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of metasurfaces stem from the large 
variety of possible geometric shapes, 
structural sizes, spatial orientation angles, 
combination modes, and wavefront modu-
lation mechanisms. Owing to their unique 
abilities to modulate the arbitrary phase, 
amplitude, polarization, wavelength, and 
orbital angular momentum of light, meta-
surfaces produce various special optical 
effects, which lead to a multitude of poten-
tial applications such as holography,[5–8] 
color printing,[9–11] beam shaping,[12] edge 
detection,[13] generation and measure-
ment of polarization,[14,15] generation and 
manipulation of THz waves,[16] and optical 
encryption and anticounterfeiting.[17,18]

To increase the information capacity of 
metasurfaces and fully utilize the excel-
lent wavefront modulation ability and 
numerous DOFs of metasurfaces, several 
multiplexing methods have been proposed 

that utilize fundamental light properties or spatial arrangements, 
such as spatial multiplexing,[19] polarization multiplexing,[20–22] 
angular multiplexing,[23,24] orbital angular momentum multi-
plexing,[25,26] spectral and spatial multiplexing,[27,28] near- and 
far-field multiplexing,[29,30] and nonlinear wavelength multi-
plexing.[31] For example, a coherent pixel was proposed based on 
the coherent superposition of electromagnetic fields, which can 
be used to obtain angle-multiplexed scalar or switchable vecto-
rial print images.[32,33] Detour phase holograms combined with 
spatial multiplexing can record four independent phase profiles 
with respect to the incident angles using a single metasurface 
device.[34] Moreover, with a single-cell design approach that 
manipulates the spectrum, polarization, and phase of incident 
light, a tri-functional metasurface that can act as a color printing 
image, polarization-controlled grayscale image, and hologram 
was demonstrated.[35] Furthermore, by exploiting the construc-
tive and destructive interference between hybrid meta-atoms, an 
interference-assisted metasurface multiplexer was achieved.[36] 
The above methods achieved many advanced functionalities 
and have paved the way for broader exploitation of metasur-
faces. However, for a single-layer metasurface, the number of 
DOFs is intrinsically limited owing to its mirror symmetry with 
respect to its structural plane.[37] On the other hand, single-layer  
solutions only provide different information channels for multi-
plexing and cannot physically split information.

Recently, multilayer metasurfaces and cascaded metasurfaces 
have been developed rapidly and have achieved many previously 
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1. Introduction

Metasurfaces composed of 2D arrangements of plasmonic 
or dielectric nanoantennas have attracted enormous interest 
owing to their ability to enable high degrees of freedom (DOFs) 
to tailor the optical properties of light with ultra-thin thick-
nesses.[1–4] The powerful versatility and great design flexibility 
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unrealized functionalities. Integrated multilayer metasurface 
layouts have often been used to achieve kaleidoscopic wave-
front control,[38] multispectral achromatic metalenses,[39] image  
differentiation,[40] Janus metasurfaces with bidirectional func-
tionality,[41–43] holography with asymmetric transmission,[44] 
holography with color printing,[45] and all-optical machine 
learning frameworks.[46] For cascaded metasurfaces, whose 
components can be replaced, translated, or rotated, impressive 
functionalities such as prescribing light trajectories,[47] Moiré  
metalens for adjustable focal length,[48] dynamical wavefront 
modulators,[49] etc., have been demonstrated. Furthermore, the 
cascaded holography method allows for physical separation and 
combination of encoded information. By separating the designed 
phase profile into two matrices, a reprogrammable metasurface 
that can produce arbitrary holographic images for optical encryp-
tion via illumination with a spatial light modulator was pro-
posed.[50] In particular, an all-optical solution for secret sharing 
based on cascaded metasurface holography has been demon-
strated.[51] All the single metasurface holograms and cascaded 
configurations can create an independent holographic image.

