W) Check for updates

Received: 15 May 2020 Revised: 25 August 2020 Accepted: 28 August 2020

DOI: 10.1002/app.49962

Applied Polymer WILEY

ARTICLE

Terahertz time domain spectroscopy of graphene and
MXene polymer composites

Klaudia Zeranska-Chudek’
Agnieszka M. Jastrzebska’ | Mariusz Zdrojek"

| Anna Lapinska' | Agnieszka Siemion'

1Faculty of Physics, Warsaw University Ab
of Technology, Warsaw, Poland stract

2Faculty of Materials Science and The rising demand for faster and more efficient electronic devices forces elec-

Engineering, Warsaw University of
Technology, Warsaw, Poland
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and related applications. This study presents a study on basic optical properties
of two types polymer-based composites loaded with two-dimensional
structures—graphene and MXene phases (Ti,C). In said range, total EMI
shielding efficiency (SE) and its components, the absorption coefficient (a),
Funding information refractive index, and complex dielectric function are investigated. The ratio of
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SE absorption component to reflection component (SEps:SER) of fabricated
composites is equal or higher than 30:1 in over 80% of studied range. The fabri-
cated composites exhibit low (<0.1) loss tangent in studied range. The addition
of 1 wt% of graphene increases the composite @ over 10-fold in respect to pure
polymer-up to 60 cm™" for frequency higher than 2 THz.
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1 | INTRODUCTION

Proper shielding of electronic devices from stray EM
radiation is a complex but important task. Stray EM

In pursuit of higher performance, the electronics industry
has been showing more and more interest in electronic
devices working in the terahertz range (0.1 - 10 THz), in
various sectors, that is, astronomy, biomedical imaging,
and security."™ Growing number of devices working, and
thus emitting stray radiation at the terahertz range, con-
tributes to the growth of electromagnetic (EM) pollution
in said range. On the other hand, the development of vari-
ous terahertz techniques requires new innovative mate-
rials for optical applications, that is, passive absorbing
elements or saturable absorbers operating in the terahertz
range. Therefore there is a high and persistent need for
novel lossy materials and a thorough study regarding their
complex optical properties in the THz range.

radiation produced by standard operation of electronic
devices, such as communication antennas, mobile
phones or personal computers, leads to electromagnetic
interference, which may influence the operation of deli-
cate electronic devices resulting in malfunctions, data
leakage in digital communication or if medical equip-
ment is affected, even pose danger to human health.’ The
choice of proper lossy material during an electronic
device design is vital, as neither “overshielding” nor
“undershielding” of the device is wanted.® Undershielding
enables the radiation to penetrate the device packaging
and thus provokes malfunction of said devices, while over-
shielding often results in added production costs and
excess weight. That is why novel lightweight materials,
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based on polymer matrixes loaded with conductive parti-
cles, especially those based on two-dimensional
(2D) materials, are being developed to replace commonly
used metals. The polymer-based materials can provide suf-
ficient EM interference shielding effectiveness (EMI SE;
>30 dB, which corresponds to shielding of 99.9% of the
incident radiation) and low penetration depth of EM
waves (high absorption coefficient >40 cm™) at low
weight.”® What is more, polymer composites with 2D
materials inclusions are easy to fabricate, not prone to cor-
rosion and their electrical, thermal, and mechanical prop-
erties can be tuned to fit the desired application, as
opposed to the conventional metal-based or metal particles
infused polymer composite shields.

Another argument against commonly used metallic
shields is that they exhibit mostly electrically induced
reflection shielding mechanisms (the radiation is
scattered on the free carriers). Reflection-based shielding
mechanism only redirects the stray radiation. To tackle
the EM pollution, a material capable of radiation absorp-
tion rather than reflection is needed. We have already
reported a nonconductive polymer-based material
exhibiting good shielding efficiency based on absorption
mechanism in one of our previously published works.*
However, the studied materials were examined in a
narrower frequency range and no other optical properties
than shielding efficiency were studied.

While shielding efficiency and its components are
crucial factors for EMI shielding applications, it is also
vital to examine other optical properties of potential lossy
materials, like the absorption coefficient, loss tangent, or
the refractive index. These optical properties may deter-
mine possible applications of the material, for example,
waveguide absorbing loads or passive optical elements.
Only the full information on optical and dielectric prop-
erties can give exhausting insight on the material.

