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Large-Area, High-Numerical-Aperture, Freeform
Metasurfaces

You Zhou, Chenkai Mao, Erez Gershnabel, Mingkun Chen, and Jonathan A. Fan*

Nanophotonic devices are optical platforms capable of unprecedented
wavefront control. To push the limits of experimental device performance,
scalable design methodologies that combine the simplicity and fabricability of
conventional design paradigms with the extended capabilities of freeform
optimization are required. A novel gradient-based design framework for
large-area freeform metasurfaces is introduced in which nonlocal interactions
between simply shaped nanostructures, placed on an irregular lattice, are
tailored to produce high-order hybridized modes that support customizable
large-angle scattering profiles. Utilizing this approach, multifunctional
super-dispersive metalenses are designed and experimentally demonstrated.
The approach to high-numerical-aperture radial metalenses capable of
diffraction limited focusing and the generation of donut-shaped point spread
functions is also extended. It is anticipated that these concepts will have utility
in super-resolution microscopy, particle trapping, additive manufacturing, and
metrology applications that require ultra-high numerical apertures.

1. Introduction

Recent advancements in wavefront shaping using nanostruc-
tured materials have gained significant importance across a
wide range of scientific and technological domains, including
communications[1] sensing, imaging, and optical computing.[2,3]

Through proper design of subwavelength-scale building blocks,
nanophotonic devices can be realized to serve as compact, mul-
tifunctional elements[4,5] for lensing,[6–9] polarimetry[10–12] and
holography,[13,14] making them attractive alternatives to conven-
tional optics. Nonlocal flat optics supporting tailored long-range
interaction have also been explored to achieve large angular
and spectral selectivity,[15–17] leading to applications of wave-
front selection,[18] image differentiation,[3] and phase contrast
microscopy.[19,20] The vast majority of these concepts utilize
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conventional design principles based on
libraries of simple and physically in-
tuitive nanoscale elements, which are
straightforward to implement into large-
scale devices with minimal computa-
tional cost.[21,22] However, this approach
is constrained by a limited design land-
scape that is often insufficient for the
realization of complex devices, includ-
ing those with high efficiency, large nu-
merical apertures (NAs), multiplexed re-
sponses, and multi-wavelength opera-
tion.
Alternatively, inverse design based on

freeform topology optimization can sig-
nificantly expand the design landscape of
nanophotonics. These strategies treat the
design problem as the maximization of a
desired Figure of Merit (FOM), and they
employ computational algorithms to iter-
atively explore the design space with the

aim of maximizing the FOM. Leading algorithms, such as
the adjoint variables method,[23,24] are gradient-based opti-
mizers that utilize reciprocity symmetries within Maxwell’s
equations to efficiently modify every dielectric voxel within
the simulation domain in a manner that enhances the FOM.
These computational approaches enable the utilization of non-
trivial light-matter interactions including near-field coupling
between elements, higher order modes within elements, and
multiple scattering dynamics,[17,25] which can lead to freeform
metagratings,[25,26] birefringent elements,[27] metalenses,[28–31]

disordered metasurfaces[32] 3D meta-optics[33] and on-chip pho-
tonic devices[34,35] with new and enhanced capabilities. However,
the complex geometries resulting from this freeform design
process present significant challenges in nanofabrication[36]

and are often sensitive to non-systematic perturbations such
as surface roughness. Numerous strategies to enhance the ro-
bustness of freeform designs have been proposed, including the
increase of voxel dimensions,[34,37] implementation of threshold
filters,[38–40] and penalization of layouts that violate predefined
design constraints,[36,41] but they have limited efficacy in practice.
Furthermore, previous studies typically involve the design of
whole devices at once,[29,42] leading to challenges for large-scale
optimization due to extensive computation resources that are
required.
In this study, we introduce a strategy for designing large-

area freeform metasurfaces in which near-field interactions
between simple nanoscale elements are leveraged to enable
novel wavefront engineering regimes such as high-performance,
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Figure 1. Large-area, reparameterized, freeform metasurfaces. a) Schematic of the design concept. The wavefront profile of a large-scale device is
sampled into a series of wavelength-scale, linear scatters. Each scatter consists of nanostructures with simple geometric layouts, which effectively
redirects light at a particular angle, phase and polarization with high efficiency (inset on the left). b) A schematic of the design concept for creating a
wavelength-scale scatterer capable of deflecting light at a large angle. To ensure local response of the scatter, the deflector is designed in an open space
surrounded by perfectly matched layers (PMLs). The nonlocal interaction between adjacent nanostructures plays a crucial role in facilitating strong
scattering in the desired direction.

high-NA optics. To ensure the computational tractability and
scalability of the concept, the desired wavefront profile is sub-
divided into wavelength-scale “super-pixel” regions, within
which gradient-based optimization is used to tailor the ge-
ometry, position, and orientation of nanoscale elements. The
concept combines ease of manufacturing from conventional
design methods, utilization of extended design landscapes from
freeform optimization, and enforcement of hard minimum
feature size constraints, thereby providing a balance between
metasurface design, fabricability, and performance.

