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Xiujuan Liu'?, Manna Gu3*, Ying Tian!, Mingfeng Zheng*, Bo Fang®,
Zhi Hong?3, Chee Leong Tan® and Xufeng Jing?3*

This article reviews the latest advances in the generation and control of perfect vector beams using metasurfaces. In re-
cent years, metasurfaces have garnered increasing interest due to their simple fabrication and easy integration. Perfect
vortex beams (PVBs), as a type of vector beams, exhibit complex polarization states that require the superposition of
multiple phases for their generation. The use of metasurfaces provides a compact platform for the generation of perfect
vortex beams and enables more complex vortex beam control tasks, which are quite challenging for traditional optics.
This paper begins by introducing the principle of perfect vortex beam generation using metasurfaces, followed by a dis-
cussion on the generation of complex perfect vortex beams, including multi-channel and grafted perfect vortex beams.
Subsequently, it explores the applications of perfect vortex beams in particle trapping and optical communication. Finally,
the paper summarizes the key findings, highlights the limitations of metasurfaces in perfect vortex beam applications,
and provides insights into potential future research directions and applications.
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Introduction

Vortices are common physical phenomena in nature,
such as those found in typhoons and ocean currents.
Similarly, the concept of vortices also exists in the field of
optics. Optical vortex (OV) beams are characterized by
their helical wavefronts and carry a spatial phase factor
of exp(ilp), where [ is an integer representing the topo-
logical charge, and ¢ is the azimuthal angle'?. Conse-
quently, optical vortex beams carry orbital angular mo-
mentum (OAM) and have a ring-shaped transverse in-
tensity distribution. Although vortex beams have been
widely applied in various optical applications, such as

quantum information processing>, optical trapping®’,
and particle manipulation®’, the orbital angular momen-
tum and the ring-shaped intensity characteristic of tradi-
tional vortex beams are influenced by their topological
charge (TC), which limits applications that require the
spatial superposition of vortex beams with different
topological charges!'’.

In this paper, the concept of the perfect vortex beam
(PVB) has been introduced, which features a constant
ring-shaped intensity distribution and a spot diameter
independent of the topological charge!!. To date, various

strategies for generating PVBs have been demonstrated,
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such as using an axicon'?, a spatial light modulator
(SLM)", interferometers'’, or digital micromirror de-
vices (DMDs)">. However, all these traditional methods
for generating PVBs require a series of bulky and space-
consuming optical components that also need to be ac-
curately aligned, and the physical free-space distances
between them cannot be arbitrarily changed, which hin-
ders the miniaturization and versatility of the devices.
Moreover, any misalignment or incompatibility between
the various optical elements can lead to unwanted aber-
rations, which degrade the quality of the generated PVB.
Metasurfaces, also known as two-dimensional meta-
materials, are ultra-thin artificial engineered materials
made of sub-wavelength building blocks'*?!. Compared
to traditional three-dimensional structures, metasur-
faces have the advantages of being more compact, easier
to fabricate, and offering more precise control. Due to
their ability to manipulate electromagnetic waves
(EMWs) for various practical applications, they have at-
tracted extensive research?' 8. Metasurfaces can tailor
the wavefront of electromagnetic waves by introducing
abrupt phase changes through ultra-thin sub-wave-
length resonators. Metasurfaces were first proposed by
Yu and Capasso?, and subsequent researchers have pro-
posed a multitude of innovative metasurfaces in the mi-
crowave”, terahertz’, near-infrared’, and visible light
ranges®’. These metasurfaces can be used to achieve
many applications, such as focusing with sub-wave-
length planar lenses®, optical stealth*°, generating non-
diffracting beams®, manipulating phase distributions

with orbital angular momentum?’, photonic spin Hall ef-

fects®, and performing optical computing with encoded
metasurfaces®’, which have propelled the rapid devel-
opment of optical technology.

Metasurfaces can precisely control the target continu-
ous phase through subwavelength-scale discrete units,
based on the following principles: First, when the unit
period (p) is less than half of the working wavelength, the
Nyquist sampling theorem can be satisfied to avoid the
loss of phase information caused by higher-order diffrac-
tion. Second, each subwavelength unit can independent-
ly control the amplitude or phase of the incident light
through geometric phase design, achieving continuous
phase coverage in the range of 0—2m. Finally, by optimiz-
ing the unit arrangement (such as gradient metasurface
design) or using algorithmic compensation (such as in-
verse Fourier transform), the discrete phase distribution
can approximate the continuous target phase with high
precision (error < 5%), thereby reproducing complex
wavefronts such as perfect vortex beams on a macro-
scopic scale*!~*.

As shown in Fig. 1, the purpose of writing this review
is to introduce the application of metasurfaces in the
generation of perfect vortex beams, in order to promote
the development of vector beams control by metasur-
faces and the application of perfect vortex beams. In the
numerous discussions on the manipulation of vector
beams by metasurfaces, there are few reviews that focus
on perfect vortex beams. For discussions on other types
of vector light, readers are referred to some previous re-
views*~*, In this review, first, we briefly discuss the prin-

ciple of generating perfect vortex beams using the

Combined phase control for the
generation of perfect vortex beams

=1 =3 =5 [=8

Elliptical perfect vortex beam

Perfect vortex rotation generation
on metasurfaces

Grafted perfect vortex beams

Concentric ring perfect vector beams

Fractional order perfect vortex beam

Metasurfaces

Double ring perfect vortex beams

@

Four ring perfect vortex beams

Fig. 1 | Metasurface generation of perfect vortex beams*9-%.
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Pancharatnam-Berry (PB) phase of metasurfaces. Next,
we discuss the research progress of metasurfaces in more
complex perfect vortex beams control, such as multi-
channel generation of perfect vortex beams and the
grafting of perfect vortex beams, which are novel re-
search directions. Then, we provide a brief overview of
the applications of perfect vortex beams. Finally, the re-
view summarizes the potential challenges and future re-
search directions of applying metasurfaces to perfect vor-

tex beams.

Generation of perfect vortex beams
based on the PB phase

Theoretically, the radial intensity distribution of a PVB is
independent of the topological charge and can be gener-
ated by Fourier transforming a Bessel beam*:

E(r,2) = Ji(kop)exp(imf + ik.z) , ey
here, J; represents the first kind of I-th order Bessel func-
tion, k = vk’ + k> = 21/A is the wave vector, A is the
incident wavelength, r=(p, 0) are the polar coordinates
within the beam cross-section, and (k;, k) are the radi-
al and longitudinal wave vectors, respectively.

However, in practical applications, the Bessel-Gauss
(BG) beam is often used as an alternative to the ideal
Bessel beam due to the infinite energy of the ideal Bessel
beam. The complete conversion of a Gaussian beam to a
PVB involves three key stages of mathematical transfor-
mations® >

1) The spiral phase plate is utilized to transform a
Gaussian beam into a Laguerre-Gauss (LG) beam.

Phase modulation function of the spiral phase plate:

Pepp(0) =16 . (2)
Input Gaussian beam:
rZ
Ei.(r) = Egexp (_w§> , (3)

where Ej is the amplitude and wy is the waist radius.
Output LG beam after modulation:

11
2 272 )
Ei(r,2) x (M) L (2) e/ (a)
Wo w2

where L}‘,” is the associated Laguerre polynomial, and
Wy is the girdle radius.

2) The axicon is used to transform a LG beam into a
BG beam.

Transmission function of the axicon (with cone angle «):

faicon(7) = exp(—ik,r), k, = k(n — 1)a. (5)

Generation of an approximate Bessel beam:

EBessel(r) X Il(k,r)eirz/w‘z). (6)
3) The Fourier lens is used to transform a BG beam in-

to a Partially Vector Bessel-Gauss beam.
The Fourier transform action of the lens:

f{EBessel} X 5(p - Po)eil‘b, )

I(p. $) o circ(p/p,)3(p — 16) . ®)

where the ring radius po=fk./k, and fis the focal length of
the lens.

Figure 2(a) illustrates a set of traditional refractive de-
vices used for generating PV beams®. The vortex plate,
which increases in thickness along the azimuthal direc-
tion, can induce a phase variation of the beam from 0 to
2m times, converting a regular Gaussian beam (Fig. 2(a-
i)) into a high-order LG beam (Fig. 2(a-ii)). Subsequent-
ly, an axicon with a conical surface is applied to obtain
the corresponding BG mode (Fig. 2(a-iii)). Finally, a
plano-convex lens is used to perform the Fourier trans-
formation and generate the PV beam, as shown in Fig.
2(a-iv). Therefore, to generate PV beams, the metasur-
face must possess the combined phase profiles of a spiral
phase plate, an axicon, and a Fourier transformation
lens.