The literature provides many examples of polymer-
based composites loaded with nanofillers for EMI
shielding applications. Composites and foams employing
both MXene and graphene nanofillers that exhibit high
SE values have already been reported,'*™** but the stud-
ied frequency range is usually restricted to the X-band.
Zhang et al. have reported a graphene foam of high
shielding efficiency in a broad range of microwave fre-
quencies. They have also investigated the dielectric prop-
erties of the material,'* but no information was provided
on its basic optical properties, like transmittance and
reflectance, which can provide information on the main
shielding mechanism of the material. The terahertz range
brings new opportunities for novel devices based on
graphene or MXenes. For example, Khromova et al. have
reported a graphene-based terahertz/infrared waveguide
modulator,” another study shows a MXene-based

terahertz detector.'® Although there are some works on
graphene, or MXene-based composites utilized as ter-
ahertz radiation shields,'”"® to our best knowledge, none
of these studies show a comparison of shielding and opti-
cal properties of series of composites containing different
nanofillers fabricated with the same production method
and nanofiller loading. We find such a work could be
beneficial to the general state of knowledge and would
provide insight on the influence of different nanofillers
on the same matrix, under specified conditions, and as
such, could be a road mark for future studies.

In this work we provide an extensive comparative
study on the optical and dielectric properties of polymer
composites infused with two types of nanoparticles via
terahertz time domain spectroscopy. Time domain spec-
troscopy in the THz regime (THz-TDS) is a technique
that allows a facile determination of not only the trans-
mittance and reflectance and thus total shielding effec-
tiveness and its components, but also the absorption
coefficient, dielectric permittivity (also referred to as
dielectric constant), loss tangent, and refractive index of
the measured material. The shielding performance and
other basic optical properties of the fabricated composites
vary, depending on the nanofiller employed in the com-
posite. We report two series of polymer-based shielding
materials exhibiting absorption-based shielding mecha-
nism. Samples containing graphene nanoplatelets show
most notable differences in measured properties from
pristine polymer, exhibiting total SE of 40 dB and absorp-
tion coefficient higher than 60 cm™ (for frequencies
above 1.7 THz). We report low loss tangent of fabricated
composites (0.64 maximum value for graphene compos-
ite) and refractive index values between 1.6 and 2, similar
to those of pristine polymer. Finally, we report a series of
elastic, nonconductive, low-dielectric loss, and low-
reflection polymer composites with poor to high EMI
shielding efficiency, depending on the 2D filler used, and
absorption as the main shielding mechanism.

2 | METHODS AND MATERIALS

2.1 | Sample fabrication

Graphene flakes (5-pm lateral flake size) were supplied
by Sigma Aldrich and MXene particles (Ti,C) were sup-
plied by a group at Faculty of Material Science, Warsaw
University of Technology. Production of MXene particles
has been described in our previous studies.'” All 2D
materials were fabricated or purchased in the form of
powder. Polydimethylsiloxane (PDMS) was purchased
from Dow Corning Co., as a two-part liquid component
kit, containing base and curing agent (Sylgard 184).
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PDMS composites were fabricated using a simple
blend mixing method. A specific weight of 2D materials
(depending on the desired loading in the composite) was
added to the PDMS base solution. To distribute the parti-
cles in the polymer precursor, the mixture was placed in
an ultrasonic bath (Elmasonic) for 2-3 h and afterward
stirred on a magnetic stirrer for 1 h. Then the curing
agent was added to the mixture in 10:1 (PDMS base + 2D
material: PDMS curing agent) proportions. The mixture
was then degassed to remove any bubbles created in the
fabrication process. Finally, the mixture was cured at
high temperature (100 °C) for one hour. The amount of
2D materials was calculated to meet the loading of 1 wt%
in all composites. The specific nanofiller loading was cho-
sen based on our previous works on PDMS composites
containing graphene inclusions, where we showed the
influence of graphene loading on optical properties of
fabricated composites.'®* For reference, a sample con-
taining no additives was also fabricated. All composites
were fabricated in the form of a flat flexible slab 700 pm
+ 20% thick (see Figure 1(b)). From now on, the compos-
ites will be referred to by the nanofiller type used during
the fabrication.

