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Interaction of terahertz radiation with composites based on track

membranes with oriented metal nanowires
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Electromagnetic properties of composites fabricated by matrix synthesis consisting of arrays of oriented nanowires

with varying geometries embedded within growth matrices — polymer track-etched membranes — have been

investigated in the terahertz frequency range. For these composites, a dependence of the transmission coefficient T

of polarized terahertz radiation has been observed on both the angle between the nanowire inclination direction

within the matrix and the electric field vector E, as well as on the geometric parameters of the nanowires. This

dependence is shown to be determined by the nanowire tilt angle and the formation of an anisotropic percolation

network within the composite. A model describing the development of such a percolation network as a function of

the nanowire array geometry has been proposed.
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Introduction

The synthesis and systematic investigation of novel nano-

materials, as well as the composites and nanostructures

derived from them, are of considerable theoretical and

practical interest. The metal nanowires (NWs) characterized
by their nanoscale diameter and elongated morphology

represent a promising class of nanomaterials. One of

the methods of NWs production is matrix synthesis, i.e.

filling a porous matrix with a desired material. The

main advantage of this method is the precise matching of

geometrical parameters of the produced nanoparticles with

the shape of matrix pores, which provides homogeneity and

reproducibility of the geometrical parameters [1].

In addition to porous anodic aluminum oxide

(AAO) [2,3], track-etched membranes (TMs) can serve

as effective templates for nanomaterial fabrication. These

membranes represent thin polymer films featuring through-

pores with a stochastic spatial distribution, fabricated via

irradiation with heavy ions followed by chemical etching

of the resulting latent damage tracks [4,5]. Filling the

pores with the required substance can produce both a

polymer composite material (PCM) that contains nanowires

as inclusions as well as free-standing nanowires designed for

constructing polarizers [6] and as nano-actuators [7].

Unique geometry of the NW arrays produced by the

matrix method determines a wide spectrum of possible

applications. For instance, a small curvature radius of

NW ends makes it possible to use them as field emission

cathodes for emission of electrons or heavy ions. A

developed surface of the array enables its use as catalysts,

heatsinks as well as substrates for surface-enhanced Raman

spectroscopy (SERS) [8].
Adjustability of the NW composition makes it possible to

specify electric and magnetic properties of the composite.

A stochastic nature of the TM pores distribution makes

it possible to use the nanowires made of ferromagnetic

materials for data encryption (nanobarcoding) [9]. Creating
heterojunctions inside the nanowires by alternating elec-

trodeposition of thin layers of the magnetic and nonmag-

netic materials enables the manufacturing of field sensors

that use the gigantic magnetoresistance effect as well as

generating THz radiation when a current is passed through

the array of the nanowires that contain heterojunctions

between the various magnetic layers [10]. An inverse

problem of detecting THz radiation by means of the

nanowires is of high interest as well.

The track-etched membranes are characterized by ad-

justability of the geometric parameters of the pores at the

production stage, while the AAO pores are limited by

hexagonal geometry and parallelism [11]. Thus, a density

of the pores and their spatial orientation (inclination and its

spread) can be specified at the irradiation stage, whereas

their shape (cylindrical, conical, biconical) is determined at

the etching stage. That enables the fabrication of the arrays

of oriented structures (nanowires, nanotubes, nanocones)
with a specified geometry and density. The nanowires and

the polymer composites, produced this way, possess an
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Figure 1. SEM images of the R (a) and U-type (b) TMs cross-sections; c — the optical image of a cleavage of PCM containing ONWA

of ∼ 1 µm height; SEM images of 100 nm diameter nanowire (NW) arrays after removal of R-type (d) and U-type (e) templates; f a

scheme of the sample placement in a THz spectrometer.

anisotropy of electromagnetic properties and, therefore, are

promising for some application fields, including UHF and

terahertz engineering [12,13].

It is well established that composite materials incorpo-

rating randomly distributed electrically conductive [12,14]
and ferromagnetic nanoscale inclusions are of considerable

interest for broadband electromagnetic interference (EMI)
shielding. Leveraging these composites, active research

efforts are focused on developing scalable fabrication tech-

nologies for compact microwave (MW) and terahertz (THz)
devices.

