The Dielectrics Study of pure Graphene and Graphene/Titania/Polyvinylidene Fluoride in Giga-
Hertz using Debye Relaxation Model

Abstract

A numerical approach was adopted in this study to investigate the dielectric properties, thickness
and attenuation of pure graphene and Graphene/Titania/Polyvinylidene Fluoride (G4T10PVDF)
in the gigahertz frequency range. The algorithms were developed and executed using the
interactive environment of Maple-18 and the results were generated accordingly. The findings
revealed that the dielectric constant of graphene at 15°C decreases from 20.50 to 0.22 as the
frequency increases from 0.50 GHz to 99.00 GHz. Similarly, the dielectric constant of
GAT10PVDF at the same temperature decreases from 40.08 to 0.48 as the frequency increases
from 0.50 GHz to 99.00 GHz. This procedure was repeated at different temperatures, but the
dielectric constant exhibited a similar trend across all conditions. The dielectric loss factor of pure
graphene peaks at 10.24 as the frequency increases from 0.50 GHz to 10.00 GHz, while for
GAT10PVDF, the loss factor reaches a maximum of 21.04 within the same frequency range.
However, at higher frequencies, the dielectric losses decrease continuously. The loss tangent,
thickness and attenuation values obtained were also consistent with those reported in the literature.
The results indicated that pure graphene absorbs incident radiation most effectively within the
frequency range of 3.0 GHz to 12.0 GHz. In contrast, the composite material of
graphene/Titania/Polyvinylidene Fluoride is more effective for electromagnetic wave absorption
within the frequency range of 3.0 GHz to 25.0 GHz.

Keywords: Dielectric properties; thickness; attenuation; radiation-absorbing materials; Giga-hertz



1. Introduction

Radiation-absorbing materials (RAMs) are specifically designed to reduce or eliminate the
reflection of electromagnetic waves [1-2]. RAMs have the ability to absorb electromagnetic waves
incident on them as effectively as possible, with minimal reflection [3]. This absorption reduces
the intensity of electromagnetic waves and converts them into heat energy [4]. Radiation-absorbing
materials achieve this through different mechanisms such as ohmic loss, dielectric loss, or
magnetic loss, which are influenced by the material’s permeability and complex permittivity [5-
6].

Studies have shown that graphene possesses exceptional dielectric properties that can be used for
shielding against electromagnetic wave interference and in other flexible electronics [7-8]. The
dielectric behaviour of graphene is greatly influenced by factors such as doping, the presence of
functional groups and layer thickness [9]. Research conducted separately by Wang et al. [10] and
Dixon [11] demonstrated that materials with a higher dielectric constant, greater dielectric loss and
a thicker layer are more effective at absorbing electromagnetic waves. Pure graphene and
Graphene/Titania/Polyvinylidene (G4/T10/PVDF) are used as radiation-absorbing materials due
to their exceptional dielectric properties, electrical conductivity and ability to absorb fast-moving
particles. For instance, graphene’s exceptional electrical conductivity allows it to effectively
absorb and dissipate electromagnetic waves [12].

Rubrice et al. [13] studied the dielectric characteristics and microwave absorption properties of
epoxy resin loaded with graphene particles in the frequency range of 2 GHz to 18 GHz. Their
findings revealed that the sample loaded with the smallest graphene size of 3 pm and the highest
weight ratio of 25% exhibited the highest loss tangent of 0.36 and a moderate dielectric constant
(¢'=12-14) in the frequency range of 8-10 GHz. This sample also achieved the highest absorption
level of 16 dB/cm at 18 GHz. Folgueras et al. [14] investigated the effect of carbon fiber fabric
impregnated with polyaniline conducting polymer as radar-absorbing material within the
frequency range of 8-12 GHz. Using scanning electron microscopy to analyze the results, they
found that attenuation increased with frequency. The maximum attenuation value of 9 dB was
obtained at 11.5 GHz, accounting for 87% absorption of the incident energy. Sallam and
Mohammed [15] also examined radar-absorbing materials (RAM) within the frequency range of
0.5 GHz to 40 GHz, concluding that attenuation increased with frequency. Their study concluded
that high conductivity, high permeability and increased thickness are necessary to configure an
effective absorber. Huang et al. [16] explored the relative dielectric permittivity of graphene oxide
(GO) under various humidity conditions at GHz frequencies. Their research observed that the
relative permittivity increased with rising humidity due to water uptake.

