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Abstract: Vortex beams, as beams carrying orbital angu-

lar momentum (OAM), exhibit unique donut-shaped inten-

sity distributions and helical wavefronts. They are widely

applied in fields such as optical communication, nanopar-

ticle manipulation, and quantum information. Traditional

vortex beam generation methods, such as those based on

Pancharatnam–Berry phase design, can effectively gener-

ate vortex beams, but the conversion efficiency and design

flexibility are limited by polarization states and incident

angles. In addition, the generated and propagated vortex

beams require separate metasurface for wavefront deflec-

tion and refocusing for practical applications. This work

proposes a novel metasurface design approach based on

resonant phase, where phase coverage of 2𝝅 is achieved by

varying the radius of the nanocylinders. In addition to the

efficient vortex beam generation in the visible regime, we

have tackled the challenge of simultaneous control of vor-

tex beam’s anomalous deflection and refocusing, through

different encoding sequences superimposed based on the

principle of Fourier convolution and metalens design. This

all-in-one multifunctional metasurface design offers new

technological pathways for secure optical communication

and quantum manipulation applications.
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1 Introduction

Optical vortices refer to a type of beam that carries a heli-

cal phase, formed by the spiral rotation of the wavefront

around the optical axis [1]–[3]. Compared to traditional

plane waves and spherical waves, vortex beams exhibit

unique characteristics such as a singular phase at the center

and a donut-shaped intensity profile. These distinct phys-

ical properties have driven their applications in various

fields, including optical communication [4]–[6], nanopar-

ticle manipulation [7]–[9], quantum information [10]–[12],

and so forth. In the visible and near-infrared (NIR) bands,

vortex beams are especially important due to their high

spatial coherence, unique phase structures, and the ability

to encode information in the orbital angular momentum

(OAM) degree of freedom. This opens up new avenues for

applications such as OAM holography [13]–[16] and polar-

ization detection [17]. In recent years, the trend toward

further miniaturization of optical systems has created an

urgent demand for ultra-small vortex phase plates. Tra-

ditional devices such as spiral phase plates, q-plates, and

diffractive optical elements are typically much larger than

theworkingwavelength [18]–[20]. However, a series of tech-

niques for generating optical vortices using metasurfaces

have recently been developed.

Metasurfaces are two-dimensional arrays composed of

subwavelength structures that can shape the wavefront

of light with extreme design flexibility. Pioneer studies,

such as those by Capasso et al. [21], demonstrated the abil-

ity to control light using metasurfaces, generating anoma-

lous diffraction patterns and creating vortex beams by

manipulating the phase distribution on the surface. Sub-

sequently, metasurfaces designed based on the Pancharat-

nam–Berry (PB) phase have been widely used for vortex

beam generation and vortex beam focusing [22]–[24]. How-

ever, this method has certain limitations. PB phase control

depends on the polarization state of the incident light and

will be generated only for circular cross-polarized waves.

Since circularly polarized beams have symmetry, circularly

polarized (CP) light is typically used as the incident light

to minimize interference [25]. The cross-polarized phase

shift depends on the scattering rotation and chirality of
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circularly polarized waves, which is independent of the

incident wavelength. Moreover, under circularly polarized

light incidence, the characteristics of PB phase elements are

almost insensitive to the incident angle. This significantly

limits themetasurface’s sensitivity to wavelength and poses

challenges in designing metasurfaces with different trans-

mission properties for varying incident angles [26], [27]. On

the other hand, the advantage of resonant phase, which

uses linearly polarized incident light, lies in the ability to

exploit the degree of freedom in polarization direction. By

designing anisotropic structures, one can separately control

the transmission and reflectionproperties in different direc-

tions, which is crucial in applications such as beam splitters

and polarization separators [28]–[30]. Recently, Xiao et al.

proposed a novel gradient phase metasurface design [22]

aimed at overcoming these limitations. By utilizing phase

gradients in the gaps betweenmeta-atoms, theywere able to

control the local wavefront at the nanoscale. Under the con-

dition of linearly polarized light incidence, this design can

generate high-purity optical vortices with different topolog-

ical charges in the visible spectrum.

