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Electrically Insulating Flexible Films with Quasi-1D van der
Waals Fillers as Efficient Electromagnetic Shields in the
GHz and Sub-THz Frequency Bands
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Saba Baraghani, Yevhen Yashchyshyn, Grzegorz Cywiriski, Sergey Rumyantsev, Tina T. Salguero,

and Alexander A. Balandin*

Polymer composite films containing fillers comprising quasi-1D van der

Waals materials, specifically transition metal trichalcogenides with 1D structural
motifs that enable their exfoliation into bundles of atomic threads, are reported.
These nanostructures are characterized by extremely large aspect ratios of up
to =106, The polymer composites with low loadings of quasi-1D TaSe; fillers

(<3 vol%) reveal excellent electromagnetic interference shielding in the X-band
GHz and extremely high frequency sub-THz frequency ranges, while remaining
DC electrically insulating. The unique electromagnetic shielding characteristics
of these films are attributed to effective coupling of the electromagnetic waves
to the high-aspect-ratio electrically conductive TaSe; atomic-thread bundles even
when the filler concentration is below the electrical percolation threshold. These
novel films are promising for high-frequency communication technologies,
which require electromagnetic shielding films that are flexible, lightweight,

corrosion resistant, inexpensive, and electrically insulating.
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The explosive growth of interest in
2D layered van der Waals materials,
such as graphene and transition metal
dichalcogenides (TMDs) MX,, where
M = transition metals and X = S, Se, Te,
has resulted in numerous breakthroughs
in physics and is expected to lead to impor-
tant practical applications.™ Recently, a
different group of layered van der Waals
materials with quasi-1D crystal structures
has attracted significant attention: the
transition metal trichalcogenides (TMTs).
These compounds contain 1D motifs
comprised of MX; atomic chains that are
weakly bound together by van der Waals
forces or chalcogen interactions. Exam-
ples of such materials include TiS;, NbS;,
TaSe;, and ZrTe;.] MX; materials
exfoliate into nanowire- and nanoribbon-
type structures, as opposed to atomic planes of quasi-2D van
der Waals MX, materials. We previously discovered that bun-
dles of quasi-1D TaSe; atomic threads and ZrTe; nanoribbons
can support high current densities of Jz = 10 MA cm™ and
Jg = 100 MA cm™, respectively.l®”" In this group of MX; mate-
rials, TaSes is particularly interesting. Reported studies gener-
ally agree that it is a metal, with superconducting properties
at low temperature, although some studies suggest that it is a
semimetal.'>78] The exact band and specifics of electron trans-
port in bulk and exfoliated nanowires of TaSe; at various tem-
peratures are still under intensive debate.

In this letter, we demonstrate that quasi-1D van der Waals
materials like TaSe; can be used as the high-aspect-ratio
metallic fillers in polymer composites to provide important
functionality—efficient electromagnetic interference (EMI)
shielding—in a wide frequency range that is relevant to cur-
rent 5G and future communication technologies: X-band
(f = 8.2-12.4 GHz) and the extremely high frequency (EHF)
band (f = 220-320 GHz). Proliferation of portable devices and
wireless communications has led to problems with environ-
mental electromagnetic pollution. There is a need for more
efficient EMI shielding materials characterized by low-weight,
mechanical stability, resistance to oxidation, flexibility, and
ease of manufacturing. Many applications also require EMI
shielding films to be electrically insulating to avoid short cir-
cuiting of electronic components. The conventional materials
for EMI shielding are metals, which are utilized as coatings
and enclosures.'! Metals have charge carrier concentrations
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Figure 1. Structure and composition of as-synthesized TaSes. a) Crystal structure of TaSe;; red spheres represent Se and blue/purple spheres represent
Ta. The parallelograms in the top panel outline unit cells viewed along the b-axis, perpendicular to the TaSe; chains. The side view in the bottom panel
shows the quasi-1D nature of trigonal prismatic [TaSeg] units extending along the b-axis. The corrugated bilayer nature of this structure is emphasized
with the Ta---Se interchain interactions and the blue/purple coloring; bilayers are separated from their neighbors by van der Waals gaps. b) SEM image of
a mechanically exfoliated TaSe; crystal. c) Corresponding EDS mapping showing uniform overlap of Ta and Se along the length of the crystal. d) Powder
XRD pattern of CVT-grown TaSe; crystals (blue) matching a reference pattern of monoclinic TaSe; (red).