In this study, inspired by the inherent sensitivity in the trans-
lational and longitudinal alignment manipulation of cascaded 
metasurface holography,[52] we further utilize the in-plane rota-
tion angle as an additional design DOF to introduce the con-
cept of the rotational multiplexing method. Different relative 
in-plane rotation between two stacked metasurface holograms 
correspond to completely different cascaded metasurface sys-
tems. In our design, such a cascade metasurface system con-
sists of two Fourier metasurface holograms, each of which 
can reconstruct a distinct holographic image in the far-field. 
Four independent new holographic images can be observed 
when these two metasurface holograms are stacked together 
with different relative in-plane rotations of 0°, 90°, 180°, and 
270°. In other words, reconstructed images can be switched by 
rotating one of the metasurface holograms around the normal 
at its geometric center. To achieve this, we used an iterative gra-
dient optimization scheme with the help of a machine learning 
method. This method can make full use of the in-plane rota-
tion angle as a design DOF, provide an innovative holographic 
security feature, and offer a novel perspective for improving the 
information capacity and design flexibility of metasurfaces. As a 
platform for data storage and optical encryption, our rotational 
multiplexing cascaded metasurface holography is expected to 
be a potential candidate that plays a key role in related fields.

2. Results

As a proof of concept, we designed and fabricated two geo-
metric phase metasurfaces to experimentally demonstrate our 
method under circularly polarized light illumination. Figure 1  
schematically illustrates the dual working modes of the pro-
posed rotational multiplexing cascaded metasurfaces. In the 
single-layer mode, each metasurface hologram has its own 
target image. On the other hand, for the cascaded mode, the 
two metasurface holograms are stacked together, where the 
light passing through the cascaded metasurfaces accumu-
lates the phase delays of both layers. Therefore, four cascaded 
configurations that correspond to four specific relative in-plane 

rotation angles (θ) between the two metasurface holograms 
can be regarded as completely different systems, which result 
in four new holographic images distinct from each single-layer 
metasurface hologram. Therefore, a total of six different holo-
graphic images can be obtained through two metasurfaces.

To design and optimize the shape and period of the meta-
atoms, we used a rigorous coupled-wave analysis simulation  
method. We chose amorphous silicon (α-Si) nanofins as 
building blocks to construct our geometric phase metasurfaces, 
which behave as local half-wave plates and maximize circular 
cross-polarization conversion transmittance. Considering the 
balance of fabrication accuracy and broadband property, we 
chose a 600 nm height nanofin with a length of 195 nm and 
a width of 130 nm for our geometric phase metasurface, with 
a period of 500 nm in both the x- and y-directions (see part A 
of Supporting Information for details). According to the geo-
metric phase modulation mechanism, each nanofin induces 
an azimuthal-angle-dependent local abrupt phase change, 
which occurs for circularly polarized light when converted to 
its opposite helicity. The broadband and polarization selective 
characteristics of the geometric phase offer the advantage of 
being quite robust with regard to fabrication and allow for fil-
tering unwanted light. We fabricated two distinct metasurface  
holograms on two glass substrates following silicon deposition, 
patterning, lift-off, and etching. Details regarding the design 
and fabrication can be found in the Supporting Information.

The design algorithm for the phase profiles of holograms 
plays an important role in cascaded rotational multiplexing 
method. To endow our cascaded metasurfaces with the pow-
erful function of rotational multiplexing, we introduced a gra-
dient optimization scheme that treats the design process as an 
optimization problem. Such gradient optimization scheme con-
sists of two different parts: the explicit formulations of the for-
ward calculation and the use of a gradient optimizer. The ulti-
mate purpose of this scheme is to minimize the mean squared 
error (MSE) between the target images and calculated images 
resulting from the simulated light propagation process. As 
shown in Figure 2, the design flowchart for the gradient opti-
mization scheme is as follows. First, we need to calculate the 
total error function which benchmarks the overall holographic 
reconstruction quality of the phase profiles. For the single-
layer mode, two metasurface holograms correspond to two 
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Figure 1.  Schematic illustration of the rotational multiplexing cascaded 
metasurfaces. A total of six different holographic images can be recon-
structed upon the single-layer mode and the cascaded mode.
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arbitrary phase profiles, φA and φB. For the cascaded mode, for 
example, if we keep phase profile φA and rotate phase profile φB 
by in-plane rotations of 0°, 90°, 180°, and 270°, four different 
phase profiles corresponding to four cascaded configurations 
can be obtained. For the light propagation between the two 
metasurfaces in the cascaded case, we use the angular spec-
trum method with zero padding for the simulation. We per-
form a fast Fourier transformation for all six-phase profiles to 
obtain the reconstruction results of all six holographic images, 
and then compare them with the target images by using the 
MSE. The total MSE α is defined as the average of the MSEs  
with regard to all six holographic images. Second, the gra-
dient ∇α(φ) is defined as the derivative of the total MSE α. 
Finally, we use a gradient optimizer based on Adam, which 
updates the phase profiles based on the current learning rate 
in each iteration and adjusts the learning rate during the 
optimization to converge the gradient ∇α(φ) toward a local 
optimum. Additionally, we modify the learning rate according 
to the comparison result. Our developed algorithmic 
approach provides an efficient and straightforward approach 
to design the phase profiles for rotational multiplexing cas-
caded metasurfaces.

