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ABSTRACT: Optical analog computing using metasurfaces has been the subject )
of numerous studies, aimed at implementing higbhigneé and ultrafast image

processing in a compact device. The proposed approaches to date have jmﬁé
limitations in terms of spatial resolution, overatieacy, polarization and

azimuthal angular dependence. Here, we present the design of a polarization-
insensitive metasurface with tailored nonlocality based on a Fano resonant
response, enabling both odd- and even-order analog mathematical operations on
an incoming image. The metasurface is formed by a single-layered triangular lattice
of holes in a suspended silicon membrane, which induces a strong nonlocal
response in the transverse spatial frequency spectrum. Our paper provides a path to
realize highly ecient optical metasurfaces performing isotropic and polarization-
insensitive edge detection on an arbitrary 2D optical image.

KEYWORDS:computational metasurfaces, analog processing, nonlocality, Fano resonance, polarization-insensitive

mplementing the functionalities of digital signal processirzased on modulated split-ring-resonator aredysicrowave

systems into a compact and highbient analog computing frequencies was introduced in &efvhile an experimental
platform has raised sigrant interest in recent tinfes> This veri cation in optics using one-dimensional (1D) metasurfaces
trend has been accelerated by the bemleat metasurfaces composed of silicon nanobeams was presenteé.ifihiese
provide in terms of wavefront shaping, integrability withwo implementations, however, were limited to a single
detector schemes, ultrathin footprint, and ultrafast respongepinging polarization and plane of incidence, serving as a
overcoming the current lintitns of digital processing proof-of-concept, but with limited impact for practical
concerning energy consumption and Spe€dAs a result,  applications. Here, we show a two-dimensional (2D) metasur-
computational metasurfaces for optical signal processing hgase that can faithfully perform even and odd mathematical
recently drawn sigicant attention and interest. So faemint operations on an impinging image independent of the
approaches have been explored to perform various typespefarization and incidence angles. The design is based on a
operations for image processing, for exanitgeder dier-  triangular lattice of air holes carved into a suspended silicon
entiation or integration, which can also lead to solving membrane, which sustains a Fano resonance stemming from the
integro-dierential equations once feedback is introdticed. coupling of a leaky-wave mode to a longitudinal Fremot
Graded-index bers, surface plasmon waveguides, Machyesonance (s€ipporting Information (Sand ref@6 28). A
Zehnder interferometer meshes, and metamaterials have beg#i|ar resonant behavior can be achieved with a lattice of high-
proposed as possible platforms for the practlcal_mplementaﬂmex particle¥. The proposed metasurfaceers tailored
of these concepts, however, the proposed devices to date hgygial frequency resolution and polarization-insensitive oper-
presented limitations in terms of resolutiorciency, and  ation within a single layered thin metasurface, amenable for
strong polarization/angle dependénce. In addition, the  faprication and integration into a more complex imaging system.
proposed optical metasurfaces have been typically limited dpe of the applications of this device is all-optical edge detection

even-order mathematical operations, such as the secqyd;, input imag#:=*? By implementing an isotropic response

: H ,7,15
derivativé. across all transverse momentum space, we show that the
Recent works have shown that Fano resonances can be use

to engineer a metasurface nonlocality and hence tailor tie —
angular spectrum of an image to impart a linear mathemati¢giceived: March 25, 2020 {Ptonics
operation of choic&.2® Nonlocality results in variation of the Published: June 9, 2020
metasurface response with respect to the incident direction. By

suitably engineering nonlocality in momentum space, the

metasurface can be designed to exhibit various mathematical

operations for a desired NA (numerical aperture$t design
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Figure 1 Metasurface for second-ordeedintiation. (a) Unit cell with triangular lattice and design parameters. (b) Transmission for a metasurface
neglecting loss in Si ®polarized light impinging at= 0° and di erent elevation angles. At resonance, the eletdris strongly enhanced

compared to the eresonance wavelength. This metasurface is desigae@&tinmr = 100 nm, anti= 125 nm and operates a 643 nm. The

inset shows the time-averaggdintensity on (at= 643 nm) and oresonance (at= 655 nm). (c) 2D transmission of the optimal design including

