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Decoding arbitrary polarization information from an optical field has triggered 

unprecedented endeavors in polarization imaging, remote sensing and information processing. 

Therefore, developing a polarization detection device with full on-chip integration and 

miniaturization holds tremendous potential for many areas of optical sciences. Here, we 

propose a full-Stokes polarimetry device for visible light based on an all-dielectric metasurface. 

By combining both geometric phase and propagation phase modulation, we design the 

metasurface to provide two uncorrelated phase profiles for the two orthogonal states of input 

polarization, which we then use to spatially separate the various polarization states of incident 

light. Through the use of a millimeter-scale multiplexed metasurface array, we further achieve 

successful characterization of the full polarization distribution of space-variant polarization 

fields. This proof-of concept ultracompact and ultrathin metasurface is expected to open new 

pathways in full-Stokes polarization detection, machine vision and navigation. 
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Polarization is an intrinsic attribute of light that describes the oscillatory orientation of electric field 

along the optical path. However, it is often not captured in a photograph because most image sensors 

are only sensitive to the intensity and color of the incident field. Separate from spectrally decoding 

the information about material constituents in an imaging field such as done using hyperspectral 

imaging techniques [1], polarization metrology can reveal minuscule, and often invisible, 

characteristics of emitting light sources or scattering objects such as surface stress and roughness. 

Therefore, polarimetry has found use in a wide range of applications such as remote sensing [2], 

machine vision [3], biomedical imaging [4] and surface analysis [5]. Traditionally, polarimetry has 

been realized using either the division-of-time (DoT) [2-4] or division-of-aperture (DoA) [5] 

technique. In DoT, the intensity of light with different polarization states is recorded by a detector 

after passing through a rotating wheel equipped with polarizers mounted at different orientation 

angles. The DoT technique sacrifices temporal resolution, and also requires mechanically moving 

parts which is not desirable in an optical setup. On the other hand, in DoA the light is split by a 

series of polarization optics and recorded by several separate detectors. This approach has the 

disadvantage of requiring a fairly long propagation space between the various optical components 

as well as strict alignment between them. In recent years, much of the polarization metrology interest 

has focused on the development of division-of-focal plane (DoFP) technique, where a photodetector 

array is placed at the focal plane covered with different polarization filters [6-8]. Despite their 

successful commercialization, DoFP devices are unable to provide measurement of the full-Stokes 

parameters, or detection of polarization structured beams with high spatial resolution. Other novel 

polarimetry approaches, such as using black phosphorus [9] or graphene [10], are still premature 

and need further development to be integrated into functional devices. 

Metasurfaces, consisting of a single layer of subwavelength optical nanoantennas, have 

provided the ability to arbitrary control multi-dimensional properties of light, including phase [11-

15], polarization [16-18], frequency [19,20], and amplitude [21, 22]. As a result, metasurfaces have 

been widely explored to tailor the wavefront of incident light for applications in holography [23-

25], high-resolution imaging [26-28], structural colors [29-31] or orbital angular momentum (OAM) 

generation [32-35]. Recently, using diffractive and matrix Fourier optics, a DoA full-Stokes 

polarization camera has been demonstrated [36]. Furthermore, using Si metasurfaces, DoFP full-
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Stokes polarimetry has been demonstrated in the near-infrared spectral range [37-40]. Besides 

dielectric metasurfaces, plasmonic metasurfaces have also been utilized for polarization detection 

[41-45]. However, metallic nanostructures suffer from large intrinsic absorption losses which 

significantly limit their efficiencies, especially while operating in the transmission mode.  

