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Abstract 

Exquisite polarization control using optical metasurfaces has attracted considerable attention 

thanks to their ability to manipulate multichannel independent wavefronts with 

subwavelength resolution. Here we present a new class of metasurface polarization optics, 

which enables imposition of two arbitrary and independent amplitude profiles on any pair of 

orthogonal states of polarization. The implementation method involves a polarization-

dependent interference mechanism achieved by constructing a metasurface composed of an 

array of nanoscale birefringent waveplates. Based on this principle, we experimentally 

demonstrate chiral grayscale metasurface and chiral shadow rendering of structured light. 

These results illustrate a general approach interlinking amplitude profiles and orthogonal 

states of polarization and expands the scope of metasurface polarization shaping optics. 
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An optical metasurface, composed of two-dimensional (2D) arrays of subwavelength meta-atoms, 

is a compact and planar nanophotonic platform being utilized for manipulating the various 

fundamental properties of an incoming electromagnetic wave [1-6]. Depending on the meta-atom 

design, metasurfaces are able to modify the phase profile, polarization ellipse, scattering angular, 

intensity distribution of incident light wave. One of the attractive features that distinguishes them 

from conventional optics is their ability to simultaneously perform multiple different optical 

operations since meta-atoms can be designed to respond differently to the wavelength [7-10], 

polarization [11-14], and/or the illumination angle of incident light [15]. For example, metasurface-

based polarization optics has recently attracted much attention as a breakthrough concept for 

engineering multichannel independent wavefront encoding [16-27]. The implementation of this 

function requires the individual meta-atom to behave as a waveplate-like birefringent element. 

Typically, there are two wavefront regulation mechanisms in a polarization-dependent dielectric 

metasurface design—propagation phase and geometric (or Pancharatnam-Berry, PB) phase [28-29]. 

Recently, a strategy that combines both geometric phase and propagation phase is proposed to 

control independent phase profiles using a pair of orthogonal polarizations [21-27]. This exciting 

capability allows for a new class of polarization-dependent switchable photonic functionalities, such 

as chiral hologram [21], transformation of orbital angular momentum [22], manipulation of 

accelerating light beams [23], polarization imaging [24-26], and mode-selective waveguide couplers 

[27]. 

However, up until now, much of the effort in metasurface optics has primarily focused on 

establishing the relationship between polarization and phase profile. Usually it is expected that the 

amplitude profile of an incident polarized electromagnetic wave is maintained upon transmission 

through a metasurface. As a result, such metasurfaces exhibit high transmission efficiency, but they 

are limited to only manipulate the phase profile but not the amplitude profile of incident light [16, 

18, 30-31]. Although the polarization conversion efficiency of individual meta-atom can be utilized 

to control the amplitude for a specific polarization state, these metasurfaces require additional free-

space optical elements to fully perform the desired amplitude control [32, 33]. Furthermore, these 

devices exhibit the same amplitude response when the chirality of incident circularly polarized light 

is flipped, and cannot achieve the completely decoupled output amplitudes for two arbitrary, 

orthogonal incident polarization states [32-36]. To the best of our knowledge, the mapping from 
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orthogonal polarization states to completely independent amplitudes has yet to be fully established 

in metasurface optics.   

Here, we propose a new class of metasurface polarization optics where two arbitrary and 

independent amplitude profiles can be imposed on a pair of orthogonal polarization states (linear, 

circular, or elliptical) by a singlet metasurface, conceptually shown in Fig. 1(a). This is 

fundamentally different from previous works where the amplitude and phase control is only 

achieved for one specific incident polarization state [32-33]. Orthogonally polarized light incident 

on the metasurface experiences polarization-dependent constructive or destructive interference with 

contributions from both the propagation phase and the geometric phase. Here, the phase modulation 

act as an intermediary in associating the input polarization states with the output amplitudes of light. 

As the transmission amplitude control originates from the interference within each meta-molecule 

in our method, a single layer metasurface can perform the complete operation without requiring any 

additional optical elements, which is beneficial for their use in ultracompact integrated optical 

systems. To demonstrate the ability of this approach, we design and fabricate chiral grayscale 

metasurface and show nanoprinting with chiral shadow rendering of structured light. This method 

significantly expands the scope of metasurface polarization optics, paving the way towards 

engineering of novel polarization switchable meta-devices. 

