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Abstract: 

Advances in polarization optics and integrated photonics require fundamentally new 

polarization-modulation strategies capable of arbitrarily generating and fully 

manipulating the state of polarization with ultracompact footprints, surface-confined 

configurations, and unprecedentedly large bandwidths. We demonstrate how 

dielectric metasurfaces can be leveraged to produce arbitrary polarization states with 

controllable wavefronts all from a linearly-polarized light source. Advanced 

polarization-manipulating meta-polarizers, including polarization-resolved multifocal 

metalens and vectorial holographic display, have been realized using judiciously-

designed dielectric metasurfaces composed of segmented sub-arrays able to 

manipulate, simultaneously and independently, the polarization and phase of the 

transmitted beams. The versatility of our concept provides opportunities to develop a 

complete set of flat polarization optics for integrated photonics and quantum optics. 

 

One Sentence Summary: We demonstrate how dielectric metasurfaces can be 

leveraged to produce arbitrary polarization states with controllable wavefronts all 

from a linearly-polarized light source. 
  



3 
 

Main Text: 

Polarization is one of the intrinsic properties of light carrying valuable information in 

fundamental sciences and practical applications (1). Conventional polarization optics 

use birefringence to generate or manipulate the state of polarization (SOP), where the 

phase retardation between two orthogonally-polarized components is gradually 

accumulated as light propagates over a distance much longer than its wavelength. 

Therefore, the resulting polarization optics are inherently bulky and voluminous, 

going against the recent trends of integration and miniaturization in photonics, which 

in turn boosts the developments of metasurfaces that revolutionize optical designs by 

replacing traditional bulky optical components with ultrathin planar meta-devices (2-

5). Due to the unprecedented capabilities of molding light, metasurfaces have been 

extensively explored to demonstrate ultra-compact devices with ultimate low-profiles 

that enable polarization conversion (6-9) and polarization detection (10-13). However, 

these metasurface-based polarization converters are always designed to perform a 

single functionality; in case of a half-wave plate (HWP), it can only yield linear-to-

linear (or circular-to-circular) polarization transformation for plane wave (7-9). 

Ideally, one would prefer a versatile polarization generator capable of generating 

arbitrarily well-defined SOPs, and simultaneously manipulating the corresponding 

output wavefronts at will, while exhibiting the advantages of planar profiles, 

compactness, and relative ease of fabrication. 

By contrast, polarization generators that produce multiple SOPs from a linearly-

polarized (LP) light have been demonstrated with gap-plasmon metasurfaces (14,15) 

and the dielectric metasurface grating (16). However, the plasmonic meta-devices are 

constrained to operate in reflection while the diatomic metasurface (15) only works 

properly under oblique incidence, thereby hindering their potential applications. 

Additionally, the efficiency is limited even though the loss of metal is ignored. For 

instance, the theoretical upper bound of the efficiency for a certain SOP generated in 

the desired direction is 50% since there are two identical beams produced in opposite 

directions (14). For diatomic meta-atoms, the enlarged displacement between two 

orthogonal meta-atoms results in a decrease of the diffraction efficiency due to the 

lower scattering efficiency of sparsely distributed meta-atoms (15). Regarding the 

dielectric metasurface grating, the total diffraction efficiency on a set of defined 

diffraction orders that produce multiple SOPs is limited to a value of ~ 23.61 (16). 
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Here, we generalize the idea of a dielectric metasurface polarizer (meta-polarizer) 

that overcomes the aforementioned limitations and performs arbitrary polarization 

transformation from an LP light to six beams with arbitrarily specified SOPs and 

wavefronts in the near-infrared range. We refer to this as arbitrary polarization 

generation and manipulation because there are no restrictions on output SOPs and 

wavefronts, superior to previous demonstrations that only produce planar wavefronts 

(14,16). We implement this design by using segmented sub-arrays composed of 

amorphous silicon (α-Si) meta-atoms that function as nanoscale wave plates (nano-

WPs) with, simultaneously and independently, engineered phase and polarization 

responses. Capitalizing on the meta-polarizers, polarization-resolved multifocal 

metalens and vectorial holographic display are experimentally demonstrated. 

The working principle of the proposed meta-polarizer that generates and 

manipulates multiple beams possessing distinct SOPs and wavefronts from an x-

polarized incident beam is schematically illustrated in Fig. 1A, which consists of six 

segmented sub-arrays that each occupies a 60° circular sector (Fig. 1B), being hereby 

incorporated in a circular configuration. Each sector-shaped sub-array comprises α-Si 

meta-atoms tailored to impart particular polarization transformation and phase shifts 

simultaneously for one of the six specified SOPs [i.e. |𝑥𝑥⟩, |𝑦𝑦⟩, |𝑎𝑎⟩, |𝑏𝑏⟩, |𝑟𝑟⟩ and |𝑙𝑙⟩ 

states], which represent horizontal/vertical linear polarizations, ±45° linear 

polarizations, and right-handed/left-handed circular polarizations, respectively. It 

should be noted that the available SOPs are obviously not limited to this particular 

demonstration. In fact, this meta-polarizer is able to realize arbitrary SOPs and 

wavefronts. 

