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Versatile full-colour nanopainting enabled 
by a pixelated plasmonic metasurface

Maowen Song1,2,4, Lei Feng1,2,4, Pengcheng Huo1,2, Mingze Liu1,2, Chunyu Huang1, 
Feng Yan1,3, Yan-qing Lu    1,2  & Ting Xu    1,2 

The growing interest to develop modern digital displays and colour printing 
has driven the advancement of colouration technologies with remarkable 
speed. In particular, metasurface-based structural colouration shows 
a remarkable high colour saturation, wide gamut palette, chiaroscuro 
presentation and polarization tunability. However, previous approaches 
cannot simultaneously achieve all these features. Here, we design and 
experimentally demonstrate a surface-relief plasmonic metasurface 
consisting of shallow nanoapertures that enable the independent 
manipulation of colour hue, saturation and brightness by individually 
varying the geometric dimensions and orientation of the nanoapertures. 
We fabricate microscale artworks using a reusable template-stripping 
technique that features photorealistic and stereoscopic impressions. In 
addition, through the meticulous arrangement of differently oriented 
nanoapertures, kaleidoscopic information states can be decrypted by 
particular combinations of incident and reflected polarized light.

Dyes and pigments are the most commonly used materials to  
render colours in our daily life as they can absorb certain wavelengths 
from the visible spectrum and reflect the remaining parts1. However, 
they are not chemically stable, especially at high temperatures or  
when exposed to intense ultraviolet light, and the colour gamut is  
very limited. Owing to the fact that some structures that occur  
artificially are fine enough to interfere with light and produce a  
vibrant appearance of historic artworks, structural colouration 
becomes an alternative approach to tackle the obstacles of dyes 
and pigments2. With the advancement of nanofabrication technol-
ogy, plasmonic nanostructures were recently precisely engineered  
and crafted to tailor the spectrum at an unprecedented level3–13. Thus 
far, highly dense arrangements of nanodisks14–17, metal–insulator–
metal nanopatch arrays18–22 and periodically aligned nanowires23–27  
suggest exciting routes towards producing colours. However, the 
colour gamut is limited and the spectral linewidth is still relatively 
broad as metallic loss and surface roughness play important roles in 
the visible regime1.

Employing high-index dielectric nanostructures seems to be an 
alternative strategy to circumvent these challenges28–35. Through the 
well-designed electric and magnetic Mie resonances36–39, the spectra 
purity and colour performance of dielectric competitors are generally 
presented as superior to those of plasmonic colour filtering devices. 
When integrated with a low-index impedance matching layer, the spec-
tral linewidth can be narrowed even further. However, this approach 
fails to control the colour brightness, which leads to the absence of 
chiaroscuro in an image. Recently, a metasurface with silicon rectan-
gular nanofins patterned on a fused SiO2 substrate was demonstrated 
to simultaneously tune hue, saturation and brightness40. Nevertheless, 
such a spatial multiplexing strategy severely deteriorates the filtered 
spectrum bandwidth, and the high aspect ratio (~1:15) surface features 
pose great challenges for its nanofabrication.

In this work, we show a surface-relief plasmonic metasurface that 
combines a number of features simultaneously, which include a high 
colour saturation, wide gamut palette, chiaroscuro presentation and 
polarization tunability. The ultrashallow nanoapertures embedded 
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High colour saturation and wide colour gamut
Plasmonic colours usually suffer from low saturation and limited gamut 
due to the ohmic loss of metals37. In addition, when surface plasmons 
travel along a rough metal surface, they can easily become radiative due 
to scattering, which further weakens the plasmonic resonance effect. 
In this work, silver was chosen as the constituent material of the meta-
surface due to its excellent optical properties, which support strong 
plasmon resonances with a relatively low loss41. Besides, to obtain an 
ultrasmooth surface of the silver nanostructures, the nanopatterns 
were fabricated on the silicon via electron-beam lithography and then 
transferred to silver film by a reusable template-stripping technique, 
as shown in Supplementary Fig. 1. The detailed fabrication approach 
is described in Methods.

