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Fast and Efficient Inverse Design Framework for

Multifunctional Metalenses

Xixian Zu, Xiaoyu Sun, Wei Yan, Wei E. I. Sha,* and Min Qiu*

Over the past years, nanostructured metalenses with thin form factors have
been extensively studied for their potential in consumer and industrial
applications. Despite significant advancements, current metalenses struggle
to achieve high numerical aperture (NA), manufacturable structures, broad
working bandwidth, and extended depth of focus (DOF) simultaneously. This
paper introduces a comprehensive inverse design framework that facilitates
the rapid development of polarization-insensitive 3D metalenses, effective in
both frequency and spatial domains. The framework employs
shape-constrained topology optimization to define horizontal ring profiles,
along with discrete particle swarm optimization to manage discretized ring
heights. Two immersed silicon carbide metalenses are demonstrated to
showcase this framework’s capability, providing near-unity NAs for enhanced
photon collection. The first design is an extended DOF metalens, exhibiting a
DOF over four times the light wavelength and achieving a maximum
diffraction efficiency of 23%, close to the theoretical limit. The second design
achieves broadband achromaticity, suppressing chromatic aberrations across
a wide 300 nm bandwidth (850-1150 nm) while maintaining an average
diffraction efficiency of 10%. This methodology serves as a valuable tool for
deploying functional metalenses with implications for nanophotonics,

quantum optics, and quantum nanotechnology.

1. Introduction

Advancements in metalenses have demonstrated exceptional ca-
pabilities in diverse applications such as imaging, microscopy,
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spectroscopy, and lithography.'=>! Specif-
ically, due to their superior focusing
and resolving abilities, metalenses with
high numerical aperture (NA) play a
crucial role in optical applications that
demand high-resolution or wide-angle
light-gathering capabilities, such as
single-photon extraction from quantum
emitters.[6=°]

Traditionally, the intuitive “unit cell” ap-
proach has pioneered initial metalens de-
signs, whereby focusing is attained by as-
sembling collections of wavelength-scale
meta-atoms.[') The required phase pro-
file of the metalens is fulfilled by map-
ping geometric variations in meta-atoms.
However, the simplifications inherent in
this approach, including discrete phase
sampling, local periodicity approxima-
tion, and normal-incidence response, im-
ply that the responses and interactions
of meta-atoms are almost impossible to
accurately model.'™3] This inaccuracy
grows in the case of high-NA focusing,
wherein the amplitude and phase of the
outgoing field undergo rapid variations.
Such a method is difficult to a design high-efficiency, high-NA
focusing lens, even for a single-wavelength operation.

More recently, inverse design, employing algorithmic tech-
niques to discover optical structures based on desired func-
tional attributes, has reshaped the landscape of nanophotonic
design.l*11 Among these techniques, adjoint-based topology
optimization (TO) stands out for its notable advantages in com-
putational efficiency.'”] TO leverages the Born approximation
and Lorentz reciprocity to rapidly compute gradients for all vox-
els within the design domain, by performing only two electro-
magnetic simulations per iteration. This enables the rapid ad-
justment of the dielectric constant across all device voxels, and,
generally, after hundreds of iterations, the design converges to a
local optimum.['®1%] Preliminary studies have applied TO to the
development of metalenses, focusing on optimizing either in-
plane or out-of-plane material distribution.l?*?*! However, met-
alenses derived from TO tend to exhibit pixel-by-pixel variations
of meta-atoms, even at deep subwavelength scales, leading to
extremely sensitive and unpredictable alterations of electromag-
netic scattering responses.>! Additionally, the limited degrees
of freedom (DoFs) of in-plane optimization present challenges
for integrating multiple functionalities across both frequency
and spatial domains. In contrast, metalenses optimized by out-
of-plane TO tend to have numerous height levels which are

© 2024 Wiley-VCH GmbH


http://www.lpr-journal.org
mailto:weisha@zju.edu.cn
mailto:qiumin@westlake.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flpor.202400886&domain=pdf&date_stamp=2024-10-10

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

exceedingly difficult to fabricate. Typically, these metalenses can
only be produced using additive methods such as two-photon
polymerization lithography, which are limited to low-refractive
index materials that provide weak optical control due to insuf-
ficient light confinement. More layers are required to enhance
performance, introducing additional complexity in simulation
and fabrication.!?’] Both types of metalenses necessitate full-wave
simulations throughout the design process, resulting in signifi-
cant CPU memory and time expenses and severely restricting the
size of the metalenses.

