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Enhanced second-harmonic generation from
individual metallic nanoapertures
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We demonstrate the ability of single-subwavelength-size nanoapertures fabricated in a gold metal thin film to
enhance second-harmonic generation (SHG) as compared to a bare metal film. Nonlinear microscopy imaging with
polarization resolution is used to quantify the SHG enhancement in circular and triangular nanoaperture shapes.
The dependence of the measured SHG enhancement on circular aperture diameters is seen to originate from both
phase retardation effects and field enhancements at the nanoaperture edge. Triangular nanoapertures exhibit superior SHG enhancement compared with circular ones, as expected from their noncentrosymmetric shape. © 2010
Optical Society of America
OCIS codes: 050.6624, 190.4350, 180.4315.

The understanding and optimization of nonlinear optical
properties of metallic nanostructures is a major issue for
future applications in nanophotonics [1]. Nonlinear quadratic effects in metals have been known for decades to be
significant at the metal–outer-medium two-dimensional
interface where centrosymmetry is broken [2]. This effect can lead to very large second-harmonic generation
(SHG) responses, enhanced by plasmon resonances, as
recently observed in single-metal nanoparticles [3].
Among the promising metallic structures for nanoplasmonics, metal nanoapertures have shown their ability to
significantly enhance optical fields in the nanovolume that
they define [4]. Previous works have addressed SHG responses in metallic apertures of micrometric size [5], subwavelength apertures with periodic surface corrugations
[6], or nanoaperture arrays [7–9]. However, the influence
of the size and shape of a single nanoaperture to enhance
the SHG signal still remains an open question. In this work,
we explore the ability of isolated metallic nanoapertures
of subwavelength dimensions to enhance SHG signals in
circular and triangular shape structures.
The nonlinear microscope developed in this work uses
a tunable Ti:sapphire laser (150 fs, 80 MHz, wavelength
850 nm) beam reflected by a dichroic mirror and focused
on the sample by a high-NA objective (×60, 1.2 NA), leading to an optical resolution of 300 nm in the sample plane.
The backward emitted signal is collected by the same objective and directed to a polarization beam splitter that
separates the beam toward two avalanche photodiodes.
Images are performed by scanning the sample on a piezoelectric stage. For polarization-resolved measurements,
the linear polarization of the incident laser beam is continuously rotated in the sample plane by an achromatic
half-wave plate mounted on a step rotation motor at
the entrance of the microscope [10]. The nanoapertures,
whose sizes range from 125 nm to 425 nm, are formed by a
focused ion beam in a 200-nm-thick gold film fixed to a
glass coverslip using a 10-nm-thick chromium adhesion
layer and studied in air.
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The dominant SHG contribution from the nanostructure can be modeled by a nonlinear tensor exhibiting a
ð2Þ
major diagonal coefficient χ nnn (n being the normal direction to the metal-air surface) and weaker off-diagonal
ð2Þ ð2Þ ð2Þ
ðχ ntt ; χ tnt ; χ ttn Þ contributions (typically by a factor of 10)
[11]. In the case of nanoapertures lying in the microscope
sample plane ðX; Y Þ [Fig. 1(a)], the nonlinear dipole (i
P ð2Þ ω ω
component) p2ω
j;k χ ijk E j E k appears in two types of
i ¼
regions: the aperture edge surface (p2ω
a;i lying in the ðX; Y Þ
plane) and the metal film surface region illuminated within the excitation volume around the aperture (p2ω
s;i along
Z). This latter contribution originates from the nonlinear
coupling involving the Z components of the excitation
fields E ω in the focused beam. It is expected to be lower
than the aperture edge contribution by an order of magnitude, as expected from the field maps calculated at high
NA [12].
Figure 1(b) shows a typical scanning SHG image of a
nanoaperture, which resembles a diffraction-limited spot
due to the subwavelength size of the object. A weak nonvanishing signal is observed from the background, owing
to a remaining contribution from the bare metal surface.
The spectrum observed from this background radiation
contains a dominant SHG signal and a spectrally shifted
two-photon luminescence signal [Fig. 1(c)], originating
from interband excitations in the gold metal. The SHG experiments are performed using an optical filter selecting
the spectral region around the harmonic signal. To compare the SHG efficiency from different structures’ shapes
and sizes, the measured SHG signal is summed over 90 incident linear polarization directions varying between 0°
and 360° relative to X. The enhancement factor, defined
by the ratio between this averaged SHG signal and the
averaged bare metal surface SHG response, is represented in Fig. 2(a) for circular apertures as a function
of their diameter. This procedure allows, in particular,
averaging out possible nanoaperture shape irregularities.
A signal enhancement of about 2 for diameters around
© 2010 Optical Society of America
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Fig. 1. (Color online) (a) Nonlinear induced dipoles in a metal
nanoaperture. (b) Experimental scheme of the nonlinear microscopy imaging and SHG image of a circular nanoaperture (diameter 195 nm). (c) Emission spectrum from a nanoaperture and
the bare metal surface, measured using a spectrograph at the
exit of the microscope (diameter 195 nm, excitation: horizontal
polarization). Typical average power at the objective focus: a
few milliwatts.

