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The electrical and dielectrical properties of C.I. Basic Violet 10 were investigated using both DC and AC
measurements. The DC electrical conductivity of the dye exhibited similar behavior to that of organic
semiconductors and the mechanism of the AC conductivity the dye can be attributed to correlated barrier
hopping, as confirmed by an observed reduction in activation energy. The density of localized states for
C.L Basic Violet 10 was 0.15 x 10?% to 4.4 x 10?2 eV~ cm™> over the range of temperatures and

frequencies employed. Variation of the dielectric constant with temperature at different frequencies

Keywords:

Organic semiconductor
Organic dye

Dielectric relaxation

showed a dielectric relaxation peak; with increasing frequency, the intensity of the dielectric relaxation
peak decreased and became less pronounced. The obtained results suggest that C.I. Basic Violet 10 is an
organic semiconductor and its dielectric relaxation mechanism is temperature-dependent.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Rhodamine dyes enjoy manifold biotechnological applications
such as fluorescence microscopy, flow cytometry, fluorescence
correlation spectroscopy and enzyme-linked immunosorbent assay
(ELISA) [1-3]. Such dyes, as exemplified by C.I. Basic Violet 10, are
excellent candidates for the construction of an OFF/On- type fluo-
rescent probe due to its excellent spectroscopic properties of large
molar extinction coefficient, visible wavelength excitation and high
fluorescence quantum yield [4]. Several rhodamine based fluores-
cent chemo-sensors have recently been reported for determining
Fe3*, cu**, Cr** and Hg?* ions in living cells [5] and a Sn/
rhodamine-101/p-Si Schottky diode was fabricated using Rhoda-
mine-101 [6].

Recent interest in thin organic semiconducting films has arisen
because of their application in optical and electronic devices;
indeed, all types of electronic devices, such as organic thin film
transistors, printable circuits, organic capacitors, and organic
photovoltaic devices have received much attention in the past few
years [6].

To determine the electrical conductivity and dielectric mecha-
nism of organic semiconductors, low frequency conductivity and
dielectric measurements provide additional information on the
conductivity mechanism as well as direct current conductivity, as
the both direct and alternating current (DC and AC) electrical
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properties of organic and inorganic materials provide important
information about the conduction process and the predominant
charge transport mechanism within an organic material. These
measurements are the major tools used for the study of ionic
conduction in glasses, ceramics and organic materials [7—9].

The paper concerns the DC and AC current conductivity and
dielectric properties of C.I. Basic Violet 10 and an investigation as to
whether the dye constitutes an organic semiconductor applicable
to organic devices. Measurements were made using pellets of the
dye as the conductivity data of organic semiconductors is
frequently obtained by measuring the DC conductivity of
compressed powder samples [10—13]. It is observed that the con-
ductivity—temperature profile of both film and pellet samples are
similar, regardless of the form of the sample [14]. This procedure
assumes the elimination of interparticle contact resistance due to
pressure application [15].

2. Experimental

C.I. Basic Violet 10, [9-(2-carboxyphenyl)-6-diethylamino-3-
xanthenylidene]-diethylammonium chloride] (Fig. 1) was obtained
from Aldrich in with high purity. For electrical conductivity
measurements, pellets (3.55 mm of radius 0.66 cm) of the dye were
formed via the application of 500 kg/cm?® The dye pellet was
sandwiched between two Cu electrodes using a specially designed
holder.

A programmable, automatic RLC bridge (PM 6304 Philips) was
used to measure the impedance Z, capacitance C and loss tangent
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Fig. 1. The chemical structure of C.I. Basic Violet 10.

(tan ¢) directly. The DC electrical resistance R for the investigated
sample was measured using a KEITHLEYE 616 a digital electrometer
in a shielded furnace. Temperature was measured using a calibrated
Chromel—Alumel thermocouple connected to a digital multimeter
(HC-5010-EC).