2. Results

2.1. Design Principle

A schematic of the design concept is shown in Figure 1a and
shows the wavefront profile of the full device partitioned into
wavelength-scale super-pixels.[30] Each super-pixel is specified to
function as a scatterer that effectively redirects an incident light
beam to a particular angle, phase, and polarization with high ef-
ficiency (Figure 1a, inset). By subdividing the full wavefront pro-
file in this manner, different super-pixels can be optimized in
parallel, dramatically reducing the total computational cost com-
pared to the optimization of the entire device in a single step.
Figure 1b presents a schematic that illustrates the design con-
cept for a super-pixel capable of performing directional beam
scattering. The device is surrounded by perfectly matched lay-
ers (PMLs) and modeled using full-wave simulations without ap-
proximations. The nanoscale elements comprise elliptical silicon
(Si) posts with tailorable axes, angles, and positions.
Our utilization of super-pixel scatterers leads to the approxi-

mation of the desired phase profile as a series of linear segments,
which can introduce artifacts into the device wavefront response.
To minimize this impact of linearization, we describe the curvi-
linear phase profile using a 2nd-order Taylor series expansion:

𝜙 (x) = 𝜙
(
x0
)
+ 𝜙′ (x0

) (
x − x0

)
+ 1
2
𝜙′′ (x0

) (
x − x0

)2
(1)

Given a section of length d at position x0, we further derive the
condition for achieving minimal root-mean-square (RMS) wave-
front error30:

𝜀rms =
1

12
√
5
𝜙′′ (x0

)
d2 (2)

For the majority of applications, linearizing the phase profiles
with 3𝜆-wide segments has a negligible impact on the overall per-
formance. To mitigate coupling effects during the stitching pro-
cess, we impose a gap of≈0.1𝜆 to separate the structures between
sections. The performance of the stitched device is further eval-
uated to ensure the absence of spurious diffraction and disconti-
nuities between neighboring sections.
To ensure ease of fabrication in a manner that streamlines

with gradient-based freeform optimization, we utilize a reparam-
eterization scheme in which the dimensions and positions of
nanoscale elements within a super-pixel are represented as la-
tent variables that can be transformed into physical layouts using
analytic expressions.[43] In this manner, minimum feature size
and gap constraints are hard coded into the element represen-
tations. In addition, the reparameterization process regularizes
the design process by reducing the dimensionality of the design
space and eliminating device layouts that violate minimum size
constraints, thereby enhancing optimization performance. Fur-
thermore, the engineering of latent variables facilitates more di-
rected search in the physical optimization landscape, resulting in
designs with fewer local optima.[44] A detailed discussion of our
reparameterization formalism and the analytic functions used
to describe elliptically-shaped nanopost elements with size con-
straints is in the Section S1 (Supporting Information). Our repa-
rameterization scheme can be readily incorporated into gradient-
based topology optimization algorithms based on the adjoint vari-
ables method, as shown in the computational graph in Figure 2a.
As the reparameterization process is fully analytic and differen-
tiable, the gradients of FOMs with respect to the latent variables
can be obtained through backpropagation and the chain rule. The
proposed framework provides a scalable solution to designing
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Figure 2. 3D reparameterization concept for designing aperiodic scatters. a) Computational graph representation of the reparameterization process.
b) The optimization trajectory for a representative high-performance device consisting of an ensemble of simple geometric features. c) Side view of the
electric field distributions of an optimized deflector. d) Top view of an aperiodic deflector and its electric field distribution, showing strong near-field
coupling between adjacent nanostructures.

