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1. Introduction

Metasurfaces'' ™), ultrathin optical elements composed of

subwavelength antenna arrays, have exhibited unprecedented
wavefront modulation properties by imposing individual phase
and/or amplitude shifting. Benefiting from their flexibility in
wavefront manipulation, a large variety of optical metasurface-
based devices have been demonstrated for various functional-
ities, such as metalenses'®™), vortex beam generators!'®'!],
full-Stokes polarization cameras!?), and ultracompact image
displays, including holography!’>'*! and nanoprinting!">'®),
Regarding metasurface holography, a series of novel multiplex-
ing schemes have been proposed to improve information
capacity and information security recently, where different holo-
graphic images are encoded along multiple optical dimen-
sions!’”"?*1. However, conventional metasurface multiplexing
techniques are based on single-layer frameworks, which allows
for distinct encrypted information displayed in different chan-
nels. Since the separation of information in physical space is
ignored, one must face a situation where once the medium on
which the information is stored has been accessed, all informa-
tion is at risk of exposure. In this context, multilayer metasurface
frameworks offer an alternative for the physical separation of
layers and the inherent information that can enhance the secu-
rity of information.
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For a conventional cascaded metasurface, the combination channel and each single channel are mutually dependent
because the phase modulation of a cascaded metasurface is the sum of each single one. Here we propose a cascaded
metasurface that can independently encode information into multiple channels. Based on the orientation degeneracy
of anisotropic metasurfaces, each single metasurface can produce a quick-response (QR) image in the near field, governed
by the Malus law, while the combined channel can produce a holographic image in the far field, governed by geometric
phase. The independent and physically separated trichannel design makes information encryption safer.

Keywords: cascaded metasurfaces; optical encryption; holography; nanoprinting.

Recently, some research works based on multiple phase pro-
files have been reported for optical encryption'**”). Among
them, cascading metasurfaces along the propagation direction
provide a high-security way for optical encryption, since each
single metasurface can be physically separated and the secret
can be shared to each single one. For example, Georgi et al. pro-
posed a strategy that divides information storage metasurfaces
into two categories; any piece of these categories can be cascaded
with any piece of the other category to produce a designed holo-
gram[25 I Wei et al. proposed in-plane rotation cascaded meta-
surfaces: by changing the relative rotation angles between
cascaded metasurfaces, different holograms can be generated'>®),
Zhou et al. proposed step-moving cascaded metasurfaces by
changing the distance between the cascaded metasurfaces,
resulting in different holograms in the target plane!®”). These
strategies can achieve the separation of information in physical
space. However, because the phase modulation of a cascaded
metasurface is the sum of each single metasurface, the combina-
tion channels and each single metasurface channel are mutually
dependent, which therefore lowers the information capacity of
each channel and leads to unwanted cross talk.

In this Letter, we propose a new strategy for cascaded
metasurface design, in which each single metasurface is gov-
erned by amplitude control used for nanoprinting while their
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combination channel is governed by geometric phase control
used for holography. Since amplitude and phase are independ-
ently controlled corresponding to different channels, the com-
bination channel and each single metasurface channel become
mutually independent. Therefore, by dividing the information
into the two different image display platforms, not only can
the information capacity of each channel reach its maximum,
but also the information storage and delivery become safer, since
the information of different channels is decrypted with different
optical setups.

2. Principle

As shown in Fig. 1, the working principle of the proposed cas-
caded metasurface with three independent channels can be
described as follows. Two pieces of metasurfaces form the main
framework of the multichannel information encryption system.
Each of them contains an encrypted nanoprinting image, and
the image can be constructed upon the action of meta-key 1,
which provides the illumination with x-polarized light, filtered
with a horizontal analyzer. These nanoprinting images float
right above the metasurface plane and serve as a unique identi-
fier for each metasurface. Meanwhile, two metasurfaces can
reconstruct an encrypted Fourier holographic image in the far
field upon the action of meta-key 2, which provides the illumi-
nation of circularly polarized light when two metasurfaces are
strictly aligned, as shown at the right of Fig. 1. This holographic
image can be used as encrypted information that is only revealed
if both metasurfaces have that particular identifier. In our
design, the metasurface 1 will display a QR code that contains
the longitude value of our laboratory, and the metasurface 2 will
display another QR code that contains the latitude value of our
laboratory; the holographic image shows the room number of
our laboratory.

