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Abstract: Optical metasurface, composed of ultra-thin subwavelength meta-atoms, has enabled flat-
optics and corresponding flat optical components such as ultra-thin lenses, color filters and absorbers.
Among the plethora of applications currently attracting great interest, next generation display
techniques could further benefit from metasurface technology. Thanks to relatively simple
mechanisms of amplitude and phase modulation of light by the meta-atoms, many of the recent
research achievements in metasurfaces are related to display applications. In this Perspective, we
focus on metasurface holograms and colorations for projective and reflective display techniques. First,
we briefly introduce the working mechanism of metasurface holograms and colorations, and review
state-of-the-art techniques in each field from perspective of materials, functionalities, and fabrication
methodologies towards real-life display applications. Finally, we conclude on the potential outcome
and outlook on this technology and highlight the key challenges to be solved for next generation

display.
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Introduction

Optical metamaterials, which are composed of subwavelength meta-atoms, have revolutionized
micro and nanophotonics research. Artificially designed meta-structures not only can exhibit unusual
electromagnetic properties, such as negative refraction,*? super-lensing effect®® and cloaking,®® but
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also boost conventional photonic device performances, such as efficiency of solar cells
functionalities of optical components.*™ The practical applications of the optical metamaterials have
been considerably accelerated in recent years due to the development of two-dimensional optical
metamaterials, also called optical metasurfaces."*'> Compared to tricky and difficult fabrication
processes of bulk optical metamaterials, metasurfaces can reduce the burden of fabrication difficulties
and more importantly, one could substantially shrink the thickness of photonics devices within the
range of the working wavelength. For instance, optical metasurfaces can realize flat lenses for
focusing and imaging with broadband and achromatic characteristics in whole visible range.'®™®
Because these kind of optical metasurfaces are suitable for mass productions with state-of-the-art
photolithography processes, many practical applications can be considered such as flat optical

components and next-generation display equipment.

Growing interests in next-generation display techniques for virtual reality (VR), augmented reality
(AR),” three-dimensional (3D) displays and reflective displays require novel and functionalized
equipment like stereoscopic displays, volumetric displays, structure coloring displays and wearable
glasses with such display functions. Stereoscopic displays can exhibit volumetric images by
generating two different images, which are captured and perceived differently in left and right eye.
Volumetric displays can exploit holographic techniques to generate 3D images in free space using
spatial light modulators with computer generated holography. Still, theses research fields have been
investigated very actively. However, there are lots of hurdles of conventional technologies such as
small viewing angle, low image resolution (or severe noise) and bulk device volume. Interestingly, by
adjusting the phase and amplitude of light and the resonance characteristics of structures with single
unit nanostructure of deep subwavelength scale, optical metasurfaces appear as natural device to
overcome the hurdles in the conventional technologies, and have merits such as compactness,
miniaturization, integrability into flexible substrate, high-resolution and large viewing angle which are

preferable in the next-generation display applications.

In this perspective, we will cover metasurface holograms and color printing applications that can be
applied to next-generation display technology. We will briefly introduce the history of the
development of metasurfaces and report state-of-the-art techniques in metasurface holography and
color printing. At last, key challenges and outlooks towards practical applications of this emerging

technology for applications in displays will be suggested. In particular, we will focus on more



technical issues and remaining tasks for real applications from the perspective of practicality such as
materials and designs for enhancing device efficiency, multi-functionalities, also large-area fabrication

and printable methods for mass-productions.

Metasurface holograms for projective display techniques

Since Dennis Gabor’s invention in the late 1940’s,% holography as a technique that can reproduce an
original light field reflected or transmitted from objects has attracted great interests, in particular due
to its promising applications for 3D displays® and optical data storage.? Spatial distribution of optical
waves can be described by its complex amplitude containing both amplitude and phase information,
that perfectly encodes a certain optical wave. Whereas typical photographs can only record squared
amplitude distribution of the optical wave itself, holography can replicate complex amplitude
distribution previously recorded in an interference pattern. Therefore, theoretically, observers cannot

distinguish outgoing optical wave of hologram from that of real objects.

When optical waves propagate in the space, their spatial complex amplitude distribution U(x, y; 2)

along to the propagation direction can be derived by solving Helmholtz equation, and its solution is
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where ky and k, represent spatial frequencies, and Kk is the size of the wave vector.?® F[-] denotes
Fourier transformation operator. The above equation allows us to figure out diffraction pattern of a
certain optical wave reflected or transmitted from objects. If we apply the paraxial approximation, k,’
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+k, < ko?, we have the following Fresnel diffraction formula which is more convenient to utilize:
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nz 2z
where x’and y' represent the local coordinate of the object plane.”®

The early holograms were composed of photoluminescent material that stored the squared amplitude
distribution of the light impinging on the film. Recording the interference between an object and the
reference light on interfering waves, it is possible to retrieve both amplitude and phase information of
the object.”* The image of the object can be reconstructed by shining a reconstruction beam, identical
to the reference beam, on the interference pattern recorded film. Outgoing optical wave can be
decomposed into three parts, among one them represents the original object light. The object beam is

spatially separated from the unwanted beams using off-axis recording and reconstruction techniques.?



24

Together with the development of spatial light modulators (SLMs), computer-generated hologram
(CGH) has attracted numerous attention owing to its convenient image generation and versatile
applications. The primary difference between CGH and the early film-based hologram is that the
former is composed of digitalized pixels while the latter contains continuous amplitude distribution.
Therefore, CGH generates a discretized amplitude or phase distribution. CGH can be realized by
SLMs to address either amplitude or phase distribution of incident optical waves. Holograms designed

to control the phase distribution only are called phase-only holograms.

The kinoform hologram, as one of the phase-only hologram, can be generated by taking the phase
information (imaginary part) of the conventional Fourier hologram. The diffraction efficiency of the
kinoform hologram is much higher than other CGH techniques such as detour-phase hologram, but
the noise of the reconstructed image is severe. To solve this problem, iterative Fourier transform
algorithm (IFTA) is routinely utilized to reduce the noise. This algorithm was proposed by Hirsch et
al.,”® and the similar one has been applied to retrieve phase information of the hologram by Gerchberg
and Saxton.? So, this algorithm is also called as Gerchberg-Saxton (GS) algorithm. There are many
other techniques to improve the fidelity and compensate the distortion of the reconstructed image.
Dammann et al. proposed a method to reduce the noise by laser speckle in the reconstructed image.?’
Shen et al. introduced a method to compensate the error of the paraxial condition in the Fresnel
diffraction formula.?® As the reconstructed image size becomes larger, the paraxial condition does not
work well. Hence, Rayleigh-Sommerfeld (RS) diffraction formula which does not assume paraxial
condition should be applied instead of the Fresnel diffraction formula. Similar fast-Fourier-

transformation algorithms have been proposed to solve RS diffraction problems.

