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ABSTRACT: We discuss the possibility of largely enhancing the nonlinear second-
harmonic generation (SHG) from 7® nonlinear materials using metasurfaces
consisting of suitably engineered optical nanoantenna arrays. The proposed setup
may increase the SHG conversion efficiency by orders of magnitude, compared to a
thin film of  nonlinear material of the same thickness. This enhancement is
attributed to localized fields at the nanoload, due to the plasmonic resonance of noble-
metal nanoantennas, combined with a suitably enhanced photonic local density of
states induced by properly coupling two closely spaced metasurfaces to form a
nanocavity to enhance SHG. The proposed subwavelength optical device can lead to
versatile applications, such as wavelength conversion and wave mixing at the nanoscale.
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D uring recent years, there has been a growing interest in
extraordinary and anomalous optical responses of noble-
metal nanoparticles,l’2 nanoapertures in metal films,>* and
optical metamaterials, taking advantage of strong light—matter
interactions over nanometer dimensions. This is achievable with
extremely localized surface plasmon polariton (SPP) waves.
Random and periodic metal clusters®™® exhibit a great potential
to achieve large local field enhancement, which is particularly
important to excite weak optical responses and optical
nonlinearities, such as second-harmonic generation (SHG)’
and surface-enhanced Raman scattering (SERS).'® Manipu-
lation of optical information by SPP waves at subwavelength
scale has been extensively studied in the realm of linear optics,
giving rise to a variety of plasmonic optical devices, such as
optical nanoantennas,''™'® plasmonic waveguides and cav-
ities, " super lenses,'%° cloaking,u_23 and optical nano-
circuitry.** Increased attention has been recently devoted to
enhanced nonlinear optical responses of plasmonic nanostruc-
tures composed of single® or multiple nanoparticles.>® Palomba
and Novotny*® have experimentally demonstrated that, by
reducing the separation between a pair of noble-metal
nanoparticles to just a few nanometers, the intensity of the
degenerate four-wave mixing (FWM) signal (@pyy = 20,—®,)
can be enhanced by several orders of magnitude, resulting from
the strong localized electric field at the nanojunction of a dimer
nanoantenna and the enhanced y® nonlinearity at the metal
surface. This leads to a highly confined, coherent, and
frequency-tunable local photon source. More recently,
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theoretical and experimental works have also demonstrated
that optical nonlinearities can be significantly enhanced by
plasmonic resonances, which sensitively depend upon geo-
metrical variations in plasmonic particles,zs_31 the local
environment, and the polarization of the impinging wave.
Such controllable, dramatic local field enhancement is expected
to be beneficial in a great number of nonlinear optics
applications, such as wave mixing or wavelength conversion
at the nanoscale,”® phase-conjugating perfect lenses,*” high-
resolution fluorescence imaging,” two-photon microscopy,
optical switching,'*'**® and nonlinear magnetic optical
metamaterials.’’ In these applications, lasers with tunable
wavelength, high peak intensities (sometimes larger than 1—10
GW/cm?), and short pulse duration (~200 fs) and repetition
rate (76 MHz) are usually used to excite the nonlinear response
of nanoparticles.”>**

In the literature, artificially synthesized »® nonlinear
composite materials have received relatively less attention
compared to 2 nonlinear composite materials, since the
former need to rely on noncentrosymmetric geometries lacking
the inverse symmetry. For this reason, the majority of work on
nonlinear composite materials”>®>* has been focused on third-
order nonlinearities in metal- and semiconductor-doped
dielectric materials, in which the nonlinearity arises primarily

from the inclusions’ strong local 7Peffects. However, with the
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rapid progress in nanofabrication and nanophotonics, the
design and synthesis of inclusions with noncentrosymmetric
geometries became possible, and experimental evidence of
SHG has been found in nanodimensional split-ring resonators
(SRRs),*" asymmetric nanoparticles,®® core—shell nanocompo-
sites,'® and metasufaces.**** Second-order nonlinear compo-
sites, however, need to either implement the design of complex
noncentrosymmetric inclusions with a weak nonlinearity
induced by asymmetric geometries®® or cover 7% nonlinear
nanoparticles with plasmonic coatings, which, however, exhibit
a narrow frequency range of surface plasmon resonance.'’
These drawbacks, in general, restrict their practical application
but can be advantageous for other applications, such as
nanolasing. In this work, we propose a basic approach to induce
strong second-order nonlinear effects based on plasmonic field
enhancement sustained by ultrathin metasurfaces composed of
arrays of plasmonic nanoantennas, loaded with ¥ nonlinear
optical materials (NOM) at the dipole’s gap (Figure 1b).
Interestingly, the considered inclusions are simple nanorods,
with inherent symmetry, but they are loaded by materials with
22 response.