We demonstrated the functionality and performance of such 
rotational multiplexing cascaded metasurfaces using the experi-
mental setup shown in Figure 3a. Considering the properties of 
the geometric phase modulation mechanism, a linear polarizer, 
and quarter-wave plate were positioned in front of as well as 
afterward the metasurface holograms as circular polarizers to 
prepare and select the desired circular polarization state for the 
incident/transmitted light (cross-polarized light for the single-
layer mode, co-polarized light for the cascaded mode). The two 
metasurfaces were placed on two 3D translation tables, and 
the distance between them was set to 100 µm. All holographic 
images appeared in k-space. A lens with a focal length of  
150 mm was used to observe the Fourier plane on the CCD 
camera. For the cascaded mode, a 40× magnifying micro-
scope objective was positioned behind the stacked metasurface  
holograms for precise pixel alignment.

A high alignment sensitivity with regard to in-plane transla-
tion and rotation was anticipated and confirmed in advance  
(see part C of Supporting Information for details). Therefore, we 
intentionally fabricated a pixel size larger than the intrinsic meta-
surface resolution by repeatedly placing nanofins with the same 
azimuthal angle. The size of the metasurface holograms was  
496 × 496 µm2, containing 62 × 62 pixels with a side length of  
8 µm. Two exemplary scanning electron microscopy (SEM) images 
of the samples in the top and side views are shown in Figure 3b.
Figure 4 shows the experimentally reconstructed holographic 

images of the single-layer mode and the cascaded mode of 
rotational multiplexing. As shown in Figure 4a, when illumi-
nated by circularly polarized light with a wavelength of 800 nm,  
both single-layer metasurface holograms yield their target  
holographic images of a symbol “π” and a magnifier, with  
satisfactory quality and low background noise at far-field, respec-
tively. For the cascaded mode, as marked by white dotted boxes 
in Figure 4b, four distinct reconstructed holographic images of 
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Figure 2.  The flowchart of the gradient optimization scheme that endows the cascaded metasurfaces with the function of rotational multiplexing. The 
gradient optimization scheme consists of two different parts: the explicit formulations of the forward calculation as well as the usage of a gradient 
optimizer.

Figure 3.  The experimental setup and the SEM images of the metasur-
face holograms. a) Schematic of the experimental setup for observing 
the holographic images. P: linear polarizer, QWP: quarter waveplate, MS: 
metasurface, MO: microscope objective. b) The SEM images of the meta-
surface holograms in top and side view, respectively.
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the symbols “+”, “-”, “×”, and “÷” can be observed when two 
metasurface holograms are stacked together along the propaga-
tion direction and their relative in-plane rotation angles are 0°, 
90°, 180°, and 270°, respectively. Compared with their single-
layer counterparts, the reconstruction qualities of holographic 
images in the cascaded mode are relatively lower for several rea-
sons. First, the nanofins may deviate from the designed ones 
owing to fabrication defects as well as small deviations in the 
refractive index of amorphous silicon. Such cascaded metasur-
faces superimpose the potential fabrication errors of the two 
metasurfaces, resulting in the accumulation of extra phase 
noise. Second, for the cascaded mode, circularly polarized light 
passes through two geometric metasurfaces in turn, and its 
polarization should ideally be converted back and forth. Hence, 
we measured circularly polarized light with the same helicity as 
the incident light in our experiment. Under these conditions, 
some residual light passes through both metasurfaces without 
changing its circular polarization state, which leads to a zeroth-
order spot that cannot be filtered by polarization selection.

