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Planar peristrophic multiplexing metasurfaces

Jia Chen'?, Dapeng Wang!#*, Guangyuan Si3, Siew Lang Teo*,
Qian Wang** and Jiao Lin®*

As a promising counterpart of two-dimensional metamaterials, metasurfaces enable to arbitrarily control the wavefront of
light at subwavelength scale and hold promise for planar holography and applicable multiplexing devices. Nevertheless,
the degrees of freedom (DoF) to orthogonally multiplex data have been almost exhausted. Compared with state-of-the-
art methods that extensively employ the orthogonal basis such as wavelength, polarization or orbital angular momentum,
we propose an unprecedented method of peristrophic multiplexing by combining the spatial frequency orthogonality with
the subwavelength detour phase principle. The orthogonal relationship between the spatial frequency of incident light
and the locally shifted building blocks of metasurfaces can be regarded as an additional DoF. We experimentally demon-
strate the viability of the multiplexed holograms. Moreover, this newly-explored orthogonality is compatible with conven-
tional DoFs. Our findings will contribute to the development of multiplexing metasurfaces and provide a novel solution to
nanophotonics, such as large-capacity chip-scale devices and highly integrated communication.

Keywords: peristrophic multiplexing; metasurface; holography
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Introduction promising approach due to the flexibility and miniaturiz-

In modern communications and optical data storage ap- ation. Metasurface is a kind of two-dimensional artificial

plications, multiplexing plays an essential role by com- materials with unique electromagnetic properties® ',

bining multiple signals together to enable the transmis- which has the capacity to arbitrarily control the wave-

sion of non-interfering, different signals in the same
channel, significantly increasing the capacity and spec-
tral efficiency of the system. In recent decades, many
types of classic multiplexing techniques, i.e., frequency-
division', time-division*> and code division multiplex-
ing®’, have been developed to achieve reliable storage
and communication of information. On the other hand,
with the advent of advanced nanofabrication techniques,
metasurface-based holograms have gradually become a

front of light. Remarkably, the revolutionary meta-atoms
are rationally engineered to outperform traditional dis-
play, holographic, and multiplexing technologies in the
aspects of good compatibility, chip-scale footprint and
high integration.

Note that the degree of freedom (DoF) is the corner-
stone of multiplexing methods. Nowadays, a great num-
ber of impressive efforts have been devoted to dividing

various physical properties as the discriminating DoFs,
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including wavelength'’, polarization'¥, and spatial
modes'. Moreover, a nontrivial phase mode, named or-
bital angular momentum (OAM), has been recently ex-
ploited for planar multiplexing®-2*. However, the pre-
requisite for OAM multiplexing is the pixelation of tar-
get information, resulting in discretized recording and
playback. Besides the above-mentioned DoF individu-
ally, recent progresses extensively focusing on multi-
freedom multiplexing have been made, such as
wavelength-polarization synergism?*?°, polarization-loc-
ation synergism?, polarization-angle synergism?, spatial
and angle synergism?, surface and free-space mode syn-
ergism”, and wavelength-polarization-OAM synergism™.
Although these strategies enhance the data encoding and
channel addressing capacity, the joint mechanism re-
quires a very intricate system and meanwhile brings
about the interdependency among the DoFs. Thus, con-
temporary technologies are still facing a critical chal-
lenge in exhausted DoF.

By revisiting traditional volume holography, there is a
peristrophic (Greek for rotation) multiplexing in which
the encoding information can be retrieved through the
rotation of the sample axis’*2. This classic method
provides abundantly independent recording and retriev-
ing channels. It nonetheless has limitations including
bulky size, sluggish response time, and the presence of
specific crosstalk®>>*, which dramatically reduces multi-
plexing efficiency. More importantly, the fundamental
principle of traditional peristrophic multiplexing is
ascribed to the Bragg condition that only occurs on a
very thick holographic material®. As an alternative, Wei
et al. presented a rotational multiplexing method based
on cascaded metasurfaces®. Yet it inevitably leads to the
intractable issues of fabrication and alignment processes.
Thus, the demand of additional DoF motivates us to seek
amore convenient method of implementing multi-
plexed holography and further refining the dimensional-
ity of thin holographic methods.

