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ABSTRACT

Metasurfaces have been continuously garnering attention in both scientific and industrial fields owing to their unprecedented wavefront
manipulation capabilities using arranged subwavelength artificial structures. Terahertz vortex beams have become a focus of research in
recent years due to their prominent role in many cutting-edge applications. However, traditional terahertz vortex beam plates are often faced
with challenges including large size, low efficiency, and limited working bandwidth. Here, we propose and experimentally demonstrate highly
efficient and broadband vortex beam plates based on metasurface in the terahertz region. The experimental results well verify that the
designed metasurfaces can efficiently generate terahertz vortex beams with different orbital angular momentum topological charges in the
range of 0.5-1 THz. Notably, the maximum efficiency can reach about 65% at 0.5 THz. The proposed devices may play a vital role in develop-
ing vortex beams-related terahertz applications.
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broadband performance simultaneously, which hinders the widespread
application of terahertz vortex beams.” "’

Terahertz technology has garnered significant attention recently
due to its promising applications in spectroscopy, ” imaging,’ and
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ultrafast communications.” ® In parallel, the emergence of vortex
beams, characterized by helical wavefronts and optical orbital angular
momentum (OAM), has led to a revolution in the fields of quantum
informationf’g optical trapping,'”’]2 communications,"ﬂ”15 etc.
Particularly, terahertz vortex beams have attracted widespread atten-
tion owing to their distinctive fusion of terahertz waves and OAMs.
This combination of unique advantages positions them as highly
promising tools in sensing of magnetic excitations, © data encod-
ing,'”'? self-healing,'” terahertz communications, and imaging.”’ They
facilitate OAM multiplexing, thereby enhancing the efficiency of data
transmission.”"*” Furthermore, in the realm of imaging, they provide a
way to break through the limit and help achieve super-resolution
imaging.”’ Consequently, there is a substantial demand for terahertz
vortex beams, driving an urgent need for the efficient and wideband
generation of these beams. However, traditional vortex beam plates
often encounter the challenge of achieving both high efficiency and

Potential viable solutions for achieving broadband terahertz vor-
tex beams include multilayer achromatic wave plates, total internal
reflection devices, liquid crystal-based devices, and metasurfaces.””
Among these, metasurfaces stand out as an exotic and appealing plat-
form for the design of functional devices, making them the primary
candidate for future broadband THz beam shapers.”” *” By arranging
artificial microstructures at sub-wavelength scale according to a certain
spatial order, the metasurface can achieve various devices, including
beam deflectors,”” > metalenses,” ~” special beam generators,j(””
and rneta—holograms.‘w’”10 In particular, different terahertz vortex beam
plates have been demonstrated by single-layer transmission metasurfa-
ces,”""” reflection metasurfaces,”’ and all-dielectric metasurfaces.”* **
Despite this progress, reflection metasurfaces promise increased effi-
ciency but require complex optical configurations for integration;"
single-layer transmission metasurfaces’"** and all-dielectric metasur-
faces both face an upper limit on achievable efficiency.”* ** Multilayer
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metasurfaces employ Fabry-Pérot cavities for efficient polarization
conversion and phase control, ensuring broadband performance
and augmenting wavefront control efficiency.”””” This develop-
ment offers a promising pathway for the advancement of efficient
and wideband multifunctional wavefront manipulation techniques,
potentially impacting various domains within the realms of science
and technology.

In this Letter, we propose and experimentally demonstrated
highly efficient and broadband flexible vortex beam plates functioning
at terahertz frequencies. The terahertz vortex beam plates utilize a
three-layer structure. The upper and lower layers consist of orthogonal
gratings, while the middle layer comprises microstructures of varying
sizes. This configuration forms a Fabry—Pérot cavity, enabling efficient
broadband polarization conversion, as well as precise phase control,
thus facilitating the efficient generation of vortex beams. We designed
and fabricated vortex beam plates with topological charge from —5 to
+5, which can realize the generation of high efficiency vortex beams in
a wide band range from 0.5 to 1 THz, in which the maximum effi-
ciency can reach about 65% at 0.5 THz. Moreover, utilizing flexible
organic film polyimide (PI) materials as the dielectric layer enables the
device to potentially operate under some deformations. Such devices
have a certain tolerance for fabrication alignment and can be very
promising in developing next-generation efficient and ultracompact
terahertz functional devices.

