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Janus metasurface holography with asymmetric transmission characteristics provides new degrees of freedom for
multiplexing technologies. However, earlier metasurfaces with asymmetrical transmission faced limitations in
terms of tunability and multifunctionality. In this study, we propose a metasurface color holographic encryption
scheme with dynamic switching and asymmetric transmission at visible frequencies using a low-loss nonvolatile
optical phase-change material, Sb,S;. Using a modified holographic optimization strategy, we achieved high-
fidelity asymmetric holographic imaging of a nanostructured metasurface. By controlling the incident direction
and wavelength of visible light, as well as the level of crystallization of Sb,S;, this reconfigurable metasurface
enables the precise manipulation of tunable color holographic image displays. In particular, in the semi-crystal-
line state of Sb,S;, the encoded information can be securely encrypted using a two-channel color-holographic
image, whereas only a preset camouflaged image is displayed in the crystalline or amorphous state of Sb,S;. The
proposed multiencrypted Janus metasurface provides a potential approach for dynamic holographic displays with
ultrahigh capacity, holographic encryption, and information storage. ~© 2024 Chinese Laser Press
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1. INTRODUCTION

In recent years, metasurfaces have garnered significant attention
owing to their flexible manipulation of light and remarkable
properties such as being ultralightweight and ultrathin [1-5].
Metasurfaces comprising artificially designed subwavelength

lens as an example, the focal length of the incident light is com-
pared along the forward/backward propagation direction.
Although this is beneficial for certain applications, it limits
the potential for designing advanced multichannel and multi-
functional components. With increasing demand for compact
and versatile optical components in various fields, it is crucial to
break the symmetrical transmission of metasurfaces for a wide
range of photon applications.

A crucial property of electromagnetic waves, propagation di-
rection, is often overlooked in comparison to commonly used
parameters such as polarization, phase, incident angle, and
wavelength. The Janus metasurface, which serves as a research
platform for studying optical phenomena such as nonreciprocal
transmission, can control the electromagnetic wavefront on
both sides, enabling asymmetric reflection/transmission control
[Fig. 1(b)] [28,29]. This metasurface has the potential to be a
substitute for engineered multifunctional devices such as asym-
metric metals and beam shaping [30,31]. However, traditional
Janus metasurfaces rely heavily on complex multihierarchical
structures, making them difficult to manufacture and expen-

units can provide a new paradigm for designing various ultra-
compact optical components. Owing to rapid advancements in
micro-nano manufacturing and computer technologies, meta-
surfaces have been applied in various miniaturized optical
fields, including holographic displays [6-9], optical encryption
[10-15], nanoprinting [16-20], edge detection [21,22], dif-
fraction neural networks [23,24], and optical stealth [25].
Deng et al. combined the PB and detour phases to design a
metasurface with multiple degrees of freedom to achieve a
full-color complex amplitude vector hologram [26]. Ni e al.
developed a multidimensional light-field encoder based on a
tunable metasurface that enables the simultaneous measure-
ment of the polarization and spectrum of near-infrared light
[27]. However, most of the aforementioned metasurface-based

optical elements exhibit symmetric transmission characteristics,
where both ends of the metasurface perform the same operation
under identical incident conditions [Fig. 1(a)]. Using a focusing
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sive. To address these issues, single-layer metasurface structures
based on both the propagation and geometric phases have been
developed and utilized for asymmetric transmission [32-35].
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Schematic comparison of the optical functions of various types of metasurfaces. (a) Schematic diagram illustrating the transmission char-

acteristics on both sides of a traditional transmissive metasurface (F r=1F). (b) Schematic diagram illustrating the transmission characteristics on
both sides of an asymmetric Janus metasurface (7, # F;). (c) Schematic diagram illustrating the transmission characteristics on both sides of a

reconfigurable asymmetric Janus metasurface.

For instance, Naveed ¢f al. proposed a metasurface comprising
hydrogenated amorphous silicon (a-Si:H) and demonstrated
asymmetric light transmission in the visible region. Wan ez al.
designed an asymmetric bidirectional metasurface to achieve a
wideband bidirectional holographic display. However, the
electromagnetic functions of the previously proposed asymmet-
rically transmitted metasurfaces are statically regulated, limiting
their capacity for further expansion.

