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Abstract
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Optical metasurfaces are planar nanostructured devices that are industrially attractive in part
because they utilize high-throughput microelectronic fabrication techniques for implementation.
It is therefore critical to develop design paradigms that can balance the realization of highly
efficient wavefront responses together with device manufacturability. We introduce a
gradient-based design framework for freeform metasurfaces in which nanoscale elements are
explicitly constrained to feature basic shapes, nearly uniform feature sizes, and exceptionally
low aspect ratios. In spite of the apparent uniformity of the metasurface geometric features, the
devices are able to utilize nonlocal near-field optical coupling to achieve highly efficient and
extreme wavefront scattering beyond conventional design methodologies. Utilizing this
approach, we design facile high-numerical-aperture devices such as beam deflectors and
large-area metalenses capable of diffraction-limited focusing. We anticipate that these concepts
can facilitate the design and integration of metasurfaces into monolithic optical systems.

Supplementary material for this article is available online
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Optical metasurfaces have emerged as a versatile thin-film
platform for manipulating the wavefront of light. Through
proper engineering of subwavelength-scale features, metasur-
faces have unlocked a wide range of applications, including
lensing [1-4], holography [5, 6], polarimetry [7—11] and multi-
functional elements [12—-16]. Control of angular and spectral
selectivity has also been achieved with nonlocal metasurfaces
[17-19], which support tailored long-range interactions and
have been utilized in image differentiation [19], wavefront
selection [20], and biological imaging [21] applications. The
tremendous growth of the metasurface field and its fast adop-
tion in academia and industry is due in part to its compatib-
ility with standard semiconductor manufacturing processes,
which are mature and readily facilitate the patterning and
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monolithic integration of nanostructured thin-film systems.
Metasurface designs that satisfy foundry design rules and
feature fabrication-friendly shapes, element sizes, and aspect
ratios are crucial for ensuring high manufacturing yield.
While much progress has been made in the domain of
metasurface design, it remains a challenge to develop con-
cepts that balance device performance with manufacturab-
ility. Conventional design methodologies [1, 22-24], which
utilize libraries of simple, physically intuitive meta-atoms
(figure 1(a)), offer a rapid design framework for creating large-
area metasurfaces with low computational cost. However,
it is challenging to achieve complex functionalities with
these devices due to the limited design space and the meta-
atoms typically feature high aspect ratios because they util-
ize dynamic phase accumulation to achieve a 27 phase
response [24]. Freeform topology optimization design meth-
ods, including the adjoint variables method [25-27] and neural

© 2024 0P Publishing Ltd


https://doi.org/10.1088/2040-8986/ad33a7
https://orcid.org/0000-0002-5810-2347
https://orcid.org/0009-0009-6130-2831
mailto:zhouy7@stanford.edu
mailto:yzhou33@uncc.edu
mailto:jonfan@stanford.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/2040-8986/ad33a7&domain=pdf&date_stamp=2024-3-21
http://doi.org/10.1088/2040-8986/ad33a7

J. Opt. 26 (2024) 055101

Y Zhou et al

Conventional
a Top view
wrs~100mm | o i @ i @ i (@
AR>6 : : ]

der

N

P2 (" dips
N

T

(i

Uniform geometric features
b Top view

MFS~200 nm
AR~3
Nonlocal
coupling

| = B = E o=

T

N

Figure 1. Conventional and reparameterized gradient-based design methods. (a) Schematic of conventional designs based on the local phase
approximation. A library of discrete meta-atoms covering a 27 phase range results in structures with small minimum feature size (MFS) and
high aspect ratio (AR). (b) Schematic of freeform devices designed using the proposed reparameterized gradient-based optimization
algorithm. The meta-elements consist of simple elliptical nanoposts featuring large, nearly uniform sizes and low aspect ratios.

network-enabled algorithms [28], can significantly expand
the nanophotonics design landscape to produce nanophotonic
devices with new and enhanced capabilities [29-34]. However,
these freeform devices are often challenging to fabricate due
to their complex shapes [35], which can feature highly non-
uniform material fill fractions, tight radii of curvatures [36—
38], and high aspect ratios [32, 39] even after robustness cri-
teria are incorporated in the design algorithms [35-38, 40-42].