To evaluate the colour performance of this metasurface, 
we first numerically investigated the reflectance spectra under 
cross-linear-polarization conversion by means of a frequency domain 
finite element method. The unit-cell built-in simulation is shown in  
Fig. 1b with a red dashed line. The frequency-dependent permittivity of 
silver was obtained from the data measured by Johnson and Christy42. 
The modelled metasurface was illuminated by a normally incident LP 
light with a polarization angle of 45° with respect to the x direction. The 
left panel in Fig. 2a presents the calculated reflectance spectra under 
cross-polarization conversion with the scaling factor S varying from 
1.20 to 2.65. It can be observed that each individual spectrum exhibits 
a sharp peak at particular wavelengths without an additional resonance 
background. As the lateral size increases, the position of the reflectance 
peak redshifts from 452 to 682 nm (Supplementary Fig. 2). The depend-
ences of the simulated cross-polarization reflection spectra for the 
proposed nanoaperture array with different structural parameters were 
also investigated (Supplementary Fig. 3). Remarkably, by introducing 
more groups of nanoapertures with various lengths and widths, the 
narrowest full width at half maximum of the reflection spectra reached 
sub-10 nm (Supplementary Fig. 4). The right panel in Fig. 2a shows the 
experimentally measured spectra, which closely resemble those of 
the simulated results. Some slight differences result from the shape 
distortion at the fabricated nanoaperture corners, as well as changes 

in the optically thick silver film that composes metasurface pixels  
are manufactured by a reusable template-stripping technique, 
and hence potentially enable low-cost mass production. As 
proof-of-concept demonstrations, we fabricated several metasurface 
artworks with photorealistic impressions and subtle renderings of 
the texture details of the original oil paintings. Besides nanopainting 
functionality, polarization of light provides the possibility to tune a 
picture. Through the meticulous arrangement of differently oriented 
nanoapertures, kaleidoscopic images can be selectively decrypted 
without any ‘cross-talk’ effect.

Design of pixelated plasmonic metasurface
Individual metapixels of the proposed metasurface contain an array 
of anisotropic nanoapertures embedded in optically thick silver film, 
as shown in Fig. 1a. The lattice side length p of hexagonally arranged 
nanoapertures to form metasurface pixels is 160 nm. For each nano-
aperture (Fig. 1b), length (l), width (w) and thickness (h) are optimized 
as l = 200 nm, w = 60 nm and h = 40 nm; the following transverse  
scaling and experimental design are all based on these parameters. 
This configuration is capable of converting the diagonally oriented  
(45° with respect to the long axis of the nanoaperture) linearly polarized 
(LP) visible light into other polarization states. Importantly, a complete 
90° optical rotation effect can be readily achieved with a high reflection 
efficiency when the geometric dimensions of the nanoapertures are 
judiciously optimized. As a result, the designed metasurface exhibits  
a single sharp reflectance peak in the optical spectrum and highly 
suppresses the reflectance at other off-resonance wavelengths under 
cross-linear-polarization conversion, which remarkably increases the 
colour saturation and gamut. In addition, such an architecture allows 
for a straightforward resonance tuning via multiplying the unit-cell 
lateral dimensions by a scaling factor S, and the linear tunability of the 
spectral peak positions can cover the entire visible region. The concept 
of a colour filtering effect by a two-dimensional array of metasurface 
pixels is schematically illustrated in Fig. 1c. The quantitative compari-
son of colour performances between our work and other recent papers 
is listed in Supplementary Section 1.
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Fig. 1 | Schematic of the surface-relief silver metasurface. a, Top view 
of the 4 × 4 metasurface unit cells of lattice side length p. The rectangular 
region enclosed by the red dashed line is the unit cell used in our simulation. 
Resonance frequencies were tuned by multiplying the unit cell lateral 
dimensions by a scaling factor S. Insets: the xz and yz cross-section views of the 