3. Results and discussion
3.1. DC and AC electrical conductivities of C.I. Basic Violet 10

The electrical conductivity dependence on temperature is
shown in Fig. 2 from which it is apparent that there were two linear
regions, suggesting the presence of two different conduction
mechanisms operating at low temperature, in the range 303—373 K
and at high temperature in the range 373—423 K owing to the
presence of different energy levels in the dye. The DC conductivity
mechanism of the sample can be analyzed using the well-known
Arrhenius equation:

O4c = 00exp(— AE;/kgT), (1)

where AE; is the activation energy for electrical conduction, T is the
absolute temperature, kg is the Boltzmann’s constant and o, is the
pre-exponential factor, including the charge carrier mobility and
density of states. The activation energy values for the conductivity
regions (AEg for region I and AEg» for region II) were found to be
0.16 eV and 0.42 eV, respectively. Room temperature conductivity
of the investigated sample was found to be 2.35 x 10~ (@~ Tem™1).
The electrical conductivity of the dye increased with increasing
temperature, indicating that the electrical conductivity mechanism
is similar to that of semiconductors and the obtained electronic
parameters confirm that the dye is an organic semiconductor in
terms of its electronic parameters [16]. The increase in conductivity
with increase in temperature implies that as temperature is
increased, more charge carriers overcome the activation energy
barrier and participate in electrical conduction. It is believed that
two types of conduction mechanism occur, namely one in the first
conduction region (I) and the other in the second conduction
region (II). In both regions I and II, electrical conductivity is ther-
mally activated owing to thermal excitation of charge carriers by
changing the activation energy [17]. The observed increase in
conduction can be associated with the number of 7-electrons of the
compound, when activation energy may also be related to electron
activation within the structure. The m-electron mobility and the
semiconduction behaviour of C.I. Basic Violet 10 dye result from the
transfer of m-electrons [18].

The AC conductivity dependence of frequency can be expressed
by the following relation [19—22]:

Oac(w) = A’ 2)

where, A is a constant, w is the angular frequency and s a parameter
which determines AC conduction. Fig. 3 shows the frequency
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Fig. 2. Temperature dependence of the dc electrical conductivity of the C.I. Basic Violet
10 dye. The solid lines represented least-squares fitting.

dependence of the AC conductivity at different temperatures from
which it is clear that ¢, (w) increased linearly with increasing
frequency. The frequency exponent values s were calculated from
the slopes of Fig. 2 [16—19]. The change of s with temperature is
shown in Fig. 4 from which it is apparent that the values of s
decreased with increasing temperature.

According to the quantum mechanical tunneling (QMT) model
[23], the exponent s is ~0.8 and increases slightly in both the
absence and presence of increasing temperature; hence, the QMT
model was not considered applicable to the results obtained. In the
non-overlapping small Polarons (NSPT) model, the exponent s is
dependent upon temperature insofar as it increases with increasing
temperature; thus, the NSPT model was not applicable to the
obtained results [24]. According to the overlapping-large polaron
tunneling (OLPT) model [25], the exponent s is both temperature
and frequency dependent and s decreases with increasing
temperature, reaching a minimum value at a given temperature
before continuing to increase with increasing temperature. Hence,
the OLPT model was deemed to be unapplicable to the results
obtained. However, in the correlated barrier hopping (CBH) model,
s decreases with increasing temperature, which is in good agree-
ment with the obtained results, as shown in Fig. 4. Thus, the
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Fig. 3. Frequency dependence of ¢,c (w) for the C.I. Basic Violet 10 dye at different
temperatures. The solid lines represented least-squares fitting.
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Fig. 4. Temperature dependence of the frequency exponent s and the 1 — s for the C.I.
Basic Violet 10 dye. The solid lines represented least-squares fitting.

frequency dependence of ¢,. (w) observed for the dye can be
explained in terms of the CBH model as developed by Pike [26] for
single-electron hopping and extended by Elliot [27,28]. In this
model, carrier motion occurs by means of hopping over the
coulomb barrier that separates two defect centers. Coulombic
correlation between the charged defect centers results in
the relaxation variable W of the coulomb barrier and the
intersite separation R. In this model, the height of the barrier can be
defined as