In 2017, Liu et al.°! demonstrated a method for gener-
ating perfect vortex beams using the PB phase. By de-
signing planar PB phase units, they replaced all the re-
quired phase devices, which is a simpler approach com-
pared to traditional methods for generating perfect vor-
tex beams. Furthermore, as compared to using an axicon
to produce a BG beam, designing a planar device to in-
troduce a phase derived from the Bessel function® is a
more straightforward solution. Therefore, the phase dis-
tributions corresponding to the vortex plate @y, Bessel
transformer ®g, and lens @, can be defined as:

®y(x,y) = m - arctan (%) , 9)

®B(x7y) = arg[EB(ra Z)] ) (10)

O(xy) = TWVEFATF-S, A

here, (x, y) are the Cartesian coordinates within the
beam's cross-section, m is the topological charge of the
desired mode, and Eg(r, z) is the function of the Bessel
beam given in Eq. (1). When /=0, f is the focal length of
the lens. An example of the phase distribution (m=1) is
shown in the inset of Fig. 2(b).

250007-3


https://doi.org/10.29026/oes.2025.250007

Liu XJ et al. Opto-Electron Sci 4, 250007 (2025) https://doi.org/10.29026/0es.2025.250007

" Bessel converter

t . l " Axicon
\’ 1 : “~) Lens

i
u
iii

Lens

Laguerre

Gaussian

Bessel .
Gaussian v

Perfect vortex

L
e |
Top view :

v HI T S
| ¥ AL \ \.\3

. o 50 0o 0 e

Unit-cell Side view | 50 100 150 200 250 300 450 500 550 600 650
L (nm) Wavelength (nm)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Laser | ( g‘ ‘ (: C |

AOTF  LP QwpP Objective ‘ ‘ :

Metasurface QWP Lp ccob I

Fig. 2 | (a) A traditional optical system for generating vortex beams based on bulky refractive devices. The combination of a vortex plate and a

Bessel light converter transforms a general Gaussian beam into a Bessel-Gaussian light mode. Subsequently, a lens performs a Fourier transfor-

mation on the BG beam, yielding a perfect vortex beam. The illustration shows the intensity patterns at each step of this system. (b) A PB phase

element system for generating PV beams. The planar vortex plate and Bessel converter work together to produce a higher-order BG mode. This

mode is then transformed into the corresponding perfect vortex beam by a Fourier transformation lens. The insets show the phase distribution at

each step. (c) Left: A schematic diagram of the rectangular nano-pillar unit structure. Right: A top view and side view of the unit structure. (d) The

calculated polarization conversion efficiency as a function of the nano-pillar length and width at a wavelength of 530 nm. The black dots repre-

sent the selected structural parameters of the nano-pillar. (e) The calculated phase @, ®, for x and y polarized light and their difference A®. (f)

An optical microscope image of the metasurface fabricated using nano-pillars as unit structures. Scale bar: 10 um. The inset at the lower left

shows the scanning electron microscope (SEM) image of the metasurface. Scale bar: 500 nm. (g) The principle of superimposing phase con-

tours for the designed metasurface, which includes the three phase contours of the vortex phase plate, axicon, and Fourier transform lens. (h)

The optical setup for the generation and analysis of PV beams based on metasurfaces. Figure reproduced with permission from: (a, b) ref.%',
(c—h) ref.55, under a Creative Commons Attribution 4.0 International License.

Due to the local adjustability of the response of the PB py(x,y) = % - arctan ()ZC) ) (12)
phase elements by adjusting the orientation of the units, )
they have been extensively studied in recent years. PB pu(x,y) = Earg[EB(r ,2)] (13)
phase units are obtained by rotating anisotropic unit .
structures. Under circularly polarized incidence, a geo- ou(x,y) = X[\/ +r)+f-f. (14)
metric phase can be acquired, and @=+2¢™, where the sign Figure 2(b) illustrates the schematic of using these PB
depends on the helicity of the circular polarization, and ¢ phase elements to generate PV beams. The short lines on
refers to unit rotation angle. The phases for the vortex each circular substrate indicate the direction of unit rota-
plate, Bessel transformer, and lens can be derived as*: tion angle. Compared to traditional methods, the PB
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phase devices reduce the thickness of multiple modules
to the thickness of a single metasurface, significantly re-
ducing the total thickness of the device.

Due to the phase superposition capability of metasur-
faces, it is possible to utilize the PB phase principle to
stack the total phase profiles of a spiral phase plate, an
axicon, and a Fourier transform lens within a single
metasurface. The use of PB phase elements simplifies the
experimental device and significantly reduces the vol-
ume of the optical system. Recently, Zhou et al.** utilized
the proposed metasurface to achieve the generation of
perfect vortex beams. Compared with traditional optical
devices, the metasurface PVB generator can greatly sim-
plify optical equipment. Figure 2(c) shows the basic unit
that makes up the metasurface, which is rectangular
TiO; nano-pillars with a height of H=600 nm, arranged
spatially on a fused silica substrate with a lattice constant
P=350 nm. This metasurface has a broadband response
to visible light. The choice of material, TiO,, is based on
its high refractive index and low loss at visible light fre-
quencies. For incident circularly polarized light, the PB
phase is obtained by rotating the anisotropic rectangular
nano-pillars acting as half-wave plates to produce a local
phase shift, which is derived by the following formula®:

(PPB(x’y) =20(x,y) . (15)

In which, 6 is the in-plane orientation angle of the
nano-pillar relative to the fast axis. For the generation of
PVBs, the required PB phase ¢,,(x,y) must be equal to
¢p (x, ), hence the rotation angle 6(x, y) of each nano-

pillar in space can be simply determined as:

0(x.y) = ppy(x.7)/2 . (16)
The polarization conversion efficiency is defined as:
2
PCE _ | tcross | _ Tcross (17)

ltol” + ltwoss|”  Teo + Teross

In which®,

1 . N2

|tcmss|2 — 1 <\/ |tx|2e“/’x _ 1/|ty|2e‘“’y> , (18)
1/ 5. 2\

|tco‘2 = 4( |tx|zel¢x —+ |ty|zel¢7) s (19)

in which txv £v ¢xn ¢, are the transmission coeffi-
cients and phase shifts for linearly polarized light along
the x-axis and y-axis, respectively.

To achieve a higher polarization conversion efficiency
(PCE), nano-pillars with W=100 nm and L=250 nm (in-
dicated by the black dot in Fig. 2(d)) were selected. For

these nano-pillar dimensions, it can be observed from
Fig. 2(d) that the average PCE is also relatively high
across the entire visible light spectrum. Moreover, the
nano-pillars can induce a phase delay close to m between
the x-polarized and y-polarized components (as shown
in Fig. 2(e)), which is a prerequisite for having good half-
wave plate functionality over a broad wavelength range.
These two characteristics ensure the metasurface's effec-
tive broadband response to visible light. Figure 2(f) dis-
plays the optical microscope image of the fabricated
metasurface PVB generator, with the inset showing the
SEM image of the nano-pillars that make up the meta-
surface. The total size of the metasurface is 90 pm x 90
pm, and the focal length of the lens designed for the 530
nm wavelength is =150 um. The principle of phase su-
perposition can be clearly demonstrated in Fig. 2(g). Fig-
ure 2(h) shows a schematic diagram of the experimental
setup for the metasurface PVB generator. A supercontin-
uum laser connected to an acousto-optic tunable filter
(AOTF) was used to produce a collimated linearly polar-
ized laser beam. Subsequently, a combination of a linear
polarizer and an achromatic quarter-wave plate (QWP)
was used to convert the incident light into a circularly
polarized beam. A microscope objective with 20x magni-
fication was used to collect the transmitted light contain-
ing cross-polarized and co-polarized components
through the metasurface. Then, another pair of QWP
and a linear polarizer are used to block any undesired ze-
ro-order co-polarized background that directly trans-
mits through the metasurface. Finally, a charge-coupled
device (CCD) camera was used to capture the entire light
field distribution.

