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ABSTRACT
The interaction of terahertz electromagnetic radiation with dilute graphene-epoxy composites was studied experimentally at frequencies
from 0.25 to 4 THz. Composites with low graphene loading (1.2 wt. %) below the electrical percolation threshold revealed the total
shielding effectiveness above 70 dB (1 mm thickness) at 1.6 THz frequency. The unexpected high shielding effectiveness of dilute graphene composites in blocking terahertz radiation was mostly achieved by absorption rather than reﬂection. The shielding effectiveness
increases with increasing frequency. Our results suggest that even the thin-ﬁlm or spray coatings of the lightweight, electrically insulating
graphene composites with thicknesses in the few-hundred-micrometer range can be sufﬁcient for blocking terahertz radiation in many
practical applications.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079891

Shielding of electromagnetic (EM) energy in the terahertz (THz)
frequency range is important for both reducing EM interference
among various devices and protecting humans.1–3 While efﬁcient THz
sources are still under development, electromagnetic interference
(EMI) shielding approaches for the relevant frequency band have
already attracted signiﬁcant attention.4,5 Absorbing EM radiation in
the THz band and, simultaneously, meeting all practical constraints
can be challenging. There are numerous requirements imposed on
materials used for EM interference (EMI) shielding such as the thickness of the coating layer, weight limits, mechanical and thermal properties, electrical isolation or conductance, reliability, and cost.
Absorbing EM energy rather than reﬂecting it back to the environment is often required for commercial, e.g., 6G technology, and
defense applications.6 Many existing EMI shielding materials for highfrequency bands, including metallic coatings, mostly redirect the EM
energy by reﬂection owing to their high electrical conductivity.
Reﬂection protects electronic components but, at the same time, may
negatively affect human health.2,3
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An alternative promising approach for EMI shielding is the use
of polymer-based materials with electrically conductive ﬁllers.7–9
Recent studies reported the use of carbon ﬁbers,10,11 carbon black,11,12
bulk graphite,13,14 carbon nanotubes,15–18 reduced graphene
oxide,19–24 graphene,25,26 and a combination of carbon allotropes with
other particles.24,26–29 Graphene was used successfully as the ﬁller in
composites, which were tested in the MHz and GHz frequency
ranges.22,26,30,31 There were a few reports on the use of graphene composites in the subterahertz and THz range.32–35 Experimental and
theoretical studies with individual graphene layers and graphene
meta-surfaces suggest that graphene interacts efﬁciently with EM
radiation in the THz range.36–40 Available data suggest that graphene
particularly absorbs radiation well in the high GHz frequency range
rather than reﬂecting it back to the surroundings.33 Further work is
needed to understand EM characteristics of such composites at different loading of graphene and assess their application potential.
In this Letter, we report the results of testing of composites with
epoxy base and low loadings of graphene below 1:2 wt: %. The term
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graphene, in the context of composite studies, is used to identify a
mixture of graphene and few-layer graphene (FLG) with micrometerscale lateral dimensions. For this study, we utilized FLG powder
(xGnPVH-25, XG-Sciences, USA) as a starting material to prepare the
composites. The as-synthesized FLG ﬂakes have the average lateral
dimensions in the range from 15 to 25 lm, an average FLG thickness
of 15 nm, and a typical surface-area-to-mass ratio of 50–80 m2/g. It
should be noted that the actual thickness of the graphene ﬁllers in the
composite is less due to further exfoliation during composite preparation, which includes the use of the high-shear mixer. The “bulk” inplane and cross-of-plane electrical conductivity of the graphene ﬂakes
are up to 107 and 102 S/m, respectively. We found the optimum
exfoliation and shear mixing parameters via extensive trial-and-error
effort. A particular emphasis was on obtaining a uniform dispersion of
graphene ﬁllers. The samples were prepared in the form of disks with
a diameter of 25.6 mm and thicknesses varying from 0.9 to 1.0 mm.
The quality of the dilute graphene composites was veriﬁed using scanning electron microscopy (SEM) and Raman spectroscopy. The details
of the composite synthesis and material characterization data are
provided in the supplementary material.
The EMI shielding effectiveness of the dilute graphene composites was investigated using the terahertz-time domain spectroscopy
(THz-TDS) system (Toptica Photonics AG).41–43 A train of short THz
pulses of 1 ps duration and the repetition rate of 100 MHz was sent
through the sample pellets made of the composites or was reﬂected
from their surfaces depending on the experimental geometry. The
high-mobility InGaAs photoconductive antennas were used as both a
transmitter (Tx) and a receiver (Rx). The antennas were fed with an
all-ﬁber pulsed laser centered at 1:56 lm wavelength. As opposed to
1 ps duration of the THz pulses, the duration of the laser pulses was
much shorter, s  80 f s. Owing to this property, a time narrow fraction of the THz pulse could be sampled at one given delay of the laser
pulse. To retrieve temporal proﬁles of the pulses from the THz pulse
train, a variable delay stage scanned the THz wave packet with the
R
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laser probe pulse. The high repetition rate of the pulse train allowed us
to obtain effective wave packets sampling at the rate of 30 traces/s
and to average over 1000–2000 pulses during a single minute duration
of an individual measurement. A fast Fourier transform (FFT) algorithm was used to calculate the amplitudes and phases of the transmitted and reﬂected ﬁelds as a function of frequency.
A schematic of the THz-TDS experimental setup is shown in
Fig. 1. In addition to the laser part, it includes the THz beam delivery
part based on the so-called 4f optical arrangement,44 consisting of
four 90 off-axis parabolic mirrors. The two of these mirrors, applied
to compensate for the divergence of the beam, were located, after the
transmitter and, after the sample. The other two provided focusing
before the pellet and detector. The focal lengths of the mirrors were
chosen to ensure symmetrical propagation of the beam on the distance
from the radiation source to the sample and from the sample to the
detector. The diameter of all mirrors was 25:4 mm; and the shorter
and longer focal lengths were 50:8 and 101:6 mm, respectively. Using
these values, one can estimate that the Rayleigh lengths zR ¼ px20 =k
(x0 is the beam waist in focus, and k ¼ c=f , where c is the speed of
light and f is the radiation frequency) of the pulse frequency components (0:25–4:0 THz) were not shorter than 1:5 mm, i.e., sufﬁciently
longer than the thickness of the composite pellet. Such a situation typically indicates good collimation of the beam near the focal spot, providing equal absorption lengths for all frequency components. Note
that the setup shown in Fig. 1 was used only for the measurements of
the transmission coefﬁcients, T. To measure the reﬂection coefﬁcients,
R, the receiver was placed on the same side of the sample as the transmitter, and the amplitude of EM radiation reﬂected from the surface
of the pellet was measured. Special care was taken to deliver the beam
at nearly normal incidence with respect to the sample, resulting in a
small deviation of only 4 from the vertical.
A procedure involving measurements of the transmission, T, and
reﬂection, R, coefﬁcients commonly used in the S-matrix method16
was applied to determine the absorption properties of composites.

