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The potential of terahertz (THz) imaging implementation in a large variety of
applications requires compact, reliable, and relatively low-cost solutions in
systems constituents. Here we focus on the development of passive optical
elements and demonstrate flexible and reliable THz beam profile engineering
for imaging aims via mechanical bending of a stainless steel-based C-shaped
metasurface. The designed and laser-ablation technology fabricated metasurface
provides compact THz focusing and enables THz light engineering as well as
polarization control ability in THz imaging. Focusing, light profile engineering, and
polarization control performances of the metasurfaces with different focal
distances and C-shape designs are presented. Experimental data are well
supported by simulations, using Finite Difference Time Domain (FDTD)
method. THz images of different objects at ~ 94 GHz using InP Gunn diode,
bow-tie sensors, and exclusively metasurfaces-based optics are exposed. Further
routes in the development of low-cost multicolor and polarization-sensitive THz
imaging are discussed.
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1 Introduction

Terahertz (THz) imaging technique, due to its nondestructive origin, can serve as a powerful
tool for a large variety of applications in material inspections, various security checks, or medical
scanning [1, 2]. However, in the practical implementation of THz imaging systems, particular
attention needs to be given to their miniaturization and optimization, enhanced functionality,
reduced power consumption, and increased convenience in use [3]. It requires overcoming a
number of significant obstacles related to the low power of THz emitters, the reliability of sensitive
THz detectors, and effective solutions in the design and technology of passive optical components
like mirrors, lenses, and beam splitters. As a rule, these elements are rather bulky, therefore, finding
flat optics-based solutions can create a strong basis for the development of compact imaging
systems and indicate routes for rational on-chip designs. It was demonstrated that metamaterials
[4] provide unlimited rich freedom in the design of flat optical elements to manipulate features of
electromagnetic waves starting from their propagation properties, polarization management, or
control over the dispersion of refractive indexes of materials [5-7]. On the other hand, it was

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2023.1196726/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1196726/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1196726/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1196726&domain=pdf&date_stamp=2023-05-05
mailto:rusne.ivaskeviciute@ftmc.lt
mailto:rusne.ivaskeviciute@ftmc.lt
https://doi.org/10.3389/fphy.2023.1196726
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1196726

Ivaskeviciuté-Povilauskiené et al.

revealed recently that THz light engineering having a strong effect on
imaging properties and quality, in appropriate beam shaping schemes
can outperform the conventional Gaussian illumination approach [8].

In the given work, flexible and reliable THz beam profile
engineering via mechanical bending of a stainless steel-based
C-shaped metasurface is presented. The designed metasurface
provides compact THz focusing, light spatial profile engineering, as
well as polarization control ability in THz imaging. To explore low-cost
solutions in THz imaging, we have restricted ourselves to the ~ 94 GHz
range relying the system on InP Gunn diode (Spacek Labs, model
No: GQ-440KS), bow-tie sensors [9], and laser-ablation technology [10]
fabricated metasurfaces. The study investigates the focusing, light
profile engineering, and polarization control performances of
metasurfaces with varying focal lengths (F = 10, 20, 30, and 40 mm)
and different widths of split ring resonators SRRs (c = 30, 60, 75, and
90 um). Experimental data are well supported by simulations using the
Finite Difference Time Domain (FDTD) method. Terahertz images of
different objects are exposed, and further routes in the development of
low-cost multispectral and polarization-sensitive THz imaging systems
are discussed.

2 Flexible optical elements and
experimental setup

Any type of split ring resonator (SRR) relies on the principle
of the electric field generated from the dipole or quadrupole

10.3389/fphy.2023.1196726

appearing due to the charge carriers oscillating under the
influence of external electromagnetic illumination [11]. In the
case of the most popular type of SRRs, comprising conductive
periodic structure deposited on transparent material, it can be
illustrated via the dipole formation at the gap of the ring
[12]. study, the SRR or
complementary SRR (CSRR) structure, comprising periodic

element During this inverse
C-shaped openings in the conductive layer, is employed. The
dipole in these structures is formed at the opening on the
opposite side of the conductive gap [13]. One can note that
the dipole itself can be generated due to charge carrier interaction
with either separate magnetic or electric fields of the external
radiation, or both, depending on how the incident radiation is
applied [14]. In this study, the magnetic field vector was kept
parallel to the metasurface layer, therefore, no resonance due to
magnetic response can be expected, and the studied effects can be
exclusively attributed to the electric resonance [15].