The experiment was conducted with visible light of
different wavelengths®. As shown in Fig. 3(a), the experi-
mentally measured intensity distributions of vortex
beams generated by metasurfaces with topological
charges ranging from /=1 to /=4 at free-space wave-
lengths of 450 nm, 530 nm, and 630 nm are presented.
The most fundamental characteristic of perfect vortex
beams is that the radius R of the intensity maximum ring
is independent of the topological charge number [, and is
determined solely by the wave vector k and the beam pa-
rameters. In contrast, for conventional vortex beams
(such as LG beams), the ring radius increases with in-
creasing [ experimentally, the stability of the ring radius
(with a variation rate of less than 5%) needs to be veri-
fied by measuring the intensity distribution for different
values of I At the same longitudinal propagation
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distance, the aperture sizes for different topological
charges are essentially the same. By examining the spiral
branches on the aperture interference patterns, one can
clearly distinguish the light with different topological
charges. Figure 3(b) shows the normalized intensity dis-

tribution cross-section extracted along the y-direction at

a wavelength of 530 nm, whose consistent cross-section-
al intensity distribution has confirmed that the size of the
generated vortex beams is insensitive to the topological
charge. Moreover, the measured aperture radius was
quite close to the theoretically calculated value of 24 um.

In addition to the standard perfect vortex beams, the
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Fig. 3 | (a) The annular intensity distribution of the generated PVB (¢=1) measured on the x-y plane with topological charges of /=1, 2, 3, and 4
(from top to bottom), wavelengths of 450 nm (blue), 530 nm (green), and 630 nm (red). The propagation distances are z=180 pym (blue), 150 ym
(green), and 128 um (red), respectively. (b) The normalized cross-sectional intensity distribution of PVBs with topological charges of 1, 2, 3, and
4 along the vertical direction at a wavelength of 530 nm. (c) Represents the measured ring-shaped intensity distributions on the x-y plane for the
elliptical perfect vortex beams (EPVB) (¢ = 0.8 and ¢ = 1.2) with topological charges of 1 and 2 (from top to bottom) at incident wavelengths of
450 nm, 530 nm, and 630 nm. The propagation distances are z=180 ym (blue), 150 pm (green), and 128 pm (red). Solid lines indicate the hori-
zontal direction, while dashed lines indicate the vertical direction. Scale bar: 10 pm. (d) Schematic diagram of the designed metasurface and unit.
(e) Simulated relationship between PCE and the nano-pillar geometric parameters Dy and Dy, when illuminated with 780 nm near-infrared. The
red dot represents the selected size of the unit cell. (, h, j) The phase arrangement of the metasurface designed to generate elliptical light inten-
sities with topological charges of 0.5, 1.5, and 1.5, respectively. (g, i, k) Simulated results of elliptical perfect vortex beams with different fraction-
al topological charges produced by the metasurfaces corresponding to (f, h, j). Figure reproduced with permission from: (a—c) ref.5%, under a Cre-
ative Commons Attribution 4.0 International License; (d—k) ref., AIP Publishing.
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asymmetry and multi-mode of vortex beams are of sig-
nificant importance in many advanced fields, including
the formation of optical traps®, optical microfluidic sort-
ing”’, manipulation and acceleration of micro-
particles®®, etc. The gradient force of the vortex beam
can drive the movement of particles. For asymmetric
vortex beams, such as EPVBs®,, the direction of the gra-
dient force is closely related to the eccentricity of the el-
lipse®®!, Elliptical perfect vortex beams can also be gen-
erated by changing the metasurface parameters. Equa-
tion (9) and Eq. (12) can be rewritten as Eq. (20) and Eq.

(21)%, respectively:

—m- &
¢, (x,y) = m - arctan ( . ) , (20)
¢y (x,y) = % : arctan(%) , (21)

in which ¢ represents the ellipticity. When ¢ is equal to 1,
the generated vortex beams are a standard circular ring.
When ¢ is not equal to 1, elliptical vortex beams can be
produced. Figure 3(c) displays images of elliptical per-
fect vortices with € = 0.8 and € = 1.2. When ¢ is less than
1, the horizontal radius of the ellipse is greater than the
vertical radius, and when ¢ is greater than 1, the horizon-
tal radius is less than the vertical radius. This indicates
that metasurfaces can not only generate vortex beams
with "perfect” characteristics, but also independently
control their shape and size, which further enriches the
design flexibility of vortex beams produced using
metasurfaces.

Additionally, the generation of fractional-order per-
fect vortex beams is a current hot topic in research. Their
unique characteristic of having a fractional topological
charge rather than an integer topological charge results
in distinctive low-intensity gaps in their intensity distri-
butions®**!, which has attracted increasing attention
from researchers. In the field of optical manipulation,
their unique properties can be used for novel applica-
tions such as cell sorting and precise control of cell ori-
entation®, and they can also expand the communica-
tion capacity in optical communication systems®. In
2022, Chen et al.* generated fractional-order perfect vor-
tex beams using a dielectric metasurface in the 730-880
nm wavelength range, marking a new breakthrough in
the study of vector beams manipulation with metasur-
faces. Researchers designed and simulated the perfor-
mance of an all-dielectric silicon metasurface and its
building blocks. A high-performance metasurface based
on geometric phase can be obtained by using the half

https://doi.org/10.29026/0es.2025.250007

wave plate nanopillar shown in Fig. 3(d), which exhibit-
ed broadband and high PCE characteristics in the near-
infrared range. PVB with different fractional topological
charges can be generated by designing different metasur-
faces. Figure 3(e) shows the simulated relationship be-
tween PCE and the geometric parameters Dy and D, of
the nano-pillar at 780 nm near-infrared incidence, using
a finite-difference time-domain method based on peri-
odic boundary conditions. According to the simulation
results, Dy and D, could be set to 186 nm and 122 nm,
respectively, to achieve the highest PCE (indicated by the
red dot in Fig. 3(e)). Figure 3(f) and 3(h) illustrate the
fractional vortex beams with topological charges of [ =
0.5 and I = 1.5, respectively, with an ellipticity of ¢ = 1.1.
The resulting ring patterns are shown in Fig. 3(g) and
3(i), where it can be seen that the rings form low-intensi-
ty gaps at the phase discontinuities. Therefore, by rear-
ranging the phase distribution, more phase discontinu-
ities could be produced, resulting in more low-intensity
gaps on the light intensity ring. Figure 3(j) shows the
fractional-order perfect vortex beams with a topological
charge of | = 1.5 formed using a 0-m phase range, creat-
ing three phase discontinuities and ultimately forming
three low-intensity gaps on the light intensity ring, with
the generation results shown in Fig. 3(k). The applica-
tion of metasurfaces in fractional order vortex beams has
provided more flexibility in their manipulation, offering
more directions for the generation of vortex beams.

Combined phase control for the
generation of perfect vortex beams

Currently, the methods for generating ideal vortex beams
can mainly be divided into two categories: one is the PB
phase method mentioned earlier®®. The other is the dy-
namic phase method, which is typically produced
through a lens-spatial light modulator (SLM) combina-
tion or a combination of a spiral phase plate, an axicon,
and a lens”*72. Pure dynamic phase devices or PB phase
devices can effectively generate ideal vortex beams, but
there are certain limitations in generating ideal vector
beams. Generating ideal vector beams based on pure dy-
namic phase devices requires the modification of inter-
ferometers, which will greatly increase the complexity of
the system and bring inconvenience to the construction
of the optical system. Pure PB phase device is difficult to
generate ideal vector beams, as the PB phase is related to
spin, and the wavefronts of the two circular polarization
components are conjugate, making it challenging to
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produce ideal vector beams with pure PB phase devices.
Therefore, some researchers have combined the two
methods” to effectively avoid these shortcomings.

In 2019, Ke et al.”* successfully generated perfect vor-
tex beams using a combined modulation method. They
achieved the generation of perfect vortex beams by com-
bining PB phase modulation with dynamic phase modu-
lation. Specifically, when left-handed or right-handed
circularly polarized Gaussian light was incident on a
metasurface based on PB phase, the PB phase modula-
tion not only maintained the handedness of the circular-
ly polarized light but also transformed the beam into a
higher-order Bessel-Gaussian beam. Subsequently, a lens

was used to form the perfect vortex beams at the focal

point. The researchers illustrated the principle of this
process with diagrams. Figure 4(a) and 4(b) clearly show
the schematic diagrams of generating perfect vortex
beams using combined modulation. Figure 4(c) and 4(d)
present the phase carried by the PB phase element and
the dynamic phase modulation element, as well as the
combined phase image, with Fig. 4(c) corresponding to
the incidence of left-handed circularly polarized light
and Fig. 4(d) corresponding to the incidence of right-
handed circularly polarized light.