that enable them to block EM waves mostly by reflection. How-
ever, metallic EMI shields are heavy and prone to oxidation.
An alternative approach to EMI shielding is based on the use
of polymers containing electrically conductive fillers.2*-23 The
first generation of polymer composites for EMI shielding uti-
lized large loading fractions of metallic particles, such that their
concentrations are above the electrical percolation threshold,
resulting in overall electrically conductive films. The high
loading fraction of metallic fillers is required to provide suffi-
cient EMI shieling at a given thickness of the film. Recently,
attention has turned to carbon allotrope fillers, including
carbon nanotubes and graphene, and transition metal carbide
fillers, referred to as MXenes.?2+2] For example, we demon-
strated efficient EMI shielding in the wide GHz and sub-THz
frequency ranges with high-loading graphene composites.’3%31
The advantages of quasi-2D graphene fillers include low
weight, high thermal stability, anticorrosive properties, and low
cost at mass production. Composites with metallic-like fillers of
MXenes typically require high loadings. Such electrically con-
ductive composite has shown to provide efficient EMI shielding
in the X-band frequency range.?!! Here, we demonstrate that
quasi-1D van der Waals materials can be used as efficient fillers
for EMI shielding that, in certain aspects, outperform their
quasi-2D counterparts. The synthesized composites and films
with quasi-1D van der Waals fillers remain electrically insu-
lating—a desired characteristic for many practical applications.

For experiments with quasi-1D fillers in electrically insu-
lating films for EM shielding, we selected TaSes;. This quasi-
1D van der Waals material is well-suited for this application
due to its metallic electronic structure and good stability
with respect to oxidation. The fact that this material revealed
extremely high current densities when exfoliated into the bun-
dles of atomic threads was an additional important factor.l%l
Recent interest in TaSe; has included studies of its topological
phases,[7:32734 the effect of strain on its metallic versus semi-
conducting states,l*”! low temperature charge density wave
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(CDW) states,® and our own work characterizing its cur-
rent carrying capacity and low-frequency electronic noise.!3l
The room temperature, monoclinic crystal structure of TaSe;
(Figure 1a) exhibits aligned chains of trigonal prismatic [TaSeg)
units oriented along the b-axis.’”) These chains are assem-
bled into corrugated bilayers (sets of blue and purple chains
in Figure 1a) through Ta- - -Se interactions between adjacent
chains. Neighboring bilayers are separated by van der Waals
gaps.

The bulk, crystalline TaSe; used in this work was pre-
pared by iodine-mediated chemical vapor transport (CVT)
from the elements. A temperature gradient of 750 to 650 °C
(source zone-growth zone) led to efficient crystal growth
during a 2-week period. TaSe; crystals grew preferentially
along the b-axis, leading to ribbon- or needle-like, filamentary
morphologies ranging from less than one micrometer to tens
of micrometers in width (Figure 1b,c; also see Figure Sla,b in
the Supporting Information for growth and optical images of
the fillers as synthesized). The scanning electron microscopy
(SEM) image in Figure 1b shows a TaSe; crystal that was freshly
mechanically exfoliated for energy dispersive spectroscopy
(EDS) analysis. EDS mapping shows excellent overlap of Ta and
Se (Figure 1c), and quantitative EDS averaged across the entire
mapped area (Supporting Information) provides a slightly Se-
deficient composition of TaSe, g5 similar to other samples pre-
pared by CVT (see Table S1 in the Supporting Information for
the details).l*3¥ Powder X-ray diffraction (XRD) is consistent
with the anticipated monoclinic TaSe; structure, and it con-
firms the phase purity of the as-prepared material (Figure 1d).