Fortunately, optical phase-change materials (O-PCMs) are
highly desirable for designing tunable optical components ow-
ing to their reconfigurable properties [36-42]. O-PCMs typi-
cally exist in two primary states, crystalline and amorphous
(insulated or metallic). The conversion between these two crys-
tallinity states alters the arrangement of chemical bonds in the
material, causing significant changes in its complex refractive
index [43]. This enables the introduction of substantial phase
and amplitude modulation in compact micro and nano sizes.
The crystallinity of the O-PCMs can be altered by applying an
external stimulus (such as light, electricity, or heat) [38,44,45],
and the reversible switching between two stable states has a
high durability of up to 10'? cycles [46]. However, classic
O-PCMs such as Ge,Sb,Te, alloys and VO, exhibit high
absorption losses at different crystallinity levels and cannot sat-
isfy the requirements for high performance. Additionally, the
volatility of VO, limits its feasibility in the design of high-
performance nonvolatile reconfigurable devices. For instance,
Chen ez al. proposed a terahertz Janus metasurface based on
an array of O-PCMs, VO,, which can achieve asymmetric
transport switching [Fig. 1(c)] [47]. When the O-PCMs are in
different states, the transmission characteristics of the incident
light along the forward and backward propagation directions
vary (Flf #FF1ly, ... Fnp # Fny). However, this structure

has a complex multihierarchical structure and suffers from the
drawbacks of volatile regulation. Furthermore, these metasur-
faces can achieve asymmetric transmission only at specific
wavelengths and cannot simultaneously regulate different
wavelengths, resulting in limited optical possibilities. Recently,
two novel antimony-based nonvolatile O-PCMs, Sb,S; (Fig. 2)
and Sb,Se;, were reported to exhibit significantly low absorp-
tion losses at different crystallinity levels [38]. In particular,
Sb,S; exhibits low absorption loss in the visible band, enabling
the design of devices with adjustable color display functions.
For instance, Hemmatyar ez a/. used Sb,S; to fabricate dynamic
metapixels that were switchable, highly saturated, efficient, and
of high resolution [46]. Therefore, we explored the strategy of
using a simple structure, a nonvolatile Janus metasurface based
on Sb,S; with multiple degrees of freedom, to achieve dynami-
cally switched asymmetric color holographic displays.

In this study, we propose a novel nonvolatile reconfigurable
single-layer Janus metasurface to achieve asymmetric wavefront
generation and dynamically switched bidirectional holography.
The Janus metasurface utilizes the reconfigurability of the
nonvolatile O-PCM Sb,S; and the incident direction depend-
ence. To design switchable asymmetric holograms on single-
sized nanostructured metasurfaces, we developed a modified
Gerchberg—Saxton (GS) algorithm by considering both the
wavelength channels and propagation directions as the design
objectives. In comparison with previous complex multilayer
cascade designs, this reconfigurable metasurface can integrate
multiple functions into a single phase-change element without
introducing any additional loss, providing greater flexibility for
regulating the light field. By changing the crystallinity of Sb,S;,
these functions can be actively switched. In this study, we dem-
onstrated a bidirectional asymmetric color-holographic display
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Fig. 2. Complex refractive indices, 7, and the extinction coefficients, #, of A-Sb,S; and C-Sb,S; from 400 to 700 nm.

at three different crystallization levels. This scheme not only
addresses the limitation of statically switching asymmetric
holograms but also achieves multifunction integration on an
ultrathin  single-size nanostructure, significantly reducing
manufacturing complexity and cost. The proposed scheme pro-
vides a versatile platform for information multiplexing and is
promising for various practical applications, including mass
data storage and optical encryption.

2. DESIGN AND METHODS

Figure 3(a) illustrates the concept of a switchable asymmetric
hologram based on a nonvolatile reconfigurable Janus metasur-
face. The scheme allows for the integration of four independent
holographic images onto a single metasurface. In the amor-
phous state, left-circularly polarized (LCP) light is incident for-
ward and backward onto the metasurface, generating green
hologram images of a portion of the “lion dance” and a portion
of the “dragon” structure in the far field, respectively. In the
crystalline state, red hologram images of another portion of the
“lion dance” and “dragon” structures are generated in the far
field, respectively. In the semi-crystalline state, LCP light is in-
cident forward and backward onto the metasurface, generating
complete color holographic images of the “lion dance” and
“dragon” structures in the far field. The Sb,S; array, acting
as meta-atoms on the metasurface, serves as a half-wave plate
to convert circularly polarized (CP) light and enables asymmet-
ric transmission of circularly polarized light. By utilizing the
modified GS algorithm, the desired target function can be
achieved by calculating the phase distribution on both sides
of the metasurface and further arranging the orientation angles
of the meta-atoms. Here, a single-phase profile of the meta-
atoms array serves as the phase contribution function, encom-
passing the information required for different wavelength chan-
nels and transmission directions. The metasurface can switch
between different functions by reversibly changing its crystal-
line and amorphous states as needed. Figure 3(b) illustrates the
decoding keys required for decoding a holographic image and
the associated optical properties for various key combinations.

