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Metasurface-based nanoprinting (meta-nanoprinting) has fully demonstrated its advantages in ultrahigh-density gray-
scale/color image recording and display. A typical meta-nanoprinting device usually has image resolutions reaching 80 k
dots per inch (dpi), far exceeding conventional technology such as gravure printing (typ. 5 k dpi). Besides, by fully exploit-
ing the design degrees of freedom of nanostructured metasurfaces, meta-nanoprinting has been developed from previ-
ous single-channel to multiple-channels, to current multifunctional integration or even dynamic display. In this review, we
overview the development of meta-nanoprinting, including the physics of nanoprinting to manipulate optical amplitude
and spectrum, single-functional meta-nanoprinting, multichannel meta-nanoprinting, dynamic meta-nanoprinting and mul-
tifunctional metasurface integrating nanoprinting with holography or metalens, etc. Applications of meta-nanoprinting
such as image display, vortex beam generation, information decoding and hiding, information encryption, high-density
optical storage and optical anti-counterfeiting have also been discussed. Finally, we conclude the opportunities and chal-
lenges/perspectives in this rapidly developing research field of meta-nanoprinting.
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Introduction ciency of phase-only devices, from the beginning, vast

Conventional optical devices made of natural materials research endeavors have been focused on demonstrating

exhibit bulky volumes, which cannot accord with the meta-devices that can realize various wavefront shaping

current trend of device minijaturization and hence
hinders the development of ultra-compact optical sys-
tems. Ever since the excellent phase control of a metasur-
face was first demonstrated by Capasso’s group in 2011,
metasurface serves as a promising candidate for substi-
tuting conventional optical components to realize an ul-
tra-compact nano-photonics system, taking account of
its extraordinary light manipulation ability and dramat-
ically reduced device thickness. Due to the high effi-

functionalities, such as metalens®>®, meta-hologram® %,
vortex beam generator'*** and so on.

Apart from the phase feature, amplitude is another
fundamental optical property that plays an invaluable
role in affecting the strength of light-matter interaction.
Over the past decade, metasurface-based nanoprinting
(meta-nanoprinting)'*-2, a novel technology to realize
the grayscale/color nanoprinting-image record/display
with high resolution, has been extensively explored all
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over the world. Thanks to the subwavelength nanostruc-
ability  of
amplitude/spectrum modulation, meta-nanoprinting has

ture/meta-atom  and  the precise
the advantages of high image resolution, delicate color
exhibition, high-stability and high information density.
Therefore, it is of great significance and potential in ap-
plications including high-resolution image display'*-%,
information encryption/concealing? ?* and multi-folded
anti-counterfeiting? , to name a few, as shown in Fig. 1.
Although there have been several review articles
closely related to metasurface-based nanoprinting®-,
which mainly focused on artificial structural colors gen-
eration, we believe a comprehensive review about the
technology of meta-nanoprinting will be beneficial to the
community. In this review, we start from the principles
of realizing meta-nanoprinting, including polarization-
dependent intensity manipulation based on Malus law
and spectrum-dependent structural-color generation.
Then, we introduce various design strategies to achieve
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single-functional meta-nanoprinting and the generation
of meta-devices that can fulfill multiple functionalities
(nanoprinting and holography/lens) on a single metasur-
face platform, as well as their applications. Finally, we
discuss and conclude the future development/opportun-
ities and challenges/perspectives in this rapidly develop-
ing research field of meta-nanoprinting.

Physics behind meta-nanoprinting

In traditional optics, amplitude is modulated by con-
trolling local transmission or reflection coefficient of op-
tical medium. Similarly, for metasurface, amplitude ma-
nipulation can also be achieved by locally adjusting the
reflection or transmission properties*' . The simplest
one is binary amplitude modulation, that is, amplitude
modulation of two reflected values or two transmitted
values. However, the effect of binary amplitude modula-
tion is limited. To carry more information, it is neces-
sary to increase the number of steps for amplitude

Fig. 1 | Overview of metasurface-based nanoprinting and its typical applications.
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control. Therefore, a variety of principles have been pro-
posed to realize more precise amplitude/intensity modu-
lation. For example, inspired by detour phase encoding,
detour phase metasurfaces**” have been proposed to
realize multi-step amplitude modulation by changing the
width*“¢ or number?” of slits in each pixel and continu-
ous phase modulation by adjusting the positions of the
slits. Subsequently, nanostructures with cross sections of
V-shape®®, C-shape, I-shape® and rectangle-shape®!
have been theoretically demonstrated to achieve continu-
ous amplitude manipulation by varying the sizes of
nanostructures. However, considering the fabrication ac-
curacy, these approaches can only achieve stepped amp-
litude manipulation in fact.

For meta-nanoprinting, a printing technology to re-
cord/display image, it is eager to obtain continuous in-
tensity control or full color control, thus the physics be-
hind meta-nanoprinting can be classified into two main
categories: polarization-assisted intensity manipulation
based on Malus law, and spectrum manipulation based
on structural-colors. Beside the difference in working
principle, the strategies to generate color are also differ-
ent. The first one generally requires three different nano-
structures with narrowband responses to generate three
primary colors (red, green and blue) respectively, and
then performs color mixing, working like the commer-
cial liquid-crystal-based screen. For the second one, each
nanostructure has its unique response spectra, therefore
corresponding to a unique color. We describe their
working principles below.

Polarization-assisted intensity manipulation based
on Malus law
Due to the characteristic of continuous amplitude con-
trol, polarization-assisted intensity manipulation based
on Malus law has aroused a wide concern. According to
the classic Malus law, when linearly polarized (LP) light
with intensity of Iy passes through a linearly bulk-optic
polarizer, the transmitted light intensity (ignoring the
absorption) can be expressed as I=Iycos*0, where 6 is the
angle between the polarization direction of the incident
LP light and the transmission axis of the polarizer. Malus
law can be introduced into metasurface community to
control the polarization-assisted intensity pixel-by-pixel,
thus building the intensity-modulated nanoprinting.
Specifically, taking an anisotropic nanostructure with
rectangular cross section for example, as shown in Fig.
2(a), its Jones matrix can be described as

(39). o

where A and D represent the complex transmission/re-
flection coefficients for incident light waves polarized
along two orthogonal directions (i.e., the short and long
axes), respectively. By elaborately adjusting geometry
parameters of the nanostructure, it can be designed as an
arbitrary polarization element with subwavelength fea-
ture, such as a linear polarizer, a half-wave plate (HWP),
a quarter-wave plate and so on, which can change the
polarization state of the incident light. On this basis, ap-
plying the rotation parameters to the nanostructure, the
Jones matrix can be described as
G, — ( cosa —sina ) ( A 0 >
sind  cosw 0 D
cosa  sina
' ( —sina  cosa ) ’ @
where « is the orientation angle with respect to the x-ax-
is of a nanostructure. For example, when LP light is in-
cident on a nanostructure acting as a linear polarizer
(i.e., A=1, D=0), the Jones vector of the output LP light
can be written as
cosa —sina 1 0
G = (1§ ) (o o)
sine  cosa 0 0
. ( cosa  sina ) ( cosb, >
—sina  cosa sin6,
cosa
= cos(a — 6) ( sina ) , (3)
where 0; represents the polarization angle (the angle
between the polarization direction and the x-axis, as
shown in Fig. 2(b)) of the incident LP light. Equation (3)
indicates that the polarization angle of the output light
equals the orientation angle of the nanostructure. More
importantly, a continuous amplitude modulation can be
achieved by varying the orientation angle a. This is the
basic principle of polarization-assisted intensity modula-
tion based on Malus law.
Consider another common case: adding an analyzer
behind the nanostructure, the Jones vector of the output
light can be written as

1
cos’0, Esin292

GLP+A = 1 (
EsinZGZ sin’6,

) ( A 0 ) ( cosa  sina ) cosb,
0 D —sina  cosa sinf,
A— D
= { cos(0, — 91)]

) cost,
Sinez ’ (4)

Ccosx —sinoc)
sine cosa

D A
cos(2a—0,—6,)+ i
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Fig. 2 | Metasurface-based intensity manipulation based on Malus law. (a) Diagram of the unit-cell of a metasurface. (b) lllustration of arbit-

rary amplitude/intensity manipulation based on metasurface.

where 0, denotes the angle between the transmission ax-
is of the analyzer and the x-axis. In particular, the nano-
structure is placed in an orthogonal-polarization optical

path (i.e., 8;= 0°, 6= 90°), we can readily simply the Eq.

(4) to
_|A—-D . cosb,
E, = [ 5 sm(2oc)} <sin62> . (5)
It can be seen from Eq. (5) that the amplitude of the

s6,

co
output LP light with Jones vector of [ can be con-

sin6,
tinuously modulated by rotating the orientation angle of

the nanostructure.

The above-mentioned metasurface based on Malus
law to achieve amplitude/intensity control, so-called
Malus metasurface, is often composed of nanostructures
with identical geometric size but varied orientation. It
provides a simple and ingenious method for manipulat-
ing amplitude at the subwavelength scale. Additionally,
the design complexity and fabrication difficulty are signi-
ficantly reduced. More importantly, as shown in Eq. (5),
the amplitude control is only related to the orientation of
the nanostructure, and is irrelevant to the specific sizes of
the nanostructure (as long as it is anisotropic) and the
wavelength, so it has the characteristics of strong robust-
ness against fabrication errors and broadband operation.

Spectrum manipulation to generate
structural-colors

Various optical resonances arising from subwavelength
nanostructures are attractive for the generation of struc-
tural-colors, which can be simply tailored by tuning their

geometric dimensions. Here, as indicated in Fig. 3, three
main categories of optical resonances are illustrated, in-
cluding localized surface plasmon resonance (LSPR)¥,
Mie resonance®>>* and Fabry-Pérot (F-P) resonance® .
LSPR in metallic nanostructures shown in Fig. 3(a) is a
natural approach to generate structural-colors®”. Quasi-
particles, called plasmons, are formed by the strong
couple between the collective oscillation of free electrons
and external electromagnetic waves, causing absorption
and scattering of light at the resonance frequency which
covers several hundreds of nanometers in the wavelength
range. The resulting structural-colors originate from
these resonance frequencies, which can be manipulated
by varying the shape, geometries and the surrounding
environment of nanostructures. Although metal materi-
al is widely employed in plasmonic color printing, its in-
herent ohmic losses would affect the optical resonances,
thus leading to a limit of the generated color gamut. An
alternative approach is to utilize the Mie resonance,
which exists in dielectric materials with relatively low op-
tical losses, as depicted in Fig. 3(b). Nanostructures made
of high-refractive-index dielectrics (such as silicon) can
work as Mie resonators. The fundamental multipoles of
electric dipole and magnetic dipole can trigger Mie res-
onance with high quality factor®>*. Owing to the lower
intrinsic loss of dielectrics and sharp resonance, the
structural-colors based on Mie resonance have a high
color saturation and cover a broader color gamut com-
pared to the plasmonic counterparts. Apart from afore-
mentioned optical resonances, vivid and saturated struc-
tural-colors can also be obtained via an F-P cavity***, as
shown in Fig 3(c). Constructive and destructive
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Fig. 3 | Three main physical resonances for generating structural-colors. (a) A metallic sphere supporting LSPR. (b) A high-refractive-index

dielectric sphere supporting Mie resonance. (¢) Schematic of constructive interference in F-P cavity.

interferences occur as a result of light multi-reflection
between the top and bottom interfaces of the F-P cavity.
By varying the thickness of the F-P cavity to fit integer
multiples of half wavelengths of constructive interfer-
ence, the spectral response can be manipulated.

