
Research Article Vol. 10, No. 1 / January 2023 / Optica 53

Tunable THz flat zone plate based on stretchable
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Tunable optoelectronics have attracted a lot of attention in recent years because of their variety of applications in next-
generation devices. Among the potential uses for tuning optical elements, those allowing consistent parameter control
stand out. We present an approach for the creation of mechanically tunable zone plate lenses in the THz range. Our
devices comprise single-walled carbon nanotube (SWCNT) thin films of predetermined design integrated with stretch-
able polymer films. These offer high-performance and in situ tunability of focal length up to 50%. We studied the
focusing properties of our lenses using the backward-wave oscillator THz imaging technique, supported by numerical
simulations based on the finite element frequency domain method. Our approach may further enable the integration of
SWCNT films into photonic and optoelectronic applications and could be of use for the creation of a variety of flexible
and stretchable THz optical elements. © 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing
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1. INTRODUCTION

Applications dealing with THz waves became one of the emerging
fields of interest in science and technology due to their extraor-
dinary properties, such as non-destructive nature, high spatial
resolution, penetration depth, and high sensitivity. Adaptive
beamforming [1,2], biophotonics [3], imaging [4,5], and high-
speed indoor communication [6] play important roles in the
development of THz technologies. Many of those call for stretch-
able, flexible, lightweight solutions unavailable for bulky and rigid
conventional solid-state devices.

Single-walled carbon nanotube (SWCNT) films demonstrate
high absorption in the THz spectral range and offer exception-
ally low thicknesses [7–9] and strain rates [10]. Recent progress
in their synthesis allows the production of large area, uniform,
and chemically free films through the chemical vapor deposition
(CVD) technique [11]. Such films could be easily transferred onto
the desired substrate [12]. SWCNT films exhibit high intrinsic
carrier mobility and high conductivity and show potential for the

development of detectors [13], sources [14], and modulators [15]
in the THz spectral range. Advancements in polymer technolo-
gies boosted flexible and stretchable optoelectronics enabling the
design and fabrication of such high-frequency devices. In elec-
tronics, flexible and stretchable devices based on SWCNT films
integrated with polymer substrates have been widely implemented
and studied [16,17]; however, only a few studies report on THz
devices [18,19]. THz spectral range devices with controllable
parameters are of significant interest for the development of THz
technologies.

THz lenses play an essential role in a variety of applications,
such as spectroscopy [20,21], communication [22], imaging [23],
and standoff detection [24] systems. Those are usually made from
polymer or crystalline materials, and therefore have fixed focal
lengths. Notably, variable-focus lenses were developed a long time
ago for the visible range [25,26]. In contrast, only several studies
report on the modification of the focal length of THz lenses [27–
29]. Chen et al . presented a THz plasmonic lens based on InSb
micropatterns and controlled by temperature [29]. Scherger et al .
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demonstrated a lens made of medical white oil injected between
two elastic polymer foils [27]. Wichmann et al . used a mixture of
polymers to tune the refractive index, and hence the parameters of
the lens [30]. The fabrication procedures of these lenses, though
very promising due to their high performance, rely on complicated
design and operating principles.

This research aims to shed light on an alternative type of lens
based on planar optical elements, namely, stretchable Fresnel
zone plates. For the first time, this stretchable optical element was
designed for THz frequencies. Our optical elements with alter-
nating transparent and opaque rings within zone plates can be of
use in a variety of modern THz optoelectronic applications, such
as focusing optical elements [31–33], lens-antennas [34,35], and
nonlinear metasurface sources [36]. Furthermore, by integrating
conductive SWCNT films within opaque rings of stretchable
polymer-based plates, we demonstrate convenient control over
the basic properties of our lenses. In this case, radial stretching
of the zone plate allows varying the focal point position and the
focal spot dimensions of our lenses. It is interesting that a similar
approach was employed for different frequency ranges in [37,38],
when Fresnel zone plates with variable focuses based on differ-
ent stretchable materials were proposed. However, the degree of
tunability is not high. In this paper, we translate this concept to
the rapidly developed and industry-important THz range, where
the problem of designing varifocal lenses appears to be even more
important, as well as study systematically the focusing properties of
a pilot stretchable THz zone plate. The observed tunable focusing
properties are in good agreement with our numerical and analytical
modeling results. During the stretching experiment, a 50% change
of the focal point position was achieved with a 20% increase in the
outer radius of our lens.

