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Flexible Multilayer Metasurfaces: Design and Applications
on Foldable and Conformable Substrates

Yilin Shi, Hao Dai, Renjie Tang, Jianghong Wu, Yingchun Wu, Jieren Song, Yalan Si,
Hongtao Lin, and Lan Li*

Metasurfaces offer effective optical modulation and compact solutions for
integrated optoelectronic circuits. Multilayer metasurfaces surpass
single-layer counterparts in functionalities, enabling more complex
manipulation of phase, amplitude, and polarization. However, existing
multilayer metasurfaces lack reconfigurability based on flexible
configurations, limiting their applications in dynamic and shape-constrained
scenarios. Here, a multilayer metasurface platform utilizing a foldable and
conformable flexible structure is introduced. The foldability enables coupled
or decoupled multilayer metasurfaces by reconfigurable folding alignment. To
validate this technology, the previously established flexible metasurface
fabrication techniques are employed. The coupled multilayer metasurface is
demonstrated by an inverse-designed 1D multilayer zoom metalens that
achieves a numerical aperture (NA) from 0.80 to 0.12 by altering the
polarization state of incident light from X- to Y-polarization. For the decoupled
multilayer metasurface, a refractive-meta hybrid system is demonstrated,
featuring metalens that operates on curved surfaces and can switch between
a near-diffraction-limited telephoto mode and an 80° wide-angle mode. The
exceptional performance of the two validated devices on this platform
highlights its superiority as a comprehensive design platform for multilayer
metasurfaces. Notably, its potential for operation on non-planar forms offers
promising applications for miniaturized optoelectronic devices such as
augmented reality displays and wearable medical devices.

1. Introduction

With the miniaturization of integrated optoelectronic devices for
important applications such as augmented reality (AR) displays[1]
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and wearable medical devices,[2] there
is an increasing demand for multi-
functional and flexible optical com-
ponents that are adaptable to shape
constraints. However, traditional op-
tical components based on geometri-
cal optics struggle to decouple shape
from optical function, leading to an
inherent conflict with these require-
ments. Metasurfaces[3] consisting of
subwavelength-scale dimensions struc-
tures, so-called meta-atoms, offer un-
precedented control over light scattering,
including phase, amplitude, and polar-
ization, thus inspiring the development
of next-generation advanced compact
devices such as beam deflectors,[4] struc-
tured light projectors,[5] holograms,[6]

and metalenses.[7] To expand the op-
tical functionalities, researchers have
proposed multilayer structures[7h,8] to
increase design flexibility by allow-
ing adjustments to the materials and
spacings of different layers. Nowadays,
multilayer metasurfaces[9] primarily
focus on two structure designs: coupled
multilayer devices[8d–f,i ] and decoupled
multilayer devices,[7h,8a–c,g,h,j] distin-
guished by whether coupling occurs

between the metasurface layers-coupling arises when the inter-
layer distance is less than a wavelength, and is absent when the
distance is significantly greater. Coupled multilayer structures
provide new design freedom by allowing interactions between
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meta-atoms due to their coupling characteristics. However, this
interaction limits reconfigurability, as it is highly sensitive to vari-
ations in external conditions such as refractive index, meta-atom
spacing, and incident angle. Conversely, decoupled multilayer
structures, which lack this coupling, enable functional reconfigu-
ration by adjusting the horizontal or axial distances between lay-
ers. Researchers have used these two types of designs to achieve
great functionalities in metasurfaces, such as achromatic,[8a,f] an-
gular aberration correction,[8d] zoom imaging,[7h,8j,10] quantitative
phase imaging,[8c] beam steering,[8g] and difference imaging,[8b]

showcasing the vast potential of multilayer metasurfaces, espe-
cially for metalens. However, existing multilayer metasurface
technologies face challenges in supporting both types of flexi-
ble multilayer structures, thereby restricting their potential for
broader applications.
Current strategies in the fabrication of multilayer metasur-

