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ABSTRACT:	 All-dielectric	 metasurfaces	 consist	 of	 two-dimensional	 arrangements	 of	

nanoresonators	 and	 are	 of	 paramount	 importance	 for	 shaping	 polarization,	 phase	 and	

amplitude	 of	 both	 fundamental	 and	 harmonic	 optical	 waves.	 To	 date,	 their	 reported	

nonlinear	 optical	 properties	 have	 been	 dominated	 by	 local	 features	 of	 the	 individual	

nanoresonators.	 However,	 collective	 responses	 typical	 of	 either	 Mie-resonant	

metamaterials	 or	 photonic	 crystals	 can	 potentially	 boost	 the	 control	 over	 such	 optical	

properties.	In	this	work	we	demonstrate	the	generation	of	a	second	harmonic	optical	wave	

with	zero-order	diffraction,	from	a	metasurface	made	out	of	AlGaAs-on-AlOx	nanocylinders	

arranged	with	spatial	period	comparable	to	the	pump	telecom	wavelength.	Upon	normal	

incidence	of	the	pump	beam,	the	modulation	of	Mie	resonances	via	Bragg	scattering	at	both	
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fundamental	 and	 second	 harmonic	 frequencies	 enables	 paraxial	 second	 harmonic	 light	

generation	by	diffraction	 into	the	zero	order,	with	a	50-fold	 increase	 in	detected	power	

within	a	 solid	angle	of	5∘.	 	Exquisite	 control	of	higher	harmonic	wavefront	 can	be	 thus	

achieved	 in	all-dielectric	nonlinear	metasurfaces,	with	potential	applications	 for	on-axis	

optical	systems.	

	

KEYWORDS:	 nonlinear	 metasurfaces,	 Mie	 resonances,	 nanophotonics,	 second-harmonic	

generation,	all-dielectric	nanophotonics,	Fourier	imaging.	
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Metal-less	nonlinear	metasurfaces,	that	is	to	say	two-dimensional	arrangements	of	high-

refractive	 index	 nonlinear	 nanoresonators,	 have	 recently	 shown	 their	 importance	 for	

shaping	polarization,	phase	and	amplitude	of	harmonic	light	waves1-3.		Since	they	operate	

in	 a	 regime	 where	 Mie-type	 resonances	 occur	 at	 both	 the	 fundamental	 and	 harmonic	

frequencies,	 such	 all-dielectric	 metasurfaces	 can	 be	 engineered	 to	 exhibit	 nonlinearly	

induced	transparency1	or	reflection.	These	electromagnetic	conditions	are	highly	required	

for	applications	such	as	quantum	imaging,	where	multi-photon	quantum	interference	4,	5	is	

achieved	in	the	same	nonlinear	metasurface.		

All-dielectric	nonlinear	metasurfaces	have	been	recently	studied	in	situations	where	

their	 response	 is	 dominated	 by	 the	 local	 optical	 properties	 of	 the	 single	 constitutive	

nanoresonators,	i.e.	for	array	periodicities	smaller	than	fundamental	wavelength	(FW)1,	2,	

but	too	large	to	enter	into	effective	medium	regime.	In	these	cases,	the	incoming	light	was	

coupled	 to	 the	displacement	 currents	 in	 the	meta-atoms	 (! "⁄ = !%&' "⁄ ≈ ),	with	!	 the	

incident	FW,	and	",	L	the	meta-atom	refractive	index	and	characteristic	size,	respectively)	

while	 the	 Bragg	 gap	was	 at	 longer	wavelengths	 (! "'**⁄ < !,-.///"'** = 22,		 with	2	 the	

period	and	"'**	the	effective	index	in	the	unit	cell).		