unit cell nanoaperture. b, Perspective view of a single unit cell that contains a 
nanoaperture with a size of length (l), width (w) and thickness (h) embedded in 
optically thick silver film. c, Schematic diagram of the pixelated metasurface, 
which consists of a two-dimensional array of nanoapertures with resonant 
wavelengths tuned over the visible region.
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in the optical properties of nanostructured silver. We calculated the 
colours via colour-matching functions defined by the CIE (Interna-
tional Commission on Illumination) and the corresponding results are 
presented in the column between the simulated and measured spectra 
of Fig. 2a. To have a better understanding of the ultrahighly saturated 
colours and wide gamut, the corresponding chromatic coordinates are 
plotted in a CIE 1931 chromaticity diagram, as shown in Fig. 2b. From 
the simulation results, the colour gamut could achieve about a 182% 
standard red, green and blue (sRGB) space and a 134% Adobe RGB space 
(details in Supplementary Section 6). The chromatic coordinates that 
correspond to the experimentally measured spectra display a reason-
able agreement with their simulation counterparts. In the experiment, 
the colour gamut approximately achieved a 148% sRGB space and a 
109% Adobe RGB space. The smaller gamut can be understood by the 
fact that the wider spectral linewidth and unexpected reflectance at 
short wavelengths decreases the colour saturation.

To investigate the physical mechanism behind the generation of 
ultrasharp reflection spectra under cross-polarization conversion, the 
absorption spectra of x-polarized and y-polarized light were theoreti-
cally investigated (Supplementary Section 7). A strong spectral change 

of x-polarized light was observed at the wavelength of plasmonic reso-
nance with the spectrum of y-polarized light relatively flat. As a result, 
the reflective amplitude of the x-component electric field spectrum 
underwent a sharp dip at a wavelength of 441 nm when a 45° polarized 
LP light normally illuminated the metasurface with an S of 1, as shown 
in Fig. 2c. It can be concluded that the plasmonic resonance caused 
this birefringence effect of our surface-relief silver metasurface and 
the 180° phase difference between the orthogonal linear polarizations 
depicted by the blue curve indicates the realization of a complete 90° 
optical rotation43. A detailed deduction as to the relationship between 
the reflected intensity and polarizer–analyser angle combinations are 
given in Supplementary Section 8. Figure 2d presents the electric field 
distributions in a structural unit cell with S = 1 and 2 at their correspond-
ing resonant wavelengths (441 nm and 552 nm, respectively). The elec-
tric field is obviously enhanced at the silver–air interface inside the void 
and coupled to the neighbouring nanoapertures, which verifies the 
existence of both delocalized and localized plasmon modes44. To have 
a clear visualization about the contributions of each mode, the electric 
field profiles at the vertical cross-section (along the black dashed line 
in the structural unit cell in Fig. 2c) with S = 1 and 2 are plotted. When 
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Fig. 2 | Experimental colour hues of the metasurface and theoretical 
fundamentals. a, Simulated (left) and experimentally (right) measured 
reflectively cross-polarized spectra of the metasurface and the corresponding 
colours when the scaling factor varies from 1.20 to 2.65. b, Chromatic 
coordinates in the CIE 1931 diagram obtained from the simulated (top) and 
measured (bottom) spectra. The regions enclosed by grey and white lines 
present Adobe RGB space and sRGB space, respectively. c, Simulated reflective 
amplitude spectra (red curve) and phase difference (blue curve) between the 

