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PUBLIC SUMMARY
m Structural colors are colors generated by the interaction between incident light and nanostructures

m High-resolution and long-term stable structural colors, can be designed as functional devices

m Structural colors have application prospects in many fields, such as high-resolution printing and anti-counterfeiting
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Structural colors are colors generated by the interaction between inci-
dent light and nanostructures. Structural colors have been studied for
decades due to their promising advantages of long-term stability and
environmentally friendly properties compared with conventional pig-
ments and dyes. Previous studies have demonstrated many artificial
structural colors inspired by naturally generated colors from plants
and animals. Moreover, many strategies consisting of different princi-
ples have been reported to achieve dynamically tunable structural
colors. Furthermore, the artificial structural colors can have multiple
functions besides decoration, such as absorbing solar energy, anti-coun-
terfeiting, and information encryption. In the present work, we reviewed
the typical artificial structural colors generated by multilayer films, pho-
tonic crystals, and metasurfaces according to the type of structures, and
discussed the approaches to achieve dynamically tunable structural
colors.

INTRODUCTION

Color is the visual perception of light produced by the eyes, brain, and life
experience. The light we see with naked eyes is generated by electromagnetic
waves within a visible light range. The optic nerve sensation is caused by the
naked eyes stimulated by electromagnetic radiation, leading to the difference
in colors. When the visible light irradiates on matter, it can be reflected and
transmitted, while some of it is absorbed. Therefore, different colors are
generated, bringing us a colorful world. Pigments, bioluminescence, and
structural colors are the three primary sources of color in nature. Traditionally,
pigments and dyes are used to make objects showing beautiful colors. The
application of pigments is well-known and extensively used in our daily lives.
Although the traditional dyeing approach dramatically facilitates human be-
ings’ lives, it also has obvious shortcomings, such as non-recyclability and
environmental pollution. Due to the instability of chemicals, the color pro-
duced by dyes or pigments lacks durability. In contrast, structural coloration
possesses many advantages, such as long-term stability, sustainable pro-
duction, and even having multi-functions, which is environmentally friendly
and dynamically tunable.

The structural color has been studied for a long time. Hooke' and
Newton” described the microstructure of silverfish and the brilliant
feathers of peacocks, respectively. Later, the invention of the electron
microscope helped people study the colors at the micrometer scale.
The periodic structures of opals, sea mouse, and many other animals
have gradually been investigated.® In 2003, Jian Zi et al.* revealed the
physical mechanism underlying the brilliant colors of peacock feathers,
sparking the researchers’ great interest in structural colors. Because of
the excellent performance of structural colors, researchers have carried
out many biomimetic investigations of natural structural colors.® ® An-
imals such as chameleon and octopus can dynamically adjust their sur-
face colors,””"" which has also inspired researchers to demonstrate
dynamically tunable structural colors.

The nanostructure generates colors via different structural geome-
tries,’” '? and involves the tuning of resonance light within the visible wave-
length range via manipulating structural parameters.”®~>* The fast develop-
ment of nanofabrication technologies leads to the creation of artificial
resonances and exotic light-matter interactions.”**? It opens new ways
for the production of novel structures, such as multilayer films, photonic
crystals, and metasurfaces.® "’ Many subwavelength structural colors
have been demonstrated with a resolution beyond the diffraction
limit,**%~*T which benefits from the sub-diffraction localization of light. Be-
sides, based on proven digital imaging techniques, primary color compo-
nents (red, green, blue or cyan, magenta, and yellow)*? can be precisely
balanced in each pixel, thereby realizing structural color printing with high
resolution.** Moreover, the type of material plays a crucial role in color gen-
eration. For example, the structure of all-dielectric elements with resonance
and scattering effect can make a narrowband spectrum, enhancing the color
contrast over the whole visible range.2%*>**~*¢ However, metal structures
with a plasmonic effect provide colors with high resolution and high effi-
ciency.*>*" The assembly of colloidal crystals with structural colors also
shows good properties with low-cost and large-scale fabrication by ap-
proaches such as coating,”"*? microfluidics,”*>* and ink-jet printings.>>>°
Furthermore, structural colors hold advantages not only in the method of co-
lor decoration but also can be endowed with functions such as solar energy
conversion,””*® anti-counterfeiting,”® ' and information encryption.%? ©°

In the present paper, we review the recent investigations on several major
types of structural colors, including multilayer films, photonic crystals, and
metallic metasurfaces. Moreover, the timeline of representative work re-
ported in the past 20 years is given in Figure 1. We also discuss the ap-
proaches based on different physical principles to generate dynamically
tunable structural colors. In addition, we summarize the reviewed works
and prospects for the future.

Colors from Films

Multilayer Films. Structural colors based on film interference widely exist
in nature, and thin-film interference structures, such as soap bubbles, and the
beetle Chrysina resplendens, show golden color with more than 120 layers of
film on the shell surface.®® For the structure of multilayer, the interference can
be understood as a pair of periodically superimposed thin layers.® Here, the
transmission matrix theory is a method to calculate the transmissivity and
reflectivity of multilayer films. For multilayers of non-magnetic materials, it
can be calculated using the formula as follows:

.
MK +1

Multilayer films are depicted in Figure 2A, where K is the number of the
layers, §; is the phase of the layer j, 6; = 2Zn;djcos6;, n; is the refractive index
of layer j, d; is the thickness of layer j, A is the wavelength of incident light

i
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Figure 1. The Timeline of Structural Colors Reprinted by permission of American Chemical Society** (copyright, 2010, American Chemical Society), American Chemical
Society® (copyright, 2015, American Chemical Society), Wiley Publishers®® (copyright, 2017, Wiley Publishers), permission from Xiangang Luo et al.®® (copyright, 2018,

Springer Nature) and Peng Mao et al.®’ (copyright, 2020, Springer Nature).

under vacuum, 6; is the angle between light in layer j and normal, and 7; is the
admittance of layer j. For the S-polarization light, ; = n;/cosé;. For the P-po-
larization light, n; = njcosé);.

Finally, the reflectivity and transmissivity of multilayer films can be calcu-

lated as follows:
R - 1B — C\ (B —C\"
B nB+C noB+C

_ AngMyc 41
(10B +C)(noB+C)’

Structural colors based on multilayer films widely exist in daily life. The
Morpho butterflies can show a stable bluish color from a wide range of
viewing angles, which is unlike beetles or birds’ feathers, which show
different colors from different angles. Thin-film color reflectors inspired by
Morpho butterflies were fabricated by Jung H. Shin and his coworkers® in
2012. The thin film is composed of a disordered silica microsphere layer,
300 nm of chromium (Cr), and eight pairs of TiO, and SiO, layers (Figure 3A).
Their work has shown us a thin, flexible reflector that can be applied to the
surface of a nonplanar object. It can be folded in half repeatedly while main-
taining the bright color and angle-independent iridescence of the films. More-
over, large-scale colors ranging from Morpho blue to coppery red can bereal-
ized with larger deposition systems.

