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Abstract: The reflection and transmission spectra of a metamaterial formed by omega-shaped elements with
pre-calculated optimal parameters on a silicon substrate have been recorded in the terahertz range at oblique
incidence for the s- and p- polarizations of the incident wave. The spectra were interpreted within the dipole
radiation theory of electromagnetic waves. Both measurement results and analysis provide evidence
supporting the presence of a pronounced polarization anisotropy impact in the reflection and transmission of
the metamaterial. The potential of these materials to be utilized in the development of devices that control the
polarization properties of THz radiation across a wide spectral range is examined.
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1. Introduction

The advancements of next generation high-speed communication systems, commonly referred
to as 6G, and non-contact spectroscopic systems have caused growing attention towards the practical
applications of radiation using ever-increasingly high frequencies, such as the terahertz (THz) range.
Consequently, there is an increasing focus on the development of techniques and technologies aimed
at controlling the properties of THz radiation. The selected spectral range additionally offers
favorable prospects for experimental modelling of compact radiation control devices intended for
application in other ranges. This is due to the fact that the fabrication of prototypes and models for
experimental THz devices does not require highly precise nanoscale technological procedures, which
may be essential for devices operating in the optical range. In contrast to radio band devices operating
at centimeter wavelengths, the model devices will exhibit relatively compact dimensions.

In recent times, there has been considerable research focused on artificial media with negative
values of dielectric permittivity and magnetic permeability (e <0 and u <0). These media have great
potential for manipulating the amplitude, spectral, and angular characteristics of THz radiation.
Media that possess a negative value for one of the parameters are commonly referred to as e-negative
or u-negative, denoted as ENG and MNG accordingly [1,2]. The genuine metamaterial, devoid of any
analogues in the environment is recognized as a binegative medium (BNG), which possesses both
parameters in the negative. The latter option has the potential to offer the highest degree of flexibility
in designing compact devices for controlling radiation parameters with unique functionality [3]. In
our perspective, this option is particularly appealing for further investigation. One potential
application, among others, for metamaterials is their utilization as polarization converters for
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electromagnetic waves across various spectral ranges. These polarizers may consist of variously
shaped elements, such as helices with different numbers of turns, split rings oriented in different
ways, as well as classical or rectangular omega-shaped elements [4-12]. The polarizers function
predominantly within the microwave and, to a lesser degree, THz frequency ranges.

2. Production of an experimental sample

The authors previously conducted calculations and experimental investigations on omega-
elements that possess an optimal shape within the microwave range of 2.55 to 3.8 GHz [13,14].
Omega-particles of this nature demonstrate a harmonious combination of dielectric and magnetic
characteristics, rendering them potentially valuable components for metamaterials and metasurfaces.
The authors conducted a study in [15,16] to investigate the transition from the microwave to the THz
region. That study involved the modelling of a single omega-shaped element and a metasurface
composed of these resonators in the field of a THz wave. The present paper describes the findings
of an empirical investigation conducted on an omega-shaped element and a metamaterial based on
this element, whereby the properties of the latter were optimized specifically for THz radiation. This
research focuses on the advancement and examination of the spectral-polarization properties of an
omega-structured metamaterial. The constituent elements of this metamaterial are designed to
possess equivalent importance in terms of both dielectric permittivity and magnetic permeability. It
is demonstrated that the metamaterial based on an array of omega-elements with a pre-calculated
optimal shape exhibits polarization-selective properties and can perform the functions of an effective
converter of electromagnetic wave polarization in the THz range.

The metamaterial was fabricated using aluminum elements arranged in the shape of the Greek
letter Q, which were positioned in a rectangular array on the surface of a silicon substrate. All
elements in the array exhibited the same orientation. Figure 1 displays the omega-shaped element
parameters along with a microscopically captured image of the material surface.
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Figure 1. (a) Omega-shaped element parameters for the THz range, denoted in micrometers; (b) a
microscopic photograph of the metamaterial, revealing a single element.

The omega-shaped element consists of two main components, namely a split ring resonator (SRR
[2]) and a linear dipole that are electrically interconnected to form a single system. A notable
distinction from the structure suggested in [3] is the substantial electrical connection observed
between the components of the element. This kind of connection can result in the emergence of
radiation polarization conversion effects when combined with polarization-dependent
spectral filtering. The dimensions of the element determine its resonance properties for both
components of the electromagnetic field of THz radiation.
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It is noteworthy that the omega-shaped elements constitute a metasurface due to the exceedingly
thin nature of their layer. The term "metamaterial" is employed to emphasize the existence of a
substrate that is significantly thicker than the omega-shaped element layer.

