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Abstract: This article reviews recent progress leading to 

the generation of optical vortex beams. After introduc-

ing the basics of optical vortex beams and their promis-

ing applications, we summarized different approaches 

for optical vortex generation by discrete components 

and laser cavities. We place particular emphasis on the 

recent development of vortex generation by the planar 

phase plates, which are able to engineer a spiral phase-

front via dynamic or geometric phase in nanoscale, and 

highlight the independent operation of these two dif-

ferent phases which leads to a multifunctional optical 

vortex beam generation and independent spin-orbit inter-

action. We also introduced the recent progress on vortex 

lasing, including vortex beam generation from the out-

put of bulk lasers by modification of conventional laser 

cavities with phase elements and from integrated on-chip 

microlasers. Similar approaches are also applied to gen-

erate fractional vortex beams carrying fractional topo-

logical charge. The advanced technology and approaches 

on design and nanofabrications enable multiple vortex 

beams generation from a single device via multiplexing, 

multicasting, and vortex array, open up opportunities for 

applications on data processing, information encoding/

decoding, communication and parallel data processing, 

and micromanipulations.

Keywords: optical vortex; orbital angular momentum; 

dynamic phase; geometric phase; metasurfaces; spin-

orbit interaction; vortex lasers; fractional vortex; multi-

plexing; multicasting; vortex array generation.

1   Introduction

Optical vortex refers to a beam of photons that propagates 

with a singularity in phase taking the form of eilϕ about its 

axis (ϕ is the azimuthal coordinate in the transverse plane 

and l is an integer quantum number) and has a topo logical 

structure on its wavefront with topological charge l arising 

from its helicoidal spatial wavefront around the phase sin-

gularity. The topological structure in the wavefront is not 

only limited to light, but can also be found in other forms, 

such as acoustic wave [1], electrons [2, 3], and neutrons [4]. 

At the singularity, the phase is undeterminable and the 

polarization and amplitude vanish altogether, resulting in a 

dark centre within the wavepacket. This singularity was first 

introduced as a screw dislocation in wave trains similar to 

the crystal dislocations [1]. Such dislocations in light wave-

front were later found to be a universal phenomenon. They 

were not only observed in the special laser beams but also 

were predicted and observed in the laser scattering speckle 

field, in which the dark speckle has an optical vortex, 

resulting from the interfering of multiple plane waves 

[5–9]. Optical vortices in the scattering field were found to 

behave similarly like charged particles in some instances 

[1]. During the propagation, they may rotate around the axis 

or interact with the surrounding optical vortices, repelling 

or attracting each other or even annihilating in collision, 

or generating other type of wavefront defects [10–13]. An 

isolated optical vortex preserves its topological charge and 

robust to perturbations in  propagation even through the 

atmospheric turbulence [10, 12–16]. These features in the 

phase singularity attracted more interests when they were 

linked to the angular momentum of the beam in 1992 [17]. 

An optical vortex beam possessing a phase singularity with 

a spiral wavefront was found carrying quantized orbital 
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angular momentum (OAM), with lћ per photon, which can 

be many times larger than the spin angular momentum 

(SAM)(±ћ per photon) associated with the photon spin [17]. 

Generating a vortex laser beam using large Fresnel number 

of the cavity was found to be possible and was imple-

mented by transforming the high-order Hermit-Gaussian 

(HG) modes into Laguerre-Gaussian (LG) beam with a pair 

of cylindrical lenses [17, 18]. Since then, intensive investi-

gations and efforts have been focused on optical vortices 

and their propagation properties with conserved topologi-

cal charge and angular momentum in linear and nonlinear 

media [13–15, 19–23].

A significant work is the direct observation of the 

transfer of OAM of light to matter, resulting in the spin-

ning of the micro object [24]. This opens a new direction 

for micromanipulation using optical tweezers [23–30]. 

Besides the ability to transfer angular momentum to the 

object, the topologically protected and state unbounded 

properties of OAMs provide a potential to encode infor-

mation in a new infinite freedom. This leads to a possible 

solution to the current massive data challenge and has 

the chance to dramatically boost the capacity of optical 

communication and data storage [31–35]. These proper-

ties not merely attract the interests from researchers in 

the classical optical communication fields, but also are 

appealing to those working in the quantum information 

and technology domains. Discrete higher dimensional 

quantum systems, also called as qudits, were demon-

strated to be formed by the OAM states of photon [36]. 

Each qudit will not be limited to two states, but theoreti-

cally can have any number of discrete levels. Hence, each 

single photon in the optical vortices can be used to encode 

information more than one bit, which offers great poten-

tial for quantum technologies [36–39]. Other promising 

diverse applications were also proposed and developed 

in the recent years, such as microscopy imaging [40–42], 

material processing [43–45], metrology [46–48], and 

astronomy [49–51].

All of these potential promising applications drive the 

demand on producing versatile and diverse optical vortex 

beams. The further demand of miniaturizing the feature 

dimensions of optical components as well as develop-

ing highly integrated optical devices requires new con-

cepts and approaches to achieve this. Sophisticated and 

advanced nanofabrication techniques are presenting 

golden opportunities to manipulate the energy flow of 

light in micro-/nanoscale, which leads to a new plateau of 

vortex generation [52–55].

Our aim in writing this review has been to 

strive to provide a current state of the optical vortex 

beam generation to improve the compactness and 

functionality. There are few reviews focused on the general 

 introduction about the development of OAMs of light [25, 

56, 57]. For a general introduction on OAMs and their 

applications, the readers can refer to the previous review 

[29]. For more focused applications of OAMs, interested 

readers can refer to the recent published review papers on 

micromanipulation [27], optical communication [58, 59], 

and quantum technology [60]. In this review, a general 

introduction about optical vortex and their emerging 

applications is presented in Section 1 and an overview 

of the development on generating optical vortex beams 

will be presented in Section 2. The advanced techniques 

on optical vortex beam generation with discrete planar 

elements that introduce a dynamic helicoidal phase, geo-

metric phase, or hybrid phase are introduced in Section 

3. Advances of optical vortex beam generated directly 

from laser sources in the bulk or on chip are summarized 

in Section 4. Section 5 brings the approaches on genera-

tion of optical vortices carrying non-integer OAMs. And in 

Section 6, state-of-the-art techniques on simultaneously 

generating multiple vortex beams from a single device are 

introduced, including OAM multiplexing that generates 

multiple optical vortex beams from multiple Gaussian 

beams and vice versa, OAM multicasting that generates 

multiple coaxial optical vortex beams from single input 

Gaussian beam, and optical vortex arrays that generates 

spatially distributed optical vortex beams. Finally, we 

conclude in Section 7.

2   Overview

After significant work of the optical vortex beam genera-

tion in 1992 [19], various approaches were developed in 

succession. The early endeavours were focused on mod-

ifying the Gouy phase shift of the beam, using a pair of 

cylindrical lenses as mode converters to transform HG 

modes to LG modes. In principle, any HG modes aligning 

at π/4 with respect to the axis of the lens can be converted 

into LG modes with the same beam waist. A general-

ized description of the transformation between the arbi-

trary order of HG modes and LG modes and vice versa 

using mode converters were presented [19]. By inserting 

opaque wires or shifting the geometric alignment to off-

axis from the cavity, different high order of HG modes can 

be excited; then assisting with the mode converters, high 

order of LG laser beams carrying large number of OAMs 

can be created [61–63].

The most direct way to create a helical wavefront is 

to allow the light beam to propagate into a medium with 
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spiral inhomogeneity in the longitudinal direction to gen-

erate an integer phase step along the azimuthal angle. A 

simple way is to fabricate a plate with a helical surface 

called as spiral phase plate (SPP), which was first imple-

mented in 1994 [20]. To facilitate the fabrication process, 

normally the helical surface will be discretized into differ-

ent steps as diffractive elements. By matching the refrac-

tive index, the working wavelength can be slightly tuned. 

