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1. Introduction

Metasurface holography is a progressive technique that com-
bines computer-generated holographic imaging and metasur-
face structure!’). The high spatial resolution in the
nanometer scale, the ultra-thin structure with sub-wavelength
thickness, and the extensive information capacity of the holo-
graphic metasurface enable metasurface holography to be com-
petent in more applied fields, especially nanophotonics and
integrated optics'*’!. Therefore, metasurface holography has
attracted much attention in recent years, and it has been applied
in holographic imaging[6’7], information encoding[8’9], nanome-
ter ptychography!'®), and other light field manipulations!"'?,

Holographic metasurfaces manipulate the light field by
changing the shape and size of nanounits and their arrangement
in space. Metasurface holograms may be obtained in terms of the
geometric phase!'>™'°], the propagation phase!'®'”), and the res-
onant phase!>'® introduced by nanounits. Resonant metasurfa-
ces have a relatively higher working efficiency and geometric
metasurface, which can be achieved only through rotating
nanounits, and have more flexible phase control"®!. The reflec-
tive geometric metasurfaces based on a metal-dielectric-metal
design and a dielectric material are proposed to increase the
efficiency of the geometric metasurface!'>*°!. Meanwhile, the
transmission geometric metasurfaces are still widely used
because of the convenient operation and the large signal-to-
noise ratiol' !/,
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In light of the powerful light manipulation ability of holographic metasurfaces, optical imaging with wavelength multiplexing
and polarization multiplexing is performed in this paper. The metasurface is composed of identical rectangular nancholes
etched in silver film. Three imaging effects, including the in-plane color imaging, three-dimensional wavelength-encrypted
imaging, and polarization-multiplexing wavelength-encrypted imaging, are realized. The designed metasurface has compact
structure, and the obtained image has lower noise. The simulation and experiment results give the verification. Multiple
images, including spatial multiplexing, wavelength multiplexing, and polarization multiplexing, exhibit immense potential-
ities of metasurfaces, and this work is helpful for expanding the applications of metasurfaces.

Keywords: metasurface; holography; optical encryption; color imaging.

In addition to the simple imaging that is based on metasurface
holography, controllable multiple imaging is also achieved based
on a holographic metasurface. The incident angle!*>**), the state
of polarization'**2%), the wavelength!”’??), and the orbital
angular momentum**!! of the illuminating light may be used
to control the holographic imaging. The angle multiplexing
metasurfaces show the different responses of the phase and
the amplitude to different illumination angles, and can generate
independent nano-printing and meta-holography for different
illumination angles'®*!. The polarization-multiplexing metasur-
face consisting of interlaced nanounits is used to generate differ-
ent images with orthogonal linearly or circularly polarized light
illumination*?**?, The motion pictures controlled by the
orbital-angular-momentum are achieved using a combination
of metasurface holography and orbital-angular-momentum
holography°).

The illuminating wavelength is also used to control metasur-
face holographic imaging!*>****. Since a specific nanounit has
different wavelength responses, more sets of nanounits are usu-
ally interlaced to realize holographic color imaging. Naturally,
the supercell consisting of several interlaced nanounits limits
the spatial resolution'*”?***, Therefore, a metasurface consist-
ing of identical simple nanounits is attractive in the design of
holographic metasurfaces. Wan et al. reconstructed color images
containing three primary colors and their secondary colors
using a meta-hologram with a single type of plasmonic pixel*®!.
Li et al. reconstructed color images with three primary colors
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and seven colors also using a meta-hologram with a single type Us(xpy,) = Ug(x0, )/ (12)%. (3)
of plasmonic pixel®*!, where the tilted incident angle or off-axial
illumination was introduced to overcome the crosstalk among
different colors. Indeed, the wavelength working with other
parameters of the light field can be used to control and encrypt
the light field in addition to the primary color imaging.

Obviously, the result of Eq. (3) is the same as the target func-
tion except for the constant term. This indicates that the diffrac-
tion field is just the image of the target. Naturally, while the