Conventional multilayer films have been widely used in daily life, such as in
car window screens, camera lenses, and selective solar absorbers. However,

investigation of functional devices with colorful film decoration is rare. Most
of the solar absorber's color is monotonous black or dark blue. Due to the lack
of color options, conventional solar selective absorbers are restricted from
being applied in fields like architecture, where colorful surfaces are preferred.
In 2015, Shaowei Wang and coworkers reported high-performance colored
selective absorbers for architecturally integrated solar applications.®® They
realized the colorful solar absorbers based on multilayer films, which are
more vivid compared with traditional ones, matching the requirement of
architectural integration and leading to broader utilization of solar technolo-
gies. The color can be tuned over a wide range by changing the thickness
of each layer while maintaining the high energy performance (Figure 3B).
This type of absorber can be coated on various types of substrates. Patterned
absorbers with different colors on a single substrate are demonstrated by
them with 16 colored solar absorber units constructed of Cu/TiN,O,/TiO,/
SisN./Si0,.°” The combinatorial deposition process is used to integrate
SiO, layers with different thicknesses on a single substrate (Figure 3C).
The colored solar selective absorber array can have designable patterns
and colorful appearance while maintaining high energy efficiency. It makes
solar absorbers more flexible in fields like military camouflage and architec-
ture integration. In 2019, Masateru M. Ito and coworkers developed the orga-
nized microfilbrillation (OM)technology.”® This approach realizes structural
colors by controlling the "craze," which is generated when the material is sub-
jected to stress. This investigation of OM inkless color printing achieves high-
resolution printing with 1.4 x 10* dots per inch (DP). It can be further applied
and expanded in many fields, such as banknote security, product packaging,
and health care.
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Figure 2. Interference of Light through Multilayer Films and F-P Cavity (A) The transmission matrix theory to calculate multilayer films. (B) MIM structure. (C) DBR-

insulator-DBR structure.

The approaches and structures reviewed above show that structural
colors based on multilayer films have been applied and remain promising
on flexible substrates. Films are fabricated by deposition without a complex
nanofabrication process. It is convenient to obtain colors by adjusting the
thickness of each layer. Besides, multilayer films can be integrated on a single
substrate to form a high-resolution image or decoration in the architec-
ture field.

Fabry-Perot Cavity. Fabry-Perot (F-P) cavity resonances happen in a
dielectric layer sandwiched by two reflectors, and the triple-layer structure
of metal-insulator-metal (MIM) has been widely investigated for color filters
(Figure 2A).”'~7¢ Constructive interferences take place when integer wave-
length differences in the optical paths are reflected from the top and bottom
surfaces, leading to different resonance wavelengths of the structural colors.
Structural colors based on the traditional F-P cavity do not require time-
consuming and high-cost nanofabrication techniques, such as e-beam lithog-
raphy (EBL) or focused ion beam (FIB). Therefore, it is promising for various
large-area applications, including photovoltaics,”” and thermophotovol-
taics.””"® In 2004, Shaowei Wang et al.”® developed the concept of an inte-
grated F-P cavity on a single substrate to manipulate the spectrum of light.
In contrast with the conventional MIM F-P cavity, a distributed Bragg reflector
(DBR) is used instead of the metal reflector (Figure 2B). Integrated narrow
bandpass filters (NBPFs) with 16 x 1 linear array and 16 x 8 channels
have been demonstrated by the combinatorial etching technique and combi-
natorial deposition technique, respectively.”? 82 The integrated optical filters
are valid in both visible and infrared regions for high-resolution miniature
spectrometers.2*#* By decreasing the number of DBR layers, vivid colors
can be achieved with simplified structure, which is able to be applied in
display and inkless printing field.

Conventional F-P structure composed of two metallic mirrors separated
by lossless dielectric material can achieve high absorption®® or transmis-
sion.?%87 The constructive interference of incoming and reflected waves
forms the standing wave, and most optical power is absorbed by the top
metallic reflector (Figure 4A[2]). In 2015, Aydin and coworkers demonstrated
a transmission F-P color filter that is composed of a lossless dielectric mate-

rial cavity and two silver (Ag) reflectors.”® Figure 4A(1) depicts the schematic
drawing of the F-P color filter with corresponding parameters. The F-P cavity
can filter sunlight into individual colors covering the entire visible range by ad-
justing the thickness of the dielectric layer. Figure 4A illustrates the changes
in transmittance spectrum as a function of SiO, thickness, and the color filter
is angle dependent. The characteristics of angular dependence can support
various applications, including directional thermal emitters and angle-sensi-
tive absorbers. For display, imaging, and color printing applications, a high-
angle tolerance color filter is desired, which is hard to realize with ordinary
lossless F-P resonance cavities.”**° Much effort has been made to imple-
ment angularly robust F-P resonant structure filters. There are many ap-
proaches to improve the angle tolerance of the F-P cavity, such as the utiliza-
tion of high refractive index materials, enhancement of interference effects in
lossy nanocavities, phase compensation, and reduction of film thick-
ness.71,86,88*90

The narrow absorption bandwidth leads to low brightness and purity,
which can be solved by utilizing broadband absorption material on the top
of the MIM structure. In contrast with Ag of low optical absorption loss in
the visible range, nickel (Ni) is extremely lossy in the entire visible range, mak-
ing it able to achieve broadband absorption. The schematic diagram of the
proposed reflective color filter consists of an ultrathin (6 nm) Ni layer, an
Si0, dielectric layer, and a thick Al layer (Figure 4B).”" The measured reflec-
tance spectra of differently fabricated F-P cavities vary with the thickness of
SiO,. The brightness of many proposed color filters is insufficient due to the
narrow transmission or reflection band. Because of the broadband optical
loss of Ni, this type of color filter shows abundant structural colors with
high saturation and brightness over the entire visible range. Besides, this
type of color filter has a certain degree of angle independence. The color of
the fabricated filter does not change when the observation angle is below
60°, while it slightly changes when the observation angle becomes larger
than 60°.