Another method is based on computer-generated holo-

gram (CGH) to generate optical vortices. An optical vortex 

beam carrying a spiral wavefront collinearly interfered 

with a Gaussian beam creates a spiral interfering fringe, 

in which the number and the rotating direction of the spi-

raling arms indicate the number and sign of the topologi-

cal charge respectively. When it interferes with an off-axis 

plane wave, a fork grating is created with a clear defect on 

fringes where a phase singularity locates. These unique 

interference patterns were also widely used to character-

ize the topological charge of a vortex beam. Based on the 

property of the interference, a hologram plate can be gen-

erated from the spiral fringe or the fork grating [64]. This 

approach is widely used with commercial spatial light 

modulators (SLMs) based on pixelated liquid crystals, 

which can be programed to generate holograms via a con-

venient user interface.

The above-proposed approaches to generate optical 

vortex did not take into consideration of the possible 

interaction between the SAM and OAM of the beam (both 

intrinsic and external OAM) [22]. Namely, the generated 

OAMs are polarization independent, and the wavefront is 

modified by the propagation accumulated phase, which 

is also called dynamic phase. In 2002, engineering the 

wavefront to produce a helical phase using artificially 

anisotropic inhomogeneous medium was proposed based 

on subwavelength gratings [65]. This approach manipu-

lates the polarization state of the emerging beam using 

spatially distributed polarization converters to introduce 

a geometric phase, which is also called Pancharatnam-

Berry phase, as a counterpart of the dynamic phase. Pat-

terning the birefringence media such as subwavelength 

gratings and liquid crystals gives rise to the conversion 

between SAM and OAM [65, 66]. The value of OAMs that 

each photon carries is determined by the number of rota-

tions of the optical fast or slow axis along the azimuthal 

angle. The spin to orbital angular momentum conversion 

attributed from the geometric phase provides a totally 

different approach to generate the optical vortex via 

polarization manipulation rather than propagation path 

engineering. In this context, the generation of vector 

vortex beams is enabled by synchronously tailoring the 

polarization and phase patterns of the wavefront related 

to spin-orbital angular momentum coupling [67–69]. 

Altering the dynamic phase and geometric phase could 

be an independent process. It offers an opportunity to 

manipulate the wavefront embedding both the dynamic 

and geometric phase simultaneously, thus leading to the 

creation of complexed and multifunctional light beams. In 

addition, yet another exotic OAM mode coined as perfect 

vortex beam, whose dark hollow area is immune to the 

topological charge, is able to be acquired based on geo-

metric phase element [70, 71], Fourier transform optical 

system [72, 73], or tightly focused configuration [74].

Generating optical vortex beams via discrete com-

ponents with bulky or planar elements encounters a low 

signal-noise ratio (SNR) due to its low purity of spatial 

modes, which is critical and inevitable in many applica-

tions. Optical vortex lasers are optical coherent sources 

directly emitting light beams carrying certain amount of 

OAMs. The OAM modes generated from a vortex laser has 

extreme high purity because of the desired polarization 

and spatial mode being amplified in the gain medium 

after each cycle. As for the undesired polarization or mode 

distributions, they simply fail to form a stable resonance 

in the cavity and end up vanishing in the laser mode 

competition. Active vortex lasing creating OAM-carrying 

modes directly in cavities is challenging from OAM modes 

degeneracy and OAM handedness selection [75–77].

In addition to the aforesaid integer-order OAM beams, 

vortices with fractional topological charge have gain 

ever more compelling interests over the past decade. 

Distinguished from a vortex beam with integer topologi-

cal charge with reference to the intensity pattern, the 

fractional-order OAM beams possess a unique line of low 

intensity due to the phase step on π along the null azi-

muthal angle orientation. It has been demonstrated that 

upon propagation such beams exhibit a rich phase evolu-

tion consisting of a chain of alternating vortices near the 

radial dislocation [78]. These peculiar light fields rapidly 

emerge as viable tools for particle manipulation and 

quantum communication, and simultaneously offer a new 

insight into the singular optics.

Control over the versatile generation approaches of 

the vortex beams carrying OAMs has been advanced at 

an unrivalled pace in the last couple of decades. Equally 

impressive are their possible potential avenues of appli-

cations ranging from micromanipulation, optical micro-

scopy, secure computation to classical and quantum 

communications, among other feats. From a more practi-

cal front, it is vigorously desired for the generation of mul-

tiple OAM beams with the features of being flexibly tunable 

to fulfil the urgent requirements of current  multiplexing 

technology. Diverse schemes have been so far put forward 
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for the parallel processing of OAM beams,  including OAM 

multiplexing, OAM multicasting, and optical vortex array 

generation via a single device.

3   Planar optical vortex generator

3.1   Dynamic phase plate

The generation of optical vortex beam upon accumu-

lated propagation effect relies on physical propagation 

distance, passing through a media with given refrac-

tive index. An SPP is such an element with a gradient of 

thickness varying along azimuthal angle according to 

∂h/∂ϕ = lλ/2π(n – 1), where n is the refractive index of the 

material and λ is the free-space wavelength of the beam. 

When light passes through an SPP, a helicoidal phase 

is imposed into the wavefront. To minimize the distor-

tion of the wavefront and precisely produce the desired 

topological charge for certain wavelength, the surface 

quality of SPP needs to be well controlled. Convention-

ally, SPPs are fabricated in the same way as other diffrac-

tive optics. When higher number of topological charge 

is desired, multiple steps of lithography and higher 

angular  resolution are required. Along with the develop-

ment as other nanofabrication techniques, femtosecond 

laser direct writing has been demonstrated as an effec-

tive micro- and nanofabrication tool [79–83]. Energy of 

photons can be precisely controlled and delivered into 

the spatially confined volume via multi-photon absorp-

tion with tightly focused femtosecond laser pulses. The 

resolution of femtosecond laser direct writing has reached 

to smaller than 100 nm [84, 85]. An SPP with continuous 

thickness gradient to generate optical vortex with topo-

logical charge l = 1  was demonstrated [86], which has a 

controlled surface accuracy better than λ/15, as shown 

in Figure 1A. This unrestricted 3D structuring technique 

provides the possibility to fabricate SPPs integrating with 

other optical components with high surface quality, such 

as SPPs fabricated on the tip of optical fibres to precisely 

generate optical vortex beams with different topological 

charges [89].

Comparing to the micro-SPPs fabricated by 3D 

 femtosecond laser direct writing, there is another 

approach which is able to further downscale the size of 

the device to generate polarization independent optical 

vortex beams. By introducing a phase discontinuity along 

Figure 1: Optical vortex beam generated by dynamic phase plates.
(A) Optical profilometry image of a 60-µm diameter 3D femtosecond laser printed mirco-SPP with continuous phase changing generates 
optical vortex with topological charge l = 5 at 633 nm. Reprinted from Ref. [86]. (B) Nanowaveguide array with a phase modulation covers 
2π full range, generating optical vortex with topological charge l = 1 at 532 nm. Reprinted from Ref. [87]. (C) Silicon nanodisks with high 
refractive index. Reprinted from Ref. [88].
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the interface using ultrathin subwavelength nanostruc-

tures, which are also called metasurfaces, it is possible to 

control the reflection and refraction according to the gen-

eralized Snell’s law [90]
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r
 are the angles of refraction, incidence, and 

reflection, respectively; n
t
 and n

i
 are the refractive index of 

the media in the transmission and incidence side, respec-

tively; and ∇Φ is the gradient of phase discontinuity along 

the interface. This phase discontinuity can be achieved by 

utilizing subwavelength metallic nanoantennas, scatters, 

or thin films [90–94]. By exciting the localized plasmonic 

resonance of the resonators with different geometry, the 

scattering field can lead or lag the excitation field, result-

ing to the tuning of the phase discontinuity. This tuning is 

limited into 0 to π range for a single nanoantenna, arising 

from the nondirectionally scattered electric field by the 

nanoantenna [94–96]. This can be overcome by using 

multiple-layered metasurfaces, or scatters with multiple 

independent resonances or coupled antenna resonances, 

which are able to extend the phase tuning to the entire 2π 

range without altering polarization [87, 96–98]. Compar-

ing to the conventional phase accumulation effect, this 

abrupt phase can be introduced by the resonators with 

negligible thickness. By spatially engineering the gradi-

ent of phase discontinuity along the azimuthal angle on 

the interface, optical vortex beams carrying helical phase-

front can be generated by the ultra-compact and ultrathin 

devices. In Figure 1B, an array of nanowaveguides was 

designed to introduce a phase change determined by the 

geometry of the waveguides [87]. These waveguides are 

composed of circular nanoholes milled in a thin silver 

film and filled with dielectric material. By changing the 

radius of the nanoholes, the resonated scattering field and 

the waveguide modes will be excited and lead to a phase 

tuning be able to cover 2π range. The symmetric geometric 

ensures the insensitivity to the exciting polarization field. 