In this paper, we study the wavelength and polarization multi- holographic diagram is formed based on the Fresnel diffraction
plexing imaging using a transmission holographic metasurface of one target, the image of the target will appear as the holo-
consisting of identical nanoholes. The rotated nanoholes  graphic diagram is illuminated by the light with the wavelength
are used to construct metasurface holograms, and the traditional of 2. .
in-plane color imaging, three-dimensional wavelength- Here, we use phase-only holo.graphyf to reRroduce the image
encrypted imaging, and polarization-multiplexing wavelength- of the target, and the hologram is obtained with the help of the
encrypted imaging are realized. The phase information of any G-S algorithm. In this algorithm, the Fresnel transformation
metasurface hologram is obtained based on the Gerchberg-  (FI'T) of the object wave adding the random initial phase is per-
Saxton (G-S) algorithm. The simulation and measurement formed, as shown 1r.1 Fig. 1(a). Then, the reverse Fresne.l trans-
results verify the performance of the metasurface holographic ~ formation (RFrT) 15 implfemented With' only remaining the
imaging. In comparison to the previous research, our design phase term of the diffraction field. While the error between
does not need incline illumination®® and avoids twin  the reproduced image and the target is smaller than the
images!®*). The single metasurface can be used not only to realize default'ed value, the holog.ram is. output. Otherwise, the initial
in-plane imaging®® but also to obtain three-dimensional wave- phase is replaced by the (.hffr action phase ¢’ and.the FrT and
length-encrypted imaging. The advantages of simple structure, RFrT are performed again l.mtll jthe reproduced image n.leets
lower noise, large information capacity, and high precision may the requirement. The .1terat10n times for the G-S algorithm
expand the broad applications of holographic metasurfaces in depend on the calculation error.

the fields of optical encryption, color imaging, and information The above analysis is for a specific wavelength. The actual
storage. color imaging corresponds to different wavelengths. The targets

for three wavelengths are different, like the ones of a;, a, and as,
and their diffraction fields through three FrTs can be expressed
by b, exp(jp,), b, exp(jp,), and b; exp(jgp;). The RFrTs with
2. Design Principle only remaining the phase term of b exp(jp) = b, exp(jp;) +
b, exp(jp,) + by exp(jps) are conducted. The phase ¢ is output
while the errors between three reproduced images and their tar-
gets are smaller than the defaulted values. Otherwise, the loop
operations for FrT and RFrT are repeated. The G-S algorithm
for multiple-wavelength imaging is shown in Fig. 1(b). The

Here, Fresnel holography is used to achieve the recording and
reproduction of the target pattern. The Fresnel diffraction of
one target with the expression of Uy(xy,y,) = a exp(jp,) can
be written as the convolution of the target function and the point
spread function,

Ulx,y) = // U (0, yo) H(x — X0,y — yo)dxody,
=Uy(x, y)xH(x,y), (1)

where k =2x /4 is the wave number with 1 denoting the wave-
length of the illuminating light, H(f, g) = exp(jkz) exp[jk(f* +
g%)/22]/(jAz) represents the point spread function for the
Fresnel diffraction with the propagation distance of z, and the
denotation of * denotes the convolution operation. This diffrac- O

tion field can be also written as U(x, y) = b exp(jp) with band ¢ u

denoting the amplitude and phase of the diffraction field. ar] RErmay MOOEm

Similarly, the inverse Fresnel diffraction of U(x, y) can be also o REvTGY
. . a | AT

expressed in the convolution form, ‘;@

N RFrT(y)

Urtann) = [[ UGt =y, = ydsdy
Fig. 1. (a) The G-S algorithm of the typical hologram, (b) the G-S algorithm for

=U(x,,y,)xH(x,,,). 2) the multiple-wavelength hologram, (c) the schematic diagram of the meta-

surface, (d) the transmission phase distributions of the rotated nanoholes,

Inserting Eq. (1) into Eq. (2) and performing the integration ~ and (e} the reproduction for target images based on the metasurface
operation, one can easily obtain the following relation: hologram.
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reproduced images for the three wavelengths can be written in ~ where the illuminating light takes the LCP state. The wavelength

the following form, multiplexing and spatial multiplexing holography can be imple-
mented as the target images, and their positions change with the

Uy (x,,y,) = Uoi(xo1,501) | Uo2(¥02:¥02) | Uo3 (X035 Y03) wavelengths. Meanwhile, color imaging can be realized as the
T (A121)? (A25)? (A3z3)* propagation distances for target images for different wave-

(4) lengths are the same.

where z,, z,, and z; are the positions of the target images for the
three wavelengths. As z, =z, = z3, it is just the common in-
plane color imaging. As z; # z, # z3, it corresponds to the
three-dimensional holographic imaging with wavelength ~ We first design the metasurface hologram to realize the repro-
encryption. As A =1, =13, 2| # 25 # 23, OF Xg # Xy F Xo3> duction of one color doll. The head, the torso, and the leg of the
or Yo, # Yoo # Yos» it is the spatial multiplexing holographic  color doll correspond to the wavelength of 633 nm, 532 nm, and
imaging. 425 nm, respectively. The color doll stitched by three parts is set

