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Abstract: Organic semiconductors (OSCs) have attracted considerable attention for many promising
applications, such as organic light-emitting diodes (OLEDs), organic field-effect transistors (OFETs),
and organic photovoltaics (OPVs). The present work introduced E143 food dye as a new nanos-
tructured organic semiconductor that has several advantages, such as low cost, easy fabrication,
biocompatibility, and unique physical properties. The material was characterized using a transmis-
sion electron microscope (TEM), Fourier transform infrared (FT-IR) spectroscopy, thermogravimetric
analysis (TGA), and optical absorption spectroscopy. The study of X-ray diffraction (XRD) showed
that E143 dye has a monoclinic polycrystalline structure. Electrical and dielectric properties were
performed by impedance spectroscopy at frequencies (20 Hz-1 MHz) in the temperature range
(303-473 K). The values of interband transitions and activation energy recommended the application
of E143 dye as a new organic semiconductor material with promising stability, especially in the range
of hot climates such as KSA.

Keywords: E143 food dye; organic semiconductors; interband transitions; electrical conductivity;
dielectric relaxations

1. Introduction

Organic semiconductors (OSCs) are compounds with a complex aromatic molecular
structure and fixed color for many potential applications, such as photovoltaics (PVs),
electronics, photosensors, and nonlinear optics [1-3]. Unlike conventional semiconductors,
OSCs are solid crystalline materials whose building blocks are m-bonded molecules of
carbon and hydrogen atoms and sometimes other elements such as nitrogen, sulfur, and
oxygen. Numerous commercial products employing organic dyes as OSCs have appeared
in the market in different fields, such as down-shifting PV coatings [4], flat-screen dis-
plays [5,6], and many industrial processes [7]. A great interest has been devoted to organic
dyes to understand the physical processes that can occur in the devices based on these
materials [8]. Charge transport is one of the important processes where charge carriers
(electrons or holes) move through organic dyes or between organic dyes and other materials,
such as electrodes or semiconductors [9,10]. This process can affect the performance and
efficiency of devices based on organic dyes, such as dye-sensitized solar cells (DSSCs) [11],
organic field-effect transistors (OFETs) [12], and organic light-emitting diodes (OLEDs) [13].
Organic dyes are usually used as active OSCs for OLED used for digital displays in several
electronic products [14]. Some examples of OSCs for OLEDs are organometallic chelates
such as Alqg3, fluorescent and phosphorescent dyes, and conjugated dendrimers. These
dyes can be incorporated into different layers of OLEDs, such as the hole injection layer
(HIL), the hole transport layer (HTL), and the emissive layer (EML) [15]. Recent studies
on the electrical conductivity of natural organic dyes have been performed to understand
their potential applications in electronic devices [16,17]. This study has important features
depending on the dye molecular structure, crystallinity, and temperature by which the
conduction mechanisms can be revealed [18,19]. The physical properties of organic dyes
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are currently an important motivation in many fields of applied research [20]. The develop-
ment of nanostructured organic dyes by aromatic rings, conjugated systems, heterocycles,
or metal complexes has opened the way to enhance the processing and physical properties
for different applications [21]. E143 (C37H34N2NayO1(S3) is a turquoise triarylmethane
food dye; this dye is a derivative from hydrocarbon, triphenylmethane, tertiary alcohol,
and triphenylcarbinol groups [22]. Figure 1 illustrates the chemical structure of E143 dye, it
is structurally like azo dyes substituted with a phenolic hydroxyl and two sulfonic acid
groups. However, the complex aromatic molecular structure of this dye make it more stable
and difficult to be biodegraded [23]. E143 food dye is usually supplied as a crystalline solid
in the form of dark green powder or granules with a metallic luster, and its brilliant color
is less likely to fade. E143 food dye is used in many potential applications such as food
industries [24-26], medical applications [27-29], and waste water treatment [30]. It is also
used as a quantitative stain for histones at alkaline PH after acid extraction of DNA as well
as protein stain in electrophoresis [31]. It is considered a safe stain for tumor detection as it
forms stable-colored complexes with histones [32]. The present work aims to introduce a
new line of the applications of E143 food dye as an organic semiconductor material, this is
achieved by studying the structure, interband transition, electrical conductivity, and the
dielectric properties to check whether it can be applied to organic semiconductor-based
devices.
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Figure 1. The chemical structure and physical form of E143 food dye (C37H34N»NayO1¢S3).

2. Experimental Techniques

E143 food dye (certified by the Biological Stain Commission) was obtained from
Merck, Germany, with the molecular formula C37H34N>NayO1¢S3 and a molecular weight
of 808.85 gm; this dye is usually supplied as a crystalline solid and stable for two years
at room temperature. TEM measurement was carried out using a transmission electron
microscope (JEOL JEM-1400, Tokyo, Japan). E143 dye powder was dissolved in ethanol
with a concentration of 10~ wt% and then loaded on a carbon-coated copper grid. The
grid was masked by a protective film to avoid material damage by an electron beam.
Other precautions were taken, such as fast scanning and reduced beam current [33]. A
Fourier transform (FT-IR) spectrum was recorded by (NICOLET 6700 FT-IR, Waltham, MA,
USA) in the wavenumber range of 4000-400 cm~!. TGA for E143 was performed in the
temperature range 40-900 °C in a nitrogen atmosphere at a heating rate of 10 °C/min using
a thermogravimetric analyzer. X-ray diffraction (XRD) patterns were recorded by x-ray
diffractometer (SHIMADZUXRD-6100,Tokyo, Japan), using CuKo (A = 1.5406 A) radiation
over 20, ranging from 5 to 90° with a scan speed 2 deg/min. The optical absorption
spectrum 10~ wt% E143 dye ethanol solution was recorded at room temperature in the
wavelength range (300-1100 nm) using a spectrophotometer type (JASCO, V-770, UV-VIS-
NIR, Tokyo, Japan). Direct (DC) and alternating current (AC) was measured; the dye
was compacted in the form of circular discs of area 0.0065 m? and thickness (1.6 mm)
and heated in a shielded homemade furnace in the temperature range (298-383 K). DC
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electrical conductivity was determined from the resistance measured directly using a digital
electrometer (Keithley 616, Ohio, USA). The measurements of AC electrical conductivity
and dielectric properties were carried out in the frequency range of 100 Hz-1 MHz using
an impedance meter (Wayne Kerr-6440B RLC, MA, USA), with accuracy (£0.005%).

