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Perfect vortex beam (PVB) is a propagating optical field carrying orbital angular 

momentum (OAM) with a radial intensity profile that is independent of topological charge. 

PVB can be generated through the Fourier transform of a Bessel-Gaussian beam, which 

typically requires a well-aligned optical setup consisting of a spiral phase plate, an axicon, 

and a lens. Here, based on a single-layer dielectric metasurface, we demonstrate the 

broadband generation of PVBs across the entire visible spectrum. The metasurface is 

composed of TiO2 nanopillars acting as deep-subwavelength half-waveplates, and able to 

provide the desired geometric phase profile to an incident circularly polarized light for 

the generation of PVBs. Through rigorous optimization of the nanopillars’ structural 

parameters, we experimentally generate vortex beams carrying OAM with different 

topological charges that exhibit constant radial intensity profiles, verifying their “perfect” 

characteristics. Furthermore, we also demonstrate that the ellipticity and diameter of a 

PVB can be simultaneously controlled by adjusting the structural parameters of the 

metasurface, which further increases the flexibility in their design. These results open a 

new route towards creating ultra-compact, flat, multifunctional nanophotonic platforms 

for efficient generation of structured light beams. 
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1. Introduction 

Vortex is a common physical phenomenon that occurs in nature such as during a typhoon and 

in oceanic currents. Equivalently, the concept of the vortex also exists in the field of optics 

where an optical vortex beam is characterized by a helical wavefront and a spatial phase 

dependence factor 𝑒𝑒𝑖𝑖𝑖𝑖𝜑𝜑, where 𝑙𝑙 is an integer and denotes the topological charge and 𝜑𝜑 is 

the angular coordinate 1,2. As a result, an optical vortex beam carries orbital angular momentum 

(OAM) and has a doughnut-shaped transverse intensity profile. Although vortex beams have 

been widely adopted for various optical applications such as quantum information processing3,4, 

optical trapping5-7 , and particle manipulation8,9, the diameter of their annular intensity profile 

depends on the value of topological charge, which makes them non-ideal for applications 

requiring spatial superposition of vortex beams with different topological charges10. In this 

context, the concept of perfect vortex beam (PVB) was proposed which exhibits a constant 

annular intensity profile and a diameter that is independent of topological charge11. So far, 

various strategies to generate PVBs have been demonstrated such as by using an axicon lens12, 

a spatial light modulator (SLM)13, interferometer14 , or a digital micro-mirror device (DMD)15. 

However, all of these conventional methods to generate PVBs require a series of bulky photonic 

components with large footprints that have to be well aligned with respect to each other, and a 

physical free-space distance between them that cannot be simply downsized – hindering 

miniaturization and reduction of complexity of such multi-element photonic systems into 

something that is easily manufacturable, compact and alignment-free. Furthermore, any 

misalignment or incompatibility between individual optical elements results in undesired 

aberrations that deteriorate the quality of the generated PVBs. 

Metasurfaces, which are planar optical elements composed of subwavelength artificial 

meta-atoms, have been proposed as a potential candidate for manipulating light in a compact 

footprint16-18. Their ability to arbitrarily manipulate phase, polarization, and amplitude of 

incident electromagnetic waves at a subwavelength scale, has opened up new opportunities for 

implementing multiple optical functions into a single layer optic such as meta-holograms19-21, 

high-resolution imaging22-24, structural color25,26, and multi-dimensional light-fields 

manipulation27-33. Recently, researchers have also demonstrated an approach of using a 

plasmonic metasurface to generate PVBs34. However, due to the dissipative losses caused by 
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metallic nanostructures in a plasmonic metasurface, the efficiency in the visible region is 

severely restricted. Another approach, leveraging a Si metasurface to generate PVBs relies on 

a design that requires simultaneous phase and amplitude modulation, thereby limiting the 

generation efficiency and operation bandwidth35.  

