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Increasing the requirements on telecommunications systems such as the need for higher data rates and

connectivity via the Internet of things results in continuously increasing amounts of electromagnetic radi-

ation in ever-higher telecommunications bands (up to terahertz). This can generate unwanted electro-

magnetic radiation that can affect the operation of electronic devices and human health. Here, we

demonstrate that nonconductive and lightweight, graphene-based composites can shield more than

99.99% of the electromagnetic energy in the sub-THz range mainly via absorption. This contrasts with

state-of-the-art electromagnetic radiation shielding materials that simply redirect the energy of the radi-

ation from a protected area via conduction-based reflection mechanisms. This shifts the problem of elec-

tromagnetic pollution from one place to another. We have demonstrated that the proposed composites

can be fabricated by industrial compatible methods and are characterized by specific shielding efficiency

values that exceed 30 dB cm3 g−1, which is more than those for typical metals used today. Therefore

these materials might help to solve the problem of electromagnetic environmental pollution.

Introduction

Terahertz electromagnetic radiation is usually defined in the
frequency range of 0.1–10 THz, has huge and growing poten-
tial in many different fields such as e.g. telecommunications,
security, fast sensing and imaging, and medicine.1–6 This is
possible due to the rapid development of the construction of
emitters and detectors operating in the sub-terahertz and tera-
hertz part of the spectrum.7 Future telecommunication and
electronics need to shift to THz technology to meet the
growing demand for ultra-fast wireless data transfer systems
and new functionalities. Accordingly, the space around us will
be increasingly filled with electromagnetic waves (EM) in this
range and a substantial increase in unwanted electromagnetic
pollution in the environment will become a problem if no
shielding is provided. This is because sub-terahertz and tera-
hertz radiation can impact sensitive electronic devices leading

to their malfunctioning, which can also affect living organisms
or human health.5,8–10 Therefore, effective attenuation – most
preferably via absorption of electromagnetic radiation – is a
key aspect for the further development of terahertz technology.

Today, conventional state-of-the-art materials that protect
against terahertz are metals (e.g. aluminum, copper) or metal-
based conducting coatings and composites. These materials
shield electromagnetic radiation across a wide range of the spec-
trum including the microwave (gigahertz) range. However, the
shielding mechanism is based on the interaction of the free car-
riers in the conductive metallic material with incoming EM
waves resulting in reflection. This leaves unwanted radiation still
in the surrounding environment. Another drawback of using a
metal-based shield is that it cannot always be easily applied as
an electrically conductive material; it has low plasticity and high
specific weight. It is also not compatible with current manufac-
turing technologies, e.g. molding. An alternative approach is to
use polymer-based materials with metallic or nanostructures
fillers that can exhibit effective electromagnetic interference
(EMI) shielding properties in the GHz range11–13 while also pos-
sessing useful functionalities (e.g. flexibility, light weight).

The above shielding technologies mostly use reflection.
Generally speaking, studies on the shielding properties in the
sub-terahertz and terahertz range are still in their initial stage,
and only a few examples have been demonstrated thus far.
Recently, most attention has been focused on polymer-based
composites with nanocarbon fillers (nanotubes, nanofibers,
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and nanographite)14–20 or large-scale graphene multilayer
sandwiches.21–23 For example, the carbon nanotubes/polyvinyl
ether (PVE) composite films are reported to exhibit shielding
efficiency (SE) exceeding 10 dB (in 0.3–2.1 THz range)14 while
superhydrophobic composite based on polymer (PTFE) filled
with carbon nanowhiskers15 exhibit a shielding effectiveness of
∼40 dB in 0.57–0.63 THz range, showing that the shielding
mechanism is based on reflection (similarly as for metals).
Additionally, the graphite-based composites have been demon-
strated to be excellent shielding material,18,20 with SE exceeding
30 dB (with high graphite loading, >10%). Graphene has been
also considered as THz absorber due to its broadband and
strong interaction with electromagnetic waves. Several works on
terahertz transmittance or attenuation level through single and
few layer graphene films have been reported,21–23 for instance
showing SE as high as 16 dB at 1.2 THz for five graphene/dielec-
tric layer stack,21 while for monolayer graphene the attenuation
is only ∼1 dB. However, until now, composite with graphene
flakes as a THz shielding material has been not demonstrated.
Despite numerous efforts, no real breakthrough results have
been achieved.24 This is because the proposed materials offer
satisfactory shielding performance via distribution of the filler
in the polymer host to create a macroscopic network making
the composite electrically conductive. They thus still exhibit
metal-like shielding functionality based mostly on reflection.