Due to the constructive interference mechanism, the spatial resolution of
F-P resonance-based structural colors is inherently limited. The tri-layer F-P
type reflective color filters have been investigated for high-resolution color
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Figure 3. Colors from Multilayer Films (A) Structural color reflectors inspired by Morpho butterfly wings. (1) Cross-sectional SEM image of multilayer thin film. Scale bars:
2 um and 500 nm. (2) Various colors ranging from deep blue through green to coppery red realized by controlling the layer thicknesses.” Reprinted by permission of Wiley
Publishers (copyright, 2012, Wiley Publishers). (B) High-performance colored selective absorbers for architecturally integrated solar applications. (1) The measured
reflectance spectra of the fabricated selective solar absorber samples. (2) Photograph showing the colored selective solar absorbers deposited on different types of
flexible substrates.*® Reprinted by permission of the Royal Society of Chemistry (copyright, 2015, Royal Society of Chemistry). (C) Colorful solar selective absorber in-
tegrated with different colored units. (1) Schematic diagram of monolithic integrated colored solar selective absorber array. (2) Photograph of the fabricated 4 x 4 colored
solar selective absorber array.®” Reprinted by permission of Optical Society of America (copyright, 2016, Optical Society of America).

printing.”" By combining the conventional fabrication process with the gray-
scale lithography process, different colors can be obtained by adjusting the
thickness of the dielectric layer. Huigao Duan’'s team has demonstrated a
new printing concept by using the grayscale-patterned F-P resonance cav-
ity.® Different from the traditional F-P type structural color,”"#° their strategy
shows that abundant colors can be obtained by varying the filling density of
the F-P cavity. The schematic diagram shown in Figure 4C explains how to
convert the obtained palette to reproduce van Gogh's Still Life: Vase with
Twelve Sunflowers. This work provides the opportunity to use F-P cavities
for high-resolution and full-color printing applications. In 2019, Yiting Yu
and coworkers fabricated the asymmetric ultrathin F-P-type lossy cavity to
realize vivid flexible structural colors, featuring wide gamut, angle insensitivity,
high resolution, and good flexibility.”" A wide color gamut is obtained by
changing the thickness of the middle amorphous silicon (Si) and the top
metal layer (Figure 4D[2]). The angle-independent tolerance of incident light
is up to 60°, with a super-high spatial resolution (up to 10° DPI). The F-P reso-
nance structure has the advantages of long-term stable and environmentally
friendly properties over conventional dye pigments. The reflection or trans-
mission spectrum can be easily tuned by changing the thickness of the insu-
lator layer or metal layer. Benefiting from the highly precise micro-nano fabri-
cation process, high-resolution color printing can be realized by conventional
F-P cavity structures. The process of EBL and FIB can integrate a number of
F-P cavities on the monolithic substrate, and form reflective RGB (red, green,
and blue) or transmissive CMY (cyan, magenta, and yellow) pixels with high

resolution. Furthermore, introducing an additional film layer®®“ or reducing

the thickness of the film structure can lighten the angle-dependent color ef-
fect, and the viewing angle can be improved to 60° as many investigations
have reported.

Colors from Metasurfaces and Photonic Crystals

Newton first suggested that the color of birds and insects is perhaps pro-
duced by thin-film structures, so biologically inspired structural colors have
been studied for centuries.”® The wings of butterflies are a combination of
optical gratings, multilayer films, and photonic crystals, giving rise to complex
color mixing.>* Photonic crystals and metasurfaces are crucial principles to
form the creatures’ colors in nature, which have also been extensively inves-
tigated to create artificial structural colors ®##4#/#8957106 Here we discuss
recent progress on structural colors in metasurface structures and dielectric
photonic crystal structures, including the assembly of colloidal microspheres.

Dielectric Metasurfaces and Photonic Crystals. Photonic crystal color
filters have been proposed and experimentally fabricated for decades. As
one of the most abundant elements on earth, the optical property of Si that
generates colors has been widely investigated. The Si-based metasurface
nanostructure can trap light and build up a high-intensity field when the wave-
length of incident light matches the resonance mode, and the light is scat-
tered to the far field as the leaky nature of nanostructures. In 2010, Linyou
Cao et al.** studied the capability of Si nanostructures to generate visible
colors based on Mie resonance, and demonstrated the structures of
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Figure 4. Colors from F-P Cavity (A) Large-area, lithography-free super absorbers, and color filters at visible frequencies using ultrathin metallic films. (1) Schematic
configurations of the planar F-P cavity. (2) Electric field intensity profile and absorbed power distribution for the MIM filter. (3) The experimental (dots) and simulated (solid
lines) transmittance spectra for F-P cavities. (4) Photograph of five different large-area color filters.”® Reprinted by permission of American Chemical Society (copyright,
2017, American Chemical Society). (B) Reflective color filters and monolithic color printing based on asymmetric Fabry-Perot cavities using nickel as a broadband absorber.
(1) Schematic drawing of a planar Ni/SiO,/Al cavity. (2) The experimental reflection spectra for the F-P cavities. (3) The full-color micro logo of 2016 Rio de Janeiro Olympic
Games.”" Reprinted by permission of Wiley Publishers (copyright, 2016, Wiley Publishers). (C) Microscopic interference full-color printing using grayscale-patterned Fabry-
Perot resonance cavities. (1) Schematic configuration of the grayscale-patterned F-P cavities. (2) The establishment of the database correlating the color. (3) An optical
image of the full-color reproduction of van Gogh's Still Life: Vase with Twelve Sunflowers. Scale bars, 50 um.® Reprinted by permission of Wiley Publishers (copyright, 2017,
Wiley Publishers). (D) Defining deep-subwavelength-resolution, wide-color-gamut, and large-viewing-angle flexible subtractive colors with an ultrathin asymmetric F-P lossy
cavity. (1) lllustration of the proposed asymmetric F-P type lossy cavity for the realization of subtractive structural colors. (2) A recorded color palette of the reflective
subtractive colors as functions of the thicknesses of the top Ag layer and the lossy medium layer in the cavity. (3) Photographs of the practical color palette taken under the

outdoor ambient light with different incident angles.®”

nanowires (NWs) and nanoparticles (NPs) . The leaky mode resonances of
individual NWs can be harnessed, and the scattering efficiency is a function
of incident wavelength and diameter. Therefore, by changing the diameter of
the NW element, the spectrum covering the entire visible range can be ob-
tained (Figure 5A). The Si structure is hard to work efficiently due to its
inherent high absorption in the visible spectral range. In contrast, filters based
on guide mode resonance (GMR) with other dielectric materials exhibit high
efficiency and narrow bandwidth.>'%” Based on their resonance character-
istic, GMR structures with dielectric materials are used to produce narrow-
band resonances and have been applied in many applications, especially in
the field of color filters.'®'%®" 112 |n 2014, polarization-controlled tunable color
filters were demonstrated by Mohammad Jalal Uddin et al.'® By fabricating
subwavelength gratings based on SizN, (Figure 5B[1]), a reflection filter with
high efficiency exceeding 90% and narrow bandwidth under 12 nm was real-
ized. The color filter with periods of 300 nm exhibits green and blue colors for
TE and TM polarizations, respectively (Figure 5B[2]). This was the first re-
ported polarization-tunable GMR color filter operating in reflection, enhancing
the efficiency to a higher level compared with former polymer-based''® and
metallic nanostructure''* color filters. Besides, the dielectric-based GMR
structure can provide narrow bandwidth resonance with high efficiency while
maintaining a high degree of optical tunability (wavelength, polarization, and
intensity).