3. Conclusion

Such rotational multiplexing cascaded metasurfaces can be fur-
ther extended by combining them with established metasurface 
polarization multiplexing concepts. A polarization-multiplexing 
metasurface essentially carries two or more different phase pro-
files, which can be selected according to the choice of polariza-
tion. Thus, two or more arbitrary target images can be encoded 
within a single cascaded configuration, which offers twice or 
more information capacity for the cascaded mode. In addition, to 
make full use of the in-plane rotation angle as a design DOF, one 
can design a round metasurface and further increase the number 
of cascaded configurations through rotation. Furthermore, our 
method is scalable in terms of the number of stacked metasur-
faces and the combinatorial cascading of two sets of metasurfaces.

In summary, it is worth noting that the inherent alignment 
sensitivity between two stacked metasurface holograms can be 
utilized to store additional information with different configu-
rations. In this study, we explore in-plane rotation as a novel 
multiplexing dimension and introduce an effective algorithm 
for achieving cascaded metasurface holography. Six different 
holographic images were successfully demonstrated experi-
mentally in single-layer and cascaded modes. Owing to its large 
information capacity, strong controllability, and dual-mode 
design, our method has huge potential for optical encryption 
and anticounterfeiting with a high security level and opens 
new possibilities for the frontier research of high-density image 
storage, optical information processing, dynamic display, and 
many other fields.

4. Experimental Section
Fabrication of the Metasurfaces: The authors fabricated cascaded 

metasurfaces on two fused quartz substrates using electron beam 
lithography following the processes of deposition, patterning, lift-off, 
and etching. First, a 600-nm-thick amorphous silicon (α-Si) film was 
deposited using plasma-enhanced chemical vapor deposition (PECVD). 
Subsequently, a PMMA film with a thickness of 300 nm was spin-coated 
and covered by a PEDOT:PSS film as a conducting layer. The desired 
structures were patterned using standard electron beam lithography. 
After the exposure process, the conducting layer was washed away and 
the resist was developed in a 1:3 MIBK:IPA solution and rinsed in IPA 
successively, followed by the deposition of 80 nm Cr using the electron 
beam evaporation deposition method. To realize the lift-off process, the 
sample was immersed in hot acetone at 75 °C and ultrasonically cleaned. 
Finally, using the inductively coupled plasma reactive ion etching (ICP-RIE) 
method, the desired structures were transferred from Cr to silicon, and 
the residual Cr was removed by cerium (IV) ammonium nitrate.

The Gradient Optimization Scheme: To endow the cascaded 
metasurfaces with the function of rotational multiplexing, a gradient 
optimization scheme was introduced that treats the design process 
as an optimization problem. For gradient optimizers in the machine 
learning field, the choice of the hyperparameter “learning rate”, which 
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Figure 4.  The experimental reconstructed holographic images of the dual working modes. a) Single-layer mode. b) Cascaded mode with rotational 
multiplexing. As marked by white dotted boxes, four distinct reconstructed holographic images of the symbols “+”, “-”, “×” and “÷” can be observed 
when two metasurface holograms are stacked together along the propagation direction and their relative in-plane rotation angles are 0°, 90°, 180°, 
and 270°, respectively.
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scales the step size in the optimization process, heavily determines the 
speed and accuracy of convergence. If the learning rate was set too high, 
the optimization scheme does not converge at all, and if the learning 
rate was set too low, the convergence becomes very slow. To make the 
optimization process resilient, an Adam-based gradient optimizer was 
introduced to adjust the learning rate per iteration.

Specifically, for a given phase profile set, such a gradient optimizer 
suggests new phase profiles based on the current learning rate for each 
iteration. However, instead of simply choosing this new phase profile 
and repeating the iteration process, the authors obtain another new 
phase profile based on the current learning rate by taking the same 
step once more and performing a second evaluation. The authors then 
compare the initial phase profile set with the two new candidates and 
choose the one with the lowest error. In addition, the learning rate was 
modified according to the comparison results. The authors slow down 
when a local minimum was overshot, and otherwise was accelerated. 
Therefore, such a gradient optimizer can accelerate the convergence 
speed and guarantee convergence towards a local optimum.
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from the author.
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