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ABSTRACT

Negative refractive index (NRI) metamaterials with simultaneously negative
permittivity and negative permeability have recently experienced tremendous
fundamental and practical interest due to their unique electromagnetic properties. In
this work, polythiophene (PTh) thin films were synthesized using an in situ
chemical- oxidative polymerization route. The double negative characteristics
(negative permittivity and permeability) appeared simultaneously in the as-prepared
PTh thin films. The structural and microstructural characterizations of as-deposited
PTh thin films were examined through different techniques including XRD, FESEM,
TEM, XPS and FT-IR spectroscopy. Furthermore, microwave absorption properties

such as reflection loss (RL), shielding effectiveness (SE) of the PTh thin films with
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varying monomer concentration were also investigated. The morphological
investigation shows that the unique porous microstructure of the PTh fibers has a
dramatic impact in the enhancement Kkinetics of the microwave absorption
performance. The PTh fibers deposited at 0.2 M concentration of thiophene showed
minimum reflection loss (RL) of -44.24 dB (99.9% microwave absorption) at 17.59
GHz frequency, with a total shielding effectiveness of -18 dB at 16.3 GHz with
only 5.31 microns of matching thickness. The PTh thin films exhibit exceptional
microwave absorption ability at a fairly thin thickness and show a greater effective
absorption bandwidth (RL < -10 dB) in the Ku-band region; these findings
definitely pave the way to explore the study of different conducting polymer

materials for utilization in EMI-shielding applications.

Keywords: Conducting polymers; Polythiophene (PTh); Metamaterial; Microwave

absorption; EMI shielding; Relative Permittivity and permeability
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1. Introduction

Recently, double negative index materials have attracted a great deal of
attention across the globe due to their fascinating properties such as negative
refraction, perfect absorption, and perfect transmission[1]. Due to these particular
characteristics, metamaterials can be applied to various fields such as super lenses,
optical cloaking and microwave antennae[2,3]. Moreover, a perfect metamaterial
absorber, which can absorb electromagnetic waves, can be applied as a plasmonic
sensor, solar cell, photodetector, thermal emitter and thermal imager[4,5]. The
materials that show DNG characteristics can suppress electromagnetic waves
generated by advanced electronic gadgets that are used daily such as cellular
phones, laptops, local area networks, Wi-Fi and home appliances. The rapid use of
these electronic gadgets is very harmful for mankind[6]. Furthermore, DNG
materials provide a stealth function for avoiding radar detection to a military
unmanned aerial vehicle, fighter, tank and warship[6]. These strengths have highly
motivated researchers to explore applications of DNG materials in the various fields
of materials science research.

The rapid-growth in wireless information technology, especially in the high-
frequency range, has led to a new kind of pollution: electromagnetic interference
(EMI)[7,8]. This massive improvement in electronic gadgets and
telecommunications has prompted significant concerns with regards to
electromagnetic interference pollution (EMI)[9]. A key answer to tackle this
problem is to fabricate types of materials that can suppress the undesirable
electromagnetic waves[10,11] Electromagnetic interference not only can cause

operational malfunction but can also produce adverse effects on human



health[12,13]. Persuaded by environmental questions and human health, the quest
for materials with high efficiency to mitigate electromagnetic noise is a mainstream
field of research[14,15].

Metals are effective materials widely applied in the shielding industry, but
heavy weight, corrosion susceptibility and incommodious processing methods make
these materials inappropriate for use in a shielding mechanism[16]}. As lightweight
materials and  flexibility are crucial considerations, especially for
military and aviation applications, tremendous efforts are presently ongoing for
developing a suitable EMI shielding material on an industrial scale[17,18]. Ideal
microwave absorption materials require low density and low thickness that show a
strong microwave absorption over a wide frequency range[19][20].

Conducting polymers (CPs) represent a novel class of materials possessing a
unique combination of electrical and mechanical properties that are useful for the
suppression of electromagnetic noise[21]. Also the microwave properties of CPs
cover wide area of application such as a coating in reflector antennae, RADAR,
coating on flying objects (airplane) as a stealth material, frequency selective
surfaces, satellite communication links, and microwave absorbing materials[22,23].
On the other hand, the properties of CPs such as their light weight, corrosion
resistance, low toxicity, high conductivity, ease and high flexibility in preparation
also render them as a potential candidate to replace conventional metals such as Fe,

Co, Ni[24].

