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Abstract: Efficient design methods for large-scale metalenses are crucial for various applications.
The conventional phase-mapping method shows a weak performance under large phase gradients,
thus limiting the efficiency and quality of large-scale, high-numerical-aperture metalenses. While
inverse design methods can partially address this issue, existing solutions either accommodate only
small-scale metalenses due to high computational demands or compromise on focusing performance.
We propose an efficient large-scale design method based on an optimization approach combined with
the adjoint-based method and the level-set method, which first forms a one-dimensional metalens
and then extends it to two dimensions. Taking fabrication constraints into account, our optimization
method for large-area metalenses with a near-unity numerical aperture (NA = 0.99) has improved the
focusing efficiency from 42% to 60% in simulations compared to the conventional design method.
Additionally, it has reduced the deformation of the focusing spot caused by the ultrahigh numerical
aperture. This approach retains the benefits of the adjoint-based method while significantly reducing
the computational burden, thereby advancing the development of large-scale metalenses design. It
can also be extended to other large-scale metasurface designs.

Keywords: adjoint-based method; level-set method; inverse design; ultrahigh numerical aperture;
metalens

1. Introduction

Optical metasurfaces are thin optical components composed of meta-atoms with vari-
ous shapes and topologies, capable of generating desired phase, amplitude, and polariza-
tion distributions in both the near field and far field. This enables them to achieve a variety
of extraordinary optical phenomena, including lensing [1–3], beam deflection [4,5], holog-
raphy [6,7], and more [8,9]. Recent advancements in metasurfaces have gained significant
importance across a wide range of scientific and technological fields, including communi-
cations [10], sensing [11], imaging [12,13], and optical computing [14,15]. Metalenses, in
particular, are among the most promising optical elements for practical applications, as
they significantly reduce the cost, complexity, and form factor of imaging systems.

Currently, most metalenses are designed using a phase-mapping approach [1]. In this
conventional design method, each meta-atom is viewed as part of a periodic array and
placed into equally spaced units. However, this design method has several limitations that
lead to a weak performance in metalenses with high numerical apertures (NAs). First, in
the design of high-NA metalenses, a discretized phase profile is insufficient to replicate
a continuous profile accurately. Theoretically, the size of the meta-atoms must satisfy the
Nyquist sampling criterion, requiring them to be small enough for high-NA metalenses [16].
This makes fabrication more challenging. Second, the “local periodicity” approximation
fails when there are rapidly varying meta-atoms or structures with lower refractive indices
or smaller intervals, leading to stronger coupling among meta-atoms. As a result, there is a
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significant difference between the actual response of the meta-atoms within the metalenses
and the ideal response of the meta-atoms in a periodic array, which may reduce the focal
efficiency [17].

Heuristic optimization can help us find a suitable combination of parameters compared
to the global search method. However, limited by the computational cost and convergence
rate of the algorithm, this method is typically applied to structures represented by only a
few parameters, such as thickness or shape parameters. Due to the same reason, the size
of the structures designed using this method tends to be relatively small or simple. Even
when applied to the design of a small one-dimensional metalens [18], the optimization area
must be expanded gradually to reduce the difficulty of optimization. As a result, heuristic
optimization is often used as a supplement to the phase-mapping approach to improve the
performance [19], while it is weak in designing large-scale meta devices.

The adjoint-based method is a widely used inverse design technique. Since each itera-
tion can efficiently calculate the gradient of each parameter with only two simulations, the
forward and adjoint processes, it significantly increases the number of design variables [20].
This enables the creation of complex shapes that push performance limits further and allows
for the optimization of the entire metalens [21], regulating meta-atom coupling to enhance
overall performance. However, the complex shapes generated by the adjoint-based method
are difficult to fabricate, and the high computational cost of electromagnetic simulations
limits the size of the metalens. Although some recent studies use more regular shapes or
incorporate approximations to reduce simulation costs [22], these compromises often come
at the expense of optical performance. Using the adjoint-based method for metagrating
design can partially alleviate the simulation area limitations [23]. However, due to the
significant variation in the metagrating period across the metalens for different deflection
angles, it is often necessary to divide the metalens into regions and fine-tune each structure
for higher efficiency, thus greatly complicating the design process. Recently, the supercell
approach, combined with the adjoint-based method, divides the metalens into several
linear scatters for optimization to enable broader applications [24,25]. However, deviation
from complex wavefront and the increased number of scatters for large-scale structures
make the design process more complicated.