In any case, any SRR element can be treated as an LC circuit.
Investigations dedicated to the derivation of the theoretical relations
that estimate the LC parameters of any SRR structure [16, 17] allow
not only to define a resonant frequency of the structure but also
indicate a large variety of resonance-related phenomena, for
19] or
frequencies shifts due to peculiarities of the meta element design
[20].
structure may be of specific interest as the Babinet principle

instance, excitation of two resonance frequencies [18
The employment of the inverse (complementary) SRR

states that the diffraction pattern of the metasurface and its
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FIGURE 1

Metallic metasurface design and THz imaging setups. (A) Design of the metallic C-shaped complementary split-ring resonators metasurface, its
geometry, and enlarged view of the metaelement depicting the parameters to be varied during this study: the letter ¢ denotes the thickness of the
opening, 6 - the cutout angle, R is the radius, and ¢ depicts the position of the gap. (B) Schematic layout of the THz beam engineering setup dedicated to
the evaluation of metallic metasurface design effect on the polarized light. The radiation of power of around 40 mW with an electric field polarized
along the Y-axis emitted from an adjustable frequency InP Gunn diode oscillator source (Spacek Labs, model No: GQ-440KS) (S) is collimated by
F = 10 cm parabolic mirror (PM) as the beam diverges. The metasurface focuses the beam onto a focal point where a polarization-sensitive
InGaAs-based bow-tie-shaped detector (D) is placed. The photo of the enlarged active part of the detector is depicted in the bottom inset. A high
resistivity silicon beam splitter (BS) of 525 pym thickness is placed between a parabolic mirror and metallic metasurface in order to reduce the standing
wave effects between the emitter and metallic metasurface. (C) THz imaging setup employing the THz beam engineering. The setup contains two
additional paraffin lenses (PL1 and PL2) dedicated to collimate the THz beam after it passes through the target (T) and then focusing it into the detector.
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The dependence of CSRR metasurface focusing performance on different metacell geometrical parameters. (A) Simulation of the intensity
distribution along the optical axis, obtained by varying cutout angles 6; and 6,. Intensities along the x-axis at the focal plane are displayed in the inset. The
optimal pair of angles 6;=40" and 6,=135" was selected for the following simulations. (B) Simulations of intensity distribution along the optical axis for the
CSRRs metaelement radius R ranging from 230 pm to 250 pym. Intensities along the x-axis at the focal plane are displayed in the inset. The optimal
radius of R =240 pm was selected for the following simulations. (C) Illustration of the experimentally measured (symbols) and simulated (solid line)
intensities along x-axis at the focal plane for the varying opening widths of the metaelements, denoted by the letter c at the central image. The inset
denotes the simulated transmission spectra of the CSRR structure at the focal point, the blue dashed line represents the frequency used during the
experiments. In all cases, fixed parameters are displayed in the insets of the relevant panels.

complementary metasurface is the same [21, 22]. This fact
establishes the background for the development of the CSRR
structure as a focusing element with the same focal length at the
the SRR [23].
Furthermore, this allows extending the beam shaping facilities

same resonant frequency as conventional
using CSRR as metaelements employing experience of studies in
more classic metasurfaces [24-27].

