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ABSTRACT

Dielectric materials are an important research topic for many applications today. Polymers are among
the prominent dielectrics due to their durability, high ionic conductivity and low dielectric losses.
This study investigates the dielectric properties of Parylene C (PAC)-based composite films.
Capacitance and dissipation factor values are measured. Dielectric permittivity and losses are
calculated. Negative capacitance and negative dielectric constant are observed, and resonant
frequency values are compared. Activated carbon doping significantly impacts the resonant
frequencies of the films. Doped samples exhibit higher positive and negative resonant frequencies
(2.2560 MHz and 2.2593 MHz) compared to undoped counterparts (2.1952 MHz and 2.2015 MHz).
Polarization further increases resonant frequencies, alongside dielectric permittivity and dissipation
factor with permittivity experiencing a more pronounced increase. Post-polarization, doped samples
display resonant frequencies of 2.3727 MHz and 2.3761 MHz, while undoped samples reach 2.3658
MHz and 2.3727 MHz. A comprehensive analysis of impedance, resistance, and reactance values
reveals insights into the composite film's behavior. Crucially, throughout the measurements, the
composite films display a consistent inductive response at frequencies above their resonance
frequencies. Understanding the mechanisms behind this inductive response could open up new
possibilities for the use of these films in advanced electronic devices and circuits.
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1. Introduction

Negative capacitance effect in ferroelectric materials has

which models the phenomena in ferroelectric materials,
explains the emergence of the definition of negative
capacitance. According to this model, in the energy barrier

attracted many researchers' attention recently (Wong &
Salahuddin, 2018). The presence of negative capacitance in a
material means that the material exhibits an inductive behaviour
(Jones et al., 1998). The Landau-Ginzburg-Devonshire model,
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region between energy minima, where the polarisation value is
close to 0 (P=0), the ferroelectric has negative capacitance
(Hoffmann et al., 2019). Another explanation for the negative
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capacity is the reduction of the effective voltage across the
capacitor during ferroelectric switching. Examples of potential
applications of negative capacitance materials today include
field-effect transistors, energy storage, high-power microwave
filters (Hoffmann et al., 2019; Sun et al., 2019). Negative
capacitance has been difficult to measure because the material
does not exhibit stable behaviour in the negative capacitance
state. However, since materials with negative capacitance
behaviour show the characteristics of a series inductor-
capacitor circuit, stabilisation can also be achieved in the
negative capacitance state by using the series capacitor model
(Khan etal., 2015; Z. Wang et al., 2020). In the series capacitor
model, the total capacitance is equal to the series equivalent of
the capacitance of each dielectric, and "dielectric resonance"
occurs when the frequency takes on the value /=12xz(LC), thus
clearly obtaining negative capacitance in the resonant
frequency region. In the negative capacitance state, the
capacitor spontaneously charges. This saves energy by enabling
nanoelectronic applications with very low power consumption
(Ihiguez et al., 2019).

The dielectric constant (&) also known as relative
permittivity, is a fundamental material property that quantifies
the ability of a substance to store electrical energy within an
electric field. It serves as a critical parameter in diverse fields
such as materials science, chemistry, and physics. The
dielectric constant significantly influences the polarization
behavior, energy storage capacity, and overall electrical
properties of materials. The real component of the dielectric
constant is represented by dielectric permittivity (¢'), while the
imaginary component is represented by dielectric loss (¢") (Xie
et al, 2022). Materials exhibiting negative capacitance
necessarily possess negative permittivity due to the relationship
described by the equation: C=eoerA/d Where & is the vacuum
permittivity, & is the dielectric permittivity, A is the surface
area of the sample and d is the thickness of the film. Negative
permeability is a phenomenon typically observed at frequencies
of megahertz (MHz) and above (Yan et al., 2013). The Drude
and Lorentz models are instrumental in elucidating the behavior
of negative permittivity, not negative permeability. The Drude
model, a cornerstone in understanding the transport properties
of electrons in metals, describes electron conduction in solids
by considering induced electronic polarization. This is achieved
by introducing an auxiliary particle, attached to each
polarizable atom via a harmonic spring (Jiang et al., 2010).
According to the Drude model, when the contribution of the
conducting material surpasses a certain threshold, the structure
becomes conductive, and the collective movement of electrons
results in negative permittivity.