In this work, we propose a planar peristrophic multi-
plexing metasurface that combines the concept of spatial
frequency orthogonality with an innovative detour phase
principle. We explore an unprecedented sub-wavelength
detour phase configuration, which effectively eliminates
the twin-image issue. The undesirable diffraction orders
can be suppressed via the spatial frequency selection rule,
resulting in the enhancement of diffraction efficiency.
We experimentally investigate a proof-of-concept metas-
urface to verify the viability and flexibility of peristroph-

ic multiplexing. Given that the proposed metasurface has
the distinctive merits of wavelength and polarization in-
dependence, our finding can be regarded as an addition-
al DoF for multiplexed holograms. In the meanwhile, the
method is also compatible with conventional DoFs.

Methods design and principle analysis

The conceptual scheme of planar peristrophic (or rota-
tion) multiplexing metasurface is shown in Fig. 1(a). A
polarization-independent probe beam impinges on a
thin holographic metasurface of which the period of unit
cells and structural sizes are subwavelength. When the
hologram is physically rotated, the rotation axis is gener-
ally perpendicular to the surface of the metasurface. In
this case, the multiplexed holograms can be accordingly
achieved. Compared with traditional volume holo-
graphy in which peristrophic mechanism is fundament-
ally obtained via the Bragg selection of layer-by-layer in-
terference’¥”~%, the breakthrough of our proposed thin
metasurface is made by a combination of sub-wavelength
detour phase principle and the spatial frequency of incid-
ent light. During the rotation process, the k-vector of the
probe beam satisfies a special spatial frequency range and
then the holographic playback carrying information can
be diffracted into the targeted diffraction order. Due to
the subwavelength property, the twin image diffraction
order will be suppressed, which greatly alleviates the en-
ergy loss. Furthermore, the multiplexing realization of
peristrophic holograms is attainable through the spatial
locations of building blocks. The newly explored attrib-
ute can be therefore adopted for an additional DoF re-
gardless of wavelength and polarization, dramatically en-
hancing the number and capability of multiplexing
channels.

To primarily engineer the metasurface in a universal
way, isotropic building blocks, i.e, nanohole structure,
are chosen for independent holograms. Though the sim-
ilar nanoholes were widely used in nanosieve holograms
with the capacities of high efficiency, ultra-broadband
and large angle-of-view*! "+, we capitalize on the counter-
parts and put forward a novel subwavelength detour
phase principle which excels at high fidelity holography
due to the pure phase modulation. The phase distribu-
tions of multiplexed information are recorded individu-
ally according to the spatial orthogonality of the detour
phase principle. The metasurface achieves arbitrary 0-2n
phase modulation by dislocating the distances between
adjacent nanoholes, which has the desirable characteristics
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Fig. 1| (a) The principle of the planar peristrophic (or rotation) multiplexed hologram. The holographic metasurface consists of a series of dislo-

cated nanostructures and according to the relative position of adjacent building blocks, arbitrary phase modulation is attainable. When a mono-

chromatic polarization-independent plane wave impinges on the peristrophic metasurface, the multiplexed holograms can be achieved through

the spatial orthogonal directions for retrieving the images of “H” and “V” and the twin image diffraction order is blocked. (b) The schematic dia-

gram of the multiplexing condition during the peristrophic process. At a specific rotation angle, there is an optimized spatial frequency range that

satisfies the multiplexing condition.

of versatility and flexibility. The conceptual schematic
with respect to the peristrophic metasurface is shown in
Fig. 1(a) and the principle of the detour phase is repres-
ented in Fig. S1. The relative displacement of nanohole
structures in different directions is realized successively
by the traditional detour phase method***. Note that the
retrieving mechanism of the peristrophic metasurface
and the sensitivity of the meta-hologram to the spatial
frequency of incident light allow us to achieve multi-
plexed holograms. There is a spatial frequency boundary
of the incident light, which means that a certain spatial
frequency input can excite a hologram whilst the other
hologram in the orthogonal direction is inhibited. As a
result, the spatial frequency range plays a key role in the
multiplexing of the meta-hologram, which has the
powerful ability to simultaneously achieve both the mul-
tiplexing capacity and the suppression of twin image or-
der without enlarging the device footprint.

