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ABSTRACT: We propose a three-dimensional freeform nano- : Dispersive polarization control
photonic platform in which wavelength-scale domains comprise i
basic geometric structures with explicitly defined dimensions,
positions, orientations, and minimum feature size constraints.
Given a desired wavefront shaping objective, these parameters can
be collectively optimized using gradient-based shape optimization
with full accounting of near-field interactions between structures.
We apply our concept to a variety of metagratings supporting high
diffraction efficiencies and polarization control, and we exper-
imentally demonstrate a device with a tailored polarization
response as a function of wavelength. The combination of device
capability, feature size constraints, and ease of manufacturability
enabled by our methodology will facilitate the development of
robust, high performance, nanophotonic technologies.

KEYWORDS: metasurface, metagrating, reparameterization, freeform optimization, feature size control, polarization control

B INTRODUCTION including devices featuring exceptionally high efficiencies,’
large numerical apertures,” broadband response,” and multi-
plexed responses’ as a function of angle and wavelength.

For photonics, the most versatile and computationally
efficient inverse design algorithms are based on freeform

Subwavelength-scale geometric structures that control the
shaping, routing, and localization of electromagnetic waves are
central to many scientific and technological domains in
photonics, including communications,”” detection, imaging,

and optical computing.’ The process of selecting a proper set topology optimization,'’~"* in which every dielectric voxel in
of structures to achieve a desired optical response remains a the simulation domain is a free parameter that can be modified
challenging and open-ended task because it involves searching using the adjoint variables method'*'* or autodifferentia-
through a high-dimensional, nonconvex design space for which tion.">'® The ability for topology optimization to explore
brute force searching is intractable. As such, various methods exceptionally large design spaces without approximations to
have been developed that balance the complexity of the design Maxwell’s equations has led to demonstrations of freeform
procedure with the performance metrics of the final devices.*® metagratings,s’w’18 metalenses,”'"'* and on-chip photonic

Traditional design methods are based on the utilization of devices'® with exceptional performance. However, hard
relatively simple geometric layouts, with shapes determined by minimum feature size tolerances’ >® and robustness cri-
physical intuition. For metasurfaces, these shapes are based on teria>*™>° can be difficult to incorporate into topology

subwavelength-scale waveguides and resonators that are
arranged in a regular lattice to produce a nanoscale phased
array. These approaches are widely used because of their
interpretable framework and ease of implementation. However,
they utilize simplifications, such as the use of basic shapes, a
regular lattice, and approximations to near-field interactions
between neighboring structures, which can limit device

optimized designs, even with heuristic methods that have
been developed to address these issues,”’ >”** and there
remain experimental challenges to accurately manufacturing
complex freeform shapes. In addition, the operating principles
of these devices lack straightforward physical interpretability.

performance. Alternative approaches involve computational Special Issue: Optimized Photonics and Inverse Photonics
methods where the desired optical response is framed as a Design

Figure of. Merit .(FoM) and maximized using an iterative Received: July 25, 2022

optimization algorithm. Published: October 17, 2022

Such inverse design concepts can enable the design of
metasurfaces beyond the capabilities of traditional methods,
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Figure 1. 3D reparameterization concept. (a) Schematic of a freeform metasurface device with periodic boundary conditions and a top view of a
single metasurface period featuring nonrotated elliptical metastructures aligned along the x-axis. (b) High level computational graph of the
reparameterization procedure and its utilization in gradient-based optimization. (c) Cross sectional plots of dielectric distributions of a

metastructure at different values of T, and T).

