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This dissertation research addresses the properties and engineering applications of 

polymer-based composites with fillers comprised of quasi-one-dimensional (1D) van der 

Waals materials. The investigated materials include transition metal trichalcogenides 

containing 1D structural motifs that enable their exfoliation into bundles of atomic threads. 

These quasi-1D van der Waals nanostructures are characterized by extremely large aspect 

ratios of up to ~106. In the course of the investigation, we developed original techniques 

and methods for preparing composites with quasi-1D van der Walls fillers. It was 

established that the resulting polymer composites with low loadings of quasi-1D TaSe3 

fillers have excellent electromagnetic interference shielding properties in the X-band GHz 

and EHF sub-THz frequency ranges. The unusual feature of these composites is that they 



viii 

provide electromagnetic shielding while remaining DC electrically insulating. Such unique 

characteristics were attributed to the effective coupling of the electromagnetic waves to the 

high-aspect-ratio electrically-conductive TaSe3 atomic-thread bundles even when the filler 

concentration is below the electrical percolation threshold. In addition, we developed 

approaches for synthesizing polymer composite films with aligned quasi-1D TaSe3 van der 

Waals fillers. The composite material functionality, embedded at the nanoscale level, was 

achieved by mimicking the design of an electromagnetic aperture grid antenna. 

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. The results obtained in this dissertation research are important for high-frequency 

communication technologies, which require electromagnetic shielding films that are 

flexible, lightweight, corrosion-resistant, inexpensive, and electrically insulating. The 

polarization-sensitive polymer films with quasi-1D fillers can be used in future 

communication systems that require selective electromagnetic interference shielding.  
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1 Chapter 1 One-Dimensional van der Waals Materials 

 

1.1 Properties of Quasi-One-Dimensional vdW Materials 

 

The explosive growth of interest in two-dimensional (2D) layered van der Waals materials, 

such as graphene and transition metal dichalcogenides (TMDs) MX2, where M = transition 

metals and X = S, Se, Te, has resulted in numerous breakthroughs in physics and is 

expected to lead to important practical applications [1–8]. Recently, a different group of 

layered van der Waals materials with quasi-one-dimensional (1D) crystal structures has 

attracted significant attention: the transition metal trichalcogenides (TMTs). These 

compounds contain 1D motifs comprised of MX3 atomic chains that are weakly bound 

together by van der Waals forces or chalcogen interactions. Examples of such materials 

include TiS3, NbS3, TaSe3, and ZrTe3 [9–16]. MX3 materials exfoliate into nanowire- and 

nanoribbon-type structures, as opposed to atomic planes of quasi-2D van der Waals MX2 

materials. We previously discovered that bundles of quasi-1D TaSe3 atomic threads and 

ZrTe3 nanoribbons could support high current densities of 𝐽𝐵~10 MA/cm2 and 

𝐽𝐵~100 MA/cm2, respectively [12,13,17]. In this group of MX3 materials, TaSe3 is 

particularly interesting. Reported studies generally agree that it is a metal with 

superconducting properties at low temperatures, although some studies suggest that it is 

semimetal [18–21]. The exact band and specifics of electron transport in bulk and 
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exfoliated nanowires of TaSe3 at various temperatures are still under intensive debate. In 

this Proposal, we first demonstrate that quasi-1D van der Waals materials like TaSe3 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 the current 5G and future communication technologies: 

X-band (𝑓 = 8.2 GHz –  12.4 GHz) and the extremely high frequency (EHF) band (𝑓 =

220 GHz –  320 GHz). In the end, we will provide the potential functionalities of these 

composites and a framework for future studies.   

 

1.2 Quasi-One-Dimensional-Based Composites in EMI Applications 

 

The proliferation of portable devices and wireless communications has led to problems 

with environmental 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-circuiting of electronic 

components. The conventional materials for EMI shielding are metals, which are utilized 

as coatings and enclosures [22]. Metals have charge carrier concentrations that enable them 

to block EM waves mostly by reflection. However, 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 [23–25]. The first generation of polymer 

composites for EMI shielding utilized large loading fractions of metallic particles, such 



3 

that their concentrations are above the electrical percolation threshold, resulting in overall 

electrically conductive films. The high loading fraction of metallic fillers are required to 

provide sufficient 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 [23,26–31]. For example, we demonstrated 

efficient EMI shielding in the wide GHz and sub-THz frequency ranges with high-loading 

graphene composites [32,33]. The advantages of quasi-2D graphene fillers include low 

weight, high thermal stability, anti-corrosive properties, and low cost at mass production. 

Mxenes, are metallic-like fillers that are reported to provide high EMI shielding in the X-

band frequency range. Being highly electrically conductive, the MXene-based composites 

and films can be utilized in applications where the electrical insulation among the 

components is not a design parameter. 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 these 

fillers provide electrical insulation.  

 

1.3 TaSe3: A Quasi-One-Dimensional Material for EMI Applications 

 

For experiments with quasi-1D fillers in electrically insulating films for EM shielding, we 

selected TaSe3. 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 
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bundles of atomic threads was an additional important factor [12]. Recent interest in TaSe3 

has included studies of its topological phases [20,34–36], the effect of strain on its metallic 

vs. semiconducting states [37], low-temperature charge density wave states [21], and our 

own work characterizing its current carrying capacity and low-frequency electronic noise 

[38].  

 

1.3.1 Material Growth and Structure  

 

In this study, the bulk crystalline TaSe3 was prepared by iodine-mediated chemical vapor 

transport (CVT) from the element. A schematic of the growth procedure is presented in 

Figure 1-1 (a). 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  1 cm fused quartz ampule along 

with 62.3 mg iodine (J.T. Baker, 99.9% purity). The ampule was evacuated and backfilled 

with Ar three times while submerged in an acetonitrile/dry ice bath, 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. TaSe3 crystals grew 

preferentially along the b-axis, leading to ribbon- or needle-like, filamentary morphologies 

ranging from less than one micron to tens of microns in width (Figure 1-1 (b)).  
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Figure 1-1: Crystal growth and image of bulk material. (a) A schematic illustrating the 

iodine-mediated CVT used in this study to prepare bulk crystalline TaSe3. (b) Optical 

image of as-synthesized TaSe3 crystals. Reprinted with permission from Barani et al., 

Advanced Materials. 33 (2021) 2007286, Copyright © 2021, Wiley - VCH VERLAG 

GMBH & CO. KGAA. 

 

The room temperature, monoclinic crystal structure of TaSe3 (Figure 1-2 (a)) exhibits 

aligned chains of trigonal prismatic [TaSe6] units oriented along the b-axis [39]. These 

chains are assembled into corrugated bilayers (sets of blue and purple chains in Figure 1-2 

(a)) through Ta…Se interactions between adjacent chains. Neighboring bilayers are 

separated by van der Waals gaps.  

 

1.3.2 Material Characterization  

 

TaSe3 samples for SEM-EDS were prepared by mounting the crystals on carbon tape and 

then mechanically exfoliating with Scotch™ tape. Data were acquired with an FEI Teneo 

FE-SEM instrument equipped with an Oxford Instruments X-MAXN EDS detector at 10-

20 keV. The scanning electron microscopy (SEM) image in Figure 1-2 (b) shows a TaSe3 

crystal that was freshly mechanically exfoliated for energy dispersive spectroscopy (EDS) 

analysis. EDS mapping shows an excellent overlap of Ta and Se (Figure 1-2 (c)), and 
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quantitative EDS averaged across the entire mapped area (SI) provides a slightly Se-

deficient composition of TaSe2.85 similar to other samples prepared by CVT [36]. The 

quantitative results from the energy-dispersive X-ray spectroscopy (EDS) analysis of the 

CVT-grown crystals are listed in Table 1-1. The area-averaged atomic ratio of Se to Ta in 

the crystals used in this work is 2.85.  

TaSe3 samples for powder XRD were prepared by pressing bulk crystals into an aluminum 

mount. Data were acquired with a Bruker D8-Advance diffractometer (Co-Kα radiation) 

from 10-80 2θ at a rate of 0.1 s per step at 40 mA, 35 kV. Powder x-ray diffraction (XRD) 

is consistent with the anticipated monoclinic TaSe3 structure, and it confirms the phase 

purity of the as-prepared material (Figure 1-2 (d)).  
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Figure 1-2: Structure and composition of as-synthesized TaSe3. (a) Crystal structure of 

TaSe3; 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 TaSe3 chains. The side view in the bottom panel shows the quasi-1D nature of 

trigonal prismatic [TaSe6] units extending along the b-axis. The corrugated bilayer 

nature of this structure is emphasized with the Ta…Se interchain interactions and the 

purple/blue coloring; bilayers are separated from their neighbors by van der Waals gaps. 

(b) SEM image of a mechanically-exfoliated TaSe3 crystal. (c) Corresponding EDS 

mapping showing a uniform overlap of Ta and Se along the length of the crystal. (d) 

Powder XRD pattern of CVT-grown TaSe3 crystals (blue) matching a reference pattern 

of monoclinic TaSe3 (red). Reprinted with permission from Barani et al., Advanced 

Materials. 33 (2021) 2007286, Copyright © 2021, Wiley - VCH VERLAG GMBH & 

CO. KGAA.  