In terms of experimental design, as shown in Fig. 4(e),
a laser was used as the light source. After passing

through a laser polarizing prism and a quarter-wave

plate, the light was converted into polarized light, and

G-beam Rcp OAM,
PBPE Lens

ﬂ He-Ne laser

GLP1

Qwp
PBPE

"~ )
\ 4 Lens
PN \"\ ) GLP2
i L .
( \'

Fig. 4| (a, b) lllustrate the schematic for generating perfect vortex beams through the combined modulation of dynamic and geometric phase.
(a, b) refer to left-handed circular polarization (LCP) and right-handed circular polarization (RCP) incident light, respectively. The PB phase ele-
ment flips the circular polarization and converts the incident Gaussian beam with a planar wavefront into a high-order BG mode. The following
lens performs a Fourier transformation of the high-order BG beam, producing a perfect vortex beam at the focal plane. The sign of the topologi-
cal charge of the generated perfect vortex beam is controlled by the chirality of the circularly polarized incident beam. G-beam, Gaussian beam;
LCP, left-handed circular polarization; RCP, right-handed circular polarization; PBPE, PB phase metasurface; OAM, orbital angular momentum;
BV, high-order Bessel-Gaussian beam; PV, perfect vortex beam. (c, d) Represent the phase distribution created by the sequence from left to
right of the PBPE, lens, and the combination of PBPE (geometric phase) and lens (dynamic phase). (c, d) correspond to incident beams with left-
handed and right-handed circular polarization, respectively. (e) The experimental setup for generating and demonstrating perfect vector beams.
GLP, Glan laser polarizing prism; QWP, quarter-wave plate; PBPE, PB phase element; CCD, charge-coupled device. (f) The spatial distribution
of the designed beam's axis, with short lines indicating the local direction of the beam's axis. (g) The intensity distribution of the generated Bessel
vector beam recorded by the CCD under different polarizer orientations, with green arrows indicating the schematic of the polarization distribu-
tion. (h, i) The intensity distribution of the generated perfect vector beam under different polarizer orientations recorded by the CCD, with green
arrows indicating the schematic of the polarization distribution. The double-headed arrows within the circles represent the orientation direction of
the polarizer's axis. Figure reproduced with permission from ref.’#, Elsevier.
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then perfect vortex beams were generated through geo-
metric phase and dynamic phase modulation. A subse-
quent polarizing prism was used to analyze the generat-
ed perfect vortex beams, and the beam pattern was final-
ly captured using a CCD camera. Figure 4(f) shows the
pattern of the PB phase device, which was formed by
continuously etching nano-grooves in a fused quartz
substrate using femtosecond laser technology. Figure
4(g) presents the pattern of the vector Bessel beam ob-
tained after geometric phase modulation, where the
characteristics of the vector Bessel beam can be clearly
observed. Figure 4(h) shows the intensity pattern of the
perfect vortex beams formed by the vector Bessel beam
after dynamic modulation, which also includes the addi-
tional phase of the Fourier transform lens.

However, some areas for improvement were identified
during the experiment. The center of the ring did not ex-
hibit a perfect singularity state. This may be due to the
fact that the metasurface was not finely fabricated and
did not meet the standard of a perfect half-wave plate.
Therefore, when the beam passed through the PB phase
element, a small number of photons did not receive addi-
tional PB phase modulation. These unmodulated pho-
tons were focused by the subsequent lens, forming a fo-
cal spot in the center of the perfect vortex beam. To dis-
tinguish the generated beam, a polarizing prism was
placed in front of the receiver. The final beam pattern is
shown in Fig. 4(i), where the intensity pattern shows two
lobes and rotates with the rotation of the polarizer.

Simultaneous generation of multi-ring
perfect vortex beams

Four ring perfect vortex beams

Previous studies have largely focused on the generation
of single perfect vortices, which limits applications that
require the simultaneous use of multiple vortex beams.
The generation of multi-channel perfect vortex beams
has become a main research direction, which is applica-
ble to multi-path particle capture and optical multi-
channel communication, among other studies’ 7%, Gen-
erating multi-channel vortex beams using metasurfaces
is more streamlined than traditional methods. More im-
portantly, multifunctional metasurfaces can replace sev-
eral bulky components with a thin planar layer, making
them an ideal choice for miniaturization and integrated
systems. Multi-channel vortex beam generators based on
PB phase metasurfaces have been reported in the visible

https://doi.org/10.29026/0es.2025.250007

light domain. As early as 2018, Zhang et al. proposed an
array of gold nanholes that used only the PB phase prin-
ciple to generate perfect vortex beams of different wave-
lengths and achieved multi-channel vortex beams gener-
ation”. As shown in Fig. 5(a), the structure consists of
rectangular holed on a square gold plate. Although the
gold nanholes were simply constructed, they could en-
hance the spatial resolution of the metasurface and
achieve finer phase modulation precision. The overall
size of the metasurface was of 50 umx50 pm. For the PB
phase, the rotation angle of the rectangular holes is close-
ly related to the phase. Figure 5(b) shows the phase
curves at different rotation angles, with the phase curves
being uniformly and smoothly changing within the
600-1000 nm wavelength range, exhibiting a very high
tolerance. As shown in Fig. 5(c), the array was arranged
by rotating the rectangular holes, aligning the phase dis-
tribution of the entire array with the design require-
ments. Figure 5(d) shows the simulated and experiment-
ed the longitudinal intensity distribution of the perfect
vortex beam at 633 nm. It could be seen that the beam
diffuses outward and forms a perfect vortex ring at a lo-
cation greater than 150 pm. For the ring greater than 150
pm, the ring thickness is the same, and the ring radius
increased with increasing distance. Figure 5(e) shows the
interference pattern at z = 200 um. Under the same con-
ditions, the ring radius of the light intensity for beams
with different topological charges was essentially consis-
tent. The topological charge number could be identified
by observing the interference fringes of the pattern. Fi-
nally, for the multi-channel generation of perfect vortex
beams, the complex amplitudes of different single vortex
beams were superimposed, and then the sum of the com-
plex functions was calculated to determine the phase
contour for generating the beam array. As shown in Fig.
5(f), different phase arrangements were designed for dif-
ferent focal lengths, and four rings with consistent size
but different topological charges could be observed si-
multaneously on the same focal plane.

In the field of visible light, vortex beams play a crucial
role in mode division multiplexing (MDM), quantum in-
formation processing, and the detection of spinning ob-
jects. For terahertz waves, vortex beams are essential for
future research in magnetism, plasma physics, and quan-
tum physics. In the early years, the development of mul-
ti-channel perfect vortex beams in the terahertz band
was slow due to differences in material response and ex-
perimental characterization. With the rising interest in
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Fig. 5 | (a) Schematic diagram of the unit design of the rectangular hole antenna with a rotation angle of 6. (b) Transmission phase shift spec-

trum of the unit cell at rotation angles of 0°, 45°, 90°, 135°, and 180°. (c¢) SEM image of the fabricated metasurface sample. (d) Simulated and

measured light intensity distribution of the focused 3D PV beam. (e) Interference measurement patterns captured at a distance of z=200 pm from

the transmission plane at a wavelength of 633 nm. From left to right, the topological charges are / = 1, 3, 5, and 8, with axicon periods of d=8 ym

and d=4 pm. (f) Phase distribution for the generation of four PV beam arrays with d=8 pym and 4 pym (top left and bottom left); Intensity distribu-

tion of the PV beam array generated at a propagation distance of z=200 ym (top right and bottom right). Figure reproduced with permission from

ref.”?, John Wiley and Sons.

the terahertz band, more researchers have begun to delve
deeper into its exploration®-*2. The integration of multi-
channel metasurfaces with dynamic systems can further
enhance the flexibility of terahertz devices. In 2022, Liu
et al.¥® proposed a metasurface capable of achieving mul-
ti-channel quasi-perfect vortex beams (Q-PVB) in the
terahertz band. The introduced concept of Q-PVB has a
smaller divergence angle and finer, more concentrated
ring intensity compared to PVB, which can better serve
OAM multiplexing in the terahertz band. The phase pro-
file used to generate Q-PVB is based on the PB phase,
defined by the following formula®:

(/)quasi—perfect

= (pvortex (x7y) + ¢negative axicon (x7y) + ¢lens (x7y) ?
(22)

D ooniex (%, ¥) = larctan(y/x) , (23)

bns = 2n(VF+ 22+ = f)/A, (24)
(/)negative axicon = —2n V xZ + yZ/D . (25)

In which, x and y are spatial coordinates, ¢ (x,y) is
the phase distribution for the generation of the vortex
beam by the spiral phase plate. ¢, __ is the phase distribu-
tion of the focusing lens with focal length f, and A de-

notes the wavelength. ¢ is the phase distribu-

negative axicon
tion of the negative axicon, where D represents its period.