Interference, as an important fundamental optical effect, corresponds to the coherent 

interaction of two or more optical waves yielding a resultant intensity distribution. In accordance 

with the principle of superposition, the complex electric field 𝐄𝐄�⃗ , at a point in space, arising from 

separate fields 𝐄𝐄�⃗ 𝑎𝑎  and 𝐄𝐄�⃗ 𝑏𝑏  of two contributing sources is given by 𝐄𝐄�⃗ = 𝐄𝐄�⃗ 𝑎𝑎 + 𝐄𝐄�⃗ 𝑏𝑏 . Dielectric 

elements can be considered as individual sources because the polarization ellipse and phase of the 

optical field 𝐄𝐄�⃗ 𝐨𝐨𝐨𝐨𝐨𝐨 transmitted through each element can be arbitrarily controlled by the element 

design. The implementation of the proposed concept requires at least two different meta-atoms to 

act as interference sources. In order to make the meta-molecule be with standard square shape which 

ensures the identical amplitude modulation capability in both the horizontal and vertical directions, 

here we employ a pair of staggered twin-meta-atoms to design a meta-molecule and form a sub-

micron interference system, as shown in Fig. 1(b). The anisotropy of the meta-atoms ensures that 

the system has the capability of providing polarization-dependent complex amplitude modulation. 

For each meta-molecule (x,y), the two components of output electric fields in the scalar form can be 
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expressed as: 

𝑃𝑃±(𝑥𝑥, 𝑦𝑦) = 𝑝𝑝(𝑥𝑥,𝑦𝑦)𝑒𝑒𝑖𝑖𝜑𝜑𝑝𝑝±(𝑥𝑥,𝑦𝑦),                         (1) 

𝑄𝑄±(𝑥𝑥,𝑦𝑦) = 𝑞𝑞(𝑥𝑥, 𝑦𝑦)𝑒𝑒𝑖𝑖𝜑𝜑𝑞𝑞±(𝑥𝑥,𝑦𝑦),                         (2) 

where + and – denote a pair of orthogonal states of polarization. The interference occurs near the 

exit surface of the meta-atoms due to their subwavelength separation. Then the total complex 

amplitude of the interference system is given by 𝑈𝑈±(𝑥𝑥,𝑦𝑦) = 𝑃𝑃±(𝑥𝑥, 𝑦𝑦) + 𝑄𝑄±(𝑥𝑥,𝑦𝑦)  and the 

resultant intensity is as: 

              |𝑈𝑈±(𝑥𝑥,𝑦𝑦)|2 = 𝑝𝑝2(𝑥𝑥, 𝑦𝑦) + 𝑞𝑞2(𝑥𝑥, 𝑦𝑦) + 2𝑝𝑝(𝑥𝑥, 𝑦𝑦)𝑞𝑞(𝑥𝑥, 𝑦𝑦)𝑐𝑐𝑐𝑐𝑐𝑐[𝜑𝜑±(𝑥𝑥,𝑦𝑦)] ,       (3) 

where 𝜑𝜑±(𝑥𝑥, 𝑦𝑦) is the phase difference of the complex amplitudes between two pairs of meta-

atoms and expressed as: 𝜑𝜑±(𝑥𝑥,𝑦𝑦) = 𝜑𝜑𝑝𝑝±(𝑥𝑥, 𝑦𝑦)− 𝜑𝜑𝑞𝑞±(𝑥𝑥, 𝑦𝑦). The resultant intensity |𝑈𝑈±(𝑥𝑥,𝑦𝑦)|2 

therefore depends on the well-known interference term 2𝑝𝑝(𝑥𝑥,𝑦𝑦)𝑞𝑞(𝑥𝑥, 𝑦𝑦)𝑐𝑐𝑐𝑐𝑐𝑐[𝜑𝜑±(𝑥𝑥, 𝑦𝑦)]. Eq. (3) can 

be expressed as a composite function |𝑈𝑈±(𝑥𝑥,𝑦𝑦)| = 𝑓𝑓[𝜑𝜑±(𝑥𝑥,𝑦𝑦)], and thus its inverse function has 

the form 𝜑𝜑±(𝑥𝑥, 𝑦𝑦) = 𝑓𝑓−1(|𝑈𝑈±(𝑥𝑥,𝑦𝑦)|). If it is possible to generate arbitrary value of 𝜑𝜑±(𝑥𝑥, 𝑦𝑦), it 

would directly contribute to the modulation of resultant intensity in transmission space. Therefore, 

𝜑𝜑±(𝑥𝑥,𝑦𝑦) act as an intermediary in associating the input polarization states with output amplitudes 

of light field.     

Supposing that a metasurface is designed to impose two independent amplitude profiles 

|𝑈𝑈+(𝑥𝑥,𝑦𝑦)| and |𝑈𝑈−(𝑥𝑥, 𝑦𝑦)| on a pair of orthogonal polarization states {�⃗�𝛼+, �⃗�𝛼−}, as shown in Fig. 

1. Concurrently, the metasurface is also required to consistently transform the input polarization 

states to output polarization states �𝛽𝛽+,𝛽𝛽−�  as �⃗�𝛼+ →𝛽𝛽+  and �⃗�𝛼− →𝛽𝛽−  during transmission. 