Metamaterials, whose effective properties are adjustable by designing the appropriate unit cell, have
been utilized to create holograms. Walther et al. realized the first metamaterial hologram based on
metal-dielectric multilayered fishnet structures.® By controlling bar widths in the structures, they
designed the complex transmission coefficient at an incident wavelength of 714 nm. They also
realized wavelength multiplexed holograms based on the same fishnet metamaterial.*® Due to the
dispersion of this specific metamaterial, a single metamaterial hologram can generate two different
holographic images depending on the incident wavelength of 905 nm and 1385 nm. Larouche et al.
demonstrated phase-only hologram based on multilayered infrared metamaterial made of metallic I-
beam and rectangular patch shaped gold (Au) elements.* Since the effective refractive index of the
metamaterial changes depends on the element shape, phase distribution of the metamaterial can be
controlled by arranging such elements at appropriate positions. The above mentioned metamaterials,
consist of repeated identical resonant structures also called meta-atom. From the material perspective,

the optical properties of these metamaterials can be understood using effective medium theory. The



extreme case where metamaterials become infinitely thin, or relatively thin, compared to the
wavelength of operation leads to the realization of metasurfaces, i.e. wavelength and sometime
subwavelength-thin optical devices composed of single layer of spatially varying individually
designed scattering antennas to manipulate light properties within subwavelength propagation
distance. In this case, the effective medium theory which was well suited for 3D metamaterials, is not
valid anymore and a new method essentially based on the boundary conditions of the electromagnetic
fields in the presence of the metasurface have to be considered.*** The emergence of metasurface has
attracted tremendous interest due to its many advantages such as planar characteristics, easy

fabrication and high efficiency.***®

The origin of the concept of metasurface can be attributed to Kock as reported in the seminal work to
locally reduce the phase velocity of light using subwavelength metallic patches,*® followed by Stork et
al.** and Farn.* In the two latter papers, the authors realized grating structures with a period smaller
than the wavelength of light. Efficient blazed gratings for IR featuring subwavelength elements have
been reported also in dielectric materials by Prof. Lalanne and co-workers.® In 2011, Yu et al.
demonstrated linear phase gradient metasurface using metallic V-shaped antennas, connecting the
deflection capabilities of the devices with the generalized laws of reflection and refraction.** This
work pointed out the possibility of addressing the complex amplitude of scattered wave from the
metasurface by designing and arranging the appropriate antennas in a single layer. Ni et al. realized a
metasurface hologram at the wavelength of 676 nm based on the complimentary V-shaped antennas
made of 30-nm-thick Au thin film.* The V-shaped antennas operate for the linearly polarized light,
and the scattered light which contains desired complex amplitude has cross-polarization to the
incident light. Although V-shaped antennas have been successfully implemented to fully address the
complex amplitude of the scattered field, metallic losses and the fact that they work only in cross-
polarization limit their utilization for real applications. The concept of holography have been further
utilized to accurately predict the far-field, in amplitude phase and polarization of surface waves

scattered by a distribution of grooves disposed following holographic patterns.

Circularly polarized light based on Pancharatnam-Berry (PB) phase makes the metasurface design
process much simpler than the case of the linearly polarized light. PB phase is also called as
geometric phase because the phase of scattered light depends only on the orientation of the structures.
Bomzon et al. experimentally demonstrated the circularly polarized light conversion into an
azimuthally polarized light by using space-variant grating."® In metasurfaces, Huang et al. imposed PB
phase to design metasurfaces of anomalous refraction’’ as well as the hologram® working for
circularly polarized light. This hologram was designed to generate different images depending on the
focal length based on Fresnel holography. They filled each unit cell with identical metallic nanorods

rotated one with respect to the other, so that the phase of the cross-polarized scattered light is



determined by twice the rotation angle of element. Assuming that a metallic nanorod acts as dipole
antenna, the incident circularly polarized light (+¢) at small incident and observation angles is

scattered field in the farfield according to:
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where ¢ is speed of light, « is the dipole moment, k is the wave vector, r is the distance from the
dipole, @ is the incident angle, ¢ is the observation angle, J is the rotation angle of the dipole.*’ This
formula verifies that the cross-polarized scattered light has the phase variation of 24. This simple
design rule based on PB phase addressing is more intuitive and way more convenient than playing
with the resonance properties of V-shaped antennas. The inconvenient part is that the structure has to
be addressed optically with circularly polarized beam and that the resulting phase modulated field is
also circularly polarized, in the opposite polarization comparing to the incident field.

1) Highly-efficient metasurface holograms

Hologram efficiency, defined as the optical power ratio of the image to the total incident beam, is
one of the most relevant parameters for practical application of metasurface holograms. The above
examples including fishnet metamaterials, single-layered Au metasurfaces, and their complimentary
structures can be used for hologram applications, but their efficiencies are extremely low. Most of the
incident optical power does not contribute to the image formation due to the reflection, absorption,
and co-polarization beam. Yifat et al. achieved metasurface hologram efficiency of 40-50% at NIR
wavelengths based on the metal-insulator-metal (MIM) structure,”® and the drastic advance in the
efficiency at visible and NIR wavelengths has been achieved by Zheng et al. based on the similar
MIM configuration (Figure 1a).*° The intermediate dielectric layer works as a Fabry-Pérot cavity: the
electromagnetic field from the top antenna reflects from the bottom metal layer and consistently
reinforce the antenna resonance of the nanorods; Depending on design, the cross-polarization
reflectance can increase up to 80% in the wavelengths range from 600 nm to 1000 nm. Due to the
interband transition of Au, the optical loss below 600 nm is still severe. Using silver (Ag, for which
interband transition frequency locates near ultraviolet) instead of Au as structuring material, it is
possible to improve the hologram efficiency for visible light.® Although MIM configuration has
successfully demonstrated highly efficient metasurface holograms, their operation is limited to the
reflection mode. In the case of transmission mode, dielectric materials can be used to achieve such

high efficiency.