In the absence of fast and accurate methods for the rapid at-
tainment of scalable and manufacturable multifunctional met-
alenses with high efficiency, we introduce a hybrid inverse de-
sign framework that synergistically integrates shape-constrained
topology optimization (SCTO) with discrete particle swarm op-
timization (DPSO) to enable cross-dimensional cooperative op-
timization. SCTO determines the horizontal ring profile, and
DPSO regulates the discretized heights of rings (fewer than 4
height levels in the demonstrations of this work). This approach
offers abundant DoFs while maintaining features conducive to
device fabrication. It strikes a balance between design flexibility,
computational efficiency, and fabrication precision.

To demonstrate the capabilities of our design framework, we
apply it to inversely design two distinct immersed silicon car-
bide (SiC) metalenses, addressing the challenges of extending
depth of focus (DOF) and minimizing chromatic aberration. SiC
is a vital platform for realizing spin-based quantum technolo-
gies, harboring numerous optically addressable defects known
as color centers!?’] with extremely high brightness and long
spin coherence time.®3% Immersed SiC metalenses are poten-
tially revolutionary candidates for enhancing photon collection
efficiency.[®731 Achieving longitudinal optical field modulation
is crucial for extracting color centers with implanting spatial un-
certainty. Nonetheless, developing high-efficiency, high-NA met-
alens with an extended DOF remains a significant challenge.l*]
In this work, we present and experimentally demonstrate an ex-
tended DOF metalens with a near-unity NA, achieving a mea-
sured maximum diffraction efficiency of 23%, approaching the
theoretical limit calculated by vector diffraction theory.*3! Addi-
tionally, we successfully design an achromatic metalens exhibit-
ing a significantly expanded group delay range across a wide
bandwidth of 850-1150 nm, featuring an ultra-high NA of 0.984.
To date, no work has demonstrated such a broad bandwidth at
such a high NA. These metalens can effectively extract photo-
luminescence (PL) from the three most prevalent types of SiC
color centers: the silicon vacancy Vg, the divacancy Vg VY and
the chromium ion Cr**. One noteworthy point to highlight is the
adaptability of this inverse design framework, which lends itself
seamlessly to the expansion into scalable metalenses utilizing al-
ternative material platforms tailored to specific functionalities.
We anticipate that these inverse-designed devices will facilitate
the scalable nanophotonic integration of single-photon emitters,
rapid characterization of new quantum emitters, efficient sens-
ing, and heralded entanglement schemes.

2. Hybrid Inverse Design Framework

As shown in Figure 1b, a hybrid inverse design framework that
combines local optimization and global optimization techniques
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is introduced. This framework provides sufficient design DoFs
while maintaining device fabrication-friendly features in design-
ing the multifunctional metalens shown in Figure 1a. In the lo-
cal optimization solver section, SCTO is used to determine the
horizontal material profile. TO leveraging the adjoint variables
method can modify the dielectric constant at all device voxels
in a given optimization iteration with just two full-wave simu-
lations. Usually, the optimization process converges to a local op-
timum within hundreds of iterations based on the desired figure
of merit (FoM). We arrange the voxels in the design domain into
concentric rings. Refining the design mesh as concentric cir-
cular rings offers several advantages. First, it imposes a shape
constraint to avoid pixel-by-pixel variation in geometry, thereby
improving structural robustness. Second, the device is naturally
polarization-insensitive due to its continuous rotational symme-
try. Therefore, a 2D Helmholtz-type partial differential equation
can be used to approximately model interactions between light
and structures under a linear incident electric field, effectively
reducing the computational complexity of electromagnetic cal-
culations.

To bridge the disparity between scalar and vector diffraction
theory regarding phenomena such as focal spot shift and effi-
ciency variations, and to enhance design flexibility by introducing
additional DoFs such as the height of rings for further device opti-
mization, we conduct another global heuristic optimization (e.g.,
DPSOP), which is well-suited for problems involving a small
number of DoFs. The optimal index profile from SCTO is sub-
sequently passed to the global optimization solver, where DPSO
is used to further improve the FoM with a fixed index profile but
varying heights of the dielectric rings. Again, taking advantage of
the continuous rotational symmetry of the structure, we perform
2D axisymmetric simulations rather than 3D to drastically cut
down on computational time and resources while maintaining
accuracy.l® This framework expedites the design procedure by
exploiting the essence of polarization-insensitive focus and is ca-
pable of capturing the individual and collective behaviors of con-
centric rings.