Reprinted by permission of Wiley Publishers (copyright, 2019, Wiley Publishers).

Sharp reflectance light can also be produced by the Fano resonance effect
on photonic crystal slabs.""” Structural colors based on this mechanism
exhibit the property of weak angular dependence and are easy to fabricate.
In 2015, Yichen Shen et al.* reported structural colors produced by the
Fano resonance effect on the thin photonic crystal slab (Figure 5C[1]). The
incident light is confined on the surface as a one-dimensionally confined
mode, which can interfere with the reflected light and produce sharp reflec-
tance light (Figure 5C[2]). The interference lithography (IL) process is used
to fabricate this structure.”>""® Since the photonic crystal resonance directly
controls the reflection spectrum, this structural color is angle independent.
This work provides a versatile way to generate colors from dielectric meta-
surfaces, which can be applied in high-end displays, light-emitting devices,
and many other fields.

In 2017, Xiaolong Zhu et al.""® reported an approach to realize ink-free
structural colors by resonant laser printing (RLP) on high-index dielectric
metasurfaces. This investigation demonstrated laser-printable structural
colors with all-dielectric materials. As shown in the schematic diagram in Fig-
ure 5D, the metasurfaces are fabricated by nanoimprinted polymer pillars,
with a thin film of Ge deposited. Thereafter, the Ge metasurfaces are treated
by laser to tune the morphology-dependent optical resonance. The energy of
the pulsed laser leads to the morphological change of Ge metasurfaces and
can obtain colors covering all the visible wavelengths. Figure 5D(3-4) shows
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Figure 5. Colors from Dielectric Metasurfaces and Photonic Crystals (A) Tuning the color of silicon nanostructures. (1) Darkfield optical images and spectral scattering
efficiency are taken from selected Si NWs of different diameters. (2) Darkfield optical images and SEM images of large-scale patterned NW arrays.** Reprinted by
permission of American Chemical Society (copyright, 2010, American Chemical Society). (B) Guided-mode resonant polarization-controlled tunable color filters. (1)
Dielectric GMR color filter structure. (2) The experimental and theoretical reflectance of the blue-green tunable filter.'”® Reprinted by permission of Optical Society of
America (copyright, 2014, Optical Society of America). (C) Structural colors from Fano resonances. (1) lllustration of the simulated structure. (2) A vertical slice of the
spatial distribution of the electric field for the resonant mode responsible for the reflectance peak. (3) Photographs of the fabricated sample with different viewing angles.*°
Reprinted by permission of American Chemical Society (copyright, 2015, American Chemical Society). (D) RLP of structural colors on high-index dielectric metasurfaces.
(1) Schematic diagram of the structures. (2) Schematic setup of RLP. (3) Reflection and transmission microimages of multicolored structures generated by gradually
increasing laser powers. (4) Corresponding SEM images of the microstructures (i, iii, v, vii, and ix) in (3)."'° Scale bar in (3) and (4) represents 0.5mm and 200nm. Reprinted
by permission of the American Association for the Advancement of Science (copyright, 2017, American Association for the Advancement of Science). (E) Large-scale
fabrication of three-dimensionally ordered polymer films with strong structure colors and robust mechanical properties. (1) lllustration of the fabrication procedure of the
polymer ordered films. (2) Experimental reflection spectra of crystal films with different polymer sphere diameters. (3) Bent polymer/silica/carbon black crystal films.'%?
Reprinted by permission of the Royal Society of Chemistry (copyright, 2012, The Royal Society of Chemistry). (F) Effect of defective microstructure and film thickness on the
reflective structural color of self-assembled colloidal crystals. (1) Typical SEM image of the top surface of a colloidal crystal film. (2) Compilation of peak reflectance Rmax
as a function of defect density pd added to the system for the set of defect types studied."'® Reprinted by permission of American Chemical Society (copyright, 2020,

American Chemical Society).

the color change under different laser energies and corresponding SEM im-
ages of the structure. Since the scale of resonators is subwavelength, the
localized resonances make the reflected colors angle independent with inci-
dent angles up to 60°. It is a new way to print stable, large-scale, angle-inde-
pendent, and vibrant structural colors. Due to the sub-diffraction spatial field
modulation, the resolution of printing colors can exceed 10° DPI. This struc-
tural color is flexible to design the image or pattern, which has a wide scope
of application fields, such as encrypting, data storage, and retina devices.
For the above-mentioned conventional photonic crystal structural colors, a
precise and expensive fabrication process is necessary, which restricts the
large-scale and low-cost fabrication. In contrast, the self-assembly of
colloidal crystal has the advantage of its simple and low-cost fabrication pro-
cess with good structural color properties. Moreover, the optical properties of
assembled colloidal microspheres have been investigated for de-
cades.""”'?? In 2012, Limin Wu and coworkers proposed the three-dimen-
sionally ordered polymer films with strong structural colors and robust me-