The metasurface hologram can realize the phase control using ~ at 10 pm away from the metasurface. Figure 2(a) shows a part of
the spatially varying nanounits, and the nanounits in this paper  the designed metasurface, and its phase distribution comes from
are chosen as periodic rectangular nanoholes etched in silver the data obtained using the G-S algorithm. Figure 2(b) shows
film. Figure 1(c) shows the metasurface structure and the the target pattern, and Figs. 2(c)-2(f) give the reproduced pat-
parameters of the metasurface, including the rotation angle,  terns when three lights simultaneously and separately illuminate
the length and width of the nanohole, the separation of twoadja-  the metasurface. For convenient observation, the shapes for
cent nanoholes, and the thickness of the silver film. The rotated three parts of the doll are inserted in Figs. 2(c)-2(f), and the

nanohole can introduce the geometric phase shift, and it canbe  coordinates for the three parts are labeled in Figs. 2(b) and 2(c).

3. Numerical Simulations

reflected using the transmission field in the circular polarization From the results shown in Figs. 2(b) and 2(c), it is easy to see
base”), that the reproduced image is almost the same as the target pat-
tern. The shapes and the positions for three parts of the repro-

T = A( h ) + Bi, e—j29( 1 ) + Biyel® ( 0 )’ (5)  duced doll in Figs. 2(d)-2(f) show that the target patterns can be

I 0 1 accurately reproduced, although some lower noises still exist.

These results confirm the feasibility of the theoretical analysis
and the metasurface design, and one single metasurface consist-
ing of identical nanoholes can realize the color imaging with
two major axes of the nanohole and 6 denoting the phase differ-  Jower noise. Similarly, changing the positions of the target pat-

ence along the two directions. The angle of 6 is the rotation angle  terns for different wavelengths, one can also obtain the three-
of the nanohole. The first term at the right side of Eq. (5) hasthe  dimensional wavelength-encrypted imaging.

where A = [a, + a, exp(jd)]/2 and B = [a, — a, exp(j5)]/2 with
a, and a, denoting the amplitudes of transmission field along

same polarization as the incident light of (i}, 1,). The Jones vec- The three targets for the three wavelengths are still set as a
tor (1, 0) denotes the left-handed circularly polarized (LCP)  circle, a square, and a triangle, and their images appear at the
state, and the Jones vector (0, 1) denotes the right-handed cir-  different positions. We construct the metasurface hologram

cularly polarized (RCP) state. Obviously, the additional phase  pbased on the data obtained using the G-$ algorithm. The circle
terms of exp(£j26) are carried by two circularly polarized com-

ponents. The introduced phase shift equals twice of the rotation
angle of the nanohole, and the transmission phase distributions ,
of the rotated nanohole shown in Fig. 1(d) verify this. o (0,35

In order to increase the transmittance of the metasurface, to l
prevent the information crosstalk of the color patterns, and to .
meet the Nyquist sampling theorem, the structure parameters o
of metasurfaces need to be optimized*. Through the optimi- '
zation, the separation of two adjacent nanoholes takes 250 nm,
the length of nanohole takes 130 nm, the width takes 70 nm, and
the thickness of silver film takes 150 nm. The polarization con-
version efficiencies of the periodic nanoholes for three wave-
lengths of 633 nm, 532 nm, and 425 nm reach 55.5%, 62.9%,
and 72.8%, respectively.

The Fresnel hologram for the target image can be achieved by
arranging the periodic nanoholes with their rotation angles  Fig.2. (a] Part structure of the metasurface, (b) the target color dall, and the

0,0) -

- (0,35 B
y

x(m) i x(m)

equaling half of the phases at corresponding coordinates. reproduced images as the metasurface is illuminated by the lights with wave-
Figure 1(e) shows the reproduction process of the target images  lengths of 633 nm, 532 nm, and 425 nm, (c] simultaneously and (d)-(f]
for different wavelengths at different propagation distances,  separately.
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for the wavelength of 633 nm is set at the farthest distance, and ~ imaging and the three-dimensional wavelength-multiplexing
the triangle for the wavelength of 425 nm is set at the nearest ~ imaging of holographic metasurfaces.

distance. This is equivalent to controllable imaging with negative

dispersion. On the contrary, while the circle for the wavelength

of 633 nm appears at the nearest distance, the triangle for 4. Experimental Measurement

the wavelength of 425 nm appears at the farthest distance.
This is equivalent to controllable imaging with the positive
dispersion!®®!, Figure 3(a) shows the reproduced results for the
former case with three target patterns appearing at (5.5 pm,
—5.5pum, 18 pm), (=5.5pum, 0, 19 pm), and (5.5 pm, 5.5 pm,
20 pm), and Fig. 3(b) shows the reproduced results for the latter
case with three target patterns appearing at (5.5 pm, 5.5 pm,
18 pm), (=5.5pm, 0, 19 pm), and (5.5 pm, —5.5 pm, 20 pm).

