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ABSTRACT
Nonlinear� asymmetric� generation� of� light� in� metasurfaces� offers� a� powerful� route� to� compact� devices� for� optical� isolation� and� directional� con-
trol� of� harmonic� emission� without� external� magnetic� bias.� In� this� work,� we� experimentally� demonstrate� strongly� asymmetric� third-harmonic�

generation� in� a� nonlinear� metasurface,� which� is� based� on� a� single-material� design� and� fabricated� on� a� silicon-on-insulator� platform� (SOI).�

The� metasurface� consists� of� asymmetric� silicon� nanodisks� whose� broken� mirror� symmetry� induces� nonlinear� anisotropy� and� a� direction-
dependent� cubic� nonlinear� response.� Inverting� the� pump� propagation� direction� results� in� a� 24-fold� modulation� of� the� third-harmonic� signal.�

This� pronounced� asymmetry� arises� from� the� combined� effect� of� the� nanodisk� structural� asymmetry� and� interference� within� the� finite-thick�

SiO�2�

layer� of� the� SOI� stack.� Tuning� the� oxide-layer� thickness� enables� control� over� the� magnitude� and� spectral� position� of� the� asymmetric�

nonlinear� response,� making� such� metasurfaces� attractive� for� applications� in� compact� lasers� and� optical-signal� processing� devices.

©� 2026� Author(s).� All� article� content,� except� where� otherwise� noted,� is� licensed� under� a� Creative� Commons� Attribution� (CC� BY)� license�

(https://creativecommons.org/licenses/by/4.0/).� https://doi.org/10.1063/5.0335972

I.� INTRODUCTION

Metasurfaces� appear� to� be� a� promising� platform� for� com-
pact� photonic� devices.� They� enable� precise� control� over� different�

properties� of� light� and� light–matter� interaction� enhancement� due�

to� their� resonant� nature.�

1–4� Metasurfaces� composed� of� materials�

with� significant� nonlinear� susceptibility� values� can� be� utilized� for�

the� enhancement� of� various� nonlinear� optical� effects,�

5,6� such� as�

harmonic� generation.�

7–17� An� important� range� of� functionalities�

is� enabled� by� nonreciprocal� metasurfaces.� Nonreciprocal� meta-
surfaces� exhibit� asymmetric� transmission� of� light� concerning� the�

interchange� of� positions� between� emitters� and� receivers.� Optical�

nonreciprocity� can� be� achieved� through� several� approaches,� includ-
ing� the� use� of� materials� with� asymmetric� permittivity� and� per-
meability� tensors,� such� as� magneto-optical� materials,�

18–21� or� the�

implementation� of� time-varying� systems.�

22–24� However,� both� strate-
gies� encounter� difficulties� when� it� comes� to� nanoscale� miniatur-
ization� due� to� the� low� power� efficiencies� of� time-variant� systems�

or� the� substantial� sizes� of� components� in� ferrite-based� structures.�

Therefore,� a� different� approach� based� on� nonlinear� light–matter�

interaction� is� employed� to� break� reciprocity� at� the� nanoscale� with

nonlinear� nonreciprocal� metasurfaces,� where� nonreciprocity� is�

induced� by� such� an� interaction.�

25,26� At� the� same� time,� there� exists�

a� conceptually� related� yet� physically� distinct� class� of� metasur-
faces� that� do� not� break� reciprocity� at� the� pump� wavelength� but�

exhibit� a� pronounced� asymmetry� in� their� nonlinear� response.� One�

prominent� manifestation� of� this� asymmetry� is� direction-dependent�

harmonic� generation,� where� the� efficiency� of� frequency� conver-
sion� differs� depending� on� the� illumination� direction.�

27–30� Such� a�

direction-dependent� nonlinear� generation� has� been� demonstrated�

in� both� plasmonic�

28–30� and� dielectric�

27� metasurfaces,� but� the� dielec-
tric� ones� are� more� attractive� due� to� their� low� ohmic� losses� and�

their� ability� to� support� both� electric� and� magnetic� Mie� reso-
nances.�

31� Varying� the� size,� shape,� and� material� constants� of� con-
stituent� nanoparticles� of� dielectric� metasurfaces� makes� it� possible�

to� tune� electric� and� magnetic� resonances� independently�

32,33� and�

modify� the� scattering� diagram,� thus� providing� an� opportunity� to�

achieve� asymmetric� response.� However,� the� existing� metasurface�

designs� typically� comprise� multiple� materials� and� are� challenging� to�

manufacture.�

25,27–29

In� this� paper,� the� metasurface� under� study� consists� of�

metaatoms� made� of� a� single� material� (silicon)� with� mirror� symmetry
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broken� solely� by� geometry.� We� experimentally� demonstrate� asym-
metric� third-harmonic� generation� (THG)� in� this� type� of� structure.�

Since� the� metasurface� is� fabricated� on� a� silicon-on-insulator� (SOI)�

platform,� the� resulting� asymmetry� arises� from� the� combined� impact�

of� both� the� nanoresonator’s� structural� asymmetry� and� the� interfer-
ence� effects� within� the� SiO�2�

layer� in� SOI,� which,� in� turn,� allows� one�

to� tailor� the� THG� asymmetry� by� tuning� its� thickness.

II.� RESULTS
The� studied� metasurface� is� composed� of� periodically� arranged�

silicon� nanodisks.� The� periods� of� the� sample� are� 715� nm� in� lateral�

(X� and� Y)� directions� [see� Fig.� 1(a)],� and� the� disks� have� a� diameter�

of� 585� nm� and� a� height� of� 220� nm.� Broken� mirror� symmetry� is�

introduced� into� the� disk� by� etching� a� void� from� the� top� side.� The�

depth� of� the� void� is� 110� nm,� which� is� half� of� the� disk’s� total� height.�

The� array� is� fabricated� by� means� of� a� two-step� etching� process� on�

a� silicon-on-insulator� (SOI)� platform.� After� etching,� the� SiO�2�

layer�

is� deposited� over� the� entire� structure� to� match� the� refractive� indices�

of� the� media� above� and� below� the� nanodisk� array,� thereby� embed-
ding� the� array� within� the� silicon� dioxide� layer� (see� the� supplementary�

material,� I).� The� overall� thickness� of� the� SiO�2�

layer� is� about� 3.5� ωm.�

A� schematic� picture� of� the� unit� cell� and� an� electron� microscopy�

image� of� the� metasurface� before� the� SiO�2�

deposition� are� presented�

in� Figs.� 1(a)� and� 1(b).� The� calculated� transmittance� spectra� of� the�

sample� shown� in� Fig.� 1(c)� indicate� that� its� linear� response� is� inde-
pendent� of� the� source� position,� which� is� required� by� reciprocity.�

Figure� 1(c)� also� shows� that� the� metasurface� has� resonant� features�

(whose� nature� is� explained� below)� in� the� near-IR� spectral� region,� at�

around� 1270� and� 1390� nm� [see� Fig.� 1(c)].� The� sample� is� expected� to�

exhibit� considerable� third-harmonic� (TH)� response� in� the� vicinity�

of� these� resonances,� since� bulk� silicon� possesses� a� high� third-order�

nonlinear� susceptibility� in� this� range.�

11� The� structure� is� transpar-
ent� to� pump� radiation� in� this� spectral� region� (1200–1500� nm)� but� is

opaque� to� the� generated� TH� light� (400–500� nm)� from� one� side� due� to�

the� strong� absorption� in� the� thick� silicon� substrate� (k� ≈� 0.05–0.3�

34�),�

which� suppresses� TH� signal� propagation� in� that� direction.� Conse-
quently,� when� the� source� is� located� above� the� structure� (forward�

illumination),� the� nonlinear� signal� can� only� be� detected� in� the� reflec-
tion� direction,� since� it� is� absorbed� by� the� silicon� substrate� in� the�

transmission� direction.� On� the� contrary,� when� the� source� is� below�

the� structure� (backward� illumination),� the� TH� signal� is� observable�

only� in� the� transmission� direction,� since� any� signal� traveling� in� the�

reflection� direction� is� absorbed� by� the� substrate� in� this� case.� Given�

these� limitations,� only� two� illumination� schemes� are� feasible,� and�

they� are� presented� in� Fig.� 1(d).
The� linear� response� of� the� sample� is� also� measured� for� each�

of� the� schemes:� reflectance� for� forward� illumination� [Fig.� 2(a)]� and�

transmittance� for� backward� illumination� [Fig.� 2(b)].� The� optical�

spectroscopy� experiments� are� conducted� using� a� supercontinuum�

light� source� with� spectrally� narrow� pulses� selected� via� an� acousto-
optic� filter� and� then� tuned� over� the� spectral� range� of� interest� (the�

detailed� description� is� provided� in� the� supplementary� material,� II).�

The� obtained� spectra� [black� dots� in� Figs.� 2(a)� and� 2(b)]� are� nor-
malized� to� either� the� transmittance� spectrum� of� the� glass� or� the�

reflectance� spectrum� of� the� SOI� system� without� the� nanodisk� array�

to� account� for� Fabry–Perot� resonances.� The� normalized� spectra�

indicate� the� presence� of� the� metasurface� resonances� at� 1270� and�

1390� nm,� which� is� consistent� with� finite� element� method� (FEM)�

simulations� [red� curves� in� Figs.� 2(a)� and� 2(b)]� performed� in� COM-
SOL� Multiphysics� (detailed� in� the� supplementary� material,� III).�

The� deviations� between� the� experimental� and� numerical� results� are�

attributed� to� the� experimental� Gaussian� beam� profile,� in� contrast� to�

the� monochromatic� source� in� simulations,� and� fabrication� imper-
fections� (for� example,� diameter� variations� of� disks� and� holes� in� the�

array� or� uneven� deposition� of� SiO�x�

on� top� of� the� metasurface).�

Analysis� of� the� Cartesian� multipole� contributions� in� the� reflectance�

spectra� of� the� nanodisk� array� embedded� in� isotropic� SiO�2�

[see� the

FIG.� 1.� (a)� Schematic� illustration� of� the� metasurface� unitary� cell.� (b)� Scanning� electron� microscopy� image� of� the� metasurface� before� the� deposition� of� the� passivating�

SiO�2�

layer.� (c)� The� calculated� linear� transmittance� spectra� for� incident� radiation� falling� on� the� structure� from� the� SiO�2�

layer� (forward)� and� from� bulk� Si� (backward).� (d)� Two�

experimentally� accessible� illumination� schemes.
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FIG.� 2.� Linear� reflectance� (a)� and� transmittance� (b)� spectra� of� the� metasurface.� Black� curves� and� dots� represent� experimental� data,� and� red� curves� refer� to� numerical�

calculations.� (c)–(j)� Electric� field� distributions� inside� a� unit� cell� of� the� metasurface� at� the� short-wave� (c),� (g),� (e),� and� (i)� and� long-wave� (d),� (h),� (f),� and� (j)� resonances.� Images�

(c),� (d),� (g),� and� (h)� correspond� to� forward� illumination,� and� images� (e),� (f),� (i),� and� (j)� correspond� to� backward� illumination.� Cross� sections� (c),� (d),� (e),� and� (f)� are� made� at�

the� middle� of� the� disk’s� height.

supplementary� material,� IV,� Figs.� S1(b)� and� S1(d)]� reveals� that� the�

short-wave� resonance� is� mainly� a� combination� of� magnetic� dipole�

(MD)� and� electric� quadrupole� (EQ)� modes,� while� the� long-wave� res-
onance� is� governed� by� the� electric� dipole� (ED)� and� magnetic� dipole�

(MD).� Implementing� the� array� within� a� finite� SiO�2�

layer� on� a� sili-
con� substrate� introduces� additional� interference� effects.� The� spectral�

positions� of� the� resonances� remain� unchanged� [see� Figs.� 2(a),� 2(b),�

S1(a),� and� S1(c)],� and� the� local� field� distributions� are� qualitatively�

similar� in� both� cases� [see� Figs.� 2(c)–2(j)� and� S7].� This� suggests� that�

the� resonances� retain� their� nature,� but� the� finite� oxide-layer� intro-
duces� line� shape� distortion,� manifesting� as� an� additional� resonant�

feature� near� 1325� nm� in� Figs.� 2(a)� and� 2(b).� The� quality� factors� of�

the� two� main� resonances� at� 1270� and� 1390� nm� are� obtained� using�

a� Fano� model.� The� shorter-wavelength� resonance� exhibits� Q� ≈� 62� in�

the� calculated� spectra� and� Q� ≈� 68� in� the� measured� spectra,� whereas�

the� longer-wavelength� resonance� shows� Q� ≈� 37� in� calculations� and�

Q� ≈� 30� experimentally.

The� THG� spectroscopy� results� (Fig.� 3)� demonstrate� that� the�

nonlinear� response� of� the� sample� is� asymmetric� and� strongly�

depends� on� the� incident� radiation� direction.� It� is� measured� with�

a� spectrally� tunable� Ti:sapphire� laser� (pulse� duration� 150� fs,� rep-
etition� rate� 80� MHz)� and� an� optical� parametric� oscillator� (OPO),�

which� converts� pump� radiation� into� the� near-IR� range� (the� exper-
imental� setup� details� are� provided� in� the� supplementary� material,�

V).� The� cubic� power� dependence� and� the� Gaussian� spectral� profile�

of� the� nonlinear� signal,� matching� that� of� the� pump,� confirm� that� the�

signal� originates� from� third-harmonic� generation� without� any� lumi-
nescence� contribution� (see� the� supplementary� material,� VI).� We� also�

estimated� the� impact� of� two-photon-absorption-related� free� carriers�

and� nonlinear� refraction� and� found� their� contribution� to� be� negligi-
ble� compared� with� THG� (see� the� supplementary� material,� VII).� The�

obtained� TH� power� spectra� are� normalized� to� the� TH� signal� of� the�

silicon� substrate� of� the� SOI.� The� thickness� of� the� silicon� substrate�

in� the� simulation� was� 200� nm,� which� is� approximately� equal� to� an
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FIG.� 3.� TH� power� spectra� of� the� meta-
surface,� normalized� to� the� TH� signal� of�

the� silicon� layer� in� the� SOI� structure� with-
out� the� metasurface� (THG� amplification).�

Spectra� (a)� and� (b)� correspond� to� for-
ward� and� backward� illumination,� respec-
tively.� Black� curves� and� dots� represent�

experimental� data,� and� red� curves� refer�

to� numerical� calculations.� The� insets�

illustrate� two� experimentally� accessible�

illumination� schemes.

integer� number� of� coherent� lengths� for� the� third� harmonic� gener-
ation� in� both� forward� and� backward� directions.� This� allows� us� to�

estimate� the� signal� from� a� thick� substrate,� a� full-size� calculation� of�

which� would� require� too� much� computing� power.� These� normal-
ized� values,� referred� to� as� the� THG� amplification,� are� represented� in�

Figs.� 3(a)� and� 3(b)� by� black� dots.� The� spectra� exhibit� distinct� res-
onances� at� 1270� and� 1400� nm� and� align� well� with� corresponding�

numerical� calculations� performed� in� COMSOL� Multiphysics� soft-
ware.� We� simulate� the� nonlinear� properties� of� silicon� using� External�

Current� Density� domains� in� a� form� that� is� consistent� with� existing�

literature�

11,35� (see� the� supplementary� material,� VIII).� We� also� take�

into� account� the� fact� that� the� metasurface� is� not� sub-diffractive� at�

the� third-harmonic� wavelengths� (400–500� nm,� p�x�

=� p�y�

=� 715� nm),� so�

multiple� diffraction� orders� can� propagate� in� the� surrounding� media.�

Simulations� collect� all� of� them,� as� the� TH� power� is� obtained� by� inte-
grating� the� normal� component� of� the� time-averaged� Poynting� vector�

over� the� upper� port� of� the� periodic� unit� cell.� However,� the� exper-
imental� objective� with� a� numerical� aperture� of� NA� =� 0.4� captures�

only� the� zeroth� order.� Thus,� the� calculated� spectra� in� Figs.� 3� and
4� are� normalized� by� semi-analytical� factors� (see� the� supplementary�

material,� IX)� to� account� for� the� missing� power� carried� by� higher�

diffraction� orders.� Both� experimental� and� numerical� spectra� reveal�

that� forward� illumination� significantly� enhances� the� nonlinear� sig-
nal� at� the� long-wave� resonance� compared� to� the� backward� one.� The

signal� increases� by� a� factor� of� 5�⌐� 10�

3� experimentally� and� by� 2�⌐� 10�

4�

numerically.� In� the� case� of� forward� illumination,� the� signal� at� the�

long-wave� resonance� is� greater� than� at� the� short-wave� resonance,�

while� the� opposite� is� true� for� the� backward� case.� Furthermore,� for-
ward� excitation� results� in� the� maximum� THG� amplification� of� about�

1.4�⌐� 10�

4� in� experimental� data� and� 2.4�⌐� 10�

5� in� simulations� com-
pared� to� the� signal� of� the� SOI� without� the� nanodisk� array.� The�

discrepancies� between� the� experimental� and� calculated� spectra� may�

be� attributed� to� several� factors.� They� include� the� finite� spectral� width�

of� the� experimental� beam� and� its� angular� divergence,� which� influ-
ences� the� metasurface’s� response� more� significantly� than� that� of�

the� silicon� substrate,� as� well� as� the� finite� spot� size� of� illumination.�

Another� potential� source� of� mismatch� is� that� the� silicon� in� the� SOI�

structure� may� be� partially� modified� during� the� etching� process.
The� observed� asymmetry� in� the� nonlinear� response� arises� from�

a� combination� of� factors� stemming� from� the� complex� design� of� the�

structure.� First,� the� asymmetric� disk� geometry� itself� supports� differ-
ent� local� field� distributions� depending� on� the� illumination� direction.�

The� field� distributions� in� a� unit� cell� of� the� nanodisk� array� in� a�

homogeneous� silicon� dioxide� medium,� as� well� as� the� analysis� of�

the� Cartesian� multipole� contributions� in� the� reflectance� spectra,�

are� presented� in� the� supplementary� material,� IV� and� X,� and� prove�

the� statement.� Another� source� of� asymmetry� stems� from� the� pres-
ence� of� the� finite-thick� SiO�2�

layer� in� the� SOI-based� metasurface.

FIG.� 4.� Experimental� (a)� and� calculated�

(b)� TH� intensity� spectra� of� the� meta-
surface.� Black� curves� and� dots� corre-
spond� to� forward� illumination,� and� red�

curves� and� dots� correspond� to� backward�

illumination.
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Interference� of� light� in� the� layer� occurs� both� at� pump� and� third-
harmonic� wavelengths� with� SiO�2�

–Si� interface� contributing� the� most�

due� to� the� values� of� refractive� indices� in� the� studied� spectral� range:�

n�Si�

(1300� nm)� ≈� 3.5,�

34� n�Si�

(430� nm)� ≈� 4.9,�

34� n�SiO�2�

(1300� nm)� ≈� 1.45,�

36�

and� n�SiO�2�

(430� nm)� ≈� 1.47.�

36� In� addition,� relatively� low� absorption�

of� silicon� in� the� TH� spectral� range� (k� ≈� 0.05–0.3�

34� at� 400–500� nm)�

and� the� subwavelength� thickness� of� the� disk� (220� nm)� allow� the� gen-
erated� TH� field� itself� to� be� distributed� within� the� structure� rather�

than� be� absorbed,� with� the� distribution� depending� on� illumination�

direction.� Thus,� the� overall� THG� response� is� a� superposition� of� the�

aforementioned� effects,� which� are� described� in� more� detail� in� the�

supplementary� material,� X.
We� employ� numerical� modeling� using� FEM,� which� inherently�

incorporates� these� phenomena.� The� field� distributions� of� the� SOI-
based� metasurface� unit� cell� calculated� via� this� method� are� presented�

in� Figs.� 2(c)–2(j).� The� distributions� at� the� short-wave� resonance�

appear� to� be� nearly� identical� for� different� source� positions� [see�

Figs.� 2(c)� and� 2(e),� 2(g)� and� 2(i)]� and� result� in� minor� variations� of�

the� nonlinear� signal� at� this� resonance,� which� is� illustrated� by� both�

experimental� [Fig.� 4(a)]� and� numerical� [Fig.� 4(b)]� TH� intensity� spec-
tra.� In� contrast,� for� the� long-wave� resonance,� there� is� an� increase� in�

the� TH� intensity� by� ∼24� times� in� experimental� data� and� in� calcula-
tions� when� the� structure� is� irradiated� from� above� (Fig.� 4),� which� is�

accompanied� by� a� considerable� enhancement� of� local� fields� within�

the� disk� [Figs.� 2(d)–2(h)].� We� use� intensity� for� comparison,� as� it�

accounts� for� the� illumination� spot� size,� incident� power� density,� and�

signal� acquisition� time,� ensuring� consistency� between� experiment�

and� simulation.� The� forward-to-backward� ratio� of� the� TH� intensity�

reaches� a� maximum� value� of� 33� experimentally,� whereas� the� simula-
tions� yield� a� value� of� 120� [see� Fig.� 5(a)].� The� nonlinear� conversion�

efficiency,� which� is� commonly� defined� as� the� ratio� of� the� average�

powers�(P�3ϵ�

⌜P�ϵ�

),� is� evaluated� for� each� resonance� under� forward� and�

backward� excitation,� with� both� experimental� and� calculated� values�

provided� in� Table� I.� The� most� effective� conversion� is� achieved� for�

the� long-wave� resonance,� when� the� structure� is� excited� from� above.�

The� average� experimental� values� on� the� order� of� 10�

⌐7� correlate� well�

with� third-harmonic� generation� results� reported� in� the� literature,� for

instance,� 10�

⌐7�–10�

⌐6� for� metasurfaces� based� on� amorphous� silicon�

and� silicon� nitride� nanocylinders,�

27� as� well� as� 10�

⌐7� for� silicon� nan-
odisks,�

11� although� higher� values� of� conversion� efficiency� reaching�

10�

⌐5� can� also� be� achieved.�

37

To� further� extend� our� investigation,� we� examine� the� impact� of�

the� SiO�2�

layer� thickness� d� on� the� THG� asymmetry.� We� numerically�

vary� this� parameter� while� placing� the� nanodisk� array� at� the� center�

of� the� oxide� layer.� Although� in� the� actual� metasurface� studied� in�

this� paper,� the� array� is� not� located� in� the� center� due� to� fabrication�

reasons,� the� simplified� symmetric� geometry� allows� us� to� attribute�

the� observed� behavior� directly� to� the� oxide� thickness� without� intro-
ducing� additional� positional� interference� effects.� The� chosen� SiO�2�

thickness� values� correspond� to� different� combinations� of� integer� and�

half-integer� multiples� of� the� long-wave� resonance� wavelengths� in� the�

oxide� for� both� the� pump� L�ϵ�

and� the� third� harmonic� L�3ϵ�

,� and� the� cor-
responding� forward-to-backward� TH� power� ratio� spectra� are� shown�

in� Fig.� 5(b).� The� forward-to-backward� maximum� ratio� is� achieved�

for� thicknesses� satisfying� the� constructive� interference� condition� for�

the� generated� TH� wave� propagating� toward� air,

d = ⌜m + 1
2
⌝L3ϵ,

namely,� for� the� green� (d� ≈� 12.5L�3ϵ�

,� m� ≈� 12),� cyan� (d� ≈� 10.5L�3ϵ�

,� m� ≈�

10),� and� pink� (d� ≈� 6.6L�3ϵ�

,� m� ≈� 6)� curves.� In� contrast,� the� blue� (d� ≈�

11.0L�3ϵ�

,� m� ≈� 11),� red� (d� ≈� 12.0L�3ϵ�

,� m� ≈� 12),� and� yellow� (d� ≈� 8.8L�3ϵ�

,�

m� ≈� 9)� curves� correspond� to� thicknesses� close� to� d� =� mL�3ω�

,� for� which�

destructive� interference� occurs.
This� behavior� can� be� understood� by� noting� that� the� THG� emis-

sion� of� the� nanodisks� is� intrinsically� asymmetric,� being� preferentially�

directed� along� the� pump� propagation� direction.� For� forward� illu-
mination� (pump� propagating� downward),� the� TH� field� is� predom-
inantly� emitted� toward� the� substrate,� while� only� a� weaker� compo-
nent� is� emitted� toward� air.� The� downward-emitted� field� is� partially�

reflected� at� the� SiO�2�

–Si� interface� and,� under� the� constructive� inter-
ference� condition,� adds� coherently� to� the� directly� upward-emitted�

field,� leading� to� a� strong� enhancement� of� the� detected� signal.� For�

backward� illumination,� the� situation� is� reversed:� the� TH� field� is

FIG.� 5.� (a)� Forward-to-backward� ratio� of� the� TH� intensity� of� the� SOI-based� metasurface.� Black� lines� and� curves� correspond� to� experimental� data.� Red� lines� correspond� to�

numerical� data.� (b)� The� ratio� of� the� calculated� TH� power� spectra� under� forward� and� backward� illumination� of� the� SOI-based� metasurfaces� with� varying� SiO�2�

layer� thickness� d.�

The� red� curve� corresponds� to� d� ≈� 3.95L�ϵ�

≈� 12.02L�3ϵ�

(1),� the� green� curve� corresponds� to� d� ≈� 4.11L�ϵ�

≈� 12.50L�3ϵ�

(2),� the� blue� curve� corresponds� to� d� ≈� 3.62L�ϵ�

≈� 11.00L�3ϵ�

(3),� the� cyan� curve� corresponds� to� d� ≈� 3.46L�ϵ�

≈� 10.53L�3ϵ�

(4),� the� pink� curve� corresponds� to� d� ≈� 2.17L�ϵ�

≈� 6.59L�3ϵ�

(5),� and� the� yellow� curve� corresponds� to� d� ≈� 2.89L�ϵ�

≈�

8.79L�3ϵ�

(6),� where� L�ϵ�

is� the� long-wave� resonance� pump� wavelengths� and� L�3ϵ�

is� the� long-wave� resonance� third-harmonic� wavelength.
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TABLE� I.� Calculated� and� experimental� third-harmonic� conversion� efficiency� (P�3ϵ�

⌜P�ϵ�

).

Illumination� scheme

Calculations� Experiment

Short-wave� res.� Long-wave� res.� Short-wave� res.� Long-wave� res.

Forward 1.06�⌐� 10�

⌐5� 4.50�⌐� 10�

⌐5� 4.36�⌐� 10�

⌐7� 1.35�⌐� 10�

⌐6

Backward 1.33�⌐� 10�

⌐5� 2.37�⌐� 10�

⌐6� 3.88�⌐� 10�

⌐7� 1.19�⌐� 10�

⌐7

already� predominantly� emitted� toward� air,� and� the� reflected� contri-
bution� represents� only� a� small� correction.� As� a� result,� constructive�

interference� produces� a� much� larger� relative� increase� of� the� for-
ward� TH� signal� than� of� the� backward� one,� thereby� maximizing� the�

forward-to-backward� ratio� at� d� =� (m�+� 1⌜2)L�3ϵ�

.
At� the� same� time,� the� thickness-dependent� interference� of� the�

pump� also� contributes� to� the� effect.� The� volume-integrated� absolute�

value� of� the� pump� field� inside� the� nanodisk� exhibits� an� oscillatory�

dependence� on� d� with� a� period� consistent� with� sin(2ϑd⌜L�ϵ�

),� indi-
cating� that� interference� at� the� pump� wavelength� in� the� oxide� layer�

modulates� the� local� field� enhancement� and� hence� the� THG� source�

(for� detailed� information,� see� the� supplementary� material,� XI).� The�

forward-to-backward� ratios� of� these� pump� field� integrals� follow� the�

same� trend� as� the� corresponding� THG� ratios� for� the� same� oxide�

thicknesses,� confirming� that� both� pump� and� TH� interference� jointly�

contribute� to� the� observed� asymmetry.� In� other� words,� the� max-
ima� in� the� forward-to-backward� THG� ratio� arise� when� constructive�

interference� at� the� third-harmonic� frequency� coincides� with� pump�

field� configurations,� in� which� the� local� pump� field� inside� the� nan-
odisks� is� near� a� maximum� for� forward� illumination� and� near� a�

minimum� for� backward� illumination,� so� that� the� directionally� emit-
ted� THG� benefits� simultaneously� from� an� enhanced� local� pump� field�

and� constructive� recombination� of� the� generated� third-harmonic�

field� in� the� direction� of� air.

III.� CONCLUSIONS
In� summary,� we� have� experimentally� realized� a� single-material�

dielectric� metasurface� that� exhibits� pronounced� asymmetric� third-
harmonic� generation.� The� structure� consists� of� an� array� of� silicon�

nanodisks� with� geometrically� broken� mirror� symmetry� fabricated�

on� a� silicon-on-insulator� platform.� Mirror� symmetry� is� broken� in�

each� nanodisk� by� etching� a� void� to� half� its� height.� We� observe� a�

third-harmonic� intensity� enhancement� of� about� 10�

4� relative� to� the�

unpatterned� SOI� layer� and� a� 24-fold� modulation� of� the� nonlinear�

signal� upon� reversal� of� the� illumination� direction.� The� SiO�2�

layer�

in� the� SOI� stack� introduces� additional� interference� effects,� provid-
ing� an� extra� degree� of� freedom� to� tailor� the� magnitude� and� spectral�

position� of� the� THG� asymmetry� by� adjusting� the� oxide� thickness.�

The� results� establish� a� practical� route� to� passive,� bias-free� asymmet-
ric� nonlinear� generation� of� light� compatible� with� standard� silicon�

photonics� fabrication,� and� they� may� facilitate� the� development� of�

compact� nonlinear� metasurface-based� light� sources� and� integrated�

photonic� components,� including� nonlinear� metasurface� mirrors� that�

simultaneously� provide� cavity� feedback� for� semiconductor� lasers�

and� directional� harmonic� generation� exclusively� out� of� the� laser�

cavity.

SUPPLEMENTARY� MATERIAL

The� supplementary� material� reports� additional� information�

about:� sample� fabrication� process;� optical� spectroscopy� experiment�

and� calculations;� the� multipole� decomposition� of� the� reflection� coef-
ficient;� different� factors� contributing� to� the� nature� of� the� THG�

asymmetry;� nonlinear� spectroscopy� experiment� and� calculations;�

diffraction� orders� of� the� TH� field;� power� dependence� of� the� TH�

signal� and� TH� signal� spectrum;� the� impact� of� free-carrier� effects�

and� nonlinear� refraction� on� the� THG� asymmetry;� the� role� of� pump�

interference� in� the� forward-to-backward� TH� intensity� ratio;� and� the�

concept� of� a� nonlinear� metasurface� mirror� for� VCSEL.
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