 

Table 1-1: EDS characterization of the CVT-grown crystals 

 Ta Se Se/Ta 

Theoretical at. % 25.00 75.00 3.00 

Experimental at. %  

(area-averaged EDS) 

26.00 74.00 2.85 

 

1.4 Sample Preparation  

 

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 
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sodium alginate (SA), epoxy, and a special type of UV-light cured polymer (UV-polymer) 

as the base. In samples in which SA and epoxy were used as the base polymers, the CVT-

grown crystals were exfoliated and used. For UVP samples, the TaSe3 was outsourced from 

HQ Graphene Inc. Here, we provide a detailed description of the liquid phase exfoliation 

and composite sample preparation.  

 

1.4.1 Liquid Phase Exfoliation 

 

For the liquid exfoliation process, we used two different solvents: DMF and acetone (see 

Figure 1-3 (a-c). In this study, although the exfoliation process using DMF takes much less 

time, we mostly used acetone owing to its shorter evaporation time.  
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Figure 1-3: Liquid-phase exfoliation and composite preparation. (a) SEM image of 

fibrous TaSe3 bundles. (b, c) TaSe3 crystals and fibers added into DMF and acetone. 

Low-power bath sonication was used for the liquid phase exfoliation process. (d) The 

vials of TaSe3 and acetone solution after one, two, three, and six hours of exfoliation. (e) 

After exfoliation, vials were centrifuged to separate the solid phase from the solution. (f, 

g) Synthesis of flexible polymeric films using sodium alginate and a special UV-cured 

polymer as the base matrix, respectively. (h) Optical image of the epoxy composite 

before and after solidification. Reprinted with permission from Barani et al., Advanced 

Materials. 33 (2021) 2007286, Copyright © 2021, Wiley - VCH VERLAG GMBH & 

CO. KGAA. 

 

The bulk TaSe3 crystals were filled into acetone with 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 as shown in Figure 1-3 (c). The Temperature was kept under 25º C by 

continuously adding ice into the sonic bath. The vials were inspected visually every 1 to 2 

hours to verify the quality of the dispersion as shown in Figure 1-3 (d). Note that the time 

needed for vials to be completely exfoliated was different even among those with the same 

volume fraction of TaSe3 bundles. The optical microscopy analysis of the final exfoliated 

threads of TaSe3 by acetone and DMF showed no significant difference (see Figure 1-4). 
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It could be related to the thickness and lateral dimensions of the different parts of the 

crystal. Next, the solution in all vials was poured into bigger vials (see Figure 1-3(e)-

middle) and centrifuged (Eppendorf Centrifuge 5810) at 7000 rpm for 5 to 10 minutes. The 

supernatant of the dispersion was collected and poured into a Peltier dish to dry for 

characterization purposes. The precipitant part of the dispersion, as well as some parts of 

the material which were stuck to the sidewalls of the vial after centrifugation, were 

collected and left in the ambient air, so the remaining portion of the solvent evaporated 

(Figure 1-3 (e)-left). The result is dark brown exfoliated TaSe3 threads with different aspect 

ratios. The exfoliated threads were used to prepare the composites with different polymer 

bases for electrical conductivity and EMI shielding experiments (Figure 1-3 (f-h)).   
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Figure 1-4: Optical images of liquid-phase exfoliated TaSe3. (a) Microscopic images of 

TaSe3 thread being completely exfoliated in DMF. (b-d) Microscopic images of TaSe3 

thread being completely exfoliated in acetone. Reprinted with permission from Barani et 

al., Advanced Materials. 33 (2021) 2007286, Copyright © 2021, Wiley - VCH VERLAG 

GMBH & CO. KGAA. 

 

1.4.2 Composite Preparation 

 

Three different polymers were used to make films and composites in this study: 

Sodium Alginate (SA)/TaSe3 flexible films: Commercially available sodium alginate 

powder was mixed with DI water with a ratio of 1mg/2ml, respectively. Using magnetic 

stir bars, the solution was mixed for about 3 hours on a hot plate set to 50 ºC. The TaSe3 

threads were weighed and added to the mixture. Figure 1-3-f-right shows the final mixture 

after stirring for almost one hour and sonicated for about 30 minutes. In the next step, the 
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solution was drop cast on a Peltier dish. The dish was placed on a hot plate at 50 ºC for less 

than one hour (see Figure 1-3 (f)-middle.) The final film was a dark brown flexible film 

shown in Figure 1-3 (f)-left. 

 

UVP/TaSe3 flexible films: An off-the-shelf polymer that cures under the illumination of 

UV light was used in this case. The TaSe3 fillers were added to the UV polymer and were 

mixed at 500 rpm for 10 minutes using a high-shear speed mixer (Flacktek Inc.). The Final 

mixture was homogeneously dispersed, which is shown in Figure 1-3 (g). The mixture was 

then sandwiched between two pieces of nylons. Afterward, it was pressed gently until a 

thin film formed in between. The sandwich was left under the 36 W UV lamp for 2 minutes 

to cure. The final product is shown in Figure 1-3 (g)-left. 

 

Epoxy/TaSe3 composites: The epoxy resin (bisphenol-A-(epichlorohydrin) and the TaSe3 

fillers were mixed using the high-shear speed mixer (Flacktek Inc.) at 500 rpm for 10 

minutes. Then, the homogeneous mixture of epoxy and fillers were put inside a vacuum 

chamber for ~10 minutes to extract the possibly trapped air bubbles. The curing agent 

(triethylenetetramine, Allied High-Tech Products, Inc.) was then added in the prescribed 

mass ratio of 12:100 with respect to the epoxy resin. The mixture was mixed at 300 rpm 

for about 10 minutes each, vacuumed, and then poured into special molds and left at room 

temperature for 8 hours (Figure 1-3 (h)-right.) Finally, the mixture was placed in an oven 

for ~2 hours at 50º C (Figure 1-3 (h)-left.). SEM images of the exfoliated fillers and fillers 

embedded in polymeric matrices are shown in Figure 1-5 (c, d).  
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Figure 1-5: SEM images of the exfoliated threads and composites with TaSe3 as filler. 

(a,b) SEM images of TaSe3 crystals and fibers separated using low-power bath 

sonication (c,d) The SEM images of the SA film containing about 3 vol. %. Reprinted 

with permission from Barani et al., Advanced Materials. 33 (2021) 2007286, Copyright 

© 2021, Wiley - VCH VERLAG GMBH & CO. KGAA. 
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2 Chapter 2 Polymeric Composites for EMI Applications 

 

2.1 Quasi-1D-Based Polymeric Composites: Preparation and 

Characterization 

 

In the previous chapter, we described the liquid phase exfoliation of TaSe3 and the 

synthesis of polymeric composites with threads of quasi-1D TaSe3 fillers. Figure 2-1 shows 

a summary of the procedure with the additional characterization of the exfoliated fillers 

and prepared composites. The TaSe3 crystals were subjected to solvent-assisted exfoliation 

separately in two different solvents of acetone and dimethylformamide (DMF). During this 

process, the bulk TaSe3 was dispersed and exfoliated in the solvents using low-power 

ultrasonic bath sonication. The dispersion was centrifuged to isolate the solids, and the 

procedure of sonication/centrifugation was repeated several times. A photograph of the 

resultant dispersion is shown in Figure 2-1 (d). The SEM image in Figure 2-1 (e) shows 

the size and morphology of TaSe3 nanowires post-exfoliation. The typical diameter of the 

exfoliated bundles of the atomic threads of TaSe3 ranges from 50 nm to 100 nm, while 

their length is in the range of several hundred micrometers. The fillers were mixed with 

UV-polymer, epoxy, and SA. The obtained flexible thin films and composites are shown 

in Figure 2-1 (f-h).  
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Figure 2-1: Composite film preparation and characterization. (a, b) As-prepared TaSe3 

crystals and fibers. (c) SEM image of fibrous TaSe3 bundles. (d) Schematic showing the 

process of chemical liquid-phase exfoliation using low-power bath sonication. The vial 

contains exfoliated TaSe3 in acetone. (e) SEM image of TaSe3 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 TaSe3 as filler. (h) Optical image of the 1 mm thick epoxy 

composite containing about 1.3 vol % concentration of exfoliated TaSe3 threads. (i) 

Raman spectra of the TaSe3 before (blue) and after solvent-assisted exfoliation in 

acetone (red) and DMF (cyan). The orange curve shows the Raman spectrum of the 

TaSe3 filler mixed with sodium alginate (SA). The characteristic Raman peaks of TaSe3 

do not change as it is exfoliated or combined with SA polymer. Reprinted with 

permission from Barani et al., Advanced Materials. 33 (2021) 2007286, Copyright © 

2021, Wiley - VCH VERLAG GMBH & CO. KGAA. 
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2.1.1 Raman Characterization  

 

Raman spectra of TaSe3 were taken before and after exfoliation in different solvents and 

after mixing with the polymer matrix to confirm the quality and stability of the quasi-1D 

TaSe3 fillers. The results are shown in Figure 2-1 (i). The measurements were performed 

in the backscattering configuration under 𝜆 =  488 nm laser excitation using low power 

to prevent local heating. The spectrum displays characteristic peaks between 25 cm−1 to 

300 cm−1, which originate from the primitive monoclinic structure of TaSe3 [36,37]. The 

peaks at 140 cm−1, 164 cm−1, 214 cm−1 and 238 cm−1 are assigned to the out-of-plane 

A1g phonon modes, whereas the peaks at 176 cm−1 and 185 cm−1 to the B2/Ag modes 

[37]. The Raman data confirm the crystalline nature of the TaSe3 filler and the preservation 

of its structural integrity after all processing steps.  