Single-functional meta-nanoprinting

Grayscale nanoprinting

Single-channel grayscale nanoprinting

In 2018, Yue et al. designed a metal-insulator-metal
(MIM) nanostructure acting as an HWP and encoded a
256-level grayscale image as polarization state distribu-
tion with spatial variation!’, which can be recorded by a
Malus metasurface, as shown in Fig. 4(a). When LP light
is incident on the metasurface, an inhomogeneous polar-
ization distribution is generated, however, the intensity
of the reflected light is evenly distributed. As a result, a
grayscale image can be hidden in the vector laser beam
with spatially variant polarization states. Only by adding
an external linear polarizer in the reflected light path, can
the hidden nanoprinting-image be revealed with high-
resolution. Beside HWP, other polarization elements
such as nano-polarizer can also be employed to record
grayscale images. In 2019, Dai et al. designed a dielectric
nano-polarizer structure by elaborately employing the
magnetic resonance effect occurring in the dielectric
nanobricks®. The incident light with polarization direc-
tion parallel to the short axis of the nanobrick can be
transmitted, while its orthogonal counterpart will be
strongly reflected. In this consideration, each nanostruc-
ture acts as a polarization sensitive pixel to construct a
displayer at the subwavelength scale. According to Malus
law, a continuous grayscale image can be encoded as the
orientation distribution of nanobrick arrays. Therefore,
the grayscale image display with resolutions up to 84667
dots per inch (dpi) is achieved, as shown in Fig. 4(b).
Moreover, the nanoprinting-image is invisible under the

natural light illumination with random polarization dir-
ection due to the homogeneous intensity distribution. A
clear image with abundant grayscale information only
appears when the incident beam is polarized along the
X-axis.

Malus metasurface with polarization control shows
great potential in optical information security/encryp-
tion and anti-counterfeiting. As shown in Fig. 4(c), in
2018, Zhao et al. proposed a polarization conversion
metasurface, which can locally modify the polarization
states of incident light, to generate arbitrary radial and
azimuthal polarization beams with efficiencies up to
80%?>!. In addition, it can also implement polarization en-
cryption of information, which is demonstrated by en-
coding an image pattern into the spatial inhomogeneous
polarization distribution. The hidden image cannot be
distinguished in laser beam without extra analysis of the
Stokes parameters. In 2019, Xue et al. utilized the struc-
tural and thermal perturbations in the compound
nanosieves, presenting a perturbation-induced counter-
surveillance strategy to realize information hiding with
high security’. The message sender uses perturbation 1
to hide the important information in a color nanoprint-
ing-image. After the receiver receives the information
carrier, he needs to load perturbation 2 to it to make the
hidden information and the background appear a small
spectral shift, and then a specific optical filter is needed
to read the hidden information. In addition to informa-
tion hiding, as the loading process of perturbation 2
brings irreversible graph changes to the color nanoprint-
ing-image as camouflage, this strategy can also be used
for self-indicating whether the hidden information has
been attacked during delivery. In this way, the informa-
tion camouflage carrier acts as a self-monitoring indicat-
or, that is, when the receiver receives the information
carrier, if the camouflage graph changes, it indicates that
the hidden information has been stolen.

Apart from polarization dependence, for Malus
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Fig. 4 | Advanced applications empowered by single-channel meta-nanoprinting. (a, b) Continuous grayscale image display with high resol-

ution. (c) Information encryption/concealing. Figure reproduced with permission from: (a) ref.’®, under the terms of the Creative Commons CC BY

license; (b) ref. 2°, under the terms of the OSA Open Access Publishing Agreement; (c) ref.?!, John Wiley and Sons.

metasurfaces, there exists a unique feature that an intens-
ity value corresponds to multiple orientation angles on
account of Malus law, so called orientation degeneracy
(OD). In 2020, Zhang et al. applied the concept of OD
and presented nanoprinting-image display and encryp-
tion method by employing anisotropic silver (Ag) nano-
polarizers considered as pixels?>. For each pixel, there are
two orientation angle options corresponding to an equal
grayscale value. By randomly selecting the orientation
angle between two choices, the nanoprinting-image can
be hidden. This encryption method is experimentally
demonstrated by encoding a Lena image with pixels of
1000 x 1000 into a Malus metasurface and decoding/en-
crypting the image in a polarization-controlled optical
setup.

The above-mentioned approaches have been widely
explored in the linear optical regime. Moreover, the
concept of nanoprinting can also be extended to the field
of nonlinear optics**2. Nonlinear optical encryption in-
volves nonlinear frequency conversions, representing a
new strategy for securing optical information. In 2017,
Walter et al. proposed a nonlinear photonic metasurface
composed of meta-atoms with threefold rotational sym-
metry?®, as shown in Fig. 5(a). One unit-cell (pixel) of the
metasurface contains two meta-atoms with identical di-

mensions. The second harmonic generation (SHG) sig-
nal from the two neighboring meta-atoms will interfere
and lead to a rotation angle dependent with the SHG in-
tensity. When both meta-atoms have the same orienta-
tion angle, the SHG signal reaches a maximum due to
the constructive interference. For other cases that the
angles between them are different, it will result in a re-
duced SHG intensity. Therefore, the spatially variant
control of the SHG signal can be realized by placing two
neighboring meta-atoms with different orientation
angles in the pixel. Such kind of nonlinear metasurface
can be employed to hide optical images when incident
light is a fundamental wave (FW). The hidden image can
be read out under the illumination of SHG waves.

In 2019, Tang et al. implemented nonlinear optical in-
formation encryption using Malus metasurface com-
posed of gold nanostructures with threefold rotational
symmetry”. By utilizing the nonlinear effect, the incid-
ent FW can be modulated into SHG, whose polarization
state can be locally manipulated by changing the orienta-
tion angle of the nanostructure. Only by inserting an ex-
tra bulk-optic polarizer, can the vector polarization dis-
tribution of SHG be transformed into the intensity distri-
bution, showing the encrypted optical image, as shown
in Fig. 5(b). In the same year, Fan et al. fabricated methyl
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Fig. 5 | Metasurface-based nanoprinting explored in nonlinear optical regime for optical encoding/encryption. (a) A nonlinear photonic

metasurface composed of meta-atoms with threefold rotational symmetry. (b) A Malus metasurface composed of gold nanostructures with

threefold rotational symmetry. (c) A methyl ammonium lead tri-bromide perovskite metasurface with enhancing three-photon luminescence

through nonlinear resonance. Figure reproduced with permission from: (a) ref.?s, American Chemical Society; (b) ref.?”, American Physical Soci-

ety; (c) ref. 2%, under the terms of the Creative Commons CC BY license.

ammonium lead tri-bromide perovskite metasurfaces
with specific resonant wavelength and realized high-res-
olution nonlinear nanoprinting and optical encryption
by enhancing three-photon luminescence (TPL) through
nonlinear resonance?. As shown in Fig. 5(c), the off-res-
onance pumping and the single-photon excitation just
generate a uniform dark or photoluminescence back-
ground. The encoded information “NANO” can be re-
vealed only when the incident laser is on-resonance. In
this way, important information will be protected in

transit and storage.

Multi-channel grayscale nanoprinting
Information multiplexing can make the maximal use of
existing hardware facilities to improve the information
capacity as much as possible without increased costs. For
with  the aid of

multiplexing®~*°, angular multiplexing®®!, spatial

metasurfaces, wavelength
fre-
quency multiplexing®?, propagation direction multiplex-
ing® and polarization multiplexing®-7%, multiple chan-

nels carrying different nanoprinting-image information

can be recorded into one single metasurface, thus in-
creasing the information capacity of meta-devices. Usu-
ally, information channels can be optically switched by
altering the optical parameters, such as incident angle,
wavelength, polarization and so on. Herein, we mainly
focus on reviewing the advances in polarization multi-
plexed meta-nanoprinting, one of the most employed in-
formation multiplexing means for meta-nanoprinting.

By carefully optimizing the geometric dimensions of
an anisotropic nanostructure, light waves with different
polarization states can be manipulated independently.
This design degree of freedom (DOF) can be employed
to design polarization multiplexed metasurfaces. Multi-
channel grayscale nanoprinting based on polarization
multiplexed metasurface is usually implemented by a
pair of orthogonally-polarized states®*-**. For example,
linearly polarization state along x/y axes or left/right-
handed circularly polarization states can reveal different
nanoprinting-images respectively.

In 2013, Wang et al. proposed the electrically pumped

microscopic active display®!, which consists of plasmonic
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nano-polarizer and light-emitting-diode (LED). Thanks
to the strong modulation of the plasmonic rectangular
nanoholes, polarization multiplexed binary letter encod-
ing, single and double grayscale images and animation
movies are successfully realized, which gives rise to flex-
ible and controllable active display. This strategy indic-
ates potential application in designing new type of mi-
croscopic electro-optical devices.

In 2018, Bao et al. employed the coherent pixel to real-
ize multiple nanoprinting-image switching based on
multidimensional control of arbitrary optical paramet-
ers (arbitrary incident

angle, polarization, and

wavelength)®. The coherent pixel is composed of several
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identical elements, as shown in Fig. 6(a), and all the ele-
ments as a whole contribute to the pixels of different im-
ages under different optical conditions. Considering that
there are #n elements in one pixel, when an incident beam
with polarization o, incident angle 6 and wavelength A is
illuminated from the substrate side, the intensity of the

pixel along z direction can be described as

1(6,0,1) = | Y _ Ai(0, ¢, )exp(i2nsinfx;/A)| ,  (6)

k=1
where xy is the x coordinate and ¢, denotes the orienta-
tion angle of the kth element. It can be seen from Eq. (6)
that independent pixel intensity modulation can be
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Fig. 6 | Orthogonal-polarization multiplexed multi-channel grayscale nanoprinting. (a) Coherent pixel strategy used to realize multiple nan-

oprinting-image switching based on multidimensional control of arbitrary optical parameters. (b) A chiral Malus metasurface composed of two

stepped V-shaped chiral nanoaperture enantiomers used for chiral grayscale nanoprinting-image display. (c¢) An alignment-free bilayer metasur-

face designed for polarization-encoded imaging. (d) Hyperbolic metamaterials (HMMs) employed to realize 2-bit intensity coding. Figure repro-

duced with permission from: (a) ref.%®, John Wiley and Sons; (b) ref.®6, John Wiley and Sons; (c) ref.”, John Wiley and Sons; (d) ref.%¢, American

Chemical Society.
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realized by carefully adjusting the positions and orienta-
tion angles of elements within one pixel, which means
multiple nanoprinting-images can be switched by varying
different optical conditions. For example, they utilized
the coherent pixel to realize two nanoprinting-images of
a sad face and a smiling face under the illuminations of
right-handed circularly polarized (RCP) light and left-
handed circularly polarized (LCP) light. Accompanied
with great control DOF, the proposed design method
solves some problems existing in the multiplexing metas-
urface for nanoprinting, such as the cross-talk among
different wavelengths, limited polarization states, and in-
capability for incident angle control. In addition, the
nanoprinting-image can be revealed only when light with
a specific wavelength and polarization state is incident at
a designed angle, which means the image is encrypted,
greatly improving the security of image information.

In 2019, Chen et al. designed a chiral Malus metasur-
face®® composed of two stepped V-shaped chiral
nanoaperture enantiomers with both high circular di-
chroism and large polarization linearity in transmission,
and realized the chiral grayscale image display, as shown
in Fig. 6(b). The two chiral structures have different
transmittances for RCP and LCP light, respectively. Two
subarrays consisting of the two stepped V-shaped
nanoapertures are independently designed for generat-
ing the grayscale portrait images of Einstein and Curie,
respectively. Then two subarrays are interleaved and
merged into a single metasurface, on which each
nanoaperture works as a pixel for image display. Two
specific linear polarization profiles can be independently
generated in transmission under different incident
handedness, which can then be converted into two dis-
tinct intensity profiles after passing through an extra
analyzer. As a result, the merged metasurface will pro-
duce two completely different grayscale nanoprinting-
images with high-resolution and 8-bit pixel depth. Ex-
cept for interleaved arrangement, multi-layer design can
also be employed to implement multi-channel nano-
printing. Li et al. proposed an alignment-free bilayer
metasurface”” composed of aluminum nanorods. By
combining the anisotropic resonance of the nanorod
with interference in the two layers, the polarization-se-
lective transmission is greater than 98% from 1050 nm to
1350 nm with a working efficiency of greater than 90%.
By varying the orientation angle of the nanorod, full and
broadband transmission intensity manipulation of LP
light can be achieved in the near-infrared region. In ad-

https://doi.org/10.29026/0es.2022.220011

dition, a bilayer metasurface composed of three different
basic nanostructures: x-nanorods (orientation angle
equals 0°), y-nanorods (orientation angle equals 90°),
and cross-nanorods (a combination of the x and y-
nanorods) is designed for polarization-encoded imaging.
As shown in Fig. 6(c), the incident LP light polarized
along x and y axes can reveal two different nanoprinting-
images respectively.