The Lorentz resonance model is a fundamental concept used
to understand the behavior of resonant systems, particularly in
the context of electromagnetic phenomena. This model finds
widespread application in fields like optics, materials science,
and physics to analyze and predict the response of resonant

systems to external stimuli (Oughstun & Cartwright, 2003;
Romano et al., 2014). According to the Lorentz model, when
the doping concentration of a conducting material is below the
percolation threshold, the conducting phase remains isolated,
and induced dipoles form. These dipoles, through resonance,
can cause the dielectric constant to decrease, potentially
reaching negative values. However, it is important to note that
both the Drude and Lorentz models have limitations in fully
explaining the complexities of dielectric behavior (Leng et al.,
2020). A negative dielectric constant signifies a situation where
charges align in the opposite direction to the applied voltage. In
recent years, there has been growing interest in metamaterials
exhibiting this property. Potential applications of metamaterials
with negative dielectric constants include sensors, antennas,
wireless transmission systems, and capacitors (Qu et al., 2019;
Balu et al., 2020; Liu et al., 2020).

Complex impedance spectroscopy is an important study
commonly used for observe the dielectric properties of
dielectric materials. Impedance is a complex parameter that
indicates the resistance of a material to alternating current and
can be expressed by the expression Z =R +jX or Z=Z"+;Z"".
Here R is the resistance, which is the real part of the impedance,
and X is the reactance, which is the imaginary part of the
impedance (EI-Nahass et al., 2014; Sankar et al., 2022).
Impedance analyses has been used to characterize some
materials including polymers and developed some electronic
devices (Raja et al., 2004).

Polymer dielectrics are commonly used in various
applications due to their lightweight nature, scalability,
mechanical flexibility, high dielectric strength, and reliability.
However, these materials face limitations, particularly in high
temperature (exceeding 150 °C) and high energy storage
applications. Furthermore, the dielectric constants of polymer
materials are often limited and it is not meet the requirements
for high energy storage dielectric capacitors (Dong et al., 2023).
Also, the flashover issue at the interfaces of polymer dielectrics
with other substances poses a significant challenge, as the
breakdown voltages at these interfaces are lower than those for
the dielectrics alone, affecting the safe and reliable operation of
the materials (T. Wang et al., 2022). So, to remove these
limitations, the development of polymer nanocomposites with
rationally designed nanostructured inorganic fillers has shown
promise in improving the capacitive performance of polymer
materials (Li et al., 2019).

In this study, we investigate the dielectric properties of
PAC-based composite films, focusing on the influence of
activated carbon doping. The analysis encompasses the impact
of doping on resonant frequency, negative capacitance regions,
dielectric permittivity and losses, and complex impedance
parameters. Furthermore, we examine the effects of the
polarization process on the dielectric properties of the
composite films.

33



Guduloglu, Kurnaz, Seydioglu, Bekar and Ozturk (2024). Journal of Advanced Applied Sciences, 3(1), 32-39

2. Materials and Methods

The synthesis process of PAC consists of three steps:
sublimation, pyrolysis, and deposition. In the sublimation step,
the granular dimer was vaporized at 150 °C. The dimeric gas
was transferred to the pyrolysis furnace using argon gas and a
vacuum pump. In the pyrolysis step, the dimeric gas was then
split into a monomeric gas at a temperature of 650 °C. Finally,
the monomeric gas was released into the coating chamber to be
deposited on the glass substrate under a vacuum of 0.6 Pa at
room temperature. To capture the excess PAC, a cold trap was
placed in front of the pumping system. After deposition, the
PAC films were removed from the glass substrate by using a
tweezers and acetone. The synthesized PAC was dissolved in
50 ml of 1, 2 dichlorobenzene at 160 °C for 6 h with stirring.
The PU, PMMA, and AC were added in different weight ratios
to mix the solution homogeneously for 1 h at the same
temperature. The solution was cooled by mixing, and 20 ml of
acetone at 50 °C was added and stirred for 30 min. The samples
were labelled as 0C and 1C based on the weight ratio of the ACs
in the polymer matrix (Table 1) (Kurnaz et al., 2023).