3. Results and Discussion
3.1. TEM Characterization

Figure 2 shows a TEM image of E143 food dye (C37H34N;Na;019S3) dissolved in
ethanol, and it is clear from the scale bar that organic molecules have a cluster form
of nanosized structure. This property enables a structural diversity for easily tunable
photoelectronic properties via low-temperature chemical processing and adjustable band
gap of OSC applications [3,34]. It was reported that promising subwavelength structures
could manipulate the amplitude, phase, frequency, and polarization state of light for
various applications, such as nonlinear optics, surface photocatalysis, surface-enhanced
spectroscopy, and photodetection [35,36].

Figure 2. TEM image of nanosized E143 food dye (C37H34N;NaO10S3).

3.2. FT-IR Spectroscopy

FT-IR transmittance spectra of E143 food dye (C37H34N>Na;O1S3) in powder form
are demonstrated in Figure 3. The important characteristic bands, along with the main
functional groups, were determined. The broadband observed at high energy, located
around 3443.2 cm™!, can be assigned to the hydroxyl group (~OH). The vibrational modes
recorded at 3181.8 cm~! can be assigned to the asymmetric stretching vibration of the
aliphatic C-H bond, whereas the band that appeared at 3064 cm ! may be raised from the
vibrational resonance of the -CHj3 bond. In addition, a very strong vibration mode that
appeared at 1575 cm~! can be due to the aromatic ring C=C [37]. Generally, the functional
groups depicted by FT-IR spectra are well correlated to the chemical structure of the E143
compound.
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Figure 3. FT-IR of E143 food dye (C37H34N;NayO1(S3).

3.3. Thermogravimetric Analysis

Thermogravimetric (TGA) analysis is an important tool for examining the thermal
stability of different materials, especially organic materials, which usually have low melting
points due to their weak intermolecular forces. Figure 4 shows the TGA curve and the
derivative (DTGA) thermographs for E143 food dye (C3yH34NyNayO19S3) processed in
powder form. It was observed that TG curves exhibit three weight loss steps that occurred
in the range (30-100 °C), (100-250 °C), and (250-400 °C), respectively. In the first step, the
initial weight loss is usually attributed to the evaporation of superficial humidity and traces
of volatile constituents that are present in the dye. Subsequently, a further slight weight
loss occurred in the second step (100-250 °C), showing the thermal stability of the dye
in this temperature range. Finally, in the last step (260-400 °C), a large percentage of the
total mass was lost due to the decomposition of the dye molecules as a result of thermal
degradation [38]. The decomposition suggests that the TGA curve during heating can be
clearly observed in the diagram of DTGA. An inspection of the DTGA curve showed the
first phase transition at 82 °C followed by decomposition temperatures at 270 °C and the
melting point at 330 °C, respectively. These values are high due to the existence of many
carbon atoms compared to low molecular-weight organic dyes. This study endorses the
promising thermal stability of E143 and recommends its use in electrical and solar energy
applications in a wide temperature range.
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Figure 4. TGA and DTGA of E143 food dye (C3yH34N;NayO1(S3).

3.4. X-ray Diffraction

XRD spectra of E143 food dye (C37H34N2NayO10S3) in powder form were recorded in
the 20 range from 5 to 90°; the characteristic peaks were found in the range of 10-35°, as
shown in Figure 5. The maximum intensity is observed at 22.59° for the plane —412, while
the sharpest peaks appeared at 14.82°, 16.84° and 17.30°, and 22.54° corresponding to the
planes (011), (111), and (—102), respectively. All the diffraction peaks in the powder spectra
were indexed, and Miller indices (hkl) were determined with the aid of the CRYSFIRE
computer program. The refinement of the obtained lattice parameters via the experimental
and the calculated 20° was determined using the CHEKCELL program [39]. The obtained
hkl, observed and calculated 20 with the difference between these values, are listed in
Table 1. It is observed that E143 has a polycrystalline nature with a monoclinic crystal
structure; the calculated lattice parameters are a = 11.5442 A, b=7.7879 A, c =10.5705 A,
=y =90°p=118.21°).
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Figure 5. XRD pattern of E143 food dye (C3;H34N;Na;010S3).

Table 1. XRD identification of Miller indices for E143 food dye (C3yH34N>NayO10S3) in powder form.

hkl (obs.) 20° (calc.) 26° A(206°)
—110 12.2675 12.2742 —0.0067
11 14.8228 14.8149 0.0079
201 16.18 16.1646 0.0154
111 16.84 16.8394 0.0006
—102 17.3 17.314 —0.014
—310 18.0375 18.0471 —0.0096
2 19.0089 19.0397 —0.0308
211 19.82 19.7968 0.0232
—112 20.76 20.7521 0.0079
—412 22.54 22.512 0.028
500 234 23.4093 —0.0093
202 24.94 24.9403 —0.0003
—510 26.1 26.0874 0.0126
-320 26.86 26.8613 —0.0013
411 27.28 27.2892 —0.0092
—213 28.09 28.0867 0.0033
—-122 28.8 28.7862 0.0138
321 30.74 30.7513 —0.0113
—711 31.76 31.8061 —0.0461
—700 33.04 32.9997 0.0403

421 33.89 33.9008 —0.0108




Nanomaterials 2023, 13, 1974

7 of 20

3.5. Optical Absorption

Figure 6 illustrates the room temperature optical absorption spectrum of E143 food
dye (C37H34N;NayO1S3) dissolved in ethanol with a concentration of 10~* wt%, and the
material exhibits a wide UV—vis absorption spectrum that covers the wavelength range
from 350 to 700 nm. The spectrum shows two major absorption bands; the first band can
be due to transitions from the ground state to the second excited state (Sg—S,) around
437 nm, which is called the B band or the Soret band [40]. The second absorption band is
due to the transition from the ground state to the first excited state (Syp—S;) around 618 nm,
which is called the Q band [40]. Both the B and Q bands are due to 7-7t* transitions and
can be understood by Gouterman four orbital model by looking at the far frontier orbitals
(HOMO and LOMO) [41]. The B band is usually located in the ultraviolet region, but it can
shift to the visible region depending on the structure and environment of the molecule [42].
For example, metal complexes of phthalocyanines and porphyrins can have B bands in the
visible region due to the interaction between the metal and the ring system [43].
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Figure 6. Optical absorption spectra of E143 food dye (C3;H34N;NayO1¢S3) dissolved in ethanol
with concentration 1073 wt%. The interband band transition, Eint, is indicated inset.