In 2021, Hu et al. designed a ZnO-Ag-stacked hyper-
bolic metamaterials (HMMs) and realized multidimen-
sional control of light in the visible range®, as shown in
Fig. 6(d). In order to obtain 2-bit intensity coding at in-
cident wavelengths of 666 nm and 625 nm, four HMMs
with different geometrical sizes and different circular po-
larization conversion performances are selected to con-
struct four coding pixels “00”, “01”, “10”, and “11”, re-
spectively. On the basis of this, a switchable multi-chan-
nel nanoprinting simultaneously controlled by output
helicity and input wavelengths is demonstrated, thus
realizing two optical-parameter controlled image
encryption.

Polarization multiplexing for nanoprinting is gener-
ally conducted in two orthogonal directions for inde-
pendent amplitude manipulation of incident light men-
tioned above. The reason lies that two orthogonal-polar-
ization beams, e.g., LP light along orthogonal-axes,
LCP/RCP light, cannot interfere with each other natur-
ally. Recently, information multiplexing based on non-
orthogonal polarizations®7¢ (e.g., a pair of non-ortho-
gonal linear polarization states or a combination of a lin-
ear and circular polarization state), which has higher in-
formation security compared to that based on orthogon-
al polarizations, has been studied. In 2019, Chen et al.
proposed a 3D Janus plasmonic helical nanoaperture
with direction-controlled Janus polarization sensitivity
to achieve non-orthogonal polarization-encrypted data
storage®, as shown in Fig. 7(a). In the forward direction,
the circular dichroism in transmission reaches up to 0.72
due to the spin-dependent mode coupling process inside
the helical nanoaperture. However, for the case of back-
ward direction, a large linear dichroism in transmission
of 0.87 is achieved, which means that the nanoaperture
has high selectivity for the azimuthal angle of LP light.
As a result, the designed Janus metasurface can display a
binary quick response (QR) code image in the forward
direction under CP illumination of a specified handed-
ness, while showing a continuous grayscale image in the
backward direction under LP incidence with a suitable
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al polarization-encrypted data storage. (b) A dual-channel anti-counterfeiting metasurface based on orientation degeneracy of nanostructures. (c)
Vectorial compound metapixels for image multiplexing and hiding with arbitrary non-orthogonal polarization. (d) A dual-channel Malus metasur-
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polarization direction.

For Malus metasurface, orientation degeneracy, i.e., a
specified intensity value corresponds to multiple orienta-
tion angles of nanostructures, can be utilized to achieve
non-orthogonal information multiplexing. In 2020,
Deng et al. used orientation degeneracy, achieving a
dual-channel anti-counterfeiting metasurface’ based on
non-orthogonal polarization control, as shown in Fig.
7(b). The metasurface is composed of single-sized nano-
structures with the same size but different orientation
angles. Without decreasing the nanoprinting-image res-
olution and burdening the nanostructure design and fab-
rication, continuous grayscale images and fully/partially
independent, related or watermark anti-counterfeiting
modes can be switched through polarization control. The
anti-counterfeiting metasurface has the advantages of ul-
tra-compactness and strong concealment, which will
bring great convenience for practical applications of ad-
vanced anti-counterfeiting techniques.

Apart from that, Dai et al. demonstrated the potential
of Malus metasurface in dual-channel vortex beam gen-

eration. By recording two independent binary grayscale
images of fork gratings without crosstalk, two vortex
beams with different topological charges can be gener-
ated based on non-orthogonal polarization control’?. On
this basis, Li et al. demonstrated that Malus metasurface
with single-sized nanostructures can be employed to im-
plement tri-channel information multiplexing through
three non-orthogonal polarization states’. With the help
of two bulk-optic polarizers to elaborately adjust polariz-
ation combination of input and output LP light, a con-
tinuous and two binary grayscale images recorded in the
metasurface can be readily switched. However, although
employing orientation degeneracy can increase the in-
formation storage channels, due to the limited DOF of
orientation degeneracy, the additional information chan-
nels can only encode simple binary images. Furthermore,
in 2021, Deng et al. proposed a vectorial compound
metapixel consisting of double atoms with identical sizes
but varying orientation angles’”®. By designing sum and
difference of two orientation angles, both amplitude and

polarization of the output beam can be completely and
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independently modulated pixel-by-pixel. With this, ar-
bitrary non-orthogonal polarization multiplexing and
hiding of two continuous grayscale images are experi-
mentally demonstrated, as shown in Fig. 7(c). The meth-
od shows a new DOF for information multiplexing/
hiding.

On the basis of non-orthogonal polarization control,
the combination of computational imaging algorithm
with metasurface can significantly increase the conceal-
ment and security of information hiding/encryption. In
2021, Zheng et al. combined Malus metasurface with
single-pixel imaging (SPI) encryption, realizing a dual-
channel optical encryption and greatly enhancing the en-
cryption security’®, as shown in Fig. 7(d). SPI is a typical
computational imaging technique that obtains the object
image from a decryption-like computational process,
which is distinctive when compared with the direct ima-
ging modality. Two high-quality nanoprinting-images
(“QR code” and “deer”), recorded in the two channels of
the Malus metasurface, function as keys to generate a
matrix. Then with the help of the transform operation of
the matrix, multiple target images can be encoded and
retrieved following the principle of SPI. With a certain
matrix operation, a nanoprinting-image can generate a
series of patterns to encode and decode a target image. A
single nanoprinting-image can act as different keys with
different matrix operations, which means that a single
metasurface is reusable in SPI encryption, thus enhan-
cing the encryption security.

Color nanoprinting

Different from traditional colorful printing using dyes or
pigments, for metasurface, varying size and arrangement
of nanostructures correspond to a change in the optical
response of nanostructures, thus vivid structural-colors
can be achieved. Traditionally, structural-color refers to
the color arising from the interaction of incident light
with periodic structures on the wavelength scale. With
the improvement of nanofabrication technology and the
emergence of subwavelength nanostructure, the defini-
tion of structural-color has been extended to include the
color arising from individual resonators, i.e., metasur-
faces and photonic crystals. For instance, various plas-
monic and dielectric nanostructures have been utilized
to generate structural-colors based on different physical
phenomena”™°, such as the thin-film F-P interference,
the LSPRs and the Mie resonances. The structural-colors
generated from the nanostructures are the results of the

optical resonances induced by geometrical and material
factors, which is in contrast to the optical absorption oc-
curring in dyes and pigments. The optical resonance is
strongly affected by the ambient environment, constitu-
ent material, periodicity and geometry of the nanostruc-
ture. The overall objective of structural-color is essen-
tially concentrated on the structure design for a good
color performance. Here, we review the major categories
of nanostructures and constituent materials to generate
static structural-colors and highlight the main physical
resonances involved.

Static structural-colors

1) One-dimensional subwavelength metallic gratings
Metallic grating, a traditional dispersion element, is a
suitable candidate for color filtering’-'%®. By elaborately
converting the incident light to spatial specific modes,
the transmitted/reflected spectrum can be tailored to
generate arbitrary colors. Additionally, if the periodicity
of gratings is less than the incident wavelength, the
multi-order diffraction effect can be further avoided. In
2010, Xu et al. proposed a subwavelength MIM nano-
resonator for color filtering based on transverse magnet-
ic plasmon dispersion®. These plasmonic nano-resonat-
ors made of aluminium (Al)-zinc selenide (ZnSe)-Al
stack arrays are periodically arranged on the magnesium
fluoride (MgF,) substrate, as indicated in Fig. 8(a). Via
the bottom Al grating which has a near-linear dispersion
across the whole visible range, the incident light is dif-
fracted and selectively coupled into the surface plasmon
anti-symmetric modes, and the top Al grating efficiently
reconverts the desired dispersive light to the forward dir-
ection. Periodic arrangement of nano-resonators has ex-
perimentally demonstrated over 50% transmissivity
around resonant wavelengths, as shown in Fig. 8(b). The
full-width at half maximum (FWHM) of spectral re-
sponse with different periods is about 100 nm, giving rise
to the generation of saturated red, green and blue colors.
Moreover, it also has been demonstrated that this plas-
monic color filter can still work well with only two nano-
resonators.

However, the inherent optical loss of metal materials
and the radiation loss of plasmonic structures inevitably
broaden the resonant linewidth, leading the decrease of
efficiency and the reduction of color saturation. One
solution is to introduce guided mode resonance (GMR)
for improving the efficiency and the FWHM of color
filters based on gratings®*°. As depicted in Fig. 8(c), the
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Fig. 8 | One-dimensional subwavelength metallic gratings for color filtering. (a) Schematic diagram of the subwavelength Al-ZnSe-Al nano-

resonator. Scale bar, 1 um. (b) Measured transmission spectral response (blue, green and red) of the nanostructure shown in (a). (c) Schematic

of the metallic grating structure with a buffer layer and a waveguide layer. (d) Simulated transmission spectra (blue, green and red) generated

from the structure shown in (c). (e) Schematic of the high-performance color filters based on plasmonic metamirror. (f) Measured reflective spec-

tra of the structure shown in (e). (g) Schematic diagram of the silver-grating color filters with varied periodicities. (h) Measured transmission spec-

tral response (yellow, magenta and cyan) of the structure shown in (g). (i) Schematic of the metasurface- embedded nanocavity. (j) Comparison

between the F-P resonator (utilizing two parallel mirrors) and the resonator with a reflective metasurface placed in two mirrors. Figure repro-

duced with permission from: (a, b) ref.°', Springer Nature; (c, d) ref.°, American Institute of Physics; (e, f) ref.s, De Gruyter; (g, h) ref.’®, Spring-

er Nature; (i, j) ref.'%, under the terms of the Creative Commons CC BY license.

color filter is made of a grating layer, a buffer layer, a
waveguide layer (high-index material) and a glass sub-
strate®®. Owing to the introduction of constructive inter-
ference between the incident light and the guided mode,
the performance of color filtering is significantly pro-
moted. Specifically, when the grating-generated diffrac-
tion order matches the waveguide-supported mode, the
GMR-assisted optical filter has the characteristics of ul-
tra-high transmittance or reflectance and narrow pass-
band. The simulation results in Fig. 8(d) exhibita nar-
rowband resonance (FWHM of 30 nm) with reflective ef-
ficiency of 90% at its resonant peak.

Another solution for improving color saturation is in-
troducing the photo spin restoration®. With the collect-
ive contributions of the plasmonic shallow grating and
the metamirror in Fig. 8(e), the reflected RCP light has a

sharp peak at specific wavelengths, therefore a specific
color can be efficiently filtered out. Additionally, a high-
quality factor resonance can not only increase the satura-
tion of colors (narrow resonant linewidth), but also offer
an opportunity for generating colors beyond sRGB re-
gion on the CIE diagram via the variation of the structur-
al periodicity. As shown in Fig. 8(f), the high efficiency
(~75%) and the narrowband resonance (FWHM of ~16
nm) of metamirrors based on the photo spin restoration
can generate vibrant colors. Additionally, the color can
be flexibly designed by varying the periodicity and the
ambient environment of gratings.

In additive color filtering scheme, the three primary
colors [red, green, and blue (RGB)] are generated by a
resonant peak in the transmission/reflection spectrum,

whereas subtractive colors [cyan, magenta, and yellow
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(CMY)] are usually generated by removing the comple-
mentary components from the visible spectrum. In 2013,
Zeng et al. proposed a plasmonic subtractive color filter-
ing device made of silver gratings sitting on a glass sub-
strate!®. Different colors can be obtained along with the
variation of the gratings periodicity while keeping the
filling factor constant. The schematic diagram of plas-
monic color filter with different grating periodicity and
the transmission spectra of cyan, magenta, and yellow
colors are indicated in Fig.8(g) and 8(h). The ex-
traordinary low transmission in ultrathin nanopatterned
metal film is generated by the hybridization of the
propagating-type surface plasmon polaritons (SPPs) and
non-propagating-type localized surface plasmon (LSP)
modes, leading to a resonant dip in the transmission
spectra. By optimizing the parameters of gratings, the
transmission of the subtractive color filter can reach
~70% at off resonance wavelength bands. Moreover, the
pixel size of this filter is about the optical diffraction lim-
it (~A/2), processing promising applications in high-res-
olution color display and imaging.