Considering each constituent meta-atom is a linearly birefringent waveplate, then the relationship 

between the input polarization and output polarization is �⃗�𝛼+ = (𝛽𝛽+)∗, where ∗ denotes complex 

conjugate [16, 23]. As mentioned above, using Eq. (3) one can convert the required amplitude 

profiles |𝑈𝑈±(𝑥𝑥, 𝑦𝑦)| into corresponding phase difference 𝜑𝜑±(𝑥𝑥,𝑦𝑦). Hence, the metasurface can be 

described by a Jones matrix 𝐽𝐽(𝑥𝑥, 𝑦𝑦) that simultaneously satisfies 𝐽𝐽(𝑥𝑥, 𝑦𝑦)�⃗�𝛼+ = 𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|)𝛽𝛽+ 

and 𝐽𝐽(𝑥𝑥,𝑦𝑦)�⃗�𝛼− = 𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)𝛽𝛽−. An arbitrary pair of orthogonal polarization states in the linear 

polarization basis has the form:   

                        �⃗�𝛼+ = �
𝑐𝑐𝑐𝑐𝑐𝑐𝜒𝜒
𝑒𝑒𝑖𝑖𝑖𝑖𝑐𝑐𝑠𝑠𝑠𝑠𝜒𝜒�      �⃗�𝛼− = �

−𝑐𝑐𝑠𝑠𝑠𝑠𝜒𝜒
𝑒𝑒𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜒𝜒� ,                   (4) 

where 𝜒𝜒 and 𝛿𝛿 represent the azimuth and ellipticity of the polarization ellipse, respectively. 
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In this case, the required Jones matrix 𝐽𝐽(𝑥𝑥,𝑦𝑦) is: 

𝐽𝐽(𝑥𝑥, 𝑦𝑦) = � 𝑐𝑐𝑐𝑐𝑐𝑐𝜒𝜒 ∙ 𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|) −𝑐𝑐𝑠𝑠𝑠𝑠𝜒𝜒 ∙ 𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)

𝑒𝑒−𝑖𝑖𝑖𝑖𝑐𝑐𝑠𝑠𝑠𝑠𝜒𝜒 ∙ 𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|) 𝑒𝑒−𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜒𝜒 ∙ 𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)
� �

𝑐𝑐𝑐𝑐𝑐𝑐𝜒𝜒 −𝑐𝑐𝑠𝑠𝑠𝑠𝜒𝜒
𝑒𝑒𝑖𝑖𝑖𝑖𝑐𝑐𝑠𝑠𝑠𝑠𝜒𝜒 𝑒𝑒𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜒𝜒�

−1
,  (5) 

This matrix provides a general mapping from orthogonal polarization states to independent 

amplitudes, which can be translated into the design of polarization-controlled amplitude meta-

devices. The eigenvalues and eigenvectors of 𝐽𝐽(𝑥𝑥,𝑦𝑦) determine the birefringence phase shifts and 

fast-axis orientation angle of a meta-atom, respectively corresponding to propagation phase and 

geometric phase. Therefore, in principle, independent amplitude profiles can be imposed on any set 

of orthogonal polarization states by simultaneously modifying a meta-atom’s shape and angular 

orientation.  

To demonstrate the amplitude control for any pair of orthogonal polarization states, including 

linear, circular, and elliptical polarization, we design and numerically simulate three kinds of meta-

molecule arrays encoding normalized polarization-dependent amplitude values 0 and 1, as shown 

in Fig. 2. The meta-atoms in the designed meta-molecule are made of rectangular titanium dioxide 

(TiO2) nanopillars on a fused-silica substrate. The TiO2 nanopillars are designed to have identical 

heights of H=600 nm and organized in a square array with a lattice constant of P = 360 nm.  

Detailed information about these designs are described in the Supplemental Material, Sec. I. Based 

on Eq.(5), for linear polarization state, one can easily obtain the required phase shifts along fast and 

slow axes and rotation angles of meta-atom as 𝜑𝜑𝑥𝑥(𝑥𝑥, 𝑦𝑦) = 𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥, 𝑦𝑦)|) , 𝜑𝜑𝑦𝑦(𝑥𝑥, 𝑦𝑦) =

𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|), 𝜃𝜃(𝑥𝑥, 𝑦𝑦) = 0. It means that the constructed meta-molecules only need propagation 

phase design, which relies on the shape of the meta-atom. In contrast, for circular polarization state, 

one can find analytical solutions for the required phase shifts and rotation angle as a function of 

amplitude value given by (see Supplemental Material, Sec. II):  

 𝜑𝜑𝑥𝑥(𝑥𝑥,𝑦𝑦) = 1
2

[𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥, 𝑦𝑦)|) + 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)],               (6) 

𝜑𝜑𝑦𝑦(𝑥𝑥, 𝑦𝑦) = 1
2

[𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|) + 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥, 𝑦𝑦)|)]− π,           (7) 