Siloss. The transmission reaches a peak of 0.7 isotropically in all transverse momentum space supported by the lattice symmetrynand the transm
phase is symmetric in all transverse propagation directions. The cross-polarized response is 8égligible (see

metasurface can perform both even- and odd-oreer di oy y) wHe R k) ThKK), (Y
entiations, enabling high-qualitygient 2D edge detection for = RAE
N (1)

unpolarized input signals. (% Y {ku k) Tk, Ky (% 9

where- denotes the Fourier transform.
THEORETICAL ANALYSIS Within this formalism, the response function corresponding
Consider a linearly polarized beam impinging on our metasueo- an isotropic operation is ded asT(k,k) = T(K.K) 12,
face, corresponding to an arbitrary 2D image, with a transveveeereT (k,,k)) is an arbitrary scalar function ganglis the 2« 2
_ n(x y) . ' identity matrix. If the response is also azimuthally symmetric,
eld prole E\(x, y) = &n IwhereE)‘(“ andEl are on  T(k.k) = T(k), wherek = (K +K)">=kgsin and is the
’ (xy incidence angle with respect to the normal direction to the
thex- andy-polarized eld components. Upon interaction with metasurface. In the case oédintiation, azimuthal symmetry
the metasurface, the input beantésed in momentum space is only possible for even-order operations, in whidhdaye
(k-space) by the 2x 2 transmission tensor Ay jk)" wherenis the Qierentiation order and, is a _
Ky k) TeKyk) constant. For example, in the case of second-order di
T= % x p X onf the metasurface, whagis entiation, the response becomes the Laplace opgfiaiky)
Npdkx k) Tk k)y = AyK)po= AfKoSiN )21, Wherdo=2 / isthe free-
the transmission coeient from an inputpolarized wave toan — space wavenumber. Interestingly, as will become clearer later in
outputu-polarized one with transverse wavevectéyx + k y. the analysis, azimuthal symmetry is not possible for odd-order
Here we have assumed that our metasurface is transver§lgrentiation. For this type of operatiofg,, k) can be
invariant, hence transverse momentum is conserved for eghned along a radial directionTagk,, k) = A,( )( jk)",
plane-wave component of the impinging image. The outpith€reéAq( ) is a function of the azimuthal angleAs an
signal is calculated as follows. The input signal is Fourigkample, therst-order dierentiation is described through

P ; Ti(koky) = A )(K)lxx2= jA(kgSin )lp,and involves a
transformed intdE\(k,, k) and converted into thep AN 0 L Ji2x2 1 2x2
polarization b'}é\sisky via multiplication with 180 phase jump with respect te 0° (normal incidence). As

. shown in ref8, implementing such an operation requires

R= E(;gs Cs?r? iwhere is the azimuthal angle between metasurfaces breaking symmetries in both transverse and
) i . ) longitudinal directions.

k and thex-axis (seBigure &). This spectrum itered by the There are two importangures-of-merit to be considered

metasurface transfer funclicand projected back onto the when implementing an image processing metasurface: reso-

polarization basis by multiplying it viRth. Finally, an inverse  |ution and e ciency. In order to achieve maximuraiency,

Fourier transform is performed to derive the spatiéd pfohe the metasurface transmission at the hightbstt is sought to

output eld. These steps are captured in the following equatidre processed by the metasurface should reach unity.

for the transmitted image (s&p Considering realistic losses, maximum transmission for a desired
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Figure 2.Second-order dgrentiation of a 2D image. (a) A complex 2D input image is used to test the edge detection functionality in all transverse
momentum space. (b) Output after an ideal Laplacemeiiation system for an unpolarized input image (a). (c) Output after the metasurface for
anx-polarized input image. (d) Output after the metasurface for an unpolarized input image.

