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Abstract - Dielectric metasurfaces with eigenstates designed to selectively couple to circularly
polarized light offer a game-changing platform for advanced chiral metaphotonics. Current de-
signs rely on breaking the mirror symmetry by variable height, elevation or tilt of subwavelength
meta-atoms, which complicates their fabrication. We discuss novel strategies for achieving max-
imum optical chirality with metasurfaces composed of flat layers processed with conventional
two-dimensional lithography. Apart from extrinsic-chiral arrangements, which owe their bro-
ken mirror symmetry to a sample tilt, various single- and multi-layer designs are capable of
maximizing intrinsic chirality at the normal incidence. We reveal specific conditions, when even
weak symmetry-breaking effect of a transparent substrate can lead to maximum chirality.

I. INTRODUCTION

Since optical chirality inherently requires the absence of a mirror symmetry, the chiral meta-optics, for decades,
relied on complex meta-atoms resembling screws, springs, and spirals [1]. Recent rapid progress in the design and
fabrication of dielectric metasurfaces has triggered pivotal changes as meta-structures of simpler shapes made of
transparent materials with high refractive index can host eigenstates selectively coupled to circularly polarized light
[2, 3]. Their transmission and reflection resonances can approach the ultimate limit of maximum optical chirality
[4] enabling efficient filtering, emission, and detection of chiral light. The corresponding optical devices are desired
for chiral sensing, for multiplexed telecommunication and quantum optics, and for chiral photochemistry [5].

Fabrication of optical dielectric metasurfaces relies on advanced nanotechnologies with all different lithographic
steps perfected for producing precisely shaped holes and slits with vertical walls in layers of a constant thickness.
Apparently, the resulting structures on their own retain a mirror symmetry plane passing through their middle,
and the lack of geometric chirality substantially limits optical chirality. Known ways to break the mirror sym-
metry include relative shifting [2] or tilting [6] meta-atoms. Crafting silicon particles of different heights using
the two-step nanolithography was recently implemented for the first demonstration of close-to-maximum optical
chirality [7]. However, all such approaches require additional technological complications.

Clearly, feasibility of chiral metasurfaces for the fabrication by conventional one-step lithography will substan-
tially facilitate their practical implementations. Here we compare different approaches to designing flat metasur-
faces with strong optical chirality and illustrate them by numerical modeling of some examples.

II. DESIGN STRATEGIES

Optical chirality of dielectric metasurfaces is determined by the chiral selectivity of excitation and irradiation
of their eigenstates. For an eigenstate polarization current density J(r), the corresponding parameters mpg,j, of
coupling to the right and left circularly polarized (RCP and LCP) waves are determined by the overlap integrals
MR, 1, X fv eikrJ (r) - er,r dV, where k is the wavevector of the incoming or outgoing RCP or LCP wave, and
ep,, are the electric field unit vectors, as, e.g., eg 1, = (e, F iey)/ V/2, when k is along the z-axis for a normally
incident wave. Strong optical chirality requires mpr and my, to be substantially different, and maximum chirality
occurs, when one of them completely vanishes.
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Fig. 1: Extrinsic chirality of an array of silicon triangular resonators illuminated at an angle § = 12.5°: (a) sketch
of resonant transmission and reflection of RCP waves and simulated spectra of co-polarized and cross-polarized
reflectance (b) and transmittance (c) for the metasurface as a part of electroluminescent chiral light source [8].

Symmetric arrays for extrinsic chirality. For highly symmetric metasurfaces, as the one in Fig. 1, optical
chirality is forbidden at normal incidence, since mpr = my, due to the parity of eigenstate current. However,
selective interaction with RCP/LCP waves is possible for oblique incidence. Notably, silicon particles of a basic
triangular shape can be optimized to host eigenstates with a high chiral coupling selectivity. This allows employing
such metasurface as a part of metacavity for chiral electroluminescence in a broad range of oblique directions [8].

Multilayered structures. To achieve strong intrinsic chirality, the planar mirror symmetry can be lifted by
splitting flat meta-atoms into layers with different refractive indexes. Then the eigenstate current density looses
its parity, and one can optimize the state for full isolation from RCP or LCP waves. Especially intriguing is the
possibility to engineer chiral quasi-bound states in the continuum (quasi-BICs) by combining an in-plane symmetry
breaking perturbation, controlling the strength of eigenstate coupling to free-space waves, with the layering, giving
rise to optical chirality. As an example, we show in Fig. 2 simulations of a metasurface made of layers of standard
materials with tabulated properties. It lacks any point symmetry elements and hosts a non-degenerate chiral quasi-
BIC underpinning a narrow RCP reflection resonance, while all LCP waves freely pass through. Naturally, the
resonant wavelength can be adjusted within the transparency window of all materials.