x and y components. Inset: the structural unit cell utilized in the electric field 
distribution analysis. d, Simulated electric field distributions of the structural 
unit cell with S = 1 (left panels) and 2 (right panels) at corresponding resonant 
wavelengths (441 and 552 nm). Top row: total electric field intensity distribution 
at the surface of the nanoapertures array. All the values are normalized to their 
respective maxima. Middle row: x-component electric field intensity distribution 
on the xz plane. Bottom row: z-component electric field intensity distribution on 
the xz plane.
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the centre distance between neighbouring nanoapertures was 277 nm 
(S = 1), most x- and z-component electric fields were strongly localized 
at the corners and edges of the nanoaperture, which indicates that the 
localized plasmon mode dominated the optical rotation effect. The 
delocalized plasmon mode cannot exist when the lattice constant of 
the metallic nanostructure array is at a subwavelength scale. However, 
this effect becomes apparent as the lateral size of the metasurface 
increases. As presented in the bottom-right of Fig. 4d, the z-component 
electric field became more intense and the coupling between neigh-
bouring nanoapertures was enhanced, which is a quintessential feature 
of a delocalized plasmon mode. Accordingly, the colour performance 
was a bit dependent on the viewing angles (Supplementary Section 9)  
and the minimal pixel size was limited to a few micrometres as a  
periodic arrangement in each individual pixel was necessary to ensure 
the coupling effect required to produce high saturation colours.

Chiaroscuro presentation and plasmonic sketch
The proposed surface-relief plasmonic metasurface can also allow the 
independent control of colour brightness. When a LP light illuminates 
the nanoapertures with a rotation angle of α (with respect to the y direc-
tion here), the reflectance of cross-polarizations is proportional to cos2α 
based on the Malus law. Therefore, the colour brightness can be readily  
altered by rotating the orientation of the nanoaperture. Figure 3a  
shows the reflectance of the cross-polarization spectra of blue, green 
and red colour pixels with different orientations that varied from  
0 to 30°. Interestingly, the spectral profiles of the RGB pixels remained 
identical but with a decreasing magnitude, which demonstrates  
a continuous modification of the colour brightness without changes  
of hue and saturation. Such a feature benefits from the hexagonal  
lattice arrangement, which exhibits a higher azimuthal symmetry in  

the design of periodic nanostructures (Supplementary Section 10).  
Figure 3b presents photographs of the optical images of 120 samples with  
different scaling factors and oriented nanoapertures. It can be observed 
that the colour hue gradually varied from purple to magenta with 
increases of S from 1 to 2.5. In addition, an ultrasmooth colour bright-
ness transition can be realized when the orientation of the nanoaperture 
rotates from 0 to 35° with a step of 5°. All the results were obtained by 
photographing the metasurface with a chromatic CCD (charge-coupled 
device) camera integrated with an optical microscope. The detailed 
optical set-up is schematically shown in Supplementary Fig. 8.

By tuning the colour brightness with a fixed hue, a shadow rend-
ing effect emerges and endows the painting with stronger space and 
stereo perceptions. As a proof-of-concept demonstration, a ‘Penrose 
triangle’ was selected as a target image for painting. Figure 3c shows the 
experimentally photographed result and enlarged scanning electron 
microscopy (SEM) images of the demarcation between differently 
oriented nanoapertures. When incident and reflected polarizations 
were at 0 and 90° with respect to the x direction, the triangle painted 
with light appears to be a solid object consisting of three straight bars 
that meet pairwise at 90° angles at the vertices of the triangle. Such a 
vivid multidimensional visual effect is caused by the distinct bright and 
dark contrast in the captured picture. The SEM images showcase visu-
ally uniform dense patterns, which guarantee that the orange-coloured 
Penrose triangle sharply contrasts the black background even at the 
corners and edges.