In this work, we propose and experimentally demonstrate DoFP full-Stokes polarimetry for 

visible light using all-dielectric metasurface. The metasurface is composed of an array of 

subwavelength-spaced elliptical shaped titanium-dioxide (TiO2) nanopillars acting as nanoscale 

birefringent waveplates. By combining both geometric phase and propagation phase modulation, 

we designed the metasurface to provide two uncorrelated phase profiles for the two orthogonal 

polarization states of incident light, which is then used to spatially separate the various polarization 

states of incident light with high efficiency. In addition to detecting arbitrary polarization states of 

spatially uniform beams, we demonstrate fabrication of a millimeter-scale metasurface array to 

successfully map the complete spatially varying polarization distribution of cylindrical vortex 

beams (CVBs). Offering the advantages of integration in a compact and ultrathin architecture, we 

envision this metasurface platform to offer new capabilities for polarization analysis, Stokes 

holography and multidimensional imaging.  

Fundamentally, any arbitrary polarization state of a monochromatic plane wave can be 

represented using the Stokes vector formalism as, S = [S0, S1, S2, S3]T, where T indicates the 

transpose of the matrix. The various matrix components are defined as: S0 = I = I0 + I90 = I45 + 

I135 = IR + IL, S1 = (I0 – I90), S2 = (I45 – I135), S3 = (IR – IL) where, I is the total incident intensity, I0, 

I90, I45, I135 are the intensities of light with polarization oriented at 0°, 90°, 45°, 135° with respect to 

the x-axis, respectively and IR (IL) denote the intensity of right (left) circularly polarized light 

(RCP/LCP). Due to the direct quantitative relationship between the polarization states of incident 

light and intensity of certain polarization basis, the Stokes vector offers enormous simplicity and is 

therefore widely used in polarization metrology [36-46]. Here, instead of using a traditional set of 

optic elements, a single layer metasurface composed of birefringent TiO2 nanopillars is designed to 

split three pairs of orthogonal states of input polarization (0°/90°, 45°/135° and RCP/LCP) with 

high efficiency, and simultaneously focus them to different positions on the sensor plane (Fig. 1a). 

The full-Stokes parameters can be obtained by measuring the intensities of the six different 
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polarization bases at the focal plane, and thus the polarization state of incident light can be 

determined. Figure 1b shows the schematic diagram of the proposed planar metasurface element 

consisting of three polarization beam splitters spatially arranged in a hexagonal pattern. Each beam 

splitter occupies a rhomb region, and has the ability to separate and focus a pair of orthogonal 

polarization states along the diagonal direction. The phase profile of each metasurface beam splitter 

can be calculated as: 𝜑𝜑𝑛𝑛 = −2π
λ

[�(𝑥𝑥 − 𝑥𝑥𝑛𝑛)2 + (𝑦𝑦 − 𝑦𝑦𝑛𝑛)2 + 𝑓𝑓2 − f], where xn and yn denote the 

deflecting coordinates of the two polarization states, subscript n = 1, 2 represents two orthogonal 

polarization states, and f is the focal distance of the designed metasurface. Therefore, six different 

polarization bases (0°/90°, 45°/135° and RCP/LCP) are equidistantly distributed at the focal plane 

to form a regular hexagon shape.  

For the metasurface to achieve spatial separation of arbitrary orthogonal polarization states 

(|𝑘𝑘+⟩, |𝑘𝑘−⟩ ) of incident light, two independent phase profiles φ1(x, y) and φ2(x, y) should be 

endowed to the orthogonal input polarization states. In other words, the Jones matrix T of the 

designed metasurface should simultaneously satisfy the following transformations: T(𝑥𝑥,𝑦𝑦)|𝑘𝑘+⟩ =

𝑒𝑒𝑖𝑖𝜑𝜑1(𝑥𝑥,𝑦𝑦)|(𝑘𝑘+)∗⟩ and T(𝑥𝑥,𝑦𝑦)|𝑘𝑘−⟩ = 𝑒𝑒𝑖𝑖𝜑𝜑2(𝑥𝑥,𝑦𝑦)|(𝑘𝑘−)∗⟩, where * represents complex conjugate. For 

two orthogonal linear polarization (for example, x- and y- polarization, i.e., 0°/90°), the Jones matrix 

T can be derived as, 

   𝑇𝑇(𝑥𝑥,𝑦𝑦)= �e
iφ1 0
0 eiφ2

�                            (1) 