To address the challenge of designing large-scale metalenses, we present a new strat-
egy that significantly accelerates the design process and improves the focusing performance
of large-scale, ultrahigh-NA metalenses. We utilize an adjoint-based level-set optimiza-
tion method to optimize a one-dimensional metalens, which is then extended to a two-
dimensional metalens by leveraging the symmetry of the metalens. As a result, it makes
the computational cost scale linear with the radius, whereas it scaled with the metalens
area in previous methods. Compared to the metagrating design [23,26], our approach
eliminates the restriction of Fresnel zones without significantly increasing computational
costs. As proof of concept, we designed a metalens with a near-unity NA (NA = 0.99)
operating at a wavelength of 1050 nm. The focusing efficiency increased from 42% in the
conventional design to 60% in our optimized design. Additionally, the deformation of
the focal spot in our optimized metalens was smaller than that of both the conventional
and metagrating-designed metalenses. Our design method not only significantly reduces
computational costs but also avoids introducing serious constraints, showing the potential
for future large-scale metalens designs.

2. Methods
2.1. Adjoint-Based Level-Set Optimization Method

Metasurface design involves determining a set of structural parameters that efficiently
transform incident wavefronts into target output wavefronts. As shown in Figure 1, the
design process begins with an initialization and then iteratively refines the structures to
maximize the figure of merit (FoM) [20].
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To quantify the fidelity of the output field, the FoM is typically defined as the fraction
of the output field that matches the desired field distribution at the FoM plane [22]:
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where Ed∗ represents the complex conjugate of the desired field at the FoM plane, E f is the
output field of the structure at the FoM plane, and F is the complex-valued projection of E f

and Ed. The output field is realized through forward simulation, excited by a preset input
field. To increase the FoM, the adjoint simulation complements the forward simulation
by evaluating the impact of structural boundaries and calculating the gradient of all
structural parameters.

To better represent the structure design, the level-set method is a powerful tool [27,28].
The level-set method leverages degrees of design freedom, using fewer parameters to
build more complex structures compared to regular or pixelated shapes. It represents
two-dimensional shapes through the intersection of the contour of a three-dimensional
function with a plane. By combining the adjoint-based method with the level-set method,
high-performance metasurfaces featuring continuous, clear boundaries and complex shapes
are designed [29–31]. Considering the Hamilton–Jacobi partial differential equation, which
governs the deformation of the level-set function, and the gradient of the adjoint-based
method, the gradient of the structural parameters can be regarded as follows [20]:
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where p is the variable in the level-set function, ϕ; ε1 and ε2 are the permittivity of the
cladding material (air) and high-index dielectric material of the structure; B is the side
interfaces of the structure; E f

∥ and D f
⊥ are the tangential component of the electric field

and normal component of the electric displacement field at interfaces in the forward
simulation; and Ea

∥ and Da
⊥ are the corresponding components of fields in the adjoint

simulation. The fields distribution on the interfaces are interpolated from points on the
Yee grid using a bilinear approach to eliminate inaccurate data from the boundary across
several grids [22,32].

Different from the level-set functions usually based on signed distance function [31,33]
or norms [34], here we design the level-set function in a polynomial form. The complexity
of shape can be adjusted by controlling the number of items in the Fourier polynomial
as follows:

ϕ(r, θ) = r2 − r2
0(θ) = r2 −

{
a0

2
+

∞

∑
m=1

[am cos(mθ) + bm sin(mθ)]

}2

, (3)
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where ϕ = 0 is on the boundary, r0(θ) is the Fourier polynomial of the contour, am and bm
are the coefficients of the polynomial, and m means the mth order of the polynomial. The
zero-order term controls the diameter of the circular pillar, the first-order terms relate to the
center positions of the structure, and the second-order terms contribute to the ellipticity [35].
By retaining an appropriate number of these terms, the performance of the structures can
be further improved without introducing shapes that are difficult to fabricate. Compared
to other methods for controlling structural complexity in the adjoint-based method [32,35],
this level-set method uses a set of polynomial coefficients to represent the contour of the
structure, eliminating the need for numerous sampling points to define the contour. This
reduction in sampling points decreases the computational complexity of the design process.
Additionally, penalty terms [36] can be incorporated to reinforce fabrication constraints,
ensuring the design remains practical for manufacturing.