Gradient-based design concepts that can produce freeform
photonic devices beyond the constraints and simplifications of
traditional methods, while also limiting the immense degrees of
freedom featured in fully freeform topology optimization, have
the potential to combine the best features of traditional and
freeform design methods. In this study, we propose an
algorithmic design platform in which devices are defined as
an ensemble of simple geometric features that are collectively
optimized using gradient-based shape optimization. We
consider periodic diffractive metasurfaces in this analysis, and
the shapes and positions of each feature within the metasurface
(Figure 1a) are described in a low dimensional latent space
that transform to physical structures, thereby enabling control
over the complexity of the design space. As this transformation
of latent space device representations to physical devices is
fully analytic and differentiable, it can be readily incorporated
into a freeform gradient-based device optimization procedure,
as illustrated in the computational graph depicted in Figure 1b.
These concepts build on prior formalisms recently proposed
for the gradient-based optimization of two-dimensional
metasurface systems in which the dimensions of subwave-
length-scale dielectric rid§es were controlled using a
reparameterization approach. 0

Compared to existing photonic device design methods, our
concept offers multiple advantages. First, it models the full
optimization domain with fullwave physics without approx-
imation, allowing near-field coupling between geometric
features to be accounted for and exploited. Second, it allows
minimum feature size constraints to be explicitly and robustly
defined in the device layout parametrization scheme. Third, the
gradient-based design procedure is based on the adjoint
variables method, which is computationally efficient and allows
the shape of each geometric feature in the domain to be
optimized each iteration with only forward and adjoint
simulations. Fourth, the specification of basic geometric
features help to improve manufacturing accuracy and device
robustness beyond the scope of purely freeform devices.

B 3D REPARAMETERIZATION FORMALISM

Our reparameterization approach considers a device with
wavelength-scale domains of lateral dimensions L, and L,. Each
domain is subdivided into N subcells along the x-axis {Figure
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1a), and each subcell comprises an elliptically shaped dielectric
feature, which we term a metastructure. This metastructure can
take the form of isolated posts, ridges, and air voids within
ridges. The feature sizes within and between metastructures are
bound by a user-defined minimum feature size, MFS. The
subcell widths and the dimensions, positions, and orientations
of the metastructures are represented by unconstrained and
continuous latent space geometric representations that trans-
form to geometric device parameters using differentiable
analytic expressions, discussed below.

The latent variable representation of subcell widths is
described by a 1 X (N — 1) vector u that can take values
spanning —oo to oo. Transforming these latent variables to
physical widths w,,, where m is the subcell index, produces a set
of cell widths that satisfy the following constraints:

m=N
2
m=1

Wn 2 Wpin (1)

LX

Wi 1S defined as the minimum subcell dimension along the x-
axis, where w,;, > 2MFS. Using a formalism derived in ref 30,
the following transformation equations are used:

et

s, = sigmoid(y;) = - , sy=1,i=1,.,N—-1
e+ 1

t, =5

| i—1

2 .
t=s|1~— tj,1=2,...,N
j=1
tm

w, = (L = Nwyi) + Wy m=1,., N

B YN @)

The latent variable representation of the metastructure
features within the unit cells are described by the two-
dimensional tensor v. For v,,,, m parametrizes the subcell index
and n parametrizes particular geometric features. We consider
here a simplified reparameterization approach in which the
metastructures are dielectric elliptical posts with positions
located at the geometric center of the subcells. A formalism
that accommodates more geometric degrees of freedom will be

https://doi.org/10.1021/acsphotonics.2c01160
ACS Photonics 2023, 10, 815-823


https://pubs.acs.org/doi/10.1021/acsphotonics.2c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01160?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01160?fig=fig1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

considered later in the study. For the mth subcell, the ellipse
axes a,, and b, are obtained by transforming the latent
variables v,,, and v,,, using the following expressions:

a,, = [(w,/2 — MFS/2) — MFS/2]sigmoid(y,,,) + MFS/2
b, = [(Ly/2 — MFS/2) — MFS/2]sigmoid(v,;) + MFS/2
©)

These transformations ensure that MFS constraints are
enforced within the subcell. These axis values are then used
to define the continuous dielectric distribution within the mth
subcell. For isolated dielectric posts, this expression is

2 2\V/4
x b/
post _ m m
€m (xm) ym’ A bm’ Ti) = exp| — ? + b_z
m m

x € [-w,/2,w,/2], y € [—Ly/2, Ly/2] (4)
(%, ¥m) = (0, 0) defines the geometric center of the subcell
and the dielectric distribution is normalized such that 1 is the
value of the device dielectric material and 0 is air. T; is a
hyperparameter that enables adiabatic toggling of the dielectric
distribution from a grayscale representation (i.e. dielectric
values smoothly vary as a function of position) to a binary
representation (i.e., the device comprises only the device
dielectric material and air), as depicted in Figure lc.