large-scale devices, in contrast to previous studies[29,33,35] inwhich
the whole devices are designed at once. Additionally, it also en-
ables a rapid global search in the non-convex design landscape,
allowing to achieve performances that exceed that of direct large-
scale optimization (further details of quantitative analysis can be
found in Section S2, Supporting Information).
We use our reparameterized adjoint variables algorithm to de-

sign multifunctional super-pixels based on Si, which is an ideal
material choice for metasurfaces due to its high-index, low-loss
properties. We consider 350 nm-thick elements with minimum
feature and gap sizes of 70 nm, an operating wavelength of
900 nm, and 3𝜆-wide super-pixel widths. The optimization tra-
jectory for a representative high-performance device is shown in
Figure 2b. The aperiodic scatter begins as a set of randomize di-
electric posts with various grayscale values that consist of a mix
of air void and high-index materials, and through the optimiza-
tion process, the device evolves into a binary structure consisting
of an array of elliptical posts. Figure 2c shows an intensity plot
of an optimized deflector, indicating that 75% of the power is
scattered toward a singular direction within the device aperture.
The top view of the designed permittivity profile and electric field
distribution (Figure 2d) reveal significant near-field coupling be-
tween adjacent nanostructures despite the similar simplicity in
the geometries, indicating that nonlocal coupling plays a crucial
role in facilitating strong scattering in the desired direction (see
detailed results of a similar deflector designed based on conven-
tional phase arrays in Figure S4, Supporting Information).

2.2. Polarization Multiplexed Super Off-Axis Focusing

To illustrate the capabilities of our freeform super-pixel design
approach, we design and evaluate various embodiments of high-

NA, multifunctional metasurfaces. First, we design and experi-
mentally demonstrate a multifunctional metadevice capable of
focusing light at extremely large off-axis positions, with inde-
pendently specified focusing displacements for transverse elec-
tric (TE) and transverse magnetic (TM) polarizations (Figure 3a).
Such off-axis focusing is well-known for its highly dispersive
properties, with spectral resolution dependent on the scale of off-
axis displacement.[45] The extreme dispersion achieved by this de-
sign method makes it suitable for applications such as a com-
pact spectrometer for applications such as sensing and hyper-
spectral imaging.[46] The functionality demonstrated by the de-
vice is different from previous methods relying on locally engi-
neered birefringent elements,[47,48] as it requires non-local opti-
cal interactions to enable independent and extremely large-angle
wavefront manipulation for the two polarizations. The device is
81 μm (90 𝜆) wide and focuses light to horizontal positions of
−121.5 and 121.5 μm for TE and TM polarization, respectively.
Despite the symmetric off-axis distances, asymmetric focusing
with different horizontal positions can also be achieved (see de-
tails of the design and full-wave simulation in Section S3, Sup-
porting Information). To identify high-performing super-pixels,
we perform twenty-five optimizations with randomly generated
initial dielectric distributions for each super-pixel and select de-
signs with the highest balanced metrics, taking into account effi-
ciency for deflection at the desired scattering angle and the phase
that most closely aligns with the phase target. The same selection
process is employed for the design of all other devices. To val-
idate the optical performance of the final optimized device, we
perform full-wave simulation of the device using an open-source
finite-difference time-domain (FDTD) solver, MEEP.[49] The full-
wave simulations of the axial intensity distributions for the TE
and TM polarizations (Figure 3b,c) demonstrate efficient off-axis
focusing with minimal spurious diffraction.

Laser Photonics Rev. 2024, 2300988 © 2024 Wiley-VCH GmbH2300988 (3 of 8)

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202300988 by Stanford U

niversity, W
iley O

nline L
ibrary on [31/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 3. Polarization multiplexed super off-axis focusing. a) A schematic of the polarization multiplexed metalens designed to focus light at extremely
large off-axis displacements, with independently specified focusing displacements for transverse electric (TE) and transverse magnetic (TM) polariza-
tions. b,c) Full-wave simulations of the axial intensity distributions for TE b) and TM c) polarizations. d) Scanning electron microscope (SEM) image of
the fabricated device. Experimental 1D horizontal cut of the focal spots at different wavelengths for e) TE and f) TM polarizations.

To further validate our design experimentally, we design
and fabricate a 135 μm-wide polysilicon device using standard
electron beam lithography and reactive ion etching methods.
The scanning electron microscope (SEM) image is shown in
Figure 3d and displays well-defined elliptical nanoposts consis-
tent with the design. To characterize the device, we use a super-
continuum laser coupled with a monochromator to produce a
wavelength tunable incident beam, which is weakly focused onto
the device with a long-focal length (f = 200 mm) lens. Figure 3e,f
shows the measured focusing intensity for the two polarizations
at wavelengths ranging from 720 to 780 nm, demonstrating that
the peaks can be resolved with a spectral resolution of 10 nm. In
addition to the lateral shift, there is also a slight shift in the focal
distance along the axial direction, resulting in a slight reduction
in focusing intensity when deviating from the central wavelength
(see details in Figure S5, Supporting Information). The spectral
resolution of the device can be improved further by increasing the
off-axis deflection angle or the device size. Our concept can read-
ily extend to wavelength multiplexing multi-functionality, and an
example of a metalens that can focus two sets of wavelengths to
different off-axis positions is shown in Figure S6 (Supporting In-
formation).