However, it was also found that the shielding effectiveness of CPs partially

arises from their available microwave absorption performance rather than just from



reflection. This valid absorption performance motivated a great deal of research
work on developing novel microwave absorbing materials (MAMs) based on various
CPs[25]. Although the microwave absorption ability and shielding effectiveness
properties of CPs have been studied earlier by some researchers, the performance of
pure CPs is not so much exciting due to impedance mismatch and narrow absorption
bandwidth. Chandrasekhar et al. investigated the microwave ‘absorption and
shielding properties of bulk polyaniline (PANI) in the frequency range 4-18 GHz
and found shielding effectiveness approximately -15 dB, but poor absorption
performance only up to -5 dB in the X and K bands[25]. Xie et al. designed an
ultralight, three-dimensional (3D) polypyrrole (PPy) aerogel and (3D)
polypyrrole/poly3,4-ethylenedioxythioxythiophene) (PPy/PEDOT) hybrid composite
by a facile self-assembled polymerization method, with an effective EM absorption
bandwidth  (<—10 dB, 90% absorption) that could reach up to 6.2 GHz. Velhal N,
Patil N, et al. reported the synthesis of a Ppy/PANI composite using galvanostatic
electro polymerization-and studied its electromagnetic properties study in the 8-18
GHz region. Many reports are available for the microwave absorption properties of
Ppy and PANI, but PTh as a microwave absorber has not been intensively studied.
Seyed Hossein Hosseini and Maryam Moloudi synthesized polythiophene nanofibers
and reported a minimum reflection loss of -6 dB at 6 GHz and -8.5 dB at 14
GHz[26]. However, no reports are available on the microwave absorption properties

of pure PTh thin films.

In the present manuscript, we report the facile synthesis of porous PTh thin

films on an alumina substrate using a very simple and cost effective chemical bath



deposition method, and study their microwave absorption properties in the Ku band
(12-18 GHz) region. Herein, effort has been made to develop unique
microstructures of PTh such as hollow/porous. It is well accepted that the unique
porous structure is favorable in the enhancement kinetics of microwave absorption
phenomena. The porous structures, which let more microwaves penetrate into
absorbing materials, can be used to tailor the complex permittivity and improve the
impedance match between air and absorber,[27,28] also the porous structures can
lead to multiple reflection and scattering phenomenon for incident microwaves
inside the absorbing material, which results in attenuation of electromagnetic (EM)
energy[25,29]. To the Author’s knowledge, we have observed for the first time

DNG behavior for PTh thin films.

2. Experimental section

2.1 Materials

AR grade chemicals were used for synthesis. Thiophene (AR grade Merck),
FeCl; (98% Sd-Fine) were supplied by Fume Chemicals Co., Ltd. chloroform
(CH3Cl), and methanol (CH3;OH) were purchased from Sigma-Aldrich. All
chemicals were used without any further purification, whereas alumina substrates

were used for the preparation of PTh thin films.

2.2 Preparation of polythiophene thin films

The monomer solution was prepared by dissolving 0.1 M concentration of
thiophene in chloroform, while oxidant solution was prepared using 0.4 M

concentration of FeCls in chloroform in a separate beaker. The monomer



concentration was varied from 0.1 to 0.5 M in steps of 0.1 to study the effect of the
concentration on the microwave absorption properties of PTh thin films, whereas
the oxidant concentration was kept constant at 0.4 M throughout all the

experiments.