Figure 3Metasurface forst-order dierentiation. (a) Schematics of a four-port illumination of the metasurface to outline the role of symmetries in
implementing odd operations. The top-@ite is a schematic view of the optimal metasurface design that performs oderentiatiain. (b)

Metasurface transmission amplitude and phase for copolarized light illumination. The amplitude of the cross-polarized systembksponse is neglic
(seeS)).

maximunk is smaller than unity. The maximuns inversely  but also makes our structure suitable for direct integration in
proportional to thenest size of the input image that can be detection and imaging systems. For instance, the metasurface
processed by the metasaef and, therefore, des its can be directly placed on the charge-coupled device (CCD) of

resolutior’>In turn, a maximut de nes a maximum incident sting | . ‘ thout furth i ded. A
angle .., Which directly dees the numerical aperture (NA) an existing imaging system without further optics needed.

of our system. It is important to stress that the poss|b|||ty cﬁetaHEd deSCfiption of how to deSign the NA of our metasurface
tailoring the NA not only allows direct control on the resolutionis provided in th&l.
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Figure 4 Comparison of 1D output for drentiating metasurfaces. (a) Transmission amplitude and phasesteuttther dierential metasurface

for =0°. (b) Response of the second-ordesréintial metasurface at 0°. Both (a) and (b) are derived &golarization. (¢) Amplitude pie of

the 1D rectangular input signal. Here, the phase of the input signal is assumed to be zero. (d) Output after the ideal and metasurface system respon
(a). (e) Output after the ideal and metasurface system response in (b).

RESULTS wavelength versus incidence angle, as sheiorb. The
In this section, we present optimized metasurface designs §8|;:ond-order' chere_rmal operation can be.atheved it the
metasurface is designed to exhibit a transmission zero at normal

rst- and second-order spatiabréntiations and numerically incidence at the operation wavelength. Then, as the incidence
test the_ operation performance on2D _optlcal_ Input image. Thaen le increases, transmission increases, up to an angle for which
transmission spectra as a function of incoming wavelength

. ; X : ; #5hsmission is maximum (see dashed linigume b). The
S|mu_lated_ using C.ST Studio Suite 2038hile COMSO.L angle of maximum transmission determines the NA of the
Multiphysics 5.4 is used to compute the transmission f

di : | £ incid t the desi d | th% tasurface or the maximum transverse wavenumber of the
| eren r%nghes od!nude_nce at tne .e3|%ne_ \(/jvave; engih;f utimage, as was discussed in the previous section. Given the
operatiort.” The predicted image outputis obtained Usilg — |51ice symmetry in the transversg plane, the metasurface
Our second-order dirential metasurface consists of a

0 ers a quasi-isotropic responseaner the entire transverse

triangular array of air holes (lattice constaarid radius) momentum space.
carved in a thin Si membrane of thickpessshown iRigure The optimal metasurface parameters for second-order spatial

la. Such a structure supports Fano resonances obtained throggRrentiation at = 717 nm ara= 250 nmr = 120 nm, ant=
the interference of a broad Falftgrot resonance determined 125 nm. InFigure &, the top and bottom panels show the

by the thickness and fraction of the metasurface and leaky transmission amplitude and phase for the copolarized
wave resonances, which are essentially guided waves thaggfgponents of the transmission matrix. Cross-polarized trans-
coupled to the radiation continuum through the periodic holenission amplitudes are negligible, as showrsinThe design
grating (sees). As a result, the leaky wave resonance angnd simulations consider realistic material’lagsch limits
consequently the Fano resonance follow the same dispersiogh@smaximum achievable transmission to 0.7. Both amplitude
the guided mode in terms of frequency versus transversfd phase responses are symmetric in all transverse directions, as
wavenumbek = k; sin . The transmission dispersion in required for ideal even-orderedential operation. From the
transverse momentum space is determined by the resonaageplitude prde, we can see that the metasurface supports an
frequency of this surface wave &g, wherek; is areciprocal angular bandwidth of° 8for both s- and p-olarized

lattice vector. Therefore, the Fano resonance exhibits stroiigminations, hence, allowingc@ent 2D edge detection with
nonlocality, manifested in a shift of the Fano resonandéA = 0.1392. As mentioned beforegedint NAs can be
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Figure 5 First-order dierentiation on 2D image. (a) The same complex 2D input image as tliegme @. (b) The 2D output image after the

ideal system for the unpolarized inputimage. The NA is set to be same as the one of the metasurface. (c) The output after the metasurface when th
polarized input image is projected to the metasurface. (d) The output after the metasurface when the unpolarized input image is projected to tl
metasurface.

