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Abstract. In this work, experimental and numerical investigation of second harmonic gen-
eration (SHG) in mesoporous Si/SiO, nanoparticles has been performed. Experimental results
are well-described by simulations. Spectral analysis reveals that SHG efficiency maxima cor-
relate with Mie resonances of Si/SiO, nanoparticles. Tuning the diameter of the structures
the maximum SHG efficiency for required wavelength can be achieved. The nonlinear optical
susceptibility of the studied nanoparticles attains values on the order of 1.59x10°'* m?/V, which
exceeds that of bulk silicon. Spherical mesoporous Si/SiO, nanoparticles demonstrate effective
second harmonic generation with simple, low-cost fabrication, making them promising candi-
dates as tunable frequency converters for integrated nanophotonic circuits.
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AnHoramua. B gaHHOIT paboTe TIpOBEIEHO IKCIIEPMMEHTAJIbHOE U YHCJIECHHOE

uccienoBanre reHepauuu Bropoit rapmonuku (I'BI') B Mesonopucthix HaHoyactuuax Si/SiO,.
CrnekTpaJbHbIli aHaIM3 TMOKa3blBaeT, 4YTO0 MakKCcUMyMbl 3¢ dexkTtuBHocTu I'BI' Koppenupyor
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¢ pesonancamu Mwu nanouactuu Si/SiO,. Ilyrem HacTpo¥WKM aMameTpa CTPYKTYP MOXHO
JocThyb MakcuMmanbHoU addexktuBHoctr I'BIT nyst Tpebyemoit ninvHbl BojaHbl. HenuHeitHas
OIITUYECKAass BOCHPUMMYMBOCTD MCCIECIYEMbIX HAHOYACTMIl JOCTUIaeT 3HAUYCHU IOopsaKa
1,59x10'* wm2/B, 4ro TipeBbIlIaeT 3HauYeHUs Isi oObeMHOro kpeMHus. Cdepuueckue
MEe30MOpUCThie HaHodacTUlbl Si/Si0, NeMOHCTPUPYIOT 3()(MEKTUBHYIO I€HEPALMIO BTOPOI
TapMOHUKM TIPM TIPOCTOM M HEJOPOTOM W3TOTOBJIEHUM, YTO JeJIaeT WX TEPCIeKTUBHOMN
aJbTEPHATUBOM B KAUeCTBE MepecTparuBaeMbIX IIpeoOpa3oBaTe/ieii YaCTOThI AJIsi MHTErPaJbHbIX
HaHO(OTOHHBIX CXEM.

KioueBbie ciioBa: TeHepamnsl BTOPO TapMOHWKN, KPeMHU, chepruiuecKre HAaHOUACTHUIIHI,
Mu pe30HaHCHI, 30JI0TO, ME30TIOPUCTBIH
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Introduction

Second-order nonlinear optical effects are essential for coherent light sources, optical
amplifiers, and nanophotonic devices, particularly for converting infrared to visible light via
second harmonic generation (SHG). While nonlinear crystals like KDP and LiNbO, [1, 2] and
ITI-V semiconductors [3] offer efficient frequency conversion, their high cost and limited silicon
compatibility restrict integration into modern optical systems.

Silicon platforms provide cost-effective fabrication of diverse structures but suffer from
poor second-order nonlinear efficiency due to silicon's symmetry of the crystal lattice, which
eliminates bulk SHG. However, SHG can be allowed through symmetry breaking at crystal
boundaries [4] and higher-order interactions. Since SHG depends on morphology and surface
properties, approaches include porous silicon and silicon nanoparticles/nanowires with
favorable second-order characteristics [5]. Additional enhancement approaches include optical
cavities for electromagnetic field enhancement, which are formed by dielectric or plasmonic
materials.

Previous work, devoted to the study of the mesoporous Si/SiO, nanoparticles [6], represents
experimental results for the array of the nanoparticles. In this work, investigation of the second
harmonic generation in single mesoporous nanoparticles of different diameters was held
numerically and experimentally. Nanoparticles are a framework of silicon oxide (SiO,) filled with
nanocrystalline silicon.

Materials and Methods

The mesoporous Si/SiO, nanoparticles have complex structure that is challenging to construct
and calculate numerically. However, when material crystallites are much smaller than the incident
wavelength, the Bruggeman effective medium approximation can describe the optical properties of
these composite materials. Numerical calculations were performed using COMSOL Multiphysics
for spherical mesoporous Si/SiO, nanoparticles of different diameters. The model used Si/SiO,
particles laying on gold substrate and surrounded by air shell, with incident wavelengths of
840—1000 nm. Refractive indices and extinction coefficients for silicon and silicon oxide taken
from references [7] and [8], respectively.

Nonlinear polarization, which determines the SHG in the studied Si/SiO, nanoparticles on
gold is considered as follows:
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There are 2 possible mechanisms of SHG: surface SHG P™7 ,determined by violations
of translational symmetry of the crystal lattice and crystallites SHG P™. x(fl) 1 x(jﬁl, xﬁi)” -
components of the surface tensor of nonlinear optical susceptibility.

Second harmonic measurements were performed using a Zeiss LSM-980 confocal scanning
laser microscope with a Coherent Discovery-NX acousto-optic modulator. The sample was
excited by 150 fs femtosecond pulses at 80 MHz repetition rate with maximum power of ~25

MW (0.3 nJ per pulse). Signals were detected in reflection geometry.