Interband transition is a process in which a photon can excite an electron from an
occupied state in the valence band to an unoccupied state in the conduction band of a
material, and this process involves the absorption of the photon and the creation of a hole
in the valence band [42]. Interband transitions can be either direct or indirect, depending
on whether the crystal momentum of the electron is conserved or not. The absorption
spectrum was replotted inset Figure 6 as a function of photon energy to determine the
interband energy transition, Ejn, from HOMO to LUMO from the intercept at the energy
axis [44]. It is noted that the value of Ej,; is 1.885 eV lies in the range of semiconducting
materials (0.1-3 eV) [17]. This feature means that charge carriers can contribute to the
electrical conductivity due to the creation of an electron-hole upon photon absorption by
E143 dye molecules [45]. The efficiency and mechanism of interband transitions depend on
several factors, such as the type of band gap (direct or indirect), the presence of impurity
states or defects, the crystal structure and composition of the semiconductor, and the
temperature [46].
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3.6. DC Conductivity

The temperature effect on the DC electrical conductivity, o4, was studied for circular
discs made of E143 food dye (CayH34N>NayO1¢S3) at different temperatures in the range
(303-473 K) and plotted as shown in Figure 7. It was observed that o is thermally
activated up to a peak value located at 353 K and then decreased at higher temperatures.
This behavior suggested the existence of two different conduction mechanisms, the first
operates in the low-temperature range (303-353 K), and the second occurs in the range (353—
473 K). The behavior of DC conductivity can be described using the Arrhenius equation [16],

AE,
oy = erxp<— kB;) 1)

where AE, is the activation energy for the electrical conduction, T is the absolute temper-
ature; kg is Boltzmann’s constant, and ¢y, is the pre-exponential factor depending on the
density of states and the charge carrier mobility. The calculated values of the activation
energy of the two regions AE;1 and AE,, were 0.10 eV and 0.24 eV, respectively. At region
(1), the electrical conductivity of the dye is increased by increasing temperature, with
similar behavior as observed in semiconductors. Additionally, the calculated activation
energy confirms that the dye is an organic semiconductor [47]. This behavior implies that
as the temperature is increased, the charge carriers gain higher mobility and overcome
the activation energy barrier and contribute to the electrical conduction. The observed
increase in the conduction can be associated with the increased mobility of electrons of the
organic compounds [48] and reveals the semiconducting behavior of E143 dye. At higher
Ctemperatures above 353 K, the values of o, are decreased by increasing temperature
due to the phase changes as verified by TGA studies. This behavior may be ascribed to
the lattice disorder caused by thermal vibrations, which cause random motions of charge
carriers from one site to another and hinder the conduction process.

1 0-4 T T T T T T T T T T T T

o 10°F ]
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Figure 7. Temperature dependence of DC electrical conductivity, o4, of E143 food dye
(C37H34N>Nay O10S3).

3.7. AC Conductivity

The frequency dependent on AC electrical conductivity for semiconductor materials is
an important study to explain the conduction mechanism. Understanding the conduction
process gives valuable information about the defect levels present in the system and also
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helps to differentiate between localized and free band conduction. Regarding the localized
conduction, o, increases with frequency, while ¢, decreases with frequency in the free
band conduction. The total conductivity, oy, at angular frequency w, can be written
as [18,49],

Utotal = Odc + Oac 2)

where 0. and 0, are the DC and AC conductivities; it is assumed that o, represents o, at
zero frequency. In many semiconductors and insulators, the frequency dependence of o,
can be expressed by [18,49],

Oac(w) = Aw® ©)]

where A is a temperature-dependent constant; w is the angular frequency; and s is the
frequency exponent, which controls the type of the conduction mechanism and is generally
smaller than or equal to unity. Figure 8 shows the frequency dependence of o, in the
frequency range from 30 Hz to 1 MHz and a temperature range of 303-473 K for circular
discs made of E143 food dye (C3yH34N3NayO10S3). It is noted that o, increases with
increasing frequency; this behavior is ascribed to the electron jumping (hopping and/or
tunneling) between electron donor atoms and empty sites localized in the band gap [50].
The values of the frequency exponent s were directly obtained by calculating the slopes of
Figure 8 at the studied temperature range. The temperature dependence of s is shown in
Figure 9; the values are decreased with increasing temperature to 353 K and then increased.

-2

log 6,4, (6,, in Q'm")
A
T

6 8 10 12 14 16 18
Ino(oinHz)

Figure 8. Frequency dependence of AC conductivity, o,c, for E143 food dye (C3yH34N;NayO10S3) at
different temperatures.
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Figure 9. Temperature dependence of the frequency exponent, s, and 1-s, for E143 food dye
(C37H34N2NapO1S3).

Many models have been postulated in order to explain the AC conduction in semicon-
ductors based on the frequency and temperature dependence of the frequency exponent s.
Quantum Mechanical Tunneling (QMT) [51] and Correlated Barrier Hopping (CBH) are
the most well-known models used for this issue [19,52]. Regarding these models, three
types of charge carriers are distinguished: electrons, small polarons, and large polarons.
In the CBH model, the charge carriers jump over the potential barrier between two defect
states over the potential barrier separating them. In the temperature range T < 383 K, the
exponent s is decreased with temperature obeying the CBH model according to [53],

1-5 = 6kgT/Wi, )

where W,, is the carrier in the localized states. The calculated value of W,,, was 0.34 eV,
as obtained by calculating the slope of the 1-s versus T relation plotted in Figure 9. It is
obviously noted from the extrapolation of the 1-s plot that the value of s approaches one as
T tends to zero K, so the CBH model is the dominant conduction mechanism at T < 353 K.
On the other hand, at temperature values T > 353 K, the value of s increases by raising the
temperature signifying the typical behavior of the QMT model. In the non-overlapping
small polaron tunneling (NSPT) model, s is only temperature dependent as it slightly
increases with increasing temperature. Thus NSPT model cannot be applied to determine
the conduction mechanisms for the obtained results. According to the overlapping large
polaron tunneling (OLPT) model, the value of s is decreased by increasing temperature
until reaching a minimum value at a given temperature and then continues to increase by
increasing temperature [54]. This model discussed o predicted from the QMT model in
which tunneling of polarons is the dominant mechanism along with considerable overlap
of polaron distortion clouds. For large polarons, the spatial extent is large compared with
the inter-atomic spacing; thus, the potential wells of neighboring sites are overlapped. As
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a result of the dominant Coulombic interaction, the polaron hopping energy is reduced.
According to the OLPT model, the frequency exponent “s” can be evaluated by [55],