2.2. Large-Scale Design

Since a metalens is nearly symmetrical about its center, we can focus on optimizing
the design in the radial direction and then use symmetry to construct a complete metalens.
To facilitate the design of the large-scale metalens, the process is divided into two parts.

The first step involves designing a one-dimensional arrangement of structures by the
adjoint-based level-set optimization method, as illustrated in Figure 2a. Here, the outgoing
wavefront adheres to a radial phase distribution, such as the hyperbolic phase:

φ(R) = −2π

λ

(√
R2 + f 2 − f

)
, (4)

where R is the radial position of the metalens, f is the focal length, and λ is the operation
wavelength. This approach differs from the general adjoint-based method, which typically
optimizes the topology of pillars [21,37]. In this design, only the shape is modified without
altering the topology in order to minimize errors caused by structural deformation in the
second step. This ensures greater consistency and reduces potential fabrication issues
during scaling.
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Figure 2. Illustration of the large-scale metalens design method. (a) Design process of the one-
dimensional structure. (b) Arrangement of the two-dimensional metalens created from the one-
dimensional structure. The blue dots show the arrangement of one-dimension structure.

The second step is to extend the design from a one-dimensional structure to a two-
dimensional structure, as illustrated in Figure 2b. The entire metalens is divided into
multiple concentric rings, based on the radial position of the pillars in the one-dimensional
structure. Each ring is filled with corresponding pillars, arranged in a rotating pattern.
Because the gaps between adjacent pillars remain the same while the perimeters of the rings
vary, the number of pillars in each ring gradually increases as you move radially outward.
This method leverages the central symmetry of the metalens to simplify the design process.
However, unlike the traditional adjoint-based method, this approach does not strictly
adhere to the simulation results during optimization. Since the arrangement in the one-
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dimensional structure and that in the two-dimensional structure are not identical, there
may be some changes in the response of the pillars and the output wavefront. Nevertheless,
by ensuring the pillars remain isolated in the design, the impact of structural deformation
during the transition to a two-dimensional metalens is minimized. Additionally, arranging
the pillars in rings helps preserve some characteristics of the one-dimensional design. The
feasibility of this method is demonstrated through simulations in the following sections.

3. Results

To demonstrate the effectiveness of the adjoint-based level-set optimization method,
as well as the large-scale metalenses design strategy, we designed a metalens with an NA of
0.99, operating at a wavelength of 1050 nm. The diameter of the metalens is 80 µm, resulting
in a focal length of 5.7 µm. The metalens consists of silicon pillars with a height of 500 nm
on the silica substrate, making it compatible with standard semiconductor manufacturing
processes. The refractive index of silicon is 3.55, and that of the silica is 1.45. Circular pillars
were used as the basic elements to illustrate the level-set method. The output plane was
positioned 300 nm above the surface of the structure. The desired electric fields for both the
x-polarized source and y-polarized source were defined as follows:

x pol:


Ed

x =
√

n exp(jφ(R))
√

cos θ

Ed
y = 0

Ed
z =

√
n exp(jφ(R))

√
sin /θcos θ

, (5)

y pol:


Ed

x = 0

Ed
y =

√
n

cos θ exp(jφ(R))

Ed
z = 0

, (6)

where n is the background index, and θ = arctan(R/ f ) is the local output angle of
the metalens.

To ensure that the design is polarization-insensitive, the gradients of the parameters
were calculated separately for x-polarized and y-polarized light incidences. These gradients
were then combined using a weighted average. By adjusting the weights, we balanced
the optimization process for both polarizations, ensuring that the metalens performs in a
balanced way under varying polarization conditions.