 

2.1.2 Mass Density Measurements 

 

 Using an electronic scale (Mettler Toledo), the weight of the samples was measured in air 

(𝑤𝑎) and in DI water (𝑤𝑤). In the case of SA flexible films, the weights of the films were 

measured in air and ethanol (𝑤𝑒) since SA is soluble in DI water. The mass density of the 

samples was calculated according to Archimedes' principle 𝜌𝑐 = (𝑤𝑎/(𝑤𝑎 − 𝑤𝑤,𝑒)) ×

(𝜌𝑤,𝑒 − 𝜌𝑎) + 𝜌𝑎 where 𝜌 is the density and subscripts “𝑎”, “𝑤”, and “𝑒” corresponds to 

air, water, and ethanol, respectively. The volume fraction, 𝜙, of the TaSe3 filler was 
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calculated according to the rule of mixtures as 𝜙 = (𝜌𝑐 − 𝜌𝑝)/(𝜌𝑓 − 𝜌𝑝) where 𝜌𝑝 and 𝜌𝑓 

are the density of the base polymer and TaSe3 filler, respectively 

 

2.2 EMI Shielding Performance of Quasi-1D composites 

 

2.2.1 EMI Measurements in X-Band  

 

To determine EMI characteristics, we measured the scattering parameters, 𝑆𝑖𝑗, using a two-

port programmable network analyzer (PNA) Keysight N5221A. The indices 𝑖 and 𝑗 

represent the ports which are receiving and emitting the EM waves. The PNA was 

calibrated for 2-port measurements of scattering parameters 𝑆𝑖𝑗 at input power 𝑃𝑖𝑛  =

 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10.1 mm2) of the central hollow part of the waveguide in order to prevent 

the leakage of EM waves from the sender to the receiver antenna. A photo of the actual 

system is shown in Figure 2-2.  

 

In PNA, each port can simultaneously emit and detect the EM waves, and thus, the results 

of the measurements include four parameters of 𝑆11, 𝑆12, 𝑆21, and 𝑆22. Owing to the 

symmetry of the samples, one can expect that |𝑆11| = |𝑆22| and |𝑆12| = |𝑆21|. The 
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measurements were performed in the X-Band frequency range (8.2 –  12.4 GHz) with a 

frequency resolution of 3 MHz.  

 

 
 

Figure 2-2: Experimental setup used for electromagnetic shielding interference 

characterization of flexible films with quasi-one-dimensional vdW fillers. Reprinted 

with permission from Barani et al., Advanced Materials. 33 (2021) 2007286, Copyright 

© 2021, Wiley - VCH VERLAG GMBH & CO. KGAA. 

 

To determine EMI characteristics, we measured the scattering parameters, 𝑆𝑖𝑗 The 

scattering parameters define the EM coefficients of reflection, 𝑅 = |𝑆11|2, and 

transmission, 𝑇 = |𝑆21|2, which, in turn, allows one to calculate the coefficient of 

absorption, 𝐴, as 𝐴 = 1 − 𝑅 − 𝑇. A fraction of the energy of the 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 way in the medium to the total power 

of the incident wave, is not truly indicative of the material’s ability to absorb the EM waves. 

For this reason, the effective absorption coefficient, 𝐴𝑒𝑓𝑓, is defined as 𝐴𝑒𝑓𝑓 =

(1 − 𝑅 − 𝑇) (1 − 𝑅)⁄ . The total shielding efficiency, 𝑆𝐸𝑇, describes the total attenuation 

of the incident EM wave by the material of interest. This parameter determines the 
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material’s ability to block the EM waves and consists of two terms – the reflection shielding 

efficiency, 𝑆𝐸𝑅, and the absorption shielding efficiency, 𝑆𝐸𝐴. It should be noted that as the 

EM wave passes through the composite medium, it experiences internal reflections, which 

adds to the shielding by absorption. These parameters can be calculated in terms of 𝑅, 𝑇, 

and 𝐴𝑒𝑓𝑓 as follows: 

 

𝑆𝐸𝑅 = 10 log[(𝑃𝑖 (𝑃𝑖 − 𝑃𝑟⁄ )] = −10log (1 − 𝑅), 

 

(1) 

𝑆𝐸𝐴 = 10 log [
𝑃𝑖−𝑃𝑟

𝑃𝑖−𝑃𝑟−𝑃𝑎
] = 10 log [

1−𝑅

1−𝑅−𝐴
] = − 10 log [

1−𝑅−𝐴

1−𝑅
] = −

10 log (1 −
𝐴

1−𝑅
) = −10 log(1 − 𝐴𝑒𝑓𝑓), 

 

(2) 

𝑆𝐸𝑇 = 10 log (
𝑃𝑖

𝑃𝑡
) = 𝑆𝐸𝑅 + 𝑆𝐸𝐴 = −𝑆21. 

 

(3) 

 

2.2.2 Measurements in 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 time-domain spectroscopy (THz-TDS) [40]. Its 

efficiency is limited to frequencies below 300 GHz due to the low power of the excitation 

signal in this spectral range [41]. Characterization of highly absorptive materials using 

THz-TDS may not be feasible. For this reason, the EMI shielding efficiency was 

determined from the measured scattering parameters using an Agilent N5245A vector 
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network analyzer (VNA) with a pair of frequency extenders from Virginia Diodes Inc 

[33,42]. 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 GHz 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 allows 

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 [42–44] for more details). 

 

2.3 Results and Discussion 

 

2.3.1 EMI Effectiveness in The X-Band  

 

The reflection, transmission, and absorption coefficients of the samples were calculated 

from the scattering parameters and are shown in Figure 2-3. The reflection, absorption, and 

total EMI shielding efficiencies of the UV-cured flexible polymer films with low 

concentrations of TaSe3 fillers are presented in Figure 2-4 (a-c). As one can see, a thin film 

with 130 µm thickness and an extremely low concentration of 1.14 vol% of quasi-1D 
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TaSe3 fillers reveals strong EMI shielding of ~10 dB, i.e., 90% of the incident EM power 

on the film is shielded via reflection at the air-composite interface or absorption as it passes 

through the composite. Typically, the EMI shielding efficiency increases with the 

increasing filler loading.  

 

 
 

Figure 2-3:Reflection, absorption, and transmission coefficients of films and composites 

with a low concentration of quasi-1D fillers in the X-band frequency range. Reprinted 

with permission from Barani et al., Advanced Materials. 33 (2021) 2007286, Copyright 

© 2021, Wiley - VCH VERLAG GMBH & CO. KGAA. 
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Figure 2-4: Electromagnetic characteristics of films and composites with low 

concentrations of quasi-1D TaSe3 fillers in X-band frequency range. Reflection (SER), 

absorption (SEA), and total (SET) electromagnetic interference shielding efficiency of (a-c) UV-

cured polymer (d-f) epoxy, and (g-i) sodium alginate films and composites with a low 

concentration of quasi-1D TaSe3 bundles of atomic threads as fillers. The concentration is 

indicated in the legends. Reprinted with permission from Barani et al., Advanced 

Materials. 33 (2021) 2007286, Copyright © 2021, Wiley - VCH VERLAG GMBH & 

CO. KGAA. 

 

One can see from Figure 2-4 (i) that ~20 dB of total EMI shielding at 𝑓 = 8.2 GHz can be 

achieved in 27 − μm 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 approximately twice as much 

as that due to the reflection of the waves. The total EMI shielding efficiency, 𝑆𝐸𝑇, which 

indicates how much EM energy is blocked by a film of a particular thickness, is not the 
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only characteristic that has to be considered for practical purposes. Another commonly 

used metric is the efficiency normalized by the mass density, 𝑆𝑆𝐸 = 𝑆𝐸𝑇/𝜌. 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, 𝑡, and use 𝑆𝑆𝐸/𝑡 to compare the effectiveness of different composites 

[23,45]. Here, we argue that, for many practical purposes, it is meaningful to normalize 

𝑆𝑆𝐸/𝑡 = 𝑆𝐸𝑇/(𝜌 × 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 composite can deliver the required 𝑆𝐸 with a low 

loading of lightweight 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 𝑍𝐵 =  𝑆𝐸𝑇/(𝜌 × 𝑡 × 𝑚𝑓) by introducing normalization by the mass fraction of the 

fillers 𝑚𝑓 = 𝑀𝐹/(𝑀𝐵 + 𝑀𝐹), where 𝑀𝐹 and 𝑀𝐵 are the masses of the filler and the base 

polymer, respectively. Here, we summarize the parameters for evaluating the EMI 

effectiveness of the composites and the physical interpretation of the 𝑍𝐵 figure-of-merit: 

 

𝑆𝐸𝑀 = 𝑆𝐸/𝑚𝑓, (4) 
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𝑆𝑆𝐸 = 𝑆𝐸/𝜌, (5) 

 

𝑆𝑆𝐸 = 𝑆𝐸/𝜌 = 𝑆𝐸 × 𝑉/(𝑀𝐵 + 𝑀𝐹), (6) 

 

in which, 𝑉, 𝑀𝐵, and 𝑀𝐹 are the volume and total mass of the base polymer and mass of 

filler in the composite. If we normalize 𝑆𝑆𝐸 by thickness:  

 

𝑆𝑆𝐸/𝑡 = 𝑆𝐸 × 𝑉/[𝑡(𝑀𝐵 + 𝑀𝐹)] = 𝑆𝐸 × 𝐴/(𝑀𝐵 + 𝑀𝐹). (7) 

 

Here, 𝐴 is the surface area of the composite. The 𝑍𝐵-factor is the normalization of the 

𝑆𝑆𝐸/𝑡 with respect to the filler mass loading fraction (𝑚𝑓 = 𝑀𝑓/(𝑀𝐵 + 𝑀𝑓)) as follow:  

 

𝑍𝐵 =
𝑆𝑆𝐸

𝑡×𝑚𝑓
= [𝑆𝐸 × 𝐴/(𝑀𝐵 + 𝑀𝐹)][ (𝑀𝐵 + 𝑀𝐹)/𝑀𝐹] =  𝑆𝐸 × (

𝐴

𝑀𝐹
). (8) 

 

It is interesting to note that the physical meaning of the 𝑍𝐵 figure-of-merit is the total 

shielding efficiency of the films per the areal density of the fillers, i.e., 𝑍𝐵 = 𝑆𝐸𝑇/(𝑀𝐹/𝐴), 

here 𝐴 = 𝑉/𝑡 is the area of the sample of the volume 𝑉 and thickness 𝑡. The defined metric 

puts more emphasis on the material performance, and specifically the filler performance. 