Meta-key 1

Far-field

Fig. 1. Schematic diagram of the proposed separated information encryption
via a cascaded metasurface. The secret information is divided into two meta-
surfaces; each one of the two metasurfaces contains the information of a
nanoprinting image and part of a holographic image. The individual nanoprint-
ing image of each single metasurface is decoded in the near field, under the
action of meta-key 1. The holographic image is decoded in the far field under
the action of meta-key 2 when the two metasurfaces are cascaded.
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To achieve the above-mentioned physical separation of infor-
mation encryption, dielectric nanobricks acting as nano-half-
wave plates are employed to record three independent images.
We first consider the amplitude modulation of a nano-half-wave
plate placed in the parallel-polarization optical path, which cor-
responds to the working channel of a single metasurface. As
shown in Fig. 2(a), the incident light propagates along the z axis
and passes in turn through an x polarizer; the metasurface has an
orientation angle 0 relative to the x axis and the x-analyzer. The
Jones vector of output light can be expressed as

T(0) = J,R(=0)]1pR(O)E;,
1 07[cos@ —sind
=|:0 O}Linﬁ cose}
1 0 cosd@ sind7[1
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where ], is the Jones matrix of x-analyzer, ]y, is the Jones matrix
of nano-half-wave plate, E;, is the Jones vector of the incident
light, and @ is the orientation angle of each nano-half-wave plate.
Based on Eq. (1), the intensity of output light can be expressed as

1(0) = I, cos?26, (2)

where I, is the incident light intensity. Based on Eq. (2), there are
four orientation angles that can produce an equal output light
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Fig. 2. Working principles of cascaded metasurfaces for separated encryp-
tion. (a) Working optical path to encrypt the nanoprinting image; the black and
red two-way arrows represent the polarization direction of polarizer and ana-
lyzer, respectively, and the incident light propagates along the z axis.
(b) Orientation distribution generating the equal output light intensity;
(c) curves for the output intensity and the generated geometric phase by
metasurfaces with different orientation angles; for a given optical intensity,
there are four orientation choices to generate different geometric phases. As
an example, the intersections of the red dashed line and the output light
intensity curve represent for the same output light intensity 0.5, but different
output light phase profiles. The output light phase profiles can be chosen to be
7/t 37/b, Sx/b, or Tx/b.
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intensity due to the orientation degeneracy of anisotropic meta-
surfaces!™!. As shown in Fig. 2(b), when the orientation angle of
the nano-half-wave plate turns into z/2 — 6, 7/2 + 0, or 7 — 0,
the intensity of output light equals the situation in which the ori-
entation angle of the nano-half-wave plate is set to be 8, and the
angles between output lights and analyzer are 26. Benefiting
from the new degrees of freedom suggested by the orientation
degeneracy, the metasurface can produce different geometric
phases of incident light with the same output light intensity.
Geometric phase, known also as the Pancharatnam-Berry
phase, can be utilized to produce a phase delay that is exactly
twice the orientation angle of the metasurface. Four nano-half-
wave plates are rotated at four different orientation angles, and
they can produce the equal output light intensity but different
geometric phases for circularly polarized output light with oppo-
site rotation: 26, & — 26, = + 26, 2x — 26 to left-handed circu-
larly polarized (LCP) light incidence. If the incident light is
changed to be right-handed circularly polarized (RCP), the sign
of the geometric phase will be reversed, but the value of the geo-
metric phase delay will be constant. To better understand the
relationship between the intensity modulation and the geomet-
ric phase modulation of the nano-half-wave plate, the curves of
output light intensity and geometric phase variation with the
orientation angle of nano-half-wave plate are shown in Fig. 2(c).

Based on the geometric phase modulation of the metasurface,
the normally incident LCP light propagates through the
first metasurface with an orientation angle 6,; LCP light will
be transformed into RCP light, and the RCP light propagating
through the second metasurface with an orientation angle 6,
will be transformed into LCP light. With two metasurfaces
strictly aligned, the phase delay attached to output LCP can
be expressed as

Egy = eCh=20)E, | 3)

where E;, and E, are the Jones vectors of incidence and output
LCP, respectively. Based on Eq. (3), we can modulate the output
LCP phase delay pixel-by-pixel by rotating the orientation
angles of the metasurfaces.