In this work, we demonstrate the efficient and broadband generation of PVBs at visible 

wavelengths using a single layer dielectric metasurface. The metasurface is composed of 

identical rectangular cross-section TiO2 nanopillars, acting as nanoscale half-waveplates, with 

spatially varying in-plane rotation angles, and able to impart the desired geometric phase profile 

on the incident light. In experiments, the generated vortex beams carrying OAM with different 

topological charges exhibit the same radial intensity profiles, which confirms their “perfect” 

characteristics. Furthermore, by adjusting the geometrical parameters of the metasurface, we 

show that a PVB with an arbitrary combination of topological charge, ellipticity, and size can 

be generated, which increases the degree of freedom in their design. Our work provides a 

potential approach for the development of an ultracompact nanophotonic platform for the 

generation of structured light beams. 

 

2. Results and Discussions 

2.1 Design of geometric metasurface to generate PVB 

In theory, a PVB, whose size of radial intensity profile is independent of the topological charge, 

can be generated by performing Fourier transform of a Bessel beam36. However, it is difficult 

to generate ideal Bessel beams in practice due to their infinite energy. As an alternative 

approach, PVBs can also be generated by using a higher-order Bessel-Gaussian beam, which 

typically relies on an optical setup that includes a spiral phase plate, an axicon lens and a Fourier 

transform lens37 (Fig. 1a). First, the spiral phase plate adds a radial phase variation from 0 to 

multiple of 2π to an incident Gaussian beam and transforms it into a Laguerre-Gaussian beam. 

Next, an axicon lens is used to obtain the corresponding Bessel-Gaussian beam. The transverse 

electric field distribution of the modified Bessel-Gaussian beam can be written in Cartesian 

coordinates (x, y) as: 

𝐸𝐸𝐵𝐵𝐵𝐵(𝑥𝑥, 𝑦𝑦) = 𝐽𝐽𝑙𝑙(𝑘𝑘𝑟𝑟�𝑥𝑥2/𝑎𝑎2 + 𝑦𝑦2/𝑏𝑏2)exp [𝑖𝑖𝑖𝑖arctan (𝑎𝑎𝑎𝑎
𝑏𝑏𝑏𝑏

)]                 (1) 
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where 𝑙𝑙  is the topological charge, a and b respectively are the horizontal and vertical 

normalizing factor, 𝐽𝐽𝑙𝑙 is the 𝑙𝑙-th modified order Bessel function of the first kind, 𝑘𝑘𝑟𝑟 is the 

radial wavenumber relating to the numerical aperture (NA) of the axicon. Finally, a refractive 

lens is implemented to perform the Fourier transform of the higher-order Bessel-Gaussian beam 

and generate a PVB. The PVB is recorded in the rear focal plane of the refractive lens, and its 

transverse electric field distribution can be written in polar coordinates (𝑟𝑟,𝜃𝜃) as: 

      𝐸𝐸𝑃𝑃𝑃𝑃(𝑟𝑟,𝜃𝜃) = 𝑖𝑖𝑙𝑙−1 𝜔𝜔𝑔𝑔

𝜔𝜔𝑏𝑏
exp (𝑖𝑖𝑖𝑖𝑖𝑖)exp(−(𝑟𝑟−𝑅𝑅)2

𝜔𝜔𝜀𝜀
2 )                         (2) 

where 𝜔𝜔𝑔𝑔 is the waist of the input Gaussian beam, 𝜔𝜔𝜀𝜀 is the waist of the Gaussian beam in 

the rear focal plane, 𝑅𝑅 = 𝜀𝜀𝑘𝑘𝑟𝑟𝑓𝑓/𝑘𝑘 is the radius of the PVB, 𝜀𝜀 = a/b determines the ellipticity 

of PVB, 𝑘𝑘𝑟𝑟 is the radial wavevector, 𝑘𝑘 is the wavevector in free-space and f is the focal length 

of the Fourier transform lens. The size of the generated PVB along the vertical and horizontal 

directions can be respectively calculated as 𝑅𝑅𝑣𝑣 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  and 𝑅𝑅ℎ = 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . Given the fixed 

values of three parameters (𝜀𝜀, f, NA), the shape of PVB can be determined and is independent 

of the topological charge. 