Different to metallic components, high-refractive-index dielectric structures can possess not only



electric dipoles but also effective magnetic dipoles inside leading to strong forward scattering.*>*

Arbabi et al. demonstrated various metasurfaces such as holograms and lenses operating at the
wavelength of 915 nm based on amorphous silicon (a-Si) (Figure 1b).>* By controlling specific
configuration of the elliptical posts, polarization multiplexed hologram whose efficiency reaching
over 84% have been demonstrated, i.e. linearly polarized light in x and y direction incident to the
metasurface generates different images at the image plane. Huang et al. also demonstrated
metasurface hologram for visible light based on a-Si, but the efficiency drastically drops to 3% due to
severe optical loss of a-Si at visible wavelengths.”® Hence, new materials with low extinction

coefficient in visible wavelengths are necessary to overcome the optical loss.

Low-contrast dielectric materials such as titanium dioxide (TiO,), silicon nitride (SiN), and gallium
nitride (GaN) can be suitable candidates as structuring material for metasurfaces to compensate the
optical loss in visible wavelengths.®®*" Devlin et al. demonstrated a metasurface hologram of the
transmission mode with high efficiency around 80% in visible wavelengths by using TiO, (Figure
1c).*® Extinction coefficient of such material is almost zero in visible wavelengths. Concerning the
fabrication of the latter devices, incredibly smooth and regular side walls have been achieved, limiting
the roughness along the nanorods surface, therefore limiting undesired additional scattering from the
structure. On the other hand, structure height should become higher than that of high-refractive-index
materials to achieve comparable conversion functionality. In addition, atomic layer deposition should
be accomplished for a long time to fabricate TiO, pillar structures, and this impinges on practical
applications.
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Figure 1. Highly efficient metasurface holograms. (a) MIM based metasurface hologram operating
from visible to NIR wavelengths.® The intermediate dielectric layer works as a Fabry-Pérot cavity, so
the efficiency reaches 80% in reflection mode. (b) a-Si based metasurface hologram operating at NIR
wavelengths.> Due to the strong magnetic dipoles in dielectric structures, hologram efficiency
drastically increases up to 84% in transmission mode. (c) TiO, based metasurface hologram operating
at visible wavelengths.58 Extinction coefficient of the material is almost zero in visible region,
drastically reducing the intrinsic optical loss of the material, leading to 80% hologram efficiency in

transmission mode.

2) Multi-color metasurface holograms

Multi-colored image generation is another critical requirement of metasurface hologram for display
applications, increasing the information quantity potentially stored in a single device. Montelongo et
al. demonstrated a two-colored hologram operating at the wavelengths of 405 nm and 650 nm based
on Ag nanoparticles (Figure 2a).*® Two different-sized unit structures that have different half-wave
resonance frequencies were employed to generate a binary hologram. It this case, the generated
images change according to the incident wavelength. A three-colored metasurface hologram working
for linearly polarized light in reflection mode was also introduced by Huang et al. based on aluminum
(Al) nanostructures (Figure 2b).*° Six kinds of structures which cause same amplitude but 180°
different phases for red, green, blue color, respectively, were used as unit cells for a binary hologram.
In this type of metasurfaces, each unit cell induces different phase variation for different wavelengths.
Li et al. demonstrated PB phase based metasurface hologram of complementary Au nanorods whose
unit cells cause identical phase variation regardless of wavelengths (Figure 2c).** The device works by
generating different images at different focal lengths from one incident light. If we change the
incident angle and wavelength, the focal length and color also shift. By using three incident beams
with controlling their incident angles, only desired colored images can be focused on the image plane.
Wan et al. also demonstrated a similar metasurface hologram made of complementary Ag nanorods
for three color hologram.®® The amplitude is controlled in two steps, improving the generated image

fidelity simply by removing the holes at the positions of the zero amplitude region.

Dielectric materials also can be used for the generation of multi-colored hologram. Wang et al.
introduced a PB phase based transmission mode silicon metasurface consisting of three different
nanostructures that have different diffraction efficiencies for red, green, blue color, respectively
(Figure 2d).%® Each structure has almost zero efficiency for the other two wavelengths. Therefore, in
contrast with the aforementioned three-colored holograms which produce undesired images around

the image plane, the generated holographic image contains desired three-colored image only. This



concept also can be applied for the reflection mode metasurface hologram.®* In this work, origin
symmetry of the conjugate image of Fourier holography is exploited to add color changing effect
according to the state of the incident polarization.

Polarizer

i

T2

C

Incident { ’
light ;
Meta S
surface A =
{ B "~._.‘A

Imaging
area

)
3
°
-

.~ 8
3

-
@

. T
0 0 0,010 07000
LI I e rveyrew

Imaging
plane

Figure 2. Multi-colored image generation from a single metasurface. (a) Two-colored binary
hologram operating at the wavelengths of 405 nm and 650 nm realized by two kinds of Ag
nanoparticles with different lengths.>® Due to the nature of the binary hologram, conjugate images
always appear at the image plane in the origin symmetric form. (b) Three-colored hologram
demonstrated from MIM-based metasurface working for linear polarization.®® Six kinds of Al
nanorods induce same amplitude with out-of-phase variation for red, green, blue, respectively. (c)
Complementary Au nanorods generating different images with different focal lengths operating for
circular polarization.”* By controlling the incident angles of each beam, the desired three-colored
image can be focused at the intended image plane. (d) a-Si metasurface hologram whose unit cell is
multiplexed with three structures.®® Each kind of structure has almost zero diffraction efficiencies
except for the target wavelength to enable phase manipulation for three different wavelengths

independently.

3) Multi-functionality of metasurface holograms

Multi-functionality is a unique advantage of metasurface hologram compared with conventional
holograms generated by SLMs. Since the metasurface manipulates incident light based on scattering

rather than simple refractive index control, more degree of freedom in light manipulation are available.



The representative example is multi-image generation by switching the incident polarization. Chen et
al. demonstrated MIM-based reflective metasurface hologram that produces different images with
polarization directions of incident linearly polarized light (Figure 3a).® Cross-shaped antennas,
equivalent to two nanorods oriented perpendicular to each other, can exhibit different resonance
characteristics as well as reflection phase variation for linear polarization aligned with their two axes.
Montelongo et al. have demonstrated similar holograms based on orthogonally oriented plasmonic
nanorods at visible wavelengths.®® The last two examples share the same polarization sensitive phase
addressing mechanism, i.e. the fact that resonance characteristic of a single rod excited by a linear
polarization aligned with its axis is much sensitive to the longitudinal length rather than the transverse

length.

