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Metasurfaces with tunable functionalities are greatly desired for modern
optical system and various applications. To increase the operating channels of

polarization-multiplexed metasurfaces, we proposed a structure of N cas-
caded dual-channel metasurfaces to achieve 2" electrically switchable chan-
nels without intrinsic loss or cross-talk for certain functionalities, including
beam steering, vortex beam generation, lens, etc. As proof of principles, we
have implemented a 3-layer setup to achieve 8 channels. In success, we have
demonstrated two typical functionalities of vortex beam generation with
switchable topological charge of [=-3-+4 or [=-1~-8, and beam steering
with the deflection direction switchable in an 8x1 line or a 4x2 grid. We believe
that our proposal would provide a practical way to significantly increase the
scalability and extend the functionality of polarization-multiplexed meta-
surfaces. Although this method is not universal, it is potential for the appli-
cations of LiDAR, glasses-free 3D display, OAM (de)multiplexing, and varifocal

meta-lens.

Metasurfaces"* arouse broad research interest due to the unprece-
dented manipulation of lightwave in terms of phase*?, amplitude®~,
polarization®’, and frequency®’. Metasurfaces possess rich advantages
over traditional planar optical devices, including compact footprint
and thickness'®", subwavelength-resolution control of lightwave”'",
low-loss tramsmition'* as well as versatile functionalities™". In parti-
cular, with the abrupt phase-shifting ability in subwavelength scale’,
metasurfaces have gained significant progress in the fixed wave-front
controlling, e.g., beam steering”'®, meta-lens'**, vortex beam
generation**?, holograms??*, etc. With the growing need of optical
systems, metasurfaces with tunable functionalities are further con-
cerned. One approach is dynamically reconfiguring the subwavelength
structure by various mechanisms, including electro-optic* %,
mechanical®®?°, phase transition**?, etc. Thus, the response of the
metasurface can be tuned with reconfiguring structure. However,

there are remaining technical challenges for reconfigurable meta-
surfaces. On the one hand, the available functionalities would be lim-
ited for mechanisms like phase-transition®** and mechanical
stretching?°. On the other hand, to reconfigure a metasurface pixel-
by-pixel by electro-optical mechanism**?, the extra complexity would
significantly affect the scalability and increase the cost, i.e., the
numerous electrodes. Another approach depends on the states of
input lightwave, which serve as knobs for tuning the response of fixed
metasurfaces®, thus tuning the functionalities in success. The prop-
erties include incident angle*** or direction®**, wavelength®*™*, car-
ried orbital angular momentum (OAM)*>**, Besides, with two cascaded
metasurfaces, the functionalities can be also tuned by the relative
displacement***® and rotation**s, Actually, with these methods, the
input lightwave at the second metasurface is manipulated equiva-
lently, while the structures of both metasurfaces are fixed.
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As an intrinsic property of lightwave, polarization has been used
for tuning the response of metasurfaces as well, which is also regarded
as polarization multiplexing**=*. Polarization multiplexing can be
achieved by employing polarization-dependent subwavelength struc-
tures, without compromising on resolution and information capacity
of metasurfaces™. For such polarization-dependent metasurfaces, the
functionalities can be independently designed for two orthogonal
polarization states of input light, e.g., horizontal and vertical linear
polarization®. As for specific functionalities, dual-channel lenses***,
dual-channel holograms®, and dual-channel vortex beam
generators’™ have been achieved. Since the degrees of freedom
(DoFs) of polarization state is only two, the number of independent
channels is also limited to two for a single metasurface. This limitation
can be broken by employing a polarizer after the metasurface, so that
the off-diagonal elements of the Jones matrix can be extracted as the
third independent channel*®. Furthermore, engineered noise have
been employed to increase the number of channels up to 11
with moderate cross-talk”. These approaches significantly increased
the scalability of polarization-multiplexed metasurfaces. However,
there would be intrinsic loss and additional design complexity since
the required Jones matrices are non-unitary**’. Besides, although the
introduced cross-talk is moderate in holograms, it would be unac-
ceptable in noise-sensitive or cross-talk-sensitive applications, e.g.,
OAM (de)multiplexing, LiDAR. Generally, the independent channels
without intrinsic cross-talk are still limited to three. Therefore, it is still
challenging for further increasing channels and extending the func-
tionality of polarization-multiplexed metasurfaces.

