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ABSTRACT: We report on the preparation of ﬂexible polymer composite
ﬁlms with aligned metallic ﬁllers composed of atomic chain bundles of quasione-dimensional (1D) van der Waals material, tantalum triselenide (TaSe3).
The material functionality, embedded at the nanoscale level, is achieved by
mimicking the design of an electromagnetic aperture grid antenna. The
processed composites employ chemically exfoliated TaSe3 nanowires as the grid
building blocks incorporated within the thin ﬁlm. Filler alignment is achieved
using the “blade coating” method. Measurements conducted in the X-band
frequency range demonstrate that the electromagnetic transmission through
such ﬁlms can be varied signiﬁcantly by changing the relative orientations of the
quasi-1D ﬁllers and the polarization of the electromagnetic wave. We argue that
such polarization-sensitive polymer ﬁlms with unique quasi-1D metallic ﬁllers
are applicable to advanced electromagnetic interference shielding in future
communication systems.
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INTRODUCTION
Commonly, one selects functional materials with known
characteristics to build a device or a system. In more elaborate
approaches, one can engineer and synthesize materials with the
required properties for speciﬁc applications. The inspiration for
material selection, composition, and assembly can come from
diverse sources. In one well-known approach, biomimetics, the
models and elements of nature are applied to the design of
synthetic systems.1,2 In an analogous approach, well-developed
design solutions for macroscopic objects are translated into
micro-, nano-, or atomic-scale structures. We followed this
innovative path to create a polymer composite with polarization-sensitive electromagnetic interference (EMI) shielding
characteristics by emulating the macroscopic structure and, to
some degree, the functionality of an electromagnetic (EM)
grid aperture antenna at the nanoscale level. A polarizationselective grid antenna is a set of parallel metal grid lines that
allow transmission or reﬂection of radio-frequency (RF)
radiation depending on the polarization of the radiation.3
This design allows a single structure to act as a mirror for RF
radiation or become transparent to such radiation. When the
polarization of the electric ﬁeld is parallel to the grid lines, the
electric ﬁeld induces a current in the grid lines, which reﬂects
the EM wave. In the alternate case, with the polarization of the
electric ﬁeld perpendicular to the grid lines, no current is
© 2021 American Chemical Society

induced, and the EM radiation passes through the grid.
Polarization selection grids are often manufactured with metal
wire tracks, usually copper, on a dielectric substrate. The
spacings between grid lines must be small relative to the
wavelength of the linear polarized EM waves. Here, we use a
similar antenna design, albeit at the nanometer scale, to create
a “grid antenna ﬁlm”.
In this work, we mimic the grid antenna design in
nanocomposites by employing chemically exfoliated bundles
of a quasi-one-dimensional (1D) van der Waals material,
tantalum triselenide (TaSe3). We recently demonstrated the
potential of TaSe3 for extremely high current density4−6 and
eﬀective EMI shielding, even with random ﬁller distribution
and low ﬁller loading fractions.7 Such quasi-1D van der Waals
materials are less investigated compared with two-dimensional
(2D) layered van der Waals materials, such as graphene and
transition-metal dichalcogenides (TMDs).8−10 The quasi-1D
van der Waals materials include the transition-metal
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Figure 1. Crystal structure of quasi-1D TaSe3 used in this study. (a) Crystal structure of TaSe3 (blue, Ta; red, Se) with two views illustrating
interchain interactions and emphasizing on material’s 1D nature originating from chains extending along the b-axis. (b) Schematic of the chemical
vapor transport (CVT) process employed here to prepare TaSe3 crystals (top) and a photograph of an as-synthesized mass of crystals removed
from its growth ampule (below). (c) Scanning electron microscopy (SEM) image of TaSe3 crystals highlighting their high aspect ratio. (d)
Secondary electron (SE) image of a TaSe3 nanowire produced by solvent exfoliation.

