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polarization dependence of 
second harmonic generation from 
plasmonic nanoprism arrays
K. Y. Raygoza-Sánchez1,2, I. Rocha-Mendoza  2, P. Segovia3, A. V. Krasavin4, G. Marino4, 
t. cesca  5, N. Michieli5, G. Mattei5, A. V. Zayats  4 & R. Rangel-Rojo  2

the second order nonlinear optical response of gold nanoprisms arrays is investigated by means of 
second harmonic generation (SHG) experiments and simulations. The polarization dependence of the 
nonlinear response exhibits a 6-fold symmetry, attributed to the local field enhancement through the 
excitation of the surface plasmon resonances in bow-tie nanoantennas forming the arrays. Experiments 
show that for polarization of the input light producing excitation of the plasmonic resonances in the 
bow-tie nanoantennas, the SHG signal is enhanced; this despite the fact that the linear absorption 
spectrum is not dependent on polarization. The results are confirmed by electrodynamic simulations 
which demonstrate that SHG is also determined by the local field distribution in the nanoarrays. 
Moreover, the maximum of SHG intensity is observed at slightly off-resonance excitation, as 
implemented in the experiments, showing a close relation between the polarization dependence and 
the structure of the material, additionally revealing the importance of the presence of non-normal 
electric field components as under focused beam and oblique illumination.

Nanocomposite materials, containing dielectric, semiconductor or metallic nanoparticles with typical sizes in the 
1–100 nm range, have attracted considerable interest for their optical properties, and potential applications, such 
as optical signal processing1, and chemical or biological sensing2–4. When the distribution of the nanoparticles is 
random or they are structured in subwavelength arrays and diffraction effects are absent, the nanocomposite is 
perceived by light as a uniform effective medium, for which a term of ‘metamaterial’ or ‘metasurface’ was coined. 
The main feature of such metamaterials is the capability of tailoring their optical properties by the manipulation 
of their structure: nanoparticle ‘meta-atom’ composition, dielectric contrast, shape, orientation and spatial distri-
bution are some of the parameters that can be varied to engineer and optimize their optical response.

Metamaterials composed of metallic nanostructures have the  additional advantage that due to their plas-
monic nature, the incident electromagnetic field can be concentrated into very small regions around or between 
the meta-atoms, and thus greatly enhanced field amplitudes can be produced. This local field enhancement can be 
exploited to significantly increase the materials nonlinear optical properties, or for chemical and biological sens-
ing through enhanced fluorescence or Raman signals5–7. The third-order nonlinear response of these materials, 
manifested through effects such as nonlinear absorption and refraction, has been extensively studied, mainly for 
metallic disordered systems either embedded in glass or in solution8,9, but also in more ordered structures10,11.

Although macroscopically centrosymmetric, these nanocomposites present interfaces that break the symme-
try, and therefore allow the observation of second-order nonlinear optical effects such as SHG. These are usually 
surface effects, where the contribution comes only from a very thin layer of material at either side of the inter-
face. For nanoparticles, however, given their small dimensions, this can include most of its bulk, and again, local 
field enhancement can boost the SHG signal produced in these materials to significant levels12. While effective 
second-order susceptibilities are comparable to those of nonlinear crystals13, it is important to notice that since 
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the interaction volumes are usually very small, the overall SHG response cannot be expected to be comparable to 
that of phase-matched bulk noncentrosymmetric media, with interaction lengths in a millimetre to centimetre 
range. However, the metallic nonlinearity and efficiency of SHG is very high12 and furthermore, since SHG is 
very sensitive to the symmetry of the sample structure, SHG can be seen as a tool for studying the nanoscopic 
morphology of the materials14,15. In particular, this approach has been applied to a system consisting of elongated 
metallic nanoparticles embedded in glass and aligned along a preferential direction, for which a very close rela-
tion of the measured SHG signal with the light polarization, sample orientation, and structure was established14,16.