3. Experiment and discussion of results

In order to investigate the polarization and spectral properties of a metamaterial formed by
omega-shaped elements on a silicon substrate, THz radiation path of a pulse terahertz spectrometer
was built accordingly to sketch represented in Figure 2.
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Figure 2. Schematic of the THz spectrometer (M-1, M-2 and M-3 are the metal mirrors; OAPM-1,
OAPM-2 are the parabolic mirrors).

The sensitivity to polarization is a significant characteristic shown by photoconductive antennas
employed in THz spectrometer sources and radiation receivers. This sensitivity enables the detector
to function as a polarization analyzer. In this particular scenario, the orientation of the antennas is
such that the electric field vector is aligned with the horizontal plane. This alignment corresponds to
the plane of the schematic diagram in Figure 2 and also agrees with the p-polarization of incidence
radiation. To convert the alignment to s-polarization, it was made available to rotate the assembly,
including mirrors 3-2 and 3-3, along with the sample holder. The radiation will be displaced off the
plane. Here, the sample will be positioned beneath the mirrors. As a result, the plane of the
metamaterial will be aligned in parallel to the polarization plane of the THz radiation. The
polarization of the THz wave in this case is perpendicular to the plane of incidence. A more detailed
description of the spectrometer set-up can be found in [17].

The study focused on examining changes in the spectral composition of THz radiation reflected
from a metamaterial. The investigation specifically looked at how these changes were influenced by
the orientation of the symmetry axis of the omega-shaped element in relation to the projection of the
radiation polarization direction onto the plane of the metamaterial. The system of designations for
rotation angles that has been adopted is explained in Figure 3.
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Figure 3. Orientation of the symmetry axis of omega-shaped elements A and A" with respect to the
polarization of THz radiation with ¢ angle values of 0° and 90°, accordingly.

The standard representation of the metamaterial in Figure 3 consists of a single omega element.
The element represented in the schematic by a dashed line signifies the alteration in the orientation
of its symmetry axis A as the metamaterial undergoes rotation around an axis perpendicular to its
surface for 1/2 to reach the position A'. The measurement of the rotation angle of the symmetry axis
of the omega-shaped element is conducted with respect to the electric-field vector of the incident
wave. Therefore, the zero value of the angle ¢ corresponds to the position of the symmetry axis
inside the plane of oscillations of the electric vector of THz radiation that is directed towards the
sample. At an angle ¢ of 90 degrees, the symmetry axis of the omega-shaped element is orthogonal
to the electric vector of the incident wave, while the "arms" of the omega-shaped element are situated
within the plane of oscillations of the electric vector of the incident THz radiation. The designations
and nomenclature frequently employed for the components of the electric field vector of the wave
are E; and E,. The numerical values within the notations of the dependencies depicted in the
schematics presented below are representative of the rotation angles ¢ expressed in degrees.

Time-domain spectrometers are conventionally used to perform a point-by-point measurement
of the current in a PCA detector, induced by the electrical component of the THz pulse field. The
current is proportional to the field strength and recorded as function of delay time. The waveform
length was 140 ps, and the delay line scanning step was chosen to be ~0.075 ps. The indicated
parameters correspond to a spectral resolution of ~0.008 THz and a frequency range of up to 7.5 THz
after the Fourier transform. The excess range width is justified by the possibility to determine more
accurately the position of the pulse on the time scale. Accordingly, visual control of the sample
positioning is ensured during the waveform recording. Also, it is possible to estimate the average
refractive index, as well as to choose parameters for data preprocessing before the Fourier transform.
The selected waveform duration and corresponded spectral resolution are sufficient and meet the
measurement requirements.

The high transparency and relatively large refractive index of the Si substrate, equal to an
average of 3.5, cause the appearance of several echo pulses in the waveform. Echoes are produced by
reflections in the plane-parallel silicon layer. As a result, the spectrum after the Fourier transform is
distorted by the so-called Fabry-Perot effect [18]. Moreover, components of the transmission
spectrum are added to the reflection spectrum. The information about these components is carried
by echo pulses passing twice through the metasurface layer. Figure 4 demonstrates an example of the
waveform and preprocessing results.
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Figure 4. View of the typical waveform for the metamaterial (P_90) and for the silicon substrate
(RefSi). Inset illustrates the application of window function.