2.2 | Sample characterization

THz-TDS measurements were conducted using TeraView
spectrometer Spectra 3000. The system is based on an

800 nm femtosecond laser generating 50 fs pulses. The
spectrometer can provide data in 0.06 —4 THz (2
— 120 cm ™) range with 0.0075 Hz (0.25 cm™") resolution.
The measurements were taken in a Rapid Scan mode -
30 scans per second with 1.25 cm™" resolution. Measure-
ments were conducted in ambient temperature. Before
measurements, the thickness of each sample had been
checked and a series of scans had been conducted for
each type of composite. The TeraView software was used
to retrieve the refractive index, absorption coefficient,
transmittance, reflectance, and the complex dielectric
function of the measured composites. For more straight-
forward data analysis, we have normalized the data to
represent the features of a 500-pm thick sample.

We have collected Raman spectra of all fabricated
samples, the data are shown in Figure 1(c). One can see,
that the peaks characteristic for PDMS are repeated in
every composite spectrum, but for composites we can
observe the signature peaks for every 2D additive—for
graphene: 1353, 1576, and 2702 cm™! (D, G, and 2D*);
for Ti,C: 1397 and 1573 cm ™" (also D and G*?).

For the Fourier transform infrared (FTIR) measure-
ments, a Bruker VERTEX 80v spectrometer was used.
The FTIR transmittance spectra presented in Figure 1(d)
show direct influence of filler presence and filler type on
the optical properties of the fabricated composites. While
the pure PDMS sample shows highest transmittance level
of ~90%, the MXene composite transmits only ~20% of
incident radiation and graphene sample shows no
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FIGURE 1 PDMS composites (a) a SEM @ g 0.6
image of a cross-section of the graphene/PDMS 2 =
) i ] T c @ 044 —— Graphene
composite, (b) an image showing the flexibility of - S —Ti,C
the graphene/PDMS composite, and (c) Raman = pure PDMS
spectra of the fabricated composites. (d) FTIR 0.2
transmittance spectra of fabricated composites.
FTIR, Fourier transform infrared; PDMS, — T 0.0
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polydimethylsiloxane [Color figure can be viewed
at wileyonlinelibrary.com]
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transmittance at all. Graphene and MXene composites
show no characteristic features except for those charac-
teristic to pure PDMS. The PDMS/graphene composites'
FTIR spectra are in good agreement with our previous
work, where we have studied composites of different
(0.02-2 wt%) graphene loading.*

Sheet resistance of the fabricated composites was
measured using a four-point probe method. The DC resis-
tivity measurements showed no difference between com-
posites and pure polymer, regardless of the nanofiller.
Also the scanning electron microscope (SEM) image (see
Figure 1(a)) shows small aggregates of nanoparticles, but
no visible percolation paths. Based on that we state our
composites are completely nonconductive in DC.

3 | RESULTS AND DISCUSSION

Figure 2 shows collected transmittance and reflectance
spectra of fabricated composites. As seen in Figure 2(a),
the transmittance of composites is lower than the trans-
mittance of pure PDMS. The composite containing
graphene nanoplatelets shows a significant decrease of
the transmittance, a small decrease is also visible in the
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FIGURE 2 Basic optical properties of fabricated composites in
THz regime. (a) Measured transmittance and calculated total
shielding effectiveness SEror. (b) Measured reflectance and
calculated reflection component of shielding efficiency SEg [Color
figure can be viewed at wileyonlinelibrary.com]
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Ti,C composite. Regardless of the nanofiller, transmit-
tance is decreasing with growing frequencies up to
~1.2 THz. For higher frequencies, transmittance of Ti,C
composite is reaching a plateau (at ~30%). The graphene
composite shows a constant decrease in transmittance
with the growing frequency up to ~2.5 THz, for higher
frequencies the data is no longer reliable.

The reflectance spectra (see Figure 2(b)) show a rel-
atively low level of reflectance (1.5-5.5%) in the whole
studied frequencies range. There is no specific trend in
the spectra with respect to the different nanofillers
used. Low reflectance seems to be determined by the
PDMS signature, again only the graphene composite
shows any significant difference from the pristine
polymer.