These dielectric distribution expressions can be modified to
capture different topological shapes, which is required for tasks
such as topology optimization. For example, the dielectric
distribution within a subcell can be toggled between dielectric
posts and an air void with the following modification:

post/air
m

€ = sigmoid (v, /T,)€el*™

©)

V,, is a continuous latent variable representing the topological
state of the subcell and T, is a hyperparameter. For high T,
values, the dielectric distribution is grayscale and assumes an
intermediate topological state that is a mix of air void and post,
and as T, decreases, the subcell topology is forced to become
either an air void or post (Figure 1c). It is important for these
dielectric expressions to be tailored so that local gradients
evaluated in the grayscale design space at high T, values are
helpful in improving the performance of devices represented in
the physical discrete design space at small T, values. We note
that the dielectric distribution describing posts can be readily
used to describe other topological layouts. For example,
elliptical voids within a dielectric ridge can be described as

void __ post
g, =1-—¢,

M and solid ridges £"% are elliptical posts in

the limit b, — oo. Future work will focus on creating and
utilizing handcrafted dielectric expressions that can smoothly
toggle between these other metastructure topologies.

We exploit the analytic relationships between the latent and
physical space device representations to adapt our reparamete-
rization framework to gradient-based optimization algorithms.
To walk through the detailed steps, we will focus here on
gradient optimization based on the adjoint variables method,
depicted in Figure 1b. The first step is the initialization of the
optimization algorithm, in which the latent variables # and v
are set to random values between —1 and +1. These values are
chosen to ensure that the latent variables span a wide physical
space upon transformation while also minimizing vanishing
gradient issues (i.e., ensuring that changes in latent variables
lead to sufficiently appreciable changes in physical parameters).

817

Iterative gradient-based optimization is then performed. In a
given optimization iteration, the latent variables are first
transformed to physical parameters, which are used to define €
within the device domain. Gradients to the dielectric
distribution g,, which specify how the dielectric values can
be perturbed to improve the FoM, are then evaluated with the
adjoint method:'* a forward and adjoint fullwave simulation of
the device is performed to evaluate Eg4 and E,g; respectively,
and gradients at each position in the domain are computed.
For position r, the gradient with respect to dielectric constant
is

JdFoM
de(r) (6)
Backpropagation using the chain rule produces FoM gradients
with respect to the latent variables (i.e, how the latent

variables can be modified in a manner that improves the FoM).
As an example, the gradient for v, g , is computed as

g.(r) = o real(Eq, 4(r) ~E:;j(r))

_ JFoM _ FoM o€, (r) da,,

g = =
Y ov,,, 0e,(r) Oa, v, (7)
These expressions imply a summation over all positions in
subcell m to compute this scalar gradient term. dEOM
€,

m

obtained from the adjoint variables method and ji and 2 are
a,, v,

computed by differentiating the analytic transformation
equations. In practice, these gradients are computed using
the built-in Pytorch autodifferentiation package.31 Finally, with
gradient terms g, and g,, the latent variables are updated. For a
local gradient-based optimizer, these updates are performed
using algorithms such as vanilla gradient descent or Adam. For
global gradient-based optimizers based on the training of a
generative network,"*’ these gradient updates are further
backpropagated into the deep network to update its weights.

Toggling T, from high to low values over the course of
gradient-based optimization can help control how g, is used to
update g, and g,.*° In particular, the g% term in the chain rule
functions as a type of spatial filter for gradient information, and
T, in this expression controls the gradient magnitude and
distance from the dielectric boundaries for which g
contributes to latent variable gradients. High T, early in the
optimization procedure therefore can promote relatively large
changes to the device layout. Later in the optimization, low T
enforces a more accurate representation of the binary physical
device and limits gradient-based changes to the device layout
as small perturbations. Toward the end of optimization binary
representation is imposed keeping T, > 0.