Figure 2-5 (a,b) show the 𝑆𝑆𝐸/𝑡 and 𝑍𝐵 for several polymer composites with different 

fillers. One can see that our composites with quasi-1D van der Waals fillers outperform 

composites with carbon nanotubes and graphene. Although a composite with Ag has better 

performance in terms of 𝑆𝑆𝐸/𝑡, the composites with quasi-1D fillers exhibit superior 𝑍𝐵 
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efficiency. The latter means that the polymer composites with a low areal density of quasi-

1D fillers are extremely effective in blocking EM waves.  

 

 
 

Figure 2-5: EMI shielding characteristics of polymeric composites with different fillers. 

(a) The specific EMI shielding efficiency normalized by thickness. A polymer composite 

with 90 wt% of Ag inclusion exhibit the highest 𝑆𝑆𝐸/𝑡. (b) The same plot in panel (a) 

normalized by the filler weight loading fraction. The 𝑍𝐵 factor indicates composite’s 

shielding effectiveness per aerial density of the filler. The lower the thickness, density, 

and filler weight loading fraction and the higher the total shielding effectiveness, the 

higher the 𝑍𝐵. The data for other composites are from: Ni fiber [46], carbon black [47], 

graphene [32], rGO [48], MWCNT [47], and Ag [49]. Reprinted with permission from 

Barani et al., Advanced Materials. 33 (2021) 2007286, Copyright © 2021, Wiley - VCH 

VERLAG GMBH & CO. KGAA. 

 

A summary of the shielding efficiency of several composites with different fillers is listed 

in Table 2-1. In this table, 𝜙𝑓, 𝑚𝑓, 𝑡, and 𝜌 are the filler volume fraction, filler mass 

fraction, thickness, and density of the composite. 
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Table 2-1: Comparison of different composites used for electromagnetic shielding 
Polymer/ 

Filler 

𝝓𝒇 𝒎𝒇 t 𝝆 SE SEM SSE SSE/t ZB Ref. 

(%) (%) (cm) (gcm-3) (dB) (dB) (dBcm3g-1) (dBcm2g-1)  

UVP/TaSe3 1.14 6.43 0.013 1.31 11.00 1.71 8.40 645 100.44 

T
h

is
 w

o
rk

 UVP/TaSe3 1.38 7.70 0.011 1.33 9.00 1.17 6.79 617 80.23 

UVP/TaSe3 1.27 7.12 0.006 1.32 5.50 0.77 4.17 695 97.67 

SA/TaSe3 3.00 12.32 0.0022 1.80 10.30 0.84 5.72 2601 211.18 

SA/TaSe3 3.00 12.3 0.0077 1.80 15.00 1.22 8.33 1082 87.87 

SA/TaSe3 4.5 17 0.0027 1.89 21 1.24 11.1 4115 242 

Epoxy/Graph

ene 

19.5 32.00 0.1000 1.375 65.00 2.03 47.27 472 14.77 [32] 

PC/MWCNT / 20.0 0.21 / 39.00 1.95 34.50 164 8.21 [50] 

ABS/MWCN

T 

/ 15.0 0.11 / 50.00 3.33 47.60 432 28.85 [47] 

PS/MWCNT / 20.0 0.20 / 30.00 1.50 57.00 285 14.25 [51] 

ABS/CB / 15.0 0.11 / 20.00 1.33 20.90 190 12.67 [47] 

EPDM/CB / 37.5 0.20 / 18.00 0.48 30.30 151 4.04 [52] 

PS/rGO 3.47 7 0.2500 1.084 45 6.42 41.51 166 23.72 [31] 

Phenolic 

resin/rGO 

/ 70 0.0300 1.67 43.4 0.62 25.99 866 12.38 [53] 

PEDOT/rGO / 25 0.0800 1.3 70 2.8 53.85 673 26.92 [48] 

Cellulose/Ag / 50.00 0.0045 2.62 101 2.02 38.55 8662 173.26 [49] 

PES/Ni fiber 7 32 0.2850 1.87 58 1.81 31.02 108 3.40 [46] 

 

2.3.2 EMI effectiveness in the EHF-band  

 

As the next step, we examined the EMI shielding effectiveness of the composites with the 

low loading of quasi-1D TaSe3 fillers in the EHF band. The measurements were performed 

using the quasi-optical free space method. The coefficients of reflection, absorption, 

effective absorption, and transmission presented in Figure 2-6 (a) – (d) demonstrate the 

superior performance of the flexible films 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 TaSe3 fillers. Figure 2-6 (b,c) indicates clearly that absorption 
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is the dominant mechanism of the EMI shielding in the EHF range. This is different from 

the situation in the X-band, where the reflection was substantial. The absorption 𝑆𝐸𝐴 

increases from 55 dB to 76 dB as the frequency varies from 220 GHz to 320 GHz. The 

EMI shielding by reflection contributes only ~1.5 dB to the total shielding, and it slightly 

decreases from 1.7 dB to 1.4 dB as the frequency increases. For comparison, the inset 

shows pristine epoxy’s characteristics in the same frequency range. As expected, epoxy by 

itself is a poor shielding material and provides only the mean value of  SET~1.5 dB in the 

EHF range. The EMI shielding performance of quasi-1D fillers in insulating epoxy films 

is exceptional as compared to other fillers.   
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Figure 2-6: Electromagnetic shielding characteristics of the films with low 

concentration of quasi-1D TaSe3 fillers in EHF band. (a) Shielding effectiveness of 

pristine epoxy used as the base material for some of the composites. (b) Reflection, 

absorption, effective absorption, and transmission coefficients of epoxy with 1.3 vol% 

loading of the quasi-1D TaSe3 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 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. Reprinted with permission from Barani et 

al., Advanced Materials. 33 (2021) 2007286, Copyright © 2021, Wiley - VCH VERLAG 

GMBH & CO. KGAA. 

 

An important feature of the synthesized films is their electrical insulation. We verified that 

the DC electrical conductivity of the films is below the instrumentation measurement limit. 
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The upper bound of the electrical resistivity is 1015 -cm. This means that the loading 

fraction of the quasi-1D van der Waals fillers is below the percolation threshold. This is 

rather surprising because, according to the conventional theories developed for carbon 

nanotubes and other materials with high aspect ratio, the electrical percolation should be 

attained at an even lower loading < 1 vol% [54–58]. 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 TaSe3 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 total sample area is a possible 

factor that requires a separate investigation. 

 

Another interesting question is why electrically insulating films are so effective in blocking 

the EM waves. Even though the quasi-1D fillers do not create a percolated, electrically 

conductive network, they effectively couple with EM waves. The electric field of EM 

waves interacts with the free carriers in the quasi-1D conductors and thus enables reflection 

and absorption of EM energy. One should also note that at the frequency of 10 GHz, the 

EM wavelength 𝜆 = 𝑐/(𝜀𝑟
1/2

 𝑓) ~ 19 mm (here 𝜀𝑟~2.4 is the relative dielectric constant 

of polymer base material). A few connecting quasi-1D fillers with a high aspect ratio would 

make something similar to an antenna, effective at receiving and re-emitting EM energy. 

A few connecting and bent quasi-1D fillers that form a circular loop would act similarly to 

a magnetic antenna in this frequency range. These considerations can explain the efficiency 
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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 the reflection of EM waves made a 

substantial contribution to the overall EMI shielding at these frequencies. In the EHF range, 

where the EM wavelength at  𝑓 = 300 GHz is 𝜆~0.65 mm, the randomly distributed quasi-

1D fillers can act more as the scattering objects, which explains the dominance of 

absorption in the overall EMI shielding. 

