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Abstract

AC conductivity and the related dielectric properties of bulk Coumarian-6 (C6) dye have been investigated as a
function of temperature in the 303—403 K temperature regime and 50 Hz to 1 MHz frequency regime. The
frequency dependence of AC conductivity follows the Jonscher universal dynamic law o,.(w) = Aw®. The
change of the frequency exponent (s) with temperature was analyzed in terms of different conduction
mechanisms; It is found that the correlated barrier hopping (CBH) model is the dominant conduction
mechanism. The behavior of o,.(w) increases with increasing temperature and frequency. It has been found that
AC activation energy decreases with increasing frequency. The frequency dependence of the dielectric constant
(') and dielectric loss (¢") for bulk C6 has been studied using the complex permittivity. It is found that &' and &"
are decreases with increasing frequency and increases with temperature. The dielectric modulus shows the non-
Debye relaxation in the material. The extracted relaxation time by using the imaginary part of modulus (M") is
found to follow the Arrhenius law.
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I.  Introduction

Organic semiconductors (OSCs) are known as organic m-conjugated materials with good charge
transport and/or electroluminescent properties, and widely used in organic and hybrid electronic devices such as
organic light emitting diodes (OLEDs), organic photovoltaic cells (OPVs) and organic field-effect transistors
(OFETS)[1]. Coumarin and its derivatives have received a considerable interest in industry in the form of dye
lasers and high-efficiency dye-sensitized solar cells due to their interesting and promising optical features, such
as fluorescence in visible light, significant Stokes shifts, high quantum yields, and solubility [2]. Coumarin-6
(C6) molecular crystal possesses a relatively high melting point around 220 °C, a high surface morphology
stability, and an efficient light emission, making it an important organic material for optoelectronic devices[3].
The understanding of the charge transport mechanism in the organic semiconductors materials is very important
both from fundamental and technological point of view. We can get some information about transport
mechanism form conductivity measurements such as DC and AC conductivity measurements. DC conductivity
provide an idea about the conduction of free charges under the application of an external electric field, while the
AC measurements are often used to investigate the behavior of such low mobility compounds and one can
obtain information about the dielectric constant, the loss tangent, the mechanism of conduction and the
activation energy from AC measurements[4]. The advantage of AC measurements over the DC measurements is
that the internal time dependent processes in the insulator can be investigated with AC measurements.
Moreover, the AC voltage bias never exceeds a few hundred millivolts; thus, the maximum field within the
sample is kept to a minimum and there is little danger of more than one conduction process being active[5,6].
Various models such as Quantum-Mechanical Tunneling (QMT) model[7], Small Polaron Tunneling (SPT)
model[8], Large Polaron Tunneling (LPT) model[8], Atomic Hopping (AH) model and Correlated Barrier
Hopping (CBH) model[9] have been proposed to explain the AC conductivity. The present work focuses on the
effects of temperature (303 K-403 K) and applied frequencies (50 Hz—1 MHz) on the electrical conductivity of
bulk Coumarin-6 respectively. Moreover, dielectric constants and complex dielectric modulus of bulk
Coumarin-6 are also studied.
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Il.  Experimental Methods

For AC measurements, two conducting layers of silver were deposited onto both surfaces of C6 disc to
behave as ohmic contacts. The temperature of the sample was recorded during the electrical measurements by
using Chromel-Alumel thermocouple with an accuracy of £1 K. All measurements were performed at different
temperatures in air and under dark conditions. The AC parameters such as the impedance, Z capacitance, C and
dissipation factor, tan & were measured using programmable automatic LCR Bridge (model Hioki 3536). The
measurements were performed in the temperature and frequency ranges of (303 - 403 K) and (50 Hz - 1 MHz),
respectively.

I11.  Results and Discussion
3.1 Ac conductivity
AC conductivity and dielectric relaxation have been proven to be a significant procedure for studying the
relaxation and conduction mechanisms in organic materials. The frequency dependence of the electrical
conductivity offers important information on the relaxation of charge carriers in the materials. The crucial
features of the charge carriers” dynamics may, therefore, be deduced from the AC conductivity measurement[5].
The total electrical conductivity oy(®) can be calculated using the following equation[10,11]:

or(w) = 040 + 0(w) 1)

Where a,.is the direct current (dc) conductivity, which is independent on frequency, while g, is the alternating
current (ac) conductivity, which varies with frequency. At low frequency, the experimental data of 6y(®) can
extrapolated to zero frequency (0=0) to get o4c values. The values of 6,.(®) can be obtained by subtracting the
dc-conductivity values from the experimental data of the total electrical conductivity (). Fig. 1 illustrated the
frequency dependent ac-electrical conductivity,o,,, as a function of temperatures.
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Figure 1:Frequency dependence of 6, for C6 at different temperatures.