Recently, third-order nonlinear optical properties of metasurfaces consisting of ordered arrays of nanoprisms 
have been thoroughly studied17–19. Placing the nanoelements, in this case triangularly shaped nanoprisms, in an 
ordered array with a well-defined geometry allows having a response that is the coherent addition of the individ-
ual responses of each nanoparticle, which is larger than that of an equivalent disordered nanoparticle assembly. 
On the other hand, in these materials the field is further enhanced by a nanoantenna effect in a local region 
between two nanoprisms in a bow-tie configuration, as shown in finite element method (FEM) simulations19. The 
polarization dependence of the nonlinear absorption was correlated to this enhancement and with the symmetry 
of the sample, with a good agreement between the simulations and the experiment19. Therefore it poses an even 
more interesting question if there is such a correlation for the SHG, which is highly dependent on symmetry, 
and its relationship to localized surface plasmon resonances (LSPR)15, and more recently, to surface lattice reso-
nances20. The elucidation of the relation between the field enhancement obtained in these metasurfaces, and their 
nonlinear response can help on improvements in the design of chemical and biological sensors based on them.

In this article we present an experimental and numerical study of SHG from a honeycomb array of Au nano-
prisms and its relation to the polarization of the fundamental light. The observed dependency is correlated to the 
symmetry properties of the metasurface, which allows accessing a wide variety of the components of the nonlin-
ear susceptibility tensor, and reveals the importance of the focused illumination.

Experimental
Metallic nanoprism arrays fabrication. Two -dimensional arrays of Au nanoprisms were fabricated using 
a nanosphere lithography technique. The manufacturing process is described in detail in21 and is only briefly 
outlined here. Polystyrene nanospheres of a 522 nm diameter are first self-assembled on a surface of a clean silica 
glass substrate, forming a colloidal layer. Afterwards, Au is deposited on the substrate by thermal evaporation. 
Then, the nanospheres are removed using a solvent. Finally, a silica layer is deposited by magnetron sputtering 
on the resulting Au nanoprisms to prevent possible oxidation effects and physical damage of the nanoarray. The 
top protective layer is estimated to be 146 nm thick. The resulting nanostructures, observed using a field emission 
scanning electron microscope (FE-SEM, model Sigma HD, Zeiss) are shown in Fig. 1a. The geometric parameters 
of the nanoarray are depicted in Fig. 1b: α0 = 522 ± 5 nm is the lattice parameter (equal to the polystyrene nano-
spheres diameter), d = 290 ± 9 nm is the distance between the nanoprisms, L = 155 ± 3 nm is the side length of 

Figure 1. (a) SEM image of the nanoprism array, (b) array geometry, and (c) absorbance spectrum of the 
structure. The vertical line shows the dipolar LSPR.
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each nanoprism and h is their height. The latter, measured by atomic force microscopy (AFM, model NT-MDT 
Nova Solver-PRO in non-contact mode) is found to be h = 34 ± 2 nm.

The measured absorption spectrum of the sample taken with unpolarized incident light is shown in Fig. 1c. 
The spectrum shows a well-defined absorption band centered around 1030 nm, which corresponds to the dipolar 
localized surface plasmon (LSPR) response of the nanoprisms. The other absorption features at shorter wave-
lengths correspond to the quadrupolar, and higher order multipolar LSPRs, as it has been shown by FEM sim-
ulations previously performed on similar arrays19. These studies showed experimentally that the absorption 
spectrum of the array taken with linearly polarized light does not depend on the polarization angle θ measured 
with respect to the array structure (shown in Fig. 1b), a fact agreeing with symmetry considerations22 also cor-
roborated by the simulations19.

SHG experiments. Second harmonic generation experiments were conducted in a transmission mode using 
a focused beam to excite the sample at normal incidence. The schematic experimental setup is shown in Fig. 2. 
The fundamental light was generated by a Ti:Sapphire oscillator (Coherent Mira 900) pumped at 532 nm. The 
oscillator produces ultrashort 90 fs linearly polarized pulses at a 76 MHz repetition rate. The pulses had a spectral 
width of 12 nm and were centered at an 810 nm wavelength. The polarization azimuthal angle θ of the excitation 
(fundamental) beam was rotated using a λ/2 wave-plate, in order to study the dependence of the SHG signal on 
the polarization direction of the fundamental light. The beam, with a 3 mm diameter, was focused onto the sample 
by means of a L1 = 50 mm focal length lens, down to a 17 μm diameter on the sample surface, resulting in incident 
peak irradiances of up to 6 GW/cm2. Given this spot size, only about 30 unit cells of the array are illuminated dur-
ing the SHG measurements, so long-range spatial variations of the structure are not important. The SHG signal 
generated in the forward direction was collected using a second lens of a L2 = 30 mm focal length to image the 
point spread function at the monochromator entrance. Finally, the signal was detected using a photomultiplier 
tube (PMT) connected to a current/voltage pre-amplifier circuit and a digital oscilloscope. A polarizer cube (PBS) 
is located between the λ/2 wave-plate and the first lens to measure the dependence of SHG on the incident power.