Investigated metasurface containing CSRRs was manufactured
from a 25 pm thickness stainless steel foil employing laser-ablation
technology, already successfully applied for compact THz optics
fabrication aims [10, 28]. The ablation process was carried out by
using Pharos SP (produced by Light Conversion Ltd.) laser,
delivering ultrashort pulses of duration tunable from 158 fs to
10 ps at A = 1030 nm wavelength with a maximum average
power of 6 W at 200 kHz repetition rate. The beam positioning
system inteliSCAN (Scanlab), paired with the f-theta lens of
effective focal length f = 100 mm, was used to scan and focus the
beam onto the surface of the foil. To keep the heat-affected zone as
small as possible during the ablation, low pulse energy with a high
scanning speed combination was used. Scanning was done with
pulse density of 200 mm™ under peak fluence of F = 9.4 J/cm® and
repeating at least 250 times for a single feature to fully cut through
the substrate. Such selection of parameters helped to maintain the
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flat surface of the foil unaffected by excess heat and to avoid
oxidation. After the microfabrication, the sample was immersed
in an ultrasonic bath in order clean off the built-up debris from its
surface.

The complementary metasurface’s openings were systematically
placed in a recurring design based on the 5 zones and 4 subzones
Fresnel equation [29] to act as a zone plate (top panel of Figure 1A)
enabling a possibility to focus and manipulate the THz light beam.
The CSRRs gap’s position and cutout angle (described by ¢ and 6,
respectively, in the bottom left part of Figure 1A) were adjusted
relying on their location on the metasurface, aiming to achieve the
required phase-shift for each CSRR. Each subzone of the zone plate
was filled with identical CSRR metaelements, ensuring 71/2 phase
shift between the neighbouring zones. Furthermore, the radius of the
openings (R) and their width (c) were varied for further optimization
of the focusing element. It is deserved noting that the detected signal
is due to radiation re-emission from the metasurface only. In this
case, the ratio of exciting and re-emission powers is metasurface
rotation angle-dependent and amounts to 6%-10%.

Figure 1B shows a schematic layout of the THz beam
engineering setup, dedicated to investigating the designed
metallic metasurfaces. The setup is based on an adjustable InP
Gunn diode oscillator delivering tunable frequency radiation in
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FIGURE 3

Focusing performances of the complementary C-shaped split

ring resonators-based metasurface with different focal lengths
(F=10,20,30, and 40 mm) at ~ 94 GHz. The main graph—experimental
results (symbols) and simulation results (solid lines) of the beam
profile distribution along the optical axis for metasurfaces of the
different focal lengths. Top left inset—the performance of the
metasurface lens with the focal length of 20 mm: top half represents
experimentally obtained and bottom half depicts simulated intensity
distribution of THz beam along the optical axis. Note the standing
wave effect occurring in the experimental part. The blue line indicates
the focus position of the analyzed CSRR structure. The upper part of
the top right inset—THz beam intensity distribution in the focal plane
corresponding to the blue dashed line of the top left inset. The top half
depicts experimental results and bottom half—theoretical simulations.
The bottom part corresponds to the intensity beam profile along the
x-axis at the focal point of the metasurfaces with different focal
lengths, where the experimental results are marked as symbols and
theoretical simulations are depicted as solid lines.

the interval of 93.8 GHz-94.1 GHz, passive optical elements, and
bow-tie diode as the THz sensor, a photo of the detector is given
in the left-bottom inset of Figure 1B. The latter device is based on
the molecular-beam-epitaxy-grown InGaAs structure (sample
1198:058 525 nm-thick Ing46GagssAs) and fabricated using
procedures described in detail in Ref. [30]. The inherent
feature of the device is the broadband operation with an
almost flat response up to 0.8 THz [9]. As the sensor
resembles a bow-tie antenna, it exhibits good coupling and
nanoseconds duration response in free space at 94 GHz [31].
Figure 1C shows the schematic layout of the THz imaging setup,
which contains two additional paraffin lenses, dedicated to
collimating the THz beam after it passes through the target
and then focusing it into the detector.