While previous work has achieved high-purity vortex

beam generation, it becomes quite challenging to simul-

taneously deflect and focus vortex beams for practical

applications, as the generated vortex beam needs to be

deflected for different angles and refocused after propaga-

tion energy loss. For effective multifunctional metasurface

design, Cui has previously introduced the concept of dig-

ital coding metasurfaces [31], which simplified the design

and optimization process by encoding phase sequences

ontometa-atoms. Codingmetasurfaces canmanipulate elec-

tromagnetic waves simply and efficiently, thus by further

integrating metasurfaces through convolution operations

[32]–[35], multifunctional metasurfaces have been realized

and demonstrated in the low-frequency range [36], [37].

Similarly, by combining the coding and convolution theory,

metasurface can also be designed to achieve simultaneous

generation and propagation control of vortex beams in the

visible regime.

Here, we present a resonant phase encoding meta-

surface that utilizes a TiO2 nanocylinder arrangement to

achieve vortex light generation at a wavelength of 532 nm,

with the average transmission efficiency of approximately

91 %. By introducing the principle of Fourier convolution

from digital signal processing into coding metasurfaces, the

flexible control of vortex beam transmission direction can

be achieved through the Fourier convolution and summa-

tion of different sequences on the codingmetasurface. Addi-

tionally, by incorporating the principle of coding unit sum-

mation in the complex domain, the coding sequences of two

functions can be added to realize the superposition char-

acteristics of multifunctional vortex beams, enabling beam

splitting of the output vortex light as shown in Figure 1a.

Similarly, we combined the vortex beam sequence with

the metalens sequence to achieve focused vortex beams,

significantly enhancing the intensity at the designed focal

length. This all-in-one metasurface approach of generating,

deflecting and focusing of vortex beams with significant

design flexibility and efficiency holds promise for future

applications in high-capacity optical communication and

OAM holography.

2 Design principle

2.1 The meta-atom design for generating

vortex beams

Vortex light, also known as vortexwaves, is distinguished by

its unique helical phase structure. The phase distribution of

a vortex beam follows a spiral pattern along its propagation

direction, typically represented by an integer l known as

the topological charge. For example, a “+l vortex beam”

indicates that its phase contains a helical term e−il𝜃 , where

𝜃 is the azimuthal angle. When the beam rotates around

the propagation axis within one period, the phase changes

by l ∗ 2𝜋. Therefore, we arrange the designed coding units

within a circular pattern to repeat l times, covering the

transmission phase range from 0 to 2𝜋. Due to the gradient

phase delays imposed by the coding units, the transmitted

phase exhibits a helical distribution. Theoretically, a two-

dimensional helical phase distribution can be expressed as

follows:

∅
(
x, y

)
= l𝜃 = l ⋅ arctan

(
y

x

)
(1)

Where x and y represent the coordinates of the meta-atoms

along the x-axis and y-axis in the metasurface.

Inmost metasurface designs for generating andmanip-

ulating vortex light, the abrupt phase shifts are achieved

by using PB phase, which involves rotating the same meta-

atom at different angles. The PB phase coding metasur-

face designed by Jing et al. [22] enables flexible modu-

lation of vortex beams, but it requires circularly polar-

ized light as input. This dependence on circular polar-

ization limits the design freedom in terms of polariza-

tion direction and adds complexity to the experimental

setup which involves additional optical components and

alignment.

In our metasurface design, we use TiO2 nanocylinders

on a silica substrate as the basic coding unit and conducted

full-wave simulations using FDTD solutions. By optimizing
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Figure 1: Metasurface array and meta-atom design illustration. (a) Three-dimensional schematic of the multifunctional metasurface.

(b) Three-dimensional schematic of the meta-atom unit, Px = Py = 250 nm, h = 600 nm. (c) Relationship between the phase response and

transmittance of the 8 meta-atoms under 532 nm x-linearly polarized light incidence as a function of radius. (d) Electric field distribution

of the x-component at 532 nm excited inside the nanocylinder and the transmitted wavefront.

the parameters of the TiO2 nanocylinders and simply adjust-

ing their radius, we can achieve a complete 360◦ phase shift.