Previous research on this subject has shown that these materials primarily attenuate
electromagnetic waves through dielectric loss, while magnetic metallic components enhance
impedance matching and energy loss [17]. Interestingly, most studies have focused on frequencies
between 2-40 GHz and none of the available literature considers the use of Debye or Cole-Cole
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relaxation methods to investigate dielectric properties. In this work, the Debye relaxation model is
employed to study the dielectric properties, thickness and attenuation of graphene and
G4/T10/PVDF at varying frequencies (i.e., 0.50 GHz to 99.00 GHz) and at different temperatures
(15°C to 55°C). The aim is to ascertain the optimal frequency at which graphene and
G4/T10/PVDF effectively attenuate electromagnetic waves. These materials are chosen due to
their exceptional dielectric properties and the lack of available data on dielectric constant, loss
factor, loss tangent, thickness and attenuation at higher frequencies and different temperatures for
these unique radiation-absorbing materials.

2. Theoretical Framework

The four Maxwell’s equations that describe the interaction between the electromagnetic fields and

matter are given in their differential form as follows:

0B
VXE—E (1)
VxH=j+2 @)
V-D=p, (©))
V-B=0 | l (4)

where E and H are the electric and magnetic fields respectively, D is the electric ffield \displacement,
B is the magnetic induction, j is the current density and p, is the charge density [18]. The small

electric field strengths D can be expressed by
D = ¢*¢e,E (5)

where ¢, is the dielectric permittivity of the vacuum and €* is the complex dielectric function or
dielectric permittivity [19]. Research has shown that some basic atomic model used to describe
the behaviour of materials in alternating field revealed that the dielectric constant under these
conditions is a complex quantity [20]. The imaginary part of this complex dielectric constant
determines the dielectric losses of the material.
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e =g —je", (6)

where &' is the real part and &'’ is the imaginary part.\ Thee'andepatisethaedislecttiecan be
derived-from-equation{(6) calculated as follows:l

whenever a dc voltage is applied to a material, polarization builds from zero to the final value. The

polarization as a function of time can be written as follows:
P(t) = Py (1—e"r), )

where P(t) is the polarization at any time (t), T is the relaxation time and it is the function of

temperature but independent of the time (i.e., wt = 2mft). The derivative of equation (7) with

time yields;
dP(t) _|dPe - t Poe
PR =(1-e )= -2(-P)e =T ®)
Also from equation (7)
Poe 't = P, = P(t) ©)
Equation (9) gives
e‘t/f — Poo;P(t) (10)
Substituting equation (10) into equation (8), we have
dP(t) _ Peo—P(t)
dat T (11)
Total polarization is defined as the sum of atomic and electronic polarization i.e.
PT(t) = Pa(t) + Pe(t) (12)
The maximum value attained by the total polarization is given by:
Pr(t) = &(&s|— DE (13a)
P.(t) = g,(eo — 1)E (13b)
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where ¢, and &, are the dielectric constants under direct voltage and at infinite frequency
respectively. e, is defined in Maxwell’s relation as |g,, = n?. With n*(w) = n'(w) + in" (w). l In
this way the dielectric relaxation spectroscopy can be regarded as continuation of optical

spectroscopy to lower frequencies [21].

The atomic polarization can be obtained from equation (13a), (13b) and (12) as follows:
Pa(t) = PT(t) - Pe(t) = go(gs - 1DE - go(gs - 1DE

Pu(t) = &0&E — €p80E = (&5 — €0)E (14)
Substituting equation (14) in (11) gives
apP(t) 1
o = 2 [E(es — £)eo — P(D)] R ¢ )
Expressing the problem in an alternative electric field gives
E = Epgyxel®t (16)
Equation (15) and (16) can be written as;
d .
% = %[Emaxe”‘"(ss — £)€, — P(1)] (17)
Equation (17) can be solved to obtain the following expressions
Y ( piwt
t/ _e/r(el®h)
e /TP (t) = ) (18)
P(t) = [ew — 1+ E22 g F,ppefet ‘ (19)
*° (1+jwt)] "0 "Mmax