It is notable that the reflectivity of the matrix is higher than that of the Si substrate. Therefore,
we used the reflection from the aluminum plate as a reference signal. The weak peak visible on the
waveform at 23 ps is caused by the design of the emitter and is compensated in the Fourier transform
by a symmetrical analogue that is formed in the detector antenna. To suppress the Fabry-Perot effects,
we used the window function proposed in [19].

6u’ — 15u* + 10u?® u=2—j, j€E [0 L
wp = I;"_-f—ll—N N—21 e
—6uS +15ut - 1000 +1  w=2L1N e[l -]

This function is smooth and its derivatives are smooth as well. Compared to the common
window functions, such as Hann, Hanning, etc., it introduces less attenuation near the peak due to a
wider and flatter top. The result of applying the window function is presented in the inset of Figure
4. Here, the solid line shows the result of applying the window function, while the suppressed echo
signal is indicated by the dotted line. The resulting spectra retained a small residual modulation,
which did not prevent the correct analysis of polarization-dependent spectral changes.

The reflection from a thin aluminum plate, that was fixed in the holder instead of the sample,
was used as a reference signal. Figure 5 illustrates families of characteristic reflection spectra.
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Figure 5. Reflection spectra of a metamaterial formed by omega-shaped elements on a silicon
substrate for s- (a) and p-polarization (b) of the incident wave.
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The acquired experimental outcomes are explicable in light of the theory of dipole radiation of
electromagnetic waves [20]. The dipole radiation theory is applicable because the dimensions of each
omega-shaped element are considerably smaller than the wavelength of the electromagnetic field. In
the dipole approximation, the electric field intensity of the wave emitted by an omega-shaped
element has the following form

23 R N e N g
E (R, t) = %([[p,n n] + - [n, m]), 2)
where R is the radius-vector from the center of the omega-element to the observation point; p, is the
vacuum permeability; R is the distance from the center of the omega-element to the observation
point; 71 is the unit vector of the wave normal; c is the speed of light in vacuum; p is the dipole
moment of the omega-shaped element, i is the magnetic moment of the omega-shaped element
(two dots above the vectors denote the second derivative of these vector quantities).

According to equation (2), it can be deduced that an omega-shaped element exhibits efficient
wave radiation when it experiences a substantial induction of electric dipole moment p and/or
magnetic moment 7. The metamaterial under investigation uses omega-shaped elements that
possess pre-calculated parameters, which are characterized by the simultaneous excitation of both
electric dipole moment and magnetic moment, with the absolute values of both moments satisfying
the following relation with a certain degree of accuracy

p=". ®)

Therefore, the omega-shaped element can be regarded as a bianisotropic particle exhibiting both
electric and magnetic properties.

The omega-shaped element exhibits most effective excitation when its "arms" are aligned with
the plane of oscillation of the electric field vector of the incident wave, specifically in the case of ¢ =
90°. Here, the displacement of conduction electrons along the "arms" is accompanied by the
appearance of electric current within the coil. Specifically, both the electric dipole moment and
magnetic moment are induced simultaneously. The plots of reflection coefficients in Figure 4 for
these cases of effective activation of the omega-shaped element at ¢ = 90° are denoted as s_90 and
p_90. It can be deduced from Figure 5 that the wave reflection coefficients attain their maximum
values precisely in the cases indicated as s_90 and p_90. In the case of s_90, the "arms" of the omega-
shaped element are parallel to the incident wave vector E;. In the case involving p_90, the "arms" of
the omega-shaped element are situated within the plane of oscillations of the incident wave vector
E,. Throughout the experiment, the angle ¢ between the symmetry axis of the omega-shaped
element and the plane of oscillation of the incident wave electric vector takes the values of 90, 66, 45,
20 and 0 degrees. It is possible to consider the component E; of the electric vector of the incident
wave parallel to the "arms" of the omega-shaped element, which is equal to E; = Essing, E; =
Ej, cos a sin ¢, where « is the incidence angle of the wave on the surface of the metamaterial. As the
angle ¢ decreases, there is a corresponding decrease in the component Ej, resulting in an ensuing
decrease in the reflection coefficient. Figure 5 illustrates precisely this behavior of reflection
coefficients for incident waves with s- and p- polarizations.