The ideal sub-terahertz and terahertz shield should not
only protect the selected component from the radiation but
also reduce this radiation in the environment via its efficient
absorption. Flexible and lightweight features are equally desir-
able, e.g. for the protection of flexible electronics25 or movable
electronics parts. In addition, it is useful that the shielding
material not be electrically conductive to prevent electrical
short-cuts. This is crucial for the protection of electronic com-
ponents. All these imply a need for new materials that can
replace metal-like shielding materials and reduce EM pollution
while also reducing weight, decreasing costs, and increasing
corrosion resistance/flexibility.

Here we demonstrate a flexible and lightweight nano-
composite material that attenuates radiation in the sub-tera-
hertz range while also being electrically non-conductive. The
nanocomposite is based on graphene flakes dispersed in an
elastomer matrix fabricated through a simple solution mixing
method. Its EMI shielding effectiveness is high enough to
block ∼99.99% of the radiation at a graphene loading level of
10 wt%. Importantly, we demonstrate that the main mecha-
nism responsible for high shielding efficiency is the absorp-
tion. The reflection is relatively low unlike the common shield-
ing materials used today. In addition, the material is transpar-
ent to microwaves.

Experimental methods
Sample fabrication

The graphene/polidimethylosiloxane (PDMS) nanocomposites
were fabricated using the polidimethylosiloxane purchased

from Dow Corning (SYLGARD 184) and graphene nanopowder
(Fig. 1(c)) with the lateral particle size of ∼10 microns and thick-
ness of up to 10 nm (Graphene Supermarket, grade C1). The
procedure of sample fabrication was as follows. The appropriate
amount of PDMS base was mixed with appropriate amount of
graphene nanopowder (mechanical mixing). The volume of gra-
phene nanopowder was adjusted to the needed concentration
of final product (we used weight concentration: 0.1%, 3%, and
10%). The mixture of graphene and base PDMS was placed in
an ultrasonic bath (Elmasonic) and remained there for 2 hours
at a frequency of 80 kHz and 100% power with additional pulse
mode (power up to 20% due to enforcement of peak perform-
ance). The temperature was held low during the sonication
process. Afterwards, the curing agent was added to the pre-com-
posite at a rate of 1 : 10. The material was mixed vigorously for a
couple of minutes and then poured to the final matrix. To
remove the air bubbles that appeared during the mixing
process, the composite was placed in a desiccator and held in a
vacuum for 1 hour. To speed up the curing process, the compo-
site was heated up to 100 °C for 1 hour in the oven.

Raman spectroscopy

The Raman spectra of pristine graphene powder, PDMS, and
graphene/PDMS composites (Fig. 1(c)) were collected using a
Renishaw inVia Raman spectrometer with λex = 633 nm laser
line excitation and 50× lens (NA = 0.5). Measurements were con-
ducted at room temperature using low laser power (<1 mW).

Electrical conductivity (DC)

Transport measurements were performed using a Keithley
2450 Source Measurement Unit, National Instrument NI

Fig. 1 The structural characterization and shielding properties of com-
posite in sub-THz range. (a) A photograph demonstrating the flexibility
(1 wt% graphene) of the composite material. (b) SEM image of cross-
section of the composite showing flakes immersed in a polymer matrix.
(c) SEM of a graphene flakes used for composite production. (d) Raman
spectra of PDMS and graphene/PDMS composite (10 wt%) showing the
evidence of graphene presence (D, G, and 2D bands).
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USB-6366 Data Acquisition Card, DL1211 current preamplifier,
and Keithely 7065 Hall Effect Card connected to Signatone
probe station. Typical measurement schemes include two-
probe measurements, four-probe measurements, and measure-
ments using the Van der Pauw technique.