According to the diagonal character of matrix 𝑇𝑇, one can directly obtain the phase shifts 𝛿𝛿x =

𝜑𝜑1(𝑥𝑥,𝑦𝑦) and 𝛿𝛿y = 𝜑𝜑2(𝑥𝑥, 𝑦𝑦) along the symmetry axes of linearly birefringent nanopillars, which 

also indicates that for this polarization pair (0°/90°) the metasurface can impart polarization-

independent phases by only leveraging the propagation phase offered by the nanostructures with no 

requirement for nanopillar rotation or geometric phase modulation (Fig. 1c). The transmission 

coefficient and phase shifts along the x-axis are simulated as a function of the in-plane dimensions 

of TiO2 nanopillars, and corresponding results are shown in Fig. 1d. By discretization of the phase 

profiles, a series of structural parameters (SI Table 1) are selected to provide eight discrete phase 

levels covering the full 0 to 2π phase range and offering high efficiencies at a visible wavelength of 

530 nm. In addition, using simple coordinate transformation, the spatial decoupling of 45° and 135° 
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linear polarization states can be realized by rotating every elliptical TiO2 nanopillar in the previous 

configuration by 45° relative to the x-axis. 

Finally, to spatially decouple the two orthogonal circular polarization states, RCP and LCP, the 

Jones matrix T can be calculated as [28], 

𝑇𝑇(𝑥𝑥,𝑦𝑦) = 1
2
� 𝑒𝑒𝑖𝑖𝜑𝜑1 + 𝑒𝑒𝑖𝑖𝜑𝜑2 −𝑖𝑖𝑒𝑒𝑖𝑖𝜑𝜑1 + 𝑖𝑖𝑒𝑒𝑖𝑖𝜑𝜑2
−𝑖𝑖𝑒𝑒𝑖𝑖𝜑𝜑1 + 𝑖𝑖𝑒𝑒𝑖𝑖𝜑𝜑2 −𝑒𝑒𝑖𝑖𝜑𝜑1 − 𝑒𝑒−𝑖𝑖𝜑𝜑2

�                 (2) 

The unitary nature and symmetry of this matrix guarantees that it can be diagonalized by solving 

the characteristic equation. The eigenvalues and eigenvectors of this Jones matrix require that the 

constituent nanopillars have a birefringent response with phase shifts (𝜑𝜑𝑥𝑥,𝜑𝜑𝑦𝑦) along the two 

perpendicular symmetry axes, and an orientation angle θ of the fast-axis as a function of the 

reference coordinate. We can find analytical expressions for required phase shifts and orientation 

angles as 𝜑𝜑𝑥𝑥 = (𝜑𝜑1 + 𝜑𝜑2) 2⁄ ,𝜑𝜑𝑦𝑦 = (𝜑𝜑1 + 𝜑𝜑2) 2⁄ − 𝜋𝜋,𝜃𝜃 = (𝜑𝜑1 − 𝜑𝜑2) 4⁄  . In this case, the 

decoupling of two orthogonal circular polarization states is achieved through a combination of both 

the propagation phase and geometric phase (Fig. 1e). Therefore, it is imperative to find a set of 

nanostructures with varying in-plane dimensions and orientation angles, offering the full 0 to 2π 

phase coverage. Based on the above analysis, eight nanopillar structures with high transmission 

efficiencies are selected from the calculation results (marked by black circles with #1 to #8 in Fig. 

1f). Figure 1g and 1h show an optical photograph and scanning electron microscope (SEM) images 

of the fabricated TiO2 metasurface, respectively. The detailed fabrication process is described in the 

Methods section.  