Today	 it	 is	 clear	 that	 averaged	 responses	 typical	 of	 either	Mie-resonant	metamaterials	

(which	behave	as	a	dilute	system	with	regard	to	the	 incident	 light)	or	photonic	crystals	

(characterized	by	Bragg	scattering	of	 its	 constituents)6,	7	 can	potentially	add	degrees	of	

freedom	for	the	control	of	harmonic	wave	properties.	However,	while	the	former	require	

" ≫ 1	and	2 ≪ !	6,	7,	which	is	not	trivial	for	arrays	of	χ(2)	semiconductor	nanoantennas	at	

telecom	wavelengths,	 the	more	relaxed	condition	2 ≅ !	 suffices	 for	 the	 latter8,	9.	 In	 this	

context,	 Segal	 et	 al.	 have	 demonstrated	 the	 concept	 of	 nonlinear	 metamaterial-based	

photonic	crystals	 for	controlling	the	direction	of	SHG	by	using	binary	modulation	of	 the	
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nonlinear	coefficient10,	while	Löchner	et	al.	have	recently	demonstrated	second	harmonic	

generation	(SHG)	and	diffraction	from	a	semiconductor	metasurface	with	FW	close	to	the	

material	band	gap3.	In	both	studies,	for	a	pump	at	normal	incidence,	SHG	occurred	in	the	

first	order	with	a	negligible	zero	order.		

Such	 regime	 of	 metasurface-diffracted	 SHG	 deserves	 further	 investigation	 for:	 1)	

describing	Mie-type	 resonances	modulated	 by	Bragg	 scattering	 at	 both	 FW	and	 second	

harmonic	(SH);	and	2)	the	perspective	of	engineering	both	the	metasurface	polarizability	

and	 radiative	 diffraction	 orders	 via	 the	 interplay	 between	 array	 factor	 and	meta-atom	

geometry.	In	particular,	SHG	from	a	metasurface-based	device	would	greatly	benefit	from	

both	pumping	and	emission	occurring	along	one	optical	axis	in	the	normal	direction,	with	

both	FW	and	SH	in	the	material	transparency	range.	

Nonlocal	modes	in	array	of	nanoparticles	have	recently	proved	crucial	for	applications	

in	 sensing11	 and	 enhanced	 spontaneous	 emission12.	 At	 the	 same	 time,	 due	 to	 the	

confinement	of	FW	light	in	confocal	configurations,	SHG	has	been	established	as	a	three-

dimensional	(3D)	microscope	imaging	system	with	high	lateral	resolution13.	In	particular,	

SHG	in	extremely	confined	volumes14	and	with	anomalous	density	of	states15	represents	a	

very	useful	tool	for	applications	in	nanomedicine16	and	photocatalysis17.	In	this	framework,	

nonlocal	 SHG	 in	 metasurfaces	 have	 the	 potential	 to	 combine	 both	 the	 need	 of	 3D	

microscopy	and	large	sensing	area,	for	the	detection	of	whole	biological	organisms	with	

high	lateral	resolution.	

In	 this	work	we	 demonstrate	 zero-order	 SH	 generation	 and	 diffraction	 from	 a	 χ(2)	

metasurface	consisting	of	an	array	of	AlGaAs	nanocylinders	with	period	comparable	with	

the	FW.	Using	the	effective	metasurface	polarizability	arising	from	the	perturbation	of	Mie	

resonances	via	Bragg	diffraction	at	both	FW	and	SH,	we	explain	the	observed	results	and	
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introduce	 a	 useful	 tool	 to	 engineer	 the	 SH	 radiation	 pattern.	 The	 choice	 of	 this	

semiconductor	is	due	to	the	high	values	of	its	permittivity	and	nonlinear	susceptibility18-

23.	High-contrast	AlGaAs	nanoresonators	with	high	χ(2)	 and	 large	bandgap	have	already	

revealed	 SHG	 efficiency	 up	 to	 about	10:;	W:=	with	 FW	 in	 the	 telecom	 range21,	 22.	 This	

efficiency	 derives	 from	 the	 field	 enhancement	 in	 the	 nanocylinder	 associated	 to	 Mie	

resonances	as	well	 as	 the	spatial	mode	coupling	governed	by	 the	χ(2)	 tensor	 symmetry.	