The substrates were immersed in a solution bath at room temperature with
constant stirring. The monomer solution was added dropwise to the oxidant solution
under the N, atmosphere. After some time, a brown colored precipitate was
observed in the solution bath. During the precipitation, a heterogeneous reaction
occurred and the deposition of PTh took place ‘on the alumina substrate. The
substrates coated with PTh thin films were removed from the bath after a time
interval of 1 hour, washed repeatedly with methanol followed by chloroform and
acetone to remove residual oxidant and unreacted monomers, dried in air and finally

preserved in an airtight container.
3. Characterization

The XRD pattern for the PTh powder was obtained with a Bruker D2Phaser
X-ray diffractometer using Cu — Ka radiation (A=1.5418 A). Scanning was carried
out in the 26 range from 0° to 90° at a scan rate of 10° per minute. The surface
morphology of the as-prepared polythiophene thin films was investigated by field-
emission scanning electron microscopy (FE-SEM, JEOL JSM 6390). FT-IR spectra
for the polythiophene powder were recorded using a Perkin—Elmer spectrometer in
the range of 500-4000 cm '. The room temperature DC electrical conductivity of

the samples was measured by a two-probe method. Transmission electron



microscopy (TEM) analysis was carried out using a field emission transmission
electron microscope, (TEM; Titan G2 ChemiSTEM Cs Probe) and XPS analysis was

carried out using (XPS; ULVAC-PHI Quantera SXM.)

4. The growth mechanism for the PTh thin films

The chemical oxidative polymerization route has been selected to deposit
PTh thin films. Chloroform (CHCI3) is used as a solvent, whereas iron tri-chloride
(FeCl3) is used as an oxidant. In the chemical oxidative polymerization process
mainly two steps are of prime importance for the film formation, i.e., nucleation
and particle growth. Nucleation is a heterogeneous process in which decomposition
of the monomer molecules takes place in the solution and forms an active layer on
the substrate surface[30]. When the clusters of the molecules formed undergo rapid
decomposition, a heterogeneous reaction occurs and particles start to combine and
grow on the substrate surface up to a certain film thickness[31]. The film thickness
is dependent on the molar concentration of monomer and oxidant, deposition time,

temperature of the bath, the stirring rate, etc.

Herein, all the experiments were carried out at room temperature. All other
parameters were held constant, with only the molar concentration of the monomer
varied from 0.1 to 0.5 M to study the effect of it on the thickness and microwave
absorption performance of PTh thin films. It is important to note that at 0.1 M
concentration, no film formation is found on the alumina substrate surface due to
the low concentration of monomer. However, at higher concentrations of monomer,

well-adhered PTh films were formed on the alumina substrates. The thickness of the



films decreases with increasing monomer concentration. A maximum thickness of
5.31 microns was achieved at a thiophene concentration of 0.2 M. The PTh thin film

deposition takes place as described in the following steps.

After addition of the monomer solution to the oxidant solution, the free
radicals of the Fe®" jons interface with one of the = electrons in the monomer
molecules and forms a normal pair of electrons, transferring another @ electron to
another monomer molecule, which results in linking of the second monomer to the
first and the polymerization[32]. The possible reaction and growth mechanism for

PTh thin film formation is shown in Figure 1.
5. Results and discussion
5.1 XRD analysis

Figure 2a depicts the XRD pattern for the PTh powder scratched from the
alumina substrate. The data exhibit only one broad peak showing the amorphous
nature of the formed PTh fibers. The diffraction peaks centered at 26.5° and 39.7°
are strongly associated with the intermolecular =n-m stacking structure in

polythiophene chains[33].
5.2 FT-IR Spectroscopy

To determine the nature of the chemical bonding and successful formation of
polythiophene, an FT-IR study was carried out in the range 500 to 4000 cm™.
Figure 2b shows the FT-IR spectra for PTh powder scratched from the alumina

substrate. The absorption peak centered at 692 cm™ is attributed to the C-S



stretching in the thiophene ring, while the peak centered at 790 cm™ is due to the C-
H out of plane vibration of the 2-5-substituted thiophene ring created by
polymerization of the thiophene monomer[34]. The peak observed at 1030 cm™ is
assigned to the in-plane stretching vibration of C-H[35]. The absorption bands at
1501 cm™ and 1634 cm™ arise due to C-C stretching vibrations and C=C symmetric
stretching vibrations of the thiophene ring, respectively[36]. The peak present at
1844 c¢cm™ was assigned to the C=0 bond that concludes the inclusion of the small
amount of oxygen in a film. The bands centered between 2872-3063 cm™ are
attributed to the C-H stretching vibration[34]. The present FT-IR result clearly