The preparation of composites with quasi-1D fillers involved
chemical phase exfoliation and inclusion of high-aspect-ratio
exfoliated threads into three polymeric matrices of sodium algi-
nate (SA), epoxy, and a special type of UV-light-cured polymer
(UV-polymer) as the base. The TaSe; crystals were subjected to
solvent-assisted exfoliation separately in two different solvents
of acetone and dimethylformamide (DMF). During this process,
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the bulk TaSe; (Figure 2a—c) was dispersed and exfoliated in the
solvents using low power ultrasonic bath sonication. The dis-
persion was centrifuged to isolate the solids, and the proce-
dure of sonication/centrifugation was repeated several times.
The details of the sample preparation and characterization are
provided in the Experimental Section and Figures S2-S4 in the
Supporting Information). A photograph of the resultant dis-
persion is shown in Figure 2d. The SEM image in Figure 2e

TaSe3
Bundles

www.advmat.de

shows the size and morphology of TaSe; nanowires post-exfo-
liation. The typical diameter of the exfoliated bundles of the
atomic threads of TaSe; ranges from 50 to 100 nm while their
length is in the range of several hundred micrometers. The
fillers were mixed with UV-polymer, epoxy, and SA. We tested
several different polymers to assess the compatibility of TaSe;
fillers with the embedding polymer matrices and the ability
to form thick and thin flexible samples. The obtained flexible
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Figure 2. Composite films preparation and characterization. a,b) As-prepared TaSe; crystals and fibers. c¢) SEM image of fibrous TaSe; bundles. d)
Schematic showing the process of chemical liquid-phase exfoliation using low-power bath sonication. The vial contains exfoliated TaSe; in acetone.
e) SEM image of TaSe; threads after liquid-phase exfoliation in acetone. Note the high aspect ratio morphologies. f,g) Synthesis of flexible polymeric
films using a special UV-cured polymer (f) and sodium alginate (g) as the matrix and exfoliated TaSe; as filler. h) Optical image of the 1 mm thick epoxy
composite containing about 1.3 vol% concentration of exfoliated TaSe; threads. i) Raman spectra of the TaSe; before (blue) and after solvent-assisted
exfoliation in acetone (red) and DMF (cyan). The orange curve shows the Raman spectrum of the TaSe; filler mixed with sodium alginate (SA). The
characteristic Raman peaks of TaSe; do not change as it is exfoliated or combined with SA polymer. Pseudocolors are used in SEM images for clarity.
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thin films and composites are shown in Figure 2f~h. Raman
spectra of TaSe; were taken before and after exfoliation in dif-
ferent solvents, and after mixing with the polymer matrix to
confirm the quality and stability of the quasi-1D TaSe; fillers.
The measurements were performed in the backscattering con-
figuration under A = 488 nm laser excitation using low power
to prevent local heating. These results are shown in Figure 2i.
The spectrum displays characteristic peaks between 25 and
300 cm™!, which originate from the primitive monoclinic struc-
ture of TaSe;.['8343% The peaks at 140, 164, 214, and 238 cm™
are assigned to the out-of-plane A;; phonon modes whereas the
peaks at 176 and 185 cm™ to the B,/A, modes.**) The Raman
data confirm the crystalline nature of the TaSe; filler and the
preservation of its structural integrity after all processing steps.

