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Abstract
We describe a nonlinear optical study of gold triangles that exploits a higher order plasmonic
resonance. A comprehensive nonlinear optical characterisation was performed both by second
harmonic generation (SHG) and two photon fluorescence spectroscopy (2PF). We demonstrate
and explain the enhancement of the coherent and incoherent nonlinear optical emission by a higher
order multipolar mode of the plasmonic structure. The peculiarities of the mode shape and its
influence on intensity and polarisation of the nonlinear signal are experimentally and numerically

confirmed.
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I. INTRODUCTION

Localized surface plasmon polaritons (LSPPs) and surface plasmon polaritons (SPPs)
are electromagnetic excitations coupled to the electron charge density waves localized on
metallic nanostructures and metal-dielectric interfaces, respectively. These modes allow for
confinement of light at the nanoscale level (10-100 nm), far below conventional optics [1],[2].
Additionally, in modern nano-optics plasmonic resonances become important as they offer a
unique and distinctive way for controlling light emission by coupling radiation of a nanoprobe
(molecule, quantum dot etc.) with the environment [3],[4],[5].

Recently, nonlinear optical effects attract special attention as strong electromagnetic fields
in the vicinity of metallic structures generate a significant enhancement of the nonlinear pro-
cesses, which depend super-linearly on the local fields [2]. Moreover, the ability to convert
low-energy quanta into a quantum of higher energy is crucial for a variety of applications,
including bioimaging, drug delivery, photovoltaics and solar cell technology [2]. However,
the majority of reported optical studies considering metallic particles and their arrays have
been performed only in the linear optical regime using transmission, reflection and fluores-
cence spectroscopy [6],[7],[8]. Up to now, a number of metallic nanostructures of diverse
architectures have been studied by nonlinear optical techniques [2],[10],[9], .

Structures such as gold metallic triangles (i.e. curved nanotriangles and nanoprisms) at-
tract interest because of their antenna effect. The latter effect creates a huge enhancement
of electromagnetic fields in the vicinity of tips [10],[14],[15][16]. Furthermore, recent inves-
tigations of gold triangles point out the mutual importance of the resonance position and
tip-to-tip orientation for their optical response [19],[13],[14]. Recently, plasmonic circuitry at
the micrometer scale made from metallic nanotriangles and nanoprisms was demonstrated
with potential applications in telecommunication technology [17],[18]. Likewise, it has been
indicated [2],[10] that nanotriangles are promising candidates for various applications such
as photonic circuits, super-resolution imaging, enhanced fluorescence and Raman detection.

Despite a tremendous number of publications, the higher order modes are seldom ex-
amined and the dipolar mode is preferentially used for enhancement of an optical signal
[2],[20],[21]. However, for various potential applications (especially for sensing using lin-
ear or nonlinear emission) the dipole mode is probably a less attractive resonance, because

the strong electric field generated by incoming light (matching between dipole mode and
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Figure 1: (a) Measured transmission spectrum of the gold triangle array. (b) SEM image of the

array, with the 1 um scale bar.

fundamental wavelength) can trigger nanopatterning processes [20],[22],[23].

In this article a comprehensive nonlinear optical study of gold metallic triangles is de-
scribed using two different nonlinear optical techniques, coherent second harmonic gener-
ation (SHG) and incoherent two-photon fluorescence (2PF) spectroscopy. With these two
techniques we are able to reveal the effect of the higher order and less studied mode on the

enhancement of the coherent and incoherent nonlinear emission.

II. RESULTS AND DISCUSSION

The triangular gold nanoparticles in this study are made by nanosphere lithography
utilising the drop coating method of Micheletto [11],[12] as used by Kolaric and Morarescu
[13]. The technique employs nanospheres dispersed in solution to create a close-packed
monolayer with hexagonal symmetry, which is employed as a mask in a subsequent step,
where gold is deposited (40 nm) through the nanospheres to fill the void spaces in the layer
lattice. Regular arrays of triangular gold nanoparticles are fabricated in a last step, when
the nanosphere mask is removed. The corresponding metallic triangles (Figure 1b) were
chosen due to the relatively good matching between the higher order plasmonic resonance

and the wavelength of the fundamental.
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A top-view scanning electron microscope (SEM) image (Figure 1b) shows the size and the
shape of the metallic triangles (side ~ 900 nm) as well as the exceptionally good ordering of
triangles within the array. The optical properties of metallic particles are influenced by the
particle size and orientation. Therefore, by increasing the size a higher order plasmon mode
appears in the extinction spectrum (Figure 1a) [13],[23],[25],[26]. Additionally, the higher
order plasmon bandwidth can become broader as a result of more radiative damping. In our
case, the transmission spectrum of the gold metallic triangles (Figure 1a) consists of two
main dips (and thus extinction maxima): a small dip (between 500 nm and 1800 nm, with
a minimum around 1500 nm), originating from a higher order mode of the triangles, and a
main dip (above 2500 nm) in the near infrared domain, related to the dipole mode [13]. The
dipolar minimum is beyond our experimental data, however these dipole and higher order
modes have also been identified in previous work [13]. In the aricle published by Morarescu
et al, dipolar and higher order modes of nanotriangles of different size are fully described
and discussed.