To achieve the multi-channel generation of Q-PVBs,
the metasurface was composed of multiple phase pro-
files with specific functions superimposed onto an array
of staggered shared aperture units. The continuous phase
distribution was transferred to a phase grid through
phase discretization, with the interval between adjacent
grids being a sub-wavelength period. Figure 6(a) illus-

trates the schematic for generating dual-channel PVBs,
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Fig. 6 | (a, b) Multi-channel and quasi-perfect vortex beams based on all-dielectric synthetic metasurfaces®®. The phase distributions of metasur-

faces A (A"), B (B'), and C (C') correspond to beam deflection, OAM mode conversion, and beam focusing (from top to bottom). The inset in the
figure shows metasurface D' designed to replace the negative axicon. Red arrows represent left-handed circular polarization (counterclockwise)
and right-handed circular polarization (clockwise). Circles and helical planes represent the planar and helical phases of the terahertz wave. (c)
Left: Schematic of the experimental setup. LP, linear polarizer; MS, metasurface; QWP, quarter-wave plate. Insets: The left inset shows the opti-
cal image of the fabricated metasurface sample and the terahertz probe, and the right inset shows the SEM image of the fabricated metasurface.
(d) Partially enlarged optical image of the fabricated metasurface sample. p: unit cell period; l/w: length/width of the pillar; f/s: fast/slow axis; 6: ro-
tation angle. (e) Calculated and (f) measured intensity distributions of focused Q-PVBs for topological charges /=1 and /=—1 at different frequen-
cies. (g, h) Generation of four-channel focused vortex beams with different topological charges (/=1, -1, 2, and -2). Electric field intensity and
phase distribution of the vortex beams generated in three different x-y planes. Electric field intensity at the y=0 mm and x=0 mm planes. (i) Elec-
tric field intensity distribution of four-channel Q-PVBs with topological charges /=1, -1, 2, and -2 at 0.75 THz. The x-y planes are at distances of
z=11.5 mm, 12.5 mm, and 13.5 mm, respectively. Figure reproduced with permission from ref.®3, under a Creative Commons Attribution 4.0 Inter-

national License.

while Fig. 6(b) shows the schematic for the dual-channel
generation of Q-PVBs. Figure 6(c) presents the fabrica-
tion steps of the metasurface, where a metasurface sam-
ple with a unit period p = 3.5 mm was manufactured us-
ing lithography and deep reactive ion etching, as shown
in Fig. 6(d). Figure 6(e, f) demonstrate the generation of
dual-channel perfect vortex beams, with the generated

ring's topological charges being [ = 1 and | = —1. The po-

sition of the metasurface was set at z = 0, and incident
waves of 0.75 THz and 0.80 THz were used. Figure 6(e) is
the simulated electric field intensity distribution and
phase distribution at the focal plane z = 9 mm. Figure
6(f) represents the experimentally measured electric field
intensity distribution and phase distribution of the vor-
tex beam at the focal plane z = 9 mm. It could be seen

that the experimental results match the theoretical
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results very well, indicating that the metasurface had a
broadband characteristic. The authors further demon-
strated the experimental results of multi-channel fo-
cused vortex beams and multi-channel quasi-perfect vor-
texes, as shown in Fig. 6(g), which from left to right rep-
resent the electric field intensity and phase distribution
of the multi-channel vortex beams measured at propaga-
tion distances of z = 11.5 mm, 12.5 mm, and 13.5 mm,
respectively. It could be seen that the multi-channel fo-
cused vortex beams at different distances can be well
generated, and the conversion efficiency can reach up to
25%. Figure 6(h) shows the propagation paths of the fo-
cused vortex beams in the x-z plane and y-z plane. Simi-
lar to the principle shown in Fig. 6(a), each beam under-
went a certain degree of deflection in its propagation,
thus forming multiple vortex beams on the focal plane.
Figure 6(i) is a schematic diagram of the generated mul-
ti-channel quasi-perfect vortex beams, where the four
generated rings had almost the same size, providing ideas
for the realization of multiplexing and multi-channel in-
formation transmission. Q-PVBs are of great signifi-
cance for the study of vortex beams with high topologi-
cal charges and controllable beam divergence, and the
use of metasurface structures provides a highly integrat-
ed and compact platform, which will greatly promote the
application of OAM in next-generation communica-

tions, surface plasmon excitation, and terahertz imaging.

Concentric ring perfect vector beams

While the study of perfect vortex beams with multiple
non-circular rings is gaining popularity, research is also
underway on perfect vortexes with multiple concentric
rings. Although a single perfect vortex has played a role
in advancing particle capture, there are still challenges in
manipulating particles with low refractive indices. In
2023, the research by Andrea Vogliardi et al.** on dou-
ble-ring perfect vortex beams offered a potential solu-
tion to the challenge of manipulating particles with dif-
ferent refractive indices. In their study, two bright rings
were capable of capturing and rotating particles that have
a high refractive index (RI), while particles with a low RI
could be confined within the dark region situated be-
tween the two bright rings. Figure 7(a) shows the meta-
surface unit designed according to the PB phase require-
ments. Units A and B had common rectangular and el-
liptical columnar structures; Units C and D consisted of
two rectangles, with the rectangular base be inscribed
within a concentric circle with a radius of 250 nm, and

https://doi.org/10.29026/0es.2025.250007

the center-to-center distance between the two rectangles
was 300 nm. Figure 7(b) represents the available unit pa-
rameters, and the phase and transmission coefficients of
these 13 units are given in Fig. 7(c), which were excellent
half-wave plate structures both in terms of phase and
transmission coefficients. The metasurface material used
was silicon with a diameter of 600 um, and Fig. 7(d)
shows the SEM image of the manufactured silicon meta-
surface. Firstly, perfect vortex beams could be generated
by controlling the Laguerre-Gaussian beams, which
could produce a double-ring pattern with the same topo-
logical charge. Secondly, linearly polarized light could be
considered as the vectorial sum of left-handed and right-
handed circularly polarized lights. To achieve a vector
beam when linearly polarized light was incident on a
metasurface, topological charges with opposite values
should be selected. Consequently, researchers chose per-
fect vortex beams with topological charges of [ = +5 and |
= —5. Figure 7(e) presents a simulated phase arrange-
ment image for the PB phase control. Figure 7(f) dis-
plays the intensity pattern of the outgoing light obtained
with vertically polarized light as the incident light. The
image was a filtered light intensity image, and it was evi-
dent that the ring is evenly divided into 10 petals, consis-
tent with the simulated results in Fig. 7(h). Figure 7(g) il-
lustrates the radial distribution of the measured intensi-
ty pattern, confirming that the intensities of the two
rings were nearly equal and that there was a dark region.
This method can generate a double-ring pattern with a
fixed dark area, and the generated double-ring structure
has the same topological charge.