faces include 3D printing,[8e] multilayer lithography,[11] and me-
chanical assembly.[7h,8a–c,g,h,j] 3D printing can enable the fabrica-
tion of multilayer metasurfaces in the microwave band.[8e] How-
ever, it becomes challenging at shorter wavelengths due to the
limited precision of 3D printing.[8e] Multilayer lithography[11]

enables precise nanofabrication and alignment at visible wave-
lengths, facilitating the development of decoupled multi-
layer metasurfaces with wide field of view (FOV) imaging
capabilities.[11] However, the obtained multilayer structures are
fixed after fabrication, significantly limiting the reconfigurability
of decoupled metasurfaces. Another commonly used method is
mechanical assembly, which involves assembling pre-fabricated
metasurface devices.[7h,8a–c,g,h,j] This technique allows for versatile
control over the spacing between devices, possessing the poten-
tial for constructing both types of multilayer metasurface struc-
tures. The decoupled type, which enables zoom imaging[7h,8j] and
beam steering[8g] based on this approach, has been reported by
adjusting the vertical[7h,8j] and lateral[8g] distances between layers.
Nevertheless, the existing structures utilizing this method rely
on rigid substrates,[7h,8a–c,g,h,j] limiting their value in emerging
applications such as AR displays and wearable medical devices.
In contrast, flexible metasurfaces, with their conformable,[12]

stretchable,[7c] and bendable[13] characteristics, exhibit remark-
able reconfigurability and the capability to operate on non-planar
substrates. However, reports on their foldability and adaptability
for multilayer designs are still lacking.
In this study, we present a novel multilayer metasurface plat-

form that facilitates the development of reconfigurable and con-
formable multilayer metasurface devices while supporting the
design of coupled and decoupled configurations based on flex-
ible metasurface. First, we developed a 1D zoom metalens us-
ing an adjoint-based topology optimization algorithm for coupled
multilayer metasurfaces formed by inward folding. By chang-
ing the polarization of incident light from X to Y, this metalens
can achieve significant zoom capabilities, with a numerical aper-
ture (NA) ranging from 0.80 to 0.12. Second, we combined scalar
simulations and vector simulations to jointly design a metalens
that works on curved substrates as a refractive-meta hybrid sys-
tem. The system can switch between wide-angle (80° FOV) and
near-diffraction-limited telephoto modes. This work drives inno-
vation in advanced imaging systems, adaptive optics, and recon-
figurable optics, highlighting the practical benefits of this scheme
and establishing a solid foundation for future research.

2. Principles and Methods

We construct our design based on our previous research on
the stretchable properties of flexible metasurfaces,[7c] which can
be further extended to a multilayered metasurface platform.
Figure 1 illustrates the conceptual framework of our entire work.
Specifically, we utilize flexible substrates, Polydimethylsiloxane
(PDMS), and a GeO2-based transfer method to create a ver-
tically asymmetric flexible metasurface structure, enabling re-
configurable folding alignment for multilayer metasurfaces. By
aligning the layers inward or outward, we can effectively control
the interlayer distance to be less than or greater than a wave-
length, thereby facilitating the coupling or decoupling of the elec-
tromagnetic field distribution between meta-atoms, as shown
in Figure S1 (Supporting Information). When coupling occurs,
the original electromagnetic field distribution of the meta-atoms
is disrupted, making the phase modulation mechanism more
complex and the output phase non-pre-compiled. In contrast,
during decoupling, the electromagnetic field distribution of the
meta-atoms remains relatively independent, allowing the out-
put phase to be pre-compiled.[8d] These coupling and decou-
pling effects enable the creation of functional devices, as shown
in Figure 1a,b. Notably, this reconfigurable alignment also al-
lows multiple devices to be combined for functional reconfigu-
ration. Additionally, due to the adhesive properties of the sub-
strate, the packaging cost for themultilayer structure is effectively
reduced. Furthermore, because of the substrate’s conformabil-
ity, our devices can operate on non-planar surfaces, as illustrated
in Figure 1b.