In order to generate PVBs, we consider that the designed metasurface has to possess the 

total phase profiles of a spiral phase plate, an axicon and a Fourier transform lens, 

i.e.,  𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑥𝑥,𝑦𝑦) = φ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥,𝑦𝑦) + 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥,𝑦𝑦) + φ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑥𝑥,𝑦𝑦)  (Fig.1b). The phase 

distribution of the spiral phase plate can be expressed as: 

𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥,𝑦𝑦) = 𝑙𝑙 ∙ arctan �𝑎𝑎𝑎𝑎
𝑏𝑏𝑏𝑏
�                             (3) 

The phase imparted to the incident light from an axicon can be expressed as: 

𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥,𝑦𝑦) = −2𝜋𝜋
𝜆𝜆
�𝑥𝑥2/𝑎𝑎2 + 𝑦𝑦2/𝑏𝑏2 ∙ 𝑁𝑁𝑁𝑁                   (4) 

where λ is the operating wavelength. Lastly, the phase of the Fourier transform lens takes the 

form: 

φ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑥𝑥,𝑦𝑦) = − 𝜋𝜋
𝜆𝜆𝜆𝜆

(𝑥𝑥2 + 𝑦𝑦2)                      (5) 

Fig. 1c shows the schematic diagram of the proposed planar metasurface, where it is evident 

that when compared to the conventional bulk-optic combinations, the metasurface PVB 

generator significantly simplifies the optical setup. The basic unit-cell of the metasurface is a 

rectangular TiO2 nanopillar of height, H = 600 nm, arranged spatially on a fused-silica substrate 
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with a nominal lattice constant, P = 350 nm (Fig. 1d). The choice of material, TiO2, is governed 

both by its high refractive index and low-loss at visible frequencies as well as by our capabilities 

to deposit and pattern thin-films of TiO2 into high aspect-ratio nanostructures. For an incident 

circularly polarized light, Pancharatnam-Berry (PB) or geometric phase, is obtained by rotating 

anisotropic rectangular nanopillars acting as half-waveplates to yield a local phase shift given 

by  𝜑𝜑𝑃𝑃𝑃𝑃(𝑥𝑥, 𝑦𝑦) = 2𝜃𝜃(𝑥𝑥, 𝑦𝑦) , where θ is the in-plane orientation angle of the nanopillar with 

respect to the fast axis. For PVB generation, the required PB phase 𝜑𝜑𝑃𝑃𝑃𝑃(𝑥𝑥,𝑦𝑦) must be equal 

to 𝜑𝜑𝑃𝑃𝑃𝑃(𝑥𝑥,𝑦𝑦), hence the rotation angle 𝜃𝜃(𝑥𝑥,𝑦𝑦) of each nanopillar spatially can be simply 

determined to be 𝜃𝜃(𝑥𝑥,𝑦𝑦) = 𝜑𝜑𝑃𝑃𝑃𝑃(𝑥𝑥,𝑦𝑦)/2.  

A geometric-phase-based metasurface converts an incident circularly polarized beam into 

a cross-polarized beam with opposite helicity and adds an additional phase shift. Therefore, to 

improve the generation efficiency of PVBs using such a metasurface, optimization of the 

polarization conversion efficiency (PCE) of the metasurface unit-cell is a primary prerequisite. 

At a central visible wavelength of 530 nm, the structural parameters of the nanopillars are 

optimized by using finite-difference time-domain (FDTD) simulations, and the corresponding 

complex transmission coefficients are given in Supplementary Fig. S1. The transmittance for 

circularly polarized light is calculated as |𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐|2 = 1
4