To more flexibly control the double-ring perfect vor-
tex beams, the researchers proposed a new method that
can independently adjust the size of the dark ring be-
tween the two rings and also control the mode of the two
rings. Figures 7(i) and 6(j) show the metasurface phase
distributions required for these two types of controls.
Figure 7(k) displays the results of the experiment using
the metasurface with linearly polarized light as the input.
It was easy to observe that the light intensity distribution
of the two rings was uniform and well separated, and
they had different vector orders, meaning they had dif-
ferent topological charges. The study of double-ring per-
fect vortex beams can further expand the application of
structured beams in OAM multiplexing for high-capaci-
ty and interference-resistant free-space communica-
tion®*°, super-resolution imaging technology*’, and ad-
vanced coherent sources®,
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Fig. 7 | (a) Structural diagrams of different types of nano-pillars operating at 1310 nm. Independent rectangular and elliptical pillars (i, ii) are more
common, while (iii, iv) shows double-pillar types, with a rectangular base inscribed within a concentric circle with a radius of 250 nm, and the cen-
ter-to-center distance between the two pillars is 300 nm. (b) The nano-pillar library with all types and all parameters for different types. (c) The left
graph shows the phase delay for y- and x- polarized light, and the right graph shows the transmittance for y- and x- polarized light. (d) The left im-
age is a top-view SEM image of the fabricated sample, and the right image shows the unit structure of the sample's lens center area, where the
different cross-sections and rotations of the nano-pillars are evident. (e) The dynamic phase diagram dx for simulating the generation of a double-
ring perfect vector beam (DR-PVB) using high-order LG beam technology. (f) The optical properties of the designed sample in (e). The left im-
age shows the DR-PVB generated by a metasurface designed using the high-order LG method and illuminated with vertically polarized light. The
right image shows the corresponding petal-like structures measured using a linear polarizer as an analyzer, and (g) is the radial contour. (h) Sim-
ulation case, verifying the accuracy of the experiment. (i) The dynamic phase diagram dx for simulating the generation of a double-ring perfect
vector beam with the same vector order, and (j) a double-ring perfect vector beam with different vector order rings using the balanced biaxial
prism method. (k) The optical properties of the designed sample in (j). The left image shows the DR-PVB generated by metasurface designed us-
ing the biaxial prism method and illuminated with vertically polarized light. The right image shows the corresponding petal-like structures mea-
sured using a linear polarizer as an analyzer. Figure reproduced with permission from ref.?4, under a Creative Commons Attribution 4.0 Interna-
tional License.

Generation of perfectly grafted vortex modulation.

beams In 2019, researchers introduced the grafted optical
vortex (GOV), which has an OAM distribution that is

easy to modulate and maintains a constant intensity®.

Ideal optical vortices exhibit a constant intensity distri-

bution and ring radius, but this uniformity is not suit-

able for applications that require diverse OAM distribu-
tions, such as the capture and manipulation of multiple
particles. Therefore, non-canonical optical vortices have
been proposed to address these challenges. Examples in-
clude helical OAM distributions®, non-uniform hollow
circular OAM distributions®, and structured OAM dis-
tributions”'. However, these OAM distributions strongly

depend on strength and cannot achieve individual OAM

The grafted vortex beams are produced by grafting the
helical phases of two or more optical vortex beams, and
the grafting principle is shown in Fig. 8(a). In 2020, re-
searchers achieved grafted vortices by performing a
Fourier transformation on Bessel-Gaussian beams using
an axicon mirror®. To achieve flexible control, the trans-
mission function of the axicon amplitude was applied to

a spatial light modulator (SLM). However, the generation
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Fig. 8 | (a) A schematic diagram comparing the generation of GVB with plant grafting. (b) Single-layer unit structure, where W=80 nm, L=200 nm,
t=40 nm, and P=300 nm represent the width, length, thickness, and periodicity of the gold unit cell, respectively. (c) Double-layer unit structure
with a PMMA thickness of h=100 nm. (d, e) The transmission spectra for the single-layer and double-layer metasurfaces, respectively. The red
solid line represents the co-polarized component, while the black curve represents the cross-polarized part. (f, g) Show the calculated phase
cross-section of the grafted vortex (left) and the SEM image of the fabricated sample (right). (h, i) Simulated (left) and measured (right) intensity
patterns. (j) Simulated and experimental intensity distributions for grafted vortex beams with /31=+3. l;2=—1, and ,b1=—3. I2=+1. (k) Simulated
and experimental intensity distributions for grafted vortex beams with I31=-2. l52=-4, and l,1=+2. Ipp=+4. The number of singularities in the up-
per and lower halves of the superimposed beam can be designed with different combinations of topological charges. (I) Modulation of the singu-
larity distribution in the superimposed GPVB. Simulated (top) and experimental (bottom) intensity distributions for metasurfaces with different ini-
tial phases (including 0, /2, ). Each black hole in the ring corresponds to a singularity. When the initial phase is not zero, the positions of the
two halves of the singularities can be rotated at different angles. 64 and 6, are the rotation angles of the upper and lower halves of the superim-
posed beam, respectively. The white solid lines indicate the central positions of the two original singularities, located in the two different halves of
the superimposed beam. The blue and green dashed lines represent the new central positions of the two singularities in the upper and lower
halves, respectively. Figure reproduced with permission from ref.®>, under a Creative Commons Attribution 4.0 International License.

and manipulation of grafted perfect vortex beams
(GPVBs) are more challenging and complex due to the
additional phase distributions involved with lenses and
axicon mirrors. Current optical devices for generating
GPVBs require a multitude of optical components, in-
cluding spatial light modulators, lenses, pinhole filters,
polarizers, and dichroic mirrors®, leading to large spa-
tial requirements and high costs. These optical systems
are impractical for many applications, thus there is an
urgent need for a compact, simple, and efficient method
to generate and manipulate GPVBs.

To tackle the technical challenges in conventional op-
tics, in 2022, Hammad Ahmed et al.” proposed and ex-
perimentally showcased a metasurface-based approach
for the generation and control of GPVBs across various

channels. The distinctive feature of this method is that
the superimposed GPVBs possess non-uniform OAM
and asymmetric singularity distributions in different
channels. These singularity distributions can be modu-
lated by incorporating initial phase differences in the
metasurface design. The metasurface method intro-
duced has the potential to enhance system integration
and device miniaturization and holds significant promise
for new applications that may not be feasible with tradi-
tional optical systems.

Researchers utilized PMMA as the substrate material
and designed both single-layer and double-layer meta-
surface unit structures with a unit period of P = 300 nm,
then compared the two. For the single-layer structure, a
rectangular gold nanostructure was attached on a glass
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substrate, as shown in Fig. 8(b). This required an etching
process to remove the PMMA around the gold nano-
columns, leaving only the gold nano-columns. Figure
8(d) displays the simulated transmission spectrum of the
single-layer metasurface, which shows a high co-polar-
ized component, affecting the extraction of cross-polar-
ized component information. Additionally, the fabrica-
tion of single-layer metasurface units necessitated an
etching process to remove the PMMA around the gold
nanostructures, complicating the manufacturing process.
To address these issues, researchers designed a double-
layer nanostructure, as depicted in Fig. 8(c), where PM-
MA and gold serve together as additional layers. The
sample preparation process omitted the etching step,
meaning that gold deposition was the final step in the
nanofabrication process. Moreover, from the transmis-
sion spectrum in Fig. 8(e), it can be seen that the double-
layer nanostructure can effectively suppress co-polarized
polarization. It is worth noting that the conversion trans-
mission efficiency is maintained above 10% within a visi-
ble light bandwidth of 125 nm.

Researchers had listed two grafting scenarios for perfect
vortex beams. In the first scenario, they chose l;=+1,
L=-3, and in the second scenario, they chose l;=-1,
L,=+3. For both scenarios, an axicon period d=2.9 pm
was selected. The left and right sides of Fig. 8(f) and 8(g)
respectively show the phase patterns of the GPVB and
the corresponding SEM images of the fabricated samples.
Figure 8(h) and 8(i) depict the corresponding simulated
and experimental intensity distributions. Due to the su-
perposition of phases, the phase distribution of the graft-
ed perfect vortex can be expressed as’*:

(PGPVB(xv )’) = arg{EeXp[i(¢lens+¢GOV1,1,,+¢axicon)]} , (26)

Pcpve (.X, )’) =

arg {exp [inect (I;I:Tl/ - ? + n) lnw] } . (27)

n=1

In which N and [,, ¥ respectively represent the num-
ber of grafted OVs, the topological charge, and the az-
imuthal angle, and rect() is the rectangle function. For
example, when grafting two OVs, N = 2, and [; and b,
represent the topological charges of the rootstock and
the scion, respectively.