Numerical modelling. Numerical analysis of the nonlinear interaction of light with the nanoprisms array, 
in both linear and nonlinear regimes, was performed in a frequency domain using a finite element method 
(COMSOL Multiphysics software). The nanostructure was illuminated by a plane electromagnetic wave at vari-
ous angles with respect to the surface normal (the z axis in Fig. 2), also varying the azimuthal polarization angle 
θ. The infinite honeycomb structure of the arrays was modelled by calculating the full vectorial structure of the 
fields in the corresponding rhomboidal unit cell containing two nanoprisms, using Bloch boundary conditions 
on its sides. Setting the proper field phase delays on the pairs of the opposite boundaries allowed modelling var-
ious incident and azimuthal angles of the incident wave. In the case of the generated second harmonic spectral 
component the phase delay was set to twice that of the fundamental wave. To avoid field singularities at the sharp 
edges, which are particularly undesirable in modelling nonlinear optical effects, the corners and the edges of the 
nanoprisms were rounded with a radius of 10 nm. The top and the bottom boundaries of the simulation domain 
were interfaced by perfectly matched layers to ensure the absence of back reflections. The refractive index of silica 
was considered to be constant in the studied frequency range (n = 1.46), while for gold it was taken from23.

The SHG generation from the gold nanoprisms array was numerically simulated within an undepleted pump 
approximation (weak nonlinearity) using a two-step model24,25. In the first step the interaction of the fundamental 
incident wave with the nanostructures was modeled to determine the local electromagnetic fields at the nano-
prism surface. In the second step, the local distribution of the obtained fundamental field was used to calculate 
the nonlinear polarizability of the nanoprisms24,25. Gold is a centrosymmetric material, so the second order non-
linear response, requiring symmetry breaking, occurs at the nanostructure boundaries and is related to the anhar-
monic dynamics of the free electron gas in the field gradients, and screening electron concentration gradients at 
the nanostructure surface. Generally, such process can be described by the hydrodynamic model6, which in the 
first approximation leads to the treatment of the nonlinear response in the framework of surface nonlinearity26, 
with the leading term of the second harmonic polarization usually considered to be normal to the surface27:

χ=ω ⊥ ⊥⊥⊥ ω ⊥P Er r( ) ( ), (1)2 , ,
2

where χ⊥⊥⊥ is the corresponding surface nonlinear susceptibility component and Eω,⊥(ω) is the fundamental 
electric field component, perpendicular to the nanoprism surface. In order to model the surface metallic non-
linearity, a very thin gold surface layer at the boundary of the nanoprisms was considered and the generated 
nonlinear polarization was implemented in it using Eq. 1. Then, in the second simulation step, the nonlinear 

Figure 2. Experimental setup for the measurement of SHG from an array of Au nanoprisms.
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polarization obtained was set as a source for the electromagnetic field at the second harmonic frequency, which 
was calculated in the entire simulation domain, with their power integrated over the bottom (substrate) domain 
boundary, modelling the generation geometry implemented in the experiments24,25.

Results and Discussion
The SHG spectrum experimentally measured for the nanoprism array presents a peak centered at a wavelength of 
405 nm, and having a width of ~8 nm, as shown in Fig. 3a. This confirms that the measured signal is indeed the 
second harmonic, as the central wavelength is half that of the input light, and the width is smaller than the origi-
nal laser width by a factor of 2 , and no significant broadband two-photon fluorescence was observed.

Figure 3. Spectral (a) and polarization (b) dependences of the SHG signal. Fundamental intensity dependence 
of SHG signal for polarization angles corresponding to (c) a maximum, 30°, and (d) a minimum, 0° in this case. 
The dashed lines in (c,d) represent quadratic power dependence fits to the data.