It can be assumed that certain ordering of the composite

structure, which is achieved in PCM, will additionally

enable creating such terahertz optics devices as polarizers,

attenuators and filters. In this context, the investigation

of interaction effects between terahertz (THz) radiation

and arrays of oriented nanowires (Oriented-Nanowire Array,

ONWA) of various types is of considerable scientific interest
and constitutes the focus of the present study.

1. Experimental

In the present study, three types of track-etched mem-

branes fabricated at the Joint Institute for Nuclear Research

(JINR, Dubna, Russia) were employed. These membranes

feature distinct distributions of pore inclination angles,

which were predefined during the heavy-ion irradiation

stage; their key parameters are summarized in Table. All

the membranes had the thickness of ∼ 12µm. The first

type of the matrices is referred as
”
randomly inclined“

or R geometry (Fig. 1, a) possess a spread of the pore

inclination angle in one plane within the range of ±30◦,

while in a perpendicular direction the angle varies by no

more than 0.5◦. The second type of TMs possesses mutually

parallel pores that are oriented normal to the membrane

plane (hereinafter referred to as
”
vertical“ or V). The pores

of the third type of membranes (referred to as
”
uniformly

inclined“ or U) are also mutually parallel, but inclined to

the membrane surface at the angle of 43.5◦ (Fig. 1, b)). The
table also provides values of the pore diameter d, the pore

density n (a number of pores per unit area of the TM) and

porosity np = nπd2/4 that is calculated for cylindrical pore

without taking into account their inclination and intersection.

Further, we will designate the membranes as Xd, where

X means the membrane type (R, V and U), whiled is a

diameter of its pores in nanometers. Composites based on

such TMs will be designated as Xd−H , where H is an

ONWA height in microns.

The above-described membranes were used to produce

the polymer composite materials containing the nanowires

that are made of the Fe0.2Ni0.8 permalloy and grown in the

TM pores The nanowires were grown using the electrical

deposition method, which standard procedure (including
a two-component electrolyte and two-electrode galvanic

process scheme) is described in the study [15]. The soft

magnetic permalloy was selected to be a material for the
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Types of investigated track membranes

TM designation R30 R65 R100 V100 U500

Pore geometry ±30◦ ±30◦ ±30◦ 0◦ 43.5◦

d of pores, nm 30 65 100 100 500

Pore density n, cm−2 9.1 · 109 4.5 · 109 1.2 · 109 5 · 108 4.8 · 107

Porosity np, ·100% 6.4 14.9 9.4 3.9 9.4

nanowires due to prospects of affecting its electromagnetic

properties with a constant magnetic field [2], which are,

however, beyond the scope of the present study.

Both the initial matrices as well as the produced

nanowires were studied by the method of Scanning Electron

Microscopy (SEM, the JEOL JSM microscope), which

operated in a secondary electron mode. The pore structure

of the initial matrices was studied on their metallized

cleavage (Fig. 1, a, b), while the ONWAs themselves were

studied after removal of the matrix. The obtained images

of the arrays of the nanowires for the samples R and U

are shown in Fig 1, d, e, respectively. The images of the

pore channels and the arrays of the nanowires produced on

their basis demonstrate the match between their parameters

(diameters and inclinations).

A length of the nanowires in the composites L, which

is determined by the time of electrical deposition, was

characterized by analysis of an optical image of an end-

face surface of the composite transect by means of the

microscope (Fig. 1, c) taking into account an assumption

that the NW array’s height observed on the optical image

for the samples of the R series is equal to the length of the

nanowires. For the samples of the R series, the length of

the nanowires varied within the range 1−8µm.

The transmittance of the composites containing NWs was

measured within the range 0.1−1THz by means of the

time-domain terahertz spectrometer EXPLA T-spec with

linearly polarized incident radiation A direction of the

electric vector E is fixed. Therefore, in order to measure

the dependence of the transmittance T on polarization

of incident THz radiation, the sample was placed on a

graduated rotary platform in a plane normal to the direction

of propagation of radiation (the z axis of the film, around

which the sample is rotated during measurements, coincides

with the k direction). Fig. 1, f shows spatial orientation of

the studied composite sample with the nanowires in relation

to the direction of THz radiation propagation as well as a

direction of NWs inclination: the x axis in the film plane

corresponds to the direction of maximum inclination of the

nanowires (±30 or 43.5◦), while the y axis correspond to

minimum inclination.

