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Electrical and dielectric properties for bulk ethylcarbazole-terphenyl (PEcbz-Ter) have been studied over frequency range
1kHz-2 MHz and temperature range (R.T -120°C). The copolymer PEcbz-Ter was characterised by using X-ray diffraction. The
frequency dependence of the dielectric constant (¢;) and dielectric loss (¢, ) has been investigated using the complex permittivity. ¢,
of the copolymer decreases with increasing frequency and increases with temperature. AC conductivity (o,.) data were analysed
by the universal power law. The behaviour of o, increases with increasing temperature and frequency. The change of the
frequency exponent (s) with temperature was analysed in terms of different conduction mechanisms, and it was found that the
correlated barrier-hopping model is the predominant conduction mechanism. The electric modulus was used to analyze the

relaxation phenomenon in the material.

1. Introduction

Organic conductive and semiconductor materials are
emerging as the key materials for future electronics. Organic
electronics offer two major advantages over classical inor-
ganic semiconductors. On the one hand, they allow the
design of devices on flexible substrates thus offering a wide
range of new applications requiring the flexibility of the
supports [1]. On the other hand, the costs are lower than
those of the inorganic semiconductors. These materials,
polymers, for example, can be used in broad assortment
applications such as photovoltaic devices [2, 3], field effect
transistors [4-6], light-emitting diodes [7-9], and capacitive
energy storage [10-12].

The conductivity properties of these assemblies depend on
two primary parameters, namely, the efficiency of the transport
of charges in the polymer and the efficiency of the interchain
transport. The latter often represents the performance-limiting
parameter and, consequently, the use of polymers designed for
various applications. Recently, different examples of polymers
based on m-conjugated backbones have been developed
[13-15]. The m-conjugates represent the delocalization or, in
other words, the mobility of electrons along the polymer
backbone. In conjugated systems, which have alternating
double bonds, electron density is delocalized and usually leads
to stabilization of the molecule. The mobility of 7-electrons
contributes to important physical properties as well as to
chemical properties of aromatic compounds [16].
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Poly(Ethylcarbazole) is a conducting polymer with
n-conjugated structure, which has been widely studied and
used in photovoltaic and electroluminescent devices due to
its excellent thermal stability and electronic properties
[17-19]. This polymer exhibits a low dielectric constant over
a wide range of temperature and frequency. These low
properties can be improved to expand its application fields.
To convert poly(ethylcarbazole) into a high K material,
P-terphenyl was used as a building block due to its chemical
stability and high dielectric constant [20, 21]. Both materials
can be made as an appropriate choice for the study of
electrical properties. Theoretical and experimental ap-
proaches based on dielectric studies can provide important
information which can be used to understand dielectric
polarization, dielectric losses, and the behaviour of charge
carriers in polymers [22]. The dielectric properties are a
source of valuable information on the electrical properties of
ions, atoms, and molecules, and most importantly their
behaviour within materials. Selvakumar et al. [23] reported
that the electronic relaxation process is the only process that
occurs in P-terphenyl. Moreover, through the dielectric
analysis, they were able to show that the material is con-
tinuous and unbroken, meaning that there are no grain
boundaries within the polymer, with only a slight amount of
impurity and defect concentrations. In addition, the di-
electric constant values of P-terphenyl are very high com-
pared to other organic polymers [24]. These high values
affect the response time of devices such as solar cells.

In this paper, dielectric properties (dielectric constant
and dielectric loss) and electrical properties (ac conductivity
and electrical modulus) of poly(ethylcarbazole) and P-ter-
phenyl as a copolymer have been studied as function of
temperature and frequency. A strong dependence and
correlation between the nature of the material structure and
the dielectric properties are found, and therefore, we in-
vestigate our copolymer structure using X-ray diffraction
technique as an initial step, allowing us to obtain insight into
the morphology of the material. Then, we evaluated the real
and imaginary parts of dielectric constant, as well as the
electrical properties in the temperature range from
R.T=30°C to 120°C and frequency range from 1kHz to
2MHz. The different results obtained are discussed
according to several theoretical models to determine the
most suitable model for interpreting the experimental
measurements for PEcbz-Ter.