∂FoM
∂p

= wxpol
∂FoMxpol

∂p
+ wypol

∂FoMypol

∂p
, (7)

where wxpol and wypol are the coefficients of the gradients under different polarizations.
The initial structure consisted of 120 circular pillars, each with a radius of 110 nm,

spaced 350 nm apart in the x-direction. All pillars were aligned along the x-axis, with a
period of 500 nm in the y-direction, and the total length in the x-direction was 40 µm. The
level-set function for each pillar in Cartesian coordinates was defined as follows:

ϕ(x, y) = (x − x0)
2 + y2 − r2

0, (8)

where x0 is the center position of the circular pillar, and r0 is the radius of the circular pillar,
as shown in Figure 2a.

We optimized both the x-coordinate and the radius of each pillar with a precision of
1 nm, resulting in a total of 240 independent variables. This level of precision in parameter
adjustments can be achieved through the electro-beam lithography fabrication process. To
account for fabrication constraints, we set a minimum gap of 80 nm between adjacent pillars
and a minimum pillar radius of 80 nm. These constraints ensured that the design remained
feasible for practical manufacturing processes, while maintaining the desired performance.

The design ran for 100 iterations. The FoM increased rapidly during the first ten
iterations and then oscillated, eventually reaching a plateau after 85 iterations, as shown
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in Figure 3a. The intensity distributions in the xz plane of the optimized one-dimensional
design under the x-polarized and y-polarized plane source were simulated using Ansys
FDTD and are displayed in Figure 3b, showing clear focusing phenomena.
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Then, this one-dimensional structure was extended to a two-dimensional metalens
(Figure 4e). For ease of comparison, the conventional metalens was designed using the
phase-mapping approach, consisting of 500 nm tall circular Si pillar meta-atoms, arranged
on a rectangular lattice with a period of 350 nm. The minimum radius of the pillars was
set to 80 nm. The phase and transmittance of the pillars with varying radii are shown
in Appendix A. Additionally, we simulated a metalens designed using the metagrating
method [23], consisting of 500 nm tall circular Si pillar meta-atoms, applying the same
fabrication constraints: a minimum gap of 80 nm between adjacent pillars and a minimum
radius of 80 nm. Further details on this design can be found in Appendix B.

The focusing performances of these metalenses were simulated using Ansys FDTD,
with PML applied to all boundaries and an x-polarized plane wave source. Additionally, we
calculated the theoretical focal-spot intensity for a lens with NA = 0.99 using the Richards–
Wolf vector diffraction integration method [38]. The intensity distributions of the focal
spots are compared in Figure 4. The simulation results indicated that the focusing efficiency
of our optimized metalens was 60%, while the conventional metalens achieved 42%, and
the metagrating-design metalens reached 54%. The electric field distributions 300 nm above
the metalenses are shown in Appendix C.

Using a linearly polarized input source, the high-NA metalens produces a signif-
icantly elliptical focal spot in simulation, primarily due to the enhancement of the Iz
component [23,39]. As shown in Appendix D Figure A5, when a linearly polarization
plane wave is incident on a lens with a large numerical aperture, a strong longitudinal
polarization component will be generated at the focus point. This causes the focal spot to
stretch along the polarization direction of the incident light. In our simulations, x-polarized
light was used, elongated into a strip along the x-direction. When the high-NA metalens
has varying polarization responses or insufficient focusing capability, the proportion of
the Iz component increases, and the focal spot may even split, resembling the intensity
distribution of the Iz component. Comparing the focal spots of different designs, we see
that our optimized metalens showed the smallest decrease in intensity at the center of
the focal spot, indicating that the shape of the focal spot could also be improved through
optimization (see Appendix D for more details).