Figure 4. Calculated optical absorbance spectrum of the Au nanoprism array, obtained at normal incidence, 
showing the plasmonic resonances at 980 and 620 nm.

https://doi.org/10.1038/s41598-019-47970-3


5Scientific RepoRtS |         (2019) 9:11514  | https://doi.org/10.1038/s41598-019-47970-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

The polarization dependence of the SHG was measured, with the polarization azimuthal angle defined in rela-
tion to the laboratory reference frame as shown in Fig. 1b, i.e. the 0° angle corresponds to the polarization direc-
tion along the x-axis. Figure 3b shows a polar chart for the measured polarization dependence of the SHG-signal, 
taken at an average fundamental power of 88 mW. A clear six-fold symmetry, with SHG maxima every 60° start-
ing from the 30° angle is clearly seen, coinciding with the geometry of the sample. The average ratio between 
subsequent minima and maxima was found to be approximately ~1.21.

Another test performed was to measure the dependence of the signal on the input irradiance. It was done 
at two different polarization angles as shown by the red and black arrows in Fig. 3b, corresponding to a SHG 
maximum and a SHG minimum, respectively. Figure 3c shows the former case, corresponding to the excitation 
polarized along the bow-tie nanoprism structure. With the data displayed in a log-log scale, it fits very well to 
a linear relationship with slope 2 for average powers lower than 100 mW (corresponding to Epulse = 1.3 nJ). This 
is an indication that we have indeed a second order nonlinear process, as expected for SHG. At average powers 
higher than 100 mW, a deviation from this behavior can be seen. This could either indicate a ‘saturation’ of the 
signal, due to a high density of the surface electrons that depletes the harmonic plasmon oscillation, according to 
Sugita et al.15, or the onset of damage in the sample14, but no conclusive evidence of either could be established. 
Figure 3d shows the case of the other polarization direction, producing a minimum in the SHG signal. For this 
angle, the data at low powers seems to have a slope close to 1, indicating the presence of linearly scattered light in 
the detected signal. At powers higher than 100 mW the signal is well fitted with a line with a slope 2, indicating a 
clear SHG signal.

In the numerical model, the nanoprisms geometrical parameters, determined from SEM and AFM given 
above, were further optimized to get the best match possible to the experimental absorption spectrum. The simu-
lation was performed considering a plane wave illumination at normal incidence with polarization aligned along 
the nanoprism symmetry axis, as shown in the inset of Fig. 4. The time-averaged power transmission coefficient 
Tp is obtained via an S-parameter Tp = |S21|2. Using this value it is possible to calculate the absorbance A through 
the relation Tp = 10−A, the simulated spectrum is presented in Fig. 4. The fitting parameters used for comparing 
experimental and theoretical values were L = 170 nm and d = 300 nm, keeping the height of the nanoprisms fixed 
at 34 nm. The spectrum shows characteristic absorbance peaks corresponding to the dipolar and quadrupolar 
resonances of the nanoprisms at 980 and 620 nm wavelengths, respectively.

The agreement in the experimentally measured and calculated peak positions is quite good considering that 
only a selected set of geometrical parameters was used to reproduce both resonances in the simulations, and they 
are very close to  those experimentally observed, without changing drastically the original geometry. In addition, 
it can be observed that calculations exhibit narrow resonance widths in comparison with the experimentally 
measured. This is probably due to the variability of the nanoprisms geometrical parameters across the actual 
fabricated array, such as gaps separating prisms and apex shapes.

In order to study the effect of the polarization angle of the incident light on the absorbance spectrum, a set of 
simulations were carried out for various azimuthal angles. The results show that the shape of the absorption spec-
trum is independent on the polarization, which is consistent with previously published results19. The calculated 
peak occurs at λ = 980 nm, while the experimental peak is at the slightly longer wavelength of 1030 nm, at the 
same time being considerably broader (Fig. 1c).

In order to take into account this discrepancy in the SHG simulations, and considering that the experiments 
were not conducted exactly at resonance, but rather above it, the wavelength at which the simulations were con-
ducted was corrected. This is done by keeping in the simulations the same absorbance A(@λpeak)/A(@λlaser) ratio 
measured experimentally, which was A(@1030 nm)/A(@810 nm) = 1.46. The same condition for the simulated 
absorbance was fulfilled by A(@λsim) = A(@980 nm)/1.46, thus the simulations were performed at λsim = 960 nm.