2. Experimental Details

Poly(9-ethylcarbazole) (PEcbz) powder (97%), p-terphenyl
(Ter) (99%), ferric chloride (FeCls), chloroform CHCl; (99%),
and methanol CH;0H (99.9%) used for the synthesis of the
studied compound were purchased from Aldrich chemistry,
A Fisher Scientific International and Riedel-de Haén. In this
work, the copolymer PEcbz-Ter is dissolved in chloroform
(HPLC grade) and oxidatively polymerized with FeCl,.
Dielectric characterization was carried out on a
grounded powder of ethylcarbazole-based materials which
were pressed by a hydraulic press under ~50 MPa to form a
pellet with a disk shape. The surface of the pellet is well
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polished to dryness and metallized by a thin layer of silver
paste in order to obtain two parallel plates; the pellet had the
same radius as the electrodes, which are 12 mm in a circular
disk shape, and the thickness is 1.75 mm. The real (¢,) and
imaginary (e, ) parts of the permittivity of this compound are
measured in the frequency 1kHz-2 MHz and temperature
range from R.T to 120°C by using the complex impedance
spectroscopic technique.

3. Theoretical Background

The real (¢;) and imaginary (/') parts of the permittivity of
the material were calculated by using the following formulas:

_G

!
" SSO ’ (1)

e = ¢/ tan(6),

where C,, is the capacitance of the sample, d is the thickness
of the disk, S is the surface area of the electrodes, and
€, =8.85x 1072 F/m is the permittivity of free space. The
capacitance (Cp) and loss factor (tan(8) or D) can be ob-
tained directly from the measurements. The amplitude of the
AC electric signal applied to the samples was 1V.

The conductivity data were obtained using the following
relation [25]:

0o = Eyer . (2)

The AC conductivity is also related to the frequency as
[26]:

0, = Aw’, (3)

where A is a constant, w is the angular frequency, and s is the
exponent which generally is less than or equal to one. The
value and behaviour of the exponent “s” versus temperature
and/or frequency determine the prevailing conduction
mechanism dominant in the material. According to the
value of s and behaviour, several theoretical models have
been found to explain the conduction mechanism of ma-
terials (QMT, SPT, LPT, and CBH). In the quantum tun-
nelling model (QMT) [27], “s” is anticipated as being
frequency-dependent but temperature-independent. In the
case of small polaron tunnelling model (SPT) [28], “s” is
predicted to increase as temperature increases. In large
polaron tunnelling (LPT) [29], “s” should be both tem-
perature- and frequency-dependent, and in the correlated
barrier-hopping CBH model [30] anticipated as being both
temperature- and frequency-dependent and “s” should de-
crease with increasing temperature.

In CBH, “s” is calculated by using the following formula
[31]:

6K, T

=1- S
* W,, + K, T In(wt,) @

where K, is the Boltzmann constant, W, is the maximum
barrier height, and 7, is the characteristic relaxation time
and is in the order of the atomic vibration at period 10~ s
[32].
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This equation can be approximated to obtain

6K, T
=1 R
s w, )

According to this CBH model, the conductivity can be
expressed by [33]

7.[3

w =73V elegwRS, (6)

o
where N is the density of localized states at which carriers
exist, ¢, is the dielectric constant of the material, and R, is
the hopping distance and given as

62

R, = .
Y meey(W,, + KT ln(wty))

(7)

Dielectric relaxation mechanism can be obtained from
the peak of the dielectric loss (e, ), impedance complex, and
electric modulus. In the case of the absence of a well-defined
peak ¢ (w), the dielectric modulus representation was used
to understand and analyze the phenomenon of relaxation in
the dielectric materials. This parameter can be defined as
(34]

1
M+ (@) = ——
!+ el
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4. Results and Discussion

4.1. X-Ray Diffraction. The X-ray Diffraction (XRD) spectra
of the monomers and the synthesized PEcbz-Ter copolymer
are shown in Figure 1. The diffractogram of the studied
copolymer PEcbz-Ter has characteristic peaks of both the
monomers ethylcarbazole (Ecbz) and terphenyl (Ter) such as
those located at 20=19.1°, 23°, 25" and 20=6.48", 13.1°,
20.35°, 287, 37.58", respectively. The majority of these peaks
are intensified markedly, reflecting a new morphology of the
copolymer. The existence of fine and intense peaks reflects a
structural order in the copolymer and therefore the existence
of crystalline regions. The disappearance for the copolymer
of the peaks of ethylcarbazole (Ecbz), in particular, in the
range of 20 between 10” and 25° explains the new structure of
the copolymer obtained, which does not necessarily corre-
spond to the presence of the two phases (ethylcarbazole and
terphenyl).

