Shape-dependent field enhancement and plasmon resonance of
Au, Al and AVAILO; core/shell nanoparticles on Si surface
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Abstract

Metallic nanostructures can manipulate light-matter interactions to induce absorption,
scattering, and local field enhancement through their localized surface plasmon
resonances (LSPR). Those method of improving silicon near infrared luminescence
efficiency remain to be very promising. In recent years, significant attention is paid to
plasmonic effects of metal nanoparticles (NPs) formed in volume or on a surface of
semiconductors. The present work is devoted to a computation study of the effects of
shape, size, and orientation of nanoparticles deposited on Si substrates as well as the
effects of NP material (Au, Al and Al/AL,O; core/shell) on the LSPR absorption of the
structures.

Motivation

Silicon-based light-emitting structures (LES) are very promising light sources for
optical communication technologies [1]. However, their development are
slowdowning by low efficiencies of radiative recombination. Efforts to improve the
limitations of the LESs efficiency have, among others, made use of plasmonic
nanostructures. Large efficiency enhancement of luminescence was achieved by
placing metal nanoparticles close to light emitters [2]. This has attracted intense
research interests devoted to demonstrating such an enhancement in various media.
Metallic nanostructures can manipulate light-matter interactions to induce absorption,
scattering, and local field enhancement through their localized surface plasmon
resonances. Field enhancement, especially near features with high curvature, is
essential in many applications of plasmonic metal nanostructures, yet the potential of
localised surface plasmon resonance for IR luminescence in Si crystals remains
unknown. Here, we use the FDTD method (Lumerical FDTD Solution) to understand
the dependence of field enhancement on size, shape, and metal type of the NP. In our
simulation Au, Al and AIVALO; core/shell NP with hemispherical, hemiellipsoidal,
cylindrical, cubic, star like, etc. shape types were used.

FDTD simulation of plasmonic properties of single Al NPs of different shapes and
orientation on Si substrate. The images below show the electric field intensity |E|?
spatial distribution taken at the wavelength of maximum enhancement(In the table
description of particles shape and size).
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FDTD simulation of transmission spectra of Al nanoparticles of different

shapes, uep0s1ted on Silicon substrate.
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Simulation of transmission spectra of Al

Simulation of transmission spectra of Al, 5 = = =
nanoparticles with decreasing size (side

— Au or Al covered with 10 nm of AL,O;

perpendicular to light polarization),
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Table of LSPR field enhancement and its penetration depth estimated value obtained
under excitation at 1,44 um for different shape of NP with roughly comparable volumes.
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Conclusions

Metal nanostructures can be designed to have infrared resonance, this has
required the use of complex shapes such as nanoellipse or nanoshells and large
particles (radius > 150 nm), which has been a major bottleneck for the development
of infrared plasmonics. Our calculations predict that they can offer substantial near
field enhancement up to 20 times.

We found that the plasmonic response depended strongly on the morphology of
the nanoparticle. For all Al or AVAI,O; core/shell NPs, the absorption spectrum
showed a single broad band ascribed to the dipole plasmon, whereas for Au NPs the
LSPR band were much stronger, wider and shifted toward lower energies. Also, the
additional bands of Al NPs were assigned to the higher-order plasmon excitations
were in the region of Si absorption. In addition, we showed that the near-field
distribution was significantly perturbed and screened in the perturbed and
concentrated in the presence of sharp angular NPs, like an elongated ellipsoid,
triangular or star. This fact leads to an increase of penetration depth of nanoparticles
LSPR. Finally, it is necessary to admit that star-like nanoparticles have the essential
possibilities due to variety of plasmonic parameters and their LSPR peak maxima
position.
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