Figure 2. System-level concept and material-level implementation. (a) View of the aperture grid antenna illustrating the macroscopic model of the
synthesized polymer nanocomposites with aligned quasi-1D ﬁllers. (b) Schematic of the blade coating ﬁller alignment process in the polymer ﬁlms,
in which the bundles of quasi-1D atomic threads function as metal wires in a grid antenna. (c) Optical microscopy image of the UV-cured polymer
ﬁlm with 1.8 vol % of TaSe3 quasi-1D ﬁllers. Note the aligned high-aspect-ratio TaSe3 ﬁllers along the coating direction. (d) Optical image of the
resulting ﬂexible polymer ﬁlms with incorporated quasi-1D ﬁllers, which mimic the action of a grid antenna.

exceptionally high current densities of up to ∼30 MA/cm2, an
order of magnitude higher than that of copper.19,20 Additionally, the liquid-phase-exfoliated (LPE) TaSe3 bundles can be
millimeters in length, providing substantial aspect ratios. The
unique current-carrying capability of the metallic TaSe3, in
addition to their high aspect ratios, allows us to use them as
“metallic grids” even when scaled down to 100 nm features or
below. The quasi-1D van der Waals metallic ﬁllers can be
mass-produced at low cost via liquid-phase exfoliation. This
adds a signiﬁcant extra beneﬁt to such materials as compared
to carbon nanotubes.

trichalcogenides (TMTs) with formula MX3 (M = transition
metal, X = S, Se, Te), such as TiS3, NbS3, TaSe3, and ZrTe3, as
well as other materials containing 1D structural motifs.11−13 As
opposed to TMDs, TMTs exfoliate into nanowire- or
nanoribbon-type structures,4,12−15 which stem from their
unique chain-based crystal structures, illustrated for TaSe3 in
Figure 1a. In principle, these low-dimensional materials can be
exfoliated into individual atomic chains or few-chain atomic
threads. Theory suggests that there are many quasi-1D van der
Waals materials that retain their metallic or semiconductor
properties when exfoliated to atomic chains.16−18 The
exfoliated bundles of TaSe3 atomic threads with cross sections
in the range of 10 nm × 10 nm to 100 nm × 100 nm revealed
21528
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EXPERIMENTAL SECTION

Materials. For this study, we used TaSe3 crystals prepared by
chemical vapor transport (CVT). In contrast to typical CVT
reactions, where the goal is the growth of a relatively small number
of larger crystals,4,5,7,15 here we varied reaction conditions to yield
0.7−1.5 g batches of TaSe3 crystals for composite preparation.
Transport was achieved using iodine as the transport agent and/or
using a 625−600 °C temperature gradient. As can be seen in Figure
1b, the scale of these reactions led to the growth of TaSe3 crystals
almost entirely ﬁlling the ampule volume. The resulting mat of crystals
could be removed easily, providing 18−38% yields of mm- to cm-long
needle-like or ﬁbrous crystals (Figure 1b) and also leaving behind a
quantity of microcrystalline solid that was not used for subsequent
exfoliation. The long crystals have smooth faces and straight edges
that characterize high-quality TaSe3 samples (Figures 1c,d and S1).
Powder X-ray diﬀraction (Figure S2) and energy-dispersive spectroscopy (see Table S1 for compositional analysis) provided analytical
results consistent with the standard structure of TaSe3, albeit with
some variation in the Se content.
Composite Preparation and Characterization. These CVTgrown TaSe3 crystals were subjected to the LPE following the process
reported by us elsewhere.7,21 Figure 2 summarizes our approach of
mimicking the grid antenna design using material synthesis and
presents optical images of the partially aligned ﬁllers in the polymer
composites and the resulting ﬁlms. We used the “blade coating”
method to prepare ﬂexible thin ﬁlms with a thickness of 100 ± 10 μm
with a special type of UV-cured polymer and exfoliated TaSe3 as
ﬁllers. In this method, a small amount of polymer−ﬁller solution is
drop-cast on a rigid substrate with a smooth surface.22−24 A blade
with an adjustable distance from the top surface of the substrate is
gradually run over the mixture, and the compound is spread over the
substrate (Figure 2b). Using this technique, the quasi-1D ﬁllers are
aligned, to some extent, in the direction of the coating owing to the
applied viscoelastic shear stress as a result of blade movement22,23
(Figure 2c). The samples are referred to as A, B, C, and D throughout
this manuscript with ﬁller concentrations of 2.2, 1.03, 1.87, and 1.61
vol %, respectively. The properties of the samples are summarized in
Table S2 of the Supporting Information.
EM Shielding Measurements. We conducted EM testing of the
prepared ﬁlms in the X-band frequency range (f = 8.2−12.4 GHz),
which is pertinent to the current and future communication
technologies. To determine the polarization selectivity, we followed
the measurement protocols used in the EMI shielding testing.25−30
We measured the scattering parameters, Sij, with the two-port
programmable network analyzer (PNA; Keysight N5221A). The
measured scattering parameters are related to the coeﬃcients of
reﬂection, R = |S11|2, and transmission, T = |S21|2. The measurements
were carried out in a WR-90 commercial-grade straight waveguide
with two adapters at both ends with SMA coaxial ports. The samples
were made a bit larger than the rectangular cross section (a = 22.8
mm, b = 10.1 mm) of the central hollow part of the waveguide to
prevent the leakage of the EM waves from the sender to the receiver
antenna. The cutoﬀ frequency for diﬀerent fundamental transverse
electric (TE) modes in .rectangular-shaped waveguides is given by the
formula (fc )mn =