2.1. Polarization-Multiplexed 1D Metalens Based on Coupled
Multilayer Structure

We first realized a coupled multilayer metasurface by inward
folding operation (Figure 3a), which works as a 1D polarization-
multiplexed multilayer zoom metalens. Each meta-atom struc-
ture consists of amorphous silicon (a-Si) with a period (P), a
height (h), and a width (W), which is partially encapsulated by
PDMS and tightly integrated between the upper and lower layers.
Themultilayer configuration offers greater design flexibility com-
pared to single-layer structures.[8d] At the same time, polarization
control enables efficient adjustment of the NAwithout relying on
external media[7a,14] or intricate mechanical structures.[7h,8j,10] By
varying the polarization of the incident light from X to Y, the NA
of the zoom metalens changes from 0.80 to 0.12.
Specifically, our design used an adjoint-based topology op-

timization algorithm,[15] which is primarily categorized into
density[16] and boundary optimization.[17] Density optimization
iteratively transforms the dielectric constant distribution be-
tween structural and environmental media into a meaningful bi-
nary pattern. However, treating every element as an optimization
target can result in an irregular distribution, which increases pro-
cessing complexity. Conversely, boundary optimization refines
only the structure’s boundaries, such as the length and width of a
rectangle, starting from an existing binary structure. The result-
ing design is more accessible to the process.
Here, we use a boundary optimization algorithm to solve

this problem, and the algorithm’s framework is illustrated in
Figure 2. The FOM can be formulated as follows:
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Figure 1. Amultilayer metasurface platform based on foldable and conformable substrate: a) Coupled multilayer device. b) Decoupled multilayer device.

FOM = ∫
||||
⇀

E (r) ⋅
⇀

Eideal (r)
|||| dr (1)

where ∫ dr is defined as the spatial integration over a ref-
erence plane one wavelength away from the metalens. r de-

notes a spatial point.
⇀

E(r) and
⇀

Eideal(r) represent the simu-
lated and ideal electromagnetic field distribution of the metal-
ens with a given NA, respectively. Equation (1) illustrates the

correlation between
⇀

E(r) and
⇀

Eideal(r), a larger FOM indicates

that
⇀

E(r) has a phase distribution more consistent with
⇀

Eideal(r),

along with a higher amplitude. The specific expression for
⇀

Eideal
is as follows:

⇀

Eideal (r) = ei∗Φ(r),Φ (r) = Φ0 −
2𝜋
𝜆

(√
f 2 +

(
r − r0

)2 − f
)

(2)

where Φ(r) represents the desired phase profile, Φ0 indicates the
initial phase, r0 denotes the center of the metalens. f indicates the
desired focal length of the metalens with a given NA.
The essence of adjoint optimization is to compute the gradi-

ent of the objective function with respect to the optimized struc-
ture, expressed as 𝜕FOM

𝜕W
here. This is accomplished by executing

forward and adjoint simulations in each iteration. In the forward
simulation, plane waves with X- and Y-polarizations are used sep-
arately as incident sources from the flexible substrate to calcu-

late the forward electric field distribution,
⇀

E
forward

. In the back-
ward simulation, the derivatives 𝜕FOM

𝜕
⇀
E(r)

corresponding to X- and

Y-polarized states are used separately as adjoint sources to calcu-

late the adjoint electric field distribution,
⇀

E
adjoint

. After complet-
ing both forward and adjoint simulations, 𝜕FOM

𝜕W
can be expressed

according to the boundary conditions of Maxwell’s equations as

follows:[15]

𝜕FOM
𝜕W

= jw ∫X

[ (
𝜀a−Si − 𝜀PDMS

) ⇀

E
forward

||
⇀

E
adjoint

||

+
(

1
𝜀a−Si

− 1
𝜀PDMS

)
⇀

D
forward

⊥

⇀

D
adjoint

⊥

]
dx (3)

where w is the angular frequency, X is the side edge of the meta-
atom, x is a point on the side edge of the meta-atom, ɛPDMS is
the dielectric constant of the PDMS surrounding the nanopillars,

and ɛa-Si is the dielectric constant of the a-Si meta-atom.
⇀

E
forward

||
and

⇀

E
adjoint

|| represent the tangential components of the electric

field in the forward and adjoint fields, respectively.
⇀

D
forward

⊥
and

⇀

D
adjoint

⊥
represent the normal components of the electric displace-

ment vector in the forward and adjoint fields, respectively. The
sum of the gradients at each point along the edge surface of the
meta-atom, 𝜕FOM

