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We investigate the role of surface-lattice resonances (SLRs)
in second-harmonic generation (SHG) from arrays of metal
nanoparticles. The SLRs affect the generated signal when
the sample is rotated away from normal incidence. The
adjustment of the incident angle tunes the SLRs to the
fundamental wavelength for SHG and improves the quality
of the resonance for better resonance enhancement of
SHG. Compared to normal incidence, an enhancement
by a factor of 10 is observed. However, at certain incident
angles, the enhancement is interrupted by diffraction
anomalies, which redirect light into the substrate, increas-
ing radiation damping and compromising the quality of the
resonance. © 2016 Optical Society of America

OCIS codes: (160.3918) Metamaterials; (190.4160) Multiharmonic

generation; (240.6680) Surface plasmons; (260.5740) Resonance.
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The oscillations of conduction electrons, known as plasmons,
determine the optical properties of metal nanostructures.
For nanoparticles, the oscillations are confined, giving rise to
localized surface-plasmon resonances (LSPRs). Such resonances
depend on the size, shape, and environment of the particles.
When the nanoparticles are arranged in arrays, as is usually
the case for metasurfaces, the LSPRs are modified by the pres-
ence of adjacent particles. In addition, when the period of the
array is near the LSPR wavelength of the particle, surface-lattice
resonances (SLRs) may occur [1–5]. This can give rise to very
sharp spectral features, which are linked to the appearance or
disappearance of diffraction orders in the optical response. The
features arise from coupling between LSPRs of the particles and
diffraction anomalies [1,4]; therefore, they are very sensitive to
the angle of incidence into the structure [1,3,6,7].

The resonances give rise to strong local electromagnetic
fields near the particles (hot spots), which can be beneficial
for nonlinear optical effects, including second-harmonic gener-
ation (SHG). As an even-order nonlinear process, SHG is
forbidden in centrosymmetric materials. This symmetry rule,
however, makes SHG useful to study surfaces and thin films,

but the surface nonlinearity can typically be accessed only at
oblique angle of incidence. To break the centrosymmetry of
metasurfaces, the nanoparticles (meta-atoms) are usually de-
signed to appear noncentrosymmetric even when probed at
normal incidence, allowing experiments without coupling to
the traditional surface nonlinearity. For such meta-atoms of
low symmetry, their arrangement in the array may influence
the symmetry and dimensions of the unit cell, which may lead
to lattice effects and change the SHG response [8,9].

The presence of resonances is crucial to boost the nonlin-
earity of metasurfaces [10,11], with the possible exception of
specific particle geometries and nonlinear signals [12,13].
The quality of the resonance (height, width) as well as the
detuning of the fundamental wavelength from the line center
therefore play a vital role in the achievable resonance enhance-
ment of nonlinear processes [11,14]. High-quality narrow
resonances can be achieved, e.g., by improving the fabrication
process [15], and further narrowing can be realized by varying
the lattice constant or by changing the angle of incidence of the
light beam into the structure [1,3,6,7]. Very few nonlinear
studies with varying incident angles, however, have been
performed on metasurfaces. For SHG, such studies have been
limited to nanoapertures [16,17], split-ring resonators [18],
and G-shaped nanostructures [19]. Theoretical analysis of
angle-dependent SHG from nanoparticles has also been pre-
sented [20]. However, the role of SLRs to the nonlinear re-
sponses has not yet been fully explored.

In this Letter, we show that the SLRs of the structure
can significantly modify the SHG response. For our particular
structures, the SLR can be sharpened and tuned to our laser
wavelength by increasing the angle of incidence, thereby
improving the resonance enhancement. However, the angular
dependence is also modified by the occurrence of diffraction
anomalies at the fundamental or second-harmonic wavelength.
In general, these anomalies ultimately compromise the effi-
ciency of the SHG signal at large angles of incidence when a
propagating diffraction order opens for the fundamental wave-
length. Nevertheless, the optimum angle of incidence can
enhance the SHG efficiency by a factor of 10 compared to
normal incidence.
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Our sample is a 1 mm × 1 mm metasurface fabricated by
electron-beam lithography and lift off, and consists of an array
of L-shaped gold nanoparticles. The particles are equally dis-
tributed in both planar directions (x and y) of the 2D array
with a period of 500 nm (Fig. 1). The particles are 20 nm thick
and have equally long (275 nm) and wide (100 nm) arms. The
length of the arms determines the spectral position of the res-
onances along the symmetry axis (y) and orthogonal to it (x).

The measurements of the linear response (transmitted light
in −z direction; sample illuminated from the nanoparticle side)
revealed the positions of the plasmon resonances, which also
determine the resonance condition for the SHG response.
The shorter wavelength resonance (y) at 990 nm is due to os-
cillation along the arms of the L-shape. Therefore the resonant
SHG tensor component (yyy; where the first letter describes the
polarization of second-harmonic light and the second and third
letters define the polarization of fundamental light) is detected
when both the incident and SH light are y-polarized [9]. Other
tensor components possible for our sample are yxx, xxy, and
xyx (allowed by symmetry) and xxx, xyy, xxy, and xyx (forbid-
den by symmetry). Here, we will focus on the resonant and
symmetry-allowed yyy component.