8aR 6W RukpT
s—1— aRey + Hz;\]p/ sz ®)
(20R0 + Toit )

where R, is the hopping length, 7, is the polaron radius, and Wy is the hopping polaron
energy assumed to be constant for all sites given by [55],

Who = &/ dep 1p (6)

Thus, the OLPT model suggests that the frequency exponent s should be temperature
and frequency dependent and decreases from unity by increasing temperature. For large
values of 2ary, s is decreased, tending to the value predicted by the QMT model. On the
other hand, for the small values of 2ary, s exhibits a minimum value at a certain temperature
and then increase by increasing temperature in a similar way to the case of small-polarons
according to the QMT model. OLPT conduction mechanism suggests the application of
E143 food dye as a hole injection layer (HIL) for OLED applications since large polarons
can tunnel through the potential barriers created by overlapping lattice distortions [56,57].
This can be ascribed to the fact that large polarons can affect the charge injection and
transport in OLEDs by modifying the energy barriers and tunneling rates at the interfaces
between different organic layers [58,59]. The temperature dependence of 0c(w) is shown in
Figure 10 at different frequencies. It is clear that o,(w) is thermally activated up to a peak
value at a certain temperature and then continues to decrease by increasing temperature
in agreement with the behavior observed for o, results. This peak is shifted to higher
temperatures by increasing the frequency of the applied field due to the enhancement of
carrier jumping. This can be ascribed to the increase in carrier mobility according to the
thermal activation jumping model.

2kHz A
5 kHz
10 kHz 7
25 kHz ]
50 kHz ]
—»—100 kHz 1
——200 kHz A

—e— 500 kHz
—=— 1 MHz

10° |

Hi

10*

G, (@'m™)

10° |

1 0-6 L | L | L | L |

Figure 10. The temperature dependence of AC conductivity, o, for E143 food dye
(C37H34N2Nap01S3).
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The temperature dependence of 0,c(w) is controlled by the thermal activation process
according to the Arrhenius equation [60],

Oac (W) = opexp (— AIEB(;U) ) (7)

where AE(w) is the activation energy for the electrical conduction. The AC activation energy
was calculated for all the investigated frequencies; the frequency dependence of AE(w)
for E143 dye is shown in Figure 11. It is clearly noted that AE(w) decreases by increasing
frequency; such a decrease can be due to the contribution of the applied frequency to the
conduction mechanism. This result suggests that hopping conduction is the dominant
mechanism. It was observed that the values of AE(w) are decreased by increasing frequency;
this can be due to the fact that the increase in the frequency improves the electronic jumps
between the localized states.

T T LR | T LI | T LR | T T
03F -
0.25 |- -

S
D 02F ]

=

LLI
< 015} i
0.1} i
0.05 |- -
raaal ! AT | ! ool ! Lol ! !

10* 10° 108 10’

o (Hz)

Figure 11. Linear Fitting of the frequency dependence of AC activation energy for E143 food dye
(C37H34N;NazO10S3).

3.8. Dielectric Properties

Figure 12 shows the effect of frequency on the loss factor tan 6 for E143 food dye
(C37H34N2NayO1S3). It is noted that the values of tand are high at low frequencies; this
can be due to the Ionian conduction loss besides the loss of the electronic polarization.
However, in the high-frequency region, there is one mechanism that controls the process,
the oscillation in the Ionian dielectric loss [61]. The temperature dependence of tand is
illustrated in Figure 13 for E143 food dye (C3yH34N>NayO1¢S3) at selected frequencies. It
was noted that all the plots have one broad maximum, which is attenuated and shifted
towards higher frequencies by increasing temperature. This attenuation can be due to
the phonon dipole interaction, which leads to a decrease in the energy transported to the
dielectric medium. This behavior is characteristic of the dielectric relaxations caused by the
localized movement of the segments in the dye molecules.
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Figure 12. The frequency dependence of tand at different temperatures for E143 food dye
(C37H34N2NazO10S3).
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Figure 13. Temperature dependence of tand for E143 (C3yH34N;NayO1(S3) dye.
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The study of dielectric relaxation is very important to understand the origin of dielec-
tric losses as a potential tool for the determination of the structure and defects existing in
solids. The complex dielectric function for the investigated organic dye is expressed by the
Debye equation [62],

£ (@) = ¢ () +ie" () ®)

where (w) and (w) are the real and imaginary parts of the dielectric constant, respectively.
The values of (w) and (w) were determined from the measurements of the capacitance and
loss tangent tand under different temperatures and frequencies. Figures 14 and 15 show the
frequency dependence of (w) and (w) for E143 food dye (C37H34N2NapO10S3) recorded at
different temperatures. It was observed that (w) is decreased by increasing frequency; this
behavior can be explained by the dielectric polarization mechanisms of materials, which
usually occur as interfacial, dipolar, ionic, and electronic polarization [63]. Electronic and
ionic polarizability is active in the high-frequency range, while the other two mechanisms
occur at low frequencies [64]. The dielectric molecules consist of negative charges centered
around the positive charges located at the center of the molecule. When these molecules
are subjected to an external electric field, the positive charges are biased toward the field,
while the negative charges are biased to the opposite direction. As a result, the positive
charge center is no longer applicable with the negatively charged center but separated by
a small distance, causing the emergence of electrical dipoles, then the molecules become
polarized and gain dipole moment. The effect of interfacial polarization appears at low
frequencies and vanishes at higher frequencies, while the electronic and ionic polarizations
come to be pronounced [65]. The decrease in (w) with frequency may be ascribed to the fact
that the migration of dipoles is the main source of the dielectric loss [66]. Accordingly, low
and moderate frequencies are categorized by high values of (w) due to the occurrence of
carrier jumping in addition to polarization. On the other hand, at higher frequency values,
the dipole vibrations may be the only source of dielectric loss, so (w) decreases at high
frequencies [66]. The obtained results of (w) can be explained on the basis of the theory of
hopping of the charge carriers over the potential barrier between defect sites, as suggested
by Elliot [67].