3 Experimental results and discussion

The primary objective was to determine the effect on the
focusing abilities of the CSRR metasurface by variation of
different CSRR metaelement parameters, depicted at the centre of
Figure 2. The starting parameters, adapted for the desired frequency
were taken from similar studies of another group [26]. Aiming to
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produce the most efficient focusing metasurfaces operating around
~94 GHz, numerical simulations, varying the cutout angle, were
conducted with focal length F = 20 mm, R = 240 pum radius, and
¢ = 60 um opening width (Figure 2A). The cutout angles of two
different metaelements were varied keeping a constant relative phase
shift of 77/2. Additionally, employing the determined optimal cutout
angle, the effect of different CSRR’s metaelement radius (R) was
simulated (Figure 2B). Finally, the variation of CSRRs width (c) as
30, 60, 75 and 90 um was performed for the F = 20 mm, R = 240 pm
and cutout angles of 6, = 40" and 6, = 135°. The metasurfaces with
identical parameters were also investigated experimentally. The
simulation-matching results, depicted in Figure 2C, reveal that the
best focusing was achieved with the opening width of ¢ = 75 pm. The
metasurfaces, containing metaelements with all three optimized
parameters were used for the following studies of different focal
length structures and the metasurface bending effect on the focusing
performance.

Four metasurfaces with different focal lengths of F = 10, 20, 30,
and 40 mm have been fabricated, and their focusing performance
was investigated both experimentally and theoretically.
Experimentally obtained THz beam intensity distribution along
the optical axis is depicted in the main graph of Figure 3 and is
represented by symbols. The operation of metasurfaces as well as
properties of propagating THz light was theoretically modeled using
the FDTD method presented by straight lines. As one can see, the
intensity of the beam, focused with F = 20 mm focal length
metasurface, expresses sharply increased intensity in comparison
to other designs with F = 10 mm, F = 30 mm, and F = 40 mm. Several
aspects need to be taken into account analyzing these results. It is
worth noting that the incident radiation excites dipole and
quadrupole moments in the CSRR structure which signatures, as
it will be shown later, become pronounced in angular dependencies
of the re-emitted pattern [32]. The performance of a single
metaelement can be explained using the concept of the numerical
aperture (NA), which is NA = sin(6), where 6 = arctan(D/2f) is the
largest meridional angle of the ray reaching the focal point (f - focal
length, D - entrance pupil). The dipole wave radiation is not
distributed isotropically in space. Like in a dipole antenna, the
radiation directrix of the metacell obeys the squared cosine law
in regard to the meridional angle (the direction at which rays arrive
at the collective focus) [32]. Thus, the CSRR radiates around the
directions lying perpendicular to the excited dipole moment because
of the non-spherical electric and magnetic waves re-emitted from
the structure. In the case of the zone plates with short focal distances
(i.e., large NA) it means that the rays arriving at the focus have
amplitudes modulated by the directrix function of the CSRR. The
second effect which further decreases the intensity of the radiation in
nonparaxial focal points is caused by the paraxial design of the zone
plate. A variety of aberrations are introduced through, for example,
the aplanatic factor - the rays arriving at the focal spot at larger
spatial angles impinge the focus and are bent too much, therefore,
their amplitudes are further modulated by the meridional angle.

As the focal distances increase, the NA decreases, thus, the
effects
conventional behaviour of the Gaussian beam is observed. What

aforementioned become less pronounced and the
is more, with an increase of the focal distance, the size of the
Gaussian beam and its Rayleigh distance z, = kw}/2 also

increases, therefore, the volume occupied by the beam is
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(A) Angular dependency of the recorded electric field component of the illumination on the rotation angle of the metasurface structure. Note that

the polarization of the incident THz light is perpendicular to the recorded one (cf. orange arrow at the bottom right inset) as the rotation of the structure
consequently changes the orientation of the dipole moment leading to the generation of the electric field component perpendicular to the direction of
the incident electromagnetic field. The metaelement in the center of the graph depicts the 0° position of the central Fresnel subzone of the
structure. The solid line with symbols represents experimental data while the thick solid line depicts simulation results. In the inset, the green arrow
marked as E;, corresponds to the polarization of the incident THz light, the orange arrow marks the recorded THz light, which is perpendicularly polarized
to the incident light, and the blue arrow marks the recorded THz light, which is polarized in parallel to the incident light. (B) The simulated angular
dependency of the electric field of two different polarizations on the angle corresponding to the position of the conductive gap of the metacell in the
structure. The color of the solid line depicts the simulated polarization according to the inset of the panel (A). The differences in angular electric field

dependencies allow employing polarization-resolved imaging.