𝜕W
, is then used as a deformation in the normal di-

rection to ensure that the meta-atom remains easily machinable
as a rectangle.
We compare the FOM for each polarization state denoted as

FOMX − pol andFOMY − pol at the end of each iteration to determine
the final gradient G for the subsequent optimization, as shown
in the following Equation (4):

G = 1(
FOMX−pol∕FOMY−pol

)∗𝜕FOMX−pol

𝜕W

+ 1(
FOMY−pol∕FOMX−pol

)∗𝜕FOMY−pol

𝜕W
(4)

The gradient obtained from Equation (4) ensures excellent and
consistent performance for both X- and Y-polarized light. Then,
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Figure 2. Design framework for coupled multilayer metasurface devices. a) In the forward simulation, X- and Y-polarized incident light are used as input
sources to compute the FOM and the corresponding Eforward separately. b) In the backward simulation, the gradients of different FOMs, 𝜕FOM

𝜕
⇀
E (r)

, are used

as adjoint sources to compute the respective Eadjoint. c) The final gradientG, determined by the FOM and fabrication constraints, guides the optimization
of structural parameters fromW toW′ through iterations to achieve the desired optical functionality.

based on the gradient descentmethod, the total gradientG is then
used to update the meta-atom width fromW toW′, as shown in
Equation (5). Iterative calculations continue until the FOMmeets
our requirements. Additionally, to prevent excessive changes dur-
ing iterations that could exceed manufacturing constraints, such
as the period P and minimum feature sizeWstrict, we impose re-
strictions on the optimized widthW′ at the end of each iteration,
as shown in Equation (6).

W ′ = W −G (5)

W ′ < period P, W ′ > Wstrict (6)

To ensure the feasibility of the design, crucial parameters were
referenced from our previous research.[7c] A refractive index of
3.2 for a-Si and 1.41 for PDMS was used at 940 nm. The PDMS
layer is 200 μm thick, while the initial structure has a W of 200
nm, a P of 500 nm, a h of 740 nm, and Wstrict set to 50 nm. The
size of the device is ≈85𝜆. As a demonstration, the metalens’s
NA is set to 0.80 under X-polarized incident light and 0.12 under
Y-polarized incident light.
Adopting the above method, we calculated the metasur-

face structure W of the upper and lower layers. Figure 3
shows the X-Z plane and focal plane optical intensity distri-
butions of the multilayer metalens under X-polarized and Y-
polarized incident light, respectively, as calculated by the Fi-

nite Difference Time Domain (FDTD) method. Figure 3b,d
show that under X-polarized light, the calculated focal length of
29.08 μm with an NA of 0.808 nearly matches the theoretical
NA of 0.80. For Y-polarized light, the calculated focal length of
334.01 μm with an NA of 0.118 nearly matches the theoretical
NA of 0.12.
NA is a key lens parameter directly linked to the focal

spot’s transverse and longitudinal resolution. Transverse
resolution[7e,18] is defined as 𝜆/(2*NA), and longitudinal

resolution[19] as 𝜆∕(1 −
√
1 − NA2). An increased NA enhances

both transverse and longitudinal resolutions, tailored to meet
the specific requirements of diverse scenarios. In our design,
as the polarization state of the incident light shifts from X to
Y, the transverse resolution of the focal spot changes from 0.58
to 3.98 μm, achieving a modulation of 3.40 μm. Similarly, the
longitudinal resolution varies from 2.28 to 136.23 μm, resulting
in a modulation of 133.95 μm.
Efficiency is another crucial parameter of the metalens,