SHG simulations were performed for normal incidence onto the sample for different polarization angles. To 
analyse the SHG response of the structure as function of the polarization angle of the incident field, the forward 

Figure 5. Polar plot of the simulated SHG signal (in a.u.) as a function of the polarization of the excitation field 
for two different incidence angles: 0° (red points), 5° (blue points) and 10° (green points).
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radiated SHG output power was calculated using the surface integral of time average power outflow on the surface 
below the structure. Figure 5 shows the results, with a SHG signal at normal incidence that does not depend on 
polarization angle θ (red line). However, when the SHG signal is calculated for an incident angle different from 
0°, a 6-fold polarization angular response is observed, which coincides with the 6-fold symmetry observed in the 
experimental results (Fig. 3b). Figure 5 shows the results for angles of incidence of 5° and 10°, which indicate that 
the depth of modulation increases with the incidence angle. One important point to notice here is that the sim-
ulations were made assuming plane wave illumination, while the experiments used a weakly focused beam, with 
a distribution of the incident angles. Thus the facts that no polarization direction dependence was theoretically 
seen at the normal incidence, and that the experiments coincide well with the simulation at a 5° incidence angle 
suggest that the observed 6-fold variation is due to the presence of non-normal electric field components in the 
focused beam, and the complex polarization structure produced in the focal plane. For the beam diameter and 
focusing conditions employed, the light fills a cone with a 3.4° convergence angle.

The simulated electric field maps corresponding to three different polarization angles of the fundamental light 
incident obliquely at 5° with respect to the surface normal are presented in Fig. 6. The peak SHG signals at the 30° 
and 90° polarization angles observed in the experiment (Fig. 3b) are consistent with the electric field enhance-
ment observed in the simulated field maps, in Fig. 6(b,c). In fact, each time the fundamental light polarization 
is aligned along the symmetry axis of any prism pair in the array, a field enhancement is produced. By contrast, 
illumination at any other polarization angle will produce a smaller field enhancement, as exemplified in Fig. 6(a) 
for θ  = 0°. The fact that the experimental angular response is somewhat elongated along the 120°–300° direction, 
can be either due to experimental error, or to the presence of a smaller component of the response with a different 
symmetry dependence, such as a quadrupolar contribution, but further investigation would be required to clarify 
this point.

To analyse the nonlinear response at an angle of incidence of 5°, the SHG electric field distribution is plot-
ted for two different polarization angles, 0° and 30° (Fig. 7). As it can be seen from the figure, the SHG signal is 
stronger at a polarization angle of 30°, thus confirming the fact that the high confinement of the fundamental field 
generated at every 60 degrees results in an enhancement of the SHG signal.

Given that we observe a 6-fold modulation in the polarization dependence of the SHG signal with a 
focused beam even at normal incidence, we decided to explore its dependence with incidence angle β. 

Figure 6. Numerically simulated distribution of the fundamental electric field normalized to the input field, 
10 nm above the nanoprisms for polarizations along the symmetry directions of the array: (a) 0°, (b) 30°, and (c) 
90° at an incident angle of 5° with respect to the normal to the surface.

Figure 7. SHG electric field distribution calculated for the nanoprism array at an incidence angle of 5° for two 
fundamental light polarization angles: (a) 0° and (b) 30°. The field is shown normalized to its maximum value 
Emax(2ω).
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Figure 8(a) shows the SHG as a function of polarization, this time for an incidence angle of 10°, and the 
same input average power of 88 mW employed for the results in Fig. 3(b). The data shows again the same 
6-fold modulation, with a deeper modulation contrast, which is in good agreement with the simulation 
results shown in Fig. 5. We then kept the polarization angle θ fixed at a value for which a maximum is 
observed, marked as b) in Fig. 8(a), and varied the incidence angle β, for the same input average power. 
Figure 8(b) shows that the signal increases with β, reaches a maximum around 10°, and then starts decreas-
ing. A simulation conducted for the same conditions is also shown in Fig. 8(b), and qualitatively coincides 
with the behaviour observed, showing a well-defined maximum, albeit happening at a larger β value of 
24°. This discrepancy again probably has to do with the fact that the simulations are made considering a 
plane wave input beam, while a focused beam is employed in the experiments. Nevertheless, these results at 
oblique incidence are consistent with the fact that we observed a modulation of the signal with the polariza-
tion angle when we use a focused beam even at normal incidence.