Although	the	plethora	of	electric	and	magnetic	modes	results	in	complex	polarization22,	24	

and	radiation	patterns	of	the	SH	field	25-27,	the	latter	suffers	from	a	major	limitation:	a	null	

in	the	forward	and	backward	directions	for	normal-incidence	FW	illumination25.		

We	have	recently	demonstrated	that	this	issue	can	be	solved	with	the	use	of	a	FW	beam	

with	an	oblique	incidence,	thereby	reshaping	the	SH	original	doughnut	radiation	pattern	

in	a	far-field	along	the	disk	axis28.	In	that	case,	for	an	incidence	angle	of	45°	and	s-polarized	

light,	 the	 detected	 SH	 radiation	 exhibits	 one	 lobe	 along	 the	 vertical	 direction	 and	 the	

detected	SH	power	within	a	0.85	NA	solid	angle	is	enhanced	by	an	order	of	magnitude	with	

respect	 to	 the	 case	 of	 normal	 incidence.	We	 have	 also	 reported	 another	 configuration,	

where	 an	 integrated	 grating	 redirects	 the	 SH	 field	 emitted	 at	 grazing	 angles	 from	 the	

optical	antenna	towards	its	normal29.	In	this	case	the	collected	SH	power	within	a	0.1	NA	

solid	angle	is	a	factor-4	higher	than	for	the	bare	pillar.	

Here	the	metasurface	allows	SHG	within	a	0.1	NA	solid	angle	around	its	normal,	with	a	

50-fold	power	enhancement	with	respect	 to	 the	single	nanoantenna.	Correspondingly	 it	

brings	the	FW-to-SH	cross-polarized	conversion	from	40%	to	90%.	This	is	achieved	by	a	

stronger	coupling	of	the	incident	light	with	the	metasurface	resonances	at	both	FW	and	SH	

with	respect	to	the	original	Mie-resonances	of	the	isolated	constituents.		
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RESULTS	AND	DISCUSSION	

Our	metasurfaces	are	square	arrays	of	Al0.18Ga0.82As	nanocylinders	with	radius	R,	height	h	

and	period	p,	lying	upon	a	linear	substrate	with	low	refractive	index.	Both	the	metasurface	

and	 the	 substrate	 are	 linearly	 transparent	 at	 all	 the	wavelengths	 used	 throughout	 this	

study.	As	sketched	in	Figure	1a,	the	FW	input	is	at	normal	incidence	and	the	SH	is	collected	

in	reflection	geometry	with	a	pattern	stemming	from	the	overlap	between	Mie	scattering	

of	the	single	resonator	and	Bragg	diffraction	from	the	two-dimensional	grating.		Figure	1b	

is	 a	 scanning-electron-microscope	 (SEM)	 picture	 of	 the	 metasurface	 with	 a	 periodic	

arrangement	of	nanocylinders	of	height	h	=	400	nm,		radius	R	=	200	nm,	and	period		p=1025	

nm.	Despite	the	low	SHG	efficiency	of	the	isolated	nanoantenna	in	the	normal	direction25,	

	

	

	

	

	

	

	

Figure	1.		(a)	Scheme	of	the	AlGaAs-on-AlOx	metasurface,	with	FW	input	field	at	normal	incidence	

(red)	and	SH	interference	pattern	(violet):	the	solid	line	represents	a	cut	plane	of	the	diffraction	

lobes	 at	 SH,	 while	 the	 dashed	 line	 represents	 a	 cut	 plane	 of	 the	 SHG	 from	 the	 isolated	

nanoresonator.	 (b)	 SEM	 image	 of	 the	 fabricated	 metasurface	 with	 h=400	 nm,	 R=200	 nm	 and	

p=1025	nm.	 (c)	Measured	radiation	pattern	of	reflected	SHG	 from	AlGaAs-on-AlOx	metasurface	

within	NA=0.1.		

a	 b	 c	

NA=0.1 
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thanks	to	the	array	gain	we	obtain	the	reflected	SH	diffraction	pattern	shown	in	Figure	1c,	

for	 a	 normally	 incident	 pump	 polarized	 along	 AlGaAs	 [110]	 crystallographic	 axis	 (See	

Supplementary	Information	S1	for	a	schematic	of	the	SHG	setup).	Here,	90%	of	the	SHG	

emission	is	cross-polarized	to	the	pump	and	presents	two	maxima	at	1∘	from	the	vertical	

axis,	while	for	a	single	nanoantenna	these	two	figures	were	40%	and	60∘,	respectively	(See	

Supplementary	Information	S2	for	measurements	of	the	relative	intensity	of	zero	and	first	

order	diffractions).	