This resonant phase design does not require the incident

light to be circularly polarized, it can be flexibly manipu-

lated using linearly polarized light. More importantly, the

fabrication of nanocylinders with different radius can be

easier and more precise compared to rotated meta-atoms

with various shapes and angles. Here, we attribute such

effect to resonant phase shifts as only the radius change

modifies the intensity of each resonant mode, ultimately

achieving control over both the phase and amplitude. For

high aspect ratio nanocylinders, propagation phase shifts

also play a role as phase delay is accumulated when light

propagates within the waveguide. In our design, as the

height of the nanocylinder waveguide is not changed, we

do not discuss propagation phase shifts to simplify the

problem.

Due to the presence of multiple excited resonance

modes, the analysis becomes challenging. Therefore, we

have adopted a high-contrast dielectric waveguide model to

explain this phenomenon. According to the waveguide the-

ory of cylinders, the phase shift of the cylinders is related to

the effective refractive index neff , as shown in the following

formula.

𝜑 = 2𝜋

𝜆d

neff h (2)

The effective refractive index neff can be calculated

using the waveguide model. Different cylinder diameters

correspond to different effective refractive indices, result-

ing in varying phases.

To cover the whole range (0 ∼ 2𝜋) of the phase with

a working wavelength of 532 nm, the meta-atom is com-

posed of a TiO2 nanoscale cylinder located on glass (SiO2)

substrate, due to its high refractive index and negligible

loss in the whole visible light band. The unit cell is shown

in Figure 1b, where r represents the radius of the TiO2

nanocylinder, h represents the height of the TiO2 cylinder, Px
and Py represent the length and width of the SiO2 substrate

respectively.

To achieve better vortex beam performance, this paper

introduces a 3 bit encoding unit, which includes 8 progres-

sive transmission phases specifically designed for vortex

beam generation. By using a ring arrangement of 8 encod-

ing units, the x-polarized incident wave can be effectively
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converted into a vortex beam. So, we optimized the radius

parameters of the nanocylinders through scanning their

radius by using the FDTD solutions. When the radius varies

from 51 nm to 103 nm, it can cover a phase range from 0

to 2𝜋. From Figure 1c, the phase difference between adja-

cent encoding units can be maintained at around 45◦ near

the wavelength of 532 nm. The transmission coefficients of

the encoded units are all above 0.9, which meets the basic

requirements for efficient transmission encoding metasur-

face. In the case of three-bit encoding, the entire 360◦ trans-

mission phase is discretized into eight levels: 0◦, 45◦, 90◦,

135◦, 180◦, 225◦, 270◦, and 315◦. These levels correspond

to the binary representations “000”, “001”, “010”, “011”,

“100”, “101”, “110”, and “111”, and are simply represented

by numbers 0 to 7, corresponding to the radius of the TiO2

nanocylinders as illustrated in Figure 1c. Figure 1d shows

the simulated electric field distributions of the transmission

waves under excitation at 532 nm. When the nanocylinders

are arranged with subwavelength spacing, Fabry–Perot

oscillations create resonant standing wave patterns within

the cylinder layer. This resonance significantly alters the

effective optical path length, resulting in different phase

delays 𝜙 in the transmitted wavefront, depending on r, as

indicated by the varying positions of the dashed lines. Con-

sequently, in this configuration, the cylinder array achieves

pure phase control over the wave. By arranging cylinders

with gradually increasing r within a single unit cell, the

x-polarized incident wave can be effectively refracted, as

illustrated in Figure 1d.

2.2 The metasurface coding for vortex beam

deflection

The coding metasurface can manipulate the wavefront of

the incident plane wave, thereby generating specific scat-

tering angles. According to the generalized Snell’s law, the

angle of deviation of the refractedwave relative to the z-axis

can be expressed as follows:

𝜃 = sin−1
(
𝜆∕Γ

)
(3)

Where𝜆 andΓ represent thewavelength at theworking fre-
quency and the period of the coding sequence, respectively.

The Fourier convolution principle is based on the

frequency-shift property in Fourier transform theory. It

achieves a shift in the scattering pattern by performing a

convolution operation between the original coding pattern

and a gradient coding sequence. Thismethod allows for flex-

ible and continuous control over electromagneticwave scat-

tering, enabling the redirection of scattering patterns for

various applications, such as beam steering and focusing.

