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Abstract: Metasurfaces, employed to simultaneously generate nanoprinting and holographic images,
have been extensively explored recently. Among them, multi-wavelength multiplexing in a single
metasurface is often accompanied by dispersion and crosstalk, which hinder the display of multicolor
patterns. Here, we propose an efficient phase method to decouple the wavelength and realize a
three-channel display operating at different wavelengths. Holographic images appear in the far
field with the illumination of two different circularly polarized lights while a nanoprinting image
is reconstructed by inserting an orthogonal optical path with the illumination of linear polarization
light. The proposed metasurface is only composed of four types of unit cells, which significantly
decreases the complexity of fabrication and improves the information capacity. Benefiting from its
different decoding strategies and capability of multi-wavelength control, this approach may develop
broad applications in information encryption, security, and color display.
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1. Introduction

Conventional single-channel information encoding usually records one-dimension
information but lacks a complete description of the object, which greatly restricts the
application in practice. As a developing technology with high information density, multi-
channel information encoding is widely applied to many fields, such as AR, VR, and
deep learning [1-4]. Taking VR as an example, it integrates three-dimensional data of a
practical environment with computer simulation to get a more realistic experience com-
pared with traditional video. With the rapid development of information technology, the
demand for information in multiple channels is getting larger increasingly. Integrating
multidimensional information into a smaller device has become an urgent need to improve
information density.

Recently, owing to the unprecedented ability to modulate electromagnetic waves,
metasurfaces can precisely manipulate the phase, amplitude, and polarization of the inci-
dent light with subwavelength dimensions [5-9], which pave a new path to encode and
display multi-channel images [10-18]. Among them, nanoprinting and holographic images
are emerging research fields. Nanoprinting appears in the near-field, which is modulated by
the amplitude of light [19,20], while the holographic image appears in the far-field, which
is usually modulated by the phase [21-23]. The key to simultaneously displaying images
in both fields is to manipulate the phase and amplitude on the metasurfaces. Utilizing
this approach, various metasurfaces merging holography and nanoprinting have been
proposed to generate images in both fields [8,24-26]. Due to the dispersion effect and the
limited degrees of freedom, the nanoprinting and holographic images often accompany
some cross-talk between each wavelength [27-30]. A common scheme to avoid cross-talk
is to generate a specific spectral response by varying the dimensions of the nanostructure
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based on structural color. For example, the structural color is employed to generate color-
ful nanoprinting images in the near-field and the orientation angles of the nanostructure
modulate the geometric phase to produce holographic images [31]. Some schemes achieve
multi-wavelength display by arranging two or more nanostructures as a supercell. The
amplitude of each wavelength can be meticulously modulated with the different orientation
angles [32]. In addition, an emerging solution is to add specific dielectric into metasurface
such as oil and dimethyl sulfoxide (DMSQO). The refractive index or resonant mode are
varied when adding a specific dielectric, which stimulates more spectral response [33,34].
However, these metasurfaces require a large number of nanostructures with varied dimen-
sions to satisfy the phase and amplitude at different wavelengths. For instance, structural
color requires plenty of dimensions to generate various spectral responses, which increases
the difficulty of fabrication. Moreover, the complex structures and application conditions
such as arranging supercells and adding specific dielectrics hinder the practical application
of multi-wavelength displays.

Here, we demonstrate a three-channel metasurface to simultaneously display a nanoprint-
ing image and two-wavelength holographic images with only four dimensions of nanos-
tructures, as shown in Figure 1. Channel 1 is a nanoprinting image obtained by a linear
polarization (LP) light that successively passes the metasurface and an analyzer. Channel 2
and channel 3 are holographic images obtained by circularly polarized (CP) light at two
different wavelengths. In our design, the required amplitude in the near-field is derived by
the orientation angles of nanostructures based on Malus law and the phase is controlled by
orientation degeneracy and propagation phase. By the ingenious combination of geometric
phase and propagation phase, as for each pixel, we can get a specific table with 16 phase
groups covering 27t phase at two wavelengths [35]. The phase group that simultaneously
satisfies both holograms at the two wavelengths can be chosen and holographic images
in channel 2 and channel 3 are encoded into the metasurface. Due to the full control
of amplitude and phase at the three wavelengths, the cross-talk caused by the spectral
response can be largely avoided and the required dimension types of nanostructures can be
significantly reduced. More interestingly, different spin polarization lights can be employed
to be the incident light to display holographic images in another strategy, which increases
the flexibility of the design. Compared with previous work, our approach provides a new
idea to achieve multi-wavelength display with a simpler structure and may be widely
applied to optical encryption, color holography, VR, etc.