To determine EMI characteristics, we measured the scat-
tering parameters, Sy, using a two-port programmable network
analyzer (PNA, Keysight N5221A; see the Experimental Sec-
tion and Figure S5 in the Supporting Information). The scat-
tering parameters define the EM coeflicients of reflection,
R = |Sn|2, and transmission, T = |5'21|2, which, in turn, allow one
to calculate the coefficient of absorption, A, as A=1—- R - T.
A fraction of the energy of EM wave, incident on the film,
is reflected at the interface. The rest is absorbed inside the
film or transmitted through it. Because part of EM energy
is reflected from the interface, the coefficient of absorption,
defined as the power percentile of the absorbed EM wave in
the medium to the total power of incident wave, is not truly
indicative of material’s ability in absorbing the EM waves. For
this reason, the effective absorption coefficient, A.g, is defined
as Aeg= (1- R—T)/(1 = R). The plots of R, A, and T for all the
samples are presented in Figure S6 in the Supporting Informa-
tion. The total shielding effectiveness, SEy, describes the total
attenuation of the incident EM wave by the material of interest.
This parameter determines the material’s ability to block the
EM waves and consists of two terms—the reflection shielding
effectiveness, SEg, and the absorption shielding effectiveness,
SEa. The latter coefficient includes possible internal reflec-
tion as the EM wave passes through the composite medium.
These parameters can be calculated in terms of R, T, and A
as follows: SEg = —10log(l — R), SE, = —10log(l — A.g), and
SEr = SEg + SE4 (see Section VI in the Supporting Informa-
tion for details.) The reflection, absorption, and the total
EMI shielding effectiveness of the UV-cured flexible polymer
films with low concentrations of TaSe; fillers are presented in
Figure 3a—c. As one can see, a thin film with 130 pm thickness
and an extremely low concentration of 1.14 vol% of quasi-1D
TaSe; fillers reveal strong EMI shielding of =10 dB, i.e., 90%
of the incident EM power on the film is shielded via reflec-
tion at the air-composite interface or absorption as it passes
through the composite. Typically, the EMI shielding effective-
ness increases with the increasing filler loading.

One can see from Figure 3i that =20 dB of total EMI
shielding at f = 8.2 GHz can be achieved in 27 um thick SA-
based films with only 4.5 vol% of quasi-1D van der Waals fillers.
The shielding due to the absorption of EM waves is approxi-
mately twice as much as that due to the reflection of the waves.
The total EMI shielding effectiveness SE, which indicates how
much EM energy is blocked by a film of a particular thick-
ness, is not the only characteristic that has to be considered
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for practical purposes. Another commonly used metric is the
effectiveness normalized by the mass density, SSE = SEq/p.
However, SSE does not fully describe the EMI shielding of a
given material because, by increasing the thickness of a film
at a constant mass density, one can achieve higher and higher
SSE values. To better describe the EMI shielding at the material
level, one can normalize SSE by the thickness, ¢, and use SSE/t
to compare the effectiveness of different composites.[?38] Here,
we argue that, for many practical purposes, it is meaningful
to normalize SSE/t = SEq/(p X t) by the loading fraction of the
fillers. Achieving higher EMI shielding in the composite with
the lowest loading of the fillers makes sense from the weight
and cost considerations as well as for maintaining electrical
insulation of the composite when required. Indeed, if one com-
posite can deliver the required SE with a low loading of light-
weight fillers while another needs 90% loading of silver (Ag)
particles, it is clear that the Ag composite likely will be heavy,
expensive, and electrically conductive.

To assess the performance of the polymeric composites with
fillers, we define the figure-of-merit Zy = SE¢/(p X t X mj by
introducing normalization by the mass fraction of the fillers
mg= Mg/(Mg + M), where Mg and My are the masses of the
filler and the base polymer, respectively. It is interesting to note
that the physical meaning of the Zy figure-of-merit is the total
shielding effectiveness of the films per the areal density of the
fillers, i.e., Zy = SE1/(Mg/A), where A = V/t is the area of the
sample of the volume V and thickness ¢ (see the Supporting
Information for the details of the derivation). The defined
metric put more emphasis on the material performance, and
specifically the filler performance. Figure 4a,b shows the SSE/t
and Zp for several polymer composites with different fillers.
One can see that our composites with quasi-1D van der Waals
fillers outperforms composites with carbon nanotubes and gra-
phene. Although a composite with Ag has better performance
in terms of SSE/t, the composites with quasi-1D fillers exhibit
superior Zy efficiency. The latter means that the polymer com-
posites with low areal density of quasi-1D fillers are extremely
effective in blocking EM waves.