chanical properties.' Figure 5E shows the simple fabrication process of
the crystal film. Without any special equipment or complex process, the poly-
mer crystal films are easily obtained by directly casting the suspension on
substrates. The reflection spectra are mainly affected by the diameter of poly-
mer spheres, and the content of carbon black can modulate the chroma of
structural colors. Figure 5E(2-3) depicts the reflection spectra of the polymer
crystal films with varying diameters, which exhibit blue, green, and red struc-
tural colors, with and without carbon black. This work provides a way to
obtain large-scalable structural colors with controllable and robust mechan-
ical properties. For most investigations, the effect of defective microstructure
on structural colors is seldom investigated systematically. During the solvent
evaporation process, the defect of the assembled photonic crystal will be
created, affecting the spectra of reflective structural colors (Figure 5F). In
2020, Michael J. Solomon and coworkers reported their work on the effects
of defective microstructure and film thickness on the reflective structural co-
lor of self-assembled colloidal crystals.!'® Figure 5F(2) shows the effect of
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Figure 6. Colors from Metal Metasurfaces (A) Plasmonic color filters as dual-state nanopixels for high-density microimage encoding. (1) The SEM images of nano cross-
shaped aperture arrays on an Al film. (2) Bright-field microscope images showing a switchable color palette. (3 and 4) Bright-field transmission images showing the full-
color pictures.'? Reprinted by permission of Wiley Publishers (copyright, 2017, Wiley Publishers). (B) Polarization-controlled broad color palette based on an ultrathin one-
dimensional resonant grating structure. (1) Schematic diagram of the metal-based color filter where the white incident light is filtered into different colors depending on the
polarization. (2) SEM images of proposed devices with different periods.’®’ Reprinted with permission from Ishwor Koirala et al.*’ (copyright, 2017, Springer Nature). (C)
Manipulating disordered plasmonic systems by an external cavity with the transition from broadband absorption to reconfigurable reflection. (1) Schematic diagram of the
sample with Ag nanoclusters on a spacer with gradually varying thickness. (2) Schematic diagram of platforms with differently disordered parameters and the corre-
sponding reflection spectra as a function of spacer thickness. (3) The fabricated hybrid structure.®” Reprinted with permission from Peng Mao et al.%” (copyright, 2020,

Springer Nature).

commonly observed defect types (vacancies, stacking fault tetrahedra,
planar faults, and microcracks) on the peak intensity of structural colors.
The results show that the scales of peak intensity are reduced with increased
defect density, and it is less sensitive to the type of defect compared with its
volume. The physical principle of structural colors generated by crystalline
structures can be more clearly identified.

In summary, as the dielectric materials are transparent and lossless in the
visible spectral range, structural colors generated from the dielectric meta-
surfaces and photonic crystals hold high efficiency and narrow spectral
bands. The Mie resonance and Fano resonance can create sharp reflection
spectra over a wide range of viewing angles. GMR mode working with dielec-
tric grating shows different images under TM- and TE-polarized light. Besides,
the morphology can be manipulated by different laser energies. Compared
with the F-P cavity and multilayer principle, dielectric metasurfaces can
generate colors with angle independence and higher resolution, which can
be used in high-resolution displays, holographic technologies, and so on.
Meanwhile, the self-assembly of colloidal photonic crystals is a low-cost
and large-scale approach to generate angle-independent, robust, and flexible
structural colors. However, high resolution of self-assembled colloidal pho-
tonic crystal colors is hard to achieve, being restricted by the fabrication pro-
cess. However, it is still promising for applications of anti-counterfeiting, intel-
ligent sensors, and so on.

Metal Metasurfaces. With the development of the nanofabrication pro-
cess, the morphological characteristics of metallic nanostructures can be
well controlled with high precision.'”® The resolution of metallic structural
colors can be improved beyond the optical diffraction limit.*' Compared
with dielectric metasurfaces, the metallic structure is chemically stable
with fewer fabrication processes while maintaining geometry-dependent
spectral resonance. Surface plasmon at the metal-dielectric interface offers
opportunities to broaden the definition of structural colors.'?* Due to the
capability of strong field localization, the plasmonic nanostructures are prom-
ising in structural color applications.'?> %% The surface plasmon resonance
(SPR) can be tuned by the incident angle and polarization, making the dense
optical data archival'* and other security applications possible. Metal nano-
structures in various morphologies, such as nanohole arrays,'**'*! and

nanopixels based on metallic films,'**'*? have been widely investigated.
The principles of metallic nanoantenna,*’>%'%%%* metallic GMR grating,*°
and disordered plasmonic systems®” are widely investigated.

H. F. Ghaemi et al."®® demonstrated the extraordinary optical transmis-
sions through periodic subwavelength hole arrays in optically thick metallic
films. In 2007, the optical properties of tiny subwavelength holes in the metal
film were reviewed by C. Genetand T. W. Ebbesen.®" The array of dimples on
Ag film can be prepared by FIB. Although the periodicities of metallic nano-
hole arrays are all larger than half of the corresponding wavelength, their res-
olution is quite high compared with chemical pigments. Therefore, it can
satisfy many requirements for practical applications compared with conven-
tional pigments. Except for nanoholes, by using the nanofabrication process,
metal-based nanostructures can be designed to store more than one image
in one pixel by utilizing the polarization property of asymmetrical structures.
In 2014, Xiao Ming Goh et al.”**> demonstrated a three-dimensional plas-
monic stereoscopic printing technique. The polarization-sensitive color pixels
are achieved with aluminum (Al)-coupled nano square pair and elliptical nano-
disks with complementary holes at the bottom Al layer, which can display
different images with differently polarized incident light. Therefore, two over-
laid full-color images can be independently encoded into the same area. In
2017, Alasdair W. Clark and coworkers presented an approach to encode
two datasets into one set of pixels for the first time.'?® By using the asym-
metric cross-shaped plasmonic nanoapertures on Al thin film (Figure 6A),
each aperture is designed with two independent resonances. Therefore, dou-
ble the amount of information can be stored in one unit pixel. This structure
inherently has polarization ability due to its cross-shaped nanoslit. The reso-
nance of two orthogonal arms can be independently tuned. Colors ranging
across the full visible spectrum at each polarization of white light can be pro-
duced by encoding the arm length and the period of arrays (Figure 6A[2]). As
shown in Figure 6A(3-4), the surface plasmon-based pixels are capable of
producing dual, polarization-switchable information states into the same
area, and the resolution can achieve 10° PPI at most. This dual-state micro-
image encoding approach provides a useful way to enhance the information
density. It is promising for applications in fields such as counterfeit-preven-
tion measures and high-resolution printing.
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Figure 7. Dynamically Tunable Structural Colors Generated by Plasmonic (A) Polarization-independent actively tunable color generation on imprinted plasmonic sur-
faces. (1) Schematic diagram of the plasmonic-liquid crystal cell. (2) The palette of obtainable color. Microscope images of a singular Afghan Girl image as a function of the
applied electric field, and (3) SEM images of the sample before fabrication into a liquid crystal cell.'** Reprinted by permission of Springer Nature (copyright, 2015, Springer
Nature). (B) Mechanical chameleon through dynamic real-time plasmonic tuning. (1) Schematic diagram of the plasmonic cell. (2) Schematic diagram of the plastic
chameleon covered with armor-like plasmonic cells. (3) Reflection spectra of the device after different electrodeposition times. (4) Screenshot of the plasmonic chameleon
demonstration movie.'*® Reprinted by permission of American Chemical Society (copyright, 2016, American Chemical Society).