Time domain spectroscopy setup and raw data processing

The THz pump–probe measurement procedure is as follows.
The emitter and detector (low-temperature-grown GaAs
(LT-GaAs) photoconductive (PC) antenna) are illuminated by a
femtosecond laser (fs) in typical pump and probe setup using
low power density of few µW cm−2. A mechanical delay line
was used to change the time delay between THz pulse and the
probe pulse (signal is detected when optical paths are equal).
Importantly, the optical setup was goniometric for expanding
the detection area to detect both the specular and diffusive
reflection/transmission effects. The optical beam is delivered
to the detector via an optical fiber, and the shape of the beam
is divergent. The size of the beam at the surface of the sample
is about 3 cm. The beam polarization is parallel to the gonio-
metric setup plane. The detector moves on a circle with a
radius of 20 cm. The measurement is fully automatic via a
stepper line motor in delay line. The stepper rotary motor is in
the detection part. We used this setup for transmission
(Fig. S2B†) and reflection measurement modes (Fig. S2A†). In
transmission mode, the flat sample is mounted perpendicular
to the THz beam. The range of the measured angle was ±15
degrees from the center of the beam with 1 degree sampling.
In reflection mode, the sample was mounted at several angles
to the beam. The range of the measured angle was ±15 degrees
from the center of reflected beam, with 1 degree sampling.

Measuring signal in time-domain (Fig. S3A†) gives ampli-
tude with a wide spectrum of frequency range (100 GHz to
1 THz) after Fourier Transform (Fig. S3B†). The signals col-
lected at a ±15 degree range generate a spatial plot (Fig. S3C†).
Finally, at each frequency, the signal is averaged over the
degree range, i.e. the amplitude values are summed and
divided by the number of the samples. The transmitted and
reflected signals are divided by the reference signal recorded
simultaneously.

The EMI shielding in GHz regime

For the measurements of electromagnetic shielding effective-
ness, we used a technique based on the ASTM D4935-99 stan-
dard developed by the American Society for Testing and
Materials (ASTM) in 1999 using an enlarged coaxial trans-
mission and network analyzer (Agilent N5241A) that measures
the S matrix parameters. The vector analyzer output gives S21
that is related to the GHz radiation transmittance/shielding
efficiency as: T = |S21|

2.

Results and discussion

The three different graphene contents (0.1, 3, and 10 wt%)
have been used to produce composites (∼0.6 mm thick, flex-

ible, and soft 10 cm diameter dicks). They are opaque to
visible light for graphene flake concentrations larger than
1 wt% (see Fig. S1†). The density of the composite with the
highest graphene concentration is ∼1.1 g cm−3.

Fig. 1(a) shows a typical fabricated graphene/polydimethyl-
siloxane (PDMS) composite sample that was used for transmit-
tance and reflectance measurements. As a starting point of the
as-prepared composites characterization scanning electron
microscope imaging (SEM), Raman spectroscopy and DC elec-
trical study has been employed, showing morphology and
structural properties (Fig. 1(b–d)).

In the spectra of graphene/PDMS composites (Fig. 1(d)) and
theirs components, several peaks originating from the PDMS
matrix are visible: ∼1260 cm−1 and 1410 cm−1 originating
from CH3 symmetrical and antisymmetrical bending, respect-
ively.26 The bands located at 1570 cm−1 and 2700 cm−1 are
assigned to the G and 2D bands and confirm the presence of
graphene in the polymer matrix. There is also a small intensity
peak at 1350 cm−1 that is assigned to the D band, associated
with disordered structure of graphene. The I(D)/I(G) ratio was
low at 0.33 showing that the graphene properties were not
affected by the composite fabrication process, as the I(D)/I(G)
for graphene powder was ∼0.1. Also, the Raman spectra are
not affected by the change of graphene loading.