Table 1. The mass ratio of polymer composites in the mixture.
Samples PAC (%) PU (%) PMMA (%) AC (%)
oC 50 45 5 0
1C 50 44 5 1

Capacitance measurements were carried out by an
impedance analyzer (Wayne Kerr 6500B) at 1-10 MHz with a
1 Vac signal at room temperature. At the same time, the
dielectric properties were examined with an impedance
analyser as a result of polarisation processes by applying 1 kV
voltage for 10 minutes at 60 °C temperature.

3. Results and Discussion

Figure la shows the frequency dependence of the
capacitance value of the samples prior to polarisation. The
graph clearly shows the resonance frequency value and the
peaks that occur in this region. It can be seen that the activated
carbon additive causes a shift in the resonance frequency
region. For OC, the positive resonant frequency is 2.1952 MHz
and the negative resonant frequency is 2.2015 MHz. For the 1C,
the positive and negative resonant frequencies are 2.2560 MHz
and 2.2593 MHz respectively. The transition to negative
capacitance is clearly seen at frequencies after the positive
resonant frequency. This shows that the inductive behaviour
dominates the capacitive behaviour from the positive resonant
frequency of the film. The resonance frequencies of 1C are
higher than those of 0C. They are shifted towards higher
frequencies. In the measurements made after polarisation, the
resonant frequencies are slightly higher than before polarisation
(Figure 1b). It can be seen that this also leads to an increase in
the values of the capacitance. For the 0C, the positive resonant

frequency is 2.3658 MHz and the negative resonant frequency
is 2.3727 MHz. For 1C the positive and negative resonant
frequencies are 2.3727 MHz and 2.3761 MHz respectively.
Depending on the polarisation, the change at 1C is greater than
1.8 pF and the change at 0C is 11.91 pF. This is actually due to
the decrease in the amount of PU in the film, which exhibits
dielectric behaviour (Vandeparre et al., 2013; D. Wang et al.,
2013). The frequency dependence of the permittivity of the
samples before and after polarisation is shown in Figure 1c and
1d. The value of the dielectric constant is calculated from
capacitance measurements. The permittivity is directly
proportional to the capacitance and shows a similar behaviour
to Figure 1a and 1b. The permittivity at the positive resonant
frequency is 44.23 for the 0C and 77.01 for the 1C. It is -72.85
for OC and -25.34 for 1C at the negative peak resonant
frequency (Figure 1c).

After polarisation, the permittivity at the positive resonant
frequency is 246.6 for OC and 58.58 for 1C. At the negative
peak resonant frequencys, it is calculated to be -31.25 for 0C and
-25.34 for 1C. It can be seen that polarisation reduces the
negative permittivity values (Figure 1d). Mokni et al. (2019)
measured the dielectric permittivity value of PAC to be
approximately 5 at a frequency of 1 MHz. In other studies,
results are obtained that show a low dielectric permittivity
(Kahouli et al., 2009; Hu et al., 2022). In this study, it is quite
high in the PAC-based composite film. At a frequency of 1
MHZz, the dielectric constant before polarisation is 23.46 for the
0C sample and 23.72 for the 1C sample, while it is measured to
be 26.68 for the OC sample and 25.54 for the 1C sample after
polarisation. The resonance behavior of permittivity can be
explained with Lorentz model. According to Lorentz model, the
permittivity is;

wp?(wo?-w?)

e =1+ 5 (8]

(wo2-w3)2+wwy

where wo = 2xfo is the characteristic frequency, w is angular
frequency, w. is a damping frequency, and wy, is the transverse
frequency of lattice vibration. We can see in model and the
figures, when w is less than wo, permittivity is negative and
samples show the inductive character (Z. Wang et al., 2020).
The resonance behavior is observed because of the piezoelectric
resonance effect of PAC (Yang et al., 2022).