Arranging the distribution of nanowaveguides accord-

ing to Φ(r) = lφ (r is the radius of the nanowaveguide), an 

optical vortex beam which carries OAM is converted from 

Gaussian beam by an ultrathin metallic metasurface. The 

transmitted power of the converted optical vortex beam 

from such thin device is very low, due to the prominent 

Ohmic loss and absorption in the optical frequency. Fur-

thermore, the mismatch with the free-space impedance 

leads to backreflection of the incident power and reduces 

the conversion efficiency [97–99]. Another solution is to 

use thicker high refractive index dielectric materials to 

replace metals [100–103]. The strong localized  electric 

and magnetic resonances of dielectric particles have 

been observed and enable a phase coverage of 2π without 

changing polarization in a single thin layer [104–106]. 

Therefore, comparing to a single metallic particle, a high 

refractive index dielectric particle provides the opportu-

nity to tune both electric and magnetic resonances, as well 

as their interactions with nearby scatters. This provides 

an opportunity for full wavefront control with identical 

nanoparticles and simplifies the design and fabrication 

process. Figure 1C shows a dielectric metasurface vortex 

generator consisting of cylindrical silicon nanodisks, 

which enables a transmission efficiency more than 70% 

[88]. By varying the lattice constant in the disk arrays, the 

coupling strength between the adjacent disks can be con-

trolled, leading to a full tuning of the phase.

The capability to modulate both phase and amplitude 

of light using metasurfaces has enabled ultrathin and 

high resolution computer-generated holographic tech-

nique to store and recover information [107–109]. Com-

paring to the conventional CGHs, metasurface holograms 

can encode information into a negligible thickness with 

high efficiency [107, 109]. Interference fringes of a vortex 

beam with Gaussian beams or plane wave carries its phase 

information, which was widely used to produce optical 

vortex beams. A meta-fork grating plate with an open 

aperture was reported to produce optical vortices being 

able to carry arbitrary rational OAMs [110], as shown in 

Figure 2A. A phase profile possessing regular singulari-

ties was encoded into the fork-grating, it continuously 

generates different optical vortex beams at different size 

of aperture when a plane wave passing through it. Spiral 

fringes formed by a vortex beam coaxially interfering with 

a Gaussian beam also can be encoded into a metasurface 

hologram to generate vortex beams. A spiralling-fringe 

hologram composed by low refractive index silicon nitride 

(n ≈ 2) nanorod arrays with thickness t = λ and period 

p = 0.7λ, was designed to generate optical vortex beam 

with topological charge l = 1 at wavelength λ = 633  nm 

[111], as shown in Figure 2B. By changing the duty cycle, a 

full coverage of 2π was achieved. A spiral phasefront was 

recovered from this hologram when a Gaussian beam was 

illuminated. The function of a CGH was further explored 

to shape the propagation of light based on metasurfaces. 

It can be designed to be dispersionless or wavelength-/

polarization-multiplexing encoded [113–115]. A metasur-

face hologram composed of polarization sensitive metal-

lic nanoslits was designed to generate optical vortex and 

airy beam at different polarization states from a single 

element [112]. The schematics of the design procedure of 

the metasurface hologram and the generation of optical 
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vortices and airy beam from it are shown in Figure 2C. By 

adjusting the distance of adjacent slits, full modulation of 

the wavefront was achieved via a polarization control.

3.2   Geometric phase plate

When a polarized beam undergoes a closed loop on the 

Poincaré sphere, it acquires not only a dynamic phase, but 

also a geometric phase, which is half of the solid angle in 

the closed loop on the Poincaré sphere, firstly proposed 

by Pancharatnam [116]. It was further developed by Berry 

in 1987, via connecting to the adiabatic phase change of a 

slow cyclic quantum system, and regarded as an optical 

analogue to the Aharonov-Bohm effect [116–118]. This 

geometric phase arising from polarization manipulation 

was also called Pancharatnam-Berry phase. The phase 

velocity of two linearly orthogonal polarized components 

are different when light is propagating in an anisotropic 

material. The natural anisotropic material normally refers 

to crystals with different optical axes. By applying exter-

nal fields on any isotropic material that temporally or 

permanently break the symmetry of the dielectric tensors 

along the propagation direction, for example, applying 

electric or magnetic fields, or mechanical stress field, 

artificial optical anisotropic materials can be created 

[119–122]. Another approach is to employ subwavelength 

structures with polarization sensitive response to create 

artificially desired anisotropy [123–126]. By varying the 

orientation of the optical axis of the birefringence in a 

rotationally symmetric geometry, the SAM of light will 

convert into its OAM. The wavefront of the emerging beam 

carries optical vortices. It is convenient to use the Jones 

matrix to describe the space-variant birefringence plate, 

and can be written

 

−

δ

 
= θ θ 

  

x1

i

y

t 0
T R( ) R( )

0 t e
 (2)

where R(θ) is the rotation matrix, θ(x, y) orientation of 

the optical axis, t
x
 and t

y
 the transmission amplitude of 

TE and TM components, and δ the phase retardation. For 

any input polarization |E
in

〉, the output after passing the 

element can be decomposed into three components in 

helical basis [127, 128]

 
θ − θ〉 〉= + 〉 + 〉i2 i2

out E in R L
|E |E e e |R| Lη η η  (3)

Figure 2: Optical vortex beam generated by metasurface holograms.
(A) Sketch of the metasurface fork grating hologram with an open circular aperture generates different optical vortices depending on the 
size of the aperture. Reprinted from Ref. [110]. (B) A spiral metasurface hologram composed of silicon nitride nanorods generates an optical 
vortex with topological charge l = 1. A full phase control implemented by tuning the coupling strength of adjacent scatters via tuning the 
duty cycle. Reprinted from Ref. [111]. (C) Schematic of the design of a multifunctional metasurface hologram based on orthogonal nanoslits 
that generates optical vortices and Airy beams simultaneously. Reprinted from Ref. [112].
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where |R〉 and |L〉 are right-hand or left-hand circular 

 polarization, δ
= +

2

i

E x y

1
(t e ,t )

2
η  δ= − 〉〈

2

i

R x y in

1
(t t e ) L|E

2
,η  

and δ= − 〈 〉

2

i

L x y in

1
(t t e ) R|E

2
η  are the coefficients of each 

component, respectively. The first component keeps the 

same polarization state as incident, and the second or 

third component undergoes a SAM conversion associating 

with a geometric phase Φ
PB

 = 2σθ. Neglecting the absorp-

tion and loss of the element, for a pure circularly polar-

ized incident beam, the conversion efficiency reaches 

100% when the retardation is δ = π, working as a half-wave 

plate. The right-hand circular polarization was totally con-

verted to left-hand circular polarization via different loops 

on the Poincaré sphere, and vise versa. Hence, by pattern-

ing the anisotropy, ultra-thin spin-dependent optical ele-

ments with desirable phase modulation can be achieved 

[127–129].