To encode four different hologram images in the far field,
we have developed a modified GS algorithm to determine the
orientation angle of each meta-atom, as shown in Fig. 4. It is
important to note that our geometric phase manipulation

technique arises from the inherent property of the meta-atom,
which provides two opposite phase distributions for both for-
ward and backward incident CP light. Leveraging this property,
we encode the desired phase onto the metasurface and recon-
struct two different holographic images simply by changing the
direction of incident light. Therefore, the design process of a
multifunctional metasurface based on the modified GS algo-
rithm can be divided into three steps [Fig. 4(a)]. (1) Using
the GS algorithm, we design the phase required for forward
image 1 and backward image 1 at the wavelength of 550 nm.
The total geometric phase profile required is then calculated
based on the phase merging formula. (2) Similarly, the GS
algorithm is used to design the phase required for forward
image 2 and backward image 2 at the wavelength of 650 nm.
The total geometric phase profile required is then calculated
based on the phase merging formula. When two beams of the
same CP light are incident from opposite directions, the total
geometric phase profile can be expressed as follows:

¢550/650 = arg[exp(i¢fomard) + exp(_iwbackward)]’ (1)

where @ ward a0d Ppacaward Tepresent the geometrical phases
required for forward incidence and backward incidence, respec-
tively. The complete phase profile at wavelengths of 550 nm
and 650 nm can be obtained by solving Eq. (1), respectively.
(3) The required phase exhibits the same profile under two dif-
ferent crystallinity conditions. To integrate the phase profiles
corresponding to both states, we develop a formula for merging
phases to obtain the final geometric phase, i.c.,

@, = arg[exp(ipsso) + exp(igeso)], (2

where @559 and @450 represent the geometrical phases re-
quired for the amorphous and crystalline states, respectively.
In Fig. 4(a), the right side provides a closer look and an over-
all view of the resulting phase delay distribution when LCP
light is incident on the metasurface from either the forward or
backward direction. The selection of the meta-atom array is
then determined under the principle that the orientation angle
of the meta-atom is twice the phase, allowing us to achieve
the desired metasurface structure according to the specific
requirements.

The specific flow chart of this modified algorithm is de-
picted in Fig. 4(b). The intensity distributions of the four



Research A

Semicrystalline

. ’.\’Iulti-key coded
1~/ holography
/

Direction of )
propagation |

Semi-Sh,S;

BN c-sp.ss

(b)
Decoding key 1

Decoding key 2

1 9

® 0

012 Amorphous Semicrystalline Crystalline

Decoding key 3

0 1 2
O Green incidence Red incidence Green+Red

012 light light

incidence light

2 1
-1
0.8 j
0.6
0.4 .
0.2 .
0
2 1

Fig. 3. Scheme for switching an asymmetric hologram based on a nonvolatile reconfigurable Janus metasurface. When LCP white light is incident
onto the metasurface, either in a forward or backward direction, four independent holographic images are reconstructed under different states.
(b) Left, three different optical decoding keys; right, optical characterization of the nonvolatile reconfigurable Janus metasurface.