Despite the strict fabrication constraints, optimization methods still yielded designs
with a higher focusing efficiency. We compiled the radii of the pillars and the minimum
intervals between adjacent pillars. Comparing the number distribution of pillars with
different combinations of radii and minimum intervals, as shown in Figure 5, we observed
that our optimized metalens tends to have larger radii and larger gaps. Unlike the conven-
tional design, which follows a fixed lattice arrangement [22], our method—free from lattice
constraints—better utilized the available fabrication parameters to optimize the design.
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Figure 4. Simulations of the conventional metalens, the metagrating-design metalens, and our opti-
mized metalens. The intensity distributions on the xz plane near the focal spots and xy plane on the fo-
cal plane of (a) the conventional metalens, (b) the metagrating-design metalens, and (c) our optimized
metalens. The focusing efficiency of our optimized metalens is 60%, while the focusing efficiency of
the conventional metalens is 42% and that of metagrating-design metalens is 54%. (a–c) Normalized
with the same maximum intensity. (d) The intensity distributions in x-direction and y-direction. The
white dotted lines in (a–c) point out the direction of the intensity distributions in (d). (e) Illustration of the
one-dimensional optimized metalens and the final two-dimensional optimized metalens.
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4. Discussion

We compared the simulation time per optimization epoch across different methods,
as the simulation cost accounts for the majority of the overall optimization cost. We
tested the simulation time of metalenses with different radii, R, on a server equipped
with two 56-cores processors, whose model is Intel Xeon Platinum 8176, produced by
Intel, California, America. We used the computational complexity, O(Rn), to evaluate the
simulation time of different methods, indicating that the simulation time is a linear function
of the metalens radius, R, raised to the nth power. The simulation time for the conventional
adjoint-based method, which requires simulating the whole metalens, scaled approximately
O(R1.98), while the simulation time of our method scaled approximately O(R0.9), as shown
in Figure 6. This demonstrates that our method significantly reduces computation cost in
the large-scale design. Although the simulation time for the metagrating method [23] only
depends on the number of metagrating designs used, this method often needs additional
fine-tuning of each structure in different regions to achieve higher efficiency, making it
more complicated than our overall design process.
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This design method, which extends from a one-dimensional structure to a two-
dimensional metalens, may introduce new non-local errors. However, our optimized
metalens still shows significant improvement compared to the conventional metalens. Ad-
ditionally, because the optimization covers only a radial array, it reduces the computational
cost compared to previous optimization methods [18,22,23].

Although our optimized metalens demonstrates significant improvement compared
to conventional designs, extending from a one-dimensional structure to a two-dimensional
metalens will introduce new non-local errors. To further improve the focusing equality, a
neural network can be used to fine-tune our optimized metalenses. Here, this network has
learned the mutual coupling effects [17]. In addition, increasing the number of polynomial
terms of the level-set function, which can improve the diversity of structural shapes [35],
also contributes to an improved metalens performance.

5. Conclusions

We propose a new design strategy for large-scale metalenses combining the adjoint-
based method with the level-set method, which extends the one-dimensional metalens
designs to two-dimensional metalenses. This approach further reduces the simulation
area, making the relationship between the computational cost and the metalens diameter
closer to linear, significantly cutting the computational cost for large-scale designs. Our
optimized metalens shows significant improvements in the focusing efficiency compared
to conventional designs, notably from 42% to 60% at NA = 0.99, and the deformation of the
focal spot caused by the polarization response differences under a linearly polarized source
is also improved. Compared with the recent metalens designed by the supercell method in
NIR (900 nm) with an NA of 0.8 [26], whose focusing efficiency is 66%, our design has close
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focusing efficiency, with a significantly higher NA. This method can easily be applied to
metalens designs with larger radii in practical applications. Furthermore, this approach
can be extended to other devices with central symmetry.
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Appendix A. The Design of the Metalens Using the Phase Mapping Method

We performed FDTD simulations to determine the phase and transmission of different
meta-atoms. The size of the unit cell is 350 nm, and the height of the meta-atoms is the
500 nm. We performed a parameter sweep of the radius in 2 nm steps, and the radius ranges
from 80 nm to 148 nm under the strict fabrication constraints. The phase control range is
1.4π, and the lowest transmittance of the pillars is above 75%, as shown in Figure A1.
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To achieve a full 2π phase shift and compare the impact of different phase coverage
ranges, we simulated an additional metalens using 600 nm high Si pillars, while main-
taining a unit cell size of 350 nm. As a result, the lowest transmittance of the pillars was
approximately 75%, and the efficiency of the metalens constructed with these meta-atoms
was 46%, as shown in Figure A2. It is important to note that, in order to cover the full
2π phase range, we had to relax the fabrication constraints, allowing the pillars’ radius to
range from 35 nm to 150 nm. However, the focusing efficiency of this metalens was still
lower than that of our optimized metalens.
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Appendix B. The Design of the Metalens Using the Metagrating Method