At a rotationally symmetric geometry, θ(x, y) = qφ 

(q is the constant angular rotation velocity of the anisot-

ropy), the emerging beam carries a spiral phasefront of 

Φ
PB

 = 2qσφ, with a topological charge l = 2qσ, which was 

also interpreted as the result of spin-orbit interaction 

[65, 130–135]. In 2002, a vortex beam was generated via a 

spatially-variant subwavelength dielectric gratings in the 

mid-infrared limited by the fabrication resolution [65], 

and similar thin elements were further demonstrated in 

the visible range recently [128]. Patterned liquid crystals 

naturally possessing anisotropy were also reported to gen-

erate optical vortex [66]. Geometric phase metasurfaces 

composed of identical subwavelength nanoantennas with 

a phase retardation close to π were widely used to engineer 

the wavefront [127–131, 136–138]. A geometric phase meta-

surface with space-variant nanoslits on thin gold film was 

reported to be able to generate high purity optical vortices 

with topological charge up to |l | = 10 in the visible range 

[139]. A single slit with width 160 nm, thickness 300 nm, 

and period 500  nm results to a retardation of π. The 

nanoslits were patterned along the azimuthal angle with 

θ = 5φ. For the circularly polarized incident beam σ
in

 = ± 1, 

the optical vortex possesses an opposite handedness and 

a topological charge l = ∓10, respectively. The metallic geo-

metric phase plate and the intensity profile of the gener-

ated optical vortex and their spiral interference patterns 

from different circularly polarized incident beams were 

shown in Figure 3A. Such metallic geometric phase plates 

suffer the same problems as mentioned before. Dielectric 

scatters with high transmission and low loss have been 

reported to efficiently generate optical vortex beams [142]. 

Figure 3: Optical vortex beam generated by geometric phase metasurfaces.
(A) A geometric phase metasurface based on gold nanoslits generates optical vortex beams with topological charge l = ± 10, when incident 
is left-hand or right-hand circularly polarized, respectively. Reprinted from Ref. [139]. (B) A dielectric metasurface composed of TiO

2
 nanofins 

with orientation varying from 0 to 2π induces a geometric phase from 0 to 4π along the azimuthal direction. Reprinted from Ref. [140]. 
(C) Geometric phase plates generates high orders of optical vortex beams fabricated by femtosecond laser printing. Reprinted from Ref. [141].
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To further increase the conversion efficiency for the visible 

wavelength, titanium dioxide (TiO
2
) nanofins were used 

[140]. Figure 3B shows a dielectric geometric phase plate 

with identical TiO
2
 nanofins with 90 nm wide, 250 nm long 

and 600  nm tall, with changing orientation θ = φ, which 

is able to generate a vortex beam with topological charge 

|l | = 2, with a reported efficiency around 60% at 532 nm. A 

further lower refractive index material with photoresist was 

used to enable the spin-orbit interaction [141]. A retarda-

tion of π is possible to be achieved based on the subwave-

length gratings patterned on photoresist by femtosecond 

laser direct writing. This technique is scalable and allows 

integration with other optical components. Three phase 

plates were shown in Figure 3C, which are able to generate 

optical vortex with topological charge |l | = 1, 10, 20, respec-

tively. The colours on the element indicate the geometric 

phase modulation arising from its anisotropy variation.

3.3   Hybrid phase plate

3.3.1   Phase compensation for full wavefront control

The independent behaviour of engineering dynamic 

and geometric phase provides more freedom for phase 

modulation using nanostructures. The broadband nature 

of geometric phase was used to compensate the disper-

sion of the coupling resonances of metallic and dielectric 

nanostructures, enabling the operation of the device in a 

broad spectral range [143–146]. A single or localized reso-

nance is not sufficient for modifying the phase within a 

full coverage. Except tunning multiple resonances or the 

coupling strength between adjacent scatters, modifying 

the polarization to introduce a Pancharatnam-Berry phase 

was adopted into designing hybrid metasurfaces for full 

wavefront control. Figure 4A shows a metallic V-shaped 

nanoantenna producing a controllable phase modula-

tion over the π-phase range with designed geometry 

[90]. By rotating π/2 of each element, a geometric phase 

containing π was obtained, thus leading to a complete 

modulation of the wavefront. The polarization conversion 

efficiency in this case is very low, considering the retarda-

tion δ ≠ π for the whole set of antennas and low scattering 

efficiency. A set of silicon nanofins were designed to keep 

a retardation δ ≈ π in a very broad spectral range, and with 

near unit reflection efficiency [142], as shown in Figure 4B. 

After rotating π/2 of each nanofin, an additional phase 

was achieved. Azimuthally pattering the antennas into 

different discretised sectors, an optical vortex plate was 

designed.

Figure 4: Geometric phase enables a full phase control of nanoattenas to generate optical vortex.
(A) Phase ramp of a set of four V-shaped nanoattenas covers from 0 to π, by rotating the element with π/2, additional phase with π arising from 
the geometric phase enables the optical vortex generation after pattering along the azimuthal direction. Reprinted from Ref. [90]. (B) A hybrid 
dielectric metasurface composed of silicon nanorods enables high conversion efficiency in a broad spectral range. Reprinted from Ref. [142].
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3.3.2   Multifunctional spin-dependent optical vortex 

beam generation

In some of the applications, the intrinsic high divergence 

of a vortex beam during propagation may not be pre-

ferred. Instead of introducing a bulky element to focus 

the beam, an ultrathin element directly generates a 

focusing vortex beam is desired. A complex phase profile 
π

Φ = − ρ + + ϕ
λ


2 22

(f f )  (f is the focal length) is required, 

each component can be modulated by dynamic and geo-

metric phase independently [147, 148]. More complex 

 multifunctional phase structures of a vortex beam also can 

be created via a hybrid phase plate. A vortex beam carry-

ing Airy phase also called Airy-vortex beam was produced 

based on dynamic and geometric phases [149]. The Airy 

phase was generated by modulation of dynamic phase 

through a SLM, while the spiral phase was generated by 

geometric phase via a metasurface. For a right-hand cir-

cularly polarized beam passing through this system, the 

output beam E
out

 (ρ, ϕ) = Ai(ρ, ϕ)e−i2σqϕ|L〉 (Ai(ρ,ϕ) is a cubic 

phase in the Cartesian coordinates). The schematic of 

 generating an Airy-vortex beam was shown in Figure 5A. 

The intensity profile of the Airy-vortex beam carrying topo-

logical charge |l | = ± 1 for different handedness incident 

indicates the beam possessing both the Airy phase and 

spiral phase embedded in the wavefront. A single ultrathin 

hybrid metasurface generating an Airy and spiral phase via 

dynamic and geometric phase independently was able to 

produce an Airy-vortex beam [151]. The capability of encod-

ing both the dynamic and geometric phases was also dem-

onstrated to generate and split the vortex beams according 

to different SAM on a single ultrathin element [150, 152, 

153]. The Panchartnam-Berry phase forms a phase gradi-

ent along the interface, manifested as the  photonic spin 

Hall momentum offset [130–132, 135, 154]

 

∂Φ ∂Φ
∆ = ∇Φ = σ + σ

∂ ∂

 
PB PB

x yPB i i
( e e)k x, y

x y
 (4)

where σ
i
 is the SAM value of each photon after emerging 

from the interface, 


x
e , 

y
e 


 represent the unit vector in the 

corresponding directions. As an example, a metasurface 

fork grating was designed to split the spins and generate 

optical vortex simultaneously, as shown in Figure 5B.