W = W — ne?/me; (w)eoR, (3)

where W is the height of barrier, e is the electronic charge, ¢ (w) the
dielectric constant of the material, ¢y the dielectric permittivity of
free space and n the number of electrons able to hop (the density of
pair sites) (n = 1 for a single polaron and n = 2 for a bipolaron). In
the CBH model, s is expressed by the following relation,

s=1-—6kgT /[Wm — kg TIn (v 10)] (4)

where 1, is the characteristic relaxation time, which is in the order
of atomic vibrational period 7, = 107'3 s. It is worth mentioning
that, at least for small values of Wy,/kgT, s increases with increasing
frequency but for large values of Wi /kgT, s approaches unity but the
increase is so small that s is effectively independent of frequency.
hence, Eq. (4) can be reduced to [29],

1-s = 6kgT/Wn (5)

To calculate the Wy, (the binding energy of the carrier in its local-
ized sites), the curve of 1 — s vs. T was plotted. The obtained data for
the sample are shown in Fig. 4 and its slope is used to calculate the
binding energy Wy, i.e., the binding energy Wy, is related to the
maximum barrier height at infinite interstatic separation, which is
called the polaron binding energy, i.e. the binding energy of the
carrier in its localized site.

According to the Austin—Mott formula [30] based on CBH
model, ac conductivity o, (w) can be explained in terms of hopping
of electrons between a pair of localized states N (Eg) at the Fermi
level Eg. o (w) is related to the number of sites per unit energy per
unit volume N (Ef) at the Fermi level as given by:

oac(@) = (3) INGER)*Tkge?a o [In(vpn/w)]* (6)

where « is the exponential decay parameter of localized states
wave functions (¢! = 10 A), vph is the characteristic phonon

frequency (vph = 10'2 s71), N (Eg) is the density of states near the
Fermi level, w = 2mtfand fis the measured frequency. The density of
localized states N (Ef) for different temperatures and frequencies
was evaluated using Eq. (6). The values of N (Eg) are of order of
015 x 102 — 44 x 10?2 ev-! cm~3 in the studied range of
temperatures. The values of N (Eg) increase with temperature,
confirming that the electrical conductivity increases with
temperature.

Temperature dependence of the ac conductivity g,c (w) at
different frequencies was shown in Fig. 5. It is seen that g,c (w)
increases linearly with the reciprocal of absolute temperature. This
dependence of ac conductivity on temperature suggests that the ac
conductivity is controlled by thermally activated process and it can
be analyzed according to the well-known Arrhenius equation:

ac(w) = doexp(— 4E(w)/kgT) (7)

where ¢, is constant, AE (w) is the activation energy for electrical
conduction. The ac activation energy of conduction is calculated for
different frequencies from the slopes of the straight lines of Fig. 5.
The frequency dependence of the ac activation energy AE (w) for
the dye is shown in Fig. 6. It is clear from this figure that AE (w)
decreases with increasing frequency. Such a decrease can be
attributed to the contribution of the frequency applied to the
conduction mechanism, which confirms the hopping conduction to
be the dominant mechanism. The AE (w) values for the samples
decrease with increasing frequency. The increase of the applied
field frequency enhances the electronic jumps between the local-
ized states and in turn, the activation energy AE (w) decreases with
increasing frequency [31,32].

3.2. Dielectric properties of C.I. Basic Violet 10

Studies of the frequency dependent electrical conductivity of
semiconductor materials are important to explain the mechanisms
of conduction in these materials. The dielectric relaxation studies
are important to understand the nature and the origin of dielectric
losses, which in turn, may be useful in the determination of the
structure and defects in solids. The complex dielectric function for
the investigated organic dye is expressed as [33,34]:

£ () = e1(w) +iex(w), (8)

where ¢1 (w) and ¢; (w) are the real and imaginary part of the
dielectric constant, respectively. The real and imaginary parts of the
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Fig. 5. The temperature dependence of ac conductivity for C.I. Basic Violet 10 dye. The
solid lines represented least-squares fitting.