The nonlinear optical study of the gold triangles was performed using a wide field non-
linear optical microscope [27],[28]. Figure 2a shows an optical image of the array studied
in our experiments, while the nonlinear responses are recorded by imaging 2PF and SHG
as a function of polarisation (Figure 2b and 2c, respectively). The wavelength of the fun-
damental (800 nm) overlaps with the broadband higher order mode resonance of the gold
triangle. Furthermore, Figure 2 confirms that the observed enhancement is not related to
the presence of a local defect within the array (the yellow line indicates a defect).

Figures 2b and 2c show merged 2PF- and SHG-images, which consist of three combined
images with different colour, where each colour corresponds to a different plane of polari-
sation of the incident light. The depicted incident polarisations are chosen such that they
coincide with an orientation of the triangle edges. These images indicate that each triangle
tip generates the nonlinear optical light independently: the response of each tip is spatially
resolved from the responses of the other two tips of the same triangle, as well as from the
tip of the neighbouring triangles. The pattern of the array is clearly visible in the nonlinear
response, pointing out that the observed response is directly related to the plasmonic struc-
ture itself. The figure shows a defect in the Au-triangle array (see yellow line as guid to the
eye) where no SHG and 2PF is generated. In fact the intensity along this defect corresponds
to the noise level in the SHG and 2PF images. With regard to the standard deviation of
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Figure 2: a) Optical image. b) Merged image of three different measured 2PF-images or ¢) SHG
images, respectively, each taken with a different plane of polarisation of the incident light. The
incident polarisation plane of the blue, red and green images are depicted by a line on the image
in these respective colours. As a guide to the eye, the white triangle corresponds in each of the
three images. In b) and c) the tips of the drawn triangle are decorated with the direction of the
plane of polarisation that corresponds to the highest 2PF or SHG-intensity for that tip. Note that
schematic presentation of the structure, the drawn white triangles are displayed larger than actual,
in order that all light generated by triangles be presented with the drawings. The yellow line is a
guide to the eye to show a defect in the Au-triangle array. Along this defect, no 2PF and SHG is

detected.

this noise level the detected SHG and 2PF intensity of the triangle tips is on average 10
and 65 times higher. As we can not detect the SHG and 2PF generated by the bulk of
the faulty structures, and as the SHG and 2PF generated by the tips is spread out over a
spot the size of the diffraction limit, the numbers are an underestimation of the effective
enhancement factor. Since the higher order and dipole mode are very well separated in our
structure (over 1000 nm in wavelength), the recorded images are direct observations of the
nonlinear enhancement caused by the higher order mode.

Figure 2 also shows that both SHG and 2PF are most effectively generated when the
plane of polarisation of the incident light is oriented perpendicularly to the direction of the
tip. This ‘puzzling’ polarisation dependance of the nonlinear response was noted before,

in the context of femtosecond laser patterning using nanostripes and larger sized metallic
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triangles [22],[24]. However, in the case of the nanostripes studied by Valev et al. [24] the
detected polarisation dependance is explained by the fact that the laser induces melting
of the structure on the local scale, causing elongation of the nanostripes (formation of
a resonant cavity). Thus, depending on the wavelength of light and the length of the
cavity, different plasmon resonance modes could be excited. However, this finding was not
specially emphasised in the article [24] since the authors’ primary objective was to explain
the origin of the light induced nanopatterns (nanobumps). Additionally, Kolloch et al. [22]
describes nanopatterning of gold triangles and the effect of a particular resonance (dipolar
and higher order mode) on nanopattern formation. In the case when the wavelength of the
laser matches with a higher order mode plasmonic resonance, Kolloch et al. observed the
same unusual polarisation dependence, quite different from polarisation dependance caused
by dipole mode enhancement [13]. Since nanopatterning did not occur in our study, it is
likely that the observed polarisation dependance of the nonlinear response is caused by the
effect of the higher order mode.