3.3.3   Arbitrary spin-orbital angular momentum 

conversion

Optical vortex beams carrying orbital angular momen-

tum generated via geometric phase metasurfaces arising 

Figure 5: Multifunctional optical vortex generation by hybrid phase plates.
(A) Schematic and intensity profile of Airy-vortex beam generation by independent dynamic and geometric phase modulation. Reprinted 
from Ref. [149]. (B) A geometric phase metasurface hologram generates optical vortex beams and splits the spins simultaneously. Reprinted 
from Ref. [150].
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from the spin-orbit interaction by the polarization 

 manipulation have been demonstrated. When passing 

through a geometric phase plate with 100% polarization 

conversion efficiency, namely the phase retardation is 

δ = π, the polarization states will be totally converted to its 

opposite states. Due to the rotational symmetric geometry, 

the output OAM states are constrained to be conjugated. 

The transformation process of a pair of orthogonal circu-

larly polarized states passing through a geometric phase 

plate can be written as

 

− ϕ

− ϕ

 〉 → 〉


〉 → 〉





1

2

i

i

|R   e L  

|L    e R  

|

|
 (5)

where |l
1
 | = | l

2
 |, sign(l

1
) = –sign(l

2
). As a comparison, the 

spin-orbit interaction via rotationally symmetric dynamic 

phase manifests the transformation process in a similar 

way, with 
− ϕ − ϕ

〉 → 〉 〉 → 〉
 

1 2
i i

|R   e R  , |L   e |L|  while (l
1
 = l

2
) 

without changing its polarization states and achieving a 

global OAM states. For any of each process, the OAM state 

is not independent. Once a phase plate was designed, 

either modulating the dynamic phase or geometric phase, 

the generated optical vortex after light passing through it 

carries same value of OAM (lћ) with same or opposite sign 

for a pair of orthogonal incident states. The Jones matrix 

of a dynamic phase plate and a geometric phase plate, 

neglecting the absorption and loss, are described as
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A possible way to break the bounding conditions to 

enable an arbitrary operation of OAM generation was pro-

posed in 2008 [155]. By allowing light to pass through a 

system containing a geometric phase plate and a dynamic 

phase plate, independent OAM states were generated, as 

shown in Figure 6A. The output states from the system can 

be found as |E
out

〉 = J
d
J

g
 | E

in
〉. For the incident of right circu-

larly polarized light |R〉, the output is converted to |L〉, with 

OAM l = 0 and when the incident is left-hand circularly 

polarized |L〉, the output converted to |R〉 but carries OAM 

l = 1. This process was further developed and implemented 

Figure 6: Independent spin-orbital angular momentum conversion by hybrid phase plate.
(A) Schematic illustration of independent spin-orbital angular momentum conversion of a pair of spin states passing a system consisted 
by geometric phase and dynamic phase plates. Reprinted from Ref. [155]. (B) Illustration of a hybrid metasurface plate for arbitrary OAM 
generation. Reprinted from Ref. [156]. (C) A hybrid dielectric metasurface plate fabricated by femtosecond laser printing generates l = 10 for 
spin value σ = –1 and l = 20 for spin value σ = 1 simultaneously when illuminated by a linear polarized light. Reprinted from Ref. [157].
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by a single metasurface which has a hybrid phase of 

dynamic and geometric phases, which enables any orthog-

onal pairs of input polarization states being converted to 

arbitrary pairs of OAM states [156–158]. This capability 

further improves the security for information encoding 

using OAM states [158, 159]. Figure 6B shows a schematic 

of a hybrid metasurface allowing independent OAM gen-

eration. A hybrid metasurface fabricated by femto second 

direct laser writing was also reported recently [157], which 

is able to generate arbitrary high orders of OAM states for 

different spin states, as shown in Figure 6C.

4   Active vortex laser

4.1   Free space optical vortex lasers

The first demonstration of vortex laser dates back to 2000. 

By inserting an SPP into laser cavity as a black reflector, as 

shown in Figure 7A, it introduces high losses to all other 

modes while it is almost lossless for the desired helical 

mode [160]. Since then, many approaches have been 

implemented for vortex laser creation using phase only 

[164, 165], amplitude only [166, 167], and phase ampli-

tude combination [168] optical elements. For laser cavities 

based on amplitude-only optical elements, most of them 

are not capable of creating desired helical wavefront, but 

instead, they simultaneously produce two LG modes of 

opposite but equal azimuthal index, resulting in zero net 

OAM output. This kind of superposition of OAM modes 

have been demonstrated in many cavities with special 

elements, such as spot-defect mirrors [169], SLMs [161] as 

shown in Figure 7B, a pair of Porro prisms [167], aberrated 

lens [170], and angular light pumping profile [171].

A recent study shows that the handedness of OAM 

modes can be controlled by employing a novel mode 

selection element (MSE) consisting of two thin aluminium 

stripes, as shown in Figure 7C, which introduces higher 

loss for one helicity compared with the other [162]. Accord-

ing to this approach, the helicities of l = ± 1 could be 

selected by adjusting the displacement of MSE. Another 

approach is to introduce a tilted etalon in laser cavity for 

OAM handedness selection [163], as shown in Figure 7D. 

This etalon is analogous to the Brewster windows, which 

is widely used for linear polarization selection in a laser 

cavity [172]. At a specific moment, vortex beams carrying 

opposite helicity have different twisted angle on the wave-

front compared to each other. By adjusting the tilt angle of 

the etalon, more energy loss on the undesired handedness 

of OAM modes occurs, resulting in the survival of the only 

single handedness of vortex laser beam.

Figure 7: Vortex lasing from laser cavity.
(A) The first OAM laser resonator configuration, with spiral phase element (SPE) as black mirror. Reprinted from Ref. [160]. (B) Schematic 
of the digital laser composed of Brewster window (BW), spatial light modulators (SLMs), high reflectivity (HR) mirror at an angle of 45°, 
Nd:YAG gain medium pumped by an external laser diode (LD) source and the output coupler (OC). Also shown is a superposition of two 
Laguerre-Gaussian modes of opposite but equal azimuthal index, l = ± 25. Reprinted from Ref. [161]. (C) Schematic of experimental laser 
setup for the handedness controlled Laguerre-Gaussian (LG01) mode, with a pair of mode-selection element (MSE), input coupler (IC), 
output coupler (OC) and Nd:YAG gain medium. Reprinted from Ref. [162]. (D) Schematic description of the concept of using Poynting vector 
skew angle to introduce energy loss discrimination based on the Poynting vector of Laguerre-Gaussian (LG) modes along the propagation 
direction. The tilted bar on the path is the etalon and the purple solid circle/red dash circle indicates the trajectory of the Poynting vector LG 
mode of different handedness. Reprinted from Ref. [163].
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Optical vectorial vortex beams carrying a singularity 

on its phasefront with spatially inhomogeneous polariza-

tion states were found have many potential applications 

[173], [174]. These beams possessing arbitrary polarization 

and OAM states can be mapped over a higher-order Poin-

caré sphere (HOP), as shown in Figure 8A [175], which is 

an analogue to the Poincaré sphere for polarization and 

the Bloch sphere for OAM [176]. Vectorial vortex beams 

can be created based on spin-orbit interaction when light 

passing through inhomogeneous anisotropic medium [65, 

137, 141, 177], being tightly focused [178] or being coupled 

into nanowaveguides where light is strongly confined in 

the transverse direction [179–182]. HOP sphere beams 

have been directly produced from laser cavities with high 

purity [67]. By inserting a pair of geometric phase plates 

to convert OAM modes to circularly polarized Gaussian 

modes and vice versa, assisting with a pair of quart-wave 

plate for full polarization control, vector vortex modes are 

generated in that laser cavity, as shown in Figure 8B.

The OAM lasers discussed above are continuous 

wave (CW) lasers. However, an optical vortex pulsed laser 

with Q-switched operation [183] and self-mode-locked 

Laguerre-Gaussian lasers with tunable OAM output was 

also demonstrated [184].