3. Extended Depth-of-Focus Metalens

To showcase the capability of our framework, we design an im-
mersed SiC metalens with extended DOF, which can be utilized
to extract PL emitted from SiC color centers with spatial implant-
ing uncertainty. The metalens has a diameter of 26 pm and the
target operating wavelength is 1064 nm. The FoM is defined as:

® = max {min (|E¢1)|*)} 1)
s.t. 61, (é) = 6r,air + § : (6I,SiC - 6r,air) (2)
0<e< A3)

This formulation aims to maximize the minimum intensity
at various focal points along the focal axis. Here, & represents
the density field that defines the metalens. The values of & range
from 0 to 1, where 0 corresponds to air and 1 corresponds to SiC.
The function ¢, (¢) describes the position-dependent effective per-
mittivity profile used in the inverse design process. R is a set of
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Figure 1. Hybrid inverse design framework. a) Schematic of the multifunctional metalens. b) Algorithm flowchart of cooperative optimization. The local
optimizer is shape-constrained topology optimization (SCTO) to determine the horizontal lens index profile with a fixed height. The global optimizer
is discrete particle swarm optimization (DPSO) to determine the height variation based on the index profile from SCTO. c) FoM evolution over hybrid
optimization process for the extended DOF metalens. The local optimization solver (SCTO) takes 64 iterations and the global optimization solver
(DPSO) takes 44 iterations. By incorporating the global optimization solver, FoM increases by 37.6% from 36.7 to 50.5.

target points along the focal axis, and |E(&,1)|* denotes the elec-
tric field intensity at the focal point r for a metalens defined by
the density field . To better control the depth of focus, the focal
points should be linearly spaced along the optical axis to cover
a desired DOF with sufficiently small spacing. In this particu-
lar scenario, we specifically sample four spatial points, ranging
from 1 to 4 um above the upper surface of the metalens, with
increments of 1 um. The optical constant of SiC is measured by
an ellipsometer (J.A. Woollam, RC2 XI+) and can be found in
Note S1 (Supporting Information). Starting from the initial struc-
ture, we achieve the local optimum through iterative updating.
In each generation, the structure is blurred, filtered, and bina-
rized, and the threshold sharpness increases with the iterations.
Therefore, each pixel in the design area is represented by a value
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that varies continuously from 0 to 1 during the optimization pro-
cess and will eventually become binary, with 0 representing air
and 1 representing SiC. The pixel size in the radial direction is
set to 50 nm, considering the fabrication tolerance. As shown
in Figure 1c, the local optimization solver (SCTO) takes 64 it-
erations, and the global optimization solver (DPSO) takes 44 it-
erations to converge. By incorporating the global optimization
solver, the FoM increases by 37.6%, from 36.7 to 50.5. The de-
tailed structural parameters can be found in Note S2 (Support-
ing Information), consisting of 35 concentric rings with 4 height
levels ranging from 0.2 to 0.5 pum, which is relatively easier to
fabricate.

Figure 2a presents the simulated normalized electric field in-
tensity distribution of the xz cross section optimized by SCTO
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Figure 2. Fabrication and optical characterization of extended-depth-of-focus metalens. a) Normalized simulated electric field intensity distribution at xz
cross section. Top: optimal result from SCTO; Down: optimal result from SCTO&DPSO. b) SEM image of the device. c) Bright-field optical microscope
image of the upper surface of the metalens. d) Dark-field optical microscope image of the focal plane. The white ring indicates the effective aperture
of the metalens. All scale bars denote 5 um. e) Schematic of the measurement setup. f) Normalized measured light intensity distribution at xz cross
section. g) Measured 3D stacked optical intensity images, shown at a step of 2 um. h) Measured transmittance and diffraction efficiency of the metalens.

(top) and jointly optimized by SCTO and DPSO (bottom). In
Figure 2a, the positions of the maximum intensity are away from
the optical axis along the x-axis. The split of the bimodal focus
is attributed to the depolarization effect!*®] for near-unity aper-
ture lens. This occurs when the longitudinal z component of the
electric field interferes in the focal region and has comparable in-
tensity to the x component. Here, the DOF is defined as the po-
sition where the electric field intensity along the z-axis is greater
than 80% of the maximum.[*?) The DOF is greatly improved up
to 4.11 um, which is 6 times higher than that of the sole SCTO
optimization.