Results and Discussion
Experimental and numerical results of the investigation are represented on Fig. 1.
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Fig. 1. SHG efficiency spectra (A, — excitation wavelength) for mesoporous Si/SiO, nanoparticles
with diameters d = 370 nm and 420 nm

Experimental spectra has different maxima, representing enhancement in nonlinear response.
However, the nature of these peaks can be figured out using numerical calculations. Thus, the
results of the numerical calculations, related to different SHG mechanisms, were plotted in the
experimental graphs. In Fig. 1, one can see two main contributions to SHG from mesoporous
Si/SiO, nanoparticles: external surface contribution and nonlinear response from the crystallites
edges. Both this mechanisms shows some maxima that can be related to different Mie and
hybrid resonances formed by nanoparticle and gold substrate. The calculated nonlinear optical
susceptibility of the considered nanoparticles under resonance conditions can reach values on the
order of 1.59x10"'* m?/V, which exceeds that of bulk silicon [9].

Comparing experimental and numerical results one can talk about the relationship of the
maxima of the spectra with the resonances at different wavelengths. Both mechanisms of SHG
in nanoparticles under investigation contribute to experimental nonlinear response. All peaks
obtained experimentally are described by calculated curves adjusted for their intensity. This
correction may be related to the inaccuracy of modeling in relation to experimental conditions.
Nevertheless, we can talk about a good agreement between experiment and theory.

Conclusion

In this work, the results of a numerical and experimental study of the second harmonic
response from single mesoporous Si/SiO, nanoparticles are considered. SHG in such strictures
is mainly described by two mechanisms: external surface SHG and crystallites edges SHG.
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It was found that both SHG mechanisms contribute to nonlinear response in the nanoparticles,
which manifests itself as an increased efficiency of second harmonic generation at resonant
wavelengths.

Thus, the possibility of effective generation of the second harmonic in spherical mesoporous
Si/SiO, nanoparticles is shown. The simplicity, as well as the low cost of their manufacture, makes it
possible to propose these structures as efficient tunable frequency converters for nanophotonic circuits.

Acknowledgments

The work was supported by the Ministry of Science and Higher Education (state assignment
grant FSEG-2024-0017).

REFERENCES

1. Phan V.T., Do T.T.P., Ho T.M., Nguyen D.T., Le B. van, Le A.T.Q., Duong P.A., Huynh D.T.,
Fabrication of KDP crystal prisms for second harmonic generation, Optik. 171 (2018) 230-236.

2. Luo R., He Y., Liang H., Li M., Lin Q., Highly tunable efficient second-harmonic generation in
a lithium niobate nanophotonic waveguide, Optica. 5 (2018) 1006—1011.

3. Anthur A.P., Zhang H., Akimov Y., Rong Ong J., Kalashnikov D., Kuznetsov A.I., Krivitsky L.,
Second harmonic generation in gallium phosphide nano-waveguides, Optics Express. 20 (7) (2021)
10307—10320.

4. Aktsipetrov O.A., Bessonov V.0., Dolgova T.Y.V., Maidykovskii A.I., Second harmonic generation
induced by mechanical stresses in silicon, JETP letters. 90 (2010) 718—722.

5. Makarov S.V., Petrov M.I., Zywietz U., Milichko V., Zuev D., Lopanitsyna N., Kuksin A.,
Mukhin I., Zograf G., Ubyivovk E., Smirnova D.A., Starikov S., Chichkov B.N., Kivshar Y.S.,
Efficient second-harmonic generation in nanocrystalline silicon nanoparticles, Nano letters. 17 (5)
(2017) 3047—3053.

6. Mastalieva V., Neplokh V., Aybush A., Stovpiaga E., Eurov D., Vinnichenko M., Karaulov D.,
Kirillenko D., Mozharov A., Sharov V., Kolchanov D., Machnev A., Golubev V., Smirnov A., Ginzburg P.,
Makarov S., Kurdyukov D., Mukhin I., Second harmonic generation and broad-band photoluminescence
in mesoporous Si/SiO, nanoparticles, Nanophotonics. 13 (18) (2024) 3299-3309.

7. Green ML.A., Solar Energy Materials and Solar Cells, Solar Energy Materials and Solar Cells. 92
(11) (2008) 1305-1310.

8. Radhakrishnan T., Further studies on the temperature variation of the refractive index of crystals,
Proceedings of the Indian Academy of Sciences. 31 (1951) 22-34.

9. Falasconi M., Andreani L.C., Malvezzi A.M., Patrini M., Mulloni V., Pavesi L., Bulk and surface
contributions to second-order susceptibility in crystalline and porous silicon by second-harmonic
generation, Surface Science. 481 (2001) 105-112.

THE AUTHORS

FUNTIKOVA Anastasiia S. NOVIKOVA Kristina N.
n.fn@mail.ru novikova_k@spbau.ru

ORCID: 0009-0000-3147-6974 ORCID: 0000-0001-8440-494X
MOZHAROY Alexey M. DVORETCKAIA Liliia N.
mozharov@spbau.ru liliyabutler@gmail.com
ORCID: 0000-0002-8661-4083 ORCID: 0000-0002-4172-940X
SHAROY Vladislav A.

vl_sharov@mail.ru
ORCID: 0000-0001-9693-5748

Received 07.08.2025. Approved after reviewing 04.09.2025. Accepted 04.09.2025.

© Ppeter the Great St. Petersburg Polytechnic University, 2025

194