B GRADIENT-BASED METAGRATING OPTIMIZATION

To explore the efficacy of our approach in the design of
metasurfaces, we initially focus on the freeform optimization of
silicon metagratings that selectively diffract normally incident
TM-polarized radiation to the +1 order in the xz plane. The
devices are on a glass substrate, designed for A = 850 nm, and
have the following fixed geometric parameters: d = 430 nm, L,
= 1800 nm, L, = 400 nm, and MFS = 70 nm. To design the
devices, 100 adjoint-based local optimizations are performed
on random initial grayscale dielectric distributions. Fullwave
simulations for these devices and those supporting polarization
control in later sections are performed using the rigorous
coupled wave analysis solver Reticolo.*”

https://doi.org/10.1021/acsphotonics.2c01160
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Figure 2. Topology optimization of basic metagrating devices. (a) Histogram of efficiencies of diffractive metagratings obtained by local gradient-
based reparameterization optimization. The device topology is fixed to have five dielectric posts. Inset: side view schematic of device function. (b)
Optimization trajectory of a representative high performance device from (a). Dielectric distributions at four different points in the design process
are also shown. (c) Histogram of efficiencies for diffractive metagratings obtained by local gradient-based reparameterization optimization. The
device topology is variable and can possess up to five dielectric posts. (d) Optimization trajectory with variable topology of a representative high
performance device. The device is initialized with five grayscale dielectric posts and the final device comprises four silicon posts. (e) Device
efficiency versus N for fixed and variable topology-optimized devices. For fixed topology, 100 devices for each N are optimized, and for variable
topology, 100 total devices are optimized. The best obtained efficiencies for each design method for each N are shown. (f) Schematic of a
multifunctional device that transmits light to the +1 and +2 diffraction orders. Top views and performance metrics of two topology-optimized
devices, each with different minimum feature sizes, are shown.
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Figure 3. Reparameterization with metastructure symmetry breaking. (a) Single period of a metasurface with elliptical metastructures that can
undergo vertical translations and rotations. The metasurface is periodic along the horizontal and vertical axes. (b) Detailed schematic of an
individual subcell with geometric parameter labels used in the reparameterization formalism. (c) Device functions, layouts, and theoretical
diffraction and polarization efficiency metrics of metasurfaces designed to selectively diffract light to the +1 or —1 order as a function of incident
polarization state. The input and output polarization states are written in non-normalized Jones vectors.

We first perform freeform optimization for fixed topology
devices comprising five silicon posts. A histogram of the final
device efliciencies, shown in Figure 2a, displays a wide
distribution of values, indicating that the design landscape is
nonconvex and possesses many local optima. The best
designed devices have a diffraction efficiency of 96%, which

818

is near unity and higher than those designed using conven-
tional meta-atom approaches. Diffraction efficiency is defined
to be the ratio of radiated power transmitting to the +1
diffraction order to the incident power. An examination of the
optimization trajectory of a representative high performance
device (Figure 2b) shows that gradient-based calculations

https://doi.org/10.1021/acsphotonics.2c01160
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steadily boost device efficiency over the course of optimization,
while also evolving the dielectric distribution from grayscale to
binary. The final binary device comprises elliptical posts with
close spacings, indicating that these devices are accounting for
and utilizing near-field coupling between posts to achieve high
device performance.

Local freeform optimization of devices with variable
topology can also be performed by inclusion of eq 5 in the
reparameterization process. A histogram of final device
efficiencies sorted by topology (Figure 2c) shows that the
optimization algorithm can identify optimal devices with
differing numbers of posts. The best devices have either four
or five total posts with diffraction efficiencies of 95% and 96%,
respectively. The optimization trajectory of a high performing
device, displayed in Figure 2d, shows that the initial grayscale
dielectric distribution comprising five posts evolves into a
binary device with only four posts, with one of the posts
shrinking in size and reducing in dielectric contrast over the
course of iterative optimization. A comparison of the best
devices designed using either fixed or variable topology
optimization, as a function of number of posts, is summarized
in Figure 2e and indicates that for a given number of posts,
each method produces very similar final devices. This indicates
that while the design landscapes for fixed and variable topology
optimization are different, they support similar local optima
and are each suitable for freeform metasurface design.