At the same time, by extending coding metasurfaces to the

complex-number domain, the design leverages the intrinsic

nature of electromagnetic waves. The addition theorem of

complex codes facilitates multifunctional control, enabling

simultaneous operations.

The designed metasurface can manipulate light in dif-

ferent ways at the target wavelength. By combining the

functionalities of two metasurfaces, one for beam split-

ting and one for vortex generation, two different degrees

of freedom in light manipulation can be integrated into a

single metasurface. Using convolution operations, we can

superimpose the coding patterns of the two metasurfaces.

Following the method proposed by Cui et al. [34], we derive

the shift theorem for metasurface superposition. It is well

known that the far-field scattering pattern of a metasurface

and the near-field distribution are related through Fourier

transforms, as expressed in the following equation:

f
(
x𝜆
)
⋅ g

(
x𝜆
) FFT

⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇒ f
(
sin 𝜃

)
∗ g

(
sin 𝜃

)
(4)

Where x𝜆 = x∕𝜆 represents the electrical length, and 𝜃

denotes the angle relative to the normal. Considering the

exponential relationship between the field distribution and

phase, the phase pattern of the designed metasurface can

be obtained just by adding up the phase of the individual

structures.

Upon combining the two coding metasurfaces, the

transmission phases of corresponding coding units at the

same location are superimposed. Furthermore, the inter-

play of phase superposition can be elucidated as follows:

𝜑1 + 𝜑2

FFT

⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇒ e j𝜑1
∗ e j𝜑2 = e j(𝜑1+𝜑2) (5)

2.3 The metalens design for focusing vortex

beams

We observed that vortex beams generated by the metasur-

face always exhibit a divergent nature, with their inten-

sity gradually decreasing in space. To better enable vortex

beams for applications in high-capacity optical communi-

cations, super-resolution imaging, and optical trapping, we

can focus the vortex beam at a designed focal point while

maintaining its vortex characteristics. Based on the focusing

principle of the optical lens, we usually reshape the inci-

dent plane wavefront into a spherical wavefront, the phase

mutations at different positions in the radial direction of the

metalens is required to satisfy the formula as:

∅(r) = 2k𝜋 +
2𝜋

(√
f 2 + r2 − f

)

𝜆
(6)
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Where, f represents the theoretical focal length, r is the

radial distance from the phase discontinuity point to the

center of themetalens, and k is an arbitrary integer. Accord-

ing to Equation (6), the required phase distribution on the

plane of the metalens can be precisely calculated for each

discrete unit of the metalens.

We observed that vortex beams generated by metasur-

faces always exhibit a divergent nature, with their inten-

sity gradually diminishing in space. To better enable vortex

beams for applications such as high-capacity optical com-

munications, super-resolution imaging, and optical trap-

ping, we can focus the vortex beam at a designated focal

point while maintaining its vortex characteristics.

3 Results and discussion

3.1 Vortex beams generation

A vortex beam is a special type of beam characterized by a

hollow intensity profile. Under the 532 nm x-polarized light

incident, the phase of the optical path of the transmitted

beam is altered due to the principle of resonance phase,

resulting in the generation of a vortex beam. Vortex beams

carry orbital angular momentum. Theoretical studies often

focus on the topological charge of vortex beams. When the

topological charge l = 1, a single rotation of the wavefront

achieves 360◦ phase coverage. For a topological charge l = 2,

a 720◦ phase coverage is achieved through a single rotation

of the wavefront plane.

Thus, the helical phase distribution is divided into 8

equal segments, each with a constant phase increment of

45◦. This is like a linear phase distribution, and we can

encode this helical phase using numbers from 0 to 7. Based

on this phase distribution, we designed a 24 × 24 3 bit cod-

ing metasurface, where linearly polarized incident light is

encoded and transmitted through themetasurface to gener-

ate vortex light. The required phase distribution is shown

in Figure 2a, and the far-field scattering characteristics of

the coding metasurface were numerically simulated by

the finite-difference time-domain (FDTD) method. Figure 2b

shows that the helical phase change precisely matches a 2𝜋

variationwithin one rotation. As shown in Figure 2c, the far-

field scattering main lobe clearly exhibits a helical pattern,

with the beam intensity at the center of rotation being min-

imal. The conversion efficiency represents the proportion

of the vortex beam intensity relative to the incident light.