The optical metasurface is somewhat the optical equivalent
of a radio frequency (RF) mixer composed of a conductive

2w-MTS
wMTS, -MTS

Figure 1. (a) Design and operation principle of the proposed system,
consisting of a metasurface (MTS) nanomixer located at the center of
a metasurface nanocavity. (b) A single silver nanoantenna loaded with
;((2) nonlinear optical material (X(Z)—NOM) induces a nonlinear
radiative dipole in the load region.
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antenna and a Schottky diode load.*® It is relevant to underline
important differences between these two concepts. First,
nonlinear loads at RF are generally controlled by the bias
voltage at their terminals, and therefore their functionalities are
independent of the gap size or the distance between their
terminals. At optical frequencies, instead, one may consider
nonlinear nanoloads with non-negligible second-order non-
linearity, which is directly related to the local field amplitude at
the nanogap. The nanoantennas’ plasmonic features can lead to
large local field enhancement at the nanometer gap in the
optical regime, based on which the nonlinear properties of
nanoloads may be drastically enhanced and controlled with
relatively low impinging optical intensities. As a result, the
structure proposed here provides a flexible design to realize
efficient three-wave mixing at design frequencies, selected by
tuning the geometry or load material (and accordingly the
resonance frequency) of nanoantennas in the realm of optical
nanocircuits.”* Here the SHG process, which is considered as a
representative example to tackle y® effects, will be studied.
Despite the small volume of 7% NOM, the proposed
metasurface-formed nanomixer or optical frequency nano-
multiplier can generate SHG waves with remarkably high
conversion efficiency compared to the equivalent volume of a
conventional bulk nonlinear material.3® Moreover, since the
nanoantennas are quite selective to frequency, the metasurface
is highly reflective only at its resonance frequency, while being
almost transparent for frequencies that are away from the
resonance frequency. Motivated by such intriguing scattering
properties, we also explore the design of a nanocavity formed
by two additional metasurfaces, whose coupling can further
boost the local photonic density of states and allow further
nonlinearity enhancement. The pump wave at the fundamental
frequency @ may in fact penetrate the nanocavity because it is
transparent (except at the SHG frequency), inducing second-
harmonic waves generated from the nonlinear metasurface,
whose magnitude can be then further enhanced by an external
nanocavity, and forming an efficient localized nonlinear light
source, as illustrated in Figure la. In the following, we discuss
potentials and practical implementation of an optical frequency
nanomultiplier formed by integrally stacked plasmonic
metasurfaces.

In the linear regime, the main extinction resonances of the
proposed metasurface arise from the collective Rayleigh dipolar
scattering of the nanoantennas, based on which a reflection
peak depends on the plasmon oscillation length of the
nanoantennas. An individual nanoantenna in our design is
assembled by a pair of silver nanowires conjoined with a
nanoparticle load, whose permittivity in the linear region is
assumed to be e = 2.25¢,, where & is the permittivity of free
space. The relative permittivity of silver nanowires is described
by the Drude-dispersion model obtained from experimental
data as £, = £, — @,/ [@(@ — jy)], with @,/27 = 2175 THz,
/27 = 4.35 THz, and &, = 5.” For a single nanoantenna with
a resonant peak at 265 THz in free space, the physical
dimensions are /; = 180 nm, r; = $ nm, and g;= 10 nm (Figure
1a). Figure 2a shows the magnitude and phase of polarizability
a (normalized by 67¢y/k,>) for an individual nanoantenna in
the linear regime, obtained with full-wave simulations.>® The
inset of Figure 2a presents the corresponding far-field radiation
pattern, showing typical dipolar radiation. From Figure 2a, a
sharp peak in the magnitude of polarizability and a
corresponding 180 deg phase shift are observed at the
nanoantenna resonance frequency, accompanied by a very
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Figure 2. (a) Magnitude and phase of polarizability. The far-field
radiation pattern is shown in the inset. (b) Local field enhancement
and electric near-field distribution of an individual nanoantenna in the
linear regime, showing resonant plasmonic features and continuity of
the displacement current across the nanoload.

strong local field enhancement due to the plasmonic resonance
(Figure 2b). For this dimer-type nanoantenna, the scattering is
sensitively dependent on the polarization of the impinging wave
and the optical interaction with the plasmonic nanoantenna and
is strongest when the polarization is parallel to the dipole-arm
axis. We note that a polarization-independent metasurface may
be preferable in practical applications, especially considering
that many optical crystals provide cross-polarized nonlinear
response. A more isotropic effect can be straightforwardly
realized by designing nanoantennas that resonate along both
polarizing axes, for example with a cross-dipole design.