Saturated and vivid colors can also be achieved by ex-
ploiting an F-P cavity, which is based on an interfero-
meter or etalon sandwiched between two parallel reflect-
ive surfaces”*. Constructive and destructive interfer-
ences happen as a result of the light reflection between
the top and bottom interfaces of the cavity. It is suitable
for color filtering when the thickness satisfies the condi-
tion of constructive interference. By embedding a metas-
urface inside an optical cavity, the accumulation dis-
tance of cavity would be further shortened'®, as indic-
ated in Fig. 8(i). This creative methodology shown in Fig.
8(j) can reduce the thickness of the metasurface-based
nano-cavity to less than the conventional minimum
A (2n). Besides, the metasurface-embedded cavity reson-
ance can be modulated through adjusting the dimen-
sions of the metasurface while keeping the cavity thick-
ness constant. As a proof of concept, Shaltout et al. ex-
perimentally demonstrated a high-performance color fil-
ter via the combination of metasurface and 100-nm
nanocavity. This hybridization of cavity and metasurface
is very suitable for building multiple cavities with con-
sistent thickness but different resonant wavelengths on a
planar chip.

2) Two-dimensional plasmonic and dielectric periodic
arrays
Besides one-dimensional metallic nanogratings, two-

https://doi.org/10.29026/0es.2022.220011

dimensional plasmonic nanostructure arrays (including
nanoholes and nanorods) can also form a popular plat-
form for color filtering with ultra-high efficiency of
reflection/transmission. These nanoparticle-based plas-
mon resonators can manipulate and enhance the electro-
magnetic fields at the nanoscale, and the increased
dimensions of plasmonic nanostructure arrays (from one
to two) offer more design freedom of spectrum. There-
fore, two-dimensional plasmonic periodic nanostruc-
tures can produce a resonant peak or dip in
reflection/transmission spectrum by the excitation of
SPPs and/or LSPRs. Hence, the reflection/transmission
spectrum can be easily tailored in the visible light range
by simply altering the nanostructure size, shape and ma-
terial'®12°. The coupling of incident light introduced by
surface plasmons leads to an extraordinary optical trans-
mission (EOT), which selectively enhances the transmis-
sion at different resonant wavelengths because of the in-
terference of SPPs between the adjacent nanoholes!?!:22,
By employing this EOT effect, a broad palette of colors
can be achieved via varying the period of the nanohole
arrays, which can be approximately written as Eq. (7)
(for nanohole arrays arranged in square) and Eq. (8) (for

nanohole arrays arranged in triangle)'**:
P EmE
A= <
VEFFV &t &

)= ﬁ p Eméd (8)

2 E+i+p) Ve e

(7)

where A is the resonant wavelength, P is the period of the
nanohole arrays, e, and ¢4 are the dielectric constants of
the metal and the dielectric material in contact with the
metal respectively, and i and j represent the scattering
orders of the nanohole arrays.

Sun et al. proposed an EOT-based, polarization-inde-
pendent, subtractive color filter'?’. It is composed of a
periodically perforated ultrathin silver film, as shown in
Fig. 9(a). This work systematically investigates the rela-
tionship between the generated colors and the geometric
parameters of the nanostructures. As shown in Fig. 9(b),
the experimental results indicate that the generated col-
ors are strongly influenced by the periodicities of nano-
hole arrays. By changing the arrays periodicity, the hue
of the generated colors can be tailored. Yang et al. com-
bined the periodically perforated ultrathin silver film
with a silver reflector to improve the color quality (satur-

ation and hue) through perfect light absorption'?. The
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Fig. 9 | Two-dimensional plasmonic nanohole arrays for color filtering. (a) Schematic of the nanohole array structure arranged in square. (b)

Optical microscopic images and scanning electron microscope (SEM) images of (a) with varied periodicities. (c) Schematic of the nanohole array

structure arranged in triangle and the corresponding optical microscopic images and SEM images with varied periodicities. (d) Optical microscop-

ic images and SEM images of the nanohole arrays with different shapes and lattices. (e) Schematic of the cross-shaped nanoaperture and the

microscopic images of a butterfly with switchable colors under different LP light. Figure reproduced with permission from: (a, b) ref.’?4, Elsevier
BV; (c) ref.’?5, under the terms of the Creative Commons CC BY license; (d) ref.'?”, American Institute of Physics; (e) ref.'?, American Chemical

Society.

nanohole arrays are arranged in triangle on the surface of
SiO; layer, and the corresponding experimental results of
different parameters (hole size and periodicity) are
presented in Fig. 9(c).

Compared with silver or gold, Al is not only a more
popular material with low-cost and easiness of pro-
cessing, but also has lower optical loss in the range from
400 nm to 500 nm owing to the characteristic of high
plasma frequency, which means Al is very suitable to

generate vibrant blue colors'®. Therefore, Al nanohole
arrays show excellent performance in generating RGB
colors. Inoue et al. fabricated Al-SiO,-Al nanohole ar-
rays with different array periods, nanohole shapes and
arrangements, and the experimental results are shown in
Fig. 9(d)'?". Aside from the influence of array periods
and nanohole arrangement, it can be clearly observed
that the generated colors vary with the shape of nano-
holes. Based on the effect of nanohole shape on the color
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generation, Li et al. proposed an asymmetric cross-
shaped nanoaperture, and further demonstrated a
plasmonic filter set with polarization-switchable color
properties'?®. The cross-shaped nanoaperture in an Al
thin-film has dual color selectivity, controlled by the po-
larization of the incident light and tuned by varying the
dimensions of the geometry and periodicity of the nano-
hole arrays. This unique structural approach for switch-
able optical filtering enables a single nanostructure to en-
code two information states within the same physical
nanostructure, as indicated in Fig. 9(e), and the asym-
metric nanostructure makes the information multiplex-
ing come true.

Moreover, according to Babinet’s principle!?, two-
dimensional plasmonic nanostructure arrays of nano-
holes and nanorods exhibit similar optical responses ow-
ing to their complementary nanostructure'*-'*, Ellenbo-
gen et al. presented an approach to achieve active color
filtering based on the specially designed plasmonic cross-
shaped nanorod arrays, which can interact with the in-
cident light at visible frequencies via excitation of LSP'*°,
This active color filter can produce a continuum of col-
ors. The selection of the transmitted color is realized by
controlling the polarization of the incident light or the
transmitted light, as illustrated in Fig. 10(a). It is clearly
observed that the horizontal and vertical arms of the
cross-shaped nanostructure have different lengths, thus
LSPs happen in the horizontal and vertical directions at
different frequencies in the visible spectrum. Therefore,
when the incident light is polarized along the horizontal
direction (¢ = 90°) or along the vertical direction (¢ =
0°), dips of the transmission spectrum occur, corres-
ponding to excitation of the horizontal or vertical LSPs,
respectively. Along with the variation of polarization
angle between 0° and 90° shown in Fig. 10(b), it gives a
linear superposition of two different color filters accord-
ing to the projection of the polarization on the horizont-
al and vertical arms, and the polarization dependent
transmission spectrum can be expressed by

T(¢,A) = T,(A)sin’ + T,(1)cos’y , 9)
where ¢ represents the polarization angle, A is the oper-
ating wavelength of the incident light, Th(A) and Ty(A)
are the transmission spectrum for the incident light po-
larized along with the horizontal and vertical axes, re-
spectively.

In addition, Tan et al. introduced the spatially mixing
into plasmonic nanostructure design strategy, as indic-
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ated in Fig. 10(c), to expand the generated color space'*.
Specifically, with Al as the plasmonic material, this newly
defined color generation strategy expands the range of
printable plasmonic colors from 15 colors to more than
300 colors for photorealistic printing shown in Fig.
10(d). Each single-color pixel is composed of four nanor-
ods. Based on 15 basic colors, it can achieve color cre-
ation and fine-tuned colors via mixing (i.e., placing dif-
ferent-sized nanorods within a color pixel) and spacing
(i.e., adjusting the spacing between these nanorods in a
color pixel). Furthermore, to obtain a plausible design
recipe, a phenomenological expression is given to estim-
ate the color-pixel spectrum by employing a diameter-
weighted average of the individual spectra:
d, d,
R(A) = le(A) a4

where R represents the reflection spectrum of a single-

R,(1), (10

color pixel with mixed nanorod diameters at the operat-
ing wavelength A, and R; or R, are the reflection spec-
trum of pixels comprising nanorods with constant dia-
meters d; or dy. The experimental results shown in Fig.
10(e) demonstrate the outstanding performance of the
improved color display.

Apart from the application of plasmonic structural-
colors in the field of color image display, King et al. pro-
posed an Al nanocluster array based on plasmonic Fano
resonances for colorimetric sensing, as shown in Fig.
10(f)**°. The nanocluster geometry is a plasmonic oli-
gomer consisting of a core disk surrounded by N satel-
lite disks, supporting the sub-radiant and super-radiant
modes needed to generate a Fano resonance. Owing to
the unique cluster structure, the primary modulation
methods of the Fano resonance position can be divided
into two parts: scaling the gap size of these nanostruc-
tures and varying the number (N) of the satellite
particles. Therefore, these nanoclusters can be tailored
with specific chromaticity in the visible region and sim-
ultaneously exhibit a remarkable spectrum sensitivity to
the variation of the local dielectric environment. This
can be employed quite generally for colorimetric LSPR
sensing, where the presence of analytes is detected by
directly observable color changes rather than through
photodetectors and spectral analyzers. The demonstra-
tion of color detection in refractive index is shown in Fig.
10(g), which shows the nanocluster design strategy
provides a means of plasmonic colorimetric sensors.

In addition to the outstanding contribution of
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Fig. 10 | Two-dimensional plasmonic nanorod arrays for color filtering. (a) Schematic of the cross-shaped nanorod. (b) Simulated transmis-

sion spectral response of the nanorods shown in (a), illuminated by LP light with polarization angles ranging from 0° to 90°. (c) Schematic illustra-

tion of the plasmonic pixels consisting of nanorods with different sizes and spacings. (d) Color palettes of merely size variations, and the mixing

of size variations and spacing variations. (e) The realistic reproduction of artwork employing the expanded palette of colors. Scale bar, 50 pm. (f)

Measured scattering spectra of the Fano-resonance-based nanocluster with varied diameters ranging from 110 nm to 40 nm. (g) Color detection

of refractive index utilizing the localized surface plasmon resonance shift. Figure reproduced permission from: (a, b) ref.'*°, (c—e) ref.’®s, (f, g)

ref.’*®, American Chemical Society.

plasmonic material in the structural-color, dielectric Mie
resonators also provide a unique opportunity to achieve
high color saturation and high spatial resolutions!4-'*°.
Silicon, a dielectric material with high refractive index of
~3.8 in the visible range, is widely used for nanoprinting

technology owing to its characteristics of reliability, cost-

effectiveness, and easiness to integrate into optoelectron-
ic devices. Specifically, silicon possesses a higher refract-
ive index than lossless dielectrics and is complementary-
metal-oxide-semiconductor (CMOS) process-compat-
ible and environmentally friendly, making it a highly ap-

pealing material candidate in generating structural-
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colors!40:14L143-147.151-160 - Proyst et al. demonstrated all-
dielectric color filters based on silicon nanodisks which
can host low-order electric and magnetic Mie reson-
ances'*, as illustrated in Fig. 11(a). These silicon nanod-
isks possess highly compact reflective structural-colors
when the fabricated samples are observed in dark-field
spectroscopy, and the peak of resonant excitation can be
simply tailored by modifying the aspect ratio of nanod-
isks. However, since the square lattice of period is 1 pm,
the spatial resolution is only 25400 dpi. To improve the
resolution, silicon nanobricks with sub-diffraction-lim-
ited dimensions have been proposed by Nagasaki et al.,
as shown in Fig. 11(b), increasing the resolution to 85000
dpi (with a periodicity of 300 nm)'*'. Through fabricat-
ing the anisotropic nanobricks with various widths, these
silicon Mie resonators are sensitive to the polarization of