The temperature dependence of (w) and (w) for E143 food dye (C3yH34N;NayO1¢S3)
was studied at different frequencies and plotted in Figures 16 and 17. The increase in (w)
by increasing temperature can be due to the increase in polarization caused by the thermal
motion of electrons [68]. Since the dipoles cannot orient themselves at low temperatures,
their orientation is strongly facilitated by heating the material, and the value of polarization
is increased [69]. It was also observed that the trend of (w) is a typical behavior for a
polar dielectric as the value of (w) increases up to a peak value at a certain temperature
and then drops. This drop in can be ascribed to the intensified thermal vibrations of the
dye molecules, which disturb the orderliness of the oriented dipoles [70,71]; a similar
trend is applicable for the dependence of the dielectric loss (w) with temperature. The
dielectric properties of E143 food dye have screened a new OSC material with known
energy alignment relaxation spectra and dielectric strength, which are directly related to
the device stability and lifetime [72,73].
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Figure 14. The frequency dependence of the dielectric constant, ¢, at different temperatures for E143
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4. Conclusions

Based on the obtained results, E143 food dye (C3yH34N2NayO10S3) can be considered
as an organic semiconductor material as confirmed by the measured value of room tem-
perature of interband transition (Eiy; = 1.885 eV), DC conductivity (¢4 =3 x 107° S/m),
and activation energy (0.1 eV). This result has motivated our group to conduct future
intensive studies on E143 dye (C37H34N2NayO10S3) thin films for bandgap engineering and
mobility optimization for OSC devices. The conduction mechanism has been explained on
the basis of the OLPT model, which suggested the application of E143 food dye as a hole
injection layer (HIL) for OLED applications. The dielectric properties were explicated on
the basis of the Debye model for the frequency and temperature dependence for the typical
semiconductor material. This study is significant as dielectric relaxations can strongly affect
the performance and stability of OSC devices, such as transistors, capacitors, sensors, etc.
Moreover, TGA measurements revealed that E143 food dye (C3yH34N>NayO10S3) exhibits
excellent thermal stability over a wide range of climatic temperatures. E143 food dye
(C37H34N>Nay010S3) is recommended to be considered a sustainable OSC material for the
future of green energy in hot countries like KSA.

Author Contributions: Conceptualization, M.A. and S.A.; methodology, S.A.; software, M.A.; valida-
tion, M.A. and S.A.; formal analysis, S.A.; investigation, M. A; resources, M.A; data curation, S.A.;
writing—original draft preparation, S.A.; writing—review and editing, M.A.; visualization, M.A.;
supervision, M.A.; project administration, M.A.; funding acquisition, M.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Prince Sattam bin Abdulaziz University grant number
[PSAU/2023/R/1444] and There is no funding for APC.

Data Availability Statement: The data that support the findings of this study are not publicly
available due to privacy conditions.

Acknowledgments: This study is supported via funding from Prince Sattam bin Abdulaziz Univer-
sity project number (PSAU/2023/R/1444).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nawaz, A.; Merces, L.; Ferro, L.M.; Sonar, P.; Bufon, C.C. Impact of Planar and Vertical Organic Field-Effect Transistors on Flexible
Electronics. Adv. Mater. 2023, 35, 2204804. [CrossRef]

2. Peng, Z.; Stingelin, N.; Ade, H.; Michels, J.]. A materials physics perspective on structure-processing—function relations in blends
of organic semiconductors. Nat. Rev. Mater. 2023, 8, 439-455. [CrossRef]

3. Kamalabadi, M.; Dashtian, K.; Afkhami, A.; Madrakian, T.; Ghoorchian, A. Nanostructure Semiconductor Materials for Device
Applications. In Advances in Nanostructured Materials; Springer: Berlin/Heidelberg, Germany, 2022; pp. 57-86.

4. Ayala Barragan, M.F,; Chandra, S.; Cass, B.; McCormack, S.J. Defining Critical Parameters in a Luminescent Downshifting Layer for PV
Enhancement; Sustainable Energy Development and Innovation: Selected Papers from the World Renewable Energy Congress
(WREC) 2020; Springer: Berlin/Heidelberg, Germany, 2022; pp. 865-870.

5. Yang, W.; Wang, X.; Wang, S.; Hao, W. White-light-emitting hybrid film from fluorescent hyperbranched poly (amido amine). J.
Appl. Polym. Sci. 2018, 135, 46015. [CrossRef]

6.  Sipaviciute, D.; Baranauskyte, U.; Tavgeniene, D.; Krucaite, G.; Grazulevicius, J.; Volyniuk, D.; Grigalevicius, S. Phenylethenyl
substituted 10-alkylphenoxazines as new electroactive materials for organic light emitting diodes. Dye. Pigment. 2018, 148,
313-318. [CrossRef]

7. Shanker, U.; Hussain, C.M.; Rani, M. Green Functionalized Nanomaterials for Environmental Applications; Elsevier: Amsterdam, The
Netherlands, 2021.

8.  Gsdnger, M,; Bialas, D.; Huang, L.; Stolte, M.; Wiirthner, F. Organic semiconductors based on dyes and color pigments. Adv.
Mater. 2016, 28, 3615-3645. [CrossRef]

9.  Bora, S.R;; Kalita, D.J. Tuning the charge transfer and optoelectronic properties of tetrathiafulvalene based organic dye-sensitized
solar cells: A theoretical approach. RSC Adv. 2021, 11, 39246-39261. [CrossRef]

10. An, L.; Zheng, L.; Xu, C.; Zhao, Z.; Gao, F.; Wang, W.; Ou, C.; Dong, X. Organic Charge-Transfer Complexes for Near-Infrared-

Triggered Photothermal Materials. Small Struct. 2023, 4, 2200220. [CrossRef]


https://doi.org/10.1002/adma.202204804
https://doi.org/10.1038/s41578-023-00541-5
https://doi.org/10.1002/app.46015
https://doi.org/10.1016/j.dyepig.2017.09.021
https://doi.org/10.1002/adma.201505440
https://doi.org/10.1039/D1RA05887H
https://doi.org/10.1002/sstr.202200220