Cha“r\e\l Channel 1

cp Analyzer

X
Sample
Polarizer
-
Al b\ »CP
J \ o) Ch,
-— c?"’76/3
A2

Figure 1. Operation schematic of three-channel metasurface for three wavelengths holography and
nanoprinting. The metasurface is composed of TiO, nanobricks with four kinds of structure and
different orientation angles. The three images are displayed on three channels respectively. Channel
1 is a nanoprinting image obtained by an LP light that passes successively the metasurface and
orthogonal optical path at a wavelength of A;. Channel 2 and channel 3 are holographic images
respectively obtained by CP light at two wavelengths. The polarizer is used to derive LP light for
channel 1. A combination of a polarizer and a quarter-wave plate is used to derive CP light for
channel 2 and channel 3.
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2. Principle and Design

First, the nanoprinting image in the near-field requires independent intensity mod-
ulation. Governed by Malus law, when the nanostructure acts as a nano-half-waveplate,
the amplitude can be precisely manipulated by rotating angles. When an LP light passes
through the nanostructure and the analyzer is placed in the orthogonal direction, the output
light intensity can be expressed by the formula [36]:

@)2 sin?(26) (1)

I'=1Io(
where Ij represents the intensity of incident light and T;, and T are the complex transmis-
sion coefficients of the nanostructure along the long axes and short axes respectively, 6 is
the orientation angle of the nanostructure. When the nanostructure acts like a nano-half-
waveplate (A = 1, B = —1), the output intensity can be expressed as I = Iysin?(26). So, the
intensity of output light can be continuously modulated by configuring the orientation of
each nanostructure.

Interestingly, the orientation degeneracy provides a new degree of freedom to modu-
late the cross-polarized phase. As illustrated in Figure 2, four orientation angles in the same
nanostructure can generate an equal beam intensity, which can be employed to modulate
phase. In the principle of geometric phase modulation, under LCP light, the complex
amplitude of output light can be written as this formula [37]:

T+ Ts (1 T —Ts g 1
Eour = — (i)Jr 5 e _ 2)

where T} and Ts represent the complex transmittance coefficients along the long axis and
short axis respectively. From Equation (2), the cross-polarized component takes 26 phase
delay under LCP light. Therefore, each nanostructure can allocate a four-level geometric
phase to encode the hologram.
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Figure 2. The principle of orientation angle degeneracy. The same output light intensity has four
candidate orientation angles. The four candidate orientation angles can generate four different
geometric phases.

The two holograms at two different wavelengths need to be independently modulated
by phase. Normally, for the purpose of simultaneously realizing m-level phase control at
two wavelengths with the propagation phase, the total of required nanostructures would be
a large value of m?. To avoid a great number of required dimensions, an improved method
is proposed. The four candidate orientation angles are derived by using Malus law, which
provides additional four-level phase modulation to the cross-polarized component of CP
light. In order to obtain more phase combinations covering 27 at both wavelengths, we
screen out the dimensions with different propagation phases at the two wavelengths and
list each phase with a different rotation angle and dimension. Therefore, 16 phase groups
containing different phase responses at the two wavelengths are derived. Assuming that the
intensity of a near-field pixel is 0.5, the candidate orientation angles are 22.5°, 67.5°, 112.5°,
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and 157.5°, respectively. The propagation phase differences between the two wavelengths
of nanostructures are set to 7t/2, 7, 37t/2, and 2, respectively. As shown in Table 1, 16 phase
groups are listed in the case of 0.5 intensity. By comparing two phase profiles at the two
wavelengths, the phase group closest to both target phases can be chosen. Therefore, the
corresponding dimension and orientation angle is selected. In this way, the number of
required nanostructures is reduced to m. It is noted that the four candidate angles are
obtained by the intensity of each pixel in the near-field. If another intensity of a pixel in near-
field requires to be encoded to 1/4, according to Malus law, the candidate orientation angles
would be 15°,75°, 105°, and 165°, respectively and the corresponding phase groups should
be changed accordingly. Figure 3a,b show the candidate phase distribution respectively in
1/2 and 1/4 intensity, from which we can see that the phase distribution in 1/2 intensity is
more uniform. Therefore, when the grayscale of the nanoprinting image is close to 1/2, the
phase at both wavelengths will be better modulated.

Table 1. The phase groups in 1/2 intensity.

Rotation Angle
Propagation Phase 22.5 67.5 112.5 157.5
(0, 7/2) (7/4,371/4) (37t/4, 51t/4) (57t/4,71t/4) (77t/4, t/4)
0, m) (t/4, 5mt/4) (37t/4,7m/4) (57t/4, m/4) (77t/4, 3m/4)
0,3m/2) (t/4,7m/4) (371t/4, t/4) (571t/4,3m/4) (7mt/4, 51t/ 4)
(0, 2m) (mt/4, /4) (37t/4,3m/4) (57/4,5m/4) (7mt/4,71/4)

(01, 82) represents transmitted cross-polarization phase values at A1 and A2 controlled by propagation phase and
geometric phase, respectively.
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Figure 3. (a) The candidate phase distribution in 1/2 intensity. (b) The candidate phase distribution
in 1/4 intensity.

Next, the target phase profile of holography is calculated by Gerchberg-Saxton
(GS)algorithm. GS is a simple, widely applied algorithm that can optimize holograms with
high quality. In order to apply it to the case of a large angle exit, Rayleigh Sommerfeld
diffraction (RS) is used to calculate the diffraction result. The formula of diffraction can be
given by [38]:

exp (ikr)

1
U(x0,y0) = ajj U(x,y)cos < n,r >fdxdy ©)]

where U(x, yo) and U(x, y) represent the complex amplitude distribution of electric fields
on the holographic plane and metasurface, respectively. cos <, r> is the inclination factor,

r= \/ (x — xo)2 —(y— y0)2 + z2 and z is the propagation distance. With the GS algorithm
optimization, two individual phase profiles for holograms at two different wavelengths
can be derived.