Figure 2d shows the far-field intensity distribution of the

transmitted vortex light, with a transmittance and conver-

sion efficiency of 92.28 % and 75.16 %, respectively.

The amount of angular momentum carried by a vortex

beam is determined by its topological charge l. Vortex lights

with different topological charges exhibit interesting prop-

erties, allowing for the customization of their characteristics

through the control of the topological charge to suit various

applications. Here, we also designed a 24 × 24 coding meta-

surface for generating vortex light with a topological charge

of 2 bymodifying the encoding sequence to repeat the phase

twice within one cycle from 0 to 2𝜋, as shown in Figure 2e.

Similarly, using the FDTD method for simulation, Figure 2e

shows the phase distribution of the vortex beam, where

two 2𝜋 phase shifts are clearly completed. Figure 2f corre-

sponds to the far-field pattern of the vortex beam, which is

a ring-shaped beam with zero intensity at the center. The

Figure 2: 3 bit coding metasurface generating vortex beams with different topological charges. (a) Required phase distributions for generating vortex

beams with L = 1. (b) Phase distribution and (c) far-field intensity distribution of L = 1 vortex Light in numerical simulation, (d) along with the trans-

mittance and conversion efficiency. (e) Required bottom-phase distributions for generating vortex beams with L = 2. (f) Phase distribution and

(g) far-field intensity distribution of L = 2 vortex light in numerical simulation, (h) along with the transmittance and conversion efficiency.
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transmission efficiency and vortex light conversion effi-

ciency are 92.83 % and 76.89 %, respectively, as shown

in Figure 2h. The metasurface we designed achieves very

low transmission loss and a commendable energy con-

version efficiency from linearly polarized light to vortex

light.

We have made some comparisons between our

designed metasurface and previously reported designs (see

Supporting Information Table S1) [38]–[40]. Our design of

vortex beam generation in the visible spectrum exhibits

comparable or superior performance compared to those

designs in the long-wavelength range. Specifically, Ref [22]

that operates at the same 532 nm wavelength, employs

complex hollow nanocylinders optimized through deep

learning to achieve higher purity vortex beams but suffered

from low transmittance due to high-aspect-ratio structures.

Our designmaintains good purity and conversion efficiency

based on much simpler geometry, and more importantly,

achieves multifunctional integration for simultaneous

beam deflection and focusing via the convolution

theorem.

In addition, we have investigated the applicability of

this design to a broader spectral range as shown in Support-

ing Information Table S2. The results only indicate slight

performance decrease at wavelengths of 500 nm, 560 nm

and 580 nm. At the same time, manufacturing deviations

can impact device performance, thus we have analyzed

the effect of fabrication errors, and the results show that

the metasurface performance remains robust to such vari-

ations (see Supporting Information Table S3).

3.2 Vortex beams deflection

We carry out Fourier convolution operation between a cod-

ing metasurface and a gradient sequence. According to the

angular addition calculation rule, the two coding sequences

were combined to produce a metasurface coding sequence

capable of deflecting vortex beams. Design and simulation

of these two gradient metasurface are summarized in Sup-

porting Information Figure S4.

As an example of single-beam deflection, after com-

bining two encoded metasurfaces, the transmitted phases

of the corresponding encoding units at the same position

are superimposed. For instance, when unit “100” (𝜋) is

combined with unit “101” (5𝜋∕4), it yields unit “001” (𝜋 +
5𝜋∕4 = 9𝜋∕4, and 9𝜋∕4− 2𝜋 = 𝜋∕4) using the convolution
principle. We designed a 16 × 16 encoded metasurface for

