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In this work, the effect of intrinsic optical resonances of spherical Si nanoparticles on the second harmonic
generation process was studied numerically. An increase in the efficiency of the second harmonic generation
process was found due to the resonant amplification of the incident electric field or the resonant phasing of the
second harmonic near field due to the Mie resonances..
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1. Introduction

Second order nonlinear optical phenomena are commonly
used for the creation of coherent light sources, frequency
converters, optical amplifiers and other devices. AMBY
compounds are the most common semiconductor materials
for these applications. Devices with high efficiency of
doubling the frequency of incident radiation can be created
based on these materials due to high values of nonlinear
optical susceptibility [1,2]. In turn, high cost of their
synthesis, as well as the limitation of their integration into
traditional optoelectronic devices and integrated photonics
elements based on silicon are serious disadvantages of
structures based on A"'BY compounds. The silicon platform
allows creating a variety of two-dimensional and three-
dimensional structures. The low conversion -efficiency
of incident optical power in the framework of nonlinear
processes is the main problem of the active development
of nonlinear photonics on silicon. It is known that the
second-harmonic generation (SHG) is impossible in a bulk
material with a diamond-type crystal structure, which is
attributable to the presence of a center of inversion of
the crystal lattice. Despite this, there are several SHG
mechanisms in centrosymmetric media both on the surface
and in the structure itself, determined by the possibility
of lowering the symmetry of the lattice or the process
itselft. If a decrease in symmetry inside the crystal is
achieved by an inhomogeneity of the electric field, then
the crystal surface itself has a reduced lattice symmetry
due to a interruption of the translational symmetry [3,4].
This mechanism is implemented at short distances from
the surface, on the order of several atomic layers. The
deformation of the electron density through the polarization
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of the material in a constant or slowly changing electric field
of spatial charge (EFISH — electric-field-induced second
harmonic generation) is another mechanism of symmetry
reduction [5]. The advantage of this mechanism is the
ability to control the distribution of spatial charge fields,
which opens up space for improving the efficiency of the
SHG process in silicon and silicon-metal nanostructures [6].
Since the surface charge is the main source of electric fields
in the crystal, the EFISH process is strongly influenced by
the distribution of the incident field, which, in particular,
depends on the presence of optical resonances in the system,
which requires to study the effect of such resonances on the
EFISH process efficiency, which is the subject of this paper.

2. Calculation procedure

In the general case, the SHG is determined by the
appearance of a quadratic term in the decomposition of
the polarization of the medium P according to the degrees
of intensity of the incident electric field [7]. In the case of
the EFISH field mechanism, it can be represented as [5]

P = yPEPCEVE® = 3, o, EE, (1)

where EPC, E® — electric field strength vectors of the
space charge and incident light, respectively, ¥®) — tensor

of 3rd order nonlinear optical susceptibility, XI<52F)ISH — the
tensor of nonlinear optical susceptibility of the 2nd order,
which determines the generation of the second harmonic by
the EFISH mechanism. It is worth noting separately that the
field Epc can be formed by free optically induced charges
in addition to uncompensated bound surface charges, which
also have a significant effect on the near-surface field of
the crystal [6].
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a — graph of the dependence of the efficiency of light scattering and second harmonic generation on the relative diameter of the
particle x = #d/A. The end-to-end numbering of peaks on the dependence is presented, and some types of resonances are also indicated:
E/MD — electric/magnetic dipole, Q — quadrupole, O — octupole, H — hexadecapole; b — geometric configuration of the system,
k — wave vector of incident light, d — particle diameter, E — electric field strength of incident light.

Numerical simulation was performed using the COMSOL
Multiphysics package. Spherical Si-particles with diameters
d = 10—550nm, wavelength of incident light 1 = 920 nm
were considered. Estimates of the surface electric field [6]
show that an intensity of EP¢ ~ 10® V/m can be achieved
in the Si-particle system with SCR width of ~ 4nm,
which allows estimating the value of the effective nonlinear
optical susceptibility of Xé%SH ~ 17 pm/V, which is a good
indicator for their application [8]. The constant electric field
was set by a linearly increasing function near the surface
of the particles with a maximum value at the boundary
of Si and decreasing to zero at a depth of 4nm. A plane
linearly polarized electromagnetic wave was used as the
radiation source. The spectral dependences of the refractive

and extinction indices for Si were taken from [9], the values

of the nonlinear optical susceptibility of 3rd order xﬁ)ll were

taken from [10].

3. Results and discussion

The results obtained are shown in the figure as depen-
dences of the efficiency of elastic scattering of the incoming
radiation and generation of the SHG signal on the reduced
sizes of spherical Si-particles (X = wd/A). This value was
calculated using the following formula:

_4ffsds
P = odr @

where S, — the surface-normal component of the Poynting
vector, S — the area of the outer surface of the air layer
surrounding the particle, |y — the intensity of incident light,
d — particle diameter.
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Rayleigh scattering is observed in both dependencies
for small x, which, as the particle size increases, is replaced
by peaks characterictic of resonances during Mie scattering
describing various multipole states of the electromagnetic
field. For light scattered by a dielectric particle, the
first maximum on the graph, according to Mie theory, is
associated with a magnetic dipole MD, the second peak is
associated with an electric dipole ED, the third peak is
associated with a magnetic quadrupole MQ, etc. [11,12].
Similar peaks are also observed in the SHG spectrum at
half the relative sizes: these are the natural resonances
of the system (particles of the same absolute size d)
at a wavelength of 1/2. The appearance of peaks at
awd/A = 0.81, 1.11 and 1.17 on the SHG efficiency curve is
not related to the presence of resonances at the wavelength
of the second harmonic, but is explained by the influence
of MD, ED and MQ resonances of the incident field,
respectively. Thus, the amplification of the SHG signal
can occur both due to the resonant localization of light
associated with the occurrence of Mie resonances in the
nanoparticle at the pump wavelength, and due to resonances
at the wavelength of the second harmonic.

It is noticeable that there is no corresponding maximum
on the graph of the second harmonic for the peak of
the electric quadrupole EQ on the graph of the scattered
field (see figure). This may be due to the fusion of the
peak caused by the resonance of the incident field and the
intrinsic resonance EO at twice the frequency and too little
gain of the SHG due to this resonance. Also, there is no
maximum for the SHG signal corresponding to the electric
dipole ED in the Mie theory. This feature is related to
the type of tensor XI<52F)ISH7 which includes the symmetry of
the crystal lattice and structure, as well as the direction of
polarization of the incident wave [13].



428 International Conference PhysicA.SPb, 21—25 October 2024

4. Conclusion

The results obtained allow making a conclusion that it is
possible to enhance the intensity of the second harmonic
signal using two mechanisms: resonant localization of
light in the nanoparticle at the pump wavelength and Mie
resonances at the second harmonic wavelength. Thus, it is
possible to talk about increasing the efficiency of SHG in
nanoparticles by using spheres whose diameters correspond
to the appearance of electric or magnetic Mie resonances
for the wavelength of incident light or the second harmonic.
These results can be used to create efficient frequency
converters, coherent light sources, and other nonlinear
optical devices.
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