The building blocks are α-Si meta-atoms of rectangular or ellipse cross-sections in 

a square lattice atop a fused silica substrate (Fig. 1B, right panel). By tailoring the 

shapes, dimensions, and orientations, we can fully and independently control the 

polarization and phase (i.e. 2π phase range) of the transmitted light while maintaining 

high transmission efficiency when the induced dielectric and magnetic dipole 

resonances are spectrally overlapped at the design wavelength of λd = 850 nm (fig. S2) 

(5,17-20). As such, each meta-atom acts as a polarization-generating phase modulator 

that maps the input LP plane wave to complicated output wavefronts with arbitrary 

SOPs. Under the excitation of an x-polarized light, the output beam passing through 

the meta-polarizer can be expressed by the Jones Matrix (see supplementary text): 
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 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = |𝑡𝑡|𝑒𝑒𝑖𝑖𝜑𝜑𝑥𝑥0 �
cos2 𝜃𝜃 + 𝑒𝑒𝑖𝑖𝑖𝑖 ∙ sin2 𝜃𝜃

(1 − 𝑒𝑒𝑖𝑖𝑖𝑖) ∙ sin2𝜃𝜃
2

� (1) 

where |𝑡𝑡| is the transmission amplitude, θ is the in-plane orientation angle, 𝜑𝜑𝑥𝑥0 and 

𝜑𝜑𝑦𝑦0 are the phase shifts for x- and y- polarized light, and 𝛿𝛿 = 𝜑𝜑𝑦𝑦0 − 𝜑𝜑𝑥𝑥0. This matrix 

provides a general mapping from |𝑥𝑥⟩ state to arbitrary SOPs with extra degrees of 

freedom to modulate output wavefronts, in contrast to previous SOPs generators that 

only have planar wavefront outputs (14,16). 

For isotropic meta-atoms (i.e. 𝛿𝛿 = 0) with any value of θ, the output is always |𝑥𝑥⟩ 

state but gains an additional phase shift φx0. In Fig. 1C, we plot the transmission and 

phase shift of six isotropic meta-atoms comprising the sub-array for |𝑥𝑥⟩  state 

generation and manipulation at λd = 850 nm, which exhibit high transmission and 

provide an incremental phase of π/3 between adjacent meta-atoms for the co-polarized 

transmitted light (fig. S3A). If the meta-atoms are anisotropic that function as nano-

HWPs, 𝛿𝛿 = 𝜋𝜋, the output field becomes linearly polarized and the angle of linear 

polarization is 2θ: 

 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = |𝑡𝑡|𝑒𝑒𝑖𝑖𝜑𝜑𝑥𝑥0 �cos 2𝜃𝜃
sin 2𝜃𝜃� (2) 

In this way, we can generate any linear polarization with spatially-orientated nano-

|HWPs. For instance, 𝑦𝑦⟩ , |𝑎𝑎⟩ , |𝑏𝑏⟩  states can be accordingly produced when the 

orientation angle θ is set to be 45°, 22.5°, and 67.5°, respectively (fig. S4). The 

simulated transmission and phase shift in Fig. 1D shows that each meta-atom works 

properly as a highly-efficient nano-HWP at λd = 850 nm, where the cross-polarized 

transmission Tyx is above 82% while the co-polarized transmission Txx is greatly 

suppressed. Moreover, the additional phase term allows us to engineer the output 

wavefronts, superior to conventional metasurface-based HWPs (9). Therefore, we can 

independently control the phase of cross-polarized fields and eventually achieve the 

phase-gradient for further wavefront engineering (fig. S3B). Apart from linear-

polarization generation, circular or elliptical polarizations can be accordingly 

generated and modulated with anisotropic meta-atoms possessing the functionality of 

quarter-wave plates (QWPs) where δ is equal to ±π/2. In this case, the output field is 

elliptically-polarized: 

  𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = |𝑡𝑡|𝑒𝑒𝑖𝑖𝜑𝜑𝑥𝑥0 �
cos2 𝜃𝜃 ± 𝑖𝑖 ∙ sin2 𝜃𝜃

(1 ∓ 𝑖𝑖) ∙ sin2𝜃𝜃
2

� (3) 
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Once the orientation angle θ is 45°, circular polarizations can be created: 