indicates polymerization of the thiophene monomer.
5.3 FESEM analysis

Figure 3a shows FESEM images of the PTh thin films deposited at various
concentrations of thiophene. It is seen that the PTh thin films show different
morphologies as the monomer concentration changes. The PTh film deposited at a
thiophene concentration of 0.2 M shows a very porous surface morphology with
nanosized particles uniformly distributed over a large surface area. Additionally, at
0.3 M concentration of thiophene, a highly agglomerated, porous and well-
interconnected grain structure for the PTh nanoparticles is observed. However, at
0.4 M and 0.5 M concentration of thiophene, the morphology of the PTh samples

changes dramatically, with uneven growth of the PTh nanoparticles.

5.4 TEM analysis



Figure 3b shows the TEM images of the PTh thin films deposited at various
monomer concentrations. It is clearly seen that a fibrous and porous morphology is
observed in the as-prepared PTh thin films, which is also in good agreement with
the FESEM analysis. The black portion seen in the TEM images suggests the
presence of a porous network of polythiophene nanoparticles. The PTh thin films
deposited at 0.2 M and 0.3 M concentration of thiophene show ‘@ very compact
morphology compared to the films deposited at 0.4 M and 0.5 M concentration. The
average particle size of the PTh nanoparticles was found to be in the range of ~ 40-

60 nm.

5.5 XPS analysis

Figure 4a shows the survey scan XPS spectra for the polythiophene thin film,
while Figure 4b shows the narrow.scan XPS spectra of the Cls core level. The XPS
spectra for the S2p core level'is shown in Figure 4c. The survey scan spectra depict
the presence of distinct bands at binding energies corresponding to the Si2p, S2p,
Cl2p, Cls, N1s, and O1s core levels[37]. The peak present at 284.5 eV is attributed
to Cls, whichis.in _good agreement with the standard carbon signal showing almost
the same binding energy 284.6 eV[31]. The deconvoluted graph for C1ls shows two
distinct peaks, which are attributed to the C-C, C=C, C-H bonds at B.E. 284.5eV
and C-S bond at B.E. 286.5 eV. The peak present at 284.5¢V is associated with o
and P carbon atoms in the polymeric chains[38], whereas the presence of the C-S
band at 286.5 eV confirms the successful deposition of polythiophene[31]. The
core-level N1s spectra show the presence of free amine along with a secondary

amine peak at 399.2 eV and a protonated amine peak at 400.8 eV[37]. The



deconvoluted S2p core level spectra also show two distinct peaks corresponding to
S2ps, and S2pjy/, core levels at different binding energies. The S2ps;, and S2pij»

peaks were observed at 167.79 eV and 168.89 eV respectively.

Actually, according to the NIST database for XPS, the peak position for the
S2p orbit in the thiophene should be approximately at 164 eV[39]. However, herein,
a huge shift in the binding energies for the S2p orbit is observed. The origin for the
binding energy shift is “surface effects”. For pure “S”, the bandwidth at the surface
of S is presumed to be narrower for the surface layer due to the reduction in
neighboring atoms. Therefore, the narrowing of the p-band at the surface requires
charge transfer to align the Fermi levels. Hence, the surface atom acquires a net
positive charge relative to the bulk atom and the surface core level shifts to higher
binding energies. However, the energy difference in the S2ps,; and S2py/, peaks is

1.1 eV, which is close to the expected value of 1.17 eV[31].

6. Room temperature DC conductivity and thickness study

Room temperature DC conductivity values for the PTh samples deposited at
various monomer- concentrations of thiophene measured by a two-point probe
method are tabulated in table 1 along with results from a thickness study of the
samples carried out using a digital microbalance. It is seen that the PTh thin film
thickness decreases with increasing monomer concentration. Generally, the most
accepted mechanism is that as the monomer concentration increases, the film
thickness also increases. In the case of the 0.1 M concentration, no reaction