Figure 3 shows the variation in reflection for a metasurface
composed of a planar array of nanoantennas with periods a,; =
ay; = 250 nm (red solid line), calculated again using full-wave
simulations. A reflection peak is observed around an individual
nanoantenna’s resonant frequency, which is slightly shifted to
®/2x = 275 THz due to the coupling with neighboring

Metasurface (275 THz)
- — = Metasurface (550 THz)
- - ~Meta§urfa‘t$'e\ jnanocavity
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Figure 3. Reflection coeflicients for metasurfaces with operation
frequencies of 275 THz (red solid line) and S50 THz (blue dashed
line) and for the metasurface nanocavity with a narrowband
transmission at 550 THz (green dash-dot line).
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nanoantennas. This reflection peak is associated with a small
value of Re[a™'], related to the inclusion resonance (the
metasurface resonant condition is Re[a™'] = Re[C], where C is
the interaction constant®*~**). This is different from the lattice
resonance caused by the coupling with the entire lattice
stemming from its periodic features,”** which typically exists
in arrays with periods comparable to the transverse wave-
number of impinging light. A metasurface aimed to resonate at
the SHG frequency (2w/27 = 550 THz) can be designed by
varying the length of the dipole-arm or choosing alternative
nanoloads. Fixing all material properties, the geometric
parameters for such a 2w-metasurface are I, = 70 nm, r, = 10
nm, and g, = 15 nm. Figure 3 also shows the reflection of a 2w-
metasurface (blue dashed line), showing a reflection peak only
at 2. However, by combining a pair of 2c-metasurfaces with a
proper separation distance d = 265 nm, a nanocavity can be
formed, with a narrow-bandwidth resonant transparency
associated with a high quality-factor at 2@ (green dash-dot
line of Figure 3), analogous to the tunneling frequency in a
Fabry—Perot cavity. As expected from electromagnetic
reciprocity, if a 2w-light source is located at the nanocavity
center, the SHG emission will be highly amplified due to the
large local density of states.

Next, we investigate enhanced SHG by a nanoantenna
metasurface with y® nanoparticle loads. The SHG process, i.e.,
converting the frequency of light from @ to 2w, is a degenerate
three-wave mixing (2w = @ + ®) procedure. Here we assume
that the pump is a normally incident transverse electric (TE)
wave with electric field polarized parallel to the nanoantenna
axis E,. = XE, exp[j(wt — kyz)]. Following our recently
proposed homogenization model for linear metasurfaces,®~**
we propose here a dynamic analytical model for nonlinear
metasurfaces, considering the interaction and coupling of
neighboring dipoles, as well as nonlinear wave mixing. For our
geometry, it is safe to ignore other multipolar radiation orders,
because their effects are negligible. Since the nanoantenna
length is subwavelength at the frequency of operation, @/27 =
275 THz (I = 2¢/6), the collective response of the induced
second-order dipole moments in each nonlinear nanoload (see
Figure 1b) may be equivalent to a homogeneous surface
current sheet, which radiates the SHG wave with a planar
wavefront*’ toward both sides of the metasurface. The total
averaged second-order polarization related to the local field E,,

at the mixing frequency 2w is given by *°

P%QNY(Zw) = a(2w) E,,.Qw) + pQw; w, ) E (@)

Eloc(w) (1)

where N, and N, are positive or negative integers that relate the
nanoantenna position and periods a, and a, by x = N,a, and y =
Nya,, a(2w)is the polarizability accounting for Rayleigh
scattering at frequency 2@ (as calculated in Figure 2a), and
pQw:w,w) is the hyperpolarizability, accounting for hyper-
Rayleigh scattering, and it can be derived from reciprocity as
plw) =~ )((2)(8071'r12g1) frad(2w) fgz(co),“’44 where the
dimensionless factor f,,4(2@) = 1 considers the enhancement
of antenna radiation at 2@ and the dimensionless factor fg(a)) =
308.5 considers the local field enhancement at the nanogap
compared to the macroscopic external field; these values are
obtained from linear full-wave simulations based on the finite
integration technique®® monitoring the fields at the nanogap. At
the mixing frequency 2w, considering the coupling among
nanoantennas, we can write eq 1 as
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where G(ry,,) is the electric dyadic Green’s function:**~*
—jkor
G(ryy) = (VV + K*1)S
N 4mr 3)