We studied the linear response of our sample for different
incident angles and using the two configurations (ϕ � 0° and
ϕ � −90°) shown in Fig. 2, where the incident angle is varied
by rotating the sample about the y- or x-axis, respectively. The
results corresponding to the configuration in Fig. 2(a) are pre-
sented in Fig. 3. The spectra related to the configuration in
Fig. 2(b) are qualitatively similar (not shown here).

When the incident angle is increased, the following can be
observed (Fig. 3): (i) at normal incidence [Fig. 3(a)], the dif-
fraction anomalies are considerably blueshifted compared to the
LSPR, which does not allow the excitation of the SLRs [21];
(ii) when the incident angle is increased, the diffraction
anomaly redshifts approaching the LSPR [Figs. 3(c) and 3(d)].
This improves the excitation of the particles in the array
and reduces the energy required for excitation; (iii) due to
the reduction in energy, the resonance redshifts, as observed

previously [22]; (iv) the intensity of the resonance decreases
[23]; (v) the resonance becomes narrower and the symmetry
is affected by change in curvature at its left side leading to
Fano-type shape of the resonance (Fig. 3) [2,24]. The change
in the shape is due to the appearance of the first order of
diffraction, which leads to an increase in the radiated power
from the array [25] through Rayleigh–Wood anomalies [26];
(vi) SLRs can be observed when the position of the diffraction
anomaly is close to the position of the LSPR.

The redshift of the resonance tunes its spectral position
toward the fundamental wavelength of 1060 nm, matching
the fundamental wavelength at 41° [Fig. 3(e)]. At the same
time, the position of the diffraction anomaly is also redshifted,
allowing for the formation of a SLR [22], which in turn leads
to significant narrowing of the resonance.

Since our sample is a square array, it can be treated as a two-
dimensional grating, for which the positions of the diffraction
anomalies can be calculated by applying the Bragg condition.
For the direction of incident light in the x–z plane, the con-
dition for diffraction anomalies is [22]

λ�i;0� � G
�
n
jij −

sin θx
i

�
; (1)

where G is the period of the array (Gx � Gy � G), θx is the
angle of incidence, n is the refractive index of the medium of
propagation [the refractive index of the incident medium (air) is
assumed to be ninc � 1], and i is an integer related to the dif-
fraction order (note that subscript 0 indicates the diffraction
order in the y direction; j � 0). When the incident wavelength
matches the λ�i;0�, the diffraction orders propagate along the
sample plane either in air (reflected orders) or in the substrate
(transmitted orders) [1], as depicted in Fig. 4.

Figure 5 shows the wavelengths for the opening of diffrac-
tion orders for air and substrate calculated using Eq. (1). The
period of our sample is G � 500 nm and the refractive index
of the glass substrate n � 1.45 (note, however, that the refrac-
tive index exhibits some wavelength dependence, which is

Fig. 1. (a) Dimensions, (b) array design, and (c) scanning electron
microscopy image of the studied sample. The scale bar and coordinate
system are also shown.

Fig. 2. Experimental geometry for two configurations: (a) ϕ � 0°
and (b) ϕ � −90°.

Fig. 3. y-polarized extinction spectra measured at (a) 0°, (b) 13°,
(c) 24°, (d) 33°, (e) 41°, and (f ) 53° incident angles. The vertical black
dashed line indicates the position of the fundamental wavelength
for SHG (1060 nm) and the vertical dotted lines indicate the spectral
positions of diffraction anomalies [for first order of diffraction �−1; 0�
into the substrate (blue) and air (black)]. The reference extinction
spectrum measured at normal incidence (red dashed line) is shown
in each panel.
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unimportant for the main conclusions). For the incident wave-
length of λ � 1060 nm, the particular angles where the
anomalies occur are θx � 42° [grating order: (−1; 0)] and in
the air, the angle becomes θx � 4° (n � 1). However, for the
SH light of λ � 530 nm the anomaly occurs at θx � 23°
[grating order: (1,0)], see Fig. 5.

In order to study the influence of the SLRs on the SHG
response, we used the configurations presented in Fig. 2.
The light before and after the sample was linearly polarized
(s, ϕ � 0° or p, ϕ � −90°) to interact with the component
yyy of the tensor describing SHG, which is allowed by the sym-
metry group of the sample and resonant with the fundamental
wavelength. During the measurements the angle of incidence
(θx or θy) was changed when the sample was rotated about the
y- (ϕ � 0°) or x-axis (ϕ � −90°), respectively.