between monomer and oxidant occurs, resulting in no PTh film formation. While at



0.2 M concentration of thiophene, a precipitate was slowly formed in the reaction
bath. Thus, a nucleation process and particle growth of PTh nanoparticles on the
alumina substrate was obtained in a well-ordered manner, resulting in dark-
brownish PTh thin film formation. The ratio of monomer to oxidant is exactly
matched to obtain a well adhered PTh thin film at 0.2 M concentration. However, as
the thiophene concentration increases to 0.3 M, the reaction rate increases
drastically, with sudden precipitation occurring in the reaction bath. Here, also, a
thick layer of PTh is primarily observed on the alumina substrate; however, the
upper layer peels off when it is washed with chloroform due to loose bonding of
molecules with the substrate. Additionally, at 0.4 and 0.5 M concentration, similar
behavior is observed. Hence, the sample deposited at 0.2 M concentration of
thiophene shows the highest thickness of 5.31 microns and the highest electrical
conductivity of 5.412x10°° S/m. As the thickness decreases, the DC conductivity of
the samples also decreases at higher monomer concentrations. Figure 5 shows a

picture of the PTh samples deposited at various concentrations of thiophene.
7. Measurement of the microwave parameters

The samples were cut into the desired rectangular shape, i.e., height a=1.8 cm
and width b=1 cm, to fit into a Ku-band waveguide adapter, with the whole
assembly connected to an Agilent Vector Network Analyzer using co-axial cables
for microwave property measurements. Full two-port calibration was performed to
remove errors. The S-parameters (S;;andS,;) are the basic building blocks to
determine the microwave parameters of the material under test (MUT). Two coaxial

rectangular waveguide adapters, (Ku-band 12-18 GHz) filling completely the fixture



cross section, were used to determine the S-parameters of the MUT. The complex
scattering parameters S;; and S,;, corresponding to reflection and transmission,
were measured using the VNA and used to study the reflection loss, shielding
effectiveness of the polythiophene thin films. After the S-parameter measurements,
the real and imaginary parts of the permittivity and permeability of the MUT (g', &"
and p', u'") were calculated according to the standard Nicholson Ross Weir (NRW)
algorithm[40].

7.1 Reflection loss

Figure 6 illustrates the variation of the reflection loss (dB) with frequency in
the 12-18 GHz (Ku-Band) frequency region for varying concentrations of thiophene
monomer. Reflection loss (RL) of the ‘PTh thin films was calculated from the
complex scattering parameter (S;;), obtained directly from the Agilent Vector

Network Analyzer PNA 5230, which is expressed as,[41]

RL = 20 * lOg ISlll ........................................... (1)

The RL plots for the PTh thin films cover the broad frequency bandwidth of
the Ku-band region. AIll the PTh thin films deposited at various monomer
concentrations show effective attenuation (RL< -20 dB) in the Ku-band region. The
minimum RL value observed in the PTh film deposited at 0.2 M concentration of
thiophene was up to -44.41 dB, i.e., (99.99% microwave absorption) at 17.54 GHz,
which is higher than the value reported in earlier studies, with a matching thickness
of only 5.31 microns. A possible reason for the higher microwave absorption should

be the porous structure of the PTh fibers, which can assist multiple



reflection/scattering phenomena[25,42] inside the pores of the PTh fibers, resulting
in an enhanced RL value at 17.54 GHz. The observed values of RL for 0.3 M
concentration at different frequencies are also exciting: -39.14, -15.11 and -16.47
dB. The RL values drop to a lower order at 0.4 and 0.5 M concentration of
thiophene: -26.5 dB and 26 dB at 12.3 and 14.9 GHz frequency, respectively. The
thickness of the absorbent also plays a crucial role in the enhancement kinetics of
the microwave absorption performance[18]. At higher concentrations, i.e., at 0.4 M
and 0.5 M concentration, the thickness of the films decreases due to the occurrence
of sudden precipitation in the reaction bath. This could be a possible reason for the

lower microwave absorption performance at higher concentrations of monomer.