Figure le and 1f shows the frequency dependent variation
of the dielectric loss value of the samples before and after
polarisation. We observed that negative dielectric loss values
for the bigger frequency values than the resonance frequency.
Negative dielectric loss means that the energy released is more
than the energy absorbed (Axelrod et al., 2006). The peak
values of dielectric loss at positive and negative resonance
frequencies before polarisation are 459.6761 and -7552.6788
for OC, and 4195.3025 and -244.2922 for 1C respectively, and
after polarisation 2368.0796 and -191.2578 for 0C and
554.1878 and -883.5565 for 1C respectively.
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Figure 1. Frequency-dependent (a) capacitance, (c) permittivity, (e) dielectric loss, (g) dissipation factor before polarisation and (b)
capacitance, (d) permittivity, (f) dielectric loss, (h) dissipation factor after polarisation measurements of 0C and 1C samples.

Figure 1g and 1h shows the frequency dependent variation
of the dissipation factor value of the samples before and after
polarisation. The dissipation factor is a parameter that indicates
the amount of energy lost at a given frequency value

(Florkowski et al., 2024). It is equal to the ratio of the imaginary
part of the dielectric permittivity to the real part (tand=¢"/¢’).
It can be seen that the dissipation factor reaches the highest
values in the resonance frequency regions. 103.67 for 0C and
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54.47 for 1C. The dissipation factor of OC is higher than that of
1C (Figure 1g). After polarisation, the dissipation factor
increases to 132.2 for OC and 58.19 for 1C (Figure 1h). These
values indicate that although polarisation increases the loss
factor, this increase is much less than the rate of increase in
permittivity and therefore it can be said that polarisation
contributes positively to the permittivity of the film. It is noted
that dissipation factor values of less than 5% are generally
accepted as low dielectric loss (Z. Wang et al., 2020). The
dissipation factor values outside the resonant frequency range
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are very low in the measured frequency range. In general, there
are polymers with very low loss values, but losses at 1 MHz
frequency are up to 0.09 (Yu et al., 2008; Xu et al., 2013). In
our study, this value is 0.0271 for the 0C before polarisation,
0.0197 for the 1C, 0.0266 for the 0C sample after polarisation
and 0.0224 for the 1C sample. In the resonant frequency region,
a high permeability frequency range can be obtained where the
dielectric constant is negative and the dissipation factor is low.
The characteristic situation in this region is very suitable for the
realisation of metamaterial applications (Z. Wang et al., 2020).
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Figure 2. Frequency-dependent (a) impedance, (c) resistance, (e) reactance, before polarisation and (b) impedance, (d) resistance, (f)
reactance, after polarisation measurements of 0C and 1C samples.
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Figure 2a shows the frequency variation of the impedance
value of the samples before and after polarisation. At the
resonance frequency, the impedance value takes the peak. The
peak values are 0.7533 MQ for the 0C and 0.8527 MQ for the
1C before polarisation (Figure 2a). The impedance values after
polarisation in Figure 2b are 0.6375 MQ for the 0C and 0.6797
MQ for the 1C. A decrease in impedance values after
polarisation is observed, and when the active carbon added, the
peak of impedance value increased. While it is generally
understood that active carbon enhances electrical conductivity
and charge transfer capabilities, the specific interactions within
the composite material, such as the distribution of active carbon
within the polymer matrix and the formation of interfaces
between carbon particles, can lead to unexpected impedance
behaviour (Kozai et al., 2012; Cui et al., 2014). In the literature,
we can see PMMA has the higher impedance values than PU
and PAC. The impedance of pure PU measured above to 10* Q
at 1IMHz and the impedance of Parylene C measured about 10°
Q at 0.1 MHz and see the frequency and impedance are
inversely proportional (Kim & Cho, 2012; Chun et al., 2014).
We can see the impedance of PMMA based doped conductive
materials are about 10° Q range at MHz frequencies (Shamrao
etal., 2019). In our study, the impedance value of samples at 1
MHz are 0.07 and 0.09 MQ band for all measurements. These
values are close to literature.