(�|𝑡𝑡𝑥𝑥|2𝑒𝑒𝑖𝑖𝜑𝜑𝑥𝑥 −

��𝑡𝑡𝑦𝑦�
2𝑒𝑒𝑖𝑖𝜑𝜑𝑦𝑦)2   and |𝑡𝑡𝑐𝑐𝑐𝑐|2 = 1

4
(�|𝑡𝑡𝑥𝑥|2𝑒𝑒𝑖𝑖𝜑𝜑𝑥𝑥 + ��𝑡𝑡𝑦𝑦�

2𝑒𝑒𝑖𝑖𝜑𝜑𝑦𝑦)2 , where 𝑡𝑡𝑥𝑥 ,  𝑡𝑡𝑦𝑦 ,  𝜑𝜑𝑥𝑥 , 𝜑𝜑𝑦𝑦  are the 

transmission coefficients and phase shifts for linearly polarized light along the x and y axis, 

respectively. The polarization conversion efficiency defined as, PCE = |𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐|2

|𝑡𝑡𝑐𝑐𝑐𝑐|2+|𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐|2
=

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑐𝑐𝑐𝑐+𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

, calculated at a wavelength of 530 nm is shown in Fig. 1e. To obtain a high PCE, the 

width and length of the nanopillar are chosen to be W = 100 nm and L = 250 nm (black dot, Fig. 

1e). For this nanopillar dimension, the average PCE calculated from the values of 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 

𝑡𝑡𝑐𝑐𝑐𝑐  (Fig. 1f) was determined to also be relatively high across the entire visible range. In 

addition, the nanopillar also exhibits phase retardation close to π between the x- and y- 

polarization components (Fig. 1g), which is a prerequisite for good half-waveplate operation 

across a broad wavelength range. These two features guarantee an efficient broadband response 

of the metasurface for visible light. Figure 1h shows the optical microscope image of the 
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fabricated metasurface PVB generator, and the inset shows a scanning electron microscope 

(SEM) image of the constituent nanopillars. The detailed fabrication process of the metasurface, 

based on damascene lithography, is described in the experimental section. The fabricated 

metasurface has an overall nominal size of 90 μm × 90 μm with a designed focal length f = 150 

μm at a wavelength of 530 nm. Figure 1i shows the schematic diagram of the setup for the 

optical characterization of the metasurface PVB generator. A supercontinuum laser attached to 

an acousto-optic tunable filter (AOTF) is used to generate a collimated, linearly polarized laser 

beam at any desired wavelength in the visible spectral range. The incident light is then 

converted into a circularly polarized beam using a combination of a linear polarizer and an 

achromatic quarter-wave plate (QWP) before illuminating the metasurface at normal incidence. 

The transmitted light containing cross-polarized and co-polarized components through the 

metasurface is collected using an objective with 20× magnification. Another pair of QWP and 

a linear polarizer is then used to block any background undesired, zero-order, co-polarized 

components directly transmitted through the metasurface, and finally, the entire light field 

distribution is captured using a charge-coupled device (CCD) camera. 

 

2.2 Broadband generation of PVBs for visible light 

Figure 2a shows the experimentally measured intensity distributions of the vortex beams 

generated by the metasurface with topological charges ranging from l = 1 to l = 4 at free-space 

wavelengths of 450 nm, 530 nm, and 630 nm, respectively. Except for the variation in 

topological charge, the four metasurfaces characterized here have the same design parameters 

of NA = 0.08 and ε = 1 (see corresponding optical microscope images in Supplementary Fig. 

S2). The topological charge of the generated vortex beam can be easily identified by examining 

the number of spiral branches in the measured interference patterns (Fig. 2b), which are created 

by interfering the generated vortex beam with a co-propagating Gaussian beam. It can be clearly 

seen that the number of branches in the interference images from top to bottom is 1, 2, 3 and 4, 

respectively, corresponding to topological charge varying from l = 1 to l = 4. Although the 

metasurface exhibits a broadband response for visible light, due to the existence of material 

dispersion, the focal distances at different wavelengths vary correspondingly. For example, at 

nominal propagation distances away from the metasurface exit surface, z = 180 μm and 128 μm 
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corresponding to focal positions for blue (450 nm) and red (630 nm) light, respectively, the in-

plane annular intensity patterns are identical to the ones for green light (530 nm) at a designed 

focal position of z = 150 μm. Figure 2c-f shows the cross-sections of the normalized intensity 

profiles extracted along the y-direction at the wavelength of 530 nm. The consistent cross-

sectional intensity profiles verify that the sizes of the generated vortex beams are insensitive to 

the topological charges. The measured diameters of the generated vortex beams with l = 1 to l 