Nanomaterials 2023, 13, 1974 18 of 20

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Bonomo, M.; Zarate, A.S.; Fagiolari, L.; Damin, A.; Galliano, S.; Gerbaldi, C.; Bella, F,; Barolo, C. Unreported resistance in charge
transport limits the photoconversion efficiency of aqueous dye-sensitised solar cells: An electrochemical impedance spectroscopy
study. Mater. Today Sustain. 2023, 21, 100271. [CrossRef]

Horowitz, G. Organic field-effect transistors. Adv. Mater. 1998, 10, 365-377. [CrossRef]

Shirota, Y.; Kageyama, H. Charge carrier transporting molecular materials and their applications in devices. Chem. Rev. 2007, 107,
953-1010. [CrossRef]

Korshunov, VM.; Chmovzh, T.N.; Freidzon, A.Y.; Minyaev, M.E.; Barkanov, A.D.; Golovanov, 1.S.; Mikhalchenko, L.V.; Avetisov,
I.C.; Taydakov, 1.V.; Rakitin, O.A. Small D-n-A-7-D organic dyes for near-infrared emitting OLEDs with excellent external
quantum efficiency. Dye. Pigment. 2022, 208, 110860. [CrossRef]

Gaspar, D.J.; Polikarpov, E. OLED Fundamentals: Materials, Devices, and Processing of Organic Light-Emitting Diodes; CRC Press:
Boca Raton, FL, USA, 2015.

Karan, A.K; Bhunia, S.; Manik, N. Study on the Conductivity of a Sunset Yellow Dye-Based Natural Organic Device. J. Electron.
Mater. 2022, 51, 7156-7163. [CrossRef]

Amin, P.O.; Muhammadsharif, EF,; Saeed, S.R.; Sulaiman, K. A study on the optoelectronic parameters of natural dyes extracted
from beetroot, cabbage, walnut, and henna for potential applications in organic electronics. J. Fluoresc. 2021, 32, 203-213.
[CrossRef] [PubMed]

Elliott, S. Ac conduction in amorphous chalcogenide and pnictide semiconductors. Adv. Phys. 1987, 36, 135-217. [CrossRef]
Elliott, S. Temperature dependence of ac conductivity of chalcogenide glasses. Philos. Mag. B 1978, 37, 553-560. [CrossRef]
Zollinger, H. Color Chemistry: Syntheses, Properties, and Applications of Organic Dyes and Pigments; John Wiley & Sons: Hoboken, NJ,
USA, 2003.

Bhushan, B,; Luo, D.; Schricker, S.R.; Sigmund, W.; Zauscher, S. Handbook of Nanomaterials Properties; Springer Science & Business
Media: Berlin, Germany, 2014.

Sabnis, R.W. Handbook of Biological Dyes and Stains: Synthesis and Industrial Applications; John Wiley & Sons: Hoboken, NJ, USA,
2010.

Jamshidi-Ghaleh, K.; Salmani, S.; Ara, M.H.M. Nonlinear responses and optical limiting behavior of fast green FCF dye under a
low power CW He-Ne laser irradiation. Opt. Commun. 2007, 271, 551-554. [CrossRef]

Arnold, L.E.; Lofthouse, N.; Hurt, E. Artificial food colors and attention-deficit/hyperactivity symptoms: Conclusions to dye for.
Neurotherapeutics 2012, 9, 599-609. [CrossRef]

Gong, R.; Sun, Y; Chen, J.; Liu, H.; Yang, C. Effect of chemical modification on dye adsorption capacity of peanut hull. Dye.
Pigment. 2005, 67, 175-181. [CrossRef]

Feng, E; Zhao, Y.; Yong, W.; Sun, L.; Jiang, G.; Chu, X. Highly sensitive and accurate screening of 40 dyes in soft drinks by liquid
chromatography—electrospray tandem mass spectrometry. J. Chromatogr. B 2011, 879, 1813-1818. [CrossRef]

Wang, X.; Gu, X; Yuan, C.; Chen, S.; Zhang, P.; Zhang, T.; Yao, ].; Chen, F; Chen, G. Evaluation of biocompatibility of polypyrrole
in vitro and in vivo. J. Biomed. Mater. Res. Part A 2004, 68, 411-422. [CrossRef]

Schmitz, N.; Laverty, S.; Kraus, V.; Aigner, T. Basic methods in histopathology of joint tissues. Osteoarthr. Cartil. 2010, 18,
S113-5116. [CrossRef] [PubMed]

Licha, K.; Riefke, B.; Ntziachristos, V.; Becker, A.; Chance, B.; Semmler, W. Hydrophilic Cyanine Dyes as Contrast Agents for
Near-infrared Tumor Imaging: Synthesis, Photophysical Properties and Spectroscopic In vivo Characterization. Photochem.
Photobiol. 2000, 72, 392-398. [CrossRef] [PubMed]

Qandeel, N.A_; El-Masry, A.A.; Eid, M.; Moustafa, M.A.; El-Shaheny, R. Fast one-pot microwave-assisted green synthesis of highly
fluorescent plant-inspired S, N-self-doped carbon quantum dots as a sensitive probe for the antiviral drug nitazoxanide and
hemoglobin. Anal. Chim. Acta 2023, 1237, 340592. [CrossRef] [PubMed]

Choong, EX.; Sandoval, R.M.; Molitoris, B.A.; Richter-Dahlfors, A. Multiphoton microscopy applied for real-time intravital
imaging of bacterial infections in vivo. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 2012; Volume 506,
pp- 35-61.

Weisenthal, L.M.; Marsden, J.A.; Dill, PL.; Macaluso, C.K. A novel dye exclusion method for testing in vitro chemosensitivity of
human tumors. Cancer Res. 1983, 43, 749. [PubMed]

Mast, J.; Verleysen, E.; Hodoroaba, V.-D.; Kaegi, R. Characterization of nanomaterials by transmission electron microscopy:
Measurement procedures. In Characterization of Nanoparticles; Elsevier: Amsterdam, The Netherlands, 2020; pp. 29—-48.