 𝜃𝜃(𝑥𝑥, 𝑦𝑦) = 1
4

[𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|)− 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥, 𝑦𝑦)|)].                (8) 

Different from linear polarization state, a unification of propagation phase and geometric phase is 

employed to achieve the polarization-dependent constructive or destructive interference. In the more 

general case of an elliptical polarization state, the analytical solutions do not yield simple and 
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explicit expressions and thus need to be calculated for specific amplitude values and ellipticity of 

incident polarization states. The specific designs of meta-molecule for two orthogonal linear (𝛿𝛿 =

𝜋𝜋 2⁄  and 𝜒𝜒 = 𝜋𝜋 2⁄  ), circular (𝛿𝛿 = 𝜋𝜋 2⁄  and 𝜒𝜒 = 𝜋𝜋 4⁄  ) and elliptical (𝛿𝛿 =𝜋𝜋 3⁄   and 𝜒𝜒 =𝜋𝜋 6⁄  ) 

polarizations are shown in Fig. 2(a), 2(d) and 2(g), respectively.  

The finite-difference time-domain (FDTD) simulation results of three metasurfaces shown in 

Fig. 2(b, e, h) agree well with the theoretical design. One of the incident polarization states 

experiences constructive interference, while the other orthogonal state undergoes destructive 

interference, respectively leading to a complete transmission and a reflection back towards the 

source. In Fig. 2(c, f, i), the calculated transmittance spectra exhibit broadband characteristics and 

a strong dichroism, which implies that the designed amplitude modulation metasurfaces can be used 

as ultrathin and high-performance dichroic filters for arbitrary orthogonal polarization states.  

Relying on this ability to arbitrarily control amplitude using the designed meta-molecules, next 

we experimentally demonstrate a grayscale metasurface with gradient amplitude modulation. Since 

circular polarization has been widely investigated in metasurface polarization optics, here we choose 

two orthogonal circular polarization states for incident light for our proof-of-concept experimental 

demonstration. This demonstration can also be applied to orthogonal linear and elliptical 

polarizations as they have the similar physical mechanism for amplitude modulation. A metasurface 

encoding grayscale information but with opposite variation tendency for LCP and RCP light is 

designed. Fig. 3(a-b) show the calculated phase shifts, 𝜑𝜑𝑥𝑥(𝜑𝜑𝑦𝑦 = 𝜑𝜑𝑥𝑥 − 𝜋𝜋) and rotation angle, 𝜃𝜃 as 

a function of intensity |𝑈𝑈±(𝑥𝑥, 𝑦𝑦)|2  for the designed metasurface, which intuitively shows the 

contribution of propagation phase and geometric phase. By using atomic layer deposition and 

electron beam lithography techniques (see Supplemental Material, Sec. III for details), the TiO2 

grayscale metasurface is fabricated and the measurement results are shown in Fig. 3(c-f). As 

expected, for LCP and RCP light at the wavelength of 550 nm incident on the metasurface, the 

measured intensity distributions exhibit smooth grayscale variation from bright to dark and the 

variation tendency is opposite for the two orthogonal circular polarization states. Slight deviations 

between the design and measured results shown in Fig. 3(e-f) may originate from the fabrication 

imperfection of the nanostructures. 

Besides the grayscale metasurface, we further demonstrate the amplitude modulation-induced 

chiral shadow rendering of structured light. Two metasurfaces (metasurface 1 and metasurface 2) 
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are designed to respectively generate nanoprinting patterns of a character string ‘NJU’ and a bird 

perching on the twig. Different intensity profiles |𝑈𝑈±(𝑥𝑥,𝑦𝑦)|2  for two orthogonal circular 

polarization states are encoded on the metasurfaces. A collimated circularly polarized light at the 

wavelength of 550 nm is normally incident upon the fabricated metasurfaces and the schematic 

diagram of the measurement setup is shown in Fig. 4(a). As shown in Fig. 4(b), under the LCP light 

illumination, the ‘NJU’ characters on metasurface 1 present a stereoscopic convex effect, and the 

metasurface 2 exhibits a frontal portrait of the bird with a crooked head. When the incident light is 

switched from LCP to RCP, the pattern of ‘NJU’ characters on metasurface 1 present a totally 

different concave effect and the metasurface 2 shows a side portrait of bird. Further results 

illustrating polarization-controllable nanoprinting for orthogonal linear, circular and elliptical 

polarization states are described in the Supplemental Material, Sec. Ⅳ. These results clearly 

demonstrate that amplitude distributions imparted on two orthogonal polarization states can be 

completely decoupled by the metasurface, and thus it expands the degree of freedom of amplitude 

control in metasurface optics. This expansion of functionality enabled by the proposed metasurface 

has the potential to enable novel applications in the areas of optical data storage, information 

encryption and anti-counterfeiting. 