2. DESIGN AND FABRICATION

SWCNTs were synthesized by the aerosol (floating catalyst) CVD
method [39] based on CO decomposition via the Boudouard
reaction on the surface of Fe-based catalyst particles. The Fresnel
lens configuration presented here utilizes SWCNT films as opaque
areas, and 0.2-mm-thick elastomer (Silpuran, Wacker), as a
transparent stretchable substrate. The main fabrication steps are
schematically depicted in Fig. 1. In the first step, a nitrocellulose
filter (HAWP, Merck Millipore with 0.45 µm pore size) was put
on a copper stencil [Fig. 1(a), top left]. In the second step, a silicone
(ABRO RTV Silicone Gasket Maker) sealant was deposited on a
nitrocellulose filter on the area free of the copper stencil [Fig. 1(b),
top right]; after that, the copper stencil was accurately removed to

prevent silicone sticking to the stencil. The sealant easily wets pores
of the hydrophilic filter while the subsequent silicone formation
clogs the particular air path. The resulted silicone pattern has the
same thickness as copper foil (200 µm). In the next step, SWCNT
aerosol was deposited on an area of the nitrocellulose filter free
of the sealant to form a thin CNT film with a pattern similar to
the copper stencil geometry [Fig. 1(c), bottom left]. Finally, the
obtained film was dry-transferred [40] onto a stretchable substrate
[Fig. 1(d), bottom right]. We design a lens with adaptive size and
highly sensitive focus tuning, as schematically depicted in Fig. 1(e).
The SWCNT film thickness is a few times smaller than the con-
sidered THz wavelength, but much larger than the THz wave skin
depth due to high conductivity.

In Figs. 2(a) and 2(b), a copper stencil and as-fabricated zone
plate are presented. The collected films consist of individual
SWCNTs featuring disordered spatial orientation, evident from a
scanning electron microscope (SEM) image [Fig. 2(d)]. SWCNTs
have a mean diameter of around 1.9 nm obtained from the posi-
tions of M11, S22, and S11 excitonic peaks from UV-VIS-NIR
spectra [see Fig. 2(e)] using the Kataura plot [41]. Figure 2(f ) shows
the Raman spectrum of SWCNT film. The high quality (low num-
ber of defects) of the samples is evident from the low D mode
intensity in comparison with the G band (IG/ID > 100) [42].
The films have a conductivity of c.a. 600 S/cm and considerable
elasticity [43].

The initial copper-based pattern for SWCNT zone plate
fabrication [see Fig. 2(a)] consists of 10 zones. Although higher
zone numbers might provide a sharper focus by suppressing a
higher-order focus, the formation of smaller pitches for the high-
order zones is challenging due to the spatial resolution of direct
SWCNT deposition. Notably, the copper stencil cannot be used
as a mask to pattern SWCNT film with predetermined geometry
and good quality [see an example of such a low-quality zone plate
in Fig. 2(c)]. This is due to the high ability of the aerosol to seep
through the copper mask. Therefore, for SWCNT-based zone plate
fabrication, we used a nitrocellulose filter with a silicone sealant
pattern deposited onto it. The stretch system was reproduced by
the authors of [44]. An increase in the radius of the zone plate (and
the radius of its zones) will increase the focal length. The working
principle of our zone plate is depicted in Fig. 2(e). A full stretch up
to 21% is performed, although it is possible to stretch the elastomer
with SWCNT film up to 1Rn/Rn = 40% without significant
changing of the relative resistance [43]. Notably, stretching was
limited to 20% to avoid the irreversible modification of lenses.