4.2   Integrated OAM lasers

Alone with recent advances in the field of nanofabrica-

tion and engineered optical materials, the integration of 

devices has become the inevitable trend of modern pho-

tonics. There is an increasing demand on the realization 

of vortex lasing on an integrated chip. Integrated optical 

vertex lasing can be implemented by adding an integrat-

able vortex generator element at the output port of light 

source or generating vortex beam inside the light source 

cavities directly. A micro-vortex laser was implemented 

by employing a micro-SPP on the output port of a vertical 

cavity surface emitting laser [185], as shown in Figure 9A. 

A significant advance towards integrated OAM solution is 

the experiment demonstration of miniature optical vortex 

emitters based on silicon micro rings with angular grating 

patterns (see in Figure 9B) [186]. This emitter is able to gen-

erate vortex with well-controlled amount of OAM. For the 

clockwise (or anti-clockwise) Nth order whispering gallery 

modes (WGMs) supported in a micro silicon ring, its energy 

get scattered by the angular grating sidewall (M equidis-

tant scatters), resulting in OAM scattering light as output 

with an OAM amount of lћ, where l = N – M. Despite its 

compact footprint and accuracy in phase control, the reso-

nance feature of WGMs introduces an undesired disadvan-

tage, that is, intrinsic narrow band operation. To overcome 

this bandwidth limitation, recently, an ultra-broadband 

multiplexed OAM emitter is proposed and experimentally 

demonstrated [187], as shown in Figure 9C. It utilizes the 

global optimization algorithm to design the free-form meta-

surfaces to obtain a spiral phase for the output beam. The 

operation bandwidth of this device is as wide as 200 nm at 

optical communication wavelengths around λ = 1550 nm. 

Moreover, the device itself is reciprocal and thus it can be 

used for OAM demultiplexing, routing the ±1 order of OAM 

into opposite direction respectively in silicon waveguides.

In paraxial regime, circularly polarized beams carry 

SAM only. However, in non-paraxial circumstances, where 

the circularly polarized light is strongly confined in the 

Figure 8: Vectorial vortex lasing.
(A) Vertex beams of various polarization described by the higher-
order Poincaré (HOP) sphere. The white arrows show each beam’s 
polarization. These beams have different spatial distribution after 
passing through a linear polarizer oriented in the vertical direction, 
as depicted by the double-ended arrows. (B) Conceptual description 
of the experiment setup where mirrors R1 and R2 together form 
the Fabry-Perot lasing cavity. The selection of OAM relies on the 
spin to orbital AM coupling provided by the q-plates. Changing 
the orientation angle (β) of the first quarter-wave plate (QWP) and 
the rotating angle of the first q-plate (QP) results in different OAM 
polarization states on the HOP sphere. An additional QWP and a 
second QP are also required to convert the vector OAM mode into 
a linearly fundamental Gaussian mode. Thus, the polarization and 
OAM mode at each position repeat themselves over a cavity round 
trip. Reprinted from Ref. [67].
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transverse direction, the confined circularly polarized 

beams carry both SAM and OAM [134, 178]. Nanopho-

tonic waveguides provide strong confinement of light in 

the transverse direction. Therefore, generating circularly 

polarized light in nanophotonic waveguides yields a con-

fined circularly polarized mode with a strong longitudinal 

OAM component. This idea was theoretically proposed in 

2014 [181, 190] and recently demonstrated in experiment 

[188]. By introducing asymmetric geometry of the struc-

ture in nanoscale, nanophotonic waveguides exhibit con-

siderable birefringence. By introducing a phase lag of π/2 

between the transverse electric and transverse magnetic 

modes, a confined circularly polarized mode in deep sub-

wavelength waveguides was generated. A strong longitu-

dinal OAM component was also found in this mode due to 

SAM to OAM conversion, as shown in Figure 9D. Manipula-

tion of confined circularly polarized modes on a chip leads 

to many phenomena and applications, such as optical 

meshing gears [182] and chirality beam splitters [191].

As mentioned above, a micro-ring resonator with 

angular grating patterns can generate well-control amount 

of OAM. However, the OAM mode is spin dependent. The 

micro-ring resonator with angular grating patterns pro-

duces a scattering light beam with σlћ OAM. In micro-ring 

cavity lasers, clockwise and counter-clockwise WGMs will 

be simultaneously excited due to the mirror symmetry 

of a ring cavity. As a consequent, zero net OAM scatters 

from the output. Therefore, the bidirectional excitation of 

WGMs poses a significant challenge for integrated OAM 

micro-ring lasers. In conventional ring cavity lasers, it 

usually requires the employment of isolators to achieve 

unidirectional operation [192, 193]. However, the realiza-

tion of isolators requires for the breaking of reciprocity, 

which is extremely challenging in nano- or microscale 

[194, 195]. Recent advances in the field of non-Hermiticity 

shows that exceptional points can break the limitation 

of bidirectional excitation in micro-ring lasers [196, 197]. 

By introducing complex refractive index modulations 

(with periodic loss-gain distribution along the azimuthal 

direction) to form an exceptional point, researchers real-

ized the unidirectional power circulation in a micro-ring 

laser [189], as shown in Figure 9E. Thus, the micro ring 

with angular gratings allows for only one direction of light 

 circulation, resulting in integrated OAM laser emission.

5   Fractional-order OAM beam 

generation

Hitherto, the approaches for fractional-order OAM gen-

eration are primarily concerned with two branches: direct 

Figure 9: Micro-vortex lasing on chip.
(A) Schematic of the vertical-cavity surface-emitting laser with an integrated spiral phase plate at the output port. Reprinted from Ref. 
[185]. (B) Schematic of integrated optical vortex emitters based on silicon waveguides. The angular grating patterns scatter OAM light as 
output in free space. Reprinted from Ref. [186]. (C) Schematic of a broadband OAM emitter which can also be used for OAM multiplexing 
and demultiplexing. Reprinted from Ref. [187]. (D) Sketch of an integrated AlGaAs waveguide device and its generation of OAM by spin to 
orbital AM conversion. Reprinted from Ref. [188]. (E) Schematic of an OAM microlaser on an InGaAsP/InP platform. The on-top Ge and Cr/Ge 
introduce different loss and gain modulations so they form an exceptional point operation which allows for one-way light circulation in the 
micro ring cavity. It emits a vortex laser beam under optical pumping. Reprinted from Ref. [189].
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output from a laser resonator cavity and external-cavity 

conversion. The latter recipe encompasses non-integer 

spiral phase plate [198–200], computer-generated holo-

grams [201, 202], generic superposition of beam modes 

[203, 204] internal conical diffraction [205], high har-

monic generation [206], propagation-induced radial 

phase gradient [207], or generalized differential opera-

tor [208]. Accordingly, several avenues, including mode 

transformation [209], reverse mode sort [210] and a pair of 

cylindrical lens [211], have been established to realize the 

detection of fractional-order OAM. 

Similar to the light beams carrying integer OAM, the 

conceptually simplest method to yield a fractional-order 

vortex beam outside the cavity is the facile usage of the 

spiral phase plate with fractional step height [198–200]. 

The topological charge value can be flexibly navigated 

in principle by controlling over the relevant step height 

with very high accuracy. Alternatively, an elaborated 

holographic technique can also be exploited for synthesis 

of the optical beams possessing fractional vortices [201, 

202]. This realization is responsible for a half-cut phase 

ramp that is encoded to the helically phase hologram for 

giving birth to a spatially distinct sub-harmonic diffracted 

fractional OAM beams. What one should pay attention 

to is the instability of these types of helical beams upon 

propagation according to the aforementioned methods. 