  

One should note that the electrical conduction properties of TaSe3 itself are still not 

completely understood. Bulk TaSe3 has not been studied in as much detail as other TMT 

materials, possibly due to its low superconducting phase transition Tc ~2 K [18,59]. A 

variety of measurements indicate that TaSe3 is metallic or semi-metallic down to Tc [60–

63]. At the same time, some reports suggested that stress or strain can produce a 

semiconducting gap [37,64]. Moreover, many published studies on TaSe3 do not include 

detailed compositional data (e.g., EDS, EPMA, ICP-MS/OES). At least some CVT-grown 

TaSe3 crystals appear selenium deficient [21,65], approximately TaSe2.8, like the ones used 

in this work. Surprisingly, selenium-deficient TaSe3 can be produced even in selenium-rich 

CVT conditions [36,66,67]. Stoichiometric TaSe3 has been isolated from high-pressure 

conditions and selenium-flux growth [35,68]. Although selenium deficiency does not seem 

to affect the overall electrical conductivity of TaSe3 or its Tc [18,39,61–63], several studies 

indicate that doping can modify its electronic structure. For example, the mixed 

chalcogenide Ta(SxSe1-x)3 becomes semiconducting with increasing sulfur content [69], 

and indium impurities from contacts to TaSe3 can produce a metal-insulator transition 
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[70,71]. In addition, the intercalation of copper into TaSe3 causes Tc lowering and weak 

induced CDWs [72]. Further investigations clearly are needed to understand the impact of 

defects and dopants on the electrical properties of TaSe3. 

 

2.4 Summary and Conclusions 

 

In conclusion, we demonstrated that quasi-1D van der Waals materials could be used as 

fillers in flexible polymer films providing excellent EMI shielding capability in the X-band 

and EHF-band. Polymer composites films (27 μm thickness) with only 4.5 vol% of quasi-

1D TaSe3 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 is expressed via the total shielding efficiency normalized by the mass 

density, thickness, and filler loading fraction, 𝑍𝐵~242 dB/cm2g, exceeds that of other 

polymers with various metallic, carbon nanotubes, or graphene fillers. The EMI shielding 

performance of the films with the quasi-1D fillers in the EHF-band of sub-THz frequencies 

was particularly impressive. Total shielding efficiency 𝑆𝐸𝑇 changed from 60 dB to above 

70 dB as the frequency varied from 240 GHz to 320 GHz. This performance was achieved 

in composite films with only 1.3 vol% loading of exfoliated quasi-1D fillers of TaSe3 and 

the film thickness of 1 mm. Interestingly, efficient EMI shielding was achieved in polymer 

films, which retained their DC electrically insulating properties, essential for many 

applications. The developed polymer films with quasi-1D fillers are promising for 5G-and-
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beyond communication technologies, which require electromagnetic shielding films, 

which are flexible, lightweight, corrosion resistive, electrically insulating, and inexpensive. 
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3 Chapter 3 Quasi-1D-Based Electromagnetic-Polarization 

Selective Polymeric Composites  

 

3.1 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 [73,74]. 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 polarization-selective 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 [75]. 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 
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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 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 chapter, we mimic the grid antenna design in nano-composites 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 density [12,14,38] and effective EMI shielding, even with random 

filler distribution and low filler loading fractions [1]. Such quasi-1D van der Waals 

materials are less well-investigated compared with two-dimensional (2D) layered van der 

Waals materials, such as graphene and transition metal dichalcogenides (TMDs) [6–8]. The 

quasi-1D van der Waals materials include the transition metal 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 [76–78]. As opposed to 

TMDs, TMTs exfoliate into nanowire- or nanoribbon-type structures [12,15,17,77,78], 

which stem from their unique chain-based crystal structures, illustrated for TaSe3 in Figure 

3-1a. 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 
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Waals materials that retain their metallic or semiconductor properties when exfoliated to 

atomic chains [16,79,80]. The exfoliated bundles of TaSe3 atomic threads with cross-

sections in the range of 10 nm × 10 nm to 100 nm × 100 nm revealed exceptionally high 

current densities of up to ~ 30 MA/cm2, an order of magnitude higher than that of copper 

[81,82]. 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.  
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Figure 3-1: 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 this material’s 1D nature originating from chains extending along the b-

axis. (b) Schematic of the 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) SEM image of TaSe3 crystals highlighting their high aspect ratio. (d) 

Secondary electron (SE) image of a TaSe3 nanowire produced by solvent exfoliation. 

Reprinted with permission from Barani et al., ACS Applied Materials & Interfaces. 13 

(2021) 21527–21533. Copyright © 2021 American Chemical Society. 
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3.2 Experimental Section 

 

3.2.1 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 [1,12,17,38], 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 by using a 625 °C – 600 °C temperature gradient. As can be seen in 

Figure 3-1b, 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 needlelike or fibrous crystals (Figure 3-1b) and 

also leaving behind a quantity of microcrystalline solid that was not used for subsequent 

exfoliation. We used three batches of TaSe3 crystals with slightly different growth 

conditions as follows:  

 

Powder: Tantalum (99.98%) and selenium (99.99%) powders were purchased from 

STREM. Iodine (99.9%) was obtained from J.T. Baker. 

 

Preparation of TaSe3 (Batch 1): A stoichiometric mixture of 1.7310 g (9.57 mmol) 

tantalum and 2.2710 g (28.8 mmol) selenium was ground gently using an agate mortar and 

pestle. The ground mixture was transferred to a quartz glass ampule (10 mm ID, 14 mm 
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OD, 170 mm length) containing 80.5 mg I2 (5.4 mg cm-3 for the ~15 cm3 volume ampule). 

The ampule was evacuated and backfilled with Ar three times while submerged in a 

CH3CN/CO2(s) bath before being vacuum sealed (10-2 Torr). The ampule was placed in a 

two-zone furnace and heated at 3.5 °C min-1 to 620 °C. After 12 d, the reaction was cooled 

to 420 °C and held at that temperature for 12 h, then cooled to 220 °C and held at that 

temperature for 12 h, then cooled to 120 °C and held at that temperature for 12 h, and 

finally cooled to room temperature. The resulting grey-black, needle-like crystals were 

removed from the ampule and aired in a fume hood to allow residual I2 to sublime. 0.719 

g of TaSe3 crystals were isolated (~18% yield).  

 

Preparation of TaSe3 (Batch 2): 1.7302 g (9.56 mmol) tantalum and 2.2716 g (28.8 

mmol) selenium were ground gently together using an agate mortar and pestle before being 

transferred to a quartz glass ampule (10 mm ID, 14 mm OD, 170 mm length) with 62.4 mg 

I2 (4.2 mg cm-3 for this ~15 cm3 volume). The ampoule was evacuated and backfilled with 

Ar three times while submerged in a CH3CN/CO2(s) bath and subsequently sealed under 

vacuum (10-2 Torr). The ampule was placed in a three-zone furnace and heated at 5 °C min-

1 to 625–600 °C source zone–growth zone. After 7 d, the reaction was cooled at 50 °C h-1 

to a final temperature of 25 °C.  The resulting grey-black crystals were removed from the 

ampule and aired in a fume hood. 1.516 g of TaSe3 crystals were isolated (~38% yield). 

 

Preparation of TaSe3 (Batch 3): 1.7305 g (9.56 mmol) tantalum and 2.2712 g (28.8 

mmol) selenium were ground gently together using an agate mortar and pestle before being 

transferred to a quartz glass ampule (10 mm ID, 14 mm OD, 170 mm length). The ampule 



39 

was evacuated and backfilled with Ar three times while submerged in a CH3CN/CO2(s) 

bath before being vacuum sealed (10-2 Torr). The ampule was heated/cooled according to 

the same parameters as batch 2. The resulting grey-black crystals were removed from the 

ampule and aired in a fume hood. 1.238 g of TaSe3 crystals were isolated (~31% yield). 

 

Characterization: Optical microscopy was performed with a Leica DVM6 digital 

stereoscope using Z-stacking to eliminate depth-of-field irregularities (Figure 3-2). SEM 

imaging and EDS measurements were performed with a FEI Teneo FE-SEM equipped with 

an Oxford Instruments X-MAXN EDS detector. The secondary electron imaging in Figure 

1d was performed with a Hitachi SU9000EA instrument. PXRD was conducted with a 

Bruker D8-Advance diffractometer (Co-Kα radiation) with the following parameters: 10-

80 2θ at a rate of 0.1 s per step at 40 mA, 35 kV. The long crystals have smooth faces and 

straight edges that characterize high-quality TaSe3 samples (Figure 3-1c-d and Figure 

3-2). Powder x-ray diffraction (Figure 3-3) and energy dispersive spectroscopy (see Table 

3-1 for compositional analysis) provided analytical results consistent with the standard 

structure of TaSe3, albeit with some variation in Se content. 

 

Table 3-1: EDS measurements and compositional analyses of representative crystals 

 Ta Se Se/Ta 

Theoretical at. % 25.0 75.0 3.00 

Batch 1 experimental at. % 26.9 73.1 2.71 

Batch 2 experimental at. % 24.3 75.7 3.11 

Batch 3 experimental at. % 27.4 72.6 2.65 
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Figure 3-2: Optical and scanning electron microscopy of TaSe3 crystals. (a) Optical 

microscopy images of crystals from (a) batch 1, (b) batch 2, and (c) and batch 3. SEM 

images of crystals from (d) batch 1, (e) batch 2, and (f) batch 3. Reprinted with 

permission from Barani et al., ACS Applied Materials & Interfaces. 13 (2021) 21527–

21533. Copyright © 2021 American Chemical Society. 
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Figure 3-3: Powder x-ray diffraction of TaSe3 crystals. Experimental PXRD patterns of 

TaSe3 from batches 1–3 and corresponding TaSe3 droplines in blue (JCPDS 04-006-

6151). Reprinted with permission from Barani et al., ACS Applied Materials & 

Interfaces. 13 (2021) 21527–21533. Copyright © 2021 American Chemical Society.  