FIG. 1. Schematic of the experimental setup used for the measurements in the high-frequency range from 0.25 to 4.0 THz.
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The transmission coefﬁcient of composites was calculated by measuring the amplitude of the electric ﬁeld transmitted through the sample,
^ 21e . The latter was measured in
^ 21s , and through the reference ﬁeld, E
E
an empty space after removal of the composite. On the basis of these
two measurements, T was calculated as
^ 21s =E
^ 21e 2 :
T ¼ jS21 j2 ¼ E

(1)

Similarly, the reﬂection coefﬁcient was determined by measuring the
^ 11s , reﬂected from the surface of the epoxy composite.
electric ﬁeld, E
^ 11s , was measured with the THz pulse reﬂected
The reference ﬁeld, E
from the polished metallic plate, which is a good approximate of an
ideal reﬂector in the THz band. An equivalent of Eq. (1) was used to
calculate R as follows:
^ 11s =E
^ 11m 2 :
R ¼ jS11 j2 ¼ E

(2)

The electric ﬁelds from Eqs. (1) and (2) and the phase relations
required to calculate the amplitude ratios were provided by the FFT.
Finally, to determine the absorption characteristics of an EMI shielding material, the measured values of T and R were used to calculate the
effective absorption coefﬁcient, Aeff , deﬁned as
Aeff ¼ ð1  R  T Þ=ð1  RÞ:

(3)

Compared with the standard deﬁnition of the absorption coefﬁcient
A ¼ 1  R  T, the modiﬁed deﬁnition describes the actual absorption of the composite material accounting for the fact that some part
of the incident EM energy is always reﬂected from the surface of the
sample. The total shielding effectiveness, SET , shielding via different
mechanisms of reﬂection, SER , and absorption, SEA , can be calculated
knowing R and Aeff as follows:33
SER ¼ 10logð1  RÞ;
SEA ¼ 10logð1  Aeff Þ;