Over the past decades, various plasmonic color nanotechnology-based
localized surface plasmon resonances (LSPRs), such as nanopost arrays,”*'
hybridized antenna-hole arrays,'®? and al-metal nanostructures,'®'*° have
been demonstrated. LSPR is related to standing surface plasmon waves, in
which free-electron oscillations inside a metallic nanostructure are coupled
to electromagnetic fields in a neighboring dielectric.'*® Different from SPR-
based structural colors, which are conventionally sensitive with the incident
angle and not desirable for some particular applications,'®” the LSPR-based
structural colors are equipped to diminish the angle-sensitive characteristics
due to the tight spatial localization of the electromagnetic field. Resonant
plasmonic antennas efficiently localize the electromagnetic field, resulting
in angle-insensitive vivid colors, which can be adjusted by the alteration of
geometric dimension. Due to the tight spatial localization of light, structural
colors based on LSPRs can allow printing with a resolution that beats the
diffraction limit. In 2012, color printing nanotechnology with resolution ap-
proaching the optical diffraction limit was proposed by Joel K. W. Yang
and coworkers.*! By depositing the metal disk above hydrogen silsesquiox-
ane (HSQ) pillars on a back reflector, the interaction between the back mirror
and the resonances of disks can be manipulated by tuning the radius of the
metal top disks and the separation between the pillars to affect the reflected
color. The resulting print of the Lena image can have a resolution up to
10° DPI.

The metallic GMR structural colors have also been widely investigated in
recent years. In contrast with dielectric GMR, the metallic GMR structure
has a broader resonance bandwidth due to the loss of metal, which is
more suitable for optical applications.’®'“>'*! The polarization-controlled
structural color based on metallic GMR has been reported by Ishwor Koirala
et al.”®” The polarization-tuned metallic structural color is based on a one-
dimensional resonant Al grating integrated with a SisN4 waveguide deposited
on the glass substrate (Figure 6B). Figure 6B(2) shows the SEM images of
fabricated filters and the insert observed colors for TE and TM polarizations.
The whole visible color is obtained by tailoring the polarization and metallic
grating duty ratio. The results imply that iridescent vivid colors can be ob-
tained with the aid of light polarization, which is a crucial property for applica-

tions, such as optical data storage. It is worth noting that, due to the physical
mechanism of GMR, it should have tens of periods to approach adequate per-
formance that limits the spatial resolution of the GMR structures.'“? Addition-
ally, the optical response of the GMR structure is highly sensitive to the inci-
dent angles. There are many approaches to mitigate the angle-sensitive
effect, such as by integrating the GMR structure with a gradient-index
layer,"*® coating with a metal film,'** real-time compensation via voltage-
driven dispersed layer,'*® or assistance by integrated cavity resonator,'*
and so on.'*>1%7148 Except for the morphology and parameters of the struc-
ture that can tune the colors, the disordered nanostructure system also
shows good capability on structural colors. In 2020, Shuang Zhang and co-
workers reported the manipulation of disordered plasmonic systems (Fig-
ure 6C).° By utilizing an external cavity under the disordered plasmonic sys-
tem to manipulate the decay rate of a specific mode, the transition is realized
from broadband absorption to tunable reflection (Figure 6C[2]). The Chinese
watercolor printing The Peony Flower by Baishi Qi is printed by tuning the
spacer thickness, and colors, including black, are formed well, which is
hard to generate by conventional periodic structures (Figure 6C[3]). The
random plasmonic system is material independent without a time-
consuming lithography process. This approach provides a novel platform
for various practical applications. Structural color imaging by plasmonic
metasurface mosaic filters has also been investigated. For instance, Won-
Jae Joo, Mark L. Brongersma, and coworkers introduced metasurface mir-
rors into organic light-emitting diodes (OLEDs), which can offer high lumines-
cence efficiency and enhance the color purity of OLEDs, along with display
resolution beyond 10* PPL."* Moreover, Yash D. Shah et al."*® proposed
an approach to realize ultralow-light-level color images by integrating the
plasmonic metasurface and single-photon avalanche diode (SPAD) arrays.
Overall, high-quality metallic metasurface structural colors based on SPR
and LSPR have been extensively investigated. Metallic GMR and disordered
systems also exhibit great practical potential in many fields. The all-metal
structures decrease the fabrication time and lower the cost while holding
good color properties. For practical applications, the metallic metasurface
colors are preferable in the aspects of high resolution and excellent durability
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Figure 8. Dynamically Tunable Structural Colors Generated by Electrochromic Switching, and Diselenide Metathesis (A) High-contrast and fast electrochromic switching
enabled by plasmonics. (1) Schematic diggram of a plasmonic electrochromic electrode incorporating an Al-nanoslit array. (2) On and off states of the polymer are

displayed with their spectra, respectively.

Reprinted by permission of Springer Nature (copyright, 2015, Springer Nature). (B) Tunable structural color patterns based on

the visible-light-responsive dynamic diselenide metathesis. (1) Scheme for the formation and regulation of stress in the material. (2) Erasing and rewriting processes of
structural color pattern. The scale bar represents 4.5 mm. (3) Various patterns with different structural colors. The scale bar represents 2.5 mm."°® Reprinted by permission

of Wiley Publishers (copyright, 2020, Wiley Publishers).

due to the high precision of the micro-nano fabrication process and stability
of metallic material. However, compared with dielectric metasurfaces, the
intrinsic ohmic loss leads to low efficiency and broadband reflection spectral
peak. There is still a long way to go to apply metallic metasurface structural
colors in daily life.

Dynamically Tunable Structural Colors

Conventionally, most structures based on films, photonic crystals, and
metasurfaces usually retain static and unchangeable color after fabrication,
limiting their potential applications. Therefore, many approaches have been
investigated to realize the dynamically tunable capacity of structural colors
after fabrication. Here, we reviewed several main approaches to achieve
tunable structural colors, including the approach of reconfigurable liquid crys-
tals (LCs), electrochromic and plasmonic modulation, mechanical stretching,
and self-assembled colloidal microspheres.