The equation that describes the frequency dependence of ac-electrical conductivity o, can be written as
follows[4,12]:
Ogc = AW* )

Where o is the angular frequency, A is a constant for a particular temperature, and s is the frequency exponent,
which is usually less than or equal to one. It is clear from the figure that o, increases with increasing frequency
according to Eq. (2). The values of's at different temperatures are obtained from the slope of the linear In(c,c) Vs.
In(w). The value and temperature-dependent behavior of s determines which conduction mechanism is most
suited for the material. Numerous theoretical models have been proposed to understand the conduction
mechanism of materials, such as, the quantum-mechanical tunneling (QMT) model, large polaron tunneling
(LPT) model, small polaron tunneling (SPT) model and correlated barrier hopping (CBH) model[9]. In each
model of the mentioned above, “S” depend on temperature and/or frequency in different ways, for example in
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QMT model “s” is expected to be frequency-dependent but temperature-independent while in LPT model “s”
has to be temperature and frequency dependent, “s” decreases with increasing temperature from unity at room
temperature to a minimum value at a certain temperature, then it increases with increasing[13]. In the case of
SPT model “s” is expected to increase as temperature increases and finally in CBH model, it is expected that *“s”
would decrease with increasing temperature[14].
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Figure 2:Temperature dependence of power exponent (s).

Fig. 2 shows that the obtained values of s for the investigated sample decrease with increasing temperatures,
indicating that the conduction mechanism can be explained in terms of correlated barrier hopping model (CBH),
in which the frequency exponent s is less than one at different temperatures, and decreased with increasing
temperature. In CBH model, the charge carriers hop over the potential barrier between two charged defect states
and the exponent s is given by[8,9]:
6kgT

- ®)

[Wy + kT In(wty)]
where kg is the Boltzmann constant, W), the maximum barrier height for hopping at infinite inter site
separation[15] which is called the binding energy of the carrier in its localized sites[16], and T, the characteristic
relaxation time which is in the order of an atom vibrational period(te=10"%s)[17]. equation (3) can be
approximated to yield the following relation[18]:

s=1

6kgT
5 1)
Wy
W can be calculated using the last equation by plotting 1-s versus T, which is shown in Fig. 3 and its slope is
used to calculate the binding energy Wy, and it was found to be 0.99049 eV.

s=1-
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Figure 3: Temperature dependence of 1-s

3.1.1 Temperature dependent conductivity
The temperature dependence of a,.0f bulk C6 is shown in Fig. 4 at different frequencies. The In(o,c) increases
linearly by increasing the temperature. This suggests that the ac conductivity is a thermally activated process for
different localized states in the gap[19]. The dependence of ac conductivity,o,., on temperature was found to
obey the well-known Arrhenius relation[20]:
_AEac

o) (5)
where g, the pre-exponential constant, AE,. is the ac-activation energy. The activation energy of ac-conduction
for different frequencies was determined from the slope of the obtained straight lines in Fig. 4. The frequency
dependence of the AE,. is shown in Fig. 5. It is clear that AE,, tends to decrease with increasing applied
frequency. Such a decrease can be attributed to the contribution of the applied frequency to the conduction
mechanism which confirms the hopping conduction to be the dominant mechanism[21]. Thus, the increase of
the applied frequency enhances the electronic jumps between the localized states which agree with other
workers[22-24].

Ogc = 0 exp(
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Figure 4:Temperature dependence of 6, for C6 at different frequencies.
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Figure 5:Frequency dependence of the AC activation energy for CB6.

3.1.2  Dielectric studies

Dielectric studies are an essential source of valuable information about conduction processes since they
can be used to recognize the origin of the dielectric losses, the electrical and dipolar relaxation time and its
activation energy[25]. Studying the dielectric properties for the material enriches knowledge about the electric
properties as a function of temperature and frequency. Two fundamental electrical characteristics of materials
are defined by the dielectric analysis, i.e., (i) the capacitive insulating nature, which represents its ability to store
electrical charge, and (ii) the conductive nature, which represents its ability to transfer electric charge[26,27].
The dielectric properties are associated with different kinds of polarization (electronic, ionic, relaxation and
space charge)[28,29]. the complex permittivity (¢") of the material is given by:

& =g+ig (6)
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Where ¢; and ¢, are the real and imaginary parts of the complex permittivity. ¢, is related to the capacitive nature
of the material and is a measure of the reversible energy stored in the material by polarization, while €, is a
measure of the energy required for molecular motion[30,31], the relation that combines each of them is given
by:
& = g tand )