As the next step, we examined the EMI shielding effec-
tiveness of the composites with the low loading of quasi-1D
TaSe; fillers in the EHF band. The measurements were per-
formed using the quasi-optical free space method. The details
of the experimental procedures are described in the Experi-
mental Section. Figure 5a presents the results of shielding
effectiveness of pristine epoxy. As expected, epoxy by itself is
a poor shielding material and provides only the mean value
of SEy = 1.5 dB in the EHF range. The coefficients of reflec-
tion, absorption, effective absorption, and transmission pre-
sented in Figure 5b for epoxy with 1.3 vol% quasi-1D fillers
demonstrate the superior performance of the composites with
quasi-1D fillers in the EHF band. Note that only 0.0002% of
the incident EM wave is transmitted through the 1 mm thick
film with only 1.3 vol% of quasi-1D TaSe; fillers. The shielding
effectiveness of the same sample is shown in Figure Sc.
Figure 5b,c indicates clearly that absorption is the dominant
mechanism of the EMI shielding in the EHF range. This is
different from the situation in the X-band where the reflec-
tion was substantial. The absorption SE, increases from 55 to
75 dB as the frequency varies from 220 to 320 GHz. The EMI
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Figure 3. Electromagnetic characteristics of films with low concentration of quasi-1D TaSe; fillers in the X-band frequency range. a—i) Reflection (SEg),
absorption (SE,), and total (SEt) electromagnetic interference shielding effectiveness of: a—c) UV-cured polymer, d—f) epoxy, and g—i) sodium alginate
films and composites with low concentration of quasi-1D TaSe; bundles of atomic threads as fillers. The concentration is indicated in the legends.

shielding by reflection contributes only = 1.5 dB to the total
shielding, and it slightly decreases from 1.7 to 1.4 dB as the
frequency increases. Also, note that by adding only 1.3 vol%
of quasi-1D fillers to the pristine epoxy, an enhancement of
50x in total shielding effectiveness in the EHF frequency
range is achieved.