8. Mechanism for EMI shielding

The EMI shielding phenomenon is basically dependent on three primary
mechanisms: reflection from the shield, absorption of electromagnetic energy and
multiple internal reflection of electromagnetic radiation[43]. Figure 8 shows a
graphical representation of the shielding mechanism. An effective EMI shielding
material must both reduce undesirable emission and safeguard the component from
stray signals. The primary function of EM shields is to reflect radiation, utilizing
charge carriers that interact especially with the EM fields[44]. Therefore, shielding
materials ought to be electrically conductive. Regardless, conductivity is not the
only prerequisite. A secondary mechanism of EMI shielding is the absorption of
electromagnetic radiation, which is caused by the interaction of electromagnetic
radiation with electric/magnetic dipoles, electrons and phonons present in the

material[45]. The high electrical conductivity of the shield is an essential variable



for clearly determining the microwave absorption phenomena. Additionally, the
other properties of shield materials such as thickness, electrical permittivity and
magnetic permeability are crucial parameters that determine the ultimate shielding
performance. However, a third phenomenon, multiple internal reflections in the
materials, also contributes noticeably to EMI shielding effectiveness. These internal
reflections originate from the scattering centers and interfaces or defect sites within
the shielding material, resulting in multiple scattering and absorption of EM
waves[44]. Hence, the total shielding effectiveness is the 'sum of the contributions
from absorption, reflection, and transmission or multiple internal reflections. The
SEg, i.e., shielding due to reflection, is related to the impedance mismatch between
the air and shielding material, whereas SE,, i.e., shielding due to absorption, is the
energy dissipation of the electromagnetic microwaves in the shield[46], and SE,,
i.e., absorption of the EM energy, associated with multiple internal reflections.
Therefore, the total shielding effectiveness of any shield can be expressed as,[47]

SET = SEA +SER +SEM .................................. (2)

S parameters of the two-port network analyzer, i.e., S;; (S2,) and S,; (S;;) represent
the reflection and transmission coefficients given as follows[48]:

R = |511|2 = |522|2 ........................................... (3)

T = |521|2 = |512|2 ........................................... (4)

The absorption coefficient can be simply expressed as,

A+ R+ T= T, (5)



Total shielding effectiveness can be conveniently expressed in terms of S

parameters as,

SET = 20 * log |521| ........................................... (6)

The SE, term in equation (1) can be ignored for practical applications when
SEt > -10 dB; thus, equation (1) can be reduced to[49],

SET = SEA + SER ........................................... (7)

Furthermore, SE, and SEy are obtained directly from the following equations,

s21
SE, = 10 log <L§n> .................................. (8)
1-1010
s11
SER =101og (1 —10710) ooviiiiiiiiiiiieiiieienens 9)

9. Shielding effectiveness study

The variation of SE;, SE, and SE in the 12-18 GHz frequency range is shown
in Figure 7a. Thus, a minimum SE; is observed for the PTh thin film, which is
deposited at 0.2 M concentration of thiophene. The observed value for SE; is ~18
dB, which is far below the -10 dB bandwidth and could meet the requirement for
use in practical applications. At higher concentrations, a slight decrement is
observed in the shielding effectiveness performance of PTh thin films, but overall a
good shielding response is observed for all the PTh thin films deposited at various
concentrations of monomer in the Ku-band region. Figure 7b shows the shielding
effectiveness due to absorption, i.e., SE, varies from ~ -7 dB to -4.0 dB, but

shielding effectiveness due to reflection, Figure 7c, i.e., SEg, contributed very little,



showing a nominal value that lies between -1 to -5 dB, which suggests that the
shielding effectiveness due to multiple internal reflections, i.e.,SE); is greater. The
porous morphology of PTh thin films observed from FESEM and TEM analysis
could be the reason for the facilitation of the multiple internal reflection
phenomenon inside the material, resulting in an enhanced microwave absorption
performance in the 12-18 GHz region.

10. Polythiophene with negative permittivity and permeability

Normally, the microwave absorption behavior of materials is dependent on
the relative permittivity and permeability. However, due to the nonmagnetic nature
of PTh, the microwave absorption behavior is only related to the relative
permittivity. The small negative permittivity and tuned electrical conductivity
indicate that a more disordered motion of the charge carriers along the backbone of

the PTh polymer prompted enhanced microwave behavior in PTh thin films.