Figure 2a shows the custom-built experimental setup for full-Stokes polarization detection. A 

collimated, linearly polarized input illumination at a free-space wavelength of 530 nm is generated 

from a supercontinuum laser attached to an acousto-optic tunable filter (AOTF) and a linear 

polarizer (LP). Subsequently, a half- or a quarter- waveplate (HWP or QWP) is used to tailor the 

incident light with any discretionary polarization state before illuminating the metasurface. The 

transmitted light through the metasurface is then captured using a 50× objective lens and recorded 

on a charge coupled device (CCD) camera. To characterize the polarization response of the 

metasurface device, we first illuminate it with six basis polarization states (0°/90°, 45°/135°, and 

LCP/RCP) in successive order. The experimental results shown in the first row of Fig. 2b 
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demonstrate that the device can route different polarization components to different focal spots. For 

each incident polarization state, the full intensity distribution at the focal plane is unique, and an 

obvious extinction can be observed for the focal-spot position corresponding its orthogonal 

polarization state. By adding the recorded intensity information at the CCD pixels occupied by each 

focal spot, the power-distribution of the six polarization components can be quantified and the 

normalized Stokes parameters can be reconstructed (second row of Fig. 2b). Figure 2c shows the 

simulation results of the metasurface device with different input states, including polarization-

resolved intensity distribution and the corresponding Stokes parameters. As plotted on the Poincaré 

sphere (Fig. 2d), both the experimentally reconstructed and numerically simulated Stokes 

parameters agree well with the theoretical values, and the result of the accuracy analysis using two-

norm error are shown in Fig. S3a. The detailed Stokes parameters from experiment and simulation 

are shown in SI Table 2. Benefiting from reasonable nanostructure design and accurate 

nanofabrication process, the measured transmission efficiency of the metasurface is nominally 54 %. 

The efficiency can be further improved by leveraging inverse design or an expanded design library 

that offer higher transmission coefficients while being less susceptible to errors from 

nanofabrication process variation. The high-quality polarization control capability achieved here 

ensures that the designed metasurface can be utilized for optical polarimetry. 

Next, to validate the detection capability of the device for full-Stokes polarization 

characterization, eight random polarization states are selected to illuminate the metasurface. These 

input polarization states are generated by rotating the HWP and QWP on the basis of linearly 

polarized light and can be represented by spherical coordinates (α, β), where α/2 and β/2 denote the 

shape and orientation of polarization ellipse (SI Note 1 for details). As expected, the transmitted 

beam through the metasurface is separated into six polarization components and focused to different 

points at the focal plane. Figure 3a summarizes the polarization-resolved intensity distributions for 

each input state and the corresponding normalized Stokes parameters reconstructed from the 

experimental measurements, which agree well with the results of the numerical simulations (Fig. 

3b). As shown in Fig. 3c, the reconstructed Stokes parameters of experiment and simulation plotted 

on the Poincaré sphere agree with the theoretical values, the accuracy analysis using two-norm error 

are shown in Fig. S3b. The detailed Stokes parameters of experimental/simulated reconstructed and 
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theoretical calculations are shown in SI Table 3.  

In addition to identifying a spatially uniform polarized input state, the proposed metasurface 

device can also be used for detection of space-variant polarization fields with high spatial resolution. 

Towards this end, we fabricate a 1 mm diameter polarimetry metasurface array (PMA) composed 

of sub-metasurface pixels arranged in a hexagonal lattice with a lattice constant of 34 μm (Fig. 4a). 

The optical micrograph of the fabricated PMA and an SEM image of one sub-metasurface pixel are 

shown in Fig. 4b and 4c, respectively. To demonstrate the versatility and verify the performance of 

this metasurface platform, we fabricate a liquid crystal (LC) q-plate (Fig. 4d) to generate a 

cylindrical vector beam (CVB) with space-variant polarization fields. The detailed fabrication 

process of LC q-plate is described in the Methods section. The CVB is generated by superimposing 

two orthogonal circularly polarized optical vortex beam carrying topological charges of l = ±1 (SI 

Note 2 for details).  