images are denoted as A, A,, A3, and Ay, respectively. The
propagation process between the metasurface plane and the
target plane is constructed using forward Fresnel diffraction
(FFrD) and inverse Fresnel (IFrD) diffraction. The modified
GS algorithm differs from the traditional one in that it consid-
ers both positive and negative values of the initial random phase
before performing the Fresnel diffraction calculation. During
the iterative process, the phase enhancement calculation is car-
ried out according to Egs. (1) and (2), simultaneously fulfilling
the requirements of four-channel holographic images. After suf-
ficient iterations, the optimized phase contours @, fyny.q and
@ badkward are obtained. The distance between the metasurface
and the two target planes is set as z; = D; = 150 pm and
zy = -D, = -150 pm, respectively. The propagation formu-
las for both FFrD and IFrD can be expressed as

exp(ikz k
H,(x,y) = 7xpil(éz ) exp {zz—z (x? -l-)/z)]
ke
x FFT{Ho(ono) x exp [iz—z (3 +y%)} } 3
, exp(ikz) k
H(xo,0) = IZT exp {lz_z (x5 +}’(2))]

x FFT{Hj(x,y) x exp {z';z(,@ _i_yz)} }’ (4)

where #* represents complex conjugation, H(x, y,) denotes
the input light field, and H,(x,y) is the complex amplitude
distribution at the propagation distance z on the observation
screen.
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Fig.4. (a) Detailed flow chart of the reconfigurable asymmetric transmission metasurface design. (b) Optimization process using the modified GS
algorithm.

To achieve this desired versatility, we have developed a novel
single-layer metasurface structure that breaks symmetrical
transmission. By optimizing the structural parameters of the
meta-atom, we aimed to meet multiple requirements: (1) the
spectral responses of meta-atoms should generate distinct colors
in different states; (2) the transmission cross talk between
different color channels should be minimized to prevent holo-
graphic image cross talk; (3) the circular polarization conversion
efficiency should be maximized to ensure clear holographic im-
ages. To fulfill these requirements, we employed the particle
swarm optimization (PSO) algorithm to optimize Sb,S; square
nanorods. Here, we have taken 550 nm (green light) and
650 nm (red light) as the typical examples for the target
wavelengths. Therefore, the target spectrum should exhibit nar-
rowband filtering at both target wavelengths and a higher
polarization conversion efficiency. The cell period of the
elementary meta-atom is fixed at 380 nm (2 = 380 nm), as
shown in Fig. 5(a). The optimized structural parameters in-
clude length Z, width W, and height A of the meta-atoms.
It is worth noting that most O-PCMs have a high extinction
coefficient in the visible region, which greatly limits their op-
tical transmission efficiency. In our design, we utilize the non-
volatile O-PCM, Sb,S;, as the nanorods and optimize the

structure size accordingly. The energy loss is effectively avoided
in the visible region due to its low extinction coefficient (the
complex refractive index at 633 nm: A-Sb,S;,3.148 + 05
C-Sb,S3,3.989 + 0.276: for visible light) (Fig. 2). The PSO
algorithm vyields the optimized structure parameters: L =
115 nm, W = 80 nm, and H = 500 nm. Fortunately, these
parameters are compatible with current advanced micro and
nano machining technology. The transmission efficiency of the
structure is simulated using the commercial software Lumerical
finite-difference time-domain (FDTD) solutions. The intensity
transmission curve for a single meta-atom under periodic boun-
dary conditions is depicted in Fig. 5(b). The transmission spec-
trum of incident light can meet the functional requirements
mentioned above when Sb,S; is in either its crystalline or
amorphous state. Notably, both states exhibit distinct transmis-
sion peaks for LCP light at 550 nm and 650 nm, with peak
polarization conversion efficiencies of 28.8% and 15.1%, re-
spectively. Additionally, the cross-talk values for the two target
wavelength channels are 0.65% and 1.03%, respectively. The
cross talk between the two target wavelength channels is neg-
ligible. It is worth noting that the peak polarization conversion
efficiency at a wavelength of 550 nm is higher than that at
660 nm, due to the lower extinction coefficient of A-Sb,S;
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Fig. 5. Structural design and optical properties of meta-atoms. (a) 3D view, side view, and top view of the meta-atom. (b) The transmissivity
spectra of cross-polarization conversion are simulated at different levels of crystallization. (c) Cross-polarization transmission and phase variation are
simulated at different crystallization levels with varying orientation angles. (d) The function of DE with L and W at the corresponding wavelengths is
given for different levels of crystallization. (e) The structural colors in the CIE 1931 chromaticity diagram were calculated by simulating the response
of transmission spectra at different levels of crystallization. (f) The beam deflection and deflection angle of LCP light are simulated for both forward

and backward incidences.