The pristine sample is a commercially available high-purity
semi-insulating 4H-SiC wafer. We fabricate the immersed met-
alens using a top-down focused ion-beam milling system with
Gallium ions (Thermo Scientific Helios 5 UX) with an accelera-
tion voltage of 30 kV and a beam current of 90 pA (corresponding
spot size of 20.4 nm). Figure 2b,c shows the scanning electron
microscope (SEM) image and the optical image of the fabricated
device. We employ a lab-built transmission setup in Figure 2e
to characterize the focusing performance of the metalens. A CW
laser beam is modulated by a filter to generate a 1064 nm source
and is incident on the metalens. A 100x objective (SOPTOP LM-
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PlanFL, NA = 0.8) is used to collect the light modulated by the
sample and image information to a CMOS camera (Thorlabs UI-
3240CP-NIR-GL-TL). The magnification of the microscope was
found by imaging and calibrating a feature point through the
movement of the stage. Figure 2d depicts the optical image of the
focal plane in a dark field. A distinct and bright focal spot is clearly
visible. To quantify the light focusing by the metalens, the focal
spot is analyzed by capturing 100 images taken at 0.1 ym step
from the top of the metalens (z = 0). The measured light inten-
sity distribution at the xz cross section is normalized (Figure 2f)
to compare with the simulation result (Figure 2a). It is clear that
the extension of the DOF has been successfully achieved, which
is also consistent with the simulation results. Obvious ripples
can be observed in Figure 2g, which is common for high NA
metalens.?”) The measured full width at half maximum (FWHM)
is 1.625 um, larger than the simulated value of 0.97 pm. The ex-
panded focal spots are attributed to the redeposition effect and
sputter yields. These effects are inevitable in the FIB milling of
3D microstructures.”] Moreover, the discrepancy in NA between
the adopted objective and the metalens contributes to the col-
lected attenuation of edge light, further exacerbating the energy
dispersion of the metalens. Despite potential profile inaccuracies
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Table 1. Summary of performance metrics for broadband achromatic metalenses.

Diameter Relative NA Highest focusing Polarization Material Ref.
[um] bandwidth efficiency

100 27.6% 0.2 32.01% Insensitive IP-L 780 polymer [40]
100 31.58% 0.24 50% Insensitive Si [41]
30 42.42% 0.24 77.1% Insensitive TiO, [42]
20 116.3% 0.27 60% Insensitive IP-DIP photoresist [43]
20 66.67% 0.7 22.1% Insensitive IP-DIP resin [26]
32 7.84% 0.81 27.5% Circular Si [44]
26 30% 0.984 13.6% Insensitive SiC This work

stemming from structural adherence and measurement errors,
the experimental outcomes align with expectations, affirming the
remarkable resilience of the proposed design. We then investi-
gate the efficiency of the metalens, as shown in Figure 2h. The
transmission efficiency represents the proportion of the energy
transmitted through the metalens to the incident energy. The
diffraction efficiency is calculated as the ratio between the optical
intensity in an area with a diameter of three times the FWHM at
the focal plane and the transmitted light intensity. As the propa-
gation distance increases, the diffraction efficiency declines, with
the maximum reaching 23%, approaching the theoretical limit
calculated by vector diffraction theory.*}] The average transmit-
tance is 25.24%, which is relatively low due to intrinsic losses and
the high refractive index of the material. In comparison to a bare
substrate with a transmittance of 27%, the metalens exhibit a rel-
ative transmittance of 93.48%.

4, Broadband Achromatic Metalens

SiC has proven to be a versatile host to optically addressable, long-
lived spin cubits, including two most well-studied color centers:
the silicon vacancy Vg, (zero phonon line (ZPL): 862917 nm) and
the divacancy V; V2 (ZPL: 1078-1132 nm). Other defects such as
the chromium ion Cr** (ZPL: 1042, 1070 nm) are emerging to
offer new functionalities.[*! In complex SiC polytypes like 4H
and 5H, multiple inequivalent lattice sites coexist within a crys-
tal unit cell. Consequently, each defect can be a family of several
defect types with similar but not identical properties.[**! Achro-
matic metalenses can be utilized to extract photons emitted by a
series of color centers from the high-index substrate for multiple
further operations.