In conclusion, we have proposed and demonstrated a new class of metasurface that imposes 

two arbitrary and independent amplitude profiles on a pair of orthogonal polarizations. The phase 

profile of metasurface acts as an intermediary in associating the input polarization state with output 

amplitude of light field. By combining the geometric phase and propagation phase, we provide a 

simple method for the design of polarization-dependent, amplitude-controlled meta-devices. This 

method significantly expands the scope of metasurface polarization optics and opens a new path 

towards achieving novel types of photonic functionalities in a compact platform.  
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FIG. 1. (a) Conceptual schematic diagram. Two independent amplitude profiles |𝑈𝑈±(𝑥𝑥,𝑦𝑦)| can be 

imposed on a pair of orthogonal input polarization states �⃗�𝛼± through the metasurface, and makes 

the output polarization states 𝛽𝛽± flip handedness. The green, red, and blue wavy lines donate the 

input, output, and reflection of optical waves, respectively. (b) Schematic diagram of metasurface 

array. The amplitude controlled metasurface is formed by meta-molecules array. Each meta-

molecule (blue dashed box) consists of multiplexed waveplate-like birefringent meta-atoms. The 

right bottom inset shows a scanning electron microscope image of the fabricated metasurface 

(Oblique view). (c-d) Perspective and top view of a meta-atom. The dimension (L, W) and 

orientation angle θ of the meta-atom can be varied to respectively provide desired propagation phase 

and geometric phase.     
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FIG. 2. Dichroism of orthogonal polarization states in a meta-molecule system, including (a-c) 

linear (𝛿𝛿=π 2⁄ , 𝜒𝜒=π 2⁄ ), (d-f) circular (𝛿𝛿=π 2⁄ , 𝜒𝜒=π 4⁄ ), and (g-i) elliptical polarizations (𝛿𝛿=π 3⁄ , 

𝜒𝜒=π 6⁄ ). (a, d, g) Schematic diagrams of the meta-molecule design. (�⃗�𝑥, �⃗�𝑦), (�⃗�𝜎), (�⃗�𝛼, 𝛽𝛽) denote the 

linear, circular and elliptical polarization, respectively. Here, the symbol ∗  denotes complex 

conjugate. (b, e, h) The distribution of electric field in each meta-molecule under the illumination 

of corresponding orthogonal polarized light at the wavelength of 550 nm from the substrate side. (c, 

f, i) Broadband transmission characteristics of three meta-molecules.  
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FIG. 3. Grayscale metasurface and chiral transformation. (a, b) Required phase shifts, 𝜑𝜑𝑥𝑥 (top) and 

rotation angle, 𝜃𝜃  (bottom) as a function of the intensity |𝑈𝑈±(𝑥𝑥, 𝑦𝑦)|2  of incident wave. (c, d) 

Experimentally measured intensity distributions for LCP and RCP light at the wavelength of 550 

nm. (e, f) The corresponding quantitative results along the horizontal direction of the device. The 

uncertainties are standard deviation of light intensity for repeated experimental measurements (five 

in total). 
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FIG. 4. Metasurface nanoprinting with chiral shadow rendering of structured light. (a) Experimental 

setup for measurement. A laser beam at the wavelength of 550 nm is collimated and incident on the 

metasurfaces though a linear polarizer (LP) and quarter wave plate (QWP). The images of 

metasurface nanoprinting can be captured by the standard microscope attached with a camera. (b) 

Experimentally captured optical images of the metasurface nanoprinting illuminated with LCP and 

RCP light. 
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Ⅰ.DESIGN AND SIMULATION OF PERIODIC ARRAYS OF META-MOLECULES  

As mentioned in the main text, the meta-molecule designs are based on the Jones matrix 𝐽𝐽(𝑥𝑥,𝑦𝑦) in 

Eq. 5. We can extract the required phase shifts (𝜑𝜑𝑥𝑥, 𝜑𝜑𝑦𝑦) and rotation angle θ of the dielectric unit 

from the eigenvalues and eigenvectors of the matrix. FIG. S1 and TABLE. S1 show the detailed 

structural parameters of the proposed meta-molecules. All the simulations shown in the main text 

are performed using a commercial finite-difference time-domain (FDTD) software with plane wave 

illumination from substrate for an infinitely periodic square arrays of the designed meta-molecules. 

In the simulations, periodic boundary conditions are employed at the x and y directions and perfectly 

matched layers (PML) at the z boundaries. The mesh size added on the meta-molecule is dx = dy = 

dz = 5 nm, which can ensure the accuracy of the calculated results. To obtain arbitrary polarized 

light, two orthogonal linearly polarized light sources with required phase difference and amplitude 

values are added in the simulation region. 