Before the lens was tested, several stretching circles were per-
formed to avoid the effects caused by the deformation of both
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Fig. 1. Schematic illustration of the stretchable zone plates based on SWCNTs. (a)–(d) Fabrication procedure. A nitro-cellulose filtered SWCNT is
deposed on top of a silicon pattern and transferred onto a stretchable substrate. (e) Operating principle. In situ zone plate stretching results in direct focal
length tuning: f is the focal point of the undistorted zone plate, and fnew is the focal point after stretching.
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Fig. 2. Fabricated zone plates based on SWCNTs. Optical images of (a) initial patterned mask (copper) and (b) final 10 ring-zone plate (the large outer
ring was scraped off later mechanically). In the inset is shown the corresponding silicone pattern on the nitrocellulose filter with inverse geometry. (c) Low-
quality zone plate fabricated using only copper stencil without sealant pattern on the filter. (d) SEM image of the SWCNT film; SWCNTs are randomly
oriented. (e) UV-VIS-NIR spectrum of the SWCNT film. M11, S11, and S22 denote metallic and semiconducting SWCNT transitions, respectively.
(f ) Raman spectrum of SWCNT film. Legends denote the radial breathing mode (RBM), tangential modes (G-band), disorder-induced modes (D-band),
and 2D band of SWCNTs.

SWCNT films and elastomer [43]. As a result, in the current exper-
imental studies, relatively high repeatability was obtained after
multiple bending.

3. MEASUREMENT RESULTS

Figure 3 presents the THz imaging system used in the experi-
mental part of SWCNT zone plate characterization; see details

in Section 7. A backward-wave oscillator (BWO) was chosen as
a source of radiation [45]. The zone plate was clumped on the
customized stretching device [see Fig. 3(a)] and placed at the
homogenizing part of the setup in front of the detector [Fig. 3(b)].
As a result, 2D cross sections of the THz field intensity I (r) near
the zone plate focal spot (here r is a 3D radius vector) for different
stretchings were registered using the translation system [Fig. 3(c)]
and are shown in the insets of Figs. 4(a)–4(f ). The y o z plane was
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Fig. 3. Experimental THz imaging system for SWCNT-based zone plate characterization. (a) Photo of the stretchable SWCNT zone plate placed in the
stretching device. (b) Schematic illustration of the imaging system. (c) Photo of the 500 µm diameter aperture Golay cell mounted in the 2D planar transla-
tional system.
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Fig. 4. THz beam focusing by the stretchable zone plate based on SWCNTs. (a)–(f )Axial cross sections of the THz beam caustic I (y , z) at various
stretching degrees: relative radius 1Rn/Rn = 0, 3.5, 7, 11, 14 and 21%. The scanning fields are marked by red rectangles. The insets show correspond-
ing experimental images of THz fields I (y , z) behind the zone plate. (g) Relative change of the focal length 1 f / f . Experimentally obtained results are
shown in yellow, analytical estimations are shown in green, and numerically computed results are shown in blue and red for the two perpendicular direc-
tions, throughout (g)–(i). The insets demonstrate (left) focus dependence on stretching, and (right) schematic illustration of the undistorted zone plate.
(h) Spatial resolution and (i) depth of field.

chosen as an image plane, origin (0,0,0), which corresponds to the
point in the center of the optical element. Scanning steps along z-
axis and y -axis directions were1z= 0.1 mm and1y = 0.3 mm,
respectively. The experimentally measured focus position was
increased monotonically in agreement with simulations [see the
inset of Fig. 4(g)]. As expected, smaller stretching results in a better
capability for radiation focusing in contrast to stronger stretching.
It can be attributed to a small-to-moderate irregularity during
zone plate stretching. For example, it could appear due to the
surface deviation in rectilinear projection as a pincushion type
radial distortion (by parity of reasoning with the same optical
aberration [46]) or radius change in different directions caused by
imperfections of the stretching device manufacturing. Another
reason could be the SWCNT film conductivity changing [19]
under strong stretching. Thin cracks that can be seen in the inset
of Fig. 3(b) appear on the SWCNT film and could influence the