Up to now, extensive research has been undertaken to design
broadband achromatic metalenses. Table 1 summarizes the im-
portant metrics (diameter, relative bandwidth, NA, highest fo-
cusing efficiency, polarization sensitivity, and material) of differ-
ent achromatic metalenses in previous works. At present, most
broadband achromatic metalenses are characterized by either low
NA or narrow bandwidth. However, constraints in the range of
group delay provided by the meta-units result in a significant
decrease in NA that obscures high-resolution imaging, making
them unable to fully meet the demanding requirements of quan-
tum optics. Moreover, it remains a huge challenge to achieve high
NA and a large operational bandwidth simultaneously due to the
finite group delay range provided by meta-units. Therefore, de-
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signing a high NA and polarization-insensitive broadband achro-
matic metalens remains a tricky problem.

We Utilize the Introduced Framework to Put Forward the High
NA and Polaization-Insensitive Broadband Achromatic METAL-
ENS, with the FoM Identified as

(D=rl£1§1x {min(|E(§,a))|2)} 4)
s.t. £r (6) = 8r,air + 6 : (Er,SiC - Er,air) (5)
0<ée<1 (6)

This formulation aims to maximize the minimum intensity
across a frequency band. Here, & represents the density field
that defines the metalens. The values of & range from 0 to 1,
where 0 corresponds to air and 1 corresponds to SiC. The func-
tion ¢,(£) describes the position-dependent effective permittivity
profile used in the inverse design process. Q is a set of discrete
frequencies of interest, and |E(&, w)|* denotes the electric field in-
tensity at a particular frequency w for a metalens defined by the
density field &.

The designed achromatic metalens are shown in Figure 3a,
whose detailed structural parameters can be found in Note S3
(Supporting Information). The metalens are featured with 3
heightlevels, varying from 0.8 to 1.2 um with a step size of 0.2 pm.
Figure 3b shows the exact focal length at any given wavelength
ranging from 850 to 1150 nm, corresponding to the z-coordinate
possessing the highest intensity value. This bandwidth effectively
encompasses the specified color centers by maintaining a consis-
tent focal length throughout the entire range, with a mean square
error in deviation of 0.0934 um. The negligible variation in focal
length is further illustrated by examining the point spread func-
tion at a target focal length of 1.8 um, where no defocusing ef-
fects are observed. To confirm the achromatic performance of the
designed metalens, the focal lengths at various wavelengths are
evaluated by analyzing the intensity profiles along the z-axis of a
continuous wave incident light beam, as depicted in Figure 3d.
The distribution of lens intensity demonstrates that chromatic
aberrations are markedly diminished across the entire 300 nm
bandwidth, with an observable focal length variation of no conse-
quence. In fact, the outstanding suppression of chromatic aberra-
tions suggests that the focal spot would maintain its profile for an
appreciable increase of the characterization spectrum. Further-
more, it is often observed that parasitic focal spots are present,
typically due to arbitrary design strategies, suggesting that the
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Figure 3. Achromatic broadband metalens for extracting PL from different types of SiC color centers. a) Schematic diagram of the metalens. b,c)
Simulated focal length and FWHM for broadband metalens. d) Simulated intensity distributions of x-z cross-section and x-y focal plane for 9 selected

wavelengths applicable to three different types of color centers.

metalens do not precisely focus the incoming light beam. How-
ever, our methodology successfully addresses these issues. In
this instance, as depicted in Figure 3¢, the FWHM of the focal
spots varies distinctly between the x- and y-direction due to the
extremely high NA of 0.984 and x-polarized incident light. For
the ultrahigh-NA metalens, the FWHM along the y-direction is
considerably narrower compared to the x-direction, resulting in
a super-diffraction focusing effect in the y-direction.

5. Conclusion

To summarize, we have presented an approach for designing
polarization-insensitive focusing devices both in the frequency
and spatial domain using a hybrid inverse design framework.
This framework combines local optimization techniques, such as
SCTO, with global optimization methods like DPSO. The SCTO
design process involves refining the mesh into concentric cir-
cular rings to improve structure robustness and insensitivity to
polarization. Incorporating DPSO to increase design DoFs fur-
ther enhances the FoM by 37.6%. Additionally, this framework
utilizes scalar diffraction theory and 2D axisymmetric simula-
tions to expedite computational processes while maintaining ac-
curacy. The capacity of this approach is verified by two supe-
rior types of metalenses—extended-depth-of-focus and broad-
band achromatic—that outperform most existing designs. The
design of the metalens is both adaptable and scalable, making it
suitable not only for SiC but also for various other material plat-
forms. This represents crucial progress in the creation of com-

Laser Photonics Rev. 2025, 19, 2400886
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pact, high-efficiency focusing devices and has widespread impli-
cations for nanophotonics, quantum optics, and quantum nan-
otechnology.
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