In this study, we introduce a new freeform metasurface
design regime that strikes a critical balance between per-
formance and manufacturing. The concept, summarized in
figure 1(b), shows meta-elements that are explicitly con-
strained to simply shaped, nearly uniformly sized, low-
aspect-ratio nanostructures. As a freeform platform, near-field
interactions between meta-elements are leveraged to enable
tailored scattering responses beyond the limits of conventional
phased array concepts (figure 1(b) bottom), in spite of the
apparent geometric uniformity within the device. The use of
relatively large elliptical shapes leads to facile lithographic
patterning due to mitigation of local proximity error effects
and the lack of tight radii of curvatures. The utilization of low-
aspect-ratio elements relaxes the requirements and specifica-
tions of the etching process, leading to reduced variability in
etch depths and sidewall profiles. Furthermore, the nearly uni-
formly sized, low-aspect-ratio features enable uniform mater-
ial fill fractions, which enhance planarization compatibility
crucial in multilayer lithography.

To streamline the enforcement of geometrical constraints
within the gradient-based adjoint variables method, we utilize
a reparameterization scheme that constrains freeform geomet-
ries to elliptically-shaped nanopost elements. The structural
parameters of each element, including width, length, displace-
ment, and rotation, are encoded as unbounded latent vari-
ables and are transformed to constrained geometric parameters
using analytic mathematical transformations [43], shown in
figure 2(a). Through this approach, the minimum feature sizes
and gap sizes are rigorously enforced, and we specify these
features to be relatively large to ensure that all elements are

nearly uniformly sized. Since the transformation is fully ana-
Iytic and differentiable, the scheme can be integrated with
gradient-based optimization in which the gradients to the per-
mittivity profiles are computed and readily backpropagated to
update the latent variables using the chain rule (see details of
the reparameterization formalism in supplementary).

These concepts can be used to design wavelength-scale
‘super-pixels’ capable of performing extreme scattering tasks,
such as the selective scattering of normally incident light to
large angles (figure 2(b)). As a proof-of-concept demonstra-
tion, we consider a 3\-long, three-dimensional device that
is surrounded by perfectly matched layers (PMLs) and is
designed to scatter transverse magnetic polarized light to a 50°
angle. The device is designed to operate at a wavelength of
900 nm and comprises a patterned 650 nm-thick silicon layer
with a refractive index of 3.55 obtained by ellipsometry. The
ellipses have minimal major and minor axes that are explicitly
set to 190 nm. An example of a local gradient-based optim-
ization trajectory from randomly initialized latent variables
is depicted in figure 2(c) and shows the top view of permit-
tivity profiles and the side view of electric field distributions
for different iteration numbers. The device initially starts with
randomized dielectric posts with grayscale permittivity values
ranging between air and silicon. Over the course of optimiza-
tion, the device evolves into an array of elliptical silicon nan-
oposts with gradually increasing deflection power towards the
desired angle. The final device exhibits a minimal feature size
of 190 nm, along with a maximum size variation of 170 nm
and 28 nm along the x-direction and the y-direction, respect-
ively. These values correspond to an average size variation of
49% and nanopost aspect ratios less than 3.4.

The performance of the final optimized device is valid-
ated by full-wave simulation using an open-source finite-
difference time-domain solver, MIT electromagnetic equation
propagation (MEEP) [44]. The final freeform device layout
and its corresponding far-field scattering profile are presen-
ted in figure 3(a), showing strong directional scattering to
the desired angle. To quantify the deflection performance, we
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Figure 2. Reparameterization scheme for designing freeform aperiodic scatters. (a) Computational graph of the reparameterization process.
Geometrical constraints are hard-coded into the device geometry via the analytic transformation of continuous latent variables to
constrained device layouts. (b) A schematic of the optimization setting. The device, scaled at 3.\, is surrounded by perfectly matched layers
(PMLs) and designed to scatter light to an arbitrary angle. (c) An example of the optimization trajectory of a 50° deflector. The top view of
the permittivity profiles (top) and the side view of electric field distributions (bottom) are shown. The final device features a minimum

nanopost size of 190 nm and an aspect ratio less than 3.4.

define relative and absolute efficiency as the ratios of power
scattered in the desired direction to the transmitted power and
to the total power, respectively. The final device achieves 80%
relative efficiency and 64% absolute efficiency. As a point
of comparison, we compare our reparametrized device with
a conventionally designed device based on the local phase
approximation (figures 3(c) and (d)). Figure 3(d) shows the
resulting scatterer design and far-field scattering profile, which
displays clearly visible parasitic side lobes. The relative and
absolute deflection efficiencies are calculated to be 68% and
52%, respectively, which are approximately 20% lower than
those of our freeform device.