The study of grafted vortex beams is aimed at generat-
ing optical vortices with controllable OAM distribution
and constant intensity. Consequently, researchers con-
ducted superposition experiments on GPVBs using dou-

ble-layer nanostructures. Figure 8(j) and 8(k) display the
simulated and measured intensity distributions of GPVB
superposition when the metasurface was illuminated by a
vertically incident RCP beam. All simulated intensity
distributions were obtained through the Fresnel-Kirch-
hoff diffraction integral®. The measured patterns closely
matched the simulated results, confirming the superposi-
tion of GPVBs. The number of singularities in the super-

imposed beam can be calculated using Equation

L O
L:L L: 1 1 2 2
1+ 2 2 2

represent the number of vortex singularities in the upper

, where L; and L,

and lower halves, respectively. Unlike the superposition
of POV beams, the superposition of GPVBs exhibits an
asymmetric singularity distribution in the upper and
lower parts. The uneven distribution of singularities pro-
vides greater freedom in designing the singularity distri-
bution in GPVB superposition, which can be used for
capturing and manipulating multiple particles.

To achieve more flexible control over the singularity
positions, an initial phase is added to one of the grafted
beams. The resulting superimposed complex amplitude

can be expressed as®:

Ex(r, v) = Egpve: (1, ¥)e* + Ecpvea (r, ¥). (28)

Figure 8(1) presents the simulated and experimental
results of the superposition of GPVBs (l,1=+4, lx=+2
and l,1=—4, lpp=-2), where the phase @ ranges from 0 to
2m in increments of 2m. The white solid lines indicate the
central positions of the two original singularities, located
in two different parts of the superimposed beam, while
the blue and green dashed lines represent the new singu-
larities. The center positions of the two singularities in
the upper and lower halves increase with the increase of
@ and phase difference. With the increase of the initial
phase, a clear difference can be observed in one half of
the superimposed beam. Figure 8(1) further illustrates the
relationship between the rotation angles obtained from
theoretical calculations, simulations, and experiments,
and the initial phase. In this way, by controlling the ini-
tial phase, the position of each singularity can be precise-
ly controlled. This unique feature of GPVBs helps to ac-
celerate and accurately locate captured micro/nano
particles.

Compared to traditional methods for generating and
manipulating GPVBs, using metasurfaces to control
grafted vortex beams simplifies the complex optical plat-
form and procedures, and enables the modulation of
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asymmetric singularities. This will provide new opportu-
nities for exploring the interesting applications of GPVBs
in a wide range of fields such as quantum science and
singular optics.

Application of perfect vortex beams

Due to the unique properties of perfect vortex beams,
they play a significant role in applications such as parti-
cle manipulation and optical communication. Here is a
brief introduction to the application fields of perfect vor-
tex beams.

Optical particle trapping

Since Ashkin® achieved the optical levitation and trap-
ping of particles, optical tweezers and optical trapping
have been widely applied in various fields such as
physics, chemistry, biology, materials science, and atmo-
spheric science” 1. Over the past few decades, the ma-
jority of optical tweezers experiments have been con-
ducted in liquid environments, primarily focusing on bi-
ological materials'®2-1*. In recent years, with the develop-
ment of optical tweezers technology, optical capture has
been able to capture various types of particles in gas en-
vironments'*>!%, ranging from nanometers to microme-
ters in size, transparent and absorptive, spherical and ir-
regular shapes. The principle of optical particle trapping
is shown in Fig. 9(a), where two beams of light (white ar-
rows a and b) passing through an off-axis dielectric
spherical particle in the laser beam will change their
propagation direction due to refraction, leading to a
change in their momentum'?”. As shown in the left im-
age of Fig. 9(a), the gradient of the light field intensity
will always lead to a gradient force (Fgrad) on the particle
towards the maximum intensity of the beam. For perfect
vortex beams, the intensity is concentrated on the ring,
so it is possible to concentrate the capture of particles on
the ring-shaped light intensity. The motion of the cap-
tured particles is determined by the gradient and scatter-
ing forces generated by the perfect vortex beam. Due to
the scattering force from the inclined wavefront, the par-
ticle moves continuously along the ring surface, as
shown in Fig. 9(b) and 9(c). Since the OAM density is
well defined in the perfect vortex beam, a linear relation-
ship is guaranteed between the rotation rate and OAM
for both negative and positive topological charges, as
shown in Fig. 9(d). The experimental realization of per-
fect vortex beams is quite challenging because they often
exhibit azimuthal intensity variations due to optical

https://doi.org/10.29026/0es.2025.250007

aberrations. As a result, it is difficult for a single particle
to maintain a constant rotation speed around the trap
due to local intensity hotspots. Nevertheless, by using in-
tensity distribution correction techniques, these hotspots
can be eliminated, and the captured single particle can
move continuously along the vortex ring, as shown in
Fig. 9(e). However, due to the local variation of OAM
density, the captured particle still exhibits uneven angu-
lar velocity, as shown in Fig. 9(f). Based on the linear de-
pendence of particle rotation speed on OAM density, the
angular velocity can be adjusted in situ by using a phase
correction mask to correct the local OAM density. It is
worth noting that experimentally, perfect vortex beams
can induce captured particles to rotate at a constant
speed with integer topological charges, while fundamen-
tally, this cannot be achieved with fractional topological
charges.

Optical tweezers technology is an important tool in
biomedical and nanotechnology research. Pancharat-
nam-Berry Vortex Beam, with its unique annular inten-
sity distribution, is particularly suitable for the trapping
and manipulation of microparticles. Innovations in the
application of metasurfaces in this field include: In terms
of parallel manipulation of multiple microparticles, a
multi-focus PVB array generated by metasurfaces can
capture and manipulate a large number of microparti-
cles simultaneously. Studies have shown that metasur-
face optical tweezers can achieve synchronous manipula-
tion of more than 100 microparticles, with the intensity
uniformity error at each trapping point being less than
5%!12. This performance is hard to achieve with the tradi-
tional scheme using acousto-optic deflectors (AOD). In
terms of dynamic reconfiguration, by combining meta-
surfaces with tunable materials (such as liquid crystals),
real-time control of PVB parameters can be realized. For
example, by applying different voltages, the topological
charge or ring radius of PVB can be dynamically
changed, thereby achieving precise manipulation of
trapped microparticles. This technology provides new
tools for the study of living cells.

Optical communication

Vortex beams carrying OAM have garnered widespread
interest in the field of optical communication because
they can be used to expand the number of multiplexed
channels and significantly increase transmission capaci-
ty'08-110, However, the ring of ordinary vortex beams is
controlled by the topological charge, which limits their
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Fig. 9 | (a) Schematic of an optical tweezer (left) when the particle is off-center from the beam focus, (center) when the particle is slightly above
the beam focus center, and (right) the net force acting on a dielectric sphere. F; and Fy, are the forces produced by the refracted beams a and b,
respectively. Fgrag and Fscat represent the gradient force and scattering force, respectively. GB: Gaussian beam; MO: Microscope objective. (b) A
perfect vortex beam with a topological charge /=25. (c) The beam with scattered light from a single captured particle. (d) The linear relationship
between the particle's rotation rate and its integer topological charge. (e) The captured particle rotating around the circumference of the perfect
vortex beam indicated by the red circle. (f) The relationship between the particle's angular velocity and its angular position. (g) The pixelated
checkerboard method for complex amplitude modulation and (h) a schematic of a light field with controllable amplitude and phase. (i) The phase
of the demultiplexing array. Demultiplexing of multi-ring perfect vortex (MRPV) is performed through simulation and experiment. (j, k) Demulti-
plexing of MRPV through simulation and experiment, respectively. MRPVs with topological charges / = 1, 2, 3, and 4, with OAM states marked by
blue circles. Figure reproduced with permission from: (a—f) ref.'%’, under a Creative Commons Attribution 4.0 International License; (g—k) ref.!",

under a Creative Commons Attribution 4.0 International License.

application in optical communication. Therefore, the
emergence of perfect vortex beams has greatly promoted
the development of optical communication.