4.2. Dielectric Constant. The results of dielectric constant for
the PEcbz-Ter copolymer with w at different temperatures
are illustrated in Figure 2. It shows that the dielectric
constant decreases with increasing frequency and increases

19.1 20.35

6.48 13.1

37.58

PECz-Ter(Fe)

Intensity

10 20 30 40 50 60 70

Figure 1: X-ray diffraction patterns of terphenyl (Ter), P-ethyl-
carbazole (PEcbz), and PEcbz-Ter copolymer.
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F1GURE 2: Dielectric constant vs. frequency of PEcbz-Ter at dif-
ferent temperatures.

with increasing temperatures at low frequencies. The same
behaviour is observed by El-Nahass et al. [35] for p-N,N
dimethylaminobenzylidenemalononitrile (DBM) organic
dye. It can be noted that, at frequencies above 10kHz, the
permittivity is weakly frequency-/temperature-dependent.
At low frequencies, charge carriers respond faster with the
externally applied electric field, resulting in the higher value
of ¢,. At higher frequencies, charge carriers are unable to
follow the rapid changes in the applied electric field,
resulting in low values of . The decrease of dielectric
constant with the applied field frequency can be explained
based on several types of polarisation (ionic, orientation, and
electronic). The ionic polarization due to the application of
an electric field on a material induces a displacement of the
positive ions relative to the negative ions. This polarization



intervenes for frequencies lower than terahertz. The ori-
entation polarization occurs up to frequencies between
1kHz and 1 MHz and is related to the structure of the
material. Under an applied field, the permanent dipoles of
the molecules are oriented in the direction of the field. The
electronic polarization is due to the displacement of the
electron cloud of the atom with respect to its nucleus. The
last one, electron polarization is due to a relative displace-
ment of the nucleus of the atom relative to all the electrons
that surround it. This type of polarization is established in a
very short time and remains sensitive up to frequencies
exceeding those of visible light (10> Hz). The orientation
polarisation is prevalent because it required a longer time
compared to other polarizations. Therefore, the value of
dielectric constant ¢, decreases reaching a constant value at
higher frequency corresponding to interfacial polarization.
The increase observed in ¢, values with temperature is due to
the contribution of the charge carriers to the polarization. At
low temperatures, polarization is weak due to inability of the
dipoles to rotate fast enough; therefore, they oscillate behind
the field. The increase in temperature results in sufficient
thermal excitation energy obtained by the bound charge
carriers, which enhance the polarization leading to the in-
crease in the dielectric constant. Table 1 shows the values of
dielectric constant of our copolymer compared with other
values in the literature. The dielectric constant is higher than
that of many other aromatic organic polymers, making it a
good semiconductor material. At the same time, these values
are low compared to the results recorded in [26]. This results
in a reduced response time.

4.3. Dielectric Loss. The imaginary part of the permittivity as
a function of frequency at different temperatures calculated
by using equation (1) is shown in Figure 3. The behaviour of
dielectric loss is similar to the real part of the permittivity,
with an anomaly exception at room temperature, which does
not have a presently understood origin. The dielectric loss
obtained increases with increasing temperature and has a
rapid decrease at low frequencies while being almost in-
dependent at high frequencies. In Figure 3, the factor loss
behaviour as a function of frequency can be explained by the
fact that ions migrate within the material at low frequencies.
The values of dielectric loss at moderate frequencies are due
to the contribution of ion jump and conduction loss of ion
migration, as well the ion polarization loss. At high fre-
quency, ion vibrations may be the only source of the di-
electric loss, so ¢, is frequency-independent.

Differently, the loss factor decreases with increasing
frequency and expressed as follows according to the CBH
model:

e =Ad", (9)

where A’ is a constant and m is the frequency power factor.

From the plot of In(e) vs. In (w), we can calculate the
factor m and is supposed to be the negative slope of the lines
shown in Figure 3(b). According to Guintini model [36],
equation (9), m decreases with increasing temperature, and

it is clearly shown in the inset Figure 3(b).
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4K, T (10)
m=— .
Wm

The losses that are attributed to the conduction pre-
sumably involve the migration of ions over large distances.
This motion is the same as that occurring under DC con-
ditions. The ions jump over the highest barriers in the
network. As the ions move, they give some of their energy to
the lattice as heat, which accounts for the dissipation of
electrical energy as heat.

4.4. AC Conductivity. The frequency dependence of the AC
conductivity is obtained by equation (2). The plot of con-
ductivity as a function of frequency in the range of 1 kHz to
2 MHz at different temperatures is shown in Figure 4(a). As
noted, the behaviour of o¢,. that follows our copolymer
increases with increasing frequency. The increase in con-
ductivity can confidently be attributed to the hopping
mechanism that appears by applying the electrical field. This
can be confirmed by studying the behaviour of the frequency
exponent in equation (2). Values of “s” are calculated from
the slope of the linear In(o,.) vs. In(w), as depicted in
Figure 5. The exponent decreases with increasing temper-
ature; therefore, among all the models discussed in the
theoretical background, CBH is the appropriate model for
the conduction in our material. Using the values of “s” in
equation (4), we obtain the yield potential barrier,
W, =027eV.