In response to this scenario, a feasible route, the coherent 

synthesis of Laguerre-Gaussian modes with diverse topo-

logical charge values, has been proposed to produce light 

beams with fractional OAM. It is able to enhance propa-

gation stability in this way by limiting the number of dif-

ferent Gouy phases in the superposition [204]. Moreover, 

another interesting fashion called internal conical diffrac-

tion in the biaxial crystal is utilized to convert an ellipti-

cally polarized light into a light beam with continuously 

tunable fractional OAM in the range 0 to1ħ per photon 

[205]. To extend the applicability of the fractional OAM 

beams by this technique, high-order harmonic generation 

with infrared conical refraction beams has been proved to 

an efficient method to achieve half-integer OAM beams in 

the extreme ultraviolet domains [206].

In a different front, new conversion mechanisms from 

integer vortices to non-integral ones  is highly desired to 

generalize the widespread applications of the fractional-

order OAM beams. It was suggested that making use of 

the propagation-triggered radial phase gradient of initial 

Laguerre-Gaussian beam is an excellent choice to dynami-

cally sculpture plasmonic vortex from integer to fractional 

OAM. More importantly, an explicit analytical representa-

tion for the fractional vortex can be derived as a coherent 

superposition of numerous integer vortices [206]. Quite 

generally, a spiniform phase-encoded device comprising 

bilaterally symmetric with an aperture is put forward to 

yield arbitrary rotational-order vortex beams carrying 

OAM. This unique approach enables the rich quantum 

entanglement and superposition between arbitrary 

rational-order OAM light fields, leading to unprecedented 

quantum communication with low cross-talks [111]. 

On the other hand, fractional-order vortex beams 

associated with the Gaussian mode can also be created 

by taking advantage of intra-cavity approaches. The 

capability of producing Hermite–Laguerre–Gauss modes 

with a fractional-order OAM was proved by virtue of an 

astigmatic mode converter [212]. Recently, the nonplanar 

elliptical modes possessing large fractional OAM with 

transverse patterns revealing multiple spots near the 

degenerate cavities were excited by using a diode-pumped 

solid-state laser with selective pumping. It is also found 

that spatial distributions of these elliptical modes can be 

perfectly reconstructed theoretically, enabling analysis of 

the average OAM and the vortex structures [213].

6   Multiple optical vortex beam 

generation

6.1   OAM multiplexing

Among all bulk optic versions, using modified interfero-

metric configurations is perhaps the most routine one, 

owing to their capability to control over the array density 

and position of vortices in real time [214]. As an alterna-

tive, diffractive optical elements can be purposefully 

engineered to emulate almost any refractive holographic 

element for multiplexing the OAM vortices into an array 

[215, 216]. What makes this approach particularly fascinat-

ing is because of commercially available pixelated SLMs. 

In this regard, the generated multiple OAM beams carry-

ing desired topological charges can be readily configured 

by dynamically updating the incident phase/amplitude 

patterns loaded on the SLMs. More impressively, binary 

phase Dammann optical vortex gratings through holo-

gram coding are demonstrated to offer a viable solu-

tion for the multiplexing of massive OAM channels with 

uniform energy distributions and enlarged vortex-detec-

tion capabilities [217], as shown in Figure 10A. With regard 

to the OAM division multiplexing for ultrahigh-speed 

and large-capacity optical communications, Dammann 

optical vortex gratings can work as key ingredients to 

yield multiple OAM channels, multiplex these channels 
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into coaxial OAM beams, as well as separate them equally 

for the demultiplexing process (see Figure 10B–D) [218].

Mode-sorting multiplexing approach was first pio-

neered to sort OAM states of light [219] and then exploited 

to improve the separation efficiency of the OAM beams 

[220]. Furthermore, a robust technique that integrates 

interferometry with conjugate helical phase elements 

directing OAM beams onto a series of output ports, has 

been demonstrated to implement on-chip noninterference 

angular momentum (including SAM and OAM) multiplex-

ing of broadband light. Toward achieving this, coaxially 

superposed light beams with four angular momentum 

states pass through a mode-sorting nanoring aperture 

multiplexing unit consisting of shallow nanogrooves 

and the spatially shifted mode sorting nanoring slits of 

variant sizes. In light of the angular momentum mode-

sorting principle, on-chip multiplexing of multiple OAM 

modes can be formed. The nonresonance mode-sorting 

attribute is also able to enlarge the multiplexing capacity 

in conjunction with the wavelength-division multiplexing 

over a bandwidth of 150 nm [221]. Moreover, high-capac-

ity millimetre-wave communications with well-defined 

spectral efficiency have been testified using four OAM 

 multiplexing. It is noteworthy that, at the OAM demulti-

plexer stage, the intensity distribution of four diverse 

OAM beams in the desired sorting direction is detected, 

suggesting that the multiplexed OAM beams are spatially 

separated by the OAM mode demultiplexer [222].

6.2   OAM multicasting

In addition to OAM multiplexing, multicasting where 

generates multiple coaxial OAMs from a single input, has 

also been desired from the perspective of efficient optical 

signal processing in one-to-many communications, which 

speeds up the end users to acquire the duplicate data, by 

replicating data into orthogonal multiple channels in the 

optical domain. Currently, optical multicasting is required 

in many optical communication applications, such as 

tele conferencing, interactive distance learning, video dis-

tribution, live auctions, and distributed computing.

The SLMs loaded with specially designed phase 

pattern can be used to realize OAM multicasting. Using 

Figure 10: OAM multiplexing via Dammann gratings.
(A1) Phase pattern of 2D Dammann vortex grating (black for 0 and white for π); (A2)–(A4) optical vortex with various topological charges 
(−2, −7, and 12) detection by the Dammann vortex grating. Reprinted from Ref. [217]. (B–D) Schematic of OAM-based free-space optical 
communications using the Dammann optical vortex grating for multiplexing/demultiplexing. Reprinted from Ref. [218].
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a sliced phase pattern, multicasting data from a single 

OAM spatial channel onto multiple OAM channels of 

equally spaced OAM charge numbers was demonstrated 

[223]. A pattern search assisted iterative (PSI) algo-

rithm was proposed to enable simultaneous genera-

tion of multiple OAM modes using a single phase-only 

element. Generating 100 randomly spaced OAM modes 

with high diffraction efficiency, low standard devia-

tion and low relative root-mean-square error has been 

achieved via the PSI algorithm [224]. Metasurface struc-

ture with a V-shaped antenna array can be also used 

to realize on-chip multicasting from a single Gaussian 

beam to multiple OAM beams [225]. The shared aperture 

technology has been shown to be capable of perform-

ing a series of concurrent tasks, representing a new 

paradigm for the design of innovative photonic devices 

with improved functionality [226, 227]. However, it is 

might be valuable to unite the shared aperture princi-

ple with the geometric phase metasurface that offers a 

feasible roadmap to realize multifunctional planar con-

figurations. Thereinto, the photonic geometric phase 

metasurface possessing interleaved phase profiles are 

judiciously engineered by mixture of optical nano-

antenna sub-arrays. The principle of this scheme is 

that exploits the exotic capability of random patterns to 

realize multiple OAMs and executes polarization helicity 

control through the geometric phase layout. It has been 

proposed that there exists twofold possible routes to 

design shared-aperture-assisted metasurfaces yielding 

multiple spin-dependent OAM beams. On the one hand, 

multiple vectorial vortices are enabled to be achieved by 

coherent superposition of wavefronts with opposite chi-

ralities using interleaved geometric phase metasurface. 

For another, the alliance of the harmonic response and 

geometric phase concept is utilized to obtain the spin-

dependent diffraction pattern consisting of multiple 

OAM harmonic orders with opposite circularized polari-

zation illuminations [129, 228].

Moreover, feedback-assisted adaptive multicasting 

from a single Gaussian mode to multiple OAM modes 

with adjustable power weight coefficients was demon-

strated using a complex phase pattern [229]. Addition-

ally, OAM multicasting by arbitrary manipulation of 

spatial  amplitude and phase, turbulence compensa-

tion of distorted OAM multicasting by adaptive optics, 

obstruction-free data-carrying N-fold Bessel modes 

multicasting from a single Gaussian mode, and data-

carrying OAM-based underwater wireless optical mul-

ticasting link were also demonstrated [230–233], show 

favourable performance of OAM multicasting and its 

wide applications.