An important feature of the synthesized films is their elec-
trical insulation. We verified that the DC electrical conductivity
of the films with <3 vol% filler loading is below the instrumen-
tation measurement limit. The upper bound of the electrical
sheet resistance measurement capability of our instrument is
=5 % 10" Q. Thus, for samples with tens of micrometers thick-
ness, the upper bound of measurable resistivity is =107 Q cm.
This means that the loading fraction of the quasi-1D van der
Waals fillers is below the percolation threshold. Experimenting
with different loading fractions, we established that in the SA
flexible film with 4.5 vol%, the electrical resistivity abruptly
decreases to =5 Q cm. The latter indicates that electrical
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percolation for the SA-based flexible films is achieved at filler
concentration between 3 and 4.5 vol%. All other polymer base
remained electrically insulating even when the loading fraction
was reaching 4.5 vol%. The insulating nature of the films with
the quasi-1D fillers is intriguing and clearly defined by unique
properties of quasi-1D van der Waals materials. According
to the conventional theories developed for carbon nanotubes
and nanowires with high aspect ratio, the electrical percola-
tion should be attained at even lower loading <1 vol%.3
The disagreement with the known models can be explained by
the fact that the conventional theories used the mathematical
approximation of the fillers as straight cylinders, whereas we
often observed TaSe; bending (see Figure 2), which could affect
the percolation threshold. During material processing, we paid
special attention to the uniformity of the filler dispersion and
verified it with microscopy. Some deviation from the uniformity
over the sample total area is a possible factor, which requires a
separate investigation.
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Figure 4. EMI shielding characteristics of polymeric composites with different fillers. a) The specific EMI shielding effectiveness normalized by thick-
ness. A polymer composite with 90 wt% of Ag inclusion exhibit the highest SSE/t. b) The same plot in (a) normalized by the filler weight loading
fraction. The Z; factor indicates composite’s shielding effectiveness per aerial density of the filler. The lower the thickness, density, and filler weight
loading fraction and higher the total shielding effectiveness, the higher the Zg. The data for other composites are from: Ni fiber,3% carbon black, !
graphene,% rGO, MWCNT, 0 and Ag.2]
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Figure 5. Electromagnetic shielding characteristics of the films with low concentration of quasi-1D TaSe; fillers in the EHF band. a) Shielding effective-
ness of pristine epoxy used as the base material for some of the composites. b) Reflection, absorption, effective absorption, and transmission coef-
ficients of epoxy with 1.3 vol% loading of the quasi-1D TaSe; fillers. Note that in the EHF range, almost all the incident EM wave energy is blocked and
only 0.0002% is transmitted. c) Reflection, absorption, and total shielding effectiveness of the same composite. Note that absorption is the dominant
mechanism in blocking the EM waves in the EHF band. d) Total shielding effectiveness of all samples tested in the EHF band. The results are shown
for the frequency 320 GHz. The total shielding effectiveness scales with the loading fraction of quasi-1D fillers and the thickness of the films.
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reflection and absorption of EM energy. Note that at the fre-
quency of 10 GHz, the EM wavelength A=c/(&/”* f)=19 mm
(here, & = 2.4 is the relative dielectric constant of polymer base
material). A few of connecting quasi-1D fillers with high aspect
ratio would make something similar to an antenna, effec-
tive at receiving and re-emitting EM energy. A few connecting
and bent quasi-1D fillers that form a circular loop would act
similar to a magnetic antenna in this frequency range. These
considerations can explain an efficiency of quasi-1D bundles of
atomic threads as fillers in EMI shielding films. The “antenna”
action in the X-band is consistent with the fact that reflection
of EM waves made substantial contribution of the overall EMI
shielding at these frequencies. In the EHF range, where the EM
wavelength at f= 300 GHz is 1 = 0.65 mm, the randomly dis-
tributed quasi-1D fillers can act more as the scattering objects,
which explain the dominance of absorption in the overall EMI
shielding.

One should point out that the electrical conduction prop-
erties of TaSe; itself are still not completely understood. Bulk
TaSe; has not been studied in as much detail as other TMT
materials, possibly due to its low superconducting phase tran-
sition T, = 2 K.1>*I A variety of measurements indicate that
TaSe; is metallic or semimetallic down to T..**% At the same
time, some reports suggested that stress or strain can produce
a semiconducting gap.1*>>3l Moreover, many published studies
on TaSe; do not include detailed compositional data (e.g., EDS,
electron microprobe analysis, or inductively coupled plasma-—
mass spectrometry). At least some CVT-grown TaSe; crystals
appear selenium deficient,'®3¥ approximately TaSe,g, like
the ones used in this work. Surprisingly, selenium-deficient
TaSe; can be produced from even in selenium-rich CVT condi-
tions.?*353¢ Stoichiometric TaSe; has been isolated from high
pressure conditions and selenium-flux growth.?**’] Although
selenium deficiency does not seem to affect the overall electrical
conductivity of TaSe; or its T[> 485052 several studies indicate
that doping can modify its electronic structure. For example,
the mixed chalcogenide Ta(S,Se;,); becomes semiconducting
with increasing sulfur content,’® and indium impurities from
contacts to TaSe; can produce a metal-insulator transition.l>*%!
In addition, the intercalation of copper into TaSe; causes T, low-
ering and weak induced CDWs.[%!l Further investigations clearly
are needed to understand the impact of defects and dopants on
the electrical properties of TaSe;.