Mirror symmetry broken by a substrate. The planar mirror symmetry of most lithographically cut metasurfaces
is formally broken by substrates which refractive index is different from the environment. Although the related
effects are typically subtle, it is possible to maximize the intrinsic optical chirality relying on peculiar hybridization
of photonic eigenstates, which can be analyzed in terms of the resonant-state expansion theory [9]. In the absence of
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Fig. 2: Intrinsically chiral metasurface built as an array of rectangular particles cut from a bilayer of typical
dielectric materials upon a glass substrate: (a) schematic of a square unit cell of the 900 nm periodic structure; and
the simulated spectra of co-polarized and cross-polarized reflectance (b) and transmittance (c) in the vicinity of the
resonance underpinned by the chiral quasi-BIC.
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Fig. 3: Intrinsic chirality of a flat layer of material of a refractive index n = 2.2 4 0.0047 perforated with a
C,—symmetric array of holes. It remains optically achiral without the substrate (the substrate refractive index
ng = 1.0), and approaches maximum chirality when ng = 1.46. The unit cells of the structures of a period of
380 nm are shown on the sides of the transmission spectra.

substrate, the states possess spatial parity, and the metasurface remains optically achiral. When a substrate is added,
the states with close eigenfrequencies and opposite parity merge into hybrids with circularly polarized far-field
asymptotics. In Fig. 3 we show simulated sharp close-to-maximum chiral transmission resonances underpinned by
such states of a flat layer perforated with a Cy —symmetric array of holes. The rotation symmetry determines that
the array resonantly absorbs blocked LCP and RCP waves.

III. CONCLUSION
The discussed pathways for maximizing optical chirality rely on high-quality photonic eigenstates selectively
coupled to RCP or LCP waves. The illustrative examples show different approaches to break the out-of-plane mir-
ror symmetry. The modeled metasurfaces also possess different in-plane point symmetry, which defines whether
they perform as chiral reflectors or absorbers. Combining the optimal in-plane point symmetry with the convenient
way of breaking the out-of-plane symmetry, one can meet the requirements of a particular application.

ACKNOWLEDGEMENT

M.G. and A.A. gratefully acknowledge the support from the Russian Science Foundation (project 23-42-00091).
Y.K. was supported by the Australian Research Council (Grant DP210101292) and the International Technology
Center Indo-Pacific (ITC IPAC) via Army Research Office (contract FA520923C0023).

REFERENCES

[1] M. Schiferling, Chiral Nanophotonics. Springer International Publishing, 2017.

[2] M. V. Gorkunov, A. A. Antonov, and Y. S. Kivshar, “Metasurfaces with maximum chirality empowered by bound states
in the continuum,” Physical Review Letters, vol. 125, no. 9, p. 093903, 2020.

[3] A.Overvig, N. Yu, and A. Alu, “Chiral quasi-bound states in the continuum,” Physical Review Letters, vol. 126, no. 7, p.
073001, 2021.

[4] I. Fernandez-Corbaton, M. Fruhnert, and C. Rockstuhl, “Objects of maximum electromagnetic chirality,” Physical Review
X, vol. 6, no. 3, p. 031013, 2016.

[5] C. He, G. Yang, Y. Kuai, S. Shan, L. Yang, J. Hu, D. Zhang, Q. Zhang, and G. Zou, “Dissymmetry enhancement in
enantioselective synthesis of helical polydiacetylene by application of superchiral light,” Nature Communications, vol. 9,
no. 1, p. 5117, 2018.

[6] X.Zhang, Y. Liu, J. Han, Y. Kivshar, and Q. Song, “Chiral emission from resonant metasurfaces,” Science, vol. 377, no.
6611, pp. 1215-1218, 2022.

[7] L. Kiihner, F. J. Wendisch, A. A. Antonov, J. Biirger, L. Hiittenhofer, L. de S. Menezes, S. A. Maier, M. V. Gorkunov,
Y. Kivshar, and A. Tittl, “Unlocking the out-of-plane dimension for photonic bound states in the continuum to achieve
maximum optical chirality,” Light: Science & Applications, vol. 12, no. 1, p. 250, 2023.

[8] S. Kim, S.-C. An, Y. Kim, Y. S. Shin, A. A. Antonov, I. C. Seo, B. H. Woo, Y. Lim, M. V. Gorkunov, Y. S. Kivshar,
J. Y. Kim, and Y. C. Jun, “Chiral electroluminescence from thin-film perovskite metacavities,” Science Advances, vol. 9,
no. 26, p. eadh0414, 2023.

[9] E. A. Muljarov and T. Weiss, “Resonant-state expansion for open optical systems: generalization to magnetic, chiral, and
bi-anisotropic materials,” Optics Letters, vol. 43, no. 9, p. 1978, 2018.

Authorized licensed use limited to: Australian National University. Downloaded on October 23,2024 at 09:38:25 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 64000
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 2400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 64000
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 2400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 64000
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