An angular dependence of the transmittance was mea-

sured with a step of 10◦ . When the rotary platform was

rotated, an angle between the direction of polarization of the

external field and the direction of NW inclination gradually

varied. The value of T for each angle was averaged by 32

measurements in order to improve a signal-to-noise ratio.

2. Results and discussion

Fig. 2 presents the angular dependences of the transmit-

tance of linearly polarized THz radiation within the range of

0.1−1THz for the samples with three different geometries.

The transmittance T (Fig. 2, a, c) of the R-type and U-

type composites exhibits a pronounced dependence on the

sample orientation relative to the polarization direction of

the incident THz radiation. Such an effect is attributed

to the predominant inclination of the nanowires along one

direction that coincides with the x axis in Fig. 1, f. As

for any extended particles, an electromagnetic response

(currents excited in particles by the external field) of the

nanowires to the field directed along their axis is much

higher than to the field directed perpendicularly. Thus,

tilting the NWs along the polarization direction yields a

non-zero field projection onto the NW axis, resulting in

a pronounced electromagnetic response. In the case when

polarization of the external field is directed perpendicular to

the NW axis, the NW response turns out to be insignificant,

thereby complying with observation of a zero degree of

polarization P = (Tmax − Tmin)/(Tmax + Tmin) of the V-type

samples. Difference between a longitudinal and a transverse

electromagnetic response of the nanowires to the external

field results in much higher values of transmittance T for

the V-type samples as compared to the samples of the U-

type and R-type.

Notably, for the composite U500-4 the polarization

dependence of T is much less pronounced (Fig. 2, c)
than for the R-type sample (Fig. 2, a), that possesses the

polarization degree P (Fig. 2, d) of up to 90%, while for U-

type composite it does not exceed 5%. Such difference in

transmission of THz radiation through the samples based on

the R-type and U-type membranes can be attributed to their

structural differences. For the R-type composites, where a

sufficient length of the nanowires leads to the intersections

(and, therefore, electrical contacts — Fig. 1, d) between

them, whereas in the U-type composites the nanowires

will remain isolated regardless of the length (Fig. 1, e).
The formation of the electrical contacts between inclusions

in the composites, in turn, leads to the formation of a

Technical Physics, 2026, Vol. 71, No. 4
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Figure 2. a−c — comparison of the dependence of the transmittance with the metal nanowires of various spatial orientation on

polarization of incident radiation within the range of 0.1−1THz; d is a degree of polarization for the respective samples. The angles 0◦,

180◦ and 360◦ correspond to polarization of the external field E ‖ x , while the angles 90◦ and 270◦ correspond to polarization E ‖ y .

percolation network and, therefore, the emergence of static

(DC) electric conductivity therein [16,17].
The values of the transmittance and the polarization

degree observed for the R-type composites, indicate that

they are promising for the THz polarizers production.

This requires the optimization of both geometric param-

eters of the composite as well as materials included in

the NW composition. Thus, the polarizers based on

nematic liquid crystals are characterized by the relatively

low maximum transmittance [18], that significantly limit

their application despite high values of the extinction ratio

ER = 10 log(Tmax/Tmin). The extinction ratio value for the

composites considered herein is ∼ 10−12 dB within the

range 0.1−1THz, which is close to values for the wire grid

polarizers fabricated of carbon nanotubes [19]. However,

the fabrication of this type of polarizer for the THz range

entails certain technological difficulties [20].
In order to study the influence of percolation phenomena

on transmission of THz radiation through the studied com-

posites, we have considered the influence of the variation of

the diameter and length of the nanowires to the frequency

dependence of T for the R-type composites. Fig. 3 shows

the frequency dependences of maximum and minimum T

that corresponds to the cases E ‖ y and E ‖ x (Fig. 1, f) for

the composites of the R30, R65 and R100 series with the

different NW length.

Two patterns are observed for all the considered series

of the composites with the increasing NW length: 1) the

substantial reduction of T within the entire range; 2) the

suppression of the dependence of T on the frequency (of
a frequency dispersion). The observation of these trends is

attributed to the emergence of percolation effects in samples

with varied pore inclinations as the nanowire (NW) length

increases.

The essence of the percolation phenomenon lies in the

formation of a macroscopic conductive pathway driven

by physical contacts between filler particles. Within this

percolating network, charge can be transferred between any

pair of nanowires through a series of inter-particle junctions.

