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Abstract: Structural colors based on all-dielectric metasurfaces hold great promise for a wide range
of applications, including high-density optical storage, ultra-high-resolution 3D displays, imaging
security certification, and so on. However, achieving dynamic tunable structural color with a compact
and simple Si platform remains a great challenge. Here, we propose a dynamic tunable structural
coloration with polarization-sensitive metasurfaces consisting of arrays of Si elliptical nanopillars,
enabling full-colored images to be displayed and switched through the control of the polarization of
incident light. A distinct feature of our design is that the color phase is independent of the viewing
angle, which is fundamental for real applications. Moreover, we demonstrated that dual and multiple
colors can be obtained by varying the angle of either the polarizer or the analyzer. Our scheme
provides a simple yet general approach for potential applications in the fields of virtual reality,
ultra-high-resolution 3D displays, and high-density information storage.
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1. Introduction

Color, the main visual vehicle for human perception of the real world, is a visual
perception of light generated by the eye, brain, and life experience [1,2]. Visible light is
reflected or absorbed by objects, which can produce different colors and bring us a colorful
world [3,4]. Although chemical pigments have many applications in industrial products, it
has obvious drawbacks: they cannot endure durative high-temperature or high-intensity
illumination, and they threaten the environment and human health [5]. Additionally, these
pigments have spots that are around 25 nm, which leads to a low resolution of less than
1000 dpi. It is difficult to meet the permanence of coloring and, most importantly, the low
resolution of the colors produced by these conventional dyes and pigments limits their
practical application in advanced color displays and high-resolution images. By contrast,
structural colors offer an alternative coloring mechanism that is physically derived from
the controlled scattering, diffraction, and interference of light through nanostructures or
microstructures [6-13]. It is known that the Mie resonances appear when the incident
electromagnetic wave is comparable to the physical dimension of the resonator for high-
index dielectric nanostructures [14,15]. Thus, vibrant colors can be obtained by simply
tuning the structural parameters rather than relying on their chemical nature, holding
potential for diverse applications, such as high-resolution color printings [16-33], high-
resolution digital displays [10,34-37], focusing hyperlens or holographic hyperlens [38-40],
and information storage [41,42].

Although some typical configurations, such as nanoparticles, nanogratings, and multi-
layer thin films have been utilized to generate highly saturated and pure structural colors,
the practical applications of structural color in data storage, optical security, and optical
steganography are still restricted because most systems can only generate static colors. In
order to overcome these limitations, more scholars began to work on polarization-tunable
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anisotropic nanostructures and actively tunable metasurface [43-62]. For instance, Ol-
son et al. modulated the brightness of color by incorporating aluminum nanorod array
pixels into a liquid crystal display with an applied voltage [36], Xu et al. demonstrated
fast monochromatic and full-color electrochromic switching using electrochromic polymer
nanoslit arrays [63]. However, the incomplete full-color spectral response and complicated
electrical device structures significantly hinder their practical application. Hence, chal-
lenges remain in simultaneously achieving dynamic control and polarization dependence
structural color with a compact, single-layer structure.

In this work, we present a strategy to realize polarization-sensitive color generation by
exploring the orientation properties of anisotropic elliptic Si nanopillars directly deposited
on a Si substrate. Owning to the geometrical anisotropy, the incident white light with
different polarizations was backscattered into distinct colors by anisotropic scatters. We
realized the dramatic contrast of colors under two polarization states of incident light by
tuning the diameters of the nanopillars along the x- and y-axes, and we experimentally
obtained basic colors, such as red, green, blue, and yellow, across the visible spectrum by
carefully designing the structural parameters. The calculated results showed that the color
phase had only a slight variation in intensity as the viewing angle changed owning to the
Mie resonance origin. Furthermore, the method suggested here can be utilized to change the
output color by simple rotation of the polarizer and analyzer with efficiently and smoothly
controlled structural color across the entire visible spectral range. Thus, our designed full-
color anisotropic Si metasurface with the controllable and flexible generation of arbitrary
polarization distributions for light paves the way toward many practical applications, such
as virtual reality, ultrahigh-resolution 3D displays, and high-density information storage.