Sh.A. Mansour et al. / Dyes and Pigments 87 (2010) 144—148

0.07

0.06 +

0.05 +

0.04 +

AE(0), eV

0.03

 pE==——a

0.02 \ 4

0.01 -\-\-\- 4

0.00 ; . ; .
0.0 2.0x10*

T T T T T T T
4.0x10°  6.0x10°  80x10°  1.0x10°

f, (Hz)

Fig. 6. The frequency dependence of ac activation energy for C.I. Basic Violet 10 dye.

dielectric constant were determined from the measurements of the
capacitance C and loss tangent tan ¢ under different temperatures
and frequencies. Figs. 7 and 8 shows the variation of ¢; (w) and &,
(w) with frequency at different temperatures, respectively. As seen
in Figs. 7 and 8, ¢1 (w) and ¢, (w) decrease with increasing frequency.
This can be explained by means of the dielectric polarization
mechanism of the material. Dielectric polarization occurs as elec-
tronic, ionic, interfacial or dipolar polarization. Electronic and ionic
polarizations are active in the high frequency range, while the other
two mechanisms prevail in the low frequency range. The increase of
both ¢; (w) and &, (w) towards the low frequency region may be
attributed to interfacial polarization which occurs via space charges
formed in the material induce image charges on electrodes. In the
presence of an effective electric field, these space charges which
migrate are trapped by defects and a localized accumulation of
charge is formed at the electrode and sample interface, conse-
quently &1 (w) and ¢ (w) shows higher value at low frequencies
[35—37].

The increase of ¢; (w) with temperature can be attributed to
the fact that the polarization is connected with the thermal
motion of electron [38] so electrons cannot orient themselves at
low temperatures. When the temperature is increased, the
orientation of electrons is facilitated and this increases the value
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Fig. 7. The frequency dependence of ¢; (w) at different temperatures for C.I. Basic
Violet 10 dye.
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Fig. 8. The frequency dependence of ¢, (w) at different temperatures for C.I. Basic
Violet 10 dye.

of polarization and this increases ¢; (w) with increasing temper-
ature [39].

Fig. 9 shows the variation of the real part of dielectric constant
with temperature at different frequencies. From this figure, the
values of ¢1 (w) increase with increasing temperature with a peak at
363 K. With increasing frequency, the intensity of this peak is
decreased and becomes less pronounced. A peak in the permittivity
of the sample is observed, where the permittivity reaches
a constant value (the low frequency static permittivity) at suffi-
ciently high temperature. Such a process is characterized by an
asymmetrical dielectric loss peak. This type of behavior may be due
to disorder in the lattice, which is the result of a shift of ion from
one site to another. Although a disorder in lattice does not lead by
itself to the appearance of carriers, it substantially facilitates their
formation. The reason for this is the increase of &1 (w) which is
caused by the disorder and which weakens the coulomb interaction
between the ion that departs to another unit cell and leaves behind
avacancy. As a result, transition from a state of low ¢ (w) to state of
high ¢; (w) occur with increasing temperature [40]. A similar
behavior is observed for the variation of ¢, (w) with temperature
from Fig. 10. From this figure, it is observed that ¢, (w) increases
with increasing temperature, going to peak at 363 K and then
continues to the increase.
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Fig. 9. Variation of & (w) with temperature at different frequencies for C.I. Basic
Violet 10 dye. The solid lines represented smoothing of the experimental data.
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Fig. 10. Variation of ¢, (w) with temperature at different frequencies for C.I. Basic Violet
10 dye. The solid lines represented smoothing of the experimental data.

4. Conclusions

The electrical and dielectrical properties of Basic Violet 10 dye
have been investigated. The alternating current and direct current
conductivity mechanisms of Basic Violet 10 dye were analyzed. The
density of the localized states N (Er) was found to be 0.15 x 10%% —
4.4 x 10?2 eV~ cm~3 within the studied range of temperatures and
frequencies. The dielectric relaxation mechanism for the dye was
explained in terms of dependence on temperature and frequency.
Hence, C.I. Basic Violet 10 is an organic semiconductor and its
dielectric relaxation mechanism is temperature-dependent.
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