As illustrated in Fig. 1(a), the designed freestanding terahertz vor-
tex beam plate is a sandwiched device with three aluminum structure
layers separated by two polyimide spacers. The central metallic layer
consists of square-split-ring (SSR) structures set at a diagonal angle of
45° to maximize the conversion efficiency of linearly polarized light.
We can expect that the normally incident y-polarization wave propa-
gating along the z axis direction is converted to the transmitted
x-polarization wave passing through the proposed vortex plate. In gen-
eral, for a single-layer transmissive plasmonic metasurface, the orthog-
onally polarized light transmission is less than 0.5. To further improve
the conversion efficiency, two mutually orthogonal metal grating layers
with the same period of 50 um and duty cycle of 50% are designed on
both sides of the SSR layer. Such a tri-layered structure can form a
Fabry-Pérot resonance cavity, which could allow multiple
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electromagnetic wave reflection and transmission, thus resulting in
enhancing the polarization conversion efficiency and extending the
operation bandwidth. By carefully adjusting the thickness of PI spaces,
the transmission amplitude of orthogonally polarized light can reach
nearly 1 in a broadband range according to the Fabry-Pérot resonance
effect”” (for more details, see Sec. S1 of the supplementary material).

To realize the generation of terahertz vortex beam, it is crucial to
achieve a group of unit cells that enable abrupt phase shift covering a
360° range and a nearly constant transmission amplitude simulta-
neously. In our design, this requirement can be satisfied by carefully
tailoring the geometrical parameter g and thus the gap size of SSR.
First, we investigate the cross-polarized component transmission of
unit cell structures under different values of g using a commercial full-
wave numerical software computer simulation technology (CST)
Microwave Studio. According to the simulation results, four unit cells
(from #1 to #4) with different gap sizes of SSR, which can evenly cover
the 180° phase range, are obtained, as shown in Fig. 1(d). By mirroring
the unit cell structure from #1 to #4, we create four new structures,
labeled as #5, #6, #7, and #8. These structures exhibit cross-polarized
radiation with an additional 180° phase shift. This is apparent when
observing that the currents leading to cross-polarized radiation are out
of phase’" (see Sec. S2 of the supplementary material). The amplitude
and phase of cross-polarized light for unit cell structures from #1 to #8
were obtained through numerical simulations. These results are illus-
trated in Figs. 1(c) and 1(d), respectively. It can be seen that from 0.5
to 1THz, the orthogonal polarization mode transmission varies
between 0.8 and 0.91 for all unit cells, which is much higher than a
single-layer plasmonic metasurface. Moreover, the transmission phase
of all unit cells can approximately remain constant within such a fre-
quency regime. The above simulation results indicate that we can use
such eight-level phase modulation unit cells to design broadband
transmissive terahertz functional devices with relatively high transmis-
sion efficiency.

By arranging the eight unit cells according to the phase distribu-
tion requirement, several devices, which can generate terahertz vortex
beams with different topological charges, are designed. To further
investigate the performance of such vortex beam plates, the devices
were fabricated using a multilayer photolithography process. First, a
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FIG. 1. Schematic view of the THz vortex beam plate and eight-level phase modulation unit cell design. (a) Schematic diagram of the terahertz vortex beam plate and the unit
cell of the middle metallic layer. (b) Selected unit cells for eight-level phase modulation with fixed parameters, p =100 xum, a =80 xm, and w = 10 m. The parameter g of unit
cells from #1 to #4 are 70, 52.5, 37.5, and 20 um, respectively. The unit cells from #5 to #3 are obtained by a rotating structure, from #1 to #4 by 90° counterclockwise. (c) and
(d) Simulated transmission and phase spectra of eight complete unit cells from 0.5 to 1 THz, respectively.
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10 pum thick PT layer was spin-coated onto a polished silicon substrate
with a thickness of 1 mm to protect the bottom metal layer. Then, the
bottom grating layer of 200 nm thick aluminum was thermally evapo-
rated following standard photolithography process. Next, another PI
layer of 25 yum thickness was spin-coated on the grating layer. It should
be noted that for such a thick PI layer, the spin-coating process needs
to be repeated several times. The next metal and PI layers were fabri-
cated by repeating the above-mentioned process. Finally, the sample
was peeled off from the silicon substrate and mounted on a prepared
holder, as illustrated in Fig. 2(a). An optical microscope image of one
of the vortex beam plate samples is shown in Fig. 2(b). However, due
to the shield of metallic grating structure, only the first grating layer
can be seen in the photography. To distinctly illustrate the difference
in the unit cell arrangement among different sample elements, we pro-
vide microscopy images of the central region of the vortex beam sam-
ple with topological charges ranging from +1 to +5, along with a
schematic diagram depicting the arrangement of unit cells (see Sec. S3
of the supplementary material). It is also worth noting that our design
has a certain tolerance for fabrication accuracy, because the upper and
lower structures are equivalent to a set of orthogonal placement of the
grating, and the middle layer of the structure is set to achieve polariza-
tion conversion and phase control. The function of each layer is rela-
tively independent, so when there is a certain error in sample
alignment, it will not have a relatively large impact on the final result
(for more details, see Sec. S4 of the supplementary material).
Additionally, due to the flexible polyimide (PI) dielectric layer used in
the sample, it exhibits a notable capacity for bending (see Sec. S5 of the
supplementary material). It offers tuning advantages through mechan-
ical deformation, and the prospect of integrating devices with flexible
substrates holds promise for collaboration with other components and
non-planar structures.””