Glass substrate

Pixel=1 ym?

the incident light, allowing two structural-colors to be
encoded within a single pixel and decoded by a pair of
orthogonally polarized light. In order to further extend
the gamut of the generated colors, Yang et al. subtly in-
troduced a refractive index matching layer made of di-
methyl sulfoxide (n = 1.48)'¢ into the silicon metasur-
face, as shown in Fig. 11(c). As the electrical dipole res-
onance is closer to the boundaries and more sensitive to
the change of environment refractive index than the
magnetic dipole, the refractive index matching layer
would push the electric dipole resonance to the magnet-
ic dipole resonance, thus leading to the narrow FWHM
of reflective spectrum. This is similar to the situation to
match the Kerker condition'®. The experimental results
shown in Fig. 11(d) demonstrate that the brightness and
purity of structural-colors are improved, and the
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Fig. 11 | Two-dimensional silicon nanorod arrays for color filtering. (a) Schematic of all-dielectric color filters based on silicon nanodisks. (b)

Schematic of the silicon nanobrick arrays, and the optical microscopic image of the fabricated nanobricks with different widths irradiated with LP

light. (c¢) Schematic illustration of meta-nanoprinting to brighten structural-color by introducing dimethyl sulfoxide (DMSO). (d) Two different spec-

tral responses and nanoprinting-images when the surrounding materials of the metasurface are air and DMSO, respectively. Figure reproduced

with permission from: (a) ref.”¢, (b) ref.'®', American Chemical Society; (c, d) ref.'®®, under the terms of the Creative Commons CC BY license.
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corresponding gamut is increased to around 181.8% of
sRGB and 135.6% of Adobe RGB.

Germanium also exhibits a higher refractive index
than that of silicon for larger wavelengths in the visible
range, but simultaneously absorbs incident light more
than silicon. As shown in Fig. 12(a), Zhu et al. demon-
strated a resonant laser printing design strategy. This
high-index-dielectric-assisted laser printing paves a
unique platform for structural-color generation'®. By ap-
propriately designing dielectric resonances, sufficient op-
tical attenuation in the visible spectrum allows resonant
absorption of laser pulses. Therefore, instantaneous heat-
ing and subsequent morphology relaxation of resonators
gift ultrafast laser printing of full-color images with ul-
trahigh image resolution, as illustrated in Fig. 12(b). Fur-
thermore, Wood et al. created an alternative semicon-

ductor material, silicon germanium alloys, as dielectric
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Mie resonator color filters'®?. Although adding germani-
um to silicon leads to an increase in energy absorption, it
can theoretically increase the refractive index. Experi-
mental results demonstrate the Mie resonances have
quality factors comparable to that of silicon despite the
increased absorption due to germanium.

The visible absorption of dielectric materials would re-
duce the optical transmission and reflection of the nano-
structure, although this reduction has been shown to be
less than that of plasmonic materials. To avoid the prob-
lem of visible absorption, lossless dielectrics are very ap-
propriate for the color generation. Titanium dioxide
(TiOy), a transparent material with the refractive index
of ~2, has been widely accepted as a great candidate for
the design and fabrication of all-dielectric metamaterials
in the visible range'#$'¢-1%°_ For instance, Huo et al. pro-

posed an approach based on TiO; metasurfaces, realizing
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Fig. 12 | Two-dimensional nanorod arrays based on other high-refractive-index dielectric materials for color filtering. (a) Schematic illus-
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ing. Nanostructures (i to ix) are generated by increasing the laser powers. (c) Schematic of the full-color nanopainting setup and the experiment-

al color printing. Scale bar, 50 ym. (d) Color filtering based on the SizN4 metasurface. Figure reproduced with permission from: (a, b) ref.”°, un-

der a Creative Commons Attribution NonCommercial License 4.0; (c) ref.'®®, Optical Society of America; (d) ref.'s”, American Chemical Society.
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full-color generation and ultra-smooth brightness vari-
ation'®. Associated with the high reflection of TiO, and
Malus law, the hue and brightness of structural-colors
with high contrast can be tailored by carefully modu-
lated the parameters and orientations of the nanostruc-
tures. The experimental nanopainting of the artwork ‘girl
with a pearl earring’ shown in Fig. 12(c) has vivid visual
impact and mimics the texture of an oil painting, which
further demonstrates the outstanding performance of
this design strategy. Moreover, there are other high re-
fractive index materials that can also realize high quality
structural-colors!>*1¢1¢7_ Yang et al. utilized the silicon
nitride (Si3N4) metasurface to design color pixels based
on the magnetic dipole lattice resonances, which can suc-
cessfully suppress high-order Mie resonances'®’. Simply,
by varying the parameters and period of nanostructure
arrays, vivid structural-colors with high contrast and sat-
uration can be generated, as indicated in Fig. 12(d).

For metasurface-assisted structural-color generation, a

|

main objective of design strategy is to achieve highly sat-
urated colors that span a large gamut. In addition to se-
lecting different high refractive index dielectric materials
for color filters, hybrid nanostructure is another option
to improve the saturation and gamut of colors by
sharpening its spectral response and enforcing the spec-
tral purity'®-'7%, As shown in Fig. 13(a), Yue et al. pro-
posed a crystalline silicon nanopillar which is integrated
with two nanostructured Al disk mirrors at the top and
bottom, respectively'’. The two Al coating films are suf-
ficiently spaced apart to prevent plasmonic coupling
while effectively supporting the buildup of resonant
fields within the crystalline silicon nano-resonator. A
series of color filters shown in Fig. 13(b) and 13(c) prove
the excellent performances including an off-resonance
reflection of up to 70%, a modest spectral bandwidth of
~55 nm and a broad palette of bright colors with a high-
contrast and extended gamut. Besides, Yang et al. pro-

posed an approach to suppress high-order multipoles
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Fig. 13 | Two-dimensional multi-layer hybrid nanostructure arrays for color filtering. (a) Configuration of the hybrid nanodisks for subtract-

ive color filtering (cyan, magenta and yellow). (b) Measured reflection spectrum and optical microscopic images of hybrid nanodisks with varied

diameters. (c) SEM images of the fabricated samples with different diameters. Scale bar, 250 nm. (d) Structural design of the multi-dielectric

metasurface. (e) Measured reflection spectra and optical microscopic images of the multi-dielectric metasurface with varied periodicities and

gaps. Figure reproduced with permission from: (a—c) ref.'76, John Wiley and Sons; (d, e) ref.'”®, American Chemical Society.
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and weak their confinement via replacing the high-con-
trast boundaries with index-matched boundaries'’®. The
index matching is accomplished by inserting anti-reflec-
tion layers between the resonator and the boundaries.
Specifically, TiO, nanobricks are sandwiched between
two index-matched layers consist of Si3N4 and glass at
the nanobrick-substrate and nanobrick-air interfaces, as
shown in Fig. 13(d). This sandwich nanostructure sup-
presses the electric quadrupolar mode, improving the
spectral purity and saturation of the generated structur-
al-colors. As a result, the corresponding gamut space can
reach 171% sRGB space and 127% Adobe RGB space,
shown in Fig. 13(e).

Dynamically tunable colors with external stimulus
Since the resonant frequency of color filters depends on
the geometry and composition of the resonators, most
color generation systems can only produce static struc-
tural-colors when the geometry and material of the
nanostructure remain unchanged. However, the rapid
development in the field of color display and informa-
tion storage calls for dynamically tunable color filters. As
aresult, a series of studies have sprung up in the cre-
ation of stimuli-responsive metasurfaces'”*""°!. In this
section, we review the recent advances toward dynamic
structural-colors.

One feasible technique for dynamic structural-colors
is introducing the liquid crystals (LCs) into the design of
nanostructures'”>~>. By utilizing the anisotropy and re-
configurability of LCs, the dielectric constant surround-
ing the nanostructure can be dynamically modulated,
leading to a shift in the resonance spectral location.
Franklin et al. proposed an LCs-plasmonic surface con-
sists of high-birefringence LCs and a periodic array of
shallow nanowells, as shown in Fig. 14(a)'. It is clearly
observed that the high-birefringence LCs are injected in-
to the cell in direct contact with the Al surface. Via vary-
ing the orientation of LCs through the applied electric
field between the two layers of indium tin oxide (ITO)
and Al surface, the surrounding dielectric constant is dy-
namically manipulated to tailor the spectral location of
the SPRs. This unique conjunction design strategy makes
the structural-colors vary with a function of applied
voltages. Combined with imprinted nanostructure of
various periods shown in Fig. 14(b), an entire range of
colors spanning the whole visible spectra can be
achieved, paving the way towards dynamic pixels for col-
or display, as illustrated in Fig. 14(c). Furthermore, Lee

https://doi.org/10.29026/0es.2022.220011

et al. designed an asymmetric-lattice nanohole array in-
tegrated with a twisted-nematic LC'*. By varying the
periodicity of the rectangular lattice in orthogonal direc-
tion, two different structural-colors can be tailored and
further tuned with the applied voltages, as indicated in
Fig. 14(d). In summary, the LCs offer an electrical means
to dynamically modulate the spectral response of these
resonators upon the applied voltages.

Temperature can also make a modification to the op-
tical property and morphology of material, and it has
been employed in tuning the structural-colors!**!'”. For
instance, owing to the characteristic of drastic temperat-
ure-induced refractive index change in vanadium diox-
ide (VO,), Shu et al. patterned silver nanodisks on a
Si0,/VO, double layer to form a reflective meta-
surface!”’. The reflected spectrum is primarily governed
by the LSPR of silver nanodisks which is strongly sensit-
ive to the refractive index of the environment surround-
ing the silver disks. Thus, the reflected spectrum can be
altered when the VO, insulator-to-metal transition is in-
duced at elevated temperature, causing a variation in the
structural-colors, as shown in Fig. 14(e). More interest-
ingly, one nature of VO, is the reversibility of the tem-
perature-induced transition. Once the metasurface is
cooled below the threshold temperature of the transition,
the generated colors of the hybrid structure would be re-
covered as before. Similarly, the germanium antimony
telluride (Ge,:Sby:Tes or GST) is a suitable candidate for
the temperature-induced dynamic color display.

In addition, chemical reactions have been employed in
dynamically tuning the structural-colors'**'*>. Among
these, hydrogenation and dehydrogenation based on the
magnesium (Mg) have been widely investigated. As
shown in Fig. 14(f), Duan et al. designed a catalytic-Mg-
assisted metasurface, which can reflect brilliant structur-
al-colors by modulating the dimension and spacing of
the nanostructure'®. Specifically, when the fabricated
metasurface is surrounded by hydrogen, the Mg would
react with hydrogen and subsequently undergoes a met-
al-to-dielectric transition to form magnesium hydride
(MgHy>), leading to a variation of reflected structural-col-
ors. And all colors will eventually be recovered after the
dehydrogenation of the constituent Mg nanoparticles, as
indicated in Fig. 14(g). Therefore, a multicolor erasion
and restoration can be accomplished by loading hydro-
gen and oxygen, respectively. Similarly, Chen et al. fab-
ricated Mg-based F-P cavities with different cavity
heights to generate vivid structural-colors'”. Along with
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Fig. 14 | Dynamically tunable colors with external stimulus. (a) Schematic of the plasmonic-LC pixel with/without applied voltages. (b) Meas-

ured optical microscopic images of the plasmonic-LC pixels with varied periodicities and electric fields. (c) Experimentally captured images of a

singular Afghan Girl image with different electric fields. Scale bar, 100 pm. (d) Schematic of the electrically tunable color filter. (€) Model of the

composite nanostructure, and the measured optical microscopic images at 20 °C and 80 °C, respectively. (f) Schematic of the plasmonic metas-

urface composed of hydrogen-responsive magnesium (Mg) nanobricks. (g) Optical microscopic images of the Minerva logo during hydrogena-

tion and dehydrogenation for color erasing and restoring. Scale bar, 20 ym. (h) Schematic of polydimethylsiloxane relief with multiple states of

color images revealed by directional strains and capillary force. Figure reproduced with permission from: (a—c) ref.'®, under the terms of the Cre-

ative Commons CC BY license; (d) ref.’4, American Chemical Society; (e) ref.’®’, John Wiley and Sons; (f, g) ref.'%8, under the terms of the Creat-

ive Commons CC BY license; (h) ref.22, John Wiley and Sons.

the absorption and desorption of hydrogen, the Mg lay-
er can be dynamically switched between a reflective met-
al state and a dielectric hydride state, causing structural-
colors transformation.