220 nm can be observed, even though the structure is centrosymmetric. Interestingly, nanostructuring plasmonic
structures by removing matter therefore leads to an improvement of their SHG response.
In circular centrosymmetric structures of hundreds of
nanometer size, similar to spherical metal nanoparticles,
the SHG signal is expected to arise primarily owing to
phase-retardation effects between nonlinear emitters
around the interface [13]. To model the observed behavior, the radiation from a collection of nonlinear dipoles
r n Þ located at positions r~n along the interface was
p2ω
n ð~
calculated accounting for the E ωj ð~rn Þ excitation-field local polarization [12]. Although this assumption does
not account for the scattered contribution from the apertures, it allows exhibiting the geometrical features of
their SHG response. For this calculation, nonlinear induced dipoles were placed regularly on the aperture edge
and film surfaces using a mesh size of 10 nm. The SHG
signal is obtained by summing coherently the radiated
fields from these nonlinear dipoles after the passage of
the high-NA collection objective [14]. This model shows
that thanks to phase-retardation effects, the SHG response from circular nanoapertures growths with their
size [Fig. 2(a), dotted line]. However, it does not explain
the origin of the observed maximum.
Modeling the overall SHG process requires also accounting for the scattered contribution from the structure
itself. The calculation of the field inside circular nanoapertures was carried out by a rigorous differential method
able to solve Maxwell equations in single subwavelength
sized apertures [15]. In this formalism, the field is developed onto a Fourier–Bessel basis. A first integration under
a planar wave illumination [Fig. 2(b)] leads to the calculation of the electromagnetic field in the substrate and
superstrate, and a second integration to the knowledge
of the three spatial components of the field inside the aperture. These calculated fields are introduced at two levels.

First, their normal components at the ω frequency E ωn ð~rn Þ,
calculated at 1 nm distance from the interface [Fig. 2(c)],
are directly introduced in the expression of the nonlinear
induced dipoles on the whole aperture edge surface. Second, the local enhancement at the 2ω frequency is introduced as a scaling factor for the nonlinear radiated field.
Note that the nanoapertures’ behavior at these two frequencies is very different: whereas they behave like a
lossy dielectriclike waveguide at the 425 nm SHG wavelength, they are metal-like at 850 nm with a cutoff diameter of about 280 nm. This model is still a simplification in
the sense that (i) it is based on planar waves excitation, (ii)
the 2ω enhancement response from the structure is treated in a linear diffraction regime, not accounting for higher
order coupling between 2ω and ω fields. Nevertheless, it
shows already a good agreement with the observed SHG
size maximum [Fig. 2(a), dashed line]. This result shows
that the nanoaperture interface acts advantageously for
both the generation of nonlinear SHG radiated fields
and their enhancement.
Whereas SHG enhancement is quite modest in circular
apertures due to their centrosymmetric shape, higher enhancement factors could be observed in triangular apertures whose shapes are intrinsically noncentrosymmetric
[Fig. 3(a)]. The size dependence of the SHG response is in
this case, however, more complex to interpret because of
the visible shape deformations in the structures. The influence of this shape on the SHG responses was further ascertained by polarization dependence studies, which is a
powerful way to probe structural information in subwavelength size objects [10]. Typical examples of measured
SHG polarization responses are depicted in Fig. 3(b). Pure

Fig. 2. (Color online) (a) SHG enhancement factor (averaged
over all incident polarizations) relative to the signal from the
bare metal surface for circular apertures, as a function of their
diameter. Continuous line, experimental data. Dashed line, simple dipole model. Semidashed line, model including the calculated field enhancement factors. Theoretical curves are
normalized to the experimental maximum. The inset is a typical
electron microscopy image of the studied structures. (b) Geometry used for the calculation of the scattered electric field. (c)
Calculated normalized map of the radial component jE ωn j of the
field as a function of the angle around the surface (θ) and the
height (Z) relative to the glass substrate, in a 195 nm diameter
aperture. The incident field is polarized along the X direction
(θ ¼ 90°).
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ture interface and local fields enhancement factors.
Noncentrosymmetric shapes are seen to be promising
to further enhance SHG responses. We believe that the
methodology developed here is able to guide nonlinear responses optimization in metal nanoapertures and related
structures.

Fig. 3. (Color online) (a) Measured SHG enhancement factor
for triangular apertures as a function of their side length. The
insets are typical electron microscopy images of the studied
structures. (b) Polar representation of the experimental polarization-resolved SHG response analyzed along the X (red) and
Y (blue) analysis directions for two triangular nanoapertures of
320 nm size (top) and 170 nm diameter (bottom). (c) Phenomenological normalized SHG polarization responses calculated
from three centered nonlinear dipoles (black arrows), whose
orientations are calculated from the normal directions to the
drawn triangles faces. Above, triangle of edges of equal sizes.
Below, lower basis of the triangle reduced by a factor of 2, and
tilt angle by −10° relative to its original orientation. A polarization-independent background of 30% of the maximum intensity
is added.

triangular apertures of large sizes (>200 nm) show typical
four lobe patterns expected from their third-order symmetry [16]. Modeled SHG polarization responses from a pure
third-order symmetry structure made of three nonlinear
dipoles centered on the optical axis and illuminated by
a planar wave, including a polarization-independent background that may occur from the bare-metal-surface
contribution, show similarities [Fig. 3(c)]. In smaller
structures, deviations toward dipolarlike responses can
be observed, as expected from the deformed triangles
in electron microscopy images. Nevertheless, a SHG enhancement greater than 4 can be readily observed with
triangular apertures of sizes below 350 nm. We have demonstrated that metal nanoapertures of size much below
the wavelength can enhance SHG responses comparing to
a planar metal surface. The relative dependence of the enhancement factors to the structure size can be understood
in circular apertures from a phenomenological model accounting for phase-retardation effects at the nanoaper-
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