Next, the fabricated vortex beam plates were characterized using
a fiber-based terahertz time-domain scanning microscopy”” (for more
details, see Sec. S6 of the supplementary material) with a broadband
width (0.2-1.2 THz), as illustrated in Fig. 2(c). The x-polarized tera-
hertz beam was generated from a photoconductive antenna-based
emitter and collimated by a lens to form a quasi-Gauss beam. The
detector was a near-field photoconductive-antenna-based probe that

(@ (c)

THz Probe
Y
x-polarized +Z—= X
"~ Sample
45°-polarized

Polarizer
Xx-polarized

Lens

THz Emitter

FIG. 2. Fabricated samples and experimental setup. (a) A photograph of a mounted
terahertz vortex beam plate sample. (b) Optical microscope image of one of the vor-
tex beam plate devices. (c) Schematic view of the experimental setup.
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could measure the THz field by a pair of electrodes sensitive to the Ex
component. We integrated a terahertz grid polarizer with a 45° orien-
tation angle between the lens and the sample to enable a broadband
y-polarized component incidence on the sample. It is worth noting
that the use of broadband achromatic wave plates here can achieve
more efficient polarization conversion.”*”” The bottom grating of the
sample is equivalent to the polarizer and will block the remaining
x-polarized component, so it will not affect the experimental results.
Our metasurface performs orthogonal polarization conversion. After
modulation by prepared samples, the electric field distribution of the
generated x-polarized terahertz vortex beams with different topological
charges was recorded by the mechanically scanning terahertz probe.
The measured results of generated terahertz vortex beams carry-
ing different orbital angular momentum at 0.75 THz are summarized
in Fig. 3. As expected, hollow intensity distribution caused by the phase
singularity can be clearly seen for all vortex beams, as illustrated in
Figs. 3(a) and 3(d). The central dark area of the vortices gradually
enlarges with increased topological charge. Additionally, it can be seen
that the concentric intensity distribution along the radial direction
accords with the characteristics of Kummer function, known as the
Kummer beam.” The formation of the Kummer beam results from
the diffraction of a Gaussian beam at the on-axis singular point, which
becomes apparent in the field after its propagation through the meta-
surface. Furthermore, in the intensity distribution diagrams of Figs.
3(a) and 3(d), eight symmetrical lobes surround the vortex beam, with
the +1 and —1 orders being particularly pronounced. This phenome-
non results from selecting eight element structures with a distinct
phase difference of 7/4, as illustrated in Fig. S3(a), to construct the vor-
tex beam plate. The discrete phase distribution introduces additional
field disturbances due to phase jumps at radial junctions.”® Moreover,
as shown in Figs. 3(b) and 3(e), the azimuthal angle dependence phase
distribution with a phase singularity at the center can also be seen,
which reveals the vortex nature of the generated terahertz beams. To
quantitatively evaluate the quality of terahertz vortex beams, we calcu-
late the purity of the vortex beam. Since the angular harmonics, exp
(ilp), are orthogonal over the azimuthal plane, we assume the complex
amplitude of superposition field of a terahertz beam in terms of har-
monics in a plane perpendicular to the optical axis z to be given by””**