Here we also note that we tried to study smaller metallic triangles, with 135 nm edge
length (made from spheres with radius 630 nm [13]), that exhibit a nice matching between the
fundamental wavelength and the dipolar response. However, the nonlinear optical intensity
decreased during the measurement, indicating that the sample changed under irradiation
(melted or patterned). This observed nanopatterning made it impossible for us to perform
a full nonlinear optical study using dipolar modes of metallic triangles.

To clarify these results the near-field optical properties of the same triangular array have
also been numerically studied. Figure 3 shows the calculated electric field profile (more
specifically the module of the enhanced field, which is the total field divided by the incident
field) for a vertically incident plane wave at a wavelength of 800 nm, with two perpendicular
incidence polarisations (white arrows in Figure 3a and 3b, respectively). These profiles can
be attributed to the excitation of a higher order mode. Indeed, it is clearly visible that
the largest fields are generated on the triangular tips that are aligned perpendicular to the
polarisation direction. The fundamental dipole-like resonance has maxima at opposite ends
of the triangles (which ‘samples’ or feels the complete triangle), but for these (relatively
large) particles this resonance happens at much larger wavelengths simulations show the
fundamental resonance at 2.55 pum, see SI for the dipolar field profile at this wavelength in

function of the incident polarisation. At smaller wavelengths, such as 800 nm as in Figure
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Figure 3: Simulated electric field enhancement profile in a plane 20 nm above the substrate. (a)
For vertically incident polarisation and (b) for horizontally incident polarisation. The white arrows
indicate the respective polarisation of the incident wave. The light has a wavelength of 800 nm

and is perpendicularly incident on the substrate.

3, the particle will resonate over a smaller typical length scale (only a part of the triangle),
which is possible by sampling sections in-between the extremities of the triangle, so that the

hot-spots are not at the ‘typical’ tips.
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Figure 4: (top row) Measured 2PF intensity and (bottom row) SHG intensity in function of the
polarisation angle of the incident light. The numbers assign for which tip of the metallic triangle

the 2PF or SHG intensity is shown, see the sketch on the right.

The results in Figures 2 and 3 show that the nonlinear response is determined by the
strength and distribution of the near-field caused by the excitation of a higher-order localized
surface plasmon mode. The calculated profiles match the experimentally observed hot-spots
and polarisation dependance.

In addition, Figure 4 shows the 2PF and SHG intensity in function of the plane of
polarisation of the incident light, for each triangle tip. Indeed, in all cases, the strongest
2PF and SHG response is found when the plane of polarisation is oriented perpendicularly
to the tip direction.

For the SHG polar plots the signal-to-noise ratio is limited. In the supporting infor-
mation we added SHG-images and corresponding polar plots, that were taken with the
SHG-microscope with a lower spatial resolution to gain a higher signal-to-noise ratio. In the
supporting figures the polar plots show more clearly that the SHG-intensity is strongest when
the plane of polarisation of the incident light is oriented perpendicularly to the direction of
the tip.

The 2PF and SHG intensity as a function of incident polarisation (Figure 4) corresponds

nicely with the calculated electric field profiles for different polarisations. The SHG and 2PF
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responses follow the spatial distribution of the optical near-fields, induced by the size, shape
and orientation of the triangles within an array. For example, the horizontal polarisation
(Figure 3a and 3b) shows stronger localisation of the electric field on the tips of the triangle
side perpendicular to the polarisation, similar to the SHG and 2PF responses (Figure 4,
data corresponding to tip 1). Similarly, for vertical polarisation (Figure 3b) the field is
stronger for the tip opposite the side parallel to the polarisation, similar to the SHG and
2PF responses (Figure 4, data corresponding to tip 2 and 3). The differences in near-field
distribution within triangles for different polarisations of the incident light result in different
intensity of SHG signal and 2PF as a function of polarisation. These results show that the
near-field strength and profile of the higher order plasmon resonance fully determines the
SHG and 2PF responses of the gold triangles. The presented results additionally confirm the
previously published observation about the effect of the higher order mode on femtosecond
patterning [22],[24].