Apart from aforementioned dynamic modulation in
the refractive index of the component or surrounding

material, another approach to achieve dynamic structur-

al-colors is via the reversible deformation of metasur-
faces?®-22, Ruan et al. proposed single relief structures
based on directional stretching and capillary forces to tune
structural-colors®?. As indicated in Fig. 14(h), strain
modulation (green arrows), capillary-force-caused col-
lapse (blue arrow) and directional-strain-induced recov-

ery (orange arrow) of the polydimethylsiloxane (PDMS)
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trenches are employed for multiple color display, and the
outstanding stretch-ability of PDMS makes shape modu-
lation of structural-colors come true. Taking the L-strain
as an example, when strains along the long direction of
these PDMS trenches are applied, the shape and corres-
ponding structural-colors vary. It is clearly observed that
the transmitted color of 2.8 um depth trench arrays gra-
dually shift from green to blue, purple, and dark khaki,
along with the increasing L-strain from 0 to 0.8. Remark-
ably, these structural-color modulations based on PDMS
reliefs are highly reversible. Even after 200 cycles, the dir-

ection-strain-manipulated colors keep consistent.

In this section, we introduce the main physical mech-
anisms involved in structural-color generation and re-
view lots of approaches and design strategies for color
nanoprinting. In order to better understand it, we com-
pare the performance of various references mentioned
above in terms of working type, the material and
nanoantenna shape in a unit cell, efficiency and so on, as

shown in Table 1.

Multifunctional metasurfaces integrating
nanoprinting and other functions

In fact, the subwavelength nanostructure constituting a

Table 1 | Performance comparison of typical references for color nanoprinting.

Working type Unit cell Peak efficiency Modulation mechanism Pixel size Color gamut (sRGB)  Ref.
R(~51%) R(360 nm)
Transmission Aluminium slit G(~62%) Varying geometry G(270 nm) Unreported ref.%!
B(~45%) B(230 nm)
R(~73%) R(590 nm)
Reflection Silver slit G(~75%) Varying geometry G(470 nm) Unreported ref.%®
B(~63%) B(300 nm)
C(350 nm)
Transmission Silver slit 60~70% Varying geometry M(270 nm) Unreported ref.100
Y (230 nm)
R(420 nm)
Transmission Aluminium triangular nanohole ~37% Varying geometry G(340 nm) Unreported ref.?7
B(300 nm)
Transmission Aluminum cross-shaped 5~12% Varying geometry 250~340 nm Unreported ref. 12
nanoaperture
Reflection Silver tandem nanodisk ~60% Varying geometry 200~400 nm Unreported ref.1%3
Reflection Aluminium circular nanodisk >75% Varying geometry 320 nm ~45% ref. 34
Reflection Aluminium circular nanorod ~80% Varying geometry 800 nm >300 colors ref.1%
R(~66%)
Reflection Silicon circular nanodisk G(~49%) Varying geometry 250 nm ~78% ref. 150
B(~31%)
Reflection Silicon nanobrick 50~75% Varying geometry 300 nm Unreported ref.15!
Reflection Silicon circular nanodisk 30~82% Varying geometry 110~320 nm 181% ref.160
R(~83%)
Transmission 'I"ite.mium diox.ide G(~86%) Varying geometry 1110x740 nm Unreported ref.1%%
elliptical nanopillars
B(~81%)
R(~91%)
Reflection Silicon nitride nanobrick G(~92%) Varying geometry 295~435 nm Comparable to sSRGB ref.'®”
B(~91%)
Reflection Multi-dielectric nanobrick ~93% Varying geometry 300~400 nm 171% ref.7®
Reflection Plasmonic-liquid crystal cell ~75% Applied voltages 300 nm Unreported ref.9
Reflection Silver circular nanodisk 20~25% Temperature 300 nm Unreported ref.7
Reflection Hydrogen-responsi.ve magnesium 20~40% Hydrogenatior? & 170~500 nm Unreported ref.19
nanobrick dehydrogenation
Transmission Polydimethylsiloxane slit ~60% Directional strains & 1500 nm Unreported ref.202

capillary forces
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metasurface can be designed to simultaneously and inde-
pendently manipulate multiple optical properties (such
as amplitude, phase and polarization). Therefore, it is
possible to integrate multiple functionalities into a single
compact planar device, which is impossible for conven-
tional optics by one optical component. Thanks to the
unique ability of light manipulation, metasurfaces pro-
mote the development of integrated and miniaturized
multifunctional meta-optical devices. Different from
multiplexing that consists of different information chan-
nels but single functionality, multifunction design can
integrate multiple distinct functionalities into a single
optical device platform, which is more general than mul-
tiplexing. Looking back to the past several years, multi-
functional metasurface-based devices (meta-devices) in-
tegrating different functionalities are constantly emer-
ging. The most common one is adding phase or complex
amplitude control function to the same metasurface on
the basis of nanoprinting.

Multifunctional metasurfaces integrating color
nanoprinting and monochromatic holography

It is known that nanoprinting is implemented by amp-
litude/intensity manipulation. By delicately designing
and arranging nanostructures, other additional function-
alities (i.e., holographic imaging or lens imaging) can be
added to the same metasurface besides being used for
nanoprinting, which makes full use of the design DOFs
and is greatly helpful in the miniaturization of photonic
systems. Generally, it’s hard for traditional optical ele-
ments to simultaneously integrate two functionalities im-
plemented by amplitude and phase manipulation re-
spectively, because their working principles are quite dif-
ferent. However, metasurface possessing the ability of
multidimensional control of light is a promising candid-
ate for realizing multifunctional integration. The key to
multifunctional integration is to independently control
the different optical parameters.

As far as we know, the first demonstration of multi-
functional metasurfaces integrated with nanoprinting
and holography appears in 2018. Yoon et al. proposed
the concept of dual-mode metasurface, which can work
under two types of operation modes by simultaneously
controlling the phase and spectral responses®”, as exhib-
ited in Fig. 15(a). In their design, each unit-cell consists
of two identical anisotropic nanorods. To produce two
different structural-colors, there are two types of unit-
cell with nanorods of different dimensions, which has

equal cross-polarization transmittance for CP light at the
target wavelength as well as different reflection spectra.
By varying the orientations of nanorods to conduct geo-
metric phase control, for transmission mode, the dual-
mode metasurface acts as a typical phase-only meta-
hologram under single-wavelength coherent light illu-
mination. For reflection mode, a reflected bicolor nano-
printing-image is produced under white light illumina-
tion. In 2019, Zhang et al. proposed another multifunc-
tional metasurface by in situ anisotropic thermographic
laser printing of Al cross nanostructures using single
femtosecond (fs) pulses®*. The horizontal and vertical
arms of the cross-shaped nanostructure are employed to
modulate the spectral responses and the propagation
phase, respectively. By polarization-controlled ultrafast
thermoplasmonic heating and subsequent curvature-
driven surface atom migration, the shape and corres-
ponding plasmonic resonances of the two orthogonal
(horizontal and vertical) arms of Al cross nanostructures
can be independently and exquisitely modulated with ul-
tralow crosstalk. Subsequently, a crypto-display metasur-
face is designed, as shown in Fig. 15(b), it can display a
color image in the reflection channel under normal inco-
herent white light illumination while a holographic im-
age can be observed at the diffraction channel under co-
herent laser beam illumination. The nanoprinting-image/
phase-modulated holographic images can be switched by
polarization control. However, above-mentioned nano-
printing has limited structural-colors because the size
variation of nanostructures would lead to amplitude fluc-
tuation and affect the design of holography. In 2021, Li-
ang et al. proposed a design strategy to fully cover struc-
tural-color design and complex-amplitude-modulated
holography design®*. As shown in Fig. 15(c), with spec-
trum and complex-amplitude modulation driven by sizes
and orientations of nanostructures, a nanoprinting-im-
age with more than 24 types of structural-colors emerges
under white light illumination, while a complex-amp-
litude holographic image is reconstructed in the
Fraunhofer diffraction zone under CP laser light incid-
ence. Varying the dimensions of nanostructures can not
only generate structural-colors, but can also be em-
ployed for amplitude control. In 2019, Overvig et al. used
meta-atoms with varied dimensions and rotation angles,
creating high-efficiency dielectric metasurfaces that con-
trol both the optical amplitude and phase®®. After a
nonuniform amplitude distribution is chosen for a gray-
scale nanoprinting-image display, a modified G-S
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spectra of silicon nanobricks with varied dimensions. Right panel: multifunctional metasurface merging rich structural-color nanoprinting and holo-

graphy. Figure reproduced with permission from: (a) ref.?*, American Chemical Society; (b) ref.?*, The Royal Society of Chemistry; (c) ref.?%5, Op-

tical Society of America.

algorithm is utilized to iteratively recover the required
phase profile with a given amplitude distribution (in-
stead of the conventional uniform amplitude distribu-
tion). As a result, a complex-amplitude-modulated holo-
graphic image is encoded into the same metasurface.

Multifunctional metasurfaces integrating color
nanoprinting and color holography

The above-mentioned holographic images are mono-
chromatic. Actually, one can divide the metasurface into
segments or stack different metasurfaces along propaga-
tion direction, which contains different nanostructures

to manipulate different colors, to realize the integration
of color nanoprinting and color holography*”-2'2, For in-
stance, in 2019, Wen et al. presented a paradigm to integ-
rate a color hologram and a color nanoprint*”” . They
employed array of TiO, cones to generate visible-
wavelength resonance by changing cones’ dimensions, as
exhibited in Fig. 16(a), thereby producing the desired re-
flection spectra. By dividing the metasurface into three
zones to decode three different structural-colors, a color
nanoprinting-image appears right at the metasurface

plane. Further, the detour phase is used to encode the
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ent R, G and B light separately. Right panel: Full-color nanoprint-hologram-integrated metasurface with arbitrary HSB control. (e) Simultaneous
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color holographic image into the same metasurface. As a
result, the nanoprinting-image can be directly observed
under white light illumination, while a low-crosstalk col-
or holographic image is produced when the device is illu-
minated with red (R), green (G), and blue (B) laser
beams, as shown in Fig. 16(a). In another design strategy,
Wei et al. employed two types of meta-atoms to encode
dual-color nanoprinting-image and used geometric
phase (taking orientation of nanostructures as design de-
grees of freedom) to encode dual-color holographic im-
age?, as shown in Fig. 16(b). Besides dividing segments
in a plane, stacking metasurface along propagation direc-
tion is also an effective way to combine holography and
nanoprinting. In 2019, Lim et al. developed a monolith-
ically integrated pixel that comprises an array of pillars
(acting as structural-color filters) sitting on top of a block
(working as a phase plate) to provide independent amp-
litude and propagation phase control’”, as shown in Fig.
16(c). The amplitude is modulated by adjusting the
transmission spectrum of the color filter, which depends
on the pillar array dimensions (height, diameter, and
pitch). The phase shift of transmitted light arises from
path length differences which are related to the block
thickness. With the help of a design algorithm, a multi-
functional metasurface integrated a color nanoprinting
and multiple holograms is designed. More importantly,
the color nanoprinting-image and multiple holographic
projections require different illumination conditions,
that is, the color nanoprinting-image appears under
white light, while three different holographic images will
display under R, G, or B laser illumination respectively.
Although above-mentioned dual-functional metasur-
faces can conduct both color nanoprinting and color
holography, the ability of color control is still limited,
leading to the poor image quality. To improve the qual-
ity of color image display, Bao et al. proposed a supercell
strategy to encode R, G and B colors in each supercell
and mixed them together both for nanoprinting and
holography?!’. In their design, a dielectric metasurface is
made of so-called double-nanoblock cell (DNC), consist-
ing of two equal crystal silicon (c-silicon) nanoblocks.
The orientations and geometric dimensions provide
enough DOFs to control the amplitude and phase of in-
cident R, G and B light separately. As shown in Fig.
16(d), When an LCP beam passes through a nanoblock
with a rotation angle of ¢, it will add a geometric phase
of 2¢ to the transmitted light with cross-polarization
(i.e., RCP). For the case of two c-silicon nanoblocks with