Equation (19) shows that P(t) is a sinusoidal function with the source frequency as the applied

voltage. The instantaneous value of the fflux density D is given by

D(t) = g,6*Eppgref®t (20)
The flux density is equal to
D(t) = goEpmaxe’®t + P(t) (21)
Equating equations (20) and (21) gives
£0€ Epnax€l®t = £, Epmare®t + P(t) (22)
Equation (19) and (22) gives
. . E — € .
&0 Eppax€®t = e E gt + [eo -1+ ﬁ &oEmare’®t
* __ _ (e5—£w0)
=1+ [sm 1+ (1+jwr)] (23)

Comparing equation (23) with equation (6) gives
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[N _ (85—€c0)
g—je"=1+ [sw 1+ Gijon (24)

Solving for real and imaginary parts from equation (24) gives

I (65—€c0) 7
’ 8 =+ oo e (25)‘
Setting
i _ (&)Wt
T (1+w?t?) (26)

Substitute equation (26) in equation (25) to yield

=g (55 — soo) j(‘ss - Eoo)wT
© (Q+jwr)  (1+ w?t?)
1 jwt
= & (& — &) 1+ jowr) * 1+ a)zrz)]‘

Electromagnetic Wave on the Surface of the RAM

The paths of an electromagnetic wave incident on the surface of the radiation-absorbing material
(RAM) are shown in Figure 1. Figure 1 illustrates how the incident electromagnetic wave can be
absorbed, transmitted, or reflected immediately, or internally reflected (back-reflection) when such
waves strike a surface coated with RAM. However, there is some debate that the material does not
absorb the incident radiation immediately, as suggested by [22], because some of the incident
radiation is reflected as soon as it collides with the RAM. The schematic diagram below clearly

illustrates the paths of the electromagnetic wave incident on the RAM surface.

Incident wave

Reflected wave
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(Heat generation] ™™™
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Figure 1: Schematic diagram of absorption and multiple reflections of RAMs as attenuation
mechanisms [23-24].
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3. Method

In this work, the algorithms were developed in the interactive environment of Maple-18 and the
dielectric constant, loss factor, dielectric loss angle and attenuation of graphene and G4/T10/PVDF
were simulated at different temperatures. The simulation was performed at various temperatures
because the amount of electromagnetic radiation an object emits depends primarily on its
temperature. hhe experimental data for the electrical conductivity, relaxation time and static
permittivity of the materials (graphene and G4/T10/PVDF) were adopted from [13; 25-26] \and
substituted into the written algorithms. The dielectric properties, thickness and attenuation of
graphene and G4/T10/PVDF were obtained based on the assumption that the transient polarization

can be represented by a simple exponential with a single relaxation time.

The electrical conductivity, relaxation time at different temperatures and static permittivity were
substituted into the written algorithms using derived equations (26) and (27). Lanagan [27] relates

the dielectric and loss factor using the following equation.

"

tand = = (28)

Meanwhile according to Yakut et al., [28] the dielectric constant, e’and]thickness, u of the material’

is related as thus:
e'eyA

p=22 29)

dielectric constant, loss factor, the electrical conductivity and frequency as thus:

Y
a=w{"7£'[/1+(i—',')2—1]} i (30)

The simulation using equations (26) to (30) was performed \at different temperaturesl and
frequencies in order to investigate the impact of dielectric constant, loss factor, loss tangent,

thickness and attenuation on the RAM.

4. Results and Discussion
4.1  Dielectric Constant of Graphene and Graphene/Titania/Polyvinylidene
The dielectric constant of both graphene and graphene/titania/polyvinylidene, as presented in

Figure 2 (a) and (b), was obtained from equation (27). The relaxation frequencies were calculated
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using the relation [t = (2zf r)"(-1). The results of the dielectric constant versus frequency revealed
an increase in the dielectric constant for both graphene and G4/T10/PVDF as the temperature
increased from 15°C to 55°C. However, the behaviour of the dielectric constant was not the same
with increasing frequency. The dielectric constant was higher at lower frequencies but decreased
as the frequency increased. This is because the real part of the permittivity (the dielectric constant)
is frequency-dependent [30] and the overall conductivity, which consists of different conduction
mechanisms such as orientational, interfacial, electronic and ionic polarization that contribute to
the dielectric constant, is also frequency-dependent. The most prevalent mechanism is ionic
conductivity, which varies inversely with frequency.