The DC electrical measurements showed that the transport
properties of the graphene-PDMS composite are the same as
pure PDMS (see Fig. S5†). This clearly indicates that no macro-
scopic percolation conducting network was formed even with
high graphene loads (10%). This is also confirmed by SEM
images of the composite cross-section, shown in Fig. 1(b). As
can be seen, the graphene sheets (SEM image of raw material
is shown in Fig. 1(c)) are randomly distributed in PDMS
matrix, however, they tend to agglomerate and wrinkle, and
there is no visible connection between them. Thus, in our case
the composite is bellow percolation threshold. Within all THz
shielding materials, only our graphene-PDMS composite is
non-conductive. To validate EMI shielding properties of our
composites in sub-THz range, the transmittance and reflec-
tance spectra using the THz-TDS method27 were measured
including a specular/diffusive detection approach (see
Fig. S2C†).

Fig. 2 presents the measured transmittance in the sub-THz
range (0.1–0.8 THz) for bare PDMS and graphene/PDMS com-
posites with different graphene contents (0.1, 3 and 10 wt%).
The transmittance of the reference sample and the graphene-
enriched composites are gradually decreasing with increasing
frequency. More importantly, they decrease with graphene
load. For composites with a graphene loading of 10 wt%, the
transmittance at 0.1 THz is already at 30%. This rapidly
decreases with frequency to ∼0.01% at 0.6 THz (see Fig. 2,
green curve). For higher frequencies, the signal is lower than
the noise level of our detection system.

Based on transmittance measurements, the shielding effec-
tiveness (SE) on the dB scale was calculated using expression
SE(dB) = −10 log10(T ) where T is measured transmittance. The
corresponding SE spectra in the sub-THz range are depicted in
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Fig. 2 (scale on the right). As can be seen, the SE of the pristine
polymer is rather poor, (∼4 dB at 0.8 THz), in contrast to the
SE of the graphene composites. The shielding efficiency of the
composites with 0.1 and 3 wt% graphene is ∼2.5 dB at 0.1
THz, which increases up to ∼10 dB at 0.8 THz. The SE para-
meter for the composite with the highest graphene load of
10 wt% is ∼5 dB at 0.1 THz. This rapidly elevates and reaches
∼34 dB at 0.6 THz. This value is much more than is needed for
commercial applications, which usually require more than 20
dB. Another criterion for validation of the shielding perform-
ance compared with other existing materials is the specific
shielding effectiveness (SE divided by the material density). A
10 wt% graphene load could reach ∼31 dB cm3 g−1 at 0.6 THz.
This value is significantly higher than those of common
metals (10 dB cm3 g−1) for bulk copper27 or other conductive
nanocarbon-based solid structure composites15,24 suggesting

that our composites are good candidates as a lightweight high-
performance shielding material28 for portable electronics,
aerospace, or automotive applications.

We further analyzed the possible THz shielding mecha-
nisms of the graphene-based composites by determining
whether the reflection or absorption is the key factor standing
behind the SE parameter. The absorbance (A) strictly depends
on reflectance (R) and transmittance (T ), i.e. the amount of the
wave intensity that penetrates and crosses the material is 1 − R
and (1 − R)(1 − A), respectively. Thus measuring the T and R
allows one to discriminate the different contributions of these
mechanisms to SE.

Both reflectance and transmittance were measured in the
configuration where the incident electromagnetic wave was at
45° angle (Fig. S2C†). In this case, the total shielding effective-
ness (SETOT) is the sum of absorption (SEABS) and reflection
(SER) i.e. SETOT = SEABS + SER neglecting the contribution of
multiple reflections ( justified by the condition that the inci-
dent wavelength is longer or comparable to the composite
thickness). The SEABS can be expressed and calculated as
SEABS = −10 log10(T/(1 − R)). Fig. 3(a) shows all components:
SETOT (solid lines), SER (long dash lines), and SEABS (short
dash lines). These were measured for graphene/PDMS compo-
sites with respect to the graphene load level. Importantly,
these results show that the main contribution to the total
shielding effectiveness for our composites is the absorption.
Moreover, the SER is at the same and relatively low level over
all studied frequencies. The SER oscillates around 1–2 dB and
slightly increases with frequency for 10 wt% graphene load
sample (see more details in ESI†). Fig. 3(b) compares the con-
tribution of attenuation mechanisms at 0.3 THz and 0.6 THz.
The contribution of absorption increases with graphene load
much faster than the reflection. The SEABS at 0.3 THz increases
up to ∼15 dB as the graphene load increases to 10%; for
0.6 THz, the SEABS increases from 6.2 dB to ∼26 dB.