1
2π με

Figure 3. Experimental procedures. Front-view schematic of the
standard WR-90 waveguide, and polarization of the allowed
fundamental TE10 mode propagating in this type of waveguide at a
given frequency range. (a) At α = 0°, the bundles of the quasi-1D
atomic chains are parallel to the larger side of the aperture and
perpendicular to the electric ﬁeld of the TE10 mode. (b) At α = 90°,
the bundles are perpendicular to the larger side of the aperture and
thus parallel to the electric ﬁeld of the TE10 mode.

larger side of the guide’s aperture. Therefore, at α = 0°, the
ﬁllers are parallel to the larger side and E is perpendicular to
them. The front-view schematic of the WR-90 waveguide, the
electric ﬁeld conﬁguration of the TE10 mode, and its mutual
orientation with respect to the quasi-1D ﬁllers of the
composites are shown in Figure 3. Figure 4 presents the
reﬂection (SER), absorption (SEA), and total (SET) shielding
eﬀectiveness of samples A and C with 2.2 and 1.87 vol % ﬁller
concentrations, respectively, as a function of EM frequency
when the polarization of the incident EM wave is either parallel
with (||) or transverse to (⊥) the quasi-1D ﬁllers. Note that the
shielding eﬀectiveness of the ﬁlms is signiﬁcantly enhanced
when E is parallel to the ﬁller alignment compared to that
perpendicular to the ﬁller chains. For samples A and C, the
enhancement in the total shielding eﬀectiveness, deﬁned as η =
(SET,∥ − SET,⊥)/SET,⊥, is 128% and 107%, respectively (see
Table S2 for more details).
We measured the angular dependence of SET of all four
samples at a constant frequency of f = 8.2 GHz to elucidate the
eﬀect of the ﬁller alignment on EM shielding properties of the
composites. The results of these measurements are presented
in Figure 5. Note that at α = 0°, E is perpendicular to the ﬁller
atomic chains. One can notice the sinusoidal characteristic of
the SET (solid lines) with a period of 180° as a function of α.
When the ﬁllers are aligned in one direction, the composite
ﬁlm becomes anisotropic, given that the embedding matrix is
isotropic. This behavior is consistent for all examined samples
with diﬀerent loadings of the aligned quasi-1D ﬁllers. If the
ﬁllers were randomly distributed inside the polymers, one
would expect isotropic EMI shielding properties, i.e., with
rotating the sample, EMI properties would remain almost the
same. In fact, the shielding eﬀectiveness of the samples
prepared by the “compressional molding”, with randomly

(mπ /a)2 + (nπ /b)2 [Hz], where m and n

are the positive integer numbers.31 Therefore, the dominant EM
mode in WR-90 waveguide is the TE10 mode with electrical ﬁeld (E)
oscillating in the vertical direction perpendicular to the larger side of
the inlet aperture (see Figure 3). The frequencies of other modes
exceed the X-band frequency range and are not of interest in this
study.