The SHG response depends strongly on the incident angle
growing up to 41°–42°, where it reaches a maximum after
which it dwindles quickly to a much lower value [Fig. 6(a)].
In addition to the maximum at 41°, a weak anomalous feature
is observed at 24° [Fig. 6(a)]. Irregular features are also observed
at similar angles (22° and 41°) in the s-polarized fundamental
light transmitted through the sample. At 22° the transmission
drops abruptly and decreases further reaching a minimum at
41° [Fig. 6(b)].

Analogous results were obtained for the azimuthally rotated
[by 90°, Fig. 2(b)] sample (Fig. 7). The maximum at 41° is now
even more pronounced for the positive angles (note that a
positive angle corresponds to the corner of the L-shape toward
�z direction while the arms are toward −z direction). Also,
the feature at 24° is noticeable here (Fig. 7). Furthermore, the signal grows irregularly revealing small anomalies at �4°,

corresponding to a diffraction order in air. The results for this
configuration are highly asymmetric leading to stronger signals
for positive angles θy. An enhancement by a factor of 10 is ob-
served in this case, while the enhancement is about 3 for the
negative angles. Due to the strong asymmetry of the signal for
this ϕ � −90° configuration, we reconfirmed that the results
for the ϕ � 0° configuration are symmetric (inset in Fig. 7).
The small deviation (10%) in the SHG between negative
and positive incident angles is due to difficulties in the precise
alignment of the experiment.

The strong enhancement for the positive angles can be
explained by the SHG radiation pattern of L-shaped particles.
In the case of y-polarized input, the radiation is oriented toward
�y � z directions [27,28]. Thus, by increasing the angle of
incidence toward positive angles [Fig. 7], the direction of
detection is approaching the direction of maximum SHG
radiation from individual particles. At the same time, the
SHG wavelets from individual particles are phase-matched
in the same direction [29].

It is important to note that oblique incident angles allow
SHG also from structures that appear centrosymmetric at

Fig. 5. Angular dependence of diffraction anomalies calculated with
Eq. (1) for grating orders in the substrate (blue) and in air (black). The
horizontal dashed-dotted lines show the fundamental and SH wave-
lengths, respectively, and the vertical dashed lines show the most
interesting incident angles. The numbers in the parentheses indicate
diffraction orders [�i; j�; j � 0].

Fig. 6. (a) SHG signal and (b) intensity of s-polarized laser light
(1060 nm) transmitted through the sample as functions of angle of
incidence θx (normalized to response at 0°).

Fig. 4. Sketch of the sample geometry with the incident field at
oblique angle θx .

Fig. 7. SHG intensity as function of incident angle normalized to the
response at normal incidence for the azimuthal orientation ϕ � −90°.
The SHG signal and incident light were p-polarized (yyy at normal
incidence). The noise level is smaller than the data points. Inset shows
the full angle dependence of the SHG signal from Fig. 6(a).
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normal incidence. In some cases, the SHG efficiency can be
even higher than from noncentrosymmetric particles [20].
However, for the polarization configuration of Fig. 2(a), the
yyy signal from centrosymmetric particles remains forbidden
for any incident angle. In addition, our control measurements
performed on arrays of off-resonant centrosymmetric nanobars
showed negligible SHG for the whole angular range.

The results show that with the increasing incident angle,
the SHG signal from arrays of L-shaped particles grows as
the resonance is tuned toward the fundamental wavelength.
At the same time the quality of the resonance improves due
to the SLRs. The increase of SHG, however, is disturbed by
the appearance of diffraction anomalies at particular incident
angles (23° and 42°). At 23° the (1,0) substrate diffraction order
for SH light appears and the rate of increase of the SHG signal
is slowed down after 24°. Passing through the 24° angle, the
SHG still rises up until 41°–42°, where the �−1; 0� substrate
diffraction order for fundamental wavelength appears and
the diffracted waves travel along the surface of the substrate.
The increase in the SHG signal is thus interrupted by the dif-
fraction anomalies, which eventually give rise to an abrupt drop
in the signal. This general behavior is further modified depend-
ing on whether the sample is rotated about the symmetry
axis (y) or the orthogonal axis (x). In the latter case, the asym-
metry of the SHG radiation pattern favors the emission for
positive but not negative incident angles.

In conclusion, we have used second-harmonic generation to
study the role of SLRs in the second-order nonlinear optical
response of metasurfaces. The second-harmonic signal can
be enhanced by the SLRs when the sample is rotated away from
normal incidence. This occurs when the SLR gives rise to a
narrow resonance matching the wavelength of the fundamental
laser beam. SHG enhancement by a factor of 10 is obtained at
the optimum angle of incidence compared to normal incidence
when the signal is detected in the direction of SHG radiation.
The enhancement is, however, interrupted by diffraction
anomalies, which are responsible for redirection of light into
the substrate. This causes radiative damping and loss of the
quality of the resonance for incident angles exceeding the SLR
conditions. More studies are needed to fully understand how
SLRs can be improved for optimum enhancement of nonlinear
responses.
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