Furthermore, we investigate to which extent the generated SHG- and 2PF-light is po-
larised. In Figure 5 we show 2PF-images (with lower spatial resolution as compared to
Figure 2 to obtain a higher signal-to-noise ratio) without analyzer (a-c), with an analyzer
that transmits horizontally polarised light (d-f) or vertically polarised light (g-i), respec-
tively. In Figure 6 we show the corresponding SHG-images. During image capture, the
camera recorded for each pixel the intensity on that pixel added with the intensity on the
four neighbouring pixels. This leads to a lower spatial resolution, but a significantly higher

signal-to-noise ratio
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—— 10 pm

Figure 5: Measured 2PF-images of the Au-triangles. The plane of polarisation of the incident
light is depicted by the white bar on each image. Images (a-c) are taken without analyzer, while
(d-f) and (g-i) are taken with an analyzer that transmits horizontally and vertically polarised light,

respectively.
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—— 10 um

Figure 6: Measured SHG-images of the Au-triangles. The plane of polarisation of the incident
light is depicted by the white bar on each image. Images (a-c) are taken without analyzer, while

(d-f) and (g-i) are taken with an analyzer that transmits horizontally and vertically polarised light,

respectively.
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For SHG, when the plane of polarisation of the incident light is close to parallel with the
plane of polarisation of the detected SHG-light (the case in Figure 6f and h), a significant
amount of SHG is detected. In contrast, when the plane of polarisation of the incident light
is close to perpendicular to the plane of polarisation of the detected light (Figure 6e and
i), hardly any SHG-light is detected. This means that the generated SHG-light is strongly
polarised, and the plane of polarisation of the generated light corresponds to the plane of
polarisation that generates the SHG-light.

When we make the same comparison for the 2PF-images (comparing Figure 5e with 5h,
and Figure 5f with 5i), the 2PF-intensity is hardly affected by the orientation of the analyzer.
This shows that the generated 2PF is largely unpolarised. These results are understandable,
as SHG is essentially a coherent process, leading typically to polarised SHG-light, while 2PF

is a non-coherent process that commonly creates unpolarised light.

III. CONCLUSION

In conclusion, we experimentally prove that the higher order mode of the plasmonic
arrays can be used to enhance the nonlinear optical response. Additionally, we observe an
atypical polarisation dependence of the SHG caused by a higher order plasmonic resonance
that matches well with simulated near-field profiles. Furthermore, we confirm that the
communication between the triangles is negligible due the large distance between their tips,
so that the recorded optical response is localised within hot-spots at triangle tips. In the
end, this study shows that the simplicity of the nanosphere lithography technique and the
strength of the higher order resonance could be used for many applications in which the
enhancement of nonlinear optical processes as well as control of the polarisation direction is

needed.

IV. METHODS

Transmission spectroscopy
The transmission spectroscopy was measured using a Perkin-Elmer Lambda 900
UV-vis—NIR spectrophotometer.

Scanning electron microscope

12
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Scaning electron microscope (SEM) images were recorded on a field-emission scanning
electron microscope (FESEM, EOL JSM-6700F).

Nonlinear optical microscope

The light source is a Ti-Sapphire laser (Spectra-Physics, Tsunami, 100 fs pulses with a
repetition rate of 80 MHz). The wavelength of 800 nm is chosen. A Glan-Taylor polarizer
is placed in the beam path, after which a zero-order half-wave plate for 800 nm (Thorlabs)
is placed. By rotation of the half-wave plate, the plane of polarisation of the laser light
incident on the sample can be changed. A longpass red filter (Schott, RG665, 1 mm) blocks
transmittance of second-harmonic light generated by the optics earlier in the beam path and
inside the laser. A lens (f = 7.5 cm) is positioned such that the spotsize plane has a diameter
of 500 pm. The following parts are part of an inverted microscope (Olympus, IX71): the
objective, a filter carousel and a tube to which the camera is connected. As objective a
100x oil-immersion objective was used. The filter set for the second-harmonic light consists
of a bandpass filter (Schott, BG39, 2 mm) and an interference filter (Melles-Griot, F'10-400,
centre wavelength 400 nm, FWHM 10 nm). The filter set for the two-photon fluorescence
transmits light from 420 — 650 nm. If applicable, a Glan-Taylor analyzer was placed in front
of the filter set. The transmitted light is detected by an EM-CCD camera (Hamamatsu,
(C9100-13). Data were collected and analyzed with the HoKaWo software package provided
with the camera

Simulations

The simulations are performed with COMSOL Multiphysics 4.4, a commercial finite
element based software package. The symmetry of the lattice and the studied polarisation
allow us to reduce the computation on one cell using proper boundary conditions as depicted
in Figure 3. The gold triangles are shaped via a 3000 nm diameter sphere. The three sides of
the basis triangle are 900 nm long. The vertical 40 nm thickness is grown along the sphere,
this curvature leads to the top triangle being slightly smaller than the basis triangle (see SI
for a detailed depiction). The mesh grid is maximum 10 nm wide in the gold, 130 nm in the
air and 90 nm in the glass substrate. The latter is optically described by a refractive index

of 1.5 and gold parameters are taken from Palik [29].
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