For the transmittance T of the samples R30-1, R65-2 and

R100-3 (Fig. 2), which contain short nanowires, the highly

pronounced frequency dispersion related to finite-length

effects in single nanowires is observed. The finite-length

effect consists in the polarization of particles in the external

field [21] — the external field induces currents inside the

particles, that result in accumulation of opposite charges at

13∗ Technical Physics, 2026, Vol. 71, No. 4
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Figure 3. Transmittance values of the composites containing the nanowires of varied length and the diameters of 30 (a), 65 (b),
100 nm (c). The upper and lower rows correspond to maximum and minimum transmittance (E ‖ y and E ‖ x , respectively).

opposites sides (along a longitudinal or transverse direction).
These charges create the so-called depolarizing field that

is directed opposite to the external field, which ultimately

result in suppression of the entire field inside the particles

as compared to the external field. As a result, the currents

induced in the particle under an external field attenuate,

thereby resulting in drop of the electromagnetic response of

the particles, that, in its turn, is expressed in an increase

in transmittance T of electromagnetic radiation through the

sample. Since an effect of current reduction in the particles

is frequency-dependent and increases with reduction of the

external field frequency, electric conductivity of this com-

posite is characterized by a reactive capacitance response

that is similar to a series RC-circuit [22,23]. This explains

reduction of T with an increase of the frequency (frequency
dispersion), which is observed for the composites of V-type

and U-type (Fig. 2, b, c), where nanowires do not contact

each other, as well as for the R-type composites with a

small NW length. Thus, presence of frequency dispersion

of the electromagnetic response as well as the high values

of T in all the considered spatial orientations indicate that

the NW length in the samples R30-1, R65-2 and R100-3 is

not enough for forming the continuous percolation network.

The increase of the nanowires length results in an increase

of the number of physical contacts between them and

gradual formation of the continuous percolation network

of the nanowires across the entire volume of the sample.

Simultaneously, the number of the isolated nanowires that

can be polarized in the external field decreases to a

negligible one. At the same time, the currents flowing

through the nanowires embedded in the percolation network

are no longer suppressed by the finite-length effect, since

presence of intersections between the nanowires allows the

charges to flow between the nanowires.

It results in multiple reduction of the T values for both

directions of the external field polarization, with the effect

being more pronounced for E ‖ x polarization. The abrupt

reduction of the values of T is accompanied by significant

reduction or even disappearance of frequency dispersion,

which can also indicate suppression of the finite-length

effects in the nanowires. Based on the experimental data

shown in Fig. 3, we assume that a percolation transition for

the samples R30 and R65 is observed at the NW length

being in the range of 1−4µm and 2−3µm, respectively.

At the same time, low frequency dispersion of T , which

is observed for the R100-4 sample, makes it possible

to assume that it either achieved percolation or a very

slight increase of the NW length is required to achieve it.

In order to confirm that for the considered samples the

qualitative change of T spectra with increasing of the NW

length is exactly related to the formation of the conductive

percolation network therein, we provide ONWA modeling

by the Monte Carlo method in order to determine the NW

length, at which percolation is achieved.

3. Modeling

As it is shown above, the presence of percolation network

in the considered composites results from the density of the

Technical Physics, 2026, Vol. 71, No. 4
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nanowires, their angular distribution, diameter and length,

wherein all the parameters except for the last one are fixed

at the TM production stage. That is why, it is advisable to

investigate the development of the percolation phenomena

in the composites under study, first of all, as a function of

the NW length. In the studied case, this length acts as an

analog of a percolation threshold. For theoretical study of

the percolation phenomena in the ONWA composites, the

Monte Carlo method was employed in order to model the

film samples that contain 5000 nanowires. The cylindrical

nanowires of the length L and the diameter d were

generated in such a way that one of their ends had a

coordinate z = 0 and was randomly placed within a range

ofx ∈ [0, x0] and y ∈ [0, y0]. The sample had an area

S = x0 · y0 = N/n, where n is the pore density, N is the

total number of the nanowires in the sample. The nanowires

were generated with random inclination along the x axis

within the range ϕ ∈ [−30◦, 30◦] and zero inclination along

the y axis, thereby corresponding to the experimental series

of the R-type samples.