 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = |𝑡𝑡| 1±𝑖𝑖
2
𝑒𝑒𝑖𝑖𝜑𝜑𝑥𝑥0 � 1

∓𝑖𝑖� (4) 

To maintain good performance, three highly-efficient nano-QWPs with a phase step 

of 2π/3 are used to construct the sub-array for circular polarization generation and 

manipulation (Fig. 1E and fig. S3C). Here it is worth noting that more phase levels 

don’t necessarily ensure higher efficiencies for QWPs since the increased variations 

in efficiencies and operating bandwidths will, in turn, affect the performance. As the 

numbering changes from 1 to 3, the phase shift of the transmitted wave increases 

linearly from 0 to 2π/3 in the slow axis and from π/2 to 7π/6 in the fast axis, 

respectively, while the phase differences between the two axes maintain π/2 (Fig. 1E). 

Therefore, |𝑟𝑟⟩ and |𝑙𝑙⟩ states can be generated and fully controlled with this group of 

QWP meta-atoms. 

To validate the versatility and high-performance of the meta-polarizers, we first 

demonstrate a polarization-resolved multifocal metalens that focuses an x-polarized 

beam to six different spots with distinct and well-defined SOPs (21). In our design, 

six foci are all separated from the center point with a distance of s = 20 µm. Fig. 2, A 

and B to D show the optical and scanning electron microscope (SEM) images of a 

metalens sample with a diameter of D = 100 µm and a focal length of f = 90 µm at λd 

= 850 nm, fabricated by patterning a 500-nm-thick α-Si film on a fused silica 

substrate (21). The fabricated metalens was characterized using a custom-built optical 

setup that allows to continuously map intensity distributions at different x-y planes 

along the z-direction (fig. S6). The left panel of Fig. 2E shows the two-dimensional 

intensity slices along z-direction without any polarization analyzer placed in front of 

the CCD camera when the sample is illuminated with an x-polarized Gaussian beam 

at normal incidence. At the measured focal plane of z = 89 µm, six diffraction-limited 

spots are formed with negligible backgrounds, indicating excellent phase realization 

and high-efficiency of each meta-atom. To determine the SOPs, additional polarizers 

and WPs were added. The polarization-resolved intensity profiles in different 

polarization base are plotted in Fig. 2E (right panel), which shows > 20 dB extinction 

ratios for all generated SOPs (fig. S7). Impressively, the experimentally reconstructed 

Stokes parameter (see supplementary text) replicate reasonably well the theoretical 

predictions on the Poincaré sphere. The average two-norm error between the 

reconstructed and theoretical Stokes vector for all six spots is as small as 6.07% at λd 
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= 850 nm. More experimental results at other wavelengths are listed in figs. S8 and S9, 

validating the excellent performance of the fabricated metalens in terms of accurate 

SOPs generation, good focusing capability and large bandwidth. In the wavelength 

range of 800–900 nm, the experimental Stokes parameters closely represent 

theoretical values with the average deviation of all six spots below 10% (Fig. 2G). 

However, when the wavelength moves further away from λd (i.e. λ = 750 and 1050 

nm), the averaged discrepancy increases, which is mainly ascribed to the deteriorated 

performance of nano-QWPs that results in large deviations from Spot ii and v. 

Although the retrieved Stokes parameters show larger discrepancies at λ = 750 and 

1050 nm, the metalens maintains excellent focusing capability and the measured 

extinction ratio of a given SOP is still high (fig. S7). We also measured the focusing 

efficiency of the metalens. As shown in Fig. 2H, the fabricated metalens has a 

measured efficiency of 64.6% at λd = 850 nm, which is slightly lower than the 

theoretical upper limit of 85.41% (21). We attribute this deviation to fabrication 

imperfections and nonnegligible coupling between adjacent meta-atoms. In spite of 

the attendant reduction in measured efficiency, it is remarkable that the efficiency 

remains above 50% within the wavelength range of 800–1000 nm. 

In addition to producing multiple focused beams with arbitrary SOPs, the meta-

polarizer allows us to realize the most complex and general wavefront shaping, 

namely holography, while maintaining the capability of spatially manipulating SOPs, 

thereby demonstrating vectorial holography. Fig. 3A illustrates the concept of 

vectorial holographic display that reconstructs the Chinese lucky cloud image with 

arbitrarily specified polarization distributions in the far-field based on the Gerchberg-