Using the transmittance and reflectance data, the
total shielding efficiency (SEtor) and its reflectance com-
ponent (SEgr) were calculated. It is known that the
shielding efficiency of a material is calculated as
SE = — 10log;o(T), where T represents the transmittance
of studied material. Shielding efficiency is comprised of
three components—the reflection (SEgR), absorption
(SEags), and multiple inner reflection (SEpgr) compo-
nents. The total shielding effectiveness can be calculated
as a sum of its components SEpgt = SEg + SEags + SEyir-
Due to the fact that incident wavelength is longer
than the thickness of the composite, multiple inner
reflection component can be omitted. The remaining
reflection and absorption components can be calculated
as SEr = — 10 log;o(1 — R) and SEags = —10 logo(+%5)
respectively, R being the measured reflectance. Calculat-
ing the components of shielding effectiveness can deter-
mine the main shielding mechanism of the studied
material. In case of fabricated composites, the reflection
component is relatively small compared to the total
shielding effectiveness, regardless of the nanofiller used.
Reflection component has a maximum of 5% share in the
total shielding effectiveness in at least 0.87 of studied
range in case of graphene composites and even up to 0.93
of the studied range for samples loaded with MXene
nanoplatelets. This implies that the absorption compo-
nent, being the difference of the total shielding effective-
ness and its reflection component, seems to be the
dominating shielding mechanism. Graphene composite
exceeds the shielding efficiency value of 40 dB for fre-
quencies higher than ~2.2 THz, while the other compos-
ite remains below 10 dB in the whole studied range.
SE of graphene composite is suitable for most
shielding applications in the terahertz range,® MXene
composite can be utilized in applications requiring less
effective shielding and small reflectance, for example,
waveguide loads and terminations, or cavity resonance
reduction.****


http://wileyonlinelibrary.com

ZERANSKA-CHUDEK ET AL.

| wiLEY-Applied Polymer

CIENCE

The refractive index of fabricated composites, shown
in Figure 3(a) is nearly featureless in the terahertz range,
which is consistent with the literature.'®*>*® The
~1.6 value of pure PDMS sample is similar to that mea-
sured by Kim et al.?> It should be noted that thin films
made of corresponding 2D materials typically show rela-
tively higher refractive indices than those of composite
materials.””*® However, the graphene composite and
graphene dispersion reported by other groups show simi-
lar (<2) refractive index,'®?® which suggests the compos-
ites owe the low value of the refractive index to the
polymer matrix, with nanofillers only slightly influencing
the resulting value.

The dependence of dielectric constants or dielectric
permittivity (both real ¢’ and imaginary ¢”) and the
corresponding loss tangent (tan §) on frequency is shown
in Figure 3(b,c). All composites show low values of both
dielectric permittivity and the loss tangent, compared to
other state of the art composites and suspensions.* There
is a visible difference between graphene and other com-
posites, both in values and shape of the dielectric proper-
ties spectra. Graphene composite samples show ¢, €,
and tand values of approximately 3.4, 0.22, and
0.064 respectively at the frequency of 1.5 THz. These
values exceeded those of pristine polymer by 1.4 to
5 times, depending on the property. In contrast to other
fabricated composites, the ¢ and tans of the graphene
composite are growing with the rising frequencies up to
2.2 THz, where it reaches a maximum value. The dielec-
tric properties of composite with MXene nanofillers show
a vague decrease with the growing frequencies (the ¢’
reaching a plateau at ~1.5 THz) and are similar to those
of pristine polymer. The Ti,C composite shows 30% incre-
ment in loss tangent at 1.5 THz in respect to the pristine

polymer. Overall low values of loss tangent and the real
part of dielectric permittivity may indicate low dielectric
absorption in studied material.

Figure 4 shows the absorption coefficient of fabricated
composites. Again, composite containing graphene shows
the biggest deviation from pure polymer. The absorption
coefficient of graphene/PDMS composite shows visible
growth tendency ranging from ~10 cm™' at 0.5 THz to
>60 cm™" at 2.2 THz which is over 10 times higher than
the absorption coefficient of a pure polymer at the same
frequency. The absorption coefficient of Ti2C enriched
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FIGURE 4 Absorption coefficient of the PDMS composites
with an inset graph for composites with low absorption coefficient.
PDMS, polydimethylsiloxane [Color figure can be viewed at
wileyonlinelibrary.com]
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TABLE 1
coefficients of studied nanomaterials or polymer composites with

Comparison with previously reported absorption

nanomaterial additives

a(cm™) a(cm™?) a(cm™?)

Material @1THz @15THz @ 2 THz

Pure PDMS™ 10.2 11.1 10.1

Graphene/PET-DLA 23.5 57.4 -
composite'®

Graphite/PE composite®  25.6 48.3 83.0

Graphene oxide/PE 2.2 3.7 6.4
composite®!