2. Methods and Materials
2.1. Sample Fabrication

The Si metasurfaces on Si wafers (100 mm diameter, prime grade, double-sided
polished) were fabricated with the electron beam lithography (EBL) technique followed by
inductively coupled plasma (ICP) etching. First, we cleaned the Si wafer in an ultrasound
bath in acetone and anhydrous ethanol for 10 min. Second, a 150 nm PMMA (A3) film was
spin-coated onto the cleaned Si wafer and baked at 180 °C for 5 min. After that, the PMMA
resist was exposed to the electron beam to form the PMMA nanostructures. Then, the
sample was transferred into an electron beam evaporator and directly coated with 30 nm
Cr films, and then acetone was used to finally lift off the Cr mask. Then, the silicon was
etched away with inductively coupled plasma (ICP) using C3Fg and SF¢ gases. Finally, by
immersing the sample into the chromium etchant to remove the Cr, the Si metasurfaces
were obtained.

2.2. Optical Characterization

The samples were assessed using an optical microscope (OLYMPUS BX51), a charge-
coupled device (CCD) camera (Canon EOS 750D), and a fiber-coupled spectrometer (Ocean
Optics HR4000). The structures were illuminated by a white halogen lamp (100W) and
a homemade optical setup to control the polarization and incident angle. The reflection
spectra were recorded by the spectrometer with a spectrometer slit size of 0.2 mm, and
bright-field microscopy images were taken by the CCD camera. All reflection spectra were
normalized to the reflection from an aluminum mirror.

3. Results and Discussion

The proposed structures were composed of asymmetric elliptic Si nanopillars on a Si
substrate with different diameters along the x- and y-directions, as illustrated in Figure 1a.
In the case of the same structure, x-polarization and y-polarization incident white light was
scattered back to distinct colors due to the asymmetry of the nanopillars. The major axes
and minor axes of the structure were Dy and Dy along the x- and y-directions, respectively.
The lattice dimension P was fixed at 300 nm. The schematic of the single-pixel and two
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top-view SEM images of typical elliptic Si nanopillar arrays are shown in the right half
of Figure 1a. Figure 1b,c present a bright field optical microscope image of the fabricated
elliptic Si nanopillar arrays under white light illumination through an objective of 20X (NA:
0.45). We changed the diameter of nanopillars along the x- and y-directions from 96 to
244 nm to cover the full color palette. Each area of 15 x 15 pm? presented an individual
color corresponding to an array of nanopillars with a specific Dx and Dy. The height of
the elliptic Si nanopillar was 162 nm measured by SEM. As shown in Figure 1b,c, distinct
vivid color pixels of the color palette exhibited red, yellow, green, and blue. The color
changed from red to blue with the increasing diameter of the nanopillar, indicating that
the optical response is mainly determined by the diameter of the nanopillar. For each
nanostructure group, a sharp color contrast could be obtained under the two polarized
incident lights. Figure 1b shows that the color changed from red to yellow to green to
blue with an increasing Dx under x-polarization, where Dy was fixed at 96 nm. For the
y-polarization incidence, all pixels exhibited a distinct saturation of red. It was also possible
to achieve hue- and saturation-tuned colors by varying Dy and Dy for y-polarization, as
shown in Figure 1c. Particularly, we obtained a vivid blue color by simply tuning the
geometric parameters of the ellipse nanopillars, which is very difficult to realize with Si
nanostructures due to the higher loss of Si in the blue and violet bands.
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Figure 1. (a) Schematic of Si-based metasurfaces with periodic Si elliptical nanopillars on Si substrate.
Two top-view SEM images of a typical elliptic Si nanopillar array. Optical bright microscopy image
of the color palette under (b) x-polarization and (c) y-polarization light.
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To analyze the reflection characteristics of the nanopillars under the x- and y-polarization
states, we measured the reflection spectrums of six nanopillars under x- and y-polarization
incident light, as shown in Figure 2, which correspond to the geometry parameters in the
dashed box in Figure 1. For the incident light polarized along the major axis of the nanopillar,
as the diameter increased, the reflection dip shifted toward longer wavelengths, and a new
dip appeared at the short wavelength with a further increase in the diameter, which was
determined by the period in accordance with the Rayleigh anomaly. When the nanopillars
varied from S1 to S6, the main dip wavelengths of the reflected spectra were 415, 501, 539,
572, 650, and 663 nm, respectively. As a result, by simply tailoring the nanopillar size, perfect
absorption of light at specific wavelengths across the visible spectrum was achieved. For
the incident light polarized along the minor axis of the nanopillar, the dips in the calculated
reflection spectra in Figure 2b had no apparent shift as Dy increased, which also demonstrates
the modification of the saturation with a nearly unchanged hue. Given that the periods of
the proposed structure in the subwavelength regime were much smaller, the slight red shift
in the resonance wavelength might have been due to the near-field coupling between the
adjacent nanopillars. However, the efficiency and bandwidth of the reflected spectrum were
slightly different under y-polarization. We calculated the chromaticity of the colors for the
x- and y- polarization incidence on the CIE 1931 color map in Figure 2c,d. The black dots
in Figure 2c show that the chromaticity diagram has significantly different hues due to the
presence of various main dip wavelengths, and a wide color variety can be achieved by
increasing the major axis of the Si nanopillar under x- polarization incidence. By contrast, the
center wavelength only moved around 10 nm; the saturation of the colors shows a slightly
rising trend from S1 to S6 in Figure 2d. Therefore, we simultaneously realized the saturation-
and hue-tuning structure color in two orthogonal polarization states, which is desirable for
practical applications, such as anticounterfeiting, 3D display, data storage, and so on.