■

RESULTS AND DISCUSSION
To investigate the eﬀect of the ﬁller alignment on the EM
characteristics of the composites, measurements were carried
out at diﬀerent sample orientation angles (α) by rotating the
sample about the guide axis. Note that α is the angle between
the aligned ﬁller chains in the composite with respect to the
21529
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Figure 4. Electromagnetic data. Reﬂection (SER), absorption (SEA), and total (SET) EMI shielding eﬀectiveness of (a, b) sample A and (c, d)
sample C for two cases of the EM wave polarization transverse to (⊥) and parallel with (||) the quasi-1D ﬁllers. Note that EMI shielding is
signiﬁcantly higher when the polarization is parallel to the ﬁller alignment.

Figure 5. Electromagnetic-polarization-selective composites. Total shielding eﬀectiveness of samples with ﬁller contents of (a) 2.2 vol %, (b) 1.03
vol %, (c) 1.87 vol %, and (d) 1.61 vol % as a function of the composite orientation angle α, measured at 8.2 GHz frequency. At α = 0°, the
polarization of the EM wave is perpendicular to the ﬁller alignment. The results are ﬁtted with sine functions. Note the periodicity of the SET with a
period of 180°.
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Figure 6. Contribution of diﬀerent mechanisms to interaction with EM waves. The angular dependency of (a) the reﬂection, absorption, and total
shielding eﬀectiveness and (b) reﬂection absorption and transmission coeﬃcients of sample D with 1.61 vol % aligned quasi-1D TaSe3 ﬁllers. Note
the extremes at 0 and 90° and the symmetry of the curves in both panels conﬁrming the alignment of ﬁllers inside the polymer matrix. As shown in
(b), the reﬂection is highly correlated with the sample orientation, whereas absorption varies weakly.

oriented ﬁllers, does not exhibit any angular dependency
characteristic (see the Supporting Information, Figures S8 and
S9). The latter provides additional evidence of the ﬁller
alignment when the blade coating method is applied during the
sample synthesis.
The periodic EM shielding characteristics observed in our
composites originate from two diﬀerent eﬀects: (i) the prolate
ellipsoidic needle-like geometry of the ﬁllers, assuming semiaxes of ax > ay = az, and (ii) the anisotropic complex
permittivity properties of the quasi-1D TaSe3 ﬁllers.32 Because
the ﬁller inclusion is low in all of the samples, the Maxwell−
Garnett (M−G) eﬀective medium theory can be used to
explain the observed characteristics.32,33 For composites with
aligned dielectric ﬁllers, the M−G eﬀective complex
permittivity of the composite along the x direction, εc,x, can
be described as
εc, x = εp + ϕf εp

ε(ω) = ε∞ −

1 − e2
2e 3
32

( )(ln

1+e
1−e

)