The decrease in the dielectric constant with increasing frequency at all temperatures may be due
to the fact that the dipoles cannot keep up with the rapid changes in the applied field. This decrease
in the dielectric constant as frequency increases suggests that not all four types of polarization
contribute to the dielectric constant at higher frequencies [27-28].
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Figure 2: Frequency dependence of dielectric constant (¢") of (a) Graphene and (b) G4/T10/PVDF
at indicated temperatures

4.2  Dielectric Loss Factor

The results obtained from equations (26) and (27) were used to generate the Cole-Cole plots. Each
dielectric loss factor and its corresponding dielectric constant at a specific temperature were copied
from an Excel sheet and pasted into the Minitab worksheet. The columns for both dielectric
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constant and loss factor for each temperature were highlighted in the Minitab worksheet and the
scatter plot option from the Minitab software was used to create the Cole-Cole plots. The Cole-
Cole plot for dielectrics with a simple relaxation time is a semi-circle (Figure 4a and Figure 4b)
and our results agree with previous studies [36-38]. This plot is a standard method for determining

whether a system has a single relaxation time and thus, the data can be fitted using the Debye
relaxation method.

The Cole-Cole plots in this work show that the data for graphene and G4/T10/PVDF can indeed
be fitted to Debye equations. The Cole-Cole plot is also useful for characterizing different types
of distribution functions.
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Figure 3: Frequency dependence of loss factor (¢") of (a) Graphene and (b) G4/T10/PVDF at
indicated temperatures

4.3  Cole-Cole Plot

The results obtained from equations (26) and (27) were used for the Cole-Cole plots. Each
dielectric loss factor and the corresponding dielectric constant at a particular temperature were
copied from excel sheet and pasted in Minitab worksheet. The columns for both dielectric constant
and loss factor for each temperature were highlighted in the Minitab worksheet and the scatter plot

option from the Minitab software graph were used to the Cole-Cole plots. The Cole-Cole plot for



dielectric with a simple relaxation time is a semi-circle (Figure 4a and Figure 4b) and our results
of the Cole-Cole diagrams have agreed with previous works [36-38]. This plot is a standard method
of finding out whether a system has a single relaxation time and hence, the data can be fitted using
Debye relaxation method. The Cole-Cole plots in this work, show that data for graphene and
G4/T10/PVDF can indeed be fitted in Debye equations. The Cole-Cole plot is also useful for the

characterization of different types of distribution functions.
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Figure 4: The plots of & (w) against ¢'(w) in [Cartesian coordinates for (a) Graphene (b)
G4/T10/PVDF

4.4  The Loss Tangent

The ratio of the dielectric loss factor, €" to the dielectric constant, €', was plotted using equation
(28), as shown in Figure 5 (a) and (b). The loss tangent provides information about the energy
expended in a given sample to store electric charges [39]. Figure 5 (a) and (b) show the energy
dissipation or frequency-dependent loss tangent of graphene and G4/T10/PVDF. At a low
frequency (i.e., 0.5 GHz) and a temperature of 15°C, the loss tangent of graphene was 0.0234,
steadily increasing to 9.679 at the highest frequency (i.e., 99.0 GHz). The loss tangent decreases
as the temperature increases. G4/T10/PVVDF exhibits a similar behaviour for the same frequency
and temperature. For instance, at 0.5 GHz and 15°C, the loss tangent of G4/T10/PVDF increases
from 0.0235 to 9.3418. This small value of the loss tangent at low frequency may be due to the

high value of the dielectric constant, &'. This behaviour of the loss tangent is consistent with
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literature [40-41]. The lower tan & at lower frequencies and the larger tan & observed at higher
frequencies indicate that more of the original signals are transmitted, while more dielectric

absorption occurs at higher frequencies [42].
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Figure 5: The loss tangent against the frequency (a) Graphene and (b) G4/T10/PVDF at different
temperatures