It should be noted that in addition to the LSP-related resonant enhancement, nonresonant excitation also 
leads to some field enhancement at the sharp tips of the nanoprisms. Both effects lead to the local field distri-
bution that ultimately determines the SHG efficiency. Because of this, we conducted simulations of the SHG 
process for different wavelengths across the dipolar and quadrupolar resonances for oblique incidence at 5°. 
Figure 9(a) shows the SH signals calculated for polarizations at 0°, 30°, 60°, and 90° at wavelengths around the 
dipolar LSPR, which display in most cases the 6-fold symmetry expected, and a lack of modulation for wave-
lengths away from resonance, even if there were non-vanishing signals. Figure 9(b) plots the SH power maxima 
to minima modulation depth, (PSH(30°) − PSH(0°))/PSH(0°) calculated from the simulation results, demonstrat-
ing the importance of the LSPR for the polarization modulation of the SHG signal. It is interesting to notice 
that the maximum modulation depth seems to happen at wavelengths slightly shorter than the actual LSPR 
peak, situated at 980 nm in the simulation. Exploration for wavelengths around the quadrupolar resonance at 
620 nm showed a stronger signal with no appreciable variation with polarization, even under the same oblique 
incidence conditions.

Figure 8. (a) Experimental polarization dependence of the SHG signal for an incidence angle β = 10 °, showing 
the well-defined 6-fold symmetry; and (b) variation of the measured SHG signal (full line) with incidence 
angle β, for a fixed polarization angle θ at one maximum, point (b) in (a). Also shown in (b) is the result of 
simulations for the experimental conditions employed (dashed line).

Figure 9. Calculated spectral dependence of the SHG contrast as a function of the polarization for oblique 
incidence (5° angle) around the dipolar resonance, (a) shows the simulated SHG values for a few polarization 
angle, 0°, 30°, 60°, and 90° at several wavelengths around the resonance. The wavelength dependence of the 
modulation depth (PSH(30°) − PSH(0°))/PSH(0°) is shown in (b).
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Conclusions
In conclusion, we have studied the SHG in a honeycomb gold nanoprism array, and its dependency on the input 
polarization. For such a thin metasurface, a reasonably strong signal having a well-defined 6-fold symmetry was 
observed, that is closely related to the microscopic structure of the material. Electromagnetic simulations showed 
an excellent agreement with the experimental observations, revealing the corresponding enhancement of the 
fundamental and the related SHG fields for polarization angles that are aligned with the 6-fold symmetry of the 
nanoprism array structure. Furthermore, they established that the non-normal components presented in the 
angular distribution of the incident light are of the key importance for the observation of the effect.

References
 1. Wang, K. et al. Plasmon-enhanced optical nonlinearity for femtosecond all-optical switching. Applied Physics Letters 111, 181102, 

https://doi.org/10.1063/1.5002581 (2017).
 2. Shipway A. N., Katz E., Willner I. Nanoparticle Arrays on Surfaces for Electronic, Optical, and Sensor Applications. Chem. Phys. 

Chem. 1, 18–52, 10.1002/1439-7641(20000804)1:1<18::AID-CPHC18>3.0.CO;2-L (2000).
 3. Haes, A. J., Zou, S., Schatz, G. C. & Van Duyne, R. P. Short Range Distance Dependence of the Localized Surface Plasmon Resonance 

of Noble Metal Nanoparticles. Journal of Physical Chemistry B 108, 6961–6968, https://doi.org/10.1021/jp036261n (2004).
 4. Saha, K., Agasti, S. S., Kim, C., Li, X. & Rotello, V. M. Gold nanoparticles in chemical and biological sensing. Chemical Reviews 112, 

2739–2779, https://doi.org/10.1021/cr2001178 (2012).
 5. Russo, V. et al. Gold–silver alloy semi-nanoshell arrays for label-free plasmonic biosensor. Nanoscale 9, 10117–10125, https://doi.

org/10.1039/C7NR01982C (2017).
 6. Krasavin, A. V., Ginzburg, P. & Zayats, A. V. Free‐electron Optical Nonlinearities in Plasmonic Nanostructures: A Review of the 

Hydrodynamic Description. Laser Photonics Rev. 12, 1700082, https://doi.org/10.1002/lpor.201700082 (2018).
 7. Michieli, N. et al. Oxidation effects on the SERS response of silver nanoprism arrays. RSC Advances 7, 369–378, https://doi.

org/10.1039/C6RA26307K (2017).
 8. Reyna, A. S. & de Araújo, C. B. High-order optical nonlinearities in plasmonic nanocomposites-a review. Adv. Opt. Photon. 9, 