From the results shown in Figs. 3(a) and 3(b), one can see that
all the target patterns are reproduced at the positions as theoreti-
cal predictions, and the noise for the former case seems to be
slightly less than that for the latter case. These results prove
the effectiveness of metasurface holography in three-dimen-
sional wavelength-encrypted imaging, and they also confirm
that metasurface holography realizes wavelength multiplexing
and demultiplexing.

It needs to be pointed out that all the simulations are obtained
using the finite-difference time-domain technique'*). The rec-
tangular holes are etched in the silver film deposited on the glass
substrate, and the dielectric constants of the silver for different
wavelengths are given by Palik!*’. The perfectly matched layer is
used as the absorption boundary to prevent the reflection of the
light field from the boundary. The minimum mesh takes 2 nm so
as to ensure the calculation accuracy. The dimensions of the
metasurface are limited within the region of 30 pm X 30 pm.
The simulation results effectively verify the in-plane color

In order to further verify the optical performance of the holo-
graphic metasurface, we manufacture one metasurface sample
to realize three-dimensional wavelength-multiplexing imaging.
We first deposit a 150-nm silver film on the glass substrate with
the help of magnetron sputtering. The sputtering condition con-
tains a sputtering rate of 0.22 nm per second, the DC sputtering
power of 10 W, the vacuum degree of 1 x 107> Pa, and a depo-
sition pressure of 0.5 Pa. Then, we fabricate the periodic rectan-
gular nanoholes in the silver film using the focused ion beam
etching technique, where the working voltage is set at 30 kV,
and the current is set at 92 pA. Figure 4(b) shows the SEM
images of the metasurface sample, which can reproduce the tri-
angle for the wavelength of 450 nm at z; = 18 pm, the square for
the wavelength of 532 nm at z, = 19 pm, and the circle for the
wavelength of 633 nm at z; = 20 pm.

The metasurface sample is placed in the optical path shown in
Fig. 4(a) to reproduce the target image. The light emitted from
any laser passes through the polarizer (P) and the quarter-wave
plate (QWP) to form LCP light. Three lights coaxially propagate
with the aid of the reflector and beam splitters. Finally, three
lights impinge onto the metasurface sample from the glass sub-
strate. A charge-coupled device (CCD) receives the intensity dis-
tribution magnified by the microscope objective (MO). The
other combination of the QWP and the P is used to extract
the cross circular polarization component of the transmission
field. For convenient measurement, the sample is placed on
the translation platform with the precision of 10 nm, and three
shutters (S) are placed on three light paths.

Figures 4(c)-4(e) give the measured results when the sample
translates away from the metasurface, which is separately illumi-
nated by the laser light with different wavelengths. The result in
Fig. 4(c) corresponds to the nearest distance z;, and the result in
Fig. 4(e) corresponds to the farthest distance z;. One can see that

Spm

2m 300KV 18Ju2022 14:01:58 00" 660" ks

7.02KX
4.1 mm 1-00.if

(5.5,5.5,18) (-5.5,0,19) (5.5,-5.5,20)

Fig. 3. Three-dimensional wavelength-multiplexing imaging with the repro-

duced images appearing at (a) (5.5, =55, 18), (=55, 0, 19), and (5.5, 5.5, 20) Fig. & (a) Experimental setup for measuring the reproduced pattern. (b) The
(in scale pm) for the wavelengths of 425 nm, 532 nm, and 633 nm and at SEM images of the metasurface sample. (c)-(e) The intensity distributions
(b] (5.5,5.5,18), (—5.5,0,19), and (5.5, —5.5, 20) (in scale um) for the wavelengths measured at different longitudinal positions with the wavelengths taking
of 633 nm, 532 nm, and 425 nm. 450 nm, 532 nm, and 633 nm, respectively.
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the crosstalk is almost undistinguishable. This indicates that the  diffraction intensity distributions of this compound metasurface
designed metasurface has better wavelength encryption. These ~ with the LCP and RCP light illumination. The three patterns in
experimental results are consistent with the simulation results ~ Fig. 5(b) from left to right are just the triangle, the square, and
given in Fig. 3(a). While three laser lights simultaneously illumi- the circle. Three patterns in Fig. 5(c) from left to right are just the
nate the sample, the measured results are consistent with the  circle, the square, and the triangle. These results are consistent
above results. The nonuniform shapes for the experimental  with the defaulted patterns.
results come from the imperfect fabrication of the rectangular Furthermore, we can construct the compound holographic
nanoholes. metasurface using one set of nanoholes to realize the polariza-
tion multiplexing imaging. The phase information of this com-
pound metasurface (Holo-Holo) can be obtained in terms of