optical properties of the zone plate. Finally, it is important to note
that the lens stretching is accompanied by the rotation of the lens
due to the operating principle of the stretching device. During zone
plate stretching, the optical element can be somewhat shifted from
the BWO beam optical axis in the lateral directions, which is due
to the applied construction of the stretching device. However, the
maximal displacement of the zone plate is less than 0.5–0.7 mm,
which is close to the output wavelength of our BWO emitter, as
well as comparable to or smaller than dimensions of the THz beam
caustic formed by the zone plate at the focal plane. Displacement
might cause uncertainty in the experimental estimations of the
focal spot positions. In this study, we compensated for this effect
(lateral displacements of the beam caustic) manually during the
experimental data analysis, while studying the stretchable zone
plate performance.
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4. SIMULATION RESULTS

A series of numerical quasi-3D simulations of the field transfor-
mation by the zone plate with variable dimensions was performed;
a detailed description of the simulation method is presented in
Section 7. Input frequency was ν ' 0.592 THz, which corre-
sponds to the free-space wavelength of λ= 506.66 µm (this
particular wavelength was selected to match a maximum of the
BWO outer power). When the radius of the zone plate increases,
the focal length and dimensions of the focal spot also increase. The
different zone plate outer radius values in simulations correspond
to different stretching degrees in the experiment. Figures 4(a)–4(f )
demonstrate the simulation distributions of the field intensity
I (y , z) near the focal point of the zone plates with different outer
zone radii Rn (for the image zoy plane, the o z axis is the optical
axis of the simulated element). The zone plate is not shown in this
distribution and is located left at z= 0. Also, we performed sim-
ulations for a perfect infinite plane wave for both longitudinal (in
the vector E plane) and transverse directions [Figs. 4(a)–4(f ) show
the intensity distributions only for the first one]. The focal length
relative increment 1 f / f along with the values of spatial resolu-
tion δ and depth of field δz for different1Rn/Rn are presented in
Figs. 4(g)–4(i) for the two perpendicular directions (parameters δ
and δz also were fitted with the Gaussian function in both the sim-
ulation and experiment). The results obtained demonstrate good
agreement with both simple analytic equations and experiment
measurements; moreover, simulations were verified independently
by using the angular spectrum method [47,48] (to simplify, we do
not show it in the paper). The scheme of the non-stretched plate is
shown in the inset of Fig. 4(g).

5. COMPARISON OF NUMERICAL SIMULATION
RESULTS AND EXPERIMENTAL DATA

The comparison between experimental data and 3D numerical
simulations (as well as with theoretical predictions based on the
simple constructive interference criteria) is presented in Fig. 4 and
demonstrates the displacement of the focus position under zone
plate stretching. The experimental data are marked by in yellow
(error bar corresponds to the standard deviation; we performed
three independent measurements for each point) and numerical
results in blue and red lines for different directions. We observed
a good agreement between numerical and experimental focal
lengths for different radii. The large standard deviations in the
experiments can be attributed to the infinite coherence length of
our BWO emitter, which results in standing waves between differ-
ent optical elements (surfaces) of the THz beam path and speckle
patters that somewhat distort the collected THz images. Other
possible reasons are imperfections of our stretching device that
cause fluctuations of the zone plate geometry from one experiment
to another. For example, when1Rn/Rn = 0, focal length from 3D
simulation is fsim = 19.36 mm, and mean value fexp = 17.6 mm
in the experiments. Therefore, the observed deviation between
computational simulation and experimental measurements is near
10− 11% during the entire stretching process. From our point of
view, a mismatch of the numerically predicted and experimentally
measured focal length can be explained by the non-ideal character
of the experimental input beam and its difference from the per-
fect plane wave. In both cases, the relative focus change, 1 f / f ,
monotonically increased very similarly during stretching.