Design.	Our	diffractive	metasurface	is	characterized	by	diffractive	scattering	of	incident	

light	 at	 both	 FW	 and	 SH	 frequencies.	 This	 scattering	 is	 nonlocally	 distributed	 in	 the	

metasurface	plane	and	can	interfere	constructively	with	the	Mie	resonances	of	the	isolated	

constituents.		

In	 order	 to	 engineer	 the	 effective	 response	 of	 the	 metasurface,	 we	 implement	 the	

coupled-mode	theory	as	reported	in	Refs.	9,	30,	31.		Let	us	recall	here	that	in	such	model	the	

effective	electric,	magnetic	polarizabilities	of	the	metasurface	can	be	defined	as:	AB,CCBDE =

F1/AB,C
GHI − KL

:=
,	where	AB

GHI = M(OP 6R⁄ ):=T=	and	AC
GHI = M(OP/6R):=U=	are	the	electric	and	

magnetic	polarizabilities	of	an	isolated	cylinder32,	with	coefficients	T=	and	U=	expressed	in	

terms	of	Riccati-Bessel	functions	in	Mie	theory,	and	with	O = "OV	and	OV	the	wave	vectors	

in	the	medium	surrounding	the	pillars	and	in	vacuum	(in	our	case	" = "EWX = 1).	Moreover	

K =YZW[X \
(1 − MO])(3_`abc − 1)

]P
+
ObaM"bc

]
e	

is	the	array	factor	that	embraces	the	coupling	contribution	from	neighbor	dipoles,	with	r	

and	c	the	polar	coordinates	in	the	x-z	plane	of	Figure	1a	(here	we	consider	only	the	nearest	

neighbors,	thus	] = 2).	The	effective	resonances	of	the	metasurfaces	can	be	identified	via	
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the	poles	of	 the	metasurface	effective	polarizability,	 i.e.	 for	 	Reh1/AB,C
GHI − Ki = 0.	At	 the	

same	time,	when	Im(S)	is	small	or	negative,	a	decrease	of	the	radiative	damping,	and	thus	

an	increased	quality	factor	of	Mie	resonances	of	the	isolated	constituents,	is	expected.	Let	

us	consider,	for	example,	a	metasurface	with	p=1025	nm,	R=200	nm,	and	h=400	nm.	Figure	

2a	 shows	 that	 Re(K)	 intersects	 Reh1/AB
GHIi	 around	 l=	 1540	 nm	 and	 760	 nm,	 and	

Reh1/AC
GHIi	around	 1570	 nm	 and	 770	 nm.	 Interestingly,	 Im(K)	 is	 negative	 at	 telecom	

wavelengths	and	slightly	positive	in	the	near	infrared.	In	order	to	demonstrate	the	validity	

of	the	above	analytical	model,	we	report	in	Figure	2b	numerically	calculated	resonances	of	

the	metasurface.	 Interestingly,	 the	 latter	1)	 correspond	 to	 the	poles	of	 the	metasurface	

polarizabilities	when	the	electric	and	magnetic	dipoles	dominate	the	scattering	(see	Figure	

2a,b);	 2)	 are	 spectrally	 shifted	 and	 their	 Q	 factors	 double	with	 respect	 to	 the	 isolated	

nanoresonator	(compare	Figure	2b	with	Supplementary	Information	S3).	The	spectral	shift	

is	manifested	for	Mie	dipole	resonances	occurring	at	the	FW	8,	33:	for	example,	the	electric	

dipole	resonance	of	the	isolated	cylinder	occurring	at	about	1275	nm	(see	Supplementary	