To illustrate the underlying mechanism of the above polarization-sensitive structural
colors, we next simulated the light-matter interaction by the finite difference time domain
method with periodic boundary conditions in the x- and y-directions to model infinite
arrays and perfect match layers in the z-direction to mimic a free space. The refractive
indices of Si were taken from the book of Edward D. Palik. It is well known that high-
refractive dielectric scatters exhibit resonance when the wavelength of the incident light is
similar to the physical size of the scatters and that the magnetic and electrical responses of
these scatters have similar intensities. In general, the dipole mode resonance wavelength of
nanostructures in air is A/n ~ d, and when the diameter is large enough, the nanostructures
also support higher-order modes in the visible spectrum. We present the magnetic field
distributions of S3 at the resonant wavelength of A at 432 nm and B at 539 nm under x-
and y-polarization states in Figure 3. Figure 3a,b show the magnetic field distributions

IH I in the x—z plane at wavelengths of 432 nm under two polarization states. Figure 3c,d
show |HI at wavelengths of 539 nm under two polarization states. All the magnetic field
distributions at resonant wavelength were the strongest at the center of the nanopillar
in view of the observed field profiles. In general, magnetic dipole resonance with high
absorption and minimal scattering compared with an electric dipole at resonances with
longer wavelengths, we found that some of the energy leaked into the substrate, and they
could decrease the resonant reflection and form a deep resonant dip. The magnetic field
distribution was weak and primarily located in the interior of the Si nanopillar for the
non-resonant wavelength, as shown in Figure 3a,d. The above phenomenon indicates that
the resonance mechanism of the two polarization states is identical. It depends on the
inherent properties of Si; the periodic arrangement of Si nanopillars can support dipole
resonance and form channels that can introduce light energy to the Si substrate, deepening
the dip of the reflection spectrum.

We also investigated the angle independence of the anisotropic metasurface designed
on the basis of Si elliptic nanopillars. In order to investigate how the angle of view affects
the structural color through reflectance, we calculated the periodic structural reflection
spectra of Dy = 120 nm and Dy = 96 nm under x- and y-polarization states, respectively,
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in Figure 4a,c. The reflection efficiency was a function of the incidence angle and wave-
length. For x- and y-polarizations, the central resonant positions were 490 nm and 435 nm,
respectively, and they remained nearly constant, with only a slight variation in intensity
from 0 to 30° as the angle of incidence changed. As a result, color hardly changed with
increasing incidence angles, and color phase remained almost constant on the CIE 1931
diagrams when the incident angle was less than 30°, as shown in Figure 4b,d. However,
when the incidence angle of the light was greater than 30°, the view angle change of the
structural color was slightly different for the x- and y-polarization. For the x-polarization,
when the incident angle was greater than 30°, there was a specific resonance around the
main resonant dip, which gradually grew. The reflected light became less monochromatic,
resulting in a decrease in saturation, so the color changed from magenta to deep orange
to brownish yellow. At the same time, under the y-polarization, with an increase in the
incident angle, the position of the resonance dip remained almost unchanged. When the
incidence angle was greater than 50°, the reflection increased precipitously to nearly 600 nm,
so the color changed from orange to yellow.
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Figure 2. Simulated and experimental reflection spectra under (a) x- and (b) y-polarization light.
Corresponding CIE 1931 chromaticity coordinates for (c) x- and (d) y-polarization, respectively.
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Figure 3. Simulated magnetic field distributions |H| in x-z plane at resonant wavelength of 432 nm
under (a) x-polarization and (b) y-polarization, respectively, and at resonant wavelength of 539 nm
under (c) x-polarization and (d) y-polarization, respectively.