Generally, permittivity is the measure of resistance that is encountered when
forming an electric field in a medium. Permittivity is a complex quantity, which
describes the interaction of a material with an electric field E[50]. The dielectric
constant (k) is equivalent to the relative permittivity (g,') or absolute permittivity
(¢) relative to the permittivity of free space (g,). The real part of the permittivity
(¢') indicates how much energy from an external electric field is stored in a
material, while the imaginary part of the permittivity (&) is called the loss factor
and is a measure of how dissipative or lossy a material is to an external electric
field[51]. Permittivity is directly related to electric susceptibility, which is a

measure of how easily a dielectric polarizes in response to an electric field. Thus,



permittivity relates to a material's ability to resist an electric field. Figure 9 shows
the relative permittivity plots with respect to frequency for PTh thin films deposited
at various concentrations of thiophene. The imaginary part of the permittivity (g,")
for 0.2 M concentration of thiophene varies from 1.3 to 0.8, but most of the
frequency region shows a small negative permittivity, which varies in between -0.4
to -0.2. Additionally, in the case of 0.3 M concentration of thiophene, (g,") varies
from +2 to -2.5. The real part of the permittivity (&,;") shows a transition from a
positive to negative value. The metallicity of the materials and the plasma
oscillation of delocalized electrons may lead to negative permittivity in
polythiophene. In the case of metals, the carrier concentration is extremely high,
which leads to a large negative permittivity; however, it is believed that conductive
materials with relatively moderate carrier concentration are the most prominent
alternatives for metals and are more beneficial to achieve weakly negative
permittivity behavior in a wide frequency region[52]. Conducting polymers such as
PANI, PTh possess moderate carrier concentration compared to metals. Herein,
also, the continuous conducting pathway formed by porous PTh represents an
intrinsic metallic state of the formed material[53]. Thus, the concentration of
delocalized electrons (N) is obviously larger in the PTh chain. Hence, the motion of
charge carriers is more disordered along the backbone of the PTh chain due to the
plasma oscillations of the delocalized electrons[54]. If the concentration of
delocalized electrons (N) is more, then, the plasma frequency is definitely greater
than the frequency of the electric field, i.e., w, > w. Below the plasma frequency,

the dielectric function is negative and the field cannot penetrate the sample. Hence,



if the frequency of the electric field (w) is less than the plasma frequency (w,) then
there is generation of negative permittivity.[55] The meaning of negative
permittivity is related to the nonresistance of the material to electric field. Slight
variations are observed in the (g/') and (g/') values at 0.4 M and 0.5 M

concentrations of thiophene.

Permeability is also a complex quantity (1), which describes the interaction
of a material with a magnetic field. The permeability (n) consists of a real part (U')
that represents the energy storage term and an imaginary part (u") representing the

energy loss term[50].

Figure 10 depicts the relative permeability plots of PTh thin films with
respect to frequency deposited at various concentrations of thiophene. As
polythiophene is a nonmagnetic material, it does not show any huge variation in the
permeability values for all the samples. The real part of the permeability shows
very little variation for 0.2 M concentration of thiophene, it varies only from 0.08
to 0.15. However, the imaginary part shows a small negative permeability, which
varies from -0.14 to +0.15. The negative permeability in PTh thin films is attributed
to plentiful conductive loops due to the porous structure of PTh fibers. These PTh
nanoparticles are compactly packed and directly connected, which leads to a large
number of micro pores and conductive loops around the micro pores, as revealed
from Figure 3a. At 0.2 M and 0.3 M concentrations, PTh nanoparticles are well
interconnected to each other, which is the reason in particular for obtaining higher
electrical conductivity values at these two concentrations. A porous structure leads

to an increase in the number of conductive loops. In a high-frequency



electromagnetic field, a large number of ring currents are generated in the
conductive loops to resist the external magnetic field. When the superimposed
magnetic field generated by each ring current is greater than the external magnetic

field, a negative magnetic permeability is generated[56].

11. Microwave Attenuation

It is well known that to enhance the higher attenuation ability in materials,
magnetic and dielectric losses should be as high as possible. In the absence of
magnetic losses, dielectric loss is the most prominent factor for better attenuation
capability. Figure 11 shows plots of microwave attenuation for the PTh thin films
deposited at various monomer concentrations in the 12-18 GHz frequency region.