Figure 3 diagrams the orientation angles selection algorithm
of our design strategy, and the orientation angles design princi-
ples are to minimize the different values between the phase delay
attached to the output LCP and the phase delay obtained by
Gerchberg-Saxton (GS) algorithm. For the designed target
image 1 and target image 2 encrypted in metasurface 1 and
metasurface 2, the orientation angles distribution of the two
metasurfaces can be calculated by Eq. (2). Due to the orientation
degeneracy, the orientation angle of each pixel on the metasur-
face has four choices. The output LCP phase distribution can be
calculated by Eq. (3), and by changing the combination of ¢, and
0,, we can get 16 kinds of phase delay ¥, attached on the out-
put LCP light. Figure 3 has shown the traversal method applied
in the algorithm. The phase distribution ¢ of the target holo-
graphic image can be obtained by the GS algorithm, which
has been widely applied in holographic image design. The next
step is to choose the proper ¥, and ¥, to minimize the
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Fig. 3. Flow chart of designing cascaded metasurfaces for separated infor-
mation encryption. Combining the orientation degeneracy and geometric
phase, different information can be encrypted into different working channels
and different metasurfaces.

difference value between ¢ and Wg,,,_, (n = 1,2, ..., 16). In this
way, we can obtain the orientation angle distribution of meta-
surface 1 and metasurface 2, respectively.

Figure 4(a) shows the diagram of an individual unit-cell nano-
structure. The nanostructure is composed of a TiO, nanobrick
and a SiO, substrate. The cell size of unit cell is set to be C =
400 nm and the height of the nanobrick is set to be H = 600 nm;
the gap between two metasurfaces is set to be 600 nm. In order to
optimize the parameters of the nanobrick to make it exhibit as a
half-wave plate, transmission coefficients along the long and
short axes of the nanobricks are simulated by FDTD Solutions
at a fixed working wavelength of 532 nm. Figures 4(b)-4(d)
show the simulation results, and the sizes of the nanobrick
are ultimately chosen to be L = 180 nm and W = 100 nm.
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Fig. 4. lllustration of a unit-cell of a cascaded metasurface and the numeri-
cally simulated optical response. (a) Schematic of a unit-cell structure with a
Ti0, nanobrick and a Si0, substrate; (b) simulated phase delays between the
long and short axes of the nanobrick; (c), (d) simulated transmittances under
the illumination of x- and y-polarized incident light. The optimally selected
nanobrick parameters are marked with a blue star.
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Fig. 5. The target images and simulation results of separated information
encryption. (a)-(c) The target images are set to be 120 pixels x 120 pixels.
(d)-(f) Simulated results of nanoprinting images and holographic image.

In our design, the target images for nanoprinting are two QR
codes that contain the longitude and latitude values of our lab-
oratory, and the target image for hologram is the room number
of our laboratory. In the simulation of reconstructing a holo-
graphic image, two metasurfaces are set to be strictly aligned
and tightly fit on the substrate. Each metasurface is composed
of 120 pixels X 120 pixels. The near-field nanoprinting patterns
are obtained by a monitor set at a distance of one wavelength
from the surface of metasurface 2, and the far-field holographic
image is obtained by the ‘farfield’ function in the monitor set at
the surface of metasurface 2. As a result, the simulation results
are shown in Fig. 5. It can be seen, under the illumination of
x-polarized incident light at the wavelength of 532 nm, two
metasurfaces can reconstruct the designed QR codes. Under
the illumination of LCP light at the wavelength of 532 nm,
the cascaded metasurfaces can reconstruct the holographic
image ‘106’ in the far field. Therefore, all simulation results agree
well with the target patterns.

3. Conclusion

In summary, we propose cascaded metasurfaces for independent
and separated information encryption. Two metasurfaces com-
posed of TiO, nano-half-wave plates are encoded to display two
individual nanoprinting images under a parallel-polarization
optical path. With their combination, a holographic image is dis-
played in the far field under the illumination of CP light.
Encrypted information is encoded into different working chan-
nels and different metasurfaces and can be decrypted under dif-
ferent observation conditions. The proposed design method
provides a safer way for metasurface encryption, which can
be used in optical encryption, watermarking, and anticounter-
feiting with a high security level.
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