Fig. 2 The transmittance spectra and EMI shielding effectiveness of
composites with different graphene contents measured from 0.1–0.8
THz. (See the movie file (S1†) for life demonstration of the shielding
effect). Top-right schematic shows transmission model indicating
measurement of specular and diffusive radiation. We note that THz wave
is not depolarized within the sample.

Fig. 3 The EMI shielding mechanisms and broadband properties of the composite (a) comparison of contribution of radiation attenuation mecha-
nism to total shielding effectiveness graphene/PDMS composites measured at incident angles of 45° as shown in S2C.† (b) Comparison of shielding
mechanism at f = 0.3 THz and 0.6 THz for different graphene loads. (c) The reflectance spectra measured at 45° incidence angle for bare polymer
and composite sample (10% graphene loading). (d) Microwave shielding effectiveness of graphene-based composite (10 wt%) measured in the UHF
and L band (0.2–1.8 GHz) compared with the SE for sub-THz from Fig. 2.
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We note that the absorptive character of EMI shielding
mechanism of our composites is significantly different from
those of metals,27 CNT/graphite based composites,17,19,24 or
graphene or in graphene (for very high optical conduc-
tivity)22 where reflection is the main contribution to EMI
shielding due to the interaction of EM wave with free car-
riers (model in Fig. 4). The unique SE properties of our com-
posite can be understood via several following mechanisms.
The low reflection level is because our composite carriers
are restricted only to the separated graphene flakes that are
randomly immersed in the polymer matrix (Fig. 4). This
makes the entire material nonconductive. This causes the
reflection mechanism to not be effective. On the other hand,
the architecture of the composite implies conditions where
the electrons (in graphene) behave more like bonded
charges.19 This generates a polarization-like contribution to
the attenuation of THz waves that is extremely high. Another
important mechanism is related to the interaction of atomic
vibration (active in infrared/THz range) in disordered
material and inter-band transitions (π-band to polaron
band) that are in resonance with THz radiation producing
its massive absorption.20,27,29 The multiple internal reflec-
tion/absorption mechanism is much less probable because
the wavelength of incident radiation is much bigger than
the flake size.

We also found that our graphene composites can act as a
low pass filter for electromagnetic radiation because they are
an effective shield against sub-THz radiation that shows trans-
parency at microwave UHF (300 MHz–1 GHz) and L (1–2 GHz)
bands. The average values in the SE in the microwave range is
only about 4 dB as shown in Fig. 2(d) (the measurement pro-
cedure is described in the ESI†). This finding contrasts with
other works where graphene/nanocarbon-based foams or com-
posites11,30,31 usually show excellent SE performances in this
range. In our case, the low value of SE in the microwave range
stems from the lack of macroscopic percolation networks in
our material. This suppresses the main shielding mechanism
in the GHz range, i.e., scattering on free carriers.

Conclusions

In summary, we synthetized and characterized the first non-
conductive, lightweight, and flexible graphene-based compo-
sites with the unique capacity for efficient sub-THz shielding
based mainly on absorption in contrast to most well-known
metal-like materials that operate based on reflection. Our
materials pave the way toward efficient elimination of
unwanted/parasitic THz radiation from the environment. In
the future, these materials may be further improved by better
control of material architecture (e.g. different matrix, other 2D
materials as fillers) with a goal to tune the shielding efficiency
and attenuation mechanisms. We believe that the proposed
material together with further improvements can solve the dra-
matic increase in the electromagnetic pollution of the environ-
ment (electromagnetic smog) while also meeting the require-
ments of future terahertz electronics, imaging, and telecom-
munications systems.
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