Microwave attenuation was calculated from the following formula[35],

. Input power (watt)
Attenuation (dB) = 10 log,,

Output power (watt)

It is seen from Figure 11 that the microwave attenuation for the PTh thin
films decreases gradually as the concentration of monomer increases. A maximum
microwave attenuation was observed for the PTh thin film deposited at 0.2 M
concentration of thiophene, with a value of approximately 22 dB at 16.2 GHz.
Later, at higher concentrations of monomer, a substantial decrement was observed
in the attenuation values. The possible reason for this observation would be the
lower thickness of the absorbent, with an agglomerated structure observed in the

FESEM analysis of PTh thin films at higher monomer concentrations.

12. Conclusions



In summary, we investigated the microwave absorption and shielding
effectiveness properties of PTh thin films showing a small negative permittivity and
negative permeability, i.e., DNG behavior for as-prepared thin films observed in the
Ku-band region. The XRD pattern demonstrated the amorphous nature of PTh. The
morphological investigation shows that a porous fibrous structure is a possible
reason for the excellent microwave absorption performance observed in the Ku-band
region. The presence of distinct bands at their particular binding energies in the
XPS spectra confirms the successful deposition of polythiophene. The PTh thin film
shows a minimal RL value of -44.41 dB and a shielding effectiveness of -18.02 dB
with only a few micrometers of matching thickness. The microwave absorption
properties of some CPs and polymer-based nanocomposites reported recently are
listed in Table 2. It can be seen that our PTh thin films show a relatively lower RL,
broader bandwidth, considerable attenuation and thinner matching thickness
compared to those of the reports published earlier. Additionally, the DNG
characteristics of the PTh thin films will motivate scientists to investigate the
double negative property in other polymer nanocomposites. These findings open up
a practicable pathway to tune the microwave absorption in a wide frequency
bandwidth. On the other hand, the properties of PTh thin films such as low
matching thickness, light weight, easy preparation and wideband microwave
absorption could meet the requirement for use at the commercial level for shielding
purposes.
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Fig. 2a. XRD pattern of pure PTh

Fig 2b. FTIR spectrum of pure PTh



FESEM and TEM study:

Fig. 3a. FESEM images of PTh thin films deposited at various monomer

concentrations and

3b. TEM images of PTh thin films deposited at various monomer

concentrations



Cis
O1s

N1s

Counts/s

. S2p CI2p ,
. Si2p

0 200 400 600 800
Binding Energy (eV)

Cils b S2p C

CL,C=C,CH

Sme

Counts/s
Counts/s

e

S2p,,

275 280 285 290 205160 162 164 166 168 170 172 174
Binding Energy (eV) Binding Energy (eV)

Fig. 4a. Survey scan XPS spectra of PTh, 4b. Narrow scan XPS spectra of C1s

core level and 4c. Narrow scan XPS spectra of S2p core level



Fig.5. Thickness variation of PTh thin films deposited at various monomer

concentrations
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Sample Oxidant Conductivity Thickness

(S/m) (um)
Pth (0.1 M) FeCl; (0.4 M) -(No film formation) -
Pth (0.2 M) FeCls (0.4 M) 5.412x10°° 5.31
Pth (0.3 M) FeCls (0.4 M) 4.868x10°° 4.56
Pth (0.4 M) FeCls (0.4 M) 4.126x10°° 3.93
Pth (0.5 M) FeCls (0.4 M) 3.645%10°® 3.37

Table 1 Thickness and room temperature DC conductivity study of PTh thin

films deposited at various monomer concentrations.
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Table 2 Comparison of RL and EMI SE of different polymer based materials in

a

the 8-18 GHz frequency region
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HIGHLIGHTS

Facile synthesis of porous polythiophene (PTh) thin films at a. room
temperature

The PTh thin films show DNG behavior in the Ku-band frequency region

The PTh thin films exhibit exceptional shielding and microwave absorption
performance

The minimal reflection loss obtained for PTh thin film reaches -44.41 dB