= 4 are (23.25 ± 0.12) μm, (24.28 ± 0.09) μm, (24.04 ± 0.12) μm and (24.28 ± 0.08) μm, 

respectively, which agree well with the theoretically calculated value of 24 μm. The measured 

diameters were determined by fitting a Gaussian curve to the experimental results, and the 

uncertainty is one standard deviation (SD) of the Gaussian fit parameter. The generation 

efficiencies of the metasurfaces (the intensity of generated PVBs divided by the total incident 

intensity) are (27 ± 2) % at 450 nm, (68 ± 3) % at 530 nm and (46 ± 2) % at 630 nm, which 

can be further improved by optimizing the fabrication process to achieve smooth sidewalls, and 

rectangular cross-section nanopillars with no sidewall tapering. The uncertainty in efficiency 

measurements are one SD for repeated measurements. Further experimental results of the 

measured y-z plane intensity distributions and their cross-sections at different wavelengths are 

given in Supplementary Fig. S3 and S4. 

 

2.3 Generation of elliptical and size-controllable PVBs 

In addition to standard circular PVBs, through modification in the design parameters, the 

metasurface can also be used to generate arbitrary elliptical PVBs. Here we design eight 

metasurfaces with two ellipticities 𝜀𝜀 = 0.8 and 𝜀𝜀 = 1.2 (see corresponding optical microscope 

images in Supplementary Fig. S5). Figure 3a shows the experimentally captured intensity 

distributions of elliptical vortex beams with topological charge varying from l = 1 to l = 4 at 

free space wavelengths of 450 nm, 530 nm and 630 nm. The corresponding interference patterns 

recorded to confirm their topological charges are shown in Supplementary Fig. S6. Similar to 

the circular case shown in Fig. 2, the sizes of the intensity distribution of elliptical vortex beams 

with different topological charges are identical, which verifies their perfect characteristics. 

Figure 3b-i show the cross-sections of the normalized intensity of vortex beams at the 

wavelength of 530 nm. For 𝜀𝜀 = 0.8, horizontal/vertical diameters are measured as (23.51 ± 
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0.11) μm / (18.42 ± 0.07) μm, (23.63 ± 0.07) μm / (18.78 ± 0.09) μm, (23.87 ± 0.12) μm 

/ (18.78 ± 0.15) μm, (23.87 ± 0.05) μm / (18.90 ± 0.08) μm, respectively for l = 1 to 4 (Fig. 

3b-e). For 𝜀𝜀 = 1.2, the horizontal/vertical diameter are measured as (23.15 ± 0.09) μm / 

(28.12 ± 0.12) μm, (23.27 ± 0.11) μm / (28.00 ± 0.07) μm, (23.87 ± 0.12) μm / (28.12 

± 0.12) μm, (23.63 ± 0.12) μm / (28.42 ± 0.11) μm, respectively for l = 1 to 4 (Fig. 3f-i). 

The uncertainties in diameter measurements are one SD of the Gaussian fit parameter. These 

values agree well with the theoretical horizontal/vertical diameter 24 μm / 19.2 μm for 𝜀𝜀 = 0.8 

and 24 μm / 28.8 μm for 𝜀𝜀 = 1.2. Further experimental results of the measured y-z plane 

intensity distributions and their cross-sections at different wavelengths are given in 

supplementary Fig. S7 and S8. 