The schematic diagram of designing the proposed metasurfaces is illustrated in
Figure 4. First, the intensity in the near-field is calculated by Malus law. Matching the target
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images in the curve and then the four candidate orientation angles are obtained. By a com-
bination of different propagation phases at both wavelengths, 16 phase groups covering 27
at both wavelengths can be listed. Different intensity of a pixel in the nanoprinting image
corresponds to different phase groups. The phase-only hologram at both wavelengths is
obtained by the GS algorithm. Screen out the phase group closest to the two holograms
and then the corresponding dimension and rotation angle can be selected. Through the
above process, the two different holographic images in the far-field with different wave-

lengths of CP light and a nanoprinting image at a wavelength of LP light are encoded into
the metasurfaces.
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Figure 4. Principle schematic of the three-channel metasurfaces for multi-wavelength holography
and nanoprinting.

3. Results and Discussion
3.1. Unit-Cell Design

TiO; and SiO; have the advantage of high transmittance in visible and near-infrared re-
gions, which can improve holographic diffraction efficiency. Therefore, the TiO, nanobrick
is employed as the nanostructure, and SiO, is employed as the planar substrate, as shown
in Figure 5a. We utilize FDTD Solutions (Lumerical Inc., Vancouver, BC, Canada) to scan
and select suitable dimensions. Periodic boundary conditions are applied in both the x
and y directions and the perfectly matched layer (PML) boundary condition is applied in
the z-direction. In order to cover the 2m phase difference between the two wavelengths,
the height of each nanobrick is identically set to be 1000 nm and the cell size is set to be
400 x 400 nm. The incident light is set to be an LCP light. Next, we scan the dimension
of the nanobrick to obtain the propagation phases at each wavelength. In the simulation,
the length of the nanobricks ranges from 150 nm to 350 nm, and the width ranges from



Nanomaterials 2023, 13, 183

6 of 13

50 nm to 250 nm with a step of 10 nm. The phase differences between two wavelengths are
determined by the dimensions of nanostructures which can stimulate different resonance
modes. To cover 27 phase difference at both wavelengths, the differences between two
wavelengths cannot be too small. So, we carefully choose four dimensions of nanobricks
operating at 500 nm and 680 nm. The details of dimension parameters are listed in Figure 5b.
Figure 5¢—f plots the propagation phase difference ranging from 0 to 37t/2 between 500 nm
and 680 nm of each dimension.

(a) (b)
Propagation | Propagation
Structure | Length(nm) | Width(nm) phase at phase at
500nm(rad) | 680nm(rad)
s1 350 70 0.00956 | -0.76449
S2 310 80 0.45175 | -0.81626
A S3 340 120 -2.43317 0.63862
Q sS4 310 140 -1.39761 0.85671
VAN
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Figure 5. (a) Schematic of a nanostructure with a TiO, nanobrick and a SiO; substrate. (b) Each
dimension parameter and propagation phase of the nanobrick. (c—f) Propagation phase curves of the
four unit structures in the range of 500 nm to 700 nm. The red arrow and black dotted line show the
phase difference between 680 nm and 500 nm in each dimension of the nanobrick.

Furthermore, we investigate the polarization conversion rate (PCR) in each dimension
at the range of 500 to 700 nm, as exhibited in Figure 6a. Based on Malus law, the nanos-
tructure is required to be a half-wave-plate (HWP) to continuously modulate amplitude.
Uneven PCR of each nanostructure will cause inaccurate encoding of the nanoprinting
grayscale. Therefore, the wavelength corresponding to the highest PCR in each dimension
will be chosen. Here, 596 nm is chosen to be the operation wavelength for nanoprinting,
which is the suitable wavelength with high PCR among the nanobricks. Figure 6b plots the
PCR of each dimension at the three wavelengths. The PCR of each dimension at 596 nm is
higher than 90%. Furthermore, the PCR at 680 nm is higher than the PCR at 500 nm, so the
efficiency of the holographic image at 680 nm will be higher.
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Figure 6. (a) Polarization conversion rate of the selected nanobricks under CP light ranging from
500 nm to 700 nm. (b) Polarization conversion rate of the nanobricks at 596, 680, and 500 nm
respectively.

3.2. Demonstration and Discussion of Three-Channel Metasurfaces for Multi-Wavelength
Holography and Nanoprinting

To verify our design, we design two samples of metasurfaces for the three-channel
display of two different holographic images and one nanoprinting image. The metasurfaces
consist of 100 x 100 nanobricks and the whole size of metasurfaces is 40 pm x 40 um. The
designed distance of metasurfaces to the holographic image is 30 um. As for holographic
images, we employ two LCP lights to illuminate the metasurfaces, respectively, at 500 nm
and 680 nm. As for the nanoprinting image, the LP light at 596 nm is placed in front of
metasurfaces and an orthogonal analyzer.