Information	S3)	 	 is	shifted	 to	1540	nm	 in	 the	metasurface	 case,	 but	also	at	 the	SH,	 the	

electric	 dipole	 resonance	 of	 the	 isolated	 cylinder	 occurring	 at	 about	 820	 nm	 (see	

Supplementary	Information	S3)	is	shifted	to	770	nm	in	the	metasurface	case.	With	regard	

to	the	ability	to	store	the	energy,	the	metasurface	increases	the	Q	factor	of	the	magnetic	

dipole	at	the	FW	from	10	(isolated	cylinder)	to	25,	while	the	Q	factor	of	the	electric	dipole	

at	the	SH	increases	from	25	(isolated	cylinder)	to	50.	Since	our	description	via	coupled-

dipoles	is	sufficient	to	predict	the	metasurface	resonances	at	both	FW	and	SH,	an	extension	

to	higher-order	coupled	multipoles	is	not	necessary	for	our	scope.		

.	
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Figure	2.		(a)	Re(S)	(green	line)	and	Im(S)	(black	line)	for	a	metasurface	with	R	=	200	nm	and	p	=	

1025	nm.	The	red	(blue)	line	represents	the	inverse	of	the	electric	(magnetic)	polarizability	of	the	

single	cylinder.	Inset:	zoom	near	FW.	Square	or	circular	markers	represent	intersections	between	

Re(K)	 and	 Reh1/AB
GHIi	 or	 Reh1/AC

GHIi.	 (b)	 Scattering	 efficiency	 and	 multipolar	 decomposition	

associated	to	the	metasurface	(ED:	electric	dipole;	MD:	magnetic	dipole).	(c)	SHG	radiation	pattern	

	in	the	NA	=	0.1	for	the	metasurface:	analytically	calculated	(blue	line)	and	experimental	(red	line).		

a	

b	

c	
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The	 fact	 that	 the	 metasurface	 only	 modulates	 the	 modal	 structure	 of	 the	 isolated	

nanoparticle	(See	Supplementary	Information	S4	for	a	comparison	of	the	magnetic	modes)	

allows	 to	 engineer	 the	 SH	 far	 field	 according	 to	 the	 following	 simplified	 model:	 we	

approximate	the	SH	far	field	of	the	metasurface	as	the	product	between	the	far	field	of	the	

single	isolated	pillar	and	the	two-dimensional	array	factor	including	N	x	N	cylinders,	where	

N	is	a	fit	parameter.	Figure	2c	shows	that	the	calculated	SH	polar	plot	for	N=15	and	p=1025	

nm	is	in	good	agreement	with	the	experimental	one:	the	metasurface	effectively	redirects	

the	SHG	radiation	into	the	zero-order	diffraction	with	two	maxima	very	close	to	the	vertical	

axis	(≤1∘).	While	the	null	at	q=0	cannot	be	eliminated	due	to	the	inherent	symmetries	of	

our	system	(zinc-blende	c(2)	and	nanocylinder	shape),	this	is	a	striking	improvement	with	

respect	 to	 the	 isolated	nanoantenna,	where	 far	 field	peaks	at	60∘	 from	the	vertical	axis.	

Interestingly,	 the	 choice	 of	 N=15	 in	 Figure	 2c	 agrees	 well	 with	 the	 FW	 spot	 size	 (See	

Methods).	

Parametric	study.	To	gain	further	physical	insight,	we	measured	the	SHG	from	the	AlGaAs	

metasurfaces	by	systematically	varying	three	key	parameters	l,	R	and	p,	and	we	analyzed	

it	numerically	(see	Methods).	The	SH	radiation	patterns	measured	in	reflection	geometry	

within	a	NA=0.1	agree	well	with	the	calculated	ones	upon	sweeping	the	pump	wavelength	

(see	Figure	3a),	the	meta-atom	radius	(see	Figure	3b),	and	the	periodicity	(see	Figure	3c).	