45 Frequency- dependent of the Attenuation

Equation (30) clearly shows that the attenuation coefficient, a, is proportional to the square root of
the frequency, meaning that as the frequency increases, the attenuation coefficient also increases.
The results presented in Figures 6 (a) and (b) reveal that the attenuation coefficient of graphene at
15°C increases from 0.18 dB to 7.20 dB as the frequency rises from 0.5 GHz to 99 GHz, while
that of graphite increases from 0.28 dB to 10.69 dB at the same temperature. The attenuation
coefficients for the other temperatures studied in this work (i.e., from 25°C to 55°C) exhibit similar
behaviour as the frequency varies for each temperature. This increase in the attenuation coefficient
with frequency is consistent with other works reviewed [43-44]. The increase in the attenuation
coefficient as temperature rises may be due to the decrease in the relaxation time of the materials,

as temperature is inversely proportional to relaxation time.
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Figure 6: Frequency dependency of the attenuation of (a) Graphene and (b) G4/T10/PVDF at the
indicated temperatures

4.6  The Relaxation Spectrum of the Materials

The relaxation spectrum of graphene is shown in Figure 7a and that of G4/T10/PVDF is depicted
in Figure 7b, both as functions of frequency at different temperatures. The dispersion curves reveal
a decrease in the real permittivity, €', as the frequency increases, while the absorption curves show

peaks in the imaginary permittivity, €". The dispersion and absorption curves for the materials
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Figure 7: Frequency dependency of the dielectric constant (¢") and loss factor (¢'") of (a) Graphene
and (b) G4/T10/PVDF

4.7  Thickness of the Materials

|The relaxation spectrum of graphene is shown in Figure 7a and that of G4/T10/PVDF is depicted
in Figure 7b, both as functions of frequency at different temperatures. The dispersion curves reveal
a decrease in the real permittivity, €', as the frequency increases, while the absorption curves show
peaks in the imaginary permittivity, €". The dispersion and absorption curves for the materials

studied in this work are consistent with the findings of the reviewed literature [45-49] |
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Figure 8: The behaviour of Thickness against the dielectric constant at different temperatures (a)
Graphene (b) G4/T10/PVDF

5. Conclusion

In this work, the algorithms were developed using Debye relaxation equations and their
relationship with material thickness and attenuation in the interactive environment of Maple-18.
The results obtained from the algorithms revealed that the dielectric constants of the materials
studied were higher at low frequencies (i.e., 0.5 GHz to 4.5 GHz) and the dielectric constant
decreased as the frequency increased. Since a higher dielectric constant indicates greater storage
of electrical energy, this implies that more electromagnetic waves are absorbed at lower

frequencies. The effect of temperature on the dielectric constant was also examined, revealing that
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the dielectric constant increased with rising temperature. This suggests that the materials studied
absorb more electromagnetic waves at higher temperatures.

The influence of frequency and temperature on the dielectric loss factor of the materials was also
analyzed. The results showed an increase in the loss factor up to its maximum value as both
frequency and temperature increased. However, the loss factor decreased with further increases in
frequency. The maximum or peak value of the loss factor indicates that graphene is most effective
as an absorber at 8-12 GHz, while G4/T10/PVDF is most effective at 3-14 GHz. Temperatures of

25°C and above for the RAMs studied here are optimal for electromagnetic wave absorption.

The data generated in this study were plotted using Cole-Cole plots to determine whether graphene
and G4/T10/PVDF exhibit a single relaxation time. The semi-circular plots shown in Figure 3
indicate that the data can be modeled using Debye relaxation equations. The thickness of graphene
and G4/T10/PVDF was also studied, as microwave absorbers change their dielectric properties
with thickness. The results show that lower frequencies and higher temperatures correspond to
greater thicknesses. Additionally, the attenuation of graphene and G4/T10/PVDF increased with

both frequency and temperature.

The findings of this work are consistent with experimental data as well as with the reviewed
examined. The significance of this work is to confirm whether the data for graphene and
G4/T10/PVDF can be fitted using Debye relaxation equations, to verify the accuracy of the
numerical approach in replicating experimental data and to extend the analysis to higher
frequencies and temperatures beyond those reviewed in the literature.
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