including transmittance and focusing efficiency. We defined
transmittance[20] as the ratio of transmitted power to incident
power, resulting in 0.73 for X-polarized light and 0.70 for Y-
polarized light. The focusing efficiency[20] is defined as the ratio
of the power enclosed within an area with a radius three times
the size of the FWHM spot, as shown in Figure 3c,e, to the in-
cident power, resulting in 0.52 for X-polarized light and 0.60 for
Y-polarized light.
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Figure 3. Schematic diagram and simulated optical performance of themultilayer zoommetalens. a) Schematic diagramof themultilayer zoommetalens
on a foldable substrate. b) Simulated optical intensity distribution in the X-Z plane of the zoom metalens under X-polarized incident light. c) Simulated
optical intensity profile at the focal plane of the zoommetalens under X-polarized incident light along the X axis. d) Simulated optical intensity distribution
in the X-Z plane of the zoom metalens under Y-polarized incident light. e) Simulated optical intensity profile at the focal plane of the zoom metalens
under Y-polarized incident light along the X-axis.

2.2. Assemblable Refractive-Meta Hybrid System Based on the
Decoupled Multilayer Structure

In contrast to the coupled multilayer metasurface described in
Section 2.1, the flexible substrate depicted in Figure 1b folds
outward, resulting in a decoupled multilayer metasurface with
a spacing significantly larger than a wavelength. In this con-
figuration, traditional design methods[21] based on independent
meta-atom remain effective due to the lack of layer-to-layer
coupling.[7h,8a–c,g,h,j] Moreover, geometric optics mainly govern
inter-layer propagation, making combining optical ray tracing
and FDTD a helpful design approach. This structure also has bet-
ter robustness to the incident angle, further reducing the impact

of oblique incidence on the transmittance and phase of meta-
atoms on curved substrates, thereby reducing the difficulty of op-
eration on curved surfaces. Our optical design framework is illus-
trated in Figure 4. We first utilized scalar simulation in optical ray
tracing to design the phase distribution of metalenses. Next, we
used vector simulations in FDTD to determine the relationship
among the meta-atom sizes, phases, and transmittances. Finally,
we filled the metalenses with specific meta-atoms according to
the phase distribution while ensuring high transmittance.
Inspired by commercial lenses that switch functions by com-

bining a main lens with different sub-lenses. This section pro-
poses a refractive-meta hybrid system on a decoupled multi-
layer metasurface structure. Our system allows the main and
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Figure 4. Design framework for decoupled multilayer metasurface devices. a) Scalar simulation determines the phase distribution of the top and bottom
metasurface devices. b) Vector simulation achieves 2𝜋 phase coverage while maintaining high transmittance for the top and bottommeta-atoms. c) The
meta-atoms are filled according to the phase distribution to obtain the final device.

sub-metalenses to be placed on separate layers, as illustrated
in Figure 5a. By adjusting the folding positions to assem-
ble the main metalens with various sub-metalenses and con-
form to a plano-convex lens, we achieved switchable function-
alities between near-diffraction-limited telephoto and 80° FOV
wide-angle mode. This demonstrates the conformability of the
multilayer metalens to curved surfaces and its reconfigurable
functionalities.
In the optical system, the aperture, with a radius of 0.325 mm,

is positioned at the front focal plane of the refractive-meta hy-
brid lens, 1.025mm from the curved substrate. This arrangement
ensures the chief rays exit parallel to the optical axis, forming a
telecentric design that effectively corrects off-axis aberrations.[22]

The phase distributions for the telephoto and wide-angle modes
are designed using an even-order polynomial, as described in
Equation (7).[23]

𝜑 (r) =
n∑
i=1

Ai

( r
R

)2i
(7)

Where r is the radius to the center of the lens,R is the normalized
radius,Ai is the coefficient of polynomial expansions, and n is the
number of polynomial expansions. Typically, n = 5 is sufficient
to meet design requirements.[23b]