In this work, we propose a practical approach to increase the
number of channels to 2" for certain functionalities without intrinsic
loss or cross-talk by cascading N metasurfaces. To increase the DoFs on
polarization, a direct consideration is to cascade multiple polarization-
dependent metasurfaces. Cascading N metasurfaces combined with
polarization controllers would increase the total DoFs of polarization
up to N+1, which would be further discussed in the section of
“Results”. Obviously, the cost of cascading N metasurfaces would be
too high if the number of the obtained channels is only N + 1. However,
we found that the channels can be increase to 2 under certain con-
dition. The condition is that the phase pattern of cascaded structure
should have the same function form with that of a single metasurface,
while the parameters of the cascaded structure are summation of each
single metasurface. Such condition could be satisfied in some common
functionalities, including beam steering, vortex beam generation, lens,
etc. Thus, the channels of polarization-multiplexing can be increased
exponentially for certain dynamic wave-front controlled functional-
ities and applications. As proof of principle, we have implemented an
8-channel setup through cascading 3 layers of metasurfaces. Thus,
8-channel vortex beam generation as well as beam steering have been
experimentally demonstrated and characterized, respectively. In vor-
tex beam generation, the topological charge (TC, denoted as /) can be
switched within the range of [=-3 to +4 or [=-1to -8, and the total
transmittance of [=-3 to +4 is within the range from 31.6% to 33.7%.
While in beam steering, the deflection direction can be switched in an
8 x1line or a 4 x 2 grid, and the total transmittance is within the range
from 15% to 25%. Besides, since the employed polarization controllers
are electrically tunable liquid crystal (LC) phase retarders, the struc-
ture can be electrically switched among different channels.

Results

Pinciple

Based on a polarization-dependent metasurface, two independent
phase-only patterns can be designed to modulate on the wave-front of
the input lightwave with two orthogonal polarization states respec-
tively. Such two phase patterns correspond to two functional channels
so that dual-channel switchable wave-front control can be achieved.
Since the DoFs of polarization state is only two, there are only two

independent functional channels of a single polarization-dependent
metasurface in theory. To increase the number of channels, our pro-
posal is to cascade N dual-channel metasurfaces, while setting N
polarization controllers before each metasurface as shown in Fig. 1a.
Without loss of generality, suppose the pre-settled orthogonal polar-
ization states of input light of each metasurface are horizontal and
vertical linear polarization, denoted as |H) and |V). It should be men-
tioned that the employed orthogonal states can be another set, e.g.,
left-hand and right-hand circular polarization®**. The polarization
controllers are employed to switch the polarization state of input light
at each metasurface between |H) and |V). As a result, for each meta-
surface, one of the two designed phase patterns is picked up. Thus, in
the whole structure, there would be 2V combinations of cascaded
phase patterns. Suppose the dual phase patterns of the i-th metasur-
face are @y (x,y) and @y (x,y), the equivalent phase pattern of the
whole structure can be expressed by the summation of the selected
phase pattern from each metasurface:

N
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Where pis a N x 1 vector representing input polarization states of
each metasurface. Since y; is either H or V and determined by the i-th
polarization controller, p can take 2" distinct values. For more clarity,
the matrix-vector multiplication form is expanded in the second line of
Eq. 1. It should be mentioned that in the coefficient matrix, the sum-
mation of the 2m-1 column and the 2m column for any integer m < Nis
always a column vector with all elements of 1, thus the rank of the
matrix is actually N+1. That is to say, the number of independent
channels is constrained to N +1 in general, although there are 2" cas-
caded phase patterns.

Here, the concept of independence should be discussed in details.
The number of combinations for the cascaded phase pattern is still 2",
but there would be correlation among them. Thus, these 2" cascaded
phase patterns are not independent, as well as the corresponding
functionalities. In other words, only N + 1among the 2" cascaded phase
patterns can be arbitrarily or independently designed, while the others
would be determined by them. This corollary is mentioned in the
section of “Introduction”.