For the target images of holography, due to the discretization of the phase, displaying
binary grayscale images are more easily. As shown in Figure 7, the holographic images
at 680 nm and 500 nm are “A” and “B”, respectively, in the distance of 30 pm and the
nanoprinting image in sample 1 is a “snowman”. Sample 2 shows a “rabbit” in the near-
field and the two holographic images are “clover” and “banana”. When the metasurface is
illuminated by an LCP light at 500 nm and 680 nm, two independent holographic images
are displayed at 30 pm respectively with high-definition. When the metasurface is inserted
into an orthogonal optical path and illuminated by an LP light at 596 nm, a nanoprinting
image determined by light intensity distribution can be clearly seen in the near-field.

Further, we investigate the holographic efficiency of the two holographic images. The
measured holographic image efficiency can be defined as the ratio between the light inten-
sity of holographic imaging and input intensity. At the designed wavelength of 680 nm, the
holographic image efficiency in sample 1 and sample 2 are 48.14% and 48.67% respectively.
At 500 nm, the efficiency in sample 1 and sample 2 are 24.9% and 23.83%. It attributes that
the PCR of each nanobrick dimension at 500 nm is lower than the latter which is mentioned
in Figure 6b. Compared with other metasurfaces, our achieved holographic image effi-
ciency is reasonable [31]. Actually, to simultaneously operate at multiple wavelengths, the
diffraction efficiency of multi-wavelength metasurfaces is usually lower than the efficiency
of the single-wavelength metasurface. The reduced efficiency of our metasurface mainly
comes from the nanobricks with low PCR at holographic wavelength. Due to the need
to cover the 27t phase difference between 680 nm and 500 nm, it is difficult to derive the
dimensions simultaneously satisfying high PCR at both wavelengths. By screening more
dimensions, the suitable wavelength with higher PCR can be chosen to adapt to application
needs.
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Sample 1

Sample 2

Figure 7. Simulation results of the metasurfaces for three-channel holography and nanoprinting. The
first row and the second row respectively show the simulation results in sample 1 and sample 2. The
first column shows the nanoprinting images under LP light (596 nm) in the near-field. The second
column and the third column show the holographic images under CP light (680 nm, 500 nm) in the
far-field. The red arrow represents the polarization direction «; of the incidence light and the blue
arrow represents the analyzer polarization o.

To explore the broadband characteristic of the holographic images in the far-field, we
employ four LCP lights near the operation wavelengths to illuminate the metasurface and
observe the holographic images in the designed distance. As shown in Figure 8, the holo-
graphic images work well in a wide band. According to the diagram plotted in Figure 5c¢c—f,
there is no abrupt change of the propagation phase near the designed wavelength, which
ensures the phase approximately matching for holography. Furthermore, when the wave-
length deviates more from the designed wavelength, the holographic image will emerge
with larger geometric distortion. This phenomenon can be accounted for by the phase
mismatch based on diffraction theory. Interestingly, when the wavelength of input light
changes from 500 nm to 700 nm, there will be a gradient effect from one image to another.

Figure 8. The simulation results of broadband response. The results include the holographic images
by illuminating the metasurface under LCP light at different wavelengths (660 nm, 640 nm, 520 nm,
540 nm).
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In addition, the four candidate angles can allocate two groups to encode a binary image
beside the three channels. According to Malus law, if the Jones vector of the incident light
is [cos a1, sin oq]T and the optic analyzer is placed behind the metasurface with direction
«, the intensity of output light can be expressed as followed [39]:

2

T T
Iitls cos(ay —ap) 4)

T;, — Ts
127
2

5 cos(20 —ay —ap) +

where 6 represents the orientation angle of the nanostructure. When the metasurface
operates at 596 nm, the coefficient % can be ignored due to the half-wave plate of each
nanostructure at 596 nm. Consider the Equation (4) in this case: a1 = 22.5° and ap = 112.5°,
the intensity of the output light can be expressed as

%TS sin® (260 — g) (5)

Therefore, it provides a new freedom degree to encode a binary nanoprinting image.
The working principle is shown in Figure 9a. The continuous grayscale image is modulated
by the orientation angle and the binary image is modulated by the orientation degeneracy
based on Equation (5). Then the table consisting of 4 x 2 phase groups can be listed to
modulate the dual-wavelength holography. Figure 9b shows the simulation results of this
four channels scheme, where a tree can be clearly seen in the case of a1 = 0°, 2y =90°, and
“Y” can be seen in the case of a1 =22.5°, a; = 112.5° in the near-field. By illuminating the
metasurface with LCP light at 680 nm and 500 nm, the holographic images (“G” and “F”)
are displayed, respectively, in the far-field. Due to the reduction of the phase groups, the
holographic images will undergo some deterioration.