720–774, https://doi.org/10.1364/AOP.9.000720 (2017).
 9. Zhang, Y.-X. & Wang, Y.-H. Nonlinear optical properties of metal nanoparticles: a review. RSC Advances 7, 45129–45144, https://

doi.org/10.1039/C7RA07551K (2017).
 10. Wurtz, G. A. et al. Designed ultrafast optical nonlinearity in a plasmonic nanorod metamaterial enhanced by nonlocality. Nature 

Nanotechnology 6, 107–111, https://doi.org/10.1038/nnano.2010.278 (2011).
 11. Neira, A. D. et al. Eliminating material constraints for nonlinearity with plasmonic metamaterials. Nature Communications 6, 7755, 

https://doi.org/10.1038/ncomms8757 (2015).
 12. Krasavin, A. V., Ginzburg, P., Wurtz, G. A. & Zayats, A. V. Nonlocality-driven supercontinuum white light generation in plasmonic 

nanostructures. Nature Communications 7, 11497, https://doi.org/10.1038/ncomms11497 (2016).
 13. Wells, B. et al. Structural second-order nonlinearity in plasmonic metamaterials. Optica 5, 1502–1507, https://doi.org/10.1364/

OPTICA.5.001502 (2018).
 14. Rocha-Mendoza, I., Rangel-Rojo, R., Rodríguez-Fernández, L. & Oliver, A. Second-order nonlinear response of composites 

containing aligned elongated silver nanoparticles. Optics Express 19, 21575–21587, https://doi.org/10.1364/OE.19.021575 (2011).
 15. Sugita, A., Yogo, H., Ono, A. & Kawata, Y. Polarization dependent second harmonic generations of equilateral triangular Au 

nanorods at localized surface plasmon resonances. Proc. SPIE 10346, 103462M, https://doi.org/10.1117/12.2273485 (2017).
 16. Licea-Rodríguez, J., Rocha-Mendoza, I., Rangel-Rojo, R., Rodríguez-Fernández, L. & Oliver, A. Femtosecond laser writing over 

silver nanoparticles system embedded in silica using nonlinear microscopy. Optical Materials 36, 682–686, https://doi.org/10.1016/j.
optmat.2013.11.012 (2014).

 17. Sánchez-Esquivel, H. et al. Spectral dependence of nonlinear absorption in ordered silver metallic nanoprism arrays. Scientific 
Reports 7, 5307, https://doi.org/10.1038/s,2017,41598-017-04814-2 (2017).

 18. Sánchez-Esquivel, H. et al. Ultra-fast dynamics in the nonlinear optical response of silver nanoprisms ordered arrays. Nanoscale 10, 
5182–5190, https://doi.org/10.1039/C7NR08948A (2018).

 19. Cesca, T. et al. Dichroic nonlinear absorption response of silver nanoprism arrays. RSC Advances 7, 17741–17747, https://doi.
org/10.1039/C7RA01722G (2017).

 20. Hooper, D. C. et al. Second Harmonic Spectroscopy of Surface Lattice Resonances. Nano Lett. 19, 165–172, https://doi.org/10.1021/
acs.nanolett.8b03574 (2019).

 21. Cesca, T. et al. Nonlinear absorption tuning by composition control in bimetallic plasmonic nanoprism arrays. Nanoscale 7, 
12411–12418, https://doi.org/10.1039/C5NR01715G (2015).

 22. Boyd, R. W. Nonlinear Optics, Academic Press, 3rd edition, (2008).
 23. Johnson, P. B. & Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 6, 4370, https://doi.org/10.1103/PhysRevB.6.4370 

(1972).
 24. Marino, G. et al. Second‐Harmonic Generation from Hyperbolic Plasmonic Nanorod Metamaterial Slab. Laser Photonics Rev. 12, 

1700189, https://doi.org/10.1002/lpor.201700189 (2018).
 25. Segovia, P. et al. Hyperbolic metamaterial antenna for second-harmonic generation tomography. Opt. Express 23, 30730, https://doi.

org/10.1364/OE.23.030730 (2015).
 26. Sipe, J. E., So, V. C. Y., Fukui, M. & Stegeman, G. I. Analysis of second-harmonic generation at metal surfaces. Phys. Rev. B 21, 4389, 

https://doi.org/10.1103/PhysRevB.21.4389 (1980).
 27. Bachelier, G., Russier-Antoine, I., Benichou, E., Jonin, C. & Brevet, P.-F. Multipolar second-harmonic generation in noble metal 

nanoparticles. J. Opt. Soc. Am. B 25, 955–960, https://doi.org/10.1364/JOSAB.25.000955 (2008).