However, under certain conditions, it would be possible to
achieve 2" channels with distinct functionalities. The condition is that
phase pattern of cascaded structure should have the same function
form with that of a single metasurface, while the parameters of the
cascaded structure are summation of each single metasurface. To be
more specific, for some common functionalities, the target of wave-
front control is to manipulate certain parameters of the light field. For
such a functionality, suppose the form of the phase pattern can be
written as @(x, y, p©¥, p@,...), which is a map of the target parameters
p?, p@, ... If we consider a functionality, in which g is a linear map of
these target parameters, the equivalent phase pattern of multiple
cascaded metasurfaces with such functionality can be rewritten as:
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Fig. 1| Principle of 2"-channel switchable wave-front control for certain func-
tionalities. a The schematic of the cascaded structure. N polarization-dependent
dual-channel metasurfaces (MSs) are cascaded. The initial input state is |V). A
polarization controller (PC) is set before each metasurface to switch the input state
at each metasurface between |H) and |V), thus one of the dual phase patterns is
picked up. The whole phase pattern would be the summation of all picked phase
patterns. b Example of cascading two dual-channel vortex phase patterns to gen-
erate four channels of vortex phase patterns. The TCs of the first pattern are [=+1,
+2 for |H) and |V) input, respectively. While the TCs of the second pattern are [=-1,
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+1, with the inset of a SEM image of the corresponding metasurface. The TCs of four
cascaded channels are [=+1, 0, +3, +2. ¢ Example of cascading two dual-channel
blazed grating patterns to generate four channels of blazed grating patterns. The
momenta of the first pattern are (kyk,) = gko(0,-1), £ko(0,1) for |H) and |V) input,
respectively. While the TCs of the second pattern are (k.k,) = ko(1,0),eko(1,1), with
the inset of a SEM image of the corresponding metasurface. The momenta of four
cascaded channels are (ky.ky) = gko(1,1),eko(1,-1),eko(1,2),£ko(1,0). Where ko is the
absolute value of wavevector in vacuum, £ =0.01745 is a constant.
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As seen in Eq. 2, the equivalent phase pattern can be rewritten
from cascaded phase patterns into a set of cascaded parameters
SV, Y p?,..., which is still in the form of ¢¢. Thus, the equiva-
lent functionality of cascaded metasurfaces would be as same as a
single metasurface, while the parameters are modified.

It should be mentioned that the number of target parameters is
determined by the functionality. Specifically, there are several exam-
ples of functionalities with such linear-map property. For the func-
tionality of vortex beam generation, the required vortex phase pattern
can be written as @y (X, Y, [)=1 - arctan2(y, x)*. Obviously, the phase
pattern is a linear map of a single target parameter that is the TC . As
seen in Eq. 3, cascading vortex phase patterns is equivalent to a vortex
phase pattern as well. The cascaded TC would be the summation of
TCs of each single pattern. For the functionality of beam steering, the
required phase patterns are blazed grating patterns with
Py, ki, k) =k x + kyy”. Here, the phase pattern is a linear map of
two target parameters, which are the transverse momenta k, and k;,
respectively. As seen in Eq. 4, cascading blazed grating patterns is
equivalent to a blazed grating pattern as well. The cascaded momenta
would be the summation of momenta of each single pattern.

N N N
> @oam,y, 1))=Y (; - arctan2(y, x)) = arctan2(y, X) - (Z l,-) (3)
i-1 i=1 i=1

N N N N
Z (pBG(xry' kx,i' ky,i) = Z(kx,ix + ky,Ly) =X Z(kx,i) ty Z(ky,i) “)
i=1 i=1 i=1 i=1

Besides, for the functionality of lens, the required phase pattern
can be written as a linear-map of the reciprocal focal length® as well.
However, the functionality of hologram is a counter-example, where
the required phase pattern is usually numerically calculated and can-
not be written as a linear map of explicit parameters. Thus, the
equivalent functionality of multiple cascaded holograms cannot
guarantee a meaningful hologram.