Figure 2c and 2d shows that frequency dependent variation
of the resistance value of the samples before and after
polarisation. The peak values of resistance at the resonance
frequency are 0.7706 MQ for the 0C and 0.8473 MQ for the 1C
before polarisation (Figure 2c), and 0.6470 MQ for the 0C and
0.6649 MQ for the 1C after polarisation. (Figure 2d). After
polarisation, we observed that a decrease in resistance values,
and when the active carbon added, the peak of resistance value
increased.

The frequency response of the reactance of the samples
before and after polarisation is shown in Figure 2e and 2f. As
expected, the reactance changes from negative to positive with
a value of 0 due to the capacitive behaviour shown in Figure 1
and the inductive behaviour shown in the resonant frequency
region. In the frequency range lower than the resonant
frequency, the reactance takes a negative value and its absolute
value decreases and approaches 0. This is caused by the
capacitive behaviour of the material (Sun et al., 2019). In the
range greater than the resonance frequency values, positive
reactance, i.e. inductive character is observed. This is expressed
by the formula Z"=Z,+Zc (Zi=wL (inductive reactance),
Zc=1/wC (capacitive reactance)) (Z. Wang et al., 2020). The
peak values of reactance before polarisation at the resonance
frequency are 0.44 MQ and -0.38 MQ for 1C, 0.36 MQ and -
0.40 MQ for 0C, respectively. The peak values of reactance
after polarisation at the resonance frequency are 0.31 MQ and
-0.35 MQ for the 1C, 0.30 MQ and -0.35 MQ for the 0C,
respectively.

4. Conclusion

The dielectric properties of PAC-based composite films are
investigated as a function of frequency using an impedance
analyzer. This study examines the effects of activated carbon
doping and the polarization process on the composite films.
Negative capacitance and negative dielectric permittivity are
observed through dielectric resonance The analysis of the PAC-
based composite films reveals an inductive character at
frequencies surpassing the resonance frequency. Upon
polarization, the samples exhibit a notable increase in
capacitance and dielectric constant, coupled with a reduction in
impedance. Interestingly, the incorporation of activated carbon
introduces an unexpected phenomenon: a heightened
impedance peak. This observation, however, is accompanied by
a moderate increase in dielectric losses. Despite this increase in
losses, the overall effect of polarization remains positive, as the
gains in capacitance and dielectric constant significantly
outweigh the losses. Furthermore, within a specific frequency
range, the composite films display remarkable properties
characterized by negative capacitance, high permittivity, and
low dielectric losses. This unique combination of properties
holds potential for various applications in advanced electronic
devices and energy storage systems. The observed negative
capacitance, in particular, suggests the possibility of enhancing
charge storage capabilities beyond traditional limits.

In conclusion, this study highlights the intricate relationship
between polarization, activated carbon doping, and the
dielectric properties of PAC-based composite films. While the
addition of activated carbon introduces a trade-off between
impedance and losses, the overall impact of polarization on
capacitance and dielectric constant remains favorable. The
discovery of negative capacitance within a specific frequency
range opens up new avenues for exploring innovative materials
with tailored dielectric properties. Further investigations into
the underlying mechanisms responsible for these observations
may lead to the development of advanced materials with
enhanced performance for various technological applications.
This frequency range holds potential for various metamaterial
applications. However, due to the inherently low permittivity of
the polymers employed, their utilization in applications
demanding high permittivity may present limitations in terms
of efficiency and performance.
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