In this design, we used a dimer, consisting of two circular Si pillars, for the metagrating
structure. We optimized the radius of the dimer, the interval between the pillars, and the
y-direction period. The dimer was selected to achieve the highest and most balanced
deflection efficiency under x-polarized and y-polarized sources, at a deflection angle of 80◦.
During the optimization process, the height of the pillars is fixed at 500 nm, the minimum
interval between the pillars is 80 nm, and the radius ranges from 80 nm to 150 nm. The
optimized radii of the pillars are 142 nm and 118 nm, with an interval of 80 nm and a
y-direction period of 460 nm, as shown in Appendix B Figure A3a.
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angle of 80◦, with a y-period of 460 nm. The red square indicates the dimer radii used in the design.
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point out the boundaries between the phase-mapping region and the metagrating region of the three
metalenses with NA values of 0.65, 0.9, and 0.95. (c) The intensity distributions in the x-direction and
y-direction of the focal spots for the three metalenses with different boundaries.

When the deflection angle was reduced to 70◦, we adjusted the y-direction period to
410 nm to maintain better deflection efficiency. However, due to parameter limitations,
the deflection efficiencies remained suboptimal, and the efficiency differences between
different polarizations became more pronounced at deflection angles smaller than 80◦, as
shown in Figure A3b.

The metalens was composed of two regions. The central area, within the boundary of
the NA, was designed using the phase-mapping method, while the remaining area was
arranged using the metagrating method. We designed three metalenses with different
boundaries between the phase-mapping region and the metagrating region. For the design
with an NA boundary of 0.9, the focusing efficiency reached 54%, which was the maximum
of the three designs, as shown in Figure A3c. This value was higher than the focusing
efficiency of the conventional metalens with phase-mapping method but lower than that of
our optimized metalens.

Appendix C. The Field Distribution in the Metalenses

We simulated the fields 300 nm above the conventional metalens, the metagrating-
design metalens, and our optimized metalens under an x-polarized plane source. The
modulus of the field components clearly showed the polarization transformation effect in
high-NA metalenses, as shown in Figure A4. The Ex phase distribution of our optimized
metalens exhibited noticeable nonuniformity, indicating that the metalens did not have
a uniform deflection effect. This nonuniformity could affect the focusing efficiency and
distort the shape of the focal spot. In the field distribution of the conventional metalens,
patterns caused by sampling the rectangular lattice on the folded phase were evident. In
contrast, the field distribution of our optimized metalens was not impacted by these lattice
sampling patterns, resulting in a more uniform field distribution and potentially better
performance.
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Appendix D. The Iz and Ixy Components of the Focal Spot

We noticed that the focal spot of the simulated metalenses deviates from the ideal airy
pattern, with distortion in the high-NA lens caused by the depolarization effect. To better
characterize the focal spot, we calculated the focal spot of an ideal lens with NA = 0.99
under an x-polarized linearly incident beam using the Richards–Wolf vector diffraction
integration method in MATLAB R2020a, as shown in Figure A5. The focal spot of the ideal
lens was obviously flatter than the FDTD results of the conventional metalens, the metalens
designed by metagrating-design method, and our optimized metalens. By analyzing the
energy distribution of different components, we found that the higher the amount of energy
that the Iz component occupies, the more severe the deformation. In the idea lens, the
Iz component occupied 29% of the energy of the focal spot energy. Meanwhile, in the
conventional metalens, it occupied 55%, leading to obvious deformation of the focal spot.
By contrast, our optimization method reduced the energy proportion of the Iz component
to 44%, resulting in less deformation. Although the metagrating-design method could also
reduce the Iz component to 49%, it was still not as good as our method.
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