Finally, besides independent manipulation of topological charge and ellipticity of the 

vortex beams, the metasurface can also be used to arbitrarily control the size of generated PVB 

by adjusting the numerical aperture (NA). Figure 4a shows the measured normalized intensity 

distributions of the PVBs (ε = 0.8, ε = 1, ε = 1.2) with topological charges of l = 1 and l = 4 

which are generated by metasurfaces designed with different numerical apertures (NA = 0.1 and 

NA = 0.15) (see corresponding optical microscope images in Supplementary Fig. S9). The 

measured y-z plane intensity distributions and their corresponding interference patterns to 

confirm the topological charges are shown in Supplementary Fig. S10 and S11, respectively. It 

can be clearly seen that, although the vortex beams are insensitive to the topological charge, 

their sizes are proportional to the numerical aperture of the metasurface. Figure 4b-g show the 

vertical cross-sections of the normalized intensity of vortex beams at the x-y plane at a 

wavelength of 530 nm. The measured horizontal/vertical diameters of PVBs for NA = 0.1 and 

0.15 are summarized in Supplementary Table S1, which agree well with the theoretically 

calculated values. Further experimental results of cross-sections at different wavelengths are 

given in Supplementary Fig. S12. These results clearly show that not only the generated vortex 

beam has “perfect” characteristics, its shape and size can also be independently controlled, 

which further enriches the design freedom of vortex beams generated using metasurfaces. 

 

3. Conclusions 

The use of ultra-compact, multifunctional photonic elements to efficiently generate structured 
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light fields is of far-reaching significance for photonics research. Undoubtedly, as a promising 

platform, complimentary to the developments in integrated photonics, metasurfaces are serving 

as a crucial component for photonic device research. In this work, we exploit an ultrathin 

dielectric metasurface composed of TiO2 nanopillars to efficiently generate perfect vortex 

beams in the visible spectral range. Through optimization of the nanopillars’ structural 

parameters, the experimentally generated vortex beams carrying OAM with different 

topological charges exhibit the same radial intensity profiles, verifying their perfect 

characteristics. In addition, by varying their ellipticity factor and numerical aperture, the shape 

and size of the generated perfect vortex beams can be independently manipulated. We envision 

that this work will inspire the creation of flat nanophotonic platforms for efficient generation 

and control of structured light beams and further promote their practical applications in areas 

such as optical communication, optical data storage, and quantum information science.  

 

4. Experimental Section 

Numerical optimization 

Finite-difference time-domain (FDTD) simulations are performed for optimization of the basic 

unit-cell structure with an area of 350 nm × 350 nm in the x-y plane using periodic boundary 

conditions. Perfectly matched layers (PML) conditions are employed along the z-direction. The 

x- and y-polarization plane waves were normally incident on the unit cell along the z-direction.  

 

Metasurface Fabrication 

A layer of hexamethyldisilazane (HMDS) was prime-vapor-coated on a 500 μm thick fused 

silica substrate and then spin-coated with a layer of 600 nm thick, high-resolution, positive-

tone electron-beam resist. The thickness of 600 nm determines the height of the nanopillars. 

Next, the sample was coated with a layer of 10 nm thick aluminum by thermal evaporation to 

avoid the charging effect generated in the following electron-beam lithography step. The 

accelerating voltage and beam current of the e-beam lithography were set at 100 kV and 2 nA, 

respectively. Resist development was done in hexyl-acetate for 120 s. The patterned sample 

was coated with TiO2 using an atomic layer deposition (ALD) system at a temperature of 90 °C. 

After the ALD step, etching was performed using an inductively coupled plasma reactive ion 
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etching (ICP-RIE), with a gas mixture of Cl2 and BCl3. The etching was stopped when the 

electron-beam resist was exposed. Finally, the sample was exposed to ultraviolet irradiation, 

followed by soaking in n-methyl-2-pyrrolidone, which removes the resist and produce the 

metasurface with predesigned geometrical parameters. 
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Figure 1. a. Schematic of the PVBs generation process using traditional bulk optical elements. b. The phase profile 

of the designed metasurface which superimposes three-phase profiles of a spiral, an axicon, and a lens. c. Schematic 

illustration of the designed metasurface with nanopillar arrays generating PVBs for right-circularly polarized (RCP) 

light. For the RCP beam, part of the light changes handedness to left-circularly polarized (LCP) upon propagation 

through the metasurface. d. Left: schematic of the unit-cell of the metasurface. Right: the top view and side view of 