Multi-image generation from metasurface excited by circularly polarized light is also possible.
Huang et al. demonstrated a metasurface hologram that can generate different images with different
incident polarizations.” Based on Fresnel holography, they have encoded multiple images located
back and forth of the metasurface. If we change the incident circular polarization state from right-
hand (RCP) to left-hand (LCP), phase gradient of the metasurface is reversed resulting image position
change, i.e. images in front space of the metasurface move to back space of the metasurface and vice
versa. Therefore, if we focus a fixed image plane, it seems that the image can be changed as the
incident polarization changes. Completely independent phase control of arbitrary orthogonal states of
polarization is introduced by Mueller et al. by controlling both the orientation (geometric phase) and
size (propagation phase) of nanorods (Figure 3b).*® They also demonstrated a Fourier-type
metasurface hologram which can produce two different images with RCP and LCP, respectively.
Another way to generate multi-image for circular polarization is to combine geometric phase with
detour phase. Khorasaninejad et al. demonstrated such metasurface based on TiO, as structuring
material.® Since the addition of the detour phase provides additional degree of freedom for the

manipulation of the phase response, it was possible to realize different images with RCP and LCP.

Multi-functionality of the metasurface is not limited to the polarization switching. Kamali et al.
demonstrated a new type of multi-functional metasurface which can generate different images with
different incident angles by tailoring angular response of U-shaped dielectric antennas (Figure 3c).”
Compared with conventional thin diffractive elements whose angular response is highly correlated,
this metasurface breaks the angular correlation enabling independent phase masks encoding into a
single device. Nonlinear response of metallic antennas also can be used for the multi-functionality.”
Ye et al. introduced rotating split-ring resonators (SRRs) produce not only cross-polarization beam of
the fundamental frequency with 2a¢ phase, but also co- and cross-polarization of the second harmonic
frequency with op and 3op phase, respectively (Figure 3d).”* By judiciously arranging the metallic

SRRs, they realized three different images depending on the polarizations and frequencies. Third



harmonic generation based on V-shaped metallic antennas also can be used in the nonlinear regime

yielding to the same application.”
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Figure 3. Multi-functional metasurface holograms. (a) Independent control of image generation in the
MIM metasurface by switching the polarization direction of linearly polarized light.*> Cross-shaped
antennas allow us to independently control the resonance characteristics of orthogonally polarized
light by adjusting each arm length. (b) Combination of the geometric phase and propagation phase for
the independent phase control of arbitrary orthogonal states of polarization.®® (c) The angle-
multiplexed metasurface hologram.” By tailoring the angular response of U-shaped dielectric
antennas, the angular correlation can be broken enabling independent phase mask encoding. (d) The
nonlinear metasurface consists of SRRs which produce second harmonic generation with different
phase variation in addition to the fundamental frequency.’® Three different images can be generated

depending on polarization and wavelengths.

In contrast to the previous discussion on polarization-dependent phased array devices, removing the
polarization dependence can be useful for practical applications, simplifying the operational scheme.
Since the study on directional scattering and associated phase of silicon nanodisks, i.e. element

without form birefringent property, by Staude et al.,*

many related works have been reported
including holograms based on a-Si.”*" Their design principle relies on assembling along the interface
array of circularly symmetric nanoposts or nanopillar structures with different radii corresponding to

specific phase values. Although a-Si is feasible material for metasurface holograms in NIR



wavelengths, visible wavelengths cannot be covered due to its severe optical loss. Yoon et al.
demonstrated polycrystalline silicon (poly-Si) based metasurface hologram at the wavelength of 532
nm, achieving higher efficiency than with a-Si.”” Another type of polarization independent
metasurface hologram is demonstrated by Huang et al. based on nanoholes on the Au thin film.™
Different to the aforementioned examples dielectric circular posts, each nanohole has an identical size
and acts as a point source of the Huygens-Fresnel principle. The hologram can be realized by

arranging the nanoholes in appropriate positions.

Although various kinds of metasurface holograms have been demonstrated, most of them belong to
the phase-only holograms and cannot provide real three-dimensional perspective of objects. To
perfectly mimic the object light, spatial phase distribution control should coincide with spatial
amplitude distribution control. Xie et al. demonstrated a metasurface hologram working for linearly
polarized light based on the detour phase to manipulate the complex amplitude distribution.” The unit
cell consists of perpendicularly oriented slits on Al thin film. The position of the slits determines the
detour phase while their number affects the transmission amplitude of the unit cell. Lee et al.
introduced X-shaped antennas made of poly-Si that can support broadband complex amplitude control
for circularly polarized light in visible wavelengths.®® In this case, the rotation angles of the antennas
are related to the phase variation while the included angles between two sub-rods are associated with
the amplitude variation. Thus, this complex amplitude manipulation from the X-shaped antennas
could reduce the noise of Fresnel holograms compared with typical phase-only metasurface

holograms.

Relying on similar PB holographic metasurfaces concept, a new type of holographic interface, which
is able to manipulate the three fundamental properties of light (phase, amplitude, and polarization)
over a broad wavelength range has been proposed . The design strategy relies on replacing the large
openings of conventional holograms by arrays of subwavelength apertures, oriented to locally select a
particular state of polarization. The resulting optical element can therefore be viewed as the
superposition of two independent structures with very different length scales, that is, a hologram with
each of its apertures filled with nanoscale openings to only transmit a desired state of polarization.
These features extend the functionality of conventional printable wavelength-scale binary holograms,

which can manipulate complex scalar fields, to include control of the polarization of light.

In addition, several inspirational works on metasurface holograms have been reported. Li et al.
demonstrated dual-magnetic resonance based a-Si metasurface holograms whose building blocks have
only quarter-wavelength thickness.®® Conventional dielectric metasurfaces usually need higher
thickness of building blocks than metallic metasurfaces based on MIM structures. Reducing the
thickness can be beneficial for practical lightweight applications. Liu et al. proposed metasurface

holograms relying on the concept of ghost imaging for encryption and security.®” They combined a



random binary mask on the metasurface hologram to encrypt the holographic image, and showed that
one can obtain the original image by correlation calculations. Malek et al. demonstrated a tunable
metasurface hologram utilizing flexible polydimethylsiloxane (PDMS) substrate.*® The metallic
metasurface which was encoded by a three-dimensional phase-only Fresnel hologram of multiple
images was defined on the PDMS substrate. If the device is stretched, focal lengths of encoded

images change; changing the image on the fixed image plane.