LCs are a widely used approach to achieve tunable structural colors. They
are usually used to combine with structures, such as plasmonic metasurfa-
ces.’™® %5 Figure 7A illustrates the typical LC-based structural colors, which
were reported by D. Franklin et al.'®* in 2015. The polarization-independent
dynamically tunable color is generated on the imprinted plasmonic sur-
faces.'™ The LCs have the properties of reconfigurability and anisotropy.
They are utilized to adjust the dielectric constant surrounding the metallic
nanostructure, and affect the spectral location of plasmon resonance. '8
In this work, a birefringent LC and a periodic array of shallow nanowell are
used. By varying the period of plasmonic nanowell arrays, color ranging
across the entire visible spectrum was achieved for the first time. The reflec-
tion spectra of this LC cell are dynamically tunable with the applied voltage
and nanostructure period (Figure 7A[2]). The images of Afghan Girl were
fabricated, as shown in Figure 7A(3), along with the microscope and SEM im-
ages. Although the full range of color is obtained by this structure, the period
is unchangeable once the nanowell is fabricated, and the spectrum can only

be tuned in a limited range, making it hard to apply in fields requiring real-time
and full visible range tunability. Subsequently, the RGB color based on a po-
larization-dependent LC-plasmonic system is demonstrated, with spectrum
changing with applied voltage.'®

Different from the approach of LC-plasmonic modulation, Guoping Wang
et al.’® demonstrated the real-time plasmonic tuning approach, which can
modulate plasmonics through the combination of electrochemical bias
and bimetallic nanodot arrays. Figure 7B shows that the Au core and Ag shell
structures are fabricated by depositing and stripping processes. Reflection
spectra of the device can be tuned over the entire visible range by changing
the electrodeposition times and electrostripping times. By integrating the or-
dered nanodomes, a mechanical chameleon is fabricated to demonstrate
this approach. The artificial mechanical chameleon can change its color ac-
cording to the background color, as shown in Figure 7B(4). It can realize
active camouflage under complex environments with the aid of color sensors
and micro-control systems.

As the essential application of structural colors, the flat-panel display tech-
nology has great developmental potential. Researchers have found that the
electrochromic materials have brilliant properties, such as vibrant colors,
low cost, and relatively simple processing requirements, making them partic-
ularly advantageous in flexible display applications.’®® %% By utilizing the
electrochromic materials in combination with plasmonic nanoslit arrays,
Ting Xu et al.’®* demonstrated high-contrast full-color and fast electrochro-
mic switching in 2016. Figure 8A shows a thin layer of polyaniline (PANI)
(or polyproDOT-Me,) coated on the Al (or Au) nanoslit arrays and immersed
in the electrolyte solution. The electrons and ions flow in and out of the poly-
mer when the voltage is applied to the electrode. The polymer's optical ab-
sorption characteristics change with its charge state. The full-color electro-
chromic optical response can be realized by tuning the period of nanoslits.
Figure 8A(2) shows the color obtained by tuning the period ranging from
240 to 390 nm. By switching the applied voltage, the color can be tuned
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Figure 9. Dynamically Tunable Structural Colors Generated by Electrochromic Switching, and Diselenide Metathesis (A) Controllable structural colored screen for real-
time display via NIR light. (1) Hydrogen bonding effect to increase the binding properties of TSSC films. (2) Thermosensitive molecular structures change after heating. (3)
Schematic diagram of the information decoding process of TSSC labels. (4) Schematic diagram of the information recording process of multicolored TSSC films induced
by the NIR laser.'% Reprinted by permission of American Chemical Society (copyright, 2020, American Chemical Society). (B) Anisotropic SCPs from colloidal phase
separation. (1) The generation process of the anisotropic Janus SCPs. (2) The preparation process of the anisotropic hydrogel SCPs. (3) Construction of cardiomyocyte
monitoring platform by the anisotropic hydrogel SCPs.'%° Reprinted with permission from Yuanjin Zhao et al. (copyright, 2020, The Authors, American Association for the

Advancement of Science).

between two states (on and off status corresponding to reduction and oxida-
tion of polymer, respectively) with high speed and high contrast, which holds
promise for applications ranging from catalysis to photovoltaics.

Flexible materials, such as polydimethylsiloxane (PDMS), usually can be
used as a substrate to fabricate nanostructure, '°>'®” and the structure period
can be dynamically tuned by stretching the elastic substrate. In 2017, Ming
Lun Tseng et al."®’ realized the dynamically tunable Al plasmonic arrays
for the full-spectrum response by stretching the elastomeric substrate. The

scattering color is sensitive to the lattice spacing. The spectrum of the plas-
monic device can be tuned less than 35% of the maximum strain. The meta-
surface structure on the elastic substrate is not the only way to achieve
tunable color. By employing the dynamic covalent bond (DCB), the structural
color material is responsive to visible light. The diselenide metathesis is
applied to release the fixed stress of stretched materials under visible light
irradiation.'® Figure 8B shows that the shape and stress are fixed during
the shape-memory process. The stress can be further regulated with visible
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Table 1. Categories of Structural Colors Classified by Principle

Type of Structural Color Principle of Color Generation

Properties

Shortcomings

Multilayer films e interference o

[ )

F-P cavity e cavity resonance o
°

Dielectric metasurfaces e Mie scattering o
and photonic crystals e Fano resonance °
Metallic metasurfaces e surface plasma resonance °
o localized surface plasma °

resonance .

GMR structure e guide mode resonance (]

e favorable color purity

large-area fabrication
simple fabrication process

high saturation and brightness
polarization independent

high saturation and efficiency
insensitive to viewing angle

polarization dependence
high resolution
insensitive to viewing angle

high efficiency

® sensitive to viewing angle
o limited resolution

o difficult to achieve high resolution
at low cost

e difficult achieve to low-cost,
large-scale production

o low efficiency due to the inherent
loss of metal materials

e limited resolution

® sensitive to viewing angle

light irradiation. The photomasks are used to realize various patterns, and the
patterning resolution reaches 6.2 um. It can be erased by irradiation or
releasing the stress completely and rewritten by another uniaxial stretching.
The color is only visible when two polarizers are crossed, making it useful in
the anti-counterfeiting field. Besides, the simple fabrication process makes it
possible to realize large-scale preparation.

Compared with the above-mentioned approaches, the self-assembly of
colloidal photonic crystals provides a simpler approach to tune the structural
colors in real time. The dynamic tunability of assembled colloidal micro-
spheres can be achieved by combining with tunable material, such as ther-
mosensitive films,'%° reduced graphene oxide, and specific hydrogel.'®
Recently, Jie Wei and coworkers reported the strategy of controllable struc-
tural colored screens via near-infrared (NIR) light, which is based on the struc-
ture of colloidal NPs combined with thermosensitive film (Figure 9A)."%° The
thermosensitive molecular structures have a precise temperature transition
at 45°C. By using thermosensitive structural colored (TSSC) films, the NIR
response anti-counterfeiting label and NIR direct writing colloidal crystal
screen are demonstrated, which can transform the state from reflection to
transmission under the exposure of the NIR laser in real time. The fabricated
TSSC films exhibit properties of angle independence, excellent flexibility, and
durability. These multicolored TSSC screens have great practical application
potentials in information storage, anti-counterfeiting, and so on.