V = knwj/2, and the maximal intensity decreases in the expected
manner (k = 271/A - wave number, w, is the beam waist). This effect is
further intensified due to fixed-size 2-inch steel wafers used for the
production, resulting that for the case of longer focal distance, the
dimensions of the full 5 zones, 4 subzones Fresnel lens structure
exceeds the 2-inch wafer size, therefore, it further decreases the
intensity and the Rayleigh length.

The top left inset in Figure 3 shows the performance of the
metasurface at the best operational focal point of F = 20 mm. The
top half presents experimentally obtained and the bottom half
depicts the simulated intensity distribution of THz beam along
the optical axis. In contrast to the theoretical simulations, the
experimental beam intensity distribution shows the presence of
Fabry-Perot oscillations due to the formation of the standing
waves. This discrepancy is due to different boundary conditions:
in simulations, it is assumed that the waves, reflected from the
metasurface, are absorbed, whereas in an experiment the waves
experience the reflection from the beam splitter plate (cf. BS at
Figure 1B) The top right inset depicts the THz beam profile in the
focal plane (xy) of metasurfaces with different focal lengths. The best
performance of F = 20 mm metasurface is compared with relevant
simulations. The top half presents experimentally obtained results
whereas the bottom half depicts numerical simulations. As it is seen,
the theory describes the measurement data well.

As was aforesaid, the CSRR operation relies on dipole- and
quadrupole-based re-emission of the incident THz radiation which
is dependent on the angle between the E-field of the incident
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illumination and the CSRR gap, allowing thus the effect of
polarization-sensitive focusing. To evidence it, we rotate CSRRs
metasurface to measure the angular dependencies of the re-emitted
THz radiation intensity. The angular dependency of the re-emitted
electric field component, which is perpendicular-polarized to the
incident THz radiation, is shown in Figure 4A. The intensity peaks
are achieved when the angle between the CSRRs gap and incident
electric field component is 45°, 135, 225° and 315°. These
observations, supported by FDTD simulations are consistent,
taking into account the geometry of the above-described dipole
formation in the CSRR metaelements. Consequently, such
distribution enables a significant increase in signal-to-noise ratio
for THz imaging systems operating in the transmission geometry.
The bottom right inset depicts the polarization rotation features of
the metasurface. The green arrow corresponds to the polarization of
the incident THz radiation and the orange arrow indicates the
polarization of the detected THz radiation. Considering angular
dependency of the polarization, parallel to the incident THz
radiation, depicted as a blue arrow in the inset of Figure 4A, one
may note the 45° peak position shift, depicted as simulation results in
Figure 4B. Typically, a single metacell would manifest a 77/2 intensity
symmetry for the perpendicular polarization (orange arrow) and 7
intensity symmetry for the parallel one (blue arrow). However, as the
metaelements in the subzones 3 and 4 of each Fresnel zone are 90°
rotated copies of the subzones 1 and 2 respectively, the final angular
dependency for both polarization expresses 7/2 symmetry with 45°
intensity shift between the polarizations (Figure 4B). Such
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(A) Measured intensity dependence upon bending metasurfaces of different focal lengths. The inset depicts a visualization of the bent metasurface.
Letter L denotes the diameter of the unbent metasurface and d is the distance between two opposite ends of the deformed plate. The bending level is
represented as a ratio of d/L. (B) Intensity distribution of the THz beam along the optical axis (xz): the top half represents results when the metasurface was
flat and the bottom half when the metasurface was bent. The dashed blue lines indicate the focus position. Note the change of the focal distance and
intensity occurring due to bending, giving additional adjustment ability. Insets on the right side represent beam intensity distribution in the focal plane (xy)

for the cases when the metasurface is flat and bent, respectively.

peculiarities of the structure allow for further enhanced imaging
possibilities employing metasurfaces, as described below.

