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Spatial modulation of terahertz radiation using optical vortex generators
based on thin films of single-walled carbon nanotubes
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The results of a study of the performance of an orbital angular momentum modulator in the submillimeter
range (340GHz) based on thin films of single-walled carbon nanotubes are presented. Spiral zone wafers have
been created to characterize the spatial modulation of the Gaussian beam using a state-of-the-art technique for
synthesizing and depositing nanostructures of different thicknesses on the substrate. Using a combination of spiral
zone plates allows the energy in the terahertz beam to be redistributed across the different generated optical vortices.
The fabricated diffractive elements have tunable characteristics such as redistributable orbitally angular momentum
and charge number. The obtained orbital angular momentum generators can be integrated into next-generation

communication systems.
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Introduction

Due to active advancements in terahertz (THz) radi-
ation sources and detectors, their application scope has
expanded — including biomedical applications [1], mi-
croscopy [2], spectroscopy, security, and high-speed data
transmission [3]. Nevertheless, the development of these
technologies has been stymied by the inadequacy of the
current base of optical elements required for signal pro-
cessing [4]. Solving this problem requires finding suitable
materials, device geometries with the ability to accurately
control operating parameters.

Particularly for diverse applications including magnetic
property determination, Bose-Einstein condensate monitor-
ing, wireless communications, plasmon-polariton genera-
tion, and terahertz imaging, the development of terahertz-
band optical vortex generators has become essential [5].
Their usefulness in these applications is attributable to
the fact that vortices are characterized by orbital angular
momentum, and the possibility of decomposing the beam
into vortex modes can increase the information capacity
of optical channels in information transmission [6]. The
development of orbital angular momentum modulators,
however, has received little attention to date. Among the
approaches available for this purpose are varifocal rotational
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metasurface systems, but this method requires a complex
procedure for creating metasurfaces, and this solution is also
poorly capable of creating tunable optical elements [7].
Adaptive optical elements operating in the THz range
require materials with high and tunable conductivity in
the THz range, as well as mechanical and chemical
stability [8,9]. One such material is thin films of single-
walled carbon nanotubes (SWCNT). In addition to the
above properties, SWNT films can be scalably reproducible
and deposited on any substrate by dry transfer [10,11].
Taken together, these advantages make it possible to
actively use SWNT to create elements of THz optics —
sources [{]12, detectors [13], lenses [14], modulators [8],
tunable diffraction gratings [15], and others. Nevertheless,
the use of SWCNT films as generators of THz optical
vortices has not yet been realized, although the structures
based on them can be tuned by various parameters —
stretching [16], electrochemical doping [9], pulsed optical
pumping power [17], and the presence of gas medium [18].
This work presents, for the first time, a terahertz (THz)
optical vortex generator based on thin films of single-walled
carbon nanotubes (SWCNTs), designed as a spiral zone
plate (SZP). The spirals considered here are thin, ie. the
width of the line at the center is comparable to the width
of the line at a radius distance from the center. Compared
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to previously presented vortex modulators, the described
device demonstrates a simple approach to improve vortex
beam modulation (orbital angular momentum control).
Moreover, its fabrication has been improved with ultra-thin,
compact CNT-based devices. SZP is created thanks to ad-
vanced nanotube film production technologies and a reliable
method of depositing them with the required geometry on
the substrate. The paper shows the multifunctionality of
SZP as well as its behavior depending on the thickness of
SWNT films.

Methods

Pattern creation based on single-walled carbon
nanotubes

The SWNTs used to create the spiral zone plates
were synthesized by aerosol chemical vapor deposition
(CVD) [19]. An elastomer (Silpuran, Wacker) with a
thickness of t = 0, 1 mm, transparent in the terahertz range,
was used as a substrate to deposit the SWNT pattern. The
primary stage of patterning on the substrate is the creation
of a metal mask by pulsed laser ablation to produce slits in
the form of spirals with thickness of 150—200 um (Fig. 1).
An IPG fiber laser operating in the frequency range of
1060—1070 nm (pulse duration 7 = 100 ns, pulse repetition
rate v = 20kHz, pulse energy E = 1 mJ) was used for the
laser ablation process. The laser beam was moved on the
mask surface was by a galvano-optical mirror system using
a focusing F-Theta lens with focal length of F = 207 nm to
ensure uniform irradiation of the surface. The pattern was
then applied to a nitrocellulose hydrophilic filter (HAWP,
Merck Millipore, pore size 0.45um) by pulling the filter
with an attached metal mask through rollers to compress
the pores at specific locations and reduce their permeability.
At the same time, the engraved mask regions did not touch
the nitrocellulose filter. This allowed the deposition of
SWCNT aerosol as thin films on uncompressed pore regions,
replicating the mask geometry. The obtained structure
was transferred by dry transfer method to the substrate
(Fig. 1) [20]. The fabricated samples were characterized
by high resolution of the applied pattern, its sharp edges
and almost complete absence of nanotubes in the spaces
between the pattern parts. In previous work, we have
shown that SWCNTs synthesized by aerosole CVD have a
distinctively high specific conductivity in the terahertz range
(250 Q2 'em~! at frequency 1 THz). In addition, it has been
shown that the conductivity increases with the increase of
wavelength due to the large number of free charge carriers.