In telephoto mode, with the main metalens aligned with sub-
metalens 1, forming a multilayer metasurface centered on the
plano-convex lens, resulting in a refractive-meta hybrid lens. The
refractive-meta hybrid system has an effective focal length of
5.00mm, corresponding to an F-number of 7.53. The coefficients
for the metalens design are listed in Figure 5b.
The Modulation Transfer Function (MTF)[23a] is a key metric

for lens resolution, measuring performance in two orientations:
tangential and sagittal, to evaluate imaging quality and optical
aberrations. Figure 5d illustrates the MTF of the metalens under
940 nm illumination for various FOV. Within a 0°–5° FOV, the
MTF curve closelymatches the diffraction limit in both tangential

and sagittal directions, indicating high-precision imaging perfor-
mance. Relative illuminance[23a] is a crucial metric for evaluating
image quality, particularly for imaging lenses, as it reflects the
uniformity of illumination across the image plane. It is defined
as the illuminance ratio at different points on the image plane
to that at the center point. Simulated results shown in Figure 5f
demonstrate that within this FOV, the relative illuminance con-
sistently remains above 0.98, indicating that the telephoto mode
of our refractive-meta hybrid lens provides excellent imaging uni-
formity. Distortion[23a] is another important parameter in optical
systems, reflecting the degree of geometric deformation in the
image after light passes through the optical system. It is typi-
cally expressed as the percentage deviation of image point co-
ordinates. In the design of telephoto lenses, pincushion distor-
tion is more likely to occur, while barrel distortion is common in
the design of wide-angle lenses.[24] In our telephoto mode lens
design, pincushion distortion was observed as well. As the FOV
expands, the distortion gradually increases positively. However,
at a 5° FOV, distortion remains below 2%, making it nearly im-
perceptible to the human eye. We further simulated imaging by
convolving the lens’s point spread function (PSF) with a 30° field
height object, as shown in Figure 5g. The imaging results at a 3°

FOV in Figure 5h demonstrate the narrow FOV, near-diffraction-
limited, and excellent relative illuminance of the telephotomode.
In wide-angle mode, with the main metalens aligned with

sub-metalens 2, the optical system is configured as shown in
Figure 5c. The refractive-meta hybrid system’s effective focal
length is reduced to 1.64 mm (with an F-number of 2.47), achiev-
ing a 40° FOV. Figure 5e presents the MTF curves under 940 nm
illumination. Within the 0°–40° FOV, the MTF curves approach
the diffraction limit at spatial frequencies up to 20 lp mm−1, af-
ter which the differences become increasingly noticeable. The
tangential MTF curve at a 40° FOV shows the greatest devia-
tion from the diffraction limit; however, it remains above 0.55 at
80 lp mm−1, indicating great wide-angle imaging performance.
The relative illumination of the refractive-meta hybrid lens con-
sistently exceeds 0.78 within a 0°–40° FOV, as shown in Figure 5f,
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Figure 5. Schematic diagram and simulation results of the optical performance of the refractive-meta hybrid systems. a) Schematical diagram of the
refractive-meta hybrid lens with functionality switching between telephoto and wide-anglemodes. b) Designed layout and key parameters of the telephoto
mode refractive-meta hybrid lens. c) Designed layout and key parameters of the wide-angle mode refractive-meta hybrid lens. d) Nominal MTF as a
function of spatial frequency for the telephoto mode refractive-meta hybrid system. e) Nominal MTF as a function of spatial frequency for the wide-angle
mode refractive-meta hybrid system. f) Relative illuminance and distortion as functions of FOV for the telephoto and wide-angle modes of the refractive-
meta hybrid systems. g) Imaging object with a field height of 30°. h) Imaging result of the telephoto mode refractive-meta hybrid system at a 3° FOV.
i) Imaging result of the wide-angle mode refractive-meta hybrid system at a 30° FOV.
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demonstrating uniform imaging brightness. Wide-angle lenses
typically exhibit distortion; however, this distortion does not af-
fect the overall imaging resolution and can be further corrected
by algorithms.[25] Generally, viewers find distortion within 10%
acceptable.[23a] In the wide-angle mode lens we designed, the dis-
tortion within this FOV range exhibits negative (“barrel”) distor-
tion, reaching −27% at a 40° FOV and −5% at a 20° FOV, as
shown in Figure 5f. Imaging simulations at a 30° FOV, illustrated
in Figure 5i, highlight the wide FOV, high resolution, and consis-
tent relative illumination of the wide-angle mode.
After performing scalar simulations in optical ray tracing, we