(4)
(5)

SET ¼ SER þ SEA :

(6)

Figure 2(a) shows the reﬂection coefﬁcient, R, for the pristine epoxy
and three epoxy-based composites with the graphene loading ranging
from 0:8 to 1:2 wt: %. The data are presented in the frequency range
from 0:25 to 4 THz. The oscillations of the reﬂectivity at low frequencies are due to the multiple reﬂections from the sample’s front and
back surfaces, causing Fabry–Perot interference features. The sharp
spikes at f > 1:5 THz are due to the absorption by the water molecules in the atmosphere. Within the whole frequency range, the reﬂection from the epoxy-based composites is small. Figure 2(b) presents
the reﬂection shielding effectiveness of samples as a function of
frequency. One can see that shielding by reﬂection in the whole
frequency range is below 1 dB.
The transmission coefﬁcient, T, for the same set of samples is
shown in Fig. 3(a). It is interesting to note that the transmission
decreases with increasing frequency. For composites with a graphene
loading of 1:2 wt: %, and at f ¼ 1:6 THz, T  107 %, conﬁrming
that almost all the incident EM wave is blocked by the composites.
This level of the measured signal is already close to the sensitivity limit
of the measurements. As expected, the higher the graphene loading,
the smaller is the transmission. The exception is only observed at the
frequencies below f ¼ 0:4 THz, where the transmission spectra for
the composites with 1:0 and 1:2 wt: % loading of graphene coincide.
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FIG. 2. (a) Reﬂection coefﬁcient, R, and (b) reﬂection shielding effectiveness, SER ,
of the pristine epoxy and the composites with low loadings of graphene as a function of frequency. Note that the shielding by reﬂection is negligible in all composites.
The experiments have been conducted using an aluminum plate as a reference.

