http://dx.doi.org/10.1080/14786435.2016.1154202
http://dx.doi.org/10.1080/14786435.2016.1154202
http://dx.doi.org/10.1016/j.matchemphys.2012.01.042
http://dx.doi.org/10.1186/2251-7235-7-26
http://dx.doi.org/10.1186/2251-7235-7-26
http://dx.doi.org/10.1016/j.physb.2006.03.001
http://dx.doi.org/10.1021/jp207114u
http://dx.doi.org/10.1021/jp207114u
http://dx.doi.org/10.1016/j.cap.2011.03.056
http://dx.doi.org/10.1016/j.cap.2011.03.056
http://dx.doi.org/10.1016/S0169-4332(01)00378-6
http://dx.doi.org/10.1016/j.ssi.2004.11.008
http://dx.doi.org/10.1016/j.ssi.2004.11.008
http://dx.doi.org/10.1016/j.jpcs.2013.05.024
http://dx.doi.org/10.1016/j.jpcs.2013.05.024
http://dx.doi.org/10.1016/j.physb.2013.08.035
http://dx.doi.org/10.1016/j.physb.2013.08.035
http://dx.doi.org/10.12693/APhysPolA.119.387
http://dx.doi.org/10.1088/1674-1056/22/10/107701
http://dx.doi.org/10.1016/j.jallcom.2008.11.129
http://dx.doi.org/10.1016/j.jallcom.2008.11.129
http://dx.doi.org/10.1088/1674-1056/23/5/057502
http://dx.doi.org/10.1016/j.physb.2013.12.025
http://dx.doi.org/10.1016/0022-3093(81)90089-2
http://dx.doi.org/10.1016/0022-3093(81)90089-2

	1. Introduction
	2. Experimental details
	2.1. Preparation of thin films
	2.2. AC electrical measurements

	3. Results and discussion
	3.1. Frequency dependence of AC conductivity
	3.2. Temperature dependence of AC conductivity
	3.3. Complex impedance spectroscopy
	3.4. Frequency and temperature dependence of dielectric constant

	4. Conclusions
	References