Another explored peculiarity of the CSRR structure, unavailable for
the standard SRR, is structure bending ability. The flexibility of the
metallic metasurface CSRRs not only allows them to maintain their
functionality upon bending as an optical element but also provides
tunability options for focusing and light manipulation under variations
of mechanical deformation. To illustrate this, metasurfaces were
investigated experimentally in a flat geometry and under variation of
mechanical bending. The bending is represented by the d/L ratio, where
d is the distance between the opposite ends of the deformed plate, and L
is the diameter of the flat metasurface.

Signal dependency on the mechanical metasurface bending (d/L)
is shown in Figure 5A. Three different metasurfaces designed for the
focal lengths of (F = 10, 20, and 40 mm) were investigated. As was
discussed in Figure 3, without mechanical deformation, the
metasurface with F = 20 mm provides the highest signal. With the
increase of mechanical bending, the recorded signal decreases in all
the cases, however, the focusing ability of the structure remains. At the
maximum bend, d/L = 0.45, all investigated structures reach similar
signal values, amounting to =~ 25% of the maximum signal with
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respect to the best flat metasurface with focal length F = 20 mm.
Although the focal point changes its position due to the bending, the
shape of the beam remains the same. It is evident from the plot
depicted in Figure 5B, representing experimentally obtained flat and
bent intensity distributions along the optical axis (xz plane), and right
insets displaying experimental data of the intensity distribution in the
focal (xy) plane. Therefore, the focusing abilities and focus tunability
of CSRR-based optics elements via mechanical bending extend the
area of different applications in the further development of compact
THz imaging systems containing flexible optics.

4 THz imaging using C-shaped
metasurface

THz imaging performance of the metasurface designed for
F =20 mm is presented in Figure 6. Images were recorded using
the setup, depicted in Figure 1C, where two non-transparent samples
were raster-scanned during the THz illumination by the investigated
metasurface. The first sample, comprising metallic target featuring
cutout slits with varying widths (3 mm, 2 mm, and 1.5 mm) organized
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its maximum value. Setups are depicted above each relevant imaging picture. The top right corner inset depicts the perpendicular-polarized electric field
component dependence on the angle of the metasurface. The intensities, corresponding to the angle of the metasurface in this imaging experiment,

are indicated by black dots. (B) Cross-sections of different period slits orientated vertically and horizontally at the positions denoted by the dashed lines
for the case of the most left image of panel A. Inset shows a photograph of the imaged target. (C) Imaging of a special sample made of a plastic card
containing a metal key and a different number (1-6) of paper sheets. During the imaging, the metasurface was used to focus the THz radiation onto the
sample. Each image is obtained by moving the sample along the optical axis away from the focal plane of the metasurface with the step of 1 mm. The
color scale indicates the signal normalized to its maximum value. (D) Contrast dependence on the number of paper sheets at different sample positions

along the optical axis.

into groups according to their period, is depicted in the inset of
Figure 6B. Each group of slits contains a 90" rotated duplicate so that
the slits are oriented vertically and horizontally. Furthermore, as
demonstrated later, the imaging of the target results in an object
geometry that is responsive to variations in THz polarization on the
other hand, it gives the possibility to determine the spatial resolution
of the resulting images using the CSRR structure.