Combining the linear-map property (Eq. 2) with the cascaded
polarization-dependent metasurfaces, 2" functional channels can be
achieved as shown in Fig. 1a. Here, the dual phase patterns of each
single metasurface in Eq. 1 should be determined by the mapping
relation @¢ and corresponding target parameters. For the i-th
polarization-dependent metasurface, suppose the parameters of the
phase pattern for input polarization state |H) are p\), pi2.,..., while the
parameters for |V) are p)’,,p?,.... Then the phase patterns of the i-th
metasurface can be rewritten as:

O (X)) =@ (x,y. Jo p(vz,},-..)

O 2 )

O]
Py (XY= (x’yrpH,i'pl/,i""

To write the cascaded phase patterns, substitute ¢, ;s and ¢y/s in
Eq. 1 with Eq. 5, and apply the linear-map property in Eq. 2:

N N N
6. ))= > 0 (x,y, pf}),i,p,f?,-,.--) = (x,y, DD p‘f},.-)
i =1 -1

i=1

(6)

Nature Communications | (2024)15:8370


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52676-w

a Polarizer 1 1 4-fsystem 1 4-fsystem 1
1 1 - — 1
HWP (V) 1 1 Lens Lens 1 Lens Lens 1 z
1 o ‘1 i1
BS 1 / |1|l 1 |1TI 1 1!:' 1 BS
------- 1+ ,’----4|-,t[--+ SR v -----m{--r- -4 -----:-lﬂf-i" fopa | ey
, " 1 i y LN | ! / [ 1 H J0 J /’ CCD
UV O VA A AR AU AR OF R gromwn
ILCR-IMS-1! LCR2  MS2! LCR3  MS-3!LCR4 4
h"l ! ! Reference ! R >4 :
LY I 1 Light I 7
1 1 | 1
1 1 | 1 )
. 1 1 | 1 1
b Polarizer | | 4-fsystem 1 4-f'system | I
—_— ,_y_‘
HWP (V) : :Lens Lens : Lens Lens : L lqﬂa
I doa v NN ’
/ /i / Al / |! " = 0 '
....... U A TGN TR EYRN VR T ARl
‘ ¥ ||’ 1 g !I’ 1 / :i’ 1 z
U\ A U AN A AV A - !
1 1 | 1 / CCD
ILCR-IMS-11 LCR-2 MS-21 LCR-3 MS-31 LCR-4 & , Camera
! 1 | 1 x o
Layer-1 Layer-2 Layer-3 ¢ L y

Fig. 2 | Implementation of 8-channel switchable wave-front control for certain
functionalities with 3-layer setup. The input fundamental Gaussian beam is fil-
tered into polarization state |V). Liquid crystal retarders (LCR) with slow axis at 45°
are utilized as polarization controllers. The 4-f systems are employed to guarantee
the cascaded phase pattern is simply the summation of each single phase pattern,
without considering the propagation between metasurfaces (MSs). LCR-4 is

employed to switch the output polarization state back to |V). a In the character-
ization of TCs of generated vortex beam, a path of reference light is employed for
the interference fringes. An example of interference fringe with /= -2 is show on the
right. b In the characterization of beam steering, the deflection direction is char-
acterized with 8 and ¢ in spherical coordinates. An example of distribution of 8
deflection directions is show on the right.

As seen in Eq. 6, for 2" combinations of input polarization states, all
the 2" equivalent phase patterns ¢, would achieve the same function-
ality of g, with 2" sets of cascaded parameters. To conclude, 2" distinct
functional channels can be achieved. For a simple example of N=2,
Fig. 1b shows cascading dual-channel vortex phase patterns to generate
four channels of vortex phase patterns. The TCs of the first pattern are
[=+1,+2 for |H) and |V) input, respectively. While the TCs of the second
pattern are [=-1, +1, with SEM image of the corresponding metasurface
shown in the inset of Fig. 1b. The TCs of four cascaded channels are /= +1,
0, +3, +2. Another example of cascading two dual-channel blazed grating
patterns to generate four channels of blazed grating patterns is shown in
Fig. 1c. The momenta of the first pattern are (ky, k) = £ko(0,-1), £ko(0,1),
Where kg is the absolute value of wavevector in vacuum, £=0.01745is a
constant. While the TCs of the second pattern are (kyk)=
£ko(1,0),eko(1,1), with SEM image of the corresponding metasurface
shown in the inset of Fig. 1c. The momenta of four cascaded channels are
(kyky) = ko(1,1),eko(1,-1),ek0(1,2),£ko(1,0).