compared to that of C-Sb,S; (see Fig. 2). To satisfy the re-
quired hologram phase, the PB phase principle is adopted to
further select the orientation angle of the meta-atoms, assuming
the identical sizes of the meta-atoms. The influence of the
meta-atom’s orientation angle on the polarization conversion
efficiency and PB phase in two states is shown in Fig. 5(c).
The polarization conversion efficiency remains almost constant
at the two target wavelengths, while the PB phase varies twice
with the orientation angle (¢ = 26). Thus, the designed struc-
ture can meet the target function of the meta-atoms. The dif-
fraction efficiency (DE), defined as the energy ratio between
the transmitted and incident beam, is presented in Fig. 5(d)

for various structural dimensions Z and W, with a thickness
of 500 nm. The spectral responses of cross-polarization trans-
mittance in both states are converted into CIE 1931 color space
chromaticity plots to quantitatively evaluate the obtained struc-
tural colors, as depicted by white solid dots in Fig. 5(e).

In Fig. 5(f), we utilized FDTD solutions to perform
numerical calculations to demonstrate the independence of this
meta-atom in two different states. By deliberately arranging a
periodic array of meta-atoms with varying orientation angles,
we intentionally create a complete 27 gradient phase along
the interface. This arrangement enables us to prove the abnor-
mal refraction that occurs when two identical light beams are
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incident on the metasurface from the opposite sides. As shown
in Fig. 5(f), in both states, when the same incident circularly-
polarized light is incident on the metasurface from both sides,
the outgoing light exhibits opposite beam steering phenomena.
Consequently, the wavefronts of the incident light in both for-
ward and backward directions confirm the desired asymmetric
transmission performance.

Next, we employed this reconfigurable meta-atom to de-
sign a switchable Janus metasurface capable of generating
direction-dependent, wavelength-dependent, and crystallinity-
dependent holographic images in four channels. To achieve four
independent holographic image channels on the metasurface,
we utilized the meta-atoms as half-wave plates and rotated
the orientation angle of meta-atoms by using geometric phase.
Figure 6(a) provides an overview of the metasurface configura-
tion, including top, zoomed, and angled views. The entire

metasurface has a size of 38 pm x 38 pm, and it consists of
a total of 100 x 100 meta-atoms. Figure 6(b) depicts the flow
diagram of the reconstructed image using LCP light of different
wavelengths. When Sb,S; is in the amorphous state, both for-
ward and backward incident LCP green light passes through the
metasurface, resulting in different encrypted images in the far
field. Similarly, when Sb,S; is in the crystalline state, both for-
ward and backward incident LCP red light passes through the
metasurface, displaying different encrypted images in the far
field. Lastly, when Sb,S; is in the semi-crystalline state, both
green and red light, from the same forward and backward in-
cidence, passes through the metasurface, generating different
encrypted images with different colors in the far field. The re-
configurable Janus metasurface boasts a high level of encryption
and exclusively retrieves the corresponding effective holo-
graphic image through the incidence of CP light. When using
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(a) Diagram of the entire reconfigurable asymmetrical transmission metasurface configuration with top view, zoomed view, and angled

view. (b) The flow chart of the image is reconstructed using different wavelengths of LCP light at various levels of crystallinity.
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other types of light, such as linearly polarized light, only dis-
ordered and invalid image information can be observed.
Furthermore, we calculated the broadband transmittance curve
of the entire reconfigurable Janus metasurface. Figures 7(a) and
7(b) depict the transmission curves of the metasurface transmis-
sion terminal under different crystallinity conditions. The total
cross-polarization transmission efficiency at 550 nm in the
amorphous state reaches 26.3%, while the corresponding value
at 650 nm in the amorphous state reaches 13.5%. Notably, the
metasurface exhibits robust transmission performance when
utilized for bidirectional dynamic holographic display.