achieved by tuning the design parameters. This possibilityoider di erentiation. The metasurface achieves a pbase

discussed in more detail in 8le jump between the negative and positive transverse propagation
In order to highlight the functionality of the metasurface, thenomentum, which enables thgt-order dierential operation

2D inputimage ifigure 2 is projected to the metasurface andat = 628 nm. Cross-polarized transmission is again negligible

the output is calculated throughl The results are shown in  (seeSl) and the metasurface performsuintiation with a NA

Figure B d.Figure B shows the ideal output from a second- of 0.2079 and 0.1392 sandp-polarizations, respectively. The

order (Laplacian) operation, whilglure 2 and d refer to  metasurface design parametees=a80 nmr = 130 nmy, =

outputs alongand u.npolarized light. Tk!eandy-axes inthese 77 nmt=130 nmt; = 90 nmf,,,= 50 nm, and we assume the

gures are normalized to the operation wavelength, and thgsterial is lossless in this calculation, considering only the real

color refers to the intensity scale. The metasurface detects e% of dispersive refractive index

in all trqnsverse .dir.ections with higkniency for linear and To compare the response fast- and second-order

unpolarized lightincidence, as showigime 2,d. Overall, the g erential metasurfaces, the transmissiepétarization at

metasurface response is very close to the one of the ideal systemM is shown irFigure 4,b for the metasurfacesigure

in Figure B. Since the metasurface exhibits the same resoluti% b. We test the responsé for a 1D slit imagguire ¢ (the

for both polarizations, it can perform edge detection for any ,nal irFigure ¢ is assumed to be uniform alongytheis)

polarization and even unpolarized light. An analysis of this casgr?a the outputs are showrFigure 4,e. As expected, thst-,

presented in t.hSL L order di erential metasurface shows a single spike with opposite
In order to implement odd-order @ientiation, the trans- _. ns at uoward and downward edaes. whereas the outout of the

mission phase needs to be an odd function of the incident%t'ag?ond_ofder drential metasurfacge yi,elds two spikes gt each

angle, which requires breaking both transverse and Iongltud|e Ye, which indicates that thet-order dierentiator supports

symmetries in the metasurfagéis fact can be understood X :
throughFigure . If the structure were symmetric with respect!'0r€ Précisé and accurate edge detection than the second-order
di erentiator (se&l). Next, we explore theext of the rst-

to thez-axisT,,=T,3 However, reciprocity also requligs ) \ . ; -
T,5 leading td,, = Ta;, which shows that transmission is an order di erential metasurface on the 2D input imaggyime

even function versus the incidence angle. Therefore, in order®@fOr di erent polarizations. Analogous to the output image for
achieve an odd response, we need to break both transverse@hddeal rst derivative Kigure ), the output after the
longitudinal mirror symmetries. To this end, our unit cell ignetasurface shows clear edge detection in all directions,
modi ed as shown in the insefajure &, adding a thin Sj0  highlighting all boundaries of the object botx{fmiarized
substrate to break longitudinal symmetry (the symmetry paralfld unpolarized illuminations, even with a smafedce of
to thez axis) and three small holes symmetrically distributetAs betwees-and ppolarizations. Derences on 2D edge
around the main hole to break transverse symmetry (th@etection between thest- and the second-orderafentiators
symmetry on thgy-plane). The transmission for copolarized are compared and provided in more detail BlthBowing that

elds is shown ifigure B. As mentioned in the previous the rst-order dierentiator is more optimal for the purpose of
section, the metasurface exhibits an odd-order response alprerise edge detection applications than the second-order
any radial direction, but it lacks rotational symmetry as in evedi- erentiator.
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CONCLUSIONS Complete contact information is available at:

In this paper, we have presented the design of 2D nonlodfPS://pubs.acs.org/10.1021/acsphotonics.0c00473

metasurfaces composed of suspended Si gnhw/idid can
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