(a) -sin?20 - - -sin?(20-/4)
1.00- AT === - - o
w‘ / 4 h _______ ~ “Retation-angle __ e
§0'75- ;'J \ ” : :'*’\ Propagation phase I b67‘5 B 5157'5
2 0.50 / y ! "_f \ (0, n/2) (3n/4, 5n/4) (Tn/4, n/4)
3 . \ g \ A 1 v (0, ) (3n/4, Tn/4) (7n/4, 3n/4)
[ v ! \ ".L ! 6-{ \ (0, 31/2) (3n/4, m/4) (7n/4, 5n/4)
= 0254/ R \ (0, 2) (3/4, 3u/4) (T/4, Tnl4)
}f \ :,’ 1 \ (6;, 6.) represents transmitted cross-polarization phase values at A; and 2 controlled by
7 \AN T, \ : ; ;
0.00 N\ . AWARR . \I propagation phase and geometric phase, respectively.
60 120 180

Sample 1

Orientation angle(®)

'''''''''''''''''''''' r—— """ T T T

Near-field . Far-field '

o LCP (680nm)

——————————— 1

Figure 9. (a) Schematic diagram of the binary image encoding besides the three channels. Take the
gray value of 0.5 as an example, four candidate orientation angles are obtained. If the corresponding
pixel in the binary image is high level, the orientation of 67.5° and 157.5° can be chosen and 4 x 2
phase groups are listed. Select the most suitable phase group to realize dual-wavelength holography.
(b) The simulation results of the four-channel holographic and nanoprinting images.
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Since the four candidate angles governed by Malus law cover 27t phase, the proposed
method can be extended to encode different spin polarization of CP light. In the principle
of geometric phase modulation, under RCP light, the complex amplitude of output light
can be written as this formula [37]:

T+ Ts (1 TL—Ts o 1
Eour = -~ S(_i>+L2 Se 129<i> ©6)

Equations (2) and (4) indicate that the geometric phase modulations of LCP light and
RCP light are completely opposite. When the incidence light at 500 nm is LCP light while
the incidence light at 680 nm is RCP light, the phase groups of 1/2 intensity in near-field
can be listed in Table 2. At the two wavelengths, the two CP lights with different rotation
directions have completely opposite geometric phase modulation, which is different from
Table 1. Similarly, by choosing the appropriate phase group in Table 2, the two indepen-
dent holographic images can be simultaneously encoded into the metasurface. Figure 10
shows the two holographic images (“C” and “D”) under RCP and LCP in the case of the
“tiger” nanoprinting image. The results indicate that the proposed method artificially
controls the phase according to the polarization of the incident light with the same kinds of
nanostructures, which broadens the selection of incidence light.

Table 2. The phase groups in 1/2 intensity under LCP light and RCP light.

Rotation Angle
22.5 67.5 112.5 157.5
Geometric
Phase
Propagation (n/4, —m/4)  (3n/4, —3m/4) (5n/4, —5n/4)  (7m/4, —7m/4)
Phase
0, 7/2) (7t/4,3m/4) (31t/4,51t/4) (571t/4,71t/4) (7mt/4, /4)
0, ) (t/4, 5mt/4) (37t/4,7m/4) (57t/4, m/4) (7m/4,3m/4)
(0,37/2) (mt/4, 7t/ 4) (37t/4, m/4) (57t/4,3m/4) (7c/4, 5mt/4)
(0, 27) (rt/4, /4) (31t/4,3mt/4) (57t/4, 51t/4) (7mt/4,7mt/4)
(01, 82) represents transmitted cross-polarization phase of RCP and LCP values at A = 500 nm and A = 680 nm,
respectively.

Sample 3

Figure 10. The simulation results of the holographic images under RCP at 680 nm and LCP at 500 nm.

The proposed metasurfaces for three wavelengths holography and nanoprinting pro-
vide a simple approach for multi-wavelength control in near-field and far-field. There are
several distinct advantages in our design over previous schemes. First of all, the metasur-
face only requires four kinds of nanobrick dimensions, which significantly lightens the
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difficulty of metasurfaces fabrication. Meanwhile, it simplifies the complicated process for
screening dimensions to obtain suitable propagation phases at both wavelengths. Second,
the broadband characteristic in the far-field improves the robustness and practicability of
the three-channel metasurfaces. Third, it offers a way to encode four channels of nanoprint-
ing and holographic images, which additionally encode a binary nanoprinting image by
orientation degeneracy. At last, the three images need to be encoded by three different
wavelengths and the spin polarization of incidence light of holography can be artificially
designed. Specifically, to completely decode the three channels, the three kinds of operation
wavelengths and their corresponding polarization states should be given in advance, which
constitute three different secret keys. With the help of the special service condition, our
approach paves a new path for image encryption and significantly increases the security of
image display.

4. Conclusions

In general, we propose and demonstrate a three-channel metasurface for multi-
wavelength holography and nanoprinting merely with four dimensions of the structure. By
combining amplitude modulation and phase modulation based on Malus law and phase
groups, we achieve three independent image displays in the near-field and far-field at
three different wavelengths. In our design, only four types of nanostructures are required
to compose the metasurface, which significantly simplifies the structure and reduces the
difficulty of fabrication without reducing information density. With the advantages of
high information density, high security, and strong robustness for three-image display, the
proposed metasurface will bring great convenience for information storage, integration,
and encryption.