Figure 6A depicts the imaging results of the first sample,
achieved by recording different polarizations with the
metasurface rotated either 0° or 45°. The imaging setup is

Frontiers in Physics

depicted above each relevant imaging picture, and the
metasurface rotation angle is indicated on each top left angle
of the setup. For the aim of convenience and clarity, the
theoretical dependence of the perpendicularly
polarized component is given in the right inset of panel (A).
Perpendicular polarization-resolved imaging features can be seen
from two left images of Figure 6A. In the left image, the
metasurface is rotated by 45°, resulting in the peak of
perpendicular polarization intensity (cf. Figure 4 and the right
inset). One may note that horizontal lines are much more clearly

angular
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resolved in comparison to the vertical lines of the same period.
This is because the perpendicular-polarized radiation is
dominant in such setup geometry. The exception are the
largest (3 mm) slits where almost no difference is visible
between the different orientations as the slits are wide enough
to resolve the parallel polarization. By rotating the metasurface
by an additional 45° into 0° degree position, we get the minimal
generation of the perpendicular-polarized radiation, therefore,
nearly no imaging is possible as it is depicted on the second left
imaging of Figure 6A. These results are further manifested by
Figure 6B, where the intensity profiles of the most left image are
taken for the different width slits at the lines depicted in the inset.
The possibility to distinguish the slit at each profile for the case of
perpendicular-polarized setup, results in 0.5) spatial resolution.

The situation becomes different in the case of parallel-polarized
radiation (two right images of Figure 6A). For the case when metasurface
is rotated by 45° degrees (the second right image), some blurred picture is
visible, but no clear picture is resolved, as the intensity of the parallel-
polarized component is very low, and the focal point of this polarization
is more diffused compared to the perpendicular-polarized one. Still, by
rotating the metasurface back to 0° (the case when the conductive gap is
arranged along the x-axis) where the parallel-polarized radiation
experiences a peak, we may achieve a parallel-polarized resolved
image, manifested in highlighted vertical lines (most right image of
Figure 6A). The target was additionally imaged by varying its distance
from the metasurface focal plane by 1 mm steps. The spatial resolution
was determined at each position, reaching 0.5A in all the cases, showing
that the resolution remains the same regardless of the sample position
within at least 5 mm range. This implies that such a metasurface enables
high-quality images even if the imaged sample is not located precisely at
the focal plane.

The second sample depicted in Figure 6C, was a plastic card with
included a metal key and six areas containing a different number of
paper sheets, varying from 1 to 6. In order to determine the effect of
misalignment on imaging quality, the scanning process was repeated by
moving the sample away from the metasurface focal plane with 1 mm
step as in the previously described process of determination of spatial
resolution. The contrast values are defined as C = (Iz — I5)/(Iz + L),
where I is the average intensity at the largest signal area and Iy labels
average intensity at the minimal signal area were calculated for each
sample position in the optical axis and for different numbers of paper
sheets. Contrast dependence on the number of paper sheets and the
position of the sample presented in Figure 6D. The results show that the
contrast remains very similar regardless of the out-of-focus distance for
each number of paper sheets. This implies that good image quality can
be obtained even if the metasurface-based imaging is significantly
detuned from the focal point. This illustrates the operational
flexibility of metasurfaces opening hence a possibility to deploy
them in industrial THz imaging systems, where precise optical
alignment and tunability of optical components is not possible or
hard to achieve.

5 Conclusion

The proposed approach revealed promising features of
mechanically deformable metasurfaces for THz light manipulation

opening thus a new route for the implementation of flexibly
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reconfigurable metasurfaces into the further development of
compact THz imaging systems. Metasurfaces based on C-shaped
complementary split-ring resonators manufactured from a 25pm
thickness stainless steel foil employing laser-ablation technology were
applied for compact THz optics aims. Mechanical bending as a tool to
manipulate the intensity and focusing properties of THz illumination is
investigated. Polarization control via complementary C-shaped
metasurfaces was presented at 94 GHz, and polarization-resolved
THz imaging was demonstrated with the spatial resolution of half of
the wavelength. It is shown that mechanically deformable metasurfaces
can provide a dimension of operational flexibility opening hence an
optimistic option to implement them in industrial THz imaging
systems, where precise optical alignment is hard to achieve.

The approach can successfully be extended for multispectral
THz imaging [33] aims thus enabling the wider scale of more precise
identification of packaged objects contents or for modulation and
manipulation of THz wavefront via a proper selection of a relevant
metasurface with a liquid crystal elastomer [34].
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