orientation angles of ¢; and ¢, placed in one unit-cell,
the transmission coefficient of the cross-polarized light
through the DNC is proportional to cosde!® ), where &
is the orientation angle difference between the two nan-
oblocks, that is, § = ¢2-¢;. The intensity of the transmit-
ted light is then proportional to cos?d. Therefore, by al-
tering the §, the transmission intensity can be continu-
ously modulated. Three types of nanoblocks (Sr, Sg and
Sp) are designed to reach transmission peaks at R, G and
B wavelengths, respectively. Then by constructing an
RGB unit consists of four sub-DNC units of nanoblocks
(a Sp, a Sg and two Sgs), achieving not only three
primary colors (R, G and B) but also intensity control of
the individual colors. Hence the color gamut is extruded
from the 2D CIE to a complete 3D hue, saturation and
brightness (HSB) space. In addition to the intensity con-
trol, the independent geometric phase control of each
RGB component can be obtained by the orientation
angles of the two nanoblocks in a DNC. Therefore, HSB
color nanoprinting and full color holographic images are
integrated into a single metasurface. Besides the DNC to
form a dual-functional color-controllable metasurface, in
2020, Zhang et al. proposed another metasurface com-
posed of Ag plasmonic shallow gratings (PSGs)?!!, as de-
picted in Fig. 16(e). Thanks to the full control of light, in-
cluding amplitude, phase, and polarization, multiple
types of independent information can be embedded into
a single metasurface. Under incoherent white light illu-
mination, the metasurface shows a full-color nanoprint-
ing-image with flexibly controlled HSB. For the case of
coherent laser illumination (with various wavelengths),
multi-wavelength holographic images can be seen.
Above-mentioned dual-functional color-controllable
metasurfaces work in a static mode. There are also some
efforts for dynamic displays. For example, in 2021, Yang
et al. utilized the dependence of destructive interference
and resonance on the environmental refractive index to
switch the light diffraction at particular wavelengths
“ON ” and
unchanged??. Then they presented a dynamic bifunc-

between “OFF ” states, or remain
tional metasurface, as shown in Fig. 16(f), which can ex-
hibit a color nanoprinting-image and five holographic
images at two different wavelengths by controlling the
spectral and phase response of metasurface. Additionally,
the displayed holographic image switches from “flower
fairy with a bud under the moon” to “two butterflies
around the bloomed orchid under the moon” by infilt-
rating dimethyl sulfoxide (DMSO).
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Multifunctional metasurfaces integrating

multi-nanoprinting and multi-holography

Combined with polarization multiplexing or incident
angle multiplexing, multichannel nanoprinting and mul-
tichannel holography can be implemented through one
single metasurface?’*2!%, which can significantly im-
prove the information capacity of metasurfaces. As
shown in Fig. 17(a), in 2021, Liu et al. combined geomet-
ric phase with propagation phase, proposing a versatile,
transmission-mode all-dielectric metasurface platform,
which can achieve arbitrary combination of two arbit-
rary amplitude and phase profiles for a pair of orthogon-
al polarization states?'>. Four TiO, nanopillars (two nan-
opillar A and two nanopillar B alternately arranged on a
2 x 2 square grid) form one metasurface super-pixel. The
in-plane dimensions of nanopillars A and B determine
the propagation phase shifts. Meanwhile, the geometric
phases are controlled by the orientation angle of the nan-
opillar relative to its fast axis, respectively. They deduced
the relationship formulas between independent amp-
litude (E;, E>) and phase (@1, ¢2) control for any two or-
thogonal polarization states and the dimensions and ori-
entation angles of nanopillar A and nanopillar B. Partic-
ularly, for orthogonal CP incident light, both of geomet-
ric phase and propagation phase are required to achieve
independent amplitude and phase control, while only
propagation phase is required for orthogonal linear po-
larization states. According to the desired functionality,
two target complex-amplitude profiles are determined,
and then the required propagation phase shifts and ori-
entation angles of nanopillar A and nanopillar B can be
obtained by relationship formulas. Based on above
design guidelines, they realized polarization-switchable
multidimensional light-field manipulations, which can
incorporate two near-field nanoprinting-images and two
far-field hologram images into the same metasurface.
Subsequently, Bao et al. used 2D planar structures to
construct a Jones matrix with six DOFs by combining
four nanoblocks in one pixel and tuning theirs x co-
ordinate positions and orientation angles®', as shown in
Fig. 17(b). Then they experimentally demonstrated sev-
eral polarization functionalities that can only be achieved
with high (five or six) DOFs of the Jones matrix, such as
triple-channel complex-amplitude holography and triple
sets of printing-hologram integrations. Moreover, Kim et
al. proposed a bifunctional metasurface combining struc-
tural-color printing and vectorial holography with eight
polarization channels®, as shown in Fig. 17(c). The

metasurface originates from the bifunctional meta-atom
that acts as both a Mie-resonator and a localized HWP,
thus allowing the multiplexing of structural-colors and
phase at each pixe. More importantly, grouping the
meta-atoms can control the polarization states of the
output beam. As a proof-of-concept, they devised an
electrically tunable optical security platform incorpor-
ated with LCs. It is doubly encrypted: structural-color
nanoprinting-images is decrypted under white light to
provide the first key, then the corresponding informa-
tion is used to reveal the encrypted information via pro-
jected vectorial holographic images.

Beside polarization multiplexing, Wan et al. designed
an angular-multiplexing multifunctional metasurface
that integrates two imaging functionalities of nanoprint-
ing and holography*, as shown in Fig. 17(d). The
metasurface consists of MIM nanostructures, in which F-P
resonant cavity length varies with incidence angles. By
elaborately scanning the geometric parameters of the top
metal layer, arbitrary amplitude and phase modulations
can be obtained. Furthermore, the essential mechanism
realizing angular-multiplexing relies on searching struc-
tural building blocks that can produce angular-encoded
amplitude and phase modulations and then building up
a dictionary. Then one can find any nanostructure to sat-
isfy the angular-multiplexing design requirement. Partic-
ularly, they designed three angular-multiplexing metas-
urfaces, including angular-multiplexed holography,
angular-multiplexed nanoprinting, and a hybridized
nanoprinting with holography. Furthermore, Wan et al.
proposed an electric-driven liquid-crystal-integrated
metasurface (ELIM) integrating nanoprinting and holo-
graphy and demonstrated toward advanced intelligent
dynamic display??’. By elaborately scanning the geometry
of amorphous silicon (a-Si) nanopillar to build up a sys-
tematic architectural dictionary, spatial-multiplexing and
the degeneracy for amplitude/phase selections are suc-
cessfully achieved, thus realizing any arbitrary multi-field
(both near- and far-field) encryptions. In addition, with
the help of ELIM anisotropic characteristics for ortho-
gonal polarizations, electric-driven quad-fold dynamic
exhibitions, including switchable dual-nanoprinting
(near-field) and simultaneous dual-holography (far-field)
images, are practically realized, as shown in Fig. 17(e).

Multifunctional metasurfaces integrating
nanoprinting and holography based on nanocavity
Integrating F-P nanocavity with nanostructure arrays is
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SEM images of the sample. Figure reproduced from: (a) ref.?'®, under the terms of the Creative Commons CC BY license; (b) ref.?'4, under a Cre-
ative Commons Attribution NonCommercial License 4.0; (c) ref.?'5, under the terms of the Creative Commons CC BY license; (d) ref.2'°, (e) ref.?'7,
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also a commonly used method to design multifunctional
metasurfaces?'*>22. In 2020, Luo et al. proposed a type of
meta-device, composed of microscale massive F-P cavity
structures and Al nanorod arrays, to integrate a color mi-
croprint and a helicity-multiplexed meta-hologram?”, as
shown in Fig. 18(a). The nanorod arrays have three kinds
of nanorods with different sizes to generate the phase
profiles of R (633 nm), G (532 nm), and B (450 nm)
channels. The fabricated metasurfaces can display a col-
or microprint (QR code) under white light, while pro-
jecting helicity-multiplexed holographic images under R,
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metasurface based on nanocavity pixel**, which is com-
posed of Mg/titanium (Ti)/palladium (Pd) film, hydro-
gen silsesquioxane (HSQ) layer, a silicon dioxide (SiO3)
film and an Ag mirror. The dynamic switch between
holography and color printing depends on the trans-
formation of the Mg and MgH, states. At the Mg state,
the metallic (Mg/Ti/Pd) capping layer can efficiently re-
flect the incident light in the visible wavelength range.
Meanwhile, the phase of the reflected light can be modu-
lated by varying the height of HSQ layer. Four different
HSQ heights, that is, four phase values are employed to
define the discrete phase levels over a 2m range at the
wavelength of 633 nm, while maintaining high reflect-
ance. Thus, the reflected light can be well controlled to
generate a phase-only holographic image in the far field.
After hydrogenation, Mg is translated into MgH, the in-
cident light can transmit through the capping layer and
experience multiple reflections inside the F-P nanocav-
ity formed between the capping layers (TiH,/PdH) and
the bottom Ag mirror. In this case, the phase differences
among different pixels become very small, however, four
types of nanocavity pixels appear distinct structural-col-
ors, which can be used to realize color nanoprinting. Im-
portantly, MgH, can be restored to Mg upon oxygen
exposure. It allows the switch between holography and
color display, taking advantage of the reversible
phase transition of Mg through hydrogenation and
dehydrogenation.

In 2021, Wang et al. realized real-time tunable tri-
channel nanoprintings and far-field meta-holography
through a single metasurface made of stepwise metal-hy-
drogel-metal (MHM) nanocavities??!, as shown in Fig.
18(c). An independent RGB tri-channel nanoprintings
implemented in transmission space are realized by spa-
tially arranging four stepwise nanocavities as individual
sub-pixels and merging them into a super-pixel. It’s
worth noting that one sub-pixel of the super-pixel is a
black pixel which has high reflection efficiency. The
nanocavity height of the black pixel has two candidates
to obtain approximately same high reflection efficiency
but significantly different phase shifts, thus creating a
two-stage phase encoding capability and freedom for
holography in reflection space. Furthermore, using
polyvinyl alcohol (PVA) as the nanocavity layer, nano-
printing-images can be dynamically tuned in real-time
by blowing humid gas, because the volume of PVA var-
ies with environmental humidity. Subsequently, Dai et al.
proposed a dual-Fabry-Perot (DF-P) nanocavity to real-

ize light modulations of intensity, phase shift and opera-
tion wavelength®??, which can be respectively modulated
by the top/bottom/total cavity length. By spatially arran-
ging the stepwise nanocavities, the designed DF-P metas-
urface can achieve dual-channel imaging, which con-
cealsa grayscale nanoprinting-image and simultan-
eously projects a far-field holographic image, as shown in
Fig. 18(d). Such DEF-P strategy provides a new DOF for

nanocavity design to independently manipulate light.

Multifunctional metasurfaces integrating
nanoprinting and holography based on orientation
degeneracy of anisotropic nanostructures

Previous multifunctional metausrfaces integrating nano-
printing and holography usually require the DOF of geo-
metric shape, i.e., dimension variation generates differ-
ent structural-color or amplitude modulation. Recent re-
searches show that both amplitude and phase manipula-
tions can be derived from controlling the orientation
angle of the anisotropic nanostructure with fixed geo-
metric dimensions, based on Malus law and geometric
phase. The orientation degeneracy implied in Malus law
provides a new design DOF for multifunctional metasur-
face, which can give the nanostructure additional geo-
metric phase modulation under the premise of realizing
arbitrary amplitude control**=*¥. In 2020, Deng et al.
used the Malus metasurface composed of one-size nano-
structures to realize the amplitude control of LP light
and the phase control of CP light at the same time, ac-
complishing two functional integration of nanoprinting
and holography?**. As shown in Fig. 19(a), when LP light
is incident on the metasurface, a continuous grayscale
image is observed on the surface of the metasurface.
When the incident light is switched to CP light, a holo-
gram with two-step or four-step phase control will be
projected into the far field. In this design, the near-field
nanoprinting-image and the far-field holographic image
are independent of each other, thereby there is no
crosstalk.