Author Contributions: Conceptualization, Z.L.; methodology, Z.L.; software, Z.L.; validation, Z.L.,
ZW. and Q.D.; formal analysis, ZW., Q.D., Y.Z,, ].Y,, YH., HL. and ].G.; investigation, Z.L., Q.D.,
and Z.W.; data curation, Z.L. and Y.Z.; writing—original draft preparation, Z.L.; writing—review
and editing, ZW., Q.D., Y.Z,, ].Y., YH., HL. and ]J.G.; visualization, Z.L.; supervision, Z.W. and
Q.D.; project administration, Z.W.; funding acquisition, Z.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC)
(Grant NO. 61774062, 62175070, 61875057); Natural Science Foundation of Guangdong Province
(Grant NO. 2021A1515010352, 2019A1515011578); Science and Technology Program of Guangzhou
(Grant NO. 2019050001).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mueller, ].P.B.,; Rubin, N.A.; Devlin, R.C.; Groever, B.; Capasso, F. Metasurface Polarization Optics: Independent Phase Control of
Arbitrary Orthogonal States of Polarization. Phys. Rev. Lett. 2017, 118, 113901. [CrossRef]

2. Kildishev, A.V.; Boltasseva, A.; Shalaev, V.M. Planar Photonics with Metasurfaces. Science 2013, 339, 1232009. [CrossRef] [PubMed]

3. Lin, D;; Fan, P.; Hasman, E.; Brongersma, M.L. Dielectric gradient metasurface optical elements. Science 2014, 345, 298-302.
[CrossRef]

4. Yin, X.; Ye, Z.; Rho, J.; Wang, Y.; Zhang, X. Photonic Spin Hall Effect at Metasurfaces. Science 2013, 339, 1405-1407. [CrossRef]
[PubMed]

5. Wang, B,; Luo, X,; Lu, Y; Li, G. Full 360° Terahertz Dynamic Phase Modulation Based on Doubly Resonant Graphene-Metal
Hybrid Metasurfaces. Nanomaterials 2021, 11, 3157. [CrossRef] [PubMed]

6. Cerjan, B.; Gerislioglu, B.; Link, S.; Nordlander, P.; Halas, N.J.; Griep, M.H. Towards scalable plasmonic Fano-resonant metasur-
faces for colorimetric sensing. Nanotechnology 2022, 33, 405201. [CrossRef] [PubMed]

7. Wang, S.; Wu, PC,; Su, V.-C.; Lai, Y.-C.; Chen, M.K,; Kuo, H.Y.; Chen, B.H.; Chen, Y.H.; Huang, T.-T.; Wang, J.-H.; et al. A
broadband achromatic metalens in the visible. Nat. Nanotechnol. 2018, 13, 227-232. [CrossRef] [PubMed]

8.  Hu, Y, Li, L; Wang, Y.; Meng, M,; Jin, L.; Luo, X,; Chen, Y.; Li, X,; Xiao, S.; Wang, H.; et al. Tri-chromatic and Tripolarization-

Channel Holography with Noninterleaved Dielectric Metasurface. Nano Lett. 2020, 20, 994-1002. [CrossRef]


http://doi.org/10.1103/PhysRevLett.118.113901
http://doi.org/10.1126/science.1232009
http://www.ncbi.nlm.nih.gov/pubmed/23493714
http://doi.org/10.1126/science.1253213
http://doi.org/10.1126/science.1231758
http://www.ncbi.nlm.nih.gov/pubmed/23520105
http://doi.org/10.3390/nano11113157
http://www.ncbi.nlm.nih.gov/pubmed/34835921
http://doi.org/10.1088/1361-6528/ac7b33
http://www.ncbi.nlm.nih.gov/pubmed/35732108
http://doi.org/10.1038/s41565-017-0052-4
http://www.ncbi.nlm.nih.gov/pubmed/29379204
http://doi.org/10.1021/acs.nanolett.9b04107

Nanomaterials 2023, 13, 183 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sun, S.; Zhou, Z.; Zhang, C.; Gao, Y.; Duan, Z.; Xiao, S.; Song, Q. All-Dielectric Full-Color Printing with TiO, Metasurfaces. ACS
Nano 2017, 11, 4445-4452. [CrossRef]

Khalid, A.U.R; Liu, J.; Han, Y.; Ullah, N.; Zhao, R.; Wang, Y. Multichannel polarization encoded reflective metahol-ogram using
VO, spacer in visible regime. Opt. Commun. 2019, 451, 211-215. [CrossRef]

Li, T.; Wei, Q.; Reineke, B.; Walter, F; Wang, Y.; Zentgraf, T.; Huang, L. Reconfigurable metasurface hologram by utilizing
addressable dynamic pixels. Opt. Express 2019, 27, 21153-21162. [CrossRef] [PubMed]

Bao, Y,; Yan, J.; Yang, X.; Qiu, C.-W.; Li, B. Point-Source Geometric Metasurface Holography. Nano Lett. 2021, 21, 2332-2338.
[CrossRef] [PubMed]

Kamali, S.M.; Arbabi, E.; Arbabi, A.; Horie, Y.; Faraji-Dana, M.; Faraon, A. Angle-Multiplexed Metasurfaces: Encoding Indepen-
dent Wavefronts in a Single Metasurface under Different Illumination Angles. Phys. Rev. X 2017, 7, 041056. [CrossRef]

Zhang, X.; Tang, D.; Zhou, L,; Jiao, J.; Feng, D.; Liang, G.; Guo, Y. Polarization-insensitive colorful meta-holography employing
anisotropic nanostructures. Nanoscale 2019, 11, 20238-20244. [CrossRef] [PubMed]