SHG	from	the	metasurface	with	R=200	nm,	h=400	nm	and	p=1025	nm	has	a	Q	factor	of	50	

(see	 Figure	 3a),	 doubling	 that	 of	 the	 single	 nanoantenna	with	 the	 same	 geometry18,	 as	

expected	from	the	cross	section	in	the	near-infrared	region	of	the	spectrum	reported	in	

Figure	2b.	

	



 

 

 11 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	3.	Zero-diffraction	order	SHG	efficiency	from	metasurface	in	reflection	geometry	within	0.1	

NA.	 Measurements	 (orange	 dashed	 line)	 and	 FEM	 calculations	 (blue	 solid	 line)	 vs:	 (a)	 pump	

wavelength,	for	R=200	nm,	h=400	nm	and	p=1025	nm;	(b)	nanoantenna	radius,	for	l=1.55 µm, p=	

1025	nm;	(c)	period,	for	l=1.55 µm and	R=200	nm.	In	panel	(b)	the	dashed	blue	line	represents	the	

analytically	calculated	overlap	between	the	single	nanoantenna	far-field	and	the	array	factor	for	N	

=	15,	and	both	blue	curves	are	normalized	to	their	maximum.	The	maximum	measured	efficiency	

is	2×10-6	W-1	as	reported	in	Figure	3c.	Importantly,	given	an	input	power	of	1	GW/cm2,	SHG	power	

in	a	0.1	NA	is	0.05	mW29	from	the	isolated	cylinder	and	2.6	mW	from	the	metasurface.		

a	

b	

c	

c	

b	

a	
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Importantly,	in	Figure	3b	we	report	the	sweeping	of	the	meta-atom	radius	by	also	using	

the	simplified	method	that	considers	the	SH	far	 field	coming	 from	the	metasurface	as	a	

multiplication	between	the	field	of	the	isolated	pillar	for	the	array	factor	(15x15)	(dotted	

blue	line	of	Fig	3b).	This	is	in	qualitative	agreement	with	the	method	based	on	the	Fourier	

transform	of	 the	SH	near	 field	coming	 from	the	metasurface	(solid	blue	 line	of	Fig.	3b),	

which	takes	into	account	all	possible	coupling	between	the	cylinders	of	the	metasurface.		

Finally,	from	Figure	3c	follows	that	the	SHG	efficiency	from	the	AlGaAs	metasurface	

becomes	negligible	for	periodicities	smaller	than	the	diffraction	limit,	where	the	diffraction	

lobe	 of	 the	 array	 factor	 at	 zero	 order	 becomes	 sharper	 and	 narrower,	 resulting	 in	 a	

negligible	overlap	with	the	single	nanoantenna	radiation	pattern.	Conversely,	for	greater	

periodicities	the	SH	modes	are	coupled	into	diffraction	lobes	associated	to	the	array	factor.	

In	 this	 case,	 the	 SHG	 from	 neighbour	 nanoantennas	 is	 partially	 diffracted	 towards	 the	

vertical	 axis,	 with	 50	 times	 enhancement	 with	 respect	 to	 the	 case	 of	 an	 isolated	

nanoantenna.	 For	 larger	 periodicity	 the	 diffraction	 lobes	 become	 negligible	 and	 the	

efficiency	 within	 the	 small	 NA	 decreases,	 approaching	 the	 value	 reached	 for	 isolated	

nanoantennas.					

█	CONCLUSION	

We	have	demonstrated	the	engineering	of	the	radiation	pattern	of	all-dielectric	nonlinear	

metasurfaces.	 In	 a	 square	 array	 of	 AlGaAs-on-AlOx	 nanocylinders	 with	 periodicity	

comparable	with	the	wavelength	of	the	pump	light,	we	have	measured,	within	a	0.1	NA,		

reflected	cross-polarized	zero-order	SH	diffraction	outperforming	by	50	times	the	SHG	by	

an	isolated	nanoantenna.	SH	diffraction	into	the	zero	order	has	been	modeled	using	the	

effective	metasurface	polarizability	and	the	modulation	of	Mie-type	resonances	via	Bragg	
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scattering	at	both	FW	and	SH.	Such	highly	polarized	SHG	along	the	vertical	axis	is	promising	

for	applications	like	on-axis	imaging	and	free-space	optical	interconnects.		