Figure 1(b) shows the multiplexing rule of the spatial
frequency orthogonality of peristrophic metasurface.
When the hologram is rotated to a given angle, the spa-
tial frequency region (e.g., ky k,) of the probe beam
should belong to the external crucial frequency region
where multiplexed holograms can be performed. Hence,
there is a boundary limitation for the selection of incid-
ent light. Furthermore, it is found that two orthogonal
points can be regarded as the key points for judging the
multiplexing condition. Assuming that the spatial fre-

quency of an obliquely incident light remains constant,
e.g., a fixed coordinate points in blue, yellow, or green
area, the multiplexing is attainable by means of the ob-
lique irradiation onto a peristrophic metasurface, and the
rotation can be used to selectively reconstruct different
target images.

In the following, we focus on the mathematical discus-
sion specific to the multiplexing principle of spatial fre-
quency orthogonality condition. The visual analysis res-
ults are shown in Fig. 2. As shown in Fig. 2(a), the distin-
guishing playback of holograms is attainable through the
relative rotation around the rotation axis 1 and 2 normal
to the multiplexed metasurface. As shown in Fig. 2(b),
considering a monochromatic incident light with a spe-
cial spatial frequency and the wave vector of K.
(kyave € [ks, k))), the direction cosine matrix is expressed
as Kyave x = (21/A)cosa and ke , = (21/1)cosf, where
o and f3 are the azimuth angle. The k-vector of the input
probe beam meets the following condition for multiplex-
ing in k, direction

Ryavex < ks < Kyavey (1)

where k, = 21/a is the spatial frequency of the periodic
structure, a is the unshifted period of unit cells. The ex-
cited hologram, in this case, is only in k, direction, while
the other orthogonal direction cannot generate a holo-
gram because of the diffraction suppression. And the

wave vector k. falls within the blue region in Fig. 2(b).
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Fig. 2 | The multiplexing rule of spatial frequency orthogonality. When an addressed incident monochromatic chromatic plane wave with

vector kyave Satisfies the different threshold hologram conditions, the metasurface is viable to realize the multiplexing through the rotation along

the z-axis, which means that a target hologram is encoded with one special spatial frequency of input beam and the other one is encoded with

the orthogonal spatial frequency. (a) Schematic diagram of a peristrophic multiplexed metasurface combined the spatial frequency orthogonality

with the subwavelength detour phase principle. (b) Spatial frequency multiplexing condition for the hologram in the kx direction (blue area). (c)

Spatial frequency multiplexing condition for the hologram in the ky direction (green area). (d) Orthogonal spatial frequency multiplexing relationship.

Similarly, when the metasurface is rotated to 90° along
the z-axis, the direction cosine of the wave vector k. as
shown in Fig. 2(c) meets the following condition for

multiplexing in k, direction
kwave,y < kS < kwave,x M (2)

Only the ky-direction hologram can be generated. And
the wave vector k,,,. falls within the green region in Fig.
2(c). It should be noted that when the wave vector ke
falls in the white region, no hologram can be generated
in either k, or k, direction. Therefore, the orthogonality
of the wave vector k... in two directions can be used to
achieve a multiplexing strategy. The arbitrary wave vec-
tors k; - - - k;, in the blue region and the arbitrary wave
vectors k; - - - k;, in the green region as shown in Fig. 2(d)
are selected to form a pair of wave vectors for multiplex-
ing. For example, a pair of wave vectors, k;, and k;,, is
specifically selected to implement the dislocation of the
building blocks, and eventually, the peristrophic metas-
urface morphology can be confirmed according to the
detour phase method. Considering the elimination of
multiplexing crosstalk during the reconstruction process,
we choose a pair of wave vectors such as k; and k; that

are orthogonal to each other in the practical design.

Results and discussion

In order to verify the feasibility of our designed meta-
hologram, the experimental setup is schematically shown
in Fig. 3(a). A semiconductor laser with a wavelength of
532 nm is utilized as the laser source. A linear polarizer
and a A/2 plate were combined to produce linearly polar-
ized light with a tunable polarization direction. Sub-
sequently, the linearly polarized light is focused by a lens
to concentrate the power and irradiate across the metas-
urface area. The meta-hologram is mounted on a rota-
tion stage. Due to the high reflection of metal materials,
we adopted an off-axis holography strategy. Then, the re-
flected diffraction order carrying the target information
(n = +1) was received by a lens. The field of view (FOV)
of the experimental system is around 22°. The retrieving
image therefore suffers from an obvious divergence and
even approach to the aperture limitation of the collect-
ing lens before the CCD camera. Finally, its intensity dis-
tribution was captured by the CCD camera and ap-
peared a little bit of holographic image distortion.