2.3. Radially Symmetric Large-Area High-Numerical-Aperture
Metalens

In a second demonstration, we apply our concept to design ra-
dially symmetric metalenses for high-NA focusing. The design
methodology is illustrated in Figure 4a and consists of partition-

ing the device into central and outer ring sections. In the central
section, the NA is relatively low and conventional design meth-
ods based on local subwavelength-scale phase shifters[50] are suf-
ficient. In the outer ring section, where the NA is high, we em-
ploy a radially symmetric arrangement of super-pixels, which are
designed to scatter TE and TM polarized light with the desired
angle and phase. While stitching discontinuities technically exist
between adjacent deflectors due to the finite super-pixel lengths
and widths, the resulting impact on performance is minimal for
large zone sizes. The scalability of this approach makes it partic-
ularly suitable for constructing large-area, high-NA radially sym-
metric devices.
Figure 4a shows an example of the metalens designed us-

ing our approach. The lens has a diameter of 81 μm, comprises
450 nm-tall Si elliptical posts, and has an NA of 0.8. The bound-
ary between the central and outer ring regions is located where
the NA is 0.6, as indicated by a red dashed line. The focusing
performance of the device is evaluated through full-wave simu-
lations using MEEP, as depicted in Figure 4b top. The axial in-
tensity distribution demonstrates excellent focusing cone with
minimum unwanted diffraction. As a benchmark, we also de-
sign a conventional metalens with the same functionality utiliz-
ing subwavelength phase shifters based on local approximation
(Figure 4b bottom). The metalens designed by our approach ex-
hibits cleaner focusing and significantly less spurious diffraction
around the edge of the lens. The focal spots at the focusing plane,
as well as their 1D horizontal cut, are shown in Figure 4c,d, in-
dicating that our proposed approach results in a more than 27%
enhancement in focusing intensity compared to the conventional
design. The focal spot of the optimized lens has a diffraction lim-
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Figure 4. Radially symmetric large-area high-numerical-aperture metalens. a) Top view of a 81 μm lens. The device is partitioned into low numerical
aperture (NA<0.6) and high numerical aperture (NA>0.6) regions, where each area is designed based on the conventional phase shifters and inverse-
designed super-pixels, respectively. The inset shows an enlarged view of the boundary between the two design regions. b) Full-wave simulations of the
axial intensity distributions by the optimized (top) and conventional (bottom) metalenses. c) Simulated focal spot profiles of the optimized (left) and
conventional (right) metalenses. d) 1D horizontal cut of the focal spots (white dashed line in c).

ited full-width at half-maximums (FHHM) of 0.67 μm. The fo-
cusing efficiency is defined as the ratio between the transmitted
power passing through a circular aperture at the focal plane and
the total incident power on the lens. The metalens has a rela-
tive efficiency of 76%, and an absolute efficiency exceeding 66%.
The design methology can be further extended to higher NAs, as
demonstrated by the design of a metalens with an NA of 0.9 in
Figure S7 (Supporting Information).

2.4. Metadevices for Generation and High-Numerical-Aperture
Focusing of Vortex Beams

In a third demonstration, we show how super-pixels can serve as
geometric phase elements to produce radial metalenses featur-
ing a compact donut-shaped point spread function (PSF). Such
beams have applications in particle trapping[51–53] and stimu-
lated emission/depletion (STED)microscopy[54] and they are typ-
ically achieved by focusing a cylindrical vector beam[55] or vor-
tex beam[56] through a high-NA microscope objective. With our
inverse-designed super-pixels, we can combine the functions of
vortex beam generation and high-NA focusing into a single de-
vice. By incorporating birefringence into the FOMs, we design
a super-pixel to serve both as a half-wave plate and a beam de-
flector. A full-wave simulation of a representative super-pixel
(Figure 5a) shows that the structure efficiently converts and de-
flects left-handed circularly polarized (LCP) light (Figure 5a left)
into right-handed circularly polarized (RCP) light at a 30° angle