Metasurface colorations for reflective display techniques

Structure coloring based reflective display has recently been proposed as the next-generation display
technology, generating colors using external light sources. Reflective displays composed of
functionalized layers generally reflect RGB colors from external light sources which reduces power
consumption.® Because of its distinctive features, the reflective display, which is regarded as echo-
display, can be considered as electronic paper (e-paper) and for foldable display applications (a typical
example product includes Kindle Paperwhite E-reader by Amazon,® interferometric modulator
display(IMOD) by Qualcomm and Electro-Wetting display by Liquavista). However, reflective
display technology still has obstacles for practical uses such as brightness/contrast control, vivid and

various color generation. Research progress on structure-based coloration reported so far includes
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photonic crystals, colloidal nanoparticles, metallic and dielectric gratings, multilayer thin

96,97

film and metasurfaces.

Metasurfaces coloration techniques, or nanostructure induced coloration, have been investigated
intensively due to its advantages on higher spatial resolution, viewing angle independence and lasting
durability compared to conventional pigment oriented and other structure based color generation
techniques.®®* While applications of metasurfaces for holography are mainly concerned with phase
modulations of transmitted or reflected light, color applications requires modulation of amplitude of
incident light by nanostructures. Research on metasurface based color printing started by the
exploitation of the plasmonic response of metallic nanostructures. The scattering of light using locally
excited surfaces plasmons (or collective oscillation of electrons) enable a color printing technique

with ultrahigh resolution of ~100,000 dots per inch (dpi), comparable to the diffraction limit of

104-112 113-115

light ."® Many different of metallic geometries such as nanorod,”*® nanoholes, gratings
and metal-insulator-metal (MIM)™®*?° have been suggested and depending on the excited surface
plasmon modes (or geometric resonances) on those structures, generated colors have different
characteristics. In terms of materials, noble metals like Au and Ag have typically been used in
plasmonic colors and according to their resonance characteristics in visible light, performances of

color vibrancy, brightness and contrast vary. However, large interband absorption occur at higher



frequency of visible light such as blue and purple range, which is detrimental for broadband coloring

application as it deteriorates color saturation.

An alternative approach to circumvent the optical loss in plasmonic colors, new efforts on all-
dielectric based coloring surfaces have been investigated. High index dielectric materials can confine
electric and magnetic multipoles in sub-wavelength volumes, the so called Mie resonances of

121-123

dielectric particles, which can be controlled to generate different colors. a-Si, crystalline silicon

125127 and titanium oxide'*®'* based color generation were

(c-Si),"**% silicon based composition
reported. For the case of silicon metasurfaces, due to high refractive index, the electric and magnetic
dipoles of nanoparticles stand in visible range, exhibiting diffusion of light with distinct colors. The
advantage of dielectric nanostructuring with respect to plasmonic based interfaces is two folds: 1)
dielectrics have low-loss characteristics in visible and 2) Their fabrication process is compatible with
metal-oxide-semiconductor (CMOS) fabrications, which is also important consideration for mass
production. With the development of dielectric metasurface color printing technology, the technology
is becoming more and more suitable for applications on reflective displays. Particularly, recent
researches on metasurfaces based color printing have been focused on highly vibrant and vivid color
generation, dynamic tunability and high-throughput, large scale fabrication method towards real-life
application. Relying on recently published papers, we will cover these issues and offer an outlook,

perspectives and challenges for practical metasurfaces based display technology.

1) Highly vibrant and broad structural color generation

Highly saturated and vibrant color spectrum are ones of the most crucial factors in display
technology. Among the plasmonic color researches, MIM structure is outstanding candidate for the
distinct coloration."®# To achieve vibrant reflective color, resonance with high Q factor should be
achieved. Sharp resonance condition with high Q were observed in silver-aluminium oxide-silver
(Ag-Al,03-Ag) using hybridization between Wood’s anomaly and in-phase electric dipole mode

120

(Figure 4a).”" This hybridization enables stronger light confinement in MIM tandem nanodisk than in

single Ag structure.

As discussed briefly, unavoidable plasmonic loss in visible regime can be circumvented using
lossless high index all-dielectric nanoresonators such as all-dielectric antenna composed of silicon in
various state, silicon with antireflection layer, titanium oxide, silicon based composite. The nano-
dielectric antenna is capable of reflecting and transmitting light at specific wavelength in the visible
depending its geometry and optical properties. Selective directional scattering can be obtained by
manipulating both electric and magnetic dipole in specific regimes as suggested by Kerker®. The

dominant forward and backward scattering of the dielectric nanoparticle array enables greatly



selective reflection/transmission at certain wavelengths, which becomes important to achieving
highly-saturated colors. For instant, single color source using Mie resonance of high refractive index

silicon nanostructures have been demonstrated,"**

which enables unprecedented high dpi far
beyond conventional display (Figure 4b).*** However, high extinction coefficient of silicon in blue
region and leaky modes from substrate prohibit the realization of saturated colors. Leakage in the
substrate can be circumvented by depositing index-matching anti-reflection (AR) coatings.'?® This AR
coating can be designed to mimic free space impedance, and therefore restoring the matching

conditions for unidirectional scattering conditions as suggested by Kerker (Figure 4c).

Many attempts to replace silicon and enhance color quality have been explored with silicon-
composite and other dielectric material such as TiO,. TiO, metasurfaces has been regarded as a
candidate for all-dielectric coloration due to near-zero extinction coefficient in overall visible,
especially in short wavelengths.*®'*® TiO, array plays a role as 2D photonic crystal, which form
photonic bandgap according to their lattice constant. The photonic bandgap by TiO, scatterers enables
highly selective reflection of light for vibrant and saturated color (Figure 4d). By controlling lattice
constant and the geometry of the scatterer, the coupling effect between photonic crystal radiation and
Mie-resonances will enhance reflectance and sharp resonance with high Q factor. Even though the
latter TiO, metasurface leverage on collective scattering effects which limits the maximum dpi, the
color brightness and the large color gamut make this approach potentially interesting for display
applications.
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Figure 4. A variety of vibrant and broad structural colors. (a) (i) schematic of plasmonic structural
color using Ag-Al,O3-Ag nanodisks. (ii) Scattering cross-section of in-phase and out-phase resonance

mode. (iii) Color palette and (iv) color gamut of MIM tandem nanodisks.'?