Zheng, G.; Zhou, N.; Deng, L.; Li, G.; Tao, J.; Li, Z. Full-space metasurface holograms in the visible range. Opt. Express 2021, 29,
2920-2930. [CrossRef]

Zhao, D.; Dong, Z.; Huang, K. High-efficiency holographic metacoder for optical masquerade. Opt. Lett. 2021, 46, 1462-1465.
[CrossRef] [PubMed]

Wang, Z.; Liu, J.; Ding, X.; Zhao, W.; Zhang, K.; Li, H.; Ratni, B.; Burokur, S.N.; Wu, Q. Three-Dimensional Microwave Holography
Based on Broadband Huygens” Metasurface. Phys. Rev. Appl. 2020, 13, 014033. [CrossRef]

Zhang, C.; Dong, F; Intaravanne, Y.; Zang, X.; Xu, L.; Song, Z.; Zheng, G.; Wang, W.; Chu, W.; Chen, X. Multichannel Metasurfaces
for Anticounterfeiting. Phys. Rev. Appl. 2019, 12, 034028. [CrossRef]

Li, Z.; Dai, Q.; Deng, L.; Zheng, G.; Li, G. Structural-color nanoprinting with hidden watermarks. Opt. Lett. 2021, 46, 480—483.
[CrossRef]

Zang, X.; Dong, E; Yue, F,; Zhang, C.; Xu, L.; Song, Z.; Chen, M.; Chen, P.-Y; Buller, G.S.; Zhu, Y.; et al. Polarization Encoded
Color Image Embedded in a Dielectric Metasurface. Adv. Mater. 2018, 30, €1707499. [CrossRef]

Jiang, Q.; Jin, G.; Cao, L. When metasurface meets hologram: Principle and advances. Adv. Opt. Photonics 2019, 11, 518-576.
[CrossRef]

Wen, D.; Yue, F; Li, G.; Zheng, G.; Chan, K.; Chen, S.; Chen, M,; Li, K.E; Wong, PW.H.; Cheah, K.W.; et al. Helicity multiplexed
broadband metasurface holograms. Nat. Commun. 2015, 6, 8241. [CrossRef] [PubMed]

Zhao, R; Sain, B.; Wei, Q.; Tang, C.; Li, X.; Weiss, T.; Huang, L.; Wang, Y.; Zentgraf, T. Multichannel vectorial holographic display
and encryption. Light Sci. Appl. 2018, 7, 95. [CrossRef] [PubMed]

Deng, L.; Deng, J.; Guan, Z.; Tao, J.; Chen, Y,; Yang, Y.; Zhang, D.; Tang, |J.; Li, Z; Li, Z.; et al. Malus-metasurface-assisted
polarization multiplexing. Light Sci. Appl. 2020, 9, 101. [CrossRef] [PubMed]

Khalig, H.S.; Kim, I.; Kim, J.; Oh, D.K.; Zubair, M.; Riaz, K.; Mehmood, M.Q.; Rho, J. Manifesting Simultaneous Optical Spin
Conservation and Spin Isolation in Diatomic Metasurfaces. Adv. Opt. Mater. 2021, 9, 2002002. [CrossRef]

Li, J.; Wang, Y.; Chen, C; Fu, R;; Zhou, Z.; Li, Z.; Zheng, G.; Yu, S.; Qiu, C.; Zhang, S. From Lingering to Rift: Metasurface
Decoupling for Near- and Far-Field Functionalization. Adv. Mater. 2021, 33, e2007507. [CrossRef] [PubMed]

Deng, Z.L.; Jin, M; Ye, X.; Wang, S.; Shi, T.; Deng, J.; Mao, N.; Cao, Y.; Guan, B.O.; Alu, A; et al. Full-Color Complex-Amplitude
Vectorial Holograms Based on Multi-Freedom Metasurfaces. Adv. Funct. Mater. 2020, 30, 1910610. [CrossRef]

Qu, G; Yang, W,; Song, Q.; Liu, Y.; Qiu, C.-W.; Han, J.; Tsai, D.-P.; Xiao, S. Reprogrammable meta-hologram for optical encryption.
Nat. Commun. 2020, 11, 5484. [CrossRef]

Wei, Q.; Sain, B.; Wang, Y.; Reineke, B.; Li, X.; Huang, L.; Zentgraf, T. Simultaneous Spectral and Spatial Modulation for Color
Printing and Holography Using All-Dielectric Metasurfaces. Nano Lett. 2019, 19, 8964-8971. [CrossRef]

Zhao, W.; Liu, B.; Jiang, H.; Song, ].; Pei, Y,; Jiang, Y. Full-color hologram using spatial multiplexing of dielectric metasurface. Opt.
Lett. 2016, 41, 147-150. [CrossRef]

Liang, C.; Deng, L.; Dai, Q.; Li, Z.; Zheng, G.; Guan, Z.; Li, G. Single-celled multifunctional metasurfaces merging structural-color
nanoprinting and holography. Opt. Express 2021, 29, 10737-10748. [CrossRef] [PubMed]