Dong, J.; Yan, C.; Chen, Y.; Zhou, W.; Peng, Y.; Zhang, Y.; Wang, L.-N.; Huang, Z.-H. Organic semiconductor nanostructures:
Optoelectronic properties, modification strategies, and photocatalytic applications. J. Mater. Sci. Technol. 2022, 113, 175-198.
[CrossRef]

Malkiel, I; Mrejen, M.; Nagler, A.; Arieli, U.; Wolf, L.; Suchowski, H. Plasmonic nanostructure design and characterization via
deep learning. Light Sci. Appl. 2018, 7, 60. [CrossRef]

Gan, Q. Correlate light-matter interactions in different spectral regimes. Light Sci. Appl. 2022, 11, 50. [CrossRef]

El-Menyawy, E.; El-Ghamaz, N.; Nawar, H. Infrared spectra, optical constants and semiconductor behavior of 5-(2-
phenylhydrazono)-3, 3-dimethylcyclohexanone thin films. J. Mol. Struct. 2013, 1036, 144-150. [CrossRef]

Zeyada, H.; Makhlouf, M.; Ismail, M.; Salama, A. Thermal behavior, structure formation and optical characteristics of nanostruc-
tured basic fuchsine thin films. Mater. Chem. Phys. 2015, 163, 45-53. [CrossRef]


https://doi.org/10.1016/j.mtsust.2022.100271
https://doi.org/10.1002/(SICI)1521-4095(199803)10:5&lt;365::AID-ADMA365&gt;3.0.CO;2-U
https://doi.org/10.1021/cr050143+
https://doi.org/10.1016/j.dyepig.2022.110860
https://doi.org/10.1007/s11664-022-09954-4
https://doi.org/10.1007/s10895-021-02837-7
https://www.ncbi.nlm.nih.gov/pubmed/34694548
https://doi.org/10.1080/00018738700101971
https://doi.org/10.1080/01418637808226448
https://doi.org/10.1016/j.optcom.2006.10.037
https://doi.org/10.1007/s13311-012-0133-x
https://doi.org/10.1016/j.dyepig.2004.12.003
https://doi.org/10.1016/j.jchromb.2011.04.014
https://doi.org/10.1002/jbm.a.20065
https://doi.org/10.1016/j.joca.2010.05.026
https://www.ncbi.nlm.nih.gov/pubmed/20864017
https://doi.org/10.1562/0031-8655(2000)072&lt;0392:HCDACA&gt;2.0.CO;2
https://www.ncbi.nlm.nih.gov/pubmed/10989611
https://doi.org/10.1016/j.aca.2022.340592
https://www.ncbi.nlm.nih.gov/pubmed/36442950
https://www.ncbi.nlm.nih.gov/pubmed/6184155
https://doi.org/10.1016/j.jmst.2021.09.002
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1038/s41377-022-00724-9
https://doi.org/10.1016/j.molstruc.2012.09.067
https://doi.org/10.1016/j.matchemphys.2015.07.013

Nanomaterials 2023, 13, 1974 19 of 20

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.
68.

69.
70.
71.

Laugier, J.; Bochu, B. LMGP-Program for the Interpretation of X-Ray Experiments; INPG/Laboratoire des Matériaux et du Génie
Physique: St Martin d'Heres, France, 2000.

Stradomska, A.; Knoester, J. Shape of the Q band in the absorption spectra of porphyrin nanotubes: Vibronic coupling or exciton
effects? J. Chem. Phys. 2010, 133, 094701. [CrossRef]

Biichner, R.; Fondell, M.; Haverkamp, R.; Pietzsch, A.; da Cruz, V.V,; Fohlisch, A. The porphyrin center as a regulator for
metal-ligand covalency and 7t hybridization in the entire molecule. Phys. Chem. Chem. Phys. 2021, 23, 24765-24772. [CrossRef]
[PubMed]

Wamser, C.C.; Ghosh, A. The hyperporphyrin concept: A contemporary perspective. JACS Au 2022, 2, 1543-1560. [CrossRef]
Ridhi, R.; Saini, G.; Tripathi, S. Sensing of volatile organic compounds by copper phthalocyanine thin films. Mater. Res. Express
2017, 4, 025102. [CrossRef]

Khelfane, A.; Ziane, M.L; Tablaoui, M.; Hecini, M.; Ouadjaout, D.; Derbal, M. Composition dependence of the optical band gap
and the secondary phases via zinc content in CZTS material. Inorg. Chem. Commun. 2023, 151, 110639. [CrossRef]

Seo, D.-K.; Hoffmann, R. Direct and indirect band gap types in one-dimensional conjugated or stacked organic materials. Theor.
Chem. Acc. 1999, 102, 23-32. [CrossRef]

Bergh, A.A.; Dean, PJ. Light-emitting diodes. Proc. IEEE 1972, 60, 156-223. [CrossRef]

Bertolasi, V.; Ferretti, V.; Gilli, P; Gilli, G.; Issa, Y.; Sherif, O. Intramolecular N-H- - - O hydrogen bonding assisted by resonance.
Part 2. Intercorrelation between structural and spectroscopic parameters for five 1,3-diketone arylhydrazones derived from
dibenzoylmethane. J. Chem. Soc. Perkin Trans. 1993, 2, 2223-2228. [CrossRef]

Bertolasi, V.; Gilli, P,; Ferretti, V.; Gilli, G. Intramolecular N-H- - - O hydrogen bonding assisted by resonance. III. Structural
studies of 1-ketone-2-arylhydrazone derivatives. Acta Crystallogr. Sect. B Struct. Sci. 1994, 50, 617-625. [CrossRef]

Mott, N.E; Davis, E.A. Electronic Processes in Non-Crystalline Materials; OUP Oxford: Oxford, UK, 2012.

Ebnalwaled, A. Hopping conduction and dielectric properties of InSb bulk crystal. Int. J. Basic Appl. Sci. 2011, 11, 1.