After some algebraic manipulation, we may simplify eq 2 into

Pig (20) = &P (20)
PLw: o, ®) [

C1- &, 'a(2w)C*

Einc(w) ’
1— ¢, 'a(w)C”
= fQ2w: w, ) L2w) L(w) L(®) E,,(®) E,, ()
(4)

where C is the interaction constant, which relates the fields
induced by the infinite array of dipoles around the unit cell
under consideration to the local field at the origin, and L is the
local field correction factor,** given by

=)

(NN, #(00)

G” (ry )&,

Llw) =[1 - ‘90_105(60/)C'”/]_1 (5)
where @’ is an arbitrary frequency. The averaged surface
current at the z = 0 plane sustained by the collective nonlinear
dipole moments P? is given by

A1SHG _ ijPg%,)(Za)):

SHG _
JElV - av dxdy
L Jj2w
= xﬁﬂ(Zw: o, ) L2w) L(®) L(®) Ey(w) Ey(o)
ally

(6)

Since this ultrathin metasurface has a negligible thickness, we
should consider phase matching only for the tangential wave
vector parallel to the metasurface k2* = 2k%, which is, however,
irrelevant for normal incidence. For oblique illumination with
angle of incidence 60, = sin”'(k,/k), the SHG wave will
propagate with an angle Oy = sin™'(2k,/2k,) = 6,, in order to
meet the phase-matching condition. Moreover, due to the
extreme thinness of the metasurface, the SHG light will radiate
equally on both sides of the metasurface, as illustrated in Figure
la, and the electric fields at 2w are given by

SHG
J

av

ESHOE = S 0exp[¢j(2k0)z]fc

7)

where 7, is the free-space impedance. The SHG scattering
coefficient 655 is defined as the ratio of the amplitude of the

sca

forward and backward propagating SHG waves to the incident
electric field:
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SHG
sca

=3 4, npQw: o, ») L2w) L(w) L(a))[ ]

cg,

(8)
where I, is the power density of the pump wave at the
fundamental frequency . As expected, the forward and
backward propagating SHG waves have the same magnitude,
since an ultrathin source, as an infinite two-dimensional current
sheet, equally radiates for symmetry toward both sides.
Therefore, the efficiency # of power conversion is given by

— 5 |,SHGP
n=2lo. |

)

From eqs 8 and 9, we note that the SHG conversion
efficiency is almost linearly proportional to the input power, as
the nonlinear wave mixing occurs at an ultrathin surface. We
consider now a realistic scenario: a pump wave with frequency
around the metasurface resonance frequency and a reasonably
high power density I, = 1 GW/cm? For high-intensity laser
pumping, a pulsed operation is required to avoid heating issues:
a nanoload with linear permittivity e, = 2.25¢, and second-
order susceptibility 7P =25 pm/V (ie, 2 is on this order for
some III-V compounds, such as GaAs and CdGeAs,**). Figure
4 shows the SHG conversion efficiency over the spectrum for
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Figure 4. Spectrum of SHG conversion efficiency for a @-metasurface
with different periods.

this nanoantenna-formed nanomixer with different periods. A
narrowband SHG peak with a conversion efficiency n°"¢ = 4.36
x 107% is obtained for a, = 250 nm and a, = 2.5a,. This value
is quite striking when compared to the SHG conversion
efficiency of a bulk NOM film*® with the same thickness and
material properties, which is calculated as 1.16 X 1077%. This
large enhancement (~10° order) is mainly attributed to the
nanoantenna plasmonic resonance obtained around the pump
frequency. It is noticeable that quenching effects are important
in such a periodic structure.’*** A larger spacing in the &
direction ensures a stronger resonance of the entire array, due
to decreased coupling in the direction of polarization of the
electric field, providing optimal SHG conversion efficiency.
This effect can be observed in Figure 4, in which, counter-
intuitively, a sparser metasurface provides improved resonant
properties despite the reduced concentration of nonlinear
nanoparticles. However, it is noted that when the period
becomes too large (i.e., a, > 4,), higher-order Floquet modes
may come into play, and undesired side lobes arise in the
radiation pattern of the array, implying that power is coupled to
additional plane waves carried by higher-order Floquet modes.
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In this scenario, our homogenization model requires
modifications, as detailed in ref 43. We have verified that in
all geometries considered in this paper the assumption of a
homogeneous surface neglecting the local granularity of the
surfaces is well supported by full-wave simulations, in
agreement with our findings in ref 47.

