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Metasurfaces provide a novel platform for multifunctional devices due to their

incomparable competence for the manipulation of different optical properties.

Recently, many works have emerged to merge distinct functions into a single

metasurface, which effectively increase the information density and capacity of

meta-devices. In this work, combining the dual-wavelength polarizer and the

orientation degeneracy of theMalus law, we further exploit the design degree of

freedom of the metasurface, and realize color control and phase manipulation

simultaneously with single-sized nanostructures. We experimentally

demonstrate our concept by integrating the function of pseudo-color

nanoprinting and holographic image display together. Our research can

effectively improve the functionalities of metasurface and promote

advanced research of multimode displays, information encryption, optical

multiplexing, and many other related fields.
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1 Introduction

Benefiting from the incomparable capability of manipulation for optical properties

such as phase (Hao et al., 2021; Wang et al., 2021; Zhang H. et al., 2022; Cheng et al.,

2022; Ma et al., 2022; Ming et al., 2022; Tao et al., 2022), polarization (Ouyang et al.,

2021; Xu et al., 2021; Deng J. et al., 2022; Zhang S. et al., 2022; Kim et al., 2022; Zhou

et al., 2022) and amplitude (Li Z. et al., 2021; Ren et al., 2021; Zheng et al., 2021; Deng L.

et al., 2022; Chen et al., 2022; Yang et al., 2022), metasurface has emerged as a powerful

platform for implementing multifunctional devices (Deng J. et al., 2020; Deng L. et al.,

2020; Chen et al., 2020; Dai et al., 2020; Li et al., 2020; Li J. et al., 2021). By dividing the

metasurface into different parts, the segmenting metasurfaces have showcased their

ability to integrate different functions, e.g., imaging and nanoprinting (Chen et al.,

2020) or near- and far-field display together (Dai et al., 2020). However, these works

simply hybrid the single-function by spaces and sacrifice the device size to increase the

functionality, in which the information density is not increased in essential. Another
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attempt to realize multifunction is employing the nanostructure

with distinct dimensions, i.e., combining the geometric and

propagation phase to realize different functions (Li et al., 2020;

Li J. et al., 2021), which decreases the crosstalk between

different functions and improves the information density.

Nevertheless, the complicated design and fabrication process

hamper the wide applicability of the metasurface. To settle this

issue, the orientation degeneracy hidden in the Malus law is

proposed and the multimode gray-scale image display is

realized (Deng J. et al., 2020; Deng L. et al., 2020). Such

approaches, however, only work for one single wavelength

and the chromatic images display is still elusive.

Herein, we employ the dual-wavelength polarizer and

successfully achieve the Fourier holographic and pseudo-color

nanoprinting images display based on single-sized

nanostructures, as shown in Figure 1. Specifically, the

proposed metasurface works as polarizer arrays at two distinct

wavelengths (i.e., 510 and 620 nm) with orthogonal polarization

direction, and the mixture of these two colors with different ratio

can be realized merely by rotating the orientation angle of the

nanostructure. More importantly, employing the orientation

degeneracy, the phase manipulation can be simultaneously

implemented by selecting the nanostructure orientations

through the simulated annealing algorithm (SAA) (Deng L.

et al., 2020), without influencing the color modulation. As a

result, the pseudo-color control and phase manipulation can be

fulfilled at the same time. The present research provides an

exciting opportunity to advance our knowledge of

multifunctional devices based on a single-sized metasurface,

and can make major contribution to fields such as image

display, optical anticounterfeiting, information encryption,

and etc.

2 Materials and methods

2.1 Working principle for simultaneous
color control and phase manipulation

To realize pseudo-color control with the single-sized

nanostructures, each unit-cell of the metasurface is

supposed to modulate the polarization direction of incident

beam at two wavelengths, i.e., each nanostructure acts as dual-

wavelength nano-polarizer. Herein we employ the silver

nanobricks sitting on the fused silica to implement the

proposed function. Figures 2A, B show the diagram of a

unit-cell, in which the orientation angle θ is defined as the

angle between the x-axis and the long axis of nanobrick. Here,

CST Microwave Studio software is used to simulate the optical

response of the nanobricks. After careful optimization, each

nanobrick is designed with length L of 140 nm, width W of

85 nm, unit-cell dimension CS of 340 nm, and H of 70 nm.

Figure 2C shows the simulated reflectivities and

transmissivities with incident beam polarized along the

long (rl and tl) and short (rs and ts) axes of the nanobrick.