determined the phase distribution generated by the coefficients
of the mainmetalens and two sub-metalenses. Unlike traditional
lenses, the phase distribution of a metalens consists of discrete
meta-atoms. In contrast to the coupled multilayer metasurfaces
discussed in Section 2.1, the structures from different layers here
are decoupled, allowing themeta-atoms to operate independently
based on various principles such as propagation phase,[7c,d,26]

resonance phase,[5d,27] geometric phase,[3a,5c,28] or other types.
Leveraging our experience in creating propagation phase-type
metasurfaces,[7c] we employed cylindrical metasurfaces, as illus-
trated in Figure 6a. The top and bottom a-Si pillar meta-atoms of
the multilayer metasurfaces are positioned in a mirrored PDMS
environment. The refractive indices for the materials are 3.2 for
a-Si and 1.41 for PDMS, respectively. FDTD vector simulations
confirmed that these meta-atoms, with a radius ranging from
0.05 to 0.14 μm, a height of 0.74 μm, and a period of 0.45 μm,
can achieve 2𝜋 phase coverage while maintaining high transmis-
sion efficiency above 0.9 under normal incidence, as shown in
Figure 6b.
When ametasurface conforms to a non-planar object, the inci-

dent angle varies across the surface. Therefore, low sensitivity to
the incident angle is crucial for conformal metasurfaces. We sim-
ulated the phase and transmittance performance of two layers of
meta-atoms with radius ranging from 0.05 to 0.14 μm at incident
angles from 0° to 30°, as shown in the left part of Figure 6c,d. The
results showminimal phase variation with changing incident an-
gles, and the rate of phase change is nearly identical across all
meta-atoms. This characteristic is essential for the system shown
in Figure 5b,c, ensuring consistency in the normalized phase dis-
tribution across different FOVs. Additionally, the transmittance
remains nearly unaffected as the incident angle changes, demon-
strating consistent relative illumination across various FOVs. To
further understand the phase stability while maintaining high
transmittance, we analyzed the electromagnetic field distribu-
tion in the X-Y and X-Z planes of meta-atoms with a radius of
0.135 μm from the bottom and top layers at incident angles of
0° and 30°, as shown in Figure 6c,d, respectively. In Figure 6c
(i),d (i), under normal incidence, light is concentrated within the
meta-atoms of the two layers, showing characteristics of weakly
coupled, low-quality factor resonators.[12a] Even at an incident an-
gle of 30°, as shown in Figure 6c (ii),d (ii), the energy remains
confined within the meta-atoms, with minimal changes in the
electromagnetic field. This is due to the significant difference in
refractive indices between a-Si and the surrounding medium,[20]

effectively localizing energywithin the a-Si. After selecting the ap-
propriate meta-atoms, we populated the final main and sub-lens
layouts according to the phase distribution shown in Figure 6e,
which was obtained from scalar simulation.