Acknowledgements
We thank Gregory Wurtz for his insight and helpful feedback. This project was partially supported by CONACYT-
Mexico through Grants No. 251992 (IRM) and No. 222485 (RRR), and through a CONACYT-Mexico PhD grant 
(KYRS). Financial support from the University of Padova with the project BINDER (CPDA153538) and the 
Department of Physics and Astronomy with the project BIRD183751 is also acknowledged, and to EPSRC (UK).

Author Contributions
R.R.-R., T.C. and G.M. conceived the experiments, K.Y.R.-S. and I.R.-M. conducted the experiments, P.S., A.V.K., 
G. Marino, N.M. and A.V.Z. produced the simulations. All authors reviewed the manuscript.

https://doi.org/10.1038/s41598-019-47970-3
https://doi.org/10.1063/1.5002581
https://doi.org/10.1021/jp036261n
https://doi.org/10.1021/cr2001178
https://doi.org/10.1039/C7NR01982C
https://doi.org/10.1039/C7NR01982C
https://doi.org/10.1002/lpor.201700082
https://doi.org/10.1039/C6RA26307K
https://doi.org/10.1039/C6RA26307K
https://doi.org/10.1364/AOP.9.000720
https://doi.org/10.1039/C7RA07551K
https://doi.org/10.1039/C7RA07551K
https://doi.org/10.1038/nnano.2010.278
https://doi.org/10.1038/ncomms8757
https://doi.org/10.1038/ncomms11497
https://doi.org/10.1364/OPTICA.5.001502
https://doi.org/10.1364/OPTICA.5.001502
https://doi.org/10.1364/OE.19.021575
https://doi.org/10.1117/12.2273485
https://doi.org/10.1016/j.optmat.2013.11.012
https://doi.org/10.1016/j.optmat.2013.11.012
https://doi.org/10.1038/s,2017,41598-017-04814-2
https://doi.org/10.1039/C7NR08948A
https://doi.org/10.1039/C7RA01722G
https://doi.org/10.1039/C7RA01722G
https://doi.org/10.1021/acs.nanolett.8b03574
https://doi.org/10.1021/acs.nanolett.8b03574
https://doi.org/10.1039/C5NR01715G
https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1002/lpor.201700189
https://doi.org/10.1364/OE.23.030730
https://doi.org/10.1364/OE.23.030730
https://doi.org/10.1103/PhysRevB.21.4389
https://doi.org/10.1364/JOSAB.25.000955


9Scientific RepoRtS |         (2019) 9:11514  | https://doi.org/10.1038/s41598-019-47970-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-47970-3
http://creativecommons.org/licenses/by/4.0/

	Polarization dependence of second harmonic generation from plasmonic nanoprism arrays
	Experimental
	Metallic nanoprism arrays fabrication. 
	SHG experiments. 
	Numerical modelling. 

	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 (a) SEM image of the nanoprism array, (b) array geometry, and (c) absorbance spectrum of the structure.
	Figure 2 Experimental setup for the measurement of SHG from an array of Au nanoprisms.
	Figure 3 Spectral (a) and polarization (b) dependences of the SHG signal.
	Figure 4 Calculated optical absorbance spectrum of the Au nanoprism array, obtained at normal incidence, showing the plasmonic resonances at 980 and 620 nm.
	Figure 5 Polar plot of the simulated SHG signal (in a.
	Figure 6 Numerically simulated distribution of the fundamental electric field normalized to the input field, 10 nm above the nanoprisms for polarizations along the symmetry directions of the array: (a) 0°, (b) 30°, and (c) 90° at an incident angle of 5° w
	Figure 7 SHG electric field distribution calculated for the nanoprism array at an incidence angle of 5° for two fundamental light polarization angles: (a) 0° and (b) 30°.
	Figure 8 (a) Experimental polarization dependence of the SHG signal for an incidence angle β = 10 °, showing the well-defined 6-fold symmetry and (b) variation of the measured SHG signal (full line) with incidence angle β, for a fixed polarization angle θ
	Figure 9 Calculated spectral dependence of the SHG contrast as a function of the polarization for oblique incidence (5° angle) around the dipolar resonance, (a) shows the simulated SHG values for a few polarization angle, 0°, 30°, 60°, and 90° at several 