The experimental setup used for the detection of space-variant polarization fields is shown in 

supplementary Fig. S4. A square-wave electric function of 5.8 V and 1 kHz is applied to satisfy the 

half-wave condition of 530 nm and maximize the convention efficiency. For x- and y- linearly 

polarized beams incident on such a LC q-plate, a radially and azimuthally polarized CVB is 

respectively generated and marked by M1 and M2 on the higher-order Poincaré sphere (HOPS). M3 

and M4 are the two poles of HOPS corresponding to the LCP and RCP incident waves, respectively 

(Fig. 4e). As shown in the left column of Fig. 4f, for the cross-section of each theoretically calculated 

CVB, the polarization state varies with the coordinate position and results in a donut-shape intensity 

distribution. Here, the theoretical polarization distributions are calculated and indicated by white 

arrows whose length and direction denotes the strength and polarization state of the incident beam. 

As a reference, the middle column of Fig. 4f show the experimentally measured intensity patterns 

of CVB and corresponding reconstructed polarization distributions based on the traditional DoT 

polarimetry method using bulk optical elements (HWP and QWP), which are used to verify the 

polarization distribution of the incident beam (SI Fig. S5). In order to demonstrate the polarization 

detection of space-variant polarization fields by the proposed DoFP metasurface device, each CVB 

is directly projected onto the PMA. An objective lens is used to collect polarization-resolved 

intensity distribution at the focal plane. Figure 4f (right column) illustrate the experimental results 
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for different CVB input states labeled by M1 to M4. The 13x13 metasurface pixel array can be clearly 

identified in each image. Here, the direction of each white arrow denotes the polarization 

information, which is derived from each metasurface pixel by calculating the normalized Stokes 

parameters. At the same time, the intensity information can be obtained by averaging the power of 

three rhombus areas within each of the metasurface pixels and are denoted by the length of each 

white arrow. Compared to traditional polarimetry methods, the proposed PMA does not need bulk 

optical elements and has the advantage of performing measurement in a single shot. The 

experimental results achieved here agree well with the theoretical predictions, and demonstrate that 

polarization manipulating metasurface optics can enable full-Stokes detection and be used as an 

integrated component in devices or systems requiring in-line polarization metrology.  

In conclusion, we propose and demonstrate division-of-focal plane full-Stokes polarimetry for 

visible light based on an all-dielectric metasurface platform. By tailoring the propagation and 

geometrical phases offered by constituent TiO2 birefringent nanopillars placed on a hexagonal 

lattice, we designed metasurfaces to split and focus three pairs of orthogonal polarization states of 

light to six spatially separated focal positions. To validate the metasurface performance, eight 

random states of input polarization are generated and measured using the metasurface polarimeter 

verifying good polarization measurement capabilities of the metasurface. Furthermore, a large-scale 

metasurface array is fabricated to successfully characterize the full polarization distribution of a 

cylindrical vortex beam generated by a liquid crystal q-plate. We envision the lightweight and 

ultracompact all-dielectric metasurface platform proposed here to provide promising capabilities for 

integrated polarization metrology and multidimensional imaging.  

 

METHODS 

Metasurface Fabrication. Double-side polished fused-silica substrates are first coated with a layer 

of hexamethyldisilazane (HMDS) and positive-tone electron beam resist with the thickness of 600 

nm. Subsequently, samples are coated with 10 nm of aluminum via thermal evaporation to avoid 

charging effects during the electron-beam lithography (EBL) step. The EBL is used to expose the 

designed pattern at an accelerating voltage of 100 kV. Next, the patterned samples were coated with 

TiO2 using atomic layer deposition (ALD) process at the temperature of 90 °C. Later, overcoated 
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TiO2 layer of ALD is etched by inductively coupled-plasma reactive ion etching (ICP-RIE) until the 

resist is exposed. Finally, the samples are exposed to UV irradiation and soaked by n-methyl-2-

pyrrolidone to remove the resist.  