(b) a-Si based structural
color. (i) color palette with disc diameter (x-axis) and gap distance (y-axis). (ii) SRGB colorspace of
the experimental result with changing disc diameter and gap. (iii) ‘COLORS’ text printed by single

silicon Mie-scatterer and (iv) its SEM image.***

(c) Silicon nanostructures with anti-reflection coating
to mimic free-space environment. (i) color gamut and (ii) color palettes.® (d) TiO, metasurface for
full-color printing. (i) Reflection spectrum displaying high Q resonance. (ii) color gamut with directly
calculated (black dot) and corrected (red dot) design. Color palette in case of (iii) direct calculation

and (iv) corrected calculation considering light source spectrum.*?®

2) Dynamic and tunable structural color

The metasurface coloration techniques have inherent limitation as reflective display applications,



simply because of the static color rendering. After designing and fabricating the structures, their color
responses cannot be tuned. Recently, people have started to exploring dynamic and tunable color

mechanisms in metasurfaces through mechanical deformation,"***" liquid crystal,**®**° electric

141-143 144-147 101,111,112,113-115,118,125,148,149

stimulus, chemical reaction, polarization dependence, and

insulator-metal transition.**
2-1) mechanical deformation

Stretchable plasmonics with elastomeric substrate enables mechanically tunable structural colors.**’
Halas et al. designed tunable plasmonic nanostructures composed of two-dimensional periodic array
of rectangular Al patterns. When the periodic array is in its relaxed state (Figure 5a), the color
rendering is bright green. Under gentle elastic modulation along horizontal axis the lateral space
between neighboring particle is increased, which induces red-shifting of the scattering spectrum. On
the other hand, when stretched along vertical axis, the interparticle distance is shorten in horizontal
axis, blue-shifting the resonance peaks. As a result, this two dimensional stretching mechanism yields
highly vivid and broad plasmonic color tuning. This technology can be integrated into micro-

electromechanical system (MEMS) such as MEMS-based spectrometers and dynamic color filters.

2-2) Liquid crystal

Liquid crystals (LC) are essential key-elements to connect planar optics with conventional
electrically-driving technologies. LC has topological anisotropy and rearrange under voltage bias over
threshold (the so called Fréedericksz transition) to filter linearly polarized light. This rearrangement
mechanism has been utilized for conventional liquid crystal display (LCD). Accordingly, LCs can act

as an effective-index-tunable medium and can be combined with metasurface coloration™*®***

or
polymeric polarizer filter*®**" for tunable structural colors. Park et al. assembles LCs as a polarization
filter in cells that contain two-dimensional aluminum grating and additional polarization filters."
With no voltage applied, the linear polarization of input beam is rotated 90°. Under sufficiently large
voltage appliance V,, the polarization is preserved due to perfect rearrangement of LCs. Thus, the two
polarization states coexist when applied voltage over threshold and less than V,. Moreover, the mixing
ratio of the polarizations can be manipulated by adjusting applied voltage, and the output colors
determined by mixture of two primary colors from grating optical responses in two orthogonal
polarization states can be electrically and dynamically tuned. On the other hand, the mechanisms
utilizing the tunable effective-index property of the LCs medium is different than simply introducing
tunable phase delay between two states of polarization during light propagation in the cell.***** LCs
layer on plasmonic metasurfaces instead are varying the dielectric constant of the medium
surrounding the antennas, thus influencing their spectral responses, resulting in different colors.
Chanda et al."™* have reported dynamic coloring through the applied electric field and have been able

to integrate plasmonic colors with existing LCD technology with thin-film-transistor array (Figure 5c).



They achieved rather small tunable color spectrum; nevertheless, the combination of plasmonic colors

with electrically-driven device pave a substantial way towards real-life applications of structural color.

2-3) Chemical reaction

Liu et al.*®

explored a dynamic plasmonic display using unique hydrogenation/dehydrogenation
mechanism of magnesium (Mg) nanoparticles. This chemical mechanism accompanies metal-to-
dielectric phase transition of Mg nanoparticles to magnesium hydride (MgH,). Exposing palladium
(Pd) capping layer to a hydrogen (H,) gas, dissociation of hydrogen molecules into hydrogen atom
favors the diffusion into the Mg layer. The Mg nanoparticles absorb H,, and lose their metallic
characteristics. This absorption in response to H, is reversible; after dehydrogenation, Mg recovers its
plasmonic features. As a demonstration, the vivid-colored images are erased under H, exposure and

can be restored with oxygen loading (Figure 5b).

Chu et al.**" suggest bimetallic nanodots arrays with electrochemical bias for real-time dynamic
color modulation. During electro-deposition process, Ag shell is being formed on Au nanodome-
electrode, inducing red shift of resonance peak. Electro-stripping process, on the other hand, makes
reversible reaction with blue shift of resonance. Those reciprocal processes present an obvious redox
reaction of Ag, which enable reconfigurable structural plasmonic colors. They demonstrate
biomimetic active camouflage with plasmonic chameleon (Figure 5d). The chameleon is covered with
fish-scale-like plasmonic color pixel. Color sensors installed inside the chameleon obtain chromatic
information from outside. The information is analyzed and delivered to individual patches, tuning

their color accordingly.

2-4) Polarization

111,112
D

1-D*%% and asymmetric 2- gratings have different optical responses with respect to

horizontally- and vertically-polarized light. This birefringence response can be utilized for tunable

color mechanism. Takahara et al.!®®

proposed all-dielectric structural colors by two-dimensional
grating composed of c-Si optical antennas (Figure 5e). Asymmetric rectangular structure possesses
polarization-dependent properties so that single pixel can display two distinct colors under horizontal
and vertical polarization states. Besides, the individual c-Si antenna supports Mie-resonance that
generates single color pixel offering high spatial resolution down to the diffraction limit. However, the
color tunability requires manual control of a polarizer or a waveplate inserted between the light source
and the metasurface. Innovative methods to combine switch between these two states of form
birefringence response using external stimulus are required. As mentioned in LCs section, the
polarization is well-controlled using LC technology and electrically-driven device.****! Especially,
all-dielectric and highly-asymmetric structural color compatible with LC layer is promising for large

and broad tunable color printing.