The low reﬂection and low transmission of the epoxy-based composites in the THz frequency band show that this material effectively
shields EM radiation mainly due to absorption. It is important to note
that our dilute graphene composites are electrically insulating, and
their resistivity could not be measured by a standard four-probe measurement setup. Our previous studies with the same polymer and graphene ﬁllers have shown that the electrical percolation occurs at
5 wt: % of the ﬁller loading.33 This is a loading fraction required for
graphene ﬁllers to physically touch each other and form a conductive
path. The dashed lines in Fig. 3(a) show the result of recalculation of
the experimental data for a 1-mm thick sample to the thickness of
200 lm. Given that most of the loss is caused by the absorption mechanism (i.e., SER < 1 dB), we used the Beer–Lambert law to extrapolate
the transmission and total shielding effectiveness in thinner samples. It
is seen that even these thin layers can protect effectively at the THz frequency band. The total shielding effectiveness of the dilute graphene
composites, SET , is presented in Fig. 3(b). One can see that 1:2 wt: %
graphene composites provide total shielding above 70 dB at
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f  1:6 THz, which is more than sufﬁcient for many industrial applications. Multiple reﬂections have not been observed in our dilute graphene samples above 0.25 THz owing to the strong absorption. The
latter was veriﬁed from the analysis of the delayed pulses, following
the ﬁrst transmitted pulse. Such pulses give rise to distinguishable
Fabry–Perot interference patterns in the measured spectra, for example, of the pristine epoxy, which has low absorption.
The frequency dependence of Aeff and SEA are shown in Figs.
4(a) and 4(b), respectively. The data demonstrate conclusively that
absorption is the dominant mechanism for blocking the EM waves in
our dilute graphene polymer composites. One can see that especially
at frequencies f > 0:6 THz, these composites absorb EM radiation
almost completely. The composites with 1:2 wt: % of graphene loading
provide 45 and 80 dB shielding effectiveness by absorption at
f  0:8 THz and f ¼ 1:6 THz, respectively [Fig. 4(b)]. These samples
reveal substantially higher absorption shielding effectiveness compared
to PDMS composites with 3 wt: % graphene content in the near-THz
frequency range.32
At this point, the physical mechanism of THz absorption in
dilute graphene composites can be analyzed only qualitatively. We
start with comments on the intrinsic properties of graphene ﬁllers.
The electrical conductivity of graphene is a strong function of the carrier concentration, e.g., the Fermi level position, which can change
over a wide range. Unlike individual graphene devices,45 where gating
deﬁnes the Fermi level position, the conductivity of graphene ﬁllers in
composites is determined by the “chemical doping” from the base
material. It is not possible to determine exactly the electrical conductivity of graphene ﬁllers inside the matrix. Typical values of the inplane electrical conductivity reported for large layers of chemical vapor
deposition (CVD) grown graphene are in the range of 103–106 S/
cm.46,47 The sheet resistance for CVD graphene was reported to be in
the range of 100–300 X/sq.48 The “chemical doping” inside the base
materials, defects, and disorder can change the electrical conductivity
in a wide range of values. In terms of the electrical conductivity, graphene ﬁllers are similar to metal ﬁllers although extremely thin ones.
The EM absorption of graphene is known to have a peak at 4.62 eV
related to the many-body interactions, i.e., excitons.49 However, in the
context of THz absorption in composites, more important is the high
aspect ratio of the ﬁllers, their size, and distributed nature of the
scatterers.
A recent study proposed a physical model based on the
Maxwell–Garnett theory for the complex dielectric permittivity of
composites.5 The model was written in terms of the polarizability of
inclusions, suitable for nanoscale carbon ﬁllers. The agglomerates and
connected ﬁllers were considered as structures with higher aspect ratio
and lower effective conductivity. The effective conductivity decreases
due to the presence of contact resistances between the ﬁllers. The
model was tested on polylactic acid composites with graphite nanoplates.5 The model predicts a peak in the absorption in the relevant
frequency range from high-GHz to several THz depending on the
main parameters—aspect ratio, size, and electrical conductivity of the
ﬁllers. Our experimental results are in line with this Maxwell–Garnettbased model, and the absorption spectra can be reproduced by ﬁtting
the aspect ratio and electrical conductivity of the ﬁllers within a reasonable range.
Another phenomenon, which may affect the EM energy absorption in dilute graphene composites is the ﬁller–matrix interaction.
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FIG. 3. (a) Transmission coefﬁcient, T, and (b) total shielding effectiveness, SET of
the composites with low loadings of graphene as a function of frequency. Note that
SET increases linearly with the frequency. For f  1:6 THz, the shielding effectiveness of the dilute graphene composites increases beyond the measurable upper
limit of the instrument. The solid lines are the experimental results for samples with
1 mm thickness. The dashed lines in panel (a) are the calculated T and SET for
200 lm thick samples, provided for comparison. Note the change in the slopes of
the curves at f ¼ 0.4 THz.

It was recently reported that polyethylene with graphite particles
(2.5 wt. % loading) reveals a strong attenuation, i.e., absorption, peak
at 2.2 THz.35 The authors attributed this attenuation peak to graphite particles’ interaction with the matrix or the presence of impurities
in the sample. At higher frequencies, there was a monotonic growth of
the attenuation with frequency increase that was explained by the
Rayleigh scattering. The absorption mechanism related to the graphene–matrix interaction was proposed in another study focused on the
absorptive properties of graphene composites in the near-THz frequency range. They were explained by the activation of the interaction
of atomic vibrations of the polymer matrix with the p-band to polaron
band transitions in graphene in the THz frequency range.50,51 This
transition, which is in resonance with THz radiation, can cause strong
absorptive properties, yielding a signiﬁcant THz-range EMI shielding
behavior.50
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FIG. 4. (a) Effective absorption coefﬁcient, Aeff , of the epoxy composites with graphene as a function of frequency. The inset in (a) shows the same graph in the frequency range of 0:6 THz  f  1:2 THz. Note that at frequencies f  0:95 THz,
the effective absorption reaches 100%, indicating that the remaining fraction of
the incident EM waves after reﬂection at the interface is completely absorbed
by the composites. (b) Frequency-dependent shielding effectiveness of the composites by the absorption, SEA :