Thus, the experimental findings relating to the reflection coefficients, which are displayed in
Figure 5, are consistent with the outcomes of the theoretical analysis.

Additionally, the frequency dependence of the reflection coefficients for s- and p- polarization
of the incident wave, as depicted in Figure 5, is noteworthy. The resonant nature of the
metamaterial reflection spectra can be attributed to the enhanced excitation of each omega-shaped
element at a certain frequency, which is related to the geometrical parameters of the omega-shaped
element. The resonant excitation of the omega-shaped element occurs when its full length in the
straightened state is approximately equal to half the wavelength of the electromagnetic field.
Consequently, the resonant frequency satisfies the relation

c c

V1= 2L, 2(2l+zmr) (4)
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Here, L, is the full length of the omega-shaped element in the straightened state, [ is the omega-
shaped element arm length, r is the coil radius of the omega-shaped element. The metamaterial
under investigation uses omega-shaped elements with parameters /=12.8 um, r =19.8 um. Therefore,
based on equation (4), it can be concluded that the resonance frequency is v; = 1.0 THz, which is
approximately equal to the maximum frequency of the reflection coefficients in Figure 5. These
coefficients are obtained at the angles between the symmetry axis of the omega-shaped element and
the plane of oscillation of the electric vector of the incident wave ¢ = 90°,66°,45°. At these specific
angles ¢, the omega-shaped elements are activated predominantly by the electric vector of the
incident wave, resulting in the fulfilment of relation (4). When the angle between the symmetry axis
of the omega-shaped element and the plane of oscillation of the electric vector of the incident wave
assumes values of ¢ = 20°,0°, it can be observed that the omega-shaped elements are mostly excited
by the magnetic field vector of the incident wave. In this instance, the electric current originates
primarily in the coil of the omega-shaped element, with its arms not contributing, which results in
another resonant frequency formula

C C

O e ©)

T 21, amr

By employing formula (4), the resonance frequency is determined to be v, = 1.2 THz. The
frequency obtained is roughly equivalent to the frequency of the second maximum of the
reflection coefficients shown in Figure 5.

Hence, the frequency dependence of reflection coefficients displayed in Figure 5, including the
occurrence of two main maxima, correlates with the findings of the theoretical study.

The incidence angle of radiation on the metamaterial is not accounted for in formulas (4) and (5).
Experimental studies performed at normal incidence of THz waves on the metamaterial confirm the
presence of two main maxima in the reflection spectra at the same frequency values v, and v, as
well as notable polarization anisotropy in the reflection coefficients.

It is essential to consider a significant distinction between the reflected waves at s- and p-
polarization of the incident wave, which arises from the different polarization of the reflected
radiation. According to equation (2), when a wave with s-polarization is incident on a metamaterial,
the resulting reflected radiation is likewise linearly polarized and comprises only an s-component.
When the incident wave is p-polarized, the reflected radiation demonstrates an elliptical polarization
that closely resembles circular polarization.

Additionally, an investigation into the transmission of THz radiation through the metamaterial
was conducted. Figures 6 illustrate families of characteristic transmission spectra.
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Figure 6. Transmission spectra of a metamaterial formed by omega-shaped elements on a silicon
substrate for s-polarization (a) and p-polarization (b) of the incident wave.

When constructing the spectra, standard normalization to the wave intensity in the absence of
metamaterial was performed. The transmission spectra T(v) exhibit a resonant nature and
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demonstrate an almost total lack of the transmitted wave in close proximity to the frequency v, for
the cases s_90, s_45, p_90, p_66, as well as in the vicinity of the frequency v, for the casess_0, p_20,
p_0. The analysis reveals that the spectra 1 — T(v) are close to the frequency dependence R(v) of the
reflection coefficients presented in Figure 5.

4. Conclusions

The reflection and transmission spectra of a metamaterial formed by omega-shaped elements
with pre-calculated optimal parameters on a silicon substrate have been recorded in the terahertz
range at oblique incidence for the s- and p- polarizations of the incident wave. The spectra were
interpreted within the dipole radiation theory of electromagnetic waves. The obtained measurement
findings indicate a significant polarization anisotropy of reflection and transmission of the
metamaterial formed by omega elements on a silicon substrate, which can be used to control THz
radiation, including broadband radiation.
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