Figure 4(b) shows the variation of the AC conductivity as
a function of temperature at several frequencies; it is clear
that there is a linear relationship between In(o,.) and the
inverse of temperature. As the temperature rises, AC con-
ductivity increases as well due to the hydrogen bond strength
in the molecules, which is affected by the temperature and
leads to the movements of thermally excited carriers from
energy levels within the band gap.

We report in Table 1 the values of AC conductivity at
several temperatures and frequencies for comparison with
other values reported in the literature. We defined a new
parameter as a figure of merit F related to the response time,
which represents the relationship between the dielectric
permittivity and the AC conductivity. The higher its value,
the more suitable the material for solar cell applications:

F =
gl (11)

From Table 1, we can notice that F for PEcbz-Ter has the
highest value at R.T. The straight lines of In (¢,.) with inverse
of temperature follow the Arrhenius equation:

0, = oye BlfT (12)
where 0, is the pre-exponential constant and E,. is the
activation energy. The values of activation energy of our
sample calculated as a function of frequency from the slope
of the straight lines are plotted in Figure 4(b) and shown in
Figure 6. Activation energy E,. decreases with increasing
frequency; this could be due to the applied field frequency
that enhances the electronic jumps between the localized
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TasLE 1: Dielectric constant ¢, the conductivity o,., and the ratio F at R.T and 120°C for PEcbz-Ter, Ph-PHQ, and P-terphenyl.

Frequency ! . IR 0, (Qhem™) at T F(Q " cm™) at
Coumpound (kHz) g at RT ¢, at 1200C o,  (Q"-cm™) at RT 120°C F(Q :cm™)atRT 120°C
11 8.67 9.54 7.93x1077 1.35x107° 9.15x 1078 1.42%1077
PEcbz-Ter 600 7.03 7.26 1.28x107° 1.80x107° 1.82x10°° 2.48x107°°
2000 6.76 6.91 3.09x107° 439%x107° 4,57 x107° 6.36x107°
0.5 3.92 — — — — —
Ph-PHQ [25] 10 2.2 — 2.2x10710 — 1x10710 —
5000 2 — 1.4x10°8 — 7%x107° —
0.15 6670 — 55x107° — 8.38x107° —
P-Terphenyl [23] 600 4412 — — — — —
1000 4412 — — — — —
10 3 20.280
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FIGURE 3: (a) Dielectric loss vs. frequency of PEcbz-Ter at different temperatures. (b) In (¢]') vs. frequency of PEcbz-Ter at different temperatures.
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states. This confirms that the hopping mechanism controls
the transport mechanism.

4.5. Electric Modulus Analysis. The complex dielectric
modulus M # (v) is obtained from equation (7) and is
depicted in Figure 7(a). From the figure, we observe that M,
reaches maximum values at high frequencies due to the
relaxation process, and it approaches to zero at low fre-
quencies due to the lack of electric polarization. The results
showed that dielectric modulus has reverse frequency be-
haviour compared with dielectric constant at room tem-
perature in inset Figure 7(a), as we can notice from the figure
dielectric constant decreases with frequency, while electric
modulus is increasing.

The imaginary part of modulus as a function of fre-
quency at few selected temperatures is shown in
Figure 7(b). The analysis presented here of M;,, suggests the
appearance of a dielectric relaxation peak at low fre-
quencies and remains constant with increasing tempera-
ture. This behaviour is similar and observed in previous
works [37, 38]. The values below the maximum peak are
determined by the charge carriers that move on long-range
distances, whereas the carriers are confined to potential
wells being mobile on short distances determine the values
above maximum peak.

5. Conclusion

Dielectric constant, dielectric loss, AC conductivity, and
electrical modulus of PEcbz-Ter were investigated in the
frequency range of 1kHz-2MHz and temperature range
from R.T to 120°C. X-ray has been done and shows crys-
talline regions in our polymer. The real part of dielectric
constant has strong frequency/temperature dependence at
high frequencies, a decrease with increasing frequency,
while an increase with increasing temperature at low fre-
quency. The imaginary part of dielectric constant shows
similar behaviour to ¢, as a function of temperature and
frequency. Dielectric loss increases with increasing tem-
perature, and values are below 1% which makes the co-
polymer suitable for many energy storage applications. The
AC conductivity appears to increase with increasing fre-
quency and a decrease with arising temperature. The ap-
propriate model for g,. was the correlated barrier-hopping
(CBH) model. Activation energy decreases with increasing
frequency. Those results are promising compared with
others in the literature; this could be exploited to inves-
tigate more in dielectric and electric properties of organic
materials.
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