Due to the flexibility of the assembly process, the graphene oxide (GO) can
also be co-assembled with colloid NPs by the microfluidic process. A few
months ago, the anisotropic structural color particles (SCPs) with intelligent
responsive capacity were proposed by Yuanjin Zhao et al."®° Figure 9B
shows that the SCPs are formatted by phase separation of GO and Si NPs
in droplets. These anisotropic SCPs and their inverse opal hydrogel deriva-
tives show brilliant structural colors and controllable capabilities. By
choosing N-isopropylacrylamide (NIPAM) as monomer and N,N’-methylene-
bis (acrylamide) (Bis) as cross-linker, the thermal responsive particles are
prepared (Figure 9B[2]). When the NIR light irradiates the particles, the pNI-
PAM can reversibly shrink and swell due to the photothermal effect of
reduced GO, and the color changes at the same time. Furthermore, by using
hydrogel methacrylated gelatin (GelMA), it can be used as microcarriers for
the culture and monitoring of the cardiomyocytes (Figure 9B[3]). Besides, the
structural color patch with anisotropic surface adhesion is inspired by the
mechanisms of mussel adhesion and eyeball lubrication.’®" With the capa-
bility of real-time color response to mechanical strain, it can be used to
monitor heartbeat activity. These types of SCPs in combination with GO
have great potential in biomedical areas.

In summary, the dynamic tunability of structural colors can be achieved via
many approaches. As mentioned above, LCs with the nanostructured Al sur-
face can achieve colors tuning over the entire visible range. The mechanical
chameleon is demonstrated and fabricated based on the integrated Au/Ag

core-shell nanodome array, and the dynamically tunable surface color is real-
ized experimentally. The electrochromic approach, mechanical stretching
with metasurfaces or stress-releasable material, can also achieve a full visible
tuning range. Besides, the combination of assembled colloidal microspheres
and real-time response material provides an effective approach to prepare
low-cost and large-scale structural colors. Moreover, there are many other
proper approaches to dynamically tune the structural colors, such as meta-
surfaces with catalytic magnesium and photon doping.’®® """

SUMMARY AND OUTLOOK

Collectively, we addressed nanostructures generating colors and the
dynamically tunable colors along with their applications in this review.
Many works related to artificial structural colors have been reported recently,
which are generated by multilayer films, photonic crystals, and metasurfa-
ces. The multilayer films can create high-efficiency colors and be simply
fabricated by the deposition process. They can be integrated to achieve
high-resolution images. Bionics metasurfaces and photonic crystals are
widely investigated. Researchers have obtained high-resolution, robust,
and vivid color filters, which are inspired by microstructures of natural crea-
tures. Grating structure based on GMR provides a narrow bandwidth reso-
nance with high efficiency, and a high degree of optical tunability, while it
needs tens of periods to achieve adequate performance and restrict its
spatial resolution. As for the assembly of colloidal crystals, it is an easy
way to generate low-cost and large-scale structural colors, which mainly ben-
efits from the simple process. The metallic metasurface generating colors
with SPR and LSPR have broadband visible spectra and low efficiency due
tothe loss of material. In contrast, all-dielectric structures based on Mie reso-
nance or Fano resonance show a narrow resonance band and high effi-
ciency, which can be used in fields like thermophotovoltaics and photovol-
taics. Disordered structures based on dielectric or metal NPs are also a
major way to realize structural colors. Besides, the colors generated by arti-
ficial structures can be dynamically tuned by reconfigurable LCs, electrochro-
mic and plasmonic modulation, mechanical stretching, and so on. Itis worth
noting that artificial structural colors can even have multiple functions be-
sides decoration, such as solar energy absorbing, anti-counterfeiting, infor-
mation encryption, and so on, which are superior to conventional pigments
and dyes. Table T summarizes the main structural colors, as well as their prin-
ciples, properties, and challenges.

Taken together, although significant progress in structural colors has been
made in the last decades, there is still huge developmental potential to pro-
vide practical applications. For instance, the main challenges to using struc-
tural colors for high-end display and high-resolution printing include large-
scale production, high color vibrancy, and angular independence. Re-
searchers have worked to solve these problems, and there is fabricated pro-
duction with suitable property in each aspect. However, highly precise

uoneAouu| ayL

@ CellPress Partner Journal

The Innovation 2, 100081, February 28, 2021 11




The Innovation

nanofabrication processes, like EBL or FIB, are required, which dramatically
increase the manufacturing cost and make it hard to be practically applied
in the market. Therefore, approaches to fabricate large-scale and low-cost
structural color processes, like nanoimprint lithography, injection molding,
and self-assembly techniques, have been widely developed. However, there
is still room to develop dynamically tunable structural color for large-scale in-
dustrial preparation. Dynamically tunable structural colors from assembled
colloidal crystals and films enable large-scale and low-cost preparation, while
they cannot be used in fields that request high resolution. Metasurface struc-
tures can also realize dynamically tunable structural colors by combining with
LCs, electrochromic solution, phase change material, and so on. These ap-
proaches can generate high-resolution dynamically tunable structural colors
from periodic subwavelength nanostructure, which need high-cost and time-
consuming fabrication processes. Only inch-level structural colors can be
fabricated by current micro-nano process equipment, which is far from the
pigments-and-dyes approaches. Moreover, the combination of metasurfaces
and dynamically tunable materials makes the fabrication process more
complicated, restricting the product yield. It restricts the large-scale fabrica-
tion of dynamically tunable structural color based on metasurfaces. There-
fore, the development of fast and highly efficient micro-nano fabrication pro-
cesses, such as nano-imprinting, is the key to achieve large-scale fabrication
of high-resolution dynamically tunable structural colors.

We believe that inexpensive structural colors with high resolution, durable
surfaces, and high color vibrancy can be realized in the future. Moreover, the
real-time tunable structures will be used in fields like product design and art
layout. Some structures can be designed to have more functions, such as
colorful solar energy absorbers, metasurfaces for holograms, and so on.
Compared with conventional dyes and pigments, structural colors hold ad-
vantages of long-term durability, environmentally friendliness, resolution
beyond diffraction limits, dynamic tunability, and multi-functions. Although
it is hard to completely replace the widely used dyes and pigments, structural
colors possessing excellent properties open a prospective and bright future in
many fields, including anti-counterfeit labels, optical data storage, and sur-
face decoration. It will be a new generation of technology to provide a colorful
and environmentally friendly world.
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