− 2e , where e =

ω0,2n

− ω2 − iω Γn

.34 In this model,

density, N, electron absolute charge, q, and the eﬀective
mass of electrons, m*. The second and third terms are
associated with the interaction of EM waves with the
intraband, or free electrons, and interband, or bound electrons,
respectively. The ℏωp in TaSe3 along the crystallographic “a”
(perpendicular to the chains) and “b” (along the chains) axes
are 0.42 and 0.68 eV.34 Therefore, one would expect an
anisotropic frequency-dependent reﬂectance (R) and conductance (σ) along with and perpendicular to the atomic
chains in the microwave region, with both parameters being
larger in the direction along the atomic chains. Such strong,
anisotropic reﬂectance properties have been reported for TaSe3
in the EM energy range between 0.05 and 5 eV, previously.35
Figure 6a,b exhibits the angular-dependent reﬂection,
absorption, and transmission shielding eﬀectiveness and
coeﬃcients of sample D, respectively. The fourfold symmetry
of all plots shown in both panels conﬁrms the alignment of
quasi-1D ﬁllers. More importantly, as seen in Figure 6b,
reﬂection is the dominant mechanism of shielding of the EM
waves in the microwave region. The reﬂection coeﬃcient
increases more than two times compared to the two extreme
cases of α = 0 and 90°, whereas the absorption almost does not
vary. The fourfold symmetric transmission curve in Figure 6b
demonstrates the applicability of prepared ﬂexible ﬁlms as
microwave attenuators or grid polarizers. For reference, the
shielding eﬀectiveness in the samples prepared by the
compressional molding does not reveal any angular dependence (see the Supporting Information, Figures S7a and S8).
The observed EM property is similar to the linear dichroism,
which has been reported in the visible light region for bulk and
exfoliated MPX3 crystals with strong optical anisotropy.36,37
Bulk TiS3 exhibits a linear dichroism with a transmittance ratio
of ζ = T⊥/T∥ = 30 at a wavelength of 633 nm.38

(1)

In this equation, εp and εf are the permittivity of the polymer
and ﬁller, respectively, and ϕf is the ﬁller volume fraction. For
ellipsoidal ﬁllers, the depolarization factor is given as
Nx =

ω − iω Γ0

ωp2, n

n=1

+ ∑m

ε∞ is the permittivity of the material when the frequency goes
to inﬁnity and m is the number of the oscillators with the
frequency of ω0,n and the lifetime of 1/Γn. The plasma
frequency, ωp = Nq2 /m*ε0 , depends on the electron

εf − εp
εf + (1 − ϕf )Nx(εf − εp)

ωp2
2

1 − ay2 /ax2 is eccen-

tricity. Considering the large aspect ratio of the exfoliated
ﬁllers (ax ≫ ay), it can be easily inferred that the eﬀective
permittivity of the composites would be largely diﬀerent along
diﬀerent directions, i.e., parallel with and perpendicular to the
aligned atomic chains. Note that to obtain the eﬀective
permittivity along other directions, y and z, the depolarization
factor should be replaced by Ny and Nz and calculated
accordingly.
The special geometrical shape of the aligned ﬁllers is not the
only parameter causing anisotropic behavior of composites
with quasi-1D ﬁllers. Owing to the monoclinic crystal structure
of TaSe3, the EM properties of the ﬁllers are highly directional.
The polarized reﬂectance data of TaSe3 exhibits metallic
characteristics in the infrared region.34 To the best of our
knowledge, there are no data on the dielectric properties of
TaSe3 in the microwave region. However, one can describe the
complex dielectric parameter of TaSe3 as a function of the EM
frequency, ω, by the Lorentz−Drude model,
21531
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CONCLUSIONS
In conclusion, we have described the preparation and
properties of ﬂexible polymer composite ﬁlms with aligned
metallic ﬁllers made of bundles of quasi-one-dimensional (1D)
van der Waals metal, characterized by high current density.
The material functionality, embedded at the nanoscale level,
was achieved by mimicking the design of an electromagnetic
aperture grid antenna. The synthesized composites use the
quasi-1D van der Waals nanowires as the grid building block
incorporated within the thin ﬁlm structure. The measurements
conducted in the X-band frequency range demonstrated that
the electromagnetic transmission through such ﬁlms could be
varied by changing the mutual orientation of the quasi-1D
ﬁllers and polarization of the electromagnetic wave. The ﬁlms
with a low loading of the quasi-1D ﬁllers (<2 vol %) and only
partial alignment of the ﬁllers can already produce a ∼5 dB
variation in the transmitted signal. We argue that such
polarization-sensitive polymer ﬁlms with quasi-1D ﬁllers can
be used for advanced electromagnetic interference shielding in
future communication systems.
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