(Figure 5a right), confirming that the super-pixel can simultane-
ously perform efficient large-angle deflection and conversion of
circularly polarized light into its opposite handedness. By rotat-
ing the super-pixel, a geometric phase is introduced that equals
twice the rotation angle for RCP or LCP light.
A schematic of the design concept for generating focused vor-

tex beams is shown in Figure 5b. The deflector provides a gra-
dient phase along the radial direction that focuses the incident
beam, while the arrangement of deflectors in a radially symmet-
rical manner leads to the manifestation of a geometric phase re-
sponse perpendicular to the deflection direction. By arranging
the deflectors in a full circle, a total geometric phase response of
4𝜋 arises, producing a topological charge of m = 2 (see detailed
elucidation on the topological charge in Section 8 and Figure S8,
Supporting Information).
We employ the same hybrid design methodology that has

been used for radially symmetrical metalenses to achieve high-
NA focusing of a vortex beam. The designed device has a di-
ameter of 108 μm, an NA of 0.8, and is partitioned into cen-
tral and outer ring sections. The central section is designed us-
ing subwavelength-scale half-wave plates serving as local phase
shifters, while the high NA outer ring section consists of super-
pixel scatterers (see details of the designed structures and full-
wave simulation in Section S9 and Figure S9, Supporting Infor-
mation). The device is fabricated using electron beam lithography
and reactive ion etching. Figure 5c shows the SEM images of the
metalens in the center (NA<0.6, left) and outer region (NA>0.6,
right). The device is measured upon LCP illumination using a
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Figure 5. Metadevices for generation and focusing of vortex beams. a) Electric field distributions of an inverse-designed super-pixel capable of achieving
polarization conversion and large-angle beam deflection. The device is illuminated by left-handed circularly polarized (LCP) light and outputs right-
handed circularly polarized (RCP) light at the deflection angle of 30°. b) Schematic of the design concept for focusing of vortex beams. The aperiodic
deflector can implement gradient phase and geometrical phase along the radial and azimuthal directions, respectively, enabling high-numerical-aperture
focusing and the generation of spiral phase representing topological charges. c) SEM image of the device for high-numerical-aperture (NA= 0.8) focusing
of vortex beams with a topological charge of m = 2. c) The low numerical aperture (NA<0.6) section is designed using conventional half-wave plate
elements (left) while the high numerical aperture (NA>0.6) section is filled with radially patterned super-pixels (right). d) Point spread function (PSF)
of the fabricated device.

linear polarizer and quarter-wave plate. Themeasured PSF at the
focal plane illustrates a small ring with a well-defined dark center
(Figure 5d).

3. Discussion

In summary, we demonstrate a design framework for realizing
large-area freeform nanophotonic devices in which hard geomet-
rical constraints such as minimum feature size and minimum
gap size are incorporated through design space reparameteri-
zation. Our approach accounts for and utilizes full-wave inter-
actions, including nonlocal interactions, between neighboring
nanoscale elements. This results in the emergence of high-order
hybridized modes, which enable super-pixels capable of support-
ing new scattering profiles compared to conventional means. To
design the full-scale device, we sample the wavefront profile by
a set of wavelength-scale segments, with each unit optimized as
an inverse-designed deflector consisting of simple geometric lay-
out. We apply our approach to achieve extreme wavefront control
and demonstrate cylindrical metasurfaces supportingmultifunc-
tional super-dispersive focusing and high-NA radially symmetri-
cal metalenses for diffraction limited focusing and generation of
donut-shaped PSFs. This method has great potential for a wide

range of applications, including microscopy, spectroscopy and
structural light illumination[57] where large-angle beam deflec-
tion is critical for superior performance. Future advancements
could include the development of faster electromagnetic solvers
to accelerate full-wave simulations.[58–61] Furthermore, we can ex-
plore the integration of our devices with other optoelectronic and
imaging systems to enable system-level applications, such as two-
photon lithography,[62,63] LIDAR[64] and endoscopy[65] with en-
hanced performance and capabilities.

4. Experimental Section
Fabrication: The metasurfaces were defined on a polycrystalline Si

wafer grown on a SiO2 substrate using Low pressure chemical vapor depo-
sition (LPCVD). An 80 nm thick hydrogen silsesquioxane (HSQ) was spin-
coated on the Si substrate as the e-beam sensitive resist. Meanwhile, a
thin layer of SURPRAS 3000 was spin coated for improving the surface ad-
hesion between Si and HSQ. To help dissipate charge, a 200 nm thick Dis-
chargeH2O 2Xwas spin coated as the conduction layer. TheHSQpatterns
were then defined using electron beam lithography. Post-development
hard bake was performed at 420 C to strengthen the crosslinking in HSQ.
Finally, the Si nanorods are etched by reactive ion etching using a mixture
of hydrogen bromide and chlorine.
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Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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