Scanning the terahertz beam behind the pattern
plane

A prefabricated terahertz imaging setup was used for
experimental validation of the fabricated SZP patterns
(Fig. 2, a detailed description of the setup can be found,
for example, in Ref [14]). A backward-wave tube (BWT)
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Figure 1. The procedure for fabrication of SWCNT-based SZPs.
The left figure shows a copper stencil etched using pulsed laser
ablation. The right figure shows a thin film of SWNTs deposited
on a nitrocellulose filter with an imprinted pattern.
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Figure 2. Schematic diagram of the experimental setup:

Backward-wave tube (BWT), collimating lens, mechanical chopper,
mesh polarizer, holder, Golay cell. The BWT was used as the
source of THz radiation and the Golay cell was used as the
detector.

was used as a source of continuous terahertz radiation.
BWT operating frequency, v = 340 GHz, relative spectral
width §v/v ~ 1073, output power P = 1072 mW, sensitiv-
ity Sy = 107> V/W. After passing through the collimating
lens, the beam hit the grid polarizer, acquiring linear
polarization. A Golay cell with 7 = 10~!s response time
was used as the radiation detector, and a chopper with
Vmod = 22 Hz modulation frequency was used to modulate
the radiation. A tip made of ABS type plastic with carbon
impurities was fabricated to determine the intensity of the
radiation. A hole with a diameter of b= 600um was
made inside the tip. The signal-to-noise ratio was reduced
by using a combination of a collimating aspherical wide-
aperture high-density polyethylene (HDPE) [21] lens and a
flat-convex poly-4-methylpentene (TPX) lens focusing the
terahertz radiation on the input window of the Golay cell.
The back focal length of the aspheric lens is f/ = 6.62
mm, that of the focusing lens is f” = 25.00 mm, and the
diameter of both lenses is d = 25.40 mm. The detector
was mounted on a motorized slider having a positioning
accuracy of < 2um, enabling two-dimensional pixel-by-
pixel scanning of the terahertz beam intensity over an
area of 6 x 6mm? with a scanning step of 250 um. The
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Figure 3. Transformation of THz beam passing through a — a double-charged SZP, b — a triple-charged SZP, ¢ — a combination of
two triple-charged SZPs. The left side of each panel shows the modeling results, the right side shows the experimental results. Pictures of

the obtained elements are provided at the bottom.

spiral zone plates were mounted on a metal ring measuring
D = 50.10 mm in diameter, which was much larger than
the THz beam’s diameter.

Results

Study of the parameters of single spiral zone
plates

According to our concept, THz ultrathin spiral zone
plates with different topological charges and focal lengths
were used as individual elements for multifunctional spiral
modulators (MSM). An improvised continuous THz wave
imaging system was used for the experimental characteriza-
tion of the fabricated THz vortex beams (Fig. 2). The spirals
were located in the plane X0Y (point (0,0,0) corresponds to
the center of the optical vortex), and two-dimensional cross
sections of the THz field intensity | (X, y, Z = const) were

recorded in the vicinity of the SZP focal spot, the distance
from the optical element z was adjusted using a micrometer.
The resulting 2D-distributions of intensity are shown in
Fig. 3. In particular, modelled and experimental intensity
images were obtained for SZP with topological charges
m=2 and m= 3 and theoretical focal length F = 10 mm
(Fig. 3,a and b, respectively), as well as the combination
of two SZPs with topological charges m=3 (Fig. 3,¢).
Two spots can be observed for the two-charge spiral and
three spots can be observed for the three-charge spiral,
respectively.

Study of the parameters of the rotational
combination of multiple SZPs

The tunability of the MSM was demonstrated by using
modulators consisting of two single identical SZPs attached
close to each other with the possibility of rotation (Fig. 3, ¢).
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The intensity profiles | (X, Y, Z = const) across the terahertz
beam propagation direction were recorded for different
distances from the bilayer SZP like in case of a single
SZP. The left panel of Fig. 3,c shows the simulation
results. The experimental focal length values agree well
with the theoretical calculations to the accuracy of the
scanning step along the coordinate z (0.5mm). It should
also be considered that when the spirals were combined
and placed in contact, the small distance between them of
0.3 mm, representing the thickness of the substrate of each
sample, introduced some ambiguity in determining the focus
position.

Results and discussion

The experimental results confirm the validity of the
constructed concept, but the SZP showed relatively low
diffraction efficiency. This effect is most likely attributable to
an imperfection of the SZP fabrication procedure occurring
at the roller press stage and resulting in a slight ellipticity
of the sample. The problems described can be resolved
with the improved manufacturing accuracy. Also, both
thickening of the samples themselves to increase absorption
and broadening of the spirals in the center, reducing the
zero-order influence, can improve the focusing of the
described elements.

Generally, the SZP-based modulator is capable of generat-
ing different states of orbital angular momentum depending
on the topological charges of the installed plates, redistribut-
ing the intensity between the target vortex and vortex-free
components of these modes, and adjusting the phase shift
between these modes.

The profiles of the vortex beams are essentially sim-
ilar to the high order asymmetric modes in multimodal
THz waveguides [22,23]. This fact makes it possible
to control the excitation of high-order modes to tune
multimode channels for THz wired telecommunication
applications [24]. The proposed approach is wide-scalable
in case of usage of the rotation of multiple SZPs for
multiplexing/demultiplexing and multiplication of vortex
generation.

Moreover, further development of the SZP design in-
cludes controlled adjustment of SWCNT conductivity in
the THz range through optical, thermal, electrochemical,
or mechanical means, influencing the SZP’s functional
performance.

Conclusions

A multifunctional modulator of orbital angular momen-
tum of THz radiation based on the rotational combination
of SZPs was developed in the result of this study. The
designed modulator can predictably redistribute the intensity
between the vortex and vortex-free components of these
modes and adjust the phase shift between the modes based
on the topological charges of the created plates. The
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efficiency of a single SZP and various combinations of
multifunctional SZPs was experimentally measured, which
confirmed the proposed concept of controlling the orbital
angular momentum of the THz beam. The spatial rota-
tion provides a degree of freedom for implementation of
different THz modulations. The resulting beams may find
promising applications in new THz imaging systems and
next-generation communication systems.
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