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Supplementary Discussion 1: Diffractive Surfaces and Metasurfaces

Structured surfaces, which include diffractive surfaces and metasurfaces, are the core building
blocks of emerging free-space all-optical computing systems. These structured optical surfaces
perform computation operations by controlling the degrees-of-freedoms of electromagnetic waves,
including e.g., amplitude, phase, spectrum and polarization. This Box focuses on diffractive
surfaces and metasurfaces based on phase modulation instead of their counterparts based on
amplitude modulation, which generally suffer from limited diffraction efficiency and lower
cascadability. Figure S1a shows the two most common types of diffractive surfaces that modulate
the wavefront phase Agp(x, y) using dielectric unit cells with spatially varying height h(x, y)* or
refractive index distribution n(x, y)? of the diffractive features, assuming a negligible material
absorption. While operating in air (nmedium = 1), a single diffractive feature induces an optical path

delay in the form of Ap = ZTHh(n — 1) and the overall 2D complex-valued transmission function
of the diffractive surface is therefore defined as:

T(xy) = exp (j 2 h(n - 1) ®

This diffractive layer will transform any incoming wavefront, Uin(X, y), into an output wavefront
described by U, (x,y) = T(x, ) Ui (x,v).2

Metasurfaces, on the other hand, tailor the optical wavefront with substructured unit cells with
rationally-optimized subwavelength features (<A/2). Figure S1b shows some of the frequently-
used designs of the meta-units and their mechanism for manipulating the optical wavefront.
Geometric phase units, for example, are anisotropic units with phase and polarization responses
described by the Pancharatnam—Berry (P-B) principle.* Briefly, the meta-unit such as a dielectric
nanofin® oriented at an arbitrary angle @ acts as a half-wave plate that induces an optical path delay
of Ap = £20 to the incident light with left- or right-hand circular polarization, respectively, while
converting it to its orthogonal polarization state. Another class of metasurfaces consists of V-
shaped plasmonic antennas that adjust the amount of phase delay by changing the length/width of
their arms and the angle between them. The output polarization is identical to the input as long as
the incident light is polarized linearly along the symmetric (S) or antisymmetric (A) axes of the
units. As another example, high-aspect-ratio dielectric nanopillars (height ~1) can be used as meta-
units when polarization-insensitive phase responses are desired. Full coverage of the 0-2x phase
range can be achieved by adjusting the diameters of these dielectric posts.® Another emerging class
of metasurfaces, i.e., nonlocal metasurfaces, uses symmetry-protected scattering from quasi-bound
states in the continuum to realize ultra-sharp optical resonances with unique spectral responses.”®
The nonlocality allows the independent tuning of spectral and spatial selectivity to enable the
implementation of wavefront-shaping and wavefront-selective devices.® Also, metagratings'® with
supercells discretized with a minimal number of 3 unit cells (scatterers) in each period can perform
analog optical computation.

Lastly, we want to point out that hybrid structured surfaces have also emerged. For example,
a combination of diffractive surfaces and dielectric metasurfaces was realized by 3D printing®? to
achieve achromatic focusing (Figure S1c).® Similarly, a hybrid plasmonic-dielectric metasurface
was also demonstrated for improving output diffraction efficiency (Figure S1d).'*
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Figure S1: Types of structured surfaces for optical information processing. Schemes showing (a)
diffractive surfaces based on thickness- and index-tuned units and (b) metasurfaces consisting of
plasmonic or dielectric units. Examples of (c) hybrid diffractive-metasurfaces™ and (d) hybrid
plasmonic-dielectric metasurfaces.' Panel (c) is adapted with permission from REF.* under CC BY
4.0. Panel (d) is adapted with permission from REF.* by AAAS.
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Figure S2: Fabrication methods of free-space optical processors. 3D printing techniques for
fabricating diffractive networks in the visible and near-infrared wavelengths based on (a) two-photon
laser writing***® and (b) implosion lithography where the printed structures made of hydrogels are further
shrunk by a dehydration process.* (c) Electron beam lithography for prototyping dielectric metasurfaces
in the visible.!” Scalable patterning techniques for the parallel production of dielectric metasurfaces by (d)
photolithography® and (e) soft lithography techniques such as nanoimprinting.'® Panel ¢ is adapted from
REF!" with permissions from NAS. Panel d is adapted from REF*® with permissions from The Optical
Society. Panel e is adapted from REF* with permissions from ACS.
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