In 2023, Zhou et al. proposed a dense space-division
multiplexing (DSDM) scheme, using the small-range
OAM modes of MRPV to further improve the transmis-
sion capacity and transmission capacity density of
free-space optical communication'®>. The amplitude and
phase of the light field were encoded onto a hologram, as
shown in Fig. 9(g), where the pure phase hologram is di-
vided into many chessboard patterns of single-pixel size.
By using this hologram, four beams with additional
phases @), @,, @3, and @4 could be generated. The final
result is the MRPV shown in Fig. 9(h). MRPV allowed
for the simultaneous transmission of perfect vortex
beams in space, and demodulation on the four channels
of MRPV was also important. Figure 9(i) shows the

phase of the vortex demultiplexing array, through which
the OAM of a single ring was demultiplexed. There were
15 points in the array with inherent OAM states ranging
from -7 to +7. When an OAM beam with a topological
charge =1 passed through the detection channel, the
vortex beams spot with an inherent topological charge
I=—1 would transform into a Gaussian-like spot. The
simulated and experimental diagrams of demultiplexing
are shown in Fig. 9(j) and 9(k). According to the posi-
tion of the light spot transformed into a Gaussian-like
spot in the demultiplexing array, the mode of the OAM
beam transmitted in the four rings of MRPV could be di-
rectly derived as I=1, 2, 3, and 4. The experimental results
show that no other modes were detected in the demulti-
plexing array, indicating that the influence between the
four rings of MRPV is minimal, which is a great advan-
tage of PVB in the field of optical transmission.
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In the field of optical communication, mode-division
multiplexing (MDM) is considered an important means
to break through the existing capacity limits of commu-
nication systems. Pancharatnam-Berry Vortex Beam,
with its characteristic of carrying orbital angular mo-
mentum, can serve as an independent communication
channel to significantly enhance system capacity. The
application of metasurfaces in this field is mainly reflect-
ed in the following aspects:

At the transmitter end, metasurfaces can be directly
integrated at the output end of a laser or the end of an
optical fiber, directly converting a Gaussian beam into a
PVB. Compared with the traditional scheme using a spa-
tial light modulator, the metasurface approach is not on-
ly more compact in size but also extremely low in power
consumption. By designing a specific phase distribution,
metasurfaces can focus PVBs with different topological
charges to different positions on a detector array, achiev-
ing rapid mode recognition. This approach avoids the
complex optical systems required by traditional coher-
ent detection methods and greatly simplifies the design
of the receiver end.

Emerging applications

In addition to particle trapping and optical communica-
tion, PVBs hold significant potential in several other cut-
fields, each
properties'“!’>. In quantum information processing,
PVBs can be used to encode information in the OAM

states of photons, enabling high-dimensional quantum

ting-edge leveraging their unique

states for quantum key distribution and quantum com-
puting. The well-defined OAM modes of PVBs provide a
robust platform for multiplexing and error-resistant
quantum communication. However, challenges such as
mode crosstalk and decoherence need to be addressed to
fully exploit their potential in this domain.

In super-resolution imaging, PVBs can enhance reso-
lution beyond the diffraction limit by exploiting their
tightly focused intensity profiles and phase singularities.
Techniques such as stimulated emission depletion
(STED) microscopy could benefit from the precise con-
trol of PVBs' intensity nulls, enabling finer spatial resolu-
tion in biological and material imaging. The challenge
here lies in optimizing the beam generation and align-
ment to achieve consistent performance across different
imaging conditions.

For laser machining and material processing, PVBs of-
fer the ability to create complex micro- and nanostruc-

https://doi.org/10.29026/0es.2025.250007

tures with high precision. Their helical phase fronts and
customizable intensity distributions allow for tailored
energy deposition, enabling applications such as high-
resolution lithography, laser ablation, and 3D printing.
The main technical hurdle in this area is achieving high
power efficiency and stability in PVB generation, which
is critical for industrial-scale applications.

These emerging applications highlight the versatility
of PVBs and underscore the need for continued advance-
ments in metasurface design and fabrication. By address-
ing the technical challenges specific to each field, PVBs
could unlock new possibilities in science and technology,
further solidifying their role as a transformative tool in
modern optics.

Summary and outlook

In this review paper, we have broadly surveyed the devel-
opment of PVB in recent years. Since the proposal of
perfect vortex beams, a multitude of studies and applica-
tions related to it have emerged. The characteristic that
the intensity of PVBs do not change with the topological
charge greatly enhances the application efficiency of vor-
tex beams in particle manipulation and fiber optic com-
munication. As research into perfect vortex beams deep-
ens, there is an increasing demand for more complex
forms of vortex beams, such as perfect vortex beams for
multi-channel communication, OAM controllable graft-
ing perfect vortex beams, and optical vortices with irreg-
ular OAM distributions.

This advancement has led to the optical experimental
platforms becoming more complex, and the experimen-
tal operations more cumbersome. The complexity arises
from the need to precisely control and manipulate the
phase and amplitude of light to create these intricate vor-
tex structures, which is essential for their potential
applications.

In recent years, with the advent of metasurfaces, they
have become a hot research topic over the past few years
due to their efficient and unique functions in optical
control, which are unattainable with traditional bulky
optical components. Moreover, the manufacturing pro-
cess of metasurfaces is simple and cost-effective, and
they are compatible with existing systems, which has al-
so spurred their importance in the optical control indus-
try. Therefore, in this text, we mainly discuss the applica-
tion of metasurfaces in the field of perfect vortex beams.
As shown in Fig. 10, since 2014, metasurfaces have grad-
ually been applied in the research on the control of
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vector beams and later further applied to perfect vortex
beams, providing another approach for the generation of
perfect vortex beams. From the development of single
perfect vortex beams to multi-channel complex perfect
vortex beams, metasurfaces have played a significant role
in propelling this advancement.

Metasurfaces can be categorized based on their mate-
rial types into dielectric metasurfaces, metallic metasur-
faces, and programmable metasurfaces'>*-'¥. Different
types of metasurfaces may have some differences in their
applications across various scenarios'‘-*!. However,
metasurfaces are not yet perfect in the control of perfect
vortex beams and still face many technical challenges
and limitations. First, since metasurfaces are designed
based on subwavelength structures, their performance is
closely related to the operating wavelength. For light in
different bands (such as visible light, infrared light, or
terahertz bands), different metasurface structures need to
be designed, which limits their broadband applicability.
In addition, when generating high-order vortex beams,
diffraction effects can reduce the purity of the output
beam. This issue is particularly prominent in the genera-
tion of perfect vortex beams, as they require higher pre-
cision in phase and polarization. These factors make it

difficult for metasurfaces to achieve high-quality and
high-efficiency control of complex vortex beams in prac-
tical applications.

Second, the fabrication and processing of metasur-
faces are relatively complex, relying on high-precision
nanofabrication techniques (such as electron-beam
lithography or focused ion beam etching) and advanced
material processes. This not only increases the difficulty
of fabrication but also significantly raises the cost. In par-
ticular, to achieve higher transmission efficiency, noble
metals (such as gold or silver) or special dielectric mate-
rials are often required, which further increases produc-
tion costs and poses challenges to large-scale production
and commercial applications.

At present, research on metasurfaces in the field of
perfect vortex beams mainly focuses on the integration
of optical platforms and functional expansion, with less
attention paid to improving transmission efficiency. This
is also one of the important reasons why metasurfaces
have not yet completely replaced traditional optical com-
ponents. For example, in practical applications such as
optical communication or particle manipulation, low
transmission efficiency can lead to signal attenuation or

reduced manipulation accuracy, limiting the practicality
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of metasurfaces.

To overcome these challenges, future research can be
carried out in the following directions:

Developing new materials: Exploring low-loss, high-
refractive-index materials (such as two-dimensional ma-
terials, transition metal sulfides, or metamaterials) to im-
prove the transmission efficiency and working band-
width of metasurfaces.

Optimizing fabrication processes: Investigating low-
cost, high-precision nanofabrication techniques (such as
self-assembly or nanoimprint lithography) to reduce the
fabrication cost of metasurfaces and promote their large-
scale production.

Dynamic tunability: Developing dynamic metasur-
faces based on phase-change materials, liquid crystals, or
mechanically tunable structures to achieve simultaneous
control of wavelength, polarization, and phase, thereby
enhancing their applicability and flexibility.

Metasurfaces, as an emerging and rapidly developing
research field, offer new opportunities for cutting-edge
areas such as optical communication, integrated optical
computing, and quantum information processing when
combined with perfect vortex beams. Although there are
still many challenges at present, with the continuous
progress of material science, nanofabrication technology,
and optical design, it is believed that in the near future,
the application of metasurfaces in perfect vortex beams
will be more extensive and in-depth, paving new ways
for the development of optical technologies.
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