Bao, Y,; Yu, Y,; Xu, H.; Guo, C; Li, J.; Sun, S.; Zhou, Z.-K,; Qiu, C.-W.; Wang, X.-H. Full-colour nanoprint-hologram synchronous
metasurface with arbitrary hue-saturation-brightness control. Light Sci. Appl. 2019, 8, 95. [CrossRef] [PubMed]

Xiong, B.; Xu, Y.; Wang, J.; Li, L.; Deng, L.; Cheng, F,; Peng, R.; Wang, M.; Liu, Y. Realizing Colorful Holographic Mimicry by
Metasurfaces. Adv. Mater. 2021, 33, €2005864. [CrossRef] [PubMed]

Yang, W.; Qu, G; Lai, F; Liu, Y; Ji, Z,; Xu, Y.; Song, Q.; Han, J.; Xiao, S. Dynamic Bifunctional Metasurfaces for Holography and
Color Display. Adv. Mater. 2021, 33, €2101258. [CrossRef]

Yoon, G.; Kim, J.; Mun, J.; Lee, D.; Nam, K.T.; Rho, J. Wavelength-decoupled geometric metasurfaces by arbitrary dis-persion
control. Commun. Phys. 2019, 2, 129. [CrossRef]

Zheng, G.; Fu, R.; Deng, L.; Li, G.; Li, Z. On-axis three-dimensional meta-holography enabled with continuous-amplitude
modulation of light. Opt. Express 2021, 29, 6147-6157. [CrossRef]

Liu, M.; Zhu, W.; Huo, P; Feng, L.; Song, M.; Zhang, C.; Chen, L.; Lezec, HJ.; Lu, Y.; Agrawal, A_; et al. Multifunctional
metasurfaces enabled by simultaneous and independent control of phase and amplitude for orthogonal polarization states. Light
Sci. Appl. 2021, 10, 107. [CrossRef]


http://doi.org/10.1021/acsnano.7b00415
http://doi.org/10.1016/j.optcom.2019.06.048
http://doi.org/10.1364/OE.27.021153
http://www.ncbi.nlm.nih.gov/pubmed/31510197
http://doi.org/10.1021/acs.nanolett.0c04485
http://www.ncbi.nlm.nih.gov/pubmed/33369430
http://doi.org/10.1103/PhysRevX.7.041056
http://doi.org/10.1039/C9NR05533A
http://www.ncbi.nlm.nih.gov/pubmed/31621736
http://doi.org/10.1364/OE.417202
http://doi.org/10.1364/OL.419542
http://www.ncbi.nlm.nih.gov/pubmed/33720212
http://doi.org/10.1103/PhysRevApplied.13.014033
http://doi.org/10.1103/PhysRevApplied.12.034028
http://doi.org/10.1364/OL.417026
http://doi.org/10.1002/adma.201707499
http://doi.org/10.1364/AOP.11.000518
http://doi.org/10.1038/ncomms9241
http://www.ncbi.nlm.nih.gov/pubmed/26354497
http://doi.org/10.1038/s41377-018-0091-0
http://www.ncbi.nlm.nih.gov/pubmed/30510691
http://doi.org/10.1038/s41377-020-0327-7
http://www.ncbi.nlm.nih.gov/pubmed/32566171
http://doi.org/10.1002/adom.202002002
http://doi.org/10.1002/adma.202007507
http://www.ncbi.nlm.nih.gov/pubmed/33733561
http://doi.org/10.1002/adfm.201910610
http://doi.org/10.1038/s41467-020-19312-9
http://doi.org/10.1021/acs.nanolett.9b03957
http://doi.org/10.1364/OL.41.000147
http://doi.org/10.1364/OE.420831
http://www.ncbi.nlm.nih.gov/pubmed/33820202
http://doi.org/10.1038/s41377-019-0206-2
http://www.ncbi.nlm.nih.gov/pubmed/31666949
http://doi.org/10.1002/adma.202005864
http://www.ncbi.nlm.nih.gov/pubmed/33870557
http://doi.org/10.1002/adma.202101258
http://doi.org/10.1038/s42005-019-0232-7
http://doi.org/10.1364/OE.416084
http://doi.org/10.1038/s41377-021-00552-3

Nanomaterials 2023, 13, 183 13 of 13

38. Wang, Q.; Plum, E.; Yang, Q.; Zhang, X.; Xu, Q.; Xu, Y.,; Han, J.; Zhang, W. Reflective chiral meta-holography: Multiplexing
holograms for circularly polarized waves. Light Sci. Appl. 2018, 7, 25. [CrossRef]

39. Zhou, Z.; Wang, Y.; Chen, C.; Fu, R.;; Guan, Z; Li, Z.; Zheng, G.; Yu, S. Multifold Integration of Printed and Holographic
Meta-Image Displays Enabled by Dual-Degeneracy. Small 2022, 18, 2106148. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/s41377-018-0019-8
http://doi.org/10.1002/smll.202106148

	Introduction 
	Principle and Design 
	Results and Discussion 
	Unit-Cell Design 
	Demonstration and Discussion of Three-Channel Metasurfaces for Multi-Wavelength Holography and Nanoprinting 

	Conclusions 
	References