Saxton algorithm (22). Similarly, the lucky cloud is also divided into six sub-images 

represented by corresponding metasurface-sectors, which are independently encoded 

with different SOPs (Fig. 3, B and C). We first illuminated one single sector with an 

x-polarized light and conducted far-field measurements (fig. S10). From Fig. 3, D to I, 

one can clearly see a vivid and high-fidelity sub-image reconstructed spatially in the 

far-field, which corresponds to the illuminated sector and exhibits a specified SOP 

with high extinction ratio to its counterpart. For instance, sub-image i is totally 

suppressed while sub-image ii gets pronounced when the output polarization is varied 

from |𝑥𝑥⟩ to |𝑦𝑦⟩ state (Fig. 3, D and E). Similar phenomena can be observed for other 

sub-images with different output polarizations (Fig. 3, F to I). We measured about 51% 

hologram efficiencies for the reconstructed sub-images with linear polarizations at λd 
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= 850 nm, a little higher than the value of ~41% for the sub-images with circular 

polarizations, which results from fewer phase levels of nano-QWPs that cause twin 

images and more scattering loss. We further carried out verification of polarization-

resolved multiplexed holograms with x-polarized excitation. Without any polarization 

analyzers, the complete lucky cloud with good fidelity was obtained, regardless of the 

noticeable zero-order transmission due to fabrication imperfections and the gap 

between adjacent sectors (Fig. 3J). Once the analyzers are added, specific images with 

distinguished patterns can be reconstructed accordingly under certain SOPs, 

indicating the potential for multistate encrypted anticounterfeiting. We also tested the 

performance of our meta-hologram at other wavelengths and found it exhibits 

relatively good performance with a relatively large working bandwidth in generating 

versatile polarizations and projecting unique holograms simultaneously (figs. S11 and 

S12). 

Our design shows a general metasurface-mediated mapping between a linear 

polarization input and versatile polarization outputs and can produce arbitrary SOPs 

with distinct wavefronts by employing all dielectric meta-atoms that function as nano-

WPs with controllable phase and polarization responses, thereby mimicking the 

functionalities of cascaded polarization components. Capitalizing on this concept, we 

have demonstrated polarization-resolved multifocal metalens and vectorial 

holographic display over a broadband infrared spectrum range. Due to the compact 

nature, such meta-polarizers enable easy integration and fancy applications in 

polarization optics. Moreover, the spatial- and polarization-resolved meta-polarizer 

could emerge as an essential component for quantum nanophotonics when interacting 

with nonclassical optical fields at the single-photon level (23-25). 
  



9 
 

 
Fig. 1. Arbitrary polarization generation and manipulation. (A) Schematic of the 

concept for arbitrary polarization generation and manipulation with a dielectric meta-

polarizer, which converts an x-polarized beam into six beams with arbitrarily specific 

SOPs and wavefronts. (B) Schematic of the central part of a typical design used to 

carry out the function in (A). The background colors represent the sub-arrays and the 

polarization basis in each part is shown with a black arrow. The α-Si meta-atom unit 

cell has the height of h = 500 nm and the lattice constant of p = 360 nm. (C) 

Simulated transmission and phase shift of the six meta-atoms comprising the sub-

array to generate and manipulate the |𝑥𝑥⟩  state at λd = 850 nm. (D) Simulated 

transmission and phase shift of the six meta-atoms comprising the sub-arrays to 

generate and manipulate the |𝑎𝑎⟩, |𝑦𝑦⟩, and |𝑏𝑏⟩ states at λd = 850 nm. (E) Simulated 

transmission and phase shift of the three meta-atoms comprising sub-arrays to 

generate and manipulate the |𝑟𝑟⟩ and |𝑙𝑙⟩ states at λd = 850 nm.  
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Fig. 2. Experimental demonstration of the polarization-resolved multifocal 

metalens. (A) Optical image of the fabricated metalens for all-polarization generation 

and focusing. (B to D) SEM image of the fabricated metalens. (E) Optical 

characterization of the metalens at λd = 850 nm for x-polarized incident light. Left (E): 

Focal spots evolution along the z-axis without any polarization analyzer. Right (E): 

Polarization-resolved intensity profiles at the focal plane. (F) The theoretical (blue 

circle) and experimentally reconstructed (red stars) Stokes parameters on the Poincaré 

sphere at λd = 850 nm. (G) Two-norm error between the theoretical and reconstructed 

Stokes parameters of the six focal spots as a function of wavelength. (H) Measured 

focusing efficiency of the metalens as a function of wavelength.  
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Fig. 3. Experimental demonstration of the meta-hologram for vectorial 

holographic display. (A) Schematic of the concept for vectorial holographic display, 

where the holographic image with spatially-varying SOPs can be generated with an x-

polarized light. The different colors and black arrows represent different SOPs. (B) 

Optical image of the fabricated meta-hologram. (C) SEM image of the fabricated 

meta-hologram. (D to I) Measured holographic images by illuminating one sector of 

the meta-hologram at λd = 850 nm. (J) Measured holographic images by illuminating 

the whole meta-hologram at λd = 850 nm. In (D to J), the incident light is x-polarized 

and the white arrow represents the output polarization state when analyzers are added.  
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