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Photorealistic full-color nanopainting enabled by a

low-loss metasurface
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We realize a dielectric metasurface that enables full-color
generation and ultrasmooth brightness variation. The
reproduced artwork “girl with a pearl earring” features
photorealistic color representation and stereoscopic image
impression, mimicking the texture of an oil-painting. © 2020
Optical Society of America under the terms of the OSA Open Access
Publishing Agreement
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Color, originating from light-matter interactions, is one of the
primary attributes of human visual perception and carries infor-
mation critical for imaging and display technology. In recent years,
enabled by remarkable developments in nanofabrication technol-
ogy, the research field of subwavelength structural coloring has
seen extensive growth [1-10]. For example, optical metasurfaces,
composed of an array of deep-subwavelength nanostructures, offer
opportunities to tailor the spectrum of incoming light and generate
vivid structural colors by simply varying the nanostructure dimen-
sions. Preliminary research in this area utilized localized plasmon
resonances supported by metallic nanostructures to achieve struc-
tural colors because of their strong dependence on the geometry of
nanostructures [ 1-8]. More recently, metasurfaces based on dielec-
tric nanostructures have also demonstrated the ability to produce
vibrant colors, realized by leveraging the electric and magnetic
Mie resonances supported by individual dielectric nanostructures
[9,10]. Usually, structural color engineering using metasurfaces
is targeted to obtain high color gamut and saturation, and thus it
is expected that the amplitude of incident light for a desired color
(wavelength) is well preserved upon transmission or reflection
through the metasurface. As a result, though such metasurfaces
exhibit high transmission or reflection efficiency, the brightness of
the generated color is fixed. Note that, in addition to color gamut
and saturation, brightness is also one of the fundamental properties
of color and represents the chiaroscuro of an image. By tuning
the brightness of a color, the generated shadow rendering effect
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can make an image appear with a stronger space and stereo per-
ception. Although metasurfaces incorporated with liquid crystals
[11] and electrochromic polymers [12] can control the amplitude
of generated colors, complicated electrical device architectures
and incomplete full-color spectral response significantly hinders
their practical use. Hence, the ability to efficiently and smoothly
control the brightness of structural color across the entire visible
spectral range is an important functionality required for various
applications including high precision nanopainting.

Here, we design and experimentally demonstrate a low-loss
dielectric metasurface-enabled  brightness-tunable full-color
nanopainting, and reproduce the famous artwork “girl with a pearl
earring” [13], mimicking the vivid visual impact and texture of an
oil-painting. The metasurface consists of a periodic arrangement
of titanium dioxide (TiO,) nanopillars with spatially varying
dimension and orientation, which, respectively, determine the hue
and brightness of the output colors. This feature is highly benefi-
cial because it allows multiple degrees of freedom to upgrade the
impression of a full-color nanopainting, as we demonstrate below.

Figure 1(a) presents the schematic of the metasurface consisting
of TiO; nanopillars supported on a silicon dioxide (SiO) sub-
strate. TiO; is chosen as constituent material due to its low-loss and
high refractive-index in the visible spectral range. Each nanopillar
constituting the metasurface is designed to act as a narrowband
halfwaveplate capable of efficiently rotating the polarization of
normally incident linearly polarized light only at specific design
wavelengths. For example, a nanopillar with its long-axis oriented
at 45° relative to the incident electric-field converts y-polarized
incident light to its cross-polarized state at the design wavelength,
whereas the unrotated light at other wavelengths are blocked by an
analyzer placed after the metasurface. Based on Malus’s law [14],
the output intensity (/) transmitted through a polarizer-analyzer
combination at the design wavelength is determined by the relative
angle between the polarization axis of the polarizer and the electric
field orientation of the transmitted light, where the latter can be
readily modulated by spatially varying the orientation angle (6)
of individual nanopillars. Therefore, the metasurface nanopillar
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Fig.1. (a) Schematics of the full-color nanopainting generation setup.
The inset shows a single TiO, nanopillar supported by an SiO, substrate.
(b) The calculated cross-polarization conversion transmission for the
B (blue curves), G (green curves), and R (red curves) colors when the
orientation angle 6 of the nanopillar is varied from 45° (solid lines) to 30°
(dashed lines) and 15° (dotted lines). (c) Optical image of the fabricated
pattern in reflection mode without any polarizers. Scale bar represents
100 pum. (d) Scanning electron micrograph (SEM) of the highlighted area
in (c), a super-cell is enclosed by white dashed lines and the false coloring
of the nanopillars indicate the primary colors that are generated by the
respective nanopillars. Scale bar represents 500 nm. (e) Experimental
color printing of “girl with a pearl earring”. Scale bar represents 50 pm.

dimensions are spatially altered to generate a desired structural
color, and their orientation is varied to tune the brightness as
I = Iysin®(20), where I is the input intensity. Here, correspond-
ing to the target filtering colors blue (B), green (G), and red (R), we
design a set of elliptical nanopillars with the lengths of major and
minor axis (Dy, D,) of (250 nm, 50 nm), (320 nm, 80 nm), and
(440 nm, 170 nm), respectively. The height of all the nanopillars
is fixed at 600 nm. In order to create arbitrary color patterns by
uniting nanopillars in a geometrically nonconflicting manner,
the dimensions of unit-cell for blue, green, and red wavelengths
are optimized as 370 nm x 370 nm, 370 nm x 370 nm, and
370 nm x 740 nm, respectively. The calculated transmission
magnitudes of cross-polarization for B, G, and R pixels for three
different 0 angles are depicted in Fig. 1(b). As expected, a single
prominent peak can be observed for each spectrum, located at
approximately 450 nm, 540 nm, and 660 nm, corresponding
respectively to blue, green, and red colors. With changing 6, the
profile of the spectra smoothly varies, indicating different color
brightness.

By encoding the brightness and color information into the
spatially varying nanopillars, the nanoprinted image enables pho-
torealistic color presentation and stercoscopic impression. As a
proof of concept, the famous artwork “girl with a pearl earring”
is selected as a target image for printing with the above-designed
RGB unit-cells. For fabrication, electron beam lithography
together with atomic layer deposition of TiO; and dry etching,
as described in Ref. [15], are employed to realize the metasur-
face patterns. Figures 1(c) and 1(d) show the overview optical
image without any polarizers and enlarged SEM image of the area
enclosed by black lines to illustrate the detailed arrangement of
the nanopillars. The high-resolution image generated by the full
color metasurface upon white-light illumination under orthogonal
polarizer-analyzer orientation is presented in Fig. 1(e). It can be
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observed that the girl wears a blue turban and a gold jacket with
a white-collar underneath which presents ultra-smooth bright-
ness transitions, and the darker peripheral sides blend seamlessly
with the black background. The smooth color hue and brightness
transitions allow the image to present an oil painting-like texture,
elegantly bridging the gap between scientific results and art.

In conclusion, our judiciously designed TiO, metasurface
exhibits a full-color gamut and customized color brightness profile.
The spatially varying nanopillars provide extraordinary capabilities
for high-resolution nanopainting and seamless mixing of colors.
We envision such a color and brightness tuning metasurface to
provide a promising platform for applications in both the sciences
and thearts.
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