Furthermore, Li et al. combined the amplitude con-
trol with geometric phase and propagation phase con-
trol, realizing one-channel nanoprinting and two-chan-
nel holography through a single-celled metasurface®.
Each unit cell of the designed metasurface records three
channels of information, and three different optical
setups are required to decode the information, which im-
proves the security of information. Specifically, the con-
tinuous grayscale nanoprinting-image can be observed
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by placing the metasurface in an orthogonal optical path shown in Fig. 19(b). It’s worth noting that the informa-
(the direction of the transmission axis of the polarizer tion of each channel is independent of each other and
and the analyzer are perpendicular to each other). LCP does not interfere with each other.

light and RCP light can respectively decode two com- On the other hand, Dai et al. utilized the wavelength
pletely different holographic images in the far field, as selectivity of nanostructures and designed two nano-
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structures with different sizes, achieving independent
spectral control to generate dual structural-colors. Com-
bined with the orientation angle control and orientation
degeneracy, a multifunctional metasurface manipulating
three optical parameters of spectrum, amplitude, and
phase is obtained?. As shown in Fig. 19(c), the bicolor
nanoprinting-image can be observed at the metasurface
plane under a natural light source. Different optical
setups are required as decoding keys to reveal the gray-
scale nanoprinting-image and holographic image. In
2021, Ren et al. presented a multifunctional metasurface
for tri-channel near- and far-field polychromatic image
displays or six independent channels, including two
near-field grayscale images, two near-field binary images,
and two holographic images, merely through a single-
layer metasurface consisting of two types of nanostruc-
tures’”, as shown in Fig. 19(d). The proposed design
strategy incorporates various principles of non-ortho-
gonal polarization control, geometric phase control and
orientation degeneracy, making full use of limited DOFs
of single-layer nanostructured metasurfaces. The concept
of orientation degeneracy can apply to any anisotropic
structure and materials. For example, image display right
at the sample surface and holography in the far field are
demonstrated with liquid crystals??’. Furthermore, in
2022, Zhou et al. took full advantage of the DOFs of
single-celled nanostructures and proposed the concept of
dual-degeneracy?”, that is, the degeneracy of energy al-
location and the degeneracy of nanostructure orienta-
tions, as shown in Fig. 19(e). They experimentally
demonstrated this concept through a tri-channel metas-
urface, which can generate two N-bit grayscale images
and a four-step phase-only holographic image simultan-
eously. The functionalities of nanoprinting and holo-
graphy are combined by the minimalist nanostructure
design, which facilitates both the metasurface design and
fabrication.

Multifunctional metasurfaces integrating
nanoprinting and metalens

In addition to integrating holography and nanoprinting,
metalens as another fundamental phase-only element in
optics can also be integrated into nanoprinting to con-
struct a multifunctional optical device. In 2019, Chen et
al. developed a bifunctional, polarization-dependent,
multifunctional metasurface device (PDMMD), which
integrates the nanoprinting-image display with lens ima-
ging by spatial multiplexing®’, as shown in Fig. 20(a).

The PDMMD is composed of two types of nanostruc-
tures (a transmission unit and a reflection unit) to imple-
ment dual functions of metalens and nanoprinting re-
spectively. An isotropic cylindrical silicon nanorod on a
silica substrate is the transmission unit to give rise to
high transmission amplitude (~0.9) and phase coverage
of 0-2m. An anisotropic elliptical cylinder is utilized as
the reflection unit to obtain different reflective responses
under different polarization illumination at 1550 nm.
The two nanostructures are arranged according to the
corresponding regions of metalens and nanoprinting to
form the multifunctional metasurface. For the reflection
space, the metasurface can display a nanoprinting-image.
Meanwhile, for the transmission space, it works as a
metalens with hyperbolic phase profile that can realize
beam focusing and imaging, that is, a metalens is embed-
ded within nanoprinting.

However, the segmented design cannot make the best
use of the superior ability of the metasurface in manipu-
lating light wave. In 2021, Li et al. combined amplitude,
geometric phase and propagation phase manipulations
of metasurfaces, implementing perfect decoupling for
near- and far-field functionalization®!, as depicted in
Fig. 20(b). In contrast to multifunctional metasurfaces
designed by segmenting or stacking, they fully exploited
the design DOFs of nanostructured metasurfaces, integ-
rating a metalens and a nanoprinting into a single-cell
metasurface, which improves the storage capacity of a
meta-device. More importantly, the metalens has high
imaging quality close to the diffraction limit and the
grayscale nanoprinting-image has a resolution as high as
63500 dpi. Besides, the nanoprinting-image hidden in a
metalens has high security, because it can only be de-
coded by specific polarization directions of both the po-
larizer and analyzer.

Utilizing the multidimensional electromagnetic re-
sponse characteristics of metasurfaces to achieve the in-
tegration of multiple functionalities (e.g., nanoprinting,
holography, lens and beam splitter*?) will significantly
increase the amount of information carried by devices
and greatly reduce the system volume, weight, and power
consumption. It represents the future development dir-
ection of optical devices and display technology and is
promising in motion sensing devices, smart phones,
AR/VR, human-computer interaction and other related
fields which require new compact optical devices with

integrated multiple functionalities.
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Fig. 20 | Multifunctional metasurfaces integrating nanoprinting and metalens. (a) Left panel: diagrams of a transmission unit (top) and a re-

flection unit (bottom). Right panel: coplanar metalens embedded into nanoprinted display. (b) Left panel: schematic illustration of a unit-cell (top)

and the principle of intensity and phase manipulation. Right panel: metasurface decoupling for near- and far-field functionalizations of nanoprint-

ing and metalens. Figure reproduced with permission from: (a) ref.?*°, American Chemical Society; (b) ref.*', John Wiley and Sons.

Summary and outlook

In summary, we have reviewed the progress and achieve-
ments of meta-nanoprinting, and summarized the phys-
ics, design strategy and advances/applications of meta-
nanoprinting. We also introduce single-channel/multi-
channel metasurfaces used for nanoprinting and multi-
functional metasurfaces integrating nanoprinting and
holography/metalens, as well as their applications in the
fields of image display, information encryption, high-
density optical storage, optical anti-counterfeiting, in-
formation multiplexing and so on. Although we have
witnessed remarkable achievements in this fast-de-

veloped field of metasurface-based nanoprinting, there

still exist challenges to be overcome.

1) Information encryption. As we can see, informa-
tion decryption based on meta-nanoprinting is often op-
erated with the help of customized optical setups, which
contain bulky optical elements like objectives, color fil-
ters, polarizers and waveplates. Generally speaking, this
is a “dual-edged sword” strategy. On one hand, the com-
plex optical setups would increase the difficulty and time
to decrypt the information, thus improve the security of
information. On the other hand, it also brings inconveni-
ence for practical applications. Additionally, the higher
the security level, the more complex the decrypting pro-
cess. How to maintain the balance between information

security and decryption difficulty is a challenge in the
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application of information encryption.

2) Information multiplexing. Meta-nanoprinting
might be one of the best ways for optical data storage,
with the unique characteristics like ultrahigh informa-
tion density, low-power consumption, zero-pollution,
long-period and lightweight. Information multiplexing is
an effective way to further increase the information capa-
city. However, we have to face the contradiction between
channel numbers and performance. For example, with
the increasing of information channels, the optical per-
formance of each channel also deteriorates, which will
lead to poor signal-noise-ratio, low efficiency, crosstalk
and poor robustness against fabrication errors. In addi-
tion, most current research increases the information
channels through space multiplexing by segment, super-
cell or interleaving design strategies, thus the informa-
tion capacity is not improved in essence due to the sacri-
fice of spatial resolution. How to further explore the
DOF of nanostructured metasurfaces and decouple more
optical properties while maintaining high resolution and
strong robustness is a promising way to improve the in-
formation density.

3) Real-time reconfigurable meta-nanoprinting.
Time can be treated as another dimension of informa-
tion multiplexing to significantly increase the informa-
tion capacity and flexibility of meta-nanoprinting. Re-
search on dynamic meta-nanoprinting would be strongly
driven and motivated by the eagerness of consumer elec-
tronics towards being thin, lightweight, flexible, and even
wearable, like AR/VR devices, smart phone, helmet and
smart glass. However, although some dynamic switching
can be achieved by polarization control or chemical
methods, the real-time nanoprinting has not been fully
implemented yet. Actually, the development of real-time
reconfigurable meta-nanoprinting depends on the devel-
opment of active and tunable metasurfaces**-?*7, which
are generally implemented by electrical stimuli, optical
stimuli, nanostructural deformation, chemical reactions,
magnetic stimuli and so on. However, fast active and ar-
bitrary tunable optical metasurfaces are still under de-
veloped, with limited modulation ability reported so
far238,239‘

4) Full-color meta-nanoprinting. Current main-
stream commercial display based on LCs can display
about 16.7 million colors because each R, G, and B col-
ors are precisely controlled and mixed to display a vivid
image in real time. Although HSB control of meta-nano-
printing has been realized based on bi-meta-atoms and

supercell design strategy’'’, the accurate color control is
still a huge-big challenge, when compared with commer-
cial products. The main difficulty lies that, based on cur-
rent technique, it is hard to modulate the
amplitude/phase of incident light with a narrowband re-
sponse while compressing the response of other
wavelengths to nearly zero. In addition, considering the
machining accuracy, precise HSB control is difficult to
achieve. New physics might be a potential solution. For
example, dielectric nanostructures based on bound-
states-in-the-continuum (BIC)*° with high Q-factors
would be quite sensitive to the operating wavelength, es-
pecially around resonant wavelength, which would im-
prove the purity of a color.

5) Massy manufacturing. CMOS processing plat-
forms have shown the mass-manufactured metasurfaces
in the near-infrared range®'. In addition, laser printing
technique enables the fabrication of wafer-sized emis-
sion patterns in the infrared range*??®. However, the
fabrication of metasurfaces operating in the visible range
is expensive and requires high-precise nanofabrication
process, such as electron-beam lithography, which would
limit their scalability for large-scale commercial applica-
tions. Therefore, based on current techniques, the poten-
tial application of meta-nanoprinting in visible might be
the miniaturized anti-counterfeiting with high-level
security’’.

As the metasurface is composed of ultra-compact and
subwavelength  nanostructures,  meta-nanoprinting
provides a unique platform for high-resolution image
display and high-density information storage. In particu-
lar, color nanoprinting-image display based on metasur-
face has shown a series of merits compared with the con-
ventional pigments, such as sub-diffraction spatial resol-
ution, ultra-compact architectures, nontoxic material
components and long-term durability. Introducing nan-
oprinting into information encryption or anti-counter-
feiting can significantly improve information security,
because the metasurface is difficult to copy and imitate,
and information decryption requires specific optical
setups as decoding keys. Moreover, due to the small
volume and light weight, metasurfaces can work as anti-
counterfeiting labels and can be integrated into high-end
chips, watches, diamond rings and other precious com-
modities with small volume. In addition, dynamically
tunable nanoprinting based on electricity, ambient tem-
perature, chemical reaction and mechanical stretching
will significantly expand the functionality and applications
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of switchable color display, steganography, etc. Further-
more, benefiting from extraordinary light manipulation
ability and multiple design DOF of metasurfaces, nano-
printing can be easily combined with other technologies
such as holography and lens imaging. This means that a
single metasurface can implement multiple control
modes/multiple functionalities, promoting the develop-
ment of integrated and miniaturized optical systems.

It is foreseeable that with the further exploration of the
DOF of metasurfaces, dynamic modulation mechanisms,
and the developments of manufacturing technology,
meta-nanoprinting will bring a revolution in image dis-
play, information encryption, high-density optical stor-
age, optical anti-counterfeiting, etc.
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