The optimal scattering behavior in our freeform structure
is attributed to the nonlocal coupling dynamics between adja-
cent nanostructures. The electric field distribution, shown in
figure 3(a) (bottom), reveals strong nonlocal coupling between
ellipses. The hybridized modes collectively break out-of-plane
mirror symmetry and produce an effective surface imped-
ance matching condition [45] that allows for highly efficient
extreme scattering. We further investigate the impact of min-
imum nanopost feature size on the overall device performance.
Figure 3(e) presents the absolute efficiencies and top view
(inset) of the optimized 50° deflectors for minimum nanopost
sizes ranging from 170 nm to 260 nm, showing that the abso-
lute efficiencies remain above 55% for minimum sizes smaller
than 220 nm.

Optimized super-pixel scatters can be utilized as build-
ing blocks to construct large-area freeform metasurfaces. A
schematic of the design concept is shown in figure 4(a). The
wavefront profile of the full-scale device is partitioned by a
set of super-pixels [33], each of which scatters the incident

light to a particular angle (0) and phase (¢). In this manner,
we approximate the desired phase profiles as a set of linear
segments, which introduces a root-mean-square (RMS) wave-
front error [33, 46] of:

1 12 2
Erms = ——= Xo)d”.
=150 (x0)

With this expression, we find that linearizing phase pro-
files using 3 \-wide super-pixels introduces minimal wavefront
error for most practical applications.

Our design strategy can enable the facile design of
large-numerical-aperture metasurfaces. As a proof-of-concept
demonstration, we consider a metalens that has a diameter
of 81 um and an NA of 0.7, thereby featuring super-pixels
that scatter light up to a 44° angle. To account for the
non-convex optimization landscape, we perform 30 optimiz-
ations with randomly generated latent variable initializations
for each super-pixel and select the designs with the highest
figure of merit, which balance efficiency and phase accuracy.
Figure 4(b) presents the absolute efficiencies of the optim-
ized super-pixels covering angles ranging from 23° to 44°
and shows that the absolute efficiencies remain consistently
high, above 70%, with minimal drop-off at larger angles. The
inset shows the top views of super-pixels at three scattering
angles, each enforced by the same geometrical constraints and
each displaying arrays of nanoposts with near uniform dimen-
sions. The full wave simulation of the full-scale metalens
is in figure 4(c), and the axial intensity distribution plotted
on a dB scale demonstrates efficient focusing with minimal
spurious diffraction. The one-dimensional horizontal cut of
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Figure 3. Comparison between reparameterized freeform scatters and conventional phase arrays. (a) Top view of the deflector (top) and
electric field distribution (bottom) designed using reparameterization method. (b) Polar plot of far-field scattering. (c) Top view of deflector
structures (top) and electric field distribution (bottom) designed using conventional method based on local phase approximation. (d) Polar
plot of far-field scattering. (¢) Absolute deflection efficiency of reparameterized freeform scatters for a range of minimum feature sizes.
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Figure 4. Large-area, reparameterized freeform metasurfaces. (a) Schematic of the design concept: the full wavefront profile is divided into
a series of wavelength-scale, linear scatterers and each scatterer is designed to scatter light with a specific angle (6) and phase (¢). (b) The
absolute deflection efficiency of super-pixels for a range of angles. (c) Full-wave simulation of the axial intensity distribution of a 0.7 NA
metalens on a dB scale. (d) One-dimensional horizontal cut of intensity at the focal plane.

the field intensity at the focal plane (figure 4(d)) shows that
the full wave half maximum is close to diffraction-limited
performance.

In summary, we present a facile design framework for
freeform metasurfaces comprising nearly uniform nanopost
elements. Despite the constrained design space, our approach
incorporates nonlocal interactions between neighboring ele-
ments without approximation that enable highly efficient beam

scattering. We further apply our concept to the design of
a large-area, high-numerical-aperture metalens that supports
high-efficiency, diffraction-limited focusing. These design
concepts present more straightforward experimental aven-
ues for the reliable manufacturing of metasurfaces, which
remains challenging for devices made using freeform design
algorithms. We anticipate further research directions that
incorporate element shapes beyond ellipses and that accelerate
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the optimization process with high-speed electromagnetic
solvers [47-49].
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