Our reparameterization platform can readily extend to
multiobjective problems. As an example, we consider a
metagrating design in which normally incident light is
diffracted to the +1 and +2 diffraction orders. Gradient
optimization is performed by applying the adjoint variables
method to each objective and averaging the computed
gradients prior to backpropagation and latent variable
updating. Results for the variable topology design of devices
with eight subcells, featuring two different minimum feature
sizes, are summarized in Figure 2f. For a MFS = 70 nm, the
best performing device possesses six dielectric posts and has an
average diffraction efficiency of 84%. For a MFS = 100 nm, the
best performing device possesses only three dielectric posts
and a reduced efficiency of 64%. This model problem indicates
the sensitivity of device performance and topology in the
presence of hard minimum feature constraints, and it points to
the significant benefits afforded by small MFS, which enables
engineering of strong near-field coupling between nanostruc-
tures.

Bl POLARIZATION CONTROL

To further expand the generality our 3D reparameterization
scheme, we incorporate two additional mechanisms for
metasurface symmetry breaking: metastructure displacements
along the y-axis and metastructure angular rotations (Figure
3a). These concepts are essential for enabling new polarization
functionality in metasurfaces, which require tailored symmetry
breaking to specify the polarization bases of the devices. By
combining these added degrees of design freedom with
freeform gradient-based optimization, we anticipate our
metasurface platform to be capable of matching and extending
the functionality of traditional polarization-multiplexed meta-
surfaces, such as those based on the spin hall effect and
geometric phase.

To incorporate y-axis metastructure displacements in each
subcell, we introduce the unconstrained latent variable v, to
represent displacement in the mth subcell. This latent
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representation translates to a physical displacement value,
which is bounded by the subcell dimension L, with the
following expression:

A, = Ly[sigmoid(va) - 1/2] (8)

This displacement term is incorporated into eq 4 with the
following modification:

/T,

2 ( - Am)z '

€Fy,05t(xm; Y G bml Tl) = exp| — x_’;l + '}I’”T

m m

(9)

To account for the angle of rotation of each metastructure,

we introduce the latent variable v, which transforms to

angular rotations of elliptical features in the mth subcell with
the following expression:

0, = sigmoid(v,4)7

(10)

The maximum angle is bound by 7 instead of 27 without loss
of generality due to the symmetry of the ellipses.

The introduction of metastructure rotations requires a
modification to our formalism for MFES incorporation, as these
constraints now involve coupled relations involving both a,,
and b,,. Our modified subcell with corresponding geometric
parameters is shown in Figure 3b for an ellipse centered within
the subcelll The MFS constraints produce a usable area
delineated by the dashed blue line and are characterized by

values « yo = %(Ly — MFS) and

™ = %(wm — MFS). The ellipse axes

the maximum axis lengths, which are extended to and bounded
by the dashed blue box, are defined as a,, ., and b, ;.
respectively. The spatial position of points defined by a,, .y
and b,, .., on the dashed blue box are (x,,, ¥,,) and (x,,,
Yom), respectively.

The terms a,, .0 bymay and their spatial positions are a
function of 8,, x™, and y™ and can be readily defined. We
focus on terms pertaining to the positioning of the b,, axis.
%y (W, 6,), defined for x,, > 0 and 0 < 6, < 7, can be

expressed as

max max,

and y

are a,, and b,, and

2
X m(wm em) = x" maxy 1
b ' 1 + eXP[yb,m(Wm’ Hm) - y ] :|
2 -1

1+ eXP[_J’;,,m(Wm' Gm) - ymax] (11)