There is an additional interesting observation, which can be
made from data presented in Figs. 3 and 4. The slopes and the values
of the transmission coefﬁcient, T, and the shielding effectiveness, SET ,
are nearly the same for the composites containing 1:0 and 1:2 wt: %
graphene at the frequencies below f ¼ 0:4 THz (see Fig. 3). On the
other hand, the slopes of SET curves corresponding to the samples
containing 1:0 and 0:8 wt: % of graphene are the same for the frequencies f > 0:4 THz. There is a change in the slope, speciﬁcally for the
dilute composite with 1.0 wt. % of graphene, which happens at
f ¼ 0.4 THz. A similar trend can be observed for the curves representing the shielding effectiveness related to the absorption, SEA (see
Fig. 4). The slope of the SEA curve is typically a good estimate of the
high-frequency resistivity component of the composite material, q.33,52
We speculate that in this dilute composite, the displacement current,
JD, between graphene ﬁllers separated by an insulating epoxy becomes
signiﬁcant, resulting in the changed characteristics. Since the
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FIG. 5. The complex index of refraction of the dilute graphene composites: (a)
index of refraction, n, and (b) extinction coefﬁcient, j.

displacement current density increases with frequency, this assumption should be valid for our electrically insulating samples. To facilitate
the use of our experimental data for comparison with other materials,
in Figs. 5(a) and 5(b), we present the complex index of refraction,
nþij, of our samples. The real and imaginary components, n and j,
were calculated from the magnitude and phase of the scattering
parameters, Sij, obtained in the TDS measurements.
We now turn to the applied aspect of the obtained results. The
THz absorption shielding characteristics of the dilute graphene composites surpass most conventional polymeric composites with high
loading of ceramic ﬁllers such as BaTiO3 or Mxenes.53 Ceramic ﬁllers
are usually used in composites to enhance the absorption component
of total shielding. The demonstrated electrically insulating composites
can be used as adhesives and environment protective layers for electronic components without shortening them. Such graphene composite absorbers with small thicknesses can be deposited as a protective
paint, e.g., spray coatings. Shielding by absorption is crucial in many
applications where the EM reﬂection is undesired. The dilute graphene
composites have other advantages compared to various materials
recently tested for THz shielding applications.54 Alternative THz
shielding materials include polyacrylonitrile—Ti3C2Tx MXene—silver
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nanoparticle ﬁber membranes with different silver nanoparticle contents and thicknesses of porous structures. The reported shielding
effectiveness of such ﬁber membranes with silver nanoparticles reaches
up to 12 dB in the 0.2–1.6 THz range.54 Another study reported the
THz shielding performance of the few-layer borophene.55 The maximum THz shielding effectiveness of borophene-based materials
reached up to 50 and 21.5 dB for the reﬂection loss value in the examined frequency range from 0.1 to 2.7 THz. Most of the shielding
reported in Ref. 55 was achieved via reﬂection. Our dilute graphene
composites have the beneﬁt of being prepared from the “generic”
graphene without surface functionalization or complicated processing steps. Graphene can be mass-produced via the liquid-phase
exfoliation (LPE) or graphene oxide (GO) reduction process.56–58
Such graphene ﬁllers are inherently better than metals owing to their
low cost, absence of corrosion, and high aspect ratio allowing for
higher THz absorption.
In this work, the EMI shielding was demonstrated for low power
levels. The question of the dissipation of high-power THz energy is an
interesting separate problem. Since energy is transferred to heat, there
is a limit to the dissipated power because epoxy can withstand a
maximum of 150–200  C. For the majority of applications, e.g., communication, security screening, which deal with small radiation power,
the heating of the composite is negligible. If one needs to handle highpower levels, one would need composites with higher loading of graphene. Graphene and FLG have exceptionally high intrinsic thermal
conductivity, which can become important if higher graphene loading
layers are used together with the electrically insulating dilute graphene
layers.59 In addition to EMI shielding, high-loading graphene composites can dissipate the heat well.59 Some of us have previously reported
the thermal conductivity of epoxy composites with graphene and
copper nanoparticles close to 15 W/mK.60
In conclusion, we have demonstrated that dilute graphene composites with the low loading of graphene, below 1:2 wt: %, are efﬁcient
as electromagnetic absorbers in the THz frequency range. The THz
radiation is mostly blocked by absorption rather than reﬂection. This
is different from many other materials and composites used for EMI
shielding where reﬂection is the dominant mechanism for blocking
EM waves. The efﬁciency of the THz radiation shielding by the lightweight, electrically insulating composites, increases with increasing
frequency. We argue that even the thin-ﬁlm or spray coatings of graphene composites with the thickness in the few-hundred-micrometer
range can be sufﬁcient for blocking THz radiation in many practical
applications.
See the supplementary material for details of composite preparation; optical, SEM, and Raman characterization of the composites;
dynamic range of TDS measurements; and calculation of the complex
index of refraction.
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