As the plasmonic metasurface is able to smoothly control the 
colour brightness, it can also be used to draw microscale sketches. 
Conventional pencils used to draw sketches are marked with B (black) 
or H (hard). The larger the Arabic numerals in front of the B, the softer 
the graphite, which is utilized to draw shady parts and corresponds 
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Fig. 3 | Plasmonic sketch with continuous colour brightness tuning. 
a, Simulated reflectance spectra of the blue, green and red pixels with the 
orientation of the nanoapertures varying from 0 to 30°. b, Colour palette 
photographed by a CCD camera with varying scaling factors and orientations 
of nanoaperture. Each sample is 100 μm × 100 μm. c, Experimental optical 
micrograph of the Penrose triangle on orthogonally polarized incident 
and reflected light. Insets: SEM images of the fabricated Penrose-patterned 

metasurface taken in the demarcation regions between differently oriented 
nanoapertures. The circles between the two SEM images represent the polarizer 
and analyser angles with corresponding numerals. d, Experimental optical  
image of a sketch. Differently oriented nanoapertures behave as pencils marked 
with various B or H values. The larger the Arabic numerals in front of the B (H),  
the lower (higher) the brightness.
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to oriented nanoapertures with low-brightness colours; the larger 
the Arabic numerals in front of the H, the harder the texture, which 
is fit for plotting areas with a brighter lustre and corresponds to ori-
ented nanoapertures with high-brightness colours. In our case, nano-
apertures with a given orientation can be analogous to a microscale 
pencil, which renders a unique colour luminance when photographed 
with orthogonal polarizer–analyser combinations. Figure 3d presents 
an optical image of a specially designed and fabricated metasurface 
that portrays several geometric objects. As observed, our plasmonic 
sketching technique enables the production of realistic images with 
ultrasmooth greyscale transitions on the surface of objects, and nicely 
furnishes detailed levels in the tone of the colour brightness and  
presents a stereoscopic impression.

All-in-one solution for high-performance colour 
painting
By encoding the colour hue and brightness information into the 
geometric-dimension- and orientation-varied nanoapertures, the 
printed image enables a highly saturated full-colour presentation 
and stereoscopic image impression on white illumination. Based on 
this characteristic, we designed a parameter-matching approach to 
reproduce microscale full-colour paintings, as shown in Fig. 4a. First, 
a target image was first split into RGB channels. Colour values from 
each individual pixel of the arbitrary image were matched to the closest 
available additive colours by finding the minimal difference between 
the RGB values obtained from the target image and the colour palette 
of our metasurface. Subsequently, a self-written script was used to 

determine the scaling factor and orientation of the nanoaperture in 
each pixel according to a one-to-one relationship between the spectral 
and spatial information.

As a demonstration of our plasmonic nanopainting technique, we 
selected three famous artworks as target images. Figure 4b–d show-
cases the experimental photographs of three famous artworks Girl  
with a Pearl Earring, Mona Lisa and Virgin of the Rocks. The reproduced 
Girl with a Pearl Earring (Fig. 4b) presents that the girl wears a blue 
turban, yellowish draperies and a gold jacket with vibrant colours 
and seamless brightness transitions. The Mona Lisa, Leonardo’s most 
famous artwork, is renowned for its mastery of technical innovations 
in the presentation of the mysterious smile. It was found that Leon-
ardo utilized multilayers of pigment on Mona Lisa’s face, especially in 
the darker area, to realize a sfumato and chiaroscuro effect45. For our 
metasurface, such complicated steps can be substituted by judiciously 
optimized silver nanoapertures with different lateral sizes and orien-
tations. As a result, the enigmatic gaze, mysterious smile and stereo-
scopic sense of mountains, rivers and trees in the background are nicely 
presented (Fig. 4c). Finally, the famous artwork Virgin of the Rocks 
exhibits many complicated details and is regarded as a perfect example 
of Leonardo’s sfumato technique. Figure 4d presents the experimen-
tally photographed image of Virgin of the Rocks. Continuously rotated 
nanoapertures model the elusive and photorealistic rendering of the 
human face. Rich details, such as the textures of craggy rocks, strips 
in the red robe and tiny flowers on the footstep, are nicely reproduced 
through contrasts of light and shadow. Comparison between the target 
oil paintings and experimentally optical photographs are presented in 

a
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1.00
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Scaling factor
O
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Fig. 4 | Photorealistic plasmonic full-colour nanopainting. a, Schematic 
diagram of designing a patterned metasurface for simultaneously realizing 
various colour hues and brightness. b–d, Experimentally captured optical 
photographs of the metasurface-based artworks Girl with a Pearl Earring 