Figure 4e shows a simulated color image with an equivalent hue at a 10° interval of
oblique incident light. The color under two polarization states remained basically constant
from 0° to 30°, which was consistent with the results in Figure 4a,c. In accordance with
the visual field of a single human eye, the symbol recognition angle was about 30°, so
our Si nanostructure color perspective independence is suitable for small-angle display
applications. In addition, it can be used for wide-angle detectors and angle-sensitive
microscopes due to the great change in color saturation with a varying incident angle when
the incident angle is greater than 30°.

The designed elliptical Si nanostructure possesses strong anisotropy so that we can
establish a polarization-controlled structural color generation mechanism by changing
its polarization state. The proposed elliptical Si metasurfaces have different colors under
different observation conditions. To investigate the basic working process of manipulating
the polarization, various combinations of the input polarizer and output analyzer angle
differences (@p—@a) were utilized. According to Malus’s law, the output intensity of
reflection through a polarizer and analyzer depends on the relative angle between the
polarization axis of the polarizer and the electric field orientation of the reflected light.
Figure 5 shows the measured reflection spectra for different settings of the input polar-
ization angle (¢pp =0°, 45°, 90°, and 135°) as a function of the output analyzer angle
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(0° < @a <360°, in steps of 1°). For the ¢p = 0° and 90° states, the reflection was blocked if
the analyzing polarizer had incident polarization. Thus, if @p = @, the reflection was at a
maximum, and if @, was at a right angle to the @,, the reflection was zero, as shown in
Figure 5b,f. When the input polarization angles were 45° and 135°, the situation was more
intricate. Each elliptical nanopillar can generate two independent phase shifts of reflected
light in two directions. Very different colors were thus obtained for different settings of the
analyzing polarizer (¢,). Figure 5d,h show that the reflection spectra sensitively depend
on the setting of ¢,. The maxima shifted as ¢, was altered, but the overall intensities were
preserved, which clearly indicated a phase shift. In the diagonal case (¢, = 45° and 135°),
the phase shift was responsible for the observation of four separate output colors, and only
a single color was observed for each x-polarization and y-polarization (¢, = 0° and 90°).

x-pol y-pol

60°
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600 700 0 02 04 06 08

Wavelength (nm) X

Figure 4. Simulated reflection spectra of 52 (Dx = 120 nm, Dy = 96 nm) under (a) x- and (c) y-
polarization. Corresponding CIE 1931 chromaticity coordinates under (b) x- and (d) y-polarization.
(e) Corresponding colors for varying incident angles from 0° to 90° with 10° interval.

As a result, the input linear polarization light (45° with respect to the long axis of the
elliptical nanopillar) was converted into elliptical polarized states. This color dependence
on the polarization angle is particularly useful, leading to the dynamic control of the
color by changing the polarization angle of the incident light and output light, which can
be used in 3D displaying and high-density storage and is essential for encryption and
anticounterfeiting.

Corresponding CIE 1931 chromaticity coordinates of the reflection spectra in Figure 5b,d
are shown in Figure 6. When the polarizer was orientated at 0°, which corresponded to
the x-polarization incident light, the corresponding color hue was unchanged, and only the
brightness changed with a varying analyzer angle. When the input polarization angle was
45°, the colors showed a very strong contrast with varying analyzer angles. These appear in
Figure 5c¢ as purple, dark blue, brown, and dark green.
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Figure 5. Reflection spectra as a function of polarization angles. (a,c,e,g) Measurement schemes for
different angles of the incident polarizer (¢p) and the analyzing polarizer (¢a); each output arrow is
colored in the observed color. (b,d,f,h) Corresponding calculated reflection plots for rotation of the
analyzing polarizer (0° < 6< 360°, 1° steps).
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X X
Figure 6. Corresponding CIE 1931 chromaticity coordinates of the reflection spectra in (a) Figure 5d
and (b) Figure 5f.

4. Conclusions

In conclusion, we demonstrated polarization-sensitive structural colors based on
anisotropic metasurfaces consisting of elliptical Si nanopillar arrays directly on a Si sub-
strate, which generate colors using Mie resonances confined in Si nanopillars. Regular
colors, such as red, green, blue, and yellow, across the visible spectrum were generated by
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simply tuning the axis of elliptical nanopillars. A distinct feature of our design is that the
pixel preserves the color phase independently of the viewing angle, which is fundamental
for real applications. More importantly, multiple colors can be obtained by changing the
polarizer and analyzer angles. Our proposed metasurface has a lower cost and is more
compatible with standard CMOS technology, holding great potential for many practical
applications, such as virtual reality, ultrahigh-resolution 3D displays, and high-density
information storage.
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