In conclusion, we demonstrated that quasi-1D van der Waals
materials can be used as fillers in flexible polymer films pro-
viding excellent EMI shielding capability in the X-band and
EHEF-band. Polymer composites films (27 um thickness) with
only 4.5 vol% of quasi-1D TaSe; exfoliated atomic thread fillers
delivered = 20 dB of total EMI shielding in the practically
important X-band GHz frequency range. The EMI shielding
efficiency of the developed materials expressed via the total
shielding effectiveness normalized by the mass density, thick-
ness, and filler loading fraction, Zg =~ 242 dB cm™? g™}, exceeds
that of other polymers with various metallic, carbon nanotube,
or graphene fillers. The EMI shielding performance of the
films with the quasi-1D fillers in the EHF band of sub-THz fre-
quencies was particularly impressive. Total shielding effective-
ness SEr changed from 60 dB to above 70 dB as the frequency
varied from 240 to 320 GHz. This performance was achieved
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in composite films with only 1.3 vol% loading of exfoliated
quasi-1D fillers of TaSe; and the film thickness of 1 mm. Inter-
estingly, the efficient EMI shielding was achieved in polymer
films, which retained their DC electrically insulating proper-
ties at loading less than 3 vol%, essential for many applica-
tions. The developed polymer films with quasi-1D fillers are
promising for 5G-and-beyond communication technologies,
which require electromagnetic shielding films, which are flex-
ible, light-weight, corrosion resistive, electrically insulating,
and inexpensive.

Experimental Section

Preparation of TaSes: 1.7315 g (9.57 mmol) of tantalum (STREM 99.98%
purity) and 2.2718 g (28.8 mmol) of selenium (STREM 99.99% purity)
were ground together gently with an agate mortar/pestle. This mixture
was added to a 17.78 x 1 cm fused quartz ampule along with 62.3 mg
iodine ().T. Baker, 99.9% purity). The ampule was evacuated and backfilled
with Ar three times while submerged in an acetonitrile/dry ice bath, and
then flame sealed under vacuum. The ampule was placed in a Carbolite
EZS 12/450B three-zone horizontal tube furnace and heated to 750-
650 °C (source zone—growth zone) for 336 h. After the ampule had cooled
to room temperature and was opened, the isolated shiny black crystals
were left to sit in a fume hood for 1-2 h to allow excess iodine to sublime.

Polymer Composite Preparation: The bulk TaSe; crystals were added to
acetone with a starting concentration of 0.5 mg mL™ in 10 mL cylindrical
vials and sonicated in a low power sonic bath (Branson 5510) for several
hours. The vials were inspected visually every 2 h to verify the quality of
the dispersion. The resultant dispersion was centrifuged (Eppendorf
Centrifuge 5810) at 7000 rpm for 5 to 10 min. The supernatant was
collected and poured in a Peltier dish to dry for characterization purposes.
The precipitate, as well as some material stuck to the side walls of the
vial after centrifugation, was collected and left in the ambient air until the
solvent evaporated. The resulting dark brown, exfoliated TaSe; threads
exhibited different aspect ratios (see Figures S3 and S4 in the Supporting
Information for more optical microscopy and SEM images). The variation
in aspect ratio of the TaSe; fillers is beneficial in EMI shielding applications
and has been discussed in the text. The obtained fillers were mixed in
precalculated proportions with three different off-the-shelf base polymeric
matrices of UVP, SA, and epoxy. The UVP was mixed with low volume
fraction of TaSe; at 500 rpm for 10 min using a high-shear speed mixer
(Flacktek Inc.). The prepared mixture was sandwiched between two
pieces of nylons and pressed gently until a thin film formed in between.
The sandwich was left under the UV light for 2 min to cure. After that, the
nylons were separated easily and a flexible film of UVP-TaSe; remained, as
shown in Figure 1f. In case of SA-based flexible films, the SA powder was
added to the deionized (DI) water, sealed, and stirred for 2 h on top of a
hot plate with temperature set to 50 °C. Then, the TaSe; filler was added to
the solution at low concentrations. The mixture was stirred and sonicated
for 30 min and drop cast on a Peltier dish. The dish was placed on a hot
plate at 50 °C for almost 1 h. The resultant was a dark brown flexible film
shown in Figure 1g. The epoxy composites were made by mixing the epoxy
resin (bisphenol-A-(epichlorhydrin), molecular weight <700, Allied High-
Tech Products, Inc.) and hardener (triethylenetetramine, Allied High-Tech
Products, Inc.) with the mass ratio of 100 to 12, respectively. The TaSe;
filler was added afterward and mixed with the high-shear speed mixer at
500 rpm for 10 min. The compound was vacuumed for 10 min to remove
the possible trapped air bubbles. The compound was mixed one more time
at 300 rpm for 10 min, vacuumed, and then poured into special molds to
cure. The product was the dark composite shown in Figure Th. More details
of the sample preparation are provided in the Supporting Information.