 

3.2.2 Composite Preparation and Characterization 

 

These CVT-grown TaSe3 crystals were subjected to the LPE following the process reported 

by us elsewhere [1,83]. Figure 3-4 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 µm ± 10 µm with a particular 

type of UV-cured polymer and exfoliated TaSe3 as fillers. In this method, a small amount 

of polymer-filler solution is dropped cast on a rigid substrate with a smooth surface [84–
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86]. A blade with an adjustable distance from the top surface of the substrate is gradually 

run over the mixture and spreads the compound over the substrate (Figure 3-4b). 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 movement [84,85] 

(Figure 3-4c, Figure 3-5, Figure 3-6). All composites are thin and flexible (Figure 3-4d). 

The samples are referred to as A, B, C, and D throughout this manuscript, with filler 

concentrations of 2.2 vol%, 1.03 vol%, 1.87 vol%, and 1.61 vol%, respectively. We also 

fabricated a composite with random filler alignment using the compressional molding 

technique for comparison (Sample E). Figure 3-7 illustrates the step-by-step preparation 

and characterization of the samples. Table 3-2 provides an overview of synthesized films 

in this study with their EMI shielding effectiveness. In this table, 𝜙𝑓, 𝑡, and 𝜌 are the filler 

volume fraction, thickness, and composite density. 𝑆𝐸𝑇 represents the total shielding 

effectiveness of the composite. 
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Figure 3-4: System-level concept and material-level implementation. (a) View of the 

aperture grid antenna illustrating the required function – polarization selectivity. (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. Reprinted with permission from Barani 

et al., ACS Applied Materials & Interfaces. 13 (2021) 21527–21533. Copyright © 2021 

American Chemical Society. 
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Figure 3-5: Optical microscopy images of sample C with aligned TaSe3 fillers. The red 

arrows show the coating direction. Reprinted with permission from Barani et al., ACS 

Applied Materials & Interfaces. 13 (2021) 21527–21533. Copyright © 2021 American 

Chemical Society. 

 

 

 

Figure 3-6: Scanning electron microscopy of the films with aligned TaSe3 threads. 

Reprinted with permission from Barani et al., ACS Applied Materials & Interfaces. 13 

(2021) 21527–21533. Copyright © 2021 American Chemical Society. 
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Figure 3-7: Preparation of composites with aligned quasi-1D fillers. (a) Optical image 

of TaSe3 bulk crystal. (b) TaSe3 crystals and fibers were added to acetone. Low-power 

bath sonication was used for the liquid phase exfoliation process. (c) The dispersion's 

precipitant part was collected and left in the ambient air for 24 hours to be completely 

dried. (d) TaSe3 fillers were added to the UV polymer. The mixture was mixed at 500 

rpm for 20 minutes using a high-shear speed mixer. (e) Schematic showing UV film 

preparation using Dr. blade coating method. (f) Optical image of the UV-cured polymer 

kept under UV light for 2 minutes to cure and solidify. (g) optical image of the flexible 

film with aligned TaSe3 fillers. Reprinted with permission from Barani et al., ACS 

Applied Materials & Interfaces. 13 (2021) 21527–21533. Copyright © 2021 American 

Chemical Society. 
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Table 3-2: Characterization and EMI shielding effectiveness of synthesized films 

Sample  𝝓𝒇 

(%) 

t 

(µm) 

𝝆 

(gcm-3) 

SET at 0o 

(dB) § 

SET at 90o 

(dB) § 

𝜼 

(%)¥ 

Batch 

Pristine 

Film† 

0 100 1.23 0.54 0.52 - - 

Pristine 

Film‡ 

0 110 1.23 0.53 0.71 30 - 

Sample A 2.2 90 1.34 3.16 7.2 128 3 

Sample B 1.03 110 1.27 2.8 5.8 107 1 

Sample C 1.87 110 1.32 6.4 10.74 68 2 

Sample D 1.61 110 1.31 3.35 7.32 118 1,2 

Sample E 1.6 110 1.3 7.2 6.9 - 2 

SA Film 6 55 2 18.8 17.4 - 3 
† Made by compressional molding  
‡ Made by blade-coating 
§ Measured at 8.2 GHz 
¥ Enhancement defined as 𝜼 = (𝑺𝑬𝑻,𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆 − 𝑺𝑬𝑻,𝒑𝒓𝒊𝒔𝒕𝒊𝒏𝒆)/𝑺𝑬𝑻,𝒑𝒓𝒊𝒔𝒕𝒊𝒏𝒆 

 

3.2.3 EM Shielding Measurements 

 

 We conducted EM testing of the prepared films in the X-band frequency range (𝑓 =

8.2 GHz –  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 EMI shielding testing [30,32,45,87,88]. We measured the scattering 

parameters, 𝑆𝑖𝑗With the two-port programmable network analyzer (PNA; Keysight 

N5221A). The scattering parameters are related to the coefficients of reflection, 𝑅 =

|𝑆11|2And 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 
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of the EM waves from the sender to the receiver antenna. The cut-off frequency for 

different fundamental transverse electric (TE) modes in rectangular-shaped waveguides is 

(𝑓𝑐)𝑚𝑛 =
1

2𝜋√𝜇𝜀
 √(𝑚𝜋 𝑎⁄ )2 + (𝑛𝜋 𝑏⁄ )2  [Hz] where 𝑚 and 𝑛 are positive integer numbers 

[89]. Therefore, the dominant EM mode in WR-90 waveguide is TE10 mode, with the 

electrical field (𝐸) oscillating in the vertical direction perpendicular to the larger side of 

the inlet aperture (see Figure 3-8). The frequencies of other modes exceed the X-band 

frequency range and are not of interest in this study.  
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Figure 3-8: Schematic of the experimental waveguide and polarization-dependent EMI 

shielding. 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 large side of the aperture and perpendicular to the electric field of TE10 mode. (b) 

At 𝛼 = 90°, the bundles are perpendicular to the large side of the aperture and, thus, 

parallel with the electric field of TE10 mode. Reprinted with permission from Barani et 

al., ACS Applied Materials & Interfaces. 13 (2021) 21527–21533. Copyright © 2021 

American Chemical Society. 

 

3.3 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 
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sample about the guide axis. Note that 𝛼 is the angle between the aligned filler chains in 

the composite with respect to the 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 TE10 mode, and its 

mutual orientation with respect to the quasi-1D fillers of the composites are shown in 

Figure 3-8. Figure 3-9 presents the reflection (SER), absorption (SEA), and total (SET) 

shielding effectiveness of samples A and C with 2.2 vol% and 1.87 vol% filler 

concentration 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 with the 

filler alignment comparing to the case it is perpendicular to the filler chains. For samples 

A and C, the enhancement in total shielding effectiveness is defined as 𝜂 = (𝑆𝐸𝑇,∥ −

𝑆𝐸𝑇,⊥)/𝑆𝐸𝑇,⊥, is 128% and 107%, respectively (see Table S2 for more details).   
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Figure 3-9: Electromagnetic shielding effectiveness at different orientations. 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 the EMI shielding is significantly higher 

when the polarization is parallel to the filler alignment. Reprinted with permission from 

Barani et al., ACS Applied Materials & Interfaces. 13 (2021) 21527–21533. Copyright 

© 2021 American Chemical Society. 

 

We measured the angular dependence of SET of all four samples at the 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 3-10. 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 degrees as a function of 𝛼. When 

the fillers are aligned in one direction, the composite film becomes anisotropic, given that 
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the embedding matrix is isotropic. This behavior is consistent for all examined samples 

with different loading 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 oriented fillers does not exhibit any angular dependency characteristic. 
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Figure 3-10: Electromagnetic-polarization selective composites. Total shielding 

effectiveness of samples with filler content 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 degrees. Reprinted with permission from Barani et al., ACS Applied 

Materials & Interfaces. 13 (2021) 21527–21533. Copyright © 2021 American Chemical 

Society. 

 

The periodic EM shielding characteristics observed in our composites originate from two 

different effects: (i) the prolate ellipsoid needle-like geometry of the fillers, assuming semi-

axes of 𝑎𝑥 > 𝑎𝑦 = 𝑎𝑧; and (ii) the anisotropic complex permittivity properties of the quasi-

1D TaSe3 fillers [90]. Because the filler inclusion is low in all the samples, the Maxwell-
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Garnett (M-G) effective medium theory can be used to explain the observed characteristics 

[90,91]. 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 + 𝜙𝑓𝜀𝑝

𝜀𝑓 − 𝜀𝑝

𝜀𝑝 + (1 − 𝜙𝑓)𝑁𝑥(𝜀𝑓 − 𝜀𝑝)
 (1) 

 

In this equation, 𝜀𝑝 and 𝜀𝑓 are the permittivity of the polymer and filler and 𝜙𝑓 is the filler 

volume fraction. For ellipsoidal fillers, the depolarization factor, 𝑁𝑥 = (
1−𝑒2

2𝑒3 )(ln
1+𝑒

1−𝑒
− 2𝑒) 

in which the eccentricity is 𝑒 = √1 − 𝑎𝑦
2/𝑎𝑥

2.32 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 [63]. To 

the best of our knowledge, there is no data on the dielectric properties of TaSe3 in the 

microwave region. However, one can describe the complex dielectric parameter of TaSe3 
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as a function of EM frequency, 𝜔, by the Lorentz-Drude model, 𝜀(𝜔) = 𝜀∞ −
𝜔𝑝

2  

𝜔2−𝑖𝜔Γ0
+

∑
𝜔𝑝,𝑛

2  

𝜔0,𝑛
2 −𝜔2−𝑖𝜔Γ𝑛

𝑚
𝑛=1  [63]. In this model, 𝜀∞ is the permittivity of the material when the 

frequency goes to infinity, 𝑚 is the number of the oscillators with the frequency of 𝜔0,𝑛 

and the lifetime of 1/Γ𝑛, respectively. The plasma frequency, 𝜔𝑝 = √𝑁𝑞2/𝑚∗𝜀0, depends 

on the electron 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 

intra-band, or free-electrons, and inter-band, 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 eV and 0.68 eV [63]. 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 eV to 5 eV, previously [92]. 