In order to further increase the SHG conversion efficiency,
we employ the previously designed metasurface nanocavity
(Figure 3) to boost the SHG occurring on the metasurface
nanomixer (nanomultiplier) located at the nanocavity center.
The nanocavity design can be understood in terms of
electromagnetic reciprocity. Provided that the cavity length is
properly chosen, an external source can induce a strong electric
field at the cavity center. By reciprocity, reversing the excitation
condition by placing a localized light source at the cavity center
generates strong light emission out of the cavity. Figure Sa
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Figure S. (a) Field enhancement at the center of the nanocavity
formed by two 2w-metasurfaces. (b) Distributions of the normalized
E-field inside and outside the nanocavity for an external excitation light
(red solid line) and the reciprocal case: periodic arrays of dipoles in
the middle of a cavity (blue dash-dot line); the shadowed zone is
consistent with the nanocavity length.

shows the field enhancement at the cavity center for different
nanocavity lengths. The maximum electric field amplification
obtained with an optimal cavity length of 265 nm is also
verified from the electric field distribution in the inset of Figure
Sa. Figure Sb shows the distribution of normalized field
strength for external sources propagating from right to left
across the nanocavity (red solid line) and compares it with the
radiation from a dipole at the nanocavity center (blue dash-dot
line). The results show a good agreement in terms of field
enhancement. When a nonlinear metasurface resonant at o is
placed in the middle of a cavity formed by two metasurfaces
resonant at 2w, which are effectively transparent to the external
pump wave, the SHG wave radiated by the nanomultiplier may
be further amplified by the nanocavity to support bursts of
narrowband photons. This frequency-selective transparency
window is arguably the most important advantage of the
proposed metasurface nanocavity. Figure 6 shows the
comparison of the SHG conversion efliciency for a nano-
multiplier with and without the nanoscale optical cavity. With
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Figure 6. SHG conversion efficiency for the proposed stack of three
metasurfaces, forming a nanomultiplier and a nanocavity similar to the
setup of Figure la. The SHG conversion efficiency for a single
nanomultiplier in Figure 4 is also plotted (magnified by 68 times) for
comparison.

the nanocavity enhancement, 68 times enhancement is
obtained in SHG conversion efficiency, together with a much
narrower bandwidth compared to a single nanomixer. The
“comb-like” spectrum and the high conversion efficiency are
ideal for various nanophotonic applications that require
localized nonlinear light sources. It is surprising that the overall
SHG conversion efliciency may reach 0.03%, which is around
320 times the SHG’s conversion efficiency of 9.4 X 107°% of a
bulk NOM with thickness comparable to the device length (d +
2r, = 285 nm). This silver metasurface device can also be
tailored to a variety of other nonlinear optics applications. Of
particularly interest would be the sum or difference frequency
generation P(Z)(w3;w1,iw2) or phase conjugation
p® (w;0,0,—w) for time-reversal applications.3

B CONCLUSIONS

To conclude, we have proposed a planar nanodevice to enhance
optical nonlinearities composed of silver nanoantenna meta-
surfaces and nonlinear nanoparticle loads, taking advantage of
combined resonances of plasmonic nanoantennas in the
infrared and visible region. We have shown that a nanocavity
formed by two frequency-selective metasurface mirrors can
further significantly boost the SHG wave due to the enhanced
local density of states in the region enclosed by the two
surfaces. This nanocavity-enhanced optical multiplier based on
nonlinear metasurfaces may enable various wave mixing and
wavelength conversion applications at the nanoscale, paving the
way for near-field imaging and spectroscopy, chemical sensing,
localized photon sources, and active photonic and plasmonic
nanodevices.
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tanh?[{]/sech?[0], where ¢ = z/l is the normalized distance parameter,
z is the distance from the crystal interface, and I = [2n*(@) n(2w)eyc’/
1)/ (wy®) (here n(w) = n(2w) = 1.5 and y® = 25 pm/V). For
more details, please see Chapter 2 in ref 44.

(47) Zhao, Y.; Shi, J,; Sun, L.; Li, X.; Aly, A. Alignment-Free Three-
Dimensional Optical Metamaterials. Adv. Mater. 2014, 26, 1439—144S.

1006

DOI: 10.1021/acsphotonics.5b00205
ACS Photonics 2015, 2, 1000—1006


http://dx.doi.org/10.1021/acsphotonics.5b00205