Mass Density Measurements: Using an electronic scale (Mettler
Toledo), the weight of the samples was measured in air (w,) and in DI
water (w,). In case of SA flexible films, the weights of the films were
measured in air and ethanol (w,) since SA is soluble in DI water. The
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mass density of the samples were calculated according to Archimedes
principle p. = (Wa/ (W2 — Wye)) X (Owe — Pa) + P2 Where p is the density
and subscripts “a,” “w,” and “e” correspond to air, water, and ethanol,
respectively. The volume fraction, ¢, of the TaSe; filler was calculated
according to the rule of mixtures as ¢ = (o — p,)/(pr — pp) where p,
and ps are the density of the base polymer and TaSe; filler, respectively.
The density values of each sample with its constituents are listed in the
Supporting Information.

Electromagnetic Interference Shielding Measurements in the X-Band:
To determine EMI characteristics, the scattering parameters, Sj were
measured using the two-port PNA system. The indices i and j represent
the ports, which are receiving and emitting the EM waves. Each port
can simultaneously emit and detect the EM waves and thus the results
of the measurements include four parameters of Sy, Sy, Sy, and S,,.
Owing to the symmetry of the samples, one can expect that |Syy| = |Sy|
and |Syy| = |Sx|- The scattering parameters are related to the coefficients
of reflection, R = |Sy|% and transmission, T = |Sy|%. The measurements
were performed in the X-Band frequency range (8.2-12.4 GHz) with
the frequency resolution of 3 MHz. A PNA Keysight N5221A was
used. The PNA was calibrated for 2-port measurements of scattering
parameters S; at input power P, =3 dBm. A WR-90 commercial grade
straight waveguide with two adapters at both ends with SMA coaxial
ports was used as a sample holder. Special cables were used for high
temperature RF measurements. The samples were a bit larger than the
rectangular cross-section (22.8 x 10.1 mm?) of the central hollow part
of the waveguide in order to prevent the leakage of EM waves from the
sender to receiver antenna. The scattering parameters, Sy were directly
measured and used to extract the reflection and absorption shielding
effectiveness of the composites.

Electromagnetic Interference Shielding Measurements in the EHF Band:
Due to a small cross-section of the WR-3 waveguide, EMI characteristics
in the sub-THz range were measured in free space. One of the most
commonly used free-space techniques at THz and sub-THz frequencies
is the time-domain spectroscopy (THz-TDS).f% Its efficiency is limited
to frequencies below 300 GHz due to the low power of the excitation
signal in this spectral range.l®l Characterization of highly absorptive
materials using THz-TDS may not be feasible. For this reason, the EMI
shielding effectiveness was determined from the measured scattering
parameters using Agilent N5245A vector network analyzer (VNA)
with a pair of frequency extenders from Virginia Diodes Inc.B"% The
quasi-optical path of the measurement setup consisted of two high-
gain horn antennas and two double convex lenses to focus the EM
wave on the sample under test. The measurements were performed
in the frequency range from 220 to 320 GHz. The VNA with frequency
extenders was calibrated using the Thru—Reflect-Line (TRL) method.
The reference planes for 2-port measurements were achieved at the
ends of the waveguide ports of both extenders. To compensate for the
transmission losses in the measurement path, two additional reference
measurements were performed. The measurement with an empty optical
path and the measurement with a metal plate allow one to calculate the
actual transmission and reflection coefficients, respectively. In order
to improve the reliability of the collected data, additional time-domain
gating was applied (see refs. [31,64-66] for more details).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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