 
FIG. S1. Details of the meta-molecule. Each meta-molecule is composed of two pairs of twin 

elements with different birefringent properties to form a submicron interference system. The 

proposed meta-molecule is composed of rectangular titanium dioxide (TiO2) nanopillars on a fused-

silica substrate. The TiO2 nanopillars are designed to have identical heights of H=600 nm and 

organized in a square array with a lattice constant of P = 360 nm.  

 

Table. S1. The meta-molecule designs for the demonstration of dichroism. LP: linear 
polarization. CP: circular polarization. EP: elliptical polarization. 

 

 LP CP EP 

Element 1 la=145 nm 
wa=145 nm 

la=100 nm  
wa=265 nm 

la=190 nm  
wa=100 nm 

Element 2 lb=293 nm  
wb=117 nm 

lb=125 nm  
wb=305 nm 

lb =125 nm  
wb =220 nm 
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There are two possible arrangements (staggered and parallel) for a pair of twin-meta-atoms in a 

meta-molecule, as shown in Fig. S2. According to numerical simulations, these two arrangements 

offer similar amplitude response. The reason we choose staggered arrangement (Fig. S2 (a)) in our 

design is because compared to the parallel arrangement, the staggered case is easier to fabricate. For 

example, in some cases (as shown in Fig. S2(e)), the edge-to-edge distance between two neighboring 

meta-atoms in the parallel arrangement is much smaller than that can be achieved using state-of-

the-art electron beam lithography techniques employed here for nanofabrication.    

 
Figure. S2. Dichroism of orthogonal, elliptical polarization states (𝛿𝛿 =π 3⁄  , 𝜒𝜒 =π 6⁄  ) in a meta-

molecule system. The polarization conversion spectrum for the meta-molecule system with (a-b) 

staggered arrangement and (c-d) parallel arrangement. (e) Comparison of two possible 

nanostructures arrangements to form a square meta-molecule. 
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Ⅱ: DERIVATION OF THE JONES MATRIX 𝐽𝐽 AND ITS EIGENVALUES AND 

EIGENVECTORS FOR CIRCULAR POLARIZATION STATES 

In this section, we emphasize only the relationship between amplitude and circular polarization 

states. Assume that the metasurface should impart two independent amplitude profiles, 

|𝑈𝑈+(𝑥𝑥,𝑦𝑦)| and |𝑈𝑈−(𝑥𝑥, 𝑦𝑦)|, on input circular polarization states {|R⟩, |L⟩}. As mentioned in the 

main text, the relationship between the input and output polarization states is complex conjugate. It 

means that the output polarization states have the same states as the input states with flipped 

handedness. Such meta-device can be expressed by Jones matrix 𝐽𝐽(𝑥𝑥,𝑦𝑦) that simultaneously 

satisfies: 

 

  𝐽𝐽(𝑥𝑥, 𝑦𝑦) |𝑅𝑅⟩=𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|)|𝐿𝐿⟩ ,                         (S1)               

𝐽𝐽(𝑥𝑥, 𝑦𝑦) |𝐿𝐿⟩=𝑒𝑒𝑖𝑖𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)|𝑅𝑅⟩ .                         (S2) 

 

Upon matrix inversion of Eq. S1 and S2, the Jones matrix 𝐽𝐽(𝑥𝑥,𝑦𝑦) can be expressed as       

 

   𝐽𝐽(𝑥𝑥,𝑦𝑦) = � 𝑒𝑒
𝑖𝑖𝑓𝑓−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) 𝑒𝑒𝑖𝑖𝑓𝑓

−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)

−𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓
−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) 𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓

−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)
� �1 1
𝑖𝑖 −𝑖𝑖�

−1
                (S3) 

 

After calculation and simplification, the matrix 𝐽𝐽(𝑥𝑥,𝑦𝑦) has the form: 

        

 𝐽𝐽(𝑥𝑥,𝑦𝑦) = 1
2
� 𝑒𝑒

𝑖𝑖𝑓𝑓−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) + 𝑒𝑒𝑖𝑖𝑓𝑓
−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)  𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓

−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|) − 𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓
−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�)

 𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓
−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|) − 𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓

−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) −𝑒𝑒𝑖𝑖𝑓𝑓
−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) − 𝑒𝑒𝑖𝑖𝑓𝑓

−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)
�    (S4) 

 

This matrix provides a general form of switching between two independent amplitude 

profiles for circular polarization incident light. To understand the working principle of the meta-

device more intuitively, we present the expression that relates output and input polarization 

light as |𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜⟩ = 𝐽𝐽|𝐸𝐸𝑖𝑖𝑖𝑖⟩ . Here, incident light |𝐸𝐸𝑖𝑖𝑖𝑖⟩  is one of the two orthogonal, circular 

polarization states. The expansion of the output matrix has the form: 