 

Figure 3-11 (a-b) exhibits the angular-dependent reflection, absorption, and transmission 

shielding effectiveness and coefficients of sample D, respectively. The four-fold symmetry 

of all plots shown in both panels confirms the alignment of quasi-1D fillers. More 

importantly, as is seen in Figure 3-11 (b), reflection is the dominant mechanism of 

shielding the EM waves in the microwave region. The reflection coefficient increases more 

than two times comparing the two extreme cases of 𝛼 = 0° and 𝛼 = 90° whereas the 

absorption almost does not vary. The four-fold symmetric transmission curve in Figure 
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3-11 (b) 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 Figure 3-12a, 

Figure 3-13, and Figure 3-13). 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 [93,94]. Bulk TiS3 exhibits a linear dichroism with 

transmittance ratio of 𝜁 = 𝑇⊥/𝑇∥ = 30 at the wavelength of 633 nm [95]. 

 

 

 

Figure 3-11: 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 degrees 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 sample orientation, 

whereas absorption varies weakly. Reprinted with permission from Barani et al., ACS 

Applied Materials & Interfaces. 13 (2021) 21527–21533. Copyright © 2021 American 

Chemical Society. 
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Figure 3-12: Total shielding effectiveness of pristine UV polymer synthesized by (a) 

compressional molding and (b) directional blade-coating methods. Reprinted with 

permission from Barani et al., ACS Applied Materials & Interfaces. 13 (2021) 21527–

21533. Copyright © 2021 American Chemical Society. 

 

 
 

Figure 3-13: Total shielding effectiveness of UV-cured polymer with 1.6 vol% TaSe3 

fillers prepared by compressional molding method as a function of (a) films' orientation 

angle and (b) frequency. The data in (a) and (b) were acquired at a frequency of 8.2 GHz 

and an orientation angle of zero degrees, respectively. Note the random dependence of 

SEtotal on the orientation angle of the film in (a). There is no periodic behavior here. 

Reprinted with permission from Barani et al., ACS Applied Materials & Interfaces. 13 

(2021) 21527–21533. Copyright © 2021 American Chemical Society. 
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Figure 3-13: Reflection (SER), absorption (SEA), and total (SET) electromagnetic 

interference shielding effectiveness of sodium alginate films with randomly dispersed 

quasi-1D TaSe3 threads as fillers in the film. (a) and (b) shows randomly chosen 

reference point 0 and 90 degrees, respectively. Reprinted with permission from Barani 

et al., ACS Applied Materials & Interfaces. 13 (2021) 21527–21533. Copyright © 2021 

American Chemical Society. 

 

3.4 Summary and 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 low loading of the quasi-1D fillers (< 2 vol. %) and only partial alignment 
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of the fillers can already produce ~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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4 Chapter 4 Efficient Terahertz Radiation Absorption by 

Dilute Graphene Composites 

 

4.1 Introduction 

 

It is useful to put the research of composites with quasi-1D van der Waals fillers in the 

general context of composite research. A comparison with composites that utilize quasi-

2D fillers such as graphene would be particularly illustrative. In this chapter, we provide 

our results for composites with low loading of graphene. We specifically address the 

performance of such composites in the high-frequency range. The shielding of the 

electromagnetic (EM) energy in the terahertz (THz) frequency range is important for both 

reducing EM interference among various devices and protecting humans [96–98]. While 

efficient THz sources are still under development, electromagnetic interference (EMI) 

shielding approaches for the relevant frequency band have already attracted significant 

attention [99,100]. Absorbing EM radiation in the THz band and simultaneously meeting 

all practical constraints can be challenging. There are numerous requirements imposed on 

the 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 [101]. Many 
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existing EMI shielding materials for the high-frequency bands, including metallic coatings, 

mostly redirect the EM energy by reflection owing to their high electrical conductivity. 

The reflection protects electronic components but, at the same time, may negatively affect 

human health [97,98]. 

 

An alternative promising approach for EMI shielding is the use of polymer-based materials 

with electrically conductive fillers [1,102,103]. Recent studies reported the use of carbon 

fibers [104,105], carbon black [105,106], bulk graphite [107,108], carbon nanotubes [109–

112], reduced graphene oxide [31,113–117], graphene [118,119] and a combination of 

carbon allotropes with other particles [117,119–122]. Graphene was used successfully as 

the filler in composites, which were tested in the MHz and GHz frequency ranges 

[115,119,123,124]. There were a few reports on the use of graphene composites in the sub-

THz and THz range [33,40,125,126]. Experimental and theoretical studies with individual 

graphene layers and graphene meta-surfaces suggest that graphene interacts efficiently 

with EM radiation in the THz range [127–131]. Available data suggest that graphene 

particularly absorbs the 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 chapter, we report the results of testing of composites with 

epoxy base and low loadings of graphene, below 1.2 wt. %. The term graphene, in the 

context of composite studies, is used to identify a mixture of graphene and few-layer 

graphene (FLG) with the micrometer-scale lateral dimensions.  
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4.2 Composite Preparation and Characterization  

 

For this study, we utilized FLG powder (xGnP®H-25, XG-Sciences, U.S.A.) as a starting 

material to prepare the composites. The composite samples were prepared by mixing 

graphene flakes with epoxy using a high-shear speed mixer (Flacktek Inc., U.S.A. with the 

in-house designed elements) at 800 rpm and 2000 rpm each for 5 minutes. The mixture 

was vacuumed for 30 minutes. After that time, the curing agent (Allied High-Tech 

Products, Inc., U.S.A.) was added in the mass ratio of 12: 100 with respect to the epoxy 

resin. The compound was mixed and vacuumed one more time and left in the oven for ~2 

hours at 70 ℃ in order to cure and solidify. Microscopy characterization data are presented 

in Figure 4-1. The as-synthesized FLG flakes have average lateral dimensions in the range 

from 15 m to 25 μm, an average FLG thickness of ~15 nm, and a typical surface-area-to-

mass ratio of 50 m2/g to 80 m2/g. It should be noted that the actual thickness of the graphene 

fillers in the composite is less due to the further exfoliation during the composite 

preparation, which includes the use of the high-shear mixer. The “bulk” in-plane and cross-

of-plane electrical conductivity of the graphene flakes are up to ~107 S/m 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, even dispersion 

of graphene fillers. The samples were prepared in the form of disks with a diameter of 25.6 

mm and thicknesses from 0.9 mm to 1.0 mm. The quality of the dilute graphene composites 

was verified using scanning electron microscopy (SEM) and Raman spectroscopy. Raman 
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spectroscopy with the laser excitation of 488 nm was used to characterize the epoxy and 

composite samples. Figure 4-2 shows the obtained data for the pristine epoxy, graphene 

filler, and the epoxy with 1.0 wt. % graphene loading. As seen, the Raman spectra for the 

composite is overloaded with the many active Raman peaks of the pristine epoxy. 

However, the graphene Raman signature peak at 1580 cm-1 is clearly observed. 

 

 

 

Figure 4-1: (a) Scanning electron microscopy image of the graphene fillers with the 

average lateral dimension of ~25 µm used in the composite preparation. (b) Optical 

image of the pristine epoxy (left) and epoxy with 1 wt. % of graphene loading (right). 

Reprinted with permission from Barani et al., Applied Physics Letters. 120 (2022) 

063104. Copyright © 2022 AIP Publishing. 
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Figure 4-2: Raman spectra of pristine epoxy, graphene filler, and epoxy composite with 

1 wt. % graphene loading. The arrow in the purple curve shows graphene’s Raman 

signature peak at 1580 cm-1. Reprinted with permission from Barani et al., Applied 

Physics Letters. 120 (2022) 063104. Copyright © 2022 AIP Publishing. 

 

4.3 Experimental Method 

 

The EMI shielding effectiveness of the dilute graphene composites was investigated using 

the Terahertz-Time Domain Spectroscopy (THz-TDS) system (Toptica Photonics AG) 

[132–134]. 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 transmitter (Tx) and receiver (Rx). The 

antennas were fed with an all-fiber pulsed laser centered at 1.56 µm wavelength. As 

opposed to 1 ps duration of the THz pulses, the duration of the laser pulses was much 
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shorter, 𝜏~80 𝑓s. 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 

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 Figure 4-3. In addition to the 

laser part, it includes the THz beam delivery part based on the so-called 4𝑓 optical 

arrangement [135], 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 mm and 101.6 mm, respectively. Using these values one can estimate 

that the Rayleigh lengths 𝑧𝑅 = 0
2/ (0– beam waist in focus,  = 𝑐/𝑓, where 𝑐– speed 

of light and 𝑓– 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, 
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providing equal absorption lengths for all frequency components. Note that the setup 

shown in Figure 4-3 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 the 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. 