Ef(r,0,2) = J%Trz Sri(r, z) exp(il0) (1)
]

with

Sa(r,z) = \/Lz_nL[ Ef(r,0,z) exp(—il0)d0), (2)
where Ef (1, 0, 2) is the complex electric field along closed loops enclosing
the beam center at different radii and frequency f. To quantitatively eval-
uate the quality of terahertz vortex beams, six rings were selected to cal-
culate the purity. The radii were chosen in the form mAr (m=1, ..., 6),
ensuring that 80% of the incident beam energy was contained within a
radius of 6Ar, 06Ar |Ef(r, 0,2)|*rdrd0 = 0.8 [ |E;(r, 0,2)|*rdrd0.”
According to measured terahertz vortex beams with different topological
charges at 0.75 THz, the radius we selected is shown in white dotted
circles on the intensity profiles of Figs. 3(a) and 3(d). By substituting the
electric field along the different radius into Eq. (2), the calculated OAM
spectrum coefficients |S; |* normalized by the maximum value are
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FIG. 3. (a)—(f) Measured terahertz vortex beams with different topological charges at 0.75 THz. (a)—(c) Measured intensity distributions, phase distributions, and OAM spectrum
|So.zsThz, % of terahertz vortex beams with topological charge / changing from +-1 to -5, respectively. (d)(f) Measured intensity distributions, phase distributions, and OAM
spectrum | Sy 757z, (| of terahertz vortex beams with topological charge / changing from —1 to —5, respectively. The measured OAM spectrum (for / values of —5 to +5) as a
function of the radial ring on the beam. The white dotted circle shown on the intensity profiles are integrated loops used to extract the OAM complex amplitude of different vortex

beams. The height of each bar represents the measured coefficients | S 757Hz, ,\2.

depicted in Figs. 3(c) and 3(f). Despite variations in the strength of the
electric field across different radius rings, it is evident that the dominant
OAM component order of each vortex beam aligns with our design.
Simultaneously, the presence of other OAM components is observed to
be relatively weak, indicating high mode purity of generated terahertz
vortex beams. These experimental results clearly show the ability to gen-
erate terahertz vortex beams carrying different OAM of the proposed
devices.

To further verify the broadband performance, the quality of the
generated vortex beam with topological charge of +3 under different
frequencies from 0.5 to 1 THz is also evaluated. The time-domain sig-
nals at different points are acquired through point-by-point scanning
of the terahertz near-field probe. Subsequently, the electric field distri-
butions at different frequencies can be obtained through Fourier trans-
form, as illustrated in Fig. 4. In Fig. 4(a), an annular intensity
distribution with a null area at the center is depicted, while Fig. 4(b)
illustrates a helical phase distribution undergoing three cycles from
—n to 7. This observation is consistent across the frequency range
from 0.5 THz to 1 THz, indicating the third-order vortex nature of the
generated terahertz beam. The vortex beams generated at different fre-
quencies appear generally uniform, with only a small amount of stray
light observed at 0.9 and 1.0 THz. This can be attributed to the distri-
bution of the incident beam spots at the corresponding frequencies
(see Secs. S7 and S8 of the supplementary material). The OAM coeffi-
cients [Sg|* of vortex beams corresponding to different frequencies
are also extracted and shown in Fig. 4(c). It can be found that the

third-order OAM component is the strongest, while the other orders
are quite weak, indicating the high purity of generated third-order vor-
tex beams for all frequencies. The measured results clearly show that
the proposed device can generate high quality terahertz vortex beams
in a broadband regime ranging from 0.5 to 1 THz.