the unit cell. e. Calculated polarization conversion efficiency as a function of nanopillars’ length and width at a 

wavelength of 530 nm. The black dot denotes selected structural parameters of the nanopillar. f. Distribution of 

transmittance of cross-polarization and co-polarization components as a function of wavelength ranging from 450 

nm to 650 nm. g. Calculated phase 𝜑𝜑𝑥𝑥, 𝜑𝜑𝑦𝑦  for x- and y- polarization light and their difference ∆φ. h. Optical 

microscope image of the fabricated metasurface. Scale bar: 10 μm. Bottom-left inset shows the SEM image of the 

metasurface. Scale bar: 500 nm. i. Optical setup for generating and analyzing PVBs.  
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Figure 2. a. The measured annular intensity profiles of the generated PVBs (𝜀𝜀 = 1) with topological charges of l = 

1, 2, 3 and 4 (from top to bottom) in the x-y plane at wavelengths of 450 nm (blue), 530 nm (green) and 630 nm (red) 

using the metasurface with NA = 0.08. The propagation distances are z =180 μm (blue), 150 μm (green) and 128 μm 

(red), respectively. b. The measured interference patterns corresponding to the PVBs used to identify the number of 

topological charges. The dashed lines represent the tangential direction. Scale bar: 10 μm. c-f. Normalized cross-

sections of the annular intensity profiles of the PVBs along the vertical direction with topological charges l = 1, 2, 

3, 4 at a wavelength of 530 nm. 
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Figure 3. a. The measured annular intensity profiles of the generated PVBs (𝜀𝜀 = 0.8 and 1.2) with topological 

charges of l = 1, 2, 3 and 4 (from top to bottom) in the x-y plane at wavelengths of 450 nm, 530 nm and 630 nm 

using the metasurface with NA = 0.08. The propagation distances are z =180 μm (blue), 150 μm (green) and 128 

(red) μm, respectively. The solid line represents the horizontal direction, and the dashed line represents the vertical 

direction. Scale bar: 10 μm. b-i. Normalized cross-sections of the annular intensity profiles of the PVBs indicated 

by the solid line with topological charges l = 1, 2, 3, and 4 at the wavelength of 530 nm.  
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Figure 4. a. The measured annular intensity profiles of the generated PVBs (𝜀𝜀= 0.8, 1 and 1.2) with topological 

charges of l = 1 and l = 4 (from left to right) in the x-y plane at wavelengths of 450 nm, 530 nm and 630 nm using 

two metasurfaces with NA = 0.1 and NA = 0.15. The propagation distances are z = 180 μm (blue), 150 μm (green) 

and 128 μm (red), respectively. The dashed line represents the vertical direction. Scale bar: 10 μm. b-g. Normalized 

cross-sections (along the vertical direction) of the annular intensity profiles of the PVBs with topological charges l 