(b), Mona Lisa (c) and Virgin of the Rocks (d). The images show ultrasmooth 
transitions between the different colour hues and brightness by using our 
plasmonic colouring approach. Scale bars, 200 μm.
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Supplementary Fig. 9. Additionally, to demonstrate the reusability of 
the silicon painting mould, we fabricated several Mona Lisa patterned 
metasurfaces from the same mould, as presented in Supplementary 
Fig. 10.

Polarization-tunable kaleidoscopic 
steganography
Owing to the fact that the proposed metasurface consists of periodic 
arrangements of rectangular-shaped silver nanoapertures attached 
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Fig. 5 | Experimental proof-of-concept for the steganography technique. 
a, Schematic of the steganographic flower pattern presented with different 
numerals that indicate the corresponding nanoaperture orientations. The 
scaling factors of the nanoapertures in patterns (i), (ii) and (iii) are 1.85, 2.15 
and 1.20, respectively. b, Experimental optical micrographs on rotating 
polarizer and analyser. The highlighted arrows and corresponding numerals 
below each individual photograph represent the angles of the polarizer (red) 
and analyser (blue). Scale bar, 50 μm. c, Schematic of the steganographic 

information pattern presented with different numerals that indicate different 
nanoaperture orientations. d, Experimentally captured optical micrographs 
of the steganographic information display. Different information states can be 
clearly decrypted under special combinations of polarizer and analyser angles. 
Given the uniformity of the background, the exposure time under polarization 
combinations of (0°, 135°), (90°, 135°) and (0°, 45°) are slightly extended. Scale 
bar, 40 μm.
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to an optically thick silver film, the appearance of colour performance 
can be readily tuned by altering the incident or reflected polarization 
states. Such a characteristic opens up an avenue for advanced steganog-
raphy—a technique that can conceal an image within another image. 
To demonstrate the plasmonic steganography technique with kaleido-
scopic colour image switching, a variety of flower-like patterns were 
designed, as depicted in Fig. 5a. Figure 5b presents the experimentally 
photographed images under different polarizer–analyser combina-
tions. Taking pattern (i) as an example: a clear-cut green flower with 
eight peripheral speckles sharply contrasts with a black background 
when the polarizer and analyser were set at 0 and 90°, respectively. 
When both the polarizer and analyser were rotated in the anticlock-
wise direction synchronously, the green flower underwent a dynamic 
pattern change with the disappearance of the peripheral speckles and 
the emergence of petals. Such an animation-like alternation resulted 
from the special design that colours produced from the areas occupied  
by 0°- and 90°-oriented nanoapertures gradually matched those  
from the 45°- and 135°-oriented nanoapertures. A flower with a  
uniform green colour was generated when the polarizer and analyser 
were rotated to 22.5 and 112.5°. Further rotating both the polarizer  
and analyser in the anticlockwise direction engendered the appear-
ance of a totally different flower. Based on a similar principle, more 
distinct images were revealed under other states of polarizer–analyser  
combinations (see the results from patterns (ii) and (iii) in Fig. 5a), 
which largely increased the information capacity of our metasurface  
as a novel kind of steganography technique. To further demonstrate  
the capability of encoding various information states into the  
same pattern, the logo ‘NABNO’ pattern was designed and formed by 
nanoapertures with those four different orientations, as depicted in 
Fig. 5c. Figure 5d showcases the dynamic optical performance of our 
patterned metasurface. All the letters that constituted the pattern 
exhibited no discernible discrepancy under optical microscopy. The 
special information state could only be observed from the diverse text 
phrases when the unique polarizer–analyser combination was pro-
vided. Evidently, the experimentally photographed images showed no 
mixture of the undesired colour displays intended for other polarizer– 
analyser combinations, which is ideally suited for highly secure 
information encryption. The underlying physics, design principle  
and information-revealing manner are explained in details in  
Supplementary Section 14.