The theoretical focal lengths of the zone plate with a high num-
ber of zones can be calculated as

f =
R2

n −
n2λ2

4

nλ
, (1)

where Rn = 10.304 mm, N = 10 is the number of zone, and λ
is the operating wavelength of the input beam. The correspond-
ing results under different applied stretchings are presented in
Fig. 4(g) by the green line. This analytical solution can include
some mistakes due to the small number of zones in the designed
zone plate. For this reason, small disagreements with simulations
were observed.

We next theoretically, numerically, and experimentally estimate
the influence of the stretching effect on the focal spot dimensions of
the obtained zone plate [see Figs. 4(h)–4(i)]. Intensity distribution
created by the diffraction-limited lens in the focal spot cross section
can be described by using the Airy function [49]

I (ρ)=
(

2J1(πDρ/λ f )
πDρ/λ f

)2

, (2)

where ρ is the radial coordinate in the focal plane, J1 is the first-
order Bessel function, and D is the lens diameter. For a zone plate
with N zones and D= 2Rn , in the case of plane wave illumina-
tion, one can have a simple approximation for spatial resolution
(Rayleigh criterion) [50]:

δ =
βλ f
2Rn

, (3)

where β = 1.22 if the number of zones N =∞. For a low number
N ≥ 7, parameter β varies within ±10% from 1.22 [51], which
is found to be in good agreement with numerical simulations and
experimental results. The focal spot diameter along the oy axis for
different zone plate stretchings [at the full-width at half-maximum
(FWHM)] is shown in Fig. 4(h). Interestingly, the value of δ∼ for
different polarizations is close enough to the analytical predictions,
whereas the experimental spatial resolution has significant dis-
agreement. We consider that it could be because of imperfections
in the THz beam that radiates the analyzed optical element and
some incline between the optical element axis and input beam in
the xoz plane, which could lead to expansion of the focal spot.

Figure 4(i) presents the depth of field of the analyzed zone plate.
From Eq. (2), we obtain

δz=±β
(

f
2Rn

)2

λ. (4)

β ≈ 2, and δz is the distance at which the intensity at the center
of the focal spot is reduced by 20%. We observed a good agreement
between the experiment and numerical modeling, with only slight
deviations. This becomes more critical for higher elongation of a
zone plate above 15% [Fig. 4(i)].

6. DISCUSSION

Here, the technique for the SWCNT film deposition on the flexi-
ble polymer material is developed. The proposed method opens a
way for realization of any required pattern with high precision. It is
a perspective for the design and fabrication of tunable optical ele-
ments for a variety of applications. For example, such a stretchable
zone plate can be applied for THz measurements of waveguides
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and fibers aimed at accommodating the THz beam path for sam-
ples of different lengths [52]. Another option is to use such a zone
plate as a key element of THz imaging systems designed for solving
the demanding problems of non-destructive testing of materials
[53], quality control in pharmaceutics [54], plant science [55],
food science [56], security task [57], etc. In all these applications,
the THz images of standoff objects are captured and analyzed,
while the distance between the THz imaging system and an object
varies in a wide range (from a few centimeters to a few meters);
thus, the varifocal THz lenses are in order. A tunable THz zone
plate should be judiciously designed to meet the demands of the
listed applications, including the working distance, focal point
tunability, energy efficiency, field of view, numerical aperture,
and spatial resolution. In addition, we have recently developed an
optically controlled THz modulator that also relies on stretchable
SWCNT and exploits similar operation principles [58]. However,
development of such a zone plate or other planar optical elements
for some particular THz application and their experimental char-
acterization are out of the scope of this paper; we will address these
challenges in our future work.