The term b is a function of b,,, w,,, and 6,, and is defined to

be

m,max

bm,max(wm’ gm) = \/xb,m(wm' gm)z + yb,m(wm’ 9’”)2 (12)

where y, (w,, 6,) is defined to be a function of b and is

yb,m(wm, 6,.) = b,y may €05(6,,). Substitution of eq 11 into eq 12
produces a transcendental equation for b,, .., which can be
numerically approximated with eq S1 in the Supporting
Information. To further ensure the boundaries of the ellipse
are within the dashed blue box, we specify b, ... & 1f(w,, 6,),
where 7 is a hyperparameter <1. Similar steps are used to find
Gy max- Finally, these expressions are substituted in a modified
eq 3:
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Figure 4. Experimental demonstration of a reparameterized metasurface with polarization functionality. (a) Plot of diffraction and polarization
efficiencies as a function of iteration number for a topology-optimized device that diffracts horizontal-polarized incident light to the +1 diffraction
order. The target polarizations of the transmitted beam are a function of wavelength and displayed in (c). (b) Plot of theoretical diffraction and
polarization efficiencies of the optimized device as a function of wavelength. Inset: device schematic. (c) Target transmitted polarization states and
those simulated from the optimized device, as visualized on the Poincare sphere. (d) Experimental setup showing the sample and polarization
analyzer. (e) Experimental diffraction and polarization efficiencies as a function of wavelength. Inset: electron microscopy image of the physical
device. (f) Experimentally measured polarization states of light transmitted to the +1 order, as visualized on the Poincare sphere.

a,, = (@, no — MFS/2)sigmoid(y,,) + MFS/2
by = (b mex — MFS/2)sigmoid(y,;) + MFS/2 (13)

Importantly, a,, ... and b,, .., are differentiable expressions that
are compatible with reparameterized gradient-based device
optimization.

To demonstrate the efficacy of this reparameterization
approach, we optimize a set of metagratings that can handle
arbitrary polarization responses. These devices diffract
normally incident light of one polarization state to the +1
order and light of the orthogonal polarization state to the —1
order. The devices can also perform polarization conversion
upon transmission. The devices operate at 4 = 850 nm and
have geometric parameters matching those discussed in Figure
2, except that L, = 1300 nm. A total of 100 devices are locally
optimized with random initialization for each device type, and
multiobjective optimization is performed to accommodate the
different device functionalities (i.e., diffraction to different
orders) for each incident polarization. The performances of
these devices are characterized by two terms: diffraction
efficiency, which was previously defined, and polarization

efficiency, which is defined as |E;0M-Eillz. Epoyv and E, are the
normalized Jones vectors of the FoM and physical device,
respectively, and T is the conjugate transpose.

Representative metagrating functions, device layouts, and
efficiency metrics are summarized in Figure 3¢ and show that
the optimization procedure can produce devices with high
diffraction and polarization efficiency. The presented efficien-
cies are averages of the two different diffraction tasks. Most of
the metastructures are aligned along the x-axis due to
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symmetry imposed by the normally incident wave, though
the device that performs circular polarization conversion
incorporates elliptical posts with differing lateral positions.
The device on the left diffracts light with a circular polarization
basis and is conventionally designed using principles of
geometric phase with half waveplate metastructures.”” ™’
Our design does not use a geometric phase but nonetheless
achieves diffraction and polarization efficiencies similar to
those based on a geometric phase. Interestingly, while no
explicit symmetry conditions are enforced during the design
procedure, the final device converges to one featuring the
reflection symmetry. This utilization of reflection symmetry is
consistent with the mirror symmetry properties of left- and
right-handed circular polarized light and the symmetries built
into the desired device function. The two other devices operate
with elliptical polarization bases and are conventionally
designed by the stitching of asymmetric meta-atoms. Our
approach directly produces a wavelength-scale device that
accounts for and utilizes near-field coupling between basic
symmetry-broken metastructures to achieve high diffraction
and polarization efficiencies. As the elliptical polarization bases
in these devices do not feature mirror symmetry, these device
unit cells do not feature reflection symmetry.

As a final demonstration, we design, fabricate, and
characterize a metagrating deflector that supports wave-
length-dependent polarization conversion capabilities. Such a
device could be used for the polarization shaping of laser
pulses, which traditionally utilize bulky setups that involve a
series of wavelength-dependent beam splitting, polarization
control, and beam combining steps.”**’ For our demonstra-
tion, we consider a metagrating that operates at wavelengths in
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the 850 to 900 nm range and that diffracts incident linearly
polarized radiation to polarization states specified on the
Poincare sphere in Figure 4c. The device comprises five 430
nm-thick polysilicon elliptical posts and has a MFS set to 70
nm. Multiobjective optimization is performed at six discrete
wavelengths, uniformly spaced within the 850—900 nm range,
to maximize diffraction and polarization efficiency across this
entire bandwidth. The optimization trajectories for polar-
ization efficiency as a function of iteration number are shown
in Figure 4a and indicate that gradient-based optimization is
able to effectively produce a device with near unity polarization
efficiency across the full wavelength band. Theoretical
diffraction efficiencies of the device are summarized in Figure
4b and display high values.