2-5) Phase-change materials

So far, numerous efforts for tunable material properties have been devoted to transparent conducting
oxide as well as phase-transition materials for tunable nanophotonic devices. Phase-change material,
one of the tunable materials, changes its state from metal to insulator or vice versa through a change

of external parameters such as temperature. This reconfigurable mechanism is realized in vanadium

oxide (VO,), which undergoes insulator-metal transition around 68°C. The transition accompanies

dynamic change of electric and optical property, and therefore VO, can be used for tunable and real-
time structural color. Wang et al. combined VO, with plasmonic nanostructures to generate tunable
colors.™ This nanostructure consists of Ag nanodisks as top layer, VO, film as bottom, and a silicon
dioxide film sandwiched between them. As temperature increases, phase-transition of VO, film occurs
accompanying change of its optical properties such as real and imaginary part of refractive index. This
temperature-dependence phase change enables tunable and reconfigurable color. Pioneering work
related to the tunable plasmonic antennas by taking advantage of the thermally driven insulator to

metal transition in VO2 were demonstrated at mid-infrared frequencies™.
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blue-shifted spectrum.™" (b) Max-Planck-Society’s Minerva logo, firework color writing and erasing
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using hydrogenation and dehydrogenation of MIM structure.”™ (c) Nano-well-structure combined

with LC whose orientation is rearranged by applying electric field. Voltage bias enables dynamic
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color change.™ (d) Schematic of real-time color tuning with electro-deposition, stripping controlled
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by voltage bias and its camouflage application.” (e) Rectangular shaped c-Si metasurfaces. Optical

responses under x- and y-polarization differ from each other due to asymmetric unit structures.*?

3) Large-area fabrications and applications



Techniques to address and enhance the scattering of light with metasurfaces have been developed
along with the development in nanofabrication techniques. As the coloration properties are mainly
determined by the metasurfaces geometry, the influence of nanopatterning techniques for multi-
dimensional fabrication and arbitrary shape patterning are critical. In terms of the requirements,
electron beam lithography (EBL) process is the one of the most typical nanopatterning tools. By
electron beam scanning, EBL can produce ultra-fine nanostructures with multi-dimensional and
arbitrary shapes, required for addressing various colors on demand. However, considering fabrication
time, cost and device area, the serial scanning type EBL is not the most suitable and optimal method.
The writing process, including electron backscattering and charging effects, restricts the type of
substrates.

Recently, as an alternative to EBL process, many scalable nanofabrication techniques have been
introduced in metasurface coloration from the traditional manufacturing technologies to current state-

13155 molding™® and roll-to-roll printing

of-the-art nanofabrications. For instance, imprinting,
technique,™* which enable centimeter scale or meter scale fabrications, are adopted to print nanoscale

structures on rigid or flexible substrates. Also laser interference lithography (LIL),"® laser printing

157-159 d 160-

using laser-matter interactions and bottom-up self-assembly fabrications have been reporte
184 While these techniques do not yet completely control the dimensions, shapes and materials of

metasurfaces, they have allowed metasurface coloration techniques to be closer to commercialization.

Nanoimprinting and molding approaches are straightforward method to print nanoscale patterns in
large-area with lithographically patterned rigid mold. Even though one has to fabricate nanoscale
mold using EBL or photolithography process in advance, once the mold is fabricated, it can be used
repeatedly. Figure 6a shows schematic for polymer replication (or hot embossing) based fabrication
using rigid silicon mold.**® Lithographically defined silicon molds are used to extrude nanoscale
patterns on polymer, followed by Al layer deposition on top, MIM type plasmonic configuration have
been realized. The printed metasurfaces image present identical colors independent of the viewing-
angle. (Figure 6b) Furthermore, one can use the rigid mold in a roll-to-roll printing system and film
insert molding to fabricate metasurfaces in large-areas, as shown in Figure 6¢.”** These kinds of
traditional manufacturing techniques will enable metasurfaces printing on arbitrary substrates. (Figure
6d)

LIL is well-known large-area fabrication tool that could fabricate metasurfaces on centimeter scale
area or more. However, as it exploits interference characteristic of light, it only makes periodic
nanostructures with fixed geometries like lines, circles and holes over the whole exposed area. In the
linear regime of photoresist exposition, the feature sizes are also limited by the diffraction limit. Thus,
it is hard to display different kinds of subwavelength scale color pixels using LIL."*® The way to

produce subwavelength color pixels using lasers is laser printing techniques. By exploiting photo-



thermal effects during light-matter interaction with the nanostructures, their morphology can be tuned
and various colors can be achieved.”*™® The laser printing technique can be applied for both metallic
and dielectric nanostructures, and especially for metallic structures plasmon-assisted photo-thermal
effects occur as metallic nanostructures melt easily. On the other hand, dielectric nanostructures
strongly absorb the incident light at resonances and the morphology of spatially localized
nanostructures can be deformed. Figure 6e and 6f show laser color printing techniques using

156159 and dielectric nanostructures,™® and represent demonstrated printed colorful images

metallic
from high-index dielectrics. First, polymer replication is used to extrude nanopillar structures and
metallic (Al) and dielectric (Ge) layers are deposited respectively. After that, by irradiating laser with
different energy density, morphology of nanostructures is tuned, exhibiting different colors. Thus,
subwavelength pixels can be fabricated within few ns and as the laser printing exploits localized

photo-thermal heating, the pixels can be printed on flexible substrates in large-area.

Bottom-up fabrication methods also can be applied in large-area fabrications for color printings. For
instance, self-assembled colloidal nanoparticles can be used as an etching mask or patterning mask for
large-area nanopatterning. By changing diameter of particles, pitch between the particles and
nanostructure geometries (thickness or shape), displayed colors can be tuned (Figure 7a)."®* In
addition, self-assembled colloidal nanoparticles can be used as color pixels themselves with top-down
lithographic techniques. Nanoparticles on metal-thin insulator films have gap distinct plasmon mode
and thus by changing the particle size and gap size, different colors can be realized. Cluster of
nanoparticles of different size are designed and patterned to absorb red, blue and green colors. By
varying number of particles of each color (or patterned area) one can mix their response to create
different colors. Colorful images composed of different color pixels can then be realized with
assistance of programmable photomasks and conventional UV lithography process (Figure 7b).'®®
Furthermore, recently functional chiral nanoparticles have been reported and they suggest soft

metamaterials based bulk color filters in an economical way.*®®

Unlike reported conventional achiral
nanoparticles, the self-assembled plasmonic chiral particles can exhibit different absorption of light
depending on their different state of circular polarizations (Figure 7c). These chiral particles can also
rotate visible light due to optical rotatory dispersion response. Simple color modulation system in a
bulk system is demonstrated using a set of polarizers. By varying angle of polarizers one can
modulate light intensity and tune the transmitted colors. These kinds of hybrid approaches combining
top-down and bottom-up based fabrications can pave the way towards cost-effective, large-area and

vibrant color printing techniques.
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Figure 6. Top-down based large-area color printing techniques. (a) Flow chart for polymer replication.
Hole-shaped master mold is used to extrude polymer pillar arrays using hot embossing method. After
that, Al and protective layers are coated. (b) Pictures of printed metasurfaces with different viewing

angles.”®

(c) Schematic for roll-to-roll printing (upper) and film-inserted molding process (lower). (d)
Picture of fabricated large-area metasurfaces through film insert molding process.** (e) Schematic for
plasmonic laser printing and corresponding fabricated colorful images. Using polymer replication
method, arrays of nanopillars are fabricated, and further exposed to pulsed laser to tune their
morphology and realize colorful images. (f) Schematic for resonant laser printing using dielectrics.