The metasurface enables multichannel image encryption by
encoding the incident direction, crystallinity, and wavelength.
Figure 8 illustrates the decoding process using different optical
keys. The holographic images on the left side of Figs. 8(a) and
8(d) are obtained through numerical calculations using the
modified GS algorithm, with each cell containing a total of
800 x 800 pixels. These images exhibit high-fidelity quality
in different channels. Additionally, we employed the commer-
cial software FDTD solutions to simulate the metasurface. Due
to limited computation resources, the number of pixels was re-
duced to 100 x 100. The simulation results on the right side of
Figs. 8(a) and 8(d) align with the predetermined dynamic mul-
tifunction design. The images encoded in different holographic
channels are associated with the three optical keys mentioned
above and can only be decoded using a specific combination of
encoding. This novel holographic encryption scheme can
significantly enhance information security and holds great po-
tential for optical encryption application. Moreover, Sb,S; ex-
hibits changes in multiple energy states during its transition
from the amorphous state to the crystalline state, allowing
the phase transition metasurface to be controlled by a multilevel
wavefront. The dielectric constant of the intermediate phases of
Sb,S; can be calculated using the Lorenz—Lorentz relation [48]:

Eeﬂ‘—l
=m
8eFF+2

) EA-Sh,s; — 1

SC‘SbZSflJr(I—’”g +2’
A-Sb,S;

€Csb,s, T2

(5)

where 7 denotes the crystallinity of Sb,S;, and 7 = 0 and
m = 1 represent the amorphous and crystalline states, respec-
tively. £.gp,s5, and ecgp,s, represent the wavelength-dependent
dielectric constants of A-Sb,S; and C-Sb,S;, respectively.
Figure 8(b) shows the complex refractive index curve for
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semi-crystalline Sb,S; with 7 = 0.5. Taking the wavelength
of 633 nm as an example, the complex refractive index of
Sb,S;3 is 3.51 + 0.107. Additionally, we calculated the trans-
mission spectra of meta-atoms in the semi-crystalline state,
as depicted in Fig. 8(c). The meta-atoms in the semi-crystalline
state exhibit certain transmission efficiency at wavelengths of
550 nm and 650 nm. By simultaneously illuminating the meta-
surface with red and green light, a new color image can be dis-
played at both ends. The color lion dance image and color
dragon image are displayed respectively at the far field on both
sides of the metasurface, as shown in Fig. 8(d). This unique
feature enables the presentation of different holographic images
in amorphous, semi-crystalline, and crystalline states, thereby
expanding the number of channels and enhancing the level
of information encryption. It is worth noting that the maxi-
mum number of colors that the reconfigurable Janus metasur-
face can contain depends on two aspects: (1) the number of
narrowband filtering channels varying with the crystallinity
of Sb,S; nanorods, and (2) the number of hologram wave-
length channels optimized using the GS algorithm. Therefore,
the maximum number of color channels in the design scheme
can be further increased by combining intelligent algorithms to
design a multifreedom structure.

To address the manufacturing tolerances of this reconfigur-
able Janus metasurface, we conducted simulations to assess the
effects of varying the length, width, and thickness of the top
Sb,S; nanorods on the cross-polarized transmission spectrum,
as depicted in Fig. 9. Figures 9(a)-9(c) illustrate the impact of
different structural parameters including the width, length, and
thickness of A-Sb,S; nanorods on the efficiency of cross-polari-
zation conversion. In each figure, the peak transmission offset is
represented by a black dashed line. Furthermore, Figs. 9(d)-
9(f) illustrate the impact of different width, length, and thick-
ness of C-Sb,S; nanorods on the efficiency of cross-polarization
conversion. Figure 9 implies that the reconfigurable Janus
metasurface can still maintain good performance within a cer-
tain range of structural size.

3. CONCLUSIONS

In summary, we demonstrated the use of a reconfigurable Janus
metasurface based on single-sized nanostructures for dynamic
switching displays without the need for complex and difficult
manufacturing processes. In addition, we proposed a modified
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Fig. 7. Co-polarization and cross-polarization transmission efficiency of the reconfigurable Janus metasurface sample with different crystallinity.

(2) A-Sb,S;. (b) C-Sb,S;.



364  Vol. 12, No. 2 / February 2024 / Photonics Resear O O Research

(a) Key 1 2=550 nm Key 3 2=650 nm
X X
h { h 4
> —p _ > —> —
Tz == iz =
| ] A— L} A—
Key 2 0 nm Key 4 2=650 nm
A,
-
1 b 1
—p ﬂ_ d v —
= ‘ =
(b) , () (d) Key 5 2=550 nm+650 nm
Semi-Sb,S3 v
4 0.5
. /\ 045 — 3 1 X
{
s 04} h i J
5 3f : s U
< £035 C -
= = " -
= = |maginary part = 03r
= =
7] -
£ 2f p 0.25F 1 8 & -
5 ° 2 Key 6 2=550 nm+650 nm
‘n 5 02}
[T = 02
E’ 1.5 a
S 2 0.15
O g é
O 0af 1
> —
0sp 0.05} 1 ‘ E
0 " ¥ 0
400 500 600 700 400 500 600 700
Wavelength/nm Wavelength/nm