Reduced graphene oxide/  13.5 14.9 19.5
PE composite®’

Ti;C, thin film?’ 57.7 43.9 32.9

Graphene/PDMS 21.9 37.2 54.9
composite

Ti,C/PDMS composite 10.6 11.7 11.2

Pure PDMS 8.5 8.5 6.9

Note: Materials studied in this paper are in bold.
Abbreviations: DLA, di-linoleic acid; PDMS, polydimethylsiloxane;
PE, polyethylene; PET, polyethylene terephthalate.

composite shows a slight growth tendency up to 1.2 THz,
where it reaches ~11 cm™' and remains stable up
to 3 THz.

For reference, we show a comparison of absorption
coefficients characteristic for composites and thin films
based on graphene and MXenes (see Table 1), found in
literature. What is interesting, the absorption coefficient
of MXene composite is much lower than that of a Ti3C2
MXene thin film.*’

Regarding polymer composites with carbon-based
fillers reported so far, there is variation of absorption coef-
ficient depending on the specific filler type, as seen in
Table 1. Koroliov group has recently reported on a similar
polymer composite (a copolyester matrix of polyethylene
terephthalate [PET] and di-linoleic acid [DLA]) with
graphene nanoplatelets.'® Although the values of absorp-
tion coefficient are slightly higher for the PET-DLA com-
posite (such value may be influenced by polymer matrix
absorption coefficient that has not been reported in that
work), the shape of the spectrum corresponds to the one
we have shown in this work. Also the absorption coeffi-
cient we have observed for graphene composite exhibits a
growth that can be related to an absorption band charac-
teristic for carbon materials in polymer matrixes at
2.2 THz.>' We assume the shape of absorption coefficient
spectra is associated with the relation between graphene
flake size (diameter ¢) and the wavelength of the incident
radiation (4). Given the average graphene flake diameter
as ~5 pm (as stated by the supplier and as seen in Figure 1

Applied Polymer wiLEY-L ¢

(a)) and the wavelength of ~100 — 3000 ym, we can state
that ¢p < 4, and so our material follows a model described
by Chamorro-Posada et al.,>* which describes EM waves
interaction with system of conductive centers (graphene or
MXene flakes) in a polymer matrix. However, the afore-
mentioned model has been analyzed in reference to sp”
carbon materials and cannot be expanded to MXene sam-
ples. Chamorro-Posada et al. state that the rapid growth of
absorption near 2.2 THz frequency is largely contributed
to by specific inter-planar vibrations in sp® carbons. They
also suggest stacking high numbers of carbon layers
enhances the absorption, which could explain high SE and
absorption coefficient in our graphene flakes-based com-
posite samples. What is more, following the work by
Bychanok et al.,>* the geometry of graphene flakes used in
this study is highly beneficial for the absorption properties
of the composite, as they exhibit high aspect ratio (surface
to thickness ratio).

The results obtained for pure PDMS sample are con-
sistent with the literature values to the order of
magnitude,*>** which does not match the resolution of
the measurement. The absorption coefficient of PDMS is
highly dependent on the fabrication process of the poly-
mer, especially the curing temperature. As Salman et al.
reports, a change from 60 to 120°C can alter the absorp-
tion coefficient from ~9.6 to ~20.3 cm™" at 1 THz fre-
quency.®® The absorption coefficient of our PDMS
polymer samples is clearly lower than the values reported
by Salman et al. That difference may stem in shorter cur-
ing time — 1 h on our part and 6 h in case of the literature
data. Shorter curing time may have not stimulated the
level of cross-linking within the polymer responsible for
ameliorating the absorption coefficient.*?

4 | CONCLUSIONS

We have successfully utilized THz time-domain spectros-
copy to perform a thorough comparative study of optical
properties of polymer composites enhanced with 2D
materials in range of 0.2-3 THz. We have prepared three
types of PDMS composites with various 2D materials—
graphene and Ti,C at 1 wt% loading, fabricated using a
simple blending method. We have shown the shielding
effectiveness and its main components (calculated using
transmittance and reflectance data), refractive index, loss
tangent, the complex dielectric function and absorption
coefficient of said composites. The shielding effectiveness
ranges from highly shielding —40 dB graphene composite,
through somewhat shielding (~6 dB) MXene composite,
to low SE of pristine polymer. The MXene show surpris-
ingly low SE when employed in a polymer composite,
especially taking into account the SE of a MXene thin
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film. Nevertheless all composites show absorption as
main shielding mechanism with very low reflectance -
<5% in the whole studied range. All composites show
low dielectric loss with small deviations for graphene
composites. Refractive index of all composites is similar
to that of pure polymer.
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