 

  |𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜⟩ = 1
2
� 𝑒𝑒

𝑖𝑖𝑓𝑓−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) + 𝑒𝑒𝑖𝑖𝑓𝑓
−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)  𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓

−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|) − 𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓
−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�)

 𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓
−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|) − 𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓

−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) −𝑒𝑒𝑖𝑖𝑓𝑓
−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) − 𝑒𝑒𝑖𝑖𝑓𝑓

−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)
� �1𝑖𝑖 � 
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        = 1
2
� 2𝑒𝑒𝑖𝑖𝑓𝑓

−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�)

−2𝑖𝑖𝑒𝑒𝑖𝑖𝑓𝑓
−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�)

� 

        = 𝑒𝑒𝑖𝑖𝑓𝑓
−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) � 1

−𝑖𝑖�                                                    (S5)                         

 

The device has generated the targeted amplitude profile and expected polarization state. We 

can come to the same conclusions for the orthogonal state. By calculating the matrix 𝐽𝐽(𝑥𝑥,𝑦𝑦), 

we can obtain the eigenvalues as   

     

                        𝜉𝜉1 = 𝑒𝑒𝑖𝑖[
1
2

(𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|)+𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)] ,                   (S6) 

 𝜉𝜉2 = 𝑒𝑒𝑖𝑖[
1
2�(𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|)+𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|)�−𝜋𝜋] ,                 (S7)  

 

and eigenvectors as 

                    |𝑟𝑟1⟩ = �
cos 1

4
[�𝑓𝑓−1��𝑈𝑈+(𝑥𝑥,𝑦𝑦)�� − 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|�]

𝑠𝑠𝑖𝑖𝑠𝑠 1
4

[�𝑓𝑓−1��𝑈𝑈+(𝑥𝑥,𝑦𝑦)�� − 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|�]
� ,             (S8) 

 |𝑟𝑟2⟩ = �
−sin 1

4
[�𝑓𝑓−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) + 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|�]

𝑐𝑐𝑐𝑐𝑠𝑠 1
4

[�𝑓𝑓−1(�𝑈𝑈+(𝑥𝑥,𝑦𝑦)�) + 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)|�]
� .            (S9) 

 

Since |𝑟𝑟1⟩  and |𝑟𝑟2⟩  are linearly independent vectors, the Jones matrix 𝐽𝐽(𝑥𝑥, 𝑦𝑦)  can be 

transformed into canonical form 𝐽𝐽 = 𝑃𝑃Λ𝑃𝑃−1 , where P is an invertible matrix and Λ  is a 

diagonal matrix. The expansion of the canonical form can be expressed as  

    

𝐽𝐽(𝑥𝑥, 𝑦𝑦) = PΛP−1 = �
cos 1

4
[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)] −sin 1

4
[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)]

𝑠𝑠𝑖𝑖𝑠𝑠 1
4

[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)] 𝑐𝑐𝑐𝑐𝑠𝑠 1
4

[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)]
�…     

�𝑒𝑒
𝑖𝑖[1

2
(𝐹𝐹(𝑈𝑈+)+𝐹𝐹(𝑈𝑈−))] 0

0 𝑒𝑒𝑖𝑖[
1
2

(𝐹𝐹(𝑈𝑈+)+𝐹𝐹(𝑈𝑈−))−𝜋𝜋]
� �

cos 1
4

[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)] −sin 1
4

[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)]

𝑠𝑠𝑖𝑖𝑠𝑠 1
4

[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)] 𝑐𝑐𝑐𝑐𝑠𝑠 1
4

[𝐹𝐹(𝑈𝑈+) − 𝐹𝐹(𝑈𝑈−)]
�                                                                              

(S10) 

 

Here, 𝐹𝐹(𝑈𝑈+)  and 𝐹𝐹(𝑈𝑈−)  represent 𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥,𝑦𝑦)|  and 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥,𝑦𝑦)| , respectively. 

Since the Jones matrix of the meta-device operates on linear polarization basis, we can easily 
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obtain the required phase shifts and rotation angles as a function of amplitude value      

           

𝜑𝜑𝑥𝑥(𝑥𝑥, 𝑦𝑦) = 1
2

[𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥, 𝑦𝑦)|) + 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥, 𝑦𝑦)|)],              (S11)    

                   𝜑𝜑𝑦𝑦(𝑥𝑥, 𝑦𝑦) = 1
2

[𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥, 𝑦𝑦)|) + 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥, 𝑦𝑦)|)] − 𝜋𝜋 ,          (S12) 

                   𝜃𝜃(𝑥𝑥, 𝑦𝑦) = 1
4

[𝑓𝑓−1(|𝑈𝑈+(𝑥𝑥, 𝑦𝑦)|) − 𝑓𝑓−1(|𝑈𝑈−(𝑥𝑥, 𝑦𝑦)|)] .               (S13)     