vortex beam generation, and its far-field simulation pattern

is shown in Figure 3a. When the vortex beam metasurface

is combinedwith the gradientmetasurface, deflection of the

vortex beam can be achieved, and the far-field simulation

result is shown in Figure 3b. Using the convolution princi-

ple and adopting a new encoding sequence, we achieved

single-vortex beam deflection at a working wavelength of

532 nm. The deflection angle of the vortex beam was 15.8◦,

and as can be intuitively seen from Figure 3c, the intensity

curve exhibits two main lobes, with the minimum intensity

at the center, reflecting the unique intensity distribution

characteristics of vortex beams. Similarly, for double-beam

deflection, by combining the gradient encoding sequence

with the vortex encoding sequence, a new encoded

Figure 3: Deflection Characteristics of vortex beams with L = 1 and L = 2. (a) Far-field intensity distribution of the generated vertical vortex beam

with L = 1. (b) Far-field intensity distribution of the vortex beam after deflection by superimposing with the “01234567” gradient sequence using

the convolution method. (c) Normalized far-field intensity distribution along the horizontal direction (y-axis) passing through the center of the vortex

beam. (d) Far-field intensity distribution of the deflected double vortex beams obtained by superimposing with the “73377337” gradient sequence.

(e) Normalized intensity curve along the horizontal direction passing through the centers of the two vortex beams. Each double vortex beam consists

of two main lobes, and the position of the minimum intensity point in the middle represents the deflection angle. (f) Far-field intensity distribution of

the generated vertical vortex beam with L = 2. (g–j) Summarized far-field intensity and normalized far-field intensity distribution along the horizontal

direction of the L = 2 vortex beam after superimposing with two gradient sequences, along with the corresponding deflection angles.
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metasurface is obtained. This metasurface effectively splits

the x-polarized incident wave into a pair of symmetric vor-

tex beams for transmission, with a deflection angle of 33.0◦,

as shown in Figure 3d. Figure 3f then shows the intensity

curve of the deflected vortex beam, highlighting the sym-

metric characteristics of the double vortex beams. Each

double vortex beam consists of two main lobes, with the

minimum intensity point located between these two main

lobes.

For the vortex beam with topological charge l = 2, we

also use a 16 × 16 coded metasurface for superposition,

and the far-field pattern of the generated vortex light is

shown in Figure 3f. According to the convolution principle,

by superimposing the vortex metasurface sequence with

two gradient sequences, the newmetasurface generated can

also produce a vortex beam with l = 2, and achieve both

single-beam deflection and the generation and deflection of

a pair of symmetric vortex beams, as shown in Figure 3g–i.

The deflection angles are 16.7◦ and 31.2◦, respectively, and

the slight discrepancy between the deflection angles and the

theoretical values can be optimized by improving the encod-

ing of the second-order vortex beams. Figure 3h–j show the

transmitted far-field intensity distribution characteristics,

where the intensity zero points are clearly observed at the

center of the beams.

3.3 Vortex beams focusing

Wehave further designed a compactmetasurface lens array

based on 3 bit encoding with a 32× 32 device size and a total

length of 8 μm to verify the focusing characteristics of vor-

tex beams. Oncewe calculated the phase difference for each

unit relative to the center of the focusing metasurface, we

used the eight coding units to provide a finer approximation

of the required phase at each specific location. For example,

when the calculated phase difference is Δ𝜑
(
x, y

)
= 88⚬,

this phase difference is closest to the encoding unit “010”

(90◦). Therefore, at that specific location, we fill it with the

coding unit “010”.

Based on the phase distribution calculated using

Equation (6), we matched the target phase with the 3 bit

encoded phase using commercial mathematical software

(MATLAB, R2021b). At a working wavelength of 532 nm,

we designed focal lengths of f = 8 μm, f = 10 μm, and
f = 12 μm, and designed a 3 bit encoded 32 × 32 small

metasurface array with a total size of 8 μm to be com-

bined with the vortex beam metasurface (see Support-

ing Information Figure S5).

According to the convolution principle, we superim-

posed the vortex phase with the focusing phase, obtaining

the coding unit distribution pattern of the vortex focusing

metasurface. The same coding units exhibit a spiral distri-

bution pattern radiating outward from the center. We per-

formed numerical simulations on the designed 32 × 32 vor-

tex focusing metasurfaces for three different focal lengths.