To better use vortex light in terahertz communication, imaging,
and other fields, it is essential to achieve efficient and broadband tera-
hertz vortex generation. To characterize the efficiency of the terahertz
vortex beam plate, we first measured the terahertz spot without the
sample using near-field terahertz imaging system, and then the electric
field distribution of the vortex beam with different topological charges
generated after passing through the sample was measured. The effi-
ciency of terahertz vortex beam plate can be calculated by n = P;/P,,
where P; and P, represent the integrated results of the intensity distri-
butions of the vortex beams that pass through the sample and the inci-
dent spot, respectively. Based on such a definition, the efficiency of
vortex beams with different topological charges at different frequencies
was calculated using the experimental results, as shown in Fig. 5. To
more precisely depict the performance of the vortex beam plate, we
present the variation in generation efficiency of the vortex beam across
different topological charges and frequencies (see Sec. S9 of the supple-
mentary material). We can see that all of the vortex beams with topo-
logical charge from —5 to 45 maintain relatively high efficiency in the
broadband range from 0.5 to 1 THz. As the frequency decreases, the
efficiency will gradually increase. The vortex generation efficiency for
different topological charges in the range of 0.5-1THz consistently
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exceeds 37%, with a peak efficiency observed at 0.5 THz, reaching
approximately 65%. We compare these values with other terahertz
vortex beam plates including Q plate, spiral phase plate, plasmonic
metasurface, and dielectric metasurface and summarize the results
in Table 1. All the data presented in the table represents experimen-
tal results. Compared with the currently prevalent terahertz vortex
beam generators outlined in Table I, there are a few methods that
can simultaneously achieve both the bandwidth and efficiency
demonstrated in our approach. Traditional terahertz vortex plates,
such as the Q plate and the spiral phase plate, demonstrate rela-
tively high efficiency but are tailored to specific frequencies. While
the specific vortex beam generation efficiency is not provided for
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FIG. 4. Measured THz vortex beams with
topological charge |=+3 under different
frequencies. (a)-(c) Measured intensity
distributions, phase distributions, and
OAM spectrum |S; |? of terahertz vortex
beams with topological charge |=+3
under different frequencies of 0.5, 0.6, 0.7,
0.8, 0.9, and 1THz, respectively. The
white dotted circles shown on the intensity
profiles are integrated loops used to
extract the OAM complex amplitude of dif-
ferent vortex beams. The height of each
bar rgpresents the measured coefficients
IS5 I

single-layer plasmonic metasurfaces, the efficiency of vortex beam
generation is constrained by a maximum cross-polarization con-
version efficiency of 25%.””°’ The dielectric metasurface is also
unable to simultaneously surpass the bandwidth and efficiency of
this design. By comparing these results, it becomes increasingly
evident that our design can indeed attain both high efficiency and
broad-ranging advantages. Moreover, the performance of the
device can be further improved by selecting a structure with high
amplitude and 27 phase coverage in the wideband range. If a
reflective design could be adopted, it could achieve even broader
vortex generation.”' This work lays a solid foundation for its future
applications in the terahertz field.
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Efficiency

FIG. 5. Measured generation efficiency under different frequencies and topological
charges of designed terahertz vortex beam plates.

TABLE I. Comparison of terahertz vortex beam plates.

Generating Working Working
OAM schemes efficiency frequency (THz)
Q plate 50% 1 (Ref. 24)
Spiral phase plate 90% 2 (Ref. 25)
Plasmonic metasurface NA 0.75 (Ref. 41)
NA 0.5-0.9 (Ref. 42)
Dielectric metasurface 60% 1.1 (Ref. 44)
57.8% 0.6 (Ref. 45)
55.1% 1.0 (Ref. 46)
75.2% 1.0 (Ref. 47)
25% 0.75-0.9 (Ref. 48)
This work 65%-37% 0.5-1.0

In conclusion, we propose transmission-type terahertz vortex
plates based on a multilayer metasurface, which are experimentally
proven to have wideband and high efficiency. Adopting the multilayer
structure to achieve the efficient broadband manipulation of the
orthogonally polarized terahertz wave, we experimentally illustrate
that the proposed design scheme has superior performance in generat-
ing terahertz vortex beam. The experiments demonstrated that all of
the vortex beams with topological charge from —5 to 45 maintain rel-
atively high efficiency in the broadband range from 0.5 to 1THz,
where the maximum efficiency can reach about 65% at 0.5THz. In
addition, the performance of generating vortex beams is robust due to
the high tolerance of alignment accuracy during fabrication. The find-
ings from this work would open an avenue toward the application of
vortex beams in terahertz communications. We envision that our
work may boost further endeavors into the design and fabrication of
different terahertz devices, making them very promising in developing
next-generation efficient and ultracompact terahertz functional
devices.

See the supplementary material for (1) simulation of amplitude
and phase of different dielectric layer thicknesses, (2) simulated surface
current distribution for unit cells, (3) microscopy images and layout
diagram of the sample, (4) simulation on high tolerance of alignment
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accuracy of samples, (5) photograph of the flexible metasurface sam-
ple, (6) experiment setup, (7) measured intensity distributions and
phase distribution of the illuminating beam, (8) calculated intensity
and phase distribution of the vortex beam at 1 THz, and (9) the mea-
sured generation efficiency of the designed terahertz vortex beam
plates.
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