Fig. 8. (a) Simulation results of a single wavelength LCP incident light with a wavelength of 550 nm (650 nm) when the metasurface is in an
amorphous (crystalline) state. (b) Complex refractive index curve of the semi-crystalline Sb,S3. (c) Cross-polarization conversion efficiency of meta-
atoms in a semi-crystalline state. (d) Simulation results of dual-wavelength LCP incident light at 550 nm and 650 nm when the metasurface is in a

semi-crystalline state.
T Max
(a) :
1
1
1
1
1
'
:
1 :
1
1
1
‘
-4 - L ]

! 4 10
400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700

LIRS

Nanorod width/nm
]
Nanorod length/nm

Nanorod thickness/nm

Wavelength/nm Wavelength/nm Wavelength/nm
4 T 4 T 10 T Max
N (d) ] _ 3 i E 75 f) i
£ ' = 1 = 1
s’ ; s? : z s ;
s q o1 1 £2s :
T ; £ : Z i
|} ! =0 1 = 0 !
= 1 -] h = |
£ ! g ! T-25 |
S ! S 1 < 1
LR : g2 : s :
o3 i “ 3 i Z 15 '
1
4 rit 4 _= 10 4 0
400 450 500 550 600 650 700 400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength/nm Wavelength/nm Wavelength/nm

Fig. 9. Manufacturing tolerances of the reconfigurable Janus metasurface. (a) Variation of the simulated cross-polarization transmission spectra of
A-Sb,S; nanorods with different lengths, widths, and thicknesses. (b) Variation of the simulated cross-polarization transmission spectra of C-Sb,S;
nanorods with different lengths, widths, and thicknesses.



Research Article . @ -@ Vol. 12, No. 2 / February 2024 / Photonics Research 365
. k2

holographic optimization strategy to achieve high-fidelity
asymmetric holographic imaging. The mechanism underlying
this approach combines the geometric phase and crystallinity
transitions, resulting in different optical responses to the same
CP light when incident from opposite directions. In the visi-
ble region, we realized a color-holographic encryption display
of wavelength, incident direction, and crystal state using an
O-PCM array, which was previously impossible with asymmet-
ric transmission metasurfaces. The results demonstrate that the
display of different color holographic patterns can be independ-
ently controlled by switching three keys: wavelength, incident
direction, and crystal state. Furthermore, by combining this
scheme with deep learning methods or other optimization al-
gorithms, the number of image channels encoded within a sin-
gle metasurface can be further increased. With the advantages
of miniaturization, integration, and tunability, reconfigurable
metasurfaces hold significant potential for application in
next-generation color-optical encryption elements.

APPENDIX A: PARAMETERS OF SELECTED
NANOBRICKS

The transmittance of meta-atoms with varying sizes (L and W
ranging from 50 to 160 nm) was simulated at different wave-
lengths, crystallinity, and polarization states by using FDTD
solutions, as shown in Fig. 10. The solid circle represents
the optimal size selected for the structure.

APPENDIX B

To achieve Sb,S; nanorods with excellent narrowband filtering
characteristics, the introduction of intelligent algorithms for
optimal design is necessary. We utilized the particle swarm op-
timization algorithm to optimize the size of the structure, as

depicted in Fig. 11. The length, width, and height of the

Amorphous

LCP-LCP LCP-RCP

60 80 100 120 140 160 60 80 100 120 140 160
L/nm Linm

Sb,S3 nanorod structure are primarily optimized here. The
period, P, is fixed at 380 nm. First, a random function was
utilized to generate a series of samples with varying sizes.
The corresponding spectral characteristics were obtained by cal-
culating the Maxwell equation and compared with the objective
function of an ideal spectral curve. Then, the size of the other
samples was gradually adjusted to approach the size of the op-
timal sample, refining the spectral characteristics and generat-
ing new samples. At each iteration, the performance of the
optimal sample was evaluated to determine whether to con-
tinue or terminate the iteration. Consequently, the optimal
sample reached the target performance, and the iteration was
terminated after several rounds of optimization. Finally, the
sample with the best performance was selected, and the de-
signed structure was finalized. It is worth noting that we chose
single-layer rectangular nanorods and further optimized the
structural size for facilitating manufacturing. Due to the simple
structure and the optical loss arising from the extinction coef-
ficient of Sb,S; nanorods, the polarization conversion effi-
ciency of the metasurface is limited.