A similar approach was used in [37], in which a stretch-
able Fresnel lens based on a vertically aligned CNT inside a
polydimethyl-siloxane (PDMS) layer was developed for the vis-
ible range. For this zone plate, maximal uniform deformations
(radial stretching) of up to 11.4% and a change in the focal point
position of up to 24% were demonstrated. In turn, the unique
physical properties of our polymer substrate allow us to achieve
advanced tunability of the focal length (up to 50%, almost two
times higher than in [37]). Finally, our methods of planar optical
element fabrication appear to be more technologically reliable
and robust, because our SWCNT films are easily transferred onto
almost any substrate via the dry-transferring technique. At present,
the spatial resolution of direct SWCNT deposition has to provide
a high-accuracy pattern with mesoscale dimensions. The optical
elements for large-wavelength radiation could be manufactured
without significant technological difficulties. It should also be
mentioned that the proposed composite (SWCNT/elastomer) is
mechanically stable and can withstand at least hundreds of cycles
with repetition rates of at least several Hz [43]. These important
facts open the way for the design and fabrication of different planar
THz optical elements for a variety of applications.

Although the developed zone plate was studied at the particular
fixed wavelength of our BWO emitter in this study, it is capable
of multispectral operation. In fact, due to the physical operation
principle, the zone plate focal length f and free-space wavelength

λ are related parameters: r =
√

nλ f + n2λ2

4 ; here, r is the zone
plate radius, and n is a number of zones. In this way, we can point
out the two regimes of our stretchable zone plate operation. In
the first regime, namely, the varifocal one studied in this paper,
we fixed the wavelength, stretched the lens, and changed the focal
length. In the second regime—let us call it the multispectral one
(it remains to be studied)—the focal length is fixed, while the
wavelength varies together with the zone plate stretching, aimed
at sustaining the desired fixed focal length. For the multispectral
regime, the dependence of variable wavelength on the variable zone

plate radius can be defined as λ= 2
√

f 2+r 2− f
n . We also notice that

the relative wavelength tunability of such a system should be close
to that of the focal lengths. We postponed detailed theoretical and

experimental studies of this multispectral regime to our future
work.

The high demand for high-precision compact stretching
devices for various applications results in design, experimental,
and theoretical investigations of the proposed optical elements.
Our paper and earlier similar research [37] showed that the optical
element shape distortions caused by imperfections of the stretching
device brings some disagreement between the theoretically pre-
dicted and measured parameter of the THz beam caustic (focus).
For further use of the developed stretchable THz optics, novel
stretchable devices should be judiciously designed to guarantee
isotropic stretching of the zone plate in lateral directions, sustain
coaxial position of this element and the THz beam, eliminate
zone plate rotation, and reduce the total dimensions of an optical
system. For example, the elastomer could be pulled on the drum
(hoop)-like device, where the stretching is realized by the relative
displacement of the coaxial drum rims. The use of electrically (or
optically) tuned devices [59] is widely considered as an alterna-
tive way for managing optical elements. Mainly, these devices are
rigid and can be realized in various versions: recently gate-tunable
metasurfaces [60], tunable dual-band filters [61], and optical
delay lines [62] have been proposed. But flexible voltage-driven
elements should also be highlighted, such as flexible modulators
for the THz frequency range [63,64]. In our opinion, the SWCNT
spectrum can be easily tuned in a wide range by electrochemical
gating [65], opening an avenue for two-dimensional (via strain and
potential) tuning of the planar optical element. Such elements will
be practically applicable.

7. EXPERIMENTAL METHODS

SWCNT films fabrication. Let us explain briefly the deposition
CVD method used for SWCNT synthesizing. Ferrocene (98%,
Sigma Aldrich) was used as a catalyst precursor, while carbon
monoxide (99.99 % Linde gas) acted as a carbon source and
carrier gas. Ferrocene saturated vapor was introduced in a hot
zone (880◦C) of a tubular quartz reactor by a CO stream. The
Boudouard reaction (2 CO=C +CO2), occurring on the sur-
face of formed Fe-based aerosol particles, resulted in the formation
of SWCNTs. The minor addition of carbon dioxide (99.995%
MGPZ) allows tuning the nanotube properties (e.g., diameter
distribution) and governing the process efficiency [66]. The result-
ing SWCNT films consisted of nearly equilibrium composition:
one-third metallic and two-thirds semiconducting SWCNTs.