We can see that at the working wavelength of 510 nm, rs
reaches 69.93% and ts is 3.98%; while at the working

wavelength of 620 nm, rl reaches 90.9% and tl is 0.3%,

which demonstrates that the nanobrick works as polarizer

at two designed wavelengths. According to the Malus law,

when the incident light beam polarized along the x-axis and

with wavelength of 510 nm or 620 nm passes through the

nanobrick, the transmitted beam’s intensity can be

expresses as:

I510 � I0 · cos2θ (1)
or

I620 � I0 · sin2θ (2)

where I0 represents the intensity of the incident beam, I510 and

I620 are the intensity of the output light at wavelength of 510 and

620 nm, respectively. As a result, when the incident beam is

with two wavelengths of 510 and 620 nm, the ratio of the red

(620 nm) and green (510 nm) components I620/510 in the output

beam can be adjusted by changing the orientation angle of the

nanobrick:

I620/510 � tan2θ (3)

Consequently, the color between red and green can be

modulated, and this is the basic principle of pseudo-color

manipulation.

Further, due to the orientation degeneracy of the

trigonometric function, each nanobrick has two angles (θ

or π-θ) to generate the same output color, as shown in

Figure 2D of the blue line. And it’s known that when the

circularly polarized light passes through an anisotropic

structure, the output light with opposite chirality will carry

FIGURE 1
Schematic illustration of the single-sized metasurface for
pseudo-color control and holographic image display. The
metasurface can display a pseudo-color nanoprinting in the near-
field under the illumination of incident beam with red
(620 nm) and green (510 nm) light, and a Fourier holographic
image in the far-field when the wavelength of incident beam is
620 or 510 nm.
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the geometric phase φ � ± 2θ, the sign of which is positive for

the left-handed circularly polarized (LCP) light and negative

for the right-handed circularly polarized (RCP) light (Li et al.,

2018; Fu et al., 2020; Zheng et al., 2022). Herein we employ the

LCP light as the incidence and the calculated geometric phase

is shown in Figure 2D of the orange line. It can be seen that

there are always two angles that correspond to the same color

but different geometric phase. Consequently, combining the

dual-wavelength polarizer and orientation degeneracy hidden

in the Malus law, the proposed metasurface can manipulate

FIGURE 2
(A) The space and (B) top views of a unit-cell consisting of Ag nanobrick and SiO2 substrate. (C) Simulated reflectivity and transmissivity of the
nanobricks when illuminated by light polarized along the long (rl, tl) and short axes (rs, ts), which shows that the nanobrick works as a dual-wavelength
polarizer with orthogonal polarization direction at the wavelengths of 510 and 620 nm. (D) Calculated intensity contrast (I620/510) and geometric
phase φ as the function of orientation angle θ, fromwhichwe can see that there are always two orientation angles to produce the same pseudo-
color but different geometric phase. (E) The optimization process to determine the orientation arrays. There are different orientation arrays
producing the same pseudo-color nanoprinting, the FFT towhichwill obtain holographic imageswith different correlation coefficient. And the SAA is
employed to select the orientation angle pixel by pixel until the correlation coefficient finally satisfies the requirement.

Frontiers in Nanotechnology frontiersin.org03

Li et al. 10.3389/fnano.2022.973348

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2022.973348


the color and 2-step phase of the output beam at the

same time.

The SAA is employed to select the orientation angle of the

nanobrick. As shown in Figure 2E, for one pixel of the nanobrick

arrays, there are two angles generating the same color, which is

presented by the blue and red arrows, respectively. And these two

angle arrays will generate PB phase with different value in the

above-mentioned pixel. Subsequently, the fast Fourier transform

(FFT) to the PB phase will obtain different calculated images, and

we employ the correlation coefficient between the calculated and

target images to select the orientation angle of a single nanobrick,

the definition of which is given as:

CC(I, M) � cov(I,M)
������
Var(I)√ �������

Var(M)√ (4)

where I and M represent the calculated and target image,

cov(I,M) is the covariance of I and M, Var(I) and Var(M)
represent the variances of I and M, respectively. This operation is

implemented pixel by pixel to optimize the orientation array,

which is finally determined until the correlation coefficient

satisfies the requirement. Herein the final correlation

coefficient between the calculated and the target images

reaches 0.864. In this way, the obtained dual-wavelength

polarizer with elaborately designed orientation can control the

pseudo-color and phase of the output light simultaneously.