Where tan & (6 = 90- ¢) is the loss tangent and ¢ is the phase angle. The real part of the permittivity (dielectric
constant) & is calculated using the formula:

C,d

& = SZ;A (8)

Where C, is capacitance of the sample in farad, d is the disk thickness and &,=8.854 x 10 F/ m is the
permittivity of free space and A is cross sectional area of the disk. The capacitance (Cp) and loss tangent
(tan(8)) can be obtained directly from the measurements. The dielectric properties measurements were
performed in the temperature range from (303— 403 K) and frequency range from (50-10° Hz).
Fig. 6 shows the dependence of the dielectric constant, g;, on frequency at different temperatures. which
illustrates that the dielectric constant €; values decreases with the increase in frequency. This behavior can be
explained as follows: at low frequencies, €; for polar materials is due to the contribution of multi-components of
polarizability; relaxation polarization (interfacial and orientational) and deformational polarization (ionic and
electronic). As the frequency increases, the dipoles will no longer be able to rotate sufficiently rapidly, so their
oscillations begin to lag behind the field, further increasing of frequency results in stopping of orientation and
dipoles will be completely unable to follow the field, so that the decreasing of &, at a higher frequency
approaching a constant value (frequency independent) result from the interfacial polarization[32]. The variation
of the dielectric loss, ¢,, with frequencies is presented in Fig. 7. ¢, values are found to follow the same trend as
€;. Dipole losses, dielectric losses and conduction losses are considered the main origins of the dielectric
losses[14].
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Figure 6:Frequency dependence of dielectric constant, g, for C6 at different temperatures.
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Figure 7:Frequency dependence of, €, for C6 at different temperatures.

3.1.3  Complex dielectric modulus

Electric modulus, M*, can be considered a different representation to express dielectric properties of
materials, this alternative formulism may often give a new in-depth vision about electrical and dielectric
properties of materials. Comparison between electric modulus, M*, and complex dielectric permittivity, €*,
enables us to distinguish long-range electrical conductivity from local dielectric relaxation (e.g. dipole
reorientation)[33]. The unwanted effects of extrinsic relaxations are minimized by the modulus representation.
Thus, common difficulties like impurity conduction effects, space charge injection phenomena and electrode
nature which appear to obscure relaxation in the permittivity presentation can be ignored[34]. The complex
electric modulus is derived from the complex permittivity equation[35]. According to Macedo et al [36], the real
and imaginary parts of the electric modulus M’ and M"" can be calculated from ¢; and ¢, as follows:

M* === M ©
’ &
M= et + &2 (10)
" &2
M"= et + &2 (1)

The obtained modulus M"is shown in Fig. 8. In the low frequency region, M values tend to zero,
which confirms the negligible contribution of electrode effects. Therefore, these effects may be ignored [37].
The variation of M"" with frequency shows that the relaxation peaks are moving towards higher frequencies by
increasing temperature. This behavior indicates that the dielectric relaxation is thermally activated in which the
hopping process of the charge carrier dominates intrinsically. The asymmetric broadening of the M'’ peak shows
the spread of relaxation with time constant so, relaxation of our sample follows the non-Debye type. The
frequency region below peak maximum determines the range in which charge carriers are mobiles on long-range
distances.
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Figure 8:Frequency dependence of electric modulus, M™; for Céat different temperatures.

As a convenient measure of the characteristic relaxation time, one can choose the inverse of frequency of the
maximum position, where. 1= w;,;t. Thus, we can determine the temperature dependence of the characteristic
relaxation time as shown in Fig. 9, which described by Arrhenius relation[38]:

wm = wo exp(—AE,, / KpT) 12)
where w, the pre-exponent factor, A E,, is the activation energy for dielectric relaxation, which is about 0.288
eVv.

15.5

15.0 1

14.5

14.0

N ®.x

13.5

13.0

12.5

: T . T T T T T 7

2.4 2.6 2.8 3.0 32 34
100/T (K)'1

Figure 9:Variation of In ®may vs. 1000/T for C6.

V. Conclusion
AC conductivity of bulk material of C6 in a disc form has been studied over a wide range of
frequencies and temperatures. Values of frequency exponent factor (s) were found to decrease with increasing
temperature. The correlated barrier hopping (CBH) was found to be the suitable conduction mechanism for AC
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conductivity. The frequency dependence of AE,. was found to decrease with frequency. The behavior of
dielectric constant and dielectric loss was found to increase with temperature and decrease with frequency.
Electric modulus, M* has been used as a different representation to express dielectric properties of material.
Variation of M” with frequency showed that the relaxation peaks move towards higher frequencies by
increasing temperature. The activation energy for dielectric relaxation, AE,, was found about 0.288 eV.
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