A Perkin Elmer Lambda 1050 UV-VIS-NIR spectrometer was
employed to obtain optical the spectrum of SWCNT film, while a
Thermoscientific DXRxi Raman Imaging microscope (wavelength
of 532 nm) was used for Raman spectroscopy. Helios PFIB G4

UXe served for scanning electron microscopy studies. Copper-
based zone plates were obtained with an ARGUS fiber laser cutting
system (Wuhan Sunic Photoelectricity Equipment Manufacture
Co., Ltd).

Continuous-wave THz imaging setup. The homemade THz
imaging system, based on the BWO, was applied earlier for
THz optical element characterization [67,68] and developed in
GPI RAS. It features tunable output frequency (of the order of
ν = 500− 700 GHz for single BWO), linewidth of ∼10−5ν,
power of outer radiation ∼10−2mW, sensitivity ∼10−5V/W,
and time response of ∼10−1s (using the Golay cell as a detector).
Output frequency ν = 0.592 THz in experiments corresponds
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to the local maximum in the BWO emission spectrum. The out-
put THz radiation propagates through the system of lenses and
mirrors, modulated by a 22 Hz mechanical chopper. The stretch
system [see Fig. 3(a)] is printed with a commercial 3D printer and
installed in the THz beam. Ten clamps are made radially to apply
uniform radial stretch to the lens. The motion of the clamps is gen-
erated by the rotational movement of the micrometer. For intensity
readout, the combination of a wide-aperture lens and aperture
with diameter d = 500 µm is used. The detector is mounted on
motorized stages with positioning accuracy of ≤ 2 µm, which
guarantees an opportunity to perform a 2D pixel-by-pixel scan
of the THz field intensity in the y o z plane, which was chosen as
the image plane [see Fig. 3(c)]. Also the adjusting linear translator
with a micrometer was used as a detector moving along the o x axis
(not shown in the scheme). The BWO provides almost linearly
polarized radiation (radiation fraction polarized along oy axis
reaches 5/6 by total power), so in simulation, we considered the
field distributions from the input wave with linearly polarized
radiation in the two perpendicular directions.

THz propagation simulations. For numerical simulation of
the field interaction with the Fresnel zone plate, COMSOL
Multiphysics Softwave was applied. Namely, the quasi-3D
finite-element frequency-domain (FEFD) method was used
for modeling the optical element with a rotational symmetry
[67,69] with respect to the optical axis (o z). The 2D cross section
in cylindrical coordinates (r, z) of the focal spot is the result of
the calculation (r is a radius vector perpendicular to the o z axis).
First, the two different simulations of the field distribution process
were performed when circularly polarized plane waves of angular
momentum m = 1 and m =−1 were introduced in the simu-
lation volume. These different solutions were coherently added
and obtained the focal spot corresponding to the linearly polar-
ized plane wave (used as the excitation field in the experiment).
The simulation volume was restricted by the cylindrical perfectly
matched layers as the absorbing boundaries [70]. In the simula-
tion process, we implemented a perfect conductor as zone plate
material.

8. CONCLUSION

To sum up, for the first time, we demonstrated a novel design of
tunable lenses based on planar Fresnel zone plates and operate in
the THz spectral range (near ν = 0.6 THz in our experiments).
Our technique allows the fabrication of variable-focal-length
optical elements comprising integrated SWCNT films of pre-
determined geometry. Obtained results corroborate the robustness
and high efficiency of the designed elements, demonstrating high
repeatability for a series of stretching circles. Despite the considered
case of operation, when achieving a 50% change in focus length
with a 21% increase in the zone plate outer radius, our experi-
mental studies are in good agreement with performed theoretical,
both analytical and numerical, evaluations. The presented tunable
device may further enable the integration of SWCNT films into
photonic and optoelectronic applications. Our approach could
be of use for prompting the creation of a variety of flexible and
stretchable optical elements in the THz spectral range.
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