3. Discussion

In the fabrication of multilayer devices, the alignment preci-
sion between layers is crucial to their performance. Compared
to decoupled multilayer metasurfaces, coupled multilayer meta-
surfaces rely on specific structural distributions, which impose
even stricter requirements on process precision. To reduce the
impact of alignment errors, the optical performance under var-
ious process deviation scenarios can be optimized in the de-
sign phase.[16] For the fabrication of decoupled multilayer meta-
surfaces, the alignment photomask marker method is widely
used.[7h,8h,29] Here, the combination of the alignment photomask
marker method with the flexible metasurface fabrication process
we developed[7c] provides a reference for the fabrication of flexi-
ble decoupled multilayer metasurfaces, as detailed in Figure S2
(Supporting Information).
Furthermore, to evaluate the impact of alignment errors of

varying degrees on the performance of decoupled multilayer de-
vices, we calculated and analyzed the effects of both the overall
alignment errors between the main optical axes of the two meta-
surfaces and the refractive lens (ranging from 0 to 4 μm), as well
as the local alignment errors between themain optical axes of the
twometasurfaces (ranging from 2 to 4 μm) on theMTF, consider-
ing both wide-angle and telephoto modes. The results in Figure
S3 (Supporting Information) show that performance in telephoto
mode is minimally affected by alignment errors, remaining close
to the diffraction limit. In wide-angle mode, the outer field is
more significantly impacted by alignment errors, particularly lo-
cal alignment errors. However, within a range of 0–3 μm for over-
all alignment errors and 0–2 μm for local alignment errors, the
MTF across all FOVs remains above 0.45 in the 0–80 lp mm−1

range. This demonstrates the robustness of multilayer devices to
alignment errors, highlighting their practical feasibility in real-
world applications.
For performance characterization, the optical field and effi-

ciency tests of coupled multilayer devices can be conducted us-
ing the testing setup and methods we previously developed.[7c]

For decoupled multilayer devices in terms of MTF, relative il-
lumination, distortion, and other parameters at different FOVs,
the reported testing methods for wide-angle metalens could be
applied.[23a,30]

In practical applications, to enable precise fold control, flexible
metasurfaces can be integrated with miniaturized precision me-
chanical modules, using various actuation methods such as elec-
troactive, thermal, or magnetic actuation to adjust the device’s
folding position and direction.

4. Conclusion

In this work, we present an innovative multilayer metasurface
platform that capitalizes on the foldability and conformality in-
herent in flexible metasurfaces. This novel approach not only
facilitates the design of both coupled and decoupled multilayer
metasurface structures but also extends its functionality and re-
configurability to curved substrates, surpassing the capabilities
of existing methods.
To illustrate the capabilities of this platform for coupled multi-

layer metasurfaces, we utilized an adjoint-based topology bound-
ary optimization algorithm to design a 1D multilayer zoom
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Figure 6. Schematic diagram of the top and bottom meta-atoms of a decoupled multilayer metasurface structure, along with the optical performance
of these meta-atoms at varying incident angles and the final phase distribution of the main and sub-metalenses. a) Schematic of the top and bottom
meta-atoms based on the decoupled multilayer metasurface structure. b) Transmission and phase as functions of radius for top and bottommeta-atoms
under normal incidence. c) Transmission and phase of the bottom meta-atoms as functions of varying incident angle, along with the electromagnetic
field distributions in the X-Y and X-Z planes at (i) 0° and (ii) 30° incidence. d) Transmission and phase of the top meta-atoms as functions of varying
incident angle, along with the electromagnetic field distributions in the X-Y and X-Z planes at (i) 0° and (ii) 30° incidence. e) Overall phase distribution
of main metalens and sub-metalenses.
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metalens. Its NA can be significantly modulated by adjusting
the polarization state of the incident light from X to Y, varying
from 0.80 to 0.12. This results in a lateral resolution variation
of 3.40 μm and an axial resolution variation of 133.95 μm. Ad-
ditionally, we designed multilayer metalens for curved surfaces
as a refractive-meta hybrid system for the decoupled multilayer
metasurfaces. This system can switch between a near-diffraction-
limited telephoto mode and an 80° FOV wide-angle mode. Build-
ing on the simulated demonstration of these two types of de-
vices, we are confident that this multilayer metasurface platform,
leveraging the folding and conformal capabilities of flexible sub-
strates, will provide innovative solutions for the development of
multilayermetasurface devices. Moreover, this platform is poised
to accelerate the evolution of multifunctional and compact opto-
electronic devices such as augmented reality displays and wear-
able medical devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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