2.2 Sample fabrication

Firstly, we employ the spin coater to spin and coat a

polymethyl methacrylate (PMMA) film and a conducting

layer on the SiO2 substrate. Subsequently, the electron beam

lithography (EBL) is utilized to pattern the nanobrick structures.

Then the conducting layer is washed away by the deionized

water, and the exposed resist is developed in a mixture of methyl

isobutyl ketone (MIBK) and isopropyl alcohol (IPA) with the

ratio of 1/3 for 80 s, dipped in IPA for 30 s and blown dry by the

nitrogen. Next, electron beam evaporator is employed to deposit

a layer of chromium (3 nm) to increase the adhesion and a 70 nm

silver film. Finally, we obtain the designed silver metasurface

structure through lift-off process in hot acetone with temperature

of 85°C.

3 Results

To demonstrate our concept, we design and fabricate a

metasurface with 500 × 500 pixels (150 × 150 μm) to implement

the near-field pseudo-color encoding and the far-field Fourier

holographic images display. Firstly, the function of pseudo-

color image display is characterized. Figure 3A displays the

optical microscope (Motic BA310Met) for observing the

nanoprinting image. In the experimental process, a polarizer

is employed to decode the image right at the metasurface plane.

Figure 3B shows the captured transmitted image when a

polarizer with polarization angle of 0° is placed before the

metasurface, which possesses ultra-high resolution of 75 k

dpi (dots per inch) and the scale bar is 30 μm. We can see

the images with color changing from red to green clearly, which

demonstrates that the proposed metasurface can realize

pseudo-color control merely by changing the orientation

angle of the single-sized nanobrick.

Next, the function of the far-field holographic image display

is demonstrated. As shown in Figure 4A of the optical setup, the

light source is a linearly polarized super-continuum laser (YSL

SC-pro), which is modulated to be LCP by a quarter-wave plate

(QWP) after passing through an iris, and the far-field

holographic image can be observed after the metasurface

being illuminated by the incident LCP light. The inset is the

scanning electron microscope (SEM) image of the nanobricks,

the scale bar of which is 600 nm. The experimentally observed

images at the working wavelengths of 510 and 620 nm are shown

in Figures 4B,C, respectively, from which we can recognize the

words clearly. Because the correction of geometric distortion is

performed at the wavelength of 620 nm, the captured image at

510 nm shows slight distortion. These experiment results

effectively prove that the metasurface can display a pseudo-

color nanoprinting in the near-field and a Fournier

holographic image in the far-field.

Subsequently, to explore the broadband characteristic of the

metasurface, we change the wavelength of the incident light beam

from 490 nm to 640 nmwith a step of 30 nm. The experimentally

captured holographic images are shown in Figures 5A–F, which

display the designed words clearly although they show different

sizes and geometric distortion versus the wavelength due to

different diffraction angles. These experimental results prove

FIGURE 3
(A) The diagram of the optical microscope for observing the
pseudo-color image recording by the metasurface. (B) The
captured imageswhen a polarizer with polarization directions of 0°

is inserted before the metasurface. Scale bar: 30 μm.
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that the proposed metasurface possesses broadband

characteristic for displaying holographic images.

4 Discussion

In conclusion, combining the dual-wavelength polarizer and

orientation degeneracy hidden in theMalus law, a general platform

for simultaneous pseudo-color control and phase manipulation is

proposed. The employment of the dual-wavelength polarizer

effectively converts the gray scale to pseudo color. On this

basis, the employment of the orientation degeneracy allows the

metasurface to further control the phase of the output light, thus

realizing the holographic image and chromatic nanoprinting

image display at the same time. In addition, benefiting from the

single-sized strategy, our work effectively simplifies the process of

design and fabrication. This study provides new insights into the

multifunctional devices design based on the metasurface, and can

be applied in fields such as optical anticounterfeiting, image

display, information encryption, and etc.

FIGURE 4
(A) Schematic illustration of the optical setup to decode far-field holographic image. The light source is a linearly polarized super-continuum
laser. A QWP before the metasurface is employed to modulate the laser beam to be LCP, and the transmitted holographic image can be obtained in
the far-fieldwhen the incident beam illuminates themetasurface. The inset shows partial view of the SEM image of themetasurface with the scale bar
of 600 nm. (B) Experimental Fourier holographic images under LCP light illumination at 510 nm and (C) 620 nm.

FIGURE 5
(A-F) Experimentally captured holographic meta-images from 490 to 640 nm with steps of 30 nm.
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