It should be mentioned that there are no intrinsic cross-talk
between channels, since the phase patterns are strictly with the form of
@r Besides, there are no intrinsic loss since the required Jones matrices
of metasurfaces and polarization controllers are all unitary (details can
be found in Supplementary Text 1).

Experimental setup

To verify our proposal, a 3-layer setup is implemented for 8-channel
switchable wave-front control for certain functionalities. The func-
tionality depends on the designed phase patterns of metasurfaces.
Two functionalities of vortex beam generation and beam steering are
demonstrated and characterized, respectively. Figure 2a shows a
schematic of the optical setup for characterization of vortex beam
generation, while Fig. 2b shows that for beam steering. An additional
reference light is required for the interference fringes to identify the
TC of generated vortex beams, while the deflection direction of beam
steering would be characterized with 8 and ¢ in spherical coordinates.
Details of the devices and the photograph of the optical setup can be
found in Supplementary Text 2.

The metasurfaces are composed of rectangular nanopillar of
amorphous silicon (a-Si) on a SiO, substrate, and the operation wave-
length is considered as 1550 nm. The designed height of nanopillars is
900 nm while the period of arrangement is 800 nm, and the transverse
size ranges from 120 nm to 700 nm. Each single metasurface is a square
with side length -640 um for vortex beam generation, while the
side length is ~400 pm for beam steering. Examples of the SEM image of
the fabricated metasurfaces are presented in the inset of Fig. 1b, c. The
design process of the metasurface can be found in the “Methods” sec-
tion and Supplementary Text 3, while the fabrication process can be
found in the “Methods” section and our previous work®.

Here, the input polarization state can be either |H) or |V), while | V)
is picked up in this work. Liquid-crystal (LC) phase retarders are uti-
lized as the polarization controllers before each metasurface. To
electrically switch the input states between |H) and | V), the slow axis of
each LC phase retarder is set at 45°. Therefore, for either |H) or |V)
input on the LC phase retarder, the state can be varied from one to the
other with the phase retardance of m, while the state would keep
constant with the phase retardance of 0. By setting appropriate com-
bination of the phase retardance on each LC phase retarder, the input
polarization states can be switched among 8 combinations, then the
equivalent phase pattern of the whole structure can be switched
among 8 channels.

Besides the 3 LC retarders before each metasurface, another LC
retarder is settled after the third metasurface so that the output
polarization state of each channel is switched back to |V). Finally, the
far-field intensity is measured by a CCD camera.

8-channel vortex beam generation

For the vortex beam generation, there is only one target parameter of
the TC L Here, each single metasurface is design as a dual-channel
vortex beam generator with the phase pattern form of Eq. 3. It should
be mentioned that each phase pattern is additionally overlaid with a
blazed grating pattern to separate the generated vortex beam and the
zero-order unmodulated light (details in Supplementary Text 4). By
cascading LC retarders and 3 metasurfaces with properly designed
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Fig. 3 | Experimental results of 8-channel switchable vortex beam generation.
The intensity profiles of generated vortex beams are measured, while the TCs
carried by them are characterized by the interference fringes with a fundamental
Gaussian mode. a Each single metasurface (MS) with |H) and |V) input. The cor-
responding energy efficiency n is calculated by the total intensity of the beam, and
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labeled on each intensity profile. b 8 channels of cascaded structures, exactly
corresponding to 8 combinations of input states of 3 metasurfaces. The corre-
sponding total transmittance 7 is labeled on each intensity profile. The designed TC
Lis labeled on each profile of interference fringe. The input states of 3 metasurface
are labeled in order below the interference fringe image.
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TCs, the TC carried by the generated vortex beam of the whole
structure can be switched among 8 pre-determined integer values.
Experimentally, the intensity profiles of generated vortex beams
are measured, while the TCs carried by them are characterized by
interference fringes with a fundamental Gaussian mode that is aligned
to the same polarization state | V). The optical setup is shown in Fig. 2a.
First, each single metasurface is characterized with |H) and |V) input,
respectively. To characterize a single metasurface, the additional two
metasurfaces are removed in Fig. 2a, while the rest elements are fixed.
The intensity profiles and corresponding interference fringes are
shown in Fig. 3a. The energy efficiency n calculated by the total
intensity of each beam is labeled on the intensity profiles, while the
designed TC [ of each beam is labeled on the profile of interference
fringes. Then, each of the 8 channels are characterized by imposing
different phase retardance on the LC retarders. The TCs of 8 channels
are expected to be the summation of the TCs of each single metasur-
face for the picked polarization state. For each channel, the intensity
profile, total transmittance r, designed TC [, interference fringes, and
the specific combination of polarization states are shown in Fig. 3b. As
seen in the label of Fig. 3b, the designed TCs of 8 cascaded channels are
within the range from [=-3 to [=+4. To qualitatively observe the TC
from the interference fringes, the absolute value of [ is determined by
the number of spiral arms. While the sign of [ is determined by the
spiral direction, clockwise for positive and counter-clockwise for
negative. As seen in Fig. 3a, b, the TCs of all generated vortex beams
agrees well with the design. The energy efficiency of a single layer is
within the range from 55.6% to 69.3%, while the total transmittance of
the cascaded structure is within the range from 31.6% to 33.7%.
Besides, there can be various TCs of cascaded channels with dif-
ferent settlement of cascading metasurfaces. Another example with
the TCs ranging from [=-1 to [=-8 are experimentally characterized
and presented in Supplementary Text 5. Moreover, the interval of TCs
can also be varied with non-uniform distribution. A quick example is
substituting TCs of the third metasurface with [=-3, +3 in Fig. 3a.

