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Abstract. In this work we study the optical response of mesoporous SiO, and Si/SiO,
nanoparticles considering different fabrication and post-synthesis treatment processes. We show
that thermal annealing of mesoporous Si/SiO, nanoparticles transforms the Si phase from
amorphous to crystalline and enhances the second harmonic generation response.
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AnHoTanusg. B 3Toil paboTe M3yyeH HEIUHEWHBId ONTUYECKUU OTKIUK ME30MOPUCTHIX
Ha"ouactul SiO,u Si/SiO, ¢ y4eTOM pasiIMyHBIX IPOLECCOB U3TOTOBJIEHUS U ITOCT 0OPAOOTKH.
[TokazaHo, YTO TEPMMYECKMII OTXXMI ME3ONMOPUCTEIX HaHoyactull Si/SiO, mpeobpasyer
Kpuctajumyeckyto ¢dazy Si u3 amMopdHON B HAHOKPUCTAUIMYECKYIO M YCUJIMBAET OTKINK
reHepaluy BTOPOil TaApMOHUKMU.

KmoueBble ciioBa: TeHepals BTOPOM TapMOHWKHM, KPEMHHUU, HaHOCTPYKTYPHI,
npeodpazosBarenu MK uznyyeHust, Me30ropucTbie HaHOYACTUIIbI
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) o Introduction ) o )
Since bulk silicon has a centrosymmetric structure, special conditions are required to demon-

strate the efficient second harmonic generation (SHG) in this material. This paper proposes the
use of mesoporous nanoparticles with SiO, framework filled with Si phase, which finds applica-
tions in the nanophotonic field [1—3].

To compare the performance of SHG at pumping in 800-1020 nm range of femtosecond laser
pulses, various fabrication and processing procedures [4] were used to synthesize Si/SiO, and SiO,
mesoporous nanoparticles. Infrared femtosecond laser scanning system was used for mapping [5].
It was found that thermal or laser-induced annealing of Si leads to the transformation of the Si
phase from amorphous to nanocrystalline, which improves the nonlinear characteristics of the
nanoparticles and makes them exhibit broadband photoluminescence. These results confirm the
efficiency of mesoporous Si/SiO, nanoparticles for second harmonic generation and extend their
potential applications in nanoscale optics [6].
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Materials and methods

The synthesis process of spherical mesoporous Si/SiO, nanoparticles (meso Si/SiO, NPs)
includes two steps [7]. Low-porousity monodisperse spherical SiO, nanoparticles (reference
SiO, NPs) were produced through the hydrolysis of tetracthoxysilane (TEOS) in an alcohol-based
solution that contained ammonia and water [4]. The synthesis process had a duration of 4 hours
and resulted in a formation of 550 + 20 nm monodisperse low-porosity (less than 15%) nanopar-
ticles [7], which then were centrifuged and annealed at 900 °C for 5 h in air.

Monodisperse spherical mesoporous silica nanoparticles (meso SiO, NPs) were synthesized
also by hydrolysis of TEOS [8]. The silica particles obtained were centrifuged, dried in air at
70 °C for 24 h, and annealed at 550 °C for 5 h to form the pores. The sectional pore diameter of
the synthesized particles was about 3 nm, and the specific surface area and pore volume of the
synthesized particles were 810 m?/g and 0.55 cm?3/g, respectively [8].

Nonlinear Optical Response Measurements

For nonlinear optical measurements, samples from the nanoparticle colloid were deposited on
pre-cleaned quenched quartz glasses. The studies were carried out using a confocal laser-scanning
microscope (LSM) setup (LSM-980, Zeiss, Germany). Femtosecond laser pulses (Discovery-NX,
Coherent, USA) with a repetition rate of 80 MHz, duration of 150 fs, and pulse wavelength range
of 800—1020 nm were delivered through the external acousto-optic modulator (AOM) port of the
LSM. The spectral characteristics of the nonlinear response were obtained at the optimum pump
wavelength in the range of 900—980 nm.

Results and Discussion

An enlargement of Si clusters after annealing compared to unannealed Si/SiO, NPs, related
to improved crystallinity due to annealing, was observed by TEM imaging (Fig. 1, a, ¢). The
obtained TEM images allow to distinguish the nc-Si phase, which is manifested by a bright con-
trast being more pronounced after annealing.

The Raman measurements confirmed the amorphous state of the Si material for the as-syn-
thesized NPs (Fig. 1, b) and demonstrated the presence of crystalline Si phase after annealing of
Si/SiO, NPs, that is manifested by the peak at 518.5 cm™ corresponding to the transverse optical
phonon mode of crystalline Si (Fig. 1, d).
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Fig. 1. TEM images of meso Si/SiO, NPs before (a) and after (c) thermal annealing at 850 °C.
Raman spectra of meso Si/SiO, NPs before and after (b) thermal annealing at 850 °C (d)
For convenience, the spectrum of as-synthesized particles is amplified by x4
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Fig. 2. SHG-to-pump curves for reference SiO, NPs (@), thermally annealed (b) and
as-synthesized meso Si/SiO, NPs (c). The orange curves for (b) and (c) correspond to initial
measurements, purple curves to the repeated measurements. The colored areas in (c) represent

the following: gray area is the normal SHG response, orange area is an increased slope
on SHG response, purple area is the irreversible sample damage. SEM images of SiO, (d) NPs,
annealed (e) Si/SiO, NPs and meso Si/SiO, NPs

The least pronounced SHG signal compared to the reference SiO,:OH™ NPs was demonstrated
by pure meso Si NPs (Fig 2, a). A standard slope value of 2 and reproducible SH intensity-pump
curves were demonstrated by annealed meso Si/SiO, NPs (Fig. 2, b), reaching the maximum
efficiency in the range of 10—12 mW pump power, that is limited by the material degradation,
caused by overheating (the overheat power range is coloured purple in Fig. 2, c).

Conclusion

Thus, mesoporous SiO, framework of the Si/SiO, nanoparticles under consideration plays a
double positive role for the nonlinear process: it stabilises the Si material and also the SiO,:OH~
material itself possesses second-order nonlinearity and influences the observed second harmonic
signal. The proposed mesoporous Si/SiO, nanoparticles can be considered as a very promising
structure for potential applications in optoelectronics, microelectronics and biomedical fields.
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