6.3   Optical vortex array

An OAM-carrying optical vortex is an isolated point sin-

gularity (e.g. phase) of an optical field. A network of 

optical vortices, also called optical vortex array or optical 

vortex lattice, has also caught widespread attention 

owing to some distinct properties compared to isolated 

ones. For instance, the shift of optical vortex lattice has 

been applied to the measurement of small-angle rota-

tions and small linear displacements, reconstruction of 

wavefront geometry, and three-dimensional scanning 

interferometry. Moreover, the optical vortex lattice has 

also found interesting applications in the manipulation of 

micro-optomechanical pumps, microlithography, nonlin-

ear propagation of phase singularity array, and quantum 

processing.

There are several approaches for generating optical 

vortex array, such as hologram [215], transformation of 

Laguerre-Gaussian mode [234], sematic liquid crystals 

[235], and multi-plane-wave interferometer [7]. These 

schemes rely on a number of bulky diffractive optical 

elements with relatively large volume and long working 

distance. An alternative approach is to use photonic inte-

grated devices with small footprint. A simple and compact 

on-chip optical vortex lattice emitter on the silicon pho-

tonics platform was recently demonstrated [236]. The 

principle relies on the three-plane-wave interference. The 

on-chip optical vortex lattice emitter consists of three par-

allel waveguides with etched tilt gratings. The tilt gratings 

facilitate flexible light emission in a wide range of direc-

tions, enabling the generation of optical vortex lattice 

above the silicon chip. A network of dark spots and fork-

like fringe patterns observed in the experiment confirm 

the on-chip optical vortex lattice emission. The demon-

strations with favourable performance may open a door 

to generate, manipulate and detect optical vortex lattice 

using silicon photonic integrated circuits.

Optical vortex beam arrays with spatially variant 

topological charge have been generated by peculiar pat-

terned metasurfaces [237–241]. A nanoslit metasurface has 

been designed that is able to produce multi-channel OAM 

beams along with equal energy in each channel at a wave-

length of 632.8 nm, as schematically illustrated in Figure 

11A. The ultrathin multiple OAM beam generator consists 

of an array of nanoantennas (i.e. a 6 × 6 beam generator 

in Figure 11B), whose the geometry and orientation was 

cautiously engineered to simultaneously manipulate both 

phase and amplitude. Using the principle of holography, 

the phase and amplitude information of the multiple 

OAM beam array can be acquired, and then encoded to 

the spatial orientation and geometry of the antenna. In 
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this fashion, multi-channel OAM beams with different 

topological charges and well-defined hexagonal array 

can be accessible [240], as shown in Figure 11C. To further 

increase the amount of OAM beams, the quasi-Talbot 

effect of vortex foci for generation of optical vortex arrays 

by metasurface was demonstrated. The quasi-Talbot effect 

of OAM beams in which centers are placed in a rotation-

ally symmetric position was utilized to design the metas-

urface, as shown in Figure 11D. By arranging the positions 

of OAM lenses, formed with anisotropic nano-apertures, 

the metasurface-dependent device can create and focus 

the multiple vortex beams carrying OAM on the focal 

plane, thus enabling optical vortex arrays consisting of 

dozens of hollow spots on the defocusing plane, as shown 

in Figure 11E [241].

7   Conclusions and perspectives

Light fields carrying OAM have opened new perspectives 

in the optical research realm due to a synergy of several 

fascinating attributes. We have briefly reviewed the latest 

developments in the field of optical vortex generation 

toward to the trend on compactness, high integration. 

The advanced nanofabrication technology enables the 

design and fabrication of planar phase elements to modu-

late the wavefront in microscale and nanoscale. By engi-

neering the optical path to modify phasefront based on 

the propagation effect, polarization independent optical 

vortex beams can be generated. Metasurfaces based on 

metallic or dielectric resonant nanostructures offer an 

excellent flexibility to generate optical vortex beams via 

resonant tuning or polarization manipulation, within an 

infinitesimal dimension. The independent modulation of 

these two kinds of phase gives rise to the multifunctional 

optical vortex generation and unconjugated OAM states 

manipulation. Direct creating a vortex source rather modi-

fying the beam path by inserting a discrete component, 

is thought to be a further improvement not only the level 

of integration and compactness, but also the purity of the 

vortex mode. Fractional optical vortex carrying fractional 

OAM are able implement via discrete plates or in laser 

cavities. Generating multiple vortex beams from a single 

Figure 11: Optical vortex arrays generated via planar metasurfaces.
(A) Illustration of the multi-channel vortex beam generation enabled by a metasurface. (B) SEM picture of the 6 × 6 OAM beam generator. 
(C) Multi-channel OAM beams with various topological charges (C1) and hexagonal profile (C2). Reprinted from Ref. [240]. (D) Illustration of 
the principle on the quasi-Talbot effect of OAM beams whose centers are placed in a rotationally symmetric position. (E) Numerical (E1) and 
experimental (E2) results of the vortex array by the predesigned metasurface on the defocusing plane. Reprinted from Ref. [241].
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device makes it more fascinating. The technologies on 

multiplexing, multicasting and vortex array generation 

have been briefly reviewed. We intend by presenting these 

works together in a concise and coherent way to stimulate 

further research progress on vortex beam generation in 

optics and as well as other forms of waves. We believe the 

similar design methods and approaches on optical vortex 

generation summarized here will benefit the communities 

in electron vortex, neutron vortex, acoustic and micro-

wave vortex generation and applications.

However, different approaches have their own limita-

tions. Discrete planar plates are suffering low purity of the 

desired beams, attributed from diffraction effect, espe-

cially high order vortex generation, no matter they are 

dynamic, geometric or hybrid phase metasurfaces. While 

for geometric phase plates, the purity of the desired vortex 

is much more sensitive to the dichroism of the material 

and structure, and the retardation. Engineering the laser 

cavity in free-space or design novel waveguides lead to 

vortex lasing with a high mode purity. However, the chal-

lenge still hinders its way on the development of vortex 

lasers, because of the difficulty on handedness selection 

of the resonant modes arising from the rotational symme-

try of the laser cavity. Moreover, higher orders are hard to 

generate by laser cavities and waveguides. Another prop-

erty to consider is the bandwidth of the device on the reso-

nant frequency. Vortex laser has an intrinsic ultra-narrow 

bandwidth comparing to the dynamic phase metasur-

faces. Furthermore, the difficulty on generating high order 

vortex beams has to be taken into consideration for differ-

ent approaches. It is much difficult to generate high order 

vortex via laser cavities or waveguides, due to the physical 

limitations of the cavity and waveguide dimension. Vortex 

beams carrying hundreds of OAMs have been realized by 

centimeter-scale SPPs and high resolution SLMs, while 

metasurfaces fabricated by electron-beam lithography 

or ion-beam lithography are not practical for large order 

vortex generation, due to the fabrication process are low 

throughput and cost-ineffective. Vortex metasurfaces 

fabricated via femtosecond laser 3D printing techniques, 

which bridges the nanoscale to macroscale, are promis-

ing to cope with this challenge. High order vortex beams 

have been achieved from a geometric phase plate with 

200 µm in diameter. The well-known high throughput of 

this fabrication technique opens the door toward to high 

order optical vortex generation. Which makes this tech-

nique more fascinating is its capability of 3D writing on 

any type of surfaces and substrates, multifunctional and 

high order optical vortex beams are able to generate from 

a high-integrated device or optical system. The utiliza-

tion of reconfigurable materials enable the possibility to 

switch different order of vortex beams in real-time, which 

make it possible to design a functional device with more 

flexibility and tenability.
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