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Abstract. This work is dedicated to the improvement of the near-field enhancement beneath
the gold and silver tip apex due to plasmons excitation on a sub-wavelength grating engraved
on the tip lateral surface. To study conditions of the maximal enhancement we have performed
PSO-based optimization of intensity in search space of two parameters for gold and silver tip
with different cone angles. Parameters of search space are period of the grating and its position
in respect to the apex. The grating-assisted tip is illuminated with the incident light with
wavelengths of 400 to 1000 nm in our model. All the simulations of electromagnetic waves
scattering on the nanoantenna are based on the finite difference time domain method.

1. Introduction

In tip-enhanced optical microscopy and spectroscopy, taper metallic probes are commonly used to
convert the freely propagating field to localized modes and vice versa [1]. They permit significant
localization of incident light at a subwavelength scale and light-matter interaction enhancement on the
sample [2]. Such optical antennas have applications in many fields of nanoscience [3-5]. Plasmonic
nanoantennas are the one type of nanoantennas, in which the field-enhancement is provided by surface
plasmon resonances [6]. For instance, in TERS epi-illumination configuration, the sample is under
direct external laser illumination in the presence of a metallic tip near the sample. It causes the
plasmon excitation at the metallic tip and the field enhancement, but at the same time a background
signal from a diffraction-limited area appears. To achieve background suppression a grating-assisted
plasmonic nanoantenna has been suggested [7]. Adiabatic nanofocusing is a suitable way for
transforming the optical signal of the far field in the near field of the localized light source [8]. It has a
huge potential to perform background-free nanoscale chemical spectroscopy. The investigation of the
adiabatic focusing by grating-patterned optical antennas can be found in Refs. [9-11]. It is reasonable
to use the nanoantennas with optimized grating parameters for the effective surface plasmon
excitation.

In this work we aim to find optimal value of grating parameters for broadband external source to
effective plasmon excitation and propagation. We considered gold and silver probes with different
cone angles and curvature radii of 10 nm at the side-illumination configuration and performed the
particle swarm optimization of electric field intensity at the tip apex. A global best search was
performed for a grating period and its position in respect to the tip apex. To find the intensity near the
tip apex the finite-difference time-domain (FDTD) simulation was used.
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2. Results and discussion

Consider a taper metallic optical probe oriented along Z-axis with a grating on its surface (figure 1). A
curvature radius p is 10 nm, cone angle a vary from 5 to 30 degrees. A probe material can be either
gold or silver. The two parameters for particle swarm optimization are the period of grating (a) and
spacing of the grating from the tip apex along the axis of the probe (b). They form two-parametric
search space. The grating of the nanoantenna is illuminated by plane wave propagating along X-axis
with a broadband spectrum with wavelengths from 400 to 1000 nm, so the angle of incidence is
¢; =90°-a/2.

One can express the complex enhancement factor of the field as follows:
3
Oeii ) = 2T P T (1

Expression (4) for the longitudinal polarizability of the probe occurs from the condition that the
field on the surface of the edge is numerically equal to the field that is specified f.E( [12]. Using the
formalism of the Green's function one can obtain the expression of the resultant field [12-14]:
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To find the electric field E(r,) we use the finite-difference time-domain simulation. FDTD

method is a successful application in an extremely wide range of tasks, such as light scattering from
metal objects and dielectrics, antennas, and microstrip circuits [15]. We also use an algorithm of
particle swarm optimization (PSO). PSO algorithm is the one of the most powerful methods for
solving the non-smooth global optimization problems [16]. We used the PSO algorithm with global
best described in Ref. [17] and in our previous work [18] for optimization of the field intensity beneath
the tip apex.

- -

Figure 1. Schematic of a grating-assisted optical antenna.

The objective function is a sum of squared differences between the enhancements of the intensity
near the tip apex for a given particle of the swarm and for other particles.
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We used PSO algorithm and FDTD-simulation for each material of the probe (gold, silver) and for
each cone angle (for 5, 10, 20, 30 degrees) separately. In each case we obtain intensity distribution
beneath the tip apex in XY-plane and a power spectrum. For the numerical simulation the dielectric
function of gold was taken from Ref. [18]

Figure 2 shows the intensity distributions around the tip in the XY-plane and spectra of power flux
through XY-plane for gold and silver nanoantenna with the optimal parameters. For gold antenna
period =245 nm, b=1500 nm, cone angle a=20°; for silver those parameters are ¢=250 nm, b=1000
nm, a=5° respectively.
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Figure 2. a) intensity distribution in the XY-plane of optimized gold tip, b) intensity distribution in the
XY-plane of optimized silver tip, c) power flux through XY -plane spectrum for optimized gold tip, d)
power flux through XY -plane spectrum for optimized silver tip.

In a case of illumination of the grating by broadband radiation with wavelengths of 400 to 1000
nm, we obtain enhancement of a total intensity of radiation beneath the tip apex. As we can see in

figure 2 the absolute value of the enhancement factor |fe| reaches ~18 for gold tip and ~31 for silver
tip in that spectrum region. For instance, for taper nanoantennas with the same cone angles but without

grating we got enhancement of intensity by a factor 4.5 for gold tip and 5.5 for silver tip with direct
illumination of the tip.
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Frequency selectivity of the light-grating coupling occurs due to a phase matching of surface
plasmon excitation and localized plasmon resonances of the considered tip. Those resonances depend
on the curvature radius, the cone angle and the tip material, while the phase matching depends on the
angle of incidence of the light on the grating, and the period of grating. The optimal location of the
grating in respect to the apex exists, because there are two competing processes of plasmon
enhancement and extinction. During propagation towards the apex, the surface wave undergoes losses
within the probe, radiation losses, and enhancement due to mode compression. The cone angle affects
radiative losses and mode compression, while grating position affects mode compression and losses in
probe material. Thus, both period of the grating and its position have been optimized.

3. Conclusion

The results show that the grating-assisted gold and silver tip with optimized parameters can effectively
compress the electric field and localize it within the extent of ~10 nm. The absolute value of the
enhancement factor reaches ~18 for gold tip and ~31 for silver tip. In the case of side illumination one
can expect a significant suppression of the background signal. Numerical simulations have shown
resonance shifts when the grating period changes.
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