5. Wavelength-Encrypted Polarization Multiplexing @c =arglexp(jp.) + exp(—jpr)], where ¢ and @p represent
the phase distributions of the two holograms for the LCP and

Imaging RCP light illumination, and arg[] means the operation for
For further increasing the multiplexing function of the holo-  extracting the angle. Figure 5(d) shows this compound metasur-
graphic metasurface, we combine two sets of nanoholes to form face obtained in terms of the holography.

one compound metasurface, and the two sets of nanoholes Figures 5(e) and 5(f) give the reproduced results of this com-

respond, respectively, to LCP and RCP lights. Thus, more target ~ pound holographic metasurface. From Fig. 5(¢), one can see that
patterns can be reproduced using the single metasurface, where ~ the triangular pattern for the wavelength of 425 nm appears at

the reproduction of the target patterns is simultaneously con- ~ z =18 um, the square pattern for the wavelength of 532 nm
trolled by the illuminating wavelength and the incident polari- ~ appearsatz = 19 pm, and the circular pattern for the wavelength
zation. Figure 5(a) shows the compound metasurface interlaced ~ of 633 nm appears at z = 20 pm. From Fig. 5(f), one can see that
by two sets of nanoholes (Interlaced-Holo), where the red nano-  the circular pattern for the wavelength of 633 nm appears at the
holes respond to the LCP light, and the yellow nanoholes  nearest distance, and the triangular pattern for the wavelength of
respond to the RCP light. 425 nm appears at the farthest distance. The reproduced images
The target patterns with respect to the wavelengths of 633 nm,  of the two metasurfaces are almost the same, and they can realize
532 nm, and 425 nm are still set as a circle, a square, and a tri-  the wavelength-encrypted polarization multiplexing imaging.

angle. The target patterns reproduced by the red nanoholes are

set at z = 18 pm for the wavelength of 425 nm, z = 19 pm for the

wavelength of 532 nm, and z=20um for the wavelength of g Conclusions

633 nm. The target patterns reproduced by the yellow nanoholes

are set at z = 18 um for the wavelength of 633 nm, z = 19 um for In summary, we perform the wavelength-multiplexing and

the wavelength of 532 nm, and z = 20 pm for the wavelength of polarization-multiplexing imaging using a single holographic

425 nm. Figures 5(b) and 5(c) give the simulated results for the metasurface. The metasurface is composed of identical rectangu-
lar nanoholes. The in-plane color imaging, the three-dimensional

wavelength-encrypted imaging, and the wavelength-encrypted

Rl T T S ) polarization multiplexing imaging are achieved using the de-
LA R RN R R EEANEREEEE RN . . . . .
RORSFAATib S E ROt signed holographic metasurfaces. The simulation and experiment
SV remtlllivorrs
I0VS S Bam S e g ' results verify the achievement of controllable holographic imag-
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i ing. Compared to the previous research about color imaging,
i using identical nanoholes simplifies the design of the holographic

PR R A N R R e
A N R R S

PR R R P
P R

semsrensNm
¢mmmmsrn
snsNmsooe
PN R
sl 0t mm=y
R RS
semmor
tmnmos

PR R

1.

.

.

.

)

]
Svsmssn

metasurface, and the combination of wavelength multiplexing,
spatial multiplexing, and polarization multiplexing exerts the
powerful light manipulation ability of the holographic metasur-
face. This work shows more possibilities for the potential develop-
ment of a multi-functional metasurface. The working efficiency
of the metasurface may be further advanced by choosing the
reflection mode and using the dielectric material. The concise
design of the holographic metasurface and its parallel output are
beneficial to the applications of holographic metasurfaces.

Fig. 5. Compound metasurfaces (a) interlaced by two sets of nanoholes and
(d) produced by holography. Reproduced target patterns (b), (e) at z=18 um
for 4 =425nm, z=19 um for A, =532 nm, and z= 20 pm for A; = 633 nm with
LCP light illumination and (c), (f) at z= 18 pm for A; = 633 nm, z=19 pm for
A, =532 nm, and z= 20 pm for A3 = 425 nm with RCP light illumination. The ~ This work was supported by the National Natural Science
inserted arrows denote the incident states of polarization, and the scale bars Foundation of China (No. 10874105) and Natural Science
represent 5 pm. Foundation of Shandong Province (No. ZR2020KA009).
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