Figure 3(b) shows a scanning electron microscope
(SEM) image of the fabricated multiplexing metasurface
(more details can be found in Supplementary informa-
tion Section 3). Additionally, the effect of the thickness
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Fig. 3 | Experimental setup and results of peristrophic multiplexed holograms. (a) The far-field holographic system including a laser, a lin-

ear polarizer, a half-wave plate, two lenses (f{ =50 mm and f, =50 mm) and a sample on a rotation stage. The holograms are captured by a CCD

camera. (b) Top-view scanning electron micrograph photos of the fabricated metasurface (scale bar: 1 ym). (c) Calculated (based on Fourier

transform) and the experimental results of the encoded “H” and “V” images. The holographic intensities are detected when the metasurface is ro-

tated along the z-axis in different design ks.

of the gold film and the diameter of nanoholes on the re-
flectance and transmittance of the wide spectrum is illus-
trated in Fig. S2 and Fig. S3 respectively, which is condu-
cive to the design of the structural parameters. As shown
in Fig. 3(c), we have numerically designed the multi-
plexed meta-hologram. Taking the 200*200 pixels im-
ages of “H” and “V” as an example, the required phase
profile for a holographic image has been calculated based
on Gerchberg-Saxton algorithm?+. The convergence
results and analysis of Relative Mean Square Error
(RMSE) with different phase discrete orders are shown
in Fig. S4. After mutually considering the multiplexing
crosstalk and the fabrication difficulty, the phase profile
is discretized into the three-level computer-generated
holograms. The numerical results for the reconstruction
at k,=1.25x10"2nm~"' and k, = 1.2 x 1072 nm ™! obvi-
ously validate the multiplexing function. In addition, the
finite-difference time-domain (FDTD) simulation res-
ults of transmission and reflection of metasurface at dif-
ferent k... and oblique incident angles are shown in Fig.

S5. The multiplexing playback holograms of “H” and “V”
optionally appear when the designed meta-hologram is
rotated along the z-axis. The image of the intensity dis-
tribution generated by the metasurface is shown in Fig.
3(c). Similar to the numerical calculation, the multi-
plexed holographic images of “H” and “V” have been ex-
perimentally produced when the metasurface is illumin-
ated by a laser beam. The calculated and experimental
results are in accordance with the theoretically predicted
profile. We also exhibit the experimental and simulation
results of another multiplexing counterpart for double
validating the viability of our design schemes (Fig. S6). In
addition, the results of multiple-channel (such as four
channels) multiplexing using a synthetic peristrophic
meta-hologram are demonstrated in Fig. S7.

As an additional degree of freedom, the peristrophic
multiplexing method is independent on the wavelength
and polarization, which is different from the spatial and
angle multiplexing reported in the reference®. Due to the
isotropic nanohole and subwavelength essences, the
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proposed method is competitive in terms of polarization
insensitivity, wide bandwidth and high tolerance of in-
cident angle. To evaluate the performance of the polariz-
ation-independent feature, the reflection efficiency of the
targeted diffraction order is separately measured by
changing the polarization direction during the rotation
process. The schematic diagram of diffraction efficiency
(DE) measurement is shown in the following Fig. S8 and
the experimental results are shown in the following Fig.
4(a). The DE is evaluated by the ratio of the intensity of
captured holographic image (+1st diffraction order) to
the total reflected power (+1st diffraction order and
zeroth diffraction order). It can be confirmed that the
power evolution almost keeps unchanged regardless of
the input polarized angles and the power error rate is less
than 3%. The results of retrieving images at different po-
larized angles are shown in Fig. 4(b). It is demonstrated
that the peristrophic multiplexing strategy is unaffected
by altering the polarization directions and more import-
antly, the flexible DoF is compatible with the existing
methods. Nevertheless, the absolute diffraction effi-
ciency is relatively low in this stage. The obstacle of low
DE is ascribed to the building blocks design. In the ex-
periment, the holographic information on the +1st dif-