APPENDIX C

The versatile wave manipulation capabilities of asymmetric
transmission metasurfaces make them highly attractive for ap-
plications in information encryption and storage. In recent
years, significant research efforts have focused on enhancing
the information processing capabilities of metasurface holo-
grams through asymmetric transmission. Table 1 summarizes
our work and provides a detailed comparison with other asym-
metric transmission surfaces to highlight the unique properties
of metasurfaces based on the nonvolatile O-PCM Sb,S;. The
simple single-layer metasurface structure effectively reduces the
manufacturing difficulty and cost compared to Refs. [28,47],
which utilize high-precision and complex multilayer structures.

Crystalline

LCP-LCP LCP-RCP

60 80 0o 120 140 160
L/nm
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60 80 100 120 140 160
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LCP-LCP LCP-RCP
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Fig. 10. Numerical analysis of unit structures for reconfigurable asymmetric transmittance metasurfaces. The scanning results are separately
calculated for different wavelengths, levels of crystallinity, and polarization states.
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Table 1. Comparison between Our Work and Other Reported Works
Refs. [28] [32] [34] [47] This work
Material Cu, dielectric a-Si:H, SiO, a-Si, SiO, Au, polyimide, Sb,S;, SiO,
substrates VO,, Al,O;
Target wavelength 8.6 GHz 632.8 nm 663 nm 0.99 THz 550 nm, 650 nm
Structure mode Three layers cascade Single layer Single layer Three layers cascade Single layer
Asymmetric i Vv Vv N J
transmission
Reconfigurable x x V4 J
Nonvolatile x x x J
Decoding key Direction of Direction of Direction of Direction of propagation,  Direction of propagation,
propagation propagation propagation crystallinity crystallinity, wavelength
Number of channels 2 2 4

The nonvolatile reconfigurable metasurface based on Sb,S3 can
additionally perform dynamic switching of holographic images,
effectively improving the information capacity. In contrast to
the volatile VO,-based metasurface, this metasurface is capable
of maintaining a specific function without requiring additional
stimulus. Compared to traditional asymmetric transmission
metasurface described in Refs. [32,34], we have utilized
Sb,S; to achieve an asymmetric color holographic display in
the visible light band for the first time. With this advantage,
it is expected to achieve advanced applications such as dynamic
bidirectional color display and encryption.

APPENDIX D

The potential manufacturing steps for the proposed reconfig-
urable Janus metasurface are depicted in Fig. 12. First, a

500 nm thick layer of Sb,S; is deposited on a SiO, substrate
using the plasma-enhanced chemical vapor deposition method.
The photoresist is spin-coated and deposited onto the Sb,S;3
layer, then exposed using an electron beam lithography system.
Following this, the Cr masking layer is applied, and the strip-
ping process is performed. The electron beam deposition
method is then employed to deposit a layer of Cr and the pho-
toresist is removed. Finally, the manufacturing process is com-
pleted by performing dry etching to remove the Cr layer.

APPENDIX E

To characterize the optical properties of our reconfigurable
Janus metasurface, we proposed a holographic imaging device
for the visible spectrum under CP light incident conditions, as
shown in Fig. 13. Two lasers with respective wavelengths of

— —_— —

SiO.
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5% ‘ - Sb,S;

&

<

= e e - i | Cr mask
EEEN EEEN e P
< - < - Photoresist

Removing Cr Dry etching
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Fig. 12. Potential manufacturing steps for the reconfigurable Janus metasurface.
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Fig. 13. Potential experimental setup for measuring the encrypted holographic images.

550 nm and 650 nm, act as the incident light sources. A com-
bination of a polarizer (P) and a quarter-wave plate (QWP) is
used to generate CP light. Beam splitters and mirrors are em-
ployed on both sides of the metasurface to achieve a consistent
CP light source for both forward and backward incidence. The
monitoring device utilizes two charge-coupled device cameras
to capture images through an objective (OL), P, QWP, and
lens on both sides. The OL mounted behind the metasurface
is used for magnifying the holographic image.
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