8-channel beam steering

There is only one parameter in the aforementioned vortex beam
generation. In this section, the functionality of beam steering is further
considered as another example with multiple target parameters. In
beam steering, the input beam would be deflected. The deflection
direction can be varied in a two-dimensional plane, which is deter-
mined by two parameters of the transverse momenta along x and y
axis, denoted ky and k. To verify our proposal in both one-dimensional
and two-dimensional parameter space, two cascaded structures
(denoted as A and B) for 8-channel tunable beam steering with dif-
ferent spatial distribution of deflection directions are designed and
characterized. Here, each single metasurface is designed for dual-
channel beam steering with the phase pattern form of Eq. 4, which can
be also regarded as a polarization beam splitter (PBS). The original
designed momenta of each single metasurface and both cascaded
structures are listed in Table S1 and Table S2.

The samples are experimentally characterized by the far-field
deflection directions with a vertically incident beam. The optical set up
is shown in Fig. 2b. The camera is moved along z-axis and the deflected
beam spot at different distance is recorded, so that the deflection
direction of 6 and ¢ in spherical coordinates can be calculated. An
example of such measurement with 6 and ¢ labeled is shown on the
right of Fig. 2b as well. First, the deflection directions of each single
metasurface in cascaded structure A and B are measured and shown in
Fig. 4a, c, respectively. As seen in Fig. 4a, c, the first two metasurfaces
of both structures are PBSs along y axis. The difference between the
two structures is introduced only by the third PBS, which is along y axis
in structure A while along x axis in structure B. Then, the deflection
directions of all 8 channels of both cascaded structures are measured
and shown in Fig. 4b, d, respectively. As seen in Fig. 4b, d, the deflec-
tion directions of structure A are arranged in an 8 x1 line, while those
of B are arranged in a 4x2 grid. Furthermore, the angular errors
between measured direction and the original design are plotted in
Fig. 4e. It can be seen that the maximum angular error is less than 8'.
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To characterize the energy efficiency and cross-talk, the trans-
mittance to each deflection direction of each channel is measured and
plotted in Fig. 4f, g. For structure A, the transmittance to the main
deflection direction is within the range from 15% to 20%, and the cross-
talk is below 5% of the input and mainly distributed in adjacent chan-
nels. While for structure B, the transmittance is within the range from
20% to 25%, and the cross-talk is more widely distributed. The specific
measurement process, original design, and raw data can be found in
Supplementary Text 6. Although the current maximum deflection
angle is about 4°, it can be extended by cascading metasurfaces with
larger deflection angles (detailed discussions can be found in Supple-
mentary Text 7).