 

Liquid Crystal q-plate Fabrication. Indium-tin-oxide glass substrates were cleaned and then spin-

coated with the UV-polarization-sensitive photoalignment agent dissolved in dimethylformamide at 

0.3 %. After curing at 100 °C, two pieces of substrates were sealed with a 6 μm thick spacer to form 

a cell. Then, it was placed at the imaging plane of a digital-micro-mirror based dynamic photo-

patterning system [47, 48] to receive the space-variant UV polarization exposure. Afterwards, the 

optical axis distribution of the q-plate was imprinted into the orientations of photoalignment agent, 

which would further guide the orientations of LCs. Finally, nematic LCs were infiltrated into the 

photo-patterned cell at 80 °C and gradually cooled to room temperature, yielding an electrically 

tunable q-plate. 
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Figure 1. a, Schematic of the designed metasurface consisting of TiO2 nanopillars on a fused-silica 

substrate. b, Sketch of the proposed planar metasurface consisting of three polarization beam 

splitters spatially arranged on a hexagonal pattern. c, Schematic of the |𝑥𝑥⟩ and |𝑦𝑦⟩  polarization 

manipulation which employs only the propagation phase. d, The mapping of transmission 

coefficient and phase shift along the x-axis as a function of the parameters of slow (Dx) and fast (Dy) 

axis of the elliptical TiO2 nanopillars. e, Schematic of the |𝐿𝐿⟩ and |𝑅𝑅⟩ polarization manipulation 

achieved by combining propagation and geometric phases together. f, The conversion efficiency and 

phase shift as a function of Dx and Dy. g, Optical photograph of the ortho-hexagonal metasurface. 

Scale bar: 20 μm. h, Scanning electron microscope (SEM) images of TiO2 metasurface using only 

the propagation phase (left), or one that uses both the propagation and geometrical phases (right). 

Scale bar: 2 μm.  

 



 15 

 

Figure 2. a, Experimental set-up for full-Stokes polarimetry. The experimental (b) and simulated (c) 

intensity distributions of the metasurface and corresponding reconstructed Stokes parameters for the 

selected six basis polarization states. The intensity is normalized to the maximum intensity for each 

polarimetry measurement. Error bars in the experimental results represent one standard deviation 

for repeated measurements. d, The reconstructed Stokes parameters for experimental (red stars), 

simulated (green triangles) and theoretical (black points) results, plotted on the surface of the 

Poincaré sphere. 



 16 

 

Figure 3. The experimental (a) and simulated (b) power distributions of the metasurface and 

corresponding reconstructed Stokes parameters at the selected eight random input polarization states. 

Error bars in experimental results represent one standard deviation for repeated measurements. c, 

The polarization states of the selected eight input polarizations N1 to N8 (left), and the corresponding 

reconstructed Stokes parameters for experimental (red stars), simulated (green triangles), and 

theoretical (black points) results, plotted on the surface of the Poincaré sphere (right). 
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Figure 4. a, Conceptual schematic of the PMA with metasurface pixels arranged on a regular 

hexagonal pattern. The inset shows the sketch of LC q-plate which when activated with an applied 

voltage transforms an input plane wave to CVB. b, Optical photograph of the fabricated PMA, scale 

bar: 250 μm. Bottom inset depicts a magnified optical photograph, scale bar: 20 μm. c, SEM images 

of the PMA, scale bar: 20 μm. Bottom inset is the magnified SEM, scale bar: 2 μm. d, Optical 

micrograph of the LC q-plate with q = +1/2 measured using a transmittance polarizing microscope 

(TPM), scale bar: 200 μm. The arrows (bottom) present the orthometric polarizer of TPM. e, The 

schematic diagram of a HOPS, where the two points on equator represent the radially (M1) and 

azimuthally (M2) polarized CVB. The two poles (M3, M4) have the same ellipticity but opposite 

topological charges and represented by e𝑖𝑖𝜑𝜑|𝑅𝑅⟩ and e−𝑖𝑖𝜑𝜑|𝐿𝐿⟩, respectively. f, Various CVBs labeled 

by M1 to M4 are generated using the LC q-plate. Left column: Theoretical light field and polarization 

distribution. Middle column: Experimental light field distributions generated by LC q-plate and 
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polarization distribution detected by traditional DoT polarimetry methods. Scale bar: 50 μm. Right 

column: Experimental light field distributions with PMA and single shot reconstructed spatial 

polarization. Scale bar: 50 μm. The length and direction of the white arrows indicates the intensity 

and polarization of CVBs, respectively. 
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Supplementary Note 1: Theoretical Stokes parameters calculation. 