Ghosh, A. Frequency-dependent conductivity in bismuth-vanadate glassy semiconductors. Phys. Rev. B 1990, 41, 1479. [CrossRef]
Pike, G. AC conductivity of scandium oxide and a new hopping model for conductivity. Phys. Rev. B 1972, 6, 1572. [CrossRef]
Chaudhuri, B.; Chaudhuri, K.; Som, K. Concentration and frequency dependences of AC conductivity and dielectric constant of
iron-bismuth oxide glasses—II. J. Phys. Chem. Solids 1989, 50, 1149-1155. [CrossRef]

Long, A. Frequency-dependent loss in amorphous semiconductors. Adv. Phys. 1982, 31, 553-637. [CrossRef]

Gopalan, E.V,; Malini, K.; Saravanan, S.; Kumar, D.S.; Yoshida, Y.; Anantharaman, M. Evidence for polaron conduction in
nanostructured manganese ferrite. J. Phys. D Appl. Phys. 2008, 41, 185005. [CrossRef]

Ambhil, S.; Essaleh, L.; Wasim, S.; Moumen, S.B.; Marin, G.; Alimoussa, A. Overlapping large polaron tunneling conduction
process in the ordered defect coumpound p-Culn3Se5. Mater. Res. Express 2018, 5, 085903. [CrossRef]

Megdiche, M.; Perrin-Pellegrino, C.; Gargouri, M. Conduction mechanism study by overlapping large-polaron tunnelling model
in SrNiP207 ceramic compound. J. Alloys Compd. 2014, 584, 209-215. [CrossRef]

Weng, Z.; Gillin, W.P,; Kreouzis, T. Fitting the magnetoresponses of the OLED using polaron pair model to obtain spin-pair
dynamics and local hyperfine fields. Sci. Rep. 2020, 10, 16806. [CrossRef]

Tan, M.; Koseoglu, Y.; Alan, E; Senttirk, E. Overlapping large polaron tunneling conductivity and giant dielectric constant in Ni0.
5Zn0. 5Fel. 5Cr0. 504 nanoparticles (NPs). J. Alloys Compd. 2011, 509, 9399-9405. [CrossRef]

Kalyani, B.; Pujari, N.; Edukondalu, A.; Reddy, M.S.; Vardhani, C. AC Conductivity and dielectric relaxation in Li;O-PbO-AgO3-
B,Oj3 glasses. Chin. J. Phys. 2022, 79, 141-150. [CrossRef]

Rao, V.; Ashokan, P; Shridhar, M. Studies of dielectric relaxation and ac conductivity in cellulose acetate hydrogen phthalate—poly
(methyl methacrylate) blends. Mater. Sci. Eng. A 2000, 281, 213-220. [CrossRef]

Wang, H.; Yang, L. Dielectric constant, dielectric loss, conductivity, capacitance and model analysis of electronic electroactive
polymers. Polym. Test. 2023, 120, 107965. [CrossRef]

Kurien, S.; Mathew, J.; Sebastian, S.; Potty, S.; George, K. Dielectric behavior and ac electrical conductivity of nanocrystalline
nickel aluminate. Mater. Chem. Phys. 2006, 98, 470-476. [CrossRef]

Anantha, P; Hariharan, K. AC conductivity analysis and dielectric relaxation behaviour of NaNO3z-Al,O3 composites. Mater. Sci.
Eng. B 2005, 121, 12-19. [CrossRef]

Minkin, V.I. Dipole Moments in Organic Chemistry; Springer Science & Business Media: Berlin, Germany, 2012.

El-Mallah, H. AC electrical conductivity and dielectric properties of perovskite (Pb, Ca) TiO3 ceramic. Acta Phys. Pol. Ser. A Gen.
Phys. 2012, 122, 174. [CrossRef]

Elliott, S. A theory of ac conduction in chalcogenide glasses. Philos. Mag. 1977, 36, 1291-1304. [CrossRef]

Atyia, H. Effect of Annealing Temperature on the Electric and Dielectric Properties of Se 70 Te 15 Bi 15 Films. Acta Phys. Pol. A.
2014, 125,98-104. [CrossRef]

Seyam, M. Dielectric relaxation in polycrystalline thin films of In2Te3. Appl. Surf. Sci. 2001, 181, 128-138. [CrossRef]

Odian, G. Principles of Polymerization; John Wiley & Sons: Hoboken, NJ, USA, 2004.

Briitting, W. Physics of Organic Semiconductors; John Wiley & Sons: Hoboken, NJ, USA, 2006.


https://doi.org/10.1063/1.3481654
https://doi.org/10.1039/D1CP03944J
https://www.ncbi.nlm.nih.gov/pubmed/34714305
https://doi.org/10.1021/jacsau.2c00255
https://doi.org/10.1088/2053-1591/aa54d1
https://doi.org/10.1016/j.inoche.2023.110639
https://doi.org/10.1007/s002140050469
https://doi.org/10.1109/PROC.1972.8592
https://doi.org/10.1039/P29930002223
https://doi.org/10.1107/S0108768194003034
https://doi.org/10.1103/PhysRevB.41.1479
https://doi.org/10.1103/PhysRevB.6.1572
https://doi.org/10.1016/0022-3697(89)90024-3
https://doi.org/10.1080/00018738200101418
https://doi.org/10.1088/0022-3727/41/18/185005
https://doi.org/10.1088/2053-1591/aab53c
https://doi.org/10.1016/j.jallcom.2013.09.021
https://doi.org/10.1038/s41598-020-73953-w
https://doi.org/10.1016/j.jallcom.2011.07.063
https://doi.org/10.1016/j.cjph.2022.07.007
https://doi.org/10.1016/S0921-5093(99)00723-6
https://doi.org/10.1016/j.polymertesting.2023.107965
https://doi.org/10.1016/j.matchemphys.2005.08.080
https://doi.org/10.1016/j.mseb.2004.12.005
https://doi.org/10.12693/APhysPolA.122.174
https://doi.org/10.1080/14786437708238517
https://doi.org/10.12693/APhysPolA.125.98
https://doi.org/10.1016/S0169-4332(01)00378-6

Nanomaterials 2023, 13, 1974 20 of 20

72.  Sudheendran Swayamprabha, S.; Kumar Dubey, D.; Song, W.-C.; Lin, Y.-T.; Ashok Kumar Yadav, R.; Singh, M.; Jou, J.-H. An
Approach for Measuring the Dielectric Strength of OLED Materials. Materials 2018, 11, 979. [CrossRef] [PubMed]

73.  Yadav, R AK; Dubey, D.K; Chen, S.-Z.; Liang, T.-W.; Jou, ].-H. Role of molecular orbital energy levels in OLED performance. Sci.
Rep. 2020, 10, 9915. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma11060979
https://www.ncbi.nlm.nih.gov/pubmed/29890755
https://doi.org/10.1038/s41598-020-66946-2
https://www.ncbi.nlm.nih.gov/pubmed/32555238

	Introduction 
	Experimental Techniques 
	Results and Discussion 
	TEM Characterization 
	FT-IR Spectroscopy 
	Thermogravimetric Analysis 
	X-ray Diffraction 
	Optical Absorption 
	DC Conductivity 
	AC Conductivity 
	Dielectric Properties 

	Conclusions 
	References