Discussion

In the operation principle of our proposal, the whole phase pattern is
supposed to be simply the summation of each single phase pattern,
without considering the propagation between metasurfaces. In the
present work, this is guaranteed by employing a 4-f system between
each pair of adjacent metasurfaces, so that the input field of the second
one can be identical with the output field of the first one (rotated 180°
along z axis). Actually, such 4-f systems are not necessary, since the
effect of propagation can be ignored or compensated if the distance
between metasurfaces is less than several millimeters. This is possible
by closely attaching metasurfaces and thinner LC retarders as a com-
pact module**®*%3, Moreover, metasurfaces can be integrated with
LCs®. Thus, it is potential to achieve a fully integrated module while

retaining the advantage of low thickness as a single metasurface and
the detailed discussions are provided in Supplementary Text 8.
Besides, the number of electrodes required for electrically switching is
determined by LC retarders and almost equal to the layers. Therefore,
the design and fabrication of electrode are significantly simpler than
pixel-by-pixel electro-optical reconfigurable metasurfaces”, where the
number of electrodes is equal to those of the pixels.

It should be mentioned that there are some reported methods of
metasurface design to achieve complex amplitude control’** or Jones
matrix with non-diagonal elements’>***’. With such metasurfaces, the
cascaded structure would be potential to achieve much more func-
tionalities. However, the main problem is that there would be intrinsic
loss, which is introduced by the amplitude manipulation. For the
multiple-layer cascaded structure in our proposal, the loss would accu-
mulate and significantly affect the final efficiency. Thus, in this work, the
metasurfaces are restricted to phase-only patterns to avoid intrinsic loss.

Although there are no intrinsic loss or cross-talk, the experimental
efficiency per layer is 40-70% and the cross-talk per layer is 3-5% in the
present work. As the cascaded layers increases, the stray light, cross-
talk, and loss would also accumulate and become unacceptable.
However, they are all introduced by the non-ideal factors in metasur-
face design and fabrication. For example, there would be unmodulated
light of metasurface®® %, In the vortex beam generation of this work, a
blazed grating pattern is overlaid on the phase pattern to spatially
separate the unmodulated light®’, and details are presented in Sup-
plementary Text 4. These non-ideal factors can be further reduced
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with improved design approach of metasurfaces, e.g., inverse
design’®”* or adjoint optimization”’¢, thus the accumulated stray
light, cross-talk and loss with increased cascading layers can be within
control. These methods go beyond the present work, but we have been
engaged in related researches.

To conclude, we have achieved 2" electrically switchable channels
for certain functionalities with N cascaded metasurfaces combined
with LC phase retarders. Although the condition is that the phase
pattern of cascaded structure should have the same function form with
that of a single metasurface, some common dynamic wave-front con-
trolled functionalities can be covered, including beam steering, vortex
beam generation, lens, etc. Moreover, our proposal can be extended to
other materials, frequencies, and metasurface design approaches.
Thus, it is potential to be applied on LiDAR, glasses-free 3D display,
OAM (de)multiplexing, and varifocal meta-lens. With more enough
channels and richer functionalities, we believe our work would provide
a practical way towards metasurfaces with tunable functionalities.

Methods

Numerical Simulation

The amplitude and phase modulation of rectangular nanopillars with
different height, period, length and width are numerically calculated
by the Finite Difference Time Domain (FDTD) method. For the even-
tually used set, the height is 900 nm while the period is 800 nm, and
the transverse size ranges from 120nm to 700 nm. The detailed
simulation and design process of the metasurface can be found in
Supplementary Text 3.

Fabrication

First, 900nm-thick a-Si is deposited on a quartz substrate by PECVD.
Then, a layer of Cr as metal hard mask are deposited by electron beam
(EB) evaporation, and a layer of SiO, is grown on the Cr layer as an
additional hard mask to avoid experimentally uncontrollable lift-off
process of Cr. After that, the rectangular patterns are fabricated by EB
lithography and inductively coupled plasma reactive ion etching (ICP-
RIE). The detailed fabrication process are similar to that of our pre-
vious work®'.

Data availability

All the processed data of this work are provided within the main text
and supplementary materials. The raw data are available from the
corresponding author upon request.

Code availability
The codes used for simulation, design and data process are available
from the corresponding author upon request.
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