 

 

 

Figure 4-3: Schematic of the experimental setup used for the measurements in the high-

frequency range from 0.25 THz to 4.0 THz. Reprinted with permission from Barani et 

al., Applied Physics Letters. 120 (2022) 063104. Copyright © 2022 AIP Publishing. 

 

A procedure involving measurements of the transmission, T, and reflection, R, coefficients 

commonly used in the S-matrix method [110] was applied to determine the absorption 

properties of composites. The transmission coefficient of composites was calculated by 
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measuring the amplitude of the electric field transmitted through the sample, 𝐸̂21𝑠, and 

through the reference field, 𝐸̂21𝑒. The latter was measured in an empty space after the 

removal of the composite. On the basis of these two measurements, 𝑇 was calculated as:  

 

𝑇 = |𝑆21|2 = |𝐸̂21𝑠 𝐸̂21𝑒⁄ |
2
. (1) 

 

Similarly, the reflection coefficient was determined by measuring the electric field, 𝐸̂11𝑠, 

reflected from the surface of the epoxy composite. The reference field, 𝐸̂11𝑠, was measured 

with the THz pulse reflected from the polished metallic plate, which is a good 

approximation of an ideal reflector in the THz band. An equivalent of Eq. (1) was used to 

calculate 𝑅 as follows: 

𝑅 = |𝑆11|2 = |𝐸̂11𝑠 𝐸̂11𝑚⁄ |
2
. (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 EMI shielding material, the measured values of T and R were used to 

calculate the effective absorption coefficient, 𝐴𝑒𝑓𝑓, defined as: 

 

𝐴𝑒𝑓𝑓 = (1 − 𝑅 − 𝑇) (1 − 𝑅)⁄ . (3) 

  

Compared with the standard definition of the absorption coefficient 𝐴 = 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 
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of the sample. The total shielding effectiveness, 𝑆𝐸𝑇, and shielding via different 

mechanisms of reflection, 𝑆𝐸𝑅, and absorption, 𝑆𝐸𝐴, can be calculated knowing 𝑅 and 𝐴𝑒𝑓𝑓 

as follows [33]:  

 

𝑆𝐸𝑅 = −10log (1 − 𝑅), (4) 

  

𝑆𝐸𝐴 = −10 log(1 − 𝐴𝑒𝑓𝑓), (5) 

  

𝑆𝐸𝑇 = 𝑆𝐸𝑅 + 𝑆𝐸𝐴. (6) 

 

4.4 Results and Discussion 

 

Figure 4-4 (a) shows the reflection coefficient, 𝑅, for the pristine epoxy and three epoxy-

based composites with the graphene loading ranging from 0.8 wt. % to 1.2 wt. %. The data 

are presented in the frequency range from 0.25 THz 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–Pérot 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 

4-4 (b) presents the reflection shielding effectiveness of samples as a function of frequency. 

One can see that the shielding by reflection in the whole frequency range is below 1 dB.  
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Figure 4-4: (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. Reprinted 

with permission from Barani et al., Applied Physics Letters. 120 (2022) 063104. 

Copyright © 2022 AIP Publishing. 
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The transmission coefficient, 𝑇, for the same set of samples is shown in Figure 4-5 (a). It 

is interesting to note that the transmission decreases with the increasing frequency. For 

composites with graphene loading of 1.2 wt. %, and at 𝑓 = 1.6 THz, 𝑇~10−7%, 

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 the transmission. The exception is 

only observed at the frequencies below 𝑓 = 0.4 THz, where the transmission spectra for 

the composites with 1.0 wt. % and 1.2 wt. % loading of graphene coincide. 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 the absorption. It is 

important to note that our dilute graphene composites are electrically insulating, and their 

resistivity could not be measured by 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 Figure 4-5 (a) show the result of recalculation of the experimental data for 1-mm 

thick sample to the thickness of 200 m. Given that most of the loss is caused by absorption 

mechanism (i.e., 𝑆𝐸𝑅 < 1 dB), we used 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 Figure 4-5 (b). One can see that 1.2 wt. % 

graphene composites provide total shielding above ~70 dB at 𝑓~1.6 THz, which is more 
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than sufficient for many industrial applications. One should note that generally, it is 

accepted that if the total shielding exceeds ~15 dB, the multi-reflection effect can be 

neglected. 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 

pristine epoxy, which has low absorption.  
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Figure 4-5: (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 μm thick samples, 

provided for comparison. Note the change in the slopes of the curves at f=0.4 THz. 

Reprinted with permission from Barani et al., Applied Physics Letters. 120 (2022) 

063104. Copyright © 2022 AIP Publishing. 
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The frequency dependence of 𝐴𝑒𝑓𝑓 and 𝑆𝐸𝐴 are shown in Figure 4-6 (a-b). 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 provides ~45 dB and ~80 dB shielding 

effectiveness by absorption at 𝑓~0.8 THz and 𝑓 = 1.6 THz, respectively (Figure 4-6 (b)). 

These samples reveal substantially higher absorption shielding effectiveness compared to 

PDMS composites with 3 wt. % graphene content in the near-THz frequency range [40].  

 

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., Fermi level position, which can change over a wide range. Unlike in 

individual graphene devices [7], where gating can provide accurate information on the 

Fermi level position, in composites, everything changes due to 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 in-plane electrical conductivity 

reported for large layers of chemical vapor deposition (CVD) grown graphene are in the 

range of 103 - 106 S/cm [136,137]. The sheet resistance for CVD graphene was reported to 

be in the range of 100 to 300 W/sq [138]. The “chemical doping” inside the base materials, 

defects, and disorder can change the electrical conductivity in a wide range of values. In 

terms of electrical conductivity, graphene fillers are similar to metal fillers, although 



73 

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 [139]. 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 [100]. 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 a 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 [100]. 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-Garnett-based 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 that may affect the EM energy absorption in dilute graphene 

composites is the filler–matrix interaction. 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 [126]. 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, 
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which was explained by the Rayleigh scattering. The absorption mechanism related to 

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 polymer matrix with the 𝜋-band 

to polaron band transitions in graphene in the THz frequency range [140,141]. This 

transition, which is in resonance with THz radiation, can cause strong absorptive 

properties, yielding a significant THz-range EMI shielding behavior [140].  
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Figure 4-6: (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. 
Reprinted with permission from Barani et al., Applied Physics Letters. 120 (2022) 

063104. Copyright © 2022 AIP Publishing. 
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There is an additional interesting observation, which can be made from data presented in 

Figure 4-5 and Figure 4-6. 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 wt. % and 1.2 wt. % graphene at the frequencies below 𝑓 = 0.4 THz (see Figure 4-5). 

On the other hand, the slopes of 𝑆𝐸𝑇 curves corresponding to the samples containing 

1.0 wt. % 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=0.4 THz. A similar trend can be observed for the curves representing 

the shielding effectiveness related to the absorption, 𝑆𝐸𝐴 (see Figure 4-6). The slope of the 

𝑆𝐸𝐴 curve is typically a good estimate of the high-frequency resistivity component of 

composite material,  [25,33]. 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 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 Figure 

4-7 (a-b), we present the complex index of refraction, n+iκ, of our samples. The real and 

imaginary components, n and κ, were calculated from the magnitude and phase of the 

scattering parameters, Sij, obtained in the TDS measurements. 
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Figure 4-7: The complex index of refraction of the dilute graphene composites: (a) index 

of refraction, n, and (b) extinction coefficient, κ. Reprinted with permission from Barani 

et al., Applied Physics Letters. 120 (2022) 063104. Copyright © 2022 AIP Publishing. 

 

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 [142]. Ceramic 

fillers are usually used in composites to enhance the absorption component of total 
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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 [143]. 

Alternative THz shielding materials include polyacrylonitrile - Ti3C2Tx MXene - silver 

nanoparticle fiber membranes with different silver nanoparticle contents and thickness of 

porous structures. The reported shielding effectiveness of such fiber membranes with silver 

nanoparticles reaches up to 12 dB in the 0.2 THz – 1.6 THz range [143]. Another study 

reported the THz shielding performance of the few-layer borophene [144]. 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 THz to 2.7 THz. 

Most of the shielding reported in Ref [144] 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 liquid-phase exfoliation (LPE) or graphene oxide (GO) reduction process 

[145–147]. 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 
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is transferred to heat, there is a limit to the dissipated power because epoxy can withstand 

a maximum of 150 C – 200 C. For the majority of applications, e.g., communication, and 

security screening, which deal with small radiation power, the heating of the composite is 

negligible. If one needs to handle high-power 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 [30,32,148,149]. In addition 

to EMI shielding, high-loading graphene composites can dissipate the heat well 

[30,32,33,148]. Some of us have previously reported the thermal conductivity of epoxy 

composites with graphene and copper nanoparticles close to 15 W/mK [149].  

 

4.5 Summary and Conclusions 

 

In conclusions, 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 a thickness in the few-hundred-micrometer range can be sufficient for 
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blocking THz radiation in many practical applications. The described graphene composites 

can be considered complementary to composites with quasi-1D van der Waals fillers.  
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