A comparison of our reparameterized device with fully
freeform metagratings indicates that the design space
simplifications imposed by our reparameterization method
minimally impact device performance. To compare the two
design strategies, we perform fully freeform optimization of the
metagrating using classical freeform adjoint optimization. The
results are summarized in Figure S1 and indicate that the
highest performing device from a batch of fully freeform
gradient-optimized devices has comparable theoretical dif-
fraction and polarization efficiencies as our reparameterized
device. Unlike our device, the high performing freeform device
possesses a complex geometric layout that can present
experimental fabrication challenges. Furthermore, due to the
difficulty of enforcing explicit minimum feature size constraints
with this method, the fully freeform device contains a sub-50
nm air gap feature. This side-by-side comparison indicates the
potential for reparameterization to dramatically simplify
freeform metasurface device layouts without significant
reductions in device performance.

Dielectric metagratings are fabricated from a polysilicon film
grown on a fused silica substrate. Hydrogen silsesquioxane
(HSQ) is used as a hard mask material and is patterned using
electron beam lithography, and high aspect ratio silicon pillars
are etched using reactive ion etching. The devices are
characterized using a supercontinuum laser coupled to a
monochromator, and the outputted polarization states are
quantified with a polarization analyzer (Figure 4d). An electron
microscopy image of a representative device is shown in Figure
4e and shows high aspect ratios elliptical metastructures with
straight side walls and shapes consistent with the theoretical
design. The experimental polarization efficiencies, summarized
in Figure 4ef, indicate that the experimental device has near
unity polarization efficiencies, with positions on the Poincare
sphere that nearly match those in Figure 4c. The diffraction
efficiencies are not as high as theoretical values, with most
efficiency loss due to radiation transmitting through the zeroth
order diffraction channel. We hypothesize that the presence of
residual HSQ_ and fabrication imperfections due to local
proximity errors and etching inhomogeneity are responsible for
this reduced diffraction efficiency.

Bl CONCLUSIONS

In summary, we have demonstrated a three-dimensional
reparameterization scheme for metasurfaces that enables the
description of freeform wavelength-scale unit cells with hard
physical constraints. With this scheme, gradient-based
optimization of coupled metastructures can be performed in
a straightforward manner, accounting for and utilizing near-
field coupling to achieve a desired beam forming task.
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Symmetry breaking via metastructure translation and rotation
enables polarization control capabilities, which we experimen-
tally demonstrate for a device that converts incident light to
different polarization states as a function of wavelength.

Future work will include the extension of reparameterization
to differing metasurface topological features and to fully
aperiodic unit cells with irregular metastructure placements.

Structures with different topologies support comglementary
wavelength and polarization dispersion properties,*’ and their
incorporation into our platform can enable devices with new
broadband and multiwavelength capabilities. With aperiodic
unit cells, metastructure unit cells can be optimized with
tailored scattering profiles” and stitched together to produce
large area functional devices for high efliciency wavefront
engineering and polarization control.

We also anticipate that the specification of metasurface
layouts with a reparameterization scheme, which produces a
significant dimensionality reduction in the metasurface design
space, will also enable other complementary algorithms to
more effectively operate. These algorithms include high speed
surrogate electromagnetic solvers, such as WaveY-Nets,*!
which can dramatically accelerate the local and global™*~**
gradient-based optimization of metasurface devices. They also
include deep networks that can correct for systematic
fabrication errors such as proximity error from device
patterning and etching. Reduced design spaces particularly
benefit deep learning algorithms, where such data regulariza-
tion can dramatically improve algorithm accuracy and

generalizability.
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