fraction order was detectable whilst the majority of the
reflected energy is still concentrated at the zeroth diffrac-
tion order (~70%). To further improve the efficiency, a
few schemes with respect to engineer the building block
architecture will be available. For instance, the utiliza-
tion of nanodisks replacing nanoholes would be advant-
ageous to the reflection-type holograms* or the metal-
insulator-metal method can also reach an ultrahigh effi-
ciency®. In regard to the transmitted configuration, our
previous work has demonstrated over 90% conversion
efficiency by means of dielectric building blocks™.

In addition to the broadband property of peristrophic
metasurface, we experimentally measure the response to
different wavelengths. Without the consideration of the
effect of substrate material, film thickness and structural
morphology of building blocks, the comprehensive ana-
lyses of holographic diffraction in theory can be inter-
preted from Fig. 5(a). In the case of the period of a=500
nm, the wavelength as a function of incident angle is
visually shown. It can be seen that there are several dis-
tinguishing regions bringing about different diffracted
fields. For the region I (A < a), it is similar to the con-
Though the
multiplexing behavior is still likely to take place, the

ventional detour phase diffraction.

H 0.4
——H
H s
031
w _;\
o
B
; 021 \
© .
o}
=
0-1r = Power of targeted diffraction order
: Reflected power
0 - * L L 1
0 45 90 135 180
Linearly polarized angle (°)
n Polarization
direction I /
Angle 0° 45°
Multiplexing
holographic
images

Fig. 4 | (a) The efficiency of the targeted diffraction order as a function of different linearly polarized angles (0°, 45°, 90°, 135°, 180°). Since the

power of the reconstructed images maintains consistently under different linearly polarized angles, the multiplexing method does not depend on

the input polarization. (b) The experimental results of holographic images at various polarization directions.
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Fig. 5 | (a) The theoretical analyses of diffracted fields as a function of the spatial frequency and spectrum. (b) The experimental results of multi-

plexing images at different wavelengths of light (A=473 nm, 532 nm and 633 nm).

undesirable twin image order is also indispensably gen-
erated. As a consequence, the multiplexing efficiency will
accordingly reduce. The regions II and II' (A > a) pos-
sess an exotic functionality, i.e, the suppression of twin
image diffraction order. The sub-wavelength detour
phase design can effectively optimize the distribution of
diffraction order°'. It is the relation of spectral and spa-
tial frequencies that lead to the peristrophic multiplex-
ing. There is a boundary of positive and negative diffrac-
ted angles, which means that they are separated from the
normal line of sample. As for the region IIT (kyaye>ks),
the reconstruction of hologram will disappear due to the
deep subwavelength scale.

It is worth mentioning that the white dotted line in
Fig. 5(a) is the dividing line corresponding to the 0° dif-
fraction angle. This is an optimized diffracted direction
whereby the coaxial detection is attainable to the peris-
trophic strategy. Likewise, the boundary line between re-
gions IT and III is of importance to determine the min-
imum incident angle and a limit to the choice of incid-
ent light for the practical application. These findings en-
able to guide the device design and system integration in
advance. Additionally, Fig. 5(b) shows the experimental
results of rotational multiplexing at three wavelengths,
which further verifies that our design holds great prom-
ise for broadband applications.

Conclusions

In summary, we have proposed and demonstrated a new
type of holography multiplexing functionality based on
peristrophic metasurfaces. By incorporating the concept

of spatial frequency orthogonality with an innovative de-
tour phase principle, the multichannel hologram through
the peristrophic strategy is viable to selectively retrieve
the encoding images on request. Without enlarging the
device footprint, our method successfully increases the
multiplexing capacity for storing information. More im-
portantly, the method can be regarded as an additional
DoF since it is independent on the wavelength and polar-
ization. Compared with traditional detour phase and
volume holography, the unprecedented sub-wavelength
merit is conducive to eliminate the twin-image issue and
significantly reduce the volumetric thickness. The pro-
posed metasurface device taking the advantages of mini-
aturization, versatility, and broadband operation can be
compatible with other DoFs multiplexing and therefore
holds promise for large-capacity chip-scale applications.
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