 

Ⅲ: NANOFABRICATION OF TiO2 METASURFACE 

 

FIG. S3. Schematic illustrate of the metasurface fabrication. (a) Spin-coated photoresist. A double-

side polished fused silica substrate was prime-vapor-coated with a layer of hexamethyldisilazane 

(HMDS) and then spin-coated with a layer of 600 nm thick, positive-tone electron beam resist 

(ZEP520A). (b) The e-beam lithography (EBL) is used to obtain the exposed pattern. This process 

was performed at an accelerating voltage of 100 kV and beam current of 2 nA. Then, the sample 

was developed in hexyl-acetate for two minutes. (c) Atomic layer deposition (ALD) process. The 

patterned sample was carried out the deposition of TiO2. To avoid deformation of the resist pattern, 

the ALD chamber is set to 90 °C. (d) The over-coated TiO2 layer was etched by the inductively-

coupled-plasma reactive ion etching (ICP-RIE) in a mixture of Cl2 and BCl3 gas. The etching was 
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terminated when the over-coated TiO2 had been completely removed and the resist was exposed. 

Finally, we removed the resist by soaking in n-methyl-2-pyrrolidone and produced the array of TiO2 

nanopillars with pre-designed geometries (e). 

 

Ⅳ: SIMULATION OF METASURFACE NANOPRINTING FOR ANY PAIR OF 

ORTHOGONAL POLARIZATION STATES 

In this section, we design and numerically simulate three metasurface arrays to demonstrate that 

our method can achieve two completely different nanoprinting patterns for any pair of orthogonal 

polarization states, including linear, circular, and elliptical polarization. Each metasurface array is 

designed to respectively generate two different character strings ‘Meta’ and ‘Nano’ for two 

orthogonal polarization states at the wavelength of 550 nm. Considering the calculation limit of the 

simulation workstation, the metasurface encoding these amplitude profiles is 36 μm × 108 μm in 

size and contain 50 × 150 meta-molecules. The simulation results are shown in Fig. S4. As expected, 

the metasurfaces present a pattern of ‘Nano’ characters with stereoscopic concave effect for one 

polarization state. When the incident light is switched to its orthogonal state, the metasurfaces 

exhibit a pattern of ‘Meta’ characters with totally different convex effect. These results are in good 

agreement with expectations and clearly demonstrate that independent amplitude control can be 

achieved for any pair of orthogonal polarization states. The rough image quality is mainly attributed 

to the small number of meta-molecules in the simulation. The corresponding metasurface arrays and 

feature sizes of TiO2 nanopillars are shown in Fig. S5. and Table S2- S4, respectively.   

 
FIG. S4. Polarization-controllable nanoprinting to achieve two completely different transmitted 

images for any pair of orthogonal polarization states, including linear (𝛿𝛿=π 2⁄ , 𝜒𝜒=π 2⁄ ), circular 

(𝛿𝛿=π 2⁄ , 𝜒𝜒=π 4⁄ ), and elliptical polarizations (𝛿𝛿=π 3⁄ , 𝜒𝜒=π 6⁄ ). The metasurface encoding these 

amplitude profiles was 36 × 108 μm in size and contained 50 × 150 meta-molecules.  
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FIG. S5. The designed metasurface arrays used for (a) linear, (b) circular, and (c) elliptical 

polarizations. The left and right insets show a magnified view of the metasurface arrays (Top view).   

      

Table S2. Feature sizes of TiO2 nanopillars used for linear polarization.  

 Unit cell  

No. Length(nm) Width (nm) No. Length(nm) Width (nm) 

1 280 280 15 140 155 

2 180 180 16 145 145 

3 155 185 17 120 215 

4 163 163 18 125 185 

5 140 200 19 130 170 

6 145 175 20 130 160 

7 155 155 21 135 150 

8 135 200 22 140 140 

9 140 175 23 90 275 

10 145 165 24 100 210 

11 150 150 25 105 185 

12 125 220 26 105 180 

13 135 175 27 110 165 

14 140 160 28 110 155 
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Table S3. Feature sizes of TiO2 nanopillars used for circular polarization. 

 Unit cell  

No. Length(nm) Width (nm) No. Length(nm) Width (nm) 

1 90 275 5 120 300 

2 100 270 6 125 320 

3 110 280 7 315 65 

4 115 295 8 275 80 

 

 

 

Table S4. Feature sizes of TiO2 nanopillars used for elliptical polarization 

 Unit cell  

No. Length(nm) Width (nm) No.   Length(nm) Width (nm) 

1 230 135 9 80 235 

2 240 145 10 300 155 

3 245 155 11 295 165 

4 155 295 12 295 185 

5 290 130 13 110 195 

6 290 145 14 105 255 

7 280 160 15 105 290 

8 290 175 16 105 335 
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