= 1 and l = 4 at a wavelength of 530 nm.  
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Figure S1 Simulation data for two-dimensional parameter sweeps of TiO2 nanopillars with a height of 
600 nm. (a)- (b) and (c)-(d) Simulated intensity of transmission coefficients and phase shifts of 
nanopillars for x- and y-polarization beam with various length L and width W. (d) and (e) Simulated 
intensity of each nanostructure for co-polarized and cross- polarized beams when the width W and length 
L are modified.  
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Figure S2 Optical microscope images of the fabricated metasurfaces (𝜀𝜀 = 1, NA = 0.08) with topological 
charges of l = 1, 2, 3, and 4 (from left to right). Scale bar: 10 μm.  
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Figure S3 The y-z plane intensity distributions of the vortex beams (𝜀𝜀 = 1). The propagation distances 
represented by the white dotted line at the three wavelengths are z = 180 μm, 150 μm and 128 μm. 
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Figure S4 Normalized cross sections of the annular intensity profiles of the PVBs along the vertical 
direction with topological charges l = 1, 2, 3, and 4 at wavelengths of 450 nm (a-d) and 630 nm (e-h). 
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Figure S5 Optical microscope images of the fabricated metasurfaces (𝜀𝜀 = 0.8, 𝜀𝜀 = 1.2) with topological 
charges of l = 1, 2, 3, and 4 (from left to right). Scale bar: 10 μm. 
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Figure S6 The measured interference patterns corresponding to the PVBs (𝜀𝜀  = 0.8, 𝜀𝜀  = 1.2) 
generated by the metasurface: NA = 0.08. Scale bar: 10 μm. 
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Figure S7 The y-z plane intensity distributions of the vortex beams (𝜀𝜀 = 0.8, 𝜀𝜀 = 1.2) using the 
metasurface: NA = 0.08. The propagation distances represented by the white dotted line at the three 
wavelengths are z = 180 μm, 150 μm, and 128 μm. 
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Figure S8 Normalized cross-sections of the annular intensity profiles of the PVBs (𝜀𝜀 = 0.8, 𝜀𝜀 = 1.2) 
generated by the metasurface: NA = 0.08 indicated by the filled area with topological charges l = 1, 2, 3, 
and 4 at the wavelength of (a) 450 nm and (b) 630 nm. 
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Figure S9 Optical microscope images of the fabricated metasurfaces (𝜀𝜀 = 0.8, 𝜀𝜀 = 1. and 𝜀𝜀 = 1.2) with 
topological charges of l = 1 and 4 (NA= 0.1 and NA = 0.15). Scale bar: 10 μm. 
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Figure S10 The y-z plane intensity distributions of the vortex beams (𝜀𝜀 = 0.8, 𝜀𝜀 = 1, and 𝜀𝜀= 1.2) using 
the metasurface: NA = 0.1 and NA = 0.15. The propagation distances represented by the white dotted line 
at the three wavelengths are z = 180 μm, 150 μm, and 128 μm, respectively. 



 12 

 

Figure S11 The measured interference patterns corresponding to the PVBs (𝜀𝜀 = 0.8, 𝜀𝜀 = 1, and 𝜀𝜀 = 1.2) 
generated by the metasurface: NA = 0.1 and NA = 0.15. Scale bar: 10 μm. 
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Figure S12 Normalized cross-sections (the vertical direction) of the annular intensity profiles of the 
PVBs with topological charges l = 1 and 4 at the wavelength of (a) 450 nm and (b) 630 nm. 
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Table S1 The measured and theoretical value of PVB’s diameter (𝜀𝜀 = 0.8, 𝜀𝜀 = 1 and 𝜀𝜀 = 1.2) using the 
fabricated metasurfaces with NA = 0.1 (a) and 0.15 (b). The uncertainties in diameter measurements are 
one standard deviation of the Gaussian fit parameter. 
 

Metasurface with NA = 0.1 

 
l = 1 l = 4 

Horizontal 
diameter/μm 

Vertical 
diameter/μm 

Horizontal 
diameter/μm 

Vertical 
diameter/μm 

ε = 0.8 
Measured value 30.15±0.13 25.58±0.08 31.02±0.11 25.78±0.07 

Theoretical value 30 24 30 24 

ε = 1 
Measured value 30.07±0.10 31.87±0.11 30.09±0.09 31.47±0.08 

Theoretical value 30 30 30 30 

ε = 1.2 
Measured value 30.07±0.05 36.95±0.06 30.54±0.07 36.81±0.05 

Theoretical value 30 36 30 36 

b 
Metasurface with NA = 0.15 

  

l = 1 l = 4 

Horizontal 
diameter/μm 

Vertical 
diameter/μm 

Horizontal 
diameter/μm 

Vertical 
diameter/μm 

ε = 0.8 
Measured value 46.00±0.12 36.95±0.13 46.01±0.13 37.15±0.15 

Theoretical value 45 36 45 36 

ε = 1 
Measured value 45.17±0.11 46.09±0.13 45.19±0.09 46.09±0.09 

Theoretical value 45 45 45 45 

ε = 1.2 
Measured value 45.55±0.09 54.62±0.12 45.37±0.11 54.52±0.09 

Theoretical value 45 54 45 54 
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