The criterion for electric contact between two nanowires

was assumed to be an intersection of their cylindrical

volumes, that corresponds to a case when a distance

between the NW axes is smaller than their diameter. A

condition of electric percolation achievement in the sample

was assumed to be a presence of a continuous conductive

path that connects nanowires at the sample edges that

are opposite along the x axis, via a network of contacts

between the nanowires. The more detailed description of a

calculation method used in this study can be found in [24].
Our modeling considered the samples that were elongated

along the x axis with an aspect ratio x0/y0 = 10, since the

percolation network in the modeled system is predominantly

developed along the direction of NW inclination [25]. For

each set of the geometric parameters of the composite —
the diameter and the length of the nanowires and the pore

density — 10 random generations were performed; the

percolation for these parameters was considered achieved

if it was observed in 9 of 10 cases.

Fig. 4 shows the dependences of a theoretical estimation

of the NW length Lp, at which percolation is achieved (i. e.
the percolation threshold), on the pore density n for the

three different diameters of the nanowires. The dependences

for the diameters 30, 65 and 100 nm are evaluated for the

pore density range that corresponds to TM porosity from

2.5% to 20%. It should be noted that although the full TM

thickness is unvaried, the entire electromagnetic response

of the composite is formed in an ONWA-filled layer of

the thickness Lp, whose porosity is constant along the z

axis. Thus, an occurrence of percolation can not be judged

directly by porosity. However, its value is identically equal

to a volume fraction of the nanowires in the composite

and can be used for comparing the obtained results with

composites produced by other methods, since, as a rule, the

volume concentration of inclusions is associated with the

percolation threshold determination.

Figure 4. Dependences of the NW lengths Lp, at which

percolation is achieved, on the pore density at the different

diameters of the nanowires.

It is clear from Fig. 4 that the NWs length Lp, at

which percolation is achieved, is inversely proportional to:

1) the pore density for the samples with the same NW

diameter; 2) the NW diameter for the samples with the

same pore density. The relatively smaller NWs length Lp

required for achieving of percolation means that, practically,

for these samples it is easier to achieve the percolation

transition (a lower time of NWs growth is required and

smaller limitations are imposed to a minimum thickness

of the membrane), upon achievement thereof polarization

characteristics are strongly improved. It is predicted by a

theoretical model that for the series of the experimental

samples R30-1, R65-2 and R100-3 percolation is achieved

when Lp = 1.85, 1.75 and 4.4µm, respectively. Thus,

the theoretical estimations of the length of percolation

achievement are in good agreement with the experimental

data. It confirms a hypothesis that explains qualitative

variation of the spectral dependences of T of the composites

with the randomly inclined nanowires (namely, reduction of

the T value and disappearance of its frequency dispersion)
by development of the anisotropic network therein.

Conclusions

The composites with the metal nanowires, the trans-

mittance T of which is dependent on the polarization of

incident terahertz radiation, were produced on the track-

etched membranes basis. It was demonstrated by comparing

the transmission spectra of the samples with the different

geometry of nanowires within the range 0.1−1THz that

this dependence is related to an anisotropic distribution

of the nanowires in the composite, namely, their angu-

lar distribution. Thus, the composites that contain the

nanowires inclined to the membrane plane are characterized

by the dependence of the electromagnetic response on

polarization of THz radiation, whereas a response of the

Technical Physics, 2026, Vol. 71, No. 4
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composites with the nanowires oriented strictly normal to

the membrane plane does not depend on polarization. At

the same time, the dependence on radiation polarization

is most pronounced for the composites based on industrial

track-etched membranes of the R geometry, since dispersion

of NWs inclination within ±30◦ along one of the axes

of the membrane plane results in formation of electrical

contacts between the nanowires and gradual development

of the conductive percolation network in the composite.

The hypothesis stating that it is electrical percolation in

the R-samples that is responsible for reduction of the

absolute value of the transmittance and an increase of

the polarization degree for such samples, is confirmed by

compliance of the experimentally observed and theoretically

obtained values of the NW lengths, at which the percolation

transition is observed. Within the studied frequency range,

the values of the polarization degree for such composites

achieve 90%, while for the composites that contain parallel

nanowires oriented strictly at the angle of 43.5◦ to the

membrane surface, the polarization degree significantly

depends on the frequency and does not exceed 6%.

The results of the study allow us to tell that it is promising

to develop polarizers, attenuators and other optical elements

based on the composites with oriented nanowires, for

generating, converting and detecting terahertz-frequency

radiation.
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