	

█	METHODS	

Simulations.	 3D	 electromagnetic	 simulations	 were	 carried	 out	 in	 Comsol	 with	 finite-

element-method.	We	modeled	metasurfaces	of	AlGaAs	nanocylinders	on	a	substrate	with	

refractive	index	n=1.6,	implementing	Floquet	boundary	conditions	to	mimic	an	infinite	2D	

periodic	structure.	The	permittivity	dispersion	of	AlGaAs	taken	into	account	according	to	

ref.34.	 The	 only	 non-zero	 elements	 of	 AlGaAs	χ(2)	 tensor	 are	 χ(2)xyz=	 χ(2)yzx=	 χ(2)zxy	 ,	 with	

d14≈100	 pm/V,	whose	 dispersion	 is	 neglected	 in	 this	work.	 Our	 analysis	 follows	 three	

steps28:	 1)	 we	 calculate	 the	 scattering	 from	 the	 metasurface	 under	 FW	 plane-wave	

excitation;	 2)	 we	 derive	 SHG	 by	 taking	 the	 nonlinear	 polarization	 as	 a	 source;	 3)	 we	

estimate	the	multipolar	coefficients	of	FW	and	SH	modes	as	in	ref.32,	35.	

Fabrication.	Similarly	to	ref.21,	we	start	from	the	molecular-beam	epitaxy	of	the	vertical		

structure:	 (100)	 GaAs	 (wafer)	 /	 GaAs-to-Al0.98Ga0.02As	 transition	 layer	 (90	 nm),	

Al0.98Ga0.02As	(1µm),	Al0.98Ga0.02As-to-Al0.18Ga0.82As	transition	layer	(90	nm),	Al0.18Ga0.82As	

(400	 nm).	 A	 100	 nm-thick	 layer	 of	 high-resolution	 negative	 resist	 HSQ	 (hydrogen	

silsesquioxane)	is	spin	coated	on	the	sample	and	the	nanocylinders	are	patterned	with	a	

20	kV	electron-beam	lithography.	Adhesion	between	AlGaAs	and	HSQ	is	promoted	by	a	thin	

layer	of	SiO2	(10	nm)	deposited	by	plasma-enhanced	chemical	vapor	deposition	(PECVD).	

The	pattern	is	successively	reported	on	AlGaAs	with	inductively	coupled	plasma-reactive-

ion	etching	(ICP-RIE).	The	plasma,	with	35	W	power,	aims	to	activate	surfaces	and	boost	

the	etching	process.	Non-selective	and	directional	etching	is	performed	by	accelerating	Ar+	
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ions,	present	 in	 the	chamber	with	a	controlled	pressure	at	30	sccm,	with	15	W	RF	bias.	

Finally,	chemical	selectivity	towards	AlGaAs	is	achieved	exploiting	SiCl4	gas	with	3	sccm	

pressure.	The	ICP-RIE	etches	the	nanocylinders	down	to	the	Al0.98Ga0.02As	layer.	Then,	the	

latter	undergoes	selective	oxidization	as	specified	in	ref.36.	After	oxidation,	an	Al0.18Ga0.82As	

metasurface	lie	on	an	aluminium	oxide	(AlOx)	substrate.	

Experimental	 setup.	SHG	 from	 the	metasurface	 is	measured	with	 the	 setup	 shown	 in	

Supplementary	 Information	 S1.	 The	 latter	 includes	 an	Amplitude®	 femtosecond	optical	

parametric	amplifier	with	160	fs	pulse	duration	and	repetition	rate	of	1	MHz.	A	collimated	

input	beam	with	diameter	D	=	3.7	mm	is	focused	by	a	0.5	NA	lens	to	a	diffraction-limited	

spot	with	waist	n = 25	µm	and	peak	intensity	pqr ≈ 0.5 GW cmb⁄ .	SH	signal	is	collected	by	

the	same	 lens	and	measured	by	a	high-quantum	efficiency	CCD	camera	whose	response	

was	previously	calibrated	at	775	nm.	Its	emission	pattern	is	visualized	in	the	back	focal	

plane	by	inserting	a	Bertrand	lens.	A	short-pass	filter	at	850	nm	and	a	long-pass	filter	at	