Germanium (Ge) is used to make colors.”*"**
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Figure 7. Bottom-up based large-area color printing techniques. (a) Process schematic using self-

assembled colloids. Depending on etching and film deposition process, different geometries can be

realized such as disks, dome-rings and rings.'®*

(b) Schematic for hybrid color printing techniques
using colloidal nanoparticles and UV photolithography. Ag cube, spacing layer and bottom Au layer
form MIM configurations. Depending on the size of cube and spacing layer thickness, absorbance

spectrum will vary. Right images show reconstructed absorption images.'®®

(c) Self-assembled chiral
plasmonic particles with different handedness. Chiral particles can rotate visible electric field and

thereby modulate the transmitted colors.'®



Outlook and future directions

Metasurfaces for display applications have rapidly advanced in the last decade. Development of
nano-scale fabrication technology gives opportunity to realize sub-wavelength nanostructures with
dimension suitable to address applications at visible frequencies. However, high cost of top-down
approaches such as EBL, focused ion beam milling (FIB) hindered practical application of the
metasurfaces. Due to the extremely low writing speed of EBL compared with photolithography, the
feasible size of conventionally demonstrated metasurface holograms and color printing does not
exceed 1 mm?% However, the recent advancements of large-scale manufacturing open new fabrication
perspectives, and further stimulate a variety of research interest, in particular towards real-life

applications of metasurfaces."***

Several key challenges have still to be addressed in both hologram and color printing approaches, i.e.
low-loss material (high efficiency), dynamic/tunable mechanism and low fabrication cost. Low-loss
dielectric materials like TiO, have drastically increased the efficiency of the metasurface at visible
wavelengths but it needs atomic layer deposition process for a long time, which is usually
challenging.’®*"*® Silicon-based metasurfaces benefit from well-established fabrication processes but
their diffraction efficiency is currently not sufficient for the practical uses.®’" Therefore, new
materials or approaches are highly required to solve the dilemma of fabrication compatibility and
diffraction efficiency. The other challenge is unit cell controllability. Many tunable mechanisms of
metasurfaces have been developed to dynamically change the optical functionalities; nevertheless, it is
still challenging to independently control individual unit cell of the metasurface, simply because the
unit cells are too small to be individually addressed with electrical signals.’®*®” In metasurface
colorations, LC technology has been combined with plasmonic metasurfaces,'® yet with all-dielectric
structure, which may show highly bright and distinct tunable color spectra.**”® Accordingly, there
are still rooms for improvement of dynamic/tunable mechanism in the metasurfaces, which many of

the outstanding studies are in great demand now.

So far, the functionality of metasurfaces towards reflective display has been studied in perspective of
phase tuning and amplitude tuning, individually. The multi-functionality to manipulate both amplitude
and phase distribution just began to be explored with the metasurface hologram platform with
complicated geometrical design.'”* By utilizing this technology the real 3D image which is exactly
same as the object light may be realized with the metasurface hologram platform. As an alternative to
manipulating amplitude and phase simultaneously, stereoscopic techniques can be adopted to generate
3D images. The 3D colorful image generation was demonstrated with polarization-dependence
response of plasmonic structure, which employs overlaying two images under different polarization

118

state orthogonal to each other via the microscope eyepieces.” On the bounce, those multi-functional

metasurfaces towards stereoscopic display can be highlighted as the following research topic.



The realization of metasurfaces on flexible and conformable substrates open new design
perspectives for the realization of unexpected holographic images from various type of surfaces and
geometries, as presented in Figure 8. For user-specified incident, transmitted, and reflected fields and
a given surface geometry represented by the conformal coordinate system (u,v,n), one can determine
the required surface optical response to project a desired holographic image.'”® *™ Various flexible
metasurface components have been reported in particular Burch et al. have demonstrated that the
shape of the interface can determine the properties of the far-field image, including its state of
polarization. The focusing properties of metalenses is also affected by the geometry. The possibility of
addressing light on arbitrary geometry will have important impact for the design of augmented reality
displays. Plasmonic interfaces can also be combined with polymer thin films to realize new flexible

and colorful electronic papers, providing fast response time and ultralow power consumption.
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Figure 8. a- The realization of planar (left) or conformal (right) metasurfaces requires adapted
modelling tools that can account for the effect of the physical distortion. Conformal boundary optics,
a theoretical description of conformal boundary conditions, helps investigating reflection and
refraction arising at the surface of arbitrarily-shaped objects . b- Infrared metalenses made on flexible
substrates. c- Holographic metasurfaces designed for curved substrates can have different response
according to both polarization and surface topology. d- Multiplexed holographic metasurfaces have
been conformed to a pair of safety glasses. The inset is a close up of the metasurface and on the right
the experimentally obtained image. e- Nano-holes gold plasmonic metasurfaces made on flexible
substrate to control the reflection of RGB visible light.

Furthermore, device integrability will further expand optical metasurface based display applications.



For instance, company named e-skin Displays were launched and they designed the dynamic
plasmonic nanostructure combined with LC, showing compatibility with flexible polyethylene
terephthalate (PET) substrate and roll-to-roll nano-imprint lithography.****** Also, CMOS image
sensors have been realized with plasmonic and dielectric nanohole design.***%®*°"1"2 The extremely
thin perforated single-layer not only can be great alternative of conventional on-chip filters, but also
be capable of microlenses on top of image sensor pixels. Besides, the subwavelength nanostructures
of the metasurfaces afford anti-counterfeiting, cryptography, and optical data encryption. The versatile

ways has been explored such as polarization  multiplexing  encryption,'?*

hydrogenation/deghydrogenation™*>*4°
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and can be realized by temperature-dependent optical response

of phase-change materials.™" With the above plethora of research efforts, optical metasurfaces would

spread through in our life sooner or later.
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