As mentioned in the main text, an arbitrary polarized state of light can be obtained by rotating a 

half/quarter waveplate (HWP/QWP) pair, and can be represented by spherical coordinates (α, β), 

where α/2 and β/2 denote the shape and orientation of polarization ellipse (Fig. S1). The state of 

polarization can be denoted by a point on the Poincaré sphere, and the relationship of the Stokes 

parameters to intensity and polarization ellipse parameters can be expressed as [1], 

      𝑆𝑆0 = 𝐼𝐼                                      (S1) 

𝑆𝑆1 = 𝑆𝑆0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽                             (S2) 

  𝑆𝑆2 = 𝑆𝑆0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽                             (S3) 

  𝑆𝑆3 = 𝑆𝑆0𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽                                 (S4) 

where I is the total intensity of the incident wave. Thus, the theoretical Stokes parameters can be 

calculated based on the coordinate (α, β) of any polarization state. 

 

 

Supplementary Note 2: Liquid crystal q-plate for cylindrical vector beam generation. 

The cylindrical vector beams (CVB) used in this work is generated by a q-plate. The q-plate [2, 3] 

is a kind of geometric phase optical element, which can be realized by nematic liquid crystals (LC). 

It is essentially a half-wave plate with inhomogeneous optical axes in the x-y plane: 

𝑐𝑐1 = qΦ+ 𝑐𝑐0                              (S5) 

where α1 is the orientation angle of the LC director, Φ = arctan(y/x) is the azimuth angle, and α0 is 

assumed to be zero here. Proper voltage should be applied to the LC q-plate to maintain the half-

wave condition for the incident light. In this case, the Jones matrix of a LC q-plate is formulated as 

  J = �
𝑐𝑐𝑐𝑐𝑐𝑐(2𝑞𝑞𝑞𝑞) 𝑐𝑐𝑐𝑐𝑐𝑐(2𝑞𝑞𝑞𝑞)
𝑐𝑐𝑐𝑐𝑐𝑐(2𝑞𝑞𝑞𝑞) −𝑐𝑐𝑐𝑐𝑐𝑐(2𝑞𝑞𝑞𝑞)�                       (S6) 

Consider a horizontal linearly polarized light as the incident light, the output light after propagating 

through the LC q-plate can be deduced as, 

   |𝜓𝜓𝑜𝑜𝑜𝑜𝑜𝑜⟩ = J∙𝒆𝒆𝑥𝑥 = |R+2q�/√2 + |L−2q�/√2                 (S7) 

|R+2𝑞𝑞�  and |𝐋𝐋−2𝑞𝑞�  is the right/left circularly polarized (RCP/LCP) optical vortex, carrying 

topological charges of m = +2q and l = −2q, respectively. Thus, for horizontal polarization, a q-plate 

with q = +1/2 can generate a cylindrical vector beam with radial polarizaiton. 
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Figure S1. a, Schematic of a Poincaré sphere. Each point on the surface represents a specific state 

of polarization. b, Polarization ellipse. 

 

 

 

 

 

Figure S2. Sketch of the experimental set-up for detection of CVB.  
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Figure S3. Experimental results of the CVBs generated by LC q-plate through different incident 

polarizations with output polarization at 0°, 45°, 90°, 135°, LCP and RCP, respectively. Scale bar: 

50 μm.  
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Table 1. The structural parameters of eight phase levels of the investigated metasurface, Dx and Dy 

represents the slow and fast axis of the elliptic unit cell, respectively. 

 

 

 

 

 

Table 2. The Stokes parameters of six basis polarization states of theoretical, simulated and 

experimental results. The errors in the experimental results represent one standard deviations for 

repeated measurements. 
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Table 3. The Stokes parameters of eight random polarization states of theoretical, simulated and 

experimental results. The errors in the experimental results represent one standard deviations for 

repeated measurements. 
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