As shown in Figure 4a–c, under the 532 nm x-polarized

light incidence, the focal lengths of the transmitted focused

vortices in the x-z plane are 8.4 μm, 10.2 μm, and 12.2 μm,
respectively, which are nearly identical to the designed

metasurface focal lengths. In the x − y plane, a “donut”-

shaped vortex amplitude and spiral phase are observed, as

shown in Figure 4d–f. The hollow circular amplitude and

spiral phase curves of the vortex verify that the designed

metasurface exhibits good focusing vortex functionality in

the transmitted mode.

Figure 4g–i show the intensity comparison of the vor-

tex light before and after focusing at the designed focal

lengths,with the same 32 × 32 array size. Due to the inherent

properties of the vortex wave, the light intensity at the

precise center of the focus remains almost stable at zero.

Additionally, it can be observed that after adding the focus-

ing function, the intensity of the generated vortex light at

the same far-field distance increases significantly. At focal

lengths of 8 μm, 10 μm, and 12 μm, the electric field intensity
(|E|2) reaches 42.3, 33.5, and 25.8, respectively, whereas the
intensity of the unfocused vortex light at the corresponding

z = 8 μm, z = 10 μm, and z = 12 μm planes is only 2.1, 1.7,

and 1.6, respectively. This method enhances the energy of

the vortex beam near the focus by about 20 times, 19 times,

and 16 times. Of course, by enlarging the coding array size,

we can theoretically achieve vortex light focusing metasur-

faces for larger focal lengths.

Optical vortices have been extensively studied and

applied in optical communications. By carrying orbital

angular momentum (OAM), optical vortices significantly

enhance the communication capacity of optical systems and

can be utilized for information modulation and demodu-

lation [41]. Our design, through precise control over vor-

tex beam generation and focusing, directly enhances the

scalability and efficiency of OAM-multiplexed communi-

cation systems. Furthermore, it supports more complex

encoding schemes, thereby improving the performance

of secure communication channels [42]. Optical tweezers

rely on momentum transfer between light and objects for

manipulation. Liu et al. proposed an nth-order alternating

optical vortex array with positive and negative topological

charges, demonstrating potential applications in particle

trapping, advanced optical array experiments, and interac-

tions with optical lattices involving atoms, molecules, ions,

or nanoparticles [43]. Our metasurface design enables the

generation and control of vortex beams, thereby achieving
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Figure 4: Electric field intensity and phase distribution of the focused vortex metasurface with topological charge L = 1. (a–c) y plane electric fields

distributions for designed focal lengths of 8 μm, 10 μm, and 12 μm. (d–f) Ring-shaped intensity distribution and spiral phase distribution at the focal
plane. (g) Intensity distribution of the vortex focusing metasurface and unfocused vortex light at z = 8 μm, (h) z = 10 μm, and (i) z = 12 μm.
The illustration illustrates the intensity distribution of unfocused vortex light.

simultaneous manipulation of multiple particles. This capa-

bility facilitates multi-target trapping and rotation, which

are crucial for nanoscale assembly or precise quantum

manipulation.

4 Conclusions

This study, based on the principle of resonant phase,

designed high-efficiency transmission units using titanium

dioxide nanocylinders on a quartz substrate to construct

coding units, and designed a 3 bit coding metasurface with

8 coding units that maintains a consistent broadband phase

difference. At the targetwavelength of 532 nm, the reflection

phase difference between adjacent units remains approx-

imately 45◦. Using the above 3 bit coding units, a vortex

beam is generated by arranging the 8 units in a spiral pat-

tern into a coding metasurface. At the target wavelength,

it can modulate the transmitted light into a vortex wave,

with its topological charge varying according to the cod-

ing sequence. By combining the principle of Fourier con-

volution, the vortex beam-coded metasurface sequence is

convolvedwith a gradient phase sequence to obtain a vortex

beam with a certain deflection angle. Finally, by combining

vortex beams with metasurface lenses, the focused vortex

beams achieved an intensity enhancement of 16–20 times

at different designed focal lengths. This result validates the

vortex beam focusing capability of themetasurfaces, paving

the way for new methods of manipulating small particles

using vortex waves.
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