700	nm	are	introduced	in	detection	to	remove	any	photoluminescence	from	the	substrate	

and	 third	 harmonic	 emission	 component	 from	 the	 nanocylinders,	 respectively.	 On	 the	

other	 hand,	 an	 infinite	 corrected	 objective	with	 NA=0.8	was	 chosen	 to	 detect	 the	 first	

diffraction	order.	In	this	case	the	pump	spot	size	on	the	objective	rear	pupil	was	reduced,	

ensuring	a	collective	excitation	of	the	metasurface	with	a	larger	spot	size	on	it.	The	back-

focal-plane	 image	can	 be	 found	 in	Supplementary	 Information	S2.	The	normalized	SHG	

efficiency	is	defined	as	follows:		

uvwxy =
u
z{|}
~� =

z{|}
ÄÅ

z{|}
~�Ç 		(�

:É)	
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where	ÑGHIÖÜ = ÑDáD
ÖÜ à⁄ 	(â)	 is	the	SHG	power,	à = Rnb 2b⁄ 	 is	the	number	of	pillars	lying	

within	the	laser	spot	size,	while	the	power	at	FW	impinging	on	the	nanocylinder	is	ÑGHIqr =

pqrRäb = (Ñqr Rnb⁄ )Räb	(â),	the	power	of	the	FW	beam.			
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I.	Experimental	Setup	

	

	
	

Figure	S1.	Schematic	representation	of	the	illumination	and	detection	geometry.	 	Input	beam	is	

focused	by	a	0.5	NA	lens,	while	SHG	collected	in	reflection	from	the	same	lens	is	limited	to	a	0.1	NA	

by	our	imaging	system.	

	

	 	



 

 

 3 

II.	Extended	measurements	

	

	

	

	

	

	

	

Figure	 S2.	 (a)	 Measured	 unpolarized	 radiation	 pattern	 of	 reflected	 SHG	 from	 AlGaAs-on-AlOx	

metasurface.	The	corresponding	experimental	layout	is	similar	to	Figure	S1,	except	that	the	pump	

beam	waist	on	the	rear	pupil	of	the	0.8	NA	objective	(no	lens	in	this	case)	is	reduced,	resulting	in	a	

larger	beam	spot	size.	The	first	orders	are	partially	cut	by	the	objective	NA.	The	white	dashed	line	

including	the	zero	order	corresponds	to	a	NA=0.1.	The	relative	intensity	between	the	zero	and	first	

orders	depends	on	the	overlap	between	the	array	factor	and	the	radiation	pattern	of	the	isolated	

nanoresonator.	With	regard	to	the	case	of	Figure	1c,	this	different	detection	system	(higher	NA	and	

magnification)	lowers	the	resolution	within	a	NA=0.1,	to	the	point	that	two	distinct	lobes	of	Figure	

1c	are	here	merged.	(b)	Measured	polarized	radiation	pattern	of	reflected	SHG	from	AlGaAs-on-

AlOx	metasurface.	Co-polarized	and	cross-polarized	signals	are	shown	in	blue	and	red,	respectively.	

90%	of	SHG	signal	is	cross-polarized.	

	

a	 b	
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III.	Extended	numerical	simulations	

	

	

Figure	 S3.	 Scattering	 efficiency	 and	 multipolar	 decomposition	 associated	 to	 the	 single	
nanoantenna	with	h	=	400	nm,	R	=	200	nm	(ED:	electric	dipole;	MD:	magnetic	dipole).	

	

	

	

	
	Figure	S4.	Electric	field	enhancement	for	a	nanocylinder	with	radius	200	nm,	respectively	isolated	

(a)	and	in	the	metasurface	configuration	with	periodicity	1025	nm	(b).	The	red	arrows	indicate	the	

electric	field	vector	(in-plane	components).		

	

a	 b	