Conclusion
In this work, we propose a silver nanoaperture metasurface that offers 
the prospects of versatile full-colour nanopainting techniques with 
outstanding colour performances. The nanoaperture metasurface 
supports the excitation of both delocalized and localized plasmon 
modes. The delocalized one can produce ultrasharp reflection spec-
trum peaks, which leads to the generation of high-saturation colours. 
We united differently oriented nanoapertures to modulate the colour 
properties and mimicked conventional sketching and oil-painting tech-
niques to obtain experimentally photographed microscale images that 
vividly showcase photorealistic and stereoscopic impressions. Besides, 
ten distinct information states can be encoded and revealed from the 
patterned metasurface only when the unique polarizer–analyser  
combination is provided, which thus exhibits great potentials in  
steganography and anticounterfeiting techniques.

One thing should be noted here is that the delocalized plasmon 
mode is sensitive to the incident angle, which means the metasur-
face has limited viewing angles, especially for longer wavelengths. 
Therefore, how to design the nanostructures with a large viewing 
angle while still maintaining the other colour performances remains 
a challenge. One approach is the accurate determination of the most 
suitable topology and geometric parameters for nanostructures from 
a hyperdimensional parameter space. Fortunately, the recently devel-
oped machine-learning-assisted photonic structure design approaches 

are promising to solve such a multiobjective optimization problem46–48. 
By merging topology optimization with generative adversarial net-
works, a faster global parameter search and optimization over hyper-
dimensional parametric landscapes can be realized. Additionally, 
a gradient descent algorithm can also be employed to optimize the 
structural parameters of the metasurface to achieve a better colour 
performance49. Therefore, through combining these promising design 
approaches to broaden the scope of optimal design, we envision our 
pixelated colour metasurface platform will be fit for a wide range of 
photonic and optoelectronic applications.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Methods
Optical characterization
The colours of the metasurface were characterized by using a bright 
field reflection microscope set-up (Zeiss Axio Observer) illuminated by 
a white light source. A chromatic CCD camera (Zeiss AxioCam MRc5) 
was used to photograph the colour images. The reflectance spectra are 
measured using an ultraviolet–infrared–near infrared microspectro-
photometers (CRAIC PV20/30).

Fabrication of metasurface
First, a silicon wafer was ultrasonically cleaned successively using acetone, 
chloroform, ethyl alcohol and deionized water. The wafer was then boiled 
in a H2SO4·H2O2 (3:1) solution for 60 min and cleaned in deionized water, 
alcohol and acetone in sequence. Then the AR-3170 positive photoresist 
(PR) was spin coated onto the silicon substrate at a speed of 4,000 r.p.m. 
and baked for 10 min at 100 °C. The thickness of the PR was about 120 nm 
as measured by a surface profiler. The PR was patterned by electron 
beam lithography. After exposure, the periodically patterned PR can be 
obtained after development in an AR 300–35 solution. Then reactive-ion 
etching was used to transfer the grating to the silicon substrate with a 
thickness of 40 nm. Next, the PR on the patterned silicon was removed by 
acetone and treated with an O2 plasma. A self-assembled layer of 1H,1H,2
H,2H-perfluorooctyltriethoxysilane molecules was subsequently coated 
on the silicon surface by using a physical vapour deposition method. A 
layer of silver with a thickness of 1 μm was then deposited on the silicon 
mould by electron-beam evaporation. Afterwards, the exposed surface 
of the silver film was glued to a glass slide with an ultraviolet curable 
epoxy resin adhesive (NOA63), which is then cured ultraviolet light for 
15 min. Finally, the patterned silver film together with the glass slide was 
physically stripped off from the silicon mould due to the weak adhesion 
between the silver and silicon. As a result, a smooth silver film decorated 
with a 40-nm-thick nanoaperture array was fabricated.
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